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Diuen que totes les coses

que aprens en la vida son fruit dels errors.
I que gracies a tantes caigudes

comences a entendre les regles del joc.

Diuen que [home entropessa amb la mateixa pedra
en més d'una ocasio.

I que cada entrebanc és un repte

que cal afrontar sense temor.

Pau Alabajos






Quan surts per fer el viatge cap a Itaca,

has de pregar que el cami sigui llary,

ple d'aventures, ple de coneixences.

Has de pregar que el cami sigui llarg,

que siguin moltes les matinades

que entrards en un port que els teus ulls ignoraven,
ivagis a ciutats per aprendre dels que saben.

Tingues sempre al cor la idea d'Itaca.

Has d'arribar-hi, és el teu desti,

pero no forcis gens la travessia.

Es preferible que duri molts anys,

que siguis vell quan fondegis [illa,

ric de tot el que hauras guanyat fent el cami,
sense esperar que et doni més riqueses.

Ttaca t'ha donat el bell viatge,

sense ella no hauries sortit.

I si la trobes pobra, no és que Itaca
t'hagi enganyat. Savi, com bé t'has fet,
sabras el que volen dir les [taques.

Konstandinos Petru Kavafis — Lluis Llach



On vas Ulisses si no tens barca,

i ni tan sols saps on para Itaca?

Només la fermesa de voler alcancar-la

no et dura més [luny de la primera onada.

On vas Ulisses si no tens barca?

On vas Ulisses sens camarades,

si t'has quedat sol de tant destriar-ne?
Dema tindras lesquena baldada

sens haver perdut ni de vista la platja.

On vas Ulisses sens camarades?

On vas Ulisses si no tens mapes,

ni diari d'abord, ni calendari de viatge,
esperant que el vent i la benauranga

et dugui a bon port com per art de magia?

Fes primer una barca a la teva drassana,

alla hi trobaras gent que voldra acompanyar-te.
No triis els millors amics siné gent experimentada:
els millors mariners, de tots la gent més brava.
Tots junts tragarem una ruta clara,

discretament, sense advertir la guardia.

Amb tu Ulisses vull fer el viatge!

Deixa, Ulisses, de fer memoria

de les virtuts que ens encaminen,
d'assajar la dansa de [a victoria

i brandar en terra la bandera de marina.

No somiarem més enmig de [luna plena
ni ens discutirem per la_ forma de [eina.
Jo també frisso a desplegar la vela
pero és a drassanes on ara hi ha feina.

Amb tu Ulisses faré el viatge!

Aramateix - Francesc Ribera (Titot)



Resum

En aquesta tesi s'han utilitzat diferents estratégies per obtenir control en la produccid i
deteccid de diferents espécies reactives d'oxigen (ROS), especialment per a I'oxigen singlet
(*02).

En la primera part de la tesi, I'enfoc principal consisteix en entendre la generacié de ROS i
intentar potenciar-ne el seu efecte. En primer lloc, demostrem que la modificacié de diferents
fotosensibilitzadors afegint-hi un catioé de trifenilfosfoni com a element diana produeix derivats
amb una excel-lent activitat fotoantimicrobiana contra bacteris Gram-positius (S. aureus i E.
faecalis). En segon lloc, descobrim una série de nous aspectes de la reaccié de “B-phenyl
guenching” per derivats de 9-fenilfenalenona. La fototoxicitat d’aquests derivats ja es troba
esmentada en el llibre: “L'origen de les espécies” de C. Darwin. També es suggereix una via
metabolica mediada per la reaccié BPQ en la biosintesi dels pigments vegetals derivats de
fluorones. A més, si el grup fenil és substituit per altres grups arils, s'observa diferencies en la
reaccido de BPQ. En tercer lloc, s’"ha demostrat que diferents antraquinones d’origen natural
indueixen fototoxicitat en biofilms de C. tropicalis a causa de la generacié de 0,°, tenint I'’0, un
rol menor. En quart lloc, es demostra el farmac antitumoral Doxorubicina produeix quantitats
significants d’10,, perd es redueix la seva generacié quan es complexa amb el ADN. En cinqué
lloc, s’ha estudiat I’efecte d’adsorcié o unid covalent d’un fotosensibilitzador a nanoparticules
mesoporoses de silice. A més a més, s’han derivatitzat per afegir-hi elements diana. Sisé i ultim,
s’ha estudiat les propietats fotoquimiques d’una nova diada que conté un bromo-bodipy com a
fotosensibilitzador i trampa quimica de ROS (que desactiva la capacitat del bromo-bodipy de
generar 10,). Un cop oxidada la trampa quimica, la diada recupera la capacitat de generar 10, i
causar dany cel-lular. S’observa diferents propietats foto-antitumorals d’aquesta diada en funcié
de I'estres cel-lular o de la localitzacio cel-lular.

En la segona part de la tesi, s'ha centrat en la deteccié de ROS. En primer lloc, s’han dissenyat,
sintetitzat i caracteritzat nanosondes fluorescents per la deteccid d'*0; en sistemes biologics. La
nanovehiculitzacié elimina algunes de les limitacions de les diferents sondes fluorescents d’10;.
En aquest sentit, diverses sondes tals com SOSG, ADPA o furil-vinil-naftooxazol s’han unit
covalentment a nanoparticules utilitzant diferents cadenes espaiadores per tal d’optimitzar la
seva reactivitat front 10,. A diferéncia de quan es troben lliures en solucio, les nanosondes sén
facilment internalitzades per cel-lules eucariotes i procariotes i es minimitza la interacciéo amb
proteines (com per exemple, I'albimina de sérum bovi). Les diferents nanosondes responen a
I’*0, generat intracel-lular. Com a prova de concepte, també s’ha desenvolupat una nanosonda
fluorescent per la deteccid no selectiva de ROS, basada en 2’,7’-diclorodihidrofluoresceina. En
segon lloc, s’ha caracteritzat la estructura i reactivitat de la sonda fluorescent: CellROX Deep
Red. En tercer lloc, s’ha desenvolupat la primera sonda d’optoacustica per la deteccié de ROS
basada en I'oxidacio de la tetrametilbenzidina. S’ha aconseguit detectar 0, produit per bacteris
utilitzant tal sonda.

Finalment i com a prova de concepte, s’ha dissenyat un “self-reporter” nanofotosensibilitzador.
El nanosistema és capac de produir i detectar 10, simultdniament. Aquest nanodispositiu s'ha
utilitzat amb exit per la fotoinactivacio de S. aureus, observant-se una correlacio entre el canvi
de fluorescencia de la sonda i la mort bacteriana.



Resumen

En esta tesis se han utilizado distintas estrategias para obtener el control en la produccién y
deteccion de diferentes especies reactivas de oxigeno (ROS), especialmente para el oxigeno
singlete (*0,).

En la primera parte de la tesis, el enfoque principal consiste en entender la generacién de ROS
e intentar potenciar su efecto. En primer lugar, demostramos que la modificacién de distintos
fotosensibilizadores, afiadiendo un catidn de trifenilfosfonio como elemento diana, produce
derivados con una excelente actividad fotoantimicrobiana contra bacterias Gram-positivas (S.
aureusy E. faecalis). En segundo lugar, descubrimos una serie de nuevos aspectos de la reaccion
de "B-phenyl quenching" por derivados de 9-fenilfenalenona. La fototoxicidad de estos
derivados ya se encuentra mencionada en el libro: "el origen de las especies" de C. Darwin.
También se sugiere una via metabdlica mediada por la reaccidn BPQ en la biosintesis de los
pigmentos vegetales derivados de fluorenonas. Ademas, si el grupo fenilo es sustituido por otros
grupos arilos, se observan diferencias en la reaccidon de BPQ. En tercer lugar, se ha demostrado
gue distintas antraquinonas de origen natural inducen fototoxicidad en biofilms de C. tropicalis
debido a la generacién de 0,*, teniendo el 10, un rol menor. En cuarto lugar, se demuestra que
el farmaco antitumoral Doxorubicina produce cantidades significantes de 10,, pero se reduce su
generacion cuando se compleja con el ADN. En quinto lugar, se ha estudiado el efecto de
adsorcion o unién covalente de un fotosensibilizador a nanoparticulas mesoporosas de silice.
Ademas, se han derivatizado para afiadir elementos diana. Sexto y ultimo, se han estudiado las
propiedades fotoquimicas de una nueva diada que contiene un bromo-bodipy como
fotosensibilizador y trampa quimica de ROS (que desactiva la capacidad del bromo-bodipy para
generar '0,). Una vez oxidada la trampa quimica, la diada recupera la capacidad para generar
10,y causar dafio celular. Se observan diferentes propiedades foto-antitumorales de esta diada
en funcidn del estrés celular o de la localizacién celular.

La segunda parte de la tesis, se ha centrado en la deteccién de ROS. En primer lugar, se han
disefiado, sintetizado y caracterizado nanosondas fluorescentes para la deteccién de 'O, en
sistemas bioldgicos. La nanovehiculizacidon elimina algunas de las limitaciones de las distintas
sondas fluorescentes de 10,. En este sentido, varias sondas tales como SOSG, ADPA o furilo-
vinilo-naftooxazol se han unido covalentemente a nanoparticulas utilizando distintas cadenas
espaciadoras para optimizar su reactividad frente '0,. A diferencia de cuando se encuentran
libres en solucidén, las nanosondas son facilmente internalizadas por células eucariotas vy
procariotas y se minimiza la interaccién con proteinas (como por ejemplo con la albimina de
suero bovino). Las distintas nanosondas responden al 10, generado intracelular. Como prueba
de concepto, también se ha desarrollado una nanosonda fluorescente para la deteccién no
selectiva de ROS, basada en 2'7'-diclorodihidrofluoresceina. En segundo lugar, se ha
caracterizado la estructura y reactividad de la sonda fluorescente: CellROX Deep Red. En tercer
lugar, se ha desarrollado la primera sonda de optoacustica para la deteccidon de ROS basada en
la oxidacién de la tetrametilbenzidina. Se ha logrado detectar 0, producido por bacterias
emprando tal sonda.

Finalmente, y como prueba de concepto, se ha disefiado un "self-reporter"
nanofotosensibilitzador. El nanosistema es capaz de producir y detectar 10, simultdneamente.
Este nanodispositivo ha sido utilizado con éxito para la fotoinactivacion de S. aureus,
observandose una correlacion entre el cambio de fluorescencia de la sonda y la muerte
bacteriana.



Abstract

In this thesis, different strategies have been used in order to gain control in reactive oxygen
species (ROS) production and detection, especially for singlet oxygen (10,).

In the first part of the thesis, the main focus is towards understanding ROS generation and try
to potentiate its effect. First, we demonstrate that modification of different photosensitisers
with the triphenylphosphonium cation yields derivatives with an excellent photoantimicrobial
activity against Gram-positive bacteria (i.e., S. aureus and E. faecalis). Second, we uncover a
number of new aspects of B-phenyl quenching reaction in 9-phenylphenalenone scaffold, whose
phototoxicity was already mentioned in Darwin’s Origin of Species. It is suggested an excited
state-mediated metabolic pathway in the biosynthesis of fluorone plant pigments. Moreover, if
phenyl moiety is substituted for other aryl groups, it is observed that the electrocyclic ring
opening back to ground state ketones have lifetimes between miliseconds and picoseconds.
Third, we demonstrate that the main photosensitizing mechanism, involved in the photo-
induced C. tropicalis antibiofilm activity by natural anthraquinones, is via O,*" production,
whereas 10, participation seems of lesser importance. Fourth, we demonstrate that doxorubicin
produces significant amounts of 10,, however, this is largely suppressed when bound to DNA.
Fifth, we studied the effect of PS adsorption or covalently bond onto the surface of mesoporous
silica nanoparticles. Moreover, we further derivatitze them for attach targeting elements. Sixth
and last, we studied the activation a new dyad comprising a bromo-bodipy, which acts as PS,
plus a non-selective ROS chemical trap, which quenches the ability of bromo-bodipy to produce
10,. For that aPS we observe a differential behaviour in function of the cellular stress or even in
function of the organelle.

In the second part of the thesis, focus has been shifted towards ROS detection. First, we
designed, synthesized, and characterized biocompatible fluorescent nanoprobes for !0,
detection in biological systems that circumvents many of the limitations of the different
molecular 10, fluorescent probes. Under that purpose different 10, probes (Singlet Oxygen
Sensor Green, anthracene dipropionic acid and furyl-vinyl-naphthoxazole) were covalently
linked to nanoparticles core using different architectures to optimize their response to '0,. In
contrast to its molecular counterpart, the optimum nanoprobes are readily internalized by
prokaryotic and eukaryotic cells and they do not interact with proteins (i.e. bovine serum
albumin). Furthermore, the spectral characteristics do not change inside cells, and the probe
responds to intracellular generated 0, with the corresponding change in fluorescence. As a
proof of concept, a non-selective ROS fluorescent nanoprobe, based on diacetyl 2’,7'-
dichlorodihydrofluorescein, has been synthetized and successfully used for detecting
intracellular ROS. Second, we have performed the chemical characterization of the CellROX
Deep Red, a new commercial non-selective ROS fluorescent probe, ascertained its putative
chemical structure and evaluated its reactivity towards different reactive oxygen/nitrogen
species and light in solution. Third, we developed the first ROS optoacoustic probe based on the
oxidation of tetramethylbenzidine and successfully used for detecting 0, produced by bacteria.

Finally, as proof of concept we have designed a self-reporter nanophotosensitizer. The
nanosystem is capable to produce and detect the 0, generated simultaneously. It has been
successfully used for S. aureus photoinactivation in which a correlation was observed between
fluorescent change of the probe and bacterial cellular death.
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Agraiments:

“Fa una nit clara i tranquilla, hi ha la [luna que fa [lum, els convidats van arribant i van
omplint tota la casa de colors i de perfums (...)"

Bones tardes amics meus tots, majoritariament els he escrit tornant de Montreal; penseu
que son 7 hores de vol que donen per molt. Avis per a navegants, ho he escrit tal com séc jo,
cosa que potser hi ha frases no molt politicament correctes, perc sén autentiques i aixo es
el que compta.

(..) I ens ha costat Déu i ajuda arribar fins aqui (...)

Primer de tot vull agrair al Santi, probablement sense tu avui no estariem aqui. M'agradaria
agrair-te les hores que has estat picant pedra per tal d'ensenyar-me moltes de les coses que
actualment se. Segurament, tot i que jo no m'he n'hagi adonat massa, tu has influit (i crec
que molt positivament) a ser la persona que avui sdc, perque primer son les persones i després
ja si de cas la ciencia. Ho puc dir sense por a equivocar-me (que és una de les coses que
sempre hem dius, tot i tenir la raé tens por a equivocar-te) amb tots aquests anys has de fet
professor, mentor, conseller, pero també d'amic. I mira que n'hem fet de coses, des de
ciencia (i crec que de la bona) a shows a les escoles, xarrades filosofiques, compartir
gastronomia... Espero que aquesta relacié amb el temps vagi a millor (o com a minim es
mantingui igual). Gracies una altra vegada.

En segon lloc (com catald que séc i la pela és la pela) vull agrair als fons socials europeus i al
secretariat d'universitats i recerca del DEC de la Generalitat de Catalunya per la concessio
de la beca que m'ha permes sobreviure durant aquests tres anys de doctorat (2015 FI_B
00315; 2016 FI_B100021; 2017 FI_B2 00140). También quiero agradecer al Ministerio de
Economia y Competividad los dos proyectos de investigacion (CTQ2013-48767-C3-1-R;
CTQ2016-78454-C2-1-R) y la Red de Fotoquimica Bioldgica (CTQ2015-71896-REDT) que han
costeado la mayor parte de los experimentos de esta tesis doctoral y mi estancia a Mdlaga.
També vull agrair a I'Institut Quimic de Sarria per costejar l'altra part dels experiments
realitzats. Finally, I want to thank the European Society for Photobiology for the fellowships
to attend the 16™ and 17™ Congress of the ESP.

Aquest viatge a Itaca, va comencar un dia de setembre en el llunyd 2008 (i ara estem al
2018; casi 10 anys) on vam passar de Tarrega a Barcelona, un gran canvi per cert. Van passar
els anys de la llicenciatura on vaig conéixer grans persones (perd aixo avui ho toca). Avui i
ara toca parlar del grup de fotoquimica (els de tota la vida):

Gracies Rubén, per tots els anys que he tingut el plaer que hagis "codirigit” aquesta tesis. Hi
ha una certa part que també és teva. A part de ciéncia, hem fet altres coses (moltes també
van per tu Quimet, pero no les repetiré) veure els partits del Barga al Sotavent, fer passejos
pel Parque del Retiro (i ho deixo aqui), anar a jugar al billar amb el pitzero de Prada a baix
(entre moltes altres coses).... LIdstima que no vaig venir aquell dia que “regalaven” el Jabugo
(el Jaumet aqui va ser llest).

Gracies Joaquim (o millor dit Quimet), aquesta vegada he apres i no citaré el magnific Jep
Cabestany ehh.... Ets una de les millors persones que he conegut. Crec que no fa falta que
digui res més. Alli estas sempre, entusiasta, amb ganes de fer coses, nhormalment mai dient
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que no, hormalment liante o viceversa... i aixo és molt bonic. Que et vagi molt molt bé aquest
nou periode de vida que iniciem. Nen, siguis tu; no canviis mai (o si ho fas a millor).

Ara anem per tu Uri, tampoc podies faltar en aquesta llista. Potser alguns dies hem tingut
els nostres altibaixos perd crec que ara tot ha tornat al nivell basal i aixd per a mi és molt
important (espero que el mateix a viceversa). Tal com he dit al Joaquim que no canvii mai, tu
has canviat (i molt) des de que et vaig conéixer. No entraré a valorar si a millor o pitjor, tot
canvi té les seves coses bones i dolentes. Gracies pels bons moments que hem compartit i els
que espero en un futur i per totes les coses que m'has ensenyat o hem aprés amb el pas del
temps. Tal com diria la Pepa: mejora continua.

Ara anem per tu Bea, primer de tot gracies per aguantar-me aquests anys, sé que ha estat
dur, pero doncs aqui estem. Espero que et vagi molt be en aquesta nova etapa que comences.

I no hem podia oblidar del megacrack de la silice, gran Jaumet. Per les teves teories, per
els moments de riure, per les teves anades d'olla, per parlar sol (que ho és gens dolent; jo
també ho faig a vegades), per seguir-me a rampinyar, per aixo i per moltes altres coses,
grdcies. A part sense la teva col-laboracié i coneixements aquesta tesis tampoc s’hauria
realitzat.

Per una banda no hem podia descuidar al companys del laboratori de microbiologia. Primer,
grdcies Montse per tal d'ajudar-me a planificar els experiments i resoldre tots els meus
dubtes quan els he tingut. Per altra banda, també gracies Oscar per estar sempre a punt de
donar un cop de ma. Sense tu part d'aquesta tesis no s’hauria realitzat. A part sempre que
hem necessitat parlar ho he pogut fer i sempre m'has escoltat i aconsellat.

I no hem puc descuidar la nostra adoptada, la Eli. Tot i haver entrat per l'altra porta, crec
que t'hem acollit a la perfeccid, si no ja ens ho diras. Gracies per estar present sempre que
t'he necessitat i per comentar tant experiencies cientifiques com no. Espero que en breus
estiguem ja en una altra etapa. El mateix m'agradaria dir pel Raul, tot i que vas aparéixer
més tard, també et dic el mateix que per I'Eli... Gracies per totes les xerrades.

I ara m'agradaria fer un viatge temporal per la resta:

Quan vaig arribar al grup quan comengava 5¢é (estic parlant de setembre de 2012; fa temps
ehhh...), hi havia persones que ara ja no hi sén (si si llei de vida ...). Encara ho recordo, el
primer dia a lo grande, trencant una cubetal (com s'ha de fer, per deixar impacte). En aquells
temps hi havia I'Adaya que era qui posava “cordura” al grup, perque si la resta ho teniem que
fer, malament anavem. Alla ballant allé (que no m'hen recordo com és diu) que sembla capoeira
pero la versio moderna i que estaven que no cagaven... Els primers beures...

T aqui vull introduir una cosa els Provamels ehh... Ester (Volmer ¢? Gran Joaquim)... tu entre
aixo i el tango ja ho teniem tot solucionat. Gracies Ester per posar la cordura i la seriositat
en aquest grup. I ho complirem un dia anirem a ballar tango (no se quant tinc marge fins a la
mort). Nomes per aguantar-nos ja t'hem d'estar completament agraits. Pero encara hi ha
més... sempre estaves alla en mode positiu i preparada per ensenyar uns quants transitoris
incunables (tot i que mira que a mi m'agraden).

Els dies van corrent, estava a punt d'acabar 5¢ i llavors amb el Santi vam decidir provar una
sintesis (seccié 3.2). Vam pensar amb qui millor ho podem fer que amb la Carme, la persona
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que m'ha ensenyat la poca quimica organica que sé. Hem va acollir amb els bragos oberts i
mira que ho vam fer bé que fins i tot vaig obtenir uns mil-ligrams del producte. Has estat una
de les millors professores que he tingut (i encara millor persona) t'ho vull agrair. També als
nens que voltaven per alli, ehh Lordan i Adam.

Vaig comengar el master and then it arrives my first visitor. Yeah I am talking about you
Alena. In that time, I learnt a lot of things from your experience. Also, I learnt some words
in German (i.e. papallona is "S+Metall+IN"). Thanks for coming during these four months, it
was so useful for me. I remember that first Fotogs calgotada. Vaig continuar el meu master,
vaig provar de demanar la beca de la Caixa (peré sembla que la fotoquimica no ven prou), va
néixer la Claudia i I'Adaya va marxar...

Vaig presentar el master i llavors aquell setembre va arribar el Sr. Pietro Delcanale. Sembla
que tots els que venien eren fisics. Era una altra persona amb seny... Ma que cosa diche, ma
que cocha faelll Amb el tipic moviment italia de la ma. M'estic autocensurant algunes altres
frases. Va marcar un abans i després, estava alla a punt per fer el que calia. Al cap de sis
mesos hem va saber molt greu que marxessis (perc bueno al final has tornat a "Barcelona” i
bona companyia que m'has fet alguns dies). Mentrestant, hi havia certs alumnes/as de segon
que venien a veure que feiem (Dientes i sables ehhh Uri; nena hi tornaré més avall).

Llavors va arribar el marg i ens van venir un parell de xavals de grau: el Cormac que era una
persona de “seny” i el Victor. El Victor era el meu xavalin de grau i li vaig agafar apreci (el
Jaumet crec que també) i aquells mesos m'ho vaig passar be, amb les seves ocurréncies. Del
Cormac que n'he de dir, la nhova incorporacié al grup. N'ha apres be del seu mestre. Ja des de
el primer moment porta ordre i neteja al laboratori (que certament s'ha de reconeixer que
hi ha vegades que és necessari, sobretot quan puja I'entropia, ja que hi ha persones com jo
que som altament entropiques). Van presentar, el Victor apurant a I'dltim moment al
setembre.

And then in that summer, Michael appears (or Mitch for everyone else). The optoacoustic
man. A person that can drink 15 coffees per day, with the American mentality. He show me
that the things can be done without asking permission. Exactly, going directly to the
objective. If it is necessary going to "La Barceloneta” before arriving IQS, you can do that.
However, like each visitor I learnt some things from him and he is my friend.

Llavors, ja varen venir els estudiants de mdster (Valeriano tranquilo ya llegara tu momento)
i ens va arribar la Lucia. Aqui nomes puc dir-te una cosa: et demano perdo, per intentar fer
quimica orgadnica (reaccions) quan no en tinc ni punyatera idea. Et vas topar amb una paret
per culpa meva, pero lo important mai vas perdre la il-lusié. I mai m'ho has retret, nomes per
aixo ja estic més tranquil. Gracies per a tot.

El verano paso, y entonces pon un chileno en tu vida. Nos llegé Renzo (si Zanocco; cuyo
momento aprovecho para agradecerles a tus padres también que me dejareis entrar en el
mundo de los naftozaxoles). Que decir de una persona alegre, pero al mismo tiempo seca.
Que consigue uha elevada pureza a partir de la recristianizacién. Si, me ensefio a
recristalizar, calentando el agua al microondas. Nos fuimos a la Rioja con todos (si a la calle
Laurel...), a Hamburgo, Venecia... Muchos buenos recuerdos de esos dias. Aun me recuerdo el
dia de la feria medieval de Vic comiendo las butifarras.
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Y cuando ya te ibas, llego el fendmeno, el Don de Gentes.. Mi amigo de Madrid (si.. hace 5
afios puede que hi me lo créiera) Valeriano i també la Ingrid. Pero en ese momento me fui un
mes a Mdlaga a terminar el trabajo que empezd Renzo. Tengo que agradecer tanto a Ezequiel
como a Paco la cdlida bien venida que me hicierony lo bien que me trataron durante ese mes.
Hago extensiva este agradecimiento a todo su laboratorio en Bionand (Noemi, Anjara, Pablo
y Carlos). A part, durant aquell mes hem vaig inflar a menjar porc ibéric d'excel-lent qualitat,
clar aixi és més facil estar felig. I com diria el Jaumet té collons la cosa que vagi a Malaga i
nevi alli i a part facin vaga d'escombriaires.

Si tu Valeriano... un tio que tiene una risa distinguible a la legua. Que siempre estd alli
preparado para contar un chiste. ¥ aparte compartimos otra aficion, la buena comida. Si se
tiene que ir a comer un buen txuleton, pos se va (ves quin remei), pinchos, gallegos,
asturianos... Si hasta consegui que te comieras unos caracoles. Mira que me hacen comer
estos catalanes en I'Aplec del Caragol.... (alin tengo el video) También te tengo que decir que
como el rabo de toro de Nuri hay pocas cosas. Nene, probablemente nos unié la comida... pero
esto ya no se separa nunca. Pero vamos a lo cientifico, gracias por ayudarme en el capitulo 5.
Por cierto aun no nos ha tocado el Gordo de Navidad solo 50 €, el préximo afio serd la huestra
(PD: el cachopo estaba muy bueno). Piensa donde vas dejas huella, Cristina alin se acuerda de
ti.

Que dir-te a tu Ingrid en aquestes algades de la pel-licula, que no t'ho hagi dit en persona.
Ets collonuda, tot i que algun dia la pugui liar. Ets directa, si has de dir algo, ho dius... Mai
m’has donat un consell dolent... Per aixd i per molts altres petits detalls, moltes gracies per
formar part d'aquesta aventura.

Clar, després que tornes a Madrid el Valeriano i tant |'Oriolet, el Quimet i la Bea fent estades
a fora el laboratori es va tornar trist. Sort que va tornar el Cormac a fer el master i el
doctorat; i la Clara. Va tornar |'alegria al laboratori a cop de gralla. Anaves una mica estressat
pero tot va acabar be (no?). Tothom, va tornar i fins i tot s'hi va afegir per uns dies I'Oscar
Molins, un molt bon xicot. Vas estar pocs dies i a part repartit en dos tongades, pero crec
que va ser suficient.

I finalment, si la primavera del 2016 va apareixer un Valeriano salvaje, la primavera del 2017
va portar vells coneguts per quedar-s'hi. El primer que va arribar va ser el Marcello de Parma,
un fisic que va venir a fer la seva tesis de master i ha fet combo. El noi va estar molt posat
en l'optoacustica, cosa que li agraeixo perqué hem va ajudar en la seccié 4.4. Igualment vaig
aprofitar per practicar I'Ttalia. A continuacié vull agrair els meus dos nens de grau. Lluis i
Nacho o Nacho i Lluis l'ordre dels factors no altera els productes. Heu de tenir clar que
podeu fer el que vulgueu, perque sou capagos de tot i si voleu us podreu menjar el mén. Lluis
sense tu la seccié 4.2.5 d'aquesta tesis probablement no s’hauria realitzat i Nacho el mateix
dic respecte a la seccio 3.2, perd aixo no és el més important hauria perdut la possibilitat de
conéixer un parell de persones brillants. M'ha encantat aquest pas de mentor a amic, i tot
que ara les paraules no flueixin ja sabeu que vull dir. Espero que aixd duri en el temps. No
vull acabar el paragraf sense l'altra... si tu Blanca, la que faltava... que t'he de dir que no
t'hagi dit encara. Tal com hem vas posar I'any passat al TFG que havies guanyat un gran amic,
m'agradaria fornar-t'ho per dir-te: he guanyat una gran amiga de tot cor. T'has guanyat la
meva confianga i aixo és dificil. Ha passat un any i uns quants quilometres de diferencia i
sembla que s'ha mantingut. Tu també fards el que et proposis amb la teva vida, sobretot si
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ets capag de deixar de banda les teves pors. Séc pesat ho sé. De la primavera del 2017 no
m'he penedeixo en cap cas d'haver-vos relacionat tant amb vosaltres tres.

L'estiu va passar i va apareixer |'Elena, una noia molt maja que sempre porta alegria a la sala,
sempre explorant els diminutius amb i. Al mati sempre esta alli (a la tarda no tant) amb ganes
de fer les coses be. Al mismo tiempo y por la otra puerta aparecié Angel, el palentino, una
persona muy maja, siempre dispuesto a ayudar a todo el mundo. Si un dia te regala filipinos,
otro xicles o otro cafés. Que esto pueda continuar por afios y que cuando os visite os vea con
la misma ilusién. Aqui no hem puc deixar el Pinilla, un noi alegre que ens compra amb embotits
de guijuelo i que sempre esta disposat a col-laborar.

On 25™ of October, I went to Montreal. First, I want to thank Prof. Gonzalo Cosa, para
acogerme en su grupo, ensefiarme muchos conceptos sobre microscopia 'y como se trabaja en
otro grupo distinto del nuestro. Also, I thank Julia and Kevin for introducing me in the
dormant PS project. Julia synthetized the molecules for me, and Kevin helped me in all the
biological experiments. Kevin hasta la victoria siempre. Also during my stage there I make
good friends. Yasser (2 chileno de 3) que fe tengo que decir, todos los Ollys que hicimos.
Vicky, because there I won a real friend, see you soon in Munchen.

Cuando volvi de Montreal, aparecié otro chileno en mi vida... Com es nota I'excel-lent relacié
de Santi amb Xile. Se llamaba Francisco, pero Pancho para los amigos (y Panchito de pequefio).
Que decirte Pancho, te hemos llevado a hacer muchos eventos, pero te has pensado porque?
Si porque te lo mereces y teniendo el cardcter latino adn mejor. I ja anem acabant, finalment
arriba en Ruben, el meu dltim TFG, ha estat un plaer també coneixe't i poder compartir
aquest treball amb ftu. Malauradament, per motius temporals no ha estat possible incloure'l
en aquesta tesis, pero alld queda.

Anem acabant, m'agradaria agrair a certes persones de fora de I'entorn de I'Institut Quimic
de Sarriad. Eloi i Jaume que us he de dir exactament... Fa 25 anys que ens coneixem i des de
llavors heu estat presents en tot el que hem fet. Moltes gracies per estar aqui. Andrea i
Neus per aguantar-los respectivament. Olga, Imma i Pat també crec que us mereixeu com a
minim un esment i a la resta també ehh...

Finalment pero no menys importants, vull agrair a muns pares perque m'han permes arribar
fins aqui, dient-me que si a la majoria de vegades. Perqué segurament una gran part de la
meva mentalitat i cardcter actual I'heu forjat vosaltres. Per una banda, grdcies per deixar-
me estudiar aqui i per 'altra perque sempre us he tingut al canté tant a les bones com a les
madures. Aquestes paraules també les vull extendre a mon padri, que ell també ha estat al
canté sempre.

Per aixo us dic: "Sou molt bona gent”

“(..) Oh, benvinguts, passeu passeu, ara ja no falta ningi, o potser si, ja me n'adono que tan
sols hi faltes tu, també pots venir si vols, t'esperem, hi ha [loc per tots. El temps no compta, ni
lespai, qualsevol nit pot sortir el sol.”
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List of abbreviations

0, Singlet Oxygen (O2('Ag))

02 Ground state Oxygen (02(3%y)

02 Superoxide radical anion

*OH Hydroxyl radical

Dr Fluorescence quantum yield

Dr Triplet quantum vyield

Dr Phosphorescence quantum yield

Dy Singlet oxygen quantum yield

T Lifetime

75 Singlet lifetime

r Triplet lifetime

7N Singlet oxygen lifetime

ADPA Anthracene Dipropionic acid

aPDT Antimicrobial Photodynamic therapy
APTES (3-aminopropyl)triethoxysilane

AQ Anthraquinone

BDE Bond dissociation energy

BPQ Beta phenyl quenching

BSA Bovine serum albumin

CFU Colony forming units

CSNP Compact silica nanoparticles
DCFH-DA Diacetyl 6”-carboxy-2’,7’-dichlorodihydrofluorescein
DFT Density functional theory

DMEM Dulbecco's modified Eagle's medium
Doxo Doxorubicin

EDC 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride

F Fluorescence



MDPyTMPyP

NHS

miniSOG

MSNP

NMB

NOX

NP
((OEt)3-Si-L-NH:

OPO
P

PBS

PDT
PER(PPhs*);
PET

PhA

PN

PN1

PN1D

PN2

PN3

PN4

PN5

PN6

Hypericin

Internal conversion

Infrared

Intersystem crossing

Laser Flash photolysis

Laser-induced optoacoustic spectroscopy
Quenching rate constant

Methylene Blue

5-mono(N-decyl-4-pyridyl)-10,15,20-tri(N-methyl-4-pyridyl)-
21H,23H-porphine tetrachloride

N-hydroxysuccinimide
mini-Singlet oxygen generator
Mesoporous silica nanoparticle
New methylene blue
Furyl-vinyl-naphthoxazole
Nanoparticle

N-(4,7,10-trioxa-13-tridecaneamine)-N’-(3-(triethoxysilyl)-propyl)-
urea

Optical parametric oscillator
Phosphorescence

Phosphate buffered saline (pH 7.4)
Photodynamic therapy
Perylene-3,9(10)-diylbis(triphenylphosphonium) bromide
Photoinduced electron transfer
Pheophorbide a

Phenalenone

9-Phenyl phenalenone
9-Perdeuterophenyl phenalenone
9-(p-methoxyphenyl) phenalenone
9-(0,0’-dimethylphenyl) phenalenone
9-Pyridil phenalenone

9-Furyl phenalenone

9-Thionyl phenalenone
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PN7
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PN-NCS
PN-NO:
PNPPhs*

PNS
PN-thiourea
PS

Q

RB

RNS

ROS

Rub
Rub-Me
SAGUA

SAPYR
SOLD
SOSG®
SOTD
TCNE
TCSPC
TEMPO
TEOS
Tiron
TMB
TPP
TSB

V.r.

9-Pyridinium phenalenone
Aminothiazolo[4,5-c]phenalenone
6-isothiocyanate phenalenone
9-(o-nitrophenyl) phenalenone

(2-((1-oxo-1H-phenalen-2-yl)methoxy)ethyl)
triphenylphosphonium bromide

1H-Phenalenone sulfonate
1-butyl-3-(1-oxo-1H-phenalen-6-yl)thiourea
Photosensitizer

Quencher
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Reactive nitrogen species

Reactive oxygen species

Rubiadin

Rubiadin-1-methyl ether

(1-((1-oxo-1H-Phenalen-2-yl)methyl)-1-methyl-guanidinium
chloride

(2-(4-pyridinyl)methyl)-1H-phenalenone
Singlet oxygen luminescence dosimetry
Singlet Oxygen Sensor Green

Singlet oxygen trapping dosimetry
Tetracyanoethylene

Time-correlated single photon counting
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
Tetraethyl orthosilicate
1,2-dihydroxybenzene-3,5-disulfonate
3,3,5,5-Tetramethylbenzidine
Triphenylphosphonium
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Vibrational relaxation
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Chapter |

General introduction: Light as a reagent

®into les notes d'una havanera
blava com laigua d'un mar antic.
Blanca d'escuma, dolca com [aire,
gris de gavines, daurada d'imatges,
vestida de nit.

Miro el paisatge, cerco paraules,

que omplin els versos sense neguit.
Els pins m'abracen, sento com callen,
el vent s'emporta tot ['horitzo.

Si pogués fer-me escata

i amargar-me a la platja

per sentir sons i tardes del passat,
d'aquest mén d'enyoranga,

amor i calma, perfumat de [luna, foc i rom

Si pogués enfilar-me a lonada més alta
i guarnir de palmeres el record,
escampant amb canyella totes les cales
i amb petxines fer-lis un bressol

Els vells em parlen plens de tendresa,
d’hores viscudes amb emocio.

Joves encara, forts i valents,
princeps de xarxa, herois de tempesta,
amics del bon temps.

Castor Pérez i Glotia Cruz
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1.1. Light as a reagent

Light has been used as a healing agent for centuries.'? Ancient cultures like Egyptians,
Greeks, Hindus and Aztecs worshiped the sun under different names: Ra, Helios, Aruna
or Tonatiuh. In the Ebres Papyrus, the oldest maintained medical document dating from
1550 BC, it is described how to treat depigmented lesions and skin discoloration using a
powder of different plants and the sunlight (Figure 1.1). Another historical reference of
medicinal uses of the sun light is found in one of India’s sacred books, Atharava-Veda
dating back from 1400 BC, vitiligo was treated using extracts of certain plants followed
by some time of sunlight exposure.?

The use of sunlight for treatment was classically named Heliotherapy, whose name
comes from Helios, the Greek god of sun. It was introduced by Hippocrates (460-370
BC), who learned about the healing power of sunlight during his journeys to Egypt.*
However, after the Roman Empire the heliotherapy fall into disuse due to the raise of
Christianity alongside its monotheistic creed. It reappeared in some Islamic regions
during the Early Middle Ages, well-documented by the Persian scholar and physician
Avicenna (980-1037 AD).™

Figure 1.1 Ancient Egyptians worshiped the sun, Helios, due to its healing power. Reproduced from
reference 2.

What have in common heliotherapy,® photosynthesis® and vitamin D biosynthesis?’ In alll
cases the molecules involved can absorb light.? Figure 1.2 shows a simplified version of
Jablonski diagram with the main-processes that occur after photon absorption.

2 A photon is an elementary particle, which has zero rest mass, spin 1, no electric charge and it is stable.
The energy and momentum of a photon depend only on its frequency (or inversely on its wavelength).
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Figure 1.2 Jablonski diagram depicting the main photophysical and photochemical processes and their
most-likely timescales. Solid lines correspond to transitions involving radiative processes whilst dashed lines
are non-radiative.

After a molecule absorbs a photon (or multiple photons in non-linear optics; see section
4.2.4.2), the molecule is promoted to an excited state.® Only the transitions where spin
angular momentum is conserved are allowed.® Closed-shell organic molecules have
singlet spin multiplicity in the ground state, so the transitions that are spin-allowed are
from So to S1, Sy, (...), Sn. Absorption phenomena starts from the lowest vibrational level
of So because the vast majority of molecules are in this level at room temperature.
Notwithstanding, forbidden electronic transitions can also occur, but with very low
probability.

Once the dye is in the excited state, it decays o its ground state through different
pathways.® Generally, they can be classified into three main groups:

o Radiative processes: The excited molecule decays to the ground state emitting
electromagnetic radiation. Depending on the spin multiplicity this radiative
process can be allowed or forbidden. These processes are depicted in figure 1.2
as solid lines.

0 Fluorescence (F): Radiative transition between states of the same spin
multiplicity (typically from Si1 to So). Fluorescence emission does not
depend on the excitation wavelength (Kasha / Vavilov's rules)."

o0 Phosphorescence (P): Radiative transition between states of different
spin multiplicity (typically form T+ to So).'2

¢ Non-radiative processes: The excited state species decay returning the excess
of energy as heat.They ovbey their own set of selection rules. These processes
are depicted in figure 1.2 as dashed lines.
o0 Vibrational relaxation (v.r.): process in which the excess of vibrational
energy of a state is released as heat through collisions.
o0 Internal conversion (IC): isoenergetic transition between two electronic
states of the same spin multiplicity, followed by vibrational relaxation.
0 Intersystem crossing (ISC): isoenergetic transition between two electronic
states with different spin multiplicity. This transition is in principle
forbidden, however spin-orbit coupling can be large enough to make it
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possible (i.e. in n>n* transitions as described by El-Sayed rules).” Also
ISC is favored in the presence of heavy atoms.™

Other processes: The dye in the excited state can competitively participate in
chemical reactions, that are thus called photochemical.' Of specific interest to
this thesis is the photodynamic action, in which a substrate is oxidized by the
combined action of light, oxygen and an excited-state dye, referred to as
photosensitizer (PS).6-"8

The most commonly used PS for photodynamic applications are depicted in Scheme 1.1.

2+

ES

Aromatic ketones Xanthenes Phenothiazinium salts Inorganic complexes
(Phenalenone; PN) (Rose Bengal; RB) (Methylene Blue; MB) (IRu(bpy)31?*)
X
— S—|
N.__Nx
B
7N\
F F
Porphyrins Porphyrinoids Fullerenes Bodipys
(Tetraphenylporphyrin; TPP) (Porphycene) (Buckminsterfullerene) (lodated bodipys)

Scheme 1.1 Structure of standard PSs for photodynamic applications.

The chemical structure of PS will determine its behavior and properties. As example, in
eukaryotic cells a PS with anionic substituents localizes in the cytoplasm and upon
illumination, it relocates in the nucleus. However, a PS with cationic substituents targets
the mitochondria. An ideal PS for photodynamic therapy should have the following
characteristics:®

High absorption coefficients in the 600-900 nm region, which allows the maximum
light penetration thorough the tissue with minimum light scattering.

High triplet quantum yield (@r), with a long triplet lifetime (zr) and a triplet state
energy higher than 94 KJ/molin order to be capable to transfer energy to 0, for
generating singlet molecular oxygen (Oz('Ag) or '0,).

High quantum yield of generation of ROS, particularly 'O5.

Low dark toxicity.

Good solubility in water, or at least in non-toxic solvents, for its administration.

Different types of PS have been developed. They can be classified in three different
categories:

First generation: These compounds are not chemically pure, cause prolonged
patient photosensitivity and present low absorbance in the red part of the
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spectrum. Porfimer sodium (Photofrin®) is the most successful example of this
category.?0:2!

e Second generation: These compounds are chemically pure and have better
absorption in the red region. This second generation includes compounds like
benzoporphyrins (e.g., Visudyne®) or chlorins (e.g., Temoporfin®).2223

o Third generation: These compounds have incorporated targeting agents so the
PSs affinity for tumors has increased. Also, it is possible to target specific
subcellular compartments or other strategies to increase the selectivity of the PS
(i.e. activatable PS).24-26

Recently, genetically-encoded PSs are fluorescent proteins that encase a PS and have
therefore the ability to generate ROS when irradiated with light. The first examples of
such proteins are KillerRed?"?® and miniSOG?° (the abbreviation of mini Singlet Oxygen
Generator). Once expressed in a cell, miniSOG has the ability to bind as cofactor the
flavin mononucleotide (FMN), which is ubiquitously found in any type of cells. It has been
reported to generate 'O, (@, = 0.03) and other ROS upon blue-light irradiation. Several
miniSOG derivatives have been recently developed, reporting much higher ROS
productions rates than the original.
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1.2. Reactive oxygen species

It is known that certain derivatives of oxygen are highly toxic to cells.*®* They are
collectively known as Reactive Oxygen Species (ROS).*' Formally, the most common
ROS includes hydrogen peroxide (H20.), singlet oxygen ('O2), superoxide radical anion
(O2*) and hydroxyl radical (*OH), as well as hypochlorous acid and hypochlorite ions
(HCIO and CIOr, respectively). Incorporation of alkoxyl (RO*), peroxyl (ROQO?*), organic
hydroperoxides (ROOH) and semiquinone (SQ*") are also frequently encountered within
the definition of ROS. Typically, also they are classified as free radicals and non-radical
species.

ROS are highly oxidant species that participate in oxidative damage on proteins, nucleic
acids lipids and other biomolecules.®?* Usually, ROS are adventitiously produced in
several metabolic processes of aerobic organisms.** ROS oxidant effects are usually
controlled by the cell's own antioxidant defenses,*3 which can be both enzymatic (i.e.
superoxide dismutase together with catalase)® or non-enzymatic (i.e. vitamin E or
glutathione).%®

When such regulation mechanisms are insufficient or overwhelmed, an accumulation of
free ROS takes place inside cells.® This can lead to irreversible damage that can cause
cellular death. The unbalance between oxidant and antioxidant species is known as
oxidative stress, and is related to different severe pathologies (cancer, diabetes,
aging...).>**! Nevertheless, when produced in a controlled way, ROS have also been
reported to play a vital role in cells such as protein modifications, cell adhesion regulation
and immune system control.*? As explained in section 1.1, in addition to endogenous
sources such as mitochondria, peroxisomes, lipoxygenases or cytochrome P450, ROS
can also be produced exogenously.** Environmental sources include ultraviolet light,
ionizing radiation or pollutants. An alternative is to produce them by irradiation of a PS in
the presence of oxygen.

Reactive Nitrogen Species (RNS) have similarities with ROS.** They are derived from
nitric oxide (NO). Formally, the most common RNS includes peroxynitrite (ONOQO"),
nitrosoperoxycarbonate (ONOOCO;"), dinitrogen trioxide (N2O3) and nitrogen dioxide
(NO2) among others.*® Like ROS, they are highly reactive and when they are
overproduced cause nitrosative stress.*® The consequences of nitrosative stress can
include mitochondrial dysfunction, altered structure and function of critical protein
mediators, and cell injury or death.*’=%° From all RNS, peroxynitrite is the most reactive
and potentially injurious because it has powerful oxidizing and nitrating actions.*

The ROS mostly studied in this doctoral dissertation is 'O, which is therefore described
in detail in section 1.3.
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1.3. Singlet oxygen

1.3.1. Structure, Generation and Properties

“Since its discovery by Kautsky and Bruijn in 1931, singlet oxygen has remained a
central research subject.”"*?

Despite its simplicity, molecular oxygen (302; (O2(3%g)) exhibits unusual properties
respect to its magnetic behavior, energy-transfer processes, chemical reactivity and
spectroscopy.®® This is due to the particular electronic configuration of its ground and
excited states. Unlike other homomolecular molecules, 20 has an open-shell electronic
configuration with two unpaired electrons.

Singlet oxygen (formally Oz('Ag); hereafter 'O,) is the first excited state from molecular
oxygen.%-%6 10, lies 94.3 kJ/mol above the ground state (Figure 1.3).%” 'O, has an orbital
angular momentum of 2 and its symmetry is pair. As result of its high electronegativity,
'0, is an excellent electron acceptor and a poor electron donor.%%° Moreover, the
addition of an electron to 'O, generates other ROS (i.e. O2*).

The second excited state of molecular oxygen also has singlet spin electronic distribution
(O2('=¢")) and is 63 kJ/mol higher in energy than 'O, (Figure 1.3)."® Ox('%4") is very short
lived (only 130 ns in CCl,4)®" and is deactivated to the lower singlet state (O2('Ag)) so fast
that it has a very small chance to react intermolecularly.®?

Figure 1.3 Left: Electronic configuration of ground state molecular oxygen (302; O2(3%g7)) and its two first
excited states: '02; O2('Aqg) and O2('Z¢*). Right: Jablonsky diagram for molecular oxygen.

'0, can be generated through several chemical reactions, including some enzymatic
processes, reactions involving other ROS such as H20;, CIO~ or O2* or by thermal
decomposition of ozonides or organic endoperoxides.®® The most common strategy to
produce '0; is by energy transfer from a long-lived excited state to 3O,. Due to the long-
lifetime requirement, it is mainly the triplet state of a PS the one that can be quenched
by relative low concentrations of 30,.54% Scheme 1.2 shows the mechanism of
quenching of the PS triplet state (3PS*) by 30,.%”

In the first step, an encounter complex/pair between the 3PS* and %0, is formed by
collision. The complex can have a spin multiplicity of 1, 3 or 5 and may dissociate or in
the case of the singlet exciplex, proceed to generate 'O, (either in 'Aq or '%4*). The
products of the triplet complex are the PS and molecular oxygen in ground state. There
are no reactive channels for the quintuplet complex. The relative contribution to the
singlet and triplet channels depends on the molecular properties of the PS and the
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polarity of the solvent, often due to the presence of charge-transfer components in the
quenching mechanism. For effective energy transfer to occur, the energy gap between
the triplet and the ground state must be above 94 kJ/mol (for 'Aq) or 157 kdJ/mol (for 'Z4").
Normally, the greater the energy dissipation required, the slower the quenching rate of
the triplet by 30,.%8

'[PS-0,]* — > PS+0, (1A 0r %)

~ 4
Y [pso‘+_ozﬁ-] ® 4

3PS+ 0, (3%,) = *[PS-0,]* - > PS+0, (32)
-~

-

~ - < . -
[p5b+_ozh—]* -’

5[PS-0,]*
Scheme 1.2 Mechanism for the quenching of the triplet state by 302. Reproduced from reference ©.

