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ABSTRACT

Molecular self-assembly is a powerful method for the development of new supramolecular
materials. Particularly, self-assembled hydrogels made of amino acids or short peptides have
gained great attention in biomedical applications for drug delivery. However,
supramolecular hydrogels suffer from low mechanical strength due to the non-covalent
interactions within the hydrogels, which severely limit their practical applications. One
solution for improving the physical and mechanical properties of physical hydrogels is to
create covalent bonds within the supramolecular structure. Another possible way of
reinforcing supramolecular hydrogels is to combine the physical network with a polymeric
one to construct a double network (DN) hydrogel.

In this study, we have investigated the capacity of aromatic amino acid derivatives to self-
assemble into hydrogels. Single and binary amino acids mixture hydrogels were obtained
and oxidized carbon nanotubes or graphene oxide were incorporated in the most stable
hydrogels, gel 1 (made of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH) and gel 2 (Fmoc-Phe-OH/Fmoc-
Tyr(Bzl)-OH). The structural and physical properties of the gels were assessed using electron
microscopy and rheology. Different drug models were loaded into the hybrid hydrogels at
high concentration and release studies were performed taking advantages of the
photothermal properties of carbon nanomaterials under near-infrared (NIR) irradiation.

We have also extended our study to assess the capacity of Boc-diphenylananine and Boc-
dityrosine and their B and y homologues to form hydrogels. We have applied several distinct
protocols to obtain hydrogels with the different dipeptides and one method based on pH
variation allowed the formation of hydrogels for the three Boc-diphenylalanine homologues.
We also studied their structural and physical properties as well as the incorporation of
carbon nanomaterials and L-ascorbic acid as drug model and its release under NIR
irradiation. In addition, preliminary tests concerning the toxicity of the dipeptide hydrogels
developed on human skin samples have been performed by topical application with no
apparent inflammation or sensibilization of the skin.

Finally, a series of cross-linking protocols were tested on tyrosine derivatives in order to
apply the procedure to gel 1 and gel 2. All the tests suggested that the presence of a
protecting group such as the Fmoc moiety prevents enzymatic or chemical cross-linking
reactions. As an alternative, we designed two polymer/supramolecular double network
hydrogels with polyacrylamide or agarose. Oxidized carbon nanomaterials were added to the
DN hydrogels to study the release properties of baclofen, prescribed against muscle
spasticity, under NIR irradiation. These new classes of DN hydrogels could find applications
in the development of new treatment for spasticity to complement or replace current
treatment methods.
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1. Introduction

Les hydrogels sont définis comme des gels poreux capables de stocker une importante
guantité d’eau ou de liquide biologique. Ils peuvent étre classés en différentes catégories :
les gels physiques ou chimiques ou les gels a base de polyméres de synthese ou naturels. La
capacité de stocker des molécules d’eau dépend de la présence de fonctions hydrophiles
(amide, amine, carboxyle, hydroxyle, etc.) au sein des molécules ou polymeéres et la quantité
d’eau peut varier de 10% a des milliers de fois le poids du polymére sec.® Les hydrogels ont
suscité énormément d'intérét dans de nombreux domaines et en particulier dans le domaine
biomédical grace a leur structure similaire a celle de la matrice extracellulaire ainsi qu'a leurs

propriétés mécaniques ajustables et leur comportement modulable.?

En particulier, les hydrogels constitués d'auto-assemblage supramoléculaire d’acides aminés
ou de petits peptides ont fait I'objet d'une grande attention pour l'administration de
médicaments ou l'ingénierie tissulaire grace a leur biocompatibilité.> Cependant, leurs
faibles propriétés mécaniques dues a leur forte teneur en eau et aux interactions non
covalentes constituent une limitation importante. De plus, leur sensibilité a la dégradation
enzymatique a l'intérieur des cellules est un autre facteur limitant pour une application a

long terme.

Face a ce constat, plusieurs stratégies peuvent étre envisagées pour améliorer les propriétés
physiques et mécaniques des hydrogels supramoléculaires naturels. L'utilisation de peptides
composés entierement de résidus béta et gamma dérivés de ’homologation d’acides aminés
protéinogeénes natifs est une approche intéressante pour le développement d’hydrogels
dotés d’une résistance a la dégradation enzymatique et offrant de meilleures propriétés
mécaniques.*® Une autre facon possible pour renforcer les hydrogels supramoléculaires est
soit de créer chimiquement des liaisons covalentes au sein du gel supramoléculaire par
« cross-linking » soit de combiner le réseau physique avec un second réseau polymeére pour
construire un double réseau. Ces dernieres années, les hydrogels hybrides incorporant des
nanomatériaux carbonés tels que les nanotubes de carbone (NTC) et le graphéne, ont attiré

une attention croissante en raison de leur biocompatibilité et de leur grande résistance
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mécanique.”® Ces hydrogels hybrides sont utiles pour la libération de médicaments
déclenchée par irradiation, grace a la capacité des nanomatériaux carbonés a générer de la

chaleur lors d’une irradiation dans le proche infrarouge (NIR).>0

Dans ce contexte, le but de ma thése a été de développer des hydrogels a base d’acides
aminés ou de dipeptides pour le relargage de médicament photo-induit via I'incorporation
de nanomatériaux carbonés. Mon projet s’est centré autour de trois stratégies: (1) le
développement d’hydrogels supramoléculaires a base d’acides aminés aromatiques, (2) le
développement d’hydrogels supramoléculaires a base de Boc-a-diphenylalanine et Boc-a-
dityrosine et leurs homologues B et y ainsi que (3) la création de liaisons covalentes au sein
des hydrogels supramoléculaires développés par procédés de « cross-linking » ou par ajout
d’un second réseau de polymeére (Figure 1). Nous avons ensuite réalisé une caractérisation
des structures auto-assemblées dans I'eau et des gels développés. Nous avons étudié
I'incorporation de nanomatériaux carbonés et de molécules médicaments modeéles ainsi que

leur relargage sous irradiation infrarouge.

acides aminés

Gels Supramoléculaires
dipeptides

NEpy
-./l""
o e

1°" réseau 2%me réseau

RN &=

Gels double réseau +

Figure 1. Schéma représentant la formation de gels supramoléculaires a bases d’acides

aminés ou de dipeptides ou de gels a double réseau.
2. Résultats et discussion
2.1. Gels supramoléculaires

La capacité d'une série de mélanges binaires d'acides aminés aromatiques a former des

hydrogels a tout d’abord été étudiée. Chaque acide aminé a été dissout dans du
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diméthylsulfoxide (DMSQ) (247 mM) et chaque mélange binaire a été réalisé en mélangeant
deux solutions d'acides aminés (ratio 1:1) avant dilution dans l'eau jusqu'a une
concentration finale de 4.9 mM (2.45 mM/2.45 mM) correspondant a une concentration de
2%DMSO/H20 (v/v). Parmi les hydrogels obtenus les mélanges Fmoc-Tyr-OH + Fmoc-
Tyr(Bzl)-OH (gel 1) et Fmoc-Phe-OH + Fmoc-Tyr(Bzl)-OH (gel 2) ont formé les deux gels les
plus stables. Des nanotubes de carbones oxydés ainsi que des feuillets d’oxyde de graphéne
ont été incorporés au sein de la matrice des deux hydrogels a une concentration maximale
de 0.025 wt%. Les gels ont montré une structure fibrillaire que nous avons caractérisée par
microscopie électronique et dichroisme circulaire. Les propriétés mécaniques de gels 1 et 2
en présence et en absence des nanomatériaux carbonés ont été étudiées par rhéologie. Les
gels 1 et 2 ont un module de rigidité similaire. L'incorporation des nanomatériaux de
carbone dans le gel 1 n'a pas modifié sa rigidité ni la structure du réseau fibrillaire.
Néanmoins, la cinétique de gélification a été affectée et s'est avérée fortement dépendante
du type de nanomatériaux de carbone. Nous avons également effectué des simulations de
dynamique moléculaire pour mettre en évidence les principales interactions qui conduisent
a la formation des hydrogels. Pour les deux mélanges, les principales interactions m-m sont
entre le groupe aromatique de la tyrosine et le groupe protecteur Fmoc suivies par toutes
les interactions ou le groupe Fmoc est impliqué (Fmoc/Fmoc, Fmoc/Bzl et Fmoc/Phe) et les
interactions Tyr/Tyr (Figure 2). En plus de ces attractions entre groupements aromatiques,

les molécules interagissent également via des liaisons H.

Interactions into gel 1 Interactions into gel 2
B Fmoc-Fmoc @ Fmoc-Tyrl Fmoc-Tyr2 Fmoc-Bz Tyrl-Tyrl B Fmoc-Fmoc @Fmoc-Tyrl Fmoc-Bz Fmoc-Phe Tyrl-Tyrl
Tyrl-Tyr2 @Tyrl-Bz ETyr2-Tyr2 @Tyr2-Bz @ Bzl-Bz Tyr1-Bz @ETyrl-Phe @Phe-Phe  @Phe-Bz @ Benzyl-Bz

Figure 2. Graphique représentant la proportion d’interactions m-m calculées en pourcentage

pour les gels 1 et 2 par simulations de dynamique moléculaire.
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L'incorporation et le relargage de plusieurs modeles médicaments (bleu de methyléene, acide
L-ascorbique) ou de molécules modeles (rhodamine B) ont été étudiés. Les meilleurs
résultats ont été obtenus avec l'acide L-ascorbique incorporé dans les hydrogels a une
concentration élevée (0.7 mg:mL?), ce qui peut s’expliquer notamment par sa forte

solubilité dans I'eau.

Nous avons étudié I'augmentation de température des gels natifs et hybrides au cours d’une
irradiation NIR a 808 nm pendant 10 min a 2 W.cm™. Pour les hydrogels hybrides composés
de 0.025 wt% de nanotubes de carbone (ox-CNTs) ou de I'oxyde de graphéne (GO) une forte
augmentation de température a été mesurée entrainant la déstabilisation des interactions
et la dégradation du gel. La libération d’eau et de médicament a été étudiée en irradiant les
guatre gels hybrides contenant de la rhodamine B, du bleu de méthyléne ou de I'acide L-
ascorbique. Les meilleurs résultats ont été obtenus pour les gels contenant I'acide L-
ascorbique. Le gel 2 + ox-CNTs s'est avéré étre le systéme le plus efficace avec une libération

maximale de médicament de 82% (Figure 3).
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Figure 3. (gauche) Volume d’eau libérée aprés 10 min d’irradiation et (droite) quantité

d’acide L-ascorbique libérée apres 10 min d’irradiation.

En outre, nous avons effectué des expériences préliminaires de stabilité dans une solution
saline physiologique (0.9% NaCl) et dans du RPMI ou du DMEM supplémenté avec 10% de
sérum de veau foetal. Ces expériences de stabilité ont montré que les gels hybrides 2 sont
plus stables dans des conditions physiologiques. Ces résultats confirment le fait que le gel 2

est plus efficace que le gel 1 pour notre objectif de libération contrélée de médicaments.

2.2. Gels a base de dipeptides

Comme alternative aux acides aminés, nous avons étudié le développement d’hydrogels

supramoléculaires a base de dérivés de diphénylalanine et dityrosine et de leurs homologues
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B et y protégés par un groupement Boc en position N-terminale. Nous avons développé un

protocole de gélification afin d’obtenir la formation d’hydrogels pour les trois homologues

Boc-a-Phe-a-Phe-OH, Boc-B-Phe-B-Phe-OH et Boc-y-Phe- y-Phe-OH (Figure 4).

a) i ) % )
o o o o
Xo)Lﬁ o N OH o o o ><O/U\” Y N OH
° Xo*u’sg >a§ > :

Boc-a-Phe-a-Phe-OH Boc-- Phe-B- Phe-OH Boc-y-Phe-y-Phe-OH

Figure 4. a) Structure des différents homologues de diphénylanine, b) photographies des
gels obtenus a base des homologues de diphénylalanine et, c) photographies des gels aprés

incorporation des GO et ox-CNTs.

Cette méthode de gélification consiste a dissoudre les dipeptides dans une solution basique
et a déclencher la gélification par acidification. Ces gels ont I'avantage de ne pas contenir de
DMSO et ainsi de favoriser leur biocompatibilité. Cependant, aucun gel n’a été obtenu a
partir des homologues de Boc-dityrosine. Les trois gels ont montré une structure fibrillaire
par microscopie électronique a transmission et a balayage. L'incorporation de nanotubes de
carbone oxydés ou de 'oxyde de graphéne a également été étudiée a la concentration de
0.025 wt% au sein des gels Boc-diphénylalanine. Des gels hybrides ont été obtenus avec les
deux types de nanomatériaux carbonés pour les trois homologues (Figure 4). Les propriétés
photothermiques des hydrogels ont été étudiées par mesure de |'augmentation de
température sous irradiation infrarouge pendant 10 min a 2 W/cm?. Les plus grandes
augmentations de température ont été obtenues pour les gels hybrides a base de Boc-a-
Phe-a-Phe-OH et Boc-B-Phe-B-Phe-OH. Les gels hybrides a base de Boc-a-Phe-a-Phe-OH sont
totalement déstructurés alors que les hybrides homologues beta et gamma se déstructurent
partiellement avec |'apparition d'une phase liquide. De I'acide L-ascorbique a été incorporé a
une concentration de 0.7 mg-mL* dans les hydrogels hybrides hormis le gel Boc-y-Phe-y-Phe-

OH + 0.025 wt% ox-CNTs qui se déstructure en présence du médicament modele. L'hydrogel
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boc-y-Phe-y-Phe-OH + GO montre une plus grande quantité d'acide L-ascorbique libérée par
rapport aux différents gels hybrides Boc-B-Phe-B-Phe-OH. Le gel boc-y-Phe-y-Phe-OH + GO,
avec sa stabilité et sa libération élevée de médicament sous irradiation infrarouge, est parmi
nos gels de boc-dipeptide, le plus approprié pour les applications de libération contrélée de

médicaments.

En collaboration avec les biologistes de notre unité, nous avons étudié les propriétés
sensibilisatrices et irritantes de nos gels sur peaux humaines. Un explant de peau humaine
de 4 cm? de surface et de 800 um d'épaisseur a été placé sur un filtre en nylon en RPMI a
37°C pendant 24 h en présence ou en l'absence de gel. Les échantillons de peau ont été
analysés par immunofluorescence. Les marquages de la molécule d'adhésion intégrine-a6,
spécifique a la lame basale, et de la filaggrine, spécifique a la couche cornée, n'ont pas révélé
de différence entre I'épiderme de la peau en absence ou en présence des hydrogels de
dipeptides. Nos gels a base de Boc-diphénylalanine ne semblent donc pas déclencher de
réaction de sensibilisation sur la peau et ne sont pas irritants. Ils peuvent donc étre

envisagés pour des applications topiques.
2.3. Gels a double réseaux

La faible stabilité mécanique des hydrogels supramoléculaires limite leur utilisation in vivo.
Une solution pour améliorer les propriétés physiques et mécaniques des hydrogels
physiques consiste a créer des liaisons covalentes au sein de la structure supramoléculaire.
Des techniques de réticulation au sein des hydrogels supramoléculaires peuvent étre
réalisées en créant des liaisons entre les molécules du réseau. Un second réseau de
polyméres chimiques peut également étre mélangé au premier réseau supramoléculaire
pour former un double réseau. Afin d’envisager leur utilisation in vivo, nous avons étudié
différentes procédures sur les gels 1 (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH) et 2 (Fmoc-Phe-
OH/Fmoc-Tyr(Bzl)-OH) préalablement développés.

Différentes techniques peuvent étre utilisées pour provoquer la réticulation du réseau en
fonction de la nature du monomeére. En particulier, de nombreuses stratégies de « cross-
linking » de résidus tyrosine ont été décrites dans la littérature. Sa réticulation peut se faire
par condensation via la polymérisation des monomeéres par irradiation (« photo-cross-

linking ») ou par polymérisation provoquée par des enzymes. La polymérisation de résidus
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de tyrosine a en effet été démontrée par photo-réduction et réticulation du radical tyrosyl.!!
La réaction de réticulation est initiée par la formation du radical tyrosyl sous irradiation
lumineuse qui peut ensuite se coupler avec d'autres résidus tyrosine. Le « cross-linking » des
tyrosines peut également avoir lieu grace a des catalyseurs tels que le cuivre (réactions de
type Fenton) ou du ruthénium.'>'3 Des enzymes telles que la peroxydase du raifort ou la
tyrosinase sont également connues pour catalyser des réactions de polymérisation oxydante
de dérivés de tyrosine.'*!> Cependant, des tests réalisés sur nos mélanges Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH en solution ou en gel n‘ont pas permis de mettre en évidence la
formation de dityrosine ou d’oligotyrosine. D’autres alternatives ont été testées comme
I'incorporation de dérivés de tyrosine tels que la 4-azido-phénylalanine, la Fmoc-azidoPhe ou
la Fmoc-Tyr(propargyl)-OH pour introduire de nouveaux groupements réactifs et ainsi
permettre de créer de nouvelles liaisons covalentes. Ces approches n’ont également pas

permis d’induire un « cross-linking » de nos gels.

Une autre approche pour former un hydrogel robuste consiste a introduire un polymere
chimique dans le réseau supramoléculaire. Le polyacrylamide (PAA) est un polymere capable
de former des hydrogels en absorbant une trés grande quantité d’eau et est largement
utilisé dans le domaine biomédical.'® Une autre procédure pour développer les hydrogels DN
consiste a incorporer un polymére préformé, tel que l'agarose, qui ne nécessite aucune
étape de polymérisation. Les gels d'agarose sont facilement formés par un simple processus

de chauffage et de refroidissement.

Différentes concentrations de PAA (0.1 % a 10 %) et d’agarose (0.1 % a 1 %) ont été testées
pour améliorer les propriétés mécaniques des deux hydrogels supramoléculaires gel 1 et gel
2. En présence de PAA le gel 1 ne s’est pas formé alors que le mélange Fmoc-Phe-OH/Fmoc-
Tyr(Bzl)-OH du gel 2 est stable avec du polyacrylamide dans les concentrations étudiées de
0,1 % a 10 %. alors que les gels a base de PAA uniquement se forment rapidement en moins
d'une heure. Tandis que le gel 2 a une gélification rapide d'environ 2 h, la gélification du gel
2 en présence de 1 % a 10 % de PAA est plus longue (24 h). Les hydrogels DN contenant le
gel 1 ou le gel 2 avec 0,1 % d'agarose se sont formés plus rapidement, en 1 h. Les hydrogels
DN obtenus avec une concentration plus élevée d'agarose (0,5 % et 1 %) se sont formés en

guelgues secondes. Le mélange des deux réseaux permet I'obtention d’'un gel non cassant,
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contrairement aux gels de PAA et d’agarose purs, tout en augmentant la stabilité par rapport

aux hydrogels supramoléculaires préalablement développés.

Dans le but d’étudier le relargage de médicaments, nous avons réalisé I'incorporation de
baclofene au sein des différents gels a double réseau développés. Le bacloféne aussi connu
sous l'appellation Lioresal® est un myorelaxant agissant au niveau de la moelle épiniéere
comme agoniste du récepteur GABA-B.178 || est prescrit contre la spasticité musculaire qui
accompagne de nombreux troubles neurologiques lors d’accidents vasculaires cérébraux, de
traumatismes craniens, de lésions médullaires, de sclérose en plaques ou encore de
paralysie cérébrale. Le bacloféene administré par voie orale souffre d’'un mauvais
franchissement de la barriere hémato-méningée et d’une distribution non sélective au
niveau du systeme nerveux central. L'obtention d'une réponse thérapeutique adéquate
suppose donc des doses élevées de 30 a 80 mg par jour avec un risque d'effets secondaires
importants. L'unique alternative actuelle pour réduire les doses administrées est un
traitement via une pompe programmable positionnée chez le patient au niveau du rachis. La
dose journaliére pour un adulte est alors réduite a une concentration de 300 pg a 800 ug par
jour en injection continue mais ce mode d’administration reste trés invasif. Le
développement d’hydrogel injectable a libération contrélée en bacloféne apparait comme

une nouvelle alternative prometteuse. (Figure 5).

M DMSO
Fmoc-F-OH
Fmoc-Y(Bzl)-OH
7N Ho
O ! Bacloféne
GO/ox-CNTs

TN
O i-f "~ H20
Acrylamide/Bisacrylamide
Persulfate d’Ammonium (APS) 10%
i N,N,N',N'-Tétraméthyléthylenediamine (TEMED)

Figure 5. Schéma du protocole de synthese des gels double réseau.
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La présence du bacloféne a une concentration de 1 mg-mL? n’influence pas le temps de

gélification et n’altére pas la structure stable et non cassante des différents gels développés.

Des nanotubes de carbone oxydés ainsi que des feuillets d’oxyde de graphéene ont
également été incorporés au sein du gel pour étudier le relargage du baclofene sous
irradiation NIR. Pour cela, les nanomatériaux carbonés ont été dispersés dans lI'eau en
présence du baclofene avant d’étre ajoutés au mélange d’acides aminés dans le DMSO suivi
de l'ajout des réactifs pour la formation du PAA. Des gels hybrides stables ont ainsi été
obtenus. Nous avons étudié I'augmentation de température des gels au cours d’une
irradiation NIR a 808 nm de 10 min a 2 W.cm? et mesuré la quantité d’eau et de

médicament relargués.
3. Conclusion

En conclusion, nous avons développé des gels supramoléculaires a base d’acides aminés
aromatiques protégés par le groupement Fmoc et d’homologues de Boc-diphénylalanine.
Nous avons étudié en détail la gélification des différents gels obtenus et leurs propriétés
structurelles et physiques ont été évaluées a |'aide de diverses techniques microscopiques et
de la rhéologie. Des gels a double réseau ont également été obtenus par introduction de
PAA. Des nanotubes de carbone oxydés et de I'oxyde de graphéne ont été incorporés dans
ces hydrogels. La chaleur générée par les nanomatériaux de carbone lors de l'irradiation
dans le proche infrarouge a induit la libération de médicaments a un taux élevé. Ces
hydrogels a base d’auto-assemblage d’acides aminés offrent de nouvelles perspectives en
particulier pour le développement de nouveaux biomatériaux pour le relargage de

médicament.
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CHAPTER 1. INTRODUCTION

1.1 Hydrogels for drug delivery

Hydrogels are defined as porous systems able to retain a large amount of water or biological
fluid under physiological conditions. The hydrophilicity, or capacity to capture water
molecules into the gel structure, depends on the presence of hydrophilic groups such as -
NH3, -COOH, -OH, -CONH;, -CONH- and SOsH, in the molecules or the polymers. The amount
of water can vary from 10 % to thousands of times the weight of the dry polymer.! The first
hydrogel was synthesized in 1960 by Wichterle et al. from poly(2-hydroxyethyl)
methacrylate (HEMA) and was used as a biomaterial for contact lenses.? Since then, many
gels developed from synthetic or natural molecules have shown their potential in different
fields such as food industry, cosmetics, pharmaceutical applications, environmental cleaning,
etc.3 Thanks to their structure similar to the extracellular matrix with a high water content,
hydrogels are being applied to several biomedical applications such as drug delivery,
diagnostics, tissue engineering and regenerative medicine.*® Conventional drug delivery
systems include oral, trans-mucosal (nasal, buccal, sublingual, vaginal or rectal) and
intravenous or intramuscular routes of administration and face many limitations such as high
dosage requirement, low effectiveness, toxicity and adverse side effects. To overcome these
current limitations, hydrogels are being studied extensively to develop new drug delivery
devices.”!! Their structure not only allows them to contain therapeutic molecules in their
pores but it can also be modified by an external stimulus triggering drug release with spatial
and temporal control through diffusion, degradation or deformation of the gel structure
(Figure 1.1). With this strategy it is possible to maximize the effect of the therapeutic agent,
reduce side effects and minimize drug dosage. Several hydrogels have received regulatory
approval for healthcare applications such as cancer treatment (e.g., Vantas® or
SpaceOAR®), aesthetic corrections (Radiesse®, Artefill®, Sculptra®, Teosyal® or Hylaform®)
or spinal fusion (EUFLEXXA®, INFUSE® bone graft or osteogenic protein 1(OP-1)® implant).
Some hydrogels are currently studied in clinical trials mainly for the development of soft
contact lenses but also for tissue regeneration (Aquamid®’s polyacrylamide hydrogels,

Gelstix®, Algisyl-LVR® device), cancer treatment (polyethylene glycol/SpaceOAR®,



polyethylene glycol/TracelT®) or incontinence (Bulkamid®’s polyacrylamide hydrogels)
(Figure 1.2).
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Figure 1.1. Drug release processes from hydrogel structures (adapted from ref. 9).

Although great advances have been made in this field, further progress is still needed to
treat many diseases such as rheumatoid arthritis, diabetes, heart rhythm disorders or
spasticity for which the drug must be able to be delivered in response to the metabolic
fluctuations of patients. It is highly desirable that the drug can be administered in such a way
that it precisely matches physiological needs at specific times, locations, and doses.
Depending on their composition, hydrogels can have a wide range of mechanical properties
that can be adapted to the different tissues and injection sites in the body. The development

of research in supramolecular chemistry has made possible the design of new types of
2



hydrogels with tailor-made properties. In particular, gels formed from amino acids and small
peptides are emerging as innovative materials and represent the future of biomedicine due

to their low synthesis cost, ease of preparation, biocompatibility and biodegradation.
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Figure 1.2. Statistical representation of hydrogels clinical applications (from ref. 12).



Hydrogels can be classified into different categories depending on several properties as
represented in Figure 1.3. It is possible to divide hydrogels into groups by their structure, the
type of molecules used, their ionic charge, their degradability, the method of preparation or
their response to various external stimuli.8 But, the most common way to classify hydrogels

is probably by the type of cross-linking.
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Figure 1.3. Classification of hydrogels based on the different properties (from ref. 8).
1.1.1 Chemically cross-linked hydrogels

Hydrogels are called chemical gels when covalent bonds are formed between the polymer
chains often resulting in high mechanical stability. Many methods have been explored for
the development of chemical hydrogels. Covalent linkages between polymer chains can be
established by the reaction of functional groups with complementary reactivity, such as an
amine and a carboxylic acid to form an amide bond!? or between an isocyanate and an
amine or alcohol to form an urea or an urethane, respectively, or by a Schiff base formation
between an amine and an aldehyde leading to the formation of an imine (Figure 1.4).13 The
formation of a hydrazone bond via the reaction of an aldehyde and a hydrazine also
facilitates rapid cross-linking of gel precursors'* and have the advantage of being cleavable
in acidic media allowing a control of the release depending on the pH. This method has been
used with hyaluronic acid cross-linked by hydrazone bonds to provide prolonged-duration

local anesthesia and to control the release of drugs to the peritoneum.*> Following the same



approach, hydrogels based on dextran,'® poly(vinyl alcohol)” and poly(aldehyde

guluronate)!® have been designed as injectable systems for drug delivery to osteoblasts.
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Figure 1.4. Example of cross-linking reactions between a) an aldehyde and an amine to form
a Schiff base, b) an aldehyde and a hydrazide to form a hydrazone, c) a Michael reaction of
an acrylate and either a primary amine or a thiol to from a secondary amine or a sulfide

(from ref. 11).

