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Introduction générale et résumeé en Francais

Les polypeptides sont d’un grand intérét pour les applications médicales telles que la
délivrance de médicaments et I’ingénierie tissulaire. Ils sont en effet de par leur nature
biodégradables et biocompatibles, et ils peuvent étre congus pour ne pas étre immunogenes. En
outre, il est possible d’y introduire des motifs d’adhésion cellulaire afin d’améliorer leur
interaction avec les tissus biologiques. C’est a notre avis le grand avantage des biomatériaux a
base de polypeptides par rapport & ceux constitués par des polymeres de synthése qui sont en
effet inertes par rapport aux tissus biologiques environnant.

Les polypeptides naturels présentant les meilleures caractéristiques pour servir de base aux
développements de systéme de délivrance de médicaments ou d’hydrogels sont ceux qui
posseédent également des propriétés physiques particuliéres telles qu’une capacité
d’autoassemblage, une bonne résistance meécanique et une variation de ces propriétés en
fonction des conditions environnementales (température, pH, concentration saline, etc.). A ce
titre les protéines naturelles les plus utilisées vont étre les collagenes, les élastines et les soies
d’araignée ou de vers. Ces protéines sont extraites de tissus biologiques ce qui pose certains
problemes. Le collagene est par exemple purifi¢é de cadavres d’animaux ou de cultures de
fibroblastes, ce qui souléve des questions de sécurité biologique. L’élastine peut également étre
extraite de tissus d’animaux, mais les fibres étant insolubles des traitements chimiques
drastiques doivent étre utilisés. L’¢élastine ainsi purifiée est en outre trés hétérogene en taille et
présente des propriétés physiques variables. Les soies d’araignées ne peuvent pas étre récoltées
en grande quantité car 1’élevage intensif de ces insectes est rendu impossible a cause de leur
caractére agressif. La production recombinante est donc une alternative mais elle reste trés
difficile a mettre en ceuvre. Ces chaines polypeptidiques sont de taille trés élevées (70 a 400
kDa) ce qui entraine des rendements de production trés faibles, elles doivent parfois subir des
modifications post-traductionnelles comme 1’hydroxylation des prolines pour le collagéne, et
surtout elles sont constituées par des motifs peptidiques hautement répétés ce qui pose le
probléme de la stabilité des séquences géniques dans les systeémes d’expression bactériens.
C’est pourquoi depuis plusieurs années les chercheurs ont développé des systemes simplifiés
ou les polypeptides produits sont de taille raisonnable (< 70 kDa) et contiennent un nombre

limité des motifs répétés initialement présents dans la protéine naturelle. Bien entendu ces



polypeptides simplifiés possédent certaines des caractéristiques physiques des protéines

initiales, mais pas toutes.

Les premiers polypeptides a base de motif d’élastine, ou elastin-like polypeptides (ELPS)
en anglais, ont été congus dans les années 1970 par Dan Urry et ses collégues®. Ils sont
constitués de répétitions d’un des motifs hydrophobes de 1’élastine, le pentapeptide VPGXG,
dans lequel I’acide aminé X appelé résidu invité peut varier. Ces ELPs sont produits par voie
recombinante et le nombre de répétition du pentapeptide peut varier entre 2 et 200. Les
techniques de biologie moléculaire permettent également de produire des polypeptides
associant plusieurs blocs d’ELPs qui peuvent varier en taille et/ou en composition en incluant
des résidus invités hydrophiles (Arg, Lys, Asp etc.) ou hydrophobes (Leu, lle, Trp etc.). Il est
donc possible d’obtenir des ELPs contenant des blocs hydrophiles et hydrophobes, alternés ou
pas. L’intérét principal de ces ELPs, outre leur biocompatibilité et qu’ils sont biosources, et
qu’ils ont conservés les caractéristiques de coacervation de 1’élastine naturelle. IIs sont en effet
solubles en tampon aqueux a une température inférieure a leur température de transition de
phase (Tt ou Tcp) et coacervent quand la température du milieu dépasse cette Tt. De nombreux
travaux ont montré que cette valeur de Tt dépend de facteurs intrinséques a I’ELP, tels que sa
taille®?, la nature du résidu X*°, mais également de la concentration en polypeptide? et de la

salinité du milieu®.

La synthése d’ELPs constitués de différents blocs hydrophiles et hydrophobes a largement
été utilisée pour produire une variété de biomatériaux allant de nanoparticules pour la
délivrance de medicaments, a la fabrication d’hydrogels pour la médecine régénératrice en
passant par la fabrication d’organelles artificiels pour les cellules artificielles. Une des
principales limitations de 1’utilisation des ELPs pour ces approches, outre leur colit de
production comparé aux polymeéres de synthése, vient du fait que les blocs d’ELPs
hydrophobes restent encore relativement hydratés méme quand ils sont placés a une
température supérieure a leur température de transition (Tt). Ainsi, le rapport
hydrophobe/hydrophile obtenu avec des multiblocs d’ELPs est souvent trop faible pour
permettre une bonne stabilité des nanoparticules en conditions physiologiques (pH,
température, concentrations en sels), et donc pour encapsuler efficacement les médicaments
hydrophobes. De méme, lorsque des hydrogels a base d’ELPs sont produits, leur élaboration

nécessite 1’utilisation d’agents de pontages car le seul mécanisme de coacervation ne permet



pas d’obtenir des hydrogels dont les caractéristiques physiques sont compatibles avec des

applications biologiques.

Une des solutions pour augmenter la balance hydrophobe/hydrophile de composés a base
d’ELPs est donc de leur greffer des groupements hydrophobes tels que des lipides. Lorsque
cette thése a débuté, il y avait trés peu d’exemples d’ELP-lipides dans la littérature. Les
premiers travaux ont été publiés en 2018 par le groupe de Chilkoti. Pour obtenir des ELPs
conjugués a du myristate ou du cholestérol ils ont utilisé une approche extrémement élégante
de lipidation in vivo pendant la synthése de I'ELP recombinant’°. Cela leur a permis de montrer
que les ELP-lipides obtenus s’autoassemblaient pour former des micelles stables qui pouvaient
encapsuler efficacement des drogues hydrophobes. En revanche, cette approche était limitée
pour deux raisons. La premiere était que les rendements en ELP-lipides purifiés étaient
extrémement faibles, de 1’ordre de quelques mg/l de culture, ce qui limitait fortement leur
intérét pour des applications thérapeutiques. Ainsi, 1’utilisation de ces ELP-lipides pour faire
des hydrogels était complétement exclue. La seconde raison venait de la spécificité des
enzymes utilises pour greffer les lipides sur les ELPs, qui restreignait au myristate et au
cholestérol les substrats utilisables. C’est pourquoi nous avons choisi d’utiliser une autre
stratégie. Nous avons produit les ELPs par voie recombinante de maniére classique, ce qui
permettait d’obtenir des rendements entre 100 et 300 mg d’ELPs purifiés par litre de culture.
Nous avons ensuite greffé les molécules hydrophobes (polyisoprene et acides gras) par des
techniques de conjugaison chimique. Bien entendu, cela a nécessité un plus grand nombre
d’étapes de synthéses que la lipidation in vivo, notamment dans le cas du polyisoprene, mais
les rendements d’ELPs conjugues purifiés étaient sans commune mesure avec ceux obtenus
par le groupe de Chilkoti. De plus, nous avons été capables de greffer une grande variété de
molécules hydrophobes ce qui nous a permis d’étudier I’effet de leur structure sur
I’autoassemblage des ELP-lipides et sur leur capacité a encapsuler des petites molécules
hydrophobes.

Notre premier projet a consisté au greffage d’une molécule de polyisopréne (PI) a
I’extremité d’une molécule d’ELP de maniére a obtenir un dibloc ELP-b-PI. Nous avons choisi
le PI car ¢’est un polymeére naturel issu du caoutchouc et parce que le Dr. Fréderic Peruch
s’intéressait depuis plusieurs années a ce matériel et notamment a la possibilité de le coupler a
des protéines. L’ELP 120 utilisé était un petit polypeptide hydrophobe de séquence
MW(VPGIG)20C, la cystéine C-terminale étant nécessaire au greffage de la molécule de PI.
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Les étapes chimiques effectuées pour obtenir le dibloc ELP-b-PI sont montrés dans le schéma
1.
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Schéma 1. Synthése du dibloc 120-b-PIl. 1 : époxydation et hydrolyse contrélée du
caoutchouc naturel pour obtenir le céto/aldéhyde P1 (PIEG) ; 2 : réduction des extrémités
aldéhydiques de PIEG pour obtenir le céto/hydroxyle Pl (PIOH) ; 3 : conversion de
I'acide maléimidohexanoique (MalOH) en une forme chlorure d'acide (MalCl) ; 4 :
greffage du groupe Maléimide sur le PIOH pour obtenir le polyisopréne-maléimide
(PIMAL) ; 5 : Réaction d'addition de Michael entre le groupement maléimide du PIMAL
et la cystéine N-terminale de I'ELP 120.

Le produit de synthése ELP-b-PI a ensuite été purifié pour éliminer le PIMAL et I’ELP
qui n’avaient pas réagi. Nous avons ensuite caractérisé le produit purifié par chromatographie

d’exclusion stérique et spectroscopie infrarouge (Fig. 1)
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Figure 2. A) Chromatogramme d’exclusion stérique de ’ELP 120 (en noir) et du dibloc
120-b-PI (en rouge). B) Spectres infrarouges. Les traces correspondant a 120 (noir), au

PIMAL (bleu) et au dibloc 120-b-PI (rouge) ont été superposées pour comparaison.

Les résultats de chromatographie par exclusion stérique de I’ELP 120 montre la présence
de deux pics correspondants au monomére et au dimére formé par un pont disulfure
intermoléculaire entre deux cystéines. Dans le cas du dibloc, nous observons bien un pic majeur
de taille 16.5 kg/mole qui correspond au greffage d’ une molécule de PI sur une molécule d’ELP,
ainsi qu’un second pic de faible abondance qui pourrait correspondre a un dimere. L’étude du

spectre infrarouge confirme également le succes du couplage du PI sur I’ELP.

Nous avons ensuite utilisé la technique de nanoprécipitation pour former des
nanoparticules d’120-b-PI (Fig. 3).
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Figure 3. Caractérisation des nanoparticules 120-b-PI. A) Mesure de la CAC calculée en
mesurant le rapport des intensités de fluorescence du pyréne (10 pM) a 373 nm et 385 nm.
B) Encapsulation du rouge du Nil. Fluorescence dans I'eau (bleu), et en présence de
nanoparticules 120-b-PI (rouge). Les données relatives a la valeur maximale de chaque
échantillon sont présentées dans I'encart. C). Libération du rouge du Nil par les
nanoparticules. 1 mL de particules chargées de rouge du Nil (0,27 mg/mL) ont été placés
dans un dispositif de dialyse et incubés dans 1 L d'eau & 20 °C. L'émission de fluorescence
a 607 nm a été mesurée a difféerents temps. Les données sont la moyenne de trois
expériences indépendantes £+ SD (o). Comme témoin, la fluorescence d'une suspension de
particules chargées en rouge du Nil a la méme concentration (0,27 mg/mL) a été mesurée
pendant 24 h (o). D) Analyse DLS des particules obtenues par nanoprécipitation. Les
barres noires représentent le résultat obtenu dans I'eau. Les barres grises représentent le
résultat obtenu en PBS. E) Images TEM de nanoparticules 120-b-PI1. F) Images AFM de

nanoparticules 120-b-Pl.

Nous avons mesur¢ une valeur de concentration d’agrégation critique (CAC) de 3,5 uM.
La taille des nanoparticules formées dans 1’eau a été évaluée par diffusion dynamique de la
lumiére (DLS) et par les techniques d’imagerie de microscopie électronique en transmission
(TEM) et de microscopie de force atomique (AFM). Le rayon hydrodynamique des particules

(RH) mesuré par DLS était d’environ 40 nm. Des valeurs similaires ont été mesurées par les
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techniques de microscopie, celles-ci ayant en outre permis de montrer que les nanoparticules
d’120-b-P1 étaient sphériques. En revanche 1’ajout de sels dans le milieu provoquait leur
agrégation en particules micrométriques, tres vraisemblablement en raison de la déshydratation
des ELPs 120 de surface. Nous avons ensuite évalué la capacité des nanoparticules a encapsuler
une molécule hydrophobe, le rouge du Nil. Les mesures de fluorescence nous ont permis de
montrer qu’apres encapsulation, le rouge du Nil pouvait étre libérer des nanoparticules en

quelques heures.

Dans ce travail publié dans la revue Polymer Chemistry!°, nous avons couplé avec succes
du poly(1,4-cis-isoprene) obtenu a partir de caoutchouc naturel et un polypeptide de type
élastine produit par voie recombinante. Concernant les applications biomédicales potentielles
de ce matériau, on ne pourra pas l'utiliser pour la délivrance de médicaments par injection dans
la circulation sanguine. En effet, les nanoparticules s'agrégeraient rapidement du fait de la
concentration saline du sérum humain (autour de 150 mM de NaCl) et seraient donc rapidement
éliminées de l'organisme. De plus, l'injection dans les veines de particules agrégées peut
déclencher une forte réponse immunologique indésirable!!. Cependant, I'agrégation peut étre
un avantage pour d'autres applications telles que le dép6t de médicament hydrophobe par
injection dans des tissus humains. Apres encapsulation d'un médicament hydrophobe dans les
particules d'l120-b-P1 et injection, la concentration saline du sérum déclenchera leur agrégation
rapide au site d'injection sous-cutanée ou intramusculaire. Cela conduira a la formation d'un
dép6t qui libérera progressivement le médicament encapsulé qui pourrait étre un anticancéreux,

un antibiotique hydrophobe, ou méme un antigene a des fins de vaccination.

Cette étude a donc montré que le biomatériau 120-b-Pl est intéressant pour certaines
applications biomédicales mais limité dans son utilisation en raison de sa forte hydrophobicité
et de sa tendance a s'agréger lorsqu'il est placé dans une solution contenant des concentrations
physiologiques en sels. Pour contourner ce probleme, nous pourrions utiliser un bloc ELP plus
hydrophile, mais il sera compliqué de trouver un solvant qui permettra la solubilisation

simultanée de I'ELP hydrophile et du PI tres hydrophobe avant la réaction de couplage.

Dans notre quéte pour obtenir des nanoparticules capables d'encapsuler des médicaments
hydrophobes et qui ne s'agrégent pas dans des tampons salins, nous avons choisi de construire
des proteolipides diblocs constitués d’ELPs plutdt hydrophiles et de lipides courts comme les

acides gras (fatty acids, FA) naturels.
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Notre objectif a été d'obtenir une bibliothéque de 15 ELP-FAs, différant par la longueur
du bloc d’ELP et la nature de 1’acide gras. Les séquences des ELPs ¢étaient
MWI[(VPGVG)(VPGMG)(VPGVG)2]5,10,20, et differaient donc par le nombre de répétitions
pentapeptidiques (de 20 & 80). Par souci de clarté, ces ELPs seront appelés respectivement M20,
M40 et M80. Nous avons sélectionne différents FAs parmi ceux abondants dans les
phospholipides membranaires'?. Les acides myristique (C14:0), palmitique (C16:0) et
stéarique (C18:0) ont été choisis pour évaluer l'influence de la longueur de la chaine
hydrophobe sur les propriétés d'auto-assemblage, tandis que les acides oléique (C18:1) et
linoléique (C18:2) ont été étudiées pour évaluer I’effet du degré d'insaturation. La réaction

chimique pour obtenir les conjugués est montré dans le schéma 2.

.OH HCTU/DIPEA
\/(\/):\C + HZN—ELP _—> \’(/\%;\C’NH\ELP -+ HZO
DMF, rt 5

B) Gy
S

Schéma 2. A) Réaction de condensation entre un acide gras et PELP. B) Exemple de

structure, ici celle du M20-C16.

Apres leur synthése et leur purification, différentes techniques ont été utilisées pour
caractériser les ELP-FAs (Fig. 4).
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Figure 4. Caractérisation des ELP-FAs. A) Analyse RP-HPLC des M20 (bleu), M20-C14
(violet), M20-C16 (noir), M20-C18 (rouge), M20-C18:1 (orange) et M20-C18:2 (vert ). B)
Spectre ESI-MS du M20-C18. L'encart représente le spectre ESI déconvolué. C) Mesure
de la Tcp par turbidimétrie du M20-C18 en tampon PBS (lignes pleines pour les rampes
de chauffage, lignes pointillées pour les rampes de refroidissement). Les concentrations
des échantillons étaient de 100 uM (vert), 50 uM (noir), 25 uM (rouge) et 10 uM (bleu).
D) Relation entre la Tcp et la concentration des ELPs M20 (bleu), M20-C14 (violet), M20-
C16 (noir), M20-C18 (rouge), M20-C18:1 (orange) et M20-C18:2 (vert).

Les analyses par RP-HPLC ont montré que les temps de rétention des conjugués ELP-FAs
ont été significativement augmentés par rapport a ceux des ELPs non modifiés. De plus on peut
voir que I'étape de purification a été efficace, comme en témoigne I'absence de quantité
significative d’ELPs non modifiés dans les conjugués (pureté > 96 %). Les analyses de
spectrométrie de masse ont confirmé la réussite des couplages, avec des décalages de +210,
+238, +266, +264 et +262 Da apres acylation des ELPs par respectivement le C14, le C16, le
C18, le C18:1 et le C18:2.

Une étude par dichroisme circulaire a montré que la structure secondaire des I'ELP-FAS

variait avec la température comme c’était le cas pour les ELPs. Ainsi, I'acylation d’un ELP par
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des acides gras ne modifie pas significativement sa structure secondaire, que ce soit a une
température au-dessous ou au-dessus de la température de point trouble (Tcp), la
thermosensibilité étant donc conservée. En revanche, nous avons montré que 1’acylation des
ELPs entrainait une forte diminution des valeurs de Tcp, quelle que soit la nature de I’acide
gras. Une autre observation a été que l'acylation des ELPs réduit I’effet de dépendance de la
Tcp avec la concentration en polymere. Ceci s’explique par le fait que la Tcp des ELP-FASs ne
correspond pas a la coacervation de monomeéres en agrégats, mais plutot a 1’agrégation de
micelles déja présentes a basse température. Ainsi, comme suggeéré par le groupe de Chilkoti,
’agrégation serait contrdlée par la concentration locale en ELP a la surface des micelles et non

par la concentration totale du conjugué en solution®2,

Les ELP-FAs s’auto-assemblant spontanément en micelles en milieu aqueux, nous avons

étudié leurs caractéristiques (Fig. 5).
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Figure 5. Caractérisation des micelles d’ELP-FAs. A) Calcul de la CMC en tampon PBS
du M80-C16. B) Valeurs de la CMC pour les M20-FAs (noir), M40-FAs (rouge) et M80-
FAs (bleu). C) Analyse par DLS des micelles de M80-C16 a 15°C en tampon PBS. D)
Valeurs du rayon hydrodynamique Rn des 15 ELP-FAs. E) Une solution de M80-C16 a 1
mg/ml (29 uM) a été incubée dans du tampon PBS, et les mesures DLS ont été enregistrées
entre 15 et 30 °C. Pour chaque valeur, les données sont la moyenne de trois mesures + SD.
F) Image de TEM des micelles M40-C16.
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Nous avons montré que plus la longueur de la chaine d'acides gras saturés augmente, plus
la valeur de CMC diminue, les valeurs les plus faibles ayant toujours été mesurées avec le C18
quelle que soit la taille de ’ELP. La présence d'insaturation dans la chaine C18 a entrainé une
augmentation de la CMC, cette augmentation étant proportionnelle au niveau d'insaturation.
Nous avons également montré que la taille de I’ELP influence également la CMC. Dans la
plupart des cas, la valeur CMC la plus basse pour un FA donné a été obtenue avec I’ELP M80,
et la plus ¢élevée avec I’ELP M20. Cependant, les différences de valeurs de CMC entre deux
ELPs acyles par le méme FA étaient beaucoup plus faibles que celles entre les ELPs acylés par
différents FAs. Ainsi, la principale force motrice pour l'auto-assemblage de I'ELP-FA & 15 ° C,
c'est-a-dire en dessous de la température d’agrégation, provient clairement de 1'hydrophobicité

du FA.

Pour les 15 ELP-FAs étudiés, une seule population homogéne d'objets a été détectée par
DLS a 15°C en tampon PBS. La taille des micelles augmentait proportionnellement a la
longueur de la chaine carbonée. Au contraire, lorsqu’une ou deux insaturations étaient
présentes le Ry diminuait. Cela peut s'expliquer par le fait que les doubles liaisons introduisant
une courbure de la chaine acyle, la longueur totale est diminuée. Toutefois nos résultats
montrent que la taille des micelles dépend principalement de la masse moléculaire de I’ELP.
Le Rn des micelles des M20-FAs était d'environ 10 nm, compris entre 14 et 18 nm pour les
M40-FAs et entre 18 et 23 nm pour les M80-FAs. De plus, pour un FA donné les micelles
obtenues avec le conjugué M80 étaient toujours les plus grosses et les micelles du conjugué
M?20 les plus petites. Des images de microscopie ont ensuite montré que les micelles d’ELP-

FAs étaient sphériques.

Nous avons enfin évalué la capacité des micelles a encapsuler et libérer le rouge du Nil.
Notre objectif principal était d'étudier le r6le de la longueur de la chaine acyle gras. Nous nous
sommes donc concentrés sur les M80-FAs car nous avions précédemment montré qu'ils
formaient des nanoparticules plus grosses que les M40-FAs et M20-FAs, et pouvaient donc
encapsuler davantage de molécules hydrophobes. Cette expérience a montré que la longueur
de chaine des acides gras est un facteur important pour I'encapsulation du rouge de Nil dans les
micelles, les efficacités d’encapsulation étant respectivement de 20%, 31% et 44 % pour les
M80-C14, M80-C16 et M80-C18. Les expériences de relargage ont ensuite montré que la
cinétique de libération du rouge de Nil était assez similaire pour les micelles de M80-C14 et

M80-C16, avec une libération rapide de 70 a 80 % du contenu pendant les cing premieres
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heures, alors que la libération était plus lente avec les micelles de M80-C18, 35 % de
fluorescence étant encore détecté dans cet échantillon aprés 24 h de dialyse. Au final ces
expériences ont démontré qu’il sera possible d'affiner la composition des ELP-FAs afin
d'obtenir des micelles capables d'encapsuler différentes quantités de médicaments hydrophobes,

et de les relarguer selon différentes cinétiques.

Nous avons donc réussi a conjuguer cing acides gras naturels sur trois polypeptides de type
élastine en utilisant un protocole simple qui peut étre facilement utilisé pour produire de plus
grandes quantités. Ces composés biosourcés ont été caractérisés et leur auto-assemblage étudié.
Nous avons montré que les micelles formées étaient stables dans le PBS a une température
inférieure a la Tcp, et que cette Tcp dépendait principalement des caractéristiques de ’ELP
telles que sa masse moléculaire et/ou son hydrophobicité. La taille des micelles, avec un rayon
hydrodynamique compris entre 9 et 22 nm, peut étre ajustée en modifiant soit le fragment ELP
et/ou la longueur ou la saturation de la chaine des acides gras. Ces micelles peuvent encapsuler
de petites molécules hydrophobes. L'efficacité de I'encapsulation et la cinétique de libération

du médicament peuvent étre ajustées en modifiant la conception moléculaire de I'ELP-FA.

Dans le dernier chapitre nous avons réfléchi aux moyens d'utiliser nos micelles d’ELP-
FAs pour former des hydrogels. Habituellement, les hydrogels a base d’ELPs sont obtenus par
réticulation chimique, enzymatique ou par irradiation y. lls ont de bonnes propriétés
rhéologiques mais contiennent souvent des composants chimiques nécessaires a la réaction de
réticulation qui sont peu biocompatibles. De plus, ces hydrogels ne sont pas réversibles car leur
intégrité est maintenue par des liaisons covalentes. Pour certaines applications thérapeutiques,
les hydrogels physiques sont plus adaptés en raison de leurs propriétés d'auto-réparation. Ces
hydrogels physiques sont généralement constitués de polymeres associatifs, également appelés
polymeéres téléchéliques, qui sont des copolymeéres triblocs de type BAB avec un squelette
hydrophile (bloc A) et deux groupements hydrophobes (blocs B). lls s'associent en milieu
aqueux dans des « micelles de fleurs » : lorsque la concentration augmente et que les micelles
commencent a interagir, les greffons hydrophobes se rassemblent pour créer des
microdomaines, ce qui conduit a la formation d'un réseau physique 3D. Ce processus est illustré

dans la figure 6.
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Figure 6. Représentation de I'association de copolymeres triblocs de type BAB selon
Winnik et Yetka'4.

Pour obtenir des triblocs BAB, nous avons utilisé deux stratégies. Dans la premiére, nous
avons introduit par mutagenése dirigée une lysine en C-terminal dans la séquence des ELPs de
la série Mx utilisés dans le chapitre précédent. Ces nouveaux ELPs contenaient donc deux
amines primaires, celle de la méthionine N-terminale et celle de la chaine latérale de la lysine
a I’extrémité C-terminale. Aprés production et purification de ces ELPs, nous les avons acylés
avec 1’acide palmitique grace a la réaction de conjugaison précédemment décrite. Dans la
seconde stratégie, nous avons acylé I’amine primaire N-terminale d’ELPS qui possédaient une
cystéine en position C-terminale. En condition oxydante, ces FA-ELPCs pouvaient donc
former des diméres par formation d’un pont disulfure intermoléculaire ce qui conduisait a la

création de triblocs FA-ELPC-CELP-FA.

Dans un premier temps nous avons procédé aux etapes de mutagenése dirigée pour obtenir
les clones permettant I’expression des ELPs M20K, M40K, M60K et M80K. En paralléle, nous
avons défini les conditions d’oxydation qui permettaient d’obtenir des dimeres de M40C sans
oxyder les résidus méthionines présentent dans la séquence. Aprés acylation, les triblocs FA-
MxK-FA et FA-ELPC-CELP-FA ont éte purifiés et analyses par RP-HPLC. Leur Tcp a été
déterminée par turbidimétrie et la taille des micelles évaluée par DLS en conditions diluées (1
mg/ml). A une température inférieure a la Tcp, la taille des micelles en tampon Tris variait
entre 8 et 16 nm, le Ry étant dépendant de la taille du bloc ELP. L’ajout de sel dans le milieu

provoquant 1’agrégation des micelles, la formation des hydrogels physique a été réalisée dans
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de I’eau. Pour former ces hydrogels, nous avons utilisé une concentration finale en tribloc de
5%, soit 50 mg/ml. Des hydrogels ont été obtenus avec 5 % de M80OK palmitoylé et 5 % de
dimeres de M40C palmitoyl€, ce qui montrait I’importance de la taille du bloc hydrophile. Les
études rhéologiques ont montré que les hydrogels de M80K palmitoylé avaient un caractére de
fluide viscoélastique, alors que les hydrogels de diméres de M40C palmitoylé avaient les
caractéristiques attendues pour un hydrogel physique (Figure 7).
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Figure 7. Paramétres rhéologiques du gel C16-M40C-CM40-C16 a 4°C. A) Photo du gel

obtenu avec 5% de conjugué dans de I’eau. B) Module élastique (G' en rouge) et module

o

de perte (G" en bleu) en fonction de la contrainte de cisaillement a 1 rad/s. C) Module
élastique (G') et module de perte (G') en fonction de la fréquence. D) et E) Module
¢élastique (G’) et module de perte (G”’) en fonction du chauffage (D) ou du refroidissement

(E) de I’échantillon. La fréguence angulaire était de 10 rad/s.

Nous avons ensuite étudié le comportement de cet hydrogel physique en fonction de la
température. A basse température, nous avons mesuré des valeurs de G' et G de 630 et 190 Pa.
Lors du chauffage, les deux modules ont diminué progressivement jusqu'a 18°C puis ont chuté
a des valeurs inférieures a 1 Pa indiquant une rupture du gel. Lors du refroidissement de
I'échantillon, nous avons observé une tendance similaire : des valeurs basses inférieures a 1 Pa
pour les deux modules entre 40 et 22°C, puis une forte augmentation jusqu'a ce que la

température atteigne 16°C. A cette température, la valeur de G' devient supérieure a celle de
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G" indiquant la formation de I’hydrogel. La dissociation du gel observée a température
supérieure a 18-20°C peut s'expliquer par le fait que le bloc ELP subit une transition vers un
caractéere plus hydrophobe. La structure micellaire en forme de fleur est alors perdue en raison
de l'agrégation des ELPs dans la couronne et les connexions préexistantes entre les différentes

micelles sont alors rompues.

En utilisant ces dimeres M40C palmitoylés nous avons obtenu des hydrogels physiques
aux propriétés intéressantes : (i) ils sont hautement transparents, ce qui est une caractéristique
recherchée pour des applications thérapeutiques telles que les implants intraoculaires ; (ii) ils
possedent des propriétés d'auto-réparation qui peuvent intéresser l'ingénierie tissulaire ; (iii) ils
peuvent étre dissociées soit par incubation avec un agent réducteur qui va casser les ponts
disulfures et donc générer des micelles identiques a celles décrites pour le M40-C16, soit en
augmentant la température du milieu. Ces gels pourraient étre améliorés pour modifier la
température a laquelle ils se dissocient. En effet, 1’idéal serait qu’ils ne se dissocient pas en
dessous de la température physiologique. La température de dissociation dépendant de la Tcp
de I’ELP, notre objectif sera de I’augmenter soit en oxydant les méthionines du M40C, soit en
alkylant ces mémes méthionines comme cela a déja été réalisé avec succés dans notre

laboratoire?®.

En conclusion, les travaux de cette these ont montré I’intérét des ELPs conjugués a des
groupements hydrophobes pour générer des nanoparticules capables d’encapsuler des
molécules hydrophobes, ou pour former des hydrogels physiques. Les propriétés de ces
nanoparticules et hydrogels peuvent étre ajustées en jouant sur la taille et la composition de
I’ELP et/ou sur la nature du groupement hydrophobe (lipide, acide gras, polyisoprene, etc.).
Les méthodes de production des ELPs par voie recombinante sont bien établies et pourront étre
industrialisées si nécessaire. Les réactions de couplage que nous avons utilisées sont
relativement simples, notamment pour la conjugaison des acides gras, ce qui permettra

¢galement un changement d’échelle pour la production des ELP-FAs.

Les développements futurs pourront se faire dans deux directions. Pour la délivrance de
médicaments, il serait par exemple intéressant que les micelles d’ELP-FAs soient capables de
délivrer leur contenu dans des types cellulaires déterminés. Pour introduire cette spécificité, on
pourrait imaginer de greffer a une des extrémités de I’ELP un motif peptidique ou glucidique

qui se lierait a un récepteur cellulaire donné. En ce qui concerne les hydrogels, hormis le fait
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de développer des composés qui permettront d’obtenir des hydrogels stables dans des
conditions physiologiques (température, concentrations en sels, etc.), il faudra évaluer leur
biocompatibilité et leur capacité a permettre I’adhésion cellulaire. Pour ce dernier point, nous
pensons que la nature méme de nos triblocs FA-ELP-FA sera favorable puisque les acides gras
qui assurent la cohésion du gel en se connectant entre deux micelles pourront également

s’insérer dans les membranes des cellules environnantes pour améliorer leur adhésion.
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Chapter 1. Bibliography

1.1. Introduction

In 20" century, drugs were administered in pill form, where drug molecules were released
immediately in water, without control®. This results in rapid clearance of small-molecule drugs
from the circulation, inconvenient dosing regimens, and dose-dependent side effects. The
Nobel laureate Paul Ehrlich developed the concept of ‘control drug delivery’, which aim to
deliver drugs to specific targets while avoiding off-target toxicity?. Since 1950s, researchers
have focused first on drug diffusion, dissolution, and pharmacokinetics, then on increasing
circulation time and local drug release®#. Liposomal amphotericin B was the first drug delivery
system, approved by FDA in 1990°. Synthetic materials or polymers as drug carriers achieved
slow renal excretion by increasing their molar mass, but it can lead to uncontrolled
stereochemistry or molar mass and trigger immunogenic or toxic degradation products®®,
Therefore, natural materials such as lipids, polysaccharides, nucleic acids, and proteins® are

favored by researchers.

Protein-based materials are biocompatible and their degradation products, amino acids, are
nontoxic®®. Both biopolymers based on consensus sequence from naturally derived proteins
and de novo designed polypeptides are used for biomedical applications'!!. These two
approaches provide near-absolute control over the sequence, self-assembly, stimuli-
responsiveness, and dispersity of the carrier, which cannot be matched by synthetic polymers??.
As shown in Figure 1, recombinant polypeptides can be: (i) introduced active functional groups
for chemical modification and drug conjugation; (ii) used to create fusion proteins by
recombinant technologies®®*?; (iii) designed according to the application'*; (iv) designed to
responds to variety of stimuli, including temperature, pH, oxidative conditions, or the presence
of specific biomolecules'®*®; (v) engineered to self-assemble into a variety of architectures

ranging from nanomaterials to hydrogels to porous scaffolds®’.
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Figure 1. Recent advances in the engineering of the peptide-based biomaterials as
delivery vehicles. Adapted from Varanko and collaborators®®

Generally, drug delivery systems are designed to overcome the pathophysiological and
translational challenges. Hydrophobic drugs with low aqueous solubility can be administered
systemically by combining then with surfactants, which however pose health risks'®. Therefore,
hydrophobic drugs should be encapsulated to improve solubility. The size of the drug, its
charge and hydrophobicity determine its half-circulation time. For example, molecules under

60 kDa or 6 nm diameter are rapidly cleared from blood circulation. Drug encapsulation
prevents clearance by renal filtration and degradation by serum enzymes or macrophages?®2L.
Encapsulation increases drug accumulation by passive targeting, including increased
permeation by the enhanced permeability and retention (EPR) effect, and active targeting by
binding to cell receptors?>%3. Indeed, to transport the drugs into the tissue, drug carriers can be
loaded with penetrating peptides or modified to tune their physicochemical properties®.

Directing the drug to the subcellular site of its molecular action?>28, and modulate its release
kinetic?® are also current challenges.
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Proteins such as silk, keratin, aloumin, collagen, elastin, resilin, and others are widely used in

biomedicine.

Silk is a fibrous protein produced from silkworms such as Bombyx mori and spiders. The one
used in biomedical applications comes from Bombyx mori because it is available in large
quantities at a reasonable cost. It consists of two major proteins, sericin (which may cause an
immunogenic response) and silk fibroin (SF)3%3, SF contains a light chain of 26 kDa linked to
a 390 kDa heavy chain by a single disulfide bond. The heavy chain consists of alternating
hydrophilic and hydrophobic blocks, the hydrophobic blocks being responsible for the B-sheet
structure. SF is biocompatible, biodegradable and non-immunogenic®. It can self-assemble
into various structures ranging from nanoparticles to hydrogels by modulating the organization
of its B-sheets®>33, Its structure can be changed by external stimuli such as pH*, salt
concentration®* or other co-solvent®>2®. SF can be chemically modified *’, and recombinant
DNA technology was used to modify its sequence3 . For instance, Numata and colleagues
recombinantly synthesized silk-based block copolymers with poly(L-lysine) domains for gene
delivery**. The SF has also been used for the administration of injectable*? and conjugated*?

drug.

Keratin is a protein with a fibrous structure containing a high content of cysteine which gives
it particular mechanical and chemical characteristics. When the cystine content is high, hard
keratins are formed, while soft keratin can be obtained when the cystine content is lower. It is
therefore oxidation-reduction reactions that regulate the characteristics of the fibers*. Keratin
has several characteristics that make it a good candidate for biomedical applications. It is
negatively charged and therefore the electrostatic interaction of keratin nanoparticles or
hydrogels with a positively charged drug can provide sustained release of said drug®*'. It is
also pH sensitive due to the large number of carboxyl groups. At acidic pH, protonation of
carboxyl groups leads to a higher proportion of f-sheets in the sequence, resulting in pH-
sensitive hydrogels*®*°. Finally, its composition rich in cysteine allows it to be sensitive to
oxidation-reduction by regulating the content of disulfide bridges, a characteristic widely used
for drug release®-°2, Thus, its sensitivity to changes in glutathione concentration has been used

to deliver chemotherapy drugs to metastatic cancer cells*®.

