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Résumé de la thèse 
 

 

 

 

 

 

 

Les nanomatériaux (NM) ont été explorés au cours des dernières décennies et ont gagné en 

importance dans les avancées technologiques en raison de leurs propriétés physiques, 

chimiques et biologiques accordables.1 Les nanomatériaux sont classés en fonction de leur taille, 

de leur composition, de leur forme et de leur origine. En raison de la croissance accrue de la 

recherche, les industries sont devenues particulièrement intéressées par l'exploration et le 

développement de nouvelles technologies pour produire des nanomatériaux. L'un des grands 

domaines d'intérêt de la recherche est celui des applications nanomédicales dans lesquelles le 

défi consiste à produire des matériaux non toxiques pour l'imagerie biomédicale, la 

biodétection, le diagnostic et la thérapie.  

Pour l'industrie pharmaceutique, l'administration et le ciblage des médicaments ont constitué 

des approches intéressantes pour créer une "balle magique", un matériau capable d'administrer 

des médicaments au bon endroit, à la bonne concentration et pendant la bonne période, sans 

modification chimique du matériau, réalisant ainsi la biodégradabilité et la biocompatibilité du 

nanoporteur.2–4 Différents exemples de nanoplateformes d'administration de médicaments 

existent aujourd'hui. Elles sont essentiellement divisées en trois groupes principaux : matrices 

organiques, matériaux inorganiques et nanoparticules hybrides.5 Des systèmes comme les 

dendrimères,6–9 liposomes,10,11 « quantum dots »,12 nanoparticules polymères,13,14matériaux à 

base de silice,15–17 nanotubes de carbone,18,19  nanoparticules métalliques,20  etc. révolutionnent 

le domaine de la médecine pour la détection précoce, le diagnostic et le traitement de diverses 

maladies comme le cancer, le VIH, la maladie d'Alzheimer, le glaucome, la dépression, pour n'en 

citer que quelques-unes.3,21–23 
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Les nanoparticules hybrides, composées de composants inorganiques et organiques, peuvent 

être préparées selon plusieurs stratégies ; leur production est basée sur l'optimisation de leurs 

effets thérapeutiques synergiques. Ensuite, la combinaison des vecteurs de médicaments doit 

être conçue de manière rationnelle pour s'adapter à de multiples médicaments ou modalités 

thérapeutiques avec une libération contrôlée dans le temps des cargaisons individuelles.24 Cette 

thèse, intitulée "Conception et synthèse de particules hybrides pour la libération de 

médicaments", repose sur la combinaison de plusieurs systèmes d'administration pour former 

de nouveaux matériaux hybrides destinés à des applications biomédicales. Des systèmes 

hybrides principalement constitués de structures de silice et combinés à de l'acide polylactique-

glycolique (PLGA), un matériau polymère, ou à des vésicules non lipidiques appelées quatsomes 

(QS) sont présentés dans cette thèse. Pour une compréhension approfondie des chapitres, voici 

un bref résumé des nanoparticules de silice, des supports polymères PLGA et des QS. 

Parmi tous les matériaux inorganiques, les nanoparticules de silice mésoporeuses sont devenues 

un support prédominant pour les applications d'administration de médicaments en raison de 

leur taille, de leur morphologie et de leur porosité réglable. Le piégeage efficace des 

médicaments dans leur structure poreuse, suivi d'une libération contrôlée en réponse à des 

stimuli endogènes ou exogènes tels que la lumière, la température, les ultrasons ou le pH, a fait 

des nanostructures de silice mésoporeuse des vecteurs d'administration très prometteurs.25  Les 

systèmes de silice à réponse aux stimuli redox, dont la structure comporte des liaisons S-S 

clivables, sont une bonne stratégie pour l'administration de médicaments dans les cellules, car 

ils répondent par un comportement autodestructeur aux stimuli présents dans l'environnement 

intracellulaire une fois que la cible est atteinte.26–28 

Les polymères ont été largement explorés dans le domaine de l'administration de médicaments 

en raison de leurs propriétés uniques de biocompatibilité et de biodégradation.29 Des 

nanoparticules polymères biodégradables ont été utilisées dans de larges applications dans les 

domaines de l'administration et de la libération de médicaments, de la vaccination, du ciblage, 

de la thérapie des tumeurs et des systèmes de diagnostic.30–34 Parmi tous les polymères, le PLGA 

est considéré comme un bon candidat pour les applications d'administration de médicaments 

en raison de leur biocompatibilité et de leur biodégradabilité. Le PLGA peut être 

métaboliquement hydrolysé en monomères, l'acide lactique et l'acide glycolique. Il a été 
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démontré que les particules de PLGA, sous forme de microparticules ou de nanoparticules,35 

sont capables de transporter et d'administrer diverses classes de médicaments creusés comme 

les vaccins,36 peptides,37 protéines,38,39   et les médicaments hydrophobes.40 Les avantages de 

l'utilisation de ces particules de PLGA sont la réduction de la fréquence des injections, des 

niveaux thérapeutiques soutenus de médicaments, l'administration de médicaments 

spécifiques à un site et des formulations qui peuvent être modifiées pour un nombre 

quelconque de profils de libération souhaités.41,42 

Au cours des 50 dernières années, de nombreux nanomédicaments ont été mis au point et 

approuvés pour l'administration à l'homme sur la base de nanovésicules lipidiques. Les 

liposomes sont le plus célèbre système d'administration de médicaments basé sur les 

phospholipides.43  Leur potentialité dans l'administration de médicaments est due à leur 

biocompatibilité.43 Cependant, ils présentent de faibles stabilités colloïdales et chimiques.44,45 

C'est pourquoi une autre classe de vésicules, appelées "nanovésicules à base de lipides non 

liposomiques", a suscité beaucoup d'attention. À partir de ces matériaux, les Quatsomes, 

bicouche unilamellaire nanovésicules constituées de tensioactifs à base d'ammonium 

quaternaire et de stérols, ont été utilisées comme modèle pour l'administration de 

médicaments. Leur stabilité en termes de morphologie, de taille, de lamellarité et d'organisation 

supramoléculaire de la membrane les rend intéressantes pour les applications d'administration 

de médicaments dans le cadre du développement de nouveaux nanomédicaments.46–49 

OBJECTIF : L'objectif de cette thèse est ensuite de développer différentes classes de matériaux 

hybrides nanostructurées afin d'assurer l'interface entre les systèmes inorganiques et 

organiques. En particulier, utiliser des matériaux souples et durs combinés dans un seul système 

pour développer des systèmes dégradables pour des applications de délivrance de 

médicaments. 

C'est pourquoi il est d'abord présenté ici l'utilisation d'un nouveau système hybride consistant 

en une combinaison d'un matériau polymère avec l'inclusion de nanoparticules de silice 

mésoporeuse pour l'encapsulation et la délivrance de cannabinoïdes (CBDs) et de médicaments 

chimiothérapeutiques pour le traitement du cancer. Des exemples dans la littérature ont montré 

que la combinaison de CBDs avec des agents chimiothérapeutiques renforce l'action 

antitumorale.50  Différentes sortes de nanoparticules de silice mésoporeuse (MSNP) ont été 
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synthétisées comme modèles des systèmes inorganiques qui peuvent encapsuler un 

médicament anticancéreux pour la libération du médicament chimiothérapeutique.51 Ces NP de 

silice chargées d'un médicament chimiothérapeutique sont à leur tour chargées dans des 

transporteurs PLGA36 qui contiennent également un endocannabinoïde actif ou son analogue 

(CBD), ce qui donne un système hybride de livraison en tandem sans précédent (CBDs-

MSNPs@PLGA-MBds) (Figure 0.1). 

 
Figure 0.1. A) Système hybride et mécanisme d'action en tant que stratégie de traitement du cancer 

consistant en la combinaison de deux matériaux : le PLGA et la silice mésoporeuse comme vecteurs pour 

le chargement des cannabinoïdes et un médicament chimiothérapeutique pour augmenter l'apoptose des 

cellules cancéreuses. B) des porteurs de PLGA et une représentation schématique de son processus de 

dégradation et C) des MSNP réagissant aux stimuli redox pour la libération du médicament 

chimiothérapeutique. 
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Pour la préparation des supports PLGA, trois méthodologies ont été testées pour produire des 

particules dans la gamme de taille de 500 nm > 5 µm, par la méthode d'évaporation du solvant,52–

54 la méthode SORP, qui consiste en une procédure sans surfactant par une voie de précipitation 

auto-organisée55,56  et la méthode du gabarit hydrogel.57 Une taille spécifique est nécessaire pour 

garantir que le médicament cannabinoïde sera libéré à l'extérieur de la cellule car les récepteurs 

cannabinoïdes sont des protéines intramembranaires (IMP)  situées dans la bicouche lipidique 

de la membrane cellulaire.58  De plus, non seulement la taille joue un rôle important, mais 

l'homogénéité de l'échantillon est nécessaire car le comportement des nanoparticules en tant 

que systèmes de libération de médicaments est fortement affecté par cette propriété.59 

Par la méthode d'évaporation du solvant, les PLGA@MS ont été obtenus avec deux distributions 

principales de taille de diamètre d'environ 1.47±0.37 µm et 14.9±3.7 µm.  L'inclusion des MSNP 

peut être faite mais la polydispersité du système a donné l'information que cette méthodologie 

n'était pas la meilleure pour poursuivre les études. En utilisant la méthodologie SORP, des 

sphères PLGA d'environ 600 nm et 1 µm peuvent être réalisées avec un tensioactif libre. 

L'incorporation de MSNP donne des agglomérations de PLGA@MS avec 20 et 5 % p/p. D'autre 

part, l'incorporation d'un endocannabinoïde perturbe la formation des sphères même à faible 

charge (5 % p/p). 

Par conséquent, pour toutes les procédures essayées, la méthode du gabarit d'hydrogel a été la 

seule dans laquelle l'homogénéité concernant la taille et la morphologie est préservée même 

avec l'inclusion de cannabinoïdes et de nanoparticules de silice mésoporeuse (Figure 0.2). Les 

porteurs, appelés perles en raison de leur forme, avaient un diamètre de 20 µm. Des images 

confocales ont été prises des différents PLGA@systems chargés de rouge du Nil, de N-(2-hydroxy 

éthyl) oléamide (2HEO) et d'Anandamide (AEA) dans le PLGA@porteur (Figure 0.2 A-C). Le 2HEO 

et l'AEA ont été synthétisés et caractérisés par RMN, IR, HR ESI-TOF-MS ; ces composés 

représentent l'analogue et la molécule active d'un groupe de cannabinoïdes appelé 

endocannabinoïde.60 Le 2HEO ou l'AEA peuvent être chargés en pourcentage élevé (20 % p/p) 

dans les PLGA@MBds donnant des systèmes CBDs-PLGA@MBds. La figure 0.2D montre le 

système MSNPs@PLGA@carrier system, où les MSNPs ont été chargées avec de l'orange 2 pour 

imiter le chargement d'un médicament chimiothérapeutique. À leur tour, ces MSPN ont été 
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insérées dans le PLGA@porteur. Les images confocales présentes ici ont été prises à l'aide d’un 

laser d'une longueur d'onde de 488 nm.   

Ensuite, voici un nouveau système hybride de livraison en tandem sans précédent (MNPs@PLGA-

MBds) basé sur des systèmes cassables et dégradables, un support polymère biodégradable 

poly(acide lactique-co-glycolique) approuvé par la FDA61 qui peut transporter efficacement les 

CBDs et les nanoparticules de silice mésoporeuse (ss-NPs), préparé avec un disulfure de liaison 

sensible à l'oxydoréduction51 et chargé de médicaments chimiothérapeutiques. Cette conception 

couvre l'exigence de délivrer deux types de médicaments différents dans deux parties différentes 

de la cellule (intra et extra-membranaire), ce qui ouvre une nouvelle barrière pour le 

développement de systèmes de délivrance de médicaments. 

 

Figure 0.2. Représentation schématique des différents systèmes hybrides synthétisés pour la charge de 

molécules hydrophobes, en particulier A) Rouge du Nil, B) N-(2-hydroxy éthyl) oleamide (2HEO) et C) 

Anandamide (AEA) dans le PLGA@carrier. Le 2HEO et l'AEA représentent l'analogue et 

l'endocannabinoïde actif. D) Montre la représentation du système MSNPs@PLGA@porteur. L'orange 2 a 

été chargé dans les MSNPs redox-stimuli-MSNPs pour imiter le médicament chimiothérapeutique. Les 

images confocales ont été prises en utilisant une longueur d'onde laser de 488 nm. 
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Ensuite, il est présenté un autre matériau hybride réalisé en combinaison avec des vésicules de 

base non lipidiques, appelées Quatsomes et de la silice. Les quatsomes (QS) sont des structures 

vésiculaires thermodynamiquement stables, composées de tensioactifs quaternaires et de 

stérols (Figure 0.3A). Leur stabilité concerne leur morphologie, leur taille, leur lamellarité et leur 

organisation supramoléculaire membranaire.62,63 Ces vésicules peuvent charger des 

médicaments hydrophobes ou hydrophiles et peuvent donc servir à plusieurs applications, y 

compris l'administration de médicaments. L'idée est de combiner les Quatsomes avec une 

enveloppe de silice pour protéger la vésicule, ce qui donne plus de stabilité structurelle et 

mécanique au QS, contre l'agglomération et les fuites internes pendant le stockage, le transport 

et l'application. De plus, cette enveloppe pourrait empêcher la perte de la cargaison pour les 

applications de livraison de médicaments, garantissant que tous les médicaments chargés 

arriveront au point de destination. En outre, nous présentons ici la formation d'une enveloppe 

de silice sensible au stimulus, qui, en présence d'un agent réducteur (existant en forte 

concentration dans les cellules cancérigènes), se brise en petits morceaux libérant la cargaison 

et empêchant ainsi l'accumulation de la matière dans le corps.   

Pour la synthèse de la coquille de silice, différents silanes ont été testés ; TEMOS, TEOS et APTES 

pour produire la coquille de silice non cassable enrobée de QS (NB-SQS) et la combinaison de 

ceux-ci avec le BTSPD pour produire la coquille sensible au stimuli (stimuli redox) pour former 

une coquille de silice cassable sur QS (B-SQS) (Figure 0.3B). 

 

Figure 0.3. A) Composition du SQ. B) Différents SQ revêtus de silice synthétisés. 
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De tous les silanes essayés, ce sont les TEOS et TEMOS qui ont permis d'observer un dépôt de 

silice dans le QS. La Figure 0.4 montre les images au Cryo-MET et la distribution des tailles de 

diamètre du NB-SQS en utilisant des TEMOS et TEOS comme précurseurs de silice, après 4 et 2 

jours de réaction, respectivement. La taille des DLS et le potentiel zêta au cours du temps pendant 

leur préparation révèlent un changement de taille et de ZP de 85±2 nm et 94±15 mV à 116±3 nm 

et 36±3 mV pour le système utilisant TEMOS (Figure 0.4A), et à 159±3 nm et 29±1 mV pour le 

système utilisant TEMOS (Figure 0.4B). 

 

Figure 0.4. SQ à revêtement incassable utilisant A) TEMOS et B) TEOS. Cryo-MET et distribution de la taille 

du diamètre (après 4 et 2 jours de réaction, respectivement). Taille des DLS et potentiel zêta dans le temps 

pendant leur préparation. 

 
Pour le QS à revêtement de silice cassable réagissant au stimulus Redox (B-S-QS), un mélange 

d'APTES et de BTSPD a été utilisé (Figure 0.5A). La Figure 0.5B montre l'image au MEB de 

l'échantillon après une nuit d'agitation (diamètre initial de QS = 114±26 nm). La distribution de 

taille du MEB, comptage effectué sur 300 nanoparticules, a donné un diamètre moyen de 143±19 

nm de particules BS-QS. On a essayé la synthèse avec des QS d'une taille de 50 nm (diamètre 

initial de QS = 58±1 nm et ZP = 84±2) pour travailler avec des particules qui sont mieux absorbées 

par les cellules.64  Les images au MET (Figure 0.5C) montrent la présence de silice autour du QS 
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et ce qui pourrait être des particules de silice. Les données de DLS (Figure 0.5D) montrent deux 

populations différentes de taille 58±12 nm et 185±42 nm, la seconde population pourrait être 

attribuée à l'agglomération du BS-QS. L'analyse des images de Cryo-MEB donne un diamètre de 

32±6 nm (moyenne de plus de 200 particules), et une épaisseur de coquille de 9±2 nm ; valeur 

supérieure aux 4-5 nm de la membrane QS (Figures 0.5E et 0.5F). 

 

Figure 0.5. A) Schéma représentatif B) Images MEB et C) MET pour les QS recouverts de silice 

(APTES/BTSPD). Barre d'échelle 1µm et 50 nm, respectivement. D) Distribution de taille des B-SQS 

mesurée par DLS donnant deux populations de taille de 58±12 nm et 185±42 nm. E) Distribution des 

diamètres de taille du TEM (comptage effectué sur 200 particules de silice QS ; diamètre moyen 32±6 nm) 

et F) Distribution de l'épaisseur de la taille de la coquille du MET (comptage effectué sur 100 particules de 

silice QS ; épaisseur moyenne de la coquille 9±2nm). 

 
D'autre part, le SQ et la silice ont été étiquetés avec un fluorophore donneur (DiI) et accepteur 

(Cyan5), respectivement (Figure 0.6A), pour obtenir un transfert d'énergie de résonance (FRET)65 

dans le cas où la silice est attachée au SQ. Ces systèmes agissent comme des biosondes 

luminescentes et leur étude vise à déterminer le potentiel de ces matériaux en tant que systèmes 

d'administration de médicaments. Pour cela, le DiI a été chargé dans la membrane hydrophobe 

du QS,66 et l'ester de cyanine 5 NHS a été fixé de manière covalente à la silice par les groupes 

amino de l'APTES, produisant le système Cyan5-BS-QS-DiI (Figure 0.6B). Contrôles avec un seul 

colorant (Cyan5-BS-QS et BS-QS-DiI), les spectres d'émission et d'excitation (Figure 0.6C) de BS-

QS-DiI cassable (lignes roses ; avec des longueurs d'onde d'excitation et d'émission de exc = 525 
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nm et exc = 625 nm, respectivement) et Cyan5-BS-QS (lignes bleues ; exc = 600 nm et exc = 750 

nm) montrent un chevauchement de l'émission du donneur (BS-QS-DiI) et de l'excitation de 

l'accepteur (Cyan5-BS-QS), confirmant la possibilité d'observer le FRET dans le système Cyan5-

BS-QS-DiI. En effet, une efficacité élevée du FRET est observée dans les spectres d'émission et 

d'excitation du système Cyan5-BS-QS-DiI (Figure 0.6D; exc = 500 nm et exc = 750 nm), avec une 

efficacité de 94 % du FRET (valeur obtenue à partir du rendement quantique QY (E=1-

(QYDA(D)/QYD(D)), indiquant que les deux colorants sont largement proches (à une distance 

inférieure à 10 nm) en raison de la formation de silice autour du QS. 

 

Figure 0.6. A) Colorants utilisés pour l'étiquette silice QS. B) Schéma représentatif de l'étiquette silice QS. 

C) Spectres d'émission et d'excitation de la silice cassable QS chargée en DiI (BS-QS-DiI) (lignes roses); les 

longueurs d'onde d'excitation et d'émission étaient respectivement de 525 et 625 nm. Et sa translation 

avec les spectres d'émission et d'excitation de la silice cassable QS chargée de Cyan5 (Cyan5-BS-Qs) (lignes 

bleues); longueur d'onde d'excitation et d'émission à 600 et 750 nm, respectivement. D) Spectres 

d'émission et d'excitation du DiI-QS (Cyan5-BS-Qs-DiI) revêtu de silice cassable Cyan5 (Cyan5-BS-Qs-DiI) ; 

excitation à 500 nm et émission à 750 nm. 
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Les images de Cyan5-BS-QS (exc  = 642 nm) obtenues par microscopie à reconstruction optique 

stochastique (STORM) (Figure 0.7) montrent des taches de taille comprise entre 300 nm, ce qui 

suggère que le Cyan5-APTES forme effectivement la coquille de silice sur le QS. 

 

Figure 0.7. Schéma du QS cassable utilisé pour l'analyse STORM (Cyan5-BS-QS-DiI) et les images STORM 

du QS cassable de Cyan5 (micromètre u.m.). 

 

Afin de savoir s'il y a une possibilité de rupture dans le BS-QS en présence d'un agent réducteur, 

des tests de rupture ont été effectués pour dégrader l'enveloppe de silice. La cassabilité du BS-

QS a été étudiée en présence de glutathion (GSH) (Figure 0.8A). En présence de 10 mM de GSH, 

l'absorbance du Cyan5-BS-QS, placé dans un tube à membrane semi-perméable (taille de 

coupure des pores de 14 kDa), appelant ici cette méthode un système ouvert, montre une 

diminution progressive dans le temps (Figure 0.8B), atteignant pratiquement zéro après 12 jours 

(Figure 0.8C et D). Ces résultats suggèrent que le lien disulfure du BTSPD commence à se rompre 

en présence de l'agent réducteur, produisant de petits morceaux de silice marquée au Cyan5 qui 

finissent par quitter le tube de la membrane. 
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Figure 0.8. A) Schéma du Cyn5-BS-Qs et de sa dégradation en présence du GSH. B) Schéma d'expérience 

pour le test de cassabilité (méthode de dialyse). C) Spectres d'absorption du Cyn5-BS-Qs après le temps 

en présence de 10 mM de glutathion. D) Spectres d'absorption à 659 nm à travers le temps du QS de 

Cyan5-Breakable. 

 

Une autre méthodologie a été utilisée pour étudier la cassabilité du Cyan5-BS-QS-DiI, appelée ici 

système proche, dans laquelle la solution QS est confinée dans une cuvette en quartz avec 10 

mM de GSH. Le changement d'émission a été étudié à des intervalles de temps définis (Figure 

0.9A). L'intensité normalisée de l'émission à 562 et 659 nm, représentant le DiI et la Cyanine5 

dans le Cyan5-BS-QS-DiI dans le temps en présence de 10 mM de GSH, est indiquée dans les 

Figures 0.9B et C (après 24 et 44 jours, respectivement). Le rapport Accepteur/Donneur de 

l'échantillon après ces périodes est présenté dans les Figures 0.9D et E. Au cours de cette période, 

la longueur d'onde d'émission maximale du donneur (DiI) diminue alors que celle de l'accepteur 

(Cyanine5) augmente. Le rapport entre l'accepteur et le donneur augmente, ce qui signifie que 

le FRET dans le système augmente également. Cette observation peut s'expliquer par le fait que, 

au moment où la coquille de silice se brise en présence du GSH, le colorant Cyanine5 s'internalise 

dans la partie hydrophobe du QS où le DiI est chargé (car ce colorant a davantage un caractère 
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hydrophobe), rapprochant ainsi les deux colorants l'un de l'autre, ce qui augmente alors le 

transfert d'énergie entre le donneur et l'accepteur. 

 

Figure 0.9. A) Schéma du test de cassabilité utilisant une méthodologie proche. B) et C) Intensité 

normalisée de l'émission à 562 et 659 nm représentant le DiI et le Cyanine5 dans le QS cassable du Cyan5 

chargé de DiI après le temps en présence de 10 mM de Glutathion après 24 et 44 jours, respectivement. 

D) et E) Ratio Accepteur/Donneur de l'échantillon après 24 et 44 jours. 
 

L'impact d'une enveloppe de silice cassable et non cassable sur les quatsomes de protection pour 

la libération d'une molécule hydrophobe chargée dans la membrane a été étudié. En particulier, 

la libération de DiI a été suivie dans le temps dans trois systèmes différents : 1) le QS chargé de 

DiI (QS+DiI), 2) le QS chargé de DiI et revêtu d'une coquille cassable (QS+DiI+ss-coquille de silice) 

et 3) le QS chargé de DiI et revêtu d'une coquille de silice non cassable (QS+DiI+coquille de silice) 

(Figure 0.10A). Les deux derniers systèmes étaient recouverts de TEMOS comme précurseur pour 

former la couche de silice. Pour réaliser l'expérience de libération, des QS chargés de DiI (avec ou 

sans coquille de silice) ont été placés dans un tube à membrane semi-perméable (avec une taille 

de coupure des pores de 3,5 kDa),67–69 et l'émission de DiI a été filtrée (λexc = 500 nm) dans le 

réservoir extérieur pendant une période de 400h (Figure 0.10B). Alors qu'au départ, l'émission 

était pratiquement nulle, en raison de l'absence de molécules de DiI, l'émission a augmenté en 

cinq heures pour les QS avec et sans revêtement (Figure 0.10C) par rapport aux QS sans 

revêtement (QS-DiI). Cependant, les QS revêtus de silice avec coque cassable et non cassable (BS-
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QS-DiI et NB-QS-DiI) ont montré une réduction de l'intensité lumineuse émise de 63 %. Par 

conséquent, la libération de DiI est entravée par l'enveloppe de silice et, dans les premières 

heures, le blindage fonctionne aussi bien pour l'enveloppe cassable que pour l'enveloppe 

incassable. Cependant, après des périodes plus longues (> 124h), la coque de silice cassable 

commence à libérer plus de DiI que la coque incassable (Figure 0.10D), ce qui montre une 

émission trois fois plus élevée après 16 jours. 

 

Figure 0.10. A) Représentation schématique du SQ chargé avec DiI, B-S-QS et NB-S-QS chargé avec DiI. 

Étude de libération in vitro des QS-DiI (noir), BS-QS-DiI (rouge) et NB-QS-DiI (bleu). B) Intensité d'émission 

à 566 nm dans le temps (λexc= 500 nm) C) après 25 et D) 400 h. 
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En conclusion de cette partie : Les QS de silice enduite d'étiquettes ont été synthétisées afin de 

disposer d'une autre sonde de caractérisation de la formation de la coquille de silice. Des études 

de cassabilité, de perméabilité, de confocalisation, de tempête et de libération ont été réalisées 

avec ces systèmes. Des études de caractérisation par FRET (transfert d'énergie) ont été réalisées 

pour le QS chargé, révélant que le colorant à l'intérieur du QS et le colorant dans la coquille de 

silice sont à une distance approximative de < 10 nm. Des analyses confocales et STORM ont été 

effectuées pour sonder la présence de la silice de l'étiquette et la caractérisation de celle-ci. Des 

tests ont été effectués pour étudier la cassabilité de l'échantillon en présence d'un agent 

réducteur (GSH). En utilisant plusieurs méthodologies (système ouvert et système fermé), il a été 

révélé que la cassabilité de l'enveloppe de silice modifie le FRET dans le système au cours du 

temps. Les études de libération montrent une protection de 62 % du médicament chargé en 

utilisant un colorant hydrophobe comme médicament modèle pendant les 25 premières heures 

de libération. D'autres études devraient être menées pour tester la libération de médicaments 

hydrophiles dans ces systèmes. 

Dans d'autres études, on a étudié la formation d'une enveloppe de silice cassable dans un autre 

type de Quatsomes, constitué de cholestérol et de chlorure de Myristalkonium (MKC) pour 

utiliser un système moins toxique pour les applications d'administration de médicaments.70 La 

valeur initiale de la taille du diamètre hydrodynamique de l'échantillon MKC-QS était de 26±19 

nm et 81±19 nm (Figure 0.11A). Après l'ajout du mélange de silanes (TEMOS et BTSPD), la taille 

du diamètre est passée à 64±14 nm et 221±57 nm pour les deux tailles de distribution (Figure 

0.11B). Figure 0.11C représente des images au Cryo-MEB de l'échantillon final après nettoyage 

par dialyse. 

 

Figure 0.11. Mesures DLS pour le MKC-QS revêtu de silice cassable. En utilisant TEMOS et BTSPD. A) MKC-

QS initial, B) après addition de silane et réaction de 4 h et C) images Cryo-MET de l'échantillon final. 



 

16 
 

Dans un autre projet, il est proposé d'inclure l'utilisation du tensioactif MKC dans la synthèse des 

nanoparticules de silice mésoporeuse comme modèle pour leur formation. Des nanoparticules 

de silice non cassables et des nanoparticules de silice cassables ont été préparées (NB-MSNPs). 

Les particules à réponse redox sont fabriquées en utilisant un lien disulfure comme groupe 

organique (ss-MSNPs). De plus, de gros pores ont été créés sur les nanoparticules mésoporeuses 

cassables en utilisant ce tensioactif MKC comme modèle (Big pores-ss-MSNPs). La Figure 0.12 

montre ces 3 systèmes avec un résumé de leur caractérisation; la caractérisation morphologique, 

les distributions de taille de diamètre hydrodynamique et la distribution de taille de pore ont été 

prises par des mesures MEB, DLS et d'adsorption N2, respectivement. Pour les 3 systèmes, la 

forme de ces particules est sphérique avec des distributions hydrodynamiques des diamètres de 

115±40, 119±28 et 137±34 nm pour les NB-MSNPs, ss-MSNPs et les big pores-ss-MSNPs, 

respectivement.  La distribution de la taille des pores pour les NB-MSNPs montre une taille de 

diamètre de 3,2 nm, alors que, pour les non cassables, il a été montré une taille de diamètre de 

2,3 nm ; d'autre part, en faisant les grands pores avec les nanoparticules cassables, une longue 

distribution de taille est observable jusqu'à 30 nm, montrant que ces matériaux appartiennent à 

des systèmes mésoporeux. 

Pour tester les nanoparticules de silice non cassables (NB-MSNPs) et les particules cassables 

sensibles à l'oxydoréduction (ss-MSNPs) fabriquées par MKC comme modèle, un test de viabilité 

cellulaire a été effectué en utilisant 3 lignées cellulaires différentes. Les cellules HeLa (cellules 

cancéreuses du col de l'utérus) et C6 (cellules de gliome) ont été étudiées en tant que lignées 

tumorigènes, et les MCF10 en tant que non tumorigènes à 3 concentrations différentes de NP, 

10,50 et 100 µg/mL. Les nanoparticules sans tensioactif (après son retrait) ont été testées dans 

cette expérience (Figure 0.13).  

Les NP cassables et non cassables fabriquées par le tensioactif MKC et après son élimination 

(MKC), ont une bonne viabilité cellulaire ; aucune toxicité n'a été détectée à 10, 50 et 100 µg/ml 

(100 % de la viabilité cellulaire) avec les lignées cellulaires MCF10, C6 et HeLa. Ces observations 

suggèrent que la MKC peut être une bonne option pour préparer les MSNP à faire de meilleurs 

systèmes pour les applications biologiques. 
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Figure 0.12. Caractérisation des A) Nanoparticules de silice non cassables (NB-MSNP). B) des particules 

sensibles à l'oxydoréduction (ss-MSNPs) et C) des nanoparticules mésoporeuses cassables à gros pores 

(Big pores-ss-MSNPs) en utilisant un agent tensioactif MKC comme modèle. Les mesures d'adsorption de 

SEM, DLS et N2, montrent respectivement leur morphologie, la taille de leur diamètre et leur distribution 

poreuse. 

 
Figure 0.13. Essai de viabilité de A) MCF10, B) C6 et C) cellules Hela exposées à différentes concentrations 

de NP ; non cassables, et cassables (NB et B, respectivement), avec MKC et sans MKC pendant 24 heures. 

Les valeurs sont normalisées par rapport aux cellules non traitées et exprimées en % de cellules viables. 

Toutes les données sont représentées sous forme de moyenne ± S.D., l'analyse statistique a été effectuée 

par ANOVA à sens unique et par le test post hoc de la Turquie. 
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En conclusion de tous ces travaux : un nouveau matériau hybride réalisé par PLGA et des 

nanoparticules de silice mésoporeuse a été réalisé sous forme de système multi-délivrance. Il a 

été construit pour délivrer des cannabinoïdes et des médicaments chimiothérapeutiques afin de 

produire une activité synergétique contre le cancer (chapitre 2). Le système est conçu de manière 

à ce que les deux médicaments soient administrés dans deux parties différentes de la cellule 

(intra et extra-membranaire). Cela ouvre une nouvelle barrière au développement des systèmes 

d'administration de médicaments. Dans ce projet, deux cannabinoïdes différents ont été 

synthétisés et caractérisés par RMN, IR, HR ESI-TOF-MS comme exemples d'un analogue et d'un 

endocannabinoïde actif. Différents types de MSNP ont été synthétisés comme exemple de toutes 

les variétés de matériaux qui peuvent être inclus dans les véhicules PLGA@. Différentes 

techniques ont été utilisées pour synthétiser les véhicules PLGA : la méthode d'évaporation des 

solvants, la méthode de précipitation auto-organisée (SORP) et la méthode des modèles 

d'hydrogel. Cette dernière méthode est la seule qui préserve l'homogénéité de taille et de 

morphologie, même avec l'inclusion de cannabinoïdes et de nanoparticules de silice 

mésoporeuse. 

Un deuxième matériau hybride basé sur une vésicule de base non lipidique, appelé Quatsomes 

et silice, a été fabriqué (chapitre 3). La construction est conçue pour condenser la silice autour 

des vésicules en formant une coquille autour d'elles, pour donner plus de stabilité structurelle et 

mécanique au QS ; principalement pour empêcher la perte de cargaison avant qu'elle n'arrive au 

point de destination. Ce matériau contribue au développement d'applications pour 

l'administration de médicaments. De plus, des systèmes d'enveloppe de silice réactifs ont été 

synthétisés pour fabriquer des matériaux de réponse organique redox, qui se brisent 

spécifiquement en présence d'un agent réducteur, à l'intérieur des cellules cancéreuses, libérant 

la cargaison et se brisant en petits morceaux pour empêcher l'accumulation dans le corps. Ces 

matériaux pourraient avoir un intérêt potentiel pour des applications biomédicales. 

Des molécules fluorescentes ont été mises dans le système QS recouvert de silice pour produire 

des coquilles de silice Label QS pour différents objectifs (chapitre 4). Ces systèmes pourraient agir 

comme des bio-sondes luminescentes et leur étude porte sur la recherche de leur potentiel en 

tant que système d'administration de médicaments. De plus, des systèmes de réponse aux stimuli 

redox- label ont été synthétisés pour réaliser différentes études. Des études de caractérisation 
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par transfert d'énergie (FRET) ont été réalisées pour les QS chargés, révélant que le colorant à 

l'intérieur des Q et le colorant dans la coquille de silice sont à une distance approximative de < 

10 nm. Des analyses confocales et de tempête ont été effectuées pour vérifier la présence de la 

silice de l'étiquette et la caractérisation de celle-ci. Des tests de cassabilité ont été effectués en 

présence d'un agent réducteur (GSH) ; il a été révélé que la cassabilité de la coquille de silice 

modifie le FRET dans le système au cours du temps. Le test de perméabilité a montré la protection 

du QS lorsque la coquille de silice est présente. Les études de libération montrent une protection 

des 62 % du médicament chargé en utilisant un colorant hydrophobe comme médicament 

modèle dans les 25 premières heures de libération. D'autres études devraient être menées pour 

tester la libération de médicaments hydrophiles sous ces systèmes. 

La coquille de silice cassable par réaction d'oxydoréduction a été fabriquée dans un nouveau type 

de Quatsome fabriqué par le chlorure de Myristalkonium (MKC). Ces matériaux sont synthétisés 

en faveur de la formation d'un système plus biocompatible pour l'administration ultérieure de 

médicaments proposée (chapitre 5). Dans ce chapitre, il est également proposé d'inclure 

l'utilisation de l'agent de surface MKC dans la synthèse de nanoparticules de silice mésoporeuse 

comme modèle pour leur formation. Des nanoparticules de silice non cassables et des 

nanoparticules de silice cassables ont été préparées. Les particules à réponse d'oxydoréduction 

sont fabriquées en utilisant un lien disulfure comme groupe organique. De plus, de gros pores 

ont été créés à partir de nanoparticules mésoporeuses cassables en utilisant ce tensioactif MKC 

comme modèle. Des systèmes plus biocompatibles pourraient découler de ces travaux afin 

d'améliorer les matériaux d'administration des médicaments pour les applications biomédicales. 

En conclusion générale, cette thèse explore la combinaison de différents systèmes pour former 

des matériaux hybrides afin de réaliser leurs propriétés uniques attribuées à un seul matériau. 

Les conceptions sont censées développer de nouvelles alternatives dans le domaine des 

nanomatériaux pour les applications d'administration de médicaments. 
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Summary of the thesis 
 

 

 

 

 

 

 

Nanomaterials (NMs) have been explored in the last decades gained prominence in technological 

advancements due to their tuneable physical chemical and biological properties.1 Nanomaterials 

are categorized depending on their size, composition, shape and origin. Due to their increased 

growth in some research fields, industries have developed a special interest to explore and 

develop new technologies to produce nanomaterials. One of the big research areas of interest is 

for nanomedicine applications which the challenge is producing non-toxic nanomaterials for 

biomedical imaging, biosensing, diagnostics and therapy.  

For the pharmaceutical industry, drug delivery and targeting have been attractive approaches to 

create a “magic bullet”, a material capable of delivering drugs in the right place, at the right 

concentration and for the right period of time, without chemical changes in the material, 

accomplishing the biodegradability and biocompatibility of the nano carrier.2–4 Different 

examples of drug delivery nanoplatforms exist nowadays; basically, divided in three main groups: 

organic matrices, inorganic materials and hybrid nanoparticles.5 Systems as dendrimers,6–9 

liposomes,10,11 quantum dots,12 polymeric nanoparticles,13,14 silica-based materials,15–17 carbon 

nanotubes,18,19 metallic nanoparticles,20 etc. are revolutionizing the field of medicine for the early 

detection, diagnosis, and treatment of various diseases as cancer, VIH, Alzheimer, glaucoma, 

depression, to mention some.3,21–23 

Hybrid nanoparticles, composed by inorganic and organic components, can be prepared using 

several strategies; their production is based on the optimization of their synergistic therapeutic 

effects. Then, the combination of drug carriers need to be rationally designed to accommodate 

multiple therapeutic drugs or modalities with temporally controlled release of individual 
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cargos.24 This thesis titled “Design and synthesis of hybrid particles for drug release” is based in 

the combination of several delivery systems to form new hybrid materials for biomedical 

applications. Hybrid systems mainly conformed by silica structures and combined with Poly 

Lactic-co-Glycolic Acid (PLGA), a polymeric material, or with non-lipidic vesicles called Quatsomes 

(QS) are presented in this thesis. For a deep understanding of the chapters, here is presented a 

brief resume of the silica nanoparticles, PLGA polymer carriers and QS. 

Among all the inorganic materials, mesoporous silica nanoparticles have become a predominant 

carrier for drug delivery applications due to their tunable size, morphology, and porosity. The 

efficient entrapment of drugs within their porous structure followed by a controlled release upon 

endogenous or exogenous stimuli such as light, temperature, ultrasound, or pH, has made 

mesoporous silica nanostructures highly promising delivery vehicles.25 Those versatilities upon 

stimuli response is due to their facility to incorporate functionality groups in the silica. Redox-

stimuli response silica systems, reported presenting S-S cleavable bonds in their structure, which 

are a good strategy for drug delivery within cells, responding with self-destructive behaviour to 

stimuli present in the intracellular environment once the target is reached.26–28 

Polymers have been widely explored in the area of drug delivery due to their unique 

biocompatibility and biodegradation properties,29 biodegradable polymeric nanoparticles have 

been used in broad applications in the fields of drug delivery and release, vaccination, targeting, 

tumor therapy and diagnostic systems.30–34 From all the polymers, PLGA is consider a good 

candidate for drug delivery applications due to their biocompatibility and biodegradability that 

can be metabolically hydrolysed into the monomers lactic acid and glycolic acid. PLGA particles, 

as microparticles or nanoparticles systems,35 have been shown to be capable of carrying and 

delivering a variety of drug classes as vaccines,36 peptides,37 proteins,38,39 and hydrophobic 

drugs.40  The advantages of using these PLGA particles are the reduction of injection frequency, 

sustained therapeutic drug levels, site-specific drug delivery and formulations that can be 

changed for any number of desired release profiles.41,42 

In the last 50 years, many nanodrugs have been developed and approved for human 

administration based on lipid nanovesicles. Liposomes are the most famous drug delivery 

systems based on phospholipids.43 Their potentiality in drug delivery comes due to their 

biocompatibility.43 Moreover, they present poor colloidal and chemical stabilities.44,45 Because of 
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that reason, another class of vesicles, called “non-liposomal lipid-based nanovesicles”, has been 

attracting a lot of attention. One of this non-liposomal lipid-based nanovesicles are the 

Quatsomes (QS), unilamellar bilayer nanovesicles constituted by quaternary ammonium 

surfactants and sterols have been used as a model for drug delivery. Their stability regarding their 

morphology, size, lamellarity, and membrane supramolecular organization make them 

interesting for drug delivery applications in the development of new nanomedicines.46–49 

OBJECTIVE: The purpose of this thesis is then to develop different classes of hybrid 

nanostructured materials to interface inorganic/organic systems. In particular, the use of soft and 

hard materials combined in a single system to develop degradable systems for drug delivery 

applications. 

Therefore, here it is presented the use of a new hybrid system consisting in a combination of a 

polymeric material with the inclusion of mesoporous silica nanoparticles for the encapsulation 

and delivery of cannabinoids (CBDs) and chemotherapeutic drugs for the treatment of cancer.  

There are some examples in literature which have been shown that the combination of CBDs with 

chemotherapeutic agents enhances the antitumoral action.50 Different kinds of mesoporous 

silica nanoparticles (MSNPs) were synthetized as models of the inorganic systems that can 

encapsulate an anti-cancer drug for the release of the chemotherapeutic drug. Moreover, 

breakable particles (redox stimuli response) were also produced as a degradable system, that will 

be included in this hybrid platform.51 These silica NPs loaded with a chemotherapeutic drugs, in 

turn, are loaded in PLGA carriers36 which also contains an active endocannabinoid or its analog 

(CBDs), resulting in an unprecedent hybrid tandem-delivery system (CBDs-MSNPs@PLGA-MBds) 

(Figure 0.1).  
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Figure 0.1. A) Hybrid system and mechanism of action as a cancer treatment strategy consisting in the 

combination of two materials PLGA and mesoporous silica carriers for the loading of cannabinoid and a 

chemotherapeutic drug to increase the apoptosis of cancer cells. B) PLGA- carriers and a schematic 

representation of its degradation process and C) Redox stimuli-responsive MSNPs for the release of the 

chemotherapeutic drug. 

 

For the preparation of the PLGA carriers, three methodologies were tasted to produce particles 

in the range size of 500 nm>5 µm, by solvent evaporation method,52–54 self-organized 

precipitation (SORP) method, which consist in a procedure that is without surfactant through a 

self-organized precipitation route55,56 and the hydrogel template method.57 A specific size is 

required to ensure than the cannabinoid drug will be released outside the cell as the cannabinoid 

receptors are intramembrane proteins (IMP) located in the lipid bilayer of the cell membrane.58 
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Moreover, not only the size plays an important role, homogeneity in the sample is required since 

the behaviour of nanoparticles as drug delivery systems is highly affected by this property.59 

By the solvent evaporation method, PLGA@MS were obtained with two main diameter size 

distributions of around 1.47±0.37 µm and 14.9± 3.7 µm.  The inclusion of MSNPs can be carried 

out but the polydispersity of the system provided the information that this methodology was not 

the best one to continue the studies. Using the SORP methodology, PLGA spheres of around 600 

nm and 1 µm could be synthesized with a free surfactant. The incorporation of MSNPs gives 

agglomerations of the PLGA@MS with 20 and 5% w/w. On the other hand, the incorporation of 

an endocannabinoid perturbs the formation of the spheres even at low loading (5 % w/w).  

Therefore, for all the procedures tried, the hydrogel template method was the only one in which 

the homogeneity regarding size and morphology is preserved even with the inclusion of 

cannabinoids and mesoporous silica nanoparticles (Figure 0.2). The carriers, called beads due to 

its shape, were of 20 µm diameter size. Confocal images were taken of the different 

PLGA@systems loaded with Nile Red, N-(2-hydroxy ethyl) oleamide (2HEO) and Anandamide 

(AEA) in the PLGA@carrier (Figure 0.2A and 0.2C). 2HEO and AEA were synthetized and 

characterized by NMR, IR, HR ESI-TOF-MS. Those compounds represent the analogue and the 

active molecule of a group of cannabinoids called endocannabinoid.60 2HEO or AEA can be loaded 

in high percentage (20 % w/w) in the PLGA@MBds giving CBDds-PLGA@MBds systems. Figure 

0.2D shows the MSNPs@PLGA@carrier system, where MSNPs were loaded with the dye orange 

2 (4-[(2-Hydroxy-1-naphthalenyl)azo]benzenesulfonic acid monosodium salt) to mimic the 

loading of a chemotherapeutic drug. In turn, these MSPNs were inserted in the PLGA@carrier. 

The confocal images (Figure 0.2) were taken using a laser wavelength of 488 nm.  

Then, here is presented a new unprecedent hybrid tandem-delivery system (MNPs@PLGA-MBds) 

based on breakable and degradable systems. A Food and Drug Administration (FDA)-approved 

poly(lactic-co-glycolic acid) biodegradable polymer carrier61 can effectively transport CBDs and 

mesoporous silica nanoparticles (ss-NPs),it was prepared with a redox-responsive linker 

disulfide51 and loaded with chemotherapeutic drugs. This design covers the requirement to 

deliver two different type of drugs in two different parts of the cell (intra and extra membranal) 

which opens a new barrier for the development of drug delivery systems. 
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Figure 0.2. Schematic representation of the different hybrid systems synthetized for the loading of 

hydrophobic molecules, in particular A) Nile Red, B) N-(2-hydroxy ethyl) oleamide (2HEO) and C) 

Anandamide (AEA) in the PLGA@carrier. 2HEO and AEA represents the analog and the active 

endocannabinoid. D) Shows the representation of the MSNPs@PLGA@carrier system. Orange 2 was 

loaded in the redox-stimuli-MSNPs to mimic the chemotherapeutic drug. The confocal images were taken 

using a laser wavelength of 488 nm. 

 

After that, it is presented another hybrid material done in combination of non-lipid-based 

vesicles, called QS and silica. QS are thermodynamically stable vesicular structures, composed of 

quaternary surfactants and sterols (Figure 0.3A). Their stability regards their morphology, size, 

lamellarity, and membrane supramolecular organization.62,63 These vesicles can load 

hydrophobic or hydrophilic drugs working therefore for several applications, including drug 

delivery. The idea is to combine QS with a silica shell to protect the vesicle, giving more structural 

and mechanical stability to the QS, against agglomeration and internal leakage during storage, 

transporting and application. Moreover, this shell could prevent the loss of cargo for drug 

delivery applications, making sure that all the drug loaded will arrive to the targeted point. 
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Furthermore, here is presented the formation of a stimulus responsive silica shell, which, in 

presence of a reducing agent (existing in high concentrations in carcinogenic cells), breaks in 

small pieces releasing the cargo and preventing then the accumulation of the material in the 

body.   

For the synthesis of the silica shell, different silanes were tested: TEMOS, TEOS and APTES to 

produce the non-breakable silica coated QS (NB-SQS) and the combination of these with BTSPD 

to produce the stimulus responsive shell (redox stimuli) to form a breakable silica shell on QS (B-

SQS) (Figure 0.3B). 

 

Figure 0.3. A) Composition of the QS. B) Different silica-coated QS synthetized. 

