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Synthese et auto-assemblage de bioconjugués polysaccharide-b-polypeptide d’élastine

Les nanoparticules polymees (NP) ré&ultant de l'auto-assemblage de copolymeres ablocs
amphiphiles en tant que supports nanostructuré ont fait I'objet d'une grande attention, en
particulier dans les domaines de I'administration de mé&licaments et du biomimé&isme. Une
large gamme de polymées synthé&iques a &é éudié et séectionné comme d&éments
constitutifs en raison de leur biocompatibilit€et de leur faible (cyto)toxicité De plus, les
polymeées d'origine biologique ou d'inspiration biologique, comme les polysaccharides et les
polypeptides, présentent I'avantage d'@re biodégradables, biocompatibles et potentiellement
biofactifs, ce qui les rend particuliéement adapté& ala fabrication de copolyméres ablocs pour
des applications bioméicales. En ce qui concerne les systames de d@ivrance de principes actifs,
I'un des principaux défis consiste 2aam@iorer I'accumulation des actifs au niveau du tissu cible.
A cet &jard, les copolyméres ablocs bioactifs abase de polysaccharides capables de reconna’ire
et de se lier &des ré&epteurs speeifiques pré&entent des inté&@&s particulieement prometteurs.

Ré&emment, les nanosystames polymeéres sensibles aux stimuli ont é&&largement exploré en
raison de leur capacitéas'auto-assembler ou ase désassembler in vivo en réponse ades "stimuli
internes”, tels que le pH, I'environnement ré&lucteur-oxydant et les enzymes, ou ades "stimuli
externes”, tels que la tempé&ature, le rayonnement lumineux ou le champ magnéique. Parmi
eux, les polypeptides recombinants de type @astine (ELPS) ont suscit€ébeaucoup d'int&é& en
tant que polymeées proté@ques thermosensibles. Les ELPs sont codé& généiquement et
biosynthétisés par les techniques de I’ADN recombinant et d’ingénierie des protéines, ce qui
permet un parfait contrdes de leur séjuence macromoléeulaire (i.e., structure primaire,
longueur de chaine, masse molaire). En solution aqueuse, les ELPs présentent un caractere
thermo-réondant, avec une tempé&ature critique basse de solubilitéet une transition inverse
(Tt) qui correspond ala tempé&ature du point de trouble aune certaine concentration. En dessous
de la Ty, les ELPs sont solubles dans I'eau, tandis qu'en chauffant la solution au-dessus de la T,
les ELPs s'aggrégent, cette transition de phase éant totalement réversible. La T: peut &re
modulé soit en jouant avec des parametres mol&ulaires (e.g., composition en acides aminés,
longueur de chame) ou environnementaux (e.g., concentration, cosolutes). Les modifications
chimiques post-traductionnelles des ELPs peuvent éalement &re exploitées pour moduler la
Tt. Les post-modifications chimiosd@ectives des ELPs ont é&é& d'un int&& particulier ces
derniees annés. Cependant, seulement deux stratégies synthéiques pour modifier
séectivement les ELPs recombinants contenant de la méhionine ont &é&reportéss. Celles-ci



sont ré&lisées dans des conditions acides et conduisent &des d&ivés polycationiques (d&ives
sulfoniums) avec donc des Tts trés deveéss.

Dans ce projet, nous visions donc atirer profit des propriées biologiques des polysaccharides
et du caractere thermo-réondant des ELPs. Nous avons énis I'hypothése que la combinaison
de polysaccharides et d’ELPs sous forme de copolyméres a blocs pourrait conduire a des
maté&iaux aux proprié&é uniques particulieement inté&essantes pour des applications
biomé&licales. Afin de mieux fonctionnaliser les chames lat&ales des ELPs, d'introduire
diverses fonctionnalités et d'affiner leurs propriéés, une strat€gie de synthese baseés sur la
réctivitéredox de la mé&hionine utilisant des ré&ctifs abase d'oxaziridine a &édévelopper et
s'est avéé& é&re un outil efficace pour la post-modification des ELPs dans des conditions
physiologiques. Apres une préentation du contexte bibliographique permettant de positionner
mon éude (Chapitre 1), les principales recherches et dé&ouvertes ré&lisées sont résumeéss ci-
dessous pour chaque chapitre.



i Chapitre 2. Bioconjugués
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@, des polysaccharides et la thermo-
| sensibilité des polypeptides de type
dastine (ELPs) sont d'un grand int&é&

pour la conception de copolyme&es a

et de caracté&iser une sé&ie de copolymeres diblocs polysaccharide-b-ELP et d’étudier leur auto-
assemblage en solution aqueuse sous forme de nanoparticules par chauffage au-dessus de la Tt.
Trois polysaccharides diffé&ents, &savoir le dextran, le laminarihexaose et I'acide hyaluronique,
ont éé&fonctionnalisés aleur extrémitéré&luctrice avec un groupement azide, tandis que I’ELP
a é@éémodifiésur son extremitéN-terminale avec un groupement alcyne. Trois bioconjugués
polysaccharide-b-ELP ont alors pu &re synthé&isé& par cycloaddition de Huigen, isolé et
finenment caract&isé& par Ré&onnance Magnéique Nuclé&ire (RMN), Chromatographie
d’Exclusion Stérique (SEC), Spectroscopie Infra-Rouge aTransformé de Fourrier (FTIR), et
Spectromérie de Masse (MS). Leur tempé&ature de transition adiffé&entes concentrations ont
&¢& mesurées par Spectroscopie UltraViolet-Visible (UV-Vis) et leurs propriéé d'auto-
assemblage ont ensuite éé& éudiées par diffusion dynamique de la lumige (DLS) et
microscopie aforce atomique liquide atempé&ature contrdée (AFM liquide). Les bioconjugués
polysaccharide-b-ELP s’auto-assemblent en nano-objets de diffé&entes tailles. Des objets
stables de quelques centaines de nanométres ont &émis en évidence, surtout lorsque le segment
des polysaccharides hydrophiles éait suffisamment grand. De plus, le processus d'auto-
assemblage éait entiéement réversible par le contrde de la tempé&ature, ce qui offre une
perspective de bioconjugués polysaccharide-b-ELP pour des applications dans les biomaté&iaux,

la lib&ation de mé&licaments et la reconnaissance des ré&epteurs.
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base d’ELPs sous forme de nanostructures induit
par la tempé&ature. Des travaux reportés dans la litté&ature ont montréque des copolymées a
blocs d’ELPs, les fusions de prot@nes avec des segments ELPs ou encore des bioconjugués de
type polymere synthé&ique-ELP peuvent s'auto-assembler sous forme de micelles sphé&iques,
de micelles allongés ou de véicules. Dans le cadre de I'é@ude de l'auto-assemblage des
bioconjugué ELP-polymere, la flexibilitéet la polyvalence des modifications synthéiques sur
le squelette ELP permettent de moduler ses propri€és tout en conservant son caractee thermo-
répondant. Dans le présent travail, I'impact du polysaccharide comme bloc hydrophile sur
l'auto-assemblage des copolyméres diblocs polysaccharide-b-ELP est exploréet discuté en
comparaison notamment avec un copolymeée PEG-b-ELP porteur d’un segment poly(éthyléne
glycol) comme segment hydrophile. L'éude par diffusion dynamique de la lumiee de ces
bioconjugué a démontréun processus d'auto-assemblage et de déassemblage entiéement
réversible en contrdant la tempéature au-dessus/en dessous de la tempé&ature de transition (T¢)
du dibloc. L'é&olution structurale dé&lenché thermiquement des chaines unimeéres vers des
nanostructures auto-assemblés a @ééudi& plus en déail par diffusion dynamique et statique
de la lumiee sous plusieurs angles (MALS) et par diffusion des neutrons aux petits angles
(SANS). Sous la T, les chames polysaccharide-b-ELP se comportent comme unimées en
solution avec peu d'agréyation. Au-dessus de la Ti, les segments ELPs des bioconjugués
polysaccharide-b-ELP s’auto-assemblent par déhydratation et inté&action hydrophobe,
entramant la formation de particules de taille sub-micromérique. L'hydrophilie insuffisante du
segment Laminarihexaose du bioconjugué Lam-b-ELP conduit en revanche al'agregation
macroscopique et ne permet pas la stabilsation colloale de nanoparticules. Le mé&ange de
plusieurs bionconjugués, en particulier Dex-b-ELP avec HA-b-ELP ou PEG-b-ELP, a
&alement montréune &volution structurelle similaire. Des exp€&iences supplénentaires sont
toutefois né&essaires pour diff@encier la formation de micelles individuelles ou de micelles

mixtes. Le md&ange de HA/PEG-b-ELP a éalement indiquéun comportement plus complexe,



avec trois ré&imes de distribution des particules, qui pourrait &re dOal'interaction structurelle
de ces deux bioconjugués. Encore une fois, d'autres expé&iences, utilisant des bioconjugués
marqués par fluorescence ou des exp€&iences en microscopie éectronique, pourraient permettre

de mieux comprendre ces phé&omenes.
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de type @astine sur les ré&idus méhionine.

H X Xaa=Met O E f Les modifications chimiosdectives des résidus
RS —BX i{n\j}# B R/EOH meéhionine dans les proténes ont fait I'objet d'une
s PhBN'R -\ o ““““\ attention particuliére ces derniées années. Les
H — Sw \“?\“:_ 5 mehodes deerites preeé&lemment pour modifier
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meéthionine dans les polypeptides de type éastine
(ELPs) impliquaient une addition nucléphile en utilisant des halogéures d'alkyle ou des
&oxydes conduisant &aun groupement sulfonium avec une charge positive affectant fortement
les propriéés physico-chimiques des ELPs, en particulier leur propriééde thermo-sensibilité
Nous avons exploréune nouvelle voie pour modifier chimiquement de fagon séective les ELPs
contenant des reésidus mé&hionine al'aide d’une technique synthétique appelée ReACT (Redox-
Activated Chemical Tagging) employant des réactifs a base de dérivés d’oxaziridine. Celle-ci
vient élargir la variété des dérivés d’ELPs ainsi accessibles chimiquement par des liaisons
sulfonium, thioéher ou sulfimide. Avec des réactifs disponibles dans le commerce, des temps
de réction raisonnables et une grande efficacité la voie abase d'éoxyde est treés attrayante.
La possibilitéde ré&upéer une liaison thioéher, et donc un caractée thermo-réondant, par
dénéhylation du groupement sulfonium s'ajoute ala liste des avantages de cette voie
synthéique. La straté&ie ReACT s'est également avé&é& &re une excellente alternative avec une
grande efficacit& des temps de réction courts et la possibilitéde maintenir la thermo-sensiblité
de ’ELP. Dans I'ensemble, cet ensemble de réctions ouvre toute une gamme de possibilités
pour fonctionnaliser les ELPs avec une grande variééde moleeules telles que des fragments
bioactifs, des principes actifs ou des agents de contraste, pour la conception de nouveaux
bioconjugués a base d’ELPs. D'une maniée plus généale, les diffé&entes straté&gies éudiées
dans ce travail peuvent facilement &re éendues ad'autres polypeptides contenant des résidus

mehionine.
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bioconjugués polysaccharide-b-ELP.

o = AL Le marquage chimique a base de dé&ivées
& BN T dloxaziridine (ReACT) constitue une stratéyie
“‘ﬂ? ?‘*d‘% inté&essante pour la modification
/g v,g chimiosdective de la mehionine dans les

prot@nes dans des conditions physiologiques. ReACT s'est r&v@étres sé@ectif al'éard de la
meéthionine sur I'ensemble de la gamme des résidus canoniques d'acides aminés. Toutefois, la
séectivitéet la compatibilitéde ReACT en présence d'autres macromolé&ules naturelles telles
que les polysaccharides sont encore inconnues. Nous avons exploréla possibilitéd'appliquer
ReACT sur nos bioconjugués polysaccharide-b-ELP déerits pré&e&lemment pour la
modification séective du bloc ELP aux réidus méhionine. Deux bioconjugués
polysaccharide-b-ELP, Dex-b-ELP et HA-b-ELP, ont é&é& fonctionnalisé&s de fagn
chimioséective avec des groupes alcyne ou azide, en utilisant des réctifs approprié&s abase
d'oxaziridine, avec une conversion sup&ieure 295% en 1 heure. Les d&ivé polysaccharide-b-
ELP bioconjugué réultants ont &écaracté&isés par RMN H, COSY et HSQC, et I'effet des
diffé&entes modifications sur leur réponse thermique mesureée. En accord avec nos observations
pr&élentes, la modification du Dex-b-ELP avec des dé&ivées de l'oxaziridine a
considéablement augmenté&leur T.. Une petite mol€eule organique, asavoir la coumarine, a
ensuite éégreffé& sur Dex-b-ELP®*-N3 par cycloaddition azide-alcyne catalysée au cuivre, ce
qui a permis de déecter par fluorescence le bioconjuguéou les nanoparticules auto-assemblées
obtenues, et permet d’envisager une réiculation interchame. Fait tres important, la chimie &
base d'oxaziridine sur Dex-b-ELP et HA-b-ELP n'a montré globalement aucune influence
structurelle significative sur les blocs de dextran et d'acide hyaluronique, ré&dant la

compatibilitéde la mé&hode ReACT avec les bioconjugués contenant des polysaccharides.
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GENERAL INTRODUCTION

Polymeric nanoparticles (NPs) resulting from the self-assembly of amphiphilic block
copolymers as nanostructured carriers have been receiving much attention especially in the
fields of drug delivery and biomimetics. A broad range of synthetic polymers have been
investigated and selected as building blocks due to their biocompatibility and low cytotoxicity.
Additionally, biologically-derived or -inspired polymers, like polysaccharides and polypeptides,
present the advantages of being biodegradable, biocompatible and potentially biofunctional,
making them particularly suitable for the construction of block copolymers. Regarding the
biomedical application of block copolymers as carriers, a key challenge is to enhance
accumulation of the active components at the biological target. In this respect, bioactive
polysaccharide-based block copolymers able to recognize and bind to specific receptors

demonstrate particularly promising interests for potential biomedical applications.

Recently, stimuli-responsive polymer nanosystems have been extensively explored due to their
ability to self-assemble or disassemble in vivo as a response to “internal stimuli”, such as pH,
reductive-oxidative environment, and enzymes, or “external stimuli”, such as temperature, light
irradiation and magnetic field. Among them, recombinant elastin-like polypeptides (ELPs) have
gained significant attention as stimuli-responsive protein-like polymers. ELPs are genetically
encoded and recombinantly biosynthesized, which offers an exquisite level of precision and
tunability with regards to their molecular mass, sequence and monodispersity. In aqueous
solution, ELPs display a thermoresponsive character, with an inverse transition temperature (Tt)
that actually corresponds to the cloud point temperature at a certain concentration. Below the
Ti, ELPs are water soluble, while upon heating the solution temperature above the Ti, ELPs
aggregate into insoluble coacervates, this phase transition being fully reversible. The Tt can be
highly tunable either by playing with molecular (e.g., amino acid composition, chain length) or
environmental (e.g., concentration, cosolutes) parameters. Post-translational chemical
modifications of specific ELPs can also be exploited to modulate the Tt. Chemoselective post-
modifications in ELPs have been of particular interest in recent years. However only two
synthetic strategies have been reported to selectively modify methionine-containing
recombinant ELPs, both under acidic conditions and leading to polycationic derivatives with
therefore high Tts. Selective methionine modification of ELPs under physiological conditions

has been barely reported.



In this project, we were thus aiming at taking advantage of the biological properties of both
polysaccharides and ELPs together with the precise stimuli-responsive character of ELPs. We
hypothesized that the combination of polysaccharides and ELPs into block copolymers would
lead to materials with unique properties especially interesting for biomedical applications. In
order to further functionalize the ELP backbones and introduce various functionalities and tune
their properties, a powerful strategy based on redox reactivity of methionine using oxaziridine-
based reagents was developed and demonstrated to be a viable tool for highly efficient post-

modifications of ELPs under physiological conditions.
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Figure 1. Polysaccharide-b-polypeptide bioconjugates: towards bioactive thermo-responsive
self-assemblies.

Herein, the first chapter of this manuscript will be dedicated to a “state of art” bibliographic
review of the field. In the second chapter, we will present a modular “click chemistry”-based
approach to combine bioactive polysaccharides with a stimuli-responsive elastin-like
polypeptide (ELP) into well-defined block copolymers (Figure 1). These bioconjugates were
then fully characterized and their transition temperature behavior was studied through turbidity
measurements by ultraviolet—visible (UV-Vis) spectroscopy and their temperature-induced
self-assembly properties were subsequently investigated by temperature-varying dynamic light

scattering and temperature-controlled liquid atomic force microscopy.
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Figure 2. Structural evolution of thermo-sensitive polysaccharide-b-ELP bioconjugates: from
unimer to self-assembled nanostructure.

Having a great interest in the temperature-induced self-assembly behavior of these
polysaccharide-b-ELP bioconjugates, we will then in the third chapter, focus on exploring more
details of their self-assembly behaviors by extensive dynamic and static light scattering as well
as small angle neutron scattering (Figure 2). The stability, reversibility and thermodynamic
equilibrium of the temperature-induced assemblies were investigated as well as the influence
of different parameters in the self-assembly process, namely heating speed, concentration,
hydrophilicity of the polysaccharide. Additionally physical mixture of polysaccharides, ELPs

and diblock bioconjugates were also studied and will be discussed.
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Figure 3. Expanding the toolbox of chemoselective modifications of elastin-like polypeptides
at methionine residues.

In the fourth chapter, we will describe an innovative strategy to post-modify ELP-[V3M;1-40]
and therefore expand the toolbox of chemoselective modifications of ELP at methionine
residues with recently reported redox alkylation through oxaziridine-based reagents. With four
strategies in hand, we enlarged the scope of action to tune the thermoresponsive properties of
elastin-like polymers giving access to either sulfonium, thioether or sulfimide derivatives.
(Figure 3)

Taking advantage of the high selectivity and mild reaction conditions of oxaziridine-based
modification, in the fifth chapter, we will explore the possibilities of applying oxaziridine
chemistry on polysaccharide-b-ELP bioconjugates for further functionalization of the
bioconjugates at methionine residues. Alkyne or azido groups were introduced allowing
subsequent orthogonal biofunctionalization of polysaccharide-b-ELP bioconjugates with small

molecules such as fluorescent dyes or inter-chain cross-linking. (Figure 4)
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Chapter 1 Bibliographic review

1. POLYMERIC NANOCARRIERS AS AN EMERGING PLATFORM FOR
CANCER THERAPY

1.1 Introduction

Owing to the significant advantages over free drugs systemically administered, polymer-based
nanocarriers as drug delivery systems (DDS) are emerging as ideal platforms for cancer
therapy.’” Not only that these nanocarriers can enhance the solubility, biocompatibility,
bioavailability, and prolong the circulation time of the drugs, furthermore they can be designed
in such a “smart” manner that they selectively release the drugs at the desired site of action.®
Although the first attempt to load drugs onto polymers was reported in 1955 by Jatzkewitz,
the field of polymer therapeutics was promoted by the pioneering works of Ringsdorf,*
Kopecek** and Duncan®*®, among others, in the 1970s (Figure 1). After considerable efforts
from scientists of various disciplines (polymer scientists, biologists, pharmoclogists, clinicians,
among many others) for decades, the field of polymer therapeutics has experienced rapid
growth. Advances in polymer chemistry and biomaterials science in particular have enlarged

the scope of polymer classes, architectures and functionalities.

Timeline | Milestones in the emergence of anticancer polymer therapeutics

PEGylated enzymes

enter clinical trials Block copolymer micelles

enter cinical trials

Staudinger was
awarded the first
Nobel Prize for

Davis and

Abuchowski
PEGylated

— T
SMANCS
enters

‘ Xyotax enters clinical trials

clinical .
proteins trials PEG-l-asparaginase | | ppo_GoSFE

polymer chemistry

1990 2000

Divema enters

Ringsdorfconceptualizes polymer—

‘ SMANCS | | PEG-interferon-at ‘
drug conjugates, polymeric micelles

\
HPMA copolymer micelles
enter clinical trials

clinical trials

Red outline denotes first drugs to market. GCSF, granulocyte colony-stimulating factor;
PEG, poly(ethyleneglycol); SMANCS, styrene maleic anhydride-neocarzinostatin.

Figure 1. Milestones in the emergence of anticancer polymer therapeutics. DIVEMA: 1:2
alternating cyclocopolymer of divinyl ether and maleic anhydride; XYOTAX: paclitaxel

poliglumex (macromolecular conjugate of paclitaxel bound to poly-L-glutamic acid).
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Block copolymers generally comprise two or more chemically distinct polymer chains linked
together by covalent bonds. Owing to their amphiphilic character, block copolymers can self-
assemble into particles of various morphologies and sizes, providing easy adjustability of their
stability, permeability, functionality and surface chemistry.>° Numerous polymers have been
selected as building blocks due to their biocompatibility and low cytotoxicity, such as
poly(ethylene glycol)?°2%, poly(L-glutamic acid)?”8, poly(2-hydroxyethyl methacrylate),?°*
polylactide,®*® polycaprolactone,®3® and poly(trimethylene carbonate),**-® and have been
approved for biomedical applications by regulatory agencies. In the following, we will give a
brief overview on the rational design of polymer-based nanocarriers for cancer therapy, with a
main focus on FDA-approved polymers and polymer-based therapeutics, and introduce

polymer classification, block copolymers and stimuli-responsive polymeric systems.

1.2 Rational design of nanocarriers for cancer therapy
1.2.1 Global statistics and therapeutic approaches for cancer

Nowadays, cancer remains one of the world’s most devastating diseases. According to a report
of the “Global Cancer Statistics 2018” released by the International Agency for Research on
Cancer (IARC),*® 9.6 million people died of cancer in 2018. Meanwhile the number of people
around the world who have cancer is growing rapidly, with 18.1 million new cases in 2018. As
mortality continues to rise, two approaches are bringing hope for improved therapies. On one
hand, genomics and proteomics researches are identifying new tumor-specific signaling
pathways and molecular targets as well as better understanding of tumor microenvironment.*®-
42 On the other hand, innovative nanocarriers are being developed to deliver therapeutics more
specifically to tumor tissues and away from sites of toxicity, and to maintain cure at a

therapeutic concentration over long periods of time (Figure 2).4043
1.2.2 Essential components for rational design of polymeric nanocarriers

Nevertheless, nanocarriers encounter many barriers en route to their target site, such as
membrane barriers and non-specific uptake.**’ Nanocarriers with diameters 10-200 nm can
extravasate into the tumor tissues via the leaky vessels by the enhanced permeability and
retention (EPR) effect, a characteristic feature of tumor biology that allow nanocarriers to

accumulate in some tumors by passive targeting.*®-°
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Figure 2. Essential components for design of polymeric drug delivery systems. “RES” is the

abbreviation of “‘Reticuloendothelial System”.*3

Although passive targeting approaches form the basis of clinical therapy, they however suffer
from several limitations such as high heterogeneity among patients in terms of EPR effect, lack
of control and tumor specificity, as well as multiple-drug resistance mechanims.*® One way to
overcome these limitations is to attach targeting agents such as saccharides that bind to specific
receptors on the cell surface to the surface or architecture of the nanocarrier by a variety of
conjugation chemistry.®>2 Nanocarriers can then recognize and bind to target cells through
ligand-receptor interactions, and bound carriers are internalized before the drug is released
inside the cell (Figure 3).”% In general, when using a targeting agent to deliver nanocarriers to
cancer cells, it is imperative that the targeting agent binds with high selectivity to markers or
receptors that are mostly expressed on the cell surface. Thus for rapid and effective transition
of polymeric therapeutics to clinical trials, it is essential to combine the fundamental
understanding of tumor microenvironment with the rational design of polymeric nanocarriers.*’
The essential requirements for design of polymeric drug delivery systems are summarized by

Fischer and his co-workers in Figure 2.** This emphasizes the necessariness of the
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interdisciplinary work of polymer chemists with physicists, biologists as well as clinicians in
the early stage of development of polymeric nanocarriers.

Active cellular

targeting ‘" ‘

el e o e R s

P AT

Ineffective
lymphatic drainage

Figure 3. Schematic representation of different mechanisms by which nanocarriers can deliver
drugs to tumours. Polymeric nanoparticles are shown as representative nanocarriers (circles).
Passive tissue targeting is achieved by extravasation of nanoparticles through increased
permeability of the tumour vasculature and ineffective lymphatic drainage (EPR effect). Active
cellular targeting can be achieved by functionalizing the surface of nanoparticles with ligands
that promote cell-specific recognition and binding. The nanoparticles can (i) release their
contents in close proximity to the target cells; (ii) attach to the membrane of the cell and act as
an extracellular sustained-release drug depot; or (iii) internalize into the cell.>

1.2.3 Polymeric nanocarrier formulations

After considerable effort by polymer scientists for decades, there is an increasing number of
nanocarrier formulations progress from the laboratory to routine clinical use as nanocarriers
(Figure 4). The emerging family of nanocarriers including polymer-based carriers such as
polymer-drug conjugates,>* " block copolymer micelles,'®%® polymersome*5°53 and
polymeric nanoparticles,85457 lipid-based carriers such as liposomes,®®% and dendrimers,’% "
carbon nanotubes,’?~# inorganic particle based nanoshells and nanocages’>"" (Figure 4). These

nanocarriers have been explored for a variety of applications for cancer therapy, ranging from

18



Chapter 1 Bibliographic review

prediagnosis, drug delivery to tumor imaging and detection, representing an emerging platform

for cancer therapy.

Immuno-toxin/drug Carbon nanotube Micelles

fusion protein Liposome

Biodegradable polymer

® O

Chemotherapeutic

1) Surface functionality

Polymer-conjugate
drug/protein Spacer group/

long circulating agent

Targeting molecule

Nanobased carriers (aptamers,antibodies and their fragments)

for cancer detection

Inorganic particle
Metallic shell

f Amphipathic molecule

Dendrimer

BEEEEEE Carbon nanotube

Nanoshells Liposomes Polymeric carriers

Figure 4. Schematic representation of nanocarriers for cancer therapy. A whole range of
delivery agents are possible but the main components typically include a nanocarrier, a cargo
(such as the desired chemotherapeutic drugs) and a targeting moiety conjugated to the
nanocarrier.>®

1.3 FDA-approved polymeric therapeutics
1.3.1 FDA regulatory process of nanomedicine

The regulatory and approval process for nanomedicines, as well as other drugs or devices for
humans are regulated by the Food and Drug Administration (FDA) in USA. In terms of every
new FDA approved drug, the entire process cost about 10-15 years including the discovery of
the drug, the pre-clinical phase involves in vitro and in vivo studies to demonstrate efficacy,
safety, toxicity profile, and to identify appropriate dose ranges, and finally 5 clinical trial phases
0- 1V to assess if treatments are safe for and work in human.
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Figure 5. The regulatory process of polymeric therapeutics. Agencies make an integrated
assessment of the tisk-benefit balance.™
Nanomedicine, as an emerging interdisciplinary field that combines nanotechnology with
pharmaceutical chemistry and biomedical science, shows plenty differences in comparison to
traditional drugs.>"°%° The behavior of nanomedicine under biological conditions (at the level
of molecules, proteins, cells, tissues, etc.) is highly dependent on the physicochemical
properties of the nanomedicine, such as particle morphology, size and surface chemistry.8%:82
Thus, there is a need to have a comprehensive understanding of the physicochemical parameters
of the polymeric therapeutics, and the reproducibility and scalability of the manufacturing
process. In the past several years, the “quality” of nanomedicine characterization is also the
important part of several guidance documents issued by the FDA, hence it is a particularly key
aspect in terms of drug research and transition. Therefore, the efficacy, safety, and
physicochemical “quality” of polymeric therapeutic are compiled into an investigational new

drug application for FDA consideration (Figure 5).

1.3.2 Trends in the development of nanomedicines
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Figure 6. Trends in the development of nanomedicines. (a) FDA approved nanomedicines
stratified by category; (b) FDA-approved nanomedicines stratified by category overall; (c)
clinical trials identified in clinicaltrials.gov from 2001 to 2015 with arrow indicating
approximate start date of US law (FDAAA 801) requiring reporting to FDA database; (d)
nanomedicines under clinical trial investigation stratified by category overall.®

Based on the data extracted from the clinicaltrials.gov website in February 2016 using search
terms centered on “nano”, Simon and his co-workers provide a “snapshot” of the nanomedicines
that have been approved by FDA.%® As reproduced in Figure 6, approvals appeared to peak
during 2001-2005 time period meanwhile the number of nanomedicines which have been
advanced to clinical trials has increased steadily since 2007 and 2014-2015 are the best years.
In terms of the category of nanomedicine, there are significantly more metallic and protein-
based particles being submit to clinical trial in contrast to what has previously been approved
(Figure 6). Although the overall proportion of polymeric particles has not increased, polymers
are still necessarily essential component since most of the micelle and liposome systems being
developed incorporate polymers as building blocks, while the protein-based systems may also

have a polymer composition.
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1.3.3 Polymeric therapeutics in the market and clinical development

With the rapid development of polymer science, there are increasing types and structures of
polymer-based therapeutics have been approved by FDA. Typical examples of polymeric
therapeutics in the market and clinical development are listed in Table 1, including polymeric
drugs, polymer sequenstrants, polymer-drug/protein conjugates, PEGylated-protein/aptamer,
block copolymer micelles and self-assembled polymer conjugate nanoparticles.?’ As the most
well established polymer, poly (ethylene glycol) (PEG) are extremely popular and employed in
various cases such as polymer-drug conjugates, PEGylated proteins or aptamers, and block
copolymers. 2252683 QOther synthetic polymers, for example N-(2-hydroxypropyl)
methacrylamide (HPMA),** poly (glycolic acid),®* poly(lactide-co-glycolide) (PLGA),?*
poly(lactic acid) (PLA)®?2® and polycaprolactone (PCL),**% have also been approved for
clinical utilization from decades. Additionally, some biologically derived or inspired polymers,
like polysaccharide (hyaluronic acid)®-%* and polypeptide (polyglutamic acid)®**>% are also
approved by FDA for biomedical researches since they are naturally biodegradable,

biocompatible and are potentially biofunctional.

