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FOREWORD

This thesis is written based on the INRS Guide-2022, an article-based version in order to fulfill
the last requirement of the Ph.D. program.

It consists of an abstract (English and French versions), synopsis (required when a thesis or
dissertation is written in English), general introduction, scientific papers (Article 1 and Article 2) in
which | am the first author, general discussion and conclusion, bibliography, and appendix which

will be further discussed in below.

Synopsis includes the main points discussed in the document and explains the working
hypotheses, research objectives, methodology, and results in much more detail than the abstract

does.

Chapter 1, presents a brief overview of redox-responsive chemical bonds and materials for
therapeutic, diagnostic, and theranostic applications. It also provides information about various
endogenous reactive species, their equilibria, and their roles in physiological and pathological
processes within the human body. Furthermore, it summarized the information about endogenous
reactive species-responsive chemical bonds and materials, including their structures, mechanism
of action, selectivity, reactivity (sensitivity and rate of reaction), applications, opportunities,
limitations, and a corresponding review of the literature. This chapter ends with research

objectives and the structure of the thesis.

Chapter 2, published as “Consecutive alkylation, “Click”, and “Clip” reactions for the traceless
methionine-based conjugation and release of methionine-containing peptides”; Fatemeh Zare,
Alessandro Potenza, Andrea A Greschner, Marc A Gauthier. Biomacromolecules (2022). | carried
out most experiments, and was responsible for data collection, analysis as well as manuscript
composition and revision. Alessandro Potenza was a Master’s student at ETH Zurich university,
who contributed by carrying out the data collection and analysis of some experiments, including
the preparation of fluorescent peptide (Rho)FPAMAG, bioconjugation of (Rho)FPAMAG and
human serum albumin, modification of FPAMAG by 1-bromo-2-butyne, and measuring the
stability of 1b-gsh bioconjugates in the presence of 10 mM cysteine. Dr. Andrea A Greschner
contributed to manuscript writing and revision. Prof. Marc A Gauthier was the supervisory author

and was involved with concept formation, manuscript composition, and revision.

Chapter 3, will be submitted for publication as “Biological fate of sulfonium vinyl sulfides — A

competition between reactive nitrogen species, radical thiols, and thiol nucleophiles”; Fatemeh



Zare, Patrick Laplante, Jean-Francois Cailhier, and Marc A Gauthier. | carried out most
experiments, was responsible for designing the experiments, data collection, analysis, as well as
manuscript composition and revision. Dr. Patrick Laplante trained me for in vitro experiments,
provided some guidance, and prepared the cell cultures (RAW 264.7 and THP-1). Prof. Jean-
Francois Cailhier provided support and some guidance for cells experiments. Prof. Marc A
Gauthier was the supervisory author and was involved with concept formation, manuscript

composition, and revision.

Chapter 4, presents a general discussion, conclusions, and perspectives on possible future works

based on the results obtained in this thesis.

Chapter 5, includes the bibliography used in this thesis. It should be noted that the references

used for each scientific paper are included in this chapter.

Chapter 6, presents Appendix contained additional information in order to complement the main
text and provide elements that are essential for understanding and supporting its content. It

includes:
- Appendix |, presents Supplementary information for Article 1.
- Appendix Il presents Supplementary information for Article 2.

- Appendix I, includes the copyright permission of the presented Figures in Chapter 1.






RESUME

Especes réactives endogénes, y compris les espéces réactives de I'oxygéne (ROS), les espéces
réactives de l'azote (RNS) et les espéces réactives du soufre (RSS) sont en équilibre complexe
les unes avec les autres et jouent un réle vital dans les processus physiologiques. Cependant, la
surexpression et la dérégulation de leurs équilibres dans le cadre de processus
physiopathologiques conduisent a l'apparition et au développement de nombreuses maladies.
Par conséquent, les liaisons chimiques qui répondent a ces stimuli biologiques sont importantes
pour de nombreuses applications pharmaceutiques et biotechnologiques. Jusqu'a présent,
diverses liaisons chimiques sensibles aux ROS, RNS et RSS ont été développées et appliquées
pour des applications thérapeutiques, diagnostiques et théranostigues. Compte tenu de la
diversité des applications envisagées pour de telles liaisons chimiques, il est pertinent d'explorer
de nouvelles variantes avec des profils de réactivité différents de ceux actuellement trouvés dans

la littérature.

Ce travail présente une nouvelle liaison chimique, la liaison sulfure de vinyle sulfonium qui
pourrait étre installée sur des molécules de thioéther telles que des peptides contenant de la
méthionine. La premiére partie de cette thése a présenté les réactions et les facteurs impliqués
dans la préparation de la liaison sulfure de vinyle sulfonium. Pour illustrer le potentiel de ces
réactions, une alcyne déficiente en électrons a été installé de maniére sélective sur le résidu
méthionine de quatre peptides modeéles et utilisée pour préparer une variété de bioconjugués par
une réaction Click bien connue (addition nucléophile thiol-alléne). Pour illustrer la polyvalence,
une variété de bioconjugués ont été préparées (peptide-peptide; peptide-fluorophore; peptide-
polymeére; peptide-protéine). Notre résultat a démontré que la liaison sulfure de vinyle sulfonium
peut étre préparée avec des réactifs/réactifs facilement accessibles et sans aucun intermédiaire
destructeur. De plus, la liaison sulfure de vinyle sulfonium présentait le potentiel de la réaction
Clip (addition radicale thiol-éne) en présence de radicaux thiols, ce qui induisait la libération
complete des peptides d'origine via un processus de fragmentation simultané a la régénération
de leur résidu méthionine non modifié (en minutes). Le résultat obtenu a démontré le potentiel de

cette stratégie Click/Clip et du sulfure de vinyle sulfonium dans le secteur biotechnologique.

La deuxieme partie de cette thése explore la réactivité d'une liaison de sulfure de vinyle sulfonium
vis-a-vis des niveaux physiologiqguement pertinents de différentes catégories d'espéces réactives
et élucide la nature compétitive de ce processus dans les cellules. Les résultats indiquent que

ces liaisons répondent aux thiols nucléophiles (heures/jours), aux radicaux thiols (minutes) et aux
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espéces azotées réactives (RNS; minutes) dans des conditions modéles conduisant a la
libération d'un peptide contenant de la méthionine dans les deux premiers cas et a I
hydroxynitration dans le troisieme cas. En présence de cellules et donc de concentrations
biologiguement pertinentes de diverses especes réactives, le RNS a surpassé les radicaux thiols
pour la réaction avec le sulfure de vinyle sulfonium, tandis que la réaction avec les thiols
nucléophiles restait attendue a des temps plus longs (heures/jours). Ce travail prépare donc le
terrain pour l'utilisation prévisible de ces liens dans les secteurs biotechnologique et
pharmaceutique.

Mots-clés: Chimie du clic; lieur; bioconjugué; Clip chimie; thiol radicalaire; thioéther; sulfonium;
Méthionine; especes réactives.
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ABSTRACT

Endogenous reactive species, including reactive oxygen species (ROS), reactive nitrogen
species (RNS), and reactive sulfur species (RSS), are in complex equilibria with one another and
play vital roles in physiological processes. However, their overexpression and the dysregulation
of their equilibria under pathophysiological processes can lead to the onset and development of
numerous diseases. Therefore, chemical linkages that respond to these biological stimuli are
important for many pharmaceutical and biotechnological applications. Up to now, various ROS-,
RNS-, and RSS-responsive chemical linkages have been developed and applied for therapeutic,
diagnostic, and theranostic applications. Considering the diversity of applications foreseen for
such chemical linkages, it is relevant to explore new variants with responsivity profiles that are

different from those presently found in the literature.

This work presents a new chemical linkage, the sulfonium vinyl sulfide group that can be installed
on thioether molecules such as methionine-containing peptides. The first part of this thesis
presents the reactions and factors involved in the preparation of sulfonium vinyl sulfide bond. To
illustrate the potential of these reactions, an electron-deficient alkyne was conveniently and
selectively installed on the methionine residue of four model peptides and used to prepare a
variety of bioconjugates by a well-known Click reaction (nucleophilic thiol-allene addition). To
illustrate versatility, a variety of bioconjugates were prepared (peptide—peptide; peptide—
fluorophore; peptide—polymer; peptide—protein). Our results demonstrated that the sulfonium vinyl
sulfide group can be prepared with readily accessible reactants/reagents and without significant
side-reactions. Furthermore, the sulfonium vinyl sulfide groups exhibited the potential of Clip
reaction (radical thiol-ene addition) in the presence of radical thiols, which induced the full release
of the original peptides via a fragmentation process concurrent with the regeneration of their
unmodified methionine residue (in minutes). The obtained results demonstrate the potential of

this Click/Clip strategy and sulfonium vinyl sulfide in the biotechnological sector.

The second part of this thesis explores the responsiveness of a sulfonium vinyl sulfide linker
towards physiologically-relevant levels of different categories of reactive species and elucidates
the competitive nature of this process in cells. Results indicate that these linkers respond to
nucleophilic thiols (hours/days), radical thiols (minutes), and reactive nitrogen species (minutes)
under model conditions leading to the release of a methionine-containing peptide in the first two
cases and to hydroxynitration in the third case. In the presence of cells and hence biologically-

relevant concentrations of various reactive species, RNS outcompeted radical thiols for reaction



with the sulfonium vinyl sulfide, while reaction with nucleophilic thiols remained expected at longer

times (hours/days). This work, therefore, sets the stage for predictably using such linkages in the
biotechnological and pharmaceutical sectors.

Keywords: Click chemistry; Linker; Bioconjugate; Clip chemistry; Radical thiol; Thioether;
Sulfonium; Methionine; Reactive species.



SYNOPSIS IN FRENCH

Conception et développement d'un nouveau lieur sensible aux stimuli pour

des applications biomédicales

1. Introduction

Les especes réactives endogénes, y compris les espéces réactives de lI'oxygéne, de I'azote et du
soufre (RONSS), jouent un réle vital dans la régulation des événements biologiques tels que la
réponse immunitaire, la signalisation et la réponse au stress oxydatif,’= et existent en équilibre
complexe les uns avec les autres.* La dérégulation de ces équilibres est la cause sous-jacente
de multiples processus physiopathologiques qui peuvent étre liés a l'apparition et au
développement de plusieurs maladies, telles que linflammation, le diabéte, le cancer et les
maladies neurodégénératives.>® Les espéces réactives de I'oxygene (ROS), y compris le radical
anion superoxyde (O.7), le peroxyde d'hydrogene (H20.), le radical hydroxyle ("OH), I'oxygene
singulet (*O,) et I'acide hypochloreux (HOCI) sont des biomolécules oxydantes avec un potentiel
d'oxydation important.” Des concentrations élevées de ROS générent un stress oxydatif, ce qui
entraine des dommages potentiels aux diverses biomolécules telles que les lipides
membranaires, les protéines, les lipoprotéines et I'acide désoxyribonucléique (DNA).820 Par
ailleurs, les espéces réactives azotées (RNS) désignent I'oxyde nitrique (‘NO) et ses produits
réactifs secondaires, tels que le nitroxyle (HNO) et le peroxynitrite (ONOQO~).1! Les RNS peuvent
affecter de maniére significative les mécanismes cellulaires de régulation redox en raison de leur
potentiel d'oxydation et de nitration. En général, le potentiel d'oxydation des RNS est le plus
souvent inférieur a celui des ROS.*? Cependant, ONOQO™, un oxydant biologique instable et un
agent nitrant, a montré une capacité oxydante élevée.’>*® Le radical thiyle (RS’), une espéce
soufrée réactive (RSS), est également reconnu comme agent oxydant,*# produit lors du piégeage
radical du GSH dans le processus métabolique cellulaire.’® RS" est un médiateur important dans
le processus redox intracellulaire, entrainant des dommages cellulaires en réagissant avec les
chaines acyles insaturées des phospholipides et des thiols protéiques.®'’ D'autre part, les
biomolécules d'espéces soufrées réactives (RSS), en particulier les thiols (RSH), agissent
comme des agents réducteurs biologiques et jouent un réle important dans le maintien d'un
environnement cellulaire réduit et la régulation de I'état redox cellulaire.®® Le GSH est le thiol
réducteur intracellulaire le plus abondant (1-10 mM intracellulaire et 2—20 uM extracellulaire) et

en équilibre avec sa forme oxydée (GSSG).1*?° Le GSH est également un réactif antioxydant



essentiel dans des conditions physiologiques normales et prévient les dommages cellulaires
causés par RONS.?122 Sous stress oxydatif et niveau élevé de RONS, la concentration de GSH
est augmentée et entraine une altération de I'équilibre redox cellulaire (rapports GSH: GSSG), ce
qui peut provoquer des réactions d'oxydation et d'échange de disulfure au niveau de résidus
cystéine spécifiques des protéines.?® En conséquence, le GSH a été la cible principale de divers
systemes sensibles a la réduction pour plusieurs raisons, notamment son niveau intracellulaire
élevé par rapport a la concentration extracellulaire,* augmentation de quatre fois du niveau de
GSH intracellulaire dans les tissus tumoraux par rapport aux cellules normales, et importance du

niveau altéré de GSH dans les états pathologiques et les maladies humaines?325,26:27

En conséquence, le développement de liaisons chimiques qui répondent aux especes réactives
biologiques est un domaine de recherche important dans les secteurs pharmaceutique et
biotechnologique. Jusqu'a présent, plusieurs liaisons chimiques et matériaux ont été développés
par diverses approches pour cibler ces biomolécules réactives pour des applications
thérapeutiques, diagnostiques et théranostiques.?®-32 L'application de ces liaisons chimiques et
matériaux est corrélée avec leurs mécanismes d'action, leur sélectivité et leur réactivité
(sensibilité et vitesse de réaction) vis-a-vis du RONSS. lls peuvent étre utilisés pour libérer des
molécules de médicament a partir de supports, en tant qu'éléments sensibles pour des capteurs
chimiques, en tant que groupes de changement de polarité pour modifier les propriétés
physiques/chimiques des systémes d'administration de médicaments, parmi de nombreuses

autres applications.*

De plus, les réactions dites "Click" ont révolutionné la recherche dans de nombreux domaines de
la chimie, de la science des matériaux et de I'étude des systémes biologiques.?*3’ Le principe
directeur de la chimie Click est que les réactions doivent étre a haut rendement avec des sous-
produits facilement purifiés et sirs, étre régio- et stéréo-spécifiques, et les réactifs doivent
présenter une cinétigue de couplage rapide dans des conditions douces avec une tolérance
élevée aux groupes fonctionnels et aux solvants.® De plus, le procédé devrait idéalement étre
insensible a I'eau ou a l'air avec des matiéres premieres et des réactifs facilement disponibles,
simples, de portée étendue, et générer un produit chimiquement inerte et stable. Plusieurs
réactions chimiques présentent (la plupart) de ces caractéristiques, et de nouvelles variantes
importantes continuent d'étre découvertes.?%4° De plus, un certain nombre de réactions Click
réversibles ont été décrites dans la littérature et comprennent les cycloadditions de Diels-Alder,
l'addition de Michael (par exemple, thiol-maléimide), les réactions carbonyle non aldol (par

exemple, formation d'hydrazone et d'oxime) et les réactions d'échange de disulfure, entre
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autres.*=*3 Ces réactions réversibles sont cependant des processus d'équilibre qui impliquent
gue si une étape Click rapide peut étre possible, I'étape Clip correspondante est
proportionnellement plus lente et peut nécessiter des interventions qui peuvent étre génantes ou
destructrices pour les biomolécules (dilution, chauffage prolongé, acidification, etc.). En tant que
tel, dans la mesure de nos connaissances, la réalisation d'une conjugaison via une réaction Click
et d'une libération avec une seconde réaction Clip distincte, via des processus ne reposant pas
sur des équilibres chimiques et se produisant dans des conditions physiologiques exploitant les
groupes fonctionnels naturels sur les peptides/protéines, sont rares.

De plus, malgré une faible abondance de méthionine dans les protéines (~2%), la
fonctionnalisation des protéines a travers ces résidus a attiré une certaine attention. En fait, le
réle fonctionnel limité des résidus de méthionine dans les protéines par rapport a d'autres résidus
en fait une excellente option pour le marquage des protéines.**“* Par conséquent, plusieurs
stratégies ont été développées pour que la bioconjugaison sélective de la méthionine s'applique
a une large gamme d'applications pharmaceutiques.

Compte tenu de la diversité des applications envisagées des liaisons chimiques endogénes
réactives-especes réactives, il est pertinent d'explorer de nouvelles variantes avec des profils de
réactivité différents de ceux actuellement trouvés dans la littérature. Dans ce cadre, nous avons
visé a:

(1) Combinez deux réactions bien connues, y compris la réaction Click (addition nucléophile thiol-
alléne) et la réaction Clip (addition radicale thiol-éne) afin de fournir une nouvelle liaison chimique,
une liaison sulfure de vinyle sulfonium, installée sur un résidu méthionine de différents peptides
pour préparer et désassembler les bioconjugués d'une maniére Click/Clip (Figure 1). Pour
explorer le potentiel et la polyvalence de ces réactions, quatre peptides modeles contenant des
résidus de méthionine ont été utilisés afin de préparer une variété de bioconjugués (peptide-
peptide; peptide-fluorophore; peptide-polymere; peptide-protéine). En outre, la stabilité et la
réactivité des bioconjugués contenant du sulfure de vinyle sulfonium ont été étudiées lors de
I'exposition a différentes espéces réactives, y compris H.O,, “OH, radicaux thiyle et thiols, et dans

des cultures de cellules bactériennes.

(2) Evaluer le potentiel du groupement sulfure de vinyle sulfonium dans la détection du
peroxynitrite (ONOQO~) en concevant et en synthétisant une sonde sensible a base de FRET
(contenant un lieur de sulfure de vinyle sulfonium) et une sonde de contréle a base de FRET (en
I'absence de sulfure de vinyle sulfonium lieur). En outre, la réaction compétitive de concentrations

biologiquement pertinentes de diverses espéces réactives, RNS et RSS, avec le lieur de sulfure
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de vinyle sulfonium a été évaluée et caractérisée dans différentes lignées cellulaires afin de
démontrer la réactivité du lieur de sulfure de vinyle sulfonium dans des environnements

complexes.

Alkylation
~
5 %\Br r
pH 3-5 S/\\\

Peptide de methionine

Alcyne déficient en électrons

1 eq. R'SH,

§| radical (cat.)
Ol pH74 f pH7.4

\

Peptide 1eq. RSH Peptide

pH7.4 . ,
Sulfure de vinyle sulfonium i Alléne sulfonium
Click
Figure 1 Les peptides contenant de la méthionine (thioéther) peuvent étre sélectivement et

commodément alkylés pour produire un allene de sulfonium. Cette entité peut étre modifiée
par une réaction Click (addition nucléophile thiol-allene), donnant un sulfure de vinyle
sulfonium. Ce dernier peut subir une réaction Clip ultérieure (ajout radical de thiol-ene) pour
régénérer le peptide original contenant de la méthionine (thioéther).

2. Méthodes expérimentales

2.1 Préparation de bioconjugués contenant du sulfure de vinyle sulfonium

2.1.1 Alkylation de peptides contenant de la méthionine, y compris FPAMAG, sulfoxyde
FPAM(O)AG, peptide fluorescent (Rho)FPAMAG, HDMNKVLDL et HDMNK(Cy5)VLDL

Solutions de peptides, dont FPAMAG (1a), sulfoxyde FPAM(O)AG (2a), peptide fluorescent
(Rho)FPAMAG (3a), HDMNKVLDL (4a; antiflammine-2) et HDMNK(Cy5)VLDL (5a) (200 yL, ~1.1

mg-mL-1) ont été préparés dans de l'acide formique 100 mM pH 3 a température ambiante dans
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un flacon HPLC. Ensuite, environ 22.1, 21.5, 11.64 et 12.1 pL (10 ég. molaires) de bromure de
propargyle ont été ajoutés a partir d'une solution mére (80% en volume de bromure de propargyle
dans du toluene dilué dans de I'éthanol a la concentration finale de 0.17 M) & la solution de 1a,
2a, 3a, et 4a, respectivement (concentration finale de peptide de 1 mg-mL™). La réaction a été
mélangée doucement et la progression de la réaction a été controlée par LC-MS. Des syntheses
a plus grande échelle ont également été réalisées en multipliant par dix la concentration et le
volume de ces réactions. Les composés produits, y compris FPAM(alléne)AG (1b),
(Rho)FPAM(allene)AG (3b) et HDM(allene)NKVLDL (4b) ont été isolés par HPLC préparative,
récupérés par lyophilisation et stockés a —80 °C jusqu'a utilisation. Une concentration plus faible
(0.3 mg-mL™1), un tampon contenant 10% en volume de DMF et 50 éq. du bromure de propargyle
ont été utilisés dans le cas de 5a, pour réduire la perte due a I'adhésion au flacon et pour favoriser
la conversion en HDM(alléne)NK(Cy5)VLDL (5b).

2.1.2 Réaction Click par addition de thiol-alléne nucléophile

e Cliquez par addition de thiol-alléne nucléophile avec de la cystéine, des thiols
peptidiques, de la fluorescéine SAMSA et du mPEG-SH

Différentes conditions ont été explorées pour cette réaction. A titre d'exemple représentatif, le
peptide allénique, y compris 1b, 4b et 5b (0,5 mg, 1 ég. molaire) et le thiol (1 a 10 ég. molaires)
ont été transférés dans le méme flacon HPLC étanche aux gaz. Le mélange a ensuite été purgé
par N> pendant 10 min. Ensuite, 0.5 mL de tampon phosphate 100 mM purgé au N a été ajouté
au mélange pour donner une concentration finale de peptide de 1 mg-mL™. La progression de la
réaction a été suivie pendant 24 h par LC-MS et le conjugué résultant a été isolé par HPLC
préparative, récupéré par lyophilisation et stocké a -80 °C jusqu'a son utilisation. Pour étudier la
dépendance au pH de la réaction, le pH du tampon phosphate 100 mM purgé au N a été ajusté
a 6.5 ou 8.5 avec des solutions concentrées de HCI ou de NaOH. Une concentration plus faible
(0.5 mg-mL™1) et un tampon contenant 10% en volume de DMF ont été utilisés pour préparer le
5b—CPP(Cy3), afin de réduire les pertes.

e Réaction Click par addition de thiol-alléne nucléophile avec de I'albumine sérique

humaine

Des solutions d'albumine sérique humaine (0.1 mL, 1 mg-mL~ dans un tampon phosphate 100
mM pH 8.5) et 3b (63.1 pL, 0.24 mM dans H>O + 0.1% TFA) ont été mélangées dans un flacon
HPLC étanche aux gaz, puis 36.9 yL de tampon phosphate 100 mM pH 8.5 ont été ajoutés

(Remarque : Cys-34 sur HSA était d'environ 61 £+ 5% sous sa forme réduite libre dans le matériau
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de départ, tel que déterminé par titrage a l'aide de 2,2'-dipyridyldisulfure). La composition de la
solution a été contrdlée par LC-MS. Le temps de rétention du conjugué étant identique a celui de
la sérumalbumine humaine native, I'augmentation de I'absorbance a 574 nm de ce pic, associée

a Rho (574 = 78 000 cm™-M™), a été utilisée pour estimer la conversion a 3b—HSA.
2.1.3 Préparation de la sonde contenant du sulfure de vinyle sulfonium (6d)

Une solution de peptide Ac-K(N3)-GSGMGGRKKRRQRRR-NH; (6a) (880.7 uL, ~5.7 mg-mL™) a
été préparée dans de l'acide formique 100 mM pH 3 & température ambiante dans un flacon
HPLC. Ensuite, 119.3 pl (10 éq. molaires) de bromure de propargyle ont été ajoutés a partir d'une
solution mére (80% en volume de bromure de propargyle dans du toluéne dilué dans de I'éthanol
a la concentration finale de 0.2 M). Cela a donné une concentration finale de peptide de 5 mg-mL~
1, Laréaction a été mélangée doucement et la progression de la réaction a été suivie par LC-MS.
Ensuite, 6b a été isolé par chromatographie préparative, récupéré par lyophilisation et stocké a -
80 °C jusqu'a son utilisation. Dans la deuxiéme étape, le 6b purifié (1 mg, 1 ég. molaire) dans du
tampon phosphate 100 mM pH 7,4 (712.4 uL) a été purgé par N2 pendant 10 min puis mis a réagir
avec 2 éq. molaires d'une solution de fluorescéine SAMSA déprotégée purgée au N; (284.6 L,
3.36 mM) dans l'obscurité. Ensuite, I'échantillon a été scellé et purgé par N2 pendant 5 minutes
supplémentaires. L'avancement de la réaction a été suivi et caractérisé par LC-MS. Aprés environ
4 h, le 6¢ produit a été isolé par chromatographie préparative, récupéré par lyophilisation et stocké
a -80 °C jusqu'a son utilisation. Dans la troisieme étape, le 6¢ purifié (1 mg, 1 ég. molaire) a été
mélangé avec 2 éq. molaires AFDyess7 DBCO (~0,90 mg) et ajouté a 2 mL de tampon phosphate
(100 mM, pH 7,4) contenant 5% en volume de DMF. Le mélange a été laissé réagir dans
l'obscurité pendant environ 3 h. Finalement, le 6d produit a été isolé par chromatographie
préparative, confirmé par spectrométrie de masse, récupéré par lyophilisation et stocké a -80 °C

jusqu'a son utilisation.
2.2 Préparation de la sonde de contrble (7c)

1.05 mg de peptide 7a (Ac-K(N3)-GSGCGGRKKRRQRRR-NH;, 1952.11 g/mol) et 4,27 mg de
fluorescéine-5-maléimide ont été dissous séparément dans 1 mL de tampon phosphate purgé au
N2 (100 mM, pH 7) et 1 mL de DMF purgé au N. a température ambiante, respectivement. Par la
suite, 2 éq. de fluorescéine-5-maléimide (51.7 uL, 10 mM dans DMF) a été ajouté a la solution
de 7a et laissé a I'obscurité pour réagir pendant une nuit. Le 7b produit a ensuite été isolé par
chromatographie préparative, récupéré par lyophilisation et stocké a -80 °C jusqu'a son utilisation.
Dans I'étape suivante, le 7b purifié (1 mg, 1 €g. molaire) a été mélangé avec 2 éq. molaires.
AFDye 647 DBCO (~0.95 mg) et ajouté a 2 mL de tampon phosphate (100 mM, pH 7,4) contenant
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5% en volume de DMF. Le mélange a été laissé réagir dans l'obscurité pendant environ 3 h.
Finalement, le 7c produit a été isolé par chromatographie préparative, récupéré par lyophilisation

et stocké a -80 °C jusqu'a son utilisation.
2.3 Stabilité vis-a-vis de la substitution nucléophile

Différentes conditions ont été explorées pour cette réaction. A titre d'exemple illustratif, des
solutions de conjugués, y compris 1b-GSH, 4b-GSH, 5b—CPP(Cy3) et 6d (50 uL, 2 mg-mL™) ont
été préparées dans un tampon phosphate dégazé 100 mM (pH 7.4) dans des flacons HPLC
étanches aux gaz. Ensuite, un volume approprié de solution de thiol (50 uL, 20 mM de GSH ou
de Cys dans un tampon phosphate dégazé de 100 mM) a été ajouté pour atteindre une
concentration finale de peptide de 1 mg-mL! et une concentration finale de thiol de 10 mM. La
composition de la solution a été contrélée par LC-MS sur une période de 24 h. Un tampon
contenant 10% en volume de DMF et 2% en volume de DMF a été utilisé dans le cas de 5b—
CPP(Cy3) et 6d, respectivement, pour favoriser la solubilité. Ensuite, la composition de la solution

a été contrdlée par LC-MS sur une période de 24 h.
2.4 Réaction Clip par addition de radical thiol-eéne

Solutions de bioconjugué, y compris 1b-GSH, 5b-CPP(Cy3), 6d et 7c¢ (~90.6 uL, ~1.1 mg-mL™)
contenant 1.1-10 éq. de GSH ou 10 éq. molaire de cystéine ont été préparés dans du tampon
phosphate 100 mM pH 7,4, 6,5 ou 8,5 dans une cuvette rectangulaire en quartz. Ensuite, du
DMPA (~9.4 uL, 1.5 éq. molaire, a partir d'une solution mére de 15 mM dans du méthanol) a été
ajouté a température ambiante. Un tampon contenant 10, 2 et 2 vol% DMF a été utilisé dans le
cas de 5b—CPP(Cy3), 6d et 7c, respectivement, pour réduire les pertes. La concentration finale
de 5b—CPP(Cy3) dans du DMF/tampon phosphate 100 mM pH 7.4 (10% v/v) était de 0.1, 0.3,
0.8 ou 1 mg-mL™. Les échantillons ont été irradiés jusqu'a 15 min a 365 nm a l'aide d'une lampe
UV UVGL-15 4 W (UVP, LLC) placée en contact avec la cuvette. La composition de la solution a
été contrélée par LC-MS. L'intensité de fluorescence de 5b—CPP(Cy3) a été contrélée avant et
apres irradiation avec un lecteur de microplaques Cytation 5 (Biotek Instrument, VT) en utilisant
les parameétres suivants: Aex/Aem 549/595 nm (Cy3); hex/lem 646/672 NM (Cy5); Aex/Aem 549/672 nm
(FRET). Les spectres ont également été enregistrés Aex/Aem 549/585-700 nm. L'intensité de
fluorescence des échantillons contenant 6d ou 7c a été contrdlée a chaque 2 min d'irradiation a
la lumiere UV avec un lecteur de microplagues Cytation 5 (Biotek Instrument, VT) en utilisant les
parametres suivants: Aex/Aem 480/673 nm (FRET); Aex/Aem 480/519 nm (fluorescéine); Aex/Aem
643/672 nm (AFDyess).
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2.5 Stabilité des bioconjugués au H>O; et a la lumiére UV

Différentes conditions ont été explorées pour cette réaction. Comme protocole illustratif, des
solutions de bioconjugué (90 pL, 1.1 mg-mL™ dans du tampon phosphate 100 mM) ont été
incubées en présence de 1-10 éq. de H20; et 0—-10 ég. molaire. de GSH dans une cuvette en
guartz. Le volume de la solution a ensuite été ajusté avec le méme tampon pour donner une
concentration finale de peptide de 0.1 mg-mL™. Les échantillons ont été incubés sans ou avec
irradiation externe jusqu'a 15 min a 365 nm a l'aide d'une lampe UV UVGL-15 4 W (UVP, LLC)

placée en contact avec la cuvette.
2.6 Stabilité en présence de peroxynitrite

0.13 mg de 2b-GSH a été dissous dans 0.9 mL de tampon phosphate (100 mM, pH 7.4). Eq
molaire différente de peroxynitrite (0, 1, et 5 éq.) ont ensuite été ajoutés a la solution de chaque
échantillon. Un volume approprié de tampon phosphate (100 mM, pH 7.4) a été ajouté a chaque
échantillon pour atteindre une concentration finale en FPAM(sulfure de vinyle—GSH)AG de 0.1
mg-mL~. La composition de la solution a été controlée par LC-MS sur une période de 3 heures.
De plus, 0.5 mg de 6d ou 7c ont été dissous séparément dans 1 mL de tampon phosphate
contenant 0.5% en volume de DMF (100 mM, pH 7.4). Le volume pertinent d'éq. molaire différent.
d'ONOO~ (0, 1, 2, 5 et 10 éqg.) et un volume approprié de tampon phosphate (100 mM, pH 7.4)
ont ensuite été rapidement ajoutés aux solutions de sonde pour atteindre une concentration finale
de sonde de 10 uyM dans du phosphate tampon contenant 0.5% en volume de DMF (100 mM, pH
7.4). La composition de la solution a été contrélée par LC-MS. L'intensité de fluorescence de
chaque échantillon a été immédiatement lue avec un lecteur de microplagues Cytation 5 (Biotek
Instrument, VT) en utilisant les parametres suivants: Aex/Aem 480/673 nm (FRET); Aex/Aem 480/519
nm (Fluorescéine); Aex/Aem 643/672 Nm (AFDyess7). Les spectres ont également été enregistrés
Aexthem 480/499—800 nM; Aex/Aem 640/660—800 nm.

2.7 Réactivité de 5b—CPP(Cy3) en présence de bactéries

Escherichia coli B (HER1024; obtenu du Centre de référence Félix d'Hérelle pour les virus
bactériens, Université Laval, Québec) ont été cultivés dans du milieu Luria-Bertani (LB) a 37 °C
(1 seule colonie dans 10 mL de LB). Le lendemain matin, la culture bactérienne a été diluée 1000
fois dans du milieu LB frais (c'est-a-dire 20 yL de culture dans 20 mL de LB). Les bactéries ont
ensuite été cultivées jusqu'a la phase logarithmique (~4 h) a 37 °C sur un incubateur a agitation.
La croissance a été controlée par densité optique a 600 nm jusqu'a ce qu'environ 0.5 soit atteint

(environ ~5 x 108 cellules-mL™?). Les cellules ont ensuite été récoltées par centrifugation pendant
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15 minutes a 5 000 tr/min, puis lavées avec 20 mL de solution saline tamponnée au phosphate
de Dulbecco (DPBS) pH 7.4. Les cellules ont ensuite été exposées a 20 mL d'une solution 10 yM
de 5b—CPP(Cy3) dans un tampon phosphate 100 mM pH 7.4 a 37 °C dans I'obscurité pendant
30 minutes. Les cellules ont été récupérées par centrifugation (15 min a 5000 rpm) et lavées avec
du DPBS pour éliminer le bioconjugué extracellulaire. Les cellules bactériennes ont été mises en
suspension dans 20 mL d'un tampon phosphate 100 mM et des aliquotes de 900 pL ont été
transférées dans quatre flacons Eppendorf, auxquels ont été ajoutés 100 ul de 0, 5, 10 ou 50 mM
de H20: (la concentration finale de H.O: était 0 uM, 500 uM, 1 mM et 5 mM, respectivement).
Ensuite, l'intensité de fluorescence de chaque échantillon a été contrdlée pendant 2 h a 37 °C
avec un lecteur de microplagues (Aex’hem 550/672 nm; 550/595 nm; 646/672 nm). Le niveau
d'espéces réactives de I'oxygéne induites par H20- a été estimé en utilisant du H.DCFDA 10 pM
(2 mg dans 200 uL de DMSO dilué 1000 fois dans du tampon phosphate 100 mM) au lieu de 5b—
CPP(Cy3) et l'intensité de fluorescence des échantillons a été contrélée pendant 2 h a 37 °C avec

un lecteur de microplagues (Aex/Aem 485/528 nm).
2.8 Exposition de 6d/7c aux cellules

Des cellules RAW 264.7 et THP1 ont été ensemencées dans des plaques a 96 puits pour
atteindre la population souhaitée de 2 x 10° et 5 x 10° cellules-mL™?, respectivement. Apres cela,
ils ont été lavés avec une solution saline tamponnée au phosphate (1%, pH 7.2-7.4) et incubés
avec une solution de 100 pL contenant 10 yuM 6d ou 7c, tBHP (50 uM et 250 uM) ou LPS (0, 10
ug -mL™1) dans une solution saline tamponnée au phosphate (1x, pH 7.2-7.4) contenant 2% v/v
de FBS a 37 °C. L'intensité de fluorescence a été mesurée sur 2 h d'incubation par un lecteur de
microplaques en utilisant les paramétres suivants : Aex/Aem 480/673 nm (FRET); Aex/Aem 480/519
nm (Fluorescéine); Aex/Aem 643/672 nm (AFDyesa7).

