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Introduction de Thése en Franis

Polymersomes Stimulables aBase de Polypeptoids

Comme un nanoconteneur robuste formé d’une bicouche de polymeres
amphiphiles, vésicule polymere, aussi appelé polymersome, a &éconsid&é comme
un vecteur de mé&licament potentiel dans le domaine biomédical, gr&e asa structure
imitant les cellules, sa grande stabilit€éet sa capacité a &re fonctionnalis&. Pour
I’utilisation pratique des polymeromes dans des applications biomélicales, la
biocompatibilité des copolymées qui composent les vésicules devient un sujet
important. Le polypeptoid est une classe de d&ivé polypeptides dont les atomes
d’azote des amides sont substitués. En évitant la formation de liaisons hydrogene inter-
et intramolé&ulaires, les polypeptoids ont des solubilités bien meilleures que les
polypeptides dans des solvants organiques usuels, tandis que la biocompatibilité&est
bien maintenue. Des travaux sur I’auto-assemblage de copolymeéres ablocs contenant
polypeptoids énergent dans la litté&ature. Cependant, les travaux sur les vésicules

polypeptoids sont encore rares.

Dans cette thése, notre objectif est de synthéiser de nouveaux copolyméres ablocs
amphiphiles contenant polypeptoids, de préparer les vé&sicules polypeptoids par auto-
assemblage contrdédes copolyméres synthéisées, et de déselopper les polymersomes
sensible abase de polypeptoids. Les copolymees ablocs amphiphiles contenant les
polypeptoids ont &ésynthéisés par la polyméisation par ouverture de cycle (ROP)
de N-thiocarboxyanhydrides d’acides aminé& N-substitués (NNTA). Diff&entes
techniques telles que la nanopreéipitation, I’hydratation de film mince et la double
énulsion ont @é&utilisés pour r&liser les auto-assemblages dans le but d’obtenir des
véicules polypeptoids. Les auto-assemblages ont &ééudié en déail par DLS, cryo-

EM, microscope confocale abalayage laser (CLSM) et *H-RMN.

Synthése des copolyméres ablocs amphiphiles contenant polypeptoids

Nous avons synthé&isé deux familles de copolymees a blocs amphiphiles
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contenant polypeptoids. Dans la premiee famille de copolymeres, la ROP de sarcosine
(PCL-ONHz2 and H2NO-PCL-ONH?2), pour obtenir le copolymeére dibloc PCL-b-PSar,
et le copolymée tribloc PSar-b-PCL-b-PSar (Scheme 1), avec diffé&ents poids
mol&ulaires (MWs) et proportions hydrophiles. Parmi eux, PSar-b-PCL-b-PSar
posséde une structure ABA apeine rapporté& avec PCL au milieu et les blocs PSar aux
deux c@eés. Les resultats de RMN et chromatographie sur gel perméble (GPC) révdent
la structure claire des copolyméres ablocs (Figure 1 et Figure 2). Cependant, les degrés
de polymesisation (DPs) des blocs PSar ne peuvent pas &re bien contrdés avec la
proportion du monomeére sur I’initiateur, acause de la faible activitéd’initiation des

oxyamines.
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Schame 1. Préaration du copolymee dibloc PCL-b-PSar et le copolymee tribloc

PSar-b-PCL-b-PSar.
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Figure 1. Spectre 'H-RMN de PSarie-b-PCL40-b-PSaris (CS10).
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Figure 2. Traces GPC (0.05 M LiBr/DMF comme I’ &uant) de PSari6-b-PCL40-b-PSaris
(CS10, B) et son initiateur H2NO-PCL40-ONHz (PCL5, A).

La seconde famille de copolyméres est basée sur un polypeptoid portant thioéhers,
la poly(N-3-(méhylthio)propyl glycine) (PMeSPG). Le nouveau monomeére, MeSPG-

NTA, a é&prépareépar une procélure de «décarboxylation—N-carboxymethylation »a
11
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partir de la mé&hionine, suivie d’une reaction de cyclisation (Schane 2). La ROP de
MeSPG-NTA initiépar polyéhylene glycol amine de DP = 45 (PEG4s-NH2) donne les
copolyme&es ablocs amphiphiles PEG-b-PMeSPG (Schéne 3B) avec diffé&ents MWs
et proportions hydrophiles/hydrophobes, i. e., EM1 (PEGass-b-PMeSPG17), EM2
(PEG45-b-PMeSPGao) et EM3 (PEGas-b-PMeSPG71). Les copolypeptoids & blocs
amphiphiles PMeSPG-b-PSar est synthé&isépar la ROP sequentielle de MeSPG-NTA
et Sar-NTA initiépar benzylamine (Schame 3C). Les ré&ctions sont bien contrdées et
donnent les copolypeptoids, MS1 (PMeSPGas-b-PSares), MS2 (PMeSPGeo-b-PSarso) et
MS3 (PMeSPGrs-b-PSarzs). Les structures des copolymeres sont confirmees par RMN
et GPC (Figure 2 et Figure 3).
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Schéme 2. Synthése du monomée MeSPG-NTA.
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Schéame 3. Syntheses du homopolymeée PMeSPG (A), le copolymée PEG-b-PMeSPG
(B), et le copolypeptoid PMeSPG-b-PSar (C).
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Figure 3. (A) Spectre 'H-RMN de EM3 (PEGus-b-PMeSPG71); (B) Les traces GPC

(0.01 M LiBr/DMF comme I’&uant) des copolyme&es EM1, EM2, EM3 et leur
initiateur PEGas-NHo2.
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Figure 4. Spectres *H-RMN de (A) MS1, (B) MS2 et (C) MS3 ré&dant les structures
des premiers blocs (1) et des copolymeres (11); Traces GPC de (D) MS1, (E) MS2 et (F)

MS3 révéant les MWs des premiers blocs (rouge) et les copolyméres (bleu).
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Auto-assemblage thermo-sensible de PSar-b-PCL-b-PSar

L’auto-assemblage de deux copolymeres triblocs PCL-PSar, CS7 (PSars-b-PCL 2s-
b-PSars) et CS10 (PSarie-b-PCL4o-b-PSaris) dans I’eau est éudiéen déail al’aide de
méhodes de nanopre&ipitation et d’hydratation de film. Des feuilles et nanofibres
unilamellaires (8-10 nm d’épaisseur et de diamére) ont é&é obtenues par
nanopreeipitation des copolyméres atempé&ature ambiante (Figure 5). Ces lamelles et
structures fibreuses peuvent &re transformeés en particules cylindriques et sphériques
(30—-100 nm de diametre) apres chauffage a65 T (Figure 6A&B), au-dessus de la
tempé&ature de fusion (Tm) du PCL et de la tempé&ature de transition vitreuse (Tg) du
PSar. Le chauffage 290 <C conduit finalement aux polymeromes multilamellaires pour
CS10 (100—500 nm de diamétre and 20—50 nm d’&paisseur), coexistant avec quelques
sphé&es (Figure 6C). Alors que seules des sphéres sont obtenues pour CS7 apreés le
chauffage &a90 <C (Figure 6D). La mesure de la turbiditéen fonction de la tempé&ature
réée que la transformation morphologique commence autour du Tm des blocs PCL
(50-55 °C, en Figure 7). Il suggée un lien éroit entre I’auto-assemblage et la

cristallisation des blocs PCL.

Figure 5. Images cryo-EM d’&hantillons nanopreeipité de CS7 (A-D) et CS10 (E-H).

Barre d’&helle = 300 nm.
VII
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(2)

Figure 6. Images cryo-EM d’&hantillons nanopreeipités de: (1) CS7 (A) et CS10 (B)
aprés le chauffage de 30 min &65 <C; (2) CS7 (C) et CS10 (D) apres le chauffage de
24 h &90 °C. Barre d’&helle = 100 nm en A et B. Barre d’&helle =300 nmen C et D.
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Figure 7. Evolution de la turbiditéen fonction de la tempé&ature pour les dispersions
aqueuses d’auto-assemblages de CS7 (o) et de CS10 (m) préparées par
nanopre&ipitation, mesurées aune longueur d’onde de 600 nm avec un intervalle de
tempé&ature de 1 T ala vitesse de 1 <T / min de 25 &80 <C. Les photographies a
gauche révéent directement le changement de turbiditédes éhantillons nanopr&ipité&

de CS7 et CS10 apres le chauffage.
Vi
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La transformation morphologique commence apartir des lamelles, cependant, la
formation de vésicules CS10 semble diffé@ente de celle du Mé&anisme I, otilles lamelles
se ferment en vé&sicules. Une analyse déaillé des polymé&omes de CS10 révee que les
vé&icules ne sont pas unilamellaires mais multilamellaires. Le scé&ario de formation
des ve&sicules est proche du Meéanisme I, oules polymeromes multilamellaires sont
formés par diffusion d’eau dans des sphéres de polymere (c’est-adire des micelles plus

grosses et complexes) lors du chauffage.

Une autre méhode d’auto-assemblage, I’hydratation du film, qui comprend
&jalement un traitement thermique au cours de I’&ape d’hydratation, est ré&lisé sur
CS7 et CS10, afin d’obtenir des vésicules de taille micromérique. Comme indiquépar
CLSM, des b&onnets (Figures 8A&B) et quelques vésicules de taille micromérique

(Figures 8C&D) sont observées pour les deux copolymeres.

Figure 8. Images CLSM d’auto-assemblages obtenues par I’hydratation du film de CS7
(A, C) et CS10 (B, D). Le rouge de Nil a &ééajoutédans la préparation aun rapport
pondé&al de 1 : 100 (rouge de Nil au copolymere) pour observation. Des b&onnets (A,

B) et des v&icules géntes (C, D) sont observés. Barre d’é&helle = 10 pm.
IX
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Pour évaluer la biocompatibilit€ la solution aqueuse dialysé de CS10 provenant
de la nanopré&ipitation est utilisé& dans le test de viabilitécellulaire avec le MTT
comme indicateur. L’histogramme pré&enté&ala Figure 9 indique que la viabilitérelative
des cellules testées dépasse 80% méne avec les auto-assemblages de CS10 &aune
concentration de 0.69 mg/mL, ce qui confirme la biocompatibilité fiable des

copolymé&es PCL-PSar et leurs éhantillons d’auto-assemblage.

100

B [=] =4}
o o o
L Il L

Relative Cell Viability (%)

N
o
L

Figure 9. Viabilité cellulaire relative de CS10 pour les cellules L929 aprés 4 h

d’incubation &37 <C et aune concentration de 6.9, 34.5, 69.0, 345 et 690 pug/mL.
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Auto-assemblage de copolymeéres ablocs amphiphiles contenant PMeSPG

Les é&udes d’auto-assemblage ont &é& menés sur les copolyme&es PEG-b-
PMeSPG et PMeSPG-b-PSar, pour la formation de vé&icules polypeptoids. Dans
I’é&ude d’auto-assemblage par nanopreipitation, trois copolymeres PEG-b-PMeSPG,
EM1 (PEG4s-b-PMeSPGa7, frec, wt = 45%), EM2 (PEGas-b-PMeSPGao, frec, wt = 26%)
et EM3 (PEGus-b-PMeSPG71, fre, wt = 16%), avec le MW croissant et le rapport
hydrophile déeroissant, forment respectivement les nanosphéres solides, les micelles
sphé&iques et vermiculaire, ainsi que les lamelles et vésicules, comme les structures

dominantes (Figure 10).

Figure 10. Images cryo-EM des auto-assemblages de EM1 (A—C), EM2 (D—F) et EM3
(G—I) par nanopreipitation. Barre d’échelle = 100 nm pour A—F; barre d’&helle = 300

nm pour G—1.

Xl
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Tous les trois copolypeptoids PMeSPG-b-PSar, MS1 (PMeSPGas-b-PSares, frsar, wt
= 41%), MS2 (PMeSPGeo-b-PSarso, fesar, wt = 29%) et MS3 (PMeSPGrs-b-PSarzs, fesar,
wt = 14%), peuvent former polymeé&omes par nanopreipitation (Figure 11). La structure
des vesicules differe dans les morphologies et les tailles en raison des diffé&ents rapports
hydrophiles et MWs. Dans le méme temps, les auto-assemblages des trois
copolypeptoids sont é&idemment non ergodique: les structures méastables, y compris
micelles sphé&ique, lamelles, vésicules non fermé et vésicules de forme irréguliee
coexistent dans le réultat du méme copolypeptoid. Le comportement de PSar dans
I’eau est analysépar la diffusion de neutrons apetit angle (SANS) et DLS, qui résdent
que PSar forme des grappes dans I’eau, plut& que des bobines achamie unique comme
le PEG. La diffé&ence de solubilitédans I’eau entre PSar et PEG est une des principales
raisons de la diffé&ence d’auto-assemblage entre PEG-b-PMeSPG et PMeSPG-b-PSar,
ainsi que la solubilitéinsuffisante de PSar dans I’eau est &jalement probablement

responsable de la nonergodicitéde I’auto-assemblages de PMeSPG-b-PSar.

Figure 11. Images cryo-EM des auto-assemblages de MS1 (A—C), MS2 (D—F) et MS3

(G—I) par nanopre&ipitation. Barre d’é&helle = 300 nm.
Xl
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En utilisant les propriéé& thermodynamiques de PMeSPG, Véicules sont
obtenues de MS1 et MS2 par hydratation de film impliquant un chauffage (Figure 12).
La transformation des vésicules MS2 de formes irréuliees a formes sphé&iques
uniformes, paralléement au temps du chauffage, confirme la possibilitéde contrder la
morphologie d’auto-assemblage en fonction des conditions de préparation (Figure 13).
Vé&sicules de taille micromérique peuvent &re obtenues de MS1-MS3 par la mé&hode
de double énulsion, otiles vésicules sont formees sous la direction de gouttelettes de
double énulsion eau dans huile dans eau (W/O/W), pendant I’éaporation du

chloroforme (Figure 14).
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Figure 12. Images par microscopie optique achamp clair (A, D), CLSM (B, E) et cryo-
EM (C, F) d’auto-assemblages de MS1 (A—C) et MS2 (D — F), par hydratation de film

avec le chauffage de 48 h &70 <C. Barre d’é&helle = 300 nm pour C et F.
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Figure 13. Images CLSM des vé&sicules MS2 par hydratation de film, apres 48 h (A),
72 h (B), 144 h (C) et 168 h (D) du chauffage a70 €.
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Figure 14. Images microscopiques optiques achamp clair de I’énulsion double
W/O/W de MS1 avant I’é&raporation du chloroforme (A), aprés 12 h d’&raporation du

chloroforme (B), et apres 24 h d’évaporation du chloroforme (C).

MS3 forme les nanoparticules astructure bicontinue al’int&ieur, dans les auto-
assemblage par nanopreeipitation et hydratation de film, en raison du rapport
hydrophobe dominant (Figure 15). Les intermédiaires méastables sont capturés en tant

qu’aspect de la nonergodicité des auto-assemblages de MS3, et [’analyse

X1V
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morphologique de ces intermé&liaires peut prouver le méanisme de formation de

nanoparticules bicontinues par fusion interlamellaire (Scheme 4).

Figure 15. Images cryo-EM des nanoparticules bicontinues et les structures
intermédiaires de MS3 par nanopre&ipitation (A—D) et double énulsion (E-H). Barre

d’&helle = 300 nm.

—
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__________________
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Schéme 4. La proc&lure de formation d’un attachement interlamellaire (ILA) entre

deux lamelles approchées, dans le méanisme de fusion interlamellaire.
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V&icules stimulables abase de PMeSPG-h-PSar

Le polypeptoid portant thioéhers est conqu pour ses caracté&istiques stiumulables
en réonse al’oxydation. En effet, le desassemblage des vésicules polypeptoids de
PMeSPG-b-PSar sensible a I’oxydation a &€& obtenu en raison de la transition
«thioéther—sulfoxyde » (Figure 16) stimulé& respectivement par le peroxyde
d’hydrogéne (H20z) et par I’oxygéne singulet (*O2) produit en presence de la lumiére.
Les polymé&omes et autres structures d’auto-assemblage de MS1 par nanopreéipitation
sont désassemblé& aprés le traitement avec 10 wt% (2.94 M) H203, ne laissant que peu
de grappes irréguliées |&hes avec certaines cavités en forme de disques, révéé par

cryo-EM (Figure 17).
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Figure 16. (A) Schéme d’oxydation de PMeSPG avec thio&her aPMeSPGP avec

sulfoxyde. (B) PMeSPG et PMeSPGP suivis par spectres *H-RMN (dans DMSO-ds).

Les pics des protons adjacents al’atome de soufre (a, b, c, tiret rouge) se déplacent vers

le bas du champ (a° b°, c° solide bleu) et confirment le passage du thioéher au

sulfoxyde.
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Figure 17. (A) et (B) Images cryo-EM des auto-assemblages MS1 obtenues par
nanopreeipitation avant tout traitement (A) et aprés 90 minutes d’un traitement &10 wt%
H202 (B). (C) Evolution du diamére hydrodynamique moyen (Dn) (sphées noires) et
des taux de comptage (triangles bleus) des auto-assemblages MS1 mesurés par DLS en
fonction du temps du traitement de 10 wt% H2O2. (D) La distribution en taille des auto-

assemblages MS1 mesurée par DLS avant (rouge) et aprés (bleu) le traitement de 10

wt% H202 de 30 min.

La transformation dé&aillée en réonse al’oxydation est enregistré par CLSM des
vé&icules gé&ntes MS2 par double énulsion, qui ont deux voies adistabliser sous la
stimulation de 8.8 mM H:0: (Figure 18). DLS et RMN sont utilisé& pour confirmer

I’oxydation chimique des copolyméres (Figure 19).
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Vesicle disruption

C 754 s
=

Figure 18. (A) lllustration schématique de la destablization de la vé&icule PMeSPG-b-
PS en raison de la transition «thioéther—sulfoxyde >»dans les blocs de PMeSPG sous
la stimulation de H202. Le CLSM enregistre la rupture de la vésicule dans deux voies
difféentes représentés par (B) et (C), sous la condition de 8.8 mM H202, avec le
rapport molaire de [H202]: [MeSPG] = 3.62 : 1. (B) voie 1°: la vésicule passe d’abord
de vésicule ondulé et disquette &aune vésicule bien arrondie dans les 89 premieres
secondes, puis la membrane commence afluctuer de plus en plus intensément et de
nombreux pores apparaissent autour de la surface de la veésicule (209 s) conduisant
finalement &al’&latement de la véicule (225 s ). (C) Voie 11°: la vésicule change
d’abord en passant de vésicule ondulé et disquette aune vésicule bien arrondie au
cours des 282 premiées secondes; elle rapetisse en taille plus petite (exemple &560 s)

et a un bourgeonnement externe au dernier scene (754 s). Barre d’&helle = 25 pm.
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Figure 19. (A) Le rapport des taux de comptage a: (a: = taux de comptage al’instant t)
/ (taux de comptage at = 0 avant I’addition de H202) en fonction du temps d’oxydation
t, adifféentes concentrations de H202 (8.8 mM, 88 mM et 880 mM). (B) Spectres *H-
RMN de polymersomes MS2 obtenus par énulsion double dans D20 en présence de
176 mM H202 avec le rapport molaire de [H202] : [MeSPG] = 3.62 : 1. Les
photographies d’un tube d’&hantillon RMN acdédes spectres *H-RMN montrent
clairement le changement de turbidité&(de turpide atransparent) de la dispersion de

polymersomes avant et apres oxydation.

XIX



Polymersomes Stimulables &Base de Polypeptoids

Afin d’obtenir la véicule sensible au stimulus distant et contrdable, les
polymersomes MS2 sont chargeés avec le photosensibilisateur té&raphénylporphyrine
(TPP), qui peut généer du 'O par I’activation de la lumiére. Dans I’observation en
temps ré&l sous CLSM, la déstabilisation des polymé&omes MS2 chargés en TPP est
capturee, ce qui est initié par le laser confocal localisé (HeNe 543 nm avec une
puissance maximale de travail &1.5 mW) du CLSM (Figure 20 et Figure 21). La
déstabilisation photo-stimulable a des voies similaires acelles de la déstabilisation

stimulée par H202, mais peut &re obtenue avec une contrdabilitéet une efficacitébien

37s 118 s
E— I
570s 700 s 818 s
L] e e

Figure 20. Instantané& de la séjuence d’&olution de deux polymersomes MS2

meilleures.

marqués au rouge de Nil et chargés de TPP (rapport molaire de [TPP] : [MeSPG] =1 :
30) sous I’&lairage du laser confocal (543 nm) de CLSM ala puissance de travail
maximale de 1.5 mW. Deux voies sont observeéss pour la perturbation de polymersome.

Barre d’&helle = 25 nm.
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Figure 21. Les images CLSM d’une grande zone avant (1) et apres (11) I’observation
d’environ 15 minutes, avec deux points focalisé rep&é& par les cercles déerits en
Figure 20. Les vésicules dans la mise au point du laser disparaissent, alors que celles

des autres ré&yions demeurent. Barre d’&helle = 25 nm.
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Abstract

Abstract

As a robust nanocontainer with polymeric bilayer structure, polymer vesicle,
also called polymersome, has been considered as potential drug carrier in biomedical
field, because of its cell-mimicking structure, high stability and capability to be
functionalized. For practical use of polymersomes in biomedical applications, the
biocompatibility of the copolymers that compose the vesicles become an important
issue. Polypeptoid is a class of polypeptide derivatives of which the nitrogen atoms of
amides are substituted. By avoiding the formation of inter- and intramolecular hydrogen
bonds, polypeptoids have much better solubility than polypeptides in common organic
solvent, while the biocompatibility is well maintained. Reports on self-assemblies of
polypeptoid-containing block copolymers start to appear in the literature. However,
works on polypeptoid vesicles are still scarce. In the present study, two families of
polypeptoid-containing amphiphilic block copolymers are synthesized through the
ring-opening  polymerization (ROP) of N-substituted amino acid N-
thiocarboxyanhydrides (NNTAs). Various techniques like nanoprecipitation, film
hydration and double emulsion are used to perform the self-assemblies with the
objective to obtain polypeptoid vesicles. The self-assemblies are investigated in detail

by DLS, cryo-EM, confocal laser scanning microscope (CLSM) and *H-NMR.

In the first family of copolymers, ROP of sarcosine NTA (Sar-NTA) is initiated
by oxyamino-ended poly(e-caprolactone) (PCL), to obtain diblock copolymer PCL-b-
PSar and triblock copolymer PSar-b-PCL-b-PSar. Unilamellar sheets and nanofibers
are obtained by nanoprecipitation of PSar-b-PCL-b-PSar copolymers at room
temperature. These lamellae and fibrous structures are transformed into worm-like
cylinders and spheres after heating to 65 <C. Heating at 90 <C leads eventually to

multilamellar polymersomes.

The second family of copolymers is based on a thioether-bearing polypeptoid,

poly(N-3-(methylthio)propyl glycine) (PMeSPG). The new monomer, MeSPG-NTA is
7
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obtained from a “decarboxylation-N-carboxymethylation” procedure from methionine,
followed by cyclization. The amphiphilic block copolymers PEG-b-PMeSPG and
PMeSPG-b-PSar are synthesized with different molecular weights and
hydrophilic/hydrophobic ratios. Vesicles have been achieved with different methods,
and the mechanism of vesicle formation through diverse nonergodic morphologies are

discussed in detail.

The thioether-bearing polypeptoid is designed because of its oxidation-
responsive features. Effectively, oxidation-responsive disruption is achieved for the
PMeSPG-b-PSar polypeptoid vesicles, based on the “thioether-sulfoxide” transition
stimulated by hydrogen peroxide (H202) and light-induced singlet oxygen (*O2)
respectively. The oxidation- responsive and photo-responsive polypeptoid vesicles can

be used as promising vehicles for smart drug release applications.



R&ume

Comme un nanoconteneur robuste formé d’une bicouche de polymeres
amphiphiles, vésicule polymeére, aussi appelé polymersome, a &éconsidéé comme
un vecteur de médicament potentiel dans le domaine biomélical, gr&e asa structure
imitant les cellules, sa grande stabilit€et sa capacité a &re fonctionnalisée. Pour
’utilisation pratique des polymeromes dans des applications biomédicales, la
biocompatibilité des copolymé&es qui composent les vésicules devient un sujet
important. Le polypeptoid est une classe de dé&ivé polypeptides dont les atomes
d’azote des amides sont substitués. En &ritant la formation de liaisons hydrogene inter-
et intramolé&ulaires, les polypeptoids ont des solubilités bien meilleures que les
polypeptides dans des solvants organiques usuels, tandis que la biocompatibilitéest
bien maintenue. Des travaux sur I’auto-assemblage de copolyméres ablocs contenant
polypeptoids émnergent dans la litté&ature. Cependant, les travaux sur les vésicules
polypeptoids sont encore rares. Dans cette thése, deux familles de copolymées ablocs
amphiphiles contenant les polypeptoids ont &ésynthéiséss par la polymé&isation par
ouverture de cycle (ROP) de N-thiocarboxyanhydrides d'acides aminé& N-substitués
(NNTA). Diffé&entes techniques telles que la nanopréipitation, I'hydratation de film
mince et la double énulsion ont &éutilisés pour r&liser les auto-assemblages dans le
but d'obtenir des vésicules polypeptoids. Les auto-assemblages ont @éééudiés en déail

par DLS, cryo-EM, microscope confocale abalayage laser (CLSM) et 'H-RMN.

Dans la premi&e famille de copolyméres, la ROP de la sarcosine NTA (Sar-
obtenir le copolymere dibloc PCL-b-PSar, et le copolymeére tribloc PSar-b-PCL-b-PSar.
Des feuilles et nanofibres unilamellaires ont &é&obtenues par nanopreeipitation des
copolyme&es PSar-b-PCL-b-PSar atempé&ature ambiante. Ces lamelles et structures

fibreuses peuvent @re transformeées en particules cylindriques et sphé&iques aprés
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chauffage &a65 <C. Le chauffage 290 <T conduit finalement & des polymeromes

multilamellaires.

La seconde famille de copolymées est basé sur un polypeptoid portant
thioéhers, la poly(N-3-(méhylthio)propyl glycine) (PMeSPG). Le nouveau monomere,
MeSPG-NTA, a é&é préaré par une procéure de <«déarboxylation—N-
carboxymeéhylation >> & partir de la méhionine, suivie d'une cyclisation. Les
copolymé&es & blocs amphiphiles PEG-b-PMeSPG et PMeSPG-b-PSar ont &é
synthé&isés avec de diffé&entes masses mol&ulaires et de diffé&ents rapports de blocs
hydrophile/hydrophobe. Les é&udes d’auto-assemblage ont &€& menées sur ces
copolymeées pour la formation de vesicules polypeptoids. Des vésicules ont &é
obtenues avec de diffé&entes mé&hodes, et le meéanisme de la formation des vésicules

atravers diverses morphologies non-ergodiques a éédiscutéen déail.

Le polypeptoid portant thioéhers est conq pour ses caracté&istiques
stiumulables en réonse a l'oxydation. En effet, le desassemblage des vésicules
polypeptoids de PMeSPG-b-PSar sensible al'oxydation a &&obtenu en raison de la
transition «thioéher-sulfoxyde » stimulé respectivement par le peroxyde
d'hydrogéne (H202) et par I'oxygéne singulet (*O2) produit en presence de la lumiére.
Les vésicules polypeptoids oxydation-stimulable et photo-stimulable ainsi ré&lisés
peuvent &re des systé@mes prometteurs dans des applications de relargages contrdés

des mé&licaments.

10
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Chapter 1. State of the Arts

1.1 Self-assembly of amphiphilic block copolymers

Amphiphilic molecules can self-assemble in water, and form nano- or micro-
structures of which the morphology is determined by the molecular properties and self-
assembly conditions.! As one kind of macromolecules with amphiphilic structure,
amphiphilic block copolymer observes the same principle and can self-assemble into
various structures. As a dimensionless geometric parameter of the amphiphile, packing
parameter, p, can be used to predict the self-assembly structure. Packing parameter is
defined in equation: p = v/aolc, where v is the volume of hydrophobic part, ao is the
optimal area of the hydrophilic part at the interface, and Ic is the length of hydrophobic
chain. Generally, amphiphilic block copolymers form spherical micelles when p < 1/3,
cylindrical micelles are favored from copolymers with 1/3 < p < 1/2, and for the
copolymers with 1/2 < p < 1, copolymers tend to form vesicles, with enclosed

membrane structure (Figure 1.1).2

Spherical Cylindrical
Micelles Micelles

High Low
curvature curvature curvature

Ps% ssP=s'2 2 sPs=s1

Figure 1.1. Self-assembly structures of amphiphilic block copolymers: spherical
micelles, cylindrical micelles and polymer vesicles, with corresponding packing

parameters.®
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Packing parameter reveals the inherent molecular curvature and favorable
conformation of a block copolymer in water, which is determined by properties
including chain structure, molecular weight, hydrophilic/hydrophobic ratio, chain
rigidity and intermolercular interactions, etc. In the thermodynamic view, the self-
assembly of amphiphilic block copolymers is driven by the minimization of free energy.
Nevertheless, the relatively high molecular weight sets barriers for copolymers to adjust
conformation and position towards global equilibrium state, which is much more
difficult than small molecules. Consequently on the one hand, self-assembly structures
of amphiphilic block copolymers have relatively high stability, on the other hand, it is
often found that the self-assembled structures of copolymers stop at a metastable stage,
which is called “kinetically frozen”.* As the result, the self-assembly of block
copolymers shows nonergodic properties, with the coexistence of multiple
morphologies.® The nonergodicity endows polymeric self-assemblies the potential of
forming a large diversity of morphologies from the same block copolymer, which can
be controlled by different preparing conditions. Various controlling or assistant
methods come up in the research on block copolymer self-assemblies, including
concentration variation,® temperature variation,” polarity of solvents,® crystallization,®
addition of surfactant,® emulsification,'! applying of electric field,? etc. By combining
the inherent properties of block copolymers with the intervention of external process,
structures with higher complexity can be generated, such as janus nanoparticles,*3
cyclic micelles,** alternating cylinders,*® helix structures,*® networks,'” lamellae,®

tubules,” onion-like vesicles,*® faceted vesicles®® and ellipsoidal vesicles,? etc.