Sub class Examples Composition Status
Polymeric drugs Copaxone Glu, Ala, Tyr copolymer Market
Vivagel Lysine-based dendrimer Phase 111
Hyaluronic acid Hyalgal, Synvisc Market
Polymeric sequestrants Renagel Phosphate binding polymer cholesterol binding Market
Welchol Market
Polymer—protein conjugates Zinostatin Stimaler Styrene maleic anhydride-neocarzinostatin, (SMANCS) Market (Japan)
SuliXen Polysialylated insulin Phase I/1I
PEGylated proteins Cimzia PEG-anti-TNF Fab Market
Mircera PEG-EPO Market
Peg-intron PEG-Interferon alpha 2b Market
Pegasys PEG-Interferon alpha 2a Market
Neulasta PEG-hrGCSF Market
Uricase-PEG 20 PEG-uricase Market
ADI-PEG 20 PEG-arginine deaminase Phase II
PEGylated-aptamer Macugen PEG-aptamer (apatanib) Market
E10030 PEG-anti-PDGF aptamer Phase Il
ARC1779 PEG-anti-platelet-binding function of von Willebrand Factor Phase Il
Polymer-drug conjugate CT-2103; Xyotax; Opaxio Poly-glutamic acid (PGA)-paclitaxel Phase I1/11I
Prolindac HPMA-copolymer-DACH platinate Phase Il
PEG-SN38 Multiarm PEG-camptothecin derivative Phase Il
XMT-1001 Polyacetal-camptothecin conjugate Phase 1
NKTR-118 PEG-naloxone Phase 111
Block copolymer micelles SP1049C Doxorubicin block copolymer micelle Phase I/l
NK 105 Paclitaxel block copolymer micelle Phase Il
NK-6004 Cisplatin block copolymer micelle Phase Il
Self assembled polymer conjugate nanoparticles 1T-101 Polymer conjugated-cyclodextrin nanoparticle-camptothecin Phase 11
CALAA 01 Polymer-conjugated cyclodextrin-nanoparticle-siRNA Phase 1

Table 1. Examples of polymeric therapeutics in the market and clinical development.*

1.4 Block copolymers: construction, preparation and self-assembly

1.4.1 Rational design of block copolymer
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Figure 7. (A) Classification of different types of available polymer based on their structure,
molecular force, source, and polymerization. (B) Commonly used hydrophilic polymer and
hydrophobic polymer.®

Over recent decades, the aspects of polymer chemistry are emerging in nearly all of the
advancement of drug delivery technologies by providing various possibilities of structures and
morphologies. As shown in Figure 7A, polymer can be classified based on structures, molecular
forces, sources or polymerization ways.'® Block copolymers are a class of polymer consisting
of two or more distinct polymer components that are chemically connected. Various
nanoformulations resulting from the self-assembly of amphiphilic block copolymers, such as
micelle, polymersome and hydrogel, have been extensively applied in drug delivery systems
(Figure 8).1” The vast biomedical application of amphiphilic block copolymers is primarily the

result of the chemical flexibility of their structure results from their unique chemical
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composition, characterized by a hydrophilic block conjugated to a hydrophobic block. Figure
7B summarized chemical structures of most commonly used hydrophilic polymers and

hydrophobic polymers.®

In order to achieve a system of required hydrophilic-lipophilic balance for assemblies, the
hydrophilic and the hydrophobic segments of the block copolymer can be flexibly varied in
terms of their structure, molecular weight and length.*®8 With the rational considerations, it is
possible to choose appropriate architecture of block copolymers for desired purposes, for
example, select PEG for prolonging the circulation time, select bioactive polysaccharide for
specific receptor targeting and select stimuli-responsive polymer to improve the drug release

profile of the delivery systems such as micelles or polymersomes.
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Figure 8. Schematic presentation of block-copolymer-based nanoformulation assemblies.’

1.4.2 Strategies to prepare block copolymers

A variety of synthetic methods of block copolymer maintain this flexibility in their original

design. In general, the three principal ways to prepare the block copolymer : (i) living
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polymerization of monomers by sequential addition or using of end-functional groups on one
original polymer chain to initiate another living polymerization, such as ring opening
polymerization (ROP)* 1% and reversible addition fragmentation chain transfer (RAFT)
polymerization;*%-194 (ii) coupling reaction between polymers through highly reactive
functional groups, such as copper(l)-catalyzed azide-alkyne cycloaddition (CUAAC);%-108 (jii)
biosynthesis of protein-like polymers by recombinant DNA technology and protein engineering
techniques, for example, biosynthesis of elastin-like polypeptide diblock copolymers!®-112
(Figure 9). The versatility of these synthesis methods have advanced enormously to enhanced

the applicability of block copolymers especially in drug delivery approaches.

CONTROLLED POLYMERIZATION BIOHYBRIDS RECOMBINANT POLYMERS

Macroinitiator Polymer  Biomacromolecule Recombinant DNA
AN A~ .V NEEEEEEEREERENE
“click” Biosynthesis

Figure 9. Strategies to prepare block copolymers
1.4.3 Block copolymer based self-assemblies

In the past decade, research on block copolymer self-assemblies has focused on the variations
in their amphiphilicity, block length ratios, solubility, physicochemical properties, self-
assembly behavior, or bioactive blocks of desired properties. Owing to the amphiphilic
characteristics, block copolymers can assemble into various supramolecular structures (e.g.
nanoparticles,'®1°113 micelles, 1658114115 nolymersomes!t>%-63%) providing easy adjustability
of their size, shape, stability and surface chemistry. The advantages of block copolymer self-
assemblies for drug delivery include tunable amphiphilicity, controlled drug release, prolonged
blood circulation time and improved therapeutic effectiveness. In the following subsections,

block copolymer based polymersomes and micelles are briefly introduced.

Polymersomes
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Polymersomes are a class of artificial vesicles made of amphiphilic block copolymers and
contain a hollow core surrounded by a bilayer membrane.®® The bilayer membrane is composed
of hydrated hydrophilic coronas (e.g. PEG) both at the outer and inner side of the hydrophobic
part of the membrane. Due to the relatively thick of the membrane, polymersomes are usually
more stable compared with liposomes. Hydrophilic drugs can be encapsulated into the aqueous
core and the membrane can integrate hydrophobic drugs within its hydrophobic part.>*®° Owing
to their significant properties, polymersomes have attracted massive interest for targeting and
stimuli-responsive drug delivery approaches.!* The presence of a PEG on the surface of
polymersomes will reduce the protein adsorption during the blood circulation. Stimuli-
responsiveness, rate of disruption and permeability of the membranes can be acheived by
utilizing various stimuli-responsive and/or biodegradable block copolymers to control the
release of encapsulated drugs. Functional groups on the block copolymers can be used to
introduce targeting moieties like antibodies or saccharides,®? which are able to recognize target
receptors or cells. All these advantages make polymersomes one of the most interesting

supramolecular structures for potential applications in delivery of drugs, proteins and genes.
Block copolymer micelles

Unlike polymersomes, polymeric micelles are characterised by the core—shell architecture. The
hydrophobic blocks of micelle are segregated from the external to form an inner core, whereas
the outer shell comprises the hydrophilic segments of the copolymer. In general, there are three
major methods for loading drugs into micelles: physical encapsulation (e.g. co-solvent
evaporation)!*®, drug conjugation and polyionic complexation (e.g. ionic binding)*'"%8, The
pharmacokinetics and pharmacodynamics of drug-loaded micelles can be influenced by a
variety of factors including size, critical micelle concentration, morphology, interaction with
external environment and the chemical nature of the block copolymers. By shaping these
parameters, polymeric micelles have been developed as nanomedicines capable of delivering a
wide range of therapeutics through effective accumulation on targets in the body, adjustment
of their stabilities in response to particular stimuli and controlling the release of the loaded
drugs at the targeted sites. 16119

1.5 “Smart” Stimuli-Responsive Polymeric Systems

1.5.1 Design of stimuli-responsive system
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Clinical efficacy of therapeutics is limited by its poor water solubility and low bioavailability.
The utility of polymeric nanocarriers to transport therapeutics like small-molecular drugs,
peptides, or nucleic acids has gained increasing attention throughout the field of pharmaceutical
sciences. In contrast to conventional drugs, polymeric nanocarriers improve the solubility,
bioavailability of already existing drugs, thus enhance therapy efficacy. Additionally, these
nanocarriers can be tailor-made in such a manner that they are triggered to release their cargo
at the site of action, what so-called “smart” stimuli-responsive systems (Figure 10).°
Endogenous stimuli like pH, enzymes, glucose, redox environment and exogenous stimuli like
temperature, magnetic field, light, and ultrasound have employed solely or combinedly to

advance the development of stimuli-responsive systems 810:120

M
s | PH
o
@ Enzyme
>
. ation e
ho\og\ca\ nfor™ “ | Redox
pat £
: g Glucose
. =\ J

Micelles

Disease target %

Nanoparticles

Polymers Liposomes

i)

(Temperature)

Stimulus-sensitive drug release

Magnetic

Acoustic

NS SnOU96OX3

Light

Figure 10. Schematic illustration for stimuli-responsive DDSs.®
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Stimulus Examples of responses

Endogenous

Direct activation, expansion, gatekeeping, disassembly, assembly,
pH gradients
morphology switch

Redox process Gatekeeping, disassembly

Direct activation, gatekeeping, disassembly, assembly,
Enzymes or proteins
morphology switch, motion

Nucleic acids or small molecules Gatekeeping, disassembly, assembly, morphology switch, motion
Exogenous
Temperature Expansion, disassembly, assembly, morphology switch

Direct activation, gatekeeping, disassembly, assembly, morphology

Light
switch
Ultrasound Motion
Magnetic field Motion

Table 2. Highlights of stimuli example responses. Associated references broached in this
reference.'?°

To design such stimuli-responsive system for biomedical application, the mandatory principle
of “smart” lies on the fact that a specific endogenous/exogenou stimulus of chemical,
biochemical, or physical can trigger the response of the nanocarriers, thereby promoting
structural changes in composition or conformation to release the cargo in specific biological
environment. These structural changes mainly include activation, expansion, gatekeeping,

disassembly, assembly, morphology switch and motion (Table 2).
1.5.2 Tumor microenvironmental stimulus

Indeed, biological stimuli-responsive are also naturally occurring in human body, such as the
variation of pH in different cellular compartments. However, most variations in physiological
parameters exist at the cell, tissue and organ levels, are usually associated closely with various
pathological phenomenon, such as cancer, diabetes, cardiovascular disease and chronic

inflammations (Figure 11).12
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Figure 11. Typical physiological environments with associated biological stimuli. ATP,
adenosine triphosphate; Gl, gastrointestinal.*?!

It is widely known that the microenvironment of tumors presents unique physiological features
as compared to healthy tissues, including acidic pH*?? due to the aerobic glycolysis and lactic
acid production (Warburg effect)!?3124 hypoxia'?® owing to the aberrant vascular network,
redox potential,*?® and overexpression of particular enzymes and molecules'?’ such as matrix
metalloproteinases®?® that are involved in tumor progression. These endogenous stimuli provide
great opportunities for the development of “smart” polymeric nanocarriers for tumor-targeted
delivery and activation of therapeutic or imaging agents. Additionally, the application of
exogenous triggers, such as temperature, light irradiation, and ultrasound, to targeted tissues
has also been used for developing pinpoint therapies. By merging such environmental
responsive function with polymeric nanocarriers, “smart” polymeric system promoted the
effective accumulation of anticancer drug at tumor site, thus to maintain anticancer therapies

with high selectivity.
1.5.3 Design of “smart” polymeric nanocarriers

Block copolymer based assemblies, like polymersomes or polymeric micelles, are frequently
designed to respond to various endogenous and exogenous stimuli for achieving desired needs.

For example, polymeric micelles can incorporate various functions to sense the subtle changes
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in the surroundings by fine-tuning their multicomponent and compartmentalized structure
(Figure 12).

Endogenous Endogenous Stimuli-

Stimuli . Responsive Design
pH: Cleavable bonds for drug conjugation and cross-

Endosomal pH (pH 6.5-4.5) linking (hydrazone, Schiff base, acetal), Protonable units

Intratumoral pH (pH 7.2-6.5) (imidazole, diethylenetriamine, etc.).

Enzymes (MMP-9, Cathepsins, etc.) Enzymes: Cleavable peptide bonds for drug conjugation.

ATP (>1 mM intracellular; >100 pM ATP: Boronate esters.

Corex Redox: Bonds for drug conjugation and cross-linking
(disulfide, diselenide).

ROS: Cleavable moieties (boronic esters, thioketals),
increased water solubility of backbone (poly(propylene
| sulfide) and poly(thioether ketal)).

intratumoral)
ROS

Shell: Detachment of hydrophilic block by cleavable
*bonds (pH, enzymes, redox or ROS).

I' Heat: Polymers with change in solubility for drug
release and micelle dissociation (poly(N-
isopropylacrylamide)).
Core: Light: Structural changes of chromophores
(azobenzene, cinnamoyl, nitrobenzyl, etc).
Ultrasound: Mechanical disruption of hydrophobic
Lr‘nteractions.

Light (laser irradiation) [ Light: Detachment of hydrophilic block by

Heat (hyperthermia) J _4 cleavable bonds.

Ultrasound Shell: Heat: Increased hydrophobicity of shell (poly(N,N-
LDumelhylamino)ethyl methacrylate).

Exogenous Exogenous Stimuli-
Stimuli Responsive Design

Figure 12. Design of polymeric micelles responding to various endogenous and

exogenous stimuli.®
pH-sensitive

As mentioned above, pH in tumor tissues is usually slight acidic. There are usually two route
to design pH-responsive polymeric nanocarrier for cancer therapy.1?° First, nanocarriers can be
prepared with pH-sensitive linkages that are stable at physiological pH 7.4, but cleave under
tumor pH, resulting the cargo release intratumorally or intracellularly. Typical examples of
acid-sensitive linkages including N-cis-aconityl, hydrazone, acetal and imine.**® The group of
Kataoka used poly(ethylene glycol)-block-poly(aspartate) (PEG-b-PAsp) block copolymer to
load doxorubicin via hydrazone bond.*®! Zhang and co-workers also used the same linkage but
to deliver cisplatin by PEG-b-PLLA block copolymer.t®? Both drug release profiles were
enhanced at acidic pH. Nanocarriers can be also equipped with ionizable groups, such as
amines, histidines!® and carboxylic acids, which stay neutral at pH 7.4, but rapidly protonate
at acidic pH. The group of Lecommandoux prepared polypeptide diblock copolymers poly(L-
glutamic acid)-b-poly(L-lysine) (PGA-PLL) which reversibly had one block or the other as the

corona depending on the pH gradient.***
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Enzyme-sensitive

Besides the pH variations, the variation of enzymes in healthy and tumor tissues can be used
for drug delivery systems with high activation selectivity.3® The design of enzyme-responsive
nanocarriers mainly rely on the hydrolysis of esters or peptide sequences by esters or proteases.
One of the most frequently studied peptide sequence is Gly-Phe-Leu-Gly.**® The group of
Duncan used N-(2-hydroxypropyl) methacrylamide (HPMA) as polymer backbone and Gly-
Phe-Leu-Gly as linker for attaching chemotherapeutics like doxorubicin had been advanced to

clinical studies.**’
Light-sensitive

External stimuli are useful for directing the action of polymeric nanocarriers at target sites,
although their application in some diseases might be restricted. The response to light of
polymers is usually rely on the polymer-conjugated chromophores, such as azobenzene,*®
coumarin,®®® cinnamoyl,'® or nitrobenzyl groups!#142, which can be cleaved upon light
irradiation at a defined wavelength or undergo light-mediated structural changes, resulting the

disassembly of the nanocarrier and the release of the cargo.
Thermo-sensitive

Heating is usually applied in cancer therapy as local hyperthermia by raising the temperature
of tumor tissues to about 43 <T, which leads to cellular damage.*® Thus, thermo-responsive
polymers such as poly(N-isopropylacrylamide) (PNIPAM)** and poly(N,N-diethylacrylamide)
(PDEAAM),' are advantageous for constructing block copolymers which respond to
temperature changes within a narrow and sharp range. PNIPAM had been copolymerized with
PEG® and poly(acrylic acid)** to form thermos-sensitive block copolymer micelles. Du et al.
designed thermo-sensitive nanoparticles self-assembled from poly(N,N-diethylacrylamide- co-
acrylamide)-block-poly(y-benzyl L-glutamate) for paclitaxel (PTX) delivery in localized
hyperthermia.**® The lower critical solution temperature (LCST) of nanoparticles was adjusted
to a level between physiological body temperature (37 °C) and that used local hyperthermia
(about 43 °C) as a trigger. The release of PTX showed a thermo-sensitive controlled behavior
and the cytotoxicity of PTX loaded nanoparticles increased with tumor cells compared to origin

PTX when heating was performed.

Dual and multi-stimuli responsive
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In addition, in an effort to further improve drug release profiles, dual and multi-stimuli

responsive polymeric nanaocarriers that respond to a combination of two or more stimulus such

149 151

as pH/temperature,™°  pH/reduction, pH/magnetic  field,*® temperature/redox,
temperature/pH/redox,'>? temperature/pH/magnetic,™® and pH/redox/magnetic,*>* have been

developed and reviewed. > (Figure 13).
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Figure 13. Dual and multi-stimuli (e.g., T (temperature), pH, magnetic field, ultrasound, and
light) smart polymeric materials used for smart drugs in solid tumors. The two and more stimuli
are applied as following: (i) application of an external stimulus such as temperature and pH to
facilitate formation of nanoparticles; (ii) application of an external stimulus such as magnetic
field, ultrasonic, light, and temperature to trigger drug release, which allows precision spatial,
temporal as well as dose control over drug release at will through a remote apparatus; (iii)
acidic tumor pH (6.57.2) is utilized to trigger drug release and/or reverse shielding of
nanoparticles at tumor site thereby enhancing tumor cell uptake of nanoparticulate drugs; and
(iv) intracellular environments such as low pH in endo/lysosomal compartments and high redox
potential in cytoplasm are utilized to improve intracellular drug release inside tumor cells.
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2. ELASTIN-LIKE POLYPEPTIDE: FROM NATURE TO BIOMEDICAL
APPLICATIONS

2.1 Introduction

Stimuli-responsive polymers are promising candidates for biomedical applications, such as
controlled drug delivery.!%120157 Recently, elastin-like polypeptides (ELPs) have attracted
increasing interest as stimuli-responsive protein-like polymers and serve as an attractive
alternative to synthetic polypeptides obtained by conventional polymerization,109110.158-160
ELPs are a biomimetic class of polymers inspired from a repeat motif VPGXG of human
tropoelastin. X is a guest residue that can be any amino acid except proline.'61%2 Genetically
encoded and recombinant synthesis of ELPs allows precise defined of the sequence and
molecular weight of polymer, which is unmatched by conventional synthetic polymers. In
aqueous solution ELPs exhibit a reversible phase transition behavior whereby ELPs remain
soluble below a transition temperature (T:) but form coacervates about T:.!%® Their phase
transition behavior and biocompatibility make ELPs interesting stimulus-responsive materials
for various applications in drug delivery field including as soluble polypeptide carriers,
thermally self-assembled micelles, cross-linked hydrogels or coacervated protein
depots. 109159164165 This nart aims to give a general review of the definition, protein expression
and properties of ELPs as well as their post-modification methods and biological applications

in the field of nanomedicine.
2.2 Definition, protein expression and properties of ELP
2.2.1 ELP inspired from nature elastin

Elastin is an natural extracellular matrix (ECM) proteins that is plentifully exist in various
tissues, such as elastin ligaments, blood vessels, lungs, tendons and skins, supporting them
with indefinite cycles of stress and relaxation. %518 Mature elastin is generated by the self-
assembly and crosslinking of the precursor protein, tropoelastin. Tropoelastin is a 72 kDa
molecule comprising highly repetitive amino acid sequences.'®® As shown in Figure 14, there
are three kinds of domains of tropoelastin: proline-rich hydrophobic, glycine rich hydrophobic,
and crosslinking domains. Despite its unique self-assembly and physiological properties, the
usage of natural elastin as biomaterials are remain under explored due to its intrinsic insolubility

issues.!’® Accordingly, researchers attempted to “dissect” the elastin domains to determine the
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key sequences that corresponding to its characteristics. In 1974, Urry et al. revealed that a repeat
sequence (VPGVG)n, which represent one of the most frequently sequences found in proline-
rich domain of tropoelastin, could undergo a reversible phase transition in aqueous solvents
identical to the native elastin.'’* Based on this breakthrough finding, Urry’s group further
generalized this approach to ELPs comprised of the pentapeptide VPGXG- where X can be any
amino acid except proline.1”2 Following this systematic studies, other motifs that are minor
variations of the VPGXG, such as VPAVG, IPGXG and LPGXG, have also been
investigated.>1"* Along with rapid progress in recombinant DNA and protein engineering
techniques, plenty of functional protein-like polymers containing elastin-derived sequences,
namely elastin-like polypeptides, have been constructed and applied for various biomedical

applications, 19175176

123 5 7 2 " 14 16 18 26 26a 28 30 32 33

s-EHE¢ \lﬁ.fDC\ OB O :I 1: /i: ’“I:LC.D.W 36
6 8 10 1213 15 17 19 21 23
Domain Exon Peptide
name number sequnce
m Proline-rich 18 GARAGLVPGGPGFGPGVVGVPGAGVEGVGVPGAGI PVVPGAGI PGAAVP
hydrophobic domain g GARPGVGVGGIPTYGVGAGGFPGFGVEVGGI PGVAGVPSYGGVPGYVGGVPGVGIS
24 ALLNLAGLVPGVGVAPGVGVAPGVGVAPGVGLAPGVGVAPGYGVAPGYGVAPGI
Bl Glycine-rich 28 GAAVPGVLGGLGALGGVGIPGGVV
hydrophobic domain 34 GLVGAAGLGGLGVGGLGVEPGVGGLG
32 GAAGLGGVLGGAGOFPLG
{0 Crosslinking domain 8 GAVVPOPGAGVKPGKV P
25 GPGGVAAAAKSAAKVAAKAQL

Figure 14. Domain structure encoded by human tropoelastin gene and the peptide sequences
of several representative exons from each domain.t’’ S stands for the signal sequence. Human
tropoelastin lacks exons 34 and 35.178

2.2.2 ELP production and purification

ELPs can be produced in different hosts from a recombinant gene that encodes the amino acid
sequence of the ELP. The most frequently used protein expression system is Escherichia
coli,}"*18 though others have also been used including yeast,'8* plants,6%18 fungi,'® and cell-
free expression systems.'®’ After the culture of designed bacteria clone, the bacteria was subject
to cell lysis and the cell lysate was centrifuged at low temperature in order to collected the

soluble ELP in the supernatant and to discard the cell residues in the pellet (Figure 15).
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Figure 15. Generalized schematic of recombinant ELPs biosynthesis and purification.

(IMustration from R. Petitdemange PhD thesis).

Purifying ELPs is cost-efficient due to a simple purification strategy, known as inverse
transition cycling (ITC), that exploits the inverse phase separation property that can be triggered
by a change in solution temperature or salt concentration.!®1® The basic steps of ITC
procedure are as follows: (i) the supernatant of cell lysate is heated above the Tt and/or the
addition of salts such as sodium chloride, to trigger the ELP phase transition, and the suspension
is centrifuged at a higher temperature leading to the formation of an ELP-rich precipitate; (ii)
Soluble byproducts in the supernatant is discarded; (iii) the ELP in pellet is dissolved by
reversing the phase transition with the addition of cold, low-salt buffer so that the solution
temperature is now below the T; (iv) finally the suspension is centrifuged at a lower temperature
to remove additional insoluble proteins precipitate while the soluble ELP stay in the supernatant.

ITC steps are repeated several times until a purified product is obtained (Figure 15).

2.2.3 General biophysical properties of ELP
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Figure 16. Reversible phase transition of ELP

As ELPs originate from human tropoelastin, they are non-injurious, non-immunogenic and are
compatible with living systems.?%%1%1 ELPs exhibit a fast and reversible phase transition
behavior at a specific temperature referred to as the lower critical solution temperature (LCST),
commonly known as the inverse transition temperature (Tt). 8192 When temperature below T,
ELP chains assume a close-to-random coil conformation and highly soluble in aqueous
solution.?%31% When rising the solution temperature above the T:, ELPs become insoluble and
form large aggregates.%>% This transition is entirely reversible, such that the aggregated ELPs
become totally resoluble when the temperature is lowered below the T: of ELP (Figure 16).
When fused with other proteins, ELPs retain its phase transition property, which highly
facilitate the purification of fusion ELP-proteins.’®” The T;can be highly tune by ionic strength,
concentration, pH and polymer length.%8% The nature of the guest residue also affects the T,
as more hydrophobic amino acid residues lower the Tt and vice versa. Chilkoti and coworkers
established an empirical model that correlates Tt values to the ELP composition, concentration

and chain length in a single equation?®:
k C.
Tt == Tt,C + Z ln(?)
Where Tt is the critical temperature, k is a constant, L is the number of pentapeptide units, Cc

is the critical concentration, C is the concentration. This equation allows predicting the T: of

well-defined ELP sequence at specific concentration.
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ELPs are degradable by proteolysis which reduces their adverse side effect due to long-term
accumulation in the body.?® The group of Mackay have extensively studied the
biodegradability of ELPs in different physiological microenvironments.?° They elaborated that
the rate of biodegradation controls the accumulation of ELPs at the target site as well as
clearance from the body and suggested a detailed mechanism for the degradation of ELPs. ELPs
are internalized by cells pinocytosis, co-localized in low pH compartments, namely lysosomes
and are eliminated over a period of 2-24 h after proteolytic cleavage by elastase and collagenase
endopeptidases.?®? Due to its biocompatibility, biodegradability and non-immunogenic
properties, ELPs are emerging as a new class of polymer appropriate for in vivo

app|icati0n5.109,110,159,163
2.3 Post-modification of ELPs

Post-translational modifications of proteins, involving chemical changes after proteins
translation, play a fundamental role in the regulation of protein’s structures and functions.?%*
207 The modifications range from amino acid changes through to the addition of
macromolecules, such as lipid, carbohydrate or protein. The major class of modification,
however, is represented by glycosylation, N-linked, O-linked, or glycosylphosphatidylinositol
(GPI)-linked. Such modifications have roles in protein stability and folding, targeting and

recognition.?%

In terms of ELPs, post-modified ELPs can adapted to various purpose, such as tuning the Ty,
subsequent conjugation with drugs, polymers or other functional moieties. The main
methodology has focused on selective chemical modification of amino acids either at ELP
backbone chains or at the N- or C-terminus. Among various amino acids in ELP sequence,
cysteine, lysine and tyrosine are the most commonly modified amino acids.?® For example,
Van Hest and coworkers selective converted the a-amine at the N-terminus or all amines to
azide group by varying pH 8.5 to pH 10 using diazotransfer reaction. The modified ELPs were
subsequently conjugated with one or two PEG moiety.2% Brian et.al reported high-efficiency,
high-specificity reactions focusing on diazonium coupling chemistry for the mass modification
of tyrosine moieties in ELPs which can also preserve cysteine oligomerization. Multistep
conjugations utilizing copper(l) catalyzed alkyne—azide cycloaddition (CUAAC) as a second
step are also demonstrated to expand ELPs functional diversity.?® ELPs were also post-
modified at lysine residues by N-hydroxysuccinimide ester or tri-Boc hydrazinoacetic acid for

subsequent drug loading or crosslinking.?2%?'! Recently, selective post-modification of ELPs
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on methionine residues, including by oxidation and/or alkylation, are emerging as a versatile
pathways to tune the properties and/or to endue ELPs with functions.?2-214

2.4 ELP-based nanomaterials and their applications

Due to its biocompatibility, biodegradability, non-immunogenic and stimuli-responsive
properties, ELPs-based nanomaterial have generated significant interest in various biomedical
applications, ranging from drug delivery to tissue engineering. Herein, ELP-based materials,
typically, ELP block copolymer, ELP-based hybrid system and ELP-drug conjugates are briefly

introduced.
2.4.1 ELP diblock copolymer

Advances in genetic engineering allow de novo designs and synthesis of tailor-made ELP block
copolymers that self-assemble into nanoscale structure for drug delivery application.?*® In order
to create temperature-triggered amphiphiles, ELP diblocks are designed such that the two
blocks have a significantly different hydrophobicity by varying the guest residue. Below a
critical temperature, both blocks are soluble. As the temperature is raised, the more hydrophobic
block is selectively dehydrate while the hydrophilic block remains solvated. When reaching a
critical temperature, that is, defined as the critical micelle temperature (CMT), the diblock ELP
gains sufficient amphiphilicity to trigger its self-assembly into micelles.?!® This means that
hydrophobic drugs can be entrapped in the micell core, whereas the hydrophilic surface can
decorate with bioactive molecules.?*”?'® Upon heating the solution temperatures further, the
more hydrophilic block begins to dehydrate, and at another critical temperature, defined as
aggregation temperature (Taggregation), triggered the aggregation of micelles into polydisperse
micro-sized aggregates. Cooling reverses the process, in which the aggregate disassembles to
return to the unimer form (Figure 17). By rationally selecting appropriate ELP sequences, self-
assembly properties of ELP block copolymer including CMTs, diameters, and aggregation
numbers (ELP chains per one particle) can be finely tuned.
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Figure 17. Schematic of an amphiphilic block ELP assembling into nanoparticles upon thermal
triggers. The amphiphilic ELP contains a hydrophobic block with a lower Tt and a hydrophilic
block with a higher Tt. At temperatures above the CMT, micelles are formed by the association
of the hydrophobic block while the hydrophilic block forms the micelle corona. Heating to
temperatures higher than Taggregation, the block ELP becomes completely hydrophobic and thus
polydisperse micro-sized aggregates are formed. Cooling reverses the process, in which the
aggregate disassembles to return to the unimer form.’®

The group of Chilkoti systematically investigated the behavior of ELP diblock copolymers by
constructing a library of ten distinct ELP block copolymers based on the sequence
[VPGVG(VPGGG)7(VPGAG)s]n-(VPGVG)m  with  different molecular weights and
hydrophilic-to-hydrophobic block ratios.?!® They revealed that the CMT is controlled by the
length of the hydrophobic block, while the size of the micelles is controlled by the total
copolymer length and hydrophobic/hydrophilic block ratio. Hassouneh et al. further physically
characterized these micelles as having dense cores and “unstretched” coronas, a characteristic

not observed with synthetic diblock copolymers.1!t
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Figure 18. Design of elastin-like polypeptide (ELP) nanoparticles that carry an anti-
proliferative drug at both their core and corona. (a) High-avidity interaction between a small
molecule drug (rapamycin) and its cognate target protein (FKBP) decorated at surface of an
ELP nanoparticle. The nanoparticles assemble nanoparticles above a critical micelle
temperature (CMT). (b) Dynamic light scattering of FKBP-decorated FSI and plain SI
nanoparticles shows that protein modification minimally affects CMT or hydrodynamic radius.
(c) Tumor growth inhibition by FSI-rapamycin versus free rapamycin (0.75 mg/kg BW). Free
rapamycin mice were sacrificed at day 24 due to toxicity.??°

In terms of ELPs for drug delivery, the basic principle is to best exploit the relationship between
the characteristic Tt of the ELP and body temperature (Ty). When the T; is lower than Ty, ELP
micelle can maintain stable at Tp. Interesting example could be found in ELP micelle with drug
loaded in both core and corona (Figure 18). As shown in Figure 18b, T: of drug loaded FKBP-
decorated FSI and plain SI nanoparticles was 24 and 26 <C, respectively. To determine if this
stable nanoparticles has potential applications in vivo, FSI/Rapa was administered to mice
bearing a human breast cancer model. Compared to free drug, FSI encapsulation significantly

decreased gross toxicity and enhanced the anti-cancer activity as shown in Figure 18¢.?%°

2.4.2 ELP triblock copolymer
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ELP triblocks were also studied by serveral groups.??1??2 Sallach et al. have developed ELP
triblock copolymer containing a central hydrophilic block and two hydrophobic. Below the Ty,
dilute solutions of this amphiphilic triblock formed monodispersed micelles in a narrow range
of Ry of 100 nm. When the temperature was raised above T, an abrupt increase in micelle
internal density was observed with a concomitant reduction in micelle size from 122 to 88

r-]m.223
2.4.3 ELP-based hybrid systems

ELP-based hybrid systems, in which ELP as a building block is combined with other blocks,
have also been reported. These conjugation partner includes proteins like collagen-like
polypeptides,??* silk-like polypeptides,?#??® resilin-like polypeptides,??® or mcherry
proteins.??’ However, only a few examples of ELP hybrid systems containing synthetic
polymers have been reported in the literature. For example, ELP conjugate with poly(ethylene
glycol) by click chemistry, in which control of the assembled structures was described by Van
Hest’s group.?®® The encapsulation of a hydrophobic fluorescent dye was shown to exemplify
the potential of the ELP-PEG micelles to serve as nanocarriers for hydrophobic drugs, with the
PEG corona providing stealth and steric protection of encapsulated materials. Apart from direct
conjugation method for preparation of ELP hybrid system, other strategies, for example, by ring
opening polymerization (ROP) is reported recently.?? Le Fer et.al used ELP as a macroinitiator
for the ROP of y-benzyl-L-glutamate (y-BLG NCA). Diblock copolypeptides were obtained
with an excellent control of the polymerization highlighted by the dispersity below 1.04.2%
Acid deprotection of BLG units leads to well-defined poly(L-glutamic acid)-b-ELP (PGlu-b-
ELP) hybrid diblock copolypeptides.??® Unexpected salt-dependent behavior of this series of
diblock copolypeptides was found and they suggested that this temperature-responsive self-
assembly behavior of diblock copolypeptides in PBS occurred via a mechanism involving both
conformational changes due to a dehydration process and densification of micelle-like structure
thanks to the presence of salt ensuring both micellar core compaction and screening effect

between negatively charged Glu units in the shell.

