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RESUME
e Introduction

Le développement de nouvelles formulations anticancéreuses est un défi prioritaire en
biomédecine. Environ 10.000 composés ayant une activité antitumorale sont testés
chaque année [1]. De plus, plusieurs particules nano- et micrométriques ont été
proposées comme systemes de délivrance (liposomes, nanoémulsions, microcapsules
polyélectrolytiques, particules métalliques, etc.). Ces systémes de délivrance protégent
les médicaments d’'une dégradation prématurée tout comme ils peuvent les vectoriser
vers des tumeurs. Toutefois, seulement 6,7% de préparations antitumorales entrent en
phase clinique | et font I'objet d’'une approbation par la FDA [2]. C’est environ deux fois
moins que le taux habituel rencontré avec d’autres principes actifs (non antitumoraux).
Ces chiffres confirment la faible valeur pronostique des méthodes d'essai in vitro en tant

que techniques d’évaluations in vitro pour des principes actifs antitumoraux.

Pour sélectionner les formulations les plus prometteuses, des modéles in vitro basés sur
des cultures cellulaires bidimensionnelles en monocouches (2D) sont couramment
employés. Ces modéles ont cependant leurs limites et c’est la raison pour laquelle des
systémes in vitro tridimensionnels (3D) sont développés afin de mimer les tumeurs
solides [3]. L'utilisation de cellules en culture 2D conduit celles-ci a une exposition a des
concentrations uniformes en oxygéne et en éléments nutritifs alors que dans les tumeurs
solides les cellules sont exposées a des conditions de gradient des facteurs essentiels.
De plus, la chimiothérapie peut étre facilement délivrée aux cellules cibles dans le cas de
cultures de cellules sous forme de monocouches alors qu'in vivo les principes actifs
doivent pénétrer/diffuser au travers de plusieurs couches de cellules. En conclusion, la
croissance de cellules dans des cultures 3D permet de mieux appréhender la réalité d’un
traitement comparé a celle observée dans le cas de mise en ceuvre de cultures
cellulaires sous forme d’'une monocouche [4]. Les imperfections mentionnées ci-dessus
quant a l'utilisation de monocouches cellulaires ont comme conséquence une sensibilité

réduite aux agents chimiothérapeutiques lorsque des cultures cellulaires 3D sont

envisagées comparées a la culture de monocouches cellulaires.

Les sphéroides multicellulaires tumoraux (SMT) sont des agrégats 3D sphériques
denses qui pourraient imiter les tumeurs solides de petites tailles et simuler les
interactions cellule-cellule ainsi que le microenvironnement cellulaire [5]. Les SMT ont

été décrits pour la premiére fois dans les années soixante-dix par Sutherland [6] et



utilisés depuis dans I'étude de la biologie des tumeurs, de I'impact des rayonnements sur
les cellules, de linfluence de la photodynamique et des chimiothérapies. Plusieurs
techniques ont été proposées pour former des SMT, telle que I'agrégation spontanée, les
flacons tournants, des systémes de culture cellulaire mis en rotation, des systemes a
base de gouttes pendantes, des systémes de plateaux avec de faibles adhésions et la
microencapsulation dans des microcapsules de polyélectrolytes [7]. Cependant, bon
nombre des techniques mentionnées ci-dessus présentent des difficultés de mise en
pratique et ce, d0 a un manque de rapidité, de reproductibilité, de simplicité et de
rendement. Une nouvelle approche permettant de former des sphéroides tumoraux
comme résultat d’'une auto-aggrégation en présence de peptides, contenant un motif
RGD (L-arginine, glycine, et L-acide aspartique) a été proposée dans cette dissertation

doctorale en tant que solution possible a ce probléme.

Le but de la thése de doctorat était de développer une technique permettant une trés
bonne reproductibilité pour la formation de SMT et de démontrer la possibilité d’utilisation

de ces sphéroides 3D comme modeéles in vitro.

Plus spécifiguement, les approches suivantes ont été réalisées:

1. Etudier 'agrégation cellulaire induite par RGD en utilisant des lignées cellulaires de
différentes caractéristiques et origines.

2. Evaluer les propriétés des sphéroides (forme, taille, viabilité cellulaire) en fonction
des conditions d’agrégation cellulaire induites par RGD.

3. Mettre en place une technique de co-culture de cellules tumorales et normales sous
forme de sphéroides formés en tant que résultat d’'une agrégation cellulaire induite
par du RGD.

4. Proposer de nouveaux composés avec une activité antitumorale potentielle et
différentes particules nano- et micrométriques destines a la délivrance de substances
antitumorales.

5. Démontrer I'intérét des sphéroides tumoraux induits par du RGD en tant que modéle
3D in vitro pour tester I'efficacité de composés antitumoraux et de différents vecteurs
nano- et micrométriques chargés de substances antitumorales.

e Reésultats et discussions

1. Agrégation cellulaire induite par le RGD en tant qu'outil pour former des
sphéroides tumoraux multicellulaires

Une nouvelle approche simple a été proposée pour former des sphéroides

constitués de cellules tumorales basés sur des auto-assemblages cellulaires. Pour



atteindre cet objectif, cinqg composés contenant du RGD ont été synthétisés (tableau 1).
Une liaison covalente de bromure de 4-carboxybutyl-triphénylphosphonium (TPP) sous
forme cationique aux peptides est supposée faciliter l'auto-assemblage da a

I'augmentation des interactions électrostatiques.

Tableau 1. Caractéristiques des composés contenant du RGD

Abréviation Structure composée M’a sse_
moléculaire
cyclo-RGDfK | cyclique Arg-Gly-Asp-D-Phe-Lys 603

cyclique Arg-Gly-Asp-D-Phe-Lys modifié avec du 1029

Cyclo-RGDIK(TPP) bromure de 4-carboxybutyltriphenylphosphonium

RGDF linéaire Arg-Gly-Asp-Phe 494

linéaire Arg-Gly-Asp-Phe modifié avec du bromure 919

TPP-RGDF de 4-carboxybutyltriphenylphosphonium

linéaire lys-Arg-Gly-Asp-Phe modifié avec du 1472

(TPP)-KRGDF bromure de 4-carboxybutyltriphenylphosphonium

L'auto-assemblage a été induit par I'addition d’'un peptide cyclique Arg-Gly-Asp-D-
Phe-Lys (cyclo-RGDfK) modifié¢ avec du TPP directement ajouté a la monocouche de
culture cellulaire. 16 lignées cellulaires de différentes origines (humaine, souris) et de
divers types (carcinome, mélanome, gliome et cellules normales) ont été étudiées. 12
d'entre elles pouvaient former des SMT en présence de 10-100 pyM de cyclo-RGDfK
(TPP) apres 2 ou 3 jours d'incubation (Table 2). Cette observation est d’'un grand intérét,
puisque des peptides de types RGD habituellement linéaires sont connus pour
empécher la formation d’agrégats de cellules lorsqu’ils sont ajoutés au milieu [8]. Au
contraire, les protéines naturelles de la matrice extracellulaire (MEC) favorisent I'auto-
agrégation de cellules et promeuvent la formation compacte de sphéroides [9]. Ainsi,
suite a ces observations, nous avons pu conclure que le cyclo-RGDfK (TPP) peut imiter
les protéines naturelles de la matrice extracellulaire en termes d'agrégation cellulaire

voire de 'augmenter.

Tableau 2. Génération de sphéroides induits par l'utilisation de peptides cycliques de

types RGD dans des cultures monocouches, 72 heures d’incubation, DMEM + 10% FBS.

La minimale concentration du peptide, yM

Lignées cellulaires

cyclo-RGDfK cyclo-RGDfK(TPP)
U-87 MG 25 10
M-3 25 10

HCT-116 50 10




PANC1-GemR 50 10
PANC1 50 25
MCF-7 50 25

MCF-7 TMX 50 25
HepG2 50 25
A-375 50 25
L-929 100 25

BNL-CL2 100 50

Il est intéressant de noter que 9 des 12 lignées cellulaires ont donné lieu a la formation
de sphéroides tumoraux bien définis de formes rondes et denses. Ces lignées cellulaires
sont mentionnées dans le tableau 2 en caractéres gras. Les micrographies d'une de ces
lignées cellulaires (glioblastome humain U-87 MG) sont donnés a la figure 1 (rangée
supérieure). Trois autres lignées cellulaires (A-375, PANC1, PANC1-GemR) ont donné
lieu a la formation d’agrégats moins réguliers. Ces lignées cellulaires sont mentionnées
dans le tableau 2 avec une police de caractéres en italiques. Les micrographies d'une de
ces lignées cellulaires (mélanome humain A-375) sont données a la figure 1 (rangée
inférieure). Seulement 4 lignées cellulaires (A-172, HaCaT, HOS, MCF-7 ADR) parmi les
16 lignées étudiées n'ont pas donné lieu a la formation de sphéroides en présence des

peptides cyclos-RGDfK.

U-87 MG

A-375

lbd(-\-

Figure 1. Auto-agrégation dépendante du temps d’incubation des cellules humaines de
glioblastome U-87 MG et humaines de mélanome A-375 en présence du peptide cyclo-
RGDfK (TPP) dans un milieu DMEM (Dulbecco's Modified Eagle Medium) supplémenté
avec 10% de sérum foetal de bovin (SFB), 72 h. Les cellules (culture sous forme de

monocouche) sans traitement de peptide (0 uM) ont été employées comme contréles.




Les images ont été obtenues par microscopie optique et la barre d'échelle représente
100 um.

Le mécanisme de l'effet d’auto-assemblage est probablement lié a des intégrines
favorisant les interactions cellule-cellule et les interactions de la cellule-matrice.
Auparavant, le role de lintégrine a5B1 dans l'agrégation cellulaire induite par la
fibronectine a été démontrée [10]. Nous avons utilisé le ligand K34c (10 uM) qui est
fortement sélectif pour l'intégrine a5p1 [11] comme inhibiteur concurrent de la cyclo-
RGDfK (TPP). En effet, de petites concentrations de K34c (10 uM) ont empéché
I'agrégation cellulaire induite normalement par RGD et ce fait a permis de confirmer
notre hypothése quant a la participation d'intégrines dans l'auto-assemblage cellulaire
(Figure 2). De plus, le réle de la sialylation de surface cellulaire a été étudié quant a
I'agrégation induite par RGD. Les résidus d’acides sialiques (AS) sont souvent liés aux
récepteurs cellulaires, comprenant des intégrines, et changent leurs fonctions
biochimiques. Pour examiner le rble des acides sialiques sur la formation de sphéroides,
nous avons reéalisé une inhibition en utilisant de la lectine dans des cultures pour
lesquelles des monocouches de cellules MCF-7 ont été traitées avec diverses lectines
ciblant les AS ainsi que le peptide (TPP) cyclo-RGDfK. Les expérimentations réalisées
ont permis de constater qu’'un traitement préparatoire des cellules MCF-7 avec une
dose-dépendante de lectines ciblant les AS réduit sensiblement la formation de
sphéroides. En revanche, des lectines ne ciblant pas les AS n'ont exercé aucun effet
inhibiteur sur I'agrégation causée par RGD. Ces résultats ont été confirmés gréce a une
analyse immunologique et de viabilité cellulaire, indiquant clairement la participation de

AS dans la formation de sphéroides.
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Figure 2. Inhibition de I'agrégation cellulaire induite par RGD en presence du composé
K34c. Cellules M-3 de mélanomes de souris, 25 uM de cyclo-RGDfK(TPP), 72 heures.



Nous avons utilisé le test au MTT pour vérifier la cytotoxicité des peptides cycliques de
type RGD. Les experimentations ont permis d’observer que lincubation avec des
peptides de types RGD ont pour conséquence une légere décélération de croissance
jusqu'a 70-80% comparé au controle. Cependant, I'analyse de mortalité basée sur le
marquage a l'aide de la calcéine AM et Pl n'a indiqué aucune mort cellulaire pour le
cyclo-RGDfK et pour le cyclo-RGDfK (TPP). De plus, il est important de noter que I'effet
de décélération de croissance s'est produit a 10 uM et 50 yM de cyclo-RGDfK (TPP)
pour les lignées cellulaires M-3 et le MCF-7, ce qui est en bonne concordance avec les
concentrations minimales en peptide nécessaires pour les formations de sphéroides
multicellulaires tumoraux (STM) (tableau 2). Par conséquent, la décélération de
croissance cellulaire pourrait se produire du fait de la présence de cellules “au repos” au
centre des sphéroides mais pas en raison de la cytotoxicité causée par RGD. Aprés le
remplacement du milieu de culture contenant des peptides RGD par un milieu frais, on a
observé la désagrégation des sphéroides et le ré-attachement des cellules au fond des
boites de culture avec une prolifération cellulaire. Ainsi, nous n'avons indiqué aucune
cytotoxicité du peptide pour les cellules dans les concentrations utilisées par le RGD
pour donner lieu a la formation de sphéroides dans une gamme de concentration allant
de 1a 100 pM

Les expérimentations ont également permis de conclure que plus les cellules sont
malignes moins la quantité de peptides était nécessaire pour donner lieu a la formation
de sphéroides. Ainsi, les cellules U-87 MG et les cellules mélanome M-3, caractérisées
et connues comme variétés cellulaires « fortement agressives » et métastatiques
donnent facilement lieu a la production de sphéroides [12]. Dans notre étude, pour
réaliser la génération de sphéroides a partir de ces lignées cellulaires, seule une
concentration minimale de 10 yM en peptide s’est révélée étre nécessaire. Pour la
génération de sphéroides a base de cellules MCF-7 qui sont considérées comme des
cellules cancéreuses du carcinome de sein non-agressives [13], la concentration de
cyclo-RGDfK(TPP) nécessaire était de 25 uM. Enfin, pour réaliser la formation
d’agrégats de cellules d’hépatocytes non tumoraux de type BNL.CL2, seulement une
concentration de 50 uM de cyclo-RGDfK (TPP) a été nécessaire. Une taille moyenne de
50-150 um de sphéroides a pu étre obtenue avec une distribution étroite, dépendant de
la lignée cellulaire, de la composition du sérum ainsi que du temps d'incubation. De plus,
une corrélation a pu étre établie entre I'importance du caractére malin des cellules et la
taille moyenne des sphéroides obtenus: plus le caractere malin cellulaire était important
plus la taille des sphéroides générés était importante (Figure 3).
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Figure 3. Distribution de tailles de sphéroides (A-D) et images obtenues par microscopie
électronique a balayage de sphéroides (E-H) de cellules tumorales et de cellules
normales dans du DMEM supplémenté avec 10% de sérum bovin foetal aprés 72 h
d'incubation avec 50 uM de peptide RGDfK (TPP). La barre d'échelle est équivalente a
100 pm.

L'incubation a long terme en présence des peptides de type RGD conduit a
l'augmentation de la taille des sphéroides. Ainsi, la taille moyenne des sphéroides
multicellaires tumoraux réalisés a partir de cellules MCF-7 a augmenté d’un facteur 3
allant de 103+21 pm (2 jours d'incubation) a 293+66 um (8 jours d'incubation) (figure 4).
Cependant, l'augmentation de taille a été accompagnée par une agrégation entre les
sphéroides. En conséquence, nous avons dénombré moins de sphéroides (pas plus de
5-10 apres 8 jours d'incubation) avec un indice plus élevé de multidispersion. C'est la
raison pour laquelle nous avons choisi les sphéroides agés de trois jours comme outil

pour étudier les substances antitumorales.
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Figure 4. Augmentation de la taille moyenne de sphéroides a base de MCF-7 en fonction
du temps d’incubation. DMEM+10% FBS, 50 uM cyclo-RGDfK(TPP). La barre d'échelle

est équivalente a 100 pym.

2. Techniques de Co-culture basées sur la formation de sphéroides tumoraux induits
par RGD

Il est bien connu que les tumeurs solides ainsi que les cellules malignes, impliquent des
fibroblastes hétes, des cellules endothéliales ainsi que des cellules immunitaires
interagissant l'une avec l'autre ainsi qu’avec les facteurs microenvironmentaux pour
conduire a la progression tumorale [7]. La contribution de cellules stromales dans le
développement de cancers et de résistance aux principes actifs a été démontrée pour le
cancer du sein, le gliome et le mélanome [14,15]. L'utilisation a la fois de tissus normaux
et tumoraux pourrait permettre de classer les formulations selon leur rapport efficacité /
sécurité. Pour réaliser ces conditions in vitro, deux nouveaux modeles de co-culture 3D
ont été développés de maniére a fournir une structure bien identifiée de type « coeur-
écorce ». Les deux modéles ont pu étre facilement fabriqués en utilisant le peptide RGD
cyclique de maniére a induire l'auto-assemblage cellulaire. La premiére approche
consiste en I'association du peptide RGD avec la technique de recouvrement liquide,
alors que la seconde est basée sur la co-encapsulation de sphéroides tumoraux
(obtenus au préalable par traitement du peptide RGD) et des cellules normales dans des

microcapsules de polyélectrolytes (figure 5).
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Figure 5: Schéma de préparation de deux modeles de co-culture 3D in vitro utilisant le
peptide RGD pour induire la formation de sphéroides d’une part tumoraux et d’autre part

de cellules normales.

Pour produire des sphéroides de co-culture selon la premiére approche, les cellules ont
été mises en culture durant 1-2 jours. Par la suite, les fibroblastes L-929 ont été étalés
sur la surface des sphéroides du mélanome M-3 formant une structure complexe de type
noyau-écorce (figure 6). Les cellules M-3 et L-929 ont été facilement distinguées par
microscopie confocale par le marquage cellulaire avec des colorants DiO et Dil,

respectivement.

75 um 60 pm 45 um 30 um 15 pum 0 pm

Figure 6. Images confocales de sphéroides tumoraux de cellules de mélanomes (DIO
marquées en vert et de fibroblastes uniques L-929 (DIL-marqués en rouge) aprés 24
heures d’incubation. DMEM+10% FBS, 50 uM cyclo-RGDfK(TPP). La barre d’échelle
représente 50 um; une étape de formation a 15 ym, “0 ym” représente le bas du

sphéroide.

Le Dr. Elena Markvicheva [16] a proposé par le passé la microencapsulation de cellules
dans des microcapsules semi-perméables constituées d'alginate-chitosan. Dans les
travaux de recherches proposés dans le cadre de la dissertation doctorale, cette
technique a été proposée cette pour la Co-culture des sphéroides tumoraux et des
cellules normales dans des microcapsules. Pour fabriquer des sphéroides de co-culture

dans des microcapsules, une mise en culture sur un long terme de 2 semaines s’est



révélé étre nécessaire. Comme observé a la figure 7, les sphéroides M-3 ont maintenu
leur structure, alors que les cellules L-929 se développaient a la fois sur la surface
intérieure de la membrane de polyélectrolytes et sur la surface des sphéroides
tumoraux. Bien que la seconde technique soit plus compliquée, elle permet néanmoins
de fabriquer des sphéroides de taille souhaitée (200—-650 um) [17]. Les deux modéles de
co-culture 3D in vitro ont pu étre utilisés pour étudier les interactions cellule-cellule ainsi
que de pouvoir tester de nouveaux principes actifs anticancéreux et de nouveaux

vecteurs de médicaments.
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Figure 7. Images confocales de sphéroides tumoraux obtenus a partir de cellules de
mélanomes M-3 (DIO marquées en vert) et de fibroblastes uniques L-929 (DIL marquées
en rouge) dans des microcapsules. DMEM+10% FBS, la barre d’échelle représente 50

um.