2.9 Traitements cellulaires bloquant les thiols par DTNB ou NEM

Le composé imperméable a la membrane 5,5'-dithio-bis-(acide 2-nitrobenzoique) (DTNB) et le
composé perméable a la membrane N-éthylmaléimide (NEM) ont été utilisés pour inactiver les
groupes fonctionnels thiol cellulaires et évaluer I'impact du glutathion et des radicaux thiols sur la
rupture de la liaison sulfure de vinyle sulfonium dans les cellules subissant un stress oxydatif. En
conséquence, les cellules vivantes ensemenceées (cellules RAW 264.7 et THP-1) dans des
plagues a 96 puits ont été lavées avec une solution saline tamponnée au phosphate (1 x, pH 7.2-
7.4) pour éliminer le milieu. Chaque cellule contenant un puits a ensuite été incubée avec une

solution 6d ou 7c¢ (10 pL, 0.1 mM) dans une solution saline tamponnée au phosphate (1 %, pH
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7.2-7.4) contenant 5% en volume de DMF et 2% de FBS, une solution de NEM (10 pL, 10 mM)
ou solution DTNB (10 pL, 25 mM) dans une solution saline tamponnée au phosphate (1x, pH 7.2-
7.4) contenant 2% de FBS, solution tBHP (10 uL de 0, 0.5 et 2.5 mM) ou solution LPS (10 uL, 0.1
mg-mL-1) de solution saline tamponnée au phosphate (1x, pH 7.2-7.4) contenant 2% de FBS, et
un volume approprié de solution saline tamponnée au phosphate (1%, pH 7.2-7.4) contenant 2%
FBS pour atteindre 100 yL de solution par puits avec une concentration finale souhaitée de
composés (10 uM 6d , 10 yM 7¢, 1 mM NEM, 2.5 mM DTNB, 0, 50 ou 250 uM tBHP et 0 ou 10
ug-mL-1 LPS). Il convient de mentionner que le pourcentage volumique final de DMF et de FBS
était de 0.5% et 2% a chaque puits. Ensuite, l'intensité de fluorescence de chaque puits a été
immédiatement mesurée pendant 2.5 h a 37 °C par un lecteur de microplaques (Aex/Aem 480/673

nMm (FRET); Aex/Aem 480/519 nm (fluorescéine); hex/hem 643/672 Nm (AFDyeea7)).
3. Résultats et discussion
3.1 Alcyne déficient en électrons a base de peptides

L'alkylation sélective des résidus de méthionine dans les peptides/protéines est un outil courant
en biologie chimique et enzymologie pour évaluer le rble potentiel de ces résidus dans les
événements de liaison et catalytiques.*® Il est donc généralement considéré comme non
destructeur de la structure des protéines et de l'intégrité des résidus autres que la méthionine
exposée au solvant. En dessous de pH ~5, le thioéther de la méthionine est le seul groupe
fonctionnel nucléophile sur les protéines et peut étre sélectivement modifié avec des agents
alkylants. Pour illustrer le potentiel de cette deuxieme réaction a des fins de bioconjugaison,
guatre modeles de peptides contenant de la méthionine ont été modifiés avec du bromure de
propargyle pour produire des alcynes déficients en électrons (Figure 2). Pour tester des peptides
avec différents groupes fonctionnels hydrophiles et pendants, le peptide modéle 1a (592.71 Da)
ainsi que 4a (1084.25 Da) ont été choisis pour l'analyse. Des analogues de ces deux peptides
portant différents fluorophores (Rhodamine, Rho; Cyanine 5, Cy5) a différents endroits ont
également été testés pour évaluer la compatibilité avec les sondes optiques (3a et 5a sur la
Figure 2a).*”*® La réaction entre le bromure de propargyle et ces peptides était quantitative et
sélective vis-a-vis de la méthionine, et les peptides résultants ont été facilement isolés a partir de
réactifs avec les poids moléculaires attendus (Figure 2b). L'oxydation préalable de la méthionine
sur la en 2a a empéché l'alkylation, ce qui confirme en outre que la modification était sélective
vis-a-vis de la méthionine (Figure 2b). Les adduits résultants 1b et 4b étaient stables au pH acide
utilisé pour l'alkylation, bien que I'hydratation*® and [2,3]-sigmatropic rearrangement®®°! ont été

observés lors d'une incubation prolongée a un pH proche de la neutralité (1b et 4b sont restés
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intacts a 40 et 70%, respectivement, apres 15 h d'incubation; Figure 2a,c. Cette stabilité était
tout a fait suffisante compte tenu de la vitesse de la réaction ultérieure (vide infra) , et des
différences de stabilité ont été attribuées a la séquence peptidique prés de la méthionine qui peut
influencer l'isomérisation alcyne/alléne et I'accessibilité de l'alcyne déficient en électrons Il est
important de mentionner, cependant, que la stratégie proposée est la plus appropriée pour les
peptides et les composés qui peuvent étre manipulé/purifié a un pH acide, ce qui empéche
I'nydratation En effet, alors qu'une tentative réussie a été faite pour alkyler le résidu méthionine
du site actif de la protéine a-chymotrypsine, la manipulation de la protéine alkylée & un pH proche
de la neutralité pour la purification a conduit a I'hydratation de l'alléne de sulfonium, comme en
témoigne la spectrométrie de masse (données non présentées). Par conséquent, il est important
de reconnaitre cette limitation du présent concept, ou de prendre des précautions pour manipuler
I'alléne de sulfonium dans des conditions acides pour préserver son intégrité pour une réaction
ultérieure avec des thiols (vide infra). En ce qui concerne les autres réactions secondaires, des
travaux antérieurs ont montré que les modifications de l'allene avaient peu d'effet sur la vitesse
ou lefficacité du réarrangement [2,3]-sigmatropique.®® Le remplacement du bromure de
propargyle par du bromure de 2-butyrique a empéché l'isomérisation en un alléne ainsi que les
réactions ultérieures décrites ci-dessous et, par conséquent, les modifications au-dela de celles
naturellement produites par la réaction du bromure de propargyle avec la méthionine n'ont pas

été prises en compte dans cette étude.
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Figure 2 Alkylation de peptides contenant de laméthionine. (a,b) Laréaction du bromure de propargyle
est sélective vis-a-vis du thioéther de méthionine en dessous de pH ~5 et se produit sans
réactions secondaires. (a,c) L'incubation de I'adduit a pH neutre induit une isomérisation de
I'alcyne en un alléne, qui peut subir un réarrangement ou une hydratation [2,3] -sigmatropique
lors d'une incubation prolongée. 1b est plus sensible a ces réactions que 4b.

3.2 Click — Ajout de thiol-alléne nucléophile

Les quatre peptides alléniques ci-dessus ont été mis a réagir avec des thiols pour illustrer la
portée de cette réaction dans le secteur biotechnologique. Ceux-ci comprenaient le BME, le GSH,
le MPEG-SH, la fluorescéine SAMSA déprotégée, I'albumine sérique humaine et le CPP(Cy3)
pour couvrir des molécules avec une large gamme de poids moléculaires, de groupes
fonctionnels et de propriétés physiques. Toutes les réactions se sont déroulées sans heurts a pH
7.4 et une conversion > 80% a généralement été obtenue en 1 & 2 h, en utilisant des quantités

stoechiométriques de réactifs. La progression de la réaction a été surveillée par chromatographie
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liquide-spectrométrie de masse et n'a révélé aucune réaction secondaire significative (Figure
3a,b).

a) SR b) 1b 1b—gME

(63
\@S)Ag Y \Cg A
X ~1eq. RSH

—_—
oH 7.4-8.5 {64—100%) 1b-GSH | ,1b
Peptide

R: BME, GSH, mPEG-SH, Fluorescéine SAMSA,

Albumine sérique humaine, Ac-CGK(Cy3)GKR, 5b—-CPP(Cy3) ,

c)

H,0 Temps de retentlon (mln)

1a b a

Changement Chimique (ppm)

Figure 3 Préparation de bioconjugué par addition de thiol-alléne nucléophile Click. (a,b)
Chromatogrammes représentatifs montrant que la réaction des peptides alléniques avec des
thiols se déroule avec une conversion élevée et sans réaction secondaire. (c) Spectres RMN
1H attribués sélectionnés démontrant une conjugaison réussie a la chaine latérale thioéther
de laméthionine. Les pics mineurs annotés par "*" représentent I'isomeére trans du sulfure de
vinyle sulfonium (structure non représentée).

Pour examiner la régiosélectivité de la réaction, la spectroscopie *H NMR a été utilisée. Comme
illustré a la Figure 3c, un ensemble de pics majeurs a été observé a ~5.5 et ~5.3 ppm pour le
sulfure de vinyle sulfonium de 1b—BME (sélectionné car il s'agit du conjugué le moins complexe
sur le plan structurel), aux cétés d'un autre ensemble de pics mineurs a ~5.6 et ~5.4 ppm
représentant ~15% du total. Pour évaluer la stabilité des conjugués formés, 1b—GSH, 4b—-GSH
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et 5b—CPP(Cy3) ont été incubés dans 10 mM de GSH pH 7.4, ce qui imite la concentration en
thiol de I'espace intracellulaire. En accord avec Kramer et al.,>? l'incubation prolongée avec le
nucléophile thiol (sous une atmosphére inerte) a conduit a une récupération trés lente des
peptides natifs, atteignant une conversion d'environ 20 a 30% aprés 1 jour (Figure 4a,b). Le
mécanisme attendu de cette réaction implique Il'addition nucléophile d'un thiol au carbone
adjacent au sulfonium, et aucune réaction secondaire n'a été observée (Figure 4b). Fait
intéressant, en raison de la nature fortement électrophile de l'ion sulfonium, cette réaction
entraine la libération des peptides entierement non modifiés 1a, 4a et 5a avec récupération du
thioéther d'origine de la méthionine et aucune autre altération du peptide. Ainsi, cette stratégie
de bioconjugaison est particulierement intéressante pour libérer lentement les peptides natifs des
bioconjugués en présence de thiols. Dans la cystéine 10 mM, la vitesse de libération de 1la a
partir de 1b—GSH est restée lente, mais était plus rapide en raison du pKa de thiol inférieur de la
cystéine par rapport au glutathion. Ces résultats sont intéressants car les concentrations
physiologiquement pertinentes de thiols dans le sang sont inférieures d'environ trois ordres de
grandeur (dans la gamme micromolaire), ce qui indique la stabilité a long terme de ces liaisons
dans le sang. La modification de l'allene en position y par réaction dans un tampon phosphate
neutre semble donc bénéfique et nécessaire pour obtenir une libération lente de peptides par
addition nucléophile de thiols (et d'autres processus Clip discutés dans la section suivante). Dans
I'ensemble, la réaction intermoléculaire thiol-alléne étudiée ici est régiosélective dans les
conditions employées et une conversion quantitative peut étre rapidement obtenue avec des
guantités stoechiométriques de réactifs thiol facilement accessibles (y compris de petites
molécules, des fluorophores, des peptides, des polymeéres et des protéines). De plus, I'adduit
résultant est trés stable, méme vers des concentrations de thiols largement supérieures a celles

trouvées dans le sang.
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Figure 4 Stabilité des bioconjugués vis-a-vis des nucléophiles et Clip des bioconjugués par addition
radicalaire thiol-ene. (a) Les nucléophiles thiols peuvent réagir au niveau du carbone adjacent
au sulfonium, libérant ainsi le thioéther d'origine de la méthionine. (b) Ce processus s'est
produit lentement sans réactions secondaires, comme en témoignent les chromatogrammes
représentatifs de trois bioconjugués. (c) Les radicaux thiyle induisent une réaction de
fragmentation qui libére le thioéther d'origine de la méthionine en quelques minutes. (d) Ce
processus s'est produit rapidement (<15 min) sans réactions secondaires, comme en
témoignent les chromatogrammes représentatifs de trois bioconjugués. “*> désigne les pics
du générateur de photo-radicaux.

3.3 Clip — Addition radicale de thiol-éne

Compte tenu de la stabilité relative des adduits Click ci-dessus en présence de grandes quantités
de thiols et pendant des périodes prolongées, une tentative exploratoire a été faite pour ajouter
une deuxieme molécule de thiol a trois bioconjugués de sulfure de vinyle sulfonium 1b—GSH, 4b—
GSH et 5b—CPP(Cy3) par addition radicalaire de thiol-ene, une autre réaction de Click bien

connue.® Etonnamment, plutdt que d'observer I'ajout attendu d'un deuxiéme thiol, la dégradation
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trés rapide des conjugués 1b—GSH, 4b—GSH et 5b—CPP(Cy3) a été observée parallelement a la
régénération du peptide original contenant de la méthionine, la, 4a, et 5a, respectivement
(Figure 4c,d). Cette réaction était tres efficace (généralement 70 & 100% de conversion en 15
min), s'est déroulée dans un milieu aqueux neutre et s'est produite en présence de quantités
presque stoechiométriques de thiol et d'une source de radicaux libres. Il est prévu que l'addition
radicalaire de thiol-éne initie un processus de fragmentation semblable a celui rapporté pour les
sels de sulfonium allylique, conformément au mécanisme connu pour la polymérisation cationique
utilisant des sels de sulfonium allyl (Figure 4c).>* En bref, le radical thiol s'ajoute au groupe vinyle
et produit un cation radical instable qui se décompose en un thioéther (le peptide original
contenant de la méthionine), un dithioacétal et un proton, dont les deux premiers sont observés
par chromatographie (Figure 4d). Comme ce procédé est a priori compatible avec le maintien de
la structure/fonction des biomolécules et de la fluorescence de Cy3/Cy5, il pourrait étre utilisé
pour diverses applications biotechnologiques. Bien que la stabilité aqueuse du dithioacétal n'ait
pas été examinée plus avant dans ce travail, la libération a la fois des molécules de thiol et de
I'acroléine devrait se produire lentement dans des conditions acides. La toxicité des sous-produits

de la réaction Clip justifierait une enquéte dans de futurs travaux in vivo.

Les radicaux thiyle sont hautement autoréactifs et donc de courte durée. Par conséquent, il va de
soi que la formation de liaisons disulfure obtenue par auto-réactivité entrerait en compétition avec
la réaction thiol-éne souhaitée et que cette compétition influencera fortement I'efficacité de la
réaction Clip. En effet, il a été observé que la réaction Clip était plus efficace lors de
'augmentation de la concentration absolue du bioconjugué, du thiol et de la source radicalaire,
pour favoriser la réaction radicalaire thiol-éne. De plus, la conversion de la réaction Clip n'a été
influencée ni par le pH de I'environnement ni par la structure du radical thiyle, atteignant plus de
> 90% de conversion en présence de différentes sources de thiol (GSH ou cystéine) a différents
pH (6.5, 7.4, et 8.5) dans les 15 min. En revanche, lorsque les radicaux thiyle ont été produits
beaucoup plus lentement, comme par exposition aux UV de H.O; (plutét que le générateur de
photo-radicaux DMPA) en présence de thiols, trés peu de réaction a été observée (<6%).
L'exposition des bioconjugués a H.O- seul dans l'obscurité ou sous exposition a la lumiére UV
pour générer des radicaux hydroxyles n'a pas affecté la stabilité du bioconjugué. A la lumiére de
ces résultats, il a été considéré que les radicaux thiyle générés naturellement dans Il'espace
intracellulaire des cellules lorsque les thiols récupéerent des especes réactives a l'oxygéne
pourraient potentiellement initier la réaction thiol-eéne Clip. Cependant, leur faible abondance

attendue et leur courte durée de vie (ce qui rend leur concentration trés difficile a évaluer) ainsi
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gue la forte concentration d'espéces thiol dans I'espace intracellulaire défavoriseraient la réaction

Clip par rapport a la formation de liaisons disulfure.

Pour obtenir des informations préliminaires sur la stabilité des liaisons de sulfure de vinyle
sulfonium vis-a-vis des thiols et des radicaux thiyle d'origine biologique (a leurs concentrations
naturelles), 5b—CPP(Cy3) a été incubé avec E. coli subissant différents degrés de stress oxydatif
(induit par l'incubation avec 0-5 mM H;0O;). En effet, cette expérience a été réalisée pour
compléter les données de stabilité obtenues dans les solutions modéles ci-dessus (par exemple,
10 mM de glutathion) en vue d'une utilisation future dans des applications biotechnologiques, et
non spécifiquement congues pour élucider l'implication des thiols ou des radicaux thiyl dans une
réaction. En effet, la trés faible abondance attendue des radicaux thiyle (méme si leurs niveaux
sont altérés par H.0) ainsi que la forte concentration attendue en thiols intracellulaires (~20 mM
dans le cas d'E. coli) défavorisent fortement par nature le radical thiyl- induit une réaction Clip sur
la base d'arguments cinétiques, comme discuté ci-dessus. Comme illustré a la Figure 5a,b, la
réaction Clip de cette sonde dans des conditions modéles a produit un clivage de 70% du
bioconjugué parallélement & une diminution correspondante d'environ 70% de l'intensité du signal
de transfert d'énergie de fluorescence-résonance (FRET) entre Cy3/Cy5. Il a donc été considéré
gue lintensité du FRET pouvait étre utilisée pour surveiller l'intégrité du bioconjugué par
spectroscopie dans des environnements complexes. En présence d'E. coli, le FRET est resté
relativement constant au cours de la période de 2 h étudiée (diminution d'environ 25% du signal,
Figure 5c) et ne dépendait pas beaucoup de I'exposition au H,O,. Ces résultats suggérent que
cette libération de 5a se produit trés probablement par réaction avec des thiols nucléophiles, et
non avec des radicaux thiyle. Cependant, compte tenu de la trés faible abondance et de la courte
durée de vie des espéces thiyl, ce qui les rend trés difficiles & caractériser, ainsi que de la
réactivité croisée des agents bloquants pour les radicaux thiols/thiyl, il n'a pas été possible
d'ignorer complétement les implications des radicaux thiyl a cette étape. En fin de compte, la
stabilité du sulfure de vinyle sulfonium reste trés pertinente pour les expériences de marquage
(temps d'exposition court) ainsi que pour les applications de délivrance intracellulaire de
médicaments (libération sur des temps plus longs). Cependant, les travaux futurs devraient

examiner la question non triviale de la caractérisation de I'emplacement et des espéces
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impliqguées dans la libération de peptides de méthionine a partir de bioconjugués de sulfure de

vinyle sulfonium, qui dépend probablement de la structure du conjugué lui-méme.

Figure 5
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Stabilité d'un bioconjugué de sulfure de vinyle sulfonium en présence d'espéces réactives de
cellules bactériennes. (a) L'exposition de 5b—CPP(Cy3) a des thiols radicaux produit une
libération d'environ 70% du peptide 5a contenant de la méthionine. Chromatogrammes
présentés a trois longueurs d'onde d'absorbance avant et aprés une réaction Clip de 15
minutes. (b) Clip s'est produit en méme temps qu'une réduction d'environ 70% de l'intensité
de FRET, illustrant que ce parameétre peut étre utilisé pour suivre la stabilité du bioconjugué
dans des environnements plus complexes. (c) L'incubation de 5b—CPP(Cy3) avec des cellules
bactériennes subissant différents niveaux de stress oxydatif de H202 produit trés peu ou pas
de changement de FRET sur une période d'une heure, avec quelques petites différences
apparaissant a 1.5 h (Moyenne + SD, n = 3). “> indique une différence statistiqguement
significative par rapport a la valeur au temps zéro (ANOVA a mesures répétées, Tukey, p
< 0.05).
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3.4 Conception et synthese de sondes FRET de sulfure de vinyle sulfonium et de contrdle

Afin de surveiller la stabilité des liaisons de sulfure de vinyle sulfonium en présence de cellules,
une sonde a base de FRET a été concue sur la base d'un peptide pénétrant dans les cellules,
Tatsg_s7, prolongé sur son c6té N-terminal avec une courte séguence peptidique contenant de
I'azidolysine (pour la conjugaison du fluorophore accepteur AFDyees7 via la chimie Click sans
cuivre) et un résidu méthionine. Cette séquence peptidique pénétrant dans les cellules a été
choisie en faveur de la nona-arginine utilisée dans nos travaux précédents, en raison de la
propension rapportée de cette derniére a I'auto-agrégation,® ce qui a compliqué les analyses
ultérieures d'un point de vue technigue. Pour préparer la sonde sensible (6d), le résidu méthionine
du peptide (6a) a d'abord été alkylé en un alléne sulfonium (6b) avec du bromure de propargyle
dans des conditions acides, puis modifié avec le fluorophore donneur (fluorescéine SAMSA,;
déprotégé en sa forme thiol) par addition de thiol-alléne nucléophile pour donner le peptide de
sulfure de vinyle sulfonium fluorescent (6¢). Par la suite, le fluorophore accepteur (DBCO-
AFDyess7) a été introduit sur le groupe azido du peptide par chimie Click sans cuivre pour donner
6d (Figure 6a,c). Une sonde témoin (7c¢) contenant un thioéther plutot qu'une liaison sulfure de
vinyle sulfonium a été préparée par une approche similaire mais en remplacant le résidu
méthionine sur 6a par une cystéine (7a sur la Figure 6b,d). Le groupe thiol sur ce peptide a été
alkylé avec de la fluorescéine-5-maléimide pour produire une liaison thioéther stable (7b). De
plus, les deux sondes présentaient des intensités similaires de FRET lors de I'excitation du
fluorophore donneur (Aex/Aem 485/625—800 nm), ce qui n'était pas le cas pour une solution témoin

constituée d'un mélange des fluorophores libres (Figure 6e).
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Figure 6 Sondes de sulfure de vinyle sulfonium et de thioéther a base de FRET. (a,b) Schéma de
synthese pour préparer 6d et 7c a partir du peptide 6a contenant de la méthionine et du
peptide 7a contenant de la cystéine, respectivement. (c,d) Chromatogrammes représentatifs
de composés purifiés. (e) Les spectres de fluorescence (Aex 485 nm) démontrent FRET pour
6d et 7c, mais pas pour les mélanges des fluorophores individuels.

3.5 Réaction avec les thiols radicaux et les nucléophiles thiols

En accord avec nos travaux antérieurs, la liaison sulfure de vinyle sulfonium de 6d était tres stable
en présence de thiols lors d'une incubation prolongée dans des conditions imitant le cytosol (c'est-
a-dire 10 mM de glutathion, pH 7.4). Comme illustré sur la Figure 7a, 6d est resté >92% intact
sur 24 h, sur la base de l'intégration du pic du conjugué d'origine. Au cours de cette période,
I'addition nucléophile lente de glutathion au carbone adjacent au sulfonium en 6d a produit un
fragment peptidique avec la récupération du résidu méthionine d'origine (6e) ainsi qu'un adduit
fluorescent de glutathion (6f), sans réactions secondaires. Pour valider la réactivité du sulfure de
vinyle sulfonium 6d vis-a-vis d'une réaction radicale thiol-ene Clip (avec un effet simultané sur

l'intensité du signal FRET), 6d ont été mis a réagir avec des thiols radicaux générés a partir de
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10 éq. de glutathion et 1.5 éq. d'amorceur photoradicalaire dans un tampon phosphate neutre.
Le schéma de la réaction est présenté sur la Figure 7b. Les résultats présentés a la Figure 7c
illustrent qu'aprés une exposition de 15 minutes a la lumiére ultraviolette a 366 nm, ~60% du
sulfure de vinyle sulfonium fragmenté pour libérer le peptide modifié AFDyess7 (6€, avec le résidu
de méthionine d'origine intact) aux c6tés d'un autre adduit fluorescent de glutathion (6g). De plus,
l'intensité du signhal FRET a chuté d'environ 60% avec cette transformation (Figure 7d), indiquant
gue ce parameétre peut étre utilisé pour surveiller quantitativement la stabilité de la liaison sulfure
de vinyle sulfonium dans la culture cellulaire. En paralléle, une augmentation d'environ 350% de
I'intensité de fluorescence du canal fluorescéine (Aex/Aem 480/519 Nm) a été observée sur la méme
période en raison de l'arrét du FRET. L'intensité de fluorescence du canal AFDyess7 (Aex/Aem

643/672 nm) n'a pas changé significativement par rapport a sa valeur initiale.
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Figure 7 Réaction avec les thiols radicaux et les nucléophiles thiols. (a) Chromatogramme illustrant la

stabilité de 6d/7c dans du GSH 10 mM sur 24 h. (b) Schéma illustrant les produits formés par
réaction de 6d avec un radical thiol. (c,d) Chromatogramme illustratif et évolution des
propriétés optiques du 6d exposé aux thiols radicaux. Les données dans le volet d sont

présentées sous la forme Moyenne + SD (n = 3). "*" désigne les pics du générateur de photo-
radicaux.

3.6 La nitration au peroxynitrite (ONOO”) comme modéle RNS

Pour évaluer la réactivité des sulfures de vinyle de sulfonium vis-a-vis du RNS, 6d et 7c ont été
incubés avec 0 a 5 €q. de peroxynitrite. Comme illustré sur les Figures 8a,c, 7c est resté
relativement stable en présence de jusqu'a 2 ég. peroxynitrite, comme en témoigne seulement
un petit changement dans le chromatogramme et les signaux fluorescents (canal FRET et canaux
des deux fluorophores). Curieusement, lorsque 6d a été exposé jusqu'a 2 éq. peroxynitrite,
l'intensité du signal FRET a augmenté de 160% et s'est également accompagnée d'une

augmentation de 350% de l'intensité du canal fluorescéine (Figure 8b,d). Lors de l'exposition a
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une éq. molaire plus élevée de peroxynitrite (5 et 10 éq.), une dégradation substantielle de 6d et
7c a été observée par chromatographie ainsi que par une diminution de tous les signaux
fluorescents (FRET et fluorophores individuels). De plus, le proxynitrite peut conduire a
I'nydroxynitration du sulfure de vinyle sulfonium. En tant que tel, I'augmentation de la fluorescence
observée pour 6d (canaux fluorescéine et FRET) lors de I'hydroxynitrosylation du sulfure de vinyle
sulfonium peut étre attribuée a un changement de structure chimique et de polarité locale pres
de la fluorescéine. Comme ce processus se produit plus rapidement que la dégradation de l'un
ou l'autre des fluorophores, la sonde 6d présente d'abord une augmentation de la fluorescence
due a ce phénomeéne et est suivie d'une diminution en présence de quantités plus élevées de
peroxynitrite. Dans l'ensemble, en raison de la stabilité de 6d en présence de niveaux
biologiquement pertinents de ROS pour la durée de I'expérience, ce systéeme de sonde est tres
intéressant pour caractériser la compétition entre les thiols radicaux et le RNS dans un milieu
biologique complexe - quelque chose qui est difficile a accomplir - en raison des changements
orthogonaux de ses propriétés de fluorescence résultant de la réaction avec I'une ou l'autre des

espéces.
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Figure 8 Stabilité de 7c/6d en présence de peroxynitrite. (a,c) 7c est stable vers ~2 eq. de peroxynitrite,

au dessus duquel on observe une perte d'intensité de fluorescence. (b,d) L'exposition de 6d
au peroxynitrite conduit d'abord a une augmentation de l'intensité de la fluorescéine et du
FRET, puis & une diminution ultérieure. Pour les volets c et d, les valeurs sont données sous
la forme Mean + SD (n = 3).

3.7 Réactivité des sulfures de vinyle sulfonium dans des modéles de culture cellulaire de
stress oxydatif

Pour évaluer la compétition RNS et les thiols radicaux pour les liaisons de sulfure de vinyle
sulfonium en culture cellulaire, des macrophages permanents de souris RAW 264.7 et des lignées
cellulaires monocytes humaines adhérentes THP-1 ont été choisis comme modeéles in vitro. Pour
modifier la quantité d'especes réactives naturellement générées par ces cellules, les cultures ont
été exposées a I'hydroperoxyde de tert-butyle ROS (tBHP) et au lipopolysaccharide (LPS), un
composant de la paroi cellulaire des bactéries gram-négatives. Pour caractériser le stress

oxydatif, les niveaux de ROS ont été quantifiés a l'aide de H.DCFDA, et la concentration de thiols
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intracellulaires a été mesurée a l'aide de thiol tracker violet, a la fois en fonction de la
concentration de tBHP/LPS et du temps. En général, I'exposition des deux lignées cellulaires aux
facteurs de stress a entrainé une augmentation de la concentration de ROS en fonction de la
concentration et du temps, et un effet plus spectaculaire a été observé pour le tBHP,
probablement car il s'agit lui-méme d'un ROS. Parallélement, une réduction de la concentration
de thiols intracellulaires a été observée pour les deux lignées cellulaires aprés une exposition de

deux heures aux facteurs de stress.

Le sulfure de vinyle sulfonium 6d et le thioéther 7c ont été ajoutés aux cellules a une
concentration minimalement cytotoxique et les modifications de l'intensité de FRET et des canaux
fluorophores individuels ont été surveillées avec le temps (Figure 9). Comme prévu, le signal
FRET de la sonde thioéther 7c est resté constant au cours de l'expérience de 150 minutes,
indiquant la stabilité de la sonde peptidique et de ses constituants. En revanche, le signal FRET
de 6d a augmenté avec le temps pour atteindre un plateau a ~200% de sa valeur initiale sur une
période de ~2 h, ce qui suggere une hydoxynitration du sulfure de vinyle sulfonium par RNS. Trés
peu ou pas d'effet du LPS ou du tBHP sur la cinétiqgue d'augmentation de la fluorescence a été
observé, ce qui, en combinaison avec les données des sections précédentes, suggere que les
ROS ne sont pas impliqués dans les changements affectant 7c (ou au plus contribuent dans une
moindre mesure). De plus, I'ajout de DTNB et de NEM pour bloguer les thiols extracellulaires et
totaux, respectivement, n'a pas non plus eu un grand effet sur la cinétique de I'évolution du signal
FRET a partir de 6d, indiquant lI'absence (ou tout au plus minime) de participation des thiols ou
RSS dans les changements affectant 6d, sur la courte période de l'expérience (Figure 9).
Néanmoins, le signal plateau FRET atteint en présence de NEM était plus faible que pour les
autres expériences, suggérant le piégeage d'espéces radicalaires par ce dernier. Des résultats
similaires ont été observés pour les deux lignées cellulaires et seules de modestes différences
de cinétique ont été observées. Ainsi, l'analyse globale des résultats ci-dessus indique que
I'nydroxynitration du sulfure de vinyle sulfonium surpasse les autres réactions, en particulier la

réaction radicale thiol-ene Clip qui conduirait a la libération de 6a a partir de 6d.
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Figure 9 Réactivité des sulfures de vinyle sulfonium en culture cellulaire. Evolution du signal FRET de

6d/7c en présence de cellules RAW 264.7 (a) et THP-1 (b) exposées a différents stresseurs et
agents d'extinction thiol. Données présentées sous forme de moyenne + SD (n = 3).

4. Conclusion et perspectives

Ce travail a présenté une combinaison de deux réactions bien connues qui obéissent a la plupart
des critéres de la chimie Click et qui pourraient de maniéere inattendue étre utilisées pour préparer
et désassembler des bioconjugués de maniére Click/Clip. A la suite de la réaction Click, une
liaison sulfure de vinyle sulfonium a été générée en tant que liaison dans une variété de
bioconjugaisons a base de peptides contenant des résidus de méthionine sans réactions
secondaires et processus nocifs pour les fluorophores de différentes familles. Fait intéressant,

les liaisons sulfure de vinyle sulfonium ont subi une réaction radicale thiol-éne Clip en quelques
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minutes en présence de radicaux thiyle, entrainant la dissociation du lieur qui a conduit a la
libération du peptide original contenant de la méthionine avec récupération compléte de sa chaine
latérale thioéther et sans réactions secondaires. Compte tenu de la commodité de cette stratégie
Click/Clip, du caractére facilement accessible des réactifs/réactifs et de la pertinence biologique
de ces derniers, ce concept trouve de nombreuses applications dans le secteur biotechnologique.
Cette étude a également indiqué la réactivité des lieurs de sulfure de vinyle sulfonium vis-a-vis
des niveaux physiologiquement pertinents d'autres especes réactives, notamment le peroxynitrite
(un modéle de RNS), H,0- et "OH (modeles de ROS) et les thiols nucléophiles (modéle de RSS).
Nos lieurs présentés présentaient une grande stabilité vis-a-vis des modeéles de ROS. Cependant,
ils répondent aux thiols nucléophiles (heures/jours), aux thiols radicalaires (minutes) et aux
espéces azotées réactives (RNS; minutes) dans des conditions modéles conduisant a la
libération d'un peptide contenant de la méthionine dans les deux premiers cas et a I
hydroxynitration dans les deux cas. Le troisieme cas. La facilité de synthese et la réactivité
combinées aux thiols radicaux, RNS, thiols nucléophiles, dans différentes conditions, font des
sulfures de vinyle sulfonium de nouveaux groupes fonctionnels polyvalents pour créer des entités

réactives et biodégradables.
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1 INTRODUCTION

1.1 Overview of redox-responsive systems for therapeutic, diagnostic, and
theranostic applications
For decades, researchers have developed a variety hanosystems for a multitude of therapeutic,
diagnostic, and theranostic (the combination of therapeutic and diagnosis) applications to treat
and monitor the pathological conditions within the human body.*® To date, a series of smart
nanoplatforms, such as polymeric and metallic nanoparticles, liposomes, micelles, nanogels, and
peptidic nanoparticles®”°® have been explored to obtain effective targeting nanostructures with
the combination of a diverse selection of targeting, diagnostic, and therapeutic components. They
provide the release of different payloads, such as drugs, biomolecules, and imaging agents at
specific biological sites in response to exogenous stimuli (e.g., temperature, magnetic field,
ultrasound (US), light, electric pulse/ high energy radiation) and/or endogenous stimuli (e.g., pH
variations, hormone and enzyme levels, and redox reactive biological species).%*° Furthermore,
numerous imaging technologies, including X-ray and computed tomography (CT) imaging,
radionuclide imaging (e.g., positron emission tomography (PET) and single-photon emission
computed tomography imaging (SPECT)), magnetic resonance imaging (MRI), and optical
imaging (e.g., bioluminescent (BLI) and fluorescence imaging (FI)) have been developed for the
diagnosis of diseases, monitoring of the treatment process, and evaluation of drug targeting to
particular pathological sites.®*%2 These image technologies can be combined with therapeutic
technologies to develop theranostic agents. Moreover, imaging techniques can be combined with
diverse therapeutic methods, such as gene therapy (GT), photodynamic therapy (PDT),
chemotherapy (CHT), and photothermal therapy (PTT). The combination of therapeutic and
diagnostic technologies can also occur by the covalent conjugation between therapeutic
molecules and imaging agents via chemical reactions or co-encapsulation in nanoplatforms to
deliver them in the targeted sites.®® Among all endogenous stimuli, the differences in the cellular
redox state of normal and diseased cells become an increasing focus of research due to the
higher efficiency of redox-responsive systems.®*-%¢ Various redox-responsive systems have been
developed to target biorelevant redox molecules, including reactive oxygen species (ROS),
reactive nitrogen species (RNS), and reactive sulfur species (RSS) for therapeutic, diagnostic,

and theranostic applications.?8-32

Reactive oxygen, nitrogen, and sulfur species (RONSS) are biomolecules that are involved in

essential cellular redox activities in all living organisms.®” These chemically reactive biological



molecules are in complex equilibria with one another* and play vital roles in physiological
processes, such as immune response, cellular regulatory, cellular signalling, oxidative stress
response.l® However, overexpression and dysregulation of their equilibria under
pathophysiological processes result in an abnormal generation and accumulation of RONSS that
can lead to the onset and development of numerous diseases, such as cardiovascular diseases,
diabetes, neurodegenerative diseases (Alzheimer's disease and Parkinson's disease), and
cancer.>#%889 RQOS, including superoxide anion radical (O2"), hydrogen peroxide (H.02), hydroxyl
radical (HO"), singlet oxygen (*Oz), and hypochlorous acid (HOCI) are biomolecules with
significant oxidation potential.” High concentrations of ROS can generate oxidative stress, which
leads to potential damage to various biomolecules such as membranes lipids, proteins,
lipoproteins, and deoxyribonucleic acid (DNA).81° Furthermore, RNS refer to nitric oxide (‘'NO)
and its secondary reactive products, such as nitroxyl (HNO) and peroxynitrite (ONOQO~).1! RNS
can significantly affect cellular mechanisms of redox regulations due to their oxidation and
nitration potential. In general, the oxidation potential of RNS is most often lower than that of
ROS.'2 However, ONOO~, an unstable biological oxidant and nitrating agent, exhibits a high
oxidizing capacity.'>*® Radical thiols (RS’), a model RSS, is also recognized as an oxidizing
agent,* mainly produced during the radical scavenging of glutathione (GSH) in the cellular
metabolic process.'® RS’ is an important mediator in the intracellular redox process, leading to
cell damage by reacting with unsaturated acyl chains of phospholipids and protein thiols.1®” On
the other hand, RSS biomolecules, particularly thiols (RSH), act as biological reducing agents
and play important roles in maintaining a reduced cellular environment and regulating cellular
redox state.®'8 GSH is the most abundant intracellular reducing thiol (1-10 mM intracellular and
2-20 uM extracellular) and in equilibrium with its oxidized form (GSSG).1%2° GSH is also an
essential antioxidant reagent under normal physiological conditions and prevents cell damages
caused by reactive oxygen and nitrogen species (RONS).?%22 Under oxidative stress and elevated
level of RONS, the concentration of GSH is increased and results in the alteration of cellular redox
balance (GSH: GSSG ratios), which can cause the oxidation and disulfide exchange reactions at
specific cysteine residues of proteins.?® Accordingly, GSH has been the main target of various
reduction-responsive systems due to several reasons, including its high intracellular level
compared to extracellular concentration,?* four times increase in the level of intracellular GSH in
tumor tissues compared to normal cells, and the importance of the altered level of the GSH in

pathological conditions and human disease?32°,26:27



Since 2001, concurrent with enhanced knowledge about the role of RSS in oxidative stress and
biological redox reactions, the development of reduction-responsive materials has attracted
considerable interest.®’® However, oxidation-responsive systems have attracted attention more
recently owing to the effects of biological oxidizing agents in physiological
and pathological events. One of the first examples of such systems is polypropylene sulfide
(PPS), reported in 2004.7%72 Over the past several years, remarkable progress has been made
in developing reduction- and oxidation-responsive chemical bonds and materials to advance the
redox-responsive nanoplatforms for various applications.3%-326485 Fyrthermore, the application of
these chemical bonds and materials is correlated with their mechanisms of action, selectivity, and
reactivity (sensitivity and rate of reaction) toward RONSS.