An additional 'O, generation pathway is possible if the singlet-triplet energy gap is higher
than 94 kJ/mol.”® In that case, the PS in S can transfer energy to 202 in order to generate
'O, and the PS in the excited triplet state, which can further evolve to produce a second
molecule of '0,. Indeed, that is the reason why it is possible to have a @, bigger than 1
for some poliaromatic scaffolds (i.e. rubrene, dicyanoanthracene or pyrene among

others).”="3
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1.3.2. Detection

On the basis of O2('Ag) and O4('Z4*) energy levels, luminescence decays can be detected
at 1270 nm (O2('Ag) = 202) and at 762 nm (Oz('Z4") = 20.) respectively.”* Among them
the most probable to detect is the radiative transition of Ox('Aq) = 30,. 'O, near-infrared
phosphorescence detection at 1270 nm was first observed experimentally in the late
1970s by Salokhiddinov et al.”® Since then, it has gained popularity for detecting 'O, by
a direct methodology.”® Time-resolved near-infrared phosphorescence not only allows
the confirmation of its presence, but also the study of its formation and decays kinetics
(Figure 1.4).77

Figure 1.4 A: Near-infrared phosphorescence spectrum of 0. Time-resolved phosphorescence 'Oz signal
in water. Reproduced from reference 78.

The determination of such parameters can provide interesting information about the
microenvironment where '0; is generated (z,) or information about its precursors (zr).”®7°
Moreover, some researchers go beyond measurements in homogeneous or
heterogeneous and study 'O, phosphorescence spatially-resolved.88' This is a robust,
specific, non-invasive and direct method; however, it suffers from very weak signal due
to the low 'O phosphorescence quantum yield (@»;10,), particularly in biological media

(@P < 1x1 0-6)_82,83

The pure radiative lifetime of the '0, = 30, + hv transition is around 2700 seconds.®
The solvent dependence of the 'O, radiationless deactivation rate constant (k) is quite
remarkable.®® A qualitative explanation of these remarkable effects is available if it is
assumed that the rate of deactivation depends most strongly on the frequency of the
vibrations of the solvent that couple with 'O, and this coupling determines the kq.85-% As
a general rule, kq follows the next solvent trend:*®

O-H > C-H (aromatic) > C-H (aliphatic) > O-D > C-D > C-Halogen
ks (M's™") 2900 1500 300 100 20-10 (<0.6)

Due to high solvent dependence onto kg, the 'O, lifetime (7)) and @e.102 Show also a
strong solvent dependence.
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If 'O, is present in high concentrations, additional emission bands can be observed at
579, 634 and 703 nm.?° They are assigned to the emission of 'O dimers (dimol).>*°

102+ 102 2 302 + 302 + hv (kem = 634 nM)
102 + 1Oz -> 302(\/:1) + 302 + hv (Xem =703 nm)
102(V:1) + 102 2 30, + 302 + hV (hem = 579 nm)

Another alternative is the so-called, 'Oz-sensitized delayed fluorescence. It is the
delayed emission from excited singlet states of a PS, which are repopulated by energy
transfer from '0,.%"

102 +T*> 302 + S¢* 2 So + hVrwe

Additionally, 'O, can also be studied using photothermal techniques (i.e. laser-induced
optoacoustic spectroscopy®® or photothermal lensing®), but the need of specialized
equipment and the lack of specificity towards 'O, makes them less useful to a general
public.

The main alternative to near-infrared phosphorescence for '0, detection is the use of
'O, chemical traps that allow monitoring 'O. by spectroscopic techniques (mainly
absorbance,® fluorescence,®® chemiluminescence®®” and electronic paramagnetic
resonance®). Oxidation of the chemical acceptor by 'O, leads to a structural change
(e.g., formation of endoperoxides, dioxetanes, or other Oz-adducts), which can further
evolve to other oxidized compounds, changing thereby their spectroscopic signature.

The most common probes are the fluorescent ones (Scheme 1.3).%° Early attempts to
use fluorescence to monitor 'O, production were based on the fluorescence decrease of
aromatic acceptors such as dimethylanthracene,'® rubrene'® or  diphenyl-
isobenzofuran.' Since 2000, more efficient 'O, fluorescent probes have been reported
based on dyads composed of a chemical trap plus a fluorophore. In a first generation of
“turn-on” fluorescent probes, the fluorophore fluorescence is quenched by the 'O
chemical trap (normally via photoinduced electron transfer). Once the chemical trap has
reacted with 'O, the fluorophore is no longer quenched and recovers its intrinsic
fluorescence.'® Several combinations of fluorophores and 'O, chemical traps have been
designed. Among them, SOSG® (Singlet Oxygen Sensor Green; a fluorescein-
anthracene dyad; see section 4.2.2.1 for a detailed description about SOSG® properties)
is commercially available and used widely.%5194.105

® The dimol emission results when two 02 molecules forms a dimer and it emits only one photon. This
dimol emission is produced by a simple collisional process without activation energy.
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F: Fluorescein F: Cyanine 7 F: Bodipy F: Naphthalimide F: Naphthoxazole
CT: Diphenylanthracene CT: Imidazole CT: Chromanol CT: Anthracene CT: Furan
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Ph  Ph

Fenn 75 fold Fonn 2 fold Fonn 400 fold Fenn 18 fold Fenn 300 fold
Turn-off 10, fluorescent probes Turn-on '0, fluorescent probes
Fluorophore is also the chemical trap Fluorophore is not the chemical trap

Detection: Fluor g Detection: Fluor

Scheme 1.3 Representative “turn-off” and “turn-on” 'O2 fluorescent probes. They are described in the

following references. 100-103,106-109

Recently, the previous “turn-on” concept has been improved to yield higher contrast.
Here, the fluorescent moiety is linked to the 'O, chemical trap through an extended -
conjugated system, resulting in fluorescence quenching due to intramolecular charge
transfer. '0, mediated oxidation of the trapping moiety results in the formation of new
chemical entities whose spectra are different from those of the non-oxidized dyad.'®110
In principle, such an approach could induce and infinite contrast. The advantages and
drawbacks of the near-infrared phosphorescence and fluorescent probes are compared
in section 4.1).

Chemiluminescence probes, in turn, possess the attractive advantage that do not need
to be photoactivated, therefore background fluorescence and scattering interferences
are eliminated.®®" However, they suffer from lower sensitivity than fluorescent probes.
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1.3.3. Reactivity

'0, is a highly reactive molecule. The quantum-mechanics explanation is that closed-
shell organic compounds present a singlet spin electronic distribution, so there is not any
spin restrictions in their reaction with 'O, due to spin momentum conservation. This fact
results in a much faster process than reaction with 30, which this reaction is spin
forbidden.

'R-H + 302 - 'R-00-H Slow kinetics (Spin forbidden)
'R-H + 02 & 'R-00-H Fast kinetics (Spin allowed)

Specifically, 'Oz is highly electrophilic reagent. 'O, reacts preferentially with electron-rich
substrates containing T-electrons on a carbon framework or at a heteroatom center."!
Scheme 1.4 depicts the reactivity of 'O, towards organic compounds.

Ene Reaction 4+2 Cycloaddition
OMe OMe
H 1 HOO 1
=2 K OO 04 S
H H |
OMe MeO O

Reactions

with Nucleophiles 2+2 Cycloaddition

o
pe 0, 0-0
1 p—
~_S_- &» (é) E—— (l? MeO OMe ) \
S ~_S_~ MeO OMe

Scheme 1.4 Examples of four main types of 'O reactions with organic substrates.

e Ene reaction: The product of the Ene reaction is an allylic hydroperoxide. It is
formed by addition of 'O, to a sp?-hybridized carbon of the alkene substrate and
the subsequent hydrogen abstraction from a distal allylic carbon.'2-14

e 10, reaction with nucleophiles: Reactions of 'O, towards different heteroatom
containing organic molecules have been studied. These studies includes
organo-sulfur compounds,’® phosphines,’® nitrogen compounds,”® or
organometallic complexes''® among others.

e 4+2 Cycloaddition: Electron rich s-cis dienes react with 'O, to form
endoperoxides.'?® The resulting endoperoxides are formed stereospecifically in
analogy to the products formed in the more common Diels—Alder reactions. The
formed aromatic endoperoxides can undergo retro-Diels—Alder reactions to
release both 'O, and 30,.121:122

e 2+2 Cycloaddition: Electron rich double bonds react with 'O, to form
dioxetanes.'”® The 2+2 cycloaddition is always in competence with Ene
reaction.'?*
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Alternatively to 'O, deactivation through chemical reaction, physical pathways are very
common for deactivation of 'O,. This physical quenching typically is in competition with
chemical reaction. 'O can be quenched physically via two different pathways:

e Energy transfer: If quencher’s triplet excitation energy lies below that of 'O,
then 'O efficiently transfer its energy to the quencher returning to 30,.1251% As
example, carotenes are very efficient 'O, energy transfer quenchers and why are
so important in photosynthetic systems for control its oxidation.'?’

0, + carotene > 30, + 3carotene* > 30, + carotene + heat

e Charge transfer: Electron rich molecules also can favor the relaxation of 'O, via
partial charge transfer.®® Amines,'?® sodium azide'?® or metal quelates™® are
examples of 'O, charge transfer quenchers.

10:+Q > [F0-Q%] > %0, +Q
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1.3.4. Applications

'0, has gained ample attention due to its pivotal role in a large variety of chemical and
biological processes e.g., plant signaling, organic synthesis, food and beverage
oxidation, or photodynamic therapy (PDT; see section 1.4).131-13%

In the field of organic synthesis, 'O; is a very useful oxidant reactant (see examples in
scheme 1.5). Since the early pioneering work of Schenck and Ziegler on the formation
of (+)-ascaridole using 'O as co-oxidant.'®* Since then, 'O, has served as an important
preparative tool in the synthesis of many natural products and other compounds of
special interest. In scheme 1.5, it is exposed four different examples ((t)-ascaridole,
Elysiapyrone A, Prunolides core'® and Artemisinin3®'4%) where '0, has been the key
reagent for that synthetic pathway. | want to remark a recent work about Artemisinin
synthesis (drug against malaria) where it can be reduced its synthesis from 7
conventional organic steps to one using 'O, as reactant.’

o, 63
—

(*)-Ascaridole

- 1 ;
o o H: O, + Acid
o o 0 (1 step)
0, N g P Conventional
— organic
Ar Ar “ synthesis
COOH (7 steps)
Core of Prunolides Artemisinin

Scheme 1.5 Different examples of the natural products organic synthesis where 'O2 has been used as a
reagent.

Another field where 'O, has an important role is in food and beverages
photodegradation.”*'#" The deleterious effects of 'O, may be summarized as the
oxidation of unsaturated fatty acids and oils,'*? reversion flavor in soybean oil,'*? the
formation of unpleasant off-flavors specially in milk,'** losses of different vitamins'4%146
and the bleaching of pigments such as myoglobin in meats.'#”:'8 Similar consequences
present 'O, when it is generated inside beverages.''%° Figure 1.5 shows the formation
of 'O, in some beverages upon ultraviolet irradiation.

Figure 1.5 'O2 generation by different beverages under UV (355 nm) excitation. Coffee (red), sweet wine
(moscatell; blue), cola soda (green) and beer (orange).
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1.4. Photodynamic Therapy

In the winter semester of 1897-98, Oskar Raab, a medical student in Munich, found out
that acridine dye was more toxic against paramecia® on clear days compared to rainy
days. This led to the conclusion that light had an enhancing effect towards paramecia
killing. Moreover, paramecia were inactivated even more efficiently if the solutions were
kept near a bright window. Oskar Raab and his mentor, Hermann von Tappeiner set the
basis of photodynamic therapy (PDT). They hypothesized that light can be converted to
some type of chemical energy thanks to certain substances.®"52 The surprising result
was published in 1900 and stimulated further activity in the field.s3

In 1903, Niels Ryberg Finsen, a Danish physician, was awarded the Nobel Prize for his
treatment of lupus vulgaris® using eosin and light.'>* Two years later, von Tappeiner and
Jesionek, a German dermatologist, published clinical data using different PSs in the
treatment of lupus and skin cancer.'®® Von Tappeiner also reported that *0, is necessary
for the reaction to occur and he was the first to coin the term photodynamic therapy
(PDT)."% Afterwards, Meyer-Betz injected himself with 200 mg of hematoporphyrin. No
dark response was recorded until he exposed himself to sunlight and suffered erythema
and oedema.’’ Since then, thousands of studies have been published in the PDT field
against cancer, bacterial infections or viruses (Figure 1.6).

Figure 1.6 Number of publications per year accordingly to Web of Science for the following searches:
“Photodynamic therapy” (red circles); “Photodynamic therapy” and “antimicrobial” (blue squares);
“Photodynamic therapy” and “cancer” (black triangles). Visited on February 26, 2018.

It is now well established that PDT involves the combination of a PS, some source of
irradiation (commonly visible light) and 20O, to bring about a therapeutic effect. Each of
these factors is harmless alone, but when the three are combined produces lethal
cytotoxic ROS agents that can inactivate tumoral/bacterial cells.

PDT is an excellent alternative treatment to conventional antitumoral drugs against
cancer or to antibiotics against antimicrobial infections.®"1%8-160 PDT takes advantage of
the high reactivity of ROS towards a vast array of molecules and biomolecules,
particularly lipids,'®" proteins'®? and nucleic acids'®®'%* (Scheme 1.6) and their ability to
diffuse through biological medium, which allows them to reach distant targets from the

¢ Paramecia are single-celled eukaryotic protozoa that are naturally found in aquatic habitats. They are
the most studied species of protozoa. The strain used by Raab was paramecium caudatum.

4 Lupus vulgaris are cutaneous tuberculosis skin lesions with nodular appearance. It is the most common
Mycobacterium tuberculosis skin infection.
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site of generation inside a cell and cause remote oxidative damage.'® This leads to
DNA/RNA damage, protein miss-function and/or damage to cellular membranes

respectively.
NI
Lipidic structures Steroids
N o}
=~ N S
LY O pyow
NN N” ¢ A
H N™>N""“NH,

H
Nucleic acids (DNA/RNA)

0 0
S
HS OH - OH
NH, NH,
0 0
HO NH HN NH;
o)

H
QNNOH
N NH,

Aminoacids

Scheme 1.6 Most frequently photooxidable biomolecules. They are lipids, steroids (i.e. cholesterol), nucleic
acids (i.e. purine, pyrimidine, and guanine) and aminoacids (i.e cysteine, methionine, tyrosine, tryptophan,

and histidine).161-164

Davies analyzed the distribution of oxidative damage based on abundance and rate
constants and concluded that proteins are the most important targets (Figure 1.7).

Figure 1.7 Predicted consumption of 'Oz by intracellular targets calculated and the average concentration
of each component within a typical leukocyte cell. Reproduced from reference 196,
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1.4.1. Photodynamic therapy of cancer

Cancer is a group of cell-diseases characterized by a non-regulated cellular growth. In
the first stages, it is localized in otherwise healthy tissues and expands to neighboring
tissues or even to other body organs through metastasis.'®” This disorder starts in a
single cell that suffers additional changes that give it a survival power much higher than
non-mutated cells. According to World Health Organization (WHO): 68

“Canceris one of the leading causes of morbidity and mortality worldwide, with approximately
14 million new cases in 2012. Cancer is the second leading cause of death globally, and was
responsible for 8.8 million deaths in 2015. Globally, nearly 1 in 6 deaths is due to cancer. The
number of new cases is expected to rise by about 70% over the next 2 decades.”

The most deadly cancers are those of the lung (1.69 million deaths), liver (788 000
deaths), colorectal (774 000 deaths), stomach (754 000 deaths) and breast (571 000
deaths), among others.'®® Therefore, several drugs have been developed and used to
cure (or at least to enhance the life quality of cancer patients)."”® However, these
treatments are not fully efficient and can produce several side effects.'”"

PDT is a particularly attractive alternative to conventional antitumoral drugs due to its
fundamental specificity and selectivity. It presents a dual selectivity produced by both a
preferential partition-in of the PS by cancerous cells and its intrinsicability to produce
ROS only in the specific illuminated region.'2-'7# Unfortunately, other minor side effects
have been detected such as skin photosensititzation.'”>176

PDT can trigger any of the four main cell death pathways: apoptosis, necrosis, paraptosis
and autophagye."3' Apoptosis is a generally major cell death modality in cells responding
to PDT."7 PDT Kkilling effect is further potentiated by damage to the microvasculature
(hemorrhage followed by the formation of platelet aggregates), which further restricts 2O-
and nutrient supply.'® Finally, tumor cell death is accompanied of cell-signaling
cascades and the release of cell fragments cytokines and/or inflammatory mediators.
They further stimulates the immune system to recognize and kill the few survival
cancerous cells after the treatment (Figure 1.8).179180

€ Apoptosis or “active cell death” is morphologically characterized by chromatin condensation, cleavage
of chromosomal DNA into internucleosomal fragments, cell shrinkage, membrane blabbing and formation
of apoptotic bodies without plasma membrane breakdown.

Necrosis or “passive cell death” is morphologically characterized by vacuolization of the cytoplasm,
swelling and breakdown of the plasma membrane resulting in an inflammatory reaction due to release of
cellular contents and pro-inflammatory molecules.

Paraptosis is characterized by the formation of vacuoles in the cytoplasm, along with mitochondrial
swelling, reminiscent of necrosis, a somewhat primitive path to cell death. However, what sets paraptosis
apart from necrosis is its requirement for new RNA and protein synthesis, suggesting that it, like apoptosis,
represents a distinct and programmed biochemical event.

Autophagy is characterized by a massive vacuolization of the cytoplasm.
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Figure 1.8 PDT-induced effects in tumor cells. Reproduced from reference 3.

For non-superficial tumors, the ideal PS should present absorption in the red or near-
infrared region (600-1000 nm), the so-called therapeutic window, is where the tissues
absorb and scatter less.'®' Light absorption is mainly due to oxyhemoglobin, water and
melanin.'82

The PS subcellular localization, is a key parameter in cancer PDT. Oliveira et al showed
that a poor, yet mitochondria-localized PS (cresyl violet), has superior photokilling
efficiency than a better PS localized in the lysosomes (methylene blue).'® As a rough
approximation, lipophilic PSs tend to localize in membranes structures, hydrophilic PSs
in lysosomes, and cationic PSs in mitochondria and nuclei.'8*18%
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1.4.2. Antimicrobial photodynamic therapy

Since the discovery of penicillin from the mold Penicillium notatum by Alexander Fleming
in 1928, antibiotics are used to kill bacteria that cause illness and diseases.'® Several
diseases that caused death before the discovery of penicillin, can nowadays be
effectively treated with antibiotics. According to World Health Organization (WHO):"®’

Antibiotic resistance is growing, and we are fast running out of treatment options. If
we leave it to market forces alone, the new antibiotics we most urgently need are not
going to be developed in time.”

The rapid increase of antibiotic resistance among pathogenic bacteria has stimulated an
effort in the development of new antibacterial therapies against which bacteria are
unlikely to develop resistance.'®8 Antimicrobial photodynamic therapy (aPDT), also
called often photodynamic inactivation (PDI) or photo-antimicrobial chemotherapy
(PACT) is regarded as a potential alternative to antibiotics, because its multitargeting
mode of action difficult the appearance of bacterial resistance.'®-'°? The requirements
of an ideal PS for aPDT have to fulfill also with the requirements of an ideal antibacterial
drug as described by Paul Ehrlich, the father of chemotherapy.'®

“In order to use chemotherapy successfully, we must search for substance which have an
affinity for the cells of the parasites and a power of Rilling them greater than the damage
such substances cause to the organism itself ... This means ... we must learn to aim, learn to
aim with chemical substances.”

Paul Ehrlich

Different groups of bacteria exist’. Gram-positive and Gram-negative bacteria differ in
the composition of their cell wall, which gives different response to antimicrobial agents
(Figure 1.9).'%* Gram-positive bacteria can easily uptake neutral or anionic PS and can
be easily photoinactivated by them. Instead, Gram-negative bacteria are relatively
impermeable to neutral or anionic PS due to their highly negative charged surface. %1%

Figure 1.9 Representative Gram-positive (left) and Gram-negative (right) bacterial cell wall. Reproduced
from reference 199,

f Bacteria can be divided in two main groups based on Gram staining. Gram staining differentiates bacteria by their
cell wall structure and chemical composition. Gram-negative bacteria cell wall is more complex than Gram-positive
bacteria, because in addition to peptidoglycan they have an additional layer, so-called outer membrane, followed by
different polyliposaccharides. This outer membrane acts as a selective permeability barrier.
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Different studies have shown that PS positively-charged at physiological pH are active
against both Gram-positve and Gram-negative bacteria.'® Thus, cationic
phenothiazine,?°%2%' porphyrins,'® porphycenes,?? phthalocyanines,?°32%* hypericin,?°®
phenalenone,?%2%  curcuminoids?® or fullerenes?'® containing positively charged
moieties have been synthesized and successfully tested in-vitro against Gram-positive
and Gram-negative bacteria (Scheme 1.7).

Moreover, some studies used different PS conjugated with poly-L-lysine (a polycationic
polymer under physiological conditions) and demonstrated their photo-antimicrobial
activity against Gram-positive and Gram-negative bacteria.?'' This conjugate could be
the simplest example of a nanoparticulate system.

During the last years, different approaches that use nanoparticulate systems (NPs) have
emerged to enhance the effectiveness of aPDT.?'>2'* |t is easy to control their size, -
potentialé and surface decoration to further improve their biological activity.?'®* NPs can
be used to improve the delivery of the PS to the bacteria and the inactivation kinetics, or
they can be used as PSs by themselves (see section 3.4.1 for further information).

D
Ha

w i Oy

Scheme 1.7 Representative cationic PS used for aPDT.195:200-210

To sum up, since PDT was established for antimicrobial purposes several authors
pointed out the fact that when a cationic PS is administered to Gram-negative bacteria it
has better affinity for the cell wall and then the results after light treatment are better than
for anionic dyes.9>-"98

& C-potential is the potential difference existing between the surface of a solid particle immersed in a
conducting liquid and the bulk of the liquid. It is used for quantification of the electrical charge of the NPs.

45



1.5. Objectives

“It shines better when everything has darRen.”
Rabindranath Tagore

The main objective of this thesis is to study the behavior of reactive oxygen species,
especially singlet oxygen, 'O,, in different biological environments. The studies range
from the characterization of novel targeted photosensitizers to the detection of 'O using
different probes. The specific objectives are:

e O1: Study of the photophysical and photo-antimicrobial properties of novel
triphenyl-phosphonium targeted photosensitizers.
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e 02: Study of the photophysical and photochemical properties of several 9-aryl-
and heteroaryl-phenalenones

O QL 6

e 03: Study of the photophysical and photochemical properties of two-naturally
occurring anthraquinones.
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COXx, CoxXx,
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e 0O4: Study of the photophysical and photo-antimicrobial properties of different
photosensitizers using mesoporous silica nanoparticles for drug delivery.
N
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e O5: Study of the photophysical and photochemical properties of the
antineoplastic drug doxorubicin and assessment of its photo-antineoplastic
properties alone or in combination with a photosensitizer.

NH,

e 06: Study of the photophysical, photochemical and photo-antineoplastic
properties of ROS-activatable photosensitizers.

o OH

e 08: Study of the structure, properties and reactivity of CellROX Deep Red®, a
novel fluorescent probe for detecting ROS.

e 09: Development of a 'O probe for photoacoustic imaging.

e d Y.

e 010: Development of a self-responsive 'O, nanophotosensitizer.

COOH

COCH
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Chapter Il

General materials, techniques and methods

If you can't fly then run,
if you can't run then walk,

if you can't walk then crawl,
but whatever you do you have to keep moving forward.

Martin Luther King Jr.
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2.1. Materials

All solvents were from Scharlau (Barcelona, Spain), except the deuterated ones, which
were purchased from Sigma-Aldrich (St Louis, MO, USA). All reagents were used without
further purification.

Acrylamide 99%, ammonium persulfate (APS), (3-aminopropyl)triethoxysilane (APTES),
anthracene, sodium dioctyl sulfosuccinate (AOT), bovine serum albumin (BSA), copper
sulphate, cetyltrimethylammonium chloride solution (25 wt % in H2O; CTAC), Crystal
Violet (CV), d-mannitol, DNA sodium salt from calf thymus, doxorubicin (Doxo), 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), hydrogen peroxide
(H202), D-mannosamine hydrochloride, 2-methylnaphthoxazole, 5-
(hydroxymethyl)furan-2-carbaldehyde, methylene blue (MB), Mohr  salt
((NH4)2S04°6H20), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H tetrazolium bromide
(MTT), new methylene blue (NMB), N-hydroxysuccinimide (NHS), pheophorbide a
(PhA), phenalenone (PN), potassium superoxide (KOz), quinine sulphate (QS), rose
bengal (RB), sodium azide (NaNs), sodium hypochlorite solution (50 g/L of NaClO),
sodium nitroprusside (Naz[Fe(CN)sNO]) tetracyanoethylene (TCNE), N,N,N,N-
tetramethylethylenediamine  (TEMED), tetraethyl orthosilicate (TEOS), 1,2-
dihydroxybenzene-3,5-disulfonate (Tiron), meso-tetraphenylporphyrin (TPP), meso-
tetra(4-sulfonatophenyl)porphine tetrasodium salt (TPPS.), meso-tetra(N-methyl-4-
pyridyl)porphine tetratosylate salt (TMPyP), tetramethylbenzidine (TMB), 3-
(triethoxysilyl)propyl isocyanate, 4,7,10-trioxa-1,13-tridecanediamine, were purchased
from Sigma-Aldrich (St. Louis, Missouri, USA).

Flavin mononucleotide (FMN) was purchased from ChromaDex™ (Irvine, California,
USA). Perdeuterobromobenzene was purchased from Cambridge Isotope Laboratories
(Andover, MA). Singlet oxygen sensor green (SOSG) and CellROX Deep Red were
purchased from Life technologies Invitrogen (Alcobendas, Spain). ADPA was supplied
by Chemodex (St. Gallen, Switzerland). N,N’-methylenebis(acrylamide) and Brij 30®
were obtained from Fluka Analytical (Gilingham, United Kingdom).
Hexamethylindodicarbocyanine iodide (Cy5 core), diacetyl 6”-carboxy-2’,7’-
dichlorodihydrofluorescein (DCFH-DA) were purchased from Santa Cruz Biotechnology
(Dallas, Texas, USA). Fetal Bovine Serum was purchased from Greiner Bio-One
(Frickenhausen, Germany). B-PER cell lysis reagent was purchased from Thermo-
Fischer (Waltham, USA).

Phosphate Buffered Saline (PBS; Fisher Scientific BP399-1, adjusted pH=7.4) was
purchased from Fisher Bioreagents (Geel, Belgium). Tryptic Soy Broth (TSB) and Agar
(Bacteriology grade) were purchased from Panreac AppliChem (Castellar del Valles,
Spain). Dulbecco's modified Eagle's medium (DMEM) with 4.5 g/L glucose, fetal bovine
serum (FBS), trypsin solution C (0.05%) with EDTA (0.02%) and phenol red, L-glutamine
200 mM, and penicillin (10000 units/ml)-streptomycin (10 mg/ml) solution were supplied
by Biological Industries (Kibbutz Beit Haemek, Israel). The DMEM 1 g/L glucose without
phenol red, Cell Tracker Green CMFDA Dye and B-PER cell lysis were supplied by
Thermo Fisher Scientific (Waltham, Massachusetts, USA). The Hepes buffer 1M in
0.85% NaCl was supplied by Lonza (Basel, Switzerland). The sterilized cell culture
material was supplied by LabClinics S.A. (Barcelona, Spain).

1H-Phenalen-1-one sulfonate (PNS) was synthetized as described in reference 216.
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2.2. Spectroscopic techniques

2.2.1. Steady-state optical techniques

Absorbance spectra were recorded in a Cary 6000i UV-Vis-NIR spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA).

Fluorescence emission and excitation spectra were recorded in a Fluoromax-4
spectrofluorometer (Horiba Jobin-Ybon, Edison, NJ, USA). Excitation and detection were
performed at 90° for optically diluted solutions (A<0.05 to avoid inner filter effects in the
measurement of fluorescence).

Emission spectra of the different irradiation sources used were recorded in a BLACK-
Comet CXR-50 spectrophotometer (StellarNet, Tampa, Florida, USA).

Fluorescence quantum yield (@) were determined from the comparison of the area
under the corrected emission curves of optically-matched solutions of the sample and a
suitable reference (Eq. 2.1).1°

2
Fsample *Nsample

¢F;sample = 2 ¢F;reference EQ- 2.1

Freference ’ nreference

Where F;i is the fluorescence intensity integrated over the entire emission spectrum and
ni is the refractive index of the solvent used.

52



2.2.2. Time-resolved optical techniques

2.2.2.1. Time-correlated single photon counting (TCSPC)

Time-Correlated Single Photon Counting (TCSPC) is the most commonly used
technique for singlet state lifetime determination.?'”-2"° |t is based on the detection of
single photons of a periodical light signal, the measurement of the detection times of the
individual photons and the reconstruction of the waveform form the individual time
measurements.

The TCSPC technique makes use of the fact that for low-level, high-repetition-rate
pulses, the produced light intensity is so low that the probability of detecting one photon
in one signal period is much less than one.?? Therefore, it is not necessary to provide
for the possibility of detecting several photons in one signal period. It is sufficient to
record the photons, measure their arrival time in the signal period, and build up a
histogram of the photon times as depicted in figure 2.1.
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Figure 2.1 Left: schematic representation of the TCSPC technique. Reproduced from reference 22!, Right:
Time-resolved fluorescence (TRF) decay for a fluorophore. Grey trace represent the instrument response
function (IRF).

Time-resolved fluorescence decays were registered with a TCSPC system (Fluotime
200, PicoQuant GmbH, Berlin, Germany). The samples can be excited at different
wavelengths (290, 375, 405, 457, 502, 596, 654 nm) by means of a picosecond-pulsed
LEDs or Laser working at a 10 MHz repetition rate. Fluorescence decays were acquired
at the emission maxima, and they were analyzed using PicoQuant FluoFit c4.6.5 data
analysis software. The counting frequency was always kept below 1%.

The deconvolution of the TCSPC fluorescence signal using the instrument response
function (IRF; reference sample: ludox in water, which directs a small fraction of the
excitation beam into the detection path) and a kinetic model yields the appropriate kinetic
parameters, e.g., the singlet lifetime (Figure 2.1).222

For time-resolved anisotropy studies, Glan-Taylor polarizers were placed both at the
entrance and exit ports of the sample chamber. Anisotropy decay (r(t)) were calculated
using Eq. 2.2.1022
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VV(t)— G -VH(t)

r® = 126 VD

Eq.2.2

Where VV(t) and VH(t) denote fluorescence decay kinetics of the sample measured
using V polarized exciting light and detecting the emission components polarized V and
H, respectively. G is an instrument- and wavelength-dependent correction factor that
compensates for the polarization bias of the detection system. The precise G-factor is
determined by treating the additionally measured HV/(t) and HH(t) curves (Eq. 2.3)

_ JHV(®) dt

= THAG® @t Eq.2.3
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2.2.2.2. Time-resolved near-infrared phosphorescence

This technique is commonly used for directly and specifically monitoring the formation
and decay of '0,, the measurement of its lifetime (zx) and its quantum yield of formation
(@,).7878224 |t is based on the detection of the weak 'O, phosphorescence, centered at
1270 nm as explained in the section 1.3.2.

Figure 2.2 Typical optical setup for detection of near-infrared phosphorescence using either a
monochromator (left arm) or a filter wheel containing different band-pass filters (right arm). Reproduced from
reference 78,

Time-resolved near-infrared phosphorescence decays were acquired with a customized
Fluotime 200 system (Figure 2.2; PicoQuant GmbH, Berlin, Germany). A diode pulsed
Q-switched Nd:YAG laser (FTSS355-Q, CrystalLaser, Berlin, Germany) working at 1 or
10 kHz repetition rate and emitting at 532 or 355 nm (1.2 or 0.5 uJ per pulse, respectively)
or a pulsed AO-Z-473 solid state AOM Q-switched laser (Changchun New Industries
Optoelectronics Technology Co., Changchun, China) working at 2 kHz repetition rate at
473 nm (<1.5 pJ per pulse) were used for sample excitation. In the case of the pulsed
Nd:YAG laser, a 1064-nm rugate notch filter (Edmund Optics, Barrington, NJ, USA) and
an uncoated SKG-5 filter (CVI Laser Corporation, East Albuquerque, NM, USA) were
placed at the exit port of the laser to remove any residual component of its fundamental
emission in the near-infrared region. The luminescence exiting from the sample was
filtered by a 1100 nm long-pass filter (Edmund Optics, Barrington, NJ, USA) and a narrow
band pass filter at 1275 nm (BK-1270-70-B, bk Interferenzoptik Elektronik GmbH,
Nabburg, Germany). A thermoelectric-cooled near-infrared sensitive photomultiplier tube
assembly (H9170-45, Hamamatsu Photonics, Hamamatsu, Japan) was used as
detector. Photon counting was achieved with a multichannel scaler (NanoHarp 250,
PicoQuant GmbH, Berlin, Germany). The count histograms were built up until a sufficient
signal-to-noise ratio was attained.

The time dependence of the 'O, phosphorescence with the signal intensity S(t) is
described by Eq. 2.4, where 7r and 7, are the lifetimes of the photosensitizer triplet state
and of '0,, respectively, and S(0) is a quantity proportional to 'O, quantum yield (@,) as
shown in Eq. 2.5; k is a proportionality constant, which includes electronic and geometric
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factors kr is the 'O, radiative rate constant, E is the incident laser energy, and A is the
sample absorbance at the excitation wavelength.

T _-t _—t
e T™n—e T Eq.2.4
—Tr

S(0) = kk,$pE(1 —1074)  Eq.2.5

S(t) =S(0)

Ta

Two different procedures have been used for determining @,. The first one involved
measuring the S(0) values for a series of solutions of increasing absorbance and then
plotting S(0) versus the sample absorption factor (1-107), which should yield linear
plots. Then @, value was obtained by comparison of the slopes of such plots for a
suitable reference and the PS, using Eq 2.6.

Slopepg

baps = ®aref Eq.2.6

Slopeges
The other procedure involved comparing the S(0) values of solutions of the PS and the
reference optically-matched at the excitation wavelength, as described by Eq. 2.7.

S(0)ps
pe = ————— . Eqg.2.7
s GO Daref q

The rate constants for the global 'O, quenching (kq) were determined by measuring 7.
as a function of the concentration of the quencher. Thus, a plot of the reciprocal lifetime
vs concentration should yield a straight line whose slope is kq.

7+ was determined, when possible, by fitting an exponential (or poly-exponential if
multiple species were present) to the emission signal obtained at a wavelength where
the triplet state of the photosensitizer emits (typically in the near-infrared region).
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2.2.2.3. UV-Vis nanosecond laser flash photolysis

Laser Flash Photolysis (LFP) is a pump-probe laboratory technique, in which a sample
is firstly excited by a nanosecond pulsed-laser light (called pump-pulse). This strong
pulse generates excited states, which can further evolve thorough a photochemical
reaction. Afterwards, the absorption of light (called analyzing-beam) by the sample is
recorded to monitor relaxation or possible photoinduced chemical reaction processes
initiated by the pump-pulse.??5226 This technique was developed in the 40s and 50s by
Manfred Eigen, Ronald George Wreyford Norrish and George Porter and they won the
1967 Nobel Prize in Chemistry for this invention.?27-22°

Transient absorption spectra was recorded in a LFP home-built system (Figure 2.3). A
nanosecond-pulsed Nd:YAG laser (Continuum Surelite 10, San José, USA) operated at
the 2" or 3" harmonic (Lexc 532 or 355 nm, 10 mJ/pulse) was used as the pump-pulse
to excite the sample. The energy of the pulse was varied by changing the laser Q-switch
delay. The energy of the pulse was measured by diverting a small fraction of the beam
onto a Laser Precision Corporation energy meter.

The analyzing beam was produced by a 75W short arc Xe lamp (Photon Technology
International, Birmingham, NJ, USA). A 10 cm water filter was placed in the analyzing
beam in order to remove any near infrared emission before sample irradiation. Changes
in the analyzing beam intensity (and therefore sample absorbance changes) were
detected with a dual-grating monochromator (mod. 101, Photon Technology
International, Birmingham, NJ, USA) coupled to a UV-Vis photomultiplier (PTI 710,
Photon Technology International, Birmingham, NJ, USA). Three slits (one before and
two after the sample holder) were placed to control the analyzing beam intensit, and
avoid saturating the photomultiplier. The photomultiplier signal was fed to an oscilloscope
(Lecroy WaveSurfer 454, Irvington, NY, USA) through a DC50 Q coupled port for
digitizing and averaging (typically between 10 and 100 shots) and finally transferred to a
PC for data storage and analysis.

Figure 2.3 Optical setup for our LFP home-built system. Blue and green lines are the pump-pulse and the
analyzing-beam respectively.
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Three different kinetics traces (signal, blank and reference) were acquired for each LFP
experiment performed. Signal trace (S(t)) is collected with shutter 1 and 2 open and it is
the former LFP experiment. Blank trace (B(t)) is collected only with shutter 2 open to
detect baseline deviations. Reference trace (R(t)) is collected only with shutter 1 open to
detect the intrinsic fluorescence and/or phosphorescence of the sample. Then, the
differences in absorbance (AA) are calculated accordingly to Eq. 2.8.

B(t)

AA(t) = log (,I—;) = log (W

) Eq.2.8

Where | and |t are the light intensity received and transmitted by the sample
respectively. The full system was operated by a computer using a LabView-based home-
written software.
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2.2.2.4. Laser-induced optoacoustic spectroscopy

Laser-induced optoacoustic spectroscopy (LIOAS) monitors the pressure changes
induced by the heat emitted by non-radiative deactivation processes of an excited
molecule as well as by chemical reactions after excitation of the samples.%223°

Figure 2.4 Optical setup for our LIOAS home-built system.

The LIOAS signals were recorded in a home-built system (Figure 2.4). A nanosecond-
pulsed Nd:YAG laser (Continuum Surelite 10, San José, USA) operated at 3" harmonic
(Rexc 355 nm, 10 mJ/pulse) coupled to an optical parametric oscillator (OPO"; Continuum
SL OPO, San José, USA) was used to excite the sample. The resulting beam was
passed through a 1 mm-slit to create a rectangular line source. Samples were measured
using a piezoelectric detector 9310 (Quantum Norhtwest, WA, USA) attached to an
absorbance cuvette in right-angle geometry. The analog signal was amplified using a
Panametrics 5662 Preamp (Olympus, Japan) and passed to a Lecroy WaveSurfer 454
oscilloscope which performed digitalization and signal averaging over 1000 shots per
measurement.

h An optical parametric oscillator (OPO) is a parametric oscillator that oscillates at optical frequencies. It
converts an input laser wave with Ein into two output waves of lower energy (Eout1 and Eout2) by means of
second-order nonlinear optical interaction.

Ein = Eout1 + Eout2
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2.2.3. Light sources

For the irradiation experiments reported in this thesis, different light sources were used.
The emission wavelength was chosen to match the absorption spectrum of the PS
(Figure 2.5). Fluence rates were routinely measured using a power meter (Ophir Laser
Power Meter model AN/2, North Andover, MA, USA).

Figure 2.5 Emission spectra of the different light sources. Violet light (4026 nm; 12.8 mW/cm?2), blue light
(LZC420; 42115 nm; 10.2 mW/cm?), royal blue light (459+10 nm; 14.0 mW/cm2), green light (52417 nm;
7.5 mW/cm2), amber light (59818 nm; 4.2 mW/cm2) and red light (634+8 nm; 7.8 mW/cm?2).
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2.3. General photoinactivation protocol

Different bacterial strains have been used in this doctoral thesis. In each section, the
bacterial strains will be specified. Unless stated, the culture media used for growing the
bacterial cells was Tryptic Soy Broth (TSB). The different bacterial strains were grown
overnight at 37+1 °C. Then, 100 pL of the culture were grown in 10 mL of fresh TSB until
reaching the desired optical density at 600 nm (ODeo). Afterwards, bacteria were
harvested by centrifugation (5000 rpm, 10 min) and resuspended in sterile PBS,
maintaining the same concentration of bacteria.

1 mL of the bacterial cell suspensions in PBS, were poured to a 1.5 mL sterile microtube
and was used for the irradiation control. To check that the light is not toxic itself and all
the death can be attributed to the PS, this microtube will not contain PS. Then, for every
concentration of photosensitizer, 1 mL of the bacterial cell suspension was poured to 2
microtubes.

The microtubes containing bacteria were harvested by centrifugation (5000 rpm, 10 min).
Afterwards, bacterial cells were resuspended in 1 mL of PBS with the desired
concentration of PS, which was dissolved in sterile PBS or DMSO. Following this,
bacterial cell suspensions were incubated in the dark at 37 °C during a known-amount
of time in an orbital shaker. After the incubation, aliquots of 300 uL were poured into a
96 well plate. After that, samples were irradiated without the lid with the corresponding
lamp until reach the desired fluence or maintained in the dark for the same period. The
specific lamp used and the fluence delivered will be quoted at each section.

Then, the aliquots were diluted using 96-well plates: 300 pL of the aliquots were placed
in each well, and 30 uL of them were poured into another well with 270 yL of new PBS,
this was repeated 6 times for every aliquot, until reaching a 10 dilution factor.

Next, 10 pyL of every dilution (the original aliquots and the consecutive dilutions) were
spread on Tryptic Soy Agar (TSA). Finally, the plates were incubated aerobically at 3711
°C for 24 hours and after the incubation, the colony forming units (CFU) were counted
and the dilution factor was considered.

A minimum of the three independent experiments per experimental condition were
performed, with three plates inoculated for each replica, to a minimum total of nine
recounts.
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2.4. General synthesis characterization

"H-NMR spectra were recorded on a Varian 400 spectrometer (400 MHz; Palo Alto, CL,
USA) using residual solvent as internal standard.?*' The multiplicity is reported as s =
singlet, d = doublet, t = triplet, g = quadruplet and m = multiplet. All of the coupling
constants are reported in hertz. '3 C-NMR spectra were recorded on the same instrument,
and chemical shifts were measured relative to solvent resonances as internal
standard.®"

Size and {-potential of the synthesized SNPs were measured using a Nano-ZS Zetasizer
equipment (Malvern Instruments LtD, Worcestershire, UK). For size examination, a
diluted aliquot in ethanol was measured. For -potential examination, a diluted aliquot in
Milli-Q water was measured.

Infrared spectra of the organic compounds or NPs supported on a potassium bromide
disk were recorded using a Nicolet Magna 560 FTIR spectrophotometer (Thermo
Electron Corporation, Waltham, MA, USA).

Organic elemental analysis of the different nanoparticles synthetized were recorded in a
EURO EA-3000 Elemental Analysis (Eurovector, Pavia, Italy).
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3.1. Introduction

ROS are cytotoxic species due to their oxidant properties, as introduced in the
introduction chapter. Since more than 100 years ago, ROS have been used to treat
diseases such as cancer, bacterial and fungal infections, as well as for virus
inactivation.?®? Although several reviews about PDT in connection with ROS have been
published,'3"1%8-1€0 some questions about 'O, (and other ROS) remain unanswered in
the PDT field.

It is widely known that cationic PS are excellent photoantimicrobial agents against Gram-
positive and Gram-negative bacteria, whilst neutral/anionic PS are “only” effective
against Gram-positive bacteria (with the corresponding exceptions).'%%233 |n section 3.2
we study the effect of triphenyl-phosphonium targeting moiety -a highly-lipophilic cation-
for its use in aPDT.

Nowadays, the main pharmaceutical agencies, like the American Food and Drug
Administration (FDA) or the European Medicines Agency (EMA), impose many
restrictions for the approval of new synthetic drugs, whilst if the compound has a natural
origin the restrictions are lower.*42% |n section 3.3, we re-evaluate the use of some
naturally-ocuring PSs based on aromatic ketones. In connection with this, we studied the
mechanism of the B-phenyl quenching reaction and show that the 9-aryl phenalenone
scaffold can be used to engineer a new family of photochromic compounds as well as
for uncaging purposes.

In the last few years, nanotechnology has gained a fundamental role in the biosciences.
In the nanometric scale, several materials present different properties than in the
macroscopic scale, and this is used advantageously by nanomedicine to improve
conventional treatments.2'>2'4 |n section 3.4, we study the interaction between different
PSs and mesoporous silica NPs as well as their ability to produce 'O, and their photo-
antimicrobial properties.

In the last few years, some studies have appeared that propose the combination of
various PSs with different subcellular localization to reduce the therapeutic dose.?6-2%8
Similar studies have also appeared that combine a classical antineoplastic agent with a
PS.2%9-241 |n section 3.5 we study the interaction and the photophysical properties of an
antineoplastic drug (Doxorubicin) and a PS (Pheophorbide a), as well as the effect of a
combined treatment.

Selectivity of PDT results from the preferential uptake of the PS by the tumour tissue by
passive and/or active targeting.?*? In addition, ROS will only be produced when 30,, PS
and light are together. Using an activatable PS (aPS), another layer of selectivity is
added, whereby the aPS will be able to generate 'O, only when an additional specific
stimulus is present.5%243 In section 3.6 we study the activation of an aPS by ROS both in
solution and in HelLa cells.
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3.2. Triphenylphosphonium cation: a neglected functional group
for aPDT

(Adapted from: R. Bresoli-Obach,* |. Gispert,* D. Garcia-Pefia,* S. Boga, O. Gulias, M. Agut, M.E. Vazquez
and S. Nonell, Triphenylphosphonium cation: a valuable functional group for antimicrobial photodynamic
therapy, J. Biophotonics. 2018, e201800054; *These authors contributed equally to this work.)

The work described in this section has been carried out in collaboration with Universidade de Santiago de
Compostela (Santiago de Compostela, Spain).

3.2.1. Why triphenylphosphonium cation?

Delocalized lipophilic cations (i.e. triphenylphosphonium (TPP)) have a large
hydrophobic surface area and delocalized charge distribution that results in
weakened solvation enthalpy, which allows them to easily penetrate through
biological membranes.?**24¢ Once inside the cells, they are driven to the
mitochondria by the large electrochemical potential generated by the electron
transport chain.?*” TPPs cations accumulate inside mitochondria according to the
Nernst equation’ (Figure 3.1).2*¢ There will be a ~10-fold preferential accumulation
of TPPs within mitochondria for every ~60 mV increase in membrane potential
(Ay). Therefore, the mitochondrial Ay is typically 150-180 mV,?*° so there will be
more than 100-fold preferential accumulation of TPPs derivatives into the
mitochondrial matrix (Figure 3.1).

Bioactive
molecule

2.303RT [cation;,]
0810 ( )

F [cation,,;]

Figure 3.1 Left: Uptake of TPPs derivatives by mitochondria within cells. In a first step, TPP derivate
is uptaken from the extracellular environment into the cytoplasm driven by the plasma membrane
potential. From the cytoplasm the TPP derivate is further accumulated into mitochondria, driven by
the mitochondrial membrane potential. The mitochondrial and plasma membrane potentials (Ay) are
indicated. Reproduced from reference 248. Right: Chemical structure of a mitochondrial targeted
molecule and the Nernst equation adapted for this system.

The use of TPPs conjugated bioactive molecules in mitochondrial biology was
reinvented and refined by Murphy and coworkers.?%°-2%% TPPs cations have been
used to deliver fluorescent probes, antioxidants or pharmacophores to
mitochondria. Moreover, this strategy leds to numerous patent applications and
publications.]

"Nernst equation is an electrochemical equation that relates the reduction potential of an electrochemical
reaction to the standard electrode potential, temperature, and chemical activities of the chemical species
undergoing reduction and oxidation process. Furthermore, Nernst equation has a physiological
application when used to calculate the potential of an ion to cross a biological membrane.

J By searching the term “triphenylphosphonium” AND “mitochondria” AND “targeting” in the Google
Patents database, 574 patent applications have been identified (visited on 06-04-2018). Among them,
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The photokilling ability of the 'O, produced is dependent from the place where it
has been generated. As example, a poor 'O, PS (i.e. crystal violet) is much more
effective killing HelLa cells than a good 'O, PS (i.e. methylene blue) because
crystal violet is localized in mitochondria whilst methylene blue is distributed
around the cell.'® Even more, synthetic fluorophores such as MitoTracker series
(specially Deep Red) can be highly phototoxic to cells even for relatively short
irradiation times.2%

PS subcellular localization is indeed as important as the photosensitizing
properties in terms of overall cell killing. Therefore, mitochondrial localization is a
highly desirable property for the development of more efficient PS for antitumoral
PDT.'®° Since then different mitochondrial targeted PS have been synthetized and
tested against tumoral cells (Scheme 3.1).2%%:2%

. Loy

P
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Mito-Vitamin E

6 P’ :
Mito-Photosensitizers @

Scheme 3.1 Different examples of TPPs-based mitochondria targeted molecules (i.e. Vitamin E
analogue,253 O2*~ fluorescent probe (MitoSOX Red)257 or inorganic255/organic2%¢ PS).