For example, with the kinetic control, the team of Pochan and Wooley reported
the preparation of cylinders and worm-like micelles with an alternating structure, by
manipulating solvents in self-assembly.’® Water is slowly added to the solution of
poly(acrylic acid)-block-poly(methyl acrylate)-block-polystyrene (PAA-b-PMA-b-PS)
and 2,2’-(ethylenedioxy)diethylamine (EDDA) in tetrahydrofuran (THF), forming

separate spherical micelles (Figure 1.2A), where PMA and PS accumulate inside the
12
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core, while the corona is composed of PAA, which is ionized by EDDA. THF is
pipetted into the suspension quickly, turning the THF : H20 ratio from 1 :4to 2 : 1.
The system is forced back to a solvent composition where local lamellar structure is
favored. As the result, spherical micelles turn into a disk-like shape, and tend to
accumulate since the PAA-diamine pairs in the corona are immiscible in THF. With the
anisotropic shape, disk-like micelles pack in a one-dimensional way, forming cylinders
with an alternating structure (Figure 1.2B). The cylinders grow as the disks continue to
pack, and develop into worm-like micelles (Figure 1.2C). In the late stage of growth,

branches are formed when two disks pack to one end of the worm (Figure 1.2D).

¥
!

All scale bars: 200nm
®

Cc e° o
é e o %
Q @ -

. @ ”» ‘.'. . Addition of THF
® ]
?° ‘

=] "-"“”.:-
00" ay

""H"""l“““““

One-dimensional packing

Disklike micelles

Spherical micelles

Figure 1.2. (A) The spherical micelles formed by triblock copolymer PAAgs-b-
PMAu103-b-PS4s and EDDA (AA : EDDA =1 : 1) in the mixture of THF : H:O0 =1 : 4;
(B) cylinders resulted from the quick introfuction of THF; (C) the schematic illustration
on the growth mechanism of ribbon-like structures; (D) worm-like micelles and

separate disk-like micelles marked by black arrows; (E and F) branched structures

formed in the late stage of growth. Scale bar = 200 nm.*®

1.2 Polymersomes
Among the self-assembly structures of amphiphilic block copolymers,
polymersome, that is polymer vesicle, has been a very attractive research object since

the end of last century.?! Polymersome has a cell-mimicking membrane structure,
13
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which is a curved bilayer composed of block copolymers, and an aqueous inner cavity.
Based on the polymeric composition, polymersome has higher bilayer thickness (10—30
nm) than that of liposome (~5 nm), possessing relatively higher stability.?*?> Functional
polymersomes can be obtained by molecular design on block copolymers. These
outstanding capabilities endow polymersomes with high potential in applications such
as drug delivery vehicles and nanoreactors, harvesting lots of attentions in the field of

new materials and biomedicine.

1.2.1 Self-assembly mechanism of polymersomes

Figure 1.3. Two mechanisms on the formation of polymersome: (a) in Mechanism I,
polymersome is formed through the route of “spherical micelle—cylindrical
micelle—bilayer—enclosed vesicle”; (b) in Mechanism II, the sperical micelle increases
in size, and form a hydrophilic core by the rearrangement of copolymers, and

polymersome is formed by water diffusing into the core.?®

Polymersomes are favored to be formed from the self-assembly of the block
copolymers with packing parameter 1/2 < p < 1. While the mechanism of polymersome
formation which involves both thermodynamic and kinetic aspects, is still not fully
understood. Two mechanisms were put forward to illustrate the process (Figure 1.3). In

Mechanism 1, spherical micelles are firstly formed instantly, then collide with each

14



Chapter 1. State of the Arts

other and slowly evolve into cylindrical micelles and in further open lamellae. Driven
by minimization of edge energy, the lamellae close up and form vesicles.”® The
Mechanism 11 also starts from spherical micelle, however, instead of evolving into
cylinder and lamella, the sphere grows bigger with the constituting copolymers
reorganizing, and forming hydrophilic core inside. Water then diffuses into the core

and forms a vesicle.?*

Early in 1998, Eisenberg et al. reported the observation of lamellae with curved
or folded structures, from the self-assembly of polystyrene-block-poly(ethylene glycol)
(PS-b-PEG).?® The copolymers are firstly dissolved in N,N-dimethylformamide (DMF)
blended with some water (H20 wt% = 4.0-6.5%). Water is added to the system until
H20 wit% = 25%, and dialysis is conducted to remove DMF. According to the results,
if the copolymers are dissolved in DMF/water mixture for longer time, the obtained
lamellae will have higher curvature, and more vesicles with complete enclosed structure
will be found. It suggests that polymersomes are formed via Mechanism |, with the

curved lamellae playing the role of intermediate.

In the self-assembly of PEG-block-polybutadiene (PEG-b-PBD), Discher and
coworkers obtained nonergodic results from the blended system of PEGes-b-PBD17o
and PEGuiso-b-PBD170, where multiple structures coexist.® As revealed from the
cryogenic electronic microscopic (cryo-EM) image (Figure 1.4), besides spherical
micelles, worm-like micelles and vesicles, two octopus-like structures are observed.
The right “octopus” stretches out 11 “arms” from the central disk, while the left one
presents a semispherical shape. Both of them seem to be in the midway of bilayer

enclosing to vesicle.
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100 nm

Figure 1.4. The nonergodic self-assembly result from the blended system of PEGes-b-

PBD170 (fres, wt = 24%) and PEGus0-b-PBD17o (feec, wt = 42%).°

In the study of the polymerization-induced self-assembly (PISA), the
mechanism of polymersome formation is further explored. Blanazs and coworkers
reported the PISA using poly(glycerol methacrylate) as the macromolecular chain
transfer agent (CTA), and initiating the reversible addition—fragmentation chain-
transfer (RAFT) polymerization of (2-hydroxyl)propyl methacrylate (HPMA) in
water.?”  As HPMA is consumed, a series of self-assembly structures are observed
during the reaction, through the characterization under transmission electronic
microscope (TEM). The mixture of spherical micelles and worm-like micelles are
found from the system with monomer conversion at 55—68%, while for the system with
conversion at 72—82%, intermediates with octopus- and jelly-fish-like structures
emerge. Enclosed vesicles make up the majority of self-assemblies when the reaction
completes with 100% conversion (Figure 1.5). In the procedure of PISA, monomers act
as plasticizer, and render the formed copolymers mobile. At the late stage of reaction,
most of monomers are consumed, leaving the copolymers with relatively longer chains
and poorer mobility. Figure 1.5. shows all intermediates captured that help to describe

the whole procedure of vesicle formation.
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Figure 1.5. A series of self-assembly structures along with the monomer conversion of

PISA, for the synthesis of PGMA47-b-PHMA200. Scale bar = 200 nm.?’

Unlike the work above-discussed, the mechanism of polymersome formation of
PEG-block-poly((2-N,N-diethyl)aminoethyl methacrylate) (PEG-b-PDEAMA)
reported by Adams et al.? is closer to Mechanism I1. PEGas-b-PDEAMAe: is dissolved
in water with pH = 2, where the protonated PDEAMA make the copolymers totally
dispersed individually. NaOH is added to deprotonate PDEAMA, driving copolymers
to self-assemble. The results of dynamic light scattering (DLS) and cryo-EM reveal that
neither cylindrical micelles nor lamella appear during the procedure. Instead spherical
micelles, vesicles and spheres with loose cores are observed, which are supposed to be
the intermediates in Mechanism Il. The obtained vesicles cannot efficiently load
hydrophilic fluorescent molecules, because in Mechanism Il, the aqueous interior is
formed by the diffusion of water molecules from outside to inside across rather thick
barriers, and consequently water-soluble fluorescent molecules with rather high MW

diffuse difficultly across these barriers.
1.2.2 Preparations of polymersomes

As the block copolymers have high molecular weight and their self-assembly
shows nonergodic properties, the block copolymers with appropriate

hydrophilic/hydrophobic ratios cannot self-assemble automatically into veiscles by just
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adding them into water. Among various techniques to prepare polymersomes,
nanoprecipitation, hydration and double emulsion are the three commonly used

methods.
1.2.2.1 Nanoprecipitation

Nanoprecipitation is the most frequently employed method to perform the self-
assembly of amphiphilic block copolymers. Generally, copolymers are first dissolved
in an organic solvent, common for both polymer blocks and miscible with water. Water
is then added to the system, driving the hydrophobic blocks to accumulate together. The
self-assembling starts and continues upon the water addition. Finally the organic
solvent is removed ether by dialysis againt water or by evaporation, leading to aqueous
dispersions of polymer self-assemblies. In the procedure of nanoprecipitation, many
factors such as the starting concentration, addition rate of water, water/organic solvent
ratio, and polarity of the organic solvent, etc., can influence the morphology, the

structure and the size of the obtained self-assemblies.

As a pioneer in the research of block copolymer self-assembly, the team of
Eisenberg has reported early in 1997 the self-assembly of PS-b-PAA, through
nanoprecipitation with organic solvents including THF, DMF, 1,4-dioxane (simply
written as dioxane) and their mixtures as the starting solvents.?® 2° For example, in the
self-assembly of PSz00-b-PAA1s, spherical micelles are formed with DMF. When
DMF/THF mixture is used as solvent, and other conditions keep the same, the finally
obtained self-assembly structures vary as a function of THF ratios (Figure 1.6): 5 wt%
THF leads to the formation of worm-like micelles; 10 wt% THF leads to a mixture of
worm-like micelles, lamellae and vesicles; 25—-67 wt% THF allow the formation of
polymersomes alone, and as the THF ratio increases further, the sizes of polymersomes
get bigger. However, only large compound micelles are formed with pure THF as
organic solvent. The difference in self-assembly may be explained by the difference of

polarity of the organic solvent: THF has lower polarity than DMF, and comparatively
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to DMF the polarity of THF is closer to that of PS. In the solvent with higher content
of THF, on the one hand PS is more solvated, has higher degree of chain stretching, and
keeps longer time of being solvated during the water addition procedure, which as the
result gives the copolymers higher chance to adjust conformation towards the global
equilibrium state. On the other hand, PAA blocks interact less with low-polar solvents,
thus have less repulsion between corona chains, which is beneficial for the mutual

fusion of self-assemblies for morphological evolution.

H 100 wi% THF

oY

Figure 1.6. TEM images of self-assemblies of PS200-b-PAA1s from solutions in DMF,
THF and their mixtures: (A) pure DMF; DMF-THF mixtures of (B) 5 wt% THF; (C)
10 wt% THF; (D) 25 wt% THF; (E) 40 wt% THF; (F) 50 wt% THF; (G) 67 wt% THF;
(H) pure THF.?®

1.2.2.2 Hydration

In the hydration method, copolymer bulk is swollen by water to generate
polymersomes. The copolymers are either dispersed directly in water, or processed first
as thin film followed by hydration by water. The latter is referred as “film hydration”
method, which origins from the preparation of liposomes, majorly for micrometer-sized

giant vesicles.%® Copolymers are firstly dissolved in volatile organic solvent, and the
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solution is deposited to a roughened surface (such as bottle bottom and Teflon plate).
As the solvent evaporates, polymeric thin film is formed. The deposited surface is
immersed in water. The film detaches from the surface and gets destabilized during the
swelling of water, and external forces including heating, stirring, sonication and electric

field can be introduced to accelerate the process.
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Figure 1.7. A series of structures from the hydration process of PEG-block-

poly(butylene oxide) (PEG-b-PBO).%!

Battaglia and Ryan made detailed researches and reports on the mechanism of
vesicle formation from hydration of copolymers.3!-32 Starting from the swollen lamellae
or hexagonal rods, series of structures are formed as the degree of hydration increases,
including sponge phase, packed vesicles and interconnected vesicles. Dispersed
vesicles are finally obtained when the system is diluted below a certain concentration

(Figure 1.7).

The process of film hydration undergoes similar structural evolution. Through
the observation under confocal laser scanning microscope (CLSM), Battaglia and Ryan
captured a series of intermediate structures. Among them the multilamellar tubule is the
most representative structure.3® Contacting with the surrounding water, the surface of

the polymeric film starts to wrinkle. Along with the mutual diffusion between
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copolymer bulk and water, the wrinkling evolves into long tubular structures, which
resemble the myelin connecting neuronal cells, and therefore are called “myelins”. As
the further development of hydration, “myelins” destabilize into vesicles (Figure 1.8),
where the concentration gradient works as a key factor. In the swelling process, more
and more intermediates are formed because of the low mobility of copolymers, which
lower the concentration gradient. The external driving force like electric field can be
used to accelerate the transformation of intermediates, maintaining the concentration

gradient, and consequently increase the efficiency of vesicle generation.*?

b) Destabilization of myelins

Pearl Instability n Budding - Clewing H

Figure 1.8. (a) The formation of “myelin”, and the variation of size parameters during
the transformation from wrinkling to “myelin”; (b) the mechanisms for “myelins”

destablizing into vesicles.®

Lack of size control in the process, the vesicles obtained from film hydration
method present often broad size distribution, and a coexistence of unilamellar and
multilamellar vesicles. Further processes like sonication, extrusion and freeze-thaw
cycles are needed to obtain mono-disperse and/or small vesicles.3** Based on the work
of Battaglia and Ryan, Howse and coworkers employed photolithography to modify a
hydrophilic, fluorocarbon-decorated surface, with uniformly distributed hydrophilic
domains.®® Through the spin-coating of copolymer solution, the surface is deposited

with mono-distributed polymer islands after dewetting. The hydration of polymer
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islands can generate unilamellar vesicles with uniform size in micrometer (Figure 1.9).

The size of vesicle can be controlled by the size of hydrophilic domains.

Figure 1.9. (a) The formation of mono-distributed polymer islands through the
patterned hydrophilic, fluorocarbon-decorated surface by photolithography, and spin-

coating of copolymers; (b) observation of vesicle formation under CLSM.*
1.2.2.3 Double emulsion

Microemulsion are often used to form micrometer-sized spheres and capsules
from crystallizable homopolymers, with the help of surfactants.®*° In recent years the
emulsification-induced method, more precisely the method via water-in-oil-in-water
(W/O/W) double emulsion, has become a versatile approach to study the self-assembly
of amphiphilic block copolymers.tt 4042 Copolymers are packaged in the W/O/W
emulsion composed of water and water-immiscible volatile organic solvent. With the
amphiphilic property, copolymers accumulate in the W/O and O/W interfaces,
stabilizing the emulsion as macromolecular surfactants. Upon the removal of organic
solvent by evaporation, the monolayers of two interfaces meet with each other, forming
the bilayer membrane of vesicles. In the work of Weitz et al., a capillary microfluidic

device was employed to prepare double emulsions (Figure 1.10A).*4* Three phases
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are divided in the device, where the inner and outer phases are aqueous solutions with
balanced osmolality, the middle phase is the organic solvent dissolving the copolymers.
The inner aqueous droplet is formed in the dripping regime from a small injection tube,
in the coaxial flow with the middle phase, while the middle oil droplet containing the
inner droplet is formed from the breaking up of oil stream by the focused flow of the
outer continuous phase. During the dewetting of emulsion droplets, acron-like
structures are formed with oil droplet attached to the bilayer of copolymers (Figure
1.10B, C). Qil droplets shrink as the organic solvent evaporates, leading to vesicles with
complete bilayer structure (Figure 1.10 D). With microfluidic control, the obtained
polymersomes have a highly uniformed size. By adjusting the flow rates of inner and
middle phases, and the number of inner tubes, the number of inner droplets inside an
oil droplet can be controlled. In this way, multicompartment polymersomes from the

stacking of plural vesicles can be obtained.*®

Injection tube

Collecti(}n tube

A

Figure 1.10. (A) Schematic structure of the capillary microfluidic device generating
W/O/W double emulsion droplets; (B) bright-filed microscope image of an acron-like
structure formed from the partial dewetting of a double emulsion droplet, with the oil

droplet on the left side, attched to the copolymer bilayer of an embryonic vesicle on the
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right side, scale bar = 10 um,; (C) schematic illustration of the acron-like structue; (D)
bright-field image of polymersomes after dewetting and solvent evaporation, with
shrunk oil droplets, scale bar = 100 um; (E) fluorescence microscope image of the same
area as in (D), fluorescent HPTS solutes are encasulated inside polymersomes, by

dissolution in the inner aqueous droplet in double emulsion preparation.**
1.2.3 Properties of polymersomes

In general, the properties of polymersomes depend on the properties of the
copolymers that compose the vesiclular membranes. When compared with liposomes,
polymersomes are distinguished by their larger membrane thickness, higher stability
and lower permeability in most cases. These characteristics are the basis for the design
of functional polymersomes, and determine their practical applications, especially as

the encapsulating vehicles employed in biomedical fields.
1.2.3.1 Stability of polymersomes

Polymersomes have the high stability to keep their structure from the changes
by external environment. The low mobility of block copolymers is a major factor.
Polymer chains with higher MWs possess lower mobility, and higher chance for
entanglement, which induces the barriers for rearrangement in conformation and
position, keeping polymersomes from unwanted fluctuation and defect formation.
Polymersomes can maintain its number, shape and encapsulated content basically
unchanged over a month, while under the same condition, liposomes are found with the
half-life only around 10—20 h.*® The low mobility also causes the formation and long-
term existence of metastable structures with irregular shapes.? The shape of a vesicle
can be parameterized by a normalized volume-to-area ratio v, and a normalized area-
difference 4A.4" v = 622VA-¥2, where V and A respectively stand for the volume and
area of a vesicle, v actually represents the capsulated water content per membrane area;
AA = Aout — Ain, representing the difference of layer area between outside and inside

parts, which is proportional to the number difference of amphiphiles on the two sides
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of the bilayer. For a uniformly spherical vesicle, v = 1 as the maximum, other non-
spherical vesicle with the same membrane area entrap less water molecules, all with v
< 1. AAis set as 1 for spherical vesicles, when 4A > 1, the membrane tends to curve
outward, causing the formation of vesicle budding and tubular structures; whereas 4A
< 1 leads to an inwardly curved membrane, which leads to stomatocyte-like vesicles.*
49y can be adjusted by a “swelling-deswelling” process, and 44 can be adjusted by the
flip-flop of molecules in the bilayer. Figure 1.11a shows the various morphological
structures of vesicles formed with different v and 44 in theory. In practice, v and 4A
could be adjusted respectively through water permeation and amphiphile exchange
between layers and vesicles, leading to the uniformly spherical shape. However, due to
the low mobility of copolymers, it is slow for polymersomes to reach the global
equilibrium state, resulting in the kinetically trapped structures with metastable shapes.
This phenomenon is also part of the nonergodic nature of polymer self-assemblies.
Figure 1.11b shows the various forms of vesicles from the film hydration of PEG-b-

PBO,2 which can basically correspond to the theoretical structures in Figure 1.11a.
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Figure 1.11. Phase diagrams of (a) theoretical vesicle shapes, and (b) vesicles obtained
from the film hydration of PEG-b-PBO. Ways to adjust the vesicle shapes are indicated

in (a).2

As reported by the team of van Hest and Wilson, PS-b-PEG was found to form

inwardly curved structure from nanoprecipitaion.>>? The obtained vesicles have a
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shape resembling stomatocyte, a kind of erythrocytes with slit-like central sink, thus
are referred as “polymersome stomatocyte”. PS-b-PEG is dissolved in the mixture of
dioxane and THF as the starting solvent, and water is then slowly added to preform
self-assembling. After the formation of vesicles in the process of water addition, the
exchange of water inside and outside the vesicle becomes difficult, due to the
hydrophobicity of the polymer membrane. During the dialysis process, the osmotic
pressure drives the organic solvent molecules to unidirectionally release outwards from
the vesicle. Without appropriate amount of water entering the vesicle for supplement,
the encapsulated content decreases, so does the v value, transforming the vesicle to a
disk-like shape. The anisotropic arrangement in the membrane of disk-like vesicle is
unstable, driving the vesicle to fold up into the stomatocyte-like shape. In this process,
the organic solvent acts as plasticizer in the membrane, and gives the membrane certain
mobility. As the solvent slowly dissipates, the PS region in the membrane enters glass
state, which makes the stomatocyte-like shape fixed as the final form. The stomatocyte-
like morphology can be maintained over 4 months.> There is a relationship between
the vesicle structure and the mixing ratio of the starting solvents: the opening of the
polymersome stomatocyte decreases as the increase of THF ratio from 40% to 65%
(Fig. 1.12). Because THF swells PS better than dioxane does. In the dialysis procedure,
the amount of THF in the initial solvent mixture would influence the shape change, as
higher THF ratio can increase the degree of swelling, and lower the rate of vitrification
of the PS domain in the membrane. This would consequently results in a difference in
the time allowed for the change of shape during dialysis. In the following studies, they
adjusted the assembly conditions to precisely control the morphological structure of the
obtained polymersomes.®>3 Platinum nanoparticles (PtNPs) can be loaded inside the
one-way opening inner cavity of the polymersome stomatocytes, to prepare nanomotors
with active targeting function (Detailed discussion in 1.3.2 H202 gradient-sensitive

targeting nanomotor).>*
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Figure 1.12. TEM images of polymersome stomatocytes obtained from dioxane-THF
mixture as starting cosolvents, with THF ratio respectively at (A) 50%, (B)55%., (C)
60% and (D) 65%. The Cryo-EM images of stomatocytes from cosolvents of THF ratio
at (E) 50% and (F) 65%. (G) the plot of relationship between the size of stomatocyte

opening and THF ratio of the starting cosolvent.
1.2.3.2 Permeability of polymersomes

As mentioned in above, polymersomes have relatively large membrane
thickness (10—30 nm). Molecular dynamics simulation experiments show that the film
thickness of the vesicles is positively correlated with the MW of the hydrophobic
segment of the amphiphile. The bilayer film thickness d ~ MW;nob?, for the amphiphilic
block copolymer, the coefficient b is about 0.55 (Figure 1.13a).°® 7 In the Fick’s
diffusion model driven by concentration gradient, the release rate of the encapsulated
content from a vesicle is z* = 3P/(2dRv), where P is the permeability coefficient and
Rv the vesicle radius.? Therefore, Polymersomes composed of high-MW copolymers

are supposed to have rather low permeability (Fig. 1.13b).
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Figure 1.13. (a) The schematic illustration on the relationship between the thickness of
vesicle bilayer and the MW of hydrophobic segment of the composing amphiphiles; (b)
curves of membrane properties including permeability, mobility and stability, in

function of the MW of amphiphiles.>

Besides molecular weight, the permeability is also closely related to the state of
membrane. The team of Eisenberg conducted in-depth studies on vesicles composed of
PS-based block copolymers. By the addition of dioxane to the PS-b-PAA vesicle system,
the release rate of doxorubicin (DOX) and the proton diffusion rate of vesicles are
significantly increases along with the proportion of dioxane.’® %° Dioxane acts as a
plasticizer which swells the PS region of the vesicle membrane and loosens its structure,
thereby increasing the permeability. In the vesicle system from the self-assembly of
PEG-b-PS-b-poly(2-(N,N-diethylamino)ethyl acrylate) (PEG-b-PS-b-PDEA) triblock
copolymer, the hydrophobic region of the vesicle membrane consists of PDEA as the
middle layer and PS on both sides.?’ In basic environment, membrane structure is
compact and the permeability of the polymersome keeps low. As pH decreases, the
PDEA layer gets protonated and swollen, increasing the membrane thickness and
vesicle size. When the pH drops below 6, defects and breakages appear in the
membrane (Figure 1.14). The change is clearly fed back on permeability, allowing the

significantly increased penetration to water and protons.
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Figure 1.14. (a) Cryo-EM images of PEG-b-PS-b-PDEA vesicle membrane at different
pH; (b) schematic membrane structure corresponding to (a); (c) thickness of PS region,

PDEA region and vesicle membrane at different pH.%°

Another way to alter the permeability is to embed functional substances in the
vesicle membrane. Based on polymersomes from the self-assembly of poly(2-
methyloxazoline)-b-polydimethylsiloxane-b-poly(2-methyloxazoline)  (PMOXA-b-
PDMS-b-PMOXA), Meier and coworkers insert channel protein (porin) into the vesicle
membrane, to regulate the exchange of certain molecules.®*®® Enzymes with specific
functions are encapsulated inside the vesicle. The enzyme catalyzes reactions on
consuming substrates inside the vesicles, while porin channel let substrate and product
circulate along the vesicle membrane. Then, the polymersome is turned into a
nanoreactor with highly catalytic function. Encapsulation inside the vesicles allows to
protect the enzyme from the surrounding environment and to improve its work
efficiency. Meier et al. reported in 2013 another way to change the membrane
permeability, by using 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (PP-
OH) under UV light.®* UV-irradiation causes PP-OH to form two primary radicals

(ketyl and alcohol), which leads to chemical modification of vesicle membrane with
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PP-OH. The attachment of the hydrophilic PP-OH increases the ability of vesicle
membrane to allow hydrophilic molecules to penetrate. This reaction is applicable to a
variety of vesicles, and does not change their size and structure. The enzyme-entrapped
polymersome can also be beneficial, to achieve the nanoreactor function in a simpler

way.
1.3 Polymersomes in ROS-related applications

The high stability and low permeability give polymersomes advantages in
applications as drug carriers. With the robust membrane, polymersomes protect the
encapsulated drug from the surrounding environment and minimize the loss of early
release before the target. In the other view, the most direct and effective way to achieve
stimuli-responsive release is to break the stability of membrane, causing the change in
permeability or structural disintegration of vesicle under specific stimuli. pH variation
and redox reactions have been reported to trigger the controlled release of
polymersome.®® % The stimulation may cause the composing copolymers to change the
solubility,®” % to have degradation® or special cleavage of bond linking hydrophilic
and hydrophobic blocks,” leading to the increase of permeability or the bursting release
of polymersome. Some pathological bases such as the tissue of inflammation and tumor
offer chemical environment differing from that of normal ones, and have specific
accumulation of certain active substances. These active substances can be used as

stimuli in the targeted sites.

Reactive oxygen species (ROS) refer to a class of byproducts from the process
of oxygen-involving metabolism, including peroxide, superoxide, hydroxyl radical,
singlet oxygen and alpha-oxygen, which have high oxidative activity.”* The high
oxidative property enables ROS to damage DNA and cell membrane structure, which
can be used to destroy tumor cells in cancer therapy. On the one hand, for most of the
radiotherapy and chemotherapy in cancer treatment, including the emerging

photodynamic therapy (PDT), their mechanisms are based on or include the increase of

30



Chapter 1. State of the Arts

ROS concentration at target site.’>”> On the other hand, significantly higher ROS
concentrations found in some tumor and inflammatory tissues than in normal cells

provide a means of targeted and ROS-responsive drug delivery.>* 1 76.77
1.3.1 Polymersomes as ROS generators or carriers

The commonly used anticancer drug, DOX, is considered in relation with the
promotion of ROS production. ® Lecommandox et al. reported that the intracellular
introduction of DOX-containing vesicles of poly(y-benzyl L-glutamate)-block-
hyaluronic acid (PGlu(OBn)-b-HYA) can results in the obvious increase of ROS
concentration.”® Enzyme-catalyzed oxidation is one main source of ROS in vivo. Meier
and Bruns reported the encapsulation of a commonly used oxidase, laccase, inside the
vesicle  of  poly(N-vinylpyrrolidone)-block-polydimethylsiloxane-block-poly(N-
vinylpyrrolidone) (PNVP-b-PDMS-b-PNVP).2% PNVP-b-PDMS-b-PNVP vesicles
have high permeability for oxygen and ROS, but low permeability for laccase.
Therefore the entrapped laccase is well protected by vesicle, and meanwhile can
efficiently turn oxygen into ROS. The laccase-loading polymersomes work as a ROS-

generating nanoreactor.

In the working mechanism of PDT, photosensitizer is activated by light
stimulation, and turns oxygen-containing substrates into ROS, for example singlet
oxygen (*O2) from ground state oxygen.” In the combination of PDT and polymersome,
photosensitizer is loaded on the membrane or inside the vesicle, for the generation and
delivery of ROS. Chen and coworkers reported the use of polyion complex vesicle
(PICsome) from PEG-block-poly(aspartic acid) (PEG-b-PAsp) and poly(5-
aminopentyl asparagine) (P(Asp-AP)), as the carrier of photosensitizer Al(III)
phthalocyanine chloride disulfonic acid (AlPcS2a).8* AlIPcS2a-loaded PICsomes are
successfully delivered into the cells via endocytosis. Under the activation of light,
AlPcS2a generates 02 and oxygen-containing free radicals, which in turn damage the

membrane of PICsome and lysosome. PICsomes and AlPcS2a enter the cytoplasm,
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achieving photochemical internalization. The results of cellular uptake and viability test
indicate that in comparison with the photosensitizer alone, PICsome-encapsulated

AlPcS2a exhibits much higher degree of internalization, and stronger photocytotoxicity.