Albumin, the most abundant protein in human plasma, can serve as a carrier for drugs. Bovine

serum albumin®*->" and human serum albumin transports small hydrophobic molecules such as
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hormones and fatty acids, and therefore can bind hydrophobic drugs®®. It is biodegradable and
has no known systemic toxicity. Additionally, it has an exceptionally long half-life of 19 days

in humans and animals because it bypasses the body's clearance and degradation systems®®-2,

Collagen is the most abundant protein in mammals, and is found in skin, hair, ligaments,
tendons, cartilage, bone, and placenta®®®4, It is the main component of the extracellular matrix
(ECM) and connective tissue. Collagen has a broad spectrum of functions, including cell
adhesion, cell migration, tissue scaffolding, and repair®3. The triple helix structure of collagen
is comprised by three interlocking polypeptide chains, each chain containing repetitions of the
sequence Gly-X-Y, where X and Y are Proline (Pro) and hydroxyproline, respectively®®,
Collagen has been used for drug delivery and tissue engineering, thanks to its self-assembly
properties, its ability to form hydrogels, its biodegradability and its reactivity to external
stimuli®®®®. However, the collagen currently used is purified from biological tissues or cell
cultures, which poses biosafety concerns. Therefore, several groups developed collagen-
mimetic peptide or collagen-like peptides®’®. It has been shown that these collagen mimics
can self-assemble through cysteine knot® or through n-m interactions after introduction of
aromatic amino acids in their sequence’® . They can also be conjugated with lipids to interact
with hydrophobic drugs’>".

Finally, elastin is also a natural protein that has interesting properties both for the delivery of

drugs and for the formation of hydrogels. This is detailed below.

1.2. Natural elastin

Elastin is the protein responsible for the elastic properties of vertebrate tissues. In humans,
elastin synthesis begins in the 3-4-month-old fetus and continues through early adulthood.
Then, its synthesis stops, and no renewal of the degraded elastin fibers is possible. Elastin is
abundant in human lung (30% of dry weight), skin (2-4% of dry weight), elastic ligaments (70%
of dry weight) and blood vessel (50% of dry weight) "47". It contributes to the elastic behavior,
the organ being able to deform under the action of an external force. This deformity occurs
when a joint flexes and distorts the ligaments and overlying skin, when the lung is dilated
during breathing, and when blood pressure pulses pass through vessels and arteries’®.

The biosynthesis pathway is shown in Figure 2. After transcription of the tropoelastin gene, the

corresponding transcript is translated in the rough endopalsimc reticulum”®° . As soon as the
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protein is synthesized, a specific chaperone protein, galactolectin also called elastin-binding
protein, binds to newly synthesized tropoelastin molecules to prevent their intracellular
aggregation®.-82, Following Golgi secretion, the extracellular tropoelastin dissociated from its
chaperone which interacts with the microfibrils galactosugars present in the extracellular space.
The chaperone is then recycled by the surrounding cells, and the tropoelastin molecules starts
to aggregate together and to interact with microfibers. Then, the lysyl residues of tropeolastin
are deaminated and oxidized by lysyl oxidase in the presence of Cu?* 8%, Oxidized lysines

react with each other and with non-oxidized lysines to create interchain covalent bonds.

Microfibril

Elastin

|

Transfetion Rough Endoplasmic Reticulum

Nucleus
Transeription
o Tropoelastin .LJ) Galactosugar
20-  Allysine troposlastin ] Chaperone

Figure 2. Schematic description of elastin deposition. From Debelle and Tamburo &

Thus, native elastin is an insoluble polymer composed by several tropoelastin monomers
covalently bound by cross-linking. It is a very stable protein, its half-life having been estimated
at around 70 years in humans. Part of this stability comes from its conformation®. Elastin
belongs to the family of intrinsically disordered proteins, which is a generic term used for
proteins lacking a cooperatively folded structure under native conditions’®42%, Tropoelastin is

made of two types of domains, hydrophobic ones with many Gly, Val, Ala and Pro residues
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and hydrophilic domains with Lys and Ala residues which are important for crosslinking®® .
The driving force of elastic properties, which is the spontaneous recoil of stretched elastin, is
entropic in nature®’ . Indeed, all the energy is stored in the polypeptide backbone when the
molecule is stretched and can be recovered during relaxation. The glass transition temperature
(Tg) is also a characteristic of elastin. At 30% of hydration, this Tg is about 30°C, below body
temperature®, In addition, elastin undergoes a phase transition called coacervation. It is soluble
in aqueous solution at ambient temperature, but aggregates because of interactions between

hydrophobic domains when temperature is raised®.

1.3. Elastin-like polypeptides (ELPs)

1.3.1. Introduction

The concept of elastin-like polypeptide was raised by Dan W. Urry and his colleagues in the
early seventies®®®. They synthesized polymers that consisted of repeats of one of the
hydrophobic pentapeptide units of human elastin, VPGVG, and showed that these synthetic
polypeptides coacervate above a specific temperature similarly to natural tropoelastin. This
transition temperature (Tt) is also called the cloud-point temperature (Tcp). A schematic

representation of the ELP thermosensitivity is shown in Figure 3.

Water
molecule

Figure 3. ELP thermosensitivity. Adapted from Varanko and collaborators .
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At temperatures below its Tt, the ELP is hydrated and fully soluble, appearing as an optically
transparent solution. As the temperature is raised above the Tt, the ELP coacervates and phase
separates, appearing as cloudy solution. As the temperature is lowered below the Tt the ELP
re-solubilizes®?. At low temperature, the ELP is in a disordered state and fully hydrated. The
increase of temperature above the Tt results in a disorder of the hydrophobic hydration of the
polymer®-% and structural changes towards type-1I B-turns, type-I1 B-turns, and B-strands,
leading to their aggregation®®%’. When the temperature is raised above Tt, the positive entropy
that occurs from ordered water to bulk water is larger than the negative entropy caused by
polymer ordering. Despite folded phase separation, the product still contains 63% water and
37% polymers by weight®,

The Tt value of ELP is usually detected with Uv/vis spectrophotometer at 350 nm with a narrow
temperature window (1-2°C). The point where the absorption increases significantly is the Tt
value. This transition can also be measured by differential scanning calorimetry and by

dielectric relaxation methods®®1°,

1.3.2. Role of the “guest” residue

ELPs are made of multiple repeats of Val-Pro-Gly-Xaa-Gly pentapeptides, where the guest
residue (Xaa) can be any natural amino acid except proline %. Other position substitutions, such
as a single substitution of an alanine for a glycine residue at the third position of the VPAVG
repeat sequence transforms the mechanical behavior of the ELP from elastomeric to
plastict0t102,

A schematic representation of the canonic pentapeptide sequence is shown in Figure 4.
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Figure 4. Pentapeptide unit of Elastin-like polypeptide. Adapted from Quintanilla-Sierra
and collaborators’®.

Urry and colleagues proposed that there is one type Il B-turn per pentapeptide with adjacent
proline and glycine residues at the corner of the bend, stabilized by a hydrogen bond connecting
the C=0 group of the first valine to the NH of the guest residue. The repetition of this
conformational motif gives rise to structures called B-spirals, the B-turns acting as spacers
between the turns of the spiral’®®. The cyclic structure of proline gives it a more rigid
conformation than those of other amino acids. Indeed, it does not contain amide hydrogen
atoms at physiological pH, and its dihedral angle phi is restricted. Proline is therefore unable
to form stabilizing hydrogen bonds in secondary structures. Therefore, proline breaks the
classical secondary structures such as a-helices and B-turns.

On another hand, the disordered structure of ELPs at T°<Tt is the consequence of the high
proline and glycine content in the ELP backbone, with a compositional threshold of (2 Pro +
Gly) > 0.6, thus meaning that the percentage of proline is more decisive than that of glycine!®.
However, glycine plays also a role in the fact that ELP are disordered and hydrated at low
temperature. The absence of a side chain on the glycine residues allows ELP to adopt different
conformation in aqueous solution, and therefore a higher entropy which disadvantages the

formation of ordered structures®®1%,

Dan Urry's group first pointed out that the ELP transition temperature is inversely related to
the average residue hydrophobicity'®. Using differential scanning calorimetry, they compared
the Tt value of poly(VPGVG) and poly(IPGVG) and demonstrated that an increase in
hydrophobicity leads to a decrease in Tt. They explained that poly(IPGVG) contains [3-
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branching which provide important hydrophobic interactions during folding caused by the CH>
moiety of each pentamer??”. Then, they studied the impact of the hydrophobicity of residue X
on the value of Tt using an ELP of sequence [fv(GVGVP),fx(GXGVP)], where fv and fx are
molar fractions (Figure 5).

At a fixed value of fx of 0.2, they showed that the value of Tt is directly correlated with the
nature of the residue X, the hydrophobic amino acids such as Tyr, Phe, Leu or lle decreasing
the Tt compared to the residue Val, whereas the incorporation of hydrophilic amino acids like
Asp or Lys increases Tt (Fig. 5A)*%. In addition, they showed that there is a linear relationship
between the Tt value and the molar ratio (fx) of the pentapeptide containing the X residue (Fig.
5B). Urry later developed a thermodynamic model for the relationship between the X residue

and the Tt that fits the experimental data 1°°.
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Figure 5. (A) Transition temperatures of poly[fv- (VPGVG),fx(VPGXG)] for fx = 0.2 with
different X-residues. (B) Plots of Tt versus fx for all the amino acid residues. Adapted

from Urry®
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Interestingly, Rodriguez-Cabello’s group investigated if the Tt depends only on its overall
polarity, or if in the case of ELPs made up of alternating hydrophobic and hydrophilic blocks
the spatial organization is important. They recombinantly expressed di- and triblock ELP
copolymers made of hydrophilic and hydrophobic blocks. By changing the arrangement and
the length of the blocks while keeping the average polarity constant, they demonstrated that
the sequence plays a key role in the behavior of ELPs, and therefore that the prediction of Tt
based only on the average polarity and the mass molecular is only applicable to regular

homopolymers!

. A model was also created by Ashutosh Chikoti's group to predict the Tt of
agiven ELP. The objective was to be able to elaborate the sequence of the ELP to reach a target
Tt before the stage of recombinant production. The ELPs used in this study were poly (Val-

Pro-Gly-Xaa-Gly), with Xaa = Ala or Val*!,

1.3.3. Factors influencing the Tt value

Meyer and Chilkoti developed a model to represent the variation of Tt value as a function of
ELP concentration and ELP size!?. They used three ELP libraries with different guest residues
and polypeptide length. The experimental data were obtained by turbidimetry and used to
establish a model (Figure 6).
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Figure 6. Model that describes the variation of Tt as a function of ELP chain length (L)
and ELP concentration. Adapted from Meyer and Chilkoti*?,
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They showed that for a given ELP sequence, the Tt decreases with increasing concentration
and with increasing size of the polypeptide. Figure 6 also showed that for a given ELP library,
all the lines converge to a single point which is defined by a common Tt and concentration.
The results of this study are fundamental for anyone wishing to use ELPs for therapeutic
applications. Indeed, they demonstrate a very strong effect of ELP concentration on Tt. Thus,
if ELPs are injected to use their coacervation properties, their dilution after injection could lead
to a strong increase in Tt and therefore prevent their aggregation at physiological temperature.
To combat this phenomenon, the solution lies in the use of large ELPs, which are less sensitive
to the effect of dilution. However, the difficulty is to produce ELPs of very high molecular
mass (> 100 kDa).

The salt concentration of the medium in which the ELP is dissolved also affects the Tt value.
Tirrell and colleagues measured the Tt of the (VPGIG)s in the presence of various
concentrations of salts including KCI, NaCl, K2SOs, or K13, They showed that the Tt linearly
decrease with increasing concentrations of KCI, NaCl and K>SQO4. They also showed that the
nature of ions plays was important. Salting-out ions facilitate ordered forms, whereas salting-

in ions favor random structures.

The chemical modification of the amino acids of an ELP chain can also modify the Tt. A good
example is the oxidation of ELPs containing methionine!!4. It was demonstrated that incubation
of the ELP (VPGMG)40 with 30% H202 at 0°C for 30 min led to the selective oxidation of
methionine to sulfoxide. This resulted in an increase of the Tt from 25°C to 55°C. However,
further oxidation of ELP with harsher oxidation conditions led to the appearance of sulfone

instead of sulfoxides, which resulted in a decrease in Tt from 55°C to 43°C.

Several pH responsive ELPs were also developed, such as the ELP ([VPGVG].-VPGEG-
[VPGVG]2)a'®. At pH 3.5, the y-carboxylic of glutamic acid is in the protonated state and the
authors measured a Tt of 30°C. When pH of the solution was increased to 8.0, a negative charge

appeared on the carboxylate and the Tt increased to 85°C.

Light-sensitive ELPs were also designed. They are azobenzene derivatives of (VPGVG). In the
dark, the p-phenylazobenzene adopted a trans isomer conformation which is apolar. After UV
irradiation, the cis isomer becomes more abundant, and since it is somewhat more polar, this

increases the Tt1%,
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In conclusion, several factors can determine the Tt of an ELP. Some are intrinsic to the
polypeptide sequence, such as the molecular weight, the nature of residue X, the presence of
ionizable or oxidizable groups, and others depend on the environment such as salts and ELP
concentration. Therefore, although many studies have been devoted to the development of
models for predicting Tt values, none have been able to consider all possible variables. This is
of course problematic for researchers who would like to design an ELP for a specific
therapeutic application. General rules can be followed but ultimately the true Tt will be
determined experimentally on the purified ELP after a tedious process of cloning and

production.

1.3.4. Production and purification of ELP

In the pioneering work of Urry ELPs were produced by solid phase peptide synthesis. However,
this technique is complicated and time-consuming, only small-sized ELPs can be obtained, and
the production yields are rather low. Thus, the recombinant expression of ELP was quickly
considered. Another advantage of recombinant expression is the perfect control of the sequence
and size of the polypeptide.

The expression process of a recombinant ELP can be summarized in three successive steps:
design of the monomer and construction of the plasmid, recombinant expression in bacteria or

eukaryotic cells, and then purification (Fig. 7).
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Figure 7. General biosynthesis scheme of genetically engineered protein using
recombinant DNA technology. Adapted from Huang and collaborators!®®.

The first recombinant elastomeric polypeptide G-(VPGVP)1o-VPGV was produced in
Escherichia coli using the vector pGEX-3X!6, Briefly, a gst-G-(VPGVG)15-VPGV fusion
protein was expressed after induction by 1 mM isopropyl B-D- thiogalactopyranoside (IPTG).
After cell lysis by sonication, the fusion protein was affinity purified and cleaved with protease
factor Xa to separate the gst-tag from the ELP moiety. The ELP was finally recovered by
ammonium precipitation, dialyzed and characterized by SDS-PAGE and NMR. Although
successful, the yield of purified ELP was very low, around 1 mg/L of culture. In the following

years, efforts were made to improve the production and purification processes.

Several strategies have been developed for the construction of ELP clones. One of the most
used methods is called recursive plasmid directional ligation (RDL)!’. As shown in Figure 8,
a plasmid “B”, containing two restriction endonuclease (RE) sites, is first obtained by ligation
with an oligonucleotide cassette encoding a small ELP sequence (usually 10 to 20 repetitions).
Then, part of plasmid B is digested with RE1 and REZ2 to obtain the ELP insert, while the other
part of plasmid B is only digested by REL1 yielding a linear plasmid with the ELP sequence at

one of its extremities. After ligation of this linear plasmid with the purified ELP insert (step C
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in Fig. 8), it is possible to obtain a new plasmid containing an ELP sequence twice as large.
This cycle can be repeated to obtain multiple repetitions of the initial ELP sequence.
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Figure 8. Schematic representation of the RDL process. RE1 and RE2 are restriction

endonucleases sites. Adapted from Chilkoti and collaborators!!’,

Certain constraints exist, such as the fact that the initial ELP sequence must contain specific
sites for RE1 and RE2. This quite often results in the insertion of unwanted extra amino acids
between the repeating units of the ELP. In addition, cloning efficiency is limited due to vector
or insert self-ligation events. Finally, the RDL was designed for pUC vectors that are not

suitable for expression, requiring subsequent subcloning into an expression plasmid.

Based on RDL, Ashutosh Chikoti’s group introduced recursive directional ligation by plasmid
reconstruction (PRe-RDL)8. In this technique, two halves of the parent plasmid, each
containing the desired oligomer, are ligated together to create the same plasmid backbone but
containing two ELP units (Fig. 9). Pre-RDL is applicable to any arbitrary DNA sequence and
has no extraneous peptide oligomers at the junctions between repeats because it uses type lls
endonucleases. The main advantages of PRe-RDL are that self-ligation and circularization are
prevented, and the modular design of Pre-RDL is suitable for the rapid generation of any
repetitive peptide sequence of a specified length. It can also be used to join blocks of different

lengths and sequences in a predetermined order.
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site. From McDaniel and collaborators!8.

More recently, Ashutosh Chilkoti’s group designed another method called “overlap extension
rolling circle amplification” (OERCA). OERCA is a robust method for highly parallel synthesis
of genes encoding repetitive protein polymers®®.

Recombinant expression of ELPs usually occurs in E. colit'®12012! s these polypeptides do
not require specific post-translational modifications to be active. Nevertheless, the successful
expression of recombinant ELPs in yeast!?2124 fungus'?®, and plants*?®1?’ has been published.
Most groups involved in the production of ELP use the classical pET T7-lac vector system.
Briefly, a clone is grown in culture medium to an OD of between 0.5 and 1. Then IPTG is
added to the medium to trigger expression of the recombinant ELP which will last for several
hours. The cells are recovered by centrifugation, resuspended in an appropriate buffer (water
or PBS) and lysed by sonication. After removal of soluble debris by centrifugation, the soluble

fraction is used in the purification process.

The ELP purification process takes advantage of the fact that they are thermosensitive. By
heating the solution, the ELP will precipitate, and the contaminating soluble host cell proteins
will be eliminated in the supernatant by centrifugation. After addition of cold buffer, the ELP

will solubilize but not the insoluble contaminating proteins. After a new centrifugation, the
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purified ELP will be recovered in the supernatant. This technique is called inverse transition
cycling or ITC (Fig. 10).
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Figure 10. Inverse transition cycling. From MacEwan and collaborators 1%,

Compared to conventional processes used to purify recombinant proteins such as
chromatography, ITC has several advantages: there is no need for expensive purification
machines, the whole process is carried out in aqueous buffers, and it can be easily scaled up*®°.
However, there is also one limit. It came from the Tt of the ELP to be produced. If the Tt of
the ELP is high, above 60°C, the heating step will be difficult to achieve. Few centrifuges can
run at temperatures above 60°C, and incubation of the ELP sample at such a high temperature
could result in oxidation of Met or Lys residues if present in the sequence. Even for ELPs with
a lower Tt, this can be a problem. As we have already said, the Tt depends on the concentration
of ELP. During the first ITCs, the polypeptide is generally diluted in the homogenate and
therefore high temperatures must be used to trigger its precipitation, with all the side effects
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described above. To circumvent this problem, high concentration of salts could be used to
lower the Tt of the sample. However, when producing small hydrophilic ELPs other

purification methods should be considered.

1.3.5. Immune-response to ELP

In most articles published on ELPs, it is written that they are biocompatible, biodegradable,
and non-immunogenic. These arguments are used for a variety of distinct ELPs, which differ

in composition. This is quite surprising, and it is interesting to know where it comes from.

An argument often employed is that ELPs are biocompatible and non-immunogenic because
they are derived from the sequence of the human elastin. From a biological point of view, this
IS a somewhat simplistic reasoning. Indeed, under certain circumstances natural elastin can be
degraded into highly immunogenic peptides that can trigger devastating autoimmune responses,
such as in systemic sclerosis*?® or in thoracic aortic aneurysm and dissection in smokers'?°.
Fortunately, during the last 35 years several studies were conducted to evaluate the
biocompatibility and immunogenicity of these biopolymers. Although rare when compared to
the wealth of literature devoted to ELPs, they gave important information.

The first in vivo report was obtained with different ELPs that were synthesized chemically and
crosslinked before implantation in animals. In 1986, Wood and colleagues®*® chemically
synthesized the VPGVG pentapeptide and obtained polymeric forms up to 240 repetitions.
These polymers were crosslinked by y-irradiation and implanted into rabbit muscles.
Biocompatibility of the material was simply assessed by radiography of the zone of
implantation to detect any strong sign of necrosis, and by histological examination of the
surrounding tissues after sacrifice of the animal. Fibrous tissue capsules with active phagocytic
cell infiltration were detected around the implants, but the authors said that this mild
inflammatory response was similar to that observed with bovine collagen implants or
biodegradable suture (PLA-PGA). The same material was later extensively studied for its
mutagenicity, acute systemic toxicity, systemic antigenicity, dermal sensitization and
pyrogenicity®L. All these tests gave negative results, except for the muscle implantation in
which a slight irritation was observed. Importantly, the lack of immunogenicity was based on
the observation that the intraperitoneal injection into Guinea pig did not lead to anaphylactic

signs (sick animals), but no immunoglobulins dosage was performed.
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The inflammatory response after subcutaneous and intravitreal injections of poly-(VPAVG)
particles was evaluated by Rodriguez-Cabello’s group'®. After subcutaneous injection in rats,
they showed that the polymer did not induce more cytotoxicity or inflammatory response than
the PBS control. After intraocular injection of poly(VPAVG) microparticles, the anterior and
posterior segment of the eyes were examined. At first, no significant differences were observed
between the eyes from the experimental group and the control group in terms of edema or
hemorrhages. However, histopathologic studies showed that among the 11 eyes treated with
the poly(VPAVG) microparticles, two showed a marked inflammatory response with
monocytic and lymphocytic cell infiltrations, and moderate or low inflammation signs were
seen in four more eyes. No inflammatory signs were noticed in the eyes belonging to the control
group (n=3). The authors concluded that the inflammatory response detected after the
intravitreal injections of poly-(VPAVG) was more likely linked to fibroblastic activation than

to immune response.

In 1998, Wei and colleagues sought to identify potentially immunogenic epitopes on human
tropoelastin®®3, They hydrolyzed the protein, injected the corresponding peptides into rabbits
and mice to obtain respectively polyclonal and monoclonal antibodies, and then they performed
immunoassays. In parallel, they synthesized a series of overlapping hexapeptides along the
sequence covering exons 2—7 and 23-36 from the N-terminus to the C-terminus, advancing
one amino acid residue each time. These synthetic peptides were used to identify the epitopes
by competitive ELISA. They demonstrated that none of the antibody raised could react with
the hexapeptide VGVAPG, confirming the previous result obtained by Rodriguez-Cabello’s
group®. However, most of the immunological response was directed toward epitopes present
in the hydrophobic sequences that are traditionally selected for ELP synthesis (see table below).
Indeed, one of the most employed ELP pentapeptide motif (VPGVG) is present in several of
the peptide that elicited an immune response.

Interestingly, when small peptides (GVGVP, VPGVG, VPGG) were used in the competitive
ELISA, they did not inhibit the binding of the antibodies, strongly suggesting that only larger

peptides containing these motifs, such as LGGVPGVG as an example, could be immunogenic.

The importance of the nature of the guest residue X in the pentapeptide VPGXG was revealed
in another study. Briefly, biomaterials made of either poly(VPGVG) or poly[3(VPGVG),
(VPGFG)] were evaluated for their capacity to prevent postoperative fibrous scarring in rabbits.
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The material made of poly(VPGVG) elicited an insignificant inflammatory reaction without
fibrous membrane formation around the implantation site. On the contrary, the biomaterial
made of poly[3(VPGVG), (VPGFG)] caused slight inflammation, and the rapid formation of a
dense fibrous membrane around the implant. The authors attributed the difference in the
inflammatory response to the presence the amino acid phenylalanine (F) in the copolymer

whereas valine was the only guest residue in the polymer®,

Table 1: Sequences of human tropoelastin which react with antibodies (position of the
sequence in the tropoelastin molecule is indicated inbrackets). From Wei and
collaborators'®,

Antibody Ala-Lys sequences Hydrophobic and other sequences

mAbA21 AAAAVEAAK [74-80, exon 6]
mAb GE.1 AAGLGAGIPG [547-534, exon 26]
mAbAT1 GLGAGLGA [49-54 exon 3]

LGGVPGVG [87-92, exon 7]
GVVGAGPA [654-639, exons 28-29]
pAbxE(L) AAKAAQFGL [670-676, exon 29] GLGGLGVGG [683-689, exon 30]
GVPGVGGLGG [693-700. exon 30]
PAAAAKAAKYGAAG [705-716, exons 31-32]  AAGLGGVLGGAGQFPLGGVAARPGEGLSP [716-742, exons 32-33]
GGACLGKACG [748-755, exon 36]

GAFPAVTF [55-60, exon 6]

pAb=E(S) AAAKAMAK [464-469, exon 23] PGVGLAPG [497-502, exon 24]
AAKYGAAV [629-634, exons 27-28]
AAAKAMAK [655-670, exon 29] ACLGEACG([750-755, exon 36]
VGLAPGVG [499-504, exon 24]
AAKAQLRA [539-544 exon 23] PSSSQHLP [605-610, exon 26A]
pAbLE5% GVGIPGGVVGAGPA [648-639, exons 28-29]
AKAAQFGL [671-676, exon 29] LGGLGVGG [684-689, exon 30]

PGVGGLGGI [695-T701, exon 30]
GGACLGKACG [748-755, exon 36]

AVTEPGAL [59-64, exon 6]
VADAAAAYK [T1-77. exon 6] GAGLGGVP [84-89. exon 7]
pAbTE VGGLGVSA [93-98, exon 7]
AAGLGGLG [681-686, exon 30]
AAGLGGVL [716—721, exon 32]
GQFPLGGVA [727-733, exons 32-33]
SPIFPGGA [743-748, exon 33]

In depth evaluation of the biocompatibility and immunogenicity of ELP biomaterials was
evaluated in 2018 by the group of Epstein**®. The three ELPs tested, ranging between 107 and
112 kDa, were composites containing alternate units of the hydrophilic bloc
[(VPGVG)2(VPGEG)(VPGVG)2]s and of the hydrophobic bloc (VPGIG)20. Two of them also
contained an elastase sensitive sequence (VPGAG)s. In addition, each ELP contains one
bioactive sequence corresponding to either the adhesion sequence RGD, or the bone
morphogenetic proteins BMP2 and BMP7. Incubation of these ELP with mouse splenocytes
did not induce cell proliferation or cytokine production. Hydrogels were obtained by incubating
the ELP at a T° above their Tt, and were implanted for seven days into mice peritoneal. No

significant inflammatory response was detected with the ELP containing the RGD sequence,
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as evidenced by a level of interleukins (IL-1p, IL-2 and IL-4) comparable to sham controls
(same surgery but no hydrogel implanted). However, a marked increase in IL-4 production was
seen for the BMP2 and BMP7-containing hydrogels. Subcutaneous implantation of the
hydrogels showed that only mild inflammation and fibrosis were detected, similarly to those
observed for the sham controls. Nevertheless, measurements of the mRNA levels by RT-gPCR
of several pro-inflammatory genes revealed higher expression levels when compared to sham
controls. Similar results were obtained for genes involved in wound healing and fibrosis. Once
again, the BMP2 and BMP7-containing hydrogels triggered more inflammation than the ELP-
RGD. Finally, it was shown that the ELP-hydrogels led to a marked increase in ELP-specific
immunoglobulins (1IgG1 and IgE isotypes) titers at days 21 and 56 post-implantation. The
conclusion of the authors was therefore that the mice had developed an immune response to
the ELPs.

Finally, the proof that ELPs can be immunogenic comes from a recent study from MacKay’s
group'®. They were able to obtain two monoclonal antibodies (mABSs) against the soluble ELP
MG(VPGAG)192Y, which has a high Tt (55°C). These mABs were identified as IgM subclass.
Of course, to obtain a good immune response the authors boosted the immunization process by
using the ELP in combination with Freund’s adjuvant and Granulocyte-macrophage colony-
stimulating factor. One of the purified mAB was highly specific, with no cross-reactivity with
other proteins, and surprisingly showed high specificity in western blot experiments for several
other ELPs that contain different guest residues (serine, isoleucine, valine), strongly suggesting
that the epitope GVPG was indeed the target of this mAB. Another interesting finding of this
study is that ELP diblocks that forms micelles, or ELPs which coacervate at body temperature
did not raise an immune response with the same experimental protocol. This suggests that only
the injection of a soluble ELP could trigger an immune response, a hypothesis that might
explains why crosslinked material of VPAVG did not trigger immune response in earlier

studies!32133

In conclusion, this literature survey showed that the ELPs are not highly immunogenic when
used in mammals, as expected for polymers derived from a human protein that is highly
conserved in vertebrates. Nevertheless, it appears that some ELPs can be more immunogenic
than others, depending on their size, amino acid composition (guest residue) and solubility in

biological fluids at body temperature. Interestingly, it seems that the aggregated forms of ELP
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(coacervates or crosslinked forms) are less immunogenic than the soluble monomeric forms,

which is good news for therapeutic applications with hydrogels.
1.4. ELPs as tools for biological applications
1.4.1. Tag for protein purification

Owing to their ease of purification by the ITC method, ELP has been used as purification tag
for other recombinant proteins. Specific expression plasmids were developed where the gene
of interest can be inserted in fusion with an ELP sequence. Usually, a peptide linker containing
a specific protease site is added between the two coding sequences. After recombinant
expression of the fusion protein containing the ELP tag, its purification is carried out by several
ITC cycles, avoiding the tedious chromatography steps usually required at this stage. Next, the
purified fusion protein is incubated with protease to separate the ELP tag from the protein of
interest, and the ELP is finally removed by further ITC steps (Fig. 11)
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Figure 11. Protein purification using an ELP tag. From Meyer and collaborators®'.

This technique was first developed by Meyer and Chikoti'®.They demonstrated that the
thioredoxin-ELP90 fusion protein had a transition temperature close to that of ELP, which
allowed purification by ITC. They also showed that thioredoxin and the activity of thioredoxin

thus purified retained its enzymatic activity. They also used ELP tags of different length and

43



showed that the yields of purified thioredoxin was dependent on the length of ELP tag, smaller
ones (9 KDa) being four times more efficient than larger (35 KDa)**’.

The use of ELP tags to purify recombinant proteins, however, has certain limitations. The first
is the thermosensitivity of the protein of interest. As an example, this approach cannot be used
to purify temperature-sensitive enzymes because they will be heat inactivated during the "hot
steps” of ITC. Additionally, if the recombinant protein is very hydrophilic, the Tt of the fusion
protein may be much higher than that of the ELP-tag preventing purification of the fusion

protein at reasonable temperatures'®,

1.4.2. ELP-based nanoparticles for biomedical applications

1.4.2.1. Introduction

Nanotechnology is widely used to develop new tools for cancer diagnosis and treatment. The
use of nanocarriers for drug delivery has several advantages. First, nanoparticles can be
passively target through the EPR effect to reduce the toxicity and improve efficacy. The EPR
effect is the phenomenon by which nanoparticles of size less than 200 nm would have the
possibility of penetrating specifically into the tumor tissue. Indeed, tumor growth depending
on the nutritional supply of blood and oxygen, it leads to a disorganization of the local vascular
tissue which results in greater permeability. Nanoparticles can therefore passively target tumors.
Another characteristic of tumors is the lack of effective lymphatic drainage, which promotes
the accumulation of nanocarriers. Second, nanoparticles composed of organic or inorganic
materials can increase the solubility and biocompatibility of hydrophobic drugs. Most of these
drugs show effective activity in vitro but are rapidly cleared from the bloodstream due to their
poor solubility. Their encapsulation in nanoparticles considerably increases their effectiveness
in vivo. Third, nanoparticles can be engineered to do active targeting by decorating their surface
with antibodies, aptamers, or other cell receptor ligand (peptides, vitamins, and carbohydrates).
The targeting of certain cell types makes it possible to accumulate larger quantities of drugs
there, and therefore to reduce the doses administered to the patient, thereby reducing the side
effects of the treatment. This active targeting can also limit multidrug resistance caused in
particular by the expression of membrane transporters expressed on the surface of cancer cells.
Fourth, nanoparticles bound to targeting agents or other proteins may also evade detection by

the immune system, thereby increasing their half-life in serum. For example, surface coating
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of nanoparticles with PEG prevents binding of serum proteins that typically lead to particle
degradation by macrophages.

In conclusion, drug-loaded nanoparticles for cancer treatment should (i) be easy to synthesize
in a few steps with high yield and purity; (ii) self-assemble into monodisperse nanoparticles
with a size less than 100-150 nm; (iii) allow the encapsulation of various drugs; (iv) exhibit
favorable pharmacokinetics, tumor-targeted accumulation, efficient drug release with
controllable and tunable Kinetics; (v) degrade into non-toxic compounds which can be

eliminated from the body without undesirable toxicity.

1.4.2.2. Nanoparticles of ELPs and ELP-drug conjugates

Several studies have been conducted to develop ELP nanoparticles capable of encapsulating
therapeutic molecules. The first hydrophilic-hydrophobic diblock ELP nanoparticles were
developed by Conticello’s group®*®. The diblock sequence was G[VPGGG(IPGAG)a]1z-
VPGEG[VPGFG(IPGVG)4]16-VPGPFG. It formed spherical or cylindrical particles with a
hydrophobic core and a hydrophilic corona. Due to the ionizable residues in the sequence, the
size and shape of the self-assembled nanoparticles were sensitive to pH. Similar pH-sensitive
ELP diblock nanoparticles have also been developed by the Chilkoti group to improve tumor
penetration'*!. The VPG[VG7As]so-VPG[VHa]100 diblock self-assembles at 37°C into spherical
micelles thanks to stabilization by Zn?* ions. These micelles dissociate into ELP unimers when
the pH changes from 7.4 to 6.4, the pKa of histidine being close to the physiological pH, which
leads to better penetration of tumors compared to micelles whose blocks are insensitive to pH*.
Researchers were also interested in developing thermosensitive nanoparticles based on ELP
diblock. The objective is to associate two ELP segments with two distinct Tts: one below 37°C
for the hydrophobic ELP, and the other above 37°C for the hydrophilic block. Therefore, both
blocks will be soluble in aqueous media at low temperature but will self-assemble into micelles
when placed at 37°C due to hydrophobic block aggregation. An example is shown in Figure
12. A series of ELP block polymers, named ELPgc ([V1AsG7]n][Vs]n) with different length and
different hydrophobic/hydrophilic ratio were genetically synthesized by recursive directional
ligation*2, Tt#1 was controlled by the length of the hydrophobic block, while Tt#2 was
dependent on the hydrophilic block. They showed that for a hydrophobic/hydrophilic ratio
varying between 0.5 and 2, these ELPgc existed in solution in the form of monomers, spherical
micelles or aggregates depending on the temperature of the solution. They then selected two
ELPgcs (ELP-64/60 and ELP-96/60) that formed micelles between 37°C and 42°C and grafted
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the cell-specific ligand Asp-Gly-Arg (NGR) peptide. They demonstrated that cell uptake was
improved at 42°C when the diblock was self-assembled into micelles, and that the presence of

NGR increased cell internalization efficiency by 3.5 times.
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Figure 12. Temperature triggered self-assembly of an ELPsc diblock that forms

multivalent spherical micelles. Adapted from Dreher and collaborators4?

Similar works were conducted by the group of MacKay. They fused an adenovirus5 button
domain to an ELP (VPGSG)4s(VPGIG)4gY diblock, and demonstrated that after self-assembly,
the nanoparticles were taken up in vivo by hepatocytes!*® and lacrimal gland*.

Other structures than micelles such as vesicles can be obtained by combining hydrophilic and

hydrophobic ELP blocks and by modifying the arrangement and the length of the blocks!#.