The Michael addition between a nucleophile (e.g. primary amine or a thiol) and a vinyl group
is also widely used for the development of cross-linked hydrogels due to its rapid reaction
time, its flexibility in forming multiple types of bonds and the relative biological inertness of
the polymeric precursors. The Michael addition has been used to cross-link vinyl sulfone-
functionalized dextran with thiolated poly(ethylene glycol)*® (PEG) or to cross-link PEG
diacrylate with dithiolated PEG?° or with thiolated natural polymers including hyaluronic
acid, chondroitin sulfate and gelatin?’. One of the most widely used method for the
development of chemical cross-linked hydrogels is the radical polymerization in presence of
a free radical initiator, a very efficient system that results in the rapid formation of the gels
even in mild conditions. Other chemical hydrogels can be polymerized by high-energy

radiation such as unsaturated compounds using gamma or electron beam radiations.?%?3
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Cross-linkers can also be used to produce in situ cross-linked hydrogels such as enzymes.
Dextran-tyramine?* and hyaluronic acid-tyramine?> hydrogels have been prepared using
horseradish peroxidase with rapid and controllable gelation time. Genipin?%?7 (Figure 1.5) or
glutaraldehyde?® that can react with amine groups have also been found to efficiently cross-
link polymers into hydrogel. A disadvantage of methods using crosslinkers is the potential
toxicity of unreacted compounds in the gel. For instance, glutaraldehyde is often used to

form carbohydrate-based hydrogels, but it is also used as a tissue fixative.
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Figure 1.5. Presumable reaction between genipin and chitosan derivatives leading to the

formation of hydrogels (from ref. 26).
1.1.2 Physically cross-linked hydrogels

Physical gels are formed from polymers interacting together by non-covalent bonds through
hydrophobic interactions, hydrogen bonding, electrostatic interactions or m-stacking. These
non-covalent interactions can be influenced by many environmental parameters such as pH
or temperature. Among the different types of weak bonds at the origin of the formation of
physical gels, hydrophobic interactions are occurring in most of the cases. Polymers with
hydrophobic domains can expand and cross-link in aqueous medium via reverse thermal
gelation also known as "sol-gel" gelation process (Figure 1.6). As the temperature is
increased, hydrophobic domains aggregate to minimize the hydrophobic surface area in
contact with the bulk water, thus reducing the amount of structured water surrounding the
hydrophobic domains and minimizing solvent entropy. The temperature at which gelation
occurs depends strongly on the polymer concentration as well as the size of the hydrophobic

domains. This is the case for poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene



oxide) (PEO-PPO-PEQ) copolymers, the most commonly used polymer for the synthesis of

heat-sensitive physical gels.®
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Figure 1.6. Mechanism of physical gelation driven by hydrophobic interactions (from ref. 8).

Hydrogen bonding is another type of interactions that can be used to synthesize hydrogels.
Numerous natural polymers such as gelatin-agar,?® starch-carboxymethyl cellulose3?, and

hyaluronic acid-methylcellulose3! can form physical injectable gels.

Charge interactions also occur between polymers or molecules of opposite charges to form
hydrogels (Figure 1.7). Recent studies have shown that hydrogels formed through
electrostatic interactions are produced by various anionic and cationic polyelectrolytes, such
as chitosan, cellulose, and alginate. Protonated chitosan is a linear cationic polysaccharide
with primary aliphatic amines, which can electrostatically interact with anionic molecules to

form gels.
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Figure 1.7. Mechanism of physical gelation based on charge interactions with an opposite

charged polymer or an oppositely charged small molecules (from ref. 8).



Carboxymethyl cellulose, a commercially available water soluble cellulose derivatives can
form hydrogels through electrostatic interactions with cationic groups, such as
polyethyleneimine, poly(vinyl amine) and chitosan.3%34 Alginate linear polysaccharides with
carboxyl groups can interact with polyelectrolytes such as chitosan, pectin, and ethyl
cellulose to form hydrogels.3>3¢ In all cases, electrostatic interactions depend on many
factors such as the ratio between the opposite charges, the solvent, the pH and the

temperature.
1.1.3 Supramolecular hydrogels from low molecular weight hydrogelators

Within physical hydrogels, a new approach based on supramolecular chemistry has emerged
in recent years for the formation of hydrogels with adjustable properties.3’ Supramolecular
gels are physical gels composed of monomeric subunits capable of self-assembling into
networks while trapping water molecules. Molecular self-assembly is a natural process used
by amino acids, peptides, nucleic acids, and phospholipids to form ordered structures, for
the organization of proteins into secondary and tertiary structures or nucleic acids into a
double helix of DNA. This mechanism is driven by various non-covalent interactions including
hydrophobic interactions, hydrogen bonding, m-stacking or electrostatic interactions (Figure

1.8).
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Figure 1.8. Representation of Fmoc-protected L-lysine showing the groups involved in self-

assembly (from ref. 62).

Compared to synthetic or natural polymers, small molecules can be prepared in large
guantities with a high degree of purity and a precise molecular structure. The knowledge of
the structure of the molecules used allows a better understanding of the interactions leading

to the gel formation. Interactions between different functional groups and solvent molecules



play an important role in the gelation mechanism but the knowledges of the mechanism of
gel formation are still limited. Computational approaches using density functional theory3?8
(DFT) or molecular dynamics (MD) simulations,3®3° are increasingly explored to study the
self-assembly of gelation agents, to determine the most favorable geometry of the gel state
and to predict gelation. The formation of supramolecular hydrogels is usually induced by the
entanglement of fibrillar structures providing a dense network that limits solvent flow.
Although the self-assembly of the monomeric units of the fibrils is a prerequisite for
hydrogelation, it is important to note that the self-assembly of monomers into fibrils does
not necessarily leads to gelation.* Numerous studies have shown that it is possible to play
on several criteria to obtain hydrogels that are assembled in agueous medium and to
modulate their mechanical properties. The formation of a supramolecular hydrogel
originates from a balance between dissolution and precipitation of the hydrogelators in
water. It requires adequate intermolecular interactions to form a molecular network,
meanwhile the chains of the network must interact with a large amount of water molecules.
Therefore, hydrogelators should possess both hydrophobic and hydrophilic moieties to
achieve the essential balance for hydrogelation. Additionally, to produce supramolecular
hydrogels, an appropriate perturbation of a physical or chemical state is necessary for

triggering a phase transition from solution to hydrogel.

The change of temperature is the most common physical stimulus to trigger the formation of
a supramolecular hydrogel.***® Many supramolecular hydrogels undergo a sol-gel transition
in response to a decrease in temperature, which results in thermally reversible hydrogels by
formation or breakage of the non-covalent interactions. Besides temperature, ultrasound is
another type of physical stimulus for tuning supramolecular assembly in water.4>>4
Ultrasound provides adequate energy for disrupting weak intermolecular interactions to
favor the formation of molecular networks, thus resulting in enhanced hydrogelation rate. In
addition, light-triggered hydrogelation was shown to be a very useful process as reported by
Yamamoto et al. with the formation of photo-cross-linked hydrogels made of copoly(L-lysine)

containing e-7-coumaryloxyacetyl-L-lysine residues.>®

The most commonly used chemical process for making supramolecular hydrogels is the
change of pH when a hydrogelator bears carboxylic acids or amino groups. This property

likely promotes the use of amino acids for making supramolecular hydrogelators. A change
9



in the pH of an aqueous phase alters the degree of ionization of the amino acid groups thus
controlling sol-gel or gel-sol transitions. Notably, Sutton et al. have reported the use of the
hydrolysis of glucono-6-lactone (GdL) to gluconic acid for adjusting pH.>® By applying the
process to a range a naphtalene-dipeptide-based hydrogelators they formed highly
reproducible hydrogels. Another important and increasingly explored chemical process is the
ligand-receptor interaction for the formation of supramolecular gels. For example,
supramolecular hydrogels based on the coordination of phenylalanine and Cu(ll) or on the
complexation between cyclodextrin and adamantane have been reported by Shen et al. and

Kogiso et al. respectively.>”>8

1.2 Supramolecular hydrogels made of amino acids and peptides

Research on natural gels focuses on the use of biological molecules such as polysaccharides
(e.g., chitosan, alginate, carrageenan, hyaluronic acid, heparin, cellulose or agarose),
proteins (e.qg., silk, keratin or collagen), other natural polymers such as lignin or natural small
molecules such as nucleic acids and amino acids. In particular, amino acids or peptides are
nowadays extremely studied for the development of biomedical supramolecular hydrogels
thanks to their high biocompatibility.>® From a biological point of view, amino acids play the
role of hormones, precursors of enzymes and neurotransmitters and they are present in
many metabolic processes. They can be classified according to their physical and chemical
characteristics (isoelectric point, hydrophobicity, pKa, etc.) but also according to the position
of the amino group in relation to the carboxyl group by distinguishing a-amino, B-amino, y-
amino and &-amino acids. a-Amino acids play a crucial role in the structure, metabolism, and
physiology of the cells of living beings as constituents of peptides and proteins. Peptides are
composed of amino acids linked by a limited number of amide bonds (<15-20 amino acids)
unlike polypeptides and proteins (>15-20 amino acids). Amino acids can self-assemble into
different types of nanostructures according to their intrinsic properties through the
formation of non-covalent bonds. Aromatic amino acids or short peptides have particularly
attracted considerable attention for the design of novel biomaterials. Diphenylalanine,
which is the core recognition of B-amyloid peptide found in Alzheimer’s disease, was
demonstrated to be the simplest building block leading to the formation of highly ordered
nanostructures such as nanovesicles or nanotubes.?%-¢2 The team of Ehud Gazit has described

the thermal and chemical stability of diphenylalanine nanotubes both in aqueous solution
10



and under dry conditions.®® They also demonstrated their semi-conductive or antibacterial
activity®® and confirmed that other dipeptides such as diphenylglycine could form ordered
structures.®® Stimuli responding gels have been developed such as leucine-phenylalanine
dipeptide hydrogels capable of storing therapeutic molecules and releasing them under
different types of stimuli such as change in temperature, pH or ionic strength.®>%¢ Other
stimuli have also been studied on peptide-based hydrogels such as light or enzymatic
reactions. As another example, Zhang et al. used octapeptides and hexadecapeptides with
hydrophobic amino acids to create highly hydrated gels for culture of nerve cells, endothelial

cells, and chondrocytes.®’
1.2.1 Influence of modification at both the N- and C-terminus

The use of protected non-natural amino acids can improve the self-assembly properties and
it has been extensively exploited in the development of new hydrogels. The most widely
used protective group is undeniably the fluorenyl-9-methoxycarbonyl (Fmoc) group in the N-
terminus position. Widely used for the protection of amino acids it is also found in the
protection of many dipeptides, tripeptides or longer peptides. This is the case for example of
Fmoc-leucine-glycine,®® Fmoc-phenylalanine,®® and Fmoc-diphenylalanine,’”® or Fmoc-lysine
derivatives.”? In these systems, parallel and anti-parallel arrangements between Fmoc

groups induced their self-assembly (Figure 1.9).
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Figure 1.9. Structure of di-Fmoc-lysine (top) and possible molecular arrangements between
Fmoc groups in a hydrogel state. The structures are stabilized by n-stacking between the
aromatic groups in parallel (1 and 2) and anti-parallel (3-5) orientations and by hydrogen

bonds (dotted lines) between the -CO-NH groups (from ref. 71).
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These self-assembly processes become even more complex if additional aromatic groups are
present. For instance, di-Fmoc-lysine with two Fmoc groups in the Na and Ne position
undergo hydrogenation via m-it interactions involving the Fmoc moiety compared to single
Na Fmoc-protected lysine that was found to be non-gelator. Other aromatic groups such as
carboxybenzyl (Z)’?, naphthyl (Nap),”®> phenothazine,”* pyrene’>7% spiropyran’’ or pyridine’®

have also been shown to be effective (Figure 1.10).
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Figure 1.10. Aromatic moieties use to develop hydrogelators.

Another method of improving the gelation properties is to attach a long alkyl chain to the N-
terminus to form an amphiphilic molecule.” Functionalization of hydrophobic amino acids
by hydrophilic chains is also used to increase the water solubility of peptides. Much less
used, some hydrogelators are protected by the tert-butoxycarbonyl (Boc) group at the N-
terminus.8%8! The presence of the Boc group strongly reduces the solubility in water. Baral et
al. have demonstrated the antibacterial properties of hydrogels developed from Boc-
protected peptides (Figure 1.11).82 In this context, research into the development of

12



hydrogels based on amino acids and peptides protected by a Boc group leaves a wide range

of possibilities.

Figure 1.11. Left: Chemical structure of the peptides used for the development of hydrogels
with antibacterial properties. Right: Determination of the effect of the hydrogel on Gram-
negative and Gram-positive bacteria by agar-diffusion assay method. Various bacteria (a)
Escherichia coli, (b) Pseudomonas aeruginosa, (c) Staphylococcus aureus, and (d) Bacillus
subtilis were spread on an agar plate. In each case, two different amounts of 1% (w/v)
hydrogel with R = CH,Ph (g1: 10 puL/well) and g;: 20 uL/well) were added to the wells, where
C represents the control (50 pL of phosphate buffer) (from ref. 79).

Only a few modifications of the C-terminal are used for the development of stable
hydrogels.®3 In general, the conversion of the C-terminal carboxylic acid into an amide leads
to a perturbation of the hydrophobicity and hydrogen bonding capacity of the C-terminal. It
has been shown that C-terminal amide derivatives self-assemble much faster than the
parent carboxylic acid, but they exhibit mechanical instability due to the lower solubility of
the amide functionality.®* The conversion of the C-terminal carboxylic acid to C-terminal
methyl or ethyl ester generally fail to form hydrogels due to the higher hydrophobicity of
these derivatives, but they may lead to the formation of stable organogels. Other C-terminus
modification can be cited such as the derivatization with pyridinium moieties®,

cysteamine®®, polyethylene or tetraethylene glycol®” and glucoside®®.
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1.2.2 Influence of the amino acid sequence or side chain modification

Another way to improve hydrogelation properties consists in introducing an organic linker in
the amino acid structure. Long alkyl chains incorporated inside the backbone tend to favor
hydrogelation.®® Unsaturated hydrocarbon chains were also used like diacethylene moieties
providing the possibility of cross-linking upon ultraviolet (UV) irradiation.’® The intrinsic
hydrophobicity of the hydrogelators as well as the presence of electron-withdrawing groups
influence the ability of the molecules to form hydrogels. The incorporation of halogenated
substituents can drastically influence the gelation properties of monomers due to high
electronegativity and steric effects. For example, halogenated Fmoc-Phe derivatives can self-
assemble efficiently in water when non-halogenated Fmoc-Phe does not. The type of
halogen used and its position on the aromatic side chain influence the kinetic of self-
assembly and the morphology of the fibrillar structure (Figure 1.12). It has been shown that
Fmoc-F5-Phe formed hydrogels in an aqueous solution at an accelerated rate compared to
Fmoc-Tyr and that no gelation occurred using Fmoc-Phe in the same conditions.®? In
addition, the use of Fmoc-F5-Phe resulted in hydrogels with higher stiffness compared to
Fmoc-Tyr gels. The hydrophobicity of the amino acids increased in the order of Fmoc-Tyr <
Fmoc-Phe < Fmoc-F5-Phe. Therefore, the difference in hydrophobicity alone cannot explain
the difference in self-assembly and hydrogelation behavior of these molecules. The presence
of OH or F electron-withdrawing groups can disrupt the electronic structure of the benzyl
side chains of Fmoc-Tyr and Fmoc-F5-Phe compared to Fmoc-Phe, with Fmoc-F5-Phe having

the most dramatically electron-deficient side chain.®?
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Figure 1.12. (A) Chemical structure of Fmoc-F5-Phe. (B) Proposed packing model of Fmoc-F5-
Phe (from ref. 92). Hydrogens are omitted for clarity, Fmoc (green), Phe side chain (blue). (C)
Proposed mode of lamination of fibrils leading to fibers, green and blue indicate individual
fibrils. (D) Proposed mode of fiber formation, green and blue indicate individual fibrils. (E)
Transmission electron microscopy (TEM) image of fibrils in the Fmoc-F5-Phe hydrogel 1 h

after mixing (from ref. 91).
1.2.3 Homologated amino acids

The rapid proteolysis of natural amino acids and peptides can be an advantage because of
high biocompatibility but also a limitation concerning the mechanical stability of the
hydrogel structures in vivo. Whereas peptides composed of a amino acids are easily
degraded in vivo and in vitro by peptidases, studies have shown that peptides containing
homologated B- and y-amino acids exhibited a superior stability.®® The B-peptides displayed
no or very weak cytotoxicity, immunogenic or inflammatory properties. B- and y-amino acids
differ from natural a-amino acids by the presence of additional carbon atom(s) in the amino
acid backbone (Figure 1.13). The homologated a-amino acids are produced through the
insertion of CH, groups, the side chain remaining unaltered. The location of the side chain on

the B- or on the y- amino acids are identified as B2, B3, v2, v3, and y*.
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Figure 1.13. Structure and nomenclature for the abbreviation used for B- and y-peptides

derived from the natural proteinogenic a-amino acids (from ref. 93).

The proteolytic stability can be due to the changes of the electronic environment of the
peptide bonds upon homologation of the a amino acids or to a lack of substrate recognition
by the peptidases. In a recent work Misra et al. demonstrated that B- and y-diphenylalanine
were able to form stimuli-responsive, injectable, and biocompatible hydrogels in conditions
where no hydrogels were obtained with a-diphenylalanine.®* The use of homologated amino
acids thus provides opportunities for the development of new supramolecular hydrogels

with better mechanical properties and higher proteolytic stability.
1.3 Characteristics of smart hydrogels for drug delivery applications

Smart hydrogels are bioresponsive materials able to undergo structural modifications under
external or internal stimuli such as temperature, pH, enzymes, and light. Chemical or
physical gels based on polymers and peptides have been widely studied for drug delivery
applications. In particular, self-assembled peptides appear as the ideal candidates for the
development of smart drug delivery systems thanks to their high biocompatibility, ease of

production and dynamic interactions.
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1.3.1 Thermo-sensitive hydrogels

Temperature-sensitive hydrogels are probably the most studied and used to date.’> Many
polymers exhibit temperature-dependent phase transitions (sol-gel). The common
characteristic of temperature-sensitive polymers is the presence of hydrophobic groups such
as methyl, ethyl and propyl. Among the temperature-sensitive polymers, poly(N-
isopropylacrylamide) (PNIPAAm) is probably the most widely used as well as poly(N,N-
diethylacrylamide) having a phase transition temperature close to the human body
temperature (Figure 1.14).°® Block copolymers based on poly(ethylene oxide) and
poly(phenylene oxide) have also been extensively studied for the synthesis of drug delivery
systems. Many poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) block
copolymers are commercially available under the Pluronics® and Tetronics® brand names.
However, clinical applications of PNIPAAm-based hydrogels and its derivatives have certain
limitations.®® The polymer is not biodegradable and the monomers and crosslinkers used in
the hydrogel synthesis can be toxic, carcinogenic and teratogenic. Peptide-based hydrogels
sensitive to temperature have also been developed by Pochan et al.®’ or Hartgerink and

coworkers®® playing with the incorporation of hydrophobic amino acid residues.
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Figure 1.14. Structure of temperature sensitive polymers (from ref. 96).
1.3.2 pH-sensitive hydrogels

pH-sensitive peptides and polymers usually contain acidic or basic groups including
carboxylic acids, sulfonic acids, and ammonium salts. Polymers containing a large number of
ionizable groups are known as electrolytes such as polyacrylic acid or poly(N-N-diethylamide-
amidoethyl methacrylate).”® The pH-sensitivity of hydrogels can be adjusted using neutral
comonomers such as 2-hydroxyethyl methacrylate or maleic anhydride. Much research has
been done on the development of pH-sensitive and biodegradable hydrogels based on

polypeptides,i® proteins and/or polysaccharides.'! Recently, Ghosh et al.1%? synthesized a
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biocompatible supramolecular hydrogel based on an octapeptide that showed pH-
responsivity due to the presence of aspartic acid and lysine residues. Zhu and coworkers®
developed a series of pH-sensitive hydrogels by incorporation of peptide-based bis-acrylate

as a cross-linker into hydrogels containing glycine and lysine residues.
1.3.3 Light sensitive hydrogels

Many light sensitive hydrogels use UV light to induce an isomerization or chemical reaction
that can induce drug release. For example, Rastogi et al. have developed a UV-
photoresponsive hydrogel prepared containing azobenzene for drug delivery application.%3
Azobenzene undergoes a reversible transformation from hydrophobic trans form to
hydrophilic cis form, upon irradiation by UV light (340-380 nm) and the cis form can revert
to trans form either thermally or by irradiation by visible light (420-490 nm). Mamada et al.
have synthesized UV-sensitive hydrogels by incorporating bis(4-(dimethylamino)phenyl)(4-
vinylphenyl)methyl leucocyanide into a polymer network.'® The UV light induced the gel
swelling due to the dissociation of the triphenylmethane leuco derivative, which is normally
neutral but is dissociated into ions pairs under UV irradiation (Figure 1.15). However, UV

irradiation is not suitable for clinical applications due to the low tissue transparency in the

UV region, which can induce DNA and tissues damage.
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Figure 1.15. Structure of bis(4-(dimethylamino)phenyl)(4-vinylphenyl)methyl leucocyanide
sensitive to UV light (from ref. 104).

Visible and near-infrared light (NIR) eliminates the negative side effect of UV irradiation.
Visible light, which can be applied instantly, can be used to control the release of molecules
incorporated into hydrogels containing chromophores that absorb light and dissipate it
locally as heat by non-radiative transition such as cardiogreen, methylene blue or

riboflavin.1% The increase of temperature changes the structure of heat-sensitive polymers.
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However, if the chromophore is not covalently bound to the polymer it may be released
during the process and may induce some toxicity. Near-infrared light can also be used to
induce a hydrogel response in absence of a chromophore but in presence of other
photothermal agents such as gold nanoparticles, indocyanine green, metallic sulfides/oxides

or carbon nanomaterials.
1.3.4 Electrical sensitive hydrogels

Alternatively, an electric current can be used as an external stimulus. Hydrogels that are
sensitive to electric fields are usually composed of polyelectrolytes like pH-sensitive
hydrogels.’®  For instance, hydrogels based on poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) have been shown to release hydrocortisone and edrophonium
chloride (anticholinesterase drug) in a pulsatile manner using an electric current. On-off
control was achieved by varying the intensity of electrical stimulation. Volume variations of a
poly(dimethylaminopropyl acrylamide) hydrogel under an electric field were also used to
release insulin.'®” The main advantage of electric field-responsive systems is that the rate of
release can be controlled by simply modulating the intensity of the applied field. However,
few electric field-sensitive devices have yet been developed. In addition to the difficulties
common to all hydrogels, they require the use of an electrical source. Most of the systems
developed operate in environments without electrolytes, which makes it difficult to use

them in physiological conditions.

1.4 Strategies for the rigidification of supramolecular amino acid- and small peptide-

based hydrogels

The non-covalent nature of supramolecular hydrogels allows the gels to rapidly respond to a
multitude of external stimuli. However, most of the existing amino acid- or peptide-based
hydrogels have low mechanical properties leading to instability during injection or in vivo.
Self-assembled Fmoc-dipeptide hydrogels have been used for 3D cell cultures such as Fmoc-
Phe-Phel®® or a mixture of Fmoc-Gly-Gly and Fmoc-Phe-Phe!®. But in 2012, Nilsson and his
team, pioneers in the development of non-covalent hydrogels based on amino acid
derivatives and small peptides, concluded that none of the amino acid- and small peptide
supramolecular hydrogels developed so far meet universally the criteria required for ideal

cell culture medium (must be stable in common cell culture media and support cell viability,
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adhesion differentiation, proliferation and migration).2° For drug delivery, despite promising
in vitro results of drug release, amino acid and small peptide supramolecular hydrogels failed

to show their potential in vivo because of low mechanical properties.
1.4.1 Chemical cross linking of amino acids

One method of improving the mechanical properties of supramolecular gels is to selectively
create covalent bonds within the matrix by chemical cross-linking. The difficulty of
supramolecular gel stiffening process is to improve the mechanical properties while
preserving the advantages of the supramolecular structure (i.e., the presence of non-
covalent interactions allowing controlled drug release and not impacting biocompatibility).
While the a-carbonyl and the a-amino groups are used to form peptide bonds, a number of
amino acids have reactive functional groups in their side chains that can be enzymatically or
chemically modified. For example, cysteine represents one of the most targeted amino acids
for cross-linking reaction. The side chain thiol group can easily react in oxidative conditions
to form dimers by disulfide bonds. Tyrosine is another interesting amino acid since several
cross-linking methods can be used by exploiting the reactivity of the side chain phenol.
Cross-linked dityrosine has been identified in many structural proteins such as collagen,
elastin, resilin and silk fibroin. The tyrosine cross-linking reaction is initiated by the formation
of a tyrosyl radical, which can couple with another nucleophilic sites on the other tyrosine
residue. Several strategies have been proposed in literature using enzymes like horseradish
peroxidase (HRP), or through a photo oxidation process using a metallic catalyst or by
addition of a natural or chemical cross-linker (i.e. genipin, glutaraldehyde) to covalently link

tyrosine or phenol derivatives that can be applied to supramolecular hydrogel synthesis.'%

113

1.4.2 Formation of robust hydrogels

For the fabrication of robust hydrogels several other strategies can be proposed (Figure
1.16) such as the creation of dissipating energy materials comprising a second network able
to dissipate the energy during the gel destructuration or the development of combined
systems with addition or nanomaterials.’'* In their review, Fuchs et al. described the
behavior of hydrogels during destructuration. When a crack forms, the material failure

occurs when the tip of the crack begins to propagate (Figure 1.17). During the crack
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propagation the polymer chain undergoes a large deformation both in the crack tips and in
the surrounding area called the process zone. The crack would continue to propagate into
the whole system only if the energy released is sufficient to rupture polymer chains along

the crack path.

Tough
Hydrogels

Figure 1.16. Overview of different strategies to develop tough hydrogels and their

biomedical applications (from ref. 114).

The incorporation of an energy dissipation system can limit the crack propagation by
diffusing the energy. Such energy dissipation occurs for example when mixing physical and
covalent bonds into a network. Interpenetrating polymer networks (IPNs) are such
dissipating energy hydrogels with two or more cross-linked polymers interconnected
through non-covalent interactions. These networks can be synthetized simultaneously by
free radical or condensation polymerization, or sequentially where after forming the first

polymer, the system is mixed in a second monomer solution for a second polymerization.**>
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117 Double network (DN) hydrogels are specific IPNs and consist of a first rigid but brittle
network and a second ductile network. DN hydrogels are characterized by a large fracture

toughness.

Okumura, Brown and Tanaka have proposed theories explaining this behavior stipulating
that the crack propagation in DN hydrogels was prevented by i) a first dissipation of energy
through the formation of multiple microcracks in the first brittle network, and ii) a viscous

dissipation in the ductile network.!8

Bridging Zone Process Zone Crack Surface

Figure 1.17. Schematic representation of crack propagation in a hydrogel network (from ref.

114).

