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Résumé

Dans les derniéres décennies, les polymeres sensibles aux stimulants ont attiré une
grande attention en raison de leur potentiel pour la libération ciblée de principes actifs,
en particulier pour la libération ciblée d’anti-tumoraux. Le support idéal de principes
actifs devrait étre thermo-sensible au tissu tumoral ou la température est d’environ
42 °C, c’est-a-dire bien supérieure a la température corporelle. Parmi les divers
polymeres thermo-sensibles, le poly(N-isopropylacrylamide) (PNIPAAm) est
considéré comme le "standard d’or" parce qu’il est biocompatible et présente une
température critique inférieure de solution (LCST) autour de 32 °C qui est
relativement insensible aux changements environnementaux. Variation du pH, de la
concentration ou de l'environnement chimique n’influence que légérement la LCST
du PNIPAAm. De plus, l'introduction d'un comonomeére hydrophile de type
méthacrylamide, comme le N,N-diméthylacrylamide (DMAAm), permet d'augmenter
et d'ajuster précisément la LCST des copolymeres obtenus. Néanmoins, ces
copolymeres thermo-sensibles ne peuvent pas s’auto-assembler en nano-agrégats tels

que des micelles capables d'encapsuler des principes actifs.

Poly(L-lactide) (PLLA) est un polyester biodégradable et biocompatible largement
utilisé pour des applications biomédicales et pharmaceutiques telles que les implants
chirurgicaux, les supports en ingénierie tissulaire et des supports de principes actifs.
Les copolymeéres a blocs de PNIPAAm et de PLLA combinent la thermo-sensibilité et
I'hydrophilie du PNIPAAm avec la dégradabilité et I’hydrophobie du PLLA. En outre,
des micelles "intelligentes" peuvent éEtre obtenues par auto-assemblage des
copolymeres amphiphiles PLLA/PNIPAAm ou PLLA/P(NIPAAm-co-DMAAm) en
milieu aqueux. Cependant, les copolymeres préparés en utilisant des méthodes de
synthese traditionnelles présentent généralement des structures macromoléculaires
mal définies conduisant a une large transition de phase autour de la LCST, ce qui

n’est pas bénéfique pour les applications pharmaceutiques, notamment comme
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support pour la libération ciblée des anti-tumoraux.

D'autre part, les polyméthacrylates thermo-sensibles contenant de courtes chaines
pendantes d’oligo(éthyléne glycol) ont ét€é récemment proposés comme une
alternative au PNIPAAm. Ces analogues de PEG présentent des propriétés
remarquables comme 1’hydrophilie, la biocompatibilité et la thermo-sensibilité, et
sont considérées comme une nouvelle génération de biomatériaux "intelligents". La
valeur de LCST peut étre contrélée dans une gamme de température allant de
I’ambiante a 90 °C en utilisant des comonomeres oligo(éthyléne glycol) méthacrylate
(OEGMA) de longueurs de chaine différentes entre 2 et 9. Les copolymeéres thermo-
sensibles et amphiphiles dérivés des blocs P(OEGMA) et PLLA sont capables de
s’auto-assembler dans un milieu aqueux pour donner des micelles "intelligentes"
comme dans le cas des copolymeres PLLA/PNIPAAm ou PLLA/P(NIPAAm-co-
DMAAm). Néanmoins, au mieux de notre connaissance, les propriétés
d'encapsulation et de libération de principes actifs des copolymeres de PLLA et

d’analogues de PEG n’ont pas été étudiées en détail jusqu’a présent.

Dans ce travail de thése, une étude détaillée est réalisée sur la synthese, la
caractérisation, l'auto-assemblage et la libération de principes actifs des copolymeres
a base de PLLA et P(NIPAAm-co-DMAAmMm) et a base de PLLA et d’analogues de
PEG. Les copolymeres triblocs possédent le méme bloc central PLLA et deux blocs
hydrophiles latéraux. La composition des blocs hydrophiles est modifiée en utilisant
différents rapports de NIPAAm/DMAAm ou de comonomeéres OEGMA de fagon a
ajuster la LCST des copolymeéres. Les copolymeéres obtenus présentent une structure
de chaines bien définie et une faible dispersité des masses molaires. Les micelles
obtenues par auto-assemblage présentent une trés faible CMC, une taille en dessous
de 100 nm et une libération de principes actifs thermo-sensible, ce qui est tres
prometteur pour la libération ciblée des anti-tumoraux. Le contenu principal de cette

these est présenté ci-dessous:
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1) Une série de copolymeéres triblocs thermo-sensibles PNIPAAm-b-PLLA-b-
PNIPAAm est synthétisée par la polymérisation radicalaire par transfert d’atomes
(ATRP) du NIPAAm en présence d'un macro-amorceur de PLLA possédant une degré
de polymérisation en unité acide lactique de 40. La polymérisation est réalisée en
utilisant un complexe CuCl/tris(2-diméthylaminoéthyl) amine (MesTREN) comme
catalyseur a 25 °C dans un mélange DMF/eau (50/50 v/v) pendant 30 minutes. La
masse molaire des copolyméres obtenus varie entre 18000 a 38000 g.mol™, et la

dispersité entre 1,10 et 1,28. Les suivies cinétiques de In([M]y/[M]) vs. 2

présentent
une relation linéaire pendant les 10 premiéres minutes pour un rapport
NIPAAm/macro-amorceur de 100, et pendant les 30 premicres minutes pour un
rapport NIPAAm/macro-amorceur de 200 et 300, ce qui indique que la concentration

d'especes actives reste constante durant la période indiquée.

Les micelles sont formées par auto-assemblage de copolyméres dans un milieu
aqueux a température ambiante. La structure cceur-couronne des micelles est
confirmée par la spectroscopie RMN 'H dans deux solvants différents (CDCl; et D,0).
La concentration micellaire critique (CMC) déterminée par la spectroscopie de
fluorescence se trouve dans la gamme de 0,0077 4 0,016 mg mL™. Les copolyméres
présentent une LCST entre 32,1 et 32,8 °C obtenue par des mesures de transmittance
UV-Vis. Les micelles sont sous forme sphériques avec un diamétre moyen compris
entre 31,4 et 83,3 nm déterminé par la TEM et la DLS. La taille des micelles
augmente avec la longueur des blocs hydrophiles de PNIPAAm parce que ceux-ci
sont étendus dans l'eau en dessous de la LCST. Les micelles présentent différents
comportements thermo-sensibles en fonction de la concentration. A forte
concentration (3,0 mg ml"'), l'agrégation des micelles se produit lorsque la
température est élevée au-dessus de la LCST, conduisant a I'augmentation de la taille
de micelles. En revanche, a faible concentration (0,2 mg ml™"), une diminution de la
taille de micelles est observée a cause de l'effondrement de blocs de PNIPAAm au-

dessus de la LCST.
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2) Dans cette seconde partie, des copolymeéres triblocs thermo-sensibles P(NIPA Am-
co-DMAAmM)-b-PLLA-b-P(NIPAAm-co-DMAAm) sont synthétisés par I’ATRP du
NIPAAm et du DMAAm en utilisant le méme macro-amorceur PLLA que
précédemment. La polymérisation est réalisée dans les mémes conditions que dans le
cas des copolymeres PNIPAAm-b-PLLA-b-PNIPAAm. Le DMAAm est incorporé
dans les chaines de copolymeére en tant que comonomere plus hydrophile afin de
réguler et d’augmenter la LCST. Le rapport NIPAAm/DMAAm varie de 100/0 a
66/24. Les copolymeres obtenus présentent une structure de chaines bien définie avec
des masses molaires M, allant de 23600 a 27000 g mol ™! et de faibles dispersités (P =
1.10a 1.18).

Des micelles de taille entre 37 et 54 nm avec une distribution étroite sont obtenues par
auto-assemblage de copolymeéres en milieu aqueux. Des valeurs trés faibles de CMC
sont obtenues, allant de 0,010 a 0,015 mg ml”'. La LCST augmente linéairement de
32,2 a 39,1 °C avec l'augmentation de la proportion en monome¢re DMAAm de 0 a
24 % dans la partie hydrophile. La présence de motifs DMAAm dans les copolymeres
conduit a une transition de phase extrémement étroite (AT < 0,5 °C) par rapport aux
copolymeres PNIPAAm-H-PLLA-b-PNIPAAm (AT = 2,8 °C). Des changements
réversibles de taille des micelles sont observés avec une variation de température a
travers la LCST. En fait, lorsque les motifs DMAAm sont introduits, les chaines de
P(NIPAAm-co-DMAAm) deviennent plus hydrophiles par rapport a celles de

PNIPAAm. Ainsi, la LCST augmente avec la transition de phase plus étroite.

L'amphotéricine B (AmpB), un principe actif faiblement hydrosoluble pour le
traitement de mycose systémique, est utilisée comme modele afin d’évaluer le
potentiel de copolyméres pour la libération de principes actifs. L’AmpB est
encapsulée dans les micelles en utilisant la méthode de dialyse avec une efficacité
d’encapsulation au-dessus de 59 %. Les tests de libération in vitro sont effectués a 37
ou 38 ° C dans l'eau en utilisant un copolymere ayant une LCST de 37,8 °C. Une

libération initiale brutale est observée dans tous les cas. La vitesse de libération a
v



38 °C est beaucoup plus rapide que celle a 37 °C, ce qui suggere que les micelles de
copolymeres triblocs P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM)
pourraient permettre une libération thermo-sensible de principes actifs apres

administration in vivo.

La cytotoxicité des copolymeéres est évaluée par le test MTT apres incubation avec les
myocytes cardiaques de souris (MCM) et les fibroblastes embryonnaires de souris
(MEF). Les valeurs de densité optique (OD) sur le substrat polymeére sont légérement
supérieures a celles de la solution de culture comme témoin négatif, et bien
supérieures a celles de solution de phénol comme témoin positif. Les valeurs de taux
de croissance relative (RGR) des copolymeres sont bien au-dessus de 100 % pendant
4 jours d'incubation avec les cellules MCF et MEF, correspondant a un niveau de
cytotoxicité de 0. En outre, 1'adhésion et la prolifération de cellules sont observées sur
le substrat polymere. Les cellules présentent des formes broche, polygone ou ovale, et
le pseudopode de cellules s’étend vers 1’extérieur. Ainsi, le test MTT et I'observation
de la morphologie des cellules indiquent que les copolymeéres P(NIPAAm-co-
DMAAmM)-b-PLLA-b-P(NIPAAm-co-DMAAm) présentent une trés bonne

cytocompatibilité.

3) La troisieme partie de thése porte sur une étude approfondie sur les propriétés
d'encapsulation et de libération de principes actifs des copolymeéres triblocs thermo-
sensibles  P(NIPAAm-co-DMAAm)-b-PLLA-b-(NIPAAm-co-DMAAm).  Quatre
copolymeres sont d'abord synthétisés par ’ATRP comme décrit précédemment. Le
rapport NIPAAm/DMAAm varie de 68,2/31,8 a 60,6/39,4, et la masse molaire de
18000 & 26000 g mol' avec une faible dispersité (D = 1,1). Les copolyméres
présentent une trés faible CMC qui augmente 1égérement de 0,0113 4 0,0144 mg mL™
avec I’augmentation de la teneur en DMAAm de 31,8 a 39,4 mol% dans les blocs
hydrophiles P(NIPAAm-co-DMAAm). Parallélement, la LCST des copolymeéres
augmente de 44,7 °C a 49,4 °C dans de I'eau et diminue d’environ 3.5 °C dans le

tampon phosphate salin (PBS). D'autre part, la taille des micelles augmente
A%



légérement de 36,7 a 44,1 nm avec une teneur croissante en DMAAm. Le potentiel
zéta de micelles varie dans la gamme de -12,4 a -18,7 mV, en accord avec la structure
de micelles ayant les blocs PLLA dans le cceur et P(NIPAAm-co-DMAAm) dans la
couronne. Un copolymere avec une LCST de 42,1 °C dans le PBS est sélectionné

pour une étude approfondie de libération de principes actifs.

Un principe actif anticancéreux, la curcumine, est encapsulé¢ dans les micelles de
copolymere a l'aide de la méthode dite "évaporation de solvant/hydratation de
membrane". Des charges en curcumine jusqu'a 20,4% sont obtenues avec une
excellente efficacité d’encapsulation (> 94%). La LCST diminue de 42,1 °C pour les
micelles seules dans le PBS a 38,0, 37,8 et 37,5°C avec une charge en curcumine de
6,0, 12,1 et 20,4%, respectivement. La transition de phase reste tres étroite (<0,5 °C)
dans tous les cas. D'autre part, la taille augmente de 38,6 nm pour les micelles seules a
47,5, 53,7 et 88,2 nm pour les micelles avec une charge en curcumine de 6,0, 12,1 et
20,4 %, respectivement, ce qui indique que l'incorporation de curcumine conduit a de
plus grandes tailles de micelles. En outre, le potentiel zéta dans 1'eau augmente de -
12,4 mV pour micelles seules jusqu'a -18,1 mV pour 20,4% de charge. Des valeurs de
potentiel z€ta inférieures sont obtenues dans le PBS en raison de l'effet d’écran
ionique et agrégation de micelles. Toutes les solutions micellaires restent homogenes
et transparentes sur plus d’un mois, ceci étant di a la charge négative en surface de

smicelles.

Des études de libération de principes actifs sont effectuées dans des conditions in vitro
a 37 et 40 °C, c’est-a-dire en dessous ou au-dessus de la LCST des micelles chargées.
Une libération initiale brutale est observée dans tous les cas, suivie d'une libération
plus lente. La vitesse de libération a 40 °C est plus rapide que celle a 37 °C en raison
de la libération thermo-sensible au-dessus de la LCST. D'autre part, les micelles
faiblement chargées présentent une vitesse de libération plus élevée que celles a plus
forte charge. Ce résultat pourrait étre attribu¢ a l'effet de la solubilité. La théorie de

Peppas est appliquée pour décrire les comportements de libération. Les résultats
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indiquent un mécanisme de libération controlée par une combinaison de diffusion et
de dégradation. Par ailleurs, les tests de cytotoxicité in vitro utilisant les cellules
fibrosarcome murin (L929) et lungcarcinoma humaine (A549) confirment une trés

bonne cytocompatibilité des copolymeres.

4) Dans la dernicre partie de these, des copolymeres triblocs en peigne P(MEO,MA-
co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) sont synthétisés par ATRP des
comonomeres MEO,;MA et OEGMA (M, = 475) en utilisant le méme macro-
amorceur Br-PLLA-Br dans des conditions similaires. Les copolymeéres obtenus
présentent une structure de chaines bien définie avec des masses molaires M, variant
de 27100 a 9800 g mol' et une dispersité d’environ 1,40. Le rapport
MEO,;MA/OEGMA dans les blocs hydrophiles varie de 79/21 a 42/58.

Des micelles thermo-sensibles sont obtenues par auto-assemblage des copolymeres
dans un milieu aqueux. La CMC des copolyméres augmente légeérement de 0,0113 a
0,0130 mg ml™ avec l'augmentation de la teneur en monomére OEGMA de 21 a 58
mol% grace a son plus grande hydrophilie par rapport a MEO,MA. La LCST des
micelles dans I'eau augmente de 36,4 a 56,7 °C avec la teneur en monomére OEGMA
passant de 21% a 43%. Les données ne sont pas disponibles pour les copolymeres
avec des teneurs en OEGMA plus élevées, ceci étant di a 1'évaporation rapide de 1'eau
au-dessus de 60 °C. La présence de sel diminue de manicre significative la LCST des
copolymeres. Une diminution de pres de 17 °C est observée lorsque 1'on compare les
valeurs de LCST dans le PBS et dans I'eau, ce qui suggere un effet de déshydratation
trés fort des ions phosphate. La taille des micelles augmente de 20,7 a 102,5 nm avec
la teneur en OEGMA passant de 21% a 58%. D'autre part, le potentiel z&ta de micelles
est compris entre -0,77 et -1,99 mV, ce qui implique une charge de surface presque

neutre.

La curcumine est encapsulée dans les micelles en utilisant la méthode "évaporation de

solvant/hydratation de membrane" avec une efficacité d’encapsulation de plus de 90%.
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La taille des micelles diminue de 102,2 nm pour micelles seules a 37,6 nm avec
10,8% de charge en curcumine, et la LCST diminue de 45,1 °C a 38,3 °C.
Paralle¢lement, le potentiel zéta augmente de -1,99 jusqu'a -44,9 mV. Ces résultats
indiquent que la charge en curcumine influence fortement la procédure d'auto-
assemblage. Les copolymeres triblocs sont supposés s’auto-assembler en micelles
avec un cceur PLA, une mésophase PMA et une couronne hydrophile PEG
L’encapsulation de la curcumine dans le coeur et dans la mésophase est susceptible de
conduire a une diminution de la taille et de la LCST des micelles, et une augmentation

du potentiel zéta.

La libération in vitro de curcumine est réalisée dans le PBS (pH = 7,4) a 37 °C et
41 °C, c’est-a-dire en dessous ou au-dessus de la LCST, respectivement. Une
libération initiale brutale est observée dans tous les cas, suivie d’une libération plus
lente. 81,8 et 92,6% de libération sont observés pour les micelles avec 5,9% de charge
en curcumine apres 14 jours a 37 et 41 °C, respectivement. Une libération plus faible
est obtenue pour les micelles avec 10,8% de charge. La libération totale atteint 59,5 et
75,9 % a 37 et 41 °C dans la méme période, respectivement. Par conséquent, la
libération de curcumine n’est pas seulement dépendante de la transition de phase a la

LCST, mais aussi de la charge en curcumine car la solubilité est un facteur limitant.

En résumé, deux séries de copolymeéres triblocs thermo-sensibles, a savoir
PLA/P(NIPAAm-co-DMAAm) et PLA/P(MEO,;MA-co-OEGMA) sont synthétisées
avec succes par combinaison de la ROP et ’ATRP. Les copolymeres amphiphiles
obtenus présentent des propriétés intéressantes d'auto-assemblage, une LCST
ajustable autour de la température du corps et une excellente cytocompatiblity. La
forte teneur en principe actif, I’excellente efficacité d'encapsulation, et la libération
thermo-sensible indiquent que ces copolymeéres sont prometteurs pour I'administration

ciblée de principes actifs anticancéreux.
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Abstract

In the past decades, stimuli-responsive polymers have drawn great attention due to
their potential for targeted drug delivery, especially for targeted delivery of anti-tumor
drugs. The ideal drug carrier should be thermo-responsive to the tumor tissue where
the temperature is ~42 °C, i.e. higher than the body temperature. Among the various
thermo-responsive polymers, poly(N-isopropyl acrylamide) (PNIPAAm) is considered
as the “gold standard” as it is biocompatible and exhibits a lower critical solution
temperature (LCST) around 32 °C which is relatively insensitive to environmental
changes. Variation of pH, concentration or chemical environment only slightly affects
the LCST of PNIPAAm. In contrast, introduction of an acrylamide comonomer, N, N-
dimethyl acrylamide (DMAAm) allows to increase and precisely adjust the LCST of
the resulting copolymers. Nevertheless, these thermo-responsive copolymers cannot

self-assemble into nanocarriers such as micelles capable of encapsulating drugs.

Poly(L-lactide) (PLLA) is a biodegradable and biocompatible polyester widely used
in biomedical and pharmaceutical applications such as surgical implants, tissue
engineering scaffolds and drug carriers. Block copolymers based on PNIPAAm and
PLLA combine the thermo-sensitivity and hydrophilicity of PNIPAAm and the
degradability and hydrophobicity of PLLA. Moreover, “smart” micelles can be
obtained by self-assembly of amphiphilic PLLA/PNIPAAm or PLLA/P(NIPAAm-co-
DMAAm) copolymers in aqueous medium. However, copolymers prepared using
traditional synthetic methods generally exhibit poorly defined macromolecular
structures with broad phase transition around the LCST, which is not beneficial for

pharmaceutical applications as carrier for targeted drug delivery.

On the other hand, thermo-responsive polymethacrylates containing short
oligo(ethylene glycol) side chains have been recently proposed as an alternative to
PNIPAAm or P(NIPAAm-co-DMAAm). These PEG analogues exhibit outstanding

properties such as hydrophilicity, biocompatibility and thermo-sensitivity, and are
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regarded as a new generation of “smart” biomaterials. The LCST can be adjusted
from the room temperature up to 90 °C by using oligo(ethylene glycol) methacrylate
(OEGMA) comonomers of different chain lengths ranging from 2 to 9. Thermo-
responsive and amphiphilic copolymers derived from OEGMA and PLLA are able to
self-assemble in aqueous medium to yield “smart” micelles as in the case of
PLLA/PNIPAAm or PLLA/P(NIPAAm-co-DMAAm) copolymers. Nevertheless, to
the best of our knowledge, the drug encapsulation and drug release properties of
PLLA/PEG analogues in physiological conditions have not been investigated in detail,

so far.

In this work, a detailed investigation is performed on the synthesis, characterization,
self-assembly and drug release behavior of PLLA/P(NIPAAm-co-DMAAm) and
PLLA/PEG analogues. The triblock copolymers possess the same PLLA central block
and two lateral hydrophilic blocks. The composition of hydrophilic blocks is varied
using different NIPAAm/DMAAm ratios or OEGMA comonomers so as to adjust the
LCST of the copolymers. The obtained copolymers exhibit well-defined structure and
narrow molecular weight dispersity. Self-assembled micelles present very low CMC,
size below 100 nm and thermo-responsive drug release behavior, which is most
promising for targeted delivery of antitumor drugs. The main contents of this thesis

are shown in the following:

1) A series of thermo-responsive PNIPAAm-H-PLLA-b-PNIPAAm triblock
copolymers were successfully prepared by atom transfer radical polymerization
(ATRP) of NIPAAm in the presence of a o, ®-Br-PLLA-Br macroinitiator with a
block length of 40. The reaction was realized using a CuCl/tris(2-dimethylaminoethyl)
amine (MesTREN) complex as catalyst at 25 °C in a DMF/water (50/50 v/v) mixture
for 30 min. The molecular weight of the resulting copolymers ranges from 18000 to
38000 g mol™, and the dispersity from 1.10 to 1.28. Kinetic plots of In([M]y/[M])

2/3

against t°° exhibit a linear relationship during the first 10 min for

NIPAAm/macroinitiator ratio of 100, and during the first 30 min for
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NIPAAm/macroinitiator ratios of 200 and 300, indicating that the concentration of

active species remain constant at the initial stage.

Micelles are formed by self-assembly of copolymers in aqueous medium at room
temperature. Core-shell structure micellization of the copolymers was confirmed by
"H NMR spectroscopy in two different solvents (CDCl; and D,O). The critical
micelle concentration (CMC) determined by fluorescence spectroscopy is in the range
of 0.0077-0.016 mg mL™". The copolymer micelles exhibit a lower critical temperature
(LCST) between 32.1 and 32.8 °C obtained from UV-Vis transmittance measurements.
The micelles are spherical in shape with a mean diameter between 31.4 and 83.3 nm,
as determined by TEM and DLS. The size of micelles increases with increasing the
length of hydrophilic PNIPAAm blocks since they are extended in water below the
LCST. The micelles exhibit different thermo-responsive behaviors as a function of the
concentration. At high concentration (3.0 mg mL™), aggregation of micelles occurs
when the temperature is raised above the LCST, leading to micelle size increase. In
contrast, at low concentration (0.2 mg mL™), a decrease of micelle size is detected

because of the collapse of PNIPAAm blocks above the LCST.

2) In this second part, thermo-responsive P(NIPAAm-co-DMAAm)-b-PLLA-b-
P(NIPAAm-co-DMAAm) triblock copolymers were synthesized by ATRP of
NIPAAm and DMAAm using the same o, ®-Br-PLLA-Br macroinitiator. The
polymerization was realized under the same conditions as in the case of PNIPAAm-b-
PLLA-b-PNIPAAm copolymers. DMAAm was incorporated in copolymer chains as a
more hydrophilic comonomer in order to tune the LCST. The NIPAAm/DMAAmM
ratio ranges from 100/0 to 66/24. The resulting copolymers present well defined chain
structures with M, ranging from 23600 to 27000 g mol™ and low dispersity (P=1.10-
1.18).

Nano-size micelles (37 to 54 nm) with narrow distribution were obtained by self-

assembly of copolymers in aqueous medium. Very low CMC values were obtained,
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ranging from 0.010 to 0.015 mg mL™". The LCST linearly increases from 32.2 to 39.1
°C with increasing the DMAAm content from 0 to 24 % in the hydrophilic part. The
presence of DMAAm units in the copolymers leads to extremely narrow phase
transition (A7<0.5 °C), as compared to PNIPAAm-b-PLLA-b-PNIPAAm copolymers
(4T=2.8 °C). Reversible micelle size changes are observed with temperature variation
across the LCST. In fact, when randomly distributed DMAAm is introduced, the
P(NIPAAm-co-DMA Am) chains become more hydrophilic as compared to PNIPAAm.

Thus the LCST phase transition shifts to higher temperature and becomes sharper.

Amphotericin B (AmpB), a poorly water-soluble drug for the treatment of systemic
mycosis, was used as a model drug to evaluate the potential of copolymers for drug
delivery. AmpB was encapsulated in micelles using dialysis method with drug loading
efficiency above 59 %. In vitro drug release was performed at 37 or 38 °C in water
using a copolymer with a LCST of 37.8 °C. An initial burst release is observed in all
cases. The release rate at 38 °C is much faster than that at 37 °C, suggesting that
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) triblock copolymer

micelles could achieve thermo-responsive release after in vivo administration.

The cytotoxicity of copolymers was evaluated by MTT assay after incubation with
mouse cardiac myocytes (MCM) and mouse embryonic fibroblasts (MEF). The values
of optical density (OD) on polymer substrate are slightly higher than those in the
culture solution as the negative control, and much higher than those in phenol as the
positive control. The relative growth rate (RGR) values of the copolymer are well
above 100 % during 4 days incubation with MCF and MEF cells, corresponding to a
cytotoxicity level of 0. Moreover, cell adhesion and proliferation are observed on the
copolymer substrate. Cells exhibit spindle, polygon or oval shapes, and the
pseudopodium of cells stretches out. Thus, MTT assay and cell morphology
observation indicate that P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-

DMA Am) copolymers presents outstanding cytocompatibility.
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3) The third part deals with a detailed investigation of the drug encapsulation and drug
release properties of thermo-responsive P(NIPAAm-co-DMAAm)-b-PLLA-b-
P(NIPAAm-co-DMAAm) triblock copolymers. Four copolymers were first
synthesized by ATRP as described previously. The NIPAAm/DMAAm ratio varies
from 68.2/31.8 to 60.6/39.4, and the molecular weight from 18000 to 26000 g mol™
with narrow dispersity (P = 1.1). The copolymers exhibit very low CMC which
slightly increases from 0.0113 to 0.0144 mg mL"' while the DMAAm content
increases from 31.8 to 39.4 mol% in the hydrophilic P(NIPAAm-co-DMA Am) blocks.
Meanwhile, the LCST of copolymers increases from 44.7 °C to 49.4 °C in water and
decreases by ca.3.5 °C in phosphate buffered saline (PBS). On the other hand, the
micelle size slightly increases from 36.7 to 44.1 nm with increasing DMAAm content.
The zeta-potential of micelles varies in the -12.4 to -18.7 mV range, in agreement
with the structure of micelles having PLLA block in the core and P(NIPAAm-co-
DMAAm) blocks at the corona. A copolymer with a LCST of 42.1 °C in PBS was

selected for detailed drug release studies.

An anticancer drug, curcumin, was encapsulated in the core of micelles using solvent
evaporation/membrane hydration method. High drug loading up to 20.4 % is achieved
with high loading efficiency (>94 %). The LCST decreases from 42.1 °C for blank
micelles in PBS to 38.0, 37.8 and 37.5 °C with drug loading of 6.0, 12.1 and 20.4 %,
respectively. The phase transition intervals remain very sharp (<0.5 °C) in all cases.
On the other hand, the micelle size increases from 38.6 nm for blank micelles to 47.5,
53.7 and 88.2 nm with drug loading of 6.0, 12.1 and 20.4 %, respectively, indicating
that curcumin incorporation leads to larger micelles. Moreover, the zeta potential in
water decreases from -12.4 mV for blank micelles up to -18.1 mV for 20.4 % drug
loading. Higher zeta potential values are obtained in PBS due to the ionic screening
effect and aggregation of micelles. All micelles remain homogeneously transparent

over 1 month due to the negative surface charge.
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Drug release studies were performed under in vitro conditions at 37 and 40 °C, i.e.
below or above the LCST of drug loaded micelles. Initial burst release is observed in
all cases, followed by a slower release. The release rate is higher at 40 °C than that at
37 °C due to thermo-responsive release above the LCST. On the other hand, micelles
with lower drug loading exhibit higher release rate than those with higher drug
loading. This finding could be assigned to the solubility effect. Peppas’ theory is
applied to describe the release behaviors. The results indicate a combination of
diffusion and degradation controlled release. Moreover, the in vitro cytotoxicity tests
using murine fibrosarcoma (L929) and human lungcarcinoma (A549) cells confirm

the good cytocompatibility of the copolymers.

4) In the last part of the work, thermo-responsive comb-like P(MEO;MA-co-
OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA)  triblock  copolymers  were
synthesized by ATRP of MEO,MA and OEGMA (M, = 300 g mol’') comonomers
using the same o, ®-Br-PLLA-Br macroinitiator under similar conditions. The
resulting copolymers present well defined chain structures with M, varying from
27100 to 9800 g mol™ and dispersity of c.a 1.40. The MEO,MA/OEGMA ratio in the
hydrophilic blocks varies from 79/21 to 42/58.

Thermo-responsive micelles are obtained by self-assembly of copolymers in aqueous
medium. The CMC of copolymers slightly increases from 0.0113 to 0.0130 mg mL"
with increasing the OEGMA content from 21 to 58 % due to its higher hydrophilicity.
The LCST of micelles in water increases from 36.4 to 56.7 °C with the content of
OEGMA increasing from 21 % to 43 %. Data are not available for copolymers with
higher OEGMA contents due to fast evaporation of water above 60 °C. The presence
of salt significantly decreases the LCST of copolymers. A decrease of nearly 17 °C is
observed when comparing the LCST values in PBS and in water, suggesting the
strong dehydration effect of phosphate ions. The micelle size increases from 20.7 to

102.5 nm with the content of OEGMA increasing from 21 % to 58 %. On the other
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hand, the zeta potential of micelles ranges from -0.77 to -1.99 mV, which implies a

nearly neutral surface charge.