 

From all the silanes tested, TEOS and TEMOS were the ones which a deposition of silica in the QS 

was observable. Figure 0.4 shows the Cryo-TEM images and diameter size distribution of the NB-

SQS using TEMOS and TEOS as silica precursors, after 4 and 2 days of reaction, respectively. DLS-

Size and Zeta Potential measurement were carried out over time during their preparation, which 

reveal a change in size distribution and Zeta Potential from 85±2 nm and 94±15 mV (QS) to 116±3 

nm and 36±3 mV for the system using TEMOS to cover the QS (Figure 0.4A), and from 159±3 nm 

and 29±1 mV for the system using TEMOS to cover the QS (Figure 0.4B). 
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Figure 0.4. Non-breakable coated QS using A) TEMOS and B) TEOS. Cryo-TEM and diameter size 

distribution (after 4 and 2 days of reaction, respectively). DLS-Size and Zeta Potential over time during 

their preparation. 
 

For the redox stimulus-responsive Breakable silica-coated QS (B-S-QS), a mixture of APTES and 

BTSPD was used (Figure 0.5A). Figure 0.5B shows the SEM picture of the sample after stirring 

overnight (initial diameter size distribution of QS was 114±26 nm). SEM size distribution, count 

performed on 300 nanoparticles, gave an average diameter of 143±19 nm BS-QS particles.  

The second assay was tried with QS of a size of 50 nm, (initial diameter size of QS was 58±1 nm 

and Zeta Potential of 84±2 mV) which have a better uptake by the cells.64 TEM images (Figure 

0.5C) shows the presence of silica around the QS, however it could be particles of silica. DLS 

measurement (Figure 0.5D) show two different populations of size of 58±12 nm and 185±42 nm, 

the second population could be attributed to the agglomeration of the BS-QS. From Cryo-TEM 

image analysis yields a diameter size distribution of 32±6 nm (average over 200 particles). In this 

case, the silica shell thickness was 9±2 nm; which was larger than the 4-5 nm of the QS membrane 

(Figure 0.5E and 0.5F). 
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Figure 0.5. A) Representative scheme B) SEM and C) TEM images for the silica coated Qs (APTES/BTSPD). 

Scale bar 1µm and 50 nm, respectively. D) Size distribution of the B-SQS measured by DLS giving two 

populations of size of 58±12 nm and 185±42 nm. E) TEM size diameter distribution (count performed 200 

silica-QS particles; average diameter 32±6 nm) and F) TEM size thickness of the shell distribution (count 

performed in 100 silica-QS particles; average thickness of the shell 9±2nm).  

 

In the other hand, QS and silica were labelled with a donor (DiI) and acceptor (Cyan5) fluorophore 

(Figure 0.6A), respectively. These systems were employed to characterise the hybrid system by 

Förster Resonance Energy Transfer (FRET), which is a powerful tool to study nanosystems.65 In 

case, the silica is attached to the QS  FRET could be employed to understand the organization of 

the hybrid system. These systems act as luminescent bioprobes and their study focuses on the 

potentiality of these materials as drug delivery systems. For this, DiI was loaded into the 

hydrophobic QS membrane,66 and cyanine 5 NHS ester was covalently attached to the silica 

through the amino groups of the APTES, producing the system Cyan5-BS-QS-DiI (Figure 0.6B). 

The control systems used were those synthetized only with one dye (Cyan5-BS-QS and BS-QS-

DiI). The emission and excitation spectra (Figure 0.6C) of breakable BS-QS-DiI (pink lines; with 

excitation and emission wavelengths of exc = 525 nm and em = 625 nm, respectively) and Cyan5-

BS-QS (blue lines; exc = 600 nm and em = 750 nm) show an overlap of the donor emission (BS-

QS-DiI) and the acceptor excitation (Cyan5-BS-QS), which confirm the possibility to observe FRET 

in the Cyan5-BS-QS-DiI system. Indeed, a high FRET efficiency is observed in both emission and 
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excitation spectra of the Cyan5-BS-QS-DiI (Figure 0.6D; exc = 500 nm and exc = 750 nm). The 94 

% of FRET efficiency was extracted from the experiments (value obtained from the Quantum yield 

QY (E=1-(QYDA(D)/QYD(D))), indicating that the two dyes are largely in close proximity (at a 

distance of less than 10 nm) due to the formation of silica around the QS. 

 

Figure 0.6. A) Dyes using for the label silica QS. B) Representative scheme of the label silica QS. C) Emission 

and excitation spectra of Breakable Silica QS loaded with DiI (BS-QS-DiI) (pink lines); Wavelength of 

excitation and emission were 525 and 625 nm, respectively. And its overlap with the Emission and 

excitation spectra of Cyan5 Breakable Silica QS (Cyan5-BS-Qs) (blue lines); excitation and emission 

wavelength at 600 and 750 nm, respectively. D) Emission and Excitation spectra of the Cyan5-Breakable 

Silica coated DiI-QS (Cyan5-BS-Qs-DiI) exciting at 500 nm and emitting at 750 nm. 

Stochastic optical reconstruction microscopy (STORM) images of Cyan5-BS-QS (exc = 642 nm) 

(Figure 0.7) show spots of sizes between 300 nm, suggesting that the Cyan5-APTES is indeed is 

forming the silica shell on the QS.  
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Figure 0.7. Scheme of the Breakable QS used for STORM analysis (Cyan5-BS-QS-DiI) and the STORM 

images of the of Cyan5-Breakable QS (u.m.micrometer). 
 

In order to know if there is a breakability property in the BS-QS in presence of a reducing agent, 

breakability tests were performed to degrade the silica shell. The breakability of BS-QS was 

studied in presence of Glutathione (GSH) (Figure 0.8A). In the presence of 10 mM of GSH, the 

absorbance of Cyan5-BS-QS, which took place in a semi-permeable membrane tubing (pore cut-

off size of 14 kDa), calling here this method as an open system: In this experiments, we observed 

a gradual decrease over time of the FRET signal (Figure 0.8B), reaching practically zero signal after 

12 days (Figure 0.8C and D). These results suggest that the disulfide linker in the BTSPD starts to 

break in presence of the reducing agent (GSH), producing small pieces of Cyan5-labelled silica 

that eventually leave the membrane tubing. 
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Figure 0.8. A) Scheme of the Cyn5-BS-Qs and its degradation in presence of GSH. B) Experiment diagram 

for the breakability test (dialysis methodology). C) Absorbance spectra of the Cyan5-Breakable QS after 

the time in the presence of 10 mM Glutathione. D) Absorbance spectra at 659nm through the time of the 

Cyan5-Breakable QS. 

 

Another methodology was used to study the Cyan5-BS-QS-DiI breakability, called here closed 

system; in which the QS solution is confined in a Quartz cuvette with 10 mM of GSH and the 

emission was studied at defined time-intervals (Figure 0.9A). The normalized intensity of the 

emission at 562 and 659 nm, representing the DiI and the Cyanine5 in the Cyan5-BS-QS-DiI during 

the time in presence of 10 mM GSH, is shown in Figure 0.9B and C (after 24 and 44 days, 

respectively). The ratio Acceptor/Donor of the sample after these times are presented in figure 

0.9D and E. Along the time the maximum emission wavelength of the donor (DiI) is decreasing 

while that of the acceptor (Cyanine5) is increasing. The ratio between the acceptor and the donor 

increases over the time which means that the FRET in the system is increasing too. This 

observation can be explained as, by the time silica shell is breaking in presence of GSH, and then 

the Cyan5 dye is internalizing into the hydrophobic part of the QS where the DiI is loaded (as this 

dye has more an hydrophobic character), bringing both dyes closer to each other, increasing then 

the energy transfer between the donor and the acceptor. 
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Figure 0.9. A) Scheme of the breakability test using a close methodology. B) and C) Normalized intensity 

of the emission at 562 and 659 nm representing the DiI and the Cyanine5 in the Cyan5-Breakable QS 

loaded with DiI after the time in the presence of 10 mM Glutathione after 24 and 44 days, respectively. 

D) and E) Ratio Acceptor/Donor of the sample after 24 and 44 days.  
 

The impact of a breakable and non-breakable silica shell on the stability of the QS (silica shell 

protection effect) for the release of a hydrophobic molecule loaded in the membrane was 

studied. In particular the release of DiI have been monitored during time in three different 

systems: 1) The QS loaded with DiI (QS+DiI), 2) QS loaded with DiI and coated with a breakable 

shell (QS+DiI+ss-silica shell) and 3) QS loaded with DiI and coated with non-breakable silica shell 

(QS+DiI+silica shell) (Figure 0.10 A). The last two systems (2 and 3) were coated with TEMOS as 

the precursor to form the silica layer. The release experiment, DiI-loaded QS (with or without 

silica-shell), were placed in a semi-permeable membrane tubing (with a pore cut-off size of 3.5 

kDa),67–69 and the emission of DiI was screened (λexc = 500 nm) in the exterior reservoir for a time 

period of 400 h (Figure 0.10B). While that initially the emission was practically zero, due to the 

absence of DiI molecules, the emission increased in the time course of 5 hours for both coated 

QS (Figure 0.10C), lower in comparison with the non-coated QS (QS-DiI). Silica-coated QS with 

breakable and non-breakable shell (BS-QS-DiI and NB-QS-DiI) showed a reduction in the emitted 

light intensity of 63 %. Therefore, the release of DiI is hindered by the silica shell, and in the first 

hours the shielding effect works equally well for both systems (the breakable and non-breakable 



 

40 
 

shell). After longer times (> 124h), however, the breakable silica shell starts to release more DiI 

than the non-breakable (Figure 0.10D), showing a 3 times higher emission after 16 days.  

 

Figure 0.10. A) Schematic representation of the QS loaded with DiI, B-S-QS and NB-S-QS loaded with DiI. 

In vitro release study of the QS-DiI (black), BS-QS-DiI (red) and NB-QS-DiI (blue). B) Intensity Emission at 

566 nm over the time (λexc= 500 nm) C) after 25 and D) 400 h. 

 

Label Coated silica QS were synthetized in order to have another characterization proof of the 

silica shell formation. Breakability, permeability, confocal, STORM and release studies were 

carried out with these systems. Characterization using FRET (Energy transfer) studies were 

carried out for the loaded QS, revealing that the dye inside the QS and the dye in the silica shell 

are approximated in a distance < 10nm. Confocal and STORM analysis were done as a proof of 



 

41 
 

the presence of the labelled silica and its characterization. Breakability tests were carried out to 

study the breakability of the sample in presence of a reducing agent (GSH). Using several 

methodologies (open system and closed system), that revealed that the breakability of the silica 

shell modifies the FRET signal in the system during time. From the release studies is shown a 

protection of the 62 % of the drug loaded using a hydrophobic dye as a proof of concept of the 

drug delivery under the first 25h of release. Further investigations should be carried out on the 

release of hydrophilic drugs under these systems.  

In other studies, the formation of breakable silica shell in another type of QS was investigated. In 

this case, the formulation of the QS was modified by Cholesterol and Myristalkonium chloride 

(MKC) to reduce the toxicity of the system for drug delivery applications.70 The initial 

hydrodynamic diameter size distribution value of the MKC-QS sample was 26±19 nm and 81±19 

nm (Figure 0.11A), after the addition of the mixture of silanes ( TEMOS and BTSPD), the diameter 

size distribution increased to 64±4 nm and 221±57 nm for both groups of size distributions 

(Figure 0.11B). Figure 0.11C represents Cryo-TEM images of the final sample after cleaning by 

dialysis. 

 

Figure 0.11. DLS meassurements for the Breakable silica coated MKC-QS. Using TEMOS and BTSPD. A) 

Initial MKC-QS, B) after the  addition of silane and 4 h reaction and C) Cryo-TEM images of the final sample.  

 

In another project, the use of the MKC surfactant was proposed to be included in the synthesis 

of mesoporous silica nanoparticles as a template for their formation. Non-breakable silica 

nanoparticles and breakable silica nanoparticles were prepared (NB-MSNPs). Stimulus redox-

response particles are synthetized using a disulfide linker as an organic group (ss-MSNPs). 

Moreover, big pores were created on the breakable mesoporous nanoparticles using MKC 

surfactant as a template (Big pores-ss-MSNPs). Figure 0.12 shows a schema of these 3 systems 

with a resume of their characterization: morphological characterization, hydrodynamic diameter 
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size distributions, and pore size distribution were taken by SEM, DLS and N2 adsorption 

measurements, respectively. For all the systems, the shape of these particles is spherical with 

hydrodynamic diameter size distributions of 115±40, 119±28 and 137±34 nm for the NB-MSNPs, 

ss-MSNPs and the big pores-ss-MSNPs, respectively. The pore size distribution for the NB-MSNPs 

showed a diameter size distribution of 3.2 nm, while for the non-breakable the diameter pore 

size was 2.3 nm. Finally, the big pores with breakable nanoparticles was obtained, a long size 

distribution was achieved, of values until 30 nm, showing these materials as a mesoporous 

system. 

 

Figure 0.12. Characterization of the A) Non-breakable silica nanoparticles (NB-MSNPs). B) redox-

responsive particles (ss-MSNPs) and C) big pores breakable mesoporous nanoparticles (Big pores-ss-

MSNPs) using MKC surfactant as a template. SEM, DLS and N2 adsorption measurements, shows their 

morphology, diameter size and porous distribution, respectively. 

 

Different tests were realized with different kinds of silica nanoparticles as hybrids materials to 

study their biocompatibility. Non-breakable silica nanoparticles (NB-MSNPs) and breakable 
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redox-responsive particles (ss-MSNPs) synthetized by MKC as a template were studied. A cell 

viability test was performed using 3 different cell lines: HeLa (cervical cancer cells) and C6 (glioma 

cells) cells were studied as tumorigenic lines, and MCF10 as a non-tumorigenic. Additionally, the 

influence of the concentrations of NPs was studied, 10, 50 and 100 µg/mL were the selected 

concentrations. The nanoparticles without surfactant (after its removal) were tested in this 

experiment (Figure 0.13).  

Breakable and non-breakable NPs were synthetized by MKC surfactant and after its removal 

(MKC), have a good cell viability and not toxicity was detected at 10, 50 and 100 µg/ml (100 % of 

cell viability) with MCF10, C6 and HeLa cell lines. These observations suggest that MKC could be 

a good option to prepare MSNPs to make better systems for biological applications. 

 

Figure 0.13. Viability assay of A) MCF10, B) C6 and C) Hela cells exposed to different concentrations of 

NPs; non-breakable, and breakable (NB and B, respectively), with MKC and w/o MKC for 24 hours. Values 

are normalized to untreated cells and expressed in % of viable cells. All data are represented as mean ± 

S.D., statistical analysis was performed by One-way ANOVA and Turkey’s post hoc test.  
 

A new hybrid material done by PLGA and mesoporous silica nanoparticles was done as a multi-

delivering system. It was built in order to deliver cannabinoids and chemotherapeutic drugs to 

produce a synergetic activity against cancer (Chapter 2). The system is designed in the way that 

the two drugs are delivered in two different parts of the cell (intra and extra membranal). This 

opens a new barrier for the development of drug delivery systems. In this project, two different 

cannabinoids were synthetized and characterized by NMR, IR, HR ESI-TOF-MS as examples of an 

analogue and active endocannabinoids. Different kinds of MSNPs were synthetized as an 

example of all the varieties of materials that can be included in the PLGA@vehicles. Different 

techniques were used to synthetize the PLGA@vehicles as: solvent evaporation method, self-
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organized precipitation route (SORP) and hydrogel template method. This last one methodology 

was the only one in which the homogeneity regarding size and morphology was preserved even 

with the inclusion of cannabinoids and mesoporous silica nanoparticles 

A second hybrid material based on QS and silica was fabricated (Chapter 3). The construction is 

designed to condensate silica around the QS forming a shell around them. The formation of the 

silica shell provides an excellent structural and mechanical stability to the QS, mainly the shell 

prevents the loss of cargo before the nanocarrier arrives to the targeting point. This material 

contributes for the development of new generation of drug delivery applications. Moreover, 

responsive silica shell systems were synthetized to make redox-organic response materials, 

which specifically breaks in presence of a reducing agent, inside cancer cells, releasing the cargo 

and breaking in small pieces to prevent accumulation in the body. These materials could have a 

potential interest for biomedical applications. 

Fluorescent molecules have been introduced in the silica coated QS system to produce Label 

silica shell QS for different objectives (Chapter 4). These systems could act as luminescent bio 

probes and their study focuses on their potentiality as a drug delivery system. Moreover, stimuli 

redox- label response systems were synthetized to make different studies. Characterization using 

FRET (Energy transfer) were carried out for the loaded QS, revealing that the dye inside the QS 

and the dye in the silica shell are approximated in a distance < 10nm. Confocal and STORM 

analyses were carried out as a proof of the presence of the label silica and its characterization. 

Breakability tests were done in presence of a reducing agent (GSH) and it revealed that the 

breakability of the silica shell could modifies the FRET signal in the system during time. 

Permeability tests showed the protection of the QS when the silica shell is present. Release 

studies showed a protection of the 62 % of the drug loaded using a hydrophobic dye as a model 

drug under the first 25h of release. Further investigations should be carried out on the release of 

hydrophilic drugs under these systems.  

Stimulus redox-response breakable silica shell was fabricated in a new kind of QS synthetized by 

Myristalkonium chloride (MKC) and Cholesterol. These materials are synthetized in favour of the 

formation for more biocompatible systems for further drug delivery proposes (Chapter 5). In this 

chapter also the use of the MKC surfactant is proposed to be included in the synthesis of 

mesoporous silica nanoparticles as a template for their formation. Non-breakable silica 
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nanoparticles and Breakable silica nanoparticles were prepared. Stimulus redox-response 

particles are carried out using a disulfide linker as an organic group. Moreover, big pores were 

created on the breakable mesoporous nanoparticles using this MKC surfactant as a template. 

These new systems provide a more biocompatible systems which could help to obtain better 

drug delivery materials for biomedical applications. 

As a general conclusion, in this thesis it is explored the combination of different systems to form 

hybrid materials to perform their singular properties attributed to one material. The designs are 

thought to develop new alternatives in the field of nanomaterials for drug delivery applications. 
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CHAPTER 1 

General Introduction 

 

 

 

 

ABSTRACT 

This chapter provides a general background for the understanding of the work presented along 

this thesis. The first part gives a general definition of nanotechnology and a short description of 

the different nanoparticles used in the field of nanomedicine. Organic, Inorganic and hybrid 

materials are described in the second part. The third part presents information about silica 

nanoparticles, as an example of promising inorganic systems for nanomedicine applications. 

Their versatility in the synthesis makes possible the formation of silica-based mesoporous 

organic-inorganic hybrid materials which are also described here. In the fourth part, several 

examples of organic systems as lipid and non-lipid-base nanovesicles for nanomedicine are 

described. 
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1.1. Nanotechnology for nanomedicine for drug delivery 

As a technology of the 21st century, nanotechnology, involves the manipulation of physical-

chemical, biological and optical properties at the nanoscale, for the design of functional materials 

with dimensions that ranges from 1-100 nm.1 The concept of employing nanotechnology in 

biomedical research and clinical practice is best known as nanomedicine. According to the 

European Science Foundation, “Nanomedicine is the science and technology of diagnosing, 

treating and preventing disease and traumatic injury, of relieving pain, and of preserving and 

improving human health, using molecular tools and molecular knowledge of the human body”.2 

Its study involves the development of diverse kinds of materials for the specific delivery of 

therapeutic agents to treat different diseases. Systems as dendrimers,3–6 liposomes,7,8 quantum 

dots,9 polymeric nanoparticles,10,11 silica-based materials,12–14 carbon nanotubes,15,16 metallic 

nanoparticles,17 etc. are revolutionizing the field of medicine for the early detection, diagnosis, 

and treatment of various diseases as cancer,  human immunodeficiency viruses (HIV), Alzheimer, 

glaucoma, depression, to mention some.18–21 

From all the different medical applications that these nanostructured materials can present, 

biomedical imaging, biosensing, diagnostics and therapy are included. Drug delivery and 

targeting are attractive approaches for the pharmaceutical industry to explore therapeutic 

agents capable of selective delivery to specific areas in the body, ensuring high efficiency of the 

drug, and reducing side effects. The intention is to create a “magic bullet” (a concept first 

introduced by Paul Ehrlich in 1891),22 for delivering drugs to the right place, at the right 

concentration,  for the right period of time, without chemical changes in the material before 

delivering, accomplishing the biodegradability and biocompatibility of the nanocarrier.19,23,24 

However, drug delivery systems (DDS) nowadays have many limitations as poor bioavailability, 

undesirable side effects, low-drug-loading capabilities, low therapeutic effectiveness, lack of the 

target delivery, among others. Therefore, a  lot of effort has been made in this research 

investigation field for biomedical applications.24 

 

1.2. Nanoparticles for biomedical applications 

Drug-loaded nanoparticulate systems, also called nanomedicines or nanodrugs, are potential 

carriers of active drugs. These systems are based on nanoparticles (NPs), which are defined as 
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particulate dispersions of solid particles in the range of 10-100 nm that can load a drug, which 

can be dissolved, entrapped, encapsulated, or attached to the nanoparticle matrix.24 NPs have 

been interesting platforms to improve some results in drug efficacy as they can optimize the drug 

concentration into the site of action, enhancing the pharmacokinetic and pharmacodynamic 

profiles and having minimal toxicity in healthy tissues.25,26 Some of the advantages are due to the 

fact that carriers can increase the solubility and enhance the stability of hydrophobic materials 

and drugs during their transportation until they reach the point of interest. Additionally, NPs 

could be taken by the mononuclear phagocyte system, thereof their circulation in the system is 

prolonged, enhancing then a successful targeting.24  

The NPs fate and therapeutic outcome is strongly affected by their particular chemical 

composition and other specific structural features, including surface properties (e.g., charge and 

hydrophilic to hydrophobic ratio), general physical characteristics (e.g., size, shape, and stiffness) 

and functionalization (Figure 1.1).27 There are NPs based on inorganic materials,23,28 organic 

matrices,29 or hybrid (inorganic/organic core/shell) structures.19,30 Through the specific design of 

the synthetic methodology, the shape, size and surface characteristics can be controlled.31–33 

 

Figure 1.1. Tunable physical and chemical properties of nanocarriers (NCs). Reprinted with permission 

from ref 27. (Copyright 2019, MDPI). 
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As a resume, the advantages of using NPs as drug delivery systems include that: 1) there is a huge 

versatility in its composition. 2) The particle size and surface properties can be easily manipulated 

to achieve passive and active drug targeting. The site-specific targeting can be achieved by 

attaching targeting ligands to their surface. 3) Carriers can protect drugs from being dissolved in 

the bloodstream, making then a sustain of the drug during transportation until their delivery to 

the specific target tissue-cell. 4) The controllable drug release at the target organ increases the 

drug therapeutic efficacy, reducing the side effects of drugs, as their accumulation in kidneys 

liver, spleen, and other non-targeted organs. 5) Control in the particle biocompatibility and 

degradability by modulating the matrix of the NPs. 6) Multi-deliver of drugs; delivering a 

combination of imaging and therapeutic agents for real-time monitoring of therapeutic efficacy. 

7) The versatility in the route of administration in the system e.g. oral, nasal, parenteral, intra-

ocular etc.34–37 

 

1.3. Organic, inorganic and composite nanoparticles (Hybrid nanoparticles) 

Different examples of drug delivery nanoplatforms exist nowadays (Figure 1.2). They can be 

divided into three main groups: organic matrices, inorganic materials and composite 

nanoparticles.38  

From the organic platform, lipid-based NPs involve micelles,39 dendrimers,5 liposomes,7 

niosomes40 and solid lipids. 41 Among the vast variety of polymer-based NPs, nonbiodegradable 

polymers, as polystyrene or poly(methyl methacrylate) (PMMA), have shown to cause 

inflammatory reactions and to have a high toxicity.42 Therefore, new more compatible and 

biodegradable polymers have been used, as those based on poly(lactic acid) (PLA), poly(D-lactic-

co-glycolic acid) (PLGA), and polysaccharides like chitosan or dextran.10,19,38,43 

To promote specific interaction with cells, organic NPs are often functionalized with 

biomolecules. Alternatively, self-assembly of natural biomolecular building blocks has been used 

for the formation of organic NPs that are made up of proteins, oligonucleotides, and peptides.44 

In general, these organic particles could be employed for drug delivery applications.45  

Compared to their organic counterparts, inorganic-based NPs offer high mechanical strength and 

chemical stability, resistance to enzymatic degradation and disintegration through biological 

fluids. Some examples are the carbon nanotubes,15,16 quantum dots,46 metallic- or bimetallic-
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based NPs17 and mesoporous silica NPs.47 Their easy modulation in size, morphology and 

composition makes them optimal for sensitive nanoplatforms with desired electrical, optical, and 

magnetic properties for biomedical applications.38,48 

Mostly, organic and inorganic materials have been synthesized not only for the early detection 

of dysfunctional cellular pathways but also for therapeutic purposes. For detection, as contrast 

agents for near-infrared tomography, photoacoustic tomography and fluorescence imaging.19 For 

therapeutics, the controlled killing of diseased cells is commonly performed through the 

application of heat (photothermal therapy, hyperthermia), ultrasound, radiation, activation of 

reactive oxygen species (photodynamic therapy), gene and immune-modulation, the delivery of 

high payloads of molecular drugs or combinations thereof.49 

On the other hand, composite nanoparticles as hybrids particles, comprising the 

inorganic/organic (core/shell) nanoparticles and the 2D hybrids, combine different materials in 

one multi-component particle. These systems aim to overcome the limitations of the single-

component structures. Hybrid particles can offer superior solubility and biocompatibility 

compared to individual materials; shells can prevent the contact of toxic core materials, providing 

a proper functionalized surface with biomolecules or biocompatible polymers. 50 For example, 

the combination of silicon nanostructures modified with metal or metal oxide NPs has interesting 

applications in biosensing.51 Moreover, inorganic-organic composites, as the combination of 

polymers encapsulating magnetic particles, or metallic NPs with biodegradable polysugar-shells, 

have antimicrobial activity properties.52 Besides, organic-organic composites, as lipids 

chromophores and polymers conjugated to DNA, have been used to enhance the reactivity of a 

range of hydrophobic molecules and polymers with DNA.39 2D hybrid materials, as graphene 

oxide in combination with inorganic and organic NPs are interesting platforms for theragnostic 

applications.38,53 
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Figure 1.2. Representative organic, inorganic, and composite nanocarriers for drug delivery applications. 

Reprinted with permission from ref 38. (Copyright 2020, MDPI) 

 

Using all these nanoplatforms, the advance of nanomedicine has been increased exponentially, 

with a high number of preclinical and clinical investigations.39 In the last 50 years, many 

nanodrugs have been developed and approved for human administration. Several liposome-

based formulations examples in the market are: Doxil®, a formulation of doxorubicin, approved 

in 1995 by the US Food and Drug Administration (FDA) for treating AIDS-related Kaposi 

sarcoma.54 Myocet®, a formulation of Doxorubicin, approved by the FDA to be used in a 

combination therapy for metastatic breast cancerger.55 Lipoplatin®, liposomal cisplatin, in Phase 

III for the treatment of pancreatic, head and neck, breast, gastric, and non- squamous non-small 

cell lung cancers, mesothelioma.56 DaunoXome®, liposomal encapsulation of Daunorubicin, 

approved by the FDA for Kaposi sarcoma.57 Depocyte®, liposomal cytarabine formulation, for use 

against lymphomatous meningitis.58 For drug-loaded polymer formulations: Abraxane®, an 

albumin-based nanoparticle, protein-bound paclitaxel, approved by the FDA for clinical use for 

the treatment of breast cancer, non‑small cell lung cancer, and pancreatic cancer.59 Regarding 

polymeric nanoparticles, Genexol-PM® is a mPEG-PLA platform encapsulating Paclitaxel ® for 

breast cancer applications.60 

Besides all the kind of nanoplatforms under investigation, there remains a gap between 

technological advances and clinical applications. NPs have limitations associated basically to their 
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engineering; their small size and large surface area can lead to particle aggregation, making the 

in vivo activity of this nanoplatforms limited to be introduced as nanodrugs into the clinic.37 

Hybrid nanoparticles composed of inorganic and organic components can be prepared using 

many strategies; their production is based on the optimization of their synergistic therapeutic 

effects. Then, the combination of drug carriers needs to be rationally designed to accommodate 

multiple therapeutic drugs or modalities with temporally controlled release of individual 

cargos.61 This thesis entitled “Design and synthesis of hybrid particles for drug delivery” is based 

on the combination of several delivery systems to form new hybrid materials for biomedical 

applications. Hybrid systems mainly formed by silica NPs combined with PLGA, or with non-lipidic 

vesicles called Quatsomes (QS) are presented in this thesis. 

 

1.4. Silica NPs for drug delivery 

Given their tunable size, morphology and porosity, silica NPs have become predominant among 

all inorganic carrier materials for drug delivery applications. The efficient entrapment of high 

payloads of cargo molecules within their porous structure, followed by the controlled and 

sustained release of loaded molecules upon endogenous or exogenous stimuli, such as light,62,63 

temperature,64,65 ultrasound,66,67 or pH,68,69 has made mesoporous silica nanostructures highly 

promising delivery vehicles.70–72 Moreover, silica NPs have been considered a potential carrier 

for several biomedical applications due to their biocompatibility, low toxicity, and scalable 

synthetic availability.47,73 Their multiple and diverse surface modifications allow then precise 

control of the surface chemistry to modulate drug or chemical loading, nanoparticle dispersion, 

blood circulation, and site-specific targeting.74 The ability to combine these properties produces 

multimodal nanoparticles for theragnostic applications, such as biomedical imaging, assaying, 

therapeutic delivery, monitoring, etc.74 

Several synthetic techniques have been developed to produce silica particles with a narrow range 

of sizes and nearly uniform composition. The Stöber method, developed in 1968, continues to be 

a widely employed method for synthesizing silica nanoparticles. It involves sol-gel processing,75 

in which tetraethyl orthosilicate (TEOS) or other organosilanes precursors are mixed with water 

and alcohol in a base-catalyzed reaction.76 The size of the obtained particles depends on the 

solvent and the starting silicate derivatives concentration. Additionally, the Stöber method can 
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be employed without templates to form solid particles. This reaction involves hydrolysis and 

condensation reactions of the inorganic alkoxide monomers in order to develop colloidal 

particles (sol) and consequently convert them into a network (gel) (Figure 1.3). The hydrolysis 

step takes place by the addition of water to the TEOS solution under neutral, acidic, or basic 

conditions, and it leads the formation of silanol groups (Si-OH). The mechanism of hydrolysis is 

catalyst-dependent, and its reaction rate depends on the pH and the water or ethanol content. 

The latter is the most common organic co-solvent, it dissolves the alkoxysilanes, which are not 

water-soluble, facilitating the hydrolysis step by mixing the alkoxysilane with the water in the 

reaction.77 

In the second step, the silanol group condensates with another silanol group (by water 

condensation reaction) or with an alkoxysilane (by alcohol condensation) to build a strong 

siloxane linkage (Si-O-Si) with a loss of water or alcohol. While the number of Si-O-Si bridges 

increases, the siloxane matrix can aggregate into a sol, which disperses in the solution into small 

silicate clusters. Condensation of the latter silicate clusters leads to the formation of a network 

(a gel), trapping the water and the alcohol.78 

 

Figure 1.3. Sol-gel general reaction scheme, involving the hydrolysis and two kind of condensation 

processes: water condensations or alcohol condensation. Reprinted with permission from ref 78. 

(Copyright 2012, MDPI) 



 

61 
 

As explained previously, the rates and mechanisms of hydrolysis and condensation reactions are 

strongly affected by the 1) types of precursors, 2) kind of catalyst  (acid or base), 3) alkoxy- group 

to water ratio (Rw) for alkoxide precursors, 4) solvent, 5) temperature, 6) presence of electrolytes 

and 7) concentration of the components in the precursors mixtures etc. 

For the precursors, Si-OR groups of silicon alkoxides must first be hydrolyzed before condensation 

reactions can take place. The hydrolysis rates of alkoxysilanes are influenced by steric factors: the 

more steric the R group, the lower the rates of hydrolysis; this means that the reactions rates 

follow the order Si(OMe)4 >Si(OEt)4 >Si(OnPr)4>Si(OiPr)4.79 

Additionally, the rates and mechanisms of hydrolysis and condensation reactions are strongly 

affected by the identity of the catalyst. From a mechanistic point of view, reactions under acidic 

or basic conditions must be considered separately. Under acidic conditions (see Figure 1.4), the 

deprotonated silanol (≡Si-O-), the silanol (≡Si-OH), or the alkoxysilane (≡Si-OR) groups are 

electrophilically attacked by a proton in a rapid first step. Then, a good leaving group is originated, 

alcohol or water, in the hydrolysis and condensation part. With the protonation, the electron 

density is withdrawn from the central silicon atom (giving a positive charge molecule), rendering 

the species more electrophilic and thus, more susceptible to be attacked by water (in hydrolysis 

reactions) or silanol/alkoxysilane groups (in condensation reactions).78,79 

Under basic conditions (see Figure 1.4), the reaction proceeds by a nucleophilic attack of either 

an OH- (in hydrolysis reactions) or a ≡Si-O- ion (in condensation reactions) to the silicon atom with 

an SN2
 type mechanism. The OH- or ≡Si-O- groups are formed by the deprotonation of water or 

silanol (≡Si-OH) groups.78,79 

It should be mentioned that under strong alkaline conditions, the Si-O-Si bonds can be cleaved 

again by the OH-. The inductive effects of the substituents attached in the silicon atom can 

stabilize or not the transitions states of the intermediates during the hydrolysis and condensation 

processes. Moreover, it should be taken into account that the electron density at the silicon atom 

decreases as ≡Si-R´> ≡Si-OR > ≡Si-OH > ≡Si-O-Si, and the reaction rates for hydrolysis and 

condensation under acidic conditions increase in the same order as the electron density. For base 

catalysis, a negatively charged intermediate must be stabilized. Therefore, the reaction rates for 

hydrolysis and condensation increase in the reverse order of the electron density, what explains 

the pH dependence of the hydrolysis and condensation of silicon alkoxides. In this case, the 
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minimal reaction rate for hydrolysis is at pH 7, and for condensation around pH acid. At pH values 

lower than 3, hydrolysis is favored, and then, condensation is the rate-determining step. In 

contrast, at higher pH values, the condensation rate is faster, being the hydrolysis the rate-

determining step (meaning that the hydrolyzed species are immediately consumed by the 

condensation) (Figure 1.5). Catalysis by fluoride ions is similar to that of hydroxide ions (basic 

conditions).78,79 

 

 

Figure 1.4. Schematic representation of the different mechanism given by acidic and basic conditions in 

the hydrolysis and condensation of silica. Reprinted with permission from ref 12. (Copyright 2006, 

American Chemistry Society) 

 

 

Figure 1.5. pH dependence for the hydrolysis and condensation rates of the silica polymerization. 

Reprinted with permission from ref 11. (Copyright 2010, Taylor & Francis Group) 
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1.4.1. Silica-Based Mesoporous Organic-Inorganic hybrid materials 

Mesoporous silica NPs (MSNPs) are hybrid materials of organic-inorganic systems. There are 

characterized for having large surface areas and a pore size between 2 and 15 nm. The organic 

phase is composited from supramolecular aggregates of ionic surfactants (most common: long-

chain alkyl-trimethylammonium halides) that work as a template of an ordered mesostructured 

composite in which the silica precursors condensate under basic conditions. To obtain the 

mesoporous material, the removal of the surfactant by extraction or calcination must be done 

(Figure 1.6). 

 

Figure 1.6. Representation of the templated synthesis of MSNPs (Stöber process), following a) true liquid 

crystal template and b) cooperative liquid-crystal template mechanism. Reprinted with permission from 

ref 80. (Copyright 1992, Macmillan Publishers Limited) 

 

To produce these hybrid organic-inorganic materials, an attractive interaction between the 

template and the silica precursor is needed to ensure the inclusion of the template without phase 

separation taking place. The different interactions are shown in Figure 1.7:13,81 1) in basic 

conditions: where the silica species are anions and quaternary ammonium surfactants (S+I-, S: 

surfactant; I: inorganic species). 2) In acidic conditions (below the isoelectric point of the Si-OH; 

pH~2), the silica species are positively charged, to produce an interaction with the cationic 

surfactant, it is necessary to add a mediator X- (usually a halide) (S+X-I+). 3) With negatively 

charged surfactants as long-chain alkyl phosphates, the reaction with the silica species can be 

done in basic media with a mediator ion M+ (S-M+I-). 4) The interaction between a negatively 
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charged surfactant and the silica species in acidic media (S-I+). 5) Interaction through hydrogen 

bonds happens when a nonionic surfactant is used S0, as long-chained amine or polyethylene 

oxide with uncharged silica species (S0I0). 6) Or hydrogen bonds interactions through ion pairs 

pathway (S0(XI)0).13 

 

Figure 1.7. Interactions between the inorganic species and the head group of the surfactant with 

consideration of the possible synthetic pathway in acidic, basic, or neutral media. Electrostatic: 1) S+I-, 2) 

S+X-I+, 3) S-M+I-, 4) S-I+ and through hydrogen bonds: 5) S0I0, and 6) S0(XI)0. Where S=surfactant, M= 

mediator and I= inorganic species. Reprinted with permission from ref 13. (Copyright 2006, Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim) 

 

The incorporation of functionalities can be achieved by A) Grafting: a subsequent attachment of 

organic components in a pure silica matrix; the process is carried by the reaction of organosilanes 

type (R’O)3SiR and ClSiR3, or silazanes HN(SiR3)3 with silanol groups of the surface of the pores. 

Depending on the size of the organic residue, the pore size can be diminished or completely 

blocked if it is a bulky specie (Figure 1.8A).82,83 B) Co-condensation one-pot synthesis: a 

simultaneous reaction of condensable inorganic silica species and silylated organic compounds. 

TEOS or TEMOS are used in a combination with terminal trialkoxyorganosilanes of the type 
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(R’O)3SiR in the presence of structural-directing agents (surfactants) leading the materials with 

organic residues attached covalently (Figure 1.8B).84,85 C) Periodic Mesoporous Organosilicas: The 

use of bisilylated organic precursors of the type (R’O)3Si-R-Si(OR’)3. leads to periodic mesoporous 

organosilica. In this case, the organic units are incorporated in the 3-D network structure through 

two covalent bonds, which are distributed homogeneously in the silica matrix. 
86,87 These 

materials have potential applications in catalysis, adsorption, chromatography, nanoelectronics, 

or as active compounds for release (Figure 1.8C).13 

 

Figure 1.8. Representation of the three different ways of the incorporation of functional moieties by A) 

Grafting, B) Co-condensation one-pot synthesis and C) by the production of Periodic Mesoporous 

Organosilicas. Adapted with permission from ref 13. (Copyright 2006, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim) 
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1.4.2. Mesoporous Silica Nanoparticles (MSNPs) as stimuli-responsive systems for drug delivery  

MSNPs have been interesting for diagnostic and therapeutic applications 14,88,89 including cancer 

treatment,90 infectious diseases treatment,91 and different bone illnesses.92 In general, any drug 

delivery system goal is to load the maximum amount of cargo molecules, releasing the cargo on 

a specific targeting point avoiding premature and unspecific release; in the case of cancer 

treatment, deep penetration in the tumor zone is required.93 Then, MSNPs can be worthy 

platforms to achieve these requirements. 

To load drugs in this type of system, there exist two different ways: 1) in situ, during the synthetic 

path or 2) post-sorption, by physisorption or chemosorption.94 These approaches involve physical 

adsorption from solution into the pores, physical adsorption from solution onto the outer surface 

and covalent grafting. Then, the high surface of MSNPs ensures higher drug loadings that other 

type of NPs.95  

Furthermore, the functionalization of mesoporous silica nanoparticles with stimuli-responsive 

moieties as gatekeepers can prevent early leakage of the payload and consequently, offer better 

control of the delivery.96 Exogenous and endogenous stimuli-responsive silica nanocarriers have 

been already developed, which present interesting release properties. Here, we describe some 

different stimulus which could be used to release a drug:  

• The use of alternated magnetic fields taking advantage of the magnetocaloric effect. The 

release of the cargo can be induced by the rise of temperature of the magnetic NPs that 

contained the drug.97  

• By using light drug delivery systems responsive to a specific wavelength irradiation is also  

possible.98,99 For this, photo-responsive molecules can offer a spatiotemporal control on 

the drug release providing a deep and precise tissue penetration and minimal harm to 

tissues.100 One interesting example is the release of paclitaxel by light radiation of the 

MSNPs linked with o-nitrobenzyl and capped with gold nanoparticles.101  

• pH-sensitive systems (e.g. supramolecular interaction between aromatic amines and β-

cyclodextrin were used as nanovalves able to respond to acidic pH to clog MCM-41 pores 

for specific cellular compartment delivery.102  
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Moreover, along the redox stimuli-response systems those based on disulfide bonds, there exist 

some examples of successful drug delivery in the intracellular environment once the target is 

reached, for example in response to the presence of glutathione (GSH).103–106 GSH is a redox 

agent present in the cellular environment inside (2-10 mM) and outside (2-10 μM) the cells.107–

110 Then, this molecule can play an important role in breaking these responsive materials. Taking 

this into account, in our group it has been reported a redox responsive mesoporous-silica 

nanoparticle containing disulfide bridges (ss-NPS) (30% of the organic group). This system 

degrades inside glioma C6 cancer cells as a response to the reducing stimuli. Additionally, these 

particles were also externally functionalized (arginylglycylaspartic acid), which increased the 

uptake of the particles, without affecting the redox-triggered structural breakdown and 

consequently, they could act as drug delivery carriers (Figure 1.9).111 

 

Figure 1.9. A) Schematic representation of the redox-stimulus-responsive nanoparticle and their 

breakability test followed by TEM analysis of a suspension of ss-NPs undergoing GSH reduction (0–7 d). B) 

SEM image of ss-NPs. Scale bar = 500 nm. Inset: image of the ss-NPs under Vis and UV illumination. C) Cell 

viability of glioma C6 cells measured after incubation for 3 h the NPs loaded with temozolomide (TMZ). D) 

Representation of the fabrication of ss-NPs and its breakability under Glutathione (GSH). Adapted with 

permission from ref 111. (Copyright 2016, Royal Society of Chemistry) 
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1.4.3. Biocompatibility of MSNPs 

Even if MSNPs have been intensively investigated for different biological or medical applications, 

they have not been approved by the FDA for their use yet, since several conditions must be 

accomplished.112–114 Among these conditions, it is determinant to know its biodistribution, the 

clearance routes and the final fate in the body; the uptake, biodistribution, and elimination 

pathways.115 On the other hand, the administration of NPs to the body can be done through not 

only intravenous but also through subcutaneous or intratumoral injections. It should be 

mentioned that pre-clinical studies have shown that MSNPs are, in general, nontoxic in many 

biological systems if they are prepared with certain optimized structural features and applied at 

the right dosages.116–119 However, the huge variability of the MSNPs properties in terms of 

particle size, shape, pore structure, composition, or type of synthetic method, makes complex to 

give a universal description of the biocompatibility of this kind of material. Nowadays, there is 

some interest in studying the impact of size, shape, among other parameters in the metabolism 

of the materials, such as their endocytosis through cell membranes, interferences within cellular 

signaling and the interaction with cellular organelles.120 

The effect of the particle size is one of the most important factors affecting biocompatibility. The 

size influences on how the nanomaterial interacts with cells or some cellular processes. The effect 

of the MSNPs size and cellular uptake and function was first studied by Vallhov et al.121 and it was 

concluded that the dosage of the nanoparticles was an additional important parameter to 

consider for biocompatibility studies. Moreover, Mau and co-workers studied the internalization 

of MSNPs of different sizes in the range of 30 to 280 nm (most of them with hexagonal structure) 

in HeLa cells.122 The cell proliferation and viability were found to be unaffected at a dosage of 

100 µg/mL for all the different MSNPs sizes. Their cellular uptake varied in the order 

50>30>110>170 nm, indicating that endocytosis is a complicated process dependent on many 

factors (Figure 1.10).122 On the other hand, the effect of the size of MSNPs has been also 

investigated in mouse models by Shi et al. After injecting MSNPs of 80, 120, 200 and 360 nm 

intravenously, NPs showed non-toxic and non-inflammatory effects in all the tissues. 

Additionally, they also described different NPs accumulation in the organs following the order: 
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liver > spleen > lung > kidney/heart. Furthermore, the accumulation of MSNPs in each organ 

continuously increased but significantly decreased after 1 month.123 

Figure 1.10. In vitro studies. Cellular uptake of differently sized MSNPS (containing fluorescent tags-green) 

in HeLa cells with treated of 100 μg/mL of 30, 50, 110, or 170 nm in size diameter. NPs, Cell skeleton and 

nucleus are in green, red and blue, respectively. The amount of silicon per cell was calculated and plotted 

as a function of size of MSNs. Reprinted with permission from ref 62. (Copyright 2019, American Chemistry 

Society). Reprinted with permission from ref 122. (Copyright 2009, Wiley-VCH Verlag GmbH & Co. KGaA, 

Weinheim) 

 

1.5. Lipid-based nanovesicles for nanomedicine 

Lipid-based nanovesicles (L-NVs) are small sphere-shaped bilayer vesicles formed by lipids. 

Briefly, vesicles are nano/microparticulate colloidal carriers, of usually 0.05– 5.00 µm in diameter, 

which are formed spontaneously when certain lipids are suspended in aqueous media. They 

consist of a small enclosed liquid compartments separated from its surroundings by one or more 

lipidic bilayers.124 To form these bilayers, supramolecular entities are formed by self-assembly 

(Figure 1.11).125  

Figure 1.11. Representation of a vesicle structure and the lipidic bilayer formed. Reprinted with 

permission from ref 126. (Copyright 2011, Elsevier) 
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This molecular-self-assembly can be defined as spontaneous and reversible association and their 

success in molecular systems is determined by some characteristics of the system, such as, the 

components, interactions, adjustability, environment, mass transport and agitation.125,127 Most 

of the self-assembling molecules possess an amphiphilic character, which means they contain 

hydrophilic and hydrophobic domains in their structure. This hydrophobic–hydrophilic character 

promotes their association through weak, noncovalent interactions to form ordered assemblies 

with different morphologies as spherical or rod-like micelles and amphiphilic bilayers 

(vesicles).128–130 The thermodynamic driving force of this molecular self-assembly is provided by 

the desolvation, collapse, and intermolecular association of the hydrophobic part of the 

monomers. The tendency of the hydrophobic tails to minimize the contact with water is called 

hydrophobic effect. The geometry of the final assembly is determined by its packing parameter 

(p), defined as the ratio of the hydrophobic volume (v) to the product of the head group area (a) 

and the chain length (l). The structures formed according to the p value are: p<0.33, spherical 

micelles; 0.33<p<0.50 cylindrical micelles; 0.5<p<1 vesicles; p=1 planar bilayers; p>1 reverse 

micelles (Figure 1.12).131 

 

Figure 1.12. The packing parameter (p) and the relationship with the aggregates self-assembly 

morphologies of amphiphilic molecules under aqueous conditions. Adapted with permission from ref 131. 