In another work reported recently by Chen, the photosensitizer boron
dipyrromethene (Bodipy) is loaded in the vesicle membrane of 3-miktoarm star
terpolymer, PEG-star-poly(e-caprolactone)-star-poly(N-isopropylacrylamide) (PEG-
star-PCL-star-PNIPAM).82 Bodipy can form J-type and H-type aggregations in the
membrane (Figure 1.15a), causing red-shifted excitation to near-infrared region and
improved resistance to photobleaching. Under the irradiation of 660 nm laser, vesicles
generate a large amount of 1Oz, which acts as PDT agent. Under the laser excitation at
785 nm, apart from 1Oz generation, the excited state prefers to undergo non-radiative
relaxation, leading to remarkable photothermal conversion efficiency, which works as
PDT-synergized photothermal therapy (PTT), Killing cancer cells by O:-assisted
hyperthnermia. ~ The Bodypy-loaded vesicles with  wavelength-dependent

photoconversion show great potential in photoinduced cancer therapy.
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Figure 1.15. (a) Structure of PEG-star-PCL-star-PNIPAM, J-type and H-type

aggregations; (b) electronic transitions respectively under the irradiation of 660 nm and
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785 nm laser; (c) schematic illustration on the working mechanism of Bodypy-loaded

vesicles in photoinduced cancer therapies.®
1.3.2 H,0O, gradient-sensitive targeting nanomotor

ROS accumulate at high level in tumor and inflammatory tissues, because of the
increased metabolic activity, mitochondrial dysfunction and reduced ability to scavenge
ROS, etc.: 838 Ag a typical ROS, hydrogen peroxide (H202) is produced at a rate of
5 nmol per hour by ten thousand units of cancer cells.®® Therefore concentration
gradient of H202 is formed around the tumor tissue. Based on the H20:2 gradient, van
Hest and Wilson developed a targeting nanomotor from the above-discussed
polymersome stomatocyte.> Before the dialysis step, PNVP-modified platinum
nanoparticles (PtNPs) are added to the system, so that PtNPs can be entrapped inside
the one-way opening inner cavity during the shaping of a stomatocyte. When the PtNPs-
loaded stomatocytes are placed with H202 around, under the catalysis of PtNPs, H202
decomposes into oxygen, which is released from the one-way opening, and drives the
vesicle to move in the opposite direction (Figure 1.16). The nanomotor tends to move
up the gradient towards the higher H202 concentration. Similar results are obtained
from the experiment with neutrophils as the H202 source. This can be explained as
follows. At the position of higher H202 concentration, more oxygen is produced,
nanomotors move longer distances; while along with the direction of decreasing H202
concentration, the H202 “fuel” is exhausted, making the nanomotors slowing down. As
the result, more and more vesicles accumulate around the H202 source. In the following
studies, other substances such as glucose oxidase (GOx)®® 8" and nickel nanoparticles
(NiNPs)® were reported to be incorporated inside the cavity, respectively for further
glucose-driven and magnetic field-driven functions. To achieve effective release at the
targeted site, the nanomotors were upgraded by the incorporation of reduction-

responsive disulfide,> or the hybrid of biodegradable PEG-b-PCL %
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Figure 1.16. (a) Mechanism of the H202-driven nanomotor; (b) preparation of the

nanomotor from the encapsulation of PtNPs by polymersome stomatocytes.>*
1.3.3 ROS-responsive polymersomes

The accumulation of ROS in tumor and inflammatory tissues leads to another
possible application: polymersomes responsive to ROS-stimulations.®® It can be

achieved by introduction of ROS-responsive linkages and groups.
1.3.3.1 ROS-responsive polymersomes based on thioether

As a sulfur-containing structure, the hydrophobic thioether can be transferred to
hydrophilic sulfoxide and sulfone upon oxidation. The hydrophobic-to-hydrophilic
transformation leads to structural changes or even direct dissolution of thioether-
containing self-assemblies. The team of Hubell has published a series of works on the
thioether-containing vesicles based on PEG-block-poly(propylene sulphide) (PEG-b-
PPS) since 2004.°! Film hydration of triblock PEG-b-PPS-b-PEG generates vesicles
with a large diversity of sizes and shapes (Figure 1.17A). Under the treatment by H202,
the morphological majority turns into worm-like micelles (Figure 1.17B). The turbidity
decreases along with the time of H202 treatment, and approaches O after 10 hours
(Figure 1.17C). The comparison of proton nuclear magnetic resonance spectra (*H-

NMR) of vesicle sample in deuterium oxide (D20), before (Figure 1.17D) and after

34



Chapter 1. State of the Arts

(Figure 1.17E) the H20: treatment, reveals the structural change of thiethers: the proton
signals of methylene and methine groups (2.65-2.93 ppm) and methyl groups (1.41
ppm), which are adjacent to sulfur atom, shift downfield (respectively to 3.05-3.65 ppm
and 1.53 ppm) because of the electron-pulling effect of sulfoxides and sulfones. With
increased solubility in D20, the signals turn from weak and broad peaks to much sharper

peaks.

Teme 4

Figure 1.17. Cryo-EM images of self-assembly sample from film hydration of PEGie-
b-PPSs0-b-PEG16 (A)before and (B) after 150-min treatment of 3 vol% H202, scale bar
=100 nm; (C) The turbidity of vesicle sample in function of time in the treatment of 10
vol% H202; 'H-NMR spectra of the vesicle sample in deuterium (D) before and (E)

after the H.0; treatment.®?

Further, Hubell et al. encapsulated the enzyme glycose oxidase (GOx) inside
the vesicles.” The suspension of GOx-loaded vesicles is placed in a dialysis bag, and
inserted in a vial of glucose solution with air bubbling. H20:2 is generated from the

GOx-catalyzed oxidation of the surrounding glucose which diffuses to the inside of
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vesicles. The exposure to the in-situ generated H202 induces the disassembly of
vesicles . In a work reported in 2012, the same group applied PEG-b-PPS
polymersomes to get photochemical internalization through thioether oxidation.* The
vesicles loaded with photosensitizer ethyl eosin in the membrane and with peptide
antigens, in the inner cavity enter the cell by endocytosis. Under light stimulation, eosin
converts dissolved oxygen to 'Oz, which further oxidizes the thioether, and causes the

vesicle rupture. Consequently, the encapsulated antigens are released inside the cell.

PPS contains thioethers in the backbone, while copolymers reported by Boyer
et al.,’® contain thioethers in side chains..”® Using tetraphenylporphyrin zinc (TPP-Zn)
as the photocatalyst, photoinduced electron energy transfer - reversible addition-
fragmentation chain transfer (PET-RAFT) polymerization of 2-(methylthio)ethyl
methacrylate (MTEMA) is initiated by red light (635 nm) illumination. Using
poly(oligo(ethylene glycol) methyl ether methacrylate) (POEGMA) as the
macromolecular chain transfer agent (macro-CTA), MTEMA can be polymerized in
aqueous phase to achieve polymerization induced self-assembling (PISA). Vesicles are
obtained as the final self-assembly structure, with TPP-Zn embedded in the membrane.
TPP-Zn can also act as a photosentisizer, which generates *O2 upon the stimulation of

560 nm light, and leads to the disassembly of POEGMA-b-PMTEMA vesicles.
1.3.3.2 ROS-responsive polymersomes based on arylboronate

Arylboronate ester is another oxidation-responsive structure. Taking pinacol
phenylboronate as an example, the oxidation can convert the phenylboronate ester into
phenol. Phenol is unstable in oxidative environment, and tends to undergo a quinone
methide rearrangement, leading to the cleavage of aryl groups. For polymers with
arylboronate ester on the side chains, the oxidation-induced cleavage of large
compound groups can result in remarkable changes of properties.® In the work reported
by Liu and coworkers,® phenylboronate (PB) and naphthylboronate (NB) esters are

used as the capping moieties, which are connected to poly(2-aminoethyl methacrylate)
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by carbamate bonds (in some of polymers, a p-aminobenzyl carbamate linker is added),
forming the hydrophobic blocks of amphiphilic block copolymers PEG-b-PPBMA,
PEG-b-PNBMA, PEG-b-PPBCMA and PEG-b-PNBCMA. Some of them can self-
assemble into vesicles. For the polymersomes exposed to oxidation stimuli, the
oxidation-triggered removal of PB and NB ester capping moieties leads to spontaneous
self-immolative cleavage and exposure of primary amino groups. The revealed amino
groups can initiate intra- and intermolecular amidation reactions, turning the vesicle
membrane into a crosslinked structure with hydrophilic channels (Figure 1.18). The
permeability is remarkably changed, while the vesicular structure is well maintained.
Employed as theranostic nanocarriers, the constructed polymersomes can achieve
targeted drug delivery and sustained release of payloads, which is modulated by

oxidative stress of cellular ROS.
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Figure 1.18. Fabrication and working mechanism of the oxidation-responsive vesicles

based on arylboronate esters.*
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1.4 Polymersomes based on polypeptides

As a class of polymers composed of amino acid repeating units, polypeptides
have unique advantages due to the diversified side chain structures from natural amino
acids and the composition similar to natural proteins and peptides.®” Being
biocompatible and biodegradable, the polypeptide-based self-assemblies are of great
interest for the applications in biomedical fields. We review here examples of stimuli-

responsive polymersomes based on polypeptides.
1.4.1 Redox-responsive polypeptide vesicles

In recent years, emerging work has been reported on the functionalization of
polypeptides to achieve oxidation-responsibility, especially sulfur-containing
polypeptides such as alkylated polycysteine (PCys) and polyhomocysteine (PHCys). In
these polypeptides, oxidation-responsibility comes from the formed thioether group.®®-
190 The oxidation of thioether not only changes the solubility, but also affects the chain
conformation and secondary structure. In 2013, Deming et al. reported the self-
assembly behavior of amphiphilic block copolypeptides, where the hydrophilic
segment is glycol-modified polylysine with amide linkages (P(Gal-Lys)) or glycol-
modified polycysteine with oxidized thioether bonds (P(Gal-Cys®)), and the
hydrophobic  block is polyleucine (PLeu).’®® With similar MWs and
hydrophilic/hydrophobic ratios, P(Gal-Lys)ss-b-PLeuzo can only form lamellae in water,
while P(Gal-Cys®)es-b-PLeuzo is able to assemble into vesicles. The chain structure is
considered to be the major reason: P(Gal-Lys) still has a secondary structure of a-helix

in water, while P(Gal-Cys®) forms random coil because of the oxidized thioether bonds.
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Figure 1.19. Schematic chain structures and assembly structures of the two amphiphilic
block copolypeptides (A) P(Gal-Lys)-b-Leu and (B) P(Gal-Cys®)-b-PLeu; differential
interference contrast (DIC) microscopic images of (C) vesicles formed by P(Gal-

Cys®)es-b-PLeuzo and (D) lamellae from P(Gal-Lys)es-b-Leuzo. Scale bar = 5 pm. 1%

Gu and coworkers also carried out very promising works on oxidation-
responsive polypeptide vesicles. Firstly, nitroimidazole (NI) groups are attached, via
thioether bonds, to polyserine (PSer) in an block copolymer to get PEG-b-P(Ser-S-
N1).192 PEG-b-P(Ser-S-N1) vesicles are prepared with GOx and insulin encapsulated
inside the aqueous cavity. When glucose is introduced to the system, H20: is generated
from the GOx-catalyzed glucose oxidation process, which oxidizes the thioether and
turns P(Ser-S-NI) more water-soluble. At the same time, dissolved oxygen is consumed
during the procedure, leading to hypoxia. NI group is thus reduced to aminoimidazoles,
further increasing the hydrophilicity of the copolymers. Consequently, vesicles are
disassembled, releasing the encapsulated insulin for the therapeutic function (Figure
1.20). The suspension of glucose-responsive vesicles are packaged inside a
microneedle-array patch, which can be employed to modulate the blood glucose level

in patients with diabetes or hyperglycemia. The thioether bonds not only act as
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responsive, but also can consume excess H202, to avoid the interference with the
function of GOx and the inflammation of skin tissues caused by H20z. In the other work,
pinacol phenylboronate is introduced to polyserine in copolymer synthesis. The
obtained vesicles can also release insulin as the H20O2-mediated glucose-responsibility,

and achieve the glycemic regulation.®®
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Figure 1.20. (a) Composition and working mechanism of the glucose-responsive
vesicles based on thioether bonds and nitroimidazoles. (b) Microneedle array patches
with insulin-encapsulated vesicles packaged inside. Inflammation of skin tissue is
caused by excessive H202 from the patch of vesicles without H202-responsibility (left);
while the presence of thioether bonds can consume excess H202, avoiding damages to

skin tissue in the long-term therapy (right).%

Methionine is a natural amino acid with a 2-(methylthio)ethyl carbon-
substituted (C-R) group. The thioether-bearing side chain endows the polypeptide of
methionine, polymethionine (PMet), with broad prospect in applications.?%*1% Like
other thioether-bearing polymers, PMet has a hydrophobic-hydrophilic transition based

on the structural transformation of thioether groups under oxidation stimuli. The
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transition is reversible, as the sulfone and sulfoxide structures can be converted back to
thioethers under reductive conditions. Deming et al. reported in 2013 the polymersome
formed by the block copolypeptide with the oxidized polymethionine (PMet®), of
which the thioethers are oxidized to sufoxides, as the hydrophilic segment, and the
random copolymer of leucine and phenylalanine (P(Leu-r-Phe)) as the hydrophobic
one.1% PMet® can be reduced to PMet by the combination of dithiothreitol (DTT) and
methionine sulfoxide reductase (MSR enzyme), which causes the collapse of vesicles
and thus achieves reduction-responsive drug release (Figure 1.21). In the following
study, PHArg is introduced to the system, thus obtaining the triblock copolypeptide
PHArg-b-PMet®-b-P(Leu-r-Phe), which can be blended with PMet®-b-P(Leu-r-Phe),

and constitutes vesicles with the cellular membrane-penetrating ability.1%’
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Figure 1.21. (a) The reversible structural transformation between PMet-b-P(Leu-r-Phe)

and PMet®-b-P(Leu-r-Phe) under redox conditions, and the vesicle formed by PMet°®-
b-P(Leu-r-Phe); (b) The responsive collapse of a PMet®-b-P(Leu-r-Phe) vesicle under

the combined reductive stimuli of DTT and MSR enzymes.1%

Besides the redox-responsibility, another property of thioether has also caught
the attention of scientists. The sulfur atom in thioether has nucleophilicity, and based
on it, PMet can undergo alkylation reactions with substances including halides, triflates
and epoxides.1%* 1% As the result, the side chains of PMet are alkylated with functional
groups,'®® and simultaneously, sulfoniums are obtained with positive charges. Such

reactions not only serve as functionalization with “click” features, but also generate
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polyelectrolytes with positive charges and water-solubility, which could be employed
for DNA complexation.!® As reported by Deming et al., the alkylation of PMet-b-
P(Leu-r-Phe) results in the methylated and carboxymethylated PMet blocks with
sulfoniums on the side chains (respectively PMet™ and PMet®), which serves as the
hydrophilic blocks in amphiphilic copolypeptides, and form vesicles in water.''! PMetM
is found to have low cytotoxicity and work excellently as a component of cell-
penetrating peptides. The polypeptide vesicles based on alkylated methionine has the

potential for further applications.!*?
1.4.2 pH-responsive polypeptide vesicles

The pH-responsive polypeptide vesicles are majorly based on the polar charged
groups of amino acids, including positively charged lysine, ornithine, arginine, histidine,
and negatively charged glutamic acid, aspartic acid. Polypeptides composed of these
amino acids are uncharged and hydrophobic in certain pH range, and possess secondary
structure. Once being charged, the polypeptides turn hydrophilic and adopt the
conformation of random coil due to the mutual exclusion of the same charges.!'* Based
on the fundamental work on polypeptide synthesis, the team of Deming has conducted
systematic and in-depth studies on the self-assembly of charged polypeptides.®? 114-116
As early as 2004, they reported a pH-responsive polypeptide vesicle composed of
di(ethylene glycol)-modified polylysine (PDEGLYs) as hydrophilic segment and the
random copolymer of lysine and leucine (P(Lys-r-Leu)) as hydrophobic one.®? At pH
= 10.6, the copolypeptides assemble into vesicles, with hydrophilic fluorophores
entrapped inside the cavity. As pH decreases to 3.0, the lysine units get protonated,
leading to the destabilization of vesicles and the release of payloads. Lecommandoux
et al. reported polypeptide vesicles with reversible inside-outside leaflet’s
transformation triggered by pH variation.™’ Their vesicles are made from
poly(glutamic acid) and polylysine (PGlu-b-PLys). Under the acidic condition of pH <

4, PLys is protonated as the hydrophilic segment, while PGlu is embedded as a
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hydrophobic segment inside the vesicle membrane. In the neutral condition of 5 < pH
<9, PLys and PGlu and both partially protonated, causing the disassembly of vesicles.
When the pH is raised over 10 in a basic condition, PLys is totally deprotonated and
turns into the hydrophobic segment, while PGlu plays as the hydrophilic block with the
negatively charged carboxylates. The copolymers with a flipped structure re-assemble

into vesicles (Figure 1.22).

acid pH (<4) basic pH (>10)

(( Neutral pH (5<pH<9)

N SO s

Figure 1.22. Schematic representation of the reversible inside-out transformation of

PGluis-b-PLys1s vesicles under the modulation of pH.

The team of Kataoka reported the preparation of PICsome from PEG-b-PAsp
and PEG-b-P(Asp-AP),'!8 where the inner layer of the vesicle membrane is stabilized
by the electrostatic interaction of PAsp and P(Asp-AP). Because of the water-soluble
ion pairs, PICsome has higher permeability compared with common polymersomes.
The electrostatic interaction can be regulated by pH, which in turn can modulate the

permeability of PICsomes.'*°
1.5 Polymersomes based on polypeptoids

Polypeptide vesicles have enormously high value to be developed as
biocompatible multifunctional drug carriers. However, the researches on polypeptide-
containing vesicles, especially the systematic study on polymersomes assembled
entirely from copolypeptides is still few. It is related to the inherent structures and
properties of polypeptides. Inter- and intramolecular hydrogen bonds are formed by

amide bonds on the backbone of the polypeptide, which leads to the tightly packed
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secondary structures such as a-helix and B-sheet.'?® On the one hand, the uniformly
packed polypeptides are hard to be dissolved by most organic solvents, especially the
ones with relatively low polarity. On the other hand, the excessively formed hydrogen
bonds make polypeptides difficult to be thermally processed, and they are often
thermally degraded before reaching the melting point.*?: 122 In many cases, the
conventional conditions for copolymer self-assembly and polymersome preparation are

unsuitable for polypeptides.

Nevertheless, polypeptoids, a type of polymers with the backbone composed of
polyglycine and the side chain substituting the hydrogen at the nitrogen atom of amides
(N-R), show promising properties. On the one hand, polypeptoid has a backbone
structure very similar to that of polypeptide, thus maintains good biocompatibility.?®
On the other hand, due to the N-substitution, inter- and intramolecular hydrogen bonds
along the backbone are missing. Polypeptoids are soluble in common organic
solvent,*?* and can be thermally processed like other thermoplastic polymers.?> 126
Various N-R side groups can be utilized to tailor the physicochemical properties of
polypeptoids.t?> 123 Studies have shown that polypeptoids exhibit better resistance to
proteolytic hydrolysis than polypeptides,'?” but can be oxidatively degraded under the
conditions mimicking inflammation.'?® These advantages lead to increasing interest in
the design, synthesis and self-assembly study of amphiphilic block copolymers based
on polypeptoids.t?>13! Synthesis and self-assembly (especially polymersomes) of

polypeptoid-containing block copolymers will be reviewed in the following.
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Scheme 1.1. The representative structures of polypeptide and polypeptoid
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1.5.1 Synthesis of polypeptoid-containing block copolymers
1.5.1.1 Solid phase synthesis

Polypeptoid can be synthesized using solid-phase submonomer synthesis
(SPSS).1%2 SPSS is developed from solid-phase peptide synthesis (SPPS),'* but is
much simpler than SPPS that requires repeated “amidation—deprotection” cycles. In
SPSS, the amino groups on solid supports are firstly amidated by haloacetic acid, which
is then reacted by primary amines bearing desired groups. Polypeptoids are obtained
from several cycles (Scheme 1.2). Copolypeptoids with highly accurate sequential
structure can be achieved from SPSS, only by regulating the type of introduced amines.
Zuckermann et al. designed a robot which can realize fully automated SPSS for
polypeptoids.t3* However, the yield is still limited in SPSS, and it takes a large number
of substrates and time for high MW polypeptoids. It is more suitable for the synthesis

of oligopeptoids (DP < 30).

\
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Scheme 1.2. The representative procedure of SPSS.
1.5.1.2 Ring-opening polymerization of NNCAs

Ring-opening polymerization (ROP) of N-substituted amino acid N-
carboxyanhydride (NNCA) is currently the most widely reported method for the
synthesis of polypeptoids, with advantages including high yield, controllable MWs and
short production cycle. The ROP of NNCA is achieved through normal amine
mechanism (NAM), where a nucleophile such as primary amine acts as the initiator to
do nucleophilic attack on 5-CO of NNCA to form an unstable aminomethanoic acid

intermediate, which tends to decompose via the removal of carbon dioxide (CO2),
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exposing a secondary amino end group and continue to attack other NNCAs for chain

propagation (Scheme 1.3).
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Scheme 1.3. ROP of NNCAs through NAM, for polypeptoid synthesis.

Luxenhofer et al. reported in 2011 a series of ROP of NNCAs, using
benzylamine as the initiator, and polypeptoids with various N-substituent side chains
are obtained, with controlled MWs and narrow distribution. The reactions exhibit living
polymerization characteristics.!®® Based on it, sequential monomer feedings are
performed, to obtain amphiphilic block copolypeptoids with poly(N-methyl glycine),
that is polysarcosine (PSar) as the hydrophilic segment, and respectively poly(N-n-
propyl glycine) (PNPG), poly(N-n-butyl glycine) (PNBG) and poly(N-isobutyl glycine)
(PNIBG) as the hydrophobic segments (Scheme 1.4). Resin spheres and silicon wafers
were also reported as the initiator, with amino groups on the surface, to initiate ROP of

NNCA. Surface modification is achieved with grafting block copolypeptoids.*> 13
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Scheme 1.4. ROP of NNCAs with benzylamine as the initiator, for the synthesis of a

series of polypeptoid homopolymers and block copolymers.t®

In most cases for the preparation of polypeptoid segment in block copolymers,
ROP of NNCA:s is the first choice, with primary amines as initiators. 3”20 What should
be noted is the work reported by Zhang and coworkers, on the ring-expansion
polymerization of NNCAs, initiated by N-heterocyclic carbene (NHC).®% 152 |n this
reaction, NHC nucleophilically attacks a NNCA, forming a zwitterion with positive
charge at one end and negative charge at the other end. The negatively charged end of
the zwitterion attacks further NNCA or other zwitterions to achieve chain propagation.
In low-polar solvent such as THF, the chain can be maintained in the form of a ring
during the propagation (Scheme 1.5), because of the strong electrostatic interaction
between the two ends. The electrostatic interaction of the positively charged NHC end
can reduce the basicity and nucleophilicity of the aminocarboxylate anion at the other
end, effectively inhibiting side reactions, thereby ensuring high efficiency and good
control over MW and distribution, showing characteristics of living polymerization. In
this way, cyclic and linear polypeptoids can be controllably obtained as desired.'>® By
sequential feeding of monomers, they successfully prepared cyclic block
copolypeptoids, including PSar-b-PNBG and PSar-block-poly(N-decyl glycine) (PSar-
b-PNDG).lSO’ 151, 153

47



Stimuli-Responsive Polymersomes Based on Polypeptoids

R AcCl
o N 3 Ro S S
/“{ o ‘\/:/ N7 o .CO (I\N W, ~
[ _NHC _ V=N N \ — N N\ o}
i N? 1)CO V) “an w7 [ N-R) R. > Rr
N 1C0 R \ ):—'o/) +CO, P N\‘lml \\ N7 PR
3 . Gl O /a1 Namms;)\;‘ { l =0
R-NCA 2NN /o2
1 2 o
R 4
Y ¥ X X % X X
¥ X %) Y %

Scheme 1.5. Routes and mechanism of NHC-initiated zwitterionic ring-expansion

polymerization of NNCAs, for cyclic and linear polypeptoids.>2
1.5.1.3 Ring-opening polymerization of NNTAs

The high reactivity of N-carboxyanhydrides (NCAS) is a double-blade sword.
On the one hand, ROP of NCAs stands out with high efficiency, but on the other hand,
NCAs are also very susceptible to the external environment, in particular very sensitive
to moisture and heat. The synthesis and purification of NCA often needs to be carried
out under strict anhydrous conditions, and the obtained monomer cannot be stored for
long time. It is often necessary to re-purify the monomer before use.’® N-
thiocarboxyanhydride (NTA), as the thio-analogue of NCA, has higher stability than
NCA. The synthesis and purification of NTAs can be carried out directly in open air,
and can be stored for long time without isomerization.>® Under the action of initiator
or catalyst, the polypeptoid can also be obtained from the ROP of N-substituted amino
acid NTA (NNTAs), with the emission of carboyl sulfide (COS). In 2008, Kricheldorf
used primary amines as the initiators to re-exploit the ROP of NTAs, but found that
most of the NTA monomers have low polymerization activity.’® The N-methyl
substituted sarcosine NTA (Sar-NTA) is also included in the report. The maximum

degree of polymerization (DP) of the synthesized PSar is only about 30.