Curcumin is encapsulated in micelles by using solvent evaporation/membrane
hydration method with loading efficiency above 90 %. The micelle size decreases
from 102.2 nm for blank micelles to 37.6 nm with 10.8 % drug loading, and the LCST
decreases from 45.1 °C to 38.3 °C. Interestingly, the zeta potential decreases from -
1.99 up to -44.9 mV. These findings indicate that drug loading strongly affects the
self-assembly procedure. Triblock copolymers are assumed to self-assemble in
micelles with a PLA core, a PMA mesophase and a hydrophilic corona. Curcumin
encapsulation in the core and in the mesophase could lead to decrease of micelle size

and LCST and increase of zeta potential.

In vitro drug release is performed in pH 7.4 PBS at 37 °C and 41 °C, i.e. below or
above the LCST, respectively. An initial fast release from micelles is observed in all
cases, followed by slower release. 81.8 % and 92.6 % release is observed for micelles
with 5.9 % drug loading after 14 days at 37 °C and 41 °C, respectively. Slower release
is obtained for micelles with 10.8 % drug loading. The total release reaches 59.5 %
and 75.9 % at 37 °C and 41 °C in the same period, respectively. Therefore, drug
release is not only dependent on the phase transition across the LCST, but also on the

drug loading because the solubility of curcumin is a limiting factor.

Therefore, two series of thermo-responsive triblock copolymers, i.e.
PLA/P(NIPAAm-co-DMAAmM) and PLA/P(MEO;MA-co-OEGMA) are successfully
synthesized by combination of ROP and ATRP. The resulting amphiphilic copolymers
present interesting self-assembling properties, variable LCST, and outstanding
cytocompatiblity. The high drug content and encapsulation efficiency, and thermo-
responsive drug release behavior indicate that these copolymers are promising

candidate for targeted delivery of anticancer drugs.
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General introduction

Vectors prepared from amphiphilic block copolymers have been widely investigated
for pharmaceutical applications such as gene or cancer therapy. Among them,
nanocarrier has drawn great attention due to the passive enhanced permeability and
retention effect (EPR). Polymer micelles with small size (<200 nm) and low critical
micelle concentration (CMC) exhibit outstanding stability, high drug loading and
loading efficiency, and targeted drug delivery by EPR, which makes them promising
candidate as nanocarrier of anticancer drugs. However, most of the reported micelles

are not stimuli-responsive.

The aim of this work is to develop novel triblock copolymer micelles as nanocarrier
which combines both the passive targeting by EPR and active targeting by thermo-

responsiveness.

The first chapter of the thesis is a bibliography which provides an overview on the
state of the art in this domain. Nanocarriers including liposomes, polymersomes,
nanoparticles and polymeric micelles are introduced. Then, amphiphilic
polylactide/poly(ethylene glycol) (PLA/PEG) block copolymers are discussed as the
most studied bioresorbable and biocompatible micelles for controlled drug delivery.
The principle of thermo-responsive polymeric micelles was presented. Two different
families of thermo-responsive (co)polymers, polyacrylamide and poly(oligo(ethylene
glycol) methacrylate) or PEG analogues, as well as their amphiphilic block
copolymers with PLA, are then introduced, including the synthesis, self-assembly and

drug release properties.

The second chapter focuses on the synthesis, characterization and self-assembly of
poly(N-isopropylacrylamide)-b-poly(L-lactide)-b-poly(N-isopropylacrylamide)
(PNIPAAm-H-PLLA-b-PNIPAAm) triblock copolymers. Herein, for the first time, we
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report the synthesis of triblock copolymers by by ATRP of NIPAAm using a Br-
PLLA-Br macroinitiator. Kinetic studies are realized to illustrate the relationship
between the molecular weight and NIPAAm/macroinitiator ratio. Self-assembly
properties of copolymers and phase transition across the lower critical solution
temperature (LCST) are determined by CMC, DLS, TEM and UV transmittance

measurements.

In the third chapter, an acrylamide comonomer, N, N-dimethylacrylamide (DMAAm)
is introduced to increase and precisely adjust the LCST of the resulting P(NIPAAm-
co-DMAAmM)-b-PLLA-b-P(NIPAAm-co-DMAAm)  triblock  copolymers. The
copolymers are successfully synthesized under the same conditions and fully
characterized. Self-assembly and phase transition of copolymers are studied.
Preliminary drug release is realized in water using Amphotericin B as a model. The
cytotoxicity of copolymers is evaluated by MTT assay after incubation with mouse

cardiac myocytes (MCM) and mouse embryonic fibroblasts (MEF).

The fourth chapter deals with the properties and in vitro drug release behavior of drug
loaded micelles. Curcumin, an anticancer drug, is loaded in P(NIPAAm-co-
DMAAmM)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymer micelles by
solvent evaporation/membrane rehydration method. The properties such as drug
loading, loading efficiency and the effect of drug loading on the LCST, size and
morphology are investigated. In vitro drug release is performed at temperatures below
or above LCST. Peppas’ theory is applied to describe the drug release behavior. The
cytotoxicity is further evaluated using murine fibrosarcoma (L929) and human lung

carcinoma cell (A549) cells to confirm the good cytocompatibility of the copolymers.

The fifth chapter describes the synthesis, micellization and in vitro drug release from
P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock copolymers.
The copolymers are synthesized by ATRP using the same macroinitiator and catalyst

system as in the case of PLA/PNIPAm copolymers. Micellization is performed in
XXX



aqueous medium and confirmed by CMC, DLS and TEM measurements. /n vitro drug
release is performed in pH 7.4 PBS at 37 °C (below the LCST) and 41 °C (above the

LCST). The effects of temperature and drug loading on the drug release are discussed.
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Chapter 1 Bibliography

1.1 “Magic bullet” for cancer therapy

Cancer is nowadays a leading cause of death in the word. The World Health
Organization (WHO) reported the approximately 14 million new cases and 8.2 million
cancer related deaths in 2012 [1]. The number of new cases is expected to rise by
about 70 % over the next two decades. For efficient cancer therapy, it is of key
importance to improve our knowledge of cancer physiopathology, to discover new
anti-cancer drugs and to develop novel biomedical technologies. Currently, the cancer
therapy has become a multidisciplinary challenge requiring close collaboration among

clinicians, biological and materials scientists, and biomedical engineers.

The concept of “magic bullet” that hits its target without damaging healthy issues
proposed by the Nobel laureate Paul Ehrlich in 1906 turned to reality for cancer
treatment and serious infectious diseases [2]. The challenge of the targeting is triple: (i)
to find the drug that effectively treats this disease, (ii) to find how to carry the drug,

and (iii) to find the proper target for a particular disease.

In the past decade, “magic bullet” from nanotechnology has been considered as one of
the most challenging innovations in pharmacology, and is now widely used in
prevention, diagnosis and therapy of cancer [3-6]. Nanocarriers have been exploited
to protect the drug, to optimize its targeting, to limit its accumulation in healthy

organs, to reduce its potential toxicity and to control its release [7].

1.1.1 Passive and active targeting in cancer therapy

The specific tumor targeting requires better profiles of pharmacokinetics and
pharmacodynamics, controlled and sustained release of drugs, improved specificity,

increased internalization and intracellular delivery and, more importantly, lower
1



systemic toxicity [8]. As shown in Figure 1.1, one can distinguish two kinds of tumor
targeting, i.e. passive targeting and active targeting. Drug carriers with size ranging
from 10 to 200 nm can reach tumor passively through the leaky vasculature
surrounding the tumors by the enhanced permeability and retention (EPR) effect. In
contrast, ligands grafted at the surface of drug carriers allow active targeting by
binding to the receptors over expressed by cancer cells or angiogenic endothelial cells,
followed by drug release in tumor [9]. However, the active targeting process cannot
be separated from the passive one because it occurs only after passive accumulation in

tumors [10].

A. Passive targeting

1 Small molecule A E" % :
0 Manacarrier i y
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Endothelial cell
% Tumor cell

B. Active targeting
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Figure 1.1 Passive targeting (A) and active targeting (B) of nanocarriers. From ref.

[9].



Indeed, all nanocarriers use the “passive targeting” EPR effect as a guiding principle
[11]. As shown in Figure 1.1A, nanocarriers reach tumors selectively through the
leaky vasculature surrounding the tumors. Small drug molecules (unencapsulated by a
polymeric matrix) diffuse freely in and out the tumor blood vessels because of their
small size. Thus their effective concentration in the tumor decreases rapidly. In
contrast, drug-loaded nanocarriers cannot diffuse back into the blood stream because
of their large size (10-200 nm), thus resulting in progressive accumulation by the EPR

effect, which has become the “gold standard” in cancer-targeting drug designing.

The EPR effect is applicable for almost all rapidly growing solid tumors [12]. Indeed,
it can be observed in almost all human cancers with the exception of hypovascular
tumors such as prostate cancer or pancreatic cancer [13]. The EPR effect will be
optimal if nanocarriers can circulate for a long period of time. Very high local
concentration of drug-loaded nanocarriers can be achieved at the tumor site, for

instance 10—50 times higher than in normal tissue within 1-2 days [14].

1.1.2 Polymeric delivery system

Because of the specific characteristics of the tumor microenvironment and tumor
angiogenesis, it is possible to design drug delivery systems that specifically deliver
anti-cancer drugs to tumors. However, most of the conventional therapeutic agents
have poor pharmacokinetic profiles and are distributed nonspecifically in the body

leading to systemic toxicity associated with serious side effects.

In the past decades, polymeric delivery system has been widely exploited for various
biomedical and pharmaceutical applications [15]. Early in 1970s, Yolles et al.
proposed the concept of polymeric delivery system which is expected to deliver the
right amount of active agent at the right time to the right site [16, 17]. From then on,
polymeric delivery system has attracted more and more attention [18, 19]. Controlled

release systems are expected to deliver the drug into the systemic circulation at a

3



predetermined rate, while targeted delivery systems should release medications at or
near the targeted site. The advantage of targeted delivery is that high local
concentration of drug can be achieved. The drug is predominantly delivered to the

tumor rather than distributed throughout the whole body.

window

Sub-therapetic
level

Drug concentration

Injection Time (h)
Figure 1.2 Drug concentrations at site of therapeutic action after delivery as a
conventional injection (black) and as a temporal controlled release system (red). From
ref. [20] with modification.

Indeed, drugs usually have an optimum concentration range within which maximum
benefit is achieved. Concentrations above or below this range are ether toxic or
exhibit no therapeutic effect [20]. Controlled release over an extended duration is
highly beneficial for drugs that are rapidly metabolized and eliminated from the body
after administration. As shown in Figure 1.2, the concentration of drug at the site of
activity after release from conventional administration (4 injections administered at 6
hourly intervals) is compared with that after release from a controlled release system.
In the case of conventional drug release, the drug concentration strongly fluctuates
during the 24 h period, and only a portion of the treatment period is in the therapeutic
window. With the controlled release system, in contrast, the drug concentration is

within the therapeutic window for almost 24 h. Controlled drug release could provide



a significant improvement in clinic therapy. A temporally controlled release system

would ensure that the maximum possible benefit is derived from the drug.

Consequently, polymeric delivery systems could allow to deliver the drugs in vivo
with the following benefits: 1) maintenance of optimum therapeutic drug
concentration in the blood with minimum fluctuation; 2) predictable and reproducible
release rate for extended duration; 3) prolongation of activity period for short half-life
drugs; 4) elimination or decrease of side effects, frequent dosing and wastage of drug;

and 5) optimized therapy and improved patient compliance.

1.1.3 Thermo-responsive targeted drug delivery

hydrophobic Block

VeV,

Thermo-responsive Block

O Hydrophobic Drug

% '\@%\%%@

T<LCST T>LCST Drug

Scheme 1.1 Drug release from thermo-responsive polymeric micelles.

A new targeting strategy consists in developing “activable” or ‘“activated”
nanocarriers due to the fast cancer cell metabolism. It is well known that different
from normal tissues, tumor has higher temperature (~42 °C) and lower pH (~5.3) due
to fast cell metabolism [21]. Recently, “smart” polymers which are responsive to

stimuli such as pH, acid and heat have also drawn great attention as drug delivery
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systems [4, 22-29]. Thus, active target-specific delivery of drugs from these systems
to various sites in the body can be achieved to improve the therapeutic therapy,

meanwhile minimizing undesired side-effects.

Temperature is the most widely used stimulus in environmentally responsive
polymeric drug delivery systems. The change of temperature is not only relatively
easy to control, but also easily applicable both in vitro and in vivo. Therefore,
temperature-responsive nanocarriers have been largely developed [30, 31]. These
polymers generally exhibit a lower critical solution temperature (LCST) above which
phase separation occurs. As shown in Scheme 1.1, micelles can be obtained by
self-assembly of amphiphilic and thermo-responsive block copolymers below the
LCST, encapsulating a hydrophobic drug in the core of micelles. With increasing the
temperature above the LCST, the hydrophilic shell composed of thermo-responsive
blocks becomes hydrophobic and collapsed, and the micelles shrink or aggregate,

leading to faster drug release.

1.2 Nanocarrier

Various nanocarriers have been investigated for controlled or targeted drug delivery.
Figure 1.3 shows the various families of nanocarrier from 1 nm to 1 um, including

branched polymers, micelles, liposomes, polymersomes, nanoparticles and micelles.

The size limit strongly depends on the target. Nanocarriers below 400 nm are more
suitable for accumulation in most tumors depending on cut-off size of vascular pores.
The lower limit is determined by the sieving coefficients for the glomerular capillary
wall in the kidney to avoid rapid renal filtration (that clears particles below 10 nm
such as branched polymers). Among the various systems, nanocarriers with sizes
between 10 and 200 nm are most promising candidate for targeted drug delivery
because they can avoid being cleared by the reticuloendothelial system (RES) or

mechanically filtered through the spleen and liver, and are small enough to efficiently



accumulate in tumors by the EPR effect.
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Figure 1.3 Different families of nanocarrier for drug delivery. From ref. [7] with
modification.

1.2.1 Liposome

The first liposome was reported by Gregoriadis et al. in 1974 [32]. Liposomes are
defined as spherical lipid vesicles composed of amphiphilic phospholipids with a
bilayer membrane structure, and constitute an excellent tool for the understanding of
biological events such as cell adhesion, signal transduction or endocytosis. The closed
bilayers are formed by protecting the hydrophobic groups from the aqueous
environment which is in contact with the hydrophilic head group [3]. The polar
character of the liposomal core enables polar drug molecules to be encapsulated,
while lipophilic molecules are solubilized within the bilayer according to their affinity
towards phospholipids. Channel proteins can be incorporated without loss of activity
within the hydrophobic domain of vesicle bilayers, acting as a size-selective filter

only allowing passive diffusion of small solutes such as ions, nutrients and antibiotics.

Drugs that are encapsulated in a nanocage functionalized with channel proteins are
7



effectively protected from premature degradation by proteolytic enzymes. Drug
molecules are able to diffuse through the channel, driven by the concentration
difference between the interior and the exterior of the nanocage. Depending upon the
size and number of bilayers, liposomes can be divided in three categories:
multilamellar vesicles, large unilamellar vesicles, and small unilamellar vesicles. On
the other hand, liposomes can also be classified in five types in terms of composition
and mechanism of intracellular delivery, i.e. conventional liposomes, pH-sensitive
liposomes, cationic liposomes, immune-liposomes, and long-circulating liposomes

[33].

Liposomes can be prepared by using film casting and hydration method. Materials are
first dissolved in a solvent to yield a homogenous solution, and then a thin film is
obtained by using a rotary evaporator. Subsequently, the film is hydrated by addition
of water. Water permeation in the thin film driven by hydration forces allows to form

bilayers, and finally yields vesicles upon separation from the recipient’s surface.

Liposomes have been investigated for the delivery of vaccine, toxoids, gene,
anticancer, and anti-HIV drugs [33-37]. However, although liposome technology was
discovered over 40 years ago, liposome-based drug formulations have rarely entered
the stage of clinical applications. The major drawback of liposomes is their low
mechanical stability and high leakiness, mainly due to their small membrane thickness
(3-5 nm). Other factors such as limited versatility of chemical structures, poor
batch-to-batch reproducibility, difficulties in sterilization, large size (up to 400 nm)
and low drug loading also contribute to restrain the development of liposomes as drug

carrier [7, 38].

Recently, modification of liposome by PEG has been successfully developed [36].
Doxil® (Sequus Pharmaceuticals, Menlo Park, California), the first FDA-approved

nano-drug (1995), is a long-acting PEGylated liposomal formulation of doxorubicin.



It alters dramatically the pharmacokinetic properties of doxorubicin with prolonged
drug circulation time, escaping from the RES, high loading of doxorubicin and

targeted release at the tumor due to the EPR effect [39, 40].

1.2.2 Polymersome

In the past decade, polymersomes (also referred to as polymeric vesicles) have
attracted growing interest based on their intriguing aggregation phenomena, cell and
virus-mimicking dimensions and functions, as well as tremendous potential
applications in medicine, pharmacy, and biotechnology [41, 42]. Unlike liposomes
self-assembled from low molecular weight lipids, polymersomes are in general
prepared from macromolecular amphiphiles of various architectures including

amphiphilic diblock, triblock, graft as well as dendritic copolymers [43-45].

The preparation methods of polymersomes are generally classified into two groups:
solvent-switching and film hydration. Solvent-switching techniques have been widely
used in the preparation of polymeric vesicles (and also for other morphologies) as
most amphiphilic block copolymers are not directly soluble in water. Initially the
amphiphilic copolymer is dissolved in a common organic solvent for both blocks and
then water is added gradually to the copolymer solution. The hydrophobic blocks tend
to associate together in the polar environment to form a bilayer, whereas the
hydrophilic blocks are solvated to form the corona which colloidally stabilizes the
vesicle. Film hydration technique is the same as that used for liposomes preparation
mentioned above, involving film casting and hydration to induce self-assembly and

polymersome formation.

Polymersomes and liposomes present similar architectures. Both are nano- to
micrometer-sized capsules with a bilayered membrane enclosing an aqueous
compartment. They are able to encapsulate hydrophilic molecules within the aqueous

core and also hydrophobic molecules within the membrane. Moreover, because
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polymersomes are composed of block copolymers instead of small molecules, they
present lower permeability and higher mechanical stability, and their architecture is

more tunable as compared to liposomes [7].

Polymersome is one of the most interesting drug delivery systems because of multi
drug loading capacity, membrane robustness and stealth properties [46, 47]. Some
authors have studied polymersomes for targeted drug delivery [48]. Two anticancer
drugs, paclitaxel and doxorubicin have been encapsulated in polymersomes for cancer
therapy as reported by Ahmed ef al. [49]. The drugs are loaded into polymersomes by
a pH-gradient method established for liposomes. A single systemic injection of the
dual drug combination shows a higher maximum tolerated dose than the free drug
cocktail and shrinks tumors more effectively and more sustainably than free drug:
50 % smaller tumors are observed at 5 days with polymersomes. Drug accumulation
within tumors was also observed, showing the potential of multi-drug delivery by

polymersomes for clinical applications.

However, the major drawback of polymersome delivery systems is the long
encapsulation procedure (up to weeks). Recently, Lecommandoux et al. proposed a
convenient and reproducible nanoprecipitation method to obtain stable and
pH-inducible poly(trimethylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA)
polymersomes loaded with a remarkably high content of doxorubicin (47 %, w/w %)
at pH 10.5 [42, 50]. Doxorubicin and polymer are dissolved in dimethyl sulfoxide
(DMSO). Then an aqueous phase is quickly added to the organic phase under stirring.
Excess drug and DMSO are removed by dialysis against a buffer solution. After
neutralization, an aqueous dispersion of drug-loaded vesicles is obtained which
remains stable for a prolonged period of time (at least 6 months) without vesicle

disruption or drug precipitation.

Furthermore, to prevent premature drug leakage, Lecommandoux et al. reported the
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preparation of polymeric vesosomes, that is, polymersomes in polymersomes [51].
Vesosomes present controlled permeability by encapsulating nano-size polymersomes
inside larger polymersomes. A double-membrane diffusion barrier effect was
demonstrated since the observed in vitro release rate of doxorubicin from vesosomes

was twice slower than that from polymersomes.

In principle, drug release from polymersomes is governed by the diffusion of drug
through the membrane. According to the diffusion-interface theory, the driving force
is the concentration gradient of drug between the polymersome and the surrounding
medium [52]. When drug molecules diffuse from the core of polymersomes to the
surrounding medium, the release rate is a function of the square root of time. The size
distribution of polymersomes also influences the overall release rate [53]. Based on
theoretical approaches, polymersomes suitable for the delivery of specific drugs can
be designed and the release kinetics predicted. Nevertheless, in many cases, the
control for drug release cannot be adjusted to the desired level because the properties
of polymersomes cannot be varied to a large extent due to lack of versatility for the

composition of block copolymers [54].

Recently, to achieve targeted drug delivery, significant efforts have been devoted to
develop “smart” polymersomes which are responsive to pH, heat, light as well as
magnetic field [28, 55-66]. Stimuli-responsive polymersomes have emerged as novel
programmable delivery systems allowing to readily modulate the release of
encapsulated contents by the stimulus. Stimuli-responsive release could significantly
enhance the therapeutic efficacy and minimize the side effects. It is also feasible to
form and disassemble polymersomes in water simply by applying an appropriate
stimulus. Lecommandoux et al. reported biologically active polymersomes from
polypeptide block copolymers prepared by “click chemistry” [67-69]. Hybrid
polymer/lipid vesicles were also developed when the content of lipids was below 20

mol %, in which lipids are randomly distributed in the polymer-rich membrane [70,
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71].

1.2.3 Nanoparticle

Nanoparticles include both nanospheres and nanocapsules in solid state, either
amorphous or crystalline. They are able to absorb or encapsulate a drug, thus
protecting it against chemical and enzymatic degradation [18]. Nanoparticles as drug
carrier can be obtained from both biodegradable polymers and non-biodegradable
ones [3, 72, 73]. Recently, biodegradable polymeric nanoparticles have attracted great
attention in view of their applications in controlled and targeted delivery of drugs [11,

74-76).

Polymeric nanoparticles can be prepared from emulsion or precipitation method.
Formation of hollow structures, named nanocapsules, can also be achieved. Their size
is generally between 10 and 1000 nm and strongly depends on the preparation method.
The solid nature of nanoparticles confers great stability and controlled drug release
rate. Nanoparticles with size ranging from 10 to 200 nm can preferentially concentrate
in tumor by virtue of the EPR effect as mentioned above. In addition, multiple drug

loadings can be achieved within nanoparticles [7].

Moreover, surface PEGylated nanoparticles also have been developed to provide
excellent pharmacokinetic control, and are suitable for the entrapment and delivery of
a wide range of therapeutic agents [77-79]. PEGylated nanoparticles allow to reduce
the immunogenicity, and to limit the phagocytosis of nanoparticles by the RES, thus
resulting in increased blood concentration of drug in organs such as the brain,

intestines, and kidneys.

Nanoparticles are matrix systems in which the drug is physically and uniformly
dispersed. Drug release kinetics can be adjusted by careful selection of polymers or

polymer blends. Thus, drug release from nanoparticles generally occurs either by
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diffusion or by matrix degradation or both.

1.2.4 Polymeric micelle

In the past decades, self-assembly of amphiphilic block copolymers in aqueous
solutions into various micellar structures has been extensively investigated. Bader et
al. first proposed micelles as potential drug carrier in 1984 [80]. Since then, micelles
attracted more and more interest for controlled release of drugs due to their numerous
advantages including reduced side effects of drugs, targeted drug delivery, and
prolonged blood circulation time [81-86]. Drug encapsulation can be simply realized

by physical mixing, which is attractive as compared to chemical conjugate [85, 87].

Hydrophobic
block Self-assembly

JUUuunuvumunu N
Hydrophilic
block

Scheme 1.2 Self-assembly micelles from amphiphilic block copolymer.

In an aqueous medium, polymeric micelles generally present a core-corona structure
driven by hydrophobic interactions above the critical micellar concentration (CMC) as
shown in Scheme 1.2 [88]. The hydrophobic inner core allows encapsulation of
hydrophobic drugs by physical entrapment, whereas the hydrophilic shell acts as a
stabilizing/interacting corona [89]. Micelles are thus used to encapsulate drugs with
poor water solubility [90, 91]. Compared to polymersome systems, micelles have

advantages such as simple preparation and efficient drug loading.

Polymeric micelles can be prepared by using different methods: direct dissolution,
dialysis, nanoprecipitation (solvent-switching), and solution casting/membrane

hydration. Direct dissolution involves simply dissolving a water soluble amphiphilic
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copolymer in an aqueous medium. Dialysis consists in dialyzing a copolymer solution
against water. Nanoprecipitation and membrane hydration methods are the same as
those used for the preparation of polymersomes mentioned above. Yang et al.
compared micelles prepared by direct dissolution and dialysis methods [92, 93].
Similar drug loading and encapsulated efficiency were obtained for both methods.
Micelles by direct dissolution method present major advantages such as easy
formulation and absence of toxic organic solvents, which shows great potential as

carrier of hydrophobic drugs.

Polymeric micelles generally have small sizes (i.e. <200 nm) with narrow distribution,
which allows them to escape from non-specific uptake by the RES cells and to
achieve long circulation in the blood stream [81, 87, 94]. Drug molecules can be
incorporated by means of chemical, physical or electrostatic interactions, depending
on their physicochemical properties. Amphiphilic block copolymers are attractive for
drug delivery applications since their chemical composition, molecular weight and
block lengths can be easily changed, which allows control of the size and morphology
of micelles. Polymeric micelles can target tumor sites by passive as well as active
targeting mechanisms. In fact, the inherent properties of micelles including size in the
nano range, stability in plasma, long circulation in vivo, and the pathological
characteristics of tumor allow them to target the tumor site by the EPR effect 88,

95-101].

Recently, growing interest has been paid to amphiphilic block copolymer micelles as
novel carrier for drug targeting [84, 91, 102-104]. The distribution of drug loaded
polymeric micelles in the body is mainly determined by their size and surface
properties, and less affected by the properties of drug embedded in the inner core of
micelles. In this regard, the size and surface properties of polymeric micelles have
crucial importance in achieving controllable drug delivery with efficacy [84, 105].

Prolonged in vivo circulation time and adequate retention of drug within the carrier
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are prerequisites to successful drug targeting [106]. Thermo-responsive and pH
polymeric micelles have also been developed to achieve targeted drug release at the

tumor site [29, 103, 107, 108].

1.3 Amphiphilic copolymers for uses as nanocarrier

1.3.1 PLA/PEG block copolymers

1.3.1.1 Polylactide

From a theoretical point of view, micelles prepared from biodegradable polymers
would be more beneficial in applications since no accumulation of polymers occurs
after drug release. As a biodegradable polymer, polylactide (PLA) has been
extensively investigated as controlled drug release systems for biomedical and
pharmaceutical applications [72, 109, 110]. PLA presents outstanding
biocompatibility and variable biodegradability. The final degradation product, lactic

acid, is a metabolite and can be easily eliminated from the human body via the Kreb’s

cycle.
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Scheme 1.3 Chemical structures of lactic acid enantiomers, and lactide
diastereoisomers.
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It should be noted that lactic acid is chiral molecule due to the presence of an
asymmetric carbon atom, and thus exists in the form of L-lactic and D-lactic acid
enantiomers. Similarly, the cyclic diester of lactic acid, lactide, exists in the form of
three kinds of diasterecoisomers, i.e. L-lactide, D-lactide and meso-lactide. In the case
of LA-containing polymer chains, chirality of LA units provides a worthwide means
to adjust the physical-chemical, biological and mechanical characteristics of polymers.
The structure of various enantiomers and diastereoisomers of lactic acid and lactide is

shown in Scheme 1.3.

Consequently, PLA exists in the form of poly(L-lactide) (PLLA), poly(D-lactide)
(PDLA), and various stereocopolymers. In 1987, lkada et al. first reported that
physical interaction between PLLA and PDLA, namely stereocomplexation, strongly
affects the crystallization behavior, thermal resistance, mechanical properties as well
as the hydrolytic resistance of PLA based materials [111]. These improvements are
due to the stronger interaction between L-LA and D-LA sequences. Novel
stereocomplexation-induced micelles and hydrogels have been reported in the case of

PLA/PEG block copolymers [86, 93, 112-114].

1.3.1.2 Poly(ethylene glycol)

Poly(ethylene glycol) (PEG), also as known as poly(ethylene oxide) (PEO) depending
on the synthetic conditions, is a linear polyether terminated with hydroxyl end groups.
PEG has been approved by the US Food and Drug Administration (FDA), and is
probably the most widely applied synthetic polymer in the domains of biotechnology,
pharmacology, and medicine [15, 100]. PEG is a cheap, neutral, water soluble and
biocompatible polymer with good hydrolytic resistance. PEG generally has narrow
molecular weight distributions which are readily accessible by anionic polymerization
of ethylene oxide. The water solubility of PEG results from the strong tendency to
form hydrogen bonds with water via -O- groups. The hydrophilic character with
surface-wetting properties is especially important for the prevention of protein
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adsorption and the blood compatibility in biomedical applications.

“Stealth” effect is a key property of PEG, which allows avoiding a fast recognition by
the immune system followed by rapid clearance from the body. Chemical attachment
of PEG to the drug of choice is a process called PEGylation [110]. The concept of
PEGylation was first introduced by Davis et al. in 1970s [77]. Unexpected finding by
PEGylation was observed, including improved pharmacokinetic and
pharmacodynamic properties of polypeptide drugs due to increased water solubility,
reduced renal clearance and toxicity. PEGylation reduces kidney clearance simply by

making the molecules larger as the kidneys filter substances according to their size.