Recombinant Arg5-ELP diblocks were also expressed in E. coli and purified. They contain Cys
at their N terminus to allow conjugation with fluorescent probes'#®. These diblocks formed
micelles when heated, with a critical micelle temperature (CMT) of 39°C. They showed that
above this temperature, the formation of micelles causes a local increase in the concentration
of arginine on the surface, considerably increasing absorption by the cells. At lower
temperatures, the micelles dissociate into monomers and their arginine concentration is no

longer sufficient to allow their cellular internalization (Fig; 13).
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The tripeptide RGD was also grafted to ELPs to enhance their intracellular uptake through
interaction with integrins*’. It was shown that the multivalent presentation of the RGD motif
by a nanoscale scaffold led to greater cell binding/uptake when compared to presentation of

the same ligand by large polydisperse aggregate.
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Figure 13. Controlled cellular uptake by modulation of local Arg density is achieved by
temperature-triggered micelle assembly of a genetically encoded Arg5-ELPsc. A)
Structure of the ELP diblocks. B) Effect of temperature on self-assembly. Adapted from
MacEwan and Chilkoti4

Other works have used drug conjugation on ELPs to enhance therapeutic effects 14814, This
type of approach had previously been used in particular to graft the anti-cancer drug
doxorubicin onto  (PEG)™%!%  N-(2-hydroxypropyl)methacrylamide (HPMA)®215
albumin®®®, and transferrin'®’. It has been shown that these conjugates can self-assemble into
nanoparticles that enhance anti-cancer activity and reduce off-target toxicity!®®%°. This
approach could be also useful to treat other diseases, such as bacterial infections. Indeed,
several bacteria like Staphylococcus aureus and Pseudomonas aeruginosa can form biofilms

that render them highly resistant to antibiotic treatments. Most antibiotics are in fact incapable
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of penetrating the structure of biofilms. To circumvent this problem, the antibiotic can be
encapsulated in liposomes which will penetrate more easily into the structure of the biofilm.
For example, heat-sensitive liposomes based on DPPC, DSPE-PEG, cholesterol, and a fatty
acid-conjugated ELP have been shown to encapsulate antibiotics and deliver them into S.

aureus and P. aeruginosa biofilms®°,

Chilkoti's group reported the first ELP-based chimeric polypeptides (CPs) to which drugs had
been conjugated that self-assembled into quasi-monodisperse nanoparticles less than 100 nm
in size®!. These CPs consist of two segments, a hydrophilic, biodegradable ELP and a short
segment for the attachment of drugs through a pH-labile linker (Fig. 14).
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Figure 14. Structure of CP-dox conjugation. The hydrophobic-drug block triggers self-

assembly of CP nanoparticles with a drug-rich (red triangles) core surrounded by a
hydrophilic polypeptide corona (blue chains). Adapted from MacKay and

collaborators®®®,

The ELP sequence was repetitions of the pentapeptide Val-Pro-Gly-Xaa-Gly, where Xaa =
Val/Ala/Gly [1:8:7]. The Tts of these ELPs were higher than 37°C. A short peptide segment
(Gly-Gly-Cys)s was appended at the C-terminal end of polypeptide to provide doxorubicine
attachment sites. The ELP-Dox self-assembled into spherical nanoparticles with Ry around 20
nm, and critical aggregation concentration below 3 uM. The liberation of free drug from the
CP-Dox nanoparticles requires the pH-dependent of hydrazone bond cleavage. Indeed, the
hydrazone bond was stable at pH 7.4, and no significant release of free drug was observed over
24 h. In contrast, at pH 5.0, doxorubicin was released with a first-order half-life of 4.9 £ 0.5 h,

and a maximum release of 68 + 3% of the initial amount of Dox was measured after 24 h.
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This result is similar to those obtained for other polymeric hydrazones®®?. It was later showed
that the aggregation temperature can be tune to 38-40°C by playing either with the ELP

composition, or the ELP length?®,

In vivo studies demonstrated that drug concentration in the tumor was 3.5-fold higher with
ELP-dox than with dox alone, leading to an improved lifetime for treated mice (66 days versus
21 days)!®l. Other ELP-dox have also been created by conjugation using other pH-sensitive

bonds such as active hydrazones and maleimides'®4,

Conjugation of a hydrophobic drug to an ELP results in a decrease in Tt value, with overall
hydrophobicity increasing. More interestingly, it appeared that the Tts of the conjugates were
then no longer dependent on the concentration, contrary to what is observed for the ELPs. This
was attributed to the fact that the formation of the nanoparticles triggered an increase in the
local ELP concentration in the corona®®. This last characteristic is of major importance. Indeed,
in the case of micelles made up of ELP diblocks, the formation of micelles is triggered by the
aggregation of the hydrophobic segment when it is placed at a temperature above its Tt. This
Tt being dependent on the diblock concentration, it will increase rapidly when the diblock
concentration decreases after injection. Consequently, the micelles will disassemble and the
encapsulated drug will be rapidly released. In the case of ELP-drug conjugates, this is no longer

a problem because the Tt is independent of the concentration.

To better understand the formation of these ELP-drug conjugates, an ELP ((VPGXG)160, X =
V/A/G [1:8:7]) containing a C(GGC)y linker at its C-terminal end was conjugated with a series
of compounds of different hydrophobicity (LogD from -1 to 4). They showed that compounds
with a LogD greater than 1.5 conferred sufficient amphiphilicity to ELP-drug conjugates to
allow self-assembly into nanoparticles, with the conjugated compound forming the
hydrophobic core®3. This was also the case for CP-paclitaxel (PTX, LogD = 4.95)!%¢ and CP-
Niclosamide (LogD = 4.48)". For compounds with LogD values below 1.5, self-assembly of
ELP-drug conjugates can be achieved by adding a hydrophobic peptide segment into the ELP
sequence. For instance, (VPGAG)160-(YG)e-(CGG)s conjugated with maleimide derivatives
compounds (LogD from -1 to 1.38) self-assembled into rod-like nanoparticles thanks to the

hydrophobicity of the (YG)6'®® and to the n- m stacking of aromatic groupst®®16%170,
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1.4.2.3. ELP for Drug Depot

Drug deposition is also an attractive application for ELPs due to their thermosensitivity. Indeed,
the injection of an ELP with a Tt lower than body temperature will trigger its aggregation at
the injection site. If therapeutic drugs are associated with this ELP, either by encapsulation or
by conjugation, this will lead to a slow and continuous release of the drug contained in the
depot. Good candidates for such an approach are drugs that are short-lived in serum, thus
requiring their frequent administration. This is the case of glucagon-like peptide-1 (GLP-1),

which is used to treat type 2 diabetes.

Chilkoti and colleagues designed several GLP-ELP fusion polypeptides using ELPs having
different Tts by alternating Glycine and Alanine as guest residue!’. In addition, a proteolytic
site has been genetically inserted between the GLP and ELP segments to allow the release of

the hormone after its injection (Fig. 15).
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Figure 15. Design and characterization of GLP-1 Protease-Operated Depots. Soluble
fusion proteins of (peptide)n-ELP are injected and coacervate in situ in response to body
temperature to form a depot. Subsequently, protease release active peptide into

circulation. Adapted from Amiram and collaborators'’*

After subcutaneous injection, the GLP-ELP fusion polypeptide coacervates and forms a depot,
then the active peptide is gradually released into the circulation after proteolytic cleavage.

Additionally, since Tt is concentration-dependent, the boundary layer of the coacervate
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solubilizes upon dilution by the interstitial flow, releasing more therapeutic cargo into the
circulation. This sustained-release platform, coupled with the ability of ELPs to impede renal
filtration, extends the half-life of small molecules and peptides to which the ELP is fused?®.
The ELP depots has been reported to have longer residence time compared with soluble ELP"2,
A single injection of Glucagon-like peptide-1 (GLP-1) protease operated depots reduced blood
sugar for a longer period than with GLP-1 alone. Interestingly, circulation time was related to
ELP size, with the smallest (25 KDa) providing glucose control over 48 h, while the longest
(100 KDa) provided glucose control for 120 h"?,

This strategy is more difficult to implement to treat solid tumors. To allow a good diffusion of
the product in the tumor, a high pressure must be applied during the injection, which leads to
a high pressure of the interstitial liquid. The injected material can then spread out of the tumor
before the deposit forms. To address this issue, Wenge Liu group used an *!I-ELP-(GY)y
compound. At low temperatures, this compound assembles into rod-shaped micelles that are
less likely to dilute into the interstitial tissue than ELP monomers. After injection, the rod-
shaped micelles coacervate in situ to form a hydrogel*’. Interestingly, the high energy of R-
emissions from 311 further stabilizes the deposit by introducing covalent bonds into it.

The ELP-depot strategy has been successfully used to substantially increase the half-life of
therapeutic molecules in a number of treatments for osteoarthritis therapy'’®, cancer’®,

diabete!’®, dry eyes disease'’’, infections illness!’®, and inflammation*"°.

1.4.2.4. ELPs for hydrogels

Due to their biocompatibility, biodegradability and coacervation property, ELPs have also been
used to mimic the ECM in tissue engineering and cell therapy applications'.

Madl and Heilshorn reported ELP based hydrogels. They engineered ELP containing tyrosine
residues and reacted them with 4-phenyl-1,2,4-triazoline-3,5-dione. The conjugated were then
crosslinked with bicyclononyne to form hydrogels'®. Then, the same group used a new strategy
to engineer double crosslinked hydrogels!®?. As shown in Figure 16, the first step in gel
formation is chemical crosslinking between the amines of the ELP and the tetrakis
(hydroxymethyl)phosphonium chloride (THPC) crosslinker. The rate of crosslinking can be

controlled by pH, stoichiometric ratio or reaction time.

51



ELP Crosslinker THPC ELP Network b Hydrated ELP Coacervates

with Amines via chemical

HO via physical

Self-assembly

rﬁf oty #-0

) R

-~ = —NH, 4 = HOP_oH i crosslinking
<

Coohng

d Step 2. Induce Physical Self-assembly
via temperature change

>

Step 1.
Control
Chemical
Crosslinking
via
precursor pH
or
stoichiometric ratio
or
reaction time

< ©
.: ..o b
f‘j; Chemical o .: e Hydrophilic
W Crosslinking L4 o® e drugs
+
® o 0 Py » — s I Hydrophobic
0 < @ J," - Physical em:entla s
o 0 N Self-assembly release fup »
~ - < o " - ’ ’ s
e 0% Vo YA
Drugs with ELP Gel with Dual Drug Encapsulation ‘1' ‘.'f'
different hydrophilicities In a ‘Bead-String’ Structure

Figure 16. Schematic of ELP hydrogel formation with controlled “bead-string” structure.
(A) Covalent crosslinking of ELP network using chemical crosslinker THPC. (B)
Thermally triggered physical self-assembly of ELP. (C) SEM image of “bead-string”
microstructured ELP gel. (D) Proposed strategy to control hydrogel microstructure by
modulating chemical crosslinking and physical self-assembly processes of ELP. (E)
Simple, one-pot formation of microstructured ELP hydrogel for dual encapsulation and
sequential release of hydrophilic and hydrophobic drugs. Adapted from Wang and
collaborators'®,

The second step is crosslinking by physical interaction thanks to the coacervation properties of
ELPs. By varying the parameters such as the pH, the molar ratio between the compounds, the
reaction times, it is possible to modulate the effectiveness of the chemical crosslinking and thus
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to obtain hydrogels having different rheological characteristics. These hydrogels allowed the
encapsulation of hydrophobic molecules, such as coumarin-6, and hydrophilic molecules such
as rhodamine B isothiocyanate-dextran. Experiments aimed at measuring the release of these

drugs have shown a more rapid release of hydrophilic molecules.

Other hydrogels obtained by in situ crosslinking of ELPs with hydroxymethylphosphines were
prepared by Chilkoti’s group for tissue repair applications'®. They obtained hydrogels with
pore sizes between 200 um and 20 pum, which is the right size to allow cell colonization!84185,
They also tuned the swelling content and the mechanical properties of the hydrogels by varying
the ratio of hydrophobic to hydrophilic domains'®®. They demonstrated that these gels support
the survival of human mesenchymal stem cells and murine neural progenitor cells'® | and the

proliferation of mouse fibroblasts'®,

In other studies, cell adhesion peptides such as RGD, YIGSR, or IKVAV were added to the
chemically cross-linked ELP-based hydrogel to enhance cell adhesion and thus promote

angiogenesis or innervation8-18,

1.4.2.5. ELPs for nucleic acid encapsulation

The use of nucleic acids as therapeutic molecules has recently become a very promising way.
The difficulty comes not from the synthesis of these nucleic acids, which is quite simple and
can be easily scaled-up, but rather from their addressing to the cells and their low stability in a
biological medium. To circumvent these problems, nucleic acids must be encapsulated to
protect them from degradation and to improve transfection of target cells. ELPs are good
candidates for forming nanoparticles that encapsulate DNA or RNA. This can be achieved with
cationic ELPs which can interact electrostatically with anionic nucleic acids, and which can
form micelles or nanoparticles thanks to their thermosensitivity. The nanoparticles are expected
to be formed by the interaction of cations and ions, and dropwise mixing of ELP (-NH>) to a
negatively charged DNA solution avoid aggregates formation'®1%, More specifically, cationic
ELPs for DNA condensation were firstly designed from the genetic fusion of an ELP and a
positively charged domain consisting of an eight residue oligolysine peptide. Efficient plasmid
DNA (GFP) transfection was demonstrated with a lower toxicity than polyethylenimine®®:.
More recently, a recombinant ELP (VPGXG)40 with X = V,M (3:1) was post-modified in two

steps to introduce chemoselectively either primary or secondary amine pendant groups at each
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methionine residue®2. This strategy was successful to produced ELP-DNA nanoparticles (Fig.
17)
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Figure 17. Nucleic acids complexation with cationic elastin-like polypeptides. Adapted

from Bravo-Anaya and collaborators®®?.

Positively charged ELPs were found to be able to interact with plasmid DNA and form stable
complexes for gene delivery. The plasmid/ELP(-NH2) complexes remain completely stable
against dissociation in the NaCl concentration range from 0 to 0.2 M, while the stability of the

complex was affected in presence of strong detergents such as SDS.

1.4.2.6. ELPs conjugated with polymers, sugars and lipids

The grafting of synthetic polymers on ELP has also been evaluated. One example is the grafting
of poly(2-oxazoline)s (POx) on an ELP%, This diblock was obtained by a retro Diels-Alder
reaction between POx functionalized by a maleimide and the thiol of a cysteine of the ELP
(Fig. 18). The ELPs used containing either one or seven cysteines, several diblocks were
obtained as well as several nanoparticles of different sizes.
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Figure 18. Maleimide-Functionalized poly(2-oxazoline)s and their conjugation to
elastin-like polypeptides. Adapted from Nawroth and collaborators'®,

It was shown that these nanoparticles could encapsulate the anti-cancer drug Paclitaxel with up

to 8 wt% loading®®,

Diblocks of ELP-hyaluronic acid were synthesized by Heilshorn's group via a reaction between
hydrazine-modified ELP (ELP-HDY) and aldehyde-modified HA (HA-ALD) forming
hydrazone bonds 1419, ELP-HY D was obtained through modifying the lysine residues of ELP,
whereas HA-ALD was achieved by oxidation. The dynamic covalent crosslinking of hydrazine
bond allowed the formation of ELP-HA gel at room temperature. The stiffness of the hydrogel
was tuned by controlling the ratio of ALD/HYD, and the total concentration of polymerst®.
Furthermore, the secondary network resulting from the thermal phase transition of the ELP
reinforces the hydrogel structure and decreases the erosion rate by a factor of 10 compared to
a control hydrogel*®®. ELP-HA hydrogels modified to contain the cellular adhesive sequence-
RGD are potentially interesting for the encapsulation and injection of stem cells in the context

of tissue repair (Fig. 19).
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Figure 19. Design and characterization of ELP-HA hydrogels. A) ELP-HYD. ELP (green),
lysine residues (red) and cell-adhesion peptide (blue). and structural elastin-like (green)
sequence. (B) Synthesis of HA-AL. (C) ELP-HA hydrogel formation. (D) Rheological
characterization of ELP-HA hydrogel. Adapted from Zhu and collaborators!®

Conjugation of ELPs with lipid moieties has only been recently studied. An elegant strategy
developed in Chilkoti’s and Mozhdehi’s groups relies on the lipidation of the ELP in vivo
during its recombinant expression. Indeed, by fusing a specific peptide sequence at the N-
terminus of ELPs, and by coexpressing the polypeptide and a yeast N-myristoyltransferase
(NMT) in E. coli they obtained ELP-C14%%. NMT catalyzes the covalent bond of activated
myristoyl-CoA thioester to the N-terminal glycine of proteins containing the recognition
sequence!®1¥ They showed that purified myristoylated ELP had a lower Tcp than non-
acylated ELP, and that this Tcp was not concentration dependent (Fig. 20). In fact, acylated
ELPs form micelles in aqueous buffer, with CMCs in the uM range, and the size of the micelles
varies according to the size of the ELP: the larger the ELP, the smaller the micelles.
Myristoylated ELP micelles successfully encapsulated doxorubicin and paclitaxel, resulting in
cytotoxic effect on 4T1 and PC3-luc cells. Drug-encapsulated samples had longer plasma
circulation (ICso = 1.5 pM) than free drug (ICso = 0.5 puM). They also showed that the size of
the ELP had no influence on the ICso.
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Figure 20. Recombinant strategy used to synthesize myristoylated ELP in vivo.
Adapted from Luginbuhl and collaborators!®

ELPs grafted with cholesterol have also been obtained by coupling recombinant production
and in vitro modification'®®. Cholesterol modified polypeptide was purified and the
characteristics of the corresponding micelles were evaluated. They then grafted the exendin-4
peptide and showed that the exendin-cholesterol conjugate self-assembles into micelles capable
of activating the glucagon-like peptide-1 receptor.

This strategy of in vivo lipidation of ELPs is however limited because of the low yields of
purified conjugates, 10-80 mg/L of culture for ELP-C14 and 5-10 mg/L for Cholesterol
modified polypeptide, and by the fact that it is restricted to these lipid substrates due to the

specificity of naturally available enzymes.

Other strategies are also possible, such as the grafting of lipid chains onto the side chains of
ELP. This has been done with oleic acid and it has been shown that these brush-like lipoproteins
can self-assemble into polymersomes!®. However, these materials are highly hydrophobic due
to the number of lipid molecules grafted by ELP, and therefore difficult to handle in biological

media.

57



1.5. Conclusion

This chapter shows that ELPs are promising candidates as drug carriers or as hydrogel
components. They can be precisely engineered by recombinant techniques, they are heat
sensitive and can self-assemble, and they are biocompatible. They have also been shown to
encapsulate drugs and form hydrogels after they are chemically cross-linked. However,
materials based on ELP alone often do not exhibit optimal characteristics. Thus, ELP-based
micelles tend to aggregate in biological media and their ability to encapsulate hydrophobic
drugs is limited. As for ELP-based gels, they must often be designed by adding synthetic
polymers, and they are obtained by using poorly biocompatible chemical crosslinking agents.
Therefore, the current trend is rather to modify ELPs to improve their properties. This can be
achieved by chemically modifying them with groups of interest, by combining them with other
biologically active peptides or polypeptides, or by conjugating them to other biomolecules such

as nucleic acids, sugars, or lipids.

My PhD project fits in this context. | was interested in the chemical conjugation of hydrophobic
natural molecules, such as polyisoprene from natural rubber or fatty acids, on different ELPs.
One of the objectives was to better understand the effect of hydrophobic chain grafting on the
self-assembly of conjugated ELPs, and to obtain nanoparticles capable of effectively
encapsulating and releasing hydrophobic molecules. Another objective has been to use acylated
ELPs to create physical hydrogels that do not require a chemical crosslinking step.

The different steps of the project are detailed in the following chapters.
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Chapter 2. Coupling of natural rubber and Elastin-like
polypeptide

2.1. Introduction

Polypeptides are of great interest for biomedical applications such as drug delivery and tissue
engineering because they are biodegradable and biocompatible?. Hybrid block copolymers
containing a polypeptide block and a non-polypeptide block are of interest since they can
combine the intrinsic properties of polypeptide and the physico-chemical properties of the
second block which could bring solubility, elasticity, strength, etc. Of particular interest,
polypeptide-block-polyisoprene copolymers can mimic the natural rubber (NR), which is
composed of 1,4-cis polyisoprene (PI) and a small number of proteins that are believed to play
an important role in the physical properties of NR3®. In addition, PI is enzymatically

degradable® and biocompatible.

Polypeptide-block-P1 copolymers can be obtained by ring opening polymerization of the N-
carboxyanhydride of the selected amino acid using the Pl as a macroinitiator. This approach
was successfully used to synthesize poly(y-benzyl-glutamate)’®, poly(L-lysine)°, and poly(€-
tert-butyloxycarbonyl-L-lysine® onto polyisoprene. However, a limitation of this approach is
that the polypeptide blocks were always based on a single amino acid, which is obviously not
representative of the complex protein structures. In addition, the molar-mass dispersity of the

polypeptide block is not negligible unlike natural proteins.

Our goal was to synthesize a diblock polymer combining Pl with a recombinantly produced
elastin-like polypeptide (ELP). ELPs are synthetic polypeptides bio-inspired from the
hydrophobic region of tropoelastin'®. They consist of multiple repeats of Val-Pro-Gly-Xaa-Gly
pentapeptides, where the guest residue (Xaa) can be any natural amino acid except proline.
ELPs are characterized by their thermosensitivity, being soluble in water below a transition
temperature (Tt), which corresponds to the cloud point temperature, and becoming insoluble
when heated above this Tt'*?, The Tt depends on the chain length, on the nature of the guest

residue Xaa (e.g., polar, charged, hydrophobic), on the polypeptide concentration, and on the
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presence of salts’®. Recombinantly produced ELPs are often preferred, because they have
controlled sequence and can have high molecular mass contrarily to those chemically

synthesized®*,

To solve solubility issues between the hydrophobic Pl and the hydrophilic ELP blocks we used
a Pl block of relatively low molar mass, i.e., below 10 000 g.mol-1. On the other hand, we
selected from our library a rather hydrophobic ELP block based on the Grand Average of
Hydropathy (GRAVY) index, which is calculated as the sum of hydropathy values of all the
amino acids, divided by the number of residues in the sequence®. Negative GRAVY value
indicates that the protein is non-polar, and positive value indicates that the protein is polar. We
synthesized ELPs containing isoleucine () at the guest position of every VPGXG units'6’.
The sequence of these ELPs is MW(VPGIG)nC, with n = 20, 40 and 60. Their molar masses
vary from 8.9 to 25.9 kg.mol, and their GRAVY index is 1.26. Their Tt values were between
12 and 19°C for a concentration of 50 puM. Among these ELPs, we selected the shortest one,
MW/(VPGIG)20C, referred as 120, because (i) it can be produced in higher yields than the
larger ones, (ii) it has a lower tendency to aggregation than the 40 and 60 pentamers, (iii) the
size of the 120 (8.9 kg.mol™) is closer to that of the Pl used, and therefore the final diblock is
expected to have a rather balanced hydrophobic/hydrophilic mass ratio of approximately 0.7.
In addition, the 120 block has one cysteine residue at the C-terminal position that will be

conveniently used for the coupling reaction with one PI block.

2.2. Results and discussion

2.2.1. Synthesis and purification of 120-b-PI

Our goal was to graft a low MW PI block (5 to 10 kg.mol™* range) to the N-terminal cysteine
of the 120 ELP to obtain an amphiphilic diblock copolymer structure. The different steps of the

synthesis process are depicted in the Scheme 1.
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Scheme 1. Synthesis of 120-b-PI. Five main steps were used. 1: epoxidation and controlled
hydrolysis of natural rubber to obtain keto/aldehyde Pl (PIEG); 2: reduction of the
aldehyde ends of PIEG to obtain keto/hydroxyl Pl (PIOH); 3: conversion of
maleimidohexanoic acid (MalOH) to an acid chloride form (MalCl); 4: grafting of the
Maleimide group on the PIOH to obtain —polyisoprene-maleimide (PIMAL); 5: Michael
addition reaction between the maleimide group from PIMAL and the N-terminal cysteine
residue of the ELP 120.

2.2.1.1. Synthesis, purification and characterization of ELP 120

The synthesis, purification and characterization of the recombinant ELP 120 was reported in a
previous work!®. Briefly, production of the recombinant protein was performed by E. coli cells,
and purification from the cell lysate was done using the ITC protocol'®. We optimized the
previously used ITC procedure, by lowering the temperature of the hot-spin step from 30°C to
25°C, and by solubilizing the corresponding hot-spin pellets in deionized water instead of salt-
containing solutions. These changes led to a large increase in the yield of purified 120 from
32.7 + 13.5 mg/L culture®® to 243 + 48 mg/L culture (n = 4). The size of the purified ELP was
verified by SDS-PAGE analysis (Fig. 1).
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- S < monomer

Figure 1: SDS-PAGE analysis of purified ELP-120. 12 pg of purified ELP 120 were
analyzed in each lane. 1) sample after three ITC cycles of purification. 2) same sample
after incubation at room temperature for 30 min with 2% H202. 3) purified 120 sample
reduced by incubation with 50 mM dithiothreitol. M) Protein standards. Electrophoresis

was performed with 4-20% gels. The loading buffer did not contain reducing agents.

This experiment shows that purified 120 was found under two forms, monomeric and dimeric
(lane 1). The detection of homodimers is explained by the presence of one cysteine at the N-
terminal position of the ELP. The oxidation of this cysteine allows the formation of
intermolecular disulfide bridges (see lane 2 Fig. 1), links that can be destroyed thanks to a

reducing agent such as dithiothreitol (lane 3).
2.2.1.2. Synthesis of polyisoprene-maleimide (PIMAL)

The polyisoprene originally found in natural rubber (NR) is of high molar mass (> 500 kg.mol"
1), and to reduce it we used a protocol that has been set-up at LCPO before my arrival®2®, It
consists in the partial epoxidation of NR by m-CPBA followed by cleavage with periodic acid
of the formed epoxy units. The quantity of m-CPBA (mw) to add to the reaction medium for a
targeted epoxidation rate was calculated as follows:

tx X mR X Mm — CPBA
P X Miso

mW =
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where: tx is the targeted rate of epoxidation (%), mR is the mass of rubber (g), Mm-CPBA is
the molar mass of m-CPBA (g/mol), P is the purity of m-CPBA (wt %) and Miso is the molar

mass of isoprene (g/mol).

NR was first dissolved into THF, which led to an increase in the solution viscosity. Viscosity
further increased when the epoxidation reaction took place, and we thus adapted the stir speed
to maintain the reaction medium homogenous. After addition of the periodic acid, viscosity
decreased indicating that the long chain polymers were converted into shorter chains. The final
purified product heterotelechelic keto/aldehyde P1 (PIEG) was characterized by *H NMR (Fig.
2) and size exclusion chromatography (SEC, Fig. 3).
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Figure 2: NMR spectrum of purified heterotelechelic keto/aldehyde Pl (PIEG). 15 mg of
purified PIEG were dissolved into 500 pL of CDCIs and analyzed with a Bruker
AVANCE III HD 400 MHz Spectrometer. Insets: zoomed regions 9.8-10 ppm (left) and
2.2-2.8 ppm (right).

The *H NMR spectrum confirmed the presence of a peak at 9.77 ppm corresponding to the
hydrogen of the aldehyde function, and another one at 2.48 ppm corresponding to the “-CH”
group in a position of the aldehyde’s carbonyl. Thanks to NMR, the number-average molar

mass ( M,,) was calculated to be around 5500 g mol™.
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Figure 3. SEC analysis of purified PIEG. 10 mg of purified PIEG or NR were dissolved
in 2 mL THF, the solution was passed through 0.45 pm PTFE filter, and was analyzed by
SEC. The result obtained with PIEG (red line) was compared to that of the initial NR
(black line).

The SEC trace of PIEG completely shifted to higher retention time when compared to the
original NR one. Using PS standards calibration, the ( M,,) of PIEG was evaluated to be 6900
g.mol™tand its dispersity (D) was 1.6.

Thereafter, the aldehyde end group of PIEG was selectively reduced into a hydroxyl group
using NaBH(OAC)s. Heterotelechelic keto/hydroxyl Pl (PI-OH) was obtained in good yield
(80%) and its structure was confirmed by *H NMR spectrometry (Fig. 4). Indeed, the peak
corresponding to the aldehyde proton of PIEG at 9.77 ppm disappeared totally, and a peak at
3.63 ppm was observed, corresponding to the “-CH2” group in o position of the hydroxyl
function.
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Figure 4. NMR spectrum of purified heterotelechelic keto/hydroxyl Pl (PIOH). 15 mg of
purified PIOH were dissolved into 500 pL of CDCIs and analyzed with a Bruker
AVANCE III HD 400 MHz Spectrometer.

In parallel, we synthesized Maleimidohexanoic chloride by reacting maleimidohexanoic acid
with oxalyl chloride. The purified product of the reaction was a brownish/orange powder (Fig.
5).

Figure 5. Visual aspect of purified Maleimidohexanoic chloride.

The 'H NMR spectrum of the purified product shows that protons from the “-CH,” groups in
a position of the carboxylic acid shifted from 2.30 ppm to 2.80 ppm, and that the broad peak
around 1.61 ppm splits into two distinct peaks at 1.72 (-CH2CH2(CO)CI) and 1.60 ppm (-
CH2CH2N=), confirming the identity of Maleimidohexanoic chloride (Fig. 6).
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Figure 6. NMR spectrum of maleimidohexanoic chloride. Maleimido hexanoic acyl
chloride was dissolved in 500 pL anhydrous CDCls, then analyzed with a Bruker
AVANCE III HD 400 MHz Spectrometer (Top spectrum in red). In parallel, 30 mg of
maleimidohexanoic acid was analyzed under the same conditions (Bottom spectrum in
blue).

Consecutive reaction of PI-OH with maleimide acyl chloride to obtain PI bearing a maleimido
group as a chain end was successfully performed with a final yield of 90%. The N-
polyisoprene-maleimide (PIMAL) structure was then characterized. *H NMR spectrum (Fig. 7)
showed that the signal of the “-CH>” group in o position of the hydroxyl, was totally shifted
from 3.63 ppm (PIOH) to 4.03 ppm confirming the formation of the ester function. In addition,

protons from the double bond of the maleimide group were visible at 6.67 ppm.
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Figure 7. NMR analyses of purified N-polyisoprene-maleimide (PIMAL). NMR spectrum
of PIMAL in CDCls. 30 mg of dried PIMAL was dissolved into 1 mL CDCls, then 500 pL
solution was analyzed by Bruker AVANCE III HD 400 MHz Spectrometer. Inset: zoomed
region 3.8-4.6 ppm

Purified PIMAL was also analyzed with a Fourier Transform Infrared Spectrometer (FT-IR,
Fig 8).
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Figure 8. Comparison of infrared spectra of purified PIMAL, PIOH and Maleimide
chloride. Purified PIMAL was analyzed with a Fourier Transform Infrared
Spectrometer (FT-IR). PIMAL (black trace), PIOH (red trace), and Maleimide chloride

(blue trace).

81



The purified PIMAL spectrum shows the presence of the stretching vibrations of -C-H from
the P1 backbone, and the bending vibration of -C-H of the cis double bond from the maleimide,

confirming the grafting of the maleimide function at the end of the PI chains.

2.2.1.3. Screening for a solvent capable of solubilizing both 120 and PIMAL

After the preparation of the two blocks, the challenge was to find a solvent, or a mixture of
solvents capable to solubilize both the hydrophobic PIMAL and the hydrophilic ELP.

PIMAL solubility was assessed by simple visual inspection of polymer solutions prepared in
various solvents at a concentration of 50 mg/mL. The solution was agitated for several hours

at room temperature.

The solubility of the polypeptide 120 at a concentration of 16 mg/mL was evaluated in different
solvents. After 48 h at RT under agitation, the solution was pipetted out, filtered through 0.4
pm nylon filter and the solvent evaporated. The dried residues were analyzed by gel
electrophoresis to evaluate the protein content. A typical result is shown in Fig. 9. If there had
been good solubility, the 120 polypeptide would have been present in fraction B, and absent
from fraction A, which was not the case here.

Toluene CHCl;  THF

A B A B A B

120 dimers =»

120 monomers == ‘ “

Figure 9: Solubilization assays of 120 monitored by SDS-PAGE analysis. Non-solubilized
(lanes A) and solubilized samples (lanes B) were analyzed by SDS-PAGE electrophoresis.

Gels were stained with InstantBlue ™. The loading buffer did not contain reducing agents.
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The results of the solubilization tests are summarized in table 1

Tablel. Solubilization assays

PIMAL Solubilization 120 Solubilization
Toluene No No
Chloroform Yes Traces (< 10%o)
Dichloromethane Yes No
Tetrahydrofurane Yes No
Cyclohexane No No
Methanol No No

As expected from previous data from our laboratory, PIMAL was soluble in pure chloroform,
dichloromethane and tetrahydrofurane. Unfortunately, ELP 120 was not soluble in these

organic solvents, albeit at a low level (~10% of total polypeptide) in pure chloroform.

To go further, we looked for mixtures of solvents that were used to extract natural proteolipids
from animal or plant tissues. Indeed, in mammals several proteolipids are particularly enriched
in the myelin sheath of the central nervous system?®2, In the early fifties, researchers tried to
purified these proteins from brains or spinal cords, and they found that mixtures of
chloroform/methanol were the most efficient??. Indeed, they were able to purify the major
myelin proteolipid protein which is a hydrophobic protein (GRAVY index = 0.55) containing

four transmembrane segments and at least six palmitate groups covalently linked?.

We therefore tested different chloroform/methanol mixtures (1:1, 2:1 and 4:1, v/v) for
solubilizing PIMAL and 120. Surprisingly, neither of them was directly solubilized by these
mixtures. Therefore, PIMAL was first dissolved in pure chloroform, and then methanol was
added drop by drop to reach the targeted ratio of 4:1. As for 120, it was solubilized directly in
a mixture chloroform/methanol 1:1, and then chloroform was added to increase the ratio to

higher values. Results are shown in Figure 10.
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Figure 10. Solubilization of PIMAL (right) and 120 (left) by chloroform/methanol
mixtures. Total solubilization was assessed by visual inspection (right). Non-solubilized
(lanes A) and solubilized samples (lanes B) were analyzed by SDS-PAGE electrophoresis.

Gels were stained with InstantBlue ™. The loading buffer did not contain reducing agents.

These experiments demonstrated that a chloroform/methanol ratio of 4:1 was satisfactory for
both molecules. The SDS-PAGE experiment shows that in the presence of this mixture of
solvent, the majority of 120 was present in fraction B (> 95 % as estimated by densitometric
analyzes of SDS-PAGE).

2.2.1.4. Synthesis of 120-b-PI

Before the coupling reaction, the ELP 120 was reduced by a treatment with TCEP to cleave the
intermolecular disulfide bridges that were formed between monomers, and therefore to
generate free thiols. Because TECP can’t react with maleimide/sulfide, it will not decrease the
conversion rate which could have been the case with other reducing agents such as
dithiothreitol or PB-mercaptoethanol. After this treatment, only trace amounts of dimers
remained in the sample (Lane 2, Fig. 11).

The coupling of ELP 120 with the PI block was performed via a Michael addition involving the
maleimide group end-grafted onto the PI and the thiol function of the C-terminal cysteine of
the ELP (Scheme 1). After 20 hours of reaction, the chloroform/methanol solvent was
evaporated, and the dried pellet was suspended in SDS-PAGE loading buffer that do not

contains reducing agents. The progress of the coupling reaction was monitored by SDS-PAGE
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analysis, because we hypothesized that the 120-b-PI copolymer has a lower electrophoretic
mobility than that of 120. Figure 11 shows a typical result obtained for a reaction performed
for 20 hours at room temperature with 50 mg of PIMAL and 16 mg of ELP 120 (molar ratio
5:1).

1 2 3
25kDa  w——
S <= dimers
15kDa  smm— - } 120-b-PI
10 kDa Ry ™™™ .« 120 monomer

Figure 11. SDS-PAGE analyses of the polypeptide 120 and of the copolymer 120-b-PlI.
Analyses of the reaction product. 1) Molecular mass standard. 2) 120 ELP reduced by

TCEP treatment. 3) products obtained after 20 hours of reaction at room temperature.

After the coupling reaction, we clearly see a decrease in the intensity of the band corresponding
to the 120 monomer, and the appearance of a new band, the relative mobility of which, between
13 and 15 kg.mol™ by comparison with the protein standards, being between those of the 120
monomer (8.9 kg.mol?) and dimer (17.8 kg.mol?). We hypothesized that this new band
corresponded to 120-b-P1. The fact that this band was slightly smearing can be explained by
the dispersity of the PI block, so was the diblock. This apparent molecular mass is close to the
15 kg.mol* expected after the coupling of the ~6 kg.mol™* PIMAL and the 8.9 kg.mol™ 120.
Nevertheless, we would have expected that the diblock had a higher molar mass, close to 16
kg.mol?, after the grafting of the ~7 kg.mol* PIMAL on the 8.9 kg.mol! 120 monomer.
However, it has already been reported that the apparent mobility of hydrophobic proteins in
SDS-PAGE, such as membrane proteins, differs from the theoretical one?. Indeed, the acylated
human myelin proteolipid has a theoretical MW of 31.6 kg.mol™, but an apparent MW of 25
kg.mol* after SDS-PAGE analysis?*.

