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ABSTRACT

Cancer remains the second cause of death worldwide. Currently, some cases can be avoided by
reducing risk factors and applying preventive strategies. However, this is not enough when the
tumor is aggressive and invasive, which is usually the case with glioblastoma and uveal
melanoma. Although these tumors do not have a high incidence, their life expectancy is very
short, between 6 and 14 months. Their treatment is based on surgical resection combined with
radiation therapies and chemotherapy, which are aggressive treatments that trigger a variety of
side effects. Therefore, new therapeutic approaches are required, where gene therapy has
emerged as a new concept to improve the prognosis and quality of life of these patients.
Nevertheless, gene medicine is still limited by the requirement of a delivery system for the
protection and transport of nucleic acids. At this point, nanotechnology has become a key
enabling tool for the design and development of non-viral gene delivery systems in oncology.

Considering this information, the main objective of this thesis has been the optimization of
polymer-based nanosystems for the association of nucleic acids such as DNAs, siRNAs and
miRNAs, and their evaluation as delivery carriers in advanced in vitro cancer models. In the
first experimental chapter, nanoparticles with a matrix-structure, composed of protamine and
dextran sulfate, were evaluated as gene delivery systems. The results confirmed the capacity of
these non-viral vectors for the association and internalization of genetic material in
bidimensional (2D) and spheroids models of primary glioblastoma cells. However, the
moderate levels of gene expression suggest further studies to optimize their transfection
capacity.

Previous studies by our research group revealed that the association of the in-house
synthesized polyphosphazene substituted with 6-mercaptohexanoic acid (6MHA-PPZ),
improved the endosomal escape of polycation/npDNA nanocomplexes. In the second
experimental chapter, the effect of integrating 6MHA-PPZ on protamine and polyethylenimine
(PEI) nanocomplexes was also studied as gene delivery systems, using advanced models of
glioblastoma. The results obtained showed a general improvement in gene transfer capacity
with the addition of 6MHA-PPZ, especially in protamine/pDNA nanocomplexes, with minimal
cytotoxicity. In addition, the biodistribution of these nanocomplexes was also evaluated in an
in vivo zebrafish model showing their accumulation in the yolk sac with a small number of
particles diffusing to the head area, especially for PEI nanocomplexes. The addition of 6MHA-
PPZ also improved the fluorescence signal due to its capacity to release the nucleic acids more
easily from the endosomes.

The third experimental chapter consisted of the study of protamine nanocapsules for ocular
administration in uveal cancer. The results showed that these nanocarriers presented favorable
physicochemical properties for the association and intracellular transport of nucleic acids in
uveal melanoma cells; however, the transfection efficiency should be further optimized to
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obtain better levels of therapeutic gene expression. This nanosystem also performed favorably
in a three-dimensional (3D) corneal model, without causing permanent alteration of the
epithelia.

In general, the present work shows the potential of a variety of polymeric nanosystems as
non-viral vectors in gene therapy against cancer. The three platforms showed adequate
performance with minimal toxicity. This work also stresses the importance of moving as soon
as possible towards advanced in vitro models to identify gene delivery formulations with the
best chances for clinical translation.
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RESUMEN

El cancer sigue siendo la segunda causa de muerte a nivel mundial. Actualmente, algunos casos
pueden evitarse reduciendo los factores de riesgo y aplicando estrategias preventivas. Sin
embargo, esto no es suficiente cuando el tumor es agresivo e invasivo, como es el caso del
glioblastoma y del melanoma uveal. Aunque estos tumores no tienen una incidencia alta, su
esperanza de vida es muy corta, entre 6 y 14 meses. Su tratamiento se basa en la reseccion
quirtrgica combinada con radioterapia y quimioterapia, los cuales, se tratan de tratamientos
agresivos que desencadenan una variedad de efectos secundarios. Es por ello por lo que se
requieren nuevos enfoques terapéuticos, donde la terapia génica ha surgido como un nuevo
concepto para mejorar el pronostico y la calidad de vida de estos pacientes. Sin embargo, la
medicina genética todavia se ve limitada por el requisito de un sistema de entrega para la
proteccién y el transporte de acidos nucleicos. En este punto, la nanotecnologia se ha convertido
en una herramienta clave para el disefio y desarrollo de sistemas de administracion de genes no
virales en oncologia.

Teniendo en cuenta esta informacion, el objetivo principal de esta tesis ha sido la
optimizacion de nanosistemas basados en polimeros para la asociacién de acidos nucleicos
como ADN, siARN y miARN, y su evaluacién como transportadores en modelos in vitro
avanzados de cancer. En el primer capitulo experimental, se evaluaron nanoparticulas con
estructura de matriz, compuestas por protamina y sulfato de dextrano, como sistemas de
administracion de genes. Los resultados confirmaron la capacidad de estos vectores no virales
para la asociacion e internalizacion del material genético en modelos bidimensionales (2D) y
esferoides de células primarias de glioblastoma. Sin embargo, los niveles moderados de
expresion génica sugieren mas estudios para optimizar su capacidad de transfeccion.

Estudios previos de nuestro grupo de investigacion revelaron que la asociacion del
polifosfaceno sustituido con éacido 6-mercaptohexanoico (6MHA-PPZ), mejordé el escape
endosomico de los nanocomplejos polication/pADN. En el segundo capitulo experimental, se
estudio el efecto de la integracion de 6MHA-PPZ en nanocomplejos de protamina y
polietilenimina (PEI) como sistemas de administracion de genes, utilizando modelos avanzados
de glioblastoma. Los resultados obtenidos mostraron una mejora general en la capacidad de
transferencia génica con la adicion de 6MHA-PPZ, especialmente en nanocomplejos
protamina/pDNA, con minima citotoxicidad. Ademads, la biodistribucién de estos
nanocomplejos también se evaluo en un modelo in vivo de pez cebra, mostrando su acumulacion
en el saco vitelino con el desplazamiento de una pequefia cantidad de particulas hacia el area
de la cabeza, especialmente para los nanocomplejos PEI. La adicion de 6MHA-PPZ mejoro la
sefial-de fluorescencia debido a su capacidad para liberar més facilmente los &cidos nucleicos
de los endosomas.
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El tercer capitulo experimental consistio en el estudio de nanocépsulas de protamina para
administracion ocular en cancer de Uvea. Los resultados mostraron que estos nanoportadores
presentaron propiedades fisicoquimicas favorables para la asociacion y transporte intracelular
de acidos nucleicos en células de melanoma uveal; sin embargo, la eficiencia de la transfeccion
debe optimizarse aun mas para obtener mejores niveles de expresion genica terapéutica. Este
nanosistema también funciono6 favorablemente en un modelo corneal tridimensional (3D), sin
causar una alteracion permanente del epitelio.

En general, el presente trabajo muestra el potencial de una variedad de nanosistemas
poliméricos como vectores no virales en terapia génica contra el cancer. Las tres plataformas
mostraron un rendimiento adecuado con una toxicidad minima. Este trabajo también destaca la
importancia de avanzar lo antes posible hacia modelos in vitro avanzados para identificar
formulaciones de administracion de genes con las mejores posibilidades de traduccion clinica.
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RESUMEN IN EXTENSO

El cancer se considera uno de los problemas de salud mas importantes a nivel mundial, siendo
la segunda causa de muerte después de las enfermedades cardiacas [1, 2]. Esta enfermedad tiene
una influencia negativa en el bienestar fisico, social, mental y emocional del paciente, y su
diagnostico presenta varios problemas multidimensionales [3]. La Agencia Internacional para
la Investigacion del Cancer (IARC) ha pronosticado que, en 2030 habréa aproximadamente entre
13 a 17 millones de muertes por esta enfermedad en todo el mundo [4]. Hoy en dia, ya se han
registrado mas de doscientos tipos de canceres conocidos, donde entre los mas diagnosticados
se encuentran el cancer de mama, de pulmén y de préstata [5]. Segun estadisticas de la
Organizacién Mundial de la Salud (OMS), el glioblastoma y el melanoma uveal son tumores
que, aunque no tienen una incidencia muy alta en comparacion con los anteriores, se
caracterizan por ser muy agresivos, con una esperanza de vida entre 6 y 14 meses. En el caso
del glioblastoma, se trata de uno de los tumores cerebrales mas violentos, con una proliferacion
excesiva y una angiogénesis descontrolada [6]. Presenta una incidencia global de 3,22 por
100.000 habitantes, donde representa el 57,3% de todos los gliomas y el 48,3% de todos los
tumores cerebrales malignos. Se diagnostica principalmente en adultos con una edad media de
64 afos [7]. Por otro lado, el melanoma uveal es el tumor intraocular primario mas frecuente
en adultos cuyo origen prioritario es la coroides (90%), aungue también existen casos en el
cuerpo ciliar (6%) y en menor proporcion en el iris (4%) [8]. Aunque su incidencia es muy baja,
estimandose en 5 casos por cada 1.000.000 de habitantes, este tumor puede llegar a metastatizar
en casi el 50% de los pacientes, afectando principalmente al higado [9].

Por lo general, los tumores solidos se vuelven mas agresivos con el tiempo, incrementando
su capacidad de invadir el tejido sano circundante y de diseminacion metastasica. Estos
procesos requieren un aumento en la rigidez del tumor y una fluidificacion parcial para que las
células cancerosas puedan desplazarse [10]. En diagnosticos graves, el tratamiento se basa en
la reseccion quirdrgica seguida de terapias de irradiacion, y quimioterapia [6] [11]. Este es un
tratamiento agresivo con varios efectos secundarios, y que no siempre garantiza grandes
beneficios de supervivencia. En algunos tumores, ensayos clinicos han indicado que no hay un
incremento significativo en la supervivencia entre pacientes que recibieron quimio-radioterapia
postoperatoria y aquellos que solo se sometieron a cirugia. Una de las razones principales del
fracaso de esta terapia conjunta, es que no considera la presencia de una subpoblacion especifica
de células conocidas dentro de la masa tumoral, las células madre cancerosas (CSCs, siglas del
inglés “Cancer Stem Cells”) [12]. La caracteristica principal de estas células es su mayor
resistencia a la radioterapia y a la quimioterapia, que, combinado con su capacidad de
reiniciacion tumoral, indican el fracaso del tratamiento con una recurrencia tumoral, llegando
incluso a lesiones metastasicas [13, 14]. Es por ello que las terapias dirigidas, en especial, la
terapia génica, se han postulado como un nuevo concepto para mejorar el pronostico y la calidad
de vida de los pacientes.
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Historicamente, la terapia génica se basa en la transferencia de material genético a las
células huésped para restaurar la funcion celular dafiada o defectuosa [15]. Sin embargo, su
traduccion y éxito clinico no han sido satisfactorios debido a los desafios asociados con su
administracion. Los acidos nucleicos inyectados sistémica o localmente presentan una
biodisponibilidad y una absorcion celular baja. Incluso los que llegan a internalizar corren el
riesgo de su degradacién por enzimas o desencadenan una respuesta inmunologica. Como estos
desafios limitan su potencial para inducir la regulacion génica, generalmente se requiere de un
sistema de administracion o vector [16].

Los vectores virales son uno de los vehiculos mas eficientes para la administracion de
genes, pero su toxicidad a altas dosis y su inmunogenicidad han llevado a investigar otras
herramientas [13]. Los avances en el campo de la nanotecnologia han llevado al desarrollo de
nanotransportadores de genes no virales [17], considerados como seguros, faciles de fabricar,
de baja inmunogenicidad, y biodegradables [18]. En la ultima década, los nanosistemas a base
de lipidos y/o polimeros se han investigado en el campo de la oncologia. Los lipidos catidnicos
son los reactivos de transfeccion mas utilizados para el suministro de acidos nucleicos en forma
de nanoestructuras vesiculares, ya sean liposomas, sistemas lipidicos nanoestructurados (NLC,
siglas del inglés “Nanostructured Lipid Carriers”) 0 niosomas, e incluso en forma de
nanoparticulas (NPs) lipidicas sélidas (SLN, siglas del inglés “Solid Lipid Nanoparticles™) [13].
Estos sistemas lipidicos forman la base de los primeros medicamentos de terapia génica ya
comercializados como TransoPlex® y Onpattro® [19, 20], ademéas de las vacunas contra el
COVID-19 basadas en ARN mensajero de Moderna® y Pfizer/BioNTech® [21].

Sin embargo, las particulas lipidicas presentan algunas limitaciones que cuestionan su
aplicabilidad, incluida su toxicidad, induccién de respuesta inmune, limitada capacidad de
carga de farmacos, corto periodo de circulacion, y acumulacion en el higado, pulmones y bazo
[22]. En este aspecto, los polimeros cationicos como la polietilenimina (PEI) y péptidos
promotores de la penetracion celular (CPP, siglas del inglés: “Cell Penetrating Peptides™), entre
los que destaca la protamina de bajo peso molecular, se han convertido en excelentes
candidatos. Ambos polimeros se tratan de materiales muy utilizados para la liberacion de genes
por su alta capacidad para condensar el material genético, ademas de su capacidad para
atravesar lamembrana celular, promoviendo un mejor escape endosomal y una mejor liberacion
[23, 24]. Ademas, estos biomateriales estan aprobados por la FDA debido a su alta seguridad.

A pesar de la reciente aprobacion de varios nanomedicamentos anticancerosos, ya sean
virales como Gendicine®, Oncorine® y Yescarta® o no virales como Onivyde® y Vyxeos®, la
tasa de éxito de la traduccion clinica sigue siendo relativamente baja [25-28]. Mdltiples barreras
bioldgicas y farmacoldgicas evidencian la necesidad de nuevos modelos preclinicos para la
innovacion en la investigacion traslacional del cancer [28]. Por lo general, los compuestos
anticancerigenos se prueban en modelos de cultivo celular bidimensionales (2D), pero éstos no
recapitulan de forma adecuada el microambiente tumoral humano, y muestran una expresion
génica alterada. Los cultivos tridimensionales (3D) han demostrado presentar unas
caracteristicas mas cercanas y realistas a las complejas condiciones in vivo [29]. Estos modelos
permiten el cultivo de células cancerosas de una manera que recuerdan la arquitectura
estructural del tumor con interacciones célula-célula y célula-matriz extracelular [30]. La
combinacion de estos modelos con células primarias derivadas de pacientes tiende a dar una
representacion aun mas realista y fenotipicamente mas precisa en comparacion con lineas
celulares comerciales [31].
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Por otra parte, los modelos murinos han sido el modelo animal més usado para los estudios
basicos y preclinicos del cancer, pero actualmente, el uso de peces cebra representa un modelo
in vivo de gran interés. Entre sus ventajas destacan su similitud notable con los aspectos
anatomicos, funcionales y bioguimicos de la enfermedad humana, una evolucion rapida y una
reduccion en el coste, ademas de las consideraciones éticas [32]. En conclusion, cada modelo,
ya sean los cultivos 2D/3D o el modelo de pez cebra, deben usarse para complementar,
enriquecer e informar en el disefio y la optimizacion de nanomedicamentos, facilitando su
traslacion a la clinica. En vista de estos antecedentes, el principal objetivo de la tesis fue el
desarrollo y la optimizacion de tres plataformas de nanosistemas poliméricos como vectores de
administracion de genes, y la evaluacion de su potencial en modelos preclinicos avanzados.

En la primera parte de la tesis, se desarrollaron y optimizaron NPs poliméricas resultantes
de la combinacion de protamina (Pr) y un polisacarido de carga opuesta, dextrano (Dx). La
estructura policationica de la protamina con un contenido rico en argininas, de
aproximadamente 67 a 70%, le confiere la propiedad de unirse a moléculas de ADN para
condensarlo formando nanocomplejos [33]. Por otra parte, el sulfato de dextrano se trata de un
polimero biodegradable, de toxicidad reducida y con capacidad de aumentar la eficacia en la
liberacion de ciertos farmacos y genes [34]. Teniendo en cuenta estudios previos de cribado, en
este trabajo se seleccioné el prototipo de ratio 4:1 (m/m) de Pr:Dx, ya que presentaba unas
caracteristicas fisicoquimicas y una capacidad de asociacion de acidos nucleicos adecuadas para
Su uso en terapia génica (Figura 1.). La estabilidad en el entorno fisioldgico, y durante el
almacenamiento representan algunas de las principales limitaciones en el desarrollo de nuevas
terapias génicas. Nuestra formulacién mostré resultados adecuados en ambos aspectos
relacionados con la estabilidad. Por tanto, se considerd este prototipo como un candidato ideal
para su evaluacion in vitro en modelos avanzados de lineas celulares relevantes para la

translacion clinica.
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Figura 1. Caracteristicas fisicoquimicas y morfoldgicas de las NPs de Pr:Dx con ratio 4:1 (m/m) sin carga y
asociadas con 8% (m/m) de diferentes acidos nucleicos. Evaluacion de la capacidad de asociacion del material
genético mediante electroforesis en gel de agarosa cargando 0,5 pg de pADN y 1 ug de miARN por banda. PDI=
siglas del inglés “Polydispersity Index”, HP= heparina (Media + SD (n= 3)).
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La combinacion de varios estudios de viabilidad de actividad metabolica celular, integridad
de membrana y un ensayo de volumen de esferoides, mostraron una baja citotoxicidad de este
prototipo tanto en modelos de glioblastoma 2D como 3D (Figura 2. (2)). Por otra parte, estudios
de captacion celular mediante microscopia confocal y de fluorescencia de lamina de luz, y su
cuantificacion por citometria de flujo, revelaron una internalizacion de las NPs de casi el 100%
en ambos modelos de glioblastoma (Figura 2. (b)). Estos resultados verificaron la capacidad de
este nanosistema de penetrar de forma eficiente en las células, e incluso en superestructuras
multicelulares [35-38].
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Figura 2. (a) Citotoxicidad in vitro de diferentes concentraciones de las NPs de Pr:Dx blancas en modelos de
cultivo 2D y 3D de glioblastoma U87MG, GIN-8, GIN-28 y GCE-28 tras 24 h y 48 h de su retirada (Media + SEM (n=
3)). (b) Imagenes de microscopia confocal y fluorescencia de lamina de luz de la capacidad de internalizacion de
las NPs de Pr:Dx blancas marcadas con fluorescencia (canal rojo y puntos brillantes) en modelos de cultivo 2D y
3D de glioblastoma U87MG, GIN-8, GIN-28 y GCE-28, tras 4 h de su incubacion. Nucleos de células tefidos con
DAPI (canal azul). Barra de escala= 50 y 100 pym.
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La capacidad de transfeccidn esta condicionada por la entrada y el tréfico intracelular de
los vectores, que son procesos dependientes de la linea celular. En este caso, a pesar de que
nuestro nanosistema promovio una expresion eficiente a partir de dosis de 1 ug de plasmido
tanto en células como en esferoides de glioblastoma, no se correlacion6 con los valores de
captacion celular (Figura 3.). En conclusion, las NPs de Pr:Dx han demostrado presentar unas
propiedades adecuadas para la asociacién y proteccion de cargas genéticas con baja
citotoxicidad, alta capacidad de internalizacion, pero una eficiencia de transfeccion mejorable
en modelos avanzados de glioblastoma.

U87MG

2D

3D

24h 48 h

Figura 3. Imagenes de microscopia de fluorescencia y fluorescencia de lamina de luz de la expresion de la
proteina verde fluorescente mejorada (EGFP= siglas del inglés: “Enhaced Green Fluorescence Protein”) en
modelos de cultivo 2D y 3D de glioblastoma U87MG tras 24 h y 48 h de la retirada de las NPs de Pr:Dx asociadas
con 8% (m/m) de pADN, a una concentracion de 2,5 ug de pADN, incubadas durante 4 h. Barra de escala= 100 y
200 pm.

Estudios recientes de nuestro grupo de investigacion han demostrado que la adicion del
polifosfaceno anidnico 6MHA-PPZ potencia la internalizacion, el escape endosomal y la
biodisponibilidad intracelular de una serie de nanosistemas poliméricos [39]. En base a estos
resultados, la segunda parte de la tesis se centré en el desarrollo de nanocomplejos de
polietilenimina (PEI) y protamina por condensacion con un plasmido modelo en combinacion
con el polifosfaceno 6MHA-PPZ. Las formulaciones presentaron unas propiedades
fisicoquimicas apropiadas en cuanto a tamafio y carga superficial para la asociacion de acidos
nucleicos, sin observarse variaciones significativas con la adicion del polimero anionico (Tabla
1.). Sin embargo, cabe resaltar un aumento en el rendimiento de formacion de los
nanocomplejos en presencia de este polifosfaceno, concordando con los resultados de
caracterizacion previos [39]. Las propiedades se mantuvieron estables en condiciones de
almacenamiento y en medio de cultivo celular, pero sufrieron agregacion en medios de cultivo
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convencionales de pez cebra, especialmente para los nanocomplejos de protamina. En cambio,
al incubarse en agua corriente declorada y estéril, su estabilidad coloidal no se vio afectada.

Tabla 1. Caracteristicas fisicoquimicas de los nanocomplejos de PEl y protamina, con y sin el polifosfaceno
anionico 6MHA-PPZ, con diferente ratio de carga (N:C:P). PDI= siglas del inglés “Polydispersity Index”, DCR=

siglas del inglés “Derived Count Rate” (Media = SD (n=7)).

Nanocomplejos

Ratio de carga

(N:C:P)
8:0:1
PEI:6MHA-PPZ:pADN
8:4:1
8:0:1
Pr:6MHA-PPZ:pADN
8:4:1

Tamafio
(nm)

114 +19
106 £10
128t6
110+14

PDI

0,178
0,128
0,171
0,124

Potencial Zeta DCR
(mv) (keps)
+27 £ 11 532 £ 251
+33 £ 15 1458 + 403
+26£7 887 £ 129
+25+8 2070+ 312

En cuanto a la evaluacion de su potencial como nanosistemas de terapia génica, esto se
realizd6 en modelos preclinicos de esferoides de glioblastoma derivados de pacientes con
diferente origen de la masa tumoral, y en un modelo in vivo de embriones de peces cebra. En
general, los nanocomplejos de PEI mostraron una citotoxicidad mayor que los de protamina,
pero dicho exceso de toxicidad fue parcialmente corregido con la adicién del polimero 6MHA.-
PPZ, concordando con resultados previos en una linea de glioblastoma altamente transformada

[39] (Figura 4.).
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Figura 4. Citotoxicidad in vitro de diferentes concentraciones de los nanocomplejos de PEl y protamina, sin
(barras negras) y con (barras grises) el polifosfaceno aniénico 6MHA-PPZ, a diferente ratio de carga (C:N:P), en
modelos de cultivos 2D y 3D de glioblastoma GIN-8, GIN-28 y GCE-28 tras 48 h y 72 h de su retirada,
respectivamente (Media + SEM (n= 3)).

La eficiencia de transfeccidn se determind mediante la cuantificacion de la expresion de la
proteina Luciferasa. En general, la adicion del polifosfaceno aniénico mejor6 la transfeccion,
aumentando el efecto del escape endosomal, especialmente en los nanocomplejos de protamina,
cuyos valores de transfeccion alcanzaron incluso al del modelo de referencia PEI/pADN (Figura
5.). Sin embargo, en los modelos preclinicos de esferoides se observaron efectos diferentes en
funcién de la linea celular. Se obtuvieron resultados de transfeccion similares a los obtenidos
en los cultivos 2D en el caso de los esferoides de glioblastoma de lineas transformadas
comerciales, pero no sucedio lo mismo en los esferoides de lineas primarias de glioblastoma,
donde el efecto del polifosfaceno 6MHA-PPZ fue menos claro. Esto confirmé la necesidad de
usar modelos clinicamente relevantes lo antes posible.

33



SHEILA BARRIOS ESTEBAN

UB7MG GIN-8 GIN-28 GCE-28
2x109 2x109 *okkx 2x10°

2x1Q1° —
1.5%10. * 1.5%10% 1.5%10° 1.5%10°
© @ ok kK @ @
2 ow M £ 1x10° — ek £ 4x100 T £ x100 il
g sx100 i 2 5x100 a T g 5«00 il g sepe .
= 2 200 ok 2 gx:g: n ;’ 6107 " g 110t L
] 5. — 7 8x 8x10
= e 1SX109 3 ex107 o 4x107 3 ex107
e ;“:ga T 4107 07 Il T 4w
" T 2x107 T 2x107 -
01— ——— 0= 0= 0l
P L O P P &P @ F & L @ P F & & @ P
o Q¥ RY & & QY QY & & O QY QY & & O Q¥ Q¥ & &
¥ORY N & & ColL N & & ¥ NN & oA N & &
T O SO i ¥ oot w g @ EA R SO S ke P @
&Y Y 4O O @Y @ GO 4O ¥ N o8 O &Y @ & O
JENDNN NN NN AN
@ @ ¥ & & @ & @
0.5 ug pADN/cm? 0.5 ug pADN/cm? 0.5 ug pADN/cm? 0.5 ug pADN/cm?
100 UsTMG 6107 GIN-8 107 GIN-28 GCE-28
x x x x
1.5x100 -
% [ |
E 1x10° T .E E ns g
[T} [} [T} [
D 5x108 ns 5 407 T 4107 °
a ﬁ — a a ns a
g 5x107 g’ E’ — E)
T 4x107 B 10T, @ . T ]
3 S Geq0r -|- S 210 5 2¢10 3
T 5107 (14 74 T x
1=107] ok
0 0 0
N N 2> > N N > >
& & EE @
R <& o O P &
NN SN
& o &
1.5 ug pADN/mL 1.5 ug pADN/mL 1.5 ug pADN/mL 1.5 ug pADN/mL

Figura 5. Ensayo de transfeccion en modelos de cultivo 2D y 3D de glioblastoma U87MG, GIN-8, GIN-28 y GCE-28
mediante la medida de la luminiscencia tras 48 h 'y 72 h de la retirada de los nanocomplejos, respectivamente
(RLUs/mg de proteina (RLUs= siglas del inglés “Relative Luminiscence Units”) (Media + SEM (n= 3)).

En cuanto a su biodistribucion en modelos in vivo de embriones de pez cebra de 48 horas
post-fecundacidn, se obtuvo una mayor acumulacion de las formulaciones en el saco vitelino,
especialmente de los nanocomplejos de PEI, que, tras 5 dias post-inyeccién, parte de estas
particulas se desplazaron hacia la zona de la cabeza. Por otra parte, se observé que la adicion
del polifosfaceno aniénico dio lugar a una mayor intensidad de fluorescencia confirmando la
capacidad de este polimero para potenciar el escape endosomal de péptidos catidnicos, como
PEI, permitiendo la liberacién del material génico. Para los nanocomplejos de protamina, estos
valores resultaron ser mas bajos como consecuencia de su fuerte capacidad de complejacion de
acidos nucleicos [40], que incluso en presencia de 6MHA-PPZ, la completa liberacion del
material genético resulté ser mas complicada (Figura 6.). En conclusion, la combinacion del
polifosfaceno anionico 6MHA-PPZ con polimeros cationicos comerciales mejoré las
caracteristicas de los nanocomplejos reduciendo su citotoxicidad, aumentando su eficacia de
transfeccion en modelos avanzados de glioblastoma y consiguiendo una biodistribucién en el
saco vitelino hacia la cabeza en modelos de embriones de peces cebra.
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Figura 6. Cuantificacion de la sefial de fluorescencia en los embriones de pez cebra tratados con los controles y
los nanocomplejos de PEIl y protamina, sin (barras negras) y con (barras grises) el polifosfaceno anionico 6MHA-
PPZ, con diferente ratio de carga (N:C:P), a una concentracion de 25 pg de siARN/mL (GFP= siglas del inglés:
“Green Fluorescence Protein”) (media + SEM (n= 10/condicion).

Las nanocapsulas (NCs) poliméricas tienen una utilidad potencial como nanoportadores en
la via ocular gracias a su capacidad de interaccion con los epitelios de la cornea y conjuntiva
[41]. Por tanto, la tercera parte de esta tesis consistio en el desarrollo y la optimizacion de
nanocapsulas de protamina (Pr NCs) para su aplicacion en terapia génica contra el cancer
ocular. La formulacion fue preparada mediante el método de desplazamiento de solvente
obteniendo una poblacion homogénea de nanogotas oleosas de vitamina E, cubiertas por una
capa polimérica de protamina, y estabilizadas con ayuda de surfactantes no iénicos. Su
morfologia esférica, sus propiedades fisicoquimicas, y su asociacion reversible de
macromoléculas de ADN plasmidico y miARN, las convirtié en vehiculos adecuados para
terapia génica (Figura 7.). Este nanosistema mostré una estabilidad adecuada en condiciones de
almacenamiento durante un mes, y estabilidad coloidal en medio de cultivo celular.
Considerando la via de administracion, su estabilidad también fue testada en fluido lacrimal
simulado, donde las caracteristicas de las Pr NCs cargadas con diferentes porcentajes de ADN
se mantuvieron estables previniendo la liberacion prematura del plasmido.
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Figura 7. Caracteristicas fisicoquimicas y morfolégicas de las Pr NCs sin carga y asociadas con diferentes cargas
de ADN plasmidico y miARN. Evaluacion de la capacidad de asociacion de material genético mediante
electroforesis en gel de agarosa cargando 0,135 ug de pADN por banda. PDI= siglas del inglés “Polydispersity

Index”, HP= heparina (Media + SEM (n= 3)).

La evaluacion de su potencial como nanosistema de terapia génica se llevo a cabo en céelulas
de melanoma uveal (MU). Los resultados mostraron baja citotoxicidad a diferentes
concentraciones y tiempos (Figura 8. (a)), y una eficiente internalizacion intracelular (Figura 8.

(0)).
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Figura 8. (a) Citotoxicidad in vitro de diferentes concentraciones de las Pr NCs blancas en células de melanoma

uveal tras 24 h y 48 h de su retirada (Media + SEM (n= 3)).