Studies of PEG in solution revealed that ethylene oxide subunit is tightly associated
with two or three water molecules. This binding of water molecules makes PEGylated
compounds function as though they are five to ten times larger compared to a soluble
protein of similar molecular weight, as confirmed by size exclusion chromatography
and gel electrophoresis [78, 115]. When attached to hydrophobic drugs or carriers,
PEG provides them with good physical and thermal stability, preventing or reducing
aggregation of drugs in storage and in vivo as a result of the steric hindrance.
Therefore, PEG with associated water molecules behaves like a shield to protect the
attached drug from enzymatic degradation, rapid renal clearance and interactions with

cell surface proteins, thereby limiting adverse immunological effects.

PEGylated drugs are also more stable over a range of pH and temperature changes as
compared to their unPEGylated counterparts. Consequently, PEGylation confers to
drugs a number of clinical benefits, such as sustained blood levels that enhance the
drug efficacy, fewer adverse reactions, longer shelf life and improved patient
convenience [116]. The ability of PEGylation to influence the pharmacokinetic
properties of drugs and drug carriers is widely utilized in pharmaceutics [77, 78, 117].

In fact, all polymer based stealth drug delivery systems that have been brought to the
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market up to now contain PEGylated compounds and no other synthetic polymer has

yet gained this statue [100].

1.3.1.3 PLA/PEG copolymers

PLA 1is highly hydrophobic, which considerably restricts its applications as a
biomaterial. Thus, PLA/PEG block copolymers have drawn great attention since they
combine the properties of both blocks, including the degradability and
bioresorbability of PLA, hydrophilicity and renal filterability of PEG, and
biocompatibility of both. Moreover, PEG chains present at the surface of biomaterials
or drug carriers are particularly efficient for preventing the absorption of proteins and

the adhesion of cells due to steric repulsion effects [118].

The synthesis of PLA can be realized either by ring-opening polymerization (ROP) of
lactide or by polycondensation of lactic acid. The difference is that the former
generally yields polymers with high molecular weights, whereas the latter results in
low molecular weight oligomers. The synthesis of PLA/PEG block copolymers is
usually realized by ROP of lactide in the presence of mono- or dihydroxyl PEG
(Scheme 1.4). Various di- or triblock copolymers can be obtained with different PLA

block lengths and chirality, and PEG block lengths.
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PLLA-b-PEG-b-PLLA
Scheme 1.4 Synthesis of PLA/PEG block copolymers by ring opening
polymerization.
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In the past decades, PLA/PEG copolymer micelles have been largely investigated as
drug carrier [44, 119-121]. Anti-tumor drugs such as paclitaxel, beta-lapachone and
doxorubicin have been loaded in PLA/PEG micelles [110, 122-124]. Currently, the
most advanced micellar formulations encapsulating hydrophobic drugs such as
doxorubicin and paclitaxel have already entered the market in India (Nanoxel®) and
South Korea (Genexol-PM®) [104, 125]. Most recently, the first “active” docetaxel
encapsulated PLA/PEG micelles (BIND-014") with tumor target prostate specific
membrane antigen (PSMA) has been approved in USA for the treatment of solid
tumors and metastatic cancers [126]. The micelles present major advantages such as
decreased side effects, better pharmacological profiles, and improved drug tolerance

over the current clinical formulations.

Nevertheless, PEG/PLA micelles are not responsive to environment changes. In fact,
many bioactive agents used in pharmacotherapy exhibit side effects that may affects
the drug efficacy. For instance, compounds used for cancer therapy can kill not only
cancer cells, but also normal cells in the body, which results in undesired side effects
[87]. The EPR effect is considered as passive targeting method. Drug targeting could
be further enhanced by introducing a polymeric matrix which is responsive to

variation of temperature [127, 128].

1.3.2 Thermo-responsive PLA/PNIPAAm copolymers

1.3.2.1 Poly(V-isopropylacrylamide)

Poly(N-isopropylacrylamide) (PNIPAAm) is the most studied thermo-responsive
polymer with a LCST at 32 °C where it exhibits a sharp phase transition from
hydrophilic coils to hydrophobic globules [129]. Hydrogen bonding is formed
between amide groups and water molecules in PNIPAAm solutions under the LCST.
In contrast, the alkyl backbone and isopropyl groups present a competitive

hydrophobic effect [129]. The phase transition, as shown in Scheme 1.5, is attributed
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to the entropic gain since water molecules associated to the amide groups are released

to the aqueous phase when the temperature increases above the LCST [130, 131].
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Scheme 1.5 Phase transition of PNIPAAm chains in response to temperature changes.
From Ref. [131] with modification.

As suggested by Cho et al., the phase transition of PNIPAAm across the LCST
involves at least three phenomena: (i) rearrangement of bound water around either
hydrophobic isopropyl or hydrophilic amide groups of PNIPAAm, (ii) intermolecular
and intramolecular hydrogen bonding between the amide groups, and (iii) association
of hydrophobic groups in PNIPAAm mainchains [132]. When increasing the
temperature above the LCST, polymer-polymer interactions are thermo-dynamically
favored as compared to polymer-water interactions. Water molecules around the
hydrophilic groups also are released to the medium. The intermolecular and
intramolecular interactions between PNIPAAm chains include not only hydrophobic
association of the hydrophobic groups, but also hydrogen bonding between the amide
groups. PNIPAAm chains thus become dehydrated globules in the form of a

suspension.

In Ono’s work, the number of water molecules per NIPAAm unit in homogeneous
solution was determined to be 11 exactly below the LCST, employing the
high-frequency dielectric relaxation technique [132]. Thus, PNIPAAm is regarded as a
“golden standard” thermo-responsive polymer due to the fact that its LCST is

relatively insensitive to physical and chemical environment [27]. Slight variations of
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pH, concentration or chemical environment only affect the LCST of PNIPAAm by a
few degrees [129].

PNIPAAmM homopolymer was initially synthesized by free radical polymerization. It
can be functionalized by reaction with chain transfer agents having functional acid,
hydroxyl or amino groups [129]. Introduction of functional end groups could allow to
improve the properties of polymers including thermo-sensitivity, pH sensitivity or
fine tuning of the LCST. However, the molecular weight and dispersity of polymers

were not controlled.

The atom transfer radical polymerization (ATRP) of NIPAAm was first reported by
Masci et al. [133] using CuCl/tris(2-dimethylaminoethyl) amine (MesTREN) as a
catalytic system. The polymerization was carried out in a DMF/water (50:50 v/v)
solvent mixture at 20 °C. Kinetic studies showed that the reaction was of first order up
to 92 % conversion at 35 minutes. Molecular weights up to 22000 and low dispersities
(D =1.19) were obtained. In addition, block copolymer of dimethylacrylamide
(DMAAm) and NIPAAm was obtained by successive ATRP. Later, Ye et al. reported
well controlled ATRP of NIPAAm using the same catalyst system in various aqueous

solvent mixtures at room temperature and at 0 °C [134].

Generally, the ATRP in aqueous medium is fast and hardly controllable, which leads
to polymers of relatively low molecular weights with broad molecular weight
distributions. The lack of control could be attributed to the occurrence of side
reactions. In particular, hydrolysis of the deactivator leads to faster polymerization
and eventually loss of control. However, the ATRP of NIPAAm can be well
controlled due to the high stability of the catalyst complex CuCl/MesTREN in water

at low temperature (<50 °C).

Further modification of PNIPAAm by combination of controlled radical

polymerization and click chemistry has also been investigated. Ooi ef al. and Boere et
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al. reported hydrogels with peptide based on PNIPAAm by combination of reversible
addition-fragmentation chain transfer (RAFT) polymerization and click chemistry
[135, 136]. De et al. reported block copolymers of NIPAAm and DMAAm by RAFT
polymerization [137]. A biological ligand, folic acid, was then clicked on the
copolymer chain ends. Pan ef al. synthesized miktoarm star-shaped PNIPAAm-DNA
by click chemistry [138]. The modification of PNIPAAm based polymers with target

ligand and DNA could provide active targeting properties for anticancer applications.

1.3.2.2 PLA/PNIPAAm copolymers

PNIPAAm based polymers could be used for controlled delivery of anticancer drugs
or DNA [139-146]. However, these polymers are hydrophilic and non degradable,
which limits their potential applications as drug carrier. Block copolymers based on
PNIPAAm and PLA combine both the thermo-sensitivity and hydrophilicity of
PNIPAAm and the degradability and hydrophobicity of PLA [147-149]. Increasing
the temperature above the LCST could result in collapse of micelles and burst-like
release of encapsulated drug. Thus, targeted drug delivery could be achieved by using

thermo-sensitive and partially degradable micelles prepared from PLA/PNIPAAm

copolymers.
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Scheme 1.6 Synthesis of PLA-b-PNIPAAm diblock copolymers by free radical
polymerization and ring-opening polymerization.
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In the past decades, most PLA/PNIPAAm block copolymers were prepared by
combination of free radical polymerization and ring-opening polymerization (Scheme
1.6) [146-150]. First, hydroxyl-terminated PNIPAAm-OH was obtained by free
radical polymerization of NIPAAm initiated by benzoyl peroxide (BPO), using
2-hydroxyethanethiol as chain transfer agent. Then, PNIPAAm-OH is used to initiate
lactide polymerization using tin(Il)2-ethylhexanoate (Sn(Oct),) as catalyst. However,
the obtained copolymers have poorly controlled molecular weight with large
dispersity (P>2), which leads to a broad phase transition at the LCST. Moreover, only
PLA-b-PNIPAAm diblock copolymers could be obtained by this method.
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Scheme 1.7 Synthesis of PLA-b-PNIPAAm-b-PLA triblock copolymers by
combination of ROP and RAFT polymerization. From Ref. [198].
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Recently, living polymerization such as RAFT polymerization is also used to prepare
PLA/PNIPAAm diblock or triblock copolymers [151, 152]. Hales et al. reported the
synthsesis of PLA-b-PNIPAAm diblock copolymers by combination of ROP and
RAFT polymerization. Well-defined architectures with narrow dispersities (D < 1.54)
were obtained. [152]. You et al. reported the synthesis of PLA-b-PNIPAAm-b-PLA
triblock copolymers using a similar route [198]. As shown in Scheme 1.7, PLA was
first prepared from ROP of lactide initiated by a RAFT agent with hydroxyl end
groups, using Sn(Oct), as catalyst in toluene at 110 °C. Then RAFT reaction of
NIPAAm was realized in THF at 100 °C using azobisisobutyronitrile (AIBN) as
catalyst. Narrow molecular weight dispersity of 1.2 to 1.3 was obtained.

Unfortunately, no data are available about the LCST of the obtained copolymers.

Thermo-responsive polymeric micelles are supposed to be soluble in blood stream
and become insoluble after accumulation in a tumor with higher temperature due to
fast metabolism [21]. Therefore, this property could be exploited for targeted delivery
of anti-tumor drugs. In order to increase the LCST, another hydrophilic acrylamide
comonomer, DMAAm was introduced in PNIPAAm chains [106, 153-156]. Akimoto
et al. synthesized well-defined P(NIPAAm-co-DMAAm)-b-PLA diblock copolymers
by combination of RAFT polymerization and ROP [157]. The terminal dithiobenzoate
(DTBz) groups were reduced to thiol groups and reacted with maleimide (Mal). In
aqueous medium, the resulting copolymers formed surface-functionalized
thermo-responsive micelles, hydrophobic DTBz-surface micelles demonstrating a
significant lower LCST at 30.7 °C while Mal-surface micelles has a higher LCST at
40.0 °C. Temperature induced intracellular uptake of micelles was also studied by
Akimoto et al. [158, 159]. Improved micelle uptake was observed above the LCST
probably due to the enhanced interactions between the cell membrane and micelles

through dehydration of the micelle corona.
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Thermo-responsive release of doxorubicin from P(NIPAAm-co-DMAAm)-b-PLA has
been investigated by Kohori et al. [160]. No cytotoxicity of micelles was observed at
37 or 42.5 °C. Enhanced interactions between micelles and cells above the LCST
seem to increase the incorporation rate of drug loaded micelles into cells. Liu ef al.
reported in Vitro release of doxorubicin from
poly(N-isopropylacrylamide-co-N, N-dimethylacrylamide)-b-poly(D,L-lactide
-co-glycolide) [P(NIPAAm-co-DMAAm)-b-PLGA] micelles. Confocal laser scanning
microscopy revealed that free drug molecules enter cell nuclei very fast, and that drug
loaded micelles accumulate mostly in cytoplasm after endocytosis. At a temperature
above the LCST, more drug molecules release from the micelles and enter the nuclei
as compared to the case below the LCST. Drug loaded micelles exhibit greater
cytotoxicity at a temperature above the LCST due to the collapse of micelles. Later,
Li et al. reported similar maleimide end-functional P(NIPAAm-co-DMAAm)-b-PLA
and poly(N-isopropylacrylamide-co-N, N-dimethylacrylamide-b-€-caprolactone)
(P(NIPAAm-co-DMAAm)-b-PCL) copolymers with LCST of 39 and 40.5 °C,
respectively [108]. Doxorubicin was also used as model to investigate the drug release
behavior. Comparing with the normal physiological conditions (pH=7.4, 37 °C), drug
release and hydrophobic core degradation were obviously enhanced under simulated
tumor tissue conditions (pH=5.3, T=40 °C). Both flow cytometry and fluorescent
microscopy showed that doxorubicin released from micelles is about 4 times higher
than that by the commercial formulation Taxotere®. In vitro cytotoxicity assay against
N-87 cancer cell and confocal laser scanning microscopy (CLSM) also confirmed
enhanced drug efficiency. However, the drug loading is quite low (<5 %). Besides,
whether the drug release is controlled by thermo-responsive phase transition or
degradation is uncertain. In fact, PLA shows faster degradation at pH=5.3 and 40 °C
than at pH=7.4 and 37 °C.
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1.3.3 Thermo-responsive copolymers from PLA/PEG

analogues

1.3.3.1 PEG analogues

Recently, thermo-responsive polymers containing short oligo(ethylene glycol) side
chains of different chain lengths were proposed as an attractive alternative to
PNIPAAm [161-167]. These PEG analogues exhibit not only the properties such as
hydrophilicity and biocompatibility, but also thermo-sensitivity. They are regarded as
a new generation of “smart” biocompatible materials. Zhou et al. reported microgels
based on oligo(ethylene glycol) methacrylate (OEGMA) for drug delivery
applications. The microgels are nontoxic and released drug molecules remain active to

kill cancer cells [168].
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Figure 1.4 Lower critical solution temperature (LCST) of PEG analogues as a

function of the content of OEGMA units per chain. From ref. [170].

PEG macromonomers, i.e. molecules composed of a polymerizable moiety connected
to a short OEG chain were firstly reported by Neugebauer in 1980s [169]. Novel
macromolecular architectures with PEG side chains were obtained. The significant
advantage of PEG macromomomers is the possibility to access high molecular weight

PEG based copolymers using mild conditions. Random copolymers of
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2-(2-methoxyethoxy) ethyl methacrylate (MEO,MA) and OEGMA (M,=475) exhibit
a LCST value between 26 and 90 °C, which could be precisely adjusted by varying
the comonomer composition (Figure 1.4) [170]. For example, LCST values of either
32.8 °C (comparable to the standard LCST of PNIPAAm), 37.8 °C (body temperature)
or 39-40.8 °C (fever temperatures) were obtained in pure water for copolymers

possessing in average 5, 8, or 10% of OEGMA units, respectively.

The solubility of PEG analogues is dependent on the number of repeat units of PEG
side chains. These non linear PEG analogues could be insoluble in water, or soluble
up to 100 °C. Poly(2-methoxy ethyl) methacrylate (PMEOMA) with only 1 EO unit is
not soluble in water at room temperature. PEG analogues with side chain length
between 2 and 10 exhibit a LCST in aqueous solution. As the length increases,
polymers derived from MEO,;MA, MEOsMA and OEGMA (5 to 9 units) showed a
LCST at 26, 52 and 60-90 °C, respectively [161, 171].
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Scheme 1.8 Phase transition mechanism of PEG analogues in aqueous medium. From
ref. [172].

In fact, similar to PNIPAAm, the phase transition is also related to the balance
between hydrophilic and hydrophobic moieties in the macromolecular structures. As
shown in Scheme 1.8, hydrogen bonding between the ether oxygen of PEG and
surrounding water molecules is the driving force for the solubilization of PEG

analogues at room temperature [172-174]. This solubilizing effect is counterbalanced
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by the hydrophobicity of the apolar polymethacrylate (PMA) backbone.

The phase transition of PEG analogues is nearly reversible, whereas PNIPAAm
exhibits a significant hysteresis (Figure 1.5) [175]. PNIPAAm shows a sharp phase
transition when heated, and a broad hysteresis is observed at the cooling process. In
fact, PNIPAAm chains become dehydrated globules above the LCST, where
intramolecular and intermolecular hydrogen bonding is formed between the amide
groups [176]. During the cooling process, the rehydration of PNIPAAm is hindered by
hydrogen bonding, leading to a broad hysteresis. In the case of PEG analogues,
polymer-polymer interactions in the globules are Van Der Waals forces which are
weaker than hydrogen bonding, thus leading to a reversible phase transition behavior

at the cooling cycle.
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Figure 1.5 Plots of transmittance as a function of temperature of (A)
P(MEO;MA-co-OEGMA) containing 5 mol % of OEGMA, and (B) PNIPAAm in
water at 3 mg mL™" (solid line: heating, dashed line: cooling). From ref. [175].

Lutz et al. investigated the cytotoxicity of non linear PEG analogues in comparison
with a commercial linear PEG (M, = 20, 000) [170]. Figure 1.6 shows the metabolic

cell viability measured for human hepatocellular carcinoma (HepG2) cell lines after
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incubation at 37.8 °C in the presence of PEG and P(MEO,MA-co-OEGMA)
containing 10, 30 and 100 mol % of OEGMA. In all cases, in vitro cell assay
demonstrates excellent cell viability, thus showing that PEG analogues are apparently

not cytotoxic as linear PEG.
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Figure 1.6 Metabolic cell viability measured for human hepatocellular carcinoma
(HepG2) cell lines incubated at 37.8 °C in the presence of PEG and
P(MEO;MA-co-OEGMA )of various compositions. From ref. [170].

Free radical polymerization is the most versatile method for the synthesis of non-liner
PEG analogues [169]. The resulting polymers could be promising for biomedical
applications as they are principally composed of biocompatible OEG segments.
However, the polymers prepared from radical polymerization are characterized by

high dispersity with poorly controlled molecular weight and architecture.

Han et al. reported homopolymers and copolymers of MEO,MA and MEO;MA
synthesized by living anionic polymerization [161]. The obtained polymers have
narrow molecular weight distribution (P<I.1). The LCST tends to decrease with
increasing the M, of polymers. In addition, polymers with higher molecular weights
exhibit sharper phase transition at the LCST, suggesting that longer polymer chains
easily forms the intermolecular and intramolecular aggregation at lower temperature,

which results in faster phase separation.
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PEG analogues have also been synthesized by RAFT polymerization in aqueous
medium [171, 177, 178]. Linear first order kinetics are obtained for both POEGMA
and PIMEO;MA—co-OEGMA) with well-defined chain structures and dispersity
below 1.3. Nitroxide mediated polymerization (NMP) was initially considered to be
unsuitable for polymerization of MEO,MA or OEGMA due to the occurrence of
irreversible termination reactions [179]. Recently, Nicolas et al. developed a very
simple and efficient method to synthesize PEG analogues by NMP using
N-tert-butyl-N-(1-diethylphosphono-2,2-dimethylpropyl) nitroxide (SG1) as transfer
agent in the presence of a small amount of acrylonitrile [180]. The authors also
reported the synthesis of degradable and comb-like PEG-based copolymers by
nitroxide-mediated radical ROP [181]. The limitation of NMP of MEO,MA or
OEGMA has been solved by adding a small amount of an appropriate comonomer
(acrylonitrile, <10 mol%), which leads to a dramatic decrease of the average
activation—deactivation equilibrium rate constant and allows high monomer
conversions to obtain well-defined MEO,MA and OEGMA homopolymers and

copolymers (P<1.4).
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Scheme 1.9 Synthesis of PEG analogues by ATRP of OEGMA and MEO;MA. From
ref. [172].

The ATRP of OEGMA (DPogg=7 or 8) was first reported by Wang et al. in aqueous

medium at room temperature [182, 183]. The resulting polymers have narrow
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molecular weight distribution. Matyjaszewski et al. investigated the successive ATRP
of MEO,;MA and MEO;MA in toluene or anisole solution [184, 185]. Recently, Lutz
et al. obtained well-defined thermo-responsive P(IMEO,MA-co-OEGMA) copolymers
by ATRP in pure ethanol at 60 °C (Scheme 1.9) [170, 186, 187].

PEG analogues could be further modified by “click chemistry” (Scheme 1.10) [188,
189]. Well-defined POEGMA synthesized by ATRP could be post-functionalized via
copper catalyzed 1, 3-dipolar cycloaddition. In fact, the bromine chain-ends of
POEGMA can be transformed into azide groups and subsequently reacts with alkynes.
For example, click chemistry can be used for the reaction of POEGMA with
functional biopolymers such as oligopeptides [190]. In addition, target molecules such

as folic acid could also be clicked on POEGMA using this method [191, 192].
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Scheme 1.10 Strategy for the functionalization of well-defined POEGMA using click
chemistry. From ref. [193].

1.3.3.2 PLA/PEG analogues block copolymer

Although the hydrophilic/hydrophobic balance exists in the case of PEG analogues,
whether the polymers can induce aggregation such as micelles in water still remains
controversial. Ito et al. reported that PEG analogues generally adopt a compact coil
conformation in water. Fluorimetry studies suggest micelle formation of PEG

analogues in water due to weak hydrophobic interactions [193-195].

In the case of P(OEGMA-co-MEO;MA) copolymers, the bimodal Dynamic laser
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scattering (DLS) intensity distribution indicated coexistence of free polymer coils of
3.7 nm and larger aggregates of 150 nm (Figure 1.7). However, the latter are indeed a
negligible minority, i.e. less than 0.01 % of the overall volume distribution (Figure
1.7B). These findings confirm that the conformation of P(OEGMA-co-MEO,MA) is
predominantly random coil in water. Hence, hydrophobic blocks should be introduced

in PEG analogue chains so as to obtain amphiphilic copolymers for applications in the

field of drug delivery.
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Figure 1.7 Intensity size distribution (A) and volume size distribution (B) of
P(MEO,MA-co-OEGMA) determined by DLS at room temperature at 3 mg mL™" in
aqueous solution. From ref. [172].

Saeed prepared PLGA-b-OEGMA copolymers by combining ROP and RAFT
polymerization [196]. The resulting copolymers self-assembled to form micelles able
to encapsulate carboxyfluorescein and fluorescein isothiocyanate as model of
hydrophobic drugs. Selected copolymer micelles were incubated with 3T3 fibroblasts
as a model cell line, and were rapidly taken up as indicated by fluorescence
microscopy assays. Later on, Luzon et al. obtained POEGMA-b-PCL-b-POEGMA
triblock copolymers by ATRP, using o,o-bromopropionyl Br-PCL-Br as

macroinitiator [197]. The CMC and critical micelle temperature (CMT) were
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determined. Self-assembly is temperature and concentration dependent. Decrease of
the CMT is observed as the concentration increases. The same synthetic route was
adopted by Bakkour et al. for the synthesis of POEGMA-b-PLLA-b-POEGMA
triblock copolymers [198]. The self-assembly and drug encapsulation potential of the
copolymers were reported. Most recently, Fenyves et al. synthesized amphiphilic
bottlebrush block copolymers containing PLA and PEG side chains using a
grafting-from method, and studied their self-assembly in aqueous medium [199].
Spherical, cylindrical micelles as well as bilayer structures were observed. However,
the copolymers shown above exhibit very high LCST (>80 °C) and no drug release

was reported.

1.4 Summary and work plan

PLA/PEG amphiphilic copolymer micelles have been widely studied for biomedical
applications due to the passive targeted drug delivery by the EPR effect. However,
these micelles present no active stimuli response to environmental changes. The ideal
intelligent drug carrier should be stimuli responsive to the tumor so as to improve the
drug efficacy. It is well known that fast metabolism of tumor cells after mutation
makes the tumor issue very different from normal tissues with higher temperature
(~42 °C), lower pH (pH~5.3) and anomalistic vessel (intercellular gap junction=
300-700 nm) [15, 200]. Therefore, novel thermo-responsive micelles based on
PNIPAAm or PEG analogues have drawn much attention for active targeted delivery
of anti-tumor drugs. However, only PLA-b-PNIPAAm diblock copolymers were
obtained from combination of ROP and radical polymerization, and few
PLA-b-PNIPAAm-bH-PLA triblock copolymers were prepared from combination of
ROP and RAFT polymerization. Moreover, the LCST of these copolymers could not
be precisely controlled around the body temperature, which limits the potential

applications in targeted drug delivery.
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Herein, in this work, PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymers are first
prepared by combination of ROP and ATRP, using a Br-PLLA-Br macroinitiator.
Then, a comonomer, DMAAm, is introduced to copolymer chains in order to increase
and precisely adjust the LCST of the resulting
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) copolymers. The
physico-chemical properties of the various copolymers and self-assembly behavior
are fully characterized by NMR, SEC, UV, DLS and TEM, etc. An anticancer drug,
curcumin, is used as model drug to monitor the drug encapsulation and release

properties of micelles under physiological conditions.

In the case of thermo-responsive PLA/PEG analogues reported in literature, the LCST
is much higher than the body temperature. Moreover, to the best of our knowledge, no
drug release data are available for these micelles. In this contribution,
P(OEGMA-co-MEO;MA)-b-PLLA-b-P(OEGMA-co-MEO,;MA) triblock copolymers
are prepared by combination of ROP and ATRP, using the same Br-PLLA-Br
macroinitiator. The self-assembly and drug release properties are also investigated.
Thus, this work should allow to evaluate the potential of two different

thermo-responsive systems for targeted delivery of anti-tumor drugs.
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Chapter 2 Synthesis and self-assembling of
PNIPAAm-b-PLLA-b-PNIPAAm thermo-responsive
triblock copolymers prepared by combination of ROP and
ATRP

Abstract: In this work, novel thermo-responsive
poly(N-isopropylacrylamide)-block-poly(L-lactide)-block-poly(N-isopropylacylamide)
(PNIPAAm-h-PLLA-b-PNIPAAm) triblock copolymers were successfully prepared
by ATRP of NIPAAm with Br-PLLA-Br macroinitiator, using a
CuCl/tris(2-dimethylaminoethyl) amine (MesTREN) complex as catalyst at 25 °C in a
DMF/water mixture for 30 mins. The molecular weight of the copolymers ranges
from 18, 000 to 38, 000 g mol™, and the dispersity from 1.10 to 1.28. Micelles are
formed by self-assembly of copolymers in aqueous medium at room temperature, as
evidenced by 'H NMR, DLS and TEM. Core-shell structure micellization of the
triblock copolymers was confirmed by 'H NMR spectra in two selective solvent
environments (CDCl; and D,0O). The critical micelle concentration determined by
fluorescence spectroscopy is in the range of 0.0077-0.016 mg mL™". The copolymer
micelles exhibit a LCST between 32.1 and 32.8 °C. The micelles are spherical in
shape with a mean diameter between 31 and 83 nm, as determined by TEM and DLS.
When the temperature is raised above the LCST, micelle size increases at high
copolymer concentrations due to aggregation. In contrast, at low copolymer
concentrations, decrease of micelle size is observed due to collapse of PNIPAAm

chains.

Keywords: poly(N-isopropylacrylamide); poly(L-lactide); ring-opening
polymerization; atom transfer radical polymerization; self-assembly; micelle;

thermo-responsive.
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2.1 Introduction

In the past decade, self-assembling micelles prepared from amphiphilic block
copolymers have been widely investigated for their potential applications in the
pharmaceutical field as drug carrier [1-4]. These polymeric micelles present a
core-shell structure: an inner core able to encapsulate hydrophobic drugs with
improved solubility, and a hydrophilic shell that stabilizes the micelles in aqueous
solution and inhibits aggregation. Furthermore, they possess a nano-scale size range
(i.e. <200 nm) with a narrow distribution, and can achieve higher accumulation at the
target site through an enhanced permeability and retention effect (EPR effect). Other
advantages of micelles include reduced side effects of anticancer drugs, targeted drug
delivery, and prolonged blood circulation time, which make them promising as carrier

of hydrophobic drugs.

Among the various micellar systems, ‘“smart” micelles derived from
stimuli-responsive polymers have drawn great attention in the past years [5, 6].
Thermo-responsive polymers, in particular poly(N-isopropylacrylamide) (PNIPAAm),
are probably the most promising stimuli-responsive polymers. PNIPAAm shows a
lower critical solution temperature (LCST) of about 32 °C, which is relatively
insensitive to slight variation of environmental conditions [7]. Below the LCST,
thermo-sensitive polymers exhibit a random coil structure whereas above the LCST, a
collapsed globular structure is obtained. With the development of living
polymerization during the last decade, novel thermo-sensitive amphiphilic block
copolymer micelles involving PNIPAAm, such as
poly(N-isopropylacrylamide)-b-polystylene (PNIPAAmM-b-PS),
poly(N-isopropylacrylamide)-b-poly(methyl methylacrylate) (PNIPAAm-b-PMMA)
and poly(N-isopropylacrylamide)-b-poly(tert-butyl acrylate) PNIPAAm-b-PtBA, have
been prepared [8-11]. Nevertheless, these polymers are nondegradable, which limits

their potential applications as drug carrier.
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In this context, the use of polylactide (PLA) appears very interesting for biomedical
and pharmaceutical applications such as controlled drug release systems, medical
implants and scaffolds in tissue engineering [12-15]. Copolymerization of NIPAAm
with lactide allows combining the thermo-sensitivity of PNIPAAm and the
degradability of PLA [16-19]. To date, few examples of block copolymers based on
PNIPAAm and PLA described in the literature are obtained by ring-opening
polymerization (ROP) of lactide initiated by hydroxyl-terminated PNIPAAm
precursor [16-20]. The precursor is first obtained by free radical polymerization
initiated by benzoyl peroxide (BPO), using 2-hydroxyethanethiol as chain transfer
agent. The ROP of lactide is then carried out with tin (II) 2-ethylhexanoate (Sn(Oct),)
as catalyst. The resulting copolymers exhibit poorly controlled molecular weights and
large dispersity (P=M,/M,) [16-20]. Besides, only PNIPAAm-b-PLA diblock

copolymers were obtained using this approach.