1.1.1 Reduction-responsive chemical bonds

Disulfide (S-S), diselenide (Se-Se), and ditelluride (Te-Te) bonds have been developed to target
GSH as a model of biological reducing agents for drug delivery and cancer therapy,”"* thiol
detection/imaging,?**7> and theranostics®27¢, Disulfide bonds are the most common reduction-
responsive functional groups. These bonds exhibit stability in blood circulation and the
extracellular environment containing low concentrations of reducing thiols.”®”” Disulfide bonds
undergo a reversible cleavage into free thiols in the presence of thiol-based reducing agents, such
as GSH via the thiol—disulfide exchange reaction.?! Disulfide-bearing nanocarriers have been
utilized to physically encapsulate or chemically conjugate the cargos (therapeutic and diagnostic
agents) in various reduction-responsive systems for drug delivery,*"® thiol detection,?* and
theranostic applications.” The reduction responsiveness of disulfide bonds toward thiols is
thermodynamically favored but kinetically slow due to the large kinetic barrier thiol-disulfide
reaction.®%8! To overcome this issue, some researchers utilized reducing agents, such as tris(2-
carboxyethyl)phosphine (TCEP) and tris(3-hydroxypropyl)phosphine (THPP), in their reduction-
responsive systems containing disulfide bonds to achieve rapid and irreversible disulfide bond
breakage®?.83% The Reduction of disulfide bonds was also evaluated in the presence of
dithiothreitol (DTT). This reducing agent is frequently used as an analogue of GSH and exhibited
faster disulfide bonds breakage compared GSH due to the higher reducing power of DTT.8:87
Furthermore, the rate of thiol-disulfide bond reaction can also be increased and decreased by the
electrostatic attraction and repulsion between thiol and disulfide bonds in the redox buffer,
respectively.888° Qverall, the responsiveness of disulfide bonds toward intracellular thiols (e.g.,
10 mM GSH) can be slow and require several hours. Compared to disulfide bonds, diselenide®

and ditelluride®® bonds generally undergo faster cleavage and reduction in response to reductive



conditions (e.g., GSH) due to their lower bond energy (S-S (266 kJ/mol), Se-Se (192 kJ/mol), and
Te-Te (149 kJ/mol))®2. However, ditelluride bonds rarely used as reduction-responsive bond

compared to disulfides and diselenides.%3%
1.1.2  Oxidation-responsive chemical bonds and materials

Sulfur-containing functional groups, including methionine, thioether, disulfide, thioketal, and vinyl
disulfide have been widely used as oxidation-responsive chemical bonds for biomedical
applications® due to their responsiveness toward RONS and the nontoxicity of this biological
element (S) that has been found in many amino acids (e.g., cysteine, methionine, homocysteine,
and taurine) and enzymes.® Furthermore, boronic acids/esters-, oxalate-, ferrocene-, cyanine-,
hydrocyanine-, polyproline-, BODIPY-, and allyl sulfide-containing materials, have also been
developed and utilized as oxidation-responsive nanoplatforms to target biological oxidizing
agents, such as ROS, RNS, and RS’ for biomedical applications.®”:°"-1%° Among all endogenous
oxidizing agents, H,O2 has been most commonly used for exploring the responsiveness of
oxidation-responsive systems3%1%! due to its longer half-time (102 — 107° s),192103 making it the
most abundant oxidant agent in eukaryotes (1-10 nM), In contrast, RS’ has rarely been

investigated as a stimulus for oxidation-responsive systems.

Upon exposure to RONS, these chemical bonds undergo oxidation reactions that usually lead to
polarity transition (hydrophobicity to hydrophilicity) of corresponding nanocarriers and/or the
breakage of chemical bonds, favoring the release of payloads (e.g., therapeutic or diagnostic
agents).?®72 For instance, in the presence of oxidizing agents, chalcogen groups of methionine-
and chalcogen ether-containing materials can experience one or two steps of oxidation, leading to
enhancement in aqueous solubility,*? which can make them the suitable options for drug delivery
systems and ROS scavenging. However, the oxidation of the disulfide, diselenide, vinyl disulfide,
thioketal, boronic acids and esters, oxalate, and proline groups lead to bond breakage,'? making
them great candidates for therapeutic, diagnostic, and theranostic applications. Furthermore,
despite vinyl disulfide bond showing selectivity toward singlet oxygen, most of the introduced
oxidation-responsive chemical bonds and materials have exhibited responsiveness toward a
broad spectrum of oxidizing biomolecules.®” Furthermore, chemical bonds and materials with
lower response rates, such as polyproline-based materials, can be employed for sustained-
release systems.'® However, the ones (e.g., boronic acids/esters and cyanine) with high
sensitivity and response rates can be great options to detect oxidizing agents and better

understanding the biological and pathological processes.'®



Overall, redox-responsive chemical bonds and materials have a profound impact on the field of
biomedical and biomaterials due to their responsiveness toward RONSS. Despite several
approaches that have been explored in this area, the reported RONSS-responsive chemical
bonds and materials still face some limitations and challenges. Undeniably, to achieve efficient
chemical bonds and materials for various biomedical applications, it is of substantial importance
to understand the role of reactive biological species in the progress of different pathologies in
order to achieve efficient chemical bonds and materials for different biomedical applications.

1.2 Pathophysiological events of endogenous reactive species

This section presents comprehensive information about endogenous reactive species that are
relevant to the objectives of this thesis. The presented information includes their properties and
routes of formation, their equilibria with one another, and their role in the progress of various
diseases. Endogenous reactive species (Table 1.1) play vital roles in regulating biological events
such as immune response, signalling, and oxidative stress response,’= and exist in complex
equilibria with one another (Figure 1.1).% Dysregulation of these equilibria is the underlying cause
of multiple pathophysiological processes that may link with the onset and development of several
diseases, such as inflammation, diabetes, cancer, and neurodegenerative diseases.>® While
understanding the role of reactive species in the development of different pathologies is of great
importance, it is equally crucial to RONSS-responsive materials to facilitate the diagnosis or to

stimulate the release of therapeutic agents from nanocarrier systems.

Table 1.1 Endogenous reactive species (RONSSS) involved in multiple pathophysiological processes
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Figure 1.1 Equilibria of major biological reactive species discussed in this contribution. All endogenous

reactive species, including ROS, RNS, and RSS, exist in complex equilibria with one another
to regulate various biological events. Dysregulation of any of the equilibria may affect the
other and result in causing multiple pathophysiological processes linked to several diseases.
Reproduced with permission from Ref.*

1.2.1 Reactive Oxygen Species (ROS)

ROS are generally referred to as a class of oxygen-containing chemical species generated from
molecular oxygen (O2) during biological processes in humans and other living organisms.% They
can be produced from either endogenous or exogenous sources. The majority of endogenous
ROS are derived from mitochondrial respiration.’®” Furthermore, the peroxisomes and
endoplasmic reticulum are also other endogenous sources of ROS, where oxygen consumption
is high.1%1%¢ Furthermore, ROS can be generated in response to environmental stimulation such
as ultraviolet (UV) light pollution, alcohol, tobacco smoke, heavy metals, and other deleterious
factors.’® ROS are generally classified into two groups based on their radical or non-radical
nature. Radical ROS (e.g., O;7, and "OH) are highly reactive due to the presence of one
unpaired electron.'® On the other hand, non-radical ROS (e.g., H.0O, "OCI, and *O;) are more
stable compared to radical ROS and are either oxidizing agents or converted into radicals in living

organisms, 10111

In addition, low to moderate concentrations of ROS, and in particular, H2O>, play critical roles in
numerous physiological functions such as cellular signalling pathways, mitogenic response, redox
regulation, and immune function.%>!12 For instance, ROS can be generated by phagocytes
(neutrophils, macrophages, monocytes) as a part of the immune mechanism to extinguish

pathogenic microbes.'*® Furthermore, ROS can be divided into other classifications, such as



primary and secondary. Primary ROS (e.g., O27, and H»O;) are primarily produced and
predominantly associated with cell signalling. Typically, primary ROS can be regulated by
enzymes such as superoxide dismutase, catalase, and peroxidases, and undergo reversible
reactions with biomolecules. However, secondary ROS (e.g., ‘OH, “OCl, and 'O;) are more
reactive and can irreversibly damage the biomolecules. Indeed, these molecules are more toxic
and less controllable than primary ROS due to the lack of specific enzymatic systems to eliminate

or control their levels.t114

1.2.1.1 Oxidative stress

Oxidative stress is defined as an imbalance between the generation and accumulation of ROS in
cells and tissues and their elimination by endogenous biological and antioxidant systems.15:116
High concentrations of ROS generate oxidative stress, which can lead to potential damage to the
various biomolecules such as membrane lipids, proteins, lipoproteins, and deoxyribonucleic acid
(DNA), and can even lead to cell death.®° In other words, overproduction of ROS can cause and
increase of oxidative stress and is associated with the onset and/or progression of numerous
diseases, including neurodegenerative diseases, inflammation, diabetes, cardiovascular
diseases, autoimmune diseases, and cancer, as well as ageing.'®11"118 Hence, physiological
ROS scavengers are essential to maintain redox balance and regulation of signalling pathways.
Superoxide dismutase, glutathione peroxidase, catalase, and thioredoxin are potent antioxidative
enzymes with relatively low concentrations that can scavenge endogenous ROS. Nonenzymatic
antioxidant amino acids and proteins are also ROS scavengers. However, compared to enzymatic
antioxidants, they exhibit low reactivity and must be present at the high intracellular concentration
(>0.1 Mm). 113

1.2.1.2 Properties of Some ROS

Different ROS have distinctive reactivity, half-life, lipid solubility, and biologic activity. The

properties of selected examples discussed later in this contribution are given here.

Superoxide Anion Radical (O,7). O, is generated by enzymatic (autoxidation reaction, Eq. 1)

and non-enzymatic reactions (electron transfer to molecular oxygen, Eq. 2). Different enzymes
can generate O27, including xanthine oxidase, lipoxygenase, cyclooxygenase, and NADPH-
dependent oxidase.!'%120 |t exhibits low reactivity with biomolecules and is found mainly in the
mitochondria.’?* At low pH, it exists as hydroperoxyl radical (HOz). However, it is mainly in the

form of O, at biological pH. As a reducing agent, it reduces iron complexes, such as ferric-



ethylene diaminetetraacetic acid (Fe*-EDTA) from Fe*® to Fe*. It also can act as an oxidizing

agent by e.g., oxidizing ascorbic acid and tocopherol.1?
02+ Fe™ — Fe*™+ Oy~ (auto-oxidation) 1)
O, +e” — O (electron transfer) (2

O, is related to the regulation of inflammatory pathways, such as activation of pro-inflammatory
cytokines and activation of inflammasomes.'# Furthermore, mitochondrial superoxide dismutase
converts O, to H.O., by a dismutation reaction.'?? However, the mutation of superoxide
dismutase 1 can cause familial amyotrophic lateral sclerosis, which is a progressive

neurodegenerative disorder.1?*

Hydrogen Peroxide (H,02). H.02 is an ROS that has been vastly studied. In vivo, it can be

generated through various biological processes. For instance, superoxide dismutase catalyzes
the generation of H.O- by dismutation of O, (Eg. 3). H20; is a non-radical ROS and can readily
penetrate biological membranes. It plays several roles in the regulation of cell growth,
proliferation, modulation of apoptosis, and endothelial inflammatory responses.*?5126 H,0, can be

catalytically eliminated by catalase, glutathione peroxidase, and peroxiredoxins.?’
20" +2H0— HO,+02+ 2 0OH 3)

H.O: is a strong two-electron oxidant, but its reactions with most biological molecules are slow.?®
However, H,O; can indirectly damage cells at low concentrations by the production of OH", which
causes damage to cellular proteins, lipids, and nucleic acids.'?® At higher concentrations, it
deactivates the cellular energy-producing enzymes such as glyceraldehyde-3-phosphate
dehydrogenase.'?® Furthermore, in normal cells, the concentration of H,O, ranges between 1-8
MM and increases to 10-1000 uM in activated macrophages. The level of H,O, can elevate to 20

times higher in inflammatory lung disease.?°

Hydroxyl Radical ("OH). "OH is a highly reactive radical ROS.**° It is one of the most toxic ROS

that can strongly damage different biomolecules, including DNA, proteins, lipids, and
carbohydrates.'®! It is mainly produced by two major reactions, 1) the Haber—Weiss reaction (Eq.
4), the reaction of H,O, and O, **2, and 2) the Fenton reaction (Eg. 5), the reaction of H.O, and
metal ions (Fe*? or Cu*).133 Under stress conditions, an excess O, induces ferritin (an intracellular
protein that stores iron) to release the free iron and stimulating the Fenton reaction to generate
.OH.134



0;" + H.O, —» Oz + "OH + "OH (4)
Fe*?+ H,02 — Fe* + "OH + "OH (5)

Accordingly, metal ions including iron, zinc, and copper are strong ‘OH mediators. Over-
production of "OH affects the abnormal aggregation of B-amyloid peptide, which can lead to

oxidative stress in the brain and can be followed by neurodegeneration (Alzheimer's disease).'%®

Singlet Oxygen (10,). Oz is an electronically-excited, meta-stable state of molecular oxygen.3®

The generation of 'O, can be done by activating myeloid cells such as neutrophils (Eq. 6) **” and
eosinophils.'®® It can also be produced by enzymatic reactions catalyzed by some enzymes,
including lactoperoxidase,** lipoxygenases,'*’ and dioxygenases.'*

HOCI + H,0, — 102+ CI (6)

10, is a highly reactive oxidizing agent and toxic ROS, which can cause damage to biological
molecules (e.g., DNA) 1#! and tissues.'® Furthermore, O, is generated photochemically in areas
exposed to UV irradiation. Indeed, the side-effects of UV radiation are due to the high toxicity of
10,.142 The effects of 'O in the modulation of pathological and physiological processes are being

investigated.

Hypochlorous Acid (HOCI). HOCI is a strong ROS and a major oxidant generated by activated

neutrophils at the site of inflammation during a reaction catalyzed by myeloperoxidase from H,O,
and chloride (Eq. 7).143

H,0, + CI"— HOCI + "OH (7)

At physiological pH, both HOCI and the hypochlorite anion ("TOCI) exist at closely equimolar
concentrations due to its pKa (7.5).1** HOCI participates in oxidation reactions. For instance, it can
oxidize thiols and other biomolecules, such as tryptophan, urate, pyridine nucleotides, and
ascorbate.® It is also a chlorinating agent that affects some biomolecules, including amines,
tyrosyl residues, DNA, cholesterol, and unsaturated lipids.}*® Notably, the plasma
myeloperoxidase concentration is higher than usual for rheumatoid arthritis patients. Accordingly,
this leads to elevated HOCI concentrations causes damage to collagen due to chlorination of the
tyrosine residues.’*’ In addition, the intracellular detection of HOCI might be limited due to the

rapid reaction of HOCI with thiols and amines.



1.2.2 Reactive Nitrogen Species (RNS)

RNS are another important group of chemically reactive species in pathophysiological events.
They are a set of compounds with different properties and reactivity that are derived from nitric
oxides, including nitric oxide ("NO), peroxynitrite (ONOQO), and nitroxyl (HNO). This category of
reactive species has been acknowledged as playing a vital role in the physiological regulation of
many cells, including smooth muscle cells, platelets, cardiomyocytes, and neurons. However,
similar to ROS, they can be harmful to living cells by mediating cellular toxicity and metabolic

damage.!!

In biological systems, ‘NO is the primary RNS and the source of all RNS. One of the main
pathways of RNS generation is through the rapid reaction of ‘NO with O2"", which is catalyzed by
nitric oxide synthases to form ONOQO"™. This reaction scavenges and neutralizes O,™ and ‘NO. In
contrast, ONOQO, the secondary RNS, is more toxic and can irreversibly damage biomolecules.®
It is less controllable as no specific enzyme exists to inhibit it. ONOO™ can react with thiols of low
molecular weight molecules and proteins to form radical thiols, eventually leading to their
oxidation. The reaction of ONOO™ with GSH is considered the main route of ONOO™ inhibition and
prevention of ONOO™dependent cell damage.**1%° Thiols, however, can aggravate damage

under some circumstances.*®!

1.2.2.1 Nitrosative stress

As mentioned above, a low concentration of RNS (especially ‘NO) is physiologically essential.
However, the dysregulated synthesis or overproduction of ‘NO leads to nitrosative stress and toxic
physiological consequences, leading to cell injury and death. Nitrosative stress is closely linked
to the elevated level of ROS (oxidative stress), including O,™.1%21% For instance, the reaction of
‘NO with O>™ leads to the formation of ONOQO", a potent biological oxidant that can damage many
biological molecules.*®1%215%4 Nitrosative stress can cause numerous pathological conditions and
various pro-inflammatory diseases such as cardiovascular, atherosclerosis, and rheumatoid
arthritis.’®-15"  Nitrosative stress may lead to the oxidation, nitration (addition of
NO,), nitrosation (addition of NO*), and nitrosylation (NO) of various classes of biomolecules,
including DNA and RNA bases, lipids, proteins, and metal cofactors.*®-1%° For instance, the
reaction between ONOO™ and guanosine forms 8-nitroguanosine (8-NO,-Guo),'®! leading to
apoptosis by increasing the rates of mutations and by promoting genome instability, and inter-
and intra-strand DNA crosslinks.!! Furthermore, RNS can react with double-bonds of unsaturated

cellular lipids, including fatty acid components of cell membranes, to generate nitro-fatty acid

10
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derivatives.'2163 RNS can also lead to the generation of nitro-hydroxy and nitrohydroperoxy lipids
at double-bond sites of fatty acid.'®* Moreover, proteins are another target of RNS, leading to
some post-translational modifications of proteins such as S-nitrosylation, glutathionylation, and
tyrosine nitration. These modifications may alter the structure and function of proteins, resulting
in numerous pathological conditions. For instance, elevated plasma levels of 3-nitrotyrosine can
cause cardiovascular diseases.*” Furthermore, iron-sulfur [Fe-S] clusters, heme-iron, non-heme
iron, and copper-containing enzymes can be deactivated by the reaction with RNS,¢® followed by
interruption of the ATP production may result in cell death.166-1¢8

1.2.2.2 Properties of Some RNS

Nitric oxide (‘'NO). ‘NO is a free radical species generated by different types of nitric oxide

synthases in many organisms. For instance, the oxidation of one of the terminal guanidino

nitrogen atoms converts L-arginine to L-citrulline concurrent with the production of ‘NO (Eq. 8).
L-Arginine + Oz + NADPH — L-Citrulline + ‘"NO + NADP~* (8)

In addition, "NO is highly diffusible through the cytoplasm and plasma membrane due to its lipid
and aqueous solubility.*6%170 |t is also an important second messenger for modulating numerous
cellular activities in neurotransmission, smooth muscle relaxation, blood pressure, and immune
regulation.’* Notably, nitrosylation of the ferrous heme by reversible covalent binding is one of
the most well-known ‘NO interactions that lead to cell-signalling.*®® However, high *NO levels are
a key mediator of neurodegeneration associated with numerous diseases, such as Parkinson's
disease (PD) and Alzheimer's disease (AD).}’?2 Moreover, elevated ‘NO levels are observed in

inflammatory arthritis, colorectal and bladder cancer, and stroke.1"3-176

Peroxynitrite (ONOQOT). ONOO™ is a potent oxidant and an effective nitrating agent in many

physiological and pathological processes. Endogenous ONOO™ is generated by the non-
enzymatic reaction of ‘NO and O, (Eqg. 9).%% It can also be generated by the reaction of HNO and
O, at physiological pH (Eg. 10).1’” However, the biological relevance of the latter is still unknown

due to the more rapid reaction of HNO with cellular thiols compared to molecular oxygen.
02" +'NO — ONOO™ 9
HNO + O, — ONOOH (10)

ONOO is an unstable biological oxidant with an extremely short half-life (< 10-20 ms).'? It is a

source of highly oxidizing radicals by transformation to other highly reactive molecules such as
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peroxynitrous acid (ONOOH; pKa 6.8) or unstable nitrosoperoxocarboxylate anion (ONOOCO>")
by the reaction with CO- (Eq. 11).178

ONOO™ + CO; — ONOOCO, (11)

ONOOH further undergoes O-0O bond cleavage to form both ‘OH and "NO- (Eg. 12) or undergoes

isomerization to form the nitrate anion (NOs7)(Eqg. 13).17°
ONOOH — ‘OH + "NO» (12)
ONOOH — NO5™ + H* (13)

Nitrosoperoxocarbonate anion decomposes to the nitrogen dioxide radical ("'NO-) and carbonate
radical anion (Eg. 14), or to nitrate and CO; (Eq. 15).178

ONOOCO; — ‘NOz+ CO3™ (14)
ONOOCO,” — NO3;™ + CO» (15)

It is worth mentioning that the reactivity of ONOQO™ is shifted toward nitration at physiological
concentrations of carbon dioxide.'® Subsequently, the generation of "NO, makes ONOO™ both an
oxidizing and nitrating agent of biomolecules.’®! In general, ONOO™ can oxidize thiols and
decompose carbohydrates as well as modify lipids (via oxidation and nitration), proteins (via
nitration, nitrosylation, and oxidation), and nucleic acids (via oxidation and nitration).8?
Noteworthy, nitrotyrosine, the nitration of tyrosine at the 3-position, is considered as a biomarker
of ONOO™ production in vivo.'83 Furthermore, the chemical properties of ONOO™ make it a crucial
pathogenic mediator in the onset and progression of many diseases, including inflammation,
cancer, cardiovascular disease, circulatory shock, ischemic stroke, reinjury, atherosclerosis, and
diabetes.'8* Furthermore, hypertension is related to ONOO™ generation and ‘NO degradation that

reduces endothelium-mediated vasodilation and the development of hypertension.!8®

In terms of beneficial effects, ONOO™ can modulate various cell signal transduction pathways in
vitro.18 ONOQO™ has been also recognized as a key cytotoxic effector of immune system cells
(macrophages) against invading pathogens such as Escherichia coli'®” and Trypanosoma
cruzi.'®® The pathogenic role and beneficial effects of ONOO™ in vivo have not been easily or fully
characterized due to its short biological half-life, lack of a reliable method to measure and monitor
its level in vivo, and the production of ‘NO; (a biomarker of ONOQO~) through two biological
pathways including ONOO™-dependent and myeloperoxidase-catalyzed oxidation of nitrite by
H.0,.12
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Nitroxyl (HNO). HNO is a one-electron reduced and protonated form of ‘NO. Endogenous

HNO can be generated through two possible mechanisms. One of these is NOS-dependent
pathways (under certain cofactor conditions), and the other is a direct reduction of ‘NO via
mitochondrial cytochrome ¢, manganese superoxide dismutase, ubiquinol, hemoglobin, or

xanthine oxidase.8°

HNO is an exclusive species with potent oxidation activity that can participate in pathological and
physiological mechanisms through direct interaction with biological compounds such as thiols
and thiol-containing proteins.**® Moreover, HNO can induce DNA strand breakage in vitro and in
vivo, and nitration of tyrosine residues of proteins.?®*-1% |n addition, HNO undergoes a
dimerization reaction by nitrous oxide reductase (NOR), leading to the formation of nitrous oxide
(Eqg. 16).1% Notably, detection, identification of the endogenous sources and elucidating the role
of HNO in vivo are challenging due to its rapid reaction with different biomolecules and

dimerization reaction.1%

HNO + HNO — [HONNOH] — N0 + H,O (16)

1.2.3 Reactive Sulfur Species (RSS)

RSS are sulfur-containing reactive biomolecules that can act either as oxidizing or as reducing
agents in order to maintain and regulate cellular redox state.®!® Thiols act as reducing agents and
are essential for cellular physiological events. In fact, they play critical roles in repairing radical-
induced damage to vital cellular components such as DNA and proteins, leading to the formation
of radical thiols (RS’ (Eq. 17).1%19 Similar to the rest of biological reactive species, the

dysregulation of RSS equilibria can cause pathological conditions.

RSH + DNA'— DNA + RS’ (17)

1.2.3.1 Properties of some RSS

Glutathione (GSH). As explained previously, GSH is the most abundant soluble thiol antioxidant

in normal cells, with high concentrations in the cytosol (1-11 mM), nucleus (3-15 mM), and
mitochondria (5-11 mM).1#81%8 GSH scavenges RONS, partially leading to the generation of
radical thiols (RS ). In fact, the cellular ratio of GSH/GSSG can be used to define the level of
oxidative stress of an organism.'® Oxidative and nitrosative stress lead to more consumption of
GSH to scavenge RONS, leading to increase the generation of RS".2° These reactions eventually

increase the concentration of GSSG, which may irreversibly oxidize and eventually damage
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many thiol-containing proteins and enzymes. For instance, the reaction of GSSG with a protein
thiol group produces protein—glutathione-mixed disulfides (protein-SSG) through the protein S-
glutathionylation reaction (Eq. 18). Protein-SSG adducts exhibit a higher half-life than GSSG4¢
and can be implicated in diabetes, cardiovascular and lung diseases, cancer, and

neurodegenerative diseases. In addition, GSNO also can promote protein S-glutathionylation.?°!
GSSG + protein-SH « protein-SSG + GSH (18)

Radical Thiols (RS’). RS" are sulfur-centered free radicals generated from one-electron oxidation

of thiols (RSH). Furthermore, oxidative environments can modify protein thiols (protein—SH) and
form RS® (protein—S°).1%202 RS" are generated through various pathways, but only a few are
considered the major ones.

The direct reaction between RSH and one-electron ROS (e.g., O™ and "OH) produces RS’ (Eq.
19) by hydrogen abstraction. Furthermore, peroxidases including lactoperoxidase, prostaglandin

hydroperoxidase, and myoglobin can indirectly generate RS® from thiols and H.O, or ROOH.0-
204

RSH + ‘OH — RS" + H,0 (19)

RS’ can also be produced by transition metal-catalyzed thiol oxidation.?*® For instance, the
reduction of Cu?* to Cu* or Fe** to Fe?* by GSH is a reaction of importance for maintaining cellular

redox homeostasis that leads to the generation of RS" (Eq. 20-21).205.206
Fe* + RSH — Fe?*+ RS + H* (20)
Cu?*+ RSH — Cu* + RS"+ H* (21)

RNS also can generate RS’ through the oxidation of both low- and high-molecular-weight thiols.
22207 1n cells with high concentrations of ONOQO™, the decomposition of ONOO™ produces "NOa,
and CO3™, which induces the oxidation of low-molecular-weight thiols, e.g., GSH and cysteine, by
one-electron transfer. For instance, "NO: can oxidize GSH and generate GS' intermediates (EqQ.

22), which initiate the further free radical chain reaction.?
GSH + 'NO2 —» GS' + NO2” + H* (22)

Furthermore, in the presence of excess GSH, GS'is formed from a direct reaction of ONOO™ (Eq.

23), which eventually leads to the formation of S-nitroglutathione (GSNO,).2%8
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GSH + ONOO™ — GS' + H,0 + ‘NO, (23)

In addition, ONOO™ can mediate the oxidation of high-molecular-weight biomolecules (protein
thiols) to free radical intermediates. For instance, it is able to oxidize the single cysteine residue

of bovine serum albumin, resulting in the formation of a protein cysteinyl radical.?°’

In general, RS’ are involved in various oxidation/reduction reactions, including electron transfer,
hydrogen abstraction, and additional reactions with numerous biological compounds such as
RNS, ROS, and RSS (Figure 1.2).2°° In normal biological systems, the rates of RS" production
are low enough to prevent the high steady-state radical concentrations for dimerization reactions.
Thus, the beneficial effect of RS production might be more significant than its harmful effects.

addition

electron .
abstraction GS00
GS " +X° + GSSG + 0.2 -
02
\ addition
. GS~
GS GSSG"~ electron transfer
VN N
GSH +A
hydrogen =~ ~CH=CH- GSNO GSSG + NO™
abstraction
GS
—CH—CH—
addition
Figure 1.2 The oxidation/reduction reactions of GS°, as a thiol radical, in biological systems.

Reproduced with permission from Ref.20°
For instance, RSONO generated from the reaction of RS* and "NO- (Eq. 24) decomposes to RSNO
through a transnitrosylation reaction and transfers a ‘NO from one protein's thiol to another one,
leading to S-nitrolysation of the thiol-containing biomolecules (Eqg. 25). S-nitrolysation plays
important roles in cellular signal transduction. For instance, under physiological oxidative
stress, S-nitrolysation of the thiols prevents their further cellular oxidative modification.?°
However, oxidative and nitrosative stress can affect enzymatic activity, subcellular localization,
protein—protein interactions, and protein stability by increasing RS® and ‘NO and subsequent S-

nitrolysation of the thiols and protein S-nitrolysation.?11-213

RS+ NO; — RSONO (24)
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RSONO + RSH <> RSOH + RSNO (25)

On the other hand, RSOH can undergo glutathionylation through the direct reaction with GSH to
regenerate RSH. However, further oxidation leads to irreversible oxidation of RSOH to sulfinic
(RSO2H) or sulfonic acids (RSOsH), which can cause partial or total loss of the biological activity
of proteins.2%%214 Noteworthy, analyzing pathways involving RS’ is challenging because their high

chemical reactivity results in half-lives that are often on the microsecond timescale.?®

1.3 Endogenous reactive species-responsive chemical bonds and materials for
various biomedical applications
The specific chemical reactivity of various reactive species, described in the previous section, can
inspire the development of RONSS-responsive chemical bonds and materials used for
therapeutic, diagnostic, and theranostic applications. As GSH-responsive chemical bonds and
materials have been explained previously (as model of thiol-responsive system), this part aimed
to presented the additional information about RONS- and RS'-responsive chemical bonds and
materials, including their structure, mechanism of action, selectivity, reactivity (sensitivity and rate

of reaction), applications, opportunities, and limitations.

1.3.1 RONS-responsive chemical bonds and materials
1.3.1.1 Thioether, Selenide, and Telluride
e Thioether

Thioether bonds may be oxidized in the presence of a variety of RONS, including H»O;, "OCI,
ONOQO", '0,, and "OH.?1%-21% The oxidation of the thioether into a more polar sulfoxide or sulfone
can be used to increase the aqueous solubility of nanocarriers.??®’* To date, the polarity
transformation of thioether groups has been developed for various biomedical applications.??* The
changes in the solubility of nanocarriers can promote the disassembly of nanocarriers loaded

cargos (e.g., drugs, biomolecules, and imaging agents) at oxidative microenvironments.

Thioether bonds have been mainly applied for drug delivery applications. They can be utilized as
a linker or in the structure of polymers.'%-125 For instance, polypropylene sulfide (PPS) is a well-
known RONS-responsive hydrophobic polymer that has been exploited for drug delivery to sites
undergoing oxidative stress.’®* Thioether-containing materials, including PPS show different

sensitivity toward different RONS. For instance, they are not responsive towards O,7.2%4
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However, they can be oxidized to sulfoxide or sulfone with relatively high concentrations of other
RONS (e.g., >500 uM H.0_).1%4 Yi et al. showed that in vitro, the reaction of hydrogel nanocarrier
contained PPS with H2O, (500 mM) led to >90% percent release of lipophilic indocarbocyanine
dye Dil, as a model of a hydrophobic drug, in one day due to the oxidation of sulfide.??®
Furthermore, Fuhrman et al. evaluated the stabilizing potential of thioether-contained amphiphilic
block copolymers for paclitaxel (PTX) nanocrystals as well as the effect of thioether oxidation by
endogenous ROS on the size and dissolution of PTX nanocrystals.??° Accordingly, the authors
coated the PTX nanocrystals with thioether-containing polymeric stabilizers prepared from
hydrophilic mPEG and hydrophobic polyester block bearing thioether branches (Figure 1.3).
Upon exposure to ROS (1 mM H,0,, 0.1 mM FeSO.), the thioether branches underwent oxidation,
followed by polarity changes in the hydrophobic block of the stabilizer resulting in nanocrystal
growth that may promote the cellular uptake of the nanocrystals. However, the thioether groups
didn’t indicate any oxidation and increment size in the presence of 10 times diluted ROS (100 uM
H.0,, 10 uM FeS0O.). Moreover, the oxidation of thioether groups with “OCI was much faster than
H2.0, and may lead to two oxidation steps, resulting in sulfone production. For instance, exposure
of aqueous dispersions of PPS nanopatrticles to ~2 uM of “OCl increased transmittance from 50%
to 90% just in ~1 min incubation due to particle swelling caused by oxidation of the thioether to
sulfoxides and sulfones.??® Based on another observation, the oxidation of PPS chain with 1.0 eq.

“OCl also result in generation of significant amounts of sulfones in 20 h.?%”

e hydrophilic 107 e NC without ROS
e hydrophobi = + NC with ROS
=
~ 140
Reactive é § &1
oxygen : % Liss+TT
species A 120 W4
(ROS) q 8 1
7 L
100 +&
Nanocrystal Polymer
with ROS shedding 0 2 4 6 $ 10 1
sensitive after ROS Time (h)
polymer treatment Nanocrystal growth
Figure 1.3 PTX nanocrystals were coated with ROS-responsive polymeric stabilizers containing

thioether bonds. In the presence of ROS, thioether bonds of stabilizer underwent oxidation,
leading to desorption of stabilizers from the surface of nanocrystals and resulted in
destabilization and altering size distribution for promoting cellular uptake of the nanocrystals.
Reproduced with permission from Ref.220
Thioether groups have also been utilized for the detection of endogenous RONS. For instance,
Gupta et al. prepared a diblock polymer of PPS and N,N-dimethylacrylamide, (poly(PS-.-b-

DMAg1,), Which formed micelles that could be loaded with different fluorophores including Nile
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red, 3,3-dioctadecyloxacarbocyanine perchlorate (DiO), and 1,1'-dioctadecyl-3,3,3',3"-
tetramethylindocarbocyanine perchlorate (Dil) as model drugs.?!’ Nile red is a hydrophobic
fluorophore that is strongly fluorescent in the hydrophobic core of intact micelles. However, its
fluorescence intensity decreases in aqueous solutions. Exposure of the micelles to 100 uM
ONOO™ for 15 min at physiological pH led to the release of 20% of loaded Nile red, due to oxidation
of PPS. Furthermore, fluorescence resonance energy transfer (FRET) of a pair of fluorophores
(Dil/DiO) was used and loaded into micelles to prove the release of model drugs in vitro due to
endogenous oxidants generated by lipopolysaccharide (LPS)-treated RAW 264.7 macrophages.
The release of Dil and DiO from micelles results in a decrease in FRET signals due to less
possibility in the energy transfer between dyes. Accordingly, 40% reduction in the FRET signal
from the Dil and DiO pair was confirmed in LPS-stimulated RAW 264.7 macrophages, confirming
that drug release of the system could be achieved in response to ROS produced in vitro. Besides
PPS, other thioether-containing materials have also been utilized for RONS detection. For
instance, Wu et al. have combined an “OCl-inert fluorophore, benzoxadiazole, as the energy
donor and an ~OCl-sensitive fluorophore, 4,7-bis(2-thienyl)-2,1,3-benzoselenadiazole (SeTBT),
as the energy acceptor in order to detect “OCl by FRET (Figure 1.4a).%¢ In the presence of “OCl,
the sulfide group of SeTBT can be oxidized to a sulfoxide and disturb the FRET process and its
emission in far-red to near-infrared (NIR) channel. However, the emission of benzoxadiazole was
enhanced in the green channel. Ultimately, the intensity of the FRET signal from the probe (10
pug/mL) decreased within 5 min in the presence of “OCI (100 uM) by oxidation of the sulfide group
of energy acceptors. However, this probe was not sensitive to up to 1 mM of other potentially
interfering species, including ROS ("'OH, H,02, HNO, t-BuOO*, 0,7, ONOQ") or reducing agents
(GSH, Cys, Hcy, DTT; Figure 1.4Db).
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Figure 1.4 (@) Schematic illustration of a fluorescent probe and responsiveness toward -OCI. (b)

Fluorescence spectra of the probe in the presence of various ROS and biologically relevant
analytes: PBS, 100 upM “OCl and 1 mM of *OH, H202, HNO, t-BuOO*, 02, ONOO", GSH, Cys,
Hcy, and DTT. Reproduced with permission from Ref.?16

The responsiveness of thioether groups toward 'O, has been exploited for light-triggered
spatiotemporal drug release in photodynamic and anticancer therapy.??8-2%0 Deng et al. utilized
the self-assembled diblock copolymer mPEG-b-PPS loaded DOX and IR780 to form
nanoparticles for anticancer therapy in vitro.?'° IR780 is a heptamethine dye that can generate
10, upon irradiation at a wavelength of 808 nm.?*! The particles remained 84% intact under
physiological conditions during 12 h and without irradiation.?!® However, after 20 s exposure to a
808-nm laser, around 75% drug was released in the following 4 h in 4T1 cells. This was explained
by the oxidation of PPS that partially promoted the disassembly of the system. As a result, the
light-triggered drug release is significantly improved under irradiation and by increasing irradiation

time due to increased ROS generation.
e Selenoether and Telluroether

Selenoether- and telluroether-containing materials have also been used for biomedical
applications due to their hydrophobic to hydrophilic transition caused by RONS, including H2O», ~
OCI, ONOO", 02, and 0,7.2%2-2%5 Compared to thioether groups, these chemical bonds exhibit
more responsiveness, as the reactivity of chalcogens increases with decreasing electronegativity
of the elements (S < Se < Te).19% For instance, Ma et al. compared the responsiveness of a
selenium-containing amphiphilic block copolymer (PEG-PUSe-PEG) with its polysulfide analogue
(PEG-PUS-PEG) toward H20.. They showed that the replacement of thioether by selenoether

groups increased the release of loaded DOX from 41% to 72% in 10 h reaction in the presence
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42.6 mM H.0, .5 Furthermore, Fang et al. investigated the responsiveness of telluroether-
containing hyperbranched polymers toward biologically relevant concentration of H,O, (100
uM).2* Accordingly, they synthesized an amphiphilic hyperbranched polymer by utilizing
telluroether groups as branches and PEG as a shell. Their polymer showed more than a 3-fold
increase in diameter upon exposure to 100 uM H2O:in around 20 h, due to telluroether oxidation

that led to aggregation and swelling of the polymer.