Micro or nanocomposite hydrogels are polymer networks containing micro or nanomaterials
that exhibit new properties compared to the native hydrogels (devoid of micro- and
nanomaterials). The micro/nanomaterials can be cross-linked or physically entrapped into
the gel network. The formation of additional cross-links with the polymer network
contributes to enhance the mechanical strength of the gels. It has also been shown that

reversible breaking of physical bonds between the micro/nanomaterials and the hydrogels
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dissipate energy to prevent crack propagation. Tough nanocomposite hydrogels have been
developed from various types of nanomaterials such as clay nanoparticles, polymeric
nanoparticles, inorganic/ceramic nanoparticles, metal/metal-oxide nanoparticles or carbon-
based nanomaterials (e.g., carbon nanotubes, graphene, and nanodiamonds) with

applications in the biomedical field.11%-121
1.5 Hybrid hydrogels containing carbon nanomaterials for biomedical applications
1.5.1 Hybrid hydrogels containing carbon nanomaterials

The development of hybrid hydrogels containing carbon nanomaterials is a promising
alternative to mechanically strengthen hydrogels and endow them with new properties and
responsivity to external stimuli. Carbon nanotubes or graphene are the most widely used
carbon nanomaterials for the development of hybrid hydrogels. The synthesis can be
obtained through covalent or non-covalent functionalization of the carbon nanostructures
with the monomer or polymer matrix. For tissue regeneration the incorporation of carbon
nanotubes has been largely studied with both synthetic and biological tissue scaffold to
improve their mechanical properties or electrical conductance. The electrical conductivity of
carbon nanotubes could be a useful tool for directing cell growth as shown with neural cells
or osteoblasts proliferation.'?> Graphene incorporated into chitosan-lactic acid matrix also
demonstrated excellent biocompatibility with high fibroblast adhesion and growth on the gel
surface.1? In addition, carbon nanotubes and graphene have the capacity to generate heat
upon NIR light irradiation. This property can be used for on-demand drug release with NIR as
an external stimulus to control the liberation of active molecules preloaded in the hybrid

hydrogels due to enhanced local temperature, with high spatial and temporal precision.
1.5.2 Property of carbon nanomaterials for biomedical applications

Graphene is a two-dimensional single layer sheet of sp? hybridized carbon atoms organized
in a hexagonal arrangement (Figure 1.16). Carbon nanotubes (CNTs) are cylindrical
structures composed of rolled graphene sheets. The structure of carbon nanotubes is
composed of one layer, single-walled carbon nanotubes (SWCNTs), or more, multi-walled
carbon nanotubes (MWCNTs). They are terminated by hemispherical arrangements of
carbon atoms corresponding to half-fullerenes (Figure 1.18). The diameter ranges from 2.5

to ~100 nm, while the diameter of a SWCNT ranges from 0.6 to 2.4 nm.
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Graphene and carbon nanotubes have attracted tremendous attention with its unique
features such as high electron mobility, thermal conductivity comparable to that of metals,
as well as high optical absorption and mechanical strength.'>* The increased mechanical
strength is due to the carbon-carbon double bonds formed by the sp? orbitals, which leads
to the formation of a network of conjugated m bonds. This 1 conjugation causes electron
delocalization, giving CNTs and graphene excellent thermal and electrical conductivity
properties. CNTs and graphene family nanomaterials offer many advantages as
photothermal agents. As with CNTs, graphene absorbs near-infrared irradiation, leading to
heat generation used to treat tumor or to destroy pathogens such as bacteria. Several
studies have focused on the use of both carbon nanotubes and graphene in biological
systems: for protein crystallization!?>, as biological probes!?® or as substrates for the growth
of embryonic neurons in rats'?’. They can also be used as delivery systems for directing
therapeutic molecules to a target organ and overcoming some of the limitations associated
to drugs such as low aqueous solubility, rapid inactivation, unfavorable pharmacokinetic
profile and limited biodistribution. Their near one-dimensional size makes them ideal for
drug delivery. The covalent grafting or adsorption of molecules with a high loading is
possible thanks to their large specific surface area. Graphene oxide (GO), the oxidized form
of graphene, has also generated great interest in the biomedical field for the development of

biosensors, in drug delivery, or for the preparation of implants for tissue engineering.128131

A) B)
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Figure 1.18. A) Molecular structure of graphene, B) TEM image of graphene, C) molecular

structure of a single-walled carbon nanotube and D) TEM image of carbon nanotubes.
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1.5.3 Biocompatibility of carbon nanomaterials

In order to use carbon nanomaterials in medical devices it is important to know their
biocompatibility as well as their biodistribution within the human body. The biocompatibility
can be defined as the capacity of a material to be tolerated inside the body without causing
immunogenic responses, deleterious interaction (e.g., apoptosis, cells detachment, tissue
necrosis) or modification and without long term accumulation in the body. The study of the
biocompatibility of CNTs and graphene is a complex topic as many variables have to be
considered such as the purity, the dose, the surface functionalization, the surface area, the
number of layers and the dimension. These parameters are highly dependent on the method

of synthesis.
1.5.3.1 Biocompatibility of carbon nanotubes

Pristine carbon nanotubes are not soluble in aqueous solution and tend to aggregate
because of their highly hydrophobic surface. Chemical functionalization of carbon nanotubes
plays a very important role to increase their dispersibility, improve their integration into
physiological environments and their interactions with cells, tissues, and organs. One
method to enhance the dispersibility of CNTs in water is the oxidation using strong acids
such as HNOs. During the process, carboxyl groups are formed at the extremities and at the
defects on the sidewall of the carbon nanotubes. CNTs can also be functionalized by other
methods such as 1,3-dipolar cycloaddition, nitrene cycloaddition or arylation using
diazonium salts allowing the grafting of different types of functional groups.'3? Our team
showed that SWCNTs and MWSNTSs functionalized by 1,3-dipolar cycloaddition with amino
groups were eliminated very rapidly by renal excretion,'33134 with limited accumulation in
the lungs, liver and spleen. In contrast, non-functionalized single- or multi-walled carbon
nanotubes tend to accumulate in the liver and spleen.'3> According to these results, the type
of functionalization and the number of functional groups on the nanotube surface play a key
role in their biodistribution. In addition, it has also been shown that the risk of accumulation
of CNTs can be reduced if the length of the tubes is decreased to promote their removal

from the body by cells such as macrophages.'3¢

Non-biodegradable nanomaterials can accumulate into the body causing harmful side

effects. Therefore, their biodegradation represents an important and challenging objective.
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Several studies have reported that strong oxidative enzymes such as horseradish peroxidase
and human peroxidases (e.g., myeloperoxidase) are able to degrade functionalized carbon
nanotubes in the presence of H,0,. In the same conditions pristine carbon nanotubes were

not observed to degraded showing the crucial role of chemical functionalization.37/138
1.5.3.2 Biocompatibility of graphene-based materials

Graphene-based materials are currently among the most studied materials in the field of
nanomedicine. As with carbon nanotubes, appropriate functionalization, control of the size
and shape can improve the biocompatibility of graphene. There are conflicting results on the
biocompatibility and biosafety of graphene family nanomaterials. This is partially due to
large variations in physicochemical properties of different graphene derivatives. There is a
clear impact of the functionalization, although results are mitigated for GO and it is difficult
to generalize about GO toxicity. The route of administration is an important parameter
affecting the biodistribution.'3%142 When GO was administered intravenously at low dose, no
impact on the kidney, liver, spleen, and lungs was observed.'** After pulmonary
administration GO permeated through the air-blood barrier into the blood and to other
organs before being eliminated in the urine.'** However, GO was still localized in the lungs
after 3 months leading to persistent lung injury. Graphene and GO can also be enzymatically
degraded. Well-dispersed GO has been degraded by horseradish peroxidase and
myeloperoxidase in presence of H202.2% In vivo the degradation of carboxylated graphene

and GO have also been demonstrated in lungs4¢ and in the brain.#’
1.6 Objectives of the Thesis

The aim of this thesis is to develop new supramolecular hydrogels based on amino acids and
small peptides containing carbon nanomaterials for drug delivery applications. We aim to
improve the knowledge about the self-assembly of amino acids and small peptides. This is of
primary importance to predict hydrogelation and adapt the hydrogel properties in function

of their application.
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CHAPTER 2. AMINO ACID-BASED SUPRAMOLECULAR
HYDROGELS IN COMBINAISON WITH CARBON NANOMATERIALS

2.1 Introduction

Supramolecular gels formed by the self-assembly of low molecular weight gelators (LMWGs)
are receiving significant attention thanks to their potential in the biological field,! for
instance in drug delivery.? LMWG-based gels possess advantages such as easy preparation
and multiple responsiveness, compared to polymer gels, where the monomers are
covalently bonded. Indeed, they can be responsive to different stimuli including pH and
temperature, as they are held together through non-covalent bonds.®> Molecular self-
assembly is a natural process used by amino acids, peptides, nucleic acids and phospholipids
to form ordered structures.* This mechanism is driven by various non-covalent interactions
including hydrophobic interactions, hydrogen bonds, m-stacking between aromatic rings
and/or electrostatic interactions. Some amino acids having the capacity to self-assemble into
fibrils have been exploited as LMWGs.>® These types of hydrogels have shown potential
applications in drug delivery,>° tissue engineering,! and regenerative medicine.*? Hybrid
hydrogels incorporating carbon-based nanomaterials such as carbon nanotubes (CNTs) and
graphene, have recently attracted increasing attention due to their high electrical
conductivity and high mechanical strength.'3>'7 In addition, these hybrid hydrogels are useful
for near-infrared (NIR) irradiation-triggered drug release, thanks to the capacity of carbon
nanomaterials to generate heat upon NIR light irradiation.®-22 This feature is advantageous
for an on-demand drug release because light can be used as an external stimulus to control
the liberation of active molecules preloaded in the hybrid hydrogels due to enhanced local
temperature, with high spatial and temporal precision. In addition, NIR light is more
favorable than visible light for in vivo applications due to its higher tissue penetration, low
energy absorption, and minimum side effects for human tissue and organs. Both graphene
oxide (GO) and functionalized CNTs have been extensively used for biomedical
applications.?>?* We and other groups have previously demonstrated the absence of toxicity

of well-purified and functionalized CNTs?>?” and GO?%?° jn vitro and in vivo.
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2.2 Objectives

With this study, we have screened a variety of aromatic amino acid derivatives for their
capacity to self-assemble and to form hydrogels. Oxidized CNTs (ox-CNTs) or GO were
incorporated into the most stable hydrogels, to study their photothermal properties and to
control the release of different drug models. The hybrid hydrogels were characterized by
different techniques including electron microscopy, circular dichroism (CD), and rheology.
Molecular dynamics (MD) simulations were performed to understand the main interactions
leading to the formation of the hydrogels. Finally, rhodamine B, methylene blue and L-
ascorbic acid were incorporated in the hybrid hydrogels as model drugs. A comparative

study of the quantity of water and drug released during NIR irradiation was performed.

The purpose of this study was to develop stable hybrid supramolecular hydrogels containing
carbon nanomaterials for high performance drug release and to provide new elements of

understanding concerning the self-assembly of amino acids into hydrogels.
2.3 Results and discussion
2.3.1 Self-assembly of aromatic amino acids

In 2015 our team investigated the capacity of tyrosine to form well-ordered nanostructures
under different experimental conditions. It was observed that Tyr can self-assemble into
different supramolecular architectures including nanoribbons, branched structures and fern-
like arrangement influenced by the concentration, the aging of the solution and the type of
solvent used. 3° In this context and following these previous results, we studied the self-
assembly properties of tyrosine, phenylalanine and several derivatives of these two amino
acids with protected amine, carboxylic acid and/or hydroxyl functions. The influence of the
solvent on the self-assembly was studied by comparing the structures obtained in MilliQ®
water and in methanol (MeOH). The amino acids were dissolved in the solvent and let under
ambient condition for 1 h. The supernatant of the amino acid solution was then withdrawn
and deposited onto a TEM grid. Figure 1 shows the transmission electron microscopy images
of the self-assembly of L and p-tyrosine. At the concentration studied (0.5 mg-mL1) L- or b-
tyrosine in water formed nanoribbons, which are relatively flexible with visible twists (see
arrows in Figure 2.1a). These structures are several hundred micrometers long and form a

more or less dense network. In methanol, L-Tyr is organized in rods, while b-Tyr forms
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shorter fibers with the appearance of small spherical particles. Previous results obtained in
the laboratory have shown that the effect of the concentration in the self-assembly of
tyrosine could induce such structural differences.?® These differences observed in methanol
are thus probably due to the lower solubility of tyrosine in this solvent, which does not

guarantee the same amino acid concentration in the supernatant.

L-Tyr

Figure 2.1. TEM images of L-Tyr and D-Tyr samples at a concentration of 0.5 mg-mL? in water

(a and b) and methanol (c and d).

When the carboxylic acid is protected as a methyl ester and the amine with a carboxybenzyl
(z-Tyr-OMe), shorter rod structures are formed in water (Figure 2.2). In methanol it forms
instead spherical structures with a large diameter distribution ranging from 0.2 to 10.7 um
(n=60). For L-Tyr with the carboxylic acid protected as a benzyl ester (H-Tyr-OBzl), structures
similar to those observed for the self-assembly of Z-Tyr-OMe are found. However, when the
amine and hydroxyl are protected with a carboxybenzyl (Z) and benzyl group, respectively (Z-
Tyr(Bzl)-OH), tyrosine gives fibrillar structures in methanol with a network of very fine fibers
having a length of a few micrometers, linked with agglomerates. The self-assembly of
tyrosine derivatives protected by a Fmoc group (Fmoc-Tyr-OH, Fmoc-Tyr(tBu)-OH and Fmoc-

Tyr(Bzl)-OH) was also studied. In water these amino acid derivatives were self-organized into
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single rods (Fmoc-Tyr(tBu)-OH) or rods linked together by a dense network of fine fibers
(Fmoc-Tyr-OH) or in a needle structure capable of aggregation (Fmoc-Tyr(Bzl)-OH) (Figure
2.3).

Z-Tyr-OMe H-Tyr-OBzI Z-Tyr(Bzl)-OH
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Figure 2.2. TEM images of Z-Tyr-OMe H-Tyr-OBz| and Z-Tyr(Bzl)-OH at a concentration of 0.5

mg-mL* in water (a, b and c) and methanol (d, e and f).

For the three amino acids solubilized in methanol, the appearance of spherical particles with
dendritic structures was observed in the case of the Fmoc-Tyr(Bzl)-OH. Tyrosine has different
interaction sites such as the aromatic ring, as well as the amine, the carboxylic acid, and the
hydroxyl groups, which may be involved in hydrogen bonds. The presence of aromatic
protecting groups promotes aggregation probably by increasing hydrophobic interactions
and m-stacking. Our results showed that tyrosine gives shorter condensed structures
(rods/aggregates) with protecting aromatic groups. The particles formed from the self-
assembly of Fmoc-Tyr(tBu)-OH in methanol were also studied by scanning electron
microscopy (Figure 2.4). Rounded structures with wide disparity in size were observed. Some
structures appear to be completely spherical while others appear to be partially flattened,

which is probably due to the interface with the substrate.
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Fmoc-Tyr-OH Fmoc-Tyr(tBu)-OH Fmoc-Tyr(Bzl)-OH

Figure 2.3. TEM images of Fmoc-Tyr-OH, Fmoc-Tyr(tBu)-OH and Fmoc-Tyr(Bzl)-OH at a

concentration of 0.5 mg-mL™ in water (a, b and c) and methanol (d, e and f).

Figure 2.4. SEM image of Fmoc-Tyr(tBu)-OH sample at a concentration of 0.5 mg-mL? in

methanol.

Like Fmoc-Tyr-OH, Fmoc-Phe-OH formed rod-like structures in water. It organizes itself into

fibrous tree-like structures in methanol, which were numerous and homogeneously
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distributed on the TEM grid. Our results indicated that L-Phe and Fmoc-Phe-OH are capable

of self-assembling into fibrillar structures in aqueous and organic solvents (Figure 2.5).

L-Phe Fmoc-Phe-OH

Figure 2.5. TEM images of L-Phe and Fmoc-Phe-OH samples at a concentration of 0.5mg-mL™*

in water (a and b) and methanol (c and d).
2.3.2 Hydrogel formation

Different single and binary mixtures of protected and non-protected aromatic amino acids
were initially studied for hydrogelation (Figure 2.6). The samples were prepared using the
solvent-triggered approach, where the gelators are first dissolved in dimethyl sulfoxide
(DMSO) by using sonication followed by addition of water to reach 2 % DMSO/H,0 (v/v).3! At
such low concentration DMSO can be used in biological experiments as it shows no
cytotoxicity.3>33 We observed that binary systems composed of non-protected amino acids
were highly soluble leading to optically transparent solutions, whereas co-assemblies of
protected amino acids resulted in the formation of precipitates in biphasic systems made of
gel and liquid, or led to gel-like structures (Table 2.1). The gelation of the samples was

confirmed by the vial inversion
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Figure 2.6. Aromatic amino acids and their protected derivatives used for the hydrogel formation study.
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Table 2.1. Co-assembly of amino acid derivatives in 2% DMSO/H,0 (v/v). Yellow color = transparent liquid, green = liquid + suspensions/precipitates, orange =
liquid + gel, red = gel.

H-Tyr-OH

H-Phe-OH

H-Trp-OH

H-His-OH

Z-Tyr-OMe

Z-Tyr(Bzl)-
OH

H-Tyr-OBzI

H-Tyr(Bzl)-
OBzl-HCI

Fmoc-Tyr-
OH

Fmoc-Phe-
OH

Fmoc-Trp-
OH

Fmoc-His-
OH

Fmoc-
Tyr(tBu)-OH
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Tyr(Bzl)-OH

i Fmoc- Fmoc-
Amino Z-Tyr(Bzl)- H-Tyr(Bzl)-
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test and we observed that 14 mixtures formed hydrogels. In all cases at least one of the
components was a Fmoc-protected amino acid derivative. Our results confirm that the
presence of the aromatic fluorenyl ring helps in the gelation process.3*3” Most hydrogels
were obtained from a binary mixture containing Fmoc-Tyr-OH or Fmoc-Tyr(Bzl)-OH. For this
reason, we decided to focus our comparative work on two stable hydrogels corresponding to
the binary systems Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH (named gel 1) and Fmoc-Phe-OH/Fmoc-
Tyr(Bzl)-OH (named gel 2) (Figure 2.7). We noticed that a sequential addition of DMSO and
water was very important as the dissolution of the gelators directly in a mixture of 2 %

DMSO in water did not result in gel formation.

Figure 2.7. Photographs of the formation of gel 1 and gel 2: a) solution of the amino acids in

DMSO, b) immediately after the addition of water, and c) after 2 h.
2.3.3 Formation of hybrid hydrogels containing carbon nanomaterials

Since carbon nanomaterials have excellent photothermal properties under NIR light
irradiation, hybrid hydrogels containing CNTs or graphene offer a great potential for NIR
irradiation-triggered drug release applications. We first studied the incorporation of pristine
CNTs and ox-CNTs at three different concentrations (0.025 wt%, 0.1 wt% and 0.5 wt%) into
gel 1. For this purpose, aqueous suspensions of pristine CNTs or ox-CNTs were prepared by
sonication and immediately added to the solution of gelators in DMSO. The gelation time
was not affected by the presence of the pristine CNTs. However, due to their low water
dispersibility, the pristine CNTs were non-homogenously dispersed in the gel at all

concentrations obtaining heterogeneous gels (Figure 2.8a-c).
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Figure 2.8. Photographs of a) gel 1 + 0.025 wt% pristine CNTs, b) gel 1 + 0.1 wt% pristine
CNTs, c¢) gel 1 + 0.5 wt% pristine CNTs, d) gel 1 + 0.025 wt% ox-CNTs, e) gel 1 + 0.1 wt% ox-
CNTs, and f) gel 1 + 0.5 wt% ox-CNTs, after 2 h gelation.

The dispersion was drastically improved by using ox-CNTs and we observed that the
maximum concentration of ox-CNTs that can be incorporated into gel 1 to obtain a
homogeneous hybrid gel was 0.025 wt% (Figure 2.8d). Increasing the concentration of
nanomaterials disturbed the gelation process as we observed the appearance of a liquid
phase (Figure 2.8e-f). Therefore, 0.025 wt% was chosen as the optimal concentration of ox-
CNTs. The same experiments were performed using 0.025 wt% of GO to compare the
gelation behavior of GO did not prevent the gel formation (Figure 2.9). We noticed that the
gel color was more homogeneous for gel 2 compared to gel 1, whatever ox-CNTs or GO had
been incorporated into the gel. This difference indicates that gel 2 seems to be more

homogeneous compared to gel 1.

Figure 2.9. Photographs of a) gel 1 + 0.025 wt% ox-CNTs, b) gel 1 + 0.025 wt% GO, c) gel 2 +
0.025 wt% ox-CNTs, and d) gel 2 + 0.025 wt% GO, after 2 h gelation.

2.3.4 Structural characterization

The morphology of native and hybrid gel 1 and gel 2 was studied by SEM and TEM. The SEM

images of the native gels show the presence of long fibrils organized into highly
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interconnected networks (Figure 2.10a-b). The TEM analysis revealed that the majority of
the fibrils in gel 1 (Figure 2.10c) has a width of 10-50 nm with a few larger fibrils (50-80 nm)
(Figure 2.11a). In the case of gel 2 (Figure 2.10d), although the majority has a width of 20-50
nm similar to gel 1, the fibrils are more variable in size having a diameter in the range of 20-
100 nm (Figure 2.11b). This difference suggests that the presence of the hydroxyl group of
tyrosine can influence the fibril width probably due to the formation of additional hydrogen
bonding. The presence of ox-CNTs does not disturb the self-assembly of the amino acid
derivatives into fibrils of similar size and morphology (Figure 2.10e-f, Figure 2.11c-d), but we

observed a higher diameter distribution for both gels containing GO from 10 to 200 nm

(Figure 2.10g-h, Figure 2.11e-f).

Figure 2.10. SEM images of a) gel 1 and b) gel 2. TEM images of c) gel 1, d) gel 2, e) gel 1 +
0.025 wt% ox-CNTs, f) gel 2 + 0.025 wt% ox-CNTs, g) gel 1 + 0.025 wt% GO, and h) gel 2 +
0.025 wt% GO.

The TEM images also show that the ox-CNTs and GO are in contact with the fibrils certainly
due to m-m interactions with the aromatic moieties of the gelators (Figure 2.10e-h).
Especially, the ox-CNTs are in close interactions with the surface of the fibrils, which may be
facilitated by their tubular shape. In Figure 2.10f-h, we selected images showing a lower fibril
density in order to be able to visualize the carbon nanomaterials and their interactions with

the fibrils. This is the reason why the fibrils look less aggregated.
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Figure 2.11. Diameter distribution of the amino acid fibrils in a) gel 1 (n=80), b) gel 2 (n=80),

c) gel 1 + 0.025 wt% ox-CNTs (n=80), d) gel 2 + 0.025 wt% of ox-CNTs (n=80), e) gel 1 + 0.025

wt% GO (n=80), and f) gel 2 + 0.025 wt% GO (n=80).
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2.3.5 Circular dichroism

The native gel 1 and gel 2 and the hybrid gels containing the nanomaterials were
characterized by CD. Previous studies have shown that fibrils derived from Fmoc aromatic
amino acids are supported by m—m interactions between the aromatic moieties with
characteristic CD signatures at 270-310 nm attributed to the n—t* Fmoc-Fmoc excitation and
at 200-230 nm corresponding to the m—nt* phenyl side chain excitation and a hydrogen bond

network involving the carbamate functionality.3®
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Figure 2.12. CD spectra of a) gel 1, b) gel 2, c) gel 1 + 0.025 wt% ox-CNTs, d) gel 2 + 0.025
wt% ox-CNTs, e) gel 1 + 0.025 wt% GO, and f) gel 2 + 0.025 wt% GO, at different time points.
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For all samples, the gel solutions were sonicated for 10 s before being transferred into a
cylindrical 0.1 mm quartz cuvette. The kinetics of the hydrogelation process was studied by
monitoring the CD signal as a function of time. The CD spectrum of gel 1 does not show any
signal at tO (Figure 2.12a). After 1 h the hydrogelation was characterized by the appearance
of a negative band centered at ~220 nm and a broad positive band between 270 and 310
nm. These two bands are derived from the m-m amino acid side chain-side-chain and Fmoc-
Fmoc interactions.3? An increase of the signal was observed between 1 h and 2 h showing
that the co-assembly can be described as a two-step mechanism, a first step of fibril
organization into chiral structures and a second step of evolution of the final fibrils towards a
state of equilibrium. The CD analysis was performed for longer time (> 2 h), but no
significant differences were observed compared to the spectrum at 2 h indicating that the
three-dimensional network reached a stable state. Similarly, the CD spectrum of gel 2
showed no signal at tO with the appearance of characteristic bands after 1 h of gelation
(Figure 2.12b). Indeed, a negative band was also observed at ~220 nm, as well as another
negative band between 270 and 310 nm, which looks like a sort of mirror image of the band
obtained for gel 1 in this region. We observed instead a difference in the hydrogelation
kinetics for the hybrid CNT-based gels. For both gel 1 and gel 2 the hydrogelation was more
rapid, showing CD signals already at tO (Figure 2.12c-d). The presence of the ox-CNTs in the
hydrogel matrix had no impact on the structural organization of the fibrils as similar bands
appeared in both cases. For the gels containing GO we also observed similar bands and
kinetics in comparison with the native gels (Figure 2.12e-f). As control we analyzed an
aqueous suspension of ox-CNTs or GO at similar concentrations and no CD signals were
observed (Figure 2.13), allowing to conclude that ox-CNTs and GO do not interfere with the

CD measurements.
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Figure 2.13. Circular dichroism spectra of 0.025 wt% GO and ox-CNTs suspensions in water.
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Compared to the two-dimensional shape of the GO sheets, the quasi-one-dimensional
tubular shape of the ox-CNTs, probably facilitated the interactions with the gel fibrils, which

accelerated the gelation process.
2.3.6 Mechanical properties

Both hydrogels were characterized by rheology (oscillatory time and frequency sweep) to
assess the time of gelation and their viscoelastic properties in collaboration with Dr.
Dominique Collin at the Institut Charles Sadron (ICS, Strasbourg). Time sweeps were first
performed by monitoring the evolution of the real part G’ and imaginary part G” of the
complex shear modulus as a function of time for native gel 1 (Figure 2.14a) and gel 2 (Figure

2.14b).
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Figure 2.14. Evolution of the real part G’ and imaginary part G” of the shear modulus for a)
gel 1 and b) gel 2. The frequency was 1 Hz and the temperature was 20°C. The inset figures
correspond to the variation of G’ and G” as a function of frequency, measured 20 h after the

gel formation.

A gradual change in behavior from a liquid (G’<G”) to a solid state (G’> G”) was observed for
both gels in approximatively 10 min after adding water to the solution of the amino acids in
DMSO (Figure 2.15). A second growth regime was noticed approximatively 5 h after the
gelation, showing a much slower change in the hydrogel rheological response over time. This
regime was associated with an aging phenomenon, which is also usually found in polymer

gels*®4! and organogels,*>*3 corresponding to the progressive strengthening of the elastic
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network. In this regime, the evolution of the complex shear modulus with frequency (Figure
2.14, insets) revealed a behavior, which is similar to many organogels**** and physical
gels.*>%% Indeed, a low frequency behavior characterized by a plateau was observed for G’
and G”. Both gel 1 and gel 2 displayed similar G’ values, indicating that these two systems
have almost the same modulus of rigidity. Regarding the G” values, the hydrodynamic
regime was reached in a slightly lower frequency range for gel 1 compared to gel 2. This
small difference could be due to the presence of larger heterogeneities in size and number
for gel 1 compared to gel 2, which was confirmed by the photographs of the hybrid gels in
Figure 2.9. These heterogeneities could also explain the slight successive slope failures

observed for gel 1 in the first part of the gel formation kinetics curve.
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Figure 2.15. Evolution of G’ and G” for a) gel 1 and b) gel 2. The frequency was 1 Hz and the
temperature was 20°C. The time of gelation, given by the crossover of G’ and G”, is quite

similar for both gels.