Additionally, lipid-ELP conjugates were also reported. For example, Park et al. developed
thermosensitive liposome by introducing fatty acid conjugated ELP to convey a high
thermoresponsive property.?®® Very recently, Chilkoti’s group constructed lipid-ELP conjugate

using post-translational modification methods.?1232 Fatty acid®®! and cholesterol?®? were
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incorporated at the N- and C-terminal of an ELP, respectively, and the effects of the conjugation
on self-assembly properties were studied and discussed.

2.4.4 ELP-drug conjugate

ELPs are often exploited to increase drug delivery efficiency due to the biodegradability and
temperature sensitivity of ELP and ability to self-assemble. The conjugation of Dox to ELPs
via acid-labile hydrazine linker had been proven to be highly efficient.?!! Once the ELP-drug
conjugates had been internalized into the cells, the resulting systems were able to trigger the
release of drug in the acidic environment of lysosomes while negligible amounts of drug being
released into the external medium of the cell. They also found conjugates with longer linkers
exhibited slower transition kinetics compared to those with shorter linkers. The highest release
profile provided by the shortest linker of the ELP-Dox conjugate was nearly 80 % at pH 4 over
72 h.23 In another study, ELP was flanked with a Tat cell penetrating peptide at the N-terminus
and a GFLGC cathepsin cleavage sequence by cassette mutagenesis. Dox was attached to the
C-terminus cysteine and the resulted ELP-drug conjugates (Tat-ELP-GFLG-Dox) showed
equally cytotoxic in both sensitive and resistant cell lines (MES-SA/Dx5) while free Dox was
rapidly pumped out by the P-glycoprotein.?®* This study provide a means to overcome drug
resistance in cancer cells. Another ELP-Dox conjugate SynB1-ELP-Dox consisting of a cell-
penetrating peptide at the N-terminus and the 6-maleimidocaproyl hydrazone derivative of Dox
at the C-terminus of the ELR was reported by Shama Moktan et al. Preclinical study of this
ELP-Dox conjugate showed complete inhibition of tumor growth and a substantially higher

therapeutic benefit in an animal model with breast cancer.?*®
2.4.5 Targeting by local hyperthermia in tumor

When T: of ELPs were between body temperature T, and the temperature of a local
hyperthermia (42 <C for tumor therapy), ELPs can thermally targeted drug delivery to solid
tumors by triggering ELP coacervation with mild hyperthermia at the tumor site.?3® Meyer et
al. synthesized a thermally responsive ELP with a T; of 41<C. %" By radiolabel distribution
studies and in vivo fluorescence video microscopy, they demonstrated that hyperthermia
targeting of the thermally responsive ELP for 1 h shows about 2-fold increase in tumor
localization compared to the same polypeptide without hyperthermia, which reveals that the
phase transition of the thermally responsive ELP carriers can be engineered to occur in vivo at

a specific temperature.?®” Liu et al. further investigated this link between mild hyperthermia
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and tumor penetration by studying the degradation, pharmacokinetics, tumor localization, and
tumor spatial distribution of a radiolabeled ELPs using FaDu tumor grafts in nude mice models.
Once the tumors were heated to 42 <C, the thermally responsive ELP (T:= 40<C) exhibited a
1.5 fold increase in accumulation rates over a thermally unresponsive ELP control.?® These
findings provide a promising pathway for applying ELP-based carriers for the targeted delivery

of cancer therapeutics to solid tumors.?*
2.4.6 Tissue engineering

The field of tissue engineering aims to restore or replace native tissue. One of the main approach
towards achieving this goal is the injection or implantion of a temporary, degradable scaffold
that is seeded with cells or that attract the appropriate cells and lead to native tissue regeneration.
Majority work on developing scaffolds for tissue regeneration has focused on biomimetic
synthetic polymers or decellularized natural extracellular matrix (ECM). Since ELPs are
inspired from tropoelastin, a natural ECM protein, they are attractive as interesting
intermediates between these two types.*85240 Bijosynthesis of genetically encoded ELPs from a
synthetic gene provides precise control over the amino acid sequence and MW while retaining
part of the biocompatible characteristics of decellularized matrices. Besides, due to the
thermally responsive behavior, ELPs are also attractive materials for the formation of scaffolds
in situ,?>” and as injectable cell scaffolds for liver regeneration,?** cartilage,*??*® ocular,?** cell
sheet engineering®® and vascular grafts.*®24" Hybrid biopolymers, such as silk-ELPs fusions,
have also employed the behavior for tissue engineering.?’
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3. POLYSACCHARIDE-BASED BLOCK COPOLYMERS FOR BIOMEDICAL
APPLICATION

3.1 Introduction

Polysaccharides (PSs) are a complex class of polymers isolated from animal origin (chitosan,
chondroitin), algal origin (e.g. alginate), plant origin (e.g. pectin, guar gum), and microbial
origin (e.g. dextran), and that are built from monosaccharides linked by O-glycosidic linkages.
Generally PSs are in high abundance and easily processed and so provide relatively low cost
biopolymers. Additionally, due to their natural properties, PSs are well adapted to cellular
physiology, making them excellently biodegradable, biocompatible, low toxic, non-
immunogenic, and specifically bioactive. Their diverse structures also let them easily chemical
modified and functionalized. This varied range of properties provides advantages for PSs
extensively used in life science (Figure 19). Here in this part, we pay attention to give a general
overview of most widely used PSs, rational design of PSs-based nanocompositions and their
synthetic strategies, and finally we focus on polysaccharide-b-polypeptide block copolymers

and their biomedical applications.
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Figure 19. Schematic illustration of unique physiochemical and biological properties of
polysaccarides.?®
3.2 Most widely used polysaccharides for biomedical application

3.2.1 Hyaluronic acid
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Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan that is abundant in the skin, lung,
intestine and extracellular matrix (ECM), playing an essential role in the human body.?*® HA is
composed of glucuronic acid (GIcUA) and N-acetylglucosamine (GIcNAc), which are repeated
by B-1,3 and B-1,4 glycosidic linkages. The biological function of HA has been widely
investigated for the regulation of cell behaviors.?4%2%° A strong correlation between the presence
of HA, and cell migration and proliferation has been demonstrated.?®* There have been many
reports on HA receptors that play important biological roles such as endocytosis, degradation
and signal transduction. Receptors including cluster determinant 44 (CDas),%? receptor for
hyaluronate-mediated motility (RHAMM),?>24 HA receptor for endocytosis (HARE),2>>2%
and lymphatic vessel endothelial hyaluronan receptor-1 (LYVE-1)%’, have been identified as

HA receptors for various biological functions.

Taking advantage of these biological functions and excellent physicochemical properties of HA,
HA and its derivatives have been used as delivery vehicles for polypeptides and proteins, steroid
drugs, anticancer chemotherapeutics as well as nucleic acids.?>®2%* HA-based nanocarriers such
as nanoparticles, block copolymer micelles and polymersomes, demonstrate various
advantages.?51-24 Firstly, the ease of chemical modification on HA or its derivative, allowing
drug loading either directly or through a nanocarrier, meanwhile solving solubility problems of
hydrophobic drugs. Secondly, HA-based nanoassemblies was reported to improve
pharmacokinetic properties of drugs, for example extending blood plasma half-life, slowing the
clearance mechanism, and thus presenting a similar stealth effect to PEG.?*® Regarding
anticancer therapy HA has attracted significant attention due to the possibility of active tumor
targeting.?632% Thanks to the well-known enhanced permeation and retention (EPR) effect,
nanosized polymeric assemblies can improve drug distribution at tumor site. Furthermore, since
CDaa4 receptor is overexpressed in tumor cells, active delivery of drug to targeted tumor cells
may be improved by CD44 mediated endocytosis, thus enhanced cellular uptake of HA-based
nanocarriers. This CDa4 receptor-mediated endocytosis also might attribute to overcome the
multidrug resistance (MDR) effect by modulating the activity of P-glycoprotein (a class of

transporter relate to the efflux transmembrane).2%®
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Figure 20. Applications of organic or inorganic HA-based nanoformations.?*®

Thanks to the structural versatility of HA, a variety of examples of modified HA derivatives
have been reported for developing HA-based self-assemblies and hydrogels.?5”2%¢ As an
attractive material for the construction of hydrogels, HA-based hydrogels with diverse
architecture, tunable viscoelasticity, unique anisotropy and desired bioactivity have been
synthesized and characterized. Physical entrapment or covalent integration of hydrogels in a
secondary HA network give rise to hybrid networks that are hierarchically structured and
mechanically robust, capable of deliver cells and therapeutic agents for tissue repair and

regeneration,26%-271
3.2.2 Dextran

Dextran is a branched PS consisting of glucose units, which in the main chain are connected
through a-1,6-glycosidic bonds, while all branches begin with a-1,3 linkages. Dextran have
been used for more than 50 years for plasma volume expansion, peripheral flow promotion, and
as antithrombolytic agents. Beside, dextran also have been investigated as starting material for
the construction of drug delivery nanocarriers.?’> As a non-ionic PS, dextran can not only
dissolve in water but also in organic solvents like DMSO, making it easier to select compatible

solvent for both dextran and hydrophobic molecules when synthesizing amphiphilic dextran
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derivatives.®”?"3 Also, dextran has showed particularly resistant to some protein adsorptions,
thus prolonged half life time.?"2

3.2.3 Chitosan

Chitosan is derived from chitin by a process of deacetylation, comprising of B-1,4 linked d-
glucosamine and N-acetyl-d-glucosamine units.2*?™> As a unique alkaline polysaccharide in
nature, cationic chitosan exerts advantages as a desirable nanocarrier due to the enhanced
adhesion to the negatively charged mucosal surface by electrostatic interaction, resulting in the
improvement on drug internalization into cells.?’®27” On the other hand, this cationic property
of chitosan also makes chitosan suitable carrier for complexing and condensing negatively
charged anionic nucleic acids, protecting from degradation by nuclease in serum, therefore
achieving efficient gene therapy.2’82’® The major obstacle for its application is chitosan only
soluble in an aqueous acidic medium but not at neutral pH, which may lead to aggregation or
precipitation when chitosan is not sufficiently protonated.?®® To solve this problem, chitosan
has been hydrophilically modified, for example, glycol chitosan?®! and PEG-chitosan,?? which

can also be further attached with hydrophobic moieties to yield amphiphiles.??
3.3 Synthesis of polysaccharide-based amphiphiles

Regarding to the synthesis of PSs-based amphiphiles, which is typically based on the
conjugation of hydrophobic moieties to PSs, can be also classified into three approaches: (i)
polysaccharide-drug complex; (ii) polysaccharide-based graft copolymer; (iii) polysaccharide-

based block copolymers.
3.3.1 Polysaccharide-drug complex

Small drug molecules can be directly grafted to PS backbones via coupling reactions, as long
as they are reactive towards the functional groups (hydroxyl, amine, carboxylic acid groups) on

PS chains.?®* If not, linkers are required onto either the PS or the drug.
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Figure 21. Methodologies of grafting different small hydrophobic molecules to PS backbones.
Representative reactions for grafting small hydrophobic molecules to PS chains based on

carboxyl (a—c), hydroxyl (d—g) and amine groups (h—j).%®

Typical reactions of hydroxyl groups mainly include esterification and etherification in the
presence of carboxylates, alcohols or chloroformate agents (Figure 21d-g). For example,
Elschner et al. applied different type of chloroformate to synthesize dextran alkyl carbonates.?®®
Chen’s group developed pH-sensitive prodrug dextran-graft-Dox via esterification of hydroxyl
groups of dextran with the carboxylic groups of cis-aconitic anhydride-modified Dox, using
EDC/DMAP as coupling agents.?®” Another reported strategy for hydroxyl modification is the
oxidation of vicinal hydroxyl groups of PSs with NalO4 or peroxides, which can generate two
aldehyde groups. Adopting this method, a wide variety of amines can be introduced by imine
formation or reductive-amination onto PSs.** Generally, the amine groups in PSs also can be
alkylated or acylated by reductive amination or amidation via a nucleophilic substitution
mechanism (Figure 21h-j). The carboxylic groups on certain PS backbones (e.g., HA, and
heparin) provide opportunities for esterification and amidation in the presence of coupling
agents, for example carbodiimidess/DMAP and N-hydroxysuccinimide/HOBT (Figure 21a-c).
Besides, Ugi condensation has been utilized to form a bis-amide from carboxylic group of PSs

together with a ketone (or aldehyde), an amine, and an isocyanide.?®’

3.3.2 Polysaccharide-based graft copolymers
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Polymer-grafted polysaccharides with controllable functions were reported to be well-suited
for different kinds of biomedical applications. Versatile functionalization of polysaccharides
via polymer grafts has been well-reviewed.?®® Briefly, there are mainly three strategies for
preparing polymer-grafted polysaccharides with satisfactory biocharacteristics. Firstly,
functionalized polysaccharides with diverse grafts can be flexibly and effectively achieved by
living radical polymerization (LRP).?%2% The introduced grafts include cationic components
for nuclei acid delivery, PEGylated and zwitterionic moieties for shielding effects, and
functional species for bioimaging applications as well as bioresponsive drug release
applications. Secondly, biodegradable polymer-grafted polysaccharides can prepared by ring-
opening polymerization (ROP).2** The amine-functionalized polysaccharides was applied to
trigger ROP of amino acids.?®22%® A series of poly(amino acid)-grafted polysaccharides with
advanced structures (including linear, star-shaped, and comb-shaped copolymers) were
developed to study and optimize the structural effects. Besides, biodegradable polyester-grafted
polysaccharides were prepared and utilized for drug delivery.?®#2% Another emerging strategy
was to conjugate of preformed polymers onto PS backbones. A variety of synthesized polymers
(e.9., PLA, PCL, PLGA)?*?% can be grafted to PS chains via condensation or “click”

reactions. 390301
3.3.3 Polysaccharide-based block copolymers

The preparation of PS-based amphiphilic block copolymers emerge as an efficient and facile
avenue to a wide variety of PSs-based amphiphiles. Compared with grafted PS derivatives,
these PS-containing hybrid block copolymers may fully preserve the integrity of the two
blocks.3? To obtain blocks of synthetic polymers in combination with those of PS, there are
typically two routes: (i) polymerizing monomers at the functional end of a PS block; (ii) “end-
to-end coupling” of PS blocks with preformed polymer. To apply the first approach, the
functional end of PS needs to firstly functionalized with monomers, for example, e-

caprolactone®®® and styrene®°*3% have been polymerized via ROP or LRP.
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Figure 22. Block copolymers via “end-t0-end” coupling strategy (a) click reaction®®®; (b)
reductive amination.>"’

The reducing end of PSs can be useful sites for chemoselective functionalization with azide and
alkyne moieties. The end-functionalization methods basically based on small molecular
conjugation which is discussed in the previous section. Azido- or alkynyl terminated PSs enable
constructing PS-based block copolymer with a variety of hydrophobic blocks like
PCL,265306:308309 p| A 310311 pg| 312314 gnd PPDSM (poly(pyridyl disulfide methacrylate)?®
via click chemistry (Figure 22a).3°! Additionally, diamine linkers has been used to construct
aminated PSs at the reducing end by reductive amination, thus allow further conjugation of
hydrophobic block to the other end of the linker (Figure 22b).113:307:315

3.4 Self-assembly of polysaccharide-based amphiphiles

PSs-based amphiphiles can self-assemble into a variety of NPs with different structures (e.g.,
block copolymer micelles, polymersomes and nanogels), which can be classified into three
categories depending on their nanostructures: (A) NPs with core-shell structure, (B) NPs with
mixed hydrophilic and hydrophobic domains and (C) NPs with bi-layer capsule structure
(Figure 23).36
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Figure 23. Self-assembled NPs based on amphiphilic polysaccharide derivatives with different
nanostructure.3®

A variety of methods have been adopted to facilitate the self-assembly of PS-based assemblies.
Apparently, the efficiency of the process depends on the nature of the NPs. To prepare core-
shell structured NPs (Figure 23A), the simple strategy is direct dispersion of the amphiphile in
aqueous medium, or water-organic cosolvents followed by evaporation, sonication or dialysis
to get rid of the organic solvent.?65317:318 Other alternative process including emulsion®%320 or

double emulsion,3?! film casting,3?

also give core-shell structures. For polymersomes (Figure
23C), a solvent nanoprecipitation method has been commonly utilized.??*3?* Regading nanogels
(Figure 23B), direct dissolution and dialysis have been most frequently employed.32>326
Recently, microfluidic techniques are emerging as a promising tool to produce polysaccharide

NPs in a well-controlled, reproducible, and high-throughput manner.3?’
3.5 Active targeting with polysaccharide-based carriers

Active targeting with polysaccharide-based carriers has gained significant attention as an
attractive approach to deliver bioactives to specific cell or tissues. Specific saccharide
molecules, such as lactose, galactose and mannose, are recognized by a vast array of receptors
(e.g. lectins) present on a variety of cell surfaces (Figure 24A).3% These interactions between
saccharide and receptors can be utilized for PSs-mediated targeting by constructing the carrier

surface with PSs, known as glycosylation.3?°-33! Once glycosylated particles are bound to the

o1



Chapter 1 Bibliographic review

lectins or vice versa, receptor-mediated endocytosis occurs, thereafter the carriers are

internalized by the cell >3

Glycosylation can also enable alternative dosage forms by adhering to tissues for localized
delivery (Figure 24B).33® PSs-mediated mucoadhesion and cytoadhesion allows for enhanced
bioavailability, local accumulation, and efficacy.33* Since there are relatively permeable
membrane structures on site, drug delivery to the oral, nasal, or pulmonary mucosa is widely

investigated.335-3%7

Due to the Warburg effect, glucose transporter proteins (GLUT) are overexpressed on human
cancer cells and glucose and glucose substrate are internalized by GLUT.3383% Taking
advantage of this aspect, glycan-conjugated prodrugs has been designed and applied to target
cancer cell uptake via GLUT and release drug upon hydrolysis or triggers (Figure 24C).340341
As cancer cells rapidly internalize glucose, the glucosylated carriers promote malignant cell
apoptosis by upregulating GLUT in a positive feedback mechanism, causing an increased

uptake of the glycan-prodrug polymer.34
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A. Drug Targeting Sites, Lectins, and Sugars
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Figure 24. Glycosylation enables a range of targeting strategies including (A)glycosylated
drug carriers for tissue- and cell-specific interactions; (B) bioadhesion and/or mucoadhesion

to tissues; (C) recognition as nutrients for cancer cell internalization.34®
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3.6 Polysaccharide-block-polypeptide block copolymers and their biomedical

applications

As a class of bio-inspired polymers like polysaccharides, polypeptides show considerable
promise as building blocks for block copolymer. Polypeptides comprise a backbone which is
inherently biocompatible and degradable, can exhibit different secondary structures. Containing
two biocompatible and biodegradable polymers, polysaccharide-block-polypeptide block

copolymers have attract special attention toward biomimetic and bioactive nanoparticles.
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Figure 25. (A) Schematic representation of preparation of dextran-b-PBLG polymersome;
(B)Synthesis of dextran-b-PBLG; (C) Synthesis of redox-sensitive PBLG-b-dextran-DPA.’

For instance, Lecommandoux’s group synthesized amphiphilic polysaccharide-block-
polypeptide copolymers by click chemistry from dextran end-functionalized with an alkyne
group and poly(y-benzyl-L-glutamate) end-functionalized with an azide group (Figure 25B). &
The resulting dextran-b-PBLG block copolymers were able to self-assemble into small vesicles
that mimic the structure of the viral capsid made of glycoproteins (Figure 25A). Accordingly,
they further prepared hyaluronan-block-poly(y-benzyl-L-glutamate) block copolymer (HA-b-
PBLG), in which the a-helical structure of the PBLG was used to favor the formation of lamellar
morphologies and HA displayed at the surface of the nanoparticles used to target specifically

cancer cells overexpressing the CDas receptors.344
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Figure 26. (A) PBLG23-b-HA10 polymersomes imaging from (a) TEM, (b) freeze-fracture TEM,
and (d) AFM. (e) Section from AFM image d. Doxoburicin loaded polymersomes observed by
(c) freeze-fracture TEM and (f) AFM. (B) Release profile of free Dox and Dox-loaded
polymersomes using a dialysis procedure. The same drug concentration was used (100 xg/mL)
as free Dox or in Dox-loaded polymersomes (with an loading content of 12 wt %).323

HA-b-PBLG can self-assemble into polymersomes and doxorubicin (Dox) was successfully
loaded into polymersome (PolyDox) using nanoprecipitation method (Figure 25A). Flow
cytometry data suggested high accumulation was found in high (MCF-7) than low (U87 cells)
CDg4 expressing cancer cell models, revealing that intracellular delivery of PolyDox was
depended on the CDas expression level in cells due to presence of HA on the surface of
polymersomes.®?*. Subsequent in vivo study further demonstrated PolyDox enhanced
intracellular uptake of doxorubicin in a murine model of Ehrlich Ascites Tumor (EAT) through
CDa4 receptor mediated endocytosis, resulting in prolonged Tumor Doubling Time and increase
in life span of mice.®*® Another anticancer drug docetaxel (DOC) loaded HA-b-PBLG
polymersome was also found uptake in Ehrlich Ascites Tumor (EAT) tumor bearing mice was

larger at each time point compared to free drug.34®

Interestingly, Zhang et al. developed shell crosslinked dextran-b-PBLG redox-responsive
micelles by crosslinking of dextran with 3,3’-dithiodipropionic acid (DPA) (Figure 27C).
Cytometry study of this shell crosslinked micelle (SCM) exhibit a faster drug release behavior
in glutathione pretreated HeLa cells (Figure 27).3** In another example, Li et al. synthesized a
pH-sensitive, biodegradable, and biocompatible polysaccharide-block-polypeptide copolymer
derivative Ac-Dex-b-PAsp(DET) is synthetized from acetal-modified dextran (Ac-Dex) and
diethylenetriamine (DET) grafted poly(L-aspartic acid) PAsp(DET) by using click and
aminolysis reaction. Acetal-modified dextran herein acted as a pH-sensitive hydrophobic block.

This polysaccharide-block-polypeptide block copolymer can self-assemble into cationic
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nanopaticles and did not result in significantly cytotoxicity to the cells, exhibited Ac-Dex-b-
PAsp(DET) an ideal candidate for co-delivery of plasmid DNA and anticancer drug (Dox).3*’

PBLG-b-dextran
() Shell cross-linking

(11) Drug loading
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40
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Figure 27. In vitro Dox release from Dox-loaded SCM-1 (a), -2 (b), and -3 (c) without GSH,
and SCM-1 (d), -2 (e), and -3 (f) with 0.010 M glutathione in PBS at pH = 7.4, 37 °C. Data are
presented as mean £ standard deviation (n = 3).3'
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CONCLUSION

With the rapid development of polymer science, nanotechnology and biochemistry, polymers
have gained a worldwide interest in biomedical applications as the most versatile class of
materials. A broad range of polymeric nanocarriers with various nanoformulations have been
developed towards improving cancer therapy and some of them have already been approved by
regulatory agency. Owing to the limitation of passive targeting via EPR effect, active targeting
are one key consideration in the design of nanocarriers as tumor-targeted drug delivery systems.
Polysaccharide-based block copolymers with originally bioactive properties emerge as a

promising approach for targeted drug delivery.

Elastin-like polypeptides represent a class of well-defined biopolymers with very interesting
features towards biomedical applications. Their thermos-responsive properties not only
facilitate isolation and purification of ELPs, but also as a tool to control self-assembly behavior
with tunable transition temperature. Post-translational chemical modifications of ELPs can be
exploited to modulate Tt and enable further functionalization of ELPs. However, only a few
studies have reported. Thus, there is still a need to develop chemoselective modification

methods on ELPs, especially under physiological conditions.

Combining polysaccharides and ELPs into block copolymers would take advantage of the
biological properties of both polysaccharides and ELPs, which may give rise to materials with

bioactive and stimuli-responsive properties especially interesting for biomedical applications.
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ABSTRACT

The advantageous biological properties of polysaccharides and precise stimuli-responsiveness
of elastin-like polypeptides (ELPSs) are of great interest for the design of polysaccharide and
polypeptide-based amphiphilic block copolymers for biomedical applications. Herein, we
report the synthesis and characterization of a series of polysaccharide-block-ELP copolymers,
containing two biocompatible and biodegradable blocks coupled via copper(l)-catalyzed azide-
alkyne cycloaddition (CuUAAC). The resulting bioconjugates are capable of self-assembling into
well-defined nanoparticles in aqueous solution upon raising the solution temperature above a
specific transition temperature (Tt) — a characteristic of the ELP moiety. To the best of our
knowledge, this is the first study where bioactive polysaccharides were combined with a
stimuli-responsive ELP for the preparation of bioactive thermo-sensitive self-assemblies,
providing insight into novel pathways for designing bioinspired stimuli-responsive self-

assemblies for biomedical applications.
1. INTRODUCTION

Nanostructured carriers resulting from the self-assembly of amphiphilic block copolymers have
been developed for a broad range of applications, ranging from biomimetics® to
nanomedicines.*® Numerous synthetic polymers have been selected as building blocks due to
their biocompatibility and low cytotoxicity, such as poly(ethylene glycol),5" poly(L-glutamic
acid),8° poly(y-benzyl-L-glutamate),1%-12 poly(2-hydroxyethyl methacrylate), >
polylactide, > polycaprolactone,'” and poly(trimethylene carbonate),®*® and have been
approved for biomedical applications by regulatory agencies. Additionally, biologically derived
or inspired polymers, like polysaccharides®?! and polypeptides??, show considerable promise
as block copolymer constructs since they are naturally biodegradable, biocompatible and are
potentially biofunctional. Regarding the biomedical application of block copolymers as carriers,
a key challenge is to enhance accumulation of the active components at the biological target.?
A typical method to achieve this goal is to introduce bioactive targeting moieties on the surface
of nano-objects.?*% Such surface decorated strategies have led to the design of original
bioactive block copolymers that favor the use of natural targeting functionalities.?’° In this
respect, bioactive polysaccharides-based (e.g., chitosan,®*% galactan,® fucoidan,®
hyaluronan'3%) block copolymers able to recognize and bind to specific receptors demonstrate
particularly promising interest for potential biomedical applications.®
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Recently, stimuli-responsive polymer nanosystems®! have been extensively explored due to
their ability of supramolecular assembly or disassembly in response to “internal stimuli”, such
as pH,*>* reductive-oxidative environment*** and enzymes,*® or “external stimuli”, such as
temperature, "% 1ight**> and magnetic field®*. Among them, recombinant elastin-like
polypeptides (ELPs) have gained significant attention as stimuli-responsive protein-like
polymers.>>>* In aqueous solution, ELPs display a lower critical solution temperature (LCST),
similar to synthetic thermo-responsive polymers such as poly(N-isopropyl acrylamide)
PNIPAM,® also referred to as inverse transition temperature (Tt) that actually corresponds to
the cloud point temperature. Below the Ti, ELPs are water soluble, while upon heating the
solution temperature above the Ti, ELPs aggregate into insoluble coacervates, this phase
transition being fully reversible. Ti can be highly tunable either by playing with molecular
parameters such as varying amino acid residues composition and protein molecular weight, or
by controlling environmental parameters such as concentration, pH or cosolutes.>®>8 Post-
translational chemical modification of ELPs, for example, chemoselective modifications of
ELPs at the C- or N-terminal end,*® or at specific residues such as methionine,%%-%2 cysteine,364
tyrosine,® or lysine,%¢¢" has also been exploited for tuning the T of specific ELPs, as well as
for facilitating subsequent conjugation of ELPs with polymers,>®® dyes,® or drugs®’®8, ELP
diblock copolymers could be obtained by fusing ELP blocks with different Ti, which self-
assembled into micelles by triggering the phase transition of the ELP block with the lowest
T+.5%72 The stimuli-responsive property of ELPs has also been exploited to obtain well-defined
ELP-based nanomedicines, such as ELP-proteins,” ELP-drug conjugates,®’” and ELP-nucleic
acid complexes.” Moreover, as a building block of copolymers, combinations of ELPs with
other types of polymer-based blocks, such as poly(y-benzyl-L-glutamate),” poly(L-glutamic
acid),® poly(aspartic acid),”® and poly(ethylene glycol),>*"” has demonstrated to be a fascinating
strategy to obtain functional block copolymers which could self-assemble in aqueous conditions

above a specific and tunable T:.