The oxidation of selenoether- and telluroether-containing materials in the presence of H,O; have
been utilized for drug delivery and cancer therapy.®® For instance, Yang et al. prepared a
selenium-containing amphiphilic aliphatic polycarbonate as an oxidation-responsive drug delivery
vehicle.?®” For this purpose, DOX, a fluorescent anticancer drug, was encapsulated in the
hydrophobic core of a self-assembled selenium-containing polymer (Figure 1.5). The authors
showed that the selenium in the backbone of the hydrophobic polycarbonate underwent oxidation
upon exposure to 100 yM H20O3, increasing the polymer's hydrophilicity and leading to 30% drug
release after a 12 h incubation.

@ Doxorubicin
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Figure 1.5 Schematic illustration of an amphiphilic aliphatic polycarbonate containing selenium for

oxidation-responsive drug delivery vehicle. In response to 100 pM H:202, the oxidation of
selenium groups in the backbone of polycarbonate underwent oxidation, leading to
hydrophobic-hydrophilic transition of nanoparticles and resulted in the release of loaded
DOX. Reproduced with permission from Ref.2%7

Furthermore, the selenoether- and telluroether-containing materials showed great potential in
chemotherapy and phototherapy due to their responsiveness toward *0,.2382% For instance, Wang
et al. employed the responsiveness of selenoethers toward *O;to develop NIR light-responsive
nanoparticles.?*® The authors prepared amphiphilic selenium-containing polymeric nanoparticles
by coupling PEG, bis(hydroxypropyl) selenide, and hexamethylene disocyanate and
encapsulation of different molecules e.g., DOX. Eventually, selenoether-containing nanoparticles
indicated around 40% drug (i.e., DOX) release induced by *O,-mediated Se oxidation after 12 h
incubation under 5 min post irradiation to NIR light (785 nm, 1.0 W cm™). In another example,
Fan et al. prepared a photosensitive tellurium-containing multilayer film to combine photo-
controlled photodynamic with chemotherapy in response to 10,.2%® As shown in Figure 1.6, the

authors fabricated the O.-responsive multilayer film by utilizing tellurium-containing micelles,
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porphyrin (as a photosensitizer), and polystyrene sulfonate as building blocks. Upon exposure of
the photosensitizer to visible light, the generated 'O, not only played an important role in
photodynamic therapy, but also oxidized the tellurium. Oxidizing the tellurium to Te=0 increased
the polarity of the micelles and led to an imbalance between the layers of the multilayer film, thus

releasing the encapsulated drug (Nile red as a model drug).
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Figure 1.6 The photosensitive tellurium-containing multilayer film was structured by utilizing tellurium-
containing micelles, photosensitizer, and polystyrene sulfonate as building blocks. Under
visible light, tellurium was oxidized to Te=O by exposure to generated 'O2. Te=O increased
the hydrophilicity of the micelles, followed by an imbalance between the layers of the
multilayer film and the release of encapsulated drug. Reproduced with permission from
Ref.2%9

The sensitivity of thioether-, selenoether- and telluroether-containing materials to multiple RONS
make them candidates to be used as reactive species scavengers or responsive groups within
drug delivery systems. Furthermore, their responsiveness toward O, makes them great groups
for photodynamic and cancer therapy. However, they remain unselective chemical bonds and are
not able to distinguish between different reactive species. Additionally, the biological effect of
selenoether- and telluroether-containing materials requires more evaluation in vivo as they are

active electron donors that can potentially interfere with metabolic reactions.?*

1.3.1.2 Disulfide and Diselenide

e Disulfide

Disulfide bonds have mainly been exploited as reducible groups due to their participation in thiol—
disulfide exchange reactions. However, they equally exhibit some responsiveness towards
oxidants and imply oxidation of their sulfur atoms. Furthermore, they exhibit less responsiveness

towards H,O, than their thioether counterparts.?** Biological disulfide bonds are oxidized in the
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presence of RONS, including H202,24?2 *OH,?*3 10,,24 O,7,24° ONOO™, and “OCIl.24¢ In the presence
of oxidants, disulfides can undergo several oxidation processes and eventually undergo cleavage.
Thiosulfinates (R-S(O)-S-R), thiosulfonates (R-S(02)-S-R), and sulfonates (R-S(O)-OH)
presented in Figure 1.7 are the most common products of oxidation._Thiosulfinates and
thiosulfonates are more polar than the parent disulfides. They have been utilized for morphology
switches or polarity transition (hydrophobicity to hydrophilicity) of the system, leading to the
disassembly of nanocarriers. However, S-S cleavage may happen due to a third step of oxidation,
leading to the production of sulfonates.®®?46247 These chemical bonds can be presented in
nanostructures as disulfide-linkers, in the main chain of the polymers,?* side chains of polymers,

249 or as disulfide-crosslinked carriers.?5%25
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Figure 1.7 Oxidation steps of disulfide bonds in oxidative environments. Disulfides bonds undergo
oxidation in the presence of RONS and result in the generation of thiosulfinates,
thiosulfonates, and sulfonates. Thiosulfinates and thiosulfonates lead to the polarity
enhancement of nanocarriers. Reproduced with permission from Ref.%

Disulfide bonds have mainly been employed for drug delivery systems and mostly investigated in
the presence of H,0,.163164172 For instance, Xu et al. conjugated a hydrophobic PPS to hydrophilic
poly(amidoamine)s through a disulfide bond. The resulting amphiphilic poly(amidoamine)
dendrimer (PPS-SS-PAMAM) self-assembled into stable micelles.?*® Due to the high zeta
potential of the micelles, DNA is trapped to the surface of the structure tightly. However, it was
released after 24 h incubation with 10 mM H>O; due to the oxidation of sulfur-based groups of
PPS to hydrophilic poly(propylene sulfone) and the cleavage of the disulfide bond of the complex.
The nanomicelles exhibited high gene transfection efficacy and very low cytotoxicity in vitro. The
system showed the potential of disulfide bonds in gene therapy by exposure to the intracellular
ROS in cancer cells. In another example, Sun et al. utilized a specific strategy to achieve the
faster degradation of disulfide bond in the presence of H.0,.2*” They conjugated PTX, an
anticancer drug, and citronellol (CIT) through disulfide bond-containing carbon chain to form a
prodrug nano-assembly (PTX-SS-CIT) for cancer therapy (Figure 1.8a). The authors utilized
three different lengths of carbon chains with (n: 1, 2, 3) connected to ester bonds to produce a-
PTX-SS-CIT (n=1), B-PTX-SS-CIT (n=2), y-PTX-SS-CIT (n=3). In the presence of 1, 5, 10 mM

H.0,, the oxidation of the disulfide bond to a hydrophilic sulfoxide and sulfone facilitated the
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hydrolysis of the neighbouring ester bonds and promoted the release of PTX (Figure 1.8b).
Indeed, more than 90% PTX release was achieved in 8 hours incubation in the presence of 1 mM
H>O: due to the oxidation of disulfide bond to thiosulfinates and thiosulfonates that led to the
hydrolysis of ester bonds. Furthermore, the anticancer drug's release rate was inversely related
to the distance between the sulfur atom and the ester bond (a-PTX-SS-CIT> B-PTX-SS-CIT > y-
PTX-SS-CIT).
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Figure 1.8 A prodrug nano-assembly PTX-SS-CIT and its responsiveness toward H202 for drug release

in tumor cells. a) Three disulfide-bond-bridged prodrug nanoassemblies (PTX-SS-CIT) were
formed by conjugation of PTX and CIT through 3 different lengths of the carbon chain that
contained disulfide bond. b) In vitro, PTX release from Hz202-triggered PTX-SS-CIT contained
1, 2, or 3 carbon bonds (a-PTX-SS-CIT, B-PTX-SS-CIT, and y-PTX-SS-CIT, respectively) was
increased by increasing the concentration of H202 (1, 5, and 10 mM) and decreasing the length
of carbon chains. Reproduced with permission from Ref.?4”

e Diselenide

Similar to disulfide bonds, diselenide bonds are responsive to oxidizing and reducing reagents.
However, their sensitivity and responsiveness are higher than that of disulfide bonds.?*12%® The
reason can refer to the lower bond energy of Se-Se (172 kJ mol™) compared to S-S (240 kJ
mol™1).254-2%6 Diselenide bonds can be reduced to selenols in the presence of reductant (e.g., GSH
and thioredoxin reductase)?®’ and oxidized in the presence of RONS, including H.O,, O,, ‘OH,
and ONOO". For instance, diselenides of selenocysteine methyl ester [-
SeCH,CH(NH;)C(=0)OCHzs]» were found to react with ONOO™ with high rate constants (0.72—
1.3x10% Mt s71).22 | ow-molecular-mass diselenides (0.5-1.25 mM) were reacted with 100 uM
ONOO™ at 22 °C in less than 5 s, monitored with loss in the absorbance of ONOO™ (at 302 nm).
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The mechanism of diselenide bond oxidation in the presence of RONS is similar to that of disulfide
bonds.? The oxidation leads to cleavage of diselenide bond and the production of seleninic acid
(Figure 1.9).258-260
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Figure 1.9 Scheme of a) reduction and b) oxidation reactions of diselenide bonds in the presence of GSH

and ROS, respectively. Reproduced with permission from Ref.261

The application of diselenide bond-containing materials has been restricted due to their general
low solubility in water and instability in the presence of oxygen. However, Ma et al. improved the
solubility by placing diselenide bond into a diol structure by conjugating an amphiphilic diselenide-
containing polyurethane (PUSeSe) with two water-soluble PEG blocks (PEG-PUSeSe-PEG).?5?
Afterwards, the diselenide-containing polymers were employed as ROS-responsive polymeric
carriers, which are sensitive to relatively low concentrations of ROS253254263 gnd exhibited almost
100% release of encapsulated fluorescent dye (i.e., rhodamine B) in response to diluted H->O-
(~4.3 mM) over a 5-h period.?®?

The oxidation responsiveness of diselenide bonds has been utilized for different biomedical
applications. Among all, they have mostly been used for drug delivery, chemotherapy,
photodynamic therapy, and light therapy.??1238.243 For instance Sun et al. utilized diselenide bonds
not only for chemotherapy but also to compare the redox responsiveness of six different linkers
(S, Se, S-S, Se-Se, C, and C-C) in the presence of GSH and H.0,.2** As shown in Figure 1.10a,
PTX, a chemotherapy medication, and CIT, monoterpene alcohol with antioxidant and anti-
inflammatory properties,?®* were conjugated through linkers contained Se or Se-Se and compared
their rate of release from each prodrug nano-assembly (PTX-Se-CIT and PTX-SeSe-CIT)
different linkers (S, Se, S-S, Se-Se, C, and C-C) and PEGylated to form six prodrug nanoparticles.
Upon exposure to H>O3, sulfur- and selenium-containing linkers underwent oxidation, followed by
increasing the hydrophilicity of nanoparticles. The oxidation of linkers also resulted in the release
of PTX by facilitating the hydrolysis of ester bonds placed in the neighbouring of the linkers. As
shown in Figure 1.10b,c, the oxidation and H2O--trigged drug release of conjugates followed the
order of PTX-Se-CIT> PTX-S-CIT > PTX-SeSe-CIT >PTX-SS-CIT >>> PTX-CC-CIT and
PTX-C-CIT, which inversely correlated to their electronegativity. Furthermore,

selenoether/diselenide bond have been reported to have the ability to produce ROS in vitro due
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to the toxicity of Se, which can induce apoptosis of tumor cells and promote the cytotoxicity of
these prodrugs and the anticancer drug.
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Figure 1.10 (@) Scheme of prodrug nanoparticles preparation by utilizing different linkers between PTX

and CIT for cancer therapy. The release of PTX from prodrug nanoparticles was achieved
upon exposure to (b) 1 mM H202 and (c) 10 mM H202 due to the linker oxidation, which can
facilitate the hydrolysis of adjacent ester bonds. The prodrugs nanoparticles contained Se

exhibited the highest release rate in both conditions. Reproduced with permission from
Ref.24

Furthermore, diselenide groups are responsive to ROS generated by y-radiation?°2% and light
activates photosensitizers (visible light®*, and red light?®®). For instance, Sun et al. developed a
hyperbranched polymer by utilizing diselenide bonds and a porphyrin derivative, a fluorescent
photosensitizer, as monomers that were polymerized with PEG.?*® Diselenide/porphyrin-
containing hyperbranched polymer can self-assemble into nanopatrticles through emulsification in
an aqueous solution. Porphyrin can generate 'O, upon irradiation with visible light. Accordingly,
diselenide bonds started to oxidize after visible light irradiation of the porphyrin due to reaction
with the produced O,. 1-h visible light irradiation led to the degradation of the polymer into low-

molecular-weight products due to the oxidation and cleavage of diselenide bonds. Furthermore,
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the diselenide bonds could be oxidized to seleninic acid, which can exhibit cytotoxicity towards
MDA-MB 231 human breast cancer cells and enhance the antitumor effect of PDT in vitro. y-
radiation also generates ROS, including "OH, ‘HO2, and H:0., in an aqueous solution, leading to
the oxidative cleavage of the diselenide bond.?®® For instance, Li et al. developed carrier-free
nanoparticles that contain diselenide bonds for cancer radiotherapy combined with
chemotherapy.?®® Upon mild y-radiation with clinically doses of 2 or 5 Gy, the diselenide bonds
were cleaved to form seleninic acids. Seleninic acid, as a chemotherapeutic drug,?®® increased
the level of ROS in cancer cells, which leads to cell cytotoxicity and enhances the anticancer

activity of radiotherapy in A549 lung cancer cells.

In general, disulfide and diselenide bonds are sensitive to high concentrations of RONS. When
incorporating such bonds into nanocarriers, the system's stability should be considered in the
biological environments to avoid any undesired linker breakages. Indeed, while being sensitive to
reduction, disulfide and diselenide bonds do not exhibit rapid responses toward RONS. Moreover,
diselenide bonds have been utilized for chemotherapy, radiotherapy and PDT due to the oxidation
by 'Oz and ‘OH, and the generation of seleninic acid via diselenide bond oxidation/breakage.
However, the toxicity of released seleninic acid may limit their application. Last but not least, the
responsiveness of diselenide bonds needs more investigation towards reactive species other than
H20..

1.3.1.3 Vinyl disulfide

Vinyl disulfides (also referred to as cis (Z) bis(alkylthio)alkenes (BATAS)) have shown sensitivity
toward 10,.2%" This group is usually synthesized through the nucleophilic reaction of thiolates with
vinyl halides and is almost exclusively utilized in combination with type Il photosensitizers, which
produce O, from molecular oxygen.?®® Among all reactive species, 'O, reacts with the double
bond of electron-rich vinyl disulfide through [2+2] cycloaddition and forms an unstable dioxetane
intermediate, spontaneously followed by bond cleavage and generation of two carbonyl products
(Figure 1.11).2%° However, the direct oxidation of sulfur is also possible, leading to the production
of S-vinyl sulfoxide, which is no longer electron-rich. S-vinyl sulfoxide is not cleavable under
exposure to 'O, and affects the reactivity and efficiency of the vinyl disulfide-containing

nanocarriers.2’?
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Figure 1.11 Scheme of oxidation and transformation of vinyl in the presence of 0. O can react with the

double bond of vinyl disulfide and form unstable dioxetane intermediates, spontaneously
followed by bond cleavage and generation of two carbonyl products. S-vinyl sulfoxide also
can be generated from the direct reaction of a sulfur atom of vinyl disulfide with 1Oa.
Reproduced with permission from Ref.?70

Vinyl disulfide can functionalize polymer structures to construct O-responsive polymeric
nanocarriers for photodynamic and cancer therapy.?’*?72 Vinyl disulfide bonds can be utilized as
the bridge between two different polymers, such as between PEG and poly(e-caprolactone)
(PCL)?®° or poly(D,L-lactic acid) (PDLLA).?%® For instance, amphiphilic diblock copolymers of
PEG-b-PCL were designed as biocompatible visible-light responsive systems containing the *O,-
sensitive vinyl disulfide linker between the blocks.?®® Self-assembled diblock copolymers were
loaded with a long wavelength photosensitizer (i.e., Chlorin e6 (Ce6)) and a hydrophobic
anticancer drug (i.e., DOX). Light irradiation (50 mW.cm2; 660nm, 2 h) triggered photocleavage
of the linker, and consequently, disassembly of the nanopatrticles leading to enhancement of DOX
release. Indeed, the release of loaded cargoes increased from ~35 to 45% over 25 h for the non-
irradiated and irradiated samples, respectively. In another example, Dariva et al. developed two
light-sensitive nanoparticles loaded with Ce6 and Dox based on copolymers of PEG (5 kDa) and
PLA (1 or 10 KDa) connected to each other by the 1,2-bis(2-hydroxyethylthio)ethylene (BHETE),
a vinyl disulfide moiety.2®® Accordingly, PEGsc-BHETE-PLA10« nanoparticles exhibited better Dox-
controlled release by red-light irradiation compared to conjugate with PLA1x as a result of the tight
PLA core. Vinyl disulfides can also be placed between mesoporous silica and a pore-blocking
substrate for on-demand pore opening and drug release under light irradiation.¢”-2”® For instance,
Yang et al. loaded the photosensitizer (i.e., Ce6) and a model therapeutic cargo (i.e., G3-Pt),
within mesoporous silica nanorods.?®’ Afterwards, nanorods were coated with bovine serum
albumin through vinyl disulfide linkers to block the pores of nanorods and prevent undesirable
drug release. The surface of the nanorods was then modified by attaching PEG to enhance the
solubility and the physiological stability of nanorods. NIR light irradiation (1 h, 660 nm) induced

the rapid release of loaded chemotherapeutic from the nanorods in vitro (6.5% vs. 31% for the
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non-irritated and irritated samples, respectively). Furthermore, in vivo, the tumor growth was

significantly inhibited after 2 weeks of therapy.

Overall, vinyl disulfides exhibit selectivity and sensitivity toward 0., making it an option for
photodynamic and cancer therapy. However, its efficiency and application are limited due S-vinyl

sulfoxide production as a side reaction.

1.3.14 Thioketal

Thioketal groups have been shown to react with a broad spectrum of reactive species, including
H20,274, 10,275, "OH 276, 0,7, ONOO"~, and "OCI.?"7 Upon exposure to the oxidative environments,
this group underwent the oxidation reaction that led to their cleavage and followed by the
production of ketone or aldehyde and thiols by-products (Figure 1.12).2’® Zhang et al. have been
the only group that compared the responsiveness of thioketal groups toward different RONS.2"
The authors investigated that the degradation of thioketal groups in the presence of RONS
depends on the relative oxidation potency of these species (OH > H,O, > O,™). Furthermore,
thioketal-containing materials underwent a faster degradation in the presence of
ONOO™ and "OCI compared to ‘OH, H:O,, and O,". Thioketal groups can also be used to
temporarily mask carbonyl groups (ketone, aldehyde), which are then exposed upon reaction with

RONS and leading to the production of respective ketone or aldehydes.?78:27
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Figure 1.12 Scheme of oxidation and degradation of thioketal bonds by RONS. RONS can oxidize a sulfur
of thioketal bonds and lead to the generation of the respective ketones or aldehydes
components by forming a thionium intermediate and its consequence hydrolysis. Adapted
and modified from Ref.?"8

Thioketal groups have great potential for therapeutic applications?°-282 due to RONS-sensitivity
and their known stability to acidic and basic conditions?®. Thioketals can be placed in the main
chain of polymers to form hydrophobic thioketal containing polymers, including poly(1,4-
phenyleneacetone dimethylene thioketal) (PPADT)?79281.284 or as a side chains of polymers to
conjugate the drugs.?® Kim et al. have investigated the degradation of PPADT in the presence of
‘OH (generated by 10 mM H>O. and 20 mM ferrous perchlorate solution in PBS ) and O>"
(generated by 10 mM KO; in degassed PBS).2”° The molecular weight of Nile red-loaded PPADT

nanoparticles dropped to ~29% of its original value in the presence of 10 mM KO, (containing
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O27) over a 24-h period, and ~44% drug release was equally observed. Drug release decreased
to ~26% over 60 h in 10 mM H20O- solution (containing ‘OH). Based on their report, the thioketal
group was more sensitive to O, than to "“OH, due to the catalytic peroxidation-like chain reaction
between O, and the sulfur of PPADT.?8 Furthermore, T-conjugated thioketal moieties have
attracted interest in cancer therapy not only because of RONS-sensitivity but also due to their
potential in enhancing drug loading content by T—TT interactions between 1-conjugated thioketal
moieties and anticancer drug.?®"28 For instance, Sun et al. prepared block copolymer mPEG-
thioketal-poly(e-caprolactone) that could self-assemble into micelles. DOX was physically
encapsulated into micelles via -1t interactions between an aromatic thioketal and DOX.28” The
micelle showed high drug loading and encapsulation efficiency (12.8% and 64%, respectively)
under physiological conditions. Afterwards, the release of DOX was reported around 50% and
30% within ~12 h at acidic condition (pH 5.5), with or without 10 mM H,O; incubation, respectively.
In addition, Xu et al. compared the RONS sensitivity of three different amphiphilic copolymer
micelles, including mMPEG-poly(thioketal-ester), mPEG—poly(thioketal-ester-thioether) and
mPEG—poly(ester-thioether).?8 Nile red was loaded into polymers as a model drug. The mPEG-
poly(ester-thioether) nanoparticles showed the highest drug release (65%) in the presence of
500 uM H»0O; within 72 h compared to poly(thioketal-ester-thioether) that exhibited 47% drug
release in the same condition. Therefore, the authors showed that the thioketal bonds exhibited
lower reactivity toward RONS than thioether bonds. Some works have also been proceeded
based on Fenton reaction (an iron-mediated reaction that led to the conversion of H,O- to highly

reactive and toxic "OH) and "*OH-responsive thioketal groups for cancer therapy.2’6-28°

Thioketal bonds have also been widely applied for synergistic PDT in combination with
chemotherapy, immunotherapy, and gene therapy due to the degradation of thioketals in
response to 10,.2°%292 For instance, Wang et al. formed polyplexes by condensing thioketal-
crosslinked polyethylenimine with plasmid DNA encoding p53 to obtain efficient gene delivery
combined with photodynamic therapy.?®® Accordingly, a negatively charged photosensitizer,
pheophytin a, was modified by hyaluronic acid and called HA-Pha. Afterward, HA-Pha was used
to shield the positive charge of polyplexes, which enhanced colloidal stability and the cellular
uptake in cancer cells. A non-toxic amount of ROS was produced by pheophytin a by a brief
(8 min) far-red light irradiation, which promoted intracellular p53 gene release by decomposition
of the thioketal cross-linker. However, prolonged exposure (30 min) produced lethal amounts of

ROS, thus achieving cooperative anti-cancer efficacy by photodynamic therapy.
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Overall, thioketal groups have been widely utilized for biomedical applications, including drug
delivery, synergistic PDT in combination with chemotherapy, immunotherapy, and gene therapy.
Notably, thioketal-containing materials are resistant to hydrolysis in different pH environments,
making them interesting for applications involving harsh pH environments.?8! Furthermore, they
do not show rapid degradation in the presence of H.O but respond readily to 1O, produced by

photosensitizers.

1.3.1.5 Oxalate

The responsiveness of oxalate groups has been mainly investigated in the presence of H;O..
However, it exhibited sensitivity toward other RONS, including "OCI, "NO, "OH, and O,™.2%* As
shown in Figure 1.13, oxalate bonds can be oxidized upon exposure to oxidants such as H2Ox,
leading to the generation of an intermediate 1,2-dioxetanediones and their corresponding alcohols
or diols. Afterward, intermediate 1,2-dioxetanediones can be rapidly decomposed into CO, due
to their high energy.2°>-2°” Energy from the degradation of 1,2-dioxetanediones can be transferred

to various surrounding fluorescent dyes, leading to their excitation accompanied by light emission.
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Figure 1.13 Scheme for the oxidation of oxalate bonds upon exposure to H202. The oxidation of oxalate

groups led to the generation of their corresponding alcohols or diols and intermediate
dioxetanedione, followed by the generation of CO.. Adapted and modified from Ref.2%

Peroxalate esters have been utilized for drug delivery as a linker between two block polymers,3®
side chains to link the drugs to different copolymers,?®” or monomers in the polymer backbones
to produce hydrophobic polyoxalate.*®! Polyoxalate can degrade in response to H.O and water,
leading to nontoxic byproducts with low molecular weights.3°302 Furthermore, polyoxalate
exhibited highly potent for drug delivery due to their great biocompatibility and biodegradability
with less cytotoxic than poly(lactic acid-co-glycolic acid) nanoparticles.*13°2 |n addition, oxalate
esters can be polymerized with a variety of diol/diphenol-containing antioxidants, such as

curcumin, 4-vanillyl alcohol, and p-hydroxybenzyl alcohol, to develop the antioxidant polymeric
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nanopatrticles, including poly(oxalate-co-curcumin), vanillyl alcohol-incorporated copolyoxalate,
and p-hydroxybenzyl alcohol-incorporated copolyoxalate (HPOX), respectively.23-397 In oxidative
microenvironments, the oxalate bond of these polymers underwent oxidation, resulting in the
release of antioxidants for therapeutic effects in inflammatory diseases. For instance, HPOX
nanoparticles can prevent the expression of inducible nitric oxide synthase and the production of
pro-inflammatory mediators in LPS-activated RAW 264.7 macrophage cells.®” HPOX also
showed anti-asthmatic effects in a murine model of allergic asthma by releasing its monomer (p-
hydroxybenzyl alcohol), a H.O, scavenger, which prevents the recruitment of inflammatory cells
and the expression of pro-inflammatory mediators. Accordingly, HPOX can be applied as a
therapeutic agent against airway inflammatory diseases.3%

Different oxalate-containing fluorescent probes have been used to detect RONS, especially H20»,
in vitro and in vivo.294295:309310 Eor this purpose, oxalate bonds were mainly employed as sources
to excite fluorophores encapsulated into nanocarriers.?%309310 For example, Lee et al.
synthesized fluorescent peroxalate nanoparticles for the sensitive and selective imaging of H2O;
in the peritoneal cavity of mice experiencing inflammation.2%® The authors indicated that generated
dioxetanedione excited the encapsulated fluorescent dyes (i.e., pentacene) via the chemically
initiated electron-exchange luminescence mechanism.??®® Accordingly, the chemiluminescence
emission intensity of dye increased in the presence of 10 uM H.O; around 50 times higher than
with either tert-butyl peroxide or the *OH. In vivo, the chemiluminescence intensity was almost 2
times higher in mice injected with LPS than in mice treated with saline and peroxalate
nanoparticles. In another example, Yang et al. reported an oxalate—curcumin-based probe for
near-IR fluorescence imaging and detection of RONS at sites of inflammation (Alzheimer’s
disease).?®* In contrast with the majority of articles, they investigated the responsiveness of
oxalate-containing systems in the presence of a variety of RONS (250 nM), including H.O,, "OCI,
‘NO, "OH, and O>". Accordingly, oxalate—curcumin-based probe possessed a fast concentration-
dependent response to all tested RONS with the highest and lowest responsiveness toward Oz~
and H,O;, respectively, during 15 min incubation. Oxalate bonds are also the options for

theranostic applications due to their advantages in therapeutic and diagnostic applications.311:312

In summary, oxalate bonds have been employed for drug delivery, RONS detection, and
theranostic applications. Polyoxalate moieties have been employed for drug delivery and
antioxidant therapy due to their responsiveness toward RONS, biocompatibility, and
biodegradability. Furthermore, the generated intermediate dioxetanedione can excite other

fluorophores, facilitating ROS detection and imaging. They also generally exhibited slow
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oxidative-oxalate breakage in the presence of physiologically-relevant concentrations of H2O..
One of the limitations of oxalate-based materials is the hydrolysis of peroxalate ester linkers in
agueous solvents. Therefore, oxalate-based materials require the protection of peroxalate linkers

in aqueous solvents to achieve an efficient and more practical system.

1.3.1.6 Boronic acids/esters

Boronic acids/esters are highly electrophilic groups due to their sp?-hybridized boron atom with
an empty p orbital. A variety of RONS, including H.O,,3** ONOO™,%® “OCl,3!* *OH,3!° NO, 0,316
and 0,731 can oxidized boronic acids/esters groups. Figure 1.14a presented the oxidation
reaction of boronic acids/esters groups in the presence of H,O, as a model of oxidizing agents.
The nucleophile oxygen of H.O:inserts an oxygen atom into the C—B bond of boronic acids/esters,
followed by R group migration to oxygen, resulting in hydrolysis into corresponding alcohol and
boric acid.®*"-31° In cases of participating arylboronic acids/esters, oxidation of the C—B bond will
be followed by cleavage of the phenyl group from boron of arylboronic acids/esters via a quinone
methide rearrangement (1,6-elimination) (Figure 1.14b). Accordingly, the process leads to the
generation of corresponding alcohol, boric acid, and the generation of quinone methide, a toxic

and active anticancer compound.318-320.321
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Figure 1.14 Reaction mechanism of boronic acids/esters oxidation in the presence of H202 as a model of

RONS. (a) The nucleophile oxygen of H202 can attack the boron atom of boronic acids/esters
and lead to R migration to oxygen, followed by hydrolysis into corresponding alcohol and
boronic acid. (b) In arylboronic acids/esters, phenyl group will be cleaved from boron after
oxidation of C-B bond by H202. The process leads to the release of ROH, boronic acid, and
qguinone methide. Reproduced with permission from Ref.31°

Among all boronic acids/esters derivatives, arylboronic acid/ester groups have attracted great
attention due to their specificity and high selectivity to H.O,, "OCI, and ONOO™.%?2 "OCl reacts
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with aryl boronates around 10* times faster than H.0..3* However, in biological conditions, "OCI
reacts more rapidly with cellular thiols and amines compared to the oxidation of boronates.3%® At
physiological pH, the reaction of ONOO™ with arylbronates is 10° times faster than the hydrogen
peroxide-mediated oxidation, likely due to the anionic form of ONOO™ in comparison to neutral
H202.314

Boronic acids/esters have been used widely in biomedical applications, including drug delivery,
imaging probes, prodrugs, and vaccines.***%? For instance, Lux et al. synthesized a polyester
with each monomer bearing arylboronic esters.3!” Afterward, hydrophobic Nile red was loaded
into nanoparticles by the oil-in-water emulsion techniques to measure polymer degradation in the
presence of H,O,. The arylboronic ester bonds located in the polymer's backbone underwent
degradation in the presence of biologically relevant concentrations of H,O, (0.05 mM) due to
oxidation and subsequent hydrolysis of arylboronic esters groups. This led to 40% cargo release
over 25 h incubation. In another example, Zhao et al. designed caged thiocarbamate-
functionalized arylboronates, a ROS-triggered H.S donor, for H,S-related therapies.®'® H,S is a
potential signalling compound that plays a vital role in mammalian biology.*?®* The generation of
H.S was observed in 20 min incubation of prodrug (50 uM) with 500 yM of various RONSS,
including “"OCI, ‘OH, '0O,, Cys, GSH, GSSG, NO:", ‘NO, or HNO. However, only incubation with
H.0,, 027, or ONOO™ caused the oxidation of arylboronic ester, self-immolative reaction, and

eventually led to the release of carbonyl sulfide (COS), which is quickly hydrolyzed to H,S.

A variety of luminescent boronate-based probes have been developed for detection/imaging of
the reactive species, including fluorescent,??"232 chemiluminescent,®¢3?° and bioluminescent33°:33!
probes. Some boronate-based probes can accumulate in specific organelles such as the
mitochondria,®¥? nucleus,®* or lysosome®3** via covalently attachment to an organelle-targeting
moiety for RONS detection.®*®* Boronate-based probes have emerged to detect exogenous and
endogenous reactive species, including H20,,%3® ONOO™,**” and “OCI**8 in vitro and in vivo. For
instance, Palanisamy et al. developed a boronate-based fluorescent probe, to detect the
generated ONOO™ in vitro and in vivo.*3* Upon the addition of ONOO™ and elimination of the aryl
boronate, a decrease in emission 385 nm and an increase at 450 m were observed, suggesting
its ability for ratiometric detection of ONOQO™. The probe's emission ratio lsso/lsss showed a linear
relationship with ONOO™ concentration between 0-10 uM with a detection limit of 29.8 nM.
Furthermore, the reaction between boronate-based fluorescent probe (5 uM) and ONOO™ (1 eq.)
finished in 5 min, and no response was observed in the presence of other RONS (20 eq.) such
as NO?, NO*, NO, H,0,, “OCl, ‘OH, "OtBu, TBHP. Subsequently, endogenous ONOO~ was
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detected in RAW 264.7 macrophages and EAhy926 cells that were treated with boronate-based
fluorescent probe and stimulator of ONOQO", including bacterial endotoxin LPS, pro-inflammatory
cytokine interferon, 3-morpholinosydnonimine (SIN-1) and phorbol-12-myristate 13-acetate
(PMA). Finally, the overproduction of ONOO™in High-Fat-Diet-induced kidney injury was
demonstrated in the High-Fat-Diet tissue model of male C57BL/6J mice via a considerable
increase in emission. The obtained results proved the selectivity and sensitivity of 4-MB for
ONOO™ in vitro and in vivo. In another example, Hou et al. prepared a NIR ratiometric fluorescent
probe (AB1) in which a red fluorescent dye (DDAO) was attached to phenylboronic ester via an
ether linkage for the imaging of H.O. in vitro and in vivo.’* AB1 exhibited a relatively
strong fluorescence emission at 620 nm by excitation at 480 nm. Upon exposure to H;O,, the
phenyl boronic ester group underwent the oxidation and self-immolative cascade reaction
resulting in a red-shifted emission wavelength due to the release of corresponding fluorophore
DDAO with different excitation and emission wavelengths (Aex/Aem 600/660 nm) (Figure 1.15).
AB1 exhibited high selectivity and sensitivity toward H,O (100 uM) compared to the other RONS
(1 mM), including ‘OH, NO, ROO", 02, and “OCI. Indeed, the emission wavelength of AB1 (5 uM)
was almost completely shifted from 620 nm to 660 nm after 1 h incubation with H.O, (100 uM).
Eventually, probe AB1 exhibited NIR fluorescence turn-on and a ratiometric response to H,O; in
in HeLa cells stimulated with PMA-induced ROS formation and in a murine model of acute

inflammation.
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Figure 1.15 H202-sensing mechanism of AB1. Under reaction with H202, the phenyl boronic ester group

of AB1 underwent cleavage, resulting in the release of DDAO with red-shifted emission
wavelength (Aex/Aem 600/660 nm) due to a strong intramolecular charge transfer (ICT) process.
Adapted from Ref.34°

Boronic acids/esters groups exhibited efficient and selective responses toward RONS. However,
sometimes it is challenging to identify the reactive species involved. Accordingly, their sensitivity
toward multiple RONS may limit the application of the probes to detect specific reactive species

in biological systems. Moreover, the 1,6-elimination reaction may release the benzyl group in the
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highly toxic quinone methide form, limiting its application in vitro and in vivo. However, quinone
methide could be applied for anticancer therapy.34+*4? Furthermore, many of the current imaging
probes are designed based on boronate structures due to the ease of functionalization, simple

deprotection mechanism and high selectivity/sensitivity toward reactive species.