To improve the control, living/controlled polymerization, especially reversible
addition-fragmentation chain transfer (RAFT), was also used to synthesize
PNIPAAm/PLA diblock or triblock as such technique allows to obtain copolymers
with well controlled molecular weight and narrow dispersity [21, 22]. Hales et al.
synthesized PNIPAAm-b-PLA diblock copolymers by combination of RAFT and
ROP [23]. Shell cross-linked vesicles with sizes above 230nm were prepared from
the copolymers. You et al. reported the synthesis of a PLA-b-PNIPAAm-b-PLA
triblock copolymer via the same route [24]. However, only the LCST of the
copolymer was determined. Most recently, Akimoto et al. reported
P(NIPAAm-co-DMAAm)-b-PLA diblock micelles prepared by combination of
RAFT and ROP [25-27]. The thermo-responsive micelles showed time-dependent

intracellular uptake above LCST without exhibiting cytotoxicity.

In this contribution, we report for the first time, to the best of our knowledge, the

synthesis of self-assembly of novel PNIPAAm-b-PLLA-b-PNIPAAm ABA triblock
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copolymers prepared by combination of  ROP and ATRP.
PNIPAAmM-b-PLLA-b-PNIPAAm was prepared by a controlled ATRP process using a
poly(L-lactide) as macroinitiator, allowing an excellent control over the molecular
weight under mild condition reactions. The kinetics of the polymerization and the

self-assembly behavior of the resulting copolymers were investigated.

2.2 Experimental Section

2.2.1 Materials

L-lactide was purchased from PuracBiochem (Goerinchem, The Netherlands).
N-isopropylacrylamide =~ (NIPAAm), stannous  2-ethylhexanoate  (Sn(Oct),,
1,4-benzenedimethanol, 2-bromopropionyl bromide, triethylamine,
tris(2-dimethylaminoethyl)amine =~ (MesTREN), copper (I) chloride (CuCl),
N,N-dimethy formamide (DMF), diethyl ether and methanol were obtained from
Sigma-Aldrich (St-Quentin Fallavier, France), and were used without further
purification. Dichloromethane and toluene were supplied by Sigma-Aldrich, and were
dried over calcium hydride (CaH;) for 24 hours at room temperature and distilled
under reduced pressure. Ultrapure water with a conductivity of 18 MQ was produced

using a Millpore Mill-Q water system.
2.2.2 Characterization

Proton Nuclear Magnetic Resonance (‘H NMR) 'H NMR spectra were recorded on
a Bruker spectrometer (AMX300) at 300 MHz Chemical shifts were referenced to the

peak of residual non-deuterated solvents.

Size Exclusion Chromatography Size exclusion chromatography (SEC) was
performed on a Varian 390-LC equipped with a refractive index detector and two

ResiPore columns (300x7.5 mm). Measurements were performed at 60 °C at a flow
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rate of 1 mL min”, The eluent was DMF (0.1 w% LiBr). Calibration was realized

with PMMA standards.

Fluorescence Spectroscopy The CMC of the copolymers was determined by
fluorescence spectroscopy using pyrene as a hydrophobic fluorescent probe.
Measurements were carried outon an RF 5302 Shimadzu spectrofluorometer (Japan)
equipped with a Xenon light source (UXL-150S, Ushio, Japan). Briefly, an aliquot of
pyrene solution (6x10°M in acetone, 1 mL) was added to different vials, and the
solvent was evaporated. Then, 10 mL of aqueous solutions of different concentrations
were added to the vials. The final concentration of pyrene in each vial was 6x107 M.
After equilibrating at room temperature overnight, the fluorescence excitation spectra
of the solutions were recorded from 300 to 360 nm at an emission wavelength of 394
nm. The emission and excitation slit widths were 3 nm and 5 nm, respectively. The
excitation fluorescence values /337 and /333, respectively at 337 and 333 nm, were used

for subsequent calculations.

Cloud Point The thermo-sensitivity of the copolymers was estimated from
transmittance changes with temperature. The measurements were carried out on
copolymer solutions at 3.0 mg mL™" at a wavelength of 500 nm, using a Perkin Elmer
Lambda 35 UV-Visible spectrometer equipped with a Peltier temperature programmer

PTP-1+1. The temperature ramp was 0.1 °C min.

Dynamic Light Scattering Dynamic light scattering (DLS) was performed with a
Malvern Instrument Nano-ZS equipped with a He-Ne laser (A = 632.8 nm). Polymer
solutions at 1.0 mg mL™" were filtered through a 0.45 pm PTFE microfilter before
measurements. The correlation function was analyzed via the general purpose method
(NNLS) to obtain the distribution of diffusion coefficients (D) of the solutes. The
apparent equivalent hydrodynamic radius (Ry) was determined from the cumulant

method using the Stokes-Einstein equation:
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Where kg is Boltzmann constant, 7" is the temperature, 7/ is the relaxation frequency,

q is the wave vector, 77 is the viscosity of the medium, and Dy is the translational

diffusion coefficient at finite dilution. Mean radius values were obtained from
triplicate runs. Standard deviations were evaluated from hydrodynamic radius

distribution.

Transmission Electron Microscopy Transmission electron microscopy (TEM)
experiments were realized on a JEOL 1200 EXII instrument operating at an
acceleration voltage 120 kV. TEM samples were prepared by dropping a polymer

solution at 1.0 mg mL™" onto a carbon-coated copper grid, followed by air drying.

2.2.3 Synthesis of HO-PLLA-OH (Run 1, Table 2.1)

The ring-opening polymerization (ROP) of L-lactide was performed in solution using
standard Schlenk technique under argon atmosphere. A total of 10 g of L-lactide (69.4
mmol), 281 mg of Sn(Oct), (69.4><10'2 mmol), 480 mg of 1,4-benzenedimethanol
(3.47 mmol), and 20 mL of anhydrous toluene were placed in an oven dried Schlenk
tube fitted with a rubber septum. The solution was further degassed by five
freeze-pump-thaw cycles, and polymerization proceeded under stirring at 80 °C for 4
hours. After cooling down to room temperature, the mixture was poured in cold
diethyl ether. The precipitated polymer was collected by filtration and drying in vacuo.
Yield (%) =92 %.

"H NMR (300 MHz, CDCl5) [Figure 1A]: & (ppm) = 7.30 (s, 4Hyp,); 5.11 (m, 1H,);

4.33 (m,1H,); 1.52 (d, 3Hy); 1.44(d, 3Hy)
M, nur= 3000 g mol™, M, szc=4300 g mol™; D =1.03
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2.2.4 Synthesis of Br-PLLA-Br

In a dried round bottom flask equipped with a drying tube filled with CaCl,, 2 g
(0.667 mmol) of HO-PLLA-OH was dissolved in 20 mL of dried dichloromethane
with stirring (Run 2, Table 2.1). Then, 0.298 mL (2 mmol) of triethylamine and 0.209
mL (2 mmol) of 2-bromopropionylbromide were added dropwise to the solution in an
ice bath. The reaction mixture was then stirred for 72 hours at room temperature. The
precipitated by-product (i.e. EtsN-HBr) was removed by filtration. The filtrate was
washed using 5 % sodium bicarbonate (3 x 30 mL) and then water (3 x30 mL). The
organic phase was dried over anhydrous MgSO, and filtered. The filtrate was poured
in cold methanol. The precipitated polymer was collected by filtration and drying in
vacuo.

'H NMR (300 MHz, CDCl3) [Figure 1B] & (ppm) = 7.29 (S, 4Hy,), 5.11 (m, 1H,),
4.33 (m, 1H+1H,), 1.8 (d, 3Hy¢), 1.52 (d, 3Hy).

M, xur= 3300 g mol”, M, szc=4700 g mol”, P=1.04

2.2.5 Synthesis of PNIPAAm-b-PLLA-b-PNIPAAm

Triblock copolymers were prepared using a standard Schlenk technique (Run TI,
Table 2.1). Typically, 100 mg (0.0304 mmol) of Br-PLA-Br, 344 mg (3.04 mmol) of
NIPAAm and 6.0 mg (0.0608 mmol) of CuCl were dissoloved in 1.5 mL DMF, then
0.3 mL of H,O were introduced into a Schlenk tube. After five freeze-pump-thaw
cycles, 16.3 puL (0.0608 mmol) of Mes TREN was added under argon atmosphere. The
reaction was then allowed to proceed under stirring at 25 °C for 30 minutes. During
the reaction, samples were taken from the solution at preset time intervals for NMR
and SEC analyses. After quenching with liquid N,, the viscous solution was
precipitated by addition of diethylether. The crude product was dissolved in 10 mL
CH,Cl,. The catalyst was removed by passing the dilute solution through an

aluminum oxide column. The resulting colorless solution was then concentrated,
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followed by precipitation in cold diethylether. The final product was dried under
vacuum at room temperature for 24 h.

'H NMR (300 MHz, CDCl3) & (ppm) = 7.29(S, 4Hy,), 5.11 (m, 1H,), 3.94 (m,1H,),
2.07 (t, 1Hy), 1.76 (m, 2H,), 1.52 (d, 3H), 1.09 (d, 6HY).

M, nur= 14000 g mol™, M,, sz = 18000 g mol™, B=1.08

2.3 Results and discussion

2.3.1 Synthesis of PNIPAAm-b-PLLA-b-PNIPAAm

Amphiphilic and thermo-responsive triblock copolymers, namely
PNIPAAm-b-PLLA-b-PNIPAAm, were prepared in three steps according to the
following reaction sequence: (i) synthesis of o, ®-telechelic HO-PLLA-OH by ROP
of L-lactide, (ii) modification of HO-PLLA-OH using 2-bromopropionyl bromide to
obtain di-2-bromopropionyl-terminated Br-PLLA-Br macroinitiator, and (ii1) ATRP
of NIPAAmM from the Br-PLLA-Br macroinitiator yielding
PNIPAAmM-b-PLLA-b-PNIPAAm triblock copolymers.

The synthesis of Br-PLLA-Br macroinitiator was performed according to a procedure
previously reported [28]. In the first step, PLLA bearing two hydroxyl end groups
(HO-PLLA-OH) was obtained by ROP of L-lactide using Sn(Oct), as catalyst and
1,4-dimethanol benzene as initiator. The molecular weight determined by '"H NMR
(M, xae= 3000 g mol™) (Figure 2.1A) is close to the targeted value (2900 g mol™),
while the M, determined by SEC (M, sec= 4400 g mol'l) with PS standards is higher.
The polymer exhibits a very low dispersity (D= 1.03), in agreement with a good

control of the reaction.
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Figure 2.1 'H NMR spectra of HO-PLLA-OH (A), Br-PLLA-Br (B) and
PNIPAAm-b-PLA-b-PNIPAAm (C) in CDCls.

In the second step, HO-PLLA-OH reacted with 2-bromopropionyl bromide in the
presence of triethylamine, yielding Br-PLLA-Br as ATRP macroinitiator (Scheme
2.1). The attachment of the bromopropionyl group is confirmed by '"H NMR (Figure
2.1B). A doublet appears at 1.8 ppm corresponding to the methyl groups (f) adjacent
to the bromine. The transformation of hydroxyl endgroups into corresponding
2-bromopropionyl moiety is almost quantitative (98 %), as determined by comparing
the peak area of methyl (f) protons of 2-bromopropionyl at 1.8 ppm with that of the
aromatic protons at 7.29 ppm. Br-PLLA-Br shows a slight increase of molecular
weight (M,, yur= 3300 g mol™, M, szc =4700 g mol™) as determined by SEC and 'H
NMR analyses, indicating that no chain cleavage occurred during the esterification
reaction. The dispersity of Br-PLLA-Br remains unchanged (P = 1.04) as compared
to HO-PLLA-OH.
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Scheme 2.1 Synthesis of PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymers via
combination of ring-opening polymerization and atom transfer radical polymerization

Table 2.1 Molecular characteristics of PNIPAAmM-H-PLLA-H-PNIPAAmM triblock
copolymers

Run [NIPAAm]y/ Time Conversion® [NIPAAm]) M,wi" Muspd  B°
[PLLA]o (min) % [LA]? (g mol™) (g mol™)

HO-PLLA-OH - - 92 - 3000 4400 1.03
Br-PLLA-Br - - 98 - 3300 4700 1.04
T1* 100 30 71 2.4 14000 18000 1.08
T2" 200 30 58 4.2 22100 26700 1.10
T3" 300 30 53 5.4 27500 31500 1.13
T4" 300 120 65 6.9 34400 37500 1.28

* determined by 'H NMR,

® determined by SEC in DMF using PMMA standards for calibration

‘ATRP of NIPAAm. Conditions of polymerization: [NIPAAm]y=1.69 M, T=25 °C,
[initiator]/[CuCl]/[MesTREN]=1/2/2, solvent mixture DMF/water=5/1.

Finally, the ATRP of NIPAAm initiated by Br-PLLA-Br macroinitiator was
successfully performed at 25 °C in a DMF/water mixture using CuCl/MesTREN
complex as catalyst system. A series of amphiphilic thermo-responsive

PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymers were obtained by varying the
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ratio of NIPAAm to PLLA from 100 to 300 equivalents and the reaction time from 30
to 120 min (Run T1-T4, Table 2.1). The molecular weight ranges between 14000 and
35000 g mol™ with narrow dispersity (P= 1.08-1.28), indicating good control of the
reaction. The molecular weights determined by 'H NMR well agree with those

obtained by SEC in DMF with PMMA standards.

Loh et al. reported the synthesis of
poly(N-isopropylacrylamide)-b-poly(e-caprolactone)-b-poly(N-isopropylacrylamide)

(PNIPAAm-H-PCL-b-PNIPAAm) in dioxane using CuBr/HMTETA as -catalyst
system [29]. No kinetic study was performed, and the copolymer exhibited large
dispersity  ranging from 14 to 1.7. In the case of our
PNIPAAmM-b-PLLA-b-PNIPAAm, these conditions led to a poor control of the ATRP
polymerization with low kinetics. In this context, ATRP was performed using
experimental conditions similar to those described by Masci ef al., who first reported
controlled polymerization of N-isopropylacrylamide using ATRP in DMF/water (1:1)
with CuCl/MesTREN as catalyst system [30]. More recently, the effect of both solvent
and temperature on the ATRP of NIPAAm was investigated by Ye et al. [31]. Water
was proved to facilitate the reaction in organic-aqueous solvent systems. In this work,
a DMF/water mixture with volume ratio of 5/1 was used as reaction solvent. The
CuCl/MesTREN catalyst system was selected due to its high stability at low

temperature which allows achieving a good control on the polymerization [30, 32].

Figure 2.1C shows a typical NMR spectrum of PNIPAAm-b-PLLA-b-PNIPAAmM
obtained for run T2 (Table 2.1). The signals at 3.94 and 1.09 ppm are assigned to the
protons of PNIPAAm, while those at 5.11 and 1.52 ppm are characteristic of protons
from PLLA. The composition and the molecular weight of copolymers were
calculated from the integrations of the methine groups of PNIPAAm and PLLA at
3.94 and 5.11 ppm, respectively. Figure 2.2 shows the SEC traces of different triblock

copolymers in comparison with Br-PLLA-Br. A shift to higher molecular weight is
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detected for the copolymers, indicating successful initiation of the ATRP of NIPAAm

by the macroinitiator.
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Figure 2.2 SEC chromatograms in DMF of Br-PLLA-Br and copolymers T1, T2, T3
and T4.

1.4
/
—_ [ )
_ A
3
=
=
z
0.0 T T T T T T T T T T T T T
0 2 4 6 8 10 12 14
Time2/3(min)2/3

Figure 2.3 Kinetic plots for the polymerization of N-isopropylacrylamide in a
DMF/water mixture at 25 ©°C using a PLLA macroinitiator: (m)
[NIPAAm]/[Br-PLLA-Br]/[CuCl]/[MesTREN]= 100/1/2/2; (o)
[NIPAAm]/[Br-PLLA-Br]/[CuCl]/[MesTREN]= 200/1/2/2; (A)
[NIPAAm]/[Br-PLLA-Br]/[CuCl]/ [Me6TREN]=300/1/2/2. [NIPAAm], = 1.69 M.
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A kinetic study was carried out in order to examine the livingness of the
polymerization of NIPAAm. Figure 2.3 shows the kinetic plots for the polymerization
of NIPAAm at 25 °C, the ratio of NIPAAm/macroinitiator varying from 100 to 300.
The initial concentration of monomer was kept constant in each experiment by
adjusting the volume of solvent mixture. Samples were withdrawn from the reaction
mixture at 0, 5, 10, 20, 30 and 40 minutes. The plot of In([M]¢/[M] against time*” was
introduced to analyze the kinetics, considering the persistent radical effect in the
absence of conventional initiation [33-38]. The resulting kinetic plots exhibit a linear
relationship during the first 10 minutes for NIPAAm/macroinitiator ratio of 100, and
during the first 30 minutes for NIPAAm/macroinitiator ratios of 200 and 300,
indicating that the concentration of active species remained relatively constant. The
conversion decreases with increasing the ratio of monomer to macroinitator due to
decrease in the polymerization rate. On the other hand, the reaction with 100
equivalents of NIPAAm is faster than that with 200 and 300 equivalents because of

higher initiator concentration.
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Figure 2.4 M, vs conversion plots of the polymerization of N-isopropylacrylamide in
DMF/water mixture solution at 25 °C using Br-PLLA-Br macroinitiator: (m)
[NIPAAm]/[Br-PLLA-Br]/[CuCl] /[MesTREN]= 100/1/2/2; (o)
[NIPAAm]/[Br-PLLA-Br]/[CuCl]/[MesTREN]=  200/1/2/2; (A) [NIPAAm]
/[Br-PLLA-Br]/[CuCl]/[MesTREN]= 300/1/2/2.
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The evolution of M, vs. conversion is shown in Figure 2.4. The molecular weight
linearly increases with conversion, which is indicative of the living character of the
reaction. Evolution of SEC traces for the ATRP of NIPAAM
(NIPAAm/macroinitiator ratio=100) was followed at different reaction time periods
(Figure 2.5). Shift to shorter elution time or higher M, is noticed in all cases.
Therefore, all data suggest a well-controlled ATRP of NIPAAm using a hydrophobic
Br-PLLA-Br as macroinitiator to prepare triblock copolymers based on PLA and
PNIPAAm.
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Figure 2.5 SEC traces for the polymerization of N-isopropylacrylamide in a
DMF/water  mixture at 25 °C using a PLLA  macroinitiator.
[NIPAAm]/[Br-PLLA-Br]/[CuCl]/[MesTREN]= 100/1/2/2.

As shown in Figure 2.6, the influence of temperature on the kinetics was also

investigated. The In([M]o/[M] vs. time*

plots shows a linear increase at 25 °C. On the
contrary, the kinetic plot shows much slower reaction rate at 0 °C because of the

lower reactivity of the catalyst system.
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Figure 2.6 The influence of temperature on the kinetics: (@) 25 °C and (o) 0 °C.
[NIPAAm]/[Br-PLLA-Br]/[CuCl]/[MesTREN]= 200/1/2/2.

2.3.2 Self-assembling of copolymers

Amphiphilic block copolymers are susceptible to self-assemble into various
aggregates in aqueous medium, including spherical micelles, anisotropic micelles,
filomicelles, nanotubes and so forth. Spherical micelles are the most commonly
observed aggregates because of minimum free energy. The hydrophobic parts
segregate in the core, while the hydrophilic blocks constitute the shell which interacts
with the external environment. The aggregation of core-forming blocks can result in
the disappearance of NMR signals [20, 23, 39]. Thus, '"H NMR analysis in selective
solvents  provides an insight into the self-assembly process of

PNIPAAm-b-PLA-b-PNIPAAm [23].

Figure 2.7 shows the "H NMR spectra of triblock copolymer T1 in CDCl; and in
deuterated water (D,0). CDCl; is a good solvent for PNIPAAm and PLLA, and
signals of both blocks are observed. The signals at 3.94 and 1.09 ppm are assigned to

the protons of PNIPAAm, while those at 5.11 and 1.52 ppm are characteristic of the
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protons from PLLA. On the other hand, D,O only solubilizes hydrophilic PNIPAAm
segments of the copolymer. As a consequence, only signals corresponding to
PNIPAAm are detected (Figure 2.7B). Signals belonging to PLLA block disappear
due to the limited molecular motion of the moiety in aqueous medium. This finding

confirmed the formation of micelles composed of a hydrophobic PLLA core and a

hydrophilic PNIPAAm shell.
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Figure 2.7 "H NMR spectra of PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymer
T1 in (A) CDCl; and (B) D,O.

[T

The critical micellar concentration (CMC) of PNIPAAm-b-PLLA-b-PNIPAAmM
copolymers was determined by fluorescence spectroscopy using pyrene as the
fluorescent probe [40]. All measurements were performed at room temperature to
ensure the solubilization in water of the PNIPAAm moieties. Figure 2.8 A shows an
overlay of excitation spectra of pyrene (6X107 M) at different copolymer

concentrations. When the copolymer concentration of pyrene containing solutions
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increases above the CMC, significant changes are observed on the excitation spectra

due to the transfer of free pyrene molecules into the hydrophobic micellar core.
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Figure 2.8 Fluorescence excitation spectra (A.,=394 nm) of pyrene (6 X 107 M) in
aqueous solutions of PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymer (T1) (A);
Plots of the intensity ratios ([/337//33; from pyrene excitation spectra) vs. the
concentration of PNIPAAm-b-PLLA-b-PNIPAAm copolymer (T1) in water (B).
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Figure 2.8B shows the plots of the [I3;7/3;; intensity ratio against the copolymer
concentration. The intensity ratio exhibits a substantial increase at a particular
concentration, indicating the incorporation of pyrene into micelles. The CMC of the
different triblock copolymers was obtained from the intersection of the two linear
regression lines of the plot. The values range from 0.0077 to 0.016 mg mL™" (Table
2.2), which are much lower than those of PNIPAAm-b-PLA diblock copolymers
described by Fukashi et al. [16]. Copolymers with longer PNIPAAm block exhibits
higher CMC due to higher hydrophilicity. In all cases, the very low CMC indicates
the strong tendency of triblock copolymers to self-assemble into highly stable

micelles in aqueous medium.

2.3.3 Morphology and size distribution of micelles

The size distribution and the morphology of micelles were investigated by DLS and
TEM, respectively. Figure 2.9A shows the TEM image of the copolymer T4. Most
micelles are spherical in shape with small size (78~120 nm). Few aggregated particles
are also detected. A typical DLS graph of T4 micelles at I mg mL™ is shown in Figure
2.9B. The average diameter is 83 nm with a dispersity index of 0.167. The observed
monomodal size distribution indicates the formation of micelles with relatively
similar sizes. Figure 2.9B also shows the plot of the correlation coefficient versus the
decay time. The observed curve confirms a monomodal size distribution of micelles

[10].

The difference between TEM and DLS data could be attributed to the experimental
conditions. In fact, DLS determines the hydrodynamic diameter of micelles in
aqueous solutions, whereas TEM shows the dehydrated solid state of micelles. Table
2.2 shows the DLS data of all copolymer micelles in water at 25 °C. The average
diameter ranges from 31 to 83 nm with narrow size distribution (P = 0.167-0.220),
which are smaller than that of PNIPAAm-PCL-PNIPAAm triblock polymer micelles
(92-125 nm) reported by Loh et al. [29]. The size of micelles increases with
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increasing ratio of NIPAAm to LA units. Copolymers with longer PNIPAAm blocks
tend to form larger micelle size because hydrophilic PNIPAAm blocks are extended

in water below LCST.

Table 2.2 Characterization of PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymer
micelles.

Run  [NIPAAm][LA] LCST® CMC’ D,  PDIF
(°C) (mgmL")  (nm)

Tl 24 32.1 0.0077 31 0.210

T2 42 323 0.0088 64 0.210

T3 5.4 32.4 0.0098 71 0.118

T4 6.9 32.8 0.0160 83 0.167

a) determined from turbidimetry measurements at 3 mg mL™".
b) determined at 25 °C by fluorescence using pyrene as fluorescent probe.
¢) determined at 25 °C by dynamic light scattering at 1 mg mL™
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Figure 2.9 TEM (A) and DLS (B) results of self-assembling micelles of copolymer
T4 at 1.0 mg mL™".

66



2.3.4 Thermo-responsive behavior of micelles

PNIPAAm exhibits a LCST of 32 °C which is relatively insensitive to variation of the
environmental conditions. Thermo-responsive polymers become insoluble when the
temperature increases above the LCST due to coil to globule transition. This phase
transition can be evidenced by light transmission measurements of a micelle solution

as a function of temperature.

100

Transmittance (%)

15 20 25 30 35 40 45
Temperature (°C)

Figure 2.10 Plot of transmittance changes as a function of temperature for aqueous
solution (3.0 mg mL™) of triblock copolymer T2.

Figure 2.10 shows a typical phase transition of copolymer T2 at 3.0 mg mL™". A sharp
light transmittance decrease from 100 to 0 % is observed at 32.3 °C, which indicates
phase transition from a transparent solution to a precipitated suspension. Varying the
[NIPAAm]/[LLA] ratio from 2.4 to 6.9, the LCST only slightly increases from 32.1 to
32.8 °C (Table 2.2). Copolymer T1 exhibits the lowest LCST (32.1 °C) because of the
highest hydrophobic PLLA content. In contrast, copolymer T4 with the highest
PNIPAAm content shows the highest LCST at 32.8 °C. However, the LCST variation
is very limited although higher hydrophobic PLLA content favors copolymer

precipitation. Actually, the length of PNIPAAm blocks has no substantial effect on
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the LCST since the hydrogen-bonding between PNIPAAm chains and neighboring

water molecules leads to flat LCST behavior with little block length dependence

[40-42]. Similar findings were previously reported in the literature [24].
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Figure 2.11 Hydrodynamic diameter distributions obtained for micelles of copolymer
T2: (A) at a concentration of 3 mg mL™, and (B) at a concentration of 0.2 mg mL™.
(&) T=20°C, () T=40 °C, (O) T=20 °C
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The thermo-responsive behavior of micelles was illustrated by DLS measurements
(Figure 2.11). In the case of high copolymer concentration (3.0 mg mL™), the size of
the micelles increases from 100 nm to 654 nm when the temperature is raised from 20
to 40 °C (Figure 2.11A). On the contrary, in the case of low concentrations (0.2 mg
mL™), the micelles exhibit a totally different thermo-responsive behavior. The
diameter of micelles decreases from 82 nm at 20 °C to 63 nm at 40 °C (Figure 2.11B).
In both cases, the initial micelle sizes are recovered after cooling the solution down to

room temperature.

High concentration

Scheme 2.2 Illustration of the temperature responsive behavior of micelles with
varying temperatures across the LCST at low or high concentrations

These  findings could be explained as  follows (Scheme 2.2).
PNIPAAm-b-PLLA-b-PNIPAAm copolymers form micelles in water at 25 °C with a
hydrophobic PLA core and a hydrophilic PNIPAAm corona. As the temperature
increases, PNIPAAm chains become hydrophobic and eventually collapse. Micelles
aggregate to form larger particles with increased hydrophobicity of PNIPAAm [6, 7].

On the other hand, at low concentrations, PNIPAAm chains at the outer shell collapse
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above the LCST, leading to decrease of micelle size. Micelles are well separated from

each other and can hardly aggregate.

Triblock copolymer micelles composed of degradable PLLA core and
thermo-responsive PNIPAAm corona exhibit nano-scale sizes and very low CMC
values. Once loaded with a hydrophobic drug, the micelles could be -easily
administered by intravenous injection. With degradation of PLA, the drug would be
gradually released and the micelles would dissociate into PNIPAAm chains. It is
noteworthy that PNIPAAm with molecular weight below 50000 g mol™ exhibits no
toxicity during long-term circulation and can be excreted by glomerular filtration [16,
43, 44]. Therefore, amphiphilic PNIPAAm-b-PLLA-b-PNIPAAm triblock

copolymers appear very promising as carrier of hydrophobic drugs.

2.4 Conclusion

In this work, a series of  novel well-defined amphiphilic
PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymers were successfully synthesized
by combining ROP and ATRP under mild conditions. The resulting copolymers
present well controlled molecular weight and narrow dispersity, and are susceptible to
self-assemble into spherical micelles in aqueous medium. The CMC of the
copolymers ranges from 0.0077 to 0.016 mg mL™". The very low CMC values
demonstrate the strong tendency of copolymers toward formation of micelles. The
LCST of the copolymer is in the range of 32.1-32.8 °C. Both the CMC and LCST
increase with increasing PNIPAAm block length. The size of micelles obtained from
DLS ranges from 31 to 83 nm with narrow distributions. The micelles exhibit
different thermo-responsive behaviors at high or low concentrations. At high
concentrations (3.0 mg mL™), aggregation of micelles occurs when the temperature is
raised above the LCST, leading to micelle size increase. In contrast, at low
concentrations (0.2 mg mL™), a decrease of micellesize is detected because of the

collapse of PNIPAAm blocks above the LCST.
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Therefore, PNIPAAm-b-PLLA-H-PNIPAAm triblock copolymer micelles appear very
promising for application as drug carrier. Future work is underway to prepare
PNIPAAm/PLLA-based triblock copolymers with LSCT above the physiological
temperature (37 °C) by addition of a third comonomer, using similar ROP and ATRP

methods.
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Chapter 3 Tunable thermo-responsive
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAA

m) triblock copolymer micelles as drug carrier

Abstract: Thermo-responsive triblock copolymers were synthesized by atom

transfer radical polymerization of N-isopropylacrylamide (NIPAAm) and
N,N-dimethylacrylamide (DMAAmM) using o, ®-bromopropionyl poly(L-lactide) as
macroinitiator and a CuCl/tris(2-dimethylaminoethyl) amine (MecTREN) complex as
catalyst. The polymerization was realized at 25 °C in a DMF/water mixture. DMAAm
was incorporated in the copolymer as a hydrophilic comonomer in order to tune the
lower critical solution temperature (LCST). The LCST increases linearly from 32.2 °C
to 39.1 °C with increasing the DMAAm content from 0 to 24 %. The phase transition
of polymeric micelles at the LCST occurs in a narrow temperature interval below 0.5
°C. Reversible size changes are observed when the temperature increases from 25 °C
to 45 °C and then decreases down to 25 °C. Nano-size micelles (37 to 54 nm) with
narrow distribution were obtained by self-assembly of amphiphilic copolymers in
aqueous medium. The critical micelle concentration (CMC) ranges from 0.010 to
0.015 mg mL™. In vitro drug release studies show a much faster release at
temperatures above the LCST. MTT assay was conducted to evaluate the cytotoxicity
of copolymers. The nano-scale size, low CMC, rapid phase transition, LCST slightly
above the body temperature and thermo-responsive drug release indicate that these
copolymers could be potential candidates for applications in targeted delivery of

drugs.