Although polysaccharides and polypeptides-based block copolymers were reported for decades,
benefits from conjugates of polysaccharides with ELPs have not yet been investigated, since a
highly efficient and proper conjugation method is required. We previously synthesized
polysaccharide-b-polypeptide block copolymers via copper(l)-catalyzed azide-alkyne
cycloaddition (CUAAC) for the preparation of glycoprotein biomimetic vesicles,'**? and
demonstrated the interest of such design as drug-delivery nanocarriers.”®’ To be able to use

CuAAC “click” chemistry for conjugation, polysaccharides and ELPs need to be functionalized
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with either an azide or an alkyne group.®? Polysaccharides can be readily modified at the
reducing end with azide-containing linkers using reductive amination,*'? or by using
bifunctional oxyamine, oxime or N-methoxyamine linkers®':82, Regarding the introduction of
an alkyne group at the ELP chain end, an alkyne functionalized N-hydroxysuccinimide ester
(NHS-ester) can be easily prepared and coupled with the N-terminal primary amine group,
granting the ELP with a functional moiety to conjugate with the polysaccharide.®

The aim of this study is to combine bioactive polysaccharides and precise stimuli-responsive
ELPs into block copolymers capable of self-assembling into nanoparticles in aqueous solution
upon heating above a specific T.. Three different polysaccharides namely dextran,'%!2
laminarihexaose®*® and hyaluronic acid,**?>3* were functionalized with an azide moiety at
their reducing end, while the ELP was modified with an alkyne moiety at the N-terminus by
NHS-coupling chemistry. Three polysaccharide-b-ELP bioconjugates were thus prepared
through click chemistry, isolated and subsequently fully characterized. Their transition
temperature behaviors were studied through turbidity measurements by ultraviolet-visible
(UV-Vis) spectroscopy and their self-assembly properties were subsequently investigated by
temperature-varying dynamic light scattering (DLS) and temperature-controlled liquid atomic
force microscopy (Liquid AFM). To our knowledge, the synthesis and temperature-triggered
self-assembly behavior study of polysaccharide-b-ELPs block copolymers were demonstrated
for the first time, providing insight into original pathways for designing bioactive thermo-

sensitive self-assemblies for biomedical applications.
2. EXPERIMENTAL SECTION
2.1 Materials

Acrolein (95%), sodium azide (NaNs, 99.5%), acetic acid (AcOH, 99.8%), methoxylamine
hydrochloride (98%), sodium cyanoborohydride (NaBHsCN, 95%), hydrochloric acid (HClI,
37%), 4-pentynoic acid (97%), N,N'-dicyclohexylcarbodiimide (DCC, 99%), N-
hydroxysuccinimide (NHS, 98%), trimethylamine (TEA, 99%), copper(ll) sulfate pentahydrate
(CuSOs4, 99%), dichloromethane (DCM, 99.9%), N,N-dimethylformamide (DMF, 99.8%),
dimethyl sulfoxide (DMSO, 99.7%), methanol (MeOH, 99.8%), diethyl ether (99.9%) and
anhydrous magnesium sulfate (MgSO4, 99.5%) were purchased from Sigma-Aldrich. N,N-
Diisopropylethylamine (DIPEA, 99%), sodium acetate (AcONa, 99%) and sodium ascorbate
(NaAsc, 99%) were obtained from Alfa Aesar. Tris(benzyltriazolylmethyl)amine (TBTA, 97%)
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were purchased from TCI. Cuprisorb® was purchased from Seachem. Dextran (Dex, T10) was
purchased from pharmacosmos. Laminarihexaose (Lam) was purchased from Megazyme.
Sodium hyaluronate (HA) was purchased from Lifecore Biomedical. Water was purified using
an ELGA PURELAB Classic system. Solvent was purified using PureSolv MD-5 solvent
purification system from Innovative Technology. Dialysis was conducted using a Spectra/Por®6

dialysis membrane.
2.2 Synthetic Procedure

Synthesis of N-(3-azidopropyl)-O-methylhydroxylamine (Azide-linker, 1). Acrolein (1.84 mL,
27.4 mmol) was added to acetic acid (4 mL) at -20 <C, followed by dropwise addition of a
solution of sodium azide (2.38 g, 41.2 mmol) in H2O (10.4 mL). The reaction mixture was let
to stir at -20 <C for 1.5 hour. It was then quenched with a saturated solution of NaHCO3 (80
mL) and the resulting mixture was extracted with DCM (2 <100 mL). The combined organic
extracts were washed with sat. ag. NaHCO3s (150 mL), dried over MgSOg, filtered and
concentrated in vacuo to 100 mL. To the solution in DCM, methoxylamine hydrochloride (2.68
g, 31.68 mmol) and sodium acetate (4.42 g, 54 mmol) were added and the mixture was stirred
overnight at r.t. Sat. ag. NaHCO3 (150 mL) was added to quench the reaction and the resulting
mixture was then extracted with DCM (2 > 100 mL). The combined organic extracts were
washed with Sat. ag. NaHCO3 (150 mL), dried over MgSQOyg, filtered and concentrated in vacuo
to 100 mL. To the solution in DCM, NaBH3CN (2 g, 32 mmol) was added, followed by
dropwise addition of 1M ethanolic HCI (32 mL, freshly prepared by adding acetyl chloride to
ethanol). The reaction mixture was stirred at r.t for 1.5 hour, concentrated and the resulting
white solid suspended in sat. ag. NaHCO3z (150 mL) and extracted with DCM (2 <100 mL).
The combined organic extracts were washed with sat. ag. NaHCO3 (150 mL), dried over MgSOea,
filtered and concentrated in vacuo to afford the crude N-(3-azidopropyl)-O-
methylhydroxylamine as a yellow oil. Purification of the crude product by silica gel column
chromatography (1-3% MeOH in DCM) vyielded N-(3-azidopropyl)-O-methylhydroxylamine
as a colorless oil (Azide-linker, 2.2 g, 62% over 3 steps). *H NMR (400 MHz, CDCls): § 3.55
(s, 3H, CH30), 3.41 (t, 2H, CH2N3), 3.00 (t, 2H, NHCH,), 1.83 (p, 2H, CH,CH.CH>). *C NMR
(101 MHz, CDCls): 6 62.01 (CH30), 49.44 (CH2N3), 48.94 (NHCH>), 26.87 (CH2CH2CH?>). In

agreement with the literature data.®

Synthesis of Dextran-Azide (Dex-Ns, 2). The azide-linker (380 mg, 2.9 mmol) was added to a
solution of dextran (MW=8,000 Da, 1 g, 125 pmol) in acetate buffer (AcOH / AcONa, 2 M, pH
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4.6, 4.2 mL), and the reaction mixture was incubated at 40 <C with shaking, for 9 days. The
product was purified by dialysis (dialysis bag MWCO 1 kDa) against pure water for 24 hour
(changing water 3 times per day), followed by lyophilization to obtain the product as a white
powder (805 mg, 79% vyield). *H NMR (400 MHz, D;0): § 4.98 (d, H-1), 4.18 (d,
CHN(OCHz3)CHy), 4.04-3.97 (m, H-6), 3.95-3.89 (m, H-5), 3.69-3.80 (br m, H-6", H-3), 3.61—
3.37 (br m, H-2, H-4, CH2N3), 3.20-3.13 (dt, CHN(OCHs)CHz), 3.01-2.93 (dt,
CHN(OCHs3)CHy’), 1.92-1.88 (m, CH2CH2CH>). FT-IR (ATR): 3368, 2906, 2106 (vazide), 1351,
1148, 1164, 1007, 915, 846, 763, 545, 429 cm™.

Synthesis of Laminarihexaose-Azide (Lam-Ns, 3). The azide-linker (900 mg, 6.9 mmol) was
added to a solution of laminarihexaose (500 mg, 0.5 mmol) in acetate buffer (AcOH / AcONa,
2 M, pH 4.6, 5 mL), and the reaction mixture incubated at 40 <C with shaking, for 8 days
(vortexing 3 times per day). Then the mixture was lyophilized and re-dissolved in water 5 mL,
purified by dialysis (dialysis bag MWCO 100 Da) against pure water for 3 days (changing water
3 times per day and transferring excess dialysis solution to new dialysis bag every 12 hour),
followed by lyophilization to obtain the product as a white powder (302 mg, 54% yield). *H
NMR (400 MHz, D20): 6 4.81 (d, H-1), 4.23 (m, CHN(OCH?3)CHy), 3.97-3.88 (m, H-6), 3.86—
3.68 (br m, H-6’,H-3), 3.67-3.33 (br m, H-2,H-4,H-5, CH2N3), 3.22-3.13 (m,
CHN(OCHs3)CHy), 3.03-2.95 (m, CHN(OCH3)CH), 1.91 (m, CH2CH.CH>). FT-IR (ATR):
3434, 3151, 2890, 2100 (vazide), 1568, 1403, 1308, 1159, 1072, 1022, 896, 557 cm™,

Synthesis of Hyaluronan-Azide (HA-N3, 4). The azide-linker (520 mg, 4 mmol) and sodium
cyanoborohydride (65 mg, 1 mmol) were added to a solution of sodium hyaluronate (MW=
7,000 Da, 1 g, 0.14 mmol) in acetate buffer (AcOH / AcONa, 2 M, pH 5.5, 5 mL), and the
reaction mixture was incubated at 50 <C with shaking, for 5 days. The product was purified by
dialysis (dialysis bag MWCO 1 kDa) against pure water for 24 hour (changing water 3 times
per day), followed by lyophilization to obtain the product as a white powder. (610 mg, 60%
yield). 'H NMR (400 MHz, D20): § 4.56 (d, GIcNAc H-1), 4.48 (d, GIcCUA H-1), 3.99-3.67 (br
m, GIcNAc H-6, H-2, H-3, H-5, GICUA H-4), 3.66-3.41 (br m, GIcNAc H-4, GIcUA H-3, H-
5, CH2N3), 3.35 (t, GICUA H-2), 2.94-2.86 (m, CH2N(OCH?3)CH?>), 2.03 (s, GIcNAc COCHj3),
1.87 (m, CH2CH2CHy). FT-IR (ATR): 3323, 2892, 2107 (vazide), 1729, 1642, 1555, 1376, 1315,
1152, 1042, 610 cm™,

Synthesis of 4-Pentynoic Acid Succinimidyl Ester (Pentynoic NHS-ester, 5). N, N’-

dicyclohexylcarbodiimide (480 mg, 2.3 mmol) was added to a solution of pentynoic acid (210
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mg, 2.14 mmol) in DCM (8mL) and the mixture was stirred at r.t for 5 min and then N-
hydroxysuccinimide (260 mg, 2.3 mmol) was added. The reaction was continuously stirred at
r.t for 3 hours more. Afterwards, the precipitated dicyclohexylurea was filtered over Celite and
washed with cold DCM (2x<10mL). The filtrate was collected and DCM was removed in vacuo.
The crude product was re-dissolved in EtOAc (10 mL) and cooled in a refrigerator at 0 <C for
20 min. The precipitate was filtered over Celite, and the filtrate was washed with saturated
NaHCO3z (2>50 mL) and brine (2>60 mL), dried over MgSOg, filtered and concentrated in
vacuo to give the crude product as a colorless oil. Purification of the oil by silica gel column
chromatography (petroleum ether/EtOAc = 2:1) yielded pentynoic NHS-ester as a white solid
(300 mg, 72% yield). *H NMR (400 MHz, CDCls): § 2.90-2.82 (m, 6H, COCH2CH,CO,
OCOCH:CHy), 2.62 (ddd, 2H, CH2C=CH), 2.05 (t, 1H, C=CH). *C NMR (101 MHz, CDCls):
3 168.89 (COCH2CH2CO), 167.02 (OCOCHz), 80.84 (CH2C=CH), 70.04 (CH.C=CH), 30.31
(OCOCH2), 25.57 (COCH2CH2CO), 14.09 (CH2C=CH).

Synthesis of ELP-Alkyne (ELP-AIK, 6). Pentynoic NHS-ester (92 mg, 0.47 mmol) and N,N-
diisopropylethylamine (1.7 mg, 13.2 pmol) were added to a solution of ELP (MW= 17,035 Da,
225 mg, 13.2 umol) in anhydrous DMSO (18 mL) and the mixture was stirred at r.t for 72h. It
was then diluted with pure water (20 mL). The product was purified by dialysis (dialysis bag
MWCO 15 kDa) against pure water for 48 h (changing water 3 times per day), followed by
lyophilization to obtain the ELP-AIlk as a white powder (210 mg, 93% vyield). *H NMR (400
MHz, D20): 6 7.63-7.09 (br, indole H Trp), 4.57 (m, CH, Met), 4.45 (m, CH,, Val, Pro), 4.19
(d, CHq Valxaa), 4.06-3.89 (br m, CHa, Gly, CHazs Pro), 3.75 (m, CH2:s Pro), 2.69-2.46 (br m,
CH2, Met, CH2.CH2C=CH ), 2.33 (m, CH2g Pro), 2.18-1.91 (m, CH2p Met, CH2-3 Pro, CH>, Pro,
CHg Val, CHs; Met, CH2C=CH), 1.05-0.91 (m, CH3, Val). MALDI-TOF: Calculated Mass =
17,115 Da, Experimental Mass [M+H]" = 17,120.5 Da.

Synthesis of Dextran-b-ELP (Dex-b-ELP, 7). Copper sulfate (6 mg, 22.8 umol), sodium
ascorbate (10 mg, 45.6 pmol) and TBTA (12 mg, 22.8 pmol) were added to a solution of ELP-
Alk (65 mg, 3.8 umol) and Dex-N3z (46 mg, 5.7 umol) in anhydrous DMSO (8 mL) under argon
atmosphere and the reaction mixture was stirred at r.t for 3 days. It was then diluted with cold
water (20 mL) and cooled in a refrigerator at 4 <C for 20 min. TBTA was precipitated and
removed by centrifugation. Cuprisorb (120 mg) was added to the resulting solution and it was
then incubated at r.t with shaking, for 18 h to remove the copper. The solution containing

cuprisorb was centrifuged and the supernatant was purified by dialysis (dialysis bag 15 kDa)
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against pure water for 5 days (changing water 3 times per day), followed by lyophilization to
obtain the product as a white powder (92 mg, 90 % yield). 'H NMR (400 MHz, D20): § 7.75
(s, triazole H), 7.63-7.09 (br, indole H Trp), 4.99 (d, Dex H-1), 4.55 (m, CH, Met), 4.44 (m,
CH, Val, Pro), 4.17 (d, CHq Valxaa), 4.06-3.87 (br m, CHa, Gly, CHas Pro, Dex H-6,H-5), 3.82-
3.67 (m, CHa»s Pro, Dex H-6’,H-3), 3.62-3.49 (Dex H-2,H-4), 2.69-2.48 (br m, CH., Met),
2.31 (m, CHzp Pro), 2.18-1.89 (m, CHs Met, CH»s Pro, CH», Pro, CHp Val, CH3; Met), 1.03—
0.88 (m, CH3, Val). FT-IR (ATR): 3332, 2929, 1653, 1527, 1443, 1342, 1152, 1106, 1017, 917,
547 cmt,

Synthesis of Laminarihexaose-b-ELP (Lam-b-ELP, 8). Copper sulfate (5.5 mg, 22 umol),
sodium ascorbate (9 mg, 45.4 umol) were added to a solution of ELP-AIk (62 mg, 3.6 umol)
and Lam-Nz3 (20 mg, 18.1 umol) in anhydrous DMSO (8mL) under argon atmosphere and the
reaction mixture was stirred at r.t for 3 days. It was then diluted with cold water (20 mL), after
which Cuprisorb (110 mg) was added and the resulted solution was incubated at r.t with shaking,
for overnight to remove the copper. The solution containing cuprisorb was centrifuged and the
supernatant was purified by dialysis (dialysis bag MWCO 15 kDa) against pure water for 5
days (changing water 3 times per day), followed by lyophilization to obtain the product as a
white powder (60 mg, 93% yield). *H NMR (400 MHz, D20): § 7.74 (s, triazole H), 7.60-7.09
(br, indole H Trp), 4.80 (m, Lam H-1), 4.55 (m, CH, Met), 4.43 (m, CH, Val, Pro), 4.17 (d,
CH, Valxaa), 4.05-3.85 (br m, CHa, Gly, CH»s Pro, Lam H-6), 3.82-3.66 (m, CH2’s Pro, Lam
H-6’,H-3), 3.62-3.34 (Lam H-2,H-4, H-5), 2.69-2.48 (br m, CH,, Met), 2.41-2.24 (m, CHz
Pro), 2.19-1.88 (m, CH2p Met, CH»'p Pro, CHa, Pro, CHp Val, CH3¢ Met), 1.05-0.85 (m, CH3,
Val). FT-IR (ATR): 3322, 2917, 1654, 1522, 1440, 1221, 1105, 1063, 1027, 562 cm™.,

Synthesis of Hyaluronan-b-ELP (HA-b-ELP, 9). HA-N3 was first acidified by adding ag. HCI,
S0 as to be totally soluble in DMSO. HA-N3z (18mg, 3.5 umol), copper sulfate (9 mg, 36 pmol),
sodium ascorbate (18 mg, 90 pumol) and TBTA (22 mg, 41 umol) were added to a solution of
ELP-AIk (60 mg, 3.5 umol) in anhydrous DMSO (6 mL) under argon atmosphere. The mixture
was stirred at 40 <C for 4 days, after which the reaction was diluted with cold water (20 mL)
and cooled in a refrigerator at 4 <C for 20 min. TBTA was precipitated and removed by
centrifugation. Cuprisorb (180 mg) was added to the resulted solution and it was then incubated
at r.t with shaking, for overnight to remove the copper. The solution containing cuprisorb was
centrifuged and the supernatant was purified by dialysis (dialysis bag MWCO 15 kDa) against
pure water for 5 days (changing water 3 times per day), followed by lyophilization to obtain the
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crude product (53 mg). The crude product was redissolved in deionized water (5.3 mL) and the
solution was then heated to 40 <C and kept for 1 h. The insoluble unreacted ELPs were
centrifuged at 13,000 g for 20 min at 40 <C. The supernatant was lyophilized to give the final
product as a white powder (42 mg, 54 % yield). 'H NMR (400 MHz, D20): & 7.75 (s, triazole
H), 7.60—7.09 (br, indole H Trp), 4.62-4.37 (br, CH, Met, Val, Pro, GIcUA H-1, GIcNAc H-
1), 4.17 (d, CH, Valxaa), 4.04-3.66 (br, CH2, Gly, CH25 Pro, CH25 Pro, GIcCUA H-4, GIcNAc
H-2, H-3, H-5, H-6), 3.65-3.42 (GIcUA H-3, H-5), 3.41-3.30 (t, GICUA H-2), 2.69-2.48 (br m,
CHa, Met), 2.41-2.25 (m, CHzp Pro), 2.20-1.89 (m, CHxp Met, CH»-s Pro CH>, Pro, CHp Val,
CHs: Met, CHs GIcNAc), 1.06-0.88 (m, CHs, Val). FT-IR (ATR): 3298, 2964, 1631, 1528,
1440, 1232, 1153, 1044, 541 cm™.

2.3 Characterization Methods
Nuclear Magnetic Resonance Spectrometry Analysis (NMR)

NMR spectra were acquired in D2O or CDCls at 298 K on a Bruker Avance | NMR spectrometer
operating at 400.2 MHz and equipped with a Bruker multinuclear z-gradient direct probe head
capable of producing gradients in the z direction with 53.5 G.cm™ strength. The relaxation

time was fixed to 3 seconds for homonuclear correlation spectroscopy (COSY) measurements.
Mass Spectrometry Analysis (MS)

Mass spectrometry analyses were performed on a MALDI TOF/TOF (Ultraflex 11, Bruker
Daltonics, Bremen, Germany) equipped with a SmartBeam laser (Nd:YAG, 355 nm). Solutions
of ELPs were prepared as follows: lyophilized ELPs were resuspended in water/acetonitrile
(1/1, v/v) to obtain a final concentration lower than 100 uM. Samples were then mixed with the
matrix solution of sinapinic acid prepared at the concentration of 10 mg/mL in
water/acetonitrile (1/1, v/v). All MALDI-MS measurements were acquired in the linear positive
mode and a mixture of standard proteins was used for external calibration in the suitable mass
range (1020 kDa).

Size Exclusion Chromatography (SEC)

SEC analysis was performed on a SEC-MALS system with refractive index and laser scattering
detectors (WYATT Technology Optilab rEX and HELEOS-I1I) using an aqueous buffer (0.1 M
NaNO3z, 0.01 M NaHPO4, 0.02 M NaNs) with a flow rate of 0.6 mL/min at 22 <C. The specific
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refractive index increment (dn/dc) of polysaccharide-b-ELP bioconjugates were measured by
means of a differential refractometer (Wyatt Optilab rEX) operating at a wavelength of 658 nm
at 26 <C. A single concentration of each bioconjugate was used to determine the dn/dc
coefficient through the calculation module implemented in the Astra 7.1 software. The
measured dn/dc values of polysaccharide-b-ELP bioconjugates were applied for the calculation
of weight average molecular weight (Mw).

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were recorded using a Bruker Vertex 70 spectrometer with a GladiATR diamond.
Spectra were recorded directly on a powder samples at 400-4000 cm™ (resolution of 4

wavenumber) range by using attenuated total reflection mode.
Transition Temperature Measurements (T¢)

Cloud points measurements were performed at 350 nm between 10 and 80 T atal T/ min™?
scan rate for different concentrations of ELP and ELP bioconjugates in DI water. Data were
collected on a Cary 100 UV—Vis spectrophotometer equipped with a multicell thermoelectric
temperature controller from Agilent Technologies (Les Ulis, FR). The Ty, corresponding to the
cloud point at a specific concentration, is defined as the temperature of the inflection point

(maximum of first derivative) of the absorbance versus temperature plot.
Dynamic Light Scattering Measurements (DLS)

Dynamic light scattering measurements were performed on NanoZS instrument (Malvern, U.K.)
at a 90°angle at a constant position in the cuvette (constant scattering volume). The derived
count rate (DCR) was defined as the mean scattered intensity normalized by the attenuation
factor. The DCR was plotted against temperature and the T: is defined as the temperature

corresponding to the point where the DCR starts increasing on this plot.
Temperature-controlled Liquid Atomic Force Microscopy (Liquid AFM)

Temperature-controlled liquid atomic force microscopy measurements were performed using a
Dimension FastScan Bruker AFM system. The topography images of the bioconjugates were
obtained in Peak Force tapping mode, using a Silicon cantilever (ScanAsyst-Fluid+, Bruker)

with a typical tip radius of 5 nm. The cantilever resonance was 150 kHz and the spring constant
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was 0.7 N/m. Substrates were purchased from Agar Scientific. Samples were prepared by drop-
casting a bioconjugates water solution of 50 uM (150 uM for HA-b-ELP) onto a freshly cleaved
mica or HOPG surface, which was directly applied for imaging. AFM imaging process was
conducted in liquid environment at specific temperature. An external heating stage (Bruker)

was used to achieve the target temperature at the substrate surface.
3. RESULTS AND DISCUSSION
3.1 Synthesis of polysaccharide-b-ELP block copolymers

The synthetic strategy was based on a coupling reaction between the polysaccharide and ELP
blocks via copper(l)-catalyzed azide-alkyne cycloaddition (CuAAC) which has previously been
applied for biomacromolecular conjugation with high selectivity and coupling efficiency.® For
this purpose, the three selected polysaccharides and the ELP needed to be functionalized with
either an azide or an alkyne group. In most cases, polysaccharides can be straightforwardly
modified at their reducing end by azide-containing amines in acidic conditions with excellent
functionalization degrees. Regarding the introduction of an alkyne group at the ELP chain end,
an activated alkyne-functionalized NHS-ester can be exploited and subsequently substituted by
the N-terminal primary amine of the ELP.2% Herein the different polysaccharides were modified
at their reducing end with an azide group using a bifunctional N-methoxyoxyamine linker and
the ELP was modified at the N-terminal end with an alkyne moiety (Scheme 1), allowing the

subsequent coupling of the two blocks by CUAAC as illustrated on Scheme 1C.
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Scheme 1. Synthetic strategy of polysaccharide-b-elastin-like polypeptide block copolymers.
(A) Synthesis of the bifunctional linker 1 and of the NHS-alkyne ester 5. (B) Reducing-end
functionalization of polysaccharides and modification of ELP at the N-terminus. (C) Huisgen'’s
cycloaddition between the azide-functionalized polysaccharides and the alkyne-functionalized
ELP.

3.1.1 Reducing-end functionalization of polysaccharides

Primary amines have been extensively used for the functionalization of polysaccharides by
reductive amination to form an open-chain monosaccharide at its reducing end.''? Recently
the use of functional oxyamine linkers for conjugation to glycans has been demonstrated with
highly efficient coupling.182 In comparison to the conventional reductive amination of glycans
with primary amines, the use of oxyamine linkers in acetate buffer without any reducing agent
was able to produce the native closed conformation of the reducing sugar, which is essential for
the recognition of some saccharides to the relevant receptors. In order to explore more on this
methodology for the functionalization of polysaccharides, we first prepared the azide-
functionalized oxyamine linker 1 via a three-step one-pot strategy (Scheme 1A) and
characterized it by 1D and 2D NMR (Figure S1).8' This azide-linker contains an N-
methoxyamine functional group for conjugation to the reducing end of the polysaccharides and
a chain end azide group for subsequent conjugation to the ELP.8%2 The modification reactions
of Dex and Lam by the oxyamine linker were carried out in acetate buffer at 40 <C at pH 4.6
(Scheme 1B). The 'H, HSQC and COSY NMR spectra in D2O of modified polysaccharides
were recorded and all peaks were assigned (see Figures S2, S3). Full conversion of Dex and
Lam were confirmed by comparing the integral of the peak at 1.84 ppm corresponding to the
resonance of the f-methylene of oxyamine linker with the integral of the peak at 4.1 ppm for
Dex and 4.2 ppm for Lam (anomeric proton of the reducing sugar). The two protons of a-
methylene in oxyamine linker have different resonance frequencies (2.89 ppm and 3.08 ppm)
illustrating a stereochemical non-equivalence of the two protons, which indicated that the
reducing sugar retained its closed conformation with a B-anomeric configuration due to the
stereochemical effect of the methoxy group®, and the proton coupling constant of a p-linked
sugar (J = 8.9 Hz).

Applying the same strategy on the modification of HA by the oxyamine linker, either at pH 4.6
or 5.5 of acetate buffer gave a conversion below 50 %. This may due to the high negative charge
density of HA. Thus conventional reductive amination was applied to couple the reducing end

of HA with the oxyamine linker, using sodium cyanoborohydride (NaBH3CN) as a reducing
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agent (Figure S4). As a result of the reduction, the protons of the a-methylene in the oxyamine
linker have stereochemical equivalence (2.88 ppm), revealing an open chain reducing end of
HA (Figure S5). Successful azide-functionalization of the three polysaccharides was also
assessed by tracking the appearance of azide vibration signal at 2100 cm™ in FTIR spectra
(Figure S6, S7, S8).

3.1.2 Alkyne functionalization at the N-terminal end of ELP

The ELP used in this work was prepared by recombinant DNA and protein engineering
techniques in Escherichia coli as described previously.®® This ELP contains in total 40
pentapeptide repeats with the protein sequence MW[(VPGVG)(VPGMG)(VPGVG):]1o,
corresponding to a molecular weight of 17,035 Da. The MS and NMR spectra characterization
of this “starting” ELP are provided in Figure S9 and S10. In order to introduce an alkyne group
on the ELP, the activated NHS-alkyne ester 5 was synthesized by a coupling reaction between
N-hydroxysuccinimide and 4-pentynoic acid (Scheme 1A). The reaction of the primary amine
of ELP with the NHS-alkyne ester 5 was thereafter verified by *H NMR and MALDI-Tof mass
spectrometry (Figure S9, S12). Even though the terminal alkyne moiety was not detected by H
NMR spectroscopy of the purified chain end-functionalized ELP, the appearance of peaks for
two methylene groups of the alkyne linker at 2.3 ppm was an indication of successful
modification (Figure S12). Full alkyne functionalization of ELP was also confirmed by the MS
shift to 17,119 Da after NHS-coupling chemistry (Figure S9).

3.1.3 Synthesis of polysaccharide-b-ELP copolymers
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Figure 1. SEC traces of ELP and polysaccharide-b-ELP bioconjugates in aqueous buffer (0.1
M NaNOs, 0.01 M NazHPO4, 0.02 M NaNz) using a RI detector.

The emergence of “click chemistry” has revolutionized bioconjugate chemistry by affording
excellent selectivity and using soft reaction conditions amenable to both synthetic polymers and
fragile biomacromolecules, such as proteins or DNAs.8” A widely used “click reaction” is the
Cu(l)-catalyzed azide-alkyne cycloaddition or Huisgen’s cycloaddition.®® Herein, conjugations
of ELP and polysaccharides were carried out via Huisgen’s cycloaddition in DMSO as common
solvent for the ELP and polysaccharides (Scheme 1C). TBTA, a powerful stabilizing ligand for
copper(l), was used in the conjugation of Dex and HA as they have a much higher molecular
weight than Lam. The success of the click reaction was subsequently monitored by SEC, as
well as by *H, HSQC and COSY NMR and FTIR spectroscopy.

The conjugation of polysaccharides to the ELP coincided with a clear increase in the molecular
weight of the different block copolymers as observed in Figure 1. SEC also highlights the low
dispersity of the resulting block copolymers (Table 1). All the peaks in *H NMR spectra were
assigned with the help of corresponding HSQC and COSY NMR, indicating both
polysaccharide block and ELP block (see Figure S13, S14, and S15). All NMR spectra
displayed the characteristic anomeric peaks of polysaccharides at around 5.0 ppm and the
triazole proton peak was found at 7.8 ppm (Figure 2) confirming the desired structures of the
block copolymers. FTIR spectra of the bioconjugates, after the click reaction, were also
compared with the ones of alkyne-functionalized ELP and corresponding azide-functionalized
polysaccharides (Figure S6, S7 and S8). The complete disappearance of the azide band at 2100

cmtin the bioconjugates proved the success of the “click reaction” bioconjugation.

Polysaccharide

Bioconjugates w? (kDa) _ PDI?  Tyin water® (125 piM)
mass fraction
Dex-b-ELP 24.9 32 % 1.01 39 C
Lam-b-ELP 18.2 5% 1.03 36 C
HA-b-ELP 24.3 30 % 1.02 48 C

Table 1. Characteristics of the polysaccharide-b-ELP bioconjugates synthesized. *Weight
average molecular weight (Mw) and polydispersity index (PDI) were determined by SEC in
aqueous buffer. °Ty was measured by turbidity on UV-Vis.
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Figure 2. *H and HSQC NMR Spectra of Dex-b-ELP in D,O at 25 <C.
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3.2 Temperature-triggered self-assembly of polysaccharide-b-ELP copolymers
3.2.1 Thermo-responsive properties

The thermo-responsive properties of the different polysaccharide-b-ELP block copolymers
were first studied by measuring the Tt values by turbidity measurement at 350 nm. In contrast
with T of ELP (32 <C) at same concentration (Figure 3A), T: of the bioconjugates shifted to
higher temperature depending on the hydrophilicity of polysaccharides (36 <C, 39 C and 48 C
for Lam-b-ELP, Dex-b-ELP and HA-b-ELP, respectively). Consistently, the higher the
hydrophilicity of the polysaccharide, the larger the T:. One can note that the slight decrease in
absorption of HA-b-ELP at high temperature was most likely due to the formation of large
aggregates, which may sediment (Figure S22). The T: values of ELP and ELP bioconjugates
were then plotted as functions of concentration (Figure 3B) and the data were fitted using the
empirical law proposed by Chilkoti and coworkers.*® This equation gave satisfactory fits of Tt,
concentration and temperature, enabling accurate prediction of the T: of ELP and its
bioconjugates at specific concentrations. As the hydrophilicity of the ELP bioconjugates
decreased, the slope of the fit became flatter. This result is consistent with the observations
reported by Chilkoti and coworkers.*
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Figure 3. Turbidity study of ELP and polysaccharide-b-ELP bioconjugates. (A) Absorbance
measured at 125 uM in water as function of temperature. (B) T values plotted as function of
concentration in water.