1.3.1.7 Ferrocene

Ferrocene (bis-cyclopentadienyl iron, Cp2Fe) is an organometallic compound with two 1-bonded
cyclopentadienyl (Cpa) ligands on an iron. As shown in Figure 1.16, ferrocene has a symmetrical
structure with reversible oxidation properties and is frequently referred to as a “sandwich
complex”.®*® Generally, the ferrocene moieties are non-toxic and water-stable, which can be
quickly oxidized by oxygen under acidic conditions.3#4345346 Ferrocene-containing nanosystems
have shown responsiveness towards H,O, "OCl, 'O,, and oxygen.®*’-3%9 |In general, ROS trigger
the oxidation of the hydrophobic neutral ferrocene (Fc) into hydrophilic ferrocenium (Fc*) without
changing its molecular structure.®*3%! The oxidation of ferrocene in ferrocene-containing
nanoparticles depends on the oxidant's ability to diffuse in the shell. For instance, unipolar (H20>)
molecules can more effectively oxidize the ferrocene side groups than negatively charged

oxidants (MnOy) due to their ionic character and diffusion rate.359.3%2

> D |©

| Oxidation '
Fe” Felll
CCbD Reduction @b}
Ferrocene Ferrocenium lon
Figure 1.16 Oxidation and reduction reactions of Ferrocene. Reproduced with permission from Ref.343

In general, most researchers have investigated the effect of H.O, on the ferrocene groups
compared to other reactive species. However, some works reported the effect of "OClI, oxygen,
and 'O, on nanocarriers containing ferrocene.>’=3*° For instance, Xu et al. reported stimuli-
responsive nanoparticles based on ferrocene-modified chitosan oligosaccharides to deliver 5-
fluorouracil, an antitumor drug, under exposure to oxidants.?*” “OCI, H,O,, and oxygen were used
model oxidants and showed the acceleration in nanoparticle disassembly due to oxidation of
ferrocene in acidic solution (pH 3.8). It is worth mentioning that the oxidative power of oxygen
rises significantly in the presence of acids. However, ferrocene is highly stable in oxygen without

acids, as its redox potential is more than oxygen.3*®
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Ferrocene has been used as a hydrophobic building block to synthesize self-assembled
amphiphilic block copolymers for controlled drug release. For instance, Staff et al. prepared
functional nanocapsules consisting of a poly(vinylferrocene)-block-poly(methyl methacrylate)
copolymer shell and a hydrophobic liquid core contained that was selectively oxidized by H20,.3%?
This system was used to encapsulate fluorescent pyrene as a model of a hydrophobic substrate
and then release it by hydrophobic to hydrophilic transition of ferrocene upon oxidation. Ferrocene
also can be utilized as hydrophobic side chains within ferrocene-containing polymers in ROS-
mediated drug delivery systems.?”® For instance, Liu et al. presented a ferrocene-containing self-
assembled block copolymer (PEG-b-PMAEFc) for controlled release of a fluorescent dye (i.e.,
rhodamine B) in the presence of H.O (Figure 1.17).>*° The release of rhodamine B from PEG-b-
PMAEFc nanopatrticles occurred due to ferrocene oxidation in the presence of ~0.6 M H>O,. In
the presence of oxidants, the charge density and electrostatic repulsion between the side chains
can be enhanced due to ferrocene oxidation, leading to the swelling of the micellar cores and
followed by releasing the encapsulated drugs.®73%2 In another example, Na et al. prepared
ferrocene-containing polymer nanocapsules for ROS-mediated delivery of the antioxidant a-
tocopherol to aid wound healing.3>® Accordingly, they utilized the ROS-scavenging advantage of
ferrocene moities®* to enhance the antioxidant capacities of their system. Ferrocene polymer
nanocapsules exhibited dissociation in the presence of ROS due to the oxidation of ferrocene,
thereby releasing a-tocopherol. Accordingly, 20% cumulative release was achieved within 2 h
incubation in the presence of 100 mM H»O,, reaching ~80% after 24 h in PBS (pH 7.4). However,
in the absence of H,0,, only 20% release was observed after 24 h. Finally, their system inhibited
tissue damage of wounded sites in vitro (scratch assay) by promoting cell proliferation, migration

and acceleration of the healing process due to their ROS scavenging activity.
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Figure 1.17 Self-assembly of PEG-b-PMAEFc and responsiveness toward ~0.6 M (1.4% v/v) H202, followed

by releasing rhodamine B from nanoparticles, which was confirmed by enhancement in
fluorescence intensity. Adapted from Ref.35°

Ferrocene-based materials have also been utilized for “OCI imaging and detection.3%53%¢ |n 2010,
a ferrocene-based fluorescent probe was reported for "OCI fluorescence imaging in live cells
(HeLa cells).?%® The probe was designed by connecting ferrocene and an anthracene fluorophore
via a double bond as a linker. The probe strategy was based on the intramolecular charge-transfer
(ICT) process between electron-donor ferrocene to an anthracene unit that led to the strong
guenching effect of the ferrocene over the anthracene unit. The double bond of the linker was
cleaved selectively justin 10 min presence of "OCI (100 uM) but not in the presence of other ROS
('OH (100 uM Fe?* + 1 mM H,02), O (1 mM KOy), 102 (1 mM NaxMoO4 + 2 mM H.0;), and
H.O, (1 mM)) in pH 7.4, along with restoring the fluorescence of anthracene. Interestingly, the
authors could not demonstrate the oxidation of ferrocene in the presence of "OCIl. However, they
utilized the strong quenching effect of electron-donor ferrocene on anthracene fluorescence for
“OClimaging. Furthermore, ferrocene-containing structures exhibited the potential to be used for
PDT and cancer therapy due to the responsiveness of Ferrocene toward O, and HO,

respectively.349357

In general, ROS-responsive nanosystems containing ferrocene groups have shown several
advantages, including reversible redox properties, stability, ROS-scavenging, and a convenient

synthesis process.3433%8:3% However, some studies have also reported various disadvantages
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limiting their application, including low yield preparation due to multistep processes, poor
solubility, and uncontrollable size and surface charges of nanoparticles.®%361 Furthermore, it is
still challenging to expand their therapeutic or diagnostic applications further as their

responsiveness towards different reactive species has not been broadly investigated.

1.3.1.8 Cyanine and Hydrocyanine
e Cyanine

The absorbance and emission spectra of cyanine dyes can be adjusted from UV to infrared
regions based on modifications to their molecular structure.®®? Cyanine dyes have been used as
fluorescent labels, particularly in biomedical imaging.%33%4 However, it was discovered that
cyanine dyes could be used to detect and image reactive species, especially “OCI, ONOO,
and ‘OH.3%5-%¢7 Indeed, the electron-deficient C=C bonds of polyenes are unstable in the presence
of such reactive species. As a result, cyanine dyes go through oxidation and regioselective
cleavage reactions that mainly happen at the a-amine C=C bond position (Figure 1.18).368:36%

SO4H SO4H SO;H

‘ ONOO" 0

HO3S NN\ ‘ O3H 0= O O;H
N+ M .
NH NH
F,C-COO° :
g % NH; AV
() (] -
Figure 1.18 The oxidation reaction of Cy5.5 in the presence of RONS, such as ONOO™ led to the breakage

of the carbon—-carbon double bond of the specific site of Cy5.5. Reproduced with permission
from Ref.370

Different cyanine-dye-containing probes have been employed for the detection and quantification
of reactive species in living organisms.®% For instance, Karton-Lifshin et al. have developed a
quinone-cyanine 7 probe that was used as a “turn-on” detector for H,O> detection with less than
1 UM detection sensitivity.**® In their report, the fluorescence intensity of probe was inhibited due
to the attachment of phenylboronic acid to the quinone group of quinone-cyanine 7 through an
ether linkage. Upon reaction with H.O-, the phenylboronic acid was removed and followed by -
electrons relocation that led to the formation of cyanine dye with strong NIR fluorescence. In
another work, Oushiki et al. have designed a fluorescence probe, FOSCY-1, by attaching Cy5

and Cy7 through a linker to detect reactive species in HL60 cells and mouse models experiencing
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oxidative stress.®’! Based on their observations, more potent oxidants such as "OCI (10 yM),
ONOO™ (10 pM), and "OH (H202 (1 mM) and Fe(ClO4). (50 pM)) were able to abolish the
absorbance of cyanine dyes. However, in the presence of the weaker oxidants (O2~ and H-0,),
fewer changes were observed in the absorption spectrum. Furthermore, introducing electron-
donating groups such as thioethers into cyanine structures can enhance their reactivity toward
RONS.3" However, attaching electron-withdrawing molecules such as sulfonate, CN, or Br
groups to the indolenine moiety can reduce the reactivity and enhance the photostability in the
presence of RONS.?"373 Cyanine has also been used as a reporter group in cyanine-dye-
containing probes, while a dye or molecule with an insensitive signal has been employed as a
reference.®”* Moreover, some works have explored the use of rare earth®”® or semiconducting®"®
polymer-based fluorescent probes for ratiometric detection and quantitatively imaging the reactive
species.

Cyanine-based materials have also been reported to quench O, generation in the absence of
oxidants for on-demand PDT.?"7 It is well-known that the interaction of excited cyanine with O,
can produce 'O, and O,", which eventually cause decomposition and photofading of cyanine
dyes through oxidative cleavage of their central polymethine chain.3"23837% As a result, the
polymethine skeleton is inherently subjected to light-dependent decomposition.269372:380 Hence,
some researchers have used cyanine dyes as photosensitizers in PDT,231:381 while cyanine dyes
were covered in hydrophobic cages to improve and protect their photostability in aqueous
media.®®132 Cyanine-dye-based materials also find applications in antioxidative therapy due to

their ability to scavenge reactive species.®
e Hydrocyanine

Hydrocyanines have been employed to detect reactive species, including Oz and *OH.38438 They
have been synthesized for the first time by Kundu et al. in 2009 by reducing cyanine dyes with
NaBH..%8 Hydrocyanines are in the class of non-fluorescent sensors due to disrupted T
conjugation and the iminium cations reduction. However, they can switch on through the reaction
with Oz and "OH even in vitro and in vivo.3¢-388 Corresponding reactions are presented in Figure
1.19.
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Figure 1.19 Scheme of cyanine reduction and Hydrocyanine oxidation. Cyanine undergoes a reduction
reaction in the presence of NaBHs4 that leads to the generation of non-fluorescent and
membrane-permeable hydrocyanine. While hydrocyanine can be oxidized in the presence of
ROS, e.g., Oz and "OH, to turn on the fluorescence signal by producing cyanin. Reproduced
with permission from Ref.388

Some hydrocyanine-containing probes for detecting reactive species have focused on building
multi-functional systems to enhance the selectivity and functionality of the systems. For instance,
Al-Karmi et al. placed an ®F-label on hydrocyaine (IR780) for quantitative and dynamic positron
emission tomography (PET) imaging of reactive oxygen spices in vivo.®° The fluorescence
intensity of the probe increased in the presence of 20 um O2™ and "OH, but not for other reactive
species, including "OClI, 0,, and H.0,. Some other works have been tracked the presence of
O2;"and "‘OH in pathophysiological processes by developing ratiometric fluorescent or
optoacoustic hydrocyanine-based nanoprobes.®438 For instance, Andina et al. designed a
modular ratiometric fluorescent probe for extracellular detection of endogenous O.7.3%° The
authors employed a fluorescent reference connected to hydro-Cy5 (as a ROS-sensitive dye) via
a modular peptide-nucleic-acid-based linker to increase the modularity and versatility of the
sensor. The use of a reference dye allowed them to detect the distribution differences using ratio-
based readings. In another work, Ai et al. used a photon-upconverting nanoprobe (UCN) as a
ratiometric PA probe to simultaneously screen various reactive species in living mice.** As shown
in Figure 1.20, the probe was designed by encompassing an O;"-responsive hydrocyanic
substrate (HCy5) and an ONOO™-responsive cyanine substrate (Cy7) on the UCN surface. Upon
radical stimulation, HCy5 regenerated the 1-conjugation. However, Cy7 underwent degradation
followed by ratiometric upconverted luminescence (UCL) and optoacoustic (OA) signal variations

in NIR spectral region. The nanoprobe exhibited a detection limit of 85 nm for O,™.
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Figure 1.20 (a) Scheme of a photon-upconverting nanoprobe (UCN) incorporating HCy5 and Cy7 onto the

UCN surface. (b) Oxidation of HCy5 and Cy7 in the presence of O™ and ONOO", respectively.
Reproduced with permission from Ref.384

Cyanine- and hydrocyanine-based probes provide great opportunities to track and detect various
reactive species with low detection limits. They exhibited relatively high selectivity as they do not
react with all the reactive species at the same rate/concentration. These materials need more
investigation to detect one specific reactive species in an environment experiencing oxidative and
nitrosative stress. Furthermore, hydrocyanines have presented some limiting factors that restrict
their application. For instance, they show high auto-oxidation that affects their half-life, small
stokes shifts that increase their background fluorescence, low water solubility, and turning into
cyanine dyes that are not very stable in the presence of RONS, including "OCl, ONOO™, and "OH

due to the oxidation reaction.3!

1.3.1.9 Polypeptides

e Poly-methionine

Methionine residues are sensitive to reactive species through their thioether moiety. The thioether
of methionine can undergo one or two steps of oxidation in the presence of ROS, including H20x,

and results in the production of sulfoxide and sulfone. 392:3%3

Methionine has been mainly used in the form of poly-methionine for drug delivery applications.3%-
397 Similar to PSS, the oxidation of methionine chains in the presence of ROS leads to a polarity
change that can facilitate the drug release. For instance, Xu et al. synthesized methoxy
poly(ethylene glycol)-poly(L-methionine) diblock copolymer (mMPEG-PMet) to develop ROS-
responsive thermogelling hydrogels.3** By increasing the temperature, the copolymer transformed

into a hydrogel, and the release of a model drug (i.e., rhodamine 6G) could be accelerated in the
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presence of H,O; (30% and 100% release over 4 days in the absence or presence of 10 mM
H20,). The rapid release behavior was interpreted by oxidation of the thioether group of poly(L-
methionine) to sulfoxide and sulfone by H,O;, concurrent with an increase of hydrophilicity, which
eventually released the cargo. In another example, Hoang et al. utilized poly-methionine to
develop ROS-responsive micelles for selectively disassembling and enhancing the preferable
accumulation of drugs into tumor cells with high levels of intracellular ROS.3% They encapsulated
a hydrophobic pro-oxidant anticancer drug (i.e., piperlongumine), into self-assembled micelles
formed by PEG-P(Met) copolymers. Around 97% and 65% drug release was observed within 48
h incubation in 1 mM and 50 pM H,0,, respectively, due to the oxidation of methionine residues.
The piperlongumine-containing micelles also exhibited higher anticancer efficiency in MCF-7
human breast cancer cells than the incubation of free piperlongumine in vitro. Furthermore, Yu
et al. reported poly(L-methionine)-based gel forimmunotherapy by a triblock copolymer, including
a PEG block located in the center and two polypeptide blocks (Me-D-1MT) on both flanks (Figure
1.21).3%° Me-D-1MT is built from the ROS-responsive L-methionine (Me) and dextro-1-methyl
tryptophan (D-1-MT), which is the inhibitor of indoleamine-2,3-dioxygenase (IDO), an
immunosuppressive enzyme. Furthermore, aPD-L1 antibody was encapsulated into the
nanostructure by increasing the temperature, which led to the transformation of copolymer into
the hydrogel. Similar to the rest of methionine-based nanostructures, oxidation of thioether group
in the methionine and formation of sulfoxide and sulfone induced hydrophobic to hydrophilic
changes, followed by releasing aPD-L1. At the same time, protease K degraded the polypeptide
blocks and released the D-1MT. In conclusion, the bioresponsive gel scavenged and reduced
ROS level and enhanced anti-melanoma efficacy in vivo by promoting the release of

immunosuppressive enzyme.
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Figure 1.21 Structure of poly(L-methionine)-based gel and ROS triggered polymeric hydrophobicity
transition due to thioether oxidation. Reproduced with permission from Ref.3%°

e Proline Oligomers

The free radical-mediated oxidation of amino acids and peptides was explored in the 1960s and
has been highlighted recently. Proline residues in peptides are vulnerable to oxidation, followed

by peptide backbone cleavage, leading to chain fragmentation (Figure 1.22).400-402
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Figure 1.22 Oxidants, such as H202 and ONOO-,%%3 can lead to the oxidation of proline residues and result
in the cleavage of the parent polypeptide chain.

Proline oligomers or polyproline-containing materials have been developed as RONS-responsive
materials for therapeutic applications.*®*-*°” For instance, Yu et al. developed a PCL-based
scaffold crosslinked with oligoproline that experienced degradation by exposure to RONS.4% In
detail, diblock copolymers of PEG and PCL were carboxylated to form a terpolymer (4% PEG,
86% PCL, 10% cPCL). The polymers were then cross-linked with PEG-Proline,-PEG (n = 5-10)
to form scaffolds. After 6 days, all proline residues underwent cleavage in the reaction with 5 mM
H.O, and 50 yM Cu(l) at 37 °C. Furthermore, the erosion of scaffolds was investigated in the
presence of 1 mM of SIN-1 (a RONS generator that generates ‘NO and O, that can lead to the
production of ONOO™ and "OH) for 28 days at 37 °C. The results confirmed about 30% of mass
loss from the scaffold, while only minimal changes were observed in materials incubated without

RONS. These results were consistent with those achieved in vitro on y-interferon/LPS stimulated
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bone marrow-derived macrophages, in which the scaffolds slowly degraded as a result of the
increase in generated RONS by the stimulated cells. In a following study from the same group,
the potential of this scaffold was investigated in vivo model for long-term tissue engineering and
controlled release applications.*®> RONS-responsive drug delivery systems based on proline
oligomers were mainly limited to the scaffold’s design and physical characterization. However,
pentaproline, cysteine—(proline)s—lysine (CPsK), has been applied for gene delivery via
conjugation with mPEG and cationic poly(2-dimethylamino)ethyl methacrylate (PDMAEMA).4%
Pentaproline has also been utilized as a linker between chitosan, a linear polysaccharide, and
mPEG to build a RONS-responsive carrier to release radioprotectant proteins.*°” Notably, the
proline oligomers exhibited relatively slow degradation compared to sulfure-based materials, such
as PPS, that degrades within a few hours of the oxidative environment.?8.71:403

Overall, polypeptides have been widely applied as stimuli-responsive delivery agents due to their
biocompatibility and biodegradability.*°®4%° Proline oligomers exhibit very slow responses toward

RONS (days to weeks), making them suitable options for sustained-release systems.%4

1.3.2 RS*-responsive chemical bonds and materials
1.3.2.1 BODIPY

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes are the boron complex of
dipyrromethene with intensive UV-absorption that emit high fluorescence quantum vyields. These
molecules exhibit reasonable stability in physiological conditions and relative insensitivity to pH
and polarity of the environments.*° Accordingly, BODIPY derivatives have been developed for
different  applications, such as fluorescent sensors/probes, 43 catalysts,*44°
photosensitizers,*® and others.*’48 Among all, BODIPYs have mainly been utilized in
developing fluorescent probes for GSH detection. However, more recently, it has been shown
that RS" with high reactivity and strong bonding ability***-#?! could undergo a radical coupling
reaction with BODIPYs in organic solvents, leading to changes in the photophysical properties of
BODIPYs.#22423 For instance, Ma et al. efficiently and selectively introduced thiophenol (ArS) units
into BODIPY 1la by a one-step photocatalysis approach to functionalize BODIPY's through radical
pathways.*?? BODIPY acted as a photosensitizer to promote the generation of ArS' in situ in THF
upon exposure to the light. Subsequently, ArS' attacked the a-positions of BODIPY, followed by
the production of a-ArS- and a,a’-(ArS).-substituted BODIPY (BODIPY 1a and BODIPY 1laa,

respectively) (Figure 1.23a). Eventually, the absorption and emission maxima of BODIPY 1a and
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BODIPY laa were red-shifted by 32—-37 nm and 77-84 nm, respectively, compared to the parent
BODIPYs (Figure 1.23b,c).
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Figure 1.23 An introduction of ArS units into boron-dipyrromethene (BODIPY) by a photocatalysis

approach and through ArS*. (a) Under the light, BODIPY 1 acts as a photosensitizer, leading
to ArS’ generation and followed by the production of a-ArS- and a,a’-(ArS)2-substituted
BODIPY. (b) By increasing the reaction time of BODIPY 1 with ArSH (in THF under exposure
to light), the decrease in the absorbance of BODIPY 1 simultaneously occurred with the
increase in the absorbance of BODIPY 1a and laa. (c) Photographs of BODIPY 1a and BODIPY
laain THF upon exposure to a UV lamp at 365 nm. Adapted from Ref.#??

Furthermore, the radical coupling reaction of RS and BODIPY mainly occurred in organic solvents
(e.g., THF and DMSO) with high temperature or prolonged reaction time,*?=424 |imiting their
application in RS’ detection in vitro and in vivo. In 2021, Liu et al. modified BODIPY with (3-
cyclodextrin (B-CD), a macrocyclic compound with a hydrophobic interior and hydrophilic exterior,
to prepare a ratiometric fluorescent probe (BODIPY-BCD) for intracellular GSH radicals (GS’)
(Figure 1.24a).% B-CD was used to increase the water solubility of the probe, prevent the self-
aggregation of BODIPY, and increase the biocompatibility of the system. Furthermore, GS* was
generated through the reaction of GSH (1 mM) with *OH produced from the Fenton reaction (H20:
(10 uM)/Fe?*(10-150 uM)). As shown in Figure 1.24b,c, upon addition of GS’, the absorbance (at
501 nm) and fluorescence intensity (Aex/Aem 491/520 nm) of BODIPY-BCD decreased, followed by
the appearance of two new red-shifted peaks related to the generated BODIPY-BCD+GS* and
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BODIPY-BCD+2GS® within 10 min. In addition, BODIPY-BCD didn’t show any changes in
fluorescence intensity toward intracellular amino acids and RONS (0.1 mM), including cysteine,
homocysteine, "OCI, H,0,, tBuCOO~, and NO,". Moreover, BODIPY-BCD (20 uM 2) exhibited low
cytotoxicity and was able to detect GS'in live cancer cells (A549 cells) after 3 h treatment with
H.0./Fe?".
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Figure 1.24 BODIPY-BCD for GSH radicals (GS") fluorescence sensing. (a) BODIPY-BCD probe was

prepared by the modification of BODIPY with BCD. BODIPY-BCD and GS® underwent the
radical cross-coupling reaction at a-positions of BODIPY. By increasing the concentration of
GS' (H202 (10 pM)/Fe?* (10-160 uM)) (b) the absorbance (at 501 nm) and (c) the fluorescence
(Aex/Aem 491/520 nm) intensity of BODIPY decreased, accompanied by the appearance of two
new red-shifted peaks related to BODIPY-BCD+GS* and BODIPY-BCD+2GS". Adapted from
Ref.%8

1.3.2.2 Allyl sulfide

Allyl sulfide functional groups have been originally used as addition-fragmentation chain transfer
(AFCT) agents for photopolymerization that provide stress and/or strain relaxation and equilibrium

geometry modification mechanisms to polymers.#?>-42" This chemical bond has also been utilized

46



as linkages in hydrogel networks to allow controlled and reversible exchange of biochemical
moieties. As shown in Figure 1.25, photoinitiated RS" attack the double bond of allyl sulfide bonds,
followed by the formation of an unstable intermediate and result in the regeneration of a new

double bond and another RS’ species.*?
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Figure 1.25 Mechanism of RS*-initiated thiol-ene reactions implicating an allyl sulfide bond. The addition

of RS® to the double bond of the allyl sulfide forms an unstable intermediate, which further
undergoes a B-scission, followed by the generation of a new double bond and RS’ species.
Reproduced with permission from Ref.4?8

Sun et al. utilized allyl sulfide bonds as RS'-responsive linkers for a photoactivation drug delivery
system in human colon carcinoma cell lines.*?° In their system, the allyl sulfide bond was formed
using an isobutylene structure as a bridging graft to cage various thiol-containing materials,
including cysteine, cyclic disulfide peptides, and histone deacetylase inhibitor (HDAC) largazole
thiol. Upon UV irradiation at 365 nm in the presence of photoinitiator (2,2-dimethoxy-2-
phenylacetophenone (DPAP)) and different thiol sources (B-mercaptoethanol, thiol-glucose, or
GSH), the photoinitiated RS® and allyl sulfide bond of isobutylene-caged thiols underwent the
thiol-ene decaging reactions, which were followed by releasing the stapled thiol-containing
compounds (Figure 1.26a). The yield of thiol-ene decaging reaction was 37, 65, or 67% upon
120, 15, or 15 min UV irradiation of 1 eq. isobutylene-caged cysteine in organic solvents and in
the presence of 3 eq. B-mercaptoethanol, thiol-glucose, or GSH, respectively. Furthermore, the
growth-inhibitory activity of the stapled largazole thiol in HCT-116 colon carcinoma cells was
significantly lower than free largazole and largazole thiol due to the protection of thiol groups by
the isobutylene structure (Figure 1.26b). However, the UV-irradiated premixed group of stapled
largazole and DPAP indicated considerably lowered cell viability than the corresponding non-
irradiation group (Figure 1.26c¢). Therefore, the effective photoactivation decaging of isobutylene-
caged largazole in HCT-116 cells represents the potential as an activation method and drug

delivery for cancer therapy.
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Figure 1.26 Photoactivation of thiol-containing drugs in cancer cells due to RS-mediated thiol-ene

reactions. a) Thiol-containing drugs have been caged and deactivated by utilizing isobutylene
structures as a bridge between thiol groups. Upon exposure to UV light, the generated radical
thiols and allyl sulfide bonds underwent thiol-ene reaction, then released the activated drugs.
b) The stapled largazole induced more cell survival in cancer cells than the corresponding
largazole and largazole thiols due to the protection of thiols group by isobutylene structure
that led to the deactivation of largazole. ¢) The UV irradiation of premixed stapled largazole
(SL) and DPAP showed considerably lower cell survival than the corresponding non-
irradiation group, which proved the photoactivation of largazole in cancer cells. Reproduced
with permission from Ref.42

Overall, the development of RS’ -responsive materials can be challenging due to short half-lives
(us)?*® and the high chemical reactivity of RS®%3°. While BODIPY groups and allyl sulfide bonds
have been utilized for the RS’ detection and RS'-responsive drug release, respectively, there is
still a lack of investigation into the development of RS'-responsive chemical bonds and materials

for biomedical applications.
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1.4 Conclusion and outlook

Remarkable progress has been made to better understand the nature and reactivity of
endogenous reactive species and to develop RONSS-responsive chemical bonds and materials
over the past several years. Several payloads have been loaded into different nanocarriers
containing RONSS-responsive chemical bonds and materials via hydrophobic interaction,
electrostatic interaction, and covalent bonding for various biomedical applications. The
responsiveness of the presented functional groups toward endogenous reactive species can yield
RONSS scavenging and facilitate the release of payloads from their corresponding nanocarriers

in the targeted sites.

Furthermore, each reported RONSS-responsive chemical bond and material exhibited different
advantages, limitations, challenges, structures, solubility, toxicity, mechanisms of action,
selectivity, and reactivity toward RONSS. In general, the potential of these materials for biological
applications can be determined by their mechanism of action, selectivity, and reactivity toward
RONSS. For instance, chalcogen-containing materials undergo a solubility switch upon oxidation,
making them an option for drug delivery. However, vinyl disulfide groups can be utilized for photo-
controlled drug release combined with PDT and cancer therapy due to their selectivity toward 1O,.
Peroxalate ester groups have been used for theranostic applications due to their oxidation
responsiveness, leading to linker breakage with the advantage of exciting the surrounding
fluorophores after oxidation. Disulfides and diselenides can be used for drug delivery and
chemotherapy due to their responsiveness toward both oxidative and reductive biological species
(e.g., H20; and GSH). The responsiveness of chemical bonds to multiple RONSS is beneficial for
the therapy and diagnosis of disease associated with oxidative stress involving numerous redox
reactive species. In contrast, these chemical bonds are not advantageous to target and/or
diagnose the biological activity and pathological process of specific endogenous reactive species.
Moreover, the reactivity of each chemical bond (sensitivity and response rates) varies from one
species to another. Typically, the differential sensitivity of each RONSS-responsive bonds and
materials is correlated with their bond energy, the oxidation/reduction potentials of the bonds, and
the oxidation/reduction potentials of reactive species. Accordingly, the chemical bonds and
materials with high sensitivity and response rates can be great for diagnostic applications and to
understand/investigate biological and pathological processes. For instance, boronic acid/ester
bonds exhibit higher sensitivity and rapid responsiveness toward ONOO™ compared to the rest of

RONS, making them a great option for its detection in vitro and in vivo. However, the bonds with
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lower response rates, such as polyproline and chalcogenides-based materials, can be employed

for sustained-release systems.

Although significant progress has been made so far in the field, several critical issues remain to
be addressed for future development. For instance, there are some conflicts between the
observations of different groups when comparing the reactivity of some chemical bonds and
materials (e.g., diselenide and disulfide bonds). However, to designate suitable bonds correlated
with desired application, it is crucial to employ a united system to evaluate/compare the reactivity
of different chemical bonds and materials toward RONSS. Furthermore, quite a few reports
assess the sensitivity of their systems toward different RONSS. For instance, the majority of
oxidation- and reduction-responsive systems are simply investigated in the presence of H.O,and
GSH, respectively. However, various endogenous reactive species are involved in the onset ad
progress of the disease. Moreover, it is vital to design materials that distinguish between the low
levels of RONSS from normal cellular activities and the increased levels of RONSS from
pathologies. Indeed, most research has focused on evaluating RONS-responsive materials
toward high concentrations of H.O, (>500 uM). However, considering the biological concentration
of H,O2 and investigating the effect of all RONS on responsive groups are essential to better
understanding the system's reactivity in vitro and in vivo. It is also essential to investigate the
chemical bonds and materials with higher response rates to scavenge, target, and detect the
reactive species, which have extremely short half-lives.'°® Furthermore, the presented bonds have
exhibited the oxidizing potential of RNS. However, RNS, particularly ONOQ", are oxidizing and
nitrating agents. Therefore, to better understand the complex biological environments and the
effects of RNS on biomolecules, it is vital to design a chemical bond that can indicate the nitrating
potential of ONOOQ™. Last but not least, until now, RS*-responsive chemical bonds and materials
have been rarely investigated. Regarding the importance of RS’ in physiological and pathological
events, it would be interesting to develop and evaluate RS'-responsive chemical bonds and

materials for different biomedical applications.

It is worth noting that, despite these challenges, it is anticipated that RONSS-responsive chemical
bonds and materials will play significant roles in biological redox evaluation and the future of

biomedical applications.
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1.5 Research objectives

Based on the presented information above, chemical linkages that respond to biological stimuli
are important for many pharmaceutical and biotechnological applications. Considering the
diversity of applications foreseen for such chemical linkages, it is relevant to explore new variants
with responsivity profiles that are different from those presently found in the literature. Hence, this
thesis aims to develop a new responsive group, the sulfonium vinyl sulfide, and to explore its
responsiveness towards physiologically-relevant levels of different categories of reactive species,
including ROS, RNS, and RSS in conditions mimicking the cytosol of cells. In this context, the

main objectives of this thesis are:

(1) To present a new chemical linkage, the sulfonium vinyl sulfide group, installed on the
methionine residue of different peptides by selective alkylation of the methionine and subsequent
Click reaction (nucleophilic thiol-allene addition) in order to provide a variety of bioconjugates
(peptide—peptide, peptide—fluorophore, peptide—protein, and peptide—polymer). This work will be
important to better understand the potential of sulfonium vinyl sulfide linkers in the preparation of
a variety of bioconjugates. The specific objectives will be to synthesize, purify, and characterize
a variety of bioconjugates containing sulfonium vinyl sulfide-containing linkers. Side-reactions will
be scrutinized and the responsiveness of the bioconjugate towards a Clip reaction (radial thiol—
ene addition) will be explored. A variety of parameters will be explored, including the effect of pH,
different categories of reactive species on Clip reactions, UV light, the structure of radical thiols,

and stability in the presence of biologically derived reactive species from bacteria.

(2) The objective of the third chapter is to further elucidate the identity of the reactive species that
react with sulfonium vinyl sulfides in cell models of oxidative stress. The specific objectives are to
design, synthesize, purify, and characterize a FRET-based probe containing a vinyl sulfonium
sulfide linker group alongside a non-responsive control probe containing a thioether linker. The
reactivity of these probes towards nucleophilic thiols, radical thiols, and peroxynitrite will be
examined. Thereafter, the responsiveness of the probes in the presence of cells experiencing
oxidative stress will be explored, and the responsiveness of the probe used to assess the identity

of the reactive species with which it reacts.
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1.6 Structure of the thesis

To achieve this overarching objective, the remainder of this thesis is divided into Chapters as

follows:

Chapter 1, presented a brief overview of redox-responsive chemical bonds and materials for
therapeutic, diagnostic, and theranostic applications. It also provides information about various
endogenous reactive species, their equilibria, and their roles in physiological and pathological
processes, including oxidative and nitrosative stress, within the human body. Furthermore, it
summarizes information about endogenous reactive species-responsive chemical bonds and
materials, including their structures, mechanism of action, selectivity, reactivity (sensitivity and

rate of reaction), applications, opportunities, and limitations.

Chapter 2, is published as “Consecutive alkylation, “Click”, and “Clip” reactions for the traceless
methionine-based conjugation and release of methionine-containing peptides” by Fatemeh Zare,
Alessandro Potenza, Andrea A Greschner, Marc A Gauthier to the journal Biomacromolecules
(2022). It provides a brief introduction specific to Click/Clip reactions and methionine-based
bioconjugates, followed by experimental details, measurements, characterization, and discussion
of Click reaction to prepare a variety of sulfonium vinyl sulfide linker-containing bioconjugates.
This chapter also presents the stability and the responsiveness of the sulfonium vinyl sulfide linker
in the presence of different biological reactive species, including ROS and RSS (i.e., H2O2, "OH,
GSH, and Cys) in model experimental conditions and in the presence of bacteria. It concludes
that electron-deficient alkynes, conveniently installed on methionine residues, can participate in
well-known Click (nucleophilic thiol-allene addition) and subsequent Clip reactions (radical thiol—
ene addition), leading to the release of unmodified peptides (in minutes). This chapter contains
the information that proves the potential of sulfonium vinyl sulfide linker in many applications in

the biotechnological sector.

Chapter 3, prepared for submission as “Biological fate of sulfonium vinyl sulfides — A competition
between reactive nitrogen species, radical thiols, and thiol nucleophiles” by Fatemeh Zare, Patrick
Laplante, Jean-Francois Cailhier, and Marc A Gauthier. It provides a brief introduction specific to
stimuli-responsive chemical bonds, and the chemistry and responsiveness of sulfonium vinyl
sulfide toward ROS and RSS. Afterwards, it presents the synthesis and characterization of a
responsive FRET-based probe (containing a vinyl sulfonium sulfide linker) and a control FRET-
based probe (thioether linker). The discussion presents the responsiveness of sulfonium vinyl
sulfide linker toward RNS and RSS in model experiments and indicates the competition reaction

between thiol, RSS, and RNS in the reaction with sulfonium vinyl sulfide linker in vitro.
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Accordingly, it concludes that these bonds preferentially respond to RNS in cell culture, which

could be useful for achieving a change of polarity.

Chapter 4, presents a general discussion, conclusion, and perspective on possible future work

based on the results obtained in this thesis.
Chapter 5, includes the bibliography used in this thesis

Chapter 6, presents Appendix contained additional information in order to complement the main
text and provide elements that are essential for understanding and supporting its content. It

includes:
- Appendix I, presents Supplementary information for Article 1.
- Appendix Il presents Supplementary information for Article 2.

- Appendix I, includes the copyright permission of the presented Figures in Chapter 1.
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Abstract

“Click” reactions have revolutionized research in many areas of science. However, a
consequence of Click product stability is that identifying simple treatments for cleanly dissociating
the latter under the same guiding principles, i.e., a “Clip” reaction, remains a challenge. This study
demonstrates that electron-deficient alkynes, conveniently installed on methionine residues, can
participate in well-known Click (nucleophilic thiol-allene addition) and subsequent Clip reactions
(radical thiol-ene addition). To illustrate this concept, a variety of bioconjugates (peptide—peptide;
peptide—fluorophore; peptide—polymer; peptide—protein) were prepared. Interestingly, the Clip of
these bioconjugates releases the original peptides concurrent with regeneration of their
unmodified methionine residue, in minutes. Moreover, the conjugates demonstrate substantial
stability towards endogenous levels of reactive species in bacteria, illustrating the potential for
this chemistry in the biosciences. The reaction conditions employed in the Click and Clip steps
are compatible with the preservation of the integrity of biomolecules/fluorophores and involve
readily accessible reagents and the natural functional groups on peptides/proteins.
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2.1 Introduction

So-called “Click” reactions have revolutionized research in many areas of chemistry, material
science, and for the study of biological systems.**=" The guiding principle behind Click chemistry
is that reactions should be high yielding with easily purified and safe by-products, be regio- and
stereo-specific, and reactants should exhibit rapid coupling kinetics under mild conditions with
high functional group and solvent tolerance.*® Moreover, the process should ideally be insensitive
to water or air with readily available starting materials and reagents, simple, wide in scope, and
generate a chemically inert and stable product. Several chemical reactions display (most) of these
characteristics, and important new variants continue to be discovered.**4° By far, the Cu(l)-
catalyzed Huisgen 1,3-dipolar cycloaddition of alkynes and azides is the most popular Click
reaction and is the standard to which the efficiency of new reactions is compared.3® Unfortunately,
a general consequence of the high stability of the Click product is that identifying simple
treatments for cleanly dissociating the latter under the same guiding principles as above, i.e., a
“Clip” reaction,*** remains a challenge. For instance, Brantley et al. have demonstrated the
possibility of reversing the Cu(l)-catalyzed Huisgen 1,3-dipolar cycloaddition reaction by
ultrasound-induced cycloreversion.**? Despite the innovative aspect of this work, this Clip reaction
requires aggressive/prolonged exposure to ultrasounds and the presence of polymers for
mecanotransduction of the energy to the triazole. In addition, a number of reversible Click
reactions have been described in the literature and include Diels-Alder cycloadditions, Michael-
addition (e.g., thiol-maleimide), non-aldol carbonyl reactions (e.g., hydrazone and oxime
formation), and thiol-disulfide exchange reactions, amongst others.**® These reversible
reactions, however, are equilibrium processes that imply that while a rapid Click step may be
possible, the corresponding Clip step is proportionately slower and may require interventions that
can be inconvenient or destructive to biomolecules (dilution, prolonged heating, acidification, etc.).
As such, to the extent of our knowledge, achieving conjugation via a Click reaction and release
with a second distinct Clip reaction, via processes not relying on chemical equilibria and occurring
under physiological conditions exploiting the natural functional groups on peptides/proteins, are
rare. For instance, Sun et al. employed isobutylene as a bridging graft to cage various thiol-
containing materials via a rapid and efficient radical-mediated thiol-ene reaction upon exposure
to radical thiols.*?® A UV-triggered Clip reaction was used to release various thiol-containing
materials from the polymer networks. However, their strategy was limited by long UV irradiation
times (120 min). While the ‘decaging’ of thiols from a polymer network is well characterized, use

of peptidic or protein starting materials in lieu of isobutylene was not explored.