Figure 11 also shows that not all the 120 reacted during the incubation period, because some
ELP monomers and dimers were still detected on the gel (lane 3). Densitometric analyzes of
the gel showed that the intensity of the 120-b-PI band represents around 60% of the total
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intensity measured in the corresponding lane. We therefore sought for improvements. We
varied the amount of TEA from 1.25 to 6.25%, the PIMAL/I20 molar ratios from 4:1 to 10:1,
and the reaction time (Fig. 12) but these optimization trials only marginally improved the yield
of 120-b-PI, which levelled off around 65-70%.
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Figure 12. Time-course study of 120-b-PI formation. Reaction time varied between 1 and
24 h. From each sample, 50 pL. was analyzed by SDS-PAGE. Densitometric analysis of
the gel by Image Lab software allowed the quantification of each polypeptide band (120
monomer, 120 dimer, and 120-b-Pl). The total intensity/lane was set to 100%, and the
calculated % for 120-b-PI was plotted.

We therefore sought to develop a purification method to selectively enrich the 120-b-PI fraction.

2.2.1.5. Purification of Pl-b-120

At this step, our goal was to eliminate both the excess of PIMAL, and the monomers and dimers
of free ELP 120 that did not react. This was achieved by several steps. After the reaction, the
chloroform/methanol solvent was eliminated by evaporation, and the dried residues were
recovered. We first sought to eliminate the unreacted PIMAL. To achieve this goal, the dried
residues were washed three times for 3 hours with THF. The efficacy of these successive
washing steps was first evaluated by visual inspection of the THF fractions, PIMAL being

yellowish when solubilized in THF. We checked that the solution from the third wash was
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uncolored. Then, the THF extracts were analyzed by proton NMR. These analyses confirmed
that no significant traces of PIMAL were detected in the third wash (Figure 13).

10 [rel]

8

6 4 2 [ppm]
Figure 13. Evaluation of the elimination of the unreacted PIMAL from the reaction
product. After the coupling reaction, the dried product was washed three times with THF
to eliminate the excess of unreacted PI. The washing fractions were collected, dried, and
dissolved in deuterated THF for proton NMR analysis to determine their PIMAL content.
Top: First THF wash. Bottom: Third THF wash.

In parallel, the protein content of the THF extracts was analyzed by SDS-PAGE (Fig. 14).

ELP 120
Reaction
product

THF extract
THF insoluble
fraction

' ' MW standard

S
--‘

Figure 14. SDS-PAGE analysis after reaction and extracted with THF. Pure 120 and a
sample of the non-purified reaction product were analyzed as controls.
This experiment demonstrates that neither the 120-b-Pl, nor free 120, were solubilized during

the THF extraction.
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The next step was to eliminate the ELP 120 that did not react with PIMAL. Our first attempts
were made by incubating the THF-insoluble fraction with cold water, as we hypothesized that
the un-reacted 120 (monomers and dimers) would be solubilized in the cold-water fraction,
because their Tts were around 20°C*%Y7 and that the 120-b-PI diblock would not be solubilized
because of its increased hydrophobicity. However, our results showed that this step was not as
efficient as expected (Fig. 15).
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Figure 15. Evaluation of the elimination of the unreacted 120 from the reaction product

by cold-water.

Cold-water treatment allowed only partial extraction of the free 120 monomers, roughly 50%
of the sample content. In addition, none of the 120 dimers were extracted using this protocol. It
thus appeared that after the reaction and the different successive steps of washing and drying
of the samples, a fraction of the 120 was not water-soluble at a temperature below its Tt. This
could be the consequence of the THF washes and drying steps that could have removed the
water molecules closely linked to the polypeptide, and therefore preventing its further
solubilization in water. A similar phenomenon has been reported for leucine-containing ELPs?.
We therefore sought for other solvents, or mixtures of solvents, to remove ELP from the
reaction mixture. We tested different HFIP/water and Ethanol/water mixtures and found that a
solution of 70% of cold ethanol gave slightly better results than those obtained with the other

mixtures (Fig. 16).
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Figure 16. Follow-up of the purification process. 1) reaction products after the THF
extraction to eliminate the excess of unreacted PIMAL. 2) content of the supernatant

from the ethanol wash at 4°C. 3) material that was not solubilized by cold ethanol.

Densitometry analysis of this gel showed that the cold-ethanol fraction contains mostly 120
monomer, and only trace amounts of 120-b-PI (lane 2, Fig. 16). Finally, the purified fraction
contained 89 % of 120-b-PI, and 11 % of 120 monomers and dimers (Lane 3, Fig.16). Despite
our efforts to improve the purification process, this was the best result we could obtained.

Finally, we evaluated the solubility of the 120-b-PI in different organic solvents (Table 2).

Table 2. Solubilization of 120-PI by different solvents.

Respective % of 120-b-PI in the soluble (supernatant)

Solvent and insoluble (pellet) fractions

Supernatant Pellet
Chloroform/methanol 4 :1 100% 0%
Dichloromethane 68% 32%
dimethylsulfoxide 0% 100%
dimethylformamide 91% 9%
Toluene 12% 88%
Cyclohexane 14% 86%
Diethyl ether 8% 92%
Ethyl acetate 10% 90%
Acetonitrile 11% 89%
DMF/THF 1 :4 95% 5%

Beside the chloroform/methanol 4:1 mixture, the copolymer was soluble in DMF, in DMF/THF

1:4 mixture, and to a lower extent in DCM.
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2.2.2. Characterization of 120-b-PI

2.2.2.1. Size exclusion chromatography

Purified 120-b-PI was first analyzed by size exclusion chromatography in DMF (Fig. 17).
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Figure 17. SEC traces of 120 and 120-b-PI using a RI detector. 120-b-PI (red line) and 120
(black line) were dissolved in DMF at a concentration of 5 mg/mL, and then filtrated
through 0.45 pm PTFE filters. 40 pL of solution was injected into the column at 40°C.

The chromatogram obtained with the non-reduced 120 sample showed two peaks. The larger
one representing 75% of the sample corresponds to the 120 monomers, and the smaller one
corresponds to the 120 dimers. Their molar mass calculated by comparison with polystyrene
standards were respectively 10 and 23 kg.mol?. The SEC trace for the purified 120-b-Pl
revealed one main peak with a retention time intermediate between those of the 120 monomers
and dimers, and a calculated molar mass of 16.5 kg.mol? (b = 1.1). A small shoulder can be
noticed at low retention times corresponding most probably to some 120-b-Pl dimers (34
kg.mol™). It should be noted that the proportion of these dimers were lower after SDS-PAGE
analysis (see lanes 3 Fig. 11 and Fig. 16), strongly suggesting that they are formed by non-
covalent intermolecular bonds, such as hydrophobic inter-chain interactions mediated by the

Pl moiety.
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2.2.2.2. Infrared spectroscopy

The IR spectra of 120, PIMAL and 120-b-P1 were recorded and compared (Figure 18).
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Figure 18. Infrared spectra of ELP 120, PIMAL and 120-b-PI. 1 mg of dried 120, PIMAL
and purified 120-b-Pl were analyzed at room temperature by infrared with a Bruker
VERTEX 70. The corresponding traces of 120 (black), PIMAL (blue) and 120-b-P1 (red)

were superimposed for comparison

After the coupling reaction, stretching vibration of -CHsz (2960 cm™) and -CHz- (2914 cm™,
2853 cm™) of P1 were detected in the 120-b-PI compound. In addition, the reaction between the
thiol function of 120 and the double bond of PIMAL led to a shift of the stretching vibration of
ketone to 1628 cm?, and to the disappearance of the bending vibration of -C-H cis double bond
from maleimide. Altogether, these results strongly suggest that the reaction took place between
the thiol function of the 120 cysteine and the double bond of the maleimide.

2.2.2.3. NMR analyses
To confirm the covalent linkage between the 120 and PIMAL blocks, we performed *H-13C

heteronuclear single quantum correlation (HSQC) of the 120-b-PI copolymer. The analysis is

shown in Figure 19.
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Figure 19. 2D HSQC NMR spectra of 120-b-P1 showing the correlation between the two
blocks in CDCls.

Cross-peaks corresponding to the 120 part (green) and to the PIMAL part (red) are indicated.
First, it must be noticed the total disappearance of the signal corresponding to the protons of
the double bond from maleimide that was present in the PIMAL compound (peaks 14-15, Fig.
7) showing a quantitative conversion. In addition, the reaction between the thiol function of
120 and the double bond of PIMAL led to the appearance of new peaks corresponding to the
pyrrillidine-2,4-dione moiety. The cross-peaks in blue at (a) 8 2.71/26.6 ppm, (b) 6 3.24/49.6
ppm, (c) 6 2.49/34.1 ppm, (d) 4.31/65.0 ppm were assigned to the link between the maleimide
of PIMAL and the cysteine of 120.

2.2.2.4. Circular dichroism analyses

Circular dichroism (CD) is a technique used for rapid determination of the 2D structure of
proteins. It is based on the unequal absorption of left-handed and right-handed circularly
polarized light when it passes through a solution containing the protein. Indeed, numerous
studies have shown that the thermosensitivity of ELPs is the consequence of conformational
changes between the soluble and aggregated state®®28. Usually, the secondary structure of
soluble ELPs is a mix of random-coiled and B-sheets conformation, whereas the aggregated
forms (above Tt) display a more ordered structure with predominant type-2 p-turns?”’.

To investigate the secondary structure of 120 and 120-b-PI, we run CD analyses at 15°C (below
the Tt of ELP 120) and 30°C (above Tt). Spectra were then analyzed using the BeStSel

software?®3°, Results are shown in Figure 20.
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Figure 20: Circular dichroism spectra of 10 pM solutions of A: 120, B: 120-b-PIl. The

spectra were recorded at 15°C (blue) and 30°C (red). C: structure prediction by
BESTSEL application.

The spectrum obtained for the ELP 120 at low temperature is somewhat unusual for an ELP.
Indeed, for most ELPs studied so far, the CD spectra at low temperature (below Tt) are
characterized by a large negative peak around 190-200 nm, which is characteristic of random-
coiled structures. This is not the case for 120. We observed a major negative peak around 235
nm, and the spectra analysis showed that the main secondary structures are antiparallel 3
strands (38%) and P turns (58.5 %). This strongly suggests that this small hydrophobic ELP
adopts a specific structure at low temperature. Interestingly, we previously observed that these
ELPs containing isoleucine, (VPGIG)20-60, display a very specific behavior when stored for
long period at 4°C: they tend to aggregate and precipitate irreversibly. This behavior has never
been observed for any other ELP series made in our laboratory. Interestingly, a similar behavior
has also been reported for ELPs containing leucine as the guest amino acid. It was demonstrated

that these hydrophobic ELPs tend to form aggregates that were resistant to disassembly at low
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temperature®®. Unfortunately, CD measurements were not made with these leucine-containing

ELPs to elucidate their secondary structure.

Apart from this unusual structuration of 120 at low temperature, when the solution was heated
at 30°C, a deep reshuffle of the structure took place that was characterized by the disappearance
of the negative peak around 235 nm. The spectrum analysis revealed an important decrease in
the proportion of B turns (from 58.5 to 6.3 %). This structural change is consistent with previous
studies showing that the thermosensibility of ELPs is governed by drastic changes in secondary

structures, leading to aggregation at temperature above their Tts!.

Different results were obtained for 120-b-Pl. At low temperature, we did not observe a large
negative peak around 235 nm. In addition, no significant changes were observed upon heating,
only a small decrease in ellipticity in the 190-230 nm region. Indeed, whatever the temperature
of the solution, the prediction for secondary structures was around 40% of antiparallel B sheets
and 15% of B turns. Finally, the spectra obtained for 120-b-PI were highly similar to that of 120
at 30°C. From these results, we can conclude that the grafting of one molecule of Pl at the C-
terminal end of 120 led to a conformational change, and that the corresponding secondary
structure is similar to that adopted when the unmodified ELP is incubated at a temperature

above its Tt.

2.2.3. Self-assembly of 120-b-P1 in aqueous solvent

2.2.3.1. Determination of the critical aggregation concentration (CAC)

We chose the nanoprecipitation technique to obtain 120-b-PI nanoparticles. Briefly, purified
diblocks were solubilized in DMF/THF solution at a concentration of 2 mg/mL, and then water
was added drop by drop to form the nanoparticles. After extensive dialysis to remove the
organic solvent, the resistance of the nanoparticles to dilution was tested by serial dilution.

The critical aggregation concentration (CAC) of the copolymer was measured by a

fluorometric method using pyrene as the fluorophore3?-34. Results are shown in Figure 21.
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Figure 21. CAC measurement of 120-b-PIl. CAC was calculated by measuring the ratio of
the fluorescence intensities of pyrene (10pM) measured at 373 nm (11) and 385 nm (13).
This ratio was plotted against the 120-b-PI concentration to calculate the CAC.

The CAC value was calculated to be 50 pg/mL, which corresponds to a molar concentration of
3.5 uUM. This low CAC value can be explained by the presence of the very hydrophobic Pl
moiety in the copolymer, in agreement with previous studies which showed that both the sizes
of the hydrophobic block, and the hydrophilic/hydrophobic ratio influence the CAC value3>3¢.
According to previous studies using block polymers mPEG-b-p(HPMA-Bz) with different size
of PEG and ratio of hydrophilic/hydrophobic, both the size of the hydrophobic block and the
hydrophilic/hydrophobic ratio determine the CAC value®. In addition, the CAC value
measured for 120-b-P1I is in the same range (3-5 uM) as that measured for ELP-C14 diblocks®®.

2.2.3.2. Characterization of the nanoparticles by dynamic light scattering (DLS)

The hydrodynamic radius of the particles obtained after nanoprecipitation was measured by

DLS at 10°C, below the Tt of 120. A typical result is shown Figure 22.
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Figure 22. DLS analysis of particles obtained by nanoprecipitation of 120-b-PI. Diblock
concentration was 0.27 mg/mL.

Independent experiments were performed with four different batches of 120-b-P1l. The mean
Ru of the particles was 39 = 5 nm, and the PDI was 0.132 + 0.011. Owing to the size of the
nanoparticles, we raised the hypothesis that they could correspond to micelles, with the highly
hydrophobic PI block inside the structure and the ELP moiety exposed at the surface toward

the aqueous solvent.

Thereafter, we studied the stability of the nanoparticles. This was first evaluated by incubating
them for up to 46 days at 4°C (Table 2).

Initial 7 days 25 days 28 days 46 days
DCR 1621 1658 1806 1771 1815
PDI 0.130 0.256 0.242 0.240 0.250

Table 2. Stability of the 120-b-PI upon storage at 4°C. Nanoprecipitated 120-b-PI sample
was stored for 46 days at 4°C. Measurement were made at 25°C. Scattered intensity
(derived count rate, DCR) and polydispersity (PDI) were recorded.

We observed a slight increase in the PDI value during the first week, from 0.13 to 0.24, but
then this index did not change substantially. Concerning the scattered intensity (DCR), we
measured a modest increase (+ 12%) during the period studied. Altogether, these data suggest
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that no significant aggregation took place, and therefore that the nanoparticles are stable in

water when stored at low temperature.

Next, we studied the behavior of the nanoparticles upon heating. Indeed, the ELP moiety of
the diblock has a Tt around 19°C**!7, and we wanted to see if heating the nanoparticles will
trigger their aggregation. The DCR and PDI remained constants during the temperature ramp

indicating that no significant aggregation took place (Fig. 23).
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Figure 23. Stability of the 120-b-PI nanoparticles upon heating. A water solution
containing 120-b-P1 nanoparticles was analyzed by DLS. Scattered intensity (derived
count rate, DCR) and polydispersity (PDI) of the sample were plotted as a function of

temperature upon heating. Results are mean values £ SD (n=3)

These results strongly suggest that the intrinsic thermosensitivity of 120 did not have a
significant influence on the 120-b-PI nanoparticles formation and stability. Indeed, this is
consistent with the data obtained by CD. We previously showed (paragraph 2.2.4.4) that the
secondary structure of 120-b-P1 is similar when the sample is incubated at a temperature below
or above the Tt of ELP 120. Therefore, a change in the nanoparticle size due to a structural

rearrangement of the ELP moiety was not expected.

To understand the stability of the nanoparticles in water, we measured their surface charge.

Zeta value was measured to be around —33 mV (Fig. 24).
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Figure 24. Zeta measurement of 120-b-P1 nanoparticles. Zeta measurement was done with
a Nano ZS instrument (Malvern U.K.) using the signal processing M3-PALS technique.
Zeta potential range was > +/- 500 mV, and maximum sample concentration was 40%
w/v. Data were analyzed with the Zetasizer software. The figure shows the results

obtained after three measurements of the same sample.

This negative value explains why the nanoparticles are quite stable when stored in water.
However, the presence of negative charges at the surface of the nanoparticles is not
straightforward. Indeed, 120 which is exposed at the surface of the nanoparticles, does not
contain any negatively-charged amino acid in its sequence such as aspartic, glutamic acid or
histidine. The only charge might come from the N-terminal amine, and therefore would be
expected to be a positive one. However, the average pKa of the N-terminal amine of proteins
is generally in the 78 range®’, and therefore this group should not be significantly charged in
water solution. An explanation for the negative Zeta value of hydrophobic materials has already
been made. Indeed, it has been previously demonstrated that when a hydrophobic material is
placed in water, the OH™ ions which are present in solution bind to the interface of the material,
and therefore this layer of negatively charged ions provides a negative charge on the particle

surface®®.

Finally, we evaluated the stability of the nanoparticles in PBS buffer, which is more

biologically relevant than pure water. Results of the DLS measurement are shown in Figure 25.
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Figure 25. DLS analysis of particles obtained by nanoprecipitation of 120-b-P1. Sample in

water (blue trace) and same sample in PBS (red trace). Diblock concentration was 0.27

mg/mL

PBS addition to the solution containing the nanoparticles immediately triggered their
aggregation in particles of about 1.2 um in radius. As shown previously, the 120-b-PlI
nanoparticles are negatively charged in water, owing to the presence of an OH™ layer at their
surface. When salts are added, this negative layer of hydroxide ions is screened, and the
hydrophobic nanoparticles start to aggregate. Of course, we will have to take this phenomenon

into account if we want to find a biomedical application for our nanoparticles.

2.2.3.3. Morphology of 120-b-PI nanoparticles

The morphology of the 120-b-P1 nanoparticles was also observed by TEM (Fig. 26) and AFM
(Fig. 27).
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Figure 26. TEM images of 120-b-PI nanoparticles at different magnification.

Figure 27. AFM images of 120-b-PI nanoparticles. Phase contrast (A) and Height contrast
(B) AFM images of 120-P1 nanoparticles; (C) 3-D projection of particles combining height
and phase channels; (D) selection profile of the AFM image along the white line in panel
B. The high length to height ratio of the particles is in agreement with a micelle-like
morphology that has collapsed during the drying step
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Particles ranging between 30 and 50 nm in radius can be seen with the two techniques, a range
of size similar to that measured by DLS. The particles were aggregated as a consequence of
the dehydration process during sample preparation. TEM images show particles constituted by
a black core, most probably made of the PI block which is more stained by osmium because of
its reactivity with the double bonds, surrounded by a clearer ring made of the ELP block that
has a low electron density.

2.2.3.4. Encapsulation and release of the hydrophobic dye Nile red
The capacity of the nanoparticles to encapsulate the lipophilic stain Nile red was also evaluated.

120-b-P1 nanoparticles in water were incubated for 24 h with a Nile red solution, and then

fluorescence of the sample was measured (Fig. 28).
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Figure 28. Encapsulation of the lipophilic stain Nile red. Fluorescence of a Nile red
solution in water (blue), and with 120-b-P1 nanoparticles (red). Relative data to the

maximal value of each sample are shown in the inset.
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When incubated in water, Nile red was barely fluorescent, with 32 relative fluorescence units
(RFU) at its maximal wavelength emission of 654 nm. After incubation with 120-b-PI
nanoparticles, the fluorescence intensity increased dramatically to 1710 RFU. In addition, the
maximal wavelength emission shifted from 654 nm to 607 nm in the presence of the
nanoparticles (inset Fig. 28) demonstrating that the dye was in a hydrophobic environment®®.
This experiment shows that the 120-b-PI nanoparticles can efficiently load a hydrophobic

molecule.

Nile red release was studied by placing the loaded nanoparticles into a dialysis device, and by

measuring the fluorescence at 607 nm at different times (Fig. 29).

1/10 at 607 nm

1] 5 10 15 20 25

Incubation time (hours)

Figure 29. Nile red release from 120-b-PI nanoparticles. 1 mL of Nile red-loaded particles
(0.27 mg/mL) were placed in a dialysis device and incubated in 1 L of water at 20°C. The
emission of fluorescence at 607 nm was measured at different time points. Data are mean
of three independent experiments + SD (). As a control the fluorescence of a suspension
of Nile red-loaded particles at same concentration (0.27 mg/mL) was monitored during

24h (o).

We measured a 40% decrease in the fluorescence intensity during the first hour, and then a

slower decrease. After 5 h and 24 h of dialysis, the fluorescence intensities of the samples were
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respectively 20% and 8% of the initial value. To control that this decrease in fluorescence was
not due either to bleaching of Nile red nor to nanoparticles dissociation during the experiment,
we also incubated a suspension of Nile red loaded 120-b-P1 nanoparticles for 24 h without
dialysis. We showed that under this condition the decrease in fluorescence was low, with more
than 91% of the initial fluorescence intensity remaining after 5 h of incubation, and still 85%
of the initial fluorescence intensity after 24 h. Altogether, these data show that a hydrophobic

drug-model can be efficiently released from the 120-b-PI nanoparticles.

2.2.4. Conclusion

In this work, we successfully coupled poly(1,4-cis-isoprene) obtained from natural rubber, and
an elastin-like polypeptide produced by recombinant expression in bacterial cells. After its
synthesis, this bio-based diblock was characterized by different physico-chemical techniques
such as SEC, NMR and IR. The secondary structure of this “proteolipid” was determined by
CD. The self-assembly of this 120-b-PI polymer was triggered by nanoprecipitation in water
and we obtained nanoparticles, which were most probably micelles, of 30—45 nm of Ru. The
corresponding CAC was low (50 pg/mL) and the nanoparticles were stable when stored in
water at low temperature. We also demonstrate that they can encapsulate and release a
hydrophobic dye.

Concerning the potential biomedical applications of this material, we cannot obviously use it
for drug delivery by injection into the blood stream. In this case, the nanoparticles will rapidly
aggregate because of the salt concentration of human serum (around 150 mM NacCl), and they
will be therefore be rapidly eliminated from the body. In addition, the injection into veins of
aggregated particles can trigger a strong unwanted immunological response against the injected
material“.

However, aggregation can be a benefit for other applications such as drug depot. In a previous
study*!, “aggregated ELPs” were injected into rat joint, and the results were compared with
injection of “soluble ELPS”. The biodistribution was analyzed through following the radiolabel
14C ELP. Data showed that aggregated ELPs have a joint half-life that is over 25-fold longer
compared to soluble, non-aggregating ELPs. Moreover, the aggregating ELP did not appear to
accumulate in the peripheral organs thereby diminishing the possibility of side-effects.

We can therefore foresee to use our material to obtain hydrophobic drug depot after injection
into human tissues. After encapsulation of a hydrophobic drug into the 120-b-PI particles, and
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injection into the human body, the saline concentration of serum will trigger their rapid
aggregation at the subcutaneous or intramuscular injection site. This will lead to the formation
of a drug depot which will gradually release the encapsulate drug, which could be an anticancer
drug, a hydrophobic antibiotic or even an antigen for immunization purpose*>-¢,

Another application would be to use this rubber-based material in tissue repair strategies.
Indeed, such material could be used to replace specific rubbery tissues such as intervertebral

discs*’.

This chapter demonstrated that the 120-b-PI biomaterial, although being of interest for some
biomedical applications, is somewhat restricted in use owing to its high hydrophobicity and its
tendency to aggregate when placed in a solution containing physiological salt concentrations.
To circumvent this problem, we thought to use a more hydrophilic ELP block, but it appeared
impossible to find a solvent that would allow the simultaneous solubilization of the hydrophilic
ELP and the very hydrophobic PI to achieve the coupling reaction. Indeed, attempts were
previously made in our laboratory by Jérémie Grange to couple Pl molecule with BSA, which
is a hydrophilic protein*®. Emulsions were formed during the coupling reaction between the Pl
solubilized in toluene and BSA solubilized in phosphate buffer. However, although some kind
of visual changes occurred into the reaction vial, it has not been possible to determine if the

reaction had taken place.

In our quest to obtain nanoparticles capable of encapsulating hydrophobic drugs, and which do
not aggregate in saline buffers, we have chosen to construct diblock proteolipids made up of
rather hydrophilic ELPs and short lipids such as fatty acids. This is the subject of the next

chapter.
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2.3. Experimental procedures

2.3.1. Production and purification of ELP 120

Production and purification of ELP 120 was performed as already described?®. Briefly, the clone
R151, which is an Escherichia coli BLR strain (F- ompT hsdSg(rs mg’) gal lac ile dcm ~ (srl-
recA)::Tn10(tet®)(DE3)) containing a pET44a vector with the 120 DNA coding sequence, was
cultured overnight at 37°C in a rotary shaker at 200 rpm in 50 mL of lysogeny broth (LB)
medium (1% bacto tryptone, 1% yeast extract, 0.5% NaCl) supplemented with 100 pg/mL
ampicillin. This seed culture was then inoculated into 0.95 L of LB medium supplemented with
glucose (1g/L) and ampicillin (100 pg/mL), and cells were cultivated at 37°C and 200 rpm.
When the ODeoonm reached a value close to 0.8, isopropyl B-D-thiogalactopyranoside (IPTG)
was added to a final concentration of 0.5 mM, and the temperature of the incubator was
decreased to 25 °C. After 12 h, the culture was harvested by centrifugation at 6 000 g and 4 °C
for 15 min, and the cell pellet was suspended with 10 mL/g wet weight in phosphate buffer
saline (PBS) buffer (137mM Sodium Chloride, 10mM phosphate, 2.7mM Potassium Chloride;
pH is 7.4). Cells were then lyzed by sonication on ice, to avoid heating of the solution that
would lead to precipitation of the ELP if the T°>Tt. Thereafter the insoluble debris were
removed by centrifugation at 10 000 g and 4 °C for 30 min. The cleared lysate was subjected
to three successive cycles of Inverse Transition Cycling (ITC)*8. Briefly, ELP was precipitated
at 30 °C and centrifuged at 10 000 g and 25 °C for 30 min (“warm spin”). The ELP-containing
pellets were dissolved in cold water and the insoluble proteins were eliminated by
centrifugation for 15 min at 10 000 g and 4 °C (“cold spin”). The protein content of the purified
ELP 120 solutions was measured by spectrophotometry at 280 nm with a NanoDrop 1000
(ThermoScientific). The parameters used to determine the ELP 120 concentration were as
follows: molecular mass of 8.9 kDa, and molar coefficient extinction of 5500. These
parameters were obtained with the application ProtParam (https://web.expasy.org/protparam/)
using the theoretical amino acid sequence of the polypeptide. Finally, the purified 120 was
dialyzed against ultrapure water at 4 °C (Spectra Por7, MWCO1000, Spectrum Laboratories),
and then lyophilized.

Follow-up of the purification steps was performed by SDS-PAGE analyses. Polypeptide-
containing samples were mixed with the loading buffer (LB2X, 65.8mM Tris-HCI, pH 6.8,
26.3% (w/v) glycerol, 2.1% SDS, 0.01% bromophenol blue) and loaded onto 4-20% gradient

105



acrylamide gels (BioRad). Electrophoreses were performed in TGS buffer (25 mM Tris, 192
mM glycine, 0.1% SDS, pH 8.6). After migration, protein bands were revealed by the stain-
free method using a Gel Doc apparatus (Biorad). Gels were also subsequently stained with
InstantBlue® Coomassie protein stain. Densitometric analyses were performed with the Image
Lab software (BioRad).

2.3.2. Synthesis of maleimide end-functionalized Pl

2.3.2.1. Synthesis of heterotelechelic keto/aldehyde Pl (PIEG)

This reaction was performed as already described®*®. Briefly, 10 g of natural rubber (NR) were
cut into small pieces and dissolved overnight at RT in 500 mL of THF in round-bottom flask
under stirring. In parallel, 550 mg (3.2 mmol) of mMCPBA were dissolved in 50 mL of THF,
and then added dropwise into the NR solution to epoxidize the PI. After 2 h, a solution of 1.5
g of periodic acid (2 eq. relative to mCPBA, 6.5 mmol) in 50 mL of THF was added dropwise
to the epoxidized NR solution. The reaction was carried out for 2 hours, and then 2 g of Na,COs
were added and stirred for 15 min to neutralize acids. The reaction mixture was filtered on
glass filter with Celite®, concentrated using a rotary evaporator, and precipitated into a large
excess of cold ethanol containing KOH (5.9 mM). The precipitated polymer was then
solubilized in 50 mL of diethyl ether and filtered again on Celite®. The purified product was
dried overnight at 40 °C under dynamic vacuum. This heterotelechelic keto/aldehyde Pl was
named PIEG and was obtained as yellowish and transparent viscous liquid. Yield: 70%, Mn =
5500 g mol?, ® = 1.57. *H NMR (400 MHz, CDCls) § (ppm): 9.77 (t, *H, -CH,CHO), 5.12 (t
(broad), 80H, -CH>CH=), 2.48 (t, 2H, -CH.CHO), 2.43 (t, 2H, -CH2COCHz3), 2.34 (t, 2H, -
CH2CH>CHO), 2.04 (m (broad), 316H, -CH>CH= and -CH>C(CH3)=), 1.68 (s (broad), 240H,
-(CH3)C=CH-). 'H NMR spectrum and size exclusion chromatogram are shown in

supplementary Fig. S1 and S2.

2.3.2.2. Synthesis of heterotelechelic keto/hydroxyl Pl (P1-OH)

This reaction was performed under argon atmosphere as already described®. Briefly, 6 g of
purified PIEG 5500 g mol™ (equivalent to 1.2 mmol of aldehyde groups) were dissolved in 25
mL of dry THF. Then, 1.02 g (4.8 mmol, 4 eq) of NaBH(OACc)3 and 76 puL (1.2 mmol, 1 eq) of

acetic acid were added to the reaction. The mixture was stirred at 40 °C overnight. The product
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was then precipitated twice with large excess of cold methanol, solubilized in 50 mL of Et20,
filtered on a glass filter with Celite® and dried overnight at 40 °C under dynamic vacuum.
Yield: 80%, Mn = 5500 g.mol-1, © = 1.56. 'H NMR (CDCls) & (ppm): 5.12 (t (broad), 80H, -
CH2CH=), 3.63 (t, 2H, -CH20H), 2.43 (t, 2H, -CH2(CO)CHs), 2.04 (m (broad), 316H, -
CH2CH= and -CHC(CHz3)=), 1.68 (s (broad), 240H, -(CH3)C=CH-). 'H NMR spectrum is
shown in Fig. S3.

2.3.2.3. Synthesis of Maleimidohexanoic Chloride

This reaction was performed under argon atmosphere. 2.75 g (12 mmol) of maleimidohexanoic
acid were solubilized in 15 mL of dry dichloromethane (DCM). 2.25 mL (26 mmol, ~2 eq) of
oxalyl chloride, and 150 puL of N,N-dimethylformamide (DMF) were added to the solution,
and incubated for 1 hour at room temperature. Then, oxalyl chloride and DCM in excess were
removed under dynamic vacuum by an overnight incubation at room temperature. Yield: 100%.
'H NMR (Fig. S4) (CDCl3) & (ppm): 6.69 (s, 2H, -CH=CH-), 3.52 (m, 2H, -CH2N=), 2.88 (m,
2H, -CH2(CO)CI), 1.73 (m, 2H, -CH2CH2(CO)CI), 1.62 (m, 2H, -CH>CH2N=), 1.34 (m, 2H, -
CH2CH,CH2(CO)CI).

2.3.2.4. Synthesis of N-polyisoprene-maleimide (PIMAL)

This reaction was performed under argon atmosphere. A mixture of 2 mL of dry TEA (14 mmol,
40 eq) and 8 mL of anhydrous THF containing 1 g of Maleimidohexanoic Chloride (4.3 mmol,
10 eq) was slowly added to a solution of 8 mL of dry THF containing 2 g of PIOH (containing
0.36 mmol of OH group). The reaction was done for 4 h at 25 °C. The product of the reaction
was separated by two successive precipitations into a large excess of cold methanol, then
dissolved in Et20, filtered on a glass filter with Celite®, concentrated using a rotary evaporator,
and dried overnight at room temperature under dynamic vacuum. Yield: 90%, Mn = 5500
g.mol?, B = 1.64. *H NMR (CDCls) & (ppm): 6.67 (s, 2H, -CH=CH-), 5.12 (t (broad), 80H, -
CH2CH=), 4.00 (t, 2H, -CH20CO-), 3.5 (t, 2H, -CH2N), 2.43 (t, 2H, -CH2COCHg), 2.27 (t, 2H,
-CH2(CO)0-), 2.04 (m (broad), 316H, -CH.CH= and -CH>C(CH3)=), 1.68 (s (broad), 240H, -
(CH3)C=CH-). IR-FT: stretching vibration of =C-H (3036 cm™), -CH3 (2960 cm™), -CH.-
(2914 cm?, 2853 cm™), -CO- (1720 cm™ which was overlapped with CO of maleimide), C=C
(1665 cm™), -C-H deformation from-CH, (1446 cm™) and -CHs (1375 cm™), =C-H wagging
at 828 cm™ and -CH, rocking at 740 cm™ from PI backbone. The stretching vibration of CO
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(1711 cm™), wagging of =CH (833 cm™ which is overlapped with =C-H waging of PI) and
deformation vibration of -C-H of cis RiCH=CHR; (696 cm™) from maleimide. 'H NMR

spectrum is shown in Fig. S5, and IR spectrum in Fig. S6.

2.3.3. Synthesis and purification of the 120-block-PI copolymer (120-b-Pl)

2 mL of an aqueous solution of ELP 120 (8 mg/mL, 1.8 pumol) were incubated for 3 h at 4 °C
with 100 uL of tris(2-carboxyethyl) phosphine hydrochloride (TCEP) 1 M to reduce the
intermolecular disulfide bridges. The reduced 120 was recovered by an ITC cycle, dried under
dynamic vacuum for 1 h, and then dissolved in 450 pL of a 2:1 (v/v) mixture of chloroform
and methanol. After this solubilization step, 300 pL of chloroform were added to the glass vial
to increase the chloroform/methanol ratio to 4:1 (v/v), and the solution was further incubated
under magnetic stirring for 1 h at room temperature. In parallel, 50 mg (9 mmol) of PIMAL
5500 g mol™ were solubilized in 800 uL of chloroform. After 1 h of incubation, 200 pL of
methanol were added to obtain a final chloroform-methanol ratio of 4:1 (v/v). Finally, the two
solutions containing the solubilized ELP and PIMAL were mixed, and 100 pL of TEA (0.46
M) was added. The reaction mixture containing 1.8 pmol of ELP and 9 pumol of PIMAL was
stirred at room temperature for 24 h. A sample of 50 uL was then pipetted out, dried, and
solubilized in SDS-PAGE loading buffer (BioRad) for analysis. After the reaction, the
chloroform-methanol mixture was evaporated, and the dry residues were washed three times
for 3 h under magnetic stirring with THF to eliminate the unreacted PIMAL. The supernatants
were analyzed by NMR to check their content in PIMAL. To extract the unreacted 120, dried
residues were then incubated with 1 mL of 70% ethanol for 24 h at 4 °C under magnetic
agitation, centrifuged at 10. 000 g for 30 min at 4 °C, and the supernatant containing the 120
was eliminated. The pellet enriched in 120-b-PI was kept for further analyses. All these

purification steps were monitored by SDS-PAGE analyses.