The rheological studies were then extended to the hybrid gels. The experiments were
performed on gel 1 containing ox-CNTs or GO at a concentration of 0.025 wt% and the
incorporation of the carbon nanomaterials did not change its rigidity, which remained quite
similar to that of the native gel (Figure 2.16). Likewise, the response in frequency of both
hybrid gels was not affected by the presence of GO or ox-CNTs, suggesting that the structure
of the fibrillar network was not altered by the presence of GO and ox-CNTs, as we also
showed by TEM (Figure 2.10e-h). Generally, carbon nanomaterials are used as reinforcing

agents into hydrogels due to the mechanical strength of CNTs and graphene-based
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nanomaterials (using higher concentrations in comparison to our study), which can be
exploited for tissue engineering.’®*’ But, in our case similar rheological properties were
expected between the native gels and hybrid gels due to the very low concentration of
carbon nanomaterials, which is however sufficient to induce a photothermal effect (vide
infra). Nevertheless, the kinetics of gelation was affected and was found to be strongly
dependent on the shape of the carbon nanomaterials. Indeed, the gelation time was slightly
reduced for GO-loaded gel 1, whereas it was so lowered when ox-CNTs were incorporated
into the gel, that it could not be measured during our experiments (Figure 2.17a-b). In the
latter case the faster gelation time could be explained by the tubular shape of the CNTs,
which favors tight interactions with the amino acid fibrils compared to the two-dimensional
shape of the GO sheets, as previously observed by TEM (Figure 2.10e-h). These results are
also in good agreement with CD showing a faster gelation time for CNT-loaded gels (Figure
2.12c-d). The altered gelation time, which is linked to the shape of the carbon
nanomaterials, suggests that the gelation mechanism is driven by a nucleation growth

process, in which the CNTs promote the nucleation of the fibrils.
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Figure 2.16. Evolution of G’ and G” for gel 1 loaded with a) GO and b) ox-CNTs. The
frequency was 1 Hz and the temperature was 20°C. The inset figures correspond to the

variation of G’ and G” as a function of frequency, measured 20 h after the gel formation.

To support this hypothesis, shear measurements were performed on gel 1 loaded with ox-

CNTs at a concentration 10 times lower (0.0025 wt%). The gelation time found for this
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concentration was ~4 min (Figure 2.17c), a value intermediate between the time for the gel
at the concentration of 0.025 wt% (< 1 min) and that of the native gel (10 min). This result

shows that the gelation time can be fully monitored by the amount of ox-CNTs loaded in the

gel.
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Figure 2.17. Evolution of G’ and G” near the sol-gel transition for a) gel 1 loaded with GO and
b) with ox-CNTs at a concentration of 0.025 wt% and c) at 0.0025 wt%. The frequency was
1 Hz and the temperature was 20°C. The time of gelation (indicated by the dashed line) is
given by the crossover of G’ and G”. b) For gel 1 with the highest concentration of ox-CNTs,
the gelation time could not be assessed as the gelation was too fast to be detected in our

experimental conditions.
2.3.7 Computational analysis

We decided to perform MD simulations to highlight the main interactions that lead to the
hydrogel formation in collaboration with Dr. Rachel Schurhammer from the University of
Strasbourg. Both gel 1 and gel 2 were simulated at different concentrations of protected
amino acids either in 2 % DMSO/H>0 (v/v) solution or in pure DMSO (see Table 2.2 for the
composition of the simulated systems). Each solution was simulated for at least 50 ns. Final
snapshots are given in Figure 2.18 and Figure 2.19. Both mixtures show the same behavior in
aqueous solution with the formation of aggregates during the dynamics, independently of
the initial concentration. The conclusions are quite different in pure DMSO where the
protected amino acids stay well-dispersed in the box. These results can explain why the
gelation process needs a two-step procedure with a first dilution in DMSO, allowing to
solubilize the amino acids, followed by the dilution in water where the nano-arrangement

occurs. More specifically, as illustrated in Figure 2.18, the aggregation of the protected
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amino acids is induced in DMSO/H,0 by specific m—mt and CH-t interactions. Table 2.3 gives

the average number of these interactions among the dynamics.

Table 2.2. Description of the simulated systems: moll designs either Fmoc-Phe-OH or Fmoc-

Tyr-OH and mol2 refers to Fmoc-Tyr(Bzl)-OH.

Number of | Box size (in A3) Type of box Number of Number of Simulated

moll+ H,0 DMSO time (ns)
mol2 molecules molecules
10+ 10 96.83 Cubic box 28 800 1600 100
30+30 93.63 Cubic box 25200 1400 100
30+30 69.5x69.5x169. Rectangular 25 200 1400 50
3 box

30+30 100.83 Cubic box - 8 500 100
60 + 60 85.83 Cubic box 18 000 1000 300

For all the simulated systems, the principal n—t interactions are between the aromatic group
of tyrosine and the Fmoc protecting group (Figure 2.18), followed by all the interactions
where the Fmoc group is involved (Fmoc/Fmoc, Fmoc/Bzl and Fmoc/Phe) and the Tyr/Tyr
interactions. These simulations support the results observed by CD. The number of amino
acids considered are represented as (moll + mol2) with moll designing either Fmoc-Phe-OH
or Fmoc-Tyr-OH and mol2 referring to Fmoc-Tyr(BzI)-OH. At low (10+10) and high (60+60)
concentration of amino acids, the number of n—t interactions is quite similar in the two gels
(7.4 vs 6.0 at 10+10 and 36.7 vs 38.7 at 60+60). At medium concentration, the Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH mixture forms twice as much interactions than Fmoc-Phe-OH/Fmoc-
Tyr(Bzl)-OH (26.1 vs 13.1). This difference is due to a larger amount of interactions between
the Fmoc and Tyr moieties leading to a more compact aggregate. Jointly to these aromatic
attractions, the molecules also interact via H-bonds between the amino acid groups. The
amount of H-bonds as a function of the concentration follows the same order than the
aromatic interactions with similar number of H-bonds at low (10+10) and high (60+60)

concentration of amino acids (2.0 vs 3.2 at 10+10 and 15.3 vs 10.8 at 60+60). At medium
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concentration (30+30) Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH mixture also forms twice as much H-
bonds than Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH does (3.7 vs 6.3). These additional aromatic
interactions and hydrogen bonding induced by the presence of the hydroxyl group of
tyrosine may explain the difference in fibril diameters between both systems observed by

microscopy.

Figure 2.18. Final snapshots of the 60 Fmoc-Tyr-OH + 60 Fmoc-Tyr(Bzl)-OH system simulated
in 2 % DMSO/H20 (v/v) showing typical m-m and CH-mt arrangements between the two
components. In the box Fmoc-Tyr-OH molecules are represented in red and Fmoc-Tyr(Bzl)-

OH in green.
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moll mol2 moll mol2
moll+mol2 Fmoc-Phe-OH Fmoc-Tyr(Bzl)-OH Fmoc-Tyr-OH Fmoc-Tyr(Bzl)-OH
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rectangula
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60+60

30+30
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Figure 2.19. Final snapshots of the mixed systems simulated in 2% DMSO/H,0 (v/v) and in

pure DMSO (bottom) solutions (mol1 in red and mol2 in green).
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Table 2.3. 1—x interactions in the simulated systems. Number of m—n interactions between two specific parts of the simulated molecules

(averaged values during the last 5 ns of dynamics, fluctuations are around 0.2). Average number of C=0-H-N hydrogen bonds (distance < 2.2 A)

between the different components of the system (averaged values during the last 5 ns of dynamics, fluctuations are around 0

n—7 interactions H-
bonds
Fmoc/Fmoc | Fmoc/Tyr | Fmoc/Bzl | Fmoc | Tyr/Tyr | Tyr/Bzl | Tyr/Phe | Phe/Phe | Phe/Bzl | BzIl/Bzl | Sum
/Phe
- 10+10 2.0 2.7 0.9 1.5 0.0 0.3 0.0 0.0 0.0 0.0 7.4 2.0
:T: o 30+30 5.6 3.5 1.2 0.5 1.6 04 0.0 0.0 0.3 0.0 13.1 3.7
?._) g 60+60 8.9 14.4 5.0 4.1 3.2 04 0.7 0.0 0.0 0.0 36.7 15.3
g5 30+30
8 '; rectangular 5.9 4.3 0.9 0.5 1.6 0.1 0.7 0.0 0.0 0.0 14.0 7.6
c g box
L T | 30+30 in pure
DMSO 0.8 0.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.1 0.0
- 10+10 0.0 5.9 0.1 - 0.0 0.0 - - - 0.0 6.0 3.2
; o 30+30 9.8 11.6 1.8 - 2.2 0.9 - - - 0.0 26.3 6.3
(3 g 60+60 14.2 17.6 2.3 - 2.4 1.1 - - - 1.1 38.7 10.8
k- 30+30
¢ | rectangular 7.3 12.1 1.0 - 2.6 1.3 - - - 00 | 238 | 55
E g box
L | 30+30 in pure
DMSO 0.4 0.0 0.0 - 0.0 0.0 - - - 0.0 0.4 0.0
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2.3.8 Photothermal properties

After thoroughly analyzing the structure and the mechanical properties of the native and
hybrid gels, we investigated their photothermal properties. For this purpose, the
photothermal conversion of different concentrations of suspensions of ox-CNTs and GO
alone in water was first examined by monitoring the temperature increase during exposure
to NIR light irradiation (at 808 nm, under 2 W/cm? for 10 min). At each concentration a
similar dose-dependent photothermal behavior was observed for both ox-CNTs and GO
(Figure 2.20). The temperature increase was 20 °C, 28 °C, and 47 °C in 10 min for a
concentration of 0.005 wt%, 0.01 wt%, and 0.025 wt%, respectively. The native and hybrid
gels were also studied in similar conditions. The change in temperature for both gel 1 and gel
2 was very low with an increase of less than 5 °C after 10 min of irradiation as expected and

the gels remained totally intact (Figure 2.21).
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Figure 2.20. Temperature increase for different concentrations of suspensions of ox-CNTs or
GO in water when exposed to a NIR laser (808 nm) at a power of 2 W/cm? as a function of

the laser irradiation time.
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Figure 2.21. Temperature increase of the native gels in comparison to the hybrid gels when

exposed to a NIR laser (at 808 nm, under 2 W/cm?) as a function of the laser irradiation time.

The hybrid gel 1 showed a similar temperature increase whatever it contained ox-CNTs or
GO, which was not the case for gel 2. Indeed, after 10 min of irradiation the temperature
difference was 40-41 °C for gel 1 + ox-CNTs or GO, and gel 2 + GO, whereas the temperature
increase was 47 °C for gel 2 + ox-CNTs. The presence of ox-CNTs, which accelerates the
hydrogelation process for both gels, also improves the increase of temperature during NIR
irradiation in the case of gel 2. In addition, the gel structure slightly reduces the heating
capacity of the carbon nanomaterials compared to their suspensions in water except for gel
2 + ox-CNTs reaching 47°C. Interestingly, we observed that in presence of ox-CNTs or GO the
hybrid gel 1 was destructured, while the hybrid gel 2 shrank and formed a compact block
(Figure 2.22).

Figure 2.22. Photographs of a) gel 1 + 0.025 wt% ox-CNTs, b) gel 1 + 0.025 wt% GO, c) gel 2 +
0.025 wt% ox-CNTs, and d) gel 2 + 0.025 wt% GO remaining after the removal of water

released after 10 min NIR light irradiation.
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This result is concordant with a more homogeneous three-dimensional fibrous network in
gel 2. It seems that the presence of the hydroxyl group of tyrosine not only influences the
fibril diameter, but it can also decrease the structural stability of the gel in presence of the

carbon nanomaterials.
2.3.9 Drug loading properties

To prove that our hydrogels have potential therapeutic applications, we decided to study the
loading and the release of different drug models encapsulated into the gels, triggered by
irradiation in the NIR region. A comparative loading study of three drug models was
performed using two hydrophobic dyes, rhodamine B and methylene blue and one
hydrophilic therapeutic molecule, vitamin C. To prepare the drug-loaded hydrogels, the
drugs were first dissolved in water before the addition of the solution of Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH (leading to gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (leading to gel 2)

in DMSO. The gelation was monitored using the vial inversion test.
2.3.9.1Incorporation of hydrophobic drug models: rhodamine B or methylene blue

Dyes are ideal drug models for monitoring release visually and by spectroscopic
measurement at very low concentrations thanks to their high absorbance in the UV-Vis
region. Rhodamine B is a fluorescent dye often used in biological studies and in
biotechnological applications such as fluorescence microscopy, flow cytometry, fluorescence
correlation spectroscopy and ELISA.*34° The incorporation of different amounts of
rhodamine B (concentration from 0.03 mg:mL?! to 3.0 mg-mL?') was studied and we
observed that a concentration of 0.1 mg-mL* was the maximum that can be incorporated
into native or hybrid gel 1 and gel 2. The incorporation of rhodamine B did not impact the
gelation process up to the maximum concentration with a gelation time of 2 h, as observed
previously. No gels were obtained above 0.1 mg-mL? of rhodamine B into the samples. This
relative low capacity of drug loading is probably due to the large and aromatic structure of
the dye which can alter the non-covalent interactions between the amino acid derivatives at

the origin of the gelation process.

As alternative hydrophobic dye, we decided to introduce methylene blue which also
possesses therapeutic characteristics.”® Similarly to rhodamine B, the incorporation of

methylene blue into the native and hybrid gels was studied from 0.03 to 3.0 mg-mL?! and the
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maximum concentration that could be loaded into the gel was the same as rhodamine B (0.1

mg-mL?) as shown in figure 2.23.

Figure 2.23. Photographs of gels 1 containing Methylene Blue (0.03, 0.05, 0.075, 0.1mg-mL™)

a) without carbon nanomaterials and b) with ox-CNTs 0.025 wt%.
2.3.9.2Incorporation of hydrophilic drug model: L-ascorbic acid

L-ascorbic acid commonly known as vitamin C, has a wide range of clinical applications and it
was selected as hydrophilic drug model. It promotes collagen biosynthesis, has antiscorbutic
properties and protects against photoaging, UV-induced immunosuppression, and
photocarcinogenesis.>>*? A range of L-ascorbic acid concentration (0.2-1.5 mg-mL?) was
studied and we observed that a concentration of 0.7 mg-mL? (4 mM) of L-ascorbic acid was
the maximum concentration that can be incorporated into the hydrogels. After
approximately 2 h both L-ascorbic acid-loaded gel 1 and gel 2 formed a stable hydrogel. We
observed a higher stability of L-ascorbic acid loaded in the gels over time (Figure 2.24). A
range of drug concentration (0.2-1.5 mg-mL?') was studied and we observed that a
concentration of 0.7 mg-mL* (4 mM) of L-ascorbic acid was the maximum concentration that
can be incorporated into the hydrogels. Above 0.7 mg-mL?! the gelation process was

disturbed with the appearance of a liquid phase. Due to its hydrophilic properties, ascorbic

63



acid could thus be incorporated in higher quantity to form stable hydrogels than the two
hydrophobic drug models rhodamine B and methylene blue. The mass concentration is in
the range of loadings of insulin and doxorubicin previously reported for some hydrogels
containing carbon nanomaterials (0.08 to 2 mg-mL1).>3>> But, if we consider molar
concentration, our loading value is higher compared to these studies (4 mM vs. 14 uM to 3.7
mM of drug). To prepare the drug-loaded hybrid gels, the ox-CNTs or GO were dispersed at a
concentration of 0.025 wt% into a 0.7 mg-mL 1 solution of L-ascorbic acid before addition to

the solution of the amino acids in DMSO.
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Figure 2.24. Degradation of L-ascorbic acid over time in solution in water and in the native

gels 1 and 2.
2.3.10 Drug release

The drug release was investigated by irradiating the four hybrid gels containing rhodamine B,
methylene blue or L-ascorbic acid. The volume of water released from the gels was
measured after 10 min of NIR irradiation and the concentration of the released drug was
determined by UV-Vis spectroscopy for the dyes and high-performance liquid
chromatography (HPLC) for vitamin C.

2.3.10.1 Release of hydrophobic drug models: rhodamine B and methylene blue

The hybrid gels containing rhodamine B or methylene blue showed similar behavior during

irradiation (Figures 2.25 and 2.26). Interestingly, whereas in absence of the dyes the gel 1 +
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ox-CNTs or GO is destructured under NIR irradiation, in presence of the dyes only the gel 1 +
GO is destructured and the gel 1 + ox-CNTs has the same shrinking behavior than the hybrid
gels 2 (Figures 2.27 and 2.28). This result can be due to an increase of the structural stability
of the gel 1 + ox-CNTs with the dyes. In the presence of both dyes we can observe a high
amount of water released (60-80 %), but it contains only a very low amount of drug. The
maximum amount of drug released after the irradiation was only 1.5 % of rhodamine B from
gel 2 + GO and 13 % of methylene blue from gel 1 + GO. The maximum amount of water is
released in both cases with the gel 2 + ox-CNTs probably due to the destructuration
behavior. During the water release and gel shrinking the dyes remain trapped within the
matrix. The entrapping of the dyes into the remaining gels can be explained by potential
interactions between the aromatic moieties of the dyes and the carbon nanomaterials and

amino acids.
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Figure 2.25. Release of a) water and b) Rhodamine B from the hybrid gels under NIR light

irradiation.
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Figure 2.26. Release of a) water and b) Methylene Blue from the hybrid gels under NIR light

irradiation.

We studied the potential physisorption of rhodamine B on the surface of ox-CNTs and GO by

measuring the absorbance of a 0.1 mg-mL? solution compared to the absorbance in the
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presence of the carbon nanomaterials for 24 h. The results showed similar absorbance
indicated no physical adsorption of rhodamine B on both ox-CNTs and GO, thus supporting
the hypothesis that the dye seems to interact strongly with the amino acids which prevents

its release during irradiation.

a)

<)

Figure 2.27. Photographs of the gels containing carbon nanomaterials and rhodamine B (0.1
mg-mL?) after 10 min of NIR irradiation and removal of the water released: a) gel 1 + ox-

CNTs, b) gel 1 + GO, c) gel 2 + ox-CNTs and d) gel 2 + GO.

Figure 2.28. Photographs of the gels containing carbon nanomaterials and methylene blue
(0.1 mg-mL?) after 10 min of NIR irradiation and removal of the water released: a) gel 1 + ox-

CNTs, b) gel 1+ GO and c) gel 2 + GO.
2.3.10.2 Release of a hydrophilic drug model: L-ascorbic acid

The use of a hydrophilic molecule has permitted to enhance the quantity of drug loaded into
the gels and released after NIR irradiation. In the presence of L-ascorbic acid and ox-CNTs or

GO, gel 1 released 68 % and 73 % of water, respectively, whereas gel 2 released a higher
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amount of water (84 % and 79 %, respectively) upon NIR irradiation (Figure 2.29a). The
hybrid gel 1 loaded with L-ascorbic acid showed a structural destructuration of the gel matrix
upon NIR light irradiation whatever it contains ox-CNTs or GO, while the hybrid gel 2 shrank
leading to the formation of a compact block. Therefore, the lower volume of water released
from the hybrid gel 1 containing ox-CNTs or GO is probably due to the destabilization of the
gel structure during the irradiation. The higher water release capacity of gel 2 + ox-CNTs
reveals a better photothermal behavior compared to the other hybrid gels, as observed in
Figure 2.29. The temperature of the hydrogels was monitored during the irradiation starting
at room temperature (Figure 2.30). This remarkable feature is probably linked to the higher
homogeneity of the three-dimensional fibrous network in gel 2, as previously mentioned.
The drug concentration was assessed by HPLC and the four hybrid gels showed a drug
release comprised between 63 % and 82% after 10 min irradiation (Figure 2.29b). The gel 2 +
0ox-CNTs was found to be the most efficient system with a maximum drug release of 82 %.
The amount of L-ascorbic acid release can be correlated to the water release capacity of the
hydrogels. The higher water release capacity of gel 2 + ox-CNTs is in accordance with the

better photothermal behavior compared to the other hybrid gels, as observed in Figure 2.21.
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Figure 2.29. Release of a) water (n=3) and b) L-ascorbic acid (n=3) from the hybrid gels under
NIR light irradiation. Statistical analysis was performed by one-way ANOVA (including

Bonferroni’s multiple comparison test).

Overall, these results show that the drug release is triggered by the heat generation from
the ox-CNTs or GO upon NIR light irradiation. We have investigated the drug release over
time for the 4 different gels and observed that a plateau was reached after 8 to 10 min
(Figure 2.31). The amount of drug released from the gels is primarily influenced by the
nature of the amino acids constituting the hydrogel and the type of carbon nanomaterials

has also some influence. We found that gel 2 loaded with the ox-CNTs was the most efficient
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gel and this was correlated with the highest water release and best photothermal capacity
observed for ox-CNT-loaded gel 2. This was probably due to a higher homogeneity of the 3D
fibrous network in gel 2 and well-distributed ox-CNTs in the gel.
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Figure 2.30. Temperature increase of the hybrid gels 1 and 2 containing 0.7 mg-mL? of

L-ascorbic acid when exposed to a NIR laser (808 nm) at a power of 2 W/cm? as a function of

the laser irradiation time.
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Figure 2.31. L-ascorbic acid release kinetics for the hybrid gel 1 (n=2) and gel 2 (n=3) when

exposed to a NIR laser (at 808 nm, under 2 W/cm?) as a function of the laser irradiation time.

The high liberation of L-ascorbic acid reached in our study is similar or higher than NIR

irradiation-induced drug release rates reported for other types of carbon
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nanomaterial-containing hydrogels>3°¢ Control experiments were performed on the gels
devoid of carbon nanomaterials containing L-ascorbic acid. We verified that L-ascorbic acid
remains stable in these conditions. As expected, the control gels did not show any release of
water and drug after 10 min irradiation Therefore, the gels are more appropriate for drug
loading and release of hydrophilic drugs. The presence of aromatic moieties in the drug

seems to prevent an efficient drug release due to interactions with the amino acids.

In addition, we performed preliminary stability experiments in physiological saline solution
(0.9% NaCl) and in RPMI or DMEM supplemented with 10 % fetal bovine serum. For this
purpose, a volume of 100 pL of physiological saline solution or 10 % fetal bovine serum in
culture medium was added on top of each hydrogel (400 uL). After 15 h the solution was
withdrawn and the amount of L-ascorbic acid was determined by HPLC. We observed that
the hydrogels were not degraded when exposed to physiological saline solution (0.9 % NaCl).
We noticed that a small amount of water was released only from the hybrid gels 2 (Figure
2.32a). We estimated that 15 to 21 % of L-ascorbic acid was liberated from the four
hydrogels by diffusion. In 10 % fetal bovine serum in culture medium we found that the
hybrid gels 1 were less stable and released a significant volume of water, which was not the
case for the hybrid gels 2 (Figure 2.32b-c). This result was correlated with a higher amount of
L-ascorbic acid released from the hybrid gels 1 (12-51 %), whereas only 8 to 12 % of drug
were liberated from the hybrid gels 2. These stability experiments show that the hybrid gels
2 are more stable in physiological conditions and this is probably related to the higher

homogeneity of the 3D fibrous network in gel 2.

These results support the fact that gel 2 is more efficient compared to gel 1 for our purpose
of controlled drug release. Overall, our hydrogels present many advantages such as i) simple
preparation as they are constituted of commercial amino acids, ii) low content of carbon
nanomaterials, iii) high drug loading and release capacity, and iv) stability in physiological

conditions (in particular for gel 2).
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Figure 2.32. Released volume of water and quantity of released L-ascorbic acid from the
hybrid gels in presence of a) physiological serum b) 10 % Fetal Bovine Serum (FBS) in RPMI
and c) 10% FBS in DMEM after 15 h (overnight)

2.4 Conclusion

We have demonstrated the spontaneous self-assembly of different commercially available
Fmoc-protected amino acids into three-dimensional fibrous network leading to the
formation of hydrogels. We have investigated more in detail the gelation of a binary mixture
composed of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH. The
structural and physical properties of these gels were assessed using various microscopic
techniques and rheology. The hydrogel formation was mainly driven by aromatic
interactions, as supported by CD and MD simulations. Oxidized CNTs and GO were
incorporated in these hydrogels and they showed good interfacing with the fibrils, in
particular the nanotubes. Different drug models were loaded in the hybrid hydrogels and L-
ascorbic acid was released at high concentration in few minutes thanks to the heat
generated by the carbon nanomaterials upon NIR light irradiation. These novel self-
assembled hydrogels open up the possibilities of various applications and they will be

explored further for drug delivery.
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CHAPTER 3. PREPARATION OF HYDROGELS BASED ON
DIPEPTIDES

3.1 Introduction

Short peptide-based hydrogels have drawn tremendous interest in biomaterials research.
This type of hydrogels has been extensively explored in recent years for tissue engineering?,
as scaffolds for would healing? and for drug release.>* Similarly to amino acids, the self-
assembly of peptides in aqueous solution to form hydrogels is controlled by a perfect
balance between hydrophobicity and hydrophilicity. Self-assembly of short peptides through
n-t stacking have been described by Reches and Gazit, who observed that aromatic
dipeptides could self-assemble into nanotubes® or hollow spherical® structures with
nanometer dimensions. Zhang and co-workers were the first to report that certain Fmoc-
protected dipeptides spontaneously formed fibrous networks.” Aromatic interactions
between the peptides have been shown to play a key role into the gelation process®°® and
aromatic group protection at the N-terminus such as Fmoc, naphthyl, and purenyl favors the
formation of hydrogels under appropriate conditions. Several groups have studied the
assembly and gelation properties of short peptides.®!* Adam and coworkers have studied
hydrogelation of Fmoc/naphthyl conjugated dipeptides using glucono-d-lactone (GdL) whose
hydrolysis actually controls the pH of the aqueous solution to induce gelation.'* However,
the majority of developed peptide-based hydrogels are composed of natural a-amino acid
residues leading to several disadvantages as these hydrogelator molecules are rapidly
degraded in vitro and in vivo by proteolytic enzymes. Therefore, there is an important need
for the discovery and development of proteolytically stable hydrogels. The incorporation of
extra methylene groups into the peptide backbone and the modification of the terminal
amino acid position can play a role on the stability against peptidases.’>® A first study
performed in our team concerning the self-assembly of Boc-diphenylalanine backbone
homologues with functionalized carbon nanotubes demonstrated that B and y homologues
self-assemble in water to generate fibers of different dimensions and shapes.!” The
generated fibers showed pH sensitivity with morphological modification at acidic pH. This
behavior could provide the basis for developing novel pH-sensitive B and y peptide-based

materials including drug delivery systems.
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3.2 Objectives

In this chapter, we have studied the gelation properties of the self-assembled
nanostructures obtained with Boc-diphenylalanine compounds, namely Boc-a-Phe-a-Phe-
OH, Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH. A comparative work was also performed
using Boc-dityrosine homologues. The nanostructures obtained through self-assembly of the
different dipeptides were characterized by microscopy. Several hydrogel formation protocols
have been tested and the different hydrogels obtained were characterized by circular
dichroism. Then, carbon nanomaterials such as GO or ox-CNTs and L-ascorbic acid was
incorporated into the gel structures to compare their behavior under near-infrared
irradiation for drug delivery applications. Finally, preliminary tests concerning the toxicity of
the dipeptide hydrogels developed on human skin samples have been performed by topical

application.
3.3 Results and discussion
3.3.1 Self-assembly

The Boc-protected a-diphenylalanine peptide has been widely studied by other groups.'8° It
was found to form spherical assemblies in ethanol and tubular structures in water from a
stock solution in hexafluoro-2-propanol (HFIP). Fibers formed mainly by n-stacking between
the aryl side chain of phenylalanine can drive the gel formation. In our team, Dinesh et al.'’
previously studied the self-assembly of the two homologues Boc-B-Phe-B-Phe-OH and Boc-y-
Phe-y-Phe-OH from a stock solution of the di-peptide in HFIP and diluted in 1:1 proportion
ethanol/water solution. At low concentration (25 pg-mL?) they observed that the dipeptides
were able to form well-defined and highly oriented nanofibers, whereas at higher
concentration (from 0.1 to 1.0 mg-mL?) both B and y dipeptides were found to form
extensive aggregated nanofibers. They also evaluated the role of water observing the self-
assembly of the three dipeptides in water at 1.0 mg-mL™. The morphology remained fibrillar
for Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH but, as previously reported in literature,*?
the nanostructures changed from spherical to tubular structures upon changing the solvent
from ethanol to water for Boc-a-Phe-a-Phe-OH. To further study the self-assembly
properties of the dipeptides homologues we decided to characterize the nature of the

assemblies directly dissolved in water without dilution from a stock solution in organic
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solvents. The dipeptides were dissolved at a concentration of 0.5 mg-mL™* and rested for 1 h
before deposition on a TEM grid. In pure water Boc-a-Phe-a-Phe-OH self-assembled into

spheres connected by small elongated structures whereas Boc-B-Phe-B-Phe-OH and Boc-y-

Phe-y-Phe-OH self-assembled into fibers (Figure 3.1).