57



Despite a low abundance of methionine in proteins (~2%), the functionalization of proteins through
these residues has attracted some attention. In fact, the limited functional role of methionine
residues in protein compared to other residues makes them a great option for protein labelling.*44°
Therefore, several strategies have been developed for methionine-selective bioconjugation,
including alkylation of methionine thioethers with cyanogen bromide (CNBr) or alkyl halide
reagents,> imidation of methionine’s thioether through oxaziridine reagents based on redox
activated chemical tagging (ReACT),*® methionine-selective modification using hypervalent
iodine (A3-iodane) reagents,*4% and photoredox catalysis.**® Chemoselective methionine
bioconjugations have been applied for a broad range of pharmaceutical applications, including
stapled peptides,**® antibody-drug conjugates,*®” and optical*® and positron emission
tomography imaging.*°

This study demonstrates that electron-deficient alkynes installed on the methionine residues of
peptides are intriguing functional groups that can participate in well-known Click (nucleophilic
thiol-allene addition) and subsequent Clip reactions (radical thiol-ene addition; Figure 2.1), both
of which respect most of the guiding principles of Click chemistry. To illustrate the potential of
these reactions, an electron-deficient alkyne was conveniently and selectively installed on the
methionine residue of four model peptides and used to prepare a variety of bioconjugates by
nucleophilic thiol-allene addition. To illustrate versatility, a variety of bioconjugates were prepared
(peptide—peptide; peptide—fluorophore; peptide—polymer; peptide—protein). The subsequent Clip
reaction is achieved by addition of a second thiol via the radical thiol-ene addition reaction. This
second addition surprisingly induced the full release of the original peptides via a fragmentation
process concurrent with regeneration of their unmodified methionine residue (in minutes). The
reaction conditions employed in both steps are compatible with the preservation of the integrity of
biomolecules/fluorophores, involve readily accessible reagents, and have many applications in
biotechnology and material science. Moreover, the conjugates demonstrate substantial stability
towards endogenous levels of reactive species in bacteria, illustrating the potential for this

chemistry in the biosciences.
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Figure 2.1 Methionine (thioether)-containing peptides can be selectively and conveniently alkylated to

produce a sulfonium allene. This entity may be modified by a Click reaction (nucleophilic
thiol-allene addition), yielding a sulfonium vinyl sulfide. The latter can undergo a subsequent
Clip reaction (radical thiol-ene addition) to regenerate the original methionine (thioether)-
containing peptide. The details of each reaction (e.g., released materials) is provided in
following pages.

2.2 Materials and Methods

2.2.1 Materials

All peptides were purchased commercially at >95% purity and were supplied with LC-MS
validation of identity. Peptides sequences are given using single letter amino acid codes from the
N- to the C-termini, which are free. FPAMAG (1a), HDMNKVLDL (4a; antiflammin-2),
HDMNK(Cy5)VLDL (5a), and a fluorescent cell-penetrating peptide based on nona-arginine (Ac-
CGK(Cy3)GKRg; CPP(Cy3)) were purchased from AnaSpec (Fremont Canada). Escherichia coli
B (HER1024) obtained from the Felix d’Herelle Reference Center for Bacterial Viruses, Université
Laval, Quebec. Poly(ethylene glycol) methyl ether thiol (MPEG-SH) 5 kDa was purchased from
JenKem Technology (Plano, USA). 5-(and-6)-carboxy-X-rhodamine succinimidyl ester (5(6)-
ROX-NHS) was purchased from Invitrogen (Paisley, UK). 5-((2-(and-3)-S-(acetylmercapto)

succinoyl) amino) fluorescein (SAMSA fluorescein) was were purchased from Thermo Fisher
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Scientific. Glutathione (GSH), 2,2-dimethoxy-2-phenylacetophenone (DMPA), hydrogen peroxide
(H202) 30% (w/w) in H.O, 2'.7'-dichlorofluorescein diacetate (H.DCFDA), propargyl bromide
(~80% solution in toluene), 2-mercaptoethanol (BME), 1-bromo-2-butyne, human serum albumin,
and all buffer salts and solvents were purchased from Sigma-Aldrich at the highest grade possible
and used as received. All buffers were prepared using MilliQ water (mean resistivity 18.2 MQ-cm).
The thiol group of SAMSA fluorescein is protected as a thioester and was deprotected prior to
use as per the manufacturer’s instructions (in brief: 2.06 mg of SAMSA fluorescein was dissolved
in 1 mL NaOH (0.1 M) for 15 min at room temperature. The pH was then neutralized with 14 L
of 6 M HCl and 0.2 mL 200 mM phosphate buffer pH 7).

222 Equipment

Proton nuclear magnetic resonance spectra were recorded using a Bruker 300 MHz spectrometer
(Ultrashield 300) or a Varian 600 MHz spectrometer (Inova). Liquid chromatography—mass
spectrometry (LC-MS) was performed using an Agilent technologies 1260 high pressure liquid
chromatography (HPLC) system equipped with a 1260 Infinity quaternary pump, a 1260 Infinity I
multisampler, a 1260 Infinty VL+ diode array detector with a 3-mm flow cell, and a 6120 single
guadrupole mass spectrometer. Analytical and preparative high-pressure liquid chromatography
were performed with a second system consisting of a bio-inert 1260 Infinity quaternary pump, a
bio-inert 1260 Infinity HiP autosampler, a 1260 Infinity VL+ diode array detector with a 3-mm flow
cell, and an Agilent 1260 Infinity Fluorescence Detector. For both chromatography systems, an
Agilent Zorbax 300SB-C18 (5 um, 4.6 x 150 mm) column was used to separate analytes with
gradients of H,O (+0.1% TFA) and acetonitrile (ACN; +0.1% TFA) as mobile phase. A typical
elution profile was: 0 to 4 min 100% H,O + 0.1% TFA followed by a linear gradient of 0 to 95%
ACN + 0.1% TFA over 25 min with a flow rate of 1 mL-min-t. Small differences in the retention
time of identical compounds result for small variations of pump pressure, connective tubing,
column age, etc., that occurred over the duration of the study. Preparative HPLC was performed
using an Agilent Zorbax 300SB-C18 (5 pym, 9.4 x 250 mm) column and identical elution profiles,
albeit with a flow rate of 3.3 mL-min-1. Fractions containing desired products were lyophilized

using a FreeZone 4.5 Liter Benchtop Freeze Dry System from Labconco.
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2.2.3 Preparation of sulfoxide FPAM(O)AG (2a)

A solution of 1a (0.5 mg, 592.3 g.mol™) in 1.7 mL of water was oxidized to a sulfoxide by addition
of 1.7 L of a stock solution of 1M DMSO/ 2M HCI. After 3 h, 2a was isolated by preparative HPLC
and recovered by lyophilization. The mass spectrum of this compound is available in Figure S3.

224 Preparation of fluorescent peptide (Rho)FPAMAG (3a)

A solution of 1a (0.66 mL, 2 mg-mL) in 100 mM sodium bicarbonate buffer pH 8.3 and a solution
of 5(6)-ROX-NHS (0.66 mL, 3.62 mM in the same buffer) were combined in an eppendorf tube
and the reaction monitored by LC-MS. After 3 h and 21 h, 2.59 mg 5(6)-ROX-NHS was added
directly to the reaction mixture to increase conversion to the desired product. After 48 h, 3a was
isolated by preparative chromatography, recovered by lyophilization, and stored at —80 °C until

used.

2.2.5 Alkylation of methionine-containing peptides

Solutions of peptides 1a-5a (200 yL, ~1.1 mg-mL™?) were prepared in 100 mM formic acid pH 3
at room temperature in an HPLC vial. Then, ~22.1, 21.5, 11.64, and 12.1 uL (10 molar eq.) of
propargyl bromide were added from a stock solution (80 vol% propargyl bromide in toluene diluted
in ethanol to the final concentration of 0.17 M) to the solution of 1a, 2a, 3a, and 4a, respectively
(final peptide concentration of 1 mg-mL™?). The reaction was gently mixed, and the progress of
the reaction was monitored by LC-MS. Larger scale syntheses were also performed by scaling
both the concentration and volume of these reactions ten-fold. The produced compounds,
including FPAM(allene)AG (1b), (Rho)FPAM(allene)AG (3b), HDM(allene)NKVLDL (4b), and
HDM(allene)NK(Cy5)VLDL (5b) were isolated by preparative HPLC, recovered by lyophilization,
and stored at —80 °C until used. To evaluate stability, 1 mg-mL™! solutions of 1b and 4b in 100
mM phosphate buffer pH 7.4 were prepared in HPLC vials, and solution composition monitored
by LC-MS for 15 h at room temperature. A lower concentration (0.3 mg-mL™?), buffer containing
10 vol% DMF, and 50 molar eq. propargyl bromide were used in the case of 5a, to reduce loss
due to adhesion to the vial and to promote conversion to 5b. 1la was also modified with 1-bromo-
2-butyne rather than propargyl bromide according to the same procedure to investigate the
influence of the terminal methyl group on the nucleophilic reaction with thiols (mass spectrum of
product in Figure S5e). The mass spectra of 1b, and 3b-5b, as well as the products formed by
incubation of 1b and 4b (hydration and [2,3]-sigmatropic rearrangement) in phosphate buffer can

be found in Figures S2,5.
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2.2.6 Click by nucleophilic thiol-allene addition with cysteine, peptide thiols,
SAMSA fluorescein, and mPEG-SH

Different conditions were explored for this reaction, as listed explicitly in Table S1. As a
representative example, allenic peptide (0.5 mg, 1 molar eq.) and thiol (1-10 molar eq.) were
transferred to the same gas-tight HPLC vial. The mixture was then purged by N2 for 10 min.
Afterwards, 0.5 mL of N2-purged 100 mM phosphate buffer was added to the mixture to yield a
final peptide concentration of 1 mg-mL™. The reaction progress was monitored for 24 h by LC-
MS and the resulting conjugate isolated by preparative HPLC, recovered by lyophilization, and
stored at —80 °C until used. To investigate pH-dependency of the reaction, the pH of the N»-purged
100 mM phosphate buffer was adjusted to either 6.5 or 8.5 with concentrated HCI or NaOH
solutions. A lower concentration (0.5 mg-mL™?) and buffer containing 10 vol% DMF were used to
prepare 5b—CPP(Cy3), to reduce losses. The mass spectra of 1b—fME, 1b—GSH, 1b—SAMSA
Fluorescein, , 1b—mPEG, 4b—BME, 4b—-GSH, 4b—SAMSA Fluorescein, 5b—CPP(Cy3) can be
found in Figures S9-12.

2.2.7 Click by nucleophilic thiol-allene addition with human serum albumin

Solutions of human serum albumin (0.1 mL, 1 mg-mL~ in 100 mM phosphate buffer pH 8.5) and
3b (63.1 uL, 0.24 mM in H,O + 0.1% TFA) were mixed in a gas-tight HPLC vial, and then 36.9 pL
of 100 mM phosphate buffer pH 8.5 was added (Note: Cys-34 on HSA was ~61 = 5% in its free
reduced form in the starting material, as determined by titration using 2,2’-dipyridyldisulfide).
Solution compaosition was monitored by LC-MS. As the retention time of the conjugate was
identical to that of native human serum albumin, the increase of absorbance at 574 nm of this
peak, associated with Rho (¢574 = 78,000 cm™-M1), was used to estimate conversion to 3b—

HSA. The identity of the conjugate was verified by mass spectrometry (Figure S13).

228 Stability towards nucleophilic substitution

Different conditions were explored for this reaction, as listed explicitly in Table S2. As an
illustrative example, solutions of conjugate (50 uL, 2 mg-mL™?) were prepared in degassed 100
mM phosphate buffer (pH 7.4) in gas-tight HPLC vials. Then, an appropriate volume of thiol
solution (50 uL, 20 mM of either GSH or cysteine in degassed 100 mM phosphate buffer) was
added to reach a final peptide concentration of 1 mg-mL™ and a final thiol concentration of 10

mM. Solution compaosition was monitored by LC-MS over a 24-h period. Buffer containing 10 vol%
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DMF was used in the case of 5b—CPP(Cy3), to promote solubility. Full chromatograms and mass
spectra to validate the identity of peaks are available in Figures S16,17.

2.2.9 Clip by radical thiol-ene addition

Different conditions were explored for this reaction, as listed explicitly in Table S2. As an
illustrative protocol, solutions of bioconjugate (~90.6 uL, ~1.1 mg-mL™) containing 1.1-10 molar
ed. of GSH or 10 molar eqg. of cysteine were prepared in 100 mM phosphate buffer pH 7.4, 6.5,
or 8.5 in a rectangular quartz cuvette. Then, DMPA (~9.4 uL, 1.5 molar eq., from a 15 mM stock
solution in methanol) was added at room temperature. Buffer containing 10 vol% DMF was used
in the case of 5b—CPP(Cy3), to reduce losses. The final concentration of 5b—CPP(Cy3) in
DMF/100 mM phosphate buffer pH 7.4 (10% v/v) was 0.1, 0.3, 0.8, or 1 mg-mL~. Samples were
irradiated for up to 15 min at 365 nm using a 4 W UVGL-15 UV lamp (UVP, LLC) placed in contact
with the cuvette. Solution composition was monitored by LC-MS. The fluorescence intensity of
5b—CPP(Cy3) was monitored before and after irradiation with a Cytation 5 microplatereader
(Biotek Instrument, VT) using the following parameters: Aex/Aem 549/595 nm (Cy3); Aex/Aem 646/672
nmM (Cy5); hex/Aem 549/672 nm (FRET). Spectra were also recorded Aex/Aem 549/585—-700 nm. Full
chromatograms and mass spectra to validate the identity of peaks are available in Figures S18-
22.

2.2.10 Stability of bioconjugates to H.O, and UV light

Different conditions were explored for this reaction, as listed explicitly in Table S2. As an
illustrative protocol, solutions of bioconjugate (90 pL, 1.1 mg-mL™ in 100 mM phosphate buffer)
were incubated in the presence of 1-10 molar eq. of H.O» and 0—-10 molar eq. of GSH in a quartz
cuvette. The volume of the solution was then adjusted with the same buffer to yield a final peptide
concentration of 0.1 mg-mL™t. The samples were either incubated without or with external
irradiation for up to 15 min at 365 nm using a 4 W UVGL-15 UV lamp (UVP, LLC) placed in contact
with the cuvette. Sample composition was monitored by LC-MS (Figure S23).

2.2.11 Responsiveness of 5b—CPP(Cy3) in the presence of bacteria

Escherichia coli B (HER1024; obtained from the Felix d’Herelle Reference Center for Bacterial
Viruses, Université Laval, Quebec) were cultured in Luria-Bertani medium (LB) at 37 °C (1 single
colony in 10 mL LB). The next morning, the bacterial culture was diluted 1000-fold in fresh LB

medium (i.e., 20 pL culture in 20 mL LB). The bacteria were then grown until log phase (~4 h) at
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37 °C on a shaking incubator. Growth was monitored by optical density at 600 nm until ~0.5 was
reached (ca. ~5 x 108 cells-mL™). Cells were then harvested by centrifugation for 15 minutes at
5000 rpm and then washed with 20 mL Dulbecco's phosphate buffered saline (DPBS) pH 7.4.
The cells were then exposed to 20 mL of a 10 yM solution of 5b—CPP(Cy3) in 100 mM phosphate
buffer pH 7.4 at 37 °C in the dark for 30 mins. The cells were recovered by centrifugation (15 min
at 5000 rpm) and washed with DPBS to remove extracellular bioconjugate. The bacterial cells
were suspended in 20 mL of a 100 mM phosphate buffer and 900-pL aliquots were transferred
into four eppendorf vials, to which was added 100 pL of O, 5, 10, or 50 mM of H2O: (final
concentration of H.O, was 0 uM, 500 pM, 1 mM and 5 mM, respectively). Afterwards, the
fluorescence intensity of each sample was monitored over 2 h at 37 °C with a microplate reader
(Aex/Aem 550/672 nm; 550/595 nm; 646/672 nm). The level of H,O;-induced R was estimated using
10 yM H2DCFDA (1 mg in 200 uL DMSO diluted 1000-fold in 100 mM phosphate buffer) instead
of 5b—CPP(Cy3) and the fluorescence intensity of samples were monitored over 2 h at 37 °C with
a microplate reader (Aex/Aem 485/528 nm) (Figure S24).

2.3 Results and discussion

231 Peptide-based electron-deficient alkyne

The selective alkylation of methionine residues in peptides/proteins is a common tool in chemical
biology and enzymology for assessing the potential role of these residues in binding and catalytic
events.*® It is therefore generally considered non-destructive to protein structure and to the
integrity of residues other than solvent-exposed methionine. Below pH ~5, the thioether of
methionine is the only nucleophilic functional group on proteins and can be selectively modified
with alkylating agents. Deming, Li, and their co-workers have exploited this approach to
selectively modify methionine-containing peptides with a variety of alkylating agents, including
propargyl bromide.®?449441 The resulting alkyne grafted to methionine is electron-deficient owing
to the adjacent sulfonium group, and such functional groups have been discussed some 40 years
ago in the work of Stirling and co-workers.*42443 While Deming exploited the alkyne to conjugate
azide-containing molecules via copper-catalyzed 1,2-dipolar cycloaddition under slightly acidic
conditions, the sulfonium naturally induces an isomerization of the alkyne to an allene under
neutral conditions, which makes it susceptible to nucleophilic addition. Hou et al.**! have exploited
this concept to staple peptides by nucleophilic thiol-allene addition involving a cysteine residue
present elsewhere on the same peptide. Inspired by these pioneering works, and to illustrate the

potential of this second reaction for bioconjugation purposes, four model methionine-containing
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peptides were modified with propargyl bromide to produce electron-deficient alkynes (Figure 2.2).
To test peptides with different hydrophilicity and pendant functional groups, the model peptide 1a
(592.71 Da) as well as 4a (1084.25 Da) were chosen for analysis. Analogs of both of these
peptides bearing different fluorophores (Rhodamine, Rho; Cyanine 5, Cy5) at different locations
were also tested to evaluate compatibility with optical probes (3a and 5a in Figure 2.2a).4*8 The
reaction between propargyl bromide and these peptides was quantitative and selective to
methionine, and the resulting peptides were easily isolated from reagents with the expected
molecular weights (Figure 2.2b; Figures S1,2 and Table S3 of the Supplementary Information).
Prior oxidation of the methionine on la to a 2a prevented alkylation (Figure S3 of the
Supplementary Information), further supporting that the modification was selective to methionine
(Figure 2.2b). The resulting adducts 1b and 4b were stable at the acidic pH used for alkylation,
though hydration*® and [2,3]-sigmatropic rearrangement®®5* were observed upon prolonged
incubation at near-neutral pH (1b and 4b remained 40 and 70% intact, respectively, after 15 h of
incubation; Figure 2.2a,c and Figures S4,5 of the Supplementary Information). This stability was
entirely sufficient considering the rate of the subsequent reaction (vide infra), and differences in
stability were attributed to peptide sequence near the methionine that may influence alkyne/allene
isomerization and accessibility of the electron-deficient alkyne. Indeed, the structure of the
sulfonium can play a major role in the stability of the allene, presumably by influencing
alkyne/allene isomerization. For instance, Bothwell et al. observed that the half-life of propargylic
S-adenosyl-L-methionine towards hydration was less than one minute at pH 8, which is
substantially lower than that observed herein.*° In this example however, the S-adenosyl group
is very different from the S-methyl group of methionine. It is important to mention, however, that
the proposed strategy is most appropriate for peptides and compounds that can be
handled/purified at acidic pH, which prevents hydration. Indeed, while a successful attempt was
made to alkylate the active-site methionine residue of the protein a-chymotrypsin, handling of the
alkylated protein at near neutral pH for purification led to hydration of the sulfonium allene, as
evidenced by mass spectrometry (data not shown). Hence, it is important to recognize this
limitation of the present concept, or take precautions to handle the sulfonium allene under acidic
conditions to preserve its integrity for subsequent reaction with thiols (vide infra). Regarding other
side-reactions, prior work has shown that modifications to the allene had little effect on the rate
or efficiency of [2,3]-sigmatropic rearrangement.>® Replacing propargyl bromide with 2-butyric
bromide prevented isomerization to an allene as well as the subsequent reactions described
below and therefore modifications beyond those naturally produced by reaction of propargyl

bromide with methionine were not considered in this study.
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Figure 2.2 Alkylation of methionine-containing peptides. (a,b) Reaction of propargyl bromide is selective

to the thioether of methionine below pH ~5 and occurs without side reactions. (a,c) Incubation
of the adduct at neutral pH induces an isomerization from the alkyne to an allene, which can
undergo [2,3]-sigmatropic rearrangement or hydration upon prolonged incubation. 1b is more
susceptible to these reactions than 4b. Full chromatograms, the mechanism of the reaction,
and mass spectra are provided in the Supplementary Information (Figures S1-5).

2.3.2 Click — Nucleophilic thiol-allene addition

The four allenic peptides above were reacted with thiols to illustrate the scope of this reaction
within the biotechnological sector. These included BME, GSH, mPEG-SH, deprotected SAMSA
fluorescein, human serum albumin, and CPP(Cy3) to cover molecules with a broad range of
molecular weights, functional groups, and physical properties. All reactions proceeded smoothly
at pH 7.4 and >80% conversion was generally achieved within 1-2 h, using stoichiometric
amounts of reagents (Table S1). Reaction progress was monitored by liquid chromatography—

mass spectrometry, and did not reveal any significant side-reactions (Figure 2.3a,b and Figures
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S6-13, of the Supplementary Information). One apparent exception was conjugate formation with
human serum albumin, which reached ~64% conversion within 12 h. This likely reflects the fact
that cysteine-34 of human serum albumin is (naturally) 30-40% oxidized in this biologically-
derived material, which affects the accessibility of free thiols required for the nucleophilic thiol-
allene addition reaction.*** Thus, ~64% conversion in the conjugation of human serum albumin
represented the complete conversion of its free thiols. Product formation should be mainly driven
by the basicity of the nucleophile: thiolate > hydroxide > ylide (hydroxide and ylide leading to side-
reactions of hydration and [2,3]-sigmatropic rearrangement, respectively, which were not
observed in the chromatograms).?® Thus, pH and reactant concentrations/ratios were expected
to play a large role in maximizing conversion and minimizing side-reactions (should these be
observed). This trend was confirmed experimentally based on the available pK, data (e.g., ~8 and
~8.7 for cysteine and glutathione, respectively) for the thiols employed, as well as an acceleration
of the reaction by basification and a deceleration by acidification (Table S1, Figure S14). Such
trends were consistent with the observations of others.*** All the fluorophores tested (Rho,
fluorescein, Cy3, and Cy5) maintained their fluorescent properties following activation of

methionine to an allene as well as conjugation via thiol-allene Click chemistry.
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Figure 2.3 Bioconjugate preparation by Click nucleophilic thiol-allene addition. (a,b) Representative
chromatograms showing that reaction of allenic peptides with thiols proceeds with high
conversion and without side-reaction. Quantitative data in Table S1. Full chromatograms and
mass spectra are provided in the Supplementary Information (Figures S6,7). (c) Selected
assigned 'H NMR spectra demonstrating successful conjugation to the thioether side-chain
of methionine. Minor peaks annotated with “’ represent the trans isomer of the sulfonium
vinyl sulfide (structure not shown). Note that 1b is present in its propargylic rather than allenic
form due to acidification of the solvent by trace trifluoroacetic acid.

To examine the regioselectivity of the reaction, 'H NMR spectroscopy was employed. As
illustrated in Figure 2.3c, one set of major peaks was observed at ~5.5 and ~5.3 ppm for the
sulfonium vinyl sulfide of 1b—BME (selected because it is the least structurally-complex
conjugate), alongside another set of minor peaks at ~5.6 and ~5.4 ppm accounting for ~15% of
the total. Both cis and trans isomers are formed, with a strong dominance of the cis stereoisomer,
as evidenced by !H-'H Nuclear Overhauser Effect spectroscopy (Figure S15 of the

Supplementary Information). The trans isomer also represented ~20% of 1b—mPEG, prepared
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with the much larger thiol nucleophile. In contrast to Hou et al.,*** who observed addition to the B-
position of the allene (and two singlets at 5.8 and 5.6 ppm), in the present work the peaks are
both doublets and shifted up field, which suggests addition of the thiol to the y-position of the
allene (Figure 2.3a). These results, which diverge from those of Hou et al. in terms of
regioselectivity, very likely result from differences in solvent (i.e., polarity of the reaction mixture)
and catalyst, as discussed in detail by Truong and Dove.® Addition to the B-position of the allene
in Hou et al. occurred in mixed agqueous/organic solution in the presence of triethylamine, while
in the present work addition to the y-position of the allene occurred in near neutral phosphate
buffer without catalyst. In fact, in our investigation, we observed the nucleophilic addition of RS~
to alkyne of alkylated peptides, which is in equilibrium with allene form in near natural pH. The
inter- versus intra-molecular nature of the reactions investigated (i.e., this work vs. Hou et al.,**

respectively) may have also played a role but was not explored herein.

To evaluate the stability of the formed conjugates, 1b—GSH, 4b—GSH, and 5b—CPP(Cy3) were
incubated in 10 mM GSH pH 7.4, which mimics the thiol concentration of the intracellular space.
In agreement with Kramer et al.,>? the prolonged incubation with the thiol nucleophile (under an
inert atmosphere) led to a very slow recovery of the native peptides, reaching ~20—-30%
conversion after 1 day (Figure 2.4a,b and Table S2). The expected mechanism of this reaction
involves nucleophilic addition of a thiol to the carbon adjacent the sulfonium, and side-reactions
were not observed (Figure 2.4b). Interestingly, due to the strongly electrophilic nature of the
sulfonium ion, this reaction results in the release of the fully unmodified peptides 1a, 4a, and 5a
with recovery of the original thioether of methionine and no other alterations to the peptide. Thus,
this bioconjugation strategy is particularly interesting for slowly releasing native peptides from the
bioconjugates in the presence of thiols. In 10 mM cysteine, the rate of release of 1a from 1b—GSH
remained slow, but was faster owing to the lower thiol pKa of cysteine vs. GSH (66% after 22 h;
84% after ~6 days; Table S2 of the Supplementary Information). These results are interesting
because the physiologically relevant concentrations of thiols in the blood are roughly three orders
of magnitude lower (in the micromolar range), hinting to the long-term stability of these bonds in
the blood. Intriguingly, Hou et al.,*** for whom the thiol is present on the B-position rather than the
y-position of the allene, did not observe reaction with several nucleophiles. This demonstrates the
importance of regioselectivity of the thiol-allene reaction on the stability of the resulting
bioconjugate. Modification of the allene at the y-position by reaction in neutral phosphate buffer
therefore appears beneficial and necessary to achieve slow peptide release by nucleophilic

addition of thiols (and other Clip processes discussed in the next section). Overall, the inter-
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molecular thiol-allene reaction studied herein is regioselective under the conditions employed
and quantitative conversion can be rapidly achieved with stoichiometric amounts of easily
accessible thiol reagents (including small molecules, fluorophores, peptides, polymers, and
proteins). Moreover, the resulting adduct is very stable, even towards concentrations of thiols

vastly superior to those found in blood.
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Figure 2.4 Stability of bioconjugates towards nucleophiles and Clip of bioconjugates by radical thiol—

ene addition. (a) Thiol nucleophiles can react at the carbon adjacent the sulfonium, thereby
releasing the original thioether of methionine. The mechanism of the reaction is provided in
the Supplementary information (Figure S16a). (b) This process occurred slowly without side-
reactions, as evidenced in the representative chromatograms for three bioconjugates. (c)
Radical thiols induce a fragmentation reaction that releases the original thioether of
methionine in minutes. (d) This process occurred rapidly (<15 min) without side-reactions, as
evidenced in the representative chromatograms for three bioconjugates. *’ denotes peaks
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from the photo-radical generator. Full chromatograms and mass spectra are provided in the
Supplementary information (Figures S16b-19).

2.3.3 Clip — Radical thiol-ene addition

Considering the relative stability of the Click adducts above in the presence of large amounts of
thiols and for prolonged periods, an exploratory attempt was made to add a second thiol molecule
to three sulfonium vinyl sulfide bioconjugates 1b—GSH, 4b—GSH, and 5b—CPP(Cy3) by radical
thiol-ene addition, another well-known Click reaction.>® Surprisingly, rather than observing the
expected addition of a second thiol, the very rapid degradation of conjugates 1b—GSH, 4b—GSH,
and 5b—CPP(Cy3) was observed alongside the regeneration of the original methionine-containing
peptide, 1a, 4a, and 5a, respectively (Figure 2.4c,d). As illustrated in Table S2, this reaction was
very efficient (generally 70—100% conversion within 15 min), took place in neutral aqueous media,
and occurred in the presence of near stoichiometric amounts of thiol and source of free radicals.
It is anticipated that radical thiol-ene addition initiates a fragmentation process akin to that
reported for allylic sulfonium salts, consistent with the mechanism known for cationic
polymerization using allyl sulfonium salts (Figure 2.4¢).5* In brief, the radical thiol adds to the vinyl
group and produces an unstable radical cation that decomposes to a thioether (the original
methionine-containing peptide), a dithioacetal, and a proton, the first two of which are observed
chromatographically (Figure 2.4d). As this process is a priori compatible with maintaining the
structure/function of biomolecules and the fluorescence of Cy3/Cy5, it could be used for various
biotechnological applications. While the aqueous stability of the dithioacetal was not examined
further in this work, release of both thiol molecules and acrolein should occur slowly under acidic
conditions. The toxicity of the byproducts of the Clip reaction would warrant investigation in future

in vivo work.

Radical thiols are highly self-reactive and thus short-lived. Therefore, it stands to reason that
disulfide bond formation achieved by self-reactivity would compete with the desired thiol-ene
reaction and that this competition will strongly influence the efficiency of the Clip reaction. Indeed,
it was observed that the Clip reaction was more efficient when increasing the absolute
concentration of the bioconjugate, thiol, and radical source, to promote the radical thiol-ene
reaction (Table S2, Figure S20). Furthermore, the conversion of the Clip reaction was not
influenced by either the pH of environment or the radical thiol structure (Table S2, Figure S21),
achieving more than >90% conversion in the presence of different thiol sources (GSH or cysteine)
at different pH (6.5, 7.4, and 8.5) within 15 min. In contrast, when radical thiols were produced

much more slowly, such as by UV-exposure of H,O; (rather than photo-radical generator DMPA)
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in the presence of thiols, very little reaction was observed (<6%; Figure S23). Exposure of
bioconjugates to H>O, alone in the dark or under exposure to UV light to generate hydroxyl
radicals did not affect the stability of the bioconjugate. In light of these results, it was considered
that radical thiols generated naturally in the intracellular space of cells when thiols scavenge
reactive-oxygen species could potentially initiate the thiol-ene Clip reaction. However, their low
expected abundance and short lifetime (which makes their concentration very difficult to assess)
alongside the high concentration of thiol species in the intracellular space would disfavor the Clip

reaction versus disulfide bond formation.

To gain some preliminary insight into the stability of sulfonium vinyl sulfide linkages towards
biologically-derived thiols and radical thiols (at their natural concentrations), 5b—CPP(Cy3) was
incubated with E. coli experiencing different degrees of oxidative stress (induced by incubation
with 0-5 mM H,03; Figure S24 of the Supplementary Information). While testing the stability of
the probe in blood/serum and cell lysate was considered, it was believed that the known rapid
oxidation of the small amounts of thiols in such samples (caused by air, dilution, as well as
oxidized biomolecules)**¢ would yield a false sense of stability. Moreover, considering the slow
expected rate of reaction of the probe with thiols, bacteria were chosen over mammalian cells
owing to their significantly higher rate of division and slightly higher intracellular thiol concentration
(=20 mM).*47448 Indeed, this experiment was performed to complement the stability data obtained
in model solutions above (e.g., 10 mM GSH) in view of future use in biotechnological applications,
and not specifically designed to elucidate the implication of thiols or radical thiols in a reaction. In
fact, the very low expected abundance of radical thiols (even if their levels are altered by H205)
as well as the high expected concentration of intracellular thiols (~20 mM in the case of E. coli)
inherently strongly disfavor the radical thiols-induced Clip reaction on the basis of kinetic
arguments, as discussed above. As illustrated in Figure 2.5a,b, the Clip reaction of this probe
under model conditions produced a 70% cleavage of the bioconjugate alongside a corresponding
~70% decrease in the intensity of the fluorescence-resonance energy transfer (FRET) signal
between Cy3/Cy5. It was thus considered that FRET intensity could be used to monitor the
integrity of the bioconjugate spectroscopically in complex environments. In the presence of E.
coli, FRET remained relatively constant over the 2-h period investigated (~25% decrease of
signal; Figure 2.5c) and did not depend to any great extent on exposure to H.O,. These results
suggest that that release of 5a most likely occurs by reaction with nucleophilic thiols, and not with
radical thiols. However, considering the very low abundance and short lifetime of thiyl species,
which makes them very difficult to characterize, as well as cross-reactivity of blocking agents for

thiols/thiyl radials, it was not possible to completely disregard the implications of radical thiols at
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this stage. Ultimately, the stability of the sulfonium vinyl sulfide remains very relevant for labelling
experiments (short exposure time) as well as for intracellular drug delivery applications (release
over longer times). However, future work should scrutinize the non-trivial question of
characterizing the location and species involved in release of methionine peptides from sulfonium

vinyl sulfide bioconjugates, which likely depends on the structure of the conjugate itself.
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Figure 2.5 Stability of a sulfonium vinyl sulfide bioconjugate in the presence of reactive species from

bacterial cells. (a) The exposure of 5b—CPP(Cy3) to radical thiols yields a ~70% release of the
methionine-containing peptide 5a. Chromatograms shown at three absorbance wavelengths
before and after a 15-min Clip reaction. (b) Clip occurred concurrently with a ~70% reduction
in the intensity of FRET, illustrating that this parameter can be used to track the stability of
the bioconjugate in more complex environments. (c) Incubation of 5b—CPP(Cy3) with bacterial
cells experiencing different levels of oxidative stress from H202 produces very little or no
change to FRET over a 1-h period, with some small differences appearing at 1.5 h (Mean + SD,
n = 3). “*” denotes statistically significant difference relative to value at time zero (Repeated
measures ANOVA, Tukey, p < 0.05).
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2.4 Conclusions

Overall, this study reports a combination of two well-known reactions that obey most of the criteria
of Click chemistry and that could unexpectedly be used to prepare and disassemble
bioconjugates in a Click/Clip manner. Methionine is naturally present in many biomolecules and,
in general, thioethers can be conveniently introduced into synthetic molecules, peptides, nucleic
acids, polymers, fluorophores, etc. Compared to other reactive handles, such as thiols, thioethers
are generally more stable to oxidation and are easily handled. The thiol-allene Click reaction
enabled the high-yielding preparation of a variety of peptide—peptide, peptide—fluorophore,
peptide—protein, and peptide—polymer conjugates without side-reactions and the process was not
harmful to fluorophores from different families. The conjugates were relatively stable to high
concentrations of thiols (mimicking the cytosol), and in the presence of cells, yet underwent a
radical thiol-ene Clip reaction in a matter of minutes in the presence of radical thiols, again without
side-reactions. This reaction released the original methionine-containing peptide with full recovery
of its thioether side-chain. Considering the convenience of this Click/Clip strategy, the readily
accessible nature of the reactants/reagents and the biological relevance of the latter, this concept

has many applications in the biotechnological sector.
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Abstract

Chemical linkages that respond to biological stimuli are important for many pharmaceutical and
biotechnological applications. Considering the diversity of applications foreseen for such chemical
linkages, it is relevant to explore new variants with responsivity profiles that are different from
those presently found in the literature. This work explores the responsiveness of a sulfonium vinyl
sulfide linker towards physiologically-relevant levels of different categories of reactive species and
elucidates the competitive nature of this process in cells. Results indicate that these linkers
respond to nucleophilic thiols (hours/days), radical thiols (minutes), and reactive nitrogen species
(RNS; minutes) under model conditions leading to the release of a methionine-containing peptide
in the first two cases and to hydroxynitration in the third case. In the presence of cells and hence
biologically-relevant concentrations of various reactive species, RNS outcompeted radical thiols
for reaction with the sulfonium vinyl sulfide, while reaction with nucleophilic thiols remained
expected at longer times (hours/days). This work therefore sets the stage for predictably using
such linkages in the biotechnological and pharmaceutical sectors.