3.2.2 Self-assembly of polysaccharide-b-ELP block copolymers
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Figure 4. Dynamic light scattering analysis of the self-assembly of ELP, Dex-b-ELP and
physical mixture of ELP and Dex at 125 uM in water. (4) Scattered intensity as a function of
temperature upon heating. (B) Size distribution in intensity of Dex-b-ELP at selected
temperatures.

In a next step, we were interested in studying the self-assembly properties of polysaccharide-b-
ELP copolymers and their ability to form well-defined micellar structures. The behavior of
Dex-b-ELP (125 uM in water) was first analyzed by DLS. Measuring the total scattering
intensity with temperature allowed the determination of T that was found to be around 40 <C.
Consistently with turbidity measurements, this value was comparable and larger than the T; of
single ELP determined at the same concentration (Figure 4A) due to the conjugation of a
hydrophilic polysaccharide segment. Interestingly, the physical mixture of ELP and Dex did
not influence the T: of ELP (Figure 4A, S16). As observed in Figure 4A, at low temperature
(30 <€) below T of Dex-b-ELP, the scattering intensity is very low, due to the presence of free
copolymer chains in solution and a few aggregates. The scattering intensity sharply increased
at the transition temperature (around 40 <C) and triggered the self-assembly to form structures
with hydrodynamic diameter (Dn) around 165 nm. Once Dex-b-ELP was heated above 45 <TC,
the nanoparticles showed little changes in diameter with a Dy of approximately 290 nm (Figure
4B), being stable until 60 <T. Repeated heating and cooling on Dex-b-ELP showed similar Dn
and PDI values, illustrating that this temperature-responsive behavior is fully reversible, which
offers a simple method for controlling the transition of ELPs (Figure S17). Atomic force
microscopy in a liquid cell was conducted to investigate the morphology of the nanostructures
formed by Dex-b-ELP below/above T:. Consistent with the DLS results, very small objects were
observed below Tt at 35 <C (Figure 5A), and spherical-shaped particles were observed with an

average diameter of approximately 280-300 nm above T at 65 <C (Figure 5B).
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Dex-b-ELP Lam-b-ELP HA-b-ELP

Figure 5. Liquid AFM images of Dex-b-ELP (50 uM in water) on mica substrate at: (4) 35 <C
and (B) 65 <C. Lam-b-ELP (50 uM in water) on HOPG substrate at: (C) 30 <T and (D) 55 <C.
HA-b-ELP (150 uM in water) on mica substrate at: (E) 25 <C and (F) 52 <C. The scale bar
indicates 1 um.

Due to the small hydrophilic fraction of Lam-b-ELP, the T; of Lam-b-ELP was found around
33 <C, which is slightly higher when compared to the Ti of ELP (Figure S18). At low
temperature (30 <C), below T of Lam-b-ELP, small objects and a few aggregates were observed
with very low scattering intensity. The scattering intensity sharply increased at transition
temperature (around 33 <C) and triggered the self-assembly to form structures with Dy around
210 nm. Unlike Dex-b-ELP, a peak located at 36-38 <C was most likely due to the formation
of unstable big particles, which precipitated thus decreasing the concentration in the detected
area. Repeated heating and cooling of Lam-b-ELP from 25 <C to 36 <C on DLS also illustrated
this unstable behavior (Figure S19). Nevertheless the temperature-responsive behavior of Lam-
b-ELP is fully reversible. When temperature was heated above 45 <C, the nanoparticles showed
little changes in scattering intensity and displayed diameter with a Dy of approximately 400-
500 nm (Figure S18). Liquid AFM even recorded larger diameters (500-900) for the aggregates
of Lam-b-ELP above the T; (Figure 5D).
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Similar to the UV-vis measurements, the T; of HA-b-ELP on DLS heating ramp was found
around 45 <C. At low temperature (35 <C) below T: of HA-b-ELP, small objects were observed
with very low scattering intensity. The scattering intensity sharply increased at transition
temperature and triggered the self-assembly to form structures with Dy around 300 nm at 48-
50 <C (Figure S20). Once HA-b-ELP was heated above 55 <C, the diameter of nanoparticles
became unstable and separated into two size distributions, which was also confirmed by liquid
AFM (Figure S22). Nanoparticles with an average diameter of approximately 220-280 nm were
observed by liquid AFM at 50 T (Figure 5F) at the same concentration. The stability of the
HA-b-ELP assemblies at 48 <C was investigated by repeated heating and cooling on DLS. This
temperature-responsive system was again found fully reversible and HA-b-ELP nanoparticles
proved relatively stable at 48 <C for 20 minutes with an average diameter around 280 nm on

every single heating time (Figure S21).

T, DLS AFM
Bioconjugates Conc.(uM) Conc.(uM)
DLS T(<C) Size(nm) T(<C) Size(nm)
35 /
Dex-b-ELP 125 39 T 45 300 50
65 190-340
Lam-b-ELP 125 3¢ 33 210 50 0./
45 520 55 500-900
HA-b-ELP 150 46 T 48 300 150 25 /
52 200-300

Table 2. Self-assembly characteristics of polysaccharide-b-ELP block copolymers.

To summarize, polysaccharide-b-ELP bioconjugates were able to self-assemble into nano-
objects of different sizes (characteristics summarized in Table 2). Stable objects with a size of
a few hundreds nanometers have been evidenced, especially when the hydrophilic
polysaccharide segment was large enough. In addition, the self-assembly process was fully
reversible by controlling the temperature, which provides a prospect of polysaccharide-b-ELP
bioconjugates for applications in biomaterial, drug delivery and receptor recognition.
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4. CONCLUSION

We herein presented a modular approach to combine inert (Dex) and bioactive (Lam and HA)
polysaccharides with a stimuli-responsive elastin-like polypeptide (ELP) into well-defined
block copolymers. Polysaccharides were successfully functionalized with an azide moiety at
the reducing end using a bifunctional N-methoxyoxyamine linker for further conjugation to the
ELP. NHS-ester coupling chemistry was utilized to modify the N-terminal primary amine of
ELP with an alkyne group. Thereafter, smart polysaccharide-b-ELP block copolymers were
produced by CUAAC, and their thermal responsiveness was studied by turbidity measurements.
Increasing temperature above the phase transition of ELP bioconjugates resulted in the
formation of amphiphiles, which self-assembled into well-defined and stable nano-objects. This
is the first study that proposes the conjugation of bioactive polysaccharides with stimuli-
responsive ELPs for the preparation of thermo-sensitive bioactive self-assemblies, providing
insight into novel pathways for designing “smart” and biologically-active nanocarriers for

biomedical applications.
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SUPPORTING INFORMATION

IH NMR spectrum of Azide-linker in CDCl,
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HSQC NMR spectrum of Azide-linker in CDCl,
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Figure S1. 'H, °C, HSQC and COSY NMR spectra of Azide-linker.
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Solvent saturated *H NMR spectrum of Dex-azide in D,0
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COSY NMR spectrum of Dex-azide in D,0
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'H NMR spectrum of Lam-azide in D,0
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cosy NMR spectrum of Lam-azide in D,0
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'H NMR spectrum of HA-azide in D,0
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COSY NMR spectrum of HA-azide in D,0
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Figure S5. H, HSQC and COSY NMR spectra of HA-Ns.
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'H NMR spectrum of ELP in D,0
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COSY NMR spectrum of ELP in D,0
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Figure S10. *H, HSQC and COSY NMR spectra of ELP.

'H NMR spectrum of Pentynoic NHS-esterin CDCl,
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C'3 NMR spectrum of Pentynoic NHS-ester in CDCl,
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COSY NMR spectrum of Pentynoic NHS-esterin CDCl,
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Figure S12. *H NMR spectrum of ELP-AIK.
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COSY NMR spectrum of Dex-b-ELP in D,0
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Figure S13. COSY NMR spectrum of Dex-b-ELP.

1H NMR spectrum of Lam-b-ELP in D,0
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HSQC NMR spectrum of Lam-b-ELP in D,0O
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Figure S14. *H, HSQC and COSY NMR spectra of Lam-b-ELP.
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1H NMR spectrum of HA-b-ELPin D,0
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COSY NMR spectrum of HA-b-ELP in D,0
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Figure S15. *H, HSQC and COSY NMR spectra of HA-b-ELP.
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Figure S16. Turbidity study of physical mixture of polysaccharide with ELP.

Turbidity of ELP, Dex-Ns, HA-N3, physical mixture (ELP+Dex) and (ELP+HA), chemical
covalent (Dex-b-ELP) and (HA-b-ELP) 125 pM in water at 35<C. Apparently, ELP and
physical mixture were turbid while polysaccharide and polysaccharide conjugated ELP were

transparent.
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Figure S17. Z-average size and polydispersity as a function of time upon repeated heating
(45 <€) and cooling (25 <C) of Dex-b-ELP.
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Figure S18. Dynamic light scattering analysis of the assembly of Lam-b-ELP (125 uM) in
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Figure S19. Z-average size and polydispersity as a function of time upon repeated fast heating
(36 <€) and cooling (25 <C) of Lam-b-ELP.
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Figure S20. Dynamic light scattering analysis of the assembly of HA-b-ELP (150 puM) in water.
(A) Scattering intensity as a function of temperature upon fast heating. (B) Size distribution in
intensity at select temperature.
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Figure S21. Z-average size and polydispersity as a function of time upon repeated fast
heating (48 <C) and cooling (25 <C) of HA-b-ELP.
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Figure S22. Liquid AFM images of HA-b-ELP (150 UM in water) on mica substrate at (A)
25<C, (B) 52<C, and (C) 55 <C. Scale bar indicates 1 juM.
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Chapter 3 Structural evolution of thermo-responsive polysaccharide-b-ELP bioconjugates:
from unimer to self-assembled nanostructure

ABSTRACT

With well-defined architecture and stimuli-responsive property of elastin-like polypeptides
(ELPs), self-assembly of ELP-based block copolymer presents an elegant strategy for
controlling nanostructure formation using temperature as a trigger. Recent work has shown that
ELP-diblock copolymers, ELP-protein fusions and ELP-polymer bioconjugates can self-
assemble into spherical micelles, wormlike micelles or vesicles. In the context of studying ELP-
polymer bioconjugates self-assembly, the flexibility and versatility of synthetic modifications
on ELP backbone allows tuning its properties while maintaining its thermo-responsive
character. In the present work, the impact of polysaccharide as hydrophilic block on the self-
assembly of polysaccharide-b-ELP block copolymers are explored and discussed, using PEG
as a control. By using click chemistry, we synthesized three polysaccharide-b-ELP and PEG-b-
ELP bioconjugates. Dynamic light scattering study of these bioconjugates demonstrated fully
reversible self-assembly/disassembly process by controlling the temperature above/below the
ELP transition temperature (7;). Their thermally triggered structural evolution from unimers to
self-assembled nanostructures were further investigated by multi-angle dynamic and static light
scattering, and small angle neutron scattering (SANS). Below the Ti, polysaccharide-b-ELP
chains behave as unimer with little aggregation. Above the Tt, ELP chains of polysaccharide-b-
ELP bioconjugates collapse, leading to structural evolution of polysaccharide-b-ELP from
unimer to self-assembled nanostructure. The influence of concentration, hydrophilicity of
polysaccharide, and interactions of physical mixtures in temperature-triggered self-assembly
process were also discussed and compared, providing insight into the thermally-induced self-

assembly study of ELP-polymer biomaterials.
1. INTRODUCTION

Stimuli-responsive block polymers are promising candidates for biomedical applications, such
as controlled drug delivery.!® Recently, elastin-like polypeptides (ELPs) have attracted
increasing attention as stimuli-responsive protein-like polymers and serve as an attractive
alternative to synthetic polypeptides obtained by conventional polymerization methods.”!!
ELPs are a class of biopolymers derived from a repeat sequence (VPGXG) from human
tropoelastin (the guest residue X can be any amino acid except proline).'? Genetically encoded
and recombinantly synthesized, ELPs allows for precise and well-defined polymers with

accurate control over the sequence and molecular weight, which is unmatched with

conventional synthetic polymers. ELPs exhibit a fast and reversible phase transition behavior
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at a specific temperature referred to as the lower critical solution temperature (LCST),
commonly described as the inverse transition temperature (7t) when determined at a certain
concentration. Below the 7i, ELP chains assume a close-to-random coil conformation and
highly soluble in aqueous solution. When rising the solution temperature above the 7;, ELP
chains hydrophobically collapse into insoluble aggregates to form a coacervate. This transition
is entirely reversible, such that the aggregated ELPs become totally soluble when the
temperature is lowered below the 7. Conformational changes and aggregation of ELP above
the T: was recently studied with small angle neutron scattering (SANS).!* Ti can be highly
tunable either by playing with molecular parameters such as varying amino acid residues
composition and protein molecular weight, or by controlling environmental parameters such as
concentration, pH or cosolutes.'*!> In addition, Chilkoti and coworkers established an empirical
model that correlates 7; values to the ELP composition, concentration and chain length in a
single equation, enabling accurate prediction of the 7; of well-defined ELP at specific

concentration. !¢

Progress in genetic engineering allow de novo design and synthesis of tailor-made ELP block
copolymers that covalently associate two or more ELP segments with different T value.!”!8
Below a critical temperature, both blocks are soluble. As the temperature is raised, the more
hydrophobic block is selectively dehydrated while the hydrophilic block remains solvated.
When reaching a critical temperature, that is, defined as the critical micelle temperature (CMT),
the diblock ELP gains sufficient amphiphilicity to trigger its self-assembly into micelles with a
core composed of hydrophobic ELP block and a corona composed of hydrophilic ELP block.
Upon heating the solution further, the more hydrophilic block starts to dehydrate, and at another
critical temperature, defined as aggregation temperature, triggered the aggregation of micelles
into macroaggregates. The structural evolution of a series of ELP diblocks in water solution
was systematically studied by Garanger et al. using multi-angle light scattering and neutron
scattering techniques, providing a comprehensive structural analysis of the self-assembly

process of ELP diblock copolymers.!® Additionally, self-assembly studies of an ELP diblock

forming vesicles was also reported.*

To take advantage of this thermally triggered self-assembly properties, various ELP-based
hybrid systems were thereby developed and investigated. ELP-protein fusions, for example,
ELP-antibody fusions,?* ELP-mCherry fusions??, resilin-elastin-like block copolypeptides,?®

and silk-elastin-like protein,?* were reported capable of self-assembly into spherical micelles,
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wormlike micelles, and vesicles. ELP-polymer bioconjugates, in which ELP as a building block
was combined with other synthetic polymer, were also recently reported. These conjugation of
polymers include poly(ethylene glycol),*>% poly(y-benzyl-L-glutamate),?® poly(L-glutamic

acid)?” and poly(aspartic acid).?®

In the context, the impact of polysaccharide as hydrophilic block on the self-assembly
properties of polysaccharide-b-ELP block copolymers was explored and discussed. Since
attractive interactions have been shown between polysaccharide and proteins, > this chapter
also involved mixture of polysaccharide and ELP, and mixture of different polysaccharide-b-

ELP. By using click chemistry,3 1-33

we prepared three typical polysaccharide-b-ELP, as well as
PEG-b-ELP. Temperature triggered self-assembly behavior of the synthesized ELP
bioconjugates were first studied by extensive dynamic light scattering and multi-angle dynamic
and static light scattering. These bioconjugates demonstrated fully reversible assembly and
disassembly process. Thereafter, their thermally triggered structural evolution from unimers to
self-assembled nanostructures was further investigated by SANS. The influence of

concentration, hydrophilicity of polysaccharide, and interactions of physical mixtures were also

discussed and compared.
2. EXPERIEMNTAL SECTION
2.1 Materials

Sodium azide (NaN3, 99.5%), hydrochloric acid (HCI, 37%), trimethylamine (TEA, 99%),
copper(ll) sulfate pentahydrate (CuSOas, 99%), dichloromethane (DCM, 99.9%), N,N-
dimethylformamide (DMF, 99.8%), dimethyl sulfoxide (DMSO, 99.7%), diethyl ether (99.9%)
and anhydrous magnesium sulfate (MgSQOs, 99.5%) were purchased from Sigma-Aldrich.
Sodium ascorbate (NaAsc, 99%) were obtained from Alfa Aesar. Methoxypolyethylene glycol
(MPEG2000) and 4-toluenesulfonyl chloride (TsCl, 99%) were purchased from TCI. Cuprisorb®
was purchased from Seachem. Water was purified using an ELGA PURELAB Classic system.
Solvent was purified using PureSolv MD-5 solvent purification system from Innovative
Technology. Dialysis was conducted using a Spectra/Por®6 dialysis membrane. The ELP used
in this work was prepared by recombinant DNA and protein engineering techniques in
Escherichia coli as described previously. The functionalization of N-terminal end of ELP with
an alkyne moiety and its “click” approach to the azide-functionalized polysaccharides were

demonstrated in details on last chapter.
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2.2 Synthesis and characterization of poly(ethylene glycol)-b-ELP bioconjugate

Synthesis of a-Methoxy w-Azido Poly (ethylene glycol) (PEG-N3). Trimethylamine (1.2 ml, 8.6
mmol) and p-toluenesulfonyl chloride (600 mg, 3 mmol) was added to a solution of
methoxypolyethylene glycol (mPEG) (MW 2000) (2 g, 1 mmol) in DCM (10 mL) and the
reaction was stirred at r.t for 48h. Afterwards, the reaction mixture was diluted with pure water
(50 mL). The resulted solution was extracted with DCM (2 <100 mL). The combined organic
extracts were washed with 2M aqg.HCI (2 <40 mL), water (2 <60 mL) and brine (60 mL), dried
over MgSQy, filtered and concentrated in vacuo to give the crude product as an off-yellow oil.
Purification of the crude product by precipitation in ice-cooled diethyl ether afforded o-
methoxy m-(4-toluenesulfonyl) Poly (ethylene glycol) (mMPEG-OTSs) as a white powder (1.6 g,
74 % yield). Sodium azide (252 mg, 3.8 mmol) was added to a solution of mPEG-OTs (1.6 g,
0.7 mmol) in DMF (20 mL) and the reaction mixture was stirred at r.t for overnight. Pure water
(50 mL) was added and the resulted solution was extracted with DCM (2 > 100 mL). The
combined organic extracts were washed with 2M aq.HCI (2 x40 mL), water (2 <60 mL) and
brine (60 mL), dried over MgSOs, filtered and concentrated in vacuo to give the crude product
as an off-yellow oil. Purification of the crude product by precipitation in ice-cooled diethyl
ether yielded PEG-N3zas a white solid (1.1 g, 73 % yield). *H NMR (400 MHz, CDCls): § 3.63—
3.54 (m, CH30OCH2CH:0), 3.50-3.46 (m, CH2N3), 3.31 (s, CHsOCH2CH20). FT-IR (ATR):
2881, 2101 (vazide), 1466, 1341, 1279, 1240, 1146, 1097, 1059, 946, 841, 529 cm™.

Synthesis of o-Methoxy w-Azido Poly (ethylene glycol)-b-ELP (PEG-b-ELP). mPEG2000-N3
(12.3 mg, 5.8 pmol), copper sulfate (4.4 mg, 17.6 pmol) and sodium ascorbate (7 mg, 35.2
umol) were added to a solution of alkyne-functionalized ELP (50 mg, 2.9 umol) in anhydrous
DMSO (5 mL) under argon atmosphere. The reaction was stirred at r.t for 3 days, after which
the mixture was diluted with cold water (12 mL). Cuprisorb (90 mg) was added to the resulted
solution and it was then incubated at r.t with shaking, for overnight to remove the copper.
Cuprisorb was removed by centrifuge and the supernatant was purified by dialysis (dialysis bag
MWCO 15kDa) against pure water for 5 days (changing water 3 times per day), followed by
lyophilization to obtain the final product as a white powder (53 mg, 91% yield). *H NMR (400
MHz, D20): ¢ 7.78 (s, triazole H), 7.60—7.09 (br, indole H Trp), 4.55 (m, CH, Met), 4.44 (m,
CH. Val, Pro), 4.17 (d, CH, Valxaa), 4.04-3.86 (br m, CHa, Gly, CH»5 Pro), 3.77-3.60 (m, CH2>5
Pro, mPEG OCH:CH:0), 3.39 (mPEG OCHs), 2.68-2.48 (br m, CHy, Met), 2.40-2.25 (m,
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CHap Pro), 2.20-1.87 (m, CH2g Met, CH»:g Pro CH>, Pro, CHp Val, CHs, Met), 1.04-0.86 (m,
CHs, Val). FT-IR (ATR): 3299, 2962, 2874, 1628, 1521, 1443, 1230, 1098, 932, 542 cm™..

Nuclear Magnetic Resonance Spectrometry Analysis (NMR). NMR spectra were acquired in
D20 or CDCls at 298 K on a Bruker Avance | NMR spectrometer operating at 400.2 MHz and
equipped with a Bruker multinuclear z-gradient direct probe head capable of producing
gradients in the z direction with 53.5 G.cm™ strength. The relaxation time was fixed to 3

seconds for homonuclear correlation spectroscopy (COSY) measurements.

Mass Spectrometry Analysis (MS). Mass spectrometry analyses were performed on a MALDI
TOF/TOF (Ultraflex 111, Bruker Daltonics, Bremen, Germany) equipped with a SmartBeam
laser (Nd:YAG, 355 nm). Solutions of ELPs and bioconjugates were prepared as follows:
lyophilized ELPs were resuspended in water/acetonitrile (1/1, v/v) to obtain a final
concentration lower than 100 pM. Samples were then mixed with the matrix solution of
sinapinic acid prepared at the concentration of 10 mg/mL in water/acetonitrile (1/1, v/v). All
MALDI-MS measurements were acquired in the linear positive mode and a mixture of standard

proteins was used for external calibration in the suitable mass range (10—20 kDa).
2.3 Transition temperature measurements (T+)

Tt were determined by measuring the turbidity at 350 nm between 10 and 80 T atal T/
min~! scan rate at different concentrations in DI water. Data were collected on a Cary 100
UV—-Vis spectrophotometer equipped with a multicell thermoelectric temperature controller
from Agilent Technologies (Les Ulis, FR). The T is defined as the temperature corresponding

to the point where the maximum standard deviation on the absorbance versus temperature plots.
2.4 Dynamic light scattering measurements

Dynamic light scattering measurements were performed on NanoZS instrument (Malvern, U.K.)
at a 90° angle at a constant position in the cuvette (constant scattering volume). The derived
count rate (DCR) was defined as the mean scattered intensity normalized by the attenuation
factor. The DCR was plotted against temperature and the 7;is defined as the temperature

corresponding to the point where the DCR starts increasing on this plot.

2.5 Multiangle dynamic and static light scattering (DLS, SLS)
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Multiangle dynamic and static light scattering measurements were performed using an
ALV/CG6-8F goniometer, with a full digital correlator in combination with a spectra physics
laser (emitting vertically polarized light at A= 632.8 nm) and a thermo-regulated bath controller
(ranging from 20 to 50 °C). The data were acquired with the ALV correlator software, the
counting time was typically 15 seconds at each different scattering angles ranging from 30° to

150°, in 10 increments.

Hydrodynamic radius (Rx) was determined from the apparent diffusion coefficient and the

Stokes-Einstein equation.**

_ kpT
6TNsRy

(1)

where D is calculated from the slope of the curve /7 as a function of g°. The main correlation
time (7) is determined by the second order cumulant analysis of the autocorrelogram. kg is the
Boltzmann constant and 7 is the temperature in Kelvin. ¢ is the scattering vector defined as ¢
= (4n/4) sin(6/2) with A the wavelength and 6 the scattering angle. #s is the viscosity of the

solvent at the corresponding temperature.

The radius of gyration (Rg) was determined from a Guinier plot of the scattered intensity /n [

(g) as a function of ¢°.
2p2
Inl(g)=In1(0)- L2 ()
where Ry?/ 3 corresponds to the slope of the curve.

2.6 Small angle neutron scattering (SANS)

SANS measurements were performed on D11 at the Institut Laue-Langevin (ILL) in Grenoble,
France. The samples of ELP and ELP bioconjugates were prepared in fresh DO at 125 uM or
250 uM (for the study influence of concentration). Mixture samples were prepared by mixing
ELP with polysaccharide / PEG, Dex-b-ELP with HA-b-ELP, Dex-b-ELP with PEG-b-ELP,
HA-b-ELP with PEG-b-ELP, at a mole ration 1:1 and with concentration of 125 pM in total.
Mixtures of ELP bioconjugates were adjusted to 125 uM with a mole ratio 1:1. Three different
configurations were used with a wavelength of A = 0.6 nm, sample-to-detector distances (SD)

of 1.4, 8, and 39 m and collimation lengths of 8, 8, and 40.5 m, respectively, covering a q-range
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of 0.02-4 nm™’. A temperature-controlling holder on the cuvette was used to precisely control a

temperature range of 17-60 °C.
2.7 Modeling of individual chains (unimers) below the 7t

The aim of analyzing scattering intensity is to obtain the characteristic sizes, the shape and the
interactions, which are represented by the form factor P(g) and the structure factor S(g). The
form factor P(g) describes the structure of individual particles while the structure factor S(g)
describes the interaction between particles. Classical equation of the scattering intensity per

unit volume of spherically symmetric particles writes as follows:

I(Q) = nAPZVpartZP(CI)S(Q) 3)

where 7 is the number density of particles, 4p is the difference in the neutron scattering length
density between the particles and the solvent, and V) is the unit volume of the particles. In the
absence of interactions (meaning S(g) equals to 1) and by introducing the volume fraction of

particles (@ = nVyar), €q 3 becomes:
I(q) = (pApZVpartP(Q) 4)

In order to investigate the behavior of polysaccharide-b-ELP bioconjugates at low temperature
(below the Tt), we focused on polymer chain models. For individual unimer chains, the volume
Vpart 18 defined by the weight-average molecular weight Mw of one mole of chains, the molar

mass m and the volume v of one unimer as Venain = Mw-v/m. Thus, for a solution of polymer of
weight concentration ¢, occupying a volume fraction @ = N,4-v-¢c/m, where N4 is the Avogadro

constant, eq 3 becomes
I(q) = v*Ap*5NyM,,P(g) (5)

Generally, the radius of gyration R, of polymers can be deduced from the fit to this equation

using Debye function** as form factor:

q%R

PDebye(CI: Rg) = ﬁ(exp(_qugz) + qugz —1) (6)

By introducing the mass density of the polymer d = m/(N4-v), aggregates number of polymer

chains N, we obtain:
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1(q) = Nagg(Pp,o — PELP)21.352i6022Mw(q2RZz)z(exp(—qugz) + qugz - 1) (7

With known concentration (c), molecular weight (M) and scattering length densities (pg.p) of

polysaccharide-b-ELP bioconjugates, R, and N, can be deduced from the fit to equation 7.
2.8 Modeling of self-assembled nanostructures above Tt

To fit the SANS scattering curves above the 7; of the ELP and ELP bioconjugates, the self-
assembled structures were represented typically by two classes of particles: macroaggregates
and nanosized particles. Guinier-Porod function model was used to fit macroaggregates.*
Guinier-Porod function is a classical model that can be used to determine the size and
dimensionality of scattering objects, including asymmetric ones. In terms of self-assembled
nanosized particles, three sphere models with slight difference were applied depending on
different form factors: (i) Core-shell sphere model provides the form factor P(g) for a
monodisperse spherical particle with a core-shell structure; (i) Polymer micelle model provides
the form factor P(g) for a micelle with a spherical core and Gaussian polymer chains attached
to the surface, thus suitable for block copolymer micelles; (iii) Simple sphere model fits spheres
with uniform scattering length density (see supporting info). All the fits were achieved with the

SasView program (http://www.sasview.org/). Size distribution (3) with appropriate weighting

were taken into account in all the fitting procedures.
3. RESULTS AND DISCUSSION
3.1 Synthesis and characterization of polysaccharide-b-ELP bioconjugates

As we presented in previous chapter, inert (dextran) and bioactive (laminarihexose and
hyaluronic acid) polysaccharides were combined with a stimuli-responsive elastin-like
polypeptide (ELP) into well-defined block copolymers. Briefly, polysaccharides were
successfully functionalized with an azide moiety at the reducing end using a biofunctional N-
methoxyoxamine linker for further conjugation to the ELP. NHS-ester coupling chemistry was
utilized to modify the N-terminal primary amine of ELP with an alkyne group. Thereafter, three
polysaccharide-b-ELP bioconjugates were produced by click CuAAC reaction allowing to

combine the ELPS and polysaccharide segments in a efficient manner.

In order to investigate the structural effect of polysaccharides on polysaccharide-b-ELP

bioconjugates assemblies, poly(ethylene glycol) as a non-carbohydrate polymer, was
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functionalized and conjugated with ELP. Van Hest’s group reported a copper-free strain-
promoted alkyne-azide cycloaddition approach to prepare a series of poly(ethylene glycol)-b-
ELP block copolymers.?> Herein, to be consistent with previous synthetic strategy of
polysaccharide-b-ELP, PEG was functionalized with an azide moiety by two successive steps
and subsequently combined with ELP via CuAAC (Scheme S1). The success of the conjugation
reaction was confirmed by 'H, HSQC and COSY NMR, as well as MALDI-TOF, SEC and
FTIR spectroscopy. The detail characterization information was provided in supporting
information. SEC and 7; of all ELP bioconjugates are shown in Figure S5. The main

characteristics of the ELP bioconjugates are summarized in Table 1.

ELP/ Bioconjugates Mw? (kDa) w;jsrsoprgicltiicc:;y PDI? 'I'(tligSWj;)rb
Dex-b-ELP 24.9 32 % 1.01 39
Lam-b-ELP 18.2 5% 1.03 36 T
HA-b-ELP 24.3 30 % 1.02 48 C
PEG-b-ELP 19.2 10 % 1.04 42 <C

Table 1. Characteristics of the ELP and ELP bioconjugates synthesized. *Weight average
molecular weight (Mw) and polydispersity index (PDI) were determined by SEC in aqueous
buffer. °T; was measured by turbidity on UV-Vis.

3.2 Self-assembly study of polysaccharide-b-ELP bioconjugates by dynamic light

scattering and multiangle dynamic and static light scattering

In the previous chapter, we studied the self-assembly properties of polysaccharide->-ELP
copolymers by DLS and temperature-controlled liquid AFM and revealed their ability to form
well-defined micellar structures. Increasing the temperature above the phase transition
temperature of ELP bioconjugates resulted in the formation of amphiphiles, which self-
assembled into well-defined and stable nano-objects. To further investigate the influence of
different parameters during the temperature-induced process of self-assembly, extensive DLS
as well as multiangle dynamic and static light scattering measurements of ELP and ELP

bioconjugates were carried out.

