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SOMMAIRE 

L'ouverture des micelles de copolymere a blocs (CPB) controlee par un stimulus (chaleur, pH, 

lumiere, etc.) suscite beaucoup d'interets dans le domaine de la liberation controlee de 

medicaments. L'amelioration du controle de l'ouverture des micelles a un endroit specifique et a 

un temps precis est un enjeu majeur. La plupart des micelles sensibles a la chaleur utilisent la 

temperature critique inferieure (LCST) d'un bloc pour destabiliser les micelles. Dans un premier 

temps, 1'etude porte sur l'elaboration d'un nouveau type de micelles CPB qui sont sensibles a la 

chaleur via un groupement protecteur thermolabile. Le copolymere etudie est le poly(oxyde 

d'ethylene)-Z)/oc-poly(methacrylate de 2-tetrahydropyranyl) (PEO-&-PTHPMA). En effet, 

l'hydrolyse du groupement tetrahydropyranyl (THP) est sensible a la chaleur ainsi qu'au pH 

acide. Le copolymere a ete synthetise par polymerisation radicalaire par transfert d'atome 

(ATRP). L'analyse du CPB a ete effectuee par chromatographie de permeation de gel (GPC), 

spectroscopic infrarouge, resonance magnetique nucleaire du proton (RMN H), et par 

calorimetrie differentielle a balayage (DSC). Pour ce qui est de l'effet de la chaleur et du pH sur 

les micelles du PEO-&-PTHPMA, la spectroscopie de fluorescence, la diffusion dynamique de la 

lumiere (DLS), ainsi que la microscopie electronique a balayage (MEB) ont ete utilisees. L'etude 

demontre que la destabilisation des micelles est influenced par la chaleur, le pH et la longueur des 

blocs du copolymere. De plus, pour la premiere fois trois evenements lies a l'ouverture des 

micelles ont ete suivis. 

La seconde partie du memoire est consacree a 1'etude de micelles photosensibles. Un deuxieme 

nouveau CPB a ete synthetise par ATRP, soit le copolymere poly(oxyde d'ethylene)-^/oc-

poly(methacrylate de [7-(diethylamino)coumarine-4-yl]methyl) (PEO-&-PDEACMMA). Le bloc 

contenant la molecule de coumarine est photosensible. Elle peut etre clivee par l'absorption d'un 

photon UV ou de deux photons proche infrarouge, depla§ant ainsi la balance 

hydrophile/hydrophobe vers la destabilisation des micelles. La caracterisation du copolymere 

ainsi que des micelles a ete effectuee avec les memes methodes que pour le premier projet. 
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L'etude demontre une amelioration de la sensibilite des micelles a Fabsorption a deux photons, ce 

qui est un avantage pour la liberation de medicaments a l'aide de la lumiere. 



REMERCIEMENTS 

Tout d'abord, j'aimerais remercier mon directeur de recherche, Pr. Yue Zhao, pour la confiance 

qu'il m'a demontree lors de ma maitrise. J'ai beaucoup appris sur les polymeres photosensibles 

lors des discussions que Ton a eues. De pres ou de loin, il a su me guider tout au long des deux 

annees de recherche en sa compagnie. 

Je remercie aussi Jerome Babin avec qui j 'ai appris beaucoup sur les polymeres, la polymerisation 

et les methodes d'analyse. Ainsi que tous les membres du groupe passes et presents avec qui j 'ai 

eu des discussions sur les differents problemes de chimie et sur une culture differente que la 

mienne. 

Merci a la compagnie St-Jean Photochimie, pour m' avoir donne le gout d'en apprendre plus sur 

la chimie lors de mes stages au baccalaureat, et pour m'avoir fourni le monomere pour la 

premiere partie de mes recherches. 

J'aimerais remercier ma famille, ma conjointe, et plus particulierement, mes parents pour m'avoir 

supporte moralement et financierement tout au long de mes etudes. 

Finalement, j'aimerais remercier le Conseil de Recherche en Sciences Naturelles et en Genie du 

Canada (CRSNG), le Fond Quebecois de la Recherche sur la Nature et les Technologies 

(FQRNT) et l'Universite de Sherbrooke pour leur support financier tout au long de ma maitrise. 

in 



TABLE DES MATBERES 

Sommaire i 

Remerciements iii 

Table des matieres iv 

Liste des figures v 

Liste des schemas :.... ,'. viii 

Introduction 1 

1.1 Generalites 1 

1.2 Association des copolymeres 1 

1.2.1. Formation et taille des micelles 4 

1.3 Transporteur micellaire 5 

1.3.1. Micelles sensibles aux stimulus 7 

1.4 Absorption a deux photons 15 

Chapitrel , 19 

Micelles sensibles a la chaleur et au pH 19 

1.1. Avant-propos 19 

1.2 Investigation of A New Thermosensitive Block Copolymer Micelle: Hydrolysis, 

Disruption and Release 21 

Chapitre2: 55 

Micelles sensibles aux photons proche infrarouge (NIR) 55 

2.1. Avant-propos 55 

2.2. New Two-Photon Sensitive Block Copolymer Nanocarrier 57 

Chapitre3 70 

Discussion 70 

Conclusion 74 

Conclusion 74 

Perspectives 75 

Bibliographie 77 

iv 



LISTE DES FIGURES 

Figure 1 : Illustration des differentes morphologies auto-organisees par microseparation de 

phases. Les morphologies peuvent etre divisees en phase classique: lamellaire (L), 

cylindrique (C), et spherique (S), et complexes : gyroide (G), lamelle perforee (PL), et 

diamant-double. La vue agrandie de la phase L montre 1' auto-assemblage des molecules 

individuelles b) Diagramme de phase theorique pour une segregation faible. LAM, Hex et 

BCC correspondent a des symetries lamellaire, hexagonal (morphologie cylindrique), et 

cubique centree (morphologie spherique) 2 

Figure 2 : Illustration a) d'une micelle de surfactant, et b) d'une micelle de copolymere a blocs.. 3 

Figure 3 : Fabrication d'une micelle photo-active. La destabilisation du copolymere et de la 

micelle par la lumiere deplace la balance hydrophile/hydrophobe, ce qui induit la 

dissociation des micelles 10 

Figure 4 : Structure chimique d'un copolymere a blocs, ou le bloc hydrophobe est constitue 

d'azobenzene. La polarite du groupement hydrophobe peut etre changee par une irradiation 

UVou visible 11 

Figure 5 : Changement en transmitance pour une solution de vesicules du copolymere 

azobenzene. Les photos MEB montrent les vesicules avant irradiation UV (a), sous 

irradiation UV (b), et sous irradiation visible(c) 12 

Figure 6 : Structure chimique du PEO-b-PPyMA. La reaction de photolyse clive la fonction 

pyrene, convertissant le bloc hydrophobe en un bloc hydrophile, le poly(acide methacrylique 

) (PMA), ce quimene a la dissociation des micelles 13 

Figure 7 : Structure chimique du PEO-fr-PNBMA. La reaction de photolyse par un ou deux 

photons clive la fonction nitrobenzyl, convertissant la partie hydrophobe en partie 

hydrophile menant a la dissociation des micelles 14 

Figure 8 : Limite de la zone proche infrarouge, ou il y a le minimum d'absorption de photons par 

l'hemoglobine et l'eau ...: 14 

Article 1 

v 



Figure 1 (a) Thermosensitive hydrolysis of the block copolymer composed of poly(ethylene 

oxide) and poly(2-tetrahydropyranyl methacrylate) (PEO-&-PTHPMA). (b) Schematic 

illustration of the disruption of block copolymer micelles in aqueous solution as a result of 

the hydrolysis (swelling and dissolution) 42 

Figure 2. (a) GPC and (b) DSC curves of the PEO-b-PTHPMA samples of various compositions 

as indicated in Scheme 1 42 

Figure 3. ' H NMR spectra of PEOm-WTHPMA^: (a) dissolved in THF-d8, (b) upon addition 

of D2O in THF solution inducing the formation of micelles, (c) aqueous micellar solution 

obtained by dialysis against D2O, and (d) aqueous micellar solution heated to 80 °C for 30 

min 42 

Figure 4. Aqueous micellar solution of PEO112-&-PTHPMA164 heated to 80 °C: (a) evolution of 

the distribution of hydrodynamic diameters of micellar aggregates before and after 60 min, 

and (b) changes in the scattered intensity measured at 90° 42 

Figure 5. SEM images of (a) micelles of PEO112-&-PTHPMA164 observed by casting the micellar 

solution at room temperature, and (b) large aggregates formed after heating the micellar 

solution to 80 °C for 100 min 42 

Figure 6. Aqueous micellar solution of PEOn2-6-PTHPMA164 heated to 37 °C (pH 7): (a) 

evolution of the distribution of hydrodynamic diameters of micellar aggregates before and 

after 74 h, and (b) changes in the scattered intensity measured at 90° 42 

Figure 7. Simultaneous characterizations of the aqueous micellar solution of PEOm-b-

PTHPMA164 heated to 80 °C by combining the use of three techniques: (a) !H spectra 

showing the hydrolytic cleavage of tetrahydropyranyl (THP) groups over time, (b) DLS 

results showing the evolution of the size distribution of the aggregates upon micellar 

disruption, and (c) fluorescence emission spectra of Nile Red (NR) loaded in the micelles 

(kex=540 nm) showing its release into an aqueous medium 42 

Figure 8. Comparison of the kinetics of the three events occurring in the micellar solution of 

PEOii2-&-PTHPMAi64 at 80 °C: (1) the hydrolytic cleavage of tetrahydropyranyl (THP) 

groups indicated by the change in the normalized integral of the resonance signal at 5.33 

ppm, (2) the resulting micellar disruption related to the decrease in the normalized light 

scattering intensity by the solution, and (3) the concomitant release of loaded Nile Red (NR) 

VI 



from the micelles into the aqueous medium as revealed by the change in the normalized 

fluorescence intensity at the maximum emission wavelength 43 

Figure 9. (a) Normalized fluorescence intensity of Nile Red vs time for the micellar solution of 

PEOm-£-PTHPMAi64 at 37 °C for three pH values (5, 6 and 7). (b) Normalized 

fluorescence intensity of Nile Red vs. time for micellar solutions at pH 7 prepared with three 

copolymer samples having the same PEO block but different lengths for the PTHPMA 

block 43 

Article 2 

Figure 1. a) Fluorescence emission spectra (A,exc = 380 nm) of micellar solution of 1 (lmg/mL) 

loaded with Nile Red under UV irradiation at 365nm (500 mW.cm"). b) Normalized 

fluorescence emission intensity of Nile Red at 622 nm (kexc = 550 nm) in response to UV 

irradiation (365 nm) at 120 mW.cm"2 and 500 mW.cm"2 powers, c) Change of the 

normalized fluorescence emission intensity at 622 nm (kexc = 560 nm) of Nile Red in 

response to intermittent UV irradiation (365 nm, 120 mW.cm"2) 58 

Figure 2. a) A schematic showing the photoinduced release of coumarin dye from the micellar 

solution placed in a dialysis cap and subjected to an irradiation, the cell being filled with 

pure water. B) Release kinetics of coumarin dye as revealed by the increase in fluorescence 

emission at 475 nm (A*Xc = 380 nm) after irradiations (365 nm, 500 mW.cm"2) of different 

times, the fluorescence being measured in the cell, outside the dialysis cap 58 

Figure 3. BCP micelles under irradiation at 794 nm: a) and b) fluorescence emission spectra with 

excitation at 380 and 550 nm, respectively; c) normalized fluorescence emission intensity of 

Nile Red at 622 nm (̂ exc = 560 nm), d) scanning electron microscopy images of micellar 

solutions of 1 equilibrated with Nile Red cast on a silicon wafer, before and after irradiation; 

and e) fluorescence emission spectra of a micellar solution of PEO45-&-PMMA69 loaded with 

Nile Red under irradiation at 794 nm 65 

Figure S3 : SEC of PEOH2 macroinitiator and PEO-b-PDEACMM block copolymer 67 

Figure S4 : Dynamic Light Scattering measurement of block copolymer micelles of 1 in aqueous 

solution; 69 

Figure 9 : Nouveaux copolymeres derives du PEO-&-PTHPMA 75 

vn 



LISTE DES SCHEMAS 

Schema 1 : Diagramme de Jablonski simplifie de l'absorption d'un ou de deux photons 16 

Schema 2 : a) Reaction de deprotection des derives de coumarine. b) Diagramme de Jablonski de 

la photoreaction 17 

Article 1 

Scheme 1: Synthetic route to block copolymers of PEO-&-PTHPMA of various compositions.. 44 

Article 2 

Scheme 1. Chemical structure and photolysis of the coumarin-containing amphiphilic block 

copolymer 1 57 

Scheme SI: Synthetic route to the coumarin monomer 2 63 

Schema 3 : Photolithographie d'un homopolymere contenant un groupement THP 76 

vin 



INTRODUCTION 

1.1 Generalites 

Un polymere est une macromolecule formee de 1'association de plusieurs molecules de plus petite 

masse (monomere, oligomere), identique ou non (1). L'association des petites molecules 

(monomeres) par des liens covalents formera une molecule ayant des caracteristiques et des 

comportements differents des petites molecules seules. Dans le cas ou il y a seulement un seul 

monomere au debut de la polymerisation, il y aura formation d'un homopolymere. Par contre, si 

le polymere est forme de deux ou plusieurs monomeres differents, on parlera de copolymere. II y 

a differents types de copolymeres. Prenons l'exemple d'un polymere forme par deux motifs 

monomeres differents : A et B. Dans le cas ou les unites A et B sont repartis de facon aleatoire le 

long de la chaine, on parlera d'un copolymere statistique. Si les unites sont alternees les unes par 

rapports autres, ce sera un copolymere alterne. Un copolymere greffe, quant a lui, est une chaine 

principale du monomere A a laquelle des blocs B sont greffes, ou vice-versa. Finalement, il y a 

les copolymeres a blocs (CPB). Les monomeres A et B forment de longs blocs separes le long de 

la chaine principale. Les methodes de synthese ont beaucoup evolue" au fil du temps, debutant par 

la polycondensation jusqu'aux differentes methodes de polymerisation radicalaire controlee 

recemment developpees. Les nouvelles techniques permettent de preparer des copolymeres avec 

des compositions, des masses moleculaires et des structures elaborees beaucoup plus facilement. 

1.2 Association des copolymeres 

L'interet pour les CPB est en pleine expansion, car ils ont des proprietes interessantes a l'etat 

solide dues a leurs structures particulieres. En effet, en attachant deux blocs ayant des 

caracteristiques differentes, les interactions des segments avec le solvant, ou entre les segments, 
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meneront aux differentes morphologies du copolymere. A l'etat solide, un CPB peut s'organiser 

de fa$on structured lorsque l'incompatibilite entre les segments est assez elevee (figure 1)(2,3). 