Keywords: thermo-responsive copolymer; poly(N-isopropylacrylamide);

poly(L-lactide)
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3.1 Introduction

Recently, “smart micelles” derived from stimuli-responsive polymers have drawn
great attention as drug delivery systems (DDS) [1-3]. Among them, thermo-sensitive
copolymers based on poly(N-isopropylacrylamide) (PNIPAAm) have been widely
investigated, notably to build polymeric micelles for controlled delivery of anticancer
drugs or DNA [4-10]. PNIPAAm could be considered as the “gold standard”
thermo-responsive polymer with a lower critical solution temperature (LCST) around
32 °C, which is induced by a reversible hydration-dehydration transition [11, 12].
Variation of pH, concentration, chemical structure or biological environment only
slightly affects the LCST. However, these copolymers are not degradable, which

limits their potential applications as drug carrier.

As a biodegradable polymer, polylactide (PLA) has been extensively investigated for
biomedical and pharmaceutical applications such as controlled drug release systems,
medical implants and scaffolds in tissue engineering [13-16]. Block copolymers based
on PNIPAAm and PLA combine both the thermo-sensitivity of PNIPAAm and the
degradability of PLA [17-22]. Increasing the temperature above the LCST results in
collapse of micelles and burst-like release of encapsulated drug [21]. Thus temporal
drug delivery could be achieved by using thermo-sensitive and degradable polymeric

micelles based on PLA and PNIPAAm.

The PNIPAAm moiety is supposed to be soluble in the blood stream, and becomes
insoluble after accumulation in a locally heated tumor tissue. This property could be
exploited for targeted delivery of drugs [23-26]. Therefore, polymeric micelles should
be designed so as to exhibit a LCST slightly above the body temperature. Introduction
of hydrophilic acrylamide comonomers such as dimethyl acrylamide (DMAAm) in
PNIPAAm chains has been used to increase the LCST of the resulting copolymers.
Most of the P(NIPAAm-co-DMAAm)-b-PLA diblock copolymers described in the

literature were synthesized by combination of free radical polymerization and
76



ring-opening polymerization (ROP) [27-33]. The resulting copolymers exhibit poor
compositions and large molecular weight distributions (dispersity £>2), which led to
a broad phase transition at the LCST. Later on, Akimoto et al. synthesized
well-defined P(NIPAAm-co-DMAAm)-b-PLA diblock copolymers by combination of
reversible addition-fragmentation chain transfer polymerization (RAFT) and ROP
[34-37]. The terminal dithiobenzoate (DTBz) groups were reduced to thiolgroups and
reacted with maleimide (Mal). In aqueous media, the resulting copolymers formed
surface-functionalized thermo-responsive micelles, hydrophobic DTBz-surface
micelles demonstrating a significant lower LCST (30.7 °C) than Mal-surface micelles
(40.0 °C). The LCST of micelle mixtures can be varied by changing the ratio of
DTBz/Mal end-functional diblock copolymers [34]. The authors also studied
thermally controlled intracellular uptake of copolymer micelle [35, 36]. Li et al
reported similar maleimide end-functional P(NIPAAm-co-DMAAm)-b-PLA and
P(NIPAAm-co-DMAAm)-b-PCL copolymers with LCST of 39 °C and 40.5 °C,
respectively [37]. Both the adriamycin release and the intracellular uptake were
enhanced at 40 ° C as compared to 37 °C. However, precise tuning of the LCST could
not be achieved by modification of end groups or mixing two copolymers with

different end groups.

In the previous chapter, we reported the synthesis of thermo-sensitive
PNIPAAm-b-PLA-b-PNIPAAm triblock copolymers by atom transfer radical
polymerization (ATRP) using o, ®-bromopropionyl poly(L-lactide) (PLLA) as
macroinitiator [38]. Excellent control over the molecular weights was achieved under
mild conditions. The kinetics of polymerization and the self-assembly behavior of the
resulting copolymers were investigated. However, the LCST of the copolymers ranges

from 32.1 to 32.8 °C, i.e. much lower than the body temperature.

In this chapter, thermo-responsive and biodegradable

P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymers
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were prepared via combination of ROP and ATRP. A DMAAmM comonomer was
introduced in order to tune the LCST slightly above body temperature for targeted
drug delivery. The resulting copolymers were fully characterized by '"H NMR, SEC
and DOSY NMR. The physico-chemical properties of copolymer micelles were
investigated in aqueous media. MTT assay was carried out to evaluate the cytotoxity
of copolymers. The drug release behavior of micelles containing an antimicrobial

agent, Amphotericin B, was investigated below and above the LCST.

3.2 Experimental Methods

3.2.1 Materials

L-lactide was purchased from Purac Biochem (Goerinchem, The Netherlands).
Stannous 2-ethylhexanoate (Sn(Oct),), 1,4-benzene dimethanol, 2-bromopropionyl
bromide, tris(2-dimethyl aminoethyl) amine (MesTREN), copper (I) chloride (CuCl),
N, N-dimethyl formamide (DMF) and Amphotericin B were obtained from
Sigma-Aldrich (St-Quentin Fallavier, France), and were used without further
purification. Dichloromethane and toluene from Sigma-Aldrich were dried over
calcium hydride for 24 h at room temperature and distilled under reduced pressure.
NIPAAm and DMAAm were obtained from Sigma-Aldrich and purified through a
basic aluminum oxide column. Triethylamine (Sigma-Aldrich) was dried over
potassium hydroxyde for 24 h at room temperature and distilled. Ultrapure water with

a conductivity of 18 MQ was produced using a Millipore Milli-Q water system.

o, w-bromopropionyl PLLA (Br-PLLA-Br) was prepared as previously reported [38].
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3.2.2 Typical synthesis of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) (Run

T4, Table 3.2)

Triblock copolymers were prepared using standard Schlenk technique. Typically, 100
mg Br-PLLA-Br (30.4x10” mmol, M, yyz=3300 g mol"), 572 mg NIPAAm (5.06 m
mol), 1.07 mL DMAAm (1.03 mmol) and 6.0 mg CuCl (60.8x10” mmol) were
dissolved in 3 mL DMF in a Schlenk tube. 0.6 mL H,O was then added. After five
freeze-pump-thaw cycles, 16 UL Me,TREN (60.8x10~ mmol) was added under argon
atmosphere. The mixture was stirred at 25 °C for 1 h. The reaction was stopped by
precipitation in diethyl ether, and the crude product was dissolved in 10 mL
chloroform. The diluted polymer solution was allowed to pass through a basic
aluminum oxide column to remove the catalyst complex, concentrated under reduced
pressure, and precipitated again in diethyl ether. The final product was dried under
vacuum at room temperature for 24 h.

'H NMR (300 MHz, CDCls) (Figure 3.1): 8 (ppm) = 7.28 (s, 4Ha.), 5.20 (m, 1H,),
4.00 (m, 1H.), 2.90 (d, 3Hy), 2.09 (t, 1Hg+a’), 1.78 (d, 2Hc+), 1.58 (d, 3Hy), 1.13 (d,
3Hy)

M, nair=20000 g mol™, M,, szc=24000 g mol™, B =1.13.

3.2.3 Drug release studies

Amphotericin B (AmpB, 2.5 or 5 mg) and copolymer T4 (20 mg) were dissolved in 2
mL DMSO. The solution was then dropped into 40 mL ultrapure water. After 30 min
stirring, the solution was introduced into a dialysis tube (molecular weight cut off,

MWCO= 3500) and dialyzed against water for 48 hours. The dialyzed solution was

filtered with 0.45 pum syringe filter to remove excess drug and then lyophilized. Blank

copolymer micelles were prepared using the same procedure without AmpB.
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The drug content and loading efficiency were determined by UV spectroscopy. 5 mg
AmpB encapsulated polymeric micelles were dissolved in DMSO. UV measurements
were realized at 388 nm. The concentration of AmpB was determined using a
calibration curve obtained with a series of standard AmpB solutions in DMSO. The
drug loading content and loading efficiency were calculated using the following

equations:

weight of drug in micelles

Drug loading (wt %) = x100 (1)

weight of drug loaded micelles

Loading efficiency (wt %) = weight of drug in micelles

x100 (2)
weight of feeding drug

Drug release studies were carried out at two different temperatures. Briefly, 5 mg
lyophilized polymeric micelle was reconstituted in 5 mL ultrapure water and then
introduced into a dialysis tube (MWCO: 3500). The dialysis tube was placed in 20
mL ultrapure water in oven at 37 or 38 °C. At preset time interval, the release medium
was recovered for analysis and renewed with fresh ultrapure water. The drug

concentration was determined by UV spectroscopy at 388 nm.

3.2.4 Cytotoxicity

The cytotoxicity of polymers was evaluated by MTT assay. After sterilization by UV
for 5 h, the copolymer T4 was dissolved in dulbecco’s modified eagle’s meduim
(DMEM, Hyclone products) at a concentration of 6 mg mL™". Then the solution was
transferred to 96-well plates (Corning costar, USA), 100 uL per well. The wells were
placed in an incubator (NU-4850, NuAire, USA) at 37 °C under humidified
atmosphere containing 5 % CO; for 24 h. After incubation, the copolymer in the form

of a hydrogel was used as cell culture substrate.

Mouse cardiac myocytes (MCM) and mouse embryonic fibroblasts (MEF) in
logarithmic growth phase were harvested and diluted with DMEM medium (10 % calf

serum, 100 pg mL™ Penicillin, 100 pg mL™' streptomycin) to a concentration of 1x10°
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cells mL™. 100 pL cellular solution was added in hydrogel containing wells which
were then placed in the same incubator at 37 °C under humidified atmosphere
containing 5 % CO,. 100 pL fresh medium was used as the negative control, and 100
uL solution of phenol in water as the positive control. After 2, 3 and 4 days culture, 20
puL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 5 mg
mL" were added. The medium was removed after 6 h incubation, and 150 uL
dimethylsulfoxide (DMSO) was added. After 15 min shaking, the optical density (OD)

was measured by using a microplate reader (EIx800, BioTek, USA) at 490 nm.

The relative growth ratio (RGR) was calculated by using the following equation:
RGR (%) = (ODtest sample/ ODnegative Control)>< 100 (3)
The cytotoxicity is generally noted in 0-5 levels according to the RGR value as shown

in Table 3.1.

Table 3.1 Relationship between the RGR value and cytotoxicity level

RGR (%) >100 75-99 50-74 25-49 1-24 0

Level 0 1 2 3 4 5

The cellular morphology was observed using an Olympus CKX41 inverted
microscope. After 3 days seeding, the test medium was replaced with 150 pL neutral
red staining solution (NR) for 10 min at room temperature. The plates were rinsed 3
times with warm phosphate-buffered saline (PBS), and the morphology of cells

adhered to the hydrogel surface was immediately observed under microscope.

3.2.5 Characterization

Nuclear magnetic resonance (*H NMR) 'H NMR spectra were recorded on a Bruker
spectrometer (AMX300) operating at 300 MHz. Chemical shift was referenced to the

peak of residual non-deuterated solvents.
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Diffusion-ordered NMR spectroscopy (DOSY NMR) DOSY 2D NMR
measurements were performed at 300 K on a BrukerAvance AQS600 NMR
spectrometer operating at 600 MHz and equipped with a Bruker multinuclear
z-gradient inverse probe head capable of producing gradients in the z direction with
strength of 55 G cm™. The DOSY spectra were acquired with the ledbpgp2s pulse
program from Bruker topspin software. All spectra were recorded with 32 K time
domain data points in t, dimension and 32 t; increments. The gradient strength was
logarithmically incremented in 32 steps from 2 % up to 95 % of the maximum
gradient strength. All measurements were performed with a compromise diffusion
delay 4 of 200 ms in order to keep the relaxation contribution to the signal attenuation
constant for all samples. The gradient pulse length 0 was 5 ms in order to ensure full
signal attenuation. The diffusion dimension of the 2D DOSY spectra was processed

by means of the Bruker topspin software (version 2.1).

Size exclusion chromatography (SEC) SEC measurements were performed on a
Varian 390-LC equipped with a refractive index detector and two ResiPore columns
(300%7.5 mm) at 60 °C at a flow rate of 1 mL min”'. The eluent was DMF containing

0.1 wt % LiBr. Calibration was established with PMMA standards.

Fluorescence Spectroscopy The CMC of the copolymers was determined by
fluorescence spectroscopy using pyrene as a hydrophobic fluorescent probe.
Measurements were carried outon an RF 5302 Shimadzu spectrofluorometer (Japan)
equipped with a Xenon light source (UXL-150S, Ushio, Japan). Briefly, an aliquot of
pyrene solution (6x10°M in acetone, 1 mL) was added to different vials, and the
solvent was evaporated. Then, 10 mL aqueous solutions at different concentrations
were added to the vials. The final concentration of pyrene in each vial was 6x107 M.
After equilibrating at room temperature overnight, the fluorescence excitation spectra
of the solutions were recorded from 300 to 360 nm at an emission wavelength of 394

nm. The emission and excitation slit widths were 3 and 5 nm, respectively. The
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excitation fluorescence values /337 and /333, respectively at 337 and 333 nm, were used
for subsequent calculations. The CMC was determined from the intersection of linear

regression lines on the I337/1333 ratio versus polymer concentration plots.

Cloud point The lower critical solution temperature (LCST) was estimated from the
changes in the transmittance through copolymer solutions at a concentration of 3.0 mg
mL™" as a function of temperature. The measurements were carried out at a wavelength
of 500 nm with a Perkin Elmer Lambda 35 UV-Visible spectrometer equipped with a

Peltier temperature programmer PTP-1+1. The temperature ramp was 0.1 °C min™.

Dynamic light scattering (DLS) DLS measurements were carried out with a Malvern
Instrument Nano-ZS equipped with a He-Ne laser (A = 632.8 nm). Polymer solutions
at a concentration of 1.0 mg mL" were filtered through a 0.45 um PTFE microfilter
before measurements. The correlation function was analyzed via the general purpose

method (NNLS) to obtain the distribution of diffusion coefficients (D) of the solutes.
The apparent equivalent hydrodynamic radius ( R, ) was determined from the

cumulant method using the Stokes-Einstein equation:

K,T K,T
= g=—t— (4
6xnl’ 6xnD,

H

Where kz is Boltzmann constant, 7'is the temperature, /7~ is the relaxation frequency,

q is the wave vector, 77 is the viscosity of the medium, and Dy is the translational

diffusion coefficient at finite dilution. Mean radius values were obtained from
triplicate runs. Standard deviations were evaluated from hydrodynamic radius

distribution.

Transmission electron microscopy (TEM) TEM experiments were carried out on a
JEOL 1200 EXII instrument operating at an acceleration voltage 120 kV. The samples
were prepared by dropping a polymer solution at a concentration of 1.0 mg mL™ onto

a carbon coated copper grid, followed by air drying.
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Inductively Coupled plasma-mass spectrometry (ICP-MS) The residual copper
content in the copolymers was quantified using ThemoFinnigan Element XR sector
field ICP-MS previously calibrated using copper solutions in water. Typically, [CPMS
samples were prepared by dissolution of the copolymers in nitric acid. The solution
was then heated to fully decompose the polymer until no precipitate was visible. After
that, the samples were dissolved in 10 mL deionized water before analysis to

determine the copper concentration. Each sample was analyzed four times.

3.3 Results and discussion

3.3.1 Synthesis of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm)

triblock copolymer

Amphiphilic thermo-sensitive triblock copolymers, namely
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm), were synthesized by
ATRP of NIPAAm and DMAAm using Br-PLLA-Br as macroinitiator (Scheme 3.1).

In the first step, ring opening polymerization of L-lactide was carried out using
1,4-benzyl methanol as initiator to yield o,®-hydroxy PLLA (HO-PLLA-OH). The
targeted degree of polymerization (DP) of PLLA was 40 which correspond to a
theoretical M, of 2900 g mol!. The M, of HO-PLLA-OH determined by "H NMR was
3000 g mol™, i.e. very close to the targeted value. Moreover, the polymer exhibited a
very low dispersity (P=1.03), in agreement with a good control of the reaction. In a
second step, HO-PLLA-OH reacted with 2-bromopropionyl bromide in the presence
of triethylamine, yielding o,®-bromopropionyl PLLA (Br-PLLA-Br). The
incorporation of bromopropionyl moiety was evidenced by 'H NMR, and the
anchoring proved to be quantitative. '"H NMR and SEC analyses of Br-PLLA-Br

(M, vur= 3300 g mol™', P= 1.04) showed a slight increase of molecular weight and
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unchanged dispersity compared to the starting HO-PLLA-OH, indicating that no

chain cleavage occurred during the esterification reaction.
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Scheme 3.1 Synthesis of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymers
via combination of ROP and ATRP

Then, o, ®-bromopropionyl PLLA was used as macroinitiator for ATRP
copolymerization of NIPAAm and DMAAm at 25 °C in a DMF/water mixture using
CuCl/MesTREN complex as catalytic system (Scheme 3.1). A series of amphiphilic
triblock copolymerswere prepared by varying the NIPAAm to DMAAm ratio, but
using a constant ratio of monomers to PLLA (200 equivalents) to yield copolymers
with similar molecular weights (Table 3.2). This should allow to elucidate the
influence of NIPAAm to DMAAm ratio on the LCST since the effect of hydrophobic
to hydrophiphilic ratio is discarded. The conversion of NIPAAm was found to be
around 70 %, while the conversion of DMAAm is almost complete. This finding

indicates that DMAAm exhibits higher reactivity than NIPAAm [39, 40].
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Table 3.2 Characteristics of
P(NIPAAm-co-DMA Am)-b-PLLA4-b-P(NIPAAm-co-DMAAm) triblock copolymers

[PLA/NIPAAm  DPio/DPxpasm  [NIPAAM]  Mywwd Mg

C

Run

/DMAAmM® /DPpyasm’ /[/DMAAm]* gmol'  gmol’
T1 1200/0 40/172/0 100/0 22500 27000 1.10
T2 1/182.1/17.9 40/128/17 88.2/11.8 19500 25000 1.13
T3 V/172.6/274 407116725 82.8/17.2 19400 25700 1.15
T4 1/169.5/30.5 40/124/31 80.2/19.8 20000 24000 1.13
T5 1/164.6/35.4 407112/34 76.9/23.1 19000 24000 1.18
T6 1/162.9/37.1 40/116/37 76.0/24.0 20000 23600 1.17

Conditions of ATRP: [M]y=1.69 M, T=25°C, [initiator]/[CuCl]/[MesTREN]=1/2/2, solvent
mixture DMF/water=5/1.
* feed ratio. "calculated from '"H NMR. ‘eetermined by SEC.
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Figure 3.1 'H NMR spectrum of
P(NIPAAm-co-DMAAm)-b-PLLA-b-(PNIPAAm-co-DMAAm) triblock copolymer
in CDC13

The chemical structure of triblock copolymers was characterized by 'H and DOSY
NMR spectroscopy. Figure 3.1 shows the 'H NMR spectrum of a copolymer in CDCl;.
The methyl (H¢, CH3) and methine protons (H,, CH) adjacent to the amine moiety of

the NIPAAm units are observed at 1.1 and 4.0 ppm, respectively. The signal at 2.9
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ppm is assigned to the methyl proton (Hy, CH3) of DMAAm. The signals at 1.5 and
5.1 ppm are characteristic of the methyl (Hp) and methine protons (H,, CH) of PLLA.
The [LA]J/[NIPAAm]/[DMAAmMm] ratio was calculated from the integrations of the
methine protons (-CH(CHj)-) of lactyl units at 5.1 ppm, methine protons
(-NHCH(CHj3);-) of NIPAAm units at 4.0 ppm and methyl protons (-(CHs),) of
DMAAm at 2.9 ppm (equation 5). The DP of NIPAAm and DMAAm units, and the

M, of copolymers were then obtained using following equations:

[LAV[NIPAAm]/[DMAAm] =1, /1. / (1/6) 5)
DPxipaam = DPra / ([LA]/[NIPAAmY]) (6)
DPpaaam = DP1a / ((LAJ/[DMAAm]) %
Moxatk = 72 X DPpa + 113 X DPripaamt 98 X DPpyasm 8)

Where 72, 113 and 98 are the molecular weight of LA, NIPAAm and DMAAm units,

respectively.

The efficiency of polymerization was also evaluated by DOSY NMR, one of the
powerful tools to characterize block copolymers [41]. DOSY NMR is a two
dimensional NMR technique in which the signal decays exponentially due to the
self-diffusion behavior of individual molecules. This leads to two dimensions: the first
dimension (F,) accounts for the conventional chemical shift and the second one (F7)
for self-diffusion coefficients (D). Thus, each component in a mixture can be virtually
separated, based on its own diffusion coefficient on the diffusion dimension. Figure
3.2 shows the DOSY pattern of copolymer T4 in dilute DMSO-ds. The 'H NMR
spectrum exhibits signals corresponding to PLLA (6=5.1 and 1.5 ppm), NIPAAm
(5=3.9 ppm) and DMAAm (6=2.7, 2.8, 2.9 and 3.0 ppm). As shown on the DOSY
pattern, the 'H NMR signals of PLA and P(NIPAAm-co-DMAAm) present the same
diffusion coefficient D=2.291 X 10" m’? in agreement with efficient
copolymerization of NIPAAm and DMAAm on the Br-PLLA-Br macroinitiator. No
free PNIPAAm was observed since the diffusion coefficient of PNIPAAm in dilute
DMSO-ds was found to be D=5.248 X 107" m%s2.
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Figure 3.2 DOSY NMR spectrum of
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Figure 3.3 SEC chromatograms of Br-PLLA-Br macroinitiator and triblock

copolymers (T1 and T4).

Figure 3.3 shows the SEC traces of the copolymers T1 and T4 in comparison with the

Br-PLLA-Br macroinitiator. All the polymers exhibit narrow and unimodal molecular

weight distributions. Furthermore, a shift of the copolymer traces towards higher
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molecular weights is observed as compared to Br-PLLA-Br, indicating successful

synthesis of block copolymers.

Table 3.2 summarizes the characteristics of the various copolymers. The
[NIPAAm]/[DMAAmM] molar ratio varies from 100/0 to 76/24 in the copolymers.
DPyipaam varies from 172 to 112, and DPpygaam varies from 0 to 37. The M, obtained
from SEC ranges from 23600 to 27000 g mol™ with low dispersity (P=1.10-1.18). A
good agreement was observed between the M, yyr and M, sgc values although the

former is slightly lower than the latter.

After polymerization, the catalyst was removed by filtration through a basic alumina
column. The copolymers recovered by precipitation in diethyl ether appeared almost
colorless. ICP-MS measurements showed that the copper content in the copolymers

was between 1 and 3 ppm.

3.3.2 Self-assembling of triblock copolymer micelles in aqueous

medium

The physico-chemical properties of the amphiphilic copolymers in aqueous solution
were determined in order to evaluate their potential as drug carrier. The different
copolymers are water soluble and are able to form micellar aggregates by
self-assembly in water using the direct dissolution method. The critical micelle
concentration (CMC) was determined by fluorescence spectroscopy using pyrene as
hydrophobic probe. Figure 3.4 shows the [I33;/133; ratio changes as a function of
polymer concentration. The intensity ratio exhibits a substantial increase at a
particular concentration, indicating the incorporation of pyrene into micelles. The

CMC was obtained from the intersection of the two linear regression lines of the plots.
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Figure 3.4 Plots of the /33,/153; ratio changes from pyrene excitation spectra versus the
concentration of P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm)
(T4)

Table 33 Properties of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) micelles

Run  DP_/DPypism  [NIPAAmM] LCST®  CMC* Dyt pDI

/DPpyiaam” /[DMAAm]“ °C mg mL" nm

Tl 40/172/0 100/0 323 0.010 40 0.12

T2 40/128/17 88.2/11.8 35.6 - 42 0.17

T3 40/116/25 82.8/17.2 37.1 0.013 42 0.21

T4 40/124/31 80.2/19.8 37.8 0.014 43 0.15

TS 40/112/34 76.9/23.1 38.8 - 55 0.22

T6 40/116/37 76.0:24.0 39.1 0.015 53 0.21

a) Calculated by NMR; b) Determined by UV spectroscopy; c¢) Determined by fluorescence
spectroscopy; d) Determined by DLS.

As shown in Table 3.3, the CMC value of PNIPAAm-b-PLLA-b-PNIPAAm (T1) is
0.010 mg mL™, while those of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) are slightly higher.
The CMC is dependent on different factors such as the composition, the hydrophilic
to hydrophobic ratio, etc. The higher CMC value of
P(NIPAAm-co-DMAAmMm)-b-PLLA-b-P(NIPAAm-co-DMAAm) as compared to
PNIPAAmM-b-PLLA-b-PNIPAAm is attributed to the presence of more hydrophilic
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DMAAmM units. It is also noted that the CMC values of the copolymers are lower that
of the diblock copolymer with NIPAAm/DMAAmM/LA ratio of 54/29/14 (0.022 mg
mL™") reported by Akimoto er al, but higher than those of the copolymers
P(NIPAAmM/DMAAmM);s-PLAs9 and P(NIPAAmM/DMAAm);3-PCL¢ reported by Li
et al. (0.00184 and 0.00398 mg mL", respectively) [34, 37]. These findings can be
assigned to the fact that higher hydrophobic content leads to lower CMC. The very
low CMC values demonstrate the strong tendency of copolymers toward formation of
micelles, which is of major importance for the long circulation of micelles in the

blood stream after injection induced dilution [42, 43].

3.3.3 Morphology and size distribution of micelles

TEM experiments were performed to examine the morphology of the self-assembling
aggregates. As shown in Figure 3.5A, the micelles of copolymer T4 are spherical in
shape with an average diameter of 32 nm. The size distribution of the copolymer
micelles was determined by DLS (Figure 3.5B). The micelles exhibit a unimodal and
narrow size distribution with an average hydrodynamic diameter of 43 nm and a

dispersity of 0.15.

As frequently reported in the literature, the size obtained from DLS is larger than that
from TEM. This difference could be attributed to the experimental conditions. In fact,
DLS determines the hydrodynamic diameter of micelles in aqueous solution, whereas
TEM shows the dehydrated solid state of micelles. Table 3.3 shows the DLS data of
all copolymer micelles in water at 25 °C. The average diameter varies from 40 to 55
nm with narrow size distribution (P = 0.15 to 0.22). The size of copolymer micelles
increases with increasing the content of hydrophilic DMAAm units. The nano-size of
micelles should allow them to escape from the reticuloendothelial system (RES) and
preferentially accumulate in tumor tissues through the enhanced permeability and

retention (EPR) effect [44, 45].
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Figure 3.5 TEM (A) and DLS (B) results of the self-assembling micelles of
copolymerT4 in aqueous medium.

It is noteworthy that the size of copolymer micelles is larger than that of the diblock
copolymer (23 nm) reported by Akimoto et al., but smaller than those of the
copolymers P(NIPAAm/DMAAmM);3-PLAs¢ and P(NIPAAm/DMAAm);;s-PCLg
(170 and 87 nm, respectively) reported by Li et al. [34].

3.3.4 Thermo-responsive behavior of micelles

Our strategy for drug release is to use thermo-sensitive copolymers to target tumor
tissue under hyperthermia. Therefore, the LCST should be slightly higher than the
body temperature. Thermo-responsive polymers become insoluble when the

temperature increases above the LCST due to coil-to-globule transition. This phase
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transition can be evidenced by light transmission measurements

as a function of temperature.
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Figure 3.6 Plots of transmittance as a function of temperature (A) and plot of LCST
values as a function (B) of DMAAm content for copolymer solutions at 3.0 mg mL™".

Figure 3.6 shows the transmission changes of different polymeric micelle solutions at

3.0 mg mL" with increasing temperature. A sharp transmittance decrease is detected

around the LCST. The resulting LCST values are listed in Table 3.3. As expected, the

LCST increases from 32.3 to 39.1 °C with the increase of DMAAmM content in the
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copolymers (Table 3.3). Moreover, a linear relationship is obtained between the LCST

and the molar fraction of DMAAm up to 24 %, as shown in Figure 3.6B.

Therefore, the LCST can be tuned to temperatures inside tumor tissue by simply
increasing the content of DMAAm units in the copolymers. This finding is consistent
with literature data. In fact, Shen et al. reported that the LCST linearly increases with
increasing the content of DMAAm in P(NIPAAm-co-DMAAm) copolymers [46]. The
LCST of P(NIPAAm-co-DMAAm)-b-PLLA diblock copolymers with maleimide
endgroup reported by Akimoto ef al. and Li et al. is about 40 °C despite the different
P(NIPAAm-co-DMAAm) to PLA ratios [34, 37]. In fact, diblock copolymers with
maleimide endgroup lead to surface-functional thermo-responsive micelles, and the
LCST of micelles can be tuned by mixing hydrophobic DTBz-surface micelles and
Mal-surface ones [34]. In our case, the LCST of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymers
can be precisely adjusted to above the body temperature by varying the NIPAAm to

DMA Am ratio, which presents great interest for targeted delivery of anticancer drugs.

Moreover, introduction of DMAAm not only leads to LCST increase of copolymers,
but also leads to an extremely narrow phase transition interval within 0.5 °C. As
shown in Figure 3.6A, the optical transmittance of PNIPAAm-b-PLLA-b-PNIPAAmM
(T1) decreases from 100 % to 0 with increasing temperature between 30.0 to 32.8 °C
(4T=2.8 °C). Similar behavior was reported in literature. Indeed, for
PNIPAAm-b-PLLA diblock copolymer, a broad phase transition interval of AT=5 °C
was observed [17, 18, 22]. In the case of DMAAm containing copolymer T4, the
transmittance decrease from 100 % to O occurs in the temperature range of 37.6 to
38.0 °C, with a phase transition interval A7=0.4 °C. Narrow phase transition intervals
below 0.5 °C were also observed for other DMAAm containing copolymers as shown
in Figure 3.6A. Nakayama et al. reported phase transition intervals above 3 °C for

P(NIPAAm-co-DMAAm)-b-PDLLA copolymers obtained by combination of radical
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polymerization and ROP [32, 33]. On the contrary, Akimoto et al. reported narrow
phase transition intervals within 0.5 °C of such copolymers by combination of RAFT

and ROP, which is consistent with our work [34].