3. Shéroides tumoraux pour tester de nouvelles péparations antitumorales

Les sphéroides ont été employés pour tester trois principes actifs de faibles poids
moléculaires modéles, a savoir la doxorubicine (DOX), la curcumine (CUR), et le
temozolomide TMZ), qui sont connus pour posséder différents mécanismes d’action
anticancéreux. Ces expérimentations ont permis de mettre en évidence que la DOX et la
CUR étaient moins efficaces au contact de sphéroides cellulaires comparé a des cellules
cultivées sous forme de monocouches. Pour visualiser la mort cellulaire dans les
sphéroides, du TMZ non fluorescent a été utilisé dans le dénombrement de la mortalité.
La figure 8 permet d’observer qu’un ajout de TMZ a des concentrations allant de 10-150
mM a eu comme conséquence d’induire la mort cellulaire accompagnée d’une
destruction de surface des sphéroides ainsi qu’une réduction de la taille des sphéroides.
Une augmentation de la concentration de TMZ (>200 mM) a conduit a la désintégration
des sphéroides suivie par la formation d’agrégats irréguliers (<50 um). La figure 8
permet également d’observer qu’en I'absence de traitement avec un principe actif toutes

les cellules sont maintenues en vie dans les sphéroides.



Figure 8. Images confocales de sphéroides multicellulaires tumoraux de cellules
humaines de glioblastome U-87 MG : visualisation 3D d'une section transversale d'un
sphéroide (A) et dénombrement de mortalité (B-E). Les noyaux des cellules sont
marqués avec le colorant Hoechst 33342 (en bleu), les cellules vivantes sont marquées
avec de la calcéine AM (en vert) et les cellules mortes sont marquées avec de l'iodure
de propidium (IP) (en rouge). L’observation de la section transversale des sphéroides
n’ayant subi aucun traitement de principe actif (A) a été obtenue grace a l'utilisation d’un
microscope confocal permettant le traitement des images alors que le dénombrement
des cellules mortes (B-E) a été réalisé en traitant les sphéroides durant 24 heures
d’incubation avec du TMZ a différentes concentrations (10 mM, 50 mM, 100 mM et 150

mM). La barre d'échelle représente 50 pm.

3.1. Evaluations de nouveaux composés dérivés de la doxorubicine

Pour surmonter la multirésistance aux différents principes actifs anticancéreux, situation
souvent rencontrée dans le cas des tumeurs, nous avons synthétisé cinq dérivés de
doxorubicine (DOX) et parmi lesquels deux d'entre eux ont été modifiés de maniére non
covalente avec de l'albumine sérique humaine (ASH) (Tableau 3). L'évaluation de leur
efficacité a été réalisée en utilisant deux lignées cellulaires tumorales, a savoir d’'une part
des cellules humaines de I'adénocarcinome du sein MCF-7 (type sauvage) et d’autre
part des cellules résistantes (MCF-7/ADR) a la doxorubicine. De plus, les cellules MCF-7
ont été encapsulées dans des microcapsules d'alginate-chitosan et les sphéroides
multicellulaires tumoraux (STM) produits ont été utilisés comme modéle 3D in vitro pour

étudier la cytotoxicité des dérivés de la DOX.



Tableau 3. Dérivés de la doxorubicine (structures and poids moléculaires).

DOX:X=0,Y=H 5 Dérivés P.M.

O OH < N-Palm-DOX: X =0, Y = /:\Ak N-Paim-DOX 781.94

O‘O‘ T el v N T PR NADOX | 795,97
OH Honr

4o © O OH DO 32XH-5FUr><= N \'f //T\ I DOX-5FU 727,66

’ § o o DOX-AMG 599,60
s DOX- AMG: X = N M2y oy

‘ I DOX-TPP 888,03

"o N DOX-TPP: 0 L
Seily )KMJL | HSAN-Paim-DOX | ~ 65000
C) HSA-Palm-N,H-DOX | ~ 65000

En raison de leurs structures 3D les sphéroides tumoraux présentaient une résistance
plus importante a la chimiothérapie comparée a celle observée en utilisant une culture
conventionnelle de cellules sous forme de monocouche (tableau 4). En termes de
cytotoxicité, les expérimentations ont permis de mettre en évidence que tous les dérivés
de DOX étaient moins efficaces a I'égard des sphéroides multicellulaires tumoraux
(SMT) a base de MCF-7/ADR et de MCF-7. Cependant, certains dérivés de DOX étaient
plus actifs par leurs taux d'accumulation a l'intérieur des cellules. A titre d'exemple, la
DOX attachée de maniere covalente a I'acide palmitique (conjugué de DOX-N2H-Palm)
s’est accumulée a des concentrations quatre fois plus importantes dans des cellules de
type MCF-7/ADR comparé a I'accumulation observée avec de la DOX conventionnelle
(Figure 9). De plus, en présence de sérum dans le milieu de culture, I'accumulation du
conjugué de DOX-N2H-Palm était 10 fois plus importante que celle de la DOX

conventionnelle.
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Tableau 4. Valeurs ICsy des
dérivées de DOX dans les
sphéroides tumoraux.

intensité de fluorescence
intensité de fluorescence

ICs0, M
Dérivé
48 h 72 h
DOX 26.2 8.0

Figure 9. Accumulation des dérivés de DOX dans des

Palm-NH-DOX | 37.7 | 230 | lules de MCF7 et de MCF-7/ADR., 30 min

N-Palm-DOX 862 43.0 d’incubation. Données de cytométrie de flux, 20,000
coups dans chaque échantillon.

DOX-5FU 93.1 74.8

DOX-AMG 1711 | 97.2

DOX-TPP 183.2 | 1011

Sur la base de ces résultats, deux complexes non-covalents de dérivés a base d'acide
palmitique de DOX avec ASH ont été obtenus et leurs efficacités ont été étudiées en
termes de solubilité dans I'eau et de cytotoxicité. Les valeurs IC50 du composé HSA-
Palm-N2H-DOX sur des cellules MCF-7/ADR sont respectivement de 39,9 uM, 30,1 uM
et 16,8 uM aprés 24 h, 48 h et 72 h. Ce sont les valeurs d'IC50 les plus faibles
observées parmi tous les dérivés permettant de conclure que parmi tous les dérivés, les

composeés a base de HAS peuvent étre les plus intéressants pour les recherches futures.

3.2. Micelles chargées avec de la curcumine

La curcumine (CUR), un composant actif principal du safran des indes (Curcuma longa),
est un composé polyphénolique de faible poids moléculaire naturel avec une activité
anticancéreuse prononcée. La curcumine empéche la prolifération, linvasion,
I'angiogenése et la métastase des tumeurs par l'interaction avec de multiples cellules
exprimant les protéines responsables de ces activités [18]. Toutefois, I'utilisation de la
curcumine est limitée en raison de sa faible biodisponibilité et de sa faible solubilité en
milieu aqueux. De ces faits, le développement de nouvelles formulations pour assurer la
mise a disposition de la curcumine est trés important. L'immobilisation de la curcumine
dans des systemes nanométriques de délivrance de principes actifs permet de
surmonter ces limites. L’état de I'art dans ce domaine est décrit dans de nombreux

articles scientifiques de revues [19]. Cependant, la plupart des systémes de délivrances



proposés sont basés sur I'encapsulation physique de la curcumine dans des vecteurs de
médicaments alors que la conjugaison covalente est une nouvelle approche. A travers
les travaux de recherches de cette dissertation doctorale, des conjugués de curcumine
ont été proposés avec des copolymeres a blocs biodégradables de Pluronic pour la
délivrance du principe actif. Au total, 4 conjugués ont été synthétisés. Cependant,
presque tous ces composes ont été caractérisés par une faible encapsulation de
curcumine. Seul le composé MC-17 (conjugué de CUR avec Pluronic F-68) contenait
environ 4% en poids de CUR alors que 9 % en poids étaient le maximum qui pouvait étre
attaint. De ce fait, seul le conjugué MC-17 a été choisi pour poursuivre les recherches in
vitro. Les experimentations ont permis de mettre en avant que le composé MC-17 se
dissout aisément en milieu aqueux a des concentrations allant jusqu'a 600 uM (au
moins) et qu’il donne lieu a la formation de micelles avec des tailles moyennes allant de
100 a 600 nanomeétres selon d’'une part la concentration en MC-17 et d’autre part selon
la température (tableau 5). Des micelles avec une taille moyenne d’environ 100
nanometres (1 mg/ml, 25°C) ont été réalisées pour mettre en place les essais sur les
cultures cellulaires en 2D et en 3D. La technique d’agrégation cellulaire causée par la
présence de RGD a été mise a profit pour obtenir des sphéroides tumoraux dans le

cadre de ces recherches.

Tableau 5. Tailles moyennes des micelles MC-17 en fonction de la concentration de
CUR-F68 et de la température du PBS (pH 7,4).

MC-17 concentration, mg/ml Température (°C) Taille mn?%/ennee, IPD
0.01 25 273.3 0,46

0.1 25 254.6 0,31

1 25 107.3 0,57

0.01 37 603.8 0,50

0.1 37 401.9 0,37

1 37 292.7 0,37

Les experimentations ont permis de mettre en évidence que les micelles étaient moins
efficaces a I'égard des cellules sauvages de types MCF-7 et d'U-87 MG comparées au
CUR libre, mais plus toxiques vis-a-vis des cellules résistantes MCF-7/ADR (tableau 6).
Une efficacité plus élevée des micelles contenant MC-17 a I'égard des cellules de types
MCF-7/ADR pourrait étre expliquée par une accumulation cellulaire en MC-17 plus
élevée, due au passage facilité au travers des protéines de MDR. Toutefois, les données

de cytometrie de flux n'ont pas permis de confirmer cette proposition. D'autre part, il a pu



étre démontré que les micelles contenant du MC-17 étaient localisées dans des
organelles cellulaires (lysosomes ou mitochondries), alors que la CUR libre était
accumulée dans le cytoplasme. La littérature scientifique mentionne que la formulation
de DOX avec du Pluronic P85 peut surmonter la résistance multidrogue chez des

cellules de type MCF-7/ADR par leur localisation dans les mitochondries [20].

Tableau 6.Valeurs IC5¢ de micelles MC-17 et de CUR libre dans des cultures cellulaires

sous forme de monocouche (2D).

ICs0, M
CUR MC-17
24 h 48 h 72 h 24 h 48 h 72 h
U-87 MG 38.1 36.3 30.2 159.0 141.5 55.0
MCF-7 29.1 9.2 54 110 48 21.5
MCF-7/ADR 90.6 52.3 59.8 33.7 18 16.4

Malheureusement, les micelles contenant du MC-17 ne peuvent pas vaincre la
résistance médicamenteuse présente dans les sphéroides tumoraux et étaient moins
efficaces a I'égard des sphéroides multicellulaires tumoraux constitués des cellules
MCF-7 et U-87 MG comparées a la curcumine libre (tableau 7). Le taux d'accumulation
de micelles MC-17 était également plus faible que le taux de CUR libre (données de
cytometrie de flux). Il aurait été intéressant de tester les micelles contenant du MC-17 en
utilisant des sphéroides multicellulaires tumoraux constitués de cellules de type MCF-
7/ADR. Néanmoins, cette lignée cellualire ne donne pas lieu a la formation de
sphéroides multicellualires tumoraux par la technique d’agrégation cellulaire induite par
le peptide RGD.

Tableau 7. Valeurs d'ICsg de micelles MC-17 et de CUR libre dans des cultures

cellulaires de sphéroides tumoraux (3D).

ICs0, UM
CUR MC-17
24 h 48 h 72 h 24 h 48 h 72 h
U-87 MG 157.5 123.0 94 1 454.7 360.0 197.4
MCF-7 167.8 135.3 126.1 494.2 339.8 224.3

3.3 Microréservoirs de polysaccharides chargés avec de la thymoquinone

La thymoquinone (TQ) est le composant actif principal de I'huile essentielle de Nigella
sativa. Ce composé est décrit pour ses effets anti-inflammatoires et anticancéreux dus a
l'inhibition a la fois des métastases tumorales et a l'angiogenése [21]. Du fait de
I'instabilité de la TQ en milieu aqueux, et en particulier a un pH alcalin, 'encapsulation




dans des véhicules de délivrance de principes actifs doit permettre de protéger la TQ
contre la dégradation. Récemment, une nouvelle classe des microréservoirs a base de
chitosane (CS) et de gomme xanthane (XG) et obtenus par un ultrasonication a basse
fréquence a été développée par le Dr. Borodina [22]. Cette technique est basée sur une
cavitation acoustique apparaissant pendant l'ultrasonication et induisant la production de
radicaux libres fortement réactifs, principalement OHe+ et He. Les radicaux réagissent
avec des parties de polymeres situées a l'interface entre la phase dispersée et le milieu
dispersant, conduisant a la réticulation et a la formation d’'une structure stable. En
conséquence, la phase d'huileuse s’émulsionne spontanément dans la phase polymére
aqueuse en donnant la formation d’une couche polymére réticulée a la surface des
gouttelettes émulsionnées. Dans le cadre des recherches de cette thése doctorale, des
microréservoirs (MRs) constitués de chitosane/gomme xanthane ont été suggérés pour
assurer la délivrance de principes actifs lipophiles anticancéreux. Pour ce faire, la TQ a
été dissoute dans I'huile de soja et encapsulée dans les microréservoirs constitués de
chitosane/gomme xanthane ayant un diamétre moyen de 0,5 ym (TQ-MC-0,5) et de 2

Mm (TQ-MC-2) en faisant varier le rapport huile/eau (1:150 et 1:30, respectivement).

Tableau 8. Valeurs moyennes de tailles et de potentiels { des microréservoirs en

fonction du rapport d’huile/eau

sample oil/water ratio size, nm (-potential, mV
MC-0.5 512180 -55
1/150
TQ-MC-0.5 530450 -50
MC-2 2051+200 -52
TQ-MC-2 130 1952+250 -48

La capture des MRs par des cellules de mélanomes de souris M-3 a été évaluée a la fois
sur des monocouches cellulaires (2D) et sur des sphéroides multicellulaires tumoraux
(3D) par microscopie confocale, cytométrie de flux et fluorimétrie. Afin de visualiser les
réservoirs micrométriques, un rouge de Nile lipophile a été encapsulé dans le coeur
huileux des microcapsules. La cytotoxicité plus élevée de I'échantillon TQ-MC-0.5 que
celle de I'échantillon TQ-MC-2 était en parfaite corrélation avec une accumulation plus
élevée de MC-0.5 plus élevée dans les cellules. Dans la culture cellulaire 3D de
sphéroides multicellulaires tumoraux a la fois les préparations a base de MC-0.5 et de
MC-2 se sont avérés pénétrer dans les sphéroides de maniere dépendante du temps,
avec toutefois une profondeur différente. Ainsi, on a observé que le MC-0.5 était présent
dans la couche externe des sphéroides aprés 1 heure d’incubation alors qu'aprés 4
heures ils atteignaient déja les cellules au centre des sphéroides (figures 10 A, B). Quant



a I'échantillon MC-2, la profondeur de pénétration était plus faible comparée a celle de
MC-0.5, particulierement apres 4 h (figure 10 D, E). De plus, les niveaux de fluorescence
de I'échantillon MC-0.5 étaient deux fois plus élevés comparés a celui de I'échantillon
MC-2 aprés 8 et 24 heures d’incubations (figure 10 F). De ces expérimentations il a pu
étre conclu que les vecteurs MC-0.5 étaient plus prometteurs que les vecteurs MC-2 en
raison d'une capture cellulaire plus élevée dans les deux modéles 2D et 3D. Ces
expérimentations ont également permis d’observer un effet antitumoral également
supérieur ainsi qu’une toxicité non spécifique inférieure pour MC-0.5.
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Figure 10.Distribution (A—-E) et accumulation (F) des microcapsules chargées de rouge
de nile dans des sphéroides tumoraux constitués de cellules tumorales M-3 : tracés des
surfaces des sphéroides traités avec des échantillons VM-0.5 (A-C) et VM-2 (D, E)
aprés 1 et 4 h d’incubation et données de fluorimétrie de la capture des MRs par les
cellules constitutives des sphéroides (F). Les noyaux des cellules ont été marqués avec
le colorant Hoechst (bleu). Les données de fluorimétrie sont exprimées en pour cent
d'intensité de fluorescence comparée a celle obtenue avec des MRs dans la suspension

du milieu de culture

3.4 Nanoémulsions chargées avec du rouge de Nile 668

Excepté pour la délivrance de principes actifs antitumoraux, des véhicules nano- et

micrométriques pourraient également étre utilisés pour le diagnostique et la visualisation



in vivo de tumeurs. Des colorants fluorescents ainsi que des agents de contraste iodés
pourraient étre utilisés a cet effet. Dans le cadre des recherches effectuées dans cette
thése de recherche, le colorant rouge de Nile modifié 668 a été mis en oeuvre car il est
plus lumineux et plus stable comparé au rouge de Nile classique [23]. Ce colorant a été
encapsulé dans des émulsions nanoparticulaires formulées suivant une méthode basée
sur la nanoémulsification spontanée comme décrite précédemment [24]. Ainsi, des
nanoemulsions (NEs) ayant une phase interne avec une dimension particuliere comprise
dans une gamme de taille allant de 30-200 nanométres ont été préparées. Tous les
gouttelettes des nanoémulsions ont été recouvertes d'une couche externe pégylée qui a
permis une stabilisation forte au niveau de l'interface non seulement huile/eau, mais
également de maniére a permettre une fonctionnalisation extérieure trés efficace des
gouttelettes de lipides, conférant ainsi de la furtivité. Dans ce cas, les NEs ont donné lieu
a la formation d’une dispersion stable des substances antitumorales fortement
concentrées et encapsulées dans des nanogouttes lipidiques recouvertes de
polyéthyléneglycol. La pénétration des NEs obtenues et chargées avec un colorant
NR668 a été examinée en utilisant diverses lignées cellulaires. Les macrophages (a
'exception des autres cellules) se sont avérés capables de réaliser la capture des
gouttelettes des nanoémulsions. De plus, la capture des NEs par les macrophages était
fonction du diamétre moyen des gouttelettes de phase interne des nanoémulsions.
Celles qui sont caractérisées par une taille de 100 nm montraient une accumulation

cellulaire plus importante comparée a celles ayant un diamétre moyen de 55 nm.
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Figure 11. Accumulation de nanoémulsions
dans des sphéroides multicellulaires
tumoraux aprés 4 heures d’incubation.
L'importance de la fluorescence a été

évaluée en traitant les images confocales



avec un programme Image J. U=0.0571

(Test statistique U Mann—Whitney).

L'interaction des NEs avec les sphéroides multicellulaires tumoraux induits par le RGD a
également été observée par microscopie confocale. Malgré I'absence de différences
significatives parmi les différentes tailles de NEs (figure 11), I'accumulation préférée de
NEs de 20 nanomeétres doit néanmoins étre mentionné (U=0.0571 dans le test statistique
U de Mann-Whitney). L'utilisation de Cremophor® au lieu du Kolliphor® pour la
réalisation des NEs influence également faiblement Iégérement au niveau de
I'accumulation (7,6+1,4 contre 4,610,5, respectivement, pour des NEs de 30

nanometres, 4 h d'incubation).

D'autre part, une corrélation claire entre l'accumulation de NEs et le moment de
l'incubation a été trouvée (figure 12). De plus, pendant les 4 premiéres heures,
I'accumulation de NEs dans les sphéroides multicellulaires tumoraux constitués de MCF-
7 était plus importante que dans ceux constitués de U-87 MG (figure 13). Cependant,
cette différence pourrait étre expliquée avec les différences de tailles des sphéroides
multicellulaires tumoraux des deux lignées cellulaires (98+24 ym pour MCF-7 comparé a
128120 um pour U-87 MG). Par conséquent, les sphéroides multicellulaires tumoraux
constitués de MCF-7 ont un meilleur rapport surface/volume conduisant a 'augmentation
de l'accumulation de NEs. De faibles taux d'accumulation pourraient étre expliqués par
I'existence de PEG de faible poids moléculaire a la surface des NEs. En conséquence,
les NEs adherent lentement aux cellules, et leur mouvement dans l'espace intracellulaire

a été déemontré par vidéo.
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Figure 12. Accumulation de nanoémulsions temps d'incubation
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Figure  13.  Accumulation de
des sphéroides multicellulaires tumoraux (SMT)
formés a partir de cellules U-87 MG. Pour la
realisation de I'analyse quantitative, la fluorescence

moyenne de I'image est divisée par la fluorescence (SMT) formés 4 partir de cellules U-

87 MG et MCF-7. * p<0.05 (test U de
Mann-Whitney).

des nanoémulsions. La fluorescence a été mesurée

avec un programme image J.