3.2.1 Initial self-assembly study of polysaccharide-b-ELP bioconjugates
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As observed in DLS heating ramp study previously, at low temperature below T; of
polysaccharide-b-ELP bioconjugates, the scattering intensity is very low due to the presence of
free unimer chains in solution and a few aggregates. The scattering intensity sharply increased
at Tt (39, 36, 48, 42 T for Dex-b-ELP, Lam-b-ELP, HA-b-ELP, PEG-b-ELP, respectively) and
triggered the self-assembly to form nanostructures. At high temperature above T, the scattering
intensity showed little changes indicating a relatively stable stage had reached. DLS cooling
ramp on polysaccharide-b-ELP and PEG-b-ELP bioconjugates showed a delayed decrease of
scattering intensity, indicating a relatively slow disassemble behavior of nanostructure to
unimers (Figure S6B, S7B, S9B and S11B).
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Figure 1. Different heating methods to induce self-assembly as followed by DLS, recording (4)
diameter (B) polydispersity during 30 mins. Fast heat: 2min to 45°C (Fh),; Slow heat : 60 min
to 45°C (Sh60), Slow heat : 40 min to 45°C (Sh40), Slow heat : 20 min to 45°C (Sh20); Fast
heat to 70 °C then fast cooling to 45°C (FhFc). Once temperature reached 45 °C, equilibrated
for 5 min, thereafter DLS recorded diameter and PDI in 30 min.

As an example, the thermodynamics properties and stability of the Dex-b-ELP assemblies
above T; were investigated by conducting various heating methods from 25 <C to 45 <C. As
shown in Figure 1, the heating speed of a Dex-b-ELP solution was follow by DLS analysis and
demonstrated that the obtained average diameter Dy only slightly varied during 30 min, reaching
around 300-350 nm. In the meantime, PDI was measured and did not show significant
difference, with low values in the rage 0.1-0.2 (Figure 1B). Fast heating process (Fh and FhFc)
demonstrated slight smaller Dy in contrast to other slow heating ones. Consequently, a fast

heating process was applied to all the following experiments.
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Figure 2. (A) Z-average size and polydispersity as a function of time upon repeated fast heating
(45 °C) and cooling (25 °C) of Dex-b-ELP (125 uM) in water on DLS. (B) DLS autocorrelation
function (g2(t)-1) and relaxation-time distribution (A(q,t)) for Dex-bELP (125 uM) in water at
45 °C, 90°.

Repeated heating and cooling DLS measurements were also performed to evaluate the
reversibility of these polysaccharide-b-ELP systems (Figure 2A, S7A, S9A, S11A). As shown
in Figure 2A, Dex-b-ELP self-assembled in a fast process to obtain nanostructured particles
above 45 <C, the size and dispersity of these nanoparticles being stabled after 5 min, with an
average diameter around 250 nm. Afterwards Dex-b-ELP nanoparticles were cooled down to
25 <C and kept for 10-15 min in order to fully disassemble (Figure S6). Small objects with an
average diameter 25 nm and high PDI were observed after cooling, which indicated a
disassembly process of Dex-b-ELP from nanostructure to unimer, with a quite large dispersity
due to the presence of few aggregates. The process is fully reversible several times, giving
similar sizes and dispersities. HA-b-ELP and PEG-b-ELP presented similar reversible self-
assembly behavior as Dex-b-ELP (Figure S9A, S11A). Unlike other bioconjugates, Dy of Lam-
b-ELP assemblies was found to significantly increase with time, which may due to insufficient
hydrophilic fraction of Lam-b-ELP. Nevertheless, the self-assembly of Lam-b-ELP from
unimer to aggregates was still fully reversible (Figure S7A), illustrating that the temperature-
induced self-assembly/disassembly of polysaccharide-b-ELP is reversible and controllable by

varying temperature above/ below the T:.

3.2.2 Self-assembly study by multiangle dynamic and static light scattering

Subsequently, nano-objects formed from self-assembly of polysaccharide-b-ELP and PEG-b-

ELP bioconjugates above Tt were analyzed by multiangle dynamic and static light scattering
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(Figure 2B and 3). The detailed angular analyses in dynamic (diffusion coefficient
determination) and static mode (Guinier plots) are provided in (Figure S6E-F, S8, S10 and S12).
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Figure 3. DLS autocorrelation function (g2(t)-1) and relaxation-time distribution (A(q,t)) at 90°
for (A4) HA-b-ELP 150 uM in water at 50 °C; (B) PEG-b-ELP 125 uM at 40 °C. Lam-b-ELP
125 uM at (C) 33 °C, (D) 37 °C, (E) 45 °C.

Structural characteristics of polysaccharide-b-ELP nano-objects, namely Z-average size (Dn),
radius of gyration (Rg), hydrodynamic radius (Rn) and Rg/Rn ratio were summarized in Table 2.
Similar average Dn of ~300 nm were obtained for Dex-b-ELP and HA-b-ELP while PEG-b-
ELP was smaller, around 220 nm. In terms of Ry/Rn ratio of the nano-objects was found to be
close to 0.75 for Dex-b-ELP and HA-b-ELP assemblies and close to 0.9 for PEG-b-ELP,
indicating possible spherical particle morphology of these three bioconjugates. In contrast to
DLS results, slightly larger Rn of Dex-b-ELP and PEG-b-ELP were found on SLS, which may
due to the growing trend of diameter upon longer heating time on SLS. Similarly to repeating
heating-cooling measurements, Lam-b-ELP showed a growing trend of Dn upon heating and
formed stable aggregates ~500 nm at high temperature.

To shed light on morphologies of these self-assembled nano-objects, we next investigated the

ELP and entire ELP bioconjugates by small angle neutron scattering (SANS) as a function of
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temperature. However, one has to note that it is difficult to directly compare values of Dy, Rg,
Ri and Nage obtained by these two techniques as the contrast providing the scattering signal is
different for neutron and light scattering techniques (the atomic neutron scattering cross-section

in SANS and the refractive index increment in SLS, respectively).

DLS SLS
T(T) Dn(nm) T(T) Rg(hm) Rp(hm) Rg/Rn

Bioconjugates  Conc.(uM)

Dex-b-ELP 125 45 330 45 132 183 0.72
33 210 33 100 130 0.77
Lam-b-ELP 125 37 318 37 140 259 0.54
45 520 45 128 252 0.51
HA-b-ELP 150 48 300 50 120 152 0.79
PEG-b-ELP 125 40 221 40 111 124 0.89

Table 2. Structural characteristics of polysaccharide-b-ELP nano-objects determined by
multiangle dynamic and static light scattering.

3.3 SANS study

The entire set of ELP and ELP bioconjugates, as well as physical mixture of ELP and
polysaccharide, mixture of different ELP bioconjugates, were studied from minimum 17 °C to
maximum 60 °C, a temperature range that fully covered the transition temperature of ELP.
SANS curves of ELP (Figure S13) showed two clear regime, which represented unimers and
coacervates. Similarly, self-assembly of unimers into nanostructures with gradual increase in

temperature were also observed in all ELP bioconjugates (Figure 4).
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Figure 4. SANS curves of bioconjugates at 125 uM in DO at different temperature: (4) Dex-
b-ELP, (B) Lam-b-ELP, (C) HA-b-ELP, (D) PEG-b-ELP.

3.3.1 Studies of individual chains (unimers) below T;

A significant dispersed upturn of the scattering intensity at low g was observed for all
polysaccharide-b-ELP, Dex-b-ELP, Lam-b-ELP and HA-b-ELP (Figure 5, S14), which may be
due to the attractive interactions between individual chains. The signal of aggregation was
verified by introducing aggregates number in the Debye function (eq 7). Nevertheless, all
curves were well-fitted using the Debye function eq 7, indicating that ELP bioconjugates chains

behave like unimer chains.
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Figure 5. SANS curves of ELP and bioconjugates at 125 uM in D>0 at 25°C. Dotted lines are
the best fits to the Debye function (best fit parameters are summarized in Table 3).

Given the known molecular weights of ELP bioconjugates, assuming a density d = 1.35 g-cm”
3 as reported for proteins in the crystalline state*® and theoretical scattering length densities
(peLp) calculated from the corresponding bioconjugate molecular formulas and the scattering
lengths of respective atoms, best fits of to eq 7 gave the R, and aggregates number (N,qo) of the
ELP and bioconjugates (Table 3). From these set of data, one can confirmed that concentration
of ELP samples did not have a clear effect on N, and SANS curves of double concentration
can be nearly perfectly recovered by normalizing the signal with concentration (see Figure S14).
Unexpectedly, PEG-b-ELP were the only bioconjugates showing perfect unimer chains with no
aggregation while unimer aggregation number of Dex-b-ELP, Lam-b-ELP and HA-b-ELP were
found to be 2, 5-6 and 6-7, respectively. In order to investigate possible interactions between
ELP and polysaccharides, physical mixture of ELP and polysaccharide and mixture of different
polysaccharide-b-ELP was thereafter investigated by SANS.
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ELPs Conc.(uM)  Tip:0(C)  Thetow (T) R (A) Nugg
125 31 25 44.2 0.9
ELP
250 30 17 46.4 0.9
125 37 25 123.4 1.9
Dex-b-ELP
250 35 20 122.6 1.8
125 32 25 168.2 6.2
Lam-b-ELP
250 31 17 141.8 4.6
125 45 25 190.6 6.9
HA-b-ELP
250 38 20 185.4 5.8
125 40 25 44.9 0.9
PEG-b-ELP
250 38 20 46.8 0.9

Table 3. Characteristics of ELP, polysaccharide-b-ELP and PEG-b-ELP in D>O measured by
SANS at Treiow (temperature below T, T;values were measured in D20 by DLS heating ramp).

3.3.2 Studies of unimer mixtures below T;

As shown in Figure S16-17, SANS curve of ELP/Dex mixture and ELP/ PEG mixture showed
little changes in comparison with ELP alone, demonstrated unattractive interaction between
ELP and Dex, ELP and PEG. It was also proved by mixture of Dex-b-ELP with PEG-b-ELP
(abbreviated to Dex/PEG-b-ELP), which gave a Nug of 1.2 (Table 4). Moreover, ELP/HA
mixture presented a significant aggregation between ELP and HA with N,g of 27, which was
possibly due to the hydrogen bonding interaction between carboxylic acid group on HA and
amide group on ELP. However, HA-b-ELP bioconjugate may reduce this interaction due to the
macromolecular steric hindrance effect, which indeed leaded to a smaller N,g; of 6-7. Unlike
the mixture of ELP with polysaccharide, SANS curve of mixture of two ELP bioconjugates
were found very close to the theoretical one and fit parameters were also close to the average
of that two bioconjugates alone, revealing an independent unimers nature of bioconjugate at
temperature below 7 (Figure S18). The theoretical curves describe a simulate plot
corresponding to the addition of the individual form factors of individual bioconjugates form

factors normalized by their concentration.
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ELPs Conc.(uM) Thetow (T) R (A) Nugg
ELP + Dex 125 17 44 4 0.9
ELP + HA 125 17 573.2 27
ELP + PEG 125 17 46.3 1
Dex/HA-b-ELP 125 17 213.8 5.8
Dex/PEG-b-ELP 125 17 82.7 1.2
HA/PEG-b-ELP 125 17 114.4 2.7

Table 4. Characteristics of mixture of ELP and polysaccharide, and mixture of different ELP
bioconjugates in D20 measured by SANS at 17 °C below T..

3.3.3 Self-assembled nanostructures above T;

Upon rising the temperature above the 7%, a significantly increase of more than 1 order of
magnitude of the scattering intensities was observed (Figure 6). For the Dex-b-ELP, HA-H-ELP
and PEG-b-ELP bioconjugates, a clear oscillation was seen in the range 0.04-0.06 A,
characteristic of form factor of spherical nanostructures. Except for Lam-b-ELP, the scattering
curves at low g did not reach a plateau as the hydrophilic mass fraction was not sufficient to
provide enough amphiphilicity for self-assembly, resulting in macromolecular aggregation

similarly to what was observed on ELP alone.
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Figure 6. SANS curves of ELP bionconjugates at 125 uM in D20 at temperature below and
above T,. (A) Dex-b-ELP, (B) Lam-b-ELP, (C) HA-b-ELP, (D) PEG-b-ELP. Dotted red and blue
lines are the best fits to the Debye function. Dotted green and orange lines are the best fit to the
(A) core-shell sphere model, (B) guinier-porod function,(C) polymer micelle model, (D) sphere
model, respectively. (best fit parameters are listed in Table 3 and 5).

As compared to Figure 7A, scattering curves characteristics of two classes of nanostructures
were clearly observed. Above Ti, ELP and Lam-b-ELP formed macroaggregates while Dex-b-
ELP, HA-b-ELP and PEG-b-ELP were able to self-assemble into sphere nanoparticles. The
aggregation of ELP and Lam-b-ELP were fitted with a Guinier-Porod sphere function to
determine the size of the resulting macroaggregates. The size of Lam-b-ELP bioconjugates was
found 244 nm, which was consistent with previous DLS measurements. Three spherical models
were applied to best fit the scattering curves of spherical nanostructures above 7:. Scattering
curve of PEG-h-ELP showing a clear oscillation at large ¢ was well-fitted with the simple
sphere model by providing SLD of the bioconjugate and solvent. This fitting method leaded to
spherical particle PEG-b-ELP with radius of 95 A. Core-shell sphere model was used to fit
scattering curves of Dex-b-ELP by introducing SLD of solvent, hydrophobic ELP core and

hydrophilic dextran shell. The fitted radius value of self-assembled nanostructure of Dex-b-
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ELP was 101 A. Scattering curve of HA-b-ELP was also well fitted with a sphere polymer
micelle model, indicating a radius of 108 A of the self-assembled spherical nanostructure. All

fitting characteristics were summarized in Table 5.
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Figure 7. (4) SANS curves of ELP and ELP bioconjugates in D20 at temperature above T..
Dotted lines are the best fits to the corresponding models (best fit parameters are summarized
in Table 5). (B) SANS curves of ELP, polysaccharide-b-ELP bioconjugates and physical mixture
of polysaccharide and ELP in D;O at the temperature above T

ELPs Conc.(uM)  Tapove (T) Model R.(A)  Rs(A) Xz

ELP 125 40 Guinier-Porod =, 4 0y i i
Sphere Function

Dex-b-ELP 125 60 Core-Shell ; 101 0.17
Sphere

Lam-b-ELP 125 50 Guinier-Porod |, ; ;
Sphere Function

HA-b-ELP 125 60 Polymer Micelle 64 108 -

PEG-b-ELP 125 50 Sphere - 95 0.18

Table 5. Characteristics of ELP, polysaccharide-b-ELP and PEG-b-ELP in D;0 as determined
by fitting SANS data as measured at temperature above T;.

3.3.4 Studies of nano-objects mixtures above T;

The scattering curves of polysaccharide-b-ELP bioconjugates were also compared with mixture

of polysaccharide and ELP, and with mixture of different bioconjugates. Not surprisingly, all
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mixtures of polysaccharide and ELP were aggregated at the temperature above 7 (Figure 7B).
This feature revealed that interactions between ELP and polysaccharide were not able to provide
any impact on colloidal stability, and that ELPs are just forming coacervates of large size (Table

6).

ELPs Conc.(uM) {%) Model R (A)  Ry(A) z

ELP +Dex 125 45 Guinier-Porod =54, - -
Sphere Function

ELP + HA 125 45 Guinier-Porod = 34, - -
Sphere Function

ELP + PEG 125 55 Guinier-Porod o ] ]
Sphere Function

Dex/HA-b-ELP 125 55 Polymer Micelle 105 122 -

Dex/PEG-b-ELP 125 55 Sphere - 107 0.16
Polymer Micelle 49 96 -

HA/PEG-b-ELP 125 55 Sphere i 224 0.2

Guinier-Porod

Sphere Function 125 ) )

Table 6. Characteristics of mixture of ELP and polysaccharide, and mixture of different ELP
bioconjugates in D20 measured by SANS at temperature above T.

As mentioned above, ELP bioconjugates demonstrated independent nature when mixed two
ELP bioconjugates together at low temperature. However, mixing two ELP bioconjugates at
temperature above 7; may induce spatially either co-assemble or separated-assemble behavior

of mixture, interesting for some applications.
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Figure 8. SANS curves of physical mixture of different ELP bionconjugates and their theoretical
mixture curves in D>O at temperature above T, (A, B) Mixture of Dex/HA-b-ELP; (C, D)
Mixture of Dex/PEG-b-ELP. Theoretical mixture curves were normalized with concentration.
Dotted lines on the bottom side indicate the best fits to the corresponding model (best fit
parameters are listed in Table 6).

As compared in Figure 8, mixing Dex-b-ELP with HA-b-ELP or PEG-H-ELP also showed
similarly structural evolution from unimer to self-assembled spherical particles. Scattering
curves of Dex/PEG-b-ELP mixture and Dex/HA-b-ELP mixture presented similar behavior
compared to the corresponding theoretical curves and exhibited a simple form factor that can
be further fitted with sphere models. We mean by theoretical curve, a simulate plot
corresponding to the addition of the individual form factors of individual bioconjugates form
factors normalized by their concentration. The fact the experimental and theoretical curves are
very similar could be related to the formation of separated micelles. However, as the size of
individual micelles and the 77 of bioconjugates are very close, we cannot discard the formation
of mixed micelles. The use of fluorescently labeled bioconjugates and FRET experiments may
help understanding deeper this phenomenon. In contrast to individual bioconjugates, spherical

radius of mixture was found to negligible increase in both Dex/PEG-b-ELP mixutre and
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Figure 9. (A) SANS curves of physical mixture of HA-b-ELP and PEG-b-ELP in D>0O at
temperature above T, Theoretical mixture curves were normalized with concentration. ELP
bionconjugates and their theoretical mixture curves in D20 at 25°C. (B) Three best fits to the
mixture (best fit parameters are listed in Table 6).

On the contrary, HA/PEG-b-ELP mixture showed a significantly different behavior (Figure 9).
Three oscillations were found in the range of 0.004-0.0006 A, 0.03-0.05 A™! and 0.01-0.02 A"
!, The self-assembly behavior in that case was obviously complex, leading to a morphology that
cannot be fitted with a simple model. Nevertheless, in an attempt to extract some information,
were able to fit with Guinier-Porod sphere function, simple sphere model and polymer micelle
model, respectively in different scattering regions. Characteristics of the fitting parameters from
these mixtures were summarized in Table 6. The formation of such complex nano-objects might
be due to the structural interaction effect of these two bioconjugates, giving rise to a kind an
aggregation/coacervation of micelles. Additional experiments, especially using cryo-TEM or
cryo-SEM may be performed, even challenging, as we would have to capture and freeze

structures obtained at rather high temperature.
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4. CONCLUSION

We herein presented a comprehensive structural analysis of a series of polysaccharide-b-ELP
bioconjugates that provided insight and understanding into the thermally-triggered self-
assembly process of polysaccharide-b-ELP bioconjugates. Light scattering studies
demonstrated a fully reversible self-assembly/disassembly process by controlling the
temperature above/below the 7t. Below the T, polysaccharide-b-ELP chains behave as unimer
with little aggregation. Although HA showed an attractive interaction with ELP, mixing HA-b-
ELP with Dex-b-ELP or PEG-b-ELP presented independent nature. Above the 7t, ELP chains
of polysaccharide-b-ELP bioconjugates hydrophobically collapsed, leading to structural
evolution of polysaccharide-b-ELP from unimer to self-assembled nanostructure. Insufficient
hydrophilicity of Lam-b-ELP led to aggregation. Mixing Dex-b-ELP with HA-b-ELP or PEG-
b-ELP also showed similarly structural evolution from unimer to self-assembled spherical
particles. Additional FRET experiments would be necessary to differentiate between the
formation of individual micelles or mixed micelles. However, mixture of HA/PEG-b-ELP
indicated a more complex behavior, with a three regimes of particle distribution, which might
due to the structural interaction of these two bioconjugates. Again, additional experiments,
using fluorescently labeled bioconjugates or electron microscopy experiments may provide a

better understanding.
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SUPPORTING INFORMATION

Models of Self-Assembled Nanostructures Above the Transition Temperature

Guinier-Porod function model was employed to fit macroaggregates. It is an empirical model
that can be used to determine the size and dimensionality of scattering objects, including

asymmetric objects. Functional form is used as following:

S exp [ L8] < 01
1@ =1% (8)
o Q=01

This is based on the generalized Guinier law for such elongated objects. For ELP
macroaggregates, we hypothesized a 3D globular objects, thus s = 0 was applied in Guinier-
Porod function.

Core-shell sphere model provides the form factor P(g), for a monodisperse spherical particle

with a core-shell structure. The form factor is normalized by the particle volume.

P(q) = %Fz (q) + background (9)

where

3 in(qre)— (qre) in(qrs)— (qrs)
F(Q) = Z [Vc(pc—ps) Tl (qj:;gcos s + Vs(ps - psolv) . (qz:;gcos A7 (10)

where Vyis the volume of the whole particle, Vcis the volume of the
core, 15 = radius + thickness is the radius of the particle, rc is the radius of the core, pc is the
scattering length density of the core, ps is the scattering length density of the shell, psolv, is the

scattering length density of the solvent.

Polymer micelle model provides the form factor P(g), for a micelle with a spherical core and

Gaussian polymer chains attached to the surface, thus suitable for block copolymer micelles.
P(q) = Nzﬁszcb(qr)z + Nﬁczpc(q) + ZNzﬁsﬁcssc(Q) + N(N - 1)ﬁ§SCC(q) (11)
BS = Vcore (pcore - psolvent) (12)

ﬁC = Vcorona(pcorona - pSOerTlt) (13)

Simple sphere model fits spheres with uniform scattering length density
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1(@) = “=[3v(ap) Si“("”(‘qj;;"s“’”]+background (14)

where scale is a volume fraction, V' is the volume of the scatterer, 7 is the radius of the sphere
and background is the background level. sid and sld_solvent are the scattering length densities

(SLDs) of the scatterer and the solvent respectively, whose difference is 4p.

Synthesis of PEG-b-ELP

PEG PEG-N,

1, TsCl, TEA, DCM
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R’ =-CH(CHpg); and -(CH,),SCH3 (Val:Met = 3:1)

PEG-b-ELP

Scheme S1. Synthetic strategy of poly(ethylene glycol)-b-elastin-like polypeptide block
copolymer. (A) Functionlization of PEG with an azide group. (B) Copper-catalyzed azide-
alkyne cycloaddition between the azide-functionalized PEG and the alkyne functionalized ELP.
As shown in NMR spectra (Figure S2), characteristic peak (-OCH>CH:0-) of PEG was at
around 3.6 ppm and the trizole proton peak was found at 7.78 ppm confirming the desired
structure of block copolymer. FTIR spectra of PEG-b-ELP was compared with the ones of PEG-
N3 and alkyne-functionalized ELP (Figure S4). The complete disappearance of azide band at
2100 cm™ in the bioconjugates also proved the success of conjugation. MALDI-TOF mass

spectra recorded an average mass 19406.3 Da of PEG-b-ELP (Figure S3).
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Characterization of PEG-b-ELP

IH NMR spectrum of PEG-azide in D,0
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HSQC NMR spectrum of PEG-b-ELP in D,0
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155



Chapter 3 Structural evolution of thermo-responsive polysaccharide-b-ELP bioconjugates:
from unimer to self-assembled nanostructure

E ™ 160623 _ultraflex-EGaranger-ELP-PEG-THAP 0:C11 MS, Smoothed
= <]
%] <
=4 (2}
1] b1
£
200
150
100
50
01 T T T T T T T T T T T T T T T T T T T T T T T
18500 19000 19500 20000 20500 21000 21500

m/z

Figure S3. MALDI-TOF spectra of PEG-b-ELP.

ATR-FTIR spectrum of PEG-b-ELP
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Figure S4. ATR-FTIR spectrum of PEG-b-ELP
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SEC trace and T; values of ELP and ELP bioconjugates
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Figure S5. (A) SEC trace of ELP and ELP bioconjugates in aqueous buffer (0.1 M NaNOs,
0.01 M Na;HPO4, 0.02 M NaN3) using a RI detector. (B) 7t values of ELP and ELP
bioconjugates plotted as function of concentration in water.
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DLS/ SLS study of Dex-b-ELP
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Figure S6. (A) Scattering intensity of ELP, Dex-b-ELP and physical mixture (125 pM in water)
as a function of temperature upon heating. (B) Scattering intensity of Dex-b-ELP as a function
of temperature upon heating(from 25 °C to 45 °C). Multi-angle scattering analysis of Dex-b-
ELP obtained at 45 °C. Guinier plot and Ry determination (C). Variation of decay rate versus
squared vector and Ry determination (D).
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DLS/ SLS study of Lam-b-ELP
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Figure S7. (A) Z-average size and polydispersity as a function of time upon repeated fast
heating (45 °C) and cooling (25 °C) of Lam-b-ELP (125 uM) in water on DLS. (B) Scattering
intensity of Lam-h-ELP as a function of temperature upon slow heating and cooling.
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Figure S8. Guinier plot and diffusion coefficient determination of Lam-b-ELP at (A, B) 33 °C;
(D, E) 37 °C; (H, G) 45 °C. DLS autocorrelation function (gx(t)-1) and relaxation-time
distribution (A(q,t)) for Lam-b-ELP at 90°, (C) 33 °C; ( F) 37 °C; (1) 45 °C.

159



Chapter 3

Structural evolution of thermo-responsive polysaccharide-b-ELP bioconjugates:

from unimer to self-assembled nanostructure

DLS/ SLS study of HA-b-ELP
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Figure S9. (A) Z-average size and polydispersity as a function of time upon repeated fast
heating (48 °C) and cooling (25 °C) of HA-b-ELP (150 uM) in water on DLS. (B) Scattering
intensity of HA-H-ELP as a function of temperature upon slow heating and cooling.
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Figure S10. (A) Guinier plot and (B) diffusion coefficient determination of HA-b-ELP at 50 °C.
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DLS/ SLS study of PEG-b-ELP
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intensity of PEG-b-ELP as a function of temperature upon slow heating and cooling.
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SANS curves of ELP and ELP-bioconjugates mixtures upon heating
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Figure S13. SANS curves of ELP (A) 125 uM, (B) 250 uM in D0 at different temperature.
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SANS curves of ELP bioconjugates mixtures
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SANS curves of the mixing ELP and polysaccharide below T;
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Chapter 4 Expanding the toolbox of chemoselective madifications of elastin-like polypeptides
at methionine residues

Abstract

Selective modifications at methionine residues in proteins have attracted particular attention in
recent years. Previously described methods to chemoselectively modify the methionine side
chain in elastin-like polypeptides (ELPs) involved nucleophilic addition using alkyl halides or
epoxides yielding a sulfonium group with a positive charge strongly affecting ELPs’ physico-
chemical properties, in particular their thermal responsiveness. We herein explored the recently
reported ReACT method based on the use of oxaziridine reagents, a redox-based reaction
yielding an uncharged sulfimide derivative as an alternative route for chemoselective
modification of methionine-containing ELPs in aqueous medium. The different synthetic
strategies are herein compared in order to provide a furnished toolbox for further biorthogonal

post-modifications.
1. INTRODUCTION

Protein-based materials are attractive sources for the design of promising high performance
biologically-inspired materials for a variety of applications such as biomaterials, therapeutic
drug delivery and targeting.X* Precise structure-function relationships have been elucidated for
certain proteins allowing the design of artificial protein materials with superior properties.t
Elastin is one example of a well-known naturally occurring structural protein that imparts
elasticity to a variety of tissues.>® Understanding of the sequence and properties of elastin has
inspired the design of elastin-like polypeptides (ELPs),” which are artificial elastin mimics
composed of repeating peptide sequences from the hydrophobic domain presenting similar
thermal and mechanical properties.>® Bioproduction of ELPs using recombinant DNA and
protein-engineering techniques allows an exquisite level of control of their primary sequence
with exact amino acid composition, chain length, and molecular weight.? ELPs constitute
attractive biocompatible, biodegradable and inert thermo-responsive protein polymers.®°
Constituted of repetitive -[Val-Pro-Gly-Xaa-Gly]- pentapeptide units, where Xaa corresponds
to any amino acid except proline,” ELPs present a reversible temperature-triggered soluble-to-
insoluble phase transition behavior in aqueous medium. The thermal responsiveness of a
specific ELP can be quantified by its transition temperature (Tt) defined as the characteristic
temperature at which soluble ELP chains self-associate and aggregate into an insoluble ELP-
rich phase. Interestingly, this unique feature is highly tunable playing with molecular
parameters (e.g., guest residue composition, molecular mass) as well as with environmental

parameters (e.g., salts and cosolutes, ionic strength, pH). An alternative to the design of
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recombinant ELPs with different sequences by genetic techniques to access ELPs with different
Tis rely on the chemical modification of a unique ELP backbone applying orthogonal
chemoselective bioconjugation reactions as an easy means to access a variety of ELP

derivatives with different thermal responsiveness.

Post-translational modifications of proteins, involving chemical changes after proteins
translation play a fundamental role in the regulation of proteins’ structures and functions.!! This
has strongly motivated the development of different bioconjugation strategies to mimic nature’s
ability to chemoselectively modify proteins in order to modify or enhance their properties.!?!3
One alternative rely on the use of functional non-natural amino acids. However, despite
significant technological advancements, incorporation of non-canonical residues into
recombinant proteins remains non trivial, sometimes complex, expensive, and time-
consuming.**1” A second method therefore rely on synthetic strategies to selectively modify
natural amino acid residues presenting functional side chains or employing proteins’ terminal
ends. Biorthogonal reactions have been and are still extensively developed, and various
chemical methods are currently available to selectively modify cysteine, lysine, tyrosine or

tryptophan residues by carefully balancing reactivity and selectivity. 82

Because of its relatively low nucleophilicity at physiological conditions, post-modification at
methionine remains less explored in proteins and peptides as compared to lysine and cysteine,
the most commonly modified amino acids. However, the unique reactivity of the thioether
group under acidic conditions allows specific biorthogonal alkylation of methionine’s side
chain at low pH without the need for any protecting group for other residues, as pioneered by
Toennies using alkyl halides.?>?® Similar modifications were further applied on synthetic
poly(methionine) polymers, copolymers and block copolymers,2+2° before the development by
Deming and co-workers of a more versatile method based on the use of epoxides that
significantly enlarged the scope of methionine modifications.?” Recently, Lin and co-workers
reported a potent strategy to chemoselectively functionalize proteins at methionine residues
using oxaziridine-based reagents.?® Based on a redox-activated chemical tagging (ReACT)
method, this strategy rely on the electrophilic amination of the sulfur-containing methionine
with well-designed oxaziridine derivatives leading to the formation of an isoelectronic
sulfimide conjugate. It’s worth noting that due to the extremely high reactivity of oxaziridine
derivatives, particular attention should be paid to the N-substituent on the nitrogen of the

oxaziridine in order to favor the amination process (nitrogen-transfer product, NTP) instead of
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the competitive oxidation (oxygen-transfer product, OTP) of the sulfur moiety.?® The
chemoselective coupling of oxaziridine and methionine partner occurs under mild
biocompatible conditions (aqueous conditions at neutral pH), with a very highly selectivity to

methionine’s modification over other amino acids with an extremely fast reaction time.

