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Abstract

Doctoral Thesis
By Shi Guo

2D materials including graphene oxide (GO) and MoS: have been raising a great interest due to their
unique chemical and physical properties that make these materials with great potential applications in
different fields. To achieve a better performance, especially for biomedical purposes, the surface
modification allows to tune the intrinsic properties and to attach various functional groups onto the
nanomaterials. In comparison with non-covalent methods, the covalent functionalization enables to
prepare more stable conjugates. When conjugated with photosensitizers, the functionalized materials
can act as a good platform for photodynamic therapy (PDT). Moreover, GO possesses high converting
efficiency, making it a good photothermal material for photothermal therapy (PTT).

The main purpose of my thesis was to explore the possible therapeutic effect of GO conjugates
functionalized with folic acid (FA) as a targeting agent towards the folate receptor on cancer cells or
activated macrophages and a photosensitizer, chlorin e6 (Ce6), in the treatment of cancer cells and RA
combining PTT and PDT. For this purpose, we investigated new methods for the double
functionalization of GO by targeting the epoxide rings and hydroxyl groups on GO surface. The
epoxide rings were first derived through a nucleophilic addition with amines or thiols. To obtain a
higher reactivity of hydroxyl groups, the OH moieties on GO were modified by carboxylation or
Michael addition of benzoquinone followed by the conjugation of the second functional groups.

While exploring the covalent double functionalization targeting different groups on GO, a FA/Ce6
double-functionalized GO was prepared by derivatizing the epoxides with two PEG chains. GO-
FA/Ce6 exhibited high killing efficiency on breast cancer cells, MCF-7, after PTT or PDT alone. By
combining the photothermal and photodynamic treatment, a higher therapeutic effect was achieved,
leading to satisfactory antitumor efficacy. Furthermore, GO-FA/Ce6 was explored in the phototherapy
against RA. Some preliminary experiments were performed on murine macrophage RAW 264.7 cells,
obtaining a good therapeutic efficiency of PTT.

Finally, the chemical modification and the liquid phase exfoliation of MoS; assisted by benzoquinone
were studied. The 2D MoS; nanosheets were derivatized by benzoquinone through Michael addition
and the quinone-modified MoS, nanosheets were subsequently functionalized with 3-
(pentafluorothio)-DL-phenylalanine. The benzoquinone-assisted liquid phase exfoliation was also
investigated. The prepared 2D MoS; was well-dispersed in water at high concentration.
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Chapitre 1. Introduction

L'oxyde de graphene (GO), la forme oxydée du graphéne, est constitué d'un réeau hexagonal de
carbone avec de nombreux groupes fonctionnels contenant de I'oxygeéne.! Sa bonne dispersabilitédans
I'eau, sa rapide biodéyradabilité et sa faible toxicitéfont du GO une plateforme idéle pour la
nanomésecine, en particulier pour la thé&apie du cancer.? Plusieurs méhodes ont &édéveloppées pour
fonctionnaliser de fagn covalente le GO en exploitant les fonctions oxygénées asa surface.® Par
rapport ala mono-fonctionnalisation, la double fonctionnalisation covalente permet de mieux contrder
I'attachement spe&ifique de molé&ules ou de nanoparticules distinctes via diffé&entes réactions.
Cependant, seules quelques stratéies pour la double fonctionnalisation covalente du GO ont &é
deerites et ces méhodes sont limités par des conditions de réction spé&ifiques et une faible
efficacité* Par consé&uent, il est important de développer de nouvelles méhodes de double
fonctionnalisation covalente du GO dans des conditions douces pour obtenir des taux de

fonctionnalisation éevés.

Comme les mat&iaux abase de graphéne, les dichalchogénures inorganiques de méaux de transition
(TMD) ont ré&emment reql une attention croissante en raison de leurs applications potentielles en
optodectronique, catalyse, @ectrochimie et médecine. Le disulfure de molybdéne est un TMD
prototypique et agit comme un excellent systé@me modée pour explorer la chimie des TMD 2D.
L'exfoliation liquide est la voie "top-down" la plus efficace pour obtenir une monocouche ou quelques
couches de MoS; agrande &helle.® Les proprié&és intrinségues des nanofeuillets de MoS; exfolié
peuvent Etre affinées par la modification de la surface avec de petites molécules permettant d’étendre
leurs applications. Ré&emment, une méhode covalente douce a éédeerite, en utilisant des d&ivés de

malé@mide par addition de Michael.®

L'application des mat&iaux 2D dans le traitement des maladies a suscitéun vif int&é& ces derniees
années. En plus de I’administration de médicaments et la biodétection, le GO et les TMD ont montré
leur grand potentiel en photothé&apie en tant que vecteur de photosensibilisateurs (PS) et comme
matériau photothermique. La photothéapie est un traitement thé&apeutique non invasif avec des effets
secondaires et une resistance aux me&licaments n&gligeables ainsi qu’une faible toxicité systémique.
La thé&apie photothermique (PTT) et la thé&apie photodynamique (PDT) sont deux types de

photothéapies couramment utilisées pour le traitement du cancer et des maladies inflammatoires. La

X1
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PTT utilise des molé&sules ou des mat&iaux aux propriéés optiques uniques pour geneer de la chaleur
gr&e ala conversion de I'éergie lumineuse absorbés, entramant une augmentation locale de la
tempé&ature et la mort subséjuente des cellules. Cependant, une forte intensitéd'irradiation est requise
car la mort irréversible des cellules dépend d'un accroissement de tempéature suffisant.” La lumiére
intense peut induire des effets secondaires sur les tissus sains. La PDT utilise des agents
photosensibilisateurs (PS) pour produire des espeees ré&ctives de I'oxygene (ROS) sous irradiation
lumineuse pour tuer les cellules. Mais, les PS traditionnels ne s'accumulent pas suffisamment dans la
tumeur a cause de leur faible poids moléculaire, contrairement aux nanomatériaux en raison de I’effet
EPR (permébilité&et réention accrue).'® De plus, la PDT consomme de I'oxygéne produisant ainsi de
I'nypoxie dans les cellules, ce qui empé&he tout traitement ult&ieur. Par cons&juent, la combinaison
de la PDT et de la PTT est néessaire pour obtenir une plus grande efficacitéthé&apeutique. En
introduisant la PTT, I'nyperthermie localisé peut favoriser la circulation sanguine conduisant aune
teneur en oxygeéne accrue qui augmente simultanénent I'effet de la PDT® avec une densitéd'irradiation

plus faible que la PTT.

La polyarthrite rhumatode (PR) est une maladie auto-immune inflammatoire chronique affectant
plusieurs organes. Les macrophages sont l'une des principales cellules qui deéelenchent la PR en
libéant continuellement certaines moleeules pro-inflammatoires. Le reéeepteur folate B (FRp) est
séectivement surexprimésur les macrophages dans la synoviale de la PR et a &éutilis&écomme cible
pour le traitement de cette maladie, par exemple pour la biodéection et I'administration de
mélicaments.>® Des éudes ré&entes ont montré le grand potentiel de la phototh&apie dans le
traitement de la polyarthrite rhumatode. Mais I'effet synergique de la PTT et de la PDT a @&émoins
exploré Lu et al. ont déerit le traitement combin€PTT/PDT avec des nanoparticules de Cu7.2S4 pour
le traitement de la PR. En tant que mé&hode thé&apeutique non invasive, il est inté&essant d'appliquer

laPTT et la PDT combinés pour le traitement de la PR.

L'objectif de ma thése est centrésur les applications biomédicales des maté&iaux 2D, notamment
I'oxyde de graphéne et le MoS». Je me suis concentrésur la préparation de ces maté&iaux dans l'eau et
sur les applications possibles comme systémes d'administration de médicaments. La premié&e partie
de mon travail a consistéaexplorer la double fonctionnalisation covalente du GO. Trois strat&yies
diffé&entes ont éé& éudiéss et un conjugué abase de GO fonctionnalis€avec l'acide folique et la
chlorine e6 a éépréparé Dans la deuxiéne partie du travail, nous nous sommes concentrés sur
I'application du GO doublement fonctionnalisédans le traitement du cancer et de la PR en combinant

laPTT et la PDT. La troisiéme partie concerne la fonctionnalisation covalente du MoS; par le biais de
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la bézoquinone. Nous avons en outre éudi€la possibilitéd'une exfoliation en phase liquide du MoS;

al'aide de la bénzoquinone.

Chapitre 2. Double fonctionnalisation de I’oxyde de graphéne

La réction de carboxylation du GO est une méhode largement utilisé pour introduire des acides
carboxyliques supplémentaires asa surface. Ces groupements peuvent &re ensuite modifiés par des
réctions d'amidation ou d'est&ification. Cependant, les protocoles pré&voient l'utilisation d'une base
forte qui provoque souvent une déoxygénation, entramant une réluction partielle du GO,'! modifiant
ainsi ses propriéés et influengnt I'efficacitéde la fonctionnalisation. Pour clarifier I'impact d'une
solution alcaline forte sur le GO, nous avons préparédu GO carboxyléen utilisant diffé&entes molarités
de NaOH (Schéma 1) et caract&isé le GO préparé par diffé&entes méhodes. L'augmentation
significative des groupes carboxyliques sur le GO n'a &é&observé que dans des conditions basiques
fortes (3 M NaOH dans I'eau) par spectroscopie photodectronique aux rayons X (XPS), mais une

réluction partielle concomitante du GO s'est également produite.

0
m\)LOH

3 M NaOH dans I'eau
Sonication, 2h
Agitation, 14h

Schéma 1. Ré&uction de carboxylation du GO.

Pour mieux comprendre I'effet de la ré&luction partielle sur la fonctionnalisation du GO, nous avons
combinéla réction d'ouverture du cycle éoxyde et la carboxylation du GO suivie d'une amidation en
utilisant le d&iveéO-(2-aminoéhyl)-O'-[2-(Boc-amino)éhyl]decaéhylene glycol (Boc-PEG10-NH>)
pour r&liser d'abord la mono-fonctionnalisation puis la double fonctionnalisation en diffé&entes &apes
(Schémna 2). Les fonctionnalité sur le GO ont &é&caracté&isées par le test de Kaiser et par analyse
thermogravimérique (ATG). Bien que le GO ait &é& doublement fonctionnalisé€ avec succes, la
reluction partielle du GO a entraméune efficacitémoindre de la fonctionnalisation totale, limitant

ainsi dans une certaine mesure cette mé&hode pour une application ult&ieure.
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Schéma 2. Double fonctionnalisation du GO combinant la réaction d'ouverture du cycle époxyde et les réactions

de carboxylation et d'amidation.

Afin de limiter la ré&luction significative du GO lors de la carboxylation, nous avons réé&e cette
réction en utilisant une quantité moindre d'hydroxyde de sodium. La carboxylation du GO a &é&
effectuée dans une solution d’hydroxyde de sodium apH 9 et pH 13. Les deux ehantillons ont &&
caract&isé par XPS. Cependant, sur la base des spectres C1s, nous n‘avons pas pu observer une
augmentation éidente de la quantitéde groupements carboxyliques dans les deux cas, indiquant une
efficacitéplus faible de la carboxylation. Pour confirmer si plus de groupements carboxyliques éaient
liés par covalence sur la surface du GO, les &hantillons de GO carboxylé préarés apH 9 et pH 13
ont éédé&ivatisés avec de la N-Boc-2,2'-(éhylenedioxy) diéhylamine (BocNH-TEG-NH>). Les deux
GO adouble fonctionnaliténe présentaient pas une quantitéplus éevée d'amines par rapport aux
pré&urseurs en raison de la faible efficacitéde I'é@ape de carboxylation.

Au total, nos réultats dénontrent que la carboxylation n'est pas une approche efficace pour la
fonctionnalisation du GO en raison de la ré&luction partielle du GO et qu'elle peut difficilement &re
éendue pour atteindre une double fonctionnalisation efficace du GO pour d'autres modifications. Ce
travail montre qu'il est trés important de considéer les réctions secondaires qui peuvent ne pas ére
mentionnées dans la litt&ature. Le contr@e de la fonctionnalisation du GO est crucial, notamment a

des fins biologiques.

Etant donnéque le GO n'est pas stable ades tempé&atures @evées et des conditions de base fortes, il
est important de développer une mé&hode de fonctionnalisation dans des conditions douces. Ici, nous

avons développé une meéhode facile et efficace pour doublement fonctionnaliser le GO par la
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formation de liaisons covalentes via la combinaison de la réction d'ouverture du cycle éoxyde et une
addition de Michael des groupes hydroxyles sur la bézoquinone (Schéna 3).'? La premiée éape a
consisté a introduire du Boc-aminoéhanethiol par attaque nucléphile du thiol sur I'@oxyde
conduisant al'ouverture du cycle et &la formation de liaisons thioéhers et de nouveaux groupes
hydroxyles. Ensuite, les groupements hydroxyle du GO mono-fonctionnalis€éont &édé&ives avec la
bénzoquinone. La fraction hydroquinone est auto-oxydée par la bézoquinone libre préente en exceés
pour préparer le GO fonctionnalis¢é avec la bénzoquinone permettant d’envisager une
fonctionnalisation ulté&ieure avec des d&iveés d'amine. Enfin, la 3-(pentafluorothio)-phéylalanine a
ééajouté au de&ive GO-beénzoquinone par une addition de Michael entre I'amine et la fraction
bénzoquinone. Le groupe pentafluorothio facilite la caracté&isation par XPS et FT-IR et la fonction

COOH présente I’avantage de pouvoir étre fonctionnalisée par amidation ou esté&ification.

cpiRny M iRanr
Suceeen SLLLICNS I Ceeen.
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Schéma 3. Double fonctionnalisation du GO par la mé&hode impliquant la bénzoquinone.

L’analyse XPS a ré&v@éque le GO a éédé&ivéavec succes avec deux groupes fonctionnels. Une
augmentation des teneurs en azote et en soufre a é&é& observée apres l'introduction du Boc-
aminoéhanethiol. De plus, I'@ément fluor a éé&déecté&par XPS (1,6%) apres le greffage de la 3-
(pentafluorothio)-phénylalanine, tandis que le pic &ait n€gligeable dans les conjugués pré&urseurs de
GO. La de&onvolution du pic haute réolution S2p du GO de départ n'a montréqu'un seul pic 2168,4
eV, qui a ééattribuéala liaison S-O provenant de groupes organosulfates introduits sur la surface GO
lors de sa synthée impliquant des conditions acides fortes (par exemple, H2S0.) (figure 1d).*® Aprés
la fonctionnalisation avec le Boc-aminoéhanethiol, un nouveau pic est apparu al64,0 eV, attribuéa
la nouvelle liaison S-C, confirmant ainsi I'ouverture des &oxydes (figure 1e).1* Aprés la conjugaison
de la 3-(pentafluorothio)-phéylalanine, le pic S2p a clairement montréla pré&ence du nouveau pic

correspondant ala liaison S-F a173,0 eV (figure 1f), indiquant une double fonctionnalisation reussie
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du GO. La double fonctionnalisation a &é& confirmé par spectroscopie ATR FT-IR, TGA,
voltampé&omérie cyclique et microscopie aforce atomique.
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Figure 1. Spectres XPS (a, b, ¢) avec zoom sur les pics F1s (encart de gauche) et N1s (encart de droite) et
spectres S2p (d, e, f) haute réolution du GO (colonne de gauche), du GO mono-fonctionnalisé(colonne du
milieu) et du GO doublement fonctionnalité&(colonne de droite).

En réumé nous avons développ€une méhode simple et directe pour la double fonctionnalisation du
GO dans des conditions douces par dé&ivation successive des éoxydes et des groupes hydroxyles sans
chauffage ou sans ajout de catalyseurs mésalliques. Notre strat€gie est particuliecement appropriée
pour la conjugaison de diverses biomolé&ules afin d'obtenir un GO multifonctionnel pour des
applications en thé&apie, en biocapture et en bioimagerie.

Chapitre 3. Thé&apies photothermiques et photodynamiques combinées pour le
traitement des cellules cancéeuses et de la PR

En plus d'exploiter ala fois les goxydes et les hydroxyles sur le plan basal du GO, une mé&hode simple
a ealement éééudié pour r&liser la multifonctionnalisation du GO par une réction d'ouverture

des &oxydes en une seule &ape (Schéma 4). L'acide folique (AF) a pu servir de groupe cible aux FRf3
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surexprimeés sur les macrophages actives. Le chlore e6 (Ce6) est un photosensibilisateur largement
utilis€en PDT, qui pourrait produire une apoptose et une nésrose des cellules cancé&euses induisant
des ROS lors de l'irradiation laser.®® Le GO doublement fonctionnalisé& avec le AF et la Ce6 (GO-
AF/Ceb) a &&en mesure de cibler les macrophages activés gr&e al'affinitédu AF envers FRp et il
pourrait en outre &re utilisépour combiner la thé&apie PTT et PDT sous irradiation avec diffé&entes

longueurs d'onde.

Boc~ny NH Ceb~yy
o. o”g“’
FA’“%O/\%?\/\NHZ \%/0 \8
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Schémna 4. Préparation du conjuguéGO-AF/Ce6.

Le GO-AF/Ce6 a é&é caract&isé par diffé&entes méhodes, y compris UV, immunocoloration et
fluorimérie (figure 2). Les spectres UV ont montré deux pics d’absorbance spécifique du AF et de la
Ceb centré&s &a280 nm et 420 nm, respectivement. La conjugaison du FA sur le GO a ensuite &é&
confirmé par immunocoloration. Les €hantillons de GO fonctionnalisé&s avec et sans AF ont &é
incubés avec un anticorps anti-AF suivi par un anticorps secondaire (portant des nanoparticules d'or)
qui reconnaT l'anticorps anti-FA. Les nanoparticules d'or ont un bon contraste en TEM. Le GO
fonctionnaliséavec le AF a montréun nombre plus éevéde nanoparticules d'or par rapport au GO
sans AF, indiquant que le AF a ééliéavec succes au GO. La Ceb6 sur le GO a ééconfirmé& par
spectroscopie de fluorescence. Compar€ aune simple physisorption, le GO-AF/Ce6 pré&ente une

énission de fluorescence plus forte, indiquant que davantage de Ce6 a é&é&ajoutéau GO par amidation.

L'effet photothermique et photodynamique a ensuite &é& &alué Apré 10 min d'irradiation, la
tempé&ature a augmenté&de 5<T dans une dispersion aqueuse de 25 pg mL* de GO-AF/Ce6, alors
gu'aucun accroissement significatif n'a &&observéapres irradiation d'eau pure. La géné&ation de ROS
a éétesté& par dosage de dihydrorhodamine 123 et le GO doublement fonctionnalis€a montréune
capacitéde gené&ation de ROS similaire ala Ce6 seule. Le GO/AF a &é&en outre utilisépour des

expé&iences cellulaires.
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Figure 2. a) Spectres UV de GO-AF/Ce6, b, c) Images TEM d'immunocoloration du GO avec AF et du GO
sans AF, d) Emission de fluorescence du GO-AF/Ce6 et du contrde, e) Effet PTT du GO-AF/Ce6 dans I'eau et
f) Géné&ation de ROS du GO, de la Ceb6 et du GO-AF/Ce6.

La photothé&apie, y compris la théapie photodynamique et photothermique, se développe rapidement
pour le diagnostic et le traitement du cancer comme alternative ala radiothé&apie et ala chimioth&apie.
Ces traitements ont comme avantages une invasion minimale, une sé@ectivitédevee et moins toxique,
avec des effets secondaires et une réistance aux meélicaments néegligeables. Gr&e ala préence du
AF sur le GO, le GO-AF/Ceb6 a é&éutilisécomme vecteur de la Ce6 ciblant les cellules HelLa, acc8é&ant
I'accumulation de la Ce6 al'inté&ieur des cellules. La PTT a pu ré&luire I'effet d’hypoxie en favorisant
la circulation sanguine vers le site tumoral. Ainsi, un effet synergique de la PTT et de la PDT pourrait

ére obtenu gr&e aun seul et unique conjugué

La cytotoxicitédu GO doublement fonctionnalisésans irradiation a d'abord ééévalué et a montré
une bonne viabilité cellulaire sup&ieure &85% aune concentration de 25 pgmL™? aprés 24 h
d'incubation. Tout en &udiant I'absorption cellulaire du GO, les images de microscopie confocale ont
révééqgue le GO doublement fonctionnaliséa commencéapeénérer la cellule HeLa en 4 h d'incubation
et a montréune fluorescence plus forte de Ce6 apres 8 h. Cependant, la fluorescence s'est atténuee
aprés 24 h d'incubation, ce qui indique que moins de Ceb6 s'est accumulédans les cellules, ce qui ason

tour ré&luirait I'efficacitéde la phototh&apie. Aprés un traitement par irradiation lumineuse 2660 nm
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(200 mW €m, 10 min) pour induire la PDT en 8 h d'incubation, le GO doublement fonctionnaliséa
montréune viabilitécellulaire d'environ 53%. Pour la PTT (808 nm, 2 W €m, 10 min), une viabilité
cellulaire similaire a &@é&obtenue (autour de 49%). Pour am@iorer I'effet thé&apeutique, I'incubation du
maté&iel a ééraccourcie. Nous avons donc éaluél'efficacitéde la PTT et de la PDT aprés 4 het 8 h
d'incubation. Cependant, une augmentation inattendue de la viabilité cellulaire a &é observee

probablement en raison de l'augmentation du méabolisme causee par la phototh&apie.

En vue de ces ré&ultats, nous avons donc décidé d’utiliser une autre ligné cellulaire. Les cellules
cancéeuses du sein, MCF-7, ont &éutilisés pour éaluer les propriéés antitumorales de GO-FA/Ce6.
Aprés un traitement par irradiation lumineuse &660 nm pour induire la PDT apres 8 h d'incubation, le
GO doublement fonctionnalis€éa montréune viabilitécellulaire d'environ 68%. Pour la PTT, une
viabilitécellulaire similaire a &&obtenue (autour de 51%). En outre, la PDT suivie de laPTT a montré
une efficacitéde destruction plus édeveée pour les cellules, montrant une viabilitécellulaire finale de

23% apreés irradiation (Figure 3).
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Figure 3. a) Viabilitécellulaire de MCF-7 traitées avec le GO doublement fonctionnalis€aprés irradiation. b,
¢, d, e) Images de microscopie afluorescence de cellules MCF-7 traités avec le méne GO : b) sans irradiation,
c) aprés irradiation 2660 nm, d) aprés irradiation 2808 nm, €) aprés une irradiation 2808 nm suivie d'une
irradiation &660 nm. Les cellules MCF-7 ont &émarquées avec le kit Dead/Live (cellules vivantes: vert; cellules

mortes: rouge).

Enfin, le GO-AF/Ce6 a é&é testé sur des macrophages, cellules impliqués dans la PR. Les
macrophages RAW 264.7 ont montréune bonne tolé&ance au conjugueGO-AF/Ce6, méne ala plus
haute de concentration de 50 g mL™ aprés 24 h d'incubation. Ces cellules se sont montrées plus
sensibles au traitement PTT, leur viabilitécellulaire diminuant significativement &25%. Cependant,

les macrophages ont montréune résistance contre les ROS géné&é& pendant la PDT avec une viabilité
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cellulaire diminuee &a72% apres irradiation. Les expé&iences pour ve&ifier les effets synergiques

combin& de PDT et PTT sont en cours.

Chapitre 4. Fonctionnalisation covalente et exfoliation du MoS; al'aide de la

bézoquinone

Dans cette partie, nous avons éudi€la fonctionnalisation et I'exfoliation en phase liquide de MoS; a
I'aide de bézoquinone. Des collo'des afaible couche de MoS; ont d'abord é&épréparés a 1’aide du
cholate de sodium dans une méange d'éhanol/eau dans d'un bain asonication. Apres centrifugation
et lavage, le maté&iau préparéa ensuite &émis aré&agir avec un exces de bénzoquinone. La Boc-PEG1o-
NH: et la 3-(pentafluorothio)-phénylalanine ont &e&choisies comme deux fonctionnalités agreffer sur
le MoS; (Schéna 5). Le succeés de la conjugaison du PEG sur le MoS; a &&confirmépar ATG avec
une perte de poids plus importante. Le MoS; dé&ivéavec la 3-(pentafluorothio)-phénylalanine a &é&
caracté&isépar XPS et une augmentation de la composition en éénent fluor a &&observée (Figure 4).
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Schéma 5. Fonctionnalisation du MoS; par la mé&hode impliquant la bézoquinone.

Comme le MoS; fonctionnaliséavec la bézoquinone préente une meilleure dispersabilitédans I'eau
que le MoS; comportant quelques feuillets, nous avons congi une exp&ience afin d'exfolier le MoS»
en utilisant la bézoquinone ala place du cholate de sodium. La dé&ivation du MoS; avec la
bénzoquinone peut &re r&lisé& en méne temps. Une exp&ience préiminaire a ééralisee et le
maté¥iau préparéa éécaract&isépar TEM. Les images TEM ont montréque du MoS; constituéde

quelques feuillets a é&obtenu avec une taille laté&ale d'environ 100 nm et une bonne dispersabilité
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dans I'eau. Une caracté&isation plus d&aillée du matériau préparé doit étre effectuée, ainsi qu’une étude

de sa ré&ctivité
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Figure 4. Spectres XPS (a, d) avec zoom sur les pics F1s (encart de gauche), spectres C1s (b, €) et spectres S2p
(c, f) haute ré&olution du MoS, dé&iveé avec la 3-(pentafluorothio)-phénylalanine (premiée ligne), et de

I’échantillon contrdle préparé en mélangeant MoS; avec la 3-(pentafluorothio)-phénylalanine (deuxieme ligne).

Chapitre 5. Conclusions et perspectives

Au cours de ma these, j'ai exploréla double fonctionnalisation covalente du GO et son application
dans le traitement des cellules cancéeuses et de la PR par le biais d'un traitement combin€PTT et
PDT. Diffé&entes stratégies de double fonctionnalisation ont &é& explorées. Le GO peut &re
doublement fonctionnalis& par une procé&lure par éapes via la combinaison d’une réaction de
carboxylation en utilisant I'acide chloroacé&ique, suivie d'une amidation et d'une réction d'ouverture
des époxydes. Mais I'application d'un exces de NaOH entrame la désoxygeéation du GO, ré&luisant
I'efficacitéde fonctionnalisation. Une mé&hode abase de bérzoquinone a ensuite &édéveloppeé.
Lorsqu'elle est combiné avec une ré&ction d'ouverture des éoxydes, une double fonctionnalisation
flexible du GO peut &re obtenue dans des conditions douces. En parallée, du GO doublement
fonctionnalis€ avec 1’acide folique et la chlorine 6 &e préparé par une réction d'ouverture des
éoxydes en une seule é&ape avec deux dé&ives PEG-AF et PEG-Ce6. Le GO doublement
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fonctionnaliséa ensuite é&é&appliquéaux cellules HeLa pour éudier laPTT et laPDT pour le traitement
du cancer. Un effet synergique a &&observe De plus, nous avons éudi€éla fonctionnalisation covalente
du MoS:; en utilisant la bézoquinone. La conjugaison de petites mol€ules sur la surface du MoS: a
ééconfirmee et nous avons explorél'exfoliation en phase liquide du MoS» &l'aide de la bézoquinone.
Nos éudes fournissent plusieurs strategies flexibles pour la préaration de conjugué GO doublement
fonctionnels, ainsi que la fonctionnalisation covalente du MoS». En changeant les groupes fonctionnels,
les maté&iaux préparés peuvent @re appliqués adiffé&ents domaines. De plus, ces réctions peuvent
ére éendues ad'autres maté&iaux 2D pour une fonctionnalisation covalente.
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Chapter 1
Introduction

Chapter 1 Introduction

1.1 2D materials

In recent years, 2D materials have been raising a great interest due to a wide range of outstanding
properties that make them materials with great potential applications in different fields covering energy
storage,! 2 antibacterial,> # biosensing,® diagnosis and therapy,®® and artificial organs.’® Graphene
family materials, including graphene, graphene oxide, reduced graphene oxide and graphene quantum
dots, are one of the most studied 2D materials. Graphene is a nanomaterial made of a single atomic
layer of sp>-hybridized carbon atoms, in the form of a 2D hexagonal lattice. It was first isolated by
Geim and Novoselov in 2004, allowing them to obtain the Nobel prize in Physics in 2010.* 2 The
interest of research on graphene was soon rising up due to its unique properties, making it one of the
most studied area until now. But the poor aqueous dispersibility and low degree of functionalization
still hamper the application of graphene in some domains,*2 especially the biomedical domain covering
the treatment of diseases. Following the isolation of graphene, other classes of 2D materials including
layered nitrides, transition metal dichalcogenides (TMDs), transition metal oxides have gained
increasing research interest, since they have unique electronic and photonic properties. Molybdenum
disulfide is always used as the model for the study of the TMD material. We chose GO and MoS; as
the materials for further research.

1.1.1 Graphene oxide

Graphene oxide (GO) is the oxidized form of graphene, consisting of a hexagonal ring-based carbon
network with abundant oxygen-containing functional groups.*® The study of graphene oxide was much
earlier than the isolation of graphene and a reliable method was discovered by Brodie in 1895 by a
oxidation treatment on graphite using potassium chlorate and fuming nitric acid.'* The yellowish
material was also called at the beginning graphite oxide ,'° and it has attracted the interest of research
for more than 160 years. However, the structure and properties of GO were started to be fully revealed
in recent years with the help of modern analytical method.