Ce processus s'est avéré étre dépendant de la concentration en NEs, du temps
d'incubation ainsi que du diameétre des sphéroides. Selon les observations qui ont pu
étre réalisées, les NEs s'accumulent dans les membranes cellulaires et non a l'intérieur
des cellules. Cette observation a permis d’envisager d’utiliser les NEs non seulement

comme vecteurs de médicaments mais également comme agents de visualisation.

e Conclusion générale

L'effet d’auto-assemblage de cellules induit par I'addition d’un peptide cyclique de type
RGDfK et de sa modification, a savoir sous la forme cyclo-RGDfK (TPP) directement
appliqué sur des cultures de cellules a été découvert et étudié pour 16 lignées cellulaires
de diverses origines. Basé sur ce phénoméne, une approche nouvelle hautement
reproductible en une seule étape a permis le développement et la formation de
sphéroides multicellulaires. Basé sur cette technique, deux nouveaux modeéles 3D in
vitro ayant une structure de type « cceur-écorce » trés prononcée ont été mises a profit
pour réaliser de la co-culture tumorale et de cellules normales. Les sphéroides tumoraux
induits par la présence du peptide RGD ont été utilisés comme modéle in vitro 3D pour
étudier I'efficacité a la fois de principes actifs de faibles poids molécualires (doxorubicine
et ses dérivés, curcumine, témozolomide) et de vecteurs de délivrance de médicaments
nano- et micro-métriques (microcapsules, micelles, nanoémulsions). Des méthodes a la

fois quantitatives (dosages MTT- et XTT, cytométrie de flux, fluorimétrie) et qualitatives

nanoémulsions constituées de
vésicules de 34 nm dans des

sphéroides multicellulaires tumoraux



(analyses d’'images par microscopie confocale) ont été utilisées pour étudier les
sphéroides tumoraux. En résumé, le travail doctoral a contribué au développement d’'une
technique in vitro permettant la formation de sphéroides induits par la présence d’un
peptide de type RGD et de les utiliser comme outil permettant de « trier » a la fois de

nouvelles substances anticancéreuses et des systemes de délivrance de médicaments.

e Références

[11  A. Narang, D. Desai, Anticancer Drug Development, in: Y. Lu, R.Il. Mahato (Eds.),
Pharm. Perspect. Cancer Ther. SE - 2, Springer US, 2009: pp. 49-92.

[2] M. Hay, D.W. Thomas, J.L. Craighead, C. Economides, J. Rosenthal, Clinical
development success rates for investigational drugs, Nat. Biotechnol. 32 (2014)
40-51.

[3] X. Xu, M.C. Farach-Carson, X. Jia, Three-dimensional in vitro tumor models for
cancer research and drug evaluation, Biotechnol. Adv. 32 (2014) 1256—-1268.

[4] A.C. Luca, S. Mersch, R. Deenen, S. Schmidt, I. Messner, K.-L. Schafer, et al.,
Impact of the 3D microenvironment on phenotype, gene expression, and EGFR
inhibition of colorectal cancer cell lines., PLoS One. 8 (2013) €59689.

[5] D.V LaBarbera, B.G. Reid, B.H. Yoo, The multicellular tumor spheroid model for
high-throughput cancer drug discovery, Expert Opin. Drug Discovery. 7 (2012)

[6] R.M. Sutherland, J.A. McCredie, W.R. Inch, Growth of multicell spheroids in tissue
culture as a model of nodular carcinomas, J. Natl. Cancer Inst. 46 (1971) 113-20.

[71 J. Hickman, R. Graeser, R. de Hoogt, S. Vidic, C. Brito, M. Gutekunst, et al.,
Three-dimensional models of cancer for pharmacology and cancer cell biology:
Capturing tumor complexity in vitro/ex vivo, Biotechnol. J. 9 (2014) 1115—1128.

[8] E.E. Robinson, K.M. Zazzali, S.A. Corbett, R.A. Foty, Alpha5beta1 integrin
mediates strong tissue cohesion, J. Cell Sci. 116 (2003) 377-86.

[9] A lvascu, M. Kubbies, Rapid Generation of Single-Tumor Spheroids for High-
Throughput Cell Function and Toxicity Analysis, J. Biomol. Screening. 11 (2006)
922-932.

[10] P. Salmenpera, E. Kankuri, J. Bizik, V. Sirén, |. Virtanen, S. Takahashi, et al.,
Formation and activation of fibroblast spheroids depend on fibronectin—integrin
interaction, Exp. Cell Res. 314 (2008) 3444-3452.

[11] D. Heckmann, A. Meyer, B. Laufer, G. Zahn, R. Stragies, H. Kessler, Rational
Design of Highly Active and Selective Ligands for the a531 Integrin Receptor,
ChemBioChem. 9 (2008) 1397-1407.

[12] J.M. Caron, M. Bannon, L. Rosshirt, J. Luis, L. Monteagudo, J.M. Caron, et al.,



[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Methyl Sulfone Induces Loss of Metastatic Properties and Reemergence of Normal
Phenotypes in a Metastatic Cloudman S-91 (M3) Murine Melanoma Cell Line,
PLoS One. 5 (2010) e11788.

J.M. Gozgit, B.T. Pentecost, S. a Marconi, C.N. Otis, C. Wu, K.F. Arcaro, Use of an
aggressive MCF-7 cell line variant, TMX2-28, to study cell invasion in breast
cancer., Mol. Cancer Res. 4 (2006) 905-13.

J. Dittmer, B. Leyh, The impact of tumor stroma on drug response in breast cancer,
Semin. Cancer Biol. 31 (2015) 3—-15.

T.S. Jones, E.C. Holland, Standard of care therapy for malignant glioma and its
effect on tumor and stromal cells, Oncogene. 31 (2012) 1995-2006.

E. Markvicheva, L. Bezdetnaya, A. Bartkowiak, A. Marc, J.-L. Gorgen, F. Guillemin,
et al., Encapsulated multicellular tumor spheroids as a novel in vitro model to study
small size tumors, Hem. Ind. 57 (2003) 585-588.

D.S. Zaytseva-Zotova, O.0. Udartseva, E.R. Andreeva, A. Bartkowiak, L.N.
Bezdetnaya, F. Guillemin, et al., Polyelectrolyte microcapsules with entrapped
multicellular tumor spheroids as a novel tool to study the effects of photodynamic
therapy, J. Biomed. Mater. Res., Part B. 97B (2011) 255-262.

A. Shehzad, Y.S. Lee, Molecular mechanisms of curcumin action: Signal
transduction, BioFactors. 39 (2013) 27-36.

S.S. Bansal, M. Goel, F. Aqil, M. V. Vadhanam, R.C. Gupta, Advanced drug
delivery systems of curcumin for cancer chemoprevention, Cancer Prev. Res. 4
(2011) 1158-1171.

T. Minko, E. V. Batrakova, S. Li, Y. Li, R.l. Pakunlu, V.Y. Alakhov, et al., Pluronic
block copolymers alter apoptotic signal transduction of doxorubicin in drug-
resistant cancer cells, J. Controlled Release. 105 (2005) 269-278.

R. Schneider-Stock, I.H. Fakhoury, A.M. Zaki, C.O. El-Baba, H.U. Gali-Muhtasib,
Thymoquinone: fifty years of success in the battle against cancer models, Drug
Discovery Today. 19 (2014) 18-30.

T.N. Borodina, D.O. Grigoriev, M. a. Carillo, J. Hartmann, H. Moehwald, D.G.
Shchukin, Preparation of multifunctional polysaccharide microcontainers for
lipophilic bioactive agents, ACS Appl. Mater. Interfaces. 6 (2014) 6570-6578.

A.S. Klymchenko, E. Roger, N. Anton, H. Anton, I. Shulov, J. Vermot, et al., Highly
lipophilic fluorescent dyes in nano-emulsions: towards bright non-leaking nano-
droplets, RSC Adv. 2 (2012) 11876.

N. Anton, P. Gayet, J.-P. Benoit, P. Saulnier, Nano-emulsions and nanocapsules

by the PIT method: An investigation on the role of the temperature cycling on the



emulsion phase inversion, Int. J. Pharm. 344 (2007) 44-52.



LISTE DES PRESENTATIONS

Oral communications :

1)

Akasov R., Markvicheva E. Novel 3D in vitro models based on multicellular tumor
spheroids to test anticancer nanosized formulations // Proceedings of the
International conference «Biocatalysis-2015: fundamentals and applications»
(Moscow region, Russia). — 21-25 June, 2015. — P. 53.

Akasov R., Zaytceva E, Borodina T, Markvicheva E. Encapsulation of Lipophilic
Antitumor Drugs in Polysaccharide Microcontainers // Proceedings of the XXII
International Conference on Bioencapsulation (Bratislava, Slovakia). — 17-20
September 2014. — P. 46-47.

Akasov R., Drozdova M., Zaytseva-Zotova D., Yuablokova T., Marc A., Chevalot I.,
Burov S., Markvicheva E. Microencapsulated Tumor Spheroids as a 3D Model to
Study Cytotoxicity of Novel Antitumor Preparations // Proceedings of the XX
International Conference on Bioencapsulation (Orillia, Canada). — 21-24 September
2012 — P. 70-71.

Akasov R., Drozdova M., Zaytseva-Zotova D., Marc A., Chevalot |., Burov S.,
Yuablokova T., Markvicheva E. Alginate-chitosan microcapsules as a 3D Model to
Study Cytotoxicity of Doxorubicin Derivatives // Proceedings of the Xl International
Conference “Modern Perspectives in Chitin and Chitosan Studies (Murmansk,
Russia). — 25-29 June 2012. — P. 250-255.

Posters :

5) Akasov R., M.Chiper., Burov S., T. Vandamme, Markvicheva E. Development of

polymeric micelles for curcumin delivery // Proceedings of the 5th Russian-Hellenic
Symposium with International Participation and Young Scientist's School
“Biomaterials and Bionanomaterials: Recent Advances and Safety-Toxicology Issues”
(Heraklion, Crete-Greece). — 4-11 May 2014. — P.18.

6) Akasov R., Zaytseva-Zotova D., Burov S., Markvicheva E. A new approach to

produce microencapsulated co-culture tumor spheroids by RGD-dependent cell
aggregation // Proceedings of the XXI International Conference on Bioencapsulation
(Berlin, Germany). - 28-30 August 2013. — P. 70-71.

7) Akasov R., Drozdova M., Zaytseva-Zotova D., Burov S., Marc A., Chevalot I.,

Markvicheva E. 3-D in vitro systems based on polyelectrolyte microcapsules and

RGD-peptides for antitumor drug screening // Proceedings of the 4th Russian-



Hellenic Symposium with International Participation and Young Scientist's School
“Biomaterials and Bionanomaterials: Recent Advances and Safety-Toxicology Issues”
(Heraklion, Crete-Greece). — 6-13 May 2013. — P.29.

LISTE DES PUBLICATIONS

1)

7)

8)

Akasov R., Haq S., Haxho F., Samuel V., Burov S. V, Markvicheva E., Neufeld R.J.,
Szewczuk M.R. Sialylation transmogrifies human breast and pancreatic cancer cells
into 3D multicellular tumor spheroids using cyclic RGD-peptide induced self-assembly
/I Oncotarget. 2016, DOI: 10.18632/oncotarget.11868

Akasov R, Gileva A, Zaytseva-Zotova D, Burov S, Chevalot |, Guedon E,
Markvicheva E. 3D in vitro co-culture models based on normal cells and tumor
spheroids formed by cyclic RGD-peptide induced cell self-assembly // Biotechnology
Letters, DOI: 10.1007/s10529-016-2218-9

Akasov R, Zaytseva-Zotova D, Burov S, Leko M, Dontenwill M, Chiper M,
Vandamme T, Markvicheva E. Formation of multicellular tumor spheroids induced by
cyclic RGD-peptides and use for anticancer drug testing in vitro // Int J Pharm. 2016
Jun 15; 506(1-2):148-57.

Akasov R, Borodina T, Zaytseva E, Sumina A, Bukreeva T, Burov S, Markvicheva E.
Ultrasonically Assisted Polysaccharide Microcontainers for Delivery of Lipophilic
Antitumor Drugs: Preparation and in Vitro Evaluation // ACS Appl Mater Interfaces.
2015 Aug 5; 7(30):16581-9.

Attia MF, Anton N, Akasov R, Chiper M, Markvicheva E, Vandamme TF.
Biodistribution and Toxicity of X-Ray lodinated Contrast Agent in Nano-emulsions in
Function of Their Size // Pharm Res. 2016 Mar; 33(3):603-14.

Khan IU, Stolch L, Serra CA, Anton N, Akasov R, Vandamme TF. Microfluidic
conceived pH sensitive core-shell particles for dual drug delivery // Int J Pharm. 2015
Jan 15; 478(1):78-87.

Attia MF, Anton N, Chiper M, Akasov R, Anton H, Messaddeq N, Fournel S,
Klymchenko AS, Mély Y, Vandamme TF. Biodistribution of x-ray iodinated contrast
agent in nano-emulsions is controlled by the chemical nature of the oily core // ACS
Nano. 2014 Oct 28; 8(10):10537-50.

Khan IU, Serra CA, Anton N, Li X, Akasov R, Messaddeq N, Kraus |, Vandamme TF.
Microfluidic conceived drug loaded Janus particles in side-by-side capillaries device //
Int J Pharm. 2014 Oct 1; 473(1-2):239-49.



CONTENT

ACKNOWLEDGEMENTS ...ttt ettt st sttt st st s e sae e b enaeebeenseenneennens 6
INTRODUCTION ..ottt ettt ettt ettt st sa bt e sab e e sbteebtesabeesabeessbeesaseebeeenee 7
LITERATURE REVIEW ....oiiiiiiiiiiiieeee ettt sttt ettt et sttt s 9
CHAPTER 1. Models for anticancer drugs teStING .........ccccverrriiieiriiieeriieeeieeenieeesieeesieeeeineeens 9
1.1.1. Classical in vitra and 77 Vive MOUEIS s s s s o s s s .55 s w0 9
1.1.2.  Three-dimensional cell Cultures in Vitro...........ccoocevieeiiiiiiiiiiee e 9
1.1.2.1. EX VIVO CUITUTES ..ottt et 10
1.1.2.2.  Multilayer cell CUITUFES...............cccooeecuiiiiiiiiiieieeiie e 10
1.1.2.3.  Three-dimensSional MAIVICES ..............ccccoiiviiriieiiiiniieiie et 10
1.1.2.4.  Multicellular tumor SPREFOIAS ............c...cccouviviiiiaiiiiaiiiieie et 11

1.2. Characterization of multicellular tumor spheroids............cocveeeviieeiiieiicieeciee e 13
1.2.1. Tumor spheroids advantages over conventional 2D cell culture ............ccceeneenee. 13
1.2.1.1.  Cell morphology is similar to in vivo CORditions...............cc.cccoueevceeevcenane. 13
1.2.1.2.  Three-dimensional architecture and cell heterogenity..............c.ccccocoeuurnn... 13
1.2.1.3.  Tumor-specific Gene eXpreSSiOn ...............couevcvueeeicueeesieeeiiieeeeree e sneee e 14
1.2.1.4.  Mimicing the tumor MiCrOENVIFONMENL ..............cccuveeieeeeiiiiaasiiieeniieeeeieeeenn. 14
1.2.1.5.  Development of resiStance t0 therapy...............cccoccuevveeeceeiseeaiieaieenieaeeeen. 15

1.2.2.  Methods for tumor spheroid fOrmation ............ccceeevvieeeiiieeeiiee e 15
1.2.2.1.  Spontaneous cell QQEregation. .................cccocuiviiviioiioiiieiiiiiesiesieeseeieees 15
1.2.2.2.  Spinner flask and gyratory rotation SYStems ..............ccceeeevueeseiveeesieeereeeennns, 15
1.2.2.3.  Liquid overlay teChRIGUE ...................cccoeviiiiiiaiieiiesie e 16
1.2.2.4.  Hanging-drop teCANIGUE ..............c...ccocuieieiuieeeiieeeciie e esiee e 16
1.2.2.5.  Microencapsulation teCRRIQUE..................cc...cccueeeeueeeiiueeeeiieeieieeeeiee e, 17
1.2.2.6.  Microfluidic teRNIGUE..................cccoeeeeeiiieiniieeiiieeeiie e 17
1.2.2.7. OtHher tECANIGUES ...........cccuoveeieeeeeiiieeiei e et enae e 17



1.2.3.  Vehicles for antitumor drug deliVery .........cccoeiiieiiiiiiiiee e 18

1.2.3.1. AIDUMIN COMPLEXES .......cc.veveeeeieeiiieeii et 18
1.2.3.2. LIPOSOMIES ......oooeeeeieeeeeeeee ettt e et ae e et e e e eibae e e e s nnbaaeeeensnes 19
1.2.3.3. NARO-EMUISIONS ..ottt 19
1.2.3.4.  Solid lipid nanoparticles ................c.ccccoeovcieiecieieiiiieeicee s 20
1.2.3.5.  Carbon and silica RAnOPArtiles ................ccccocccveeeiviemiieieeiiieieiieeeiie e, 20
1.2.3.6.  Quantum dots and metal-based nanoparticles ..................ccccocveveevcvvevcenene. 20
1.2.3.7.  Polymer nAnOPATLICIES ...............ccccveeviiiiiiiiiiiiiieiee et 21
1.2.3.8.  Polyelectrolyte miCrOCAPSULES ................cccoueivcieieiiiiaiiiieeiiieiee e, 21
1.2.3.9.  Polymeric MiCELIES ...............ccccueeveviiiiiiiiieiiie e 22
1.2.3.10. DERAVIMEFS .....c..eoieiiiiiiiiieeet ettt et 23
1.2.4. Drug testing in tumor spheroid model..............ccceiiiiiiiiiiiiiiiiiice e, 23
1.2.4.1.  Cell cycle SPeCIfiC AQENLS..........cc.ccveeieieiiiiiieeiieee e 23
1.2.4.2. NAROPAFLICLE SIZE ........ooeoeeeeeee e 23
1.24.3. Swrigee modification of NanODaFECIES . o s i s s o oo ssansss swasss w0 553 25
1.2.4.4.  pH-rig@ered driugs ...........ccccoouieiiiiiiiiiiiiiii ettt 26
CHAPTER II. EXPERIMENTAL PART ...oooiiiiiiiee ettt e 27
2.1 REAZENLS ceeiiiiiiiee ettt ettt et ee e ettt e e ettt e e e ettt e e e e satbeeeeeenabbeee e e tbtaeeeenbbeaeeeentbaeaeans 27
220 METROAS ..ttt st 30
2.2 10 Cell CUIUIE ...ttt et e e e e 30
2.2.2. Cytotoxicity study of RGD-peptides .......ccccecvrriierieriieiiieeieeeieeee e 31
2.2.2.1.  “Live-dead” flUOTeSCENtE ASSAY ...........cccoueivciiiiiieeeiieeesieeeeeieee e evee e 31
2.2.3.  Methods for tumor spheroid formation for in vitro studies.........c.ccceevevveevcreennnnnn. 32
2.2.3.1.  RGD-indiced teCRRIQUE ...............cccoocieiiiiiiieie et 32

L2 3sds  LIuilad-TVEr D TOBIIIIIIC s s sinsins o 656 0k 5 65546 34555055 508 55 A58 55458 32
2.2.3.3.  Microencapsulation teChniQUE................c.....cccoceceueeeeiueeeicieeeaiiieeeieeeeereee e 32