(Copyright 1976, Royal Society of Chemistry) 
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L-NVs can be classified in 1) Small unilamellar vesicles (SUVs) also called nanovesicles, with sizes 

<200 nm and a single bilayer, 2) Large unilamellar vesicles, sizing from 200-1000 nm, 3) Giant 

unilamellar vesciles, >1000 nm, 4) Multilamellar vesicles, formed by concentric bilayers and 5) 

Multivesicular vesicles, composed by several small vesicles entrapped into larger ones (Figure 

1.13A). This kind of particles can be functionalized with different ligands producing then smart 

and multifunctional nanoplataforms systems. 8 

Among the L-NVs, small unilamellar vesicles (SUVs) are the most frequently applied in 

nanomedicine due to their high homogeneity in size and structure. Their  size can avoid the rapid 

clearance through the kidneys and also they have shown long circulation lifetime in the body 

avoiding the macrophagocytes.132 Zangemeister-Wittke et al. reported that these systems can 

present proper accumulation in the tumors; having an enhanced permeability and retention 

effect in cancer cells.133,134  

The most famous class of L-NVs, were discovered by Bangham et al. and subsequently called 

liposomes. They are constituted by natural phospholipids135 that confer high biocompatibility.136 

Moreover, the presence of an aqueous core and lipid bilayers allows entrapping either 

hydrophilic or hydrophobic drugs, respectively.137 However, liposomes usually present poor 

colloidal and chemical stability, as their membrane component  are mostly insoluble and they 

tend to aggregate.138,139 At the same time, some liposome in vivo studies reported a rapid 

clearance from blood after intravenous administration of these nanosystems.140  

For these reasons, lots of efforts have been done to improve this kind of systems. Successful 

examples like the modification of the liposomes surface with polyethylene glycol (PEG), a 

hydrophilic synthetic polymer, has been done to improve their circulation time,141 addition of 

Cholesterol (Chol) in the membrane, or the self-assembling with other components as 

surfactants,142–144 polymers,145,146 polypeptides,147,148
  fullerenes149,150 have been incorporated in 

the liposomes to give rigidity to the system for an improvement of the in vitro and in vivo 

stability.151,152 

Another class of vesicles, called “non-liposomal lipid-based nanovesicles” have been attracting 

attention nowadays as they have demonstrated a huge potential in pre-clinical stages,69–74 and a 

good scalability for industrial purposes, also, they have been recognized as green technologies, 

and their lower costs comparing with the liposomal based vesicles are promising descriptions for 
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these systems. This category includes: niosomes,40,142 transfersomes,143,144 ethosomes,153 

sphingosomes,154 virosomes 155 and Quatsomes, 156 to mention some (Figure 1.13B). 

 

Figure 1.13. A) Representation of lipid-based vesicles and their classification regarding their size and 

lamellarity. E.g. small, large, and giant unilamellar vesicles (SUV, LUV, and GUV) and multi-lamellar and 

multi-vesicular vesicles (MLV and MVV). B) Schematic representation of various types of L-NVs. (a) 

Conventional liposomes; (b) transfersomes; (c) niosomes; and (d) ethosomes. Reprinted with permission 

from ref 8. (Copyright 2016, Royal Society of Chemistry) 

 

Non-liposomal lipid-based nanovesicles differ in their composition: i) niosomes are made by 

Cholesterol (Chol) and non-ionic surfactants as alkyl ether, alkyl esters or alkyl amides, fatty acids, 

and amino acid compounds; 40,142,157 ii) transfersomes are composed by phospholipids (such as 

soya phosphatidylcholine (PC), egg PC, dipalmityl PC, among others) and surfactants (such as 

Spans 80, Tweens 80, sodium cholate etc.);143,144 iii) ethosomes are based on phospholipids and 

alcohols (as ethanol or isopropanol),153 iv) sphingosomes are built with Chol and sphingolipids; v) 

virosomes which include phospholipids together with viral envelope-proteins and vi) Quatsomes 
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that are formed by Chol and cationic surfactants (as quaternary ammonium salts).156,158 Among 

these, sphingosomes and Quatsomes present better stability over time. They can stand for 

several months or years, respectively. In this work, Quatsomes have been used for construct 

hybrid nanostructures for drug delivery applications. 

 

1.6. Quatsomes (QS) 

Quatsomes are longstanding unilamellar bilayer nanovesicles constituted by the mixture of 

quaternary ammonium surfactants and sterols in defined molar ratios.156,158,159
 Their stability, in 

terms of morphology, size, lamellarity, and membrane supramolecular organization, is not 

dependent on temperature or dilution. 
156,158 

 

The most used surfactants to form the Quatsomes membrane are widely used as disinfectants, 

algaecides, preservatives, detergents and antistatic components. This confers to Quatsomes an 

additional antibacterial feature.160 The most common used quaternary ammonium surfactants 

are cetrimonium bromide (CTAB) (Figure 1.14), Myristalkonium chloride (MKC)161 and 

cetylpyridinium chloride (CPC). While for the sterols, Chol and β-sitosterol can be also used. 

Indeed, Quatsomes prepared using antiseptic quaternary ammonium compounds (QACs) and 

Chol have shown good anti-biofilm capacity without adverse effect on the cells.160 

 

Figure 1.14. Cryo-TEM image of Quatsomes formed by the self-assembling of cholesterol and CTAB 

molecules. Adapted with permission from ref 156. (Copyright 2013, American Chemical Society) 

 

Due to their structural and physicochemical properties, QS can be a feasible platform for loading, 

both hydrophilic and hydrophobic molecules. Moreover, they have shown to be effective in 
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enhancing specific bioactivity of proteins and to protect them against premature degradation in 

topical pharmaceutical formulations.162 Overall, these properties make these vesicles interesting 

as drug delivery systems in the development of new nanomedicines.163–166 The compression of 

the stratification in the QS is an important area of knowledge to develop future applications. 

Some examples of QS loaded were studied as a proof of concept to understand the dispersion of 

the dye (1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-indocarbocyanine perchlorate (DiI) and 1,1′-

dioctadecyl-3,3,3′,3′-tetramethyl-indodicarbocyanine perchlorate (DiD)) in the membrane.167 

QS-dye nano-formulations have been used as fluorescent organic nanoparticles (FONS).167 They 

were prepared by CO2-based DELOS technology (vide infra) and they showed excellent colloidal 

and photostability, outperforming compared to other nano-formulations. Additionally, these 

systems improved the optical properties of the fluorophores in water increasing their solubility 

in the media. FONS represent an interesting strategy for bioimaging applications as they present 

good brightness, photostability and biocompatibility.168,169 Ventosa and coworkers showed the 

potential application in super-resolution microscopy of QS loaded with 1,1′-dioctadecyl-3,3,3′,3′-

tetramethyl-indocarbocyanine perchlorate (DiI) in vitro (Figure 1.15).167

 

Figure 1.15. A) Scheme of the DiI-loaded in the QS. B) Conventional wide-field microscopy and STORM 
Images of DiI-loaded QS obtained (λexc = 561 nm), C) Distribution of the diameter size and D) Images by 
fluorescence microscopy of the internalization of DiI-loaded QS in HeLa cells. Adapted with permission 
from ref 167. (Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) 
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Recently, Ventosa et al. have also reported FONS based on QS nanovesicles containing a pair of 

carbocyanine fluorophores that display Förster resonance energy transfer (FRET) (Figure 1.16). 

FRET occurs when a donor fluorophore in the excited state non-radiatively transfers energy to a 

nearby acceptor fluorophore (typically within a distance of 1−10 nm).170,171 Having QS loaded 

with a donor-acceptor pair rather than a single fluorophore gives the possibility to monitor the 

integrity of the nanostructure in cell media, body fluids and organs through FRET emission (which 

only occurs if the structure is preserved). It also gives a wider spectral gap between the excitation 

and emission wavelengths causing a reduction of the self-absorption and, hence, reducing the 

background noise.172,173 

 

Figure 1.16. A) Scheme of the DiI-DID-loaded in the QS (loaded FRET pair), B) Cryo-TEM image of the FRET 

system and their C) diameter size distribution by tracking analysis (NTA). D) Normalized emission spectra 

of DiI and DiD in ethanol, QS-I,QS-D, and QS-I,D in water (λex= 490 nm for DiI, QS-I, and QS-I,D; and 

λex=590 nm for DiD and QS-D). E) and F) Cell viability assay of HeLa and CHO-K1 cells with different QS 

systems at various concentrations in HeLa and CHO-K1 cells. Adapted with permission from ref 173. 

(Copyright 2020, American Chemical Society) 

 

Additionally, FONs are promising optical bioprobes due to their structural homogeneity stability 

inside the cells, high brightness, photostability and high FRET efficiency. There, the FONS were 

mainly localized in lysosomes. Biocompatibility test in cancer and normal cell lines (HeLa and 
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CHO-K1) showed high cell viability after 24 h of incubation with several concentrations of these 

QS, demonstrating low cytotoxicity for both cell lines up to a 5 μg/mL concentration. This 

cytotoxicity is due to the quaternary ammonium surfactant.173,174 

 

1.6.1. Preparation of Quatsomes nanostructures 

QS are self-assembled supramolecular architectures; they are formed spontaneously by 

hydrophobic interactions as a product of the recognition of their components triggered in 

aqueous media. The self-assembly construction is influenced by the environmental conditions, 

as temperature, pH, ionic strength, type, and concentration of components. The methods to 

prepare these systems are focused in obtain homogeneous vesicular organizations with 

controlled size, morphology, and supramolecular organization. This structural homogeneity is 

required since it affects the behavior of vesicles as drug delivery systems. For instance, in contrast 

with the uncontrolled behavior of an heterogeneous system, an homogeneous sample would 

behave as a controlled release system (having an homogeneous release of the drug, at the site 

of action in a determined time) (Figure 1.17).126 Trying to reach these properties and moreover, 

to scale-up the synthesis from laboratory to the industry level several synthetical methods have 

been applied. 8  

 

Figure 1.17. Illustration of the response of an external stimulus in a vesicular drug delivery system with 

and homogeneous (right) and heterogeneous (left) vesicles in terms of size and lamellarity. Reprinted with 

permission from ref 126. (Copyright 2011, Elsevier) 
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Conventional methods for vesicle production involve the dispersion of the self-assembled 

structures in an aqueous phase, being the thin film hydration or Bangham method the most 

used.175 This technique provides large and heterogeneous MLVs with low encapsulation 

efficiencies. For their improvement, reverse-phase methodologies have emerged as the reverse-

phase evaporation (REV) and the solvent injection method. The reverse-phase evaporation (REV) 

method176 is based on the formation of inverted micelles upon addition of a small volume of 

aqueous phase to an organic solution of the lipids, followed by the removal of the organic solvent 

to finally obtain the MLVs. On the other hand, the solvent injection method,177,178 produces 

unilamellar vesicles achieved by injecting a solution of lipids in ethanol or ether into an aqueous 

phase. With these two conventional techniques, usually big LUVS, MLVs and GUVs are obtained; 

therefore post-formation processing is required as, sonication,179 extrusion,180,181 and high-

pressure homogenization182 to achieve a desired size, lamellarity and homogeneity (Figure 1.18). 

However, despite the efforts to obtain homogeneous vesicles, the efficiency of encapsulation is 

another parameter that must be optimized in these systems. 

 

Figure 1.18. A) Conventional and post-formation steps to prepare vesicles. B) Schematic representation 

of the thin film hydration method. Adapted with permission from ref 126 (Copyright 2011, Elsevier) and 8 

(Copyright 2016, Royal Society of Chemistry). 
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Because of this, new preparation methods are emerging to produce small unilamellar vesicles in 

order to increase the trapping efficiency and produce homogeneous materials for drug delivery 

purposes. Compressed fluid (CF) based technologies also named dense gas technologies, have 

gained importance in the last years for the production of high-quality homogeneous L-NVs. A CF 

is defined as a substance that in normal conditions of pressure and temperature exists as a gas 

while it is transformed in a liquid or supercritical fluid by increasing the pressure. The supercritical 

region is achieved when the substance is exposed to conditions above its critical pressure and 

temperature. The most common dense gas is carbon dioxide (CO2), its critical pressure and 

temperature are 73 bar and 31 °C. Using this green substitute, several methodologies have 

emerged, reducing the amount of organic solvent in comparation with that used by conventional 

methods.126,183. Most of the methods using compressed CO2 for L-NV production involve the 

formation of a mixture of this dense gas, the vesicle membrane constituents, and an organic 

solvent at a certain pressure and temperature; thereafter, vesicles are usually produced upon 

contact between this organic phase and an aqueous phase.163,184 

The major techniques described using CF technology for the formation of vesicles include the 

methods of injection, decompression, supercritical liposome, supercritical reverse phase 

evaporation (scRPE), and more recently the Depressurization of an Expanded Organic Solution 

(DELOS-SUSP) method.185 The DELOS-SUSP technique will be fully described as this methodology 

has been used to produce the QS used to produce hybrid systems in this work.  

 

1.6.2. DELOS-SUSP Methodology for the preparation of QS 

The DELOS-SUSP is a CF-based approach for the production of multifunctional small unilamellar 

vesicles. This process involves the depressurization of the CO2 expanded liquid solution into an 

aqueous phase using conditions of pressure of 10 MPa and temperature 308K. Figure 1.19 

illustrates the procedure: in a first step, the hydrophobic components (Chol and cargo molecules) 

are dissolved in an organic solvent (most commonly EtOH) at atmospheric pressure (P) and 

working temperature (TW). Then, the CO2 is added to obtain the expanded solution of the 

components at a TW and high pressure (PW). Finally, the CO2-expanded solution is depressurized, 

from PW to P over a continuous aqueous flow, containing a surfactant (commonly CTAB), to give 

uniform unilamellar lipid nanovesicles.126 
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Figure 1.19. Schematic representation of the DELOS-SUSP method for the efficient preparation of 

multifunctional nanovesicle–bio-active hybrids. Reprinted with permission from ref 126. (Copyright 2011, 

Elsevier) 

 

The large, abrupt and homogeneous temperature decrease caused by the depressurization 

provides more homogeneous vesicles in terms of size, morphology, and supramolecular 

organization, compared to conventional procedures (Figure 1.20).185 

The incorporation of Chol in the lipid membrane vesicles sometimes requires to reduce their 

permeability and avoid leakage of the encapsulated molecule. Due to the poor solubility of Chol, 

the preparation of QS is problematic by conventional hydration procedures. By DELOS-susp, 

vesicles made by Chol and CTAB (1:1 molar ratio) can be prepared. The resulting formulation 

brings homogeneous, stable in time vesicles with diameters between 100-200 nm. To entrap 

active substances by DELOS-susp, the drug can be dissolved either in the expanded mixture or in 

the aqueous phase, depending in its hydrophobicity. As examples, the gentamicin sulphate 
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(hydrophilic antibiotic),186 DiI or DID (hydrophobic dyes)167,173, the growth factor (EGF protein)187   

have been incorporated into cholesterol-rich vesicles using this method.185,188 

 

Figure 1.20. A) Schematic representation of the impact of the preparation procedure on the homogeneity 

and structural organization using a film hydration methodology, followed by multiple steps and DELOS-

SUSP method for the preparation of nanovesicles. Cryo-TEM images correspond to antibiotic-loaded 

vesicular systems obtained with both methodologies. B) Particle size distribution curves measured by 

dynamic light scattering of disperse systems. Adapted with permission from ref 8. (Copyright 2016, Royal 

Society of Chemistry). 

 

1.7. Aim of the thesis 

The purpose of this thesis is to develop different classes of hybrid organic/inorganic 

nanostructured materials. In particular, to use soft and hard materials combined in a single 
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system, silica-coated shell-QS and MSNPs-PLGA@MBds hybrid systems. Besides this introductory 

part (Chapter 1), the results are organized in 4 experimental chapters as follows is described: 

Chapter 2 presents the preparation of a new hybrid system consisting of PLGA (a polymeric 

material) with the inclusion of mesoporous silica nanoparticles in the matrix. In this system, the 

encapsulation of cannabinoids and chemotherapeutic drugs for the treatment of cancer has been 

proposed to create new delivery platforms for the release of two molecules in two different parts 

of the cell (intracellular and extracellular).  

Chapter 3 includes the synthesis of a hybrid system based on a non-lipid-based vesicle (CTAB-

based QS) and silica. This platform (Silica-Shielded Quatsomes, SQS) displays a silica shell around 

the vesicles to protect them from the environment giving more structural and mechanical 

stability. Also, it improves other functions (as avoiding aggregation or introducing new functional 

groups) by decreasing internal leakage during storage, transporting and application. 

Furthermore, the methodology was extended to integrate, as well, a stimulus redox-response 

silica shell in the synthesis of the hybrid material. 

Chapter 4 explores the use of fluorescent molecules to produce labelled Silica Shell-QS, providing 

new luminescent bioprobes, capable of loading different molecules for drug delivery 

applications. Furthermore, label redox-organic responsive silica shell-QS breakability tests were 

shown in terms of FRET experiments.  

Chapter 5 investigates the formation of a redox-organic responsive Silica Shell-QS synthesized 

with an alternative non-toxic surfactant (MKC). Additionally, the MKC was used as a non-toxic 

surfactant template for the synthesis of mesoporous silica NPs, to be used as a more 

biocompatible drug delivery system. 

Altogether, this work shows the combination of different hybrid systems to develop a new 

promising generation of drug delivery silica-based nanoparticles which contribute to stabilize and 

introduce new functionalities to basic organic systems. So, the designs are thought to develop 

new alternatives in the field of nanomaterials for drug delivery applications. 
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The present study is intrinsically interdisciplinary, it involves not only material sciences but also 

organic chemistry, physical chemistry and biology. This work was carried out with the support of 

colleagues and collaborators, experts in different fields whose apports are deeply acknowledged. 
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CHAPTER 2  

Design and synthesis of hybrid particles for tandem 

release of cannabinoids and chemotherapeutic drugs for 

the treatment of cancer tumors 

 

 
 

 

ABSTRACT 

Cancer has become one of the most difficult challenges of our time, accounting for millions of 

deaths each year. Cannabinoids (CBDs) have been extensively studied as chemotherapeutic drugs 

since they can inhibit tumor cell growth and induce apoptosis upon binding to the cannabinoid 

receptors that are overexpressed in cancer cells. Furthermore, examples in literature have shown 

that the combination of CBDs with chemotherapeutic agents enhances the antitumoral action. 

However, due to the poor solubility of CBDs and chemotherapeutic drugs, a new therapeutic 

strategy to deliver both agents into cancer tissues must be improved.  

 

This chapter presents the design and synthesis of hybrid particles for the tandem release of 

cannabinoids and chemotherapeutic drugs for cancer treatments, based in the assemble of two 

main delivery systems PLGA@vehicles and MSNPs, for loading CBDs and chemotherapeutic 

drugs, respectively, in one system, resulting in an unprecedented hybrid tandem-delivery system 

(MSNPs@PLGA@vehicles) for the tandem release of two different drugs in two different parts of 

the target cells. Additionally, redox-organic stimulus MSNPs were synthesized to produce a 

material in which degradation induces silica debris to be easily removed from the body. 
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2.1. Introduction 

Cancer has remained one of the largest medical challenges facing humanity, being the second 

leading cause globally accounted for 8.8 million deaths in 2015 according to the World Health 

Organization. The disease is characterized by the uncontrolled division of cells and their ability to 

spread.1 This unregulated growth is caused by the damage to DNA, resulting in mutations, defects 

in cell cycles, and apoptotic machinery. Thus, agents that can modulate apoptosis can be useful 

for targeted therapy of cancer.1 

Cannabinoids (CBDs) have been shown to inhibit tumor cell growth and induce apoptosis upon 

binding to the cannabinoid receptors that are overexpressed in cancer cells.2 Moreover, several 

examples in the literature have shown that the combination of CBDs with chemotherapeutic 

agents enhances the antitumoral action.3 

However, a major drawback of CBDs is their hydrophobicity, which limits their solubility in 

biologically relevant media. Therefore, improving their solubility remains an important challenge 

in CBDs research for cancer treatments.2 For this, the main goal of this project is to implement a 

new strategy to entrap and deliver these drugs in targeting systems to enhance their activity. This 

means to build a new therapeutic platform capable to deliver both agents, CBDs and 

chemotherapeutic drugs, into cancer tissues. Their incorporation into polymeric carriers, 

implementing mesoporous silica nanoparticles (MSNPs) to load the chemotherapeutic drug, 

could be a feasible strategy. Once this system is administered to the body, CBDs should be 

released outside the cancerogenic membrane cells, where they will interact with the cannabinoid 

receptors that are present. Furthermore, the MSNPs will be internalized inside of these cells to 

then release the chemotherapeutic drug to enhance together the apoptosis of the cancerogenic 

cells. Although one of the main objectives is to treat cancerogenic cells, achieving a 

biocompatible and biodegradable system has been a crucial factor to consider in this thesis. 

Therefore, here it is presented the use of a new hybrid system consisting of a combination of a 

polymeric material with the inclusion of mesoporous silica nanoparticles for the encapsulation 

and delivery of cannabinoids (CBDs) and chemotherapeutic drugs for the treatment of cancer.  
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Different kinds of mesoporous silica nanoparticles (MSNPs) were synthesized as models of the 

inorganic systems that can encapsulate an anti-cancer drug for the release of the 

chemotherapeutic drug. Moreover, breakable particles (redox stimuli response) were also 

produced as a degradable system, that will be included in this hybrid platform.4 These silica NPs 

loaded with chemotherapeutic drugs, in turn, are loaded in poly(lactic-co-glycolic acid) (PLGA) 

carriers5 which also contains an active endocannabinoid or its analog (CBDs), resulting in an 

unprecedented hybrid tandem-delivery system (CBDs-MSNPs@PLGA-MBds) (Figure 2.1). 

 

Figure 2.1. New hybrid system MSNPs@PLGA-vesicles for the tandem release of CBDs and 

chemoterapeutic drug. 
 

The size of PLGA-vesicles and MSNPs had vital importance to the design of the new hybrid system 

(Figure 2.2). Monodisperse PLGA-vesicles with a diameter size in the range of 500 nm to 5 µm 

was required to have a carrier capable of releasing CBDS and MSNPs outside the cell, where the 

CBDs could be recognized by the CBs receptors present in the membrane of the cell6 and the 

MSNPs could be taken by endocytosis inside the cell.7 Studies in this field have demonstrated 

that the internalization of silica NPs is size-dependent, where MSNPs less than 100 nm in 

diameter show improved internalization and 50 nm particles show to have a maximum uptake.8 

Because of this, it was important to synthesize NPs with sizes between 30-50 nm that could have 

better cell internalization. It must be said that besides the size control in the synthesis of these 

materials, homogeneous PLGA vesicles and MSPNs had to be produced.  
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In the hybrid system, the MSNPs were not covalently linked but homogeneously dispersed in the 

PLGA. In the end, the main objective was to load two molecules, the CBDs and the 

chemotherapeutic drug to be after released in two different parts of the cell, to make them work 

in a synergetic way to induce the apoptosis of the cancer cell (Figure 2.3).  

 

Figure 2.2. Size of the PLGA-vesicle and ss-NPs for the new hybrid system. 

 

 

Figure 2.3. Hybrid mechanism system of the ss-NPs@PLGA-vesicles for the tandem release of CBDs and 

chemotherapeutic drugs. 

 

These particles hold promise to deliver large drug concentration at the tumor sites while 

minimizing toxicity in healthy tissues. Systemic chemotherapy has been the most common 

therapeutic strategy methodology used and involves the intravenous administration of anti-

cancer drugs at maximum tolerable doses with the undesirable side effect of collateral cell 

death.9,10 The high dose administration is required because the chemotherapeutic drug has to 

cross several barriers before it is delivered in solid tumors (the transportation through the blood 
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circulatory system, across vasculature walls until it reaches the distant tumor sites).11 These 

barriers result in a low therapeutic efficacy, as only a small portion of the administered drug 

reaches the tumor cells leading to ancillary toxicity to healthy tissues.  Because of this, increased 

attention has been paid to localized delivery administration; where intratumoral injections or 

implantations are used to ensure a maximal therapeutic efficacy, with high doses in the targeting 

tumoral tissue and with minimal toxicity. Among all the materials, polymers have been 

extensively explored as a targeted drug delivery system,12 been the PLGA a good candidate due 

to its biocompatibility and biodegradability.13 Having said the above, the hybrid system described 

herein was designed to be used by intratumoral injections to ensure high drug localization in the 

tumor tissue for the main objective to improve the efficacy of the chemotherapeutic drug and 

the CBDs for the treatment of the cancer tumors (Figure 2.4).12 

 

Figure 2.4. Administration approach for the Hybrid material to be used in vivo as a drug release cargo via 

Intratumoral injection.  
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2.2. Synthesis  
2.2.1. Endocannabinoid and its analogs 

Endocannabinoids are bioactive lipids that have a range of interesting activities mediated by two 

G-protein-coupled receptors (CB1 and CB2).6,14 These molecules are increasingly appreciated for 

their role in inflammation and cancer.15 The role of endocannabinoids in cancer has been implied 

by studies of the effects of exogenous cannabinoids, many derived from the plant Cannabis 

sativa, and synthetic compounds with activity at the CB1 and CB2 receptors.16 The two primary 

endocannabinoids are anandamide (AEA) and 2-arachidonoylglycerol (2-AG). Studies have shown 

that endocannabinoids inhibit proliferation of cancer cells in culture and in vivo.17,18  

Additionally, fatty acid amides are considered a new family of biologically important lipids as 

shown in different biochemical and pharmacological studies,19,20 and they form part of the 

endocannabinoid family.21 Studies with synthetic fatty acid amides show antiproliferative and 

anti-inflammatory activity against several tumor cell lines.22–24  The effect of the 

endocannabinoid and fatty acid amides in cancer cell proliferation is reported to be by the 

binding to cannabinoids and vanilloids receptors.2,15,25–29  

 

2.2.1.1. Synthesis of N-(2-fluoroethyl) oleamide (2FEO) and N-(2-hydroxy ethyl) oleamide 

(2HEO) as analogs of endocannabinoids, and anandamide (AEA) an active endocannabinoid. 

N-(2-fluoroethyl)oleamide (2FEO)30 and N-(2-hydroxy ethyl) oleamide (2HEO)29 were synthesized 

as analogs of endocannabinoids, while anandamide (AEA)31 was synthesized as an active specie. 

These compounds have pharmacologic activity similar to THC;32 as they can bind to the 

cannabinoid receptors, inhibiting tumor cell growth and inducing apoptosis by modulating 

different cell signaling pathways in cancer cells.24 

For the synthesis of 2HEO, a peptide coupling reaction was performed using oleic acid, HBTU as 

a coupling agent, and the 2-(fluoroethyl)amine (Scheme 2.1A). To produce 2HEO and AEA, the 

reactions were performed in two steps from their respective carboxylic acids (oleic and 

arachidonic acid). 1) A Fischer Esterification with H2SO4 and MeOH followed by a 2) Reaction with 

ethanolamine in presence of sodium methoxide in acetonitrile to produce the corresponding 

amides (Scheme 2.1B). 
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Scheme 2.1. A) Synthesis of 2FEO from oleic acid (R1) and B) Synthesis route of 2HEO and AEA from oleic 

acid (R1) and arachidonic acid (R2), respectively. 

 

Synthesis of 2FEO 

The synthesis of 2FEO was achieved through a peptide coupling reaction using HBTU as the 

coupling reagent with a combination of oleic acid and N,N-Diisopropylethylamine (DIPEA) in N,N-

Dimethylformamide (DMF) under N2 atmosphere for 5 minutes. 2-(fluoroethyl)amine 

hydrochloride was subsequently added and the mixture was stirred for 2 days at RT. The final 

product was a white waxy solid with a 69% of yield. 1H NMR ( 5.8 ppm, N–H) and 19F NMR 

(   −.3 ppm, F-H) confirms the formation of the amide. 13C NMR, IR and HR ESI-TOF-MS (327.3 

g/mol) were done to complete its characterization (see experimental part 2.5.2.1). 

 

Synthesis of 2HEO  

Methyl oleate was prepared through a Fischer esterification of the corresponding carboxylic acid 

in methanol, generating a yellow oil/solid with a yield of 99.7% after 4h. The confirmation of the 

compound was characterized by 1H NMR ( 3.65 ppm, O-CH3) and IR. The methyl oleate was 

reacted with ethanolamine in acetonitrile at reflux for 24h to obtain 2HEO with 86.5% of yield. 

The confirmation of the amide was obtained by 1H NMR ( 5.87 ppm, N–H). Further 

characterization was done with 13C NMR, IR and HR ESI-TOF-MS (325.5g/mol) (see experimental 

part 2.5.2.2). 
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Synthesis of AEA 

To synthesize AEA, arachidonic acid was esterified in methanol, obtaining a yellow oil in a 77% 

yield after 6h of reaction. The confirmation of the compound was obtained by 1H NMR ( 3.67 

ppm, O-CH3), 13C NMR, IR and HR ESI-TOF-MS (318.26 g/mol) (see experimental part/synthesis of 

the Methyl arachidonate). Anandamide was finally obtained putting the Methyl arachidonate in 

presence of ethanolamine in Acetonitrile and refluxing for 24h, obtaining a brown oil in a 52% 

yield. 1H NMR ( 5.37 ppm, N–H) confirms the formation of the amide. 13C NMR, IR and HR ESI-

TOF-MS (347.28 g/mol) were done to complete its characterization (see experimental part 

2.5.2.3). 

 

2.2.2. Synthesis of MSNPs  

Synthesis and characterization of MSNPs 

To load the PLGA@carrier with MSNPs, several NPs were synthesized. The NPs that were 

synthesized as a potential carrier of the chemotherapeutic drug are illustrated in Figure 2.5. The 

particles synthesized are divided into two main groups, (1) non-breakable and (2) breakable NPs. 

For the first group (1): non-breakable NPs (NB-NPs), NPs with Dodecyltriethoxysilane groups 

(Dodecyl-NPs), and NPs with 1H,1H,2H,2H-Perfluoro-Octyltriethoxysilane (PFTOS) groups 

(PFOTS-NPs), were synthesized. The last two particles were synthesized as a new type of silica 

NPs modified with hydrophobic groups to increase hydrophobic interaction between the NPs and 

the hydrophobic loaded drugs (endocannabinoids). Also, Non-breakable NPs modified with 

APTES and Fluorescein isothiocyanate (FITC) were prepared (FTIC-NB-NPs). 

For the second group (2): Breakable NPs with bis(triethoxysilyl-propyl)disulfide (BTSPD) linker (ss-

NPs) (ss-NPs of ~100 nm), breakable NPs modified with APTES and Fluorescein isothiocyanate 

(FITC) to produce the FTIC-ss-NPs (ss-NPs of ~50 nm). 
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Figure 2.5. Potential MSNPs synthetized as carriers of the chemotherapeutic drug. A) NB-NPs, B) Dodecyl-

NPs, C) PFOTS-NPs, D) FITC-NB-NPs, E) Breakable ss-NPs, and F) FITC-ss-NPs. 

 

To produce MSNPs, a surfactant is used as a template for the silica. The most common surfactant 

is Cetrimonium bromide (CTAB). In 2001, CTAB-templated silica NPs were starting to be used as 

drug delivery systems,33 and since then, it has been increased the attention in the field of 

nanomedicine.34–38. Two different methodologies were used in this thesis to synthetized the 

MSNPs: A) a modified Stöber process39 and B) micelle templating method (Figure 2.6A and B, 

respectively).40 The Stöber has been one of the most used methodologies for the synthesis of 

silica nanoparticles. It is a sol-gel process, that requires two steps: the hydrolysis and 

condensation of a molecular building block silane (e.g. tetraethyl orthosilicate (TEOS)) in 

presence of water in an alcoholic solution in basic or acidic conditions. While in the micelle 

templating method (another modification of the Stöber process), cationic micelles are formed 

(e.g.  with CTAB) followed by the formation of oil drops of the silane (e.g. TEOS). The hydrolysis 

only occurs at the water-oil interface (thus allowed by electrostatic interactions between the 

micelle and the oil drop surface).40 This condensation is  carried out by triethanolamine (TEA), 

acting as a catalysis base for the hydrolysis of the silane, which also controls the reaction, acting 

as a complexing agent affecting the nucleation of MSNPs and avoiding agglomerations.41 With 

these approaches MSNPs can be synthesized in a range of size from 20 to 110 nm.40 
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Figure 2.6. A) Representation of the templated synthesis of MSNPs (Stöber process), following a) true 

liquid crystal template and b) cooperative liquid-crystal template mechanism. B) Mechanism of the 

formation of MSNPs through micelle templating. Adapted with permission from ref 40 (Copyright 2016, 

Elsevier) and 42 (Copyright 1992, Macmillan Publishers Limited). 

 

As it was said, the MSNPs prepared throughout this work utilize either method, where the 

selection of a methodology depended on the observed dispersity for the NPs prepared. In 

general, all the syntheses presented here were focused in obtain particles with diameter sizes 
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below 100 nm. The particles were characterized by different techniques such as SEM, STEM, DLS, 

EDX, XPS, IR, TGA, N2 adsorption measurements and SAXS. 

 

2.2.2.1. Synthesis of Non-Breakable MSNPs  

Synthesis and characterization of NB-NPS  

NB-NPs nanoparticles were synthesized using the micelle template method.40 CTAB is used as a 

template for the formation of the pores and TEA as a catalyst for the reaction. TEOS is added as 

a silane for its condensation and after 1h at 95 °C under stirring, the particles are formed (see 

Scheme 2.2). After cleaning them from the reaction components and the CTAB, the particles were 

then characterized by SEM, EDX, IR, TGA, and N2 adsorption. 

 

Scheme 2.2. Synthesis of NB-NPs particles using a micelle templating methodology. 

 

Morphological characterization was performed using scanning electron microscopy (SEM) (Figure 

2.7A). The NB-NPs display a monodisperse and homogeneous spherical morphology, with a 

particle size average diameter of 82±6 nm. The monodispersity of these particles was analyzed 

by measuring the diameter size of 100 particles and fitting the results to a gaussian plot. Figure 

2.7B shows the Energy-dispersive X-ray spectroscopy analysis (EDX), where silicon and oxygen are 

observed at the surface of the material. Figure 2.7C present the IR spectrum of the NB-NPs where 

is shown the characteristic peak attributed to the presence of the Si-O bond at 1050 cm-1. 

Thermogravimetric analysis (TGA) (Figure 2.7D) reveals the presence of 4.4% of organic material. 

To see the porosity of the system, N2 adsorption measurements analysis were done (Figures 2.7E 

and F). These analyses show the NPs have a total pore volume of 1.09 cm3 g−1 and a surface area 

of 789 m2 g−1 with an average pore size of 2.8 nm. 
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Figure 2.7. A) SEM and size distributions (count performed on 100 nanoparticles; average diameter 

82±6 nm), B) EDX analysis and C) IR spectrum, D) TGA curve (the dashed line represents the 

derivative curve of the wt% loss; 4.4% Organic material), E) N2 Adsorption/desorption curve, F) Pore 

size distribution obtained from N2 adsorption analysis (average pore size 2.8 nm) of the Non-

breakable particles. 

 

Synthesis and characterization of Dodecyl-NPs 

The synthesis of dodecyl-NPs was achieved through the micelle templating methodology 

(Scheme 2.3), where CTAB was the surfactant used to produce the pores and TEA acted as the 



115 
 

base catalysis of the reaction. The organic moiety dodecyltriethoxysilane (dodecyl) was inserted 

in the TEOS framework in a molar ratio 95:5 TEOS: Dodecyl and the reaction was run for 1 h at 

95 °C and 100 rpm. After, the particles were washed with water and EtOH and a reflux with HCl 

was put to remove the surfactant from the NPs, making then porous. After a second post-

treatment of washings, Dodecyl-NPs were characterized SEM, EDX, XPS, IR, TGA, N2 adsorption 

techniques and SAXS. 

 

Scheme 2.3. Synthesis of dodecyl-NPs particles through the micelle templating method. 

 

From SEM images, the morphologic characterization of dodecyl-NPs was started, showing a 

monodisperse homogeneous spherical morphology (Figure 2.8A). The monodispersity of these 

particles was analyzed by measuring the diameter size of 300 particles (counted from the SEM 

pictures) and fitting the results to a gaussian plot. The size average diameter of these particles 

was 137±9nm (Figure 2.8A top).   

IR spectra showed the characteristic Si-O stretch at 1064 cm-1 (Figure 2.8B). The ratio between 

organic/inorganic moieties was characterized by TGA (Figure 2.8C), revealing a weight loss of 7% 

of organic material, which corresponds to the dodecyl silane moiety present in the framework of 

the NPs. This information tells than the efficiency of the incorporation of the silane is 44% 

(%Organic material expected = 16%). 

EDX experiments show the presence of silicon, carbon and oxygen in the particles (Figure 2.8D). 

These results were corroborated with XPS experiments, exposing the presence of Oxygen (O1s), 

Carbon (C1s), and Silicium (Si2p) (Figure 2.8E), which confirms the presence of the dodecyl silane 

constructed by the alkyl chain. Figure 2.8F shows the deconvolution of the C1s peak, showing 

two characteristic bands of the presence of C-O and C-C bonds. This information says that there 

are dodecyl moieties inserted in the framework but there are some ethoxy groups that have not 

been reacted. 
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Figure 2.8. A) SEM and size distributions (count performed on 300 nanoparticles; average diameter 

137±9 nm), B) IR analysis, C) TGA curve (the dashed line represents the derivative curve of the wt% loss; 

7% Organic material) D) EDX, E) and F) XPS survey spectra of Dodecyl NPs.  

 

To study the porosity in the system, N2 adsorption measurements were performed. The N2 

adsorption/desorption curves show that the particles have a total pore volume of 1.14 cm3 g−1 
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and a BET surface area of 474 m2g−1, while the pore size distribution shown an average pore size 

of 3.5 nm (Figure 2.9A and B). To analyze the organization of their porosity, SAXS analysis was 

done. Showing a mesoporous NPs, with the characteristic (100) Bragg peak. Nevertheless, it is 

not observed the (110) and (200) peaks, showing that it is a certain relative order microphase of the 

porous, but also a disorder pore arrangement due to the presence of the Dodecyl moiety in the 

framework.  

 

Figure 2.9. A) N2 Adsorption/desorption curve, B) Pore size distribution obtained from N2 adsorption 

analysis (Average pore size 3.5 nm) and C) SAXS analysis of the Dodecyl NPs. 

 

Synthesis and characterization of PFOTS-NPs 

PFOTS-NPs were prepared through a modified Stöber process (Scheme 2.4). CTAB was the 

surfactant and NaOH the base catalysis of the reaction. The organic moiety 1H,1H,2H,2H-
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Perfluoro-Octyltriethoxysilane (PFOTS) was inserted in the TEOS framework in a molar ratio 95:5 

TEOS:PFOTS. The reaction was run for 6h at 80 °C. Afterwards, the particles were treated as 

before described; washing, reflux with HCl and more washings to remove the surfactant from the 

NPs. PFOTS-NPs were characterized by SEM, EDX, XPS, IR, TGA, N2 adsorption techniques and 

SAXS. 

 

Scheme 2.4. Synthesis of the PFOTS particles using a micelle templating methodology. 

 

Morphological characterization of the PFOTS-NPs was performed through SEM and scanning 

transmission electron microscopy (STEM) (Figure 2.10A and B). The PFOTS display a 

homogeneous spherical morphology with a particle size average diameter of 100±15 nm 

(counting of 100 particles from STEM images (Figure 2.10B top)). To corroborate this size and 

dispersity, DLS measurements were performed and showed one distribution of particles around 

165±35nm (Figure 2.10C), which roughly coincides with the value calculated by the counting of 

NPs. IR spectra shows the presence of the characteristic pick Si-O bond at 1070 cm-1 (Figure 

2.10D). 

The incorporation of the PFOTS moieties was demonstrated by TGA, EDX and XPS analyses. TGA 

analysis show that 22% of the weight of the particle is organic material (Figure 2.10E); 

demonstrating than the efficiency of the incorporation of the silane is 22% (%Organic material 

expected = 25%). EDX analyses show the presence of F and C in the nanoparticles demonstrating 

the presence of perfluoro-octyl-silane in the NPs (Figure 2.10F). XPS analyses confirm these 

observations showing the presence also of the F and C elements (Figure 2.11). Moreover, Figure 

2.11B shows the presence of two different fluorides CF2 and CF3 bonding to the carbon atoms in 

the chain of PFTOS molecule (CF3 and CF2) and the confirmation of C-C bonds. In Figure 2.11C is 

shown the presence of fluorine in the NPs. 
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The porosity of the PFOTS particles was studied using N2 adsorption analysis, showing a total pore 

volume of 0.7528 cm3 g−1 and a surface area of 917±29m2 g−1 with an average pore size of 2.8 nm 

(Figure 2.12A and B). SAXS studies were done to see the porosity order and it is observed a single 

broad Bragg peak (100) (Figure 2.12C), suggesting a disorder in the porosity of the NPs after the 

incorporation of PFOTS. 

 

Figure 2.10. A) SEM and B) STEM size distributions (count performed on 300 nanoparticles; average 

diameter 100±15 nm).C) DLS analysis (average size diameter = 165±35 nm. D) IR analysis. E) TGA curve 

(the dashed line represents the derivative curve of the wt% loss; 22% Organic material) and F) EDX survey 

spectra of the PFOTS- NPs. 
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Figure 2.11. XPS survey spectra of the of PFOTS nanoparticles.  

 

Figure 2.12. A) N2 Adsorption/desorption curve, B) Pore size distribution obtained from N2 adsorption 

analysis (Average pore size 2.8 nm) and C) SAXS analysis of the PFOTS nanoparticles. 
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Synthesis and characterization of FITC-NB-NPs  

FITC-NB-NPs were prepared through a modified micellar templating process (Scheme 2.5). CTAB 

was the surfactant to produce the pores and TEA the base catalysis of the reaction. The organic 

moiety (3-aminopropyl)triethoxysilane (APTES) was reacted with FITC and inserted in the TEOS 

framework by mixing this solution with this silane before their addition to the CTAB solution. 

After 1h of reaction at 95 °C and under stirring 400 rpm, the particles were washed with EtOH 

and refluxed with HCl to remove the surfactant from the NPs. After a second post-treatment of 

washings, FITC-NB-NPs were dried and characterized by SEM, EDX, XPS, IR, TGA, N2 adsorption 

techniques, SAXS and by photophysical studies. 

 

Scheme 2.5. Synthesis of the FITC-NB-NPs particles using a micelle templating methodology. 

 

The morphological characterization of these NPs was performed using SEM (Figure 2.13A). The 

FITC-NB-NPs display a monodisperse homogeneous spherical morphology with a particle size 

average diameter of 59±6nm (determined from 300 nanoparticles counting). DLS measurements 

determined an average size diameter of 82±17 nm (Figure 2.13B), in reasonable agreement with 

the counting method.  

N2 adsorption found a total pore volume of 1.06 cm3 g−1 and a BET surface area of 612 m²/g, while 

from the pore size distribution is shown the average pore size of 3.7 nm (Figure 2.13C and D).  

Photophysical studies were performed (Figure 2.13E and F). Figure 2.13E shows the absorption, 

emission, and excitation peaks of the FITC in the NPs, with a maximum excitation band at 478 nm 

and maximum emission at 516 nm that reveals the presence of the dye in the silica framework 

structure (in literature the maximum excitation band of the free dye is at 493 nm with maximum 
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emission at 519 nm). Figure 2.13F shows the lifetime of the dye in NPs Ʈ1=2.89 ns and Ʈ2=0.6 ns, 

65 and 33%, respectively. 

 

Figure 2.13. A) SEM and SEM distribution diameter size (counting performed on 300 nanoparticles FITC-

NB-NPs; average diameter 59±6 nm). B) DLS analysis (average size diameter = 82±17 nm. C) N2 

Adsorption/desorption curve. D) Pore size distribution obtained from N2 adsorption analysis (Average 

pore size 3.9 nm). E) Photophysical characterization of the FITC-NB-NPs. Absorption, emission, and 

excitation spectra (black line, blue full line, and blue dashed line, respectively). Wavelength of excitation 

and emission were 435 and 560 nm, respectively. F) Lifetime of the FITC-NB-NPs. 
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2.2.2.2. Synthesis of Breakable MSNPs  

Synthesis and characterization of Breakable ss-NPS  

ss-NPs nanoparticles were prepared through a modification of Stöber process.4 Maggini L. 

synthetized in 2016 an organic modified MSNPs using Bis(triethoxysilylpropyl)tetrasulfide 

(BTSPD) and TEOS, 30:70 molar ratio. The redox-organic responsive NPs breaks in presence of 

glutathione (GSH), a reducing agent present in higher concentrations in cancer cells.43–46 Those 

NPs could then breakdown releasing the cargo and cleaving in small pieces, preventing then the 

accumulation of the silica NPs in the body.4 

The reaction was performed using CTAB as a template surfactant, while BTSPD:TEOS was added 

into a basic ethanol-water mixture, where the base causes hydrolysis of the silane. The synthesis 

was carried out for 6h at 80 °C and the reaction was stopped by washing the NPs with several 

cycles of centrifugation (Scheme 2.6). The surfactant is removed with HCl reflux and dried under 

vacuum. Finally, the NPs were characterized by SEM, DLS, EDX, XPS, IR, TGA, N2 adsorption 

techniques and SAXS.  

 

Scheme 2.6. Synthesis of ss-NPs particles prepared through a modification of Stöber process. 

 

The morphology of these NPs was characterized by SEM that showed a homogeneous spherical 

morphology. The monodispersity of these particles was analyzed by measuring the diameter size 

of 300 particles and using a gaussian fit to determine the particle diameter and standard 

deviation. The size average diameter of these particles was 112±16 nm (Figure 2.14A). Dynamic 

light scattering analysis (DLS), the average size diameter of the ss-NPs was 195±47 nm (Figure 

2.14B). This value suggests that some of the NPs were not totally dispersed at the time that the 

DLS was done, so agglomerations were observed.  

EDX analysis was performed and with this data, it was observed the presence of silicon, sulfur 

and oxygen in the particles (Figure 2.14C). IR spectra shows the presence of the characteristic 
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pick Si-O bond at 1050 cm-1 (Figure 2.14D).  The presence of the cleavable moiety within the NPs 

also is confirmed by elemental analysis of the material through an X-ray photoelectron 

spectroscopy analysis (XPS). Figure 2.14E shows the presence of oxygen (O1s), carbon (C1s), 

sulfur (S2p) and silicon (Si2p). Being the oxygen and silicon part of the silica framework and the 

carbon and sulfur part of the silica framework due to the presence of the organic linker. 

Furthermore, Figure 2.14F shows the deconvolution of the sulfur pick, where is visible the 3 

characteristic bands for the S2p level.  

Additionally, the ratio between organic/inorganic moieties was characterized by TGA (Figure 

2.14G), revealing a weight loss of 28.8% due to the organic material which corresponds to the 

organic disulfide linker present in the framework of the NPs. The efficiency of the incorporation 

of the linker BTSPD silane is calculated giving a value of 65% (%Organic material expected = 44%). 

To study the porosity in the system, N2 adsorption measurements were done. From the N2 

adsorption/desorption curves obtained, it can be observed that these particles have a total pore 

volume of 0.93 cm3 g−1 and a BET surface area of 779 m2g−1, while from the pore size distribution 

is shown the average pore size of 1.9 nm (Figure 2.15A and B). To confirm the mesoporosity of 

the ss-NP, Small-angle X-ray scattering (SAXS) studies were performed (Figure 2.15C). These NPs 

show the characteristic (100) Bragg peak, but not the (110) and (200) peaks, saying that there is 

a certain relative order microphase of the porous and also a disorder pore arrangement due to 

the presence of the organic linker. Furthermore, SAXS experiments were used to calculate the 

average pore size, giving a value of 1.93 nm; a value that coincides with the one obtained using 

N2 Adsorption measurements. 
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Figure 2.14. A) SEM and size distributions (count performed on 300 nanoparticles; average diameter 

112±16 nm). B) DLS analysis (average size diameter =195±47 nm. C) EDX and D) IR analysis, E) and F) XPS 

survey spectra and G) TGA curve (the dashed line represents the derivative curve of the wt% loss; 28.8% 

Organic material) of the ss-NPs. 
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Figure 2.15. A) N2 Adsorption/desorption curve, B) Pore size distribution obtained from N2 adsorption 
analysis (Average pore size 1.9 nm) and C) SAXS analysis of the s-s NPs (Porous diameter = 1.9 nm). 