Lerf and Klinowski proposed a GO model in 1998 based on the analysis of solid-state nuclear magnetic
resonance (solid-state NMR),® which is the most accepted model until today. The GO is consisting of
abundant epoxides and hydroxyl groups distributed on the basal plane of GO with carboxylic acids at
the rims. This model was confirmed by adding more details to the structure of GO using
multidimentsional C solid-state NMR.!” Besides the majority of epoxides and hydroxyls, carbon-
centered radicals, endoperoxides, ketones and lactols are also identified.'®2?° Moreover, a dynamic
structural model (DSM) was introduced by Dimiev et al.,> 22 which suggested a dynamic structure
with undefined set of functional groups (Figure 1a). Instead of a static structure with a given set of
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functional groups, the authors suggested that these functional groups are constantly developing and
transforming in water. More defects were introduced to the structure of basal plane of GO during the
oxidation procedure and with the involvement of water molecules, the surface transformation occurs,
leading to a more complex form consistent on functional groups at the edges and accumulation of
negative charges. This model would also explain the gradual degradation of GO in water and the
consequent generation of an acidic solution. In addition, the formation of highly oxidized debris
(oxidative debris, OD) was observed during the strong overoxidation.?® These highly oxidized
fragments are adsorbed onto the surface of GO flakes and contribute to most of the oxygenated
functional groups. The cleavage/removal of OD by washing with alkaline solutions would lead to the
reduction of GO.
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Figure 1.1 a) Graphene oxide molecular structure. The vicinal diols on GO are deoxygenated with the C-C bond
cleavage and the formation ketone and acidic enol;?? b) TEM image of graphene oxide.

Generally, the synthesis of GO is mainly based on an oxidative procedure from graphite. As mentioned
above, the first reliable method was investigated by Brodie using potassium chlorate and fuming nitric
acid.'* Later this method was improved by Staudenmaier in 1898 adding concentrated sulfuric acid to
the oxidation mixture, reduced the oxidation cycle.?* In 1985, this protocol was further developed by
Hummers and Offenman by introducing potassium permanganate as a strong oxidant with sodium
nitrate and sulfuric acid.?® The Hummers’ method was then modified by replacing the sodium nitrate
with phosphoric acid to avoid the production of toxic gases.?® Moreover, hydrogen peroxide was also
introduced to the reaction mixture to solubilized Mn species formed during the oxidation.?” The
modified Hummers’ methods are the most used method of GO preparation.

Thanks to the unique structure of graphene oxide and the facility to prepare it, this material owns many
excellent properties such as large surface area, satisfying water dispersibility,?® good
biodegradability,?®  optical transparency and photoluminescence quenching,3"*? which are important
for the applications especially in biomedical and biosensing fields. Many papers in the literature have
reported the application of GO and its reduced form (rGO) in the treatment of cancer or other diseases
as an excellent platform for targeted drug delivery,®® diagnosis®* and phototherapy.®
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1.1.2 Functionalization of graphene oxide

Thanks to its properties, GO has become the mostly studied 2D material, especially for biomedical
applications. To achieve better performances, the fine-designed modification of GO with diverse
functional groups is required. Generally, chemical functionalization of GO, including covalent or non-
covalent method, is considered as the best protocol to enhance the designed performance of GO
complexes. The chemical modifications of GO allow to modulate the physicochemical properties and
derivatize GO with different functional groups, which would greatly extend the applications in
different areas.®3°

Noncovalent functionalization is always preferred in the literature as it is easy to perform and can
diminish the alteration of the structure or physicochemical properties of GO, while introducing new
functional groups on its surface.® Thanks to the similar basal plane as graphene, the high surface area
of GO allows adsorption of a large amount of drugs,® “° RNA*" 42 or nanoparticles.*® The presence of
defects and the epoxides or hydroxides bound to the carbon atoms formed by the transformation of sp?
carbon to sp® carbon are potentially beneficial for combining multiple interactions in the case of non-
covalent fucntionalization.3® Polymer wrapping, n—r interactions, electron donor—acceptor complexes,
and van der Waals forces are involved in the non-covalent functionalization procedure.***® These
modifications of GO could lead to enhanced dispersibility, better biocompatibility and higher loading
capacity of drugs or sensing probes.

However, the functionalization of GO through a non-covalent protocol affords complexes that are less
stable than the covalent interactions. The unspecific leakage of a cargo adsorbed onto GO was observed
in some cases, leading to an certain degree of toxicity of GO, especially in complex biological
conditions.*” “ Compared to non-covalent complexation, the covalent functionalization enables to
prepare more stable conjugates and minimize the release of molecules adsorbed onto the GO surface,
especially for biomedical uses. The abundant oxygen-containing functional groups, including epoxides,
hydroxyls and carboxyl groups at the edges, not only provide GO with unique properties, but also
provide active sites for a specific chemical functionalization of GO surface. Several strategies have
been reported to functionalize GO covalently by targeting different functional groups such as
carboxylic acids,*® epoxide rings®® and hydroxyl groups,®> which are the principal groups for the
functionalization.

In most of the approaches, reported in the literature, the carboxylic acids located at the rim of GO are
the prime targets for reaction. The carboxyl groups are normally first activated by coupling reagents
or thionyl chloride followed by the amidation reaction with molecules containing free amines such as
peptides, amino-terminal polyethylene glycol (PEG) or polyethyleneimine (PEI) chains (Scheme 1.1).
Huang et al. reported a GO composite with an amino and a 6-carboxyfluorescein dual labeled DNA
covalently attached via an amide bond.>* The prepared nanomaterial was used as a molecular beacon
and showed higher resistant to nonspecific response to untargeted DNA compared to noncovalent
method. Similarly, Xu et al. functionalized GO with porphyrin using thionyl chloride.>® A electron-
transfer process was observed with a quenching of the photoexcited fluorescence state of the porphyrin.
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R-NH,

Scheme 1.1 Amidation reaction onto GO targeting the carboxyl groups. For the sake of clarity, only one
functional group is drawn and the side reactions (e.g. epoxide ring opening, see below) are not considered.

Besides amidation, the esterification could also be performed on carboxylic acids. Yu et al. reported a
work in which GO activated by SOCI, was able to bind with hydroxyl terminated poly(3-
hexylthiophene) via ester bond formation, resulting in the highly dispersible hexylthiophene /GO
hybrids in common organic solvents such as DMF and DMSO (scheme 1.2).%

Coupling agents or SOCI,

R-OH

Scheme 1.2 Esterification reaction onto GO targeting the carboxyl groups. For the sake of clarity, only one
functional group is drawn.

The epoxide ring opening reaction by nucleophilic attack is another important strategy to introduce
functional groups onto GO under mild condition. Epoxy groups located at the basal plane of graphene
are able to undergo a ring-opening reaction upon SN2 nucleophilic attack with the a-carbon by amine
or thiol groups.® %2 The formed covalent bond can be amine or thioether bonds, depending on the
nucleophilic reagent (R—NH2 or R—SH, respectively) together with a new hydroxy! group on the other
side of the plane. Our group explored the chemical reactivity of epoxides towards amines with the help
of solid-state NMR.*® We proved that amine functions introduced onto GO are mostly grafted to the
epoxy groups through ring opening but not to the carboxylic acids which are present only in a limited
amount at the edge of GO. Although the reaction on carboxylic acid though amidation is widely used
in literatures, the side reaction on epoxides is barely considered. Since the GO structure is extremely
complex, it is crucial to control the derivatization to achieve a clarified structure.

Scheme 1.3 Epoxide ring opening reaction on GO targeting the epoxide groups. For the sake of clarity, only
one functional group is drawn.

The other abundant groups are the OH. Hydroxyl groups are localized on the basal surface of GO and
can undergo different reactions. Organic compounds with an isocyanate group (—N=C=0) can be
easily react with OH to form the urethane linkage and with the carboxyl groups forming an amide bond
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(Scheme 1.4). Isocyanate compounds (R—N=C=0) have been proved to functionalize GO leading to
amides or carbamates by targeting hydroxyls and carboxyl groups, respectively.>” The formation of
carbamates would remove the surface hydroxyls and edge carboxyl groups, making GO sheets less
hydrophilic and more compatible with polar aprotic solvents.

Scheme 1.4 Isocyanate reaction on GO targeting the hydroxyl groups and carboxylic acids. For the sake of
clarity, only one functional group is drawn.

The hydroxyl groups could be also derivatized through Williamson reaction.*®®° Sun et al. reported a
strategy to increase the amount of carboxyl groups onto GO basal plane using chloroacetic acid in
strong basic condition (Scheme 1.5).%° The hydroxyl groups were deprotonated by sodium hydroxide
and then react with chloroacetic acid forming an ether bond with a new carboxyl group introduced
onto GO surface. However, the use of high amount of sodium hydroxide promotes the reduction of
GO.

Scheme 1.5 Carboxylation reaction (Williamson reaction) on GO targeting the hydroxyl groups. For the sake
of clarity, only one functional group is drawn.

Another approach to functionalize GO targeting hydroxyl groups is using the silanization reaction.
Silanes are reactive towards the hydroxyl groups on GO forming C-O-Si bonds (Scheme 1.6). Abbas
et al. introduced vinyltrimethoxysilane to GO by the silanization followed by a reduction reaction on
the silane-GO network using a hydrazine/ammonia mixture.%! The successful grafting of the silane
agent created a spacer between the layers and the unreacted vinyl groups of the silane provided pendant
reactive position for the crosslinking the silane-rGO network structure to other moieties.

R
~ HO
Sl\o/ HO” |~0H
y

Scheme 1.6 Silanization reaction on GO targeting the hydroxyl groups. For the sake of clarity, only one
functional group is drawn.
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Boronic acid and its derivatives are likewise good functionalities for modification of vicinal OH onto
GO (Scheme 1.7), since the boronic esters are responsive to reduced pH, overexpression of reactive
oxygen species or the presence of other moieties such as specific proteins or carbohydrates.®> 5 For
example, He et al. prepared a boronic acid-grafted mesoporous silica nanoparticles incorporating (4-
phenoxyphenyl)diphenylsulfonium triflate, a photoacid generator, which can produce strong acid
conditions under irradiation, and doxorubicin (DOX) adsorbed onto the nanoparticles.>® The
nanoparticles were capped with folate (FA)-functionalized GO by the esterification between boronic
acid and hydroxyls. The FA could target the folate receptor (FR) expressed on cancer cells. Using UV
light, the photoacid generator provoked a pH jump, which induced the cleavage of the boroester linkers
and thus resulted in the uncapping of pore gates, liberating doxorubicin, thus leading to a light triggered
drug release targeting cancer cells.

Scheme 1.7 Esterification reaction on GO targeting the hydroxyl groups using boronic acid. For the sake of
clarity, only one functional group is drawn.

The covalent reactions described above allow to obtain diverse forms of functionalized GO. However,
due to the variety of different oxygenated groups present on the surface of GO, the risk of side reactions
is extremely high. Often the side reactions are not taken into consideration leading to final conjugates
that are not correctly characterized and difficult to reproduce. In addition, the functionalization should
be performed in mild conditions because GO is not stable at high temperature and it can be thermally
reduced.

1.1.3 Application of GO in the treatment of diseases

Over the past few years, graphene oxide has shown its great potential as promising alternative for
various biological applications including biosensing, imaging, antimicrobial effect, phototherapy and
drug delivery, owing to its low intrinsic toxicity, good biodegradation, low cost for large-scale
production, and versatile surface functionalization.®*

The infection of pathogenic microorganisms is one of the largest public health concerns worldwide,
and the gradually enhancement of the resistance to typical antibacterial drugs in microbes makes the
treatments sometimes infective.®® Since the development of new antibiotics is difficult and usually
takes long time, the study of new antibacterial antibiotic-free agents is meaningful for human health.
Multifunctional graphene-based nanomaterials, especially graphene oxide, have shown a great
potential as efficient antibacterial nanodrug with broad-spectrum activities against Gram-positive and
Gram-negative bacteria.®” % Multiple mechanisms are involved in the antibacterial mechanism
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including the edge cutting effect,®” % cell entrapment ability® and oxidative stress effect.®® Among the
graphene-based material, GO and its derivatives are considered as one of the most effective
antibacterial nanomaterials (Figure 1.2).

Cell entrapment ~ Graphene-based Oxidative stress

nanomaterial (GO/rGO)

.

Klebsiella pneymoniae (G) Candidg albicans (G*)

ﬁ : : Sharp-edge mediated insertion

Porphyromonas g éptococcus mutans (G*)

Figure 1.2 The various mechanisms of antibacterial activity in graphene-based nanomaterials. Adapted from
reference ™.

For example, Staphylococcus aureus is associated with various human body infections and plays a key
role in many human diseases such as nonalcoholic fatty liver disease and obesity.”? With multiple
antibiotic resistance, methicillin-resistant S. aureus (MRSA) is one of the major pathogens in hospital
acquired infection.”® De Moraes et al. prepared GO-Ag nanoparticles (GO-AgNPs) with strong
antibacterial activity against MRSA.” The GO-AgNPs showed a minimal inhibitory concentration
(MIC) against MRSA at 15 pg mL™?, which is much lower than Ag nanoparticles alone. After 4 h
contact with GO-AgNPs, 100% of MRSA cells were inactivated (Figure 1.3). A further modification
of GO-AgNPs with chitosan led to a better anti-MRSA performance with the MIC lower than 1.5 g
mL, againbetter than chitosan alone.”™

Antibacterial activity of chitosan-AgNPs-GO

chit:AgNPs-GO = 1:8 chit:AgNPs-GO = 1:4
Ag = 2,98 pug/ml Ag = 2,73 pg/ml

Staphylococcus. aureus

Figure 1.3 The TEM image (left) and antibacterial activity (right) of chitosan-AgNPs—GO nanohybrids. The
right panel shows the agar plates inoculated with MRSA and chitosan—-AgNPs-GO after 24 h. The nanohybrids
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with the ratio of chitosan to AgNPs—-GO = 1:4 possess a higher antibacterial activity than chitosan to AgNPs—
GO = 1:8. Adapted from references ™.

In addition to the antibacterial properties of GO composites, this nanomaterial has been widely studied
for the treatment of cancer. Since centuries, surgery, chemotherapy, and radiotherapy are still the most
common cancer therapies. However, the possibility of recurrence after the treatment, and severe toxic
side effects of the drugs of the irradiations demand for the developments of new strategies. GO
provides an excellent platform for the development of theranostic nanomedicine, combining the
diagnostic and therapeutic application in a simple and non-invasive way. GO can be derivatized with
targeting groups, reporting groups and loaded with drugs in the same construction, achieving a multiple

purpose in a single treatment.

For example, our group prepared a GO conjugate functionalized with the chemotactic peptide N-
formyl-methionyl-leucyl-phenylalanine (GOfMLP), which could target different cancer cells.”® GO
was first covalently functionalized with 2,2’-(ethylenedioxy)bis(ethylamine) (diamino-TEG) via the
epoxide ring opening reaction, leading to the introduction of primary amines. The fMLP peptide was
then grafted to these free amines through the carbodiimide-mediated amidation. GOfMLP was finally

loaded with DOX through physisorption, and this nanomaterial showed a targeted antitumor property.

The application of GO to cancer treatment can also help to overcome drug resistance. For instance,
Feng et al. reported a work using pH-responsive a GO nanocomposite to deliver DOX into cancer
cells.”” Nano-GO (NGO) was functionalized with a PEG chain and a positively charged polyallylamine
hydrochloride (PAH). PAH was then modified with 2,3-dimethylmaleic anhydride (DA). The obtained
NGO-PEG-DA was stable and negatively charged under physiological pH (7.4), but it would rapidly
convert into positively charged nanocarriers with markedly enhanced cellular uptake in a slightly
acidic condition. When loaded with DOX, NGOPEG-DA/DOX complex showed a pH-depended
cytotoxicity and it was able to effectively kill drug-resistant MCF-7/ADR cells. After combining with
photothermal treatment (PTT) (see section 1.2.1), a higher killing efficiency was able to achieve. This
strategy of combined PTT and chemotherapy offers an alternative method for cancer therapy with

enhanced cell-killing ability against drug-resistant cancer cells without invasive operation.
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Figure 1.4 Illustration of the cellular uptake and intracellular acidic environment-triggered DOX release in

NGO-PEG-DA/DOX complex. Adapted from reference 7.

GO-based nanomaterials are also used in the treatment of diseases which involve dysregulation of
immune cells. For example, macrophages play an important role in the progression of myocardial
infarction (MI) and cardiac repair. Two main phenotypes are involved in cardiac repair, the pro-
inflammatory M1 macrophages, which can remove necrotic cells and debris, further initiating
inflammatory reactions, and anti-inflammatory M2 macrophages that can produce anti-inflammatory
cytokines. Han et al. explored GO as carrier of a plasmid DNA. GO was conjugated with PEI and a
folic acid-PEG chain (FA-PEG), showing a high affinity for activated macrophages and a reduced
intracellular reactive oxygen species (ROS) generation in immune-stimulated macrophages.”® An
interleukin(IL)-4 plasmid DNA, which propagates M2 macrophages, was then adsorbed onto GO
conjugate via electrostatic interactions. The complex induced an early phenotype shift of macrophages
from inflammatory M1 phase to reparative M2 phase, both in vitro and in vivo in mouse MI models,
and thus enhanced secretion of cardiac repair-favorable cytokines (Figure 1.5). The combination of the
anti-inflammatory properties of GO and IL-4 plasmid DNA led to an improvement left ventricular

remodeling with a significant decreasing of fibrotic areas and the recovery of heart function.
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Figure 1.5. Proposed therapeutic mechanisms of IL-4 plasmid DNA (pDNA) adsorbed on functionalized GO
in cardiac repair. Adapted from a reference 8.

In summary, based on the tremendous number of studies available, GO-based nanocomposites have
shown their great potential in biomedical applications. Although there are still bias about the safety of
GO, it is worth to further investigate this material as an alternative solution for disease treatment

following a well-controlled preparation and functionalization.

1.1.4 Molybdenum disulfide

Following the rapidly increasing interests in the field of graphene-based materials, other 2D materials,
including inorganic transition-metal dichalchogenides (TMDs), have recently received growing
attention due to their potential application in optoelectronics, catalysis, electrochemistry, and
medicine.”®# The bulk TMD materials are made of 3D crystalline solids with stacked structures and
strong covalent bonds are stabilizing the basal plane made of different atoms with weak van der Waals
interactions between each layers, which could be easily interrupted by exfoliation procedure for
delamination of 3D crystals into 2D nanosheets (Figure 1.6). When the bulk TMDs are exfoliated to
single or few layers, a change of some physical phenomena could be observed due to the quantum
confinement effect and change of interlayer coupling as well as the lattice symmetry.8

Layered TMDs are a class of materials with MX; stoichiometry, where M refers to a transition metal
typically from Groups 4-7 (e.g. Ti, Nb, Ta, Mo, or W) of the periodic table and X is a chalcogen atom
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like S, Se or Te. Single layer TMDs have a thickness of 6-7 A8 TMD monolayer is in a sandwich-
like polymeric X-M-X form, with a plane of transition metal atoms in the middle and two layers of

chalcogen atoms on the top and bottom.
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Figure 1.6 Crystal structures of bulk TMD (left) and the top-down view of the isolated TMD (right).

The layered TMDs exhibit disparate electronic properties depending on the coordination environment
of transition metal and the electronic configuration, even if the stoichiometry is the same.®’ The
coordination of metal atoms in layered TMDs can either be trigonal prismatic (2H polymorph),
octahedral (1T polymorph) or rhombohedral symmetry (3R polymorph) (Figure 1.7).

1T 2H 3R
Metal X N\ I < \i:(
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Figure 1.7 Metal coordination and stacking sequences of TMD structural unit cells. Adapted from reference .

Molybdenum disulfide (MoS>) is one prototype of TMDs and acts as an excellent model system to
explore the chemistry of 2D TMDs. In nature, the semiconductive 2H-polymorphic MoS; is

predominant since it is thermodynamically stable, while the metallic 1T phase MoSs is less stable.%

11
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1.1.5 Synthesis of MoS2

Many protocols have been developed to prepare single and few layer MoS,. In general, there are two
main strategies of synthesis: top-down methods®” 8 and bottom-up methods.®® Mechanical cleavage
is the most traditional method to isolate MoS;, similarly to the isolation of graphene from graphite. The
atomically thin flakes are peeled from the bulk MoS> crystals using a scotch tape. This is a
straightforward method to exfoliate high quality MoS; since the morphology of the nanomaterial could
be preserved without alerting the crystal structures. This method is normally used in research
depending on intrinsic properties of MoS» But mechanical exfoliation is limited by a very low amount

of obtained material and less control of the size of 2D nanosheet.

Liquid-phase exfoliation is the alternative solution to produce massive MoS2 nanosheets. Different
dispersive chemicals, including reaction reagents, solvents or surfactants, are required to weaken the
interactions of the adjacent layers of bulk MoS2 % leading to the isolation of a dispersion of monolayer
or few layer MoSz (Figure 1.8). The liquid phase exfoliation could be directly performed by sonication
of bulk MoS; in various solvent to prepare few layered nanosheets. Coleman’s group reported that the
solvent of exfoliation should have a similar surface tension as the minimal energy of TMDs to break
the interactions between the layers. A surface tension of 44 mJ/m? was measured for MoS;, which is
similar to that of 1-methyl-2-pyrrolidone (NMP) that has a surface energy around 70 mJ/m?2.°* However,

NMP is toxic, unstable and difficult to remove completely.

Figure 1.8 Liquid-phase exfoliation of MoS, Adapted from reference®®.

To overcome the disadvantage of NMP method, Zhou et al. used a mixture of water and ethanol to
exfoliate M0S,.%2. With the volume ratio of ethanol/water of 45:55, exfoliated MoS; nanosheets were

obtained.

Different surfactants are also used to exfoliate MoS: in liquid phase. Sodium cholate is one of the

surfactants that leads to exfoliated MoS; nanosheets with good stability in water.®® % Similarly,
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Satheeshkumar et al. used amino acids to exfoliate the MoS; achieving the functionalization at the

same time.%*

The chemical exfoliation is another feasible method to prepare massive MoS, nanosheets in water.
Two steps are involved in the chemical exfoliation procedure. The first step is to insert the intercalation
compounds into the MoS: interlayers. The intercalation compound can be alkali metal ions or small
molecule with Lewis base suitable reducing ability.®® The compounds are inserted through chemical
or electrochemical methods alone with expansion of the space between layers and generation of gas

with water.% After sonication, bulk MoS; can be easily exfoliated.
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Figure 1.9 Electrochemical lithiation and exfoliation process for the fabrication of 2D nanosheets from layered
bulk crystals. Adapted from reference .

Despite the top-down method, MoSz nanosheets can be also synthesized through bottom-up procedure.
Chemical vapor deposition (CVVD) and wet chemical synthesis are two main techniques. The bottom-
up method allows to provide high-quality of MoS, nanosheets with controlled size and thickness but

the extreme conditions of reaction limit the further application of this protocol for industrial production.

1.1.6 Functionalization of MoS:

The functionalization of MoS: is now attracting more attention as it could help modify the intrinsic
properties of exfoliated MoS2 nanosheets, thus extending the applications. Similar to the modification

on GO, MoS: can be functionalized through non-covalent or covalent methods.

Guan et al. reported a protocol to exfoliate and stabilize M0S,.% MoS; was first exfoliated in water
with the assistance of protein bovine serum albumin (BSA) under sonication. Then BSA was replaced

with tris(hydroxymethyl)aminomethane (Tris) and this nanomaterial was stable in solution for 2.5 year.

13
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Tris molecule was able to further react with polydopamine forming a universal platform for coating of
other functional polymers onto the nanosheets. MoS, was also functionalized with other carbon
nanomaterials. Baek et al. prepared a MoS,-fullerene nanohybrids.®” The supramolecular
functionalization of suppressed photoinduced charge recombination and was beneficial for enhancing

the incident photon-to-current efficiency of the hybrid.

To covalently functionalize MoS: at the edge and in-plane, three main strategies are commonly used:
1) chemistry at S vacancies, 2) direct C-S bond formation, and 3) coordination of S edges to metal
centers.%® To attach functional units to MoS,, the reaction at sulfur vacancies is the most common
explored strategy. The sandwiched three-atom-thick structure of MoS; often is disrupted and S and
Mo vacancies exist, especially in the case of the liquid phase exfoliated MoS>. Some studies reported
functionalized MoS; by using thiols to fill the S-atom vacancies. Cho et al. functionalized MoS; with
alkane thiol to prepare a field effect transistors (FETs).%® The electrical characteristics of MoS; FETs
changed dramatically due to the deposition of alkanethiol. However, this work did not provide a solid
proof of covalent bonding of the thiol derivatives onto MoSz. In fact, Chen et al. demonstrated for
example that the SH group of cysteine was not covalently grafted onto MoS; surface.'® Instead, MoS;
facilitated the oxidation of cysteine to cystine during functionalization. Rather than coordinating as a
thiol (cysteine) at S-vacancies in the MoS: conceived, cystine was simply physisorbed onto the

nanosheet.

Recently, Vera-Hidalgo et al. reported a method of covalent functionalization on MoS; by directly
formation of a S-C bond under mild condition based on the avidity of S as a soft nucleophile for soft
electrophiles.!®* Maleimide derivatives were used for binding to MoS; following the Michael addition
to S atoms (Figure 1.10).

CH,CN
Et,N
MoS rt. 16 h

succ-MoS.°
succ-WS, g

Figure 1.10 Functionalization of TMDs with maleimides. Adapted from reference 11,
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Knirsch et al. discovered that aryl diazonium salts can be used for basal plane functionalization of
Mo0S2.1%2 After the reaction with 4-methoxyphenyldiazonium tetrafluoroborate, MoS, nanosheets
immediately flocculated, indicating a change in the surface properties of the material. The
functionalized MoS; was characterized by several method and the degree of functionalization was

considerably less than the 20%.

Metal salts can be also coordinated (formation of a dative bond) to the basal plane S atoms to form
functionalized MoS2.1%® Copper showed the maximum affinity for coordinating sulfur, while zinc was
found to be less reactive. The prepared MoS; showed better dispersibility in more conventional

solvents including acetone, rather than in highly toxic NMP.

In summary, GO and MoS; are two ideal materials for further research, especially in biology
application. The numerous studies have proved that they are promising platform for several disease
treatments as a drug deliver or by taking advantages of their intrinsic properties, such as photothermal
property for phototherapy. To prepare a more performant nanomaterial, the functionalization is
obligated. Several strategies have been established to functionalize these two materials but the method

of double covalent functionalization still needs to be studied.

1.2 Photothermal therapy and photodynamic therapy

The phototherapy is a light-triggered therapeutic modality for various diseases and it has attracted
tremendous scientific interest in the past decades, especially for cancer treatment. In comparison to
conventional therapies, phototherapy is non-invasive, with minimal side effects and negligible drug
resistance, making it a potential alternative for the replacement of traditional cancer treatment such as
surgery, chemotherapy and radiotherapy as well as the treatment for other diseases. Photothermal (PTT)
and photodynamic (PDT) therapies are two major types of light-activated therapies for disease

treatment.

1.2.1 Introduction to PTT

PTT requires photothermal materials to convert the energy of absorbed photons to heat, resulting in a
local hyperthermia, which leads to the death of cells by the triggering of necrosis or apoptosis
depending on the local temperature increase. With a PTT-mediated heat up to 50 <C, this process

induces an irreversible damage on cells, resulting in protein denaturation, collapse of cell membrane,

15
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and dysfunction metabolism by affecting the activity of enzymes and mitochondria, leading to the
necrosis of the cells.’* However, the strong hyperthermia requires longer irradiation time, higher
power and excess concentration of PTT agent. The temperature could also cause severe side effects to
the surrounding tissue. If the increase of local temperature is lower, a reversible damage on cells can
be induced by affecting the cell metabolism and DNA repair mechanisms.% 1% Although this mild
hyperthermia could not directly kill the cell, the increased temperature could sensitize cells to the
influence of other treatment.1% The increased blood flow into the tumor tissue under mild hyperthermia
could improve tissue hypoxia and can benefit the accumulation of the PTT agent at target tissue by
enhanced permeability and retention (EPR) phenomenon. The membrane permeability is also affected
and the increased temperature can help to disrupt the endosomes or lysosomes, releasing the loaded

cargo into the cytoplasm.1%”:1%8 Qverall, the mild hyperthermia can enhance the therapeutic efficiency.

The wavelength of irradiation is also very important for PTT. The light applied for the photothermal
treatment usually located in a near-infrared window (NIR) between approximately 650 nm and 900
nm (Figure 1.11).1% The irradiation with NIR light minimizes the acceleration of damage on normal
tissues, thus reducing the side effects. When applied using PTT agents to the diseased tissues, NIR

light can cause a local photothermal destruction without affecting normal tissue.**
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Figure 1.11 Biological absorbance of NIR radiation. Adapted from reference %,

As graphene-based materials absorb a wide range of wavelengths, these materials are of extreme
interest as efficient PTT agents. Among various graphene derivatives, GO is widely used for PTT due
to its good water dispersibility, biocompatibility and easy functionalization.® In 2010, Yang et al. first

applied GO to mice for in vivo cancer photothermal treatment.’'! Nano-GO sheets were covalently
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modified with PEG. Due to EPR effect of tumors, the GO complex was highly accumulated into the
tumor while the excess nanomaterial was renal excreted. After applying a 808 nm laser irradiation, an

efficient ablation of tumor was observed without exhibiting noticeable toxicity to mice (Figure 1.12).

No Laser Laser Irradiated

-

No NGS-
PEG

NGS-PEG
Injected

Figure 1.12 Representative photos of tumors on mice after the treatment with/without GO complex under
laser irradiation. Adapted from reference 1,

As described before, GO is easily derivatized with different functionalities to achieve a multifunctional
nanomaterial. When loaded with drug, targeting groups or other nanoparticles, the obtained GO
conjugate can be used as a specific PTT agent towards diseased tissues combined with other treatment

(chemotherapy when the drug is present on the complex) to achieve improved therapeutic efficiency.

Tao et al. loaded an immunostimulatory peptide on PEI and PEG modified GO through electrostatic
interactions.'%” The cellular uptake of the GO complex by macrophages was enhanced by photothermal
effect under a NIR laser irradiation. The secretions of TNF-o and IL-6 by macrophages were enhanced
after applying of GO-peptides complex by 2.2 and 1.8-fold, respectively, in comparison with the non-
irradiation control group. In vivo, the GO complex was injected intratumorally and it exhibited a
satisfying growth inhibition up to 91% while less than 50% inhibition of the tumor growth was
observed without PTT.