(b) Imagenes de microscopia confocal de la

internalizacion de las Pr NCs blancas marcadas con fluorescencia (canal rojo) en células de melanoma uveal tras
4 h de-incubacion. Nucleos de células tefidos con DAPI (canal azul). Barra de escala= 100 pm.
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En el area de terapia génica ocular, los nanosistemas poliméricos son especialmente
atractivos debido a su capacidad de interactuar intimamente con la superficie ocular. En este
aspecto, nuestro grupo de investigacion fue uno de los pioneros en demostrar la capacidad de
estos nanovehiculos para adherirse a la superficie ocular y penetrar a través de la cornea y el
epitelio conjuntival, permitiendo asi una administracion por via topica de farmacos en los que
esta via no era viable [41-47]. En base a estos estudios, se determind la capacidad de transporte
de las Pr NCs en un modelo 3D de c6rnea. Los resultados mostraron que la formulacion, tanto
con ADN plasmidico asociado como sin él, fue capaz de atravesar esta barrera epitelial (Figura
9. (a)) sin alterar su integridad y morfologia (Figura 9. (b)) [48].
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Figura 9. (a) Estudio de permeabilidad de las Pr NCs blancas, y asociadas con 2,5% (m/m) de pADN, en un modelo
3D de cornea (QobuR-RhCE). Resultado expresado en porcentaje de la medida de la resistencia transepitelial
(TEER) tras 4 h de su retirada (Media + SEM (n= 3)). (b) Imagenes histologicas tefiidas con Hematoxilina y Eosina
de la seccion transversal de modelos 3D de cérnea (QobuR-RhCE) tras 4 h de tratamiento con (1) H20d (control
negativo), (2) acetato de metilo (control positivo), (3) Pr NCs marcadas con fluorescencia, y (4) Pr NCs asociadas
con 2,5% (m/m) de pADN (2,5 pg de pADN/inserto). Barra de escala= 20 um.
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Finalmente, estos nanosistemas mostraron niveles adecuados de transfeccion a 48 h
después de su incubacion con las células (Figura 10.). En conclusién, estos resultados
confirmaron que las Pr NCs podrian considerarse un nanosistema prometedor para el
tratamiento del melanoma uveal en terapia génica.
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Figura 10. Cuantificacion de la expresion de EGFP mediante citometria de flujo midiendo el porcentaje de células
de melanoma uveal positivas para la presencia de dicha proteina, tras 24 h y 48 h de la retirada de las Pr NCs
asociadas con 2,5% (m/m) de pADN (Media + SEM (n= 3)).

En resumen, esta tesis ha demostrado el potencial de plataformas variadas de nanosistemas,
ya sean NPs, nanocomplejos y NCs poliméricas, para aplicaciones de terapia génica. Los
nanosistemas desarrollados tienen propiedades morfoldgicas y fisicoquimicas adecuadas, son
biodegradables, tienen buena capacidad de asociacién y transporte de genes. Los
nanotransportadores tienen ademas una buena relacion entre eficacia y citotoxicidad,
confirmada mediante su evaluacion en diferentes modelos preclinicos avanzados tales como
esferoides y peces cebra.
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O cancro considérase un dos problemas de saude mais importantes a nivel mundial, sendo a
segunda causa de morte despois das enfermidades cardiacas [1, 2]. Esta enfermidade ten unha
influencia negativa no benestar fisico, social, mental e emocional do paciente, e 0 seu
diagnostico presenta varios problemas multidimensionais [3]. A Axencia Internacional para a
Investigacion do Cancro (IARC) prognosticou que, en 2030 habera aproximadamente entre 13
a 17 milléns de mortes por esta enfermidade en todo o mundo [4]. Hoxe en dia, xa se rexistraron
mais de douscentos tipos de cancros cofiecidos, onde entre 0s mais diagnosticados atopanse o
cancro de mama, de pulmon e de préstata [5]. Segundo as estatisticas da Organizacion Mundial
da Saude (OMS), o glioblastoma e o melanoma uveal son tumores que, ainda que non tefien
unha incidencia moi alta en comparacion cos anteriores, caracterizanse por ser moi agresivos,
cunha esperanza de vida entre 6 e 14 meses. No caso do glioblastoma, tratase dun dos tumores
cerebrais mais violentos, cunha proliferacion excesiva e unha angiogénesis descontrolada [6].
Presenta unha incidencia global de 3,22 por 100.000 habitantes, onde representa o 57,3% de
todos os gliomas e o 48,3% de todos os tumores cerebrais malignos. Diagnosticase
principalmente en adultos cunha idade media de 64 anos [7]. Doutra banda, 0 melanoma uveal
é o tumor intraocular primario mais frecuente en adultos cuxo orixe prioritaria € a coroides
(90%), ainda que tamén existen casos no corpo ciliar (6%) e en menor proporcion no iris (4%)
[8]. Ainda que a sUa incidencia é moi baixa, estimandose en 5 casos por cada 1.000.000 de
habitantes, este tumor pode chegar a metastatizar en case o 50% dos pacientes, afectando
principalmente o figado [9].

Polo xeral, os tumores solidos vélvense mais agresivos co tempo, incrementando a sta
capacidade de invadir o tecijo san circundante, e producindo diseminacién metastasica. Estes
procesos requiren un aumento na rixidez do tumor e unha fluidificacion parcial para que as
células cancerosas poidan desprazarse [10]. En diagnésticos graves, o tratamento baséase na
reseccion cirdrxica, seguida de terapias de irradiacion, e quimioterapia [6] [11]. Este é un
tratamento agresivo con varios efectos secundarios, e que non sempre garante grandes
beneficios de supervivencia. Nalglins tumores, ensaios clinicos indicaron que non hai un
incremento significativo na supervivencia entre pacientes que recibiron quimio-radioterapia
postoperatoria e aqueles que si se someteron a cirurxia. Unha das razons principais do fracaso
desta terapia conxunta é que non considera a presenza dunha subpoboacién especifica de células
cofecidas dentro da masa tumoral, as células nai cancerosas (CSCs, siglas do inglés “Cancer
Stem Cells”) [12]. A caracteristica principal destas células ¢ a s@la maior resistencia &
radioterapia e & quimioterapia, que, combinado coa sua capacidade de reiniciacion tumoral,
indican o fracaso do tratamento cunha recorrencia tumoral, chegando a lesions metastasicas
[13, 14]. E por iso, que as terapias dirixidas, en especial, a terapia xénica, postularonse como
un novo concepto para mellorar o progndstico e a calidade de vida dos pacientes.
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Historicamente, a terapia xénica baseéase na transferencia de material xenético para
restaurar a funcion celular danada ou defectuosa [15]. Con todo, a sta traducion e éxito clinico
non foron satisfactorios debido aos desafios asociados coa sta administracion. Os &cidos
nucleicos inxectados sistémica ou localmente presentan unha biodispofiibilidade e absorcién
celular baixa. Incluso os que chegan a internalizar corren o risco da stUa degradacion por
enzimas ou desencadean unha resposta inmunoldxica. Como estes desafios limitan o seu
potencial para inducir a regulacion xénica, xeralmente requirese dun sistema de administracion
ou vector [16].

Os vectores virais son un dos vehiculos mais eficientes para a administracion de xenes,
pero a sua toxicidade a altas doses e a sUa inmunogenicidade levaron a investigar outras
ferramentas [13]. Os avances no campo da nanotecnoloxia levaron ao desenvolvemento de
nanotransportadores de xenes non virais [17], considerados como seguros, faciles de fabricar,
de baixa inmunogenicidade, e biodegradables [18]. Na ultima década, os nanosistemas a base
de lipidos e/o polimeros investigaronse no campo da oncoloxia. Os lipidos catidnicos son 0s
reactivos de transfeccién mais utilizados para a administracion de &cidos nucleicos en forma de
nanoestructuras vesiculares xa sexan liposomas, sistemas lipidicos nanoestructurados (NLC,
siglas do inglés “Nanostructured Lipid Carriers”) ou niosomas, e mesmo en forma de
nanoparticulas (NPs) lipidicas sélidas (SLN, siglas do inglés “Solid Lipid Nanoparticles™) [13].
Estes sistemas lipidicos forman a base dos primeiros medicamentos de terapia xénica xa
comercializados como TransoPlex® e Onpattro® [19, 20], ademais das vacinas contra o
COVID-19 baseadas en ARN mensaxeiro de Moderna® e Pfizer/BioNTech® [21].

Con todo, as particulas lipidicas presentan algunhas limitacions que cuestionan a sua
aplicabilidade, incluida a sua toxicidade, inducion de resposta inmune, limitada capacidade de
carga de farmacos, curto periodo de circulacion, e acumulacién no figado, pulmoéns e bazo [22].
Neste aspecto, os polimeros catidnicos como a polietilenimina (PEI) e péptidos promotores da
penetracion celular (CPP, siglas do inglés: “Cell Penetrating Peptides”), entre os que destaca a
protamina de baixo peso molecular, convertéronse en excelentes candidatos. Ambolos
polimeros tratanse de materiais moi utilizados para a liberacion de xenes pola sUa alta
capacidade para condensar o material xenético, ademais da sUa capacidade para atravesar a
membrana celular, promovendo un mellor escape endosomal e unha mellor liberacion [23, 24].
Ademais, estes biomateriais estan aprobados pola FDA debido & sta alta seguridade.

A pesar da recente aprobacion de varios nanomedicamentos anticancerosos, xa sexan
virales como Gendicine®, Oncorine® e Yescarta® ou non virais como Onivyde® e Vyxeos®, a
taxa de éxito da traducion clinica segue sendo relativamente baixa [25-28]. Multiples barreiras
bioldxicas e farmacoloxicas evidencian a necesidade de novos modelos preclinicos para a
innovacion na investigacion translacional do cancro [28]. Polo xeral, os compostos
anticancerixenos prébanse en modelos de cultivo celular bidimensionais (2D), pero estes non
recapitulan de forma axeitada o microambiente tumoral humano, e mostran unha expresion
xénica alterada. Os cultivos tridimensionais (3D) demostraron presentar unhas caracteristicas
mais proximas e realistas as complexas condicions in vivo [29]. Estes modelos permiten o
cultivo de células cancerosas dunha maneira que lembran a arquitectura estrutural do tumor con
interaccions célula-célula e célula-matriz extracelular [30]. A combinacidn destes modelos con
células primarias derivadas de pacientes tende a dar unha representacion ainda mais realista e
fenotipicamente mais precisa en comparacion coas lifias celulares comerciais [31].

Por outra banda, os modelos murinos foron o modelo animal mais usado para os estudos
basicos e preclinicos do cancro, pero actualmente, o uso de peces cebra representa un modelo
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in vivo de gran interese. Entre as slas vantaxes destacan a sua similitude notable cos aspectos
anatomicos, funcionais e bioquimicos da enfermidade humana, unha evolucion rapida e unha
reducion no custo, ademais das consideracions éticas [32]. En conclusion, cada modelo, xa
sexan os cultivos 2D/3D ou o modelo de peixe cebra, deben usarse para complementar,
enriquecer e informar no desefio e a optimizacion de nanomedicamentos, facilitando a sta
translacion & clinica. En vista destes antecedentes, o principal obxectivo da tese foi o
desenvolvemento e a optimizacion de tres plataformas de nanosistemas poliméricos como
vectores de administracion de xenes, e a avaliacion do seu potencial en modelos preclinicos
avanzados.

Na primeira parte da tese, desenvolvéronse e optimizaron NPs poliméricas resultantes da
combinacidon de protamina (Pr) e un polisacarido de carga oposta, o dextrano (Dx). A estrutura
policationica da protamina cun contido rico en argininas, de aproximadamente 67 a 70%,
confirelle a propiedade de unirse a moléculas de ADN para condensalos formando
nanocomplexos [33]. Por outra banda, o sulfato de dextrano tratase dun polimero
biodegradable, de toxicidade reducida e con capacidade de aumentar a eficacia na liberacion de
certos farmacos e xenes [34]. Tendo en conta estudos previos de cribado, neste traballo
seleccionouse o0 prototipo de ratio 4:1 (m/m) de Pr:Dx, xa que presentaba unhas caracteristicas
fisicoquimicas e unha capacidade de asociacion de &cidos nucleicos adecuadas para o0 seu uso
en terapia xénica (Figura 1.). A estabilidade no medio fisioldxico, e durante o almacenamento
representan alguns das principais limitacions no desenvolvemento de novas terapias xénicas. A
nosa formulacion mostrou resultados adecuados en &mbolos aspectos relacionados coa
estabilidade. Por tanto, considerouse este prototipo como un candidato ideal para a sua
avaliacion in vitro en modelos avanzados de lifias celulares relevantes para a translacion clinica.

A combinacion de varios estudos de viabilidade de actividade metabolica celular,
integridade de membrana e un ensaio de volume de esferoides, mostraron unha baixa
citotoxicidade deste prototipo tanto en modelos de glioblastoma 2D como 3D (Figura 2. (a)).
Por outra banda, estudos de captacion celular mediante microscopia confocal e de fluorescencia
de lamina de luz, e a sUa cuantificacion por citometria de fluxo, revelaron unha internalizacion
das NPs de case 0 100% en ambos os modelos de glioblastoma (Figura 2. (b)). Estes resultados
verificaron a capacidade deste nanosistema de penetrar de forma eficiente nas células e mesmo
en supraestruturas multicelulares [35-38].

A capacidade de transfeccion esta condicionada pola entrada e o trafico intracelular dos
vectores, que son procesos dependentes da lifia celular. Neste caso, a pesar de que 0 noso
nanosistema promoveu unha expresion eficiente a partir de doses de 1 pg de plasmido tanto en
células como en esferoides de glioblastoma, non se correlacionou cos valores de captacion
celular (Figura 3.). En conclusion, as NPs de Pr:Dx demostraron presentar unhas propiedades
adecuadas para a asociacion e proteccion de cargas xenéticas con baixa citotoxicidad, alta
capacidade de internalizacion, pero unha eficiencia de transfeccién mellorable en modelos
avanzados de glioblastoma.

Estudos recentes do noso grupo de investigacion demostraron que a adicion do
polifosfaceno anidénico 6MHA-PPZ potencia a internalizacion, o escape endosomal e a
biodispofiibilidade intracelular dunha serie de nanosistemas poliméricos [39]. En base a estes
resultados, a segunda parte da tese centrouse no desenvolvemento de nanocomplexos de
polietilenimina (PEI) e protamina por condensacion cun plasmido modelo en combinacién co
polifosfaceno 6MHA-PPZ. As formulacions presentaron unhas propiedades fisicoquimicas
apropiadas en canto a tamafio e carga superficial para a asociacion de acidos nucleicos, sen
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observarse variacions significativas coa adicion do polimero aniénico (Taboa 1.). Con todo,
cabe resaltar un aumento no rendemento de formacion dos nanocomplexos en presenza deste
polifosfaceno, concordando cos resultados de caracterizacion previos [39]. As propiedades
mantivéronse estables en condicions de almacenamento e no medio de cultivo celular, pero
sufriron agregacion en medios de cultivo convencionais de peixe cebra, especialmente no caso
dos nanocomplejos de protamina. En cambio, ao incubarse en auga corrente declorada e estéril,
a sua estabilidade coloidal non se viu afectada.

En canto a avaliacion do seu potencial como nanosistemas de terapia xénica, isto realizouse
en modelos preclinicos de esferoides de glioblastoma derivados de pacientes con diferente orixe
da masa tumoral, e nun modelo in vivo de embrions de peces cebra. En xeral, 0s nanocomplexos
de PEI mostraron unha citotoxicidade maior que os de protamina, pero o exceso de toxicidade
foi parcialmente corrixido coa adicion do polimero 6MHA-PPZ, concordando con resultados
previos nunha lifia de glioblastoma altamente transformada [39] (Figura 4.). A eficiencia de
transfeccion determinouse mediante a cuantificacion da expresion da proteina Luciferasa. En
xeral, a adicion do polifosfaceno aniénico mellorou a transfeccion, aumentando o efecto do
escape endosomal, especialmente nos nanocomplexos de protamina, cuxos valores de
transfeccidn alcanzaron mesmo ao do modelo de referencia PEI/pADN (Figura 5.). Con todo,
nos modelos preclinicos de esferoides observaronse efectos diferentes en funcion da lifia
celular. Obtivéronse resultados de transfeccion similares aos obtidos nos cultivos 2D no caso
dos esferoides de glioblastoma de lifias transformadas comerciais, pero non sucedeu o mesmo
nos esferoides de lifias primarias de glioblastoma, onde o efecto do polifosfaceno 6MHA-PPZ
foi menos claro. Isto confirmou a necesidade de usar modelos clinicamente relevantes canto
antes.

En canto a sUa biodistribucién en modelos in vivo de embridns de peixe cebra de 48 horas
post-fecundacién, obtivose unha maior acumulacion das formulaciéns no saco vitelino,
especialmente dos nanocomplexos de PEI, onde tras 5 dias post-inxeccién, parte destas
particulas desprazaronse cara & zona da cabeza. Por outra banda, observouse que a adicion do
polifosfaceno aniénico deu lugar a unha maior intensidade de fluorescencia confirmando a
capacidade deste polimero para potenciar o escape endosomal de péptidos catidénicos, como
PEI, permitindo a liberacion do material xénico. Para 0os nanocomplexos de protamina, estes
valores resultaron ser mais baixos como consecuencia da sua forte capacidade de complexacién
de &cidos nucleicos [40], que mesmo en presenza de 6MHA-PPZ, a completa liberacién do
material xenético resultou ser mais complicada (Figura 6.). En conclusion, a combinacién do
polifosfaceno anionico 6MHA-PPZ con polimeros cationicos comerciais mellorou as
caracteristicas dos nanocomplexos reducindo a sua citotoxicidade, aumentando a sua eficacia
de transfeccion en modelos avanzados de glioblastoma e conseguindo unha biodistribucién no
saco vitelino cara & cabeza en modelos de embrions de peixes cebra.

As nanocapsulas (NCs) poliméricas tefien unha utilidade potencial como nanoportadores
na via ocular grazas & sUa capacidade de interaccion cos epitelios da cdrnea e conjuntiva [41].
Por tanto, a terceira parte desta tese consistiu no desenvolvemento e a optimizacion de
nanocapsulas de protamina (Pr NCs) para a sua aplicacion en terapia xénica contra 0 cancro
ocular. A formulacion foi preparada mediante o método de desprazamento de solvente obtendo
unha poboacion homoxénea de nanogoticulas oleosas de vitamina E, cubertas por unha capa
polimérica de protamina, e estabilizadas coa axuda de surfactantes non ionicos. A sua
morfoloxia esférica, as suas propiedades fisicoquimicas, e a sua asociacion reversible de
macromoléculas de ADN plasmidico e miARN, converteunas en vehiculos adecuados para
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terapia xénica (Figura 7.). Este nanosistema mostrou unha estabilidade adecuada en condicions
de almacenamento durante un mes, e estabilidade coloidal no medio de cultivo celular.
Considerando a via de administracion, a sta estabilidade tamén foi testada en fluido lacrimal
simulado, onde as caracteristicas das Pr NCs cargadas con diferentes porcentaxes de ADN
mantivéronse estables previndo a liberacion prematura do plasmido. A avaliacion do seu
potencial como nanosistema de terapia xénica levouse a cabo en células de melanoma uveal
(MU). Os resultados mostraron baixa citotoxicidade a diferentes concentracions e tempos
(Figura 8. (a)), e unha eficiente internalizacion intracelular (Figura 8. (b)).

Na &rea de terapia xénica ocular, os nanosistemas poliméricos son especialmente atractivos
debido & stia capacidade de interactuar intimamente coa superficie ocular. Neste aspecto, 0 noso
grupo de investigacion foi un dos pioneiros en demostrar a capacidade destes nanovehiculos
para adherirse a superficie ocular e penetrar a través da cornea e o epitelio conjuntival,
permitindo asi unha administracién por via tdpica de fArmacos nos que esta via non era viable
[41-47]. En base a estes estudos, determinouse a capacidade de transporte das Pr NCs nun
modelo 3D de cornea. Os resultados mostraron que a formulacion, tanto con ADN plasmidico
asociado como sen el, foi capaz de atravesar esta barreira epitelial (Figura 9. (a)) sen alterar a
sta integridade e morfoloxia (Figura 9. (b)) [48]. Finalmente, estes nanosistemas mostraron
niveis adecuados de transfeccion a 48 h despois da sta incubacién coas células (Figura 10.). En
conclusién, estes resultados confirmaron que as Pr NCs poderian considerarse un nanosistema
prometedor para o tratamento do melanoma uveal en terapia xénica.

En resumo, esta tese demostrou o potencial de plataformas variadas de nanosistemas, xa
sexan NPs, nanocomplexos e NCs poliméricas, para aplicacions de terapia xénica. Os
nanosistemas desenvolvidos tefien propiedades morfoldxicas e fisicoquimicas adecuadas, son
biodegradables, tefien boa capacidade de asociacion e transporte de xenes. Os
nanotransportadores tefien ademais unha boa relacion entre eficacia e citotoxicidade,
confirmada mediante a sta avaliacion en diferentes modelos preclinicos avanzados tales como
esferoides e peces cebra.
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INTRODUCTION

1. GENE THERAPY AND CANCER

Cancer is considered the second leading cause of death after heart diseases [1], where the
International Agency for Research on Cancer (IARC) has predicted 13 to 17 million deaths in
2030 worldwide [2]. From our current understanding of the biology of cancer [3], this pathology
could be considered a hereditary disease caused by genetic and epigenetic alterations that affect
normal cellular processes. The physiopathology behind involves somatic mutations in upstream
cell signaling pathways and/or genetic lesions in genes encoding cell cycle proteins responsible
for growth, differentiation, and apoptosis [1]. Therefore, malignant cells can change in size,
structure, and function, and can spread to other tissues and organs to obtain their nutrients [4].
Currently, there are more than 200 types of known cancers [5], where those commonly
diagnosed worldwide are female breast cancer (2.26 million cases/year), lung (2.21 million
cases/year) and prostate cancers (1.41 million cases/year). The leading causes of death are lung
(1.79 million deaths), liver (830,000 deaths), and stomach cancers (769,000 deaths) [6]. It is
true that a reduction in mortality rates has been perceived due to preventive measures, early
detection, immunotherapy, and other advances in chemotherapy. Unfortunately, patients
diagnosed with more aggressive tumors, such as small cell lung cancer, triple negative breast
cancer, pancreatic ductal adenocarcinoma, glioblastoma, metastatic melanoma, and ovarian
cancer still show a low survival rate, and most medicines and treatments are ineffective. Highly
aggressive tumors are characterized by a highly invasive phenotype, chemoresistance, and lack
of biomarkers for targeted therapies [7]. In the present work, two aggressive tumors such as
glioblastoma and uveal melanoma will be highlight.

Glioblastoma is the most common and aggressive primary tumor of the central nervous
system feared by both patients and doctors due to its classification as malignant grade 1V [8].
In addition, the transcriptomic studies of human glioblastoma biopsies demonstrated that these
tumors are highly heterogeneous and invasive [9]. Ninety percent of glioblastomas are primary
tumors that develop rapidly without the appearance of malignant lesions, while 10% are
secondary tumors originated through the progression of pre-existing gliomas [10]. Despite
being one of the least frequent tumors with a global incidence of 3.22 per 100,000 inhabitants,
its poor prognosis makes it an important public health problem. This tumor represents 57.3%
of all gliomas and 48.3% of all malignant brain tumors, with a mean age of 64 years in adults
for primary glioblastoma, and of 10 to 15 years in young people for secondary glioblastoma
[8]. According to data collected in the National Cancer Database (NCDB), its incidence is
higher in males, in developed countries, and in white people [11].

Regarding ocular tumors, they are less frequent, and their peculiarity is they are difficult to
diagnose [12]. Ocular melanoma is the second most common type of melanoma after cutaneous
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melanoma, with 83% arising from the uvea, 5% from the conjunctiva, and 10% from other sites.
Considering this information, uveal melanoma (UM) can be considered the second most
common form of melanoma, originated from melanocytes located in the uveal tract of the eye
and in the conjunctival membrane [13, 14]. This tumor is located mainly in the choroid (90%),
although there are cases in the ciliary body (6%) and in the iris (4%) [13]. Despite being
considered a relatively rare cancer with an incidence of 5 cases per 1,000,000 people, it also
has an unfavorable prognosis with a high tendency to metastasize, mainly to the liver [15].
Patients could present symptoms such as blurred vision, or no symptoms at all, and the tumor
is frequently detected by routine eye exams. Metastases may develop in almost 50% of patients
[16].

Patients diagnosed with any of these tumors have a survival less than 2 years, being 14
months for glioblastoma [17] and 10-13 months for UM [18]. In addition to their poor
prognosis, their conventional treatment is a combination of surgical resection, radiotherapy and,
in the case of glioblastoma, temozolomide-based chemotherapy [19, 20]. Surgery is essential
for the treatment of aggressive solid tumors as it allows mass reduction and access to tissue
samples for pathology. In glioblastoma, as long as neurological functions are not compromised,
maximal resection is beneficial [21], and for UM, enucleation is the historical approach for
definitive local treatment and remains appropriate in the presence of large tumors and extensive
extraocular growth [20]. However, the efficacy of surgical resection is limited by the intrinsic
malignant nature of these tumors. The invasive nature of glioblastoma makes complete
resection challenging because of the potential recurrence of cancer cells close to the resection
cavity [9]. In UM, local recurrence can occur after enucleation, mostly associated to the
appearance of systemic metastases [22]. Radiotherapy not only attacks tumor cells, but also
healthy cells can be affected [23], causing side effects such as optic neuropathy, cataracts,
radiation retinopathy or even toxic tumor syndrome in the case of UM [24], and neuro-cognitive
decline in glioblastoma [25]. Regarding chemotherapy, high doses of drug are generally
required to affect rapidly proliferating cells, causing high levels of toxicity, and the possibility
of tumor chemoresistance [23]. For this reason, more effective and less invasive therapies are
being investigated mainly focused on targeting genetic and epigenetic alterations that make
tumors more resistant to conventional pharmacological treatment [26, 27].

Gene therapy is considered as a promising tool to transfer nucleic acids with the objective
of treating a wide range of disorders from infectious and hereditary diseases, including cancer
[28]. The concept dates back to the 1960s when the first studies showed that DNA sequences
could be introduced into mammalian cells for gene repair [29]. However, it was in 1990 when
gene therapy trials gained impetus. French Anderson, Michael Blaese, and Steve Rosenberg
performed the first successful gene transfer study at the National Institutes of Health. In this
research, lymphocytes were harvested from patient-infiltrating tumors, genetically tagged using
a retroviral vector, and finally reinfused to genetically screen for their ability to localize to the
tumor [30, 31]. Current methodologies for gene therapy include direct mutation, correction, or
application of DNA to encode protein-based therapeutic drugs. However, the most common
strategy is encoding a functional therapeutic gene to replace a mutated one [8]. This has already
been used clinically to correct the genetic alteration of some disorders. In ex vivo gene therapy,
defective cells are removed from the body, modified with a therapeutic gene, cultured ex vivo,
and transferred back to the host where the corrected gene will replicate. In in vivo gene therapy,
a vector is injected to transport the therapeutic gene to host cells. In cancer gene therapy, the
aim Is to eliminate or reduce the size of the tumor through different mechanisms [28, 29] [32]
Gene therapy for malignant tumors has three modalities: suicide gene therapy, is a therapeutic
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approach based on introducing a suicide gene that encodes an enzyme that is able to convert a
prodrug into its active pharmacological variant resulting in cell death [33], corrective gene
therapy, is a method applying therapeutic agents such as sSiRNAs, miRNAs or gene-editing tools
into tumor cells to change their gene expression to inhibit their proliferation and the
toxin/apoptosis-induced gene therapy which involves the production of cytotoxic proteins that
are desired to cause apoptosis in the transduced cells [34]. Currently, the main strategy adopted
in cancer field is to deliver the corrected gene into the primary tumor cells and its subsequent
autologous transplantation into the host’s target organs [35]. Regarding therapeutic nucleic
acids used in gene therapy against cancer, some of the most recent examples are described in
detail in Annex | of this thesis. In conclusion, for gene therapy to be successful, it become
imperative to select a safe and efficient procedure to transfer these engineered nucleic acids into
target cells.

1.1. Multiple biological barriers to overcome

Delivery of nucleic acids remains a significant challenge because the need to overcome
several highly complex physiological barriers [36]. Nucleic acids cannot enter the cells directly
due to their inherent properties, such as hydrophilicity, large size, and negative charge [37].
Moreover, they must avoid intracellular biological barriers and other extracellular defense
mechanisms [38] (Figure 1.).
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Figure 1. Extra- and intracellular barriers to nucleic acid delivery. Created in BioRender.com.

The enzymatic degradation by nucleases is a fundamental problem for any gene therapy
approach [39]. Systemically administered nucleic acids are highly susceptible to degradation
by plasma enzymes. The phosphate bonds are split by exonucleases and removed by renal
filtration, being another limitation. On the other hand, locally administered nucleic acids have
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low intracellular concentrations due to their inherent properties previously mentioned. In
addition, intracellular endosomal compartments must be avoided to prevent degradation by
intracellular enzymes. In extracellular environment, the half-life of naked nucleic acids ranges
from a few minutes to hours, leading to off-site accumulation and inadequate therapeutic levels
[38]. Moreover, in this environment there are also serum proteins whose accumulation and
agglomeration constitute another limiting barrier for nucleic acid therapy [40]. Nucleic acids
can also trigger immune responses by inducing cytokine release that can lead to severe
inflammatory responses. This involves that, when designing gene expression therapies, the
potential for immunogenicity and toxicity must be evaluated in order to avoid the incidence of
adverse toxic responses in patients [41].

Once past the extracellular barriers, several intracellular barriers obstruct the way to
efficient gene delivery. In order to reach the intracellular environment, the difficulty to cross
the plasma membrane is a major obstacle. Small, neutral, and slightly hydrophobic molecules
can passively diffuse across the cell membranes, but large and negatively charged molecules
such as DNAs and RNAs rely on active transport mechanisms based in endocytosis [42].
Following endocytic uptake, polynucleotides are localized in early endosomes which mature
via late endosomes into endolysosomes. This maturation is accompanied by intraluminal
acidification and activation of several degradative enzymes, so the endosomal escape before
their degradation constitutes another limiting factor. Even if endosomal escape occurs, the
nucleic acids reside in the cytosol, where they have to avoid being removed from the cell by
autophagy or degraded by cytoplasmic nucleases [43]. While siRNA, miRNA and mRNA have
their site of action in the cytosol, the pDNA needs to be delivered to the nucleus, with the
nuclear envelope another major barrier. Moreover, the intracellular trafficking to the nucleus
is critical as a consequence of pDNA degradation by cytoplasmic enzymes [44]. Finally, genetic
perturbations such as inhibition or overexpression of a non-target gene (Off-Target effect) are
another major intracellular setback [45]. Nucleic acids can be targeted to cause specific gene-
silencing mainly induced by siRNAs and CRISPR technology, [38], gene-knockout by the
CRISPC-Cas9 gene editing system [46] and gene-overexpression by cloning a transgene cDNA
[47], but can further exert severe off-target effects leading to gene mutations and unwanted
cellular transformations.

Therefore, to achieve efficient and safe gene delivery, it is necessary to design and develop
carriers that are capable of overcoming these barriers to transport and release nucleic acids in
target tumor cells. Here, nanotechnology has emerged as a promising way to improve gene
delivery.