The group of Jun Ling (our collaborators) has conducted since 2012 a systematic
and in-depth study on the ROP of NNTAs. Their results revealed that polypeptoids

from ROP of NNTAs can also get considerable MWs through the optimization of
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polymerization conditions.®” 1%8 In the solution of acetonitrile at 60 <, Sar-NTA can
be polymerized to the DP of about 262 with the initiation of benzylamine, and the DP
can even exceed 390 under the catalysis of yttrium borohydride (Y(BHa4)3(THF)s3). In
the solution of THF and initiated by benzylamine at 60 <C, N-ethyl glycine NTA (NEG-
NTA) is able to polymerize into poly(N-ethylgl ycine) (PNEG) with DP at 287. In the
above-mentioned polymerizations, MWs are well controlled by the monomer-to-
initiator/catalyst ratios. Moreover, under the condition of using primary amines as the
initiators, the ROP of Sar-NTA and NEG-NTA can tolerate the initiating dose of other
nucleophilic groups including hydroxyl and thiol, and the MWs of obtained

polypeptoids are still proportionally controlled by monomer-to-amine ratios.°% 160

In one of their work, Tao et al. employed PEG amine (PEG-NH2) as the
macromolecular initiator, to achieve controlled ROP of Sar-NTA in THF, and prepared
a double hydrophilic block copolymer (DHBC) PEG-b-PSar.’®! PSar is originally
insoluble in THF, but the presence of PEG promotes the solubilization of the block
copolymers, and enables the successful performance of the reaction. The sequential
feeding of Sar-NTA and NEG-NTA with benzylamine as the initiator yields another
DHBC PSar-b-PNEG.® With cysteamine as the initiator, both Sar-NTA and NEG-
NTA can undergo ROP through NAM, without being affected by thiol groups. The
obtained PSar and PNEG have the structure of one thiol end group and the other
secondary amino end group. The thiol end group can initiate the addition of styrene via
a free radical mechanism in excessive azobisisobutyronitrile (AIBN), and form a
segment of oligopolystyrene (OS). Thus the block copolymers are obtained as OS-b-
PSar and OS-b-PNEG.1%°

1.5.2 Self-assembly of PSar-containing amphiphilic block copolymers

Sarcosine is a natural amino acid. In human body it serves as an intermediate in
the metabolism of choline to glycine. PSar, which is composed of sarcosine repeating

unit, is a neutral water-soluble polypeptoid. It has been reported that PSar shows
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biocompatibility'? and antifouling of proteins,'®? and is degradable under simulated in
vivo oxidative stress.?® With these outstanding properties, PSar is considered to be an
alternative to replace PEG in many domains.'®® Increasing numbers of work have been

reported on PSar-containing amphiphilic block copolymers.
1.5.2.1 Self-assembly of polypeptide-block-PSar

Early in 1998, Kimura et al. reported the synthesis of the block copolymer
polyalanine-block-PSar (PAla-b-PSar) by ROP of NCA, and self-assembly is prepared
via a “film hydration—extrusion” procedure, from copolymers of three different Ala/Sar
ratios (41/22, 34/22 and 34/27).%3" They found that the copolymer with larger Ala/Sar
ratio can form self-assemblies with larger size, which are able to load higher amount of
the fluorescent probe 8-anilinonaphthalene-1-sulfonic acid (ANS). PAlass-b-PSarz7
forms micelles with a core-shell structure, sized about 30 nm, while the self-assemblies
of PAlass-b-PSar22 and PAlasi1-b-PSarz2 are over 80-90 nm, which are considered to be
structures with multiple dimensions. In another work, they reported self-assemblies of
PSar-containing copolymers, including PAla-b-PSar, poly(y-methyl L-glutamate)-
block-PSar (PGlu(OMe)-b-PSar) and poly(N:-benzyloxycarbonyl-L-lysine)-block-
PSar (PLys(Z)-b-PSar) prepared by the W/O/W double emulsion method.138: 164-166
After the evaporation of the organic solvent (e. g. chloroform), microcapsules are
formed with a porous inner structure. pH-responsibility can be achieved in
microcapsules of PGlu(OMe)-b-PSar after partial deprotection, and of PLys(Z)-b-PSar

microcapsules after partial deprotection and subsequent grafting of PGlu.1%

The team of Kimura focused on the synthesis and self-assembly of polypeptide-
block-PSar of which the hydrophobic segments are helical short-chain peptides. The
peptides are majorly composed of the amide of leucine and 2-aminoisobutyric acid
(Leu-Aib) as the repeating unit, wherein the presence of 2-aminoisobutyric acid (Aib)
allows the short-chain peptide to form uniformly helical structure. The copolymer PSar-

b-P(Leu-Aib) is obtained from P(Leu-Aib)-initiated ROP of Sar-NCA. Through a
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solvent replacement method similar to nanoprecipitation, the stereotactic PSar-b-P(L-
Leu-Aib) with right-handed helix, and PSar-b-P(D-Leu-Aib) with left-handed helix,
can both form sheet-shaped structures. The sheets curves into nanotubes after the
heating treatment at 90 <C.%%" The length can be adjusted by the time of heating, and
other structures such as three-way nanotubes can be obtained by the blends of
copolymers with the same helix but different chain lengths. The introduction of a
histidine unit with imidazole side group between the hydrophilic and hydrophobic
segments can result in pH-responsive nanotubes.'®® % The equimolar racemic mixture
of PSarzs-b-P(L-Leu-Aib)s and PSarzs-b-P(D-Leu-Aib)s turns nanotubes back to sheets,
and then transforms to vesicles after being heated at 90 <C (Figure. 1.23).17° The size
of vesicles can be controlled by heating time, as the larger vesicles are formed from
inter-vesicular fusion.!”* When the mixed left-handed and right-handed components are
not equal, say 20:80 or 80:20, the heated self-assemblies undergo phase separation,
forming racemic domain and one-component domain. The racemic domain forms a
vesicular part, while the one-component domain forms a tubular part, which are spliced
together to form a flask-like structure.’> Through other approaches including
alternating chain structure (such as changing the AB copolymer into a AsB type),
introducing other amino acids (such as alanine, proline, histidine, etc.), more structures
are obtained with their own specificities.?6® 173 174 Moreover, the splicing of different
structures can be further achieved, increasing the morphological diversity.1” Note that
the spliced structures are only part of the obtained self-assembly result, which in total

is a nonergodic mixture of multiple morphologies.
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Figure 1.23. (A) Variation of hydrodynamic diameter in function of time, determined
by DLS, and (B—E) TEM images of structures at different stages, during the procedure
of equimolar mixing of PSarzs-b-P(L-Leu-Aib)s and PSarzs-b-P(D-Leu-Aib)s at 50 T

and following heating treatment at 90 <C.1"°

The team of Barz obtained a series of PGlu(OBn)-b-PSar and PLys(Z)-b-PSar
block copolymers by sequential feeding of NCA monomers.'*® In these two PSar-
containing copolymers, the DPs of PSar segments are in the range 100—400, and the
copolymers can respectively form spherical micelles. Among them the micelles of
PGIlu(OBnN)2s-b-PSar200 is used as the inhibitor of adenylate cyclase. The copolymers
are also employed as macromolecular surfactants to stabilize microemulsions, for the
preparation of polystyrene and polylactide microspheres. For the copolymer
PGlu(OBnN)as-b-PSari11, due to its relatively low hydrophilic ratio (44 wt%) among the
obtained copolymers, it can form vesicles with the diameter at about 70 nm. The
polymersomes are studied for the development towards a versatile platform for
vaccination.}*®  PLys(Z)-b-PSar and poly(N.-trifluoroacetyl-L-lysine)-block-PSar
(PLys(TFA)-b-PSar) are deprotected to PLys-b-PSar, which is applied in the

complexation with DNA. In other two work, disulfide bonds are respectively
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introduced to poly(y-tert-butyl L-glutamate)-block-PSar (PGlu(OtBu)-b-PSar) and star-
shaped poly(N.-tert-butoxycarbonyl-L-lysine)-block-PSar (PLys(Boc)-b-PSar), to

prepare reduction-responsive micelles.*#% 17
1.5.2.2 Self-assembly of polyester-block-PSar

The team of Kimura is also the pioneer in the study of polyester-block-PSar.
They prepared a series of PSar-block-polylactide (PSar-b-PLA) copolymers, and named
the self-assemblies of PSar-b-PLA as “Lactosome”. 3% 177-1/9 Copolymers with different
chain structures are prepared, including AB-, A2B- and AsB-types. The different chain
structures result in differences in self-assembly, including morphologies and
hydrodynamic diameters.}’” Simultaneously, the properties of micelles related to
medical applications, such as blood clearance time, were studied. Their blood
clearance time is shown to be affected by the chain structure of copolymers,*” and the

chirality and stereoregularity of the PLA segments.t’®

Guo et al. employed PSar directly as a macromolecular initiator for the ROP of
e-caprolactone (CL) and lactide along with catalysts, and successfully synthesized
block copolymers PSar-b-PCL#4 147 and PSar-b-PLA.1* The obtained copolymers are

applied in self-assembly to form micelles and nanoparticles.

1.5.2.3 Self-assembly of PSar-containing double hydrophilic block copolymers
(DHBC)

DHBC composed of two hydrophilic polymers can still undergo phase
separation in water due to structural differences between the two segments and their
difference in solubility, which as the result forms self-assembly structures. Tao et al.
explored the self-assembly behavior of PEG-b-PSar obtained from ROP of Sar-NTA, 6!
and found unstable nanoparticles in water. In these nanoparticles, the PEG segments
are wrapped inside, while the PSar segments serve as the corona. PEG-b-PSar can also

act as a macromolecular surfactant to stabilize the O/W emulsion, where
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dichloromethane (DCM) is dispersed in water. Likewise, the PEG segments are mainly
distributed in DCM phase, while the PSar segments are arranged on the emulsion
surface. The size of emulsion droplets can be adjusted by PEG/PSar ratios. Schlaad et
al. reported a DHBC dextran-block-PSar (Dex-b-PSar), and prepared nano- and
micrometer-scale vesicles based on the structural difference and phase separation of
Dex and PSar segments.’®® The obtained vesicles have highly water-permeable
membrane. With the similar property to cellular membrane, this type of vesicles is

expected for further applications in biomedical fields.
1.5.3 Self-assembly of amphiphilic block copolypeptoids

The research on self-assemblies of amphiphilic block copolypeptoids entirely
composed of polypeptoid blocks, including polypeptoid vesicles, is still at their
begining. Zuckermann et al. reported lamellar, helical and tubular aggregates by short-
chain amphiphilic copolypeptoids obtained by SPSS.'®% 182 |n a work reported by
Gaitzsch and Battaglia in 2015, short-chain amphiphilic copolypeptoids are prepared
with oligo(N-hydroxyethyl glycine) (ONHEG) or oligo(N-methoxyethyl glycine)
(ONMEeOEG) as the hydrophilic segment, and oligo(N-n-pentyl glycine) (ONPG) as the
hydrophobic segment. Vesicles are generated from these copolypeptoids by film

hydration method.!83

The team of Schlaad studied the thermo-responsive self-assembly and
crystallization behavior of PSar-b-PNPG with relatively high MWs in water,14% 10
PNPG has a lowest critical solution temperature (LCST) in water, below which the
polymers are well dissolved in water, and once the temperature rises above LCST,
phase separation occurs, turning the homogeneous solution to cloudy suspension
(therefore the critical temperature is also called as cloud point (Tcp)). In addition, PNPG
is a crystallizable polypeptoid. As the result, PSar-b-PNPG copolymers aggregate in
water above Tep. During the following heating and annealing, the PNPG segments

crystallize in the core, and affect the size and morphology of the obtained aggregates.
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Zhang et al. reported the self-assemblies of PSar-b-PNDG driven by crystallization in
methanol.*® The copolymers first form spherical micelles, which are converted into
cylindrical micelles driven by the crystallization of PNDG. Through the advancement
of the crystallization, all the spherical micelles are consumed and the cylinders grow

longer and longer, and eventually a large number of nano-fibers are obtained.

The team of Luxenhofer, studied a series of copolypolypeptoids in which PSar
serves as a hydrophilic block, and the polypeptoids with different length of N-
substituent groups (from ethyl to pentyl) as the second block.'3! As revealed by the
determination of critical micellar concentration (CMC), the copolypeptoid with longer
N-substituent groups has lower CMC, and is more likely to aggregate in water. For the
same type of copolymers, the higher the proportion of hydrophobic segment, the larger
the hydrodynamic diameter of resulted self-assemblies. They also compared the size
and structure of various copolypeptoids prepared by nanoprecipitation and film
hydration methods.'® According to the DLS and TEM results, most of the
copolypeptoids form nonergodic self-assemblies, including spherical micelles, worm-

like micelles, vesicles and lamellae, with wide distributions in morphologies and sizes.
1.6 Conclusion

With robust cell-mimicking bilayer structure, polymersome has high stability
and drug-loading capability, and has been considered as a promising drug delivery
vehicle for biomedical applications. The high MW and low mobility of the composing
copolymers cause the nonergodicity of polymeric self-assemblies. Therefore, the
morphologies of self-assemlies including polymersomes depend largly on the
preparation methods and conditions.  Using stimuli-responsive polymersomes, smart
drug delivery can be achieved by changing the membrane permeability, creating defects
in the membrane or prompting structural disruption of polymersomes under the action
of various stimuli. Among these stimuli, ROS, highly oxidative substances, have a

variety of sources and also accumulate at relatively higher level in tumor and
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inflammatory tissues. Therefore, ROS play an active role in cancer treatment. The
research on polymersomes including ROS-function is emerging in both fundamental

and applied fields.

For biomedical applications, the biocompatibility of polymersomes and their
composing copolymers, is a key point to be considered. Polypeptoids, the derivatives
of polypeptides bearing substituting group on the nitrogen atom of amides, show good
biocompatibility and biodegradability as polypeptides. Moreover, because of the
absence of of intra- and intermolecular hydrogen bonds polypeptoids have much better
solubility in common organic solvent than polypeptides. The synthesis and self-
assembly of polypeptoid-containing block copolymers harvest more and more
attentions. Polypeptoid vesicle system is a new fertile land waiting for deep

investigation and exploitation.

This PhD thesis aims to synthesize novel polypeptoid-containing amphiphilic
block copolymers, to prepare polypeptoid vesicles through controlled self-assembly,
and to develop stimuli-responsive, especially oxidation-responsive polypeptoid

vesicles.

In the following texts, the Chapter 2 is focused on the preparation of
polypeptoid-containing amphiphilic block copolymers through ROP of NNTAs. The
syntheses of copolymers PCL-b-PSar, PSar-b-PCL-b-PSar, PEG-block-poly(N-3-
(methylthio)propyl glycine) (PEG-b-PMeSPG) and PMeSPG-b-PSar are described.
The Chapter 3 presents the self-assemblies of triblock copolymers PSar-b-PCL-b-PSar.
Thermo-induced morphological transformation of self-assemblies towards vesicle
formation is highlighted. The Chapter 4 discusses the self-assemblies of PEG-b-
PMeSPG and PMeSPG-b-PSar  with  different  compositions, MWs,
hydrophilic/hydrophobic ratios, using different methods like nanoprecipitation, fil;

hydration and double emulsion. Finally, in the last Chapter 5, we present the oxidation-
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responsive and photo-responsive polymersomes based on PMeSPG-b-PSar where

PMeSPG contains thioether side groups.
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Chapter 2. Synthesis of Polypeptoid-Containing
Amphiphilic Block Copolymers

2.1 Introduction

To develop polypeptoid materials for further applications, their syntheses are
the first step. The ring-opening polymerization (ROP) of amino acid NCA is the most
widely-used method for polypeptide and polypeptoid syntheses.l 2 However, the
application of NCA is seriously limited because of their high sensibility to moisture and
heat and their instability upon storage.® In contrast, amino acid NTA, the thio-analog
of amino acid NCA, is much more robust. But its relatively low reactivity restricted for
a long time its use to stepwise synthesis.* ® Kricheldorf reported in 2008 the ROP of
Leu-NTA, Phe-NTA and Sar-NTA initiated by primary amine and prepared poly(amino
acids) with well-defined structures.® Based on the interfacial ROP of NTAs in hexanes
or heptane suspension, Zhang and coworkers achieved the synthesis of polypeptides
with controlled MWs and narrow MW distributions.” The group of Ling made
systematic researches on the solution ROP of NTAs, and through the initiation of
primary amines or rare earth catalysis, in optimized conditions (at 60 <C, in the solution
of THF or acetonitrile), the controlled polymerizations of Sar-NTA, NBG-NTA, NEG-
NTA and DOPA-NTA are successfully realized.3*3

To obtain new polypeptoid-containing amphiphilic block copolymers, we
employed the ROP of NTAs in this chapter, ether by the initiation of macromolecular
initiators, or sequential feeding of different NTA monomers. Three kinds of
polypeptoid-containing amphiphilic block copolymers have been elaborated. The first
one contains PSar and PCL blocks; the second one contains PEG and PMeSPG blocks;

the third one contains PSar and PMeSPG blocks.

For the block copolymers composed of PSar and PCL blocks, Mitsunobu

reaction is first applied to synthesize oxyamino-ended PCLs, which act as the
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macromolecular initiators for ROP of Sar-NTA to produce diblock copolymers PCL-b-
PSar and triblock copolymers PSar-b-PCL-b-PSar. For the block copolymers contained
PMeSPG, a thioether-bearing N-substituted glycine, N-3-(methylthio)propyl glycine
(MeSPG) is first synthesized from methionine through a “decarboxylation—N-
carboxymethylation” procedure followed by a cylization to monomer MeSPG-NTA.
Then, amphiphilic block copolymers PEG-b-PMeSPG is obtained from the ROP of
MeSPG-NTA initiated by amino-ended PEG (PEG-NH:), while amphiphilic block
copolymers PMeSPG-b-PSar is prepared by the ROP initiated by benzylamine with the
sequential monomer feeding of MeSPG-NTA and Sar-NTA.

2.2 Experimental section
2.2.1 Materials

Sarcosine (98%, Sigma Aldrich), carbon disulfide (99%, Alfa Aesar), sodium
chloroacetate (98%, Alfa Aesar), phosphorus tribromide (99%, Sigma Aldrich),
diphenyl phosphate (DPP, 99%, Acros Organics), N-hydroxyphthalimide (NHP, 99%,
Adamas Reagent), triphenyl phosphine (PPhs, 99%, Adamas Reagent), diisopropyl
azodicarboxylate (DIAD, 98%, J&K Chemical), D,L-Methionine (98%, Sigma
Aldrich), PEG-NH2 (MW = 2000 Da, Polymer Source), sodium hydroxide (NaOH,
99%, VWR), magnesium sulfate (MgSQa, dry, 98%, VWR), glyoxylic acid (50 wt%
aqueous solution, Alfa Aesar), R-(—)-carvone (98%, Alfa Aesar), 1-octanol (99%,
Acros), methanol (99%, VWR), diethyl ether (99%, VWR), DCM (99%, VWR),
chloroform (99%, VWR), hydrochloric acid (HCI, 37 wt% aqueous solution, VWR),
ethyl acetate (99%, VWR), petroleum ether (boiling point 40-60 <C, VWR) and
hydrazine (Sinopharm Chemical Reagent) were used as received. THF and toluene
were  refluxed before use over sodium/benzophenone  ketyl and
potassium/benzophenone ketyl, respectively. CL, benzyl alcohol (BO), 1,4-butanediol
(BDO), benzylamine (BA) and acetonitrile (CH3CN) were stirred over CaHz (95%,
Sigma Aldrich) and distilled.
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2.2.2 Synthesis of Sar-NTA

Typically S-ethoxythiocarbonylmercaptoacetic acid (XAA) was firstly prepared
through the reaction of NaOH, ethanol, carbon disulfide and the following addition of
sodium chloroacetate (molar ratio = 1:1.5:1.5:1), and then extracted by chloroform after
acidification. Equivalent amounts of sarcosine and XAA were dissolved in basic
aqueous solution to obtain N-ethoxythiocarbonylsarcosine (Sar-XAA). PBr3 (1.2 times
of Sar-XAA) was utilized to catalyze the cyclization of Sar-XAA, and eventually Sar-
NTA was obtained after column chromatographic purification (ethyl acetate :

petroleum ether =1 : 3). 'H-NMR (CDCIs/TMS) 6: 3.11 ppm (s, 3H), 4.21 ppm (s, 2H).
2.2.3 Synthesis of oxyamino-ended PCLs

All the polymerizations were performed using Schlenk technique, and all the
polymerization tubes were predried and purged with argon. A typical synthesis
procedure is described as follows. CL (15.0 mL, 140 mmol), DPP (0.528 g, 2.11 mmol)
and BO (0.31 mL, 2.84 mmol) were dissolved in toluene (39 mL) with stirring for 7 h
at 25 °C. The polymer was isolated by precipitation from cold methanol and dried under
vacuum (15.347 g, 91.0%). The obtained hydroxyl-ended PCL (PCL-OH) was then
dissolved in DCM with NHP (0.548 g, 4.18 mmol) and PPhs (0.904 g, 4.18 mmol).
DIAD (0.6 mL, 3.88 mmol) was then added to the mixture cooled with ice-water bath.
The reaction lasted for 18 h with stirring and afterwards precipitated by cold methanol.
The reaction was repeated twice to fulfill the conversion, and thus PCL-O-NHP was
obtained (14.721 g). Hydrazine (0.11 mL, 3.41 mmol) was added dropwise to the DCM
solution of PCL-O-NHP and reacted for 30 min. Some wax-like precipitates appeared
in the solution and were removed by filtration. The purified polymer was isolated by
dropping the filtrate in cold methanol. After being dried in vacuum, the oxyamino-
ended PCL (PCL-ONHz) was obtained (10.654 g, 69.2%). When the synthesis started
with BDO as the initiator, the double oxyamino-ended PCL (H2NO-PCL-ONH?2) could

be obtained.
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2.2.4 Synthesis of PCL/PSar block copolymers

The ROP of Sar-NTA initiated by PCL-ONH2 and H2NO-PCL-ONH2 were
conducted with Schlenk line. As a typical synthetic procedure, H2NO-PCL40-ONH:
(0.645 g, 0.138 mmol) was firstly added to a Schlenk tube, which was connected to
Schlenk line. The PCL was dried at 70 <C under vacuum for 4 h, followed by the refill
of argon. Anhydrous THF (8.8 mL) was added to dissolve the PCL initiator, then Sar-
NTA (0.429 g, 3.27 mmol) was added with stirring at 60 <C. The polymerization was
quenched after 24 h and precipitated from diethyl ether. After being dried in vacuum,

the triblock copolymer PSar-b-PCL-b-PSar was obtained (0.466 g, 54.8%).
2.2.5 Synthesis of MeSPG-NTA

MeSPG hydrochloride was firstly synthesized in basis of methionine. As a
typical reaction, methionine (20.1 g, 0.134 mol) was dissolved in 100 mL 1-octanol,
followed by the addition of R-(—)-carvone (40.3 g, 0.268 mol). The suspension was
stirred in reflux at 195 <C, and turned into homogeneous solution after 30 min. 100 mL
2 M HCI was then added to the system and keep reflux for 10 min. Methionine was
decarboxylated to 3-(methylthio)propyl amine (MeSPA) at this acidic high-temperature
situation.’* After the solution was cooled down, glyoxylic acid aqueous solution (50
wit%, 39.7 g, 0.268 mol) was added with 50 mL 2 M HCI and the system was refluxed
again at 120 <C for 12 h. During this step MeSPA was carboxymethylated to N-
substituted glycine.®®> The solvent was removed by evaporation and solid was
precipitated from the addition of acetone. After twice of crystallization by acetone,
MeSPG hydrochloride was obtained (20.7 g, yield = 77.3%). MeSPG-NTA was
synthesized by the same procedure of Sar-NTA from MeSPG hydrochloride and XAA.
The crude product was purified by column chromatography (ethyl acetate : petroleum
ether =1:5). Yellow oil was obtained (10.3 g, yield 37.4%) and stored under an argon
atmosphere. *H-NMR (CDCI3/TMS) & 1.94 ppm (m, 2H), 2.12 ppm (s, 3H), 2.55 ppm
(t, 2H), 3.64 ppm (t, 2H), 4.22 ppm (s, 2H). 3C-NMR (CDCI3/TMS) & 15.63 ppm (-
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CH2CH2CH2SCHs), 26.74 ppm (-CH2CH2CH2SCHs), 31.20 ppm (-CH2CH2CH2SCHs),
43.35 ppm (-CH2CH2CH2SCHs), 60.16 ppm (-NCH2CO-), 165.02 ppm (-NCOSCO-),
193.77 ppm (-NCOSCO-).

2.2.6 Polymerization of MeSPG-NTA

All the ROP reactions of MeSPG-NTA were conducted with Schlenk line. In a
typical reaction, MeSPG-NTA (0.305 g, 1.48 mmol) was dissolved in 3.0 mL of dry
THF, followed by 0.26 mL THF solution of BA (0.0768 M). The tube was sealed and
placed in a 60 <T oil bath for 48 h. The polymer was isolated by precipitation from
diethyl ether and dried in a vacuum (0.186 g, 86.6%).

2.2.7 Synthesis of PEG-b-PMeSPG

As a typical synthetic procedure, PEG-NH2 (0.161 g, 0.080 mmol) was firstly
added to a Schlenk tube, which was connected to Schlenk line. The PEG was dried at
60 <C under vacuum for 4 h, followed by the refill of argon. Anhydrous THF (6.4 mL)
was added to dissolve the PEG-NH2, then MeSPG-NTA (0.645 g, 3.14 mmol) was
added with stirring at 60 <C. The polymerization was quenched after 48 h and
precipitated from diethyl ether. After being dried in vacuum, the block copolymer PEG-

b-PMeSPG was obtained (0.513 g, 83.2%).
2.2.8 Synthesis of PMeSPG-b-PSar

The syntheses of PMeSPG-b-PSar copolymers were conducted through the
sequential feeding of MeSPG-NTA and Sar-NTA. As a typical block copolymerization,
MeSPG-NTA (0.416 g, 2.03 mmol) was dissolved in 4.0 mL dry THF, followed by
0.38 mL THF solution of BA (0.1059 M). The tube was sealed and placed in a 60 C
oil bath. After 36 h, a small amount of solution was extracted from the reaction mixture
for the analytical investigations of the first block. Then Sar-NTA (0.279 g, 2.13 mmol)
was added to the system. The mixture was stirred for additional 24 h. The polymer was

isolated by precipitation from diethyl ether and dried in vacuum (0.354 g, 95.3%).
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2.2.9 Characterizations

MWs and polydispersity indices (P) were determined by gel-permeation
chromatography (GPC) which was consisted of a Waters 1515 isocratic high
performance liquid chromatograph pump, two columns of PL gel 5 um MIXED-C and
a refractive index (RI) detector. DMF containing 0.01 M LiBr (or 0.05 M) was used as
the eluent with a flow rate of 1.0 mL/min at 60 <C. Commercial monodispersed PS,

PEG and poly(methyl methacrylate) (PMMA) were used as the calibration standards.

NMR spectra were recorded on a Bruker Avance DMX 500 or Bruker Avance

DMX 400 spectrometer with deuterium oxide (D20), DMSO-ds or CDCls as solvent.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometer
(MALDI-ToF MS) was measured on a Bruker UltraFLEX MALDI-ToF mass
spectrometer. The nitrogen laser wavelength was set at 337 nm with a pulse interval of
3 ns. The acceleration voltage was set at 20 kV in reflection mode. 2,5-

dihydroxybenzoic acid (DHB) is used as the substrate.

2.3 Results and discussion
2.3.1 PCL-h-PSar and PSar-b-PCL-b-PSar

We employed a totally metal-free protocol to prepare the amphiphilic di- and
triblock polyester/polypeptoid copolymers. The synthesis is conducted in a sequential
approach, through a three-step procedure of “ROP of CL—end group transition—ROP of
Sar-NTA” (Scheme 2.1). Firstly we synthesize PCLs with different MWSs by ROP of
CL with DPP as catalyst.?®* BO and BDO are chosen as the initiators respectively for
PCLs with one (PCL-OH) or two terminal hydroxyl group(s) (HO-PCL-OH). The
transformation from hydroxyl to oxyamino group is achieved based on Mitsunobu
reaction.!” Three PCL-ONH: and three NH20-PCL-ONH: are synthesized with
controlled DPs, narrow MW distributions and high yields (Table 2.1, PCL1 to PCL6).
ROP of Sar-NTA is then initiated by these PCL oxyamines on Schlenk line. Di- and
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triblock copolymers, PSar-b-PCL and PSar-b-PCL-b-PSar, with different MWs and
hydrophilic/hydrophobic ratios are obtained (see Table 2.1, CS1 to CS13). Figure 2.1
reveals the *H-NMR spectra of HO-PCL40-OH, the intermediate NHP-O-PCL40-O-
NHP and the oxyamino-ended H2NO-PCL40-ONHgz, that is PCL5 in Table 2.1, and
confirms the complete transition of the end groups. *H-NMR spectrum of CS10 (Figure
2.2) shows legible signals from both PCL and PSar blocks, while GPC traces of CS10
together with that of its initiator PCL5 (Figure 2.3) show clearly a MW increase from
9.0 kDa for PCL5 to 14.5 kDa for CS10 without distribution broadening (B from 1.25
to 1.24). These results indicate the successful polymerization of Sar-NTAs initiated by
oxyamino-ended PCL5, generating CS10 with explicit block copolymer structure. In
addition, the ABA triblock structure of PSar-b-PCL-b-PSar is reported for the first time,
and its synthetic route through direct oxyamine-initiated ROP is much easier compared
to PEG-b-PCL-b-PEG copolymers, which need additional coupling reactions between

PCL and PEG.t®

o

©/\ b@/\{ﬂ\m)\ NHP NHNm@/\%“\/\/\/}\NH,
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@
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Scheme 2.1. Preparation of diblock and triblock copolymers PCL-b-PSar and PSar-b-
PCL-b-PSar.
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Table 2.1. Syntheses of oxyamino-ended PCL macro-initiators and block copolymers

PCL-b-PSar and PSar-b-PCL-b-PSar.

Manmr — Mi gre Yield
Sample Initiator T (T) [M/I] Composition 2 fosarwt PP

(kDa)* (kDa)® (%)
PCL1 BO 50 20 PCL20-ONH: - 2.3 3.9 112 925
PCL2 BO 50 35 PCL35-ONH; - 4.1 6.4 112 69.2
PCL3 BO 50 70 PCLgo-ONH; - 9.2 141 136 743
PCL4 BDO 50 28 HoNO-PCL2s-ONH; - 3.2 55 117 816
PCL5 BDO 50 35 HoNO-PCL4o-ONH; - 4.7 9.0 125 654
PCL6 BDO 50 70 H2NO-PCL70-ONH; - 8.1 148 130 78.9
CS1 PCL1 60 23 PCL2o-b-PSars 20% 2.9 5.0 116 50.8
CS2 PCL1 60 19 PCL2o-b-PSar4 43% 4.0 6.2 124 61.6
CS3 PCL1 60 38 PCL2o-b-PSaras 60% 5.7 9.2 124 73.9
Cs4 PCL2 60 30 PCL3s-b-PSars 10% 4.5 7.0 1.18 58.6
CS5 PCL3 60 70 PCLgo-b-PSar 35% 14.2 215 135 821

CS6 PCL4 60 11 PSars-b-PCL2g-b-PSar, 15% 3.8 6.8 135 >99
CS7 PCL4 60 21 PSarg-b-PCLog-b-PSars ~ 25% 4.3 7.9 1.37 956
CS8 PCL4 60 20 PSaris-b-PCLag-b-PSaris  36% 6.3 8.4 1.30 913
CS9 PCL4 60 48 PSarx-b-PCLag-b-PSar,  48% 6.3 10.7 141 924
CS10 PCLS5 60 22 PSarie-b-PCL4o-b-PSarie  34% 7.0 145 124 548
CS11 PCL6 60 38 PSario-b-PCL7-b-PSarie  14% 9.6 189 137 823
CS12 PCL6 60 62 PSario-b-PCL7o-b-PSarie  26% 10.8 228 136 685

CS13 PCL6 60 48 PSarzs-b-PCL7o-b-PSars  29% 114 218 135 839

2 Calculated from the integrals in *H-NMR spectra; ® Determined by GPC in 0.05 M
LiBr/DMF, with rate at 1 mL/min, PMMA as standard.
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Figure 2.1. *'H-NMR spectra of HO-PCL40-OH, NHP-O-PCL40-O-NHP and H2NO-
PCL40-ONH2 (PCL5) in CDCls.
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Figure 2.2. 'H-NMR spectrum of CS10 (PSaris-b-PCLa4o-b-PSaris) in DMSO-ds.
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Figure 2.3. GPC traces (0.05 M LiBr/DMF as eluent) of (A) PCL5 (H2NO-PCLa4o-
ONH) and (B) CS10 (PSaris-b-PCL40-b-PSaris).

82



Chapter 2. Synthesis of Polypeptoid-Containing Amphiphilic Block Copolymers

—7r1r r r r 1. 1 1 r - 1 1 ° 1
13.0 135 14.0 14.5 15.0 15.5 16.0 16.5 17.0 17.5

Retention Time

Figure 2.4. GPC traces (0.05 M LiBr/DMF as eluent) of (A) PCL4, (B) CS6, (C) CS7
and (D) CS8.