In view of these representative examples, lot of promises hold that GO can serve as an ideal
nanoplatform for PTT treatment against several disease, thanks to its good photothermal efficiency
and diverse methods for functionalization. However, the high irradiation power required for PTT
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treatment can lead to sever side effect in clinical. Thus, the combination of PTT with other therapies

IS necessary.

1.2.2 Introduction to PDT

Unlike photothermal therapy which uses high energy to generate sufficient heat to increase the local
temperature, PDT uses a lower energy radiation modality and can be repeated at the same site several
times if required. The presence of adequate oxygen contents in tissues and of a photosensitizer (PS) is
required in the photodynamic treatment. PS is stimulated with a specific wavelength of light (e.g. 660
nm). The excited electron in PS then transfer the absorbed energy to oxygen in the adjacent ground
state tissue, leading to the generation of toxic ROS such as singlet oxygen (*O2), superoxide anion
radical (O2°), and hydroxy! radicals (OH).!'? ROS are highly reactive and are able to interfer with the

biomolecules into the cells, inducing the cell apoptosis. 13

ROS generation by excited PSs follows two types of photoreaction, obtaining different species of
reactive oxygen (Figure 1.13). When stimulated, the first type of PSs can transfer an electron to other
substrates, resulting in the formation of radicals including the superoxide anion radical.}'* The
superoxide radical can be further converted to the more cytotoxic hydrogen peroxide and react with
Fe?* producing hydroxyl radicals through Haber—Weiss/Fenton reaction.!* The second type PSs
follows the energy transfer process with ground state molecular oxygen, also called triplet oxygen,
giving the formation of singlet oxygen 10..1> However, the effective generation of *O2 requires an
adequate concentration of oxygen at the reaction site. The continued irradiation would deplete the local
oxygen and the following hypoxia effect in tissue is considered as one of the important factors relevant

to the side effects observed in the PDT.112 116

The most widely used PSs are porphyrin, chlorin, and bacteriochlorin.'!” These compounds have an
aromatic structure that generates a strong absorption band between 600 and 800 nm, located in the
optical NIR window for phototherapy.
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Figure 1.13 Processes relevant for the formation of ROS. Adapted from reference 12,
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GO and its derivatives are considered ideal carriers for PS delivery, since it can complex of covalently
bind PSs, overcoming the problem of hydrophobicity of such molecules that hampers they solubility
in physiological solutions and limits their therapeutic effects. Huang et al. developed a GO complex
functionalized with cancer cell targeting folic acid. The prepared material was then loaded with PS,
chlorin e6 (Ce6), via hydrophobic interactions and n—m stacking.!!® The GO-FA-Ce6 complex
enhanced the accumulation of Ce6 in tumor tissues, leading to a higher PDT efficacy in cancer cells

under irradiation.

PDT has shown its great potential in the treatment for diverse diseases and many generations of PDT
agents have been developed. But the demand of sufficient molecule oxygen limits the efficacy of this
therapy. Although the hypoxia effect can be remised by better monitoring the irradiation time, it would
be better to increase the local oxygen concentration via increased blood flow or applying oxygen-

generation agents.

1.2.3 Synergistic therapy combining PTT and PDT

Synergistic therapy is one of promising ways to improve the treatment efficacy by integrating two or
more therapeutic modes into a single application.!?® For the single photodynamic treatment, an
important therapeutic problem is that the exhaust of tissue oxygen would exacerbate the local hypoxia
leading to a side effect on the normal cells and decreasing the efficiency of singlet oxygen due to the
insufficiency of molecular oxygen. The intra-treatment detection of 10? could partially avoid such
problems and enhanced PDT efficacy by monitoring the irradiation time.!'® 12° Thus, determining
oxygen consumption and tissue oxygenation during the treatment is essential for the development of
PDT. For PTT, a light with high intensity (normally higher than 0.5 W per cm™2) is usually required
for a sufficient increase of hyperthermia. But intense light irradiation might itself induce side effects
to healthy tissues trespassed by light. So, the combination of PDT and PTT could lead to a better

efficiency of disease treatment with minimal side effect.

In the literature we can find now numerous works describing the combination of these to therapeutic
modalities.®> 2! For example, Tian et al. first investigated the synergistic therapy by combining PTT
and PDT using a GO nanocomposite.'?? The authors loaded Ce6 onto a PEG functionalized GO by -
7 stacking. The cellular uptake of the Ce6 was significantly enhanced compared to free Ce6, increasing
the photodynamic efficiency. The mild hyperthermia induced by PTT irradiation promoted then the
delivery of Ce6 molecules at a much lower power density than PTT alone. This opens the way to build

a multifunctional nanomaterial for enhanced cancer therapy under mild condition.

19



20

Chapter 1
Introduction

Overall, the combination of the two modalities could overcome the limitation of PTT and PDT alone,
achieving a synergistic effect in disease therapy, and leading to a higher therapeutic efficacy with
reduced side effects. Since GO is a good PTT material and has extraordinary loading efficiency for
PDT reagents, it holds good promises possesses for future clinical translation.

1.3 Autoimmune diseases and their treatment using nanomaterial

1.3.1 Introduction of autoimmune disease and macrophages

Autoimmune diseases consist of a diversity of chronic inflammatory disorders where the immune
system attacks specific cells, body tissues and organs of the host. Rheumatoid arthritis (RA) is a
common polyarticular autoimmune inflammatory disease resulting in destruction of both cartilage and
bone destruction within the synovial joints.!?® Normally, RA is characterized by the synovial
inflammation and hyperplasia, autoantibody production, cartilage and bone destruction,'?* The
symptoms caused by RA may lead to chronic pain, long-standing synovitis, progressive functional
disability and greater morbidity.*?® The RA affects about 1% of the population globally and can present

at any age.'?®

The pathogenesis of RA is complicated and usually associated with susceptibility genes, environmental
stimulation, epigenetic modifications, and post-translational modifications.*?® But it still remains
difficult to describe the full etiology of RA. Different types of tissues are enclosed within a fibrous
capsule in the synovial joint, including synovial membrane and fluid, articular cartilage and bone. The
tissues damage within the joint relates to the synovium inflammation?” 128 and the subsequent
increased fibroblast-like synoviocytes,'?® 13 the disorder of bone resorption and formation,*3% 132 the
overexpression of proinflammation cadherins®® and the imbalance of apoptosis.* The activation of
the immune system is considered as the fundamental factor to the pathological changes within the
synovial joints and the development of clinical features, including synovial hyperplasia, formation of
invasive pannus tissue and progressive joint destruction.'® Several environmental insults, including
smoking, diet, obesity, infections and microbiota, can provoke an immune response, which leads to
the generation of proinflammatory autoantigens and the subsequent production of rheumatoid

factors.136. 137

For the immunopathogenesis of RA, T cells,*?” B cells,*?® synovial fibroblasts,*3* ¥ osteoclasts,**
and macrophages are involved in the generation of the disease. Among these cells, macrophages are
considered as the central role in the progress of RA, due to their higher presence in the RA joints, their
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activation and polarization after infection and their successful response to anti-rheumatic.'3 4% The
synovium-resident macrophages are seeded prior to differentiation from monocytes. The
differentiation process can be prominent in response to macrophage depletion, inflammatory
conditions or physiological stress, leading to activated macrophages.’®® The proinflammatory
macrophages continue to release some proinflammatory factors such as tumor necrosis factor-a (TNF-
a), interleukin(IL)-1p, IL-6, and matrix metalloproteinase (MMP), which constitute the pivotal event

leading to chronic inflammation.

Folate receptors (FRs) B have been proved to be expressed on activated monocytes and macrophages
in chronic inflammatory diseases including RA and they can be used as imaging and therapeutic
target.1*! FRs are N-glycosylated proteins, with the relative molecular mass around 40 kDa. FRs show
high binding affinity to folic acid (or folate) (Figure 1.14).%%’

Folic acid

Drug S
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Reoeptor—’ C&Q%
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Endosomal release

Figure 1.14. Schematic representation of folate mediated endocytosis. Adapted from reference 1%'.

1.3.2 RA therapy targeting FR B

The process of RA is commonly divided into two stages.*? The first stage of RA development consists
of promotion of protein citrullination in extraarticular sites and other autoimmune response to the
environment acceleration such as smoking or infection, including formation of RF (rheumatoid factor),
anti-citrullinated protein antibodies (ACPA), and anti-carbamylated proteins. However, only 40% of
ACPA-positive arthralgia will eventually develop into the second stage of clinical RA, which consists

on an unrelated self-limiting synovial inflammation and associated locally induced citrullination.4®
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Current treatment strategies for RA include nonsteroidal anti-inflammatory drugs (NSAIDs),
glucocorticoids (GCs), disease-modifying anti-rheumatic drugs (DMARDSs) and biologic response
modifiers for the symptomatic relief or alter the disease process.'?® For example, methotrexate (MTX)
is an antimetabolite-folate antagonist in DMARDs family and it has been widely used as the first-line
antirheumatic agent due to its outstanding effectiveness.** However, the application of these drugs is
strictly limited due to their severe side effects, such as cardiac complications, gastrointestinal damage
and ulcers, along with immunosuppression that leads to the development of opportunistic infections.
In order to overcome this shortcoming, the combination of different types of nanocarriers and drugs

were applied to provide multifaceted solutions.'?3

To achieve better therapeutic effect, FR  is commonly used as the target for the specific treatment of
macrophages in RA.1*3 Since FA has a high affinity to FR on activated macrophages, FA-derivatized
nanocomposite can be selectively internalized by macrophages though a receptor-mediated
endocytosis. Chen et al. prepared a FA-PEG liposome encapsulating MTX and catalase (CAT).}*® The
prepared liposome was able to target activated macrophages. The encapsulated CAT catalyzed the
decomposition of hydrogen peroxide into oxygen and water, leading to the release of the encapsulated
MTX. The liposome possesses a ROS-triggered drug release combined with an improved cellular
uptake through folate-mediated endocytosis (Figure 1.15). The nanocomposite enhanced the
accumulation of MTX in inflamed joints of mice, reinforced therapeutic efficacy and minimal toxicity

toward major organs.
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Figure 1.15 The prepared liposomes with folate targets the activated macrophages and processes a ROS-
responsive drug releasing function for RA treatment. Adapted from reference 4.
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However, no studies were reported using FR B-targeting GO for the treatment of RA. Since GO has
been proved as a good platform for drug delivery and phototherapy, it is interesting to develop a folate-

functionalized GO combined with PTT and PDT as a new RA therapeutic conjugate.

1.4 Objectives of this thesis

The main purpose of my thesis was to explore the possible therapeutic effect of GO conjugates
functionalized with a targeting agent (FA) and a photosensitizer (Ce6) in the treatment of cancer cells
and RA combining PTT and PDT. To achieve this objective, the thesis was divided into three main
chapters. The second and fourth chapters concern the investigation of new methods for the double
functionalization of GO and MoS>, while the third chapter reports the preliminary results about the
application of FR targeting GO-FA/Ce6 conjugate in the treatment of cancer cells, which overexpress

FRs, and macrophages involved in RA pathology.

In chapter 2, | focused on the chemical modification of GO. In order to achieve a robust structure, we
decided to optimize a method for the covalent double functionalization. Epoxides and hydroxyl groups
were chosen as the targeting groups for the modification. The epoxide can be easily derivatized through
a nucleophilic attack by a functional group bearing free amine or thiol. Then we performed a
Williamson reaction between the hydroxyl groups and chloroacetic acid following the protocol
published by other groups. To study the influence of strong alkaline solutions on GO, we used different
the amounts of sodium hydroxide for the carboxylation step. We combined the epoxide ring opening
reaction and the carboxylation followed by amidation to prepare the double functionalized GO in a

stepwise procedure.

In addition to the Williamson reaction, we also explored the possibility to derivatize the hydroxyl
groups with benzoguinone following Michael addition. Three different protocols were used to double
functionalize GO in a three-step procedure. The prepared GO was characterized using different

techniques.

In the third chapter of the thesis, | prepared a FA/Ce6 double functionalized GO through epoxide ring
opening reaction by one-pot mixing a PEG with a terminal FA and a Boc protected PEG. Boc was then
removed and Ce6 was covalently bound to GO. The prepared GO-FA/Ce6 conjugate was characterized
by different methods to confirm the grafting of the two molecules. This as-prepared GO conjugate was
applied first to cancer cells to evaluate the PTT/PDT efficiency in vitro. The cell viability was

evaluated before and after the irradiation under 808 nm and 660nm for PTT and PDT, respectively.
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Then the PTT and PDT were combined in order to achieve a better Kkilling efficiency. The same
conjugate was then used to study the behavior of macrophages, in view of the possibility to develop a

treatment for RA.

Finally, since the MoS; can be also covalently functionalized through Michael addition, we started to
explore the derivatization of MoS; using benzoquinone (chapter 3). Different functionalities were used
to be covalently grafted onto MoS: in order to confirm the successful functionalization.

The thesis ends with chapter 5 on conclusion and perspectives.
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Chapter 2 The covalent double functional on GO

2.1 Introduction

Since GO possesses many extraordinary properties such as good water dispersibility, rapid
biodegradability and low toxicity, it has become the mostly studied 2D material, especially for
biomedical applications.! To achieve better performances of this material, the modification of GO with
diverse functional groups is required. Non-covalent functionalization onto GO is generally preferred
since this method is easy to perform and will not alter the morphology and the intrinsic
physicochemical property of GO. However, covalent derivatization provides the possibility to form
more robust GO hybrids endowed of different functional groups. Several methods have been
developed to covalently modify GO through the oxygenated functions on its surface,? such as
carboxylic acids,® epoxide rings* and hydroxyl groups. * ©

Compared to mono-functionalization, the covalent double functionalization of GO allows to better
control the specific attachment of distinct molecules or nanoparticles through different reactions. Since
a variety of different oxygenated groups is present on GO, it is challenging to develop strategies for
covalent double functionalization without affecting other functional groups or to avoid side reactions.
Only few strategies for the covalent double functionalization of GO have been reported so far.” One
simple strategy is based on “one-pot” method. One paper described the double functionalization on
GO using a mixture of octa-arginine and amino-polyethylene glycol through amidation.” However,
concomitant side reactions may render this procedure difficult to control. Also, the one-pot strategy
usually targets only one functional group on GO leading to a lower efficiency of modification. Another
strategy for a double functionalization is to develop a stepwise procedure by targeting different
functional groups onto GO, such carboxyl groups and epoxide rings.® This kind of functionalization
allows better controlling the conjugation of the two molecules compared to a one-pot strategy. But the
percentage of the original COOH on GO is rather low (around 3.5%)* leading to low loading efficiency.

In our group, we have done a lot of work on multi-functionalization of GO targeting the epoxides and
hydroxyl groups.® But the efficiency of the derivation on hydroxyl groups is always lower than the
opening of epoxides, which is always the first step of functionalization. A possible solution to increase
the grafting of functionalities after epoxide ring opening is to derivatize alcohol functions with another
function, which is more reactive than hydroxyl groups.

2.2 Objectives of this chapter

The objectives of this chapter are to devise an efficient strategy for the covalent double
functionalization of GO by targeting two different functional groups in mild conditions. The epoxides
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and hydroxyls are two main functional group on GO surface and can be grafted with different molecule
through stepwise reactions. For this reason, we chose these two groups as targets for the covalent
double functionalization.

The epoxide ring opening reaction was first performed to graft one functional group. To further attach
another molecule, the hydroxyl groups were derivatized with chloroacetic acid or benzoquinone. The
application of chloroacetic acid was aiming to introduce more carboxyl groups onto GO. A second
functional molecule bearing an amine moiety was then covalently bound to GO through amidation
reaction with these new carboxyl groups. To clarify the impact of different amount of alkaline solution
on GO functionalization, we prepared carboxylated GO using different molarities of sodium hydroxide.
Besides the derivatization of the hydroxyls with chloroacetic acid, we also explored the protocol to
covalently double functionalize GO through the combination of an epoxide ring opening reaction and
a Michael addition to the hydroxyl groups on benzoquinone which can be further derivatized with
molecules through another Michael addition.

2.3 Combination of epoxide opening and carboxylation

The GO sample for all the experiments was obtained from Prof. Yuta Nishina (University of Okayama,
Japan). Generally, large GO flakes (30 jam) were prepared following a modified Hummers’ method.
Then, by using a jet mill with a 0.1 mm nozzle, GO with an average lateral size of 1 um was obtained.®

We first explored the method of double functionalization though the combination of the epoxide ring
opening reaction and carboxylation of GO. Although there are already many articles reporting that GO
could be partially reduced during carboxylation using chloroacetic acid and sodium hydroxide,® ¥ the
effect of this deoxygenation effect on the efficiency of GO functionalization is still unclear. Moreover,
various concentrations of sodium hydroxide solutions were reported (from 123 mm to 4 m), with 3 M
being the most commonly used. To better understand if the carboxylation reaction is appropriate for
the covalent double functionalization of GO, we started the reaction with a high amount of sodium
hydroxide.

2.3.1 Carboxylation of GO with high amount of sodium hydroxide

Carboxylation of hydroxyl groups can be performed either before or after the epoxide ring opening.
We first derivatized hydroxyl groups onto GO with chloroacetic acid in strong basic conditions
following the protocol published by other groups to increase the amount of carboxylic acids.!! Briefly,
pristine GO was dispersed in 3 M sodium hydroxide solution followed by the immediate addition of
chloroacetic acid (Scheme 2.1). After washing and dialysis, the resulting GO 1 was characterized by
XPS, TGA, FT-IR and TEM.
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3 M NaOH in water
Sonication, 2h
Stirring, 14h

Scheme 2.1. Carboxylation reaction onto GO. For the sake of clarity, only one hydroxyl group is derivatized
and the epoxide rings are closed. The epoxide ring opening by sodium hydroxide is under an equilibrium and
part of the C-O groups can close again to form the three atom ring.! 13

XPS is the method of choice to prove the information on the chemical composition of the surface of
GO (Figure 2.1). The atomic percentage composition of pristine GO and GO 1 was calculated (Figure
2.1a and d, respectively). As presented in Figure 2.1, the C/O ratio for the starting GO was calculated
as 2.6, while for GO 1, it resulted 3.0. The increase of the C/O ratio after carboxylation revealed that
there was a partial reduction of GO during the reaction,** indicating that part of the oxygen-containing
functional groups such as epoxides and hydroxyls were removed in basic condition. The deconvolution
of the high-resolution C 1s spectra also supported the reduction of GO. C 1s spectrum of pristine GO
exhibited two major peaks which could be assigned to the carbon atoms from C-C bond at 284.8 eV
and C-O bond from alcohols and epoxides at 286.6 eV (Figure 1b). The small peak located in the 288.3
to 289.1 eV region could be deconvoluted into two components: carbon atoms from the carboxyl
groups in the range from 288.7 eV to 289.1 eV, and the atoms from the carbonyl groups from 288.1
eV to 288.3eV. However, a significant change in the C 1s spectrum was observed after the reaction
(Figure 1e). The component of the carboxyl groups on GO increased from 3.9% to 6.2%, proving the
successful modification of the starting GO with additional carboxylic acids. As indicated from the C/O
ratio, a significant decrease of the C-O component from 44.0% to 28.7% was also observed after the
carboxylation, confirming the partial removal of the oxygen-containing functional groups during the
reaction.'® The XPS spectra showed that some labile oxygenated groups and oxidative debris® were
likely to be removed from the GO surface during the treatment with a high concentration of sodium
hydroxide. Part of the epoxide rings were probably opened by OH" and the hydroxyl groups could be
further reduced by OH- assisted with Na" and water molecules, resulting in the formation of COx,
vacancy defects and extension of conjugation, as previously reported (Scheme 2.2).1" 8 The partial
reduction of GO affects its intrinsic properties and decrease the amount of hydroxyl groups on GO.
This unexpected deoxygenation of GO would lead to a lower amount of COOH groups introduced by
carboxylation procedure, thus decreasing the loading of molecules through amidation following this
strategy. The high-resolution O 1s peak was deconvoluted into three components: C=0 (531.4-530.3
eV), C-0 (533.0-532.0 eV) and H20 (535.2-534.8 eV). The increase of the C=0 component from 5.0%
to 5.7% after carboxylation was not very significant, probably due to contribution of the chloroacetic
moiety in both peaks (Figure 2.1 f).
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Figure 2.1. XPS survey spectra (a, d), high resolution C 1s (b, e) and O 1s (c, f) spectra of pristine GO (top row)
and GO 1 (bottom row).
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Scheme 2.2. Deoxygenation of GO under alkaline solution.!" 8

The reduction of GO was corroborated by thermogravimetric analysis under inert atmosphere (Figure
2.2a). The TGA curve of the pristine GO showed two main weight losses. The first weight loss from
30-100°C can be assigned to the removal of physisorbed water,* while the second weight loss from
150 to 200 °C is due to the decomposition of labile oxygenated groups. As evidently showed in Figure
2a, the TGA curve of GO 1 present a higher thermal stability in the 150-200°C region and a lower total
weight loss at 800°C. The increase of the thermal stability could be attributed to the partial reduction
of GO by removal of some labile oxygen-containing groups.*8

Then we performed the attenuated total reflectance (ATR) FT-IR spectroscopy on pristine GO and GO
1 (Figure 2.2b). In the spectrum of the starting GO, a broad peak around 3400 cm™ was observed and
it could be assigned to the O-H stretching of the adsorbed water and the hydroxyl functions of GO.*°
The band at 1723 cm™ in GO 1 was attributed to the stretching of C=0 groups while the peak at 1619
cm* corresponded to the H-O-H bending vibration of water molecules and the skeletal C=C bond
vibrations of the graphitic domains. The band at 1371 cm™ could be assigned to the O-H bending
vibration. The C-O-C vibration band of the epoxides was located at 1232 cm™ and the peak at 1143
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cm ™t was assigned to the C-O stretching. After the carboxylation, the stretching band of C=0 at 1723
cm™* was still present as well as the O-H stretching at ~ 3400 cm™.
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Figure 2.2. a) TGA of the pristine GO and GO 1 performed in inert atmosphere. b) FT-IR spectra of the pristine
GO and GO 1.

The morphology of GO was characterized by TEM (Figure 2.3). The GO sheets have an average lateral
dimension around 1 um and a wavy shape with folded edges. After carboxylation, the morphology of
GO was not affected significantly.

—_—
500 nm 500 nm

Figure 2.3. TEM images of GO (left) and GO 1 (right).

Although there are many literatures published applying the carboxylation method for GO surface
modification using chloroacetic acid and sodium hydroxide with high concentration, the partial
reduction of the material and the removal of the oxygen functional groups were never clearly
mentioned. On the other hand, the reduction of GO in strong alkaline solution at room temperature has
been reported by several groups,*®18 20 and it has been proved as an efficient way to produce reduced
GO.* 2 Since these oxygenated groups are crucial for the functionalization on GO, we continued
studying the impact of the reduction on the efficiency of double functionalization.
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2.3.2 Double functionalization of GO combining opening of epoxides and carboxylation with high
amount of sodium hydroxide

To better understand the effect of the partial reduction on GO double functionalization, we decided to
combine an epoxide ring opening reaction and the carboxylation of GO followed by an amidation
(Scheme 2.3). O-(2-aminoethyl)-O’-[2-(Boc-amino)ethyl]decaethylene glycol (BocNH-PEG10-NH>)
was chosen as the functional group since the amine moiety can open the epoxide ring with high
efficiency and it can also react with the carboxyl groups onto GO in the presence of activating agents
(EDC/NHS) to achieve the double functionalization. The amount of amino-PEG groups grafted onto
GO can be evaluated using the colorimetric Kaiser test after Boc-deprotection.?> 2 The epoxide ring
opening reaction was first performed since the epoxides easily react with amines through a
nucleophilic addition forming a C-N bond and a new hydroxyl group on the opposite site of the plane,
which can benefit of a further derivatization with chloroacetic acid. For this purpose, pristine GO was
mixed with BocNH-PEG10-NH> in water and stirred for 3 days at room temperature (Scheme 2.3).
After washing and dialysis, GO 2 was obtained. The functionalities on GO 2 were determined by a
Kaiser test after Boc deprotection and the amount of free amines was estimated to be 59 umol/g,
proving that the PEG chain was successfully grafted onto GO (Figure 2.4a). For the carboxylation
procedure, GO 2 was mixed with chloroacetic acid in the presence of 3 M sodium hydroxide under
bath sonication following the protocol described above, leading to GO 3 (Scheme 2.3). We cannot
exclude that chloroacetic acid may also react with the secondary amine of the PEG chain introduced
after the epoxide ring opening. However, the close proximity of this secondary amine with the surface
of GO likely hampers such derivatization due to steric inaccessibility. The Kaiser test of Boc-
deprotected GO 3 revealed that the amount of amines decreased to 14 umol/g after the carboxylation
(Figure 2.4a), indicating that the PEG chain may be partially removed due to partial reduction of GO
during the carboxylation step. GO 3 was further reacted with BocNH-PEG1o-NH> through amidation
in the presence of EDC/NHS, giving the double functionalized GO 4. An increase of the amount of
primary amines was measured by the Kaiser test (27 umol/g), confirming that the PEG chain was
linked to GO through amidation of the carboxyl groups (Figure 2.4a). Meanwhile, a control reaction
was performed by directly grafting BocNH-PEG10-NH2 on GO 2 through amidation obtaining GO 4-
CTR (Scheme 2.3b). The Kaiser test value (62 umol/g) showed a little increase compared to GO 2
(Figure 2.3a), thus confirming that there is only a limited amount of carboxyl groups at the edges of
GO and that the reaction with chloroacetic acid allows to introduce more COOH moieties on GO.
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Scheme 2.3. a) Double functionalization of GO combining the epoxide ring opening reaction and the
carboxylation reaction. b) Control reaction of the double functionalized GO. For the sake of clarity, only one
type of functional group is derivatized.

The thermogravimetric analysis further confirmed the partial removal of the oxygenated functional
groups on GO during the carboxylation step in the presence of the high concentration of sodium
hydroxide (Figure 2.4b). Compared to pristine GO, PEG modified GO 2 displayed another weight loss
in the region between 200 and 400 <C, contributed by the thermal degradation of the PEG covalently
bound to GO. However, after the carboxylation reaction, the thermal stability GO 3 of was enhanced
with a lower weight loss compared to GO 2, probably due to the deoxygenation under high
concentration of sodium hydroxide. For the double functionalized GO 4, a higher weight loss was
observed in the temperature region between 200 and 400 <C, indicating that more PEG chains were
functionalized onto GO surface. Overall, the TGA results corresponded to the results obtained by
Kaiser test, confirming the successful double functionalization of GO through the combination of
epoxide ring opening reaction and carboxylation followed by amindation. The additional carboxyl
groups introduced to GO surface may help increase the grafting of the second functional group.
Nevertheless, the distinct increasing of thermal instability after the carboxylation on GO 2 revealed
that some functionalities were partially removed in the strong basic condition.
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Figure 2.4. a) Kaiser test of GO 2, GO 3, GO 4 and GO 4-CTR after Boc deprotection, and b) TGA of GO 2,
GO 3 and GO 4 performed in inert atmosphere.

The XPS analysis also confirmed the removal of some functional groups during the reaction (Figure
2.5). After the carboxylation step, the percentage of nitrogen atom on GO 3 increased from 1.0% to
1.8% compared to GO 2 due to the partial deoxygenation on GO. After the amidation reaction, the %N
in GO 4 increased to 2.1%, proving that more PEG chains were grafted onto GO surface.



Chapter 2
The covalent double functionalization on GO

a) At% b) area%
cis 712 ——C-C 444
01s 276
- N 1s 1.0
3 -
s | sz 03 3
z >
z Z
£ 2
- [=
800 600 400 200 295 290 285 280
Binding energy (eV) Binding energy (eV)
C A% d area%
Ccis 731 ——CC 475
01ls 251 —C-0 33.2
’; N 1s 18 _ |7/ C=00H 29
o | S2p 00 3 |——c=0 51
= E ——— pi-pi* 1.7
@ S [CN 9.5
L c
IS 2
f =4
T T T T T T T
800 600 400 200 295 290 285 280
Binding energy (eV) Binding energy (eV)
At% f area%
e Cils 75.6 —C-C 44.4
S 115 1’22‘11 ——C0 195
—_ s . ———— =
Sls» o2 ~ C-00H 27
2 5 |—c0 60
- o § e
- — |——pi-pi* 16
5 Z|—cN 259
o Z
:
800 600 400 200 295 290 285 280
Binding energy (eV) Binding energy (eV)
At% h area%
g Cils 738 —C-C 44.7
S 11: "’14‘14 ——C-0 267
"5 S2p 08 — ——C=00H 2.7
s S |[—c0 50
= & —— pi-pi* 2.5
@ £ |——cCN 185
w
2 Z
:
280

600 400 200 295 290 285

800
Binding energy (eV)

Binding energy (eV)
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With a combined epoxide ring opening followed by a carboxylation/amidation, a stepwise double GO
functionalization was successfully achieved. But, the partial reduction of GO resulted in a lower
efficiency of total functionalization and limited to a certain extent this method for further applications.

2.3.3 Double functionalization of GO combining opening of epoxides and carboxylation with a
reduced amount of sodium hydroxide

To reduce the severe reduction of GO during the carboxylation process, we decided to perform this
reaction using a lower amount of sodium hydroxide. The carboxylation of GO was operated in a
sodium hydroxide solution at different pH: at pH 9 (10 m of NaOH in water) and at pH 13 (0.1 m of
aqueous NaOH), leading to GO 5a and GO 5b, respectively. Both samples were characterized by XPS
(Figure 2.6). However, the C 1s spectra indicated a lower efficiency of carboxylation using lower
concentrations of sodium hydroxide. Based on the deconvolution of C 1s spectra, it is not evident to
conclude that more carboxyl groups were introduced onto GO surface in both pH conditions.
Additionally, the area of carbon from C-O component in GO 5a decreased to 39.7% compared to
pristine GO (44.0%), revealing that even at pH 9 GO was slightly reduced during the functionalization.
A more pronounced reduction was instead observed in GO 5b with the C-O component decreased to
35.0% due to the higher pH. The C/O ratio calculated from the survey spectra are consistent with the
results from the high-resolution C 1s spectra. The C/O ratio increased from 2.6 for the pristine GO to

2.8 for GO 5a and 3.0 for GO 5b.
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Figure 2.6. XPS survey spectra (a, ¢) and high resolution C 1s (b, d) spectra of GO 5a (top row) and GO 5b
(bottom row).
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The slight reduction of GO 5a and GO 5b were also confirmed by TGA (Figure 2.7). Both GO samples
showed a slightly increased thermal stability around 200°C, which could be assigned to the partial
removal of labile oxygen-containing groups, in agreement with the XPS data.
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Figure 2.7. TGA of the pristine GO, GO 5a and GO 5b performed in inert atmosphere.