2.3.4. Self-assembly of 120-block-PI copolymer in aqueous solution

5 mg of 120-b-PI were dissolved in 1 mL of a 1:4 (v/v) mixture of DMF/THF and filtered
through 0.45 um pore size PTFE membrane. The block copolymer was nanoprecipitated by

adding 1.5 mL of milliQ water in 200 puL of 120-b-PI solution under stirring at room
temperature using a syringe pump R-99 E (RAZELTM) at a flow rate of 100 pL/min. The final
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polymer concentration was 0.27 mg/mL. The organic solvent was removed from the particle
dispersion by two successive dialysis steps of 24 h against 2 L of deionized water.

2.3.5. Methods

Size exclusion chromatography (SEC)

The molar masses of polymers were determined by SEC using an Ultimate 3000 system from
Thermoscientific equipped with a diode array detector. The system was also equipped with a
multi-angle light scattering detector and a differential refractive index detector from Wyatt
technology. Polymers were separated on two Shodex Asahipack gel columns GF310 and
GF510 (300 x 7.5 mm) (exclusion limits from 500 g.mol-1 to 300 000 g.mol-1) using DMF
and lithium bromide (1 g/L) at 50°C as eluent at a flow rate of 0.5 mL/min. The dn/dc value
for 120-b-P1 was determined as 0.13 using the differential refractive index detector of the SEC.
An Easyvial kit of polystyrene from Agilent was used as standards (Mn from 162 to 364 000

g.mol-1) to calibrate the column.

Fourier transform infrared spectroscopy (FT-IR)

Spectra of the polymer powders were acquired between 4000 and 400 cm in attenuated total
reflectance (ATR) mode with a Bruker Vertex 70 instrument equipped with a GladiATR

diamond.

Nuclear magnetic resonance (NMR)

4, DOSY, HSQC and HMBC NMR spectra were recorded in CDCl3 at 298 K on a Bruker
Avance NEO spectrometer operating at 400.3 MHz. All DOSY (Diffusion Ordered
Spectroscopy) measurements were performed with a 5 mm Bruker multinuclear z-gradient
direct cryoprobe-head capable of producing gradients in the z direction with strength 53.5 G
cmL. Each sample was dissolved in 0.4 mL of CDCl; for internal lock and spinning was used
to minimize convection effects. The DOSY spectra were acquired with the ledbpgp2s pulse
program from Bruker topspin software. The duration of the pulse gradients and the diffusion
time were adjusted to obtain full attenuation of the signals at 95% of maximum gradient

strength. The values were 5.0 ms for the duration of the gradient pulses and 300 ms for the
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diffusion time. The gradients strength was linearly incremented in 16 steps from 5% to 95% of
the maximum gradient strength. A delay of 5 s between echoes was used. The data were
processed using 8192 points in the F2 dimension and 128 points in the F1 dimension with the
Bruker topspin software. Field gradient calibration was accomplished at 25 °C using the self-
diffusion coefficient of H,O + DO at 19.0 x 10 1 m? s,

Circular dichroism (CD)

CD spectra were recorded on a Jasco J-1500 equipped with a Peltier temperature control
accessory (JASCO, Hachioji, Japan). Each spectrum was obtained by averaging two scans
collected at 50 nm.mint. The CD spectrum of pure water solution was subtracted from the

average scan for each sample.

Determination of the critical aggregation concentration (CAC)

The CAC of the copolymer in aqueous solution was determined as previously described®?-34,
Briefly, solutions of 120-b-PI in deionized water with concentrations varying from 10 mg/mL
to 2.10" mg/mL were prepared. Then, 1 uL of pyrene solution at 1 mg/mL in THF was added
into 500 pL of particle dispersion prepared at various concentrations and incubated under
stirring at 300 rpm for 10 h at room temperature. The dispersions were characterized by
fluorescence spectroscopy using a Jasco FP 8500 spectrofluorometer. The excitation
wavelength was set at 319 nm, and the fluorescence emission of pyrene was recorded between
360 and 400 nm. The intensities of the first (11) and third (13) vibrionic band of pyrene were
determined at 373 nm and 385 nm respectively. The 11/13 ratio was plotted as function of the

polymer concentration. The CAC was determined from the onset of the decrease in 11/13.

Dynamic light scattering (DLS)

DLS analyses of the suspension of PI-b-ELP nanoparticles were performed at 25 °C by using
a Nano ZS instrument (Malvern U.K.) working at a 90° angle detection. The hydrodynamic
radius (Rn) and the polydispersity index (PDI) were calculated from autocorrelation functions
using the cumulant method. The derived count rate (DCR) was defined as the mean scattered
intensity normalized by the attenuation factor. The zeta potential was measured with the same

apparatus using the M3-PALS technique.
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Transmission electron microscopy (TEM)

20 uL of the polymer dispersion at 0.27 mg/mL were deposited onto lacey carbon grids, and
then water was evaporated at room temperature. The grid was incubated with vapor of osmium
tetroxide (OsOa, 4% in aqueous solution) for 12 h at room temperature. TEM analyses were
performed at 80 kV acceleration voltage with a Hitachi H7650 microscope equipped with an
Orius camera (Gatan, Paris, France). Pictures were acquired with the digital micrograph

software.

Atomic force microscopy (AFM)

Adsorbed structures at the solid/solution interface were examined using a NanoScope Illa
Multimode atomic force microscope (Digital Instruments, CA) in Contact Mode, equipped
with a standard fluid cell. Standard cantilevers were used with sharpened SizNg tips. These
were irradiated with ultraviolet light for 30 min prior to use. The solution was held in a
Plexiglas fluid cell, sealed by a silicone O-ring and resting on a muscovite mica substrate. The
cell and the cantilever were cleaned by sonication for 30 min in deionized water at 40 °C and
then dried using filtered nitrogen prior to use. The mica substrate was cleaved using adhesive
tape and immediately used, to avoid contamination by ambient dust particles or volatile
molecules. The cell was completely filled with about 0.5 mL of the nanoparticle solution at a
concentration of 0.27 mg/mL. Before imaging the surfaces, the polymer was allowed to adsorb
onto mica during at least 12 h.

Nile Red encapsulation and release

Encapsulation of Nile red was as follows: 2 pL. of Nile red at I mg/mL in DMSO were added
in 600 uL of a solution of 120-b-P1 nanoparticles at 0.27 mg/mL. The solution was incubated
under stirring for 24 h at room temperature. The fluorescence emission spectrum of the Nile
red-loaded particles was recorded between 587 and 800 nm ([Jex =570 nm) with a Jasco FP
8500 spectrofluorometer, and compared to the spectrum obtained with a solution of Nile red in
water. Nile red release was studied by placing loaded nanoparticles (600 pL at 0.27 mg/mL)
into a dialysis device Spectra-Por® Float-A-Lyzer® G2 (3.5-5 kDa MWCO). The device was
then placed in 1 L of water, and incubated at room temperature in the dark under magnetic

stirring. After excitation at 570 nm the fluorescence of the dialyzed sample was measured
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between 587 nm and 800 nm. The experiment was performed in triplicate and the data was

presented as mean + SD.

2.3.6. Materials

Natural rubber (NR) PB235 was kindly provided by UMR IiATE in Thailand. 3-
chloroperoxybenzoic acid (MCPBA) (70-75%, Acros), periodic acid (Hs106) (>99%, Aldrich),
acetic acid (99%, Aldrich), sodium triacetoxyborohydride (NaBH(OAc)3) (97%, Aldrich),
Na>COs3 (>99.5%, Sigma-Aldrich), KOH (85%), 6-maleimidohexanoic acid (>90%, Sigma-
Aldrich), oxalyl chloride (= 99%, Sigma-Aldrich), Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP. HCI) (Sigma-Aldrich), NaCl (Sigma-Aldrich), DMSO (Sigma-Aldrich),
PBS 10X (Eurobio), Pyrene (98%, Alfa Aesar), Osmium tetroxide (Delta microscopy), and
Nile Red (Carl Roth) were used without further purification. Celite® was purchased from
Sigma-Aldrich. Tetrahydrofuran (THF), dimethylformamide (DMF), and dichloromethane
(DCM) were purified using the PureSolv MD7 system from INERT. Triethylamine (TEA) (99%
Acros organics) was dried using CaH and distilled prior to use. Chloroform (VWR chemicals),
methanol, ethanol and diethyl ether (reagent grade, Aldrich) were used as received. Laemmli
Sample Buffer, Tris/glycine/SDS buffer (TGS buffer), Precision Plus Protein™ Unstained
Standards, and 4-20% Mini-PROTEAN™ TGX Stain-Free™ polyacrylamide gels were
purchased from BioRad. InstantBlue® Coomassie protein stain was from Sigma-Aldrich.
Ultrapure water (18 MQ-cm) was obtained by passing in-house deionized water through a
Millipore Milli-Q Biocel A10 purification unit. Bacto Tryptone (Sigma), Yeast extract (Sigma),
Ampicillin (Sigma) and isopropyl p-D-thiogalactopyranoside (IPTG, VWR chemicals) were

used for cell culture.
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Chapter 3. Lipid-Elastin like peptide hybrid polymer self-

assembly

3.1. Introduction

The development of new biomaterials for biomedical applications is a rapidly growing area of
research. For most of them, the targeted use will be drug delivery, tissue-engineering and
regenerative medicine. Polypeptide-based materials are good candidates for these applications
because they are biosourced, biocompatible, biodegradable, and if carefully designed non-toxic
and weakly immunogenic!. Among them, recombinant polypeptides are interesting for
biomedical applications because they can be produced at an industrial level using GMP
standards, contrarily to the polypeptides extracted from biological tissues which can be

contaminated by virus or prions.

Elastin-like polypeptides (ELPs) are a class of polypeptides derived from the hydrophobic
domain of mammalian elastin?. Usually, they are made of repetitions of the pentapeptide
sequence Val-Pro-Gly-X-Gly, where X can be any natural amino acid but proline. An
interesting feature of these ELPs is that they are thermosensitive, being soluble in aqueous
buffers below their transition temperature (Tt), and aggregating into polymer-rich particles
when heated above this Tt>*. The Tt depends on the chain length, on the nature of the guest
residue Xaa (e.g. polar, charged, hydrophobic), on the polypeptide concentration, and on the
presence of salts in the solution™. Recombinantly produced ELP are preferred over the
chemically synthesized ones, because they have controlled sequence and can be of higher
molecular masses’®. Regarding their interesting biological and physico-chemical properties,
ELPs were used in recent years to develop new hydrogels and innovative drug delivery

systems?®,
Two different strategies have been developed for drug delivery using ELPs. In the first one, the

drug is covalently linked to the polypeptides, either by fusion at the gene level for therapeutic

peptide or proteins or by conjugation of the therapeutic molecules on purified
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ELPs. However, some hydrophobic drugs cannot be conjugated, or lose their activity after
conjugation. In this case, a second strategy can be used where ELPs are engineered to self-
assemble into nanoparticles, such as micelles or polymersomes, which can sequestrate
hydrophobic molecules in their apolar compartments. Of particular interest, amphiphilic block
polypeptides obtained by association of two ELP blocks having different Tts can be genetically
synthesized. These polypeptide structures showed self-assembly properties (micelles, vesicles)
when incubated in aqueous buffer at a temperature between the Tt of each corresponding block,
the hydrophobic block forming the core of the micelles, whereas the hydrophilic block forms
the corona’. It was later shown that the length of the two blocks and the
hydrophilic/hydrophobic mass ratio influence the size of the micelles'®!!. However, it has been
also demonstrated that these ELP diblocks formed rather loose micelles, with a relatively high
level of hydration of the hydrophobic core, thereby preventing the formation of well segregated
micelles'? 4. Consequently, the encapsulation of hydrophobic drugs is quite inefficient through
this approach!”. Furthermore, micelles obtained from amphiphilic ELPs are generally not very
stable at low polypeptide concentrations, with in particular the possibility of micelle

disassembly when diluted in biological fluids after injection.

To drastically increase the stability of ELP-based micelles, the grafting of lipid moieties like
cholesterol, myristic acid (C14:0), oleic acid (C18:1) or fatty acid (FA) analogues to the ELP
blocks was evaluated. Two different strategies were developed in the past. In the first one,
recombinantly expressed ELPs were purified and chemically modified on specific amino acids
selected as guest residues of the ELP sequence. By doing so, cholesterol can be grafted on
lysine residues'® and oleic acid on methionine residues'’. In both cases, the grafting of lipid
chains to the ELP backbone yielded brush-like lipoproteins that can self-assemble into micelles
with ELP-cholesterol, or polymersomes with ELP-C18:1. However, these materials are highly
hydrophobic owing to the number of lipid molecules grafted per ELP, and therefore difficult to
handle in biological media. More recently, a short synthetic lipid (O-octadecylhydroxylamine)
was also successfully graft to the N-terminal serine of an ELP via a pH-responsive oxime

bond'®.

A second elegant strategy developed in Chilkoti’s and Mozhdehi’s group relies on the lipidation
of the ELP in vivo during its recombinant expression. Indeed, by fusing a specific peptide
sequence at the N-terminus of ELPs, and by coexpressing the polypeptide and a yeast N-
myristoyltransferase (NMT) in Escherichia coli they obtained ELP-C14'>. This material self-
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assembled into micelles that were used to deliver hydrophobic drugs to mammalian cells. The
in vivo synthetic chemistry was then declined to produce ELP-C14 that contains a -sheet-
forming peptide!®, or to acylate an analogue of myristic acid?’. In a slightly different approach,
an ELP containing a sterol binding site at its C-terminal domain was recombinantly expressed

12!, Finally,

and purified, and then cholesterol was grafted in vitro to obtain ELP-cholestero
these approaches were successfully combined to produce a Cl14-ELP-cholesterol
lipopolypeptide. Although interesting, these approaches have some limitations. Concerning the
in vivo acylation, the main inconvenient came from the low yields of purified lipopolypeptide:
for ELP-cholesterol the quantity purified was in the range of 5-10 mg/L culture?!, and about 40
mg/L culture for C14-ELP'°. These yields are at least one order of magnitude lower than those
usually obtained for unmodified ELPs. Another limitation comes from the small repertoire of
natural lipids that can be grafted to ELPs using this strategy. Also, for fatty acids, the approach
is restricted to C14 or analogs of comparable length because of the specificity of the NMT

enzyme. Longer fatty acids such as palmitate, stearate or oleate cannot be used, nor can

unsaturated fatty acids.

In this work, we report the synthesis of 15 ELP-FAs with variation in the length and saturation
of the FA moiety as well as the length of the ELP block. The carboxyl group of FA was
condensed with the primary amine of the N-terminal methionine of the ELPs. Acylated ELPs
were characterized, and their self-assembly in a biologically relevant buffer was studied to
elucidate the respective roles of FA structure and ELP length on micelle properties. The

possibility to encapsulate and release hydrophobic molecules was also evaluated.
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3.2. Results and discussion

3.2.1. Synthesis and purification of ELP-FAs

Our goal was to obtain a library of 15 ELP-FAs, differing by the length of the ELP block and
the nature of the FA. The amino acid sequences of the ELP are
MW[(VPGVG)(VPGMG)(VPGVG):]s,1020, and therefore they differ by their number of
pentapeptide repetitions, from 20 to 80. For sake of clarity, they will be referred respectively
as M20, M40 and M80. We selected different FAs among those abundant in membranes
phospholipids??. Myristic (C14:0), palmitic (C16:0) and stearic acids (C18:0) were considered
to assess the influence of the hydrophobic block length on the self-assembly properties, while
oleic (C18:1) and linoleic (C18:2) acids are expected to provide insight into the effect of the
unsaturation degree. Main physico-chemical characteristics of the FAs used in this study are

shown in Table 1.

Table 1. Physico-chemical characteristics of the fatty acids used in the study.

mm Meting Point ()

C14:0 Myristic acid 228.37

C16:0 Palmitic acid 256.42 7.17 61.8
C18:0 Stearic acid 284.5 8.23 68.8
C18:1 Oleic acid 2825 7.73 13.4
C18:2 Linoleic acid 280.4 7.05 -85

ELPs where designed in such a way that a single primary amine is present in the whole

polypeptide sequence, namely at the N-terminal methionine (Fig. 1).
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Figure 1. Chemical structure of the ELP M-series. The guest amino acid is either a
methionine or a valine, with a molar ratio 1:3. The number of pentapeptide repetition(i)

is 20, 40 and 80.

Then, the condensation of the carboxylic group of FA with this amine group is a simple way to
afford ELP-FA conjugates. The condensation reaction was performed by using O-(1H-6-
chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexafluorophosphate (HCTU) as
activating agent, in presence of N,N-diisopropylethylamine (DIPEA). HCTU is a nontoxic,
nonirritating and noncorrosive activating reagent that is typically used for solid-phase peptide

syntheses in DMF?324

, and DIPEA is a sterically hindered organic base commonly used in
amide coupling reactions between an activated carboxylic acid and a nucleophilic amine®*. The

condensing reactions were performed overnight at room temperature (Fig 2).
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Figure 2. A) Condensation reaction between FA and ELP. B) Example of ELP-FA
structure, here the M20-C16.

The reaction product ELP-FA was successively precipitated first by diethyl ether, and then by
acetone, before being washed three times with diethyl ether to eliminate traces of HCTU,
DIPEA and unreacted FAs. After drying, the product was suspended in cold water, centrifuged

at 2 500 g to eliminate insoluble material, and the supernatant was dialyzed against milliQ
water, and then lyophilized.

The physico-chemical characteristics (MW, ELP/FA mass ratio) of the 15 diblocks and of the
three ELPs are summarized in Table 2.

Table 2. Targeted ELP-FAs.

Cl4 Cle C18 C18:1 C18:2
MW | MW ELP/FA MW ELP/FA MW ELP/FA MW ELP/FA MW ELP/FA
M20 8687 | §897 38.1:1 89025 339:1 8953 305:1 §951 308:1 § 949 31.0:1
M40 17035 [ 17245 74.7:1 17274 66.5:1 17301 599:1 17300 604:1 |17298 60.8:1
MS0 3373533945 145.0:1 | 33974 131.8:1 |34002 115.8:1 (34000 119.6:1 |3399§8 1205:1

Theoretical MW in g.mole™. Data for ELP were obtained from ProtParam®.
ELP/FA: mass ratio
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3.2.2. Characterization of ELP-FAs
3.2.2.1. Reversed-Phase-High Performance Liquid Chromatography (RP-HPLC)

To analyze the purified ELP-FA conjugates we chose the RP-HPLC technique because it can
separate compounds based on their hydrophobic character. The stationary phase was C18, and
the mobile phase a gradient of a mixture of water/methanol. Detection was done at 230 nm to
detect the peptide amide bonds. First, we checked that the acylation of the ELP did not lead to
a significant change in the UV absorption at this wavelength (Fig. 3).

2
1,8 - /
1,6 -
1,4 - —— M40
1,2 A M40-C16
1
0,8 -
0,6 A
0,4 |
0,2 |
0

Optical density

190 210 230 250 270 290 310 330
Wevelength (nm)

Figure 3. UV spectra of M40 an M40-C16. Each sample was dissolved in water at a
concentration of 1 mg/mL. M40 (blue line) an M40-b-C16 (orange line).

Interestingly, we can observe a slight difference between the two spectra around 280 nm, which
corresponds to the maximal absorption of the tryptophan residue present at the N-terminal end
of the ELP. Considering that fatty acylation occurred at this N-terminal end, close to the
tryptophan residue, this might have changed the hydrophobic environment and therefore its
absorption characteristics®. Nevertheless, this experiment showed that the absorption at 230
nm was similar for both samples, indicating that quantitative data could be gathered after
integration of the peaks obtained at this wavelength after RP-HPLC separation.

Fig. 4 shows the chromatograms obtained for the free ELP (M20, M40 and M80) and for their
five Mx-FA conjugates.
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Figure 4. RP-HPLC traces of ELPs and of ELP-FAs. ELP-FAs were injected at 70 pM in
water. The eluent was a gradient of a water/methanol mixture. The absorbance at 230 nm
was normalized to the maximal value. Unmodified ELP (blue lines), ELP-C14 (purple
lines), ELP-C16 (black lines), ELP-C18 (red lines), ELP-C18:1 (orange lines) and ELP-
C18:2 (green lines).

These RP-HPLC chromatograms were analyzed and the retention times and conversion rates
are summarized in Table 3. As expected, the retention time of the of M-FAs were significantly
increased when compared to the unmodified ELPs. In addition, it can be seen that the
purification step was efficient, as judged by the absence of significant amounts of unmodified

ELPs (purity > 96%, Table 3).
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Table 3. RP-HPLC analysis of ELP-FAs

ELP | ELP-C14 | ELP-C16 | ELP-C18 | ELP-C18:1 | ELP-C18:2

M20 | Retentiontime | 32.7 35.9 36.4 36.9 36.5 36.2
Purity (%) 99 99 99 99 99

M40 | Retention time | 35.3 37.8 38.4 38.9 38.5 38.1
Purity (%) 96 99 98 98 96

M80 | petentiontime | 359 | 37.7 38.2 38.7 38.3 38.0
Purity (%) 96 97 97 98 96

Retention times in min.

The percentage of purity was calculated by dividing the area of the peak corresponding to the ELP-FA by the

area of all the peaks detected on the same chromatogram.

Retention times vary inversely with the ELP chain length: + 4.2 min between M20 and M20-
C18; + 3.8 min between M40 and M40-C18; +2.6 min between M80 and M80-C18. Thus, the
impact of the acylation in terms of hydrophobic/hydrophilic ratios on the retention times was
more pronounced for the shorter ELP M20 than for the larger M80. Retention times also
increased systematically as the chain length increased from 14 to 18 carbons, with the longest
retention times always measured with ELP-C18 conjugates. However, the presence of

unsaturation in the C18 chain reduced the elution times due to a difference in hydrophobicity?’.

3.2.2.2. Mass-spectrometry analyses

To further confirm the identity of the conjugated, they were analyzed by mass-spectrometry.

First, we tried the MALDI-MS technique. An example of the spectra obtained with M20 and

some M20-FAs is shown in Fig. 5.
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Figure 5. MALDI-MS spectra of M20 and M20-FA.

We obtained a single peak for the M20 ELP, but two peaks for the M20-FAs analyzed: one
around 9000 Da corresponding to the acylated form, and one with a molar mass slightly higher
than that of the unmodified ELP. This second peak around 8,800 Da is of weaker intensity than
that around 9,000 Da, but clearly visible in the samples M20-C16 (blue trace) and M20-C18
(green trace). Two hypotheses can be put forward to explain the presence of this species. The
first is that the coupling reaction between the FA and the ELP was not efficient, and therefore
some ELP M20 remained in the purified sample. This hypothesis is very unlikely because the
same samples were previously analyzed by RP-HPLC, and the quantity of free ELP was
negligible (see paragraph 3.2.2.1). The second hypothesis is that the analysis by MALDI-MS
leads to the degradation of part of the sample. This technique is in fact based on the ionization
of a matrix containing the sample thanks to laser irradiation®®. In some cases, the laser energy
may be too high and damage the molecule to be analyzed. Lowering the laser intensity can
alleviate this problem, but the polypeptides might not be ionized enough to fly into the mass

spectrometer.

To circumvent this problem, we used electrospray ionization (ESI), which is known to preserve
better sample integrity?®. Fig. 6 shows the result obtained for M20 and M20-C18. For each
sample, only one major peak was obtained thus confirming their purity, as well as the absence
of degradation during the analysis. The results for the other Mx-FAs are shown in Fig. S1 and

summarized in Table 4.
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Figure 6. ESI-MS spectra of M20 and M20-C18. Insets represent the MaxEnt

deconvoluted ESI spectra.
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Table 4. Molecular weight of Mx and Mx-FAs samples measured by ESI-MS

ELP and ELP-FA Theoretical MW (Da) | Expérimental MW (Da)

M20 8 687 8 686
M20-C14 8 897 8 896
M20-C16 8925 8924
M20-C18 8953 8952
M20-C18:1 8951 8 950
M20-C18:2 8949 8948
M40 17035 17037
M40-C14 17246 17246
M40-C16 17274 17274
M40-C18 17302 17302
M40-C18:1 17300 17300
M40-C18:2 17298 17298
MBS0 33736 33739
MS80-C14 33946 33946
MS0-C16 33974 33973
MS80-C18 34002 34002
MS80-C18:1 34000 34000
MS80-C18:2 33998 33998

The experimental mass values were in very good agreement with the theoretical ones, with
shifts of 210, 238, 266, 264, and 262 Da after acylation of the ELPs by C14, C16, C18, C18:1
and C18:2, respectively.

3.2.2.3. Circular-dichroism analyses

We have previously shown that grafting a Pl molecule to the C-terminus of ELP 120 results in
a dramatic change in the secondary structure of the diblock compared to that of the ELP 120
(see 2.2.2.4). We therefore investigated if the secondary structure of ELPs was affected by the
acylation with FAs. The secondary structure of M40, M80, M40-C16 and M80-C16 were
analyzed by CD in water at 10°C, that is, below the Tt of M40 and M80, and also at 50°C, i.e
above Tt (Fig. 7). The spectra were then analyzed and the secondary structure determined using
the BeStSel software?®=° (Table 5).
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Figure 8: Circular dichroism spectra of 10 uM solutions of M40, M80, M40-C16 and M80-
C16 in water. The spectra were recorded at 10°C (left side) and 50°C (right side). Blue
traces correspond to non-modified ELPs, red traces correspond to ELP-FAs.

The spectra obtained for M40 and M80 at 10°C were similar to those previously reported for
ELPs below their Tts, with a large negative peak around 190-200 nm, which is characteristic
of random-coiled structures and a smaller negative peak around 220 nm31:32_ For these two
ELPs, the prediction of secondary structures indicates a majority of antiparallel B-sheets (50-
70%), and a smaller proportion of a-helix (12-17%). When heated above Tt, there is a dramatic
change in the secondary structure of the polypeptides with the disappearance of the two
negative peaks at 190-200 nm and 220 nm. Such a change can be ascribed to the disappearance
of a-helix, and a moderate diminution of antiparallel -sheets (-20% of total structures). In
addition, the BeStSel software predicts the apparition of B-turns in the structure, which is more
important in M80 (60.5 %) than in M40 (7.8 %), probably because of the larger size of the
polypeptide.
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Table 5. CD spectra analysis with BeStSel software for secondary structure predictions.

parallel [3 Parallel f3 O
40 10° 17.4 71.6 0 0 10.9
40 50° 0 56.2 0 7.8 36
40-C16 10° 23.1 76.9 0 0 0
40-C16 50° 25.6 30.6 0 16.3 27.5
80 10° 11.8 52.7 0 1.7 33.8
80 50° 0 28.8 0 60.5 10.7
80-C16 10° 20.9 71 0 0 8.1
80-C16 50° 21.6 27.4 0 15.9 36.2

The CD spectra recorded at low temperature for M40-C16 and M80-C16 conjugates are very
similar to those recorded for unmodified ELPs, suggesting that ELP acylation did not lead to a
profound reshuffle of the secondary structure of the polypeptides. A similar result was
previously obtained for myristoylated ELPs, with no change in the secondary structure at low
temperature compared to non-myristoylated ELPs'®. For M40-C16 and M80-C16, around 71-
77% of the secondary structure was antiparallel -sheets, and 21-23% o-helix. After heating at
50°C, the spectra dramatically changed of secondary structure with a large decrease in
antiparallel B-sheets (around — 45% of total structures) concomitant with the apparition of -
turns. The observed changes in secondary structure after heating of ELP-FAs are therefore
similar to those observed for unmodified ELPs, confirming that the ELP conformation is
globally not altered by acylation. The only difference is that a-helix disappeared from the ELP

structure upon heating, whereas they are conserved (21-26%) in ELP-FAs.

The main conclusion is that the secondary structure of ELP-FAs varies with temperature. Thus,
acylation of M-series ELP by long chain fatty acids does not totally alter the thermosensitive
nature of the polypeptide, although a minor change does occur as evidenced by the % helix
which remained constant during heating, whereas it drastically decreased in the non-acylated
ELPs. This contrasts sharply with what was observed for polyisoprene-ELP copolymers, which

adopted the same structure whatever the temperature (see section 2.2.2.4).

3.2.2.4. Turbidimetry analyses for determination of cloud point

We next performed turbidimetry experiments at different temperatures (T-scans) to measure

the Tts of the 3 ELPs (Fig. 9) and the cloud point temperature (Tcps) of the 15 ELP-FAs (Fig.
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10 and Fig. S2). Indeed, we think that the term Tcp was more appropriate for ELP-FAs than Tt
because it corresponds to the temperature of aggregation of the preformed ELP-FAs micelles

and not to the temperature triggering micelles formation.

These experiments were performed in PBS buffer because it is similar to human body fluids in
terms of ion concentration, osmolarity, and pH. The absorbance of ELP-FAs solutions at 350
nm was monitored when the temperature was ramped up and then down at a rate of 1 °C/min.
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Figure 9. T-scan analyses of the ELPs M20, M40 and M80 by. A) Solutions of 50 pM of
M20 (black line), M40 (red line) and M80 (blue line) in PBS B). The cloud point values
obtained for different ELP concentrations were plotted versus the Log concentration.

33-35 and in the

These results are consistent with those previously obtained in our laboratory
literature’. The Tt of the ELPs of the M-series is inversely correlated to their chain length (Fig.
9A), and the concentration effect on the cloud point value decreases when the ELP size increase

(Fig. 9B).

Results obtained with M40-FAs are shown in Fig. 10, and the other graphs are shown in Fig.
S2. The Tt values determined at four different concentrations for each product are shown in
table 6. In addition, the reversibility of the coacervation was verified for the 15 products, and

an example is shown for M40-C18:2 in Fig. 11.
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Figure 10. Turbidimetry measurements of M20-FA conjugates prepared at different
concentrations in PBS during temperature ramps as function of the temperature. Sample
concentrations were 100 uM (green), 50 uM (black), 25 uM (red) and 10 uM (blue).

2,3

L8 -

L3 ~

OD 350 nm

0,8

-0,2 -
15 20 25 30 35 40 45 50

Temperature (°C)
Figure 11. T-scans of M40-C18:2 in PBS. Concentration of the sample was 10 uM (blue
lines), 25 uM (red line), 50 uM (black line) and 100 uM (green line). Solid lines for the

heating ramp, dotted lines for the cooling ramp.
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Table 6. Tcp values in °C of ELP-FAs at different concentrations in PBS.

concentrations

100 pM

50 uM 339 34.5 37.5 34.9 34.8
M20

25 uM 34 35.2 38.1 35 35.2

10 uM 34.6 35.8 38.8 335 36.1

100 pM 24.2 23.9 24.8 24.2 24.7

50 uM 24.4 24.6 25.4 25.1 24.9
M40

25 uM 24.9 24.4 26 24.8 25

10 uM 25.1 25 27.7 26.5 24.5

100 pM 20 20.4 20.3 19.7 20.5

50 uM 20.1 20.2 20.4 19.9 20.6
M80

25 uM 20.8 20.7 21.1 20.3 20.8

10 uM 20.9 21.1 21.2 20.4 20.9

The Tcp values measured for ELP-FAs were lower than the Tt values of the corresponding
ELPs. At a concentration of 50 uM, Tt was around 33°C for M40, and Tcps were around 25°C
for all the M40-FAs studied (Fig. 10). Such a decrease after acylation was also observed for
the other ELPs (Table 6).

This was expected because it has been demonstrated that an increase in the ELP hydrophobicity
results in a decrease in the Tt value!®>. We were however surprised by the fact that, for the same
ELP and concentration, the highest Tcp was measured for the conjugate containing stearic acid.
Indeed, being the most hydrophobic compound, we expected the corresponding Tcps to be the

lowest.

The aggregation of ELP-FAs was fully reversible, the optical density (OD) at 350 nm retrieving
its initial value upon cooling (Fig. 11 and Fig. S2). Here again, for a given ELP the transition
temperature observed during cooling was almost identical whatever the FA, with a constant
temperature hysteresis of about 3.5°C.

Thus, the consequence of acylation is important, but the nature of the FA is less so. On the
contrary, the intrinsic hydrophobicity of the ELP moiety is the key parameter driving the phase
separation. Indeed, for a given FA, the Tcps measured for the M80-FAs were respectively 5°C
and 13°C lower than those measured for the M40-FAs and M20-FAs. Therefore, if a specific
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Tcp is targeted, the size or hydrophobicity of the ELP should be considered before the type of
FA.

Another observation is that acylation of ELPs reduces the inverse dependence of Tcp on
concentration. When Tcp is plotted versus ELP-FAs concentration on a semi-log scale, the

slopes are flatter than that obtained for non-acylated ELPs (Fig. 12).
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Figure 12. Concentration dependence of the cloud point temperatures of ELPs and ELP-
FAs. ELP (blue), ELP-C14 (red), ELP-C16 (black), ELP-C18 (orange), ELP-C18:1
(purple) and ELP-C18:2 (green).

Such an effect, already reported for ELP90A,120--C14!°, has some consequences on the ELP
self-assembly*®. Chilkoti’s group previously showed that conjugation of small hydrophobic
molecules with LogP > 1.5 to a hydrophilic ELP resulted in enhanced self-assembly properties,
and that Tcps values were almost independent on the conjugate concentration. They raised the
hypothesis that the aggregation was controlled by the local ELP concentration within the

nanoparticles and not by the total conjugate concentration in solution®’.
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3.2.3. Solution self-assembly of ELP-FAs

3.2.3.1. Determination of the critical aggregation concentration

Results obtained by turbidimetry analyses strongly suggested that ELP-FAs could self-
assemble. Owing to their composition, made of a water-soluble polypeptide with a fatty-acid
tail, we hypothesized that they can form micelles in aqueous solution as was previously showed

for other ELP-lipids'>-®,

The critical micelle concentration (CMC) value, which is characteristic of each micelle-
forming compound, was first determined using pyrene as a fluorescent hydrophobic probe®* !,
CMC measurements were performed in PBS to give some insight about the self-assembly
properties of the conjugates in biological fluids. All experiments were performed at 15°C to

avoid the desolvation of the ELP moiety.

Fig. 13 shows the variation of the 11/13 ratio obtained for M80-C16, where I1 and I3 correspond

to the intensity of the first and third vibronic peaks of pyrene***,
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Figure 13. Variation of the 11/13 ratio for M80-C16 as function of the ELP-FAS

concentrations in PBS at 15°C. Three self-assembly regimes are depicted as low, medium
and high CMC.

The sigmoidal aspect of the 11/13 plot is typical of surfactants or amphiphilic block
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copolymers®®. Below the CMC the pyrene 1:3 ratio value corresponds to a polar environment.
As the surfactant concentration increases, the 1:3 ratio decreases indicating that the pyrene is
in a more hydrophobic environment. Thereafter, the ratio stabilized to a constant value because
of the incorporation of the probe into the hydrophobic region of the micelles. For the
determination method of the CMC value, some authors used the point labelled as “high” in Fig.
13, which corresponds to the interception of the second and third linear part of the plot**°.
This point corresponds to a surfactant concentration for which all the monomers are self-
assembled. On the contrary, some consider the CMC as the interception of the first and second
part of the plot, the so-called “low” CMC, which corresponds to the formation of premicellar
aggregates. This latter is thought to be more appropriate for surfactants with low CMC, below
1 mM*. In some instance, the CMC value was determined as the middle point between “Low”

and “High” (labelled medium in Fig. 13).

We measured the three CMC values for the 15 ELP-FAs studied (Fig S3 and Table 7). “Low”
CMC values varied between 0.7 and 2 pM, and “high” CMC values between 11 and 49 pM.
These values are rather low when compared to molecular surfactants for which CMC are
typically in the mM range*’, but similar to those previously measured for myristoylated ELP.
The “Low” CMC values for C14-ELP9oa 120, C14-ELPgoag0, C14-ELP9goa40, and C14-
ELPigov40 were respectively 5.1, 3.2, 3.4 and 5.3 uM!'". Therefore, ELP-FAs are rather
hydrophobic compounds.

Table 7 High (H), medium (M) and low (L) CMC values in PBS at 15°C for the 15 ELP-
FAs studied. CMC values are given in uM.