 

Synthesis and characterization of FITC-ss-NPs 

 FITC-ss-NPs were prepared with a modified micelle templating method (Scheme 2.7). CTAB was 

the surfactant to produce the pores and TEA the base which catalyzed the reaction. The organic 

moiety (3-aminopropyl)triethoxysilane (APTES) was reacted with FITC and inserted in the 

TEOS:BTSPD framework (molar ratio 95:5 TEOS: BTSPD). After 1h of reaction at 95 °C and 

400 rpm, the particles were washed with EtOH and refluxed with HCl to remove the surfactant 

from the NPs. After a second post-treatment of washings, FITC-ss-NPs were dried and 

characterized by SEM, TEM, TGA, N2 adsorption techniques and photophysical studies were also 

carried on. 
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Scheme 2.7. Synthesis of FITC ss-NPs through the modified micelle templating method. 

 

Morphological characterization of this NPs was performed using SEM and TEM (Figure 2.16). The 

FITC ss-NPs display a monodisperse spherical-oval morphology with a particle size average 

diameter of 48±6nm (counted performed in 300 nanoparticles from SEM images).  

 

Figure 2.16. A) SEM image, B) SEM size distribution (count performed on 300 particles) and C) TEM 

pictures of the FTIC doped disulfide nanoparticles ss-NPs. 
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The ratio between organic/inorganic moieties was characterized by TGA (Figure 2.17). Revealing 

a weight loss of 7.6% of organic material (Figure 2.71A), which corresponds to the APTES, the 

BTSPD linker silanes and the FITC dye presents in the framework of the NPs. Figure 2.17B shows 

also the TGA of the FTIC compound, which indicates a ~90% weight loss between 300-600 °C. 

 

 

Figure 2.17. A) TGA of the FITC ss-NPs and B) the FITC dye. 

 

In Figure 2.16C is observable the presence of porous in the NPs. To characterize them, N2 

adsorption analysis were performed. From the adsorption/desorption curves is obtained that 

these particles have a total pore volume of 1.05 cm3 g−1 and a BET surface area of 739.58 m²/g, 

while from the pore size distribution is shown the average pore size of 3.9 nm (Figure 2.18A). 

Breakable ss-NPs produced with this methodology were compared with these FITC-ss-NPs (Figure 

2.18B). ss-NPs of around 56±8nm have a BET surface area of 718,68 m²/g and average pore size 

of 3 nm. 

To continue the characterization, photophysical studies were performed (Figure 2.19). Figure 

2.19A shows the absorption, emission and excitation peaks of the FITC in the NPs, with a 

maximum excitation band at 486 nm and maximum emission at 519 nm revealing the presence 

of the dye in the silica framework structure (in literature, the maximum excitation band of the 

free dye is at 493 nm with maximum emission at 519 nm). Moreover, Figure 2.19B shows the 

lifetime of the dye in NPs Ʈ1=1.86 ns and Ʈ2=3.51 ns, 67 and 33%, respectively. 
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Figure 2.18. N2 adsorption-desorption isotherm of A) FITC ss-NPs and B) ss-NPs done with the same 

methodology (micellar templating method). 

 

Figure 2.19. Photophysical characterization of the FITC ss-NPs. A) Absorption, emission, and excitation 

spectra (black line, blue full line, and blue dashed line, respectively). Wavelength of excitation and 

emission were 455 and 550 nm, respectively. B) Life time of the FITC ss-NPs. 
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2.2.2.2.1. Breakability test of the FITC ss-NPs 

The breakability of the FITC ss-NPs was tested in the presence of GSH in PBS buffer at pH 7.4 and 

37 °C to mimic the physiological conditions. Figure 2.20 shows STEM images of the experiments 

run for 7 days and monitored at 1, 5 and 7 days. Figure 2.20A shows the NPs in the presence of 

GSH and while Figure 2.20B shows the same NPs in the absence of the reducing agent. These 

figures demonstrate the degradation of the NP through the first three days, while after 7 days 

few NPs are visible. With this, we can conclude that at these in vitro physiological conditions, the 

NPs breaks in small pieces, making therefore a stimulus breakable nanomaterial. 

Besides that, the breakability of the FTIC-ss-NPs was tested in acidic conditions in acetate 

buffered aqueous solution at pH 5.2 and 37 °C in presence of GSH (Figure 2.21) over the same 

time duration as the last experiment (7 days), showing any breakage of these NPs over this time. 

With this data, it can be concluded that inside of the cancerogenic cells, where the pH is more 

acidic, these NPs will not break as easily as the ones that would be at higher pH. However, more 

experiments a longer time should be done to detect if these particles can break at this acidic 

condition after a longer period. 

 

Figure 2.20. Breakability test of the FITC ss-NPs in PBS buffer pH 7.4 and 37 °C in A) presence of GHS 10 

Mm and B) without GSH (Control experiment) during 1, 5 and 7 days. 
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Figure 2.21. Breakability test of the FITC ss-NPs in Acetate buffer pH 5.2 and 37 °C in A) presence of GHS 

10 Mm and B) without GHS (Control experiment) during 1, 5 and 7 days. 

 

2.2.3. Synthesis and characterization of the PLGA@carriers 

Due to their unique biocompatibility and biodegradation properties, 13 biodegradable polymeric 

nanoparticles have been used in broad applications in the fields of drug delivery and release, 

vaccination, targeting, tumor therapy and diagnostic systems.47–51 

The proposed work herein requires a biocompatible52 and biodegradable polymer. It has to be 

remarked that the factors influencing biodegradation of polymers include chemical structure 

(composition), physicochemical factors (ion exchange, ionic strength and pH), physical factors 

(shape, size, and porosity), morphology or microstructure and whether degradation occurs 

(through enzymatic or hydrolysis routes).12,53 

Although localized chemotherapy is proposed to be promising to treat solid tumors, which 

account for more than 85% of all human cancers, few polymer-based formulations have reached 

clinical testing. One example is poly(lactic-co-glycolic acid) (PLGA), which has been associated 

with more than 500 patents13,53 The majority of approved pharmaceutical implants or localized 

injectable delivery systems as OncoGelTM 54 are based on PLGA.12 
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PLGA is considered as a biocompatible and biodegradable copolymer, and as such lean itself for 

use as a drug delivery carrier. PLGA can be metabolically hydrolyzed into lactic acid and glycolic 

acid monomers. These monomers are endogenous and are easily metabolized via the citric acid 

cycle. What is more, PLGA particles, as microparticles or nanoparticles systems,55  are capable of 

carrying and delivering a variety of drug classes as vaccines, 5 peptides, 56proteins, 57,58 and 

hydrophobic drugs.59  The advantages of using these PLGA particles is the reduction of injection 

frequency, the sustained therapeutic drug levels, the site-specific drug delivery and that 

formulations can be changed for any number of desired release profiles.60,61 For the preparation 

of PLGA vehicles, several methods have been developed as nanoprecipitation,62 emulsion-solvent 

evaporation,63 emulsion-diffusion,64 self-organized precipitation (SORP),51 salting out,65 

dialysis,66 and supercritical fluid technology.51,67 

To fabricate the PLGA polymer particles capable of loading CBDs and loaded ss-NPs solvent 

evaporation method, 68,69 SORP method,51 and the hydrogel template method70 were studied and 

compared in this thesis. The objective was to find a methodology in which the systems could have 

narrow size distribution yields, which leads to having high drug encapsulation efficiencies,  better 

control over the dose and release behavior of the encapsulated drugs and better biocompatibility 

with cells and tissues.51,71–74  

 

2.2.3.1. Synthesis of the PLGA@carriers by the solvent evaporation method 

Solvent evaporation involves the emulsification of polymer in an aqueous phase and the 

dispersion in a volatile solvent like dichloromethane, chloroform, and ethyl acetate. Then, the 

solvent is evaporated using high temperature, vacuum or by continuous stirring. The size of 

particles can be controlled by adjusting parameters like manipulating the evaporation 

temperature, rate of evaporation, stirring rate, etc. This method has been practiced for the 

production of nanoparticles made by polymers such as, PLA, PLGA, PCL, polyhydroxybutyrate, 

etc.75 and loaded with various drugs like tetanus toxoid, testosterone, loperamide, cyclosporin A, 

and indomethacin, to name a few.76 As examples, Song et al.77 used this method to prepare PLGA 

nanoparticles for various drug loading and Quellec et al.78 to develop PEG-coated, PEG-

PLAcopolymer nanospheres to load model proteins.75,79 Furthermore, with this methodology, it 
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can be loaded hydrophobic species, as semiconductor nanocrystals (e.g., quantum dots, QDs), 

and magnetic NPs (MNPs).51,80–82 

The fabrication of PLGA@carriers was first tried via a modified double-emulsion method, 

described by Minardi et.al. in several papers to produce PLGA microspheres (PLGA@MS) of 

around 1 µm and to load them with multiple payloads.69,83,84 This consists of a double emulsion, 

where first, PLGA is dissolved in dichloromethane (DCM) at a concentration of 10% w/v. After, 

this solution is dropped in a solution of poly(vinyl alcohol (PVA) 2.5% w/v, and subsequently 

emulsified with a homogenization for 3 min at 10,000 rpm. The resulting emulsion is dropped 

into PVA 1% w/v and stirred overnight to allow DCM evaporation (Scheme 2.8). The resulting 

microspheres (MS) are washed with distilled water and recollected by centrifugation. 

 

Scheme 2.8. Description of the preparation of PLGA@MS by the solvent evaporation “double-emulsion” 

method. 

 

The morphology of the PLGA@MS was studied through SEM, which showed MS with spherical 

morphology with a particle size average diameter of 1.44±0.63 µm (counted performed in 300 

nanoparticles from SEM images) (Figure 2.22A and B). By DLS, two size distributions were 

observed, where the average size diameter of the MS was 1.47±0.37 µm and 14.9±3.7 µm (Figure 

2.22C). These values suggest that some of the MS were not well dispersed at the time that the 
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DLS was done, measuring the agglomeration of some PLGA@MS. Figure 2.22D shows the 

autocorrelation function of the sample, where the distribution size was obtained from the fitting 

range of 2-5000. 

 

Figure 2.22. A) SEM image of the PLGA@MS using the solvent evaporation “double-emulsion” method 

(Scale bare 20 µm). B) SEM size distribution (count performed on 300 particles: average diameter 

1.44±0.63 µm and SEM picture with a scale bare 5 µm. C) DLS result average diameter of 1.47±0.37 µm 

and 14.9±3.7 µm. Data obtained from the fitting range of 2-5000 of the D) autocorrelation function of the 

sample. 
 

Synthesis of the NPs@PLGA@carriers by the solvent evaporation method 

Non-breakable silica NPs were incorporated into the PLGA@MS using the modified double-

emulsion method. Non-breakable NPs and Nile Red were dispersed in a solution of 10% w/v of 

PLGA in DCM. After this, the first and second emulsion were carrying out as previously described. 

Figure 2.23A shows the NB-NPs used, with a diameter size of around 97± 10 nm and with a mean 

pore size of 3.6 nm (done by the micellar templating method and characterized by SEM size 

diameter distribution and N2-adsorption measurements). Figure 2.23B to D shows the result of 
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the incorporation of the NPS into the PLGA@MS. Additionally, in Figure 2.23B is visible how the 

NPs were covering the surface of the MS, but it has to be noticed that they were not dispersed 

in a homogeneous way along the MS. Moreover, it is shown how the surface of some MS had 

changed from a smooth surface to a bumpy one due to the incorporation of the NPs. In Figure 

2.23C is shown how the NPs can be also dispersed in the MS and in Figure 2.23D is visible that 

some could incorporate the NPs in their interior. However, the study using this methodology was 

stopped because the formation of PLGA@MS was very polydisperse and the inclusion of the NPs 

was not in a homogeneous way. 

Figure 2.24 shows the SEM pictures of the PLGA@MS during the incidence of the electron beam 

during the time (10 KV and spot 2 for few seconds of exposition). It is visible how the PLGA@MS 

are deforming due to the incidence of the beam, giving us information that indeed soft materials, 

are more delicate systems and must be treated differently, contrary to the silica NPS, that are 

hard materials and longer times are required before the sample is burned with the beam. 

 

Figure 2.23. A) SEM image of the PLGA@MS using the solvent evaporation “double-emulsion” method 

(Scale bare 20 µm). B) to C) NPs@PLGA@MS (Scale bar 4 and 2µm). 



136 
 

 

Figure 2.24. Images of the deformation of PLGA@MS loaded with NB-Silica by the incidence of the 

electron beam from the SEM equipment A), before B) and C) and after the exposition of the beam for few 

seconds at 10 KV and spot 2.0 (Scale bare 4 µm). 

 

The PLGA@vehicles loaded with MNPs generated a very polydispersed system. Moreover, this 

technique includes the use of surfactants during the preparation process via the emulsification 

approach (as PVA, Tween 80 or Triton X-100), where numerous purification stages are required. 

However, a residual surfactant can remind in the surface or encapsulated in the NPs, which can 

affect the drug delivery, biological activities, and cause cytotoxicity.74,85–87 Residual PVA (non-

ionic surfactant) can influence the pharmaceutical properties of NPs, presenting relatively lower 

cellular uptake compared to the surfactant-free NPs from the nanoprecipitation method.86,87 To 

increase the biocompatibility and targeting capacity, some strategies like surface modification or 

functionalization were employed,85,88 which certainly increases the complexity of the preparation 

process and the cost. Therefore, another synthesis route of PLGA@vehicles was studied. 

 

2.2.3.2. SORP method 

Liang et al. demonstrated the preparation of uniform biodegradable PLA and PLGA NPs without 

surfactant through self-organized precipitation (SORP) route.51,89 The methodology was before 

used to prepare polymeric NPs with polystyrene (PS), poly(methyl methacrylate) (PMMA), 

polystyrenepolyisoprene (PS-PI) and PLA.89,90 Then, NPs are formed based on a non-equilibrium 

process during slow evaporation of polymer solution.91 NPs done by Liang et.al. demonstrated to 

be more promptly and effectively phagocytized by cells in vitro, compared to residual surfactant-

coated NPs prepared from the emulsion–solvent evaporation method, providing a proof that the 

surfactant-free NPs have more advantages in cellular uptake and more safety in drug delivery 

and bio-imaging.51 
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The methodology consisted of dissolving the polymer (in this case PLGA) in a good solvent (THF) 

under stirring at room temperature. The addition was carried out by a syringe pump to have a 

controllable system (10 mL/h). After this, the THF is let it evaporate to finally produce the MS 

(Scheme 2.9A). The size and size distribution of the MS depends on the polymer concentration, 

the ratio of water to organic solvent, mixing rate and polymer molecular weight. 51 

In the Scheme 2.9B is shown the possible mechanism for the formation of uniform polymeric NPs 

during the organic solvent evaporation, which is described as following: when water is added 

gradually, the solubility of the polymer in the mixing solvent decreases and the polymer chain 

gradually folds compactly and become the small nuclei (known as the nucleation process). Then, 

as the good solvent evaporates, the nuclei adsorbs the free polymer chains and then, it develops 

to form the NPs (called the adsorption and growth process). Finally, the NPs are dispersed in the 

poor solvent when the good solvent was completely removed (called the precipitation process). 

 

Scheme 2.9. A) Schematic illustration of experimental procedure for preparing the PLGA NPs with 

uniform size by SORP and B) Illustration showing the possible formation mechanism of polymeric NPs 

during the SORP preparation. Adapted with permission from ref 51. (Copyright 2014, Elsevier) 

 

2.2.3.2.1. Preparation of the PLGA-MS by the SORP method 

PLGA-MS were synthesized by the SORP method as is described by Liang et al. 51 To load them 

with a dye, Nile Red was put it in the THF solution (Table 1 in material and methods shows the 
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different trials prepared before achieving the optimized procedure). Using this methodology, it 

was observed that not only the polymer concentration but also the ratio of water to organic 

solvent, the mixing rate and the polymer molecular weight played a role in the production of 

these systems. Indeed, it is a very delicate synthesis in which any variation, inclusive the use of a 

different stirring bar or surface material of the flask reaction can make a difference in the result 

of the homogeneity of these particles. 

In Figure 2.25 is shown the results of the homogeneous monodisperse Nile Red-PLGA spheres. 

The diameter size of the particles taken by the counting of 300 particles from SEM pictures was 

639±119 nm (Figure 2.25A and B). By DLS, the particles were given a value diameter size of 

676±141 nm; this value is taken from the autocorrelation function of the sample using a fitting 

range of 4-3000 (Figure 2.25C and D), which agrees with the SEM size distribution.  

Figure 2.26 shows the confocal images taken of the Nile Red-PLGA nanoparticles using a 63x 

objective. The fluorescent, PMT, the superimposition of these and the lambda mode is shown. 

These results give proof that indeed the dye is encapsulated in the PLGA matrix. 

 

Figure 2.25.  A) SEM image of the PLGA nanospheres using the SOAP methodology (scale bare 5 µm). B) 

SEM size distribution (count performed on 300 particles: average diameter 639±119 nm). C) DLS result 

average diameter of 676±141 nm. Data obtained from the fitting range of 4-3000 of the D) autocorrelation 

function of the sample. 
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Figure 2.26. Confocal microscope images of the PLGA microspheres loaded with Nile Red using 63x 

objective. 

 

After all the parameters were optimized to make these spheres, the reproducibility was checked. 

Spherical and monodisperse PLGA-NPs were reproduced. DLS results gave an average diameter 

of 604±135 nm and 710±141 nm, for the second and third try, respectively. With a yield of these 

reactions of 90 and 86.5%, for each one, respectively. It has to be said, that a flat small stirring 

bar, a flat surface of the reaction flask and a proper stirring rate are the keys to synthesize these 

particles (Figure 2.27). 

 

Figure 2.27. A) Second and B) Third repetition of the PLGA- spheres done by the SORP methodology. SEM 

and DLS result average diameter of 604±135 nm and 710±141 nm, respectively. 
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Figure 2.28 shows the results of the synthesis using the same methodology used before and 

reported by Liang et al., but using a different stirring bar (the synthesis was repeated twice to see 

the reproducibility, Figure 2.28A and B, respectively). The stirring bar used this time was one with 

a pivot ring. SEM images show in both synthesis the presence of spherical polydisperse particles. 

The counting of 300 NPS, and DLS data shows two population distributions diameter sizes. For 

the first reaction (Figure 2.28A), DLS data shows size diameters of 233±55 nm and 650±111 nm; 

which agrees with the second synthesis done to confirm results, which shows distribution 

diameter sizes of 236±46 nm and 1312±265 nm (Figure 2.28B). 

 

Figure 2.28. Experiments to produce the PLGA- spheres by the SORP methodology changing the stirring 

bar for one with a pivot ring . SEM and DLS results average diameter show two different populations: 

first synthesis A) size diameter of 233±55 nm and 650±111 nm; second synthesis B) size diameter of 

236±46 nm and 1312±265 nm. 

 

In Figure 2.29 is shown how the synthesis depends on many factors. Another kind of 

polymorphisms was obtained with a change in the stirring velocity; instead of using 100 rpm, 

higher speed was applied by using 1200 rpm. In this case, the spheres obtained were not 

homogeneous, instead, steaks and spheres are presented in the sample (see SEM pictures in 

Figure 2.29A). Another contribution of this could be the stirring bar used (with the pivot ring). On 
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the other hand, in a first try to upscale the reaction 10 times more, it is observed the presence of 

rods-nanospheres (SEM pictures in Figure 2.29B, where an oval stirring bar was used for this 

synthesis). It has to be said that at that point it was not detected the importance of the stirring 

bar form. 

 

 

Figure 2.29.  A) SEM image of the PLGA nanospheres using the SOAP methodology and high speed of 

stirring (scale bare 10 and 5 µm). B) SEM image of the PLGA rods-nanospheres using the SOAP 

methodology big-scale 10x (scale bare 30, 10 and 5 µm). 

 

To optimize the upscale the reaction, the procedure was repeated twice at five-time scale. 

Microspheres with an average diameter of 1.1±0.2 µm were formed according to SEM size 

distribution counting on 300 particles (Figure 2.30 A and B shows the first and second try with a 

yield of 70 and 40%, respectively). DLS data corroborates with the data given for the SEM 

counting, reported an average size distribution diameter of 1.2±0.3 µm (Figure 2.31). With these 

results, we can say that the reaction was successfully scalable five times conserving the 

homogeneity of the particles. 
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Figure 2.30. 5x Upscale reaction of the PLGA- spheres by the SORP methodology using a flat stirring bar 

and do it twice. SEM and their frequency counts reveal of 300 particles. First synthesis A) size diameter of 

1.1±0.2 µm and 70% of yield. Second synthesis B) size diameter of 1.1±0.1 nm with 40% of yield. 

 

Figure 2.31.  DLS result of size distribution of PLGA nanospheres produced from the SOAP methodology 

experiment with an average diameter of 1.2±0.3 µm, data obtained from the fitting range of 2-5000 of 

the autocorrelation function of the sample.  

 

As a conclusion, using the free surfactant methodology SORP methodology, PLGA spheres loaded 

with Nile Red were successfully produced achieving monodisperse particles. It should be pointed 

out that the stirring bar is an important parameter to take into consideration for producing 
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monodisperse systems. A stirring bar with a pivot makes the formation of polydisperse particles 

with mainly two different size populations. Therefore, a flat stirring bar and a flat surface is 

necessarily for the control of the dispersity in the system. Additionally, scaling the reaction five 

times was possible following this observation.  The next step was then to study the possibility to 

load these systems with MSNPs and with the cannabinoids. 

 

2.2.3.2.2. Incorporation of MSNP in the PLGA-MS by the SORP method 

Breakable MSNPs were included in the PLGA spheres. 20% and 5% w/w of FITC-ss-NPs with 

respect of the PLGA were dispersed in the THF solution (Figure 2.32). The production of PLGA 

spheres loaded with MSNPs was achieved in both cases. At higher percentages of MSNPs, the 

spheres become visible on the outside of the PLGA vehicle with a heterogeneous deposition. It is 

visible also how the PLGA spheres start to be connected between each other probably due to the 

interaction between the silica of the MSNPs (Figure 2.32A). When the percentage of silica NPs 

decreases to 5%, it is less visible the deposition of those nanoparticles outside the PLGA spheres, 

but it has to be denoted that it still exist a connection between the spheres (Figure 2.32B). 

 

Figure 2.32.  SEM image of the incorporation of A) 20% w/w and B) 5% MSNPs in the PLGA nanospheres 

using the SOAP methodology (scale bare 3, 2, 1 µm and 500 nm).  
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2.2.3.2.3. Incorporation of a cannabinoid analog in the PLGA-MS by the SORP method 

Different percentages of the N-(2-hydroxy ethyl) oleamide synthetized as an analog of the 

endocannabinoid (2HEO) was incorporated in the synthesis by its dilution in the organic phase 

(THF) (Figure 2.33). It has to be said that high concentration of this molecule in the synthesis, 

breaks the formation the PLGA vesicles (Figure 2.33 A and B with 50% and 30% w/w of 2HEO). At 

10% of 2HEO, the formation of some spheres was possible, but also bigger particles were formed 

(Figure 2.33C and D). At the same time, 5% w/w of 2HEO was not given better results for the 

formation of the spheres although small quantity of spheres was produced. (Figure 2.33E). The 

reaction without oleamide was run as a control of the formation of the PLGA spheres (Figure 

2.33F), showing a good control of monodisperse particles. 

 

Figure 2.33.  SEM images of the incorporation of A) 50%, B) 30%, C) and D) 10%, E) 5% and F) 0% w/w of 

2HEO in the PLGA nanospheres using the SOAP methodology.  

 

As a general conclusion, with the SORP methodology, PLGA spheres of around 600 nm and 1 µm 

can be done with a free surfactant. However, it is not a good way to make the incorporation of 

MSNPs as they start to make agglomerations or connections between the spheres with 20% and 

5% w/w. Also, the loading of the analog of the endocannabinoid perturbs the formation of the 

spheres even by trying to incorporate 5% w/w. Because of these results, another additional 

methodology to produce vehicles with homogeneous size distribution and capable to load both 

systems was also tried.  
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2.2.3.3. Hydrogel template method 

The hydrogel template method is part of a microfabrication process, which produces 

nano/microparticles for drug delivery with homogeneous particle size distributions, with optimal 

drug loading and release properties. Moreover, the nanoparticles can be produced 

homogeneously with any geometry and size desired while incorporating a diverse array of drugs 

with various hydrophilic characters and molecular weights. Other advantages are that with this 

approach, very high loading can be achieved and controllable drug release kinetic can be 

produced. This methodology is based on the unique properties of physical gels that can undergo 

sol-gel phase transition. To obtain particles, the method involves a simply dissolving of the 

template in aqueous solution.70  

Scheme 2.10 shows the main concepts of the hydrogel template approach used to produce PLGA 

vehicles. The first step is to form a pattern on a silicon wafer master template, which is usually 

done by lithography. From it, a PDMS template is constructed to provide a positive mold of 

columns (A) in which a hydrogel solution is poured (B) and removed to form the negative mold 

with wells (C). This hydrogel mold is then filled with an organic solvent containing the polymer 

and drug substance (D). Finally, the particles are recollected by dissolving this template in water 

followed by centrifugation or filtration (E and F).   

 

Scheme 2.10. Mold method of microparticle fabrication through the hydrogel template method. 

Reprinted with permission from AKINA, INC (Copyright 2015). 
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Using this technique, PLGA vehicles loaded with a fluorescent probe (Nile Red) were then 

produced. A solution of 20% and 30% of PLGA in DCM and Nile Red was spread it in the PVA 

template using two different tools to do it. It has been observed that using the razor as a tool to 

spread the polymer, does not give the formation of complete MBds (Figure 2.34A). Trying to 

optimize the methodology, 30% of PLGA solution was deposited observing the same results. To 

increase the material deposited in the holes, the PLGA solution was deposited 3 times in the PVA 

template (Figure 2.34B) were the MBds were better form. Changing the tool of deposition like 

by a slide glass or by putting just one layer of material, 20% and 30% of PLGA was enough to 

produce PLGA-vehicles with a cylindrical-concave shape (Figure 2.34C-D). Table 2 in the material 

and methods part summarizes the experiments done to achieve the good technique to produce 

them. 

 

Figure 2.34. SEM pictures of the optimization of the production of PLGA-MBds using the hydrogel 

template technique. A) 20% PLGA MBds formed with the deposition of the solution using a razor, B) 30% 

PLGA MBds formed with the deposition of the solution using a razor putting 3 times layers of material. 

C) and D) 20% and 30% PLGA MBds formed with the deposition of the solution using a glass slide. 

 

After the optimization of the procedure, in Figure 2.35 is presented the morphological 

characterization of the PLGA-MBds done with PLGA at 20% loaded with Nile Red. SEM pictures 
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were taken to observe the particles after dissolving the PVA template. Which present a concave 

morphology with a very homogeneous size of 20 µm (Figure 2.35A). Confocal images were also 

taken of the material when they were in the hydrogel template (63x objective); homogeneous 

shape and size is observed. Here is appreciable how the patter of the template was filled with 

the polymer, the stability of the PVA material with the PLGA, how the beads do not present any 

kind of diffusion inside the matrix (Figure 2.35B). Finally, with the optical microscope, more 

images were collected using the light and a filter (Figure 2.35 C and D).  

 

Figure 2.35. A) SEM image, B) Z-Stack confocal microscope image of the PLGA microspheres loaded with 

Nile Red using 63x objective C) and D) Light microscopy images. 

 

2.2.3.3.1. Incorporation of cannabinoids in the PLGA-MBds by the hydrogel template method 

Using the hydrogel template method,70 the fabrication of 2HEO-PLGA@MBds was first done 

using Nile Red (NR) as a dye and the N-(2-hydroxy ethyl) oleamide (2HEO),where 20%w/w was 

loaded as a cannabinoid analog (see material and methods part) (Scheme 11). Confocal images 

were taken to see if the beads were formed with the inclusion of 2HEO; Figures 2.36 and 2.37 
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shows pictures using the 10x and 63x objective, respectively. We can see the fluorescence, PMT, 

superimposition and the lambda mode of the material, observing particles with a very 

monodisperse size and shape (20 µm diameter size particles are created which corresponds to 

the diameter size of the master template in which the PVA mold was done). In Figure 2.37, is 

clearer the morphology of the material, presenting a bead shape; in the lambda mode of the 

confocal image (real color of the material) is shown two different areas of emission, giving a 

yellow color and a red color in the center of it; with a λmax at 592 and 611 nm.  To understand 

this, fluorescence emission spectra were taken of a solution containing a mixture of Nile Red and 

PLGA, versus, Nile Red and 2HEO ( in the same ratio as it was used to construct the PLGA-MBds) 

(Figure 2.38). In this case, it is observed to different emission bands with a λmax at 636 and 648 

nm, respectively. This shifting in the emission bands agrees with the ones observed by the 

confocal images (Figure 2.37B), where it can be then deduced that the red area is due to the 

accumulation of the 2HEO in the center of the beads. 

 

 

Scheme 2.11. Incorporation of the cannabinoid in the PLGA-MBds. 
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Figure 2.36.  Confocal microscope images of the hydrogel filled by 2HEO-PLGA@MBds using 10x objective 

(scale bar 200µm). 

 

 

Figure 2.37. A) Confocal microscope images of 2HEO–PLGA@MBds loaded with Nile Red using 63x 

objective (scale bar 20µm). B) Emission spectra of the lambda mode of 2HEO taken from two different 

areas of the 2HEO-PLGA@MBds confocal images.  
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Figure 2.38. Emission spectra of NR in PLGA and NR with 2HEO using a fluorimeter. 

 

On the other hand, using the same methodology,70 the incorporation of 20% w/w of Anandamide 

(AEA) was tried as an endocannabinoid in the PLGA@MBds. Confocal images were taken to see 

if the beads were formed with the inclusion of AEA; Figures 2.39 and 2.40 shows pictures using 

the 10x and 63x objective, respectively. The fluorescence, PMT, superimposition and the lambda 

mode of the material are showed. Monodisperse material with a diameter size of 20 µm and a 

concave shape is formed. The Lambda mode in these studies reveals also a material that inside 

has two compositions (Figure 2.40A-lambda mode); red and yellow colors represent different 

sections in the material; in contrast of the 2HEO-PLGA@MBd where the red color was in the 

center, in the AEA-PLGA@MBs the red color is localized in a disperse way through the material 

and sometimes it is localized in spots in a random position inside the MBds (Figure 2.40A lambda 

mode). These two regions correspond to different emission spectra with λmax at 592 and 611 nm 

(Figure 2.40B). 

In order to know to what corresponds the two different regions, emission spectra were 

performed of the Nile Red with PLGA and Nile Red with AEA at the same concentration in which 

they were designed to be inside of the MBds (see material and methods/ fluorescence emission 

spectra of PLGA-Nile Red and PLGA-AEA). In Figure 2.41 is represented the emission of the two 

samples with λmax at 637 and 644 nm, giving the information that the Nile Red in combination 

with the AEA has another emission profile than the Nile Red with PLGA. With this information, it 
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can be said that the areas represented in red in the lambda mode on the confocal images 

correspond to a higher concentration of AEA in the MBds. 

As a conclusion on this part, N-(2-hydroxy ethyl) oleamide (2HEO) or Anandamide (2HEA), (an 

analog and active endocannabinoid) can be loaded to the PLGA@MBds in very weight percentage 

preserving the morphology of the beads. 

 

Figure 2.39. Confocal microscope images of the hydrogel filled by AEA-PLGA@MBds using 10x objective 

(scale bar 200µm). 

 

 

Figure 2.40. A) Confocal microscope images of AEA–PLGA@MBds loaded with Nile Red using 63x 

objective (scale bar 20µm). B) Emission spectra of the lambda mode of AEA taken from two different areas 

of the AEA-PLGA@MBds confocal images.  
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Figure 2.41. Emission spectra of NR in PLGA and NR with AEA using a fluorimeter. 

 

2.2.3.3.2. Incorporation of MSNP in the PLGA@MBds by the hydrogel template method 

To study the incorporation of MSNPs in the PLGA@MBds by the hydrogel template method and 

to mimic the loading of the MSNPs with a chemotherapy drug, MSNPs of around 56±8 nm were 

loaded with Orange 2 (Scheme 12). After, TGA analysis showed a drug loading of 12.2 % of the 

Orange 2 (Figure 2.42). Figure 2.43 shows the IR spectra of the Orange 2 dye, the NPs loaded 

with the dye and the IR of this particles after TGA, we can observe with this analysis the presence 

of the dye in the particles and the absence of this after its calcination in TGA. 

 
Scheme 2.12. Representation of the loading of NPs with Orange 2. 
 

 

Figure 2.42.  TGA of the Orange 2 loaded in the NPs. 
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Figure 2.43.  IR spectra of Orange 2 dye, particles loaded with Orange 2 and particles loaded after TGA; 

line black, orange and blue, respectively. 

 

Furthermore, photophysics studies of the MSNPs loaded with Orange 2 were done. The 

absorbance, emission and excitation spectra of the Orange 2 and the MSNPs loaded with the dye 

were taken (Figure 2.44 A and B, respectively).  It is observable the same absorbance at 

λmax=480 nm), emission (at λmax=480 nm) and excitation band (at λmax=550 nm) for the dye and 

the particles loaded. Showing then another probe that the dye was successfully loaded in the 

MSNPs. 
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Figure 2.44. A) Absorption, Excitation and Emission spectra of A) Orange 2 and B) MSNPs loaded with 

Orange 2.   
 

Finally, this MSNPs loaded with Orange 2 were included in the PLGA@MBds (Scheme 13). To 

characterize the system NPs@PLGA-MBd, confocal images were taken using 10x and 63x 

objectives. The fluorescence, PMT, superimposition and the lambda mode of the material is 

shown in Figure 2.45. Z- stack measurement was performed using the 63x objective (Figure 2.46), 

the morphology of this material is shown in these pictures and how the NPs are uniformly 

distributed along the entire MBds. It can be said that the PVA template material is stable as the 

NPs-PLGA solution is not diffusing outside the bead hole when it is doing the sol-gelation process.  

With SEM images (Figure 2.47), it is observed the incorporation of the NPs, which also remains 

on the surface of the MBds. Finally, TGA studies were performed to know the mass loss of the 

material as it can be seen in Figure 2.48 is presented the TGA of NPs@PLGA-MBd, the NPs loaded 

with the dye Orange 2, and the NPs and the Orange 2 dye. The NPs@PLGA-MBd mass lost is 

91.5% while in the NPs with dye is 12.2%, due to those values it can be assumed that there is 

79.3% of polymer in the NPs@PLGA-MBd.  

 
Scheme 2.13. Representation of the loading of NPs in the PLGA@MBds by the hydrogel template method. 
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Figure 2.45.  Confocal microscope images of the hydrogel filled by the polymer with NPs using A) 10x and 

B) 64x objective (scale bar 200 and 20 µm, respectively). 

 

 

Figure 2.46.  Z-stack analysis of the hydrogel filled by the polymer with NPs using 63x objective.  
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Figure 2.47. SEM images of the NPs-PLGA@MBds microparticles containing NPs and loaded with orange 

2 (Scale bars 100, 50, 10, 5 and 4 µm).  

 

 

Figure 2.48. TGA analysis of the microparticles containing NB-NPs loaded with orange dye (line blue), and 

the comparation with NB-NPs (line red), NPs loaded with orange 2 (line orange) and the dye (line black). 
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As a conclusion, the hydrogel template methodology is a procedure in which particles of any size 

and morphology can be done, with a lot of possibilities of inclusion of different materials at a 

high loading of contents without losing its morphology and monodispersity. NPs-PLGA@MBds 

and CBds-PLGA@MBds are the platforms to know that indeed CBds-NPs-PLGA@MBds can be 

done using this methodology. 

 

2.2.3.3.3. Breakability test of the PLGA@MBds 

Breakability test was performed in the PLGA@MBds system. The degradation rate and the drug 

release of the PLGA-based polymer is influenced by many factors, such as the initial molecular 

weight (Mw), monomer composition ratio of PLGA matrix (i.e., LA/GA ratio), drug type, 

processing method, and pH value of the release medium.92  

Then, the degradation of the PLGA@MBds loaded with Nile Red was studied in three different 

media: water, PBS (pH 7.4) and in an acetate buffer (pH 5.2) (Figures 2.49, 2.50 and 2.51, 

respectively) for 20 days at 37 °C , giving different types of degradation of the MBds depending 

on the media. In water (Figure 2.49), the process starts with the apparition of holes after 3 days 

of the study, which incremented in number over time, making then the breakability of the 

material (after 10 days) and the post deformation of the MBds after 20 days. In buffer PBS (Figure 

2.50), after 5 days of production, the material starts to crack making the deformation of the beads 

and the degradation starts to be visible after 20 days. On the other hand, in acetate buffer (Figure 

2.51), since one day, the deformation of the material started not only giving smaller sizes of the 

MBds each time but also the degradation seemed to cause the fusion of the material in 

aggregates after 7 days of the study, that after appeared in small pieces. 

As a conclusion in this part, it has been studied that the PLGA@MBds done are able to degrade 

in different media after 20 days, what makes them a good platform as a long drug delivery 

system.  
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Figure 2.49. SEM, Light microscopy, and light microscopy using a filter of the degradation of the 

PLGA@MBds loaded with Nile Red in water media (pH 5.2) and 37 °C, followed during the time for 20 

days.  
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Figure 2.50. SEM, Light microscopy, and light microscopy using a filter of the degradation of the 

PLGA@MBds loaded with Nile Red in PBS pH 7 media and 37 °C, followed during the time for 20 days. 
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Figure 2.51. SEM, Light microscopy, and light microscopy using a filter of the degradation of the 

PLGA@MBds loaded with Nile Red in Acetates buffer media (pH 5.2) and 37 °C, followed during the time 

for 20 days. 
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2.3. Conclusions  

N-(2-hydroxy ethyl) oleamide (2HEO) and Anandamide (2HEA), as analog and active 

endocannabinoids, were synthesized and characterized by NMR, IR, HR ESI-TOF-MS. 

Different kinds of MSNPs were synthesized as an example of all the varieties of materials that can 

be included in the PLGA@vehicles. Fully characterization of non-breakable and breakable MSNPs 

with different constructions are presented.  

Different techniques were used to synthesize the PLGA@vehicles as the solvent evaporation 

method, self-organized precipitation route (SORP) and the hydrogel template method. 

By the solvent evaporation method, PLGA@MS were obtained with two main diameter size 

distributions of around 1.47±0.37 µm and 14.9±3.7 µm.  The inclusion of MSNPs can be done but 

the polydispersity of the system gave the information that this methodology was not the best to 

continue the studies. 

Using the SORP methodology, PLGA spheres of around 600 nm and 1 µm can be done with a free 

surfactant. The incorporation of MSNPs gives agglomerations of the PLGA@MS with 20 and 5% 

w/w. On the other hand, the incorporation of an endocannabinoid perturbs the formation of the 

spheres even at low loading (5% w/w).  

On the other hand, homogeneous cylindrical PLGA microparticles (PLGA-MBds) were fabricated 

with a size of 20 µm using the hydrogel template method (HTM) and Nile Red as a dye. The 

material was characterized by confocal microscopy SEM and Light Microscopy. Additionally, 

2HEO or AEA were loaded in high % (20% w/w) in the PLGA@MBds giving CBds-PLGA@MBds 

systems using the HTM. Confocal images show the conservation of the PLGA-MBds morphology. 

No breakable Nanoparticles (NB-NPs) loaded with Orange 2 were selected to mimic the loading 

of MSNPs inside the PLGA@MBds, showing that the material can be prepared also with this 

methodology giving vehicles with monodispersity in size and shape. 

The degradation breakability test of the PLGA@MBds in different media was also tried, giving the 

information that they can be broken after 20 days. 
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2.4. Materials and Methods 

2.4.1. Materials. All commercial solvents and reagents were used as received, without further 

purification. Tetraethyl orthosilicate (TEOS), bis(triethoxysilyl-propyl)disulfide (BTSPD), 

Glutathione (GSH), Cetyltrimethylammonium bromide (CTAB, ultra for molecular biology) 

Orange2 and Nile Red were purchased from Sigma Aldrich. The PDMS template for the Hidrogel 

template method, PLGA (75:25 LA:GA, Mn 15K-25k Da and 50:50 LA:GA, Mn 15K-25k Da) was 

purchase from PolyScitech®. 

2.4.2. Synthesis  

2.4.2.1. Synthesis of N-(2-fluoroethyl)oleamide (2FEO) 

HBTU (N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate, 0.834 g, 2.2 mmol) 

was dissolved in anhydrous DMF (5 mL) under nitrogen atmosphere. A solution of oleic acid (0.565 g, 2 

mmol) in anhydrous DMF (5 mL) was added to the HBTU solution. To the mixture was added DIPEA (N,N-

Diisopropylethylamine, 2 mL), and the mixture was let to stir at RT for 5 min. Then (2-fluoroethyl)amine 

hydrochloride (0.419 g, 4.2 mmol) was added at once. The mixture was let to stir at RT for 2 days (Scheme 

2). The reaction mixture was diluted with DCM (30 mL) and was extracted with a saturated solution of 

NaHCO3 (3 × 30 mL). The organic phase was dried over Na2SO4, and the solvents were evaporated under 

reduced pressure. Toluene was used to remove all traces of DMF.  The compound was purified by flash 

chromatography (SiO2/DCM 95:5 MeOH) to give a white waxy solid. Yield 455 mg (69 %) (Scheme 14). The 

N-(2-fluoroethyl)oleamide was characterized by IR, 1H (Figure 2.52), 13C (Figure 2.53) and 19F NMR (Figure 

2.54). IR and HR ESI-TOF-MSC (Figures 2.55 and 2.56, respectively). 

1H-NMR (400 MHz, CDCl3, ,  ppm, J Hz):  = 5.80 (bs, 1H, N–H), 5.34 (m, 2H, =C–H), 4.49 

(dt, 2H, 2J(19F) = 48 Hz, 3J = 4Hz, –CH2F), 3.56  (ddt, 2H, 3J1(19F) = 32 Hz, 3J2 = 3J3 

= 4 Hz, –CH2–CH2F), 2.20 (t, 2H, 3J = 8 Hz, –CH2–C=O), 2.00 (m, 4H, =CH–CH2–), 

1.62 (m, 2H, –CH2–CH2–C=O), 1.28 (m, 20H, –CH2–), 0.88 (t, 3H, 3J = 4 Hz, –CH3). 

13C-NMR  (100.58 MHz, CDCl3,  ppm, J Hz):  = 173.5 (C=O), 130.1 (–HC=CH–), 129.9 (–

HC=CH–), 83.8 (d, 1J(19F) = 166 Hz, –CH2F), 39.96 (d, 2J(19F) = 20 Hz, –CH2–CH2F), 

36.8 (–CH2–C=O), 32.0, 29.9, 29.8, 29.6, 29.4, 29.4, 29.2, 27.4, 27.3, 25.8, 22.8, 

14.2 (–CH3). 

19F-NMR  (376 MHz, CDCl3,  ppm, J Hz):  = -224.3 (tt, 1F, 2J(1H) = 48 Hz, 3J(1H) = 32 Hz). 
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IR  (solid, cm-1): 𝜈̅ = 3304 (N–H), 2916 (C–H), 2849 (C–H), 1643 (C=O), 1555, 1038, 

719.  

HR ESI-TOF-MS  m/z = 350.2832 (calc. 350.2830), 351.2858 (calc. 351.2863), 352.2929 (calc. 

352.2897) 

 

 

Scheme 2.14. Synthesis of N-(2-fluoroethyl)oleamide, analogue of the endocannabinoid. 

 

 

Figure 2.52. 1H NMR spectrum of N-(2-fluoroethyl)oleamide. 
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Figure 2.53. 13C NMR spectrum of N-(2-fluoroethyl)oleamide. 
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Figure 2.54. 19F NMR Spectra of N-(2-fluoroethyl)oleamide. 



166 
 

 

Figure 2.55. IR spectrum of N-(2-fluoroethyl)oleamide. 

 

Figure 2.56.  HR ESI-TOF-MS spectra of N-(2-fluoroethyl)oleamide. 
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2.4.2.2.  Synthesis of N-(2-hydroxy ethyl) oleamide (2HEO) 

The synthesis of N-(2-hydroxy ethyl) oleamide (2HEO) was synthetized as analog of endocannabinoids 

(Scheme 2.15). The reaction was divided in two steps: 1) Synthesis of the methyl oleate (Scheme 2.16) 

and 2) Synthesis of N-(2-hydroxy ethyl) oleamide from the ester (Scheme 2.17). 

 

Scheme 2.15. Synthesis route of 2HEO from oleic acid. 

 

1) Synthesis of methyl oleate 

Oleic acid (4.282 g, 15 mmol) was dissolved in 50 mL of MeOH and 3 drops of Sulfuric acid (concentrated) 

was added. The mixture was refluxed for 4 h.  The reaction mixture was diluted in water (30 mL) and was 

extracted with DCM (3 × 30 mL). The organic phase was dried over Na2SO4, and the solvents were 

evaporated under reduced pressure.  The compound obtained was a yellow oil/solid. Yield 4.478 g (99.7%) 

(Scheme 2.16). Methyl oleate was characterized by 1H (Figure 2.57), and IR (Figure 2.58). 

1H-NMR (400 MHz, CDCl3, ,  ppm, J Hz):  = 5.33 (m, 2H, =C–H), 3.65 (s, 3H, O-CH3), 2.29 (t, 

2H, 3J = 8 Hz,  –CH2–C=O), 1.99 (m, 4H, =CH-CH2-), 1.61 (m, 2H, –CH2–CH2–C=O), 

1.28 (m, 20H, –CH2–), 0.87 (t, 3H, 3J = 8 Hz, –CH3). 

IR              (solid, cm-1): 𝜈̅ = 2924 (C–H), 2852 (C–H), 1739(C=O), 1435, 1168, 721. 

 

Scheme 2.16.  Synthesis of methyl oleate from oleic acid. 
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Figure 2.57. 1H NMR spectrum of methyl oleate. 

 

Figure 2.58. IR spectrum of methyl oleate. 
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2) Synthesis of N-(2-hydroxy ethyl) oleamide (2HEO) 

Methyl oleate (1.02 g, 3.4mmol) and ethanolamine (1.24 mL, 20 mmol) were dissolved in 14 mL 

Acetonitrile. To the mixture was added Sodium methoxide (0.026g, 0.4 mmol). The mixture was refluxed 

for 24 h. The reaction mixture was evaporated under reduced pressure to have less volume and then the 

compound was purified by flash chromatography (SiO2/DCM 97:3 MeOH) to give a yellow waxy solid. Yield 

(86.5%) (Scheme 2.17). N-(2-hydroxy ethyl) oleamide was characterized by 1H NMR (Figure 2.59), 13C 

(Figure 2.60), IR (Figure 2.61) and HR ESI-TOF-MSC (Figure 2.62). In Figure 2.63 is presented the IR spectra 

of methyl oleate and N-(2-hydroxy ethyl) oleamide.  

This reaction was repeated one more time giving a yield of 86.9%. 