In order to further understand the carboxylation reaction using low concentration of sodium hydroxide,
we decide to characterize the pristine GO and GO 5a by quantitative *C direct polarization (DP) solid
state MAS-NMR (Figure 2.8). A control reaction was also performed by stirring GO at the same pH
but without adding chloroacetic acid giving GO 5a-CTR (see section 2.5 Materials and methods). A
detailed analysis of *C spectra is shown in Figure 2.8 with a line shape fitting using a CSA (Chemical
Shift Anisotropy) model. The intensities for inner components of each broad bands were obtained
(Table 2.1). The strong bands located at 60.1 ppm and 69.8 ppm can be assigned to the abundant
epoxides and hydroxyl groups, respectively, and the strong peak at ~ 130 ppm is from C=C bonds.*
24,25 However, the peak of the carboxyl groups located around 164 ppm is almost negligible due to the
limited amount of carboxyl groups of pristine GO compared to other functional groups. Unfortunately,
the carboxylation reaction did not increase the signal of the carboxyl groups, proving the inefficiency
of the reaction at a lower pH.

P ] A ~r

300 200 100 0 [ ppm ] 300 200 100 0 [ ppm ] 300 200 100 0 [ppm]

Figure 2.8. 3C DP/MAS line shape analysis (experimental black, calculated red, difference green). a) pristine
GO, b) GO 5a and c¢) GO 5a-CTR.

The 3C DP/MAS NMR spectra also confirmed the slight reduction of GO in the basic condition. The
intensity of the peaks of the epoxides decreased to 16% in GO 5a and GO 5a-CTR comparing to
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pristine GO (22%), while hydroxyls showed a little increase from 20% in pristine GO to 23% in GO
5a and 22% in GO 5a-CTR, respectively (Table 2.1). The difference in the areas of the epoxides and
the hydroxyls could be assigned to the opening of a small proportion of the epoxides by sodium
hydroxide. The fitting of the C=C signal evidenced two peaks at ca. 126 and 132 ppm that could be
ascribed to graphitic localized clusters of C=C and to the other C=C in proximity of oxygenated groups,
respectively (Table 2.1).

Table 2.1. Percentages of the different peaks for pristine a) GO, b) GO 5a and ¢) GO 5a-CTR obtained from
the quantitative 3C NMR spectra.

) Msepm) | % b) rseem T % ) Mapem | %
190.2 2 189.7 3 189.9 3
164.0 3 164.5 2 164.4 2
1323 23 131.8 25 1313 28
126.7 17 1259 18 125.6 18
100.4 2 100.4 3 99.0 3
783 1 80.8 2 811 2
69.8 20 702 23 703 2
60.1 22 60.4 16 603 16
55.0 2 55.9 2 55.1 2
27.0 1 30.6 6 29.9 5

To confirm whether more carboxyl groups were however covalently linked onto GO surface, the
carboxylated GO samples prepared at pH 9 (GO 5a) and pH 13 (GO 5b) were derivatized with N-Boc-
2,2'-(ethylenedioxy)diethylamine (Boc-TEG-NH>) (Scheme 2.4). Since the reduction of GO was not
severe at pH 9 and pH 13, we assumed it was possible to perform the carboxylation keeping the epoxide
group that can be susceptible to the following ring opening reaction. GO 5a and GO 5b were first
functionalized Boc-TEG-NH: through a nucleophilic epoxide ring opening, obtaining GO 6a and GO
6b, respectively. Then, Boc-TEG-NH: was grafted on GO 6a and GO 6b by amidation of the carboxyl

groups of GO in the presence of activating reagents (EDC/NHS), giving the double functionalized GO
7aand GO 7b.
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Scheme 2.4. Double functionalization of GO combining the carboxylation reaction using reduced amount of
sodium hydroxide and epoxide ring opening reaction, followed by amidation. For the sake of clarity, only one
type of functional group is derivatized.

The GO samples were characterized by XPS (Figure 2.9). The significant increase of the %N values
for GO 6a and GO 6b proving that Boc-TEG-NH2was successfully introduced on GO through epoxide
ring opening (Table 2.2). However, we could not observe a significant increase of the %N after the
amidation reaction, indicating that there was little Boc-TEG-NH. added to monofunctionalized GO
through amidation, likely due to the low amount of the carboxylic groups onto GO surface. These
results were supported by the Kaiser test. The amount of amines in GO 6a and GO 6b were calculated
after Boc deprotection, as shown in Table 2.2. However, both double functionalized GO 7a and GO
7b did not present a higher amount of amines compared to the monofunctionalized GO, confirming
the low efficiency of the second step of functionalization. The slight decrease of the amine level after
the amidation was likely caused by the removal of some PEG chains physisorbed onto GO by DMF.
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Figure 2.9. XPS survey spectra (a, ¢, e, g) and high resolution C 1s (b, d, f, h) spectra of GO 6a (a, b), GO 6b
(c, d), GO 7a (e, f) and GO 7b (g, h).

By studying this alternative strategy using a lower amount of sodium hydroxide, the reduction of GO
was limited compared to the common method used in previous publications.?® Nevertheless, the
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carboxylation was not efficient, thus limiting the scope of the double functionalization strategy based

on carboxylation followed by epoxide ring opening.

Table 2.2. Percentage of nitrogen element and amount of amines on GO samples assessed by XPS and the

Kaiser test, respectively.

Sample %N Amine (umol/g)
5a 0.1
6a 1.3 105
7a 1.4 75
5b 0.2
6b 1.3 99
7b 1.4 75

2.3.4 Conclusion

In summary, we studied the possibility to combine the epoxide ring opening reaction and the
carboxylation followed by the amidation reaction to prepare a multifunctional platform under
controlled chemical approaches. To further optimize the condition of the carboxylation, we
investigated the influence of different amounts of sodium hydroxide on GO structure. The GO was
successfully derivatized with chloroacetic acid with a clear increase of the carboxyl groups observed,
but a concomitant partial reduction of GO. GO was then doubly functionalized in a stepwise procedure
by combining an epoxide ring opening, the carboxylation and an amidation reaction. The high
concentration of sodium hydroxide used in the carboxylation step provoke however a significant
reduction of the material accompanied by the removal of some functionalities during the carboxylation
step. Although it was possible to attach two functional groups by combining carboxylation with
epoxide ring opening reaction, the total level of functionalization is much lower compared to a direct
epoxide ring opening.

In the following study, we found that the derivation of hydroxyl with carboxyl groups occurred only
under strong basic condition. Indeed, with a lower amount of sodium hydroxide, GO was not
significantly reduced due to a small proportion of the epoxides being opened by sodium hydroxide.
But the introduction of carboxylates was negligible in these milder conditions and it would not help
for the introduction of the second functional group.

Overall, our results demonstrate that the carboxylation is not a suitable approach for the
functionalization of GO due to the partial reduction of GO in strong basic solution and it can be hardly
applied to achieve an efficient double functionalization of GO for further modifications. This work
shows that it is very important to consider side reactions that were barely mentioned in the previous
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literature. The control of the derivatization of GO is crucial, in particular for biological purpose. The
surface modification would tune the intrinsic properties of GO, affecting the loading effencency and
other factors which are important for its application in biosensing and disease treatment as drug
nanocarriers. This part of work has already published in Nanoscale Advances.

2.4 Combining the opening of epoxides and benzoquinone-mediated Michael

addition reaction

In the previous part, we investigated the carboxylation reaction on GO and used this reaction in the
double functionalization of GO. However, the strong basic condition provoked the severe reduction
on GO, thus decreased the total loading efficiency.

In this section we have explored a new strategy, inspired by work of functionalization on
nanodiamonds using benzoquinone by Purtov et al.?” Benzoquinone is widely used as coupling agent
to obtain protein-protein or protein-polysaccharide conjugates.?® A polysaccharide or a protein is
activated with benzoquinone in a mild alkaline solution and then mixed with a second biomolecule.
The conjugation takes place through a Michael addition between benzoquinone and the amine or
hydroxyl groups on the protein or the sugar chain. For example, nanodiamond-protein covalent
complexes have been prepared using benzoquinone as crosslinker.?” 2° Since there are abundant
hydroxyl groups onto GO, it is possible to use benzoguinone in the functionalization of GO.

Aiming to develop an efficient double functionalization of GO in mild condition, we combined the
epoxide ring opening reaction and Michael addition using benzoquinone.

2.4.1 Double functionalization through epoxide ring opening reaction and Michael addition of
benzoquinone

We first decided to double functionalize GO with Boc-PEG10-NH2 and benzoquinone following a
three-step procedure illustrated in Scheme 2.5. Briefly, Boc-PEG10-NH> was firstly introduced onto
GO through nucleophilic attack of the amine group on the epoxide with the formation of a C-N bond
and a new hydroxyl group. Then, the hydroxyl groups of the mono-functionalized GO 8 were
derivatized with benzoquinone, giving GO 9. Subsequently Boc-PEG1o-NH2 was covalently reacted to
benzoquinone moiety onto GO 9 through another Michael addition, leading to the double
functionalized GO 10.
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Scheme 2.5. Double functionalization of GO with Boc-PEG1o-NH,. For the sake of clarity, only one epoxide
and one hydroxyl group are derivatized.

The mono-functionalized GO 8 was characterized by XPS (Figure 2.10). Compared to starting GO,
the nitrogen atom increased from 0.7% to 1.0% after the first step of functionalization, indicating the
presence of Boc-PEG10-NH2 on GO (Figure 2.10a and c). The deconvolution of the high-resolution C
1s peak of GO 8 showed an increasing area of C-N bond after the derivation of GO with PEG chain,
which further supports the presence of PEG onto GO (Figure 2.10d). Following the deprotection of
Boc, the amines can be further functionalized with molecules of interest in mild conditions through an
amidation reaction.
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Figure 2.10. XPS survey spectra (a, ¢) and high resolution C1s (b, d) of GO (top row) and GO 8 (bottom row).

To perform the second step of functionalization, the hydroxyl groups of the mono-functionalized GO
8 were derivatized with benzoquinone (Scheme 2.5). The nucleophilic attack of the hydroxyls on
benzoquinone resulted in a 2-substituted hydroquinone grafted onto GO. The hydroquinone moiety
was self-oxidized by the excess of free benzoquinone to get benzoquinone-functionalized GO 9 ready
for the subsequent functionalization with amine derivatives (Scheme 2.6).28

N ¢
e
Sy Cseen s
8 - - 9

Scheme 2.6. Mechanism of Michael addition between benzoquinone and the hydroxyl groups onto GO 8 leading
to GO 9. For the sake of clarity, only one epoxide and one hydroxyl group are derivatized.

GO 9 was characterized by XPS (Figure 2.11) and C/O ratio calculated from survey spectrum increased
from 2.6 to 3.1 (Figure 2.11), compared with GO 8 (Figure 2.10). the area of the C-OH and C-O-C in
the detailed analysis of the Cls spectrum changed from 23.7% and 9.7% to 5.0% and 22.0%, in
comparison with GO 8 respectively. These changes could be explained by the grafting of benzoquinone
onto GO, which was further used for the second functionalization. An unexpected reduction of GO
was also observed during the reaction. Compared to GO 8, the percentage of nitrogen atoms decreased
from 1.0% to 0.7% due to the slight reduction of GO and the removal of physisorbed PEG chain (Figure
2.10 c and 2.11 a). The benzoquinone-activated GO 9 was then reacted with Boc-PEG10-NH2 giving
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double functionalized GO 10 (Scheme 2.5). The increase of nitrogen atom was observed by XPS from
0.7% to 1.4% providing a solid evidence that there is additional Boc-PEG1o-NH. grafted onto GO
(Figure 2.11a and b). Moreover, the detailed analysis of the C 1s peak clearly showed the increase of
C-O and C-N peaks after the introduction of PEG chain through the Michael addition with a significant
change of line shape (Figure 2.11d and e). A control reaction was performed by directly mixing GO 8
with Boc-PEG10-NHa, leading to conjugate GO 10-CTR (Scheme 2.5). The percentage of nitrogen
atoms was 1.1% and the C-N and C-O components in C 1s spectrum were lower than GO 10 (Figure
2.11), which indicates a low tendency of the PEG chain to adsorb onto GO, thus confirming the
covalent linkage in the case of GO 10. The amine was deprotected through cleavage of Boc group
using 2 M HCI in dioxane on an aliquot sample. The colorimetric Kaiser test in GO 10 confirmed the
presence of free amines (35 pmol/g), while in GO 10-CTR there was only 17 pmol/g, giving an
additional evidence of successful covalent functionalization.
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Figure 2.11. XPS survey spectra (a, ¢, €) and high resolution C 1s (b, d, f) spectra of GO 9 (a, b), GO 10 (c, d)
and GO 10-CTR (g, 1).

Next, we performed TGA of GO before and after functionalization in inert atmosphere at a heating
rate of 10C min? (Figure 2.12). The weight loss below 100<C was attributed to the desorption of
water adsorbed onto GO surface. Compared to the starting GO, the functionalized GO 8, GO 10, and
GO 10-CTR presented a slightly lower weight loss below 100 <C which could be assigned to the effect
of the covalent functionalization. The TGA curve of pristine GO only showed one main weight loss at
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around 200<C, which is caused by the removal of labile oxygenated functional groups, while the
functionalized GO samples experienced two main weight loss. The starting GO exhibited a higher
weight loss around 200<C compared to functionalized GO samples due to the higher amount of labile
oxygenated functional groups before chemical modification. Moreover, the weight loss of GO 10 is
lower than GO 8 and GO 10-CTR around 200<C, due to the derivation on hydroxyl groups which
would increase the thermostability. The gradual weight loss above 250<C can be ascribed to the
decomposition of more stable oxygen-containing groups. A second main weight loss was observed in
GO 8, GO 10, and GO 10-CTR in the region of temperature between 200 <C and 400 T that could be
attributed to the loss of covalently grafted Boc-PEG1o-NH2. As shown in figure 2.12, the characteristic
temperature of Boc-PEG10-NH> thermal decomposition is around 233<C, which consists of the second
weight loss observed in GO 8, GO 10, and GO 10-CTR. After the double functionalization, the higher
weight loss in GO 10 compared to GO 8 can be explained by the additional presence of Boc-PEG1o-
NH: introduced through the Michael addition between benzoquinone and amine moiety on PEG chain.
The derivative of TGA curves clearly showed the significant difference of weight loss between GO 8
and GO 10 at the temperature between 200 <C and 400 <C. Compared to GO 8, only a slight increase in
GO 10-CTR was observed, indicating that most of the Boc-PEG10-NH2 was covalently bound to GO
rather than adsorbed. Overall, the TGA results confirmed the successful double functionalization of
GO with Boc-PEG10-NHz in a stepwise procedure.
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Figure 2.12. TGA of GO, GO 8, GO 10, GO 10-CTR and Boc-PEGio-NHo.

With this strategy, we successfully grafted Boc-PEG1o-NH2 onto GO through epoxide ring opening
and Michael addition reaction in different steps. But with this strategy, the two Boc protected
derivative cannot be functionalized selectively, which would limit the application of this method. To
overcome this problem, it is necessary to add orthogonally protected amines.
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2.4.2 Double functionalization of GO with Boc-PEGi0-NH2 and 3-(pentafluorothio)-DL-
phenylalanine

In the previous part, we successfully double functionalized GO with Boc-PEG1o-NH> in a stepwise
procedure combining epoxide ring opening reaction and Michael addition of benzoquinone. However
only one functional molecule was used in that protocol. To further investigate the method for GO
double functionalization, we decided to derivatize GO with different functional molecules through the
opening of epoxides and Michael addition.

The protocol of double functionalization was similar to the previous one. We first prepared the Boc-
PEG10-NH: functionalized GO 8 through epoxide ring opening reaction. The presence of PEG chain
can be characterized by TGA and XPS, and after Boc-deprotection, the free amine can be further
modified. Then the hydroxyl groups on GO 8 were derivatized with benzoquinone obtaining GO 9 as
described before. To double functionalize GO, 3-(pentafluorothio)-DL-phenylalanine was covalently
bound onto GO as the second functional group, giving GO 11 (Scheme 2.7). We decided to choose
this phenylalanine derivative because it contains a free amine which can covalently link to the
benzoquinone moiety present in GO 9 via a Michael addition reaction, while the COOH moiety in 3-
(pentafluorothio)-DL-phenylalanine can be further functionalized by amidation or esterification. In
addition, the pentafluorothio group in 3-(pentafluorothio)-DL-phenylalanine can facilitate the
characterization by XPS and FT-IR because the fluorine atoms are often used as chemical tags for XPS
as the F 1s core-level transition has a high photoemission cross-section (three times higher than that
of carbon).®® To clarify if GO 9 was covalently functionalized with 3-(pentafluorothio)-DL-
phenylalanine through Michael addition to benzoquinone derivative, a control reaction was performed
by mixing GO 8 directly with 3-(pentafluorothio)-DL-phenylalanine. After carefully washing and
dialysis, GO 11-CTR was obtained (Scheme 2.7).
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Scheme 2.7. Double functionalization of GO. For the sake of clarity, only one epoxide and one hydroxyl group
are derivatized.

Since GO 8 and GO 9 were well-studied in the previous part, we directly performed the characterized
on GO 11. The double functionalized GO 11 was first characterized with XPS. A significant signal
from fluorine atoms was recorded by XPS in the survey spectrum (2.7%) (Figure 2.13d), while no
fluorine was detected in the all GO precursor conjugates. An increase of sulfur atom was also observed
after the double functionalization from 0.1% to 0.9% (Figure 2.13a and d) indicating the successful
introduction of the 3-(pentafluorothio)-phenylalanine moiety onto GO 9. The detailed analysis of the
S 2p peak further confirmed the presence of 3-(pentafluorothio)-DL-phenylalanine on double
functionalized GO. In the monofunctionalized GO 9, only one peak at 168.4 eV was recorded in S 2p
spectrum, which was assigned to the sulfur atoms in S-O bond from organosulfate groups introduced
onto GO surface during the exfoliation of graphite (Figure 2.13c).3! After the Michael addition between
3-(pentafluorothio)-phenylalanine and benzoquinone, a new peak appeared at 173.0 eV which could
be contributed by sulfur atom in S-F bond from the pentafluorothiol moiety (Figure 2.13 f).3% The
presence of the S-F component was indicative of the presence of 3-(pentafluorothio)-phenylalanine
onto GO, thus confirming the successful double functionalization on GO with two different molecules.
In the control sample GO 11-CTR, the fluorine element was calculated as 1.3% which was much lower
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than GO 11 (Figure 2.13). In S 2p spectrum, there was only one peak at 168.4 eV from S-O bond while
the S-F peak was almost negligible compared to S-O peak (Figure 2.13), which indicates a low
tendency of the phenylalanine derivative to adsorb onto GO 8, thus confirming the covalent linkage in
the case of GO 11. In addition, the secondary amine formed during the opening of epoxide by Boc-
PEG10-NH2 could undergo side reactions with benzoquinone. The activation of GO may not target only
the hydroxyl groups, but also this secondary amine on monofunctionalized GO.
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Figure 2.13. XPS survey spectra (a, d, h), high resolution C1s (b, e, i) and S2p (c, f, j) spectra of GO 9 (top
row), GO 11 (middle row) and GO 11-CTR (bottom row).

2.4.3 Double functionalization with Boc-aminoethanethiol and 3-(pentafluorothio)-DL-
phenylalanine

In the previous part, we successfully modified GO with two different functional molecules in a
stepwise procedure. But in the first step of functionalization, a secondary amine isformed during the
nucleophilic addition of Boc-PEGi10-NH2 to epoxides. Benzoquinone is also able to react with
secondary amines through Michael addition. Although the close proximity of the secondary amine
with the surface of GO could hamper the Michael addition to benzoquinone due to the steric
inaccessibility, we still cannot exclude the possibility that benzoquinone might react with these
secondary amines of the PEG chain introduced after the epoxide ring opening. Thus, it was unclear

57



58

Chapter 2
The double functionalization on GO

whether only hydroxyl groups onto GO were derivatized by benzoquinone. For this reason, we shifted
to another strategy by replacing the Boc-PEG1o-NH2 with Boc-aminoethanethiol in the first step of the
double functionalization (Scheme 2.8).
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Scheme 2.8. Double functionalization of GO. For the sake of clarity, only one epoxide and one hydroxyl group
are derivatized.

The Boc-aminoethanethiol was first grafted onto GO through nucleophilic attack of the thiol group on
the epoxide leading to ring opening and formation of a thioether bond and new hydroxy! groups. The
mono-functionalized GO 12 was characterized by XPS (Figure 2.14). Compared to starting GO, the
amount of sulfur atoms in monofunctionalized GO 12 increased from 0.5% to 1.4% and the nitrogen
increased from 0.4% to 1.1%, indicating the successful complexing of Boc-aminoethanethiol onto GO
(Figure 2.14a and d). The detailed analysis of the high resolution S 2p peak of GO 12 showed a new
peak appeared at 164.0 eV, which could be assigned to the formation of new S-C bond, proving the
introduction of Boc-aminoethanethiol through epoxide opening,® while in pristine GO there is only S-
O peak organosulfate groups (Figure 2.14c and f). The presence of the new peak from S-C bond thus
confirmed the functionalization of GO. The colorimetric Kaiser test was then performed to evaluate
the amine introduced to the GO. The amine was deprotected through cleavage of Boc group using 2
M HCI in dioxane on an aliquot sample and the amount of free amines was calculated as 34 mol/g,
further confirming the successful mono-functionalization through the epoxide ring opening using thiol
derivatives. The amines can be further functionalized with molecules of interest in mild conditions
through an amidation reaction.
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Figure 2.14. XPS survey spectra (a, d) with a zoom on the N 1s peaks (inset), high resolution C 1s (b, ) and S
2p (c, T) spectra of GO (top row) and GO 12 (bottom row).

The hydroxyl groups on mono-functionalized GO 12 were then activated with benzoguinone (Scheme
2.8), leading to GO 13. GO 13 was characterized by XPS (Figure 2.15). After the deconvolution of the
C1s spectrum, the area of the C-C, C=0, and n-n* peaks increased from 32.1%, 4.7% and 0.9% to
51.5%, 6.1% and 2.9%, respectively (Figure 2.15b), compared with GO 12 (Figure 2.14e).

The benzoquinone-derivatized GO 13 was reacted with 3-(pentafluorothio)-DL-phenylalanine giving
double functionalized GO 14 (Scheme 2.8). In the previous part, we have proved that 3-
(pentafluorothio)-DL-phenylalanine can facilitate the characterization of the double functionalization.
The presence of fluorine was again confirmed by XPS (1.6%) after the addition of the phenylalanine
derivative, while no signal of fluorine was recorded in the GO precursor conjugates (Figure 2.14a,
2.14d, 2.15a and 2.15d). An increase of the sulfur atom also observed from 0.5% in GO 1310 0.7% in
GO 14, thus confirming the presence of the 3-(pentafluorothio)-phenylalanine moiety after the double
functionalization. The high-resolution S 2p spectrum clearly showed the presence of a new peak at
173.0 eV (Figure 2.15c and f) after the double functionalization. The three main peaks were
deconvoluted into three peaks at 164.5 eV (S-C), 168.0 eV (S-0), and 173.0 eV(S-F).%? As mentioned
before, the S-O peak came from the organosulfates introduced during the preparation of GO and the
C-S-C peak belongs to the Boc-cysteamine. The appearance of the S-F peak confirmed the successful
double functionalization onto GO. A control reaction was performed by directly mixing GO 12 with
3-(pentafluorothio)-phenylalanine, leading to conjugate GO 14-CTR (Scheme 2.14). The resulting GO
14-CTR was characterized using XPS (Figure 2.15). The signal of fluorine is much lower than GO 14
and the S-F peak in S 2p spectrum was almost negligible (Figure 2.15 h), confirming the covalent
functionalization of 3-(pentafluorothio)-DL-phenylalanine on GO 14 rather than physisorbtion.
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Figure 2.15. XPS survey spectra (a, d) with a zoom on the F 1s (left inset) and N1s peaks (right inset), high
resolution C1s (b, €) and S 2p (c, f) spectra of GO 13 (top row), GO 14 (middle row) and GO 14-CTR (bottom
row).

Then some additional characterizations were performed on the different GO conjugates using
complementary analytical and microscopic techniques. Attenuated total reflectance (ATR FT-IR)
spectroscopy confirmed the double functionalization of GO (Figure 2.16a). The O-H stretching
vibrations of adsorbed water and hydroxyl functions of GO can be found in the spectrum with a broad
band centred at around 3400 cm™ and there is also a band at 1620 cm™, which could be assigned to
H-O—H bending vibrations of water molecules and skeletal vibrations of unoxidized graphitic
domains.'® The C-O-C vibration band of epoxides (at 1232 cm™) is small and covered by other
unassigned bands. The band at 1371 cm™ is ascribed mainly to the bending vibration of the O—H groups
of GO. In GO 12 and GO 14 spectra, new bands appeared at 2850—-2970 cm* which could be assigned
to the stretching bands of alkyl groups of the Boc-aminoethanethiol moiety.>* The appearance of a
strong band at 842 cm™ corresponded to the characteristic S—F stretching from 3-(pentafluorothio)-
phenylalanine, proving successfully modification on GO with phenylalanine derivative.®® In the
control sample GO 14-CTR, the peak at 842 cm™ was much lower than GO 14 due to the very low
amount of phenylalanine derivative adsorbed onto GO. FT-IR spectra further confirmed the covalent
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double functionalization of GO through the epoxide ring opening using Boc-aminoethanethiol and the
benzoquinone-related Michael addition of 3-(pentafluorothio)-phenylalanine.

100
w )
w/\ -

W

GO 14-CTR

3-(pentafluorothio)-Phe
0 1 L L

3500 3000 2500 2000 N 1500 1000 200 400 600 800
Wavenumber (cm™) Temperature (°C)

—GO — GO 12

— G013 GO 14

—— 3-{pentafluorothio)-Phe
Boc-aminoethanethiol
benzoquinone

Q
e

50

Transmittance (a.u.)
Weight (%)

251

Figure 2.16. (a) FT-IR spectra of GO, GO 12, GO 14, GO 14-CTR, and 3-(pentafluorothio)-phenylalanine and
(b) TGA of GO, GO 12, GO 13, GO 14, 3-(pentafluorothio)-phenylalanine, Boc-aminoethanethiol, and
benzoquinone.

Next, GO samples before and after functionalization were characterized by TGA in inert atmosphere
at a heating rate of 10<C min* (Figure 2.16b). The weight loss of the functionalized GO 12, GO 13,
and GO 14 was slightly lower than the starting GO below 100 <C, which is similar to what we observed
for GO 8, GO 9 and GO 10. The mono-functionalized GO 12 present a higher weight loss compared
to GO due to the presence of Boc-aminoethanethiol. In the double functionalized GO 3, a second peak
of thermal decomposition was observed at the temperature between 200<C and 400 <C, which could be
assigned to the loss of covalently grafted 3-(pentafluorothio)-phenylalanine. For 3-(pentafluorothio)-
phenylalanine alone, two main weight losses were recorded. The first thermal decomposition occurred
at 233<C followed by a secondary weight loss at 300<C. However, a lower weight loss was observed
both in GO 13 and GO 14 at 200<C in comparison to GO and GO 12, due to the much lower amount
of labile oxygenated groups such as hydroxyls after the derivatization of the OH groups with
benzoquinone. The weight loss difference between GO 2 and GO 3 at high temperature is indicative
of the presence of 3-(pentafluorothio)-phenylalanine. Overall, the TGA results showed an evident
proof for the successful double functionalization of GO with two different molecules having distinct
thermal properties.

The presence of quinone moiety onto GO was confirmed by analysis of the electrochemical redox
behavior of GO, benzoquinone, GO 13, and GO 14 (Figure 2.17). Because of the high dispersibility of
pristine GO in the electrolyte, GO could be easily leached out from the glassy carbon electrode in the
electrolyte solution. Therefore, we used slightly dehydrated GO for comparison by refluxing GO in
water for 1 h to partially reduce its hydrophilicity. Thermally treated GO showed no clear redox peak
(Figure 2.17a). Benzoquinone showed oxidation at 0.53 V and reduction at 0.48 V (Figure 2.17Db).
Similarly, GO 13 and GO 14 showed oxidation (at 0.52 and 0.51 V) and reduction (at 0.45 and 0.44
V) peaks, respectively (Figure 2.17 ¢ and d), suggesting successful functionalization of GO with
benzoquinone.
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Figure 2.17. Cyclic voltammogram of (a) GO, (b) benzoquinone, (c) GO 13, and (d) GO 14. Scan rate: 50
mV s?, Electrolyte: 0.5 M H,SO..