Mito-DHE (MitoSOX Red)

Given the similarities between mitochondria and bacteria,*?%® we set out to assess
the potential of TPP as a targeting unit for the development of new
photoantimicrobials. To our best knowledge, there has not been yet published any
study that study the potential of TPP as a targeting unit for aPDT. Moreover, in
bibliography, only two studies are found using TPP-based antibiotics derivatives.
They are efficient against Gram-positive bacteria, but not against Gram-
negative.?%%2¢0 Herein we report the optical, photophysical, and photoantimicrobial
properties against Gram-positive and Gram-negative microbial cells in vitro of (2-
((1-oxo-1H-phenalen-2-yl)methoxy)ethyl) triphenylphosphonium bromide,
(PNPPhs*). Additionally, to further demonstrate the value of the TPP group for the
development of new compounds with photoantibacterial properties, we also
synthetized and tested the perylene-3,9(10)-diylbis(triphenylphosphonium)
derivatives (PER(PPhs*)2), which, in contrast to phenalenone, are highly
fluorescent but poor 'O, photosensitisers.?®"

almost 50% have a filing date later than 2013. By searching the term “triphenylphosphonium” AND
“mitochondria” AND “targeting” in the Web of Science, 385 research articles have been identified (visited
on 06-04-2018)

K Mitochondria (together with chloroplasts) are unique organelles because they contain their own DNA.
It is believed that they were once free-living bacterial organisms that were absorbed by eukaryotic cells
at some point in the planet's history. This is known as the endosymbiosis theory (endosymbiosis is a
symbiotic relationship between two organisms where one lives inside the other).
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3.2.2. Experimental
3.2.2.1. Synthesis of PNPPh3* and PER(PPh3?),

The compounds used in this section have been synthetized in the group of Dr. M.
Eugenio Vazquez (Universidade de Santiago de Compostela, Spain). Their synthetic
routes are described in Scheme 3.2 and 3.3. For PER(PPhs*); inseparable 9- and 10-
substituted mixture was obtained even for bromo and triphenylphosphonium perylene
derivatives.

HO/\/PPh3 PPh3
p-Formaldehyde
_ Ho AgNo3 K,CO;
AcOH/H3PO, ACN
110°C, 7h 55 °C, 12h PNPPh;*
Scheme 3.2 Synthesis of (2-((1-oxo-1H-phenalen-2-yl)methoxy)ethyl)-triphenylphosphonium (PNPPh3*)

©pPh

O O PPhj3, Pdy(dba); O O
Br2 AcOH

ethyleneglycol

T0°C, 12h O O " 135°C, 60n O O
@PPhs

PER(PPh3*),

P

Scheme 3.3 Synthesis of perylene-3,9-diylbis(triphenylphosphonium) and perylene-3,10-diylbis-
(triphenylphosphonium) inseparable mixture derivatives (PER(PPhs*)2).

3.2.2.2. Specific photoinactivation conditions

Three different strains, two Gram-positive, Staphylococcus aureus (S. aureus; ATCC
29213) and Enterococcus faecalis (E. faecalis; ATCC 27285) and one Gram-negative,
Escherichia coli (E. coli, ATCC 25922) were used in this study. The cell culture were
grown in fresh TSB until reaching an ODsgo of 0.2 for both E. faecalis and E. coliand 0.3
for S. aureus. The different used PSs were delivered dissolved in DMSO.

The different bacterial strains were irradiated for 218 seconds in the photoreactor which
contains LZC420 fluorescent lamps (420 + 10 nm; for a total fluence of 1.2 J-cm2) or for
720 seconds under LED Par 64 Short V2 lamp blue led (463 + 11 nm; for a total fluence
of 10 J-cm™) or maintained in the dark for the same period.

3.2.2.3. '02 measurements with bacterial cells

In all the experiences, bacterial cell suspensions in PBS were incubated with 10 uM of
PS in the dark at 37 °C during 10 minutes. Then, the bacterial cell suspensions were
poured into quartz cuvette and their 'O, phosphorescence kinetic traces were measured
at 1275 nm. Afterwards, the samples were centrifuged and both the supernatant and the
pellet had their 'O, phosphorescence decay measured again.
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3.2.3. Results

In a first step, the photophysical properties of PNPPh3s* and PER(PPhs*), have been
studied. PNPPh;* displayed absorbance maxima at 363 nm (& = 8900 M~'cm~") and 400
nm (¢ = 7200 M~'cm~"; Figure 3.2a), which enabled the use of UV-A, violet or blue light
sources for its excitation. In agreement with the properties of phenalenone, PNPPh3*
was found weakly fluorescent (&= = 0.015 in PBS) and the emission spectrum shows a
maximum at 494 nm. More importantly, PNPPh3* shows a high ability to produce 'O, (@a
= 0.73 in PBS; Figure 3.2b) and high photostability, losing less than 30% of its
absorbance after being exposed to a fluence of 50 J/cm? at 420 nm, which is more than
40-fold higher than the intensity used in the antimicrobial studies.

Figure 3.2: Left. Absorption (dashed line) and emission (solid line, filled curve) spectra of PNPPh3* (a) and
PER(PPhs*)2 (c) in PBS. Right. Determination of @a. Dependence of the 102 phosphorescence intensity (So)
on the sample absorption factor (1-10-A) for PNPPhs* or PER(PPhs*)2 (b or d respectively; solid line) and
the reference PNS or flavin mononucleotide (dashed line; @x = 0.97216262 and 0.56263.264 respectively) in
PBS; Aexc = 355 and 473 nm respectively. Inset: Kinetic traces for 102 phosphorescence signals for optically
matched samples of the PNS (grey) and PNPPhs* (black) (b) or flavin mononucleotide (grey) and
PER(PPh3*)2 (black) (d). Due to the low @x of PER(PPhs*)2, the optically-matched traces for inset d were
recorded in d-PBS and plotted in logarithmic scale to obtain a clearer kinetic trace.

On the other side, PER(PPhs*); presents a broad absorbance band between 400-500
nm with an absorbance maximum at 467 nm (¢ = 32000 M'cm™"; Figure 3.2C). In
agreement with the photophysical properties of perylene, PER(PPhs*), was highly
fluorescent (@ = 0.98 in PBS) with an emission maximum at 508 nm whilst poor 'O,
generation is detected (@ = 0.034 either in PBS or deuterated-PBS; Figure 3.2D).

The aPDT activities of PNPPhs* and PER(PPhs*), were tested towards two different
Gram-positive bacteria, S. aureus and E. faecalis and one Gram-negative species, E.
coli. Bacterial cell suspensions with PNPPhs* or PER(PPh3*), at concentrations ranging
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from 0.5 to 10 uM for S. aureus and E. faecalis and from 1 to 50 uM for E. coli were
incubated in the dark at 37 °C for 10 minutes, and irradiated with blue light (420 and 463
nm for PNPPhs" and PER(PPhs*), respectively in order to achieve a better spectral
overlap. The neutral PN, the anionic PNS and the neutral unsubstituted perylene were
used as controls (Figure 3.3).
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Figure 3.3 Survival curves of S. aureus (a/d), E. faecalis (b/e) and E. coli (c/f). (a-c): incubated with different
concentrations of PNPPhs* (circles), PN (up triangle) and PNS (down triangle) in the dark (closed symbols)
and irradiated with blue light (420 £ 10 nm; 1.2 Jecm-2; open symbols). (d-f): incubated with different
concentrations of PER(PPhs*). (circles) and perylene (up triangle) in the dark (closed symbols) and irradiated
with blue light (463 = 11 nm; 10 Jcm~2; open symbols).

PNPPh;*, for both S. aureus and E. faecalis at the very low light fluence of 1.2 Jcm™,
shows strong photoantimicrobial activity in a concentration-dependent manner.
Specifically, for S. aureus, a viability reduction of 9log1o is achieved at a concentration of
5 uM, whereas a reduction of at least 23log1o (99.9% reduction), considered biologically
relevant in the guidelines of hand hygiene, is reached with a PNPPh3;* concentration of
2 uM. The results for E. faecalis are similar, in this case 10 uM being required to achieve
9log1o cell viability reduction and 3 uM to achieve 3log1o. In addition to these remarkable
results, it is worth mentioning that PNPPh3;* shows no dark toxicity in any of these
bacteria, even at the highest concentration tested. Moreover, neutral PN and anionic
PNS, which are endowed with even higher @x values,?? do not kill even 1log+o S. aureus
or E. faecalis, thus confirming the targeting effect of the cationic TPP unit.

Regarding the performance of PER(PPhs),, similar photoantimicrobial activity is
observed without dark toxicity, although the light fluence used (10 J/cm?) is higher due
to its much lower @, (c.a. 20 fold). The 23log1o and 9log+o reductions are achieved with
concentrations of <1 yM and 6 uM for S. aureus and <1 yM and 8 uM for E. faecalis
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respectively. Nonetheless, no photoantimicrobial effect is observed for the neutral
perylene. Furthermore, both PNPPh3s* and PER(PPhs*), are not able to photoinactivate
E. coli cells up to 50 uM concentration.

Overall, PNPPh3* appears more effective than SAPYR, and shows comparable
efficiency to SAGUA. On the other hand, and in contrast with the nitrogen-based cationic
derivatives, PNPPh3s* was ineffective against E. coli at all concentrations tested. It is
worth mentioning, that this comparison with SAPYR and SAGUA is by taking the
experimental data from references.?®>-2%7 This small difference observed could be due to
slightly differences in the photoinactivation protocols used in the two different
laboratories. A similar comparison cannot be made for PER(PPhs*), because, to our
best knowledge, no photoantimicrobial assays have been reported using cationic
nitrogen-based perylene cationic derivatives.

The ineffectiveness against E. coli suggests that triphenylphosphonium-modified PSs
cannot pass through the lipopolysaccharide barrier, which is consistent with the reported
behaviour of TPP in E. coli by Hirota et al.,?® and of phenothiazine derivatives
incorporating a TPP moiety reported by Dunn et al?® Therefore, the external
lipopolysaccharide receives the majority of 'O, produced, and no killing effect is achieved
in this case. The neutral PN and perylene, as well as the anionic PNS did not cause any
measurable cell death either because 'O, is generated in bulk medium for these cases.

In order to rationalise the above observations, 'O, production by PNPPh;* was studied
for the three tested microorganisms under the same conditions as those used for the
photoinactivation assays. For the three-bacterial species tested, the '0O;
phosphorescence signals showed the same kinetics of formation and decay (Figure 3.4
and Table 3.1). This experiment has not been realized for PER(PPhs*). due to its poor
'0, generation.

Table 3.1 Kinetic analysis of figure 3.4 102 phosphorescence traces: 7 and v values.

PNS PNPPhs*
Not centrifugated Supernatant Not centrifugated Supernatant
lus 7rlus !l us zrlpus 7l us 7l us wlpus | zrlpus
PBS 35 2.2 34 2.3
S. aureus 4.1 1.9 4.0 2.1 35 2.5 3.7 2.2
E. faecalis 3.9 2.2 3.9 2.3 3.9 2.0 3.7 2.0
E. coli 3.6 2.5 3.8 2.3 3.7 2.2 4.0 2.0

This indicates that the microenvironment of the photosensitiser where 'O, is generated
is similar for the three strains, which is surprising given the different structure of their cell
walls. The kinetic rate constants were indistinguishable from those in a bacteria-free PBS
solution, suggesting that PNPPhs" is in the external part of the cell wall in all cases. When
the cells were separated by centrifugation, 'O, was observed in the supernatant but not
in the re-suspended pellet, also suggesting that the interaction between PNPPh3;* and
the bacterial cell wall is very weak in all cases.
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Figure 3.4 'O2 phosphorescence kinetics decay for PNPPhs* (left) and reference PNS (right) in S. aureus
(top), E. faecalis (middle), E. coli (down). Red line is the kinetics trace after the 10 minutes of co-incubation.
Blue and black lines are the kinetics traces after bacterial centrifugation for the supernatant and the pellet
resuspended respectively.
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3.3. Revaluating naturally-occurring PSs

3.3.1. Why natural products?

(Adapted from: B. Rodriguez-Amigo, O. Planas, R. Bresoli-Obach, J. Torra, R. Ruiz-Gonzélez and S.
Nonell; Chapter 2: Photosensitisers for Photodynamic Therapy: State of the Art and Perspectives; in
Photodynamic Medicine: From Bench to Clinic, RSC Publishing, 2017.)

Nature has been a source of medicinal products for millennia, with many useful drugs
developed from plant sources. Plants, in particular, have formed the basis of
sophisticated traditional medicine systems, with the earliest records, dating from around
2600 BCE, documenting the uses of approximately 1000 plant-derived substances in
Mesopotamia.?®®?’ These include oils of Cedrus species (cedar) and Cupressus
sempevirens (cypress), Glycyrrhiza glabra (liquorice), Commiphora species (myrrh), and
Papaver somniferum (poppy juice), all of which are still used today for the treatment of
ailments ranging from coughs and colds to parasitic infections and inflammation.
Following discovery of the penicillin’s, drug discovery from microbial sources occurred
and diving techniques in the 1970s opened the seas.?”" So, natural product structures
play a significant role in drug discovery.?"

Returning into the PDT field, several naturally-occurring dyes are endowed with
photodynamic activity and are therefore being currently investigated as photo-
antimicrobial and/or photo-anticancer purposes.?’®>?’* Scheme 3.4 shows the more-
common chemical structures of naturally-occurring dyes that are being used as PS.
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Scheme 3.4 The most common naturally-occurring dyes considered for PDT.

Several naturally-occurring tetrapyrroles macrocycles with possible photodynamic
activity have been isolated.?”® For example silkworm excreta, a well-known ancient
Chinese medicine, contains chlorophyll degradation products with known phototoxic
properties such as 10-hydroxypheophytin a.?”> The most-used naturally-occurring
tetrapyrroles are protophorphyrin X, pheophorbide a and pyropheophorbide a. Several
in-vitro and in-vivo studies have demonstrated that protoporphyrin IX and both
pheophorbides have photodynamic activity against cancer cells.?’® In addition, the
semisynthetic derivative pyropheophorbide a methyl ester has proved useful, e.g.,
against lung-cancer.?’’

Phenalenone derivatives are one of the main focus of this thesis and their
photosensitizing properties are described in section 3.3.2.
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Flavin derivatives are present in almost every type of cells, mainly as riboflavin, FMN
and FAD. They are common cofactors in enzymes and plant and bacteria
photoreceptors.?’827® The flavin core is water-soluble and it is known to generate both
'0, and O2*~.28° Endogenous flavins are devoid of any significant phototoxicity owing to
their binding to proteins that provide efficient deactivation pathways for their excited
states. ' Exogeneous riboflavin can induce oxidative stress upon UV-A or visible
exposure?®? and can photooxidise several different natural antioxidants®? and drugs,?*
which can affect their biological activity.

Recently, some authors have mutated some flavin-binding proteins to act as endogenous
PS.28 Their photosensitising properties remained unexplored until the development of
miniSOG?® (Figure 3.5), the first genetically-encoded flavoprotein engineered for the
endogenous production of 'O, although it can also produce other ROS species (i.e.
0,").287.28 Since the development of miniSOG, novel protein variants with improved
properties have been developed for many applications such as in vivo advanced imaging
techniques, electron microscopy, optogenetics, or PDT.?%-2°" The endogenous
production of '0, has been demonstrated to induce fatal damage in both bacterial and
mammalian cells,?°22% jnactivation of target proteins?** and damaging genomic DNA?2%2
upon blue light illumination. For these reasons, there is a growing interest on the
development of new FbFPs that photosensitise 'O, more efficiently, and some
successfully examples have already been reported.?%5:2%

Figure 3.5 The flavin-binding protein: miniSOG structure.

Perylenequinones are aromatic diketones with extended conjugation.?”® Hypericin is a
red-coloured photoactive pigment that is isolated from the plant Hypericum perforatum
(Saint John's wort or perico, which is widely distributed in Paisos Catalans).?"
Hypericum extracts have been used recurrently by ancient Chinese medicine?’® and their
phototoxicity was discovered after noticing the relationship between cattle skin
photosensitivity and ingestion of Hypericum plants.?® Since then, hypericin has been
identified as a photodynamic agent and explored as a therapeutic agent for several
cancer types, as well as an antiviral and an antibacterial agent.?®® One of the main
drawbacks of these PSs is their poor water solubility, which leads to the formation of
aggregates devoid of any photosensitising activity. In order to overcome this
shortcoming, PS is delivered in suitable nanocarriers such as liposomes, nanoparticles
or proteins,300-302

The previous exposed dyes are the most common and studied. However, only in plants
more than 100 natural phototoxins have been identified so far, belonging to more than
35 different plant families.?”3303
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3.3.2. Darwin mystery; Naturally-occurring phenalenones

(Adapted from: R. Bresoli-Obach; Fotociclacié de 9-fenil-fenalenones: Caracteritzacié de productes i
mecanisme de reaccio; Master Thesis supervised by Dr. Santi Nonell, 2014)

In Charles Darwin’s treatise “On the Origin of the Species” the observation of
photodynamic toxicity originating from plants was described based on the ingestion of
Lachnanthes tinctoria by pigs (Figure 3.6).3%4

“I shall have to show that constitutional peculiarities of the strangest Rind, entailing liability
to the action of certain poisons, are correlated with the colour of the skin. I will here give a
single case, on the high authority of Professor Wyman; he informs me that, being surprised at
all the pigs in a part of Virginia being black, he made inquiries, and ascertained that these
animals feed on the roots of the Lachnanthes tinctoria, which colours their bones pink, and,
excepting in the case of the black varieties, causes the hoofs to drop off.”

On the Origin of the Species - Charles Darwin

The phototoxicity of phenalenone derivatives is described in Charles Darwin’s treatise
“On the origin of the species”, where he reported the observation by farmers of the
deleterious effects of the plant Lachnanthes tinctoria on white, but not black, pigs.3*
Almost a century later, lachnanthocarpone and other phenalenone derivatives were
isolated from that plant and identified as the main phototoxic compounds.3%

Figure 3.6 Ingestion of Lachnanthes tinctoria (plant left) by white and black pigs. Upon sun exposure white
pigs suffer from phototoxicity of the plant, whilst black pigs not. Lachnanthocarpone (chemical structure, top
right) is the major substance which has been isolated from Lachnanthes tinctoria.

Unsubstituted phenalenone produces 'O, with quantum yield @, = 1 in both polar and
non-polar solvents.?623%6.307 Since then, several phenalenone derivatives, mainly 4- and
9-phenyl substituted derivatives, have been isolated from plants and fungi.?’43%8.3% More
than 30 9-phenyl-phenalenones derivatives have been isolated from plants (Musaceae,
Haemodaracea, Pontederiaceae and Strelitziaceae; Table 3.2).
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Table 3.2 Naturally-occurring 9-phenylphenalenones. D = Dimer bond; Glu = O-Glucoside.

R4 Rz R3 R4 Rs Re Rz Ref. Name
1 OH H H H H H H 310 Anigorufone
2 OMe H H H H H H 31 Methoxyanigorufone
3 OH H H H H H OH 310 Hydroxyanigorufone
4 OH H H H H H OMe | 312 4'-O-methylanigorufone
5 OMe H| H H H H [ OH [ 3®
6 OMe H| H H H H [OMe| 3©
7 OH H H H H OH | OH 314 Dihydroxyanigorufone
8 OH H H H H OMe | OH 315 Musanolone F
9 OMe H H H H OMe | OMe | 313
10 OH OH| H H H H OH 315 Musanolone E
11 OH H|OH | H H H H | 3
12 OH H|OH | H H H | OH [3773% Thyrsiflorin
13 OH H|[OH [ H H OH | OH | 3
14 | OMe H|OH | H H H H | 3%
15 OMe H Glu H H H H 318
16 | OMe H| Rwo | H H H H [ 36
17 OH H | OH [OMe | H H H | 3
18 COH H |[OMe| H OMe H H 319 Haemodoronol
19 OH H H OH OH H H 320 Lachnanthoside aglycone
20 [ OMe H| H | OH | OH H H [ %0
21 COH H H | OMe| OH H H 318 Haemocorin aglycone
22 OH H H OH | OMe H H 314 Anigozanthin
23 OH H H OH G|SC-5|U H H 321 Lachnanthoside
24 OMe H H OMe OH H H 322 Xiphidone tautomer
25 OMe H H OH OMe H H 319,328 Haemoxiphidone
26 OMe H H OMe | OMe H H 319,324
27| o | H | H |[OMe| OH | H | H | = Haemocorin
28| & H| H |[OoMe| OH | H | H | o=
Celobiose
29 OMe H H OMe H H H 319
30 OH H H H OH H H 320 Lachnanthocarpone
Lachnanthocarpone dimethyl
31 OMe H H H OMe H H 319,326 cther
D1 OH H H D D H H 327 Lachnanthospirone
D2 OH D H H H H H 328 3,3-bis-anigorufone dimer
D3 OH D H H H H OH | 310328 3,3’-bis-hydroxyanigorufone

dimer
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Lachnanthocarpone is classified as a plant phototoxin. These phototoxins play a key role
in plant self-defence against bacterial as well as fungal infections?’* and can be classified
as phytoanticipins and phytoalexins.*?® Phytoanticipins are already present in the plant
and are released upon mechanical exposure. On the other hand, phytoalexins are
secondary metabolites which can be accumulated upon microbial/fungal attack. It was
found that the phenalenones’ antifungal activity, e.g., against Fusarium oxysporum,
could be enhanced by light.274:330.331

Then the next question, why nature uses 9-phenylphenalenones instead of the
unsubstituted PN skeleton? The answer could be that the presence of phenyl group in
position 9 decreases the @, relative to that of unsubstituted phenalenone (Table 3.3).3%°
The lower @, facilitates the controlled 'O, generation to avoid self-sensitization damage.
Intramolecular deactivation of triplet carbonyls by phenyl moieties has been well
documented in non-rigid systems and is called B-phenyl quenching (BPQ, see section
3.3.3.)

Table 3.3 zr and @, for different 9-phenylphenalenones in acetonitrile.

Compound orlns N Refs

4-OMe (PN2) 80 0.01 309,330,332

H (PN1) 160 0.08 309,330,332

2,2’-Me (PN3) 800 0.14 309,333,334
2-NO: (PN-NO2) 17000 0.51 332-334

Phenalenone core (PN) 38000 1 262,306,307

Recently, other synthetic phenalenones derivatives have also attracted the interest for
aPDT by attaching nitrogen-based cationic moieties to them. Cieplik et al,” were the
first to synthetize cationic phenalenones and prove their effect against Gram-positive
and Gram-negative bacteria. These phenalenones are water soluble, whilst keep high
@,. Afterwards, Maisch et al,?®® have also reported a cationic derivative of phenalenone
(2-(4-pyridinyl)methyl)-1H-phenalene-1-one (SAPYR; Scheme 3.5) and other cationic
derivatives for use in dentistry owing to their almost neutral colour and photodynamic
activity against key buccal pathogens such as Actinomyces naeslundii , Streptococcus
mutans, Enterococcus faecalis and Aggregatibacter actinomycetemcomitans.

The photo-antimicrobial activity against oral key pathogens was due to the positively
charged moiety, the pyridinium cation substituent. More recently, Maisch et al”®® have
reported a better phenalenone with a guanidinium group (1-((1-oxo-1H-Phenalen-2-
yl)methyl)-1-methyl-guanidinium chloride, also named SAGUA (Scheme 3.5). It was
tested against Actinomyces naeslundii, Streptococcus mutans, Enterococcus faecalis,
Staphylococcus aureus and Escherichia coli.

_ HN.__NH,
NG | NH
NS @ -
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Scheme 3.5 Chemical structures for SAPYR (left) and SAGUA (right).
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3.3.3. B-Phenyl quenching photochemical reaction (BPQ)

(Adapted from: R. Bresoli-Obach, and S. Nonell, Una vision moderna sobre la desactivacién de cetonas
aromaticas por beta-fenilos, Afinidad. 2016, 574, 90)I

In 1970, three independent manuscripts reported that the triplet lifetime of diferent
propiophenones was shorter when there was a phenyl moiety in the B-position of the
aromatic carbonyl.3*-3%" From these experimental facts, they claimed that: the n,* triplet
excited states of aryl ketones bearing a phenyl ring in the pB-position, (i.e. B-
phenylpropiophenone), are quenched very efficiently by an intramolecular reaction called
B-phenyl quenching (BPQ).336:338

Afterwards, Scaiano et al observed that p-phenylpropiophenones were much more
photostable than other aromatic ketones.** They proposed that should exist some type
of interaction between 3(n,n*) orbital from aromatic ketone and the phenyl moiety,
followed by the formation of an intermediate which reverts to the original ketone with a
very short lifetime (7 < 20 ps).**® Generally, electron-withdrawing substituents in the B-
phenyl ring significantly slow down the reaction, whereas t-electron donors such as a
methoxy group in the para position of the B-phenyl ring increase the rate of BPQ.3*'
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Scheme 3.6 Proposed addition-ISC-relaxation mechanism for BPQ in 3-phenylpropiophenone scaffold.342

In 2008, Bucher proposed a possible mechanism for BPQ combining computational
calculations with the previous exposed experimental data (Scheme 3.6).3*?> He proposed
that BPQ occurs by addition of the carbonyl to the ipso (preferred) or ortho (less
favourable) carbon atoms of the B-phenyl ring, yielding intermediary triplet biradicals.
This & addition requires that the ketone and phenyl substituents should be in a gauche
arrangement (8 = 60°), while the thermodynamically favourable antiperiplanar
arrangement (6 = 180°) does not allow for such an interaction.

After the addition, the aromaticity of the system is lost, due to the formation of a sp®
carbon. Moreover, this addition has a certain charge transfer character from the carbonyl
to the aromatic system. The triplet and singlet energies are nearly degenerated for these
biradicals, thus allows an efficient intersystem crossing to the singlet manifold. On the
singlet hypersurface, both biradicals are not minima at the levels of theory used in that
study. This fastens the return to the ground-state original ketones once the singlet
manifold is reached.

'l want to acknowledge AIQS for the P. Salvador Gil 2014 Award in chemistry category and for allowing
me publishing a review in the journal Afinidad.
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3.3.4. B-Phenyl quenching of 9-phenylphenalenones: a novel photo-
cyclisation reaction with biological implications

(Adapted from: G. Bucher, R. Bresoli-Obach, C. Brosa, C. Flors, J.G. Luis, T.A. Grillo and S. Nonell, B-
Phenyl quenching of 9-phenylphenalenones: a novel photocyclisation reaction with biological
implications, Phys. Chem. Chem. Phys., 2014, 16, 18813)

This work described in this section was carried out in collaboration with the University of Glasgow (United
Kingdom), IMDEA Nanociencia (Madrid, Spain), the Universidad de La Laguna (Tenerife, Spain) and the
Seccid d’Esteroides (Institut Quimic de Sarria, Spain).

3.3.4.1. Introduction

The BPQ reaction has been studied mainly in B-phenylpropiophenones scaffolds (see
section 3.3.3.).3%:339-3¢7 However, in 2006, C. Flors et al published evidences of an
intramolecular charge-transfer process in the excited states of 9-phenylphenalenones.
This process offers a new-competitive pathway in counterposition to 'O, production.332
The described intramolecular charge-transfer complex, in the view of BPQ reaction could
be an electronic rearrangement of the biradical intermediate.

Moreover, a recent work proposed that the described intramolecular charge-transfer
complex is 1H-2-6aH-naphtho[2,1,8-mna]xanthene (hereafter naphtoxanthene),3®
which could be formed in a formal 6-n electrocyclic intramolecular photocyclization of
PN1 through BPQ mechanism (Scheme 3.7). The generated naphtoxanthene reverts
thermally to PN1 within few microseconds. Contrary to B-phenylpropiophenone, the
naphtoxanthene ground state is a minimum in the hypersurface, so its chemical/physical
characteristics can be fully studied.

H

O 0]
AL = T
SORRA S

9-phenyl-phenalenone (PN1) Naphthoxanthene
Scheme 3.7 Proposed BPQ reaction for 9-phenylphenalenone (PN1).

So, from a fundamental point of view, the rigidity of 9-phenyl-phenalenones provides a
unique framework for extending the current knowledge on BPQ of aromatic ketones®*
and expands the scope of its applications outside its uses for PDT.274:330

With all the previous considerations in mind, we studied the singlet and triple excited
states of 9-phenylphenalenones in order to unveil the role of BPQ in the photochemistry
of PN1. Moreover, we studied we studied spectroscopically and chemically-trapped the
naphtoxanthene generated in order to prove the presence of this intermediate.
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3.3.4.2. Experimental part
3.3.4.2.1. Synthesis of 9-phenylphenalenones

9-Phenyl-phenalenone (PN1), 9-(4-methoxyphenyl)-phenalenone (PN2) and 9-(2,2'-
dimethylphenyl)-phenalenone (PN3) were synthesized as described elsewhere (see
Scheme 3.8 for their chemical structures).3493%0

PN1 PN2 PN3

Scheme 3.8 Chemical structures for PN1, PN2 and PN3.

9-Perdeuterophenyl-phenalenone (PN1D) was synthetized as described below
(Scheme 3.9).
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Scheme 3.9 Synthesis of 9-perdeuterophenyl-phenalenone.

A solution of perdeutero-bromobenzene (354 mg, 2.19 mmol, 0.7M) in diethyl ether (3
mL) was added dropwise to a suspension of magnesium turnings (78 mg, 3.2 mmol) in
diethyl ether (2 mL). The reaction mixture was stirred and heated at reflux for 20 min and
then cooled to room temperature. The Grignard’s reagent was added to a stirred solution
of PN (284 mg, 1.58 mmol) in THF (12 mL). The reaction mixture was stirred and heated
at reflux for 6 h. The reaction mixture was cooled to room temperature, and then
quenched with an aqueous saturated solution of NH4Cl (10 mL) and extracted with EtOAc
(3 x 15 mL). The combined organic extracts were washed with H>O, brine (15 mL) and
dried (Na2S0O4). Removal of solvent under vacuo followed by silica gel column flash
chromatography (Ethyl acetate:hexane, 1:3) afforded 9-perdeuterophenyl-phenalenone
(96 mg, 24%) as a yellow solid.

H-NMR: & 8.17 (1H, d, J = 8.0 Hz, H-7), 8.04 (1H, dd, J =1.0, 8.0 Hz, H-6), 7.78 (1H,
dd, J = 1.0, 7.0 Hz, H-4), 7.69 (1H, d, J = 9.5 Hz, H-3), 7.62 (1H, dd, J = 7.0, 8.0 Hz, H-
5), 7.60 (1H, d, J = 8.0Hz, H-8), 6.59 (1H, d, J = 9.5Hz, H-2).

BC-NMR: 5 185.93 (C-1), 147.78 (C-9), 140.54 (C-3), 133.87 (C-7), 131.90 (C-9a),
131.88 (C-6), 131.77 (C-8), 131.55 (C-4), 130.68 (C-2), 128.67 (C-3a), 128.53 (C-9b),
126.52 (C-6a), 126.20 (C-5).

GC-MS (El, 70 eV): MiZ (%; fragment) 261 (24: M*), 260 (27; M*-H), 259 (100; M*-D),
230 (11; M*-H-COH).
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3.3.4.3. Photochemical intermediate (naphtoxanthene) characterization

Evidence for the proposed BPQ pathways was derived from spectroscopic
measurements. Photolysis of PN1 (Aexc = 395 nm; matrix-isolated in Ar at T = 10 K) led
to the formation of a red matrix with new UV-Vis absorption bands at Amax = 501 and 290
nm (Figure 3.7). The obtained spectrum is similar to that observed at room temperature
by transient absorption, Amax = 520 nm, and is consistent with the calculated UV-Vis
spectrum of naphtoxanthene (B3LYP/6-31G(d)), which shows maxima at 345 and 565
nm (Figure 3.7, inset). Under all photolytic conditions tested, conversion to
naphtoxanthene was partial only, indicating the presence of a photostationary
equilibrium between PN1 and naphtoxanthene for that irradiation wavelength.
Subsequent photolysis (Lexe 530 nm) resulted in the complete disappearance of the new
bands, and to the reversion of the matrix colour to yellow.

Figure 3.7 UV-Vis absorption spectrum of PN1, matrix-isolated in Ar at T = 10 K, before and after photolysis
(black and red lines respectively; Aexc 395 nm, 20 min). Inset: (A) difference absorption spectrum. (B)
calculated spectrum of naphthoxanthene.

Additional confirmation of the nature of the BPQ process was obtained from the study of
oxygen and substitution effects on its kinetics. Figure 3.8 shows the transient absorbance
signals obtained upon excitation of PN1, PN2 and PN3 in argon- and air-saturated
acetonitrile, which are assigned to the formation and decay of their corresponsive
naphtoxanthenes.

PN2 forms and decays faster than the unsubstituted PN1, (zise 80 ns vs. 160 ns; zdecay
1.8 us vs. 8 us, respectively), consistent with the trends in the production of 'O, (see
table 3.3), a process competing with BPQ, for two different series of 9-phenyl
phenalenone derivatives. Specifically, we found that @, increases when the electron
donating ability of the phenyl substituent decreases.

On the other hand, PN3 forms and decays more slowly (zise = 800 NS; 7gecay = 12 ps), a
clear indication that the steric constraints imposed by the methyl groups control the
reaction in this case. Moreover, the strong but incomplete inhibition of the transient signal
by oxygen in air-saturated solutions is a clear indication that both the singlet and triplet
states can undergo BPQ in all three compounds. This is consistent with previous ultrafast
transient absorption data, which showed that for PN1 the naphtoxanthene is also formed
from the singlet state in 13 ps in acetonitrile.332
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Figure 3.8 Transient absorption of PN1 (A), PN2 (B) and PN3 (C) in acetonitrile. Lexc 355 nm; Aobs 520 nm.

Considering that PN1 is a good scaffold for BPQ, we decided to study the effect of the
solvent proticity and polarity in BPQ reaction. For that purpose, the formation and
deactivation of naphtoxanthene in thirteen different solvents with different polarity and
proticity were studied. An increase of the PN1 triplet lifetime (from 90 to 250 ns) and a
reduction of naphtoxanthene lifetime (from 20 to 2.5 us) were observed when the solvent
polarity was increased (Figure 3.9). Furthermore, no significant effect of the solvent
proticity could be observed in the triplet lifetime whilst only a slight increase in the
naphtoxanthene lifetime could be noticed. These experimental data are in agreement
with those reported for B-phenylpropiophenones. 343351
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Figure 3.9 Triplet PN1 (A) and naphtoxanthene (B) lifetime vs Normalized Reichardt’s solvent polarity
parameter (ETN) for different solvents. Closed circles for aprotic solvents (A). Open circles for protic solvents
(P). Solvents tested (increasing polarity ordered according to EtN):352:353 hexane (A), 1-octene (A), benzene
(A\), tetrahydrofuran (A), 2,4-dimethyl-3-pentanol (P), dichloromethane (A), acetonitrile (A), 1-octanol (P), 1-
propanol (P), methanol (P), formamide (A), 2,2,3,3-tetrafluoro-1-propanol (P) and water (P).

Finally, the effect of viscosity on the BPQ reaction was also studied. For that purpose,
the formation and deactivation of naphtoxanthene in different methanol:glycerol mixtures
was studied (Figure 3.10). The results indicate an increase of the PN1 triplet lifetime with
the viscosity, which seems logical because the rotation of Co-Ph bond should be
hampered by viscosity. Likewise, the naphtoxanthene lifetime is also reduced when the
viscosity is increased.
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3.3.4.4. Naphtoxanthene trapping experiments

Computational calculations predicted that the C(sp®)—H bond in naphthoxanthene should
be exceedingly weak, with a bond dissociation energy of only 28.8 kcal/mol. So it should
be possible to trap it with a suitable hydrogen and/or hydride abstractor such as
tetracyanoethylene (TCNE)™ (Scheme 3.10).354:355

N

N
- Apolar solvent Polar solvent
(hydrogen abstraction) (hydride abstraction)

Scheme 3.10 Reaction pathways upon reaction of naphtoxanthene with TCNE in function of the solvent
polarity.

In the light of the computational calculations, the products formed in the photolysis of
PN1 in the presence of TCNE were investigated by UV-Vis and 'H-NMR spectroscopies,
employing benzene and acetonitrile (as apolar and polar solvents, respectively).
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Figure 3.11 UV-Vis spectral changes upon laser photolysis of PN1 (Asss of 0.5) in the presence of 150 uM
TCNE in argon-saturated solutions. (A) In benzene. (B) In acetonitrile at early photolysis stages. (C) In
acetonitrile at later photolysis stages. (D) Deconvoluted spectra.

Upon 355 nm laser excitation of an argon-saturated PN1-TCNE solution in benzene, two
new absorption bands appeared at Amax = 408 and 460 nm (Figure 3.11A). When the
experiment was conducted in acetonitrile, the 460 nm band dominated at early stages of
the photolysis (Figure 3.11B) and the 408 nm band appeared at later stages (Figure
3.11C). Deconvolution of the UV-Vis spectra yielded pure spectra of the two species
(Fig. 3.11D), which are in excellent agreement with those of naphthoxanthenyl radical
and naphthoxanthenium cation, obtained independently by chemical synthesis.?*

™ Cyano groups have low energy mt* orbitals, and the presence of four such groups, with their electron-
withdrawing 1 systems linked (conjugated) to the central C=C double bond, gives rise to an excellent
electron/hydrogen acceptor.
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Consistent with this assignment, the 408 nm species was not observed under an
atmosphere of air as one would expect for a carbon-centred radical, whereas the 460
nm band was still present. Prolonging the irradiation, both with laser and with the UV
chamber, led to a complex mixture of products.

As a final piece of evidence, PN1D, the 9-perdeuterophenyl analogue" of PN1 was
synthesized and studied by laser flash photolysis and 'H-NMR spectroscopy (Figure
3.12). While the lifetimes of the two naphthoxanthenes were roughly the same (8 and 7
us, respectively), the TCNE quenching rate constant for the deuterated naphtoxanthene
was 2.3-fold smaller (5.2x10® M's”" vs. 1.2x107 M's™"). The TCNE quenching rate
constant in benzene was the same as in acetonitrile.

Figure 3.12 Left: Plot of the reciprocal lifetime of naphtoxanthenes vs. the concentration of TCNE in argon-
saturated acetonitrile at room temperature. Right: 'H-NMR spectra in acetone-ds of PN1 (top) and its
perdeuterophenyl analogue PN1D (bottom) after photolysis in the presence of 5 mM TCNE in argon-
saturated acetonitrile at room temperature.

The "H-NMR spectrum of the photolysis products of PN1 and PN1D in argon-saturated
acetonitrile in the presence of 5 mM TCNE (Figure 3.12 right) are consistent with those
of the corresponding naphthoxanthenium cations.?*® The spectrum of deuterated-
naphthoxanthenium cation lacks the signals of four (but not all five) phenyl protons
relative to the spectrum of non-deuterated, which is consistent with a proton having been
previously abstracted by TCNE.

" | proposed to synthetize the 9-perdeuterophenyl analogue in order to prove that the hydrogen
abstraction was the limitant kinetic step for that reaction. The hydrogen or deuterium abstraction rate
should be different due to kinetic isotopic effects. This change in rate results from heavier isotopologues
having a lower velocity/mobility and an increased stability from the higher dissociation energies when
compared to the compounds containing lighter isotopes.?3**73° The kinetic isotopic effect is extremely
large in the H/D pair because deuterium is almost two-fold heavier than hydrogen (2.014 vs 1.008 amu,
respectively).
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3.3.5. Reprofiling: 9-Heteroaryl-phenalenones as a novel photochromic
family

(Adapted from: R. Bresoli-Obach, C. Flors, J.G. Luis, T.A. Grillo, G. Bucher and S. Nonell, 9-Aryl-
Substituted Phenalenones: Reversibly Switchable T-Type Photochromic Coumpounds, in preparation.)

The results reported in this section have been carried out in collaboration with the University of Glasgow
(United Kingdom), IMDEA Nanociencia (Madrid, Spain) and the Universidad de La Laguna (Tenerife, Spain).

3.3.5.1. Introduction

For centuries, nature has awarded scientists with a rich repertoire of materials and
systems that can reversibly adjust their structure and properties in response to
environmental stimuli, such as camouflage in chameleons or colour changes in
echinoderms animals.?*® Molecules with photochemically switchable properties play a
crucial role in modern applications (Figure 3.13). Some examples may include their use
as functional molecules, assemblies, and materials used in optoelectronic devices for
data storage and logic operations as well as biotechnological and pharmacological
applications, especially for optogenetics.®*"3¢° Furthermore, these compounds are key
molecules for some super-resolution microscopy techniques, like STORM or PALM. 361362
Properties that can be switched include, among others, UV/Vis absorption, magnetic
state, mesoscopic properties or surface tension.3¢3-367

State 1 Stimuli1  State 2
OFF Stimuli 2 ON

Figure 3.13 Concept of a molecular switch.

Among the different forms of external inputs that can influence the switch compound,
light can present some advantages, as for example it can be controlled with high spatial
and temporal resolution and it can be applied in an external and non-invasive fashion.3%
So, photochromic switches, also called photoswitches, are widely used. Formally, a
photoswitch is a molecule that is able to reversibly photoisomerize between at least two
different (meta)-stable isomers with markedly different properties.3®°

Two main families of photoswitches are distinguished (Scheme 3.11). P-type switches
are only photochemically reversible; they do not thermally revert to the initial isomer even
at elevated temperature. Fulgides®° and diarylethenes®*® belong in this group. T-type
switches are photochemically and thermally reversible. In this case, the photochemically
generated isomer reverts thermally to the initial form, which can last from nanoseconds
to months in the temporal scale. Examples for T-type photochromic switches would be
azobenzenes,*"? stilbenes,*' chromenes,*”? or spiropyrans.”3
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Scheme 3.11 Some important families of photochromic compounds and their photochromic reactions.

The main photochemical reaction for photoswitches are: i) cis-trans isomerization (i.e.
azobenzenes or stilbenes), ii) interconversion between closed and open forms (i.e.
spiropyrans, diarylethenes, and chromenes) or iii) photo-tautomerism.3*® This results in
a change in geometry, spectroscopic properties, charge distribution, polarity among
others properties of the sample.®4377

For use in real-time information transmitting systems, photochromic switches of T-type
with very rapid thermal reversion lifetimes are required.’”® The photochemically
generated isomer should therefore be short-lived, ideally with a lifetime smaller than
microseconds range.®”® Considerable advances have been made towards azobenzene-
based photochromic switches, where the kinetics of the thermal cis-azobenzene to trans-
azobenzene isomerization have been accelerated down to the microsecond range.380-382

In this sub-chapter, we study different 9-heteroaryl-phenalenones by nanosecond laser
flash photolysis as a model for a new family of T-type photochromic switches. The
differences in the electronic distribution of the 9-heteroarylic moiety changes the rate of
photo-cyclization and descyclization allowing the modulation of the non-
thermodynamically stable isomer lifetime from the range of picoseconds to milliseconds.
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3.3.5.2. Experimental part

3.3.5.2.1. Synthesis of 9-aryl-phenalenones

9-Phenyl-phenalenone (PN1), 9-pyridil-phenalenone (PN4), 9-furyl-phenalenone (PN5),
9-thionyl-phenalenone (PN6) and 9-pyridinium-phenalenone (PN7) were synthesized as
described elsewhere.?**8% (see Scheme 3.12 for their chemical structures).

i b AL AL S

Scheme 3.12 Chemical structures for PN1, PN4, PN5, PN6 and PN7.
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3.3.5.3. B-phenyl gquenching reaction in 9-aryl-phenalenones

The photophysical and photochemical properties of PN1 and PN 4-7 are collected in

table 3.4.

Table 3.4 Optical and photophysical properties of PN1 and PN4-PN7 and their corresponding
naphtoxanthenes in different argon saturated-solvents (2hexane, °toluene, cacetonitrile, Ymethanol and

*PBS).
Tnaphthoxantene Singlet Triplet quCNE
Aabs;max [ NM orlps us contribution | contribution I M-1s
207
BN 5300 0.120 110 0.78 0.22b 1.2 x 1070
520¢ 0.16¢ 8e 0.72¢ 0.27¢ 1.2x107¢
8d
297
525b 0.260 200 0.630 0.370 .
PN4 515¢ 0.64¢ 14¢ 0.76¢ 0.24¢ 3.2x108¢
7d
30x 1032
445p 0450 | 14x108b 0.90° 0.100 ]
PN5 430¢ 0.60° | 11x10%¢ 0.89° 0.11¢ 2.4 x10°¢
11 x 103 ¢
28 x 108 2
4700 038> | 18x108b 0.920 0.080 ]
PN6 460° 053 | 12x10%¢ 0.91° 0.09¢ 1.2x10°¢
10 x 108 ¢
PN7 5850 50 7 x 105¢ 1 0

For PN1 and PN4-PNG6, zr is more than one order of magnitude smaller than for free PN,
whilst for PN7 the triplet lifetime is longer than PN. This advocates that the BPQ reaction
is strongly favorable from the triplet state, when the 9-position aromatic ring it is at least

neutral or electronically rich. Furthermore, as we proved recently for naphtoxanthene,®*

the corresponding naphtoxanthenes of PN4-PNG6 can also be generated from the singlet
state. Further, experimental evidence for this statement is the biexponential kinetics in
naphtoxanthenes formation (Figure 3.14).
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Figure 3.14 left: PN4; middle: PN5; right: PN6. (a) Transient absorption in air and argon-saturated
acetonitrile. Aexc 355 nm. (b) Transient absorption spectra in argon-saturated acetonitrile, argon-saturated
toluene and air-saturated toluene. (c) Plot of the reciprocal lifetime of corresponding naphtoxanthene vs the

concentration of TCNE in argon-saturated acetonitrile at room temperature.

A special case is PN7, where no experimental evidence for the formation and decay of
the corresponding naphtoxanthene is detected in the range of nanoseconds to seconds
by transient absorption spectroscopy. Femtosecond transient absorption experiments
(Figure 3.15) reveal a singlet lifetime of 4.4 ps, which is 7-fold shorter than that of free
PN (7 = 29 ps) and 2.25 fold shorter than that of PN1. This strongly suggests that the
BPQ reaction from the singlet state is highly favored when the B-aryl-moiety is positive

charged.
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Figure 3.15 Femtosecond transient studies of PN7. Left: Transient absorption in air-saturated PBS. Right:
Deconvoluted spectra for the different components. Lexc 355 nm. This data has been adquired by Dr. Cristina

Flors in IMDEA Nanociencia (Madrid, Spain).
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However, the BPQ reaction does not occur to any measurable extent from its triplet state,
as indicated by the following evidences: (Figure 3.16): i) the microsecond transient
absorption spectrum matches that of *PN*, ii) the microsecond transient can be
quenched by 30, with a rate of 3 x 108 M s, iii) its zr in argon-satured PBS is 50 us
which is even longer than for free PN®3? and iv) its @, in air and oxygen saturated PBS
is 0.08 for both cases, which is approximately equal to @r.

Figure 3.16 (A) Microsecond-transient absorption spectra of PN7 in argon- (black), air- (blue) and oxygen-
(red) saturated PBS. Inset: The same data represented in logarithmic scale. (B) Plot of the reciprocal lifetime
of PN7 vs the concentration of 302 in PBS at room temperature. (C) Transient absorption spectra of PN7 in
argon- and air-saturated PBS. (D) Kinetic traces for '02 phosphorescence signals for optically matched
samples of the PNS (red; @ = 0.97216.262) and PN7 (blue).

Experimental characterization of photo-generated naphtoxanthenes was derved from
LFP experiments. The absorption maxima of them are between 430 to 585 nm. In one
hand, the blue-shift of furyl and thiophene naphtoxanthenes is due to the reduction of
the conjugation of the electronic n-system. In the other hand, the red-shift of pyridinium
naphtoxanthenes is due to the presence of a positive charge in the chromophore moiety.

Figure 3.17 Transient absorption spectra of PN4 (left; Aobs = 520 nm), PN5 (middle; Aobs = 440 nm) and PN6
(right; dobs = 460 nm) in argon-saturated solvents (hexane (blue), toluene (black), acetonitrile (green) and
methanol (red)).
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Information of the thermal stability of naphtoxanthenes was obtained by transient
absorption spectroscopy (Figures 3.15 and 3.17). Pyridine substitution seems to have
little impact to its stability in comparison with phenyl substitution (a slightly increase from
17 to 11 us). Furan or thiophene substitution increase 1000-fold its lifetime, from
microseconds to milliseconds; whilst for pyridinium substitution decreases its lifetime to
only 70 picoseconds. As a whole, heteroaromatic substitution on position 9 allows to
modulate the naphtoxanthene lifetime in more than 8 orders of magnitude.

Also we have studied the photoproducts formed in the photolysis of naphtoxanthenes in
the presence of TCNE. In comparison with PN1, the reaction rate constant k,"°\E is one
order of magnitude smaller for pyridyl- and 2 orders for furyl and thienyl-substituted PNs.
Additionally, the reactivity of pyridyl-substituted naphtoxanthene towards 8 mM TCNE
was followed by steady-state UV-Vis spectroscopy. Upon laser excitation of PN4 in air
and argon saturated acetonitrile, two new bands appeared at 435 and 458 nm (Figure
3.18) which are attributed to the formation of naphtho[2',1',8"4,5,6]chromeno[3,2-
b]pyridin-6-ium cation. This compound was characterized by 'H-NMR without further
purification and is structurally elucidated.

0 ° Ha H, Hg
o Hg
c
g, Hy He H
o e
H
H Hy "
o
T
o
N1+
S
£
o . ) "
=z 11112 1 2 1
0 ' T T T T 1
300 350 550 10.0 9.5 9.0 8.5 8.0
Wavelength / nm Slppm

Figure 3.18 Left: UV-Vis spectral changes upon laser photolysis of PN4 in the presence of 80 uM TCNE in
argon-saturated acetonitrile. Middle: "H-NMR spectrum of the photoproduct. Right: Proposed chemical
structure for the photoproduct generated.