3



2.2.4. Methods for RGD-induced cell self-assembly study ..........ccccovveevciiiiniiiincieennen. 32
2.2.4.1.  Preparation of RGD-peptides SOIULIONS .............ccc.cocvvieiviureiiiieisiieeeirieennenn 32
2.2.4.2.  Qualitive study of RGD-induced aggregation ................cc.ccoecevveencianenannn. 32
2.2.4.3.  Quantative measurement of RGD-induced aggregation ...................cc.......... 33
2.2.4.4.  Inhibition of RGD-induced cell aggregation.................ccccoeevevviveeecenann... 33
2.2.4.5.  Flow cytometry of cell surface sialic acids ..............cccccccovevvveiiiniiiiniinannnnn.. 34
2.2.4.6. Study of disaggregation of RGD-inducedspherois ................cc.ccceueevevneann... 34

2.2.5. Co-culture of tumor spheroids and single stromal cells in mixed spheroids ........ 34
2.2.5. 1. Cell STAINING ........oooceieeeiie et 34
2.2.5.2.  Co-culture of tumor and stromal cells in mixed spheroids ............................ 34

2.2.5.3.  Co-culture of tumor spheroids and single stromal cells in liquid overlay

system 35

2.2.5.4.  Co-culture of tumor spheroids and single stromal cells in alginate—chitosan

PRICTOCAPSULES ...ttt e e e e e st e e e tbeeesabeaennneees 35
2.2.6. Development of novel antitumor preparations...........ceeecveeeeveerveereeeseessreesveennnes 35
2.2.6.1.  DoxXorubicine deriVAtiVes..............ccoccieiouiimiiiiiiiiiiiiiient ettt 35
2.2.6.2.  Curcumin-loaded micCelles ................cc.cccceiviiiiviiieiiiiieeiiieeeciee e 35
2.2.6.3. Thymoquinone-loaded polysaccharide microcontainers..................c............ 36
2.2.6.4. NR 668-loaded nano-emulSions.................ccooveioiiiiiiiniiiiiiieiiiee e 36
2.2.7. Characterization of size and surface charge of the nanoparticles .............c........... 517
2.2.8. Study of nanoparticles surface morphology ........cccceeevuiieeiiieiiiieeniiieeciee e, 37
2.2.9.  CytotOXICILY STUAIES .eeovviereiieiiieiieeiieeie e et et ste et e e e sbeessreesnaeesseeenaeenseessneennnes 37
2.2.10. Assessment of the intracellular drug distribution............cccoecvevieeriieiieecieeieeee. 38
2.2.11. Assessment of cellular drug uptake.........c.ooevcvviiiiiieiiiiieiiiiieee e 38
2.2.11.1. FIOW CPLOMEITY ..ottt 38
2.2.11.2. FIUOFIMEIFY ..ottt e et e et e e ennaaennnneas 39



CHAPTER III. RESULTS AND DISCUSSION.....ccciiiiiiiiiiiieieieeeec et 40

3.1. Novel technique for tumor spheroid formation using synthetic RGD-peptides ............. 40
3.1.1. Formation of tumor spheroids using synthetic RGD-peptides ...........ccceevcuveernnennnee. 40
T B R o) o7 15 1o ) s R PSSP 40
3.1.1.2. Update to PUblICAtion 1 ......c.cooeiuiiieiiiiiiiiieiiieeciee ettt en 40
3.1.2. Involvment of syalic acids to RGD-induced cell aggregation............c.cccccveerennennee. 42
Sl 2 L PODICANION, 2 15ccs o s sm o s 5055515000505 05500505 504008455 5508 A A5 0 5.5 35 42
3.1.3.  Formation of co-culture spheroids using RGD-induced cell aggregation................ 42
3.1.3.1. PUDICAtION 3 ..ot ettt 42
3.2. Novel antitumor drugs and drug delivery vehicles for testing in tumor spheroids......... 43
3.2.1. Testing of novel doxorubicin derivatiVes ..........ccceeeeeuiieiiieeeeiieeeiee et 43
3.2.1. 1. PUDIICAtION 4 ..ottt et 43
3.2.2. Testing of curcumin-loaded micelles...........ccceeereiiiiiiiiiiiiiiieiieecieceee e 43
3.2.2.1.  Preparation and characterization of curcumin-loaded micelles.................... 43
3.2.2.2.  Invitro testing of curcumin-loaded micelles .................cc.ccccoovvvviiviiinenainncnn. 44
3.2.3. Testing of thymoquinone-loaded micCroCONtAINETS ........cccvveeevreeeiieeeriieeriiee e 48
3.2.3.1. PUDIICALION 5 ..ottt sttt 48
3.2.4. Testing of NR-668-loaded nano-emulSions............cccveeeeireeniieeeniee e 48

3.2.4.1.  Preparation, characterization, and study of NR-668 loaded nanoemulsions in

PONOLAYET CUTTUTC ...ttt e e eenaneaes 48
PUDLICATION B ...ttt et e e e 48

3.2.4.2.  The in vitro testing of NR-668-loaded nano-emulsions in tumor spheroids .. 49

CONCLUSIONS . ...ttt ettt ettt sab e e st ee s e ebeesbeesaneens 52
ABBREVIATIONS. ; smuessnins sonumossus nws smssevsss s s sy v o0 15vsi5us0, 505 55 a0 saies 5o vasssn s 5 33
REFERENCES ...ttt sttt s s 54



ACKNOWLEDGEMENTS

I wish to thank, first, my supervisors, Prof. Elena Markvicheva and Prof. Thierry Vandamme
for their support and guidance through my work on this Thesis. Their advices were very

valuable and always greatly appreciated.

I would like to acknowledge the financial, academic and technical support of the Institute of
bioorganic chemistry (Moscow, Russia) and University of Strasbourg (France). I also thank the
Russian Foundation for Basic Research for their financial support of our studies and France
Government for the bursary during my residence in France through the program “Bourses
d'Excellence Eiffel” in 2013-2014. Many thanks to non-profit scientific association
Bioencapsulation Research Group for the continious financial support of young scientists on

BRG conferences and training schools.

Grateful thanks to my colleagues, both past and present members of the laboratories both in
Russia and France. I would also like to thank Dr. Sergey Burov (Institute of Macromolecular
Compounds, Saint-Petersburg, Russia) for the synthesis of RGD-peptides and doxorubicin
derivatives; Drs. Tatiana Borodina and Tatiana Bukreeva (Shubnikov Institute of
Crystallography, Moscow, Russia) for the obtaining of polysaccharide microcontainers; Dr.
Manuela Chiper (University of Strasbourg, France) for the synthesis of curcumin micelles;
Drs. Andrey Klymchenko and Nicolas Anton (University of Strasbourg, France) for the
obtaining of nanoemulsions; Dr. Monique Dontewill (University of Strasbourg, France) and
Drs. Elena Svirshchevskaya and Elena Kovalenko (Institute of bioorganic chemistry, Moscow,

Russia) for their help with cell culturing.

My special gratitude to Drs. Ronald Neufeld and Myron Szewczuk (Queens University,
Kingston, Canada) for the opportunity to join their laboratory in Canada to study some aspects

of RGD-induced cell self-assembly.

Finally, I would like to express many thanks to my dear family and friends. This thesis would

not have been possible without the support of all of these people



INTRODUCTION

Development of novel anticancer formulations is a priority challenge in biomedicine. As
known, about 10 000 compounds with potential antitumor activity are evaluated in preclinical
and clinical tests every year [1]. Additionally, various nano- and micro- particles have been
proposed for drug delivery purpose (liposomes, nanoemulsions, polyelectrolyte microcapsules,
metal-based particles, etc). These vehicles protect drugs from premature degradation as well as
provide targeted drug delivery to tumors due to enhanced permeability and retention (EPR)
effect [2]. However, only 6.7% of antitumor preparations which enter to Phase I clinical trials,
use to meet FDA approval [3]. It is the worst level among all drug-candidates which is about
two-fold lower compared to the relevant rate of other (non-antitumor) drugs [3]. This evidence
confirms low prognostic value of current in vitro antitumor drug testing techniques. One of the
reasons is that routine cytotoxicity tests are performed in vitro using conventional monolayer
cell cultures. However, the in vitro models based on monolayer cultures (2D) leave much to be
desired, since they can not well mimic solid tumors, in particular the behavior of cancer cells,
in terms of cell interactions with extracellular matrix (ECM) and cell-to-cell communications.
For this reason, a number of three-dimensional (3D) models have been recently proposed. The
advantages of 3D tumor models for drug screening have been discussed in numerous papers
and reviews [4-6]. For example, cells in 2D monolayer culture are exposed to uniform
concentrations of oxygen and nutrients, while in solid tumors the cells occur at gradient
conditions of vital factors. As a result, it could lead either to enhancement or vice versa
inhibitory effects on tumor progression [7]. Moreover, chemotherapeutics can be easily
delivered to target cells in monolayer cell culture conditions, while in vivo drugs have to
penetrate through several layers of stromal cells. Finally, cell growth in 3D cultures leads to a
divergent gene expression compared to that in a monolayer [8,9]. All the above mentioned
issues result in a reduced sensitivity to chemotherapeutic agents in 3D conditions compared to

the monolayer culture.

Multicellular tumor spheroids (MTS) are 3D dense spherical aggregates which could mimic
solid small size tumors in terms of simulating cell-cell interactions and microenvironment in
tumors. First time, MTS have been proposed by R Sutherland in early 1970s [10], and since
those time they have become a useful tool in tumor biology, in particular radiation biology,

photodynamic and chemotherapies [11,12]. Several approaches have been proposed to MTS
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formation, such as spinner flasks, rotary cell culture systems, hanging drops, liquid overlay,
low binding plates, or microencapsulation in polyelectrolyte microcapsules [13,14]. However,
despite the encouraging results there is no “an ideal technique” for highthroughput drug
screening which could meet all necessary requirements, such as rapidity, reproducibility,
simplicity and cost-effectiveness [15]. For example, rotary cell cultivation systems or shakers
which are widely used for MTS generation can not provide rather narrow spheroid size
distribution, while handing-drop technique is extremely cost- and laborintensive [16].
Nowadays, cell cultivation in ultra-low attachment (ULA) round-bottom plates is one of the
most common approaches due to the simple protocol and high reproducibility. However, this
technique is also limited with a small MTS number (one spheroid per well) and an occasional

formation of loose aggregates instead of dense spheroids.

The aim of the Thesis was to develop a novel highly reproducible technique for MTS
formation based on a RGD-induced cell self-aggregation, and to demonstrate the availability of

these spheroids as 3D in vitro model to test anticancer drugs and drug delivery vehicles.
More specifically, the tasks were as follows :

1. To study RGD-induced cell aggregation using cell lines which differ in characteristics and
origin.

2. To evaluate spheroids properties (e.g. shape, size, cell viability) as a function of cell type
and RGD-induced cell aggregation conditions.

3. To develop a technique for formation of co-culture spheroids from tumor and normal cells
using RGD-induced cell aggregation platform.

4. To fabricate some drug delivery vehicles loaded with various antitumor drugs for their
further cytotoxicity evaluation on the spheroids .

5. To demonstrate that the RGD-induced tumor spheroids can be used as 3D in vitro model to

test anticancer drugs and drug delivery vehicles.

e Funding and sources
This work was supported by the Russian Foundation for Basic Research and by the
France Government (Bourses d'Excellence Eiffel, 2013-2014).



LITERATURE REVIEW

CHAPTER I. Models for anticancer drugs testing

1.1.1. Classical in vitro and in vivo models
Monolayer cell cultures are the most common in vitro model for anticancer drug testing.
However, this two-dimension (2D) culture can not well mimic solid tumors, in particular the
behavior of cancer cells in terms of their interactions with ECM network and cell-to-cell
communications. Therefore, a prognostic value of this model leaves much to be desired. Thus,
in the early 1990s, the National Cancer Institute introduced a “disease-oriented” drug
screening approach using a panel of 60 human cancer cell lines derived from nine different
types of cancer. This approach was designed to facilitate high-throughput screening of large
numbers of drugs for further preclinical assessment in xenograft models [17]. Unfortunately,
the results demonstarted the general failure of this approach, since the clear correlation
between in vitro and in vivo efficacy was not found [17,18]. Contrary, animal tumor models
are of great prognostic value, since they are complex and allow to study biodistribution and
pharmacokinetics. However, animals differ from humans in some physiological aspects, so the
therapy outcome might also be different [19,20]. More over, there is a need to develop animal
models to test anticancer agents in brain, kidney, cervix, lymphatics, the hematopoietic system,
and skin (melanoma) [21]. Additionally, the use of animals for drug testing is limited with

strict ethical rules.

In summary, 2D in vitro models lack realistic complexity, while animal models are expensive,
time consuming, and often fail to reflect human tumor biology. That is why the development

of 3D in vitro models is of great importance.

1.1.2. Three-dimensional cell cultures in vitro
Three-dimensional in vitro tumor models could be considered as an intermediate step between
classical monolayer cell cultures in vitro and animal tumor models in vivo. On one hand, these
models are quite enough for routine testing. On the other hand, they form in vivo-like
structures which are similar to real tumors [4]. The use of these models also allow to specify

therapeutic drug concentrations before in vivo testing, since cells in 3D conditions are more



resistant to therapy compared to the monolayer cultures. Here, we describe some of the most

common 3D in vitro models used in tumor biology and anticancer drug screening.

1.1.2.1. Exvivo cultures
The term ex vivo means that the samples to be tested have been extracted from the organism by
biopsy. This is the earliest 3D in vitro tumor model which was used for drug testing before the
appearance of immortalised cell lines [22]. Ex vivo cultures are very similar to real tumors,
since they involve not only tumor cells, but also stroma cells and extracellular matrix proteins.
Ex vivo cultures recapitulate the structural complexity and heterogeneity of tunors, making
them an important adjunct to current cell-line-based and animal-based models. However,
obtaining ex vivo cultures is labor-intensive, while the obtained cultures are short-lived like
any primary culture. Neverheless, they are often used to discover oncomarlers, study cell
proliferation and cell migration mechanisms as well as to evaluate the efficacy of antitumor
therapy [23]. It 1s also of great interest to use these ex vivo cultures in personalized anti-tumor

therapy [24,25].

1.1.2.2.  Multilayer cell cultures
Formation of multilayer cell culture (MCC) is the simpliest approach to formation of 3D in
vitro tumor model. For this purpose, the cells are cultivated in semi-permeable chambers
coated with ECM proteins. More cells are in the chamber, the higher cell layer can be obtained
(up to 1 mm, ~200 um generally). The multilayer cell culture from human cancer cells have
been successfully used to study tissue pharmacokinetics of anticancer drugs. [26,27].
Additionally, they are used to determine oxygenation and consumption of solid tumors [28].
The MCC is rather simple and easy-to-use model which is very useful in case of cell lines that
cannot be grown like other 3D in vitro systems. However, MCC is not a true three-dimensional
system since oxygen and nutrition gradients are similar to the two-dimentional culture, not to

real tumors [28].

1.1.2.3. Three-dimensional matrices
Three-dimensional matrices for cell culture are used in tissue engineering as a tool to provide
cell growth in native microenvironment. However, 3D matrices could be used not only for
tissue engineering but also for “tumor enginnering” [29,30]. Generally, these are hydrogels
fabricated from natural polymers (Matrigel®, collagen, or chitosan) or synthetic materials (for

instance, poly(D,L-lactide), poly(D,L-lactide-co-glycolide), or polycaprolactone) [4].
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Matrigel® is a trade name of gelatinous protein mixture secreted by Engelbreth-Holm-Swarm
(EHS) mouse sarcoma cells produced and marketed by Corning Life Sciences and BD
Biosciences. This is the most common matrix for culture of cancer cells [31]. Use of natural
biopolymers, like Matrigel® or collagen, allows to recapitulate the complicated extracellular
environment which occurs in tumors in vivo. However, the use of matrices complicates some
experiments, e.g. microscopic observation or cell viability assays. That is why 3D matrices are
commonly used in fundamental studies of tumor biology, for example evaluation of cell-matrix
interactions, cell adhesion and spreading, or co-culture conditions. Thus, collagen gels were
used to evaluate the involvement of primary fibroblasts in drug resistance of human
adenocarcinoma MCF-7 cells [32], or to study a role of tissue macrophages in a squamous

cellular carcinoma organotypic model [33].

1.1.2.4.  Multicellular tumor spheroids
Multicellular tumor spheroids are gaining the increasing popularity as a 3D in vitro model for
antitumor drugs testing. MTS are dense spherical aggregates (50-1000 um in diameter) which
could mimic solid small size tumors in terms of simulating cell-cell interactions and
microenvironment in tumors. This model was adopted to cancer research by Sutherland et al.
in the middle of the 1970™ [10]. Presently, tumor spheroids are considered as a rational
platform to predict in vivo drug efficacy. There are some advantages of MTS system over other
3D in vitro models. Thus, unlike to ex vivo cultures, they are generated from well-established
immortalized cell lines. Unlike to multilayer cell cultures, MTS have spherical organization
similar to the architecture of tumor in vivo . The absence of external 3D hydrogel matrice
allows to study them by any cell biology assay [34]. Tumor spheroids are also often called
tumorospheres, oncospheres, or tumoroids [35]. Spheroids from brain, breast, or colon cancer

cell lines are named as neurospheres, mammospheres, or colonospheres, respectively [35].

Spheroid morphology depends on the cell line and culture conditions. Thus, four types of
tumor spheroids could be generated from four various breast adenocarcinoma cell lines [36].
The first type has well-organized round spherical shape with regular nucleuses and strong cell-
cell contacts. Spheroids round in shape from S1 cell line are shown in Figure 1. Sometimes,
round spheroids have a hollow in the center because of to the epithelial nature of cells [37] or
cell apoptosis [38]. The other breast adenocarcinoma cell line BT-474 can form so called

“mass spheroids” with disorganized nucleuses and strong cell-cell adhesion (Figure 1). Mass
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spheroids have higher expression of some keratins that prevents central hollow formation [39].
Two other types of spheroids, namely grape-like and stellate ones, have poor cell-cell contacts
and have no well-arranged shape. Stellate morphology is common for spheroids in Matrigel or
collagen hydrogel and arises as a result of cell invasion to matrix. The grape-like spheroids
from SK-BR-3 cells and stellate spheroids from MDA-MB-231cells are also shown in the
Figure 1.

Round Mass Grape-like Stellate

S0
B G

« Organized nuclei » Disorganized nuclei « Disorganized nuclei « Disorganized nuclei
* Robust cell-cell * Robust cell-cell + Poor cell-cell + Elongated cell body
adhesion adhesion adhesion with invasive
processes

Figure 1. Breast cell line colony morphologies in 3D culture fall into four distinct groups. A
schematic and key descriptors of each morphology is shown in addition to phase contrast and
F-actin and nuclear fluorescence images of representative cell lines of each morphology: for
Round, S1 is shown; Mass, BT-474; Grape-like, SK-BR-3; and Stellate, MDA-MB-231. Scale

bars: phase contrast, 50 um; fluorescence, 20 pm [36].
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1.2. Characterization of multicellular tumor spheroids

1.2.1. Tumor spheroids advantages over conventional 2D cell culture
1.2.1.1. Cell morphology is similar to in vivo conditions
Cell cultivation as flat monolayer results in a simple geometry with only one cell surface to
adhere (apical-basal polarity). These conditions are good enough for epithelial cells, but most
carcinoma cells are known for epithelial-mesenchymal transition [40,41]. Thus, they need
more complicated 3D environment. Changes in cell shape and morphology ultimately modify
cellular function, e.g. abilities to apoptosis induction or to nanoparticles uptake through the
alteration of cell surface/cytoplasm ratio [42]. Therefore, cell cultivation as tumor spheroids
allows to mimic physiological conditions and, as a result, to get more adequate results in drug

testing.