Figure 3.1. Self-assembly of Boc-diphenylalanine at 0.5 mg-mL? in pure water from left to

right: Boc-a-Phe-a-Phe-OH, Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH.

The nanospheres obtained with Boc-a-Phe-a-Phe-OH are variable in size with a diameter
between 200 nm and 700 nm. Boc-B-Phe-B-Phe-OH in water self-assembled in highly
oriented fibers whereas Boc-y-Phe-y-Phe-OH revealed a dense network of fibers growing
from a central nucleation point. In the same conditions we studied the self-assembly process
of Boc-dityrosine homologues. A previous work done in our team showed that L-tyrosine was
able to form well-ordered assemblies depending on concentration, aging and solvent.?°
Different morphologies were observed such as nanoribbons, fibers or branched structures.
In chapter 2 we showed that the protection of tyrosine with aromatic group had a significant
influence on the self-assembly nanostructures formed with a majority of fibers in water.
Regarding the dipeptides, the Boc-a-Tyr-aTyr-OH, Boc-B-Tyr-B-Tyr-OH and Boc-y-Tyr-y-Tyr-
OH were dissolved at a concentration of 0.5 mg-mL? and rested for 1 h before deposition on
a TEM grid. For the three homologues, the dityrosine derivatives did not assembled into

organized nanostructures and only the presence of aggregates could be seen (Figure 3.2).
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Figure 3.2. Self-assembly of Boc-dityrosine at 0.5 mg-mL? in pure water from left to right:

Boc-a-Tyr-a-Tyr-OH, Boc-B-Tyr-B-Tyr-OH and Boc-y-Tyr-y-Tyr-OH.
3.3.2 Hydrogels synthesis

The preliminary studies for hydrogel formation were initiated by Lauréne Wagner during her
third-year internship from engineering school within our team and presented in Table 3.1.
The dipeptides used were synthesized by Dr. B. Dinesh postdoctoral researcher and Dr. O.
Chaloin, research engineer in our team. The hydrogel formation of diphenylalanine
homologues was first tested using the same method used with gel 1 and gel 2 from chapter
2. The dipeptides were dissolved in DMSO at a concentration of 247 mM and diluted in
water to reach a final concentration of 4.9 mM in 2% DMSO in water. A homogeneous gel
was obtained with Boc-y-Phe-y-Phe-OH while heterogeneous gel containing aggregates and
a viscous solution were observed with the Boc-B-Phe-B-Phe-OH and the Boc-a-Phe-a-Phe-
OH dipeptides, respectively. Different parameters were modified to try to optimize the
protocol such as the temperature, the pH of added water, the dipeptide concentration, the
nature of the organic solvent, the volume of organic solvent and the presence of monovalent
or divalent salts. Modification of the temperature from room temperature to 4 °C or 37 °C
did not give any improvement on the gel formation apart for Boc-a-Phe-a-Phe-OH forming a
stable homogeneous gel at 37 °C. Regarding the influence of the pH, we observed that no
stable gel was formed with the addition of a basic aqueous solution (pH 11) to DMSO,
whereas gels were formed using acidic one (pH 4) (Figure 3.3). These results can be
explained by the morphological modifications previously observed of the dipeptides at acidic

pH and confirm the pH sensitivity of the three systems.
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Figure 3.3. Hydrogel tests formation with 2 % DMSO/H,0 at different pH using 4.9 mM of
Boc-y-Phe-y-Phe-OH.

The nature of the organic solvent used in the protocol also seems to play an important role.
Changing DMSO with HFIP or MeOH did not give positive results with no gel obtained in the
case of HFIP and only the formation of a heterogeneous gel with MeOH and Boc-3-Phe-B-
Phe-OH (Figure 3.4). The three samples were viscous using 2 % HFIP/H,0. Observing that the
B-dipeptides were poorly soluble in 2 % DMSO in water, we increased the percentage of
DMSO to 5 % and 10 %. A stable gel was obtained for the Boc-B-Phe-B-Phe-OH with 10 %

DMSO in water after 5 min of gelation and some water loss (Figure 3.5). Nevertheless, this

method was not chosen for further study as 10 % DMSO is too high leading to cell toxicity.

B P , R
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Boc-a-Phe-a-PhleOH Boc-B-Phe-B-Phe-G{-i Boc-y-Phe-v-PP;e-OtI

Figure 3.4. Hydrogel tests formation with 2 % HFIP/H20 using 4.9 mM of a) Boc-a-Phe-a-Phe-
OH, b) Boc-B-Phe-B-Phe-OH and c) Boc-y-Phe-y-Phe-OH.

It has been shown by Yuran et al. that NaCl accelerates the formation of supramolecular
linked nanostructures of highly concentrated Boc-a-Phe-a-Phe-OH.!2 Therefore, we tried to
incorporate NaCl or CaCl, at different concentrations to induce the gelation. The tests

performed were also not conclusive with the appearance of aggregates (Figure 3.6).
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The influence of the di-peptide quantity was characterized by using two times less or double
concentration in 2 % DMSO/H,0. When the dipeptide concentration was two times less
(2.45 mM), a gel was obtained for Boc-a-Phe-a-Phe-OH, but it was not stable over time. On
the contrary, when the concentration was doubled (9.8 mM), Boc-B-Phe-B-Phe-OH and Boc-
v-Phe-y-Phe-OH formed heterogeneous and homogeneous gels, respectively. With these
results, we were not able to design a unique protocol using the solvent triggered method

giving homogeneous and stable gels for the three dipeptides.

Figure 3.5. Hydrogel test formation of 4.9 mM Boc-B-Phe-B-Phe-OH with 10 % DMSO/H,0 at

t0 and after 5 min.

NaCl NaCl NaCl

Figure 3.6. Hydrogel test formation of 4.9 mM di-phenylalanine and 2 % DMSO/H20 in
presence of CaCl, or NaCl at 25 mM (from left to right Boc-a-Phe-a-Phe-OH, Boc-B-Phe-f-
Phe-OH and Boc-y-Phe-y-Phe-OH).

As the dipeptides are sensitive to pH modification, another method was tested based on pH
changes that is called the “pH-switch protocol”. This method consists in dissolving the
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dipeptides in a basic solution and triggering the gel formation by acidification. The
dipeptides were therefore dissolved in basic sodium hydroxide (NaOH) solution 10 mM, with
the help of sonication, and acidic hydrochloric acid solution 0.5 M was added dropwise.
Gelation was observed for the three Boc-diphenylalanine homologues (Figure 3.7) with color
modification from transparent to opaque after the addition of an appropriate volume of
hydrochloric acid (1 % (v/v) for Boc-a-Phe-a-Phe-OH and Boc-y-Phe-y-Phe-OH and 7% (v/v)
for Boc-B-Phe-B-Phe-OH). The protocol was optimized to keep a final concentration of
dipeptides of 4.9 mM for the three systems. Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH
hydrogels were formed instantaneously and in approximatively 1 h, respectively. Boc-a-Phe-
a-Phe-OH hydrogel formed a gel in approximatively 7 h and was less stable over time
compared to the two other hydrogels with a structural degradation and some water leakage

observed after 1 day.

pHswitch method-

Boc-a-Phe-a-Phe-OH Boc-f-Phe-p-Phe-OH Boc-y-Phe7-Phe-OH

Figure 3.7. Hydrogel formation of Boc-a-Phe-a-Phe-OH, Boc-B-Phe-B-Phe-OH and Boc-y-Phe-

v-Phe-OH using the pH switch method.

As numerous gels were obtained containing Fmoc-tyrosine derivatives in chapter 2, we
aimed to compare the gelation properties of Boc-diphenylalanine homologues with Boc-
dityrosine ones. The same gelation method was tested with Boc-a-Tyr-a-Tyr-OH, Boc-B-Tyr-
B-Tyr-OH, and Boc-y-Tyr-y-Tyr-OH products but none of the test was conclusive. The
formation of fibers in water is generally essential to obtain hydrogels by allowing the
creation of a network encapsulating water molecules. The three Boc-dityrosine homologues
did not self-assemble and formed amorphous structures whereas the three Boc-di-
phenylalanine derivatives self-assembled into fibers. This result indicates that the hydroxyl
group present in the tyrosine side chain has a key role in inhibiting the self-assembly into

nanofibers and thus gelation.
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Table 3.1 Summary of the hydrogelation tests performed for Boc-a-Phe-a-Phe-OH, Boc-B-
Phe-B-Phe-OH, and Boc-y-Phe-y-Phe-OH.

Boc-a-Phe-a-Phe-OH Boc-B-Phe-B-Phe-OH Boc-y-Phe-y-Phe-OH
Psee: Gelatfon S-tal?mtv Aepsee Gelat!on S-tat-nhty e Gelat!on S-tal?lllty
duration in time duration | intime duration in time

T=4°C ves

Ambient Viscous liquid / /
Heterogenous gel 13 h no <5 min yes

T=37°C 15h no
pH=4 2h Heterogeneous gel 24 h yes <5 min ves
pH=7 | Heterogenous gel 15h no Heterogenous / /

pH =11 15h viscous liquid / / Viscous liquid / /
2.45 21h no Heterog.enous / / Heter.'og.enous / /
mM liquid liquid

9.8 mM | Heterogenous gel 15h no Heterogeneous gel 1h yes <5 min yes
2% HEIP Hete.rog.enous / / Heterog.enous / / Heter.'og.enous / /
liquid liquid liquid
2% Heterogenous Heterogenous
Het | 24 h

MeOH liquid / / eterogenous ge yes liquid / /

D:«’IE:O / / / Heterogenous gel 1h no / / /
10% .

DMSO / / / Heterogenous gel 5 min yes / / /
NaCl Heterogenous / / Heterogenous / / Heterogenous / /
CaCl, liquid / / liguid / / liquid /

pH " i day o E— - ~
switch — —

3.3.3 Formation of hybrid hydrogels containing carbon nanomaterials

Considering the excellent photothermal properties of carbon nanomaterials under NIR light
irradiation we developed hybrid hydrogels containing ox-CNTs or GO for NIR irradiation-
triggered drug release applications. Sonicated suspensions of ox-CNTs and GO at the optimal
concentration of 0.025 wt% were firstly prepared in the basic dipeptide solutions before the
addition of HCI. Gelation process was not impacted by the incorporation of the carbon
nanomaterials and the gelation time stayed the same. We managed to form all hybrid
homogeneous hydrogels for both carbon nanomaterials (ox-CNTs and GO) and for the three
types of diphenylalanine hydrogels (Figure 3.8). GO and ox-CNTs were found aggregated in
Boc-a-Phe-a-Phe-OH and Boc-B-Phe-B-Phe-OH gel whereas they were both better dispersed
in Boc-y-Phe-y-Phe-OH hydrogel. The instability of the Boc-a-Phe-a-Phe-OH hydrogels and
the very quick gelation of the Boc-B-Phe-B-Phe-OH can be responsible for the aggregation of

the nanomaterials in these samples.
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Figure 3.8. Photographs of hydrogels made with the pH switch method a) Boc-a-Phe-a-Phe-
OH + 0.025 wt% ox-CNTs, b) Boc-a-Phe-a-Phe-OH + 0.025 wt% GO, c) Boc-B-Phe-B-Phe-OH +
0.025 wt% ox-CNTs, d) Boc-B-Phe-B-Phe-OH + 0.025 wt% GO, e) Boc-y-Phe-y-Phe-OH + 0.025
wt% ox-CNTs , and f) Boc-y-Phe-y-Phe-OH + 0.025 wt% ox-CNTs.

3.3.4 Structural characterization

The morphological characterization of the hydrogels formed using pH switch method was
studied by TEM (Figure 3.9). Whereas Boc-a-Phe-a-Phe-OH self-assembled in spheres in
water, we instead observed fibers in the gel state. The TEM analysis revealed that most of
the fibrils in the gel Boc-a-Phe-a-Phe-OH has a width of 10-30 nm (Figure 3.10). The
structural change from spheres to fibers has already been observed in Boc-diphenylalanine
supramolecular self-assembly in function of the concentration and aging.!®> The presence of
ox-CNTs or GO into the gel structure did not have any impact on the Boc-a-Phe-a-Phe-OH
fiber size with similar diameter measured. The two other gels made of Boc-B-Phe-B-Phe-OH
and Boc-y-Phe-y-Phe-OH showed also long fibers interconnected with a higher variability in
diameter. Boc-B-Phe-B-Phe-OH fibers have a diameter in the range of 30-90 nm with few
larger (100-120 nm). Boc-y-Phe-y-Phe-OH fibers have similar diameter in the range of 20-90
nm with also few larger (100-120 nm). Similar to the supramolecular hydrogels 1 and 2
previously studied, the TEM images also showed that the ox-CNTs and GO are in contact
with the fibrils, certainly due to n-m interactions with the aromatic moieties of the gelators
(Figure 3.9). The presence of both ox-CNTs and GO did not disturb the self-assembly of the

three dipeptides into fibrils with similar size and morphology (Figures 3.9 and 3.10).
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Figure 3.9. TEM images of a) Boc-a-Phe-a-Phe-OH, b) Boc-a-Phe-a-Phe-OH + 0.025 wt% ox-
CNTs, c) Boc-a-Phe-a-Phe-OH + 0.025 wt% GO, d) Boc-B-Phe-B-Phe-OH, e) Boc-B-Phe-B-Phe-
OH + 0.025 wt% ox-CNTs, f) Boc-B-Phe-B-Phe-OH + 0.025 wt% GO, g) Boc-y-Phe-y-Phe-OH h)
Boc-y-Phe-y-Phe-OH + 0.025 wt% ox-CNTs and i) Boc-y-Phe-y-Phe-OH + 0.025 wt%
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Figure 3.10. Diameter distribution of the fibrils of the native and hybrid hydrogels (n=100).
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3.3.5 Circular dichroism

The Boc-diphenylalanine hydrogels developed were characterized by circular dichroism
(Figures 3.11 and 3.12). The gels were prepared in a vial and directly added to the cylindrical
0.1 mm quartz cuvette after the addition of HCI. During the synthesis it was observed that
Boc-a-Phe-a-Phe-OH hydrogels were not formed before approximatively 7 h. The CD
spectrum of Boc-a-Phe-a-Phe-OH did not show any signal at tO but a negative peak
appeared already after 1 h of gelation at 219 nm. The signal observed at 219 nm is similar to
the one observed in the supramolecular gel 1 and gel 2, presented in Chapter 2, and can be
attributed to the m—mt* phenyl side chain excitation and a hydrogen bond network involving
the carbamate functionality.?! The intensity of the signal increased over time until 20 h (limit
of the time measurement). However, the instability of the Boc-a-Phe-a-Phe-OH gel did not
allow the analysis of Boc-a-Phe-a-Phe-OH hydrid gels with 0.025 wt% ox-CNTs or GO.

—1t0
—20h

0+ —

20+ Boc-a-F-a-F-OH

201
-40-
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-80 ]
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Figure 3.11. CD spectrum of gel Boc-a-Phe-a-Phe-OH directly after the addition of HCI (t0)

and 20 h after gelation into the cuvette.

The Boc-B-Phe-B-Phe-OH hydrogel showed a signal already at tO when the gel was directly
inserted into the cuvette. The signals were totally identical from t0 to 30 min of
measurement. This result confirmed the instantaneous gelation and the stability of the Boc-
B-Phe-B-Phe-OH hydrogel after the addition of HCl. We observed the same signal and
hydrogelation kinetics in presence of ox-CNTs and GO with a minimum around ~200-220 nm

and a maximum at 190 nm. The signal observed with two negative peaks at 200 nm and 220
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nm and an intense maximum peak at 190 nm were indicative a non-identified

structures.
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Figure 3.12. CD spectra of Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH in presence or in

absence of carbon nanomaterials.

The Boc-y-Phe-y-Phe-OH did not show any signal before 10 min. However, the signals

observed were totally different compared to the two other peptides. Indeed, the CD spectra
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was more characteristic of random coils with a maximum between 205-240 nm and a
minimum at 193 nm.?? The kinetics were similar in presence and in absence of ox-CNTs. In
contrast, in presence of GO we observed an increase of the signal between t0 and 20 min

followed by a stabilization.
3.3.6 Photothermal properties

We studied the photothermal properties of the dipeptide hydrogels under NIR irradiation
(Figure 3.13). The change in temperature for the three native gels was very low with an
increase of 6°C, 6.5°C and 5.4°C after 10 min of irradiation for Boc-a-Phe-a-Phe-OH, Boc-3-
Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH, respectively. The three gels remained totally intact
after irradiation. In all cases, the hybrid gels were destructured under irradiation. In the case
of hybrid gel Boc-a-Phe-a-Phe-OH, it was completely liquefied whereas the irradiation of the
hybrid gels Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH induced the appearance of a liquid
phase. The highest increase of temperature (50°C-60°C) was obtained for the hybrid gels
Boc-a-Phe-a-Phe-OH and its beta homologues. The lowest temperature increase was
obtained for the hybrid gels Boc-y-Phe-y-Phe-OH with a temperature increase slightly below
50°C.

—p— Boc-a-Phe-a-Phe-OH

70 - —&— Boc-B-Phe-B-Phe-OH
) —e— Boc-y-Phe-y-Phe-OH

—&— Boc-a-Phe-a-Phe-OH + 0.025 wt% ox-CNTs
—&— Boc-a-Phe-o-Phe-OH + 0.025 wt% GO
—&— Boc-B-Phe-p-Phe-OH + 0.025 wt% ox-CNTs
—w— Boc-B-Phe-p-Phe-OH + 0.025 wt% GO
—4&— Boc-y-Phe-y-Phe-OH + 0.025 wt% ox-CNTs
—<4— Boc-y-Phe-y-Phe-OH + 0.025 wt% GO

AT (°C)
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Figure 3.13. Temperature increase of the native gels in comparison to the hybrid gels when

exposed to a NIR laser (at 808 nm, under 2 W/cm?) as a function of the laser irradiation time.
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3.3.7 Drug loading

To perform a comparative study with the supramolecular hydrogels made of Fmoc-Y-
OH/Fmoc-Y(Bzl)-OH and Fmoc-F-OH/Fmoc-Y(Bzl)-OH, we studied the incorporation of
L-ascorbic acid into the Boc-diphenylalanine hybrid hydrogels at a concentration of 0.7
mg-mL™*. L-ascorbic acid was diluted into NaOH solution before the dissolution of the
dipeptides. After sonication and heating, HCl drops were added into the NaOH solution
containing L-ascorbic acid and dipeptides until observing a gelation (Figure 3.14). Without
carbon nanomaterials the three Boc-diphenylalanine hydrogels were stable in presence of
0.7 mg-mL? of L-ascorbic acid. The carbon nanomaterials were dissolved into the basic
solution containing the drug before the addition of HCI. Only the gel Boc-y-Phe-y-Phe-OH in
presence of L-ascorbic acid and ox-CNTs was destabilized, all the other systems gave gels.

The gelation did not occur and aggregates of ox-CNTs appeared.

/\ f\HCI 0.5 M drops

NaOH 10 mM Sonication
L-ascorbic acid > >
ox-CNTs or GO A

Boc-diphenylalanine

Figure 3.14. Scheme of the incorporation of L-ascorbic acid into the Boc-diphenylalanine

hydrogels.
3.3.8 Drug release

The quantity of water and drug release was measured during the irradiation (Figure 3.15).
The Boc-a-Phe-a-Phe-OH hybrid gels were fully destructured after 10 min of irradiation with
100% of the water released. The Boc-y-Phe-y-Phe-OH + GO with the highest increase of
temperature also showed a high volume of water released (76 %). Both hybrid gels made of
Boc-B-Phe-B-Phe-OH released a low volume of water of 28.7 % and 39.4 % in presence of GO
and ox-CNTs, respectively. The amount of drug released was determined by HPLC and was
consistent with the amount of water released. The Boc-y-Phe-y-Phe-OH + GO hydrogel
showed a higher amount of L-ascorbic acid released (49.2 %) compared to the Boc-B-Phe-f3-

Phe-OH hybrid gels (21.6% and 29.7% in presence of GO and ox-CNTs, respectively). The gel
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Boc-B-Phe-B-Phe-OH + GO showed the highest thermal increase with a relatively small
amount of drug and water released compared to the other hydrogels studied. It appears to
be the most stable gel among the samples developed during our study. The lower water and
drug released obtained for the beta and gamma homologue hybrid hydrogels is due to a
higher stability compared to the alpha hydrogels. The gel Boc-y-Phe-y-Phe-OH + GO showed
similar percentage of water and drug release than the supramolecular hydrogels 1 and 2.
With its homogeneity, its stability over time and high release under NIR irradiation, Boc-y-
Phe-y-Phe-OH is the most suitable Boc-diphenylalanine hydrogel for controlled drug release

applications.

77) Boc-a-F-a-F-OH + 0.025 wt% ox-CNTs
{7 71Boc-a-F-a-F-OH + 0.025 wt% GO
[ 1Boc-B-F-B-F-OH + 0.025 wt% ox-CNTs
{7777] Boc-B-F-B-F-OH + 0.025 wt% GO
[ |1 Boc-F+-F-OH + 0.025 wt% GO

Quantity of released water (%)

Boc-a-F-a-F-OH + 0.025 wt% ox-CNTs
[ ) Boc-a-F-a-F-OH + 0.025 wt% GO
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777 Boc-p-F-p-F-OH + 0.025 wt% GO
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Figure 3.15. Release of a) water (n=3) and b) L-ascorbic acid (n=3) from the hybrid gels under

NIR light irradiation.
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3.3.9 Skin sensibility for topical application

Skin represents 16 % of the body weight in average with a surface between 1.2 and 2 m? for
an adult. The skin protects against ultraviolet light (between 100 and 400 nm) and forms a
physical barrier between the inside and the outside of the body and helps to maintain the
body temperature and homeostasis. The epidermis is the most external layer of the skin
responsible for impermeability. It is composed of five cellular layers. The stratum corneum is
the most external one and can be characterized by the presence of filaggrin, a protein whose
role is to aggregate the intermediate filaments of keratins during the formation of the
corneal envelope. The basal layer is the deepest layer of epidermis, attached to the dermis
by basal membrane, via the integrins a6 and B4. To consider skin application of our system
as topical drug release system we tested the inflammation and sensibilization of the skin
with a preliminary study of the epidermis integrity after depositing our gels on the top of
human skin. This study was performed in collaboration with the team of Dr. Christopher
Mueller in our research unit. An explant of human skin of 4 cm? surface area and 800 um
thickness was placed on a nylon filter in RPMI at 37°C for 24 hours in presence or absence of
gel samples. After immunostaining of integrin a6, filaggrin and nucleus the skin samples
were analyzed by immunofluorescence. The nuclei were characterized using DAPI, a nuclear
counterstain which emits in blue after binding to adenine (A) and thymine (T) residues of
DNA. Immunofluorescence images showed that cells were positive to all markers (Figure

3.16).

91



Figure 3.16. Immunofluorescence of cross-sections of human skins without dipeptides
deposition (non-stimulated = NS) or with dipeptide deposits. The epidermis of the skin
samples with DAPI staining (first column) was compared according to the expression of
integrin-a6 (second column), specific to the basal lamina, and filaggrin (third column),

specific to the stratum corneum. The merge images are presented in the fourth column.