Finally, we have checked the photostability of PN1 and PN4-6 under the same conditions
by submitting them to hundreds of cycles of exposure to 355 nm pulsed light (10 mJ per
pulse) in air-saturated acetonitrile. Figure 3.19 shows their photobleaching in acetonitrile
at 25 °C. PN1 is the most photostable derivative. The substitution of the phenyl by a
pyridyl seems to slightly reduce its photostability, whilst the substitution by a furyl or
thienyl reduces its signal by 50% after only 50 or 100 cycles respectively.

AAbs IAAbs;o

1 10 100 1000

Number of cycles

Figure 3.19 Photostability of PN1 and PN4-6 upon pulsed 355 nm laser irradiation cycles (10 mJ per cycle)
in aerated-acetonitrile.
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3.3.5.4. 9-Aryl-phenalenones as inversed-chromenes

The previously presented data strongly advocate that 9-aryl-phenalenones are a good
scaffold for developing a new type of photochromic system. Ultraviolet irradiation of PN1-
PN7 renders the corresponding naphtoxanthene derivatives via a 6-n electrocyclic
intramolecular photocyclization (BPQ).

This study shows that BPQ reaction is not restricted to phenyl groups but can rather be
extended to other aromatic heteroaryl moieties such as pyridyl, furyl, thienyl and
pyridinium. Thus, by modulating the heteroaryl substitution of the position 9, it is possible
to change the naphtoxanthene lifetime over nine orders of magnitude, from tens of
picoseconds to tens of milliseconds.

It is interesting to note that the BPQ reaction and the posterior electrocyclic ring opening
reaction are similar reactions to the ones that occur with the photochromic chromenes
family (i.e. naphthopyrans, benzopyran or oxazines).3’%38-38" For these compounds, the
most stable isomer is the 2H-chromene core and upon light illumination undergoes by a
photo-electrocyclic ring opening to obtain a «.,f,y,6-unsaturated ketone core. A deeper
structural analysis of the unsaturated ketone, allows observing that it has a vinyl group
in B-position of the ketone, which can revert to the original chromene core by a BPQ
reaction either thermally or photochemically (Scheme 3.13).
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Scheme 3.13 Photochemical reaction pathway for 2H-chromene core and PN1.

Taking into account this observation, it can be postulated that 9-aryl-phenalenones are
photochromic compounds acting as inverted-chromenes. The main reason for this
inversion in reactivity is that the phenalenone core is an aromatic ketone and
consequently its stability is increased by the aromaticity of the system. In contrast, for
the chromene case, the ketone is no longer stabilized by aromaticity while the cyclic
structure is aromatic,®23% even if the B-substituent is vinylic or arylic,?® although for
arylic substituents it can further photochemically evolve through an ipso BPQ
addition 390391

95



3.3.6. Reprofiling: 9-Phenyl-phenalenone photoreactivity as student
laboratory experiment for _understanding laser flash _photolysis
experiments

(Adapted from: R. Bresoli-Obach, and S. Nonell, Unravelling a mechanism of photocyclatitzation and
decyclitzation reaction by laser flash photolysis experiments, in preparation (intended for J. Chem. Ed.))

ESTIMADES i estimats mestres:

Gracies per la vostra vocacid artesana, la de fer les coses ben fetes pel gust de fer-les ben fetes. Per entendre que
la vostra feina no acaba quan ho heu explicat, sind quan ho han entés.

Per la il (usié amb qué enceteu el curs, dient com diem tots que fa mandra, perd sentint intimament les ganes de
comengar. Per [esforg que feu per treure el maxim de cada alumne, confiar-hi i reforcar-los [autoestima.

Pels extres que heu de fer pendents dels que tenen dificultats a casa, sabent que en una societat meritocratica
aixo no ha de perjudicar la igualtat & oportunitats a Cescola. Pel sentit de [humor, que us permet combinar el
repte més transcendent de la humanitat -educar les criatures- amb els somriures que ho fan tot més facil.

Per entendre que el mén connectat no és res que ens hagi de fer por, si ho fem servir com a palanca per augmentar
la motivacid. Per tenir clar que en el mén connectat també s’ha de saber desconnectar. Per la paciéncia que teniu
amb els pares. Per [estima que teniu pels nostres fills. Per no desanimar-vos per més motius que tingueu, sabent
que la vostra missi6 és massa important per permetre-us el luxe d abaixar la gudardia.

Per tot el que heu preparat i pensat perqué aquest any us surti encara millor que [anterior. Per no tenir por
d’innovar. Per compartir experiéncies amb altres mestres, per formar-vos i assumir que heu de formar aprenents
permanents, que avui a les aules s’hi va a aprendre a aprendre.

Carles Capdevila — Carta d agraiment als bons mestres artesans (Diari Ara; 13-09-2015)

En els castellers, els més grans i forts estan a baix a la pinya i
ajuden als més petits a ser el més alts del mén per un moment
i poder tocar el cel amb la ma.

Aix0 de forma desinteresada (o com a minim ho vull creure) és
el que ha fet moltissims mestres: transmetre el seu
coneixement. En aquest sentit vull agrair a tots els mestres que
he tingut, fent especial esment al Dr. Santi Nonell que ha fet de
“mestre artesa” ensenyant al seu “aprenent” des d’aquell
setembre de 2009 en aquella primera classe de Quimica Fisica
a segon de carrera.

| com tot en aquesta vida, tot ha de fluir. Per tant, considero que
un cop arribat a aquest nivell s’havia de fer alguna activitat per
tal d’ajudar els nous estudiants a adquirir nous conceptes.

Si aquest seccid o les diferents sessions experimentals
realitzades durant aquests anys han servit per ajudar a algu a
comprendre la fotolisis laser de llampec (en anglées Laser Flash
Photolysis) aquesta tesi doctoral ja haura valgut la pena.
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3.3.6.1. Aim of the study

In order to explain the aim of this “special’ section, | want to remember two different
quotes. The first one is from Maimonides, who was a medieval Sephardic Jewish
philosopher from Al-Andalus; the second is from Benjamin Franklin, one of Founding
Fathers of the United States.

“Give a man a fish and you feed him for a day; teach a man to fish and you feed him for a
lifetime”

“An investment in Rnowledge pays the best interest”

Although the first quote is 600 years older than the second one, the two sentences have
a similar meaning: education is essential for improving the “value” of a person. Societies
have improved their life quality with education and when the education disappeared (i.e.
Europe in the Middle Age) their life quality diminished substantially.

| believe that helping “knowledge transfer” to the younger students should be necessarily
a part of a PhD thesis. This can be achieved by mentoring younger undergraduates or
master students (in my case), but also through outreach activities involving school-
children. Demonstrations of science (and chemistry in particular) can be interesting and
funny in the same time or designing (and improving) some laboratory experiences. For
this last purpose, we decided to design a laboratory experience for the photochemistry
based with section 3.3.2.3.

In one hand, laser flash photolysis (LFP, the technique used mainly in this laboratory
experience) is a pump-probe laboratory technique, in which a sample is firstly excited by
a pulsed-laser light (called pump-pulse). This strong pulse generates excited states,
which can further evolve thorough a photochemical reaction. Afterwards, the absorption
of light (called analysing-beam) by the sample is recorded in order to monitor relaxation
or possible photoinduced chemical reaction processes initiated by the pump-pulse.

This technique was developed in the 40s and 50s by Manfred Eigen, Ronald George
Wreyford Norrish and George Porter, who won the 1967 Nobel Prize in Chemistry for
this invention-?27-22° and is honorary PhD by IQS. The idea of LFP was born out of
cameras developed during and shortly after the Second World War, which were used to
take pictures of fast moving planes, rockets and missiles. Since then, use and refinement
of LFP techniques allowed to scientific community to understand light-induced processes
in organic molecules, polymers, nanoparticles, semiconductors, photosynthesis,
signalling, or light-induced conformational changes in different biological systems.392-3%

In the other hand, the importance of photochemical BPQ reaction studied in laboratory
experience is deeply explained in the previous sections.309-342

This experiment was successfully completed by 27 master students during the academic
period from 2013 to 2017. This laboratory experiment has been included as part of the
curriculum in photochemistry course at master level at Institut Quimic de Sarria
(Universitat Ramon Llull, Barcelona, Spain). Students did work individually or in groups
of two-three to complete their assigned project tasks.
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3.3.6.2. Student laboratory protocols

PN1 and TCNE solution are prepared in acetonitrile, either by the students or staff
(depending on available time of the class; solution 1 and 2 respectively). The
concentration of these solutions are 100 uM and 1 M respectively. In order to vary the
concentration of oxygen, a stream of oxygen 5.0 or argon 5.0 was flowed into the solution
under gentle stirring for approximately 30 minutes.

3.3.6.2.1. Basic LFP experiments

i) Argon, air or oxygen-saturated solution 1 is excited with 355 nm nanosecond pulsed
laser. The absorbance changes are monitored at 520 nm with two different time-
windows, 2 and 50 us, in order to collect properly the rise and the decay kinetics,
respectively. The data collected is fitted with equation 3.1, which is a triexponential curve
used for fitting the kinetics of some intermediates where its formation or decay can occur
thorough two different processes.

-t —t -t
y(t)= —Ajer — Aye®2 + Aze™  Equation 3.1

A4, A2 and As; are the pre-exponential factors and 1, »» and 3 are the lifetimes of the
different species. Note to students that A; and A are negatives whilst As is positive
because they represent rises and decay respectively.

ii) With air-saturated solution 1 used in the previous experiment, controlled volumes of
solution 2 are added for obtain different TCNE concentrations (recommended: 0, 5, 10,
15 and 22 uM). Each solution is excited with 355 nm nanosecond pulsed laser and the
absorbance changes are followed at 520 nm with a time window of 50 ps. Due to chosen
time-scale, only the decay is collected, so it should be adjusted with a monoexponential
equation 3.2.

-t

y (t) = Aze™  Equation 3.2

From decay lifetime shortening, it is calculated the quenching rate of naphtoxanthene by
TCNE using a Stern-Volmer like plot, accordingly to equation 3.3.

1 1
—=—+ky[TCNE] Equation3.3
T To

Where zis decay lifetime in function of TCNE concentration, 1o is the decay lifetime in
absence of TCNE and K is the quenching rate of TCNE. This equation is directly derived
from Stern-Volmer equation (Equation 3.4).3%

T
?" = 1+ 1ok, [TCNE] Equation 3.4
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3.3.6.2.2. Complementary LFP experiments

i) Argon-purged solution 1 is excited using a 355 nm nanosecond pulsed laser. The
absorbance changes are followed at different wavelengths in the range from 300 to 600
nm (recommended step interval of 20-50 nm) with a time-window of 50 ps.

i) 100 uM PN solution in argon-purged acetonitrile is prepared. This sample is excited
using a 355 nm nanosecond pulsed laser. The absorbance changes are followed at 520
nm with a time-window of 200 pus in order to measure PN triplet lifetime.

iii) Quantum mechanics calculations can be performed using the Gaussian09 suite of
programs.®”  Naphthoxanthene energy minima can be optimized at the density
functional theorem B3LYP/6-31G(d) level of theory.3%® Afterwards, time-dependent-DF T
B3LYP/6-31G(d) can be used to estimate the energy of naphtoxanthene singlet excited
states.3%

iv) In a quartz-cuvette, 3 mL of an argon-purged acetonitrile solution containing 100 uM
PN1 and 20 mM TCNE are irradiated with UV-A or blue light (at a fluence of
approximately 10 mW/cm?) for 120 minutes. Ideally, every 5-10 minutes an absorption
spectrum should be recorded in order to reconstruct naphthoxanthenium cation
formation kinetics.

v) 'TH-NMR spectrum could be recorded after removal of solvent under vacuum from the
solution obtained in the previous experiment, dry and redissolve it in deuterated
acetonitrile or acetone. "H-NMR spectrum should be similar to the one depicted in figure
3.12.
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3.3.6.3. Student laboratory experience argumental tale

It is well-known that PN has a @r and @, of 1 in a vast variety of solvents, whereas when
the hydrogen situated in position 9 is replaced by a phenyl group, @r and @, decrease
dramatically.305330332 This clearly suggests that an additional deactivation pathway has
to occur in competition with triplet and 'O, generation. Different laser flash photolysis
experiments are proposed in order study this competitive pathway.

In a first step, kinetic traces of PN1 dissolved in argon-saturated acetonitrile are collected
(Figure 3.20). A biexponential rise and monoexponential decay are fitted by a
mathematical kinetic analysis with lifetimes of <0.01, 0.16 and 8 ps respectively. This
triexponential observed kinetics is in concordance with the formation and posterior
evolution of the naphtoxanthene intermediate generated. It can be assumed that the
intermediate decays to PN1, because it is not observed any absorbance changes
between 350 to 600 nm after 50 us. Furthermore, PN1 kinetic trace is completely different
to PN where only a monoexponential decay is observed with a lifetime of 38 us, which is
attributed to triplet state decay. This assumption is further confirmed because this trace
is quenched by oxygen.

Figure 3.20 Transient absorption kinetics of PN1 in argon-, air- or O2-saturated acetonitrile (blue, red and
blue line respectively). Lexc 355 NmM; Aobs 520 Nm.

The students should identify if any of the observed kinetics for PN1 can be attributed to
the triplet state. It is well-known that triplet state in absence of external quenchers (i.e.
oxygen) can live from hundreds of nanoseconds up to several seconds.®® Therefore,
kinetics traces of PN1 has also been recorded in air- and oxygen-saturated acetonitrile
(Figure 3.20). Under presence of oxygen, a biexponential rise and monoexponential
decay model is still valid. From them, only the slow rise is oxygen dependent (Table 3.5),
therefore this decay is somehow associated to the triplet state. It is observed a quenching
in its lifetime (dynamic quenching) plus a partial inhibition of the transient signal (static
quenching), which is a clear indication that for PN1 both singlet and triplet states can
undergo BPQ.

Table 3.5 Obtained lifetimes from a triexponential kinetic data analysis.

Gas-saturated
acetonitrile nlps w2/ ps mlus
Argon <0.01 0.16 £ 0.02 9.2+0.8
Air <0.01 0.10 £ 0.01 8.7+1.0
Oxygen <0.01 0.09 £0.02 8.8+0.7
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The BPQ reaction is further confirmed because the singlet and triplet lifetimes of PN1
decrease relative to the unsubstituted PN (Table 3.6). Moreover, the shortening in zs
reduces the probability to populate the triplet state, whereas, the shortening in zr reduces
the probability of transferring energy from triplet towards 30, to generate 'O.. This is fully
consistent with lower @, values obtained for PN1 (and other substituted 9-
phenylphenalenones) in comparison with the unsubstituted PN.

Table 3.6 zs and zr of PN and PN1 in acetonitrile. For the singlet state the data is taken from reference 332.
For the triplet state the acetonitrile is purged with argon. @, values are taken from reference 262332,

Compound zs | ps orlpus D
PN 29 38+3 1.00
PN1 10 0.16 £ 0.02 0.08 £ 0.02

The previous proposed LFP experiment confirms the presence of naphtoxanthene that
reverts to PN1 with a lifetime of 8 us in acetonitrile, but do not give any information about
the structure of naphtoxanthene. Naphtoxanthene optical properties can be studied by
recording its transient absorption spectrum and it should be compared with the expected
BPQ product, which can be obtained by density functional theory calculations. It is
observed a good match between the experimental and calculated spectra, but this is not
enough for confirming its structure.

The next step should be trapping naphtoxanthene with a chemical scavenger. Taking
into account its short lifetime, this scavenger should be highly reactive and used in the
millimolar concentration range to efficiently trap it. Naphtoxanthene has a C-H bond in
the unique sp® carbon and it disrupts its planarity and conjugation. If this H is abstracted,
then aromaticity is fully recovered and consequently stability is enlarged. Taking into
account this driving-force, TCNE has been chosen as scavenger because it is an
excellent hydride abstractor.>**3** TCNE reacts with naphtoxanthene to generate a
highly stable naphthoxanthenium cation (Scheme 3.14).

NC CN NC CN
+ — —_— + ©) H
NC CN NC CN

Scheme 3.14 TCNE reactivity towards the BPQ reaction product.

Then, a series of PN1 kinetics decays with increasing TCNE concentration is recorded
by the students (Figure 3.21A). The lifetime of the decay is clearly quenched upon
consecutive TCNE addition, whilst the amplitude not. This data supports that only
naphtoxanthene is scavenged by TCNE. Furthermore, the TCNE quenching rate
constant for PN1 is (1.2 = 0.2) x 10" M's”" by Stern-Volmer like plot (Figure 3.21B).
Moreover, naphthoxanthenium cation formation can be monitored by steady-state
spectroscopy (i.e. absorption or '"H-NMR) from PN1 UV-A photolysis in presence of 20
mM TCNE.
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Figure 3.21 (A): Transient absorption kinetics of 1 in air-saturated acetonitrile with increasing concentration
of TCNE. (B): Plot of the reciprocal lifetime of the BPQ reaction product vs. the concentration of TCNE in
air-saturated acetonitrile. Aexc 355 Nnm; Aobs 520 nm.

From all the proposed experiments and rationalizing the results obtained, students
should be capable to propose a mechanism similar to scheme 3.15. PN1 under UV-light
excitation promotes to its first excited singlet state. There it can evolve to
naphtoxanthene through BPQ reaction, to triplet state via intersystem crossing or decay
to ground state. This last pathway is almost discarded due to its short . The generated
triplet state can also evolve to naphtoxanthene through BPQ or decay to ground state
via energy transfer to oxygen for generating '0.. All these previous exposed processes
occurs in less than one microsecond after photon absorption. Afterwards,
naphtoxanthene evolves spontaneously to PN1 via retro-BPQ reaction with a lifetime of
8 us. For further characterization of naphtoxanthene, it can be scavenged with a hydride
abstractor, such as TCNE, to generate naphthoxanthenium which is a stable cation.

Scheme 3.15 The different deactivation pathways for the excited states of PN1.
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3.3.7. Reprofiling: 9-(o-nitrophenyl)-phenalenone as an uncaging agent

(Adapted from: R. Bresoli-Obach, O. Gulias, M. Agut, G. Bucher and S. Nonell, 9-(o-nitro)-phenalenone as
an uncaging agent, in preparation).

The results reported in this section have been carried out in collaboration with the University of Glasgow
(United Kingdom).

3.3.7.1. Photouncaging compounds

Caged compounds are light-sensitive probes that functionally encapsulate biomolecules
in an inactive form.*%%-402 Typically, the molecule of interest is chemically modified with a
photoremovable protecting group. The size of the protecting group hampers the
interaction between the biomolecule and its corresponding biological receptor.
lllumination of these compounds results in the release of the protecting group and
consequently the release of the caged-biomolecule. The term “caging” was coined in
1978 by J. F. Hoffman. 4%

A good photoremovable protecting group should have high absorption coefficients at
wavelengths higher than 300 nm (ideally in the visible part of the spectrum), the
photoreaction should occur with high quantum yield and be clean -without the
appearance of byproducts and/or radicals.*’? Many photo-uncaging reactions proceed
via a cascade of non-stable intermediates, which further evolve to release the desired
biomolecule.*®*4% Until now, several photoremovable protecting groups have been
developed. Among them, 2-nitrobenzyl*%%4%7 and coumarinyl“°®4% derivatives are by far
the most commonly used (Scheme 3.16).
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Scheme 3.16 Photouncagging mechanism for 2-nitrobenzyl*%4 and coumarinyl*%s derivatives, where R is the
caged compound.

Why are the caged compounds so useful? The ability to release a selected biomolecule
with light allows to study its impact in cellular biology.*'° For that, several examples of
caged biomolecules (i.e. neurotransmitters,*'" nucleotides,*” ATP*%) have been
developed. In the last years, optogenetics, which is a biological technique that uses light
to control cells, has gained a pivotal role in bioscience research.*'>#'3 Several caged-
drugs have been synthetized for optogenetics purposes.4'4-41¢

In this section, we have studied the photophysical and photochemical properties of 9-(o-
nitrophenyl)-phenalenone (PN-NO;). As proof of concept, we expect that 9-
phenylphenalenone could be a good photouncagging scaffold due to the low expected
C(sp®)-NO; energy bond in the naphtoxanthene intermediate.
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3.3.7.2. Experimental part
3.3.7.2.1. Synthesis of 9-(o-nitrophenyl)phenalenone

9-(o-nitrophenyl)phenalenone (PN-NO-) was a gift from Prof. Kiyoshi Fukuhara (National
Institute of Health Sciences, Setagaya-ku, Japan) as described in reference #'”. PN-NO;
synthetic route is described in Scheme 3.17

o | 1) n-BuLi 0
SL TR Heb e
I o lo, LI

PN-NO,

Scheme 3.17 Synthesis of 9-(o-nitrophenyl)phenalenone (PN-NO2).

3.3.7.2.2. Specific photoinactivation conditions

Two different strains, one Gram-positive, Staphylococcus aureus (S. aureus; ATCC
29213) and one Gram-negative, Escherichia coli (E. coli, ATCC 25922) were used in this
study. The cell culture were grown in fresh TSB until reaching an ODego of 0.4 for both
bacteria. The different used PSs were delivered dissolved in dimethylsulfoxide.

The different bacterial strains were irradiated in the photoreactor which contains LZC420
fluorescent lamps (420 + 10 nm; 10.2 mW/cm?) or maintained in the dark for the same
period.
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3.3.7.3. Photochemical reactivity of PN-NO->

The absorption spectra of PN-NO was recorded in different solvents (Figure 3.22) and
it has the typical profile of a 9-phenyl substituted phenalenone. PN-NO; does not present
any emission either in acetonitrile or benzene at room temperature, which is in
agreement with other 9-substituted phenalenones.

Figure 3.22 Absorption spectra of PN-NO: in cyclohexane, benzene, acetonitrile and methanol.

Surprisingly, PN-NO was not photostable at all. The photoproduct generated upon 355
nm pulsed-laser irradiation is dependent of solvent polarity (Figure 3.23).

In argonated-saturated apolar solvents (i.e. cyclohexane or benzene) a sharp band at
412 nm appears upon UV irradiation, whilst in aerated-atmosphere the new band
becomes much broader. In addition, this band can be bleached by addition of (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl (TEMPQO) or methanol. The spectrum of the photoproduct
resembles that of the naphtoxanthene radical. Finally, the release of NO; could be
detected.° These experimental observations suggest that the naphtoxanthenyl radical is
formed under these conditions.

In argonated-saturated polar solvents (i.e. acetonitrile) a sharp band at 460 nm and a
shoulder at 430 nm appear upon UV irradiation. In this case, addition of O, to the system
seems to have a minor role. The generated photoproduct could be purified by thin layer
chromatography and identified as the naphthoxanthenium cation by 'H-NMR analysis.
Furthermore, the release of NO,~ upon PN-NO- photolysis in water was detected by the
Griess test.”

° Nitrogen dioxide (NO) is scavenged by 2,2-diphenyl-1-picrylhydrazyl radical (DPPH).74%74! This reaction

is selective towards NO; in presence of other gases like 02 or NO.74%743
O,N

Q Q
. NO, H
N-N NO, ———= N-N NO,
@ ON Purple @ O2N Yellow
P Nitrite (NO2) is highly reactive towards aromatic amines to generate diazonium salts, which can further

react with another amine to obtain a diazo dye.”**”** Griess test takes advantage of azo coupling to detect
NO;".
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Figure 3.23 UV-Vis spectral changes of PN-NO2 upon laser photolysis (Aexc = 355 nm). (A) In air-saturated
cyclohexane. (B) In argon-saturated cyclohexane. (C) In air-saturated benzene. (D) In argon-saturated
benzene. (E) In argon-saturated benzonitrile. (F) In argon-saturated dimethyl sulfoxide. (G) In air-saturated
acetonitrile. (H) In argon-saturated acetonitrile. (I) In air-saturated methanol. (J) In air-saturated
methanol:water mixture (1:3).
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In argon-saturated “medium” polarity solvents (i.e. benzonitrile or dimethylsulfoxide) the
formation of the naphtoxantenyl radical and the naphthoxanthenium cation is detected
simultaneously. In scheme 3.18 the proposed photochemical reactivity for PN-NO;
according to the results obtained in photolysis experiments is depicted.

o O
,\‘ ° M
/a ®
rs °/Vent o\
S
O O‘b + N02

Scheme 3.18 Proposed photochemical reactivity for PN-NO: in function of the solvent polarity.

Our collaborators at the University of Glasgow carried out DFT calculations3® in order to
observe the feasibility of the proposed mechanism (Figure 3.24). Those calculations
indicate that the formation of nitro-naphtoxanthene is fairly favourable. The homolytic
and/or heterolytic rupture of the C(sp3)-NO2 bond evolve to the naphthoxanthenyl radical
or naphthoxanthenium cation, respectively, presents almost no activation barrier. Nitro-
naphtoxanthene should have a lifetime of few picoseconds according to the calculations.

Figure 3.24 Reaction pathways after triplet excitation of PN-NO2. Free Gibbs free energy are given in
kcal/mol relative to the triplet state. Without brackets: singlet state. In brackets: triplet state. In ordinary
font/black bar: gas phase. In italics/green bar: in acetonitrile. The different solid lines connecting the different
states is provided as a visual aid only (blue line is the preferred reaction pathway). This data has been
calculated by Dr. G6tz Bucher in WestCHEM, School of Chemistry, University of Glasgow (Glasgow, United
Kingdom).

Finally, we decided to study the photo-antimicrobial properties of PN-NO2 due to its
capacity for uncage NO;™ in water. In a first series of experiments, we observed that NO2~
release has no effect on S. aureus survival rate (Figure 3.25). Similar results where
obtained for E. coli.
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Figure 3.25 Left: 1 uM PN-NO: fluorescence changes upon irradiation at 375 nm at very low fluences (<0.1
mJ/cm? after 20 minutes of irradiation) in the presence of S. aureus. Right: S. aureus survival rate from the
previous experiment.

In a second series of experiments, PN-NO, showed strong photoantimicrobial activity for
both S. aureus and E. colirespectively (Figure 3.26). Specifically, for S. aureus, a viability
reduction of 3log1 was achieved at a fluence of 15 J/cm? whilst for E. coli it was achieved
at 10 J/cm?. The PN-NO photo-antimicrobial effect is mediated by 'O, because it is
enhanced when PBS is replaced with deuterated-PBS.
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Figure 3.26 Survival curves of S. aureus (left), and E. coli (right). The bacteria was incubated with 1 (S.
aureus) and 10 (E. coli) uM of PN-NO: and irradiated with blue light (420 £ 10 nm) in PBS or dPBS (blue
and red lines respectively).

Taking together the two series of experiments, it would seem that under these conditions
the naphthoxanthenium cation acts as PS. It has a @, of 0.15 in PBS. Naphtoxanthenium
cation has different promising properties for PDT: i) it is planar; ii) the positive charge is
completely delocalized around all the molecule and iii) it is fluorescent (@r = 0.52) which
opens the door to use it as a theranostic PS.

108



3.3.8. Phenalenone as singlet oxygen labelling agent

3.3.8.1. Introduction

Fluorescent tags or labels are widely used to tag proteins and antibodies, nucleic acids
(i.e. DNA or RNA) and other relevant biomolecules (Figure 3.27).4'8422 Typically, they
are used to follow the labelled biostructure in a complex medium. The fluorophore
selectively binds to a specific region or functional group on the target molecule and can
be attached chemically (i.e. organic fluorophores) or biologically (i.e. a fluorescent
protein).*?® For attaching an organic fluorophore to a biomolecule, click-chemistry
reactions, such as that of isothiocyanate with amino residues,*?*4? maleimide with
cysteine-reduced thiol groups,*?®#?” and carbodiimide with carboxy groups, are
commonly used.*?®

Figure 3.27 Labelling fluorophores to biostructures. Reproduced from reference 42°.

If instead of a fluorescent tag a PS is used it might function as a theranostic labels.*3%43
These compounds are fluorescent and able to generate 'O, therefore they can be used
to signal the location of the labelled-biomolecule and generate ROS at the site.**2 Among
them, chromogenic theranostic labels, which after conjugation to biomolecules undergo
a substantial shift in the absorption and fluorescence spectra, are highly desired to
differentiate the covalently bound from those that are not.*31:433.434

In this section, we have derivatized the phenalenone core in order to synthetize a
theranostic tag and studied its photophysical properties and its capacity to generate 'O».
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3.3.8.2. Experimental procedures
3.3.8.2.1. Synthesis of 6-isothiocyanate-phenalenone (PN-NCS)

To a solution of 6-aminophenalenone (5.7 mg, 0.035 mmol) in CH2Cl; (8 mL) was added
1,1'-thiocarbonyldi-2(1H)-pyridone (23 mg, 3 eq, 0.10 mmol). The mixture was stirred
16 h at room temperature. The solvent was evaporated and the mixture was purified by
chromatography with silica column eluting with a 1:1 mixture of ethylacetate and
cyclohexane to provide 6-isothiocyanate-phenalenone (PN-NCS) as an orange product
(4.5 mg, 0.030 mmol, 75 %; Scheme 3.19).

'H-NMR (CDCls): & 8.67 (dd, J = 7.4, 1.2 Hz, 1H), 8.48 (dd, J = 8.3, 1.2 Hz, 1H), 7.93-
7.84 (m, 1H), 7.74-7.65 (m, 2H), 7.50 (d, J = 7.7 Hz, 1H), 6.72 (dt, J = 9.8, 0.4 Hz, 1H).

3C-NMR (CDCls): 5 185.2, 141.0, 131.8,131.5,131.1,129.9, 129.8, 129.3, 128.4, 128 .4,
128.3,127.2,124 4.

IR (KBr disk): 3087, 2068, 1637, 1585, 1573, 1242, 854, 767 cm™.
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Scheme 3.19 Synthesis of 6-isothiocyanate-phenalenone.

3.3.8.3. Reactivity and photochemical properties of '0, phenalenone-based
label

6-isothiocyanatephenalenone (PN-NCS) was synthetized from 6-aminophenalenone
using 1,1’ thiocarbonyldi-2(1H)-pyridone*3%. PN-SCN can react efficiently with different
aliphatic amines (n-butylamine and morpholine) to achieve the corresponding thioureas
(Scheme 3.20).

0 0 (0
‘ /\/‘NHg ‘ 1 month ‘
> PP + other products
5 min; CDCl3 CDCl3; (10%)

S
H —
NCS HN N N=< J_/
e HN

PN-NCS S PN-thiourea PN-ATZ
Scheme 3.20 Reactivity of PN-NCS against aliphatic amines.

Under the same experimental conditions PN-NCS does not react with aromatic amines
(i.e. aniline). Even more, at room temperature after 1 month in solution the generated
thiourea can further cyclize to generate a aminothiazolo[4,5-c]phenalenone (PN-ATZ)
with around 10% vyield. This cyclization has been followed by 'H-NMR (Figure 3.28) and
confirmed by the disappearance of H-5 signal and the change in the multiplicity of H-4
from a doublet to a singlet.
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Figure 3.28 'H-NMR spectra for PN-thiourea and PN-ATZ in acetone-de.

The photophysical properties of PN-thiourea and PN-ATZ have been characterized
(Figure 3.29). A red-shift in the absorption spectra for PN-thiourea in comparison with
bare PN could be observed. It is highly interesting because PN-thiourea has its
absorption band in the blue region instead of ultraviolet. Moreover, like PN, PN-thiourea
is not fluorescent (@ < 10%) and is still capable to generate 'O, (@, = 0.70 in methanol).

Figure 3.29 Photophysical properties of PN (black), PN-thiourea (blue) and PN-ATZ (red). Left: Absorption
and fluorescence spectra. Middle: Time-resolved 'O2 phosphorescence of optically matched solutions of PN
(black; @, = 1262306307 gnd PN-thiourea (blue) in CH3OH. dexe = 355 nm. Right: Time-resolved 102
phosphorescence of optically matched solutions of TMPyP (black; @x = 0.74436437) and PN-ATZ (red) in
deuterated-CH3OH. Aexc = 532 nm.

For PN-ATZ, the red-shift is even stronger. PN-ATZ absorbance spectrum presents a
maximum at 588 nm. PN-ATZ, although it conserves the PN core, is highly fluorescent
(@ = 0.78) and has a much lower capacity to generate 'O, (@, = 0.07 in deuterated-
methanol).
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3.3.9. Naturally-occurring anthraquinones

(Adapted from: J. Marioni,* R. Bresoli-Obach,* M. Agut, L.R. Comini, J.L. Cabrera, M.G. Paraje, S. Nonell
and S.C. Nufiez-Montoya, On the mechanism of Candida tropicalis biofilm reduction by the combined action
of naturally-occurring anthraquinones and blue light, PLoOSONE, 2017, 12, e0181517.; *These authors
contributed equally to this work.)

The results reported in this section have been carried out in collaboration with the Universidad Nacional
Cérdoba (Argentina).

3.3.9.1. Introduction

Heterophyllaea pustulata Hook f. is plant originary from South-America that grows in the
Andean region of northwestern Argentina and Bolivia between 2500 and 3000 m above
sea level. It is popularly locally known as “cegadera”, “ciegadera” o “saruera” (Figure
3.30). Natural intoxication by “cegadera” has been reported for rabbit, equine, bovine
and goat-like individuals as dermatitis and blindness in severe cases, without direct

death of the animals confirmed.*3®

(@] OH 0] OMe
oo o

(@] 0]

Rub Rub-Me

Figure 3.30 Left: Photograph of Heterophyllaea pustulata Hook f. plant. The photograph is reprinted from
reference 43°. Right: Chemical structure of Rubiadin (Rub) and Rubiadin-1-methyl ether (Rub-Me).

In the 2000s, Nufiez-Montoya et al identified the phototoxic compounds in H. pustulata.
They found that 9,10-anthraquinone derivatives (AQs; Figure 3.30) were the
predominant metabolites, whereas a minority of other structures were present belonging
to the flavonoid and iridoid groups.*4%44' Afterwards, as it could have been expected
based on their structure,**? these naturally-occurring AQs presented photosensitizing
properties of 'O, and/or O.*~.#4344 They used H. pustulata plant extracts or the
corresponding purified AQs in order to photoinactivate Herpes Simplex Virus Type [,44°
Candida tropicalis,**®*4” or MCF-7 breast cancer.*8

We set out to identify the reactive intermediates involved in the photo-induced C.
tropicalis biofilm viability reduction by two natural AQs: rubiadin (Rub) and rubiadin-1-
methyl ether (Rub-Me). Under that purpose we identify, if the C. tropicalis biofilm
photoinactavion is mediated by type-l or type-ll mechanism using spectroscopic
techniques.
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3.3.9.2. Experimental procedures

3.3.9.2.1 Extraction and purification of anthraquinones used

Rub and Rub-Me were purified from benzene extracts of H. pustulata using a
methodology described previously in Universidad de Cordoba (Argentina).**' The purity
was 94% for both AQs, as established by HPLC analysis.*4¢

3.3.9.2.2 Candida tropicalis biofilm growth

Stock solution of Candida tropicalis NCPF 3111 (C. tropicalis; National Collection of
Pathogenic Fungi, Bristol, UK, strain N° 2), suspended in Sabouraud dextrose broth
(SDB) with 10% glycerol (cryoprotectant), was kept at =80 °C. In order to ensure purity
and viability of yeasts before its use, they were plated in Sabouraud dextrose agar (SDA)
and then were incubated overnight in Falcon tubes at 37 °C with SDB.*4"

Biofilm formation was achieved adapting the method of O'Toole and Kolter using flat-
bottomed 96-well microplates.**® Strain suspension (1x107 cells/mL) in SDB was
inoculated in pre-treated microplates with 50% (v/v) Fetal Bovine Serum, and then were
incubated 90 minutes at 37 °C. After removing the non-adhered cells and adding fresh
culture medium, the incubation of microplates was resumed at the same temperature
during 48 h without stirring to obtain a dense biofilm.

3.3.9.2.3. Spectroscopic measurements of C. tropicalis biofilms

Dense biofilms were developed on a square glass plate (1x1 cm) in a 24-well microplate
and then 56 yM AQs were added dissolved in DMSO. Final DMSO concentration was
kept always below 1%. After the incubation period, the supernatants were removed, the
biofilms were washed twice with sterile PBS and the glass plates were introduced
vertically in the spectroscopic cuvettes at 45 degrees relative to the excitation light beam.
Then the appropriate aqueous buffer (PBS or d-PBS) was carefully added to fill the
cuvette. Controls containing sessile cells of C. fropicalis without anthraquinones in d-
PBS were performed. In agreement with the report by Berry et al, d-PBS had no effect
on the biofilm biomass compared to PBS.** Spectroscopic measurements were carried
out without stirring to prevent mechanically disturbing the biofilms.
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3.3.9.3. Photophysical properties of naturally-occurring anthraquinones

The absorption spectra of Rub and Rub-Me in chloroform, PBS, planktonic yeast and
biofilms of C. tropicalis are shown in Figure 3.31. The absorption spectra in chloroform
should be representative for anthraquinones that are not aggregated, whilst in PBS
anthraquinones are completely aggregated. The spectra in PBS and planktonic yeast
were similar, with broader, red-shifted bands relative to CHCIs solutions. The red-shift is
more pronounced for Rub-Me. The spectra in biofilms showed a behaviour intermediate
between CHCI; and PBS. Once it is known where Rub and Rub-Me absorbed and their
aggregation degree in planktonic yeast and biofilms of C. tropicalis, it is possible to detect
if they are able to generate O.*~ and/or 'O, under such conditions.

Figure 3.31 Absorption spectra of rubiadin (A; Rub) and rubiadin 1-methyl ether (B; Rub-Me) in CHCI3, PBS,
planktonic yeast and biofilms of C. tropicalis.

For detecting the generation of O, it is necessary to study the formation of the triplet
state, the ketyl radical and the radical anion of the AQs ((AQ, AQ® and AQ*~ respectively)
by transient absorption spectroscopy in CHCIs; and biofilms (Figures 3.32, 3.33).

Figure 3.32 Transient absorption of Rub-Me in argon- and air saturated- CHClIs solutions. Signals recorded
at 550 nm (left) correspond to AQ®-, whereas signal at 675 nm (right) correspond to 3AQ.
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The corresponding wavelengths were 675 nm (*AQ,), 450 nm (AQ°®) and 550 nm
(AQ*).*" It was not possible to detect AQ* or AQ*~ for Rub in any of the above systems,
whereas large AQ*" signals could be observed for Rub-Me in CHCI3 solutions (Figure
3.32). In argon-saturated CHCIs the transient rose with lifetime 4 ys and lived 450 us,
whereas in air-saturated solutions the rise was much faster and the lifetime was
decreased to 150 ps. This indicates that AQ* is formed from *AQ and ®0, quenches it,
presumably leading to the production of O5*".

In the case of biofilms, AQ*~ could be detected only when the cells were incubated for 3
hours (Figure 3.33). The lifetime of the transient was 170 s in air-saturated samples.
No evidence for the presence of 3AQ in biofilms could be derived from transient
absorption measurements (Figure 3.33).

Figure 3.33 Transient absorption of air saturated- C. tropicalis biofiims with Rub, Rub-Me att = 0 and 3
hours of incubation and biofilm alone. Signals recorded at 550 nm correspond to AQ*~ (A), whereas signal
at 675 nm correspond to 3AQ (B).

'O, has been studied by detecting its near-infrared phosphorescence. Clear signals
could be observed for Rub and Rub-Me in CHCIs and PBS. The @, values in CHCIs (0.34
and <1073 for Rub and Rub-Me, respectively) were already reported by Nufiez-Montoya
et al. #4344 |n PBS, they were @, < 0.01 for Rub and @ = 0.02 for Rub-Me.

Luminescence signals could also be recorded in biofilms (Figure 3.34) and they were
assigned to 'O, based on the spectral distribution (disappearance of the signal at 1325
nm, where '0, shows almost no phosphorescence), and on the lengthening of the decay
lifetime upon solvent deuteration.

Observation of 'O, indicates that AQ is indeed formed, even if the concentration is too
small to produce a transient absorption signal. By comparing the intensity of the
phosphorescence signals for the two AQs, it is apparent that Rub-Me generates
approximately threefold more 'O than Rub in biofilms (Figure 3.34).
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Figure 3.34 02 kinetics of Rub (A), Rub-Me (B) and no anthraquinone (C) in C. tropicalis biofilm observed
at 1275 nm and at 1325 nm (negative control) in biofilms incubated with dPBS.

Simultaneously in the University of Cordoba, they showed that biofilms incubation with
AQs and exposure to light induced higher levels of O,*~. Moreover, biofilm viability is not
reverted when it is incubated with sodium azide (a good 'O, scavenger)'?® but Tiron (a
good O~ and *OH scavenger)*? reduces significantly anthraquinones phototoxicity
(Figure 3.35).

Figure 3.35 (A) Photo-induced C. tropicalis biofilm reduction by Rub (top) and Rub-Me (bottom) in the
presence of the specific ROS quenchers sodium azide and Tiron. (B) Superoxide radical production in C.
tropicalis by AQ alone and in the presence of quenchers. (C) SOD activation in C. tropicalis biofilms by AQ
alone and in the presence of quenchers. This data has been obtained by Dr. Juliana Marioni and Dr. Susana
C. Nunez Montoya in Universidad Nacional de Cérdoba (Cérdoba, Argentina).

From these cellular experiments together with our spectroscopic experiments, it can be
concluded that prompt O2*~ produced by photosensitization, but not 'O, is the main
responsible for the perturbation of the oxidative balance of the cell, which leads to C.
albicans cellular death.
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3.4. Nanoparticles as delivery agents for photosensitisers

3.4.1. Why nanoparticles?

Nanoparticles (NPs) are systems whose size can vary from a few to hundreds of
nanometers.*34% Generally their size is designed according to its purpose. NPs
designed for drug delivery can have different sizes, shapes and can be made of different
materials. The physicochemical characteristics of each NP determine its loading
capacity, the stability of both the NPs and the drug, its release profile, and its targeting
ability 455457

The most common NPs used for drug delivery systems are micelles, liposomes, metallic,
polymeric or silica scafolds.*%4%° When NPs are introduced in medical applications, not
only their composition but also their physical properties like size, polarity or {-potential
are important factors that determine their activity.457-460

NPs containing PS have some advantages over free PS.2'22'* | ower concentrations of
PS are needed, the possibility of drug resistance, is reduced and selectivity is enhanced.
In addition, the NP matrix is non-immunogenic, prevents the dimerization of the PS and
the NP can increase the solubility of the PS in water or biological media.*¢! Different
types of NPs have already been used as PS carriers for PDT?213462-464 gnd four main
types of interaction between the PS and the NP have been reported (Figure 3.36):

e PS embedded or encapsulated inside the NP: These NPs have been used to
deliver the PS into the desired cell and improve its biological activity.
Biocompatible and biodegradable matrices such as liposomes, poly(lactic-co-
glycolic acid), or cyclodextrins are considered of particular interest because they
allow the use of PDT in medical situations.*65466

¢ PS covalently-bound onto the surface of the NP: When the PS is linked to the
NP it is not uniformly distributed over the cell but in clusters, thus it locally
generates ROS leading to a higher local effect than the free PS even if the overall
concentration might be lower.*6746¢ Moreover, this strategy allows to bind
insoluble PS to water-soluble NPs.

e PS adsorbed onto the surface of NP: This system is simpler than the previous
category but has the disadvantage that the PS can leach under some
conditions.*6°

e NPs that act as PS: One prime example are the porphysomes, spherical
nanovesicles that are formed from self-assembled porphyrins.4’®47" Once
uptaken by cells, they release the porphyrin units that can then act as PS. Other
examples could be photoactive inorganic nanoparticles (i.e. titanium dioxide),*"2
carbon-based nanostructures (i.e. carbon dots)*”® or metallic NPs (i.e. gold or
silver nanoclusters).*™

Figure 3.36 Schematic representation of the different interactions NP-PS. a) PS embedded or encapsulated,
b) PS covalently linked onto the surface, c) PS adsorbed, d) NPs as the PS.
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3.4.2. Silica nanoparticles

Silicon dioxide (SiO2; also known as silica from the Latin Silex) is an attractive material
for photomedicine because it is optically transparent, chemically inert, mechanically
stable and fairly biocompatible.*>” Furthermore, the surface of silica is easily
functionalizable by grafting its surface with different functional groups (Scheme 3.21).47°
This easy surface functionalization is due to the presence of highly reactive silanol
moieties on the surface.

Si—OH Si—R
LO /—  +HO ; OEt);-Si-R
0-8-0 — & —si—oH (OEOsSIR —Si—R
/] - EtOH \
o}
R

Scheme 3.21 Synthesis of silica NPs and its further superficial derivatization, where R can be: -NHz, -NHS,
-NCO, -OH, -SH, -I, or -COOH among others.

In the late 60s, Dr. Stéber developed a methodology to synthetize compact spherical
NPs with uniform size, in the range between 50 nm to 2 um in diameter.’® In all the
synthetic procedures, the most important steps are the hydrolysis and the
polycondensation of the tetraalkoxysilane precursors.

The next step in complexity is the synthesis of mesoporous silica NPs (MSNP). Porosity
increases the specific surface of the NPs and allows the permeability of entrapped drugs
and small molecules. Although they were patented in 1971,4” MSNP remained almost
unnoticed for more 20 years. They were rediscovered by two independent research
groups, which allowed to synthetize porous silica material with well-ordered structure by
a highly reproducible method.*8#& Since then, many studies have investigated different
parameters (i.e. temperature, pH, templating agent, reaction time) in order to finely tailor
the silica morphology.*81-483

Other key parameters for MSNPs are their particle size and {-potential, which strongly
influence cell membrane permeability and the fate of the NPs in the cell.*844%° As an
example, in non-phagocytic cells the uptake is limited to NPs of diameter smaller than a
few hundred of nanometers, whilst phagocytic cells are capable to internalize particles
up to a few microns.*%

MSNP have emerged as promising vectors for PDT since binding of a PS to a MSNP
can increase its 'O, generation efficiency.*®’*%° Finally, it is possible to further
functionalize MSNP surface with different targeting groups in order to gain higher
selectivity.4%°
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3.4.3. Methylene Blue-loaded MSNP

(Adapted from: O. Planas,* R. Bresoli-Obach,* J. Nos,* T. Gallavardin, R. Ruiz-Gonzalez, M. Agut and S.
Nonell, Synthesis, photophysical characterization, and photoinduced antibacterial activity of methylene blue-
loaded amino- and mannose-targeted mesoporous silica nanoparticles, Molecules, 2015, 20, 6284; *These
authors contributed equally to this work.)

3.4.3.1. MB history for PDT

In 1876, methylene blue (MB) was first synthetized by Heinrich Caro when he was
working for BASF.*" In those days, the chemical companies were interested in the
discovery of new dyes to tint clothes. Until the discovery of synthetic dyes, only the
wealthiest people could afford to buy natural dyes for their clothes and the diversity of
colours was slight. As example, why is the mozzetta of cardenals scarlet? and why is the
mozzeta of bishops purple? The reason is not ecclesiastical, is monetary. The dyes used
for tinting their mozzettas were carminic acid and indigo respectively and the first one
was much more expensive than the second one.

For that reason, in the first years after its synthesis MB was only used as dye. MB has
been widely used to distinguish Gram-positive and Gram-negative bacteria,**? to stain
living organisms,*®? to treat methemoglobinemia.*** MB as PS has been used for a large
variety of applications including energy conversion and PDT.** It belongs to the
phenothiazinium class of compounds. Its characteristic blue colour is caused by a strong
absorption band in the red region of the spectrum with molar absorptivity around
8.5 x 10* M~'em™ at its maximun.*®® Regarding to its photosensitizing properties, it is

useful due to its high @, ~0.5 in polar solvents.

Although MB has been approved for its therapeutic use by the United States Food and
Drug Administration (FDA), the use of MB has been limited by its lack of activity when
used in vivo.?°'4% The weak MB pharmaceutical effect results in part from poor
eukaryotic cellular internalitzation and its easy reduction to the non-coloured
leukomethylene blue in biological systems.

However, these drawbacks are minor against bacteria.?’® Exactly, MB is one of the most
commonly studied antimicrobial PS in the literature. It has received regulatory approval
for aPDT of dental infectious diseases like periodontitis or caries,*"4% and is under
clinical investigation for nasal decontamination and chronic sinusitis in some countries.
As a result of its excellent photo-antimicrobial activity, several MB derivatives with
different lipophilicity have been synthetized and tested against different bacteria.*%
Among them, the most used are the so-called New Methylene blue and Toluidine Blue.5

We therefore set out to investigate the effectiveness of MB-encapsulated targeted
MSNPs in the inactivation of two Gram-negative bacteria. Specifically, we have
decorated MSNP with two different targeting motifs, amino groups (AMSNP) and
mannose sugars (MMSNP), loaded them with MB, and evaluated their photophysical
properties and photodynamic activity against E. coli and P. aeruginosa.
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3.4.3.2. Experimental part

3.4.3.2.1. Synthesis of N-(D-Mannose)-N'-(3-(triethoxysilyl)propyl))-urea and
3-(Triethoxysilyl)propyl isocyanate in 1:3 Molar Ratio.

3-(triethoxysilyl)propyl isocyanate (212 mg, 0.81 mmol) was added to a solution of D-
mannosamine hydrochloride (58 mg, 0.27 mmol) and Na,COs (32 mg, 0.30 mmol) in a
mixture of 4 mL of acetonitrile and 2 mL of EtOH. The solution was stirred for 5 h at room
temperature and solvent was removed under reduced pressure. Finally, the crude was
diluted with 2 mL of EtOH and used without further purification (Scheme 3.22).