A few years ago, our group started to explore chemoselective modifications of ELPs at
methionine residues as an easy means to modulate their thermo-responsive properties and
introduce various functionalities.®*2 In particular, applying nucleophilic addition reactions
using alkyl halides and epoxides, methionine-containing ELPs were functionalized with
different pendant groups yielding polycationic derivatives. Herein, we aimed at expanding the
scope of chemoselective modifications of ELPs at methionine exploring the ReACT strategy
giving access to uncharged sulfimide ELPs derivatives. We were particularly interested in
performing a comparative study between the three main synthetic methods to achieve
quantitative chemoselective modifications of ELPs at methionine residues and evidence their

advantages and drawbacks, especially for subsequent functionalization with bioactive motifs.
2. EXPERIMENTAL SECTION
2.1 Materials

All of the reagents and solvents are commercially available from standard suppliers, except for
oxaziridine derivatives (Ox-ethyl, Ox-alkyne, Ox-N3) that have been prepared following the
published procedure.?® Methyl iodine, propylene oxide, allyl glycidyl ether, glycidyl propargyl
ether, formic acid, glacial acetic acid, Trizma®, hexafluoroisopropanol (HFIP), N,N,N,N",N"-
pentamethyldiethylenetriamine (PMDETA) were obtained from Sigma-Aldrich (FR).
Deionized water (18 MQ-cm) was obtained by using a Millipore Milli-Q Biocel A10
purification unit. Cuprisorb was purchased from Seachem. Ethanol (96.0%, EtOH), methanol
(98.5%, MeOH), tetrahydrofuran (99%), DMF (99%), DCM (99.5%), acetonitrile (99.9%,
ACN) and CuS04.5H,0 were obtained from VWR international. NaCl (99%) was purchased
from Alfa Aesar (FR). B-D-galactopyranosyl azide (Gal-Nz) was obtained from Carbosynth
(UK). Ammonium Acetate and Ammonium pyrrolidinedithiocarbamate, APDC and sodium
ascorbate were purchased from Fisher Scientific (FR) were obtained from Fisher Scientific (FR).
Amicon® ultra-15 centrifugal filter tube 3 000 MWCO was obtained from Merck millipore.
Tris buffer was prepared with 0.05 M of Trisma-HCland 0.15 M of NaCl in Milli-Q water, the
pH of the solution was then adjusted to 7.6 with NaOH 0.1M.
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Alkylation of ELP[V3M:1-40] (procedure A). ELP[V3M1-40] was dissolved in 0.2 M aqueous
formic acid (20 mg/mL). Alkyl halide (40 equiv. per Met residue) was added as a solution in
THF (50 mg/mL). The reaction was stirred for 5 days at room temperature under Argon
atmosphere. The excess of alkyl halide was removed by extraction with diethyl ether, the
organic layer was pipetted off and discarded. The aqueous phase was then transferred to a 3,000
MWCO ultra-centrifugal filter tube and washed with 40 mL of Milli-Q water at 20<C. The

product was lyophilized to dryness to give a white powder.

Alkylation of ELP[V3M:1-40] (procedure B). ELP[V3M1-40] was dissolved an AcCOH/HFIP
mixture (9/1, v/v) at 20 mg/mL. The solution was degassed with Ar. and the epoxide was added
to the mixture (10 equiv. per methionine residue). After 24h of stirring, a second portion of
epoxide (10 equiv. per methionine residue) was added and the reaction was stirred 48h in total,
at room temperature and under Ar. atmosphere. The obtained mixture was transferred into a 3
000 MWCO Amicon® ultra-15 centrifugal filter tube, washed with 40 mL of Milli-Q water and

freeze-dried.
2.2 Synthetic procedure
2.2.1 Alkylation of ELP[V3M:1-40] with alkyl halide.

Compound 1A. Alkylation with methyl iodine, procedure A. *H NMR (400 MHz, D20, 25<C):
(main peaks) 6 4.67-4.61 (m, 11 H, CHa Met), 6 4.47-4.40 (m, 80 H, CHa Val and Pro,
VPGXG), 4.18-4.16 (d, 30 H, CHa Val, VPGVG), 3.41-3.37 (t, 22H, CH2S Met), 2.95-2.94 (d,
66 H, SCH3 Met), 1.00-0.93 (br m, 420 H, CHs Val). Yield= 61 %.

2.2.2 Alkylation of ELP[V3M:1-40] with epoxide.

Compound 1B. Alkylation with propylene oxide, procedure B. *H NMR (400 MHz, D20, 25<C):
(main peaks) 6 4.66—4.63 (m, 11 H, CHa Met), 60 4.48—4.41 (m, 80 H, CHa Val and Pro,
VPGXG), 4.37-4.28 (m, 11H, CHOH Met, signal B), 4.19-4.17 (d, 30 H, CHa Val, VPGVG),
3.59-3.39 (m, 22H, CHCH.S Met, signal o), 3.01-2.98 (dd, 33 H, SCH3 Met), 1.38-1.36 (dd,

33 H, CHsCHOH Met, signal y), 1.00-0.93 (br m, 420 H, CHs Val). Yield= 88 %.

Compound 2B. Alkylation with glycidyl propargyl ether, procedure B. *H NMR (400 MHz,
D20, 25°C): (main peaks) 6 4.66—4.62 (m, 11 H, CHa Met), 6 4.47—4.41 (m, 80 H, CHa Val
and Pro, VPGXG), 4.38-4.36 (m, 11 H, CHOH Met, signal ), 4.29-4.28 (d, 22 H, CH> Met,
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signal 3), 4.18-4.16 (d, 30 H, CHa Val, VPGVG), 3.63-3.52 (m, 22 H, CHCH.S Met, signal o),
3.03-3.00 (dd, 33 H, SCH3 Met), 2.95 (t, 3 H, CH alkyne), 1.38-1.36 (dd, 33 H, CHsCHOH

Met), 1.00-0.94 (br m, 420 H, CHz Val). Yield= 86 %.

Compound 3B. Alkylation with allyl glycidyl ether, procedure B. *H NMR (400 MHz, D20,
25<C): (main peaks) 6 6.01-5.91 (m, 11 H, CH alkene, signal ¢), 6 5.37-5.27 (m, 22 H, CH>
alkene, signal #), 4.64—4.62 (m, 11 H, CHa Met), 6 4.47-4.40 (m, 80 H, CHa Val and Pro,
VPGXG), 4.37-4.35 (m, 11 H, CHOH Met, signal B), 4.18-4.16 (d, 30 H, CHa Val, VPGVG),
4.11-4.10 (d, 22 H, CH2 Met, signal §), 3.02-2.99 (dd, 33 H, SCH3 Met), 1.00-0.93 (br m, 420

H, CHs Val). Yield= 89 %, functionalization 95 %.
2.2.3 Alkylation of ELP[V3M:1-40] with oxaziridine derivatives

General procedure. To a solution of ELP[V3M1-40] (50 mg, 2.9 uM) in degassed water (50
mL) under Ar. atmosphere was added a solution of oxaziridine derivative synthesized as
described by Lin and co-workers (Supporting information) (6 equiv. per Met) in DMF (200 pL).
After stirring for 30-60 mins, DCM (20 mL) was added and the mixture was extracted with
DCM for two times to remove the benzaldehyde. The combined water layer were then dialyzed
(MWCO 3k) against Milli-Q water for 12h (changing water every 4 h). The final product was
obtained by lyophilization.

Compound 1C. Alkylation with Ox-ethyl. tH NMR (400 MHz, D0, 25<C): (main peaks) &
4.47-4.40 (m, 80 H, CHa Val and Pro, VPGXG), 4.18-4.17 (d, 30 H, CHa Val, VPGVG), 3.14-
3.09 (g, 22 H, CH2 Met signal a), 3.07-2.95 (m, 22 H, CH2S Met, signal 1), 2.70 (s, 33 H, SCH3

Met), 1.09-1.05 (dt, 33 H, CHsCH, Met, signal B), 1.00-0.93 (br m, 420 H, CHs Val). Yield =
63 %.

Compound 2C. Alkylation with Ox-alkyne. *H NMR (400 MHz, D20, 25°C): (main peaks) &
4.47-4.40 (m, 80 H, CHa Val and Pro, VPGXG), 4.18-4.17 (d, 30 H, CHa Val, VPGVG), 3.13-
3.01 (m, 22 H, CH2 Met signal 1), 2.73 (s, 33 H, SCH3 Met), 2.58 (t, 11 H, CH-Alkyne, signal

B), 1.00-0.93 (br m, 420 H, CHs Val). Yield = 94 %.

Compound 3C. Alkylation with Ox-Ns. *H NMR (400 MHz, D20, 25°C): (main peaks) &
4.47-4.41 (m, 80 H, CHa Val and Pro, VPGXG), 4.19-4.17 (d, 30 H, CHa Val, VPGVG), 6.40-
3.36 36 (t, 22 H, CH>-NB3, signal vy), 3.24-3.20 (t, 22 H, CH>-NH Met signal a), 3.13-3.03 (m,
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22 H, CH2S Met, signal 1), 2.75 (bs, 33 H, SCH3 Met), 1.80-1.73 (q, 22 H, -CH2-CH2-CH>-
Met, signal B), 1.00—0.93 (br m, 420 H, CH3 Val). Yield =85 %

2.2.4 Demethylation of modified-ELP

General procedure. To a solution of modified- ELP[V3M1-40] (50 mg, 10 mM) in 75%
EtOH(ag) was added ammonium pyrrolidinedithiocarbamate (APDC) (5.0 equiv per Met
residue). The solution was stirred under Ar. for 24 h at room temperature. The obtained mixture
was transferred to a 1 kDa MWCO dialysis bag and dialyzed against 50% MeOH(aq) during
24 h with 3 solvent changes followed by 8 h dialysis against Milli-Q water with 3 changes. The
dialysis bag contents were then lyophilized to provide demethylated ELPs.

Compound 1D. Demethylation of compound 1B (propylene oxide). *H NMR (400 MHz, D20,
25°C): (main peaks) 6 4.58—4.55 (m, 11 H, CHa Met), 6 4.47—4.40 (m, 80 H, CHa Val and Pro,
VPGXG), 4.19-4.17 (d, 30 H, CHa Val, VPGVG), 2.70-2.55 (m, 22 H, CH>S, signal I), 1.25-
1.23 (d, 33 H, CH3CHOH), 1.00—0.93 (br m, 420 H, CHz Val). Yield= 44 %.

2.2.4 Click reaction

General procedure. To a solution of ELP[V3M:-40] derivative in degassed water (5 mg/mL)
under Ar. Atmosphere, the desired azido-functionalized monosaccharide (1.5 equiv. per alkyne)
was added. A solution of Cu(l) was prepared by addition of sodium ascorbate (1.3 equiv. per
alkyne) to a degassed solution of Cu(ll)SO4 (0.26 equiv. per alkyne) and
pentamethyldiethylenetriamine (0.26 equiv. per alkyne) in Milli-Q water. The fresh Cu(l)
solution was then transferred to the reaction mixture with a syringe. The reaction was stirred
under Ar. at room temperature for 72 hrs. Cuprisorb was added to remove cupper by shaking
overnight. Few drops of an aqueous solution of EDTA (0.15 M) were added and the solution
was purified by ultracentrifugation with Amicon® 3000 MWCO ultra-centrifugal filter tube

against Milli-Q water (40 mL). The remaining mixture was lyophilized.

Compound 4B. Click-reaction of compound 2B with B-D-galactopyranosyl azide. *H NMR
(400 MHz, D0, 25°C): (main peaks) 6 8.34 (s, 11 H, CH triazole proton), 6 5.74-5.72 (d, 11
H, CHy"), § 4.65-4.61 (m, 11 H, CHa Met), 8 4.47—4.42 (m, 80 H, CHa Val and Pro, VPGXG),
4.40-4.36 (m, 11 H, CHOH Met, signal p), 4.18-4.16 (d, 30 H, CHa Val, VPGVG), 3.81-3.80
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(d, 11 H, CHe), 299-2.97 (m, 33 H, SCH3 Met), 1.00-0.92 (br m, 420 H, CHs Val). Yield=
71 %.

2.3 Characterization methods
NMR spectrometry analysis

'H NMR analyses were performed in DO at 298 K on a Bruker AVANCE 111 HD 400 apparatus
equipped with a 5 mm Bruker multinuclear z-gradient direct probe operating at 400.2 MHz.
The solvent signal was used as the reference signal (6 = 4.79 ppm). HSQC analyses were
performed on a Bruker AVANCE NEO 400 spectrometer operating at 100.7 MHz, equipped
with a 5 mm Bruker multinuclear z-gradient direct cryoprobe-head operating at 298 K. Data

processing was performed using Bruker Topspin Software.
Transition temperature measurements

Turbidity assays were performed on a Cary 100 Bio UV-visible spectrometer equipped with a
multi-cell thermoelectric temperature controller from Varian (Palo Alto, CA) operating at 600
nm between 20<C and 80<C at a 1<C.min-1 scan rate for ELP[V3M1-40], compound 1A, 1B,
1C and 1D in Tris buffer at four different concentrations (25 M, 50 M, 125M and 250 V).

Size-exclusion chromatography (SEC)

Measurements in water were performed on an Ultimate 3000 system from Thermoscientific
equipped with diode array detector DAD. The system also include a multi-angles light
scattering detector MALS and differential refractive index detector dRI from Wyatt technology.
Polymers were separated on two TOSOH successive columns (one G4000PWXL (7.8*300)
column with exclusion limits from 2 000 Da to 300 000 Da and one G3000PWXL (7.8*300)
column with exclusion limit bellow 40 000 Da). Measurements were performed at a flowrate
of 0.6 mL/min and columns temperature was held at 26 <C. Aqueous solvent composed by
Acetic Acid (AcOH) 0.3 M, Ammonium Acetate 0.2 M and ACN (6.5/3.5, v/v) was used as the

eluent. Ethylene glycol was used as flow marker.

3. RESULTS AND DISCUSSION
We specifically focused on a forty repeat unit-ELP containing periodically spaced methionine

residues namely ELP[V3M;1-40] following established nomenclature.®® ELP[VsM:-40] was
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produced recombinantly in Esherichia coli bacteria and purified by inverse transition cycling
as described previously.3! This particular ELP was chosen for its intermediate methionine
content (one Met every four pentapeptide units, corresponding to a total of 10 methionine in
addition to the N-terminal Met residue) and T¢ in a suitable temperature range for further
turbidimetry studies (i.e., 32<C at 250 uM in water). ELP[V3M;-40] was chemoselectively
modified on methionine residues using either the alkyl halide method (Figure 1, route A),
epoxide chemistry, (Figure 1, route B), or the recently reported ReACT method?® (Figure 1,
route C).

MW-[VPGVGIVPGMGIVPGVG-VPGVG],,

,I;|’ 5 3 H\').i' -~
,N " N
PESLRNRR!
ﬁ
S‘\.
0\
A B| 2 C N °
%_x l/_\R Ph I
R

AY
\

g Hof H 9
s A RN N A
X . CH;C00™ :
)5\ 1\ 1\

R”+ /C-i N~
R”OH R‘H 0

Figure 1. Primary structure of ELP[V3M1-40] and chemoselective modifications at methionine

residues using alkyl halide (A), epoxide (B) or oxaziridine (C) reagents.

A small series of ELP derivatives was synthesized following each of the three synthetic routes
so as to introduce various pendant groups (R groups in Figure 1) onto methionine residues’ side
chain. (Table 1) Short alkyl chains, such as methyl or ethyl, were introduced (compounds 1A,
1B?° and 1C) in order to compare within similar conditions. The thermo-responsive properties
of the resulting ELP derivatives from different type of modification methods were compared to
the pristine ELP. ELP derivatives containing functional reactive groups such as alkyne, alkene,
or azido groups were also designed with the aim of further investigating post-modification

reactions.

3.1 Chemoselective modifications at methionine residues using alkyl halide
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In route A, ELP[V3M:-40] was dissolved in aqueous formic acid before to add a large excess
of the corresponding alkyl halide and the mixture was stirred for 5 days under argon atmosphere,
as already published for both ELP[M-20]*° and ELP[V3M:-40].3! Using these conditions,
ELP[V3M1-40] was chemoselectively modified with iodomethane and compound 1A was
obtained after purification by dialysis using ultra-centrifugal filter tube against Milli-Q water.
With the goal to incorporate functional group to ELP[V3M1-40] and inspired by the work of
Kramer and co-workers?5, propargyl bromide was used in the same conditions as compound 1A
however the reaction was not completed. Even after trying different reaction conditions such as
increasing the alkyl halide equivalents or the reaction time and changing the organic co-solvent
and/or the aqueous conditions, the functionalization rate was only 40% (compound 2A).

3.2 Chemoselective modifications at methionine residues using epoxide

New batches of compound 1B, 2B and 3B were synthesized following pathway B and according
to previously established procedure®*3* in order to perform complementary analysis.
Considering the high molecular weight of ELP[V3M1-40] and as already reported, a mixture of
ACOH/HFIP (9/1, vIv) was necessary to access all the Met and therefore perform a complete
functionalization within 2 days of reaction. It’s worth noting that in these conditions, Met is
highly sensitive to oxidation, careful attention should be paid to maintain all the reagents and

the reaction mixture under argon atmosphere in order to avoid sulfoxide side product formation.
3.3 Chemoselective modifications at methionine residues using ReACT

Finally, the newest ReACT strategy was explored to turn ELP[V3M1-40] into sulfimide through
an oxidative sulfur imidation reaction and introduce different functionalities. In this way, three
oxaziridines derivatives substituted with a weak electron-withdrawing urea linkage allowing
high selectivity for the NTP were prepared following procedure optimized by Lin, Yang and
co-workers.?® The imidation reaction was performed under argon atmosphere in aqueous
conditions containing 1% of DMF within 30-60 minutes after the addition of the corresponding
oxaziridine derivative. After extraction of the excess oxaziridine and benzaldehyde side product
through extraction with DCM, the aqueous phase was purified by dialysis to give compounds
1C, 2C or 3C.

3.4 NMR analysis of chemoselective modified ELPs at methionine residues
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All compounds were synthesized and isolated in good purity as evidenced by size-exclusion
chromatography (Figure S1), and obtained with isolated yields ranging from 75 % to 90 %
(Table 1). Functionalization rates corresponding to the percentage of modified methionine were
determined by *H NMR spectroscopy by precise integration of the shifted signal resulting from
the resonance of the methyl protons of the thioether as compare to the reference peak
corresponding to the asymmetric protons signal of the guest residue valine (signal i) integrating
for 30 H (not affected after any of the modifications). NMR spectra of all derivatives are
provided in Figures S8-S18. Small alkyl chains were introduced quantitatively whatever the
route used, derivatives 1A, 1B, and 1C (Figure S8, S9 and S13, respectively) being obtained
with complete functionalization rates (100%). Regarding the modification of ELP[V3M1-40]
with functional groups, the ReACT method have shown excellent results with total
incorporation of either alkyne or azide handle in less than one hour yielding, respectively,
compounds 2C and 3C (Figure S14-S15). Owing to minor methionine oxidation into sulfoxide
(0.5 Met over 11 total), compounds 2B and 3B were synthesized with slightly lower
functionalization rate (>95%) using the epoxide chemistry strategy (Figure S11-S12). However,
introduction of an alkyne group using propargyl bromide proved more difficult and a maximum
functionalization rate of 40 % was obtained for compound 2A. Attempts to increase this
functionalization rate by increasing the equivalence of propargyl bromide, prolonging the

reaction time or playing with different solvents, did not lead to any improvement.

Compound Reagent MW (g.mol?)  Funct.® Yield® Tt (125 pM)c
A) Alkyl halide 1Ad R= $CHy, X=I 18,597 100%  75% >70°C
R-X 2A R= »_= X=Br 18,344 ca.40% 81% n.d.

B) Epoxide 1B¢ R= 4 CH, 18,335 100% 88% >70°C
&R 2Bd R= ¥ o _# 18,929 >95% 90% >70°C
3Bd R= ¥.0 -~y 18,952 >95% 89% n.d.

C) Oxaziridine 1C R= - 17,982 100%  88% 57 °C
o Ao 2C R= ¢ 7 18,092 100%  92% 54 °C
HN.o 3C R= w.~.Ns 18,588 100%  85% 48 °C

Table 1. Characteristics of modified ELP[V3M1-40] derivatives. Solvent conditions: A)
THF/0.2 M aqu. formic acid; B) AcOH/HFIP (9:1); and C) H.O/DMF (99.5:0.5). @
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Functionalization rate determined by *H NMR, ° Yield of reaction, ¢ Transition temperature in
Tris buffer determined by DLS, 9 Synthesized following previous published procedure.®

Overall, with a longer reaction time (5 days) and a lower functionalization rate for compound
2A, the alkyl halide route (A) did not prove as efficient as the epoxide (B) or oxaziridine (C)
routes. As previously reported,3* we noted that epoxide chemistry is also more versatile than
the use of alkyl halides for the thioalkylation of ELP[V3M:-40]. Specific care is however
needed to avoid oxidation of the sensitive thioether group. The ReACT approach? based the
use of oxazidine derivatives was found very efficient with short reaction times (1 hour) and
quantitative functionalization rates. One drawback of this strategy is however the tedious
synthesis and purification of oxaziridine derivatives obtained in poor yields (30 % - 40 %) as

already mentioned by Lin et al.?®
3.5 Tuning Ttby chemoselective modification at methionine residues

In order to evidence the impact of each type of modification onto the thermo-responsive
properties, turbidity experiments were performed on derivatives with similar alkyl R groups,
namely compounds 1A, 1B and 1C. Transition temperature measurements were performed at
different ELP concentrations in Tris buffer using light absorption at 600 nm (Figure 2, Figures
S3-S6). The T values were determined as the temperature corresponding to the onset of
turbidity (Figure 2C and Table S1). As shown in Figure 2A, thioalkylated derivatives 1A and
1B presented none or very weak thermo-responsive properties in the temperature and
concentration ranges studied. As already reported by our group, this can be directly attributed
to the increased hydrophilicity and solubility afforded by the sulfonium groups present along
the polypeptide chain.! Besides, strong effect of the nature of the counterion on the thermo-
responsive behavior of ELP[V3M1-40] has been previously demonstrated with iodine and
acetate anions resulted in samples with weak thermos-responsive properties. This is consistent
with the current observed results where acetate counterion involved a slightly higher thermo-

responsiveness as compare to iodine counterion (Figure 2C).

Compound 1C obtained from the modification of ELP[V3M1-40] through the ReACT strategy
surprisingly presented very high Ts in the 25-250 UM concentration range despite a higher
molecular weight than ELP[V3M1-40] and the uncharged linkage between the ethyl R group
and the methionine side chain (Figure S4, S6). We may also suspect the keto-enol equilibrium

of the sulfimide-urea structure and possible H-bonds formation to be responsible for an
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increased overall hydrophilicity of 1C as compared to the pristine ELP. In order to confirm
these hypotheses and have access to a synthetic strategy leading to chemoselectively modified
methionine side chains while retaining the thermo-responsive properties of the ELP, we have
performed a demethylation of compound 1B (Scheme S1). The resulting uncharged compound
1D (*H NMR Figure S10) was indeed found to recover its thermal responsiveness with a range
of Tis closer to those of ELP[V3M1-40] (Figure 2B). The presence of the hydroxyl group in the
S-alkyl-L-homocysteine-containing derivative is however likely attributed to the slightly higher
Tis of 1D (31-43<C) than those of ELP[V3M1-40] (30-37<C). T: versus concentration curves
were measured for uncharged derivatives 1C and 1D for comparison with ELP[V3M;1-40]
(Figure 2B) and fitted plots obtained using the empirical equation (eq 1) established by Chilkotti
and co-workers (Figures S2).*° For both 1C and 1D, the slope of the fits were found steeper
than the one observed with the pristine ELP[V3M1-40] confirming their greater hydrophilic
character. Importantly, additional studies confirmed the maintained reversibility of the thermal
transition for both 1C and 1D derivatives (Figure S4-S5).
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Figure 2. (4) Relative absorbance at 600 nm of ELP[V3M1-40], 14, IB, 1C and 1D at 125 uM
in Tris buffer as a function of temperature. (B) T: values of ELP[V3M1-40], I1C and 1D as
functions of concentration in Tris buffer. Lines correspond to the fits of the data using eql. (C)
Chemical structures of the methionine residues’ side chain for each derivative and their
corresponding onset transition temperature (Ty) at 125 uM in Tris buffer.

3.6 Chemoselective grafting payloads onto modified ELPs at methionine residues
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In this study, we were also particularly interested in exploring subsequent orthogonal post-
modifications using “click chemistry” to allow the grafting of a wide variety of relevant
molecules onto ELPs such as bioactive moities, active drugs, contrast agents, etc. With
potentially three strategies in hand to chemoselectively modify ELPs at methionine residues,
we wished to investigate the functionalization of ELP[V3M1-40] with azido-galactose as
illustrated on Scheme 1. As unsatisfying functionalization was obtained for compound 2A, this
strategy was no further continued. Functionalization of compound 2B with azido-galactose in
aqueous conditions gave compound 4B with full conversion. This result was confirmed by 'H
and HSQC NMR spectroscopy (Figure S16-S18), in particular thanks to the resonance peak of
the triazole proton at 8.34 ppm integrating as 11 *H, indicating a full bioconjugation. We also
noticed that the original resonance of the methylene in a position of the alkyne function shifted
from 4.29 ppm to 4.79 ppm, this being the result of the deshielding induced by the increased
electron density of the triazole as compared to the alkyne bond (Figure S17). Surprisingly, the
functionalization of compound 2C with azido-galactose performed using similar reaction
conditions (0.26 equiv. CuSOg per alkyne, 1.3 equiv. sodium ascorbate per alkyne and 0.26
equiv. PMDETA per alkyne in Milli-Q water) yielding in incomplete bioconjugation. Despite
many attempts to solve this issue, especially playing with catalytic conditions, for example
using tris((1-benzyl-4-triazolyl)methyl)amine (TBTA) as a catalyst, the highest conversion
only reached 65 % corresponding to an average of 7 galactose units onto the ELP using catalytic
conditions in aqueous copper sulfate system. Although we do not completely explain this result,
we suspect the nitrogen atoms of the sulfimide bond and ELP backbone to participate to the
competitive coordination of copper(l) therefore reducing its catalytic activity towards the

adjacent alkyne bond and resulting in incomplete functionalization.
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Scheme. 1. Synthetic strategies to chemoselectively graft galactose units onto ELP[V3M1-40].

CONCLUSION

To conclude, we have herein explored a new route for chemoselectively modifying methionine-

containing ELPs using oxaziridine-based reagents, providing an additional means for easily

tuning the thermo-responsive properties of recombinant ELPs. This enlarges the variety of

accessible ELP derivatives through sulfonium, thioether or sulfimide linkages. Still, with

commercially available reagents, reasonable reaction times and high efficiency, the epoxide-

based route is highly favorable. The possibility to recover a thioether bond by sulfonium

demethylation adds on to the list of advantages of this chemical route. Altogether, the set of

reactions used in this study opens up a whole range of new possibilities to functionalize ELPs

with a large variety of molecules for the design of new ELP bioconjugates.
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SUPPORTING INFORMATION

Synthesis of oxaziridine derivatives

A
j\ CHO 1. Ti(OIPr),, THF, RT % o
HN- N+ 2. mCPBA, satK,CO5/ DCM N—<
1-Ethylureal-ethylurea Benzaldehyde Ox-ethyl
B
1. NaOCN, 1N HCI, 60 °C ji 1. Ti(OiPr),, THF, r.t 9440
i 2. mCPBA, sat.K,CO3/ DCM N
2. silical gel, MeOH, r.t ' 23
HzN/\Q\\ silical gel, Me r HN N/\Q ©/ £
H Benzaldehyde \
Propargylamine Alkyne urea Ox-alkyne
(o]
NaN; NaOCN, 1N HCI, 65 °C
C HNT "0 ————  H.N7 N HZNJ\N/\/\N3
H,0, 80 °C H
3-chloro-1-propylamine 3-azido propylamine Azide urea
hydrochloride
(o]
JOL CHO 1. Ti(OiPr)y, THF, .t rﬁ—(o
HoN N/\/\Ng . © 2. mCPBA, sat.K,CO;/ DCM HN—\_\
H
Azide urea Benzaldehyde Ox-N3 N3

Oxaziridine derivatives were synthesized follow the procedure reported by Lin and co-
coworkers.? Breifly, the synthetic strategy were based on the amination of benzaldehyde by
urea to generate imine and the imine was subsequently oxidized by mCPBA, forming
oxzaridine derivatives. The chemical shift of the only proton on oxaziridine ring was found 4.92
ppm in *H NMR spectra of ox-ethyl, ox-alkyne, 0x-N3, which in agreement with the literature

data.
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Figure S1. Size exclusion chromatography of ELP[V3M1-40], compound 1A, 1B, 1C and 1D
in ACOH/Ammonium Acetate/CAN eluent.

Concentrations  ELP-[V;M,],, 1A 1B 1C
25 uM 37°C >80°C >70°C 69°C 43°C
50 pM 35°C >80°C >70°C 64°C 40°C
125 uM 33°C >80°C >70°C 57°C 35°
250 uM 30°C >80°C >70°C 54°C 31°C

Table S1. Table summarizing the onset temperature of aggregation (T¢) of the derivatives at
125 pM in Tris buffer.