Nevertheless, DPs of PSar blocks could not be accurately controlled by feeding
ratio. As listed in Table 2.1, B of copolymers are not always below 1.2. Tails and
shoulders are often recorded in the GPC traces of some copolymer samples (Figure 2.4).
These observations can be explained by two factors. On one hand the oxyamino group
is less nucleophilic than alkylamino group and has a relatively low initiation activity.
Thus the initiation reaction is slow, which may results in relatively high . On the other
hand the relatively low reactivity of NTA makes it necessary to have relatively long
reaction time (up to 48 h) and high reaction temperature (60 <C). Consequently the
possibility of side reactions increases, e.g., the nucleophilic attack of amino end groups
on ester linkages of PCL block that makes chain scission and forms chains of low MWs

detected as shoulders and tails in GPC traces.
2.3.2 PMeSPG and PEG-b-PMeSPG

The N-substituted thioether-bearing amino acid, MeSPG, is firstly synthesized

from the natural amino acid methionine, through a sequential one-pot
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“decarboxylation—N-carboxymethylation” procedure (Scheme 2.2). We implemented
this method, for the first time, to transfer the substituent group R of amino acid from
C-substituted position (C-R) to N-substituted position (N-R). Potentially, a number of
N-R glycines can be readily synthesized from natural amino acids using this approach.
MeSPG-NTA is obtained from the following cyclization reaction, as a new NNTA
monomer with thioether-containing N-substituent side chain (Figure 2.5 shows the H-
NMR and *C-NMR results of MeSPG-NTA). PMeSPG is synthesized through ROP of
MeSPG-NTA (Scheme 2.3) initiated by benzylamine, with different DPs depending on
the monomer/initiator ([M]/[1]) feeding ratios (Table 2.2). Polymer with MW over
27000 Da is obtained, while D is maintained within 1.22. As shown in Figure 2.6, all
the PMeSPG samples have relatively narrow and symmetric unimodal GPC traces, and
are in an order from right to left, as the MW increases. The MALDI-ToF result of P1
(Figure 2.7) confirms the BA-initiated and secondary amino-ended structure. These
results indicate good controllability of the polymerization.
/S\/INHZ (R)-(-)-carvone ___2M HCI _S _~_NH,
o y  OCtOH, 195°C 195 °C

(o) 3-(methylthio)propylamine
methionine (MeSPA)

o s AL
s NH, , ~2~OH 2M HCI I OH
I * o/\ﬂ/ reflux
MeSPA o N-3-(methylthio)propyl glycine
(MeSPG)

OH
MeSPG S-ethoxythiocarbonyl-

S
mercaptoacetic acid MeSPG-XAA
(XAA)

fo) (o)
HLOH PBr, N(Q S
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Scheme 2.2. Synthetic route of MeSPG and MeSPG-NTA
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Figure 2.5. (A) *H-NMR and (B) 3C-NMR spectra of MeSPG-NTA
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Scheme 2.3. Synthesis of PMeSPG through ROP of MeSPG-NTA
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Table 2.2. Syntheses of PMeSPG homopolymers.

Sample [M]/[I]] Solvent Time Yield DP?2 Mnnvr® Micrc? DP

P1 46 CHsCN 24h 89.6% 40 5800 6700 1.11
P2 79 THF 40h 72.6% 65 9400 11200 1.11
P3 75 THF 48h 82.6% 75 10900 14200 1.15
P4 100 THF 48h 64.2% 84 12200 17800 1.14
P5 200 THF 64h 775% 186 27000 25000 1.22

2 Calculated from the integrals in *H-NMR spectra; ® Determined by GPC in 0.01 M

LiBr/DMF, with rate at 1 mL/min, PS as standard.
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Figure 2.6. (A) *H-NMR spectrum of P4 (PMeSPGgz), in DMSO-ds; (B) GPC traces

of PMeSPG homopolymers P1-P5, 0.01 M LiBr/DMF as eluent.
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Figure 2.7. MALDI-ToF of P1 (PMeSPGuo), with potassium trifluoroacetate as ionizer

and DHB as substrate.

Encouraged by the successful syntheses of PMeSPG homopolymers, the block
copolymers PEG-b-PMeSPG were developed as a further step, with amino-ended PEG
of MW = 2000 Da (PEG4s-NH3) as the macromolecular initiator (Scheme 2.4). As listed
in Table 2.3, by controlling the feeding ratio, three PEG-b-PMeSPG amphiphilic block
copolymers are synthesized of different MWs and hydrophilic/hydrophobic ratios:
EM1 (PEGas-b-PMeSPG17), EM2 (PEGus-b-PMeSPGa) and EM3 (PEGas-b-
PMeSPG71). The MW distribution of the copolymers can be controlled within 1.2.
Figure 2.8 shows the 'H-NMR spectrum of EM3 and GPC traces of the three

copolymers, revealing the clear structure and controllable MWs.

NH
H( S A &
S\/\/ in THF, 60 °C 45 S

MeSPG-NTA PEG-b-PMeSPG

7/
S
\

Scheme 2.4. Synthesis of PEG-b-PMeSPG through ROP of MeSPG-NTA initiated by

PEGas-NHo2.
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Table 2.3. Syntheses of PEG-b-PMeSPG copolymers.

Sample [M]/[I]] Yield DPwmespc/DPec? freewt? Mnnvr2 Mncrc® DP

EM1 14 91.1% 17/45 45% 4400 3600 1.14
EM2 39 83.2% 40/45 26% 7700 4900 1.19
EM3 82  82.5% 71/45 16% 12300 7700 1.15

2 DPs, MWs and PEG weight ratios (freewt) are calculated from the integrals in ‘H-
NMR spectra; ® Determined by GPC in 0.01 M LiBr/DMF, with rate at 1 mL/min, PEG

as standard.
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T T T T T T T T T T 1 ! ! 1 i T T T
60 55 50 45 40 35 30 25 20 15 10 170 175 180 185 19.0 195 200 205
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Figure 2.8. (A) *H-NMR spectrum of EM3 (PEGas-b-PMeSPGr1); (B) GPC traces of

PEG-b-PMeSPG copolymers EM1-EM3, 0.01 M LiBr/DMF as eluent.
2.3.3 Amphiphilic block copolypeptoid PMeSPG-b-PSar

Block copolypeptoids can be synthesized through sequential feeding of different
NNTA monomers.® After confirming the amino-ended structure of PMeSPG by
MALDI-ToF (Figure 2.7), the amphiphilic block copolypeptoid PMeSPG-b-PSar is
designed and synthesized, by sequential monomer feeding of MeSPG-NTA and Sar-
NTA (Scheme 2.5). As the results, copolypeptoids MS1 (PMeSPGas-b-PSares), MS2
(PMeSPGeo-b-PSarso) and MS3 (PMeSPGrs-b-PSarzs) are obtained with different

hydrophilic/hydrophobic ratios and similar MWs. The 'H-NMR spectra (Figure
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2.9A—C) show legible signals from both PMeSPG and PSar blocks, while The GPC
results (Figure 2.9D—E) reveal a shift of monomodal traces towards shorter retention
time, from the first block to the terminated copolymer. The block structure of the

copolypeptoids is well confirmed.

MeSPG-NTA Sar-NTA |
(0] 0 S
N([(S ([(S [o) y
~ e
NH2 /S\/\/ \<o Y \<o H WN):"
> > o |
in THF, 60 °C, 36 h

in THF, 60 °C, 36 h

PMeSPG-b-PSar

Scheme 2.5. Synthesis of PMeSPG-b-PSar through sequential monomer feeding and
ROP of MeSPG-NTA and Sar-NTA.

Table 2.4. Syntheses of PMeSPG-b-PSar copolypeptoids.

Sample [MeSPG] : [Sar] : [1] Yield DPwmespc/DPsar? fesar,wt 2 Mn, NMR & Mn, cpc? D P

MS1 50:70:1 95.3% 45/65 41% 11200 15400 1.20
MS2 70:55:1 85.6% 60/50 29% 12300 15100 1.21
MS3 97:44:1 71.4% 75/25 14% 12700 17600 1.20

2 DPs, MWs and PSar weight ratios (fesarwt) are calculated from the integrals in *H-

NMR spectra; ® Determined by GPC in 0.01 M LiBr/DMF, with rate at 1 mL/min, PS

as standard.

89



Stimuli-Responsive Polymersomes Based on Polypeptoids

d

A\

rFrYrrrTrTvrTrTrrTrTrTrTvorTroT
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5
5 (ppm)

- f D
Al s!. H,D MSO
e Copolymer Firjl block
o c’d Y
-8 g f
Ry NPK’NZ.(‘H/\Ni'H
R H' b %G s R
o h b+ ¢ d
: o 7
e
L
T

L I T L I
17.5 18.0 18.5 19.0 19.5 20.0 20.5
Retention Time (min)

B-Il f E

P
a Q ‘\:/Ei
g
ORI
a_
B-I f
c e d
a J—P'Lj b\

| DL DL DL DL DL L DL DL LA LA DL DL |
7.5 7.0 6.5 6.0 55 5.0 45 4.0 3.5 3.0 25 2.0 1.5
5 (ppm)

Copolymer  First block

T T M T M T T T T T T T
17.5 18.0 18.5 19.0 19.5 20.0 20.5
Retention Time (min)

c-ll |f
e S F

a g :(rd g
@”n”ﬁ:”ﬁfzﬁ"

Copolymer First block

C-
a M

T T T T T T T M T v
17.5 18.0 18.5 18.0 19.5 20.0 20.5
Retention Time (min)

T:S‘7TIJ‘G:S‘BTIJ‘5:5'5!0‘4f5'4!0,3f5'310-2:5I210'1:5
3 (ppm)

Figure 2.9. *H-NMR spectra of (A) MS1, (B) MS2 and (C) MS3 revealing structures

of the first blocks (1) and the terminated copolymers (I1); GPC traces of (D) MS1, (E)

MS2 and (F) MS3 revealing MWs of the first blocks (dash red) and the terminated

copolymers (solid blue).
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2.4 Conclusion

We synthesized three kinds of polypeptoid-containing amphiphilic block
copolymers: di- and triblock copolymers PCL-b-PSar and PSar-b-PCL-b-PSar,
PMeSPG-containing copolymers PEG-b-PMeSPG and PMeSPG-b-PSar. The diblock
PCL-b-PSar and triblock PSar-b-PCL-b-PSar are obtained from ROP of Sar-NTA,
initiated by oxyamino-ended PCL-ONH2 and H2NO-PCL-ONHz, respectively. Among
them PSar-b-PCL-b-PSar has a scarcely reported ABA structure with PCL in the middle,
and PSar blocks at both sides. The thioether-bearing polypeptoid PMeSPG is
synthesized from controlled ROP of a new NNTA monomer, MeSPG-NTA, developed
for the first time by us. MeSPG-NTA is obtained from methionine using a
“decarboxylation—N-carboxymethylation” procedure followed by a cyclization
reaction. The ROP of MeSPG-NTA initiated by PEGas-NH: results in PEG-b-PMeSPG
amphiphilic block copolymers with different MWs and hydrophilic/hydrophobic ratios,
i. ., EM1 (PEGu4s-b-PMeSPG17), EM2 (PEGass-b-PMeSPG40) and EM3 (PEGus-b-
PMeSPGr1). The amphiphilic block copolypeptoid PMeSPG-b-PSar is synthesized
from the sequential monomer feeding of MeSPG-NTA and Sar-NTA in the amine-
initiated ROP. The reaction is well controlled and gives copolypeptoids including MS1
(PMeSPGus-b-PSares), MS2 (PMeSPGso-b-PSarso) and MS3 (PMeSPGrs-b-PSarzs).
The chain structures of all these block copolymers are confirmed by NMR, GPC and

MALDI-ToF.

91



Stimuli-Responsive Polymersomes Based on Polypeptoids

References

1. Kricheldorf, H. R., Polypeptides and 100 Years of Chemistry of a-Amino Acid N-
Carboxyanhydrides. Angew. Chem. Int. Ed. 2006, 45 (35), 5752-5784.

2. Deming, T. J., Polypeptide and polypeptide hybrid copolymer synthesis via NCA
polymerization. In Peptide Hybrid Polymers, Klok, H. A.; Schlaad, H., Eds. 2006; Vol. 202, pp
1-18.

3.  Kramer, J. R.; Deming, T. J., General Method for Purification of alpha-Amino acid-N-
carboxyanhydrides Using Flash Chromatography. Biomacromolecules 2010, 11 (12), 3668-
3672.

4. Kato, H.; Higashim.T; Okamura, S., Condensation polymerization of N-dithiocarbonyl
alkoxycarbonyl amino acids .V. Studies on reaction mechanism. Makromol Chem 1967, 109
(Nov), 9-21.

5. Dewey, R. S.; Schoenew.Ef; Joshua, H.; Paleveda, W. J.; Schwam, H.; Barkemey.H;
Arison, B. H.; Veber, D. F.; Denkewal.Rg; Hirschma.R, Synthesis of peptides in aqueous
medium .V. Preparation and use of 2,5-thiazolidinediones (NTAs) . Use of 13C-H nuclear
magnetic resonance signal as internal standard for quantitative studies. J Am Chem Soc 1968,
90 (12), 3254-3255.

6. Kricheldorf, H. R.; Sell, M.; Schwarz, G., Primary amine-initiated polymerizations of
alpha-amino acid N-thiocarbonic acid anhydrosulfide. J. Macromol. Sci., Pure Appl. Chem.
2008, 45 (6), 425-430.

7. Cao, J,; Siefker, D.; Chan, B. A;; Yu, T.; Lu, L.; Saputra, M. A.; Fronczek, F. R.; Xie, W.;
Zhang, D., Interfacial Ring-Opening Polymerization of Amino-Acid-Derived N-
Thiocarboxyanhydrides Toward Well-Defined Polypeptides. ACS Macro Lett. 2017, 6 (8), 836-
840.

8. Tao, X.; Deng, Y.; Shen, Z.; Ling, J., Controlled Polymerization of N-Substituted Glycine
N-Thiocarboxyanhydrides Initiated by Rare Earth Borohydrides toward Hydrophilic and
Hydrophobic Polypeptoids. Macromolecules 2014, 47 (18), 6173-6180.

9. Tao, X.; Zheng, B.; Kricheldorf, H. R.; Ling, J., Are N-Substituted Glycine N-
Thiocarboxyanhydride Monomers Really Hard to Polymerize? J. Polym. Sci., Part A: Polym.
Chem. 2017, 55 (3), 404-410.

10. Tao, X.; Zheng, B.; Bai, T.; Zhu, B.; Ling, J., Hydroxyl Group Tolerated Polymerization
of N-Substituted Glycine N-Thiocarboxyanhydride Mediated by Aminoalcohols: A Simple
Way to alpha-Hydroxyl-omega-aminotelechelic Polypeptoids. Macromolecules 2017, 50 (8),
3066-3077.

92



Chapter 2. Synthesis of Polypeptoid-Containing Amphiphilic Block Copolymers

11. Tao, X.; Zheng, B.; Bai, T.; Li, M.-H.; Ling, J., Polymerization of N-Substituted Glycine
N-Thiocarboxyanhydride through Regioselective Initiation of Cysteamine: A Direct Way
toward Thiol-Capped Polypeptoids. Macromolecules 2018.

12. Tao, X.; Deng, C.; Ling, J., PEG-amine-initiated polymerization of sarcosine N-
thiocarboxyanhydrides toward novel double-hydrophilic PEG-b-polysarcosine diblock
copolymers. Macromol. Rapid Commun. 2014, 35 (9), 875-881.

13. Miao, Y.; Xie, F.; Cen, J.; Zhou, F.; Tao, X.; Luo, J.; Han, G.; Kong, X.; Yang, X.; Sun,
J.; Ling, J., Fe3+@polyDOPA-b-polysarcosine, a T1-Weighted MRI Contrast Agent via
Controlled NTA Polymerization. ACS Macro Lett. 2018, 7 (6), 693-698.

14. Jackson, D. M.; Ashley, R. L.; Brownfield, C. B.; Morrison, D. R.; Morrison, R. W., Rapid
Conventional and Microwave-Assisted Decarboxylation of L-Histidine and Other Amino Acids
via Organocatalysis with R-Carvone Under Superheated Conditions. Synth. Commun. 2015, 45
(23), 2691-2700.

15. Gibbs, T. J. K.; Boomhoff, M.; Tomkinson, N. C. O., A mild and efficient method for the
one-pot monocarboxymethylation of primary amines. Synlett 2007, (10), 1573-1576.

16. Makiguchi, K.; Satoh, T.; Kakuchi, T., Diphenyl Phosphate as an Efficient Cationic
Organocatalyst for Controlled/Living Ring-Opening Polymerization of delta-Valerolactone and
epsilon-Caprolactone. Macromolecules 2011, 44 (7), 1999-2005.

17. Schlick, T. L.; Ding, Z. B.; Kovacs, E. W.; Francis, M. B., Dual-surface modification of
the tobacco mosaic virus. J. Am. Chem. Soc. 2005, 127 (11), 3718-3723.

18. Zhou, Y. Y.; Li, L.; Chen, W.; Li, D. A.; Zhou, N. C.; He, J. L.; Ni, P. H.; Zhang, Z. B.;
Zhu, X. L., A twin-tailed tadpole-shaped amphiphilic copolymer of poly(ethylene glycol) and
cyclic poly(epsilon-caprolactone): synthesis, self-assembly and biomedical applications. Polym.
Chem. 2018, 9 (33), 4343-4353.

93






Chapter 3. Thermo-Responsive Self-Assembly of PSar-b-PCL-b-PSar

Chapter 3. Thermo-Responsive Self-Assembly of
PSar-b-PCL-b-PSar

3.1 Introduction

Drug delivery for smart diagnosis and treatment is a major approach where
polymeric self-assemblies have huge potential to be applied.! The suitable properties
for biomedical applications, including stealthiness, biocompatibility and
biodegradability, majorly depend on the employed amphiphilic block copolymers.
PEG-b-PCL is of great interest for preparation of self-assemblies, including
polymersomes, for biomedical uses, because both PEG and PCL have been applied in
polymeric drug-carrier formations which have entered clinical trials, and some drugs
containing them have been approved by FDA.% * PCL is a biocompatible and
biodegradable hydrophobic polymer which shows slow erosion kinetics and a certain
stability against degradation under neutral pH environments.* PEG is a water-soluble
macromolecule with anti-fouling property.?2 Nano- and giant vesicles prepared from
PEG-b-PCL by different methods have been intensively investigated,>® with discussion

on their formation mechanism® and on their biomedical applications.®

The synthetic polymer PEG has often been considered as a relatively benign and
immunologically safe material, and has been a common choice for the hydrophilic
block of copolymers. However, recent works have revealed that PEGs show oxidative
activity in physiological cellular environment'® and that PEGs can generate
complement activation products in human serum on a time scale of minutes.** 2 As a
water-soluble polypeptoid composed of natural amino acid sarcosine, PSar is
comparable with or even better than PEG in properties including biocompatibility,

biodegradability and anti-fouling ability.*®

In Chapter 2 we demonstrated the synthesis of PSar-b-PCL-b-PSar triblock
copolymers based in ROP of Sar-NTA with H2NO-PCL-ONH2 as macromolecular
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initiator. In this chapter, we study the self-assembly of this kind of triblock copolymers,
via vesicle preparation methods including nanoprecipitation and film hydration. Based
on the crystallization of PCL blocks, the thermo-responsive morphological transitions

are studied with the help of heating treatment.

3.2 Experimental section
3.2.1 Materials

DMF (99%, VWR), chloroform (99%, VWR), Nile Red (Sigma Aldrich). The
copolymers CS7 (PSars-b-PCLz2s-b-PSars) and CS10 (PSaris-b-PCL40-b-PSaris) were

prepared with the method described in Chapter 2.
3.2.2 Nanoprecipitation

Typically the copolymer was dissolved in 1 mL of DMF (at 0.5 or 0.1 wt%). 1
mL of deionized milli-Q water was injected slowly to the organic solution under mild
shaking (2—3 pL of water per minute to 1mL of polymer solution). The process of
nanoprecipitation was carried out at 25 <C. The turbid mixtures were then dialyzed
against water for 3 days (water was changed every 12 h) to remove DMF using a
Spectra/Por regenerated cellulose membrane with a molecular weight cutoff (MWCO)

of 3500.
3.2.3 Film hydration

The copolymer was dissolved in chloroform (1 wt%) with 0.01 wt% Nile Red,
and deposited on the surface of roughened Teflon. The polymer films were then dried
for > 4 h under vacuum and rehydrated in a 250 mmol/L sucrose aqueous solution. The
samples were subsequently sealed and heated at 65 <C for 24 to 48 h. Each aqueous
sample was then diluted in 250 mmol/L glucose aqueous solution at the ratio 30:70 for

the following microscopic observation.
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3.2.4 Characterizations

Differential scanning calorimetry (DSC) analyses were performed on a TA
Q200 instrument. The synthesized copolymers were heated from 0 to 130 <C at a rate

of 10 <C/min under a nitrogen purge.

Turbidity measurements were performed using a UV-2550 UV-Vis
spectrophotometer (Shimadzu) equipped with a TCC-240A temperature controlled cell
holder (Shimadzu). UV-Vis optical density (O.D.) of the samples was recorded at a

wavelength of 600 nm with a slit width of 2 nm.

Cryo-EM experiments were conducted in INSERM U1196, Institut Curie, in
collaboration with Sylvain Trepout. A total of 5 uL of samples were deposited onto a
200 mesh holey copper grid (Ted Pella Inc., U.S.A.) and flash-frozen in liquid ethane
cooled down at liquid nitrogen temperature. The images were acquired on a JEOL
2200FS energy-filtered (20eV) field emission gun electron microscope operating at 200
kV using a Gatan ssCCD 2048 %2048 pixels. Energy-filtered (Zero-loss) cryo-electron
tomography images were collected at 12000x (corresponding pixel size 0.8 nm) from -
64 <up to 64 “using a Saxton scheme (1 <at high tilts and 2<at low tilts). Energy-filtered
(Zero-loss) cryo-electron tomography images were collected at 12000x (corresponding
pixel size 0.8 nm) from -64 “up to 64 “using a Saxton scheme (1<at high tilts and 2 “at
low tilts). Alignment of the tilt-series and reconstruction of the final 3D volume were

computed using TomoJ v2.28.

CLSM images were obtained on a Nikon confocal laser-scanning microscope

A1R, with the laser of HeNe 543 nm.

The hydrodynamic diameters of the nanoparticles were measured by DLS, using
a particle size analyzer (Zetasizer Nano Series, Malvern Instruments) at 25 <C. The

measurements were made at a fixed angle at 90 <and a wavelength of 657 nm.
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Cytotoxicity test was conducted in collaboration with Vincent Semetey. The
experiment was carried out with a sample of the self-assemblies of CS10 prepared by
nanoprecipitation. In a 6-well culture plate (Nunc/ThermoScientific, Roskilde,
Denmark), 5000 cells/150 pL of cell suspension (L929 cell line) were used to seed each
well. The cells were incubated overnight to allow for cell attachment, recovery and
growth. CS10 suspensions were then added to the wells in order to obtain 6.9, 34.5, 69,
345, 690 g/mL as final concentration of CS10, respectively. Cells were incubated with
CS10 samples for 4 hours at 37 <C. The medium was then removed and replaced by 1.8
mL of fresh culture medium, and 200 puL of a 5 mg/mL solution of the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) in PBS (Sigma-Aldrich,
Saint-Quentin-Fallavier, France) was added to each well. Cells were incubated further
at 37 <C for 2 h. The resulting violet formazan precipitate was solubilized by the
addition of 500 uL. DMSO and was allowed to incubate at 37 <C for additional 10 min.
The samples were then analyzed on UV/Vis spectrophotometer (Lambda 800, Perkin
Elmer) at 540 nm to determine the absorbance. Experiments were performed in
triplicate. Relative cell viability was defined as the ratio of the absorbance of cells
incubated with CS10 self-assemblies over the absorbance of cells incubated only with

growth medium.

3.3 Results and discussion

Vesicular morphologies are generally considered to be generated from the block
copolymers possessing a hydrophilic weight fraction in the range of 35 10 wt%.*
Hence CS7 (PSars-b-PCL2s-b-PSars, fesar, wt = 25%) and CS10 (PSarie-b-PCLa4o-b-
PSaris, frsar, wt = 34%) are chosen for systematic studies of self-assembly in order to

obtain polymersomes.

98



Chapter 3. Thermo-Responsive Self-Assembly of PSar-b-PCL-b-PSar

3.3.1 Thermodynamic behaviors of PSar-b-PCL-b-PSar
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Figure 3.1. DSC thermograms of the first heating scan recorded at 10 <T/min: (A) the
triblock copolymers CS7 (PSars-b-PCL2s-b-PSars) and CS10 (PSaris-b-PCLao-b-
PSaris); (B) three homopolymerized PSar with DPs respectively at 10, 14 and 19. Tm is
the melting temperature of PCL block and Tg the glass transition of PSar block. PSar
samples are synthesized from BA-initiated ROP of Sar-NTA, and the DPs are

calculated from H-NMR results.

Before self-assemby studies, the two triblock copolymers are firstly analyzed
by DSC. Figure 3.1A shows typical DSC thermograms of CS7 and CS10 at the first
heating scan at 10 <T/min. CS7 exhibits a typical melting peak with peak value Tm =
54 <C and melting enthalpy 4Hm = 46.1 J/g, while CS10 has a peak of relatively wide
and asymmetric shape, with Tm = 53 <T and 4Hm = 27.5 J/g. Both melting peaks are
attributed to PCL melting. When weighted by the weight ratio of PCL part, the melting
enthalpy equals to 61.5 J/g for CS7 (75% PCL) and 41.7 J/g for CS10 (66% PCL).
These values are smaller than 136 J/g, which is taken as the value of AHm of PCL
homopolymer with 100% crystallinity.%® It suggests the PCL blocks are semi-crystalline
in the block copolymers. Higher is PSar/PCL ratio, lower is the PCL crystallinity. A
detectable glass transition temperature (Tg) for PSar block is recorded at 40 <C for CS7.
For CS10, we attempt to assign the signal around 62 <C as the glass transition of PSar

block, which is overlapping with the PCL melting peak. Comparing to Ty of the

99



Stimuli-Responsive Polymersomes Based on Polypeptoids

homopolymers PSario (Tg = 36 <C), PSari4(Tg = 47 <C) and PSari9 (Tg =59 <C) (Figure
3.1B) measured in the same conditions, the T4 values found here for CS7 and CS10 are
reasonable. However, the Tq is not observable either in the first cooling scan or in the
second heating scan. It is possibly because the PSar ratios (frsar, wt) are relatively low in
these two copolymers (25% for CS7 and 34% for CS10). For the copolymer samples
before the first scan, of which the polymer chains are “frozen” in non-equilibrium state
as obtained from the instant precipitation by diethyl ether, chain relaxation enthalpy is
detected from the first scan of DSC, in the form of a endothermic peak,*® and makes
the Tq signal more obvious. The heating in the first scan eliminates the thermal history,
and also makes the PSar domains more dispersed. As the result, Tg becomes hard to be

detected in the following scans.
3.3.2 Self-assembly from nanoprecipitation

In self-assembly preparation through nanoprecipitation, water is dropped into a
copolymer solution in DMF, and PCL blocks tended to assemble together by
hydrophobic interaction as water content increased. Turbidity measurement is
conducted during water addition until water content reaches 50% (Figure 3.2). For both
copolymers the turbidity of solutions increased sharply at water content around 5%,
revealing the appearance of nanoparticles. The turbid mixtures are then dialyzed against
water for 3 days to remove DMF. After dialysis, the mixtures remained turbid and
visible precipitates appeared at bottom of flask after hours of standing. DLS is used to
try to measure the hydrodynamic diameters of nanoparticles. As the result, multi-modal

distributions are detected (Figure 3.3).
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Figure 3.3. DLS results of the nanoprecipitated samples of (A) CS7 and (B) CS10.

Cryo-EM is then utilized to visualize the morphologies. Large lamellar
structures are observed for self-assemblies of CS7 (Figure 3.4A—D), while lamellae
together with long nanofibers are observed for CS10 (Figure 3.4E—H). The membrane
thickness can be measured in the place where the sheet folds up. It is 8—9 nm for CS7
and 9-10 nm for CS10, and the diameter of nanofibers of CS10 is of 9-10 nm. As only

hydrophobic part is measured in cryo-EM, the size 8-9 nm and 9—10 nm corresponding
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to the PCL thickness of the unilamellar organization of triblock copolymers, is in good
agreement with the value reported for vesicles of PEG23-b-PCL40 where a bilayer of
PCLu4o is measured to be around 15 nm in the unilamellar organization of the diblock
copolymer.® The interdigitation and entanglement of the polymer chains cause partially
blending of hydrophobic layers of diblock copolymers,*” while triblock copolymers are
considered to have a mixed conformation of the bent U-shape and the stretched I-shape
in the self-assembled membrane, with less difussivities.!® That is the reason why the

bilayer thickness of PEG23-b-PCL.ao is slightly smaller than the twice of that of PSarie-

b-PCL4o-b-PSarsis.

Figure 3.4. Cryo-EM images of nanoprecipitated samples of (A—D) CS7 and (E—H)
CS10. Scale bar =300 nm.