2. NANOSYSTEMS FOR NUCLEIC ACID DELIVERY

Nanomedicine is an essential technology of the 21st century with the objective to exploit
nanotechnology for several biomedical applications. Oncology has been one of the major
therapeutic targets of nanomedicine research [48]. In this field, nanosystems are designed to
have unique properties: (i) high capacity to incorporate different therapeutic agents, either drugs
or nucleic acids, (ii) high capacity to deliver their cargo specifically to target cells, reducing
unwanted secondary effects, and (iii) controlled release properties [23].

Clinical gene therapy depends on the delivery vectors, whether viral or non-viral. Viral
vectors are effective for transferring genetic cargo, making them a reliable option in cancer
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treatment and hereditary diseases. They have the natural ability to infect efficiently host cells,
a process that can be used for transporting genes [32] [49]. Several cancer gene therapies based
on viral vectors have come to market approval by Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) (Table 1.). However, these vectors have some
limitations, especially those related to undesired immune responses [49, 50].

Table 1. Examples of approved products for cancer gene therapy. Table adapted from 32, 51.

Product Approved country Year Vector Cancer
Gendicine China 2003 Adeno- Head and neck
associated virus
Oncorine China 2005 Oncolytic virus Nasopharyngeal
Rexin-G USA 2010 Retrovirus Metastatic
Imlygic USA 2015 HSV Melanoma
L -
Kymriah Switzerland/USA Lentivirus vrnphobl?lstlc
2017 leukemia
Yescarta USA Retrovirus Lymphoma
Tecartus USA 2020 Retrovirus Prostate
. L Follicular
Breyanzi USA/Canada/UE/UK/Japan Lentivirus lymphoma
Abecma USA/Canada/EU/UK/Japan Lentivirus Multiple
P 2021 myeloma
Relma-cel China Lentivirus Lymphoma
Delytact Japan Onclytic HSV Glioma

A large number of studies have shown that non-viral nanocarriers have several
advantages: low intrinsic immunogenicity, biocompatibility and biodegradability, low-cost
industry-friendly production, and no clear upper on the molecular size of the cargo (i.e.,
packaging limit) [52, 53]. However, their application has been limited by their insufficient
transfection efficiency due to poor serum stability, high endosomal entrapment, limited
intracellular release, and low accumulation in target organelle [54]. Therefore, specific
properties are required to increase the efficacy and clinical translation of non-viral gene
nanocarriers [55]. In the last decade, nanosystems based on polymers and/or lipids have been
extensively investigated to treat cancer (Figure 2.). In the following paragraphs, we describe
some of the most used non-viral nanosystems for the administration of nucleic acids, with a
special focus on the field of oncology.
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Figure 2. Lipid- and polymer-based nanosystems used to deliver nucleic acids. Created in BioRender.com.
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Cationic lipids are the most investigated biomaterials in gene therapy. They have an active
role in DNA binding and transfection due to their positive charge, and can facilitate endosomal
escape. In Annex I, we provide a more exhaustive description of these lipids (Figure 3.), and
their most common nanosystems (Figure 2.). Briefly, most lipidic nanosystems have a spherical
vesicular structure organized in a bilayer, such as liposomes [56] or composed by a mixed solid
and liquid matrix and an oily nucleus, such as nanostructured lipid carriers (NLC) [57]. Solid
lipid nanoparticles (SLN) represent one of the most promising technologies for gene therapy
because they have good gene-transfer efficiency in in vitro and in vivo models, together with
good biocompatibility [58].
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Figure 3. Lipid chemical structure of most important lipids to formulate non-viral nanosystems for their use in
gene therapy. DOTMA: N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium, = DOTAP:  N-[1-(2,3-
dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride, DMRIE: 1,2-dimyristyloxypropyl-3-dimethyl-
hydroxyethylammonium bromide, DODAP: 1,2-dioleoyl-3-dimethylammonium propane, DODMA: 1,2-dioleoyl-3-
dimethylaminopropane, DLin-DMA: 4-(dimethylamine)-butanoic acid, DPSC: 1,2-distearoyl-sn-glycero-3-
phosphorylcholine, DOPE: 1,2-dioleoyl-phosphatidyl-ethanolamine, and DOGS: 2,5-bis(3-aminopropylamino)-N-
[2-(di(heptadecyl)amino)-2-oxoethylpentanamide lipid. Images from PubChem 2023 update.

Currently, there are a few similar platforms based on lipid nanoparticles (NPs) for gene
delivery that have reached the market. Those are TransoPlex® for DNA transfer [59] and
Onpattro® for siRNA [60]. In addition, lipid NPs are also in the marketed formulations of
Moderna® and Pfizer/BioNTech® mRNA-based vaccines against COVID-19 [61]. However, in
general, non-viral lipid nanosystems still have the drawbacks of potential toxicity, and
suboptimal gene transfer. These limitations fuel further research in non-viral systems, including
polymeric ones.

Polymeric vectors are another attractive alternative for gene delivery due to their structural
diversity, tunable physicochemical properties, stability under storage, higher genetic cargo
capacity, and simple low-cost preparation [62] (Figure 2.). NPs based on cationic polymers are
some of the most used for gene therapy, and important examples are described in Annex |
(Figure 4.). Natural or synthetic cationic polymers with positively charged primary, secondary
and/or tertiary amine groups can condense nucleic acids forming polyplexes. They have the
ability to neutralize the anionic charges of nucleic acids, protecting them from enzymatic
degradation, and thus facilitating their intracellular release [63]. Polyplexes with positive
surface charge are more efficient in cell interaction due to their ability to bind to the cell
membrane, promoting intracellular uptake [64]. Several polycations exhibit adequate
transfection efficiency, but the presence of positive charges can also confer them undesirable
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toxicity. Therefore, the surface charge, the NP-size, the ratio between amino and phosphate
groups (N/P ratio), and the molecular weight are important factors in the formulation behavior
in vivo [64, 65]. Polypeptides and polyaminoacids are some of the most used and flexible
materials for the preparation of gene delivery systems, and polyphosphazenes are other
materials of interest since they considered as “peptide mimics”. The following sections will
explore the potential of these polymer classes in gene delivery.
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Figure 4. Polymeric chemical structure of most important polymers to formulate non-viral nanosystems for their
use in gene delivery. PEl: polyethylenimine, PVI: poly(vinyl imidazole), PLA: polylactic acid, CS: chitosan, PLL:
poly-L-Lysine, P-Arg: poly-L-arginine, PGA: polyglutamic acid, and PPZ: polyphosphazenes. Images from PubChem
2023 update.

2.1. Polypeptides and polyaminoacids in drug delivery

To overcome the above detailed limitations of current gene delivery technologies, new
nanostructures based on the use of polyaminoacids, and polypeptides are being explored. Cell
penetrating peptides (CPPs) have been investigated for the delivery of DNA, RNA, and
antibodies for over the past two decades [66]. They are synthetic or biological small peptides
composed of 7 to 30 amino acids that show enhanced penetration through the plasma membrane
[67]. Based on their physical characteristics, CPPs can be classified as amphipathic,
hydrophobic, and cationic, where the latter have become a promising tool for gene delivery.
Cationic CPPs are composed by short sequences of amino acids, mainly arginine, lysine, and
histidine, being the residues involved in cellular penetration. In addition, a special group of
them are nuclear localization sequences (NLS) composed by lysine, arginine and proline
residues which enter the nucleus via the nuclear pore complexes (NPC) [68]. In this context,
some polyaminoacids such as poly-L-lysine (PLL) and poly-L-arginine (P-Arg) have generated
growing interest due to their high capacity to condense the genetic material [69, 70], being the
first polymers commonly used in gene delivery [70, 71] (Figure 4.). They are cationic,
biodegradable, biocompatible, and non-immunogenic homopolymers [72] that penetrate cell
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membranes [73]. However, their major limitations are their toxicity and relatively low
transfection efficiency [71], which can be improved by combination with other polymers.
Especially, their conjugation with polyethylene glycol (PEG) has been used to provide
increased stability in salt and serum, reduce toxicity and lower immunogenicity [74]. Several
studies have focused on the synthesis of di- or tri-block copolymers combining PLL and P-Arg
with PEG [75-77] that form cationic micellar NPs [74]. Moreover, the conjugation of PLL with
PEI polymer has shown higher transfection efficiency, and a significant reduction in toxicity
[78, 79].

Besides PLL and P-Arg, the natural polypeptide protamine (Pr) is one of the most used
delivery agents in gene therapy. At the end of the 19th century, Albrecht Kossel described its
composition as a natural peptide derived from fish sperm with high content of arginines and
low molecular weight (Mw= 4 to 5 kDa, LMWP) [80] (Figure 4.). Salt forms of protamine
sulfate are considered biologically safe, and they have been approved for clinical use by the
FDA as drug and as pharmaceutical excipient [81]. Sixty years ago, Harold Amos published
the first report of its use as a transporter of nucleic acids for eukaryotic cells [82]. Since then,
different protamine-based nanosystems have been developed for multiple therapeutic
modalities with high efficacy. In fact, the use of protamine as a polymeric shell on nanocapsules
(NCs) [83-86] or, simply, its combination with other polysaccharides such as hyaluronic acid
[87], alginate [88] or dextran sulfate [89] to form NPs, can be a tool to promote the delivery of
diverse biomacromolecules, such as antigens [83] [86] [88, 89], peptides [90], or nucleic acids
[91]. Regarding the latter, beyond providing enhanced penetration capacity, the natural
condensing function of this polypeptide is also a useful tool for delivery applications [92]. In
the field of cancer, several studies describe the use of protamine nanocarriers for the delivery
of different nucleic acids for tumor treatment. For instance, Pr NPs showed efficient
encapsulation of shRNA, effectively protecting it from degradation by nucleases and serum.
Furthermore, protamine improves in vitro transfection levels and shBcl-2-loaded NPs showed
increased antitumoral effect in a A549 model [93]. Moreover, it was observed that lipidic
systems and PAMAM dendrimers functionalized with protamine are promising therapeutic
options for plasmid DNA [94], siRNA [95, 96], and miRNA [91] delivery, as observed in
variety of tumor models. The protamine in these nanosystems acted as a DNA condenser
preventing the enzymatic degradation and as transporter to the nucleus [97]. Considering this
information, Pr NPs could be a promising non-viral nanodevice for improving targeted gene
delivery in cancer therapy.

2.2. Polyphosphazenes: a new platform for gene delivery.

Polyphosphazenes (PPZ) are a relatively new class of polymers with certain similarities
with polyaminoacids: biodegradability, polymer elasticity, chemical versatility, and design
flexibility [98]. PPZ with organic side chains are referred as poly(organo)phosphazenes, and
stand out among biomedical materials as organic-inorganic hybrids. Their chemical structure is
formed by a backbone connected by alternating single and double bonds of phosphorus and
nitrogen atoms, a chemical bound structure with some similarities to natural polyaminoacids,
(Figure 4.). Moreover, their side chains could be replaced by different organic groups giving
rise to a wide diversity of PPZ with their own physical and chemical properties [99]. These
polymers were considered attractive in a variety of biomedical applications, especially, for
controlled release of anticancer drugs [100-103], gene delivery [104-107], and tissue
engineering [108, 109]. In gene therapy, PPZ stand out for their good performance parameters
[98]. Hennink's research group pioneered the development of PPZ as gene delivery systems.
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They synthetized PPZ with side chains of tertiary amines, 2-dimethylaminoethanol (DMAE)
and 2-dimethylaminoethylamine (DMAEA), and found that both polymers effectively
complexed plasmid DNA, where DMAEA-PPZ had higher gene transfer efficiency.
Furthermore, they also studied the relationship between polymer molecular weight and gene
delivery efficiency [110]. Based on these studies, our research group has recently developed a
variety of PPZ with ionic nature, synthesized by thiol-ene click chemistry. Among this variety
of PPZ, the inclusion of 6-mercaptohexanoic acid (6MHA) side chains resulted in most
interesting material, as it could improve the transfection efficiency of polyphosphazene
polyplexes while reducing the toxicity of the nanocarrier. Furthermore, they showed higher
transgene expression in three-dimensional (3D) models and subcutaneous glioblastoma
xenograft models compared to a simple polycation/pDNA nanocomplex [107]. Overall, this
information established PPZ as a new biodegradable and versatile polymeric gene delivery
strategy due to their high capacity for gene-transfer efficacy.

3. ADVANCED MODELS FOR IN VITRO TESTING OF GENE DELIVERY
CARRIERS

In general, the clinical success of cancer nanomedicines is still slowed down by the
challenges in formulation, batch-to-batch consistency, scale-up, lack of adapted
characterization and detection methods, as well as, regulatory barriers [111]. In addition to this,
the physiological barriers imposed by the tumor microenvironment also hinder the effective
administration of therapeutic nanomedicines [112]. For this reason, the choice of appropriate
preclinical models reflecting tumor complexity is critical for preclinical evaluation of new
therapies [113]. The most common experimental models to study human tumors include cancer
cell lines, 3D culture models, and a great variety of in vivo models ranging from Drosophila
melanogaster, Danio rerio to genetically modified mouse models, pigs, and patient-derived
xenografts. More recently, new in silico computational models have also been implemented,
having important contributions in combination with in vitro and in vivo models [114] (Figure
5.).

= Human
Low High .. .
) Analogy 8 clinical trials
Traditional in vitro models ex vivo models in vivo models
= \@ el Drosophila melanogaster
o \ <& /
e Nt 2 ) .
A . = ‘e N Danio rerio (zebrafish)
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Bi-dimensional . o & /—‘“
Three-dimensional Microfluidics 2D/3D cell culture ”
Mono-culture : Primary cells Allograft : Heterotopic ‘
Co-culture system : Inmortalized cells Xenograft Orthotopic

v

in silico computational models

Figure 5. Representation of experimental models currently available for cancer gene therapy classified as
traditional in vitro, in vivo, and in silico models. Created in BioRender.com.

61



SHEILA BARRIOS ESTEBAN

All these models have their own particular characteristics, advantages, and disadvantages.
Thanks to their simplicity and ease of use, conventional two-dimensional (2D) cancer cell
cultures have contributed importantly to nanomedicine research. However, these models do not
imitate tumor structure, they lack cellular heterogeneity and tumor microenvironment [115]. In
this context, 3D models represent more reliably tumor physiology. For instance, tumor
spheroids may contain an outer layer of proliferating cells, a middle layer of quiescent cells,
and an inner necrotic core [116]. Our research group has benefited from the use of 3D models
as an evaluation tool for gene delivery. For example, glioblastoma spheroids were used to assess
the toxicity and transfection ability of different polyphosphazene nanocomplexes. Those
experiments supported good correlation between 3D spheroid data and in in vivo gene delivery
experiments [107].

Another step further is the use of primary cell lines derived directly from patients. These
cells better retain the molecular characteristics of patient tumors and showcase tumor
interpatient variability. They are considered a better alternative to study cancer biology and
drug sensitivity. The combination of primary cultures and 3D models has particular importance
for studies guiding decision-making in the clinic due to their capacity measure drug sensitivity
in a personalized way [117]. For example, the previous work of Vasey et al., studied the effects
of a range of PEGylated poly(lactide)-poly(carbonate)-doxorubicin polymer NPs in a primary
human astrocyte cell line and in a panel of primary infiltrating margin glioblastoma cells. The
release studies showed that sufficient doxorubicin was released from the NPs to achieve a
cytotoxic dose in vitro, being an adequate profile for the pharmacological therapies required in
patients with glioblastoma. In addition, the results warranted the translational evaluation when
using xenograft models for post-surgical drug delivery [118]. However, experimental evidence
that spheroid technologies reliably reflect in vivo conditions is scarce, so their validation still
requires comparative analysis with in vivo models [116].

Undoubtedly, in vivo models continue being the key for comprehensive analysis of
nanomedicines. In this sense, murine tumor models have proven to be useful for the
understanding of the biological processes causing tumor growth and for preclinical
development of antitumor therapies. All experimental mouse models must meet the Animal
Research Reporting of In Vivo Experiments (ARRIVE) criteria and the ethical standards of
animal experimentation. In recent decades, the zebrafish model (Danio rerio) has emerged as
a first screening alternative to murine models, helping the scientific community in their pursuit
of the 3R principles (Replacement, Reduction, and Refinement). The reduction of time and the
use of resources, the greater informative and predictive capacity compared to in vitro results,
and the ability to refine the findings are some of the advantages of this model. Therefore, using
the zebrafish model, it is possible to replace and reduce the use of rodents in research and
mitigate problems related to the welfare of these animals [119, 120].

Overall, the development of a successful nanosystem requires extensive physicochemical
characterization in combination with several preclinical studies from in vitro to in vivo models
to understand its future behavior. This approach is what is intended to be addressed over the
present work.

62



Introduction

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

E.B. Yahya, A.M. Algadhi, Recent trends in cancer therapy: a review on the current state
of gene delivery, Life Science 269 (2021) 1-15.
https://doi.org/10.1016/j.1fs.2021.119087.

O.L. Gobbo, K. Sjaastad, M.W. Radomski, Y. Volkow, A. Prina-Mello, Magnetic
nanoparticles in cancer theranostics, Theranostics 5 (2015) 1249-1263.
https://doi.org/10.7150%2Fthno.11544

L. Torresano, C. Nuevo-Tapioles, F. Santacatterina, J.M. Cuezva, Metabolic
reprogramming and disease progression in cancer patients, Biochim. Biophys. Acta —
Mol. Basis Dis. 1866 (2020) 1-16. https://doi.org/10.1016/j.bbadis.2020.165721.

N. Hinge, M.M. Pandey, G. Singhvi, G. Gupta, M. Mehta, S. Satija, M. Gulati, H. Dureja,
K. Dua, Nanomedicine advances in cancer therapy, Woodhead Publ. Ser. Biomater.
(2020) 219-253. https://doi.org/10.1016/B978-0-12-818471-4.00008-X.

C. Shen, Y. Zhou, J. Zhan, S.N. REske, A.K. Buck, Chromosome instability and tumor
lethality suppression in carcinogenesis, J Cell Biochem. 105 (2008) 1327-1341.
https://doi.org/10.1002/jcb.21937.

J. Ferlay, M. Colombet, I. Soerjomataram, D.M. Parkin, M. Pifieros, A. Znaor, F. Bray,
Cancer statistics for the year 2020: an overview, J. Cancer 149 (2021) 778-789.
https://doi.org/10.1002/ijc.33588.

J. Martinez-Useros, M. Martin-Galan, M. Florez-Cespedes, J. Garcia-Foncillas,
Epigenetics of most aggressive solid tumors: pathways, targets, and treatments, Cancers
13 (2021) 1-28. https://doi.org/10.3390/cancers131332009.

B. Chen, C. Chen, Y. Zhang, J. Xu, Recent incidence train of elderly patients with
glioblastoma in the United States, 2000-2017, BMC Cancer 21 (2021) 1-10.
https://doi.org/10.1186/s12885-020-07778-1.

N. Pandey, P. Anastasiadis, C.P. Carney, P.P. Kanvinde, G.F. Woodworth, J.A. Winkles,
AJ. Kim, Nanotherapeutic treatment of the invasive glioblastoma tumor
microenvironment, Adv. Drug Deliv. Rev. 188 (2022) 1-23.
https://doi.org/10.1016/j.addr.2022.114415.

B. Delgado-Martin, M.A. Medina, Advances in the knowledge of the molecular biology
of glioblastoma and its impact in patient diagnosis, stratification, and treatment, Adv. Sci.
7 (2020) 1-20. https://doi.org/10.1002/advs.201902971.

M. Liu, J.P. Thakkar, C.R. Garcis, T.A. Dolecek, L.M. Wagner, E.V.M. Dressler, J.L.
Villano, National cancer database analysis of outcomes in pediatric glioblastoma, Cancer
Medicine 7 (2018) 1151-1159. https://doi.org/10.1002/cam4.1404.

X.Z. Dai, L.Y.Wang, Y. Shan, J. Qian, K. Xue, J.Ye, Clinicopathological analysis of 719
pediatric and adolescents' ocular tumors and tumor-like lesions: a retrospective study
from 2000 to 2018 in China, Int J Ophthalmol. 13 (2020) 1961-1967.
https://doi.org/10.18240%2Fij0.2020.12.18.

63


https://doi.org/10.1016/j.lfs.2021.119087
https://doi.org/10.7150%2Fthno.11544
https://doi.org/10.1016/j.bbadis.2020.165721
https://doi.org/10.1016/B978-0-12-818471-4.00008-X
https://doi.org/10.1002/jcb.21937
https://doi.org/10.1002/ijc.33588
https://doi.org/10.3390/cancers13133209
https://doi.org/10.1186/s12885-020-07778-1
https://doi.org/10.1016/j.addr.2022.114415
https://doi.org/10.1002/advs.201902971
https://doi.org/10.1002/cam4.1404
https://doi.org/10.18240%2Fijo.2020.12.18

SHEILA BARRIOS ESTEBAN

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

S. Kaliki, C.L. Shields, Uveal melanoma: relatively rare but deadly cancer, Eye 31 (2017)
241-257. https://doi.org/10.1038/eye.2016.275.

K.N. Smit, M.J. Jager, A. de Klein, E. Kili¢, Uveal melanoma: towards a molecular
understanding, Prog. Retin. Eye Res. 75 (2020) 1-15.
https://doi.org/10.1016/j.preteyeres.2019.100800.

M. Fallico, G. Raciti, A. Longo, M. Reibaldi, V. Bonfiglio, A. Russo, R. Caltabiano, G.
Gatusso, L. Falzone, T. Avitabile, Current molecular and clinical insights into uveal
melanoma (Review), Int. J. Oncol. 58 (2021) 1-
22. https://doi.org/10.3892/ij0.2021.5190.

N.J. Lamas, A. Martel, S. Nahon-Estéve, S. Goffinet, A. Macocco, C. Bertolotto, S.
Lassalle, P. Hofman, Prognostic biomarkers in uveal melanoma: the status quo, recent
advances, and future directions, Cancer, 22 (2022) 1-44.
https://doi.org/10.3390/cancers14010096.

K. J. McKelvey, E.B. Wilson, S. Short, A.A. Melcher, M. Biggs, C.I. Diakos, V.M.
Howell, Glycolisis and fatty acid oxidation inhibition improves survival in glioblastoma,
Front. Oncol. 11 (2021) 1-18. https://doi.org/10.3389/fonc.2021.633210.

E.S. Rantala, M.M. Hernberg, S. Piperno-Neumann, H.E. Grossniklaus, T.T. Kivela,
Metastatic uveal melanoma: the final frontier, Prog. Retin. Eye Res. 90 (2022) 1-53.
https://doi.org/10.1016/j.preteyeres.2022.101041.

Y. Zou, X. Sun, Y. Wang, C. Yan, Y. Liu, J. Li, D. Zhang, M. Zheng, R.S. Chung, B. Shi,
Single siRNA nanocapsules for effective siRNA brain delivery and glioblastoma
treatment, Adv. Mater. 32 (2020) 1-9. https://doi.org/10.1002/adma.202000416.

J. Yang, D.K. Manson, B.P. Marr, R.D. Carvajal, Treatment of uveal melanoma: where
are  we now?  Ther.  Adv. Med. Oncol. 10 (2018) 1-17.
https://doi.org/10.1177/1758834018757175.

H. Zhang, R. Wang, Y. Yu, J. Liu, T. Luo, F. Fan, Glioblastoma treatment modalities
besides surgery, J. Cancer 10 (2019) 4793-4806. https://doi.org./10.7150/jca.32475.

J.S. Heng, B.M. Perzia, J.H. Sinard, R. Pointdujour-Lim, Local recurrence of uveal
melanoma and concomitant brain metastases associated with an activating telomerase
promoter mutation seven years after secondary enucleation, AM. J. Ophthalmol. Case
Rep. 27 (2022) 2-4. https://doi.org/10.1016/].ajoc.2022.101607.

A. Azevedo, D. Farinha, C. Geraldes, H. Faneca, Combining gene therapy with other
therapeutic strategies and imaging agents for cancer theranostics, Int. J. Pharm. 606
(2021) 1-23. https://doi.org/10.1016/j.ijpharm.2021.120905.

H.S. Hamza, A.M. Elhusseiny, Choroidal melanoma resection, Middle East Afr. J.
Ophthalmol. 25 (2018) 65-70. https://doi.org/10.4103%2Fmeajo.MEAJO 73 18

E. Liljedahl, E. Konradsson, E. Gustafsson, K.F. Jonsson, J.K. Olofsson, C. Ceberg, H.N.
Redebrandt, Long-term anti-tumor effects following both conventional radiotherapy and
FLASH in fully immunocompetent animals with glioblastoma, Sci. Rep. 12 (2022) 1-12.
https://doi.org/10.1038/s41598-022-16612-6.

64


https://doi.org/10.1038/eye.2016.275
https://doi.org/10.1016/j.preteyeres.2019.100800
https://doi.org/10.3892/ijo.2021.5190
https://doi.org/10.3390/cancers14010096
https://doi.org/10.3389/fonc.2021.633210
https://doi.org/10.1016/j.preteyeres.2022.101041
https://doi.org/10.1002/adma.202000416
https://doi.org/10.1177/1758834018757175
https://doi.org./10.7150/jca.32475
https://doi.org/10.1016/j.ajoc.2022.101607
https://doi.org/10.1016/j.ijpharm.2021.120905
https://doi.org/10.4103%2Fmeajo.MEAJO_73_18
https://doi.org/10.1038/s41598-022-16612-6

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Introduction

K. Bulaklak, C.A. Gersbach, The once and future gene therapy, Nat. Commun. 11 (2020)
5820. https://doi.org/10.1038/s41467-020-19505-2.

L. Abballe, E. Miele, Epigenetic modulators for brain cancer stem cells: Implications for
anticancer  treatment, World J Stem  Cells. 13 (2021) 670-684.
https://doi.org/10.4252/wjsc.v13.i7.670.

M.L. Santa-Armas, C.T. de llarduya, Strategies for cancer gene-delivery improvement by
non-viral vectors, Int. J. Pharm. 596 (2021) 2-9.
https://doi.org/10.1016/j.ijpharm.2021.120291.

Z. Zhao, A.C. Anselmo, S. Mitragotri, Viral vector-based gene therapies in the clinic,
Bioeng. Transl. Med. 7 (2021) 1-20. https://doi.org/10.1002/btm2.10258.

S.A. Rosenberg, P. Aebersold, K. Cornetta, A. Kasid, R.A. Morgan, R. Moen, E.M.
Karson, M.T. Lotze, J.C. Yang, S.L. Topalian, M.J. Merino, K. Culver, A.D. Miller, R.M.
Blaese, W.F. Anderson, Gene transfer into humans-immunotherapy of patients with
advanced melanoma, using tumor-infiltrating lymphocytes modified by retroviral gene
transduction, N. Engl. J. Med. 323 (1990) 570-578.
https://doi.org/10.1056/NEJM199008303230904.

J.T. Bulcha, Y. Wang, H. Ma, P.W.L. Tai, G. Gao, Viral vector platforms within the gene
therapy landscape, Sig. Transduct. Target. Ther. 53 (2021) 1-24.
https://doi.org/10.1038/s41392-021-00487-6.

S. Damke, K.A. Nilay, A review on Gene therapy, J. Pharm. Res. Int. 33 (2021) 635-645.
https://doi.org/10.9734/jpri%2F2021%2Fv33i60B34662.

S. Saeb, J.V. Assche, T. Loustau, O. Rohr, C. Wallet, C. Schwartz, Suicide gene therapy
in cancer and HIV-1 infection: an alternative to conventional treatments, Biochem.
Pharmacol. 197 (2022) 1-13. https://doi.org/10.1016/j.bcp.2021.114893.

S. Xi, Y.G. Yang, J. Suo, T. Sun, Research progress on gene editing based on nano-drug
delivery vectors for tumor therapy, Bioeng Biotechnol. 10 (2022) 1-16.
https://doi.org/10.3389/fbioe.2022.873369

N. Sayef, P. Allawadhi, A. Kharuna, V. Singh, U. Kavik, S.K. Pasumarthi, I. Khurana,
A.K. Banothu, R. Weiskirchen, K.K. Bharani, Gene therapy: comprehensive overview
and therapeutic applications, Life Science 294 (2022) 1-21.
https://doi.org/10.1016/j.1fs.2022.120375.

A.LS. van den Berg, C.O. Yun, R.M. Schiffelers, W.E. Hennink, Polymeric delivery
systems for nucleic acid therapeutics: approaching the clinic, JCR 331 (2021) 121-141.
https://doi.org/10.1016/j.jconrel.2021.01.014.

A.C. Silva, C.M. Lopes, J.M. Sousa Lobo, M.H. Amaral, Nucleic acids delivery systems:
a challenge for pharmaceutical technologists, Curr Drug Metab. 16 (2015) 3-16.
https://doi.org/10.2174/1389200216666150401110211

T. Ramasamy, S. Munusamy, H.B. Ruttala, J.O. Kin, Smart nanocarriers for the delivery
of nucleic acid-based therapeutics: a compressive review, Biotechnol. J. 16 (2020) 1-14.
https://doi.org/10.1002/biot.201900408.

65


https://doi.org/10.1038/s41467-020-19505-2
https://doi.org/
https://doi.org/10.4252%2Fwjsc.v13.i7.670
https://doi.org/10.1016/j.ijpharm.2021.120291
https://doi.org/10.1002/btm2.10258
https://doi.org/10.1056/NEJM199008303230904
https://doi.org/10.1038/s41392-021-00487-6
https://doi.org/10.9734/jpri%2F2021%2Fv33i60B34662
https://doi.org/10.1016/j.bcp.2021.114893
https://doi.org/10.3389/fbioe.2022.873369
https://doi.org/10.1016/j.lfs.2022.120375
https://doi.org/10.1016/j.jconrel.2021.01.014
https://doi.org/10.2174/1389200216666150401110211
https://doi.org/10.1002/biot.201900408

SHEILA BARRIOS ESTEBAN

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

M.E. Barry, D. Pinto-Gonzélez, F.M. Orson, G.J. Mckenzie, G.R. Petry, M.A Barry, Role
of endogenous endonucleases and tissue site in transfection and GpC-mediated immune
activation after naked DNA and injection, Hum 10 (1999) 2461-2480.
https://doi.org/10.1089/10430349950016816.

A.S. Piotrowski-Daspit, A.C. Kauffman, L.G. Bracaglioa, W.M. Saltzman, Polymeric
vehicles for nucleic acid delivery, Adv. Drug Deliv. Rev. 156 (2020) 119-132.
https://doi.org/10.1016/j.addr.2020.06.014

R. Prajapati, A. Somoza, Albumin nanostructures for nucleic acid delivery in cancer:
current trend, emerging issues, and possible solutions, Cancers, 13 (2021) 1-16.
https://doi.org/10.3390/cancers13143454.