Finally, the characterization by TEM and AFM showed that the morphology of the GO sheets was
preserved after the double functionalization process (Figure 2.18). Indeed, both starting GO and GO
14 have wrinkled sheets with folded edges with a similar lateral size dimension. AFM showed an
increase of the thickness from 0.8 to 1.2 nm due to functionalization. Hence, the epoxide ring opening
reaction and the Michael addition did not affect the morphology of GO, while increasing the thickness.
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Figure 2.18. TEM images of GO (a) and GO 14 (b) and AFM image and cross section analysis of GO 14 (c).
After functionalization, the thickness of GO 14 increased to 1.2 nm while the general thickness of GO is around

0.8 nm.36: 37
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2.4.4 Conclusion

In summary, we developed a simple method for the double functionalization of GO in mild conditions
targeting the epoxides and hydroxyl groups that are present in large amount on the basal plane of the
material. Three different protocols were developed using different functional molecules. In the first
protocol, Boc-PEG10-NH2 was introduced onto GO surface by a nucleophilic opening of the epoxides
with the free amine moiety obtaining the mono-functionalized GO. An C-N bond and a hydroxyl group
were formed during the reaction. The mono-functionalized GO, with more OH groups compared to
pristine GO, was derivatized through Michael addition using benzoquinone, which is very reactive
toward nucleophiles. Finally, an additional Boc-PEG10-NH:2 was added to GO-benzoquinone complex
through Michael addition between the amine and the benzoquinone moiety. Then in the second
protocol, we double functionalized GO with different molecules by replacing the Boc-PEG10-NH2 with
3-(pentafluorothio)-phenylalanine in the last step of modification. However, as benzoquinone was
assumed to be reactive with the secondary amines formed during the epoxide ring opening using Boc-
PEG10-NH2, we decided to use a thiol-containing molecule for the opening of epoxides in the first step.
The mono-functionalized GO was activated with benzoquinone followed by a Michael addition
between the benzoquinone and 3-(pentafluorothio)-phenylalanine. The covalent functionalization of
GO was confirmed by XPS, FT-IR, TGA, cyclic voltammetry, TEM, and AFM. The strategy we
developed for the double functionalization is simple and robust. GO was efficiently functionalized
with two different functional groups in mild condition. The functional groups onto GO can be further
modified with biologically active molecules through amidation for instance. Compared with other
covalent multi-functionalization protocols, the benzoquinone-based method is performed in mild
conditions without heating or without adding metal catalysts. The morphology of the sheets is
preserved and the functionalization does not cause reduction of GO which is especially appropriate for
the conjugation of temperature- and pH-sensitive functional groups. This part of work has already
published in Angewandte Chemie.®

2.5 Material and methods

Materials

All the chemicals and solvents were obtained from commercial suppliers and used without purification.
O-(2-aminoethyl)-O'-[2-(Boc-amino)ethyl]decaethylene glycol (BocNH-PEG10-NH) was purchased
from Polypure AS. The solvents used during the reaction were analytical grade. Water was purified by
a Millipore filter system MilliQ®.

Preparation of GO suspensions

GO suspensions were prepared by sonication in a water bath (20 W, 40 kHz) with a controlled
temperature between 20<C and 30<C.
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Dialysis
For dialysis, MWCO 12,000-14,000 Da membranes were purchased from Spectrum Laboratories, Inc.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a TGA1 (Mettler Toledo) apparatus from 30<C
to 900 <C with a ramp of 10T min™ under N2 atmosphere with a flow rate of 50 mL mint and platinum
pans.

Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was performed on a Hitachi H600 with an
accelerating voltage of 75 kV. The samples were dispersed in water/ethanol (1:1) at a concentration of
16 pg mL* and the suspensions were sonicated for 10 min. Ten microliters of the suspensions were
drop-casted onto a copper grid (Formvar film 300 Mesh, Cu from Electron Microscopy Sciences) and
left for evaporation under ambient conditions.

Attenuated total reflectance-FTIR

ATR-FTIR was performed using a Thermo Scientific Nicolet™ 6700 FT-IR spectrometer equipped
with an ATR accessory (diamond ATR polarization accessory with 1 reflection top-plate and pressure
arm). The pressure arm was used for all solid samples at a force gauge setting between 100 and 120
units. The number of scans was set at 30. Samples were loaded on the reflection top-plate at a quantity

sufficient enough to cover the entire diamond surface.
'H NMR

IH liquid-state NMR spectra were recorded in deuterated solvents using Bruker Avance | - 300 MHz.
Chemical shifts are reported in ppm using the residual signal of deuterated solvent as reference. The
resonance multiplicity is described as s (singlet), t (triplet), dd (doublet of doublet), dt (doublet of
triplet). Coupling constants (J) are given in Hz.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy experiments were performed on a Thermo Scientific KAlpha X-ray
photoelectron spectrometer with a basic chamber pressure of 108-10° bar and an Al anode as the X-
ray source (1486 eV). The samples were analyzed as powder pressed onto a scotch tape (3MTM EMI
Copper Foil Shielding Tape 118). Spot size of 400 um was used for analysis. The survey spectra are
an average of 10 scans with a pass energy of 200.00 eV and a step size of 1 eV. The high resolution
spectra are an average of 10 scans with a pass energy of 50 eV and a step size of 0.1 eV. The pass
energy of 50.00 eV corresponds to Ag 3ds,> full width line at half maximum (FWHM) of 1.3 eV. A
pass energy of 50.00 eV for the high resolution spectra was applied because lower pass energies have
shown no improvement in FWHM for graphene materials on Thermo Scientific K-ALPHA.% For each
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sample, the analysis was repeated three times. A flood gun was turned on during analysis. We grouped
the functional groups of C 1s spectra to avoid imprecision due to the proximity of the peak values,
since the binding energy values in the literature were too spread. Therefore, the C 1s spectra were
deconvoluted in C=O0H (288.7-289.1 eV) for carboxyl groups, C=0 (288.1-288.3eV) for carbonyl
groups, C-O (286.2-287.2 eV) for hydroxyls and epoxides and C-C (284.4-285.3 eV) for sp? and sp®
carbon atoms. For data analysis, the software casaXPS (2.3.18) was used. A Shirley background
subtraction was applied. A line-shape 70% Gaussian/30% Lorenzian [GL(30)] was selected for all
peaks. The full width at half maximum was constrained to be the same for all peaks, apart for the pi-
pi* peak because it is a broad signal. Similarly, the O 1s spectra were deconvoluted in C=0 (531.4-
530.3 eV), C-0O (533.0-532.0 eV) and H»0 (535.2-534.8 eV).

Solid-State NMR

13C solid-state NMR experiments were performed at room temperature on an AVANCE 300 MHz
wide-bore spectrometer (Bruker™) operating at a frequency of 75.52 MHz for 3C. All the samples
were spun at 12 kHz in a double resonance MAS (Magic Angle Spinning) probe designed for 4 mm
o0.d. zirconia rotors (closed with Kel-F caps). All spectra were acquired following the Hahn’s spin-
echo experiment pulse scheme® as it allows to get undistorted line shapes and flat baselines that are
prerequisites for quantitative analysis. Echo times were synchronized with the rotation (echo time = 2
rotation periods = 166.67 |s) and durations were 2.73 |5 and 5.46 us for /2 and © pulses respectively.
Proton decoupling during acquisition was done using SPINAL-64 decoupling® at a 73 kHz RF field.
Spectral width was set to 50 kHz and 65536 transients per FID were acquired on 8192-time domain
points except for pristine GO where only 7168 transients per FID were added. In order to achieve
quantitative results a series of longitudinal relaxation times (T1) measurements were carried out
(Inversion-Recovery method, data not shown). With the longest T1 being below 300 ms we could
safely use a recycling delay of 2 s for all spin-echoes experiments. Together with a relatively high
amount of sample inside the rotors (80 L active volume) it allowed to get rather noiseless spectra in
a reasonable time (ca. 12 h). A 150 Hz Lorentzian filter was applied prior to Fourier transform without
zero filling. Chemical shifts were given respective to tetramethysilane (TMS) using adamantane as a
secondary reference. Spectral deconvolutions were obtained using the solid line shape analysis tool
(SOLA) inside the TopSpin 4.0.8 software (Bruker™). Here the CSA (Chemical Shift Anisotropy)
subroutine was employed in order to get intensities (Table S1) for the minimal set of 10 sites needed
to get a rather good agreement between experimental and synthetic spectra (lower traces in Figure S4
correspond to their difference).

Thin layer chromatography

Thin layer chromatography (TLC) was performed on pre-coated aluminum plates with 0.20 mm
Macherey-Nagel silica gel 60 with fluorescent indicator UV 2ss.
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Chromatographic purification

Chromatographic purification was performed using silica gel (Sigma-Aldrich, 40-63 pm, 230-400
mesh).

LC/MS analyses

LC/MS analyses were performed on a LC/MS instrument equipped with a Thermo Scientific
VANQVISH Flex UHPLC (Hypers II GOLD column, 50x2.1 mm, 1.9 um) integrated with a Thermo
Scientific LCQ Fleet ion-trap. Deconvolution of the data was performed in MagTran 1.03 (Amgen,
Thousand Oaks, CA).

Atomic force microscopy

Atomic force microscopy (AFM) was performed by SHIMADZU SPM-9700HT. The sample was
dispersed in ethanol, and spin-coated on mica substrate.

Cyclic voltammetry

Cyclic voltammetry (CV) was performed with a Solartron S11287 electrochemical workstation. Each
sample was diluted in NMP (20 mg mL™), then 3 pL of the sample was dropped off on a glassy carbon
electrode. After drying under vacuum for 30 min, CV was performed from 0 to 0.8 V at the scan rate
of 50 mV st in 0.5 M H2SO4 electrolyte using counter Pt electrode and reference Ag/AgCl electrode.
The CV data were taken up at the 2" cycle.

Quantitative Kaiser test protocol

Three solutions were prepared separately:

- (I): 10 g of phenol in 20 mL of absolute ethanol.

- (I1): 2 mL of potassium cyanide 1 mM (aqueous solution) dissolved in 98 mL of pyridine.
- (111): 1 g of ninhydrin in 20 mL of absolute ethanol.

Functionalized graphene oxide was carefully weighted in a haemolysis test tube with a approximate
mass of 300 pg. Then, 75 pL of solution (I), 100 pL of solution (II), and 75 pL of solution (III) were
added to the testing tube and heating at 120 <C for 5 min in a heating block (Bioblock Scientific). The
suspension was immediately diluted with 4450 uL of 60% ethanol. After centrifugation at 15000 rpm,
the supernatant was collected and analyzed by UV-Vis spectroscopy. The absorbance at 570 nm was
correlated to the amount of free amine functions on the graphene surface using the equation:

NH loading (umol/g) = [Abssample — Absblank] xdiluition (mL) <108/ (Extinction coefficient x
sample weight (mg))



Chapter 2
The covalent double functionalization on GO

Dilution is 5 mL and extinction coefficient is 15000 mZcm™,
The blank was prepared exactly the same way but without graphene oxide.

The Kaiser test is repeated at least three times for each sample to ensure reproducibility.

Synthesis of the building blocks, precursors and final GO conjugates
tert-Butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate (Boc-TEG-NH>2)

To a cooled solution (0<C) of 30.0 g (202.5 mmol) 2,2’-(ethylenedioxy)bis(ethylamine) in 200 mL of

chloroform, a solution of 4.425 g (20.3 mmol) di-tert-butyl dicarbonate in 200 mL of chloroform was

added dropwise under inert atmosphere. After complete addition after 2 h, the water-ice bath was

removed and the mixture was allowed to warm to room temperature and it was stirred for 24 h. The

organic solvent was removed under vacuum to give 4.5 g of a colorless oil. 'H NMR (300 MHz, CDCls)
05.13 (s, 1H), 3.57 (s, 4H), 3.48 (dt, J = 9.3, 5.2 Hz, 4H), 3.26 (dd, J = 10.4, 5.3 Hz, 2H), 2.82 (t, J =

5.2 Hz, 2H), 1.39 (s, 9H) ppm. The *H NMR data were consistent with a previous work.*!

Preparation of GO

A stirred suspension of graphite (3 g) in 95 wt% H2SO4 (75 mL) was gradually treated with the required
amount of KMnOs (12 g) while keeping the temperature below 10<C, and the obtained mixture was
stirred at 35<C for 2 h and then diluted with water (75 mL) under vigorous stirring. The resulting
suspension was treated with 30 wt% H»>O> (7.5 mL), and the solids were separated and purified via
repeated centrifugation and resuspension in water. The concentration of GO dispersion was adjusted
to 1 wt%, then subjected to wet jet mill (0.1 mm nozzle) at 150 MPa.

Preparation of GO 1

1.2 g of sodium hydroxide was dissolved in 6 mL of water using a water bath sonication. 4 mL of GO
suspension at a concentration of 5 mg mL™ was added to the NaOH solution. 1 g of chloroacetic acid
were immediately added to the mixture and the suspension was bath sonicated for 2 h with a controlled
temperature between 16 and 30°C. The mixture was then stirred at room temperature overnight and
filtered over a polytetrafluoroethylene (PTFE) Millipore® membrane with 0.1 pm pore size. The GO
on the membrane was collected and dispersed in water, sonicated in a water bath and filtered again.
This sequence was repeated 3 times with water and 3 times with methanol. The resulting solid was
dispersed in water and the suspension was dialyzed in water for 3 days. After lyophilization, GO 1 was
obtained.

Preparation of GO 2

To a suspension of GO (50 mg) in 50 mL of water, 100 mg of Boc-PEG10-NH2 was added to the
solution and bath sonicated for 10 min. The mixture was then stirred at room temperature for 3 days
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and filtered over a PTFE filter membrane with 0.1 pm pore size. The solid on membrane was collected
and washed with water and methanol for 3 times each. The solid was dispersed in water, the suspension
was dialyzed in water for 3 days, and lyophilized to obtain GO 2.

Preparation of GO 3

The preparation of GO 3 was similar to the preparation of GO 1. Briefly, 1.8 g of sodium hydroxide
was dissolved in 15 mL of water using water bath sonication. Then, 30 mg of GO 2 was added to the
NaOH solution, followed by the immediate addition of 1.5 g of chloroacetic acid. The suspension was
bath sonicated for 2 h with a controlled temperature below 30°C. The mixture was then stirred at room
temperature overnight, filtered over a PTFE membrane, and washed with water and methanol for 3
times each. The solid was dispersed in water, the suspension was dialyzed in water for 3 days and
lyophilized to obtain GO 3.

Preparation of GO 4

To a suspension of GO 3 (10 mg) in 10 mL DMF, 38 mg of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC) were added. The suspension was stirred for
30 min. Then 5.8 mg of N-hydroxysuccinimide (NHS) were added. After stirring for 30 min, 20 mg of
Boc-PEG10-NH: were added and the suspension was bath sonicated for 10 min. The mixture was then
stirred under argon atmosphere at room temperature overnight and filtered over a PTFE filter
membrane with 0.1 m pore size. The solid on membrane was collected and washed with water and
methanol for 3 times each. The solid was dispersed in water, the suspension was dialyzed in water for
3 days and lyophilized to obtain GO 4.

Preparation of GO 4-CTR

To a suspension of GO 2 (10 mg) in 10 mL DMF, 3.8 mg of EDC were added. The suspension was
stirred for 30 min. Then, 5.8 mg of NHS were added. After stirring for 30 min, 20 mg of Boc-PEG10-
NH: were added and the suspension was bath sonicated for 10 min. The mixture was then stirred under
argon atmosphere at room temperature overnight and filtered over a PTFE filter membrane with 0.1
|um pore size. The solid on membrane was collected and washed with water and methanol for 3 times
each. The solid was dispersed in water, the suspension was dialyzed in water for 3 days and lyophilized
to obtain GO 4-CTR.

Preparation of GO 5a and GO 5b

The preparation of GO 5a and GO 5b is similar to GO 1. Briefly, two different concentrations of NaOH
solution was prepared (pH=9 for GO 5a, and pH=13 GO 5b). 6 mL of GO suspension at a concentration
of 5 mg mL* were added to 9 mL NaOH solution. 3 g of chloroacetic acid were immediately added
and the suspension was bath sonicated for 10 min with a controlled temperature below 30°C. The
mixture was then stirred at room temperature overnight, filtered over a PTFE membrane, and washed
with water and methanol for 3 times each. The solid was dispersed in water, the suspension was
dialyzed in water for 3 days and lyophilized, obtaining GO 5a and GO 5b.
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Preparation of GO 6a and GO 6b

To a suspension of GO 5a (20 mg) in 20 mL of water, 40 mg of Boc-TEG-NH> were added to the
solution. The suspension was bath sonicated for 10 min, stirred at room temperature for 3 days, and
filtered over a PTFE filter membrane with 0.1 pm pore size. The solid on membrane was collected and
washed with water and methanol for 3 times each. The solid was dispersed in water, the suspension
was dialyzed in water for 3 days and lyophilized to obtain GO 6a. The preparation of GO 6b was
similar starting from GO 5b.

Preparation of GO 7a and GO 7b

To a suspension of GO 6a (10 mg) in 10 mL of DMF, 3.8 mg of EDC were added. The suspension
was stirred for 30 min. Then, 5.8 mg of NHS were added. After stirring for 30 min, 20 mg of Boc-
TEG-NH: were added and the suspension was bath sonicated for 10 min. The mixture was then stirred
under argon atmosphere at room temperature for 3 days and filtered over a PTFE filter membrane with
0.1 pm pore size. The solid on membrane was collected and washed with water and methanol for 3
times each. The solid was dispersed in water, the suspension was dialyzed in water for 3 days and
lyophilized to obtain GO 7a. The preparation of GO 7b was similar starting from GO 6b.

Preparation of GO 5-CTR

GO 5a-CTR was obtained following the protocol for the preparation of GO 5a without adding
chloroacetic acid.

Synthesis of (tert-butoxycarbonyl)aminoethanethiol

To a solution of aminoethanethiol hydrochloride (5.9 g, 50 mmol, 1 eq.) in dichloromethane (100 mL),
triethylamine (8.4 mL, 60 mmol, 1.2 eq.) was added dropwise and the solution was stirred at room
temperature for 15 min. A solution of di-tert-butyl dicarbonate (12.0 g, 55.0 mmol, 1.1 eq.) in
dichloromethane (20 mL) was added dropwise over a period of 4 h. The reaction was monitored by
TLC stained with a ninhydrin solution. After stirring for 5 h the solvent was removed under reduced
pressure. The residue was dissolved in DCM and extracted with a saturated aqueous solution of sodium
carbonate and then with water. The organic phase was collected, dried with anhydrous Na.SQO4, and
the solvent was removed under reduced pressure. The residue was purified by chromatography on
silica gel using dichloromethane as eluent to give (tert-butoxycarbonyl)aminoethanethiol as colorless
oil (3.8 g, 64% yield). *H NMR (400 MHz, CDCls): 6=4.88 (bs, 1H), 3.28 (t, J = 6.5 Hz, 2H), 2.62 (dt,
J=8.5, 6.5 Hz, 2H), 1.42 (s, 9H), 1.32 ppm (t, J = 8.5 Hz, 1H). ESI-MS: m/z = 177.6 [M+H]".

Preparation of GO 8

To a suspension of GO (10 mg) in water (4 mL), a solution of Boc-PEG10-NH2 (50 mg) in water (1
mL) was added dropwise under stirring. The mixture was stirred under argon atmosphere at room
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temperature for 3 days and then filtered over a polytetrafluoroethylene (PTFE) Millipore® membrane
with 0.1 pm pore size. The solid on the membrane was collected and dispersed in water, sonicated in
a water bath and filtered again over a PTFE membrane. This sequence was repeated 3 times with water
and 3 times with ethanol. The resulting solid was dispersed in water and dialyzed in water for 3 days.
After lyophilization, GO 8 was obtained.

Preparation of GO 9

To a suspension of GO 8 (10 mg) in phosphate-buffered saline (PBS) solution (4 mL, 0.02 M, pH=8),
a solution of benzoquinone (50 mg) in ethanol (1 mL) was added dropwise under stirring. The mixture
was stirred under argon atmosphere at room temperature overnight and then filtered over a PTFE
membrane with 0.1 pm pore size. The solid on the membrane was collected and dispersed in water,
sonicated in a water bath and filtered again over a PTFE membrane. This sequence was repeated 3
times with water and 3 times with ethanol. The resulting solid was dispersed in water and dialyzed in
water for 3 days. After lyophilization, GO 9 was obtained.

Preparation of GO 10

To a suspension of GO 9 (10 mg) in PBS (4 mL, 0.02 m, pH=8), a solution of Boc-PEG1o-NH2 (50 mg)
in ethanol (1 mL) was added dropwise under stirring. The mixture was stirred under argon atmosphere
at room temperature overnight and then filtered over a PTFE membrane with 0.1 pm pore size. The
solid on the membrane was collected and dispersed in water, sonicated in a water bath and filtered
again over a PTFE membrane. This sequence was repeated 3 times with water and 3 times with ethanol.
The resulting solid was dispersed in water and dialyzed in water for 3 days. After lyophilization, GO
10 was obtained.

Preparation of GO 10-CTR

GO 10-CTR was obtained following the protocol for the preparation of GO 10 but starting from GO
8

Preparation of GO 11

To a suspension of GO 9 (10 mg) in PBS (4 mL, 0.02 M, pH=8), a solution of 3-(pentafluorothio)-DL-
phenylalanine (50 mg) in ethanol (1 mL) was added dropwise under stirring. The mixture was stirred
under argon atmosphere at room temperature overnight and then filtered over a PTFE membrane with
0.1 pm pore size. The solid on the membrane was collected and dispersed in water, sonicated in a
water bath and filtered again over a PTFE membrane. This sequence was repeated 3 times with water
and 3 times with ethanol. The resulting solid was dispersed in water and dialyzed in water for 3 days.
After lyophilization, GO 11 was obtained.

Preparation of GO 11-CTR

GO 11-CTR was obtained following the protocol for the preparation of GO 11 but starting from GO
8



Chapter 2
The covalent double functionalization on GO

Preparation of GO 12

To a suspension of GO (10 mg) in water (4 mL), a solution of (tert-butoxycarbonyl)aminoethanethiol
(50 mg) in ethanol (1 mL) was added dropwise under stirring. The mixture was stirred under argon
atmosphere at room temperature for 3 days and then filtered over a polytetrafluoroethylene (PTFE)
Millipore® membrane with 0.1 pm pore size. The solid on the membrane was collected and dispersed
in water, sonicated in a water bath and filtered again over a PTFE membrane. This sequence was
repeated 3 times with water and 3 times with ethanol. The resulting solid was dispersed in water and
dialyzed in water for 3 days. After lyophilization, GO 12 was obtained.

Preparation of GO 13

To a suspension of GO 12 (10 mg) in phosphate-buffered saline (PBS) solution (4 mL, 0.02 m, pH=8),
a solution of benzoquinone (50 mg) in ethanol (1 mL) was added dropwise under stirring. The mixture
was stirred under argon atmosphere at room temperature overnight and then filtered over a PTFE
membrane with 0.1 pm pore size. The solid on the membrane was collected and dispersed in water,
sonicated in a water bath and filtered again over a PTFE membrane. This sequence was repeated 3
times with water and 3 times with ethanol. The resulting solid was dispersed in water and dialyzed in
water for 3 days. After lyophilization, GO 13 was obtained.

Preparation of GO 14

To a suspension of GO 13 (10 mg) in PBS (4 mL, 0.02 M, pH=8), a solution of 3-(pentafluorothio)-
DL-phenylalanine (50 mg) in ethanol (1 mL) was added dropwise under stirring. The mixture was
stirred under argon atmosphere at room temperature overnight and then filtered over a PTFE
membrane with 0.1 pm pore size. The solid on the membrane was collected and dispersed in water,
sonicated in a water bath and filtered again over a PTFE membrane. This sequence was repeated 3
times with water and 3 times with ethanol. The resulting solid was dispersed in water and dialyzed in
water for 3 days. After lyophilization, GO 14 was obtained.

Preparation of GO 14-CTR

GO 14-CTR was obtained following the protocol for the preparation of GO 14 but starting from GO
12
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Chapter 3 The PTT and PDT of FA/Ce6 double functional GO

on cancer cells and macrophages

3.1 Introduction

In the first chapter | have described the great potential of GO and its derivatives in optical,
electrochemical and biological applications, especially in disease treatments. Many literature has
proposed GO as an ideal nanoplatform for drug delivery and as an efficient material for phototherapy,
including PTT and PDT, thanks to its good photothermal effect, low cytotoxicity and high loading
efficiency.! However, the photosensitizers for PDT were non-covalently loaded onto GO, especially
in the cases of small molecule derivativess.? The covalent multi-functionalization of GO with targeting
groups and photosensitizers would allow us to prepare a more stable nanostructure in physiological
conditions with high molecular loading.

GO functionalization with affinity ligands enables the specific recognition of the multifunctional
nanomaterial by target cells or biomarkers, resulting in the accumulation at the disease site and in an
improved cellular uptake of GO complexes® to tackle various diseases, such as cancer* and
neurodegeneration.® Cancer is among the leading causes of death and morbidity globally. The
radiotherapy and chemotherapy often do not lead to satisfactory therapeutic result, due to the side
effect from the low specificity against cancer cells, enzymatic deactivation and increased efflux of the
drug.5® Thus, the development of targeted drug delivery and non-invasive treatment with less side
effects is important for cancer therapy. FRs are highly expressed in various types of human cancers
and are widely used as ideal biomarkers for cancer therapy.® The FRs, and in particular FR-p, are also
highly expressed on joint activated macrophages in RA, making them widely used biomarker for the
theragnostic of RA treatment.

3.2 Objectives of this chapter

The objectives of this chapter are to investigated the application of multi-functionalized GO conjugates
in the treatment of cancer and RA, combining PTT and PDT. A FA/Ce6 double-functionalized GO
was first prepared. The FA was chosen as the targeting groups towards cancer cells and macrophages
and it was covalently bounded onto GO surface. Ce6 was selected as photosensitizer for photodynamic
treatment. This molecule can generate singlet oxygen under laser irradiation at 660 nm. Instead of
physiosorbed onto the surface, Ce6 was covalently grafted onto GO-FA nanomaterial through a PEG
linker. The successful conjugation of FA and Ce6 was confirmed by UV-Vis, fluorescence
spectroscopy and immunostaining. The photothermal effect and ROS generation in solution were
evaluated.
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Then, the prepared GO-FA/Ce6 was first applied to HeL a cells, to evaluate the cytotoxicity and uptake
of the material. Afterwards, PTT and PDT efficiency of the nanoplatform was explored using 808 nm
and 660 nm laser irradiation, respectively. The treatment combining the PTT and PDT was also
evaluated to study synergistic effect for cancer therapy. As the HeLa cells showed a high resistance to
the treatment with the multi-functionalized GO, MCF-7 was eventually used to evaluate the anti-cancer
property of GO-FA/Ce6. Finally, preliminary data on macrophages towards future application to treat
RA are also summarized.

3.3 Preparation of FA/Ce6 double-functionalized GO

While developing the strategies for controlled functionalization of GO by reacting epoxides and
hydroxyl groups with appropriate functions, we also prepared a FA/Ce6 multi-functional GO using a
mixture of two amine-terminated PEG chains only targeting the epoxides. The GO sample was again
obtained from Prof. Yuta Nishina (University of Okayama, Japan). This material has an average lateral
size of 1 um. The functionalities were grafted onto GO in three steps. In the first step, GO was
derivatized using an equimolar mixture of two free amine terminated PEG ligands, namely Boc-PEG1o-
NH2 and FA-PEG10-NH2, by opening the epoxides. The Boc protecting group was then removed and
Ce6 was conjugated to the free amine through amidation reaction (Scheme 3.1).
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Scheme 3.1 The preparation of GO-FA/Ce6 nanocomplex.
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This protocol is simple and easy to perform in comparison with the strategies targeting selectively two
functional groups onto GO. Here, the FA was first conjugated on Boc-PEG1o-NH2 by amidation
reaction followed by the Boc-deprotection, giving FA-PEG10-NHo.

3.3.1 Synthesis of FA-PEG10-NH:2

To introduce the targeting ligand for cancer cells and macrophages onto GO, we designed and
synthesized a FA-PEG1o-NH: derivative according to the literature (Scheme 3.2).1% 2 The mono-
protected PEG diamine (Boc-PEGio-NH2> commercially available) chain was chosen as a linker
connecting FA and GO. The PEG could also enhance the water dispersibility due to its hydrophilic
character. The synthesis of FA-PEG10-NH> was started with the conjugation of FA to Boc-PEG10-NH>
by amidation in the presence of the coupling agents NHS/EDC. After Boc-deprotection, the FA-
PEG10-NH2was obtained in 51% yield.

O cooH o Ho~ohNHe
o coon 1) EDCINHS in DMF . 0 ONf
C - : 0 N
2) HCl in 1,4-dioxane N H/\L o o] Q)ku/\t
o N/\L HN ‘\]WN ¢ + HN S NS COOH
HN ‘N\]WN COOH H HNONTN HN)/ S ‘NfH
HNTNNT HN 005 N-gog Q 2
o
1}OiNH2
(80%) (20%)

Scheme 3.2 The synthesis of FA-PEG1o-NH>

As there are two carboxylic acids in the glutamic acid moiety of FA, the PEG ligand can react either
with the a- or y-COOH or both, while only the FA-y-PEG conjugate has the affinity towards FRs. It
has already been reported that the y-COOH is more reactive in the amidation reaction with over 80%
y-conjugation in FA-mono-PEG derivative (Scheme 3.2).1* The high-performance liquid
chromatography (HPLC) clearly showed the presence of FA-mono-PEG-Boc conjugation and the FA
linked with two PEG chains (Figure 3.1a). After column chromatography purification, FA-PEG-Boc
was obtained pure.
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Figure 3.1 HPLC of FA-PEG-Boc reaction mixture a) before and b) after silica chromatography purification.
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After Boc-deprotection using HCI, the obtained FA-PEG-NH: was then used for the preparation of
FA/Ce6 double functionalized GO.

3.3.2 Synthesis and characterization of GO-FA/Ce6

Since Ce6 has three carboxyl groups and it is sensitive to light, we decided to graft it directly to the
amino groups of PEG, instead of synthesizing the ligand Ce6-PEG1o-NH: like FA-PEG10-NH>. Boc-
PEG10-NH2was chosen as precursor, as the free amine is able to undergo a nucleophilic attack towards
the epoxides, and the primary amine after the Boc-cleavage could be further functionalized with Ce6
via amidation reaction. GO was first stirred with an equimolar mixture of Boc-PEG1o-NH: and FA-
PEG10-NH:2 giving FA double-functionalized GO-FA with the second PEG chain protected by Boc.
This conjugate was characterized by UV-Vis, TGA and immunostaining. In the UV-Vis spectra, GO-
FA showed an additional peak at 290 nm belonging to FA moiety in comparison with GO (Figure
3.2a). The thermogravimetric analysis confirmed the presence of PEG functional groups onto GO after
the epoxide ring opening reaction (Figure 3.2b). Compared to pristine GO, the two PEGs provoke a
second weight loss in the region between 200 and 400 <C, likely due to the contribution of the thermal
degradation of Boc-PEG10-NHz and FA-PEG10-NH: covalently bound to GO, similarly to the results
reported in Chapter two (Figure 2.4b).
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Figure 3.2 a) UV-Vis spectra of GO and GO-FA, and b) TGA curves of GO and GO-FA performed in inert
atmosphere.