Ci14 C16 C18 C18:1 C18:2

L M H L M H L M H L M H L M H
M20 (19 82 36 |11 6.2 36 (09 40 18 |15 79 42 |20 9.8 49

M40 |19 7.7 31 ({13 6.0 29 |0.7 3.7 19 |13 69 36 |16 7.6 36

M8 |16 7.0 32 {09 48 26 (08 29 11 |13 55 24 |13 6.3 30
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To get insights into the effect of the ELP size and/or of the fatty acid nature, we graphically
represented the low and high CMC values of the 15 compounds (Fig. 14).
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Figure 14. CMC values for M20-FAs (black), M40-FAs (red) and M80-FAs (blue).

Although not identical, the graphs obtained with the two CMC values showed similar trends.
When the length of the saturated fatty acid chain increased, the CMC values decreased. The
lowest values were always measured with C18 whatever the size of the ELP moiety. The
presence of unsaturation in the C18 chain led to an increase in the CMC value, this increase

being somewhat proportional to the level of unsaturation (see C18.1 vs. C18.2).

A general trend can also be observed for the ELP moiety. In most cases, the lowest CMC value
for a given FA was obtained for ELP M80, and the highest for ELP M20. However, the
differences in CMC values between two ELPs acylated by the same FA were much lower than
those between a given ELP acylated by different FAs. Thus, the main driving force for the self-
assembly of ELP-FAs at 15°C, i.e., below the Tcp, clearly comes from the hydrophobicity of
the FAs. Finally, the “low” CMC values measured for the 15 ELP-FAs were below 3 uM, that
is, below the 10 uM concentration used to determine the Tcp by turbidimetry. This confirm that
the Tcp determined during turbidity experiments corresponds to the aggregation of premicellar

ELP-FA structures already formed at low temperatures.
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3.2.3.2. Determination of the size of the self-assembled material by DLS

The size of the self-assembled ELP-FA particles was determined by DLS. First, we measured
the size at low temperature (15°C) in PBS, below the Tcps. We chose a

concentration of 5 mg/mL which corresponds to molar concentrations of 560 uM, 290 uM and
147 uM for M20-FAs, M40-FAs and M80-FAs, respectively. The concentration of 5 mg/mL,
which is much higher than the ‘high’ CMC values (Table 7), was required to have enough
scattering intensity to perform DLS measurements in good conditions. A typical result obtained

for M80-C16 in PBS at 15°C is shown in Fig. 15.
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Figure 15. DLS analysis M80-C16. A solution of M80-C16 at 5 mg/mL in PBS (147 pM)

was analyzed at 15°C.

At temperature below Tcp, M80-C16 formed nanoparticles with a hydrodynamic radius (Ru)
of about 21 nm, a typical size for micelle structures. The PDI value of 0.116 suggested that no
significant amounts of large aggregates were present in the solution. Similar experiments were
performed for the 15 conjugates, and the corresponding Ry and PDI values are shown in Table

8.
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Table 8. Ru (nm) and PDI values of ELP-FAs in PBS measured by DLS at 15°C

ELP-C14 ELP-C16 ELP-C18 ELP-C18:1 ELP-C18:2

M20-fatty acid Ru 9 9 11 10 9
PDI 0.029 0.030 0.022 0.054 0.018

MA40-fatty acid Ru 14 16 18 15 16
PDI 0.104 0.188 0.056 0.134 0.172

M80-fatty acid RH 18 21 23 19 18
PDI 0.074 0.116 0.075 0.080 0.046

A graphical representation is shown in Figure. 16.
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Figure 16. RH values (% intensity) of the 15 ELP-FAs measured at 15°C (5 mg/mL in
PBS).
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For the 15 ELP-FAs studied, only one homogeneous population of objects was detected in PBS
at 15°C, as confirmed by the PDI values ranging between 0.02 and 0.19. These nanoparticles

varied in size according to the nature of the FAs and the size of the ELPs.

Regarding FAs, the size of the particles increased proportionally to the length of the carbon
chain. The increases in Ry between the ELP-C14 and ELP-C18 were +17%, +21% and +22%
for respectively M20, M40 and M80. On the contrary, when unsaturation is introduced into the
stearic chain, the Ry decreased. This can be explained by the fact that double bonds introduce

a bending of the acyl-chain, and therefore that the overall length is decreased (Fig. 17).
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Figure 17. Schematic representation of stearic, oleic and linoleic fatty acids.

Our results also show that the size of the nanoparticles mainly depends on the molecular mass
of the ELP. The Ry of M20-FA micelles are around 10 nm, in the range 14-18 nm for M40-FAs,
and 18-23 nm for M80-FAs. In addition, for a given FA the micelles obtained with the M80

conjugate were always the largest, and the micelles of the M20 conjugate the smallest.

These results are different from those published for myristoylated ELPs'®. Indeed, Luginbuhl
and collaborators studied the effect of the length of the ELP on the morphology of the self-
assembled nanoparticles. They engineered three ELP-C14 (ELPooa,120, ELP9oago and
ELP9oa40), and measured the higher CMC value for the larger ELP9oa 120 (5.1 uM), whereas
these values were around 3.2 uM for the smaller ones. In our system, the lower CMC value
was always measured for the larger ELP (M80) whatever the nature of the fatty acid. In addition,
these authors measured by DLS smaller Ry for the ELPogoa,120 (22.7 nm) than for the shorter
ELP9oa,40 (81.9 nm). They explained this difference by the fact that ELPgoa 40-C14 formed rod-
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like micelles whereas ELPooa, 120 formed spherical micelles. We did not observe this behavior
with the ELP used in our study, Ry increasing with the ELP size. We cannot offer any definitive
explanation for the differences observed between the two studies, however, some differences
in the ELP design should be pointed out. In the work of Luginbuhl and colleagues, the N-
terminal sequence of each ELP contains the NMT recognition sequence, which corresponds to
the peptide Gly-Leu-Tyr-Ala-Ser-Lys-Leu-Phe Ser-Asn-Leu. This peptide is rather hydrophilic
and contains one positive charge on the lysine residue at physiological pH. In addition, the
overall hydrophobicity of the sequence VPGAG used to build the ELPgoa series (GAVY =0.72)
is lower than that of our ELPs made of repeats of VPGVG and VPGMG (GRAVY = 1.085).
Altogether, we can raise the hypothesis that the difference seen between both studies might
come from the use of ELPs with different solubility, and therefore that the hydrophobic or
hydrophilic nature of the polypeptide could be a determinant factor for the morphology of the
ELP-FA micelles.

In conclusion, our results showed that it is possible to fine-tuned the size of ELP-FA micelles

by playing either with the FA chain length and saturation, or with the size of the ELP.

We then evaluate the stability of the micelles in PBS upon storage at 4°C for several days. This
experiment was performed with the M80-C16. (Fig. 18).
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Figure 18. Stability of M80-C16 micelles upon storage at 4°C in PBS buffer. M80-C16 was
solubilized into PBS at a concentration of S mg/mL (147 pM). The sample was stored at
4°C, and Ru (nm) and PDI were recorded at 15°C. For each value, data are mean of three

measures = SD.

This experiment shows that the M80-C16 micelles were stable for the whole period studied,

with no significant increase in Ru or PDIL.

To understand the stability of the nanoparticles, we measured their surface charge. We could
not precisely measure the Zeta potential of the nanoparticles in PBS, due to the high salt
concentration of the buffer, but we measured a Zeta value of -15.4 mV for the M80-C16

micelles in water, confirming that the crown was negatively charged in water (Fig. 19).
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Figure 19. Zeta measurement of M80-C16 micelles. Zeta measurement was done with a
Nano ZS instrument (Malvern U.K.) using the signal processing M3-PALS technique.
Zeta potential range was > +/- 200 mV, and maximum sample concentration was 40%
w/v. Data were analyzed with the Zetasizer software. The figure shows the results

obtained after three measurements of the same sample.

When ELP-FAs self-assembled into micelles the corona is made of the ELP. Acylation of the
ELP taking place at its N-terminus, the C-terminus is therefore exposed to the solvent. The pKa
of the corresponding carboxyl group being < 4*%, negative charges will be present at the surface
of the nanoparticles in PBS buffer (pH 7.2), and these negative charges prevents particles
aggregation by electrostatic repulsion. In addition, it has been previously demonstrated that
when a hydrophobic material is placed in water, the OH— ions which are present in solution
bind to the interface of the material, and therefore provide a negative charge on the particle

surface®.

We then studied the effect of temperature on the size of the micelles. Knowing from
turbidimetry experiments that those micelles aggregate above their Tcp, these DLS heating
experiments were performed at concentrations of 1 mg/mL in PBS buffer. Results obtained for

the M80-C16 are shown in Fig. 20, and in Fig. S4 for the other M80-FA conjugates.
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Figure 20. DLS measurements during a temperature ramp. A solution of M80-C16 at a
1 mg/mL concentration (29 pM) was incubated into PBS buffer, and DLS measurements
were recorded between 15 and 30 °C. Scattered intensity expressed as derived count

rate versus temperature. For each value, data are mean of three measures = SD.

These experiments confirmed the results obtained by turbidimetry. Below the Tcp, we have one
homogeneous population of micelles with Ry around 20 nm, which when heated above Tcp
aggregated to form micron-sized objects. The Tcp measured by DLS at 20 °C is close to the
one measured by turbidimetry for M80-C16 at 25 uM (20.67 °C, see table 6). The decrease in
scattered intensity observed in Fig. 20 after 27 °C might indicate that these large objects started
to sediment at the bottom of the cuvette. Table 9 shows the results obtained for the other M80-
FAs at T°>Tcp in PBS

144



Table 9. DLS analyses of M80-FAs nanoparticles at 25°C in PBS (1 mg/mL

concentration)

M80-C14 M80-C16 M80-Cl18  MB80-C18:1 MB0-C18:2

Rh(nm) 1730 1899 1684 1623 1816

PDI 0.115 0.111 0.045 0.123 0.094

For all the acyl-M80 conjugates studied, we observed large micron-sized particles when the
samples were incubated at 25°C, which strongly suggests the aggregation of micelles due to
their ELP crowns. The fact that the PDI values are low cannot be attributed to a good
polydispersity of the aggregates, but rather to the fact that DLS analyzes are not well suited to

the study of micrometer-sized objects.

3.2.3.3. Effect of salts on self-assembly of ELP-FAs

To have a better view of the morphology of the nanoparticles, we wished to perform TEM
experiments. However, it was not possible to use samples dispersed into PBS, which
composition is as follows: Na,HPOs 10 mM, KH2PO4 1.8 mM, KCI 2.7 mM and NaCl 137
mM. The salt content of this buffer being high, crystals formed during the preparation of the
sample preventing the obtaining of good quality images. Consequently, we chose another
buffer, Tris 10 mM pH 7.2, which does not contain significant amounts of salts. However, a
prerequisite was to demonstrate that ELP-FAs formed nanoparticles when placed in Tris buffer,

and that these nanoparticles were similar to that obtained in PBS.
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First, we performed turbidimetry experiments (Fig. 21 and Fig. 22).
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Figure 21. Turbidimetry experiments of M40-C16 and MB80-C16 in Tris buffer.
Concentration of the samples were 10 pM (blue lines), 25 uM (red line), 50 uM (black

line) and 100 UM (green line).
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In terms of independence of the Tcp value regarding the concentration of the sample, the results
obtained in Tris buffer were similar to those previously obtained in PBS. However, several

differences were also noticed.

First, the Tcp values of ELP-FAs were several degrees above those measured in PBS (compare
Fig. 22 and Fig. 12). This was expected because it has been demonstrated that Tcp values
decrease when salt concentration increases®.Tcp values in PBS were around 25°C for M40-
FAs and 20°C for M80-FAs, whereas they are respectively in the ranges 40-45°C and 26-35°C
in Tris buffer. In addition, we were not able to detect any increase in OD for the M20-FAs
when temperature was increased from 20 to 60°C (Fig. S5).

Another variation comes from the difference in Tcp values between the non-acylated ELP and
their acylated forms. In PBS, Tcp values were significantly lower (-5 to -15°C) for ELP-FAs
than the Tts of the ELPs (see Fig. 12). This was attributed to the increase in hydrophobicity
resulting from the coupling of the fatty acid moiety. We did not observe such a Tcp decrease
in Tris buffer, those of M40-FAs and M80-FAs being even higher than the Tts of M40 and
M80 at high concentrations. From our point of view, the difference observed with the two
buffers is explained by the fact that the main driving force of monomer aggregation (ELP) or
micelle aggregation (ELP-FA) comes from the ELP, and therefore any factor that will affect
the Tt of ELP, such as salt concentration, will change the Tcp value of the corresponding ELP-
FAs.

A third difference was that the maximal OD values obtained when the samples were heated
above the Tcp were much lower in Tris buffer than in PBS. This is obvious for M40-C16, with
a maximal OD of 0.5 for 100 uM in Tris buffer, and a maximal OD of 2.2 in PBS. This strongly
suggests that the transition from micelles to large aggregates > 1 um observed in PBS upon
heating does not take place in Tris buffer. In this case, the small increase in OD observed above
Tcp cannot be attributed to the formation of large aggregates. This was confirmed by visual
inspection of the cuvettes. After heating in PBS, the solution was highly turbid and opaque,
whereas the solution remained quite transparent after heating in Tris buffer. Quite a similar
phenomenon was observed for M80-C16, although the difference in the T-scans obtained

between the Tris and PBS conditions was only evident at low concentration (below 25 puM).
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Another intriguing result was obtained with the M80-C16 samples. In Tris buffer, we observed
a two-step transition during temperature ramps, suggesting that two different mechanisms took
place (Fig. 21). We do not believe this to be an artifact as the same behavior has been observed
for other M80-C14 and M80-C18:1 during heating and cooling ramps (Fig. 23).
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Figure 23. Turbidimetry experiments of M80-C16 and M80-C18:1 in Tris buffer.M80-
C14 and M80-C18:1 were solubilized at a final concentration of 25 pM in Tris10 mM pH

7.2. Data recorded during heating (red lines) and cooling (blue lines) ramps.

So in the case of M80-FAs, two Tcps can be measured, each one corresponding to a specific

transition. These values are shown in Table 10.

Table 10. Tcp values (°C) of M80-FA conjugates at different concentrations in Tris buffer.

M80-C14 M80-C16 M80-C18 M80-C18:1 | M80-C18:2
Ttl 29.6 27.8 31.2 28.3 30.1
S0uM Tt2 32.2 30.6 35.3 30.7 33.3
Ttl 29.7 27.8 31.3 28.7 30.8
25uM Tt2 32.3 30.1 35.5 31.1 32.8
Ttl 29.8 27.6 314 28.8 304
10uM Tt2 32.9 30.8 36.2 31.1 324

These data show that for a given M80-FA, both Tcps were independent of concentration.

To try to better understand the self-assembly of M80-FA in Tris buffer, we performed DLS
measurements. At low temperature, we obtained only one population of nanoparticles the Ru
of which varied between 16 and 24 nm (Table 11)
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Table 11. Comparison of Ru values for M80-FAs in PBS and Tris buffer at 15°C

mM80-C14 mMmMa30-Cie M80-C18 M30-C18:1 M80-C18:2

Tris buffer Ra (nm) 19 21 24 20 17
PDI 0.102 0.192 0.140 0.215 0.051

PBS Ry (nm) 18 21 23 19 18
PDI 0.074 0.116 0.075 0.080 0.046

Sample concentration was 5 mg/mL (147 pM)

This experiment shows that the sizes of M80-FA micelles were similar when measured in the
two buffers at low temperature. As previously observed for PBS, the Ru measured in Tris buffer
increased with increasing fatty acid chain length, and decrease with the number of unsaturation.
Therefore, at low temperature, the size of the M80-FA nanoparticles is independent from the
salt content of the solution. We also verified that these nanoparticles were stable when stored
at 4°C in Tris buffer (Fig. S6).

Thereafter, we did DLS measurement with M80-C16 during temperature increase (Fig. 24).

50000 -+

)
o
g 4000 |
Q
®
£ 30000
]
=
=
2
S 20000
=]
Q
2
] 10000 -
a
O e T T T T 1

20 25 30 35 40 45

Temperature (°C)
Figure 24. DLS measurements of M80-C16 in Tris buffer during a temperature ramp. A
solution of M80-C16 at a 5 mg/mL concentration (147 uM) was incubated in Tris buffer,
and DLS measurements were recorded between 20 and 45 °C. Scattered intensity

expressed as derived count rate versus temperature.
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As observed for the turbidimetry experiments, we obtained a biphasic curve when the scattered

intensity was plotted versus temperature.

To have better insight into the changes occurring during this double transition, Ry was

measured between 25°C and 33°C (Fig. 25).
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Figure 25. Ru measurements of M80-C16 in Tris buffer between 25 and 33°C. A solution
of M80-C16 at a 5 mg/mL concentration (147 uM) was incubated in Tris buffer, and DLS

measurements were recorded at different temperatures.

We observed that the Ry value increases between 25°C and 30°C, from 20 nm to about 200 nm.
Additional heating of the sample to 33°C did not significantly change this value. We can
therefore hypothesize that the first increase in DCR observed in Figure 24 between 25°C and
30°C corresponded to an increase in the size of the M80-C16 nanoparticles, and that the second
increase in DCR between 30°C and 33°C could be attributed to further dehydration of the

hydrophobic core leading to higher density and hence increased light scattering.

Anyway, the heating of M80-C16 micelles in Tris buffer did not result in the formation of large
aggregates as those formed in PBS, but triggered the apparition of particles of ~200 nm that
could be either large micelles or vesicles. This assembly mechanism was reversible, micelles

of Ry ~20 nm being recovered after cooling.

In conclusion, we showed that the size of ELP-FA micelles is similar when measured at low
temperature in PBS or Tris buffer. However, when the temperature is increased above Tcp, the

micelles self-aggregate in high salt solution, whereas they form uncharacterized objects of
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Ru~150-200 nm in weakly ionic buffer. Of course, it would be very interesting to better

characterize these objects in a future work.

3.2.3.4. Morphology of ELP-FA micelles

The morphology of the ELP-FA micelles was observed by TEM. As previously explained, the
corresponding samples were dissolved in Tris buffer, and incubated at 4°C before being
deposited on the TEM grid.

We used negative staining, so the particles appeared white on a dark background (Fig. 26).

M40-C16 M80-C16

Figure 26. TEM images of M40-C16 and M80-C16 micelles. Scale bars 100 nm.

The images obtained for these two samples show that they are spherical micelles. The size of
approximately 20 nm in radius obtained for M40-C16 was consistent with that measured by
DLS (Rn ~20 nm), whereas that measured for the M80-C16 micelles, 40-50 nm in radius, was
larger than that previously measured (Ry ~ 20 nm by DLS). To explain this discrepancy, we
hypothesized that the T° being difficult to control during the preparation of the samples for
microscopy, it may have increased slightly during the drying step leading to an increase in the
size of the micelles of M80-C16 as previously observed in Tris buffer (see Fig. 25).
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3.2.4. Encapsulation and release of a hydrophobic molecule

We next evaluated the potential of ELP-FA micelles to encapsulate and release a hydrophobic
molecule. Our main objective was to investigate the role of the FA chain length. We therefore
focused on M80-FAs because we previously showed that they form larger nanoparticles than
the M40-FAs and M20-FAs, and thus could encapsulate more hydrophobic molecules. As a
model of hydrophobic molecule, we chose Nile red because it fluoresces when placed into a

hydrophobic environment, which is a convenient way to measure its encapsulation.

The encapsulation efficiency was first evaluated. Briefly, M80-FAs were dissolved in PBS at a
concentration of 1 mg/mL, and incubated with Nile red (2 pM) for 24 hours at 10°C. Then, the
solution was centrifuged to eliminate the unincorporated Nile red, which aggregates in aqueous
solvent because of its insolubility (LogP 2.8). The supernatant containing the nanoparticles
was freeze-dried, and the material was resuspended in DMSO before being analyzed with a
fluorimeter. The concentration of Nile red was calculated by comparing the results with a
standard curve of Nile red in DMSO (Fig. S7). A negative control was performed in the absence
of nanoparticles. The fluorescence data were then used to calculate the encapsulation efficiency,
which is the percentage of initial Nile red quantity (127 ng) that was incorporated by 200 ng of
MS80-FAs micelles (Table 12).

Table 12. Nile red encapsulation of M80-FAs micelles

M80-C14 | M80-C16 | M80-C18 | PBScontrol

Fluorescence intensity (611 nm) 4767 7277 10235 110

Nile red quantity (ng) 26 39.7 55.8 0.6

Encapsulation efficiency (%)

This experiment clearly showed that the fatty acid chain length is an important factor for the
encapsulation of Nile red into our micelles. From our point of view, this is not directly related
to the fact that the longer the acyl chain, the more Nile red accumulate because of a more
favorable hydrophobic environment. Our hypothesis is rather that the size of the micelles
increased proportionally to the length of the acyl chains creating more room for the Nile red

accumulation.
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The encapsulation efficiency of M80-FA micelles (20-40%) was higher than that measured for
the encapsulation of doxorubicin by a myristoylated ELP-C14 (3-5%)'°. However, these
figures cannot be directly compared because the hydrophobicity of the encapsulated molecules
are quite different, the LogP values being respectively 2.8 and 1.3 for Nile red and doxorubicin.
Therefore, owing to its higher hydrophobicity, Nile red might have a better avidity for the
hydrophobic core of our M80-FAs micelles.

The next step was to measure the Nile red release from the micelles. In this case, after
encapsulation of Nile red the samples were dialyzed for several hours in PBS buffer at 10°C,

and fluorescence intensity of the samples were measured at different times (Fig. 27).
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Figure 27. Fluorescence of the encapsulated Nile red versus time. 1 mL of Nile red-loaded
micelles were placed in a dialysis device and incubated in 1 L of PBS at 10 °C. The
emission of fluorescence at 610 nm was measured at different time points. Data are mean
value of three measures. M80-C14 (black line), M80-C16 (blue line) and M80-C18 (red
line). As a control, the fluorescence of a suspension of Nile red-loaded M80-C16 was
monitored during 24 h (dashed blue line).

The kinetic of Nile red release was quite similar for M80-C14 and M80-C16, with a fast release
of 70-80% of the Nile red content during the first five hours, and a slower one afterward.
Around 10-15% of fluorescence was detected after 24 hours of dialysis. The situation was quite
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different for M80-C18. Nile red was released at a slower pace, 60% remaining in the
nanoparticles after 5 hours. After 24 hours of dialysis, 35% of fluorescence was still detected

into this sample.

Finally, these experiments demonstrate that the length of the fatty acid chain is of great
importance both for the loading capacity of the ELP-FA micelles, but also for the release
kinetics of the hydrophobic molecule. We therefore anticipate the possibility of refining the
design of the ELP-FAs to obtain micelles capable of encapsulating different amounts of

hydrophobic drugs, and of releasing them more or less rapidly.

3.2.5. Obtention of ELP-FA micelles compatible with a medical application

In the previous paragraphs, we obtained ELP-FAs micelles in physiological buffer (PBS) that
were stable at temperature below Tcp. Among these materials, M80-FA micelles appeared to
be the most interesting owing to their size and to their ability to encapsulate significant amounts
of hydrophobic molecules. Unfortunately, we also showed that in the presence of salts, the Tcps
of M80-FAs were in the 20°C range, therefore preventing their potential application as drug-
delivery system in vivo. We therefore sought for a mean to increase their Tcp in PBS buffer,
while keeping their size and encapsulation capacities. To increase the Tcp of the conjugates in
PBS buffer, we oxidized M80 to replace thioethers groups of methionine by sulfoxide groups

as this has been shown previously in our group to significantly increase the Tt value***°,

Using the protocol developed by Petitdemange and collaborators®* we oxidized M80, and the
characterization of the oxidized M80 (M°80) is shown in Fig. 28.
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Figure 28. Characterization of the oxydized M80. A) Comparison of the H NMR spectra
in D20 of M80 (Top) and M©°80 (bottom). B) Turbidimetry experiments with different
concentrations of M®80 in PBS buffer: 10 uM (blue line), 25 uM (red line), 50 uM (black
line) and 100 uM (green line). C) Tt values plotted against M80 (blue line) and M©80 (red

line) concentrations.

After oxidation of M80, *H NMR analyses showed the apparition of a characteristic peak
corresponding to the sulfoxide function at 2.73 ppm3. Quantification of this peak indicate that
100% of the methionine were oxidized. Turbidimetry experiments were performed with M°80
in PBS, and as expected the Tts were in the range 45-55°C, twice those measured with
unoxidized M80.

Next, we conjugated palmitic acid to M©80 using the protocol already described for the non-
oxidized ELPs. The efficiency of the conjugation reaction was assessed by RP-HPLC. The
retention times were 10.09 min and 13.54 min for M°80 and M®80-C16, respectively.
Quantification showed that the M®80-C16 conjugate was pure at 97%.

Turbidimetry experiments were performed to determine the Tcp of M®80-C16 in PBS.
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Figure 29. Turbidimetry experiments with different concentrations of M©80-C16 in PBS
buffer. A) T-scan experiments 10 uM (blue line), 25 uM (red line), 50 uM (black line) and
100 uM (green line). B) Tcp values plotted against M©80 (blue line) and M°80-C16 (red

line) concentrations.

As previously observed for the non-oxidized ELP, acylation of M°80 resulted in a decrease in
the Tcps values, from 45-55°C to 37-38°C. This is an additional proof that the conjugation of
C16 with M©80 was successful. We also observed that the Tcps values were almost independent
on the conjugate concentration. Indeed, the Tcp was 39°C at 10uM, and 37.5°C at 100 uM.
These temperatures are significantly higher than those measured for M80-C16 (~20°C, see
paragraph 3.2.2.4).

Finally, we checked the size of the M®80-C16 nanoparticles in PBS by DLS (Fig. 30).
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Figure 30. DLS analysis of M©80-C16. The compound was dissolved into PBS at a

concentration of 2 mg/mL. DLS was recorded at 25°C.
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As expected, M©80-C16 formed nanoparticles at T°<Tcp in PBS. Their Ry was around 58 nm,
and the dispersity was correct (PDI = 0.162). Their size was slightly bigger than that measured
for M80-C16 under the same condition (R = 21 nm). We think that this may be due to the
fact that the corona formed by M©80 is less densely packed than that formed by M80, because
of'alower overall hydrophobicity. However, other physical measures should be done to confirm

this hypothesis.

In conclusion, we demonstrate that it is possible to fine-tune the Tcp of our ELP-FAs by a
simple chemical reaction which results in the oxidation of the methionine residues present in
our ELP. We obtained nanoparticles in PBS which are stable up to a temperature of 37.5°C. Of
course, these Tcp temperatures are still quite close to the human body temperature, and
therefore a Tcp close to 42 °C would have been better. Nevertheless, we demonstrated here that
tuning the Tcp of ELP-FAs could be achieved by varying the hydrophilicity of the ELP moiety,
either by chemical modification of the purified ELP, or by molecular engineering of the ELP

to introduce some hydrophilic amino acids as guest residues.

3.2.6. Conclusions

In this work, we successfully conjugated five natural fatty acids onto three elastin-like
polypeptides using a simple protocol that can be easily scaled up to large quantities. These
biobased compounds have been characterized and their self-assembly studied. We have shown
that the micelles formed are stable in PBS at a temperature below the Tcp, and that this Tcp
depends mainly on the characteristics of the ELP group, which are its molecular weight and/or
its hydrophobicity. The size of the micelles, with a Ry between 9 and 22 nm, can be tuned to a
specific size by modifying either the ELP fragment and/or the fatty acid chain length or
saturation. These micelles can encapsulate small hydrophobic molecules, and the encapsulation
efficiency and drug release kinetics can also be tuned by changing the molecular design of the
ELP-FAs. Finally, depending on their Tcp, two applications can be provided. First, when Tcp
is above body temperature, as in the case of M®80-C16, the corresponding micelles could be
evaluated for the delivery of therapeutic drugs after their injection into the plasma. Second,
when the Tcp is below 37°C, the micelles containing the encapsulated drug will aggregate soon

after their injection into a tissue and thus form a drug depot.
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3.3. Experimental section

3.3.1. Materials

Myristic acid (Fluka Chemistry, 98.0%), Palmitic acid (Riedel-de-haenTM, 98%), Stearic acid
(Sigma-Aldrich, 98.5%), Oleic acid (Sigma-Aldrich, 99%), Linoleic acid (Sigma-Aldrich,
99%), O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HCTU, Novabiochem), Nile red (Carl Roth), Pyrene (Alfa Aesar, 98%), Samarium (I11)
acetate hydrate (Sigma-Aldrich, 99.9%), Sodium thiosulfate (Sigma-Aldrich, 99%), N,N-
Diisopropylethylamine (DIPEA, Sigma-Aldrich, 99.5%), N,N-Dimethylformamide (DMF,
VWR chemicals, 99.9%), Tetrahydrofuran (Acros organics, 99.6%), Diethyl ether (VWR
international, 100%), Acetone (VWR international, 99%), Acetonitrile (VWR international,
99.95%), Methanol (VWR international, 100%), Hydrogen peroxide (Acros organics, 35 wt.%
solution in water), Toluene (VWR international, 100.0%), Trifluoroacetic acid (Sigma-Aldrich,
99%), Acetic acid (Sigma-Aldrich, 99.8%), Phosphate Buffer Saline 10X, (PBS 10X,
Euromedex) were used without further purification. Ultrapure water (18 MQ cm) was obtained
by passing in-house deionized water through a Millipore Milli-Q Biocel A10 purification unit.
Bacto Tryptone (Sigma), Yeast extract (Sigma), Ampicillin (Sigma) and isopropyl B-D-

thiogalactopyranoside (IPTG, VWR chemicals) were used for cell culture.

3.3.2. Production and purification of ELPs

Production and purification of the ELP, M20, M40 and M80 was performed as already
described®*3*, Briefly, a single bacterial colony was cultured overnight at 37 °C in a rotary
shaker at 200 rpm in 50 mL of lysogeny broth (LB) medium (1% bacto tryptone, 1% yeast
extract, 0.5% NaCl) containing 100 pg/mL ampicillin. Thereafter, this seed culture was
inoculated into 0.95 L of LB medium supplemented with glucose (1 g/L) and ampicillin (100
pg/mL), and cells were cultivated at 37 °C. When the ODeoonm reached a value close to 0.8,
isopropyl p-D-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM,
and temperature of the incubator was decreased to 25 °C. After 12 h the culture was harvested
by centrifugation at 6 000 g and 4 °C for 15 min, and the cell pellet was suspended with 10
mL/g wet weight in phosphate buffer saline (PBS) buffer. Thereafter cells were lyzed by
sonication, and the insoluble debris were removed by centrifugation at 10 000 g and 4 °C for
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30 min. The cleared lysate was subjected to three successive cycles of Inverse Transition
Cycling (ITC)"L. Briefly, ELP was precipitated at 30 °C for M40 and M80, or at 40°C for M20
and then centrifuged at 10 000 g and 35 °C for 30 min (“warm spin”). The ELP-containing
pellets were dissolved in cold water and the insoluble proteins were eliminated by
centrifugation for 15 min at 10 000 g and 4 °C (“cold spin”). The protein content of the purified
ELP solutions was measured by spectrophotometry at 280 nm with a NanoDrop 1000
(ThermoScientific). Finally, purified ELPs were dialyzed against ultrapure water at 4 °C
(Spectra Por7, MWCO1000, Spectrum Laboratories), and then lyophilized.

Oxidation of M80 was performed as previously described®. The ELP was dissolved in 30%
H>0; and 1% AcOH in water and stirred at 0 °C for 30 min. After quenching with a few drops
of 1 M sodium thiosulfate aqueous solution, the reaction mixture was transferred to a 1 KDa
MWCO dialysis tubing (Spectra/Por®) and dialyzed against DI water for 48 h with water
changes twice per day. The content of the dialysis bag was then lyophilized to yield M°80 (95%
yield). 'H NMR (400 MHz, D20): 6 4.4 ppm (160 H, aCH Val + aCH Pro), 6 4.17 ppm (t, 60
H, aCH Val guest residue, as reference peak), 6 3.72-3.97 ppm (br m, 478 H, 160 H 6CH> Pro
+ 320 H aCH: Gly), 6 2.96 ppm (47 H, YCH> Met), 6 2.73 (65 H, eCH3 Met), 0 1.98-2.32 (515
H = 140 H BCH Val + 42 H BCH: Met + 160 H BCH: Pro + 160 H yCH. Pro) 6 0.9-1.05 ppm
(br m, 837 H, yCH; Val).

3.3.3. Synthesis of ELP-FAs

The first step was the activation of the carboxylic acid of the fatty acids. Myristic, palmitic,
stearic, oleic and linoleic acid solutions prepared at 3 mM in anhydrous DMF were stirred for
1 h at RT. The activation of carboxylic acids was achieved by adding 7.4 mg (18 pmol) of
HCTU and 4.6 uL (26 umol) of DIPEA to the solution containing 18 pmol of FA, and
performing the reaction for 15 min in the dark. The second step was the conjugation of the
activated fatty acid with the primary amine of the ELP. There is only one primary amine per
polypeptide, located at the N-terminal methionine. For conjugation, 1.5 pmol of activated fatty
acid was reacted with 1 pmol of ELP for 12 h in the dark.

The reaction product was precipitated by 10 volumes of acetone, collected by centrifugation
for 5 min at 2 500 g and 20°C, and then re-suspended in DMF. After a second precipitation step
using 10 volumes of diethyl ether, the pellets were recovered by centrifugation and washed
three times with 10 volumes of diethyl ether. After drying for 2 h at room temperature, the

product was dissolved in cold water, centrifuged at 2 500 g for 10 min at 4°C to remove
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insoluble impurities. The clear supernatant was dialyzed (1 KDa, Spectra/Por® membrane)

against ultrapure water for 2 days at 4°C. The product was then lyophilized and stored at -20°C.
3.3.4. Methods

Reversed-phase high performance liquid chromatography (RP-HPLC) was performed
using a Ultimate 3000 system (Thermo Scientific) instrument using a hydrophobic C18
stationary phase (ZORBAX Eclips Plus C18, 4.6 x 250 mm, 5 um, Agilent Technologies) and
a gradient of solvent A (H20 + 0.1% TFA)/solvent B (methanol + 0.1% TFA). The flow rate
was 1 mL/min. 35 pL of ELP or ELP-FA samples (70 uM) were injected, and the absorbance
at 230 nm was recorded with a diode array detector (Thermo Scientific). The gradient program

used is shown below.

Buffer A: Water + 0.1% TFA
Buffer B: Methanol + 0.1% TFA

0 100 0
3 100 0
35 0 100
45 0 100
46 100 0
55 100 0

Data obtained by RP-HPLC were used to calculate the percentage of purity of the ELP-FA
conjugates. This was achieved by integrating the area below the peak of the ELP-FA, and by

subtracting the area under the peak, if any, of the unmodified ELP.

Mass spectrometry analysis (ESI-MS) were performed on a ESI-QTOF (Q-TOF Premier,
Waters, Manchester, UK). Water and acetonitrile (LC-MS grade) and formic acid (99%) were
purchased from Thermo Fisher Scientific. Lyophilized compounds were resuspended in
acetonitrile/0.1% aqueous formic acid (1:1 v/v) to a final concentration of around 30 pmol/L
and infused into the electrospray ionization source at a flow rate of 5 pL/min. The mass
spectrometer was operated in the positive mode with external calibration performed with a

solution of the standard protein at a concentration of 1 pumol/L in acetonitrile/0.1% aqueous
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formic acid (1:1 v/v). The ESI mass spectra showed the characteristic charge state distribution
corresponding to the desired ELPs and their derivatives. Data were then processed with the
maximum entropy deconvolution system MaxEnt (MaxEnt Software, Waters) to determine the
MWs.

Cloud point temperatures (Tcp) were determined by measuring the turbidity at 350 nm
between 10 and 50 °C at a 1 °C-min! scan rate. Data were collected with a Cary 100 UV—vis
spectrophotometer equipped with a multicell thermoelectric temperature controller from
Agilent Technologies. The Tcp is defined as the maximum of the first derivative of absorbance

Versus temperature.

Circular dichroism spectra were recorded on a Jasco J-1500 equipped with a Peltier
temperature control accessory (JASCO, Hachioji, Japan). Each spectrum was obtained by
averaging two scans collected at 50 nm min™. The CD spectrum of pure water solution was

subtracted from the average scan for each sample.