1.2.1.2. Three-dimensional architecture and cell heterogenity
When cancer cells grow in a flat monolayer, there are no oxygen, nutrient, or waste gradients.
As a result, cell proliferation rate is similar everywhere across the surface of the culture plate.
However, tumors in vivo have 3D architecture, and the conditions inside the tumors greatly
differ. Tumor spheroids can reproduce oxygen and nutrient gradients typical for in vivo tumors
[43]. As a result, cells in the spheroids form differential zones of proliferation with more rapid
cell division in the outer layer of the spheroid [12]. Generally, it results in a cell cycle arrest
inside spheroids and a mild proliferation rate reduction [38,44]. Moreover, if the spheroid
diameter is higher than 400-500 pum, a necrotic core formation usually occurred. The other
result of oxygen and nutrient gradients is pH changes inside the spheroids [45]. Therefore,
MTS are a promising tool to test pH-dependent drugs or drug delivery vehicles [46,47], or cell-
cycle specific drugs [48]. The 3D architecture of MTS is also often used to study the

infiltration of drug vehicles into solid tumors.
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Figure 2. Spherical geometry of the tumor spheroid with a concentric organization of

proliferating, quiescent and dead cell zones [12].

1.2.1.3. Tumor-specific gene expression
Cells growth in 3D cultures induces divergent gene expression compared to the expression
profile in monolayer culture [49,50]. Thus, in melanoma NAS spheroids the expression of
about 100 genes was found to be three-fold higher compared to the monolayer, while the
expression of other 73 genes decreased [51]. In other reports, rather good correlation between
caspase-3 protein, E-cadherin, and levels of MIBI proliferation marker was found for ovarian
cancer spheroids in vitro and ovarian cancer tissue in vivo [8]. The protein expression depends
also on the spheroid zone, for instance outer proliferation or quiescent internal zones [52].
Generally speaking, alterations in gene expression drive changes in cell morphology,
proliferation rates and drug resistance, thereby providing a more representative model of tumor

in vivo.

1.2.1.4.  Mimicing the tumor microenvironment
Upregulation of ECM proteins expression in tumor spheroids (E-cadherin, fibronectin, and
collagen) leads to the formation of the microenvironment which is similar to that in tumors in
vivo [44,53]. Apart from the expression level, cell culture in tumor spheroids results in tumor-
related protein phosphorylation, e.g. EGFR or cMET [54]. Additionally, tumor spheroids can
be used to co-culture cancer and stromal cells (mesenchimal stem cells, tumor-assosiated

fibroblasts, macrophages, etc) [55,56]. Since the tumor spheroids mimic well enough
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microenvironment which occurs in vivo, they have been used to study immune response of

normal cells to the tumor growth [57,58].

1.2.1.5. Development of resistance to therapy
Development of resistance to therapy in tumor spheroids could be explained by all MTS
characteristics mentioned above. Thus, penetration of drugs and drug delivery vehicles into
tumor spheroids is limited by diffusion. The drugs can lose efficacy due to some biochemical
alteration of cells which are growing in the spheroids. For example, mechanism of the action
of some antitumor drugs is related to DNA damage and inhibition of cell division. However,
quiescent cells are less sensitive to this effect, since their division is inhibited anyway.
Additionally, the cells in the tumor spheroids demonstrate higher expression of multiple drug
resistant proteins compared to those in monolayer [44]. Co-culture of tumor and normal cells
can also lead to changes in cell response to drug therapy [59]. Therefore, we can conclude, that

tumor spheroids are more adequate system for drug testing than monolayer culture.

1.2.2. Methods for tumor spheroid formation
The optimal technique has to be relatively inexpensive, amenable to mass spheroid production,
and suitable for antitumor drugs testing. Up to date, several approaches to tumor spheroid
formation have been reported. Here, we would like to describe and discuss some of these

techniques.

1.2.2.1. Spontaneous cell aggregation
Spontaneous cell aggregation is one of the simpliest approaches to form tumor spheroids. It is
based on an ability of a few number of human cancerous cell lines (breast adenocarcinoma
MDA-MB-231, glioblastoma U-87 MG, some ovarian carcinoma cells) to self-assembly with
further formation of tumor spheroids [60]. This technique has some disadvantages, since it
could be used only for rather small number of cell lines and does not allow to affect the
properties of the spheroids obtained. Nevertheless, this is rather interesting example to
demonstrate how tumor cells can spontaneously transfer from monolayer (2D) to spheroids

(3D) conditions as well as to be considered as an analogue of metastatic process in vitro [61].

1.2.2.2.  Spinner flask and gyratory rotation systems
Spinners are widely used to generate large quantities of spheroids. For this purpose, cells are

transferred to the culture medium and cultivated as a suspension culture. To prevent cell
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adhesion to the surface, an intensive agitation is used (by spinner flasks rotation, or shaking, or
magnetic mixing). In these culticvation systems the cells aggregate trying to attach to each
other, and as a result, form first aggregates and then rather dense tumor spheroids [62,63]. The
main advantage of these systems is generation of a lot of spheroids in well-controlled
conditions (pH, nutrition and oxygen supply). However, the spheroids produced in spinner
flask/gyratory rotation systems are highly heterogeneous in size and shape. Additionally, the
cells in these systems can suffer from hydrodynamic stress. As a result, spinner flask and
gyratory rotation systems are rarely used for MTS production despite of the possible

automatization of this process [64].

1.2.2.3. Liquid overlay technique
The liquid overlay technique (LOT) is based on self-cell aggregation, since in these systems
the adhesive forces between cells are stronger than interactions between cells and flask bottom
[60]. To prevent cell adhesion to the bottom of cell culture plate, the latter is coated with
agar/agarose (1.5-3%), or poly(2-hydroxymethyl methacrylate) (pHEMA), or Matrigel. To
precipitate cells in the well center, round-bottom or conical-bottom plates are used [65]. LOT
is widely used due to its simplicity and reproducibility [66]. A number of companies (Corning,
InSphero, Essen BioScience) produce low-adhesive round-bottom plates for tumor spheroid
generation. Cell cultivation on superhydrophobic surfaces could be considered as a close LOT
analogue [67]. Additionally to the merits mentioned above, LOT allows to co-culture tumor
and normal cells in well-controlled conditions [56,68]. However, not all cell lines can form
MTS in LOT system, and moreover, the number of the spheroids obtained is rather small (one

spheroid per well) [14].

1.2.2.4. Hanging-drop technique
Tumor spheroid formation by handing-drop technique is carried out by growing a small drop
of suspension cell culture (25-40 pl) which hands onto the underside of the culture dish lid. As
a result, spheroids with well-controlled size can be produced rather fast [69]. The method does
not require any special equipment and allows to generate spheroids with desired sizes and cell
numbers. However, this technique is extremely labor-intensive and generally not adapted to
long-term cell cultivation. To simplify it, special 96- and 384-well plates were developed by

3D Biomatrix [70]. A co-culture approach of normal and tumor cells in these plates was
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demonstrated [71]. Nevertheless, use of handing-drop technique for mass MTS production and

drug testing is still challenging.

1.2.2.5. Microencapsulation technique
Microencapsulation technique was firstly proposed for insulin-producing cells (pantreatic
islets) in semi-permeable biocompatible microcapsules by Lim u Sun in the 1980s [72].
Polyelectrolyte complexes of alginate and poly-L-lysine (or poly-L-ornithine) were used for
this purpose. Similar approach to generate multicellular tumor spheroids in polyelectrolyte
alginate-oligochitosan microcapsules was proposed by Markvicheva et al [73]. Tumor cells
entrapped in microcapsules formed MTS in 2-3 weeks of cultivation, and then were
successfully used to test cytotoxicity of antitumor drugs [74], drug delivery vehicles [75], as
well as to study the effects of photodynamic therapy [76]. The spheroids diameter can be
changed by varying microcapsule diameter. The size of the microcapsules depends on the
equipment for sodium alginate dispersion in calcium chloride solution (electrostatic bead
generator, ultrasound generator, or air-flow device). Moreover, this technique allows to

generate co-colture spheroids from tumor and normal cells within the microcapsules.

1.2.2.6. Microfluidic tehnique
Microfluidic technique has been used in cell biology since 1990s but it was proposed for tumor
spheroids production rather recently [77]. The use of the microfluidic system facilitates cell-
based assays of extremely small sample volumes (107°-10"* 1) due to chips formed from
polydimethylsiloxane (PDMS) by soft lithography technique. The cells can be accumulated in
special niches and form tumor spheroids in function of chip architecture (channels and
cavities). Otherwise, the cells can be embedded in calcium alginate microbeads like in the
microencapsulation technique [78]. Drug testing can be carried out inside the chips or in
common culture plates. The microfluid technique allows to generate a lot of tumor spheroids,
including co-culture spheroids [79]. However, this technique is not widely used until now,
since it is rather complicated and expensive due to special equipment needed [80,81].

Nevertheless, a number of studies where it is used is growing rather fast [81].

1.2.2.7.  Other techniques
Recently, a novel technique for tumor spheroid formation based on magnetic cell levitation
was proposed [82]. For this purpose, human glioblastoma cells were incubated with a hydrogel

loaded with gold and magnetite (Fe;O4) nanoparticles. Then the cell aggregation was by
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spatially controlling the magnetic field. The size and shape of the spheroids was controlled by
varying the magnetic field parameters. Protein expression profiles in the magnetically levitated
cells were similar to those observed in human tumour xenografts [82]. It should be noted that
small ECM proteins amount in the medium promoted cell aggregation. This approach can be

also used to carry out co-culture of tumor and normal cells [83].

A novel enzymatically-degradable PEG-peptide conjugate was proposed as cell crosslinker for
spheroid formation [84]. The oleyl groups at both ends of the polymer chain were used as
anchoring moiety which can penetrate cell membrane bilayer via hydrophobic interaction,
while the incorporation of the GGLGPAGGK sequence in the polymer chain rendered cell
crosslinker enzymatically degradable. The spheroids from hepatocarcinoma HepG2 cells

demonstrating some liver-specific functions were prepared by this technique.

3D bioprinting approach initially proposed for tissue engineering [85] holds also great
potential for applications in cancer research [86]. Thus, HelLa cells were entrapped in

gelatin/alginate/fibrinogen hydrogels, in order to construct in vitro cervical tumor models [87].

1.2.3. Vehicles for antitumor drug delivery
Nanoparticles have unique biological properties given their small size and large surface area-
to-volume ratio, which allows them to bind, absorb, and carry compounds, such as small
molecule drugs, DNA, RNA, proteins, and probes with high efficiency [87]. Up to date, about
ten of nanoparticle-based antitumor drugs have been approved for clinics, while a large amount

of nanoparticular-drugs is under laboratory investigation.

1.2.3.1. Albumin complexes
Being the most abundant protein in human blood plasma, human serum protein (HSA)
constitutes about half of serum protein. HSA plays an important role in the transport of poorly
water soluble compounds, including endogenous metabolites, namely fatty acids, bilirubin,
urobilin as well as exogenous drugs. Since HSA accumulates in tumors due to ERP effect [2],
it is promising for delivery of antitumor drugs. For this purpose, anticancer agent can be
conjugated with HSA through the pH-dependent [88] or antigen-dependent [89] linker.
Atternatively, the drug molecule can be modified to form stable non-covalent complex with

endogenous albumin in the blood. For example, an albumin-binding prodrug of doxorubicin,
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namely (6-maleimidocaproyl)hydrazone derivative of doxorubicin (DOXO-EMCH) entered
Phase II of clinical trials [90].

1.2.3.2.  Liposomes
Liposomes are spherical vesicles with at least one lipid bilayer. For the first time, liposomes as
a model of cell membrane were described by British haematologist A. Bangham in 1964 [91].
Few years later, they were proposed as a drug delivery vehicle [92]. Liposomes are compatible
with lipid bilayer cell membrane, since they are commonly fabricated from phospholipids,
namely phosphatidylcholine, but can also contain other lipids, such as egg
phosphatidylethanolamine etc [93]. Furthermore, many liposomal formulations have been
designed to provide drug release in response to specific stimuli, such as pH, temperature,
external alternating magnetic field, ultrasound or light [94]. However, liposomes have rather
low drug-loading capacity and generally require additional functionalization. For example,
polyethylene glycol (PEG) is commonly used to provide long-term stability and to address
problems related to short shelf-life, poor solubility and rapid clearance [95]. Recently, hybrid
liposomal cerasomes have been proposed to enhance morphological stability compared to
conventional liposomes [96]. Cerasomes are composed of lipid-bilayer membrane with internal
aqueous compartment like liposomes but are additionally covered with a silicate surface

framework.

Presently, there are at least 5 liposomal drugs for cancer therapy among 13 formulations which
have been approved by FDA [97]. The first FDA-approved nanodrug Doxil (liposomal
doxorubicin) was approved in 1995 [98].

1.2.3.3.  Nano-emulsions
Nanoemulsions (NEs), like liposomes, are lipid-based drug delivery systems. A typical
nanoemulsion contains oil, water and an emulsifier [99]. NEs can be prepared by different
techniques, broadly classified into two primary categories: high-energy and low-energy
methods. High energy methods include high pressure homogenization or ultrasonication [100].
Low energy methods exploit specific system properties to produce small droplets without
consuming significant energy through spontaneous emulsification or phase-inversion
temperature techniques [101]. Since nanoemulsion applications for antitumor drug delivery

and tumor visualization look promising, there is a need to continue studies in these areas [102].
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1.2.3.4.  Solid lipid nanoparticles
Solid lipid nanoparticles (SLN) were developed at the early 1990s as an alternative lipid-based
delivery system. Generally, SLN are spherical in shape and consist of a solid lipid core
stabilized by a surfactant. A term “lipid” is used here in a broader sense and includes
triglycerides, diglycerides, monoglycerides, fatty acids, etc. Since SLN are fabricated from
physiological lipids, there is no risk of side-effects. Since SLN are solid at room and body
temperature, they have better mechanical properties than emulsions or liposomes. Solid lipids
provide also better controlled drug release due to increased mass transfer resistance [103]. The
use of SLN as antitumor drug delivery vehicles was reviewed earlier [104]. Pulmonary

delivered paclitaxel-loaded SLN nanoparticles successfully passed preclinical trials [105].

1.2.3.5. Carbon and silica nanopartiles
Carbon- (e.g. graphen, grapheme oxide) and silica-based nanoparticles, namely mesoporous
silica are also promising for antitumor drug delivery. Graphene and its derivatives are rather
novel materials in biomedicine and are attractive due to their two-dimensional planar structure,
high specific surface, chemical and mechanical stabilities and rather good biocompatibility
[106][107]. Thus, they were reported to deliver doxorubicin [108] as well as some other cargo
molecules, including antibodies and RNA/DNA molecules [107]. However, carbon-based

nanoparticles are not biodegradable, therefore their use is limited [109].

Unlike grapheme, mesoporous silica nanoparticles (MSN) were proposed as drug delivery
system several decades ago [95]. The mesopore structure and high specific surface allow to
load MSN with rather big amounts of chemotherapeutics [110]. Additionally, due to active
surface groups, MSN could be easily functionalized. Silica is biocompatibile material and can

be safely taken up by cells through endocytosis [111].

1.2.3.6. Quantum dots and metal-based nanoparticles
Metal-based NPs are non-biodegradable drug delivery system. Generally, they are obtained
from gold, titan, zinc, and ferrum. Metal NPs have been proposed for theranostic (therapy +
diagnostic). Diagnostics of tumor localization can be carried out via magnetic resonance
imaging in case of iron oxide NPs or computer tomography using gold, tantal, lantanoids NPs.
Cytotoxicity of the metal NPs can occur as a result of metal properties (reactive oxygen
generation, calcium level influence) or through the conjugation of antitumor drugs [112].

Presently, there are at least two formulations based on iron-oxide nanoparticles which have
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been approaved by FDA, namely Resovist for hepatocellular carcinoma visualization [113] and
NanoTherm for glioblastoma treatment [114]. A few other prepaprations are under preclinical

or clinical trials [115].

Quantum dots (QD) are often used for in vitro and in vivo imaging [116]. These semiconductor
quantum dot nanocrystals have been emerged as an alternative tool to organic dyes and
fluorescent proteins. QD are brighter and more stable against photobleaching than standard
fluorescent indicators [117,118]. The main disadvantage of QD is their cytotoxicity. That is
why efforts of most of the researches are focused on cytotoxicity reduction, and
biocompatibility enhancement through surface modification, while targeting is reached by QD

conjugation with antibodies, peptides, or small molecules [119].

1.2.3.7. Polymer nanoparticles
Biodegradable polymers offer great potential for controlled drug delivery, since they can be
degraded by enzyme cleavage or just resorbed in the body. Polyesters (PLA, PLGA etc) are the
most attractive polymers for biomedicine purposes. They exhibit a wide range of erosion
times, have tunable mechanical properties, and were approved by FDA in the !980th [120].
Additionally, it is possible to tune the physico-chemical properties of the nanoparticles by
controlling some relevant parameters, such as polymer molecular weight, ratio lactide/
glycolide and drug concentration, in order to provide controlled drug release. BIND-014,
targeted nanoparticles for doxetaxel delivery to PSMA-expressed cells [121] is one of the
numerous PLA- and PLGA-based systems presently used for biomedical applications. The
anoother example is poly(alkyl cyanoacrylate) (PACA) which was shown to overcome
multidrug resistance in tumor cells [122]. Intracellular drug release rate can be tuned by
choosing appropriate monomers from the PACA family or by using hybrid PACA
nanoparticles which contain different monomers [123]. To cobclude, polymeric micro- and

nanoparticles are promising vehicles for antitumor drug delivery.

1.2.3.8. Polyelectrolyte microcapsules
Polyelectrolyte microcapsules are fabricated by so-called layer-by-layer (L-b-L) technique
This technique is based on the consecutive assembly of oppositely charged polyelectrolytes on
an inorganic core as a template [124]. Thus, the spherical calcium carbonate core can be
dissolved by treatment with chelating agents (EDTA or sodium citrate), in order to obtain

hollow capsule loaded with chemotherapeutics or dyes. Presently, this technique is widely
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used by a lot of research groups from all over the world for various biomedical applications,
namely drug delivery [125] including antitumor drugs [126] and DNA encapsulated vaccines
[127]. The size of polyelectrolyte microcapsules depends on the core diameter which could be
within a range of 0.5 — 3 um. As a result, the diameter of polyelectrolyte capsules is usually
about 1-5 um. Recently, a novel heat shrink technique was proposed to minimize the size up to
400-500 nm [128]. The capsule properties can be modified by varying polycations and
polyanions. Thus, an antitumor drug doxorubicin was used as a material to fabricate
microcapsules together with the modified polysaccharide alginate dialdehyde through self-
cross-linking [129]. In this case doxorubicin was used both as a shell material and an active
compound. Drug release from the capsules can be realized via pH-dependent [126] or

ultrasound-dependent [ 130] manner.

1.2.3.9. Polymeric micelles
Polymeric micelles are nanosized core-shell structures formed by auto-assembly of
amphiphilic block copolymers. If the copolymers are in water solution, the core of the micelles
is hydrophobic, and therefore can be used to load hydrophobic drugs [131]. The hydrophilic
shell could be coated with PEG or functionalized with ligands to tumor-specific receptors.
Pluronic block copolymers (also termed ‘Poloxamer’ or ‘Synperonic’) consist of ethylene
oxide (EO) and propylene oxide (PO) blocks arranged in a triblock structure: EO, —PO, —EO.
This arrangement results in an amphiphilic copolymer, in which the number of hydrophilic EO
(x) and hydrophobic PO (y) units can be altered to vary the size, hydrophilicity and
lipophilicity. Pluronic block copolymers have been used extensively in a variety of
pharmaceutical formulations, including delivery of low molecular drugs [132]. They can be
used not only as inert carrier materials, but also can cause various functional alterations in
cells, e.g. overcoming multidrug resistance [133] or passing through blood-brain barrier to
target tumors in brain [ 134]. Up to date, there are several micellar-based preparation approved
by FDA, for instance paclitaxel-based formulation Genexol-PM [135]. A lot of formulations
are under preclinical and clinical trials [136]. Among disadvantages of micelles, rather low
drug loading capacity, poor stability in blood, and insufficient binding and cell uptake in case

of solid tumors could be mentioned [137].
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1.2.3.10. Dendrimers
Dendrimers are nano-sized, radially symmetric molecules with well-defined, homogeneous,
and monodisperse structure that has a typically symmetric core, an inner shell, and an outer
shell [138]. Dendrimers are widely employed for various biomedical applications, including
drug delivery [95]. Drugs could be loaded in dendrimer based delivery systems by three ways :
(a) physical entrapment, (b) electrostatic interactions, and (c) covalent conjugation [139]. For
example, the most common polyamidoamine dendrimers can selectively host methotrexate
[140]. The branches can be additionally modified with ligands to target tumor cells or to
prevent non-specific binding to normal cells. However, the possible toxicity of dendrimers
(especially for non-biodegradable materials) are under discussion [141]. For last two decades,
a number of dendrimer-based delivery systems were developed, and novel promising studies in

this area are expected [ 142].