1H-NMR  (400 MHz, CDCl3,  ppm, J Hz ):  = 5.87 (bs, 1H, N–H), 5.34 (m, 2H, =C–H), 3.73 (t, 

2H, 3J = 4Hz, –CH2OH), 3.425  (q, 2H, 3J= 6Hz , –CH2–CH2OH), 2.20 (t, 2H, 3J = 8 Hz, 

–CH2–C=O), 2.00 (m, 4H, =CH–CH2–), 1.63 (m, 2H, –CH2–CH2–C=O), 1.28 (m, 20H, 

–CH2–), 0.88 (t, 3H, 3J = 4 Hz, –CH3). 

13C-NMR  (100.58 MHz, CDCl3,  ppm, J Hz):  = 174.66 (C=O), 130.17 (–HC=CH–), 129.89 (–

HC=CH–), 62.88 (–CH2OH), 42.65 (–CH2–CH2OH), 36.82 (–CH2–C=O), 32.05, 29.92, 

29.85, 29.67, 29.46, 29.40, 29.27, 27.37, 27.32, 25.85, 22.83, 14.26 (–CH3). 

  IR  (solid, cm-1): 𝜈̅ = 3294 (N–H), 2916 (C–H), 2848(C–H), 1643 (C=O), 1562, 1465, 

1263, 1035, 723. 

HR ESI-TOF-MS m/z = 326.3046 (calc. 326.3054), 327.3076 (calc. 327.3087), 328.3151 (calc. 

328.3117). 

 

Scheme 2.17.  Synthesis of N-(2-hydroxy ethyl) oleamide from methyl oleate. 
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Figure 2.59. 1H NMR spectrum of N-(2-hydroxy ethyl) oleamide. 

 

 

Figure 2.60. 13C NMR spectrum of N-(2-hydroxy ethyl) oleamide. 
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Figure 2.61. IR spectrum of N-(2-hydroxy ethyl) oleamide. 

 

Figure 2.62.  HR ESI-TOF-MS spectra of N-(2-hydroxy ethyl) oleamide. 
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Figure 2.63. IR comparation between methyl oleate and N-(2-hydroxyethyl)oleamide 

(oleylethanolamide). 

 

2.4.2.3. Synthesis of anandamide (AEA) 

The synthesis of Anandamide (2HEA) was done in two step reaction (Scheme 2.17); the first step was done 

starting from the arachidonic acid to produce the methyl arachidonate (Scheme 2.18); and the second 

step was done using this methyl arachidonate to produce the anandamide (Scheme 2.19).  

 

Scheme 2.17. Synthesis route of AEA from arachidonic acid. 
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1) Synthesis of Methyl arachidonate 

Arachidonic acid (278 mg, 0.9 mmol)  was dissolved in 20 mL of MeOH and 2 drops of Sulfuric acid 

(concentrated) was added. The mixture was refluxed for 6 h.  The reaction mixture was diluted in water 

(30 mL) and was extracted with DCM (3 × 30 mL). The organic phase was dried over Na2SO4, and the 

solvents were evaporated under reduced pressure. The compound was purified by flash 

chromatography (SiO2/DCM 97:3 MeOH) and was collected in the first tubes (100% DCM) to give 

a yellow oil. Yield 223 mg (77 %). The Methyl arachidonate was characterized by, 1H (Figure 2.64), 13C 

(Figure 2.65), IR (Figure 2.66) and HR ESI-TOF-MSC (Figure 2.67). 

 

Scheme 2.18.  Synthesis of methyl arachidonate from arachidonic acid. 

 

Figure 2.64. 1H NMR spectrum of Methyl arachidonate. 
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Figure 2.65. 13C NMR spectrum of Methyl arachidonate. 

 

Figure 2.66. IR Methyl arachidonate. 
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Figure 2.67. HR ESI-TOF-MS spectra of Methyl arachidonate. 

 

2) Synthesis of Anandamide (2HEA) 

Methyl arachidonate (0.412, 1.3 mmol) and ethanolamine (0.6 mL, 10 mmol) were dissolved in 10 mL 

Acetonitrile. To the mixture was added Sodium methoxide (15mg, 0.28 mmol). The mixture was refluxed 

for 24 h. The reaction mixture was evaporated under reduced pressure to have less volume and then the 

compound was purified by flash chromatography (SiO2/DCM 95:5 MeOH) to give a brown oil (the product 

appears in the second fraction). Yield for the two steps (52%). Anandamide was characterized by 1H NMR 

(Figure 2.68), 13C (Figure 2.69), IR (Figure 2.70) and HR ESI-TOF-MSC (Figure 2.71) and. In Figure 2.72 is 

shown the IR spectra of methyl arachidonate and Anandamide together. 

 

Scheme 2.19.  Synthesis of anandamide from methyl arachidonate. 
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Figure 2.68. 1H NMR spectrum of Anandamide. 

 

Figure 2.69. 13C NMR spectrum of Anandamide. 
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Figure 2.70. IR of Anandamide. 

 

Figure 2.71. HR ESI-TOF-MS spectra of Anandamide. 
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Figure 2.72. IR comparation between methyl arachidonate and Anandamide. 

 

2.4.2.4. Synthesis and characterization of MSNPs.  

2.4.2.4.1. Synthesis and characterization of Non-breakable MSNPs. 

Synthesis of NB-MSNPs through micelle templating 

NB-NPs nanoparticles were synthesized using the micelle template method: cetyl trimethyl 

ammonium bromide (CTAB, 0.6 g) and triethanolamine (0.06 g) were dissolved in water (20 mL), 

the solution was heated to 95 °C and stirred vigorously (100 rpm). Once the temperature of the 

CTAB containers was stable, TEOS (1.5 mL) was added dropwise.  After 1 hour of reaction, the 

particles were let to cool down until r.t. and then recovered by centrifugation (20 min at 30 

krpm). Immediately after this, the particles were washed through a sequence of 

sonication/centrifugation cycles (3×EtOH). To remove the surfactant from the pores, the particles 

were dissolved in acidic EtOH (100 mL, and few drops of concentrated HCl) and refluxed 

overnight. Then the particles were cleaned by a sequence of sonication/centrifugation cycles in 

EtOH (3×EtOH) and finally dried under vacuum. The particles were then characterized by SEM, 

EDX, IR, TGA, and N2 adsorption. 
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Synthesis of Dodecyl-NPs through micelle templating 

Synthesis of Dodecyl-NPs were synthesized using a modification of the micelle templating 

methodology in the following way: CTAB (0.6 g) was dissolved in a solution of distilled water (20 

mL) and Triethanolamine (0.06 g), the solution was heated to 95 °C and stirred vigorously (100 

rpm). On the other hand, in a vial TEOS (1.4 mL, 6.2 mmol) was mixed with Dodecyltriethoxysilane 

(Dodecyl-NPs) (130 μL, 0.35 mmol). Once the temperature of the CTAB containers is stabilized, 

the solution containing the silanes was added. After 1 hour of reaction, the particles were cooled 

down until r.t. and then recovered by centrifugation (20 min at 30 krpm). Immediately after this, 

the particles were washed through a sequence of sonication/centrifugation cycles (3X EtOH). To 

remove the surfactant from the pores, the particles were dissolved in acidic EtOH (100 mL, and 

few drops of HCl) and refluxed overnight. After this, the particles were cleaned by a sequence of 

sonication/centrifugation cycles in EtOH (3XEtOH) and finally dried under vacuum. The particles 

were then characterized SEM, STEM, DLS, EDX, XPS, IR, TGA, N2 adsorption techniques and SAXS. 

 

Synthesis of PFOTS-NPs through Modification of Stöber process 

Synthesis of Perfluoro-Octyl nanoparticles were synthesized through Modification of Stöber process in 

the following way (1): CTAB (250 mg) was dissolved in a solution of distilled water (110 mL), EtOH (10 mL) 

and NaOH (2M, 0.875 mL), the solution was heated to 80 °C and stirred vigorously (500rpm). On the other 

hand, in a vial TEOS (875μL, 3.9 mmol) was mixed with PFOTS (77μL, 0.2 mmol) in EtOH (5 mL). Once the 

temperature of the CTAB containers is stabilized, the solution containing the silanes was added. After 6 

hours of reaction, the particles were cooled down until r.t. and then recovered by centrifugation (20 min 

at 30 krpm). Immediately after this, the particles were washed through a sequence of 

sonication/centrifugation cycles (2x H2O and 2x EtOH). To remove the surfactant from the pores, the 

particles were dissolved in acidic EtOH (100 mL, and few drops of HCl) and refluxed overnight. After this, 

the particles were cleaned by a sequence of sonication/centrifugation cycles in EtOH (4xEtOH) and finally 

dried under vacuum. The particles were then characterized by SEM, EDX, XPS, IR, TGA, N2 adsorption 

techniques and SAXS. 
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Synthesis of FITC-NB-NPs through micelle templating 

Synthesis of nanoparticles with FITC moieties in the silica framework were synthesized using a change in 

the micellar templating method: CTAB (0.6 g) was dissolved in a solution of distilled water (15 mL). 

Triethanolamine was added (5 mL 0.08M, 0.06g) when the system was under stirred (400 rpm) and 95°C. 

In an Eppendorf, FITC (3.41 mg, 8.7×10-6 moles) was dissolved with 300 µL of EtOH, after 10 µL of APTES 

(4.27×10-5moles) were added. At this point the color of the dye change from yellow to orange. The solution 

was stirred for 30 mins and after TEOS (1.5 mL, 6.7 mmol) was added. The solution containing the silanes 

was added. After 1 hour of reaction, the particles were cooled down until r.t. and then recovered by 

centrifugation (20 min at 23 krpm). Immediately after this, the particles were washed through a sequence 

of sonication/centrifugation cycles (3X EtOH). To remove the surfactant from the pores, the particles were 

dissolved in acidic EtOH (100 mL, and few drops of HCl) and refluxed overnight. After this, the particles 

were cleaned by a sequence of sonication/centrifugation cycles in EtOH (3XEtOH) and finally dried under 

vacuum. The particles were then characterized by SEM, EDX and N2 adsorption techniques (1). 

 

2.4.2.4.2. Synthesis and characterization of Breakable MSNPs 

Synthesis of s-s NPs Modification of Stöber process (METHOD 1)  

Synthesis of disulfide nanoparticles were synthesized in the following way (1): CTAB (250 mg) was 

dissolved in a solution of distilled water (110 mL), EtOH (10 mL) and NaOH (2M, 0.875 mL), the solution 

was heated to 80 °C and stirred vigorously (500rpm). On the other hand, in a vial TEOS (875μL, 3.9 mmol) 

was mixed with bis(triethoxysilyl-propyl)disulfide (BTSPD) (390 μL, 0.89 mmol) in EtOH (5mL). Once the 

temperature of the CTAB containers is stabilized, the solution containing the silanes was added. After 6 

hours of reaction, the particles were cooled down until r.t. and then recovered by centrifugation (20 min 

at 30 krpm). Inmediatly after this, the particles were washed through a sequence of 

sonication/centrifugation cycles (2X H2O and 2xEtOH). To remove the surfactant from the pores, the 

particles were dissolved in acidic EtOH (100 mL, and few drops of HCl) and refluxed overnight. After this, 

the particles were cleaned by a sequence of sonication/centrifugation cycles in EtOH (4XEtOH) and finally 

dried under vacuum. The particles were then characterized by SEM, EDX and N2 adsorption techniques. 

Synthesis of s-s NPs MP-SNPs through micelle templating (METHOD 2) 

Synthesis of disulfide nanoparticles with this method were synthesized in the following way (1): CTAB (0.6 

g) was dissolved in a solution of distilled water (20 mL) and Triethanolamine (0.06 g), the solution was 
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heated to 95 °C and stirred vigorously (100 rpm). On the other hand, in a vial TEOS (1.05 mL) was mixed 

with bis(triethoxysilyl-propyl)disulfide (BTSPD) (0.46 mL, 1 mmol). Once the temperature of the CTAB 

containers is stabilized, the solution containing the silanes was added. After 1 hour of reaction, the 

particles were cooled down until r.t. and then recovered by centrifugation (20 min at 30 krpm). 

Immediately after this, the particles were washed through a sequence of sonication/centrifugation cycles 

(3X EtOH). To remove the surfactant from the pores, the particles were dissolved in acidic EtOH (100 mL, 

and few drops of HCl) and refluxed overnight. After this, the particles were cleaned by a sequence of 

sonication/centrifugation cycles in EtOH (3XEtOH) and finally dried under vacuum. The particles were then 

characterized by SEM, EDX and N2 adsorption techniques. 

 

Synthesis of FITC-ss-NPs through micelle templating 

Synthesis of breakable nanoparticles with FITC moieties in the silica framework were synthesized using a 

change in the micellar templating method: CTAB (0.6 g) was dissolved in a solution of distilled water (15 

mL). Triethanolamine was added (5 mL 0.08M, 0.06g) when the system was under stirred (400 rpm) and 

95 °C. In an Eppendorf, FITC (3.41 mg, 8.7×10-6 moles) was dissolved with 300 µL of EtOH, after 10 µL of 

APTES (4.27×10-5moles) were added. At this point the color of the dye change from yellow to orange. The 

solution was stirred for 30 mins and after TEOS (1.05 mL, 4.7×10-3moles) and BTSPD (0.46 mL, 1 mmol) 

was added. The solution containing the silanes was added. After 1 hour of reaction, the particles were 

cooled down until r.t. and then recovered by centrifugation (20 min at 23 krpm). Immediately after this, 

the particles were washed through a sequence of sonication/centrifugation cycles (3X EtOH). To remove 

the surfactant from the pores, the particles were dissolved in acidic EtOH (100 mL, and few drops of HCl) 

and refluxed overnight. After this, the particles were cleaned by a sequence of sonication/centrifugation 

cycles in EtOH (3XEtOH) and finally dried under vacuum. The particles were then characterized by SEM, 

EDX and N2 adsorption techniques. 

 

2.4.2.5. Synthesis and characterization of the PLGA@carriers 

Synthesis of PLGA@MS by the solvent evaporation method 

First, 50:50 PLGA was dissolved in dichloromethane (DCM) at a concentration of 10% w/v. To 

fabricate the fluorescently labeled PLGA@carrier, Nile Red was added to the PLGA solution in DCM 
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at co concentration 1 mg/mL. MSVs were mixed in 1 mL of 10% w/v PLGA in DCM, then dropped into 3 

mL of a solution of poly(vinyl alcohol (PVA) 2.5% (w/v) at room temperature, and was subsequently 

emulsified with an homogenization for 3 min at 10,000 rpm. The resulting emulsion was dropped 

into 40 mL of PVA 1% w/v and stirred overnight to allow DCM evaporation. The resulting 

microspheres (MS) suspension was centrifuged at 3,000 rpm for 3 min, and then washed 3 times 

with distilled water. 

Notes: Sonication of the sample is possible without damage of the sample and the MS can be 

recollected by centrifugation and freeze-dried to be stored under vacuum. 

 

Synthesis of NPs@PLGA@MS by the solvent evaporation method 

100 mg PLGA, Nile Red, and 1 mg of NB-NPs with an average diameter 97± 10 nm were mixed 

together. Certain volume of this solution was put in 3 mL of PVA 2.5% and was homogenized at 

10×103 rpm for 3 min. After, this solution was immediately transferred in 40 mL PVA 1% w/v and 

the solution was stirred overnight at room temperature and using 800 rpm. The sample was 

washed 3 times with water using cycles of centrifugation of 3000 rpm. 

 

Synthesis of PLGA@MS by the SORP method 

PLGA 2mg was first dissolved in 2 mL of THF  (a good solvent for the polymer) and put it in a vial; 

then under gentle magnetic stirring (100 rpm) at room temperature, 2 mL of water (a precipitant 

for the polymer) was added slowly to the polymer solution via a syringe pump at a speed of 2 

mL/h. The polymer solution remained was stirring overnight to let the THF evaporates in an open 

system at room temperature (25 °C). After this, the MS suspension was obtained. The MS can be 

recovered by centrifugation (1.2×104 rpm for 10 mins) to remove the supernatant, and the Ps 

were re-dispersed in deionized water. To prepare the MS loaded with Nile Red 0.2% w/w of this 

dye with respect of the polymer was put in the THF solution. 
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Synthesis of PLGA@MS by the SORP method big scale10x 

20 mg PLGA and 2 mg Nile Red was dissolved in 20 mL of THF, under magnetic stirring (100 rpm) 

at room temperature (using a 100 mL flask ball and a big stirring bar), 20 mL of water was added  

to the polymer solution via a syringe pump at a speed of 10 mL/h. The polymer solution remained 

was stirring overnight to let the THF evaporates in an open system at room temperature. 

After the PLGA suspension is centrifuged at a speed of 1.2×104 rpm for 10 min to remove the 

supernatant, and the Ps were re-dispersed in deionized water. 

 

Synthesis of PLGA@MS by the SORP method scale 5x 

10 mg PLGA and 1 mg Nile Red was dissolved in 10 mL of THF, under magnetic stirring (100 rpm) 

at room temperature (using a vial with a flat surface and a flat stirring bar), 10 mL of water was 

added  to the polymer solution via a syringe pump at a speed of 2 mL/h. The polymer solution 

remained was stirring overnight to let the THF evaporates in an open system at room 

temperature. 

After the PLGA suspension is centrifuged at a speed of 1.2×104 rpm for 10 min to remove the 

supernatant, and the Ps were re-dispersed in deionized water. 
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Table 2.1. Synthesis of the PLGA spheres by the SORP method. 
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Synthesis of PLGA@MBds by the hydrogel template method 

Synthesis of the hydrogel PVA template. 

The hydrogel mold consisting of a film of water-soluble PVA patterned with 20 µm wells was 

prepared by a copying of the PDMS PolyScitech® master template. SEM images of the PVA mold 

can be appreciated in figure 26B, showing the cavities with a size of 20 µm. 

 

Preparation of PLGA beads.  

PLGA is dissolved in dichloromethane 0.2 g/mL and Nile Red is added to this solution. With a 

pipette, the solution is transferred to the patterned area of the PVA template and carefully spread 

the material with a glass slide, then is dried overnight at room temperature to then obtain 20% 

PLGA beads. Same methodology was used to obtain the 30%PLGA beads.  

To obtain the microparticles out of the PVA matrix, the hydrogel is dissolved in water and 

recovered them by centrifugation; the material is washed 3 times with water by a sequence of 

sonication/centrifugation to remove all the traces of the PVA matrix.  

 

Table 2.2. Experiments done to obtain PLGA MBds of good quality. 
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2.4.3. Incorporation of cannabinoids in the PLGA-MBds (hydrogel template method) 

100 mg of PLGA were dissolved in 500 µL of CH2Cl2 to make 20% PLGA MBds, 20 mg of 2HEO or 

AEA and Nile Red (100 µL 2.75 mM) was added to the solution and then sonicated to make a 

homogeneous solution.  After the solution is dropped in the PVA template and let it dried. 

Confocal images were taken to see if the beads were formed with the inclusion of 2HEO. 

 

2.4.4. Fluorescence emission spectra of PLGA-Nile Red and PLGA-AEA (drop castle method) 

To prepare the first sample, 10 mg of PLGA were dissolved in 50 µL of DCM and it was added 10 

µL of Nile Red 2.75 mM; this solution was quickly put it in a glass slide to let it dry and then 

covered with a coverslip to then measure the emission. To prepare the second sample, 2 mg of 

AEA were dissolved in 50 µL of DCM and then 10 µL of Nile Red 2.75 mM was added; as the other 

the addition of the solvent and the Nile Red has to be fast in order to take the aliquot and put in 

in the glass slide to let it dry there; the sample is protected using a coverslip and after the 

emission is measured in a Fluorimeter. 

 

2.4.5. Loading of the particles: MSNPs+ Orange 2 

15 mg of NB-NPs particles were mixed with 15 mg of Orange 2 in 750 µL EtOH. The solution was 

put in a rotator-mixer for 1 day. After the particles were centrifuged and washed with 750 µL of 

EtOH two times.  

 

2.4.6 Breakability test of FITC-ss-NPs 

0.1 mg/mL of FITC-ss-NPs were dispersed in in PBS or acetate buffer. Glutathione (GHS) is 

added to have a final concentration of 10 mM. The sample is stirred and heated up to 37 °C. 

Duron the time, aliquots are taken and dropcasted on a TEM grid. 

 

2.4.7. Breakability test of the PLGA@MBds 
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1.35 mg of PLGA@MBds (done using 20% PLGA 50:50) were put in 2 mL of media (water, PBS 

(pH7.4) or Buffer acetate (pH 5.2)). The solutions were agitated at 37 °C during all the experiment. 

SEM and optical microscopy were the techniques to characterize the material for 1,3,7,10, 15 

and 20 days. 
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CHAPTER 3 

Silica-coated Quatsomes 

 

 

ABSTRACT 

 

In this chapter is presented the synthesis of a hybrid system based on a non-lipid based vesicle, 

Quatsomes (QS), covered with silica. The silica shell around the vesicles protects them, giving 

more structural and mechanical stability to the QS, against fusion and internal leakage during 

storage, transport for eventual applications. Interestingly, this shell could prevent the loss of 

cargo during the delivery of drugs or biomolecules. Moreover, redox-organic stimulus-responsive 

silica shell systems were synthetized. The use of S-S groups in the silica framework allows the 

breaking of the shell in presence of a reducing agent, such as glutathione inside cells. The 

destruction of the system results in the release of the cargo and their breaking in small pieces, 

preventing their accumulation in the body. These materials could therefore have a potential 

interest in biomedical applications. 
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3.1. Introduction 

Liposomes are phospholipid self-assembled nano-objects that have been well studied since their 

discovery in 1964.1–4  The structure of liposomes allows hydrophobic molecules to be 

encapsulated within the bilayers and hydrophilic molecules in the lumen. These properties have 

been explored to encapsulate drugs for drug delivery applications.5–9  A major drawback of lipids 

assemblies is their tendency to aggregate, causing a low degree of structural homogeneity that 

is crucial for pharmacological purposes.10 As a result, there is an interest in building stable 

monodisperse vesicles that could be used in pharmaceutical formulations.6–10 

Recently the group of N. Ventosa developed a new kind of thermodynamically stable unilamellar 

vesicular structures, termed Quatsomes (QS), constructed from quaternary surfactants and 

sterols (with highly positive charged surfaces) (see Figure 3.1). QS show outstanding vesicle to 

vesicle homogeneity in size, lamellarity, and membrane supramolecular organization. They are 

stable for periods up to several years, and also maintaining stability upon dilution making them 

a promising platform for theragnostic nanomedicine.11–17 

 

Figure 3.1. Representation of a silica-coated QS. The bilayer of the QS is formed by CTAB and cholesterol. 

In basic conditions electrostatic interactions make possible the interaction between the silica (negatively 

charged) and the QS (positive charge).  
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To give more structural and mechanical stability to the QS, we decided to create a silica shell 

around them so that a new drug delivery system could be realized (see Scheme 3.1). The 

combination of soft and hard materials in a combined system will provide stability to the loaded 

QS against aggregation and internal leakage during its storage, transportation, and application. 

Besides this, it could introduce in the system new groups for bioconjugation.18–20 

This work presents the strategy and the achievements in the use of silica as a stable shell for QS 

to prevent cargo loss.21–24 Moreover, the synthesis of a stimulus-responsive coating to create a 

degradable system for delivery applications is also reported.21 In this last case, the shell 

specifically breaks in the presence of a reducing environment typically found inside of cancer 

cells. The mechanism of degradation induces silica debris which are easily removed from the 

body.25,26 

 

Scheme 3.1. Quatsomes coverage mechanism and drug delivery strategy employing organo-silica-coated (QS) 

as vehicles of drugs. 

 

QS used throughout the initial phase of experiments were generated from cholesterol and CTAB 

(1:1), forming nanovesicles with a diameter of ~100 nm. These vesicles were made using the 

depressurization of an expanded organic solution-suspension (DELOS-SUSP) methodology.27 The 

interaction between the two materials resulted from electrostatic interactions between the 

positively charged quaternary ammonium surfactant (CTAB) and the negatively charged silica, 

under basic conditions (Figure 3.1).28 
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3.2. Results and Discussion 

3.2.1. Synthesis and characterization of silica-coated QS (SQS) 

Two main hybrid materials were synthetized during this work: Non- breakable silica QS (NB-SQS) 

and stimuli responsive breakable silica-coated QS (B-SQS). For the B-SQS breaking was triggered 

by a reducing agent, since the silica contains in its network disulfide groups. For the preparation 

of these materials several silanes were tested: Tetraethyl orthosilicate (TEOS), Tetramethyl 

orthosilicate (TEMOS) and (3-aminopropyl)triethoxysilane (APTES) for the NB-SQS and the 

disulfide linker Bis(triethoxysilylpropyl)tetrasulfide (BTSPD) for the B-SQS (Figure 3.2). 

 

Figure 3.2. Synthesis of non-breakable silica and breakable coated QS and the silane precursors employed 

in each case. 

 

3.2.2. Synthesis and characterization of the Non-Breakable silica-coated QS (NB-SQS) 

Even though QS are stable in comparation with other non-lipidic vesicles, changes in the media 

solution as pH, content of solvents or even stirring can change the properties of these 

nanocontainers. Because of that, it is important to study under which conditions the sample 

maintains its properties as, homogeneous size and shape. In order to explore those conditions, a 

solution of QS, with a diameter of 156±37 nm (measurement done by Dynamic light scattering 

(DLS)) was analyzed under different % of EtOH, stirring and in presence of ammonia during time.  

These experiments were carried out to find the parameters in which there is not damage in the 

starting QS sample to then perform the reactions with the silanes. 
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QS in presence of EtOH 

The stability of the QS in presence of EtOH was determined over a range of 20 to 40% of EtOH in 

water. The initial diameter of the QS was measured by DLS showed a size distribution of 156±37 

nm. The Figure 3.3 shows the DLS results increasing the % of EtOH, where it is observed that at 

20% of EtOH the Quatsomes was still stable (reporting a size 150±33 nm) but the addition of 

more EtOH, modified then the equilibrium of the Quatsomes solution and a re-organization of 

the QS was produced, giving assemblies of bigger sizes. At 30% EtOH the size observed was of 

197±45 nm, and with 40% EtOH two population of QS were observed: one of 216±54 nm and 

another of 710±151 nm. These results suggest that not more than 20% of EtOH can be used 

without changing the homogeneity of the sample. In other words, for the synthesis of the silica 

shell, the maximum amount of EtOH that can be used is 20%.  

 

Figure 3.3. Size of the QS was measured by DLS at three different % of EtOH A) 20, B) 30 and C) 40 %. 

 

QS during stirring 

The stability experiments of QS under stirring over time were performed at the lowest achievable 

stirring rate (using a stirring of 375 rpm, in which all the solution was observed to be 

homogeneous). Figure 3.4 showed how the size of QS was evaluated after 0, 1, and 3h of 

continuous stirring (measurements done by DLS); it was observed that the majority of the QS 

were not destroyed because of stirring; though a new population was observed after 3h. The size 

reported at time 0 h was 158±36 nm, at time 1h is 153±34 nm and a time 3h one population was 

131±29 nm and the new one reported was 377±71 nm. From these results, stirring with this speed 

was started to be used in the synthesis of the silica shell in the QS. 
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Figure 3.4. Size distribution of QS under stirring at 375 rpm and 20% of EtOH at different time of stirring 

A) 0h, B) 1h and C) 3h. 

 

QS in presence of base 

The addition of base is often used to trigger silica polymerization. The stability of QS in the 

presence of ammonia was investigated. QS of diameter 127±29nm in water was treated with a 

base (6 mM ammonia), 10% EtOH was added and the stirring rate was set at 375 rpm. The system 

was analyzed by DLS and the size of the QS was quantified over 3 h, Figure 3.5. At time 0h, the 

size was 136±31 nm, after 1h was 126±29 nm and after 3h appeared two populations: 109±26 

nm and 424±107 nm. Even though a new population was appearing after time, the initial 

population still remained (It has to be explained that bigger particles scatter more in DLS, 

meaning that the number of particles with bigger sizes is low). In conclusion, ammonia can be 

used up to this concentration for the synthesis of silica on the surface of the QS. 

 

Figure 3.5. Size distribution of QS in the presence of ammonia 6 mM, under 375 rpm and 10% EtOH at 

different time of stirring A) 0h, B) 1h and C) 3h. 
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3.2.2.1. Synthesis and characterization of the Non-Breakable silica-coated QS (NB-SQS) using 

APTES 

Beloglazova et al. previously explored the possibility of making silica-coated liposomes loaded 

with quantum dots as labels for multiplex fluorescent immunoassay. 18 The silica coverage was 

meant to ensure the stability of the loaded liposomes against aggregation and internal leakage 

during storage. Additionally, the silica surface can be functionalized by a silane containing a 

terminal amino group that allows for further bioconjugations.18 In the paper was also proposed 

to use APTES for the encapsulation of the liposomes (Figure 3.6). This silane reagent can 

individually encapsulate the vesicles, as the positive charges of the amino group make repulsive 

electrostatic interaction between the particles which helps to avoid the formation of 

agglomerations (Figure 3.6B shows the representation of the amino groups pointing outside). 

Figure 3.6C from the scheme shows the Transmission electron microscopy (TEM) image of this 

material. 

 

Figure 3.6. A) Silane used to encapsulate the liposomes (APTES) B) Schematic representation of the 

encapsulation of the liposomes, and C) TEM image of a liposome cover with APTES. Adapted with 

permission from ref. 18 (Copyright 2006, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) 

 

With this previous work, we then used a modified procedure from Beloglazova et al., 18 which 

prevented precipitation of the material and improved surface coverage of the QS with silica. 

Figure 3.7 shows the DLS spectra of the SQS samples after 2h, overnight (around 12 hours), and 

2 days of stirring. From these data, SQS formation occurred within the first two hours and are 

stable thereafter based on the size change from 114±26 nm at t = 0 to 193±49 nm after 2 h. No 

change was observed after this time period.  
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Figure 3.7. The DLS measurement of the SQS using APTES after A) 2h, B) overnight and C) 2 days of stirring. 

Images of Figure 3.8 was taken from a scanning electron microscope (SEM) of the sample after 

overnight stirring (Figure 3.8). The images reveal that silica QS were broken due to the vacuum 

applied during the sample preparation (top left of Figure 3.8). Despite this, some QS were able 

to see. Figures 3.8 and 3.9 show the formation of spheres which were attributed to the formation 

of the silica around the QS. Figure 3.9 shows that the SEM size distribution, count performed on 

300 nanoparticles, gave an average diameter of 140±23nm SQS particles. 

 

Figure 3.8. SEM pictures of the SQS after overnight of stirring (Scale bar of top left is 1 µm and inset is 500 

nm, top right and down left are 1µm and down right is 2µm). 
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Figure 3.9. SEM pictures of the SQS after overnight stirring (scale bar 500 nm). Down right: SEM size 

distribution (count performed on 300 nanoparticles; average diameter 140±23 nm). 

 

In order to know if the reaction could be run in a concentrated system of QS, a second 

methodology was tested to prepare the sample. The new methodology involved the non-dilution 

of the system and the addition of more base (25 times more ammonia) in comparation with the 

previous methodology. Figure 3.10 shows the DLS of the QS covered with silica (SQS), 1 h and 

overnight after the addition of base (6 mM ammonia) while stirring with the APTES. The 114±26 

nm QS were found to increase in size after the addition of base, 123±26 nm and continued to 

grow after 1 hour (174±41 nm) and overnight (194±26 nm). Figure 3.11 shows the SEM and size 

distribution after overnight stirring that yielded an average diameter of 142±24 nm SQS particles. 

It should be noted that particle degradation made average particle size quantification difficult 

(see Figure 3.11 top-right); these particles were found outside the drop casting, while in the 

interior of the drop mostly all the sample was broken as is represented in Figure 3.12. 
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Figure 3.10. DLS measurements of the silica covered Quatsomes (SQS) A) after putting base (6 mM 

ammonia) and stirring during B) 1 h and C) overnight. 

 

 

Figure 3.11. SEM pictures of the silica covered Quatsomes (SQS) after overnight of stirring (scale bar 500 

nm and 400 nm) using a concentrated methodology to produce them. Down right: SEM size distribution 

(count performed on 300 nanoparticles; average diameter 142±24 nm). 
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Figure 3.12. SEM pictures of the drop casting silica covered Quatsomes (SQS) after overnight of stirring 

(scale bar: 20 and 10 µm); in the interior of the drop; all the sample is broken due to the vacuum of the 

SEM equipment. 

 

Non-Breakable silica-coated QS (NB-SQS) using APTES at 0 °C-7 DAYS 

Another methodology of synthesis described in the literature by Zhang29 et al. was explored. This 

methodology involved the use of a buffer of ascorbic acid and ammonia to set the reaction at pH 

9 and to run it at 0 °C. At time 0h, the starting material of QS had a size of 84±1 nm, a Pdl of 

0.23±0.01 and a Zeta Potential of 84±2 mV. After 2 days the pH of the reactions was measured 

giving a value of 9.64 and a size of 78±1 nm, Pdl of 0.21±0.01 and Zeta Potential of 53±3 mV. 

After, 3 mL of the solution was held separately, and 5.2 µL of APTES was added directly to the 

remaining reaction. The size of the QS was 81±2 nm after 4 days of stirring, with a Pdl of 0.22±0.01 

and Zeta Potential of 54±3 mV (see Figure 3.13C); and to the seventh day, the size reported was 

still constant 81±2 nm, with Pdl of 0.24±0.01 and with a little decrease of the Zeta Potential to 

52±1 mV (Figure 3.13A and 3.13B which showed that the change of size and Zeta Potential of the 

reaction during the time). Due to the size stability after 7 days (not presence of agglomerations 

was observed), no dialysis of the material was performed to stop the reaction. IR was performed 

to reveal the existence of silica formed around the material and Figure 3.13D shows the Si-O 

band at 1175 cm-1 due to the presence of the silica polymerization on the QS. 
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Figure 3.13. A) DLS measurements and B) Zeta Potential measurement of the reaction over time of TEOS 

silica-coated QS at 0 °C for 7 days. C) DLS measurements after 4 days of reaction the NB-QS-TEOS. D) IR 

spectra of silica-coated QS. The starting material has a size of 84±1 nm a Pdl of 0.23±0.01 and a Zeta 

Potential of 84±2 mV. 

 

3.2.2.2. Synthesis and characterization of the Non-Breakable silica-coated QS (NB-SQS) using 

TEOS 

The encapsulation of the Quatsomes using the silane TEOS was done following the Hubert,30 and 

Zhang29 procedures, where Hubert H. et al.,  reported the use of TEOS and TEMOS as silica 

precursors for the encapsulation of liposomes.30 During their synthesis, the authors avoided the 

use of EtOH in the synthesis, while setting the reaction at pH 8 with the addition of diluted 

ammonia. The concentration of TEOS used was six and 32 times the concentration of vesicles 
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(with the QS the high addition of TEOS produces immediately a formation of precipitates; no 

covering of the QS was observed) but they reported long synthesis time of reaction (7days) and 

the pH adjusted at any desired time with the addition of extra ammonia to let the reaction 

continue. In contrast, Zhang et.al., reported the cover of lipid vesicles using TEOS and working 

with an ascorbic-acid-based buffer and the solution of ammonia to set the pH of the reaction; 

also two different temperatures 8 °C and 20 °C were tested in the experiments reported, 

observing one and two different populations of cover vesicles at these temperatures, 

respectively.29  

For our first experiments, the Zhang29 methodology was used with some modifications in order 

to cover the QS with silica: 6.5 mL of water and 1 mL QS (final concentration of QS was 2 mM) 

were placed in 10 mL flask under 375 rpm stirring. A 200 µL portion of an ascorbic acid solution 

(with an initial concentration of 50 mM) and 375 µL of diluted ammonia (0.134 M) were added 

to obtain a pH around 9. Finally, 8 µL of TEOS was added directly to the solution ([TEOS]=4.4 mM). 

The experiment was performed at two different temperatures: 0 °C and room temperature. The 

following day the pH of the reactions was measured, the reaction that was at 0 °C reported a pH 

of 7.8 while the one performed at room temperature was 7.13. From DLS measurements, the 

initial QS size was 82±1 nm, with a Pdl of 0.22±0.01 and Zeta Potential of 88±1 mV. After one 

night reacting at 0 °C and pH of 7.8, particles with a size of 90±1 nm, a Pdl of 0.16±0.01 and Zeta 

Potential of 54±3 mV were obtained while the reaction at 20 °C and pH of 7.13 resulted in 

particles with a size distribution of 79.3±1 nm, Pdl=0.2±0.01 and Zeta Potential of 52±1 mV. To 

both reactions, ammonia was again added to set the pH value around 8 (at this point the pH of 

the reaction at 0 °C and 20 °C measured is 8.18 and 8.1, respectively). Immediately afterward, 10 

µL of TEOS was added (obtaining a final concentration of TEOS of 10 mM) to both reactions, and 

the day after the reaction at 0 °C and pH of 7.13, yielded particles with a size distribution of 155±3 

nm, Pdl of 0.18±0.01 and Zeta Potential of 32±0.59 mV, while the reaction at 20 °C and pH of 

7.17, shows a size distribution of 98±1 nm, Pdl of 0.09±0.02 and Zeta Potential of 46±2 mV. The 

reaction was stopped by dialysis using a membrane of 14 KDa. 5.5ml of the sample was washed 

by replacing the water solution ever 15 mins over an hour. The final product was measured by 

DLS, and a size distribution of 159±3 nm, Pdl of 0.2±0.01 and Zeta Potential of 29±1 mV were 

obtained for the reaction at 0 °C. While that for the reaction at 20 °C the size distribution was 
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97±2 nm, Pdl of 0.1±0.01 and the Zeta Potential of 41±2 mV. Figure 3.14A and 3.14D contains 

the monitoring of the change size silica-coated QS during the reaction of these experiments at 

0 °C and 20 °C, respectively. In both cases, the second addition of silica caused a large size 

increase after stirring overnight (Figure 3.14C and Figure 3.14F for the reaction at 0 °C and 20 °C, 

respectively). It seems that the reaction at 0 °C doubled in size while the reaction at 20 °C 

increased only 25%. This could be also due to the higher value of pH. Figure 3.14B and 3.14D 

shows the change of Zeta Potential in both reactions (0 and 20 °C) giving us information about 

the homogeneity of the silica shell and the thickness; the thicker is the silica shell, the lower is 

the value of Zeta Potential due to the negative charges of the silica.  

 

Figure 3.14. DLS-Size distribution of the reaction over time of TEOS silica-coated QS at A) 0 °C and D) 20 °C 

that was carried out by DLS. Zeta Potential of the reaction over time of TEOS silica-coated QS at B) 0 °C 

and E) 20 °C. DLS- measurement after dialysis of the NB-QS-TEOS at C) 0 °C and F) 20°C. The starting 

material has a size of 82±1 nm a Pdl of 0.22±0.01 and a Zeta Potential of 88±1 mV. 

 

Figure 3.15 and 3.16 show the cryogenic transmission electron microscopy (Cryo-TEM) images of the 

samples prepared at 0 °C and 20 °C, respectively. An external material was observed on the 
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surface of the QS, as indicated by the darker zones in the QS that demonstrate the interaction 

between the silica and the QS. However, the deposition of silica was not uniform meaning that 

the QS were not completely covered by the silica in both experiments. This also agrees with the 

positive Zeta Potential values for the reaction at 0 °C and 20 °C of 29±1 mV and 41±2 mV, 

respectively. Negatively charged material formed could give an indication that the positive 

charge of the QS is neutralized by the silica. For these results, the material must be improved to 

then have a homogeneous silica coating on the QS. The concentration of TEOS in the reaction 

and the total synthesis time has then to be varied to improve surface coverage by using this 

silane. 

Figure 3.15. Cryo-TEM images of the 10 mM TEOS silica-coated QS at 0 °C after dialysis. Scale bars, 100, 
50 and 20 nm. 
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Figure 3.16. Cryo-TEM images of the 10 mM TEOS silica-coated QS at 20 °C after dialysis. Scale bars, 100 
and 50 nm. 
 

Observing the images at 0 °C and 20 °C, we can see that the reaction at 0 °C, which gives a bigger 

change in size (data observing by DLS), had in fact more surface covered by the silica. However, 

further experiments must be done to know if an effect of the temperature, pH or the combination 

of both parameters was the cause of those observations. 

To know if the dark zones of the QS in the Cryo-TEM images the silica was interacting with the 

QS, IR experiments were performed on both samples. Figure 3.17 shows an intense band around 
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1175 cm-1 attributed to the Si-O which means there was the formation of silica on the surface of 

the QS. 

 

Figure 3.17. IR spectra of TEOS silica-coated QS at A) 0 °C and B) 20 °C. 

 

Non-Breakable silica-coated QS (NB-SQS) using TEOS at 0 °C and longer times 

Based on these last results, the TEOS based synthesis was modified with longer synthesis times 30 

at 0 °C, in ice bath.29 The starting conditions of the reaction was as well, 2 mM of QS at pH of 

9.03, the first addition of TEOS (4 mM) was added and after 2 days a second addition of TEOS was 

done to have a final concentration of 10 mM. At time 0h, the reported size distribution was 85±2 

nm, with a Pdl of 0.24±0.01 and Zeta Potential of 94±15 mV. After 2 days the pH was measured 

giving a value of 7.38 and a size distribution of 86±1 nm, Pdl of 0.22±0.01 and Zeta Potential of 

56±2 mV. After these two days, 3 mL of the solution were extracted to storage and 5 µL of TEOS 

were added directly to the reaction media and after another day the size of the QS was changing 

to a size of 91±1 nm, with a Pdl of 0.22±0.01; to the 4 day ago of the starting addition, the size 

was 95±1 nm, Pdl of 0.22±0.01 and Zeta Potential of 51±3 mV. After 7 days of the starting 

addition, the reaction was stopped by dialysis giving a material with a size of 104±2 nm, a Pdl of 

0.21±0.1 and a Zeta Potential of 41±3 mV. Figure 3.18A shows the increasing of the size over the 

time adding TEOS; measured by DLS and the Figure 3.18B displays how the Zeta Potential was 

decreasing until the end of the reaction. A negative Zeta Potential of the nanosystem provided 

us information about the homogeneity of the silica coverage. With these results, we believe that 

there are zones in the material where the silica does not cover the QS. For this, another 



214 
 

methodology must be investigated to improve the reaction. Figure 3.18C shows the DLS-Size 

distribution measurement after 4 days of reaction and in Figure 3.18D the IR spectra. 

 

Figure 18. A) DLS-Size and B) Zeta Potential measurement of the reaction over time of TEOS silica-coated 

QS at 0 °C for 7 days. C)  DLS-Size distribution measurement after 4 days of reaction the NB-QS-TEOS. D) 

IR spectra of silica-coated QS. The starting material has a size of 84±1 nm a Pdl of 0.23±0.01 and a Zeta 

Potential of 84±2 mV. 

 

Non-Breakable silica-coated QS using TEOS and Dodecylsilane-QS (NBS-Dodecylsilane-QS) 

A different strategy to favor a homogeneous shell could be to have the silica precursor already in 

place in the Quatsomes. Therefore, we decided to use a silica precursor that could be acting as a 

surfactant inserted in the QS membrane to then perform the reaction. Dodecyl(trimethoxy)silane 

(dodecyl-silane) was added to the membrane at 5% and 10% wt during the synthesis of QS (Figure 
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3.19A). Figure 3.19B and 3.19C show the size distribution of both systems; 10% and 5% dodecyl-

silane QS prepared for the following coating of silica which show the following parameters, a size 

distribution of 62±1 nm, Pdl of 0.23±0.01 and Zeta Potential of 80±5 mV and a size distribution 

of 65±1 nm, Pdl of 0.25±0.01 and Zeta Potential of 83±3 mV, respectively.  

 

Figure 3.19. A) Representation of the Dodecyl-silane-QS and their DLS-Size distribution measurement of 

B) 5% C) 10% wt Dodecyl silica QS. 
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To continue with the silica deposition on the QS, from the two Dodecyl-silane-QS systems done, 

the one with 10% wt was selected to proceed with the synthesis with TEOS; this because it has 

the lowest Pdl value, which means it is a sample with more homogeneity in terms of size 

distribution. Moreover, more Dodecyl silane is inserted in the QS membrane easier should be the 

condensation. The reaction was run using TEOS as the silane precursor (Figure 3.20). The initial 

QS was measured by DLS and provide a size distribution of 62±1 nm with a Pdl of 0.23±0.01, and 

a Zeta Potential of 80±5 mV. After one day, the pH of the reaction was measured giving a value 

of 7.6 and a size distribution of 69±3 nm. 

 

Figure 3.20. Representation of the Dodecyl-silane QS covered with a shell of silica form. 

An 80 µL portion of ammonia with a concentration of 0.134 M was added to the solution to adjust 

the pH to basic conditions, giving a pH of 8.35. The following day the size reported by DLS was 

76±2 nm with a Pdl of 0.18±0.01 and Zeta potential of 49±1 mV (see Figure 3.21A). Cryo-TEM 

images (Figure 3.22) displayed the interaction of the silica in the QS, despite the QS not being 

completely encapsulated. As a result, the reaction could run for additional time. After 5 days, the 

size distribution of the QS system reaction was 170±2 nm, Pdl of 0.2±0.01 and Zeta Potential of 

32±1 mV; at this point some volume of the reaction was stopped and purified by dialysis, giving 

at the end the same size 170±2 nm, a Pdl of 0.19±0.01 and Zeta Potential of 34±2 mV. Figure 3.23 

shows SEM images collected from the material after 5 and 13 days of reaction. Some 
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nanoparticles around 50 nm could be observed in the 5-day sample, while that the 

agglomerations were more prevalent in the 14-day sample, but also this could be produced when 

the material is exposed to the vacuum at the time that is covered with gold and inside the SEM 

equipment. Further Cryo-TEM experiments have to be done in order to know if after the time the 

QS present a more homogeneous coverture of silica maintaining the QS as a separate identity 

(without agglomerations). IR spectrum of the sample was taken (Figure 3.21B), which reveals a 

band around 1175 cm-1 which is assigned to the presence of Si-O bonds. 

 

Figure 3.21. A) Size distribution of the 10% Dodecyl silane QS covered with TEOS after 2 days of reaction 

and B) IR spectra of silica dodecyl silane QS. 

 

Figure 3.22. Cryo-TEM images of 10% silica-coated Dodecyl silane QS. Scale bar 0.2 µm. 
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Figure 3.23. SEM images of 10% silica-coated Dodecyl silane QS after 5 days (reaction stopped by dialysis) 

and after 13 days (reaction still continue). Scale bar 500 nm. 

 

The reaction was stopped after 5 days and it was analyzed by TEM, Cryo-STEM, Energy-dispersive 

X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) to characterize the sample. 

After this time of reaction with TEOS, the sample shows a complete silica covered shell (see Figure 

3.24). Also, with this technique it is appreciable that the silica around the QS has porosity which 

agrees with the last Cryo-TEM images taken after 2 days, where patches of silica where started 

to cover the QS with dodecyl silane moieties.  

Figure 3.25A shows the Cryo-scanning transmission electron microscopy (Cryo-STEM) analysis 

from the 10% silica-coated Dodecyl silane QS after 5 days, where is shown again the porosity of 

the material; EDX in two different areas of the sample (1 and 2 in the Figure 3.25A) showed the 

presence of silicon (Figure 3.25B), probe of the formation of the silica shell around the QS.  
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Figure 3.24. TEM images of 10% silica-coated Dodecyl silane QS after 5 days (reaction stopped by dialysis). 