G PL D f 

Figure 1 : a) Illustration des differentes morphologies auto-organisees par microseparation de 

phases. Les morphologies peuvent etre divisees en phases classiques : lamellaire (L), cylindrique 

(C), et spherique (S), et complexes : gyroide (G), lamelle perforee (PL), et diamant-double. La 

vue agrandie de la phase L montre 1'auto-assemblage des molecules individuelles. b) Diagramme 

de phase theorique pour une segregation faible. LAM, Hex et BCC correspondent a des symetries 

lamellaire, hexagonal (morphologie cylindrique), et cubique centree (morphologie spherique) 

En solution plus diluee, l'interaction entre les segments et le solvant, ainsi que les segments entre 

eux peuvent mener a la formation de micelles de CPB. H existe deux types de micelles, les 

micelles de tensio-actif et les micelles de CPB. Une micelle de tensio-actif est un agregat 

spherique de molecules ayant une tete polaire en une longue chaine hydrophobe. Dans l'eau, la 

tete polaire sera dirigee vers l'exterieur et la chaine hydrophobe vers l'interieur (figure 2a). Dans 

le cas des micelles formees a partir de CPB, la tete polaire sera remplacee par un bloc de 

polymere polaire. Dans l'eau, la chaine polaire formera une couronne avec les chaines 
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hydrophiles autour du noyau qui est constitue des segments hydrophobes de copolymere (figure 

2b). La couronne sert a stabiliser la micelle. En fait, lorsqu'un CPB est dissous dans un solvant 

qui est bon pour un segment du copolymere, et mauvais pour 1'autre, les chaines des copolymeres 

se regrouperont reversiblement pour former des agregats micellaires. 

a - ? -
Tete polaire 
hydrophile 

• 'III • liSI 
Milieu aqueux 

'••:•' ' ' Q u e u e 
hydrophobe 

Couronne 
hydrophile 

Noyau 
hydrophobe 

Figure 2 : Illustration a) d'une micelle de surfactant, et b) d'une micelle de copolymere a blocs. 

La micellisation de CPB se produit dans une solution diluee, dans un solvant selectif pour un 

bloc, a une temperature fixee et au-dessus de la concentration critique de micellisation (CCM). La 

CCM est la concentration minimale pour qu'il y ait debut de la micellisation. Generalement, un 

CPB en dessous de la CCM sera dissous sous forme d'unimere (chaines polymeriques seules), et 

au-dessus il formera des micelles. Les unimeres sont en equilibre avec les agregats micellaires au-

dessus de la CCM. Du cote thermodynamique, il est etabli que la micellisation d'un CPB dans un 

solvant est favorisee par l'enthalpie. Ce phenomene se traduit par une variation de l'energie libre 

de Gibbs de micellisation (AG0) negative, 

AG°=AH°-TAS0 (1-1) 

ou le facteur enthalpique (AH0) dominant est negatif, et le facteur entropique (AS0) est aussi 

negatif. La valeur negative de AS0 vient du fait qu'il y a une perte de mouvement des chaines de 
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copolymere formant le noyau compact et que le nombre de conformations que les chaines 

peuvent prendre est diminue du au regroupement des chaines en pelote compacte et couronne 

pour former les micelles. La valeur AH0 est negative, car les interactions defavorables polymere-

solvant sont remplacees par des interactions polymere-polymere et solvant-solvant plus favorable. 

En effet, la partie hydrophobe n'a pas beaucoup d'interaction avec l'eau, par contre une fois dans 

le cceur des micelles, les interactions van der Waals entre les chaines hydrophobes sont plus 

importantes. 

1.2.1. Formation et taille des micelles 

La micellisation des copolymeres est generalement effectuee par le biais de deux methodes (4). 

Le choix repose sur la solubilite du copolymere au depart. La premiere est une methode directe. II 

s'agit de dissoudre le copolymere dans l'eau a la temperature de la piece ou a une temperature 

elevee favorisant la dissolution et a une concentration bien au-dessus de la CCM. Les 

copolymeres utilises avec cette methode sont solubles dans l'eau au depart. La deuxieme 

technique consiste a dissoudre le copolymere dans un solvant qui est bon pour les deux blocs, et 

qui est miscible a l'eau. Ensuite, on ajoute de l'eau pour induire la formation des micelles. Le 

solvant commun est enleve graduellement par dialyse avec l'eau. Cette methode est utilisee pour 

les copolymeres tres peu solubles dans les milieux aqueux au depart. La methode de dialyse a ete 

utilisee lors des deux etudes de ce memoire. 

La taille des micelles et revolution de la distribution des tailles sont generalement determinees 

par diffusion dynamique de la lumiere (DLS). La lumiere generalement utilisee est un laser ayant 

une longueur d'onde de 633 nm, et la source est coherente et monochromatique. Dans le cas ou 

les particules sont plus petites que la longueur d'onde, la lumiere interagit avec les particules, et 

les photons peuvent etre diffuses dans toutes les directions (diffusion de Rayleigh). II y a une 

variation de l'intensite de diffusion en fonction du temps. Cette fluctuation est due au fait que les 

petites particules ont un mouvement brownien en solution, done la distance entre les particules 
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qui diffusent la lumiere change constamment en fonction du temps. La lumiere diffusee aura de 

1'interference constructive ou destructive avec celle des particules a proximite. Cette fluctuation 

d'intensite donne de l'information sur l'echelle de temps des mouvements. L'information sur les 

particules vient de la fonction d'auto correlation d'intensite tiree du graphique de la variation 

d'intensite de lumiere diffusee dans le temps obtenu lors de l'experience. La courbe de deuxieme 

ordre d'auto-correlation est generee a partir du graphique d'intensite par 1'equation suivante : 

2 _ </(*)/(£ + r)) 
9{q;T)- {/(*)>» (I.2) 

g (q;x) est la fonction d'auto-correlation pour un vecteur d'onde q, et un temps de delais x. I est 

l'intensite. A un court delai, la correlation est elevee, car les particules n'ont pas le temps de se 

deplacer. Les signaux ne sont presque pas changes l'un par rapport a l'autre. Au fur et a mesure 

que le delai augmente, 1'auto-correlation decroit exponentiellement jusqu'a atteindre zero. Ceci 

signifie qu'a un long delai, il n'y a plus de correlation entre les intensites diffusees de l'etat de 

depart et l'etat final (comportement arrhenien). La diminution exponentielle est due au 

mouvement des particules, lie au coefficient de diffusion. Ensuite, la courbe d'auto-correlation est 

analysee par differentes methodes numeriques basees sur le calcul des distributions possibles. 

Dans le cas ou il y a seulement une population micellaire, la courbe d'auto-correlation peut etre 

superposee a une simple diminution exponentielle. Par contre, dans d'autres cas, il est possible 

qu'il y ait plus d'une population de micelles. La methode d'analyse de 1'auto-correlation sera une 

transformee inverse de Laplace nommee CONTINE. Cette methode est la mieux adaptee pour des 

systemes micellaires polydisperses ou multimodaux et a ete utilisee pour les deux projets. 

1.3 Transporteur micellaire 

Les micelles de CPB utilises comme transporteurs de medicament ont ete proposees pour la 

premiere fois par Bader et al. en 1984 (5). II y a plusieurs avantages a utiliser des transporteurs 
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micellaires pour des principes actifs dans le corps humain. En effet, ceux-ci peuvent prevenir la 

degradation prematuree de medicament, eliminer les effets secondaires sur les cellules saines et 

les organes, varier la pharmacocinetique et la biodisponibilite et aider a la solubilisation des 

molecules hydrophobes. Plusieurs transporteurs micellaires de medicaments sont deja utilises ou 

en cours d'evaluation (6). II y a trois etapes pour avoir un bon systeme de transport. 

Premierement, les micelles doivent etre capables d'encapsuler des principes actifs et d'etre 

stables. Une fois administrees dans le corps humain, les micelles doivent etre stables et prevenir 

le relachement des molecules encapsulees aux endroits non voulus. Le corps humain est 

majoritairement constitue d'eau, done la solubilite des medicaments dans l'eau est tres 

importante. Certains d'entre eux ayant une bonne activite contre certaines maladies ne sont pas 

utiles, en raison de leur faible solubilite. L'utilisation de micelles de copolymere peut aider a cette 

solubilisation. Deuxiemement, les micelles doivent avoir une affinite pour les cellules ou organes 

a traiter. Les cellules cancereuses ont souvent un recepteur a leur surface que Ton retrouve en 

plus grande quantite. En plagant un ligand complementaire au recepteur a la surface des micelles, 

elles ont une affinite plus grande pour les cellules cancereuses. La derniere etape est le 

relachement du medicament au site voulu. Ce point n'est pas facile a realiser a cause de la 

premiere etape. En effet, 1'encapsulation doit stabiliser le medicament pour avoir une longue 

circulation dans le corps, mais les micelles doivent etre capables de relacher 1'element actif au 

site pathologique, ce qui est contradictoire. 

n y a des recherches pour ameliorer toutes les phases de l'utilisation des micelles pour le 

transport de medicament. Par contre, une des etapes ou beaucoup des recherches sont concentrees 

est le relachement a des sites specifiques. En effet, les chercheurs essaient de trouver un moyen 

tres efficace de pouvoir relacher les principes actifs a l'endroit voulu et au temps voulu. De nos 

jours, les micelles repondant a differents stimulus (pH, temperature, hydrolyse, lumiere) sont les 

plus etudiees. Les sites pathologiques ont generalement une augmentation de la temperature (2-

5°C) et/ou une diminution du pH de 1-2,5 unites (7,8). L'efficacite du relachement des molecules 

hydrophobes encapsulees dans le coeur des transporteurs micellaires peut etre ameliore en 

utilisant des CPB qui seront sensibles a ces variations (stimulus). 
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1.3.1. Micelles sensibles aux stimulus 

Les micelles sensibles aux stimulus sont capables de changer leurs structures ou morphologies 

rapidement. La majorite des recherches sur les micelles sensibles aux stimulus sont concentrees 

dans deux domaines. Le premier est celui des micelles sensibles aux variations de temperature. Le 

copolymere a la base des micelles est constitue d'un bloc soluble dans l'eau, qui constitue la 

couronne de la micelle, et un bloc plus hydrophobe qui forme le noyau de la micelle. Dans la 

majorite des cas, la partie hydrophobe est un polymere ayant une temperature critique inferieure 

(LCST) qui est la temperature la plus basse sous laquelle le polymere est soluble dans l'eau (une 

seule phase). En elevant la temperature au-dessus de la LCST, le polymere devient insoluble et la 

separation de phase a lieu. Un des principaux polymeres utilises a cette fin est le poly(N-

isopropylacrylamide) (PNIPAAm). II a une LCST de 32 °C dans une solution aqueuse (9). En 

dessous de cette temperature, le polymere est soluble dans l'eau parce que les ponts hydrogenes 

avec les molecules d'eaux sont dominants. Le facteur enthalpique est determinant. Cependant, au-

dessus de la LCST les ponts hydrogenes sont affaiblis et les interactions entre les segments de 

chaine du PNIPAAm deviennent dominantes, ce qui conduit a la separation de phases. En 

utilisant ce polymere comme partie hydrophobe, il est possible de faire une micelle sensible a la 

temperature et qui liberera un compose encapsule. En diminuant la temperature sous 32°C, le 

noyau de la micelle deviendra soluble, la micelle sera definite et laissera echapper le compose 

prealablement encapsule. Par exemple, une etude montre qu'en utilisant le poly(oxyde 

d'ethylene) (PEO) comme bloc hydrophile et le PNIPAAm comme bloc hydrophobe, il serait 

possible de faire le relachement d'un compose hydrophobe encapsule dans le noyau des micelles 

(10). 

Le PNIPAAm peut aussi etre utilise comme la partie hydrophile d'un CPB. En effet, en 

copolymerisant le PNIPAAm avec le poly (methacrylate de butyle) (PBMA), le PNIPAAm 

formera la couronne polaire des micelles, s'il est sous la LCST (done soluble dans l'eau) (11). II 

est possible de relacher un medicament encapsule dans le noyau (PBMA) en augmentant la 

temperature au-dessus de la LCST du NIPAAm. En effet, il y aura precipitation de la couronne 
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(PNIPAAm), et les blocs du PBMA qui forment un noyau (Tg < 20 °C) sont perturbes et 

deformes, relachant ainsi le medicament encapsule. 

II est aussi possible d'ajuster la LCST du PNIPAAm a la hausse ou a la baisse en incorporant des 

motifs comonomeres hydrpphiles ou hydrophobes (12). Une utilisation de ce phenomene a ete 

developpee par Neradovic et al (13), qui ont fait un copolymere avec un bloc PEO et un bloc 

compose de NIPAAm et N-(2-hydroxypropyl) methacrylamide lactate (NHPMAAm-lactate). En 

copolymerisant le NIPAAm avec le NHPMAAm-lacatate qui est hydrophobe, la LCST diminue. 

Au depart, pres de 37°C, le copolymere est sous forme micellaire. Avec le temps, il y a une 

hydrolyse des groupements lactates, deprotegeant des groupements alcools polaires. II y a une 

augmentation de la polarite du bloc et par le fait meme une augmentation de la LSCT. Lorsque la 

LSCT devient plus elevee que 37°C, le noyau devient soluble et il y a une destabilisation des 

micelles. 

Un autre stimulus tres etudie est le pH, car comme il a ete prealablement mentionne, il y a un 

changement de pH au niveau des sites pathologiques. Deux methodes sont principalement 

utilisees pour induire la dissociation des micelles avec le changement de pH. La premiere est 

l'utilisation d'un bloc neutre a un certain pH, mais en augmentant ou diminuant le pH il y aura 

ionisation du bloc, et les charges se repousseront dissociant ainsi les micelles. La deuxieme 

methode est l'utilisation d'un lien sensible au pH. Certains liens chimiques comme les esters, les 

amides, les cetals et les acetals sont sensibles au changement de pH. Le principe est d'incorporer 

un groupement protecteur ayant un de ces liens chimiques. Le groupement protecteur protegera 

une fonction polaire. Une fois protegee, cette partie sera la partie hydrophobe du copolymere, 

done formera le coeur de la micelle. En changeant le pH, il y aura bris du lien sensible, la balance 

hydrophile/hydrophobe augmentera provoquant ainsi l'ouverture des micelles et le relachement 

des molecules encapsulees. Cette reaction avec le pH de la solution se rapproche d'une hydrolyse 

favorisee par pH acide ou basique. En effet, dans la majorite des cas, l'eau jouera un role dans le 

bris du lien. De plus, il est possible de combiner un effet de temperature. La reaction d'hydrolyse 

est acceleree par la chaleur, augmentant ainsi la vitesse de dissolution des micelles. Sant et al. 
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(14) ont explore quelques copolymeres sensibles aux pH pour la liberation de medicaments 

hydrophobes (indomethacin, fenofribrate, progesterone). lis ont synthetise leurs copolymeres en 

utilisant le poly(methacrylate de t-butyle) (PtBMA) ou le poly(acrylate d'ethyle) (PEA) ou le 

poly(acrylate de n-butyle)) (PnBA) comme bloc hydrophobe et le PEO comme bloc hydrophile. 

En variant la longueur des differents blocs, ils ont pu optimiser la quantite de molecules 

encapsulees et montrer que le relachement est accelere avec un pH plus basique. En effet, 

l'hydrolyse forme des groupements acides carboxyliques. En milieu basique, il y a ionisation, et 

repulsion des charges, done l'ouverture des micelles et le relachement des medicaments. 

Tel que mentionne precedemment, les micelles peuvent aussi etre sensibles au pH via un lien. 

Soga et al. (15) ont synthetise le copolymere poly(N-(2-hydroxypropyl) methacrylamidelactate)-

bloc-PEO (PHPMAmDL-&-PEO). Les micelles formees a partir de ce copolymere sont stables a 

pH 5,0 et temperature de 37°C. Cependant, lorsqu'elles sont incubees dans une solution aqueuse a 

pH 9.0 et temperature 37°C, l'hydrolyse du groupement lactate a lieu, depla?ant la balance 

hydrophile/hydrophobe, ce qui fait gonfler les micelles jusqu'a leur dissolution complete apres 

9h. La reaction est acceleree en milieu plus basique. Ils ont encapsule du pyrene dans le coeur des 

micelles et ont demontre que l'environnement du pyrene devient de plus en plus hydrate avec le 

clivage des groupements lactate. 