T, =Tec+5 (%) (eql)

Figure S2. Empirical equation established by Chilokotti and c-workers.
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Figure S6. Scattered light intensity of ELP[V3M1-40], compound 1C, 2C and 3C at 125 piM in
Mili-Q water as function of temperature.
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Figure S8. *H and HSQC NMR spectra of compound 1A in D20
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Figure S11. *H and HSQC NMR spectra of compound 3B in D20
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Figure S12. *H and HSQC NMR spectra of compound 2B in D20
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Chapter 5 Chemoselective post-modifications at methionine in polysaccharide-b-ELP bioconjugates

ABSTRACT

Oxaziridine-based redox-activated chemical tagging (ReACT) provides an attractive strategy
for chemoselective modification of methionine in proteins under physiological conditions.
ReACT has been reported to be high selective towards methionine over the whole range of
canonical amino acid residues. However, the selectivity and compatibility of ReACT in the
presence of other natural macromolecules such as polysaccharides are still unknown. Herein,
we have explored the possibility of applying ReACT on our previously described
polysaccharide-b-ELP bioconjugates for selective modification of the ELP block at methionine
residues. Two polysaccharide-b-ELP bioconjugates, namely Dex-b-ELP and HA-b-ELP, were
successfully chemoselectively functionalized with alkyne or azido group, using appropriate
oxaziridine-based reagents, with a conversion higher than 95% in 1 hour. The resulting
modified polysaccharide-b-ELP bioconjugates were characterized by 'H, COSY and HSQC
NMR, and their T: were determined by DLS. Coumarin was subsequently grafted onto Dex-b-
ELP®, providing insights into applications of ReACT for selective methionine labeling of

polysaccharide-containing bioconjugates.
1. INTRODUCTION

Post-translational modifications of proteins and synthesis of protein bioconjugates have
attracted considerable interests in recent decades for the development of protein therapeutics.-
® The modification of proteins usually involves their terminal ends or the side chain of specific
residues via chemoselective reactions. Among sulfur-containing amino acids, cysteine is the
most commonly exploited residue regarding selective reactions involving thiols and therefore
has been comprehensively studied as target site for bioconjugation.”*® In contrast to cysteine,
the other sulfur-containing amino acid methionine has long lacked available modification
strategies due to its relatively weak nucleophilicity. Revisiting thioether chemistry described in
the 40°s,241° the group of T. Deming however showed that low pH conditions enhanced the
nucleophilicity of thioether as compared to thiol or amine, thus enabling chemoselective
modification of methionine in synthetic polypeptides using alkyl halides'®’ or epoxides.8-2°
Recently Lin and Yang reported an attractive strategy for chemoselective modification of
methionine in proteins by using a “Redox-Activated Chemical Tagging” (ReACT) method
based on oxaziridine chemistry.?2?2 They found that urea-derived oxaziridines can
chemoselectively label methionine residues in proteins and proteomes under aqueous

conditions at neutral pH. This method was found very efficient with reactions completed in few
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minutes and fully chemoselective to methionine, other amino acid residues being unaffected.
They also proposed that two possible pathways are involved in ReACT: the N-transfer pathway
(NTP) leading to sulfimide and the O-transfer pathway resulting in sulfoxide (Figure 1).223
Solvent systems and electron effects in oxaziridine reagents mainly were found to favor one or
the other pathway. N-substituted urea as a weak electronic withdrawing group on oxaziridine
was found to enhance selectivity of NTP path.?! Various applications of ReACT including
precise protein functionalization, antibody—drug conjugation, and chemoproteomic methionine

identification, reveal the broad utility of this method.

R
Oy Arl] £ = 2
' ‘|——O
NTP path Ar)<N’EWG — ( Me —> Me\S/,N\EWG + )J\
= ! Ar” R
/ +\R R
EWG
~So Intermediate A NTP
R Me
R ) 'Ylf " " y-EWG
O O_S\ e
OTP path Xews —> 4 i — b - L
Ar N N 7
Ar” | >~ R Ar R
R EWG
Intermediate B OTP

Figure 1. The proposed reaction mechanism between methionine and oxaziridine compound
proceeds by nucleophilic attack of sulfide at N atom or O atom of oxaziridine ring, followed by
N-O bond cleavage to generate reaction intermediate A or B, respectively. The NTP or OTP is
generated, along with the corresponding aldehyde or imine as side product, through an
intramolecular rearrangement.?

In the previous chapter, we have explored ReACT for chemoselective modification of
methionine-containing ELP[V3M1-40]%* and compared it with alkyl halide- and epoxide-based
approaches. ELP[V3M1-40] was successfully modified by oxaziridine chemistry under mild
reaction conditions with high selectivity. ReACT showed high selectivity to methionine with
regards to other amino acid residues and to the ELP N-terminal end. However, the selectivity
and compatibility of ReACT in the presence of other natural macromolecules such as
polysaccharides are still unknown. In this study, we explore the possibility of applying ReACT
on polysaccharide-b-ELP bioconjugates for the chemoselective modification of the ELP
segment at methionine residues. Selective introduction of alkyne or azido groups onto
methionine residues allow subsequent orthogonal biofunctionalization of polysaccharide-b-
ELP bioconjugates with small molecules such as fluorescent dyes or inter-chain cross-linking,

204



Chapter 5 Chemoselective post-modifications at methionine in polysaccharide-b-ELP bioconjugates

providing insights into applications of ReACT for selective methionine labeling of
polysaccharide-containing bioconjugates.

2. EXPERIMENTAL SECTION
2.1 Materials

Dichloromethane (DCM, 99.9%), N,N-dimethylformamide (DMF, 99.8%), dimethyl sulfoxide
(DMSO, 99.7%) were purchased from Sigma-Aldrich. Water was purified using an ELGA
PURELAB Classic system. Solvent was purified using PureSolv MD-5 solvent purification
system from Innovative Technology. Dialysis was conducted using a Spectra/Por®6 dialysis
membrane. Synthesis of fuctional oxaziridines and alkyne functionalized ELP were prepared

as previously chapter.
2.2 Synthetic Procedure
Pretest reactions in deuterated solvents

Oxaziridine Alkyne or N3z derivative (Ox-Alkyne or Ox-N3) (2 uM) in deuterated
dimethylformamide DMF (40 uL) was added to a solution of polysaccharide-b-ELP (0.2 uM)
in D20 (1 mL) under N2 atmosphere. After stirring for 60 mins and 90mins, mixture of 0.5 mL

was directly analyzed by *H NMR.

Modification of Dex-b-ELP via Ox-N3 (Dex-b-ELP°*-N3). Ox-N3 (45 mg, 223 uM) in DMF
(400 pL) was added to a solution of Dex-b-ELP (50 mg, 2.0 uM) in degassed water (50 mL)
under N2 atmosphere. After stirring for 60 mins, DCM (20 mL) was added and the mixture was
extracted with DCM (2 %20 mL) to remove the byproduct benzaldehyde. The combined water
layer was then dialyzed (MWCO cut 15kDa) against Milli Q water for 24h (changing water 3
times per day). The final product was obtained by lyophilization (51 mg, 96% vyield). *H NMR
(400 MHz, D20O): & 7.75 (s, triazole H), 7.63-7.09 (br, indole H Trp), 4.99 (d, Dex H-1), 4.55
(m, CH, Met), 4.44 (m, CH,, Val, Pro), 4.17 (d, CH, Valxaa), 4.06-3.87 (br m, CHz, Gly, CHas
Pro, Dex H-6,H-5), 3.82-3.67 (m, CHy'5 Pro, Dex H-6,H-3), 3.62-3.49 (Dex H-2,H-4), 3.29 (t,
N3CH2CH2CH> Ox), 3.12 (t, N3sSCH2CH2CH Ox), 3.15-2.85 (br m, CH2, Met), 2.64 (CHz, Met ),
2.31-2.18 (m, CHzp Pro), 2.17-1.89 (m, CHzs Met, CHz Pro, CHz, Pro, CHp Val), 1.63 (m,
N3CH>CH2CH> Ox), 1.03-0.88 (m, CHs, Val). FT-IR (ATR): 3332, 2929, 2101, 1653, 1527,
1444, 1340, 1152, 1107, 1019, 917, 546 cm™
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Modification of HA-b-ELP via Ox-N3 (HA-b-ELP°*-N3). HA-b-ELP®*-N3 was synthesized
with the same procedure in 92% yield. *H NMR (400 MHz, D20): § 7.75 (s, triazole H), 7.60—
7.09 (br, indole H Trp), 4.62-4.37 (br, CH, Met, Val, Pro, GIcUA H-1, GIcNAc H-1), 4.17 (d,
CH, Valxaa), 4.04-3.66 (br, CH2, Gly, CH2s Pro, CHx5 Pro, GIcUA H-4, GIcNAc H-2, H-3, H-
5, H-6), 3.65-3.42 (GIcUA H-3, H-5), 3.33-3.23 (t, GIcUA H-2, N3CH2CH>CH. Ox), 3.12 (t,
N3CH2CH.CH> Ox), 3.15-2.98 (br m, CHz, Met), 2.78-2.62 (m, CHs; Met), 2.41-2.25 (m,
CHzp Pro), 2.20-1.89 (m, CHzs Met, CHa:3 Pro CH2, Pro, CHjp Val), 1.65 (m, N3CH2CH.CH:
Ox), 1.06-0.88 (m, CHs, Val). FT-IR (ATR): 3298, 2964, 2099, 1631, 1528, 1440, 1236, 1154,
1047, 545 cm™.

Modification of Dex-b-ELP via Ox-Alkyne (Dex-b-ELP%*-Alkyne). Dex-b-ELP**-Alkyne was
synthesized with the same procedure in 93% yield. *H NMR (400 MHz, D20): § 7.75 (s, triazole
H), 7.63-7.09 (br, indole H Trp), 4.99 (d, Dex H-1), 4.55 (m, CH, Met), 4.44 (m, CH,, Val,
Pro), 4.17 (d, CH, Valxaa), 4.06-3.78 (br m, CH2, Gly, CH2s Pro, Dex H-6,H-5, CH,C=CH Ox),
3.82-3.67 (m, CH25 Pro, Dex H-6",H-3), 3.62-3.49 (Dex H-2,H-4), 3.15-2.85 (br m, CH2, Met),
2.64 (CHs; Met ), 2.50 (CH.C=CH 0x), 2.31-2.18 (m, CHz Pro), 2.17-1.89 (m, CHzp Met,
CHap Pro, CH2, Pro, CHg Val), 1.03-0.88 (m, CHz, Val).

Modification of HA-b-ELP via Ox-Alkyne (HA-b-ELP®%-Alkyne). HA-b-ELP**-Alkyne was
synthesized with the same procedure in 90% yield. *H NMR (400 MHz, D20): § 7.75 (s, triazole
H), 7.60-7.09 (br, indole H Trp), 4.62-4.37 (br, CH, Met, Val, Pro, GIcUA H-1, GIcNAc H-
1), 4.17 (d, CH, Valxaa), 4.04-3.66 (br, CH2, Gly, CHa;s Pro, CHaz'5 Pro, GICUA H-4, GIcNAc
H-2, H-3, H-5, H-6, CH.C=CH Ox), 3.65-3.42 (GIcUA H-3, H-5), 3.41-3.30 (t, GICUA H-2),
3.15-2.98 (br m, CH2, Met), 2.78-2.62 (m, CHs; Met),2.51 (CH2C=CH 0Ox), 2.41-2.25 (m,
CHap Pro), 2.20-1.89 (m, CHzp Met, CH»g Pro CH2, Pro, CHp Val), 1.06-0.88 (m, CHs, Val).

2.3 Characterization Methods
Nuclear Magnetic Resonance Spectrometry Analysis (NMR)

NMR spectra were acquired in D20 or CDClz at 298 K either on a Bruker Avance | NMR
spectrometer or Bruker Avance |11 HD operating at 400.2 MHz. The relaxation time was fixed
to 3 seconds for COSY measurements. Data processing was performed using Bruker TopSpin

software.

Fourier Transform Infrared Spectroscopy (FT-IR)
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FT-IR spectra were recorded using a Bruker Vertex 70 spectrometer with a GladiATR diamond.
Spectra were recorded directly on a powder samples at 400-4000 cm™ (resolution of 4

wavenumber) range by using attenuated total reflection mode.
Dynamic light Scattering Measurements (DLS)

Dynamic light scattering measurements were performed on NanoZsS instrument (Malvern, U.K.)
at a 90angle at a constant position in the cuvette (constant scattering volume). The derived
count rate (DCR) was defined as the mean scattered intensity normalized by the attenuation
factor. The DCR was plotted against temperature and the T; is defined as the temperature

corresponding to the point where the DCR starts increasing on this plot.
3. RESULTS AND DISSCUSSION

In the previous chapter, we have summarized synthetic methods to chemoselectively modify
the methionine side chain in ELPs. Nucleophilic addition using alkyl halides or epoxides yields
a sulfonium group with a positive charge strongly affecting ELPs’ physico-chemical properties,
in particular their thermal responsiveness. Chemoselectivity at methionine thioether group also
requires the reaction to be performed at low pH to enhance its nucleophilicity over other
nucleophilic groups (e.g., N-terminal amine in the case of ELP[V3M3-40]). These stringent
reaction conditions are however a strong limitation for some acid-sensitive polymers, such as
polysaccharides, especially in the case of our polysaccharide-b-ELP bioconjugates.?®> We also
explored the recently reported ReACT method based on the use of oxaziridine derivative, a
redox-based reaction yielding a sulfimide derivative as an alternative route for chemoselective
modification of methionine-containing ELPs in aqueous solution at neutral pH with high
efficiency. Inspired by these results, we assumed that oxaziridine chemistry could also be used
to modify our polysaccharide-b-ELP bioconjugates. One need to note that hydroxyl groups as
well as carboxyl groups frequently present in polysaccharide structures were reported non-
reactive within 1 hour upon ReACT.?

3.1 Pretest reactions in deuterated solvents

In order to test this hypothesis, pretest reactions were carried out in deuterated solvents and
rapidly analyzed by NMR. Three polysaccharide-b-ELP bioconjugates (Dex-b-ELP, Lam-b-
ELP and HA-b-ELP) as well as PEG-b-ELP were reacted with oxaziridine-N3z (Ox-N3) and
oxaziridine-alkyne (Ox-alkyne) derivatives in D>O/ Deuterated DMF at r.t (Scheme 1).
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Scheme 1. Pretest reactions in deuterated solvents.

The reactions were monitored by following the chemical shift of the methionine methyl group
with *H NMR. Full conversion of methionine was observed in all bioconjugates as methyl group
totally shifted from 2.02 to 2.62 ppm (Figure S1, S2) after 1 hour. However, it still needed to
be confirmed that methionine residues were converted into the desired sulfimide via the N-
transfer pathway and not into the unwanted sulfoxide via the O-transfer pathway, since
sulfoxide may also result in similar shift of methionine methyl. One has also to mention that
methionine sulfoxide was found not reactive with oxaziridine.?! To verify the success of
expected modifications, the reaction mixtures required to be purified and the products isolated
for full characterization by NMR. We selected Dex-b-ELP and HA-b-ELP bioconjugates
among our series of polysaccharide-b-ELP block copolymers for further synthetic studies due

to their chemical structures, bioactivity (HA) and favorable self-assembly properties.
3.2 Modification of polysaccharide-b-ELP via Ox-Ns/Alkyne

The Dex-b-ELP block copolymer was first reacted with Ox-N3z or Ox-alkyne in a cosolvent
(H2O/DMF 125:1) (Scheme 2). Excess water (99.2%) was used to increase stabilization of the
transition state of NTP by solvation and hydrogen bonding of the alkoxy anion intermediate
leading to high conversion to sulfimide.?* The reaction was stirred for 60 min regarding the
results of the pretest reactions. Regarding the purification of the reaction mixtures, as the
oxaziridine derivatives used in excess and benzaldehyde byproduct easily dissolved in organic

solvents such as DMF and DCM, it was possible to remove them by simple extraction using
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DCM as water immiscible organic solvent. After extraction with DCM for two times, the
combined water phase were dialyzed against MilliQ water to remove the residual DMF. The

final product was obtained by lyophilization and subsequently analyzed by NMR.

o

10

H,0 / DMF, r.t

H 9 n Q H
OH
NWNJLH/TIN%N IIII N/T)(N\é)J\H/\”{N\)J\N """ N/YN\)J\N
N N o o
S
NN
s 10
Ny 7 H/&O

Scheme 2. Modification of polysaccharide-b-ELP via Ox-N3 or Ox-Alkyne

As observed on proton NMR spectra, the chemical shift of added methylene groups on Dex-b-
ELP® derivatives were found at nearly identical positions as compared to the ones of modified
ELP® derivatives (Figure 2). All peaks in the *H NMR spectra were assigned with the help of
corresponding 2D NMR analyses (HSQC, COSY) (Figure 3, S3). In all cases, the methyl group
of methionine was shifted to relatively low field due to the electronic withdrawing effect of the
sulfimide. The alkyne proton in Dex-b-ELP°*-Alkyne was recorded at 2.5 ppm, while the
methylene group (Alk-H2) adjacent to the alkyne bond was found at 3.8 ppm, both similarly
than in ELP®-alkyne. The chemical shift of the three additional methylene groups (Ns-H1, H2,
H3) of Dex-b-ELP°*-N3 were at 1.63, 3.12, 3.29 ppm (1.63 ppm for N3-H2, 3.12 and 3.29 for
H1 and H3) and their *H-'H correlations were confirmed by COSY (Figure 2B). More than 94%
conversions for Dex-b-ELP®*-alkyne and Dex-b-ELP°*-N3 were determined by comparing the
integral of the peak at 4.1 ppm corresponding to the resonance of the a proton of valine at the
guest residue position (-VPGVG- repeat units) with the integral of the alkyne proton (Alk-H1)
of Dex-b-ELP®-alkyne (Figure S3), and the integral of the methylene protons of Dex-b-ELP*-
N3 (Figure 3). The presence of the characteristic peak of the azido function in Dex-b-ELP°*-N3
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was also verified by FTIR (Figure S6-7). The polysaccharide structure of dextran showed no

change after ReACT, which indicated polysaccharides having similar structure to dextran may

also well tolerate this type of reaction.
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Figure 2. (A) Synthetic scheme of the modification of methionine by oxaziridine reagents. (B)

Comparison of *H NMR spectra between pristine ELP, oxaziridine-modified ELP°*-N3 and,
ELP*-alkyne, Dex-b-ELP, and oxaziridine-modified Dex-b-ELP°*-alkyne and Dex-b-ELP®-

Ns.
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Figure 3. *H, COSY and HSQC NMR spectra of Dex-b-ELP%*-N3 in D20 at 25 <C.
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A similar study was achieved on the HA-b-ELP bioconjugate. HA additionally presenting
carboxylic acid groups, we wanted to assess the possibility of using ReACT with the HA-b-
ELP bioconjugate. HA-b-ELP was therefore modified with functional oxaziridine derivatives
Ox-N3 and Ox-alkyne using a similar procedure to the one used for Dex-b-ELP. 'H NMR
spectra were fully assigned with the help of corresponding HSQC and COSY spectra (Figure
S4, S5). Consistent with Dex-b-ELP%*, HA-b-ELP®* demonstrated a methionine conversion
superior to 95% and no significant structural change of HA, revealing the full compatibility of

ReACT with polysaccharides such as dextran and hyluronan.

3.3 Effect of methionine modification by ReACT on the thermal responsiveness of

polysaccharide-b-ELP bioconjugates

The effect of different modifications of Dex-b-ELP by the ReACT strategy onto the thermal
responsiveness of the resulting bioconjugates was studied by DLS. (Figure 4) As previously
mentioned in chapter 4, the modification of methionine with oxaziridine derivatives yielded
ELP derivatives with increased T: as compared to the pristine ELP as a consequence of the polar
sulfimide-urea structure that contributes to raise the hydrophilicity (Figure 4A). Similarly, the
transition temperature of Dex-b-ELP°*-alkyne and Dex-b-ELP°*-N3 was significantly raised as

compared to the one of Dex-b-ELP at similar molar concentration (Figure 4B).
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Figure 4. Temperature-responsiveness of (A) ELP and ELP®* derivatives and (B) Dex-b-ELP
and Dex-b-ELP®* as measured by DLS upon the application of a temperature heating ramp from
25t0 70<C.
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3.4 Dye loading onto Polysaccharide-b-ELP°* bioconjugates

Polysaccharide-b-ELP°* bioconjugates bearing a functional alkyne or azido group allow for
subsequent orthogonal functionalization with various molecules as well as inter-chain cross-
linking. We therefore did a preliminary reaction test to graft coumarin, a small fluorescent dye
onto Dex-b-ELP®*-N3 via click chemistry (see supporting information). Although we did not
check the grafting ratio of dye, grafting of coumarin moieties resulted in a strong decrease of
Tt (below 25 <C) on DLS and to the formation of nano-sized particles above the Tt (Figure 5A).
Above 30C, Dex-b-ELP**-Coumarin was able to self-assemble into stable nanoparticles
around 100 nm in diameter (Figure 5B). The grafting ratio needed to further check by

spectrofluorometer.
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Figure 5. DLS study of Dex-b-ELP®*-Coumarin upon heating ramp. (A) Scattering intensity
(DCR, black curve) and Z-average size (Size, blue curve) as a function of temperature. (B) Size
distribution in intensity at selected temperatures.
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CONCLUSION

Herein, we explored the possibility of applying the ReACT strategy using oxaziridine
derivatives on polysaccharide-b-ELP bioconjugates for chemoselective introduction of azido
and alkyne groups. Two polysaccharide-b-ELP bioconjugates, Dex-b-ELP and HA-b-ELP,
were successfully quantitatively functionalized (conversion > 95%) in relatively short reaction
times (1 hour). The resulting polysaccharide-b-ELP bioconjugate derivatives were
characterized by 'H, COSY and HSQC NMR, and the effect of the different modifications on
their thermal responsiveness measured. Consistently with our previous observations, the
modification of Dex-b-ELP with oxaziridine derivaties drastically increased their Tt. A small
organic molecule, namely coumarin, was subsequently grafted onto Dex-b-ELP°*-N3 by
copper-catalyzed azide-alkyne cycloaddition allowing for possible fluorescent detection of the
bioconjugate or resulting self-assembled nanoparticles, as well as possible inter-chain cross-
linking. Very importantly, oxaziridine-based chemistry on Dex-b-ELP and HA-b-ELP showed
overall no significant structural influence on dextran and hyaluronan blocks, revealing the

compatibility of the ReACT method with polysaccharide-containing bioconjuagtes.
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SUPPORTING INFORMATION

Pretest reactions of ox-Ns in deuterated solvents
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Figure S1. Pretest reactions of ox-Nz on polysaccharide-b-ELP block copolymers in

deuterated solvents. *H NMR spectra was recorded after stirring for 60 mins.
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Pretest reactions of ox-alkyne in deuterated solvents
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Figure S2. Pretest reactions of ox-alkyne on polysaccharide-b-ELP block copolymers in
deuterated solvents. *H NMR spectra was recorded after stirring for 60 mins.
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NMR Spectra of Dex-b-ELP*-Alkyne
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NMR Spectra of HA-b-ELP*-Alkyne
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FTIR spectroscopy of polysaccharide-b-ELP°*-N3
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Figure S6. FTIR spectroscopy of Dex-b-ELP°*-N3
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Synthesis of Coumarin-grafted polysaccharide-b-ELP* bioconjugates
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Precedure

Copper sulfate (2 mg, 8.3 umol), sodium ascorbate (4 mg, 20 umol) and TBTA (12 mg, 22.8
umol) were added to a solution of Coumarine-alkyne (3 mg, 15 umol) and Dex-b-ELP®*-N3 (10
mg, 0.38 umol) in anhydrous DMSO (3 mL) under argon atmosphere and the reaction mixture
was stirred at r.t for 3 days. It was then diluted with cold water (20 mL) and cooled in a
refrigerator at 4 <C for 20 min. TBTA was precipitated and removed by centrifugation.
Cuprisorb (120 mg) was added to the resulting solution and it was then incubated at r.t with
shaking, for 18 h to remove the copper. The solution containing cuprisorb was centrifuged and
the supernatant was purified by dialysis (dialysis bag 15 kDa) against pure water for 5 days
(changing water 3 times per day), followed by lyophilization to obtain the product as a off-

yellowe powder (8.2 mg, 76 % yield).
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GENERAL CONCLUSION AND OUTLOOK

The natural properties of polysaccharides and stimuli-responsive feature of ELPs are attracting
great attention for designing “bioactive” or “smart” polymeric nanocarriers. The combination
of polysaccharides and ELPs into block copolymers may lead to materials with unique
properties especially interesting for biomedical applications. The aim of this PhD project was
thus to have a pioneer study of polysaccharide-b-ELP bioconjugates, including synthesis and
characterizations, self-assembly study, and chemoselective post-modification and

functionalization.

Firstly, a modular “end-to-end” approach was exploited to combine inert (Dex) and bioactive
(Lam and HA) polysaccharides with a stimuli-responsive ELP-[V3M-40] into well-defined
block copolymers. Polysaccharides were successfully functionalized with an azide moiety at
the reducing end using a bifunctional N-methoxyoxyamine linker. NHS-ester coupling
chemistry was utilized to modify the N-terminal primary amine of ELP with an alkyne group.
Thereafter, smart polysaccharide-b-ELP block copolymers were produced by CuAAC, and their
thermal responsiveness was studied by turbidity measurements. Increasing temperature above
the phase transition of ELP bioconjugates resulted in the formation of amphiphiles, which self-

assembled into well-defined and stable nano-objects.

We then carried out a comprehensive structural analysis of a series of polysaccharide-b-ELP
bioconjugates to understand the thermally-triggered self-assembly process of polysaccharide-
b-ELP bioconjugates. Light scattering studies demonstrated a fully reversible self-
assembly/disassembly process by controlling the temperature above/below the 7;. Below the Tt,
polysaccharide-b-ELP chains behave as unimer with little aggregation. Although HA showed
an attractive interaction with ELP, mixing HA-b-ELP with Dex-b-ELP or PEG-b-ELP presented
independent nature. Above the T7;, ELP chains of polysaccharide-b-ELP bioconjugates
hydrophobically collapsed, leading to structural evolution of polysaccharide-b-ELP from
unimer to self-assembled nanostructure. Insufficient hydrophilicity of Lam-b-ELP led to
aggregation. Mixing Dex-b-ELP with HA-b-ELP or PEG-b-ELP also showed similarly
structural evolution from unimer to self-assembled spherical particles. However, mixture of
HA/PEG-b-ELP indicated a more complex behavior, with a three regimes of particle

distribution, which might due to the structural interaction of these two bioconjugates.
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In order to further functionalize ELP backbones and introduce various functionalities and tune
their properties, we explored a new route “ReACT” based on redox reactivity of methionine for
chemoselectively modifying methionine-containing ELPs using oxaziridine-based reagents,
providing an additional means for easily tuning the thermo-responsive properties of
recombinant ELPs. This enlarges the variety of accessible ELP derivatives through sulfonium,
thioether or sulfimide linkages. With commercially available reagents, reasonable reaction
times and high efficiency, the epoxide-based route is highly favorable in acidic conditions. In
terms of neutral conditions, ReACT demonstrated to be a viable tool for highly efficient post-
modifications of ELPs. Altogether, the set of strategy opens up a whole range of new
possibilities to functionalize ELPs with a large variety of molecules for the design of new ELP

bioconjugates.

Accordingly, in the last chapter we explored the possibility of applying the ReACT strategy
using oxaziridine derivatives on polysaccharide-b-ELP bioconjugates for chemoselective
selective introduction of azido and alkyne groups. Two polysaccharide-b-ELP bioconjugates,
Dex-b-ELP and HA-b-ELP, were successfully quantitatively functionalized (conversion > 95%)
in relatively short reaction times (1 hour). The resulting polysaccharide-b-ELP bioconjugate
derivatives were characterized by 'H, COSY and HSQC NMR, and the effect of the different
modifications on their thermal responsiveness measured. Consistently with our previous
observations, the modification of Dex-b-ELP with oxaziridine derivaties drastically increased
their 7i. A small organic molecule, namely coumarin, was subsequently grafted onto Dex-b-
ELP°*N3 by copper-catalyzed azide-alkyne cycloaddition allowing for possible fluorescent
detection of the bioconjugate or resulting self-assembled nanoparticles, as well as possible
inter-chain cross-linking. Very importantly, oxaziridine-based chemistry on Dex-b-ELP and
HA-b-ELP showed overall no significant structural influence on dextran and hyaluronan blocks,
revealing the compatibility of the ReACT method with polysaccharide-containing

bioconjuagtes.

To conclude, (i) four polysaccharide-b-ELP bioconjugates were successfully synthesized by
click chemistry. Other bioactive polysaccharides, for example, galactan and fucoidan, are also
interesting polysaccharide blocks for constructing polysaccharide-b-ELP block copolymers. (ii)
These bioconjugates were well-characterized and their thermally-triggered self-assembly
behavior were investigated by light scattering and neutron scattering. Regarding the self-

assembly study of different ELP bioconjugates mixtures, additional experiments using
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fluorescently labeled bioconjugates or electron microscopy experiments may provide a better
understanding to the formation of individual micelles or mixed micelles. (iii) Post-modification
of methionine on ELP and polysaccharide-b-ELP bioconjugates via ReACT was proved highly
selective and efficient. Functional oxaziridine derivatives, for example, fluorescent or
crosslinking-based derivatives, would be promising to develop as highly selective dye-attaching
or crosslinking agents. Regarding the biological application, it would be interesting to firstly
test the binding affinity of the stable polysaccharide-b-ELP nanoparticles, followed by

investigation of controlling payload loading or release with a temperature trigger.

229






Titre : Synthése et auto-assemblage de bioconjugués polysaccharide-b-
polypeptide d'élastine

Résumeé : L’association de polysaccharides naturels et de polypeptides recombinants
de type élastine (ELP) dans des structures de copolymeéres a blocs doit permettre
d’accéder a des matériaux possédant des propriétés d’auto-assemblage sous I'action
de stimuli et potentiellement bioactifs. Nous avons réalisé et présentons ici la synthése
d'une série de bioconjugués polysaccharide-b-ELP, dans lesquels 4 polysaccharides
hydrophiles différents ont été couplés a I'extrémité N-terminale de 'ELP par "chimie
clic".Ces bioconjugués ont été caractérisés par RMN 1D et 2D, SEC et FTIR. Leur
thermo-sensibilité et leur auto-assemblage induit par la température ont été étudiés
par spectroscopie UV-Visible, DLS, SLS, SANS et AFM liquide a température
contrblée. Cette étude a démontré que les bioconjugués polysaccharide-b-ELP
peuvent s'auto-assembler en milieu aqueux en nanoparticules bien définies au-dessus
d'une température de transition spécifique et modulable (T:) et se désassembler de
facon réversible sous la Ti, ce qui les rend particulierement prometteurs pour la
conception de vecteurs de principes actifs a libération contrdlée. La fonctionnalisation
chimiosélective des résidus méthionine du segment ELP par chimie de I'oxaziridine a
également été exploitée pour moduler les propriétés des bioconjugués.

Mots clés: polysaccharide, polypeptide d'élastine, thermosensibilté, modification
chimiosélective, auto-assemblage

Title: Synthesis and self-assembly of polysaccharide-b-elastin-like polypeptide
bioconjugates

Abstract: The combination of natural polysaccharides and recombinant elastin-like
polypeptides (ELPSs) into block copolymers is expected to lead to materials with precise
stimuli-responsive self-assembly properties and bioactivities. Herein, we report the
synthesis of a series of polysaccharide-b-ELP bioconjugates, in which 4 different
hydrophilic polysaccharides were coupled to the N-terminal end of an ELP via “click
chemistry”. The resulting bioconjugates were characterized by 1D and 2D NMR, SEC
and FTIR. Their thermal sensitivity and temperature-triggered self-assembly in
agueous solution was investigated by UV-Vis spectrometry, DLS, SLS, SANS and
temperature-controlled liquid AFM. This study demonstrated that polysaccharide-b-
ELP bioconjugates can self-assemble into well-defined nanoparticles in aqueous
condition above a specific and tunable transition temperature (T:) and reversibly
disassemble below the T, which make them particularly promising candidates for the
design of controlled drug delivery nanocarriers. Chemoselective functionnalizations of
the ELP segment at methionine residues using oxaziridine chemistry were additionally
applied for further tuning of bioconjugates’ properties.

Keywords: polysaccharide, elastin-like polypeptide, thermosensitivity,
chemoselective modification, self-assembly
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