M. Schlich, R. Paloma, G. Costabile, S. Mizrahy, M. Pannuzzo, D. Peer, P. Decuzzi,
Cytosolic delivery of nucleic acids: the case of ionizable lipid nanoparticles, Bioeng.
Trasnl, Med. 6 (2021) 1-16. https://doi.org/10.1002/btm2.10213.

L.M.P. Vermeulen, T. Brans, S.C. de Smedt, K. Remaut, K. Braeckmans, Methodologies
to investigate intracellular barriers for nucleic acid delivery in non-viral gene therapy,
Nanotoday 21 (2018) 74-90. https://doi.org/10.1016/j.nantod.2018.06.007.

R. Ni, R. Feng, Y. Chau, Synthetic approaches for nucleic acid delivery: choosing the
right carries, Life 9 (2019) 1-28. https://doi.org/10.3390/1ife9030059.

S. Singh, A.S, Narang, R.l. Mahato, Subcellular fate and off-targeted effects of siRNA,
shRNA, and miRNA, Pharm. Res. 28 (2011) 2996-3015. https://doi.org/10.1007/s11095-
011-0608-1.

Y. Rui, M. Varanasi, S. Mendes, H.M. Yamagata, D.R. Wilson, J.J. Green, Poly(beta-
amino ester) nanoparticles enable non-viral delivery of CRISPR-Cas9 plasmids for gene
knockout and gene deletion, Mol. Ther. Nucleic 20 (2020) 661-672.
https://doi.org/10.1016/j.0mtn.2020.04.005.

L. Fang, S.S.C. Hung, J. Yek, L. El Wazan, T. Nguyen, S. Khan, S.Y. Lim, A.W. Hewiitt,
R.C.B. Wong, A simple cloning-free method to efficiently induce gene expression using
CRISPR/Cas9, Mol. Ther. Nucleic 14 (2019) 184-191.
https://doi.org/10.1016/j.0mtn.2018.11.008.

L. Salvioni, M.A. Rizzuto, J.A. Bertolini, L. Pandolfi, M. Colombo, D. Prosperi, Thirty
years of cancer nanomedicine: success, frustration and hope, Cancers 11 (2019) 1-21.
https://doi.org/10.3390/cancers11121855.

M. San Anselmo, A. Postigo, A. Lancelot, J.L. Serrano, T. Sierra, S. Herndndez-Ainsa,
Dendron-functionalized hyperbranched bis-MPA polyesters as efficient non-viral vectors
for gene therapy in different cell lines, Biomater. Sci. 10 (2022) 2706-2719.
https://doi.org/10-1039/D2BMO00365A

J.L. Shirley, Y.P. de Jong, C. Terhorst, R.W. Herzog, Immune responses to viral gene
therapy vectors, Mol. Ther. 28 (2020) 709-722.
https://doi.org/10.1016/j.ymthe.2020.01.001.

66


https://doi.org/10.1089/10430349950016816
https://doi.org/10.1016/j.addr.2020.06.014
https://doi.org/10.3390/cancers13143454
https://doi.org/10.1002/btm2.10213
https://doi.org/10.1016/j.nantod.2018.06.007
https://doi.org/10.3390/life9030059
https://doi.org/10.1007/s11095-011-0608-1
https://doi.org/10.1007/s11095-011-0608-1
https://doi.org/10.1016/j.omtn.2020.04.005
https://doi.org/10.1016/j.omtn.2018.11.008
https://doi.org/10.3390/cancers11121855
https://doi.org/10-1039/D2BM00365A
https://doi.org/10.1016/j.ymthe.2020.01.001

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Introduction

V.C. Vetter, E. Wagner, Targeting nucleic-acids based therapeutics to tumors: challenges
and strategies for polyplexes, JCR 346 (2022) 110-135.
https://doi.org/10.1016/j.jconrel.2022.04.013.

S. Ren, M. Wang, C. Wang, Y. Wang, C. Sun, Z. Zeng, H. Cui, X. Zhao, Application of
non-viral vectors in drug delivery and gene therapy, Polymers 13 (2021) 1-28.
https://doi.org/10.3390/polym13193307.

A.R. Nectow, E.J. Nestler, Viral tools for neuroscience, Nat. Rev. Neurosci. 21 (2020)
669-681. https://doi.org/10.1038/s41583-020-00382-z.

J. Xiang, X. Liu, Z. Zhou, D. Zhu, Q. Zhou, Y. Piao, L. Jiang, J. Tang, X. Liu, Y. Shen,
Reactive Oxygen species (ROS)-responsive charge-switchable nanocarriers for gene
therapy of metastatic cancer, ACS Appl. Mater. Interfaces 10 (2018) 43352-43362.
https://doi.org/10.1021/acsami.8b13291.

I.M.S. Degors, C. Wang, Z.U. Rehman, I.S. Zuhorn, Carriers break barriers in drug
delivery: endocytosis and endosomal escape of gene delivery vectors, ACC. Chem. Res.
52 (2019) 1750-1760. https://doi.org/10.1021/acs.accounts.9b00177.

A.A. Mokhtarieh, J. Lee, S. Kim, M.K. Lee, Preparation of siRNA encapsulated
nanosliposomes suitable for siRNA delivery by simply discontinuous mixing, Biochim.
Biophys. Acta Biomembr. 1860 (2018) 1318-1325.
https://doi.org/10.1016/j.bbamem.2018.02.027.

H. Wang, S. Liu, F. Chu, Y. Zhou, Z. He, M. Guo, C. Chen, L. Xu, Nanostructured lipid
carriers for microRNA delivery in tumor gene therapy, Cancer Cell Int. 18 (2018) 1-6.
https://doi.org/10.1186/s12935-018-0596-x.

M.S. Pou, S. Prieto-Sanchez, Y. El Yousfi, S. Boyero-Corral, A.N. Ricart, I.N. Roig, P.P.
Lozano, E.G. Montoya, M.M. Carmona, J.R.T. Grau, J.M.S | Negre, C. Hernandez-
Munain, C. Sufié, Cholesteryl oleate-loaded cationic solid lipid nanoparticles as carriers
for efficient gene-silencing therapy, Int- J. Nanomedicine, 13 (2018) 3223-3233.
https://doi.org/10.2147/1JN.S158884.

C. Olbrich, U. Bakowsky, C-M. Lehr, R.H. Miiller, C. Kneuer, Cationic solid-lipid
nanoparticles can efficiently bind and transfect plasmid DNA, JCR 77 (2001) 345-355.
https://doi.org/10.1016/S0168-3659(01)00506-5.

C. Horejs, From lipids to nanoparticles to mRNA vaccines, Nat. Rev. Mater. 6 (2021)
1075-1076. https://doi.org/10.1038/s41578-021-00379-9.

M.J. Mulligan, K.E. Lyke, N. Kitchin, J. Absalon, A. gurtman, S. Lockhart, K. Neuzil, V.
Raabe, R. bailey, K.A. Swanson, P. Li, K. Koury, W. Kalina, D. Cooper, C. Fontes-
Garfias, P.Y. Shi, O. Tureci, K.R. Tompkins, E.E. Walsh, R. Frenck, A.R. Falsey, P.R.
Dormitzer, W.C. Gruber, U. Sahin, K.U. Jansen, Phasel/ll study of COVID-19 RNA
vaccine BNT162bl in adults, Nature 586 (2020) 589-593.
https://doi.org/10.1038/s41586-020-2639-4.

C. Liu, Y. Xie, X. Li, X. Yao, X. Wang, M. Wang, Z. Li, F. Cao, Folic acid/peptides
modified PLGA-PEI-PEG polymeric vectors as efficient gene delivery vehicles:
synthesis, characterization and their biological performance, Mol. Biotechnol. 63 (2021)
63-79. https://doi.org/10.1007/s12033-020-00285-5.

67


https://doi.org/10.1016/j.jconrel.2022.04.013
https://doi.org/10.3390/polym13193307
https://doi.org/10.1038/s41583-020-00382-z
https://doi.org/10.1021/acsami.8b13291
https://doi.org/10.1021/acs.accounts.9b00177
https://doi.org/10.1016/j.bbamem.2018.02.027
https://doi.org/10.1186/s12935-018-0596-x
https://doi.org/10.2147/IJN.S158884
https://doi.org/10.1016/S0168-3659(01)00506-5
https://doi.org/10.1038/s41578-021-00379-9
https://doi.org/10.1038/s41586-020-2639-4
https://doi.org/10.1007/s12033-020-00285-5

SHEILA BARRIOS ESTEBAN

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

N. Zheng, D.K. Cudjoe, W. Song, Multicomponent polymerization cationic polymers for
efficient gene delivery, Macromol. Rapid. Commun. 42 (2020) 1-7.
https://doi.org/10.1002/marc.202000464.

V. Chrysostomoy, H. Katifelis, M. Gazouli, K. Dimas, C. Demetzos, S. Pispas,
Hydrophilic random cationic copolymers as polyplexes-formation vectors for DNA,
Materials 15 (2022) 1- 26. https://doi.org/10.3390/mal5072650.

Y. Wang, M. Ye, R. Xie, S. Gong, Enhancing the in vitro and in vivo stabilities of
polymeric nucleic acid delivery nanosystems, Bioconjugate Chem. 30 (2019) 325-337.
https://doi.org/10.1021/acs.bioconjchem.8b00749.

E. Koren, V.P. Torchilin, Cell-penetrating peptides: breaking through to the other side,
Trends Mol. Med. 18 (2012) 385-393. https://doi.org/10.1016/j.molmed.2012.04.012.

M. Sanchez-Martos, G. Martinez-Navarrete, A. Bernabeu-Zornoza, L. Humphreys, E.
Fernandez, Evaluation, and optimization of poly-D-lysine as a non-natural cationic
polypeptide for gene transfer in neuroblastoma cells, J. Nanomater. 11 (2021) 1-14.
https://doi.org/10.3390/nan011071756.

K. Kardani, A. Milani, S.H. Shabani, A. Bolhassani, Cell penetrating peptides: The potent
multi-cargo intracellular carriers, Expert Opin. Drug Deliv. (2019) 1227-1258.
https://doi.org/10.1080/17425247.2019.1676720.

P.R. Dash, M.L. Read, K.D. Fisher, K.A. Howard, M. Wolfert, D. Oupicky, V. Subr, J.
Strohalm, K. Ulbrich, L.W. Seymour, Decreased binding to proteins and cells of
polymeric gene delivery vectors surface modified with a multivalent hydrophilic polymer
and retargeting through attachment of transferrin, J. Biol. Chem. 275 (2000) 3793-3802.
https://doi.org/10.1074/jbc.275.6.3793.

M. Morga, P. Batys, D. Kosior, P. Bonarek, Z. Adamczyk, Poly-L-Arginine molecule
properties in simple electrolytes: molecular dynamic modeling and experiments, Int. J.
Environ. Res. Public. Health 19 (2022) 1-17. https://doi.org/10.3390/ijerph19063588.

J.M. Ageitos, J.A. Chuah, K. Numata, Chemo-enzymatic synthesis of linear and branched
cationic peptides: evaluation as gene carriers, Macromol. Biosci. 15 (2015) 990-1003.
https://doi.org/10.1002/mabi.201400487.

S. Robla, M.J. Alonso, N. Csaba, Polyaminoacid-based nanocarriers: a review of the
latest candidates for oral drug delivery, Expert Opin. Drug Deliv. 17, (2020) 1081-1092.
https://doi.org/10.1080/17425247.2020.1776698.

Y. Takechi, H. Tanaka, H. Kitayama, H. Yoshii, M. Tanaka, H. Saito, Comparative study
on the interaction of cell-penetrating polycationic polymers with lipid membranes, Chem.
Phys. Lipids 165 (2012) 51-58. https://doi.org/10.1016/j.chemphyslip.2011.11.002.

Z.X. Zhao, S.Y. Gao, J.C. Wang, C.J. Chen, E.Y. Zhao, W.J. Hou, Q. Feng, L.Y. Gao,
X.Y. Liu, L.R. Zhang, Q. Zhang, Self-assembly nanomicelles based on cationic mPEG-
PLA-b-polyarginine (R15) triblock copolymer for siRNA delivery, Biomaterials 33
(2012) 6793-6807. https://doi.org/10.1016/j.biomaterials.2012.05.067.

C. Fu, X. Sun, D. Liu, Z. Chen, Z. Lu, Na Zhang, Biodegradable tri-block copolymer
poly(lactic acid)-poly(ethylene glycol)-poly(L-lysine)(PLA-PEG-PLL) as a non-viral

68


https://doi.org/10.1002/marc.202000464
https://doi.org/10.3390/ma15072650
https://doi.org/10.1021/acs.bioconjchem.8b00749
https://doi.org/10.1016/j.molmed.2012.04.012
https://doi.org/10.3390/nano11071756
https://doi.org/10.1080/17425247.2019.1676720
https://doi.org/10.1074/jbc.275.6.3793
https://doi.org/10.3390/ijerph19063588
https://doi.org/10.1002/mabi.201400487
https://doi.org/10.1080/17425247.2020.1776698
https://doi.org/10.1016/j.chemphyslip.2011.11.002
https://doi.org/10.1016/j.biomaterials.2012.05.067

Introduction

vector to enhanced gene transfection, Int. J. Mol. Sci. 12 (2011) 1371-1388.
https://doi.org/10.3390/ijms12021371.

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

C. Lim, T. Sim, N.H. Hoang, K.T. Oh, A stable nanoplatform for antitumor activity using
PEG-PLL-PLA triblock co-polyelectrolyte, Colloids Surf. B Biointerfaces 153 (2017) 10-
18. https://doi.org/10.1016/j.colsurfb.2017.01.027.

H.K. Kim, E. Davaa, C.S. Myung, J.S. Park, Enhanced siRNA delivery using cationic
liposomes with new polyarginine-conjugated PEG-lipid, Inter. J. Pharm. 392 (2010) 141-
147. https://doi.org/10.1016/].ijpharm.2010.03.047.

H. Tian, L. Lin, Z. Jiao, Z. Guo, J. Chen, S. Gao, X. Zhu, X. Chen, Polylysine-modified
polyethyleneimine inducing tumor apoptosis as an efficient gene carrier, JCR 172 (2013)
410-418. https://doi.org/10.1016/j.jconrel.2013.06.026.

Y.S. Malik, M.A. Sheikh, Z. Xing, Z. Guo, X.Zhu, H. Tian, X. Chen, Polylysine-modified
polyethylenimine polymer can generate genetically engineering mesenchymal stem cells
for combinational suicidal gene therapy in glioblastoma, Acta Biomater. 15 (2018) 144-
153. https://doi.org/10.1016/j.actbio.2018.09.015.

A. Kossel, Weitere mittheilungen tber die protamine, Biol. Chem. 26 (2009) 588- 592.
https://doi.org/10.1515/bchm?2.1899.26.6.588.

Z. Zeng, C.H. Tung, Y. Zu, Aptamer-equipped protamine nanomedicine for precision
lymphoma therapy, Cancers 12 (2020) 1-13. https://doi.org/10.3390/cancers12040780.

H. Amos, Protamine enhancement of RNA uptake by cultured chick cells, Biochem.
Biophys. Res. Commun. 5 (1961) 1-4. https://doi.org/10.1016/0006-291X(61)90069-9.

J.V. Gonzélez-Aramundiz, E. Presas, I. Dalmau-Mena, S. Martinez-Pulgarin, C. Alonso,
J.M. Escribano, M.J. Alonso, N.S. Csaba, Rational design protamine nanocapsules as
antigen delivery carriers, JCR 245 (2017) 62-609.
https://doi.org/10.1016/j.jconrel.2016.11.012.

M. Peleteiro, E. Presas J.V. Gonzalez-Aramundiz, B. Sanches-Correa, R. Simén-
Véazquez, N. Csaba, M.J. Alonso, A. Gonzalez-Fernandez, Polymeric nanocapsules for
vaccine delivery: influence of polymeric shell on the interaction with the immune system,
Front. Immunol. 9 (2018) 1-17. https://doi.org/10.3389/fimmu.2018.00791.

J.V. Gonzalez-Aramundiz, M. Peleteiro, A. Gonzélez-Fernandez M.J. Alonso, N.S.
Csaba, Protamine nanocapsules for the development of thermostable adjuvanted
nanovaccines, Mol. Pharmaceutics, 15 (2018) 5653-5664.
https://doi.org/10.1021/acs.molpharmaceut.8b00852.

J. Crecente-Campo, S. Lorenzo-Abalde, A. Mora, J. Marzoa, N. Csaba, J. Blanco, A.
Gonzélez-Fernandez, M.J. Alonso, Bilayer polymeric nanocapsules: a formulation
approach for a thermostable and adjuvanted E. coli antigen vaccine, JCR 286 (2018) 20-
32. https://doi.org/10.1016/j.jconrel.2018.07.018.

A. Umerska, K.J. Paluch, M.J. Santos-Martinez, O.I. Corrigan, C. Medina, L. Tajber,
Freeze drying of polyelectrolyte complex nanoparticles: effect of nanoparticle
composition and cryoprotectant selection, Int. J. Pharm. 552 (2018) 27-38.
https://doi.org/10.1016/j.ijpharm.2018.09.035.

69


https://doi.org/10.3390/ijms12021371
https://doi.org/10.1016/j.colsurfb.2017.01.027
https://doi.org/10.1016/j.ijpharm.2010.03.047
https://doi.org/10.1016/j.jconrel.2013.06.026
https://doi.org/10.1016/j.actbio.2018.09.015
https://doi.org/10.1515/bchm2.1899.26.6.588
https://doi.org/10.3390/cancers12040780
https://doi.org/10.1016/0006-291X(61)90069-9
https://doi.org/10.1016/j.jconrel.2016.11.012
https://doi.org/10.3389/fimmu.2018.00791
https://doi.org/10.1021/acs.molpharmaceut.8b00852
https://doi.org/10.1016/j.jconrel.2018.07.018
https://doi.org/10.1016/j.ijpharm.2018.09.035

SHEILA BARRIOS ESTEBAN

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

J.V. Gonzélez-Aramundiz, M.P. Olmedo, A. Gonzélez-Fernandez, M.J. Alonso, N.S.
Csaba, Protamine-based nanoparticles as new antigen delivery system, Eur. J. Pharm.
Biopharm. 97 (2015) 51-59. https://doi.org/10.1016/j.ejpb.2015.09.019.

J.F. Correira-Pinto, M. Peleteiro, N. Csaba, A. Gonzalez-Fernande, J.J. Alonso,
Multienveloping of particulated antigens with biopolymers and immunostimulant
polynucleotides, J. Drug Deliv. Sci. Technol. 30 (2015) 424-434.
https://doi.org/10.1016/j.jddst.2015.08.010.

L.N. Thwala, D.P. Delgado, K. Leone, I. Marigo, F. Benetti, M. Chenlo, C.V. Alvarez,
S. Tovar, C. Dieguez, N. S. Csaba, M.J. Alonso, Protamine nanocapsules as carriers for
oral peptide delivery, JCR 291 (2018) 157-168.
https://doi.org/10.1016/j.jconrel.2018.10.022.

S. Reimondez-Troitifio, J.V Gonzalez-Aramundiz, J. Ruiz-Bafiobre, R. Lopez-Lopez,
M.J. Alonso, N. Csaba, M. de la Fuente, Versatile protamine nanocapsules to restore miR-
145 levels and interfere tumor growth in colorectal cancer cells, Eur. J. Pharm. Biopharm.
142 (2019) 449-459. https://doi.org/10.1016/j.ejpb.2019.07.016.

H. Wang, Y. Zhao, H. Wang, J. Gong, H. He, M.C. Shin, V.C. Yang, Y. Huang, Low-
molecular-weight protamine-modified PLGA nanoparticles for overcoming drug-
resistant breast cancer, JCR 192 (2014) 47-56.
https://doi.org/10.1016/j.jconrel.2014.06.051.

M. Liu, B. Feng, Y. Shi, C. Su, H. Song, W. Chenkg, L. Zhao, Protamine nanoparticles
for improving shRNA-mediated anticancer effects, Nanoscale Res. Lett. 10 (2015) 1-7.
https://doi.org/10.1186/s11671-015-0845-z.

C.H. Liu, G.J. Chern, F.F. Hsu, K.W. Huang, Y.C. Sung, H.C. Huang, J.T. Qiu, S.K.
Wang, C.C. Lin, C.H. Wu, H.C. Wu, J.Y. Liu, Y. Chen, A multifunctional nanocarrier
for efficient TRAIL-based gene therapy against hepatocellular carcinoma with
desmoplasia in mice, Hepatology 67 (2017) 899-913. https://doi.org/10.1002/hep.29513.

W. Alshaer, H. Hillaireau, J. Vergnaud, S. Mura, C. Deloménie, F. Sauvage, S. Idmail,
E. Fattal, Aptamer-guided siRNA-loaded nanomedicines for systemic gene silencing in
CD-44 expressing murine triple-negative breast cancer model, JCR 10 (2018) 98-106.
https://doi.org/10.1016/j.jconrel.2017.12.022.

L. Gharaibeh, W. Alshaer, S. Wehaibi, R.A. Bugain, d.A. Algudah, A. Al-Kadash, H. Al-
Azzawi, A. Awidi, Y. Bustanji, Fabrication of aptamer-guided siRNA loaded lipoplexes
for gene silencing of notch 1 in MDA-mb-231 triple negative breast cancer cell line, J.
Drug Deliver. Sci. Technol. 65 (2021) 1-10. https://doi.org/10.1016/j.jddst.2021.102733.

S.N. He, Y.L. Li, JJ. Yan, W. Zhang, Y.Z. Du, H.Y. Yu, F.Q. Hu, H. Yuan, Ternary
nanoparticles composed of cationic solid lipid nanoparticles, protamine, and DNA for
gene delivery, Int. J. Nanomedicine 8 (2013) 2859-2869. https://doi:
10.2147/1JN.S47967.

W.H. Hsu, N. Csaba, C. Alexander, M. Garcia-Fuentes, Polyphosphazenes for the
delivery of biopharmaceuticals, J. Appl. Polym. Sci. 137 (2019) 1-11.
https://doi.org/10.1002/app.48688.

70


https://doi.org/10.1016/j.ejpb.2015.09.019
https://doi.org/10.1016/j.jddst.2015.08.010
https://doi.org/10.1016/j.jconrel.2018.10.022
https://doi.org/10.1016/j.ejpb.2019.07.016
https://doi.org/10.1016/j.jconrel.2014.06.051
https://doi.org/10.1186/s11671-015-0845-z
https://doi.org/10.1002/hep.29513
https://doi.org/10.1016/j.jconrel.2017.12.022
https://doi.org/10.1016/j.jddst.2021.102733
https://doi.org/10.1002/app.48688

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

Introduction

X. Zhou, S. Qiu, X. Mu, M. Zhou, W. Cali, L. Song, W. Xing, Y. Hu, Polyphosphazenes-
based flame retardants: a review, Compos. B. Eng. 202 (2020) 1-17.
https://doi.org/10.1016/j.compositesb.2020.108397.

X.Jing, L. Meng, T. Yang, N. Zhang, S. Fan, Y. Chen, H. Yang, D. Wang, W. Ji, J. She,
Biodegradable polyphosphazene-based nanodrug to regulate redox homeostasis for
augmented chemo-photodynamic therapy, Dyes Pigm. 199 (2022) 1-9.
https://doi.org/10.1016/j.dyepig.2022.110095.

J.P. Quifiones, A. lturmendi, H. Henke, C. Roschger, A. Zierer, O. Briiggemann,
Polyphosphazene-based nanocarriers for the release of agrochemicals and potential
anticancer  drugs, J. Mater.  Chem. B. 7, (2019)  7783-7794.
http://doi.org./10.1039/C9TB01985E.

N. Zhou, Z. Zhi, D. Liu, D. Wang, Y. Shao, K. Yan, L. Meng, D. Yu, Acid-responsive
and biologically degradable polyphosphazene nanodrugs for efficient drug delivery, ACS
Biomater. Sci. Eng. 6, (2020) 4285-4293.
https://doi.org/10.1021/acsbhiomaterials.0c00378.

S.M. Orim, Novel cyclomatrix polyphosphazene nanospheres: preparation,
characterization, and dual anticancer drug release application, Polym. Bull. 79 (2022)
2851-2869. https://doi.org/10.1007/s00289-021-03654-5.

Y. Yang, Z. Xu, S. Chen, Y. Gao, W. Gu, L. Chen, Y. Pei, Y. Li, Histidylated cationic
polyorganophosphazene/DNA self-assembled NPs for gene delivery, Int. J. Pharm. 353
(2008) 277-282. https://doi.org/10.1016/].ijpharm.2007.11.041.

Y. Yang, Z. Zhang, L. Chen, W. Gu, Y. Li, Urocanic acid improves transfection
efficiency of polyphosphazene with primary amino groups for gene delivery.
Bioconjugate Chem. 21 (2010) 419-426. https://doi.org/10.1021/bc9002679.

C. MA, X. Zhang, C. Du, B. Zhao, C. He, C. Li, R. Qiao, Water-soluble cationic
polyphosphazenes grafted with cyclic polyamine and imidazole as an effective gene
delivery vector, Bioconjugate Chem. 27 (2016) 1005-1012.
https://doi.org/10.1021/acs.bioconjchem.6b00048.

W.H. Hsu, P. Sanchez-Gomez, E. Gomez-Ibarlucea, D.P. lvanov, R. Rahman, A.M.
Grabowska, N. Csaba, C. Alexander, M. Garcia-Fuentes, Structure-optimized
interpolymer polyphosphazenes complexes for effective gene delivery against
glioblastoma, Adv. Ther. 2 (2018) 1-15. https://doi.org/10.1002/adtp.201800126.

F. Chen, O.R. Teniola, K.S. Ogueri, C.T. Laurecin, Recent trends in the development of
polyphosphazenes for bio-applications, Regen. Eng. Transl. Med 145 (2022) 1-22.
https://doi.org/10.1007/s40883-022-00278-7.

Z. Huang, C. Gao, Y. Huang, X. Deng, Q. Cai, X. Yang, Injectable
polyphosphazene/gelatin hybrid hydrogel for biomedical applications, Mater. Des. 160
(2018) 1137-1147. https://doi.org/10.1016/j.matdes.2018.11.010.

J. Luten, J.H. Steenis, R. van Someren, J. Kemmink, N.M.E. Schuurmans-Nieuwenbroek,
G.A. Koning, D.J.A. Crommelin, C.F. van Nostrum, W.E. Hennink, Water-soluble
biodegradable cationic polyphosphazenes for gene delivery, JCR 89 (2003) 483-497.
https://doi.org/10.1016/S0168-3659(03)00127-5.

71


https://doi.org/10.1016/j.compositesb.2020.108397
https://doi.org/10.1016/j.dyepig.2022.110095
http://doi.org./10.1039/C9TB01985E
https://doi.org/10.1021/acsbiomaterials.0c00378
https://doi.org/10.1007/s00289-021-03654-5
https://doi.org/10.1016/j.ijpharm.2007.11.041
https://doi.org/10.1021/bc900267g
https://doi.org/10.1021/acs.bioconjchem.6b00048
https://doi.org/10.1002/adtp.201800126
https://doi.org/10.1007/s40883-022-00278-7
https://doi.org/10.1016/j.matdes.2018.11.010
https://doi.org/10.1016/S0168-3659(03)00127-5

SHEILA BARRIOS ESTEBAN

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

V. Agrahari, P. Hiremanth, Challenges associated and approaches for successful
translation of nanomedicines into commercial products, Nanomedicine 12 (2017) 819-
823. https://doi.org/10.2217/nnm-2017-0039.

Y.R. Zhang, R. Lin, H.J. Li, W.L. He, J.Z. Du, J. Wang, Strategies to improve tumor
penetration of nanomedicines through nanoparticle design, Wiley Interdiscip. Rev.
Nanomed. Nanobiotechnol. 11 (2018) 1-12. https://doi.org/10.1002/wnan.1519.

H. Sajjad, S. Imtiaz, T. Noor, Y.H. Siddiqui, A. Sajjad, M. Zia, Cancer models in
preclinical research: a chronicle review of advancement in effective cancer research,
AMEM 4 (2021) 87-103. https://doi.org/10.1002/ame2.12165.

S. Bekisz, L. Baudin, F. Buntinx, A. Noél, L. Geris, In vitro, in vivo and in silico models
of Lymphangiogenesis in solid malignancies, Cancer 14 (2022) 1-30.
https://doi.org/10.3390/cancers14061525.

M. Kapalczynska, T. Kolenda, W. Przybyla, M. Zajaczkowska, A. Teresiak, V. Filas, M.
Ibbs, R. Blizniak, L. Luczewski, K. Lamperska, 2D and 3D cell cultures - a comparison
of different types of cancer cells cultures, Arch. Med. Sci. 14 (2016) 910-919.
https://doi.org/10.5114/aoms.2016.63743.

S.A. Langhans, Using 3D in vitro cell culture models in anticancer drug discovery, Expert
Opin. Drug Discov. 16 (2021) 841-850.
https://doi.org/10.1080/17460441.2021.1912731.

K.G. Huo, E. D’Arcangelo, M.S. Tsao, Patient-derived cell line, xenograft, and organoid
models in lung cancer therapy, Transl. Lung Cancer Res. 9 (2020) 2214-2232.
https://doi.org/10.21037%2Ftlcr-20-154.

C.E. Vasey, R.J. Cavanagh, V. Taresco, C. Moloney, S. Smith, R. Rahman, C. Alexander,
Polymer pro-drug nanoparticles for sustained release of cytotoxic drugs evaluated in
patient-derived glioblastoma cell lines and in situ gelling formulations, Pharmaceutics 13
(2021) 1-17. https://doi.org/10.3390/pharmaceutics13020208.

R.L. Bailone, H.C.S. Fukushima, B.H.V. Fernandes, L.K. de Aguiar, T. Corréa, H. Janke,
P.G. Setti, R.O. Roga, R.C. Borra, Zebrafish as an alternative animal model in human and
animal  vaccination  research, Lab. Anim. Res. 36 (2020) 1-10.
https://doi.org/10.1186/s42826-020-00042-4.

P. Cabezas-Sainz, A. Pensado-Lépez, B. Sainz, L. Sanchez, Modeling cancer using
zebrafish xenografts: drawbacks for mimicking the human microenvironment, Cells 9
(2020) 1-30. https://doi.org/10.3390/cells9091978.

72


https://doi.org/10.2217/nnm-2017-0039
https://doi.org/10.1002/wnan.1519
https://doi.org/10.1002/ame2.12165
https://doi.org/10.3390/cancers14061525
https://doi.org/10.5114/aoms.2016.63743
https://doi.org/10.1080/17460441.2021.1912731
https://doi.org/10.21037%2Ftlcr-20-154
https://doi.org/10.3390/pharmaceutics13020208
https://doi.org/10.1186/s42826-020-00042-4
https://doi.org/10.3390/cells9091978

HYPOTHESIS



UNIVERSIDADE
DE SANTIAGO
DE COMPOSTELA




HYPOTHESIS

1. The combination of biomaterials can yield nanosystems, such as nanoparticles,
nanocomplexes or nanocapsules, with novel functionalities and improved capacity for the
association and delivery of nucleic acids.