De leur cote, Hruby et al. (16) ont attache le medicament contre le cancer doxorubicin (DOX) via 

un lien hydrazone sensible au pH acide a un copolymere. Ce copolymere peut s'auto-assembler 

en micelles en milieu aqueux. L'etude demontre que la liberation du DOX est beaucoup plus 

rapide a pH 5,0 qu'a pH 7,4. L'utilisation des liens sensibles au pH acide est utile, car les cellules 

cancereuses et certaines parties des cellules (endosome) ont un pH plus acide favorisant le bris du 

lien. 

Un autre stimulus des plus interessants est la lumiere. Elle presente des caracteristiques 

particulieres pour la liberation controlee. En plus de pouvoir etre combine aux autres stimulus 

9 



(pH, temperature, etc.), la lumiere a l'avantage d'avoir un meilleur controle sur le relachement. 

En effet, la lumiere peut etre manipulee a l'exterieur du corps humain, done il est possible d'avoir 

un controle temporel et spatial du relachement des molecules encapsulees. Le controle temporel 

peut etre effectue en irradiant les micelles au moment voulu, et dans le cas du controle spatial, il 

est possible d'irradier seulement la partie ou'le relachement doit avoir lieu. Cette fois-ci, le bloc 

hydrophobe porte des groupements qui sont sensibles a la lumiere. La figure 3 presente ce qui se 

passe avec un copolymere sensible a la lumiere en solution aqueuse sous irradiation lumineuse. 

Le bloc photosensible et hydrophobe forme le noyau de la micelle. La couronne sera formee par 

un bloc hydrophile. En irradiant les micelles, le chromophore absorbe la lumiere, et subit une 

photoreaction a l'interieur du noyau. II y a deux types de photoreaction, soit un changement 

conformationnel du chromophore modifiant le moment dipolaire de la molecule ou le clivage du 

lien entre le chromophore et le polymere. La balance hydrophobe/hydrophile est deplacee vers la 

destabilisation et Pouverture des micelles. 

Hydrophile ou 

„ , , . , Hydrophobe augmentation 
Hydrophile Hydrophile 

photosensible de polarite **(tf 
Chromophore 

Lumiere 

• *"yy* 

IHO V J* 

Figure 3 : Fabrication d'une micelle photo-active. La destabilisation du copolymere et de la 

micelle par la lumiere deplace la balance hydrophile/hydrophobe, ce qui induit la dissociation des 

micelles 

Le laboratoire du professeur Zhao etudie beaucoup les micelles photoactives. En 2004, ils ont 

publie la premiere micelle polymere photocontrolable (17). La partie hydrophile du copolymere 

utilise est un copolymere aleatoire de poly(acrylate de ?-butyle-co-acide acrylique) (P(tBA-co-
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AA)), et la partie hydrophobe P(AzoMA) est un polymethacrylate portant un groupement 

azobenzene (figure 4). Lorsque les micelles sont irradiees avec la lumiere UV, les groupes 

azobenzene passent de la forme trans vers la forme cis. Cette isomerisation est reversible, car si 

les isomeres cis sont irradies avec la lumiere visible, ils retrouvent leurs formes trans. Au depart, 

le coeur des micelles est constitue des groupements plus hydrophobes d'azobenzene sous la forme 

trans. Lorsque la solution micellaire est irradiee avec la lumiere UV, les molecules s'isomerisent 

a la forme cis. Cette isomerisation change grandement la polarite des groupements azobenzene. 

Des calculs ont montre que les molecules azobenzene trans ont un moment dipolaire presque nul, 

alors que sous la forme cis le moment dipolaire est de 4,4D (18). Sous irradiation UV, ce 

changement de polarite mene a la dissociation des micelles, car la balance hydrophile/hydrophobe 

est changee. 
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Figure 4 : Structure chimique d'un copolymere a blocs, ou le bloc hydrophobe est constitue 

d'azobenzene. La polarite du groupement hydrophobe peut etre changee par une irradiation UV 

ou visible. 

Comme la reaction d'isomerisation est reversible (cis vers trans), il est possible de reformer les 

micelles en irradiant la solution avec la lumiere visible (figure 5). En effet, les molecules 

azobenzenes retrouvent leur etat initial, done leur hydrophobicite, et les micelles peuvent etre 

reformees. 
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Figure 5 : Changement en transmitance pour une solution de vesicules du copolymere 

azobenzene. Les photos MEB montrent les vesicules avant irradiation UV (a), sous irradiation 

UV (b), et sous irradiation visible(c) (17). • 

La versatilite du concept a ete prouvee. En effet, un groupe de recherche a utilise differentes 

molecules (spiropyrans et diarylethylenes) pour fabriquer des micelles photo-actives (19). Le 

principe est d'utiliser une molecule qui a deux formes stables de polarite differente et le 

changement de forme peut etre induit par la lumiere. 

Des micelles sensibles a la lumiere, dont la dissolution n'est pas reversible, ont aussi ete 

developpees. Le principe dans ce type de micelle photosensible est d'attacher un chromophore 

photoclivable hydrophobe au copolymere. Lorsque le copolymere est irradie, il y a clivage du lien 

entre le chromophore et le copolymere, liberant une fonction polaire et une molecule hydrophobe. 

Deux copolymeres ont ete etudies par le groupe du professeur Zhao (20,21). Le premier 

copolymere est forme d'un bloc hydrophile PEO et d'un bloc hydrophobe photosensible, soit le 

poly(methacrylate de 1-pyrenylmethyl) (PEO-fo-PPyMA) (figure 6). 
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Figure 6: Structure chimique du PEO-b-PPyMA. La reaction de photolyse clive la fonction 

pyrene, convertissant le bloc hydrophobe en un bloc hydrophile, le poly(acide methacrylique ) 

(PMA), ce qui mene a la dissociation des micelles (20). 

Lorsqu'une solution micellaire du PEO-Z?-PPyMA est irradiee avec de la lumiere UV, il y a une 

photoreaction avec le pyrene menant a son clivage et formant le 1-pyrenemethanol. Le clivage du 

lien ester mene a la formation d'un groupement acide polaire. Le changement de polarite conduit 

a la dissociation des micelles et a la liberation des molecules prealablement encapsulees. 

Le deuxieme polymere etudie a aussi le PEO comme bloc hydrophile, mais le bloc hydrophe est 

le poly(methacrylate de 2-nitrobenzylmethyl) (PEO-Z>-PNBMA) (Figure 7) (21). Ce copolymere 

n'est pas seulement un autre exemple derive du premier copolymere. En effet, le clivage du 

nitrobenzyl peut se faire a l'etat solide ou en solution, et peut etre provoque par l'absorption d'un 

photon UV ou de deux photons proche infrarouge. Le clivage est provoque par un rearrangement 

de la molecule nitrobenzyl. 
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Figure 7 : Structure chimique du PEO-b-PNBMA. La reaction de photolyse par un ou deux 

photons clive la fonction nitrobenzyl, convertissant la partie hydrophobe en partie hydrophile 

menant a la dissociation des micelles (21). 

En effet, les photons infrarouges proches peuvent penetrer plus profondement dans le corps 

humain (500 urn jusqu'au cm), parce que l'absorption par l'eau et l'hemoglobine est a son 

minimum dans cette partie du spectre lumineux (figure 8) (22) Le developpement est encore a ses 

balbutiements, c'est-a-dire que la possibilite d'ouvrir des micelles par l'absorption de deux 

photons infrarouges est possible, mais cette methode est loin d'etre utilisee dans le corps humain. 

Cependant, le potentiel et l'enjeu d'une percee pour ce type de transporteur sont grands. 

tiiH w i n d o w »-
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Figure 8 : Limite de la zone proche infrarouge, ou il y a le minimum d'absorption de photons par 

l'hemoglobine et l'eau 
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1.4 Absorption a deux photons 

L'absorption a deux photons implique les memes etapes que la photochimie a un photon comme 

on peut le voir sur le schema 1. Cependant, au lieu d'absorber un photon d'energie hu pour une 

transition du niveau fondamental S0 au premier niveau excite Si, la molecule absorbera 

simultanement deux photons d'energie l/2h\). L'energie des deux photons n'est pas 

obligatoirement divisee exactement par deux. Par contre, le total de l'energie doit etre egal a 

l'energie necessaire pour faire la transition. Cependant, il est plus facile d'utiliser le demi de 

l'energie, car un seul laser de longueur d'onde egal a l/2ht) est utilise. 

L'absorption a deux photons est plus difficile a realiser que l'absorption d'un photon. En effet, la 

probabilite d'absorber simultanement deux photons est proportionnelle au carre de l'intensite du 

champ d'excitation (23). Le laser femtoseconde (fs) est la principale source lumineuse utilisee. 

En effet, ce type de laser produit des pics d'energie d'environ 30 MW avec une energie moyenne 

d'environ 300 mW. La quantite de photons en un temps donne et a un endroit donne est grande. 

Les molecules utilisees doivent avoir une capacite d'absorption plus elevee, car la probabilite 

d'absorption est plus faible pour deux photons. 

Les derives de nitrobenzyl ont la capacite d'absorber deux photons dans l'infrarouge proche. Par 

contre, il existe une autre categorie de molecule plus efficace. Ce sont les derives de coumarine. 

Ces deux types de composes sont utilises comme groupement protecteur photolabile en synthese 

organique, biotechnologie et biologic La lumiere est une condition douce pour deproteger des 

fonctions chimiques ou biologiques. En biologie, ces composes sont utilises pour relacher 

precisement des molecules bioactives dans les cellules et evaluer la cinetique des reactions liee a 

cette molecule (24). La molecule protegee par le groupement n'est pas active au depart, mais 

lorsque la lumiere est appliquee, il y a une augmentation instantanee des molecules actives due a 

la deprotection, et la reponse biologique peut etre evaluee presque sans delai 
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Schema 1 : Diagramme de Jablonski simplifie de l'absorption d'un ou de deux photons. So : etat 

fondamentale, Si : premier etat excite, F : fluorescence, isc : croisement inter-systeme, icp: 

conversion interne (fluorescence), Ti : premier etat triplet, P : phosphorescence, icp : croisement 

inter-systeme (phosphorescence) 

La photosensibilite de ces composes est comparee en terme de la section transversale d'action de 

deprotection 5U (uncaging action cross section). 8u est le produit de la section transversale 

d'absorption (5) et le rendement quantique de deprotection (q) (25). L'unite de 5U est le Goeppert-

Mayer (GM), ou 1 GM est defini comme 10"50cm4 s par photon. Idealement, les molecules 

utilisees doivent avoir une 8U > 0.1 GM pour etre assez sensibles. Un des derives de nitrobenzyl 

beaucoup utilise, le dimethoxy-6-nitrobenzyl, a un 8U de 0.01 GM a 720 nm, ce qui est un ordre 

de grandeur plus petite que la valeur limite (26). Par contre, les derives de coumarine ont des 5U 

entre 1 et 2 GM, ce qui est bon pour leur utilisation comme groupement protecteur sensible a 

l'absorption a deux photons (27). 

Le mecanisme de deprotection des derives de coumarine est connu (28). Le schema 2 presente la 

reaction (a) et le mecanisme (b) de photoclivage des derives de coumarine. 
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Schema 2 : a) Reaction de deprotection des derives de coumarine. b) Diagramme de Jablonski de 

la photoreaction. Abs : absorption, kn : constante de vitesse de fluorescence, knr: constante de 

vitesse du processus non-radiatif, ki : constante de vitesse photoheterolyse, krec: constante de 

vitesse recombinaison, keSC: constante de vitesse fuit de la cage du solvant, khvd : constante de 

vitesse hydratation 

Pour determiner si le mecanisme de reaction passe par une photo SNI (photoheterolyse assiste par 

le solvant) ou par une photosolvolyse, une molecule derivee de la coumarine a ete solubilisee 

dans un melange d'eau deutere et d'acetonitrile et irradie. L'analyse de spectrometrie de masse 

par ionisation par electrospray (ESI) a demontre que 180 se retrouvait seulement sur 1, la 

molecule A clivee n'etait pas marquee. Ce resultat demontre que le mecanisme est une photo 

SNi.-Le schema 2b presente le diagramme de Jablonski pour la photoreaction. La molecule de 

coumarine est excitee et passe du niveau fondamental (So), au premier niveau excite (Si). Ensuite, 

trois chemins sont possibles. Les deux premiers correspondent a la descente au niveau 
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fondamental par fluorescence (kfi) ou processus non radiatif (knr) et le dernier est le clivage 

heterolytique du lien CH2-OA (ki) formant la paire d'ions singulet 1[CM+ A"]. La recombinaison 

mene a l'etat fondamental (krec), et la formation des produits finaux se fait en deux etapes. La 

premiere est la fuite des molecules de la cage de solvant (keSC), et la deuxieme est une reaction 

d'hydratation (khyd). CM+ reagit avec l'eau et il y a une deprotonation rapide par A" pour former 

respectivement CM-OH et HOA. La reaction determinante pour ce type de reaction est la 

photoheterolyse (ki). La reaction sera favorisee par plusieurs facteurs : (a) les vitesses de 

reactions en competition avec ki (kfi et k^) sont moins rapides, (b) la stabilite du derive de CM+ 

et A- est grande, (c) la fuite des molecules (keSC) de la cage du solvant est favorisee. Schmidt et al. 

ont determine les conditions pour avoir le photoclivage optimal (29). Les deux ions formes apres 

le clivage doivent etre stabilises. Le cation est stabilise en ajoutant des substituants 

electrodonneurs sur les derives de coumarine, 1'anion doit etre choisi en fonction d'une faible 

basicite et d'un faible pKa. Les facteurs qui accelerent le clivage heterolytique retardent aussi la 

recombinaison des ions, ce qui donne une double amelioration. 

Un derive de la coumarine a deja ete utilise pour la liberation du medicament paclitaxel (30). Au 

depart, la molecule est inactive, mais apres irradiation il y a clivage du groupement coumarine et 

un rearrangement liberant le principe actif. D'apres nos recherches bibliographiques, l'utilisation 

des derives de coumarine sous forme de transporteur micellaire n'a jamais ete realisee. 
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CHAPITRE 1 

MICELLES SENSffiLES A LA CHALEUR ET AU PH 

1.1. Avant-propos 

Dans l'introduction, nous avons montre que la majorite des micelles sensibles a la chaleur sont 

basees sur la presence d'une LCST. L'objectif de l'etude presentee dans l'article qui suit est 

d'utiliser une approche differente. Le groupement tetrahydropyranyle (THP) est un groupement 

protecteur sensible a la chaleur. En chauffant un homopolymere de poly(methacrylate de 

tetrahydropyranyl) (PTHPMA) a l'etat solide a plus de 150 °C, il est possible de deproteger les 

fonctions acides du polymere (thermolyse) (31). Dans lememe article, il a ete demontre qu'en 

solution, la reaction de deprotection pouvait se faire dans des conditions plus douces, et que cette 

reaction etait catalysee par un milieu aqueux acide. 