The staining of the adhesion molecule integrin-a6, specific to the basal lamina, and filaggrin,
specific to the stratum corneum, did not reveal any difference between the epidermis of the
skin in absence of gels (non-stimulated = NS) and the epidermis of the skin in presence of the
dipeptide hydrogels. This experiment has been carried out only one time and needs to be

repeated to confirm our observations and conclusions.
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3.4 Conclusion

In this chapter we have investigated the self-assembly behavior of Boc-diphenylalanine and
Boc-dityrosine and their B and y homologues in water by electron microscopy. The results
indicated that the Boc-diphenylalanine holomogues were able to self-organize in
nanospheres (Boc-a-Phe-a-Phe-OH) or nanofibers (Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-
Phe-OH) at the concentration studied, whereas Boc-dityrosine homologues showed
aggregates with no defined morphology. These observations illustrate the influence of the
hydroxyl group in the self-assembly process. We have applied several distinct protocols to
obtain hydrogels with the different dipeptides. Even if some methods showed the possibility
to form at least one Boc-diphenylalanine hydrogel, only pH switch method allowed the
formation of hydrogels for the three Boc-diphenylalanine derivatives. In contrast, Boc-
dityrosine did not form hydrogels following the pH switch procedure. Oxidized CNTs and GO
were incorporated into the hydrogels without impacting the gelation process. L-ascorbic acid
was also loaded into the gels. Only one gel (Boc-y-Phe-y-Phe-OH) was destabilized in
presence of the drug while the other gels were stable in presence of the carbon
nanomaterials and the drug. Upon NIR light irradiation L-ascorbic acid was released at high
concentration due to the destabilization of the gel structure caused by the photothermal
effect of the carbon nanomaterials. Our preliminary test concerning the toxicity of the
dipeptide hydrogels on human skin showed positive results with no apparent inflammation
or sensibilization of the skin. Other experiments are currently in progress to quantify the
sensitizing or irritating potential of our gels by measuring the presence or absence of TNF-a
released in the culture medium. The study of enzymatic degradation should also be tested to

confirm the resistance of the B and y homologues.
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CHAPTER 4. STRATEGIES FOR HYDROGEL RIGIDIFICATION:
TYROSINE CROSS-LINKING AND DOUBLE NETWORK HYDROGELS

4.1 Introduction

The supramolecular hydrogels developed in chapter 2 and 3 from amino acids and
diphenylalanine suffer from a low mechanical strength due to the non-covalent interactions
which severely limit their practical applications. One solution for improving the physical and
mechanical properties of physical hydrogels is to create covalent bonds within the
supramolecular structure. Different techniques can be used to cross-link the network
depending on the nature of the monomer. In particular, many strategies for cross-linking
tyrosine residues have been described in the literature.! The polymerization of tyrosine has
been largely demonstrated by the use of enzymes? or by cross-linking of the tyrosyl
radical.>* Coordination bonds with metallic ions are also particularly attractive due to their
high stability depending on the metal-ligand combination.>” Another possible way of
reinforcing supramolecular hydrogels is to combine the physical network with a second
polymeric one to construct a double network (DN) hydrogel.®° Double networks are
interpenetrating polymer with extraordinary mechanical properties that are generally
composed of one rigid but brittle network where the polymer is tightly covalently cross-
linked and a second ductile and flexible loosely cross-linked network. The mechanical
properties can be modulated according to the ratio between the two networks as well as
their cross-linking proportion. In most of the cases, two chemically cross-linked networks are
mixed, and fractures can cause irreversible damage to the gel structure. To overcome these
limitations, the incorporation of a physically cross-linked network by supramolecular self-
assembly within a chemically cross-linked network would provide better mechanical
properties and also crack resistance by reversible rupture of the non-covalent physical
bonds.® Several methods for the synthesis of double network hydrogels have been used

11 molecular stent

since several years, such as two-step radical polymerization processes,
methods (a medical device that dilates stuffed blood vessels),? "one-pot" synthesis methods
combining the formation of both networks simultaneously in one step,*® or 3D printing.'* To
enable medical applications and further improve the mechanical properties of the gels, new

processing techniques have been used such as the development of biopolymer-based DN,*°
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nanomaterial-reinforced gels,'®'’ liquid crystal DN gels leading to the formation of highly

18 or ultrafine DN gels with very high toughness under

extensible anisotropic hydrogels,
micro-scale thickness.'®> However, low mechanical strength (elastic modulus, deformation)
and high fatigue remains an essential limitation of hydrogels after incorporation of a
supramolecular network. Further research is needed to design a new protocol to develop DN

gels with robust mechanical properties and high stability.
4.2 Objectives

The aim of this chapter is to explore the possibility to enhance the rigidity of the
supramolecular gel 1 and gel 2 to increase their stability. Our first approach consisted on the
formation of covalent bonds by crosslinking procedures. We performed preliminary tests
with different strategies of cross-linking: i) formed through enzymatic polymerization of
tyrosine, ii) using metallic ions or iii) using amino acid derivatives bearing photo-cross-
linkable groups. As a second approach to increase the mechanical stability we developed
new DN hydrogels to enhance the mechanical properties and injectability of the
supramolecular hydrogels. For this purpose, we have tested the incorporation of two
different chemical networks into the pre-formed supramolecular structure. The first strategy
was to combine supramolecular network with a polyacrylamide synthetic polymer formed in
situ by polymerization of the polymeric acrylamide monomers. The second combination was
with agarose, a natural polymeric saccharide network with high mechanical properties and
biocompatibility. We tried different agarose and polyacrylamide concentrations to obtain DN
hydrogels with ideal characteristics for injection and drug delivery application. Similarly, to
the previous chapter, we also studied the incorporation of carbon nanomaterials into the gel
structure. Finally, the drug baclofen was incorporated in the hybrid hydrogels. An in-depth
study of the new photothermal properties, incorporation and release of the drug molecule

was also performed.
4.3 Results and discussion
4.3.1 Cross-linking using horseradish peroxidase

In order to stabilize the self-assembled structures, we wanted to enhance their stability by
cross-linking. The enzyme horseradish peroxidase (HRP) is known to catalyze oxidative

polymerization reactions of many phenol derivatives including tyrosine.?2 A model study of
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tyrosine and tyrosine derivatives polymerization using HRP as an enzyme catalyst in water
was performed in order to extend this protocol to the gel 1 and gel 2 if we obtained
successful results. In the presence of hydrogen peroxide, HRP generates the formation of a
free radical on the aromatic ring. This process induces a polymerization of tyrosine residues
by condensation.?® Enzymatic polymerization was monitored by UV-Vis spectroscopy,
fluorescence spectroscopy and HPLC. A previous work of Sarma et al.?! has shown the
appearance of a shoulder at 320-360 nm in the UV-Vis spectra of cross-linked decyl esters of
L-tyrosine. In more details, they proposed that the extended absorption into the visible
region was characteristic of the extended polymer chain conjugation resulting from the
enzymatic polymerization. In their study, 'H nuclear magnetic resonance (NMR) also
indicated that polymers were formed by equal substitution at both ortho or meta position of
the benzene ring. In our case with L-tyrosine, a similar shoulder appeared at 300-360 nm by

UV-Vis absorption (Figure 4.1).
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Figure 4.1. UV-Vis absorbance spectrum of L-tyrosine in presence of HRP and H,0; at

different time point.

Fluorescence spectra were collected with excitation wavelength of 260 nm to explore
tyrosine and dityrosine signals. Fluorescence spectra were also collected using excitation
wavelength of 325 nm to focus on dityrosine signals.?? After the addition of H202 the
tyrosine fluorescence emission at 300 nm appeared to decrease with simultaneous
appearance of a new increasing emission around 410 nm typical of the dityrosine

fluorophore (Figure 4.2). The emission spectra recorded with an excitation of 325 nm
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showed the increasing of the dityrosine signal. However, by monitoring the reaction by HPLC
we observed that the tyrosine peak was not decreased and no cross-linking by-products

(e.g., dityrosine, trityrosine etc.) were observed (Figure 4.3)
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Figure 4.2. Fluorescence emission of L-tyrosine with Aex = 260 nm and Aem = [270-500] nm

(left) and with Aex =325 nm and Aem = [350-580] nm.
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Figure 4.3. HPLC chromatogram of L-tyrosine (red), L-tyrosine + HRP (blue) and L-tyrosine +

HRP and H;0; (black) at an absorbance of 220 nm.

Further characterization methods should be done to investigate the results of this cross-
linking procedure such as liquid chromatography mass spectroscopy (LC-MS) measurements
and NMR. In the supramolecular gel 1 and gel 2 tyrosine derivatives are protected by a Fmoc
moiety. We studied the influence of the presence of a protecting group in the cross-linking

reaction with HRP and H,0,. A comparative work was carried out on different tyrosine
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derivatives protected by various groups such as Fmoc-tyrosine, O-tert-butyl-L-tyrosine and N-
acetyl-L-tyrosine under the same conditions. With the presence of the protecting groups, the
reaction rates were drastically decreased. The fluorescence emission of the tyrosine
derivatives after an excitation at 300 nm remained intense in the presence of HRP and H;0;
and we observed a much lower emission intensities between 350 and 500 nm with Aex =325

nm than for L-tyrosine (Figures 4.4 and 4.5).
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Figure 4.4. Fluorescence emission of Fmoc-tyrosine with Aex = 300 nm and Aem = [310-580]

nm (left) and with Aex =325 nm and Aem = [350-580] nm.
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Figure 4.5. Fluorescence emission of N-acetyl-L-tyrosine and O-tert-butyl-L-tyrosine + HRP +
H202 with Aex = 260 nm and Aem = [270-500] nm (left) and with Aex =325 nm and Aem = [350-
580] nm.
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The reaction with Fmoc-tyrosine was also analyzed by HPLC and no by-products were

observed (Figure 4.6).
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Figure 4.6. HPLC chromatogram of Fmoc-tyrosine (red) and Fmoc-tyrosine + HRP + H.0;

(black) at an absorbance of 220 nm.

Fukuoaka et al. investigated the enzymatic polymerization of tyrosine derivatives such as L-
tyrosine ethyl ester, L- and D-tyrosine methyl ester, L-tyrosine ethyl ester hydrochloride or N-
acetyl L-tyrosine.?® They show that the polymer yield strongly depends on the monomer
concentration with 17% yield for 40 mM of tyrosine derivatives to 82% with 320 mM. These
observations can indicate that our concentration of 2.45 mM of tyrosine derivatives is clearly
too low to observe any polymerization or that the presence of a protecting group such as the

Fmoc moiety prevents enzymatic or chemical cross-linking reactions.
4.3.2 Cross-linking using Fenton, Fenton-like and photo-Fenton reactions

Similarly to HRP, other enzymes or HRP mimetics have shown great potential in tyrosine
polymerization such as papain.?3 Other alternatives have been reported in the literature for
the oxidative polymerization of phenols involving hematin?#2>, which is an iron containing
porphyrin with a Fe(lll) compound structure similar to the prosthetic iron protoporphyrin IX
found in HRP or Fe-salen?® complexes. The oxidation of tyrosine can also be induced by
Fenton reaction where Fe(ll) ions react with H,0, generating Fe(lll) ions and hydroxyl
radicals.??> The team of Kaplan used Fenton reaction to prepare silk hydrogels through
oxidation of tyrosine residues leading to dityrosine cross-linking.?” Photo-Fenton process is
also a powerful source of hydroxyl radicals generated by hydrogen peroxide in the presence

of iron cations using UV irradiation that reduces Fe(lll) to Fe(ll). Photo-Fenton reaction has
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been widely used for photochemical wastewater treatment, and comparative studies have
proved that the presence of UV irradiation can enhance the efficiency of the Fenton
process.”® Atwood et al. showed that AB, the amyloid peptides involved in Alzeihmer’s
disease, is tyrosine cross-linked by Cu at concentrations lower than those detected in the
senile plaque in vivo. We therefore hypothesized that tyrosine derivates and in particular
Fmoc-tyrosine could be cross-linked using Fenton, Fenton-like and photo-Fenton reaction
using FeSQO4 or CuCl; in the presence of H,0,. The reactions were monitored by fluorescence
spectroscopy and HPLC. Different concentrations of FeSO4 and CuCl; in the presence of H,0;
were tested on both L-tyrosine and Fmoc-tyrosine. Irradiation at 254 nm or 365 nm were
used to induce the photo-Fenton reaction. We observed a decrease of the fluorescence
emission with an excitation at 260 nm and 300 nm for both L-tyrosine and Fmoc-tyrosine,
respectively, in the presence of FeSO4 and CuCl; and H,0; with or without irradiation (Figure

4.7).
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Figure 4.7. Fluorescence emission of L-tyrosine with FeSO4 or CuCl; + H;0, with Aex = 260 nm

and Aem = [270-500] nm (left) and with Aex =325 nm and Aem = [350-580] nm.
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In the case of L-tyrosine in the presence of CuCl; and H,0; under 1 h of irradiation at 254 nm,
HPLC analysis showed a second peak at 4.2 min that could be attributed to dityrosine (Figure
4.8). However, LC-MS or 'H NMR measurements should be performed to confirm this
hypothesis. In these conditions the fluorescence emission at 300 nm showed a slight
decrease after the addition of CuCl, and H,0> probably due to the oxidation and the total
disappearance of the emission peak after 1 h irradiation (Figure 4.7). However, the
fluorescence emission at 350-550 nm characteristic of dityrosine remained too low to

conclude that dityrosine was obtained.
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Figure 4.8. HPLC chromatogram of L-tyrosine (red) and L-tyrosine + CuCl, + H,0; (black)

under 1 hirradiation at 254 nm at an absorbance of 220 nm.

With Fmoc-tyrosine, the fluorescence emission peak at 320 nm (Aex = 300 nm) was reduced
after the addition of FeSO4 and H,0; and we did not observe any significant differences with
254 nm or 365 nm irradiation (Figure 4.9). The addition of Fe(lll) to the Fmoc-tyrosine
solution induced a precipitation and therefore decreased the solubility which can explain the
reduced Fmoc-tyrosine fluorescence emission. In the presence of CuCl, and H;0,, the
emission peak at 310 nm (Aex = 300 nm) was significantly reduced after 1 h of irradiation at
254 nm (Figure 4.9). However, the absorbance of Fmoc-tyrosine with both FeSO4 and CuCl,
with or without irradiation were not decreased in HPLC and we did not observe the

appearance of new products (Figures 4.10 and 4.11).
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Figure 4.9. Fluorescence emission of Fmoc-tyrosine with FeSO4 or CuCl, + H;0; with or
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Figure 4.10. HPLC chromatogram of Fmoc-tyrosine (red), Fmoc-tyrosine + FeSQ4 (blue) and

Fmoc-tyrosine + FeSOa4 + H20; (black) at an absorbance of 220 nm.
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Figure 4.11. HPLC chromatogram of Fmoc-tyrosine (red), Fmoc-tyrosine + FeSOs + H,0>
under 3 h irradiation at 254 nm (blue) and Fmoc-Tyrosine + CuCl; + H202 under 3 h

irradiation at 254 nm (black) at an absorbance of 220 nm.

Similarly to the results obtained with the use of HRP, our observations did not allow to
confirm the formation of cross-linking products. Further analysis should be done to confirm
the formation of dityrosine from L-tyrosine and CuCl, under UV irradiation. The presence of
the Fmoc-moiety seems again to prevent cross-linked reactions using FeSO4 or CuCl; in the

presence of H,0; and other cross-linking methods should be envisaged.
4.3.3 Cross-linking using Fremy’s salt

Fremy’s salt (Ka2NO(SOs),) is also used for oxidative cross-linking procedures.?® Fremy’s salt
permits chemical conversion of protein containing tyrosine residues to DOPA-o-quinones,
which consequently induces polymerization and cross-linking. Fremy’s salt was dissolved in
MilliQ water and mixed with Fmoc-Tyr-OH (2.45 mM) or with both amino acids of gel 1
Fmoc-Tyr-OH and Fmoc-Tyr(Bzl)-OH (2.45 mM/2.45 mM) in 2% DMSO/H,0 with a final ratio
of 1:3 (Fmoc-Tyr-OH/Fremy’s Salt) for sample 1 and 1:3 (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH) /
Fremy’s Salt for sample 2 (Figure 4.12). In both cases precipitation occurs after 5 min and we

did not observe the formation of any new products by HPLC (Figure 4.13).
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Figure 4.12. Photographs of 1:3 Fmoc-Tyr-OH/Fremy’s Salt (sample 1) and 1:3 (Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH) / Fremy’s Salt (sample 2) before and after precipitation.
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Figure 4.13. HPLC chromatogram of 1:3 (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH) / Fremy’s Salt
(sample 2) after precipitation with Fmoc-Tyr-OH peak at 13.25 min and Fmoc-Tyr(Bzl)-OH at
16.8 min.

4.3.4 Cross-linking using tyrosinase

Finally, we tried a cross-linking procedure using tyrosinase following the recent work of
Zhong et al.3° Tyrosinase catalyzes the oxidation of various phenol compounds to their
corresponding quinones. In their work, the authors conceived a two-step cross-linking
strategy where the phenol group of tyrosine and other studied molecules including phenol,
hydroquinone, 4-chlorophenol,4-bromophenol and tyramine was first converted into
catechol moiety followed by a cross-linking through covalent and coordination bonding with
iron ions. The authors speculated that tyrosine was first hydroxylated by tyrosinase into 3,4-
dihydroxyphenylalanine (DOPA) which can be further oxidized into DOPA-quinone, DOPA-
chrome a cyclization product with an indole moiety, or DOPA-polymer with a color change
from white to orange. Then, FeCl, was added to create coordination bonds with the catechol
moiety. This reaction was characterized by a black-green solution and followed by UV-Vis
spectroscopy with the appearance of a peak at 650 nm, which was attributed to ligand-to-

metal charge transfer (LMCT) band of catechol moiety interacting with iron ions. We were
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able to reproduce the results using L-tyrosine with the appropriate color changes from white
to pink and orange in 1 h, turning black after the addition of FeCl, with an LMCT peak at 650
nm (Figures 4.14 and 4.15). Nevertheless, the same reaction procedure with Fmoc-tyrosine
was not so efficient (Figures 4.16 and 4.17). After the addition of tyrosinase the color change
went from white to pink in approximatively 6 h and stayed pink overnight. The addition of
FeCl, only gave a brown color to the solution, characteristic of the Fe(lll) dissolution in
aqueous medium. The UV-Vis spectrum confirmed the absence of coordination with no
LMCT peak observed at 650 nm. The Fmoc protection seems to highly influence the
oxidation reaction of the phenol group to catechol, thus preventing the coordination with
iron. To confirm this observation, we tried the same procedure with dopamine
hydrochloride, a small molecule with phenol group fairly similar to L-tyrosine (Figures 4.18

and 4.19).
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Add tyrosinase Add FeCl,

Figure 4.14. Photographs of L-tyrosine in presence of tyrosinase and FeCl,.
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Figure 4.15. UV-Vis absorbance spectra of L-tyrosine in presence of tyrosinase and FeCl,.
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Figure 4.16. Photographs of Fmoc-tyrosine in presence of tyrosinase and FeCl,.
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Figure 4.17. UV-Vis absorbance spectra of Fmoc-tyrosine in presence of tyrosinase and FeCl,.
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Figure 4.18. Photographs of dopamine hydrochloride in presence of tyrosinase and FeCl,.
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Figure 4.19. UV-Vis absorbance spectra of dopamine hydrochloride in the presence of

tyrosinase and FeCl,.

The solution turned to orange after 2 h in the presence of tyrosinase and to black after the
addition of FeCl,. The UV-Vis spectra also confirmed the oxidation step and the coordination
with Fe(lll). All these preliminary tests seem to suggest that the presence of Fmoc protecting

group prevents enzymatic or chemical cross-linking reactions.
4.3.5 Photo cross-linking using phenylalanine and tyrosine derivatives

As another alternative to form covalent bonds into our supramolecular hydrogels, we
studied the photo-cross-linking of phenylalanine and tyrosine derivatives, namely Fmoc-
Phe(4-azido)-OH and Fmoc-Tyr(propargyl)-OH. UV light irradiation can induce the formation
of reactive species of the aryl azide3! that will react with C-H bonds, while it can initiate
radical polymerization of alkynes.3? Alternatively, a click chemistry reaction between the
azide and alkyne groups could also be used to cross-link the amino acids through Cu(l)
catalysis or heating. In order to study the interest of photo-cross-linkable groups, we have
added 4-azido-Phe, Fmoc-4-azidophe and Fmoc-Tyr(propargyl)-OH derivatives to the
screening. Binary mixtures with Fmoc-Tyr-OH, Fmoc-Phe-OH or Fmoc-Tyr(Bzl)-OH were
made following strictly the same protocol as that used in chapter 2 Following this method
four hydrogels could be obtained with at least one of the derivatives carrying a photo-cross-

linkable group as shown in Table 4.1.
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Table 4.1. Co-assembly of L-Tyr and L-Phe derivatives in 2% DMSO/H,0 (v/v). Pink color =
Liquid; red color = Gel + gelation time in brackets.

Fmoc-

Tyr(propargyl)-
OH

Fmoc- 4-azido-
azidophe Phe

Fmoc-
Azidophe

4-a3zido-Phe

Fmoc-

Tyr(propargyl)-
OH

Fmoc-Tyr-OH

Fmoc-Phe-OH

Fmoc-Tyr(Bzl)-
OH

From these hydrogels, different tests of photo-crosslinking under UV irradiation have been
performed. The preformed gels were irradiated under a UV lamp at 254 nm and
characterized by HPLC to assess if new products formed or if one of the starting gel
components was degraded. Tests were also carried out in the liquid phase before gelation by
varying various parameters such as the type of solvent or the concentration of amino acids.
The different tests performed are presented in Table 4.2. None of the studied conditions
allowed the formation of new products formed by crosslinking of the amino acid derivatives.
Different tests including 4-azido-Phe in aqueous medium showed the degradation of the
amino acid derivatives under irradiation at 254 nm with the disappearance of their
characteristic peak by HPLC. However, in the presence of DMSO the degradation of 4-azido-
Phe did not occur. According to all these results, the cross-linking of tyrosine and
phenylalanine derivatives, in particular protected by a Fmoc group, under our reaction
conditions remains challenging. Therefore, we decided to test other approaches to improve

the mechanical stability of our supramolecular gels.
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Table 4.2. Presentation of the different tests of photo-cross-linking performed with 4-aAzido-Phe, Fmoc-L-azidophe and Fmoc-Tyr(propargyl)-

OH.

Liquid or Gel Degradation of amino New

Samples Solvent
state acid derivatives products

4-Azido-Phe 2.45 mM + Fmoc-Tyr-OH 2.45 mM H,0/2%DMSO Gel No No
4-Azido-Phe 0.1 mg-mL™* + Fmoc-Tyr-OH 4.9 mM H.0/2%DMSO Gel No No
Fmoc-Tyr(propargyl)-OH 2.45 mM + Fmoc-Tyr(Bzl)-OH 2.45 mM | H,0/2%DMSO Gel No No
Fmoc-4-azidophe 2.45 mM + Fmoc-Tyr-OH H.0/2%DMSO Gel No No
Fmoc-4-azidophe 2.45 mM + Fmoc-Tyr(Bzl)-OH H.0/2%DMSO Gel No No
4-Azido-Phe 0.01 mg-mL*! + Fmoc-Tyr-OH 4.9 mM H.0/2%DMSO Gel No No
4-Azido-Phe 0.5 mg-mL™* + Fmoc-Tyr-OH 2.45 mM H.0/2%DMSO Liquid No No
4-Azido-Phe 0.015 mg-mL™* + Fmoc-Tyr-OH 2.45 mM H20/2%DMSO Liquid No No
4-Azido-Phe 2.45 mM H.0/2%DMSO Liquid No No
4-Azido-Phe 0.015 mg-mL™* H,0 Liquid Yes No
Fmoc-Tyr-OH 0.05 mg-mL* H,0 Liquid No No
4-Azido-Phe 0.015 mg-mL™* + Fmoc-Tyr-OH 0.2 mg-mL? H,0 Liquid Yes No
4-Azido-Phe 0.015 mg-mL™* + Fmoc-Tyr-OH 0.1 mg-mL? H,0 Liquid Yes No
4-Azido-Phe 0.015 mg-mL? + L-Tyr 0.1 mg-mL? H.0 Liquid Yes No
L-Tyr 0.1 mg-mL? H.0 Liquid No No
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4.3.6 Synthesis of double network hydrogel based on amino acids and polyacrylamide

Rather than creating new covalent bonds inside the supramolecular structure, another
approach to formulate tough hydrogels is to add a polymer into the first supramolecular
network to form unique multi-component materials. We firstly tried simultaneous formation
of DN hydrogels in which the precursors of the networks are mixed and synthesized
simultaneously by independent noninterfering route using amino acids in DMSO for the first
supramolecular network and acrylamide/bis-acrylamide monomer for the second chemical
network. The chemically cross-linked polyacrylamide (PAA) network was obtained by free
radical  polymerization of acrylamide/bis-acrylamide in the presence of
tetramethylethylenediamine (TEMED) and ammonium persulfate (APS) 10 % (Figure 4.19).
Polyacrylamide gels are formed by copolymerization of acrylamide monomers, CH,=CH-
C(O)-NHg, and a cross-linking comonomer, N,N’-methylenebisacrylamide, CH,=CH-C(O)-NH-
CH>—NH-C(O)—CH=CH> (also named bisacrylamide).333* The mechanism of gel formation is a
vinyl addition polymerization and is catalyzed by a free radical-generating system composed
of APS as the initiator and an accelerator TEMED that induces the formation of free radicals
from APS and catalyzes the polymerization. As the supramolecular amino acid hydrogel
network is formed through the addition of water into the amino acids dissolved in DMSO, we
first tried the DN gel formation by addition of fresh polyacrylamide aqueous solution at the
desired concentration into the Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH (gel 1 of Chapter 2) or Fmoc-
Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2 of Chapter 2) amino acids diluted in DMSO. However, when
we directly added the polyacrylamide solution into the amino acids diluted in DMSO we
observed a rapid precipitation. The presence of polyacrylamide, TEMED and persulfate
solution was immediately disturbing the supramolecular network formation. To prevent this
phenomenon, we used a two-step dilution method. A solution of 9.8 mM amino acids in 4 %
DMSO/H,0 was directly mixed to an equal volume of concentrated polyacrylamide solution
to obtain the desired concentration of 4.9 mM amino acids in 2 % DMSO/polyacrylamide

solution (Figure 4.20).
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Figure 4.20. Polyacrylamide-based hydrogel formation.

Different final concentrations of polyacrylamide (PAA) were tested from 0.1 % to 10 % and
the gelation of the samples was confirmed by the vial inversion test. For all the
polyacrylamide concentration tested, the gel 1 was totally destructured with absence of
gelation while the gel 2 formed stable hydrogels (Figure 4.21). Polyacrylamide gels are
known to form quickly in less than 1 h for a concentration up to 4 %. We performed control
experiments with only polyacrylamide at the concentration studied (Figure 4.21). At 0.1 %
and 1 % polyacrylamide gels were not formed whereas with at 5 % and 10 % the
polyacrylamide gels were well formed and stable to the inversion test. As the extent of
swelling is inversely related to the extent of cross-linking, a concentration of 0.1 % or 1 % of
acrylamide is too low to obtain a gel state in our conditions. The supramolecular gel 2 had a
gelation time of approximatively 2 h but in presence of 1 % to 10 % acrylamide/bis-
acrylamide the gelation was longer (up to 24 h). Control samples with 5 % and 10 % single

network without amino acids formed gels quickly in approximatively 30 min. In the PAA
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gelation process, the kinetics is influenced by several factors such as the concentration of
monomers, the amount of initiator or temperature. The presence of the supramolecular
network affected the gelation kinetics of PAA by increasing the gelation time. As acrylamide
is a neurotoxic substance, further tests should be carried out to confirm the absence of

residual monomers after gelation.

Figure 4.21. Photographs of hydrogels developed with a) 0.1 % PAA, b) 1 % PAAandc) 5%
PAA. From left to right on each photograph: PAA gel, DN gel 1 + PAA and DN gel 2 + PAA.

4.3.7 Synthesis of double network hydrogel based on amino acids and agarose

Another procedure to develop DN hydrogels consists in the incorporation of a pre-formed
polymer, such as agarose, that does not require any polymerization step. Agarose gels are
easily formed by a simple heating and cooling process. Agarose is a polysaccharide
composed of D-galactose and 3,6-anhydro-L-galactopyranose forming a porous gel structure
though non-covalent interactions like hydrogen bonds and electrostatic interactions in
aqueous media. DN network hydrogels containing supramolecular amino acids and agarose
networks were easily developed using the similar two-step dilution method. The gel was
formed by mixing 1 mL of a hot agarose solution and a solution of Fmoc-Tyr-OH/Fmoc-
Tyr(Bzl)-OH (gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2) at 9.8 mM in 1 mL 4 %
DMSO/H20 and cooling them to room temperature. Different concentrations of agarose at
0.1 %, 0.5 % and 1 % were tested and all gels were stable to the inversion test (Figure 4.22).
Whereas the supramolecular gel 1 and gel 2 developed in chapter 2 were formed in 2 h, DN

hydrogels containing gel 1 or gel 2 with 0.1 % of agarose were formed more rapidly in 1 h.
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The DN hydrogels obtained with a higher agarose concentration (0.5 % and 1 %) were
formed in few seconds. Control samples with only agarose at the different concentrations
formed gels with similar kinetics in the presence or in the absence of amino acid
supramolecular network. These results indicated that the gelation time was driven by the

agarose gelation process.