1.2.4. Drug testing in tumor spheroid model
1.2.4.1. Cell cycle specific agents
As well known, cancer cells, contrary to normal cells, grow and divide in an uncontrolled
manner. Cancer cells often deregulate the cell cycle and undergo unscheduled cell divisions,
therefore inhibition of the cell cycle give a chance for effective antitumor therapy [143]. Most
anticancer drugs perturb the proliferation cycle of tumor cells by inhibiting/damaging cell
cycle events. Therefore, further development of this approach is of great interest [ 144]. Testing
of cell-cycle specific agents in tumor spheroid model might be especially fruitful, since cell
cycle in spheroids differs from this one in monolayer culture greatly. Thus, for SKOV3 and
IGROV1 spheroids GO/G1 cell cycle arrest was found after 1 and 4 days of incubation,
respectively [145]. For Capan-2 spheroids G1 or G2 arrest was shown to depend on epidermal
growth factor (EGF) presence and cell localization either in the spheroid outer layer or in the
core [146]. Therefore, higher cytotoxicity of agents specific to these cell phases could be
expected. Indeed, this effect was demonstrated for some drugs, including etoposide [146],

roscovitine [ 147], or suberanilohydroxamic acid [48].

1.2.4.2. Nanoparticle size
Rather low penetration of nanoparticles (NP) to solid tumors limits the therapeutic efficacy of
such formulations for cancer therapy [148]. That is why NP size is one of the most important

characteristics of drug delivery system. Since an interstitial space in solid tumors is about 1-2
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um [148], this size can be considered as the upper size limit of the drug vehicles. However,
smaller size might be more promising in terms of better penetration through the ECM matrix in
tumors. Spheroids already have been proven to be a critical tool to study the penetration of
nanoscale materials and intratumoral transport of nanoparticle drugs [149]. Thus, it was
demonstrated, that polystyrene nanoparticles with the mean size of 20 and 40 nm were able to
accumulate in the core of the spheroids from human cervical carcinoma SiHa cells, while 100
and 200 nm nanoparticles were found at the spheroid rim [150]. This general trend (the less
size — the better spheroid infiltration) was found for many delivery systems, namely gold
nanoparticles [151], PAMAM-dendrimers [152], or PEG-b-P(Glu) micelles [153]. It is
important, that drug loading in the nanoparticles results in the enhancement of drug uptake by
tumor cells. Thus, using doxorubicin-loaded PEO-PHB-PEO micelles with the mean size of 37
nm, it was possible to deliver more drug to tumor spheroids then in case of native doxorubicin
[154]. As a result, these doxorubicin-loaded PEO-PHB-PEO micelles were more effective
against tumors in vivo. [154][154][154]

However, tumor spheroids are not able to reproduce EPR effect or uptake of nanoparticles by
liver, spleen, or kidney. That is why the use of the smallest NP might be not the best decision
for in vivo applications. For example, it was found, that 100-200 nm liposomes infiltrated in
tumors in vivo better, than 63 nm liposomes [155]. Additionally, as well known, nanoparticles
with diameter with a range of 5-10 nm rapidly undergo renal clearance [156]. The possible
solution is to use a combined delivery system of size-variable nanoparticles. This approach
was realized for gelatin nanoparticles with a mean size of 100 nm loaded with quantum dots
(10 nm). Gelatin NP were degraded by proteolytic enzymes in tumors, and as a result quantum
dots better penetrated into the tumors. The efficacy of this strategy was confirmed by in vivo

studies [157].

We have discussed the penetration of round-shape nanoparticles above. However, due to the
modern techniques like nanoimprint lithography, the particles with various shape and aspect
ratio can be generated. Thus, it was shown that disk-like particles (100 nm height, and 325 nm
diameter) better infiltrated into tumor spheroids compared to nanorods (400x100x100 nm), but

were less effective compared to the round-shape NP of the similar volume [158].
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1.2.4.3.  Surface modification of nanoparticles
Surface modification of nanoparticles allows to tune their properties, in order to provide better
tumor infiltration and accumulation. Thus, nanoparticles are often protected from the cells of
immune system by polyethylene glycol (PEG) [159]. As a result, NP can penetrate to the
spheroid core through an interstitial space. For example, PLGA NP coated with PEG
penetrated two-fold faster into the Hela spheroid (250 pum) than those covered with cell-
penetrating MPG peptide [160]. Surface charge also can play an important role in NP
infiltration into tumors. Thus, classical zwitterionic DMPC:chol liposomes with a small
negative charge not only associated with the tumor spheroids, but also extensively penetrated
almost through-out the interstitial space [161]. Contrary, strongly cationic DMPC:DC-chol
vesicles interacted with the tumor cells, inhibiting further liposome infiltration into the tumor
spheroids. The opposite trend was found for PAMAM dendrimers. Thus, cationic amine-
terminated PAMAM dendrimers exhibited accumulation in the spheroids compared to those
which had either neutral or negative charge [152]. In this case, the higher charge led to the

higher accumulation level, while a smaller charge resulted in the deeper infiltration.

Tumor-targeting of the nanoparticle surface can promote tumor infiltration and accumulation.
Thus, integrin a6p1-targeted PEG-PLA micelles demonstrated more effective penetration into
the tumor spheroids compared to non-targeted micelles [162]. In turn, liposomes coated with
RGD-peptide and transferrin targeted endothelial and tumor cells, as well as penetrated into the
core of the rat glioma C6 tumor spheroids both in vitro and in vivo conditions [163].
PEGylated poly(trimethylene carbonate) micelles functionalized with ¢(RGDyK) showed the
strongest penetration and accumulation into 3D tumor spheroids as well as into the

subcutaneous mice xenografts [164].

Delivery of nanoparticles to solid tumors may be also improved by the incorporation of ECM-
modulating enzymes in the delivery formulation. Thus, collagenase-coated, 100 nm
carboxylated polystyrene nanoparticles demonstrated a 4-fold higher accumulation in the

spheroid core compared to control nanoparticles [150].

Additionally, co-culture spheroids could be considered as a model of blood brain barrier in
vitro [165]. Permeability of polyether-copolyester (PEPE) dendrimers across the in vitro BBB

model and their distribution into avascular human glioma tumor spheroids was studied. It was
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found that glucosylation increased the cumulative permeation of dendrimers across BBB as
well as accelerated infiltration into tumor spheroids which was found to be 6 h and 12 h for

glucosylated and non-glucosylated dendrimers, respectively [166].

1.2.4.4. pH-triggered drugs
Measurement of pH values in tissue has shown that the microenvironment in tumors as well as
in tumor spheroids is generally more acidic than this one in normal tissues due to the
production of lactic acid and ATP hydrolysis in hypoxic regions of tumors [167]. Thus, acidic
pH values as low as 6.3 was shown for the core of BT474 spheroids in vitro [46]. For in vivo
conditions, pH 6.6 was reported for human xenografts in animals at a distance of 200 pm from
the nearest blood vessel [168] and the average low value of pH ranges from 6.0 to 6.2 was
demonstrated for tumors in human [169]. Low pH values can protect cells in the spheroids in
case of treatment with drugs with weak acid properties like antracyclins [170]. Contrary, the
cytotoxicity effect could be enhanced in case of weak base drugs like chlorambucil or
mitomycin C [167,170,171]. It could be concluded that the intratumoral pH gradient plays an

important role in the pH-dependent modulation of cytotoxicity of weak electrolytes.

Low pH values in tumors might be used for development of pH-triggered drug delivery
vehicles. For example, pH-sensible doxorubicin-loaded DSPC/cholesterol liposomes were
compared with non-pH-sensible liposomes and free doxorubicim using BT474 multicellular
spheroids [46]. pH-triggered liposomes were found to release encapsulated doxorubicin
intracellularly and intratumorally, and therefore they were more effective compared to
conventional liposomes both in vitro and in vivo studies. It shoud be noted, that pH-triggered
drug delivery systems are usually proposed for lysosome delivery [172], since lysosomes are
involved in the endocytic pathway and also have acidic pH in a range of 4.5-5.0 [173]. So, it is

of great interest to test these lysosome-targeted drugs in a tumor spheroids model.
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CHAPTER II. EXPERIMENTAL PART

2.1. Reagents
. Dulbecco's Modified Eagle Medium (DMEM), PanEko, Russia

[a—

. Fetal bovine serum (FBS), PAA Laboratories, Austria

. Sodium chloride, cell culture grade, PanEko, Russia

. Phosphate-buffered saline pH 7,4 (PBS), PanEko, Russia
. Versene solution, PanEko, Russia

. Trypsin-EDTA solution, PanEko, Russia

. L-Glutamine, PanEko, Russia

. Sodium Piruvate, PanEko, Russia

O 0 3 N W B~ WL

. 2-Mercaptoethanol, Loba Feinchemie, Austria

10. Gentamicin, PanEko, Russia

11. Penicillin-Streptomycin, PAN Biotech, Germany.

12. Dimethyl sulfoxide (DMSO), cell culture grade, Helicon, Russia
13. Formaldehyde 37%, AppliChem, USA

Reagents for cell encapsulation

14. Sodium alginate (medium viscosity,~3500 cps at 25°C), Sigma-Aldrich, USA

15. CaCl,x2H,0., Sigma-Aldrich, USA.

16. EDTA sodium salt, Sigma-Aldrich, USA

17. Oligochitosan (3.5 kDa, deacetylation degree 89 %) was a kind gift from Prof. A.

Bartkowiak and was prepared as described ealier [174].

Reagents for RGD-induced cell aggregation:
18. Linear and cyclic RGD-peptides were synthesized at Institute of Macromolecular
Compounds, Russian Academy of Sciences, St. Petersburg, Russia
1) cyclo-RGDfK
2) cyclo-RGDfK(TPP), cyclo-RGDfK peptide modified with triphenylphosphonium
cation (TPP)
3) RGDF
4) RGDF(TPP), RGDF peptide modified with TPP.
5) KRGDF(TPP),, RGDF peptide modified with two TPP molecules.
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19.

20.
21,
22.
23.
24.
25.
26.

The K34c ligand is 2-(S)-2,6-dimethylbenzamido)-3-[4-(3-pyridin-2-ylaminoprooxy)-
phenyl]propionic acid. It was a kind gift from Prof. Horst Kessler and was synthesized as
described earlier [175]

Neuraminidase (Neu), Sigma-Aldrich, USA

Biotinylated Maackia Amurensis Lectin II (MAL II), Vector Laboratories, USA
Biotinylated Sambucus Nigra Lectin (SNA), Vector Laboratories, USA

Peanut Agglutinin (PNA), Vector Laboratories, USA

Wheat Germ Agglutinin (WGA), Vector Laboratories, USA

Agarose, Sigma-Aldrich, USA

DyLight 488 Streptavidin, Vector Laboratories, USA

Cell dyes:

27,
28.

29,
30.
. Propidium iodide (PI), eBioscience, USA
32.
33.

31

34.
23
36.

Trypan blue, Flow Laboratories Inc., USA

MTT reagent (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), PanEko,
Russia

Hoechst 33342, PanEko, Russia

Calcein AM, eBioscience, USA

DiO (3,3’-dioctadecyloxacarbocyanine perchlorate), Sigma-Aldrich, USA

Dil 1,1'-Dioctadecyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate), Sigma-Aldrich,
USA

MitoTracker Orange, Thermo Scientific, USA

Nyle Red (NR), Sigma-Aldrich, USA

Nyle Red 668 (NR 668) was a kind gift from Prof. Andrey Klymchenko and was

synthesized as described earlier [176].

Antitumor drugs:

37.
38.
39.
40.
41.
42.

Gemcitabine hydrochloride, Sigma-Aldrich, CIIA.
Doxorubicin hydrochloride, Sigma-Aldrich, CIIA.
Curcumin, Sigma-Aldrich, CIIA.

Oseltamivir phosphate, La Roche Ltd., Kanana.
Tamoxifen, Sigma-Aldrich, CIIIA.

Temozolomide, Schering-Plough Corporation, CIIA.
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43. Thymoquinone, Sigma-Aldrich, CIIA.
44. 5-Fluorouracil, Sigma-Aldrich, CILIA.
45. Doxorubicin derivatives were synthesized at Institute of Macromolecular Compounds,
Russian Academy of Sciences, St. Petersburg, Russia
1) N-palmitoyl-doxorubicin (N-Palm-DOX);
2) Palmitoyl-hydrazone of doxorubicin (Palm-N,H-DOX);
3) DOX conjugate with the hydrazide of 1-carboxy-5-fluorouracil (DOX-FUS);
4) DOX conjugate with aminoguanidine (DOX-AMG);
5) DOX conjugate with (4-carboxybutyl)triphenylphosphonium bromide (DOX-TPP).
46. Curcumin conjugate with Plutonic F68 was synthesized at the University of Srasbourg

(France).

Reagents for fabrication of polysaccharide microcontainers:

47. Low molecular weight chitosan [20—300 cps, 1 wt% in 1% acetic acid (25°C), 75—85%
deacetylated], Sigma-Aldrich, USA

48. Xanthan gum [from Xanthomonas campestris, 800—1200 cps, 1% in H20 (25°C)],, Sigma-
Aldrich, USA

49. Soybean oil, Sigma-Aldrich, USA

50. Poly-L-lysine (PLL), 40 000—60 000 Da, Sigma-Aldrich, USA

Reagents for nano-emulion production:

51. Labrafac WL, Gattefossé, France

52. Cholecalciferoyl 2,3,5-triiodobenzoate was synthesized at the University of Srasbourg
(France).

53. Kolliphor ELP (Cremophor ELP), BASF, Germany

54. Solutol HS 15, BASF, Germany
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2.2. Methods

2.2.1. Cell culture

A list of cell lines used in this study is shown in Table 1. MCF-7/ADR cells were a
generous gift of Dr. Akatov (Institute of Theoretical and Experimental Biophysics RAS,
Pushchino, Moscow region, Russia). PANC1 were purchased from ATCC collection.
Tamoxifen-resistant MCF-7 TMX gemcitabine-resistant PANC1-GemR cells were obtained at
Prof. Szewczuk’s laboratory (Queen’s University, Kingston, Canada). Other cells were kindly
provided by Drs. E. Svirchevskaya and E. Kovalenko (Shemyakin-Ovchinnikov Institute of
Bioorganic Chemistry RAS, Moscow, Russia). The cells were cultured in DMEM
supplemented with 10% FBS, which contained penicillin-streptomycin at 37°C in a 5% CO,

humidified atmosphere. The medium was replaced every 3—4 days.

Table 1. Cell lines.

Cell line Origin Morpholofy
MCF-7 Human, breast adenocarcinoma epithelioid
MCF-7/ADR Human, doxorubwm-resmtant breast epithelicid
adenocarcinoma
MCF-7/TMX Human, tamox1fen-'re51stant breast epiffietioid
adenocarcinoma
PANCI1 Human, pancreatic carcinoma epithelioid
PANC1/ Human, gemcitabine-resistant pancreatic e s
. epithelioid
GemR carcinoma
U-87 MG Human, glioblastoma epithelioid
HCT-116 Human, colon colorectal carcinoma epithelioid
HepG2 Human, hepatocellular carcinoma epithelioid
A-375 Human, melanoma epithelioid
HeLla Human, cervical adenocarcinoma lymphoblastoid
A-172 Human, glioblastoma fibroblast-like
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Cell line Origin Morpholofy
HaCaT Human, keratinocytes epithelioid
HOS Human, osteosarcoma fibroblast-like/ epithelioid
M-3 Mouse, melanoma epithelioid
L-929 Mouse, transformed fibroblasts fibroblast-like
BNL-CL2 Mouse, embryotic hepatocytes epithelioid
RAW 264.7 Mouse, monocytes/macrophages macrophage-like

2.2.2. Cytotoxicity study of RGD-peptides
Cytotoxicity of RGD-peptides was determined by MTT-assay (P. 2.3.8) and “live-dead”

fluorescente assay.

2.2.2.1. “Live-dead” fluorescente assay
2D cell culture: Cells were seeded at a cell culture glass slide (10" cells/well) followed by
overnight incubation. Then the RGD-peptide solution (1-100 uM) in DMEM (10% FBS) was
added. After 24 h of incubation with the peptide, the cells were washed 3 times with PBS (pH
7.4), treated with Hoechst 33342, Calcein AM and PI solutions (5 mM of each dye in PBS),
and then incubated for 20 min. Finally, the cells were washed with PBS 3 times, transferred to
the CC/Mount fluorophore protector and observed with Leica TCS SP confocal scanning
system (Leica, Germany). The excitation wavelengths were 360 nm for Hoechst 33342, 488
nm for Calcein AM, 543 nm for PI, and fluorescence signals were collected in 380— 460 nm
for Hoechst 33342, 500-530 nm for Calcein AM and 560-650 nm for PI. The images were

processed in Leica software.

3D cell culture: Spheroid formation was performed as described in P. 2.2.4.1 or 2.3.4.2.
Incubation time with cell dyes was 30-40 min. The stained spheroids were sedimentated and
carefully transferred to the glass slide. The fluorescent measurements were performed at the

wavelenghs mentioned above for 2D cell culture.
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2.2.3. Methods for tumor spheroid formation for in vitro studies
2.2.3.1. RGD-indiced technique
Spheroid formation was performed as described in P. 2.2.2.2. Cyclo-RGDfK(TPP) peptide
solutions (25, 50, or 100 uM) were added to monolayer cell cultures. The spheroids were

generated in DMEM (10% FBS) after 2-3 days of cell cultivation in CO,-incubator.

2.2.3.2. Liguid-overlay technique
Tumor spheroid formation on agarose-coated plates was performed as previously described
[66]. Briefly, 1.5% wt of agarose in DMEM was heated on water bath for 15 min. Then 50 pL
of agarose gel was added to each well of a flat-bottom 96-well plate under sterile conditions.
The plates with agarose were cooled down to room temperature for 15 min. Cells were seeded
on the agarose-coated plates (5,000-10,000 cells/well, 100 uL of medium in each well) and

incubated at 37°C. The spheroid formation was found after 1-2 days of incubation.

2.2.3.3.  Microencapsulation technique
Cell microencapsulation was carried out as described earlier [76]. Briefly, the cells were added
to a sterile sodium alginate solution (1.5% w/v, 10° cells per ml), and the mixture was dropped
into a CaCl, solution (0.5% w/v) using an electrostatic bead generator. To form an alginate-
oligochitosan membrane, the obtained Ca-alginate microbeads were incubated in an
oligochitosan solution (0.2% w/v) for 10 min. Then the beads were washed with a 0.9% NaCl
solution, and treated with a 50 mM EDTA solution for 10 min, in order to dissolve a Ca-
alginate core. Finally, the obtained microcapsules were washed 3 times with 0.9% NaCl
solution, transferred to culture flasks with DMEM (10% FBS) and placed into a CO,-
incubator. All solutions for cell microencapsulation were prepared in the 0.9% NaCl solution.
Cell growth in the microcapsules was observed using light microscopy (Reichert Microstar

1820E, Germany). Spheroid formation was found after 10-14 days of incubation.

2.2.4. Methods for RGD-induced cell self-assembly study
2.2.4.1. Preparation of RGD-peptides solutions
Peptides were dissolved in DMEM to get final concentration of 400 uM and sterilized through

a 0.22 um syringe filter. Peptides stock solutions were stored at -20°C.