Immunostaining further supported the presence of FA onto GO-FA conjugate. For this analysis, two
antibodies were used for the staining. The GO-FA was deposited on a TEM grid. After coating with
acetylated BSA (1%) to block the non-specific binding, the anti-FA antibody (a mouse folic acid
specific monoclonal antibody, FA1) was dropped on the top of the grid and incubated for 30 min. After
washing, the grid was then incubated with a secondary antibody, which can specifically recognize the
anti-FA antibody. The secondary is coupled to 10-nm gold nanoparticles and it could be identified by
TEM with high contrast. In the TEM image of GO-FA immunostaining, many gold nanoparticles were
observed, revealing that large quantity of FA were grafted onto GO surface (Figure 3.3a). To confirm
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that the gold nanoparticles were not nonspecifically adsorbed onto GO, a control sample without FA
was prepared by stirring GO with Boc-PEGi1o-NH2, giving GO-Boc (called GO-FA-CTR). The
immunostaining of GO-Boc showed only few gold nanoparticles present on GO (Figure 3.3b),
confirming that the secondary antibody was bounded to anti-FA antibody onto GO-FA sheets rather
than simply nonspecifically physisorbed. Moreover, another prilary antibody, hRANK-M331 antibody
(a mouse IgG1l monoclonal antibody against the human protein RANK-M331) was used for the
immunostaining followed by the secondary antibody bearing gold nanoparticle. The hRANK-M331
antibody does not have affinity for FA, but it can be recognized by the secondary antibody. The TEM
image showed no gold nanoparticles onto GO-FA incubated with hRANK-M331 and the secondary
antibody (Figure 3.3c), proving that FA molecules are present on GO.

Figure 3.3 TEM images (a, b, c) and magnified images (d, e, f) illustrating the immunostaining experiments on
a, d) GO-FA, b, e) GO-FA-CTR using anti-FA antibody and secondary antibody, and c, f) GO-FA using the
non-specific antibody hRANK-M331. The gold nanoparticles are pointed out with red arrows.

The double-functionalized GO-FA was then used to prepare the final functional GO-FA/Ce6. Boc
group on Boc-PEG1o moiety was removed using HCI, and the free amine was reacted with Ce6 using
EDC/NHS coupling agents, giving GO-FA/Ce6. The conjugation of Ce6 was characterized by UV-
Vis and fluorescence spectroscopy. In the UV-Vis spectra, GO-FA/Ce6 present a new characteristic
peak centered at 420 nm belonging to Ce6 compared to GO-FA (Figure 3.4a) with a red shift observed
compared to Ce6 alone due to the strong interaction between Ce6 and GO.'* ¥*The amount of Ce6
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loaded on the double functional GO was determined by UV-Vis through a standard curve method and
the concentration corresponded to 3 pmol/g (Figure 3.4b). The fluorescence spectroscopy confirmed
the loading of Ce6. A stronger fluorescent emission was also observed in GO-FA/Ce6 centered at 650
nm with an excitation wavelength at 420 nm, indicating again the presence of Ce6. A control sample
was prepared by mixing GO-FA with Ce6 before Boc-deprotection giving GO-FA/Ce6-CTR. However,
the fluorescence of GO-FA/Ce6-CTR was significantly lower than the covalent functionalized GO-
FA/Ce6, proving that a higher loading efficiency of Ce6 through amidation (Figure 3.4c).
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Figure 3.4 a) UV-Vis spectrua of GO-FA/Ce6 and Ceb6 spectra at different concentration, b) standard curve of
Ce6, and c) fluorescence spectra of GO-F/Ce6 and GO-FA/Ce6-CTR.

Overall, the FA and Ce6 double-functionalized GO was prepared and characterized by different
methods. The photothermal effects and ROS generation of GO-FA/Ce6 were then evaluated.

3.3.3 Evaluation of the photothermal property of GO-FA/Ce6 and ROS generation

Thanks to its broad absorbance profile, GO is considered a good photothermal material for various
disease treatments. The photothermal effect induced by NIR laser irradiation at 808 nm with a power
density of 2 W €m2in 1 mL GO-FA/Ce6 aqueous dispersion was first investigated by monitoring the
temperature at various concentrations of the conjugate (5, 25, 50, and 100 pg-mL™). (Figure 3.5a). The
temperature increased immediately when applied the irradiation and a concentration dependence was
observed. At a highest concentration of 100 pg-mL™, the temperature increased 10 °C from room
temperature in 6 min, which could induce an irreversible damage on cells. If the concentration
decreased to 50 pg-mL™?, the temperature increased 6 °C. At a lower concentration of 25 ug-mL™, the
temperature increased around 4°C within 6 min, which is enough to induce a mild hyperthermia
affecting the cell metabolism and DNA repair mechanisms, while minimizing the cytotoxicity induced
by the nanomaterial.

The generation of ROS by GO-FA/Ce6 was subsequently evaluated using dihydrorhodamine 123
(DHR123) test by fluorescence spectroscopy. DHR123 is a non-fluorescent dye and after it is oxidized
by ROS, it is transformed into the fluorescent rhodamine 123, with a high red emission. As shown in
Figure 3.5b, the fluorescent emission of DHR123 was almost negligible in water solution and the
addition of 10 ug-mL* GO-FA/Ce6 did not change the fluorescence of this dye. After low-power
irradiation with a 660 nm laser at the power of 0.2 W €m, a significant increase of the fluorescence
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intensity was observed (Figure 3.5b), due to the generation of ROS by Ce6. DHR123 alone did not
show an increase of fluorescence after the irradiation (Figure 3.5¢), indicating that DHR123 was stable
when exposed to 660 nm laser. The ROS generated by Ce6 alone were also detected by DHR123.
Surprisingly, the generation of ROS by GO-FA/Ce6 was slightly higher than Ce6 alone at the same
concentration (Figure 3.5¢). The higher ROS production in GO-FA/Ce6 could due to the extra ROS

generated by GO under exposure to laser light.
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Figure 3.5 a) Temperature increase in water at different concentrations of GO-FA/Ce6due to photothermal
effect under irradiation, b) DHR123 test for ROS generation by GO-FA/Ce6, and ¢) normalized DHR123 test
for ROS generation by GO, Ce6 and GO-FA/Ce6.

3.3.4 Conclusion

In summary, we prepared a FA/Ce6 double-functionalized GO. FA- and Boc- terminated PEG ligands
were used to open the epoxides onto GO surface. The Ce6 was then covalently bound to GO after the
Boc-cleavage. The conjugation of FA and Ce6 was confirmed by different methods and the loading
efficiency of Ce6 was higher than simple physisorption. The prepared double functional GO displayed
good photothermal properties and higher ROS generation than Ce6 alone. The GO-FA/Ce6 was then
tested in vitro for photothermal and photodynamic treatments of cancer cells and macrophages.

3.4PTT and PDT of GO-FA/Ce6 on cancer cells

For the therapeutic use of the double functional GO, we firstly applied the GO-FA/Ce6 on cancer cells.
HelLa human cervical cancer cells were chosen because of the high-level expression of FR, which
would enhance the cellular uptake of GO-FA/Ce6 through a receptor-mediated endocytosis. Several
articles have reported the application of GO-based nanomaterials to HeL a cells to study the anticancer
capacity obtaining interesting results. Therefore, we have considered HelLa as appropriate for the
evaluation of the efficacy of PTT and PDT by our photo-responsive GO complex. Alternatively, MCF-
7, a breast cancer cell line, is also a commonly used model cell line for to study the effect of
nanomaterials on cancer. The choice of two cell lines was to prevent the possibility that PTT and PDT
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accelerate the cytoprotective mechanisms to preserve cancer cells from hyperthermia and ROS
production, becoming resistant to the treatments.*6-18

The initial biocompatibility study of a nanomaterial is commonly performed in vitro, to determine the
dose-dependent toxicity of nanoparticles as well as the killing efficiency of the treatments. Different
assays such as MTT, MTS, and alamarBlue, are used to measure the viability of the cells after
incubation with nanomaterials alone, and after the irradiation for PTT and PDT. Thus, we first started
with the evaluation of the cytotoxicity and cellular uptake of GO-FA/Ce6 on Hela cells.

3.4.1 Cytotoxicity and uptake of GO-FA/Ce6 on Hela cells

To explore the anti-cancer property of the double functional GO, the cytotoxicity of the GO-FA/Ce6
was assessed to determine an appropriate concentration for further PTT and PDT experiments. HeLa
cells were seed in the 96-well plate with a density of 2000 cells per well. Different concentrations of
GO-FA/Ceb6 were prepared in cell culture media and applied to cells 24 h after seeding. The samples
were incubated for 24 h and removed. The alamarBlue™ cell viability assay was used to evaluate the
cytotoxicity of GO-FA/Ce6 on Hela cells (Figure 3.6).
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Figure 3.6 cytotoxicity of GO-FA/Ce6 on Hela cells.

GO-FA/Ce6 exhibited a dose-dependent cytotoxicity to HeLa cells. The double functional GO present
negligible toxicity at the concentration of 5 and 25 pg-mL* with the cell viability higher than 86%.
However, GO-FA/Ce6 was more toxic against HelLa cells at the highest concentration tested (50
pg-mL™?). Although GO is considered as a nanomaterial with good biocompatibility, even at high
concentration, the cytotoxicity may differ due to the size, purity and different functionalities loaded
onto GO. According to the cytotoxicity results, the concentration of 25 pug-mL™ was chosen for further
studies.
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The cellular uptake of GO-FA/Ce6 by HeL a cells was then measured, with the help of Giacomo Reina,
a post-doctoral fellow in our group. Due to the strong fluorescent emission of Ce6 covalently bound
to GO, the conjugate could be tracked by confocal microscopy (Figure 3.7). CellMask green due was
applied to identify the morphology of the cell membranes. The confocal images clearly show that GO-
FA/Ce6 is internalized by HelLa cells already after 4 h. The emission from Ce6 was visible in
compartments that likely correspond to endosomes, indicating the FR-mediated internalization. After
8 h incubation, more GO-FA/Ce6 is present in the cytoplasmic vesicles. However, the fluorescence of
Ce6 decreased after 24 h incubation, likely due to a degradation of Ce6 in HelLa cells after 24 hours.
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Membranes
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Figure 3.7 Confocal microscopy images of cellular uptake of GO-FA/Ce6 by HeLa cells.

After the evaluation of cytotoxicity and cellular uptake of GO-FA/Ce6, the effect of PTT and PDT
were studied.

3.4.2 PTT and PDT effects of GO-FA/Ce6 on Hel a cells

To explored the potential of GO-FA/Ce6 in phototherapy against cancer cells, the cell viability of
HelLa after photothermal and photodynamic treatments was evaluated by alamarBlue assay. In order
to understand the influence of laser irradiation on cells, the analysis of the intrinsic cytotoxicity of
illumination on HelLa cells was performed without applying the nanomaterial. A 808 nm laser at a
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power density of 2 W €m2 was used for PTT and a 660 nm laser at a power density of 0.2 W €m2 was
applied for PDT. The viability of cells exposed to irradiation without GO is shown in Figure 3.8. Both
lights exert a minimal toxicity on HelLa cells following a time-depend manner. The 808 nm laser at 2
W e¢m has a negligible toxic effect on HeLa with a cell viability still more than 90% after 20 min
irradiation. However, the 660 nm laser at 0.2 W €m provoked a higher mortality. After 10 min
irradiation, the viability of HeLa was around 93%, while it decreased to 80% after the exposure to the
laser for 20 min. Thus, we decided to select the irradiation time of 10 min to minimize the intrinsic
toxicity of the laser treatment in the next experiments.
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Figure 3.8 Cell viability of Hela cells after irradiation using a 808 nm laser at the power density of 2 W €m
(left) and a 660 nm laser at the power density of 0.2 W €m™ (right).

Subsequently, PTT and PDT experiments on HeLa cells incubated with GO-FA/Ce6 were performed.
A dispersion of GO-FA/Ce6 at a concentration of 25 pg-mL™ in cell culture medium was applied to
HelLa cells 24 h after seeding the cells into 96-well plates. The nanomaterial was removed after 24 h
incubation and fresh cell medium was added. The cells were immediately irradiated for 5 min and 10
min with the 808 nm and the 660 nm lasers. The alamarBlue assay was then performed and the results
are reported in Figure 3.9. Both PTT and PDT showed good killing efficiency against HeLa cells,
proving that the GO-FA/Ce6 can be used for photothermal and photodynamic treatment in cancer
therapy. A time-depended phototoxicity behavior was also observed. After irradiation for 10 min, the
viability of HelLa cells decreased to 48% under the exposure to 808 nm laser for PTT, while the
viability remained little higher (55%) in the case of PDT. When the time of irradiation was shortened
to 5 min, the photo-triggered cytotoxicity by GO-FA/Ce6 was decreased in both photothermal and
photodynamic conditions.
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Figure 3.9 Cell viability of Hela cells irradiated using a) a 808 nm and b) a 660 nm laser after the incubation
with GO-FA/Ce6 for 24 h.

Since a higher accumulation of GO-FA/Ce6 was observed inside HelLa cells 8 h after applying the
nanomaterial, the irradiation experiments were then optimized by reducing the incubation time of the
GO conjugate to 4 and 8 h in order to achieve a higher photodynamic efficiency. The alamarBlue assay
was used again to evaluate the cell viability after the treatment (Figure 3.10). An unexpected increase
of cell viability was observed after laser irradiation in the presence of GO-FA/Ce6. Compared to the
control without irradiation, the cell viability increased to 104% and 99% under 660 nm and 808 nm
irradiation, respectively, after 4 h incubation with GO-FA/Ce6. Meanwhile, after 8 h incubation, the
cell viability increased to 111% and 102% after the illumination of 660 nm and 808 nm laser. The
results indicated that the application of laser irradiation did not induce the cytotoxicity on HeLa cells
as we observed in the experiment at 24 h incubation. In the contrary, it seems that the HeLa cells have
developed the resistance against the photothermal and photodynamic treatment. The hyperthermia and
ROS probably accelerated the metabolism activity in HeLa cells.!® 18 1° To understand if the readout
of the viability test had some interference with the material, another cell viability assay, MTS, was
performed to evaluate the phototriggered toxicity of GO-FA/Ce6. An increase of cell viability was also
observed using MTS. The influence of the enhanced cellular metabolism was lower than alamarBlue,
but still higher than the group without irradiation (Figure 3.10).
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Figure 3.10 Cell viability of Hela cells irradiated using a 808 nm and a 660 nm laser after the incubation with
GO-FA/Ce6 for a) 4 h and b) 8 h. HeLa cells incubated with GO-FA/Ce6 for 4 and 8 h (Non-IRR) were used
as control.

Considering that the HeLa cells seemed to have developed a resistance to ROS and hyperthermia, the
alamarBule and MTS assay did not allow us to demonstrate properly the killing efficiency in our
experiments. Therefore, we decided to use another cell line, MCF-7, for the application of GO-FA/Ce6
in cancer phototherapy.

3.4.3 Cellular uptake and cytotoxicity of GO-FA/Ce6 on MCF-7

The cellular uptake of GO-FA/Ce6 by MCF-7 cells was first evaluated using confocal microscopy, by
tracking the fluorescence of Ce6 on GO (Figure 3.11). CellMask green was again applied for better
identification of the cell membranes. Similar to HeLa cells, GO-FA/Ce6 was already internalized by
MCF-7 cells in 4 h. A higher accumulation of GO-FA/Ce6 was observed in the cytoplasmic
compartments 8 h after the treatment with the nanomaterial. The Ce6 displayed lower fluorescence
intensity after 24 h incubation likely due to degradation to a certain extent.. Thus, it was more efficient
to perform the photothermal and photodynamic experiments after 4 and 8 h incubation with the double
functional GO.
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Figure 3.11 Confocal microscopy images of cellular uptake of GO-FA/Ce6 by MCF-7 cells.

Cytotoxicity of GO-FA/Ce6 on MCF-7 cells was also evaluated after the incubation for 4 and 8 h. The
MTS assay was performed and the results are shown in Figure 3.12. The double functional GO shows
both time-dependent and dose-dependent toxicity on MCF-7 cells. In the group of cells at 4 h
incubation, the GO platform presents no cytotoxicity at the concentration of 10 and 25 pg-mL™ with
the cell viability around 100%, while a a 85% cell viability was observed when the concentration
increased to 50 pg-mLl. The longer incubation time would increase the cytotoxicity of the
nanomaterial. However, at 25 pg-mL™, the cell viability decreased to 89%, remaining still acceptable
for next tests. The standard deviation is rather high meaning that the difference in the percentage at the
two time-points is not statistically significant. At 50 g mL™ there is no difference in cell viability at
4 and 8h.

89



90

Chapter 3

The PTT and PDT of FA/Ce6 double functional
GO on cancer cells and macrophages

[—110pg/mL
25ug/mL

— 50ug/mL

2100+ I - x

_aﬂ =

E

©

>

= 501

O

O T 7. - . M T
4h 8h

Incubation Time

Figure 3.12 Cytotoxicity of GO-FA/Ce6 on MCF-7 cells.

3.4.4 PTT and PDT effects of GO-FA/Ce6 on MCF-7 cells

To study the photo-induced cytotoxicity of GO-FA/Ce6 on MCF-7, the cell viability was evaluated by
MTS assay after irradiation using 660 nm and 808 nm laser in the presence of GO-FA/Ce6 (Figure
3.13). Similar to the results obtained with HeLa cells, MCF-7 showed a higher cell viability after the
photodynamic treatment in the presence of GO-FA/Ce6, indicating that the ROS generated by Ce6
would promote the intracellular metabolism activity. The irradiation with 808 nm after 4 h incubation
exhibited a slight killing efficiency against MCF-7 with a decreased viability down to 87%. However,
the material showed no better hyperthermia-induced toxicity after 8 h incubation. The confocal
microscopy had already demonstrated that more GO-FA/Ce6 was accumulated in the cytoplasm after
8 h. Since the hyperthermia induced by GO derivatives follows a dose-dependent manner, a higher
killing efficiency by photothermal treatment was expected due to more GO material internalized by
MCEF-7. Thus, it seems that MTS assay did not reveal the influence of PTT and PDT on MCF-7 cells.
We are in a situation similar to HeLa cells. The MTS test is likely no appropriate to evaluate the
efficiency of phototherapy.

We decided to explore an alternative test corresponding to the Live/Dead assay. The LIVE/DEAD®
Viability/Cytotoxicity assay kit is a two-color fluorescence cell viability test based on the simultaneous
determination of live and dead cells with two probes measuring the intracellular esterase activity
(calcein AM) and plasma membrane integrity (ethidium homodimer, EthD-1). A clear photo-triggered
cytotoxicity was observed in this case (Figure 3.13). The 808 m irradiation induced a high killing
efficiency by GO-FA/Ce6 against MCF-7 cells and the cell viability significantly decreased to 54%
(after 4 h incubation) and to 51% (after 8 h incubation). The efficiency of the photodynamic treatment
exhibited also an incubation-time-dependent killing efficiency, because of the different concentration
of Ce6 in the cytoplasm. After 4 h incubation followed by the 660 nm irradiation, the cell viability
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decreased to 82% compared to the non-irradiated group (101%). A lower viability (68%) was observed
in the group with longer incubation time, revealing a higher PDT efficiency.
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Figure 3.13 Viability of MCF-7 cells incubated with GO-FA/Ce6 for a) 4 h and b) 8 h, after photothermal and
photodynamic treatment.

This kit can be also used for the staining of live and dead cells (Figure 3.14). The live cells were stained
in green and the dead cells were red. The fluorescent microscopy images clearly show the change of
live and dead cell numbers according to the different treatments. Compared to the control group, the
images of both photothermal and photodynamic treated cells display less cells. The 808 nm laser
irradiated cells are much less in comparison to other treated groups, which was consistent with the
results of cell viability experiment. With the Live/Dead staining, the number of live cells can be easily
counted on the pictures. After analysis of at least 6 images for each group, the cell viability by counting
was calculated (Figure 3.13). A lower viability was obtained in comparison with Live/Dead assay
probably due to the inhomogeneous distribution of the cells on the plates. However, both analyses
allow to prove the effects of PPT and PDT on MCF-7 cultures with GO-FA/Ce6.
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Figure 3.14 Fluorescence images of calcein-AM (green) and EthD-1 (red) double stained cells after different
treatments. MCF-7 cells incubated with GO-FA/Ce6 for 4 and 8 h (Non-Irr) were used as control.

Next, we measured the cytotoxicity on MCF-7 of the combined PTT and PDT treatment with GO-
FA/Ce6 using the Live/Dead assay (Figure 3.15). Cells were incubated with GO-FA/Ce6 for 4 and 8
h before removal of the nanomaterials and addition of fresh cell culture medium. The cells were then
treated with a 808 nm laser irradiation for PTT followed by 660 nm irradiation for PDT. In the cells
after 4 h incubation, no synergistic effect was observed. However, 77% of MCF-7 cells were killed by
the two laser-induced cytotoxic effect after 8 h incubation, which is much higher than photothermal
treatment alone with 49% of cell death and photodynamic treatment with only 32% of cell death,
revealing that a synergistic effect was achieved by using two laser wavelengths in the presence of GO-
FA/Ce6.
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Figure 3.15 Comparison of MCF-7 viability following PTT, PDT and combed phototherapy after the incubation
with GO-FA/Ce6 for 4 and 8 h. MCF-7 cells incubated with GO-FA/Ce6 for 4 and8 h (Non-IRR) were used as
control.

The Live/Dead cell staining also proved that a higher killing efficiency was achieved through the
synergistic effect of PTT and PDT after 8 h incubation (Figure 3.16). A lower number of cells was
observed in the group of 8 h incubation, consistent with the cell viability experiments.

4h 8h Non-Irr

Figure 3.16 Comparison of MCF-7 cell viability following PTT, PDT and combing phototherapy after the
incubation with GO-FA/Ce6 for 4 and 8 h. MCF-7 cells incubated with GO-FA/Ce6 for 4/8 h (Non-Irr) were
used as control.

Overall, the therapeutic effect of PTT and PDT was measured by the Live/Dead assay. An incubation-
time dependent cytotoxicity triggered by light was observed. By combining the PTT and PDT, a
synergistic cancer therapy was achieved, resulting in a satisfactory killing efficiency of MCF-7 cells.
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3.5PTT and PDT of GO-FA/Ce6 on macrophages

The GO-FA/Ce6 has shown its good potential in the treatment of cancer cells by combing PTT and
PDT to achieve a synergetic effect in killing cancer cells. The activated macrophages in rheumatoid
arthritis joint also overexpress folate receptor f (FRp), making the macrophages a target for RA
therapy.?® RAW 264.7 cells are a macrophage-like cell line derived from mice and can be used as a
model for RA research.?!:22 The FRB on RAW 264.7 cells could specifically recognize FA-conjugated
nanomaterials leading to a receptor-mediated endocytosis.

Therefore, we decided to apply GO-FA/Ce6 on RAW 264.7 to study the double functional GO for RA
phototherapy. The initial biocompatibility study of a nanomaterial is commonly performed in vitro, to
determine the dose-dependent toxicity of nanoparticles as well as the killing efficiency of the
treatments. Different assays such as MTS and Live/Dead were used to measure the viability of the
cells after incubation with nanomaterials alone, and after the irradiation for PTT and PDT. First of all,
we evaluated the cytotoxicity of GO-FA/Ce6 on RAW 264.7 cells. This part of work was performed
with the help of Dr Zhengmei Song in our group.

3.5.1 Cytotoxicity of GO-FA/Ce6 on RAW 264.7 cells

Cytotoxicity of GO-FA/Ce6 on RAW 264.7 cells was evaluated after the incubation for 24 h with MTS
assay (Figure 3.17a). The double functional GO shows no effects on RAW 264.7 cells even at the
highest concentration of 50 ug-mL™. In all conditions, the cell viability was around 100%, indicating
that the RAW cells have a good tolerance against GO-FA/Ce6.
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Figure 3.17 Cytotoxicity of GO-FA/Ce6 on RAW 264.7 cells.
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3.5.2 PTT and PDT effects of GO-FA/Ce6 on RAW 264.7 cell

To study the photo-induced cytotoxicity of GO-FA/Ce6 on RAW 264.7 cells, the cell viability was
evaluated by Live/Dead assay after irradiation using 660 nm and 808 nm laser in the presence of GO-
FA/Ce6 (Figure 3.18). Compared to the results of cytotoxicity measured by MTS, the Live/Dead assay
showed a lower cell viability at around 85% in the group without irradiation, both after 4 h and 8 h
incubation. After applying the 660 nm and 808 nm irradiation, a clear photo-triggered cytotoxicity was
observed (Figure 3.18). The 808 nm irradiation induced a sufficient killing efficiency by GO-FA/Ce6
against RAW 264.7 cells and the cell viability significantly decreased to 25% (after 4 h incubation)
and to 20% (after 8 h incubation), revealing that these are more sensitive to the hyperthermia induced
by photothermal effect of GO-FA/Ce6. The efficiency of the photodynamic treatment on RAW 264.7
cells was lower than PTT. After the irradiation of 660 nm laser, the cell viability decreased to 72% and
the incubation-time-dependent killing efficiency was not observed. The low killing efficiency of PDT
in RAW cells was probably due to the high resistance of macrophages to ROS.% To overcome this
problem, we have planned to combined the PTT with PDT to obtain a synergistic effect. The
hyperthermia would sensitize cells to the influence of other treatment leading to a higher therapeutic
effect after PDT.?* 2 This part of work is currently ongoing.
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Figure 3.18 Viability of RAW 264.7 cells incubated with GO-FA/Ce6 for a) 4 h and b) 8 h, after separated
photothermal and photodynamic treatment.

The fluorescence staining of live and dead cells is shown in Figure 3.19. The live cells are stained in
green and the dead cells are in red. The fluorescence microscopy images clearly show the change of
live and dead cell numbers according to the different treatments. Compared to the control group and
the non-irradiated group, the images of both photothermal and photodynamic treated cells display less
cells. The 808 nm laser irradiated cells are much less in comparison to other groups, which was
consistent with the results of cell viability experiment. While in 660 nm laser irradiated groups showed
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a higher the cell number compared to 808 nm irradiated groups, but still lower than the non-irradiated
group.

COhtrgl <3,

Figure 3.19 Fluorescence images of calcein-AM (green) and EthD-1 (red) double stained cells after different
treatments. RAW 264.8 cells incubated with GO-FA/Ce6 for 4 and 8 h (Non-Irr) were used as control.

Overall, the therapeutic effect of PTT and PDT was measured by the Live/Dead assay. The RAW
264.8 cells present a higher sensitivity to photothermal treatment in comparison with cancer cells but
also a resistance against photodynamic treatment. Further experiments need to be finish to evaluate
the synergistic effect by combining PTT and PDT in the treatment of macrophages-associated RA.

3.6 Conclusions

In summary, a FA/Ce6 double-functionalized GO was successfully prepared and used for in vitro
PTT/PDT synergistic cancer therapy using HeLa and MCF-7 cells. GO-FA/Ce6 exhibited good
photothermal converting property and high ROS generation effect. The nanomaterial was able to
penetrate quickly cancer cells due to the FR-mediated endocytosis. However, the metabolism based
alamarBlue and MTS assays seems not to evidence eff on cell viability, likely due to an enhanced
cellular metabolism activity after phototherapy. The Live/Dead assay was then used and GO-FA/Ce6
exhibited high killing efficiency on MCF-7 cells. Furthermore, a higher therapeutic efficiency was
achieved by combining photothermal and photodynamic treatment, leading to satisfactory antitumor
efficacy. Preliminary experiments using PTT and PDT alone were also performed on RAW 264.7 cells.
The macrophages showed a higher sensitivity to PTT with a sufficient killing efficiency after
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irradiation but also a resistance against ROS was observed. The synergistic effect of combining PTT
and PDT still needs further experiments.

3.7 Material and methods

Materials

All the chemicals and solvents were obtained from commercial suppliers and used without purification.
O-(2-aminoethyl)-O'-[2-(Boc-amino)ethyl]decaethylene glycol (BocNH-PEG10-NH>) was purchased
from Polypure AS. Folic acid (FA) was purchased ACROS. Carbodiimide hydrochloride (EDC HCI)
and N-hydroxysuccinimide (NHS) were purchased from Alfa Aesar. The solvents used during the
reaction were analytical grade. Water was purified by a Millipore filter system MilliQ®.

Preparation of GO suspensions

The pristine GO was obtained from Prof. Yuta Nishina (University of Okayama, Japan). All GO
suspensions were prepared by sonication in a water bath (20 W, 40 kHz) with a controlled temperature
between 20<C and 30 <C.

Dialysis
For dialysis, MWCO 12,000-14,000 Da membranes were purchased from Spectrum Laboratories, Inc.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a TGA1 (Mettler Toledo) apparatus from 30<C
to 900 T with a ramp of 10<C min under N atmosphere with a flow rate of 50 mL min* and platinum
pans.

Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was performed on a Hitachi H600 with an
accelerating voltage of 75 kV. The samples were dispersed in water/ethanol (1:1) at a concentration of
16 pg mL* and the suspensions were sonicated for 10 min. Ten microliters of the suspensions were
drop-casted onto a copper grid (Formvar film 300 Mesh, Cu from Electron Microscopy Sciences) and
left for evaporation under ambient conditions.

Thin layer chromatography

Thin layer chromatography (TLC) was performed on pre-coated aluminum plates with 0.20 mm
Macherey-Nagel silica gel 60 with fluorescent indicator UV 2ss.
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Chromatographic purification

Chromatographic purification was performed using silica gel (Sigma-Aldrich, 40-63 pm, 230-400
mesh).