3.3.3 Morphological transformation upon heating treatment

The lamellar structure is a good indication of the possibility of vesicle formation.
As discussed in Chapter 1, the Mechanism | of vesicle formation concludes with the
wrapping-up of lamellar sheets to form the final vesicles, by minimizing the sum of
curvature energy and interfacial energy.!® Antonietti et al. discussed the formation and
stability —of bilayer lamellar structures.®® The interfacial energy of

hydrophilic/hydrophobic interfaces, and the entropy loss of forcing polymer chains into
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confined micro-domains, are the two major contributions to the free energy in self-
assembly procedure. When the entropy loss is small and the interfacial energy is large,
the latter dominates the minimization of free energy, consequently copolymers in water
will assemble as much as possible into structures with the least interfacial area, based
on their own properties (packing parameter). The interfacial area per unit volume can
be present as Av = dg/l, where ¢ and | are respectively the volume fraction of the
hydrophobic domain and chain length of the hydrophobic blocks, while d is the
dimensionality, representing the orientations copolymers can take in the self-assemblies.
For bilayer lamellae d = 1, which is smaller than that of spherical (d = 3) and cylindrical
(d = 2) structures. Therefore the copolymers with low conformational entropy,
including rod-like polymers, mesogen-bearing polymers and crystallizable polymers,
have the tendency to form lamellar structures with pronounced stability. For PSar-b-
PCL-b-PSar in water, the crystallization of PCL blocks promotes the spontaneous
formation of lamellae, where the spontaneous curvature = 0 because of the 3D
positional order of polymer chains in crystalline domains. In addition the high bending
modulus of crystalline domains also hinders the wrapping-up of lamellar sheets, which
as the result, makes it difficult for PSar-b-PCL-b-PSar copolymers to form vesicles
spontaneously. In order to break through the confinement by the crystallization of PCL,
heating treatments are introduced to PSar-b-PCL-b-PSar self-assemblies, to promote

further morphological evolution.
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Figure 3.5. Diversity of CS7 polymer nanoparticles obtained after heating treatment at
65<C, unveiled by cryo-electron tomography. Solid spheres of various diameters in blue;

cylindrical structures in purple; nanofibers in orange; a vesicle in yellow.

The aqueous suspensions of CS7 and CS10 nanoparticles are first heated at
65 <C for 30 min followed by a slow cooling to room temperature at about 0.2 <T/min.
The temperature of 65 T is chosen since it is higher than both the Tm of PCL block and
the Ty of PSar block (Figure 3.1). Major changes are indeed observed by cryo-EM in
the samples after the heating treatment. Spheres with diameters ranging from 30 to 100
nm, together with worm-like cylinders having similar diameters and a few nanofibers
are generated in CS7 (Figure 3.5 and Figure 3.6A). The solid spherical nature rather
than disk-like one for the observed round-particles is proved by cryo-tomography made
on CS7 sample in Figure 3.5. Different morphologies are represented in different colors:
full spheres in blue, worm-like cylinders in violet, thin nanofibers in orange; we even
observed one vesicle with empty core near the center of image (in yellow). More
vesicles are observed in CS10 after heating at 65 <C (Figure 3.6B), even though the
majority of morphologies remain spheres and worm-like cylinders (Figure 3.6B and
Figure 3.7A—C). In these results, solid spheres seem to bud from the tip of cylinders

(Figure 3.6A&B, Figure 3.7A—C).
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()

Figure 3.6. Cryo-EM images of nanoprecipitated samples of: (1) CS7 (A) and CS10
(B) after 30-min heating at 65 <C; (2) CS7 (C) and CS10 (D) after 24-h heating at 90 <C.
Scale bar = 100 nm in A and B. Scale bar =300 nm in C and D.

Figure 3.7. Cryo-EM images of CS10 nanoprecipitation samples: (1) after 30-min
heating at 65 C (A—C); (2) after 24-h heating at 90 <C (D—F). Scale bar = 100 nm in
A—C. Scale bar = 300 nm in D-F.
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In order to achieve complete morphological transformation, a reinforced
thermal treatment is then carried out for both samples by heating at 90 <C for 24 h. In
the case of CS7, only increases in size and in amount of the spheres occurred
accompanied by the disappearance of worm-like cylinders (Figure 3.6C). However,
abundant vesicular structures with diameters ranging mainly from 100 to 500 nm and
with membrane thickness from 20—50 nm are indeed generated in CS10 sample (Figure
3.6D and Figure 3.7D—F), with the coexistence of small solid spheres. Some vesicles-
in-vesicles structures, onion-like vesicles and small spheres (diameter typically smaller
than 50 nm) are also recorded (Figure 3.7D&E). The hydrodynamic diameter
measurement by DLS on the post-heating samples (Figure 3.8) is in good agreement
with the observation of cryo-EM, nearly monomodal size distribution below 1000 nm

being detected.
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Figure 3.8. DLS results of the nanoprecipitated samples of (A) CS7 and (B) CS10 after
24-h heating at 90 <C.

To illustrate the mechanism of the morphological transformation, dynamic
turbidity measurements are performed during the thermal treatment of the
nanoprecipitated CS7 and CS10 suspensions at a rate of 1 <C/min. Figure 3.9 shows the
optical densities of the samples recorded as a function of temperature. Dramatic
declines of turbidities happen around 50-55 <C for both samples, corresponding to the

size decrease of the particles in the suspensions from larges sheets (width > 1000 nm)
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and long nanofibers to smaller spheres, worm-like cylinders and vesicles (diameter <
1000 nm). This temperature range around 50—55 <C falls into the melting peak of PCL
block recorded in DSC analysis (Figure 3.1). Therefore, these dynamic turbidity
measurements suggest that the chain mobility improvement upon melting is responsible
for the morphological change. Direct observation shows the turbid suspensions
transformed to translucent ones when heating from 25 to 80 <C. The transformation is
kept unchanged as sample cooling back to room temperature, and stable even for
months of conservation at room temperature. This morphological preservation suggests
that the transitions are irreversible and the resulted morphologies are probably frozen

by PCL partial crystallization.
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Figure 3.9. Turbidity evolution as a function of temperature for aqueous dispersions of

self-assemblies of CS7 (o) and CS10 (m) prepared by nanoprecipitation, measured at

wavelength of 600 nm with temperature interval of 1 <C at the rate of 1 <T/min from

25 to 80 <C. The photographs at left side directly reveal the turbidity change of CS7

and CS10 nanoprecipitated samples after the heating treatment.
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The morphological transformation starts from lamellae, however, the formation
of vesicles seems different from Mechanism I, where lamellae close up into vesicles. A
detailed analysis of polymersomes of the sample CS10 (PSaris-b-PCL4o-b-PSaris)
reveals that the vesicles are not unilamellar but multilamellar. The unilamellar thickness
of CS10 at room temperature is measured as 9-10 nm (Figure 3.4E), while the vesicles
detected after annealing at 90 <C have membrane thickness ranging from 20—50 nm,
and the multilayers are visible in the cryo-EM images (Figure 3.7E&F). Moreover, the
self-assemblies treated at 65 <C are mainly spheres, worm-like cylinders with a few of
vesicles, but without any lamellar sheets remaining. After heating at 90 <C, vesicles are
observed only for CS10, while CS7 (PSars-b-PCL2s-b-PSars) concluded with spheres.
Therefore, we propose a different scenario for the vesicle formation here. Upon heating
from room temperature to 65 <C, lamellar sheets reorganize into cylindrical and
spherical polymer nanoparticles; upon further heating to 90 <C, cylindrical structures
are transformed completely into spheres (by budding) and water diffused then into the
spherical structures. In the case of CS10, multilamellar vesicles are eventually formed.
As for CS7 the final morphology is mainly spherical polymer nanoparticles. The
difference between CS7 and CS10 self-assembling behavior is unable to explain for
now, which needs a systematic study on the self-assemblies of copolymers with
extended composition ranges. The scenario of vesicle formation for the CS10 proposed
in this work corresponds to the Mechanism Il rather than the Mechanism | of
polymersome formation, even though the pathway to achieve the bigger and complex

micelles (called here spherical particles) is different from that described theoretically.
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3.3.4 Self-assembly from film hydration

A

Figure 3.10. CLSM images of self-assemblies obtained from CS7 (A, C) and CS10 (B,
D). Nile Red was added in the preparation at a weight ratio of 1:100 (Nile Red to

copolymer) for observation. Rods and giant vesicles are observed. Scale bar = 10 um.

Another self-assembly method, film hydration, which also includes a heating
treatment during the hydration step, is carried out on the two copolymers, in order to
obtain micrometer-sized vesicles. Polymer thin films are prepared with mixtures of
copolymers and Nile Red (100:1 in weight) as described in the experimental section,
followed by hydration at 65 <C for 24 h. The temperature of 65 <C is higher than the Tm
of PCL and Ty of PSar. Therefore the chain mobility is increased, and promotes the
destabilization of the polymeric film, enabling the formation of self-assemblies
including polymersomes. As revealed by CLSM, micrometer-sized rods (Figures
3.10A&B) and a few vesicles (Figures 3.10C&D) are observed for both copolymers

CS7 and CS10.
109



Stimuli-Responsive Polymersomes Based on Polypeptoids

3.3.5 Cell viability test

To assess the biocompatibility, the dialyzed aqueous solution of CS10 from
nanoprecipitation is employed in cell viability test with MTT as the indicator. The
histogram presented in Figure 3.11 declares that the relative viability of the tested cells
sustain to be over 80% even with the self-assemblies of CS10 in a concentration of 0.69
mg/mL, which confirms reliable biocompatibility of PCL/PSar copolymers and their

self-assembly structures.
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Figure 3.11. Relative cell viability of CS10 for L929 cells after 4 h incubation at 37 C
and at concentration of 6.9, 34.5, 69.0, 345 and 690 pug/mL.

3.4 Conclusion

The self-assembly behaviors of two triblock PCL/PSar copolymers CS7 (PSars-
b-PCL2s-b-PSars) and CS10 (PSaris-b-PCLa4o-b-PSaris) in water are studied in detail
using nanoprecipitation and film hydration methods. Large unilamellar sheets and
nanofibers (of 8—10 nm in thickness and diameters) are formed by nanoprecipitation at
room temperature using DMF/water as co-solvents. A thermal treatment by heating the

aqueous suspensions to 65 T transforms the lamellae and fibrous structures into worm-
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like cylinders and spheres (of 30—100 nm in diameter). Heating the initial aqueous
suspension of nanoprecipitation to 90 <T leads multilamellar polymersomes (of
100-500 nm in diameter and 20—50 nm in thickness) coexisting with a few polymer
spheres for CS10, while only polymer spheres are obtained for CS7 after heating to
90 <C. The turbidity measurement as a function of temperature reveals that the
morphological transformation starts around the melting point of PCL blocks,
suggesting a close connection with the crystalline behavior of PCL and its mobility. A
pathway close to Mechanism Il of polymersome formation is then proposed, where
multilamellar polymersomes are formed by water diffusion into polymer spheres (i.e.,
bigger and complex micelles) upon thermal treatment. By film hydration method, where
a heating treatment at 65 <C is performed during the hydration procedure, rod-like
particles and a few of giant polymersomes are obtained. The cell viability test on the
self-assemblies of CS10 confirms that the PCL/PSar copolymer and self-assembly
systems developed in this work are not cytotoxic and suitable for possible applications

in biomedical fields.
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Chapter 4. Self-Assembly of PMeSPG-Containing
Amphiphilic Block Copolymers

4.1 Introduction

With the N-substituted structure, the formation of intra- and intermolecular
hydrogen bonds can be avoided in polypeptoid chains. Consequently polypeptoids have
good solubility in common organic solvents, and thermodynamic behavior close to
conventional thermoplastic polymers.! These properties give polypeptoids much
potential serving as manageable materials for biomedical uses, which is a major

advantage of polypeptoids over polypeptides.

For example, in Chapter 1 we introduced the polypeptide vesicles based on
polymethionine (PMet). Due to the thioether-containing side chains, PMet stands out
with reversible redox responsiveness® 3 and capability of functionalization.* However,
like many other polypeptides, PMet is hard to dissolve in most organic solvents, except
for strongly polar solvents like hexafluoroisopropanol and acetic acid. It limits the
controllable synthesis of PMet and self-assembly of PMet-containing amphiphilic
block copolymers. Most of the current studies on PMet-based polypeptide vesicles are
reported by the team of Deming. In their work, PMet® of which the thioethers are
oxidized to sulfoxides,® ® and PMetM of which the thioethers are alkylated to a
sulfonium ions,® are serving as the hydrophilic blocks for vesicle preparation. Only a
few reports directly employ PMet as hydrophobic segments in self-assembly for

oxidation-responsive applications.’

Vesicle preparation methods commonly used, including nanoprecipitation,
double emulsion and film hydration, require the copolymers either to be well soluble in
organic solvent or to have low Ty and a certain wettability. Thus, amphiphilic block
copolymers containing polypeptoids can be self-assembled readily into vesicles if their

amphiphilic characters are well balanced. However, only a few works in the literature
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described the vesicle preparation of amphiphilic block copolymers containing
polypeptoids.® ® In this thesis, we have explored all these techniques, nanoprecipitation,
film hydration and double emulsion, to study the self-assemblies of peptoid-containing
amphiphilic block copolymers. This chapter describe the self-assembly of poly(N-3-
(methylthio)propyl glycine) (PMeSPG)-containing amphiphilic block copolymers,
including PEG-b-PMeSPG and the copolypeptoid PMeSPG-b-PSar. Copolymers with
different MWs and hydrophilic/hydrophobic ratios are used studied. Cryo-EM, CLSM
and optical microscope are employed to characterize the self-assembly structures.
Various morphologies including spheres, cylinders, lamellae, vesicles and bicontinuous
structures, are observed, which depend on the inherent properties of copolymers and
external self-assembly conditions. The mechanism of the self-assembly will be

discussed in detail.

4.2 Experimental sections
4.2.1 Materials

DMF (99%, VWR), chloroform (99%, VWR), Nile Red (Sigma Aldrich). The
copolymers PEG-b-PMeSPG and PMeSPG-b-PSar were prepared with the method

described in Chapter 2.
4.2.2 Nanoprecipitation

Typically, the copolymer was dissolved in 1 mL of DMF (at 0.5 wt%). A total
of 2 mL of deionized milli-Q water was injected slowly to the organic solution under
mild shaking (0.2 mL of water per hour to 1 mL of polymer solution). The process of
nanoprecipitation was carried out at 25 <C. The turbid mixtures were then dialyzed
against water for 3 days to remove DMF using a Spectra/Por regenerated cellulose

membrane with a molecular weight cutoff (MWCO) of 3500.
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4.2.3 Film hydration

The copolymers were dissolved in chloroform at 1 wt% concentration (0.01 wt %
fluorescent dye was added in some cases, for CLSM observation), and deposited on the
surface of roughened Teflon. The polymer films were then dried for > 4 h under vacuum
and rehydrated in 20 mL water. The samples were subsequently sealed and heated at

70 <C for 48 h.

In electroformation method, 20 uL chloroform solution of copolymer at 0.5 wt%
was deposited on the conductive side of an ITO slide. The solution was averagely
spread and the solvent was removed by vacuum pump for 1 h, thus a thin film was
formed. A rubbery ring was put around the formed layer and 750 uL water was added
inside the ring. The second ITO slide was put on the ring with the conductive side
downsides. An alternating electric field with amplitude at 6 V, frequency at 10 Hz was

applied on the chamber, and the temperature was set at 50 <C.
4.2.4 Double emulsion

In a typical self-assembly preparation through double emulsion, 1 mL
copolymer solution was prepared at 0.5 wt% concentration, and followed by addition
of 10 uL water, then mixed by the homogenizer ULTRA-TURRAX T25, at the rate of
20000 rpm for 5 min, to prepare W/O inverse emulsion. 300 uL. W/O emulsion was
transferred to 3 mL water, and dispersed by the homogenizer at 5000 rpm, for 1 h. The
obtained W/O/W double emulsion was heated at 50 <C with stirring (around 500 rpm)
for 36 h, to remove chloroform by evaporation, leading to the formation of self-

assemblies.
4.2 .5 Characterizations

Differential scanning calorimetry (DSC) analyses were performed on a TA
Q200 instrument. The synthesized polymers were heated from 0 to 170 <C at a rate of

20 <C/min under a nitrogen purge.
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Cryo-EM experiments were conducted in INSERM U1196, Institut Curie, in
collaboration with Sylvain Trepout. A total of 5 uL of samples were deposited onto a
200 mesh holey copper grid (Ted Pella Inc., U.S.A.) and flash-frozen in liquid ethane
cooled down at liquid nitrogen temperature. The images were acquired on a JEOL
2200FS energy-filtered (20eV) field emission gun electron microscope operating at 200
kV using a Gatan ssCCD 2048 %2048 pixels. Energy-filtered (Zero-loss) cryo-electron
tomography images were collected at 12000x (corresponding pixel size 0.8 nm) from -

64 <up to 64 “using a Saxton scheme (1 “at high tilts and 2<at low tilts).

Optical microscopic images were obtained from a Motic PM1820 microscope

with widefield eyepieces WF10>/18mm and achromatic objectives EA 10>and 40

CLSM images were obtained with Leica TCS SP5 confocal scanning system

equipped with the HeNe 543 nm laser and 63> o0il immersion objective.

The hydrodynamic diameters of the nanoparticles were measured by DLS, using
a particle size analyzer (Zetasizer Nano Series, Malvern Instruments) at 25 <C. The

measurements were made at a fixed angle at 90<and a wavelength of 657 nm.

Small angle neutron scattering (SANS) experiments were conducted at Orphé&
reactor in Lén Brillouin Laboratory (CEA Saclay) in collaboration with Annie Brdet.
Small angle neutron scattering monitors were conducted on PAXY and PACE, two
devices giving access to monochromatic neutron beams. The neutrons were produced
from uranium fission. The polymer sample was dissolved in deuterium oxide (D20).
The neutron beam was emitted through the sample, and after the diffusion, neutrons are
detected by a 2D detector filled with BF3 gas. The detector has an area of 64 <64 cm?,
consisting of 15500 5 x5 mm? cells. This gives access to the neutron scattering intensity
as a function of the scattering angle #, and scattering vector Q (Q = 4zsin6/A). The
obtained values of I and Q are fitted with the Correlation Length Model (SasView.org)

to give the fitting curves.
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4.3 Results and discussion
4.3.1 Self-assembly of PEG-b-PMeSPG by nanoprecipitation

As obtained from ROP of MeSPG-NTA initiated by PEG2k-NH2, the
copolymers EM1 (PEG4s-b-PMeSPG17), EM2 (PEG4s-b-PMeSPGao) and EM3 (PEGas-
b-PMeSPGr1) with different MWSs and hydrophilic/hydrophobic ratios (Table 4.1) are
applied in nanoprecipitation, where water is added dropwise into the copolymer/DMF
solution. Cryo-EM is utilized to visualize the self-assembly structures from the samples
after dialysis, and the results are present in Figure 4.1. Spheres with diameters around
20—90 nm are majorly obtained from EM1 (Figure 4.1A—C). Along with the spheres, a
few unilamellar vesicles are also obtained (as pointed in Figure 4.1A—C), with
diameters around 50—130 nm, and membrane thickness around 9 nm. EM2 forms
densely dispersed micelles, with spherical and worm-like shapes, and diameters around
18-22 nm (Figure 4.1D—-F). EM3 has the largest MW (12300 Da) and lowest
hydrophilic ratio (16%) in these three copolymers, and in its self-assembly result,
polymersomes are found with broad size distribution (diameters: 50-550 nm) and
membrane thickness around 12—14 nm (Figure 4.1G—I). Simultaneously, lamellae are
formed along with vesicles, and many of them are in a disk-like shape. Lamellae also
have a diversity of size, with diameters in the range of 250-2000 nm. Through the
measurement in the folded place of a lamella (Figure 4.11), the thickness is found to be
around 12 nm, close to that of membrane thickness of the vesicles. Figure 4.2 shows
the DLS results of EM1-EM3. The hydrodynamic diameters and size distributions
revealed by DLS correspond well with the visualized self-assembly structures in cryo-

EM.

According to the self-assembly morphologies, the packing parameter (p) can be
estimated of the three copolymers. EM1 has p < 1/3, since spherical nanoparticles are
majorly formed; for EM2 it is supposed to be 1/3 < p <1/2, with the formation of

ubiquitous cylindrical and worm-like micelles; while EM3 has 1/2 <p < 1, as vesicles
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and lamellae being the majorities. In Figure 4.11 four vesicles with irregular shapes are
found inside a folded lamella, seeming like “embryonic” vesicles being generated from
the enclosure of lamellae. Combing with the similarity in bilayer thickness between
vesicles and lamellae, the vesicles formed by EM3 are considered to be formed through
the Mechanism I, where lamellae close up into vesicles. While for the small number of
vesicles from EM1, no lamella is found in the self-assembly structures, therefore it is
very possible that the vesicles are formed in a close way to Mechanism I, where water
diffuses into polymeric spheres, leading to the formation of vesicles with a aqueous

cavity.

Table 4.1. Molecular information of the copolymers EM1-EM3.

Sample Structure 2 frecwt®  MnnvrR2  Mnacpc?  DP
EM1 PEG4s-b-PMeSPG17 45% 4400 3600 1.14
EM2 PEG4s5-b-PMeSPGao 26% 7700 4900 1.19
EM3 PEGus-b-PMeSPG1 16% 12300 7700 1.15

2 DPs, MWs and PEG weight ratios (frecwt) are calculated from the integrals in *H-
NMR spectra; ® Determined by GPC in 0.01 M LiBr/DMF, with rate at 1 mL/min, PEG

as standard.
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Figure 4.1. Cryo-EM images of self-assemblies of (A—C) EM1, (D—F) EM2 and (G—I)

EM3 through nanoprecipitation. Scale bar = 100 nm for A—F; scale bar = 300 nm for

G-I
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Figure 4.2. DLS results of (A) EM1, (B) EM2 and (C) EM3.
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4.3.2 Self-assembly of PMeSPG-b-PSar by nanoprecipitation

Table 4.2. Molecular information of PMeSPG-b-PSar copolymers.

Sample Structure 2 frsarwt?  MnNnMR?  Mncpc? DP
MS1 PMeSPGas-b-PSarss 41% 11200 15400 1.20
MS2 PMeSPGeo-b-PSarso 29% 12300 15100 1.21
MS3 PMeSPGrs-b-PSarzs 14% 12700 17600 1.20

2 DPs, MWs and PSar weight ratios (frsarwt) are calculated from the integrals in ‘H-
NMR spectra; ® Determined by GPC in 0.01 M LiBr/DMF, with rate at 1 mL/min, PEG

as standard.

With the same conditions conducted on EM copolymers, nanoprecipitation is
also performed on the PMeSPG-b-PSar copolymers MS1 (PMeSPGas-b-PSares), MS2
(PMeSPGeo-b-PSarso)) and  MS3  (PMeSPGrs-b-PSarzs),  with  different
hydrophilic/hydrophobic ratios (Table 4.2). Cryo-EM is also employed to analyze the
self-assembly samples. As revealed in Figure 4.3, polymersomes are generated from all

the three copolymers.

With a relatively high weight percentage of PSar (41.4%), MS1 is found to form
a quantity of little spheres sized around 10 nm and a number of disk-like lamellae
ranging from 200 nm to 1 um (Figure 4.3A). Vesicles are recorded neighboring
lamellae, and majorly around 100-250 nm in diameter, with membrane thickness
around 11-14 nm (Figure 4.3B&C). However, besides spherical vesicles, some
membrane structures with irregular shapes are worth being noted. As dashcircled in
Figure 4.3B, an unclosed octopus-like structure is clearly captured. Worm-like micelles
are formed at the open edge, like the “arms” of the “octopus”. The “octopus” has a
membrane thickness around 14 nm, close to that of vesicles, which implies an

intermediate structure during the procedure where lamella encloses to form vesicle, as
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described in the Mechanism I. Moreover, two vesicles pointed in Figure 4.3C are found

to form a stomatocyte-like structure, in which the membrane is budding inversely.

Diverse morphologies are also observed in MS2 (Figure 4.3D—F). Along with
spherical micelles around 10 nm, most of vesicles are found with diameters around
300—900 nm, membrane thickness around 11—13 nm. Compared with MS1, the vesicles
formed by MS2 have not only bigger size, but also more irregular shape. The vesicles
are basically non-spherical. For instance, Figure 4.3E shows a vesicle with a twisted
tube-like structure, and more interestingly, a crescent-like vesicle is recorded in Figure

4.3F, with a curved shape and two end-points.

What is more striking is the self-assembly formed by MS3 (Figure 4.3G-I),
which has a very low PSar weight ratio around 14%. Aggregates sized 200—1000 nm
take the majority, which are a mixture of spheres, vesicles, lamellae and inverted
bicontinuous structures. Vesicles have a membrane thickness of 16—18 nm, and like
MS1, are often captured in company with lamellae (Figure 4.3G&H). However,
different from disk-like lamellae observed in MS1, the lamellar structure of MS3 are
more complicated. They have wide coverage, and are often found to form a circle and
surround a vesicle (Figure 4.3G). Porous and network-like structures are observed and
suspected coming from lamellae (Figure 4.3H). Moreover, a large compound sponge-
like structure is found with an inverted bicontinuous shape (Figure 4.31). It has holes

on the surface, while inside of the structure is a network-like labyrinth.

The nanoprecipitated self-assembly structures of MS1-MS3 exhibit nonergodic
characteristics. In the self-assembly result of one sample, various structures including
spherical micelles, lamellae, and vesicles are formed simultaneously, and the vesicles
exhibit a diversity of shapes, rather than uniform spherical structure. According to the
intermediate structure shown in Figure 4.3B, it is very possible that the vesicles are
formed by the route of Mechanism I, where amphiphilic block copolymers firstly

assemble into spherical micelles rapidly, which then slowly evolve into cylindrical
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micelles and open lamellae by collision. To compensate the energy loss due to the
interfacial tension effects (edge energy), the large lamella overcomes the bending
energy and encloses like a pulled bag (Figure 4.3B). In the process of morphological
evolvement towards vesicle formation, including the collision of micelles, the enclosure
of lamella, and the shape adjustment of vesicles, all involve the rearrangement of
copolymers. Due to the relatively high MWs and low mobility of copolymers, kinetic
barriers lie in the way of self-assembly formation and evolution towards the global
equilibrium state. As a certain case in nanoprecipitation procedure, the copolymers
aggregate as the water content increases, while their mobility decreases at the same
time. When the water content reaches a certain level, the mobility of copolymer can be
insufficient to promote further transition to the global equilibrium state, but leaves the
self-assemblies trapped midway, forming the coexistence of various metastable
morphologies, including intermediate structures. It is also called as a “kinetically frozen”

situation.
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Figure 4.3. Cryo-EM images of self-assemblies of (A—C) MS1, (D—F) MS2 and (G-I)

MS3 through nanoprecipitation. Scale bar = 300 nm.
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Figure 4.4. DLS results of (A) MS1, (B) MS2 and (C) MS3.
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4.3.3 Behavior of PSar in water

The nanoprecipitated results differ significantly between PEG-b-PMeSPG and
PMeSPG-b-PSar. Especially the copolymers EM3 (PEGss-b-PMeSPGr71) and MS3
(PMeSPG7s-b-PSarzs), which have similar MWs and hydrophilic ratios, but obtain very
different self-assembly results: EM3 forms vesicles and lamellae, which are majorly in
spherical and disck-like shapes, respectively, while MS3 forms a mixture of large
vesicles, lamellae, bicontinuous structures and intermediate structures. Obviously the
difference lies between the hydrophilic segments PEG and PSar, which constitute the
corona of self-assembly structures. The conformation and behavior of hydrophilic

segments in water can influence the resulted morphology.

To study the chain conformation of PSar in water, small angle neutron scattering
(SANS) is performed on the deuterium oxide (D20) solutions of PSar homopolymers,
where a neutron beam is emitted through the solution, with the scattering intensity | and
scattering vector Q (the momentum transferred from scattering angle 6, as Q = 4zsiné/1)
recorded. The analyzed PSar samples PSA1—4 are listed in Table 4.3, and the values of
| obtained from different Q are plotted in Figure 4.5, which are obtained from the

experiments on solutions with concentration at 10 g/L, respectively at 20 <C and 40 <C.

Table 4.3. Molecular information of homopolymer PSar in SANS

Sample Initiator DP 2 Mhp 2 Db
PSAl n-hexylamine 35 2500 1.13
PSA2 n-hexylamine 75 5400 1.15
PSA3 Y (BHa)s3 171 12200 1.16
PSA4 Y (BHa)s 389 27700 1.22

2 DPs and MWs are calculated from the integrals in *H-NMR spectra; ® Determined by

GPC in 0.05 M LiBr/DMF, with rate at 1 mL/min, PS as standard.
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Figure 4.5. The plots and fitting curves of scattering intensity in function of scattering
vectors (Q) of (A) PSAL, (B) PSA2, (C) PSA3 and (D) PSA4, obtained from SANS on
polymer/D20 solutions (10 g/L), respectively at 20 <C (blue) and 40 <T (red).

In SANS, the relation between | and Q can be termed as an empirical functional

form below:

A
I(Q) ZW-FW'FB

In this function, the first term describes Porod scattering from clusters (exponent
=n), and the second term is a Lorentzian function describing scattering from polymer
chains (exponent = m). The second term represents the polymer/solvent interactions
and therefore the thermodynamics. The two multiplicative factors A and C, the
incoherent background B and the two exponents n and m are used as fitting parameters.
The final parameter & is a correlation length for the polymer chains. In the curve of 1(Q)
vs Q, the high-Q region (> 0.01) characterizes the polymer chains, while the low-Q

region (< 0.01) characterizes the size of clusters. The plots in Figure 4.5 are fitted with
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function above, obtaining the corresponding curves. All the curves have an obvious
ascent with increased slope, when entering the low-Q region. The ascent in low-Q
region implies the formation of clusters. As obtained from the fitting curves, the fitting
parameters are listed in Table 4.4. In the range of test, temperature has very few impacts
on the parameters, and the results obtained from 20 <C and 40 <C are very close. The
coefficient m is around 2, and is as low as 1.7 for PSA4 with relatively high MW. The
coefficient n which indicates clusters is close to 4 for PSA1 and decreases to 2.7 for
PSA4. The multiplicative factors A increases as the MW increases. According to the
parameters, we can conclude that aggregations are formed for all the samples, and PSar
with higher MW forms cluster with bigger size, but lower compactness. The correlation
length & is around 8.7 A for PSA1, and increases along with MW, reaching around 36.6
A for PSA4. The radius of gyration Ry is given by Rg = v2&. As the calculated results,
Rg = 12.7 A for PSA1 and Rg = 51.8 A for PSA4. As the comparison, the Ry of PEG
with MW at 1730 and 23800 are respectively 16 A and 43 A, which are obtained from
SANS conducted on the PEG/D20 solutions of 12 g/L.}° PSar and PEG have
comparable chain size, however, aggregations exist in PSar/D20 solution, which is

actually the major difference between PSar and PEG.