IR (KBr disk): 3431, 2929, 1652, 1402, 1076 cm™.
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Scheme 3.22 Synthesis of N-(D-Mannose)-N'-(3-(triethoxysilyl)propyl))-urea.

3.4.3.2.2. Synthesis of the nanoparticles.

Synthesis of MSNP. One hundred twenty microliters of ammonia solution (30% w/w,
1.9 mmol) were added to a solution of water (65 mL), EtOH (11.5 mL), and CTAC (7.97
mmol). The mixture was heated at 48 °C and stirred at 1000 rpm for 30 min. Then, 7.3
mL of TEOS (32.7 mmol) were added dropwise and the reaction was left stirring at 48
°C for 2 h. The crude was left aging for 24 h at room temperature. Afterwards, 20 mL of
HCI (37% w/w) were added under stirring and kept at room temperature for 12 h. MSNP
were obtained after centrifugation at 6000 rpm for 30 min and were put in suspension in
EtOH (ultrasounds). This extraction procedure was repeated 3 times and the final
nanoparticles were stored in 95 mL of EtOH at room temperature.

Synthesis of AMSNP. Nineteen milliliters of MSNP were centrifuged for 30 min at 6000
rpm and the pellet suspended in 2 mL of EtOH under sonication. Next, 2 mL of a solution
of 3-(triethoxysilyl)propyl isocyanate (212 mg, 0.81 mmol) were added dropwise under
vigorous stirring (1000 rpm). The mixture was kept at 33 °C for 24 h and centrifuged at
6000 rpm for 30 min. The solvent was removed and the solid was suspended with 19 mL
of water 3 times. Finally, the AMSNPs were washed 3 times with 19 mL of EtOH and
stored at room temperature.

Synthesis of MMSNP. Nineteen milliliters of MSNP were centrifuged for 30 min at 6000
rom and the pellet suspended in 2 mL of EtOH under sonication. Next, 2 mL of the
solution of N-(D-mannose)-N'-(3-(triethoxysilyl)propyl))- urea and 3-(triethoxysilyl)propyl
isocyanate in a 1:3 molar ratio were added dropwise under vigorous stirring (1000 rpm).
The mixture was kept at 33 °C for 24 h and centrifuged at 6000 rpm for 30 min. The
solvent was removed and the solid was suspended with 19 mL of water 3 times. Finally,
the MMSNPs were washed 3 times with 19 mL of EtOH and stored at room temperature.
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Loading of MB onto MSNP, AMSNP, or MMSNP. Two milliliters of a stock 1-mM MB
solution in ethanol were added to 19 mL of each set of the nanoparticle suspensions.
The mixture was stirred at 800 rpm for 48 h and the nanoparticles were isolated through
repeated centrifugations. Several washes with EtOH were performed until a white
supernatant was achieved.

AMSNP-MB: Size: 200 nm; {-potential: -25 mV.
MMSNP-MB: Size: 180 nm; -potential: -20 mV.

3.4.3.2.3. Microbial Strains and Growth Conditions

Escherichia coli (E. coli; CECT 101) and Pseudomonas aeruginosa (P. aeruginosa;
CECT 116) were obtained from the Spanish Type Culture Collection (CECT, Paterna,
Spain). Bacterial cells were grown overnight in sterile tryptic soy broth at 37 °C. Stock
inoculum suspensions were prepared in LB and adjusted to an ODeg of 0.4 for E. coli
and 0.6 for P. aeruginosa (equivalent to ca. 108 colony-forming units/mL).
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3.4.3.3. Results

Scheme 3.23 Synthesis of MSNP, AMSNP-MB, and MMSNP-MB.

The procedure for the synthesis of mesoporous silica nanoparticles (MSNPs), as well as
their functionalization with amino- and mannose-moieties, is illustrated in scheme 3.23.
MSNPs were prepared via the sol-gel process under high dilution conditions. Afterwards,
the bare MSNP were decorated with external amines or d-mannose with the
corresponding silanes. Finally, MB was adsorbed to the two MSNP. The modified
MSNPs were characterized by their size and {-potential as well as by infrared-
spectroscopy, which confirms the conjugation of d-mannose by an urea bond.

Figure 3.37 Absorption (solid line) and emission (dashed line) spectra of free MB (A; black), AMSNP-MB
(B; red), and MMSNP-MB (C; blue) in EtOH.

Once the MSNPs are synthetized and derivatized, it has been studied its photophysical
properties. Figure 3.37 shows the visible absorption and fluorescence spectra of free
MB, AMSNP-MB, and MMSNP-MB in EtOH. The spectra of AMSNP-MB and MMSNP-
MB are blue-shifted relative to those of free MB. This indicates that all MB is adsorbed
on the surface of the nanoparticles, where it experiences a different microenvironment.
Consistent with this, the relative intensity between the shoulder and the maximum of the
absorption bands also varies from compound to compound, leading to less-structured
bands for AMSNP-MB and MMSNP-MB.

Time-resolved fluorescence decays were recorded at the maximum of the emission
bands. While the decay was monoexponential for free MB, biexponential decays were
observed for MB adsorbed onto the nanoparticles, which suggests two different
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populations of the PS. The relative amplitudes of the two components are given in table
3.7 and it is noteworthy that the dominant emission is the one with the longest lifetime,
roughly twice as long as that observed for free MB.

Table 3.7 Decay kinetics and relative intensity of all tested nanoparticles in ethanol.

Component 75/ ns Amplitude (%)
MB 1 0.8 100
2 — —
1 0.8 33
AMSNP-MB 5 15 67
1 0.7 13
MMSNP-MB 5 14 87

Pulsed-laser irradiation of MB, AMSNP-MB, and MMSNP-MB suspended in ethanol
produced clear time-resolved 'O, phosphorescence signals (Figure 3.38). The 'O, signal
for MB grew with a lifetime of 0.2 ys and decayed monoexponentially with a time constant
of 15 us. An additional rise component was needed to fit the data for MB associated to
the MSNPs. Specifically, the 'O, signal for AMSNP-MB was found to show biphasic
growth kinetics with time constants of 0.2 ys and 3.3 ps, respectively, and decayed
monoexponentially with a time constant of 26 ps (Figure 3.38A). The lifetimes were
slightly longer for MMSNP-MB: 0.2 us, 4.6 ys, and 34 us, respectively (Figure 3.38B).

Figure 3.38 (A) Time-resolved 'O2 phosphorescence (Aobs = 1270 nm) of optically matched solutions of MB
(blue) and AMSNP-MB (red). (B) Time-resolved 'O2 phosphorescence of optically matched solutions of MB
(blue) and MMSNP-MB (red) at 532 nm. (C) Time-resolved phosphorescence emission at 1110 nm of
AMSNP-MB. (D) Time-resolved phosphorescence emission at 1110 nm of MMSNP-MB. (E) Normalized
time-resolved 02 phosphorescence of AMSNP-MB in air, (black) oxygen saturated (red) and in 100 mM
acetic acid aerated-solution (green). (F) Normalized time-resolved 'Oz phosphorescence of MMSNP-MB in
air (black), oxygen saturated (red), and in 100 mM acetic acid aerated-solution (green). Aexc = 532 nm.

In order to assign the observed lifetimes, additional emission decays were recorded at
1110 nm, where the phosphorescence from MB’s triplet state can be monitored
independently. The signal was found to decay biexponentially with time constants 0.2 us
and 24 ps for AMSNP-MB, and 0.2 pys and 35 ps for MMSNP-MB (Figure 3.38C,D), which
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match two of the three components observed in the 'O, phosphorescence signals at
1270 nm. This is consistent with two MB populations, as observed in the fluorescence
experiments. Moreover, the very different lifetimes indicate very different exposure to
oxygen for the two triplets. Comparison of the two individual components shows that the
0, signal arises mainly from the longer-lived triplet in the nanoparticle’s mesopores,
where oxygen diffusion is more difficult, while the contribution from MB molecules bound
to the outer surface of the NP is comparatively less important (less than 10%). This was
confirmed by saturation of the suspensions with 20,, which completely eliminated the
shortest component and reduced the lifetime of the longest one to 16 ps for AMSNP-MB
and 18 ps for MMSNP-MB (Figure 3.38E,F).

Returning to the '0, phosphorescence signals at 1270 nm, it must be concluded that the
third component (3.3 pys for AMSNP-MB and 4.6 ps for MMSNP-MB) corresponds to the
decay of 'O in each suspension. The 7, in the MSNPs suspensions (3.3 us for AMSNP-
MB and 4.6 us for MMSNP-MB) is substantially shorter than in ethanol (15.5 + 3.5 us).%’
Three contributions may account for this observation: (i) quenching by free amino groups
on the nanoparticle surface,®'%%2 (ii) quenching by hydrogen-bonded water and silanol
groups in the mesopores,®®% and (iii) enhancement of these processes by the
increased wall collision frequency in the narrow silica mesoporous channels.>** This was
confirmed by addition of 100 mM acetic acid, which protonated the amino groups of the
nanoparticle surface, rendering them cationic with the concomitant release of MB due to
electrostatic repulsion. Under such conditions, the 'O, phosphorescence signals showed
the same kinetics as those for free MB in ethanol (Figure 3.38E,F).

Figure 3.39 (A) Survival curves of E. coli incubated with different concentrations of MB in the dark (closed
symbols) and after being exposed to a red light treatment (open symbols; 634 + 8 nm; 16 J/cm=2). (B) Survival
curves of P. aeruginosa incubated with 10 yM MB after receiving increasing red light fluences (634 + 8 nm;
7.8 mW/cm?2). Control experiments and cells incubated with free MB, AMSNP-MB, and MMSNP-MB are
represented by circles, squares, inverted triangles, and triangles, respectively.

Finally, to assess the photo-antibacterial potential of the nanostructures, a series of
microbiological assays were conducted on E. coli and P. aeruginosa suspensions. In the
absence of light, MB, incubated for 30 min at 2 yM concentration, induced no dark toxicity
to E. coli irrespective of the vehicle used for delivery. However, when the MB
concentration was increased to 10 uM, and even more so at 40 yM, it was observed that
free MB reduced the survival fraction by almost 2-log1, whereas MB bound to the
nanosystems was still devoid of any measurable dark toxicity (Figure 3.39). This is in line
with previous results for other drug delivery systems.3°"3%2 |rradiation of the bacteria pre-
incubated with MB with a 16 J/cm? fluence of red light reduced their survival fraction in a
concentration-dependent manner, MB in free form being more phototoxic than when
associated to the nanoparticles. There was no appreciable difference between the two
types of nanoparticles (Figure 3.39).
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3.4.4. Rose Bengal-loaded MSNP

3.4.4.1. Importance of Rose Bengal

Rose Bengal (RB) is a xanthene derivative from fluorescein. It can be traced back to
Basel, Switzerland, where in 1882, German patent No. 32584 was granted to Ghnem for
a new family of wool dyes.®*® Exactly, Ghnem took different halogens and added them
to fluorescein to produce molecules with different colours. The addition of halogens
shifted the absorbance spectrum to the red, reduced its @ and increased its capability
to produce 'O, (Scheme 3.24).5% This is coherent because in the end Br and | atoms are
heavy atoms. It is known that the presence of such heavy atoms favours intersystem
crossing towards fluorescence or internal conversion. ':507-509

E COOH

O \ ¥

© o)
o) o) o)

Fluorescein Eosin'Y Rose Bengal
Aabs = 490 nm Aabs = 517 nm Aabs = 549 nm
@ =0.95 @-=0.18 &= =0.11
@, =0.03 @, =0.51 @, =0.76

Scheme 3.24 Chemical structures of fluorescein, Eosin Y and Rose Bengal with their bibliographical Aabs,
@&r and @, in water.506.510

Since then, RB has been used widely for PDT against cancer and bacteria.*6851512
Moreover, RB is approved for its use in clinics, but not in PDT field (i.e. its sodium salt is
used in eye drops to stain damaged conjunctiva and corneal cells and thereby identify
damage to the eye).5'35' Despite this, the use of RB in clinics for PDT should be easier
to for its approval than other PS.

We therefore set out to investigate 'O, generation by MSNP which have been further
functionalized for bonding RB (MSNP-RB). Specifically, we have synthetized a RB-silane
which is grafted onto the MSNP surface. Finally, we have evaluated their photophysical
properties and photodynamic activity against S. aureus and E. coli.

9 Transitions between pure spin states of different multiplicity are forbidden by the spin selection rule.
There are, however, numerous examples in the literature of spin-forbidden or intercombinational
transitions occurring in organic molecules. The occurrence of such transitions results from spin-orbit
coupling, a relativistic phenomenon which induces a quantum mechanical mixing of states of different
multiplicity. Thus, the spin states involved in an intercombinational transition are not pure states, but
possess a small admixture of states of other multiplicities. Qualitatively, spin-orbit coupling arises from
the interaction of the spin magnetic moment of an electron and the magnetic field resulting from the
apparent motion of the nucleus. Since the magnitude of the nuclear magnetic field is directly proportional
to the nuclear charge and hence to the atomic number, spin-orbit coupling increases with increasing
atomic number.
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3.4.4.2. Experimental

3.4.4.2.1. Synthesis _of 3-(triethoxysilyl)propyl-2,3.4.5-tetrachloro-6-(6-
hydroxy-2,4,5.7-tetraiodo-3-oxo-3H-xanthen-9-yl)benzoate.

Rose Bengal (2,3,4,5-tetrachloro-6-(6-hydroxy-2,4,5,7-tetraiodo-3-oxo-3H-xanthen-9-
yl)benzoic acid; 47 mg, 0.05 mmol) was dissolved in 1 mL of anhydrous DMF. 3-
iodopropyl)triethoxysilane (30 mL, 0.153 mmol) was added and the solution was stirred
during 1 hour at 90 °C. The crude was used without further purification (Scheme 3.25).

Cl

Cl

coo —/_\Si(OEt)3
|

Scheme 3.25 Synthesis of 3-(triethoxysilyl)propyl-2,3,4,5-tetrachloro-6-(6-hydroxy-2,4,5,7-tetraiodo-3-oxo-
3H-xanthen-9-yl)benzoate.

90 °C, 1h |

3.4.4.2.2. Synthesis of MSNP-RB

MSNP were synthetized as described in section 3.4.2.1.

Mesoporous silica nanoparticles (MSNP, 100 mg in 12 mL of ethanol) were added to 200
uL of the previous reaction mixture. The reaction crude was stirred at 1000 rpm and room
temperature for 24 hours. The resulting nanoparticles were washed by centrifugation
with ethanol (12000 rpm, 20 minutes) until the supernatant ethanol was colourless.

MSNP-RB: Size: 173 nm
C-potential: -20.7 mV.
IR (KBr): 3412, 2900, 1732 (s C=0), 1658, 1456, 1324 and 1236 cm™™.
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3.4.4.3. Results

The procedure for the synthesis of mesoporous silica nanoparticles (MSNPs), as well as
their further functionalization with RB, is illustrated in Scheme 3.26. MSNPs were
prepared via the sol-gel process under high dilution conditions. Afterwards, the bare
MSNP were decorated with RB with the corresponding silane. It is known that RB is
reactive towards bromo-alkane derivatives to generate the corresponding ester bond
between RB and the corresponding alkane.®'® The modified MSNPs were characterized
by their size and {-potential as well as by infrared-spectroscopy, which confirms the
conjugation of RB by an ester bond.

RB
_ (OEt)3-Si-RB
Si(OEt), . RB RB
RB

Scheme 3.26 Synthesis of MSNP and MSNP-RB.

Absorption and fluorescence spectra of MSNP-RB were recorded in ethanol, and
compared to absorption/fluorescence spectra of RB in EtOH and in PBS (Figure 3.40).
In the three cases, the absorbance spectra has the same profile, however MSNP-RB
maximum is shifted to the red 10 nm in comparison to free RB. Regarding to fluorescence
it is also observed the red-shift when RB is bond to MSNP.

Figure 3.40 Absorption (A) and fluorescence (B) spectrum of MSNP-RB in EtOH (red line) and RB in EtOH
and PBS (black and blue lines respectively).

Pulsed-laser irradiation of RB and MSNP-RB suspended in ethanol produced clear time-
resolved 'O, phosphorescence signals (Figure 3.41), which are quenched in presence
of 25 mM NaNgs. Data analysis of the kinetic traces reveals that MSNP-RB produces 'O,
in a lower rate than RB (almost 3 times less). In difference to AMSNP-MB and MMSNP-
MB, for MSNP-RB it is only observed one population for 'O, generation. Furthermore, zr
is longer in MSNP-RB than for free RB (1.1 vs 0.5 us respectively).
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Figure 3.41 Time-resolved 02 phosphorescence of optically matched solutions of MSNP-RB and RB (red
and black lines respectively) in EtOH.

Using 'O, data fit, the triplet quenching constant by oxygen was calculated as
6.0 x 108 M's™", which is slightly smaller than processes controlled by diffusion. This
confirms the protective effect of MSNP scaffold against 2O..

Photoantimicrobial preliminary results with the synthetized NPs have been obtained.
MSNP-RB are not toxic in dark conditions against S. aureus and E. coli. Unfortunately,
MSNP-RB are less phototoxic than free RB for both microbial species. This is with
concordance with the minor production of 'O, by MSNP-RB in comparison with free RB
(Figure 3.42).

Figure 3.42 Cell viability of S. aureus (left) and E. coli (right). PS concentration was 0.5 uM and 5 uM for S.
aureus and E. coli respectively. The bacteria was incubated with RB (red circles) and MSNP-RB (black
circles) in the dark (closed symbols) and irradiated with green light (524 + 17 nm; open symbols).
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3.5. Photodynamic synergqistic effectr

(Adapted from: R. Ruiz-Gonzélez, P. Milan, R. Bresoli-Obach, J.C. Stockert, A. Villanueva, M. Cafete and
S. Nonell, Photodynamic synergistic effect of Pheophorbide a and Doxorubicin in combined treatment
against tumoral cells, Cancers, 2017, 9, 18)

The results reported in this section have been carried out in collaboration with the Universidad Auténoma
de Madrid (Madrid, Spain).

3.5.1 Introduction

Recent approaches in anticancer therapies include the application of combined
chemotherapeutic drugs, delivered together in order to reduce the individual toxicity of
each drug (and ultimately side effects) and decrease the likelihood of generating
resistance.’'®5"” Combination of different anticancer therapies is also being actively
explored?%24! as different cell signaling pathways are simultaneously activated. Hence,
tumor cells are destroyed in a more efficient manner by additive or synergistic effect of
both treatments, allowing a reduction in the dose of the most toxic therapeutic
agent. 240241

The combination of a chemotherapeutic drug with a PS is an increasingly growing area
of study in vitro, in vivo or even in clinical trials.®'® One of the first studies was conducted
by Peterson et al and evaluated the interaction between doxorubicin and meso-chlorin
es monoethylene diamine (Mceg) against human epithelial ovarian carcinoma, showing
additive or synergic effects depending on the dose at which each of the therapeutic
agents was administered.®'® Datta et al studied the photodynamic effect of 5-
aminolevulinic acids in combination with mitomycin C on J82 bladder cell lines, either
regular or mitomycin resistant. In this scenario, results on cell viability indicated a higher
sensitivity to PDT for the mitomycin-sensitive cell line. Moreover, the combination
treatment resulted in enhanced effect when the chemotherapeutic agent was given first
both for parental and mitomycin-sensitive cells.>?°

Another study was the application of cisplatin and porfimer sodium to L5178Y lymphoma
cells where the authors described a marked synergistic effect and increased apoptosis
death.5?" In the same line, low doses of cisplatin or gemcitabine in combination with HpD-
based or indocyanine-green-based PDT achieved additive or synergic effect in lung and
breast cancer cells, respectively.®?252 These treatments not only significantly increase
cell inactivation but also reduce the concentrations of PS and, more importantly, the
antineoplastic agent.®** Notwithstanding, in some combinations of both therapies there

" Aquesta seccio va especialment dedicada a les meves avies que varen morir de cancer quan jo era petit.
| per totes aquelles persones proximes que han sofert aquesta malaltia.

*5-aminolevulinic acid is an endogenous non-protein aminoacid which is the biosynthetic precursor of the
hemo group.”®® In mammalian cells it evolves to protoporphyrin IX, which acts as PS.

o] HOOC A\
In cells
HO NH, p—
o HOOC
5-Ala PPIX S
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may be produced antagonic effect as described for Erlotinib or Cetuximab when applied
in combination with PDT using meso-tetraphenylporphine.®?°

Due to the relevance of cancer in our society and taking into account that the combination
of a chemotherapeutic drug with a PS is a hot topic nowadays, we decided to study the
combination of Pheophorbide at (PhA; as PS) with doxorubicint (Doxo; as traditional
antineoplastic agent) (Scheme 3.27). It has been determined the photophysical
properties of the two compounds and for Doxo also they have been determined in
presence of DNA.

Scheme 3.27 Chemical structure and sub-cellular localization of the chemotherapeutic drug: Doxorubicin
(Doxo) and the photosensitizing agent: Pheophorbide a (PhA).

tPheophorbide a (PhA) is a photosensitive chlorophyll metabolite with immunostimulant activity,”*” which
at adequate concentrations causes apoptosis of tumour cells.”*® Despite its negligible toxicity to healthy
cells in the dark, exposure to light elicits apoptosis, cell cycle arrest at sub-G1, abolition of antiapoptotic
protein Bcl-2, cytochrome-C release to the cytosol and activation of procaspases 3 and 9.74° PhA has been
shown to induce apoptosis in Jurkat leukaemia cells, human hepatocellular carcinoma or uterine
carcinosarcoma in photodynamic treatments.”?%75!

Y Doxorubicin (or Adriamycin; Doxo) is a non-selective anthracycline antibiotic class | whose mechanism
of action is the inhibition of enzymes responsible for DNA replication. This drug intercalates in the DNA
double helix and interferes with topoisomerases | and Il, thereby preventing the binding of the DNA
strands and leading to cell death.>?® Doxo is often used in the treatment of solid tumours; however, it has
significant side effects such as cardiomyopathies.”>?
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3.5.4. Photophysical properties of doxorubicin and pheophorbide a

As a first approach, we measured the absorption and fluorescence spectra of solutions
of Doxo and PhA in ethanol and water, taken as simple models of the cell membrane
and the cytoplasm, respectively (Figure 3.43). In EtOH, both the absorption and
fluorescence spectra show narrow structured bands and the fluorescence excitation
spectra match with the corresponding absorption spectra (Figure 3.43a,b). These
observations indicate that both compounds exist as monomers.

In contrast, the absorption spectra in water (Figure 3.43c) show broader and non-
structured bands, red-shifted in the case of Doxo and blue-shifted for PhA.
Notwithstanding, the fluorescence emission (Figure 3.43) and excitation (Figure 3.43c,
inset) spectra are very similar to those recorded in EtOH, although much weaker in
intensity, particularly for PhA. These findings clearly indicate that both compounds exist
as a mixture of fluorescent monomers and essentially non-fluorescent aggregates in
aqueous solutions (J-type in the case of Doxo and H-type PhA)."

Figure 3.43 Absorption (a,c) and fluorescence (b,d) spectra of Doxo (green) and PhA (red) in EtOH (a,b)
and water (c,d). Aexc;poxo 455 nm and Aexcpha 610 nm. Insets: (a, c) Excitation spectra of the fluorescence at
705 nm for PhA and 610 nm for Doxo.

Figure 3.44 shows the fluorescence decays for Doxo (green traces) and PhA (red
traces). In EtOH, Doxo decays with a biexponential function with time constants 1.4 ns
(93% weight) and 4.3 ns (7% weight). In deuterium oxide (D20), however, only one
lifetime (4.0 ns) was needed to adequately fit the decay. On the other hand, PhA shows
a monoexponential decay in EtOH with lifetime 5.9 ns, whereas the weak emission in

Y The self-association of dyes in solution is a frequently encountered phenomenon in dye chemistry owing
to strong intermolecular van der Waals-like attractive forces between the molecules. The aggregates in
solution exhibit distinct changes in the absorption band as compared to the monomeric species. The
bathrochromically shifted J-bands and hypsochromically shifted H-bands of the aggregates have been
explained in terms of molecular exciton coupling theory. They may aggregate in a parallel way (plane-to
plane stacking) to form a sandwich-type arrangement for H-aggregates or in a head-to-tail arrangement
(end-to end stacking) to form a J-aggregates. Further information in reference 73
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D,0 showed two components with lifetimes 4.8 ns (61 % weight) and 2.6 ns (31 %
weight).
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Figure 3.44 Time-resolved fluorescence decays for Doxo (green; Aexc 504 nm; hobs 660 Nm) and PhA (red;
Aexc 654 nm; Lobs 710 nm) in EtOH (a) and D20 (b). Grey traces represent instrument response function.

The strong fluorescence of Doxo suggests that it might generate ROS upon exposure to
light. Its capacity to photosensitize 'O, was assessed in DO and EtOH by time-resolved
near-infrared 'O, phosphorescence. The luminescence observed is assigned to 'O,
because the transient is completely quenched in presence of sodium azide. As shown in
Figure 3.45, Doxo does indeed generate 'O, with quantum yield @, = 0.03 in EtOH and
@, = 0.01 in D20, irrespective of the excitation wavelength (Aexc 473 or 532 nm).
Regarding to PhA generates higher amounts of 'O, with a @, of 0.61 and 0.04 in EtOH
and D20 respectively. The decrease of @, for both compounds in DO is consistent with
the occurrence of aggregation in this solvent.
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Figure 3.45 02 phosphorescence kinetics in EtOH (a,c) and D20 (b,d) solutions of Doxo (green), PhA (red)
and reference PSs (brown). The signals completely disappeared in the presence of 25 mM NaNjs (grey).
Rose bengal in EtOH (@& = 0.755%) and flavin mononucleotide in D20 (@x =0.56263.264) were used as
references. Lexc was 532 nm for panels a,b and 473 nm for panels c,d.

Doxo is well known to localize in the nucleus where it binds to DNA.5% Spectral and
photophysical consequences of DNA binding are shown in Figure 3.46: (i) the absorption
spectrum appears more structured (Figure 3.46a), (ii) the fluorescence is strongly
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quenched (Figure 3.46b), (iii) the amount of 'O, produced is strongly reduced (Figure
3.46¢), and (iv) zr is extended, as demonstrated by the slower rise of the 'O,
phosphorescence signal; whilst 7, remains similar, which indicates that the 'O,
generated is able to escape from DNA structure. On the other hand, the fluorescence
lifetime does not change (Figure 3.46d). These observations are consistent with strong
static quenching of the Doxo excited states and shielding from 30, upon binding to DNA.

Figure 3.46 Spectroscopic and photophysical properties of Doxo in D20 solutions in the absence (green
traces) and presence (blue traces) of 60 ug/mL DNA: (a) absorption spectra, (b) fluorescence emission
spectra, (c) '02 phosphorescence kinetics (hexc 473 nm), (d) time-resolved fluorescence decay (hexc 504 nm;
Aobs 660 nm).

Given the ability of Doxo to produce 'O, upon exposure to light, we assessed whether it
could be used as a dual agent, namely cytotoxic and photocytotoxic. Thus, in separate
experiments, cells were pre-incubated with 0.2 yuM and 0.4 yM Doxo and irradiated with
green light. No decrease in the cell viability could be observed relative to the non-
irradiated controls.

Our collaborators in the Universidad Autonoma de Madrid performed photoinactivation
studies combining Doxo and PhA with HelLa cells. The timing of the chemo- and photo-
therapeutic events is expected to play a major role in the outcome of the combined
treatments. To identify the best synchronization conditions, the drug and the PS were
administered according to three different protocols:

e In the first protocol (PhA-Doxo), cells were incubated with PhA for 4 h, washed
to remove any unbound PhA, irradiated with red light (634 + 8 nm; 6.4 J/cm?),
and then further incubated with Doxo for a period of 24 h.

¢ In the second protocol (Doxo-PhA), cells were first treated with Doxo for 24 h,
washed, incubated with PhA for 4 h, washed again, and finally irradiated with red
light (634 + 8 nm; 6.4 J/cm?).
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e In the third protocol (Doxo+PhA), cells were incubated with Doxo for 20 h,
washed, co-incubated with PhA and Doxo for 4 h, washed again, and finally
irradiated with red light (634 + 8 nm; 6.4 J/cm?).

At the end of the three protocols, HelLa cells have been incubated with Doxo for 24 h,
with PhA for 4 h, and the same light fluence has been delivered (Figure 3.47). For PhA-
Doxo there was no appreciable difference in cell viability between the dark- and light
experiments. For Doxo-PhA, the expected additive effect was observed. Remarkably,
the Doxo+PhA treatment resulted in a survival fraction of 18%, which indicates that a
synergistic effect can indeed be achieved under the proper conditions."

Figure 3.47 Viability of HeLa cells treated with 0.2 yM Doxo, 2 uM PhA or a combination of the two drugs
according to three different protocols described above. The standard deviation presented in this figure is the
average of at least 3 independent experiments. This data has been obtained by Ms. Paula Milan, Dr. Angeles
Villanueva and Dr. Magdalena Caniete in the Universidad Autonoma de Madrid (Madrid, Spain).

From these experiments, it has been observed that the order in which the
chemotherapeutic and the photodynamic treatments are delivered plays a key role in the
outcome of Doxo and “PhA+light” combined treatments. It seems that the best
performing treatment is in first step to do a chemical damage by conventional antitumoral
treatment and once the HelLa cell is not healthy then PDT treatment seems to be more
efficient.

Y The outcome of the combined treatments was evaluated according to the method described by
Valeriote and Lin,”** which compares the efficacy of the individual drugs (ea, €s) with that of its
combination (ea:s). The treatment is:

synergic if eass < (€a X €8)/100

additive if eass = (ga x €8)/100

sub-additive if (ea x €8)/100 < ea+s < €a, provided €a < €8
interference if ea < eas < €8, when ea< e
antagonic if € < €a+s, when ea < €s.
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3.6. Reactive oxygen species mediated activation of a dormant
singlet oxygen photosensitizer in HelL a cells

The results reported in this section have been carried out in the McGill university (Montreal, Canada).

3.6.1. Activatable photosensitizers

(Adapted from: R. Bresoli-Obach, C. Hally and S. Nonell; Chapter 8: Activatable Photosensitizers; in Singlet
oxygen: Applications in biosciences and nanosciences Volume 1, RSC Publishing, 2016.)

Conventional '0, photogeneration is a tri-stimulus process that requires the
simultaneous combination of a PS, light, and 30.. Activatable photosensitizers (aPSs)
are a special type of PSs whose activity can be turned on by a wide variety of
molecular stimuli. This allows a more precise control on 'O, generation, thereby
improving the selectivity and safety during photosensitisation processes.?2'4243.527
Their general principle of action is that an aPS is maintained in a quenched state until
a molecular activation step takes place that relieves its ability to photosensitise '0,.
As such, aPSs can be considered to be examples of 3 generation PSs.%?® This
chapter reviews the known aPSs, the reported mechanisms of activation, and the
main stimuli used to control singlet oxygen generation.

As explained in detail in section 1.1, effective photosensitisation of 'O, requires
absorption of light by the PS, formation of a long-lived excited state, energy transfer
to molecular oxygen, and release of the caged '0, from the PS vicinity to the external
bulk media.5?® Each of these steps are amenable to quenching, therefore rendering
the aPS inactive. To achieve 'O, quenching effect different activation mechanism
have been used (Scheme 3.28).

Scheme 3.28 The different activation mechanisms presented. (A): Self-Quenching (SQ). (B): Forster
Resonance Energy Transfer (FRET). (C): Photoinduced Electron Transfer (PET). (D): 'O2 Scavenging.

The first mechanism, is the self-quenching phenomena that refers to the scavenging
of aPSs* by interaction with a ground-state PS. In most cases, this requires close
vicinity between PS molecules, and therefore, the relief mechanism is due to an
increase of the distance between these (Scheme 3.28A).53053'" The second one is
based in Forster resonance energy transfer (FRET). The PS and a suitable energy-
transfer acceptor (Q) are held together in an initial conformation, thereby enabling
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efficient deactivation of the PS* through non-radiative dipole—dipole coupling.53?
Since FRET efficiency is proportional to the reciprocal sixth power of the distance
between donor and acceptor, an external stimulus which changes the donor-acceptor
distance will have a large impact on FRET efficiency (Scheme 3.28B). The third one
is based in photoinduced electron transfer (PET), which can effectively quench the
PS*, thereby shutting down 02 production.535% |n contrast, 'O, generation would
occur if this electron transfer were blocked by external stimuli (Scheme 3.28C).
Usually, this electron transfer occurs from a non-bonding electron lone pair, like an
amine, ethers or alcohols. Finally, all the previous strategies try to avoid 'O
generation. However, 'O, scavenging strategy attempts to quench 'O, (either
physically or chemically) before it exits the system. When the system is activated by
external stimuli, PS and scavenger are separated, reducing 'O, scavenging effectivity
(Scheme 3.28D).

The activation of an aPS must be carried out by a specific external stimulus. These
stimuli can be either from a molecular recognition, by means of coupling of small
molecules, such as protons, or by media properties, like oxidative stress or viscosity.
This can be visualized as a molecular “Trojan horse” system. These types of
molecules can quickly change into an aggressive form, able to kill cells (both
tumorous and microbial).

Among the different studied stimuli, we are interested in the activation the PS by
ROS. The basal level of ROS production between cancerous and non-cancerous
cells is different. Cancer cells due to its accelerated metabolism produce much more
ROS than non-cancerous. This difference could be taken in advantage for designing
a selective PS among them.

In this approach the photosensitizing properties of a Br-bodipy are quenched by
photoinduced electron transfer from the chromanol moiety. The chromanol acts as
an antioxidant and only when the chromanol is oxidized, the photosensitizing
properties of the Br-bodipy are fully restored. Moreover, we chosed a Br-bodipy as
PS instead of a Bry-bodipy or I>-bodipy because we wanted a theragnostic agent.
Spin-orbit coupling of Br-bodipy is not so intense compared with di-bromo or di-iodo
and then we expect an acceptable @, for killing and @& for imaging.

ROS

Scheme 3.29 Proposed off/on sensing mechanism of the new aPS H3BrBPHMC, relying on PET.

136



3.6.2. Experimental

3.6.2.1. Synthesis of H4BPHMC and H:BrBPHMC

The compounds used in this section have been synthetized in the group of Dr. G. Cosa
(McGill University, Montreal, Canada) by Ms. Julia McCain. The synthetic routes for
8-((6-Hydroxy-2,5,7,8-tetramethylchroman-2-yl)-methyl)-1,5-di(3-chloropropyl)-
pyrromethene fluoroborate (HsBPHMC) and 8-((6-Hydroxy-2,5,7,8-tetramethylchroman-
2-yl)-methyl)-2-chloro-1,5-di(3-chloropropyl)-pyrromethene fluoroborate (H:BrBPHMC)
are described in Scheme 3.30.

Scheme 3.30 Synthesis of H4BPHMC and H3BrPHMC.

3.6.2.2. Microscopy used

Differential interference contrast (DIC) imaging of HelLa cells were performed using either
a wide-field objective-based total internal reflection fluorescence (TIRF) microscopy
setup equipped with an oil-immersion objective (Nikon CFI SR Apochromat TIRF 100x,
NA = 1.49) or a lower magnification widefield microscopy setup equipped with an air
objective (Nikon CFI Plan Apo VC 20x objective, NA = 0.75) consisting of an inverted
microscope (Nikon Eclipse Ti) equipped with a Perfect Focus System (PFS). A stage-
top incubator (Tokai Hit) was used to maintain the cells at 37 °C (5% CO-) in a humidified
atmosphere. The excitation laser was 488 nm with powers of 0.10 mW (for x20) and
variable (for x100) measured out of the objectives where the beam was coupled into the
microscope objective using a multiband beam splitter (ZT488/640rpc, Chroma
Technology). The emission was spectrally filtered with an emission filter (ZET488/640m).
For multichannel imaging between the 488 channel and DIC, a motorized filter block
turret was used. The fluorescence emission was collected through the same objective
and captured on a back illuminated electron multiplying charge coupled device (EM-
CCD) camera (Andor iXon Ultra DU-897).

3.6.2.3. Cell Imaging of H4BPHMC and H;:BrBPHMC

Twenty-four hours prior to day of imaging, cells were plated on an 8-well ibidi-Treat p-
slide (for x20) or 35 mm glass imaging dishes (for x100; World Precision Instruments,
Inc.) precoated with fibronectin (1 ng/cm?), in DMEM containing growth factors.

After 24 h, cells were then washed twice with incubation LCS buffer, followed by the
addition of 1 mL of fresh incubation buffer. Cells were stained by the addition of 500 yL
of the dye (300 nM) to give a final concentration of 100 nM in dye. The solution of dye
was prepared from the addition of 5 pyL of a 30 uM stock solution in DMSO. This overall
300-fold dilution was to ensure the percentage of DMSO in media was 0.33% (v/v). Then
the dye was incubated during 30 minutes followed by two washes with incubation LCS.
The different experiments were realized immediately after.
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3.6.3. Results

We studied the photophysical, photochemical and phototherapeutical properties of
HsBrBPHMC against HelLa cancer cells (Scheme 3.31). HsBrBPHMC in its reduced state
has low @ and @, values because the chromanol moiety quenches the singlet state of
the PS (Br-Bodipy) thorough PET. Chromanol act an antioxidant and can react with ROS
to generate HsBrBPHMC-Ox. In this state, the oxidised-chromanol cannot quench the
singlet state of Br-Bodipy anymore and consequently H:BrBPHMC-Ox photophysical
and photochemical properties are recovered.

ROS
— >

R =H; H;BPHMC R =H; H;BPHMC-Ox
R = Br; H;BrBPHMC R = Br; H;BrBPHMC-Ox

Scheme 3.31 Proposed mechanism for the ROS-mediated activation of HsBrBPHMC / H4BPHMC.

HsBrBPHMC-Ox is a good PS and under green light irradiation is capable to produce
0., which can further oxidize other HsBrBPHMC molecules. This 'O,-mediated pathway
offers an alternative to the dark-oxidation of Hs:BrBPHMC by endogenous-generated
ROS. This kinetic pathway should be autocatalytic accordingly to presented reactions:

Reaction 1: H:BrBPHMC-Ox + 30, + hv > H3BrBPHMC-Ox + 'O,
Reaction 2: '0, + H3BrBPHMC > H3BrBPHMC-Ox
Global reaction: Hs:BrBPHMC + H3BrBPHMC-Ox + 30, > 2 H3:BrBPHMC-Ox

In a first experiment, we determined the fluorescence enhancement of H;BrBPHMC
upon oxidation with a radical initiator (2,2-azobis(4-methoxy-2,4-dimethyl
valeronitrile)).3** Moreover we decided to study H;BrBPHMC oxidation inside liposomes
as a simplified model of cellular membrane (Figure 3.48). Under these conditions, we
observed a fluorescence enhancement higher than 200-fold.
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Figure 3.48 Fluorescence enhancement of H3BrBPHMC upon reaction with the radical initiator (2,2-
azobis(4-methoxy-2,4-dimethyl valeronitrile)).

*The thermolysis of 2,2-azobis(4-methoxy-2,4-dimethyl valeronitrile) produces two peroxyl radicals.
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Once the reactivity of HsBrBPHMC towards ROS is studied in solution, we further studied
its behaviour inside HelLa cancer cells. For the cellular studies, we used HsBPHMC,
which is an analogue of H3BrBPHMC without Br atom, as control. In figure 3.49, is
observed how the H3BrBPHMC fluorescence increases upon blue light irradiation, whilst
the control (H4BPHMC) do not present such increase.

Figure 3.49 Hel a cells images acquired after blue light irradiation (0 to 225 mJ; Xexc = 488 nm) incubated
with 100 nM of HsBrBPHMC (top) or H4BPHMC (bottom).

Figure 3.50 depicts the numerical analysis of H:BrBPHMC and Hs.BPHMC fluorescence
kinetics traces. For HsBrBPHMC, the fluorescence enhancement presents a sigmoidal
profile, which is typical from autocatalytic kinetics. In the high fluence range, only
photobleaching of H3sBrBPHMC is observed. Such behaviour is not detected for
H4sBPHMC in where only a slight fluorescence enhancement is observed. We can take
advantage of the autocatalytic behaviour of H:BrBPHMC to activate it only in the cellular
regions where ROS concentration is high.
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Figure 3.50 Fluorescence enhancement of 100 nM H3BrBPHMC (red line) and HsBPHMC (blue line)
incubated in HelLa cells.

The next step was to study the effect of endogenous generated ROS in the activation of
H:BrBPHMC and H4BPHMC in dark conditions. The two compounds present roughly the
same oxidation kinetics. Moreover, both compounds do not present dark toxicity in the
range of concentrations tested.

Once, the two key parameters (light fluence and incubation time) in the oxidation of
H3:BrBPHMC have been studied independently, we decided to study them together. We
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chose two different incubation times (0 and 180 minutes). For O minutes, HsBrBPHMC
was almost no oxidized, whilst for 180 minutes H3:BrBPHMC was partially oxidized. In
figure 3.51, we observed that fluorescence enhancement kinetics as well as its photo-
toxicity is dependent on the initial incubation time. This is coherent, because as more
incubation time, more H;BrBPHMC-Ox will be present and more 'O, will be generated.
For the control H.BPHMC only a slight fluorescence enhancement is observed.

Figure 3.51 Top: Hela cells photographs acquired at different light fluences and dye incubation time.
Bottom: Fluorescence enhancement kinetics analysis for the previous fluorescence images. Left:
H3sBrBPMHC. Right: HsBPMHC. The concentration of dyes tested was 100 nM.

In another series of experiments, the intracellular behaviour of H;BrBPHMC was studied.
Like the previous experiments we irradiated HsBrBPHMC with blue light and collected
images in regular intervals. In figure 3.52/3.53 is observed that the fluorescence
enhancement kinetics for Hs3BrBPHMC is dependent of the subcellular localization. The
control HsBPHMC under these conditions presents a similar behaviour but with higher

light fluence values (approximately a ten-fold higher). The observed activation order for
HsBrBPHMC was:

Lipids vesicles or peroxisomes > mitochondria > endoplasmic reticulum > nucleus

140



Figure 3.52 Left: HelLa cell fluorescence image with the different subcellular regions analysed. Right:
Fluorescence enhancement kinetics analysis. 1-4 lipids vesicles or peroxisomes, 5 endoplasmic reticulum
and 6-7 mitochondria.

Figure 3.53 Fluorescence enhancement kinetics for 100 nM HsBrBPHMC for different-used laser powers.
Left: Lipids vesicles. Right: endoplasmic reticulum.

Taking into account that the activation of H3;:BrBPHMC/H4BPHMC is subcellular-
localization dependent, we decide to study the behaviour of HelLa cells upon punctual
0, generation. Under that purpose, several cycles of blue light irradiation (1.25 mJ)
followed for 20 minutes of dark-relaxation (Figure 3.54). A first observation, is that the
fluorescence enhancement of HsBrBPHMC is minor when the cell is non-stressed (cycle
1) in comparison when the cell is stressed (cycle 2-5). Moreover, it has been observed
the release of vesicles after the first cycle of irradiation for HsBrBPHMC, whilst for
H4sBPHMC such behaviour is not observed. Third, for the case of non-stressed cells
HsBrBPHMC fluorescence is quenched during the 20 minutes dark-relaxation, whilst for
stressed cells this fluorescence is enhanced. This clearly indicates that when cell
produces more ROS than a limit, then the cell goes out of control and produces a high
concentration of ROS, which can kill the cell. This effect also is more remarkable in
subcellular regions where ROS concentration is higher. These observations have not
been detected for controls experiments.
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Figure 3.54 Top: HelLa cells photographs acquired at different cycles (light fluence per cycle 1.25 mJ). The
three fluorescence images are the first, 50t and the last frame per cycle. Bottom: Fluorescence
enhancement kinetics. Left: endoplasmic reticulum. Right: lipid vesicles and peroxisomes.

Finally, we irradiated the HelLa cells with blue light (fluences of 1.25 and 12.5 mJ) co-
incubated with H3:BrBPHMC or H4sBPHMC. In figure 3.55 is observed that the
endogenous ROS generation due to cellular stress perturbation by light is produced
mainly in the first minutes after the irradiation. The fluorescence maxima enhancement
is observed after 20 minutes of the irradiation. Afterwards, seems that ROS production
returns to its basal level. This increment in ROS endogenous production is not observed
for the control (HsBPHMC).
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Figure 3.55 Hela cells photographs acquired before and after the blue light irradiation. The fluorophore
used is 100 nM H3BrBPHMC.

143



144



Chapter IV

Novel strategies for 0. and other ROS
detection in biological systems

Ens en sortirem,

malgrat que sembli que, de fet, ningii ens entén.
Mentre quedi algii dempeus que hi confii cegament,
m’has de creure si et dic que ens en sortirem.

[--]

L’esperanga dins dels ulls

per saltar tots els esculls,

quan la causa és noble cal salvar Corgull.
I per fi ens vam algar,

els que hi vam ser hi tornariem

mil vegades per tornar-los a guanyar.

Arnau Tordera — Obeses
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41. When can be '0, traps an alternative to near-infrared
phosphorescence to detect '0,?

As discussed in section 1.2, 'O, can be monitored directly through its near-infrared
phosphorescence at 1275 nm or by trapping it with a chemical scavenger. Although
ideally the best methodology to monitor 'O should be recording its phosphorescence
due to its specify; that methodology presents the main drawback that the 'O,
phosphorescence quantum yield (@r) is extremely low (Figure 4.1). For the best cases,
such as in CCls or CS; it has a @r equal or lower to 0.05.5983536.537 |n the commonly used
solvents like acetonitrile, benzene or methanol its @» < 1 x 1045983 and this even is worst
for water where is estimated to be around 3 x 10.5%-540 Under these conditions, for
every 1.000.000 of 'O, molecules generated only they will emit in average 3 photons.

Solvent Krad | s™ 7/ us Dp
CCla 12+02 | (73+14)x10% (2'5 1*0(_)2'5)
cs: 25:07 | @7:gxi0s | 2 110?2.2)
CeHe 13+0.2 3243 (7'f 1*0_25'5)

CH:OH | 0.3%0.1 9.9+0.5 @zl
H20 01002 | 33:05 (f fo_zs)

Figure 4.1 Left: Effect of the radiative decay rate constant (and consequently in the phosphorescence
quantum yield) on the 02 phosphorescence intensity in selected solvents (benzene, methanol and water;
black, red and blue lines respectively). For the three solvents, the PS used is 10 uM phenalenone and the
acquisition conditions are the same, in order to obtain comparable 'Oz phosphorescence signals.
Reproduced from reference 78. Right: Table with 'O radiative decay rate constant (k-q), 'Oz lifetime (za) and

10, phosphorescence quantum yield (@) for selected solvents,59:83:536-540

Biological environments are mainly composed from water, so it can be expected k. and
72 similar to water. However, the presence of multiple 'O, quenchers (i.e. antioxidants,
proteins, nucleic acids among others) can reduce its 7, which consequently it reduces
@», making even more difficult its detection.® Recently, some authors have described
plasmon-enhanced 'O, phosphorescence signal either in solid state and in
solution.468541.542 However these alternative tricks are in a preliminary investigation stage,
and they will not be implemented soon for 'O, detection as routine.

Once the highly-improbable 'O, phosphorescence photon is emitted, then is necessary
to be able to detect it. Detection of near-infrared photon has lower quantum efficiency
than in the ultraviolet or visible region (Figure 4.2). The near-infrared photomultiplier
(H9170-45, Hamamatsu Photonics) used for this thesis has a quantum efficiency of 0.01
in the region 1000-1350 nm.543

In addition, not each 'O,-phosphorescence photon that is emitted from the sample will
arrive to the detector. Moreover, the sample can emit other photons in the near infrared
region (i.e. scattered photons from the sample), which can contaminate the signal and
should be eliminated though the use of filters or monochromators (See figure 2.2). For
each “obstacle”, there will be an inevitable loss of photons.
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Figure 4.2 Photocathode radiant sensitivity and quantum efficiency characteristics of semiconductor crystal
photomultipliers. Reproduced from reference 543.

In brief, in biological systems —where it is important to detect efficiently 'O in order to
study its cytotoxic effects in depth- the probability to detect one 'Oz-phosphorescence
photon is in the order of 107'° or less,”® which is 70 fold less probable than winning the
first prize of Euromillions.%*

These approximate numbers show the difficulty of 'O, detection via its intrinsic
phosphorescence. In addition, it is necessary to have specialized instrumentation (i.e.
high sensitivity near-infrared photomultiplier), which is typically expensive, and optimize
the system up to the limit in order to gain as many photons as possible. Therefore,
indirect methods that typically rely on a 'O, trap have been developed and are
extensively used.