Keywords: Linker; Bioconjugate; Drug delivery system; Thioether; Methionine.

3.1 Introduction

The development of chemical linkages that respond to biological stimuli is an important area of
research in the pharmaceutical and biotechnological sectors. The latter can be exploited for
releasing drug molecules from carriers, as sensitive elements for chemical sensors, as polarity
changing groups to alter the physical/chemical properties of drug delivery systems, amongst
many other applications.®® A variety of such linkages exist and respond to stimuli such as pH,
over-expression of certain biomolecules, redox status, as well as various nucleophilic and radical
species.***-%5! Considering the diversity of applications foreseen of such chemical linkages, it is
relevant to explore new variants with responsivity profiles that are different from those presently
found in the literature. In this context, our group has recently reported that sulfonium vinyl sulfides
could be installed on thioether molecules such as methionine-containing peptides, and that these
bonds respond very rapidly to down to equimolar amounts of radical thiols (Chapter 2). This
reaction leads to the release of the thioether in minutes. The sulfonium could equally react with
nucleophilic thiols, albeit the release of the thioether was slow even in the presence of high
concentrations of thiols. Finally, these linkages were insensitive to physiologically-relevant

concentrations of reactive oxygen species (ROS) such as hydrogen peroxide, and were stable for
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at least 1.5 h in the presence of reactive species produced by bacteria, though slow peptide
release was observed in the longer term. However, the identity of the cell-produced reactive
species involved in thioether release for sulfonium vinyl sulfide bioconjugates was not fully
elucidated. Answering such a question is challenging in view of the concurrent high diversity,
reactivity, low concentration, and short lifetime of many of the various reactive species within

cells.#52215

This study complements our group’s previous efforts to characterize the sulfonium vinyl sulfide
linkage by preparing a probe that surprisingly produced an orthogonal fluorescence resonance
energy transfer (FRET) response to radical thiols and peroxynitrite (a model reactive nitrogen
species, RNS), thereby enabling us to characterize the competition between these species for
the linkage in cells. Results obtained under model conditions indicate that sulfonium vinyl sulfides
respond to nucleophilic thiols (hours/days), radical thiols (minutes), and RNS (minutes), leading
to the release of methionine-containing peptides in the first two cases and to hydroxynitration in
the third case. In the presence of cells and hence biologically-relevant concentrations of various
reactive species, RNS outcompeted radical thiols for reaction with the sulfonium vinyl sulfide,
while reaction with nucleophilic thiols remained expected upon much longer incubation
(hours/days). This work therefore establishes new perspectives on how best to exploit such
linkages for biotechnological applications (e.g., ex cellulo/ex vivo), as well as applications

involving exposure to physiological mixes of reactive species and nucleophiles.

3.2 Materials and Methods

3.2.1 Materials

Peptides (Ac-K(N3)-GSGMGGRKKRRQRRR-NH: (1a) and Ac-K(Ns)-GSGCGGRKKRRQRRR-
NH: (2a)) were purchased from Biotechnologies (Zhejiang, China). H.DCFDA — Cellular ROS
Assay Kit was purchased from Abcam (Toronto, Ontario). ThiolTracker™ Violet (Glutathione
Detection Reagent) was purchased from Invitrogen (Waltham, USA). Glutathione (GSH), 5-((2-
(and-3)-S-(acetylmercapto) succinoyl) amino) fluorescein (SAMSA fluorescein), and fluorescein-
5-maleimide were purchased from Thermo Fisher Scientific. 2,2-Dimethoxy-2-
phenylacetophenone (DMPA), tert-butyl hydroperoxide (tBHP), hydrogen peroxide (H202; 30 wt%
in H20), propargyl bromide solution (~80% in toluene), hydrochrolic acid (HCI), sodium hydroxide
(NaOH), sodium nitrite (NaNO3), 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), and N-

ethylmaleimide (NEM) were purchased from Sigma Aldrich (Oakville, Canada). Mouse
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macrophage RAW 264.7 (ATCC® TIB-71™) and human monocyte THP-1 (ATCC® TIB-202™)
cell lines were obtained from ATCC. Fetal bovine serum (FBS) was purchased from Wisent
Bioproducts (Quebec, Canada). All chemicals were purchased at the highest grade possible and
used as received. All buffers were prepared using MilliQ water (mean resistivity 18.2 MQ-cm).
The thiol group of SAMSA fluorescein is protected as a thioester and was deprotected prior to
use as per the manufacturer's instructions (in brief: 2.06 mg of SAMSA fluorescein was dissolved
in 1 mL NaOH (0.1 M) for 15 min at room temperature. The pH was then neutralized with 14 L
of 6 M HCl and 0.2 mL 200 mM phosphate buffer pH 7).

3.2.2 Equipment

Fluorescence spectra were recorded with either a Synergy 2, Synergy 4, or Cytation 5 microplate
reader. A UVGL-15 UV lamp (256/365 nm, 4W) was used for UV light irradiation. Liquid
chromatography—mass spectrometry (LC-MS) was performed using an Agilent technologies 1260
high-pressure liquid chromatography (HPLC) system equipped with a 1260 Infinity quaternary
pump, a 1260 Infinity Il multisampler, a 1260 Infinity VL+ diode array detector with a 3-mm flow
cell, and a 6120 single quadrupole mass spectrometer. Analytical and preparative high-pressure
liquid chromatography was performed with a second system consisting of a bio-inert 1260 Infinity
guaternary pump, a bio-inert 1260 Infinity HiP autosampler, a 1260 Infinity VL+ diode array
detector with a 3-mm flow cell, and an Agilent 1260 Infinity Fluorescence Detector. For both
chromatography systems, an Agilent Zorbax 300SB-C18 (5 um, 4.6 x 150 mm) column was used
to separate analytes with gradients of H.O (+0.1% TFA) and acetonitrile (ACN; +0.1% TFA) as
mobile phase. A typical elution profile was: 0 to 4 min 100% H2O + 0.1% TFA followed by a linear
gradient of 0 to 95% ACN + 0.1% TFA over 25 min with a flow rate of 1 mL-min-. Preparative
HPLC was performed using an Agilent Zorbax 300SB-C18 (5 ym, 9.4 x 250 mm) column and
identical elution profiles, albeit with a flow rate of 3.3 mL-min-!. Fractions containing desired
products were lyophilized using a FreeZone 4.5 Liter Benchtop Freeze Dry System from

Labconco.

3.2.3 Preparation of the sulfonium vinyl sulfide probe (1d)

A solution of 1a (880.7 uL, ~5.7 mg-mL™) was prepared in 100 mM formic acid pH 3 at room
temperature in an HPLC vial. Then, 119.3 uL (10 molar eq.) of propargyl bromide was added from
a stock solution (80 vol% propargyl bromide in toluene diluted in ethanol to the final concentration

of 0.2 M). This yielded a final peptide concentration of 5 mg-mL-1. The reaction was gently mixed
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and the progress of the reaction was monitored by LC-MS. Afterwards, 1b was isolated by
preparative chromatography, recovered by lyophilization, and stored at —80 °C until used. In the
second step, the purified 1b (1 mg, 1 molar eq.) in 100 mM phosphate buffer pH 7.4 (712.4 pL)
was purged by N2for 10 min and then reacted with 2 molar eq. of a N2>-purged deprotected SAMSA
fluorescein solution (284.6 L, 3.36 mM) in the dark. Afterwards, the sample was sealed and
purged by N2 for 5 more minutes. The reaction progress was monitored and characterized by LC-
MS. After ~4 h, the produced 1c was isolated by preparative chromatography, recovered by
lyophilization, and stored at —80 °C until used. In the third step, the purified 1c (1 mg, 1 molar eq.)
was mixed with 2 molar eq. AFDyeessz DBCO (~0.90 mg) and added to 2 mL phosphate buffer
(100 mM, pH 7.4) containing 5 vol% DMF. The mixture was left to react in the dark for ~3 h.
Eventually, the produced 1d was isolated by preparative chromatography, confirmed by mass

spectrometry, recovered by lyophilization, and stored at —80 °C until used.

3.24 Preparation of the control probe (2c)

1.05 mg of peptide 2a (Ac-K(N3)-GSGCGGRKKRRQRRR-NH,, 1952.11 g/mol) and 4.27 mg
fluorescein-5-maleimide were dissolved separately in 1 mL of N>-purged phosphate buffer (100
mM, pH 7) and 1 mL of N.-purged DMF at room temperature, respectively. Thereafter, 2 molar
eg. of fluorescein-5-maleimide (51.7 yL, 10 mM in DMF) was added to the solution of 2a and left
in the dark to react overnight. The produced 2b was then isolated by preparative chromatography,
recovered by lyophilization, and stored at —80 °C until used. In the next step, the purified 2b (1
mg, 1 molar eq.) was mixed with 2 molar eq. AFDyegss; DBCO (~0.95 mg) and added to 2 mL
phosphate buffer (100 mM, pH 7.4) containing 5 vol% DMF. The mixture was left to react in the
dark for ~3 h. Eventually, the produced 2c was isolated by preparative chromatography,

recovered by lyophilization, and stored at —80 °C until used.

3.25 Stability towards nucleophilic substitution

Solutions of 1d (100 pL, 2 mg-mL™) were prepared in N2-purged phosphate buffer containing 2
vol% DMF (100mM, pH 7.4) in gas-tight HPLC vials. Then, 100 uL GSH solution (20 mM) in Nz-
purged phosphate buffer (100 mM, pH 7.4) was added to reach the 1d solution to reach a final
peptide concentration of 1 mg-mL~ and a final thiol concentration of 10 mM. Afterward, Solution

composition was monitored by LC-MS over a 24-h period.
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3.2.6 Clip by radical thiol-ene addition

The reaction of sulfonium vinyl sulfide_ bond and radical thiols was explored in different conditions.
Solutions of 1d (~192.0 uL, ~1.04 mg-mL™) or 2¢ (~191.7 uL, ~1.04 mg-mL™) containing 10 molar
eg. of GSH were separately prepared in 100 mM phosphate buffer containing 2 vol% DMF
(100mM, pH 7.4) in a rectangular quartz cuvette. Afterwards, ~8.0 uL or ~8.3 uL of a DMPA
solution (1.5 molar eq., from a 10 mM stock solution in methanol) was added to 1d or 2c solution
at room temperature, respectively. An appropriate volume of 100 mM phosphate buffer (pH 7.4)
containing 2 vol% DMF was then added to each sample to reach a final 1d or 2c concentration of
1 mg-mL~. Samples were irradiated for up to 15 min at 365 nm using a 4 W UVGL-15 UV lamp
(UVP, LLC) placed in intimate contact with the cuvette. Solution composition was monitored by
LC-MS. The fluorescence intensity of each sample was monitored at each 2 min of UV-light
irradiation with a Cytation 5 microplate reader (Biotek Instrument, VT) using the following
parameters: Aex/Aem 480/673 nm (FRET); Aex/Aem 480/519 nm (fluorescein); Aex/hem 643/672 Nm
(AFDyesa7).

3.2.7 Peroxynitrite solution preparation

In a refrigerated beaker under constant stirring, 100 mL of NaNO; 600 mM, 100 mL of H.0O, 600
mM in HCI 0.6 M, and 100 mL of NaOH 3.6 M are mixed to prepare the ONOQO™ standard solutions.
The yellow solution indicates the formation of ONOO™. Stirring was maintained until bubble
formation ceased. The concentration of peroxynitrite was estimated using its extinction coefficient
of 1670 cm™M= at 302 nm in a 0.5 M sodium hydroxide solution. Calibration standards were
prepared by dilution of the ONOO™ solution in NaOH 0.1 M.

3.2.8 Stability in the presence of peroxynitrite

FPAM(vinyl sulfide—GSH)AG, a model of peptide containing a sulfonium vinyl sulfide group, was
prepared as described in our previous paper (Chapter 2; Article 1). 0.13 mg of FPAM(vinyl sulfide—
GSH)AG was dissolved in 0.9 mL phosphate buffer (100 mM, pH 7.4). Different molar eq. of
peroxynitrite (0, 1, and 5 eq.) were then added to the solution of each sample. An appropriate
volume of phosphate buffer (100 mM, pH 7.4) was added to each sample to reach a final
FPAM(vinyl sulfide—-GSH)AG concentration of 0.1 mg-mL=. Solution composition was monitored
by LC-MS over a 3-h period.
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3.2.9 The effect of peroxynitrite on fluorophores

0.5 mg of either AFDyess7z DBCO or SAMSA fluorescein were separately dissolved in 1 mL
phosphate buffer (100 mM, pH 7.4) containing 5 vol% DMF. The relevant volume of different
molar eq. of ONOO~ (0, 1, 2, 5, and 10 eq.) and an appropriate volume of phosphate buffer pH
7.4 were then quickly added to each fluorophore solution to reach a final fluorophore
concentration of 0.3 mg-mL~tin phosphate buffer (100 mM, pH 7.4). Solution composition was
monitored by LC-MS. The fluorescence intensity of each sample was immediately monitored with
a Cytation 5 microplate reader (Biotek Instrument, VT) using the following parameters: Aex/Aem
480/673 nm (FRET); Aex/Aem 480/519 nm (Fluorescein); dex/hem 643/672 nm (AFDyeea?).

3.2.10 The effect of peroxynitrite on 1d and 2c

0.5 mg of 1d or 2c were separately dissolved in 1 mL phosphate buffer containing 0.5 vol% DMF
(100 mM, pH 7.4). The relevant volume of different molar eq. of ONOO~ (0, 1, 2, 5, and 10 eq.)
and an appropriate volume of phosphate buffer (100 mM, pH 7.4) were then quickly added to the
probe solutions to reach a final probe concentration of 10 uM in phosphate buffer containing 0.5
vol% DMF (100 mM, pH 7.4). Solution composition was monitored by LC-MS. The fluorescence
intensity of each sample was immediately read with a Cytation 5 microplate reader (Biotek
Instrument, VT) using the following parameters: Aex/Aem 480/673 nm (FRET); Aex/Aem 480/519 nm
(Fluorescein); Aex/Aem 643/672 Nnm (AFDyess7). Spectra were also recorded Aex/Aem 480/499-800
NM; Aex/Aem 640/660—-800 nm.

3.211 Cell culture preparation

Mouse macrophage RAW 264.7 and human monocyte THP-1 cell lines were used. RAW 264.7
cells were cultured in Dulbecco minimal Eagle's medium (DMEM) supplemented with 10 vol%
fetal bovine serum (FBS) and the base medium for THP-1 in RPMI-1640 supplemented with 10
vol% FBS. Cells were kept separately in a humidified incubator at 37 °C and 5% CO, in 75 cm?
tissue culture flasks. THP-1 (suspensions) and RAW 264.7 (adherent) were seeded in 96-well
microplates at a concentration of 5 x 10° and 2 x 10° cells-mL™, respectively. Experiments were
designed for adherent cells. Therefore THP-1 cells were differentiated into macrophages-like cells
by incubation with the solution of phorbol 12-myristate 13-acetate (PMA) in media culture (160

nM) and seeded in the 96-well plates for 3 days.
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3.2.12 Cellular ROS Assay

A cell-permeant reagent 2’,7’-dichlorodihydrofluorescein diacetate (H.DCFDA) was used to
measure the levels of intracellular ROS. H,DCFDA is a cell-permeable, non-fluorescent molecule
that is deacetylated by cellular esterases after diffusion into the cells. Later, it can be oxidized by
ROS into 2’,7’-dichlorofluorescein (DCF), a highly fluorescent compound. Hence, relative ROS
levels can be monitored by fluorescence (Aex/Aem 485/528 nm).*>* Accordingly, cells were washed
with phosphate-buffered saline (1%, pH 7.2-7.4) to remove the media and then exposed to 100
ML H2DCFDA solution (20 uM solution, which was prepared by dissolving 1.9 mg in 200 yL DMSO
diluted 1000-fold in phosphate-buffered saline (1%, pH 7.2-7.4) containing 2 vol% FBS) at 37 °C
in the dark for 30 mins. Afterwards, cells were washed with phosphate-buffered saline (1%, pH
7.2-7.4) to remove extracellular H.DCFDA. Finally, cells were treated with 100 yL tBHP solution
(50 uM and 250 uM) or LPS solution (0, 1, and 10 ug-mL™?) in phosphate-buffered saline (1x, pH
7.2-7.4) containing 2 vol% FBS. The fluorescence intensity of each sample was monitored over
2 h at 37 °C with a microplate reader (Aex/Aem 485/528 nm).

3.2.13 Cellular Thiol assay

The relative levels of reduced thiols were detected using the ThiolTracker™ Violet (TTV) kit using
the manufacturer’s protocol.*** Reduced GSH represents the majority of intracellular free thiols,
so this probe can be used to estimate its levels in cells. Briefly, each well containing RAW 264.7
and THP-1 cells was washed with 100 uL phosphate-buffered saline (1%, pH 7.2-7.4) to remove
the media. Afterwards, cells were incubated with 100 pyL tBHP (50 uM and 250 uM) or LPS (0, 10
ug-mL™) solution in phosphate-buffered saline (1x, pH 7.2-7.4) containing 2 vol% FBS. After 0,
15, 30, and 120 minutes of incubation, each well-containing RAW 264.7 and THP-1 cells was
washed twice with 100 pL Dulbecco’s phosphate buffered saline, containing Ca?" and Mg?**,
glucose, and sodium pyruvate (D-PBS C/M) and were then incubated with 100 pL of prewarmed
20 yM TTV solution (prepared by diluting 12 pL of 20 mM ThiolTracker™ Violet stock solution (15
pL DMSO to each vial of ThiolTracker™ Violet dye (Invitrogen, Catalog nos. T10095, T10096))
into 12 mL of D-PBS C/M containing 2 vol% FBS at 37°C for 30 minutes in a dark place. Following
incubation, the dye was washed out and replaced with phosphate-buffered saline (1X, pH 7.2-7.4)
containing 2 vol% FBS. Eventually, the fluorescence intensity of each well was measured in a

microplate reader (Aex/Aem 404/526 nm).
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3.2.14 Exposure of 1d/2c to cells

RAW 264.7 and THP1 cells were seeded in 96-well plates to reach the desired population of 2 x
10° and 5 x 10° cells-mL™, respectively. After that, they were washed with phosphate-buffered
saline (1%, pH 7.2-7.4) and incubated with a 100 pL solution containing 10 uM 1d or 2c, tBHP
(50 uM and 250 puM), or LPS (0, 10 ug-mL™?) in phosphate-buffered saline (1x, pH 7.2-7.4)
containing 2% v/v FBS at 37 °C. The fluorescence intensity was measured over 2 h incubation by
a microplate reader using the following parameters: Aex/Aem 480/673 nm (FRET); Aex/Aem 480/519
nm (Fluorescein); Aex/Aem 643/672 nm (AFDyeega7).

3.2.15 Cellular thiol blocking treatments by DTNB or NEM

The membrane-impermeable compound 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) and
membrane-permeable compound N-ethylmaleimide (NEM) were used to inactivate cellular thiol
functional groups and evaluate the impact of GSH and radical thiols on sulfonium vinyl sulfide
bond breakage in cells experiencing oxidative stress. Accordingly, the seeded living cells (RAW
264.7 and THP-1 cells) in 96-well plates were washed with phosphate-buffered saline (1%, pH
7.2-7.4) to remove the media. Each well-containing cell was then incubated with 1d or 2c solution
(10 pL, 0.1 mM) in phosphate-buffered saline (1%, pH 7.2-7.4) containing 5 vol% DMF and 2%
FBS, NEM solution (10 uL, 10 mM) or DTNB solution (10 pL, 25 mM) in phosphate-buffered saline
(1%, pH 7.2-7.4) containing 2% FBS, tBHP solution (10 uL of 0, 0.5, and 2.5 mM) or LPS solution
(10 uL, 0.1 mg-mL™) phosphate-buffered saline (1x, pH 7.2-7.4) containing 2% FBS, and an
appropriate volume of phosphate-buffered saline (1%, pH 7.2-7.4) containing 2% FBS to reach
100 pL solution per each well with a desired final concentration of compounds (10 uM 1d , 10 yM
2c, 1 mM NEM, 2.5 mM DTNB, 0, 50, or 250 uM tBHP, and 0 or 10 yg-mL=t LPS). It is worth
mentioning that the final vol% of DMF and FBS were 0.5% and 2% at each well. Afterwards, the
fluorescence intensity of each well was immediately measured over 2.5 h at 37 °C by a microplate
reader (Aex/hem 480/673 nm (FRET); Aex/Aem 480/519 nm (fluorescein); Aex/Aem 643/672 nm
(AFDyess7).

3.2.16 Cell viability assay

The cell viability of each cell line was evaluated using the crystal violet assay. Each well containing
RAW 264.7 and THP-1 cells was rinsed with phosphate-buffered saline (1%, pH 7.2-7.4) after 3
h exposure to 1d and 2c solution (100 uL, 10 uM). Furthermore, each well was incubated with 50

pL of 0.5% crystal violet staining solution and incubated for 10 min at room temperature.
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Subsequently, cells were washed extensively with distilled water to remove the excess dye.

Finally, the optical density (OD) of each well was measured by a microplate reader at 570 nm.

3.3 Results and discussion

3.3.1 Design and synthesis of sulfonium vinyl sulfide and control FRET

probes

In order to monitor the stability of sulfonium vinyl sulfide linkages in the presence of cells, a FRET-
based probe was designed based on a cell-penetrating peptide, Tatis—s7, extended on its N-
terminal side with a short peptide sequence containing azidolysine (for conjugation of the acceptor
fluorophore AFDyessr via copper-free Click chemistry) and a methionine residue. This cell-
penetrating peptide sequence was chosen in favor of nona-arginine used in our previous work,
owing to the reported propensity of the latter for self-aggregation,>® which complicated subsequent
analyses from a technical standpoint. To prepare the responsive probe (1d), the methionine
residue of peptide (1a) was first alkylated to a sulfonium allene (1b) with propargyl bromide under
acidic conditions and subsequently modified with the donor fluorophore (SAMSA fluorescein;
deprotected to its thiol form) by nucleophilic thiol-allene addition to yield the fluorescent sulfonium
vinyl sulfide peptide (1c). Thereatfter, the acceptor fluorophore (DBCO—-AFDyes47) was introduced
onto the azido group of the peptide by copper-free Click chemistry to yield 1d (Figure 3.1a,c). A
control probe (2c) containing a thioether rather than a sulfonium vinyl sulfide linkage was prepared
by a similar approach but by substituting the methionine residue on 1a for a cysteine (2ain Figure
3.1b,d). The thiol group on this peptide was alkylated with fluorescein-5-maleimide to produce a
stable thioether bond. Both probes were analytically pure by high-performance liquid
chromatography (HPLC), exhibited the expected optical properties based on the appended
fluorophores, and their identity validated by mass spectrometry (Figures S1-3). Moreover, both
probes exhibited FRET upon excitation to the donor fluorophore (Aex /Aem 485/625-800 nm)
(Figure 3.1e).
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Figure 3.1 FRET-based sulfonium vinyl sulfide and thioether probes. (a,b) Synthetic scheme to prepare
1d and 2c from methionine-containing peptide la and cysteine-containing peptide 2a,
respectively. (c,d) Representative chromatograms of purified compounds. (e) Fluorescence
spectra (Aex 485 nm) demonstrate FRET for 1d and 2c.

3.3.2 Reaction with radical thiols and thiol nucleophiles

In agreement with our previous work, the sulfonium vinyl sulfide bond of 1d was very stable in the
presence of thiols upon prolonged incubation in conditions mimicking the cytosol (i.e., 10 mM
GSH, pH 7.4). As shown in Figure 3.2a, 1d remained >92% intact over 24 h, based on the
integration of the peak of the original conjugate. Over this period, the slow nucleophilic addition
of GSH to the carbon adjacent to the sulfonium on 1d produced a peptide fragment with the
recovery of the original methionine residue (1e) as well as a fluorescent adduct of GSH (1f),

without side reactions. Both 1e and 1f were evidenced by HPLC and mass spectrometry (Figures
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S4.,5). To validate the responsiveness of the sulfonium vinyl sulfide 1d towards a radical thiol—
ene “Clip” reaction (with a concurrent effect on the intensity of the FRET signal), 1d was reacted
with radical thiols generated from 10 molar eq. of GSH and 1.5 eq. of photo-radical initiator in
neutral phosphate buffer. The scheme illustrating the reaction is presented in Figure 3.2b.
Results shown in Figure 3.2c illustrate that after a 15-min exposure to UV light at 366 nm, ~60%
of the sulfonium vinyl sulfide fragmented to release the AFDyegs; modified peptide (1e, with the
original methionine residue intact) alongside another fluorescent adduct of GSH (19), as identified
chromatographically by their optical properties and mass spectrometry (Figure S6,7). Moreover,
the intensity of the FRET signal dropped by ~60% with this transformation (Figure 3.2d),
indicating that this parameter can be used to quantitatively monitor the stability of the sulfonium
vinyl sulfide linkage in cell culture. In parallel, a ~350% increase in fluorescence intensity of the
fluorescein channel (Aex/Aem 480/519 nm) was observed over the same period due to
discontinuation of FRET. The fluorescence intensity of the AFDyess; channel (Aex /Aem 643/672
nm) did not change significantly from its initial value. In contrast to the results above, 2c was
insensitive to radical thiols as evidenced by the insensitivity of the intensity of its FRET signal

after exposure to radical thiols (Figure S6b).
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Figure 3.2
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3.3.3

Reaction with radical thiols and thiol nucleophiles. (a) Chromatogram illustrating the stability
of 1d/2c in 10 mM GSH over 24 h. (b) Scheme illustrating the products formed by reaction of
1d with a radical thiol (15 min UV irradiation of 10 eq. GSH and 1.5 eq. photoinitiator). (c,d)
Illustrative chromatogram and evolution of optical properties of 1d exposed to radical thiols.

Data in pane d is presented as Mean + SD (n = 3). ®“’ denotes peaks from photo-radical
generator.

Nitration with peroxynitrite (ONOO") as a model RNS

To assess the reactivity of sulfonium vinyl sulfides towards RNS, 1d and 2c were incubated with

0-5 molar eg. of peroxynitrite. Peroxynitrite (ONOQ") is a potent nitrating agent for biomolecules

(e.g., proteins, nucleic acids, lipids, and sugars)*® and is involved in many physiological and

pathological processes.1’®17 |t is an unstable molecule (half-life of ~10-20 ms)*? that transforms

at physiological pH to other highly reactive molecules such as peroxynitrous acid (ONOOH, pKa

6.8) or the unstable nitrosoperoxocarboxylate anion (ONOOCQO;").1784%¢ Both ONOOH and
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ONOOCO;" decompose to "NO2, which is the primary species expected to react with 1d/2¢.17817°
As illustrated in Figure 3.3a,c, 2c remained relatively stable in the presence of up to 2 eq.
peroxynitrite, as evidenced by only a small change in the chromatogram and fluorescent signals
(FRET channel and channels of both fluorophores). Curiously, when 1d was exposed to up to 2
eg. peroxynitrite, the intensity of the FRET signal increased by 160% and was equally
accompanied by a 350% increase of intensity from the fluorescein channel (Figure 3.3b,d). Upon
exposure to higher molar eq. of peroxynitrite (5 and 10 eq.), substantial degradation of both 1d
and 2c was observed by chromatography as well as by a decrease of all fluorescent signals
(FRET and individual fluorophores). To better understand the nature of this increase and
subsequent decrease of fluorescent signals for 1d (and only decrease for 2c¢), a smaller model
peptide, SAMSA fluorescein, and AFDyess; were separately exposed to peroxynitrite under
identical conditions to facilitate analysis by mass spectrometry. The results, shown in Figure S8,
reveal that both fluorophores were relatively stable in the presence of up to ~2 eq. of peroxynitrite
(0-15% loss of fluorescence intensity), though degraded rapidly thereafter with concomitant
substantial loss of fluorescence intensity. This was due to nitration and/or oxidation of these
entities and some of these species were evidenced by mass spectrometry (Figures S9,10).
Indeed, these observations are in line with those of other groups, who have reported the
mechanism of oxidation of cyanine polyenes by peroxynitrite.*>"458 However, this result does not
explain the pronounced increase of fluorescence of 1d (both fluorescein and FRET channels) in
the presence of <2 eq. of peroxynitrite. Indeed, while the fluorophores themselves are relatively
stable in the presence of up to ~2 eq. of peroxynitrite, analysis of the model peptide revealed
hydroxynitration of the sulfonium vinyl sulfide (Figures S11,12). As such, the increase of
fluorescence observed for 1d (both fluorescein and FRET channels) upon hydroxy nitrosylation
of the sulfonium vinyl sulfide can be ascribed to a change of chemical structure and local polarity
near fluorescein. As this process occurs more rapidly than the degradation of either fluorophore,
probe 1d first exhibits an increase of fluorescence due to this phenomenon and is followed by a
decrease in the presence of higher amounts of peroxynitrite. Therefore, this probe system is very
interesting for characterizing the competition between radical thiols and RNS in complex biological
milieu — something that is challenging to accomplish — owing to the orthogonal changes to its

fluorescence properties resulting from reaction with either species.
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Figure 3.3 Stability of 2c/1d in the presence of peroxynitrite. (a,c) 2c is stable towards ~2 eq. of

peroxynitrite, above which loss of fluorescence intensity is observed. (b,d) Exposure of 1d to
peroxynitrite first leads to an increase of fluorescein and FRET intensity, then to a subsequent
decrease. For panes ¢ and d, values are given as Mean + SD (n = 3).

3.34 Reactivity of sulfonium vinyl sulfides in cell culture models of oxidative
stress

To evaluate the competition RNS and radical thiols for sulfonium vinyl sulfide linkages in cell
culture, permanent mouse macrophages RAW 264.7 and adherent human monocyte THP-1 cell
lines were chosen as in vitro models owing to the substantial amount of reactive species they
generate upon activation compared to other cell types.****¢! To modify the amount of reactive
species naturally generated by these cells, cultures were exposed to the ROS tert-butyl

hydroperoxide (tBHP) and lipopolysaccharide (LPS), a cell-wall component of gram-negative
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bacteria known to influence the activation of monocytes and macrophages by the production of
pro-inflammatory mediators and cytokines.*%?-%%> To characterize oxidative stress, the levels of
ROS were quantified using H.DCFDA, and the concentration of intracellular thiols was measured
using thiol tracker violet, both as a function of tBHP/LPS concentration and time (Figure S13). In
general, exposure of both cell lines to the stressors resulted in an increase in ROS concentration
as a function of concentration and time, and a more dramatic effect was observed for tBHP,
probably as it is itself a ROS. Concurrently, and in line with previous reports,%4 a reduction in
the concentration of intracellular thiols was observed for both cell lines after a two-hour exposure
to the stressors. As thiols are known scavengers for ROS and RNS, decreased thiol concentration
suggests the transient formation of radical thiols that recombine to form disulfide compounds.

22,208,453

The sulfonium vinyl sulfide 1d and thioether 2c were added to the cells at a concentration that
was minimally cytotoxic (Figure S14) and changes to FRET intensity and individual fluorophore
channels were monitored with time (Figure 3.4). As expected, the FRET signal of the thioether
probe 2c remained constant over the 150-minute experiment, indicating the stability of the peptidic
probe and its constituents. In contrast, the FRET signal of 1d increased with time to reach a
plateau at ~200% of its initial value over a ~2-h period, which is suggestive of hydoxynitration of
the sulfonium vinyl sulfide by RNS. Very little to no effect of LPS or tBHP on the kinetics of
fluorescence increase was observed, which suggests that ROS are not involved in the changes
affecting 1d (or at most contribute to a minor extent). Moreover, the addition of DTNB and NEM
to block extracellular and total thiols, respectively, equally did not have a great effect on the
kinetics of the evolution of the FRET signal from 1d, indicating the lack of (or at most minimal)
participation of thiols or RSS in the changes affecting 1d, over the short timeframe of the
experiment (Figure 3.4). Nonetheless, the plateau FRET signal reached in the presence of NEM
was lower than for the other experiments, suggesting the scavenging of radical species by the
latter. Similar results were observed for both cell lines and only modest differences in kinetics
were observed. In line with the experiments from previous sections, the AFDyegs7 channel of both
1d and 2c was stable over the entire 150-min incubation period (Figure S15), while the intensity
of the fluorescein channel increased slightly over this same timeframe, and in both cell lines
(Figure S16). The small progressive increase of intensity from the fluorescein channel was
insensitive to any of the stressors applied to the cells, suggesting that it reflects changes to the
local environment (pH, polarity) associated with interaction and cellular trafficking.*®” Hence, the

global analysis of the results above indicate that hydroxynitration of the sulfonium vinyl sulfide
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outcompetes other reactions, in particular the radical thiol-ene “Clip” reaction that would lead to

the release of 1a from 1d.
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Responsiveness of sulfonium vinyl sulfides in cell culture. Evolution of the FRET signal of
1d/2c in the presence of RAW 264.7 (a) and THP-1 (b) cells exposed to different stressors and
thiol quenching agents. Data presented as Mean + SD (n = 3).

34 Discussion

One particular challenge associated with developing stimuli-responsive linkers designed for drug

delivery applications is the characterization of their biological fate.®” This challenge becomes

exacerbated when the linker can respond to different types of reactive molecules, and when the
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concentration/half-life of these species are low. A previous report from Zare et al. (Chapter 2;
Article 1) showcased the preparation of various bioconjugates containing sulfonium vinyl sulfide
linkers as well as their high sensitivity to radical thiols and general low sensitivity to nucleophilic
thiols. This type of functional group could be considered interesting as linker chemistry for
releasing methionine-containing peptides (or thioether-containing molecules in a more general
context) in a traceless manner within the body. Indeed, release could be triggered either by radical
thiols or nucleophilic thiols, by two different mechanisms and at very different rates. In fact, a
FRET-based probe exposed to bacteria in Zare et al. demonstrated a great deal of stability over
1.5 h, and a small progressive loss of FRET signal with time reaching 75% of its original value
within 2 h. This behavior was interpreted as the linker being stable to biologically-relevant levels
of radical thiols, and the slight decrease after prolonged incubation was interpreted as the release
of the methionine-containing peptide owing to reaction with thiol nucleophiles. The present study
complements these findings by developing a probe able to differentiate the effects of RNS and
radical thiols on the sulfonium vinyl sulfide group, knowing from past work that this linker is
insensitive to biologically-relevant concentrations ROS within the timeframe explored. In fact, the
current work suggests that the sulfonium vinyl sulfide is not stable during the initial 1.5-h period
reported previously, but rather undergoes relatively rapid hydroxynitration by RNS over a ~2 h
period. This phenomenon is elucidated herein by an increase of the FRET channels for 1d with
time and was invisible to the previous probe design used in Zare et al. (Chapter 2; Article 1)
because of the insensitivity of the donor fluorophore (Cy3) to changes in local chemical
structure/polarity. Hence, this work provides new insight into the early biological fate of such
linkages, even if the long-term fate of the sulfonium is known (sulfoniums are unstable upon
prolonged incubation with thiol nucleophiles to ultimately release methionine-containing peptides

over the period of many hours, as shown in Figure 3.2a for 1d).

35 Conclusions

This study demonstrates that sulfonium vinyl sulfides respond, under model conditions, to
nucleophilic thiols (hours/days), radical thiols (minutes), and RNS (minutes), leading the release
of methionine-containing peptides in the first two cases and to hydroxynitration in the third case.
In the presence of cells and hence biologically-relevant concentrations of these three reactive
species, RNS outcompeted radical thiols for reaction with the sulfonium vinyl sulfide (presumably
due to a combination of reactivity, half-life, and concentration), while reaction with nucleophilic
thiols remains expected upon much longer incubation (hours/days). These combined results

suggest that sulfonium vinyl sulfide functional groups, when designed for exposure to cells or the
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body, could be exploited for e.g., preparing polarity changing biodegradable nanocarriers for
various applications owing to their responsiveness to biologically-relevant levels of RNS.
Moreover, these materials would remain biodegradable due to slow reaction with nucleophilic
thiols. Hence, the combined ease of synthesis and responsiveness to radical thiols, RNS,
nucleophilic thiols, under different conditions, make sulfonium vinyl sulfides versatile new
functional groups for creating responsive and biodegradable entities. Of course, these linkers
could be exploited for other applications not involving biologically-derived reactive species (i.e.,
ex cellulo/ex vivo), whereby exposure to radical thiols could be used to trigger degradation of the
linker and release of methionine-containing peptides. Ultimately, this work highlights the
complexity of developing responsive chemical bonds, owing to the concurrent high diversity,

reactivity, low concentration and lifetime of the various reactive species within cells.