Scale bar 100 and 50 nm. 
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Figure 3.25. A) Cryo-STEM image of 10% silica-coated Dodecyl silane QS after 5 days (reaction stopped by 

dialysis). Scale bar 20 nm and B) EDX of the sample in two different areas (zone 1 and 2 of the Cryo-STEM 

image). 

X-Ray Photoelectron Spectroscopy (XPS) spectra analysis was carried out to confirm the presence 

of silica in the material. Figure 3.26A shows the analysis of the surface of the sample of 10% silica-

coated QS reacted for 5 days, where was visible the presence of carbon, oxygen and silicon. In 

Figure 3.26B is represented the deconvolution of the C1s core level showing the presence of C-

C, C-O, C=O bonds, belonging to the components of the QS (CTAB, Cholesterol and Dodecyl 

Silane). Figure 3.26C shows the XPS of the silicon analysis, where its deconvolution of the Si2p 

core level showing the presence of Si-C and Si-O bonds, belonging to the dodecyl silane moieties 

and for the formation of the silica shell around the QS. 
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Figure 3.26. A) Representative X-Ray Photoelectron Spectroscopy (XPS) spectra analysis of the surfaces of 

10% silica-coated Dodecyl silane QS after 5 days, B) Carbon analysis, deconvolution of the C1S core level 

spectra and C) Silicon analysis, deconvolution of the Si2p core level. 

 

In contrast, the curiosity to explore the system, make us analyze the sample in which the reaction 

was never stopped by dialysis (after several months). 10% silica-coated Dodecyl silane QS without 

post-treatment was analyzed with TEM. In Figure3.27 is visible the QS covered by silica; it could 

be seen the same porous structure as observable using this TEOS silane in previous experiments. 

This porosity could be attributed either to the fact that the silane was all consumed and not all 

the areas are covered; giving then these porous areas or due that the silica arranges in a way that 

brings these porosity structures of polymerization. From the Figure 3.27 images, where the silica 

shell was starting to form around the QS (Cryo-TEM). We observe that the porosity was already 

existing even when more silane was presented in the solution. Even though, not much more 

silane was put to see if a complete silica shell without porous was formed; so further 

investigations must be done to explain the pattern.  
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Figure 3.27. TEM images of 10% silica-coated Dodecyl silane QS with not pos-treatment to the reaction. 

Scale bar 100 and 50 nm. 

 

3.2.2.3. Synthesis and characterization of the Non-Breakable silica-coated QS (NB-SQS) using 

TEMOS 

The pH of the reaction after 2 days was 7.55 with a size distribution of 98±2 nm, Pdl of 0.16±0.01 

and Zeta Potential of 42±1 mV. After these 2 days, 3 mL of the reaction were extracted and the 

rest of the reaction (4.5 mL) was added to 3.3 µL of 4.4 mM TEMOS. After 2h, the size distribution 
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of the reaction was 108±8 nm with a PdI of 0.18±0.02. Stirring overnight the solution caused 

precipitation of the NPs. Because of that, we continue analyzing the 3 mL of the sample that was 

stored before the second TEMOS addition (4.4 mM). The reaction after 4 days gives a size 

distribution of 105±3 nm, a Pdl of 0.2±0.01 and Zeta Potential of 37±1mV (Figure 3.28C). In this 

point, Cryo-TEM images of the sample were taken (Figure 3.29). The QS showed a thin layer 

around them, these contrasting areas were attributed to the polymerization of the silica around 

the QS. To corroborate this statement, IR of the sample was performed, and Figure 3.28D showed 

the Si-O band of the silica at 1175 cm-1. After 7 days, the reaction was stopped using dialysis, DLS 

analysis showed a silica-coated QS increase of size to 116±3 nm, a Pdl of 0.23±0.01 and Zeta 

Potential of 36±3 mV. Figure 3.28A and 3.28B show the size increase of the material and the 

decrease of the Zeta Potential over time. 

 

Figure 3.28. A) DLS size distribution measurement of the samples and B) Zeta Potential measurement of 

the reaction over time of TEMOS silica-coated QS at 0 °C for 7 days. C) DLS-Size distribution measurement 

after 4 days of reaction the NB-QS-TEOS. D) IR spectra of silica-coated QS. The starting material has a size 

of 84±1 nm a Pdl of 0.23±0.01 and a Zeta Potential of 84±2 mV. 
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Figure 3.29. Cryo-TEM images of the 4.4 mM TEMOS silica-coated QS after 4 days of reaction. Scale bars, 

200 nm. 

 

3.2.3. Synthesis and characterization of the Breakable silica-coated QS (B-SQS) 

In order to make stimulus-response silica-coated QS, we explored the possibility to make a redox 

response silica shell containing disulfide (S–S) bridges in the framework, where cleavage of the 

S-S bond in the presence of reducing agent leads to particle degradation and cargo release 

(Scheme 3.2).25 This breakable property brings a faster exocytosis of the silica that enhances its 

potentiality for in vivo theragnostic applications.  
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Three different methodologies to make these breakable silica QS were explored by using APTES, 

TEOS and TEMOS as silanes in a combination with the disulfide linker (redox response) BTSPD. 

Scheme 3.2. Breakable silica-coated QS as a stimulus response vehicle for drug release. 

 

3.2.3.1. Synthesis and characterization of the Breakable silica-coated QS (BS-QS) using APTES 

and BTSPD. 

Breakable silica shells were prepared from a mixture of APTES and BTSPD. Figure 3.30 shows the 

DLS measurements of the silica (SQS) after the addition of silanes. Which grown from 114±26 nm 

(starting size of the QS) to 168±42 nm and showed a second population at 468±110 nm probably 

due to the formation of agglomerations. After 1 h, two size distributions were showed at 87±19 

nm and 273±73 nm; after this time seemed that the reaction was over as after overnight the size 

distributions were maintained around the values after 1h. After 1h, the size distributions were 

68±12 nm and 208±50nm.  

SEM pictures of the sample left stirring overnight are shown in the Figure 3.31. SEM size 

distribution, count performed on 300 nanoparticles, gave an average diameter of 143±19 nm BS-

QS particles (Figure 3.31 down-right). 
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Figure 3.30. DLS experiments of the silica covered Quatsomes (SQS) A) after the addition of silanes, B) 1 

h, C) overnight. 

 

 

Figure 3.31. SEM pictures of the Breakable Silica covered Quatsomes (B-SQS) after overnight of stirring 

(scale bar 1 µm). Down right: SEM size distribution (count performed on 300 nanoparticles; average 

diameter 143±19nm). 

 

Smaller QS (size distribution of 58±1, PdI of 0.23±0.01 and Zeta Potential of 83.5±2.1 mV) were 

covered using the same methodology. TEM images were taken to characterize the system (Figure 

3.32) which shows the presence of silica as a shell around the QS. An average diameter of 32±6 
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nm was obtained by counting 200 nanoparticles, while a shell thickness of 9±2 nm was extracted 

(Figure 3.33A and 3.33B).  

 

 

Figure 3.32. TEM images of breakable silica-coated QS (APTES+BTSPD). Scale bar 100 and 50 nm. 
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Figure 3.33. A) TEM size diameter distribution (count performed 200 silica-QS particles; average 

diameter 32±6 nm) and B) TEM size Thickness of the shell distribution (count performed in 100 silica-QS 

particles; average thickness of the shell 9±2nm). 

 

X-Ray Photoelectron Spectroscopy (XPS) spectra analysis was measured to the sample to confirm 

the presence of silica and sulfur in the material. Figure 3.34A shows the analysis of the surface 

of the sample, where is visible the presence of carbon, oxygen, silicon, and sulfur. Figure 3.34B 

shows the XPS of the silicon analysis, and in Figure 3.34C is represented the deconvolution of the 

S2p core level showing the characteristic. 

 

Figure 3.34. A) Representative X-Ray Photoelectron Spectroscopy (XPS) spectra analysis of the surfaces of 

B-SQS B) Silicon analysis, deconvolution of the Si2p core level spectra and C) Sulfur analysis, deconvolution 

of the S2p core level. 

 

Cryo-STEM images were taken to see the three-dimensionality of the material (Figure 3.35). From 

these images, we could see the cavity that corresponded to the QS and the whiter areas which 

belong to the silica-shell around this material. In Figure 3.36A is the characterization using SEM, 

and in Figure 3.36B is represented the EDX analysis from the area represented (red box), where 
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is clear that the sample was constituted by atoms of silicon which came from the silica structure 

of the shell around the QS. Further experiments were planned to be done as breakable silica-

coated QS with a fluorescent dye, and QS labeled with a dye and coated with silica to have more 

information about this silica coating, as how long it took to break in presence of the reducing 

agent. In the Figure 3.37 is shown the IR of the sample, the revels a band around 1175 cm-1 which 

was assigned to the presence of Si-O bonds. 

 

Figure 3.35. Cryo-STEM image of breakable silica-coated QS (APTES+BTSPD). Scale bar 100, 50 and 20 

nm.  
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Figure 3.36. A) SEM image of breakable silica-coated QS. Scale bar 100, and 20 nm and B) EDX of the B-

SQS sample. 

 

Figure 3.37. IR spectra of the B-SQS. 
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3.2.3.2. Synthesis and characterization of the Breakable silica-coated QS (BS-QS) using TEOS 

and BTSPD 

A procedure by Zhang et al. was used to prepare BS-QS. 29 At time 0, the starting solution of QS 

diameter size was 84±1 nm, a Pdl of 0.23±0.01 and a Zeta Potential of 84±2 mV. After 2 days, the 

pH of the reaction was 7.7, the size distribution of the material increased to 87±1 nm, Pdl of 

0.33±0.02 and Zeta Potential of 61±1 mV (Figure 3.38C). After these 2 days, 3 mL of the reaction 

were extracted and the rest of the reaction (4.5 mL) was added 3.5 µL of TEOS and 1.5 µL BTSPD 

previously mixed. 2 hours later, the reaction solution started to present some precipitate, so the 

reaction was stopped by dialysis; the material showed a size distribution of 102±3 nm and a Pdl 

of 0.5±0.03. To remove the precipitate, the sample was centrifugated for 15 mins at 6000 rpm, 

the supernatant phase had QS with a size of 76±2 nm, Pdl of 0.19±0.01 and Zeta Potential of 45±2 

mV and the bottom phase a size of 177±3 and a Pdl of 0.77±0.02. At these conditions of 

centrifugation, we can say that probably the QS that are not covered by silica stayed in the 

supernatant and the QS with silica went to the bottom. The big change of size distribution from 

the sample before and after centrifugation probably was due that the silica-coated QS that 

precipitate formed agglomerations. Because of these results, the sample that was stored before 

the second addition was following under time (Figure 3.38A and 3.38B). The Cryo-TEM images of 

the sample were taken (Figure 3.39), but again the material showed just a few zones of silica 

polymerization; more silica precursor was needed in order to make a homogenous silica-coated 

QS. IR experiment was done (figure 3.38D), which shows the Si-O band of the silica at 1175 cm-1.  
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Figure 3.38. A) DLS-Size and B) Zeta Potential measurement of the reaction over time of for the breakable 

silica-coated QS at 0 °C for 2 days. C)  DLS-Size distribution measurement after 2 days of reaction. D) IR 

spectra of silica-coated QS. The starting material has a size of 84±1 nm a Pdl of 0.23±0.01 and a Zeta 

Potential of 84±2 mV. 

 

Figure 3.39. Cryo-TEM images of the responsible redox (BTSPD) silica-coated QS after 4 days of reaction. 

Scale bar 0.2 µm. 
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3.2.3.3. Synthesis and characterization of the Breakable silica-coated QS (BS-QS) using TEMOS 

and BTSPD 

Figure 3.40A shows the DLS-size measurement with a size distribution of 95±21 nm. IR of the 

sample (Figure 3.40 B) revealed a band around 1175 cm-1 which was assigned to the presence of 

Si-O bonds. Figure 3.41 shows TEM images of the QS cover with breakable silica using the 

methodology previously described. It was observable a rim of silica. The thickness of the coating 

from the pictures was around 10 nm (counting 12 silica-coated QS).  

Figure 3.40. A) DLS measurement and B) IR spectra of the B-SQS. 

 

On the other hand, TGA analysis of the QS and the breakable silica QS were performed. Between 

200-270 °C, CTAB was decomposed (decomposition temperature >235 °C) while the cholesterol 

decomposed between 270-350 °C. The mass loss of each compound was around 50% which 

corroborates with the fact that the composition of the QS is 1:1 Chol:CTAB (Figure 3.42A). 

Analyzing the TGA of the breakable silica QS, the total mass loss of the sample was 70%. From 

this total mass lost, 42% was from the CTAB, and 58% was from the cholesterol and the disulfide 

linker. From this data then was calculated the % of disulfide linker as it is known the relation 

QS:CTAB was 1:1 giving then a value of 16% of mass lost (Figure 3.42B).  
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Figure 3.41. TEM images of breakable silica-coated QS (TEMOS+BTSPD). Scale bar 200 and 100 nm. 

 

Figure 3.42. TGA of the A) QS and B) breakable silica QS. 
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3.3. Conclusions 

Coated silica QS were performed using several silanes and different methodologies. Using DLS 

measurements and Cryo-TEM analysis were found that TEMOS and TEOS precursors showed to 

be the best silanes to coat the QS. It was observed that many variants play a role in the reaction 

as temperature, pH, silane, concentration of silane, and solvent. 

On the other hand, breakable silica-coated QS were performed using three different techniques; 

the combination of the disulfide linker with APTES, TEOS and TEMOS were investigated giving the 

formation of a breakable shell around the QS. The systems were characterized by SEM, Cryo-

SEM, TEM, EDX, XPS, and IR. Using APTES and BTSPD, the sample shows particles of around 32±6 

nm with a shell of 9±2. 

Breakable silica-coated QS with a fluorescent dye and QS loaded with dye and covered with 

breakable silica were formed to continue the studies. 
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3.4. Materials and Methods 

3.4.1. Materials  

All commercial solvents and reagents were used as received and without further purification. 

Tetraethyl orthosilicate (TEOS), Tetramethyl orthosilicate (TEMOS)(3-

Aminopropyl)triethoxysilane (APTES), bis(triethoxysilyl-propyl)disulfide (BTSPD), Glutathione 

(GSH), was purchased from Sigma Aldrich. 

5-Cholesten-3β-ol (Chol, purity 95%) was obtained from Panreac (Barcelona, Spain). 

Cetyltrimethylammonium bromide (CTAB, ultra for molecular biology) was purchased from 

Fluka-Aldrich and without further purification. 

1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (DiI), and cyanine5 NHS 

ester were purchased from Life Technologies (Carlsbad, USA) and Lumipro, respectively. 

MilliQ water was used for the sample preparation (Millipore Ibérica, Madrid Spain), EtOH 

(Teknochroma, Sant Cugat del Vallès, Spain). Carbon dioxide (99.9% purity) purchased by 

Carburos Metálicos S.A. (Barcelona, Spain).  

 

3.4.2. Synthesis  

3.4.2.1. Synthesis of Quatsomes (QS) 

DELOS-SUSP Methodology, Depressurization of an Expanded Organic Solution-Suspension 

(DELOS-SUSP) method is a compressed fluid (CFs)-based to produce multifunctional small 

unilamellar vesicles (SUVs). In the last 25 years, several CFs-based methodologies have been 

developed,12,31,32 giving advantages to produce homogeneous nanovesicles, in one-pot 

technology (no post-formation steps), with reproducibility, and easy to scale up.33 Moreover, the 

extensive use of organic solvents is reduced; improving the toxicological profile of the particles 

produced. The most widely used CF is CO2, which is nontoxic, non-flammable and easy recyclable. 

The moderate critical parameters of CO2 (Pc = 7.4 MPa; Tc = 304.1 K). Most of the methods using 

compressed CO2 for L-NV production involve the formation of a mixture of this dense gas, the 

vesicle membrane constituents, and an organic solvent at a certain pressure and temperature; 

vesicles are usually produced upon contact between this organic phase and an aqueous 

phase.32,34 

In 2008, a CF-based method, called DELOS-SUSP (Depressurization of an Expanded Liquid Organic 

Solution), for the preparation of colloidal nanomaterials was developed.27 Involves the 
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depressurization of a CO2- expanded liquid solution of the lipids into an aqueous phase; uses a 

simple set-up and mild conditions of pressure (10 MPa) and temperature (35 °C) to make one-

step preparation to produce controlled size distribution, with uniform shapes and good shell 

stability of vesicles. The whole procedure includes (a) the loading of an organic solution of the 

lipidic membrane components and the desired hydrophobic active compounds/molecules into 

an autoclave at a working temperature (Tw) and atmospheric pressure; (b) the addition of CO2 

to produce a CO2-expanded solution, where the hydrophobic active and membrane components 

remain dissolved; and finally, (c) the depressurization of the expanded solution over an aqueous 

solution, which might contain membrane surfactants and hydrophilic biomolecules, to produce 

an aqueous dispersion of the nanovesicle bioactive(s) hybrids (Figure 3.43).12 

 

Figure 3.43. A) Schematic representation of the DELOS-SUSP method for the efficient preparation of 

multifunctional nanovesicle–bio-active hybrids. Extracted from ref. 12 Copyright 2013, with permission 

from American Chemical Society. 
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3.4.2.1.1. Synthesis of CTAB/CHOL QS (QS) and CTAB/CHOL/DiI QS (QS-DiI). 

QS and QS-DiI were made by Cholesterol and CTAB and were prepared by the CO2-based method, 

DELOS-SUSP.  

For the QS, cholesterol was dissolved in EtOH and then added to a high-pressure vessel, while 

the QS-DII were formed by mixing Cholesterol with DiI in a solution of EtOH before been added 

to the high-pressure vessel. In each case this vessel is previously heated at Tw = 308 K and after 

the addition of the EtOH solution, CO2 was added until reaching the working pressure (Pw = 10 

MPa), to obtain a CO2-expanded solution of the compounds. 

Afterward, The QS are formed by depressurizing the CO2-expanded solution over an aqueous 

solution of the surfactant (CTAB). 

3.4.2.1.2 Synthesis of CTAB/CHOL/10% DODECYL-SILANE QS 

This QS were prepared using the same methodology used to produce CTAB/CHOL QS. 10% in 

weight of Dodecyl silane was added in the inorganic phase mixed with the Cholesterol. 

Synthesis of 10%  and 5% dodecyl-silane QS (1:1 Chol:CTAB): 85.8 mg of cholesterol  were mixed 

with 16 or 8 mg of dodecyl(trimethoxy)silane (to produce the 10% and 5%, respectively) in 2.89 

mL of EtOH using a vial; the solution was stirred and heated at 37 °C until the components were 

in a homogeneous solution. After, the mixture was putted in the reactor and 200 µL of EtOH were 

used to clean the vial to then recover all the material left in it. The components in the reactor 

were inside one hour at 308K and 10 MPa with CO2, to produce the supercritical fluid. In another 

vial, 73.90 mg of CTAB was dissolved in 25.8 mL of water using a stirring bar and a temperature 

of 37 °C. This solution was verted in a bigger container to then make the depressurization of the 

supercritical fluid (the organic solution) in this aqueous phase using N2 in a slowly addition. 

Scheme 5 shows the representation of the DELOS methodology used to prepare the QS.  
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3.4.2.2. Synthesis of silica-coated QS 

3.4.2.2.1. Synthesis of non-breakable silica-coated QS 

3.4.2.2.1.1. Synthesis of Non-Breakable APTES-silica-coated QS (NB-APTES-QS) 

Synthesis using APTES: 4 mL of water and 0.5 mL of EtOH were putted in 25 mL ball flask under 

375 rpm stirring, 0.5mL of Quatsomes (size distribution of 114±26 nm) and after 4 µL the 

ammonia 28% are added in that order. Finally, Eppendorf 3.4 µL of APTES was dissolved in 0.5 mL 

of EtOH and added to the ball flask in aliquots of 30 µL, each 5 minutes (each 30 µL was added in 

3x 10µL shoot to avoid agglomerations of the silica). 

Synthesis using APTES (Concentrate QS): 1 mL of QS was put in the 10 mL ball flask and 20 µL of  

Ammonia 28% was put; after 200µL of a 0.012M APTES (2 mM APTES) (flask in aliquots of 30 µL 

each 5 minutes (each 30µL is added in 3x 10µL shoot to avoid agglomerations of the silica). 

Synthesis using APTES (Zhang et al. procedure): 6.5 mL of water and 1 mL QS (size distribution of 

85±2 nm, Pdl of 0.24±0.004 and Zeta Potential of 94±15 mV) were putted in 10 mL ball flask under 

500 rpm stirring, 200 µL of Ascorbic acid (50 mM) and 300 µL of ammonia (0.134 M) were added 

to obtain a final pH of 9.25. After, 8.4 µL of APTES (4.4 mM) were added directly in the solution. 

The experiment was run at 0 °C (ice bath during the day and during the night at room temperature 

(around 20 °C). 

3.4.2.2.1.2. Synthesis of Non-Breakable TEOS-silica-coated QS (NB-TEOS-QS). 

Non-Breakable silica-coated QS (NB-SQS) using TEOS at 0 °C and longer times. 6.5 mL of water 

and 1 mL QS (size distribution of 85±2 nm, Pdl of 0.24±0.004 and Zeta Potential of 94±15 mV) 

were putted in 25 mL ball flask under 500 rpm stirring, 200 µL of Ascorbic acid (50 mM) and 260 

µL of ammonia (0.134 M) were added to obtain a final pH of 9.03. Finally, 8 µL of TEOS (4.4 mM) 

were added directly in the solution. The experiment was run at 0 0 °C (ice bath) during the day 

and during the night at room temperature (around 20 °C). 

3.4.2.2.1.3 Synthesis of Non-Breakable TEMOS-silica-coated QS (NB-TEMOS-QS) 

Synthesis using TEMOS: 1 mL of QS 5.35 mg/mL (size distribution of 85±2 nm, Pdl of  0.24±0.004 

and Zeta Potential of 94±15 mV)  was added to 6.5mL of water, 200 µL of Ascorbic acid (50 mM) 



240 
 

and 300 µL of ammonia (0.134 M) were added to obtain a pH of 9.2. After, 5.3 µL of TEMOS 

(4.4 mM) were added directly in the solution. The experiment was performed at 0 °C (ice bath) 

the firsts hours of reaction. The reaction was stopped after 7 days by dialysis.  

3.4.2.2.1.4. Synthesis of Non-Breakable TEOS-silica-coated QS (NB-TEOS-QS) 

Synthesis using TEOS: 1 mL of QS 5.35 mg/mL (size distribution of 85±2 nm, Pdl of 0.24±0.01 and 

Zeta Potential of 94±15 mV) was added to 6.5 mL of water, 200 µL of Ascorbic acid (50 mM) and 

300 µL of ammonia (0.134 M )were added to obtain a pH of 9.2. After, 8 µL of TEOS (4.4 mM) 

were added directly in the solution. The experiment was performed at 0 °C (ice bath), the firsts 

hours of reaction. After 2 days of reaction, another addition of TEOS was done to obtain a final 

concentration of 8.9 mM in the solution. The reaction was stopped after 7 days by dialysis. 

3.4.2.2.1.5. Synthesis of Non-Breakable TEOS-silica-coated QS (NBS-Dodecylsilane-QS) 

Synthesis of silica-coated Dodecyl-silane QS: 6.5 mL of water and 1 mL of 10% Dodecyl silica QS 

(size distribution of 62±1 nm, Pdl of  0.23±0.01 and Zeta Potential of 80±5 mV) were putted in 25 

mL ball flask under 625 rpm using a bar stirring bar, 200 µL of Ascorbic acid (50 mM) and 260 µL 

of ammonia (0.134 M) were added to obtain a pH of 9.03. After, 8 µL of TEOS (4.4mM) were 

added directly in the solution. The experiment was run at 0 °C (ice bath) during the day and during 

the night at room temperature (around 20 °C). 

 

3.4.2.2.2. Synthesis of Breakable silica-coated QS (BS-QS) 

3.4.2.2.2.1. Synthesis of Breakable BTSPD-silica-coated QS (BS-QS-APTES/BTSPD)  

Synthesis using APTES/BTSPD: 0.5 mL of QS (5.35 mg/mL) was added to 4 mL of water and 0.5 mL 

of EtOH, 4 µL of Ammonia 28% was added. Separately, 3.4 µL of APTES, 2 µL BTSPD were mixed 

in 500µL of EtOH. From this solution, 320 µL are added to the QS slowly (40µL each 5 mins).   

3.4.2.2.2.2. Synthesis of breakable silica-coated QS(BS-QS-TEOS/BTSPD) 

Synthesis using TEOS/BTSPD: 6.5 mL of water and 1 mL QS (size distribution of 85±2 nm, Pdl of  

0.24±0.004 and Zeta Potential of 94±15 mV) were putted in 10 mL ball flask under 500 rpm 

stirring, 200 µL of Ascorbic acid (50 mM) and 310 µL of ammonia (0.134 M) were added to obtain 
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a pH of 9.1. In an Eppendorf 6 µL of TEOS were mixed with 2.5 µL of BTSPD and putted in the 

reaction ([TEOS]=3.37 mM and [BTSPD]=0.07 mM). The experiment was performed at 0 °C (ice 

bath) during the day and at room temperature during the night (around 20 °C). 

3.4.2.2.2.3. Synthesis of Breakable BTSPD-silica-coated QS (BS-QS-TEMOS/BTSPD) 

Synthesis using TEMOS/BTSPD: 1 mL of QS 5.35 mg/mL (size distribution of 85±2 nm, Pdl of  

0.24±0.004 and Zeta Potential of 94±15 mV) was added to 6.5 mL of water, 200 µl of Ascorbic 

acid (50 mM) and 300 µL of ammonia (0.134 M) were added to obtain a pH of 8. In an Eppendorf, 

4µL of TEMOS and 2.5 µL of BTSPD were mixed with 300 µL of EtOH and added to the reaction 

([TEMOS]=3.37 mM and [BTSPD]=0.07 mM). The experiment was performed at 0 °C (ice bath) 

during the day and at room temperature during the night (around 20 °C). After 2 days, a second 

addition of silanes was made; 4.6 µL of TEMOS and 3 µL of BTSPD in 200µL of EtOH are mixed in 

the solution. After 2h the reaction is stopped by dialysis. 
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CHAPTER 4 

Labeled Silica Shell QS 

 

 

ABSTRACT 

 

Fluorescent molecules have been loaded in the system silica-coated QS to produce labeled silica 

shell QS for different objectives. These systems act as luminescent bio-probes and their study go 

for research on the potentiality of these materials as a drug delivery system. Moreover, labeled 

stimulus-response systems were synthesized to make delivery particles in which under reducing 

agents, the material would break in small pieces, releasing the cargo and having better 

elimination from the body, making them good prospects for biological applications. 

In this chapter, labeled silica shell QS permit us to confirm the formation of the silica shell on the 

QS by performing systems with combinations of dyes (loaded in the QS membrane and inserted 

covalently in the silica shell) in which the fluorescence resonance energy transfer (FRET) is 

presence. Fluorescence spectroscopy, confocal microscopy and stochastic optical reconstruction 

microscopy (STORM) studies were the techniques to study these systems. Furthermore, 

breakability and permeability tests were performed to study the potentiality of those systems to 

be able to act as a stimulus-responsive drug delivery carrier. 
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4.1. Introduction 

For many years, fluorescence has been a methodology used as a primary research tool in 

biochemistry and biophysics. Fluorescence has been used in biotechnology, flow cytometry, 

medical diagnostics, DNA sequencing, genetic analysis, etc, due to its high detection sensibility 

and low-cost in comparison to other detection analytical techniques.1 An increase in attention 

has become to use fluorescence for cellular and molecular imaging.2–8 This technique can reveal 

the localization of molecules intracellularly, sometimes in a single-molecular detection.1,9 

Luminescence is the emission of light from any substance and occurs from electronically excited 

states. Luminescence is formally divided into two categories -fluorescence and phosphorescence- 

depending on the nature of the excited state.1 Prof. Alexander Jablonski, regarded as the father 

of fluorescence spectroscopy illustrated various molecular processes for the phenomena on the 

named Jablonski diagram (Figure 4.1).1 The single ground, first and second electronic states are 

depicted by S0, S1 and S2. And each of the electronic energy levels, the fluorophores can exist in 

a number of vibrational energy levels, denoted by 0, 1, 2, etc. 

Absorption typically occurs from molecules with the lowest vibrational energy level between S0 

to either S1 or S2. Larger energy difference between S0 and S1 excited states is too large for 

thermal population of S1, for that reason light and not heat is required to induce fluorescence. 

After light absorption, electrons in the S2 vibrational level rapidly relax to the S1. This process is 

called internal conversion and generally occurs in 10-12 s. Fluorescence is then the emission of 

light which results in the return of the electron from the S1 excited state to the ground state orbital 

S0 (with emission rates of 10-8 s). On the other hand, phosphorescence is the emission of light 

from a triplet excited state T1 (with lower energy than the S1) to the S0 state. This transition is 

forbidden and as a result, emission rates are slower, typically milliseconds to seconds (103 to 10 

s-1). Electrons in the S1  state can have a spin conversion to the T1, phenomena called intersystem 

crossing.1 
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Figure 4.1. Jablonski diagram, florescence and phosphorescence phenomena.  

 

Resonance Energy Transfer (RET), sometimes called fluorescence resonance energy transfer or 

Förster Resonance Energy Transfer (FRET), was described originally by the scientist Theodor 

Förster.10–12 It is another important process that occurs in the excited state, which involves a 

transfer of energy from one fluorophore in an excited state to a second nearby molecule through 

a nonradiative process.13 The phenomenon occurs when the emission of a fluorophore 

(whenever the emission spectrum is), called the donor, overlaps with the absorption spectrum 

of another molecule, called acceptor (do not have to be fluorescent).14–17 In this case, the donor 

and the acceptor are coupled by dipole-dipole interaction. The extent of energy is determined by 

the distance between the donor and the acceptor and the extent of spectral overlap.1 Then, for 

efficient FRET to occur, a substantial overlap between the donor fluorescence emission spectra 

and the acceptor fluorescence excitation (or absorption) must exist.18,19 Moreover, FRET 

measurements are often named as “spectroscopic ruler” or “molecular rulers” because FRET is 

only efficient when two fluorophores are within 2-10 nm of one another.1,13 The distance 

between a donor and acceptor can be calculated from the transfer energy: 

 

𝐸 =
𝑅𝑂
6

𝑅𝑂
6 + 𝑟6

 

 

where E is the efficiency of energy transfer, R0 is Förster distance and r is distance between the 

donor (D) and acceptor (A). Figure 4.2 summarizes the three conditions to observe FRET which 
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are 1) a proper spectral overlap, 2) a distance <10 nm and 3) and a correct orientation of the 

fluorescent molecules. 

 
Figure 4.2. Representation of the three conditions that must be for an efficient FRET. A) The spectral 

overlap: the emission spectrum from the donor (D) fluorophore must overlap with the excitation spectrum 

of the acceptor (A) fluorophore. B) Distance <10 nm: If the FRET donor and acceptor are more than 10nm 

apart, then no FRET occurs, and the donor emits fluorescence. If the donor and acceptor are within ~10 

nm of one another, then energy transfer can occur from the donor to the acceptor. C) Correct orientation: 

If the donor and acceptor fluorophore dipoles are perpendicular to one another, then the donor molecule 

will emit fluorescence. However, if the dipoles are parallel to each other, FRET will occur. Reprinted with 

permission from ref 13. (Copyright 2013, Macmillan Publishers Limited) 
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4.2. Results and discussion 

4.2.1. Photophysical characterization of the Labeled Breakable silica QS 

The fluorescent labeling of silica shell QS permits us to do several studies.20 One of these studies 

was the confirmation of the formation of the silica shell on the QS. This was achieved by 

performing systems with combinations of dyes leading FRET such as loading the dye which acts 

as a donor in the QS membrane and another dye covalently linked in the silica shell, as the 

acceptor. This provides a system in which fluorescence resonance energy transfer (FRET) is 

present if the two dyes are close enough.21 Moreover, breakable silica shell around the QS was 

done to make them stimuli-responsive for potential biomedical applications.22 

To produce FRET breakable silica QS, four systems were tested. 1) Quatsomes loaded with (1,1'-

dioctadecyl-3,3,3'3'-tetramethylindocarbocyanine perchlorate) (DiI) in their membrane, acting as 

a donor dye in the future FRET system (QS-DiI)23 2) Quatsomes  loaded with DiI in the membrane 

and coated with breakable shell (BS-QS-DiI), 3) Quatsomes with a labeled breakable shell, for this 

Cyanine5 NHS ester (Cy5) was used to be covalently linked in the silica shell (Cy5-BS-QS), acting 

as a future acceptor dye in the FRET system. 4) Quatsomes loaded with DiI and coated with 

labeled Cy5 breakable shell to produce the FRET system (Cy5-BS-QS-DiI) (Figure 4.3). Complete 

photophysics studies were done to those materials. 

 

Figure 4.3. A) Dyes using for the labeled silica QS to produce the FRET system. B) Different systems for the 

labeled silica-coated QS to produce the Breakable labeled silica-coated QS with FRET. 
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To optically characterize the systems, absorbance spectra were first measured (Figure 4.4). It is 

observed the characteristics bands for the absorbance of the DiI and Cy5 dyes for each system 

(with λmax= 551 nm and 659 nm, respectively). The Cy5-BS-QS-DiI, presents both absorbance 

bands due to the presence of DiI and Cy5. 

 

Figure 4.4. Absorbance of the different labeled silica-coated QS systems in the range of 200 to 700 nm. 

 

After, fluorescence studies were done for the three different systems BS-QS-DiI, Cy5-BS-QS and 

Cy5-BS-QS-DiI. Figure 4.5A shows the spectroscopic parameters to obtain the emission and 

excitation spectra of the systems using a fluorometer. In Figure 4.5B is shown the emission and 

excitation spectra of Breakable QS loaded with DiI (pink lines) in which the wavelength of 

excitation and emission were 525 and 625 nm, respectively. Moreover, for its overlap with the 

emission and excitation spectra of Cy5 Breakable QS (blue lines), excitation and emission 

wavelengths at 600 and 750 nm were respectively used. In this spectra, we can observe that the 

emission of the donor (the QS with the DiI dye) is overlaping with the excitation spectra of the 

acceptor (QS done with Cy5 dye shell) which brings the possibility to have FRET in the system 

based on the DiI and Cy5 mixture. In Figure 4.5C is shown the emission and excitation spectra of 

the Cy5-BS-QS-DiI system where both dyes exist in one system; the DiI is inside of the QS (in the 

hydrophobic part) and the Cy5 is in the silica shell around the QS. To obtain the emission spectra, 

the sample was excited at 500 nm were the DiI acts like a donor and Cy5 as the acceptor. On the 

other hand, to obtain the excitation spectra, the sample was irradiated at 750 nm in which the 
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Cy5 pass the energy to the DiI. Since in the emission spectra of Cy5-BS-QS-DiI two emission band 

are clearly appreciated (569 nm and 686 nm for DiI and Cy5, respectively) this evidently indicates 

the incorporation of both dyes into the nanostructure. Moreover, it noticeably shows the 

presence of FRET since the excitation wavelength employed only excites the DiI, although the 

main emission band of Cy5 is displayed intensively at 570 nm. These results corroborated the 

presence of FRET in the sample, which also reveals that the two dyes are in a distance less than 

10 nm, confirming the formation of silica around the QS. 

 

Figure 4.5. A) Representative diagrams of the fluorescent QS and the schematic representation of the 
emission of the dyes present in the three systems, BS-QS-DiI, Cy5-BS-QS and Cy5-BS-QS-DiI. B) Emission 
and excitation spectra of Breakable Silica QS loaded with DiI (BS-QS-DiI) (pink lines); Wavelength of 
excitation and emission were 525 and 625 nm, respectively. And its translapation with the Emission and 
excitation spectra of Cy5 Breakable Silica QS (Cy5-BS-QS) (blue lines); excitation and emission wavelenth 
at 600 and 750 nm, respectively. C) Emission and Excitation spectra of the Cy5-Breakable silica-coated DiI-
QS (Cy5-BS-QS-DiI) exiting at 500 nm and emitting at 750 nm. 

 

To continue characterizing the labeled breakable silica system, photophysics studies of the QS 

loaded with DiI (QS-DiI) vs these vesicles coated with breakable silica shell (BS-QS-DiI) were done. 

As shown in Figure 4.6. Figure 4.6B, the absorbance of the DiI appears in both samples, without 
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coating and coated QS-DiI (pink and gray lines, respectively). It is appreciable a small red-shift of 

9 nm, from 550 to 559 nm, from the material without and with silica coating, respectively. Also, 

it is observable a stronger light scattering at 200-400 nm wavelength on the BS-QS-DiI sample, 

attributed to the presence of silica. To continue studying these systems, emission and excitation 

spectra were taken (Figure 4.6C). The emission spectra of the two samples were taken by the 

excitation at 520 and 525 nm for the QS-DiI (pink lines) and BS-QS-DiI (gray lines), observing a 

red-shift of 8 nm from 570 to 578 nm for the QS-DiI to the BS-QS-DiI sample (Figure 4.6A). On 

the other hand, from the excitation spectra, we can also observe the shifting with the absorbance 

results. This shift of around 10 nm is shown from 550 to 560 nm, from the sample QS-DiI and BS-

QS-DiI (pink and gray slash lines), respectively with an emitting wavelength of 625 nm. From these 

results, it is clear that the silica shell is inducing a change in the photophysical properties of the 

material, indicating then the proper formation of silica shells in the QS. 

 

Figure 4.6. A) Representative diagrams of the fluorescent QS and the schematic representation of the 
emission of the DiI without and with the breakable silica shell, QS-DiI and BS-QS-DiI, respectively. B) 
Absorbance of the QS-DiI and BS-QS-DiI (pink and gray lines) and C) Emission (solid lines) and excitation 
(slash lines) spectra of the QS-DiI (pink lines) and BS-QS-DiI (gray lines). Wavelength of excitation and 
emission were 520 and 625 nm, for the QS-DiI system and 525 and 625 nm for the BS-QS-DiI material. 
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4.2.1.1. Confocal test for different Labeled Coated QS 

Different fluorescent-labeled coated QS were analysed in the confocal microscope to have in 

detail the optical characterization of the systems. Breakable silica-coated QS loaded with DiI (BS-

QS-DiI), Cy5 breakable QS (Cy5-BS-QS), Cy5 breakable QS loaded with DiI (Cy5-BS-QS-DiI), and QS 

with a breakable shell linked covalently with rhodamine B isothiocyanate QS (Rh.B-BS-QS) (Figure 

4.7) were synthetized and analysed by FRET. Rhodamine B was used as an example of a 

hydrophilic dye incorporated in the silica shell (excitation and emission wavelength at 546 and 

568 nm, respectively). 

 

Figure 4.7. Schema of the structure of the labeled silica-coated QS analysed in the confocal microscope. 

 

Figure 4.8 shows the confocal images of the lambda mode of these different labeled silica-coated 

QS systems. The excitation wavelength used for these experiments was 488 nm. As it is 

observable from the confocal images and the emission spectra, the systems indeed encapsulated 

or/and linked the fluorescent molecule in the QS or/and in the silica shell. BS-QS-DiI and Cy5-BS-

QS have a maximum emission wavelength at 582 and 689 nm (Figure 4.8A and 4.8B right). The 

sample Cy5-BS-QS-DiI presents two maximum emission bands at 572 nm and 689 nm, which 

corresponds to the presence of DiI and Cy5 (Figure 4.8C). Finally, the sample Rh.B-BS-QS showed 

its characteristic pick with a maximum emission wavelength at 572 nm (Figure 4.8D). It has to be 

mentioned that all these samples were synthetized to be also analysed by STORM to have a 

super-resolution confocal images for the materials. The confocal microscopy images point out 

the successful loading of the DiI into QS in the sample BS-QS-DiI and Cy5-BS-QS-DiI, and the 

successful attachment of the Cy5 or Rh.B in the silica shell structure in the Cy5-BS-QS, Cy5-BS-

QS-DiI and Rh.B-BS-QS. 
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Figure 4.8. Image of the lambda mode and the emission spectra of  the A) BS-QS-DiI, B) Cy5-BS-QS, C) 

Cy5-BS-QS-DiI and D) Rh.B-BS-QS. Using the Confocal microscope with a  64x Object. Excitation 

wavelength: 488 nm. 
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4.2.1.2. Stochastic Optical Reconstruction Microscopy-STORM ANALYSIS 

Fluorescence microscopy is a technique to visualize distributions of fluorescently labeled 

molecules within a sample in a non-invasive and specific way and is also compatible with complex 

biological systems like cells or tissues. However, the resolution is limited by the diffraction limit 

of light to about 200 nm in the lateral imaging plane and to >500 nm in the axial plane.24 In the 

past years, a variety of super-resolution techniques were developed circumventing the 

diffraction limit.25–29  

Stochastic optical reconstruction microscopy (STORM) is a method for super-resolution imaging 

based on the high accuracy localization of individual fluorophores. It uses optically switchable 

fluorophores: molecules that can be switched between a nonfluorescent and a fluorescent state 

by exposure to light.30 This “blink” is the activation from an off or dark state, to an on or emission 

state, quickly followed by a switch back to a dark state or photobleaching (Figure 4.9). 

The process is called photoswithing31,32 or photoactivating fluorescent probes, which enables 

single-molecule detection; in STORM only a small subset of fluorophores is excited in the field at 

a given time, but the process is repeated thousands of times to compile a full image by stacking 

sequential frames (imaging cycles). These images have an enhanced resolution about 20 nm. 

 

 

Figure 4.9. STORM analysis. Reconstruction of an image with super-resolution using the photoswitching 

of fluorophores between a dark site and a bright state. The position of the fluorophores can be then 

determined in an accurate way during the time; after several cycles of photobleaching the images can 

then overlap to complete the construction of the full image. Reprinted with permission from the Goethe 

University. Institute of Physical and Theoretical Chemistry. (Copyright 2015, Goethe University) 
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The best results taken with this technique was using the system: Cy5-BS-QS-DiI. Briefly, the Cy5-

Breakable QS solution was first diluted 1:100. Then, the sample was irradiated with a power laser 

of 642 nm and the images were recollected during an interval of time.28 In Figure 4.10, the 

obtained STORM images are shown, where the Cy5 was the dye which was excited using the 

642 nm laser. From these results, it is observable that the sample is based on vesicles less than 

300 nm, although vesicles around 50 nm were expected. This difference in size could be related 

to the high brightness of Cy5 dye, and also to its high loading (high local concentration of Cy5 at 

QS). Considering that STORM is based on the analysis of the photoswitching of one event, the 

fact of having several dyes blinking at the same time is unfavourable. In order to improve those 

measurements, another dye should be attached to the silica shell, for instance, Alexa 647. To 

continue the experiments, breakability tests and permeability tests were done to study these 

properties in the systems. 

 
Figure 4.10. A) Scheme of the Breakable QS used for STORM analysis (Cy5-BS-QS-DiI). B) STORM images 

of the of Cy5-Breakable QS (u.m. micrometer). 
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4.2.2. Breakability test of the Labeled Breakable Coated QS 

Cyanine5 breakable silica QS (Cy5-BS-QS) and Cyanine5-Breakable silica-coated DiI-QS (Cy5-BS-

QS-DiI) (Figure 4.11), were tested in a breakability test in presence of glutathione, called “open 

system”. During 18 days, a solution containing the QS was put in a cellulose membrane of 14 KDa 

and then, this dialysis membrane was put in a beaker which was containing 10 mM of Glutathione 

(a reducing agent) where the silica motif with disulfide linkers will consequently break. Then, the 

small particles of silica coming from the broken silica shell will pass the membrane through the 

exterior (Figure 4.12A and 4.12B). Additionally, each day of the experiment, an aliquot of the 

sample contained inside of the dialysis membrane was taken and analysed. For the Cy5-BS-QS 

system, a decrease of the Cy5 absorbance intensity value was observed. On other hand, in the 

case of the Cy5-BS-QS-DiI system a decrease of the FRET signal was detected. 

Additionally, in Figure 4.13,  the evolution of the absorbance spectra on time of the Cy5-

Breakable silica QS sample during the time experiment is displayed, showing how the main 

absorption band (λ~659 nm) progressively decreases from 0 to 18 days (Figure 4.13B). If the 

absorbance values at 659 nm are plotted against time, it is observed the decrease of the Cy5 

band at 659 nm. After 12 days of exposition of Glutathione, all the Cyanine has gone outside the 

dialysis membrane. These results provide us a lot of information about the degradation of the 

breakable system, showing that after 3 weeks, the silica shell was totally broken since Cy5 

absorption is vanished due to its degradation in presence of GSH in aqueous media. 

 

Figure 4.11. Schema of the labeled silica-coated QS used for the breakability test. 
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Figure 4.12. A) Bribability picture of the silica shell of the QS under the reducing agent glutathione (GSH) 

B) Experiment diagram for the breakability test (open system). 

 

Figure 4.13. A) Scheme of the Cyanine5 Breakable Silica QS (Cy5-BS-QS) B) Absorbance spectra of the Cy5-

Breakable QS after the time in the presence of 10 mM Glutathione. C) Absorbance spectra at 659nm 

through the time of the Cy5-Breakable QS. 

 

In Figure 4.14 is presented the results using Cy5-Brekable QS loaded with DiI where the 

absorbance spectra during the time was plotted to follow the evolution of the band when the 

Cy5-Brekable QS loaded with DiI was exposed to Glutathione (Figure 4.14B), showing an 

absorbance band decrease during time, from 0 to 18 days. At the same time, Figure 4.14C and 
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4.14D show the plotting graphing at 659 and 562 nm, where it can be observed that after 12 

days, the band of 659 nm (related to the presence of Cy5 in the sample) decreases as the dye 

goes outside of the membrane when the shell was breaking. It is observable that at 562 nm 

(wavelength attributed to the DiI dye) also decreases by the time. This could be since in the 

presence of glutathione, the breakable shell of the QS was broken, releasing the Cy5 dye. Then, 

the Cy5 dye passed outside to the dialysis membrane until it reached an equilibrium (decreasing 

then the concentration of the dye in all the solution). A possible hypothesis that explains the 

decrease of DiI is that at the moment that the silica shell is breaking, the shell is not protecting 

anymore the molecule inside the QS, so having an exchange through the media and 

consequently, decreasing the absorbance of the band related to the DiI. However, it is not 

exclusive to think that this decrease of the DiI absorbance band is because of the escape of the 

DiI-QS outside of the dialysis membrane when doing dialysis over time. As these nanoparticles 

belong to soft materials, it could be possible that they can be flexible. Then, this flexibility could 

affect their morphology and consequently, they could cross the membrane.  

 

Figure 4.14. A) Scheme of the Cy5-Breakable silica-coated DiI-QS (Cy5-BS-QS-DiI), B) Absorbance spectra 

of the Cy5-BS-QS-DiI after the time in the presence of 10 mM GSH and D) Absorbance spectra at 659 nm 

and 562 nm through the time of the Cy5-Breakable QS loaded with DiI. 
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To rule out this possibility, the experiment was changed to a named “close system” in which the 

QS were placed in a quartz cuvette. The experiment was done using Cy5-Breakable QS loaded 

with DiI and directly putting the Glutathione (10 mM) (Figure 4.15). In this experiment, a change 

of the emission was observed, presenting an increase of the intensity over time (Figure 4.16A). 

The spectra were normalized using the DiI band (562 nm), where the signal of the Cy5 showed 

an increase in signal over time (Figure 4.16B). On the other hand, if the normalization is from the 

Cy5 maximum emission wavelength (659 nm), the emission corresponding to the DiI also 

decreases (Figure 4.16C). In Figure 4.16D is plotted the normalised intensity emission at 562 and 

659 nm.  