Ma contribution a cet article a ete d'effectuer la synthese et la caracterisation d'un nouveau 

copolymere sensible a la chaleur et d'obtenir les resultats presentes dans cet article. Les 

discussions avec Jerome Babin sur les methodes de caracterisation ont ete tres utiles tout au long 

de l'etude et Luc Tremblay nous a aides pour le suivi des micelles a l'aide du RMN JH 600 MHz. 

La partie hydrophile du copolymere est le PEO et la partie hydrophobe est le PTHPMA. La partie 

hydrophobe est constitute de fonctions acides protegees par des groupements THP moins polaire. 

La caracterisation du copolymere a l'etat solide a ete effectuee a l'aide de la chromatographic par 

permeation de gel (GPC), la resonance magnetique nucleaire de proton (RMN !H) ainsi que la 

calorimetrie differentielle a balayage (DSC). Ensuite, les micelles du copolymere ont ete 

produites par la methode de dialyse decrite dans l'introduction. La caracterisation des micelles et 

l'etude dynamique de leur comportement ont ete effectuees a l'aide de plusieurs methodes. J'ai 
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utilise la diffusion dynamique de la lumiere (DLS) pour suivre revolution de la taille des micelles 

a differentes temperatures (80°C et 37°C). A 80°C, l'etude a montre qu'il y a un gonflement suivi 

d'une dissolution des-micelles. A 37 °C, la reaction se produit, mais elle est beaucoup plus lente. 

J'ai aussi utilise les spectroscopies d'absorbance et de fluorescence pour suivre la destabilisation 

des micelles et le relachement des molecules de Nile Red (NR) encapsulees. Le NR n'est pas 

soluble dans l'eau, mais il peut etre solubilise par le cceur des micelles. Au depart, il est possible 

de mesurer l'intensite de fluorescence, mais au fur et a mesure que les micelles s'ouvrent, il y a 

une diminution en intensite, car le NR est relache dans l'eau. Deux appareils de RMN lH ont ete 

utilises : le 300 MHz pour observer revolution de la micellisation en additionnant l'eau, apres la 

dialyse et apres chauffage de la solution micellaire, le 600 MHz a ete utilise pour suivre la 

cinetique de la reaction d'hydrolyse des groupements THP du coeur des micelles a 80 °C. 

De plus, j 'ai suivi trois evenements simultanement. C'est la premiere fois que ce genre 

d'experience etait realisee. Des etudes dans la litterature faisaient le suivie d'un, ou de deux 

evenements seulement. Dans notre article, j 'ai suivi la dissolution des micelles par diffusion 

dynamique de la lumiere, l'hydrolyse des groupements THP dans les micelles par RMN lH 600 

MHz, et le relachement des molecules de NR encapsulees par les micelles. Les donnees 

cinetiques ont montre que ces trois evenements relies procedaient a une vitesse similaire. De plus, 

les resultats avec les copolymeres ayant des blocs PTHPMA et PEO differents montrent qu'il est 

possible d'accelerer ou de ralentir le relachement des molecules hydrophobes en changeant les 

longueurs relatives des blocs. Les resultats de relachements obtenus a differents pH demontrent 

que Ton peut aussi faire varier le pH pour accelerer ou ralentir l'ouverture des micelles. 

Cette etude demontre une alternative a 1'utilisation des copolymeres a blocs ayant une LCST. La 

sensibilite a la chaleur et au pH acide de notre copolymere et des micelles est basee sur le 

groupement thermolabile THP. 
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Abstract 

Thermosensitive polymer micelles are generally obtained with block copolymers in which one 

block exhibits a lower critical solution temperature (LCST) in aqueous solution. We investigate a 

different design that is based on the use of one block bearing a thermally labile side group, whose 

hydrolysis upon heating shifts the hydrophilic-hydrophobic balance towards the destabilization of 

block copolymer micelles. Atom transfer radical polymerization (ATRP) was utilized to 

synthesize a series of diblock copolymers composed of hydrophilic poly(ethylene oxide) (PEO) 

and hydrophobic poly(2-tetrahydropyranyl methacrylate) (PTHPMA). We show that micelles of 

PEO-&-PTHPMA in aqueous solution can be destabilized as a result of the thermosensitive 

hydrolytic cleavage of tetrahydropyranyl (THP) groups that transforms PTHPMA into hydrophilic 

poly(methacrylic acid) (PMAA). The three related processes occurring in aqueous solution, 

namely, hydrolytic cleavage of THP, destabilization of micelles and release of loaded Nile Red 

(NR), were investigated simultaneously using *H NMR, dynamic light scattering (DLS) and 
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fluorescence spectroscopy, respectively. At 80 °C, the results suggest that the three events 

proceed with a similar kinetics. Though slower than at elevated temperatures, the disruption of 

PEO-&-PTHPMA micelles can take place at the body temperature (~ 37 °C), and the release 

kinetics of NR can be adjusted by changing the relative lengths of the two blocks or the pH of the 

solution. 
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Introduction 

Thermosensitive block copolymer (BCP) core-shell micelles are of interest for controlled delivery 

applications. Such micelles can be destabilized either in response to a change in temperature or at 

the body temperature (~ 37 °C) with an appropriate kinetics, which enables the drug pre-

encapsulated by the hydrophobic micelle core to be released in a controlled manner. Generally, 

thermosensitive polymer micelles are obtained with BCPs that have one block exhibiting a lower 

critical solution temperature (LCST), below which the block is soluble in water while above 

which it is insoluble. The most used polymer is poly(N-isopropylacrylamide) (PNIPAAm) having 

a LCST ~ 32 °C.15 To mention only a few examples, with poly(ethylene oxide) (PEO) as the 

hydrophilic block, PNIPAAm was used as the hydrophobic block at T>LCST, whose micelles can 

be dissolved at T<LCST and expected to give a quick release of loaded drugs.1 Whereas with 

poly(butyl methacrylate) (PBMA) as the hydrophobic block, PNIPAAm was also utilized as the 

hydrophilic block at T<LCST.2 In this case, the micellar destabilization occurs at T>LCST with 

the outer shell of PNIPAAm becoming insoluble in water and precipitating; the perturbation was 

shown to give rise to release of a loaded drug due to the low-Tg micelle core of PBMA (~ 20 °C < 

LCST of PNIPAAm). Moreover, it is known that the LCST of PNIPAAm can be adjusted to a 

higher or lower temperature by incorporation of hydrophilic or hydrophobic corhonomer units 

respectively. An interesting development of thermosensitive BCP micelles is the use of a diblock 

copolymer composed of PEO and a random copolymer of NIPAAm and N-(2-

hydroxypropyl)methacrylamide lactate) (NHPMAAm-lactate).5 At the physiological conditions 

(pH 7.4, 37°C), the hydrolysis of the lactate side groups increases the amount of hydrophilic 

comonomer units and thus the LCST of the polyacrylamide block; when the LCST raises to above 

23 



37 °C, the micelles are destabilized. PNHPMAAm-lactate can also be used without PNIPAAm to 

design thermosensitive BCP micelles based on the same principle of changing LCST upon 

hydrolysis of the lactate groups. A recent study also explored the combined use of thermo- and 

photosensitivity of micelles formed by a block copolymer of PEO and poly(ethoxytri(ethylene 

glycol) acrylate-co-o-nitrobenzyl acrylate) (PEO-&-P(TEGEA-co-NBA).7 Upon UV irradiation, 

the photoinduced cleavage of o-nitrobenzyl groups increases the amount of acrylic acid group in 

the thermosensitive P(TEGEA-co-NBA) block and thus its LCST. In another example of study, 

methacrylamide-based copolymers with pendent ortho ester groups were found to form micelles 

that are both thermo- and pH-sensitive.8 

The purpose of the present study was to investigate a different design for thermosensitive BCP 

micelles, which is inspired by our studies of photocontrollable polymer micelles.9 We have 

synthesized an amphiphilic diblock copolymer composed of hydrophilic PEO and hydrophobic 

poly(2-tetrahydropyranyl methacrylate) (PTHPMA). The use of PTHPMA allows PEO-&-

PTHPMA micelles to be thermosensitive since the THP side groups are known as being thermal-

labile. Indeed, THP moiety has been widely used as a protecting group in organic10 and polymer 

synthesis and can be removed through thermolytic cleavage in the solid state. Therefore, as 

depicted in Figure 1, it was expected that the hydrolytic cleavage of THP groups from PEO-Z?-

PTHPMA micelles in aqueous solution would be sensitive to temperature. And for the micelles, 

the cleavage of THP means destabilization (swelling and dissolution as will be discussed later), 

because the reaction converts the hydrophobic PTHPMA onto water-soluble poly(methacrylic 

acid) (PMAA) and, consequently, shifts the hydrophilic-hydrophobic balance toward the 
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destabilization of the micelles.9 Compared to the aforementioned PEO-^-PNHPMAAm-lactate,5'6 

the present BCP design is not just about a different polymer, it is of interest for at least two 

reasons. First, the use of PTHPMA extends the hydrolysis-based approach to poly(meth)acrylates 

that do not have a LCST like polyacrylamides. Secondly, although the present study mainly dealt 

with the thermal effect, the micelles of PEO-b-PTHPMA are also pH-sensitive. PTHPMA has 

been used as a photoresist that, in the presence of a photoacid generator, can undergo acid-

mediated cleavage reaction. However, contrarily to the hydrolysis of lactate groups that is 

enhanced by basic pH,6 the hydrolysis of THP is sensitive to acidic pH, This may make 

PTHPMA-based micelles more suitable as drug delivery nanocarriers that respond to the 

relatively acidic tumor tissues (pH ~ 6.8) and the endosomal and lysosomal compartments of cells 

(pH ~ 5-6) with respect to the physiological pH 7.4.u Besides, pH-mediated dissolution of 

PTHPMA homopolymer nanoparticles prepared by emulsion methods, were shown to be good for 

drug delivery applications due to, among other things, a low toxicity of PTHPMA.15 More 

importantly, the first simultaneous investigation of the kinetics of three related events (hydrolysis, 

micellar disruption and release) by using !H NMR, dynamic light scattering and fluorescence 

spectroscopy provides new physical insight into the complicated processes. 

Experimental Section 

1. Synthesis 

Materials. Dichloromethane (DCM, 99%) was purified by distillation from calcium hydride. 

Tetrahydrofuran (THF, 99%) was purified by distillation from sodium with benzophenone. 

Tetrahydropyranyl methacrylate (THPMA, 99%) was provided by St-Jean-Photochemicals 
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(Quebec, Canada) and passed through a column of basic alumina silica before use. 2-

Bromoisobutyryl bromide, Nile Red (NR), copper chloride (Cu(I)Cl, 98%), N, N, N \ N', N"-

pentamethyldiethylenetriamine (PMDETA, 99%) and poly(ethylene glycol) methyl ether with a 

number-average molecular weight of 2000 and 5000 g mol"1 were purchased from Aldrich and 

used without further purification. 

Synthesis of Diblock Copolymers of Ethylene Oxide and Tetrahydropyranyl Methacrylate 

(PEO-fe-PTHPMA). As shown in Scheme 1, diblock copolymers were synthesized using ATRP. 

Bromine end-capped PEO macroinitiators with molecular weight of 2000 or 5000 g mol" , 

designated as PE045-Br or PEOm-Br, were prepared following a literature method,16 details are 

not repeated here. What follows is an example of ATRP of the THPMA monomer using a 

macroinitiator PEOm-Br. THPMA (4.5 g, 26.4 mmol), PMDETA (64.9 mg, 0.37 mmol) and 

Cu(I)Cl (16.1mg, 0.16 mmol) were added to a solution of PEOm-Br (547 mg, 0.11 mmol) 

dissolved in DMF (3.4 g). The reactive mixture placed in a flask was degassed three times using 

the freeze-pump-thaw procedure. After 30 min stirring at room temperature, it was immersed in a 

preheated oil bath at 70 °C for 2 hours. Afterward, the mixture was passed through a neutral 

AI2O3 column with THF as eluent to remove the catalyst. The solution was concentrated upon 

solvent evaporation under reduced pressure and then precipitated twice in cold ether (ice bath). 

The white diblock copolymer power (2.02 g, yield ~ 45%) was collected by filtration and dried in 

a vacuum oven. This reaction gave the sample of PEOm-&-PTHPMAi64 (PI in Scheme 1). JH 

NMR (CDCI3), 5 (ppm): 5.95 (broad, 1H, -OCHO-, THPMA), 3.90 (m, 2H, -OCUOCH2-, 

THPMA), 3.65 (s, 4H, -CH2CH20-, PEO), 1.60 (broad, 6H, (OCRCH2CH2CH2-, THPMA), 1.25 
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(s, 3H, CH3CCOO-, THPMA). Mn (!H NMR)= 32500 g mol1, Mn (GPC)= 32800 g mol"1, 

MJMn= 1.20. 

2. Preparation of Aqueous Micellar Solutions with or without Loaded Nile Red. 

The samples of PEO-&-PTHPMA synthesized for this study are insoluble in water. Therefore, the 

conventional "dialysis" method of preparing aqueous micellar solutions was utilized. A sample 

was first dissolved in THF that is a good solvent for both PEO and PTHPMA, water was then 

added slowly to the THF solution to induce the formation of micelles with a hydrophobic 

PTHPMA core and a hydrophilic PEO shell; finally, THF was completely removed through 

dialysis of the micellar solution against water, resulting in an aqueous solution of PEO-&-

PTHPMA micelles. The loading of the hydrophobic dye Nile Red (NR) was easily achieved using 

the same method, only in this case, both NR and a PEO-Z?-PTHPMA sample were dissolved in 

THF prior to the addition of water; while upon micelle formation when water was mixed with 

THF, an amount of NR could be solubilized by the hydrophobic PTHPMA core. The NR-loaded 

micelles in aqueous solution were prepared as follows. PEO112-&-PTHPMA164 (3.0 mg) was 

dissolved in dry THF (4.6 mL); the solution was then mixed with a THF solution of NR (25 fiL, 

0.2 mg mL"). Under vigorous stirring, 1.2 mL of water was added slowly (about 25 (0.L over 

every 30 s) to the THF solution of polymer and NR, which was followed by quick addition of 

another 1 mL of water at the end. The solution was stirred for 1 h at room temperature before 

being placed in a dialysis bag (Specrum, MW cutoff 3500) for dialysis against water for three 

days (water was frequently refreshed); unloaded NR, precipitated in water, was removed through 

microfiltration (0.45 |im cellulose acetate membrane). For all measurements at acidic pH, a 1 M 
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HC1 solution was added in the aqueous micellar solution, the pH change being measured with a 

pH meter (Orion 410A plus). 

3. Characterization 

Unless otherwise stated, H NMR spectra were obtained with a Bruker Spectrometer (300MHz, 

AC 300). To monitor the hydrolysis reaction at elevated temperatures as a function of time, a 

Varian spectrometer (600 MHz, INOVA system) was used to record spectra at a time interval of 5 

min, by inserting an NMR tube filled with the micellar solution into the pre-heated and 

thermostat probe. Dynamic light scattering (DLS) experiments were performed on a Brookhaven 

goniometer (BI-200) equipped with a high sensitive avalanche photodiode detector (Brookhaven, 

BI-APD), a digital correlator (Brookhaven, TurboCorr) that calculates the photon intensity 

autocorrelation function g (t), a helium-neon laser (wavelength A, = 632.8 nm) and a thermostat 

sample holder. The hydrodynamic diameter (DH) of micellar aggregates was obtained by a 

cumulant and CONTIN analysis, and the change in scattered light intensity was measured at 90°. 