Figure 4.22. Photographs of hydrogels developed with a) 0.1 % agarose, b) 0.5 % agarose
and c) 1 % agarose. From left to right on each photograph: agarose gel, DN gel 1 + agarose

and DN gel 2 + agarose.
4.3.8 Formation of hybrid DN hydrogels containing carbon nanomaterials

To develop hybrid hydrogels with carbon nanomaterials we incorporated ox-CNTs and GO at
the concentration of 0.025 wt% into the DN hydrogels. For the formation of both DN
hydrogels with PAA or agarose, the amino acids were mixed in DMSO and diluted in water
before the addition of the acrylamide/bis-acrylamide monomer or hot agarose solution
(Figure 4.20). Carbon nanomaterials were dispersed in water by sonication before addition
to the solution of amino acids (Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH for gel 1, Fmoc-Phe-
OH/Fmoc-Tyr(Bzl)-OH for gel 2) in DMSO to initiate the formation of the supramolecular
network. Fresh PAA or hot agarose solution were then mixed with the carbon nanomaterials
and amino acids in DMSO to form the DN hybrid hydrogels. The gel 1 with PAA at the
different concentrations studied were not stable in presence of carbon nanomaterials,
similarly to the native gel without carbon nanomaterials. The gel 2 with PAA at the three

concentrations were homogenous and stable in presence of both ox-CNTs or GO at the
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concentration used. The photographs of the gel 1 (unstable) and gel 2 (stable) + PAA 1 % +
carbon nanomaterials are shown in Figure 4.23. All the hybrid gels developed with agarose
at the different concentrations studied were also homogenous and stable (Figure 4.24). The
incorporation of carbon nanomaterials did not impact the stability or the gelation behavior

of the different DN agarose hydrogels made.

Figure 4.23. Photographs of the DN gels PAA 1 % with a) gel 1 and b) gel 2. From left to right:

no carbon nanomaterials, 0.025 wt% of ox-CNTs and 0.025 wt% of GO.

Figure 4.24. Photographs of the DN gels agarose 0.5 % and a) gel 1 and b) gel 2. From left to
right: no carbon nanomaterials, 0.025 wt% of ox-CNTs and 0.025 wt% of GO.

4.3.9 Incorporation of the drug baclofen

In order to study the drug release properties of the newly developed double network
hydrogels, we incorporated baclofen (Figure 4.25). This drug, also known as Lioresal®, is a

muscle relaxant that acts on the spinal cord as a GABA-B receptor agonist.3>3¢

HoN o

OH
Cl

Figure 4.25. Chemical structure of baclofen.
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It is prescribed for the muscular spasticity found in many neurological disorders such as
strokes, head injuries, spinal cord injuries, multiple sclerosis and cerebral palsy with varying
degrees. Symptoms of spasticity include muscle tightness, joint stiffness, involuntary
movements, muscle spasms and pain in the affected muscles and joints. In a severe state,
spasticity can also interfere with daily function and cause extreme discomfort or pain for
patients with urinary tract infections, risk of developing pressure ulcers or bone fractures
and luxation.3” However, orally administered baclofen suffers from poor crossing of the
blood-brain barrier and non-selective distribution in the central nervous system. Achieving
an adequate therapeutic response therefore requires high doses of 30 to 80 mg per day with
a risk of significant side effects. The only current alternative to reduce the doses is the
administration of a programmable intrathecal pump positioned in the patient spinal cord

(Figure 4.26).36-38

Figure 4.26. Scheme of baclofen pump implanted under the skin of the abdomen linked to

the spinal cord with a catheter.?®

The daily dose for an adult is then reduced to a concentration of 300 pg to 800 ug per day by

continuous injection, but this mode of administration remains very invasive. Intrathecal
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baclofen therapy can also present several complications such as catheter fracture,
dislocation or occlusion, wound complications (e.g., cerebrospinal fluid leak, fistula) or
infections.3® The development of injectable hydrogels for controlled release of baclofen
appears to be a promising new therapeutic alternative. With this objective, baclofen was
incorporated into the DN hydrogels developed at a concentration of 1.0 mg-mL™. In both
procedures, the drug was dissolved in water and mixed to the amino acids in DMSO before
the addition of the second chemical network PAA or agarose (Figure 4.20). The incorporation

of baclofen did not show any impact on the gelation kinetic or gel state.

With the development of these new DN hydrogels and the incorporation of carbon
nanomaterials and baclofen, we then analyzed their photothermal profile and drug release

properties.
4.3.10 Photothermal profile of PAA/amino acid DN hydrogels

The photothermal response of PAA/gel 2 hydrogels were investigated using NIR irradiation
at 808 nm under 2 W-cm™ for 10 min. For the three PAA concentrations the hybrid DN
PAA/gel 2 hydrogels showed similar behavior to gel 2 + ox-CNTs and GO with shrinkage after
NIR light irradiation (see part 2.3.10.2). The temperature increases were lower than the one
observed for the supramolecular hydrogels alone (Figure 4.27). The highest increases of
temperature were around 44.3 °C and 44.2 °C obtained for the hybrid gels in presence ox-
CNTs with 1 % and 5 % of PAA, respectively. The lowest increase was obtained for the hybrid
gels in presence of GO + 1 % PAA with an increase of 37.5 °C and GO + PAA 10 % with an
increase of 38.6 °C, which is still largely sufficient. This can be due to the less well-dispersed
GO in the gel matrix because of its shape compared to the ox-CNTs as previously observed
for the supramolecular gel 1 and 2. The photothermal response of blank PAA hydrogels and
PAA/supramolecular DN hydrogels without carbon nanomaterials were also monitored
under similar conditions as controls showing a negligible temperature rise. The change in
temperature with PAA at 1 %, 5 % or 10 % was very low with an increase of 5.7 °C, 2.6 °C and
3.7 °C, respectively. For the DN PAA/gel 2 without carbon nanomaterials, the temperature
increase was slightly higher reaching 7.5 °C, 4.3 °C and 4.2 °C with 1 %, 5 % and 10 % PAA

respectively. The blank samples stayed intact with no water release after irradiation.
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Figure 4.27. Temperature increase of PAA samples, PAA/gel 2 DN hydrogels and hybrid
hydrogels with ox-CNTs and GO when exposed to a NIR laser (at 808 nm, under 2 W-cm™) as

a function of the laser irradiation time.
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4.3.11 Water and drug release from PAA/amino acid DN hydrogels

In the presence of carbon nanomaterials, we observed a high amount of water and drug
released for the three concentrations (Figure 4.28). The highest release of water was
obtained for the DN PAA 1 %/gel 2 network with 64 % and 62.6 % of water released in the
presence of ox-CNTs and GO, respectively, probably due to the low cross-linking extent at

this concentration of acrylamide/bis-acrylamide monomers.
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Figure 4.28. Release of water (left, n=3) and baclofen (right, n=3) from the hybrid DN gels

containing PAA under NIR light irradiation.

The quantity of water released was reduced with the increase of PAA concentration: 42 %
(0x-CNTs) and 48 % (GO) with PAA 5 %, 39.6 % (0ox-CNTs) and 45% (GO) with PAA 10 %. The
increase in the amount of polyacrylamide in the DN led to an increase in the gel stability

during heating under NIR light irradiation reducing the amount of water released. The
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amount of released baclofen was assessed by HPLC and calculated from the calibration curve
of baclofen obtained with varying concentrations (0.2 — 1 mg-mL?) at 220 nm. The drug
release was estimated from the total drug loaded. Surprisingly, the quantity of drug released
was similar for the three concentrations of PAA and the two different types of carbon
nanomaterials added: 43.8 % obtained for DN PAA 5 %/gel 2 with ox-CNTs and 58.7 %
obtained for DN PAA 1 %/gel 2 with ox-CNTs. The quantity of baclofen released from 1 mL
samples hydrogels is in the range of the daily dose needed for an adult (300-800 pg per day)
by pump injection. By varying the quantity of polyacrylamide in the double network, it is
therefore possible to modify the stability of the gel while maintaining adequate release

properties.
4.3.12 Photothermal profile of agarose/amino acid DN hydrogels

The photothermal properties of the agarose gels and agarose/supramolecular DN hydrogels
in presence and in absence of carbon nanomaterials were investigated under NIR irradiation
following the same procedure (Figure 4.29). The highest increases of temperature were
obtained for the three concentrations with the DN agarose/gel 2 in presence of GO: 46.6 °C,
49.4 °C, and 47.5 °C with 0.1 %, 0.25 % and 0.5 % of agarose, respectively. In presence of
0.5 % agarose, the lowest temperature increase was measured for the DN agarose 0.5 %/gel
1 + GO (33.6 °C). With a lower concentration of agarose (0.1 % and 0.25 %), the lowest
temperature increases were measured for the gels without supramolecular network
containing GO (39.3 °C for 0.1 % and 38 °C for 0.25 %). Similarly to the results obtained in
presence of PAA, the lowest increase of temperature obtained in presence of GO can be due
to its limited dispersibility in the gel matrix compared to ox-CNTs. In absence of carbon
nanomaterials, the photothermal behavior of the blank agarose gels and DN was very low (<
10 °C) after 10 min irradiation, as expected. However, the blank DN hydrogels showed a
lower increase (3.9 °C for gel 2 + agarose 0.25 % and 6.6 °C for gel 1 + agarose 0.5 %) than
the pure agarose gels with an increase of 7 °C (0.1 %), 7.2 °C (0.25 %) and 8.4 °C (0.5 %). Here
also, the DN slightly reduced the temperature increase, but the temperatures reached are
still sufficient for our application. Here also, the gels in absence of carbon nanomaterials

stayed totally intact after 10 min NIR irradiation with the absence of water release.
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Figure 4.29. Temperature increase of agarose hydrogels (n=3), agarose/gel 2 DN hydrogels
(n=3) and hybrid hydrogels with ox-CNTs and GO (n=3) when exposed to a NIR laser (at 808

nm, under 2 W-cm) as a function of the laser irradiation time.
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4.3.13 Water and drug release of agarose/amino acid DN hydrogels

Upon NIR irradiation the DN agarose/supramolecular hybrid gel containing carbon
nanomaterials showed a destructuration of the gel matrix. The quantity of water and drug
released decreased with an increase of the agarose percentage (Figure 4.30). With 0.1 % of
agarose we measured a released water amount from 48 % (agarose/gel 2 + ox-CNTs) to 75 %
(agarose/gel 1 + ox-CNTs). In contrast, the maximum amount of water released was 35 %
with 0.25 % of agarose (agarose 0.25 %/gel 1 + ox-CNTs) and 6.7 % with 0.5 % of agarose
(agarose/gel 1 + ox-CNTs). The amount of baclofen released assessed by HPLC was
proportional to the water released quantity for the three agarose concentrations. We
measured the highest drug released amount with DN agarose 0.1 %/gel 1 hybrid hydrogels
with 73.5 % with ox-CNTs and 57.4 % with GO. The DN agarose 0.1 %/gel 2 hybrid hydrogels
also presented a high amount of baclofen released with 52.9 % with GO and 48.1 % with ox-
CNTs. By increasing the agarose concentration to 0.25 %, the release was reduced to values
between 10.6 % (agarose 0.25 %/gel 2 + ox-CNTs) to 35 % (for agarose 0.25 %/gel 1 + GO).
With the highest agarose concentration of 0.5 %, the quantity of baclofen released was less
than 6.6 % (agarose 0.5 %/gel 1 + ox-CNTs). Control experiments were performed on the
agarose gels with carbon nanomaterials but without the amino acid supramolecular
network. With 0.1 % agarose the gels in presence of ox-CNTs and GO became totally liquid
after the irradiation but formed again a gel upon cooling. With 0.25 % and 0.5 % of agarose
the gels lost a low amount of water during the irradiation (less than 10 %) but they totally

reformed a gel after cooling.
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Figure 4.30. Release of water (left, n=3) and b) baclofen (right, n=3) from the hybrid DN gels

containing agarose under NIR light irradiation.

The amount of drug released from the DN hydrogels was influenced by the quantity of
agarose or PAA, the nature of the amino acids and the type of carbon nanomaterials present
into the hydrogels. Among all the different PAA concentrations studied, we observed a high
amount of drug released from approximatively 40 % to 60 %. In contrast, by slightly

modulating the agarose concentration (from 0.1 % to 0.5 %) we were able to control the
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drug release from less than 10 % to more than 50 %. In both cases, the concentration of
baclofen released would be sufficient regarding the quantity needed per day. These
observations make it possible to envisage the use of these gels, in particular double network
agarose-based gels, as drug delivery devices that can be better adapted to specific patient
dosage. With this purpose, the double network hydrogels containing baclofen will probably
be tested into spasticity murine model in collaboration with the group of the Professor Luc
Dupuis in Strasbourg (INSERM U 1118). In order to characterize the mechanical properties of
the DN hydrogels, rheological studies were performed in collaboration with Dr. Maria Elena
Valle Medina from iCube (Strasbourg) but the apparatus was not appropriate for the study

of our gels.
4.4 Conclusion

In this work, a series of cross-linking protocols were tested on different tyrosine derivatives
in order to apply the procedure to the cross-linking of gel 1 and gel 2. HRP was used as an
enzyme catalyst to induce the polymerization of tyrosine derivatives in water. Fe(lll) and
Cu(ll) were used to form complexes through metal-ligand coordination. Oxidative cross-
linking procedure were also tried with Fremy’s salt and tyrosinase. The reactions were
followed by UV-Vis spectroscopy, fluorescence spectroscopy and HPLC. All these tests
suggested that the presence of a protecting group such as the Fmoc moiety prevents
enzymatic or chemical cross-linking reactions. However, additional analyses should be
performed to characterize some by-products formed in some conditions. Additionally,
understanding the influence of various parameters such as concentration, temperature,
reaction time, on the reactions may be helpful. The photo-cross-linking of phenylalanine and
tyrosine derivatives was also studied. Different tests including 4-azido-phenylalanine carried
out in water showed the degradation of this derivative under irradiation at 254 nm but none
of the conditions studied revealed the appearance of new cross-linking products. Several
other methods could be tried as the use of other enzymes like laccase or papain, or HRP
mimetics like hematin or Fe-salen. Incorporating Fmoc-Phe-(NH)-OH as hydrogelators would
allowusing genipin or glutaraldehyde as cross-linking reagent as they are highly reactive with
amine groups. As already demonstrated in literature, ruthenium catalyst, or riboflavin as a
more biocompatible alternative, could also be tested for the photo-cross-linking of tyrosine

derivatives through the generation of highly reactive radicals.
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Alternatively, we designed two novel polymer/supramolecular double network hydrogels
with polyacrylamide or agarose. Oxidized carbon nanomaterials were added to the DN
hydrogels to study the drug release properties under NIR irradiation with the aim of
developing new advanced controlled drug delivery systems. The formation of a polymer
network in the supramolecular systems increased the mechanical properties by reducing the
amount of water released under NIR light irradiation while allowing effective drug release.
The quantity of drugs released were modulated according to the amount of polymer added
to the system. The polyacrylamide DN hydrogels with a concentration of 5 % and 10 %
displayed good stability and a baclofen release rate corresponding to current daily needed
dose. For agarose DN hydrogels, the lowest agarose concentrations of 0.1 % and 0.25 %
showed very good stability and drug release under irradiation. A higher concentration of 0.5
% gave too robust hydrogels and drastically reduced the amount of drug released. We
anticipate that these new classes of DN hydrogels can find applications in the development

of new treatment for spasticity to complement or replace current treatment methods.

Additional analysis by UV-Vis and thermogravimetric analysis could be performed on the DN
hydrogels developed to further characterize the polymer formation and stability.
Complementary tests followed by HPLC and LC-MS should be done to confirm the absence of
residual neurotoxic acrylamide monomers into the gel matrix. The mechanical properties
should also be studied by rheology. We will study the morphology of the DN hydrogels by
electron microscopy and perform circular dichroism to determine if the presence of
polyacrylamide or agarose has an influence on the amino acid self-assembly. Finally, we will

also analyze the stability of the gels under physiological conditions.
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CHAPTER 5. CONCLUSION AND PERSPECTIVES

5.1 Conclusion

In this work, the development of new types of hybrid hydrogels made of aromatic amino
acids and di-peptides in combination with carbon nanomaterials have been performed to

develop new drug delivery systems.

Two stable gels made of a binary mixture of Fmoc-Y-OH/Fmoc-Y(Bzl)-OH and Fmoc-F-
OH/Fmoc-Y(BzI)-OH were investigated in detail. By circular dichroism and molecular
dynamics simulations we highlighted the key role of m-m interactions between aromatic
groups that drive the self-assembly process leading to hydrogel formation. Oxidized CNTs
and GO were incorporated in these hydrogels to induce drug release using NIR light
irradiation. The physical and structural properties of the gels were studied by different
microscopic techniques and by rheology. During hydrogelation, the amino acids organized
into fibrils and we observed a homogenous dispersion of oxidized carbon nanomaterials into
the hydrogel matrix. Oxidized carbon nanotubes (ox-CNTs) and graphene oxide (GO) showed
good interfacing with the fibrils. The ox-CNTs had an impact on the hydrogelation kinetics by
accelerating the gelation. The temperature of the hydrogels was increased by the heat
generated by the carbon nanomaterials upon NIR light irradiation. The type of selected drug
model appeared to be an important parameter for the drug loading and release properties.
Indeed, aromatic molecules remained trapped in the gel structures limiting the drug release
over time. On the contrary, L-ascorbic acid was loaded in a high quantity and was released
very efficiently after only 10 min of NIR light irradiation thanks to the temperature increase

induced by the carbon nanomaterials leading to gel destabilization.

We also investigated the self-assembly in water and the formation of hydrogels using di-
peptides, in particular Boc-diphenylalanine and Boc-dityrosine and their B and vy
homologues. Several hydrogelation protocols were studied by modifying different
parameters such as temperature, pH or concentration. Transmission electron microscopy
showed that the three Boc-dityrosine peptides formed aggregates in water. They were not
able to form hydrogels in all the conditions tested. In contrast, Boc-diphenylalanine peptides
self-organized in nanospheres (Boc-a-Phe-a-Phe-OH) or nanofibers (Boc-B-Phe-B-Phe-OH

and Boc-y-Phe-y-Phe-OH) in water and the three homologues formed hydrogels using a pH-
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switch protocol. The hydrogels were characterized by electron microscopy and circular
dichroism spectroscopy. Fibrillar structures were observed in the gel state for the three Boc-
diphenylalanine peptides. Carbon nanomaterials (ox-CNTs or GO) and L-ascorbic acid were
incorporated into the hydrogels. Boc-y-Phe-y-Phe-OH containing carbon nanotubes was
destabilized when incorporating the drug, whereas the other gels were stable in presence of
the carbon nanomaterials and the drug. L-ascorbic acid was released at high concentration
due to the destabilization of the gel structure caused by the photothermal effect of the
carbon nanomaterials. We performed preliminary toxicity tests on human skin in view of
topical applications showing no apparent negative effects on the epidermis with no
difference between the epidermis of the skin in absence of the dipeptide hydrogels and the

epidermis of the skin in presence of the gels.

To design more robust hydrogels from supramolecular gel 1 and gel 2, we tried to create
covalent bonds within tyrosine derivatives to form dityrosine and potentially poly-tyrosine
products. The different procedures tried on tyrosine derivatives suggested that the presence
of a protective group such as the Fmoc moiety prevents enzymatic or chemical cross-linking
reactions. As alternative, new supramolecular hydrogels were explored containing photo-
cross-linkable phenylalanine or tyrosine derivatives. Different protocols of UV irradiation
were performed in the gel states and in solution, but none of the conditions studied
revealed the appearance of new products obtained by photo-cross-linking. As the cross-
linking strategy appeared more challenging than expected, we decided to test the
incorporation of a polymer into our supramolecular systems. Novel double network (DN)
hydrogels were successfully designed by incorporating polyacrylamide or agarose at
different concentrations into the supramolecular gels Fmoc-Y-OH/Fmoc-Y(Bzl)-OH (gel 1) and
Fmoc-F-OH/Fmoc-(Bzl)-OH (gel 2). Carbon nanomaterials and baclofen, a drug used in the
treatment of spasticity in the case of multiple sclerosis for instance, were loaded into the
gels. In comparison to the supramolecular gels 1 and 2, DN hydrogels showed improved
mechanical properties. Due to the presence of polyacrylamide or agarose, the amount of
water released was reduced under NIR light irradiation while allowing effective drug release.
The quantity of released drug was modulated by the amount of polymer added to the
system. These new classes of DN hydrogels could find applications in the development of

new treatment for spasticity to complement or replace current treatment methods.
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5.2 Perspectives

After the promising results obtained with the development of diphenylalanine hydrogels,
some computational studies could be performed to give additional information about the
self-assembly behavior such as the number and the nature of the interactions involved in the

fibrillar formation with the Boc-diphenylalanine homologues.

Regarding the cross-linking of gel 1 and gel 2, other methods can be tried such as the use of
HRP mimetics like hematin or Fe-salen. We can also explore the cross-linking of gels
containing Fmoc-Phe-(NH;)-OH using amino-reactive cross-linkers including genipin and
glutaraldehyde. We will study the morphology of the DN hydrogels by electron microscopy
and perform circular dichroism to determine if the presence of polyacrylamide or agarose
has an influence on the amino acid self-assembly behavior. The mechanical properties will
be studied by rheology. We will also analyze the stability of the gels under physiological
conditions. The double network hydrogels containing baclofen may be tested into spasticity

murine model of amyotrophic lateral sclerosis.

Finally, to consider their use as subcutaneous drug delivery systems, the behavior of the
different gels will be tested via syringe injection. For topical applications, we will investigate
the potential toxicity of the different hydrogels on human skin. We will also quantify the
sensitizing or irritating potential of our gels by measuring the presence or absence of TNF-a

released in the culture medium.
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CHAPTER 6. EXPERIMENTAL SECTION

6.1 Materials and Methods
6.1.1 Amino acids

The amino acids L-tyrosine, L-histidine, L-tryptophan, Fmoc-Tyr(tBu)-OH, H-Tyr(Bzl)-OBzl-HCl,
Z-Tyr-OMe, and Fmoc-Trp-OH were purchased from Sigma-Aldrich, and L-phenylalanine from
Neo-MPS, respectively. H-Tyr-OBzl, Fmoc-Tyr(Bzl)-OH, and Z-Tyr(Bzl)-OH were acquired from
Bachem, and Fmoc-Phe-OH, Fmoc-Tyr-OH, and Fmoc-His-OH from PolyPeptide Group. 4-
azido-L-phenylalanine, Fmoc-4-azido-phenylalanine and Fmoc-Tyr(propargyl)-OH were

purchased from Combi-block.
6.1.2 Dipeptides

The dipeptides Boc-a-Phe-a-Phe-OH, Boc-B-Phe-B-Phe-OH and Boc-y-Phe-y-Phe-OH were
synthesized by Dr. Dinesh Bhimareddy, post-doctoral fellow in the group. The dityrosine
derivatives Boc-a-Tyr-a-Tyr-OH, Boc-B-Tyr-B-Tyr-OH and Boc-y-Tyr-y-Tyr-OH  were

synthesized by Dr. Olivier Chaloin, research engineer in the research unit.
6.1.3 Carbon nanomaterials

The pristine multi-walled CNTs (20-30 nm diameter, 0.5-2 um length, 95% purity; batch
1240XH) were purchased from Nanostructured and Amorphous Materials. These CNTs were
oxidized by Dr. B. Dinesh and Rym Soltani, PhD student in the group, following the protocol

we reported in a previous work.? GO was obtained from Grupo Antolin.
6.1.4 Chemicals and solvents

L-ascorbic acid, methylene blue, rhodamine B and baclofen was purchased from Sigma-
Aldrich. Solvents such as DMSO, HCI, NaOH, HFIP and MeOH were used as analytical grade.
RPMI-1640 Medium and Dulbecco's Modified Eagle Medium were purchased from Sigma-
Aldrich and Lonza, respectively, and fetal bovine serum from Dominique Dutscher. Basic
Agarose  Premier MP Biomedicals was acquired from Fischer Scientist.
Acrylamide/Bisacrylamide (40%), Tetramethylethylenediamine (TEMED) and ammonium
persulfate (APS) were purchased from Euromedex (ref EU0062-B), Roth (2367.1) and Merck
(ref A3678-100G) respectively. Paraformaldehyde aqueous solution was acquired from
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Electron Microscopy Sciences (15710), Triton 100 X detergent from Bio-rad (1610407),
Fixation/Permeabilization Solution Kit (RUO), BD Cytofix/Cytoperm™ from BD Biosciences
(554714), PBS 1X from Lonza (BE17-516F/12) and Fluoromount-G® mounting medium from
Electron Microscopy Sciences, Hatfield, PA. The antibodies were purchased from BD

Biosciences.

6.1.5 Characterization methods and instruments

a. Sonication

Sonication was performed in an ultrasonic bath Elmasonic P (100 W, 37 kHz).

b. High performance liquid chromatography

HPLC was performed using a Nucleosil 100-5 Waters Cis reverse phase HPLC column and a
Waters Alliance 2695 separation module. The column was used with 1.2 mL-min-! flow rate

of a gradient from 0 to 100% of B (A = H,0/0.1% TFA; B = CH3CN/0.08% TFA) for 20 min.

C. UV-Vis-NIR spectroscopy

UV-Vis-NIR spectra were recorded using a Varian Cary 5000 spectrophotometer, using 1 cm

path quartz glass cuvettes.

d. Transmission electron microscopy

TEM analysis was performed with a Hitachi 7500 transmission electron microscope (Hitachi
High Technologies Corporation, Tokyo, Japan) with an accelerative voltage of 80 kV equipped
with an AMT Hamamatsu digital camera (Hamamatsu Photonics, Hamamatsu City, Japan). To
prepare the TEM grids, 10 uL of each hydrogel or self-assembly tests were deposited onto a
carbon-coated copper grid (Formvar/Carbon 300 Mesh; Cu from Delta Microscopies). The
grids were allowed to dry under ambient condition. The observations were performed by
Cathy Royer “Plateforme Imagerie in vitro” at the Center of Neurochemistry (INCI,

Strasbourg, France).

e. Scanning electron microscopy

SEM analysis was performed on a SEM S-800 (Hitachi High Technologies Corporation, Tokyo,

Japan) with an accelerative voltage of 5 kV. The samples were placed onto glass slides and
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then allowed to stand for 1 h, after which the excess sample was removed with a filter
paper. Samples were metallized by sputtering with Au/Pt (SCD030 BALZERS). The
observations were performed by Cathy Royer “Plateforme Imagerie in vitro” at the Center of

Neurochemistry (INCI, Strasbourg, France).

f. Circular dichroism

The binary mixture of amino acids in 2 % DMSO/H20 (v/v) were prepared and after
sonication the solutions were directly transferred into a 0.05 mm path length quartz cuvette.
The dipeptides gels were formed using the pH-switch method and after HCl addition,
samples were transferred into a 0.05 mm path length quartz cuvette. CD spectra were
recorded on a JASCO J-810 spectropolarimeter at room temperature from 350-190 nm with

1.0 nm step, a scanning speed of 100 nm/min and 1 s integration time.

g. Rheological study

Rheological properties were investigated by D. Collin at the Institut Charles Sadron (ICS,
Strasbourg, France) using a controlled-stress rheometer (Haake, Mars Ill) working in
oscillatory mode. The measuring cell used was concentric cylinders (Couette cell type). For
the rheological study, the same protocol was followed for the sample preparation and for
the shear measurements. Once prepared, the sample still in its liquid state, was introduced
in the Couette cell and measurements of the complex shear modulus were performed over
time to follow the evolution of the shear response from the liquid state to the gel state. The
frequency f and the stress to the sample applied o were 1 Hz and 0.2 Pa, respectively. After
20 h, these measurements were followed by shear measurements performed as a function

of frequency. All the measurements were carried out at room temperature (20°C).

h. Computational analysis

Computational methods

The binary mixtures have been simulated by classical MD simulations using the AMBER16
software,? in which the potential energy U is empirically represented by a sum of bond,
angle and dihedral deformations and by pair wise additive 1-6-12 (electrostatic + van der

Waals) interactions between non-bonded atoms:
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Cross terms in van der Waals interactions were constructed using the Lorentz-Berthelot
rules. Water was represented with the TIP3P model3 and DMSO by the model developed by
Fox and Kollman.* Fmoc molecules were represented with the parameters from AMBER99
force field and RESP charges. The 1-4 van der Waals and 1-4 coulombic interactions were
scaled down by 2.0 and 1.2, respectively. The solutions were simulated with 3D-periodic
boundary conditions, using an atom-based cutoff of 12 A for non-bonded interactions, and
correcting for the long-range electrostatics by using the Ewald summation method. The MD
simulations were performed at 300 K starting with random velocities. The temperature was
monitored via a coupling to a thermal bath using the Berendsen algorithm® with a relaxation
time of 0.2 ps. In the (NPT) simulations, the pressure was similarly coupled to a barostat with
a relaxation time of 0.2 ps. A time step of 2 fs was used to integrate the equations of motion
via the Verlet leapfrog algorithm. For each system, a “random” mixture of the two amino
acids was prepared in a box of water:DMSO 98:2. After 1000 steps of energy minimization,
0.25 ns of dynamics were performed with ions in order to allow the solvent to relax around
the solute. This was followed by a dynamics of 0.25 ns at constant volume and of 1 ns at a
constant pressure of 1 atm. The evolution of the mixture was then followed for 50 to 300 ns

of dynamics (NVT ensemble).