 

Figure 4.15. Experiment diagram for the breakability test (close system). 

 
Figure 4.16. A) Emission spectra of Cy5-Breakable QS loaded with DiI after the time in the presence of 10 

mM Glutathione. B) and C) Normalised Intensity of the Emission of Cy5-Breakable QS loaded with DiI 

normalised by the DiI and the Cy5, respectively. D) Normalised intensity of the emission at 562 and 659 

nm representing the DiI and the Cyanine5. 
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Figure 4.17 shows the normalized intensity of the emission at 562 and 659 nm representing the 

DiI and the Cyanine5 in the Cy5-Breakable QS loaded with DiI after  the exposition of Glutathione 

(10 mM ) at different time reactions, 24 and 44 days, and its Acceptor/Donor ratio (A/D, emission 

wavelength) of the sample at that times. It can be observed that during the reaction time, the 

maximum emission wavelength of the donor (DiI) decreases while conversely, the emission 

intensity of the acceptor (Cy5) increases. Additionally, the ratio A/D increases, which means that 

the energy transfer between them is also enhanced. This observation can be explained as follows: 

when the silica shell is being broken in the presence of GSH, the Cy5 is released in the medium 

(detached from the silane matrix) and then, internalized in the hydrophobic part of the QS where 

the DiI is loaded. Then, it could be detected that both dyes are closer between each other, 

meaning that shortening the distance between donor and acceptor has shown to have an impact 

on the energy transfer process producing an increment of FRET (Figure 4.18). 

 

Figure 4.17. A) and B) Normalised intensity of the emission at 562 and 659 nm representing the DiI and 

the Cyanine5 in the Cy5-Breakable QS loaded with DiI after the time in the presence of 10 mM Glutathione 

after 24 and 44 days, respectively. C) and D) Ratio Acceptor/Donor of the sample after 24 and 44 days.  
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Figure 4.18. Breakability representation of the Cyanine5 Breakable QS loaded with DiI after the presence 

of Glutathione (GSH). 

 

4.2.3. Permeability test of the Labeled coated QS 

In order to know if the Cy5 was entering into the QS, permeability tests were carried out. Then, 

four systems were compared to identify if the dye was able to permeate the silica shell around 

the QS. QS loaded with DiI (QS-DiI) were used as a control, two different non-breakable silica 

coating with QS loaded with DiI and covered with TEOS (TEOS-QS-DiI) and TEMOS (TEMOS-QS-

DiI) were employed, and for the breakable system (QS loaded with DiI and covered with BTSPD 

(Bs-QS-DiI); QS made with TEMOS and BTSPD 30% mol) (Figure 4.19). In this case, QS coated with 

non-breakable silica, using TEMOS, should not incorporate the dye, however, with the system 

using TEOS, from Cryo-TEM images, it can be observed certain porosity (see Figure 3.24). This 

study provided us information about the porosity of the samples. On the other hand, the system 

with a breakable silica shell could be more permeable than the system with the non-breakable 

coating using TEMOS due to its structure, as is less compact due to the BTSPD linker.  

 

Figure 4.19. Labeled silica-coated QS used for the permeability test. From left to right: QS loaded with DiI, 

QS loaded with DiI and coated with TEOS (non-breakable shell), QS loaded with DiI and coated with TEMOS 

(non-breakable shell) and QS loaded with DiI and covered with BTSPD and APTES (breakable silica shell). 
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These different type of QS were put in quartz cuvettes in presence of 10 mM of GSH (same 

conditions used in the breakability test) and a solution of Cyanine5 NHS ester was added (to have 

the same concentration as the calculated for the loaded QS covered with Cyanine5 silica shell) 

(Figure 4.20). 

 

Figure 4.20. Experiment diagram for the permeability test. 

 

Figure 4.21 shows a schema of how permeability tests were carried out and the results obtained 

for the QS loaded with DiI and not covered with silica under the same conditions used for the 

breakable systems tested previously in the section 4.2.2. The QS-DiI were introduced in water 

and 10 mM of GSH in a close system in presence of Cyanine5 NHS ester. This experiment was 

done in order to study the permeability of the Cy5 to the interior of the QS (Figure 4.21A). This 

study was proposed to understand the interaction observed before between the labeled 

breakable shell and the Cy5 (interaction caused when the silica shell was breaking in presence of 

GSH, making then a stronger FRET between the loaded DiI dye and the Cy5). The experiment was 

carried out for 23 days and the emission spectra was obtained exciting the sample at a 

wavelength of 500 nm (wavelength chosen to see FRET in the Cy5-Breakable silica-coated DiI-QS 

(Cy5-BS-QS-DiI)). Additionally, in Figure 4.21B and 4.21C the emission spectra of the sample is 

shown where the intensity of the DiI and Cy5 is normalised, respectively. The plot in Figure 4.21B 

(normalisation at the Cy5 emission band 664 nm), shows how the emission pick of the DiI (566 

nm) is increasing over time, while in Figure 4.21C (normalised at the DiI emission band 566 nm), 

in this case, the emission peak (664 nm) is decreasing over time. The different behavior showed 

for the previous systems at 566 (DiI) and 664 (Cy5) nm was also plotted in Figure 4.21D in which 

an opposite trend is observed, presenting an increment of intensity for the DiI band and a 



265 
 

decrease in the intensity in the Cy5, meaning that the FRET effect is a decreased over time. On 

the other hand, in Figure 4.21E is shown the evolution of the Ratio Acceptor/Donor of the sample 

after 24 days. These obtained results are the opposite of hypothesized since if there is not a shell 

covering the QS, the permeability of the Cy5 might occur and the FRET should increase over time 

as the two dyes could be closer to each other in the membrane to make a good energy exchange. 

However, we observed an opposite trend which has an explanation. Moreover, it can believed 

that the permeation of the Cy5 to the membrane is so fast that when the measurements start, 

the  system is already in a saturation regime (maximum intensity) achieving a maximum FRET 

effect at the starting point of the study. Additionally, if one of the dyes starts to degrade, like is 

believed in DiI, that could produce a diminution of the energy transfer to the Cy5.  

 

Figure 4.21. A) Experiment diagram for the permeability test using QS-DiI (without silica coating). B) and 

C) Normalised Intensity of the Emission of the QS-DiI; normalised by the Cyanine5 and the DiI, respectively. 

D) Normalised intensity of the emission at 566 and 664 nm representing the DiI and the Cyanine5. E) Ratio 

Acceptor/Donor of the sample after 24 days. 

The second hypothesis could be that with time the DiI migrates outside of the QS shell (to have 

an interchange with the exterior) and then consequently the FRET deceases. When the migration 

occurs, the distance between the two dyes increase and the energy transfer is not observed. 

Although a clear conclusion is not possible with these preliminary experiments, additional 
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experiments and simulations would be needed to enlighten the behaviour of Cy5 under these 

conditions.  

In Figure 4.22 is shown the permeability results using the QS loaded with DiI and covered with 

TEOS (TEOS-QS-DiI). These studies were carried out under the same conditions that the previous 

experiment (QS in water and 10 mM of GSH in a close system) (Figure 4.22A). The experiment 

was monitored for 7 days because almost no change was shown in the emission band for the DiI 

and the Cyanine5, exciting at 500 nm. Figure 4.22B and 4.22C shows the normalised intensity of 

the emission spectra of the TEOS-QS-DiI normalised at the Cy5 and the DiI, respectively. In this 

case, there is not a major change in the emission spectra, even though, a tendency is observed. 

However, the emission band of the DiI (maximum wavelength at 566 nm) is slightly increasing 

over time while in Figure 4.22C (normalised by the DiI) the emission peak of Cy5 is decreasing 

(maximum wavelength at 669 nm). In Figure 4.22D is plotted the normalised intensity of the 

emission at 566 and 669 nm in which the DiI and the Cy5 plots show a little bit of increase and 

decrease of the DiI and the Cy5 band, respectively. On the other hand, Figure 4.22E shows the 

ratio between the acceptor and the donor of the sample after 7 days. If the data are graphed at 

the same scale that was used for the permeability test for the QS-DiI, it can be observed that the 

FRET effect remains constant. In this case, FRET effect was helpful to understand the behaviour 

of this material, since the silica is permeable and it could contain the dye in the porous. Also, the 

results provide enough information to validate our hypothesis in which the Cyanine5 permeates 

in the shell and it is enough close (<10nm) to interact with the DiI. For this reason, the FRET signal 

is kept constant and a decrease or increase of the FRET is not observed, meaning that the non-

breakable silica shell containing TEOS protects the interchange of Dyes and their stability in the 

QS. 
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Figure 4.22. A) Experiment diagram for the permeability test using TEOS-QS-DiI (non-breakable). B) and 

C) Normalised Intensity of the Emission of the TEOS-QS-DiI; normalised by the Cyanine5 and the DiI band, 

respectively. D) Normalised intensity of the emission at 566 and 669 nm representing the DiI and the 

Cyanine5. E) Ratio Acceptor/Donor of the sample after 7 days. 

 

To study the permeability test in other non-breakable silica shell system, the shell synthesized 

using TEMOS (in which Cryo-TEM images presented like a ring outside the QS) was studied. Also, 

the same conditions of the previous experiment were carried out. To carried out, a solution of 

Cyanine5 NHS ester was put in QS, 10 mM of GSH in water and under stirring. The solution was 

monitored for 7 days by fluorescence, analysing the emission exciting the sample at 500 nm 

(Figure 4.23A). Normalised intensity of the emission of the TEMOS-QS-DiI was plotted, 

normalised by the Cy5 and the DiI as it can be seen in Figure 4.23B and 4.23C, respectively, in 

which small changes in the DiI and Cy5 band were monitored over the time. These figures show 

that when the spectrum was normalised by the maximum at 663 nm, the band at 565 nm 

increases. However, when the spectrum was normalised by the maximum at 565 nm, the band 

at 663 decreases. In Figure 4.23D is displayed the normalised intensity of the emission at 565 and 

663 nm representing the DiI and the Cy5 evolution. The results were represented in the Figure 

4.23E, the value obtained from the ratio Acceptor/Donor of the sample after 7 days decreases 
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over time. With all these data, we concluded that the non-breakable silica shell protects the two 

dyes (the Cy5 is in equilibrium). Over time, the DiI dye could be degraded or forming 

agglomerates outside the QS (precipitates), which could explain why the FRET starts to decrease, 

reflecting in a lower energy transfer between the DiI to the Cy5. However, we believe that is 

important to consider the slight change on these emission bands which could confirm that the 

silica shell is protecting the fluorescent QS, and thus, DiI is being protected from degradation and 

also the exchange DiI-Cy5 is avoided.  

 

Figure 4.23. A) Experiment diagram for the permeability test using TEMOS-QS-DiI (non-breakable). B) and 

C) Normalised Intensity of the Emission of the TEMOS-QS-DiI; normalised by the Cyanine5 and the DiI 

band, respectively. D) Normalised intensity of the emission at 565 and 663 nm representing the DiI and 

the Cyanine5. E) Ratio Acceptor/Donor of the sample after 7 days. 

 

Finally, to conclude this set of experiments, another system was run in parallel and its results will 

be discussed. Permeability test using a breakable silica shell of QS loaded with DiI was studied 

(BTSPD-QS-DiI) following the previous experimental conditions (see Figure 4.24A) for 7 days. 

Figure 4.24B and 4.24C shows the normalised intensity of the emission of the sample (exciting at 

500 nm) and normalised by the Cy5 and the DiI, respectively, which could be seen as in the 
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previous cases, that the increase of the DiI pick (normalising at 678 nm) and the decrease of the 

Cy5 band (normalising at 575 nm) is small (Figure 4.24D). However, the change in the 

acceptor/donor ratio is the biggest observed from the samples tested in this experiment 

(changing from 18.2 to around 15). Also, it is observed a decrease in the FRET effect (Figure 4.24E) 

over time. It has to be highlighted that, from all the silica shell QS, the BTSPD-QS-DiI system 

showed the strongest energy transfer in the first steps of the reaction (the band at 678 is much 

bigger than the band at 575 nm) (see Figure 4.24B, 4.22 and 4.23B). This could be since the shell 

is breakable, so, the Cy5 and DiI are more prompt to interact, and thus, giving a higher energy 

transfer.  

 
Figure 4.24. A) Experiment diagram for the permeability test using BTSPD-QS-DiI (breakable shell). B) and 

C) Normalised Intensity of the Emission of the BTSPD-QS-DiI; normalised by the Cyanine5 and the DiI band, 

respectively. D) Normalised intensity of the emission at 575 and 678 nm representing the DiI and the 

Cyanine5. E) Ratio Acceptor/Donor of the sample after 7 days. 

 

On the other hand, comparing the emission bands of the different silica shell QS systems (Figure 

4.22B, 4.23B and 4.24B), from the TEOS-QS-DiI, TEMOS-QS-DiI, and BTSPD-QS-DiI systems, it can 

be observed that from the non-breakable silica QS (TEOS-QS-DiI and TEMOS-QS-DiI), the TEMOS-
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QS-DiI shows a stronger FRET effect (the ratio of the Cy5 pick in relation with the DiI pick is 

bigger). In this case, the acceptor/donor ratio value was 2.8 for the TEMOS-QS-DiI system, while 

for the TEOS-QS-DiI ratio value was 0.4. This could give an idea about the thickness of the shell 

since if there is a stronger FRET effect, then the thickness of the shell should be smaller than the 

lower FRET respond, because the dyes have a higher interaction giving higher energy transfer. It 

has to be remembered that from the TEM and Cryo-TEM images of the TEOS and the TEMOS 

shell, a different kind of deposition around the QS was observed. This different deposition could 

give the idea that the TEOS shell is thicker than the TEMOS shell. The explanation for this 

hypothesis is that the contrast of the image reveals that dark porous spheres represent a thicker 

shell around the QS while the thin shell is present as a ring outside the QS (see Figure 3.24 and 

3.29 for the formation of the silica shell using TEOS and TEMOS, respectively). 

As a conclusion of this experimental part, it can be seen that the silica shell with TEOS-QS-DiI, 

TEMOS-QS-DiI, and BTSPD-QS-DiI protects the dyes entrapped at the QS nanostructure (Figure 

4.22B, 4.23B and 4.24B), while that the no-coated QS are present a big change in the emission 

bands (DiI and Cyanine) during the test. For that reason, it should be recommended to study in 

further experiments the reason why the FRET in the system without shell shows a decrease over 

time (Figure 4.21C), since up to now, one of our main hypotheses is related to the higher degree 

of DiI degradation when is unprotected.  

Doing a complementary study, the QS loaded with DiI in PBS and stirred was also analysed during 

391h (during almost 16 days). In this experiment, only DiI was present in the sample, thus, its 

emission band was followed on time demonstrating a progressive decrement in the absorbance 

band (Figure 4.25). This means that under experimental conditions, the emission of the DiI is 

quenched, probably it due to DiI degradation or quenching, as explained below: 

a) The dye is degrading because of the experimental conditions (i.e stirring conditions, media...) 

b) Considering that DiI is a hydrophobic dye, once it is placed in aqueous media, it tends to form 

aggregates due to the strong π-π interactions. Thus, if the QS are broken and DiI is released, it 

makes sense to conclude that aggregates could be formed in the reaction media causing a lost in 

its fluorescent properties.   
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 At the same time, although there exist enough evidence to understand the behaviour of the QS-

DiI, which can break under the tested experimental conditions a better experiment should be 

carried out to comprise the stability of these systems under GSH in the presence or not of PBS 

media. These experiments could give more information of these vesicles behaviour and could be 

extrapolated to the fact that the QS with non-breakable silica shell do not present a  significant 

change of  FRET, meaning that the silica shell protects the QS from breaking. 

 

Figure 4.25. A) Emission of the QS loaded with DiI and put them in PBS and stirring up 391 h. B) Intensity 

at 566 nm of the QS-DiI during the time. 

 

4.2.4. Breakability test of the Labeled Breakable Coated QS using metabolic conditions 

The breakability test using metabolic conditions; breakable QS were studied in presence of PBS, 

with 10 mM GSH and at 37 °C in a close system. The breakable silica shell QS studied were the 

QS loaded with DiI and covered with a breakable silica shell labeled with Cy5 NHS ester (Cy5-BS-

QS-DiI) and QS loaded with DiI and covered with breakable silica labeled with Sulfocyanine5 NHS 

ester (Sulfo-Cyan5-BS-QS-DiI). The sulfo-cyanine5 dye was studied as more hydrophilic dye to 

compare with the Cyanine5 due to the sulfo groups, which may change the behaviour after the 

shell breaks into the hydrophobic layer due to the internalization of the dye. Non-breakable sulfo-

Cyanine silica shell QS loaded with DiI (Sulfo-Cyan5-TEMOS-QS-DiI) were also synthesized and 

analysed in parallel with these experiments as a control in the presence GSH or not in the same 

conditions (Figure 4.26). 
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Figure 4.26. Breakability test under metabolic conditions PBS and at 37 °C in 1) presence of GSH and 2) 

non-GSH for breakable and non-breakable silica QS shell A) and B) and C), respectively for Cy5-BS-QS-DiI, 

Sulfo-Cyan5-BS-QS-DiI and Sulfo-Cyan5-TEMOS-QS-DiI. 

 

The experiment was carried out for 9 days and the emission of the sample was taken exciting at 

500 nm. Then, after analysing the results, breakable silica shell QS showed two different 

tendencies: 

a) From 0 to 6 days (for the experiments in the presence and absence of GSH) is observed a 

decrease in the DiI band at 568 nm and an increase in the Cyanine5 band at 686 nm.  

b) From 6 to 9 days is observed an opposite behaviour compared to the previous, an increase in 

the DiI band and a decrease in the Cyanine5 band was detected, as it can be seen in Figure 4.27, 

4.28A and 4.28D. 

Similar tendency is presented using the sulfo-cyanine5 breakable silica shell QS. In presence of 

GSH, there is a decrease in the emission band for the DiI at 559 nm from 0 to 4 days, while the 

sulfo-cyanine band (687 nm) increases up. After 6 days, the trend is the opposite, showing an 

increase of the DiI band and a decrease of the sulfo-cyanine band (Figure 4.27 and 4.28B). For 

these systems in absence of GSH, the band for the DiI emission decreases from 0 until 6 days and 

after this time increases, while the band for the sulfo-cyanine in from 0 to3 days increases and 

after 3 days decreases (Figure 4.27 and 4.28E). 
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Figure 4.27. Emission (excitation wavelength 500 nm) for the Cy5-BS-QS-DiI, Sulfo-Cyan5-BS-QS-DiI, and 

Sulfo-Cyan5-TEMOS-QS-DiI in presence of GSH A), B) and C); and with non-GSH D), E) and F), 

respectively. 

 

The consistency of this observation for the different systems seems to indicate that at the first 

steps there is an increment in the FRET signal (Figure 4.29A, 4.29B, 4.29D and 4.29E), while after 

approximately 6 days; there is a diminution of the FRET signal. This suggests that two different 

processes are going on. In the beginning, it was thought that the increment in the FRET signal 

was because the shell was breaking and the cyanine5 was getting inside of the hydrophobic 

membrane (Figure 4.29A). Likewise, the sulfo-cyanine produces an increase even it is more 

hydrophilic and is negatively charged which can interact with the positive charge of the CTAB of 

the QS, increasing then the FRET signal (Figure 4.29B). After some time, the second process 

appears presenting a decrease of the FRET signal that could be due to the DiI degrading/forming 

aggregates (Figure 4.25). The QS in presence of PBS can break causing then the aggregation of 

the dye and the subsequently quenching and finally precipitation. Figure 4.30, 4.31 and 4.32 

show the absorption taken by UV-Vis, the plotted for the cyanine band and the pictures after 

time, where is visible how the absorbance of all these systems decreases over time due to the 

precipitation (Figure 4.32A and 4.32B). The same fact is observed for the vesicle systems based 

on Cy5-BTSPD-QS-DiI and SulfoCyan5-BTSPD-QS-DiI in absence of GSH (Figure 4.28 and 4.32D 

and 4.32E), pointing out that the most probable thing is that the PBS is playing a role in the 
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breakability of the system. Consequently, it can be suggested that probably the QS are unstable 

under these experimental conditions and that the shell is thin enough to be broken. Then, the 

PBS could produce the release of the QS after some time and also the DiI precipitation causing a 

decrease in the FRET effect. 

 

Figure 4.28. Normalised intensity of the emission at the maximum wavelength for the DiI and Cyanine5 

for the Cy5-BS-QS-DiI, Sulfo-Cyan5-BS-QS-DiI, and Sulfo-Cyan5-TEMOS-QS-DiI in presence of GSH A), B) 

and C); and with non-GSH D), E) and F), respectively. 

 

Moreover, it must be discussed that the breakability of the QS can take some time, around 6 

days, and during this period the silica shell protects the QS. The explanation to understand the 

experiment of the permeability of the Cyanine done just for the QS loaded with DiI and without 

any silica shell (Figure 4.21) is that, without the silica shell, the QS are breaking and releasing the 

DiI, so a diminution of the FRET effect is observed. 

Returning to the breakability experiment, a control was also prepared. Non-breakable silica shell 

was prepared with TEMOS (presenting a ring outside the QS seen by Cryo-TEM images (see Figure 

3.29). Additionally, Sulfo-Cyan5-TEMOS-QS-DiI was analysed in the presence and absence of GSH 

(Figure 4.27-4.32C and 4.32F). The emission of the QS in presence of GSH shows a very small 

change up the time, increasing the emission pick for the DiI at 562 and decreasing in the emission 

pick of the Cy5 band at 663 nm (Figure 4.28C). The acceptor/donor plot does not show any 

change, so the FRET is stable up the time (Figure 4.29C) since is consistent with the idea that under 
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these conditions, non-breakable silica shell should not break (see Figure 4.31C, UV-Vis results for 

this sample). The pictures of the Figure 4.32C show homogeneity of the solution where it is not 

visible any precipitate due to the fact that QS with TEMOS are not breaking. 

 

Figure 4.29. Acceptor/Donor ratio of the sample after 9 days for the Cy5-BS-QS-DiI, Sulfo-Cyan5-

BS-QS-DiI, and Sulfo-Cyan5-TEMOS-QS-DiI in presence of GSH A), B) and C); and with non-GSH 

D), E) and F), respectively. 

 

Finally, the system of Sulfo-Cyan5-TEMOS-QS-DiI in absence of GSH was also analysed. 

Surprisingly, this system shows a decrease in the DiI band at 563 nm and an increase in the sulfo-

cyanine band at 664 nm as seen in Figure 4.27E and 4.28E. Additionally, an increase of the FRET 

signal appeared (Figure 4.29E), which was not expected as these systems are non-breakable. 

Analysing the Figure 4.31E and 4.32E, the sulfo-cyanine5 response does not change over time 

and any presence of precipitation was observed.  

Up to this point, it can be concluded that the labeled breakable silica shell, under metabolic 

conditions, breaks giving different trends of FRET signal during the time depending on the 

experimental conditions. However, this part of the work is not already closed and new 

experiments will be carried on to understand the breakability of the system which will be 

analysed by DLS, Z-potential and Cryo-TEM. 
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Figure 4.30. Absorbance of the sample during 9 days for the  Cy5-BS-QS-DiI, Sulfo-Cyan5-BS-QS-DiI, and 

Sulfo-Cyan5-TEMOS-QS-DiI in presence of GSH A), B) and C); and with non-GSH D), E) and F), respectively. 

 

 

Figure 4.31. Absorbance of the maximum wavelength (Cy5) during 9 days for the Cy5-BS-QS-DiI, Sulfo-

Cyan5-BS-QS-DiI, and Sulfo-Cyan5-TEMOS-QS-DiI in presence of GSH A), B) and C); and with non-GSH D), 

E) and F), respectively. 
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Figure 4.32. Pictures of the samples after 9 days for the Cy5-BS-QS-DiI, Sulfo-Cyan5-BS-QS-DiI, and Sulfo-

Cyan5-TEMOS-QS-DiI in presence of GSH A), B) and C); and with non-GSH D), E) and F), 

respectively.*Images were taken after shaking the samples. 

 

4.2.5. Release experiment of the Labeled silica-coated QS systems 

The silica shell avoid the (uncontrolled) release of DiI: The impact of a breakable and non-

breakable silica shell on the protection of a hydrophobic molecule loaded in the QS membrane 

was studied,; in particular the release of DiI has been monitored over time in three different 

systems: 1) The QS loaded with DiI (QS-DiI), 2) QS loaded with DiI and coated with a breakable 

shell (BS-QS-DiI) and 3) QS loaded with DiI and coated with non-breakable silica shell (NB-QS-DiI) 

(Figure 4.33A). The last two systems, BS-QS-DiI and NB-QS-DiI, were coated with TEMOS as the 

precursor to form the silica layer. Then, in order to do the release experiment with DiI-loaded QS 

(with or without silica-shell), they were placed in a semi-permeable membrane tubing (with a 

pore cut-off size of 3.5 kDa), and the emission of DiI was evaluated at 500 nm outside the 

reservoir for a period time of 400 h (Figure 4.33B).33–35 

Initially, the emission was practically zero, due to the absence of DiI molecules outside the 

reservoir, but after 5 hours, the emission increased for both systems (coated and uncoated QS) 

(Figure 4.33C) in comparison with non-coated QS (QS-DiI). However, silica-coated QS with 

breakable and non-breakable shell (BS-QS-DiI and NB-QS-DiI) showed a reduction in the emitted 
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light intensity of 63%. Therefore, the release of DiI was avoided by the silica shell, and in the first 

hours, the shielding worked equally well for both breakable and non-breakable shells. After 

longer times (>124 h), the breakable silica shell started to release more DiI than the non-

breakable (Figure 4.33D), showing 3 times higher emission after 16 days.  

It is important to remark that a hydrophilic molecule could be better for a model of a hydrophilic 

drug, which could provide to see a higher release of the load from the QS system. Considering 

that DiI is a hydrophobic molecule, it is stable inside the membrane of the QS, observing then 

less than 10% of the total dye encapsulated in the QS which has been released. 

 
Figure 4.33. A) Representation of the release experiment B) Schematic representation of the QS loaded 

with DiI, BS-QS and NB-QS loaded with DiI. C) Release study of the QS-DiI (black), BS-QS-DiI (yellow) and 

NB-QS-DiI (purple) run for 25 h and D) for 400 h. The intensity emission at 566 nm was measured over the 

time (λexc= 500 nm).  



279 
 

4.3. Conclusions  

Fluorescent labeled silica-coated QS were synthesized in order to have an additional 

characterization demonstration of the formation of the silica shell and its advantages and 

disadvantages in terms of stability and permeability drug-release of the nanostructure. 

Breakability, permeability, confocal microscopy, STORM and release studies were carried out 

with these systems.  

Fluorescence spectroscopy characterization exploiting FRET (Fluorescence Resonance Energy 

transfer) studies were done for the loaded QS, revealing that the distance between the dyes 

inside the QS and the dye in the silica shell is less than 10 nm. Additionally, confocal and STORM 

images were exploited to characterize the silica shell. Successfully, the silica shell was observable 

at the Cryo-TEM images in all systems based on QS in both breakable and non-breakable silica 

shells, (TEOS; TEMOS, and TEMOS/BTSPD, respectively). Moreover, confocal microscopy and 

STORM helped us to corroborate the presence of the silica shell via fluorescence emission.  

Furthermore, breakability tests were done to study the breakability of the sample in presence of 

a reducing agent (GSH). Using several methodologies, open and close systems, it was revealed 

that the breakability of the silica shell modifies the FRET signal in the system over time. Indeed, 

FRET emission signal between the dye inside the membrane QS (donor) and the one located at 

the silica shell (acceptor) has provided a lot of information for being used as a monitoring tool 

for breakability tests.  

Permeability tests were done to see the interchange of compounds inside and outside the QS in 

the presence or not of silica shell, which resulted to be an observable protection role of the silica 

shell over QS when those are coated. 

At the same time, labeled breakable silica shell, under metabolic conditions, presented a 

breaking, giving an increase and a decrease of FRET over time. However, more experiments must 

be done to study the breakability of the system by using DLS, Z-potential and Cryo-TEM to 

corroborate the versatility of this approach in biological conditions.  

What is more, the release studies have shown a protection of 62% of the loaded drug using a 

hydrophobic dye as a model drug under the first 25h of release. In the future, new investigations 
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should be carried out to validate and study the release test of hydrophilic drugs employing this 

kind of systems and under the conditions previously studied.  

Overall, it can be concluded that QS coated with silica shell shows a great potential for future 

applications not only for further protection of the nanostructure if needed but also for required 

controlled release. Nevertheless, further studies should be carried out in order to improve the 

understanding of such novel combined nanomaterials.  
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4.4. Materials and Methods  

4.4.1. Materials 

All commercial solvents and reagents were used as received, without further purification. 

Tetraethyl orthosilicate (TEOS), Tetramethyl orthosilicate (TEMOS)(3-Aminopropyl) 

triethoxysilane (APTES), bis(triethoxysilyl-propyl)disulfide (BTSPD), Glutathione (GSH), was 

purchased from Sigma Aldrich. 

5-Cholesten-3β-ol (Chol, purity 95%) was obtained from Panreac (Barcelona, Spain). 

Cetyltrimethylammonium bromide (CTAB, ultra for molecular biology) was purchased from 

Fluka-Aldrich. 

1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (DiI), and cyanine5 NHS 

ester were purchased from Life Technologies (Carlsbad, USA) and Lumipro, respectively. 

MilliQ water was used for the sample preparation (Millipore Ibérica, Madrid Spain), EtOH 

(Teknochroma, Sant Cugat del Vallès, Spain). Carbon dioxide (99.9% purity) purchased by 

Carburos Metálicos S.A. (Barcelona, Spain).  

 

4.4.2. Synthesis  

4.4.2.1 Synthesis of Quatsomes (QS) 

4.4.2.1.1 Synthesis of CTAB/CHOL QS (QS) and CTAB/CHOL/DiI QS (QS-DiI) 

QS and QS-DiI were made by Cholesterol and CTAB and were prepared by the CO2-based method, 

DELOS-SUSP.  

For the QS, Cholesterol was dissolved in EtOH and then added to a high-pressure vessel, while 

the QS-DII were formed by mixing Cholesterol with DiI in a solution of EtOH before been added 

to the high-pressure vessel. In each case this vessel is previously heated at Tw = 308 K and after 

the addition of the EtOH solution, CO2 was added until reaching the working pressure (Pw = 10 

MPa), to obtain a CO2-expanded solution of the compounds. 
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Afterward, The QS are formed by depressurizing the CO2-expanded solution over an aqueous 

solution of the surfactant (CTAB). 

4.4.2.1.2 Synthesis of CTAB/CHOL/10% DODECYL-SILANE QS 

This QS were prepared using the same methodology used to produce CTAB/CHOL QS. 10% in 

weight of Dodecyl silane was added in the inorganic phase mixed with the Cholesterol. 

 

4.4.2.2. Synthesis of silica-coated QS for the permeability test  

4.4.2.2.1. Synthesis of non-breakable silica-coated QS Labeled with DiI 

4.4.2.2.1.1. Synthesis of Non-Breakable TEOS-silica-coated QS (NB-TEOS-QS-DiI) 

Non-Breakable silica-coated QS (NB-SQS) using TEOS at 0 °C and longer time reaction. 6.5 mL of 

water and 1 mL QS loaded with DiI were putted in 25 mL ball flask under 460 rpm stirring, 200 µL 

of Ascorbic acid (50 mM) and 260 µL of ammonia (0.134 M) were added to obtain a pH of 9. 

Finally, 8 µL of TEOS were added directly in the solution ([TEOS]=4.4 mM). The experiment was 

run at 0 °C (ice bath) during the addition. After 2 days the pH was readjusted to pH of 8 and after 

6 days the reaction was stopped by dialysis. 

4.4.2.2.1.2. Synthesis of Non-Breakable TEMOS-silica-coated QS (NB-TEMOS -QS-DiI) 

0.5 mL of QS (5.35 mg/mL) loaded with DiI was added to 4 mL of water and 0.5 mL of EtOH, 4 µL 

of Ammonia 28% was added. Separately, 3.4 µL of APTES, and 1.2 µL TEMOS were mixed in 400 µL 

of EtOH, and 2 µL APTES 0.142 M, 88 µL of Cynine5 NHS ester (3 mM) were mixed with 10 µL of 

EtOH. These two solutions were combined and 320 µL of the mixed solution was added to the QS 

flask. After 2 days the reaction was stopped by dialysis. 
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4.4.2.2.2. Synthesis of Labeled Breakable silica-coated QS 

4.4.2.2.2.1 Breakable BTSPD-silica-coated DII-QS (BTSPD-QS-DiI) 

Synthesis using APTES/BTSPD: 0.5 mL of QS (5.35 mg/mL) loaded with DiI was added to 4 mL of 

water and 0.5 mL of EtOH, 4 µL of Ammonia 28% was added. Separately, 3.4 µL of APTES, 2 µL 

BTSPD were mixed in 500 µL of EtOH. From this solution, 320 µL are added to the QS and the 

reaction was stopped after 2 days by dialysis. 

4.4.2.2.2.2 Breakable Cyanine5-BTSPD-Silca coated -QS (Cy5-BS-QS)  

Synthesis using APTES/BTSPD: 0.5 mL of 10% Dodecylsilane QS (5.35 mg/mL) was added to 4 mL 

of water and 0.5 mL of EtOH, 4 µL of Ammonia 28% was added. Separately, 3.4 µL of APTES, 2 µL 

BTSPD were mixed in 400 µL of EtOH, and 2 µL APTES 0.142 M, 88 µL of Cynine5 NHS ester 3 mM 

were mixed with 10 µL of EtOH. These two solutions were combined and 320µL of the mixed 

solution was added to the QS ball flask. After 2 days the reaction was stopped by dialysis. 

4.4.2.2.2.3 Breakable Cyanine5-BTSPD-Silca coated -QS (Cy5-BS-QS-DiI)  

Synthesis using APTES/BTSPD: 0.5 mL of QS (5.35 mg/mL) loaded with DiI was added to 4 mL of 

water and 0.5 mL of EtOH, 4 µL of Ammonia 28% was added. Separately, 3.4 µL of APTES, 2 µL 

BTSPD were mixed in 400 µL of EtOH, and 2 µL APTES 0.142 M, 88 µL of Cynine5 NHS ester 3 mM 

were mixed with 10 µL of EtOH. These two solutions were combined and 320 µL of the blend was 

added to the QS ball flask. After 2 days the reaction was stopped by dialysis. 

4.4.2.2.2.3. Release experiments 

For the release of DiI in the QS-DiI:125 µL of the solution of QS was diluted with water to have a 

total volume of 3 mL. For the release of DiI in the QS-DiI with breakable and non-breakable silica 

shell: 1 mL of the solution of the silica-coated QS was diluted to have a total volume of 3 mL. The 

solutions were put in different dialysis membranes of 3.5 KDa, and these bags were put in baker 

glasses containing 50 mL of PBS at 37 °C and 200 rpm and closed with parafilm. The emission of 

the PBS solution was monitored during the time. 
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4.4.3. STORM analysis 

4.4.3.1. Preparation of the sample  

Cy5-Breakable QS solution was diluted 1:100 in distilled water and drop casted it in a coverslip. 

After it is dried, this glass is attached to a glass slide with tape. Before the analysis 10 μL drop of 

a buffer switching medium (composed by a mixture of 20% Vectashield (H-1000, Vector 

Laboratories) and TRIS-Glycerol (5%v/v TRIS 1 M pH 8 in Glycerol)) was deposited between the 

microscope slide and the cover-glass (our sample) to induce the photobleaching. The sample was 

irradiated with a power laser of 672nm and the images were recollected during an interval of 

time (20,000 time points). 

4.4.3.2. Setup and imaging 

Super-resolution localization microscopy imaging was performed on a home-built setup based 

on a Nikon Eclipse Ti microscope with 100x 1.49 NA oil-immersion objective. The laser line at 642 

nm (Oxxius) were used for excitation of Cy5. Laser power during the experiments was set to 130 

mW, that results in 5.2 kW/cm2 excitation intensity. Emission from the sample was spectrally 

filtered with the help of notch filter (642 nm StopLine single-notch filter: NF03-642E-25, Semrock; 

in order to remove the scattered laser light), and then was imaged on an EM-CCD camera from 

Hamamatsu (ImagEM). An additional lens was used to obtain a final magnification of 150X 

corresponding to a pixel size of 106.67 nm.  

4.4.3.3. Data analysis  

A stack of 10000–20000 images of 512 * 256 pixels (two channels together) was analysed with 

the Thunder STORM plugin in ImageJ. The following parameters were used to find and fit the 

signal of each particle: image filtering – Difference-of-Gaussians filter (sigma 1 = 1.0 and sigma 2 

= 1.6); approximate localization of molecules – Local maximum (peak intensity threshold: std, 

connectivity: 8-neighbourhood); sub-pixel localization of molecules – Integrated Gaussian (fitting 

radius: 4 px, fitting method: Least squares, initial sigma: 1.3 px). Results were filtered by sigma 

and localization precision values: 120 nm < sigma < 180 nm, precision < 25 nm. Drift correction: 

with fiducial markers Max distance – 100 nm, Min marker visibility ratio– 0.15, Trajectory 

smoothing – 0.03.   
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CHAPTER 5 

 Myristalkonium chloride (MKC), a non-toxic surfactant for 

QS covered with silica and Mesoporous silica NPs 

 

ABSTRACT 

 

In the first part of the chapter is studied the formation of a stimulus redox-response breakable 

silica shell in a new kind of Quatsomes made by Myristalkonium chloride (MKC). MKC is a non-

toxic surfactant which is one of the membrane constitutions. These materials are synthetized in 

prove of the formation for a more biocompatible system for further drug delivery proposes. 

In the second part, the use of the MKC surfactant is proposed to be included in the synthesis of 

mesoporous silica nanoparticles as a template for their formation. Non-Breakable silica 

nanoparticles and Breakable silica nanoparticles were prepared. Stimulus redox-response 

particles are made using a disulfide linker as an organic functional group. Moreover, high porosity 

breakable mesoporous silica nanoparticles were created using MKC surfactant as a template. 

More biocompatible systems could arrive from this work. 
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5.1. Introduction 

In this small introduction, different families of organic surfactants (tetrasubstituted ammonium 

compounds) are introduced. Here is presented some advantages and disadvantage of this 

compounds, and their possible applications.  

5.1.1. Tetrasubstituted ammonium compounds 

Tetradecyl dimethyl benzyl ammonium chloride, commonly named Myristalkonium chloride 

(MKC), is a quaternary ammonium compounds (QACs). QACs are cationic surfactants that contain 

a positively charged quaternary ammonium “head” bearing four bonds; with an alkyl or 

heterocyclic substituent. A common characteristic is the presence of a single long chain 

hydrophobic alkyl group. QACs have been used such as surfactants, dyes, neuromuscular blocking 

agents and desinfectants.1 In 1988, the Environmental Protection Agency (EPA) suggested that 

QACs classified into one of four groups (Figure 5.1): 2 

 

• Group I: Straight-chain alkyl or hydroxyalkyl QACs, such as tetradecyl trimethyl 

ammonium bromide, hexadecyl trimethyl ammonium bromide (CTAB), octadecyl 

trimethyl ammonium chloride and dodecyl trimethyl ammonium bromide (Figure 5.1A). 

• Group II: Alkyl dimethyl benzyl ammonium compounds such as Tetradecyl dimethyl 

benzyl ammonium chloride (Benzalkonium chloride) and Hexadecyl dimethyl benzyl 

ammonium chloride (Figure 5.1B). 

• Group III: Alkyl [di- and tri- chlorobenzyl] dimethyl ammonium compounds as Tetradecyl 

dimethyl dichlorobenzyl (Figure 5.1C). 

• Group IV: Heterocyclic ammonium compounds as 1-Hexadecylpyridinium chloride 

(cetylpyridinium chloride) (Figure 5.1D). 

 

Figure 5.1. Representative quaternary ammonium compounds for the four groups. A) Group I: Hexadecyl 

trimethyl ammonium bromide (CTAB), B) Group II: Tetradecyl dimethyl benzyl ammonium chloride, 

C) Group III: Tetradecyl dimethyl dichlorobenzyl and D) Group IV: cetylpyridinium chloride. 
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5.1.2. Benzalkonium chlorides compounds 

Benzalkonium chlorides (BACS) were reported for the first time in 1935 by Gerhard Domagk.3 

Several examples of BACS compounds include, alkyl dimethyl (phenylmethyl) quaternary 

ammonium chlorides, ammonium alkyl dimethyl (phenylmethyl) chlorides, or ammonium alkyl 

dimethyl benzyl chlorides, which have been used in a lot of applications in the nanotechnology 

and nanomedicine field. BACs have a broad-spectrum antimicrobial properties against bacteria; 

fungi, and viruses,4 disinfectant5, antiseptics,3 bactericides, fungicides, sanitisiers and softeners 

have been developed with BACs. They are usually commercialized as a mixture of compounds 

with different lengths for the alkyl chain, ranging from C8 to C18, with higher biocide activity for 

C12 and C14 derivatives (Figure 5.2A).6 

 

Figure 5.2. A) Benzalkonium chloride (BACs) formula and structure. B) Most common uses for BACs and 

C) types of mechanisms of microbial resistance to BACs. Adapted with permission from ref 4. (Copyright 

2019, American Society for Microbiology) 
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In 1947, the first product containing BACs was registered with the EPA in the United States.7 Since 

then, they have been used in a wide variety of products in the agriculture, industrial, and clinical 

field. They have also found their way into domestic applications such as personal hygiene and 

cosmetic products (Figure 5.2B).5,8 The concentration recommended for the BACs depends on 

the application,4 but normally these compounds are applied in concentrations between 0.01 and 

1% wt. Concentrations in the low range are used in pharmaceutical products as topical antiseptics 

(skin, conjunctivae and mucous membranes).9 Benzalkonium chloride is a common used 

preservative in ophthalmic and medications that use the nasal route of delivery.10 The 

mechanism of microbial tolerance for the QACs, including the BACs involves the perturbation and 

disruption of the membrane bilayers by the alkyl chains and disruption of charge distribution of 

the membrane by the charged nitrogen, through different mechanism related to the cell 

membrane. Those include downregulation of porins, overexpression or modification of efflux 

pumps, horizontal gene transfer of transposon elements and stress factors, biofilm formation, 

and biodegradation (Figure 5.3C).4 

 

5.1.3. Dimethyl benzyl ammonium chloride/ Myristalkonium chloride (MKC)  

It is known that the most studied BACs compound is the alkyl dimethyl benzyl ammonium 

chloride also named Myristalkonium chloride (MKC) (Figure 5.1B). The benzyl dimethyl 

tetradecyl-ammonium chloride is used as a surfactant and detergent. It is registered as a US 

pesticide that is used as an algicide, bactericide, wood preservative, fungicide, virucide, 

insecticide, microbicide, deodorant, disinfectant, and sanitizer.7 In animal studies, it has been 

seen that the compound is corrosive in rabbit dermal test, but It is not carcinogenic, not 

mutagenic or genotoxic (based studies in rats and mice) and are highly active in causing hemolysis 

of rabbit erythrocytes.11 

 

5.1.4. MKC-Quatsomes: stable vesicles for drug delivery applications 

Taking the advantage from the MKC properties as a non-toxic (in QS experimental conditions)  

quaternary ammonium surfactant, Ventosa and coworkers have develop a novel type of 
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Quatsomes (QS) composed of Cholesterol and Myristalkonium chloride instead of using the 

conventional CTAB for the formation of the membrane (Figure 5.3A and 5.3B).12 The new 

formulation of QS confirmed a stability for 18 months in aqueous media in terms of size, 

morphology and lamellarity (Figure 5.3C and 5.3B), and as well as in human serum present 

stability for 24 hours.  The MKC-QS show good cell viability in experiments with epithelial 

colorectal carcinoma cell line, among others, with a high selectivity toward cell lysosomes with 

respect to other organelles like mitochondria.13 

Figure 5.3. A) MKC-Quatsomes composed by the association of Myristalkonium chloride (MKC)and 

cholesterol, B) Cryo-TEM images of the MKC-Quatsomes. C) Hydrodynamic diameter distribution obtained 

by DLS for MKC-Quatsomes in Ringer's Lactate(redline), physiologic serum (orange line) and glucosaline 

buffer (green line). Cumulant hydrodynamic diameter and polydispersity of MKC-Quatsomes in Ringer's 

Lactate(red), physiological serum(orange)and glucosaline buffer (green) over a time span of 18 months. 

Adapted with permission from ref 12. (Copyright 2020, Elsevier) 

 

MKC-QS vesicles are a promising nanocarriers for the encapsulation and deliver of small drugs 

and large biomolecules such as peptides, proteins and enzymes.14–16 It has been demonstrated 

through in vitro studies that MKC-QS can entrap negatively-charged, small RNA molecules, like 

miRNA or siRNA, through electrostatic interactions of the positively-charged vesicle surface. The 

complex of MKC-QS and small RNA is able to halt the growth of cancer cells, particularly in cellular 

models of high-risk neuroblastoma.17,18 In vitro cell-culture based cytotoxicity assays were 
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performed using MKC-QS in human fibroblast cell lines were tested using two different assays to 

probe the integrity of the mitochondrial compartment (MTT) and the lysosomal and cell 

membrane damage (NRU). The results show that the MKC-QS do not affect the integrity of the 

cell membrane, as the cell viability in the NRU assay was not majorly affected. The MTT assay 

displayed decrease of cell viability, following a dose-response behavior with an IC50 of 12.7µg/mL. 

MKC-QS label with the fluorescent dye 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindotri-

carbocyanine Iodide (DiR) were injected intravenously into mice to monitor their biodistribution. 

Therefore, DiR-labeled MKC-Quatsomes were found to accumulate in tumor, liver, spleen and 

kidney tissues. Histological experiments show no alteration or toxicity in these organs (Figure 

5.4).12 

 
Figure 5.4. A) Schematic representation of the DiR-labeled MKC-Quatsomes injected in mice to study their 

biodistribution. B) and C) Biodistribution and lack of toxicity of MKC-Quatsomes after intravenous 

injection in the SW1417 subcutaneous colorectal cancer model. Adapted with permission from ref 12. 

(Copyright 2020, Elsevier) 
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5.2. Results and discussion 

5.2.1. Synthesis of Breakable Silica-coated shell using MKC-QS (BS-MKC-QS) 

As it was said before, MKC-Quatsomes formulation avoid certain limitations that the 

conventional Quatsomes made by CTAB present, as safety concerns, particularly for their in vivo 

use beyond topical administration. The new formulation opens a new horizon for parenteral 

administration.12 For that reason, the breakable silica-coated MKC QS was synthetized and 

reported in this chapter. 

The coating of the MKC-QS with breakable silica was carried out by a combination of silanes. 

Tetramethoxysilane (TEMOS) and bis(triethoxysilyl-propyl)disulfide (BTSPD) were mixed and 

added in two steps to prevent the agglomeration and precipitation of silica. The methodology 

used here was adapted from the synthesis of breakable silica shell reported in Chapter 3 of this 

thesis. Some modifications were implemented in this synthesis. The first one was to increase the 

load of base to achieve a pH of 8, and the second one was to short the time reaction after the 

second addition of silanes. Precipitation of the silica nanoparticles was observed if the reaction 

was followed for 2 hours, it is necessary to stop the reaction before the two hours of reaction 

have been exceeded. These changes of the synthesis were incorporated and tested: 1) decreasing 

the value of time reaction after the second addition and 2) decreasing the amount of silica added 

in the second addition and 3) decreasing the time of reaction after this. 