UV-vis absorption and steady-state fluorescence emission spectra were recorded using a UV-vis 

(Varian Cary 50 Bio) and a fluorescence spectrophotometer (Varian Cary Eclipse) respectively. 

The excitation wavelength was 540 nm for Nile Red (excitation and emission slit widths set at 5 

nm, and the scan rate at 10 nm s"1); a single cell Peltier was used for controlled-temperature 

measurements. SEM observations were carried out using a Hitachi S-4700 Emission Gun 

Scanning Electron Microscope. Samples for SEM were prepared by deposing one drop of diluted 

micellar solution on a silicon wafer, followed by drying at room temperature. Gel permeation 

chromatography (GPC) measurements were conducted on a Waters systems equipped with a 
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refractive index detector (RI 410), a photodiode array detector (PDA 996) and one column 

(Styragel 5HE, 7.8 mm x 300 mm). THF being used as eluent (elution rate, 1 mL min"1) and 

polystyrene standards used for calibration. Thermal properties of the polymers were investigated 

using a Perkin-Elmer DSC-7 differential scanning calorimeter with a heating or cooling rate of 10 

t r a i n 1 . 

Results and Discussion 

1. Syntheses and Characterization 

A series of PEO-&-PTHPMA diblock copolymers with various relative block lengths were 

obtained, as indicated in Scheme 1. Using the known molecular weight of PEO, the number of 

THPMA units was estimated based on the BCP composition as revealed by *H NMR spectra, 

comparing the resonance signals of the two blocks (the peaks at 5.95 and 3.65 ppm for PTHPMA 

and PEO respectively). Before studying micelles in aqueous solution, BCP samples were 

characterized by means of a number of techniques. An example of the results is given in Figure 2. 

Figure 2a presents the GPC curves of PEOm-Br and three BCP samples obtained with the same 

macroinitiator. The controlled growth of the PTHPMA block can be noticed from the single peak 

shifting to shorter retention times; whereas the polydispersity indexes (Mw/Mn) remain low from 

~ 1.06 for the macroinitiator to about 1.20 for PEO-6-PTHPMA. Figure 2b shows the DSC 

heating curves for the same series of samples, together with PEO45-&-PTHPMA22. The 

thermolytic cleavage of THP groups for the copolymers in the solid state occurs at temperatures 

above 140 °C, indicated by the appearance of an endothermic peak. In addition to the observation 
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that the cleavage heat is proportional to the content of THPMA groups, being highest for PEOm-

Z?-PTHPMAi64, it is interesting to notice the mutual influence of the two blocks on their 

properties. Indeed, compared to the PEO macroinitiator, the melting endotherm of crystalline 

PEO of the block copolymer appears at a lower temperature and becomes less and less prominent 

with increasing the content of PTHPMA (indiscernible for PEO112-&-PTHPMA164), while on the 

other hand, the crystalline PEO block apparently increases the thermolytic cleavage temperature 

of THP groups, which is mostly clear for PEOi12-fr-PTHPMA24. Comparing PEO45-&-PTHPMA22 

with PEOn2-fr-PTHPMA54, it is seen that at similar relative block lengths ratio (PEO:PTHPMA ~ 

2:1), shorter block lengths lower the melting temperature of crystalline PEO as well as the 

thermolytic cleavage temperature of the side groups of PTHPMA. 

2. Thermosensitive Micelles in Aqueous Solution 

Unless otherwise stated, the experiments described in this paper used the sample of PEO112-&-

PTHPMA164. Figure 3 compares !H NMR spectra of the BCP sample in deuterated THF (THF-

dg), upon addition of heavy water (D20), after dialysis against heavy water, and after heating of 

the aqueous micellar solution at 80 °C. As indicated in the figure, in THF-dg, the characteristic 

resonance signals of both PEO (3.55 ppm, partly overlapped by a signal of THF-dg) and 

PTHPMA (5.93 ppm) are visible (spectrum a). As D20 is added into the solution inducing the 

formation of micelles, the peak of PEO remains, while the signals of PTHPMA are almost 

completely disappeared, indicating that PTHPMA chains are aggregated into the compact micelle 

core-and no longer solvated (spectrum b). The situation is the same after THF is removed through 

dialysis against water, the proton signal of THF-dg (3.58 and 1.73 ppm) being gone (spectrum c). 
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Spectrum d was recorded after heating the aqueous micellar solution to 80 °C for 30 min, the 

disruption of the micelles is revealed by the spectral changes. Indeed, the characteristic peak of 

tetrahydropyran-2-ol (5.33 ppm) appears, which is formed after the hydrolytic removal of THP 

groups from the BCP (Fig.l). Other resonance signals of PTHPMA or from the resulting PMAA 

also appear, indicating either dissolved polymer chains or hydrated BCP micelle cores as a result 

of the hydrolysis of PTHPMA at 80 °C. This preliminary result confirms that in aqueous solution, 

the hydrolysis of PTHPMA can be thermally activated at temperatures much lower than what is 

required for the thermolytic cleavage in the solid state, and induce the destabilization of the 

micelles of PEO-ZJ-PTHPMA. 

The destabilization of the micelles in aqueous solution at 80 °C was further monitored using DLS. 

Figure 4a shows the distribution of hydrodynamic diameters of micellar solution before and after 

60 min heating. It is seen that prior to the temperature increase, the micelles are uniform in size 

and their average hydrodynamic diameter is centered at 70 nm. After 60 min heating, we can 

notice that the micelles peak become larger, shifts to higher diameter (~ 85 nm) and decreases in 

intensity, while aggregates peaks above 200 nm can be observed. The accompanying change in 

the scattered intensity by the micellar solution is shown in Figure 4b. Despite some fluctuations 

of the data, the scattering intensity decreases continuously after an increase at the beginning of the 

process. The early increase in scattering intensity (about the first 10-20 min) was observed in all 

experiments carried out at elevated temperatures. Combining these results we can suggest that 

prior to dissolution or disintegration, micelles first undergo a swelling that induces an increase of 

the scattered intensity. As the hydrolytic cleavage of THP groups takes place, leading to the 
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formation of methacrylic acid groups, the increased hydrophilicity of the micelle core can result 

in more absorption of water molecules. The subsequent decrease in the scattered intensity implies 

that a majority of swollen micelles start to fall apart and be dissolved. Thus, after 60 min heating, 

swollen micelles and large aggregates apparently coexist in solution, and the presence of large 

aggregates prevents the detection by DLS of molecularly dissolved PEO-Z?-PMAA block 

copolymer. It was also observed that the hydrolysis only resulted in a small decrease in pH of the 

micellar solution (about 0.2) presumably due to the very low concentration of the PTHPMA 

block in the solution (about 0.37 mg mL"1) and an incomplete hydrolysis reaction under the used 

conditions. Now, how to explain the formation of the large aggregates with the concomitant 

decrease in scattered light intensity? On the one hand, the complexation of dissolved polymer 

chains is unlikely to occur for the following reason. Although complete hydrolysis of PEO-b-

PTHPMA gives rise to PEO-fo-PMAA, at pH 7, the ionized carboxylic acid groups should prevent 

the polymer chains complexation driven by H-bonding between PEO and PMAA chains.17 On the 

other hand, even for polymer micelles in equilibrium, chain exchange can take place through two 

mechanisms that are insertion and expulsion of single chains and merging and splitting of 

micelles. ' It is conceivable that this dynamic nature would be enhanced in the present system 

that undergoes a continuous structural change and perturbation. As the hydrolysis goes on, the 

micelle core becomes increasingly hydrophilic and absorbs more and more water, leading to the 

swelling of the micelle. But the disruption process is not simply the dissolution of micelles into 

individual chains; rather it is a constant structural and morphological evolution over time that 

may involve micelles swelling, their merging upon encounter, splitting, and polymer chains 

dissolution. In other words, the large aggregates could be formed by merging swollen and 
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hydrated micelles through chains rearrangement in the course of the evolution process. A 

thorough understanding of the complicated dynamic processes is the subject of future 

investigations. 

The dissolution of the micelles is consistent with the visual observation that the solution turned 

clearer over time. SEM observations also confirm the analysis. Figure 5 shows images obtained 

with the micellar solution before and after heating to 80 °C for 100 min, deposited on a silicon 

wafer and dried. Before heating, dried micelles with an average diameter of about 62 nm are 

visible and they are quit uniform in size. After the hydrolysis at 80 °C, large aggregates are 

observed. It is easy to imagine that large hydrated micelles are easier to collapse and coalesce 

during the film drying, giving rise to the observed large aggregates in the solid state. Since the 

hydrolysis of PEO-Z?-PTHPMA gives rise to PEO-&-PMAA, it should be mentioned that the self-

complexation of the latter due to hydrogen bonding between PEO and PMAA would not happen 

in the present case because of the ionization of MAA groups under the used conditions (pH 7).17 

Interestingly, the thermosensitivity of the hydrolysis of PTHPMA makes the micelles unstable at 

the body temperature, suggesting the relevance of PTHPMA-based BCP micelles for drug 

delivery applications. Figure 6 shows the results obtained at 37 °C (pH=7). From the changes in 

the size distributions and scattering intensity, it appears that the destabilization of the micelles at 

37 °C follows the same path as that at 80 °C, with the only difference that the process is much 

slower. Because of the slow kinetics, no initial increase of the scattering intensity was captured. 
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3. Simultaneous Investigation of Hydrolysis, Destabilization and Release 

For an aqueous solution of PEO-&-PTHPMA micelles, as the thermal hydrolysis of THP groups 

progresses, the initially hydrophobic PTHPMA core becomes increasingly hydrophilic as the 

micelle core, being made up with a random copolymer of THPMA and MAA, contains more and 

more carboxylic acid groups. It is easy to imagine that the micelle core, absorbing an increasing 

amount of water, swells and eventually dissolves into unimolecular chains. If the BCP micelle is 

loaded with a hydrophobic compound solubilized by the PTHPMA core, it would be interesting, 

and challenging, to investigate simultaneously the three related events, i.e., hydrolysis of THP 

groups, micelle disruption and release of the loaded guest into the aqueous medium. We made an 

attempt using Nile Red (NR)-loaded BCP micelles. The release of NR can readily be monitored 

through fluorescence measurements since the emission of NR is quenched by water in which it is 

insoluble.143 The experiment was conducted at 80 °C to have a faster hydrolysis, while using 1) 

*H NMR to observe the cleavage of THP groups from BCP micelles in aqueous solution, 2) DLS 

to monitor the micelles disruption and 3) change in fluorescence emission of NR to follow its 

release in solution. 

The most challenging experiment is to observe the kinetics of the hydrolytic cleavage of THP 

groups from the micelles. To do this, micelles in heavy water (D20) were prepared using the 

same method as described in the Experimental Section, while the removal of THF was carried out 

by dialysis against D2O. With the more sensitive 600 MHz NMR spectrometer, the possibility to 

obtain a spectrum with a short acquisition time (79 s in the present study) allows the hydrolysis 

kinetics to be monitored by recording spectra at a time interval of 5 min. Figure 7a shows 
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examples of the *H NMR spectra of the micellar solution before heating (spectrum a), after 12, 42 

and 62 min at 80 °C, respectively. Despite the high noise level and some remained THF traces in 

the solution, the signal at 5.33 ppm, arising from cleaved tetrahydropyran-2-ol molecules, 

increases its intensity in time, indicating the progress of the hydrolysis reaction. In parallel, as the 

hydrolytic cleavage goes on, the resonance signals of the remaining PTHPMA and resulting 

PMAA in other regions become more and more prominent, indicating an increased hydration of 

the micelle cores. The two other events occurring in the same time can be investigated more 

easily. Figure 7b shows the change in the distribution of hydrodynamic diameters of micellar 

aggregates in the solution upon heating to 80 °C. The micellar disruption via swelling and 

disintegration or dissolution as discussed above is clearly visible. It is worth being noted that 

prior to the hydrolysis at elevated temperature, micelles loaded with NR (average hydrodynamic 

diameter ~ 89 nm) do not display, the same size distribution as the micelles without loaded dye 

molecules (Fig.4a), which is not unusual since the encapsulation is known to affect the micellar 

aggregates. Figure 7c shows the concomitant change in fluorescence emission of NR as a function 

of time at 80 °C. Not only the intensity peaked at 603 nm decreases, but the emission maximum 

also displays a significant red-shift (by about 32 nm after 100 min). This is characteristic of NR's 

quenching by water.14a Of course, the quenching can occur either with NR molecules released 

into water due to the dissolution of polymer micelles or with NR molecules retained inside the 

swelling micelles upon absorption of water. 

The simultaneous characterizations make it possible to compare the kinetics of the three events, 

providing information on the relationship between them. Figure 8 shows the plots of three 
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normalized quantities vs. hydrolysis time at 80 °C for the micellar solution. These are 1) the 

integral of the 5.33 ppm peak that is indicative of the amount of cleaved THP groups, 2) the light 

scattering intensity related to the overall disruption of micelles, and 3) the decrease in 

fluorescence intensity revealing the contact of loaded NR molecules with water. We feel that the 

decrease in scattering intensity describes better the kinetics of the structural and morphological 

changes of polymer micelles in solution than the apparent changes in the hydrodynamic diameter. 

Similar to the case of micelles without NR loading (Fig. 4), the early-time increase in light 

scattering is likely to be caused by swelling of the micelles without dissolution. As the swelling 

develops over time, some micelles can be dissolved while others absorb more water inside, 

leading to the observed decrease in light scattering. Inspection of Figure 8 shows that within 

experimental error the three events basically follow the same kinetics, indicating that they are 

closed related to each other. This is not nonlogical. Once the hydrolytic cleavage of THP groups 

takes place in the aqueous solution, the micelle core absorbs more water molecules. This triggers 

the micelle swelling, while the encounter of NR molecules with water leads to the quenching of 

their fluorescence emission. That the fluorescence quenching of NR follows the same kinetics as 

the hydrolysis reaction and the decrease in scattered light intensity also suggests that the release 

of the chromophore into an aqueous media is mostly determined by the micellar swelling and 

dissolution, while the observed large hydrated aggregates should have little effect on the release 

process. 

4. Effects of pH and Block Copolymer Composition 
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As mentioned earlier, the hydrolysis of PTHPMA block can also be enhanced by acidic pH, in 

contrast to lactate-based polymers whose hydrolysis is favoured by basic pH. Using aqueous 

solutions of micelles formed by PEOm-&-PTHPMAi64 loaded with NR, the effect of pH on the 

micelles disruption and release was investigated by monitoring the fluorescence emission of NR. 

Figure 9a compares the plots of normalized fluorescence of NR vs. the time for the same micellar 

solution thermostated at 37 °C under three different pH. Indeed, as pH is decreased from 7 to 6 

and to 5, the rate of fluorescence quenching increases continuously, indicating faster micelles 

disruption at acidic pH. 