2. In particular, the combination of polypeptides, especially protamine, with natural or
synthetic anionic macromolecules can improve gene delivery and transfection capacity.

3. The use of primary patient-derived cell lines in combination with advanced in vitro models,
such as tumor spheroids and, the in vivo zebrafish model can be a powerful tool for the
evaluation of potential nanomedicines for gene therapy applications in cancer.
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OBJECTIVES

Considering the established hypotheses, the general objective of the present work focuses on
the development of tunable gene delivery platforms, and their optimization and evaluation using
advanced in vitro models of cancer. This global objective is addressed in the following sections:

Sub-objective 1: Development and characterization of nanoparticles based on protamine and
dextran as carriers for the intracellular delivery of nucleic acids, and their evaluation in 2D and
3D in vitro models of commercial and primary patient-derived glioblastoma cell lines.

The results are collected in Chapter | of this doctoral thesis.

Sub-objective 2: Development and characterization of nanocomplexes of protamine and
polyethylenimine with the anionic polyphosphazene 6MHA-PPZ as nanocarriers for gene
delivery, and their evaluation in glioblastoma tumor spheroid models and in vivo zebrafish
models.

The results are collected in Chapter 11 of this doctoral thesis.

Sub-objective 3: Development and characterization of protamine nanocapsules with a vitamin
E oily core as nanocarriers for gene transfer into uveal melanoma cells, and their evaluation in
a 3D corneal model.

The results are collected in Chapter 111 of this doctoral thesis.
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Protamine-based nanotherapeutic as a gene delivery
system for the treatment of glioblastoma

ABSTRACT

Brain tumors, especially glioblastoma, are one of the most aggressive cancers. According to the
World Health Organization (WHO), glioblastoma is classified as grade IV of malignance. The
standard treatment combines surgical resection, radiotherapy, and chemotherapy, but this
combination presents severe side effects such as permanent neuronal damage, and the tumor
typically reappears after some months. Nucleic acid-based therapy has recently received
increasing attention as a promising strategy for the treatment of this tumor. This therapy has the
capacity to modulate gene expression in malignant cells by transferring therapeutic genes.
Previous studies have demonstrated the use of non-viral nanosystems as vehicles for gene
delivery, due to their efficient nucleic acid encapsulation, protection, and delivery. In the
present work, a new formulation composed of low molecular weight protamine (LMWP) and
dextran sulfate was designed, synthesized, and evaluated for its gene delivery efficacy. The
nanoparticles (NPs) were evaluated in terms of particle size, surface charge, morphology, and
their capacity to condense different nucleic acids (pDNAs and miRNAs). The formation of
these NPs by ionic gelation method resulted in a homogeneous population of spherical particles
with low polydispersity index (PDI), size below 200 nm, and positive surface charge. The
competitive displacement assay demonstrated that these NPs could condense nucleic acids
without alterations in their morphology and physicochemical characteristics, even after long-
term storage conditions. The efficacy of this formulation as a gene delivery system was
evaluated by in vitro assays in different glioblastoma cell lines and three-dimensional (3D)
glioblastoma spheroids. The formulation was evaluated at different concentrations by several
cell-viability studies, showing the low/non-toxicity of the NPs in both two-dimensional (2D)
and 3D cell cultures. Cellular uptake studies revealed the efficient internalization of the NPs,
indicating their potential to deliver different nucleic acids. Finally, the NPs promoted efficient
expression of a model plasmid encoding fluorescent/luminescent proteins. In conclusion, these
cationic polymeric NPs could be a promising candidate as non-viral gene delivery vehicle to
treat glioblastoma.
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1.1. INTRODUCTION

Brain tumors are one of the most dangerous cancers [1]. Glioblastoma is the most common
histologic subtype of gliomas [2] classified as grade IV of malignancy by WHO [3]. The
incidence of this tumor is higher in adults between 60 and 70 years, in men (60%), and in
individuals of European descent [4]. The main problem is the ineffectiveness of the
conventional treatment that involves surgery, radiotherapy and temozolomide chemotherapy
[5]. In addition, it is one of the most expensive cancer treatments [6], despite only affording an
average survival rate of 14,6 months [7] due to frequent tumor recurrence [8]. Over the last
decade, numerous novel targeted therapies, such as the immunotherapy, have entered clinical
trials to improve this treatment [9]. However, the poor immunogenicity of glioblastoma [10]
and the difficulty of drug or antibody delivery across the blood-brain barrier (BBB) make this
a still unsolved problem, and clear clinical need [6] [11].

Nucleic acid-based therapy is considered a promising new option, but the delivery of
exogenous genetic material requires overcoming numerous extra- and intracellular obstacles to
reach the cellular cytoplasm or nucleus [12, 13]. To overcome these limits, non-viral delivery
systems are promising candidates due to their ability to protect the genetic material promoting
the intracellular delivery of genes [14]. Several different NPs have been investigated for glioma
gene therapy, for example, cationic liposomes [15, 16] or gold NPs [17]. However, their high
production costs, toxicity limitations, and their tendency to aggregate [18, 19] suggest the
interest of researching also polymeric vectors [16]. Cationic polymers are the most common
materials studied in gene delivery due to their versatility, biodegradability, easy synthesis,
scalable production [14], and their capacity to interact with BBB endothelial cell membranes
facilitating the endocytosis [20]. For example, poly(B-amino ester) NPs could encapsulate anti-
glioblastoma genes causing inhibition of tumor growth, reduction of cancer cell migration, and
tumor size in animal models [21]. Most commonly, polyethylenimine (PEI) nanocomplexes are
considered the “gold standard” for nucleic acid delivery due to their high efficiency [22].
However, their high cytotoxicity requires the copolymerization with other polymers such as
poly(lactic-co-glycolic acid) or poly(3-hydroxybutyrate) [23].

Considering the variety of polymers available to formulate gene delivery nanosystems, the
present work is focused on the natural and safe biomaterial protamine (Pr). It is a cell
penetrating peptide (CPP) with low molecular weight (Mw= 5 kDa) [24]. Protamine has high
capacity to condense different nucleic acids such as DNAs, miRNAs, and small interference
RNA (siRNAs) [25], and exhibits membrane translocation properties attributed to its arginine-
rich sequence [26]. In addition, protamine sulfate salt forms are considered biologically safe
and have been clinically approved by the Food and Drug Administration organization (FDA)
[24]. Another interesting biomaterial is dextran (Dx), which is a negatively charged, non-
immunogenic polysaccharide with variable molecular weight [27]. Low molecular weight
dextran sulfate (Mw= 5 kDa) is considered a promising contributor for the association to other
polymers in controlled release system, due to its non-toxicity, biocompatibility, and
biodegradability [28].

In this work, polymeric NPs were designed and synthesized by combining protamine and
dextran sulfate. To achieve similar conditions to the in vivo situation, this work focused on
evaluating the NPs using a 3D cell culture model, specifically glioblastoma spheroids. Their
architecture is suitable for closely mimicking tumor morphology under in vitro conditions.
Indeed, the spheroids resemble solid tumors in many respects, such as structural organization,
cell layer assembly, hypoxia, and nutrient gradients [29, 30]. Based on this information, the
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main objective of the present work has been the development and characterization of
protamine:dextran (Pr:Dx) NPs as gene delivery systems suitable for different types of nucleic
acids for the treatment of glioblastoma using in vitro 2D and 3D cell culture models.
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1.2. MATERIALS AND METHODS
1.2.1. Material

Protamine sulfate salt (Mw-5 kDa, European Pharmacopeia (EP) grade) was obtained from
Yuki Gosei Kogyo. LTD. Dextran sulfate sodium salt from leuconostoc spp. (1 g), agarose (100
), heparin sodium salt from porcine mucosa (25 KU), loading-buffer 10X, Agar (250 g), Tris-
Acetate-EDTA (TAE) Buffer 10X (1 L), sodium chloride (NaCl) BioXtra >99.5% (AT) (1 kg),
sodium dodecy! sulfate (SDS) (250 g), the fluoromount® aqueous mounting medium (25 mL),
the 4% (v/v) paraformaldehyde, the phosphotungstic acid (sodium salt), the Luciferase Reporter
Gene Detection kit (LUC1) and kanamycin (5g) were purchased in Sigma-Aldrich. Triton-
100X (50 mL) and SYBR®Gold Nucleic Acid Gel Stain 50X (0.5 mL) were purchased from
Scharlab S.L. Cellular membrane (Mw-3,5 kDa, 16 mm dry, I.D 35 feet, SnakeSkin™), diethyl
pyrocarbonate ultrapure (DEPC) >97% (25 mL), LIVE/DEAD™ Fixable Aqua Dead Cell Stain
Kit 405 nm excitation (200 assays), PrestoBlue™ Cell Viability reagent, Lipofectamine®2000
Transfection Reactive (0.75 mL) and micro-BCA Protein Assay kit were from Thermo Fisher
Scientific™. The 5-carboxytetramethylrhodamine succinimidyl ester single isomer (5-
TAMRA) (5 mg) and 4’°,6-diamino-2-phenylindole (DAPI) (10 mg) were purchased from Emp-
Biotech and Biochem, respectively. CellTiter Blue® Cell Viability Assay (20 mL) was obtained
from Promega. The decontamination solution RNase-free AWAY (475 mL) and UltraPure™
DNase/RNase-Free Distilled Water (500 mL) were from Molecular Bioproduct. The 7-
aminoactinomicyn D (7-AAD) Viability Staining Solution (2 mL) was from Invitrogen. The
Luciferase Reporter Gene Assay High Sensitivity kit was from Roche. The 10% (v/v) neutral
buffered formalin (1 L) was obtained from Bio-Optica. Sodium bicarbonate (NaHCO3) 99%
(2500 mg) was purchased to Alfa Aesar, and dimethyl sulfoxide (DMSO) (1 L) and the ethanol
gradient grade for liquid chromatography (>99%) to Merck Millipore. The p-Slide-8-well (1.5
polymer coverslip, tissue culture sterilized) was purchased from lbidi®.

Regarding the cellular culture, Dulbecco’s Modified Eagle’s Medium 1X (DMEM) ([+]
4.5 g/L D-Glucose and 1g/L D-Glucose, [+]Pyruvate, [+]L-Glutamine) (500 mL), Dulbecco’s
Modified Eagle’s Medium 1X (DMEM) ([+] 1 g/L D-Glucose, [+]Pyruvate, [-]L-Glutamine,
no phenol red) (500 mL), Opti-Minimum Essential Medium | 1X Reduced Serum Medium
(Opti-MEM) ([+]HEPES, [+]2.4 ¢g/L Sodium Bicarbonate, [+]L-Glutamine) (500 mL), Fetal
Bovine Serum Qualified (FBS) (500 mL), Penicillin-Streptomycin (P/S) ([+]10000 Units/mL
Penicillin, [+]10000 pg/mL Streptomycin) (100 mL), L-Glutamine solution (200 mM, sterile-
filtered, BioXtra) and 0.05% Trypsin 1X-EDTA (500 mL) (2212509) were purchased from
Gibco (Life-Technologies). Dulbecco's Phosphate Buffered Salt Solution 10X (DPBS) with
calcium chloride and magnesium chloride ions (500mL) and modified Hanks Balanced Salt
Solution (HBSS) with phenol red, calcium free and magnesium free were also obtained from
the latter supplier. The Phosphate Buffered Salt Solution 10X (PBS) was prepared in the
laboratory.

The model plasmid pEGFP-Luc was donated by the group of Prof. Anxo Vidal (CiMUS,
Universidad de Santiago de Compostela). The PureLink HiPure Expi Plasmid Gigaprep Kit was
obtained from Invitrogen. The Cy5-modified siRNA was purchased from Eurofins MWG
Operon. The Luria-Bertani medium (LB) was also prepared in the laboratory.
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1.2.2. Formulation of protamine NPs

Pr:Dx NPs were prepared by an ionic cross-linking technique previously described by our
research group [31]. Briefly, stock solutions of protamine and dextran were prepared in
ultrapure laboratory grade water (Milli-Q water) at concentration of 2 mg/mL for protamine
and 4 mg/mL for dextran. Based on previous results from the group, the prototype 4:1 (w/w)
Pr:Dx was selected for the experiments. For this purpose, a volume of 0.250 mL of dextran
solution was added drop by drop to 0.5 mL of protamine solution (1 mg of protamine was fixed)
under magnetic stirring at 500 revolution per minute (rpm) at room temperature (RT) for 5
minutes (min). The NPs were spontaneously formed, as indicated by the presence of an
opalescent suspension.

1.2.3. Morphological and physicochemical characterization of protamine NPs

The NPs were characterized with respect to their mean particle size, PDI, derived count
rate (DCR) and surface charge. The size, PDI and DCR were measured by Photon Correlation
Spectroscopy (PCS) and the zeta potential was measured by Laser Doppler Anemometry (LDA)
at 25 °C using a detection angle of 173° (Zetasizer Nano-ZS™, Malvern Instruments). Samples
were prepared using a dilution 1:10 (v/v) in Milli-Q water and measurements were done in
triplicate. The NP-morphology was analyzed by Scanning Transmission Electron Microscopy
(STEM) (FESEM Ultra Plus, ZEISS) using a voltage of 20 kV and SE/InLens as detectors. For
this purpose, a dilution of 1:100 (v/v) in Milli-Q water was stained with 2% (w/v)
phosphotungstic acid and deposited on a copper grid, previously well-dried. The yield of the
preparation process was determined by the isolation of the NPs by centrifugation (Centrifuge
5430R, Eppendorf) for 30 min at 15 °C at 10,000 RCF. The supernatant was discarded, and the
white pellet was freeze-dried (Freeze-dryer VirTis Genesis 25 EL, Labconco Corp) after 96
hours (h) of incubation at -80 °C. The yield was calculated as follows:

NP— weight
Theoretical weight (total solid mass)

Yield (%) = x 100 (1)

1.2.4. Stability of blank protamine NPs

A long-time stability of blank NPs was determined at storage conditions (4 °C) for one
month. The colloidal stability of blank 4:1 (w/w) Pr:Dx NPs was also measured in relevant non-
supplemented DMEM medium and supplemented with 10% (v/v) FBS and 1% (v/v) of P/S
incubating at 37 °C under horizontal shaking at 300 rpm at different time points: 0, 2 and 4 h,
For both purposes, the size, PDI and DCR were determined using a dilution 1:10 (v/v) in the
corresponding media by PCS. The zeta potential was determined by LDA following the
protocol described in section 1.2.3.

1.2.5. Association of nucleic acids to protamine NPs

Pr:Dx NPs formulated at the ratio 4:1 (w/w) were loaded with different nucleic acids,
pPDNA and miRNA, at 8% (w/w) with respect to the theoretical total mass of solids. The genetic
material was incorporated into the anionic solution prior to the NP-formulation. The
morphology and physicochemical characteristics were also determined following the protocol
described in section 1.2.3. In addition, the nucleic acid association efficiency was determined
by agarose gel electrophoresis, using a concentration of agarose in TAE Buffer 1X of 1% (w/v)
for pDNA and 2% (w/v) for miRNA. A maximum of 0.5 pg of nucleic acids was loaded per
line. The gel was run for 45 min in a Sub-Cell GT 96/192 (Bio-Rad Laboratories Ltd.) at 90 V.
A competitive displacement assay was carried out by incubating the NPs with an excess of
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heparin sodium salt (25-fold with respect to the mass of nucleic acids) for 2 h at 37 °C
(Heidolph, tritamax 1000). To observe the displacement of each band, the gel-loading buffer
1X, composed by 25 mg of blue bromophenol, 3 mL of glycerol and 10 mL of Milli-Q water,
was used, and the gels were imaged using Molecular Imager® Gel Doc™ XR* System (UV
light 302; Bio-Rad) after staining with SYBR®Gold 1X nucleic acid stain.

1.2.6. Cell culture

The U87MG cell line was obtained from ATCC. They were cultured in high DMEM
medium supplemented with 10% (v/v) FBS and 1% (v/v) of P/S at 37 °C with 5% of CO2 and
95% of relative humidity (Memmert INCO 2, (I.C.T, S.L.)). The three patient-derived
glioblastoma cell lines (GIN-8, GIN-28, and GCE-28) were donated by the Children’s Brain
Tumor Research Group (Biodiscovery Institute, University of Nottingham). The GIN-8 cell line
(Glioma INvasive margin cells) was isolated from medial front invasive margin (54 y female,
wild-type IDH (primary GBM), intact ATRX, 0% MGMT promoter methylation, 90%
resection plus Gliadel wafers, treatment 60Gy radiotherapy, concurrent and adjuvant
temozolomide, patient died 5 months after surgery), the GIN-28 cell line was isolated from 5-
ALA fluorescence-positive invasive margin (71 y male, wild-type IDH (primary GBM), intact
ATRX, 0% MGMT promoter methylation, 99% resection, no adjuvant therapy (patient choice),
patient died 3 months after surgery) and the GCE-28 cell line was isolated from the central
tumor core (71 y male, wild-type IDH (primary GBM), intact ATRX, 0% MGMT promoter
methylation, 99% resection, no adjuvant therapy (patient choice), patient died 3 months after
surgery) [32]. These three patient-derived glioblastoma cells were cultured in low DMEM
medium supplemented with 10% (v/v) FBS and 1% (v/v) P/S at 37 °C with 5% of CO, and 95%
of relative humidity (Cryofusion, MCO20AIC-PE).

1.2.7. Cytotoxicity assay in 2D glioblastoma model

The in vitro cytotoxicity of blank 4:1 (w/w) Pr:Dx NPs was first evaluated in the
commercial U87MG cell line, followed by studies in patient-derived glioblastoma cell lines
(GIN-8, GIN-28, GCE-28). In all cases, viability was determined by using the resazurin
viability assay. The amount of 5x10° of cells were seeded in 96-well plates (Costar, Corning
Incorporated) in a final volume of 0.100 mL of supplemented DMEM medium. After 24 h of
incubation, the medium was replaced with 0.09 mL of fresh supplemented DMEM medium and
0.01 mL of: (i) sterile filtered Milli-Q water, as negative control, (ii) 1% (v/v) triton-X100 as
positive control and (iii) increasing doses of blank 4:1 (w/w) Pr:Dx NPs from 50 to 160 pg/mL.
The cells were incubated for 4 h at 37 °C. The U87MG cells were washed with 0.100 mL of
PBS 1X, and GIN and GCE cells were washed with 0.100 mL of DPBS 10X with calcium
chloride and magnesium chloride. All of them were incubated in 0.100 mL of fresh
supplemented medium for 24 h and 48 h. In the case of U87MG cell line, 0.02 mL of CellTiter-
Blue® Cell Viability reagent was added, and the cells were incubated for 3 h at 37 °C covering
the plate with aluminum foil. To measure the fluorescence emitted by the reduced form of
resazurin, the reaction was stopped and stabilized by the addition of 0.05 mL of SDS 3% (w/v)
for 30 min at 37 °C. The fluorescence signal was measured at 539 nm of excitation wavelength
(Aex) and 620 nm of emission wavelength (Aem) in @ Synergy H1 microplate reader (Biotek) by
Gen 5 Software with the previous placed of the cells in black 96-well plates (BrandPlates® pure
Grade, Brand). In the case of GIN-8, GIN-28 and GCE-28 cell lines, a final volume of 0.100
mL of 10% (v/v) PrestoBlue™ Cell Viability reagent diluted in DMEM free red phenol
supplemented with 10% (v/v) FBS and 1% (v/v) L-Glutamine was applied per well for 2 h at 37
°C, also covering the plate with aluminum foil. The fluorescence signal was measured at
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544/590 nm (Aex/Aem) ON @ BMG Labtech FLUOstar Omega microplate reader (Isogen Life
Science B.V.) by Omega Software with the previous placed of the cells in black 96-well plates
(NUNC™ Microwell™, ThermoFisher Scientific).

The cell viability (%) was calculated as follows:

Cell viability (%) = Sample Muorescence 100 @
e Vabtty R0 = Control cells Fluorescence

1.2.8. Nanoparticle uptake assay in 2D glioblastoma model
1.2.8.1. Polymer labelling

To study the NP-internalization, protamine was labelled with the fluorescent reagent 5-
TAMRA. For this purpose, protamine sulfate salt was dissolved in 0.1 M NaHCO3 buffer (pH=
8.58) at 10 mg/mL and 5-TAMRA was dissolved in DMSO at 10 mg/mL. After that, 0.06 mL
of 5-TAMRA solution was added into 1 mL of protamine solution under mild stirring conditions
(300 rpm) for 1 h at RT, resulting in complete homogenization. The magenta solution of 5-
TAMRA-labelled protamine (Pr-TAMRA) was dialyzed using a cellulose membrane (Mw= 3.5
kDa, 16 mm dry, 1.D 35 feet, SnakeSkin™) in 0.05 M NaCl buffer for 48 h and then in HPLC-
grade water for 24 h under stirring (500 rpm, RT, in dark). Finally, the dialyzed solution was
completed with HPLC-grade water until a final concentration of 5 mg/mL and was lyophilized.
The lyophilized product was stored in a desiccator.

The total amount of Pr-TAMRA was calculated as follows:

mg (vial+ lyophilized product) (3)
mg (empty vial)

1.2.8.2. Formulation of NPs using 5-TAMRA-Ilabelled protamine

mg (5 — TAMRA — Protamine) =

The formulation of NPs using TAMRA-labelled protamine was carried out following the
protocol described in section 1.2.2. In this case, the 0.5 mL of protamine solution was composed
by 0.3 mL of Pr-TAMRA at 0.8 mg/mL and 0.2 mL of protamine at 3.8 mg/mL. The
physicochemical characterization of the formulation was also done by triplicate measuring the
particle size, PDI, DCR and zeta potential under the same conditions mentioned in section 1.2.3.

1.2.8.3. In vitro uptake assay

The internalization study of fluorescently labelled-NPs in glioblastoma cells was evaluated
by Confocal Scanning Laser Microscopy (CSLM) (Leica TCS SP5 X, Leica Microsystems,
GmB, and Leica CTR 6500, Leica Microsystems, TSC/SPE) and the quantification was
determined by flow cytometry (BD Accuri™ C6 Flow Cytometer and ImageStream X MKII
Imaging Flow Cytometer-Luminex). In this case, 4.5x10* U87MG, GIN-8, GIN-28, and GCE-
28 cells/well were seeded in 24-well plates (Falcon, and Costar, Corning Incorporated,
respectively), using 12 mm diameter glass round coverslips covered with poly-L-Lysine
(Corning, BioCat™) in a final volume of 1 mL of supplemented DMEM medium, and they
were incubated for 48 h at 37 °C. The culture medium was replaced with 7 pg/cm? of 4:1 (w/w)
Pr-TAMRA:Dx NPs in a final volume of 0.4 mL of fresh DMEM and was incubated for 4 h at
37 °C. Untreated cells were used as negative control. After this time, cells were fixed using
0.350 mL of commercial 10% (v/v) neutral buffered formalin for 15 min under horizontal
shaking (Rocker, VWR) at RT, after previous washing with PBS 1X buffer in the case of
U87MG cells and DPBS 10X buffer with calcium chloride and magnesium chloride in the case
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of GIN and GCE cells for 5 min at RT. A dilution 1:1000 (v/v) of DAPI (stock concentration:
1 mg/mL in PBS 1X) in a volume of 0.2 mL was added and incubated for 30 min under the
same conditions. Finally, the excess of DAPI was removed and the glass round coverslips were
placed on slides (Menzel-Glaser, Thermo Scientific) using fluoromount® agqueous mounting
medium for the visualization by confocal microscopy using the LAS X Life Science Software
(magnification 63x in U87MG and 40x in GIN-8, GIN-28, and GCE-28) (Aex/Aem (DAPI) =
358/461 nm and (Aex/Aem (5-TAMRA) = 543/578 nm).

Flow cytometry was carried out to quantify the internalization of Pr:Dx NPs. In this case,
after the same treatment of the cells with NPs as above (7 pg/cm?, 4 h, 37 °C), 0.2 mL of
LIVE/DEAD™ Fixable Aqua Dead Cell Stain reagent diluted in PBS 1X buffer was added, and
the glioblastoma cells were incubated for 15 min in horizontal shaking at RT. After washing,
cells were detached by 0.05% Trypsin 1X-EDTA (5 min, 37 °C). Trypsin was deactivated by
adding supplemented DMEM medium, and cells were transferred to eppendorf tubes (Deltalab)
and centrifuged (Centrifuge 5430R, Eppendorf, and HAWK 15/05 refrigerated centrifuge,
Sanyo MSE, respectively). In the case of US7MG cells, the pellet was resuspended in 0.5 mL
of PBS 1X buffer supplemented with 10% FBS (v/v) and in the case of the patient-derived GIN
and GCE cells, the pellet was resuspended in 0.05 mL of commercial 4% (v/v)
paraformaldehyde. Finally, a maximum of 10,000 U87MG events were excited at 488 nm using
filters BP 575/25 for 5-TAMRA and at 405 nm using filters BP 515/20 for Aqua viability
reagent and they were analyzed by BD CSample Software (BD Biosciences). The same amount
of GIN and GCE events were excited at 561 nm for 5-TAMRA and at 405 nm for Aqua viability
reagent, and they were analyzed by IDEAS 6.2® Software (Luminex).

Additionally, the internalization of Pr:Dx NPs loaded with a siRNA labelled fluorescently
with cyanine 5 (Cy5-modified siRNA) in U87MG cell line was also evaluated by CSLM. As
mentioned in section 1.2.5., a concentration of 8% (w/w) of Cy5-modified siRNA was
associated to the 4:1 (w/w) Pr:Dx NPs under RNase-free conditions. After the treatment of Cy5-
modified siRNA-loaded NPs (7 pg/cm?, 4 h, 37 °C), the US7TMG cells were visualized by
confocal microscopy (magnification 63x) (Aex/Aem (DAPI) = 358/461 nm and (Aex/Aem (Cy5) =
635/670 nm) under the previously mentioned fixing conditions.

1.2.9. Transfection assay in 2D glioblastoma model
1.2.9.1. Amplification of plasmid DNA

To perform the transfection studies, the plasmid encoding the proteins: Enhanced Green
Fluorescence Protein (EGFP) and Luciferase protein (Luc) (bEGFP-Luc), was selected (Figure
1.).
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Figure 1. Plasmid map of pEGFP-Luc. Image from addgene website.

The plasmid pEGFP-Luc were amplified using competent DH5a bacteria following the
standard protocol described elsewhere. The plasmid extraction was performed using the
Invitrogen™ HiPure Plasmid Gigaprep Kit following the manufacturer’s protocol. For this
purpose, the transformed bacteria was ultra-centrifuged (Avanti® J-26 XPI Centrifuge,
Beckman Coulter, rotor JA-10 (10,000 rpm), Beckman) for 15 min at 4,000 RCF. The bacteria
pellet was resuspended in RNase solution and, subsequently, mixed with a lysis buffer. The
removal of cell debris was carried out using a precipitation buffer and the plasmid purification
using columns provided by the kit. Finally, the plasmid was eluted, precipitated and the
concentration was quantified by spectral scanning UV-VIS spectrophotometry (Nanodrop,
ThermoFisher). The concentration was calculated by measuring the pure plasmid solution and
different dilutions. The measurements were done in triplicate.

1.2.9.2. In vitro 2D transfection assay

The transfection studies using 4:1 (w/w) Pr:Dx NPs in U87MG glioblastoma cells were
carried out using the plasmid pEGFP-Luc. As mentioned in section 1.2.5., 8% (w/w) of pEGFP-
Luc respect to the total mass of solids were associated to the NPs. For this purpose, 4.5x10*
glioblastoma cells/well were seeded in 24-well plates (Falcon) in a final volume of 1 mL of
supplemented DMEM medium and were incubated for 24 h at 37 °C. After that, the US7TMG
cells were treated with: (i) different concentrations of NPs (6.25; 12.50 and 31.25 pg/well
corresponding to 0.5; 1 and 2.5 pug of pDNA/well), (ii) naked pEGFP-Luc as negative control,
and (iii) Lipofectamine® 2000 reagent, prepared under the specifications of the commercial
protocol, as positive control. All groups were prepared in 0.2 mL of non-supplemented Opti-
MEM medium. The formulation and controls were incubated for 4 h at 37 °C, and after their
removal, the cells were washed, and 1 mL of fresh supplemented DMEM medium was added.
The evaluation of the EGFP expression was carried out by direct observation by fluorescence
microscopy (Olympus 1X51) using the Olympus cellSens Standard Software at 24 h and 48 h.

Luciferase expression in transfected cells was also quantified after 24 h and 48 h using a
specific commercial kit (Luciferase Reporter Gene Assay High Sensitivity (Roche)). In this
case, after cell-washed with PBS 1X buffer, U87MG cells treated with the formulation and
controls were lysed with 0.100 mL of Lysis Buffer 1X. The mucus obtained was incubated for
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15 min at RT and, then centrifuged (Centrifuge 5430R, Eppendorf) for 10 min at 4 °C at
maximum speed. Immediately, 0.05 mL of the supernatant was placed on white 96-well plates
(Deltalab). The Luciferase expression was measured using a Luminometer (Berthold
Luminometer Mithras LB940) by adding 0.025 mL of Luciferin/well with an automatic and
pre-balanced injector. The results of the measures were gathered by MicroWin2000 Software.
Finally, the total protein content of each sample was determined following the instructions
provided with the micro-BCA Protein Assay kit (ThermoScientific), and the results were
expressed as Relative Light Units per milligram cellular protein (RLU/mg protein).

1.2.10. Generation of glioblastoma spheroids

In the case of U87MG cell line, an amount of 250 cells/well was selected to form the
spheroids. For GIN and GCE cell lines, the cell density was 2,000 cells/well. Cells were seeded
per well in a 96-Ultra-Low Attachment round bottom plates (ULA 96-well) (Costar, Corning
Incorporated) in a final volume of 0.2 mL of supplemented DMEM medium. For US7MG cell
line, the cells were centrifuged for 20-30 min at 22 °C at 200 RCF (Centrifuge 5430R,
Eppendorf) and for patient-derived cell lines, 10 min at 300 RCF (Sigma 3-16L Centrifuge, Sci-
Quip). Morphological characterization of U87MG spheroids was carried out every 3-4 days by
taking photos (magnification 10x) using an optical microscope (Olympus 1X51). Their size was
determined using the Olympus cellSens Standard Software until a value between 200-300 pm
was obtained. In the case of GIN-8, GIN-28 and GCE-28 spheroids, morphological
characterization was carried out after 2 days by taking photos (magnification 10x) using a plate
reading widefield microscope (Nikon Intensilight C-HGFI/C-HGFIE), where their size was
determined using the NIS-Elements Viewer 5.21 Software until reaching dimensions like those
of U7MG spheroids.