Supporting Information

Full chromatograms and mass spectra of purified FRET-based responsive probe and FRET-
based control probes and all presented data in the main manuscript. Scheme illustrating the
products formed by reaction of FRET-based responsive probe with nucleophilic thiols. The
stability of AFDyess7 and Fluorescein upon exposure to ONOO™. The stability of sulfonium vinyl
sulfide-containing model peptide (FPAM(vinyl sulfidle-GSH)AG) upon exposure to ONOO".
Analysis of ROS level and the concentration of intracellular thiols in cell lines (THP-1 and RAW
264.7) exposed to different stressors. Cell viability of THP-1 and RAW 264.7 cells treated with
FRET-based responsive probe and FRET-based control probe. Evolution of the AFDyeess7; and
fluorescein signals of FRET-based responsive probe and FRET-based control probe in the
presence of RAW 264 and THP-1 cells.
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4 GENERAL DISCUSSION, CONCLUSION, AND PERSPECTIVES

In light of the importance of biological stimuli-responsive chemical linkages in many
pharmaceutical and biotechnological applications and due to the implication of various
endogenous reactive species in the onset and development of various diseases,>® this thesis
aims to provide a new chemical bond, sulfonium vinyl sulfide, which can be applied as a
responsive linkage toward biological reactive species for various biomedical applications. While
the specific conclusions and guidelines have been discussed and presented in each relevant
Chapter, in this section, we provide a general discussion about the most significant achievements
of this thesis, what makes this work different from the work of others, limitations and the future

perspective of this thesis, and how this thesis will benefit society.

4.1 The most significant achievement of this thesis

GSH is the most abundant intracellular reducing thiol (1-10 mM intracellular and 2-20 yM
extracellular) and in equilibrium with its oxidized form (GSSG).1%2° GSH is an essential antioxidant
reagent under normal physiological conditions and prevents cell damages caused by RONS.?1%2
Under oxidative stress and elevated level of RONS, the intracellular level of GSH increases
around four times compared to normal cells.?*>?* On one hand, this process can lead to the
alteration of cellular redox balance (GSH: GSSG ratios), which can cause the oxidation and
disulfide exchange reactions at specific cysteine residues of proteins.?® On the other hand, radical
thiols (RS"), an oxidizing agent,** are produced during the radical scavenging of GSH in the
cellular metabolic process.?® Radical thiols are an important mediator in the intracellular redox
process, leading to cell damage by reacting with unsaturated acyl chains of phospholipids and
protein thiols.*®1” Therefore, radical thiols play a significant role in the intracellular redox process.
Since the GSH is the highest concentration non-protein thiol molecule in the cytosol and due to
the importance of radical thiols and increased level of GSH in pathophysiological events, it is
interesting to design chemical bonds that can respond to radical thiols. However, to the best of
our knowledge and based on the presented introduction content (Chapter 1), there is a lack of

radical thiol-responsive chemical bonds in the literature.

In the first part of our work (Chapter 2), we designed a chemical bond that can respond to radical
thiols. For this purpose, a combination of two well-known reactions, including Click reaction
(nucleophilic thiol-allene addition) and Clip reactions (radical thiol-ene addition) were utilized for

the preparation and disassembly of bioconjugates in a Click/Clip manner. The utilized Click



reaction obeys the most of the criteria of Click chemistry and resulted in the preparation of
bioconjugates by the formation of sulfonium vinyl sulfide bond between methionine residue-
containing peptides and a variety of molecules containing thiol functional groups, including
peptides, a fluorophore, a polymer, and a protein. In this thesis, three different methionine residue-
containing peptides were utilized, including FPAMAG (a model peptide), HDMNKVLDL
(Antiflammin-2), and Ac-K(N3)-GSGCGGRKKRRQRRR-NH: (a designed cell-penetrating peptide
(Tatses7)). HDMNKVLDL and Ac-K(N3)-GSGCGGRKKRRQRRR-NH; were chosen due to their
anti-inflammatory properties*® and to facilitate the cellular uptake,*4%° respectively. It was
demonstrated that electron-deficient alkynes, conveniently and selectively installed on methionine
residues of peptides, can participate in the thiol-allene Click reaction, leading to formation of a
sulfonium vinyl sulfide bond in various bioconjugations and enabled the high-yielding preparation
of a variety of peptide—peptide, peptide—fluorophore, peptide—protein, and peptide—polymer
conjugates without side-reactions. The process was not harmful to fluorophores from different
families. As a control experiment, it was also shown that oxidation of the methionine residue
prevented the alkylation reaction. Furthermore, the regioselectivity of Click reaction and the
structure of the sulfonium vinyl sulfide bond was determined by *H NMR spectroscopy and *H-tH
Nuclear Overhauser Effect spectroscopy, which demonstrated the addition of thiol group to the y-
position of the allene, leading to the formation of both cis and trans isomers with a strong
dominance of the cis stereoisomer. Moreover, this work evaluated the responsiveness of
sulfonium vinyl sulfide bond towards various reactive species, including radical thiols, nucleophilic
thiol, ONOO™, H202, and UV-exposure of H.O. (‘OH). Accordingly, our presented linkage
underwent the very rapid dissociation in the presence of equimolar amounts of radical thiols (in
minutes) with more than >90% conversion due to radical thiol-ene Clip reaction, leading to the
release of the original methionine-containing peptide with full recovery of its thioether side-chain
and without side-reactions. It was also shown that the conversion of the Clip reaction was not
influenced by either the pH of the environment or the radical thiol structure. Under model
conditions, the sulfonium vinyl sulfide-containing bioconjugates exhibited relatively high stability
to high concentrations of thiols at pH 7.4 (mimicking the cytosol). However, the prolonged
incubation of sulfonium vinyl sulfide-containing bioconjugates with the thiol nucleophile (under an
inert atmosphere) led to a very slow recovery of the native peptides and without side-reactions
due to nucleophilic addition of a thiol to the carbon adjacent the sulfonium. Despite the linkage
dissociation in the presence of radical thiols (minutes) and nucleophilic thiols (hours/days),
exposure of bioconjugates to H,O- alone in the dark or under exposure to UV light to generate

hydroxyl radicals did not affect the stability of the bioconjugate.
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On the other hand, RNS are another important group of reactive species associated with
pathophysiological events. These reactive species can significantly affect cellular mechanisms of
redox regulations due to their oxidation and nitration potential.!! Therefore, in the next part of this
thesis (Chapter 3), the reactivity of sulfonium vinyl sulfides towards ONOO™ (a model RNS) was
investigated. Accordingly, it was demonstrated that the equimolar amounts of ONOO™ led to
hydroxynitration of the sulfonium vinyl sulfide in a short period of time. Therefore, the results
indicated that sulfonium vinyl sulfide bond of bioconjugates did not undergo the clip reaction in
the presence of ONOO".

In general, this work introduced 3 different probes with fluorescence resonance energy transfer
(FRET) signal, including two sulfonium vinyl sulfide-containing probes with Cy3/Cy5 or
fluorescein/AFDyesas7 fluorophore pair and one control probe (fluorescein/AFDyess7) containing a
thioether rather than a sulfonium vinyl sulfide linkage. The responsiveness of sulfonium vinyl
sulfide bond and consequence effect on the FRET signal of probes were evaluated in the model
conditions and in cell cultures, including E. coli, permanent mouse macrophages RAW 264.7, and
adherent human monocyte THP-1 cell lines experiencing oxidative stress. Bacteria were chosen
over mammalian cells owing to their significantly higher rate of division and slightly higher
intracellular thiol concentration (=20 mM).#47448 RAW 264.7 and THP-1 cell lines were selected
as in vitro models owing to the substantial amount of reactive species they generate upon
activation compared to other cell types.**°-*¢1 Under model conditions, the reduction in the FRET
signal of sulfonium vinyl sulfide-containing probes was observed in the presence of radical thiol
and nucleophilic thiols due to the linkage dissociation that occurred by radical thiol-ene and thiol—
ene Clip reactions, respectively, regardless of applied donor/acceptor fluorophores. However,
hydroxynitration of the sulfonium vinyl sulfide in the presence of ONOQO™ led to an enhancement
in the FRET signal of probe (fluorescein/AFDyess7), which can be ascribed to a change of

chemical structure and local polarity near fluorescein (the donor fluorophore).

Finally, this thesis studied the competition between RNS, radical thiols, and nucleophilic thiols to
react with sulfonium vinyl sulfide linkage in cell lines. According to Chapter 2, sulfonium vinyl
sulfide-containing probe (Cy3/Cy5) exposed to bacteria demonstrated a great deal of stability over
1.5 h, and a small progressive loss of FRET signal with time reaching 75% of its original value
within 2 h. This behavior was interpreted as the linker being stable to biologically-relevant levels
of radical thiols, and the slight decrease after prolonged incubation was interpreted as the release
of the methionine-containing peptide owing to reaction with thiol nucleophiles. In Chapter 3, we

complement these findings by developing a probe able to differentiate the effects of RNS and
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radical thiols on the sulfonium vinyl sulfide group. In fact, this chapter suggests that the sulfonium
vinyl sulfide is not stable during the initial 1.5-h period reported previously, but rather undergoes
relatively rapid hydroxynitration by RNS over a ~2 h period. This phenomenon is elucidated herein
by an increase of the FRET channels for sulfonium vinyl sulfide-containing probe
(fluorescein/AFDyess7) with time and was invisible to the previous probe design used in the first
article because of the insensitivity of the donor fluorophore (Cy3) to changes in local chemical
structure/polarity.

4.2 The most significant limitation of this work

Despite the achievements mentioned above, this work faced some challenges that should be
considered in future work. For instance, this work's main limitation is the difficulty of
unambiguously and precisely establishing which reactive species are involved in reacting with
sulfonium vinyl sulfide linkers in complex environments. While Chapter 3 demonstrated that RNS
outcompeted radical thiols for reaction with the sulfonium vinyl sulfide, it is still possible that
multiple reactive species react with our presented linker at the same time or over time. Another
limitation of this thesis is related to the natural abundance of radical thiol species and competitive
scavengers for these. As mentioned previously, endogenous radical thiols cannot competitively
react with the linker in a complex environment, eliminating the application of the linker for the rapid

release of methionine-containing peptides under presented conditions for drug delivery systems.

4.3 How this work is different from the work of others

This study reports a combination of two well-known reactions that obey most of the criteria of
Click chemistry and could unexpectedly be used to prepare and disassemble bioconjugates in a
Click/Clip manner by utilizing the methionine residue of the peptides. Furthermore, to the best of
our knowledge, RS*-responsive chemical bonds and materials have been rarely investigated.
Regarding the importance of radical thiols in physiological and pathological events, it would be
interesting to develop and evaluate RS*-responsive chemical bonds and materials for different
biomedical applications. Regarding the detection of the ONOO™ in living cells, the majority of
ONOO™-responsive chemical bonds, including selenium or tellurium-based derivatives,*’%-4"3
boronic acid/esters,*"#4"- double carbon bonds,*8475-478 gand others,*’°~*82 exhibited the oxidizing
potential of ONOO™. However, sulfonium vinyl sulfide linkers provide the opportunity to represent
and understand better the nitration potential of ONOO™ in living cells. Considering the potential of

ONOO in nitration of various biomolecules,*® including proteins, DNA, sugars, and carbon-
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carbon double bonds of monounsaturated and unsaturated fatty acids,*®3*8 our presented linker
can be useful for future therapeutic and diagnostic applications. Furthermore, FRET-based
probes have been used for the detection of ONOO™,*8486 due to their ability to regulate emission
signals in two channels.#67487-48 However, synthesizing the FRET-based probes is often
complicated due to the existence of two different fluorophores in the probe.*%848¢ |n this project,
we simply synthesized a FRET-based responsive probe and a FRET-based control probe by
employing fluorescein and AFDyees7 that exhibited an enhancement and relative stability of FRET
signals in living cells. Last but not least, the current ONOO™-responsive systems are able to detect
ONOO™ in macrophages upon interferon-gamma (IFN-y)/LPS stimulation and/or SIN-1 (ONOO"~
donor) incubation to increase the level of endogenous ONOO™ in living cells,370:384:458,477.490
However, in this project, we presented the effects of ONOO™ on FRET-based responsive probe
in cells in the presence and absence of only LPS stimulation. Such a response may provide
opportunities to detect the short-lived endogenous ONOO" in biological systems in the absence
of additional stimulants.

4.4 What is left to be done (future perspectives)

Future experimental studies could investigate the local generation of radical thiols by
photoinitiation using an appropriate system (e.g., photodynamic therapy). This increase in the
concentration of radical thiols may make the rapid release of from sulfonium vinyl sulfide linkers
possible using light. Future experiments can also be designed and performed by a variety of
fluorophore pair-based bioconjugates to better understand the effect of ONOQO™ on sulfonium vinyl
sulfide linkers and FRET signals in the absence of fluorophore degradation. It is also quite helpful
to perform some additional investigation, e.g., exploring the reactivity of sulfonium vinyl sulfide
linker in the presence of other reactive species, in various cell lines, within several incubation
times, and many others, to understand better the potential limitation, and possible future
applications of this linker. Moreover, the potential of sulfonium vinyl sulfide linkers can be explored
for the bioconjugation of methionine-containing proteins. Indeed, the limited functional role of
methionine residues in protein compared to other residues makes them a great option for protein
labelling,**> which can be applied for a broad range of pharmaceutical applications. Last but not
least, sulfonium vinyl sulfide linkers can be employed as repeatable functional groups in
methionine- or thioether-containing polymers and be used for its polarity changing characteristics

for future applications.
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4.5 How will this work benefit society?

Considering the convenience of Click/Clip strategy, the readily accessible nature of the
reactants/reagents and the biological relevance of the latter, this concept can have many
applications in the biotechnological sector. In addition, the combined results suggest that
sulfonium vinyl sulfide functional groups, when designed for exposure to cells or the body, could
be exploited for, e.g., preparing polarity changing biodegradable nanocarriers for various
applications owing to their responsiveness to biologically-relevant levels of RNS. Furthermore,
sulfonium vinyl sulfide linkers could be exploited for other applications not involving biologically-
derived reactive species (i.e., ex cellulo/ex viva), whereby exposure to radical thiols could be used
to trigger degradation of the linker and release of methionine-containing peptides. Ultimately, this
work highlights the complexity of developing responsive chemical bonds, owing to the concurrent

high diversity, reactivity, low concentration and lifetime of the various reactive species within cells.
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Figure S1. Full chromatograms (absorbance at 214 nm) presented in Figure 2.2b of the main manuscript.
Representative chromatograms used to monitor the progress of the alkylation of methionine-
containing peptides 1a, 4a, and 5a by propargyl bromide into 1b, 4b, and 5b, respectively.
Unidentified peaks relate to propargyl bromide and trace solvents in the crude reaction
mixtures. Black and red chromatograms represent the samples at 0 and 24 h of the reaction,
respectively.
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Mass spectra of conjugates presented in Figure S1 and Figure 2.2b of the main manuscript.
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Figure S3. Alkylation of 2a by propargyl bromide. (a) Representative chromatograms (absorbance at 214

nm) showing that no changes in the intensity of the peak of 2a was observed over a 24 h
period. Lack of reactivity was associated to the absence of thioether in 2a, for which the side-
chain of methionine is present as a sulfoxide. Black and red chromatograms represent the
samples at 0 and 24 h of the reaction, respectively. * Relates to propargyl bromide and trace
solvents in the crude reaction mixtures. (b) Mass spectra of 2a.
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Figure S4. Stability of sulfonium activated allene in aqueous media pH 7.4. (a) Mechanism of [2,3]

sigmatropic rearrangement of 1b presented in Figure 2.2a of the main manuscript. (b) Full
chromatograms (absorbance at 214 nm) presented in Figure 2.2c of the main manuscript.
Prolonged incubation of 1b and 4b at near-neutral pH resulted in hydration and [2,3]-

sigmatropic rearrangement. Red and blue chromatograms represent the samples at 0 and 15
h, respectively.
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Figure Sb5. Mass spectra of oxidized and alkylated peptides. Mass spectra of hydration and [2,3]c
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Figure S6. Full chromatograms (absorbance at 214 nm) presented in Figure 2.3b of the main manuscript.
Representative chromatograms used to monitor the reaction of allenic peptides of 1b and 5b
with thiols proceeds with high conversion and without side-reaction.
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Mass spectra of conjugates presented in Figure S6 and Figure 2.3b of the main manuscript.
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Figure S8.
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Full chromatograms of 1b, 4b, 5b and their bioconjugates produced by the nucleophilic thiol—
allene reaction. (a) Representative full HPLC chromatograms of 1b—ME, 1b—GSH, 1b—-mPEG,
and 1b—SAMSA fluorescein (black: absorbance at 214 nm; red: fluorescence Aex/Aem 490/520
nm) produced by the thiol-allene click reaction at pH 7.4. Extra peaks in the chromatograms
of 1b—SAMSA fluorescein correspond to unreacted SAMSA fluorescein present in the crude
reaction mixture. (b) Representative full HPLC chromatograms of 4b, 4b—BME, 4b—GSH, 4b-
MPEG, and 4b—SAMSA fluorescein (black: absorbance at 214 nm; red: fluorescence Aex/Aem
490/520 nm) produced by the thiol-allene click reaction at pH 7.4. Extra peaks in the
chromatograms of 4b—SAMSA fluorescein correspond to unreacted SAMSA fluorescein
present in the crude reaction mixture. (c) Representative full HPLC chromatograms (Black:
absorbance at 214 nm unless otherwise indicated; Red: Fluorescence Aex/Aem 550/655 nm
(FRET between Cy3/Cy5)). Large peak that saturates the detector (0-8 min) in the
chromatogram of 5b—CPP(Cy3) is from DMF in the sample.
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500-1000 associated with the mPEG component of the bioconjugate, as well as peaks
associated with fragmentation of the sulfonium and release of a truncated form of 3b
(structure shown in inset).
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Figure S13. The mass spectra of 3b—HSA. 3b—HSA cannot be identified directly due to fragmentation of

the sulfonium salt. However, the sulfonium fragmentation Mrragment 1 and Mrragment 2 0f 3b—HSA
are distinguishable.
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Figure S14. Full chromatograms of 1b and 1b-containing bioconjugates produced by the nucleophilic
thiol-allene reaction. HPLC chromatograms (absorbance at 214 nm) of 1b, and 1b reacting
with 1.1 molar eq. of GSH for 90 min at pH 6.5, 7.4, and 8.5, illustrating that the reaction is
faster by basification.
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Figure S15. 1H-1H Nuclear Overhauser Effect spectrum spectra of 1b—BME showing correlation between

protons Hjand Hk (Figure 2.3, main manuscript).
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Stability of bioconjugates toward nucleophilic substitution. (a) The mechanism of the reaction
presented in Figure 2.4a of the main manuscript. (b) Full chromatograms (absorbance at 214
nm) presented in Figure 2.4b of the main manuscript. Unidentified peaks relate to GSH,

oxidized GSH, and trace solvents/impurities in the crude reaction mixtures.
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Figure S17. Mass spectra of conjugates presented in Figure S16.
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Figure S18. Full chromatograms (absorbance at 214 nm) presented in Figure 2.4d of the main manuscript.
Unidentified peaks relate to GSH, oxidized GSH, photoinitiators, compounds released by
activation of the photoinitiator, and trace solvents/impurities in the crude reaction mixtures.
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Figure S19. Mass spectra of conjugates presented in Figure S18.
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Figure S20. (a) HPLC chromatograms of Clip radical thiol-ene addition of GSH (10 eq.) to 5b—CPP(Cy3) in

the presence of 1.5 eq. DMPA. From top to bottom, the concentration of 5b—CPP(Cy3): 0.1
mg-mL-1; 0.3 mg-mL~%; 0.8 mg-mL-L. (b) Clip of 1b—GSH by radical thiol-ene addition in the
presence of different concentrations of GSH and DMPA. From top to bottom: 10 eq. GSH and
1.5 eq. DMPA; 10 eq. GSH and 0.1 eq. DMPA; 1.1 eq. GSH and 0.1 eq. DMPA.
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Figure S21. HPLC chromatograms of Clip radical thiol-ene addition of 10 molar eq. of thiols (cysteine or

GSH) to 1b—GSH in the presence of 1.5 eq. DMPA at different pH. From top to bottom: Cysteine
at pH 7.4; GSH at pH 6.5; GSH at pH 8.5.
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Mass spectra of conjugates presented in Figure S21. (a,c,e) The mass spectra of 1b-GSH
before UV irradiation and (b,d,e) The mass spectra of 1a after 15 min UV irradiation at pH 7.4,

6.5, and 8.5, respectively.
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Figure S23. Clip radical thiol-ene addition of GSH to 1b—GSH and GSH, in the presence/absence of H202
and presence/absence of UV light. Representative full chromatograms (absorbance at 214
nm) illustrating that very little reaction occurs under these conditions. From top to bottom:
10 eq. H202, 10 GSH, +UV; 10 eq. H202, 10 GSH, -UV; 10 eq. H202, =UV,; 1.5 eq. H202, =UV.
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Figure S24. Analysis of reactive oxygen species in E. coli exposed to H202 using H.DCFDA. The increase
of fluorescence as a function of H202 concentration indicates a greater level of oxidative
stress. Data is presented as Mean + SD (n = 3).
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Table S1| Conjugates produced by the thiol-allene click reaction (n = 3)

Sulfonium Thiol Ratio! pH Time (h) Conversion
(%)
1b BME 11 7.4 1.5 94+1
1b GSH 11 7.4 1.5 84+1
1b GSH 1:1 6.5 2.5 50+ 20
1b GSH 1:1 8.5 1 97 +2
1b mPEG-SH 1:2 7.4 1.5 84+6
1b SAMSA Fluorescein 11 7.4 2.5 90+1
la(butyrate) GSH 1:10 7.4 3.52 0%
3b(Rho) HSA 10:1 8.5 12 642
4b BME 11 7.4 1 1001
4b GSH 1:1 7.4 1.5 82+7
4b mPEG-SH 1:2 7.4 1.5 73+3
4b SAMSA Fluorescein 1.1 7.4 1.5 74 £11
5b CPP(Cy3) 1:2 7.4 20 832

1: Sulfonium to thiol ratio; % n =1

Table S2| Release of methionine-containing peptide by nucleophilic substitution or by Clip (thiol-ene
addition) (n = 3).

Conjugale Thiol DMPA H202 pH Time Conversion
(eq.) (%0)
1b-GSH 10 mM GSH 74 24h 21+6
1b-GSH 10 mM Cys 7.4 22h 661
4b-GSH 10 mM GSH 7.4 24h 177
5b—CPP(Cy3) 10 MM GSH 7.4 22h ~631
1b-GSH 11eq.GSH 0.1eq. 7.4 15 min (+UV) 41
1b-GSH 10 eq. GSH 0.1eq. 7.4 15 min (+UV) 7t
1b-GSH 10 eq. GSH 1.5eq. 7.4 15 min (+UV) 94 +2
1b-GSH 10 eq. GSH 1.5eq. 6.5 15 min (+UV) 93+1
1b-GSH 10 eq. GSH 1.5eq. 8.5 15 min (+UV) 95+1
1b-GSH 10 eq. Cys 15 eq. 7.4 15 min (+UV) 9% +1
4b—-GSH 10 eq. GSH 15eq. 7.4 15 min (+UV) 97 +2
5b—CPP(Cy3) 10 eq. GSH 15eq. 7.4 15 min (+UV) 67 £ 12
1b-GSH - 1.5eq. 7.4 15 min (-UV) 2+3
1b-GSH - 10 eq. 7.4 15 min (-UV) 4+5
1b-GSH 10 eq. GSH 10 eq. 7.4 15 min (-UV) 4+2
1b—GSH 10 eq. GSH 10 eq. 7.4 15 min (+UV) 6+3

Ln=1;,Zn=2
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Table S3| Calculated and observed mass data.

Compound Composition Exact mass m/z

la C27H40N6sO7S 592.3 Calc. (M + 1H)'*: 593.3
Obs.: 593.1

1b C30HasNsO7S* 631.3 Calc. (M + OH)'*: 631.3
Obs.: 631.0

1b + H20 Cs0H45NsOsS* 649.2 Calc. (M + OH)*: 649.2
Obs.: 649.1

1b [2,3]c Cs0H42N6O7S 630.2 Calc. (M + 1H)'*: 631.2
Obs.: 631.0

1b—BME C32H49N60sS2* 709.3 Calc. (M + OH)*: 709.3
Obs.: 708.6

1b—GSH C40He61N10012S2* 937.4 Calc. (M + OH)**: 937.4
Obs.: 937.4

1b—SAMSA fluorescein Cs4HeoN7015S2" 11104 Calc. (M + OH)*: 1110.4
Obs.: 1110.3

la—butyne C31H4sNsO7S* 645.2 Calc. (M + OH)'*: 645.2
Obs.: 645.2

2a C27H40NsOsS 608.2 Calc. (M + 1H)'*: 609.2
Obs.: 609.1

3b Ce3H71Ns011S* 1147.5 Calc. (M + OH)*: 1147.5
Obs.: 1147.6

4a C46H77N13015S 1083.5 Calc. (M + 1H)'*: 1084.5
Obs.: 1084.6

4ab C49HgoN13015S* 1122.6 Calc. (M + OH)*: 1122.6
Obs.: 1122.3

4b [2,3]o Ca9H79N13015S 1121.6 Calc. (M + 1H)*: 1122.6
Obs.: 1122.9

4b—BME Cs1Hs6N13016S2* 1200.6 Calc. (M + OH)**: 1200.6
Obs.: 1199.4

4b-GSH Cs9Ho7N18022S2* 1428.7 Calc. (M + OH)*: 1428.7
Obs.: 1429.5

4b—SAMSA fluorescein C73Hgo7N14023S2* 1601.6 Calc. (M + OH)**: 1601.6
Obs.: 1601.1

5a C79H116N15022S3* 1721.8 Calc. (M + OH)*: 1721.8
Obs.: 1721.6

5b Cs2H119N15022S32*  1760.8 Calc. (M + OH)?*: 880.4
Obs.: 880.2

5b—CPP(Cy3) C18sH303N60045Se%*  4313.2 Calc. (M + 1H)**: 1078.5
Obs.: 1078.8

6 C23H38N8010S2 650.2 Calc. (M + 1H)**: 651.2
Obs.: 652.9

7 C33Hs56N12015S3 956.3 Calc. (M + 1H)'*: 957.3

Obs.: 959.4
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Figure S1. HPLC chromatograms related to synthesis of FRET-based sulfonium vinyl sulfide probe (1d).

The absorbance of purified la (Tat-Met), 1b (Tat-Met-allene), 1c (Tat-Met-allene-SAMSA
fluorescein), and 1d (FRET-based sulfonium vinyl sulfide probe) at (a) 214 nm, (b) 495 nm, (c)
650 nm, and (d) HPLC chromatograms of 1d at different wavelengths (214, 495, and 650 nm).
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Figure S2.
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HPLC chromatograms related to synthesis of FRET-based thioether probe (2c). The
absorbance of the purified 2a (Tat-Cys), 2b (Tat-Cys-flouresceine-5-maleimide), and 2¢ (FRET-
based thioether probe) at (a) 214 nm, (b) 495 nm, (c) 650 nm, and (d) HPLC chromatograms of
2c at different wavelengths (214, 495, and 650 nm).
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Figure S3. Full mass spectra of (a) 1a, (b) 2a, (¢) 1d, and (d) 2c.
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Figure S4.
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HPLC chromatograms at 214 nm, 645 nm, and 490 nm of Clip — Nucleophilic thiol-ene addition
reaction in the presence of thiols. Upon prolonged incubation (over 24 h) of 1d in conditions
mimicking the cytosol (i.e., 10 mM glutathione, pH 7.4), >92% of 1d remained intact. While, the
slow nucleophilic addition of glutathione to the carbon adjacent to the sulfonium on 1d
produced a peptide fragment with the recovery of the original methionine residue (1e) and a
fluorescent adduct of glutathione (1f), without side reactions.
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(@) Scheme illustrating the products formed by reaction of 1d with nucleophilic thiols
presented in Figure 3.2a of the main manuscript. Thiol nucleophiles can react at the carbon
adjacent the sulfonium, thereby the sulfonium vinyl sulfide fragmented to release the
AFDyess7 modified peptide with the original methionine residue intact (1e,) and fluorescent
adduct of GSH (1f). (b-d) Mass spectra of conjugates related to HPLC chromatograms
presented in Figure 3.2a of the main manuscript.
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Figure S6. The reaction with radical thiols. (a) HPLC chromatograms at 214 nm, 645 nm, and 490 nm of

Clip - radical thiol-ene addition reaction of 1d and radical thiols. Upon 15 min exposure to
radical thiols, ~60% of the 1d fragmented to release the AFDyeessr modified peptide (1le, with
the original methionine residue intact) and another fluorescent adduct of glutathione (1g). As
shown above, 1d presented the absorbance at 214 nm, 645 nm, and 490 nm due to the
presence of AFDyeess7 and Fluorescein. While the peaks related to 1le and 1g exhibited the
absorbance at 645 nm and 490 nm, respectively. (b) Clip reaction led to reduction in FRET
sighal (Aex/Aem 480/675 nm) of 1d due to linker breakage, leading to less possible energy
transfer between SAMSA fluorescein and AFDyess7 and the release of 1le. However, the FRET
signal of 2c remained constant.
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Figure S7.
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Mass spectra of conjugates related to HPLC chromatograms presented in Figure 3.2c of the
main manuscript. (a) 1d before clip-radical thiol-ene reaction. (b,c) The generated 1g and
released le upon exposure of 1d to radical thiols for 15 min. (d,e) Related to 2c before and

after 15 min UV irradiation, respectively.
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Figure S8.
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The effect of different molar eq. of peroxynitrite on AFDyeesss and Fluorescein. HPLC
chromatograms (at 214 nm) of (a) AFDyesa7 DBCO and (c) SAMSA fluorescein reacted with O,
1, 2, 5, and 10 eq. ONOO" at PBS buffer pH 7.4 within 2 min reaction. Fluorescence intensity
of (b) AFDyeess7 DBCO and (d) SAMSA fluorescein reacted with ONOO" (0, 1, 2, 5, and 10 eq.)
at PBS buffer pH 7.4 over 2 min. Both fluorophores were relatively stable in the presence of
~2 eq. ONOO'. Upon exposure to higher eq. of ONOO-, both fluorophores were degraded
rapidly due to nitrosylation and/or oxidation reaction, leading to loss of their fluorescence
intensity. The mass spectra of related compounds are presented in Figure S9,10. 1, AFDyess7
DBCO; 2, 3, products generated by the oxidation and degradation of AFDyess7 DBCO; 4, 5,
SAMSA fluorescein; 6,7, nitrated Fluorescein.
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Mass spectra of compounds related to HPLC chromatograms presented in Figure S8a. (a)
AFDyess7 DBCO located at peak No. 1. (b) Generated from the oxidation and degradation of
AFDyess7 DBCO in the presence of ONOO™ located at peak No. 1. (c) Generated from the
oxidation and degradation of AFDyessz DBCO in the presence of ONOO™ located at peak No.
3. (d) Unknown structure and generated in the result of the reaction between AFDyess7 DBCO
and ONOO™ located at peak No. 2. (e) Nitrated AFDyess7 DBCO located at peak No. 1 and
generated by the addition of a NO2z to the molecule in the presence of 10 eq. ONOO".
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173



HaN-_ 0 miz 358
° OH
o
N N/j(
Hoy O S
;
Na+

H
H Oy
\ n N
HN \S/%OH
oN
QN OH\)CL 4;\)?\ m/z 665
., N N OH
7N CNY
o o ° o ° 0
H,N
H ? OH
H- N\-,)LN/\W
N : H o
H H 04 1eq. peroxynitrite
HN \g/\) -_—
H
N WO (w9 iy
-, N N OH
1 \)LN \)J\N/\ﬂ/ 0 m/z 592
H H
o : o : o) N
o, N
FPAM(vinyl sulfide—~GSH)AG l,
miz 938

Figure S11. Scheme illustrating the hydroxynitrated sulfonium vinyl sulfide-containing model peptide
(FPAM(vinyl sulfide-GSH)AG) upon exposure to ONOO’, and the possible mass
fragmentation of hydroxynitrated FPAM(vinyl sulfide-GSH)AG.
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Figure S12. The stability of sulfonium vinyl sulfide-containing model peptide (FPAM(vinyl sulfide—

GSH)AG) upon exposure to ONOO™ (0, 1, 5, and 10 eq.) at PBS buffer pH 7.4. (a) HPLC
chromatograms (at 214) presented the reduction in the absorbance of FPAM(vinyl sulfide—
GSH)AG upon exposure to 1 and 5 molar eq. ONOO™ due to the hydroxynitration of sulfonium
vinyl sulfide bond, leading to the addition of NO2 and OH to the sulfonium vinyl sulfide bond.
(b)The mass spectrometry detected the mass fragmentation of FPAM(vinyl sulfide-GSH)AG
and hydroxynitrated FPAM(vinyl sulfide-GSH)AG in solutions exposure to 0 and 1 eq. ONOO",
respectively. Mass of 938 m/z and 470 m/z are related to FPAM(vinyl sulfide-GSH)AG at
retention time of 11. 3 min and presented its (M+0H)'* and (M+0H)**, respectively. 358, 389,
432, 562, 592, and 665 m/z presented the mass fragmentation of hydroxynitrated FPAM(vinyl
sulfide—-GSH)AG illustrated in Figure S11.
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Figure S13. Analysis of reactive oxygen species (ROS) level and the concentration of intracellular thiols

in cell lines (THP-1 and RAW 264.7) exposed to different stressors, including LPS (1 and 10
pMg/mL) and tBHP (50 and 250 uM) by H.DCFDA and Thiol tracker violet assays, respectively.
Upon exposure to the stressors, a greater level of oxidative stress and higher level of ROS
were observed in (a) THP-1 and (b) RAW 264.7, which was confirmed by increasing the
fluorescence intensity (Aex/Aem 485/528 nm) as functions of incubation time and
concentration/type of the stressors. However, a reduction in the level of intracellular thiols
(e.g., GSH) was detected upon 120 min exposure of (c) THP-1 and (d) RAW 264.7 to stressors
due to consumption of intracellular thiols in order to control the cellular level of oxidative
stress. Data is presented as Mean + SD (n = 3).
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Figure S14. Cell viability of THP-1 and RAW 264.7 cells treated with 1d/2c (10 pM) after 3 h of investigation

period. Data is presented as Mean + SD (n = 3).
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Responsiveness of sulfonium vinyl sulfides in cell culture. Evolution of the AFDyees7 signal
(Aex/Aem 643/673 nm) of 1d/2c in the presence of RAW 264.7 (a) and THP-1 (b) cells exposed to
different stressors and thiol quenching agents. Data presented as Mean + SD (n = 3).
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Table S1. Calculated and observed mass data.

Compound Composition Exact mass m/z

la C77H145N41019S 1980.1 Calc. (M + 2H)?*: 991.1
Obs.: 991.6

2a C75H141N41019S 1952.1 Calc. (M + 3H)3*: 651.7
Obs.: 651.7

1d Ci59H227N46041S6* 3628.5 Calc. (M + 2H)3*: 1210.2
Obs.: 1210.8

2c Ci154H216N46040Ss 3509.5 Calc. (M + 3H)3*: 1170.8
Obs.: 1171.5

le Ci132H207N45033Ss 3110.4 Calc. (M + 3H)3*: 1037.8
Obs.: 1038.6

1f Cs7H37Ns013S2 823.2 Calc. (M + 2H)?*: 412.6
Obs.: 413.3

1g Cs7H37Ns013S2 823.2 Calc. (M + 2H)?*: 412.6
Obs.: 413.1

AFDyess7 DBCO Cs5Hs2N4014S4 1130.3 Calc. (M + 1H)**: 1131.3
Obs.: 1131.3

AFDyeess7 DBCO + NO2 Cs5He2N5016S4 1176.3 Calc. (M + 1H)*: 1177.3
Obs.: 1176.3

Degraded AFDyeess7 DBCO C17H21NO7S2 415.1 Calc. (M + 1H)'*: 416.1
Obs.: 415.9

Degraded AFDyeesss DBCO C37H40N309S2 734.2 Calc. (M + 1H)*: 735.2
Obs.: 734.2

SAMSA Fluorescein C26H19NO9S 521.1 Calc. (M + 1H)¥*: 522.1
Obs.: 522.1

SAMSA Fluorescein + NO2 C26H18N2011S 566.1 Calc. (M + 1H)*: 567.1
Obs.: 567.1

Note: the exact, calculated, and observed mass of hydroxynitrated FPAM(vinyl sulfidle-GSH)AG are presented in
Figures S11,12.
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