Another parameter that can affect the micelles disruption and the release of loaded molecules is 

the block copolymer composition. This was investigated by comparing the release rate of NR 

loaded in micelles of three samples with different relative lengths of the two blocks, PEOm-fc-

PTHPMAIM, PEO112-&-PTHPMA42 and PEOi12-Z>-PTHPMA24 (P3, P5 and PI in Scheme 1), all 

measurements being carried out at fixed pH=7 and T=37 °C. As can be seen from the results in 

Figure 9b, with the same hydrophilic corona (the same PEO112 block), the rate of NR 

fluorescence quenching becomes faster as the hydrophobic core of PTHPMA becomes smaller 

due to a shorter PTHPMA block. This is understandable. With a smaller micelle core, water 

molecules are more accessible to PTHPMA (and loaded NR). This not only may favour the 

hydrolysis reaction but also, as the hydrolysis takes place, can shift the hydrophilic-hydrophobic 

balance more quickly toward the micellar destabilization, leading to a faster micelles disruption 

and thus quenching of NR fluorescence. 
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Conclusion 

We synthesized a new amphiphilic diblock copolymer composed of PEO and PTHPMA, and 

investigated the thermal sensitivity of its micelle in aqueous solution. In contrast to other 

thermosensitive polymer micelles usually related to the LCST of one block, the thermal 

sensitivity of the present system stems from the hydrolytic cleavage of the thermally labile THP 

groups. The hydrolysis of THP transforms the initially amphiphilic PEO-&-PTHPMA onto the 

double-hydrophilic PEO-&-PMAA, which destabilizes the micelles. The hydrolysis of VEO-b-

PTHPMA micelles can occur slowly under physiological conditions (37 °C and pH=7), while the 

reaction rate becomes faster at elevated temperatures. For the first time, we were able to use H 

NMR, DLS and fluorescence spectroscopy to monitor simultaneously the removal of THP 

groups, the disruption of micelles and the release into aqueous medium of loaded NR molecules. 

The results suggest that the three seemingly distinct events are closely related to each other, and 

follow basically the same kinetics. The disruption of micelles as a result of the hydrolysis 

proceeds mainly through a process involving swelling, disintegration and dissolution of the 

micelles in aqueous solution (depicted in Fig.l). Moreover, the rate of micelles disruption and 

thus the rate of release of NR are also enhanced by acidic pH or by using micelles with a smaller 

PTHPMA core. 
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Figure Captions 

Figure 1 (a) Thermosensitive hydrolysis of the block copolymer composed of poly(ethylene 

oxide) and poly(2-tetrahydropyranyl methacrylate) (PEO-&-PTHPMA). (b) Schematic illustration 

of the disruption of block copolymer micelles in aqueous solution as a result of the hydrolysis 

(swelling and dissolution). 

Figure 2. (a) GPC and (b) DSC curves of the PEO-fr-PTHPMA samples of various compositions 

as indicated in Scheme 1. 

Figure 3. *H NMR spectra of PEO112-&-PTHPMA164: (a) dissolved in THF-d8, (b) upon addition 

of D2O in THF solution inducing the formation of micelles, (c) aqueous micellar solution 

obtained by dialysis against D2O, and (d) aqueous micellar solution heated to 80 °C for 30 min. 

Figure 4. Aqueous micellar solution of PEOi12-fr-PTHPMAi64 heated to 80 °C: (a) evolution of 

the distribution of hydrodynamic diameters of micellar aggregates before and after 60 min, and 

(b) changes in the scattered intensity measured at 90°. 

Figure 5. SEM images of (a) micelles of PEO112-&-PTHPMA164 observed by casting the micellar 

solution at room temperature, and (b) large aggregates formed after heating the micellar solution 

to 80 °C for 100 min. 

Figure 6. Aqueous micellar solution of PEOn2-^-PTHPMAi64 heated to 37 °C (pH 7): (a) 

evolution of the distribution of hydrodynamic diameters of micellar aggregates before and after 

74 h, and (b) changes in the scattered intensity measured at 90°. 

Figure 7. Simultaneous characterizations of the aqueous micellar solution of PEO112-&-

PTHPMA164 heated to 80 °C by combining the use of three techniques: (a) lH spectra showing 

the hydrolytic cleavage of tetrahydropyranyl (THP) groups overtime, (b) DLS results showing the 
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evolution of the size distribution of the aggregates upon micellar disruption, and (c) fluorescence 

emission spectra of Nile Red (NR) loaded in the micelles (Xex=540 nm) showing its release into 

an aqueous medium. 

Figure 8. Comparison of the kinetics of the three events occurring in the micellar solution of 

PEOii2-6-PTHPMAi64 at 80 °C: (1) the hydrolytic cleavage of tetrahydropyranyl (THP) groups 

indicated by the change in the normalized integral of the resonance signal at 5.33 ppm, (2) the 

resulting micellar disruption related to the decrease in the normalized light scattering intensity by 

the solution, and (3) the concomitant release of loaded Nile Red (NR) from the micelles into the 

aqueous medium as, revealed by the change in the normalized fluorescence intensity at the 

maximum emission wavelength. 

Figure 9. (a) Normalized fluorescence intensity of Nile Red vs time for the micellar solution of 

PEOn2-&-PTHPMA164 at 37 °C for three pH values (5, 6 and 7). (b) Normalized fluorescence 

intensity of Nile Red vs. time for micellar solutions at pH 7 prepared with three copolymer 

samples having the same PEO block but different lengths for the PTHPMA block. 
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CHAPITRE 2 

MICELLES SENSIBLES AUX PHOTONS PROCHE INFRAROUGE (NIR) 

2.1. Avant-propos 

Le laboratoire du Pr. Zhao a developpe un des premiers systemes micellaires sensibles aux 

photons proche infrarbuge (NIR). lis ont utilise le copolymere a blocs poly(oxyde d'ethylene)-Z?-

poly(methacrylate de 2-methylnitrobenzyl) (PEO-&-PNBMA) pour former des micelles (21). Le 

chromophore nitrobenzyle peut etre photolyse par 1'absorption UV (un photon) ou NIR (deux 

photons), menant a la destabilisation des micelles. Par contre, la sensibilite du systeme a 

1'absorption a deux photons est faible. L'objectif de l'etude presentee dans cet article est 

d'ameliorer cette sensibilite. Les derives de coumarine ont une sensibilite plus grande 

d'absorption a deux photons comparativement aux molecules de nitrobenzyl (26,27). Selon nos 

recherches, aucun systeme micellaire base sur un copolymere a blocs de derive de coumarine 

n' avait dej a ete etudie. 

La redaction de l'article et la synthese du copolymere a blocs poly(oxyde d'ethylene)-^-

polyjmethacrylate de [methyl-7-(diethyleamino)coumarine-4-yl]} (PEO-&-PDEACMM) a ete 

effectue par Dr. Jerome Babin. Ma contribution a cet article a ete d'effectuer la caracterisation du 

systeme micellaire et d'obtenir les resultats presentes dans l'article. Jean-Frangois Allard et le Pr. 

Denis Morris nous ont ete d'une grande aide pour la partie sur l'absorption a deux photons. Les 

micelles du copolymere ont ete produites par la methode de dialyse decrite dans 1'introduction. La 

couronne polaire des micelles est formee du bloc PEO et le coeur par le PDEACMM. En 

absorbant un photon UV ou deux photons NIR, un groupement DEACMM peut etre photolyse 

deplagant la balance hydrophile/hydrophobe et menant a la destabilisation des micelles. La 
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caracterisation et l'etude de revolution du systeme micellaire ont ete effectuees a l'aide de la 

spectroscopic d'absorption et la spectroscopie de fluorescence. L'etude montre qu'en variant 

1'intensite de la lampe UV, il est possible de modifier la cinetique du relachement du Nile Red 

encapsule dans les micelles. De plus, une experience pour evaluer la sensibilite et revolution des 

micelles avec des courtes irradiations a demontree que le systeme etait rapidement destabilise 

laissant fuir les molecules de Nile Red (NR), pour ensuite se reorganises Une experience pour 

suivre le clivage des groupements de coumarine a ete effectuee et a prouve que les molecules de 

coumarine pouvaient etre relachees dans le milieu aqueux et servir de sonde pour la 

photoreacttion. La partie la plus importante de l'etude est l'irradiation de la solution micellaire 

avec un laser a 794 nm pour faire Tabsorption a deux photons. Avec la spectroscopie de 

fluorescence, il a ete possible de suivre le relachement des molecules de NR encapsulees. De 

plus, la concentration des micelles en solution influence relativement peu la cinetique de 

relachement. Pour confirmer que les micelles etaient bien destabilisees, la microscopie 

electronique a balayage (MEB) a ete utilisee pour observer les micelles avant et apres irradiation 

a 794 nm. Les images montrent la degradation des micelles par l'irradiation proche infrarouge. 

Ces resultats confirment la sensibilite de ce nouveau copolymere a un rayonnement dans le 

proche infrarouge via l'absorption de deux photons. 

Cette etude presente le developpement de micelles sensibles a l'absorption de deux photons plus 

sensible que celle developpee precedemment dans le laboratoire du Pr.Zhao. 
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2.2. New Two-Photon Sensitive Block Copolymer Nanocarrier 

DOI: 10.1002/anie.200((will be filled in by the editorial staff)) Two-Photon Release 

A New Two-Photon Sensitive Block Copolymer Nanocarrier 
Jerome Babin, Maxime Pelletier, Martin Lepage, Jean-Frangois Allard, Denis Morris, Yue Zhao* 

Much research effort has been and continues to be devoted to block 
copolymer (BCP) micelles that respond to changing environmental 
conditions or stimuli such as pH [1"5] and temperature16"91 In recent 
years, there has been a growing interest on light-responsive BCP 
micelles whose aggregation state in solution can be disrupted by 
illumination[1019] The use of an optical stimulus is appealing because 
it could provide a greater selectivity in terms of control over the time 
and the location of micellar disruption. Basically, to make BCP 
micelles sensitive to light, the polymer should contain photochromic 
groups (generally on the hydrophobic block) whose photoreaction 
upon illumination increases the polymer polarity and shifts the 
hydrophilic-hydrophobic balance toward the disruption of the 
micelles. Reversible photoisomerization and irreversible 
photocleavage reactions of a number of chromophores have been 
exploited to design reversible or irreversible light-dissociable BCP 
micelles11 "' ] More recently, the reversible photodimerization of 
coumarin has also been used to make photocontrollable BCP 
micelles .[20,21] 

Although a surfactant-like amphiphile and a linear-
dendritic copolymer sensitive to near infrared light (NIR) have been 
reported, [22] light-responsive BCP micelles reported so far are mainly 
activated by UV and visible light. Only in one case, the photoreaction 
of 2-nitrobenzyl groups could occur upon two-photon absorption at 
700 nm, but the sensitivity was low due to inefficient two-photon 
absorption[131 It is known that NIR with wavelengths in the range of ~ 
700-1000 nm is more suitable for biomedical applications than UV or 
visible light. At these longer wavelengths, not only the irradiation is 
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less detrimental to healthy cells, but its absorption and scattering by 
water and biological substances are reduced, which results in a greater 
penetration depth for NIR light (in the order of millimeters to 
centimetres),123'241' In view of this, the development of BCP micelles 
sensitive to NIR is crucial toward eventual applications. In this 
Communication, we report on a study of a novel BCP whose micellar 
disruption can effectively be triggered by two-photon absorption of 
NIR at 794 nm. To achieve this NIR sensitivity, a coumarin 
chromophore, namely, [7-(diethylamino)coumarin-4-yl]methyl 
(DEACM), was used in designing the BCP. DEACM is known to have 
large two-photon absorption cross section.'24"261 This achievement is a 
significant step forward toward polymer micelles controllable with 
infrared light. 

The amphiphilic light sensitive BCP 1, is composed of a 
poly(ethylene oxide) (PEO) hydrophilic block and a poly([7-
(diethylamino)coumarin-4-yl]methyl methacrylate) (PDEACMM) 
hydrophobic block (Scheme 1). Under UV or NIR light irradiation the 
photosolvolysis of [7-(diethylamino)coumarin-4-yl]methyl esters gives 
rise to the cleavage of 7-diefhylamino-4-(hydroxymethyl)coumarin 2, 
which converts the ester groups to carboxylic acid groups and the 
hydrophobic PDEACMM to hydrophilic poly(methacrylic acid) 
(PMA). For the preparation of 1, the new monomer [7-
(diethylamino)coumarin-4-yl]methyl methacrylate was firstly 
synthesized by . esterification of 7-diethylamino-4-
(hydroxymethyl)coumarin 2 with methacryloyl chloride and 
subsequently polymerized by atom transfert radical polymerization 
using a PEOi12 macroinitiator. A well defined BCP (Ip = 1.25) was 
thus obtained containing about eighteen chromophore side-groups as 
determined by *H NMR (see Supporting Information for synthesis and 
characterization details). The hydrophobic dye, Nile Red (NR), was 
used for monitoring the micelle formation and disruption under light 
irradiation. Indeed, the fluorescence emission of NR (exitated at 550 
nm) is strongly dependent on the environment polarity. It's high in 
hydrophobic medium, but becomes less intense and red shifted when 
solubilized in water due to a very low solubility.113,221 NR loaded 
polymer micelles with an average hydrodynamic diameter around 
55nm (determined by dynamic light scattering) were obtained by slow 
addition of jrat$r /in avTHF solution of th&^BCtf Jl^aMMR, and 

• wate%Vi H 2 0 112 ' " 

• • ,OH 

N(Et)2 

2 
"N(Et)2 cr • o 

Scheme 1. Chemical structure and photolysis of the coumarin-
containing amphiphilic block copolymer 1. 
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Prior to investigating the reaction of BCP micelles under NIR 
irradiation, UV light (365 nm) was first used to assess the 
photosensitivity. With NR-loaded micelles of 1, the two chromophores 
(coumarin and NR) can fluoresce. Figure la shows 
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Figure 1. a) Fluorescence emission spectra (Dexc = 380 nm) of micellar 
solution of 1 (1mg/ml_) loaded with Nile Red under UV irradiation at 
365nm (500 mW.cm"2). b) Normalized fluorescence emission intensity 
of Nile Red at 622 nm (Qexc = 550 nm) in response to UV irradiation 
(365 nm) at 120 mW.cm"2 and 500 mW.cm"2 powers, c) Change of the 
normalized fluorescence emission intensity at 622 nm (D9XC = 560 nm) 
of Nile Red in response to intermittent UV irradiation (365 nm, 120 
mW.cm'2). 

the fluorescence emission spectra of a micellar solution upon 
excitation of coumarin side-groups (Xex= 380nm), recorded as a 
function of UV exposure time. Before UV irradiation, the emission of 
coumarin at 480 nm is low, which is no surprise because of self-
quenching due to the high concentration of coumarin groups confined 
in the micelle core (low emission was also observed for micelles 

without loaded NR, Supporting Information). However, the 
fluorescence emission of NR centred at 622 nm suggests the 
occurrence of nonadiative energy transfer (NRET) from excited 
coumarin to NR since NR has no absorption at the excitation 
wavelength of 380 nm and there is a significant overlap of the 
emission spectrum of coumarin with the absorption spectrum of NR. 
This result indicates the close distance between the two dyes as a 
result of the encapsulation of NR by the core of the hydrophobic 
PDEACMM block. Under UV light, the cleavage of 7-diethylamino-4-
(hydroxymethyl)coumarin 2 and its release with NR was clearly 
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Figure 2. a) A schematic showing the photoinduced release of 
coumarin dye from the micellar solution placed in a dialysis cap and 
subjected to an irradiation, the cell being filled with pure water. B) 
Release kinetics of coumarin dye as revealed by the increase in 
fluorescence emission at 475 nm (DeXc = 380 nm) after irradiations (365 
nm, 500 mW.cm"2) of different times, the fluorescence being measured 
in the cell, outside the dialysis cap. 