The phase transition of copolymers is illustrated by DLS. Figure 3.7 shows the
reversible changes of the hydrodynamic diameter distribution depending on
temperature. The size of the micelles increases from 35 to 640 nm when the
temperature is raised from 25 to 45 °C. After quickly cooling down to 25 °C, the
micelle size decreases to 38 nm. In fact, P(NIPAAm-co-DMAAm) chains are
extended and coil-like in water under the LCST. When the temperature approaches the
LCST, dehydration of P(NIPAAm-co-DMAAm) occurs, leading to precipitation of

polymers and aggregation.
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Figure 3.7 Reversible changes of the hydrodynamic diameter for T4 micelles at 3 mg
mL™" when the temperature is raised from 25 (OJ) to 45 °C (O), and cooled down to 25
°C(A).

The observed phase transition is due to a coil-to-globule transition governed by
cooperative dehydration of hydrophilic chains. In the case of PNIPAAm, the

hydrogen-bonding site (amide group) is blocked by a bulky hydrophobic group
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(isopropyl group). The hydrophobic effect is very important in the LCST behavior of
polymer solutions. In fact, a “water cage” is formed around the isopropyl and amide
groups in the PNIPAAm blocks. Phase transition occurs upon increasing temperature
due to complex dehydration of PNIPAAm at the LCST, excluding water molecules
from the water cage [47-49].The micelles aggregate into large size particles. When
randomly distributed DMAAm is introduced, the P(NIPAAm-co-DMAAm) chains
become more hydrophilic as compared to PNIPAAm, and the LCST transition shifts
to higher temperature and becomes sharper. Sharp transition makes the micelles more

sensitive to temperature changes and favors quick release of drug above the LCST.

3.3.5 In vitro drug release

When used as drug carrier, polymeric micelles are capable of encapsulating
hydrophobic drugs. Amphotericin B (AmpB), a poorly water-soluble drug for the
treatment of systemic mycosis, was used as a model drug [43, 50, 51]. 2.5 or 5 mg
AmpB was loaded in 20 mg polymeric micelles by dialysis. The drug loading content
and loading efficiency of AmpB into polymeric micelles are given in Table 3.4. When
the initial drug amount increases from 2.5 to 5 mg, drug content increases from 8.2 to
11.8 %, but the loading efficiency decreases from 83 % to 59 %, which is consistent

with literature [50].

Table 3.4 Drug loading and loading efficiency of Amp B in polymeric micelles

Sample Polymer LCST Drug/polymer Drug loading Loading efficiency

89 (mg/mg) (%) (%)
T4 37.8 2.5/20 8.2 83
2 T4 37.8 5/20 11.8 59

As shown in Figure 8A, a linear calibration curve was previously established between
the UV absorbance and curcumin concentration with a correlation coefficient of

0.99986. An initial burst release of the drug absorbed on the surface of micelles is
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observed in all cases. Sample 2 with higher drug content exhibits slower drug release,

which could be attributed to the poor solubility of AmpB (Figure 3.8B).
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Figure 3.8 Drug release profiles of AmpB loaded polymeric micelles (Samples 1 and
2) at 37 and 38 °C in water.

On the other hand, the in vitro drug release from polymer micelles presents a
thermo-sensitive behavior. At temperature below the LCST (37 °C), the release of

AmpB is relatively slow. After 3 days, nearly 50 % and 32 % of drug are released for
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sample 1 and sample 2, respectively. In contrast, at 38 °C which is above the LCST,
the release rate is much faster with 90 and 75 % of released drug in both samples.
These preliminary results suggest that drug loaded micelles could be injected to a
human body and achieve quick drug release at the tumor site where the temperature is
higher than the LCST. Thus, the drug release behavior indicates that these copolymers

could be potential candidates for applications in targeted delivery of drugs.

Li et al. comparatively studied the release of adriamycin from maleimide
end-functional P(NIPAAm-co-DMAAm)-b-PLA and
P(NIPAAm-co-DMAAm)-b-PCL copolymer micelles under physiological conditions
(37 °C and pH = 7.3) and in simulated tumor environment (40 °C and pH = 5.3) [37].
The authors observed that only half of entrapped adriamycin was released out within
one week under physiological conditions, while about 90 % adriamycin was released
within 10 h in simulated tumor environment. Nevertheless, faster degradation of
micelles at 40 °C and pH = 5.3 could have contributed to the faster drug release
together with the LCST effect. Nakayama et al. studied the release of doxorubicin
from P(NIPAAm-co-DMAAm)-b-PCL and P(NIPAAm-co-DMAAm)-b-P(LA-co-CL)
copolymer micelles below and above the LCST [32]. No difference was detected in
the case of P(NIPAAm-co-DMAAm)-b-PCL at 42.5 °C and 37 °C. In contrast, the
release of doxorubicin is much faster at 41°C than that at 35 °C in the case of
P(NIPAAm-co-DMAAm)-b-P(LA-co-CL). Again, degradation of micelles plays a key
role in drug release because P(LA-co-CL) degrades much faster than PCL [52]. In our
case, the faster release of AmpB can be assigned to the destabilization of micelles
above the LCST since little difference of degradation could be expected at 38 °C and
37 °C.

3.3.6 Cytocompatibility

In vitro cytotoxicity is generally evaluated by MTT assay for the screening of

biomaterials [53]. MTT assay is based on the reaction between MTT and
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mitochondrial succinate dehydrogenases in living cells to form a purple formazan
which is soluble in DMSO but insoluble in water. The OD value of formazan-DMSO

solution is considered to be proportional to the number of living cells.

1.2

[ A
I LT

o) HEEDMEM
) I Phenol

0.8
o
=
= 0.6
>
S
0.4
0.2
]
0.0 -
2 3 4
Time (day)
0.8
N T4 B
0.74 I DMEM
B Phenol

OD Value

2 3 4
Time (day)
Figure 3.9 Optical density values of MCM (A) and MEF(B) solutions after 2, 3 and 4
days culture in DMEM with copolymer substrate (T4), and controls (DMEM and 5 %

phenol
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The effect of copolymer T4 on the growth of MCM and MEF cells is shown in Figure
3.9, in comparison with controls (DMEM medium and 5 % phenol). The OD values
on polymer substrate are slightly higher than those in the culture solution, and much
higher than those in phenol. The RGR values of copolymer T4 are well above 100 %
during 4 days incubation with MCF and MEF cells, corresponding to a cytotoxicity
level of O (Table 3.5).

Figure 3.10 Microscopic images of cells stained by NR after 3 days culture in
different media: (A) Copolymer T4 substrate without cell; (B) MCM cells on polymer
substrate in DMEM; (C) MEF cells on polymer substrate in DMEM; (D) MEF cells in
5 % phenol medium

Table 3.5 RGR values of copolymers T4 with MCM and MEF cells during 4 days
incubation

Cell RGR (%)

2 days 3 days 4 days
MCM 133.8+1.1 110.8+£3.0 100.2+1.2
MEF 127.3£1.6 114.9+£2.0 101.6£1.0
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Figure 3.10 shows the morphology of cells after 3 days culture. Large number of cells
died in the toxic phenol medium (Figure 3.10D). On the contrary, cell adhesion and
proliferation are observed on the copolymer substrate (Figure 3.10B and Figure
3.10C). Cells exhibit spindle, polygon or oval shapes, and the pseudopodium of cells
stretches out. Therefore, MTT assay and cell morphology observation indicate that
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) copolymers presents

outstanding cytocompatibility and could be used for biomedical applications.

3.4 Conclusion

P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymers
were prepared by ATRP using Br-PLLA-Br as macroinitiator. The resulting
copolymers present well defined molecular weights and narrow dispersities. The
LCST of the copolymers linearly increases from 32.3 to 39.1 °C with increasing the
DMAAmM content. Self-assembling micelles were prepared by dissolving the
copolymers in aqueous medium. The copolymers have very low CMC (10 to 15 ug
mL™") and nano-size (40 to 55 nm). The presence of DMAAmM units in the copolymers
leads to an extremely sharp phase transition, as compared to
PNIPAAm-b-PLLA-b-PNIPAAm copolymers. Moreover, reversible size changes
were observed when the micelle solutions was heated from 25 to 45 °C and then
cooled down to 25 °C. Much faster drug release is detected at temperatures above the
LCST in in vitro studies. The MTT assay and cell morphology observation confirm

the good biocompatibility of these thermo-sensitive copolymers.

Therefore, the small size and low CMC, the LCST slightly above the body
temperature, the rapid phase transition at LCST, the thermo-responsive drug release
behavior above LCST, and the good -cytocompatilibity indicate that
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM)  copolymers  are

promising candidates for applications in targeted delivery of anticancer drugs.
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In this chapter, the preliminary study of drug release has been performed in water.
However, the properties of micelles in physiological conditions (pH=7.4, PBS) should
be investigated to determine the effects of salt and drug loading on the LCST, the size
and morphology of micelles. In the next chapter, an anticancer drug, curcumin, has
been used as drug model for a systemic study on the drug release properties of

P(NIPAAm-co-DMA Am)-b-PLLA-b-P(NIPAAm-co-DMAAmM) copolymers.
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Chapter 4 Thermo-responsive release of curcumin from
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAA

m) triblock copolymers micelles

Abstract Thermo-responsive micelles are prepared by self-assembly of amphiphilic
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymer
using solvent evaporation/film hydration method. The resulting micelles exhibit very
low critical micelle concentration (CMC) which slightly increases from 0.0113 to
0.0144 mg mL™" while the DMAAm content increases from 31.8 to 39.4 % in the
hydrophilic P(NIPAAm-co-DMAAm) blocks. The lower critical solution temperatures
(LCST) of copolymers varies from 44.7 °C to 49.4 °C in water as determined by UV
spectroscopy, and decreases by ca. 3.5 °C in phosphate buffered saline (PBS).
Curcumin was encapsulated in the core of micelles. High drug loading up to 20 % is
obtained with high loading efficiency (>94 %). The LCST of drug loaded micelles
ranges from 37.5 to 38.0 °C with drug loading increasing from 6.0 to 20 %. The
micelles with diameters ranging from 48 to 88 nm remain stable over one month due
to the negative surface charge as determined by zeta potential (-12.4 to -18.7 mV).
Drug release studies were performed under in vitro conditions at 37 °C and 40 °C, i.e.
below and above the LCST, respectively. Initial burst release is observed in all cases,
followed by a slower release. The release rate is higher at 40 °C than that at 37 °C due
to thermo-responsive release across the LCST. Micelles with lower drug loading
exhibit higher release rate than those with higher drug loading, which is assigned to
the solubility effect. Peppas’ theory was applied to describe the release behaviors.
Moreover, the in vitro cytotoxicity of copolymers was evaluated using MTT assay.

The results show that the copolymers present good cytocompatibility.
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4.1 Introduction

Self-assembled micelles from amphiphilic block copolymers have been widely
investigated as nanocarrier for controlled release of drugs [1-4]. Nano-size polymeric
micelles exhibit outstanding properties such as reduced side effects, improved
therapeutic efficacy, selective targeting, stable storage, and prolonged blood
circulation time. Furthermore, polymeric micelles can achieve higher accumulation at

the target site through the enhanced permeability and retention (EPR) effect [5-7].

Curcumin, a natural polyphenol derived from curcuma longa, exhibits a wide
spectrum of pharmacological activities including anti-oxidant, anti-inflammatory,
anti-microbial, anti-amyloid and anti-tumor properties due to its diverse range of
molecular targets [8]. In the past decades, it was regarded as a prominent drug for
treating inflammation, cystic fibrosis, Alzheimer’s and malarial diseases and cancer
[9-12]. However, the therapeutic efficacy of curcumin is limited by its extremely low
solubility (11 ng mL™") in water [13]. Moreover, rapid metabolism and elimination

lead to poor bioactivity of curcumin [14].

Recently, polymer micelles have been used to encapsulate curcumin so as to enhance
the solubility, cellular uptake and anti-tumor bioactivity [15-19]. Micelles prepared
from poly(ethylene  glycol)-b-poly(e-caprolactone) (mPEG-b-PCL)  diblock
copolymers have been largely studied for controlled delivery of curcumin. However,
mPEG-b-PCL micelles with drug loading of 9.9 % were unstable as aggregates were
observed in 72 hours [15]. Song et al. reported the preparation, pharmacokinetics and
distribution of curcumin loaded micelles using
poly(D,L-lactide-co-glycolide)-b-poly(ethylene glycol)-b-poly(D,L-lactide-co
-glycolide) (PLGA-b-PEG-b-PLGA) triblock copolymers [19]. The prolongation of
half-life, enhanced residence time and decreased total clearance indicate that the
micelles could prolong the acting time of curcumin in vivo. Nevertheless, both the

drug loading (6.4 %) and encapsulation efficiency (70 %) need to be improved.
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Polymer-conjugate micelles were prepared to enhance the curcumin loading, but only
7.5 % cumulative drug release were obtained after 60 hours as drug release is

controlled by degradation of micelles [20].

Among the polymeric micelles described in literature, none is sensitive to
environmental changes. It is well known that different from normal tissues, tumor has
a particularly high temperature (~42 °C) [21]. Therefore, thermo-sensitive polymeric
micelles based on poly(N-isopropylacrylamide) (PNIPAAm) with a lower critical
solution temperature (LCST) at 32 °C attracted much attention for targeted
stimuli-responsive drug release [22-26]. The hydrophilic PNIPAAm outer shell
becomes hydrophobic by increasing the temperature above the LCST. The selective
accumulation of micelles at a specific site could be enhanced as a result of enhanced
micelle adsorption to cells by hydrophobic interactions between the polymeric
micelles. Therefore, thermo-responsive micelles could deliver the drugs via a
stimuli-responsive targeting process at tumor sites. In addition, nano-scaled
thermo-responsive polymeric micelles could combine the passive targeting by EPR
effect and active targeting by stimuli response, thus leading to accelerated release of

the encapsulated drug at desired sites.

To the best of our knowledge, no thermo-responsive curcumin encapsulated
polymeric micelles have been reported, so far. In this work, thermo-responsive
micelles were prepared from copolymers composed of a poly(L-lactide) (PLLA)
central block and two poly(N-isopropylacrylamide-co-N,N-dimethylacrylamide)
(P(NIPAAm-co-DMAAm)) lateral blocks, using solvent evaporation/film hydration
method. Curcumin was loaded in the core of micelles during the fabrication procedure.
Drug release studies were realized under in vitro conditions in a pH=7.4 phosphate
buffer saline at 37 and 40 °C. The cytotoxicity of micelles was evaluated using MTT

assay. The results are reported herein in comparison with literature data.
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4.2 Materials and methods

4.2.1 Materials

o, @-Bromopropionyl PLLA (Br-PLLA-Br) with degree of polymerization (DP) of 40
was prepared as previously reported [27]. Tris(2-dimethyl aminoethyl) amine
(Me¢TREN), copper (I) chloride (CuCl), N-isopropylacrylamide (NIPAAm), N,
N-dimethyl formamide (DMF), chloroform, dicholoromethane, diethyl ether, basic
aluminum oxide, Tween 80, ethylenediaminetetraacetic acid tetrasodiumsalt hydrate
(EDTA-Na4 *H,0) and curcumin were obtained from Sigma-Aldrich and used without
further purification. DMAAm was obtained from Sigma-Aldrich and purified through
a basic aluminum oxide column. Ultrapure water with a conductivity of 18 MQ was

produced using a Millipore Milli-Q water system.

4.2.2 Synthesis of
P(NIPAAm-co-DMAAm)-b-PLA-b-P(NIPAAm-co-DMAAm) triblock

copolymer (T2, Table 2)

Triblock copolymers were prepared by atom transfer radical polymerization (ATRP)
at 25 °C using a DMF/water mixture solvent as reported previously [28]. Typically,
100 mg Br-PLLA-Br (30.4x10” mmol, M, yyz= 3300 g mol™), 511.4 mg NIPAAm
(4.52 mmol), 159.4 mg DMAAm (1.61 mmol) and 6.0 mg CuCl (60.8<107 mmol)
were dissolved in 3 mL DMF in a Schlenk tube. 0.5 mL H,O was then added. After
five freeze-pump-thaw cycles, 16uL MesTREN (60.8x10~ mmol) was added under
argon atmosphere. The mixture was stirred at 25 °C for 1 h. The reaction was stopped
by precipitation in diethyl ether. The crude product was dissolved in 10 mL
chloroform and passed through a basic aluminum oxide column for 3 times to remove
the catalyst complex. After concentration under reduced pressure, the solution was

precipitated again in diethyl ether. The product was dissolved in DMF and then
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dialyzed for 3 days in a dialysis bag (MWCO: 3500) to remove the monomer and
trace copper against Mill-Q water adding ethylenediaminetetraacetic acid tetrasodium

salt hydrate. The product was then collected by lyophilization.

4.2.3 Preparation of curcumin-loaded polymeric micelles

Typically, 2.51mg curcumin and 17.53 mg copolymer T2 (Sample 2, Table 4.3) were
dissolved in 20 mL acetone. The solvent was evaporated in rotary evaporator at room
temperature to yield a membrane on the wall of the flask. After vacuum drying for 24
hours, 20 mL Milli-Q water was added to the flask. Drug loaded micelles were
obtained under stirring at room temperature. The micelle solution was then
centrifuged at 5000 rpm for 10 min to remove unload curcumin, and the supernatant

was lyophilized and stored at 4 °C before use.

4.2.4 In vitro drug release

The drug loading (DL) and encapsulation efficiency (EE) were determined as follows.
5 mg lyophilized micelles were dissolved in 5 mL acetonitrile/ammonium acetate (10
mM) mixture solution (pH= 4.0). Then the solution was diluted 100 times. The
concentration of curcumin was determined by UV-Vis spectroscopy at 424 nm, using
a previously established standard calibration curve. The drug loading and

encapsulation efficiency were calculated according to the following equations:

Drug loading (%) = — €81 of loaded drug

‘ — %100 (1)
weight of polymeric micelles

weight of drug in micelles

Encapsulation efficiency (%) = X100 2)

theoretical drug loading

Drug loaded micelles (2 mg) were dispersed in 2 mL PBS solution (pH=7.4), and then
introduced into a dialysis bag (MWCO: 3500). The bag was placed in 10 mL PBS
containing 0.5 wr% Tween80 in an incubator (Heidolph 1000) with gentle shaking

(150 rpm) at 37 or 40 °C. At specific time intervals, the release medium was removed

112



and replaced by pre-warmed (37 °C) fresh medium. The withdrawn solution was then
diluted 10 times with pH=4.0 acetonitrile/ammonium acetate (10 mM) mixture

solution for UV measurement.

4.2.5 In vitro cytotoxicity

The cytotoxicity of copolymers was evaluated by MTT assay. After UV sterilization
for 5 hours, the copolymer T2 was dissolved in dulbecco’s modified eagle’s meduim
(DMEM, Hyclone products) at a concentration of 6 mg mL™". Then the solution was
transferred to 96-well plates (Corning costar, USA), 100 uL per well. The wells were
placed in an incubator (NU-4850, NuAire, USA) at 37 °C under humidified
atmosphere containing 5 % CO; for 24 hours. After incubation, the copolymer in the

form of a hydrogel was used as cell culture substrate.

Murine fibrosarcoma (L929) and human lungcarcinoma cell (A549) in logarithmic
growth phase were harvested and diluted with DMEM medium (10 % calf serum, 100
g mL™" Penicillin, 100 ug mL™ streptomycin) to a concentration of 1x10° cells mL™.
100 pL cellular solution was added in each hydrogel containing well which was then
placed in the same incubator under humidified atmosphere containing 5 % CO, at 37
°C. 100 uL fresh medium was used as the negative control, and 100 pL of 5 % phenol
solution as the positive control. After 2, 3 and 4 days, 20 puL
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) at 5 mg mL™
were added. The medium was removed after 6 hours incubation, and 150 pL
dimethylsulfoxide (DMSO) was added. After 15 min shaking, the optical density (OD)
was measured by using a microplate reader (EIx800, BioTek, USA) at 490 nm. The
relative growth ratio (RGR) was calculated by using the following equation:

RGR (%) = (OD /ODnegative control )X ]00 (3)

test sample

The cytotoxicity is generally noted in 0-5 levels according to the RGR value as shown

in Table 4.1.
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Table 4.1 Relationship between the RGR value and cytotoxicity level

RGR (%) >100 7599 50-74 2549 124 0

Level 0 1 2 3 4 5

The cellular morphology was observed using an Olympus CKX41 inverted
microscope. After 3 days seeding, the test medium was replaced with 150 pL neutral
red staining solution (NR) for 10 minutes at room temperature. The plates were rinsed
3 times with warm PBS, and the morphology of cells adhered to the hydrogel surface

was immediately observed under microscope.

4. 2.6 Characterization

Nuclear magnetic resonance (*H NMR) 'H NMR spectra were recorded on a Bruker
spectrometer (AMX300) operating at 300 MHz.Chemical shift was referenced to the

peak of residual non-deuterated solvents.

Size exclusion chromatography (SEC) SEC measurements were performed on a
Varian 390-LC equipped with a refractive index detector and two ResiPore columns
(300x7.5 mm) at 60 °C at a flow rate of 1 mL min™. The eluent was DMF containing

0.1 wt % LiBr. Calibration was established with PMMA standards.

Fluorescence Spectroscopy The critical micellar concentration (CMC) of
copolymers was determined by fluorescence spectroscopy using pyrene as a
hydrophobic fluorescent probe. Measurements were carried outon an RF 5302
Shimadzu spectrofluorometer (Japan) equipped with Xenon light source (UXL-1508S,
Ushio, Japan). The fluorescence excitation spectra of copolymer solutions containing
6x10”" M pyrene were recorded from 300 to 360 nm at an emission wavelength of 394
nm. The emission and excitation slit widths were 3 and 5 nm, respectively. The
excitation fluorescence values /337 and /333, respectively at 337 and 333 nm, were used

for subsequent calculations.
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Cloud point The LCST was estimated from the changes in the transmittance through
copolymer solutions at 1.0 mg mL™" as a function of temperature. The measurements
were carried out at a wavelength of 500 nm with a Perkin ElmerLambda 35
UV-Visible spectrometer equipped with a Peltier temperature programmer PTP-1+1.

The temperature ramp was 0.1 °C min™",

Dynamic light scattering (DLS) and Zeta-Potential (ZP) The size and
zeta-potential of micelles were determined by using Zetasizer Nano-ZS (Malvern
Instrument Ltd. UK) equipped with a He-Ne laser (A = 632.8 nm). Polymer solutions
at 1.0 mg mL' were filtered through a 0.45 pm PTFE microfilter before

measurements.

Transmission electron microscopy (TEM) TEM experiments were carried out on a
JEOL 1200 EXII instrument operating at an acceleration voltage of 120 kV. The
samples were prepared by dropping a polymer solution at 1.0 mg mL™" onto a carbon

coated copper grid, followed by air drying.

Inductively Coupled plasma-mass spectrometry (ICP-MS) The residual copper
content in the copolymers was quantified using ThemoFinnigan Element XR sector
field ICP-MS previously calibrated using copper solutions in water. Typically,
samples were prepared by dissolution of the copolymers in nitric acid. The solution
was then heated to fully decompose the polymer until no precipitate was visible. After
that, the samples were dissolved in 10 mL deionized water before analysis to

determine the copper concentration. Each sample was analyzed four times.
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4.3 Results and discussion

4.3.1 Synthesis of triblock copolymers

A series of P(NIPAAm-co-DMAAm)-b-PLA-b-P(NIPAAm-co-DMAAm) triblock
copolymers were successfully synthesized by ATRP as described in a previous work
[28]. The DP of PLLA macroinitiator is 40, while that of NIPAAm and DMAAm
ranges from 63 to 74, and from 32 to 41, respectively (Table 4.2).

Table 4.2 Characteristics of
P(NIPAAm-co-DMAAm)-b-PLA-b-P(NIPAAm-co-DMAAm) triblock copolymers
Run PLA/NIPAAmM [LA]/[NIPAAII’I] NIPAAm/ Mn, NMRb Mn, SECC Dc

/DMAAm* /[DMAAm]° DMAAm®  gmol’ gmol”!
T1 1/148.8/51.2 40/74/34 68.2/31.8 18300 26000 1.1
T2 1/147.5/52.5 40/65/32 65.8/34.2 19700 25000 1.1
T3 1/142.6/57 .4 40/66/36 64.8/35.2 14300 21000 1.1
T4 1/136.2/63.8 40/63/41 61.6/39.4 14500 18000 1.1

a) feed ratio (in equivalents); b) calculated by NMR; c¢) determined by SEC
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Figure 4.1 '"H NMR spectra of triblock copolymer T2 in (A) CDCls, and (B) D,0.
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Various NIPAAm/DMAAm ratios were used to tailor the properties of the resulting
copolymers. The molecular weights determined by SEC (M,, sgc) range from 18,000 to
26,000 g mol'with narrow dispersity (P= 1.1), whereas the molecular weights
determined by '"H NMR (M, ~nwMr) are lower. M, sgc values are obtained with respect to
poly(methyl methacrylate) standards, and are generally higher than absolute

molecular weights.

The chemical structure of triblock copolymers was characterized by 'H NMR
spectroscopy. As shown in Figure 4.1A, the peaks at 1.1 and 4.0 ppm were attributed
respectively to the methyl (Hy, CH3) and the methine protons (He,, CH) adjacent to the
amine moiety of the NIPAAm units. The signal at 2.9 ppm is assigned to the methyl
proton (H,, CH3) of the DMAAm units. The signals at 1.6 and 5.2 ppm are
characteristic of the methyl (Hp) and methine protons (H,, CH) of PLLA. The
composition of copolymers, the DP of NIPAAm and DMAAm in the hydrophilic
block, and the molecular weight (M,) of copolymers were calculated from the
integrations o f the methine protons of lactyl units at 5.1 ppm, the methine protons of

NIPAAm units at 4.0 ppm, and the methyl protons of DMAAm at 2.9 ppm.

After polymerization, the catalyst was removed by filtration through a basic alumina
column. The copolymers recovered by precipitation in diethyl ether appeared almost
colorless. ICP-MS measurements showed that the copper content in the copolymers

was between 1 and 3 ppm.

4.3.2 Characterization of polymer micelles

It is well-known that amphiphilic copolymers can form polymeric micelles by
self-assembly in aqueous medium. Figure 4.1B shows the 'H NMR spectrum of
copolymer T2 obtained in D,O. Compared with the '"H NMR spectrum in CDCls

(Figure 4.2A), the peaks belonging to PLLA moieties at 5.2 and 1.6 ppm totally
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disappear in D,0O. This finding evidences the aggregation of copolymers into micelles

with the PLLA block in the core and P(NIPAAm-co-DMAAm) blocks at the corona.

Table 4.3 Characterization of triblock copolymer micelles

Copolymer ~ CMC*  D° PDI LCST® LCST®  ZP®

gml’  (nm) (°C) (°C) (mV)
T1 11.3 37 0.11 447 41.4 -18.7
T2 13.1 39 0.11 45.6 42.1 -12.4
T3 13.7 41 0.14 45.9 42.5 -15.3
T4 14.4 44 0.17 49.4 46.2 -16.4

a) by fluorescence spectroscopy; b) by DLS; ¢) by UV spectroscopy in deionzed water; d) by UV
spectroscopy in PBS; e) by Zetasizer Nano-ZS

The CMC is an important parameter which reflects the stability of micelles upon
dilution. The lower the CMC, the higher the stability of micelle. In this work, the
CMC was determined by fluorescence spectroscopy using pyrene as the probe. As
shown in Table 4.3, the CMC of copolymers slightly increases from 0.0113 to 0.0144
mg mL™" while the content of DMAAm increases from 31.8 % for T1 to 39.4 % for T4
in the hydrophilic part. In fact, the CMC is dependent on different factors such as the
composition, the hydrophilic to hydrophobic ratio, the molecular weight, efc. The
DMAAmMm units are more hydrophilic than NIPAAm ones. Thus, higher DMAAm
contents lead to higher CMC. The very low CMC values indicate the strong tendency
of copolymers toward formation of micelles, which is of major importance for the

stability of micelles in the bloodstream after injection induced dilution [29].

The LCST of copolymers was determined by light transmission measurements using
UV spectroscopy. As shown in Table 4.3, the LCST value in distilled water increases
from 44.7 to 49.4 °C with increasing DMAAm content in the hydrophilic blocks.
LCST measurements were also performed in a pH 7.4 phosphate buffered saline (PBS)
to mimic the in vivo conditions. A decrease of ca. 3.5 degrees in LCST values is

observed in PBS as compared to those in distilled water.
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The size and size distribution of copolymer micelles were determined by dynamic
light scattering (DLS). The average diameter varies from 37 to 44 nm, and the
dispersity (PDI) from 0.11 to 0.17 with increasing DMAAm content in the
hydrophilic blocks. The zeta-potential of copolymer micelles varies in the -12.4 to
-18.7 mV range. The zeta potential value decreases with the increase of hydrophilic
content. This finding well agrees with the structure of micelles having PLLA block in

the core and P(NIPAAm-co-DMAAm) blocks at the corona.

4.3.3 Preparation and characterization of drug loaded micelles

Curcumin is a natural anticancer drug, but its application is limited due to poor
solubility. Copolymer T2 with a LCST of 42.1 °C in PBS was selected for drug
release studies. Different ratios of curcumin and copolymer T2 were used to prepare
drug loaded micelles by solvent evaporation/membrane rehydration method (Table
4.4). After lyophilization, the micelles were dispersed in PBS solution for drug release

studies.