'0, chemical trapping played a central role in early studies on 'O, chemistry, particularly
before the development and growth of electronics, which allowed detecting 'O,
phosphorescence in 1979 for first time.”® Nowadays, several 'O, traps are used (see
section 1.2). The chemical trapping can be easily followed using common
instrumentation found in research laboratories (i.e. spectrophotometer,
spectrofluorometer or liquid/gas chromatography).®

Furthermore, there are even less laboratories that have a microscope with a near-
infrared camera able to detect 'O, phosphorescence.’® Alternatives such as 'O,-
sensitized delayed fluorescence (SOSDF) of the PS also give information about 'O
generation with spatial resolution in a time-resolved fluorescence imaging
experiment.®'%4 Notwithstanding, it is easier for a non-specialized laboratory the use of
'0, fluorescent probes for '0, imaging in biological media. Under that purpose this
chapter will focus to solve (or at least improve) some drawbacks of 'O, traps.
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4.2. Small particles, big improvement: the use of nanoprobes for
reactive oxygen species detection in biological media

4.2.1. Nanoparticles protect the fluorescent probes

A large number of fluorescent molecular probes have been synthetized and used, either
in solution or in biological medium, for the detection of a variety of analytes.>*” One of
the drawbacks of several fluorescent probes is the interferences with other compounds.
This can be due to a lack of specify or by complexation with proteins presents in the
culture medium or inside cells.’%7 Furthermore, other possible drawbacks are their
phototoxicity due to ROS generation, oxidation of the probe by several oxidants, lack of
solubility in water or cell impermeability.5® These drawbacks can result in false positives
or negatives which can lead to misunderstanding data.

In order to solve, or at least minimize, these drawbacks, some authors have proposed
the use of NPs to protect the fluorescence probes (known as nanoprobes).®*®%° The
nanoparticle scaffold shields the fluorescence probe from interaction with medium or
large-size macromolecules (e.g., proteins) due to steric hindrance.®'®%? Figure 4.3
shows the size comparison of a typical globular protein such as bovine serum albumin
with a 10-nm size nanoparticle.%%3

Figure 4.3 Comparison of the relative size of a 10 nm particle and the diameter of a typical protein, bovine
serum albumin (BSA), at about 7 nm across its largest axis. Reproduced from reference 5%,

Pionering works in this field were realized by Kopelman and collaborators.5%* They
named them as PEBBLES (Photonic Explorer for Biomedical use with Biologically
Localized Embedding). Advances in nanotechnology have made many types of NPs
available as platforms, as well as parts of the sensing components, for the construction
of PEBBLE sensors in order to overcome the specific drawbacks of each fluorescent
probe. The nanosensors have been developed for measurements of ions (H*, Ca?*, Cu"*,
Cu?, Fe*, Mg®, K*, Na*, Pb?*, Zn?*, CI), small molecules (302, '0,, H.0,, *OH)
enzymatic intracellular processes (i.e. apoptosis) and physical properties (temperature,
electric field). For the case of 'O, only a proof of concept has been described.%®
Dimethyl-anthracene was embedded inside organically modified silicate. In that study,
they proved that nanoprobe was capable to detect 'O, generated in solution, however
no intracellular 'O, detection was explored.
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4.2.2. NanoSOSG: a nanostructured fluorescent probe for the detection of
intracellular '0,

(Adapted from: R. Ruiz-Gonzalez,* R. Bresoli-Obach,* O. Gulias, M. Agut, H. Savoie, R. W. Boyle, S. Nonell
and F. Giuntini, NanoSOSG: A Nanostructured Fluorescent Probe for the Detection of Intracellular Singlet
Oxygen, Angew. Chem. Int. Ed. 2017, 56, 2885.; *These authors contributed equally to this work.)

The results reported in this section have been carried out in collaboration with the University of Hull (United
Kingdom) and the Liverpool John Moores University (United Kingdom).

4.2.2.1 Singlet Oxygen Sensor Green®

Singlet Oxygen Sensor Green® (SOSG) is a dyad composed by a fluorescein moiety
whose fluorescence is quenched by photoinduced intramolecular electron transfer (PET)
due to the presence of a proximal, covalently bound, anthracene moiety.'*1% Upon
anthracene endoperoxidation in the presence of 'Oy, the electron transfer is blocked
restoring the fluorescein’s intrinsic fluorescence (see scheme 4.1)."% Moreover,
according to manufacturer: “SOSG does not show any appreciable response to *OH or

OZ._-556
'/_\PET
HO o ¢ HO o 0
ol O - ‘ 0, C O = ‘ @O
HOOC — T Hooc
) U J C

COOCH
COOH Low Fluorescence High Fluorescence

Scheme 4.1 SOSG chemical structure before and after oxidation by 'O2 as described in manufacturer
patent®7 and by Gollmer et al.'%5

SOSG is the natural-evolution from the original 'O, fluorogenic probes DMAX and DPAX
designed, synthetized and characterized by Nagano et al (Scheme 4.2).935%8 |n one of
the first works that used SOSG as 'O fluorescent probe, Flors et al used it in order to
detect the 'O, generation in plant leaves.® Since then, the scientific community has
widely used SOSG® in different biological situations.

R;=Ph DPAX
Date of publication: 1999
P - SOS(_E Aarhus Sensor Green
Filing Date: 2003 Date of publication: 2014
R; = CH3 DMAX Comercially avalaible: 2004 P '

Date of publication: 2001
Scheme 4.2 DPAX (9-[2-(3-carboxy-9,10-diphenyl)anthryl]-6-hydroxy-3H-xanthen-3-one), DMAX (9-[2-(3-

carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H-xanthen-3-one), SOSG and Aarhus Sensor Green chemical
structures, 103.105.,558,559
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In that moment, SOSG structure was trade secret and its mechanism of activation was
unknown. So, different works have been publish in order to elucidate its structure and
unravel its photochemistry. 194105560 The more-important elucidated characteristics:

i) SOSG is able to produce 'O, under exposure to UV or visible radiation (@, of 0.03 and
0.009 for dexc 355 and 532 nm respectively in methanol). This self-sensitization is enough
for the appearance of green fluorescence upon exposure of SOSG to either UV or visible
radiation, even in the absence of external PS."% Recently, computational studies that
UV-A irradiation opens the way to a possible intersystem crossing pathways leading to
fluorescein triplet population.%®’

ii) UV irradiation leads to its photobleaching due to the formation of radical species by
electron transfer from fluorescein excited state to anthracene.94560

iii) SOSG fluorescent endoperoxide, is itself an efficient sensitizer of 'O, (@ of 0.18 for
Lexc 420 nm). 1%

iv) The fast PET (as the intramolecular fluorescence quenching of the fluorescein singlet
excited state by anthracene to obtain anthracene radical cation) has a keer = 9.7 x 10"
s™" and the subsequent back electron transfer has a kcg = 2.0 x 10" §71,560

v) SOSG is capable to form complexes with globular proteins (such as BSA), hindering
the interpretation of the results in complex biological media as explained below.'%

vi) SOSG can be used in quantitative studies of 'O,. As example, Lin et al obtained @,
of a porphyrin-based photosensitizer in PBS by using SOSG in good agreement with the
value that independently determined by using direct 'O, phosphorescence.*6?

Nowadays, is so widely-used SOSG, that some authors synthetize SOSG analogues
such as Aarhus Sensor Green to solve some the previous explained drawbacks, such
as self-'0, generation.%®*® Other authors take advantage of the dyad concept, but they
use other fluorophores and/or 'O, traps to improve the performance of SOSG as turn-on
'0, fluorescent probe (i.e. the 'O, fluorescent probe used in section 4.2.4. is one
example).

With all the previous considerations in mind, we envisaged a polyacrylamide NP scaffold
that might be able to fulfill the requirements for a good intracellular 'O, nanoprobe and
circumvent many of the reported drawbacks of SOSG (such as protein interaction or cell-
internalization). In this section it is reported the photochemical behavior and performance
of polyacrylamide-based SOSG nanoprobes.
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4.2.2.2. Experimental section
4.2.2.2.1. Synthesis of the NPs

All the NPs of this section were synthetized by Dr. Rubén Ruiz-Gonzalez.

4.2.2.2.2. Photodynamic inactivation protocol

Photodynamic inactivation experiments of E. coli (ATCC 35218) and E. coli DH5a
expressing miniSOG were carried out. Cell cultures in exponential growing phase were
induced with 0.1% arabinose for 20 min. After replacing the growth medium with PBS,
cells were transferred to an optical non-treated sterile glass chamber and irradiated
through the top of the chamber by means of blue fluorescent lamps (LZC-420;
Lirr 420 + 20 nm; 13 mW/cm?). For CFU determination, irradiated/control sample aliquots
was serially diluted, streaked on nutrient agar, and incubated in the dark for 18 h at 37
°C.
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4.2.2.3 Assessment and optimization of the nanoprobes

As a primary approach to produce a versatile NP scaffold for attaching a fluorescent
probe, we developed the simplest scenario in which a 'O, chemical trap is readily
attached to the polyacrylamide NPs, as depicted in Scheme 4.3, panel A. Amino-
derivatized NPs were covalently bound to SOSG. SOSG has a carboxylic group that
under suitable activation can react with amino groups on the NPs.
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Scheme 4.3 Conjugation of SOSG to functionalized polyacrylamide NPs, in the absence (A) and in the
presence (B) of a spacer, and with positively-charged trimethylphosphonium groups (C; nanoSOSG).

Aqueous solutions containing 2 mg/mL of these NPs and 1 yM of new methylene blue
(NMB) as PS were irradiated and the probe fluorescence changes observed over time.
The response of the nanoprobes was poor when compared to the free probes, i.e. a
modest 10% fluorescence increase for SOSG-NPs after 10 min irradiation (Figure 4.5).
Even in D20, where the '0; lifetime is 20-fold longer than in H,O and is thus more
available for reaction,>214.52% the fluorescence enhancement was below 40%.

We ascribed the poorer nanoprobe performance (compared to free SOSG) to nonspecific
interactions occurring between the probe and the polyacrylamide matrix, leading to
decreased reactivity of the SOSG molecule bound to the polymer network. In this
context, it is relevant that the initial fluorescence on SOSG-NPs was substantially higher
than that of free SOSG, which suggests that the microenvironment of SOSG in the
nanoprobe precludes efficient electron-transfer quenching.

Thus, spacers of different lengths were introduced to separate the polyacrylamide
scaffold and the probe. To this end, the polyacrylamide matrix was synthetized
presenting alkyne groups on the outer surface so that the linkers could be coupled via
copper-catalyzed azide-alkyne cycloaddition chemistry.%> Moreover, all the linkers
displayed a free terminal amino group, which could be conjugated to SOSG via amide
bond formation.

New nanoprobes including linkers of three different lengths S, M and L were synthesized,
characterized and tested in solution, as summarized in Scheme 4.3 (panel B). For both
types of probe, absorption and emission spectra corresponded to that of the free probe
(Figure 4.4) even if, in the case of absorption, a tail in the base line could be seen due
to NP scattering. Inclusion of a linker improved the performance of the nanoprobes,
although none of them could outperform their free molecular counterparts. The
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nanoprobe in which a medium-size (M, 7.1 A) linker was used provided the best 0,
trapping efficiency: SOSG enhanced its fluorescence up to 3.2-fold in DO after 50 min
irradiation. This nanoprobe (henceforth called NanoSOSG) was selected for further
experiments. Its surface was further functionalized with cationic groups to facilitate
cellular uptake (Scheme 4.3C).

Figure 4.4 (A): Absorption and emission spectra SOSG bound to the NPs through the M spacer. (B): SOSG
(and their nanoparticulates derivatives) fluorescence enhancement after 50 min irradiation in H20 or D20.
The concentration of the probes was 1 mg/mL. 'O2 was generated by irradiation of 1 uM NMB with red light.
Results for the corresponding molecular probes are given for comparison.

SOSG is described as cell-impermeant,5%® which would detract from its usefulness as
'O, probe in biological media. Gollmer et al. concluded that this was actually due to
binding to proteins in the culture medium and showed that SOSG could in fact be
internalized by Hela cells if cultured in protein-free media.'® Additional effects of protein
binding were reported such as a red-shifted fluorescence spectrum and a lower rate of
fluorescence increase in the presence of bovine serum albumin (BSA), which the authors
attributed to the protein kinetically competing with SOSG for 'O, molecules. Moreover,
intracellular SOSG showed an additional number of problems for use as 'O reporter: its
fluorescence spectrum was also red-shifted relative to that observed in aqueous
solutions, intense fluorescence could be observed even before exposing it to 'O, and it
was difficult to obtain systematic and reproducible results upon irradiation.’® In view of
these negative reports we set out to assess whether nanoSOSG suffered from the same
drawbacks.

Figure 4.5 Changes in the (A) SOSG and (B) nanoSOSG fluorescence spectra upon addition of BSA (0-
200 puM). Xexc = 485 nm. Inset: Fluorescence intensity at 541 nm as a function of BSA concentration.
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Figure 4.5 shows the fluorescence spectra of SOSG and nanoSOSG in PBS in the
presence of increasing amounts of BSA up to 200 uM. In the case of SOSG the spectrum
shifted to the red and the fluorescence intensity changed biphasically, indicating that the
probe associates to the protein.®®* Similar situations are likely to occur in protein-rich
environments as in cells. In contrast, no such effects were observed for nanoSOSG
except for a slight fluorescence quenching at the highest BSA concentration, indicating
that the interactions of the nanoprobe with the protein are essentially prevented by the
NP scaffold. Thus, nanoSOSG seems more suited than SOSG as a fluorescent probe
for '0; in biological media.

Figure 4.6 (A): Time-resolved anisotropy of SOSG (black) and a mixture of 2 uM SOSG and 150 uM BSA
in PBS (red). Aexc = 502 nm; Lobs = 540 nm. (B) Absorption spectra of SOSG-BSA mixtures in which the sum
of concentrations is kept constant ([SOSG] + [BSA] = 30 uM). (C) Job plot of the data in panel B. The solid
line is a simulation of a model that assumes the formation of 1:1 and 2:1 complexes, whose individual
contribution is given by the red and blue lines, respectively. (D) Examples for two particular wavelengths of
the global fit of the association model to the fluorescence spectra in Figure 4.5. (E) Decomposition of the
fluorescence spectra of the SOSG-BSA mixtures into its individual components. (F) Calculated
concentrations of SOSG and the 1:1 and 2:1 complexes as a function of the BSA concentration.

Due to importance of SOSG as the mainly used 'O, fluorescent probe, we decided to
study further the association of SOSG to BSA by absorption and fluorescence
spectroscopies (Figure 4.6). Time-resolved fluorescence anisotropy of a mixture 2 uM
SOSG and 150 uM BSA in PBS was measured and compared to that of free SOSG

(Figure 4.6A).%%%-%7 The anisotropy decay for free SOSG was faster that the time
resolution of our system (0.1 ns), in agreement with free rotation in PBS. In contrast, the
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anisotropy decay in the presence of BSA showed a much slower decay that could be
fitted with a single rotational correlation time of 8.6 ns, indicating that SOSG rotation was
restricted, consistent with its association to BSA. The stoichiometry of the complex(es)
was(were) characterized by a Job plot analysis.®®® Thus, the absorption spectra of a
series of SOSG-BSA solutions were measured keeping their sum concentration constant
([SOSG] + [BSA] = 30 uM; Figure 4.6B). The Job plot maximum at SOSG molar fraction
0.66 indicates that a 2:1 complex is formed (Figure 4.6C). However, closer inspection of
the plot suggests that the 1:1 complex is formed as well, albeit with a lower association
constant. The fluorescence data in Figure 4.5 was analysed by a spectral deconvolution
software (Specfit/32) assuming the formation of 1:1 and 2:1 complexes with association
constants 1 and .. Data analysis yielded the two association constants,
B1 = 3.8 x 10° M" and B> = 3.0 x 10" M?, the spectra of the two complexes, the
concentration of the two species at each BSA concentration and the fitted fluorescence
intensity profiles (Figure 4.6D-F).

At last step, in order to assess the ability of the nanoprobe to respond to the presence of
'0; inside cells, a series of assays were conducted on wild type E. coli (wt) and on a
genetically-modified E. coli strain expressing miniSOG, a flavin-binding fluorescent
protein with strong capacity to sensitize 'O, production inside cells.?%¢-288 Figure 4.7
presents the behavior of SOSG/nanoSOSG in both types of cells.

Figure 4.7A shows that the fluorescence spectrum of SOSG in the presence of E. coli
cells matches that in PBS, indicating that it is not bound to a protein. The effects of
irradiation at 420 + 20 nm are shown in Figure 4.7B and 4.7C. In wt cells the fluorescence
of SOSG increases linearly as a result of its self-sensitized photooxidation.®®® In
miniSOG-expressing cells, the rate of fluorescence increase shows two distinct regions:
up to 15 min irradiation, the fluorescence increases at a rate similar to that observed in
wt cells, whereas after that the rate increases approximately by 2.5-fold. The viability of
wt cells is not compromised by irradiation of SOSG whereas cells expressing miniSOG
are killed very effectively, with more than 90% being killed after just 15 min (Figure 4.7C).
Taken together, these results indicate that SOSG and miniSOG are not in close proximity
at the early stages of irradiation, i.e., SOSG is not internalized by E. coli cells. The
fluorescence increase observed in both cells at these early times is due solely to SOSG
self-sensitized 'O, produced in the outer aqueous media and it is therefore independent
of intracellular 'O2. In miniSOG-expressing cells, intracellular 'O, damages the cell from
the inside®®%" and eventually miniSOG is released to the external medium where it
enhances the rate of SOSG photooxidation. An alternative explanation such as
photochemical internalization of SOSG®"2 can be ruled out because no spectral changes
are observed after irradiation.

As expected, nanoSOSG does not interact with cell proteins neither before nor after
extensive irradiation (Figure 4.7D). The rate of fluorescence increase in wt and miniSOG-
expressing cells is different already at early irradiation stages (Figure 4.7E), indicating
that nanoSOSG is close to miniSOG from the onset, i.e., nanoSOSG has been
internalized by E. coli cells. This is confirmed by the results of cell photoinactivation
studies, which show cell mortality in wt bacteria (Figure 4.7F) due to intracellular 'O
photosensitized by nanoSOSG. In miniSOG-expressing cells, both a higher fluorescence
increase and an enhanced cell photokilling can be observed, consistent with a higher
rate of intracellular 'O production due to miniSOG. Of note, nanoSOSG is devoid of any
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measurable dark toxicity (Figure 4.7F). NanoSOSG-sensitized photoinactivation of
bacteria should be of lesser importance in imaging experiments because the light doses
used are typically at least one order of magnitude lower than those used in this section.5”
Moreover, it can be totally avoided in photosensitisation experiments by using an
excitation wavelength where SOSG does not absorb.

Figure 4.7 Comparison of SOSG (left panels) and NanoSOSG (right panels). (A) Fluorescence spectra of
SOSG in PBS, in E. coli before and after irradiation, and in the presence of 200 uM BSA. (B) Fluorescence
enhancement of SOSG in wt (black) and miniSOG-expressing (red) E. coli cells as a function of the
irradiation time (Lexc =420 + 20 nm). (C) Photoinactivation of wt (black) and miniSOG-expressing (red) E. coli
cells pre-incubated with SOSG as a function of the irradiation time (Aexc =420 £ 20 nm). (D) Fluorescence
spectra of NanoSOSG in PBS, in E. coli before and after irradiation, and in the presence of 200 uM BSA.
(E) Fluorescence enhancement of NanoSOSG in wt (black) and miniSOG-expressing (red) E. coli cells as a
function of the irradiation time (Aexc =420 £ 20 nm). (F) Photoinactivation of wt (black) and miniSOG-
expressing (red) E. coli cells pre-incubated with SOSG as a function of the irradiation time.
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4.2.3. NanoADPA: a nanostructured fluorescent probe for the detection of
intracellular 0,

(Adapted from: R. Bresoli-Obach, J. Nos, M. Mora, M.L. Sagrista, R. Ruiz-Gonzalez and S. Nonell,
Anthracene-based  fluorescent nanoprobes for singlet oxygen detection in  biological
media, Methods. 2016, 109, 64)

The results reported in this section have been carried out in collaboration with the Universitat de Barcelona
(Barcelona, Spain).

4.2.3.1 Anthracene dipropionate

Polycyclic aromatic hydrocarbons such as anthracenes or rubrene are commonly used
as '0; traps." Among them, anthracene dipropionic acid (ADPA), which can be
monitored by both absorption and/or fluorescence spectroscopies,?36:°06:574.575 ig highly
reactive against '0, (reactive rate constant, k; = 8 x 107 M's™" in D,0).5"¢ ADPA shows
structured absorption and fluorescence spectra with maximums around 380 and 430 nm
respectively. Upon reaction with 'O, its characteristic absorption/fluorescence is
bleached concomitant with the formation of an endoperoxide adduct (Scheme 4.4).576
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Scheme 4.4 ADPA chemical structure before and after oxidation by 'Oz.

A main problem from molecular 'O fluorescent traps is complex-formation with proteins
(see section 4.2.2) which affects their response to 'O, and often prevents their uptake
by cells.'%28” Novel anthracene derivatives have been developed that aim at alleviating
these problems.%"%® Although that, these drawbacks have not been fully solved and its
synthetic complexity is highly increased.

In this section, we prove that the “nano” approach for polyacrylamide NPs can also be
expanded to other types of NPs (i.e. mesoporous and compact silica NPs) which our
group have a better know-how for its synthesis and derivatization. NanoADPA has been
internalized by Hela cells, thus being capable of detecting intracellularly 'O..

158



4.2.3.2. Experimental section

4.2.3.2.1. Svynthesis of N-(4,7,10-trioxa-13-tridecaneamine)-N’-(3-
(triethoxysilyl)-propyl)-urea ((OEt)3-Si-L-NH>)

220 yL (1.00 mmol) 4,7,10-trioxa-1,13-tridecanediamine and 83 uL (0.34 mmol) 3-
(triethoxysilyl)propyl isocyanate were mixed in 2 mL of EtOH and kept reacting 24 h at
room temperature. The crude was diluted with 3 mL of EtOH and used without further
purification (Scheme 4.5).

"H-NMR (CDCls): 3.79 (6H, q, 7.0 Hz), 3.63-3.54 (12H, m), 3.27 (2H, m), 3.11 (2H, m),
2.88 (2H, m), 2.61 (4H, s, deuterable signal), 1.75 (4H, m), 1.57 (2H, m), 1.20 (9H, t, 7.0
Hz) and 0.60 (2H, m). *C-NMR (CDCls): 158.7 (1C, urea carbon), 70.4 (1C), 70.3 (2C),
69.9 (1C), 69.8 (1C), 69.6 (1C), 58.3 (3C), 42.9 (1C), 39.5 (1C), 38.4 (1C), 32.5 (1C),
29.3(1C),23.8(1C), 18.3 (3C) and 7.6 (1C) ppm. No signals were observed in the region
130-120 ppm that could be attributed to N=C=0.

IR (KBr disk): 3450 (t N-H), 2945 (t C-H), 1654 (t C=0; urea bridge), 1402 and 1085 cm~
'. No bands could be observed in the region 2400 to 2200 cm™' that could be attributed
to N=C=0 tension.

o2 EtOH oL ? j\
HZN/\/\O/\/O\/\O/\/\NHZ + /SI/\/\NCO I L N \ISi/\/\N N/\/\o/\/ow\o/\/\NH2
) D

Limiting reagent

Scheme 4.5 Synthesis of (OEt)3-Si-L-NH..

4.2.3.2.2 Silica Nanoparticles synthesis

Synthesis of MSNP. 200 uL of ammonia solution (30 % w/w; 3.2 mmol) were added to
a solution of water (65 mL), EtOH (12 mL), and CTAC (10.5 mL; 7.9 mmol). The mixture
was heated at 80 °C and stirred at 1200 rpm for 1 hour. Then, 7.5 mL of TEOS (33.6
mmol) were added dropwise and the reaction was stirred for 12 minutes at 80 °C. The
crude was centrifuged at 6000 rpm for 5 min in order to remove any microparticles
synthetized. After removing the solid, the supernatant was further centrifuged at 12000
rpom for 20 min and resuspended in EtOH. The MSNPs were washed two more times
with EtOH. Afterwards, 100 mL of HCI (37% w/w) were added under stirring and kept at
reflux for 17 h. MSNPs were obtained after centrifugation at 12000 rpm for 20 minutes
and were resuspended in water. Afterwards, MSNPs were washed twice with water and
later twice with EtOH. The final NPs were stored suspended in EtOH (10 mg/mL).

Synthesis of CSNP. The method has been adapted from ref.>”® Briefly, 5 mL of TEOS
(23 mmol) were added to a solution of water (2.5 mL), 2-propanol (94 mL) and ammonia
solution (300 uL; 4.8 mmol). The reaction was left stirring at room temperature for 3 days.
The crude was centrifuged at 6000 rpm for 5 min in order to remove the microparticles
synthetized. The solid was removed and the supernatant was centrifuged at 12000 rpm
for 20 min and resuspended in EtOH. Afterwards, CSNP were washed twice with EtOH
and stored suspended in EtOH (10 mg/mL).
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Synthesis of SMSNP/SCSNP. 200 puL of APTES (0.77 mmol) were added to 50 mL of
MSNP/CSNP solution (10 mg/mL). The reaction was left stirring at 40 °C for 24 hours.
Afterwards, the mixture was washed 3 times with EtOH by centrifugation at 12000 rpm
for 20 minutes. The final SMSNP/SCSNP were stored suspended in EtOH (5 mg/mL).

Synthesis of LMSNP/LCSNP. 1.5 mL of the (OEt)3-Si-L-NH> solution (0.10 mmol) were
added to 10 mL of MSNP/CSNP solution (10 mg/mL). The reaction was left stirring at 40
°C for 24 hours. Afterwards, the mixture was washed 3 times with EtOH after
centrifugation at 12000 rpm for 20 minutes. The final SMSNP/SCSNP were stored
suspended in EtOH (5 mg/mL).

Conjugation of ADPA onto the functionalized NPs. 14.7 mg (77 mmol) of EDC, 14.5
mg (126 mmol) of NHS and 4.0 mg (11 mmol) of ADPA were dissolved in 2 mL of dry
CH.Cl,. The mixture was left under stirring at room temperature for 2 h. The activated
ADPA mixture was added dropwise to a stirred solution of SNPs in acetonitrile (10
mg/mL). The reaction crude was kept reacting at room temperature for 72 h. Afterwards,
the SNPs were isolated and washed through repeated centrifugations (20 min at 12000
rpom) in EtOH.

4.2.3.2.3 Cellular techniques

Cell Culture. Human carcinoma Hela cells were grown as monolayer cultures in DMEM
supplemented with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin solution and 1% (v/v)
L-Glutamine. Cells were cultured in an incubator with 5% CO; plus 95% air at 37 °C.
Cells were seeded in 25 cm? flask and subconfluent cell cultures were used.

Cell preparation for confocal microscopy. Main cell culture was trypsinized and 5x10*
HelLa cells/well were added to 8-wells plates. The cells were incubated at 37 °C for 24 h.
Then the cell culture medium was removed and 2 uM nanoADPA was added and left
under incubation at 37 °C for 24 h. The cell culture was washed 6 times with PBS in order
to discard the non-internalized suspended NPs. Then, CMFDA (CellTracker™ Green;
2.5 yM) was added and incubated at 37 °C for 30 min. The cells were washed twice with
PBS. When RB was needed, cells were incubated for 60 minutes with supplemented
DMEM and 10 uM of RB. Otherwise cells were incubated with supplemented DMEM for
60 minutes. Afterwards, they were washed twice with PBS. Finally, DMEM (without
phenol red) with Hepes buffer were added.

Microscopical analysis. All confocal images were taken with minimum exposure using
a TCSP SP2 Leica Confocal Microscope (Leica Microsystems CMS, Wetzlar, Germany)
and were collected with 2 channels. The first one was used for monitoring nanoADPA
(Ar-UV laser, Aexc 364 nm, Aops 381-477 nm) and the second for CMFDA (Ar laser, Aexc
488 nm, Aqs 500-550 nm). The RB samples were irradiated at 561 nm (DPSS laser) in
order to generate 'O,. All photographs were processed and analysed using the Fiji J
software (Adobe Systems, San Jose, CA).580.581
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4.2.3.3. Assessment and optimization of the nanoADPA

In a first step, we developed a simple nanoconjugate in which ADPA is directly attached
covalently to the pre-formed SNPs, as depicted in Scheme 4.6. Two different types of
SNP were synthesized: compact (CSNP)%° and mesoporous (MSNP).4¢° Each type was
functionalized with short (S) and long (L) linkers with terminal amino groups and finally
ADPA was covalently linked by Steglich amidation.®8?

Scheme 4.6 Synthesis, derivatization and ADPA conjugation. Reagents and conditions: a): CTAC, EtOH,
H20, NH3, 80 °C, 12 min, then HCI (37%), reflux, 24 h. b): 2-Propanol, EtOH, H20, NH3, room temperature
(rt). 72 h. c): APTES, EtOH, rt, 24 h. d): Si-Linker, EtOH, rt, 24 h. e): ADPA, EDC, NHS, Na2COs,
CH3CN:CH2Cl2 (1:1), rt, 24 h.

All synthesized SNPs were characterized by their size and {-potential (Table 4.1) as well
as by infrared spectroscopy. Dynamic light scattering shows that the starting CSNP and
MSNP rendered a hydrodynamic diameter of 100 and 140 nm, respectively, and a (-
potential of -30 and -41 mV, respectively. After surface functionalization and ADPA
conjugation, the diameter of the NPs increased up to 30 nm and the {-potential became
less negative and even turned positive when the external amines were protonated (Table
4.1). ADPA concentration was quantified for these NPs, ranging from 0.02 to 0.18 umol
per mg of silica. MSNP showed the highest loading capacity.
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Table 4.1 Size, C-potential, free amino concentration, and ADPA conjugated concentration of the NP
synthetized. ADPA concentration is calculated by UV-Vis spectroscopy (a) and elemental organic analysis

(b).

. Z-potential in | SPotentialin | o inalNHz/|  [ADPA]/
SNPs Size / nm H20 /mV 100 mM mmol/mg SNP | mmolimg SNP
2 AcOH /mV 9 9
MSNP 144 + 56 409 3.7 409 £3.7
SMSNP 136 + 40 44155 55.0 +4.3 0.77 £0.08
0.18 + 0.012
SMSNP@ADPA | 173 + 32 1214438 43.4+4.4 0.59 + 0.06
0.16 +0.015
LMSNP 132 + 32 46152 325452 0.35+0.03
0.034 + 0.0042
LMSNP@ADPA | 127 + 32 133443 155+3.9 0.32 +0.02
0.037 + 0.004b
CSNP 99 + 29 -30.4 + 6.0 304+ 6.0
SCSNP 97 + 24 8.7 + 3.1 50.2 + 5.1 0.14 £0.02
0.022 + 0.0042
SCSNP@ADPA | 138 + 38 124434 30.3+3.4 0.12 + 0.01
0.018 + 0.004b
LCSNP 145 + 42 115+43 253+38 0.24 +0.02
0.028 + 0.0042
LCSNP@ADPA | 148 + 49 145+ 4.1 115435 0.21 +0.02
0.029 + 0.004b

To evaluate the 'O, detection capacity, ethanolic solutions containing 6 uM ADPA
conjugated with SNPs and 6 uM MB as PS (@, = 0.52)%® were irradiated at 656 nm. The
fluorescence of ADPA was then monitored as photooxidation proceeded. Figure 4.8
shows that MSNPs (squares) enhance ADPA photooxidation compared to the CSNP
(circles) counterparts. Figure 4.8 also shows that the length of the linker between the NP
surface and ADPA has a pronounced effect of the photooxidation rate (cf. empty versus
filled symbols, respectively). Specifically, a long linker facilitates ADPA photooxidation,
probably because it is further away from the NP surface (1.9 versus 0.7 nm respectively)
where '0, quenching by surface silanols takes place.?*® We therefore selected MSNPs
with long linkers as the best scaffold for ADPA to maximise its response to 'O, (hereafter
nanoADPA).

It is noteworthy that, for the same overall ADPA concentration, nanoADPA loses its
fluorescence faster than free molecular ADPA. This effect is due to the increased
generation of '0, as scattering extends the pathway of light in the MSNPs suspension.
This interpretation was confirmed in an experiment in which empty MSNPs were added
to a molecular ADPA solution. Under these conditions, ADPA bleached faster than
nanoADPA (Figure 4.8B).
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Figure 4.8 ADPA bleaching upon 'O2 generation by an exogenous photosensitizer (6 uM MB; Aexc 656 nm)
in ethanol. (A): Black triangle free ADPA. Blue circles and red squares ADPA-CSNP and ADPA-MSNP
respectively. Closed for short linker and open for large linker. (B): Black square is free ADPA with empty
MSNP in order to simulate the scattering effect. Blue triangles is LMSNP and red circles is free ADPA without
empty MSNP.

An alternative explanation could be that MB binds to the silica surface and engage in
specific photochemistry with the probe. We have previously shown that MB can indeed
adsorb on MSNPs and that binding shifts its fluorescence spectrum to the blue (Section
3.4.2.1). However, we did not see such shift when nanoADPA was added to ethanol
solutions of MB, therefore we rule out binding of MB to nanoADPA. On the other hand,
after 90% decrease of ADPA fluorescence we observe a mere 7% loss of MB
fluorescence. Moreover, the photooxidation rate (v.appa) is faster in deuterated
phosphate buffer saline (dPBS) than in PBS (Figure 4.9A), which is consistent with a
longer lifetime of 'Oz in D20 than in H2O (68 us versus 3.3 us, respectively).584%8 Taken
together, the results above indicate that 'O, is the oxidizing species, other oxidation
mechanisms playing a minor role, if any, in the photobleaching of nanoADPA.

In order to further characterize nanoADPA, its response to 'O, was tested also using
three PSs with different electrical charge and solvents of different polarity. The chosen
PSs were the neutral tetraphenylporhyrin (TPP), its tetracationic N-methylpyridyl
counterpart (TMPyP) and its tetraanionic sulfonatophenyl analogue (TPPS4), which have
almost identical @, values.*3%5% | jkewise, the chosen solvents were EtOH, acetonitrile
and PBS. As shown in Figure 4.9B, v_.appa Was the same for all three PSs irrespective of
the solvent, indication of insensitivity of the probe to neither PS charge nor solvent
polarity. On the other hand, v.appa was faster in acetonitrile than in ethanol, which, in turn,
was faster than in PBS.

This observation is consistent with the known variation of 'O, lifetime with the solvent,
namely 83 us in acetonitrile, 15.5 pus in ethanol and 3.3 ps in PBS,%® indicating that 10,
decay is controlled by solvent interactions (Eq. 4.1):

V_appa = Vp - kr . TX . [ADPA] Eq41

where v, is the rate of 'O, production, k; corresponds to the endoperoxidation rate
constant and 7,° stands for the lifetime of 'O in the neat solvent. It can thus be concluded
that nanoADPA photooxidation by 'O, is independent of the PS charge and solvent
polarity.
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Figure 4.9 Top: chemical structures for: meso-tetraphenylporphyrin (TPP), meso-tetra(4-sulfonatophenyl)-
porphine tetrasodium salt (TPPS4) and meso-Tetra(N-methyl-4-pyridyl)porphine tetratosylate salt (TMPyP).
Bottom: solvent and PS effects on nanoADPA photobleaching. (A) MB 6 uM in PBS (green solid line) and
dPBS (magenta dashed line), exc = 640 nm. (B) TPP, TMPyP and TPPS4 (open squares, open circles and
closed triangles, respectively) 3 uM in acetonitrile (blue), ethanol (red) and PBS (green). Aexc =420 nm. The
dashed lines correspond to irradiation in the absence of PS.

In section 4.2.2.4, we studied the interaction between SOSG and BSA. For ADPA, it can
be expected that some type of interaction between ADPA and BSA. Firstly, time-resolved
fluorescence anisotropy of ADPA in the presence and absence of 170 uM BSA was
measured. Whilst the anisotropy decay for free ADPA was faster than the resolution time
of our system (0.1 ns), the anisotropy decay in the presence of BSA was significantly
slower, 16 ns (Figure 4.10A). This is consistent with complex formation between ADPA
and BSA. ADPA fluorescence spectra were then measured in the presence of increasing
amounts of BSA (Figure 4.11 left). A clear fluorescence intensity decrease could be
observed along with a bathochromic shift of the spectrum. From the change in
fluorescence intensity, the value of the binding equilibrium constant (K,) was estimated
as 0.03 uM"' by a Benesi-Hildebrand plot assuming the formation of a 1:1 complex
(Figure 4.10B).°®” Time-resolved fluorescence experiments showed that ADPA
fluorescence quenching by BSA is mainly due to static quenching (Figure 4.10C).

The results for nanoADPA were strikingly different (Figure 4.11 right). Neither a spectral
shift nor a fluorescence intensity decrease could be detected even at BSA concentrations
as high as 170 uM. This indicates that the NP scaffold protects ADPA from complex
formation with BSA.
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Figure 4.10 (A): Time-resolved fluorescence anisotropy for free ADPA and ADPA:BSA complex (6 uM ADPA
and 170 uM BSA). dexc 375 nm, Aobs 428 nm. (B): Benesi—Hildebrand plot for the determination of the
equilibrium constant Ka of ADPA-BSA complexation. (C): Fluorescence emission decay of ADPA (6 uM) in
PBS in the presence (red line) and absence (blue line) of BSA (170 uM). Aexc 375 nm, Lobs 428 nm. The grey
line is the instrument’s response function.

Figure 4.11 ADPA (left) and nanoADPA (right) fluorescence spectra upon different BSA concentration (0-
170 uM). Aexc = 380 nm. Top changes in total fluorescence area. Inset: fluorescence spectra shift from 0 to
170 uM BSA concentration.

In order to assess the 'O, detection capacity in more complex media, it is decided to
measure the 'O, generated from a genetically-encodable protein, called miniSOG. It is
an engineered flavin mononucleotide-binding protein derived from phototropin 2.28¢
Initially, the @, of miniSOG had been reported as 0.47 = 0.05, using ADPA as
fluorescence probe.?% Two independent research groups have revised that ®, value and
it was determined as 0.03 + 0.01 by two independent methods (one direct ('O2
phosphorescence emission) and one indirect (uric acid as 'O, trap)).287:588

That value was approximately 15-fold lower than the obtained using ADPA as 'O, trap,
which indicates that a secondary and non-desirable non-mediated 'O, photooxidation
also occurs.'® Indeed, it has been reported that anthracenes can be oxidized by electron-
transfer processes.%®® Furthermore, it is also well-known that flavins are able to undergo
electron transfer reactions with suitable electron donors.%%" As final piece of evidence,
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it was observed that the fluorescence of miniSOG was partially quenched and the
spectrum lost its vibrational structure in the presence of ADPA. This suggests that ADPA
interacts to miniSOG which facilitates the electron-transfer process.?®” As Figure 4.12
shows, if nanoADPA is used instead, the correct @, value is arrived at.

Figure 4.12 (A) ADPA fluorescence bleaching photosensitized by flavin mononucleotide (FMN, ®, = 0.51,592
red) and miniSOG (blue). (B) The same experiment using nanoADPA. Air 473 nm.

Having stablished that nanoADPA does not interact with proteins, it is studied whether it
could be internalized by Hela cells and sense intracellular '0,. We first determined its
dark toxicity and found it to be negligible below 4 uM. Confocal fluorescence microscopy
showed that cells incubated with 2 uM nanoADPA for 24 h display its characteristic blue
emission overlapping that of the CellTracker Green CMFDA Dye (Figure 4.13A). This
confirms that nanoADPA is localized inside the cells, where it forms fluorescent
aggregates up to 1.5 um diameter. A 3D stack image shows that nanoADPA is well
distributed throughout the cytoplasm. Figure 4.13B shows a 3D cell reconstruction.

Figure 4.13 (A) Confocal fluorescence images of HelLa cells co-incubated with nanoADPA (white) and
CellTracker Green CMFDA (green). Top: Perpendicular plane. Bottom: Transversal plane. (B) 3D cell
reconstruction. The green volume is the cytoplasm and the red dots represent the nanoADPA aggregates.
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In a second series of experiments, HelLa cells were co-incubated with nanoADPA and
RB, which is cell-permeable, can be selectively excited where ADPA does not absorb
(561 nm) and shows very low absorption where ADPA emits.5%35%* Moreover, we could
find no evidence for interaction between nanoADPA and RB in PBS or in DMEM. Figure
4.14 shows that the intracellular fluorescence of nanoADPA decreased to 1/3™ of its
original value when the cells were irradiated at 561 nm for 10 minutes, while no-
fluorescence decrease could be observed in the absence of RB. These results confirm
the ability of nanoADPA to sense 'O, inside Hela cells.

Figure 4.14 Fluorescence images of HelLa cells incubated with 2 yM nanoADPA . (A) no RB, no light. (B)
10 uM RB, no light. (C) no RB, 10 min laser irradiation at 561 nm. (D) 10 yM RB and 10 min laser irradiation
at 561 nm. (E) nanoADPA fluorescence decrease after 10 minutes irradiation in the presence and absence
of RB. Open bars represent the mean SD for seven independent NPs systems where only the mean pixel
intensity of the images is considered.
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4.2.4. NanoNOX: A turn-on fluorescence nanoprobe for '0, detection

(Adapted from: R. Bresoli-Obach,* R.P. Zanocco,* R. Ruiz-Gonzélez, F. Najera, E. Pérez-Inestrosa, A.L.
Zanocco, E. Lemp and S. Nonell, In preparation; *These authors contributed equally to this work.)

The results reported in this section have been carried out in collaboration with the Universidad de Chile
(Santiago de Chile, Chile) and the Universidad de Malaga (Malaga, Spain). Some experiments of this section
have been realized by myself as visiting student in Universidad de Malaga (18t february to 18" march of
2016).

4.2.4.1. Furyl-vinyl-naphthoxazole: “Click-ON” dyads to detect 0>

Furan derivatives such as 2,5-diphenyl-3,4-isobenzofuran (DPBF) or 2,5-dimethylfuran,
have been widely used as a 'O, scavengers since 70s.°%°% These derivatives are
advantageous 'O, chemical traps because:

i) They can be easily followed by using routine analytical techniques such as absorption
spectroscopy, fluorescence or gas chromatography.

ii) Furan reactivity towards 'O, produces mainly endoperoxides, with a minimal or null
contribution of physical quenching.%®”

iii) 'O, is capable to react with furan derivatives with high kg; even for some derivatives
such as DPBF is diffusionally controlled (kr = 1.3 x 10° M"'s"! in CH30H).5%

iv) Furan kr shows a very modest solvent effect, making them almost solvent
insensitive.88-°%°

So, considering potentialities of furan derivatives as 'O, traps, Nonell and Zanocco
groups designed, synthetized and studied the photochemical behavior of new “click-on”
compounds to assess its potentiality as 'O, probes (Scheme 4.7).1%
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Scheme 4.7 (A): Furyl-vinyl-naphthoxazole dyad reactivity towards 'O described in reference 1%°. (B): Furyl-
vinyl-naphthoxazole ((E)-(5-(2-(naphtho[1,2-d]oxazol-2-yl)vinyl)furan-2-yl)methanol; NOX) chemical
structure used in this section.

These molecules are dyads composed by a naphthoxazole fluorescent moiety linked to
a furan trap through an unsaturated bond to the oxazole ring. In the native state, the
inherent naphthoxazole fluorescence is quenched, possibly through intramolecular
charge transfer process from the furan ring to the naphthoxazole moiety. Furan moiety
will form an endoperoxide after reacting with '0,, which disrupts the extended n-
conjugation and the intramolecular deactivation process is no longer operational. It
affords a new chemical entity whose fluorescence is two orders of magnitude higher than
that of the initial compound, at the optimal selected wavelength. Moreover, these dyads
have @, smaller than the most used 'O, fluorescent probes such as SOSG.'%
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4.2.4.2. Experimental section

4.2.4.2.1. Synthesis of (E)-(5-(2-(naphtho[1,2-d]Joxazol-2-yl)vinyl)furan-2-
yl)methanol (NOX)

(E)-(5-(2-(naphtho[1,2-d]oxazol-2-yl)vinyl)furan-2-yl)methanol (NOX) used in this section
has been synthetized by Dr. R.P. Zanocco in Institut Quimic de Sarria as visiting student.
Its synthetic route is described in Scheme 4.8.

0] O 9
OH KOH (50/02 O N

O N\>_+ Hw DMSO >\ © OH
o 0 |

Scheme 4.8 Synthesis of (E)-(5-(2-(naphtho[1,2-d]oxazol-2-yl)vinyl)furan-2-yl)methanol (NOX).

4.2.4.2.2. Synthesis of the NPs

The MSNP, long linker silane, RB-Silane and MSNP-RB have been synthetized as
described in the previous sections.

Synthesis of MSNP-L-NH2 / RB-MSNP-L-NH2. 200 mg of (OEt)3-Si-L-NH; (430 umols)
were added to 12 mL of MSNP/MSNP-RB solution (33 mg/mL). The solution was left
stirring at room temperature during 24 hours. Afterwards, the NPs were recovered by
centrifugation (15000g x 20 min). The MSNP were washed twice with ethanol and once
with CH3CN. The final MSNP-L-NH2/RB-MSNP-L-NH: were stored suspended in CH3;CN
(10 mg/mL).

Synthesis of MSNP-L-NH-CO-CH:-CH.-COOH / RB-MSNP-L-NH-CO-CH2-CH:-
COOH. 100 mg of succinic anhydride (1000 umols) were added to 12 mL of MSNP-L-
NH2/RB-MSNP-L-NH> solution (33 mg/mL). The solution was left stirring at room
temperature during 24 hours. Afterwards, the NPs were recovered by centrifugation
(15000g x 20 min). The MSNP were washed thrice with CH3CN.The final MSNP-L-NH-
CO-CH2-CH2-COOH / RB-MSNP-L-NH-CO-CH»-CH>-COOH were stored suspended in
CH3CN (10 mg/mL).

Synthesis of MSNP-L-NH-CO-CH2-CH2-CO-O-NOX (nano1) / RB-MSNP-L-NH-CO-
CH2-CH2-CO-0O-NOX (nanoNOX). 350 mg (2.3 mmols) of EDC, 350 mg of NHS (3.3
mmols) and 300 mg (2.5 mmols) of DMAP were directly dissolved into the 12 mL of
MSNP-L-NH-CO-CH,-CH-COOH / RB-MSNP-L-NH-CO-CH2-CH,-COOH  solution
(CH3CN, 33 mg/mL). The solution was left stirring at room temperature during 2 hours.
Then, 100 mg (3.4 mmols) of NOX was added and it was left stirring for 72 hours more.
Afterwards, the NPs were recovered by centrifugation (15000g x 20 min). The NPs were
washed twice with CH3CN and twice with CH3OH. The final MSNP-L-NH-CO-CH,-CHa-
CO-0O-NOX (nano1) / RB-MSNP-L-NH-CO-CH»-CH»>-CO-0O-NOX (nano2) were stored
suspended in CH3OH (5 mg/mL).
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4.2.4.3. Behaviour of furyl-vynil naphthoxazole as a 'O, fluorescent probe

The molecular probe NOX is a modification of the furyl naphthoxazole previously studied
in the group,'® in which the hydrogen in position C-5 of the furan has been replaced by
a hydroxymethyl group. This improves the furan’s reactivity towards 'O, and allows its
conjugation to nanoparticles via a Steglich esterification (Figure 4.15a). NOX has been
synthetized by a one-pot, two-step reaction in which the attack of methylnaphthoxazole
anion to furaldehyde is followed by a dehydration step (Scheme 4.8).

Figure 4.15. a) Oxidation of NOX with '0.. b) Absorbance changes upon reaction of NOX with 'O>. c)
Fluorescence changes upon reaction of NOX with 'O2. The photosensitizer used to generate 02 was new
methylene blue 5 uM, the irradiation wavelength was 640 + 10 nm and the experiments were carried out in

aerated methanol. The fluorescence was excited at 335 nm.

The absorption spectrum of NOXin methanol shows a maximum at 363 nm and a second
peak at 290 nm (Figure 4.15), while the fluorescence spectra shows a maximum at 439
nm (Figure 4.15). The absorption and fluorescence spectra are practically solvent
independent and the @r is very small in all solvents, indicating efficient quenching of the
naphthoxazole singlet excited state by the furan (Table 4.2).

Table 4.2 Photophysical properties of NOX

Aabs [ NM Aa-
(e Mlem-) M/ Nnm D sins | kgl M's?
365
Benzene (3.9 x 104 436 0.035 55 -
Acetonitrile 362 436 0.055 4.0 1.4x107
(4.4 x10%) ’ ' )
N,N’- 365
dimethylformamide (4.3 x 109 441 0.005 58 -
363 .
Methanol (4.3 x 104 439 0.005 6.2 3.0x10

The reactivity of NOX towards 'O, was studied noting changes in its absorption and
emission spectra upon photosensitized oxidation. Thus, a strong absorbance decrease
was observed (Figure 4.15B), consistent with furan oxidation leading to a shortening of
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the conjugated path and hence to a blue shift of the absorption spectrum. As shown in
figure 4.15C, the fluorescence showed concomitantly a remarkable 180-fold
enhancement.

The rate constant for overall 'O, quenching was determined using time-resolved 'O,
phosphorescence spectroscopy and found to be 3.0 x 107 M's™" (Figure 4.16), 32-fold
larger than for unsubstituted furyl naphthoxazoles.®° The rate constant for reaction,
determined by comparing the rate of photooxidation with that of dimethylanthracene,
is 1.7 x 107 M's™! (Figure 4.16). Oxidation generates a single product, as demonstrated
by HPLC and consistent with the observation of isosbestic points in the absorption
spectra. The selectivity of NOX towards 'O, was assessed by testing its reactivity
towards other ROS and it was found that it does not react with superoxide or hydrogen
peroxide. Moreover, it shows a negligible @, (0.003 and 0.007 in methanol and
acetonitrile, respectively); for comparison, SOSG has @, of 0.03 at 355 nm and 0.009 at
532 nm in methanol.'® Taken together, these results indicate that NOX is an excellent
probe for 'O, detection.
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Figure 4.16 Left: Determination of kq for NOX with 'O2. Right: Determination of k; for reaction of NOX with
102 (dashed black line) using 9,10-dimethylanthracene as reference (solid grey line; DMA;
k{DMA) = (6.3 £ 0.4) x 107 M-'s").80" Solvent: CH3OH, PS: NMB.