2.2.4.2.  Qualitive study of RGD-induced aggregation
The cells were seeded in DMEM supplemented with 10% FBS in 96-well plate (10*
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cells/well). After cell attachment, the medium was replaced in each well with 100 ml of
DMEM supplemented with FBS (2.5; 5; 10 % v/v) or with serum free DMEM which contained
RGD-peptides. Peptide concentration in the medium was in a range of 1-100 uM. Cell
aggregation with subsequent spheroid formation was observed using light microscope (Zeiss
Axiovert 25, Germany) equipped with the CCD camera (Axiocam, Germany) after 24, 48, and
72 h of incubation. Spheroid diameters were measured using ImageJ software and mean values

were calculated (at least 200 measurements for each sample).

2.2.4.3.  Quantative measurement of RGD-induced aggregation

The cells were seeded in DMEM supplemented with 10% FBS in 96-well plate (10*
cells/well). After cell attachment, the medium was replaced in each well with 100 ul of
DMEM supplemented with 10% FBS which contained 1-100 uM of cyclo-RGDfK(TPP).
After 2-4 days of incubation, the spheroids were transferred to 1.5 ml Eppendorf tubes, while
the non-aggregated cells were still attached to the plate bottom. To measure cell viability,
WST-1 assay based on the reduction of a tetrazolium compound to a soluble derivative was
used. The absorbance at 420 nm is directly proportional to a number of living cells. The
absorbance readings were taken after adding WST-1 reagent to each well (10% v/v of WST-1
in DMEM), followed by incubation at 37°C for 2 h before reading at the indicated time point.
To determine cell viability as a percentage of control for each peptide concentration, the
following formula was used:

[(Absorbance of cells with peptide in the medium )—(Absorbance of medium without peptide)]
/ [(Absorbance of cells alone on day 0)—(Absorbance of medium )] x 100,

where day 0 is a time point when the peptide was added.

2.2.4.4. Inhibition of RGD-induced cell aggregation
The cells were seeded in DMEM supplemented with 10% FBS in 96-well plate (10 cells/well).
After cell attachment, the medium was replaced in each well with 100 pul of DMEM
supplemented with 10% FBS which contained 25 uM (for M-3 cells) or 50 uM (for MCF-7
cells) of cyclo-RGDfK(TPP)-peptide. Then, one of the following reagents was added: ligand
K34c (0.1-250 uM), or MAL II lectin (0.05-50 pg/ml), or SNA lectin (0.05-50 pg/ml), or PNA
agglutinin (0.05-50 pg/ml), or WGA agglutinin (0.05-50 pg/ml), or neuraminidase (0.025-
25U). Cell aggregation was observed using light microscope (Zeiss Axiovert 25, Germany)

equipped with the CCD camera (Axiocam, Germany).
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2.2.4.5. Flow cytometry of cell surface sialic acids
Flow cytometry analysis of biotinylated MAL II or SNA was conducted through staining
membranes of live cells. Live cells (MCF-7 and MCF-7/TMX, PANC1 and PANC1/GemR)
were stained with biotinylated lectins after incubation on ice for 1 h and followed with
DyLight 488 conjugated strept-avidin for additional 30 min on ice. Then the cells were fixed.
Control cells were stained with DyLight488 conjugated streptavidin for 30 min on ice. The
cells were analyzed by Beckman Coulter Cytomics FC500 flow cytometer. The median
fluorescence was calculated for 500,000 acquired cells (100% gated). The data represent one

of two experiments with similar results..

2.2.4.6. Study of disaggregation of RGD-inducedspherois
To study spheroid stability after the RGD-peptide removal, the spheroids were transferred to
Eppendorf tubes and washed three times with a completed DMEM (10% FBS). Then they
were transferred to 96-well plates and observed by light microscope (Zeiss Axiovert 25 (Zeiss,
Germany) or Reichert Microstar 1820E (Reichert Technologies, Germany) after 24-72 h of

incubation.

2.2.5. Co-culture of tumor spheroids and single stromal cells in mixed spheroids
2.2.5.1. Cell staining
Lipophilic DiO and Dil dyes were dissolved in DMSO at 10 mM, and stored at -20°C. Cells
were seeded in 25 cm® T-flasks (2x10° cells per flask) and incubated in the CO,-incubator
overnight. The medium was removed and the cells were washed twice with PBS (pH 7.4).
Mouse melanoma M-3 cells and mouse fibroblast L-929 cells were incubated in serum free
DMEM containing DiO (10 uM) or Dil (5 uM), respectively, at 37°C for 30 min. To remove

the unbounded dyes, supernatants were drained off, and the cells were washed with DMEM.

2.2.5.2.  Co-culture of tumor and stromal cells in mixed spheroids
Mouse melanoma M-3 cells stained with DiO and mouse fibroblasts L-929 stained with Dil
were harvested and seeded in 96-well plate in various cell count ratios. The percentage ratio of
M-3/L-929 cells was varied as 25/75, 50/50 and 75/25 %. Total cell count was 10 per well.
After 2-3 h, the medium was replaced with 100 ul fresh DMEM (10 % FBS) containing 50
uM cyclo-RGDfK(TPP)-peptide. Finally, the plate was transferred to the CO,-incubator, and
spheroid formation was observed in 2—3 days. Then the spheroids were stained with Hoechst

33342 dye (50 uM, 30 min) and observed by confocal microscopy (Nikon TE-2000, Japan).
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2.2.5.3.  Co-culture of tumor spheroids and single stromal cells in liquid overlay
system
Agarose (1.5 % w/v) in DMEM was sterilized in a water bath for 15 min, and then 250 pl of it
was added to each well of a flat-bottom 24-well plate. The plate was cooled to room
temperature and used for cell cultivation. Mouse melanoma M-3 cells were stained with DiO,
and MTS were generated by addition of DMEM containing 25 pM cyclo-RGDfK(TPP)
peptide as described above. The obtained tumor spheroids were collected in 72 h, added to
previously Dil-stained L-929 cells (M-3 cells/L-929 cells count ratio was 1:1), and the cell
mixture was transferred to 24-well agarose-coated plates. Then 400 ul DMEM [10 % FBS, 25
uM cyclo-RGDfK(TPP)] was added to each well. The plates were incubated in the CO,-
incubator for 2 days. The co-culture spheroid formation was monitored by confocal

microscopy (Nikon TE-2000, Japan) (P. 2.2.5.2).

2.2.5.4. Co-culture of tumor spheroids and single stromal cells in alginate—
chitosan microcapsules
Mouse melanoma M-3 cells were stained with DiO, and MTS were generated by addition of
DMEM (10 % FBS) containing 25 pM cyclo-RGDfK(TPP) as described above. The obtained
spheroids were collected in 72 h, mixed with previously Dil-stained L-929 cells (M-3 cells/L-
929 cells ratio was 1:1). The cell mixture was then entrapped in the alginate/chitosan
microcapsules as described above, and cultivated for 14 days. The generation of co-culture
spheroids within microcapsules was observed by confocal microscopy (Nikon TE-2000,

Japan).

2.2.6. Development of novel antitumor preparations
2.2.6.1. Doxorubicine derivatives
All DOX derivatives and conventional DOX were dissolved in DMSO to get final
concentration of 10 mM, except HSA complexes that were dissolved in serum free DMEM.
The stock solutions were stored at -20°C. All appropriate working dilutions in cell culture

medium were prepared immediately prior to testing.

2.2.6.2. Curcumin-loaded micelles
Conjugate CUR-F68 (MC-17 sample) was dissolved in MilliQ-water, PBS (pH 7.4), or
DMEM at room or physiological (37°C) temperature to get solutions with concentrations in a

range of 0.01-10 mg/ml. For in vitro testing, the MC-17 sample was dissolved in PBS (pH 7.4)
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at room temperature to get final concentration of 10 mg/ml and sterilized through a 0.22 um
syringe filter. The stock solutions were stored at +4°C no more then 2 weeks. All appropriate
working dilutions in cell culture medium were prepared immediately prior to testing

experiments.

2.2.6.3. Thymoquinone-loaded polysaccharide microcontainers

For preparation of polysaccharide microcontainers (MC), chitosan was dissolved at 0.25% w/v
in 0.1 M HCI, whereas xanthan gum solution was prepared by dissolving 0.25% (w/v) in
deionized water. In both cases, the pH was adjusted to 2 with 0.1 M HCI (the acidic pH of the
solutions is prerequisite to avoid electrostatic interaction between the polysaccharides in the
mixture). Chitosan/xanthan gum MCs were obtained as described earlier [177]. Briefly, equal
volumes (2 mL) of chitosan and xanthan gum solutions (0.25% w/v, pH 2) were mixed, and
then soybean oil containing TQ (100 mg/mL) or NR (10 mg/mL) was added, and the mixture
was exposed to high-intensity ultrasound using a 7 mm diameter titanium sonotrode (56
W-cm 2, 20 kHz, 5 min) (Ultrasonic Processor UP400S, Hielscher Ultrasonics GmbH). An
oil/water ratio of 1:150 or 1:30 was used to generate MCs 0.5 and 2 pum in diameter,
respectively. The obtained MCs were separated from the reaction mixture by centrifugation
(6.708¢g, 5 min) and washed three times with Milli-Q water. The encapsulated TQ content was
estimated by determining the difference in drug concentration in the solution before and after
MC synthesis using UV—vis spectroscopy at 257 nm (PerkinElmer Lambda 650). The
encapsulation efficiency was up to 95%. To modify the MC surface with poly-L-lysine, 100
uL of the MC solution was added to 1 mL of a 0.2% (w/v) PLL solution in 0.15 N NaCl, and
the mixture was shaken for 15 min (IKA MS3 basic, IKA Works Inc.)

2.2.6.4. NR 668-loaded nano-emulsions
Nanoparticle emulsions (NR 668-loaded nano-emulsions) were formulated using a modified
method based on spontaneous nano-emulsification as previously described [178]. Briefly, the
oil phase was mixed with non-ionic surfactant and this mixture was heated to ensure its
homogenization. Then, this phase was suddenly mixed with warm water, generating the stable
nano-emulsions within seconds. In the case of iodinated cholecalciferol, the protocol had been
adapted due to the crystalline nature of this compound. Iodinated cholecalciferol was

solubilized in another oil (medium chain triglyceride, Labrafac® WL), and then this mixture
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was added to the non-ionic surfactant (Kolliphor ELP or Solutol HS 15). The size of the nano-

emulsion was in function of the oil and oil-to-surfactant ratio as decribed ealier [101].

2.2.7. Characterization of size and surface charge of the nanoparticles
The hydrodynamic sizes and polydispersity indexes (PDI) of the particles were measured using
dynamic light scattering (DLS) (Malvern Instruments, Orsay, 752 France). The helium/neon
laser, 4 mW, was operated at 633 nm with the scatter angle fixed at 173° and the temperature
maintained at 25°C. The sizes of the nano-emulsions were determined directly after their
formulation at room (+25 °C) or physiological temperature (+37 °C). All experiments were

performed in triplicate.

2.2.8. Study of nanoparticles surface morphology
Microcontainer morphology was studied by cryo-scanning electron microscopy (cryo-SEM) as
decribed earlier [177]. Briefly, each sample was frozen by plunging it into a nitrogen slush at
atmospheric pressure. Samples were freeze-fractured at -150°C, etched for 60 s at -98°C,
sputtered with platinum in a GATAN Alto 2500 Cryo preparation chamber, and then

transferred into a cryo-SEM system Zeiss Gemini 1530 (Zeiss, Germany).

2.2.9. Cytotoxicity studies
Cell viability was studied by MTT-assay.

For 2D conditions, cells were seeded in a 96-well plate (10 cells/well) followed by overnight
incubation. Then the cells were exposed to RGD-peptides or drugs treatment. Appropriate
working dilutions in DMEM (10% FBS or without FBS) were prepared immediately prior to
the experiments. After 24, 48, and 72 h of incubation the cells were treated with 100 ml of a
MTT solution (0.5 mg/ml in DMEM). After 4 h incubation, the medium was replaced with 100
ml of DMSO, in order to dissolve formazan crystals formed. To keep alive floating cells, a
supernatant after MTT treatment was transferred to Eppendorf tubes, and the cells were
precipitated by centrifugation (125g, 5 min). The optical density (OD) at 570 nm was
measured using Varioskan Flash reader (Thermo Scientific, USA). The viability of cells after
peptides treatment was expressed in% compared to the control according to the equation: (OD

sample - OD background)/(OD control - OD background)*100%.

For 3D conditions, MTS were generated with cyclo-RGDfK(TPP) or in chitosan mirocapsules
as described above. Aliquots of the microencapsulated spheroids (25 pl of slurry) were added
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into each well of 96-well plates. Then the spheroids were exposed drugs treatment. The other

steps were the same as for 2D conditions.

2.2.10. Assessment of the intracellular drug distribution

Assessment of the intracellular drug distribution was conducted by confocal microscopy.

For 2D conditions, the cells were seeded on a cell culture 8-well glass slide (50000 cells per
well) followed by an overnight incubation. Then the cells were incubated with the 250 pl of
drug solution/NP suspension solutions in serum free medium in the CO,-incubator. The cells
were additionally stained with Hoechst 33342 (50 uM, 10 min) and Calcein AM (25 uM, 15
min) for nuclei and cytoplasm visualization, respectively. In some experiments, in order to
visualize mitochondria, the cells were stained with MitoTracker Orange (500 nM, 30 min).
Finally, the cells were washed three times with PBS (pH 7.4), mounted in the CC/Mount
fluorophor protector, and observed using Leica CTR 6500 confocal microscope (Leica,
Germany). The excitation wavelengths were 360 nm for Hoechst and CUR, 488 nm for
Calcein AM, and 543 nm for DOX, NR, NR 668, and MitoTracker Orange. Fluorescence
signals were collected at 380-460 nm for Hoechst, 500-530 nm for Calcein AM, and 560-650
nm for DOX, NR, NR 668, and MitoTracker Orange. The images were processed in Image J

software.

For 3D conditions, MTS were generated with cyclo-RGDfK(TPP) or in chitosan mirocapsules
as described above. Then the spheroids were exposed to drugs treatment. The cells in spheroids
were additionally stained with Hoechst 33342 (50 uM, 30 min) and Calcein AM (25 uM, 30
min) for nuclei and cytoplasm visualization, respectively. Then the spheroids were transferred
to 1.5 ml Eppendorf tubes and washed 3 times with cold PBS (pH 7.4). Finally, the the
spheroids were carefully transferred to the glass slide and observed using Leica CTR 6500

confocal microscope (Leica, Germany).

2.2.11. Assessment of cellular drug uptake
2.2.11.1. Flow cytometry
For 2D conditions, cells were seeded in a 24-well plate (10° cells/well) followed by overnight
incubation. Then the cells were exposed to drugs or nanoparticles treatment. After washing
cells three times with PBS (pH 7.4), they were treated with trypsin-EDTA solution for 5 min to
detach the cells from the surface. The obtained cells were washed with cold PBS (pH 7.4) and
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studied by BD FACSCalibur (BD Biosciences, USA). The median fluorescence was calculated
for 50,000 acquired cells using WinMDI 2.9 and Flowing Software 2.5.1 software. The data

are a representation of one out of two experiments showing similar results.

For 3D conditions, MTS were generated with cyclo-RGDfK(TPP) peptide as described above.
To quantify drug accumulation inside the tumor spheroids, the drugs were resuspended in
DMEM and added to the MTS in the plates. Then the plates were transferred to the CO,-
incubator. To disrupt the spheroids, they were washed with PBS (pH 7.4) and treated with
trypsin-EDTA solution for 30 min. The obtained single cells were washed with PBS (pH 7.4),
filtered through the 100 pm membrane to remove cell aggregates, and then studied using BD
FACSCalibur (BD Biosciences, USA). The median fluorescence is calculated for 50,000
acquired cells. The data are a representation of one out of two experiments showing similar

results.

2.2.11.2. Fluorimetry
For 2D conditions, cells were seeded in a 24-well plate (10° cells/well) followed by overnight
incubation. Then the cells were exposed to nanoparticles treatment. Then the MTS were
washed with PBS (pH 7.4) and treated with 250 ul of DMSO to extract Nile Red (NR) dye,
and fluorescence was measured using a Varioskan Flash detection system (Thermo Scientific,
USA) with an excitation wavelength of 550 nm and an emission wavelength of 630 nm.
Uptake data were expressed as a percentage of fluorescence associated with the cells versus

fluorescence of the feed solution.

For 3D conditions, Tumor spheroids were generated with cyclo-RGDfK(TPP) peptide as
described above. To quantify the nano-particles accumulation inside the tumor spheroids, the
NR-loaded NP were resuspended in DMEM and added to the spheroids in the plates. Then the
plates were transferred to the CO,-incubator. After 0.5-8 h incubation, the MTS were washed
with PBS (pH 7.4) and treated with 250 pl of DMSO to extract NR. Fluorescence was
measured using a Promega GloMax-Multi detection system at 525 nm for excitation and
580—640 nm for emission. Uptake data were expressed as a percentage of fluorescence

associated with the cells versus fluorescence of the feed solution.
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CHAPTER III. RESULTS AND DISCUSSION
3.1. Novel technique for tumor spheroid formation using synthetic RGD-peptides
3.1.1. Formation of tumor spheroids using synthetic RGD-peptides

3.1.1.1. Publication 1

(%3

ormation of multicellular tumor spheroids induced by cyclic RGD-peptides and use for

anticancer drug testing in vitro”

Akasov R, Zaytseva-Zotova D, Burov S, Leko M, Dontenwill M, Chiper M, Vandamme T,
Markvicheva E. // Int J Pharm. 2016. Vol. 506, Ne 1-2, P. 148-157.

3.1.1.2.  Update to Publication 1

The role of a5B1 integrin in self-cell assembly was also studied using the K34c ligand. The
K34c ligand was found to inhibit RGD-induced aggregation of mouse melanoma M-3 cells at
concentrations of 10 uM and higher ones (Figure 3). It can be explained as a result of

competitive binding K34c ligand with integrins which prevented binding cyclo-RGDfK(TPP).

0.1 uM K34c 50 uM K34c 100 M K34c.

0 uM K34c 10 uM K34c

1 UM K34c

+ cyclo-RGDfK(TPP)

no peptide

Figure 3.. Upper row: inhibition of RGD-induced cell aggregation of mouse melanoma M-3
cells in the presence of the K34c ligand (0.1-100 pM). Lower row: the influence of the K34c¢
ligand on M-3 monolayer cell culture. DMEM+10% FBS, 25 uM cyclo-RGDfK(TPP), 72 h

incubation.

Since the size is one of the main spheroids characteristics, we have studied the influence of

some RGD-induced aggregation conditions to MTS size. Thus, the relationship between the
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initial amount of cells in each well and the spheroid size was shown. There was no spheroid
formation for M-3 cells in case when cell densities were less then 5,000 cells per well in the
96-well plate (Figure 4). Contrary, if there was more then 50,000 cells per well, a huge
irregular cell aggregate was obtained instead of the spheroids. We assume that amounts in a
range of 10,000-25,000 cells per well were crucial for MTS generation. The spheroid sizes
were found to slightly vary, in particular the mean MTS size was 113427 um in case of 10,000
cells per well and 125+28 um when cell density of 25,000 cells per well was used.

2500 5000 10000 25000 50000

Day O

DEpa

Figure 4. Micrographs of mouse melanoma M-3 cells (2,500-50,000 cells per well) in the
presence of 25 uM cyclo-RGDfK(TPP) peptide. DMEM+10% FBS, scale-bar is 200 pm.

Long-term cultivation for more than 4 days allowed to enlarge the spheroids size (Figure 5).
Thus, the mean size of MCF-7-based spheroids increased from 103+£21 uM (day 2) to 293+66
uM (day 8). However, this size enhancement occured not only due to cell growth in the
spheroids but also because of spheroid aggregation. As a result, spheroid size distribution
increased, while a total spheroid number decreased. Therefore, incubation for 3 days was

chosen for further research.
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Figure 5. Spheroid size distribution and micrographs of the spheroids generated from human
breast adenocarcinoma MCF-7 cells after 2, 4, 6, and 8 days of cell cultivation in DMEM
(10% FBS) which contained 50 uM cyclo-RGDfK(TPP). Scale bar is 100 pm.