Moreover, morphological characterization of U87MG spheroids was also analyzed by
Scanning Electron Microscopy (SEM) (FESEM Ultra Plus, ZEISS). After the 4™ day, the
spheroids were fixed with 0.150 mL of commercial 10% (v/v) neutral buffered formalin and
they were incubated for 15 min under horizontal shaking (Rocker, VWR) at RT, after washing
with PBS 1X buffer. Following this, the spheroids were carefully washed twice with PBS 1X
buffer, and once with Milli-Q water to initiate the dehydration process. Different dilutions of
ethanol solution (20%, 50%, 70%, 90% and 100% (v/v) in Milli-Q water) were prepared, and
the spheroids were transferred. Finally, the dehydrated spheroids were deposited on a copper
grid, and were analyzed by SEM using a voltage of 20 kV and SE/InLens, with magnifications
1.00 KX, 3.00 KX, 5.00 KX, 10.00 KX and 30.00 KX.

1.2.11. Cytotoxicity assays in 3D glioblastoma models

The cytotoxicity assay of blank 4:1 (w/w) Pr:Dx NPs in glioblastoma spheroids (U87MG,
GIN-8, GIN-28, and GCE-28) was carried out under the same conditions described in section
1.2.7. After spheroid formation, 0.150 mL of cell culture medium was removed, leaving the
spheroid in suspension in 0.05 mL. After that, 0.140 mL of fresh supplemented DMEM medium
and 0.01 mL of different concentrations of blank Pr:Dx NPs (from 5 to 40 pg/mL in US7TMG
spheroids and from 5 to 80 pg/mL in GIN and GCE spheroids) and controls were added and
incubated for 4 h at 37 °C. After 24 h and 48 h of NP-removal and controls, U87MG spheroids
were treated adding 0.04 mL of CellTiter Blue® Cell Viability reagent and, GIN and GCE
spheroids were treated with 0.2 mL of 10% (v/v) PrestoBlue™ Cell Viability reagent diluted in
DMEM free red phenol supplemented with 10% (v/v) FBS and 1% (v/v) L-Glutamine, and they
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were incubated for 4 h at 37 °C in darkness. The fluorescence signal was measured using the
same conditions described in 2D cytotoxicity assay in section 1.2.7.

Additionally, two complementary experiments were performed to achieve a complete 3D
viability assay: the volume assay and evaluation of spheroid-membrane integrity.

1.2.11.1 Volume assay of glioblastoma spheroids

Simultaneously to 3D cytotoxicity assay, the volume of glioblastoma spheroids was also
analyzed before and after the treatment with blank 4:1 (w/w) Pr:Dx NPs. Photos of US7TMG
spheroids (magnification 10x) were taken using an optical microscope (Olympus XI51) and
analyzed by Olympus cellSens Standard Software. On the other hand, photos of patient-derived
glioblastoma spheroids (magnification 10x) were taken using a plate reading widefield
microscope (Nikon Intensilight C-HGFI/C-HGFIE) and analyzed by NIS-Elements Viewer
5.21 Software. The area of the spheroids was measured using Fiji Software (ImageJ) and their
volume (%) compared to the control was calculated as follows:

S horoid vol %) = Sample spheroid Volume * 100 €))
pRerotd vorume L) = “Control spheroid Volume g

o)

. 4
* Spheroid Volume = SXTX T3

[ 6
*x Spheroid radius = A;era ©)

1.2.11.2. Membrane-integrity of U87MG spheroids

This study was carried out under the same conditions as 3D cytotoxicity assay. After 4 h,
24 h and 48 h of the NP-removal, 0.005 mL of 7-AAD viability reagent was added directly in
0.2 mL of fresh supplemented DMEM medium. The plate was gently shaken by hand for 10 s
and the U87MG spheroids were incubated for 30 min at 37 °C in the darkness. The 7-AAD
expression was analyzed by fluorescence microscopy (Olympus XI151) using mCherry channel
by Olympus cellSens Standard Software. In addition, the fluorescence signal of 7-AAD (Aex/Aem
= 550/650 nm) was measured in a microplate reader (Synergy H1 microplate reader, Biotek)
by Gen 5 Software with the previous placed of the spheroids in black 96-well plates
(BrandPlates® pure Grade, Brand).

Membrane integrity (%) was calculated as follows:

Sample Fluorescence

Spheroid membrane integrity (%) = x 100 (7

Control cells Fluorescence

1.2.12. Nanoparticle uptake in 3D glioblastoma models

NP-internalization was evaluated in glioblastoma spheroids by SEM (FESEM Ultra Plus,
ZEISS), CSLM (Leica TCS SP5 X, Leica Microsystems, GmB and Leica CTR 6500, Leica
Microsystems, TSC/SPE), Light Sheet Fluorescence Microscopy (LSFM) with particle tracking
microrheology (OptoRheo) [33] and by flow cytometry (BD Accuri™ C6 Flow Cytometer and
ImageStream X Mkl Imaging Flow Cytometer-Luminex).

After applying the same treatment of blank 4:1 (w/w) Pr-TAMRA:Dx NPs (7 pg/cm?, 4 h,
37 °C), the preparation of spheroids to analyze the NP-uptake by microscopy was the following:
they were fixed in 0.150 mL of commercial 10% (v/v) neutral buffered formalin for 30 min
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under horizontal agitation (Rocker, VWR) at RT. After washing, 0.150 mL of a dilution 1:1000
(v/iv) of DAPI (stock concentration: 1 mg/mL in PBS 1X) was added and incubated for 30-45
min. Fixed spheroids were placed on p-Slide-8-well chamber (1.5 polymer coverslip, tissue
culture sterilized, Ibidi®) and visualized by confocal microscopy using the LAS X Life Science
Software (magnification 20x-z2 in U87MG, and magnification 10x-z1.5 in GIN and GCE cell
lines) (Aex/Aem (DAPI) = 358/461 nm and (Aex/Aem (5-TAMRA) = 543/578 nm). Uptake in
patient-derived spheroids was also analyzed by LSFM using OptoRheo [33] in collaboration
with Dr. Tania Mendonca and Dr. Amanda J. Wright, members of Optics and Photonics
Research Group (University of Nottingham). In this case, the fixed spheroids were placed on a
p-Slide-4-well chamber using a glass cube to reduce the size of the well adding up the spheroid
in the center and aligned with the laser incidence [34]. The fluorescence was measured at
Aex/Aem (B-TAMRA) = 543/578 nm (magnification 60x), and the images were processed by Fiji
Software (ImageJ). Finally, the preparation of U87MG spheroids to analyze the NP-uptake by
SEM was following the same protocol previously described in section 1.2.10.

To prepare the samples (10,000 events) for the analysis by flow cytometry, 0.01 mL of
LIVE/DEAD™ Fixable Aqua Dead Cell Stain reagent was added to 0.05 mL of the spheroid
suspension, and incubated for 30 min at 37 °C. After removal of the reagent, spheroids were
washed and collected in a 15 mL conical falcon tube (Deltalab) for their settlement for 2 min at
RT. Culture medium was replaced carefully by PBS 1X buffer in U87MG spheroids and by
DPBS 10X buffer in GIN and GCE spheroids, and they were centrifuged (Centrifuge 5430R,
Eppendorf, HAWK 15/05 refrigerated centrifuge, Sanyo MSE, respectively) for 1 min at 200
RCF at 22 °C. The spheroids were de-aggregated with 0.2 mL of Trypsin 1X-EDTA for 20 min
for U87MG and for 5 min for GIN and GCE cell lines at 37 °C by manual pipetting. After
trypsin deactivation, cells were centrifuged for 5 min at 200 RCF at 22 °C. The U87MG pellet
was resuspended in 0.5 mL of PBS 1X buffer supplemented with 10% FBS (v/v) and GIN and
GCE pellets were resuspended in 0.05 mL of commercial 4% (v/v) paraformaldehyde. Finally,
the analysis was completed using the same conditions mentioned in the 2D-uptake assay.

Internalization of Pr:Dx NPs loaded with Cy5-modified siRNA (8% (w/w)) was also
evaluated in U87MG spheroids by confocal microscopy applying the same conditions described
previously in section 1.2.8.3. (magnification 20x and 63x) (Aex/Aem (DAPI) = 358/461 nm and
(Aex/Aem (Cy5) = 635/670 nm).

1.2.13. Transfection assay in 3D glioblastoma model

The transfection of blank 4:1 (w/w) Pr:Dx NPs were carried out in U87MG spheroids under
the same conditions described for 2D transfection assay in section 1.2.9.2. The evaluation of
EGFP expression was carried by fluorescence microscopy (Olympus 1X51) using the Olympus
cellSens Standard Software after 24 h and 48 h of NP-removal, and by LSFM (UltraMicroscope
I, Miltenyi BioTec) using a dipping cap for water (DC49, WD10,9, AB6, IR:1.414-1.574,
Miltenyi BioTec), selecting the amount of 2.5 pug of pDNA. For the latter purpose, the spheroids
were fixed following the same protocol described in section 1.2.12. After washing with PBS
1X, 0.2-0.4 mL of 1% (w/v) agarose solution was added to each spheroid at 37 °C. The agarose
block embedding the spheroids was absorbed quickly with 1 mL syringe, cooled, and
equilibrated in water. The fluorescence was measured at 488/525 nm (Aex/Aem) to EGFP and at
405/460 nm (Aex/Aem) to DAPI, using a magnification 7.2x with a zoom of 0.6x. The images
were processed using the Imaris Cell Imaging Software (Oxford Instrument Imaris).

93



SHEILA BARRIOS ESTEBAN

1.2.14. Statistical analysis

Differences were statistically analyzed by two-way ANOVA followed by Tukey’s method,
respectively if not stated otherwise. All statistical analyses were conducted using GraphPad
Prism Software (version 8.0 for Windows). A p value<0.05 was considered to be significant
(*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). Each experiment was performed
independently in triplicate (n= 3), if not stated otherwise.

94



Chapter |

1.3. RESULTS AND DISCUSSION
1.3.1. Physicochemical characterization of protamine NPs

The ionic gelation method, previously developed in our research group, was used to
formulate the NPs. Parameters such as the ratio of materials, the interaction mechanisms, and
the process conditions play an important role to formulate optimal nanocarriers with a
maximum therapeutic efficacy. The method, based on cross-linking positively charged
molecules with negatively charged polyanions, presents several advantages such as the use of
water-based solutions, high stability of synthetized particles, mild reaction conditions,
simplicity, and cost-effectiveness [35]. Regarding the materials, protamine, a biodegradable
cationic polymer, was selected due to its high capacity to condense nucleic acids and its cell
membrane translocation enhancing properties [25] [26], and dextran was selected due to its
negative charge and gelling capacity [28]. After previous screening studies carried out by our
research group, the weight ratio 4:1 (w/w) Pr:Dx was considered the most suitable for the
association, protection, and intracellular administration of genetic material [31] [36]. In the
present work, the resulting NPs were characterized for their physicochemical characteristics
such as mean particle size, PDI, and surface charge, and for their morphology. The results
collected in Table 1. showed that the formulation was composed by a homogeneous population
of NPs (PDI< 0.2) with a size below 150 nm, and positive surface charge. In addition, the
reaction yield was 54+3% indicated the strong influence of the protamine.

Table 1. Mean particle size, polydispersity index (PDI) and zeta potential of blank 4:1 (w/w) Pr:Dx NPs and loaded
with 8% (w/w) of pDNA and miRNA, respect to the total mass of the NPs (Mean + SD, (n= 3)).

4:1 (w/w) Pr:Dx NPs (S:::} PDI Zeta ('::’\t;;"tial
Unloaded 12047 0.2 +3412
pDNA 146+1 0.2 #3315
miRNA 1245 0.1 +30£3

Regarding the morphological characteristics, the formulation was composed by a
homogeneous population of spherical NPs (Figure 2. (a)).
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Figure 2. STEM images of (a) blank 4:1 (w/w) Pr:Dx NPs and associated with 8% (w/w) of (b) pDNA and (c) miRNA.

Different nucleic acids such as pEGFP-Luc and miRNA-145 were associated to the Pr:Dx
NPs. Considering the results obtained from previous screening studies regarding the loading of
genetic material in 4:1 (w/w) Pr:Dx NPs [36], 8% (w/w) payload respect to the total mass of the
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NPs was selected. A slight increase was observed in the particle size of loaded NPs compared
to unloaded ones, being higher in those carrying pDNA than those with miRNA (Table 1.). This
difference could be related to the different molecular weight of these polynucleotides. The
miRNAs are single-stranded chains composed between 21 and 25 nucleotide units, while the
plasmid is composed of 6336 base pairs, and therefore could yield more complex structures. In
the case of the zeta potential, a decrease was observed, probably as a consequence of the
increase in negative charges present in the formulations with polynucleotides (Table 1.). On the
other hand, the association of different nucleic acids did not modify the spherical morphology
of the NPs, maintaining their homogeneous population as shown on the images collected in
Figure 2. (b, ).

The association of these nucleic acids was further studied by agarose gel electrophoresis.
To corroborate the association and reversible binding of nucleic acids to the NPs, the samples
were incubated with an excess of heparin, a sulfated glycosaminoglycan with strong negative
charge and high affinity to protamine, causing the competitive displacement and the release of
the nucleic acids [37]. The results showed an effective binding of pDNA and miRNA when no
competitor was added (lane 1), and the binding was reversible in the presence of heparin (lane
2), producing the release of intact polynucleotides (Figure 3.).
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Figure 3. Agarose gel images of blank 4:1 (w/w) Pr:Dx NPs loaded with 8% (w/w) of pDNA and miRNA (lane 1).
The amount of nucleic acids per lane was 0.5 pg in pDNA, and 1 pg in miRNA. The NPs were incubated with
heparin for 2 h at 37 °C using the mass ratio 1:25 (w/w) heparin:nucleic acid (lane 2).

1.3.2. Stability of blank protamine NPs

The stability of blank 4:1 (w/w) Pr:Dx NPs under storage conditions was determined by
measuring the size, PDI, surface charge and DCR in aqueous suspension for 30 days. The
optimization of the storage conditions of the NPs is highly important due to their influence on
biocompatibility and their physicochemical characteristics [38]. Figure 4. (a) showed that the
formulation experienced a slight increase in particle size over time, but it was constantly below
150 nm without losing homogeneity in the population. In addition, the count-rate was
maintained within the same range throughout, indicating the absence of significant aggregation
phenomena. Regarding the zeta potential, a positive surface charge was maintained over time
(above +40 mV).

The stability of the NPs was also measured under relevant cell culture media at different
time points to determinate their feasibility for in vitro testing. The results collected in Figure 4.
(b) indicated that blank Pr:Dx NPs diluted in supplemented DMEM did not show an increase
in particle size, while this phenomenon was observed after their incubation in non-
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supplemented DMEM. In this case, a possible aggregation of the particles was postulated
because of their stabilization mechanism, which is driven by electrostatic forces that are masked
by the pH and/or the ionic strength of the cellular medium. Moreover, this process was
controlled by FBS supplementation, suggesting that protein adsorption on the surface of the
NPs could stabilize them. Regarding the number of the particles forming the population, a
decrease in the DCR values was observed, especially, when Pr:Dx NPs were incubated in non-
supplemented DMEM over the time, suggesting their aggregation. The results indicate that cell
culture conditions using supplemented DMEM were favorable to carry out the next in vitro
studies with these NPs.
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Figure 4. (a) Stability of aqueous suspensions of blank 4:1 (w/w) Pr:Dx NPs measuring the size, polydispersity
index (PDI), zeta potential and derived count rate (DCR) at 4 °C for 30 days (b) and their stability in supplemented
and non-supplemented DMEM cell culture medium at time 0, 2 and 4 h at 37 °C (Mean + SD (n= 3)).

1.3.3. Toxicity assessment of protamine NPs in glioblastoma cells

The in vitro toxicity of NPs depends on their physicochemical properties. In vitro and in
vivo studies have shown that when particle size is smaller, the cellular cytotoxicity tends to
increase. In addition, the surface charge also plays an important role because an excess of
positive makes NPs more cytotoxic [39]. In our case, we aimed to demonstrate the compatibility
of Pr:Dx NPs in translationally-relevant cell lines; for that, cell viability was evaluated in a
panel of primary cell lines derived from different tumor regions: the invasive margin (GIN-8
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and GIN-28) and core of glioblastoma (GCE-28). These studies were based on the previous
work carried out by Alexander et al. [40].

In general, blank Pr:Dx NPs showed low cytotoxicity on U87MG, GIN and GCE cell lines
at 24 h and 48 h post-treatment (Figure 5.). In the case of U87MG cells, no apparent cytotoxicity
was observed compared to the control. In primary glioblastoma cell lines, the results were more
diverse: in GIN-8 and GIN-28, a reduction in cell viability was observed as NP-concentration
increased, and in GCE-28 no significant cytotoxicity was observed under any of the conditions
tested. This diversity in the results stresses the importance of applying clinically relevant
models for toxicity screening as soon as possible.
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Figure 5. Cell viability assay after 24 h (light-blue bars) and 48 h (dark-blue bars) of the removal of increasing
concentrations of blank 4:1 (w/w) Pr:Dx NPs from 50 to 160 pg/mL in U87MG cells and patient-derived
glioblastoma cells (GIN-8, GIN-28, and GCE-28) (Mean + SEM (n= 3)).

1.3.4. Intracellular uptake of protamine NPs in glioblastoma cells

To study the internalization of Pr:Dx NPs in glioblastoma cells, this peptide was
fluorescently labelled with 5-TAMRA. The fluorophore is a succinimidyl ester that shows good
reactivity and selectivity with primary and secondary aliphatic amines forming stable amides
identical to natural peptide bonds [41]. Within the structure of protamine sulfate [42, 43],
proline residues seem to be the most reactive for attacking this succinimidyl group [44]. After
the reaction, an increase in protamine molecular weight was observed in the product reaction,
because of the binding of tetramethylrhodamine.

The formulation of Pr:Dx NPs using 5-TAMRA-labelled protamine at 0.8 mg/mL of
concentration was carried out using the same protocol described in section 1.2.2. The
fluorescent NPs had similar physicochemical characteristics, without significant differences
with the original formulation (Table 2.). Additionally, this study was also carried out with the
NPs loaded with 8% (w/w) of a sSiRNA labelled with Cy5 (Cy5-modified siRNA) in order to
also track the intracellular delivery of the associated therapeutic biomolecule (Table 2.).
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Table 2. Mean particle size, polydispersity index (PDI) and zeta potential of blank 4:1 (w/w) Pr-TAMRA:Dx NPs
and loaded with 8% (w/w) of Cy5-modified siRNA, respect to the total mass of the NPs (Mean + SD (n=3)).

Size Zeta Potential
4:1 (w/w) Pr:Dx NPs 0] PDI (mV)
5-TAMRA 131t6 0.2 +29 2
Cy5-modified siRNA 196 + 23 0.1 +29+1

After 4 h post-treatment with the fluorescent NPs, the internalization was analyzed by
confocal microscopy, where the image of the maximum projection of U87MG, GIN and GCE
cells showed the intracellular localization of Pr:Dx NPs (Figure 6. (a)). The image
corresponding to the orthogonal section on X and Y axes further verified these findings.
Moreover, this great internalization capacity of the NPs was also verified in images of the
formulations loaded with the fluorescent nucleic acid (Figure 6. (b)). The efficient
internalization of these NPs could be attributed to the penetration enhancing properties of
protamine. In addition to its effectiveness in condensing the genetic material, this peptide can
also cross cell membranes due to its arginine-rich sequence, achieving an effective delivery of
proteins and genes inside the cells [45]. Previous studies found that six consecutive arginines
in the protamine structure constitute a nuclear localization signal (NLS), which is why
fluorescent NPs accumulated close to the cell nucleus [46, 47].

NP-uptake was also evaluated by flow cytometry. After 4 h of the treatment with
fluorescently labelled-NPs, U87TMG, GIN and GCE cells were treated with LIVE/DEAD™
Fixable Aqua Dead Cell Stain reagent to analyze the uptake in living cells. The flow cytometry
histograms confirmed the internalization of Pr:Dx NPs in all the above glioblastoma cell lines
(Figure 6. (c)). More specifically, the shift of the peak to the right side in the region marked as
5-TAMRA (+) indicated the higher expression of the marker compared to its control (unstained
cells), which also indicated that almost 100% of the cells were positive for the presence of
Pr:Dx NPs (Supporting Information: Table S1.). It should be noted that simultaneously there
was a high cell viability indicated by the peak corresponding to the fluorescent signal of Aqua
in the negative region (live region), which further confirms the low toxicity of the NPs as
discussed in the previous section. In GIN and GCE cell lines, a series of images obtained by the
ImageStreamer flow cytometer also indicated the presence of these fluorescent NPs inside the
cells, in yellow color, compared to their corresponding controls (Supporting information:
Figure S1. (b)).
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Figure 6. (a) Representative confocal microscopy images of NP-uptake in U87MG cells (magnification 63x, scale
bar= 100 pm) and GIN-8, GIN-28, and GCE-28 (magnification 40x, scale bar= 50 pm) treated with 7 pg/cm? of
fluorescently labelled NPs (red channel) and (b) treated with NPs loaded with 8% (w/w) of fluorescent Cy5-
modified siRNA (green channel) incubated for 4 h at 37 °C. Nuclei of the cells were stained with DAPI (blue
channel). (c) Flow cytometry histograms to quantify the uptake of fluorescently Pr-TAMRA NPs (7 pg/cm?) in
U8B7MG, GIN-8, GIN-28, and GCE-28 after 4 h post-treatment (LIVE/DEAD™ Fixable Aqua Dead Cell Stain as a

viability reagent).
1.3.5. Transfection capacity of protamine NPs in glioblastoma cells

The transfection capacity of Pr:Dx NPs was analyzed by evaluating the expression of EGFP
and Luciferase at 24 h and 48 h post-treatment, in U87MG cells. EGFP expression was
qualitatively analyzed by fluorescent microscopy. The images in Figure 7. (a) revealed that cells
treated with naked plasmid did not show any detectable protein expression. This result was
expected due to their excess negative charge limits cellular penetration, as well as, their
enzymatic degradation. In the case of our NPs, the images showed a moderate expression of
EGFP using 2.5 pug of pDNA.

Given these first results, the expression of Luciferase was analyzed and quantified by a
Luciferase Reporter Gene commercial kit under the same conditions. This assay has higher
sensitivity and a wide detection range, which is more convenient for the quantitative evaluation
of gene transfection efficiency of these NPs [48]. The graphics in Figure 7. (b) showed that our
NPs tended to give a better transfection after 48 h post-treatment, but lower compared with the
commercial Lipofectamine® 2000.
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Figure 7. (a) Fluorescent microscopy images of EGFP expression (green channel) after 24 h and 48 h of the
treatment of 4:1 (w/w) Pr:Dx NPs loaded with 8% (w/w) of pDNA at dose 2.5 pg of pDNA, incubated for 4 h at 37
°C (scale bar= 100 pm). (b) Transfection efficiency of Luciferase protein expressed by RLUs/mg protein (Mean +

SEM (n= 3)).
Until now, promising results regarding the cytotoxicity and internalization of Pr:Dx NPs
have been obtained. However, traditional cell culture models are unable to reproduce

completely the properties of clinical tumors, as well as, their resistance to therapeutics [49].
Therefore, a step further was the evaluation of Pr:Dx NPs in 3D glioblastoma cell culture

models.
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1.3.6. Morphological characterization of glioblastoma tumor spheroids

The spheroids used in this study consisted of highly transformed U87MG cells (250
cells/spheroid), and patient-derived cells of GIN-8, GIN-28 and GCE-28 cell lines (2,000
cells/spheroid) previously used. The spheroids were cultured at standard conditions to obtain a
size between 200-300 um. The size is a critical parameter related to tumor biology and is
determined by three factors: cell type, culture time and seeding density. In addition, tumor cells
in the nucleus could be necrotic due to the hypoxic environment and lack of nutrients, creating
an additional challenge for efficient gene delivery [50].

At day 4 after cell seeding, the U87MG spheroids reached the appropriate size and
morphology, while the patient-derived cells formed the spheroids faster, being ready on day 2
(Figure 8. (a)). At this point, some differences between spheroid morphology could also be
noticed. For example, GIN-28 and GCE-28 cells formed more compact spheroids than GIN-8
cell line. This could be explained by the fact that the first two cell lines were derived from the
same patient, a 71-year-old male, and GIN-8 cells was from a 54-year-old woman [32].
Additionally, the SEM images showed the establishment of close interactions among the cells,
forming extracellular matrices, and giving rise to the fully developed spheroid [51] (Figure 8.
(b)). Porosity on the surface of the spheroid could be also observed (Figure 8. (b-2)), which was
anticipated to be an advantage for Pr:Dx NPs entry.

Us7MG

o e% fed i sl - ] —= ¢ NN b it B
1t day 2 day 3rd day 4th day

GIN-8 GIN-28 GCE-28
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Figure 8. (a) Phase-contrast microscopy images of U87MG spheroid at day 1, 2, 3 and 4 (magnification 10x, scale
bar= 100 pm) and GIN-8, GIN-28, and GCE-28 spheroids at day 1 and 2 (magnification 10x, scale bar= 100 ym) to
get the size 250-300 pym, approximately. (b) SEM images of U87MG spheroid at day 4 of its formation: (1) the
overall spherical morphology of compact spheroids, and (2) a closer look at the cell surface of U87MG spheroid.

1.3.7. Toxicity assessment of protamine NPs in glioblastoma spheroids

Glioblastoma spheroids were incubated with the controls and Pr:Dx NPs under the same
conditions mentioned in 2D viability assays. The results shown in Figure 9. indicated low
cytotoxicity at concentrations from 5 to 40 pg/mL in U87MG spheroids and from 5 to 80 pg/mL
in GIN and GCE spheroids at 24 h and 48 h post-treatment. In U87MG spheroids, a slight
viability increase was experienced over time, which could be due to a better recovery of the
cells, and a more proliferative phenotype. Cell-cell and cell-extracellular environment
interactions are responsible for cell differentiation, proliferation, viability, and other cellular
functions, which in monolayer cell cultures would not be as well represented as in the 3D tumor
mass [52].
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Figure 9. Cell viability assay after 24 h (light-blue bars) and 48 h (dark-blue bars) of the removal of increasing
concentrations of blank 4:1 (w/w) Pr:Dx NPs from 5 to 40 pg/mL in U87MG spheroids, and from 5 to 80 pg/mL in
patient-derived GIN-8, GIN-28, and GCE-28 spheroids (Mean + SEM (n= 3)).
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To perform a comprehensive viability study, the volume and morphology of the
glioblastoma spheroids were also assessed. First, this parameter was qualitatively analyzed by
phase contrast microscopy images (Figure 10. (a)). Apparently, negligible reduction of the
volume of the spheroids was observed in all cases, as compared with the positive control (triton
X-100), which caused a reduction in the spheroid size leading to its disintegration, indicating
the sensitivity of the assay. In addition, the spheroids maintained their compact morphology
after treatment, but cellular extensions could be seen in GIN-8 and GIN-28 spheroids, which
were more pronounced with time and with higher NP-concentration. These cellular extensions
could be considered as a defense mechanism against external agents, causing the loss of the
spherical morphology. In addition, this cell dynamism is justified because both GIN cell lines
come from the invasive region of the glioblastoma [32], which have a greater ability to migrate
to other brain areas [53, 54].

Spheroid volume was further quantified from the images by measuring spheroid area. In
general, the data confirmed that Pr:Dx NPs did not cause remarkable reduction in spheroid
volume compared with the control (sterile filtered Milli-Q water), especially in GIN spheroids,
where the spheroid volume remained constant (Figure 10. (b)). Indeed, GIN glioma cells have
a more aggressive phenotype than GCE core cells, making them more resistant to therapy [53,
54]. In UB7MG and GCE-28 spheroids, the volume decreased slightly at higher concentrations.

ug87MG

H,0 1% Triton X100 Sug/mL 10pg/mL 20pg/mL 30pg/mL 40pg/mL

Oh

24h

48h

GIN-8

H,0 1% Triton X100 Sug/mL 10pg/mL 20pg/mL 30pg/mL 40ug/mL 50pug/mL 60pg/mL 70ug/mL 80pg/mL

105



SHEILA BARRIOS ESTEBAN

GIN-28

1% Triton X100 Spg/mL 10pg/mL 20pg/mL 30pg/mL 40pg/mL 50pg/mL 60pg/mL 70pg/mL 80pug/mL

Oh

24h

Oh

48h

GCE-28

1% Triton X100 Spg/mL 10pg/mL 20pg/mL 30pg/mL 40pg/mL 50pg/mL 60pg/mL 70pg/mL 80pg/mL

oh

ash

(@)

UBTMG i 24h
150+ W 48h
ns
£ 1001
o
E
3
o
> 501
0-
AR R
&
ug Pr:Dx NPs/mL
GIN-8 GIN-28 GCE-28
150 150 150
ns ns *okok
g 100 g 100 g 100
@ @ =2
5 5 2
o o
S 50 2 50 = 5
0 0 0
& OVPPRPSOP & OOPPRLLOP & OOPPLRRLOS
oy P [<d
ug Pr:Dx NPs/mL ug Pr:Dx NPs/mL ug Pr:Dx NPs/mL

(b)

Figure 10. (a) Volume images and (b) quantification after 24 h and 48 h of the removal of increasing
concentrations of blank 4:1 (w/w) Pr:Dx NPs in U87MG spheroids (from 5 to 40 pg/mL) and GIN-8, GIN-28, and
GCE-28 spheroids (from 5 to 40 pg/mL) (Mean + SEM (n= 3), scale bar= 100 ym, magnification 10x).
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Another complementary viability assay was performed by analyzing the membrane
integrity of cells in U87MG spheroids. For this purpose, the internalization of 7-AAD, a
fluorescent apoptosis marker with strong affinity for DNA, was measured. In this assay, dead
cells show red fluorescence, while living cells should not show any fluorescence signal. The
results in Figure 11. (a, b) showed that spheroids treated with triton X-100 had an intense red
fluorescence signal, verifying the damage done to U87MG cells. On the contrary, the lack of
cytotoxicity of Pr:Dx NPs could be verified due to the absence of 7-AAD fluorescence under
the experimental conditions tested.

As a conclusion, the results of these studies showed a high level of concordance and
suggested a very low cytotoxicity for these NPs.