Given the promising results for NOX, we synthetized a simple nanosensor attaching NOX
to the surface of preformed MSNP thorough a long linker (hanoNOX), which facilitates
the reaction with 'O,. We then suspended the nanoprobe in methanol, added new
methylene blue and irradiated it with red light to generate '0,. As expected, a 10-fold
fluorescence enhancement could be observed together with a blue-shift in the absorption
spectrum of the oxidized nanoprobe (Figure 4.17).
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Figure 4.17 Fluorescence enhancements for nanoNOX (left) and nanoNOX-RB (right). The photosensitizer
used to generate 'Oz was new methylene blue 5 uM, the irradiation wavelength was 640 + 10 nm and the
experiments were carried out in aerated methanol. The fluorescence was excited at 335 nm.

Having established that the nanoprobe reacts with 'O,, we further modified it by attaching
a 0. photosensitizer (Rose Bengal) to its surface in order to ensure that 'O, would be
generated in close vicinity of the sensor in the cellular experiments. The resulting
bifunctional nanoprobe (termed nanoNOX-RB) showed a 14-fold fluorescence
enhancement together with a blue shift in the absorption spectrum when irradiated with
green light. No fluorescence enhancement could be observed when the nanoprobe
contained no Rose Bengal (nanoNOX).
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4.2.5. NanoDCFH-DA: a silica-based nanostructured unspecific fluorescent
probe for the detection of reactive oxygen species in biology

(Adapted from: R. Bresoli-Obach,* L. Busto,* C. Muller, M. Reina and S. Nonell, NanoDCFH-DA: a silica-
based nanostructured unspecific fluorescent probe for the detection of reactive oxygen species in biology,
submitted (intended for Photochem. Photobiol.; *These authors contributed equally to this work.)

The results reported in this section have been carried out in collaboration with the Universitat de Barcelona
(Barcelona, Spain).

4.2.5.1. Introduction

Direct, real-time detection of ROS can be done only in a few cases and requires the use
of highly-sophisticated equipment available only in specialized laboratories.??45°2 An
alternative and simpler strategy is to detect them by chemical trapping methods.5%
Among them, the use of molecular fluorescent probes that change their emission
properties upon reaction with ROS is becoming highly popular in connection with the
increased use of fluorescence imaging techniques.®%45% Thus, a number of fluorescent
probes have been developed that either show specificity for a given ROS, e.g., SOSG
for 10,,% dihydroethidium for O,*~ % or hydroxyphenyl fluorescein for *OH,®’ or are non-
specific and can therefore be used to assess oxidative stress.5%8:609

2',7’-Dichlorodihydrofluorescein diacetate (DCFH-DA) is arguably the most-widely used
non-specific ROS probe. Its reduced form absorbs in the UV region only and is not
fluorescent. Upon entering a cell, DCFH-DA is hydrolyzed by esterases to the non-
fluorescent 2’,7’-dichlorodihydrofluorescein (DCFH), which is oxidized by a variety of
ROS to dichlorofluorescein (DCF), a highly conjugated product that absorbs in the visible
range and shows intense green fluorescence (Scheme 4.9).

Scheme 4.9 Oxidation of DCFH-DA by ROS.

Molecular probes in general and fluorescein derivatives in particular interact with
proteins, which affects their cell uptake and response to ROS. 95107610 |n order to prevent
this problem, encapsulation within nanoparticles or covalent binding to their surface have
been proposed and successfully demonstrated.f''-6'3 |n addition, redox ROS probes
such as DCFH-DA are slowly oxidized by dissolved 0., which may lead to unwanted
background signals and eventually false positives.%'4¢1°

In this subchapter, a biocompatible silica-based fluorescent nanoprobe for detection of
ROS in biological systems has been designed, synthesized, and characterized,
circumventing some of the limitations of the molecular probe DCFH-DA, such as protein
complexation and self-oxidation by air. The nanoprobe reactivity has been successfully
tested both in phosphate buffer saline solution and inside HelLa cells.
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4.2.5.2. Experimental section
4.2.5.2.1 Synthesis of nanoDCFH-DA

The MSNP, (EtO)s-Si-L-NH> and MSNP-L-NH have been synthetized as described in
the previous sections.

Conjugation of DCFH-DA onto MSNP-L-NH2: DCFH-DA conjugation to MSNP-L-NH>
was performed through Steglich amidation adapting the procedure proposed by Steglich
et al.>® Briefly, 4.0 mg (7.5 umol) of DCFH-DA were previously activated by mixing them
for 2 hours with 14.7 mg of EDC (77 pymol) and 14.5 mg (126 pmol) of NHS in 2 mL of
dry CH2Cl,. The mixture was then added dropwise to 14 mL of a stirred solution of MSNP-
L-NH2 in acetonitrile (7 mg/mL) and the crude was kept reacting for 72 h in darkness and
at room temperature. Simultaneously, 0.5 g (5 mmol) of anhydrous Na,CO3 were added
in order to deprotonate linker's amino terminal groups, since the amidation is not
favorable with the protonated form. Afterwards, nanoDCFH-DA was centrifuged and
washed 6 times with ethanol (20 min at 13000 rpm).

The concentration of amino groups (cnh,) in MSNP-L-NH2 was determined as the amount
of nitrogen in the NPs divided by 3 on account that each linker unit contains 3 nitrogen
atoms. Since DCFH-DA contains no nitrogen, comparison the carbon/nitrogen ratio in
nanoDCFH-DA relative to MSNP-L-NH- allowed to calculate the fraction of amino groups
functionalized by the probe and therefore the concentration of DCFH-DA on the
nanoparticles.

4.2.5.2.2. Fluorescence measurements

The fluorescence of the nano- and molecular probes was studied in PBS at the DCFH-
DA concentration of 1.5 uM using a Fluoromax-4 spectrofluorometer (Horiba Jobin-Yvon,
Edison, USA). Samples were exposed to known amounts of the different ROS after
deacetylation by NaOH treatment and subsequent neutralization with sulfuric acid (20
mM).

4.2.5.2.3. Sources of ROS

ClO™ and H»0, were added from stock solutions. O2*~ was added as a KO; suspension
in anhydrous CCIzCN (140 mM). *OH was generated by UV-A irradiation (353 + 20 nm;
6.3 mW/cm?) of a NaNO; solution (1 mM).®'® The reactive rate constant was determined
by a comparative method using terephthalic acid as reference (5.3 uM, rate constant 4.4
x 10° M's™).617 10, was generated by irradiation of a 8.7 yM MB solution with red light
(634 + 8 nm; 7.8 mW/cm?).43® The reactive rate constant was determined by the
comparative method using ADPA as reference (1.5 uM, rate constant 8.7 x 107 M"'s).576
Oxidation by 30, was assessed by periodically recording the fluorescence of air-
equilibrated solutions kept in the dark.
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4.2.5.2.4. Celullar techniques

HeLa cells culture. Human carcinoma HelLa cells were grown as monolayer cultures in
DMEM supplemented with 10% (v/v) FBS, 1% (v/v) penicillin-streptomycin solution and
1% (v/v) I-Glutamine. Cells were cultured in an incubator with 5% CO: plus 95% air at
37 °C. Cells were seeded in 75 cm? flask and subconfluent cell cultures were used.

Cell preparation procedure for microscopical analysis. Main cell culture was
trypsinized and 5x10* HelLa cells/well were added to 8-wells plates. The cells were
incubated at 37 °C for 24 h. Then the cell culture medium was removed and 250 uL/well
2 uM nanoDCFH-DA diluted in HBSS* with and without 10 uM Hyp were added and left
under incubation at 37 °C for 2h. The cell culture was washed 3 times with 200 pL/well
HBSS" in order to discard the non-internalized suspended nanoDCHF-DA. Finally, 250
pL/well HBSS™* were added before the microscopical analysis.

Microscopial analysis. All confocal images were taken using a TCSP SP2 Leica
Confocal Microscope (Leica Microsystems CMS, Wetzlar, Germany). Images before and
after irradiation were collected using Ar laser (Aexc 488 nm; Ags 500-550 nm) and 561
nm (DPSS laser) using 3 different photomultiplier configurations (transmitted light (for
widefield), Aops 500-550 nm (for DCF) and Aobs 570-620 nm (for Hyp)). The samples were
irradiated at 561 nm for 2 min in order to generate ROS and during this time, sequential
images were collected. All photographs and videos construction were processed and
analyzed using ImageJ1.x software 580581
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4.2.5.3. Assesment and optimitzation of the nanoDCFH-DA

In the previous chapters, we had identified the structural features of a silica based 'O,
fluorescence nanosensor to optimize its response.®' It was concluded that MSNP were
superior to compact ones and that covalent grafting of the probe should be through a
sufficiently long PEG linker (MSNP-L-NH>) optimum performance. The same structural
conditions have now been adopted for the preparation of a DCFH-DA-based silica
nanoprobe (nanoDCFH-DA) as shown in Scheme 4.10.

Scheme 4.10 NanoDCFH-DA synthesis. Reagents and conditions (a): CTAC, EtOH, H20, NHs, 80 °C, 12
min, then HCI (37%), reflux, 24 h. (b): N-(4,7,10-trioxa-13-tridecaneamine)-N’-(3-(triethoxysilyl)propyl)-urea,
EtOH, rt, 24 h. (c): DCFH-DA, EDC, NHS, dry CH2Cl2, rt, 2h; then addition of the activated DCFH-DA to
MSNP-L-NH2 in CH3CN, rt, 72h.

All intermediates obtained in each synthetic step, ranging from MSNP to nanoDCFH-DA,
were characterized by their hydrodynamic diameter and (-potential by dynamic light
scattering techniques (Table 4.3). {-potential was measured under both neutral and
acidic conditions to assess the presence of free amino groups at the surface of the
MSNPs after each preparation step, since protonation of the amino groups in acidic
media results in a more positive {-potential. The number of free amino groups was then
determined by organic elemental analysis.

Table 4.3 Size, {-potential, free amino concentration and conjugated DCFH-DA concentration of the different
nanosystems synthetized. The estimated error is 10% for each analysis.

MSNP MSNP-L nanoDADCFH:
Size / nm 108 209 300
¢-potential (H20) / mV -32 -21 -21
¢-potential (H20; pH 7.4) / mV +9.2
¢-potential (H2S040.1 M) / mV -30 +19 +7.8
¢-potential (NaOH 0.1 M) / mV -—- - -40
[-NH2] / pmol/mg - 0.30 0.27
[DCFH-DA] / pmol/mg -—- - 0.03
Molecules of DCFH-DA per NP -—- - 4080
Organic elemental analysis / % 838 Z‘ﬁ ?gi 3’(’3 3?2 ZOCN:
. o 24 % .78 %
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Inspection of Table 4.3 shows that the NP size increases after each preparation step.
The final size (300 nm), is appropriate for internalization by mammalian cells such as
HelLa.t'®"® Regarding the - potential, the changes observed for MSNP-L-NH, upon
acidification of the solvent confirm MSNP functionalization with the linker. The
observation that the changes are smaller for nanoDCFH-FA indicate that a substantial
fraction of the amino groups have successfully reacted with DCFH-DA to form the amide
bond. This was further confirmed by infrared spectroscopy: in the 1500-1800 cm™' region,
the MSNP spectra show only a band corresponding to adsorbed water bending (1630
cm™), whereas nanoDCFH-DA shows, in addition, C=0 stretching due to the urea moiety
(1653 cm™") and C=C stretching due to DCFH-DA (1560 cm™") can be observed.

From organic elemental analysis we conclude that the yield of MSNP functionalization
with the linker is 0.3 pmol/mg MSNP, a value similar to the one previously obtained.
Likewise, we estimate that 10% of the amino groups are finally functionalized with the
probe in nanoDCFH-DA. The average distance between DCFH-DA and the silica surface
is estimated to be 1.7 nm. This separation should prevent DCFH-DA from interacting
with large biomolecules such as proteins, while at the same time allowing efficient
reaction with small species such as ROS.

As depicted in Scheme 4.9, the two diacetyl moieties in DCFH should be hydrolyzed in
order to efficiently detect ROS. Such activation is performed by estereases in biological
environments®? and can also be achieved in simple solution by basic hydrolysis, e.g.,
with NaOH, followed by neutralization. This is the procedure followed in our solution
experiments. The optimal NaOH concentration and activation time were determined by
measuring the increase of fluorescence in nanoDCFH-DA samples upon exposure to
ClO~. Samples prepared under the same conditions without the oxidant were used as
references. Table 4.4 shows the fluorescence ratio between the oxidant-exposed and
non-exposed samples. Optimal activation conditions were 1 mM NaOH and 15 minutes
contact time before neutralization, under which a maximum fluorescence enhancement
of 10.5 was obtained. Detachment of the DCFH-DA or DCFH from the probe by
dissolution of the silica matrix during the NaOH treatment was ruled out since the
supernatant obtained by centrifugation of the nanoparticles did not show any
fluorescence after exposure to oxidants.

Table 4.4 Fluorescence ratio between the CIO~ oxidized sample and its non-oxidized counterpart, activated
in the same conditions regarding NaOH concentration and hydrolysis time.

Activation time / min
[NaOH] / mM 0 7.5 15 22,5 30 60 90 120 | 180
1 9.6 | 10.5 10.4 9.0 - ---
3 30 8.1 9.2 8.5 8.3 6.0 4.6 4.9 1.2
10 - 4.0 3.9 3.0 24 27 29
30 - 3.3 1.0 1.9 2.8 3.0 23

One problem associated with redox-based probes is oxidation by atmospheric or
intracellular 20,.6'81% This can be especially important in long-lasting experiments such
as cellular incubations. Figure 4.18 shows that the fluorescence of DCFH-DA and
nanoDCFH-DA indeed increase over time when their solutions are exposed to oxygen in
air-equilibrated samples kept in the dark. It can be clearly observed that covalent grafting
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of the probe to the surface of MSNPs protects it from oxygen. The rate constants for
oxidation, deduced from the initial slopes of the plots, were 1.4 x 107 M's™ for
nanoDCFH-DA and 2.0 x 10® M's™" for DCFH-DA, i.e., the nanoprobe is 14-fold less
reactive than its molecular counterpart.

Figure 4.18 Fluorescence enhancement of DCFH-DA (blue) and nanoDCFH-DA (red) upon oxidation by 302
in air-equilibrated PBS (Aexc 490 nm; Aobs 530 nm).

Since nanoDCFH-DA and DCFH-DA are used as fluorescent probes, it is important to
ascertain if exposure to light of the deacetylated probes can affect the rate of
fluorescence growth. This has been tested by irradiating air-equilibrated samples of the
activated probes with green light (524 + 17 nm; 7.5 mW/cm?) in PBS solution. The results
(Figure 4.19) show that the fluorescence of the probes increases upon exposure to light
in a non-linear fashion. This was probably to be expected since this is essentially an
autocatalytic process: Thus, trace amounts of the oxidized form of the probes, produced
previously by thermal oxidation (Figure 4.18), may photosensitize the production of ROS,
propagating the oxidation and rapidly leading to a dramatic increase in the fluorescence.
The process shows saturation, indicating that the originally-reduced probe has been
consumed. Figure 4.19 also shows that the nanoprobe is approximately 10-fold more
photostable than its molecular counterpart. It is worth highlighting that typical light doses
in microscopy imaging experiments are less than 1 J/cm? at which the nanoprobe has
barely been photoconverted.%”®

Figure 4.19 Fluorescence enhancement of DCFH-DA (blue) and nanoDCFH-DA (red) upon green light
irradiation (524 = 17 nm) in air-equilibrated PBS (Aexc 490 nm; Aobs 530 nm).
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The reactivity of nanoDCFH-DA and DCFH-DA towards ROS was assessed by exposing
them to defined amounts of these species (Figure 4.20).

Figure 4.20 a: NanoDCFH-DA (red) and DCFH-DA (blue) fluorescence intensity after irradiation with red
light in presence of MB. b: NanoDCFH-DA (red) and DCFH-DA (blue) fluorescence intensity after irradiation
with UV-A light in presence of NaNOs-. ¢: NanoDCFH-DA (red) and DCFH-DA (blue) initial rates at each CIO~
concentration. d: NanoDCFH-DA (red) and DCFH-DA (blue) fluorescence intensity with O2*~ addition.

Both nanoDCFH-DA and DCFH-DA react readily with 'O, *OH, CIO~ and to a lesser
extent with O*~, when added at concentrations comparable to those found in biological
systems. However, they show different reactivity against each particular ROS (Table
4.5). Thus, nanoDCFH-DA is less reactive than DCFH-DA against the neutral species
'0; and *OH, but more reactive against the anionic ROS. The case of H,O deserves a
specific comment since the fluorescence of both nanoDCFH-DA and DCFH-DA
increased with the same rate constant. Control experiments showed that DCFH-DA was
detached from the MSNP surface in the presence of H20,.

Table 4.5 Reactive rate constants for DCFH-DA (k*mo)) and nanoDCFH-DA (k*nano) towards ROS and 302
(k%2).

ROS (X) ,’;;I“j;‘; / ’,\‘;_’1";'_1 K*nano! K*mol | (K1K®)nano | (K¥1K°2) moi ((k;';‘:;))’
30, 1.4 x 1077 2.0x 106 0.35 1 1 1
clo- 140 10.5 13 1.0 x 10° 5.3 x 108 189
Oy 0.31 0.17 1.9 2.2 x 106 8.5 x 104 26
*OH 5.2 x 107 2.7 x 108 0.19 3.7 x 10" 1.4 x 101 2.6
10, 2.2 x 108 4.3 x 106 0.50 1.6 x 103 2.2 x 1012 7.3
H20: 1.2x10°5 1.2x1075 1 6.0 6.0 1
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It has been reported that the interaction of different fluorescent probes with proteins
detracts from their performance in biological systems, either because it interferes with
cell uptake or leads to fluorescence quenching.'®'976'0 Figure 4.21 shows that this is
the case for DCFH-DA in the presence of bovine serum albumin (BSA). The fluorescence
of its active (oxidized) form shows a clear spectrum shift and is quenched by more than
85% at 150 uM BSA. In contrast, nanoDCFH-DA shows only a slight broadening of the
fluorescence spectrum and with a 25% loss of intensity. This indicates that the MSNP
protect the probe from interaction with BSA. Using Benesi-Hildebrand plots, the
equilibrium constants for BSA binding were calculated as 18 x 10* M"! for DCFH-DA and
2.8 x 10* M" for nanoDCFH-DA, 6.4-fold smaller.

Figure 4.21 Top: DCFH-DA (a) and nanoDCFH-DA (b) changes in fluorescence maximum intensity. Bottom:
DCFH-DA (a) and nanoDCFH-DA (b) fluorescence spectra with increasing BSA concentration (0-150 uM).
Aexc = 490 nm. Inset: fluorescence spectra shift from 0 to 150 uM BSA.

Finally, we studied whether nanoDCFH-DA could be internalized by HeLa cancer cells
and detect intracellular ROS. We used hypericin (Hyp) as PS, since it is known to be cell
permeant and to generate a variety of ROS upon photoexcitation.??' Moreover, Hyp can
be selectively excited at wavelengths where DCFH-DA does not absorb (e.g., 561 nm)
and shows very low absorption where DCF emits, which reduces the risk of inner-filter
effects.

First, we assessed the dark toxicity of nanoDCFH-DA and found it to be negligible below
2 UM even after 24 h of incubation. Cells were then incubated for 2 hours with pre-
activated 2 uyM nanoDCFH-DA and 10 uyM Hyp and were observed by confocal
microscopy before and after photoexcitation of Hyp at 561 nm. While no green
fluorescence could be observed in the absence of Hyp or before irradiation, a large
increase, almost 10-fold, was recorded after exposing Hyp to light (Figure 4.22). The
images show that nanoDCFH-DA is indeed internalized by Hela cells after 2h
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incubation, although a fraction remains bound to the cell membrane. Likewise, the
presence of Hyp inside HelLa cells was confirmed by imaging its red fluorescence.

Figure 4.22 Images of Hela cells incubated with 2 uM nanoDCFH-DA and 10 uM Hyp (top), 2 uM
NanoDCFH-DA (middle) and 10 uM Hyp (bottom). Widefield, nanoDCDH-DA fluorescence before irradiation
and nanoDCFH-DA fluorescence enhancement after 2 min of irradiation (Air = 561 nm) are displayed for
each condition. Open bars represent the mean and the standard deviation for thirteen independent cells
where only the mean pixel intensity of the images is considered.
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4.3. Unravelling CellROX® Deep Red: a nonspecific reactive oxygen species
fluorescent probe

(Adapted from: R. Bresoli-Obach, J. Torra, C. Flors, M. Agut, X. Shu, R. Ruiz-Gonzalez and S. Nonell,
Unravelling CellROX® Deep Red: a nonspecific Reactive Oxygen Species fluorescent probe, in preparation)

The results reported in this section have been carried out in collaboration with the University of California
San Francisco (United States) and the IMDEA Nanociencia (Madrid, Spain).

4.3.1. CellROX® a novel ROS fluorescent probe

We have recently recalled our attention to a family of commercially available probes that
are cell-permeant, wide range of absorption and with the capacity to increase their
fluorescence upon reactivity to ROS.%?2 Exactly, according to the manufacturer
CelROX™’s ROS-sensitive fluorescent dyes are:

“CellROX™ Oxidative Stress Reagents are fluorogenic probes designed to reliably
measure reactive oxygen species (ROS) in live cells. The cell-permeable reagents are
non-fluorescent or very weakly fluorescent while in a reduced state and upon oxidation
exhibit strong fluorogenic signal. [...]. The fluorescence resulting from CellROX™
Oxidative Stress Reagents can be measured using traditional fluorescence microscopy,
high-content imaging and analysis, microplate fluorometry, or flow cytometry.©??

The manufacturer sells three different types of CelROX™ fluorescents dyes: i)
CellROX™ Deep Red Reagent (lexc 640 nm; Aoss 665 nm), ii) CelROX™ Orange
Reagent (hexc 545 NM; Aobs 565 Nnm) and iii) CelROX™ Green Reagent (Lexc 485 NM; Aops
520 nm). These compounds have been widely and successfully used by several
independent groups in order to detect ROS in live-cell confocal imaging or in flow-
cytometry experiments (see different examples in refs.2>627). In counter-position with
DCFH-DA, CellROX fluorescent probes can be applied to cells directly in complete
growth medium and it retains their fluorescence signal after formaldehyde fixation,
allowing for assay flexibility and improved workflows.®?2 Moreover according to
manufacturer, CellROX™ Reagents are sensitive to exposure to light and air, but no
more information is described. Among them, CellROX™ Deep Red Reagent (hereafter
as CellROX) is the most used due to its excitation in the far-red region.

As explained above: nowadays, CellROX is a widely-used ROS fluorescent probe. To
the best of our knowledge, neither the chemical structure of CellROX nor its selectivity
towards different ROS is available. In this sense, we set up a study to elucidate the
possible structure of the dye, assess its behaviour against different ROS/RNS and finally
challenge it with different miniSOG derivatives expressed inside E. coli bacterial cells.
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4.3.2. Experimental section

4.3.2.1. Structural elucidation

"H-NMR spectra was recorded on a Varian 400 spectrometer (400 MHz) using residual
solvent (8(CD3SOCD3) = 2.50) as internal standard.?®"

Mass spectra was recorded on LTQ-FT Ultra mass spectrometer (Thermo Scientific).
CellROX was directly infused for MS analysis. Elemental compositions from
experimental exact mass monoisotopic values were obtained with a dedicated algorithm
integrated in Xcalibur software.

Sample introduction: Direct infusion (Automated Nanoelectrospray). The
NanoMate (Advion BioSciences, Ithaca, NY, USA) aspirated the samples from a
384-well plate (protein Lobind) with disposable, conductive pipette tips, and
infused the samples through the nanoESI Chip (which consists of 400 nozzles in
a 20 x20 array) towards the mass spectrometer. Spray voltage was 1.70 kV and
delivery pressure was 0.50 psi.

lonization: NanoESI, positive ionization
Spray voltage: 1.70 kV

Capillary Temperature: 200°C
Capillary Voltage: 35V

Tube Lens: 100 V

m/z range: 150-2000 a.m.u.

Infrared spectra supported onto diamond ATR top-plate was recorded in Nicolet Magna
560 FTIR spectrophotometer.

4.3.2.2. Computational calculations

The calculations of this section were performed using the Gaussian09 suite of
programs.®¥” CellROX and Cy5 core energy minima were fully optimized at the density
functional theorem (DFT) B3LYP/6-31G(d)**® level of theory. A frequency analysis was
done to ensure convergence to a minimum in the potential energy surface. Time-
dependent-DFT (TD-DFT) B3LYP/6-31G(d) was used to estimate the energy of the
singlet excited state.®?® The influence of water solvation on singlet state energies was
calculated by performing Polarizable Continuum Model (PCM)3**° single point energy
calculations at the TD-DFT-B3LYP/6-31G(d) level of theory, based on gas-phase DFT-
B3LYP/6-31G(d) geometries.
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4.3.2.3. Generation of ROS and RNS

Various ROS and RNS were prepared according to the protocols below. All these
species were generated at 1 mM concentration. CellROX and Cy5 concentration was 2.5
uM.

Superoxide anion radical (O,*") was added as solid KO-.

Hydrogen peroxide (H>O) was diluted from the commercial source (H20, at 30% in
water).

Hydroxyl radical (“OH) was generated by Fenton reaction.®?® Briefly, Mohr salt
((NH4)2S04-6H20) was dissolved in PBS. That solution (0.2 mM) was added to a solution
with the fluorescent probe and H>O> (1 mM).

Singlet oxygen ('O;) was generated by irradiation of Rose Bengal (a well-known 'O,
photosensitizer)®®? with green light (520 + 18 nm).

Sodium hypoclorite (NaOCI) was diluted from the commercial source (50 g/L of NaCIO
in water).

Nitric oxide (NO) was generated from the decomposition of an aqueous solution of 1 M
Sodium nitroprusside (Naz[Fe(CN)sNO]).6%

Peroxynitrite anion (ONOO-) was generated as described in ref.5®' Briefly, 1.5 M NaOH
(aq) was added in a mixture of 0.6 M NaNO, 0.7 M H,0O, and 0.6 M HCI. The ONOO-
solution was readily used after its preparation.

Nitrogen dioxide (NO2) was generated from the decomposition of sodium nitrite
(NaNO,).%32 Briefly, 1 M NaNO, solution is added to H.SO4 (96%) and the generated
brownish gas is collected.

4.3.2.4 Cell cultures

E. coli cells (DH10B, Invitrogen) were transformed with the expression vector encoding
the fluorescent proteins miniSOG wt, miniSOG Q103L and miniSOG Q103V. Cells were
grown from single colonies to ODegy 0of 0.3 at 37°C in LB medium supplemented with 100
pg/mL ampicillin. Untransformed (blank) cells were grown in LB without ampicillin.
Protein expression was induced by addition of 0.2% (w/v) L-arabinose. Cells were
harvested by centrifugation after 3 hours and washed three times with PBS (pH 7.4). Cell
density was matched to ODggo = 1 + 0.1 for all samples. All experiments were performed
in triplicate.
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4.3.3. Results

In a first approach, CellROX's absorbance and emission spectra were studied. In its
original (reduced) form it shows an absorbance maximum at 367 nm and it is weakly
fluorescent at 400 nm (Figure 4.23, left panel and Table 4.6). After oxidation with
ROS/RNS, a highly fluorescent species is formed, with an absorption and emission
maxima at 642 and 658 nm, respectively (Figure 4.23, right panel and Table 4.6) which
matches that of a cyanine chromophore (i.e. cyanine 5 dye, Cy5, Table 4.6).

Figure 4.23 Absorption and fluorescence spectra for original (a) and oxidized-CellROX (b). Hydrogen
peroxide (H202) was used as oxidant. Elucidated structures on top. Aexc 370 and 610 nm, respectively.

Table 4.6 Photophysical properties of CellROX, oxidized-CellROX and Cy5 chromophore in PBS

Aabs / NM | Afiwo / NM (o3 tr/ ns
CellROX 367 400 < 0.001 5.0
Oxidized-CellROX 642 659 0.29 0.6
Cy5 637 655 0.28 0.5

Density functional theory (DFT) calculations®® revealed the loss of planarity in
hydrocyanine 5, the reduced form of Cy5, which is recovered upon oxidation concomitant
with a reduction of the LOMO-HUMO energy gap. This is in excellent agreement with
the bathochromic shift experimentally observed upon CellROX oxidation. Furthermore,
time-dependent DFT computational calculations have been carried out in order to
simulate its absorption spectrum, which is in concordance to the non-oxidized CellROX
spectrum (Figure 4.24). As a result, we hypothesize that other commercial CellROX
derivatives could indeed be analogues of other hydrocyanine dyes (i.e. CelROX™
Orange and CellROX™ Green could correspond to hydrocyanines 3 and 2, respectively).
Its synthetic viability has been demonstrated by Kundu et al. which efficiently obtained
different hydrocyanines using sodium borohydride as reducing agent.®'
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Figure 4.24 Top: Ground state optimized structure for DeuteroCy5 and Cy5 core (left and right, respectively)
at DFT-B3LYP (Basis set: 6-31G(d)) level of theory. Middle: LUMO and HOMO orbitals for each species.
Bottom: Calculated absorption spectra at TD-DFT-B3LYP (Basis set: 6-31G(d)) level of theory for each
specie in gas phase (red line). The influence of water solvation on the absorption spectrum (blue line) was
investigated by performing Polarizable Continuum Model (PCM) single point energy calculations at the TD-
DFT B3LYP/6-31G(d) level of theory, based on gas-phase DFT B3LYP/6-31G(d) geometries.

CellROX structures are protected under trade secret. Thus, the molecule shown in Figure
4.23 represents a Markush structure of a molecule presented in the company’s patent.533
In order to further ascertain the most accurate CellROX Deep Red structure, several
experiments have been carried out:

i) From steady state spectroscopy, only a 4-5 nm red-shift difference is encountered
between the oxidized-CellROX and the Cy5 core which can be reasonably attributed to
the nature of R4 substituents. Furthermore, the fluorescence quantum yield (@r) for both
species is roughly the same (Table 4.6).

ii) Time-resolved fluorescence decays for the oxidized-CellROX and for Cy5 core have
the same singlet state lifetime (Table 4.6).

i) 'TH-NMR spectroscopy shows 13 aromatic hydrogens, which is consistent with the
proposed structure of the fluorophore core. Moreover, 26 aliphatic hydrogens are also
observed, which is in line with the proposed structure obtained from the patent
(R1=(CH);-COO-Et).533

iv) From high resolution mass spectrometry, a molecular weight of 585.36931 Da is
obtained, in agreement with a M* of C37H47DN20s. In addition, it can also be detected the
M-2 signal. show M-17 and M-32 fragmentations, which could indicate the loss of a
deuterium atom and one or two methyl groups, respectively.

186



v) From IR spectrum, a key band is observed at 2160 cm!, which matches that of the C-
D stretching. The C-D band is in concordance with the deutero-Cy5 core simulated using
DFT calculations (2140 cm™), thus indicating that R,=D.

Firstly, the substitution of a hydrogen by a deuterium atom in Rz. The goal of this
substitution, as stated in the manufacturer’s patent, is to improve the stability of the
reduced form in solution. It is reported that the C-D bond is stronger than the C-H
analogue, which should reduce its reactivity towards 2O, dissolved in the medium. If the
key step of this reaction is the deuterium bond breaking, primary hydrogen kinetic isotope
effect should be observed reducing its reactivity by a minimum factor of 6.30963463% |n
Figure 4.25 we determine the reactive constant of CelROX towards 30, resulting in a
constant rate of 0.13 M's™" at 25 °C in PBS. Secondly, the presence of ethyl acetate
groups: As reported for other fluorescent probes, once internalized, cell estereases can
break these ester bonds to carboxylate moieties, which facilitate its accumulation inside
the cell due to their negative charges.536-63%
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Figure 4.25 CellROX fluorescence enhancement due to of its oxidation by 302 in air-saturated PBS at 25 °C
(Aexc 630 NM; Aobs 640-800 nm).

In counterpart, CelROX does generate ROS by itself under irradiation that can lead to
self-generation of the oxidized form. When illuminated in presence of d-mannitol and
sodium azide (*OH and 'O, quenchers, respectively)®%640 no difference is observed
(Figure 4.26A). However, in the presence of Tiron (a O2*~ and *OH quencher)*? CellROX
photooxidation kinetics become slower (Figure 4.26A). In addition, when CellROX is
illuminated under hyperoxic conditions, the photo-oxidation rate is faster, while under
hypoxic conditions it is slower (Figure 4.26B). Taken together, these results point out
that CellROX photooxidation is mainly due to the generation of O~ by self-
photosensitization.

Since stability of the oxidized product is a key parameter for its use as fluorescence tag
in microscopy, we have further studied this light-driven effect. Figure 4.26C shows that
Cy5's fluorescence is halved when 6 J/cm?red light have been delivered. This value is
over one-order of magnitude larger than that used in conventional live-cell confocal
microscopy experiments.®”® Provided that oxidized-CellROX could be exposed to other
wavelengths when combined with other fluorescent tags, Cy5 was also irradiated with
violet, blue and green light. The observed fluorescence decrease was below 20% after
fluences as high as 50 J/cm? in all the cases.
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Figure 4.26 CellROX deep red fluorescence enhancement by irradiation under violet light. (A): in absence
(black line) or in presence of ROS scavengers (NaNs (102 scavenger; 25 mM; green line); D-mannitol ("OH
scavenger; 60 mM; blue line); Tiron (O2*~ and *OH scavenger; 25 and 250 mM; pink and red line
respectively)). (B): in hyperoxic (O2-saturated PBS; black line), air-saturated PBS (green line) and hypoxic
(Argon-saturated PBS; blue line) conditions. (C): Photostability of Cy5 under violet, blue, green and red light
irradiation.

The next step was to study CellROX and Cy5 performance towards oxidation mediated
by different ROS and RNS (Figure 4.27). For equal oxidant concentrations, the highest
CellROX fluorescent enhancement (filled bars) was achieved for *OH, followed by Oy*-
and H20.. Figure 4.27 demonstrates that CellROX is highly reactive and unselective
towards different ROS/RNS except for 'O,. For this latest species, reactivity towards
CellROX resulted in a fluorescence decrease. This observation can be justified by the
results obtained when CellROX is irradiated in the presence or absence of a PS. Figure
4.27 (striped bars) also shows the reactivity of the Cy5 core towards the same ROS/RNS,
pointing out that Cy5 is readily oxidized by CIO-, *OH, NO, and 'O..

Figure 4.27 Oxidation of 2.5 uM CellROX Deep Red (filled bars) and Cy5 core (striped bars) towards
different ROS/RNS at 1 mM concentration: O2*~ (as KO2), H202, *OH (generated by Fenton reaction), CIO-
(as NaClO), 02 (generated by irradiation of Rose Bengal at 520 + 18 nm), NO (generated by sodium
nitroprusside decomposition), ONOO- (generated by reaction of NO with O2-) and NO2 (generated by sodium
nitrite decomposition in acidic media).

Despite being unselective, CellROX can still be used to ascertain which type of photo-
generated ROS/RNS is the main responsible for the fluorescent change. On the one
hand, Type | ROS, which involve species such as O;*, H.O,, *OH and RNS, leads to an
increase in the probe’s fluorescence signal. This enhancement could be partially reduced
in the presence of specific Type | ROS quenchers. On the other hand, Type Il ROS,
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which involves 'O, reduces CellROX's fluorescence signal, which could be reversed
with an appropriate 'O, quencher such as sodium azide.

Finally, we have assessed CellROX performance when challenged to E. coli cells
expressing different flavin-binding proteins with the capacity to photosensitize ROS. On
the one hand, CellROX incubated with non-recombinant E. coli presented a non-
negligible fluorescence enhancement (Figure 4.28) probably due to the sole effect of
blue-light illumination as observed previously in PBS. On the other hand, CellROX
incubated with E. coli expressing different flavin-binding proteins presents larger
fluorescence enhancement values. This increase can be partially suppressed by the
addition of different type | ROS quenchers (i.e. Tiron or d-mannitol). Conversely, in
presence of NaNj3 the fluorescence enhancement becomes larger. When comparing the
different proteins, the trend in fluorescence enhancement (miniSOG Q103V > miniSOG
Q103L >> miniSOG) correlates with the overall capacity of these flavoproteins to
sensitize ROS.%

Figure 4.28 Fluorescence enhancement of CellROX in wt E. coli (A), and E. coli expressing miniSOG (B),
miniSOG Q103L (C) and miniSOG Q103V (D) as a function of the irradiation time (Aexc= 463 £ 11 nm). The
experiments have been performed in the absence (black line) and in the presence of different ROS
quenchers, namely 10 mM NaNs (green), 10 mM Tiron (red) and 60 mM d-manitol (blue).
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4.4. Tetramethylbenzidine: a photoacoustic probe for reactive
oxygen species detection

(Adapted from: R. Bresoli-Obach, M. Frattini, M. Agut, S. Abruzetti, C. Viapianni and S. Nonell,
Tetramethylbenzidine: a photoacoustic probe for reactive oxygen species detection, in preparation)

The results reported in this section have been carried out in collaboration with the Universita degli Studi di
Parma (ltaly).

4.4.1. Introduction to photoacoustic techniques

Photoacoustics, also known as optoacoustics, were pioneered by A.G. Bell, more than
a century ago (1880).542643 The experiments were difficult to perform and quantitate since
the detector was the investigator's ear.

“We find that when a vibratory beam of light falls
upon these substances’ they emit sounds, the pitch of
which depends upon the frequency of the vibratory
change in the light. We find farther, that when we
control the form or character of the light, vibrations on
selenium (and probably on the other substances), we
control the quality of the sound, and obtain all varieties
of articulate speech.”

On the Production and Reproduction of Sound by Light
- Alexander Graham Bell

Photoacoustics, had been revived by Harshbarger and Robin and Rosencwaig in 70s.644-
646 The first optoacoustics experiments were performed in gas phase.®*” Some years
after, Patel et al have demonstrated a highly sensitive pulsed optoacoustic spectroscopy
technique, involving the use of pulsed lasers, a piezoelectric transducer in direct contact
with the liquid sample, and gated detection.’® This was the first example of
optoacoustics experiments in condensed-phase. Since then photoacoustic techniques
have been extensively developed because they are extremely sensitive, allowing to
monitor absorptivity as low as 107-10"8 cm™",6496%0 and absorbance changes smaller than
10 units.®"

Photoacoustic techniques relies on the detection of thermal relaxation of excess energy
associated with photoexcitation of the sample. Among all the photothermal techinques,
the most used is the so-called Laser-induced optoacoustic spectroscopy (LIOAS), which
monitors the pressure changes induced in a liquid sample after excitation with a pulsed
laser.92.2%0

Briefly, the pressure waves in the excited sample arise from the volume changes
produced by radiationless relaxation (AViw) and/or structural rearrangements at the
molecular level (AV;) (Figure 4.29). Relaxation contributions originates either from
nonradiative decay of excited states or heat release (enthalpy change) in photoinitiated

Y Gold, silver, platinum, iron, steel, brass, copper, zinc, lead, antimony, german-silver, Jenkin's metal,
Babbitt's metal, ivory, celluloid, gutta-percha, hard rubber, soft vulcanized rubber, paper, parchment,
wood, mica, and silvered glass; and the only substances from which we have not obtained results, are
carbon and thin microscope glass.
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reactions. The structural volume changes reflect movements of the photoexcited
molecules and/or the surrounding solvent.52-6%

Figure 4.29 Heat release (nonradiative decays or enthalpic changes; Q) are converted to changes in
temperature through the heat capacity (VCpp), and to volume changes of the solution (AVt) through the
isobaric expansion coefficient (8). § stands for all molecular, atomic, and electronic rearrangements of solute
and solvent molecules leading to a structural volume change (4Vi). The pressure changes arising from
volumetric variations are mediated by the isothermal compressibility (kt). Reproduced from reference 230,

For small-molecules, the contribution of AV, normally is small.5%685" Therefore, the
pressure changes are mainly derived from heat release. Approximately, a 1 mK
temperature rise results in an 800 Pa pressure rise, which is above the noise level of a
typical ultrasonic transducer. So, it is interesting to study the relationship between the
various forms of dissipation of energy by the excited species. Thus, after the absorption
of energy in the form of radiation (E.), a simple energy balance considerations is depicted
in equation 4.1.

1-— 10_A a EA = ®FEF + QSTEST + (ZEA Eq41

Where, Ea is the absorbed molar energy, which depends on the number of photons
absorbed and the energy of these photons. The right hand of the equation is the sum of
three terms. The first term is the energy dissipated in the form of fluorescence (radiative
decay). The second term is the energy stored by species living longer than the heat-
integration time of the system (i.e. long-lived ftriplet states or photochemical
intermediates). The third term is the fraction of energy released in the medium as heat
as a result of rapid vibrational relaxation including relaxation to the first singlet excited
state. Furthermore, if a photochemical reaction can take place, to this released energy
is necessary to sum the AH of that reaction.223°
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Scheme 4.11 Widely-used photoacoustic labels and references.92:230
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A good photoacoustic reference should be a molecule that absorbs light efficiently and
release all the absorbed energy as heat in a fast time scale (in the range of
nanoseconds). Typical photoacoustic probes are depicted in Scheme 4.11. Recently,
some genetically encoded photoacoustic probes have also been engineered.®%®

LIOAS has been used to study different systems such as electron transfer in
photosynthetic reaction centers,®® volumes changes in excited states,’®° & and @,
calculations®’ or proteins motions (i.e. biological photoreceptors®? or protein folding®?)
among others. Recently, photoacoustic techniques have gained popularity thanks to
photoacoustic imaging, which is an emerging hybrid imaging modality that can provide
three-dimensional images with real-time correlation, clinically relevant depths and
relatively high spatial resolution using nonionizing radiation.%64-667

As explained before, fluorescence imaging of tissue offers potential advantages in
distinguishing different structures according to their chemical composition. However,
tissue is a highly scattering medium for visible light (less for near-infrared light), so it
provides fine resolution but with a low imaging depth in tissue up to few milimeters.®68
Photoacoustic imaging can penetrate further inside tissue due to the low acoustic
scattering of tissue (approximately 1,000 times less than optical scattering).®®® Figure
4.30 depicts a typical optoacoustic microscope and an example of a photoacoustic image
of the microvasculature in a mouse ear.®*®® For that reason, recently different
optoacoustics probes have been developed in counterposition to fluorescent probes. %

Figure 4.30 Photoacoustic imaging of microvasculature in a mouse ear imaged in vivo. (A) Schematic
diagram of the photoacoustic microscopy system. (B) Photoacoustic images of the microvasculature in a

mouse ear. Left: raw data; right: after blind deconvolution®. Reproduced from reference 6.

Z In image processing, blind deconvolution is a deconvolution technique that permits recovery of the
target scene from a single or set of "blurred" images in the presence of a poorly determined or unknown
point spread function.
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4.4.2. Reactivity of tetramethylbenzidine

Ideally, a photoacoustic probe should have high molar extinction coefficient, should
release all the absorbed energy as heat as fast as possible and it should have high
photobleaching resistance.®>® Under these objective, we did a bibliographic research in
order to reprofile some dyes that are highly reactive against ROS and present these
previous exposed properties. 3,3’,5,5'-Tetramethylbenzidine (TMB) is a non-coloured
and non-carcinogenic compound that can react with some ROS in order to generate a
blue oxidized compound.®’%¢”" TMB has been extensively used as visualising reagent
upon its reaction with hydrogen peroxide in presence of horseradish peroxidase in ELISA
assays.b7?

T™B TMB-Ox-Ox
- TMB radical cation Diimine
Aabs = 285 nm haps = 450 nm

*®»

o

H2NNH2
} | +2H*

TMB-Ox
Charge transfer complex
Aabs = 370 and 652 nm

Scheme 4.12 TMB reactivity towards oxidant agents.

Scheme 4.12 shows the reactivity of TMB towards ROS. In a first step, TMB reacts to
form a radical cation, which in presence of free TMB it generates one-electron charge
transfer complex (TMB-Ox) and it exhibits a blue colour (Aas = 652 nm). In a second
step, the reaction will be complete and form a diimine product (TMB-Ox-Ox), which
presents a yellow colour (Aas = 450 nm). Finally, with an excess of oxidant it generates
other non-coloured molecules.®”

To our best knowledge there isn’t any 'O, photoacoustic probe already described and
only few works to detect some ROS (i.e. sodium hypoclorite or hydrogen peroxide).87467°
Under that purpose we tried to develop a 'O, sensitive photoacoustic probe, taking in
advantage the oxidation of non-coloured tetramethylbenzidine to blue coloured
oxidation-compounds.®7
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4.4.3. Experimental part

4.4.3.1. Statistical analysis

The limit of detection (LOD) and the limit of quantification (LOQ) are assumed to be 3-
and 10-fold the standard deviation of the blank interpolated to the linearity fitting for
analyte calibration curve with a security of 99%.

4.4.3.2. ROS and RNS generation

The different ROS and RNS used in this work were prepared according to the protocols
below. Sodium hypochlorite (NaOCI) was diluted from the commercial source (50 g/L of
NaClO in water). Superoxide anion radical (O2*") was added as solid KO,. Hydrogen
peroxide (H202) was diluted from the commercial source (H2O, at 30% in water).
Hydroxyl radical (*OH) was generation by irradiation of 1 mM NaNO: solution with UV-A
light (354 + 20 nm).%”” *OH generation was further verified by scavenging it with
terephthalic acid.®”® Singlet oxygen ('0.) was generated by irradiation of RB with green
light (520 £ 18 nm). Sodium peroxide (Na202) was added as solid Na O.. Nitric oxide
(NO) was generated from the decomposition of an aqueous solution of 1 M Sodium
nitroprusside (Naz[Fe(CN)sNO]).%%° Peroxynitrite anion (ONOO~) was generated as
described in reference 3. Briefly, 1.5 M NaOH (aq) was added in a mixture of 0.6 M
NaNO, 0.7 M H;O, and 0.6 M HCI. The ONOO™ solution was readily used after its
preparation. Nitrogen dioxide (NOz) was generated from the decomposition of sodium
nitrite (NaNO.).6%? Briefly, 1 M NaNO, solution is added to H,SO. (96%) and the
generated brownish gas is collected. Nitrite (NO>") was diluted from a 1M sodium nitrite
solution. 2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO) was added as solid.

4.4.3.3. '0, detection in E. coli cells using miniSOGs as photosensitizer

E. coli cells (DH10B, Invitrogen, CA, USA) were transformed with the expression vector
encoding the fluorescent proteins miniSOG wt, miniSOG Q103L and miniSOG Q103V.
Cells were grown aerobically from a single colony to an ODeggo = 0.3 at 37°C in LB medium
supplemented with 100 ug/mL ampicillin. Untransformed DH10p cells were grown in LB
without ampicillin. Protein expression was induced by addition of 0.2% (w/v) L-arabinose.
Cells were harvested by centrifugation after 3 hours and washed three times with PBS.

4.4.3.4. 10, detection in E. coli cells using MDPyTMPyYP as photosensitizer

E. coli cells (ATCC 25922, Manassas, VA, USA) were grown aerobically from a single
colony to an ODeo = 0.3 cm™ at 37 °C in LB medium. Afterwards, cells were harvested
by centrifugation and washed three times with PBS (pH 7.4). Cells were incubated with
MDPyTMPyP (10 uM) and NaNs (if it was necessary; 25 mM) during 20 minutes and
after were washed three times with PBS.
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4.4.4. TMB assessment as ROS optoacoustic probe

The absorption spectra of TMB, TMB-Ox and TMB-Ox-Ox were recorded in PBS (pH =
7.4; Figure 4.31A). The formation of TMB-Ox, which presents absorption maxima at 280,
370 and 650 nm, is observed by low concentrations of NaClO. When a soft-excess of
NaClO is added TMB-Ox further oxidates to generate the yellow TMB-Ox-Ox product,
which presents absorption maxima at 450 nm. Further addition of NaCIlO oxidizes even
more TMB-Ox-Ox to other uncoloured dyes, which its characterization is not the scope
of this work.

Figure 4.31 A: Absorption spectra of TMB (black line) upon successive NaClO additions. The red and blue
line are expected to be TMB-Ox and TMB-Ox-Ox absorption spectra in PBS. B: TMB photoacoustic
waveforms enhancement upon successive NaClO additions in PBS ([TMB] = 200 uM; [NaCIO] = 0-1500 pM;
Lexc = 652 nm). C: Photoacoustic maximum amplitude vs concentration of NaClO added in PBS. [TMB] =
200 pM; Aexc = 652 nm.