Analysis of the results

The trajectories were analyzed using our MD simulations software.® Snapshots were drawn

with the VMD software.’
6.2 Experimental section
6.2.1 Self-assembly

The samples were dissolved in MilliQ® water or in MeOH at a concentration of 0.5 mg.mL™.
Samples were sonicated 10 sec into an ultrasonic bath and left for 1 h before deposition of

10 pL on a TEM grid, followed by evaporation of the drop at room temperature.
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6.2.2 Gelation

a. Gelation test using solvent-triggered method with amino acids

Each monomer was dissolved in DMSO to make stock solutions of 247 mM. Single amino
acid solutions were prepared by dilution of the amino acids from the stock solutions in
MilliQ® water to reach a concentration of 4.9 mM in 2 % DMSO/H,0 (v/v). Binary mixtures
were prepared by mixing each amino acid from the stock solutions in a 1:1 ratio followed by
dilution in MilliQ® water to a final concentration of 4.9 mM (2.45 mM of each amino acid) in
2 % DMSO/H,0 (v/v). After dilution each sample was sonicated in a water bath for 10 sec
and left under ambient conditions. The gelation of the samples was confirmed by the vial
inversion test by turning the vials upside down to observe whether the hydrogel is stable or

not.

b. Gelation test using the solvent-triggered method with di-peptides

The dipeptide Boc-a-Phe-a-Phe-OH, Boc-B-Phe-B-Phe-OH or Boc-y-Phe-y-Phe-OH was
dissolved in organic solvent (DMSO, HFIP or MeOH) at a concentration of 247 mM via 10 sec
sonication to help the dissolution process. Then, the solution was diluted using MilliQ® water
to reach a final concentration of 2.45, 4.9 or 9.8 mM in 2 % organic solvent/water (v/v), or
10 % organic solvent/water (v/v) and left under ambient conditions. The gelation of the

samples was confirmed by the vial inversion test to observe if the hydrogel was stable.

C. Gelation test using the pH-switch method with dipeptides

The dipeptide was dissolved in a solution of 10 mM NaOH to reach a final concentration of
4.9 mM. Stirring and sonication were used to help the dissolution process. To turn the
solution transparent to opaque, the minimum amount of HCl 0.5 M was added, 1 % (v/v) for
Boc-a-Phe-a-Phe-OH and Boc-y-Phe-y-Phe-OH and 7 % (v/v) for Boc-B-Phe-B-Phe-OH. After
gentle stirring, the samples were left under ambient conditions. The gelation was confirmed

by the vial inversion test to observe if the gel was stable.
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d. Double network hydrogel polyacrylamide/amino acid synthesis

Blank polyacrylamide hydrogels were prepared using acrylamide as the main monomer,
bisacrylamide as the cross-linker, ammonium persulfate as the initiator and TEMED as
catalyst. A precalculated volume of acrylamide/bisacrylamide (40%) were dissolved in
MilliQ® water and vortexed to obtain the desired final concentration. APS was added to the
solution and vortexed for a few seconds to homogenize the solution. TEMED was finally

added to the solution before vortexing to initiate the polymerization.

The volume of acrylamide/bisacrylamide stock solution (40%) required in order to obtain the

desired gel concentration (<40%) can be calculated as follow:

Veor

40 %4

V=0C X

Where ¥ is the required volume of 40 % stock solution, C is the desired concentration and

... the total desired volume.

The amounts of each product are presented in the table below:

Final concentration in percentage 0.1% 0.5% 1% 10%
Acrylamide/Bisacrylamide 40 % (mL) 0.025 0.125 0.25 2.5
milliQ® water (mL) 9.975 9.875 9.75 7.5
10 % APS (pL) 50 50 50 50
TEMED (pL) 5 5 5 5
Total volume (mL) 10 10 10 10

The PAA/amino acid supramolecular hydrogels were formed by mixing 1 mL of a fresh
solution of polyacrylamide and a solution of Fmoc-Y-OH/Fmoc-Y(Bzl)-OH or Fmoc-F-
OH/Fmoc-Y(BzI)-OH (4.9/4.9 mM) in 1 mL 4 % DMSO/H,0 (v/v) The full solution was gently

homogenized and let under ambient conditions for hydrogelation.

e. Double network hydrogel agarose/amino acid synthesis

Blank agarose hydrogel 0.1% was obtained by heating a solution of 1 mg of agarose into 1
mL of MilliQ® water until obtaining a limpid solution and then cooling the mixture to room
temperature to induce the hydrogelation. Same procedures were used with the different
concentrations studied.
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The agarose/amino acid supramolecular hydrogels were formed by mixing a hot solution of
agarose in 1 mL of MilliQ® water and a hot solution of Fmoc-Y-OH/Fmoc-Y(Bzl)-OH or Fmoc-
F-OH/Fmoc-Y(Bzl)-OH (4.9/4.9 mM) in 1 mL 4 % DMSO/H,0 (v/v) and cooling the mixture to

room temperature.

f. Gelation tests using phenylalanine derivatives for photo cross-linking procedures

Fmoc-Tyr(propargyl)-OH, Fmoc-4-azido-phenylalanine, 4-L-azido-phenylalanine, Fmoc-Tyr-
OH, Fmoc-Phe-OH and Fmoc-Tyr(Bzl)-OH were dissolved in DMSO to make stock solutions of
247 mM. Binary mixtures were prepared by mixing each monomer from the stock solutions
in a 1:1 ratio followed by dilution in MilliQ® water to a final concentration of 4.9 mM (2.45
mM of each monomer) in 2 % DMSO/H,0 (v/v). After dilution, each sample was sonicated in
a water bath for 10 sec and left under ambient conditions. The gelation of the samples was
confirmed by the vial inversion test by turning the vials upside down to observe whether the

hydrogel is stable or not.
6.2.3 Incorporation of carbon nanomaterials

a. Amino acid hydrogels

The pristine CNTs, ox-CNTs, or GO were dispersed in MilliQ® water at three different
concentrations: 255 pg-mL™ (0.025 wt%), 1.26 mg-mL™* (0.1 wt%), and 6.3 mg-mL? (0.5 wt%).
The suspensions were added to the amino acid solution of gel 1 or gel 2 in DMSO (247 mM)
to reach a final concentration of monomer of 49 mM in 2 % DMSO/H;0 (v/v).
The suspensions were sonicated for 10 sec in a water bath and left under ambient

conditions.

b. Dipeptide hydrogels

GO and ox-CNTs were incorporated in the hydrogels prepared using the pH-switch method.
Before the addition of HCl, 100 pg of ox-CNTs or GO powder were dispersed in the basic
dipeptide solution of 400 uL by sonication in a water bath for 10 and 3 min, respectively
(final concentration of carbon nanomaterials was 255 pg-mL). The gelation in presence of
carbon nanomaterials was performed as previously described by the acidification of the

basic dipeptide solution.
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C. Double network hydrogels

GO and ox-CNTs were first dispersed in MilliQ® water at a 255 ug-mL? by sonication in a
water bath and added to the amino acid solution of gel 1 or gel 2 in DMSO to reach a final
concentration of monomer of 4.9/4.9 mM in 1 mL 4 % DMSO/H-0. A volume of 1 mL of a
fresh acrylamide solution or hot agarose solution was mixed with the fresh amino acid
supramolecular solution containing carbon nanomaterials and left under ambient condition

for hydrogelation.
6.2.4 Drug loading

a. Amino acid hydrogels

To prepare the methylene blue-loaded hydrogels, the amino acid solutions of Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH (gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2) in DMSO were
diluted in a solution of methylene blue in MilliQ® water at different concentrations from 30
pg-mL? to 300 pg-mL?. The stability of the gels was tested by the vial inversion procedure.
The hybrid gels were obtained by dispersing the ox-CNTs or GO at a concentration of 255
pg-mL? (0.025 wt%) in a solution of methylene blue in MilliQ® water (0.1 mg-mL™?). After
sonication for 10 min in a water bath, the amino acid solution in DMSO was added. The

suspensions were sonicated for 10 sec in a water bath and left under ambient conditions.

To prepare the rhodamine B base-loaded hydrogels, the amino acid solutions of Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH (gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2) in DMSO were
diluted in a solution of rhodamine B base in MilliQ® water at different concentrations from 1
mg.mL! to 1.5 mg-mL™. The stability of the gels was tested by the vial inversion procedure.
The hybrid gels were obtained by dispersing the ox-CNTs or GO at a concentration of 255
pug-mL? (0.025 wt%) in a solution of methylene blue in MilliQ® water (1 mg-mL?). After
sonication for 10 min in a water bath, the amino acid solution in DMSO was added. The

suspensions were sonicated for 10 sec in a water bath and left under ambient conditions.

To prepare the L-ascorbic acid-loaded hydrogels, the amino acid solutions of Fmoc-Tyr-
OH/Fmoc-Tyr(Bzl)-OH (gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2) in DMSO were
diluted in a solution of L-ascorbic acid in MilliQ® water (0.7 mg-mL?). The hybrid gels were

obtained by dispersing the ox-CNTs or GO at a concentration of 255 pg-mL™ (0.025 wt%) in a
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solution of L-ascorbic acid in MilliQ® water (0.7 mg-mL?). After sonication for 10 min in a
water bath, the amino acid solution in DMSO was added. The suspensions were sonicated

for 10 sec in a water bath and left under ambient conditions.

b. Dipeptide hydrogels

The Boc-diphenylalanine homologues were dissolved in 10 mM NaOH at a final
concentration of 4.9 mM. Stirring and sonication helped the dissolution process. Then, ox-
CNTs or GO were incorporated into the gels and dispersed thanks to sonication (final
concentration of the nanomaterials: 0.025 wt%). L-ascorbic acid was finally incorporated at a

final concentration of 0.7 mg-mL™* and HCl 0.5 M was added to trigger the gelation.

C. Double network hydrogels

Baclofen was dissolved in MilliQ® water at an initial concentration of 2 mg-mL™?. GO and ox-
CNTs were dispersed in the baclofen aqueous solution at a concentration of 255 pg-mL* and
added to the amino acid solution of gel 1 or gel 2 in DMSO to reach a final concentration of
monomer of 4.9/4.9 mM in 1 mL 4 % DMSO/H,0. A volume of 1 mL of a fresh acrylamide
solution or hot agarose solution were mixed with the fresh amino acid supramolecular
solution containing the carbon nanomaterials and baclofen and left under ambient condition

for hydrogelation.
6.2.5 Cross-linking

a. Cross-linking of L-tyrosine with HRP followed by UV-Vis spectroscopy

1.065 g of ammonium acetate was diluted in 250 mL of MilliQ® (50 mM) water. The pH was
adjusted to 8.7 using an aqueous solution of NaOH. An amount of 25 mg of L-tyrosine (0.5
mM) was dissolved in the buffer solution which was left to stand for 1 h under agitation. 6
mg of HRP were added (final concentration of 0.5 uM). The reaction was initiated by the
addition of 53.5 pL (2 mM) of hydrogen peroxide (H202 35 wt%). The reaction was monitored

by UV/Vis spectroscopy every hour for 4 hours.
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b. Cross-linking _of L-tyrosine _and tyrosine derivatives with HRP_followed by

fluorescence spectroscopy

Stock solutions of 2.47 mM of L-tyrosine in water, 1 mM of HRP and 2.5 mM of H,0; were
prepared in water, kept on ice, and protected from light. 10 uL of HRP were added to 990 plL
of L-tyrosine in a 1 cm quartz cuvette to keep the final concentration of L-tyrosine at 2.45
mM. To test the influence of H;0, concentration, 2 puL of the hydrogen peroxide stock
solution were added by successive additions every 5 or 10 min from 0 to 40 pL with mixing.
The emission spectra were recorded with Aex = 260 nm and Aem = [270-500] nm for L-tyrosine
and Aex = 325 nm and Aem = [350-580] nm for dityrosine at 350 V within a few sec to 1 min
after the addition of hydrogen peroxide. Similar procedures were used with Fmoc-tyrosine,
N-acetyl-L-tyrosine, and O-tert-butyl-L-tyrosine with a unique addition of 2 puL H,0; (5 uM).
The emission spectra were recorded with Aex = 300 nm and Aem = [310-550] nm for the
tyrosine derivatives and Aex = 325 nm and Aem = [350-580] nm for dityrosine at 350 V within a

few sec to 1 min after the addition of hydrogen peroxide.

C. Cross-linking of L-tyrosine and Fmoc-tyrosine with HRP followed by HPLC

HPLC chromatograms of L-tyrosine (tr = 4.65 min), L-tyrosine + 0.1 mM of HRP, L-tyrosine +
0.1 mM of HRP + 5 uM of H;0; in water and Fmoc-tyrosine (tr = 13.25 min), Fmoc-tyrosine +
0.1 mM HRP + 5 uM of H,0; in water were record at 220 nm using a 0-100 gradient on Cig

column with 10 pL injection.

d. Cross-linking of L-tyrosine by Fenton and photo-Fenton reactions followed by

fluorescence spectroscopy

From stock solution freshly prepared in water, 100 plL of L-tyrosine, 10 pL of FeSO4 or CuCl,
and 890 pL of H,0; were mixed in a 1 cm quartz cuvette to obtain final concentrations of
2.45 mM of L-tyrosine, 1 mM of FeSO4 or CuCl; and 3.4 mM of H,0,. The emission spectra
were recorded with Aex = 260 nm and Aem = [270-500] nm for L-tyrosine and Aex =325 nm and
Aem = [350-580] nm for dityrosine at 350 V. The same procedures were performed using UV

irradiation of 254 nm for 1 h with FeSO4 or CuCl,.
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e. Cross-linking of L-tyrosine by Fenton and photo-Fenton reactions followed by HPLC

HPLC chromatograms of L-tyrosine (tr = 4.65 min) and L-tyrosine + 1 mM of CuCl; + 3.4 mM
of H;0; in water after 1 h of irradiation at 254 nm were recorded at 220 nm using a 0-100

gradient on Cig column with 10 pL injection.

f. Cross-linking of Fmoc-tyrosine by Fenton and photo-Fenton reactions followed by

fluorescence spectroscopy

From stock solution freshly prepared in water, 100 uL of Fmoc-tyrosine, 10 uL of FeSQO4 or
CuCl; and 890 L of H,0; were mixed in a 1 cm quartz cuvette to obtain final concentrations
of 2.45 mM of Fmoc-tyrosine, 1 mM of FeSO4 or CuCl, and 3.4 mM of H,0;. The emission
spectra were recorded every hours during 6 h with Aex = 300 nm and Aem = [310-550] nm for
Fmoc-tyrosine at 350 V. The same procedures were performed using UV irradiation of 365

nm or 254 nm for 6 h with FeSO4 or an irradiation of 254 nm for 3 h with CuCl..

g. Cross-linking of Fmoc-tyrosine by Fenton and photo-Fenton reactions followed HPLC

HPLC chromatograms of Fmoc-tyrosine, and Fmoc-tyrosine + FeSO4 or CuCl; 1 mM + H;0, 3.4
mM under 3 h irradiation at 254 nm in water were recorded at 220 nm using a 0-100

gradient on Cig column with 10 pL injection.

h. Cross-linking using Fremy'’s salt

Fremy’s salt was dissolved in water and i) added to Fmoc-Y-OH dissolved in DMSO to obtain
a final concentration of 2.45 mM Fmoc-Y-OH for 7.35 mM Fremy’s salt (ratio 1:3) in 2 %
DMSO/H:0, or ii) added to the binary mixture Fmoc-Y-OH/Fmoc-Y(Bzl)-OH to obtain a final
concentration of 2.45 mM/2.45 mM of Fmoc-Y-OH/Fmoc-Y(Bzl)-OH for 14.7 mM Fremy’s salt
(ratio 1:3) in 2 % DMSO/H20. The sample were left under ambient condition until
precipitation and analyzed by HPLC at 220 nm using a 0-100 gradient on C18 column with 10

uL injection with retention times of Fmoc-Y-OH = 13.25 min and Fmoc-Y(Bzl)-OH = 16.8 min.

i Cross-linking using tyrosinase

L-Tyrosine (0.4 mg) was dissolved in 1 mL of MilliQ® water, sonicated until dissolution and
mixed with 10 pL of tyrosinase solution (10 kU-mL? in PBS). After incubation for 2 h under

stirring 4 mg of FeCl; in 10 pL of MilliQ® water were added. The reaction was monitored by
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UV/Vis spectroscopy. The same procedure was performed with Fmoc-tyrosine with an

overnight incubation and dopamine-HCl with 2 h of incubation before the addition of FeCl,.

J Photo cross-linking using phenylalanine derivatives

Single or binary mixture of 4-azido-L-Phe, Fmoc-4-azido-phenylalanine, Fmoc-Tyr(propargyl)-
OH, Fmoc-Tyr-OH or L-tyrosine were dissolved in water or in water + 2 % DMSO ina 1 cm
guartz cuvette. The sample were left under ambient condition or under UV irradiation using
a UV lamp of 254 nm or 365 nm. The reactions were followed by UV-Vis spectroscopy and
HPLC. Different tests mixing two amino acid derivatives in different proportions were also
performed. For the tests performed on gels 4-azido-Phe/Fmoc-Tyr-OH, Fmoc-4-azido-
phenylalanine/Fmoc-Tyr-OH the UV irradiation at 254 nm and 365 nm was applied during
the gelation process, directly after the addition of water to the amino acids in DMSO. For the
gels 4-azido-Phe/Fmoc-Tyr-OH and Fmoc-Tyr(propargyl)-OH/Fmoc-Y(Bzl)-OH the UV-Vis

irradiation was applied on the pre-formed gel after the 2 h of gelation.
6.2.6 Photothermal studies

a. Carbon nanomaterials

Different concentrations of ox-CNTs and GO in MilliQ® water (0.005 wt%, 0.01 wt%, and
0.025 wt%) were sonicated for 10 min to obtain highly dispersed suspensions. Native and
hybrid gels were synthesized and left for gelation for 2 h under ambient conditions.
The photothermal conversion of the carbon nanomaterial suspensions and the heating
profile of the gels were examined by monitoring the temperature increase during exposure
to 808 nm laser with a power of 2 W-cm™ for 10 min. Each photothermal measurement was
repeated three times. Maximum temperatures and infrared thermographic maps were

recorded by an infrared thermal imaging camera.

b. Hydrogels

Heating profiles were obtained by monitoring the temperature increase during exposure to
808 nm laser with a power of 2 W-cm™ for 10 min. Each photothermal measurement was
repeated three times. Maximum temperatures and infrared thermographic maps were

recorded by an infrared thermal imaging camera FLIR.
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6.2.7 Drug release

a.

Amino acid hydrogels

Release of methylene blue or rhodamine B base

NIR light irradiation (at 808 nm, under 2 W-cm-2 for 10 min, at a distance of 3 cm from the
gels) was applied on the gels after 2 h of gelation to avoid any significant drug degradation.
The volume of released water was withdrawn, centrifuged (12300 rpm, 10 min), and the
amount of methylene blue (Figure 6.1) or rhodamine B base (Figure 6.2) was assessed by UV-

Vis spectroscopy (Abs = 664 nm for methylene blue and Abs = 554 nm for rhodamine B

base).

Absorbance (664 nm) AU

0.204

o

-

(4]
1

0.104

0.05+

0.00

R?=0.9998

0.00

0.02

004 006 008

Concentration (mg .mL’1)

0.10

Figure 6.1 Calibration curve of methylene blue at 664 nm by UV-Vis absorbance
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Figure 6.2. Calibration curve of rhodamine B base at 554 nm by UV-Vis absorbance
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Release of |-ascorbic acid

NIR light irradiation (at 808 nm, under 2 W for 10 min, at a distance of 3 cm from the gels)
was applied on the gels after 2 h of gelation to avoid any significant drug degradation. The
volume of released water was withdrawn, centrifuged (12300 rpm, 10 min), and the amount
of L-ascorbic acid (Figure 6.3) was assessed by HPLC (tr= 2.3 min at A = 254 nm for L-ascorbic
acid). Statistical analysis was performed with Prism 7.0 (GraphPad Software). Data were
analyzed with one-way-ANOVA (including Bonferroni multiple comparison test). A p value of

< 0.05 was considered as significant.
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Figure 6.3. Calibration curve of for L-ascorbic acid (tr = 2.3 min) at 220 nm by HPLC

b. Dipeptide hydrogels

NIR light irradiation (808 nm, 2 W.cm™ for 10 min) was applied on the gels. The volume of
released water was withdrawn, centrifuged (12300 rpm, 10 min), and the amount of L-

ascorbic acid was assessed by HPLC (tr = 2.08 min at A = 220 nm for L-ascorbic acid).

C. Double network hydrogels

NIR light irradiation (808 nm, 2 W-cm™ for 10 min) was applied on the gels. The volume of
released water was withdrawn, centrifuged (12300 rpm, 10 min), and the amount of

baclofen (Figure 6.4) was assessed by HPLC (tr = 7.2 min at A = 220 nm for baclofen).
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Figure 6.4. Calibration curve of baclofen (tr = 7.2 min) at 220 nm by HPLC
6.2.8 Stability studies in physiological conditions

A volume of 100 pL of physiological saline solution (0.9% NaCl in MilliQ® water) or RPMI or
DMEM supplemented with 10% fetal bovine serum was added on top of each hydrogel
(400 pL). After 15 h the solution was withdrawn, centrifuged (12300 rpm, 5 min), and the

amount of L-ascorbic acid was determined by HPLC (gradient 0-100 in C1g column at 220 nm).
6.2.9 Skin sensibilisation

Skin sensibilization experiments were performed in collaboration with the Dr. Q. Muller and
A. Hoste in our unit at the Molecular and Cellular Biology Institute (IBMC, Strasbourg,
France). An explant of normal human skin, with a surface area of 4 cm? and a thickness of
800 um, was placed on a nylon filter in RPMI at 37 °C for 24 hours. After the settling time of
24 h the skin samples were fixed in 4 % paraformaldehyde for 20 min at room temperature.
Skin samples were permeabilized and saturated for 1 h with a 2 % bovine serum albumin
solution (bovine serum albumin, BSA), supplemented with 0.1% Triton 100X in PBS 1X, then
washed in PBS 1X. Primary antibodies, at optimal dilution (around 100 and 200 ng-mL?) in
PBS 1X + BSA 2 % were incubated overnight at 4 °C. After a series of PBS washings, the
secondary antibodies, at optimal dilution (between 0.5 and 2 pg-mL?, according to the
supplier's recommendations) in PBS 1X + BSA 2 %, were incubated on the samples for 1-2 h
at room temperature, protected from light. Cell nuclei labelling with 4',6-diamidino-2-
phenylindole (DAPI) was done at the same time as the secondary antibody at 0.5 pg-mL* and

left for 20 min at room temperature, protected from light at 5 ug-mLtin PBS.
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The samples were observed with the Confocal LSM700 microscope from Zeiss and the
images were acquired by the proprietary ZEN 2010 software. The raw images with the .zvi or
.Ism extension were analyzed by the royalty-free software Imagel in its version Imagel-2 Fiji.
After multiple PBS washings, the samples were included in Fluoromount-G® mounting
medium. Indirect immunofluorescence labeled skin samples were included between two
glass slides to allow proper orientation when observing under the microscope. Incubation for
24 to 48 h at room temperature and protected from light, was necessary for complete

polymerization of the mounting medium.
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. Chloé GUILBAUD-CHEREAU .-2°t

' Development of supramolecular medical hydrogels
based on amino acids and dipeptides in
combination with carbon nanomaterials

Résumé

Les hydrogels supramoléculaires a base d’acides aminés ou de petits peptides ont fait I'objet d'une grande
attention ces derniéres années pour diverses applications médicales grace a leur biocompatibilité.

Dans ce contexte, nous avons développé des gels supramoléculaires a base d’acides aminés aromatiques
protégés par le groupement Fmoc et d’homologues de Boc-diphénylalanine. Nous avons étudié en détail la
gélification des gels obtenus et leurs propriétés.

Des nanotubes de carbone oxydés et de I'oxyde de graphéne ont également été incorporés dans ces
hydrogels et la chaleur générée par les nanomatériaux carbonés lors de l'irradiation dans le proche infrarouge
a induit la libération d’acide L-ascorbique a un taux élevé.

Nous avons essayé plusieurs stratégies de cross-linking pour améliorer les propriétés mécaniques des gels
supramoléculaires. Comma alternative, des gels a double réseau ont été développés par introduction de
polyacrylamide ou d’agarose. Nous avons réalisé l'incorporation de bacloféne dans les gels et étudié son
relargage sous irradiation infrarouge. Le bacloféne est prescrit contre la spasticité musculaire qui accompagne
de nombreux troubles neurologiques comme la sclérose latérale amyotrophique ou la sclérose en plaques.

Mots clés : hydrogel, acides aminés, diphénylalanine, auto-assemblage, nanotubes de carbone, oxyde de
graphéne, relargage de médicaments, double réseau, bacloféne

Résumé en anglais

Supramolecular hydrogels made of amino acids or small peptides have received a lot of attention in recent
years for various medical applications due to their biocompatibility.

In this context, we have developed supramolecular gels based on aromatic amino acids protected by the Fmoc
moiety and Boc-diphenylalanine analogs. We have studied in detail the gelation process of and the gel
properties.

Oxidized carbon nanotubes and graphene oxide were also incorporated in these hydrogels and the heat
generated by the carbon nanomaterials during near-infrared irradiation induced the release of
L-ascorbic acid at a high rate.

We have tried several cross-linking strategies to improve the mechanical properties of the supramolecular
hydrogels. As an alterntaive, we developed double-network gels by introducing polyacrylamide and agarose.
We performed the incorporation of baclofen and studied its release under infrared irradiation. Baclofen is
prescribed against muscle spasticity associated with many neurological disorders such as amyotrophic lateral
sclerosis or multiple sclerosis.

Keywords: hydrogel, amino acids, diphenylalanine, self-assembly, carbon nanotubes, graphene oxide, drug
delivery, double network, baclofen