Control (+) Control (-) 10
ug/mL 20pg/mL 30pg/mL 40pg/mlL
(H,0) (1% (v/v) Triton X-100)

4h after
NPs removal

7-ADD

24h after -
NPs removal =

7-ADD

48h after
NPs removal

=

7-ADD

(@)

1504 kkkk

. 4h
r—I 24h

~ W 48h

SR PRt I ET I ‘ !

= ! I

e}

S

> 501

ug Pr:Dx NPs/mL

(b)

Figure 11. (a) 7-AAD membrane-integrity assay of U87MG spheroids after 4 h, 24 h and 48 h of the removal of
different concentrations of blank 4:1 (w/w) Pr:Dx NPs analyzed by fluorescence microscopy and (b) quantified
by fluorimetry (Mean + SD (n= 3), scale bar= 100 pm).
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1.3.8. Intracellular uptake of protamine NPs in glioblastoma spheroids

The study of the NP-uptake was also carried out in U87MG, GIN-8, GIN-28, and GCE-28
spheroids, using the same fluorescent formulation used for the 2D assays (Table 2.).

The maximum projection and the orthogonal sections of the confocal microscopy images
showed the intracellular localization of Pr:Dx NPs (Figure 12. (a)). Additionally, the
internalization of these NPs loaded with fluorescently-labelled siRNA was also studied,
showing a greater internalization than in 2D (Figure 12. (b)).

Some differences between the spheroids composed by commercial vs patient-derived
glioblastoma cells were appreciated. In U87MG spheroids, a higher intensity of fluorescence
was distributed homogeneously throughout the spheroids, suggesting better internalization of
the NPs in this cell line. SEM images showed how these Pr:Dx NPs were embedded by the
U87MG spheroid (Figure 12. (c)). Even though all spheroids had a similar size, GIN and GCE
cells were larger than commercial ones, which resulted in slightly larger spheroids, affecting
the internalization of the NPs and their transport to their core. As shown by Hsu et al., NP-
transport to the core can be limited for large spheroids [50]. The studies carried out with light
sheet microscopy of the patient-derived GIN and GCE spheroids allowed to appreciate bright
white spots indicating the presence of intense accumulations of fluorescent NPs in the proximity
of the spheroid surface (Figure 12. (d)).
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Figure 12. (a) Representative confocal microscopy images of NP-uptake in U87MG (magnification 20x, z2), GIN-
8, GIN-28, and GCE-28 spheroids (magnification 10x, z1.50) treated with 7 pg/cm? of fluorescently labelled NPs
(red channel) incubated for 4 h at 37 °C (scale bar= 100 pm). (b) Representative confocal microscopy images of
NP-uptake in U87MG spheroid (magnification 20x, z2) treated with 7 pg/cm? of NPs loaded with 8% (w/w) of
fluorescent Cy5-modified siRNA (green channel) incubated for 4 h at 37 °C. Nuclei of the cells were stained with
DAPI (blue channel) (scale bar= 100 pm). (c) SEM images of U87MG spheroid with blank 4:1 (w/w) Pr:Dx NPs
(colored in orange) on the surface of the spheroid (scale bar= 1 and 20 pm). (d) Light sheet fluorescence
microscopy images (OptoRheo) of GIN-8, GIN-28, and GCE-28 spheroids (magnification 60x) treated with
fluorescently labelled NPs (bright white spots) under the same conditions.

As in the 2D uptake, this parameter was also quantified by flow cytometry under the same
conditions, by disaggregating the spheroids to measure single fluorescent events. As expected,
the histograms in Figure 13. confirmed the NP-uptake in all the four glioblastoma spheroids
models, indicating that 99.9% of cells forming the U87MG spheroid were positive for the
presence of these NPs. In GIN and GCE spheroids, the values were slightly lower, where 62.9%
of cells were positive in GIN-8, 58.8% of cells were positive in GIN-28 and 55.6% of cells were
positive in GCE-28 (Supporting information: Table S2.). These values confirmed the
conclusions from the confocal images. In addition to this, a series of flow cytometry images
showed the presence of these fluorescent NPs inside the cells forming the spheroids (yellow
color) compared to the images of the corresponding controls (Supporting information: Figure
S2. (b)). Simultaneously, a high cell viability was maintained during these studies, as indicated
by the peak corresponding to the fluorescent signal of Aqua (live region).
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Figure 13. Flow cytometry histograms to quantify the uptake of fluorescently Pr-TAMRA NPs (7 pg/cm?) in US7MG,
GIN-8, GIN-28, and GCE-28 spheroids after 4 h post-treatment (LIVE/DEAD™ Fixable Aqua Dead Cell Stain as a
viability reagent).

1.3.9. Transfection of protamine NPs into glioblastoma spheroids

The transfection capacity of the Pr:Dx NPs was also studied in U87MG spheroids,
analyzing the EGFP expression by fluorescence microscopy under the same conditions used in
2D. The fluorescence images showed similar results: the naked plasmid was unable to transfect
cells forming the spheroids, while those treated with Lipofectamine® 2000 showed high
transfection, and treated with Pr:Dx NPs showed better transfection capacity at 24 h post-
treatment at doses of 2.5 ug of pDNA (Figure 14. (a)). Studies have shown that the Green
Fluorescence Protein (GFP) expression can deteriorate over time because GFP labelled cells
are prone to cell death, so it could be considered as a possible reason for not observing any
fluorescence signal at 48 h [55]. However, to verify this issue, the transfection capacity of the
NPs was also analyzed using LSFM selecting the amount of 2.5 pg of pDNA (Figure 14. (b)).
As expected, a higher intensity fluorescence signal was obtained after 24 h, and a lower signal
was observed after 48 h. Compared to conventional fluorescence microscopy, LSFM is a non-
destructive method that produces well-registered fluorescence signals that are suitable for 3D
reconstruction of samples. In addition, this microscope offers a much higher resolution due to
the fact that during the excitation process, it minimizes the bleaching of fluorophores and the
phototoxic effects [56].
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Figure 14. (a) Fluorescent and (b) light sheet fluorescence microscopy images of EGFP expression (green channel)
in U87MG spheroids after 24 h and 48 h of the treatment of NPs loaded with 8% (w/w) of pDNA at dose 2.5 pg of
pDNA/well, incubated for 4 h at 37 °C (scale bar= 100 pm).
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1.4. CONCLUSIONS

The combination of protamine with anionic dextran sulfate could yield matrix-structured
NPs that presented characteristics useful as gene delivery nanosystems. This formulation
presented several attractive features: (i) highly flexible and tunable physicochemical
characteristics, (ii) effective association of different nucleic acids and (iii) stability in different
biorelevant media under different conditions. In addition, these NPs showed low cytotoxicity
and highly efficient internalization in 2D and 3D culture models of patient-derived cells. Further
studies are needed for the optimization of their transfection capacity as a next step toward their
preclinical development. Overall, these results highlight the potential interest that these
nanocarriers may have for gene delivery in the treatment of glioblastoma.
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SUPPORTING INFORMATION

Table S1. Number of total positive events of control and glioblastoma cells (U87MG, GIN-8, GIN-28, and GCE-28)
treated with blank 4:1 (w/w) Pr-TAMRA:Dx NPs expressing by percentage and measuring their Mean Fluorescence
Intensity (MFI).

. Total % MFI
Cell line
(+) 5-TAMRA events  (+) 5-TAMRA events (+) 5-TAMRA events
Control Sample Control Sample Control Sample
US7MG 73 7915 1 99.4 41,725 154,580
GIN-8 10 1205 0.31 99.8 12,489 334,308
GIN-28 1 3227 0.02 100 14,561 291,450
GCE-28 24 2297 0.66 99.7 16,142 305,253
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Figure S1. (a) Flow cytometry histograms of the total events without debris of control and glioblastoma cells (U87MG,
GIN-8, GIN-28, and GCE-28) treated with blank 4:1 (w/w) Pr:Dx NPs to analyze the NP-uptake. (b) Flow cytometry
images of positive 5-TAMRA events of control (grey) and glioblastoma cells treated with fluorescent NPs (yellow) and
their corresponding internalization histogram (values > 2 indicated NP-internalization).
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Table S2. Number of total positive events of control and glioblastoma spheroids (U87MG, GIN-8, GIN-28, and GCE-28)
treated with blank 4:1 (w/w) Pr-TAMRA:Dx NPs expressing by percentage and measuring their Mean Fluorescence

Intensity (MFI).

Cell line

Us7MG
GIN-8
GIN-28
GCE-28

Total

(+) 5-TAMRA events

Control

74
43
3
12

Sample

7666
457
1613
744

%

(+) 5-TAMRA events

Control

1
4.7
0.09
0.75

Sample

99.9
62.9
58.8
55.6

MFI

(+) 5-TAMRA events

Control

58,904
11,454
10,771
11,269

Sample

289,726
72,790
66,842
76,936
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Figure S2. (a) Flow cytometry histograms of the total events without debris of control and glioblastoma spheroids
(U87MG, GIN-8, GIN-28, and GCE-28) treated with blank 4:1 (w/w) Pr:Dx NPs to analyze the NP-uptake. (b) Flow
cytometry images of positive 5-TAMRA events of control (grey) and glioblastoma spheroids treated with fluorescent
NPs (yellow) and their corresponding internalization histogram (values > 2 indicated NP-internalization).
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Polymeric nanocomplexes combined with
polyphosphazenes as gene delivery systems for the
treatment of glioblastoma

ABSTRACT

New polymeric compositions are still needed to improve gene delivery to tumors. Previous
studies showed that specifically engineered polyphosphazenes (PPZ) could have effective
transfection/toxicity ratios when used as gene nanocarriers. Among them, 6MHA-PPZ
polyphosphazene is a promising anionic material that, when added to cationic nanocomplexes,
can improve its delivery characteristics. This has recently been demonstrated in vitro, using a
highly transformed glioblastoma cell line (U87MG) in a traditional monolayer culture. In order
to gain further insight on the potential and mechanism of action of this biomaterial, the objective
of the present work has been to analyze the effect of cationic nanocomplexes of
polyethylenimine (PEI) and protamine (Pr) in combination with the 6MHA-PPZ
polyphosphazene in advanced preclinical models in vitro as spheroids and in vivo as zebrafish
embryos. The nanocomplexes without 6MHA-PPZ were used as reference. Regarding the
physicochemical characterization, the addition of this polyphosphazene did not cause
significant modifications in terms of particle size and surface charge, although the yield was
significantly increased in the Pr-based nanocomplexes. Stability studies at 4 °C and colloidal
stability in cell culture medium showed that the formulations maintained their properties
constant for one month, and in short periods up to 4 h, respectively. However, the
nanocomplexes experienced aggregation in conventional zebrafish culture media at 96 h, while
in dechlorinated sterile tap water, their colloidal stability was not affected. In general, it is
known that nanocomplexes composed with PEI tend to be more cytotoxic, while those formed
by protamine present a lower transfection efficiency. Regarding cytotoxicity, the addition of
the anionic 6MHA-PPZ showed a reduction especially in PEI nanocomplexes with similar
results in 2D and 3D culture models formed by a panel of patient-derived glioblastoma cells.
Regarding gene transfer, the presence of 6MHA-PPZ significantly improved transfection
efficiency especially of Pr nanocomplexes, in 2D culture models and in commercial
glioblastoma spheroids, almost reaching the levels induced by PEI. However, it is important to
point out the disparity of these results in primary 3D glioblastoma models, concluding that the
sensitivity of the nanocomplexes will depend on the preclinical model. Finally, biodistribution
studies in zebrafish embryos at 48 hours post-fecundation showed an accumulation of these
formulations in their yolk sac, especially for PEI nanocomplexes. A small proportion of these
particles diffused to the head area at 5-day post injection. The addition of 6MHA-PPZ improved
the fluorescence signal of PEI nanocomplexes confirming the capacity of this polymer to
enhance the endosomal escape of cationic peptides. In conclusion, the addition of the anionic
6MHA-PPZ polyphosphazene to cationic nanocomplexes could improve their efficiency
making them promising carriers for glioblastoma gene therapy.
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2.1. INTRODUCTION

Nucleic acid therapies offer attractive possibilities for the precise modulation of genes involved
in the progression of brain tumors such as glioblastoma [1, 2]. The delivery of polynucleotides
to specific cells requires the development of vectors capable of targeting specific tissues,
protecting them from degradation by nucleases, and having low immunogenicity [3]. Viral
vectors became the first choice due to their high transfection efficiency, but their complex
production and potential safety problems made non-viral vectors more relevant over the years.
These non-viral carriers have multitransgenic capacity, lower immunogenicity, and they are
easier to modulate [1] [4]. Polymeric nanoparticles (NPs) presenting positive surface charge
can condense DNA molecules, and promote their cellular internalization, including an enhanced
endosomal escape [5]. However, polymeric gene carriers remain inherently inefficient with
respect to several design criteria, including biocompatibility and biodegradability, adequate
selective biodistribution and pharmacokinetics, ability to cross extracellular and intracellular
barriers [4] [6]. Because of this, there is an active search for new materials and architectures to
improve nanocarrier performance.

Polyphosphazenes, a family of polymers based on a nitrogen-phosphorus skeleton, are
increasingly important in biomedical applications. The first poly(organo)phosphazenes were
synthesized by Harry R. Allcock in 1976, but it was Hennink's group who synthesized the first
cationic polyphosphazene for gene delivery [7]. Since then, hundreds of new PPZ have been
explored by varying the backbone side groups [8], including a few derivatives used in gene
delivery such as amino acid esters [9-12], peptides [10] [13, 14], saccharides [15-17],
arylcarboxylates [18], ethylene oxide/PEG [19-21] and other biomolecules [22, 23]. Within this
field, our research group designed a medium molecular weight charged anionic
polyphosphazene (6MHA-PPZ) that was capable of improving the cytotoxicity, transfection,
and endosomal escape characteristics of polymeric NPs [6] [24]. It was observed that these
properties were caused by the pH-sensitive behavior of the polymer as it destabilized the
membrane of the endosomal compartment. Nanocomplexes formulated by adding this polymer
showed transfection efficiencies like those of PEI in two-dimensional (2D) cell cultures, but it
was in three-dimensional (3D) where a significant improvement in transfection was observed.
Even more surprisingly, the resulting transfection was found to be homogeneously distributed
in spheroids even reaching their core region. This 3D cell culture model is a representative
model of the environment of a real solid tumor as cells grown in these structures maintain gene
expression and genomic pattern comparable to those of clinical tumors; besides, their
architecture allows to study cell-cell interactions on different tumor layers, including their
hypoxic/necrotic inner core [25]. Thus, these positive results suggested that mixed polymeric
compositions had enhanced tumor penetration properties and a high transfection capacity due
to a combination of zwitterionic and pH-sensitive properties [6].

In a further work from our group, 6MHA-PPZ was incorporated in PEI and Pr
nanocomplexes, used as gene delivery carriers. In this work, 6MHA-PPZ was also capable of
enhancing the efficacy/toxicity ratio of PEIl and Pr nanocomplexes. However, those results were
obtained in a heavily transformed glioblastoma cell line (i.e., U87MG), and in flat cell cultures,
a model of limited clinical relevance. Therefore, we consider interesting to further analyze the
gene delivery properties of PEI/6MHA-PPZ and Pr/6MHA-PPZ nanocomplexes in more
advanced models such as 3D spheroids, and using primary tumor-derived cell cultures. Those
advanced models would allow us to grasp the expected clinical performance of these
nanocomplexes.
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2.2. MATERIALS AND METHODS
2.2.1. Material

Protamine sulfate (Mw-5 kDa,) European Pharmacopeia (EP) grade was purchased from
Yuki Gosei Kogyo. LTD. Branched polyethylenimine (PEI) (Mw-25 kDa), HEPES (>99.5%)
(25 g), Luciferase Reporter Gene Detection kit (LUC1), 10% (v/v) formalin neutral solution,
4% (v/v) paraformaldehyde, 6-mercaptohexanoic acid, calcium chloride dihydrate
(CaCl2-:2H20), magnesium sulfate (MgSO4-7H20), sodium bicarbonate (NaHCO3), and
potassium chloride (KCI) were purchased from Sigma-Aldrich. Poly(phosphazene) polymer
substituted with 6-mercaptohexanoic acid (6MHA-PPZ) was synthesized in our laboratory [6].
Triton-100X (50 mL) was purchased from Scharlab S.L. Lipofectamine®2000 transfection
reagent (0.75 mL), micro-BCA protein assay kit, PrestoBlue™ Cell Viability Assay Reagent
(100 mL) and 4',6-diamino-2-phenylindole (DAPI) (10 mg) were obtained from Thermo Fisher
Scientific. The UltraPure™ DNase/RNase-Free Distilled Water (500 mL) were from Molecular
Bioproduct. The sterile dechlorinated tap water (SDT water) was prepared in the laboratory.

Regarding the cellular culture, Dulbecco’s Modified Eagle’s Medium 1X (DMEM) ([+]
4.5 g/L D-Glucose and 1g/L D-Glucose, [+]Pyruvate, [+]L-Glutamine) (500 mL), Dulbecco’s
Modified Eagle’s Medium 1X (DMEM) ([+] 1 g/L D-Glucose, [+]Pyruvate, [-]L-Glutamine,
no phenol red) (500 mL), Opti-Minimum Essential Medium | 1X Reduced Serum Medium
(Opti-MEM) ([+]HEPES, [+]2.4 ¢g/L Sodium Bicarbonate, [+]L-Glutamine) (500 mL), Fetal
Bovine Serum Qualified (FBS) (500 mL), Penicillin-Streptomycin (P/S) ([+]10000 Units/mL
Penicillin, [+]10000 pg/mL Streptomycin) (100 mL), L-Glutamine solution (200 mM, sterile-
filtered, BioXtra), and 0.05% Trypsin 1X-EDTA (500 mL) were purchased from Gibco (Life-
Technologies). Dulbecco's Phosphate Buffered Salt Solution 10X (DPBS) with calcium
chloride and magnesium chloride ions (500mL) and modified Hanks Balanced Salt Solution
(HBSS) with phenol red, calcium and magnesium free were also obtained from the latter
supplier. Kanamycin was bought from Sigma-Aldrich. The Phosphate Buffered Salt Solution
10X (PBS) was prepared in the laboratory.

The model plasmid pEGFP-Luc was donated by the group of Prof. Anxo Vidal (CiMUS,
Universidad de Santiago de Compostela). The model Cy3-siRNA (MISSION® siRNA
fluorescent Universal Negative Control, Cyanine 3) was purchased from Sigma-Aldrich, and
the siRNA to silence the expression of Green Fluorescence Protein (siRNA-GFP) was donated
by the group of Prof. M.J. Alonso (CiMUS, Universidad de Santiago de Compostela). The
PureLink HiPure Expi Plasmid Gigaprep Kit was obtained from Invitrogen. The Luria-Bertani
medium (LB) was prepared in the laboratory.

2.2.2. Development, synthesis, and chemical characterization of zwitterionic polymers
2.2.2.1. Synthesis of precursor poly(allylamino)phosphazene

The synthesis of the precursor poly(allylamino)phosphazene (AAPPZ) has been described
previously [6]. First, in a dried round bottom flask, 5 grams (g) of hexachloro-cyclo-
triphosphazene (HCP) and 0.405 g of the catalyst aluminum chloride were mixed under nitrogen
atmosphere. The mixture was heated at 240-250 °C for 3 hours (h). Once the polymerization
was finished, the product was cooled slowly until reaching 120 °C, where it was immediately
dissolved in 8 mL of diglyme. To eliminate the excess of aluminum chloride, a centrifugation
was carried out at 7,000 RCF for 15 min at -10 °C. The supernatant was transferred to a
previously dried new flask and 50 mL of anhydrous tetrahydrofuran was added under nitrogen
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atmosphere. To carry out the nucleophilic substitution of the chlorines by allylamine, 3
equivalents per chlorine atom of both triethylamine and allylamine were added, and the reaction
was left on ice for 24 h, and, then at room temperature (RT). The supernatant was filtered using
0.22 um polyethersulfone (PES) filter to remove the excess of trimethylamine hydrochloride.
The polymer was precipitated using a mixture of anhydrous tetrahydrofuran and water (25
mL.:25 mL), removing impurities by centrifugation at 7,000 RCF for 10 min at -4 °C and 10 °C,
respectively. The product was filtered by vacuum, reprecipitated with 25 mL of water, and
centrifuged again for 10 min at 10 °C. Finally, an extraction with chloroform and water in the
same proportions was performed, and, finally, the supernatant was precipitated with 25 mL of
water and centrifuged for 10 min at 0 °C. The precipitate was dried under vacuum for 72 h and
stored at -20 °C. The precursor AAPPZ was characterized by Nuclear Magnetic Resonance
(NMR) of phosphorus (3*P) and proton (*H) (Bruker DPX-400 spectrometer). For this, a small
amount of the product was dissolved in 0.7 mL of deuterated water (D-0).

2.2.2.2. Synthesis of anionic polyphosphazene

Once the precursor AAPPZ was obtained, two side chains of carboxylic acid were
introduced in the polyphosphazene backbone by a thiol-ene addition reaction on the allyl groups
of AAPPZ. For this purpose, 100 mg of AAPPZ were dissolved in 7.5 mL of trifluoroethanol.
The precursor was added to 6MHA acid (3 equivalents per allyl group) under a nitrogen
atmosphere. The thiol-ene reaction was initiated by adding the 2,2-dimethoxy-2-
phenylacetophenone photoinitiator (0.5 equivalents per allyl group) under ultraviolet light
(Aexcitation= 365 nm) and was left to proceed under stirring at RT and for 3 h. The product
obtained (Mw= 7 kDa) was dialyzed in 50 mM sodium hydroxide solution for 24 h and in
ultrapure water for 48 h. Finally, the anionic polyphosphazene was lyophilized and stored at -
20 °C. The 6MHA-PPZ polymer was characterized by !H-NMR (Bruker DPX-400
spectrometer). For this, a small amount of polymer was dissolved in 0.7 mL of deuterated water
(D20).

2.2.3. Formulation of nanocomplexes

The nanocomplexes were prepared by the ionic complexation method. After previous
screening studies, the (N:C:P) charge ratios 8:0:1 and 8:4:1 were selected. The first charge ratio
was a function of the number of primary amines of the cationic polymer branches (N) and the
plasmid phosphates (P); and the second one also considered the number of carboxyl groups of
6MHA-PPZ (C) (N:C:P). The stock solutions of cationic polymers such as PEI (0.72 mg/mL)
and protamine (0.4 mg/mL), and the anionic polyphosphazene (1 mg/mL) were prepared in
HEPES 10 mM (pH= 5.5). For both nanocomplexes, a fixed amount of plasmid was dissolved
in 0.05 mL of ultrapure water (Milli-Q water). In the case of formulation with 8:0:1 (N:C:P)
charge ratio, the plasmid solution was added dropwise to a final volume of 0.450 mL of PEI
and protamine solutions under magnetic stirring for 1 h at RT. In the case of formulation with
8:4:1 (N:C:P) charge ratio, 0.085 mL of the anionic phase, composed of 6MHA-PPZ and
plasmid, was added drop by drop under the same conditions. The nanocomplexes were
spontaneously formed indicated by the presence of a slight opalescence suspension.

2.2.4. Physicochemical characterization of nanocomplexes

All formulations were characterized with respect to their mean particle size, polydispersity
index (PDI), derived count rate (DCR) and surface charge. Size, PDI and DCR were measured
by Dynamic Light Scattering (DLS) or Photon Correlation Spectroscopy (PCS) and the zeta
potential was measured by Laser Doppler Anemometry at 25 °C and with a detection angle of
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173° (Zetasizer Nano-ZS™, Malvern Instruments). Samples were prepared using a dilution 1:10
(v/iv) in Milli-Q water and measurements were performed in triplicate.

2.2.5. Stability of nanocomplexes

First, the stability of PEI and Pr nanocomplexes with/out 6MHA-PPZ was analyzed at
storage conditions (4 °C) for 30 days. To perform cell culture studies, the colloidal stability of
the nanocomplexes was also evaluated in DMEM, non-supplemented and supplemented with
10% (v/v) of FBS and 1% (v/v) of P/S, at 37 °C under horizontal shaking at 300 revolution per
minute (rpm) at different time points (0, 2 and 4 h). In addition, for the in vivo study using a
zebrafish model, the colloidal stability of nanocomplexes was also analyzed in E3 media (294
mg/L CaCl2-2H20, 123.25 mg/L MgSO4-7H20, 64.75 mg/L NaHCO3 and 5.75 mg/L KCl,
(OECD 203 annex 2, 1992)) and in SDT water at RT under horizontal shaking at 150 rpm at
different time points (0, 2, 4, 24, 48, 72 and 96 h) [26]. The particle size, PDI and DCR of three
different batches of each nanocomplex were determined as described in section 2.2.4. using the
dilution 1:10 (v/v) in the corresponding media. In the case of the stability at storage conditions,
the zeta potential was also analyzed as previously mentioned.

2.2.6. Cell culture

The U87MG cell line was obtained from ATCC. These cells were cultured in high glucose
DMEM medium supplemented with 10% (v/v) FBS and 1% (v/v) of P/S at 37 °C with 5% of
CO: and 95% of relative humidity (Memmert INCO 2, (1.C.T, S.L.)). The patient-derived
glioblastoma cell lines were donated by the Children’s Brain Tumor Research Group
(Biodiscovery Institute, University of Nottingham). In this case, the GIN-8 cells (Glioma
INvasive margin cells) were isolated from medial front invasive margin (54 y female, wild-type
IDH (primary GBM), intact ATRX, 0% MGMT promoter methylation, 90% resection plus
Gliadel wafers, treatment 60Gy radiotherapy, concurrent and adjuvant temozolomide, patient
died 5 months after surgery), the GIN-28 cells were isolated from 5-ALA fluorescence-positive
invasive margin (71 y male, wild-type IDH (primary GBM), intact ATRX, 0% MGMT
promoter methylation, 99% resection, no adjuvant therapy (patient choice), patient died 3
months after surgery) and the GCE-28 cells were isolated from the central tumor core (71 y
male, wild-type IDH (primary GBM), intact ATRX, 0% MGMT promoter methylation, 99%
resection, no adjuvant therapy (patient choice), patient died 3 months after surgery) [27]. These
three glioblastoma cell lines were cultured also in low glucose DMEM medium supplemented
with 10% (v/v) FBS and 1% (v/v) P/S at 37 °C with 5% of CO2 and 95% of relative humidity
(Cryofusion, MCO20AIC-PE).

2.2.7. In vitro viability assay in 2D glioblastoma models

The in vitro viability of both nanocomplexes prototypes has been previously evaluated in
U87MG cell line [28]. In the present work, the viability of nanocomplexes was further
investigated in three patient-derived glioblastoma cell lines: GIN-8, GIN-28, and GCE-28 by
the PrestoBlue™ Cell Viability assay. For this purpose, 8x10% glioblastoma cells/well were
seeded in 96-well plates (Costar, Corning Incorporated) in a final volume of 0.100 mL of
supplemented DMEM medium. After 24 h, the medium was replaced by 0.074 mL of fresh
supplemented medium and 0.026 mL of: (i) HEPES 10 mM (pH= 5.5) (positive control), (ii)
0.1% (v/v) triton-X100 (negative control) and (iii) different concentrations of nanocomplexes
from 0.10 to 2.00 pg of pDNA/cm?. The cells were incubated for 4 h at 37 °C. After this, the
cells were washed with DPBS 10X buffer with calcium and magnesium chloride ions and
incubated again in 0.100 mL of fresh supplemented DMEM medium for 48 h under the same
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conditions. A final volume of 0.100 mL of 10% (v/v) PrestoBlue™ reagent diluted in DMEM
free red phenol supplemented with 10% (v/v) FBS and 1% (v/v) of L-Glutamine was incubated
with the cells for 2 h at 37 °C, covering the plate with aluminum foil. Fluorescence signal was
measured at 544/590 nm (Aex/Aem) in the BMG Labtech FLUOstar Omega microplate reader
(Isogen Life Science B.V.) using the Omega software in black 96-well plates (NUNCTM
MicroWell™, ThermoFisher Scientific).

The cell viability (%) compared with the control was calculated as following:

Cell viability (%) = Sample Fluorescence 100
it vlapity 1) = Control cells Fluorescence x (1)

2.2.8. In vitro transfection assay in 2D glioblastoma models

Before the transfection assay, the amplification of the plasmid encoding the Enhanced
Green Fluorescent Protein (EGFP) and Luciferase protein (Luc) (pEGFP-Luc) was carried out
applying the same conditions mentioned in section 1.2.9.1. of Chapter I.

In the present work, the in vitro transfection study was carried out in U87MG cell line, and
in the three patient-derived glioblastoma cell lines (GIN-8, GIN-28, and GCE-28). For this
purpose, 5.6 x10* US7MG cells and 4x10* GIN and GCE cells per well were seeded in 24-well
plates (Costar, Corning Incorporated) in a final volume of 1 mL of supplemented DMEM
medium and they were incubated for 24 h at 37 °C. After that, the four cell lines were transfected
using (i) 8:0:1 and 8:4:1 (N:C:P) charge ratios PEI/Pr:pEGFP-Luc:6MHA-PPZ
nanocomplexes, (ii) the naked pEGFP-Luc plasmid, such as negative control, and (iii) the
Lipofectamine® 2000 commercial reagent prepared under the specification of the commercial
protocol, as positive control, at 0.5 pg of pDNA/cm? of concentration. The formulations and
controls were prepared in a final volume of 0.2 mL of non-supplemented Opti-MEM medium,
incubating with cells for 4 h at 37 °C. After their removal, the U87MG cells were washed with
PBS 1X buffer and the GIN and GCE cells were washed with DPBS 10X buffer with calcium
chloride and magnesium chloride, and 1 mL of fresh supplemented DMEM medium was added.
The evaluation of Luciferase expression was quantified after 48 h using the commercial
Luciferase Reporter Gene Assay High Sensitivity (Roche) in the case of U87MG cell line, and
Luciferase Reporter Gene Detection Kit (LUC1) (Sigma-Aldrich) in the case of GIN and GCE
cell lines. For this, after washing, the cells were lysed with 0.100 mL of the corresponding lysis
buffer 1X. The mucus obtained was incubated for 15 min at RT and, then, centrifuged
(Centrifuge 5430R, Eppendorf, and HAWK 15/05 refrigerated centrifuge, Sanyo MSE,
respectively) for 10 min at maximum speed at 4 °C until a pellet was observed at the bottom of
the eppendorf. Immediately, 0.05 mL of the supernatant was placed in untreated white 96-well
plates (Deltalab) and 0.025 mL of the luciferin reagent was added per well, previously prepared
under the recommendations of the commercial kit and pre-equilibrated at 15-25 °C. The
Luciferase expression in U87MG cells was measured using a Luminometer (Berthold
Luminometer Mithras LB940), and in the case of GIN-8, GIN-28, and GCE-28 cells, it was
measured at 525 nm using the BMG Labtech FLUOstar Omega microplate reader (Isogen Life
Science B.V.). The results were gathered by MicroWin2000 and by Omega Software,
respectively. Finally, the total protein content of each sample was determined following the
instructions provided with the micro-BCA Protein Assay kit (ThermoScientific), and the results
were expressed as Relative Light Units per milligram cellular protein (RLU/mg protein).
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2.2.9. Generation of glioblastoma spheroids

The amount of 500 cells per well were selected to form the U87MG glioblastoma
spheroids, and the amount of 2,000 cells per well to form the GIN and GCE spheroids using the
conditions previously mentioned in section 1.2.10. of Chapter I. Briefly, the cells were seeded
in Ultra-Low Attachment round-bottom 96-well plates (ULA-96 well) in a final volume of 0.2
mL supplemented DMEM medium and then, they were centrifuged (Centrifuge 5430R,
Eppendorf, and Sigma 3-16L Centrifuge, Sci-Quip). The morphological characterization of the
spheroids was performed 3 days after seeding U87MG cells and 2 days after seeding patient-
derived glioblastoma cells using an optical microscope (Olympus IX51) and the plate reading
widefield microscope (Nikon Intensilight C-HGFI/C-HGFIE), respectively. Spheroid size was
monitored using the Olympus cellSens Standard Software and the NIS-Elements Viewer 5.21
Software until reaching a diameter between 200-300 pum, approximately.