HPLC

High-performance liquid chromatography analyses were performed on a Waters Alliance 2695
instrument, with integrated autosampler and a Waters 2998 PDA detector, using a Macherey—Nagel
Nucleosil 100-5 C 18 column 4.6x125 mm (gradient: 0-100% of A and 100-0% of B in 20 min at 1.2
mL/min flow rate). Eluents for HPLC: A = H,0+0.1% TFA, and B = MeCN+0.08% TFA.

LC/MS analyses

LC/MS analyses were performed on a LC/MS instrument equipped with a Thermo Scientific
VANQVISH Flex UHPLC (Hypers II GOLD column, 50%2.1 mm, 1.9 um) integrated with a Thermo
Scientific LCQ Fleet ion-trap. Deconvolution of the data was performed in MagTran 1.03 (Amgen,
Thousand Oaks, CA).

UV-Vis analyses

UV-Vis absorption spectra were recorded on a Cary 5000 UV-Vis-NIR spectrophotometer using 1 cm
path quartz glass cuvettes and were corrected for the baseline and the solvent. The temperature was

controlled at 25 °C using a Peltier system.
Immunostaining

A suspension GO-FA/Ce6 was deposited on a TEM grid. The grid was first verified by TEM that the
functionalized carbon nanomaterials were well dispersed. The grid with nanomaterial was then re-
hydrated by deposition of the grid on a drop of water (300 piL) for 15 min. The grid was then incubated
in 40 L acetylated BSA (1% in PBS) for 45 min. Then the grid was deposited on a 40 i drop of
anti-FA antibody [using mouse monoclonal folic acid antibody (FA1) stock solution (7 mg/mL), ref.
NB100-72975] and incubated for 2 h (dilution 1/50 with 0.1% acetylated BSA in PBS). The antibody
was removed and washed with PBS (4 times for 10 min each time) and with water (4 times for 10 min
each time) by deposition of the grid on 300 L PBS or water. Incubation of the grid with secondary
antibody (using anti-mouse antibody coupled to 10-nm gold nanoparticles) for 2 h (dilution 1/50 in
0.1% acetylated BSA in PBS, centrifuging the antibody 2 min at 10 000g before dilution) was
performed by deposition of the grid on a 40 i drop. The grid was washed with PBS (3 times for 10
min each time) and with water (3 times for 10 min each time) by dropping the grid on 300 L PBS or
water. The immunostaining was evaluated by TEM. Two control samples were performed, using GO
without FA (GO-FA-CTR) followed by the incubation of anti-FA antibody and secondary antibody,
and using hRANK-M331 antibody (mouse IgG1lmonoclonal antibody against human RANK-M331,
dilution 1/20 in 0.1% acetylated BSA in PBS) instead of anti-FA antibody on GO-FA followed by the
incubation of secondary antibody.
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Fluorescence measurements

Fluorescence measurements were performed in a water suspension at a concentration of 10 pg-mL™
with a Jasco FP8003 fluorimeter using a swig xenon 450 W lamp and were corrected for the baseline
and the solvent. The excitation wavelength was 420 nm and the emission range was measured between
520 nm and 800 nm.

Photothermal experiments

Different concentrations of GO-FA/Ce6 in water were prepared through sonication. The photothermal
conversion of the carbon nanomaterial suspensions was examined by monitoring the temperature
increase during irradiation using a 808 nm laser at a power density of 2 W €m from 0 to 15 min. The
distance between laser and sample was kept constant at 3 cm. Each photothermal experiment was
repeated three times. The temperature was monitoring using an infrared thermal imaging camera by
recording the maximum temperatures in the images.

ROS generation assay

Dihydrorhodamine-123 (DHR123) purchased from Sigma-Aldrich was used to evaluate ROS
generation in water solution. Light-triggered generation of ROS oxidizes DHR123 to fluorescent
rhodamine 123. In a typical assay, a suspension of GO-FA/Ce6 (10 pg-mL™) was prepared in water
and DHR123 (final concentration at 20 nM) was added. Then, the mixture was irradiated under 660
nm a laser (0.2 W-cm™) for 10 min and the emission intensity in the range from 495 nm to 900 nm was
recorded with excitation at 485 nm.

Cell Culture

Cervical carcinoma cells (HeLa), Human Caucasian breast adenocarcinoma (MCF-7) and RAW 264.7
macrophages were cultured in high-glucose Dulbecco’s modified Eagle medium (H-DMEM) with 10
ug/mL gentamycin (Lonza BioWhittaker), 10 mM N-(2-hydroxyethyl)-piperazine-N’-ethanesulfonic
acid (Lonza BioWhittaker), 0.05 mM B-mercaptoethanol (Lonza BioWhittaker) and 10% fetal bovine
serum (FBS). HeLa cells were maintained under a humidified atmosphere of 5% CO; at 37 <C, and
the culture medium was changed every 2 days.

Cell viability assay

AlamarBlue assay, MTS assay and Live/Dead assay were performed to measure the cell viability

according to the manufacturer’s instructions.

For the AlamarBlue assay, HeLa cells were seeded in a 96-well plate at a density of 2x102 cells/well.
The cells were adhered to the plate for 24 h and then exposed to different concentration of GO-FA/Ce6
for 4/8/24 h, as indicated. AlamarBlue reagent in cell culture media (10% v/v solution) was added to
each well 24 h after the removal of GO nanomaterial. After 2 h of incubation at 37 <C, UV-Vis
adsorption was measured at wavelength of 570 nm and 620 nm with a microplate reader (Thermo
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Scientific, Multiskan FC). AlamarBlue solution in the cell culture media alone was included as blank.
The experiments were performed with at least three replicates. Results were expressed as percentage
cell viability versus control.

For MTS assay, HeLa, MCF-7 and RAW 264.7 cells were seeded in a 96-well plate at a density of
2103 cells/well, 6<10° cells/well and 1<10%, respectively. The cells after the treatment with GO were
incubated with MTS solution in cell culture media (10% v/v solution) for 30 min at 37 <C. UV-Vis
adsorption was measured at wavelength of 590 nm with a microplate reader, and MTS in the cell
culture medium alone was included as blank. The experiments were performed with at least three
replicates. Results were expressed as percentage cell viability versus control.

For Live/Dead assay, a solution A (2 uM calcein AM), solution B (4 uM EthD-1) and a working
solution (2 uM calcein AM and 4 uM EthD-1) were freshly prepared before adding to the cells. MCF-
7 and RAW 264.7 cells after the treatment with GO were incubated with the working solution for 40-
50 min at room temperature. Three control samples were also performed using solution A, solution B
and the working solution. Fluorescence was measured at the respective excitation and emission
wavelength of 480 nm and 571 nm for calcein AM and 528 nm and 671 nm for EthD-1, using a Tecan
Infinite F200 plate reader. The cell viability was calculated according to the manufacturer’s
instructions.

Confocal imaging

Confocal images were obtained with a Zeiss Axio Observer Z1 spinning disk confocal microscope
equipped with a 63 or 100 xoil objective. z-Stacking was recorded with 0.3 um interplanar distance.
The fluorescence signal from CellMask (Sigma-Aldrich) was obtained using a 488 nm laser excitation
and recording in the green channel (505-555 nm), whereas GO-FA/Ce6 were recorded using a 405 nm
laser excitation in the far-red (FR) channel (665—715 nm). Images were then treated with ImageJ
software.

In vitro PDT and PTT experiments

Hela cells (2.0x<10%/well), MCF-7 cells (6.0 < 10%/well) or RAW 264.7 (1.0 < 10%well) were seeded
on a 96-well microplate (Greiner bio-one, Germany) for 24 h. The cells were incubated with GO-
FA/Ce6 for 4/8/24 h and the nanomaterial removed afterwards. Samples with a total volume of 100
L of cell culture media in 96-well plates were irradiated for 5/10 min with a 660 nm laser (0.2 W-cm”
2 for PDT or with a 808 nm (2 W-cm™) for PTT. After 24 h incubation, the culture media were removed
and the cell viability was measured using different assay.

In vitro combined PDT and PTT experiments

MCF-7 cells (6.0 x<10%/well) were seeded on a 96-well microplate (Greiner bio-one, Germany) for 24
h. The cells were incubated with GO-FA/Ce6 for 4/8 h and the nanomaterial removed afterwards.
Samples with a total volume of 100 pL of cell culture media in 96-well plates were irradiated with a
808 nm (2 W-cm) for PTT for 10 min followed by a 660 nm laser (0.2 W-cm) irradiation for PDT.
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After 24 h incubation, the culture media were removed and the cell viability was measured using
Live/Dead assay.

Fluorescence microscopy imaging

The cells treated with irradiation were stained with Live/Dead kit following the same protocol
described in the cell viability part. The images were taken by fluorescence microscopy using a ZIESS
APRES-VENTE MICROSCOPIE

Statistical analysis

Results are presented as mean =standard deviation of at least three independent experiments. The
numbers of samples per group in each experiment are indicated in the corresponding figure legends as
“n”. Differences between groups were evaluated with the Student’s t-test for two groups. *, **, ***
and ****denote the p-values less than 0.05, 0.01, 0.001 and 0.0001, respectively.

Synthesis of the building blocks, precursors and final GO conjugates
FA-PEG10-Boc

A 441 mg (1 mmol) of folic acid and 200 pL triethylamine (TEA) were dissolved in 5 mL of DMSO
by continuous stirring in room temperature for 10 min under argon atmospheres. The solution was
cooled to 4 °C and EDC-HCI (191 mg, 1 mmol) and NHS (143 mg, 1.2 mmol) were added and the
mixture was stirred for 24 h. The mixture was dropped to cold 200 mL DCM and the precipitate filtered
over a polytetrafluoroethylene (PTFE) Millipore® membrane with 0.1 pm pore size obtaining a
yellowish solid. The precipitation was washed with DCM and re-dissolved in 5 mL DMSO under
argon atmospheres. The solution was cooled to 4°C and 644 mg of Boc-PEG10-NH2 (Lmmol) were
added and the mixture was stirred for 24 h. The mixture was then dropped to cold diethyl ether with
continuous stirring. The diethyl ether was removed and washed again with cold diethyl ether to afford
a yellowish oily product. The crude product was purified by silica chromatography using
acetone/DCM/EtOH/H,O/TEA=3/2/1/0.7/0.3 as eluant, to eliminate the side product and then
changing to acetone/DCM/EtOH/H,O/TEA=2/2/2/0.7/0.3 obtaining the desired product. After drying
in vacuum, a yellowish solid corresponding to FA-PEGio-Boc was obtained. LC-MS (ESI): m/z
calculated for CsgH77NgO1g 1067.54, found 1068.08 [M + H]*. HPLC (tR=9.8 min over 20 min of
gradient: 0-100% of A and 100-0% of B in 20 min at 1.2 mL/min flow rate, A = H,O+0.1% TFA,
eluent B = MeCN+0.08% TFA).
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Preparation of GO-FA

To a suspension of GO (80 mg) in 16 mL of water, 230 mg of Boc-PEG10-NH> and 230 mg of FA-
PEG10-NH2 was added to the solution and bath sonicated for 10 min. The mixture was then stirred at
room temperature for 3 days and filtered over polytetrafluoroethylene (PTFE) Millipore® membrane
with 0.1 pm pore size. The solid on the membrane was collected and dispersed in water, sonicated in
a water bath and filtered again. This sequence was repeated 3 times with water. The solid was finally
dispersed in water. The suspension was dialyzed in water for 3 days, and lyophilized to obtain GO-FA.

Preparation of GO-FA-CTR

The preparation of GO-FA-CTR was similar to the preparation of GO-FA. To a suspension of GO (20
mg) in 5 mL of water, 125 mg of Boc-PEG10-NH2 was added to the solution and bath sonicated for 10
min. The mixture was then stirred at room temperature for 3 days and filtered over a PTFE filter
membrane with 0.1 pm pore size. The solid on membrane was collected and washed with water for 3
times. The solid was finally dispersed in water, the suspension was dialyzed in water for 3 days, and
lyophilized to obtain GO-FA-CTR.

Preparation of GO-FA/Ceb6

The GO-FA was first deprotected using HCI. To a suspension of GO-FA (60 mg) in 30 mL of 1,4-
dioxane and sonicated for 10 min. Thirty mL of 4 m HCI in 1,4-dioxane was added and sonicated for
5 min. The suspension was stirred for 17 h and filtered over a PTFE filter membrane with 0.1 pm pore
size. The solid on membrane was collected and washed with water for 3 times. The solid was dried
under vacuum.

Eighty mg Ce6 were dissolved in 1 mL of DMF with 20 uL TEA and stirred in ice bath for 10 min.
EDC HCI (28.2 mg) was added to the solution and stirred for 1 h in ice bath. Then 23.1 mg of NHS
was added to the mixture and stirred for 17 h at 4 °C. The mixture was dropped to a 9 mL DMF
suspension of 20 mg Boc-deprotected GO-FA and stirred for 17 h. The mixture was filtered over a
PTFE filter membrane with 0.1 um pore size. The solid on membrane was collected and washed with
DMF and water for 3 times each. The solid was finally dispersed in water, the suspension was dialyzed
in water for 3 days, and lyophilized to obtain GO-FA/Ce6.

Preparation of GO-FA/Ce6-CTR

GO-FA/Ce6-CTR was obtained following the protocol for the preparation of GO-FA/Ce6 but directly
using GO-FA for the reaction without Boc-deprotection. Forty mg Ce6 were dissolved in 1 mL of
DMF with 10 uLL TEA and stirred in ice bath for 10 min. EDC HCI (14.1 mg) was added to the solution
and stirred for 1 h in ice bath. Then 11.5 mg of NHS was added to the mixture and stirred for 17 h at
4 °C. The mixture was dropped to a 4 mL DMF suspension of 10 mg GO-FA and stirred for 17 h. The
mixture was filtered over a PTFE filter membrane with 0.1 pm pore size. The solid on membrane was
collected and washed with DMF and water for 3 times each. The solid was finally dispersed in water,
the suspension was dialyzed in water for 3 days, and lyophilized to obtain GO-FA/Ce6-CTR.
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Chapter 4 Benzoquinone-assisted covalent functionalization

and liquid phase exfoliation of MoS;

4.1 Introduction

The study of 2D layered nanomaterials has been inspired by the successful isolation of graphene.
Among the large family of 2D nanomaterials, transition metal dichalcogenides (TMDs) have attracted
increasing interest due to their unique structures and properties, leading to a vast potential for different
applications in electronic devices, optoelectronics, sensing, drug delivery and energy storage.!
However, the development of effective methods for high-quality TMDs preparation is still a major
focus of the current experimental research.>* Moreover, the chemical functionalization of TMDs
allows to introduce modification of the intrinsic properties and extension of the applications.>® In the
meantime, TDM functionalization could facilitate the synthesis of higher quantities of 2D TMDs.>’

MoS: is one of the main TDM materials for studying their chemistry and applications, and it has
received a lot of interest by many researchers working at the cross field between physics, chemistry,
biology and material science.® MoS; is constituted by two polymorphs, namely the semiconducting
2H MoS; and metallic 1T MoSz. The 2H MoS: is thermodynamically stable, while the 1T-MoS: is
metastable.® Therefore, natural MoS; is predominantly in 2H polymorph form. The isolation of the
type of 2D MoS: nanosheet polymorph depends on the exfoliation procedure. 1T MoS nanosheets
are usually prepared via a “harsh” chemical exfoliation procedure,” while the mechanical or liquid
phase exfoliation preserve the natural more stable polymorph 2H.° Recently, Pérez et al. reported a
strategy for covalent functionalization of 2H MoS, using maleimides under mild condition.*® The
authors exploited the soft nucleophilicity of sulfur atoms on MoS: to react with maleimide derivatives
following Michael addition. The covalent conjugation of different maleimides onto MoS; surface was
confirmed by the authors using different characterization methods.

In the previous part, we have already proved that benzoquinone can covalently bounded onto GO
surface through a Michael addition reacting with the hydroxyl groups. The benzoquinone derivatives
can further react with electrophiles via another Michael addition. This inspired us to develop a
protocol for covalent functionalization of MoS: with benzoquinone though Michael addition under
mild condition.

4.2 Objectives of this chapter

The aim of this chapter is to develop an efficient strategy for the covalent functionalization of MoS;
nanosheets by exploring the S atoms as mild nucleophiles for Michael addition. MoS> was isolated
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svia a surfactant-assisted liquid phase exfoliation. To further attach the functional groups onto MoS,
benzoquinone was used as the electrophiles reacting with S atoms through Michael addition, leading
to the formation of C-S bond. The benzoquinone derivatized MoS> nanosheets were then
functionalized with two different functional molecules through another Michael addition.

Besides exploring the functionalization of MoS: using benzoquinone, we were also interested to
developed a protocol combining the exfoliation and benzoquinone derivatization in one step. Thus,
we isolated the MoS; nanosheets from bulk material directly with benzoquinone via liquid phase
exfoliation, in order to obtain a nanomaterial with good water dispersibility and highly reactive sites
for further modification.

4.3 Covalent functionalization of MoS: using benzoquinone

4.3.1 Liquid-phase exfoliation and characterization of MoS2

MoS; nanosheets were prepared with the collaboration of Dr. Dingkun Ji through a surfactant
mediated liquid exfoliation method. Briefly, bulk MoS> was mixed with sodium cholate using ball
milling. Then the mixture was transferred into water and the exfoliation of MoS; was carried out by
bath sonication. The prepared MoS, was characterized by TEM (Figure 4.1a) The nanosheets have
an average lateral size around 200 nm, with a distribution between 50 and 400 nm.
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Figure 4.1 TEM image (a) and size distribution (b) of MoS; nanosheets exfoliated using sodium cholate.

Then, MoS> nanosheets were characterized by XPS (Figure 4.2). From the survey spectrum (Figure
4.2a), Mo, S, O and C elements were identified. The liquid-phase exfoliated MoS; displayed a S:Mo
ratio of approximately 1.6:1, showing the existence of S vacancies on the surface of the nanomaterial.
The sodium cholate was adsorbed onto MoS; nanosheets after exfoliation, leading to the high
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emission of signal from carbon and oxygen elements in the XPS. As we did not observe sodium in
XPS survey, sodium cholate is likely transformed into its acid derivative (cholic acid) due to
hydrolysis, leading to removal of Na* during the washing procedure. The calculated amount of sodium
cholate onto MoS; is 1.0 mmol g*. However, XPS is a surface sensitive method and the intensity of
the emission of the different elements might be difficult to quantify precisely in a heterogeneous
nanomaterial.!! Therefore, the amount of sodium cholate onto MoS; surface might be different from
other technique (e.g. TGA). In the Mo 3d XPS spectrum (Figure 4.2b) of MoS,, two peaks were
observed at 229.5 and 232.7 eV, coming from Mo 3ds;2 and Mo 3dsy2 orbitals, respectively, indicating
that Mo atoms were in 4* oxidation state in the 2H polymorph form.*2 The third peak centered at
226.4 eV was signal from S 2s photoelectrons. In the S 2p spectrum (Figure 4.2c), the peaks at 163.2
eV and 162.0 eV were contributed by the S? 2pa;, and S* 2psy orbitals. The C 1s spectrum showed
the components of C-C (284.6 eV), C-O (286.4 eV) and C=0 (288.6 eV) from sodium cholate
adsorbed onto MoS: (Figure 4.2d).
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Figure 4.2 XPS survey spectra (a), high resolution Mo 3d (b), S 2p (c) and C 1s (d) spectra of MoS.

Subsequently, the prepared MoS; nanosheets were used for the study of covalent functionalization
using benzoquinone.

4.3.2 Functionalization of MoS:z with benzoquinone and 3-(pentafluorothio)-DL-phenylalanine

In chapter 2, we successfully functionalized GO using benzoquinone through Michael addition. 3-
(Pentafluorothio)-DL-phenylalanine was chosen as the functional group since the fluorine atoms
could facilitate the sensitivity of XPS characterization and the amine group was able to react with the
benzoquinone moiety on nanosheets by Michael addition. Here we decided to use a similar procedure
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to functionalize MoS; as illustrated in Scheme 4.1 (top). Briefly, MoS; was derivatized by
benzoquinone through nucleophilic addition with the formation of S-C bond, obtaining benzoquinone
functionalized MoS, 1. Then, 3-(pentafluorothio)-DL-phenylalanine was covalently linked to
benzoquinone moiety on MoS; 1 through a second Michael addition, leading to the phenylalanine
derivatized MoS; 2.

SFq
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SF HO NH
o=®=o o?:o o) HO OH
" . HO NH ,
OOOOOL — I {000, — 3 AKX
20% EtOH/PBS 20% EtO_H/PBS
O\?ekr':izht O\E)eﬂr:izm
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AL, ————— g SO A
20% EtOH/PBS
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MoS, nanosheets overmient MoS, 2-CTR

Scheme 4.1 Functionalization of MoS; using benzoquinone and 3-(pentafluorothio)-DL-phenylalanine. For
the sake of clarity, only one S atom is derivatized.

Compared to pristine MoS;, benzoguinone functionalized MoS; 1 displayed a good dispersibility in
water (Figure 4.3a). It could be also well-redispersed after excessive washing followed by
lyophilization, while the liquid exfoliated MoS> nanosheets tended to form aggregates (Figure 4.3b).

MoS,

'MosS, 1
r

Figure 4.3 Water dispersions of MoS; and MoS; 1 before (a) and after (b) excessive washing and lyophilization.

MoS:z 1 was then characterized by XPS (Figure 4.4). Compared to the starting MoS;, a higher content
of C and O atoms were detected in the benzoquinone functionalized MoS,, due to the introduction of
quinone moiety onto MoS». As the C and O atoms are coming from cholic acid and benzoquinone,
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we can calculate the theoretical ratio between these two compounds as 1.1 ([benzoquinone]/[cholate
acid]). The amount of benzoquinone on MoS; correspond to 0.95 mmol g* with a molar loading
efficiency of 34.8%. The cholic acid was calculated at 0.87 mmol g, indicating that partial cholic
acid was removed during the reaction with benzoquinone. After the detailed analysis of Mo 3d
spectrum in MoS: 1, a new doublet of Mo 3d peaks with the Mo 3d (3ds/ centered at 230.4 eV and
3ds/2 centered at 233.6 eV) was introduced, in order to obtain a better fitting in the deconvolution
procedure. As a nucleophile in the Michael addition, the electrons are transferred from the basal plane
of MoS: to benzoquinone molecules. Therefore, the peaks of Mo 3d would shift to a higher binding
energy. However, Pérez et al.'® reported that the components at a lower binding energy were assigned
to the reaction between maleimide and MoS>, while the components at a higher binding energy were
coming from the oxidation of MoS,. In our experiments, the oxidation of MoS, was not significant
and no component was observed at a lower binding energy. In the meantime, these peaks were
unnecessary in the deconvolution of MoS samples exfoliated by sodium cholate. The generation of
new fitting components was probably due to the formation of Mo-S-benzoquinone (Mo-S-C in Figure
4.4c) linkage via Michael addition. The C 1s spectrum showed an increasing area of carbon atoms in
C=0 bond compare to the starting MoS: from 7.3% to 8.5%, while the C-N/C-S component was also
observed, indicating the conjugation of benzoquinone on MoS,. In the high-resolution of S 2p
spectrum, the pristine MoS; exhibited only one doublet of S 2p peaks with the S 2pz» centered at
162.1 eV. While, MoS> 1 showed a different line shape with another doublet with the S 2pz/, centered
at 163.2 eV which could be assigned to C-S bond in addition of the intrinsic doublet of S 2p peaks
from MoS, confirming that benzoquinone was covalently attached to MoS..
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Figure 4.4 XPS survey spectra (a), high resolution Mo 3d (b), C 1s (c) and S 2p (d) spectra of MoS; 1.
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The presence of benzoquinone on MoS; surface was corroborated by thermogravimetric analysis
under inert atmosphere (Figure 4.5). The TGA curve of the pristine MoS; showed a total 9% weight
loss at 600°C. In MoS, a higher weight loss was observed (13%). The decrease of the thermal stability
could be attributed to decomposition of benzoquinone grafted on the MoS> nanosheets. However, the
TGA did not allow to provide the information about the ratio between sodium cholate and
benzoquinone.
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Figure 4.5 TGA of the pristine MoS; and MoS; 1 performed in inert atmosphere.

Once confirming that benzoquinone was successfully grafted onto MoS, the derivatization of MoS;
1 with 3-(pentafluorothio)-DL-phenylalanine was then performed. MoS; 1 was first dispersed in
PBS/EtOH solution and stirred with 3-(pentafluorothio)-DL-phenylalanine overnight. After carefully
washing and centrifugation, the phenylalanine derivative functionalized MoS; 2 was obtained. To
clarify if the 3-(pentafluorothio)-DL-phenylalanine was covalently bounded onto MoS; through
Michael addition, a control sample was also prepared by simply mixing the pristine MoS: nanosheets
with 3-(pentafluorothio)-DL-phenylalanine in the absence of benzoquinone, giving MoS; 2-CTR
(Scheme 4.1 bottom).

The conjugation of 3-(pentafluorothio)-DL-phenylalanine was characterized by XPS. A significant
signal from fluorine atoms was collected by XPS in the survey spectrum (3.1%) (Figure 4.6a), while
no fluorine was detected in the all MoS; precursor conjugates, indicating the successful introduction
of the 3-(pentafluorothio)-phenylalanine moiety onto MoS: 2. The high-resolution spectrum of the S
2p peak further confirmed the presence of 3-(pentafluorothio)-DL-phenylalanine on MoS; 2. Besides
the peaks contributed by the S 2p from MoS; and atoms from S-C bond, a broad peak centered at
172.5 eV was recorded, which could be assigned to sulfur atom in S-F bond from the pentafluorothiol
moiety (Figure 4.6g). However, the S-F peak was much smaller, since the introduced S atoms via
Michael addition was relatively low in comparison with the intrinsic S elements in MoS». In the
control sample MoS; 2-CTR, the content of fluorine element calculated from survey spectrum was
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0.4%, which was much lower than MoS; 2 (Figure 4.6b). In S 2p spectrum, only one doublet of S-
Mo from MoS; was recorded and the S-F peak was almost negligible (Figure 4.6h), which further
proved a low amount of the phenylalanine derivative physisorbed onto MoS,. The XPS data
confirmed the covalent conjugation of 3-(pentafluorothio)-DL-phenylalanine onto MoS> 1 thought
the Michael addition on benzoquinone moieties.
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Figure 4.6. XPS survey spectra (a, b) with a zoom on the F 1s peaks (inset), high resolution Mo 3d (c, d), C
1s (e, f) and S 2p (g. h) spectra of MoS; 2 (a, c, e, g) and MoS; 2-CTR (b, d, f, h).
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ATR FT-IR were also performed on the different MoS, samples to confirm the covalent
functionalization through benzoquinone (Figure 4.7). In comparison with starting material, a sharp
peak was observed in MoS; 1 at 1656 cm™, which could be assigned to the C=0 stretching on
benzoquinone. And the peak at 1595 was contributed by the C=C stretching.!® The appearance of the
strong band at 817 cm™ corresponds to the alkene =C—H bending mode in benzoquinone.® However,
the expeted peak at 741 cm™ (red arrow in Figure 4.7b) assigned to a S-C stretching vibration'* was
almost negligible. The less intense signal from S-C band was probably due to the overlapping by the
C-H peak and the relatively low amount of benzoquinone covalently linked to MoS,. After the
functionalization of 3-(pentafluorothio)-phenylalanine, a strong band at 782.3 cm™ was recorded,
which is the characteristic S—F stretching, proving successfully modification on MoS; with
phenylalanine derivative. In the control sample MoS; 2-CTR, the peaks at 782.3 cm™ and 817 cm™?
were insignificant compared with those on MoS; 2, due to the low tendency of benzoquinone and
phenylalanine derivative to physisorb onto MoS,. The FT-IR spectra confirmed the covalent
functionalization of MoS> through the benzoquinone-mediated Michael addition of 3-
(pentafluorothio)-phenylalanine.
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Figure 4.7. FT-IR spectra of MoS; (a), M0S:1 (b), M0S> 2 (c) and MoS;2-CTR (d).

With this protocol, the liquid exfoliated MoS2 was successfully derivatized with benzoquinone and
the resulting material could be easily functionalized with 3-(pentafluorothio)-phenylalanine. The free
amine on the phenylalanine was able to link to benzoquinone moiety onto MoS; and the carboxylic
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acid can be further modified with other functional molecules by amidation. To further expend the
usage of this strategy, we decided to functionalize MoS> with Boc-PEG10-NH> using benzoquinone
method.

4.3.3 Functionalization of MoS2 with Boc-PEGi10-NHz2

In the previous section, we developed a method for covalent functionalization of MoS; through a
benzoquinone mediated Michael addition. To further explore the method for MoS; functionalization
with different molecules, we decided to modify MoS; 1 with Boc-PEG10-NHo.

The protocol of functionalization was similar to the previous one. In this case Boc-PEGio-NH2 was
bound onto MoS; 1 targeting the benzoquinone groups, obtaining MoS; 3 (Scheme 4.2, top). To
clarify if MoS, 1 was covalently functionalized with Boc-PEG10-NH2 through Michael addition
towards benzoquinone derivative, a control reaction was performed by mixing the starting MoS;
directly with Boc-PEG10-NH2. After carefully washing and centrifuging, MoS; 3-CTR was obtained
(Scheme 4.2, bottom).
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Scheme 4.2. Functionalization of MoS; using benzoquinone and Boc-PEG1o-NHo. For the sake of clarity, only
one S atom is derivatized.