evidenced by changes in their fluorescence emission (Figure la). 
While the 622 nm emission of NR decreases, the 480 nm emission 
of 2, being diluted in water, rises. This drastic change in emission of 2 
(also observed with micelles without NR) is mainly caused by a strong 
reduction of self-quenching of coumarin dye. The concomitant release 
of NR into aqueous medium as a result of the photoreaction induced 
micellar disruption can better be observed by exciting this 
chromophore (kex= 550nm) without the intervention of coumarin. The 
emission intensity of NR decreases with irradiationtime (spectra not 
shown). Figure lb shows the plots of normalized fluorescence 
intensity at 622 nm vs irradiation time, and this for two irradiation 
intensities. In the absence of irradiation, no decrease of the 
fluorescence intensity of NR was recorded, indicating no release of 
NR from the micelles and thus denoting a good stability of the 
micellar aggregates. This result demonstrates that [7-
(diethylamino)coumarin-4-yl]methyl esters are highly resistant to 
spontaneous hydrolysis in the dark and/or sufficiently protected in the 
hydrophobic core of the micelle, in accordance with the literature.26 

Upon UV irradiation the NR release takes place and the process 
becomes faster as the irradiation intensity increases, because high UV 
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power speeds up the photosolvolysis of [7-(diethylamino)coumarin-4-
yl]methyl esters and, consequently, the disruption of BCP micelles. In 
all cases the remaining fluorescence was about 35-40% of the initial 
level. At UV light intensity of 120 mW.cm"2, it took about 20 min to 
reduce the fluorescence to half, while it took about 7 min with an 
intensity of 500 mW.cm"2. For these measurements, the emission 
spectra were recorded immediately after an irradiation. Figure lc 
shows the change in the normalized emission intensity following a 
short time (from 10 to 60 s) irradiation (120 mW.cm"2). The stepped 
curve clearly shows an instantaneous drop of fluorescence of NR even 
after 10 s irradiation. The height of step, which is related to the 
amount of NR put in contact with water, seems to be well correlated to 
the length of irradiation. However, there is a partial recovery of 
fluorescence emission after turning off the irradiation. This may be 

attributed to a 
balancing process of the released NR molecules into intact micelles or 
into remaining hydrophobic parts of disrupted micelles. These results 
obtained with a 365 nm irradiation confirm the high photosensitivity 
of the BCP 1 and its use as a nanocarrier of hydrophobic molecules for 
photocontrollable release into an aqueous solution. We should notice 
that the kinetics of release of NR does not reflect necessarily the 
kinetics of dissociation of the polymer micelles. Under UV light, the 
photolysis of [7-(diethylamino)coumarin-4-yl]methyl esters starts 
quickly and disrupts the micelles due to the changing hydrophilic-
hydrophobic balance of 1, the exposure of entrapped NR molecules to 
water, which quenches the fluorescence, may occur once the micelle 
core becomes more hydrated. For instance, we have recently shown 
that the disruption of a thermosensitive BCP micelle proceeds through 
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Figure 3. BCP micelles under irradiation at 794 nm: a) and b) fluorescence emission spectra with excitation at 380 and 550 nm, respectively; 
c) normalized fluorescence emission intensity of Nile Red at 622 nm (?iexc = 560 nm), d) scanning electron microscopy images of micellar 
solutions of 1 equilibrated with Nile Red cast on a silicon wafer, before and after irradiation; and e) fluorescence emission spectra of a 
micellar solution of PE045-b-PMMA69 loaded with Nile Red under irradiation at 794 nm. 
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a process involving swelling, disintegration, and dissolution of the 
aggregates in aqueous solution.'271 

Another interesting feature of the micelles of BCP 1 is provided 
by the coumarin chromophore himself. As mentioned before, when 
confined in the micelle core, coumarin groups suffer from self-
quenching and has a low fluorescence emission, while after its 
photosolvolysis and release into water, its fluorescence emission is 
drastically increased. This behaviour should enhance the fluorescent 
contrast between irradiated and non-irradiated aggregates. Therefore, 
recording the photorelease of the water-soluble 7-diethylamino-4-
(hydroxymethyi)coumarin 2, could be used to detect the micellar 
disruption and, indirectly, the release of guest hydrophobic molecules 
in-vitro and in-vivo. The experiment schematically illustrated in 
Figure 2a was designed to validate this concept. A UV cell filled with 
pure water was carefully closed with a dialysis cap whose membrane 
was immersed in water. Then, a micellar solution of BCP 1 was 
poured into the dialysis cap and submitted to an irradiation for the 
photoreaction. By sampling the solution underneath the dialysis 
membrane, the fluorescence emission of coumarin 2 released from 
BCP 1 and diffused into the UV cell through the membrane could be 
measured (NR, being insoluble in water, cannot diffuse into the cell). 
Figure 2b shows the release kinetics of 2 recorded following an 
irradiation for a certain amount of time. In the absence of irradiation, 
no fluorescence emission was detected from the UV cell, confirming 
the good stability of the micellar aggregates in the dark. After a 365 
nm irradiation, the release of 2 takes place and the process becomes 
faster as the initial irradiation time increases. Longer illumination 
enhances the photohydrolysis of [7-(diethylamino)coumarin-4-
yl]methyl esters and consequently, the disruption of BCP micelles. 
The results show that BCP micelles of 1 provide an interesting internal 
fluorescence marker which could be used to detect and track, in situ, 
the occurrence of the photodegradation process. 

Similar experiments were performed by irradiating NR-loaded 
micellar solutions at 794 nm; the results summarized in Figure 3 
clearly demonstrate the sensitivity of the micelles of BCP 1 to two-
photon absorption of NIR light. For these experiments, 80 fs pulses at 
794 nm and at a repetition rate of 1 KHz were generated from a 
Ti: sapphire laser; without optical focalization, the excitation beam 
having a spot diameter of ~ 1 mm was directed to a 0.3 mL micellar 
solution placed in a microcuvette; the fluorescence emission spectra 
were recorded as a function of cumulative time of irradiation. Under 
the 794 nm irradiation, the spectral changes are the same as with the 
UV irradiation at 365 nm. Upon excitation at 380 nm, the fluorescence 
emission of coumarin groups rises as a result of their photoreaction 
leading to the release of 2 into water (Fig.3a); while upon excitation at 
550 nm, the decrease of the fluorescence emission of NR indicates its 
release as a result of the micellar disruption (Fig.3b). Given in Figure 
3c are the plots of normalized fluorescence emission intensity of NR at 
622 nm vs. NIR irradiation time for two micellar solutions with 
different BCP concentrations (0.2 and 1 mg/mL), showing a similar 
kinetic process for the release of NR. As expected, the two-photon 
process is slower than the one-photon process due to the much smaller 
two-photon absorption cross-section as compared with one-photon 
absorption. Nevertheless, knowing that the probability of two-photon 
absorption is proportional to the square of the irradiation intensity, 
these results, obtained with a non-focalized NIR beam and a large 
volume of the micellar solution, indicate the two-photon sensitivity of 
the micelles of BCP 1. SEM images (Fig. 4d) confirm the NIR light-

induced disruption of the polymer micelles. Before irradiation, 
spherical aggregates could clearly be observed; while after the NIR 
exposure (285 min), micelles appeared to be highly degraded, 
although part of the aggregates were still visible. Therefore, under the 
used conditions of NIR exposure, BCP micelles were not completely 
dissociated but their disintegration was enough to release loaded NR. 
As a control test, the same experiment was performed with a NR 
equilibrated micellar solution of a block copolymer composed of PEO 
and poly(methyl methacrylate), PEOiS-b-PMMA69, which has no 
photoresponsive properties and whose chemical structure is close to 
the BCP 1. In that case, no changes of the NR fluorescence emission 
spectra were detected under irradiation at 794 nm (Fig.3e). This result 
further points out that the release of NR accompanying the disruption 
of the micelles of BCP 1 is only due to the photohydrolysis of the 
coumarin 2 under NIR irradiation. 

In summary, this new BCP carrying coumarin groups on the 
hydrophobic block shows potential as an NIR light-sensitive 
nanocarrier with interesting features. The disruption of micelles under 
irradiation (one-photon UV or two-photon NlR) leads to the release of 
both pre-loaded Nile Red and photo-cleaved coumarin molecules 2 
from the hydrophobic micelle core into aqueous solution, with the two 
dyes displaying opposite changes in their fluorescence emission 
intensity. 
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coumarin and encapsulated Nile Red from the hydrophobic core of micelle into 
aqueous solution, giving rise to opposite changes in fluorescence emission 
intensity. 
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A New Two-Photon Sensitive Block Copolymer Nanocarrier 
Jerome Babin, Maxime Pelletier, Martin Lepage, Jean-Frangois Allard, Denis Morris, Yue 

Zhao* 

Departement de chimie, Universite de Sherbrooke, Sherbrooke, Quebec, J1K2R1 (Canada) 

1) Synthesis and Characterization of Diblock Copolymer. 

Materials. Tetrahydrofuran (THF, 99 %) was distilled from sodium benzophenone. 

Triethylamine (99%) was distilled over KOH. Sodium borohydride (NaBH4, 98%), selenium 

dioxide (99.8%), 7-diethylamino-4-methylcoumarin (99%), Copper(I) bromide (CuBr, 98%), 

N,N,N',N',N "-pentamethyldiethylenetriamine (PMDETA, 99%), and methacryloyl chloride (97%) 

were purchased from Aldrich and used as received. Poly(ethylene Oxyde) macroinitiator (PEOm-

Br) with the number average molecular weight of 5000 g.mol"1 was prepared according to the 

literature methods. 

Scheme S1: Synthetic route to the coumarin monomer 2 

6.3 



Synthesis of 7-N,N-Diethylamino-4-hydroxymethylcoumarin (1). In a 500 mL round-bottom 

flask flamed and dried under vacuum, the 7-diethylamino-4-methylcoumarin (20g, 8.64 x 10~2 

mol) was dissolved in hot xylene (150 mL) along with selenium dioxide (13.4 g, 1.2 x 10"1 mol) 

After stirring for 16 h at reflux, the insoluble black selenium dioxide was removed by filtration, 

and most of the solvent was removed by rotary evaporation. The residue was dissolved with 150 

ml of a dry ethanol/THF mixture (1:1; v:v) and 3.86 g (8.64 x 10~2 mol) of NaBH4 was added 

slowly. After 4 h excess of NaBlHLj was carefully hydrolyzed with 1 M HC1 (20 mL). Most of the 

organic solvent mixture was evaporated, the residue was diluted with CH2CI2 and washed three 

times with aqueous K2CO3 solution. The organic phase was separated, dried over magnesium 

sulfate, filtered and evaporated to dryness. The pure product (1) was recovered by flash 

chromatography on silica gel (CH2Cl2/acetone 5:1). Rf 0.21 (hexane/EtOAc 1:2). Yield = 48 %. 

*H NMR (300 MHz, CDCI3): 67.30 (d, J = 9.0 Hz, 1H), 6.55 (dd, J = 9.0, 2.6 Hz, 1H), 6.46 (d, J 

= 2.6 Hz, 1H), 6.27 (t, 7=1.3 Hz, 1H), 4.82 (d, J = 1.3 Hz, 2H), 3.39 (q, J = 7.1 Hz, 4H), 1.19 (t, 

J = 7.1 Hz, 6H). 

Synthesis of 7-(diethylamino)coumarin-4-yl]methyl methacrylate (2). In a 125 mL round-

bottom flask flamed and dried under vacuum, the 7-N,N-Diethylamino-4-

hydroxymethylcoumarin (1) (2.4g, 1 x 10"3 mol) was dissolved in dry THF (50 mL) along with 

triethylamine (4 mL, 3 x 10"3 mol. A solution of methacryloyl chloride (1.5 mL, 1.25 x 10"3 mol) 

in THF (20 mL) was added dropwise at 0°C over a period of 10 min. After stirring for 4 h at 

room temperature, the resulting insoluble amine hydrochloride salt was removed by filtration, and 

most of the THF solvent was removed by rotary evaporation. The residue was dissolved with 

dichloromethane and extracted three times with a K2CO3 water solution. The organic phase was 

separated, dried over magnesium sulfate, filtered and evaporated to dryness. Finally, after 

recrystallization in hexane and vacuum drying, the coumarin based monomer (2) was obtained. 

Yield = 92 %. !H NMR (300 MHz, CDC13): 67.30 (d, / = 9.0 Hz, 1H), 6.55 (dd, / = 9.0, 2.6 Hz, 

1H), 6.46 (d, J = 2.6 Hz, 1H), 6.27 (t, J = 1.3 Hz, 1H), 6.15 (s, 1H), 5.7 (s, 1H), 5.3 (d, J = 1.3 

Hz, 2H), 3.39 (q, J = 7.1 Hz, 4H), 2 (s, 3H), 1.19 (t, 7= 7.1 Hz, 6H). 
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ppm 

Synthesis poly(ethylene oxide)-b-poly([7-(diethylamino)coumarin-4-yl]methyI methacrylate) 

PEO-6-PDEACMM block copolymer. A round-bottom flask flamed and dried under vacuum, 

was charged 

with 0.004 g (2.5 x 10"5 mol) of CuBr, 5.3 uL (2.5 x 10"5 mol) of PMDETA, 1 mL of THF, 0.063 

g (1.3 x 10"5 mol) of PEOn2-Br, 0.200 g (6.35 x 10"4 mol) of monomer (2) under N2 atmosphere. 

The reaction mixture was degassed by three freeze-pump-thaw cycles, back filled with N2. After 

24 h polymerization at 60°C. The reaction was cooled with liquid nitrogen and the contents were 

diluted in THF. The reaction mixture was then passed through a column of neutral alumina to 

remove the copper salts. The polymer was precipitated twice from an excess of cold pentane, 

filtered, and dried at 25 °C under vacuum for 24 h. !H NMR (300 MHz, CDC13): S7.30 (, 1H), 
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6.55 (1H), 6.46 (d, 1H), 6.27 (1H), 5.3 (2H), 3.6 (4H), 3.39 ( 4H), 2 (3H), 1.19 (6H).. SEC 

(THF):Mn = 11 000 g mol-l,Mw/Mn = 1.25. 

J 
i i 

1 

8 6 4 2 0 

ppm 

Figure S2 : !H NMR spectra of PEO-fr-PDEACMM block copolymer in CDC13. 
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Figure S3 : SEC of PE0112 macroinitiator and PEO-b-PDEACMM block copolymer. 

2) Characterizations lH NMR spectra were recorded at room temperature on a Bruker 

spectrometer (300 MHz, AC 300). UV-vis absorption and fluorescence emission spectra were 

recorded on the Varian spectrophotometers of Cary 50 and Cary Eclipse, respectively. Size 

exclusion chromatography (SEC) measurements were performed using a Waters system equipped 

with a refractive index detector (RI410), a photodiode array detector (PDA 996) and one column 

(Styragel 5HE 7.8 mm * 300 mm). The eluent used was tetrahydrofuran (elution rate, 1 mL min"1) 

at 40°C. SEC was calibrated using polystyrene standards. Micellar aggregates were examined 

using a Hitachi S-4700 Field-Emission-Gun SEM operating at 3 kV. The samples were prepared 

by casting a drop of micellar solution, either before or after irradiation, on a silicon wafer, 

followed by drying at room temperature. Dynamic light scattering (DLS) experiments were 

performed on a Brookhaven goniometer (BI-200) equipped with a high sensitive avalanche 

photodiode detector (Brookhaven, BI-APD), a digital correlator (Brookhaven, TurboCorr) that 

calculates the photon intensity autocorrelation function g2(t) and a helium-neon laser (k = 632.8 

nm). The hydrodynamic diameter (DH) and polydispersity (PDI) values of the aggregates were 

obtained by a cumulant and CONTIN analysis. 
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To study the photoinduced dissociation of polymer micelles and the release of encapsulated NR, 

UV irradiation of variable intensities was obtained from a UV-vis spot curing system (Novacure) 

combined with a 365 nm filter. Unless otherwise specified, for the UV-vis absorption 50 jiL of 

micellar solution was diluted with 0.5 mL of water and for the fluorescence emission, 0,6 ml of 

the micellar solution was placed in a microcuvette. The solution was exposed to UV light under 

stirring, having a spot size of 1 cm , applied vertically from the top of the cuvette. In the case of 

two-photon absorption of near-infrared light, 80 fs pulses at 794 nm and at a repetition rate of 1 

kHz was produced by a Ti:Sa regenerative amplifier. The excitation spot diameter was lightly 

focalized to about 1 mm and nearly constant over the length of the microcuvette, in which 0.3 mL 

of micellar solution was placed. The excitation spot diameter was about 1 mm and nearly 

constant over the length of the microcuvette, in which 0.3 mL of micellar solution was placed. 