The formation of TMB-Ox is further studied by LIOAS techniques (Figure 4.31B), where
up to 150 fold optoacoustic signal enhancement is achieved upon reaction with NaClO
(hexc = 562 nm). After reaching a maximum, the photoacoustic signals decreases due to
further oxidation to TMB-Ox-Ox. The next step was to determine the fraction of absorbed
energy that is released as heat (a). By comparison with a suitable pure photocalorimetric
reference (Bromocresol purple) is obtained an a value of 0.95 for TMB-Ox. Furthermore,
temporal-deconvolution analysis of photoacoustic signal revealed that its heating release
rate (in this case internal conversion) is less than the temporal-resolution of the system
(zs <20 ns). The lack of fluorescence of TMB-Ox precluded the measurement of a reliable
75 by time-resolved fluorescence methods.

Other photophysical parameters that have been studied are: i) TMB-ox optoacoustic
signal linearity upon increasing excitation laser fluences in order to rule out multiphoton
processes that could interfere in system response (Figure 4.32A), ii) TMB-ox under these
experimental conditions is fairly photostable. TMB-Ox photoacoustic signal is reduced to
half after 8500 laser shots (Figure 4.32B) and iii) it is known that LIOAS obtained signals
have a big deviation between independent prepared samples with equal concentration.
Under these conditions, the standard deviation between different 10 independent
prepared samples but with same TMB concentration is 19% (Figure 4.32C).
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Figure 4.32 A: Laser energy dependence of optoacoustic maximum amplitude for TMB-Ox. B: Photostability
of TMB-Ox upon laser pulsed-irradiation (Epuise = 1 mJ). C: Precision study of ten photoacoustic waves for
one sample, but prepared independently. [TMB] = 200 uM; [NaCIO] = 11 uM. lexc = 652 nm.

Afterwards, we have optimized the concentration of TMB in order to maximize the
obtained signal. At low TMB concentrations it is observed a linear signal increase up to
approximately 30 pM, whilst for higher concentrations it gets saturated reaching the
maximum signal value at 200 yM. This saturation mainly is due to photoacoustic signal
do not depend linearly with absorbance, if not with absorption factor (1-10"*), and with a
possible inner filter effect. From these experiments, the chosen TMB concentration for
upcoming experiments will be 200 uM because is the minima concentration that allows
to reach the maxima photoacoustic signals.

We studied the photoacoustic system linearity to a fix concentration of TMB with
increasing concentration of NaClO, which is linear up to a concentration of 100 uyM
(Figure 4.31C). From the standard deviation of the blank it was able to calculate the limit
of detection (LOD) and quantification (LOQ) as 1 and 4 uM respectively.

TMB-0Ox-Ox photoacoustic properties has also been studied in order to be able to detect
NaClO in a higher concentration range exciting it at 450 nm. It has a lower photoacoustic
response due to its smaller absorbance, but its linearity range is increased up to 500 uM
NaClO. TMB-Ox-Ox photostability decreases (from 8500 to 5500 laser shots), its
precision is reduced (19% to 25%) and its LOD and LOQ is increased (1 and 4 to 10 and
35 uM respectively).

The following step was studying TMB reactivity towards different ROS and RNS (Figure
4.33). Under that purpose TMB was co-incubated with different concentrations ranging
from 0.05 to various equivalents of the different ROS/RNS studied and afterwards its
photoacoustic response is recorded. Additionally, it is added 200 uM of CIO™ for ensure
if there have been another reaction between ROS/RNS added and TMB, in the case that
no photoacoustic signal enhancement is detected.

From experimental data three different casuistry is observed: i) ROS/RNS react with
TMB for obtaining TMB-Ox (CIO~, H202, '02 and NOy); ii) ROS/RNS react with TMB, but
it is obtained uncoloured-compounds (O2*", Na;O», NO, ONOO") or iii) ROS/RNS do not
react with TMB (*OH, TEMPO, NaNO).
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Figure 4.33 Photoacoustic maximum amplitude of TMB after reacting with different ROS and RNS. A):
Superoxide radical anion (O2*"). B): Hydroxyl radical (*“OH) generated via sodium nitrite photolysis in water
(exc = 354120 nm). C): Hydrogen peroxide (H202). D): Sodium peroxide (Na20z2). E): Singlet oxygen ('02)
generated via Rose Bengal irradiation (Aexc = 520£18 nm). F): (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
(TEMPO). G): Nitric oxide (NO) generated via sodium nitroprusside decomposition. H): Peroxynitrite
(ONOO"). I): Nitrogen dioxide (NO2) generated via sodium nitrite acid decomposition. J): Sodium nitrite. For
A, B, D, F, G, H, I and J the same experiment is repeated and afterwards NaClO up to an 200 M was added
(red and blue line respectively).
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Moreover, LOD and LOQ are determined for those ROS/RNS that react with TMB to
form TMB-ox, which are around micromolar range. For '0,, LOD and LOQ have not been
measured due to the difficulty of quantifying the exact amount of 'O, generated. The
obtained LOD and LOQ are in the range of interest from these ROS/RNS in live cells
systems.

Once the reactivity towards different ROS/RNS is known, the next step was to detect
ROS (i.e. '02) in a more biological relevant media. In a first approach, the ability of TMB
to respond to intracellular ROS was assessed comparing the optoacoustic maximum
amplitude enhancement between wild-type E. coli and three different genetically
modified E. coli that expresses three different miniSOG proteins (MiniSOG, MiniSOG
Q103L and miniSOG Q103 V; Figure 4.34A).

Figure 4.34 Photoacoustic maximum amplitude enhancement of TMB. Left: in untransformed DH10p (blue
squares) and miniSOG-expressing (red circles, black rhombuses and magenta triangles for miniSOG,
miniSOG Q103L and miniSOG Q103V respectively) E. coli cells as a function of the irradiation time (Lir =
459 1+ 10 nm). Right: in presence (10 uM; black circles) and absence (blue triangles) of MDPYyTMPYP as a
function of the irradiation time (Air = 420 = 20 nm). Control experiment was realized coincubating
MDPyTMPyP with 25 mM NaNs (red squares).

No significant TMB photoacoustic response differences are detected between the three
genetically modified and the untransformed DH10p E. coli cells. In this situation, TMB is
not able to react with the generated ROS, indicating that TMB is far away from the PS.
Therefore, under these conditions, TMB is not cell internalized and it should be localized
in the outer part of bacterial cell-wall or free in the supernatant.

In a second approach, instead of using flavin-bindings proteins as PS, will be used a
tetracationic porphyrin with an unsaturated lipophilic tail, called MDPyTMPyP?* (Scheme
4.13). The lipophilic tail would preclude MDPyTMPyP penetration into the cytosol of E.
coli cells, so 'O, will be generated in the outer region of the cell wall.®”®

2 5-mono(N-decyl-4-pyridyl)-10,15,20-tri(N-methyl-4-pyridyl)-21H,23H-porphine tetrachloride.

&)
N
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Scheme 4.13 Experiment proposed for detecting 02 generated in E. coli cell-wall.

A photoacoustic amplitude enhancement for TMB was recorded after co-incubation of
TMB and MDPyTMPyYP with E. coli cells followed by three washing steps and irradiated
with blue light (Figure 4.34B). This enhancement is reversed when in the biological media
there is 25 mM of NaNj3 or in absence of TMB. This observation clearly indicates that 'O,
is generated nearby TMB, so it would be adsorbed also in the outer-cell wall. This is
further confirmed because when the E. coli cells were separated by centrifugation,
photoacoustic signal was observed in the re-suspended pellet but not in the supernatant.

Deeper TMB photoacoustic enhancement kinetics analysis, relates that only after some
“lag” time the signal begins to enhance although some 'O, have been generated
previously. This time is also observed when fluorescent probes are used in biological
media and mainly are due to a competitive process between TMB and the endogenous
antioxidants of E. coli for scavenging 'O.. Initially, E. coli have a higher concentration of
antioxidants than TMB, so 'O, will interact preferentially with them. After some time, local
antioxidant concentration decreases and them TMB is able to compete to scavenge 'O
to generate TMB-Ox (and consequently the photoacoustic signal).

Moreover, TMB oxidation by H»O, catalysed by Horseradish peroxidase is one of the
most used reactions in ELISA analysis. Depending on the analysis conditions used,
when the ELISA analysis is positive TMB is oxidized to TMB-Ox or TMB-Ox-Ox and its
formation typically is detected by an absorption spectrum. Taking into account the results
of this work, an alternative should be TMB-Ox/TMB-Ox-Ox detection by LIOAS, which is
more sensible than conventional absorption spectroscopy.
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Chapter V

A self-reporting nanophotosensitizer

Ara mateix enfilo aquesta agulla

amb el fil d'un proposit que no dic

i em poso a apedagar. Cap dels prodigis
que anunciaven taumaturygs insignes

no s'ha complert, i els anys passen de pressa.
De res a poc, i sempre amb vent de cara,
quin llarg cami d'angoixa i de silencis.

1 som on som; més val saber-ho i dir-ho

i assentar els peus en terra i proclamar-nos
hereus d'un temps de dubtes i reniincies
en que els sorolls ofequen les paraules

i amb molts miralls mig estrafem la vida.
De res no ens val lenyor o la complanta,
ni el toc de displicent malenconia

que ens posem per jersei o per corbata
quan sortim al carrer. Tenim a penes

el que tenim i prou: ['espai d'historia
concreta que ens pertoca, i un mintiscul
territori per viure-la. Posem-nos
dempeus altra vegada i que se senti

la veu de tots solemnement i clara.
Cridem qui som i que tothom ho escolti.
I en acabat, que cadascii es vesteixi

com bonament li plagui, i via fora!,

que tot esta per fer i tot és possible

Miquel Marti i Pol
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5.1 10, dosimetry

(Adapted from: C. Hally, B. Rodriguez-Amigo, R. Bresoli-Obach, O. Planas, J. Nos, E. Boix-Garriga, R.
Ruiz-Gonzalez and S. Nonell; Chapter 4: Photodynamic Therapy; in Theranostics and Image Guided Drug
Delivery, RSC Publishing, 2018.)

A real-time assessment of the amount of ROS generated during PDT is essential to
remove the malignant entity, whilst minimising the harm done to healthy tissues.580-¢82
Explicit conventional dosimetry only takes into consideration the amount of light
irradiated and the local concentration of PS and O,. This is a simple approximation to
dosimetry, but in many cases is insufficient. Dosimetry can be greatly improved by taking
advantage of the theranostic properties of the PS (Figure 5.1).68 For example,
fluorescence can be used to obtain quality information on the amount of 'O, generated.

- @) o
ﬂED
hv
TD ID h
S‘QWW '

SOLD hv

/l/\/\—>hv= 1270 nm

Figure 5.1 Scheme of the four types of PDT dosimetry. ED: Explicit dosimetry, where the concentration of
02, PS and the irradiated light are used to calculate the 'Oz dose. ID: Implicit dosimetry, where the PS
photobleaching is measured in order to calculate the 'O. dose. SOLD: Singlet oxygen luminescence
dosimetry, where the 02 dose is calculated directly from 'O2 phosphorescence at 1270 nm. SOTD: Singlet
oxygen trapping dosimetry where the 02 dose is calculated from the evolution of a 'O trapping moiety.

Implicit dosimetry (ID) monitors PDT by measuring the extent of photodegradation of the
PS or the formation of photo-byproducts. Fluorescence is usually the property chosen to
assess dosimetry. Implicit methods deliver combined information on the three
parameters which affect PDT. Then, PS photobleaching has been correlated by means
of biophysical methods with the amount of 'O, generated.®®43%® These models have
enabled the definition of “PDT dose” as: the total cumulative 'O, produced during the
treatment time.

Despite its promising applications, implicit dosimetry methods present some drawbacks:
i) Cell and tissue autofluorescence can partially mask photobleaching fluorescence;® ii)
certain PSs and physiological conditions, such as hypoxia (<5 O; uM), present negligible
'0,-mediated photobleaching, being non-'O,-mediated photobleaching the dominant
phenomenon. In these cases, implicit measurements no longer deliver a reliable dose
metric;%®" iii) formation of photo-byproducts with different photophysical properties which
could hinder PDT efficiency.®8®

Singlet oxygen luminescence dosimetry (SOLD) can be used to directly monitor the
extent and evolution of PDT, because 'O, phosphorescence intensity will be proportional
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to the 'O, generated.®®® SOLD only began to be a feasible option in 'Oz quantification 15
years ago due to the difficulty in measuring its emission in biologic media. Hirano et al.
reported the detection of 'O, phosphorescence generated using Photofrin® from murine
tumours cells suspended in non-deuterated.®® In the same year, Niedre et al. proved
correlation between the integrated intensity of 'O, phosphorescence and leukaemia cell
mortality (OCI-AMLS5) in vitro.5°1%%2 They also demonstrated that the correlation is not
affected by the dose of light nor the concentration of PS and 30,.6%?

ID and SOLD techniques are able to monitor and even predict cell viability in the majority
of studied conditions. SOLD has had difficulties entering clinical studies due to its cost,
technological complexity and low signal to noise ratio. On the other hand, ID presents a
more practical, cheap and simpler monitoring system, which has enabled this
methodology to already be used in clinical studies.

To circumvent the ID and SOLD limitations, an alternative would be the use of chemical
compounds which selectively react with 'O, and also have a “singular property” which is
measured. In singlet oxygen trapping dosimetry (SOTD), two major strategies have been
pursued: the self-reporting PSs and the use of 'O, detection probes.

Self-reporting PSs are supramolecular entities with three embedded functionalities: a PS
responsible for '0, generation, a scissile linker that breaks when 'O, is formed, and a
fluorophore ('O, reporter) whose fluorescence is quenched by the PS. Once 'O; is
generated, it cleaves the linker and releases the fluorophore, which then recovers its
inherent fluorescence.’®%% Thus, fluorescence evolution is used to monitor 'O,
production. A variation of this strategy is to use a reporter whose fluorescence increases
upon reacting with '0,.8%

Molecular probes are another option in order to detect intracellular 'O,. A popular
approach is to use 'O, chemiluminescent probes, such as fluorescenyl cypridina luciferin
analogues (FCLA).5%® When FCLA probes react with 'O,, an excited photoproduct is
generated that decays emitting light. In vitro and in vivo PDT studies have reported good
correlations between cell viability and cumulative chemiluminescence.®%¢-%% |ikewise,
'0; fluorescent probes are based on the fluorescent change of the probe after reacting
with 'O, as explained at section 1.2.
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5.2 Aim of the study

In one hand, nanotechnology has become a promising path in order to protect the probe
against protein complexation and facilitate cellular internalisation (Chapter 4.2). In the
other hand, we have been able to synthetize MSNP with RB attached covalently and this
system is capable to produce 'O efficiently (Chapter 3.4.4).

What would be the behaviour of a nanosystem containing simultaneously a '02
fluorescent probe (ADPA) and a PS (RB)?

We expect that under green irradiation RB would be capable to photosensitize 'O.. Then,
a fraction of this 'O, generated will react with ADPA, allowing to follow its generation by
SOTD. The other fraction will escape from the nanoparticle scaffold and it will be able to
induce photodamage to bacterial and/or mammalian cells. As prove of concept, this
nanoprobe (so called ADPA-MSNP-RB) has been used for S. aureus photoinactivation
in which a correlation was observed between fluorescent change of ADPA and bacterial
cellular death.

5.3. Experimental section

5.3.1. Synthesis of ADPA-MSNP-RB

MSNP, (OEt)s-Si-L-NH2 and (OEt)s-Si-RB have been synthesized as described in the
previous sections.

200 mg of (OEt)s-Si-L-NH: (430 pmol) and 1 mL of the (OEt)s-Si-RB solution (53 umol)
were added to 12 mL of MSNP ethanolic solution (33 mg/mL). The solution was left
stirring at room temperature during 24 hours. Afterwards, the NPs were recovered by
centrifugation (15000g x 20 min). The H2N-L-MSNP-RB were washed twice with EtOH,
once with CH3CN and they were stored suspended in CH3CN (10 mg/mL).

14.7 mg (77 ymol) of EDC, 14.5 mg (126 ymol) of NHS and 4.0 mg (11 pymol) of ADPA
were dissolved in 2 mL of dry CH2Cl>. The mixture was left under stirring at room
temperature for 2 h. The activated ADPA mixture was added dropwise to a stirred
solution of HoN-L-MSNP-RB in acetonitrile (30 mL; 10 mg/mL). The reaction crude was
kept reacting at room temperature for 72 h. Afterwards, the ADPA-MSNP-RB were
isolated and washed through repeated centrifugations (20 min at 12000 rpm) in EtOH
and they were stored suspended in EtOH (5 mg/mL).
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5.4 Assessment of ADPA-MSNP-RB as a self-reporter
nanophotosensitizer

For this prove of concept, it is developed a simple nanoconjugate in which ADPA is
directly attached covalently by a long linker to the pre-formed SNPs and RB also is
directly attached as depicted in Scheme 5.1.

NH-CO-ADPA
a oogooo b

Si(OEt), —2 (0
OO

00
(o))

MSNP H,N-MSNP-RB ADPA-MSNP-RB

Scheme 5.1 Synthesis of ADPA-MSNP-RB. Reagents and conditions: a): CTAC, EtOH, H20, NHs, 80 °C,
12 min, then HCI (37%), reflux, 24 h. b): (OEt)s-Si-L-NH2, (OMe)3-Si-RB, EtOH, rt, 24 h. c): ADPA, EDC,
NHS, Na2CO3z, CH3CN:CH2Cly, rt, 72 h.

ADPA-MSNP-RB was characterized by its size (173 £ 52 nm) in ethanol and -potential
(-20 £ 5 nm) in water. In presence of 100 mM AcOH, the external amines were protonated
and the C-potential turned positive (+11 + 4 mV), which is ideal for its interaction with
bacterial cells.

ADPA and RB concentration was quantified for ADPA-MSNP-RB by absorption
spectroscopy (Figure 5.2A). The MSNP loading is 0.114 and 0.099 umols per mg of silica
for ADPA and RB respectively. Moreover, ADPA and RB can be followed independently
by fluorescence in function of the excitation wavelength (Aexc 370 and 530 nm for ADPA
and RB respectively).

Figure 5.2 (A): Absorption (black line) and normalized fluorescence spectra of ADPA-MSNP-RB exciting at
370 nm and 530 nm, where mainly absorb ADPA and RB respectively (blue and red dashed lines
respectively). (B): Time-resolved 'O2 phosphorescence of optically matched solutions of RB (black line) and
ADPA-MSNP-RB before and after irradiation (red and blue lines respectively) at 532 nm in EtOH.

Pulsed-laser irradiation of ADPA and ADPA-MSNP-RB suspended in ethanol produced
clear time-resolved 'O, phosphorescence signals (Figure 5.2B). The 'O kinetics for all
samples could be fitted with a biexponential rise-and-decay function. For RB, the time
constants for rise and decay were 0.5 us and 14.3 ps, respectively. The corresponding

206



values for ADPA-MSNP-RB were 0.6 us and 16.6 us and increased to 0.6 us and 17.5
Js after irradiation with green light. The differences between ta before and after green
irradiation is due to the 'O, quenching by ADPA, which is estimated as = 5%.

For ADPA-MSNP-RB, @\ was determined by comparing the intensity of the 'O,
phosphorescence decay sensitized by RB and ADPA-MSNP-RB. A value of 0.16 is
obtained, which is roughly 5-fold smaller than free RB due to the oxygen shielding effect
of the MSNP.

In order to further characterize ADPA-MSNP-RB, its response to 'O, was tested in two
different solvents (Figure 5.3). v.appa was faster in EtOH than in PBS, which is consistent
with the known variation of 7y with the solvent,®® indicating that 'O, decay is controlled
by solvent interactions.

Figure 5.3 ADPA-MSNP-RB fluorescence bleaching (Aexc 370 nm) upon 'Oz generation by RB upon
irradiation with green light (Xir 520 + 18 nm; 6.7 mW/cm?) in EtOH and PBS (red and black lines respectively).

Finally, it is assessed ADPA-MSNP-RB potential to photoinactivate S. aureus cells.
Under that purpose, ADPA-MSNP-RB is co-incubated with S. aureus during 30 minutes
and after successively irradiated with green light (Lir 520 + 18 nm; 6.7 mW/cm?). For
each irradiation time, ADPA fluorescence bleaching and S. aureus survival rate is
measured (Figure 5.4). It is observed a linear dependence between ADPA fluorescence
bleaching and Log+o(S. aureus viability reduction). No dark toxicity is observed for ADPA-
MSNP-RB for the experimental conditions tested.

0.0
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R?=0.962
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-Log,, (S. aureus viability reduction)

Figure 5.4 S. aureus survival response towards ADPA-MSNP-RB fluorescence bleaching (Aexc = 370 nm),
which should be related to the amount of 'O, generated.
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Chapter VI

General discussion and outlook

Hegoak ebaki banizkio
nerea izango zen,

ez zuen aldegingo

Bainan, honela

ez zen gehiago txoria izango
eta nik,..

txoria nuen maite.

Mikel Laboa

Si i hagués tallat les ales
hauria estat meu,

no s’hauria escapat.

Pero aixi,

hauria deixat de ser ocell.
Ijo...

Jo el que estimava era [ocell.
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Some months ago, the putative title of this PhD thesis was “Life and miracles of singlet
oxygen: A battle to improve its generation and its detection”, however science does
not believe in miracles, science tries to answer questions using whether the reason and
empirical observations as proposed by Immanuel Kant. Moreover, “life and miracles” can
be translated in catalan to “vida i miracles” which is an idiom typically used for explaining
the most important life experiences of a person.

In this context, the results presented in the previous chapters deal with the generation
and detection of 'O, (or other ROS). Specifically, we have tried to answer several
questions related with '0,, specially related to its use in PDT.

Ouir first question was: Which is the effect of triphenylphosphonium cation as a targeting
group in antimicrobial PDT? Under that purpose we studied the photophysical and photo-
antimicrobials properties of two different triphenyl-phosphonium derivatized PS. These
derivatives have photo-antimicrobial effect against Gram-positive bacteria while they do
not kill Gram-negative bacteria. Control experiments with the same PS skeleton but
neutral or anionic do not present any photoantimicrobial effect. Similar nitrogen-based
cationic PS present photo-antimicrobial properties against Gram-positive and negative
bacteria.?65-267

It is known that the double lipid bilayer of Gram-negative bacteria has a low degree of
permeability for lipophilic molecules.”® The three phenyl groups partially shield the
positive charge, then increasing their lipophilic character.?® So, when the
triphenylphosphonium derivatives PS cannot pass through the polysaccharide barrier,
whose environment is highly hydrophilic (consistent with the 'O, kinetics decays),
resulting in no killing effect. This is in concordance with the anti-microbial activity of other

triphenyl-phosphonium antimicrobial derivatives such as phenotiazines or indolylalkyl.
259,260

Nature has always been a source of inspiration for several academic disciplines, from
arts to mathematics. In pharmacy, several natural-occurring compounds have been used
as drugs.”® Among them, we are interested in phenalenones which phototoxicity was
already reported in Charles Darwin “On the Origin of Species”. Unsubstituted PN is an
excellent 'O, PS (@, around 1 in several solvents from cyclohexane to water).262:306.307
Surprisingly, for 9-substituted PNs the @, drops more than one order of magnitude.3°
The proposed explanation to this experimental fact is that excited states of 9-phenyl
phenalenones can undergo thorough a 6-n electrocyclic intramolecular photocyclisation,
so-called B-phenyl quenching. This photocyclisation generates a 6aH-naphtho[2,1,8-
mnalxanthene which lives few microseconds reverting to the original 9-
phenylphenalenone.309:348

The obtained data shows that BPQ is not restricted to triplet ketones but applies to their
singlet excited states as well, effectively competing with intersystem crossing and
therefore with 'O, production.®*? Moreover, the observation of preferential ortho-attack in
9-phenylphenalenones is partially due to the rigidity of the PN skeleton. Also of
importance is probably a stereoelectronic effect: the two n-systems, PN and phenyl, are
orthogonal (v 180°) in the transition state of ipso-BPQ of PN1, whereas the

corresponding dihedral is y = 120° in ortho-BPQ. X-Ray data have revealed that the
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actual dihedral angle is y = 180° 72 thus ortho attacks appear more likely. Thus,
phenalenone offers a unique scaffold for the control of the BPQ reactivity.

Moreover, the BPQ reactivity observed for 9-phenylphenalenones can be expanded for
9-substituted aryl PNs (Scheme 6.1). In function of the electronic density of the arylic
moiety the lifetime of naphtoxanthene generated is modulated. The stability of the
naphtoxanthene is reduced up to picosecond range when the phenyl group is substituted
by a pyridinium cation. In counter position, its stability is increased up to microsecond
range when the phenyl group is substituted by a furyl or thienyl group. However, this
substitution strongly reduces their photostability.

Scheme 6.1 B-phenyl quenching reaction for 9-arylphenalenones.

The wide range on the lifetimes of the different substituted naphoxanthenes opens the
door for its use as photochromic compounds.”® Ultrafast photochromic compounds
nowadays are extremely useful compounds due to their applications in data
transmission.®”® Moreover, the decyclization of naphtoxanthene can also be a
photochemical reaction. While “slow” photochromic compounds are now widely used, for
example in photopharmacology they are used for activating prodrugs with light.”04705

Comparing naphtoxanthenes with other photochromic compounds, a chemical similariy
can be observed with chromenes compounds.37%385-387 As exposed in section 3.3.4., we
propose that 9-aryl-phenalenones can be considered as inverse chromene compounds.
For chromenes the thermodynamic stable isomer is the cyclic compound, whilst for 9-
aryl-phenalenones the stable one is the non-cyclic compound. Considering that phenyl
substitution for smaller and electronic rich heteroaryl groups (i.e. furyl or thienyl)
increases the stability of naphtoxanthene, we further propose for 9-vinyl-phenalenone
the cyclic and non-cyclic isomer should have similar stability.

On the other hand, aromaticity in the naphtoxanthene is disrupted by a C(sp®) atom
(Scheme 6.2). The C(sp®)-H bond in the different naphtoxanthenes is extremely weak,
as example the bond dissociation energy (BDE) for PN1 is predicted to be only 28.8
kcal/mol.3® It is significantly weaker than the corresponding C-H BDE of phenalene itself,
which has been determined to be 64 kcal/mol and to our best knowledge the weakest C-
H bond.”® Typical BDE values for C(sp®)-H bonds are around 100 kcal/mol.”®”
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Scheme 6.2 Structure of the naphtoxanthene generated with the C(sp3)-X bond highlighted.

The driving force for this reaction is the recovery of aromaticity after hydrogen and/or
hydride abstraction. This driving force also could be used for photouncagging purposes.
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For that and as proof of concept, we studied the photoreleasing properties of 9-(o-
nitrophenyl)-phenalenone. Under blue light irradiation, PN-NO; releases NO; or NOy™ in
apolar or polar media respectively via homolytic or heterolytic C-NO; rupture of the
naphtoxanthene. This photouncagging properties probably can be expanded to other
good leaving groups.

It is interesting to note that cyclisation products closely related to those described in this
thesis have been isolated from plants (Scheme 6.3). Indeed, the synthesis of natural
naphthoxanthenones (fluorones) from 9-phenylphenalenones, recently proposed to
occur by a radical-initiated reaction,’®7% could also stem from an excited-state
cyclisation reaction as described in this report, which suggests a light-mediated
metabolic pathway.3%%314320 Unravelling the metabolic pathways of phenylphenalenones
upon fungal infection of banana plants has recently become of special interest for
enhancing their disease resistance to pathogen infection due to the worldwide drop in
crops.’™®
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Scheme 6.3 Possible excited-state pathways for the production of fluorone pigments in plants.
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In addition, the PN skeleton, due to its excellent photosensitizing properties, can be
further derivatized as a '0; label. Like other labels, 6-isothiocyanate-phenalenone can
be used for its conjugation to several biomolecules (i.e. antibodies or antimicrobial
peptides)*?”""" resulting to the thiourea derivative, which red-shift its absorbance
spectrum without a spectacular @, decrease.®*'"'?2 The drawback is the poor thermal
stability of the generated thiourea, which evolves to several products within few days.
This lack of stability difficults its use for targeted-PDT.

As opposed to PN which is mainly a pure type |l PSP 262306307 other naturally-occurring
PS can proceed either type | and/or Il (i.e. anthraquinones).*** Under that purpose we
studied which is the main phototoxic specie for Rubiadin and its methylated derivative. It
is known that different aromatic ketones as anthraquinones can produce 'O, or O2*~ (via
electron transfer from precursor AQ*").”"® Indeed, we were capable to detect either the
'0, phosphorescence and the precursor AQ* by transient absorption. Additional
experiments with selective '0, (NaN3) or O2*~/ *OH (Tiron) quenchers allow to proclaim
that O, is the main responsible for the phototoxicity of AQs in C. tropicalis biofilms.

PN in some conditions it can accept one electron from tryptophan generating PN radical anion.
PN*- can transfer this electron to 30z for generate O2*~ via type | photosensitization.”®
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Other alternatives for improving the PDT treatments are the use of NPs as drug delivery
systems.%'® We synthetized two different nanosystems in order to study them. In the first
case, MB is adsorbed onto the surface of MSNP,° which is further derivatized with
amines or mannose. In the second case, RB is covalently attached onto the MSNP
surface.

MSNP hampers 30, diffusion thorough the NP, which lengthens MB zr. For covalently
attached-PS, the lengthening of zr is smaller because the PS is in the external layer of
the NP and 30, is more accessible.”'* This also happens with other NPs-PS
combinations such as nanoADPA. %' On the other hand, when 'O; is generated inside
the NP, it can be quenched by the silanols groups present in the MSNP surface or pores
(Scheme 6.4).503.504

Scheme 6.4 Possible '02 quenchers in bare MSNP.

These nanosystems present lower photo-antimicrobial efficacy than the PS free in
solution due to their lower 'O, generation capacity. However, these nanosystems could
incorporate targeting moieties more easily than their molecular counterparts, which
should increase the photokilling properties of 'O, generated.”>7'6

Finally, some drugs can absorb light and like dyes they can produce ROS with different
efficiency.”’”” Among them, the vast majority of drugs only have chromophores capable
to absorb UV light (i.e. Campothecin’’® or Fenofibric acid’'®). Only few of them, like
doxorubicin, can absorb visible light. For that we decided to study the photosensitizing
properties of Doxo free in solution as well as complexed with DNA.

We observed that complexation of Doxo with DNA increases the non-radiative rate
constants, whilst it reduces its capacity to fluorescence and produce 'O,. Moreover, the
presence of DNA difficult the 3O, diffusion nearby Doxo, lengthening its zr. HeLa cells
incubated with 0.2 uM and 0.4 uM DOXO and irradiated with green light did not show
any increased toxicity compared to the non-irradiated samples.”?°

It was hypothesized that the combined use of drugs with different cellular localizations
could increase their cytotoxic capacity and could hence be a valuable strategy to reduce
their concentrations and thus their side effects.”?' The combination of PhA with Doxo
seemed suitable, as damage would occur in the lysosomal compartment and the
nucleus, respectively. In this sense, in vitro combinations of Doxo with different PSs and
cell lines have already been explored aiming at enhancing the final cell-killing
effect.519722-725 Moreover, combination implies sequencing of the active agents, and thus,
the order is a significant factor. Indeed, it has been reported that synergic interaction
between PDT and chemotherapy is dependent not only on the nature of the PS and the
chemotherapeutical agent, as well as on the irradiance dose, but also on the treatment
sequence. Using 0.2 uM of Doxo, we found that PhA-Doxo was now borderline between
interference and antagonistic; Doxo-PhA was additive; and PhA+Doxo was synergic.
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Regarding to reactive oxygen species detection, we have studied the use of chemical
trapping for detecting them, in counter position to direct detection which is not so
sensitive and requires specialized equipment. In a first step, we have nanovehiculized
different 'O, fluorescent probes to overcome some problems of their molecular
counterpart. Under that purpose we have nanoparticulated three different 'O, fluorescent
probes: one turn-off (ADPA),8' one turn-on (SOSG)8'2 and one fluorogenic (NOX).

In a first approach and in collaboration with the University of Hull, we have designed the
nanoparticulated version of SOSG (the so-called nanoSOSG; Scheme 6.5). We chosed
SOSG because nowadays is the most used commercial 'O, fluorescent probe.%%104.105
We synthetized different polyacrylamide NPs and further functionalized with different
linkers where SOSG was covalent attached via Steglich amidation. In a second step we
synthetized different types of silica nanoparticles (compact and mesoporous)
functionalized with a short or long linker where ADPA is attached via Steglich amidation.

Scheme 6.5 When bound to NPs (gray sphere), the cell-impermeable fluorescent probe SOSG (green
circles) escapes protein sequestration, readily undergoes cell uptake, and efficiently reports on intracellular
variations in intracellular singlet oxygen levels.

The length of the linkers’® had a critical role in SOSG reactivity towards 'O,. A short
linker places SOSG nearby NP surface hampering its reaction with 'O,. The reactivity of
all nanoparticulated forms towards 'O, is smaller than the free-molecular form. Similar
reactivity results were obtained for the nanoparticulated version of ADPA (the so-called
nanoADPA). In the case for nanoADPA, MSNP scafold enhances ADPA
endoperoxidation compared to the CSNP counterpart because MSNP have a higher
surface which should enhance ADPA loading per NP. This higher ADPA concentration
per NP should favor its macroscopic reactivity towards 'Os..

It is known that both SOSG and ADPA interacts with different proteins such as bovine
serum albumin (BSA)."% These interactions with proteins can produce false positives or
negatives as well as difficult their cell internalization. The nanoparticulate version of
these probes do not present any significant interaction with BSA, because the NP
scaffold is at least one order of magnitude bigger than proteins and itself produces
notable steric hindrance hampering the interaction of the probe with the protein.’”?’

This lack of interaction allows to overcome some specific drawbacks of their molecular
counterparts: i) SOSG is defined by the manufacturer as cell-imperneant®® and only can
be uptaken by cells in a protein free medium.'®® We prove that SOSG is not internalized
by E. coli cells even in protein free media, whilst nanoSOSG is internalized under these
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conditions. Moreover, we were able to detect 'O, generated inside such E. coli cells by
the genetically-encoded flavin-binding protein miniSOG. ii) When ADPA is used as 'O,
fluorescent probe for measuring the @, of miniSOG,?° a fifteen-fold higher @, value
(@x = 0.47) was obtained than the correct one (@ = 0.03; measured by 'O,
phosphorescence as well as using acid uric as 'Oy trap).”?® The correct @, value was
obtained when nanoADPA was used. iii) nanoADPA is readily internalized by Hela
cancer cells, non-cytotoxic up to 4 uM and is able to efficiently detect intracellular
generated 'O,.

Once 'O behavior against nanoprobes is well assessed, we expanded the nanoprobe
concept to other ROS (Scheme 6.6). As a proof of concept, a “nano” version of the
widely-used generic ROS probe DCFH-DA®? has been prepared and its reactivity
against a variety of ROS has been assessed and compared to that of its molecular
counterpart. The first remarkable result is that nanoDCFH-DA is more resistant against
30, oxidation, which is advantageous for its use in biological systems as the likelihood
of false positives is strongly diminished. The same results are observed for neutral ROS
such as '0; and *OH, while anionic ROS such as CIO~ and O*~ show higher reactivity
against nanoDCFH-DA than against its molecular counterpart.

Scheme 6.6 Expansion of the concept from 102 fluorescent nanoprobes to non-specific ROS fluorescent
nanoprobes using DCFH-DA as fluorescent ROS probe.

These observations are consistent with the surface properties of the nanoprobe. Thus,
the water layer adsorbed onto the surface of the nanoparticles is highly structured owing
to the presence of silanols,*%” making it difficult to diffuse through it. On the other hand,
the presence of cationic ammonium groups on the surface at pH 7.4 favors electrostatic
attraction of anionic ROS, whereas repulsion dominates in the negatively-charged
molecular probe. The last column in Table 4.5 shows that the combination of reactivity
and resistance to 30, oxidation makes nanoDCFH-DA better fluorescent probe than
molecular DCFH-DA. In addition, nanoDCFH-DA is also 10-fold more resistant to self-
sensitized photooxidation. Finally, a further advantage is its lower affinity for proteins, as
binding results in severe quenching of the fluorescence.

The case of HyO; is special in that exposure to this ROS cleaves the amide bond
between probe and nanoparticle,’? releasing it into the external medium. Indeed, the
rate constants observed for the nano- and molecular probe are undistinguishable.
Fortunately, the very low H,O, physiological concentrations found in cells’®® make this
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process very slow. The performance of the probe in cells has been tested using HelLa
cancer cells. Microscopy imaging shows that the probe is readily internalized by the cells
and accumulates in the cytoplasm, where it reacts with ROS generated by irradiation of
hypericin increasing its fluorescence. Contrast values up to 10-fold have been observed.

All the previous used probes use changes in fluorescence to detect the respective
ROS.%% However, it can be monitored other properties to follow ROS. Recently,
optoacoustic techniques has become a trending topic due to the capacity of sound to
pass through the tissues.”™' Under that purpose, it has been assessed the properties of
tetramethylbenzidine (TMB) as optoacoustic probe against different ROS.673

TMB is an non-colored compound which can be oxidized by some ROS to a blue-colored
charge transfer complex (TMB-Ox). TMB-Ox is non-fluorescent and almost releases all
the absorbed light energy as heat (o = 0.95) in a fast time scale, which makes it an
excellent photoacoustic sensor.« With an excess of oxidant TMB-Ox can be further
oxidized to yellow-colored diimine derivative.

TMB reactivity towards ROS/RNS presents three different casuistic (Scheme 6.7): i)
ROS/RNS react with TMB for obtaining TMB-Ox (CIO-, H202, 'Oz and NO»); i) ROS/RNS
react with TMB, but it is obtained uncoloured-compounds (O2"", Na;O2, NO, ONOQO") or
iii) ROS/RNS do not react with TMB (*OH, TEMPO, NaNO). The pair TMB/TMB-Ox and
TMB/TMB-Ox-Ox have a reduction potential of +0.553 and +0.665 V respectively
([TMB]= 0.3 mM, pH=5).7*2 So, TMB oxidation should be thermodynamically favourable
for the tested ROS/RNS, however above presented results seems indicate that TMB
oxidation by some ROS/RNS (i.e. *OH) should be hampered by low kinetics rate. In the
other hand, other ROS/RNS reacts with TMB, but they not change significantly its
absorption spectrum.

Scheme 6.7 Reactivity of TMB towards different ROS/RNS.

€ A good turn-on fluorescence probe should have a high @ value in the presence of the analyte, whilst in
absence should be “ideally” non-fluorescent. For a good turn-on optoacoustic probe, instead of releasing
the absorbed energy as light it should be release as heat. So, a good fluorophore will never be a good
sonochrome and vice versa. For a fluorescent probe is interesting a high kr, whilst for an optoacoustic
probe is interesting a high kic.
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Under the experimental conditions used, TMB is not internalized by E. coli because it do
not react with the ROS produced by genetically-encoded flavin-binding proteins
(miniSOG and its derivatives Q103L and Q103V)"3. A feasible explanation could be
because TMB’s amines will be protonated in physiological pH and then it is adsorbed by
the negatively charged bacterial surface.

Then for proving the ability of TMB to react with 'O, in a biological environment, we
change the strategy and we incubated E. coli cells with a cationic but lipophilic porphyrin
(MDPyTMPYyP) for attaching it on the bacterial surface.®”® Under these conditions TMB
is able to react with the 'O generated by the bacteria observing 4-fold optoacustic signal
enhancement. In that experiment is not observed a linear enhancement of TMB-ox
photoacoustic signal. In the first 10 minutes of irradiation, only a slight increase is
observed, whilst afterwards a much-marked enhancement is detected. For the first
irradiation times, bacterial surface has a high concentration of biomolecules capable to
physical quench or react with the generated '0,.”** They efficiently compete with TMB
to react with 'O,. With longer irradiation times, they get depleted and the competition
with TMB is not there anymore.

TMB probably will not be the most useful optoacoustic probe for ROS/RNS detection,
however, as a proof of concept is useful to prove that new generation of optoacoustic
probes can be used to monitor ROS, and specially 'O,. They offer an alternative to widely
used fluorescent probes, especially for deeply tissues where light cannot reach and
escape easily, whilst sound does.”?®

Finally, but not least important and as the last proof of concept, we designed and
synthetized a self-reporter nanophotosensitizer combining what we have learnt from
sections 3.4.4. and 4.2.3. (Scheme 6.8). RB (as PS) and ADPA (as 'O, fluorescent
probe) are covalently attached to the same MSNP. The vast majority of the 'O, generated
can escape from the NP whilst a small fraction (5%) reacts with ADPA which can be
used to estimate the amount of 'O, produced by SOTD. This nanostructure has been
used to correlate the amount of 'O, generation with the S. aureus photoinactivation
properties.

Scheme 6.8 Self-reporter nanophotosensitizer.

So, this “nano” self-reporting PS has thus proven useful to extend the utility of an existing
'0, fluorescent probe and a widely-used PS to theragnostic, which is based on the
combination of a diagnose imaging agent with a therapeutic drug on the same
multifunctional platform.4'8736  Therefore, ADPA-MSNP-RB is ideally suited for
theragnostic purposes, since following the ADPA fluorescence bleaching can give rise
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to SOTD and could aid surgical resections as well as monitoring of the treatment
response.

More than 85 years latter of the 'O, discovery by Kautsky and Bruijn, several questions
about 'O, remains unclear.®! Initially, the physical and chemical properties of 'O, in
homogenous mediums were unknown and nowadays they are well stablished: first in
“long-lived” 'O; solvents (i.e. CCls or CS,), afterwards in C-H solvents (i.e. CsHs, CH3CN
or CH3OH) and finally in water (H20).”%

In the last years, understanding 'O, in heterogenous media (specially in live biological
environments) has become a trending topic in this community. As example, until
approximately 2-3 years ago it was widely stablished that 7 inside a cell was <100 ns,
so 'O, diffusion thorough the cell was unlikely, but more recent studies probe that this
statement is no longer true and 'O can diffuse thorough a cell.”® Like this there will be
other examples in the next few years and the next generation of
photochemists/photobiologists will be able to answer such questions and improving the
actual 'O, paradigm.

219



220



Chapter Vi

General conclusions

I, a vegades, ens en sortim

I, a vegades, ens en sortim

I, a vegades, una tonteria de sobte ens indica que ens en sortim

I, a vegades, una carambola de sobte ens demostra que ens en sortim

1, a vegades, ens en sortim

I, a vegades, ens en sortim

I, a vegades, una tonteria de sobte ens indica que ens en sortim

I, a vegades, se'ns baixa la verge i de sobte ens revela que ens en sortim

I, a vegades, contra tot pronostic una gran bestiesa capgira allo que créiem logic,
Tot fent evident,

Que per un moment,

Ens en sortim.

Manel
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The following conclusions have been arrived at, as a result of the presented thesis:

From studies on two different triphenylphosphonium photosensitizers, namely a
new cationic phenalenone and a new perylene derivative, with opposite
photophysical profiles, it has been concluded that cationic triphenylphosphonium
photosensitisers should be considered as photoantimicrobials in situations where
selective killing of Gram-positive bacteria in the presence of Gram-negative
species could be of therapeutic value.

Excitation of 9-phenylphenalenones results in the formation of highly reactive
naphthoxanthenes by B-phenyl quenching via addition to the ortho position of the
9-phenyl substituent. Naphthoxanthene is highly reactive, undergoing facile
electrocyclic ring opening to revert to original 9-phenylphenalenone in the ground
state. It is also an exceedingly potent hydrogen donor, reacting with TCNE to
yield the highly-stable naphthoxanthenyl free radical and/or the highly-coloured
naphthoxanthenium cation. The scope of the BPQ reaction for 9-
phenylphenalenones has been extended to other 9-heteroaryl-phenalenones
varying the naphthoxanthene lifetime from picoseconds to milliseconds, which
suggest a potential use as photoswitches. Moreover 9-phenylphenalenone can
be used as photouncagging scafold due to the low stability of the naphtoxanthene
generated.

The photoantimicrobial properties of the assayed natural AQs, Rubiadin and
Rubiadin-1-methyl ether, was mediated mainly by O,*~ generation after exposure
to light (Type-I photodynamic mechanism) for C. tropicalis biofilms. Production of
'0, was observed in biofilm incubated with deuterated PBS, however its
participation in the photo-induced biofilm reduction seems negligible.

Methylene Blue adsorbed on amino- or mannose-functionalized mesoporous
silica nanoparticles is capable of efficiently inactivating E. coli and P. aeruginosa
bacteria upon exposure to red light. The photodynamic activity is similar to that
of free MB but, in the case of E. coli, the dark toxicity is improved. In the case of
P. aeruginosa, mannose is a better targeting agent than free amino groups on
the surface of the nanoparticle. Time-resolved spectroscopic studies reveal the
existence of two different populations of MB in the nanoparticles, the major one
being adsorbed on the mesopores’ walls and the minor on the external surface
of the nanoparticle. Strong quenching of 'O in the pores of the nanoparticle is
observed. Similar results have been observed for the other nanosystem studied:
Rose Bengal covalently bonded to MSNP.

Photophysical studies of the compounds alone and in combination have revealed
that doxorubicin quenches the excited states of Pheophorbide a, detracting from
its photosensitizing ability. On the other hand, while doxorubicin can itself
photosensitize the production of 'O, this is largely suppressed by aggregation
and by binding to DNA. The order of drug and light delivery plays a crucial role in
the final outcome of the treatments, ranging from antagonistic to synergic for the
same concentrations. Thus, while combined photodynamic and
chemotherapeutic treatments show strong potential to decrease the dose of the
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toxic chemotherapeutic agent and therefore its side effects, the delivery protocols
must be very finely tuned to achieve this desired outcome.

An activatable photosensitiser (composed by a brominated bodipy dye and a
chromanol) shows a sigmoidal fluorescence enhancement upon exposure to light
in HeLa cells and can efficiently kill such cancer cells at submicromolar
concentration (100 nM). The results of these studies pave the way to enhance
the selectivity of photodynamic treatments by the use of autocatalytic
photosensitization processes.

A number of nanoprobes for 'O, detection in biological systems have been
developed, namely a polyacrylamide-based biocompatible fluorescent
nanoprobe (nanoSOSG), the mesoporous silica-bound Anthracene DiPropionic
Acid (nanoADPA) and dichloro-dihydro-fluorescein diacetate (nanoDCFH-DA).
The reactivity against 'O, has been optimized by choosing appropriate linkers, a
protective effect against protein interactions has been demonstrated,
internalization by HelLa cancer cells has been observed and intracellular singlet
oxygen and other ROS sensing has been demonstrated as well. Higher
resistance to oxidation by air and to self-sensitized photooxidation, as well as
lower affinity for interaction with proteins, make these nanoprobes safer and more
reliable fluorescence markers for ROS in cells. This “nano” approach has thus
proven useful to extend the utility of existing and valuable fluorescent probes to
complex biological systems.

The structure and chemical properties of the commercial fluorescent probe
CellROX® Deep Red have been elucidated. The fluorophore has a reduced Cy5
core and the presence of a deuterium atom which is meant to play a key role on
its stability. CellROX is reactive towards different ROS/RNS both in solution and
in E. coli cells expressing photosensitizing flavoproteins as a model of its use in
biological media. The results are in line with the reported ROS capacity of
miniSOG and their derivatives (Q103L and Q103V). However, the probe suffers
from auto-oxidation induced by 30, as well as by low light doses at different
wavelengths.

3,3',5,5'-Tetramethylbenzidine oxidation by different ROS/RNS (CIO-, H20,, 'O2
and NOy) can be followed by laser induced optoacoustic spectroscopy using red
and/or blue light excitation. LIOAS circumvents many of the limitations of the
widely used fluorescent probes, such as poor tissue penetration. TMB is not
internalized by E. coli cells, however it gets adsorbed in their outer-cell wall and
correctly detects the 'O, generated in that region. Optoacoustic probes may be
an alternative to fluorescent probes for ROS imaging in biological systems.

A self-reporter nanophotosensitizer has been designed and synthesized by
attaching a PS (Rose Bengal) and a '0, fluorescent probe (anthracene
diproprionate) to the same mesoporous silica scaffold. It has been successfully
proved that the decrease of fluorescence correlates with the photoantimicrobial
activity against S. aureus, thereby paving the way to the development of
molecular dosimeters for light-based therapeutics.
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Chapter Vi
Bibliography

Ve la fi de tota cosa:
malaurat el que se'n tem.
La corranda se [emporta

una mena de gemec,

la mirada, un punt de fosca,
la besada, un poc de fred;

la mirada, un punt de fosca
i lamor, un fil de vent.

Josep Carner
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Chapter IX

Annex

Mentre estaven conversant sobre aquest tema, un especialista en [ Art es va presentar davant del papa
i liva dir que a causa de la diversificacio de les ciéncies (en teologia, en filosofia, en dret i en medicina)
s’havien generat multitud d opinions diverses en cadascuna d aquestes ciéncies; i aixo es devia al fet
que els autors i els mestres escrivien obres sobre les ciéncies en les quals els uns divergien de les opinions
dels altres. Per aixo Uespecialista en [ Art va dir al papa i als cardenals que totes les ciéncies s’havien
de sotmetre a uns mateixos breus principis necessaris que funcionessin d acord amb el métode de ['Art
per tal que, si sorgia algun error o alguna falsa opinid, aplicant [’ Art es pogués posar ordre als principis
de cada ciéncia i s’eliminessin les falses opinions, contrdries a aquestes ciéncies.

Ramon Llull
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