MoS: derivations before and after functionalization were first characterized by TGA (Figure 4.8).
The TGA curve of benzoquinone functionalized MoS; 1 showed a gradual weight loss as described
before. However, MoS; 3 exhibited a higher thermal stability at the temperature below 300 °C
probably due to the derivation on benzoquinone which would increase the thermostability. A major
weight loss was observed in the region of temperature between 300<C and 400<C in MoS:; 3 after the
functionalization of Boc-PEG10-NH>, which could be attributed to the loss of covalently grafted Boc-
PEG10-NH2. The major weight loss at 300<C and 400<C was also observed in our previous work
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described in chapter 2. The characteristic temperature of Boc-PEG1o-NH: thermal decomposition
starts around 233 <C and this was consisting of the major weight loss observed in MoS; 3. The total
weight loss of MoS; 3 was also higher than MoS, 1, which further confirming the successful
modification of MoS; with Boc-PEG1o-NHz. In the control sample MoS; 3-CTR, the nanomaterial
also underwent a major weight loss in the region of temperature between 300<C and 400 C, revealing
that the PEG chain could also adsorbed onto MoS: surface by simply stirring starting MoS> with Boc-
PEG10-NH:in the absence of benzoquinone. But the weight loss contributed by the decomposition of
Boc-PEG10-NH: in MoS; 3-CTR was much lower than MoS; 3, leading to a higher thermal stability
at the temperature 600 °C. The TGA results revealed that more PEG linkage was covalently bounded
onto MoS:; surface via Michael addition toward benzoquinone derivatives on the nanomaterial.
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Figure 4.8 TGA of the MoS; 1, MoS; 3 and MoS; 3-CTR performed in inert atmosphere.

Then, we characterized PEG functionalized MoS; nanosheets by XPS. The C/O ratio was first
calculated from survey spectra. The C/O ratio of MoS, 3 decreased from 4.4 to 2.7 after the
conjugation of Boc-PEG10-NH2 onto MoS; 1 surface via Michael addition. The decreasing of C/O
ratio indicated that the PEG derivatives were successfully linked on MoS; surface. However, the C/O
ratio of MoS; 3-CTR only showed a slight decrease from 4.9 to 4.4 in comparison with starting MoS>
nanosheets. The C/O ratio in control sample did not undergo a significant change as MoS: 3, due to
a lower amount of PEG chains adsorbed onto MoS, compared to the covalently modification, which
corroborated with the results obtained from TGA. However, it is difficult to characterize the amount
of PEG chains loaded on MoS; by measuring the content of nitrogen by survey spectrum since there
is also a strong emission from Mo atoms at binding energy around 399 eV which would overlap the
signal of N element. Both in the starting MoS> and MoS> 1, a strong emission of photoelectrons was
recorded around 400 eV in the survey spectra. Since no nitrogen-containing molecules were used
during the exfoliation procedure or in the conjugation of benzoquinone onto MoS; surface, the
intensity around 400 eV should come from the Mo 3p. For this reason, the ratio of nitrogen atoms in
MoS: nanosheets would not reveal the amount of PEG chains in our study. The detailed analysis of
the C 1s spectrum of MoS; 3 clearly showed the increase of C-O and C-N/C-S components after the
introduction of PEG chain through the Michael addition, resulting in a significant change of line
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shape in comparison with MoS; 1 (Figure 4.9e and Figure 4.4c), further confirming the successful
conjugation of Boc-PEG10-NH: onto MoS; surface via benzoquinone-associated Michael addition. In
the control sample MoS; 3-CTR, the C-N and C-O components in C 1s spectrum were lower than
MoS; 3 (Figure 4.9), which indicated a low tendency of the PEG chain to adsorb onto GO.
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Figure 4.9 XPS survey spectra (a, b), high resolution of Mo 3d (c, d), C 1s (e, f) and S 2p (g. h) spectra of
MoS:; 3(a, ¢, €, g) and MoS; 3-CTR (b, d, f, h).
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4.3.4 Conclusion

In summary, we developed a simple method for the covalent functionalization of MoS; in mild
conditions via benzoquinone-mediated Michael addition inspired by our previous study of covalent
functionalization on GO and the work published by Pérez et al.’® The 2D MoS; nanosheets were
isolated via surfactant-assisted liquid phase exfoliation. To achieve the covalent functionalization on
MoS,, the sulfur atoms were explored as a mild nucleophile and reacted with benzoquinone forming
a C-S bond. Benzoquinone components covalently grafted onto MoS, surface were then were
derivatized with two different molecules, 3-(pentafluorothio)-DL-phenylalanine and Boc-PEG1o-NH>
through the Michael addition between free amine and benzoquinone. The two molecules conjugated
on MoS; were confirmed by TGA, XPS and FT-IR. The strategy we developed for the covalent
functionalization on MoS> is simple to perform. GO was efficiently functionalized with different
functional groups in mild condition resulting in a higher loading efficiency than simple physisorbtion.
The carboxylic acid on 3-(pentafluorothio)-DL-phenylalanine and the free amine on the PEG
derivative after Boc-deprotection can be modified with diverse functional molecules through
reactions such as amidation for different applications.

4.4 Benzoquinone-assisted liquid phase exfoliation of MoS;

In the previous part, we investigated the Michael addition on MoS; using benzoquinone and explored
this reaction in the covalent functionalization of MoS». During the preparation of benzoquinone
modified MoS;, we found that the water dispersibility of the benzoquinone derivatized MoS; was
improved compared to pristine MoS2 nanosheets. After washing and lyophilizing, the benzoquinone
derivatized MoS; could still be easily redispersed while aggregations could be observed in the MoS;
nanosheets exfoliated using sodium cholate. This suggested that benzoquinone could also acted as an
exfoliation reagent in liquid phase to produce 2D MoS,; nanosheets, producing good water
dispersibility as well as benzoquinone moieties covalently bounded onto MoS; surface, which could
be used for further functionalization.

4.4.1 Exfoliation and characterization of MoS2 nanosheets assisted by benzoquinone

For this purpose, we explored a method to isolate 2D MoS» nanosheets directly with benzoquinone
by liquid exfoliation. The procedure was similar to the protocol using sodium cholate. Briefly, bulk
MoS; powder was mixed with benzoquinone by ball milling. The mixture was transferred into water
and sonicated for 2 h in ice bath in order to control the temperature under 26 °C. After centrifugation,
the supernatant was collected, filtered through a membrane and washed with water and ethanol and
benzoquinone-exfoliated MoS»2-Q was prepared. MoS2-Q nanosheets displayed a good dispersibility
in water at a concentration of 2 mg mL™ (Figure 4.10).
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Figure 4.10 Water dispersions of MoS>-Q.

The Mo0S,-Q was first characterized by TEM (Figure 4.11a) The M0S,-Q nanosheets processed an
average size around 120 nm. The lateral size distribution was calculated from TEM images by
measuring more than 150 sheets. The histogram plot of this distribution shows values ranging
between 25 and 400 nm (Figure 4.11b).
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Figure 4.11 a) TEM and b) size distribution of MoS,-Q nanosheets exfoliated using benzoquinone.

Then, MoS> nanosheets were characterized by XPS (Figure 4.12). From the survey spectrum (Figure
4.12a), high components of carbon and oxygen elements were observed due to the benzoquinone
molecule anchored onto the MoS; surface and the amount of benzoquinone on MoS; was 6.6 mmol g
! The exfoliated MoS.-Q displayed a S:Mo ratio of approximately 1.6:1 which is similar with the
sodium cholate exfoliated MoS,. In the Mo 3d XPS spectrum (Figure 4.12b) of MoS2-Q, two peaks
from Mo 3ds;2 and Mo 3da2 orbitals were observed at 229.3 and 232.4 eV, respectively, revealing
that the 2H polymorph form was preserved in the isolated MoS,-Q nanosheets. The doublet peaks
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contributed by Mo-S-benzoquinone (Mo-S-C component) were also recorded with a higher area ratio
in comparison with MoS; 1, indicating that more benzoquinone molecules were covalently grafted
onto MoS; surface by direct exfoliation method using benzoquinone. The third peak centered at 226.4
eV is signal from S 2s photoelectrons. In the high-resolution of S 2p spectrum (Figure 4.12d), the
MoS,-Q showed a different line shape compared to MoS> exfoliated with sodium cholate. After
deconvolution of S 2p spectrum, the doublet of S 2p peaks with the S 2p3/2 centered at 162.7 eV was
obtained, which could be assigned to S atoms in C-S bond formed during the exfoliation procedure,
proving that the benzoquinone was covalently bound onto MoS; surface. The detailed analysis of C
1S spectrum further supported the exist of C-N/C-S bond in MoS-Q nanosheets (Figure 4.12c). The
deconvolution results showed a strong peak of C-S component in MoS2-Q, leading to the change of
line shape compared to MoS; exfoliated with sodium cholate, thus confirming that benzoquinone was
conjugated to the S atoms onto MoS». The amount of benzoquinone calculated from S 2p spectrum
was 1.5 mmol gram™, lower than the results based on survey, revealing that part of benzoquinone
molecule might be physisorbed onto MoSo.

a) C 68.1% b) [—Mos¢ s3s%

0 25.0% MOO2 1.0%

— S 4.4% — MoO, 57%

5 Mo  2.5% S5 |[—s1s 19.5%

5_“; © |[—MoSC 98%
2> =
£ =
[ c
o o
£ £

800 600 400 200 0 240 235 230 225
Binding Energy(eV) Binding Energy(eV)

C) —cC  511% d) —S2p  851%

——C-NIC-S 29.4% —Cs 14.9%
— |—co  128% —_
:} —C=0 7.0% 3
S L
2 =
B ‘@
c c
o o
£ £

205 290 285 280 175 170 165 160
Binding Energy (eV) Binding Energy (eV)

Figure 4.12 XPS survey spectra (a), high resolution Mo 3d (b), C 1s (c) and S 2p (d) spectra of MoS>-Q.

In addition, the MoS,-Q was characterized by TGA (Figure 4.13). The TGA curve of MoS,-Q also
showed a gradual weight loss as observed in MoS: exfoliated with sodium cholate and MoS: 1.
However, M0S,-Q exhibited a higher rate of weight loss in the region of temperature between 200 <C
and 400 <C, which was not observed in starting MoS, or MoS; 1. The residue weight at 600 °C of
MoS»2-Q was also lower than MoS; exfoliated with sodium cholate and MoS; 1 due to the higher
amount of benzoquinone loaded onto MoS> surface which was consistent with XPS results. The
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amount on benzoquinone on MoS; correspond to 2.3 mmol g, lower than the result calculated from
XPS due to the depth of detection in XPS.
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Figure 4.13 TGA of the pristine M0S,-Q and MoS; (exfoliated with sodium cholate) performed in inert
atmosphere.

4.4.2 Conclusion

Overall, we developed a protocol for liquid phase exfoliation of MoS2 nanosheets assisted by
benzoquinone. The prepared MoS,-Q was well dispersed in water at high concentration. Some
preliminary characterization methods were performed including XPS, TEM and TGA. The M0S2-Q
nanosheets preserved 2H polymorph form. The XPS data revealed that benzoquinone was covalently
grafted onto MoS; surface with the formation of C-S bond. Although the prepared MoS; nanosheets
need further characterization, our protocol of MoS2 nanosheets exfoliation directly using
benzoquinone holds a good potential in the preparation of MoS> nanosheet with reactive

benzoquinone derivatives.

4.5 Material and methods
Materials

All the chemicals and solvents were obtained from commercial suppliers and used without
purification. O-(2-aminoethyl)-O'-[2-(Boc-amino)ethyl]decaethylene glycol (BocNH-PEG1o-NH>)
was purchased from Polypure AS. 3-(pentafluorothio)-DL-phenylalanine was obtained from Alfa
Aesar. Bulk MoS; was ordered from Acros Organics. The solvents used during the reaction were
analytical grade. Water was purified by a Millipore filter system MilliQ®.
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Thermogravimetric analysis

Thermogravimetric analysis (TGA) was performed on a TGAL (Mettler Toledo) apparatus from 30C
to 900<C with a ramp of 10<C min™ under N2 atmosphere with a flow rate of 50 mL min* and
platinum pans.

Transmission electron microscopy

Transmission electron microscopy (TEM) analysis was performed on a Hitachi H600 with an
accelerating voltage of 75 kV. The samples were dispersed in water at a concentration of 20 pug mL"
L and the suspensions were sonicated for 10 min. Ten microliters of the suspensions were drop-casted
onto a copper grid (Formvar film 300 Mesh, Cu from Electron Microscopy Sciences) and left for
evaporation under ambient conditions. All the images were treated with Fiji (ImageJ) software.

Attenuated total reflectance-FTIR

ATR-FTIR was performed using a Thermo Scientific Nicolet™ 6700 FT-IR spectrometer equipped
with an ATR accessory (diamond ATR polarization accessory with 1 reflection top-plate and pressure
arm). The pressure arm was used for all solid samples at a force gauge setting between 100 and 120
units. The number of scans was set at 30. Samples were loaded on the reflection top-plate at a quantity
sufficient enough to cover the entire diamond surface.

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy experiments were performed on a Thermo Scientific KAlpha X-
ray photoelectron spectrometer with a basic chamber pressure of 108-10-° bar and an Al anode as the
X-ray source (1486 eV). The samples were analyzed as powder pressed onto a scotch tape (3MTM
EMI Copper Foil Shielding Tape 118). Spot size of 400 um was used for analysis. The survey spectra
are an average of 10 scans with a pass energy of 200.00 eV and a step size of 1 eV. The high resolution
spectra of C1s, F1s and Mo 3d are an average of 10 scans with a pass energy of 50 eV and a step size
of 0.1 eV, while the spectra of S 2p are an average of 20 scans. For each sample, the analysis was
repeated three times. A flood gun was turned on during analysis. We grouped the functional groups
of C 1s spectra to avoid imprecision due to the proximity of the peak values, since the binding energy
values in the literature were too spread. Therefore, the C 1s spectra were deconvoluted in C=0 (288.1-
289.0 eV) for carbonyl groups and carboxyl groups, C-O (286.2-287.2 eV) for hydroxyls and
epoxides, C-N/C-S (285.3-286.2 eV) for the carbon atoms in C-N or C-S bond formed during the
functionalization and C-C (284.4-285.3 eV) for sp? and sp® carbon atoms. For data analysis, the
software casaXPS (2.3.18) was used. A Shirley background subtraction was applied. A line-shape 70%
Gaussian/30% Lorenzian [GL(30)] was selected for all peaks. The full width at half maximum was
constrained to be the same for all peaks. The Mo 3d spectra were deconvoluted in Mo 3d (229.0-
229.4 eV for 3ds2 and 223.2-223.6 eV for 3ds2), MoO2 (234.9-235.3 eV for 3ds2 and 229.0-229.4
eV for 3ds2), M0oOs (231.5-231.9 eV for 3ds2 and 235.7-236.1 eV for 3ds;2) and Mo-S-C (230.0-
230.6 eV for 3ds2 and 233.3-237.0 eV for 3ds2) for Mo-S-benzoquinone. The S 2p spectra were
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deconvoluted in S 2p (163.05- 163.35 eV for 2d12 and 161.8-162.2 eV for 2pzp2), S-C (163.8- 164.6
eV for 2d1, and 162.6-163.4 eV for 2psr2), and S-F (172.0-172.8 V).

Synthesis of MoS2 nanosheets, precursors and final MoSz conjugates
Preparation of MoS2 nanosheets via sodium cholate-associated liquid phase exfoliation

Exfoliation of bulk MoS; was performed in MilliQ water in the presence of surfactant. Five hundred
mg of bulk MoS; powder were mixed with 250 mg sodium cholate and milled for 2 h at 100 rmp with
a Rescht Planetary Ball Mill PM 100. The powder was transferred to 400 mL Milli-Q water and
sonicated at 37 MHz with 100% power for 3 h in ice bath to control the temperature under 26 °C. The
obtained black suspension was centrifuged at 1500 rpm for 90 minutes and the supernatant was
collected. The MoS; suspension was filtered over a polytetrafluoroethylene (PTFE) Millipore®
membrane with 0.1 pm pore size and the precipitate was washed with 200 mL Milli-Q water for 3
times to remove the excess of sodium cholate. The precipitate was collected and redispersed it in
Milli-Q water, giving a MoS; suspension at 2 mg mL™.

Preparation of MoSz 1

Twenty mg of MoS; nanosheets dispersion (10 mL) was diluted with PBS (pH=8) and ethanol, giving
a final concentration of MoS; at 1 mg mL™ in 20% EtOH/PBS. One hundred mg of benzoquinone
waere then added to MoS; with continuous stirring. The mixture was stirred overnight. The
suspension of MoSz nanosheets was divided into several tubes and centrifuged for 15 min at 13200
rpm. The supernatant was removed and the precipitate was redispersed in 20% EtOH/water and
centrifuged again. The washing procedure repeated 6 times and the color of supernatant changed from
brown to colorless. No benzoquinone in the supernatant after washing was detected by HPLC. The
precipitate was collected and dispersed in water and lyophilized, obtaining benzoquinone derivatized
MoS: 1.

Preparation of MoS2 2

Five mg of MoS> 1 was dispersed in 5 mL 20% EtOH/PBS, giving a final concentration of 1 mg-mL"
1,25 mg of 3-(pentafluorothio)-DL-phenylalanine was added to the solution and bath sonicated for
10 min. The mixture was then stirred at room temperature overnight. The suspension of MoS>
nanosheets was centrifuged for 15 min at 13200 rpm and the precipitate was washed with 20%
EtOH/water for 6 times. The colorless supernatant after washing was collected and checked with
HPLC to confirm that there were no phenylalanine derivatives in the solution. The precipitate was
collected and dispersed in water and lyophilized, obtaining 3-(pentafluorothio)-phenylalanine
functionalized MoS; 2.
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Preparation of M0S22-CTR

The preparation of control sample MoS; 2-CTR was similar with to the synthesis of MoS: 2 but
starting with MoS; without benzoquinone. Five mg starting MoS, nanosheets were dispersed in 5 mL
20% EtOH/PBS. Twenty-five mg of 3-(pentafluorothio)-DL-phenylalanine were added to the
solution followed by bath sonicated for 10 min. The mixture was then stirred overnight. Afterwards,
the suspension of MoS; nanosheets was centrifuged for 15 min at 13200 rpm and the precipitate was
washed with 20% EtOH/water for 6 times. The precipitate was collected, dispersed in water and
lyophilized, obtaining MoS; 2-CTR.

Preparation of MoS2 3

To a suspension of MoS2 1 (5 mg) in 4 mL 20% EtOH/PBS, a solution of Boc-PEG1o-NH2 (25 mg) in
20% EtOH/PBS (1 mL) was added dropwise under stirring. The mixture was stirred at room
temperature overnight and then centrifuged for 15 min at 13200 rpm. The supernatant was removed
and the precipitate was redispersed in 20% EtOH/water and centrifuged again. The washed procedure
was repeated for 6 times to remove the PEG chains. The precipitate was collected, dispersed in water
and lyophilized, obtaining PEG functionalized MoS; 3.

Preparation of M0S23-CTR

The preparation of MoS, 3-CTR followed the same procedure as MoS: 3. To a suspension of pristine
MoS: nanosheets (5 mg) in 4 mL 20% EtOH/PBS, a solution of Boc-PEG1o-NH2 (25 mg) in 20%
EtOH/PBS (1 mL) was added dropwise under stirring. The mixture was stirred at room temperature
overnight and then centrifuged for 15 min at 13200 rpm. The supernatant was washed with 20%
EtOH/water for 6 times. The precipitate was collected, dispersed in water and lyophilized, giving the
control sample MoS; 3-CTR.

Preparation of MoS2 nanosheets via benzoquinone-assisted liquid phase exfoliation

To isolate MoS> nanosheets via benzoquinone-assisted liquid phase exfoliation, 500 mg of bulk MoS;
powder was mixed with 500 mg benzoquinone and milled for 3 h at 100 rmp with a Rescht Planetary
Ball Mill PM 100. The mixture was then transferred to 500 mL Milli-Q water and sonicated at 37
MHz for 2 hours in ice bath to control the temperature under 26 °C. The obtained black suspension
was centrifuged at 1500 rpm for 90 minutes and the supernatant was collected. The MoS; suspension
was filtered over PTFE membrane with 0.1 pm pore size and the precipitate was washed with Milli-
Q water and ethanol for 3 times each to remove the excess of benzoquinone. The precipitate was
collected, redispersed in Milli-Q water and lyophilized, giving the MoS>-Q nanosheets isolated
though benzoquinone-assisted exfoliation in water.
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5.1 Conclusions

In this Thesis, | explored the covalent multi-functionalization on 2D nanomaterials including graphene
oxide and transition metal dichalcogenides (e.g. M0S). The prepared folic acid and chlorine 6
(FA/Ce6) double functional GO was then developed for the photothermal and photodynamic therapy
on cancer and rheumatoid arthritis.

| firstly investigated different protocols for the covalently multi-functionalization of GO by targeting
different oxygenated functional groups present onto GO surface. Epoxide rings and hydroxyl groups
were chosen for derivatization due to the abundant amount on GO basal plane. A nucleophilic addition
with amines or thiols was used to open the epoxide rings, thus binding functional molecules. To
achieve better reactivity of hydroxyl groups, the OH moieties on GO were carboxylated by
chloroacetic acid to introduce more carboxy! groups or derivatized by benzoquinone through Michael
addition. By combining the epoxide ring opening and carboxylation, the GO was successfully double
functionalized using Boc-PEG10-NH> in a stepwise procedure. However, the introduction of carboxyl
groups only occurred with the high amount of sodium hydroxide, which would in turn, induce a severe
deoxygenation and reduce the total efficiency of functionalization. The reduction of GO induced by
the strong alkaline condition during the carboxylation was not well-addressed in the literature, when
this method was used for GO functionalization. It was very important to consider side reactions that
may not be mentioned in the previous articles. Indeed, the surface modification such as carboxylation
under strong alkalic condition or other chemical derivation would tune the intrinsic properties of GO,
affecting the loading efficiency and other factors including dispersibility and cytotoxicity, which are
important for its application in biosensing and disease treatment as drug nanocarriers.

Then, | explored protocol strategy that combines the opening of epoxides and Michael addition of
benzoquinone. This method was easy to perform and the reactions were running in mild conditions.
The GO was successfully double functionalized using different molecules as confirmed by XPS, TGA,
FT-IR and CV. This method is suitable for the grafting of functionalities, which are sensitive to
temperature or pH on GO to form a robust complex, which could greatly extend the application of GO.

While exploring the covalent double functionalization targeting different groups on GO, a FA/Ce6
double-functionalized GO was successfully prepared by derivatizing the epoxides with two PEG
chains. The obtained GO-FA/Ce6 showed good photothermal converting efficiency and high ROS
generation ability. This nanomaterial was then developed for in vitro PTT/PDT synergistic cancer
therapy. Due to the FA groups on GO, the GO-FA/Ce6 was quickly internalized into cancer cells
through the FR-mediated endocytosis. The Live/Dead assay was applied to evaluate the cell viability
after different treatments. The GO-FA/Ce6 exhibited high killing efficiency on breast cancer cells,
MCF-7, after PTT or PDT alone. By combining the photothermal and photodynamic treatment, a
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higher therapeutic effect was achieved, leading to satisfactory antitumor efficacy. Furthermore, the
GO-FA/Ce6 was explored in the phototherapy against RA. Some preliminary experiments were
performed on murine macrophage RAW 264.7 cells. RAW 264.7 cells showed a higher sensitivity to
PTT leading to a high killing efficiency after irradiation, but a certain resistance against ROS was
observed with less cells affected by photodynamic treatment.

Finally, in addition to GO, | also studied the chemical modification and the liquid phase exfoliation
of MoS, assisted by benzoquinone. A benzoquinone-mediated method for the covalent
functionalization of MoS> in mild conditions was developed. The functionalization was performed
on 2D MoS: nanosheets prepared via liquid phase exfoliation in the presence of sodium cholate. MoS;
was derivatized by benzoquinone through Michael addition and the quinone-modified MoS;
nanosheets were subsequently functionalized with 3-(pentafluorothio)-DL-phenylalanine e increased
the water dispersibility of MoS2 nanosheets, the benzoquinone-assisted liquid phase exfoliation was
then investigated. The prepared 2D MoS> was well-dispersed in water at high concentration and some
preliminary characterization methods were performed including XPS, TEM and TGA. Apart from
partial physisorbtion onto MoS: surface, benzoquinone molecule was covalently grafted onto MoS>
surface with the formation of C-S bond.

5.2 Perspectives

This project has allowed me to explore the chemistry of 2D materials aimed to develop multi-
functional systems for biomedical applications. Many chemical aspects still need to be explored more
in details. For the covalent multi-functionalization onto GO targeting different oxygenated groups, the
benzoquinone method is easy to perform in mild condition, which is especially appropriate for the
conjugation of biomolecules. Carboxylic acid on phenylalanine derivative and the free amine on PEG
after deprotection can be further modified for example with various functional molecules such as drugs,
peptides, proteins, or aptamers, to obtain multi-functional GO for applications in therapy, biosensing,
and bioimaging. Compared with other covalent multi-functionalization protocols, the benzoquinone-
based method is performed in mild conditions without heating or without adding metal catalysts. In
addition to amine-containing functional groups, benzoquinone can also react with azides via a
cycloaddition reaction, thiol groups through Michael addition and with cyclopentadienes via Diels-
Alder reaction, further expanding the versatility and the flexibility of our approach. The morphology
of the sheets is preserved and the functionalization does not cause reduction of GO. Temperature- and
pH-sensitive functional groups could be covalently grafted, thus extending the use of GO for further
research not only in biomedicine, but also in other fields.

The FA/Ce6 double functionalized GO has proved its great potential in the application for
phototherapy in the anticancer treatment. In addition to in vitro tests, it would be interesting to apply
this nanomaterial to in vivo experiments to evaluate the PTT and PDT efficiency as well as the

synergistic efficiency since the local hyperthermia would improve tissue hypoxia and benefit the
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accumulation of the nanomaterial into the tumor. For the application of GO-FA/Ce6 in RA treatment,
the synergistic effect of combining PTT and PDT on RAW 264.7 still needs to be proved by further
experiments. However, experiments, not reported in this Thesis, showed us that the activation of RAW
264.7 macrophages with lipopolysaccharide (LPS) did not enhance the overexpression of folate
receptors. Although this method was commonly used in literature studying anti-RA property of
nanomaterials, we did not obtain a convincing proof showing that the LPS stimulation would induce
the overexpression of FR on RAW 264.7 cells. For further study, we would apply this nanomaterial

on activated primary murine macrophages.

Besides the functionalization onto GO nanomaterial, the strategy we developed for the covalent
modification on MoS; is also worth further studying. This method is simple to perform and MoS: can
be efficiently functionalized with different functional groups in mild condition resulting in a higher
loading efficiency than simple physisorbtion. The phenylalanine and PEG derivatized nanomaterial
can be modified with diverse functional molecules through reactions such as amidation for different
applications. MoS> nanosheets obtained by benzoquinone-assisted liquid phase exfoliation still need
further characterization. The benzoquinone derivatives on MoS: are supposed to hold the potential
for covalent functionalization via Michael addition and further experiments need to be performed.
The protocol of bulk MoS; exfoliation directly using benzoquinone can provide an alternative
solution for the preparation of MoS> nanosheets with good water dispersion and high reactivity for
chemical modification.
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de matériaux 2D multifonctionnels
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Résumé

Les matériaux 2D, y compris l'oxyde de graphéne et le MoS2, sont des plates-formes idéales pour
l'administration de médicaments et la photothérapie. Cette thése vise a étudier I'application de ces
matériaux dans le traitement du cancer et de la polyarthrite rhumatoide combinant thérapie
photothermique et photodynamique.

Nous avons d'abord exploré la modification covalente du GO ciblant différents groupements
fonctionnels. Les époxydes ont été modifies par addition nucléophile avec des fonctionnalités
contenant des amines ou des thiols. Les groupes hydroxyles ont ensuite été modifiés par carboxylation
ou par addition de Michael médiée par la benzoquinone. Cet approche a été suivie par la fixation d’un
second groupement fonctionnel par amidation de l'acide carboxylique ou par addition de Michael sur
la benzoquinone.

Pendant ce temps, nous avons préparé I'oxyde de graphéne doublement fonctionnalisé avec un dérivé
d'acide folique et le photosensibilisateur chlorine e6 en vue de cibler les cellules cancéreuses du sein
MCF-7 et les macrophages RAW 264.7 par photothérapie. Ce conjugué a montré une capacité
cytotoxique efficace contre les MCF-7. La combinaison de la therapié photothermique et
photodynamique a montré un effet synergique. Par contre, les cellules RAW 264.7 n’étaient sensible
qu’a la thérapie photothermique.

Enfin, nous avons développé la méthode de fonctionnalisation covalente de MoS2 avec une addition
de Michael médiée par la benzoquinone. Ensuite, nous avons préparé des nanofeuillets MoS2
directement en utilisant une exfoliation en phase liquide assistée par benzoquinone.

Mots-Clés: Oxyde de graphéne, MoS2, multifonctionnalisation, photothérapie, cancer, polyarthrite
rhumatoide

Résumé en anglais

2D materials including graphene oxide and MoS: are ideal platforms for drug delivery and
phototherapy. This Thesis is aiming to investigate the application of these materials in the treatment of
cancer and rheumatoid arthritis combining photothermal and photodynamic therapy.

We first explored the covalent modification onto GO targeting different functional groups. The epoxide
rings were derivatized through nucleophilic addition with functionalities containing amines or thiols. The
hydroxyl groups were then modified via carboxylation or benzoquinone-mediated Michael addition
followed by the attachment of a second functional group through amidation to carboxylic acid or through
Michael addition to benzoquinone.

Meanwhile, we prepared the folic acid and chlorin e6 double functional graphene oxide for the
phototherapy targeting MCF-7 breast cancer cells and RAW 264.7 macrophages. The double
functional graphene oxide showed high killing efficiency against MCF-7. Following a combination of
photothermal and photodynamic strategies a synergistic effect was observed. RAW 264.7 cells were
instead more sensitive only to the photothermal treatment.

Finally, we developed the method to covalent functionalize MoS2 with benzoquinone-mediated Michael
addition. In addition, we prepared MoS2 nanosheets directly using a benzoquinone-assisted liquid
phase exfoliation

Keywords: Graphene oxide, MoS2, multi-functionalization, phototherapy, cancer, rheumatoid arthritis