Initially, the reaction was carried out for one hour after the second addition of silanes. However, 

using MKC-QS, silica NPS precipitated, the second step was reducing the reaction time to 20 

minutes after the second addition, in this case was possible to maintain a homogenous 

suspension. DLS measurements were taken to measure the diameter size of the sample before 

the reaction, after the first addition and 1 day of reaction, and after 20 mins of the second 

addition.  

The reaction was stopped (20 mins after the second addition) by dialysis. The DLS measurements 

revels two different size distributions: 26±19 nm and 81±19 nm (Figure 5.5A) for the MKC-QS 

suspension, after the first addition the size values increased to 81±18 nm and 401±89 nm (Figure 

5.5B) and finally after the second addition and dialysis, the size distribution was of 39±9 nm and 

122±26 nm (Figure 5.5C). Analyzing these data, we observe that the MKC-QS with the reactive 
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media (ammonia, ascorbic acid and excess of silane) gives a size distribution value which could 

be attributed to the aggregation of the particles, but after a cleaning process an increase of the 

size is observable. Figure 5.5D report the Cryo-TEM image of these sample after dialysis; darker 

zones were attributed to the formation of silica shell around the QS.  

 
Figure 5.5. DLS meassurements for the Breakable silica-coated MKC-QS. Using TEMOS and BTSPD-first 

change in methodology.A) Initial MKC-QS, B) After the first addition of the mixture of silanes and 1 day of 

reaction, C) after the second addition and 20 mins of reaction before dialysis stopped the reaction and D) 

Cryo-TEM images of the final sample.  

 

The second assay was decreasing the amount of silica added in the second addition (to the half) 

and decreasing the time of reaction (to the half) compared to the methodology used for the 

Chol:CTAB QS. Here the DLS measurements provide the following results: the initial material (QS) 

displayed a size distribution of 26±19 nm and 81±19 nm (Figure 5.5A), the size distribution after 

4 hours of reaction  (first addition) was 50±9 nm and 251±65 nm (Figure 5.6A), after one day of 

reaction the value was 55±14 nm and 237±62 nm (Figure 5.6B). These results give us information 

about the evolution of the reaction, after 4 hours, the size of the particles did not change, all the 

the silane for the silica shell had reacted. Meaning that the time of this first step can be decreased 

at least to this value of time. Figure 5.6C shows the DLS measurements after 1 hour of reaction 
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of the second addition, the size distribution of these system was 64±14 nm and 221±57 nm. Note 

that a big change in size was not observable after this second addition, (concentration of silanes 

was decreased to the half in comparison to the reported one). Cryo-TEM images are showed in 

Figure 5.6D in order to study the morphology of the sample using these variations in the synthesis 

of the breakable silica shell. The darker zones around the QS were due to the formation of the 

silica coating on the MKC-QS. Mostly all the QS present a ring (coating), particularly we observe 

this ring when TEMOS is used in the synthesis of the silica shell.  

As a conclusion of this preliminary part, we can conclude that the formation of the breakable 

silica shell around the MKC-QS could be done using both modifications in the reported 

methodology (chapter 3) used for the Chol:CTAB QS. These changes allowed to obtain a similar 

system that the Chol:CTAB QS, with only small change in the base addition to achieve the desired 

pH, silane addition and reaction time. We believe that more experiments could be done in order 

to complete and optimize the characterization of this material as the breakability test. 

 

Figure 5.6. DLS meassurements for the Breakable silica-coated MKC-QS. Using TEMOS and BTSPD-first 

change in methodology. Initial MKC-QS has a size of 26±19 nm and 81±19 nm. A) After the first addition 

of the mixture of silanes and 4 h of reaction, B) after the first addition and 1 day of reaction C) after the 

second addition and 1 h of reaction before dialysis stopped the reaction and D) Cryo-TEM images of the 

final sample. 
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5.2.2. Mesoporous silica Nanoparticles (MSNPs) with Myristalkonium chloride (MKC), as a non-

toxic surfactant 

Mesoporous silica Nanoparticles (MSNPs) has been developed as suitable host materials for 

many types of pharmaceuticals (as anticancer drugs) and biologically active molecules (as 

proteins and nucleotides). Their mesoporous sizes, large pore volumes, high surface areas, 

capacity for facile multi-functionalization and excellent physicochemical stability are an excellent 

benchmark to develop a powerful drug delivery system.19–23  

Several different biological and medical studies have been carried out to study the potential 

application of these carriers in biological systems for drug delivery, bioimaging, biosensing, 

biocatalysis, etc. MSNPs with specific morphology and surface functional groups have been 

developed to be biocompatible over specific concentration ranges.24–28 However, despite many 

in vivo and in vitro studies, including those on animals models and tissues, in the non-human tests 

had been observed that there are a lot of parameters in the synthesis of the MSNPs that cause 

variations, in terms of size, shape, dosages, pore structures, composition etc., which makes the 

MSNPs a very complex system to carry out for  fully probes in biological systems.29 

For biomedical applications, MSNPs are used as carriers in controlled drug delivery systems 

(DDS). For these cases, drug molecules must be loaded into the pores of MSPNs after the 

surfactant template is removed from them.30–34 CTAB has been the most commonly used 

surfactant as a structure-directing agent to make a good template to form the pores of the 

particles.30–36 This quaternary ammonium surfactant is cataloged as toxic on the skin, eyes and 

respiratory system and well as having a negative environmental impact. Lingxia Zhang and 

coworkers have been taking the advantage of these toxicity to study the complex surfactant-

MSNPs as a potential pharmaco-carrier to avoid the use of expensive anticancer drugs.23 They 

compare the use of different surfactant to make the MSNPAS (Surf@MSNPs) containing CTAB, 

SDBS, and Triton X-100 (as a cationic, anionic and nonionic SDA, respectively). All of them are 

known as cytotoxic substances even at low concentrations. As a control, they studied NPs loaded 

with hydrochloride trihydrate (CPT-11), a common water-soluble anticancer drug. All the studies 

were carried out in presence of MCF-7 cells. The results showed that the toxicity follow the next 

order CTAB@MSNPs, SDBS@MSNPs and Triton@MSNPs, where the CTAB@MSNs were the most 

toxic (test done with MCF cells). Moreover, the CTAB-contained MSPNs (CTAB@MSNPs) showed 
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remarkably higher long-term anticancer efficacy than CPT-11-loaded surfactant-free MSPNs 

(CPT@MSNPs), even at very low concentrations of 2–15 mgmL-1.23 

 Even though these nanocarriers are good to kill cancerogenic cells, the cytotoxicity of these NPs 

in non-tumorigenic tissues should be consider. To avoid this toxicity, MSNPs must be synthetized 

from non-toxic surfactants in order to produce carriers for drug delivery that can be 

biocompatible. The production of MKC-QS done by the Nora Ventosa’s group in which the CTAB 

was replaced by the MKC surfactant shows the same morphology and size that the CTAB-QS.12 

For this reason, in this work, MKC was used to produce MSNPs, and the incorporation of the non-

toxic surfactant to produce the pores in the synthesis in both systems, non-breakable and 

breakable MSNPs was done. Moreover, in this thesis is explored the synthesis of long-pores 

breakable silica NPS as a proof of concept that the MKC surfactant can be used to produce this 

new material to expand the dimension of the pores (higher load capacity) to then increase the 

load drug amount. 

 

5.2.2.1. Synthesis and characterization of non-breakable MSNPs with MKC as surfactant 

The preparation of non-breakable mesoporous silica NPs was achieved through the micelle 

templating method,37 where the CTAB surface was simply exchanged for MKC. MKC-MSNPs were 

dried under vacuum after the synthesis and centrifugation before the cleaning procedure was 

carried out. The morphology of the particles was characterized by SEM, showing a homogeneous 

spherical morphology (Figure 5.7A). The monodispersity of the sample was analyzed by 

measuring the diameter size of 300 particles and fitting the results (gaussian distribution 

function), where the maximum (vertex) represented the average particle size. The particles 

obtained using the micelle templating method showed a size distribution around 105±9 nm 

(Figure 5.7B). The size of the silica NPs were also characterized by DLS, the size distribution of 

the NPS(Gaussian fitting of the data) was 155±40 nm which is similar to the  obtained value using 

the counting of the NPs by SEM. TGA measurements were performed on the MKC NB- silica-NPs 

(Figure 5.8A).The TGA reveal that 21% mass was loss between 200 and 300 °C which was 

attributed to the presence of the MKC surfactant  that was content in the pores of the 

mesoporous silica NPs. To confirm this hypothesis, TGA data was generated on the MKC 

surfactant. Figure 5.8B showed a significant mass loss in this range of temperature. After cleaning 
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the particles with chloridric acid, the sample was centrifuged with water and EtOH washing 

cycles, to remove the MKC. To verify that the MKC had been completely removed, the particles 

were burned in the TGA equipment to then confirm that they were free of surfactant (Figure 

5.8A). The characterization of the porosity of the samples was carried out using different 

techniques as N2 adsorption measurements and SAXS analysis (Figure 5.9). These analyses 

showed that the NPs have a total pore volume of 0.977 cm3 g−1 and a surface are of 876.31 m2 

g−1 with an average pore size of 3 nm (Figure 5.9B). With SAXS measurements, one broad peak is 

observed at q = 1.3 nm-1. The calculated d spacing is 4.8 nm (Figure 3-C) which correspond to the 

pore-to-pore distance. The pore size was calculated being from 3.2 nm, which coincides with the 

value estimated using N2 adsorption measurements. EDX studies from STEM analysis confirmed 

the presence of Si in the sample (Figure 5.10). 

 

Figure 5.7. A) SEM pictures of non-breakable NPs prepared with a non-toxic surfactant (MKC). B) SEM 

counting of 300 NPs (size distribution 105±9 nm) and C) DLS distribution (155±40 nm) of the particles. 
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Figure 5.8. A) TGA of the Non-breakable MKC NPs before and after the extraction of the MKC and B) MKC 

surfactant.  

 

 

Figure 5.9. A) N2 adsorption-desorption isotherm of the prepared bulk, B) mesopore-size distribution and 

C) Small-angle X-ray scattering (SAXS) profile of the obtained mesoporous silica bulk.  

 

Figure 5.10. EDX of the Non-breakable MKC NPs. 
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5.2.3. Synthesis and characterization for the breakable MSNPs with MKC as surfactant 

5.2.3.1. Synthesis and characterization for the breakable MSNPs with MKC as surfactant using 

the Micelle templating method 

Breakable disulfide mesoporous silica NPs were prepared using the non-toxic surfactant (MKC) 

with the micelle templating method. The NPs formed during this synthesis were different than 

those obtained using just TEOS (to produce the Non-breakable NPS). For example, these NPS 

shows less monodispersity, the morphology of the NPs is spherical but some of them looks oval 

(Figure 5.11A). The different morphology could be due to inadequate stirring that was not able 

to produce a monodisperse system or the presence of too much disulfide linker in the synthesis 

(18 % molar BTSPD). The size of the particles was extracted by counted of 300 NPs and fitting of 

the data (Gaussian distribution function). The plot shows a size distribution of 62±6 nm (Figure 

5.11B) which is smaller than the size distribution obtained to produce the NB-silica-NPs (which 

were produced using the same reaction condition and same mols of silane). The change of the 

size distribution could be attributed to the presence of the disulfide linker in the reaction. For 

DLS measurements, the Gaussian fitting gives a size distribution of 172±38 nm (Figure 5.11C). 

This value could be due to the agglomeration of particles. Additionally, the characterization of 

the organic material inside of the NPs was carried out by TGA measurements. The measurement 

was run for the particles before and after remove the MKC surfactant. Breakable disulfide 

mesoporous silica NPs with a non-toxic surfactant reveals two steps of loss of organic material, 

the first step occurs between 200 and 300 °C and corresponds to temperature in which the MKC 

burns (Figure 5.12B), while the second step occurs between 300 and 400 °C which the disulfide 

linker calcines (Figure 5.12). The total lost mass reported is 30.6 %. On the other hand, the NPs 

that were without surfactant, a total loss of mass was for 12.4%, which was attributed to the 

disulfide linker. The comparative between the two systems (washed and no-washed) provide 

more information about the loading of organic material that is of 18.2% in the MKC-Breakable-

NPs which corresponds to the surfactant inside of the pores. The pores of the NPs were 

characterized by N2 adsorption measurements (Figure 5.13). The isotherms reveal a total pore 

volume of 1.0793 cm3 g−1 and a surface area of 755.94 m2 g−1 with an average pore size of 2.4 nm 

(Figure 5.13A and 5.13B). The SAXS measurements display one broad peak at q = 1.3 nm-1 and 
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the d spacing was calculated, the value of d spacing was of 4.8 nm (Figure 5.13C).  The pore size 

calculated was of 3.2, which is close to the value estimated using N2 adsorption measurements. 

 

 

Figure 5.11. A) SEM pictures of non-breakable NPs prepared with a non-toxic surfactant (MKC). B) SEM 

counting of 300 NPs (size distribution 62±6 nm) C) DLS distribution 172±38 nm. 

 

 

Figure 5.12. A) TGA of the Breakable MKC NPs before and after the extraction of the MKC and B) MKC 

surfactant. 
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Figure 5.13. A) N2 adsorption-desorption isotherm of the Breakable NPs done with MKC, B) mesopore-

size distribution and C) Small-angle X-ray scattering (SAXS) profile of the obtained mesoporous silica 

bulk.  

 

5.2.3.2. Synthesis and characterization for the breakable MSNPs with MKC as surfactant using 

the Micelle templating method increasing the stirring 

The morphology of the NPs was optimized by varying synthetic parameters. Firstly, the centrifuge 

speed was reduced to 200 rpm, that cause that the NPs synthesized under this new conditions 

showed a size distribution of 57±6 (value obtained from the counting of 300 NPs in SEM) and a 

size distribution of 116±28 nm measured with DLS (Figure 5.14). Comparing previous  data 

obtained with the synthesis using 100 rpm (protocol described in the methodology in the 2.2.2 

section), it is observable that increasing the stirring, the size distribution of the NPs decrease a 

bit from 62±6 nm to 57±6, which is very small and is practically the statistical error. If we compare 

this observation with the results reported by Xun Lv and collaborators,37 in which they observed 

the same behavior when the stirring speed is reduced, they report that the synthesis of the Non-

breakable NPs stirring at 100 rpm and 200 rpm provide different  size distributions, from 111±13 

to 95±10 nm; respectively. Here, we could see the influence of the stirring speed which increases 
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the size distribution. The stirring speed control the concentration of silica-surfactant micelles that 

minimizes the growth of NPs, giving as a result different size distribution of NPs.37  

 

Figure 5.14. A) SEM pictures of Breakable NPs prepared with a non-toxic surfactant (MKC). B) SEM 

counting of 300 NPs (size distribution 57±6 nm) C) DLS distribution 116±28 nm. 

 

5.2.3.3. Synthesis and characterization for the breakable MSNPs with MKC as surfactant using 

the Micelle templating method and putting less BTSPD  

The second approach was to modify the concentration of the precursors, the quantity of disulfide 

linker was reduced from 30% w/w to 24% w/w with respect of the TEOS reported synthesis 

conditions, that was varied in an effort to improve the particle morphology and increase the time 

reaction. More specifically, 1.15 mL of TEOS (5 mmol) were mixed with 0.36 mL of BTSPD (0.8 

mmol) and then added to the solution that was containing the MKC and triethanolamine (TEA). 

The reaction was run for 2h and 45 min to then improve the morphology of the NPs as is shown 

in Figure 5.15. The size of the NPs developed with this new approach (24% of BTSPD) increased 

compared with the previous ones synthetized using 30% of BTSPD (from 62±6 nm to 76±8 nm). 

It is interesting to observe that non-breakable NPs synthetized only with TEOS showed a size 
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distribution of 105±9 nm in size and that  the more quantity of TEOS you add in relation with the 

BTSPD (even when the equivalents of Si in the reaction are the same), the bigger size you will 

obtain for the NPs. This theory must be corroborated making a study of the influence of 

TEOS/BTSPD ratio, because the observation of the size change could also be attributed to the 

longer reaction time. Variations in the TEOS/BTSPD ratio could be done at the same temperature 

and reaction time to see the influence in the size distribution. Additionally, the size distribution 

of these kind of NPs was 119±28 nm.  

From TGA analysis, the NPs with surfactant in the interior of the pores presented a mass loss of 

23%, and the NPs without was 9% of organic material due to the disulfide linker present in the 

silica. From these values, the quantity of MKC present in the sample before the washing could be 

estimated, which was of 14% MKC wt. With this data, another comparation could be carried out; 

the comparative between the mass lost by both systems (30% and 24%) could give idea about 

the relationship between the TEOS/BTSPD and the real load of BTSPD in the system. (Figure 5.16).  

From the N2 adsorption measurements, the total pore volume of the samples was extracted, 

which was of 0.86 cm3 g−1 and a BET surface are of 737.1645 m2/g with an average pore size of 

2.3 nm which are close to the values using more BTSPD (Figure 5.17). The small changes in the 

quantity of disulfide linker does not change the porosity of the NPs. Comparing this value with 

the one obtained with the non-breakable-NPs (using just TEOS). The average pore size was 

slightly bigger (around 3 nm). One possible explanation of why the pore size decreases in the 

presence of the disulfide linker is that the hydrolysis of ethoxy group allows the BTSPD to be 

inserted through condensation of the hydrolyzed silane, even though, before insertion  in the 

surface of the pores, the BTSPD could make oligomerization, a reaction between a non-

hydrolyzed neighbor species or between two hydrolyzed neighbor species makes longer then the 

chain and closes the pore of the NPs (Figure 5.18).38 

With SAXS measurements, the main peak is observed at q = 1.27 nm-1. The calculated d spacing 

is 5 nm and the pore size calculated is 3.3 nm (Figure 5.17D), which is close to the value obtained 

by N2 adsorption measurements. If we compare this value with the non-breakable and breakable 

done before using the micellar methodology, we don not observe big differences in the pore size, 

which means that once the surfactant packing is done, the silica polymerization around them do 
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not change this organization. Figure 5.19 are shown the TEM images of these NPs. EDX studies 

from STEM analysis confirms the presence of Si and S in the sample (Figure 5.20). 

 

Figure 5.15. a) SEM pictures of breakable NPs prepared with a non-toxic surfactant (MKC). b) SEM 

counting of 300 NPs (size distribution 76±8 nm) c) DLS distribution 119±26 nm. 

 

 

Figure 5.16. A) TGA of the Breakable MKC NPs before and after the extraction of the MKC and B) MKC 

surfactant (Micellar templating method).  



308 
 

  

Figure 5.17. A) N2 adsorption-desorption isotherm of the Breakable NPs done with MKC, B) and C) 

mesopore-size distribution, D) Small-angle X-ray scattering (SAXS) profile of the obtained mesoporous 

silica bulk. 

 

Figure 5.18. A) Hydrolysis of One Ethoxy group of BTSPD B) Grafting through condensation of hydrolyzed 
silane and silica silanols, C) Oligomerization trough reaction between a nonhydrolyzed and a hydrolyzed 
species, D) Grafting of the oligomerized BTSPD to the silica framework. Adapted with permission from 
ref 38. (Copyright 2014, American Society for Microbiology) 
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Figure 5.19. TEM images of the Breakable NPs done with MKC (Scale bar 100 and 50 nm). 

 

 

Figure 5.20. EDX of the Breakable MKC NPs. 

 

5.2.3.4. Synthesis and characterization for the breakable MSNPs with MKC as surfactant using 

the Stöber method  

Another approach to test a new procedure to synthesis breakable disulfide mesoporous silica 

NPs with a non-toxic surfactant (MKC) was developed. The NP were prepared following the 

Stöber method,39 which was carried out as is described in the methodology of this chapter. The 

diameter size distribution of the particles is 169±24 nm (obtained by the counting of 300 NPs 

from SEM images). The morphology of the NPs was not improved comparing with the NPS 
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synthetized by the micelle templating method. As is observed in Figure 5.21, most of the NPs 

have spherical morphology but also there are some with oval morphology and aggregates. The 

DLS measurement of these NPs was carried out and a size distribution of 253±63 nm was 

obtained. After remove the surfactant, the TGA analysis was carried out to obtain the load of 

disulfide linker present in the matrix of the silica NPs, the measurement reveals a mass loss of 

24% between 300-400 °C (Figure 5.22), which corresponds to disulfide linker. 

The porosity of the system was analyzed by different physical techniques, N2 adsorption 

measurements and SAXS analysis were performed on the NPs (Figure 5.23). These analysis shows 

that the NPs have a total pore volume of 1.03 cm3 g−1 and a surface are of 1347.99 m2 g−1 with an 

average pore size of 2.4 nm (Figure 5.23A and 5.23B). With SAXS measurements, one broad peak 

is observed at q = 1.9 nm-1. The calculated d spacing is 3.3 nm and the pore size calculated is 2 

nm (Figure 5.23C), which coincides to the value obtained by N2 adsorption measurements. 

 

Figure 5.21. A) SEM pictures of Breakable NPs prepared with a non-toxic surfactant (MKC) and Stöber 

methodology. B) SEM counting of 300 NPs (size distribution 169±24 nm) C) DLS distribution 253±63 nm. 
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Figure 5.22. A) TGA of the Breakable MKC NPs after the extraction of the MKC (Stöber process). 

 

 

Figure 5.23. A) N2 adsorption-desorption isotherm of the Breakable NPs done with MKC, B) mesopore-

size distribution and C) Small-angle X-ray scattering (SAXS) profile of the obtained mesoporous silica bulk.  
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5.2.3.5. Synthesis and characterization for the long Pores breakable MSNPs with MKC as 

surfactant  

The MKC surfactant could be used to obtain big pores for the mesoporous silica NPs, theses has 

been reported by Kim et al.40 Therefore, the synthesis to produce the large pores silica NPs was 

carried out first by using the same conditions of the optimized breakable nanoparticles (24% 

BTSPD, see first part of the experimental part 2.2.3) using the micellar templating method. After 

their synthesis and before the extraction of the surfactant, the NPs were dispersed in EtOH and 

followed by the addition of a mixture of H2O and Trimethylbenzene (TMB). The mixture was 

placed in the oven at 160 °C for 3 days without stirring and finally after this time the particles are 

washed and recollected with water and EtOH using cycles of centrifugation. To remove the MKC 

from the pores, the particles are dispersed in EtOH and chloridric acid is added to reflux 

overnight. All the process finish after cleaning the NPs wit EtOH by a sequence of 

sonication/centrifugation cycles and dried them under vacuum. 

The particles obtained presented a monodisperse and spherical shape with a size distribution of 

76±8 nm (counting from 300 NPs from SEM pictures (Figure 5.24B)) and by DLS a size distribution 

of 137±34 nm (Figure 5.24A and 5.24C). Both size distribution presented similar size distribution.  

TGA measurement was performed on the NP before and after washing, which showed 11% mass 

loss in the in MKC-breakable-silica NPs before cleaning and 25% mass loss in MKC-breakable-

silica NPs with disulfide linker. There result allowed to calculate that the 14% were MKC inside of 

the pores (Figure 5.25). Through physical measurements was possible to obtain storage capacity, 

porosity and surface values. The N2 adsorption measurements were carried out to test the 

porosity of the system (Figures 5.26). The sample contains mesoporosity (average pore size of 

2.2 nm) but also presents a quite long distribution pore size from 5 to 35 nm with a maximum 

peak between 25 and 35 nm (Figure 5.26A and 5.26C). Note that this last value can also be 

attributed to the space between the NPs. 

With SAXS measurements, a broader peak is observed at q = 1.24 nm-1. The calculated d spacing 

is 5.1 nm and the pore size calculated is 3.4 nm (Figure 5.26D), this value is close to the one 

obtained by N2 adsorption measurements. Comparing this value with the non-breakable and 

breakable NPs synthesis using the micellar methodology, which was consistency in the value 
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among them. Finally, in Figure 5.27, the TEM images of these NPs show their homogeneity in size 

and shape. 

 

Figure 5.24. A) SEM pictures of Long Pore-Breakable NPs prepared with a non-toxic surfactant (MKC). B) 

SEM counting of 300 NPs (size distribution 74±8 nm) and C) DLS distribution 137±34 nm. 

 

 

 

Figure 5.25. A) TGA of the Long Pore- Breakable MKC NPs before and after the extraction of the MKC and 

B) MKC surfactant.  
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Figure 5.26. A) N2 adsorption-desorption isotherm of the Long Pore- Breakable NPs done with MKC, B) 

and C) mesopore-size distribution, D) Small-angle X-ray scattering (SAXS) profile of the obtained 

mesoporous silica bulk and. 

 

Figure 5.27. TEM images of the Breakable NPs done with MKC (Scale bar 100 and 50 nm). 
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5.2.3.6. Breakability test for the breakable MSNPs done with MKC as surfactant 

One important part of this work was testing the breakability properties of this platform. The 

breakability test was carried out by taking 0.3 mg of non-breakable and breakable NPs (24% w/w 

BTSPD) performed with MKC surfactant in presence of 10 mM of Glutathione in PBS and stirring 

(200 rpm) (Figure 5.28) for 7 days. The degradation of the NPs was observed to begin at day 3 

and while at day 7, the NPs start to agglomerate and break. As a control, the non-breakable NPs 

were tested in parallel and we check the different behavior; after 3 days in presence of GSH the 

core of NPS looks less dense (is observable a core in the center of the NPs with time in this 

conditions). A new batch of these non-breakable must be tested to check this hypothesis to 

confirm these observations. We suppose that the GSH could be superficially degrading the NPs, 

but the non-breakable NPs don’t show any signal of agglomerate or breakability. 

Figure 5.28. STEM pictures of the breakability test of A) Breakable NPs done with BTSPD 24% w/w with 

respect of TEOS and B) Non-breakable NPs. 
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5.2.3.7. Cell viability test for the non-breakable and breakable MSNPs done with MKC as 

surfactant 

The non-breakable silica nanoparticles (NB-MSNPs) and the breakable redox-responsive silica 

nanoparticles (B-MSNPs) synthetized by MKC as a template were tested to study the cell viability 

in the presence of these systems. Cell viability test was performed using 3 different cell lines, 

HeLa (cervical cancer cells) and C6 (glioma cells) cells41 were studied as tumorigenic lines, and 

MCF10 as a non-tumorigenic. And 3 different concentrations of silica NPs were also tested, 10, 

50 and 100 µg/mL. Additionally, the influence of the washing was check, the NPs with and 

without surfactant (after its removed) were using in this experiment to understand the effect of 

the Residual MKC (Figure 5.29).  

MSNPs breakable and non-breakable synthesized by MKC as surfactant and after the washing 

process (remove MKC) provide a good cell viability (100%, or more due the effect of cell growing) 

with all cell lines, MCF10, C6 and HeLa, and regardless of the concentration that was tested, 

which says that indeed the NPs could be good candidates for biological applications. On the other 

hand, the NPs without any post-treatment (+MKC), in which the pores are still containing the 

MKC surfactant. The breakable NPs have a better cell viability that the non-breakable, 2.6 times 

better viability at concentrations of 10 µg /mL (31% and 82% cell viability for NB and B, 

respectively, in MCF10 cells.  

At this same concentration, using the C6 and HeLa lines cells, no significative statistical difference 

is observed (cell viability ~76% and ~86%, respectively for the B-NPs). These observations provide 

says that at low concentrations, NB-NPs cause more damage to the healthy cells (MCF10) that 

the tenogenic cells. Increasing the concentration to 50µg/mL and 100 µg/mL, a decrease of the 

cell viability is observed, for the B and NB-NPs in all cell lines. 

The cell viability went down until 9, 2 and 5% for the B-NPs at 100µg/mL. At this concentration 

not significative statistical difference is observed between B and NB in all cell lines. Therefore, all 

cells die at 100µ/mL using NPs containing MKC. It has to be noted that at all the concentrations, 

B-NPs have a better cell viability that the non-breakable. This effect could be explained with the 

pore size diameter distribution; breakable NPs have a diameter size pore of 2.3 while non-
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breakable have 3.2 nm this could bring the idea that more surfactant is here exposed in the 

surface of the NPs, bringing more toxicity to the cell.  

 

Figure 5.29. Viability assay of MCF10, C6 and HeLa cells exposed to different concentrations of NPs; non-

breakable, and breakable (NB and B, respectively), with MKC and w/o MKC for 24 hours. Values are 

normalized to untreated cells and expressed in % of viable cells. All data are represented as mean ± S.D., 

statistical analysis were performed by One-way ANOVA and Turkey’s post hoc test. For MCF01: *p< 0.005, 

*** p< 0.0005 NB vs B. p < 0.005 NPs+ MKC treated vs untreated cells, n.s NPs- MKC treated vs untreated 

cells. For C6:* *p< 0.005, *** p< 0.0005 NB vs B. p < 0.05 treated vs untreated cells. For HeLa:*p< 0.005, 

*** p< 0.0005 NB vs B. p < 0.0005 treated vs untreated cells except for 10µg/mL. 



318 
 

5.3. Conclusions 

MKC-QS are vesicles capable to be coated with silica shell (breakable and non-breakable); the 

methodology used to coat these type of QS in contrast of the CTAB:Chol QS was a bit different in 

the amount of base added, the quantity of silane addition in the second addition, and the reaction 

time after the second addition. 

MKC is a non-toxic quaternary ammonium surfactant which was tested to synthesis a new 

generation of mesoporous silica NPS which showed excellent characteristics to be used as drug 

transporters or releasers. Depending on the synthesis conditions, the characteristics of these 

nanoparticles could be slightly tuned and adapted to new systems. Non-breakable, breakable and 

Long-Pores Breakable NPs were synthetized using the MKC as a templet to produce mesoporous 

silica NPs, where the synthesis conditions played a critical role in the pore dimensions. 

Two different methodologies were tasted to make the breakable silica NPs (Stöber and micellar 

templating method) in order to perform a better morphology of the NPs. The micellar method 

provides better morphology, but less organic material is observable analyzing TGA results. 

Additionally, the improvement of the morphology was obtained using the micellar templating 

method if the quantity of organic material (BTSPD) is used during the synthesis. The use of 

mixtures between precursor (TEOS and BTSPD) helps to improve the morphology of the 

nanoparticles. 

All the NPs characterized using this methodology present a similar porosity and NPS synthetized 

with the long pores produced an excellent mesoporous silica NPs with a longer distribution of 

pore sizes. 

The breakability test was carried out employing the breakable silica NPs synthesized using 24% 

w/w of BTSPD in ratio of the TEOS. The breakable silica NPs could be used as a drug delivery 

system, this system could release the content using GSH or another reducing agent. The long 

pores breakable NPs should be tasted under these conditions to compare the breakability of 

these two systems. 

The last part of the chapter was the cell viability test of the silica NPs, here was observed that 

breakable and non-breakable NPs synthesized by the MKC surfactant and cleaned (so that they 
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do not contain MKC)  showed a good cell viability. Any signal of toxicity was detected at 10, 50 

and 100µg/mL (100% of cell viability) with MCF10, C6 and HeLa cell lines. These observations 

suggest that MKC could be a good option to prepare MSNPs for biological applications. 

The last step should be the loading of the NPs in order to demonstrate that this silica NPs could 

work as a drug delivery system in a close future.  
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5.4 Materials and methods  

5.4.1. Materials.  

All commercial solvents and reagents were used as received, without further purification. 

Tetraethyl orthosilicate (TEOS), Tetramethyl orthosilicate (TEMOS)(3-

Aminopropyl)triethoxysilane (APTES), bis(triethoxysilyl-propyl)disulfide (BTSPD), Glutathione 

(GSH), was purchased from Sigma Aldrich. 

5-Cholesten-3β-ol (Chol, purity 95%) was obtained from Panreac (Barcelona, Spain). 

Cetyltrimethylammonium bromide (CTAB, ultra for molecular biology) was purchased from 

Fluka-Aldrich. 

1,1’-dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate (DiI), and cyanine5 NHS 

ester were purchased from Life Technologies (Carlsbad, USA) and Lumipro, respectively. 

MilliQ water was used for the sample preparation (Millipore Ibérica, Madrid Spain), EtOH 

(Teknochroma, Sant Cugat del Vallès, Spain). Carbon dioxide (99.9% purity) purchased by 

Carburos Metálicos S.A. (Barcelona, Spain).  

 

5.4.2. Synthesis  

5.4.2.1 Synthesis of MKC-Quatsomes (QS)12 

MKC-Quatsomes were prepared using the DELOS-SUSP method which has been previously 

described for the synthesis of CTAB:Chol QS into an aqueous phase using mild conditions of 

pressure (10 MPa) and temperature (308 K). MKC-Quatsomes was synthetized following the next 

protocol: 25.32 mg of cholesterol was added to 2.88 mL of ethanol, and then the supercritical 

CO2 was added, reaching one-phase in the reactor containing the three components. The 

reaction was run for 1 hour, and then the solution was depressurized over a solution of 24.10 mg 

of MKC suspended in 24 mL of an aqueous solution, which was either PBS buffer. Finally, the 

resulting suspension had a total concentration of MKC-Quatsomes of 1.84 mg/mL.  
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5.4.2.2. Synthesis of the breakable silica shell Quatsomes (QS) 

1.-Synthesis using TEMOS/BTSPD: 1 mL of QS 5.35 mg/mL was added to 6.5 mL of water, 200 µL 

of Ascorbic acid 50 mM and 300 µL of ammonia 0.134 M were added to obtain a pH of 8. In an 

Eppendorf, 4 µL of TEMOS and 2.5 µL of BTSPD were mixed with 300 µL of EtOH and added to 

the QS flask. After 1 day, a second addition of silanes is made; 4.6 µL of TEMOS and 3 µL of BTSPD 

in 200 µL of EtOH are mixed in the solution. After 20 min the reaction is stopped by dialysis (14kDa 

cellulose membrane). 

2.- Synthesis using TEMOS/BTSPD: 1 mL of QS 5.35 mg/mL was added to 6.5 mL of water, 200 µL 

of Ascorbic acid (50 mM) and 300 µL of ammonia 0.134 M were added to obtain a pH of 8. In an 

Eppendorf, 4 µL of TEMOS and 2.5 µL of BTSPD were mixed with 300 µL of EtOH and added to 

the QS flask. After 1 day, a second addition of silanes is made; 4.6 µL of TEMOS and 3 µL of BTSPD 

in 200 µL of EtOH are mixed in the solution. Just 100 µL of this mixture is added to the sample. 

After 1h the reaction is stopped by dialysis (14kDa cellulose membrane). 

 

5.4.2.3 Synthesis of MKC-MSNPs 

5.4.2.3.1. Synthesis of Non-Breakable silica NPs with a non-toxic surfactant (MKC) 

Micelle templating method37 : Myristalkonium chloride (MKC) (0.6 g) was dissolved in a solution 

of distilled water (16 mL) and 4 mL of a solution of Triethanolamine (0.1 M,0.06 g) were added, 

the mixture was heated to 95 °C and stirred under 100 rpm in a ball flask of 50 mL. When the 

temperature of the MKC flask is stable, 1.5 mL of TEOS is added slowly to the reaction. After 1 

hour of reaction, the particles were cooled down until room temperature and then 20 mL of EtOH 

is added. After, the NPs were cleaned by centrifugation (15 min at 20 krpm). Immediately after, 

the particles were washed through a sequence of sonication/centrifugation cycles (3X EtOH).  

To remove the surfactant from the pores. The particles were dispersed in 100 mL of EtOH, and 

few drops of HCl were added, finally the solution was refluxed overnight. The last steps were to 

clean the particles by a sequence of sonication/centrifugation cycles in EtOH (3XEtOH) and finally 

dried under vacuum. The particles were then characterized by SEM, TGA, DLS and N2 adsorption 

techniques. 
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5.4.2.3.2. Synthesis of Breakable disulfide mesoporous silica NPs with a non-toxic surfactant 

(MKC)  42,43 

Micelle templating method 37 : Myristalkonium chloride (MKC) (0.6 g) was dissolved in a solution 

of distilled water (16 mL) and 4 mL of a solution 0.1 M of Triethanolamine were added. The 

mixture was heated to 95 °C and stirred at 100 rpm in a ball flask of 50 mL. In parallel, 1.05 mL of 

TEOS were mixed with 0.46 mL of BTSPD, and then was added to the MKC flask, when the 

temperature of the reaction flask was stabilized. After 1 hour of reaction, the particles were 

cooled down until room temperature and then 20 mL of EtOH were added. The particles were 

recollected from the dispersion by centrifugation (15 min at 20 krpm) and cleaned through a 

sequence of sonication/centrifugation cycles (3X EtOH). The surfactant was removed from the 

pores. The particles were dispersed in 100 mL of EtOH in a 250 mL ball flask, and 2 drops of HCl 

were added, and then the solution was refluxed overnight. After this, the particles were washed 

from the acid solution by a sequence of sonication/centrifugation cycles in EtOH (3XEtOH) and 

finally dried under vacuum. The particles were then characterized by SEM, TGA, DLS and N2 

adsorption techniques. 

Stöber process 39,44 : MKC (250 mg) was dissolved in a solution of distilled water (110 mL), EtOH 

(10 mL) and NaOH (2M, 0.875 mL). The solution was heated to 80 °C and stirred vigorously (500 

rpm). In parallel, in a vial, 875μL of TEOS was mixed with 390 μL of BTSPD in 5 mL of EtOH. When 

the temperature of the MKC solution is stabilized, the solution containing the silanes was added. 

After 6 hours of reaction, the particles were cooled down until room temperature and then 

recovered by centrifugation (20 min at 30 krpm). Immediately after this, the particles were 

washed through a sequence of sonication/centrifugation cycles (2x H2O and 2x EtOH). The 

surfactant was removed from the pores, the particles were dissolved in acidic EtOH (100 mL, and 

few drops of HCl) and refluxed overnight (Scheme 2). After this, the particles were cleaned by a 

sequence of sonication/centrifugation cycles in EtOH (4xEtOH) and finally dried under vacuum. 

The particles were then characterized by SEM, EDX and N2 adsorption techniques. 
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5.4.2.3.3. Long Pores NPs-Micellar templating method40 to produce Breakable disulfide 

mesoporous silica NPs with a non-toxic surfactant (MKC) 

Myristalkonium chloride (MKC) (0.6 g) was dissolved in a solution of distilled water (16 mL) and 

4 mL of a solution 0.1 M of Triethanolamine were added, the mixture was heated to 95 °C and 

stirred under 100 rpm in a ball flask of 50 mL. In parallel, 1.15 mL of TEOS were mixed with 0.36 

mL of BTSPD, the mixture was added to the MKC flask when the temperature of the reaction was 

stabilized. After 2 hour and 45 min of reaction, the particles were cooled down until room 

temperature and then 20 mL of EtOH were added. The particles were recollected from the 

dispersion by centrifugation (15 min at 20 krpm) and cleaned through a sequence of 

sonication/centrifugation cycles (3X EtOH).  

100 mg of silica NPs were dispersed in 10 mL of EtOH by sonication for 30 min, followed by the 

addition of 20 mL of a mixture H2O and TMB (Trimethylbenzene) (1:1). The mixture was placed 

in the oven at 160 °C for 3 days without stirring. After this time, the NPs are collected and washed 

with water and EtOH (1 and 3 respectively). The surfactant was removed from the pores. The 

particles were dispersed in 100 mL of EtOH in a 250 mL ball flask, and 2 drops of HCl were added 

to reflux overnight. After this, the particles were washed from the acid solution by a sequence of 

sonication/centrifugation cycles in EtOH (3XEtOH) and finally dried under vacuum. The particles 

were then characterized by SEM, TGA, DLS and N2 adsorption techniques. 

 

5.4.3. Breakability test 42 

0.3 mg of breakable and non-breakable NPs were dispersed in 2 mL of a solution of Glutathione 

(10 mM) in PBS and 200 rpm of stirring for 7 days. Aliquots of the solution were taken at 0, 3 and 

7 days to see the breakability of the NPs during the time using STEM techniques.  

 

5.4.4. Cell viability test  

5.4.4.1. Cell lines and culture conditions 

HeLa (Human cervical cancer cells), C6 (rat glia cells) were grown in DMEM-Low glucose 

(Dulbecco′s Modified Eagle Medium with pyruvate and L-glutamine, GIBCO) supplemented with 
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10% fetal bovine serum (FBS, GIBCO), 100 U/mL penicillin and 0.1 mg/mL streptomycin. MCF10 

(human breast non tumorigenic cells) were grown in DMEM-Low glucose (Dulbecco′s Modified 

Eagle Medium, pyruvate and L-glutamine, GIBCO) supplemented with 10% of FBS, 100 U/mL 

penicillin, 0.1 mg/mL streptomycin, 100 ng/mL cholera toxin (Sigma-Aldrich) and 10 µg/mL 

human insulin (Sigma-Aldrich). Cells were maintained at 37 °C in a 5% CO2 humidified 

atmosphere. 

 

5.4.4.2. MTS assay 

In order to evaluate the cytotoxicity of the NPs, the cell viability assay (CellTiter96® Aqueous One 

solution Cell Proliferation Assay, Promega) was carried out on HeLa, C6, and MCF10. Cells, that 

were seeded at 20000 cells/well into 96-well plate. The fresh medium containing NPs at 10-50 

and 100 µg/mL was added 24 h after the seeding. Cells were incubated with the treatment for 24 

h. CellTiter96® Aqueous reagent (20 μL/well) was added and incubated for 2 h. At least, plates 

were placed in a microplate reader (Multiskan GO, Thermo Scientific) to measure the absorbance 

at 490 nm, and the cytotoxicity was express as % of cell viability compared to control. 

 

5.4.4.3. Statistical analysis 

Statistical analysis was done using Prism Software (Prism 8.0; GraphPad Software, La Jolla, CA). 

One- ANOVA followed by Tukey’s post hoc test was used for data analyses. A p value <0.05 was 

considered statistically significant. 
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General conclusions and perspectives 
 

 

 

 

 

 

 

As a general conclusion, in this thesis, it is explored the combination of different systems to form 

hybrid materials to perform their singular properties attributed to one material. The designs are 

thought to develop new alternatives in the field of nanomaterials for drug delivery applications. 

A new hybrid material synthesized by PLGA and mesoporous silica nanoparticles was developed 

as a multi-delivering system. It was built in order to deliver cannabinoids and chemotherapeutic 

drugs to produce a synergetic activity against cancer (Chapter 2). The system is designed in the 

way that the two drugs are delivering in two different parts of the cell (intra and extra 

membranal). The approaches carried out in these chapters opens a new barrier for the 

development of drug delivery systems. In this project, two different cannabinoids were 

synthesized and characterized by NMR, IR, HR ESI-TOF-MS as examples of an analog and active 

endocannabinoids. Different kinds of MSNPs were synthesized as an example of all the varieties 

of materials that could be included in the PLGA@vehicles. And different techniques were used to 

synthesize the PLGA@vehicles as the solvent evaporation method, self-organized precipitation 

route (SORP) and the hydrogel template method. This last methodology was the only one in 

which the homogeneity regarding size and morphology is preserved even with the inclusion of 

cannabinoids and mesoporous silica nanoparticles 

A second hybrid material based on QS and silica was fabricated (Chapter 3). The construction is 

designed to condensate silica around the vesicles forming a shell around them, which gives more 

structural and mechanical stability to the QS. The silica shell mainly prevents the loss of cargo 

before the carrier arrives at the targeting point. This material contributes to the development of 

drug delivery applications. Moreover, responsive silica shell systems were synthesized to make 
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redox-organic response materials, which specifically breaks in presence of a reducing agent, 

inside of cancer cells, releasing the cargo and breaking in small pieces to prevent accumulation 

in the body. These materials could have a potential interest in biomedical applications. 

Fluorescent molecules have been incorporated in the system silica-coated QS to produce Label 

silica shell QS for different objectives (Chapter 4). These systems could act as luminescent bio 

probes and their study was a proof of concept of their potentiality as a drug delivery system. 

Moreover, stimuli redox- label response systems were synthesized to carry out different studies. 

The spectroscopy characterization was carried out by FRET (Energy transfer) studies which were 

done for the loaded QS, revealing that the dye inside the Qs and the dye in the silica shell are 

approximated in a distance <10nm. Confocal and STORM analyses were done as a probe of the 

presence of the label silica and its characterization. The Breakability tests were carried out in 

presence of a reducing agent (GSH) and revealed that the breakability of the silica shell modifies 

the FRET signal in the system during the time. Permeability tests showed the protection of the 

QS when the silica shell is present. Release studies show a protection of the 62% of the drug 

loaded using a hydrophobic dye as a model drug under, the first 25h of release. Further 

investigations should be studied for the release of hydrophilic drugs under these systems.  

Stimulus redox-response breakable silica shell was fabricated in a new kind of QS based on 

Myristalkonium chloride (MKC) and cholesterol. These materials are synthesized in proof of the 

formation of a more biocompatible system for further drug delivery proposes (Chapter 5). In this 

chapter also, the use of the MKC surfactant was proposed to be included in the synthesis of 

mesoporous silica nanoparticles as a template for their formation. Non-breakable silica 

nanoparticles and Breakable silica nanoparticles were prepared. Stimulus redox-response 

particles are synthesized using a disulfide linker as an organic group. Moreover, big pores were 

produced of the breakable mesoporous nanoparticles using MKC surfactant as a template. More 

biocompatible systems arrived from this work for better drug delivery materials for biomedical 

applications. 
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Résumé 

Cette thèse présente la combinaison de plusieurs systèmes d'administration pour former de 
nouveaux matériaux hybrides pour des applications biomédicales. Une nanoparticule poreuse 
cassable à base de silice intégrée dans un système hybride polymérique a été conçue pour la 
libération en tandem de cannabinoïdes et de médicaments chimiothérapeutiques pour le traitement 
du cancer. Un second matériau a été réalisé en combinant des quatsomes et de la silice. Des 
systèmes répondant à des stimuli ont été synthétisés pour fabriquer des matériaux sensibles à 
l'oxydoréduction afin d’empêcher leur accumulation dans l'organisme. Des molécules fluorescentes 
ont été marquées dans ces systèmes, créant ainsi de nouvelles biosondes luminescentes, capables 
de charger différentes molécules. En outre, un agent tensioactif non toxique a été utilisé comme 
modèle pour la formation de nanoparticules de silice mésoporeuse afin de produire des systèmes 
plus biocompatibles. Grâce à ces travaux, des matériaux plus biocompatibles peuvent arriver à 
améliorer l'étude des plateformes d'administration de médicaments dans le domaine de la 
nanomédecine. 

 

Mots-clés : Nanomédecine, matériaux hybrides, administration de médicaments. 

 

Résumé en anglais 

This thesis presents the combination of several delivery systems to form new hybrid materials for 
biomedial applications. A porous breakable silica-based nanoparticle integrated in a polymeric hybrid 
system was created for the tandem release of cannabinoids and chemotherapeutic drugs for the 
treatment of cancer. A second material was designed combining quatsomes and silica. Redox-
organic responsive materials were synthetized providing breakable properties to the system to 
allow.a safe excretion and therefore preventing their accumulation in the body. Fluorescent 
molecules were labelled in these systems creating new luminescent bioprobes, capable of loading 
different molecules. Furthermore, a non-toxic surfactant was used as a template for the formation of 
mesoporous silica nanoparticles to produce highly biocompatible systems. From this work, more 
biocompatible materials can arrive to improve the study of drug delivery platforms in the 
nanomedicine field. 

 

Keywords: Nanomedicine, hybrid materials, drug delivery. 



 