The critical micelle concentration (CMC) of ELP-FAs in PBS was determined as previously
described*®*!, Briefly, solutions of ELP-FAs in PBS with concentrations varying from 10
mg/mL to 2.10" mg/mL were prepared. Then, 1 pL of pyrene solution at 5mM in THF was
added into 500 pL of particle dispersion prepared at various concentrations and incubated under
stirring at 300 rpm for 10 h at 4°C. The dispersions were characterized by fluorescence
spectroscopy using a Jasco FP 8500 spectrofuorometer. The excitation wavelength was set at
319 nm, and the fluorescence emission of pyrene was recorded between 360 and 400 nm.
Bandwidths were respectively 20 nm and 5 nm for excitation and emission. The intensities of
the first (11) and third (I13) vibrionic band of pyrene were determined at 373 nm and 385 nm
respectively. The 11/13 ratio was plotted as function of the polypeptide concentration.

Dynamic light scattering (DLS) analysis of the of ELP-FAs micelles was performed using a
Nano ZS instrument (Malvern U.K.) working at a 90° angle detection. All samples were
filtrated through 0.22 um PVDF devices (Millex, Merck Millipore) just before measurement.
The hydrodynamic radius (Rn) and the polydispersity index (PDI) were derived from the
autocorrelation functions using the cumulant method. The zeta potential was measured with

the same apparatus using the M3-PALS technique.
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The morphology of ELP-FA micelles was examined by transmission electron microscopy
(TEM) after negative staining of the samples. 20 uL of a solution of ELP-fatty acid in Tris
buffer at 5 mg/mL was first dropped on the carbon grid. After incubation for 5 min, the excess
liquid was taken out and the grid was dried at room temperature. 20 pL of a 2% samarium
acetate solution (filtered with 0.45 pm CA device) was deposited on the grid, incubated for 5
min at 15°C, and excess liquid was removed and the grid was air-dried. TEM analyses were
performed at 80 kV acceleration voltage with a Hitachi H7650 microscope equipped with an
Orius camera (Gatan, Paris, France). Pictures were acquired with the digital micrograph

software.

The drug loading capability was evaluated using the Nile red as model hydrophobic molecule.
M80-FAs were dissolved in PBS at a concentration of 1 mg/mL, and incubated with Nile red
(2 pM) for 24 hours at 4°C. Then, the solution was centrifuged at 18 500 g for 10 min at 4°C
to eliminate the excess Nile Red which aggregates in aqueous solvent due to its low solubility
in PBS. The supernatant containing the nanoparticles was freeze-dried, and the material was
dispersed in DMSO for fluorescence analysis (Jasco FP 8500). The excitation wavelength was
set at 550 nm and the fluorescence emission at 626 nm. The concentration of Nile Red was
calculated from a calibration curve performed in DMSO using a 2 uM Nile Red solution in
PBS as blank. For drug release experiments, 6 L of a Nile Red solution in DMSO at 1 mg/mL
were injected in 1.8 mL of M80-FA solutions (1 mg/mL in PBS). The solution was kept for 24
h at 10°C under stirring at 300 rpm. 600 pL of sample was then transferred into a Spectra-Por®
Float-A-Lyzer® device (molecular weight cut-off 1 kDa), and dialyzed at 10°C against 1 L of
PBS. The fluorescence of the dialyzed sample was measured at different time-points with an

excitation set at 550 nm and the emission at 610 nm.
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3.4. Supplementary figures
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Spectre ESI échantillon ELP M20 + C16
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Spectre ESI échantillon ELP M20 + C18:1
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Spectre ESI échantillon ELP M40 + C14
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Spectre ESI échantillon ELP M40 + C18
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Spectre ESI échantillon ELP M80 + C16
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Spectre ESI échantillon ELP M80 + C
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Figure S1. ESI-MS spectra of Mx-FAs
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Figure S2. Turbidimetry experiments for the 15 ELP-FAs at various concentrations in
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Figure S3. CMC values of ELP-FAs in PBS at 15°C. The CMC values shown on the graphs
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Figure S4: Ru measurement by DLS during a temperature ramp. Solution of M80-C14,
M80-C18, M80-C18:1 and M80-C18:2, each at a concentration of 1 mg/mL were

incubated into PBS buffer, and DLS measurements were recorded between 10 and 30 °C.

For each value, data are mean of three measures + SD.
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Figure S5. Turbidimetry experiments for M20 and M20-FAs in Tris buffer.
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Chapter 4. Physical hydrogel based on C16-ELP-C16 triblock

4.1. Introduction

In the previous chapter, we demonstrated that it was possible to obtain micelles by simply
grafting one molecule of fatty acid onto one molecule of ELP. Being involved in other projects
where we sought to develop hydrogels for tissue engineering applications, we thought about
means to use our micelles to form gels. Usually, ELP-based hydrogels are obtained by chemical,
enzymatic, and vy-irradiation cross-linking'®. The corresponding hydrogels have good
rheological properties, but they often contain chemical components which are necessary for the
crosslinking reaction but which are not very biocompatible. Furthermore, these hydrogels are
not reversible because their integrity is maintained by covalent bonds. However, for certain
therapeutic applications physical hydrogels are more suitable, in particular because of their
self-healing properties. These physical hydrogels are usually made of associative polymers,
also called telechelic polymers, which are BAB triblock copolymer with a hydrophilic
backbone (block A) and two hydrophobic groups (blocks B). They associate in aqueous
medium in so-called “flower micelles”: when the concentration increases and the micelles start
to interact, the hydrophobic grafts come together to create microdomains, which leads to the

formation of a 3D physical network®*, This process is illustrated in Figure 1.
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Figure 1. Representation of the combination of BAB-type triblock copolymers according
to Winnik and Yetka?®.

To the best of our knowledge, only two examples of physical hydrogels based on ELP blocks
have been published. Wright and Conticello used BAB triblocks where B was a hydrophobic
ELP containing isoleucine, [(IPAVG)4(VPAVG)]n, and A a hydrophilic bloc containing the
charged residue glutamic acid [(VPGVG)4(VPGEG)]m*. When the aqueous solution
containing the polymer was heated above 15°C, the hydrophobic blocks aggregated leading to
hydrogel formation. However, the high polymer concentrations needed to achieve gel
formation, above 25%, was a limit to the use of this material. More recently, our group reported
the characterization of physical hydrogels obtained with an ELP-based ABC triblock!?. Blocks
B and C consisted of hydrophilic and hydrophobic ELPs, respectively, and block A was a
hydrophobic synthetic poly(trimethylene carbonate) (PTMC). This polymer self-assembled
into micelles in water, and at a temperature higher than the Tt of the ELP diblock, these micelles

aggregated to form a physical hydrogel (Figure 2).
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Figure 2. Self-assembly of ABC-type triblock copolymers designed by Dai and

colleagues®?.

However, this system had certain limitations. First, to obtain a stable hydrogel, the polymer
concentration had to be exactly 4%. Below this concentration, the solution was viscous and at
5% syneresis was observed. Moreover, the synthesis of the ABC triblock requiring several
successive chemical reactions and therefore numerous purification steps, the yield of the

purified ABC triblock was low.

We therefore looked to a simpler approach, by grafting two fatty acid molecules at the
extremities of an ELP backbone. We had three possibilities to achieve this goal. The first one
was to start with the ELP-FAs already synthesized, and to graft an additional FA on their
carboxyl-terminal ends. To this end, several strategies could be evaluated: coupling via the
formation of an anhydride or coupling through a modified FA that will react more easily with
the carboxylic moiety of the ELP. For instance, FA could be reacted first with a diamine to
have an amine moiety that this will react with the carboxylic acid as performed during the
preceding chapter. The beauty of this route is that the FAs present at both chain-end of ELP
could be of different nature. The second possibility was to add a second primary amine in the
ELP sequence, by inserting a lysine residue at the terminal end of ELPs of the M series. Doing
this, the new ELP will possess one primary amine at each end, one corresponding to the N-
terminus and the second one at its C-terminus (Lys). Once obtained, fatty acid condensation on
the two primary amines could be performed using the same chemical reaction as that described
in the previous chapter, allowing the synthesis of FA-ELP-FA. Finally, a third strategy was
evaluated. It is based on the use of an FA-ELP which would form dimers of the FA-ELP-ELP-
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FA type. For this, the ELP must contain at one of its ends a chemical group that can react with
another ELP to form a covalent bond. This is the case for ELPs containing a cysteine at their
C-terminal end, two monomers being able to form dimers after an oxidation step. After
acylation on the primary amine of these dimers, we could obtain B-A-A-B tetra-blocks. Of
course, such copolymers will be susceptible to the action of reducing agents, as will be the
corresponding hydrogel. We already had in the LCPQO’s library the ELP M40C with a cysteine
at its C-terminal end. This ELP can form dimers when oxidized by the formation of an
intermolecular disulfide bridge. We therefore acylated these M40C dimers to obtain the desired
compound, FA-M40C-CM40-FA.

The second and third strategies described above were used in this work.

4.2. Results and discussion

4.2.1. Construction of MxK producing clones

The easiest way to insert a Lysine codon at the C-terminal end of an ELP is to use site directed
mutagenesis. Briefly, this is based on PCR amplification of a cDNA sequence using primers
that are specific for the sequence of interest but contain an additional codon that will be present
in the PCR products. Several kits are available on the market and we used the Takara’s In-
Fusion Cloning kit. To insert bases with this technology, two primers are designed to include
15-bp overlaps with each other at their 5' ends and contain the desired insertion within the
overlapping region (Fig. 3). Only the 15 bases at the 5' ends of the primers are required to
overlap. A PCR reaction will amplify a linear fragment corresponding to the plasmid with the
two primer sequences at each end, and then a recombination reaction will reconstitute the

circular plasmid with the mutation.

K XX
F’r’: W L e
£ i
pE
L | L | L | L |
1. Envision final 2. Design 3. Amplify linear 4. Recover final
construct primers construct construct

Figure 3. Description of the four successive steps required for site directed mutagenesis.
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This technique works well with the majority of the genes, but is less reliable when used with
highly repetitive sequences like those of ELPs. In this case, the primers can bind at different
sites, and therefore lead to the amplification of smaller sequences than those expected.
Moreover, this problem increased with the size of the DNA sequence, the number of repetitions
increasing accordingly. Indeed, in our hand when starting with the M40 sequence, we obtained
M20K and M40K plasmids. However, when starting with the M100 sequence, we only
obtained M40K and M60K clones. Therefore, to obtain M80K we used an alternative strategy:
starting with an M60K clone, we inserted the M20 sequence between the MW dipeptide of the
N-terminal extremity and the M60K coding sequence by using conventional restriction

digestion/ligation techniques. These approaches are summarized in Fig. 4.

' I
I
I

— |

Site-directed mutagenesis

[ [ puc1a-M20k | [ puc19-maok |  pUC19-M40K | [pUCIO-MBOK — — — —

S | | | |

= IRestriction digestion/ligation I
g.‘E:', I I I I !

: L | |

% Sub-cloning pET44 (DH5a cells)

S

§ v v v ¥ ¥
| ) [ peTad-M20K | | pETa4-Ma0K | | pET44-M40K | | pET44-ME0K | _

Figure 4. Cloning strategy for obtaining M20K, M40K, M60K and M80K

For the sake of clarity, we will not present all the results obtained during these cloning

procedures, focusing only on the construction of the producer clone of M40K as an example.

An E. coli clone containing the pUC19-M40 plasmid has being previously obtained in our
laboratory. A culture was performed, the plasmid was purified and its quality was evaluated by
agarose gel electrophoresis before or after digestion by the restriction enzyme BamHI that cuts

the circular plasmid at one specific site (Fig. 5)
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Figure 5. Agarose gel electrophoresis of purified pUC19-M40. 1) non-digested plasmid. 2)
BamHI restriction product. 3) DNA ladder.

Two bands are visible in the non-digested sample. Band A corresponds to the circular form of
the plasmid, band B corresponds to the supercoiled one. As expected for good quality plasmid,
the supercoiled form is the most abundant. After digestion by the restriction enzyme BamHl,
which cuts this plasmid once, we obtained the linear form (band C), the size of which was
compatible with the theoretical size of 3301 bp.

The next step was to perform PCR amplification using primers that will introduce the triplet
AAA (lysine codon) just upstream of the M40 TAA stop codon (Fig. 6).

gtgtacctggcotgggagtacctggagtcggegtocctogotatgggcgtoccaggcateggcotacctogeatagatottccaggcattggagtoccaggcatgggcotaccaggtatoggagttccaggtattogagtaccogggcateggagttectag
h ! h h h h h ' h h f h h f h h
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+ t + + + + + + + + + + +
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Figure 6. Graphic representation of the M40K coding sequence (3’ side) with primers
used for mutagenesis. The M40K amino acid sequence is in orange. Forward and reverse
primers are indicated by boxed arrows.
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The PCR products were then analyzed by agarose gel electrophoresis (Fig. 7).
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Figure 7. Analysis of PCR products on agarose gel. Lane 1 corresponds to the PCR

products. Lane 2 is the size marker.

Three main bands are seen in lane 1. The more intense (band A) had a size between 3000 and
3300 bp. In fact, it encompasses two fragments of respectively 3000 and 3300 bp as was
demonstrated in following experiments. This is due to the fact that the M40 sequence is the
direct repetition of two identical M20 sequences. Therefore, one of the two primers used
(reverse complimentary primer) can hybridize at the end of the M40 DNA sequence present in
the plasmid, but also in the middle of this M40 DNA sequence (see Figure 4). We therefore
simultaneously amplified the linear plasmids pUC19-M40K and pUC19-M20K DNA. The
bands B and C, corresponding to larger double-stranded DNA are in fact dimers (B) and trimers
(C) of the plasmid. Indeed, knowing that the two extremities of the PCR product are self-
complimentary, two (or three) fragments can stick together and be used as matrix in the
following PCR cycle. Once again, this is due to the fact that we worked with highly repeated
sequences. The next step was therefore to purify band A by gel excision to eliminate bands B
and C, as well as the pUC19-M40 plasmid which served as the matrix for the PCR. Indeed, this
pUC19-M40 plasmid being supercoiled, it will have an advantage during the transformation of
the competent cells and this might lead to a large number of M40 (not mutated) colonies. The
concentration of the purified DNA (band A) was checked by spectrophotometry and its quality
by gel electrophoresis (Figure 8)
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Figure 8. M40K-pUC19 and M20K-pUC19 on gel agarose gel

This gel clearly shows that we have succeeded in eliminating the multimeric forms of the
plasmid (bands B and C Fig. 7), and that we have purified two bands corresponding to pUC19
containing the M40K and M20K sequences. Owing to their close size, it was not possible to
efficiently separate these two plasmids. We therefore decided to use this mixture in the
following steps, knowing that the segregation of the two types of plasmids will take place
during the cloning procedure: each clone obtained after the transformation step will contain
only one of the two species. The next step was to circularize the linear pUC19 plasmids
generated during the PCR. This was achieved using a specific recombinase provides in the In-
Fusion kit. The circular plasmids were then transformed into chemically competent E. coli
Stellar cells, and clones which contains a pUC19 plasmids were selected on LB agar plates
containing ampicillin. After overnight growth, several colonies were obtained, and they were
screened by PCR using primers flanking the ELP DNA sequence. Of course, using this
screening, it was not possible to discriminate the original pUC19 M40 plasmid from the pUC19
M40K plasmid, the insertion of the three bases of the lysine codon not significantly modifying
the size of the amplified product. (722 and 725 bp, respectively). However, using this strategy

we were able to discriminate between clones containing inserts corresponding to M40 or M20
(Fig. 8).
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Figure 8. Colonies screening by PCR and agarose gel electrophoresis. After
transformation, bacterial clones containing the pUC19 plasmid were selected on
ampicillin-agarose plates. After overnight growing at 37°C, colonies were selected and
used to perform PCR amplification with pUC19 specific primers.

Of the 14 clones screened in this experiment, 11 gave an amplicon of approximately 400 bp
(arrow B), which corresponds to the size expected for the M20 and M20K sequences. One
clone (No. 4, arrow C) gave a product of approximately 380 bp, corresponding to a sequence
shorter than M20 and therefore a deleted form. Only two clones, # 10 and 12, gave a PCR
product of approximately 700 bp (arrow A) which could correspond to the M40 or M40K
sequences. The fact that some other bands are observed in the corresponding lanes is again
explained by the fact that the DNA sequences of the ELP are very repeated, and that these
internal repetitions can lead to artifacts during the PCR process. (hairpin formation in the single
strand products or base pairing at the wrong position).

Plasmids from clones 10 and 12 were then purified, double-digested by the restriction enzymes

Ndel and BamHI to release the M40(K) insert from the pUC19 backbone, and the digestion

products were separated by electrophoresis (Fig. 9).
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Figure 9. Agarose gel electrophoresis of purified plasmids from clones 10 and 12. ND:
non digested plasmids. D: plasmid double-digested by Ndel and BamHI.

After digestion, we expected to see three bands: one at 2452 bp, corresponding to the pUC19
backbone, a second one at 626 bp corresponding to M40(K) insert, and a third one of 226 bp
corresponding to the pUC19 fragment present between two Ndel sites. Our results confirmed
that the plasmids from clones 10 and 12 corresponded to M40 or M40K sequences.

The next step was to sequence the corresponding plasmids to verify that the insertion of the
lysine codon did take place (Fig. 10).

Gly Val Pro Gly Val Gly Stop
\ | \

i 1 i VT | 1 I ] 1o | S 1

G G c G T c C T G G c G T G G

Figure 10. Sequencing results of clone #10. Purified pUC19 plasmid from clone 10 (M40K)
was sequenced. The corresponding chromatogram and the deduced nucleic and amino
acid sequence were obtained using the SnapGene viewer software.
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The results showed that the directed mutagenesis worked well and that we obtained the desired
pUC19-M40K plasmid.

The next step was the sub-cloning of the ELP DNA sequences into the expression vector
pET44a. The 626 bp DNA fragments obtained after Ndel/BamHI double digestion was gel-
purified. In parallel, the vector pET44 was also double digested with the same restriction
enzymes, dephosphorylated to prevent self-ligation in the absence of the M40K cDNA, and
gel-purified. After ligation with the ELP inserts, BLR E. coli competent cells were transformed
by heat-shock. After overnight growth on selecting agar plates containing ampicillin, three
clones were screened by PCR (Fig. 11).

pET44 M40K
pET44 M20K clones clones

N -

4
A 4

____________ 1500 bp

- - 1000 bp

Figure 11. PCR colony screening of pET44-M20K and PET44-M40K clones.

The PCR products obtained from the ten M20K clones had a size compatible with the expected
one (988 bp). For the M40K clones, we obtained a PCR fragment close to the expected size
(1288 bp) for three of them. To confirm the identity of the plasmids, each one was purified and
sequenced.
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4.2.2. Production and purification of MxK and MxC polypeptides

The next step consisted in the expression of the recombinant protein. Once again, we will
illustrate this part with M40K.

Briefly, a preculture of selected clone #1 containing pET44-M40K was used to seed 400 mL
of LB medium supplemented with 1g/L glycerol and 100 pg/mL ampicillin. When ODeoonm
reached a value between 0.6 and 0.8, IPTG was added to the culture at a final concentration of
0.5 mM and the incubation temperature was lowered from 37°C to 25°C. After an overnight
growth, cells were recovered by centrifugation, suspended into cold water and lyzed by
sonication. Insoluble debris were removed by centrifugation, and the soluble protein fraction
was used for purification of the M40K protein by the ITC technique. Follow-up of this
production and purification process was achieved by analyzing the protein content of the
different fractions by SDS-PAGE analysis (Fig. 12).
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Figure 12. SDS-PAGE analyses of the different protein fractions obtained during the
production and purification process. Lane 1: non-induced cell culture. Lane 2. 12 H
induction by IPTG. Lane 3: soluble protein fraction after cell lysis. Lane 4-6: protein
content after the first, second and third ITC cycles. Lane 7: Protein standard (Precision
Plus Polypeptide Standard). MW of the standard proteins in kDa. Normalization of the
protein content between lanes 1 and 2 was achieved by using the same number of cells

according to the OD measured for each sample of the culture.
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Comparison of the samples obtained before (lane 1) and after the IPTG induction (lane 2)
clearly shows the accumulation of a new protein of ~ 18 kDa, close to the theoretical mass of
17.2 kDa. This protein was enriched in the soluble fraction (lane 3), and efficiently purified
during the ITC cycles, although traces of some contaminant proteins remained in the purified
fraction even after 3 purification cycles. However, these contaminants represent less than 2 %
of the total protein content as estimated by densitometry analysis of the gel. Finally, after
dialysis and lyophilization the yield of purified M40K was 150 mg/L culture, which is in the
range obtained for the other ELP of the M series produced in our laboratory (60-180 mg/L
culture). All the ELP produced and purified in this study were analyzed by SDS-PAGE
electrophoresis (Fig. 13)
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Figure 13. SDS-PAGE analyses of the purified ELP samples (20 pg/lane). Lane 1: M20K.
Lane 2. M40K. Lane 3: M60K. Lane 4: M80K. Lane 5: Protein standard (Precision Plus
Polypeptide Standard). Lane 6: M40C (unreduced). Lane 7: M40C after reduction of the
disulfide bridges by p-mercaptoethanol. MW of the standard proteins in kDa.
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4.2.3. Synthesis and characterization of FA-ELP-FA

For ELP MxK, the acylation reaction was carried out directly with the purified ELP monomers
which contain two primary amines, the N-terminal one and that of the lysine residue. For the
MxCs which have only one primary amine at their N-terminus, we had to obtain dimers by
oxidation of the C-terminal cysteine residues. To set up this reaction, we kept in mind that the
oxidation must trigger the formation of disulfide bridges, but not the oxidation of the
methionine residues presents in the M40C sequence. Indeed, the apparition of sulfoxides in the
polypeptide will trigger drastic changes in its Tt (see paragraph 3.2.5.). To find the right balance
between cysteine and methionine oxidation, we tested different conditions and the formation
of dimers was evaluated by SDS-PAGE electrophoresis whereas the apparition of sulfoxides
was monitored by *H NMR. Two parameters were varied to find the best reaction condition:

the molar ratio of hydrogen peroxide/ELP and the incubation time. A typical result is shown in

Figure 14,
20 mg/mL M40C 20 mg/mL M40C
30 min, 25°C 60 min, 25 °C
Molar
Ratio of
H,0,/ELP 0/1 1/1 2/1 5/1 10/1 0/1 1/1 2/1 5/1 10/1

'—-----—----
—

Figure 14. SDS-PAGE analysis of M40C oxidized products. 20 mg of ELP in Tris 10 mM
pH 8.8 were incubated with various amount of H202 for different times. 15 pg of each

sample was analyzed per lane.

In the absence of H.O>, we observe a major band corresponding to M40C monomers, and a
second band of higher MW corresponding to M40C dimers. Densitometric analysis of these
gels showed that dimers represent between 30 and 40% of the sample. Their presence is simply
explained by the fact that during their purification by ITC, the samples were heated for several
minutes at 40°C to trigger their aggregation, and that these heating steps are known to cause

the oxidation of cysteines. When incubated with H20., the percentage of dimers in the solution
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increased rapidly to reach 90-95% of the sample. It should be noted that we never obtained a
sample containing 100% of dimers, even with higher concentrations of H2O2 or longer
incubation times. Of course, we could have tried to separate both products by size-exclusion
chromatography but we thought that this will lead to a loss of product that was not worth it.
For the following experiment, we decided to oxidize M40C with 0.017 % hydrogen peroxide
(H202/ELP molar ratio 5:1) for 30 min at 25°C in Tris buffer. We next checked by *H NMR if

the corresponding product did not contain sulfoxides (Fig. 15).
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Figure 15. 'H NMR spectrum of oxidized M40C in D20.

When methionine residues are oxidized in sulfoxides, the NMR signals of the protons close to
the sulfur atom shift to higher ppm, from 2.41 ppm for yCH2 Met (1) to 3.06 ppm (1’), and from
1.92 ppm for eCHs Met (m) to 2.77 ppm (m”). These shifts can be explained by the deshielding

effect of the oxygen atoms. Therefore, by integrating the corresponding peaks it was possible
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to measure the sulfoxide/methionine ratio in our ELP. We founded that after oxidation by H-O»,
this ratio was 10% indicating that the M40C dimers contained 2 sulfoxides and 20 non-oxidized
methionine.

The reaction of ELP acylation was performed as already described in chapter 3.2.1, the only
modification was that the molar ratio of fatty acid/ ELP was increased to 3:1 to have a fatty
acid/primary amine ratio of 1.5/1. The acylated products were then analyzed by RP-HPLC.
Figure 16 shows the results obtained after palmitoylation of M20K, M40K, M60K and M80K
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Figure 16. RP-HPLC traces of ELPs and of FA-ELP-FAs. A solution at 70 uM in water
was analyzed for each compound. Eluent was a gradient of a water/methanol mixture.
The intensity at 230 nm was normalized to maximal value. Traces for unmodified ELP
(blue lines), and for palmitoylated ELP (red lines). The green stars indicate the pic

corresponding to the mono-palmitoylated compounds.

Prior to acylation, a single peak was observed except for M80K where a small peak at around
39 min was observed. We believe that this peak could correspond to small amounts of M80OK
dimers although none of these dimers were detected after SDS-PAGE analysis of the same

sample, which strongly suggests that they are not bound by covalent bonds. After acylation by
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C16, we observed the total disappearance of the peak corresponding to the free ELPs, and the
presence of two peaks with higher retention times. We believe that the larger peak, with higher
retention times, corresponds to the expected FA-ELP-FA compounds, while the smaller peak,
indicated by a green star in Figure 16, could correspond to the FA-ELPs. The retention times

and the percentage of peak 2 for each compound are shown in Table 3.

Table 3. RP-HPLC analysis of ELP-FAs

M20K M40K M60K MSOK | M40Cdimers | M40C dimers
Peaki retention 38.7 38.5 38.5 38.4 38.7 39.0
time (min.)

Peaka retention 40.4 39.7 39.5 39.5 39.8 40.8
time (min.)
83% 95% 93% 90% 92% 88%

The retention time measured for peak 1 was around 38.5 min, whatever the ELP size In
paragraph 3.2.2.1, the retention time measured for M20-C16, M40-C16 and M80-C16 were
respectively 36.4, 38.4 and 38.2 min. Thus, the results obtained for M40K and M80K are
compatible with the hypothesis that peak 1 is mono-palmitoylated ELP. However, the data for
the acylated M20K are less conclusive because the retention time for peak 1 was 2 min higher
than that measured for M20-C16. In addition, the palmitoylated M20K contains only 83% of
C16-M20K-C16 whereas the conversion rates were at least 90% for the other MxK studied,

suggesting that the reaction was not as efficient with the smaller ELP.
In conclusion, these experiments showed that we obtained C16-MxK-C16 in good yields, but

that these samples contained small amounts of ELP acylated by one palmitate molecule.
Similar analyses were performed after palmitoylation of the M40C dimers (Fig. 17).
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Figure 17. RP-HPLC traces of M40C dimers before and after acylation. A) Traces for
M40C dimers (blue line) and after acylation by C16 (red line). B) Traces for M40C dimers
(blue line), after acylation by C18 (red line), and after incubation of the C18-M40C
dimers with 50 mM dithiothreitol for 12 hours (green line).

After palmitoylation of the M40C dimers, we observed a main peak at 39.8 min corresponding
to the dimer conjugated to two palmitate molecules. This peak represented 92% of the acylated
sample. Again, a small peak at 38.6 min was observed. This peak could contain either M40C
dimers with a palmitate unit, or M40C monomers with one palmitate, or a mixture of the two
species. We also used stearic acid to acylate the M40C dimers (Fig. 16B). The condensation
reaction proceeded as evidenced by the appearance of a compound with a retention time of
40.8 min, although approximately 12% of the reaction product had eluted at 39 min. Again,
this minor peak could correspond to ELP dimers with stearate or M40C-C18 monomers. To
test these hypotheses, the same sample was incubated with dithiothreitol to reduce the disulfide
bridges, and thus generate the C18-M40C and M40C-C18 monomers. Under this condition,

the peak at 40.8 min disappeared, and a single peak at 39 min was detected confirming that it
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indeed corresponded to M40C conjugated to a stearate molecule. Indeed, if it had corresponded
to dimers of M40C with a single palmitate, the reduction of the disulfide bridges would have
given both M40C and M40C-C18. However, we did not detect any peak corresponding to
M40C after reduction. In conclusion, these results suggest that the addition of two fatty acids
on the M40C dimers was effective, although approximately 10% of the M40C-FA monomers

were present in the final reaction product.

4.2.4. Cloud point determination of FA-ELP-FA

We first sought to measure the cloud point temperature of the FA-ELP-FA in PBS buffer.
Indeed, we previously showed (Chapter 3) that ELP-FAs formed stable micelles in PBS at
temperatures below their Tcp. Unfortunately, this was not the case for the di-acylated ELPs:
when placed in PBS buffer they rapidly aggregated and precipitated, even at low temperature
(4°C). This is a first indication that the structuration of the FA-ELP-FA monomers in solution
and/or their self-assembly is rather different from that observed for ELP-FAs. We therefore
decided to measure the Tcp values in 10 mM Tris buffer. Results for C16-MxK-C16 are shown
in Figure 18, and those for the palmitoylated M40C dimers in Figure 19.
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Figure 18. Cloud point temperature of di-palmitoylated MxK in Tris buffer. A) T-scans
of samples at different concentrations: 10 uM (blue lines), 25 uM (red line), 50 uM (black
line) and 100 uM (green line). B) Relationship between Tcp and concentration.
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Figure 19. Cloud point temperature of palmitoylated M40C dimers in Tris buffer. A) T-
scans of samples at different concentrations: 10 uM (blue lines), 25 uM (red line), 50 uM
(black line) and 100 uM (green line). B) Relationship between Tcp and concentration.

Several conclusions can be drawn from these results. First, the size of the ELP moiety is
important as showed by the fact that we did not observe significant increase in turbidity when
the C16-M20K-C16 sample was heated, whereas turbidity increased for larger di-palmitoylated
ELPs, whatever the concentration studied. Similar conclusions were made for mono-acylated
ELPs (see paragraph 3.2.3.3). Second, the addition of two fatty acids on the MxK backbone
drastically decreased the Tcp values when compared to those of the unmodified ELP. This was
expected because acylation increased the hydrophobicity of the conjugate, and therefore
diminished its solubility upon heating. However, if such a decrease in Tcp values was
previously observed for ELP-FAs in PBS buffer (see Paragraph 3.2.2.5), this was not observed
in Tris buffer where the Tcp of the ELP-FAs were higher (M40-FAs) or similar (M80-FAs) to
the Tt of the free ELP. This is another indication that ELP-FAs and FA-ELP-FA behave
differently in aqueous buffers. Interestingly, this strong decrease in Tcp was not observed for
M40C dimers, the corresponding values being similar before and after palmitoylation (Fig. 19).
Third, our results show that FA-ELP-FA Tcp values vary with sample concentration, similar
to what is observed for non-acylated ELPs, whereas ELP-FA Tcp values were almost
independent of concentration. In the case of ELP-FAs, the hypothesis was that the aggregation
was controlled by the local high and invariant concentration of ELP in the micelles, and not by
the total concentration of the compound in solution. In the case of FA-ELP-FA, which probably
also form micelles at low temperature in aqueous buffers (without salts), it can be hypothesized

that there are additional interactions between these micelles, independent of those triggering
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the coacervation of ELPs, and that these interactions increase with FA-ELP-FA concentrations.
Finally, an intriguing fact is the differences observed between palmitoylated M80K and M40C
dimers. These two ELPs species contained exactly the same number of repeats, and their sizes
are nearly identical: M40C dimers contained only three additional amino acids compared to

MB8OK, one cysteine, one tryptophan and one methionine (see Figure 20).

ELP M80OK MWI[(VPGVG)(VPGMG)(VPGVG),],,K

ELP M40C dimer  MW[(VPGVG)(VPGMG)(VPGVG),]1,C
.r\t'ﬁvpeve)z(vpeMG)(VPGVG)]N»@@ )

Figure 20. Schematic representation of the M80K and M40C dimer amino acid sequences.
Amino acids specific for each sequence are in green (M80K) and purple (M40C dimer).

The additional amino acids of the M40C dimer are indicated by circles.

Despite these negligible different in terms of MW, they behaved quite differently after
acylation by two palmitate units. The Tcp of acylated M80K decreased by 15 to 20°C compared
to that of M80K, and upon heating the ODssonm reached a value of about 2 for concentrations
above 25 uM. On the contrary, the Tcp values measured for the acylated M40C dimers were
similar to those of the non-acylated compound, and the OD3sonm values reached upon heating
were well below 1, even at a concentration of 100 uM. These results strongly suggested that
these two palmitoylated compounds have different intrinsic physical properties although

having very similar chemical composition.
4.2.5. Characterization of FA-ELP-FA by DLS
Our hypothesis was that FA-ELP-FA forms “flower like” micelles in aqueous buffer at a

temperature below their Tcp. We therefore measured the Ry of these acylated ELPs in Tris
buffer at a concentration of 1mg/mL (Fig. 21).
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Figure 21. DLS analysis of the palmitoylated compounds. Samples were at a

concentration of 1 mg/mL in 10 mM Tris buffer. Measurements were made at 4°C (blue

traces) and 40°C (red traces). Results obtained by intensity are shown. PDI values are

shown for samples where only one population was detected.
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At low temperature, we detected in each sample a population of a few nanometers which
increases with the ELP block length, from 8 nm for M20K to ~16-17 nm for M80K and M40C
dimers. This result is similar to what we previously observed for ELP-FAs (see chapter 3,
paragraph 3.2.3.2). However, in the case of di-palmitoylated MxK, the sizes of the micelles

were significantly lower than those of their mono-palmitoylated counterparts (Table 4).

Table 4: comparison of RH values (% intensity) for mono- and di-palmitoylated ELPs

ELP backbone Mono palmitoylated | Di-palmitoylated

M20 10 nm 8 nm*
M40 16 nm 14 nm
M80 21 nm 16 nm

*This value corresponds to the population of smaller size in the % intensity graph

To explain the difference in Ry, the following hypothesis can be put forward: with a molecule
of C16, the ELP is exposed at the surface of the micelle and it can unfold freely in the aqueous
medium. On the other hand, when a palmitate molecule is grafted to each end of the ELP, the
two fatty acids are anchored in the micelle, and the ELP segment therefore cannot unfold as

freely in the aqueous medium. This is illustrated in Figure 22.

%
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?J;fg
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Figure 22. Schematic representation of the possible organization of ELP-FAs and FA-
ELP-FA into micelles. Blue for fatty acid moieties, green for ELP moieties. Dark grey line
illustrates the curvature of the micelle core; light grey illustrates the curvature of the
micelle corona. Left of the red dashed line: ELP-FAs, and right from the same line FA-
ELP-FA.
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Another population of ~120-150nm was also present in the palmitoylated M20K, M40K and
M40C dimers, most probably corresponding to aggregates.

When heating above Tcp, different types of behavior were observed. With the small ELP
M20K block, we obtained a monodisperse population (PDI=0.009) of particles with an Ry of
58 nm, which is seven times the value measured at 4°C. We have not further investigated the
nature of these nanoparticles. For larger ELP blocks, increasing temperature led to the
formation of 300-500 nm aggregates. However, some discrepancy was observed between the
samples: while the di-palmitoylated M40K was fully aggregated, some smaller particles were
still present in the di-palmitoylated M60K and M80K samples. In the case of palmitoylated
M40C, even though we observed a small peak at ~500 nm, the majority of the population

corresponded to nanoparticles of 46 nm of Ry.

Overall, these results are consistent with those previously obtained by turbidimetry. After
heating, we observed by DLS the formation of aggregates for the di-palmitoylated M40K,
M60K and M80K, which explains why the ODssonm measured by turbidimetry reaches high
values (>2). On the contrary, heating of palmitoylated M20K and palmitoylated M40C dimers
results in the formation of small nanoparticles of 58 and 46 nm, respectively, which explains

why the OD3s0nm Values measured by turbidimetry were below 1.