The power was fixed at 0.35 W, which corresponds to an energy density of 44.5 mJ cm"2. The 

solution was stirred with a magnetic bar along the irradiation time. 

3) Preparation of Aqueous Micellar Solutions with or without Loaded NR. The samples of 

PEO-£-PDEACMM block copolymer synthesized for this study are insoluble directly in water. 

Therefore, the conventional "dialysis" method of preparing aqueous micellar solutions was 

utilized. A sample was first dissolved in THF, which is a good solvent for both PEO and 

PDEACMM, and water was then added slowly to the THF solution to induce the formation of 

micelles with a hydrophobic PDEACMM core and a hydrophilic PEO shell; finally,THF was 

completely removed through dialysis of the micellar solution against water, resulting in an 

aqueous solution of PEO-Z?- PDEACMM micelles. The loading of the hydrophobic dye NR was 

easily achieved using the same method, only, in this case, both NR and a PEO-&-PDEACMM 

sample were dissolved in THF prior to the addition of water; while upon micelle formation when 

water was mixed with THF, an amount of NR could be solubilized by the hydrophobic 

PDEACMM core. The NR-loaded micelles in aqueous solution were prepared as follows. 

PEO112-&- PDEACMMig (5 mg) was dissolved in dry THF (5 mL); the solution was then mixed 

with a THF solution of NR (25 JUL, 0.2 mg mL-1). Under vigorous stirring, 5 mL of water was 

added slowly (about 25 juL over every 30 s) to the THF solution of polymer and NR, which was 

followed by quick addition of another 1 mL of water at the end. The solution was stirred for 1 h at 
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room temperature before being placed in a dialysis bag (Specrum,MWcutoff 3500) for dialysis 

against water for three days (water was frequently refreshed); unloaded NR, precipitated in water, 

was removed through microfiltration (0.45 jum cellulose acetate membrane). 

200 300 400 

DH(nm) 

500 600 

Figure S4 : Dynamic Light Scattering measurement of block copolymer micelles of 1 in aqueous 

solution: 
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CHAPITRE 3 

DISCUSSION 

Les systemes micellaires etudies ont montre une augmentation de la sensibilite face a leurs 

stimulus respectifs. Dans le premier cas, les micelles de PEO-&-PTHPMA ont un mode d'action 

different des systemes micellaires bases sur la LCST d'un des blocs du copolymere. En effet, le 

mecanisme de relachement des molecules encapsulees fait intervenir trois evenements 

simultanement. Au depart, avec la chaleur, les micelles gonflent et l'eau vient en contact avec le 

Nile Red contenu dans le coeur des micelles. Ceci fait diminuer l'intensite de la fluorescence du 

Nile Red, car il n'est pas soluble dans l'eau. En meme temps, l'hydrolyse des groupements THP 

se developpe, ce qui provoque avec le temps, la destabilisation et la dissolution des micelles. La 

dissolution se reflete par une diminution de l'intensite de la lumiere diffusee. Pour la premiere 

fois, nous avons suivi trois evenements simultanement, et montrer que leurs cinetiques etaient 

similaires. En augmentant la temperature de la solution de 37°C a 80 °C, la dissolution des 

micelles et le relargage des molecules encapsulees sont acceleres. A une temperature plus elevee, 

la reaction d'hydrolyse des groupements THP est plus rapide, ce qui accelere les cinetiques. La 

MEB nous a permis de confirmer les resultats de diffusion dynamique de la lumiere. II est 

important de noter que les micelles ne sont plus en solution lors de 1'analyse, car l'echantillon 

doit etre seche avant de l'introduire dans le microscope. Au depart, les micelles sont bien definies 

et leur taille est d'environ 70 nm. Par contre, apres 100 min a 80 °C, il y a la formation de tres 

larges agregats (>500 nm). En chauffant, les micelles gonflent, sont de plus en plus diffuses et en 

sechant, les micelles se fusionnent pour former les larges agregats. 

De plus, il est possible de modifier la vitesse de relargage en variant differents parametres du 

systeme. Tout d'abord, en augmentant la longueur du bloc PTHPMA, la vitesse est moins rapide. 

Prenons l'exemple PEOn2-&-PTHPMAi64 comparativement a PEOn2-&-PTHPMA24, l'hydrolyse 
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d'un groupement THP sur 24 pourrait deplacer plus rapidement la balance 

hydrophile/hydrophobe, destabilisant les micelles, que l'hydrolyse d'un groupement sur 164 dans 

le cas du plus grand bloc PTHPMA. Aussi, des series de mesures en variant le pH ont ete faites et 

ont prouve que la vitesse de relargage du Nile Red accelerait au pH plus acide. Ceci est du au fait 

que l'hydrolyse des groupements THP est acceleree au pH acide et par le fait meme la 

destabilisation des micelles devient plus rapide. La caracterisation sous forme solide a l'aide la 

DSC nous a permis de voir qu'il y avait une influence mutuelle entre les deux blocs du 

copolymere. En effet, en polymerisant le bloc PTHPMA, la cristallisation du PEO se fait de plus 

en plus difficilement, ce qui se reflete par une diminution de sa temperature de fusion. La 

cristallisation est plus difficile, car la separation de phases se fait plus difficilement avec 

l'allongement du bloc PTHPMA (la fraction volumique du PEO diminue). 

Pour ce qui est des micelles sensibles a l'absorption a deux photons, les resultats ont montre une 

grande amelioration de la sensibilite. Au depart, l'etude de l'absorption d'un photon UV nous a 

permis de mieux comprendre revolution du systeme micellaire qui est plus complexe que le 

premier systeme. En effet, comparativement au premier, deux chromophores peuvent emettre de 

la fluorescence. Au depart, la molecule de coumarine est dans le coeur des micelles a proximite 

des molecules de Nile Red. En excitant la solution a 380 nm (excitation de la coumarine), on 

constate qu'il y a un transfert d'energie non radiatif entre les molecules de coumarine et les 

molecules de Nile Red. Ce phenomene est du a la superposition du spectre d'emission de la 

coumarine avec le spectre d'absorption du Nile Red, ainsi qu'a leur proximite dans le coeur des 

micelles. En irradiant la solution avec un rayonnement UV a 365 nm, il y a photolyse des esters 

methyl [7-(diethylamino)couamrine-4-yl], ce qui donne la molecule de 7-(diethylamino)-4-

(hydroxymethyl)coumarin (hydroxycoumarine) qui est soluble dans l'eau. On a effectue un suivi 

de la photoreaction par spectroscopic de fluorescence. En excitant la solution a 380 nm, il y a une 

augmentation du signal de fluorescence de 1'hydroxycoumarine et une diminution de la 

fluorescence du Nile Red du a l'ouverture des micelles. En effet, lorsque les micelles sont 

destabilisees, les molecules d'hydroxycoumarine ne sont plus assez pres des molecules de Nile 

Red pour faire le transfert d'energie non radiatif. De plus, le Nile Red vient en contact avec l'eau 
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ce qui fait diminuer la fluorescence, car il n'est pas soluble. Pour s'assurer que les molecules de 

Nile Red etaient bien en contact avec l'eau, la fluorescence de la solution micellaire excitee a 550 

nm (excitation du Nile Red) a ete suivie dans le temps. On a remarque que la fluorescence du 

Nile Red diminuait avec le temps d'irradiation, ce qui demontre bien son relargage dans l'eau. 

L'intensite d'irradiation fait aussi varier la vitesse de relargage du Nile Red. En augmentant 

l'intensite de 120 mW cm"2 a 500 mW cm"2, le temps pour reduire la fluorescence de moitie passe 

de 20 min a 7 min. Une intensite plus elevee amene plus de photons par unite de surface et par 

unite de temps, ce qui favorise la photoreaction des groupements de coumarine. Nous avons 

verifie la sensibilite et revolution du systeme micellaire en faisant des courtes irradiations (10 s, 

30 s, 60s) et en laissant le systeme revenir a l'equilibre pendant 15 min. Le suivi de la 

fluorescence du Nile Red a permis de constater qu'il etait possible de liberer une petite quantite 

de Nile Red et d'accroitre la liberation graduellement a l'aide de courtes irradiations successives. 

De plus, l'experience a permis de montrer qu'il y avait une restructuration des micelles avec le 

temps entre deux irradiations menant a une augmentation de la fluorescence du Nile Red. 

Comme il est mentionne plus haut, une caracteristique interessante du systeme est que la 

molecule clivee par la photolyse est soluble dans l'eau et fluorescente. Cette molecule pourrait 

etre utilisee comme sonde pour l'irradiation. En effet, en suivant 1'augmentation de la 

fluorescence de la partie irradiee, il serait possible de faire un lien entre l'intensite de 

fluorescence emise et la quantite des molecules liberees. En utilisant une capsule possedant une 

membrane de dialyse, remplie de la solution micellaire, et mise en contact avec de l'eau, on a 

demontre qu'il etait possible de suivre la destabilisation des micelles. Avec le temps d'irradiation, 

il y a une plus grande quantite d'hydroxycoumarine produite, augmentant ainsi l'intensite de la 

fluorescence dans la cuvette remplie d'eau. 

Pour les experiences a deux photons, nous avons utilise un laser Ti:sapphire femto seconde (80 

fs) a 794 nm avec un taux de repetition de 1 KHz. D est important de noter que le faisceau a ete 

legerement focalise et que le diametre du laser etait de 1 mm. L' evolution des spectres de 
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fluorescence suit la meme evolution que les resultats prealablement obtenus avec l'absorption 

d'un photon UV. II y a une augmentation de la fluorescence due au clivage de la molecule de 7-

(diethylamino)-4-(hydroxymethyl)coumarine et une diminution de la fluorescence du Nile Red du 

a son relargage dans l'eau. Les photos de MEB ont montre que les micelles etaient beaucoup plus 

diffuses apres l'irradiation a 794 nm, ce qui nous indique qu'il y a bien eu destabilisation et 

degradation de celles-ci. Les resultats obtenus avec un grand volume de la solution micellaire et 

un laser qui etait peu focalise, demontrent bien que le systeme que nous avons developpe est plus 

sensible a l'absorption de deux photons dans l'infrarouge que celui du nitrobenzyl. 
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CONCLUSION 

Conclusion 

Les deux etudes sur les micelles sensibles aux stimulus presentees dans ce memoire representent 

des avancements dans leur domaine respectif. Dans un premier temps, les micelles de copolymere 

PEO-&-PTHPMA sensibles a la temperature d'hydrolyse sont une bonne alternative aux micelles 

thermosensibles basees sur la LCST d'un des blocs, du copolymere. Cette etude montre qu'il est 

possible de yarier la cinetique de relachement d'un compose prealablement encapsule en variant 

le pH de la solution et en faisant varier la longueur du bloc PTHPMA. Pour la premiere fois, le 

suivi de trois evenements a ete fait simultanement. La dissolution des micelles, l'hydrolyse des 

groupements de THPMA et le relargage du Nile Red progressent en suivant une cinetique 

similaire. 

Dans un deuxieme temps, les micelles de copolymere a blocs PEO-&-PDEACMM ont montre une 

plus grande sensibilite a 1'absorption a deux photons dans le proche infrarouge. La photolyse des 

groupements de coumarine peut etre activee par un rayonnement UV (365 nm, absorption un 

photon) ou un rayonnement infrarouge (794 nm, absorption a deux photons). Une intensite 

d'irradiation plus elevee augmente la vitesse de relachement des molecules prealablement 

encapsulees. De plus, la destabilisation du systeme avec un temps d'irradiation court se fait 

rapidement, et est suivie d'un reequilibrage du systeme. Le clivage de la molecule de coumarine a 

l'interieur du coeur des micelles menant a la destabilisation des micelles a ete prouve. Pour ce qui 

est de 1'absorption a deux photons dans le proche infrarouge a 794 nm, ce nouveau copolymere a 

base de coumarine est plus efficace que le copolymere a base de nitrobenzyl. 
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Perspectives 

Toujours dans le but d'ameliorer les caracteristiques des systemes, deux actions peuvent etre 

entreprises. Dans un premier temps, la synthese de trois nouveaux copolymeres derives du 

copolymere a blocs PEO-&-PTHPMA a ete faite (figure 9). II serait interessant de voir l'effet de la 

structure du bloc hydrophobe sur la vitesse d'hydrolyse des groupements et la destabilisation des 

micelles. Certains systemes demandent une hydrolyse lente et constante, alors que pour d'autres 

systemes, il est preferable que le relachement soit rapide. 

f^Mrjt ^^H^r i°^UrM 
or ^o 

0 ^ * 0 

or 6 
Figure 9 : Nouveaux copolymeres derives du PEO-&-PTHPMA 

De plus, il serait interessant d'incorporer dans le cceur des micelles un compose qui peut generer 

de la chaleur en absorbant des photons. Un exemple est le Quantum 830 qui est utilise en 

photolithographic. Un substrat sur lequel est depose un film d'un polymere portant des 

groupements THP hydrophobes, dans lequel le Quantum 830 est incorpore, est irradie avec un 

laser. En absorbant l'energie, la molecule est excitee et elle genere de la chaleur. La chaleur 

deprotege les fonctions hydrophobes PTHPMA laissant une fonction alcool polaire. En trempant 

le substrat dans le MeOH, les parties hydrophiles sont enlevees laissant un patron hydrophobe 

(figure 10) (32) En utilisant le meme principe, il serait interessant de voir s'il est possible de 

destabiliser les micelles non pas en chauffant la solution, mais en l'irradiant avec un laser. 
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Colorant IRP 

Schema 3 : Photolithographic d'un homopolymere contenant un groupement THP 

Les deux projets se rejoignent sur ce point. En effet, le Quantum 830 absorbe un photon a 810 nm 

pour generer de la chaleur. Le systeme PEO-Z?-PDEACMM doit absorber deux photons 

simultanement pour provoquer la destabilisation des micelles, ce qui necessite un laser femto 

seconde puissant pour avoir une intensite suffisante de photons sur la molecule pour provoquer 

l'excitation. L'utilisation d'une molecule qui absorbe seulement un photon permet d'utiliser des 

lasers diodes plus accessibles et moins dispendieux. En combinant le copolymere le plus sensible 

a la chaleur avec 1'encapsulation du Quantum 830, on aurait possiblement la premiere micelle 

sensible a l'infrarouge proche par l'absorption d'un photon. 
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