3.1.2. Involvment of syalic acids to RGD-induced cell aggregation

3.1.2.1. Publication 2

“Sialylation transmogrifies human breast and pancreatic cancer cells into 3D multicellular

tumor spheroids using cyclic RGD-peptide induced self-assembly”

Akasov R., Haq S., Haxho F., Samuel V., Burov S. V, Markvicheva E., Neufeld R.J., Szewczuk
M.R. // Oncotarget 2016. Vol. 7, Ne 40, P. 66119—-66134.

3.1.3. Formation of co-culture spheroids using RGD-induced cell

aggregation
3.1.3.1. Publication 3

“3D in vitro co-culture models based on normal cells and tumor spheroids formed by cyclic

RGD-peptide induced cell self-assembly”

Akasov R, Gileva A, Zaytseva-Zotova D, Burov S, Chevalot I, Guedon E, Markvicheva E. //
Biotechnol. Lett. 2017. Vol. 39, Ne 1, P. 45-53.
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3.2. Novel antitumor drugs and drug delivery vehicles for testing in tumor spheroids
3.2.1. Testing of novel doxorubicin derivatives

3.2.1.1. Publication 4

“Novel doxorubicin derivatives: synthesis and cytotoxicity study in 2D and 3D in vitro

models”

Roman Akasov, Maria Drozdova, Daria Zaytseva-Zotova, Maria Leko, Pavel Chelushkin,
Annie Marc, Isabelle Chevalot, Sergey Burov, Thierry Vandamme, Elena Markvicheva.

Manuscript submitted.

3.2.2. Testing of curcumin-loaded micelles

Curcumin (CUR), a main active component of turmeric (Curcuma longa), 1s a natural low
molecular weight polyphenolic compound with pronounced anticancer activity. CUR inhibits
proliferation, invasion, angiogenesis, and metastasis of tumors through interaction with
multiple cells signaling proteins [179]. However, the use of CUR is limited because of its low
bioavailability and poor water solubility [180]. Therefore development of novel formulations
for CUR delivery is of great importance. Immobilization of CUR in various nano-sized drug
delivery systems allows to overcome these limitations [181]. However, most of the proposed
delivery systems are based on physical CUR entrapment in drug carriers, while covalent
conjugation is a new promising approach. In the current research, CUR conjugates with

biodegradable pluronic block copolymers have been developed and proposed for drug delivery.

3.2.2.1.  Preparation and characterization of curcumin-loaded micelles
Totally, four CUR conjugates with biodegradable pluronic block copolymers have been
synthesized. However, almost all of them were characterized with low CUR entrapment (<2 wt
%). Only one conjugate of CUR with Pluronic F-68 (MC-17 micelles ) was found to contain 4
wt % of CUR while 9 wt % was the theoretical maximum. Therefore, only MC-17 conjugate
has been chosen for further in vitro study. MC-17 sample easily soluble in different water
solutions (deionized water, PBS, DMEM) at the concentrations up to at least 600 uM, and
formed micelles with the mean sizes in a range of 100-600 nm in function of MC-17

concentration and medium temperature (Table 2). It is interesting that MC-17 micelles were
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formed at concentration of 0.01 mg/ml, whereas critical micelle concentration (CMC) for
initial Pluronic F68 was found to be 0.3-0.4 mg/ml [182]. This might be explained with the
hydrophobic properties of curcumin. Micelles with the mean size of 107 nm (1 mg/ml, 25°C)

were chosen for futher testing using 2D and 3D cell cultures.

Table 2. Mean size of MC-17 micelles in function of MC-17 concentration and PBS (pH 7.4)

temperature.

MC-17 concentration, mg/ml | Temperature (°C) Mean size, nm PDI

0.01 25 273 0.46

0.1 25 255 0.31

1 ) 107 0.57

0.01 37 604 0.50

0.1 37 402 0.37

1 a7 293 0.37

3.2.2.2. Invitro testing of curcumin-loaded micelles

The cytotoxicity of free CUR and the MC-17 micelles loaded with CUR in vitro was measured
by MTT-assay (Table 3). The MC-17 micelles were found to be less cytotoxic against wild-
type MCF-7 and U-87 MG cells but more toxic for drug-resistant MCF-7/ADR cells compared
to free CUR. Thus, ICs, values of the MC-17 micelles and free CUR for MCF-7/ADR cells
after 72 h incubation were 164 uM and 59.8 uM, respectively. Therefore, it could be
concluded that the MC-17 micelles did overcome multiple multiple drug resistance in case of
MCEF-7/ADR cells. Initial pluronic F68 did not reveal any cytotoxicity at the concentrations up
to 250 uM.

Table 3. 1Cs, values of MC-17 micelles and free CUR in monolayer cell culture.

I1Csp, ptM
Cells Free CUR MC-17 CUR-loaded micelles
24h 48 h 72 h 24h 48 h 72 h
U-87 MG 38.1 36.3 302 159.0 141.5 55.0
MCF-7 29.1 9.2 54 110 48 215
MCF-7/ADR 90.6 523 59.8 337 18 16.4

As it was expected, the tumor spheroids were more resistant to drug treatment compared to
monolayer culture. Thus, the ICs, values of free CUR for 2D and 3D culture of U-87 MG cells
after 72 h incubation were 30.2 uM and 94.1 puM, respectively. Contrary to the resistance in
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MCF-7/ADR cells, the MC-17 micelles could not overcome drug resistance in the tumor
spheroids. They were 2-3 fold less effective in case of the tumor spheroids than free CUR in
terms of ICs, values (Table 4).

Table 4. IC50 values of free CUR and the MC-17 micelles loaded with CUR in the tumor
spheroids from U-87 MG and MCF-7 cells.

ICSOa HM
Cells Free CUR MC-17 CUR-loaded micelles
24 h 48 h 72 h 24 h 48 h 72 h
U-87 MG 157.5 123.0 94.1 454.7 360.0 197.4
MCF-7 167.8 135.3 126.1 494 .2 339.8 2243
A Free curcumin B MC-17 micelles
100- 100-
X R
z z
§ IC50- ;: 1C50
E E
3 3
0 LB AL LA | ) o L | RS2 | C LER L A | LR | LB |
10 100 1000 10 100 1000
Curcumin concentration, pM Curcumin concentration, uM
---- 48 hours, 2D -- 48 hours, 3D ---- 48 hours, 2D -- 48 hours, 3D
— 72 hours, 2D — 72 hours, 3D — 72 hours, 2D 72 hours, 3D

Figure 6. Cytotoxicity of free curcumin (A) and the MC-17 micelles loaded with curcumin (B)
for U-87 MG cells. 2D monolayer culture ( black curves) and 3D spheroids (red curves). MTT-

assay results. Non-treated cells of monolayer cell culture are taken as a control (100 %).

Besides the ICsq values, the differences in the shape of cytotoxicity curves for 2D monolayer
culture and 3D spheroids could be discussed. Thus, all the S-shaped curves in case of the 3D
tumor spheroids were more flat due to the irregular drug distribution in 3D environment
(Figure 6). The similar trend was observed in case of the MC-17 CUR-loaded micelles
compared to free CUR.

Higher efficacy of the MC-17 CUR-loaded micelles against MCF-7/ADR cells could be
explained by higher micelle accumulation in the cells due to overcoming MDR proteins effect.

Indeed, flow cytometry data demonstrated better accumulation of the MC-17 micelles
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compared to free CUR in monolayer culture but this difference was probably too small to
increase cytotoxicity (Figure 7 A, B). Contrary, the accumulation level of the MC-17 micelles
in the tumor spheroids was lower than that of free CUR. It could be explained by better
penetration of free CUR than the micelles into the MTS (Figure 7 C). Nevertheless, the MC-17
micelles could be considered as a promising model due to the possible prolonged bloodstream

circulation and EPR-induced passive tumor targeting in vivo.

A 2D, MCF-7 cells B 2D, MCF-7/ADR cells C 3D, MCF-7 cells
2504 2504 250+ _T_
g 2001 8 200 @ 200
e c c
2 150 g 1501 g 1607
o g - g ]
g 100 = s 100 g 100
0 — T 0 '_]|@ 0 e B
30 min 2h 30 min 30 min
] Curcumin E2 Curcumin Curcumin

Figure 7. Accumulation of free CUR and CUR-loaded MC-17 micelles in MCF-7 and MCF-7
ADR cells: 2D (A,B) and 3D (C) culture. Flow cytometry data.

On the other hand, a clear difference in intracellular localization of free CUR and the MC-17
micelles was found by confocal microscopy. Thus, fluorescence of free CUR was
homogenious in the entire cytoplasm, while MC-17 micelles formed single fluorescent dots
(Figure 8). This was found for both MCF-7 and MCF-7/ADR cells but was more pronounced
for MCF-7/ADR cells. Since low molecular weight drugs penetrated through the cell
membrane while nanoparticles are generally internalized by endocytosis, we could suggest that
the MC-17 micelles were localized in lysosomes. Contrary, there is a literature evidence that
DOX-Pluronic P85 micelles did overcome MDR in MCF-7/ADR cells through mitochondria
localization [183]. Probably, a similar mechanism can lead to the higher cytotoxicity of the

MC-17 CUR-loaded micelles to MCF-7/ADR cells.

Curcumin MC-17 Curcumin MC-17

MCF-7
MCF-7 ADR
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Figure 8. Accumulation of free CUR and CUR-loaded MC-17 micelles in MCF-7 and MCF-
7/ADR cells. Confocal microscopy images. Curcumin is green, cell nucleuses are red. Scale

bar is 20 pm.

Curcumin and MC-17 micelles distribution in the tumor spheroids was also studied by
confocal microscopy. Free CUR was found to penetrate into the center of the tumor spheroids,
while the MC-17 micelles were found generally in the outer spheroid layer (Figure 9). The
fluorescence of free CUR was higher compared to the fluorescence of the MC-17 micelles, and

was generally associated with cytoplasm like in the case of monolayer culture.

S Ay —
Figure 9. Accumulation of free CUR (A, B) and CUR-loaded MC-17 micelles (C, D) in the
MCF-7-based tumor spheroids. Confocal microscopy data, fluorescent and transparent modes.

Curcumin is blue, scale bar is 50 pm.

In summary, a novel biodegradable delivery system based on the CUR-Pluronic F68 conjugate
was developed. This conjugate formed micelles with the mean size in a range of 100-600 nm
which allowed to enhance CUR solubility in water solutions. The 100 nm curcumin-loaded
micelles were developed for overcoming drug resistance in 2D and 3D cell cultures. The MC-
17 micelles were able to inhibit cell growth of the multidrug resistant MCF-7/ADR cells more
effectively than free curcumin. Thus, ICs, values of MC-17 micelles and free CUR after 72 h
incubation were 16.4 uM and 59.8 uM, respectively. However, the MC-17 micelles loaded
with CUR could not overcome drug resistance in the tumor spheroids. The ICs, values in case
of the MC-17 micelles and free CUR after 72 h incubation with MTS from MCF-7 cells were
224.2 uM and 126.1 uM, respectively. Nevertheless, the MC-17 micelles could be considered
as a promising model due to the possible prolonged bloodstream circulation and EPR-induced

passive tumor targeting in vivo.
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3.2.3. Testing of thymoquinone-loaded microcontainers
3.2.3.1. Publication 5

“Ultrasonically assisted polysaccharide microcontainers for delivery of lipophilic antitumor

drugs: preparation and in vitro evaluation”

Akasov R, Borodina T, Zaytseva E, Sumina A, Bukreeva T, Burov S, Markvicheva E. // ACS
Appl Mater Interfaces. 2015 Vol. 7, Ne 30, P. 16581-16589.

3.24. Testing of NR-668-loaded nano-emulsions

Besides antitumor drug delivery, nano- and micro- vehicles could be used for diagnosis and
visualization tumors in vivo. Fluorescent dyes as well as iodinated contrast agents might be
used for this purpose. In the current research modified dye Nile Red 668, was used which is
more bright and stable compare to the initial Nile Red [176]. This dye was encapsulated in
nanoparticle emulsions formulated using a modified method based on spontaneous
nanoemulsification as previously described [101]. The aim was to study the ability of nano-

emulsions to infiltrate into tumor spheroids in function of their size and cell line.

3.2.4.1. Preparation , characterization, and study of NR-668 loaded

nanoemulsions in monolayer culture
Publication 6

“Biodistribution and Toxicity of X-Ray lodinated Contrast Agent in Nano-emulsions in

Function of Their Size”

Attia MF, Anton N, Akasov R, Chiper M, Markvicheva E, Vandamme TF. // Pharm Res. 2016
Vol. 33, Ne 3, P. 603—-614.
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3.2.4.2.  The in vitro testing of NR-668-loaded nano-emulsions in tumor spheroids

Tumor spheroids were generated from MCF-7 and U-87 MG cells by RGD-induced cell

aggregation technique. Infiltration of NR-668-loaded nano-emulsions of different size in the

range of 20-200 nm was studied by confocal microscopy.

20 nm

Nuclei

Figure 10. Accumulation of NR 668-loaded nano-emulsions of different size in the tumor

spheroids from MCF-7 cells after 4 h incubation. Cell nucleuses are blue (Hoechst 33342),

scale bar is 50 pm.

Fluorescence

NE size, nm
Figure 11. NE accumulation in the
spheroids from MCF-7 cells after 4 h of
incubation.  Fluorescence level was

evaluated using confocal
U=0.0571

images with

Image] software. (Mann—

Whitney U test).

Despite no clear significant difference between
the samples was found (Figure 10), the
preferred accumulation of 20 nm NE after 4 h
incubation could be noticed (Figure 11). Use of
Cremophor instead of Kolliphor for nano-
emulsion (NE) production also slightly
influenced on the accumulation level (7.6+1.4
vs 4.6+0.5, respectively, 34 nm NE, 4 h of

incubation).

Nano-emulsions were found to easily penetrate
through the whole spheroid volume regardless
of NE size. However, after 2 h incubation the 32
nm NE better accumulated within 10-20 pm
layer from U-87 MG spheroids surface, while

after 4 h incubation they were found within 40-50 um layer (Figure 12). Contrary, this

phenomenon was not found for the nano-emulsions with the mean size of 105 nm.
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Figure 12. Accumulation profiles of NR 668-loaded nano-emulsions in the tumor spheroids
from U-87 MG cells in function of their size after 2 and 4 h incubation. The images were

obtained with ImageJ program (Plot Profile plugin).

On the other hand, a clear correlation between nano-emulsion accumulation and incubation
time was revealed (Figure 13). Moreover, during the first 4 hours the NE accumulation in
MTS from MCF-7 cells was higher than that in case of U-87 MG cells-based ones (Figure 14).
However, this difference could be explained by the differences in MTS sizes of two cell lines
(98+£24 um for MCF-7 cells vs 128420 um for U-87 MG cells). As a result, MTS from MCF-7
cells had higher surface/volume ratio which leaded to the enhanced NE accumulation. Low
accumulation rates might be explained by the presence of low-molecular weight PEG on the
NE surface. As a result, NE slowly attached to cells, and their movement into an intracellular

space was demonstrated with time-laps video.

30 min 2h 4h 24 h 254 U-87 MG
-------------- E3 MCF-7 * T
e e
o I o
2 L
c H- 3
£
7 c =l - L) : 1)
i 30min  2h 4h

Incubation time
Figure 13. Accumulation of 34 nm NE in the spheroids Figure 14. Accumulation of 34 nm
NE in MTS from U-87 MG and
MCEF-7 cells. * p<0.05 (Mann—

Whitney U test).

from U-87 MG cells. The mean fluorescence of the
image divided to the mean fluorescence of the NE

suspension. Fluorescence was measured with Imagel.
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In summary, the NR 668-loaded nano-emulsions were proposed in this research for tumor
visualization in vivo. The cytotoxicity of the nano-emulsions was determined using normal
cells, namely murine macrophages RAW 264.7 and murine hepatocytes BNL.CL2. The ability
of the nano-emulsions to accumulate in tumors in function of their mean size (20-200 nm) was
studied in vitro using tumor spheroids from human breast adenocarcinoma MCF-7 and
glioblastoma U-87 MG cells. The nano-emulsions with the mean size of 20 nm were the most
effective in terms of spheroid infiltration. The rate of NE accumulation in the spheroids from

MCEF-7 cells was higher compared to that of U-87 MG cells .
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CONCLUSIONS

The cell self-assembly effect induced by the addition of cyclic RGDfK peptide and its
modification, namely cyclo-RGDfK(TPP) peptide directly to the monolayer cultures was
discovered and studied for 16 cell lines of various origin. Based on this phenomenon, a novel
one-step highly reproducible approach to multicellular spheroid formation was developed.
Based on this technique, two novel 3D in vitro models with well pronounced core—shell
structure have been developed to generate co-culture spheroids from tumor and normal cells.
The RGD-induced tumor spheroids were used as a 3D in vitro model to study efficacy of both
low-molecular drugs (doxorubicin and its derivatives, curcumin, temozolomide) and nano-
sized drug delivery vehicles (microcontainers, micells, nanoemulsions). Both quantitative
(MTT- and XTT-assays, flow cytometry, fluorimetry) and qualitative (imaging analysis by
confocal microscopy) methods were successfully applied to tumor spheroids. In summary, the
developed technique for RGD-induced multicellular spheroid formation was demonstrated as a

promising tool to test both novel antitumor drugs and drug delivery systems in vitro.
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ABBREVIATIONS

MTS — multicellular tumor spheroids

RGD — amino-acid sequence arginine (R) — glycine(G) — aspartic acid (D)
TPP — triphenylphosphonium

MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
EDTA — ethylenediaminetetraacetic acid

DMEM - Dulbecco's Modified Eagle Medium

FBS — fetal bovine serum

2D and 3D - two-dimensional and three-dimensional

EPR - enhanced permeability and retention

MDR - hultiple drug resistance

HSA — human serum albumin

MC — microcontainers

PEG - polyethylene glycol

NE — nanoemulsions

DOX — doxorubicin

CUR - curcumin

TQ — thymoquinone

TMX - tamoxifen

NR (NR 668) - Nyle Red (Nyle Red 668)
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Novel 3D in vitro models based
on multicellular tumor spheroids
to test anticancer drugs and drug

delivery vehicles

Résumé

Les sphéroides multicellulaires tumoraux (SMT) constituent un outil prometteur dans le domaine de
I'étude biologique des tumeurs. Le but de la thése était de développer une technique de la formation
de SMT et de démontrer la disponibilité de ces sphéroides comme modéle in vitro 3D pour tester
I'efficacité de principes actifs anticancéreux ainsi que celle de formulations de délivrance de
médicaments. L'effet d’auto-assemblage de cellules induit par une addition des peptides RGD
cycliques a été étudié pour 16 lignées cellulaires de différentes origines. Le peptide cyclique RGDfK
et sa modification avec le cation triphenylphosphonium (TPP) ont permis de mettre en évidence
'induction de formation de sphéroides. Les sphéroides ont été employés comme modéles pour
évaluer la cytotoxicité de principes actifs antitumoraux (doxorubicine, curcumine, temozolomide) et
un certain nombre de formulations nano- et micrométriques (microréservoirs, nano-émulsions et
micelles).

Résumeé en anglais

Multicellular tumor spheroids (MTS) are a promising tool in tumor biology. The aim of the Thesis was
to develop a novel highly reproducible technique for MTS formation, and to demonstrate the
availability of these spheroids as 3D in vitro model to test anticancer drugs and drug delivery
vehicles. Cell self-assembly effect induced by an addition of cyclic RGD-peptides directly to
monolayer cultures was studied for 16 cell lines of various origin. Cyclo-RGDfK peptide and its
modification with triphenylphosphonium cation (TPP) were found to induce spheroid formation. The
spheroids were used as a model to evaluate the cytotoxicity of antitumor drugs (doxorubicin,
curcumin, temozolomide) and a number of nano- and micro- formulations (microcontainers, nano-
emulsions and micelles).
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