To further exploit the behavior of PSar in water, the aqueous solutions of the
four samples are analyzed by DLS, to measure the hydrodynamic radii (Rn). The ratio
p = Rg/Rn can be used to estimate the state of polymer in a solution. When polymers
form dispersed single-chain coils in a solution, Rq is often larger than Rn, and we have
p > 1; when aggregates are formed in a solution, Rn is larger than Rg, and p is as smaller
as more compact the aggregated particles are.!! As revealed in Figure 4.6, the polymers
PSA1-3 all show signal peaks with Rn ~ 100 nm. The Rn obtained from PSA4 is smaller,
but is still around 10 nm, larger than the calculated Rq (5.18 nm). The existence of
clusters is implied. As the comparison, three PEG samples with MWs respectively at
2000 Da, 3300 Da and 5000 Da are also dissolved in water and analyzed by DLS

(Figure 4.7). The obtained Rn are respectively 1.3 nm, 0.9 nm and 0.9 nm, all in a
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reasonable region (as theoretically predicted,'? in a good solvent, Rn = 0.64Rg). The
results of PEG are supported by reference,*® where the R of PEG in water is reported
to be measured by DLS, in the form of single-chain coil. According to the SANS and
DLS results, the water-solubility of PSar need to be revisited. Generally, PSar is
hydrophilic and can be used as the hydrophilic block in self-assembly studies,**
however, in the molecular level, the polymer chains of PSar are not totally solvated by
water, but form clusters instead, which might be caused by the polarity difference
between PSar and water. The comparison among PSar samples reveals another aspect.
For PSA1 and PSA2, which were synthesized by the initiation of n-hexylamine, have
more tendency to aggregate than PSA3 and PSA4, which were obtained from rare-
earth-catalyzed polymerization. PSA3 with DP at 171 showed more aggregation than
PSA4 with DP at 389. PSA1 and PSA2 have a hydrophobic end-group, while PSA3
and PSA4 do not. It suggests that the behavior of PSar in water is very sensitive to the
end-group structure, a small hydrophobic “tail” can induce the aggregation. For
polymers without the “tail”, aggregation can be weakened along with the increase of

DP, and might be eventually avoided with enough chain length.

The water-solubility of PSar is a reason for the morphological differences
between PEG-b-PMeSPG and PMeSPG-b-PSar self-assemblies, and is also probably
responsible for the low mobility of copolymers in water, causing the obvious

nonergodicity of PMeSPG-b-PSar self-assemblies.

Table 4.4. The parameters of fitting curves obtained from the SANS of PSA1-4.

Sample M, | cmperature A m C ¢A) n BlmY
()
40 225E-08 36 00468 87 2.1 0.09240
PSAL 3500
20 857E-09 3.8 00426 87 21 0.08078
40 0.07E-09 32 00725 128 2.1 0.08204
PSA2 5400
20 260E-08 31 00691 128 21 0.08069
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40 2.22E-06 2.9 0.0827 142 2.1 0.11639
PSA3 12200
20 8.98E-07 3.1 0.0816 14.2 2.3 0.10965
40 1.39E-06 2.6 0.3429 36.6 1.8 0.10046
PSA4 27700
20 1.27E-06 2.7 03272 36.6 1.7 0.09876
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Figure 4.6. DLS results of PSar homopolymers (A) PSA1L, (B) PSA2, (C) PSA3 and
(D) PSA4 in water
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Figure 4.7. DLS results of PEG with MW at (A)2000, (B) 3300 and (C) 5000 in water.
4.3.4 Self-assembly of PMeSPG-b-PSar by film hydration.

As the hydrophobic part, PMeSPG is also investigated on its properties. The
thermodynamic behavior of PMeSPG with different DPs is analyzed by DSC (Figure
4.8). During the first cycle of heating treatment at rate of 20 <T/min, the PMeSPG
polymers with DPs at 45, 58 and 85, are respectively found with a glass transition
temperature (Tg), at 23.2 <C, 26.8 T and 27.0 <C, and a melting temperature (Tm), at
132.1 T, 138.2 T and 141.2 <T. According to former studies,'>!” Ty is attributed to
the glass transition of the polypeptoid backbone, while Tm comes from the melting of
incomplete crystals formed by the backbone. It could be concluded that with DP at
45—-85, PMeSPG polymer is a semi-crystalline solid at room temperature, while the
amorphous part is in glass transition state (15—35 °C). As an interesting consequence,
PMeSPG polymer is generally at an intermediate state between glassy (e. g. polystyrene

(PS)*® with Tq > 95 <C) and rubbery (e. g. polybutadiene (PBD)*® with Ty <0 <TC).
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Figure 4.8. DSC thermograms of the first heating scan of PMeSPG samples with DPs
at 45 (black), 58 (red) and 85 (blue), recorded at 20 <T/min.

The thermodynamic properties of PMeSPG remind us the possibility in self-
assembly methods involving heating treatment. The results from Chapter 3 suggest the
effects of heating treatment with temperature above Tm and Ty, to improve mobility of
copolymers, promoting the evolvement of self-assemblies towards the global
equilibrium state. PMeSPG has a Tm above 100 <C, however, it has a N-substituted
polyglycine backbone, which is the same as that of PSar, and is water-soluble. Hence
PMeSPG can be partially solvated in water, which as a result makes the crystallinity
and Tm decline. Heating treatment could be employed to accelerate and control the self-
assembly procedure of PMeSPG-b-PSar. As a commonly used method to direct the
formation of micrometer-sized vesicles,?*-2® film hydration is used in self-assembly

study. MS1-MS3 are applied with film hydration method, where the Teflon plate
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deposed with film of 2 mg copolymer and 20 pug Nile Red are incubated in 20 mL water

at 70 <C for 48 h. The temperature is higher than their Tg (15-35 °C) in bulk state.

20 um

Figure 4.9. Bright-field optical microscopic (A, D), CLSM (B, E) and cryo-EM (C, F)
images of self-assemblies from MS1 (A—C) and MS2 (D—F), by film hydration with

48-h heating treatment at 70 <C. Scale bar = 300 nm for C and F.

After 48-hour heating, the incubated aqueous samples turned slightly turbid
pink for MS1 and MS2. As observed under optical microscope and CLSM (Figure 8A,
B, D and E), MS1 and MS2 are both found with micrometer-sized vesicles, but nothing
is found for MS3. It is believed the film of MS3 is not rehydrated successfully, probably
attributed to its relatively low hydrophilic ratio (frsar,wt = 14%). The productive samples,
MS1 and MS2, have some differences from each other and from the previous
nanoprecipitated samples in morphology. Many spherical vesicles sized 2—8 um are
observed from MS1 under optical and confocal microscope (Figure 4.9A&B), while
cryo-EM reveals the widely distributed vesicles ranging from 30 nm to 1 pum with
membrane thickness 10—13 nm, along with some lamellae. No spherical micelle or

unclosed intermediate is found. The small vesicles below 100 nm maintain a round
133



Stimuli-Responsive Polymersomes Based on Polypeptoids

shape, while more ellipsoidal shapes are present from the large vesicles. MS2 vesicles
shows more irregular shapes sized 2—10 um, polymersomes with budding, inverse
budding and ellipsoidal shapes are captured from optical and confocal microscope
(Figure 4.9D&E, pointed in Figure 4.9D). While in nanoscale, nearly no vesicle under

the size of 2 um is found. Accompanied with giant vesicles (downright in Figure 4.9F,

11-13 nm, and some lamellae (Figure 4.9F).

membrane thickness ~ 11 nm) are ubiquitous worm-like micelles with diameter at
C
—
20 um

Figure 4.10. CLSM images of MS2 film hydration sample after (A) 48 h, (B) 72 h,

(C) 144 h and (D) 168 h of heating treatment at 70 <.

Compared with the ubiquitous vesicles from MS1, the self-assembly results of
MS2, including irregularly shaped vesicles and worm-like micelles, have obviously
higher nonergodicity. On the one hand, self-assembly of block copolymers is a time-
consuming procedure. The “frozen” intermediates and irregularly shaped vesicles are
possibly still transforming but at a slow rate. On the other hand, the nonergodic

morphologies imply that a wide range of structures could be formed by the same block
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copolymer, and it is potentially controllable by the conditions of preparation.?*2% To
verify the morphological control in film hydration, the heating treatment is extended to
a week for MS2, and the morphological changes are followed in the long term. As
revealed in Figure 4.10, compared with the morphologies of samples after 48 h (Figure
4.10A) and 72 h (Figure 4.10B) of heating, the samples heated over 144 h (Figure
4.10C&D) have mostly spherical shapes, showing a tendency towards the equilibrium

state, which is achieved by the extended heating treatment.

With close relation to conventional film hydration method, electroformation is
another hydration approach to prepare vesicles, which is also developed from the
fabrication of giant liposomes.?’ 28 Block copolymers such as PB-b-PEO and PMOXA-
b-PDMS-b-PMOXA have been reported to form giant polymersomes via
electroformation.?? 2% 30 Herein the electroformation is employed in the self-assembly
of MS1. A sealed chamber full of water is constituted by two ITO slides, with one side
deposited with the thin film of copolymers on the conductive side. An AC field of 6 V
and 10 Hz is applied to the chamber at 50 <C. The aqueous sample from 120-min
treatment of electroformation is characterized. Unfortunately no giant vesicle beyond 1
um can be observed under optical microscope. While the further characterization with
cryo-EM indeed find vesicles and other structures in nanoscale, including spherical
micelles, worm-like micelles and lamellae (Figure 4.11). Showing a large diversity,
vesicles with spherical, ellipsoidal, tube-like and vesicle-in-vesicle structures are
observed, in Figure 4.11C we can even find a twisted vesicle with a snake-like shape.
The electroformation sample demonstrates a primary state of the self-assembly
structures from the swelling of films. According to the work of Battaglia and Ryan,?
multilamellar tube-like “myelin” structures are firstly formed from the rehydrated film,
and vesicles are generated from the destabilization of “myelin” structures. Compared
with heating treatment, the conditions in electroformation are possibly not strong
enough to push the “myelin”-mediated transition from film to vesicles in a complete

way, resulting in the observed metastable structures with various morphologies.
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Figure 4.11. Cryo-EM images of MS1 self-assembly structures from 120-min
treatment of electroformation, applied with an AC field of 6 V and 10 Hz, at 50 <C.
Scale bar =300 nm.

4.3.5 Self-assembly of PMeSPG-b-PSar by double emulsion.

The film hydration method for polymersomes, however, can only yield a low
concentration of self-assemblies (below 0.01 wt %, compared with 0.1 wt % for
nanoprecipitated samples after dialysis), and is unable to work for copolymers which
are hard to get swollen (MS3 for example). Microemulsion used to be majorly
employed to form micrometer-sized spheres and cavities from crystallizable
homopolymers, with the help of surfactants.?® 3132 |n recent years it has become a
versatile approach to study the self-assembly of amphiphilic block copolymers.?: 33-3¢
Here we apply water-in-oil-in-water (W/O/W) double emulsion to prepare vesicles
from PMeSPG-b-PSar, to pursue higher universality and efficiency. Double emulsion
is firstly prepared through a two-step emulsification of chloroform and water, with the
help of homogenizer. The copolymers are packaged in chloroform and
chloroform/water interface, serving as macromolecular surfactants to stabilize the
emulsion. 50 <C heating is applied on the emulsion to remove chloroform by
evaporation. Directed by emulsion structure and driven by solvent evaporation, self-
assembly of PMeSPG-b-PSar is thus achieved towards vesicle formation (Scheme 4.1).
As shown in Figure 4.12A, MS1-containing W/O/W emulsion droplets around 5—15
um are formed and dispersed. Following the system by optical microscope during

solvent evaporation, the shrinking of the emulsion droplets is recorded in function of
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time, and after 12 h, some droplets are captured to generate vesicular structures
(dashcircled in Figure 4.12B). Many vesicles sized 2—10 um have been formed after 24
h, along with residual chloroform droplets (Figure 4.12C). Two bowling-like structures
are captured (pointed in Figure 4.12C), which are speculated to be the incomplete
vesicles, with residual chloroform droplets at the joints. No droplet is left after 40 h of
heating, while the sizes of vesicles mostly decrease below 2 um (Figure 11A and D).
MS2 and MS3 are also explored with double emulsion method, and as revealed in
Figure 4.13, vesicles are obtained for both copolymers after 40 h of chloroform
evaporation. MS2 have ubiquitous giant vesicles sized 2—20 um, with a uniformly
spherical unilamellar shape. The vesicles of MS3 show a wide size distribution, from

around 2 um to over 20 um, many of them have irregular shapes.

Solvent evaporation Further evaporation
Heat with stirring Heat with stirring

Multi-core W/O/W Emulsion droplet Polymersomes
doubkle emulsion droplet generating vesicles

\Water

Scheme 4.1. Schematic illustration of the vesicle formation through solvent

evaporation from W/O/W double emulsion.

Figure 4.12. Bright-field optical microscopic images of the W/O/W double emulsion
of MS1 (A) before chloroform evaporation; (B) after 12 h of chloroform evaporation;

(C) after 24 h of chloroform evaporation.
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A E B C

2

Figure 4.13. Bright-field optical microscopic (A—C) and CLSM (D—F) images of self-
assemblies from MS1 (A, D), MS2 (B, E) and MS3 (C, F) by double emulsion, after 40

h of chloroform evaporation.

The nanoscale morphology of self-assemblies from double emulsion is further
analyzed by cryo-EM. For MS1, the coexistence of spheres (10—20 nm in diameter),
worms (12—15 nm in width), lamellae (600—800 nm in diameter) and vesicles is present
in Figure 4.14A—C. Vesicles are dispersing around and sized from 30 to 300 nm, with
the membrane at 812 nm in thickness. Some unclosed structures are observed
(dashcircled in Figure 4.14A&C), while some of the vesicles are found to connect with
a worm-like “tail” and form a tadpole-like shape (pointed in Figure 4.14C). Ubiquitous
worm-like micelles (11—15 nm in width) are observed in nanoscale view of MS2 sample,
decorated with micrometer-sized lamellac and vesicles measured 30—800 nm in size
and 10—12 nm in membrane thickness (Figure 4.14D—F). The nanoscale self-assemblies
of MS3 have an intriguing feature: many vesicles with size 30—300 nm and membrane

thickness 14—16 nm, are found to stick together (Figure 4.14G) or interconnected via
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branched worm-like micelles (Figure 4.141). Dispersed vesicles, worm-like micelles

(16—18 nm in width) and open lamellae (100—1000 nm) are also observed.

Figure 4.14. Cryo-EM images of self-assemblies formed by (A—C) MS1, (D—F) MS2
and (G—1) MS3, through double emulsion after 40 h of chloroform evaporation. Scale

bar = 300 nm.

The nanoscale self-assembly structures may come from small (< 1 um) O/W
emulsion droplets. The self-assembly of copolymers in the small droplets during the
chloroform evaporation process is not guided by the double emulsion template, thus
forming highly nonergodic results, close to that of nanoprecipitation. As measured from
cryo-EM images, the vesicles formed from double emulsion of the same copolymer
have a smaller membrane thickness than the vesicles from nanoprecipitation. It can be
attributed to the choosing of solvent and the way of removing solvent. Compared with
the cosolvent DMF and its removal through dialysis in nanoprecipitation, using

chloroform to dissolve copolymers and removing chloroform by evaporation at 50 <C
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in double emulsion method, may promote the formation of aggregates with higher

compactness.
4.3.6 Bicontinuous structures and their formation mechanism

The self-assembly results of MS3 from nanoprecipitation and double emulsion
often include some lamellar structures, which are not either spreaded like open lamellae,
or closed like vesicles, but have higher degree of structural complexity (Figure 4.15).
As a typical structure in Figure 4.15A, it has a porous surface, and a bicontinuous inner
structure in the form of network-like labyrinth. These structures are collectively
referred as “bicontinuous nanoparticles”. Bicontinuous structures with interwoven
lattices inside are often reported from block copolymers with packing parameter p > 1,
where the hydrophobic block has a much larger volume than that of hydrophilic
block.3*° In some circumstances, the internal periodic lattice could correspond to
classic analogues inversely, such as cubic and hexagonal structures, therefore they are
called respectively as “cubosomes™® 40 and “hexosomes™®® in literatures. With
extremely high surface area, which usually means high uptake effect, bicontinuous
particles have been considered as potential nanocarriers for the use of highly efficient

drug delivery and catalysis.%’

The formation of bicontinuous nanoparticles is considered closely related to the
dominant hydrophobic domain. Like spheres colliding with each other to form cylinders,
the bilayers of lamellae and vesicles have the further trend to accumulate together,
driven by hydrophobic interaction, therefore interlamellar fusion takes place.** As the
mechanism proposed by Siegel et al. based on lipidic self-assembly (Scheme 4.2),% the
interlamellar fusion starts with the formation of a stalk from the amphiphiles in the
facing monolayers of the two bilayers; driven by the reduction of curvature energy of
the exterior semitoroidal monolayer, the stalk expands and makes the distal monolayers
meet, forming a trans-monolayer contact (TMC). Under the tension due to curvature

and chain-packing stress, the diaphragm of TMC gets ruptured and a fusion pore is
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formed as the result, which is also termed as interlamellar attachment (ILA). ILASs could
be formed between any two approached bilayer structures as interconnecting tunnels,
and could expand to ring-like open structures. If a large number of ILAs are formed in
a stack of bilayers, for example a multilamellar vesicle, a sponge-like bicontinuous
structure then will be obtained. ILA is proposed as the intermediate from lipidic bilayers
to bicontinuous structures.***° In the field of polymeric self-assembly, Lecommandoux
et al. referred to the ILA pathway to illustrate the transition from stomatocyte-like
vesicle to bilamellar nested vesicle.*® Sommerdijk et al. reported the close relation
between multi-lamellar polymersomes and bicontinuous nanoparticles, which are
formed from the same copolymer via nanprecipitation, with different cosolvents*’°,
But the detailed mechanism of polymeric bicontinuous nanoparticles involving
interlamellar fusion has not yet been established. Bicontinuous nanoparticles are
generated from MS3, which has a low hydrophilic ratio (frsar, wt = 14%). Simultaneously,
as a consequence of kinetically frozen effect, many self-assembly structures of MS3 are
trapped in a metastable state, which can be used to explain how bicontinuous
nanoparticles are formed. As a part of MS3 self-assemblies from nanoprecipitation, a
network-like structure is present in Figure 4.15C, and as marked by dashcircle in the
downright of the image, the network is found to be connected with an open lamella,
which is supposed to be part of the original structure, evolving into the bicontinuous
network through interlamellar fusion. Interconnected vesicles are frequently observed
from the double emulsion self-assembly of MS3, as the result of interlamellar fusion
(Figure 4.15 E&F). When the interconnected vesicles are accumulated intensively, the
embryonic form of bicontinuous nanoparticles is generated (darshcircled in Figure
4.15E&F). The ILA tunnels and partial interlamellar fusion are respectively found in
Figure 4.15D and Figure 4.15H. These are direct proofs to support the formation of

polymeric bicontinuous nanoparticles, through the mechanism of interlamellar fusion.
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Figure 4.15. Cryo-EM images of Bicontinuous nanoparticles and intermediate

structures formed by (A—D) nanoprecipitation and (E—H) double emulsion from MS3.

Scale bar = 300 nm.

Approaching lamellae

—~—
! 5 i :
“ " ' i ' Trans monolayer contact
Stalk” ! = | . ! % ! (TMO)

__________________
Interlamellar attachment
(ILA)

Scheme 4.2. The formation procedure of an interlamellar attachment (ILA) between

two approached lamellae.

4.4 Conclusion

We present in this chapter the self-assembly of MeSPG-containing copolymers,

PEG-b-PMeSPG and PMeSPG-b-PSar. In self-assembly study through
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nanoprecipitation, three PEG-b-PMeSPG copolymers, EM1 (PEG4s-b-PMeSPGa7, freg,
wt = 45%), EM2 (PEGas-b-PMeSPGuao, frec, wt = 26%) and EM3 (PEGas-b-PMeSPGr1,
frec, wt = 16%), along with MW increasing and hydrophilic ratio declining, respectively
form solid nanospheres, spherical and worm-like micelles, and lamellae and vesicles,
as dominant structures. All the three PMeSPG-b-PSar copolypeptoids, MS1
(PMeSPGuas-b-PSares, frsar, wt = 41%), MS2 (PMeSPGeo-b-PSarso, fesar, wt = 29%) and
MS3 (PMeSPG7s-b-PSarzs, fesar, wt = 14%), can form polymersomes from
nanoprecipitation. The vesicular structure differs in morphologies and sizes due to the
difference in hydrophilic ratios and MWs. At the same time, the self-assembly results
of the three copolypeptoids are obviously nonergodic: metastable spherical micelles,
lamellae, unclosed intermediates and irregularly shaped vesicles coexist in the result of
the same copolymer. The behavior of PSar in water is analyzed by SANS and DLS,
which reveal that PSar forms clusters in water, rather than purely single-chain coils like
PEG. The difference of water-solubility between PSar and PEG is a major reason for
self-assembly difference between PEG-b-PMeSPG and PMeSPG-b-PSar, and the
insufficient water solubility of PSar is also possibly responsible for the nonergodicity
of PMeSPG-b-PSar self-assemblies. Using the thermodynamic properties of PMeSPG,
vesicles are obtained from MS1 and MS2 by film hydration involving heating treatment.
The transition of MS2 vesicles from irregular shapes to uniform spherical shapes along
with the heating time confirms the controllability of self-assembly morphology by
preparation conditions. Micrometer-sized vesicles can be obtained from MS1-MS3 by
double emulsion method, where vesicles are formed in guidance of W/O/W double
emulsion droplets, during the evaporation of chloroform. MS3 forms nanoparticles with
internal bicontinuous structure in self-assembly, due to the dominant hydrophobic ratio.
Metastable intermediates are captured as a part of the nonergodicity of MS3 self-
assemblies, and the morphological analysis on these intermediates can prove the

formational mechanism of bicontinuous nanoparticles through interlamellar fusion.
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As a class of manageable biocompatible polymers, polypeptoids have a huge
value to be developed and promoted. By using the amphiphilic block copolypeptoid
PMeSPG-b-PSar as a platform, we systematically studied its self-assembly behaviors
and structures, and introduced external assisting approaches, such as heating treatment,
alternating electric field and W/O/W double emulsion, to control the size and
morphology of self-assembly structures. This work contribute certainly to the
comprehension and the control of the self-assembly of polypeptoid-containing

amphiphilic block copolymers.
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Chapter 5. Stimuli-Responsive Vesicles Based on
PMeSPG-b-PSar

5.1 Introduction

In drug delivery applications, controlled release of therapeutic substances can
be achieved through the use of copolymers that respond to the action of stimuli like
redox reactions, pH changes, temperature variation, shear stress and light illumination.>
> Among these stimuli, the high levels of reactive oxygen species (ROS) in tumor and
inflammatory tissues present special interests and have been used as important trigger
to develop oxidation-responsive polymers in target-specific therapeutic delivery.® ’
Hydrogen peroxide (H202), singlet oxygen (*O2), superoxide and hydroxyl radicals are
the most well studied ROS in cancer and inflammatory diseases.®!! These ROS can
also be generated easily with spatiotemporal control by in-situ biochemical or
photochemical reactions.'? 3 For example, H202 can be produced by the glucose-
oxidase(GOx)/glucose/oxygen system and induce destabilization of oxidation-sensitive
polymersoms.2# 102 can be generated under light illumination through photosensitizers
incorporated in polymersomes and eventually cause polymersome rupture and payload

release.®

The most common oxidation-sensitive polymers include sulfur-containing
aliphatic polymers (polythioethers), selenium/tellurium-based polymers, aryl oxalate-
containing polymers and phenylboronic ester-containing polymers.t>1° In recent years,
there has been an emerging interest in both main-chain and side-chain types of
polythioethers, such as main-chain poly(propylene sulfide) (PPS),?° polypeptides with
pendent thioethers (polymethionine (PMet) and S-substituted polycysteine (PCys))?:%
and PEG with pendent thioethers.?® Their main feature is that hydrophobic thioether
groups can be transformed to more polar sulfoxide or sulfone groups under the

oxidation by ROS, leading to significant increase of the water solubility of polymers.
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This results in a change in the hydrophobic/hydrophilic balance of thioether-containing
amphiphilic copolymers and leads to the dissolution or disassembly of their assemblies,

such as polymersomes? and polymer micelles.?> 2/

In this chapter, based on the thioether-to-sulfoxide transition in PMeSPG, the
behavior and structural changes of PMeSPG-b-PSar vesicles in oxidative stimuli are
accurately characterized, from the dynamic changes of vesicles to the signal transitions
inside the molecules. The effect of H202 on the polymersome destruction is invesigated.
In a further step, visible light is employed as remote and precise stimulus to generate
in-situ Oz in polymersomes incorporating a photosensitizer, tetraphenylporphyrin
(TPP), and to lead to rupture of polymersomes. The PMeSPG-b-PSar vesicle system
can be used in target-specific therapeutic delivery and in the combination of
chemotherapy and photodynamic therapy (PDT),?® 2° and show great potential in

biomedical applications.

5.2 Experimental section
5.2.1 Oxidation reaction of PMeSPG

The oxidation of PMeSPG homopolymers was conducted at 0 <C for 90 min in
the environment of 10 wt% H202, which was formed by slow addition of 0.5 mL 30 wt%
H20:2 solution into the polymer suspension in water (10 mg polymer in 1 mL water)
with stirring. The H202 was in large excess ([H202] : [MeSPG] = 64 : 1). The treatment
was followed by addition of Na2S20s3 to end the reaction and lyophilization to remove
solvents. Finally, white powder was obtained for NMR analysis in DMSO-ds. The
proton peak of methyl adjacent to sulfoxide (c®) is at around 2.5 ppm, overlapping the
methyl peaks of dimethyl sulfoxide (DMSQO), supporting the transition from thioether

to sulfoxide as reported in Ref *.

The treatment was repeated at room temperature, and it turned out that also only

sulfoxide was formed. The H20: treatment on MS1 nanoprecipitation self-assembly
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samples was conducted in a similar way at room temperature, with 30 wt% H20:
solution slowly added to the copolymer suspension at volume ratio of 1 : 2, forming the
environment of 10 wt% H20Oz. Since the copolymer concentration turned to 1 g/L after

dialysis, the excess of H202 was even larger ([H202] : [MeSPG] = 1086 : 1).
5.2.2 Surface modification of coverslips

The coverslips were firstly immersed in the mixture of 98% sulfuric acid and
hydrogen peroxide (3 : 1) for 30 min, to modify the surface with hydroxyl groups. The
hydroxyl-modified coverslips were cleaned and then treated with the ethanol solution
of 3-aminopropyltriethoxysilane (APTES : EtOH = 1 : 15) for 2 h, to convert the
hydroxyl to primary amino groups. Amino groups were converted to carboxyl groups
by incubation in saturated ethanol solution of succinic anhydride (SA) overnight. The
carboxyl-modified surface was reacted with a mixture of N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC, 50 mg/mL) and N-hydroxysuccinimide
(NHS, 5 mg/mL) in THF solution for 3 h. NHS-ester-modified coverslips were obtained
as the result. The coverslips with NHS esters on the surface can trap PMeSPG-b-PSar
vesicles, through the reaction between NHS esters and amino groups on the vesicle

surface, as a result immobilize vesicles during microscopic analysis.
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Scheme 5.1. NHS ester surface modified cover glass surface treatment reaction route.
5.2.3 Characterizations

NMR spectra were recorded on a Bruker Avance DMX 500 spectrometer (1H
500 MHz) with deuterium oxide (D20) or DMSO-ds as solvent.
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The hydrodynamic diameters of the nanoparticles were measured by DLS using
a particle size analyzer (Zetasizer Nano Series, Malvern Instruments) at 25 <C. The

measurements were made at a fixed angle at 90 <and a wavelength of 657 nm.

Cryo-EM experiments were conducted in INSERM U1196, Institut Curie, in
collaboration with Sylvain Trepout. A total of 5 uL of samples were deposited onto a
200 mesh holey copper grid (Ted Pella Inc., U.S.A.) and flash-frozen in liquid ethane
cooled down at liquid nitrogen temperature. The images were acquired on a JEOL
2200FS energy-filtered (20eV) field emission gun electron microscope operating at 200
kV using a Gatan ssCCD 2048 %2048 pixels. Energy-filtered (Zero-loss) cryo-electron
tomography images were collected at 12000x (corresponding pixel size 0.8 nm) from -

64 “up to 64 °using a Saxton scheme (1 <at high tilts and 2<at low tilts).