Table 4.4 Properties of curcumin-loaded micelles prepared from copolymer T2

Sample Drug/Polymer DL EE LCST* D° PDI’ Zeta-potential (mV)

(mg/mg) (%) (%) (°0) (nm) In water In PBS
1 1.2/18.9 6.0 972  38.0 48 0.19 -13.9 -7.51
2 2.5/17.5 12.1 96.6  37.8 54 021 -15.5 -7.68
3 4.5/16.3 20.4 94.1 375 88 0.25 -18.1 -2.39

a) by UV in PBS; b) by DLS in water

The drug loading (DL) and encapsulation efficiency (EE) of micelles were obtained
by light transmission measurements using UV spectroscopy. When the initial drug
amount increases from 1.2 to 4.50 mg with approximately the same amount of
polymer, drug loading increases from 6.0 to 20.4 %. The loading efficiency is above

94 % 1in all cases.
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The curcumin-loaded micelle samples in PBS at 1 mg mL™ are shown in Figure 4.2,
in comparison with a 6.0 % curcumin aqueous solution. In water, curcumin remains as
a sediment at the bottom due to the poor solubility (Figure 4.2A). On the contrary, a
homogenous and transparent yellow solution is obtained in the case of
curcumin-loaded micelles (Figure 2B, C and D), showing that hydrophobic curcumin

was successfully loaded inside the polymeric micelles.

”

Figure 4.2 Image of (A) 6.0 % curcumin in H,O; (B) 6.0 % curcumin-loaded micelles
in PBS; (C) 12.1 % curcumin-loaded micelles in PBS; (D) 20.4 % curcumin-loaded
micelles in PBS.

The effect of drug loading on the micelle properties was investigated in detail (Table
4.4). Figure 4.3 shows the DLS and TEM results of samples 1, 2 and 3. With increase
of drug load from 6.0 to 20.4 %, the average size of micelles increases from 48 to 88
nm with corresponding PDI increasing from 0.19 to 0.25. This finding well agrees
with literature data. In fact, Gong et al. reported an increase of size (from 21.7 to 36.2
nm) and PDI (from 0.098 to 0.259) of curcumin loaded mPEG-b-PCL micelles [15].
The size of our micelles is larger than that of mPEG-b-PCL (22 to 36 nm) or
PLGA-PEG-PLGA micelles (29 nm), probably due to higher hydrophobic to
hydrophilic ratios [15, 19].

TEM experiments were performed to examine the morphology of the self-assembled
aggregates. As shown in Figure 4.3, the curcumin-loaded micelles with DL=6.0 %,

12.1 % and 20.4 % are spherical in shape with an average diameter of 33, 42 and 75
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nm, respectively. The size obtained from DLS is larger than that from TEM due to
different experimental conditions. In fact, DLS allows determining the hydrodynamic
diameter of micelles in aqueous solution, whereas TEM shows the dehydrated solid

state of micelles.
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Figure 4.3 DLS spectra and TEM micrographs of curcumin loaded micelles. (A) and
(B): sample 1 (DL=6.0 %); (C) and (D): sample 2 (DL=12.1 %); (E) and (F): sample
3 (DL=20.4 %).
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The zeta potential of curcumin-loaded micelles in water ranges from -13.9 mV for
Sample 1 to -18.1 mV for Sample 3, indicating good micellar stability. Compared to
blank polymer micelles, curcumin-loaded micelles present higher charge due to larger
surface area, resulting from the increase of micelle size. The ZP of sample 1, sample 2
and sample 3 decreases to -7.51, -7.68 and -2.39 mV in PBS, respectively. This
significant decrease can be attributed to the ionic screening effect and clustered
aggregate [23]. All the samples remained homogeneously transparent over 1 month. It
is known that more pronounced zeta potential absolute values tend to stabilize
particles in suspension. The electrostatic repulsion between micelles with the same
electrical charge prevents aggregation of micelles [30, 31]. Thus, the negatively
charged surface of micelles could help to stabilize the micelles via both the steric and
electrostatic mechanisms. It is of interest to note that mPEG-PCL micelles with 9.9 %
curcumin loading remained stable for 72 h [15]. On the other hand, Liu et al. reported
stable mPEG-PCL micelles with small size (28.2 nm) with low zeta potential (0.41
mV) [17]. The stability was attributed to the stereospecific blockade of micelles

although the authors did not mention the duration of micelle stability.

Both the size and zeta potential are important physicochemical properties of micelles
because they determine the physical stability as well as the biopharmaceutical
properties. The nano-size (48-88 nm) of curcumin-loaded micelles allows them to
escape from the reticuloendothelial system (RES) and preferentially accumulate in
tumor tissues through the EPR effect [32-35]. The charge of nanomaterials is also an
important factor to affect the biocompatibility [35]. Generally, positive charges are
considered as harmful to the plasma exposure of nanomaterials since they could
induce the formation of primary platelet clots [36-38]. On the contrary, negative
charges of micelles are beneficial to negatively charged human blood as they could
enhance the binding of micelles to proteins, reduce undesirable clearance by the
reticuloendothelial system such as liver, improve the blood compatibility, and thus

deliver the anti-cancer drugs more efficiently to the tumor sites [37, 39].
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4.3.4 Phase transition of curcumin loaded polymeric micelles

It is well known that the drug release of thermo-responsive polymeric micelles is
controlled by the phase transition (Figure 4.4). Generally, the
P(NIPAAm-co-DMAAm) block is hydrophilic and the solution is transparent below
the LCST. When the temperature increases above the LCST, dehydration of
P(NIPAAm-co-DMAAm) occurs due to coil-to-globule transition, leading to

precipitation of polymers and the release of drug from polymer matrix.
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Figure 4.4 Illustration of drug release from thermo-responsive polymeric micelles
controlled by phase transition.
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Figure 4.5 Phase transition of curcumin-loaded micelles at 1 mg mL™" determined by
UV-Vis spectroscopy. (4) DL=0 in water; (¥) DL=0 in PBS; (m) DL=6.0 % in PBS;
(o) DL=12.1 % in PBS; (A ) DL=20.4 % in PBS.
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Figure 4.5 shows the phase transition of various curcumin-loaded micelles in water or
in PBS. The initially transparent solution of curcumin-loaded micelles becomes turbid
when the temperature increases above the LCST. In the meantime, the transmittance

of the solution rapidly decreases from 100 % to 0.

The presence of salt greatly affects the behavior of thermo-responsive polymers. As
shown in Figure 4.5, the LCST of blank micelles decreases from 45.6 °C in water to
42.1 °C in PBS due to the high ionic strength in PBS and screening effect from
counter-ions. The presence of phosphate leads to partial dehydration of the
macromolecules and consequently to a decrease of the LCST. The influence of drug
loading on the LCST was also considered in PBS. The LCST of curcumin-loaded
micelles with 6.0 % drug load is 38.0 °C in PBS, which is lower by 4.1 °C than that of
drug free micelles (Figure 4.5, Table 3). This finding is assigned to the enhanced core
hydrophobicity due to encapsulated drug. Higher drug load leads to lower LCST, but
the decrease is very limited. In fact, the LCST only slightly decreases from 38.0 to
37.5 °C when the drug load increases from 6.0 % to 20.4 %. In addition, the phase
transition intervals are very sharp (<0.5 °C) in all cases, as reported in our previous
work [28]. The fast phase transition favors rapid response of drug release when the

micelles were delivered to the tumor site.

4.3.5 In vitro drug release

Drug release was performed under physiological conditions (PBS, pH=7.4) at 37 °C
(below the LCST) and 40 °C (above the LCST), respectively. The amount of curcumin
was determined from the UV-visible absorbance at 424 nm. A linear calibration curve
was previously established between the UV absorbance and curcumin concentration

with a correlation coefficient of 0.99991 (Figure 4.6A).
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Figure 4.6 Calibration curve (A) and drug release profiles (B) of curcumin-loaded
micelles at 37 °C (red) and 40 °C (black): a and b - sample 1 (DL=6.0 %); ¢ and d -
sample 2 (DL=12.1 %); e and f - sample 3 (DL=20.4 %)).

The in vitro release profiles are shown in Figure 4.6B. The release rate of curcumin
from micelles is strongly influenced by the phase transition at the LCST. The

cumulative drug release at 40 °C (above LCST) is much higher than that at 37 °C
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(below LCST). In all cases, burst-like release is observed. The cumulative release for
samples 1, 2 and 3 after 1 hour at 40 °C is 23.6 %, 14.7 % and 9.0 %, respectively,
while it is 16.3 %, 10.4 % and 4.1 % at 37 °C. The burst-like release at 37 °C can be
attributed to the release of drug located at the interface between the core and corona
of micelles. The larger burst-like release at 40 °C is attributed not only to the fast
release because of phase transition above the LCST, but also to the release of drug

located at the interface.

Sample 1 with 6.0 % drug loading shows the fastest drug release. After the first 3 days,
89.3 % and 74.9 % of the loaded curcumin are released at 40 °C and 37 °C,
respectively. Beyond, the release rate slows down. The cumulative release of
curcumin reaches 84 % at 37 °C after 30 days and 92.3 % at 40 °C after 10 days. The
release rate is slower for sample 2 with initial drug loading of 12.1 %. The cumulative
release is 85.2 % and 48.9 % after 14 days, and 91.1 % and 53.6 % after 30 days at 40
°C and 37 °C, respectively. Sample 3 with initial drug loading of 20.4 % shows the
slowest drug release. After 30 days, curcumin release reaches 59.8 % and 35.7 % at
40 °C and 37 °C, respectively. Therefore, drug release is not only dependent on the
phase transition across the LCST, but also on the drug loading. In fact, the solubility
of curcumin in the release medium is a limiting factor. Samples with higher drug
loading exhibits lower release rate because of the solubility effect. It should also be
noted that the LCST of cur-micelles is dynamically changing with the release of
curcumin. Theoretically, the LCST will increase up to 42.1 °C when the drug release

reaches 100 % for all the samples as shown in Figure 4.5.

Peppas et al. proposed the following semi-empirical equation to describe the drug

release mechanism from a polymeric matrix [40-42]:

M

L= " &)

0

log(M,/M,)= nlogt+ logk  (5)
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Where M, and Mjare the cumulative amount of released drug at time ¢ and the drug
loading, respectively, k£ is a constant incorporating structural and geometric
characteristic of the device and n is the release exponent indicating the drug release
mechanism. For spherical particles, the value of n is equal to 0.43 for Fickian
diffusion, and equal to 0.85 for swelling-controlled mechanism. In contrast, 7#<0.43
means combination of diffusion and erosion controlled release, and 0.43<n<0.85 is

assigned to anomalous transport mechanism.
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Figure 4.7 Plots of theoretical fitting to Peppas model for curcumin release from

curcumin-loaded micelles (the symbols are the same as in Figure 4.6).

Figure 4.7 presents the theoretical fitting plots. The various release curves are divided
in two stages: from 0 to 7 hours and from 1 to 30 days. The fitting parameters 7, k and
the correlation coefficient R’ are summarized in Table 5. For the first stage, the n
values at 40 °C are in the range of 0.43 to 0.85, suggesting that the release of
curcumin involves anomalous transport probably due to phase transition across the
LCST. The n values of sample 1 and 2 at 37 °C are also in the range of 0.43 to 0.85,
which could be assigned to the initial burst release. The n value of sample 3 at 37 °C

is 0.349, indicating diffusion and degradation controlled release according to Peppas’
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theory. It might also be attributed to the highest drug loading and compact micelle
structure. For the second stage, the n values in all cases are well below 0.43,
suggesting a combination of diffusion and degradation controlled release. For both
stages, the k values at 40 °C are higher than those at 37 °C, which confirms a faster

drug release above the LCST due to collapse of micelles.

Table 4.5 Release exponent (n), rate constant (k) and correlation coefficient (R’) for
drug release from drug loaded polymer micelles.

Sample Time interval ~ 40°C 37°C
n k R’ n k R’
Sample 1 0-7h 0.6238 1.6667 0.997 0.5969 1.1033  0.992
1-30d 0.0843 0.7780 0.943 0.0552 0.6834 0974
Sample 2 0-7h 0.4430  0.6002 0.995 0.5563 0.5904 0.997
1-30d 0.22693 0.4421 0.994 0.17396  0.2990 0.991
Sample 3 0-7h 0.5444  0.5376 0975 0.3490 0.2187 0.974
1-30d 0.1638 0.3448 0.994 0.2576 0.1477 0.972

Therefore, the release of curcumin from thermo-responsive curcumin-loaded micelles
is strongly affected by the phase transition across the LCST. Such release would favor
drug accumulation at a specific tumor site where the temperature is above the LCST.
Thus the micelles could combine the passive targeting by EPR effect due to the small
size ranging from 47.5 to 88.2 nm, and the active targeting by thermo-responsive

phase transition.

4.3.6 In vitro cytocompatibility

Curcumin is a natural polyphenolic compound with low intrinsic toxicity. The in vitro
cytotoxicity of copolymers is evaluated by MTT assay, a widely used method for the
screening of biomaterials. MTT assay is based on the reaction between MTT and
mitochondrial succinate dehydrogenases in living cells to form a purple formazan
which is soluble in DMSO but insoluble in water. The OD value of formazan-DMSO

solution is considered to be proportional to the number of living cells.
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Figure 4.8 Optical density values of L929 (A) and A549 (B) solutions after 2, 3 and 4
days culture in DMEM with copolymer substrate (T2), and controls (DMEM and 5 %

phenol).

The effects of copolymer T2 on the proliferation of L929 and A549 cells are shown in
Figure 4.8. In comparison with controls (DMEM medium and 5 % phenol), the OD
values on polymer substrate are close to those in the culture medium, and much

higher than those in phenol. The RGR values (Table 4.6) of copolymer T2 are well
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above 92.6 % during 4 days incubation with L929 and A549 cells, corresponding to a
cytotoxicity level of 0 and 1 as defined in Table 1, thus indicating that the copolymers

present no cytotoxicity.

Table 4.6 RGR values of copolymers T2 with A549 and 1929 cells during 4 days
incubation.

Cell type RGR (%)

2 days 3 days 4 days
1929 118.9 102.0 118.8
A549 124.9 115.2 92.6

Figure 4.9 Microscopic images of cells stained by NR after 3 days culture in different
media: (A) Copolymer T2 substrate without cells; (B) L929 cells on polymer substrate
in DMEM; (C) A549 cells on polymer substrate in DMEM; (D) A549 cells in 5 %
phenol medium.

Figure 4.9 shows the morphology of cells after 3 days culture. Large number of cells
died in the toxic phenol medium (Figure 4.9). On the contrary, cell adhesion and
proliferation are observed on the copolymer substrate (Figure 4.9B and Figure 4.9C).

Cells exhibit spindle, polygon or oval shapes, and the pseudopodium of cells stretches
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out. Therefore, MTT assay and cell morphology results indicate that
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) copolymers present

outstanding cytocompatibility and could be used for biomedical applications.

4.4 Conclusions

In this work, thermo-responsive micelles are prepared by self-assembly of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock copolymers
as drug carrier, where curcumin was used as a model drug. Compared to
mPEG-b-PCL or PLGA-b-PEG-b-PLGA micelles, the thermo-responsive micelles
described in this manuscript present several advantages. First, lower CMC values
ranging from 0.0113 to 0.0144 mg mL" are obtained, which should enhance the
stability of micelles during long circulation in the bloodstream after injection induced
dilution. Second, high curcumin loading up to 20.4 % was achieved. Meanwhile, the
micelles remain stable over 1 month due to the negative surface charge as shown by
zeta potential measurements. Last, the micelles with sizes ranging from 47.5 to 88.2
nm could combine the passive targeting by EPR effect and thermo-responsive targeted
release. Such responsive behavior will favor the release at a specific tumor site (~42
°C). Therefore, all these properties show that the thermo-responsive micelles

described in this work are promising as a functional drug carrier.

Recently, due to the possible concerns on the toxicity of N-isopropylacrylamide
monomer, Lutz et al. reported new thermo-responsive and biocompatible copolymer
from ATRP of two PEG Analogues: 2-(2-methoxyethoxy) ethyl methacrylate
(MEO;MA) and oligo(ethylene glycol) methacrylate (OEGMA) [43-47]. Thus, in
order to make a comparison, following work will focus on the synthesis and

self-assembly of PLA/PEG analogues as drug carrier.
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Chapter 5 Thermo-responsive micelles from comb-like block
copolymers of polylactide and poly(ethylene glycol)

analogues: Synthesis, Micellization and In vitro drug release

Abstract: Thermo-responsive comb-like
P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock copolymers
were synthesized by atom transfer radical polymerization of MEO,MA and OEGMA
co-monomers using a Br-PLLA-Br macroinitiator. The resulting copolymers with
MEO;MA/OEGMA molar ratio ranging from 79/21 to 42/58 were characterized by
"H NMR and SEC. Thermo-responsive micelles were obtained by self-assembly of
copolymers in aqueous medium. The properties of micelles were determined by CMC,
DLS, TEM and LCST measurements. The micelles are spherical in shape with sizes
varying from 21 to 103 nm. A hydrophobic anticancer drug, curcumin, was
encapsulated in micelles by using membrane hydration method. The micelles size
decreases from 103 to 38 nm with 10.8 % drug loading, suggesting that drug loading
strongly affects the self-assembly procedure. The LCST decreases from 45.1 °C for
blank micelles to 40.6 and 38.3 °C with 5.9 % and 10.8 % drug loading. In vitro drug
release was performed in pH=7.4 PBS at different temperatures. Data show that the
release rate significantly increased above the LCST. The burst-like release was

depressed by the enhanced interaction between drug and comb-like copolymer chains.

Keywords: Polylactide; PEG analogues; Comb-like copolymer; Micellization;

Curcumin; Thermo-responsive; Drug release
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5.1 Introduction

Cancer is nowadays a leading cause of death in the world. The World Health
Organization reported the approximately 14 million new cases and 8.2 million cancer
related deaths in 2012. For cancer therapy, the ideal drug delivery system should be
stimuli responsive to the local environment of tumor [1-3]. In fact, the tumor issue is
very different from normal tissues with higher temperature (~42 °C), lower pH (<5.3)
and anomalous vessel (intercellular gap junction of 300-700 nm) [4-6]. Therefore,
thermo-responsive polymeric micelles have been increasingly investigated for
targeted delivery of anticancer drugs [7-11]. So far, poly(N-isopropylacylamide)
(PNIPAAm), which displays a lower critical solution temperature (LCST) at 32 °C, is
the most studied thermo-responsive polymer in biomedical applications [5, 12-15].
Slight variation of pH, concentration, or chemical environment only slightly affects
the LCST of PNIPAAm, which is considered as the “Golden standard” of
thermo-responsive ~ polymers.  Nevertheless, the presence of residual
N-isopropylacrylamide monomer in PNIPAAm based polymers has raised concerns

on the toxicity.

Recently, Lutz et al reported novel thermo-responsive copolymers of
2-(2-methoxyethoxy) ethyl methacrylate (MEO,MA) and oligo(ethylene glycol)
methacrylate (OEGMA), and hydrogels of both monomers using ethylene glycol
dimethacrylate as cross-linker by atom transfer radical polymerization (ATRP)
[16-23]. These PEG analogues exhibit a LCST between 26 and 90 °C which can be
precisely adjusted by varying the co-monomers ratio. They are thus attractive for
targeted drug delivery due to combination of thermo-responsive properties and good

biocompatibility as linear PEG [21].

However, PEG analogues generally adopt a compact coil conformation in aqueous
medium [20]. Introduction of hydrophobic block is thus required in order to obtain

thermo-responsive polymeric micelles as potential carrier of targeted drug delivery.
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Saeced et al. synthesized poly(lactide-co-glycolide)-b-poly(oligo(ethyleneglycol)
methacrylate) (PLGA-b-POEGMA) diblock copolymers by combining ring opening
polymerization (ROP) and reversible addition fragmentation chain transfer (RAFT)
polymerization, and studied the self-assembly, drug release and cytotoxicity of the
copolymer  micelles [24]. Later on, Luzon et al obtained
POEGMA-b-PCL-b-POEGMA  triblock  copolymers by  ATRP,  using
o, ®w-bromopropionyl poly(e-caprolactone) (Br-PCL-Br) as macroinitiator [25]. The
critical micelle concentration (CMC) and critical micelle temperature (CMT) were
determined. The same synthetic route was adopted by Bakkour ef al. for the synthesis
of POEGMA-b-PLLA-b-POEGMA triblock copolymers [26]. The self-assembly and
drug encapsulation potential of the copolymers were reported. Most recently, Fenyves
et al. synthesized amphiphilic bottlecomb block copolymers containing PLA and PEG
side chains using a grafting-from method, and studied their self-assembly in aqueous
medium. Spherical, cylindrical micelles as well as bilayer structures were observed
[27]. However, the LCST of these copolymers was in the range of 75 to 85 °C, i.e.

much higher than the body temperature.

In our previous work, well defined thermo-responsive
poly(N-isopropylacrymine-co-N, N-dimethylacrylamine)-b-poly(L-lactide)-b-poly(N-i
sopropylacrymine-co-N, N-dimethylacrylamine) P(NIPAAm-co-DMAAm)-b-PLLA-b
-P(NIPAAm-co-DMAAmM) micelles has been investigated as drug carrier [28, 29].
The cytotoxicity evaluated by MTT assay showed that unreacted NIPAAm was
eliminated by dialysis. /n vitro drug release studies present a much faster release at
temperatures above the LCST than below, suggesting that the copolymer micelles

could be promising for targeted delivery of antitumor drugs.

In this work, for the first time, we report a series of amphiphilic comb-like triblock
polymers composed of a biodegradable PLLA central block and two lateral
thermo-responsive P(MEO;MA-co-OEGMA) blocks prepared by combination of
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ROP and ATRP. The self-assembly and thermo-responsive properties of the
copolymers were determined by CMC, DLS, TEM and LCST measurements. The
LCST was adjusted precisely by varying MEO,MA/OEGMA ratio.
Thermo-responsive drug release from copolymer micelles was investigated below or
above the LCST, and compared with that from

P(NIPAAm-co-DMAAm)-b-PLLA-H-P(NIPAAm-co-DMAAm) micelles.

5.2 Experimental Section

5.2.1 Materials

L-lactide was purchased from PuracBiochem (Goerinchem, The Netherlands).
Stannous 2-ethylhexanoate (Sn(Oct),), 1,4-benzene dimethanol, 2-bromopropionyl
bromide, tris(2-dimethyl aminoethyl) amine (MesTREN), copper (I) chloride (CuCl),
N,N-dimethyl formamide (DMF) and curcumin were obtained from Sigma-Aldrich
(St-Quentin Fallavier, France), and were used without further purification.
Dichloromethane and toluene from Sigma-Aldrich were dried over calcium hydride
for 24 h at room temperature and distilled under reduced pressure. MEO,MA and
OEGMA (M,=300 g mol") were obtained from Sigma-Aldrich and purified through a
basic aluminum oxide column. Triethylamine (Sigma-Aldrich) was dried over
potassium hydroxide for 24 h at room temperature and distilled. Ultrapure water with
a conductivity of 18 MQ was produced using a Millipore Milli-Q water system.
o, ®-Bromopropionyl PLLA (Br-PLLA-Br) with degree of polymerization (DP) of 40

was prepared as previously reported [30].

5.2.2 Synthesis of P(MEO,;MA-co-OEGMA)-b-PLLA-b-

P(MEQO,;MA-co-OEGMA) copolymer (copolymer TS5, Table 5.1)

Triblock copolymers were prepared using standard Schlenk technique. Typically, 100
mg Br-PLLA-Br (30.4x107 mmol, M, yyz= 3300 g mol™), 461 mg MEO,MA ( 2.451
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mmol), 1. g OEGMA (3.676 mmol) and 6 mg CuCl (60.6x10° mmol) were
dissolved in 2 mL DMF. After five freeze-pump-thaw cycles, 16 pL MesTREN
(60.8x10” mmol) was added under argon atmosphere. The mixture was stirred at 80
°C for 6 h. The reaction was stopped by exposition to air for 2 h at room temperature.
A dialysis was then carried out for 3 days in a dialysis tube (MWCO: 3500 D) to
remove residual monomers and copper against Mill-Q water containing
ethylenediaminetetraacetic acid tetrasodium salt hydrate. The product was finally
collected by lyophilization.

'H NMR (300 MHz, CDCL3) (Figure 5.1) & (ppm)=7.26 (s, 4Hy,); 5.14 (m, 1H,);
4.08 (t, 2H,); 3.63+3.55(¢, 2H,); 3.37 (s, 3H,); 1.56 (d, 3H})

5.2.3 Preparation of curcumin loaded micelles

The micelles were prepared by solvent evaporation/membrane hydration method.
Typically, 1.2 mg curcumin and 18.8 mg copolymer TS5 (Sample 1, Table 5.2) were
dissolved in 10 mL acetone, and then the solvent was evaporated in rotary evaporator
at room temperature to yield a membrane at the wall of the round flask. After vacuum
drying for 24 h, 20 mL Mill-Q water was added to the flask, yielding self-assembled
micelles at room temperature. The resulting micellar solution was then centrifuged at
5000 rpm for 10 min to remove unloaded curcumin. The supernatant was lyophilized,
and dispersed in deionized water or PBS to yield a drug loaded micellar solution at a
concentration of 1 mg mL™ for physiochemical characterization and drug release

studies.

5.2.4 In vitro drug release

The drug loading (DL) and encapsulation efficiency (EE) of micelles were determined
as follows. 0.1 mL drug loaded micellar solution (1 mg mL™") was dissolved in 2.4 mL
60/40 acetonitrile/ammonium acetate (pH=4.0, 10 mM) mixture solution. The

concentration of curcumin was determined by UV-Vis spectroscopy at A=424 nm,
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using a calibration curve previously established from a series of standard curcumin
solutions with concentrations from 0.008 to 10 pg mL". The DL and EE were

calculated from following formulae:

weight of loaded drug

Drug loading (%) = x 100 (1)

weight of polymeric micelles

weight of drug in micelles

Encapsulation efficiency (%) = X100 (2)

theoretical drug loading

3 mL drug loaded micelles in PBS (pH= 7.4, 1 mg mL") were introduced into a
dialysis tube (MWCO: 3500 D). The tube was incubated in 10 mL PBS containing
0.5 % Tween80 in an incubator (Heidolph 1000) with gentle shaking (150 rpm) at 37
or 41 °C. At specific time intervals, the release medium was totally removed and
replaced by pre-warmed fresh PBS. The solution was then diluted 5-10 times with
60/40 acetonitrile/ammonium acetate (pH=4.0, 10 mM) mixture, and the amount of

released curcumin was determined from UV measurements using a calibration curve.

5.2.5 Characterization

Nuclear magnetic resonance (NMR) '"H NMR spectra were recorded on a Bruker
spectrometer (AMX300) operating at 300 MHz. Chemical shift was referenced to the

peak of residual non-deuterated solvents.

Size exclusion chromatography (SEC) SEC measurements were performed on a
Varian 390-LC equipped with a refractive index detector and two ResiPore columns
(300x7.5 mm) at 60 °C at a flow rate of 1 mLmin™". The eluent was DMF containing

0.1 wt % LiBr. Calibration was established with PMMA standards.

Fluorescence spectroscopy The CMC of the copolymers was determined by
fluorescence spectroscopy using pyrene as a hydrophobic fluorescent probe.
Measurements were carried out on an RF 5302 Shimadzu spectrofluorometer (Japan)
equipped with a Xenon light source (UXL-150S, Ushio, Japan). Briefly, 1 mL pyrene
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solution (6x10° M) in acetone was added to different vials, and the solvent was
evaporated. Then, 10 mL aqueous solutions of different copolymer concentrations
were added to the vials. After equilibrating at room temperature overnight, the
fluorescence excitation spectra of the solutions were recorded from 300 to 360 nm at
an emission wavelength of 394 nm. The emission and excitation slit widths were 3
and 5 nm, respectively. The excitation fluorescence values /337 and /333, respectively at
337 and 333 nm, were used for subsequent calculations. The CMC was determined
from the intersection of linear regression lines on the [337//33; ratio versus polymer

concentration plots.

Phase transition The LCST of copolymers was estimated from the transmittance
changes of 1.0 mg mL™"' solutions as a function of temperature. The measurements
were carried out at a wavelength of 500 nm with a Perkin Elmer Lambda 35
UV-Visible spectrometer equipped with a Peltier temperature programmer PTP-1+1.

The temperature ramp was 0.1 °C min™",

Dynamic light scattering (DLS) The size and zeta-potential of micelles in aqueous
medium were measured by Zetasizer Nano-ZS (Malvern Instrument Ltd. UK)
equipped with a He-Ne laser (A= 632.8 nm). The correlation function of DLS was
analyzed via the general purpose method (NNLS) to obtain the distribution of
diffusion coefficients (D) of the solutes. The apparent equivalent hydrodynamic radius
(Ry) was determined from the cumulant method using the Stokes-Einstein equation.
Mean radius values were obtained from triplicate runs. Standard deviations were

evaluated from hydrodynamic radius distribution.

Transmission electron microscopy (TEM) TEM experiments were carried out on a
JEOL 1200 EXII instrument operating at an acceleration voltage 120 kV. The samples
were prepared by dropping a polymer solution at 1.0 mg mL™ onto a carbon coated

copper grid, followed by air drying.
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Inductively coupled plasma-mass spectrometry (ICP-MS) The residual copper
content in the copolymers was quantified using ThemoFinnigan Element XR sector
field ICP-MS previously calibrated using copper solutions in water. Typically,
ICP-MS samples were prepared by dissolving copolymers in nitric acid. The solution
was then heated to fully decompose the polymers. After that, the samples were
dissolved in 10 mL deionized water before analysis to determine the copper

concentration. Each sample was analyzed four times.

5.3 Results and discussion

5.3.1 Synthesis of copolymers by ATRP

P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock copolymers
were successfully synthesized by ATRP of MEO,MA and OEGMA, using a
o, o-telechelic Br-PLLA-Br as macroinitiator (Scheme 5.1). The reaction was
performed in DMF at 80 °C for 6 h using a CuCl/MesTREN catalytic system. The

conversion of monomers is ca. 58 % as determined by '"HNMR.