4.2.6. Hydrogel formation and characterization

As explained in the introduction, our goal was to obtain physical hydrogels. We therefore
performed a quick screening study. We dissolved our compounds into water at a concentration
of 5% (wi/vol) by incubating under stirring at 10 °C (below Tcp). Gel formation occurred after
12 to 24 h of stirring. Using this simple protocol, we obtained hydrogels for di-palmitoylated
M8O0K and M40C dimers. For the other samples, we increased the concentration to 10%, and

we obtained some gel with the di-palmitoylated M60K compounds (Fig. 23).
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C16-M60K-C16 C16-M80K-C16 C16-M40C-CM40-C16
10% 5% 5%

Figure 23. Pictures of hydrogels

The fact that we did not obtain hydrogels with short ELP blocks M20 and M40 can be explained.
If we consider that the formation of the hydrogel requires physical interactions between the
micelles, and that these interactions occurs when an acylated chain leaves its micelle to go and
plug into a neighboring micelle, then the size of the ELP on which the fatty acid is grafted is
decisive. The longer the ELP, the easier it will be to connect distant micelles. Of course, the
micelle concentration is of major importance, and we could probably form gels with the short
ELP blocks, but that would require increasing the concentrations. However, this is a problem
for future applications since the cost of recombinant proteins is high. It is therefore not
reasonable to work with higher concentrations of ELP, knowing that the production of 10 mL
of 10% hydrogel would require between 6 and 10 Liters of culture.

This preliminary test also showed that it was possible to obtain hydrogels with 10% C16-
M60K-C16. However, the problem was that the gel was not homogeneous, with a whiteish gel
phase and a transparent liquid phase, strongly suggesting that the hydrogel underwent syneresis.
This can be observed when the interaction force between the micelles is strong enough to push
some of the water out of the gel. This phenomenon occurs generally when the equilibrium

solvent/macromolecules are not fulfilled, disturbing the network®.
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Finally, hydrogels were obtained with 5% palmitoylated M80K, and 5% palmitoylated M40C
dimers. In the latter case, the gels were perfectly transparent.

Next, we measured the rheological parameters of the gels obtained with 5% of C16-M80K-
C16 (Fig. 24).
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Figure 24. Rheological parameters of C16-M80K-C16 gel at 4°C. A). Complex viscosity
versus angular frequency. B) Storage modulus (G’) and loss modulus (G”) versus shear

strain at 1 rad/s. C) Storage modulus (G’) and loss modulus (G”) versus frequency.

The linear domain of the gel phase was first analyzed at 1 rad/s (Fig. 24B). The data showed
that we did not obtain a gel at low temperature, but rather a material that behave like a
viscoelastic liquid. Then sweep frequency was performed (Fig. 24C), and results confirmed the
viscoelastic behavior of the material, with a terminal zone at low frequency, with G’ varying

as o and G’ as ?. A crossing point between G’ and G was almost reached at ® > 50 rad/s.

We also measured the rheological properties of the material at different temperatures to

evaluate the effect of the thermosensitivity character of the ELP. (Fig. 25).
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Figure 25. Evolution of gel properties with temperature. Storage moduli (G’) and loss
moduli (G”) of the aqueous solution of C16-M80K-C16 in water in response to
temperature changes. Left: heating ramp. Right, cooling ramp. The polymer
concentration was 5%. Angular frequency of set at 10 rad/s. Data below 0.01 Pa are
indicated on the graph but they are below what the rheology device used can accurately

measure

Between 4 and 15°C, the G” value slightly decreased from 21 Pa to 1 Pa, and then remained
constant for higher temperatures. The G’ values also slightly decreased up to 12°C, and then
dropped below 0.1 Pa. Data recorded at higher temperatures are not reliable. Similar results
were obtained when the sample was cooled between 40 and 4°C showing, that the phenomenon
was reversible. Interestingly, the values measured at 4°C after the cooling step, which were
respectively 52 Pa and 94 Pa for G' and G", were slightly higher than those measured at 4 °C
before the heating and cooling cycles. This could suggest that the successive heating and
cooling steps could promote the formation of a slightly higher number of connections inside

the material.

To evaluate the influence of the disulfide bridges on the theological properties of the gel, we
then studied the C16-M40C-CM40-C16 (Fig. 26).
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Figure 26. Rheological parameters of C16-M40C-CM40-C16 gel at 4°C. A) Complex
viscosity versus angular frequency. B) Storage modulus (G’) and loss modulus (G”)
versus shear strain at 1 rad/s. C) Storage modulus (G’) and loss modulus (G”) versus

frequency.

Here, we clearly see an elastic behavior at frequencies higher than 1 rad/s, and a terminal flow
area at low frequency. This is typical signature of transient network obtained by reversible
connections between flower-like micelles'**°. The cross point between G” and G’ in such
transient network has been ascribed to the relaxation time of a hydrophobic end cap in a micelle.
In our case, the cross point corresponds to a relaxation time of 1 s. This relaxation time is
slightly higher than that found in the literature for telechelic associative polymers with C16
end blocks, which varies between 0.1 and 0.3 s for gel concentration between 2% and 4%/,
Interestingly, we measured G’ values ~700 Pa at frequencies equal or higher than 10 rad/s,

which is in the range previously obtained for crosslinked hydrogels of ELP (100-1000 Pa)8-18-
21
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We next investigated the behavior of this physical hydrogel as a function of the temperature
(Fig. 27).

1000 5
E 1000
100 4 ——G' Heating 100 ——G' Cooling
= ] ——G" Heating — ——G" Cooling
£ 10 [
o E o 10 4
3 E
Q 13 B 14
= s ]
0,1 0,1
0,01 T T 0,01 T T T T )
0 10 20 30 40 40 30 20 10 0
Temperature (°C) Temperature (°C)

Figure 27. Evolution of gel properties with temperature. Storage moduli (G’) and loss
moduli (G”) of the aqueous solution of palmitoylated M40C dimers in water in response
to temperature changes. Left: heating ramp. Right, cooling ramp. The polymer

concentration was 5%. Angular frequency of set at 10 rad/s.

At low temperature, we measured values for G’ and G of respectively 630 and 190 Pa. Upon
heating, both modules decreased gradually until 18°C, and then dropped to values below 1 Pa
indicating a disruption of the gel. When cooling the sample, we observed a similar trend: low
values below 1 Pa for both moduli between 40 and 22°C, then a sharp increase until the
temperature reached 16°C. At this temperature, the G' value became higher than that of G"
indicating gel formation. Finally, at 4°C the values of G' and G" were respectively 615 and 180
Pa, almost identical to those measured initially before the heating and cooling cycles showing
that the formation of the gel and its disassembly were perfectly reversible. This may indicate

that the network structure is at thermodynamic equilibrium.

The dissociation of the gel observed at temperature higher than 18-20°C can be explained by
the fact that the ELP block undergoes a transition towards a more hydrophobic character. The
flower-like micellar structure is then lost due to the aggregation of ELPs in the corona, and the
pre-existing connections between the different micelles are then broken (Fig. 28).
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Figure 28. Schematic representation of the effect of temperature on gel formation. The
color change for the ELP from light blue to dark blue represents the change in

hydrophobicity resulting from increasing temperature.

To evaluate the validity of our finding, and to prove that it wasn’t specific to the ELP M40C
block, we performed identical experiments with another ELP previously built in our laboratory.
This is a diblock ELP of formula MW[(VPGVG)(VPGMG)(VPGVG)2]10(VPGIG)20C. The
first hydrophilic block is therefore identical to M40, and the second block is hydrophobic owing
to its content in Isoleucine residues. This diblock bears a cysteine residue at its C-terminus and

therefore can dimerize after oxidation.

Using the same protocol as that used for M40C, we first oxidized M40120C to obtain a majority
of dimers, and then we grafted palmitic acid on both N-termini. The purified compound was
then dissolved in water at a concentration of 5% and the corresponding hydrogel was analyzed

by rheology (Fig. 29).
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Figure 29. Rheological parameters of palmitoylated M40120Cdimers. A) Picture of 5%
hydrogel. B) Storage modulus (G’) and loss modulus (G”) versus shear strain at 1 rad/s
and 4°C. C) Storage modulus (G’) and loss modulus (G”) versus frequency at 4°C. D)
and E) Storage moduli (G’) and loss moduli (G”) of the aqueous solution of palmitoylated
M40120C dimers in water in response to temperature changes. D) heating ramp and B)

cooling ramp. The polymer concentration was 5%. Angular frequency of set at 10 rad/s.

The gel obtained with the palmitoylated M40120C dimers was similar to that obtained with
palmitoylated M40C dimers. It was highly transparent and heat sensitive, dissociating upon
heating. The transition temperature was slightly lower (~14 °C) than that of the palmitoylated
M40C dimers, most likely due to the higher hydrophobicity of the M40120 diblock. The
rheological parameters we also similar, with G’ value ~700 Pa at a frequency of 10 rad/s, and
a relaxation time of 1 s. However, it seems that this network is more resistant to shear because
the linear domain extended to 100%, whereas for the C16-M40C dimers, a destructuring has

been observed from 40%.
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4.3. Conclusions and perspectives

By using palmitoylated M40C dimers, or M40120C, we succeeded in obtaining physical
hydrogels with interesting intrinsic properties: (i) they are highly transparent, which is a
sought-after characteristic for therapeutic applications such as intraocular implants; (ii) they
have self-healing properties which may be of interest for tissue engineering; (iii) they can be
dissociated either by incubation with a reducing agent which will break the disulfide bridges,
and therefore generate micelles identical to those described for C16-M40, or by increasing the

temperature.

The fact that the structure of our BAAB triblock relies on the formation of disulfide bridges
can be an advantage as said above, but it complicates the approach. Indeed, the formation of
dimers is obtained after incubation of the monomers with hydrogen peroxide, and this reaction
is not 100% effective, leaving 10% of the product in monomeric form. Moreover, this reaction
leads to undesirable side reactions such as oxidation of methionine, thus affecting the Tt of the
ELP. This is why we started with the acylation of MxK-series ELPs, to obtain a monomeric
ELP core flanked by two fatty acids. Unfortunately, our results showed that this type of BAB
triblock did not allow the formation of good hydrogels. We don't have a definitive answer as
to why C16-M80K-C16 and C16-M40C-CM40-C16 gave such different results, because their
chemical structures are quite similar. We can only make two assumptions. The first is that the
disulfide bond between the two ELPs gave a certain "freedom" to the molecule, being a little
more flexible than a classic peptide bond. Thus, the FA fragments could come out of their
micelle more easily to connect a neighboring micelle. However, we did not find in the literature
data showing that the peptide bond is more “rigid” than a disulfide bond. We think that a second
hypothesis is more likely. In the case of C16-M80K-C16, the palmitic acid grafted at the N-
terminus of the ELP will be almost in the same axis as the polypeptide. On the contrary, the
second palmitic acid will be at ~90° from the ELP backbone, being grafted on the lateral chain
of the lysine residue. Of course, this is a simplistic view because the ELP block is not a linear

rod, and is flexible. This is illustrated in Figure 30.
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Figure 30. Schematic representation of C16-M80K-C16 (top) and C16-M40C-CM40-C16
(bottom) copolymers. The structure of the ELP moiety is in black. Palmitic acid molecules

are in red, lysine and cysteine residues respectively in blue and green.

So, from this simplistic scheme, we can imagine that the connection between two micelles will
be favored, or once established maybe more stable, in the case of C16-M40C-CM40-C16. To
confirm this hypothesis, we could graft palmitic acids onto M80K using its primary amine from
the N-terminus and its carboxyl from the C-terminus. As explained in the introduction, this will
require two different chemical reactions. However, the final product will have the two fatty
acids grafted in the same axis as the ELP segment, and we could evaluate if this new C16-
MB8OK-C16 allows the assembly of hydrogels similar to those obtained with the acylated dimers
of M40C.

Another way of improvement would be to modify the temperature at which the hydrogels
dissociate. Indeed, the hydrogels obtained with C16-M40C-CM40-C16 and C16-M40120C-
CI20M40-C16 were stable up to temperatures of 18 and 12°C respectively. This will be a
problem for biological applications where gel formation at a temperature above 37°C is desired.
As discussed earlier, this dissociation temperature depends on the Tt of the ELP, and the
question is how we could increase this temperature. One way would be to design new
hydrophilic ELPs, with polar amino acids (serine, threonine, asparagine, glutamine) or even
charged amino acids (glutamic acid or aspartic acid) as guest residues. Arginine and lysine are

not an option because they contain a primary amine that can react with the activated fatty acid
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during the grafting step, producing brush-like structures. This strategy is possible, but would
require 6 to 9 months for the whole cloning procedure.

Another possibility would be to modify the Tt of the ELP used in our study. As shown in
Chapter 3, methionine oxidation of M40 increases its Tt by nearly 20°C. Therefore, we could
perform such oxidation either on the M40C before the acylation step, or directly on the C16-
M40C-CM40-C16. Finally, to considerably increase the Tt of ELPs containing methionine, we
could alkylate these residues as has already been successfully achieved in our lab?2. The only
downside to this approach is that the chemical modification introduces positive charges to each

methionine in the ELP (Figure 31).
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Figure 31. Alkylation reaction of ELP M40. A) Diagram of the chemical reaction. B)
Analysis by turbidimetry of solutions at 100 pM in Tris buffer of M40 (red trace) and
alkylated M40 (blue trace).

Knowing that the prerequisite for the formation of the hydrogel is the contact of the micelles
to allow connections by exchange of the fatty acid segment, the presence of charges on the
surface of the ELP could prevent the interaction of the micelles by electrostatic repulsion. On
the other hand, the presence of charges on the surface of the ELP segment could solve another
problem which is the aggregation of FA-ELP-FA micelles in the presence of buffers containing

salts, such as PBS. Indeed, if we want to use our hydrogel for therapeutic applications, it must
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be stable in the presence of physiological salt concentration. Therefore, we believe that fine
tuning of the charge on the surface of the ELP will be necessary to find the right balance that

will allow gel formation under physiological conditions (salt concentration, T°).

A more direct biological application of our hydrogel could be the evaluation of their ability to
encapsulate spheroids for long-term storage. These spheroids are aggregates of compact round
cells often generated from cancer cell lines. They are widely used in oncology drug
development processes and to better understand cancer biology?*2°. These spheroids are
usually stored for a short period, up to 3 days, in culture media at 4°C in oxygen-free conditions.
A recent improvement in storage conditions has increased the shelf life of some spheroids to
up to 7 days?®. In the future, we will encapsulate spheroids in our physical hydrogel to assess
its biocompatibility and see if this represents a good way to easily store these cellular

aggregates.
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4.4. Experimental section

4.4.1. Materials

Palmitic acid (Riedel-de-haenTM, 98%), Stearic acid (Sigma-Aldrich, 98.5%), O-(1H-6-
Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU,
Novabiochem), N,N-Diisopropylethylamine (DIPEA, Sigma-Aldrich, 99.5%), N,N-
Dimethylformamide (DMF, VWR chemicals, 99.9%), Diethyl ether (VWR international,
100%), Acetone (VWR international, 99%), Hydrogen peroxide (Acros organics, 35 wt.%
solution in water), Phosphate Buffer Saline 10X, (PBS 10X, Euromedex) were used without
further purification. Ultrapure water (18 MQ cm) was obtained by passing in-house deionized
water through a Millipore Milli-Q Biocel A10 purification unit. Bacto Tryptone (Sigma), Yeast
extract (Sigma), Ampicillin (Sigma) and isopropyl p-D-thiogalactopyranoside (IPTG, VWR

chemicals) were used for cell culture.

4.4.2 Construction of MxK clones

The E. coli clone containing the pUC19 plasmid with the ELP M40 sequence was grown
overnight at 37°C in LB medium (composition) with 100 pg/mL ampicillin. The M40-pUC19
plasmid was then purified with the NucleoSpin® Plasmid kit (Macherey Nagel) according to
the manufacturer’s instructions. The concentration of the purified plasmid was measured by
spectrophotometry at 260 nm using a Nanodrop ND 1000, and the identity of M40-pUC19
plasmid was confirmed by digestion with the restriction enzyme BamHI (New Engand Biolabs)

followed by agarose gel electrophoresis.

The insertion of a lysine codon (AAA) at the c-terminal end of the M40 sequence was
performed by site directed mutagenesis using the InFusion kit (Takara). Briefly, a first PCR
was performed using the M40-pUC19 plasmid as the matrix and the following primers:
Forward primer ELP40MK : 5 CGTAGGTAAATAAACCTCATCGCTGGATCCTC 3’, and
Reverse primer ELPAOMK : 5° GTTTATTTACCTACGCCAGGTACGCC 3°. The Lysine
codon is in bold. The PCR reaction was as follows: 3 cycles of denaturation at 98°C for 10
seconds, hybridization at 56°C for 15 seconds and elongation at 72°Cfor 20 seconds, and then
34 cycles of 98°C for 10 seconds, hybridization at 58°C for 15 seconds and elongation at 72°C
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for 20 seconds. To separate the linear PCR product from the M40-pUC19 matrix, the product
of the reaction was separated in 0.8% agarose gel and the band corresponding to the PCR
product (3281 bp) was exised from the gel and purified using Monarch® DNA gel extraction
kit Biolabs). A second band, around 2980 bp was also purified for cloning, because its size
corresponded to a M20K linear product. Then the linear PCR products were re-circularized
using Fusion HD enzyme (Takara), and the M40K-pUC19 and M20K-pUC19 plasmids was
transformed into E. coli competent Stellar Cells from Takara (F-, endAl, supE44, thi-1, recAl,
relAl, gyrA96, phoA, ®80d lacZA M15, A(lacZY A-argF) U169, A(mrr-hsdRMS-mcrBC),
AmcrA, A-]. Clones containing a pUC19 plasmid were selected on LB agar plates containing
100 pg/mL ampicillin, and analyses by PCR using One Taq Hot Start DNA polymerase (New
England Biolabs) and the primers M13 forward (5° TGTAAAACGACGGCCAGT 3’) and
M13 reverse (5 CAGGAAACAGCTATGACC 3’). PCR was as follows: cell lysis for 3 min
at 94°C, and then 35 cycles 94°C for 15 sec, 50°C for 30 sec, and 68°C for 1 min. The PCR
products were analyzed by 1.5% agarose gel electrophoresis. Plasmids from three PCR positive
clones were purified with the NucleSpin® Plasmid kit, verified by double digestion with BamHI

and Ndel, and sent for sequence determination (Eurofins Genomics)

For subcloning in the expression vector pET44a M40K-pUC19 and M20K-pUC19 purified
plasmids were digested by BamHI and Ndel . The restriction products were separated in 1.2%
agarose gel, and the band corresponding to the M40K insert (625 bp) and M20K insert (325
bp) were purified with the Monarch® DNA gel extraction kit. In parallel, the pET44a plasmid
was double-digested with BamHI and Ndel, and the linearized plasmid was purified by 0.8%
agarose gel electrophoresis with Monarch® DNA gel extraction kit. Inserts and linearized
pET44 plasmid were ligated using the Quick ligase Kit from New England Biolabs and a 3:1
insert/vector molar ratio. The final reaction volume was 20 pL. Then, 2.5 uL of the reaction
was used to transform BLR(DES3) E. coli cells [F-ompT hsdSB(rB- mB-) gal lac ile dcm A(srl-
recA)i306::Tn10 (tetR)(DE3)]. Cells were spread on LB agar plates containing 100 pg/mL
ampicillin, and clones were screened by PCR using One Taq Hot Start DNA polymerase (New
England Biolabs). The primer specific for pET44 were pET forward 5’-
GTGAGCGGATAACAATTCCCC-3’ and pET rev 5°-
GTTATGCTAGTTATTGCTCAGCGG-3’. The PCR procedure was as follows: 94°C 3 min
for cell lysis, and then 35 cycles 94°C 15 sec, 55°C 30 sec, 68°C 1 min. The PCR products

were analyzed by 1.5% agarose gel electrophoresis in TAE buffer. The plasmids from positive
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clones were purified with NucleoSpin® Plasmid kit, and their sequences verified (Eurofins

genomics).

4.4.3. Production of MxK and M40C

A single bacterial colony was selected and cultured overnight at 37°C in a rotary shaker at 200
rpm in 15 mL of lysogeny broth (LB) medium (0.4% LB Lennox, 0.1% yeast extract)
containing 100 pg/mL ampicillin. Thereafter, this seed culture was inoculated into 400 mL of
LB medium supplemented with glycerol (1 g/L) and ampicillin (100 pg/mL) to obtain an initial
ODsoonm 0f 0.15. The culture was grown at 37°C and 200 rpm until the ODsgonm reached a value
close to 0.6. IPTG was added to a final concentration of 0.5 mM, and the temperature was
decreased to 25°C. After 12 h of IPTG induction, the culture was harvested by centrifugation
at 7500 g and 4°C for 15 min and the cell pellet was resuspended with 10 mL/g wet weight in
deionized water. Thereafter the samples were incubated overnight at —80°C and slowly
defrosted by incubation at 30°C. Total cell lysis was performed by sonication at 15°C with
several 4-s pulses at 125 W 9 s apart for a total duration of 45 min. Insoluble debris were
removed by centrifugation at 11 000 g for 15 min at 4°C. The cleared lysate (soluble fraction)
was subjected to three successive cycles of inverse transition cycling (ITC). Briefly, ELP was
precipitated at 30°C in the presence of salts and pelleted by centrifugation for 15 min at 7 000
g and 30°C. After elimination of the supernatant containing soluble proteins, and re-suspension
of the pellet in cold water, the ELP was re-dissolved whereas insoluble proteins from E. coli
were eliminated by centrifugation for 15 min at 11 000 g and 4°C. The supernatant containing
the ELP was then processed through second and third ITC cycles. Before each “warm spin”,
NaCl was added to both samples M40K and M20K at a final concentration of 2 M and 1.5 M
for the first and second cycles. For the third cycle, NaCl concentrations were 0.5 M for the ELP
M40K and 1M for M20K. Finally, the purified ELPs were dialyzed against ultrapure water and
lyophilized.
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4.4.4. Acylation of the ELPs

The first step was the activation of the carboxylic acid of the palmitic acid. A solution prepared
at 3 mM in anhydrous DMF was stirred for 1 h at RT. The activation of carboxylic acids was
achieved by adding 7.4 mg (18 umol) of HCTU and 4.6 pL (26 pumol) of DIPEA to the solution
containing 18 pumol of FA, and performing the reaction for 15 min in the dark. The second step
was the conjugation of the activated fatty acid with the primary amine of the ELP. To conjugate
C16 on the two primary amines of the MxK and the M40C dimers, 3 pumol of activated fatty
acid was reacted with 1 pmol of ELP for 12 h in the dark. The reaction product was precipitated
by 10 volumes of acetone, collected by centrifugation for 5 min at 2 500 g and 20°C, and then
re-suspended in DMF. After a second precipitation step using 10 volumes of diethyl ether, the
pellets were recovered by centrifugation and washed three times with 10 volumes of diethyl
ether. After drying for 2 h at room temperature, the product was dissolved in cold water,
centrifuged at 2 500 g for 10 min at 4°C to remove insoluble impurities. The clear supernatant
was dialyzed (1 kDa, Spectra/Por® membrane) against ultrapure water for 2 days at 4°C. The
product was then lyophilized and stored at -20°C.

4.4.5. Oxidization of M40C

80 mg (4.6 uM) of M40C was dissolved in 4 mL of Tris buffer (Tris 10 mM, pH 8.8) at 4°C.
Then, 1.5 mL of 0.05% H20- (5 eq) were added for 30 min at 25°C. The oxidized ELP was
dialyzed with 1 kDa cut off membrane for two days against water at 10°C, and then lyophilized.
SDS page were performed to calculate the amounts of monomers and dimers in solution. NMR
spectra were acquired in D20 at 10°C on a NMR 400 MHz cryoprobe Prodigy. Data processing
was performed using Topspin software.

'H NMR (400 MHz, D20): § 6.94-7.38 ppm (8 H, proton on aromatic ring of Try), 5 4.10-4.57
ppm (180 H, aCH Met + aCH Val + aCH Pro), 6 3.98 ppm (60 H, aCH Val guest residue, as
reference peak), 6 3.35-3.78 ppm (br m, 449 H, 6CH2 Pro + aCH2 Gly), 6 2.41 ppm (39 H,
yCH2 Met), & 1.79-2.14 (527 H = 60 H eCHs Met + 140 H BCH Val + 42 H pCH, Met + 160
H BCH2 Pro + 160 H yCH2 Pro), 6 0.77 ppm (br m, 793 H, yCH3 Val).
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4.4.6. Methods

Reversed-phase high performance liquid chromatography (RP-HPLC) was performed
using a Ultimate 3000 system (Thermo Scientific) instrument using a hydrophobic C18
stationary phase (ZORBAX Eclips Plus C18, 4.6 x 250 mm, 5 um, Agilent Technologies) and
a gradient of solvent A (H20 + 0.1% TFA)/solvent B (methanol + 0.1% TFA). The flow rate
was 1 mL/min. 35 pL of samples (70 uM) were injected, and the absorbance at 230 nm was
recorded with a diode array detector (Thermo Scientific). Data obtained by RP-HPLC were
used to calculate the percentage of purity of the ELP-FA conjugates. This was achieved by
integrating the area below the peak of the ELP-FA, and by subtracting the area under the peak,
if any, of the unmodified ELP.

Cloud point temperatures (Tcp) were determined by measuring the turbidity at 350 nm
between 10 and 50°C at a 1 °C-min! scan rate. Data were collected with a Cary 100 UV—vis
spectrophotometer equipped with a multicell thermoelectric temperature controller from
Agilent Technologies. The Tcp is defined as the maximum of the first derivative of absorbance

versus temperature.

Dynamic light scattering (DLS) analyses were performed using a Nano ZS instrument
(Malvern U.K.) working at a 90° angle detection. All samples were filtrated through 0.45 um
PVDF devices (Millex, Merck Millipore) just before measurement. The hydrodynamic radius
(Rn) and the polydispersity index (PDI) were derived from the autocorrelation functions using

the cumulant method.

For hydrogel formation the triblock polymer was dissolved in water at a concentration of 5%
or 10% (wi/vol) by incubating under stirring at 4°C (below Tcp). Gel formation occurred after
12 to 24 h of stirring.

Rheological data were obtained on an Anton Paar Rheometer with Peltier temperature
controller. After setting the temperature to 4°C, the gel was loaded between standard steel
plates (25 mm diameter) or conical plates (25 mm diameter, 2° angle) depending on the
structure of the gel and the amount of material available. The linear domain was evaluated at 1
rad/s in the range 1-100%. The frequency sweep experiments were done from 100 rad/s to 0.1

or 0.01 rad/s depending of the sample. Temperature ramp experiments were performed between
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4°C and 40°C at heating or cooling rates of 2°C/min. Data were recorded with the Anton Paar
RheoCompass™ software.
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Conclusions and perspectives

To conclude, we would like to summarize the advantages and disadvantages of using PELS to

fabricate micelles for drug delivery or hydrogels for tissue engineering.

ELPs are biocompatible, biodegradable and not very immunogenic, even if this last point must
be carefully assessed on a case-by-case basis. Moreover, they are monodispersed and can be
chemically modified at specific sites to introduce sugars, lipids or cell signaling peptides such
as RGD, IKVAV or YIGSR among others. This means that ELPs are not simply structural
polymers, but that it is possible to graft biologically active groups onto them. This is therefore
very different from chemically synthesized polymers which are more or less biodegradable,
sometimes immunogenic, polydisperse and which cannot be easily modified to acquire

biological functions such as cell adhesion properties.

An important characteristic of ELP is their thermosensitivity. Indeed, a few years ago many
articles were published where ELPs made up of different blocks with different Tts were
developed to obtain micelles or polymersomes, and physical hydrogels. However, the results
obtained were not as good as expected. Indeed, the ELP diblocks form what are called "weak
micelles", with a highly hydrated hydrophobic core which limits the encapsulation capacity of
hydrophobic drugs. The ELP hydrogels had to be cross-linked using poorly biocompatible
chemical reagents because the gels simply obtained after heating above the Tcp point displayed
poor rheological properties. According to several specialists in the field, these mixed results
are explained by the fact that even if the ELP blocks can be designed to be more hydrophilic,
by limiting the chain length and/or by using residues charged in guest position, or more
hydrophobic by increasing the chain length and/or by using hydrophobic host residues (leucine,
isoleucine), the hydrophobic/hydrophilic ratios obtained are not sufficient to obtain strong
micelles or physical hydrogels. This is the reason why in more recent studies molecules that
are very hydrophilic, such as sugars, or very hydrophobic, such as lipids, have been grafted
onto ELP backbones to increase this hydrophobic/hydrophilic ratio. However, in these systems,
the intrinsic thermosensitivity of the ELP can become a problem. Indeed, in our work we have
shown that stable micelles obtained using ELP-FAS aggregate at a temperature above the Tcp,
and that the physical hydrogels lose their gel characteristics above this Tcp. Our short-term
objective will be therefore to increase these Tcp above 40°C, for example by oxidizing the

methionine residues of the Mx series, or to eliminate this Tcp by alkylation of the same
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methionine residues. Hence the question: what is the point of using the ELP if the
thermosensitivity is not useful for the intended application?

Finally, another disadvantage of ELPs, little mentioned in the scientific community but
worrying for companies, comes from their production cost. Of course, this is not specific to
ELPs but a general problem when it is desired to use recombinant proteins. Just a few facts.
The production and purification of large batches of our leading ELP (M80) have been
outsourced to a Spanish company (TPNBT) specializing in the production and purification of
ELPs. This small contract manufacturing organization is a spin-off from the laboratory of José
Cabello-Rodriguez, a recognized specialist in the field of ELPs. The cost of production in a
100-liter fermenter is 12,000 €, and the amount of purified ELP is around 20 g, with some
variation from batch to batch. The average price is therefore approximately 600 €/g, and this
does not take into account the investments made for the construction of the corresponding clone.
Of course, economies of scale can be expected if the process is industrialized, but additional
costs will be added to carry out production according to good manufacturing standards, which
is mandatory for health autorities. Such high costs are bearable by the pharmaceutical industry
for therapeutic proteins of high added value such as growth factors, cytokines, hormones or
therapeutic antibodies. This is less true for recombinant proteins lacking intrinsic biological
action like those used to encapsulate drugs or to produce hydrogels. Nevertheless, if the use of
ELPs can be envisaged for therapeutic applications, their use in products with less added value
such as those used in the cosmetics industry is not realistic in the near future. Indeed, when we
spoke with people from L'Oréal, they explained to us that the target cost for a recombinant ELP
should be close to 10 €/g, which is not possible today with the technologies available. Therefore,

ELP will not replace soon hyaluronic acid in these applications.

So, if someone wants to design biocompatible materials based on polypeptide polymers, the
question is: is there an alternative to ELPs today?

The answer is yes, but these alternatives have their own drawbacks. An alternative is to use
collagen-based materials. This is now widely used to develop 3D cell culture matrices. The
problem with collagen is that it is not produced recombinantly, due to the highly repeated
sequences of three amino acids, which presents almost insurmountable difficulties for
biotechnologists. There are recombinant collagen type polypeptides but they do not have the

interesting properties of natural collagens. Current uses are therefore mainly limited to natural
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collagen, but knowing that it is purified from dead animals, risks of contamination by viruses
or prions cannot be ruled out. A second alternative would be to use recombinant polypeptide
polymers inspired by resilin or spider silks. These polymers can be produced in bacteria or in
eukaryotic cells with yields equivalent to those of ELPs, and they have intrinsic characteristics,
such as the presence of alternating elastic blocks with crystalline blocks, which are very
interesting in particular for hydrogels. However, the main disadvantage of these polymers is
that they contain non-human peptide sequences, and can therefore trigger undesirable
immunological reactions. To our knowledge, the assessment of this risk has not been analyzed

experimentally.

Finally, ELP-based materials for therapeutic applications are a good choice, although some
limitations exist and should be taken into account. Of course, their heat sensitivity could be the
determining factor leading to their selection. However, when this property is not desired, or
needs to be removed, they remain good candidates over existing alternatives. In addition, their
thermosensitivity is important during the production process, their purification by ITC being
simple and economical compared to the classic downstream process conventionally used for

therapeutic recombinant proteins.

In this PhD research project, we showed the interest to conjugate ELPs to hydrophobic
molecules to generate nanoparticles and micelles capable of encapsulating hydrophobic
molecules, or of forming physical hydrogels. The properties of these nanoparticles and
hydrogels can be adjusted by varying the size and composition of the ELP and/or the nature of
the hydrophobic group (lipid, fatty acid, polyisoprene, etc.). Methods for the production of
ELPs by the recombinant route are well established and could be industrialized if necessary.
The coupling reactions that we used are relatively simple, in particular for the conjugation of

fatty acids, which will also allow a scale-up for the production of ELP-FAs.

Future developments could be made in two directions. For the delivery of drugs, it would for
example be interesting if the ELP-FA micelles could deliver their content to specific cell types.
To introduce this specificity, one could imagine grafting a peptide or carbohydrate motif to one
of the ends of the ELP which would bind to a given cell receptor. Regarding hydrogels, in
addition to the development of compounds that will make it possible to obtain stable hydrogels
under physiological conditions (temperature, salt concentrations, etc.), their biocompatibility

and their ability to allow cell adhesion will have to be assessed. For this last point, we believe
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that the very nature of our FA-ELP-FA triblocks will be favorable since the fatty acids which
ensure the cohesion of the gel by making the connection between two micelles can also be

inserted into the membrane of the environment cells and thus improve their adhesion.
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Polypeptides de type élastine conjugués a des molécules hydrophobes : vers des
nanoparticules et des hydrogels pour la biomédecine.

L’objectif de cette thése était d’utiliser des polypeptides inspirés de 1’élastine, appelés
« Elastin-like polypeptides » (ELPs) pour concevoir des systétmes de délivrance de
médicaments et des hydrogels pour la thérapie cellulaire. Dans le but d’améliorer les
performances des ELPs, nous leur avons greffé des molécules naturelles hydrophobes. Dans
un premier temps, nous avons choisi le polyisoprene (P1) qui est un constituant majeur du
caoutchouc naturel. Apres avoir mis au point la synthése des diblocs ELP-b-PI, nous les avons
caractérisés, puis étudie leur association en milieu aqueux. Ces diblocs s’assemblent pour
former des nanoparticules d’environ 40 nm de rayon qui sont capables d’encapsuler et de
libérer des molécules hydrophobes. Nous avons ensuite greffé des acides gras (AG) sur
différents ELPs pour étudier I’influence de la longueur de chaine et du nombre d’insaturation
sur I’autoassemblage de ces AG-ELPs. Nous avons montré qu’ils s’assemblent en micelles en
milieu aqueux. Leur rayon hydrodynamique varie entre 9 et 22 nm selon la nature de I’AG et
la taille de I’ELP. Nous avons également étudié leur capacité a encapsuler et a relarguer une
molécule hydrophobe. Dans une derniére partie, nous avons évalué la possibilité d’obtenir des
hydrogels physiques a partir d’'un ELP comportant un AG a chacune de ses deux extrémités.
Aprés synthése et caractérisation de ces composes téléchéliques, nous avons montré que
certains d’entre eux permettent d’obtenir des hydrogels autoréparants, ouvrant la voie a leur
évaluation comme outils en ingénierie tissulaire.

Mots clés : Elastine, Polypeptides recombinants, Nanoparticules, Hydrogels

Elastin-like polypeptides conjugated to hydrophobic molecules: towards nanoparticles
and hydrogels for biomedicine

The objective of this thesis was to use Elastin-like polypeptides (ELPS) to design drug delivery
systems and hydrogels for cell therapy. To improve the performance of the ELPs, we have
grafted them with natural hydrophobic molecules. Initially, we chose polyisoprene (PI) which
IS a major constituent of natural rubber. After having developed the synthesis of ELP-b-PI
diblocks, we characterized them and studied their self-assembly in aqueous medium. These
diblocks form nanoparticles of approximately 40 nm in hydrodynamic radius capable of
encapsulating and releasing hydrophobic molecules. We then grafted fatty acids (FA) on
different ELPs to study the influence of the chain length and the number of unsaturations on
the self-assembly of these ELP-FAs. We have shown that they assemble into micelles in an
aqueous medium. Their hydrodynamic radius varies between 9 and 22 nm depending on the
nature of the FAs and the size of the ELPs. We also studied their ability to encapsulate and
release a hydrophobic molecule. In a last part, we evaluated the possibility of obtaining
physical hydrogels from a ELP comprising an FA at each of its two ends. After synthesis and
characterization of these telechelic compounds, we showed that some of them made it possible
to obtain self-repairing hydrogels, paving the way for their evaluation as tools in tissue
engineering.

Keywords : Elastin, Recombinant Polypeptides, Nanoparticles, Hydrogels
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