Optical microscopic images were obtained from a Motic PM1820 microscope

with widefield eyepieces WF10>/18mm and achromatic objectives EA 10x<and 40

CLSM images were obtained with Leica TCS SP5 confocal scanning system
equipped with a 63> oil immersion objective. HeNe 543 nm laser (maximum working
power at 1.5 mW) was employed to obtain the fluorescent images. A narrow chamber
between a slide and a NHS-ester-modified coverslip was formed and separated by two
parafilm strips. The vesicle samples were place inside the chamber through siphoning,
for microscopic observation. In H2O2-sensitivity experiment, 10 uL 35 mM H20:
aqueous solution was added to the chamber of 30 pL vesicle sample through siphoning,

to form the environment of 8.8 mM H202 after mixing.
5.3 Results and discussion
5.3.1 H20O2-responsive PMeSPG-b-PSar nano-vesicles

H20: is a ubiquitous molecule in human body,® and is reported to accumulate at
higher level in inflammatory cells and tumor tissues, because of the activated oxidant-

generating enzymes and the decreased detoxifying ability.X> 1! It has been reported on
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the destabilization of thioether-containing polymersomes by H202.* 2 In this work,
the homopolymer PMeSPG with DP at 84 (P4 in Chapter 2) is firstly treated by 10 wt%
H20: (2.94 M) for 90 min. *H-NMR is conducted on the polymer before and after the
treatment. According to the *H-NMR results (Figure 5.1B&C), the thioether groups of
PMeSPG are all transferred to sulfoxides, in comparison with the spectra of PMet

sulfoxides reported previously.*

After confirming the effect of H202 on PMeSPG, the treatment with 10 wt% of
H20: is then applied to the polymersomes of MS1 (PMeSPGas-b-PSarso) from
nanoprecipitation. As the result, no vesicle is found from the sample after 90-min H202
treatment in the observation of cryo-EM. Instead, only very few loose irregular clusters
are visible with some disk-like cavities (Figure 5.2, disk-like cavities are pointed in
Figure 5.2A&B). These objects are probably the residues left by the oxidized vesicles.
DLS is employed in a parallel experiment, to measure the mean size of MS1 self-
assemblies during the oxidation. The count rates measured by Zetasizer in kilo counts
per second (kcps) represent the scattering intensity, and also indicate the evolution of
particle size and/or concentration. Figure 5.3A shows that the count rates decreased
exponentially upon the addition of H202 with a characteristic time T = 20.2 min. The
decline in count rates can be explained by the decrease in the size and/or concentration
of the self-assemblies. After a 60-min or longer treatment, the count rates decreased to
less than 100 kcps, which is the limit below which the size measurement becomes
unreliable. The evolution of count rates confirmed the disruption of vesicles and other

self-assemblies upon oxidation by H202.
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Figure 5.1. (A) Scheme of oxidation of the homopolymer PMeSPG with thioether to
PMeSPG®° with sulfoxide. (B) PMeSPG and (C) PMeSPG® traced by *H-NMR spectra
(DMSO-ds as the solvent). The peaks of the protons adjacent to the sulfuric atom (d, e,

f, red) shift downfield (d°, e° f°, blue), confirming the transition from thioether to

sulfoxide.
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Figure 5.2. Cryo-EM images of the loose irregular clusters from the MS1

nanoprecipitated sample after 90 min treatment with 10 wt% H20..
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Figure 5.3. (A) The evolution of count rates of self-assemblies C1 measured by DLS

as a function of the time of treatment with 29 M H202. The symbols are the

experimental points. The dashed line is the fit with the exponential decay function ¢ =

cmax€™¥®, where cmax is the maximum count rate at t = 0, and t = 20.2 min is the

characteristic time for c to decrease to 36.8% of cmax. (B) The size distribution of self-

assemblies MS1 measured by DLS before any treatment and after 30-min treatment

with 10 wt% H20:..
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5.3.2 H2O2-responsive PMeSPG-b-PSar giant vesicles

To address more in detail the oxidation-responsive transformation of the
vesicular morphology, we recorded the behavior of micrometer-sized vesicles in-situ
under the oxidation of H202 using CLSM. The giant vesicles of MS2 (PMeSPGeo-b-
PSarso) from double emulsion have an appropriate size distribution for the the
observation (2—20 um in diameter), and are therefore chosen as the major object in the
following studies. The sample of giant polymersomes labelled with Nile Red (1 wt%)
is placed between a slide and a surface-modified coverslip to observe the response of
polymersomes to H202 oxidation under CLSM. The disruption of MS2 vesicles is
initiated by the addition of H202: 10 pL of 35 mM H202 (0.12 wt%) is added into 30
uL of polymersome dispersion (60 wt% of copolymer), resulting in a final
concentration of 8.8 mM for H202 and a molar ratio of [H202] : [MeSPG] = 3.62 : 1.
We have observed two pathways in the vesicle disruption. Figure 5.4B present the
pathway 1° (the superscript © indicate the trigger is H202) : the initial polymersome
appears floppy with some slight membrane undulation; it turns to be well-rounded after
89 s of treatment; then the membrane fluctuates with more and more turbulence and
many pores appear around the vesicle surface, which finally leads to the bursting of
polymersome. The whole procedure takes 4 min. The pathway 11° (Figure 5.4C) starts
also by transformation from floppy vesicle to well-rounded vesicle (achieved at around
282 s of H20:2 treatment), but followed by the slow shrinkage of the vesicle to smaller
size and outward budding in the final stage. The pathway 11° takes longer time than that
of the pathway 1°, over 13 min passing before the vesicle shrinking out of the focus.
The change from undulated and floppy vesicle to well-rounded vesicle can be explained
by the decrease of the membrane surface because of the first fraction of polymers
changing from amphiphilic to water soluble upon the oxidation of thioether to sulfoxide.
The difference between two pathways in time scale and disruption mode may be due to
the concentration inhomogeneity in the mixture and the difference in the local molar

ratio of [H202] : [MeSPG]. This ratio should be higher in pathway I° than in pathway
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11°, leading rapid and drastic bursting of polymersome in pathway I°. In contrast, in
pathway 11° the oxidation is more progressive and the pores left by the solubilized
PMeSPGP-b-PSar may be healed promptly by reducing the vesicle surface area and

whole size, avoiding thereby vesicle bursting.

Vesicle disruption

C 754 s
|

Figure 5.4. (A) Schematic illustration of the discruption of PMeSPG-b-PSar vesicle

resulted from the thioether-to-sulfoxide transition in PMeSPG segments under H202
stimulation. CLSM records the vesicle disruption in two differenct pathways
represented by (B) and (C), under the condition of 8.8 mM H202, with the molar ratio
of [H202] : [MeSPG] = 3.62 : 1. (B) Pathway I°: the vesicle turns first from undulated
and floppy vesicle to well-rounded vesicle in the first 89 s, then the membrane starts to
fluctuate more and more intensely and many pores appear around the vesicle surface
(209 s) leading finally to vesicle bursting (225 s). (C) Pathway 11°: the vesicle changes
first from undulated and floppy vesicle to well-rounded vesicle in the first 282 s, but
followed by the slow shrinkage of the vesicle to smaller size (example at 560 s) and

outward budding in the final stage (754 s). Scale bar = 25 um.
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Figure 5.5. The ratio of count rates a (o = (count rates at the time t)/(count rate att = 0
before H202 addition) as a function of oxidation time t, at different H2O2 concentrations
(8.8 mM, 88 mM, and 880 mM). The symbols are the experimental points. The lines
are the fits with the function o = (1 - omin)e™® + oimin, where amin = 0.215 is the minimum
count rate ratio when the copolymers are totally oxidized, leaving a few aggregates of
Nile Red molecules, and 7 is the characteristic time when (o - amin) declines to 36.8%
of (1 - amin). T 15 302.6 min, 70.6 min, and 7.4 min for H202 concentration at 8.8 mM,

88 mM, and 880 mM, respectively.

To confirm the chemical oxidation of copolymers under the conditions of
CLSM observation, we performed analyses by DLS for giant polymersomes C2 treated
by 8.8 mM H202. The ratio of count rates a in Figure 5.5 represents the count rates at
time t normalized with respect to count rates before H202 addition. The evolution of a
as a function of time (Figure 5.5, red curve) supported the tendency of
concentration/size of the self-assemblies to decrease through the oxidation. We also
examined the cases with higher H202 concentrations (88 mM and 880 mM). As shown
in Figure 5.5 (blue and black curves), the value of a decreased more rapidly when

treated with higher H202 concentration. The decay of o under each condition was fitted
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with an exponential function, giving the characteristic time t of 302.6 min, 70.6 min,

and 7.4 min for H202 concentration at 8.8 mM, 88 mM, and 880 mM, respectively.

We also traced the polymersome oxidation by *H-NMR. For this analysis the
MS2 polymersomes are prepared by double emulsion using deuterium oxide (D20)
instead of water. The mixture of MS2 polymersomes and H202 has a concentration of
H202 at 176 mM, but with the molar ratio of [H202] : [copolymer] = 217 : 1, and of
[H202] : [MeSPG] = 3.62 : 1 (the same molar ratio as used in CLSM experiment). The
evolution of *H-NMR spectra as a function of oxidation time is shown in Figure 5.6
(only characteristic interval of chemical shift is chosen). In general, the intensities of a
lot of signals tend to increase with time, either because of the rise of mobility of
polymers in the polymer assemblies upon oxidation such as the signal ¢ and low-field
part (near 3.0 ppm) of signal d, or because of the appearance of oxidized signals such
as a°, b® and c©. The signals assigned to thioether disappear eventually after long
enough oxidation time (here 12 h). The photographs of NMR sample tube beside the
'H-NMR spectra show clearly the turbidity change of the polymersome dispersion.
After 12 h of H202 treatment, the initial turbid dispersion becomes transparent,
confirming the transformation from giant vesicles to solution of free polymers or of tiny

aggregates.
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Figure 5.6. 'H-NMR spectra of MS2 polymersomes obtained by double emulsion in
D20 in the presence of 176 mM H202 with the molar ratio of [H202] : [MeSPG] = 3.62 :
1. The photographs of NMR sample tube beside the *H-NMR spectra show clearly the
turbidity change (from turbid to transparent) of the polymersome dispersion before and

after oxidation.
5.3.3 Photo-responsive TPP-loaded polymersomes

After the use of H202 as oxidation trigger, we searched for more controllable
method for vesicle destabilization. ROS can be produced by photosensitizers
incorporated in polymersomes upon light exposure. The generation of ROS such as Oz
and free radicals can be triggered remotely and precisely by light. *O2 transformed from
the ground state triplet oxygen (302) upon light illumination has been reported to disturb
liposomes® and polymersomes®® 3234 one of which'® proceeded by oxidation of

thioether (in PPS) and was shown to be useful in precision intracellular delivery.
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Figure 5.7. (A) The schematic illustration of the disruption process of MS2
polymersome by singlet oxygen generated from light-activated TPP. (B) Bright-field
CLSM images (I) and fluorescence CLSM images (11) excited by laser of 543 nm, for
MS2 polymersomes loaded with TPP (copolymer : TPP = 100 : 1 in weight). The
fluorescence in (1) comes from TPP, which shows clearly that TPP molecules attach
preferentially to the polymersome membrane, probably via hydrophobic interaction. (C)
'H-NMR spectra of MS2 polymersome in D20 and loaded with TPP under irradiation
of 0.5 W/cm? white LED light. The concentration of MS2 polymersome is 10 g/L (1.63
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mM), that of TPP is 1 g/L (3.26 mM), the molar ratio being [TPP] : [copolymer] =2.00:
1land [TPP] : [MeSPG] =1 : 30. The photographs at right show the turbidity change of

the sample in NMR tube from turbid to transparent.

The MS2 giant polymersomes obtained by double emulsion method are blended
with the photosensitizer, tetraphenylporphyrin (TPP).3* TPP is a hydrophobic porphyrin,
which shows red fluorescence under visible light excitation and can be activated to
transfer the dissolved oxygen to O2. We first check the loading ability of TPP by the
polymersomes. The CLSM fluorescence image of the mixture of MS2 polymersomes
and TPP shown in Figure 5.7B confirms that TPP molecules attach preferentially to the
polymersome membrane via hydrophobic interaction (illustrated in Figure 5.7A). The
evolution of *H-NMR spectra are followed of MS2 polymersomes in D20 and loaded
with TPP as a function of the illumination time under white LED light with irradiance
of 500 mW/cm? (Figure 5.7C). The sample appearances in NMR tube before
illumination and after 300 min of illumination are also shown in Figure 5.7C. Similar
to the case of giant polymersomes triggered by H203, the transformation from thioether
to sulfoxide, triggered here by light in the presence of photosensitizer TPP, also leads

to the disassembly of giant polymersomes to free polymers or tiny aggregates.

For the in situ and real-time observation of the polymersome opening triggered
by light under CLSM, we first prepared MS2 giant polymersomes labelled by Nile Red
and then mixed with TPP solubilized in a tiny volume of THF (the final molar ratio is
[TPP] : [MeSPG] = 1 : 30). Figure 5.8 shows the real-time evolution of vesicles until
disruption provoked by the localized confocal laser (543 nm) of the microscope, with
the maximum working power at 1.5 mW. The two vesicles in the view are disrupted
through two different pathways, the upper vesicle by pathway I- and the lower one by
pathway I1- (the superscript L indicates the trigger is light, to distinguish from that of
O with H20: trigger in the previous section). In the pathway I\, the vesicle size

decreases slightly in the first 37 s, then the membrane fluctuates (until 118 s) followed
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by its opening at upper-right side with a micron-size pore and outward curling; the
whole process of vesicle disassembling takes around 6 min. In contrast, in the pathway
lI- the vesicle decreases its size continuously until its disappearance and the whole
process lasts 14 min. The different ways of disruption could be explained by the
different distribution of TPP in these vesicles. If the distribution of TPP molecules
around a vesicle is not homogeneous and more concentrated in one place, a big pore
localized in this place can be formed first by the attack of high concentration of 02
generated by TPP. The vesicle bursts then rapidly: opening for release after only 118 s
of illumination. This is the case of the pathway I-. If the vesicle has TPP uniformly
distributed at its surface, copolymers in the membrane are oxidized and withdrawn at a
rather constant rate, leading to slow and progressive shrinking of the vesicle. This is the

case of the pathway I1*- that takes longer time (14 min).

If comparing the giant polymersomes triggered by H202 with those triggered by
light in the presence of TPP, we can find some similarities between the pathways I- and
I° as well as between the pathways I1- and 11°. They are all depending on local
concentration of ROS, i.e., H202 or 02 generated by light and TPP. However, the
polymersome bursting triggered by light can be controlled remotely, locally and timely.
The disruption of polymersomes depends also on the total laser dose or the illumination
duration. Figure 5.9 shows the CLSM images of a large area (I) before the observation
and (I1) after the observation of around 15 min with two focused spots marked by the
circles (condition as described in Figure 5.8). The vesicles under the focus disappear,
while those in other regions remain. During the photo capture and video recording,
these two focused regions received more laser dose and produced more ROS leading to
the vesicle disruption. This observation suggests that the PMeSPG-b-PSar vesicles can
be opened or destroyed selectively in a controllable way through the manipulation of

laser.

163



Stimuli-Responsive Polymersomes Based on Polypeptoids

37s 118 s 134 s
| |

570s 700 s 818 s
] T

Figure 5.8. Snapshots of the sequence of evolution of two MS2 polymersomes labeled

with Nile Red and loaded with TPP (the molar ratio of [TPP] : [MeSPG] =1 : 30) under
the illumination of the confocal laser (543 nm) of CLSM at the maximum working
power of 1.5 mW. Two pathways are observed for the polymersome disruption. Scale

bar = 25 nm.

Figure 5.9. The CLSM images of a large area (I) before the observation and (1) after
the observation of around 15 min with two focused spots marked by the circles as
described in Figure 5.8. The vesicles under the focus disappear, while those in other

regions remain. Scale bar = 25 nm.
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5.4 Conclusion

In this chapter, we characterized and analyzed the stimuli-responsiveness of
PMeSPG-b-PSar polymersomes, based on the thioether-to-sulfoxide transition of
MeSPG under oxidative stimuli. The polymersomes and other self-assembly structures
of MS1 (PMeSPGas-b-PSarso) from nanoprecipitation get disassembled after the
treatment with 10 wt% (2.94 M) H202, only leaving very few loose irregular clusters
with some disk-like cavities in the following cryo-EM observation. The detailed
oxidation-responsive transformation is recorded by CLSM from the giant vesicles of
MS2 (PMeSPGeo-b-PSarso) from double emulsion, which have two pathways to
distablize under the stimulation of 8.8 mM H202. DLS and NMR are employed to
confirm the chemical oxidation of copolymers. In order to achieve responsiveness to
remote and controllable stimulus, MS2 polymersomes are loaded with the photositisizer
TPP, which can generate 'Oz by the activation of light. In the real-time observation
under CLSM, the destablization of TPP-loaded MS2 polymersomes is captured, which
is initiated by the localized confocal laser (HeNe 543 nm with maximun working power
at 1.5 mW) of CLSM. The light-stimulated vesicle destablization has similar pathways
to that of H202-stimulated destablization, but can be achieved with much better
controlability and efficiency. PMeSPG-b-PSar polymersomes are proved as smart
vehicles with stimuli-responsiveness, based on the ROS or ROS-involving stimulations.
It can be utilized for the precision intracellular delivery and for the conception of
polymersome-based micro/nano-reactors to conduct sophisticated and cascade catalytic

reactions.
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General Conclusion and Perspectives

In this thesis work, we start from the synthesis of polypeptoid-containing
amphiphilic block copolymers, then make in-depth studies on the self-assembly of these
copolymers, and finally achieve the preparation of thermo-, oxidation- and photo-

responsive polymersomes based on polypeptoids.

Di- and triblock copolymers PCL-b-PSar and PSar-b-PCL-b-PSar copolymers
are synthesized through the ROP of Sar-NTA initiated by oxyamino-ended PCLs.
Diblock copolymer PEG-b-PMeSPG is synthesized by PEG-amine-initiated ROP of
MeSPG-NTA. The amphiphilic block copolypeptoid PMeSPG-b-PSar is synthesized
by sequential ROP of MeSPG-NTA and Sar-NTA in amine-initiated system. Via a
“decarboxylation—N-carboxymethylation” procedure on methionine followed by a
cyclization, MeSPG-NTA, a new NNTA monomer with thioether-containing N-

substituent side chain is prepared for the first time.

The self-assembling behaviors of two triblock PSar-b-PCL-b-PSar copolymers,
CS7 (PSars-b-PCL2s-b-PSars) and CS10 (PSarie-b-PCL40-b-PSarie) are studied in detail.
Lamellar sheets and nanofibers are formed from the nanoprecipitation of these
copolymers. The heating treatment at 65 <C transforms the lamellae and nanofibers to
polymeric spheres and cylinders. Heating at 90 <C of nanoprecipitated samples results
in densely dispersed spheres for CS7, while multilamellar vesicles for CS10. The
lamellae and nanofibers come from the confinement of crystalline PCL blocks, and the
heating which melts the crystals promotes the movement of copolymer chains and the
evolution of self-assembly morphology. The multilamellar vesicles are formed by water
diffusing into polymeric spheres, which is close to the Mechanism Il for vesicular
formation. The film hydration method involving 65 <C heating generates rods of
micrometer-length and a few giant vesicles from both the copolymers. The cell-viability
tests show the low cytotoxicity of PCL/PSar copolymers and of their self-assembly

system.
169



Stimuli-Responsive Polymersomes Based on Polypeptoids

Three PEG-b-PMeSPG copolymers, EM1 (PEGus-b-PMeSPG17), EM2 (PEGus-
b-PMeSPGu4o) and EM3 (PEGas-b-PMeSPG71), with MW increasing and hydrophilic
ratio decreasing from EM1 to EM3, form, respectively, polymer spheres (EM1),
spherical and worm-like micelles (EM2) and vesicle and lamellae (EM3) by
nanoprecipitation. Three PMeSPG-b-PSar copolypeptoids, MS1 (PMeSPGas-b-PSaress),
MS2 (PMeSPGeo-b-PSarso) and MS3 (PMeSPGr7s-b-PSarzs), all form vesicles by
nanoprecipitation, but with various metastable structures such as micelles, lamellae and
non-closed vesicles coexisting in the self-assemblies. The nonergodicity possibly
comes from the insufficient water-solubility of PSar and the low mobility of PMeSPG
at room temperature. Film hydration is then applied to the copolypeptoids, where
heating treatment and electric field are utilized to promote the destabilization of the
polymer film in swelling process. The heating treatment leads to the number increase
of spherical vesicles. W/O/W double emulsion is also used to prepare polymersomes of
copolypeptoids, using chloroform as organic solvent. ~ Giant vesicles are obtained with
high efficiency by double emulsion. MS3, with the biggest hydrophobic ratio among
the three copolypeptoids, can form many bicontinuous nanostructures by

nanoprecipitation and double emulsion, probably through interlamellar fusion.

As the thioether side chain in PMeSPG block can undergo thioether-to-sulfoxide
transformation in the presence of ROS such as H20: and 02, amphiphilic block
copolymer PMeSPG-b-PSar can be oxidized to entirely water soluble copolymers. Thus
we have developed oxidation-responsive polypeptoid vesicles using H202 as stimulus,
as well as photo-responsive polypeptoid vesicles using visible light as stimulus in the
presence of photosensitizer TPP that generate *O2 under light activation. By treatment
of 10 wt% H202, MS1 nano-vesicles obtained from nanoprecipitation disappear and
only a few of irregular loose clusters remain. The destabilizations of MS2 giant vesicles
in response to H202 and light stimuli are characterized by CLSM, with the confirmation

of the chemical oxidation of copolypeptoids by NMR. Photo-responsive polymersomes
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of MS2 loaded with TPP allow the destruction of vesicles with spatiotemporal control

by laser manipulation.

This thesis work has opened perspectives in the research of stimuli-responsive
polypeptoid vesicles. The ROS-responsive PMeSPG-b-PSar polymersomes can be
further developed for the application in cancer treatment, since the preferable
accumulation of ROS in tumor tissue. However, as the concentration of ROS in human
body is variable and often lower than that necessary for polymersome destruction, other
approaches such as the combination with PDT agents (photosensitizers) can be
developed. Another example is PMeSPG-b-PSar polymersomes encapsulating glucose
oxidase and insulin. These polyemersomes can disassemble in response to high glucose
level and release insulin, which act as smart nanocarriers for the regulation of blood

sugar.

Other than their oxidizable ability, the thioether groups in PMeSPG can also act
as nucleophiles and react with substrates including alkyl halides, triflates and epoxides.
This property can be employed to introduce new functions in PEG-b-PMeSPG and
PMeSPG-b-PSar polymersomes. For example, the nucleophilic reactions vyield
sulfonium ions and lead to a positively charged surface. Suitable amount of charges can

be used for DNA-loading and cell-penetration.

By introducing other functional groups in the N-substituent chains, a large
number of functional polypeptoids and their amphiphilic block copolymers can be
developed. Consequently, more functional and stimuli-responsive polypeptoid vesicles
can be designed and prepared. We are confident that polypeptoid vesicles have good

prospects in both fundamental research and application fields.
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RESUME

Comme un nanoconteneur robuste formé d’une bicouche de polyméres amphiphiles, vésicule polymére, aussi appelée polymersome, a été
considérée comme un vecteur de médicament potentiel dans le domaine biomédical, grace a sa structure imitant les cellules, sa grande stabilité
et sa capacité a étre fonctionnalisée. Pour l'utilisation pratique des polymeromes dans des applications biomédicales, la biocompatibilité des
copolymeres qui composent les vésicules devient un sujet important. Le polypeptoid est une classe de dérivés polypeptides dont les atomes
d’azote des amides sont substitués. En évitant la formation de liaisons hydrogéne inter- et intramoléculaires, les polypeptoids ont des solubilités
bien meilleures que les polypeptides dans des solvants organiques usuels, tandis que la biocompatibilité est bien maintenue. Des travaux sur
'auto-assemblage de copolyméres a blocs contenant polypeptoids émergent dans la littérature. Cependant, les travaux sur les vésicules
polypeptoids sont encore rares. Dans cette thése, deux familles de copolyméres a blocs amphiphiles contenant les polypeptoids ont été
synthétisées par la polymérisation par ouverture de cycle (ROP) de N-thiocarboxyanhydrides d'acides aminés N-substitués (NNTA). Différentes
techniques telles que la nanoprécipitation, I'hydratation de film mince et la double émulsion ont été utilisées pour réaliser les auto-assemblages
dans le but d'obtenir des vésicules polypeptoids. Les auto-assemblages ont été étudiés en détail par DLS, cryo-EM, microscope confocale a
balayage laser (CLSM) et *H-RMN.

Dans la premiére famille de copolyméres, la ROP de la sarcosine NTA (Sar-NTA) a été initiée par le poly(e-caprolactone) (PCL) a terminaison
-oxyamine, pour obtenir le copolymeére dibloc PCL-b-PSar, et le copolymére tribloc PSar-b-PCL-b-PSar. Des feuilles et nanofibres unilamellaires
ont été obtenues par nanoprécipitation des copolymeres PSar-b-PCL-b-PSar a température ambiante. Ces lamelles et structures fibreuses peuvent
étre transformées en particules cylindriques et sphériques aprés chauffage a 65 °C. Le chauffage a 90 °C conduit finalement a des polymeromes
multilamellaires. La seconde famille de copolymeres est basée sur un polypeptoid portant thioéthers, la poly(N-3-(méthylthio)propyl glycine)
(PMeSPG). Le nouveau monomeére, MeSPG-NTA, a été préparé par une procédure de « décarboxylation—N-carboxyméthylation » a partir de la
méthionine, suivie d'une cyclisation. Les copolymeres a blocs amphiphiles PEG-b-PMeSPG et PMeSPG-b-PSar ont été synthétisés avec de
différentes masses moléculaires et de différents rapports de blocs hydrophile/hydrophobe. Les études d’auto-assemblage ont été menées sur ces
copolymeres pour la formation de vésicules polypeptoids. Des vésicules ont été obtenues avec de différentes méthodes, et le mécanisme de la
formation des vésicules a travers diverses morphologies non-ergodiques a été discuté en détail.

Le polypeptoid portant thioéthers est congu pour ses caractéristiques stiumulables en réponse a I'oxydation. En effet, le desassemblage des
vésicules polypeptoids de PMeSPG-b-PSar sensible a I'oxydation a été obtenu en raison de la transition « thioéther-sulfoxyde » stimulée
respectivement par le peroxyde d'hydrogéne (H.0>) et par I'oxygéne singulet (*O) produit en presence de la lumiére. Les vésicules polypeptoids
oxydation-stimulable et photo-stimulable ainsi réalisés peuvent étre des systémes prometteurs dans des applications de relargages controlés des
médicaments.

MOTS CLES

Auto-assemblage, polypeptoids, polymersome, oxydation-stimulable, photo-stimulable

ABSTRACT

As a robust nanocontainer with polymeric bilayer structure, polymer vesicle, also called polymersome, has been considered as potential drug
carrier in biomedical field, because of its cell-mimicking structure, high stability and capability to be functionalized. For practical use of
polymersomes in biomedical applications, the biocompatibility of the copolymers that compose the vesicles become an important issue.
Polypeptoid is a class of polypeptide derivatives of which the nitrogen atoms of amides are substituted. By avoiding the formation of inter- and
intramolecular hydrogen bonds, polypeptoids have much better solubility than polypeptides in common organic solvent, while the biocompatibility
is well maintained. Reports on self-assemblies of polypeptoid-containing block copolymers start to appear in the literature. However, works on
polypeptoid vesicles are still scarce. In the present study, two families of polypeptoid-containing amphiphilic block copolymers are synthesized
through the ring-opening polymerization (ROP) of N-substituted amino acid N-thiocarboxyanhydrides (NNTAs). Various techniques like
nanoprecipitation, film hydration and double emulsion are used to perform the self-assemblies with the objective to obtain polypeptoid vesicles.
The self-assemblies are investigated in detail by DLS, cryo-EM, confocal laser scanning microscope (CLSM) and *H-NMR.

In the first family of copolymers, ROP of sarcosine NTA (Sar-NTA) is initiated by oxyamino-ended poly(e-caprolactone) (PCL), to obtain diblock
copolymer PCL-b-PSar and triblock copolymer PSar-b-PCL-b-PSar. Unilamellar sheets and nanofibers are obtained by nanoprecipitation of PSar-
b-PCL-b-PSar copolymers at room temperature. These lamellae and fibrous structures are transformed into worm-like cylinders and spheres after
heating to 65 °C. Heating at 90 °C leads eventually to multilamellar polymersomes. The second family of copolymers is based on a thioether-
bearing polypeptoid, poly(N-3-(methylthio)propyl glycine) (PMeSPG). The new monomer, MeSPG-NTA is obtained from a “decarboxylation—N-
carboxymethylation” procedure from methionine, followed by cyclization. The amphiphilic block copolymers PEG-b-PMeSPG and PMeSPG-b-PSar
are synthesized with different molecular weights and hydrophilic/hydrophobic ratios. Vesicles have been achieved with different methods, and the
mechanism of vesicle formation through diverse nonergodic morphologies are discussed in detail.

The thioether-bearing polypeptoid is designed because of its oxidation-responsive features. Effectively, oxidation-responsive disruption is
achieved for the PMeSPG-b-PSar polypeptoid vesicles, based on the “thioether—sulfoxide” transition stimulated by hydrogen peroxide (H20) and
light-induced singlet oxygen (*O2) respectively. The oxidation- responsive and photo-responsive polypeptoid vesicles can be used as promising
vehicles for smart drug release applications.
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Self-assembly, polypeptoids, polymersome, oxidation-responsive, photo-responsive
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