CuCl/MesTREN
JH/Br DMF, 80°C T)H\ )H/P\
O 0

Z
0070’ o
Br-PLLA-Br o
s £
0 0
0
7 I % o
7% 7% P(MEOQ;MA-co-OEGMA|)-b-PLLA-b-P(MEO,MA-co-OEGMA)
Scheme 5.1 Synthesis of

P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock copolymers

Figure 5.1 shows a typical '"H NMR spectrum of triblock copolymers. The signals at
5.2 and 1.6 ppm are characteristic of methine (H,, CH) and the methyl (H}) protons of
PLLA, respectively. The signal at 4.0 ppm is assigned to the methylene protons (H,.)
adjacent to the ester bond of both MEO,MA and OEGMA. Other methylene protons

(H;) of MEO,MA and OEGMA are observed at 3.6 ppm. The signal at 3.4 ppm is
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assigned to the methyl end group of MEO,MA and OEGMA. The DP of MEO,MA
and OEGMA and the M,, yur of copolymers were calculated from the integrations of
the methine protons of LA units at 5.2 ppm, methylene protons adjacent to ester bond
at 4.0 ppm and other methylene protons at 3.6 ppm of both MEO,MA and OEGMA
moieties according to the following equations:

x/(y+z) = 1/(1/2)

(2y+22)/(6y+18z2) = 1./14

M, nur=72x + 188y + 300z
Where x, y and z are the DP of PLLA, MEO,MA and OEGMA, and 72, 188 and 300

are the molecular weight of LA, MEO,MA and OEGMA repeat units, respectively.
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Figure 5.1 'H NMR of
P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock
copolymers.
Table 5.1 shows the molecular characteristics of

P(MEO,;MA-co-OEGMA)-6-PLLA-b-P(MEO,MA-co-OEGMA) triblock polymers

with MEO,MA to OEGMA molar ratios from 79/21 to 42/58. The composition
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determined by "H NMR is close to the feed ratio, which indicated the successful
polymerization of both monomers initiated by Br-PLA-Br macroinitiator. The DP of
PLLA is 40, and that of OEGMA and MEO,MA moieties varies from 22 to 66, and

from 85 to 48, respectively.

Table 5.1 Molecular characteristics of
P(MEO;MA-co-OEGMA )-b-PLLA-b-P(MEO,MA-co-OEGMA) triblock
copolymers.

Copolymer®  [MEO,MA]y/  [MEO,MA)  x/y/z® M,"” M, ? p°

[OEGMA], [OEGMA] Y

T1 80/20 79/21 40/85/22 25900 25700 1.42

T2 70/30 68/32 40/86/33 28900 27100 1.37

T3 60/40 57/43 40/67/49 30600 18000  1.39

T4 50/50 49/51 40/65/53 31400 11700 1.37

T5 40/60 42/58 40/48/66 32100 9800 1.38

a) ATRP conditions: [PLLA]/[monomers]/[CuCl)/[MesTREN]=1/200/2/2, [M]=1.74 M, T= 80
°C, Reaction time=6 h,

b) Calculated from NMR

¢) Obtained from SEC.

T2

T1

T3
T4

T5

| ! | ! I !
8 10 12 14
Time (min)

Figure 5.2 SEC chromatograms of triblock copolymers.
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The molecular weight of copolymers obtained from "H NMR varies from 25, 900 to
32, 100 with increasing OEGMA content since OEGMA has higher M, than
MEO;MA. Figure 5.2 presents the SEC curves of the copolymers. A monomodal
molecular weight distribution is observed in all cases with dispersity (D) of about 1.40.
The M, obtained by SEC varies from 27, 100 to 9, 800 g mol™!. A difference is
observed between the M, values obtained by NMR and by SEC, in particular for
copolymers T3, T4 and T5 with high OEGMA contents.

The fact that the M, obtained by SEC was lower than that determined by NMR could
be illustrated by the unusual behavior of POEGMA macromolecular combes in
solution [31]. Similar findings have been reported by Lutz ef al. [19]. In our work, the
copolymers have the same central PLLA block (DP=40) and various terminal PEG
analogues. As the DP of POEGMA increases, the main chain becomes longer than the
side chain and the PEG analogues exhibit a cylindrical comb structure [25].
Experimental molecular weights measured for triblock copolymers are much lower
than those calculated from NMR, indicating that such copolymers most likely adopt a
random coil conformation in DMF solution. Comb-like polymers have different
relationship of retention volume vs. molecular weight compared to the PMMA
standards in SEC calibration [31, 32]. Moreover, anomalous elution was also

demonstrated for other comb-like polymers [33].

ICP-MS measurements showed that the copper content in the copolymers is between

1 and 3 ppm, which is acceptable for biomedical or pharmaceutical applications.

5.3.2 Self-assembly polymer micelles in aqueous medium

The amphiphilic copolymers are water soluble and are able to form micellar
aggregates by self-assembly in water using the direct dissolution method. The critical
micellar concentration (CMC) is an important parameter to evaluate the stability of

micelles. Figure 5.3 shows the [33,//333 ratio changes as a function of copolymer T5
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concentration. The intensity ratio exhibits a substantial increase at a particular
concentration, indicating the incorporation of pyrene inside micelles. The CMC was

obtained from the intersection of the two linear regression lines of the plots.
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Figure 5.3 Plots of the /33,/33; ratio changes from pyrene excitation spectra versus the
concentration of copolymer T5.

As summarized in Table 5.2, the CMC value of triblock copolymers increases from
0.0113 to 0.0130 mg mL™" as the content of OEGMA increasing from 21 to 58 % due
to the higher hydrophilicity of OEGMA units [26]. The CMC is 10 times lower than
that of POEGMA-PLLA-POEGMA copolymers (0.08-0.12 mg mL™") reported by
Bakkour ef al. and 2 times lower than that of POEGMA-PCL-POEGMA micelles
(0.0254-0.0372 mg mL™") reported by Mario ez al. [25, 26]. In this work, the lower
CMC of copolymers could be assigned to the presence of MEO,MA moieties which
are less hydrophilic than OEGMA ones. The very low CMC demonstrates the strong
tendency of copolymers toward formation of micelles, which is of major importance
for the stability of micelles in long circulation in the bloodstream after injection

induced dilution [34].
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5.3.3 Phase transition of polymeric micelles

The LCST of micelles in water increases from 36.4 to 56.7 °C with the content of
OEGMA increasing from 21 % to 43 %. Data are not available for copolymers with
higher OEGMA contents due to fast evaporation of water above 60 °C. The LCST of
micelles in PBS increases from 24.8 to 45.1 °C as the content of OEGMA increases
from 32 % to 58 %. The salt has significant influence on the thermal behavior of
copolymers. A decrease of nearly 17 °C was observed when comparing the LCST
values in PBS and in water in the case of copolymers T2 and T3. Interestingly, Lutz et
al. reported that the LCST of P(MEO,;MA-co-OEGMA) in NaCl solution was 3 °C
lower than that in deionized water at a concentration of 3 mg mL™' [16]. However, the
LCST of copolymers based on PEG analogues in PBS has not been reported, so far.
The difference can be assigned to the fact that phosphate has stronger dehydration

effect than NaCl.

Table 5.2 Properties of
P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock copolymer
micelles

Polymer [MEO,MA]/ CMC" Dy®  PDI?  LCST®  LcsT?  zp”

[OEGMA]® (mgmL") (nm) (°C) (°C)
Tl 79/21 0.0113 21 0.384  36.4 - -0.77
T2 68/32 0.0120 39 0274  41.0 24.8 -1.06
T3 57/43 0.0123 69 0261  56.7 39.8 -1.22
T4 49/51 0.0125 90 0259 - 422 -1.58
T5 42/58 0.0130 103 0392 - 45.1 -1.99

a) determined by 'H NMR; b) determined by fluorometry; c) by DLS in water; d) by UV in
water; ¢) by UV in PBS; f) by DLS in water
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5.3.4 Size distribution of polymeric micelles

100 1000

Intensity (%)
Correlation coefficient

Number (%)
Correlation coefficient

Figure 5.4 Intensity size distribution (A) and number size distribution (B) of triblock
copolymer T1 measured by DLS at room temperature.
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DLS was used to determine the size distribution of polymeric micelles. Figure 5.4
shows the typical size distributions of copolymer T1 at 1 mg mL™". Two populations
of micelles are observed on intensity size distribution: one population with average
size of 21 nm and another one around 197 nm (Figure 5.4A). Nevertheless, the latter
is indeed a negligible minority, as evidenced by the number size distribution shown in
Figure 5.4B. The larger aggregates represent less than 0.2 % of the overall number
distribution. Similar findings have been reported in literature in the case of
P(MEO;MA-co-OEGMA) copolymers [20]. Hence, the copolymers adopt mostly

micellar conformation with sizes of c.a 20 nm at room temperature.

Indeed, all the size distributions of micelles observed by DLS exhibit bimodal
distribution with intensity distribution and mostly unimodal distribution with number
distribution. The average diameter of micelles increases from 21 to 103 nm with the
content of OEGMA increasing from 21 % to 58 %, which is consistent with the CMC

results (Table 5.2).

Zeta potential denotes the charge difference between the layer of ions adsorbed onto
the micelle surface and the bulk of the dispersing medium. The ZP value of
copolymer micelles ranges from -0.77 to -1.99 mV, which implies a nearly neutral

surface charge.

5.3.5 Preparation and characterization of drug loaded micelles

Curcumin is a natural anticancer drug, but its application is limited by the poor water
solubility (11 ng mL™). Nanotechnology was used to encapsulate curcumin into the
hydrophobic core of polymeric micelles [29, 35-38]. In the present work, curcumin
loaded micelles were prepared with theoretical drug loading of 6.0 and 12.0 % using

solvent evaporation/membrane hydration method, in comparison with blank micelles.
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The drug loading and encapsulation efficiency of micelles were obtained by light
transmission measurements using UV spectroscopy. As shown in Table 5.3, when the
initial drug amount increases from 1.2 to 2.4 mg, drug content increases from 5.9 % to
10.8 %. The encapsulation efficiency was above 90.2 % in both cases, which is higher
than the value of 70 % obtained for linear poly(lactide-co-glycolide)-b-poly(ethylene
glycol)-b-poly (lactide-co-glycolide) (PLGA-PEG-PLGA) reported by Song et al.
[38]. The improved loading efficiency may be attributed to the enhanced
drug-polymer interaction between curcumin with both PLA segments and

polymethacrylate (PMA) backbone [39].

Table 5.3 Properties of curcumin-loaded polymer (T5) micelles

Sample  Drug/polymer®  DL” E" LcsT? Dy pDIY  ZPY
(mg/mg) Wt%)  (wt%) (0 (nm)

1 0/20 - - 45.1 103 0392 -1.99

2 1.2/18.8 5.9 98.3 40.6 57 0364 -29.8

3 2.4/17.6 10.8 90.2 38.3 38 0.295  -44.9

a) in feed; b) determined by UV absorbance; ¢) by UV transmittance in PBS; d) by DLS; e) by
DLS in water

Figure 5.5 Images of curcuminin solution: (A) 6.0 % curcumin in PBS; (B) Sample 2
(DL=5.9 %); (C) Sample 3 (DL=10.8 %).
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The images of curcumin-loaded micelles in PBS at 1 mg mL™" are shown in Figure 5.5.
In water, curcumin remains as a sediment at the bottom due to the poor solubility
(Figure 5.5A). On the contrary, a homogenous and transparent yellow solution is
obtained in the case of curcumin-loaded micelles (Figure 5.5B and 5.5C), showing

that hydrophobic curcumin was successfully loaded inside polymeric micelles.
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Figure 5.6 DLS spectra and TEM micrographs of curcumin loaded micelles. (A) and
(B): Sample 1 (DL=0); (C) and (D): Sample 2 (DL=5.9 %); (E) and (F): Sample 3
(DL=10.8 %).

The size and the morphology of micelles were obtained by DLS and TEM
measurements. The average size of micelles loaded with 5.9 and 10.8 % curcumin
was 57 and 38 nm (Figure 5.6 and Table 5.3), respectively, which is much smaller
than the size of blank micelles (103 nm). TEM shows that the micelles are spherical in

shape with average size apparently smaller than that obtained by DLS. In fact, the
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difference between DLS and TEM results is usually attributed to the experimental
conditions. DLS allows determining the hydrodynamic diameter of micelles in

aqueous solution, whereas TEM shows the dehydrated solid state of micelles.
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Figure 5.7 Zeta potential of curcumin-loaded micelles: (m) sample 1 (DL=0); (o)
sample 2 (DL=5.9 %); (A ) sample 3 (DL=10.8 %).

Figure 5.7 shows the zeta potential of blank and curcumin-loaded micelles. The blank
micelles present a zeta potential at -1.99 mV, which implies a nearly neutral surface
charge. Interestingly, the absolute zeta potential value increases to -29.8 and -44.9 mV
with 5.9 % and 10.8 % drug loading, respectively. The significant increase of surface
charge could be assigned to the encapsulation of curcumin, which offers multiple
carboxyl groups [38, 39]. It is also noteworthy that the size decreases from 102.2 nm
for blank micelles to 56.6 and 37.6 nm for drug loaded micelles with DL = 5.9 or

10.8 %, suggesting the existence of mesophase in micelles.

In fact, the structure of self-assembled micelles is similar to that of
POEGMA-b-PCL-b-POEGMA triblock copolymer micelles proposed by Luzon et al.
[25]. As shown in Scheme 5.2, there exist three different chemically different blocks

(two hydrophobic and one thermo-responsive). Premicelles are composed of a PLA
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core, a PMA shell and an oligoPEG corona. PMA blocks exhibit a relatively strong
affinity to water due to surface active ester groups. As the concentration increases
above the CMC, copolymer chains aggregate to form spherical micelles, which can be
regarded as soft matter dispersions with ordered inner structure stabilized by
hydrophilic corona. It could be assumed that triblock copolymers achieve steric
stabilization by having PLA blocks absorbed at interface of PMA, whereas
hydrophilic comb blocks extend into the external aqueous phase. Consequently,

copolymer micelles have an internal mesophase.

g g Self-assembly
r

Comb-like copolymer

Polymer micelles

Drug encapsulation

. T>LCST
T<LCST "
Curcumin
Curcumin
vuvuiinnn Aunnn Luunn
PLA PMA Hydrophilic brush Curcumin

Scheme 5.2 Illustration of micellar structures during drug loading

In the present work, curcumin loaded micelles were prepared by solvent
evaporation/membrane rehydration method. Thus, curcumin could play an important
role in the micellization procedure. In fact, curcumin was encapsulated in the core and
in the mesophase, leading to decrease of micelle size and increase of zeta potential.
Therefore, curcumin loaded micelles exhibit more compacted core structure than
blank micelles. Similarly findings have been reported by Zhang et al. in the case of

amphotericin B loaded micelles prepared from comb-like block copolymers [42].
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5.3.6 Phase transition of curcumin loaded micelles

The encapsulation of curcumin not only decreases the sizes of micelles, but also
diminishes the LCST as determined by UV spectroscopy. Figure 5.8 shows that the
transmittance of aqueous polymer solutions rapidly decreases from 100 % to 10 %
around the LCST. Blank micelles exhibit a LCST at 45.1 °C, whereas the LCST of
sample 2 and sample 3 with 5.9 % and 10.8 % drug loading is detected at 40.6 °C and
38.3 °C. The effect of hydrophobic drug on the LCST could be attributed to the
increase of the core hydrophobicity, in agreement with DLS and TEM data. The
higher the drug loading, the lower the LCST.

120
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Figure 5.8 Phase transition of blank and curcumin-loaded micelles determined by
UV-Vis spectroscopy at 1mg mL" in PBS. (m) blank micelles; (¢) DL=5.9 %; (A)
DL=10.8 %.

Moreover, as shown in Figure 5.8, phase transition interval of c.a 1.5 °C was observed,
which is slightly broader than that of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) micelles previously
reported [28, 29]. In fact, PNIPAAm chains become dehydrated globules above the

LCST with formation of intramolecular and intermolecular NH--+O=C hydrogen
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bonding. However, in the case of PEG analogues, the polymer-polymer interactions in
the globules are Van Der Waals forces which are weaker than H-bonding, thus leading

to a broader phase transition [16, 20].

5.3.7 In vitro drug release

Drug release was performed under physiological conditions (PBS, pH=7.4) at 37 °C
(below the LCST) and 41 °C (above the LCST), respectively. The amount of curcumin
was determined from UV-visible absorbance at 424 nm. As shown in Figure 9A, a
linear calibration curve was previously established between the UV absorbance and

curcumin concentration with a correlation coefficient of 0.99991.

The drug release profiles are shown in Fig. 9B. An initial fast release from micelles
was observed in all cases, followed by slower release. 7.7 % and 6.2 % of curcumin
were released from sample 2 and sample 3 at 1 h at 41°C, in contrast to 5.9 % and
3.5 % of curcumin released at 37 °C. Release of curcumin from sample 2 and sample
3 reached 80.3 % and 58.2 % after 4 day at 41 °C, in contrast to 66.1 and 45.5 % at
37 °C. Beyond, the release from sample 2 at 41 °C reached 89.5 % and 92.6 % at 7
and 14 days. For sample 3, 74.2 % and 75.9 % release were detected after 10 and 14
days at 41 °C. On the other hand, sample 2 and sample 3 showed a cumulative release

of 81.8 % and 59.5 % after 14 days at 37 °C, respectively.
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Figure 5.9 Calibration curve (A) and drug release profiles (B) of curcumin-loaded
micelles: a) sample 2 (DL=5.9 %) at 41 °C; b) sample 2 (DL=5.9 %) at 37 °C; c)
sample 3 (DL=10.8 %) at 41 °C; d) sample 3 (DL=10.8 %) at 37 °C.
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Therefore, drug release is not only dependent on the phase transition across the LCST,
but also on the drug loading. In fact, the solubility of curcumin in the release medium
is a limiting factor. Samples with higher drug loading exhibit lower release rate
because of the solubility effect. Besides, the micelles of sample 3 with higher drug
loading have a more compacted core as compared to sample 2 due to stronger
interactions between drug and hydrophobic blocks. It should also be noted that the
LCST of drug loaded micelles is dynamically changing with the release of curcumin.
Theoretically, the LCST should increase up to 45.1 °C when drug release reaches

100 % for all the samples.

It is of interest to compare the drug release behaviors from
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) and PLA/PEG
analogues micelles [29, 30]. Faster drug release is observed above the LCST than
below the LCST in both cases. However, the drug release rate from the former is
faster than that from the latter. In fact,
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) micelles exhibit
initially a larger burst-like release and then a slower release. In contrast, PLA/PEG
analogues micelles present smaller burst-like release, and then drug release gradually
increases. The depressed burst release and slower drug release may be related to the
enhanced interaction between the drug and hydrophobic blocks. In fact, as shown in
Scheme 2, both the inner PLA segment and intramolecular PMA blocks may

contribute to the enhanced interaction [39].

Therefore, curcumin loaded micelles with thermo-responsive
P(OEGMA-co-MEO;MA) corona, PMA interface and PLLA core exhibit low CMC
and nano size. The micelles could be easily administrated by intravenous injection.
The thermo-responsive drug release behavior shows that these polymeric micelles are

very promising as carrier of hydrophobic drugs.
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5.4 Conclusion

Thermo-responsive comb-like
P(MEO;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA) triblock copolymers
were synthesized by ATRP using a Br-PLLA-Br macroinitiator, and characterized by
'H NMR and SEC. The physico-chemical properties of copolymers are dependent on
the composition, namely the ratio of MEO,MA/OEGMA ranging from 79/21 to 42/58
(mol/mol). The LCST increases from 24.8 °C to 45.1 °C in PBS with increasing the
content of OEGMA. Micellization of copolymers was investigated by CMC, TEM
and DLS measurements. The CMC of copolymers increases from 0.0109 to 0.0137
mg mL", and the size of micelles increases from 20.7 to 102.5 nm with increasing the
content of OEGMA. A hydrophobic anticancer drug, curcumin, was successfully
encapsulated in micelles. The drug loading was 5.9 % and 10.8 % with loading
efficiency higher than 90 %. The LCST of drug loaded micelles was 40.6 °C and 38.3
°C, respectively, which is lower than blank micelles by 4.5 and 6.8 °C. TEM and DLS
results show a strong decrease of micellar size, suggesting that the hydrophobic drug
plays a major role in the self-assembly procedure of drug loaded micelles. In vitro
drug release exhibits thermo-responsive dependence across the LCST. Micelles with
low drug loading show fast release than micelles with high drug loading. The higher
drug loading and depressed burst-like release could be assigned to the enhanced
interaction between drug and comb-like copolymers with two hydrophobic blocks, i.e.
PLLA and PMA. Therefore, the nanosize, low CMC and thermo-responsive drug
release indicate that PIMEO,;MA-co-OEGMA)-b-PLLA-b-P(MEO;MA-co-OEGMA)

triblock copolymers are promising candidate for targeted delivery of anti-tumor drugs.
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Conclusions and perspectives

In this thesis, two families of amphiphilic and thermo-responsive block copolymers
based on poly(L-lactide) (PLLA) and polyacrylamide or poly(oligo(ethylene glycol)
methacrylate) are successfully synthesized by ATRP using the same Br-PLLA-Br
(DP=40) macroinitiator. The self-assembly, phase transition, drug release and
cytotoxicity of the various copolymers are studied to evaluate their potential as
nanocarrier for thermo targeted delivery of antitumor drugs. The following

conclusions are drawn from this work:

1) PNIPAAm-b-PLLA-b-PNIPAAm triblock copolymers are obtained by ATRP of
NIPAAm using a o, ®-Br-PLLA-Br macroinitiator. The latter is prepared by ring
opening polymerization of L-lactide followed by reaction with 2-bromopropionyl
bromide. The ATRP of NIPAAm is performed in a DMF/water (5/1) mixture using
CuCl/Me¢TREN catalyst system at room temperature, yielding copolymers with well
controlled molecular weights and narrow dispersities.
PNIPAAmM-b-PLLA-b-PNIPAAm copolymers with NIPAAm/LA ratios from 2.4 to
6.9 are susceptible to self-assemble in aqueous medium to yields spherical micelles of
sizes from 31 to 83 nm. The CMC of copolymers is in the range of 0.0077-0.016 mg
mL" and the LCST in the range of 32.1-32.8 °C. The micelles exhibit different
thermo-responsive behaviors at high or low concentrations. At 3.0 mg mL”,
aggregation of micelles occurs when the temperature is raised above the LCST,
leading to micelle size increase. In contrast, at 0.2 mg mL™, a decrease of micelle size
is detected because of the collapse of PNIPAAm blocks above the LCST. The original
micelle size is recovered when the temperature is decreased below the LCST in both

cases, indicating that the system is thermo-reversible.

2) P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAm) triblock

copolymers can be obtained under the same conditions. With the ratio of NIPAAm to
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DMAAm ranging from 100/0 to 76/24 in the hydrophilic blocks, the LCST of
copolymers linearly increases the LCST to the range of 32.3 to 39.1. Moreover,
introduction of DMAAm leads to very narrow phase transition across LCST within
0.5 °C, in contrast to a phase transition interval of 2.8 °C for
PNIPAAm-b-PLLA-b-PNIPAAm. Increasing the DMAAm content also leads to larger
micelle size from 40 to 55 nm, and higher CMC from 0.010 to 0.015 mg mL"' due to
the more hydrophilic nature of DMAAm as compared to NIPAAm. Copolymer
micelles are able to encapsulate hydrophobic drugs by using dialysis method with
loading efficiency above 59 %. In vitro drug release performed at 37 or 38 °C in water
exhibits an initial burst release. The release rate at 38 °C is much faster than that at
37 °C, suggesting that these copolymer micelles could achieve thermo-responsive
release after in vivo administration. Moreover, MTT assay and cell morphology

observation indicate that the copolymers present outstanding cytocompatibility.

3) The drug release properties of
P(NIPAAm-co-DMAAm)-b-PLLA-b-P(NIPAAm-co-DMAAmM) are further studied
with higher DMAAm content from 31.8 to 39.4 9% in the hydrophilic
P(NIPAAm-co-DMAAm) blocks. The LCST of copolymers varies from 44.7 °C to
49.4 °C in water and decreases by ca. 3.5 °C in PBS. Increase of DMAAm content
also leads to slight CMC increase from 0.0113 to 0.0144 mg mL™, and slight micelle
size increase from 37 to 44 nm. The zeta-potential of micelles varies in the -12.4 to
-18.7 mV range, in agreement with the structure of micelles having PLLA block in the
core and P(NIPAAm-co-DMAAm) blocks at the corona. A hydrophobic anticancer
drug, curcumin, is encapsulated by using film hydration method with drug loading
increases from 6.0 to 20.4 % and loading efficiency above 94 %. The LCST of blank
micelles decreases from 45.6 °C in water to 42.1 °C in PBS. When with 6.0 % drug,
the LCST further decreases from 42.1 to 38.0 °C in PBS. Higher drug loading leads to
lower LCST, but the decrease is very limited as the LCST only lightly decreases to

37.5 °C with 20.4 % drug loading. On the other hand, the micelle size increases from
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39 nm for blank micelles to 88 nm with drug loading of 20.4 %, indicating that
curcumin incorporation leads to larger micelles. All micelles remain homogeneously

transparent over 1 month due to the negative surface charge.

In vitro drug release presents an initial burst release in all cases, followed by a slower
release. Thermo-responsive release is observed as the release rate is higher at 40 °C
than that at 37 °C. Application of Peppas’ theory indicates a combination of diffusion

and degradation controlled release.

4) Triblock comb-like copolymers of PLA/PEG analogues with MEO,MA/OEGMA
molar ratio ranging from 79/21 to 42/58 are synthesized by ATRP in DMF at 80 °C
using the same o, ®-Br-PLLA-Br macroinitiator and CuCl/MesTREN catalyst system.
The LCST in PBS increases from 24.8 to 45.1 °C with the increase of OEGMA
content from 32 % to 58 %. Spherical micelles with size from 20.7 to 102.5 nm are
obtained by self-assembly of copolymers in aqueous medium with a CMC from
0.0109 to 0.0137 mg mL™". Curcumin is encapsulated by using film hydration method
with drug loading of 5.9 % and 10.8 % and loading efficiency higher than 90 %.The
LCST of drug loaded micelles was 40.6 °C and 38.3 °C, which is lower than blank
micelles by 4.5 and 6.8 °C, respectively. The size of curcumin loaded micelles
decreases from 103 to 38 nm while the zeta potential decreases from -1.99 mV to
-44.9 mV, which indicates that the hydrophobic drug plays an important role in the

self-assembly procedure of drug loaded micelles.

In vitro drug release exhibits thermo-responsive dependence across the LCST.
Micelles with low drug loading show fast release than micelles with high drug loading.
The higher drug loading and depressed burst-like release could be assigned to the
enhanced interaction between drug and comb-like copolymers with two hydrophobic

blocks, i.e. PLLA and PMA.
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Therefore, an innovative work has been accomplished on thermo-responsive micelles
as nanocarrier for anticancer applications. The copolymers obtained by ATRP exhibit
well-defined chain structures. Self-assembled copolymer micelles exhibit nano-size,
very low CMC and thermo-responsive drug release behavior, which present great
potential in antitumor applications. Further investigations can be envisaged in future:
1) Synthesis and self-assembly of PLA-PNIPAAm (and PLA-PEG analogues) diblock
copolymers; 2) Preparation of other aggregate architectures including polymersomes,
worm-like micelles, nanotubes as well as hydrogels; 3) Synthesis of block copolymers
with PLLA or PDLA macroinitiator so as to obtain stereocomplex micelles; 4)
synthesis of thermo-responsive copolymers with targeting molecules by click

chemistry.
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RESUME

Deux séries de copolymeéres tribloc thermo-sensibles et amphiphiles, a savoir
poly(L-lactide)/poly(N-isopropylacrylamide-co-N, N-diméthylacrylamide) et
poly(L-lactide)/poly(2-(2-méthoxyéthoxy) €thyl méthacrylate-co-oligo(éthyléne glycol)
méthacrylate) ont été synthétisées par polymérisation radicalaire par transfert d’atomes
en utilisant le Br-PLLA-Br comme macroamorceur dans des conditions douces. Les
copolymeéres obtenus présentent une structure de chalnes bien définie avec une
dispersité étroite, et sont capable de s’auto-assembler dans un milieu aqueux pour
donner des micelles sphériques de taille en dessous de 100 nm et de faible concentration
micellaire critique (<0.016 mg mL™). La température critique inférieure de solution peut
étre ajustée avec précision en faisant varier le rapport NIPAAm/DMAAm ou
MEO;MA/OEGMA. Un principe actif hydrophobe, curcumine, a ét¢ choisi comme
modele pour déterminer les propriétés de libération des micelles a différentes
températures. Une libération thermo-sensible de curcumine a été observée, indiquant
que ces copolymeéres sont prometteurs pour la libération ciblée de principes actifs
anti-tumoraux.

Mots-clés: thermo-sensible, polymérisation radicalaire par transfert d’atomes,
poly(L-lactide), poly(N-isopropylacrylamide), oligo(éthyl glycol) méthacrylate,
auto-assemblage, libération ciblée de principes actifs.

Synthesis, self-assembly and controlled drug delivery of novel thermo-responsive
and amphiphilic block copolymers based on polylactide, polyacrylamide and
Poly[oligo(ethylene glycol) methacrylate]

ABSTRACT
Two series of thermo-responsive and amphiphilic triblock copolymers, i.e.
poly(L-lactide)/poly(N-isopropylacrylamide-co-N, N-dimethylacrylamide) and

poly(L-lactide)/poly(2-(2-methoxyethoxy) ethyl methacrylate-co-oligo(ethylene glycol)
methacrylate) were synthesized by atom transfer radical polymerization using
Br-PLLA-Br as macroinitiator under mild conditions. The obtained copolymers present
well defined chain structures with narrow dispersity, and are able to self-assemble in
aqueous medium yielding spherical micelles with size below 100 nm and low critical
micellization concentration (<0.016 mg mL™). The lower critical solution temperature is
precisely adjusted by changing the NIPAAm/DMAAmM or MEO,MA/OEGMA ratio. A
hydrophobic drug, curcumin, is taken as a model to evaluate the drug release properties
of micelles at different temperatures. Thermo-responsive drug release behavior is
observed, indicating that these copolymers are promising candidate for targeted delivery
of anticancer drugs.

Keywords: thermo-responsive, atom transfer radical polymerization, poly(L-lactide),
poly(N-isopropylacrylamide), oligo(ethylene glycol) methacrylate, self-assembly,
targeted drug delivery.
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