2.2.10. In vitro viability assay in 3D glioblastoma models

As mentioned in 2D viability assay of PEI and Pr nanocomplexes with/out the
polyphosphazene, this assay was also evaluated in U87MG spheroids [28], and then, it was
performed on patient-derived glioblastoma spheroids (GIN-8, GIN-28, and GCE-28), applying
similar conditions. After the spheroid formation, 0.150 mL of cell culture medium was
removed, leaving the spheroid in suspension in 0.05 mL. The spheroids were treated with 0.097
mL of fresh DMEM supplemented medium and 0.053 mL of: (i) HEPES 10 mM (pH= 5.5)
(positive control), (ii) 0.1% (v/v) of triton-X100 (negative control) and (iii) different
concentrations of nanocomplexes from 0.33 to 6.67 pug of pPDNA/mL, incubating for 12 h at 37
°C. After removing the formulations and the respective washes, the spheroids were incubated
in fresh supplemented DMEM medium for 72 h at 37 °C. To determine the viability, the
spheroids were incubated with 0.2 mL of 10% (v/v) PrestoBlue™ diluted in DMEM phenol red
free supplemented with 10% (v/v) FBS and 1% (v/v) of L-Glutamine for 4 h at 37 °C, covering
the plate with aluminum foil. Fluorescence was measured at 544/590 nm (Aex/Aem) in the BMG
Labtech FLUOstar Omega microplate reader (Isogen Life Science B.V.) using the Omega
Software with previous placed of the spheroids in black 96-well plates (NUNCTM
MicroWell™, ThermoFisher Scientific). Viability was determined using the same calculations
as in the 2D viability study described in section 2.2.7.

2.2.10.1. Volume assay of patient-derived glioblastoma spheroids

In parallel to the metabolic cytotoxicity assay, the spheroid volume was also analyzed
before and after treatment with nanocomplexes (from 0.33 to 6.67 g of pPDNA/mL). The GIN-
8, GIN-28, and GCE-28 photos (magnification 10x) were taken using the plate reading
widefield microscope (Nikon Intensilight C-HGFI/C-HGFIE) by the NIS-Elements Viewer
5.21 Software. To quantify this parameter, the area of the spheroids was measured using the
Fiji Software (ImageJ) and their volume, expressed in %, was calculated compared to the
control-treated spheroids as follows:

Spheroid vol (%) = Sample spheroid Volume * 100 ,
pheroid volume (%) = Control spherotd Volume x o

* Spheroid Volume = 3 XX r3* (3)
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Area (4)
4

** Spheroid radius =

2.2.11. In vitro transfection assay in 3D glioblastoma models

Transfection study was also carried out in U87MG, GIN and GCE spheroids using 8:0:1
and 8:4:1 (N:C:P) charge ratios PEI/Pr:pEGFP-Luc:6MHA-PPZ and, naked pEGFP-Luc and
Lipofectamine® 2000 as controls. The treatment of the spheroids was carried out under the same
conditions previously mentioned in section 2.2.8, transfecting 1.5 pg of pDNA/mL in a final
volume of 0.2 mL of non-supplemented Opti-MEM medium, and incubating 12 h at 37 °C.
After 72 h of their removal, the spheroids were collected and disaggregated, and, the same
protocol as in 2D transfection was applied to prepare the samples using the Luciferase Reporter
Gene Detection Kit (LUC1) (Sigma-Aldrich). The Luciferase expression in the four
glioblastoma cell lines was measured using a Luminometer (Berthold Luminometer Mithras
LB940) correcting the Relative Light Units (RLUs) by the micro-BCA Protein Assay kit
(Thermo Scientific). The results were expressed in RLUs per milligram cellular protein
(RLU/mg protein).

2.2.12. Zebrafish care and maintenance

Adult zebrafish (Danio rerio, Wild-Type (WT)) were maintained in 30 L aquaria with a
ratio of one fish per liter of water, 14:10 light/night cycle and a mean temperature of 28.5 °C
according to the procedures described elsewhere [29]. Zebrafish embryos were obtained by
mating the adults in controlled conditions. All procedures used in the experiments, fish care and
treatment were performed in agreement with the Animal Care and Use Committee of the
University of Santiago de Compostela and the standard protocols of the European Union
(Directive 2012-63-UE) and Spanish Government guidelines (Real Decreto 53/2013)
conducted in the animal facilities in the Veterinary School of the University of Santiago de
Compostela (Campus Lugo) (AE-LU-003). At the final point of the experiments, zebrafish
embryos were euthanized by tricaine overdose.

2.2.13. Evaluation of in vivo biodistribution in zebrafish embryos

Studies in WT zebrafish embryos were performed in collaboration with Dr. Pablo Cabezas-
Sainz and Dr. Laura Sanchez Pifién, members of ZebraBioRes Group (University of Santiago
de Compostela). Prior to the biodistribution studies, toxicity assays were carried out following
the test 203 (Fish, Accurate Toxicity test) of the Organization for Economic Cooperation and
Development (OECD) [28].

First, PEI and Pr nanocomplexes, with/out the 6MHA-PPZ, were formulated using a model
siRNA conjugated to cyanine 3 (Cy3-siRNA) and, using a siRNA to silence the GFP expression
as negative fluorescence control, following the same protocol mentioned in section 2.2.3 in
RNAse-free conditions. Their physicochemical characterization was also tested by triplicate
measuring the particle size, PDI, and zeta potential as mentioned in section 2.2.4. For the
biodistribution assay, untreated WT zebrafish embryos and treated with naked Cy3-siRNA
were used as negative fluorescence controls. Microinjections of PEI and Pr nanocomplexes and
controls at 25 ug of SIRNA/mL per embryo were carried out in the circulatory system (Duct of
Cuvier) in 48 hours post-fecundation (hpf) WT zebrafish embryos (n= 10/condition). The
animals were incubated at 34 °C in salt dechlorinate tap water (Memmert-Sfb500) and were
photographed at 5-days post-injection (dpi) with a fluorescence microscope (Nikon AZ-100)
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(magnification 6x, scale bar= 200 pm, Aex/Aem (Cy3) = 554/568 nm and Aex/Aem (GFP) =
488/510 nm). Image analysis of the photographed zebrafish embryos was carried out using
Quantifish Software [30], yielding the integrated intensity of each image. To quantify the Cy3-
fluorescence signal, the results were plotted and analyzed as Integrated Intensity by the
GraphPad Prism Software (version 7.0 for Windows).

2.2.14. Statistical analysis

Differences were statistically evaluated by one-way ANOVA followed by Sidak’s method,
if not stated otherwise. All statistical analyses were performed with GraphPad Prism Software
(version 8.0 for Windows). A value of p<0.05 (*p<0.05; **p<0.01; ***p<0.001;
****p<0.0001) was considered significant. Each experiment was performed independently in
triplicate (n= 3), unless otherwise indicated.
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2.3. RESULTS AND DISCUSSION
2.3.1. Characterization of AAPPZ precursor and 6MHA-PPZ polyphosphazene
2.3.1.1. Nuclear Magnetic Resonance

The AAPPZ precursor has been previously developed by our research group [6] by a ring-
opening polymerization reaction (Figure 1. (a)), based on the method developed by Sohn et al.
In brief, this is a classical chain-growth polymerization reaction, where the end of the growing
polymer chain attacks the remaining cyclic monomers to form a longer polymer [31].
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Figure 1. (a) Scheme of the synthesis of the precursor allylaminopolyphosphazene (AAPPZ) by the ring-opening
polymerization reaction of hexa-chloro-phosphazene. (b) Scheme of the synthesis of the anionic polyphosphazene
6MHA-PPZ by the thiol-ene click chemistry with the introduction of the 6MHA acid.

The final AAPPZ product was characterized by *H-NMR and 3!P-NMR. As shown in the
phosphorus spectrum in Figure 2. (a), the only peak that appears at 3.70 ppm indicated the
successful substitution of allylamine on the chlorine atoms of the PDCP backbone. This
spectrum agrees with those reported in the literature for the same polymer [6]. In the proton
spectrum in Figure 2. (b), the correct introduction of allyl groups of the AAPPZ was observed
when the two peaks at 5.09 ppm and at 5.87 ppm appeared, giving rise to a second confirmation
of the successful introduction of the allyl groups in the polyphosphazene.
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Figure 2. Spectra of allylaminopolyphosphazene (AAPPZ) by (a) 3'P-NMR and (b) 'H-NMR.
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One of the advantages of AAPPZ is its facility to thiol-ene derivatization, which allowed
us to create a library of polycations and polyanions [32]. However, in the present work, AAPPZ
was only used to synthesize one derivative: 6MHA-PPZ. The selection of this polymer was
supported by previous studies, where its inclusion in nanocomplexes enhanced gene expression
by 6-fold in glioblastoma cells, and also reduced nanocomplex cytotoxicity. These features
were attributed to the pH-dependent ionization properties of 6MHA-PPZ, which improved the
intracellular trafficking of the nanocomplexes [6]. The anionic side chain of 6MHA was
introduced into the AAPPZ precursor backbone via thiol-ene click chemistry, using 2,2-
dimethoxy-2-phenylacetophenone and ultraviolet light (UV; 365 nm) for radical initiation. The
identity of the final product was confirmed by *H-NMR (Figure 3.), obtaining a spectrum
identical to the one previously reported [28].
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Figure 3. 'H-NMR of the anionic polyphosphazene functionalized by the addition of 6-mercaptohexanoic acid
(6MHA), 6MHA-PPZ, via the thiol-ene click reaction. The product was dissolved in D;0, pH= 9-10.

2.3.2. Physicochemical characterization of nanocomplexes

The formulation of nanocomplexes was carried out by ionic complexation between the
negatively charged phosphate groups of the plasmid and the protonated nitrogen atoms of
selected polycations. Commercial polymers such as PEI and protamine were selected as
polycations due to their efficiency as nanocarriers in gene therapy, and their use in
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pharmaceutical formulations [33, 34]. In nanocomplexes with 6MHA-PPZ, this material was
added together with the plasmid. The composition of the nanocomplexes is identified by the
ratio between ionizing amines (N) from the cationic polymer, carboxyl groups (C) of 6MHA-
PPZ, and charged phosphates (P) of DNA (i.e., the N:C:P ratio). Based on screening studies
carried out by our research group, 8:0:1 and 8:4:1 (N:C:P) charge ratios had been selected as
optimal ratios [28].

The selected nanocomplex compositions were characterized in terms of size, PDI, DCR,
and surface charge (zeta potential). Particle size and charge are two critical parameters for gene
delivery since they influence NP-transfection efficiency and cytotoxicity. A positive surface
charge is crucial for the efficiency of interaction with the cell membrane, and a particle size <
300 nm will facilitate their entry into the cell compartments by clathrin-mediated endocytosis
[35, 36]. Table 1. showed that both 8:0:1 and 8:4:1 (N:C:P) charge ratios PEI and Pr
nanocomplexes were composed by homogenous particle populations (PDI< 0.3) with a size
below 150 nm, and positive zeta potential ranging between +25 and +40 mV. The addition of
6MHA-PPZ to the formulation generated a decrease in particle size that can be attributed to the
formation of tighter polymer networks in the NPs [6] [36]. On the other hand, the addition of
6MHA-PPZ did not result in significant modifications in the zeta potentials, which is
counterintuitive considering that this material is polyanionic. The reason could be related to the
fact that 6MHA-PPZ addition increases remarkably the NP formation yield, as could be inferred
from DCR measurements. Therefore, the presence of the 6MHA-PPZ induces the complexation
of more polycation chains, increasing the NP formation yield, but without modifying their
charge. Similar conclusions have been previously drawn in NPs having a cationic
polyphosphazene and 6MHA-PPZ [6]. When comparing the present prototypes, Pr
nanocomplexes have a higher formation yield than PEI nanocomplexes, and lower zeta
potential. The DCR depends on the size and concentration of particles in suspension, which at
the same time depends on the molecular weight of the polymer [37, 38]. Those polymers with
higher molecular weight, such as PEI (Mw= 25 kDa) compared to protamine (Mw= 5 kDa),
have stronger interactions with polyanions, obtaining smaller nanocomplexes and, therefore,
lower DCR values.

Table 1. Mean particle size, polydispersity index (PDI), zeta potential and derived count rate (DCR) of PEl and Pr
nanocomplexes with/out 6MHA-PPZ at 8:0:1 and 8:4:1 (N:C:P) charge ratios (Mean + SD (n= 7)).

Nanocomplexes Charge ratio Size PDI Zeta potential DCR
- (N:C:P) (nm) (mv) (keps)

8:0:1 114+ 19 0.178 +27+11 532 £ 251

PEI:6MHA-PPZ:pDNA
8:4:1 106 £ 10 0.128 +33 115 1458 + 403
8:0:1 1286 0.171 +26+7 887+129

PR:6MHA-PPZ:pDNA
8:4:1 110+ 14 0.124 +25+8 2070+ 312

2.3.3. Stability of nanocomplexes
2.3.3.1. Storage stability

Stability under storage is a critical quality for a pharmaceutical formulation, and
particularly for a gene nanomedicine [39]. For this reason, the stability of both nanocomplexes
was studied at 4 °C for 30 days. The nanocomplexes, with/out the 6MHA-PPZ, maintained a
stable particle size and PDI during the experimental period. In addition, both prototypes of
nanocomplexes with 6MHA-PPZ preserved a smaller particle size than their corresponding
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prototype without, indicating that the complexation between polyions remained (Figure 4. (a)).
The zeta potential was also maintained within similar values for all prototypes during the 30
days of the experiment, although a small reduction was observed for the last data points (Figure
4. (b)). Finally, regarding the concentration, the nanocomplexes of PEI and Pr without the
polyphosphazene maintained their count rates constant, even though Pr/pDNA nanocomplex
experienced a non-significant increase over time. In contrast, both nanocomplexes with 6MHA-
PPZ experienced a decrease in the count rates compared to the samples at t= 0 h and, with their
corresponding polycation/pDNA prototype (Figure 4. (c)). In this case, the storage conditions
could affect the formulations with the polyphosphazene causing aggregation, consistent with
the slight increase in particle size in the final values.
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Figure 4. Stability of aqueous suspensions of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEl and Pr nanocomplexes
with/out 6MHA-PPZ polyphosphazene measuring the (a) size (bars) and polydispersity index (PDI) (points), (b)
zeta potential, and (c) derived count rate (DCR) at 4 °C for 30 days (Mean = SEM (n= 3)).

2.3.3.2. Stability in cell culture medium

The colloidal stability of the selected PEI and Pr nanocomplexes were studied in
supplemented and non-supplemented DMEM after 2 h and 4 h of incubation at 37 °C. Both
prototypes of nanocomplexes experienced an increase in the mean particle size when they were
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diluted in cell culture medium compared with the same samples diluted in Milli-Q water (Figure
5. (a)). This increase continued with incubation time, which indicated some loss of charge-
induced stability in buffered media, with subsequent aggregation. However, this process was
controlled with FBS supplementation, which suggested that protein adsorption on the
nanocomplex surface might stabilize the formulation. The study of the DCR indicated an
increase in this parameter for PEI nanocomplexes, which is consistent with larger particles that
do not sediment, although these values for Pr nanocomplexes were more stable (Figure 5. (b)).
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Figure 5. Stability of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEl and Pr nanocomplexes with/out 6MHA-PPZ
polyphosphazene measuring the (a) size and polydispersity index (PDI), and (b) derived count rate (DCR) at 37 °C
for 0, 2 and 4 h in supplemented and non-supplemented DMEM cell culture medium (Mean = SEM (n= 3)).
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Prior to the in vivo studies, the physical integrity of the nanocomplexes in zebrafish embryo
culture media was assessed. Both prototypes of nanocomplexes were incubated at RT,
simulating the zebrafish housing conditions, for 96 h under horizontal shaking. Stability studies
showed that the nanocomplexes were unstable in E3 medium, as they underwent aggregation
processes reflected by size, PDI and DCR variations (Figure 6. (a, b)). On the other hand, the
nanocomplexes were stable in SDT water, another medium used for zebrafish, with major
variations in their particle size and PDI for the duration of the experiment. Based on these
results, it was concluded that nanocomplexes could be administered in SDT water for zebrafish

experiments.

Mean particle size (nm)

Mean particle size (hm)

1.5%103

1%103

5x102

4x102

2x102

0

1.5%103

1%103

5x102

4x102

2x102+

0

8:0:1 PEI:6MHAPPZ:pDNA

-1.0
0.8
0.6
0.4
oi +* .§ °® i; EE o ko2
k0ol o nfndefl,,
0 2 4 24 48 72 96
Time (hours)
8:4:1 PEI:6MHAPPZ:pDNA
1.0
{-0.8
I }-0.6
| [los
LI I
* toeds 4 |0,
H.' ﬂ.‘ H.' ﬁ.- H. ﬂ. ﬂ. 0.0
0 2 4 24 48 72 96

Time (hours)

1ad

1ad

(@)

Mean particle size (nm)

Mean particle size (nm)

[] SDT water

8:0:1 Pr:-6MHAPPZ:pDNA

1x10%+ -1.0
%103
6x103 $ ¢ -los
4x103 ¢ }
2108 E . 1 | fros
5x102
4x102 } i 0.4
3%1024 ® 0
oxqorof of @ s Lo.2
LA
0 H H ﬂ — oo
0 2 4 24 48 72 9%
Time (hours)

8:4:1 Pr:6MHAPPZ:pDNA
1%1041 r1.0
8x103-
6%103- 0 i-o.a
4x103- R
2x103 | I ., (f06
5%102
4x102- i i r0.4
3%1024 o ®
2x102-. * o o @02
1%1074 ﬂ ﬂ

0 H H H " ﬂ ﬂ —-0.0
0 2 4 24 48 72 96

Time (hours)

1ad

Iad

E3 medium

141



SHEILA BARRIOS ESTEBAN

8:0:1 PEI:6MHAPPZ:pDNA 8:0:1 Pr:6MHAPPZ:pDNA
2x10%+ 2 5x103
(] [] 34
B 15103 ] { ‘ g 2
5 5 1.5x10%
S 1x103- o
g 8 1x10%]
© < ©
] 5=1024 (&) 5x1024
0 — T 0
2 24 48 72 96 2 4 24 48 72 96
Time (hours) Time (hours)
8:4:1 PEI:6MHAPPZ:pDNA 8:4:1 Pr.6MHAPPZ:pDNA
2x102 2.5%103
(] [] 34
T 1.5%10° -
€ €
= =] 1.5x103
8 1x1034 ] I I I I 8
2 2 1x10%
= I =
8 5=1024 l 8 5x1024
I
O H—————r— 0
0 2 4 24 48 72 96 2 4 24 48 72 96
Time (hours) Time (hourss)

(b)

Figure 6. Stability of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEl and Pr nanocomplexes with/out 6MHA-PPZ
polyphosphazene measuring the (a) size and polydispersity index (PDI), and (b) derived count rate (DCR) in E3
medium and sterile dechlorinated tap water (SDT water) (Mean + SEM (n= 3)).

2.3.4. In vitro viability assay in patient-derived glioblastoma cells

It is generally regarded that positive NP-charge correlates with higher cytotoxic effects.
One of the routes to solve this problem is the introduction of anionic polymers capable to reduce
the charge by electrostatic interaction with the cationic ones [40]. Our previous work has
indicated that the addition of 6MHA-PPZ in formulations could reduce carrier toxicity as
observed in the commercial U87MG glioblastoma cell line. In this work, the objective was to
validate this observation in Pr and PEI nanocomplexes using patient-derived glioblastoma cells
(GIN-8, GIN-28, and GCE-28), measuring the cell viability by a resazurin reduction assay.
Figure 7. showed that PEI nanocomplexes presented greater cytotoxicity compared to the
nanocomplexes with Pr, and the reductions in viability started above 0.5 pug of pPDNA/cm?. On
the other hand, no significant cytotoxicity was observed for Pr nanocomplexes at any of tested
concentrations. In the case of GIN-28 and GCE-28 cell lines, a similar cell viability was
observed due to their origin was from the same patient [27]. The GCE-28 cell line was more
sensitive to PEI nanocomplex-induced toxicity.

The addition of the 6MHA-PPZ improved slightly the viability of these nanocomplexes.
The capacity of 6MHA-PPZ to reduce NP-cytotoxicity agreed to previous results of pure
polyphosphazene nanocomplexes [6] and those observed for similar PEI:6MHA-PPZ:pDNA
and Pr.6MHA-PPZ:pDNA compositions, both in a commercial U87MG glioblastoma model.
The present results indicate that these conclusions can be extrapolated to patient-derived cell
lines, and thus, the rational for including the anionic polymer 6MHA-PPZ in those formulations
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is further supported from a translational standpoint. Finally, the median Lethal Dose (LDso) of
the nanocomplexes for 50% of the glioblastoma cell population was also calculated, and this
parameter verified the results discussed so far (Table 2.). Based on this data, we concluded that

both nanocomplex-prototypes showed sufficient cell compatibility to support further testing in
transfection studies.
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Figure 7. Cell viability assay after 48 h of the removal of increasing concentrations of 8:0:1 and 8:4:1 (N:C:P)
charge ratios of PEI and Pr nanocomplexes without (black bars) and with (grey bars) the 6MHA-PPZ, respectively,

from 0.10 to 2 pg of pDNA/cm? in patient-derived glioblastoma cell lines: GIN-8, GIN-28, and GCE-28 (Mean *
SEM (n= 3)).
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Table 2. Median Lethal Dose (LDsg) of nanocomplexes for 50% of the glioblastoma cells (GIN-8, GIN-28, and GCE-
28) after 48 h of their removal. The parameter was calculated by extrapolation after the representation of the
normalized NP concentration (Mean + SEM (n= 3)).

Charge ratio

Nanocomplexes (N:C:P) LDg,
GIN-8 GIN-28 GCE-28
8:0:1 1.201 1.321 1.410
PEI:6MHA-PPZ:pDNA
8:4:1 1.352 1.481 1.716
8:0:1
Pr:6MHA-PPZ:pDNA >2
8:4:1

2.3.5. In vitro transfection assay in glioblastoma cells

Once the compatibility ranges of the nanocomplexes were determined, their transfection
capacity was evaluated by analyzing the expression of the Luciferase protein 48 h post-
treatment. The assay was optimized first in the commercial U87MG cell line, and then,
translated to the three patient-derived glioblastoma cell lines.

PEI and Pr nanocomplexes, with/out the anionic polyphosphazene, presented higher
transfection efficiency compared to naked pDNA (negative transfection control), and in general
PEI nanocomplexes showed the highest performance (Figure 8.). Also, the addition of the
anionic 6MHA-PPZ polymer had a different effect on PEI and Pr nanocomplexes. For Pr
nanocomplexes, transfection efficiency was significantly improved in all glioblastoma cell lines
when 6MHA-PPZ was included. In addition, an interesting result was that the presence of the
anionic polyphosphazene in Pr nanocomplexes made their transfection values reach the
reference model 8:0:1 (N:C:P) charge ratio PEI:6MHA-PPZ:pDNA, especially in the patient-
derived glioblastoma cell lines. These results suggest this formulation as a good candidate for
its evaluation in 3D cell cultures and in vivo zebrafish model. For PEI nanocomplexes tested in
U87MG, the addition of 6MHA-PPZ provided slightly higher transfection levels than the
reference 8:0:1 (N:C:P) charge ratio formulation. However, in patient-derived cell lines the
transfection was lower for the PEI/pDNA nanosystem.

Previous results had indicated that 6MHA-PPZ acts as a transfection enhancer [6] due to
its capacity to generate endosomal escape. As a consequence of this mechanism, it is possible
that this transfection enhancing effect might be particularly effective in improving the
performance of carriers with moderate endosomal escape properties. The relative performance
seems also to be very sensitive to cell model, which underlines the interest of testing gene
nanocarriers in clinically relevant models.

144



Chapter 11

US7MG
2x1010+
1.5%1010- *
= I —
g 1101 -
S 5x10°4 i
je)]
£ 2x109 * ok ok ok
S 15x10° —
X 1x10%
5%108 T
O_
F QQ’\ Q‘/<> SERNE
NN &L
% ’ %b‘ \0\ &O\'
S
CRC
0.5 ug pDNA/cm?
GIN-8 GIN-28 GCE-28
9_ 9_ 9
2x10 2x10 2x10
1.5x10°4 1.5x10° 1.5x10°4
kkkk
§  1x10° >E§ 13109 T T 1x10%] ukkl
& 5%10% ; L 8 5x108 rres S 5e108 -
[o)] - (o)) —_— (o)) _
£ 1x108 £ 8x107 £ 1x108 il
o) o) {2}
S &0r 3 4x1074 5 8101
I 6x107 I T or 6x107
4x1074 2x107- 4x107
2x1074 T i 2x107- -
0l= T T 01 =F T T ol=r T T
¥ & L @ ® r L& L@ ol S ]
QQ\\ NAUUNMPS N $ 2 NN N NN N S L
S & o T o & ) & Q S ke 3
Lo} Lo} Q\ Q\ > Lol Q( Q'\ %) > '\Q\ \Q\
%Q ‘bb‘ ‘bb ‘bb‘ QJQ ‘bb(
0.5 ug pDNA/cm? 0.5 ug pDNA/cm? 0.5 ug pDNA/cm?

Figure 8. Transfection efficiency of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI and Pr nanocomplexes evaluated
by Luciferase expression. Study performed at 0.5 pg of pDNA/cm?, 48 h post-treatment in US87MG, GIN-8, GIN-
28, and GCE-28 cells. The results were expressed in RLUs/mg of protein (Mean + SEM (n= 3)).

2.3.6. Morphological characterization of glioblastoma spheroids

Glioblastoma spheroids were used as a 3D cell culture model that simulates more reliably
clinical tumors, by resembling more closely the microenvironment and therapeutic response
[41]. As discussed in Chapter I, gene transfection depends on the diameter of the spheroids [6].
The larger spheroid, the higher the distance that the nanocomplexes will have to cross to reach
the tumor core. In the present work, spheroids with a size between 200-300 um were also used
for testing.

2.3.7. In vitro viability assay in glioblastoma spheroids

Viability in the 3D models was tested after 72 h of the removal of the nanocomplexes and
results are expressed relative to the positive control (HEPES, 10 mM (pH= 5.5)). In general,
cytotoxicity data from 3D cell cultures, collected in Figure 9., led to similar conclusions than
2D cell culture assays. PEI nanocomplexes were more cytotoxic than Pr. Besides,
nanocomplexes showed lower cytotoxicity when incorporating 6MHA-PPZ, an effect that was
more significant for PEI-based compositions. Higher viability was observed in GIN-28 and
GCE-28 cell lines as compared to GIN-8, tendency similar to that observed for the same cell
lines for 2D cell cultures. Finally, the LDso of the nanocomplexes for 50% of the glioblastoma
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spheroids was also calculated (Table 3.), and the parameter led to similar conclusions to those
previously stated.
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Figure 9. Cell viability assay after 72 h of the removal of increasing concentrations of 8:0:1 and 8:4:1 (N:C:P)
charge ratios of PEl and Pr nanocomplexes without (black bars) and with (grey bars) the anionic 6MHA-PPZ,

respectively, from 0.33 to 6.67 pg of pDNA/mL in patient-derived glioblastoma spheroids: GIN-8, GIN-28, and
GCE-28 (Mean = SEM) (n= 3)).

Table 3. Median Lethal Dose (LDsp) of nanocomplexes for 50% of the glioblastoma spheroids (GIN-8, GIN-28, and

GCE-28) after 72 h of their removal. The parameter was calculated by extrapolation after the representation of
the normalized NP concentration (Mean + SEM (n= 3)).

Charge ratio
Nanocomplexes g

(N:C:P) LDso
GIN-8 GIN-28 GCE-28

8:0:1 1.151 3.658 2.500
PEI:6MHA-PPZ:pDNA

8:4:1

8:0:1 >6.67
Pr:6MHA-PPZ:pDNA

8:4:1
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In addition to the metabolic cytotoxicity assay, a complementary study where the volume
of the spheroids after 72 h of treatment with nanocomplexes was performed. First, spheroid
volume was analyzed by phase-contrast microscopy images (Figure 10. (a)). Tumor spheroids
incubated with the nanocomplexes seemed to lose their spherical morphology as cellular
extensions from the main mass appeared. These cellular extensions could be considered a
defense mechanism against the nanocomplexes, and they were more evident in spheroids
treated with PEI nanocomplexes, especially those lacking 6MHA-PPZ. In addition, more
extensions were observed in GIN-8 and GIN-28 spheroids in comparison to GCE-28. This cell
dynamism observed in GIN cell lines is justified by their origin in the invasive margin of the
tumor [42], where these glioma cells have the ability to migrate extensively into the brain, and
their significantly more aggressive phenotype than core cells makes them more resistant to
therapy [43, 44].

Tumor volume was calculated from the images using the ImageJ software (Figure 10. (b)).
The data confirmed that Pr nanocomplexes did not reduce the spheroid volume at 72 h, which
remained constant in the three glioblastoma cell lines. In the case of spheroids treated with PEI
nanocomplexes, the results were more diverse: spheroid volume increased for GIN-28, was
constant for GCE-28, and was reduced for GIN-8. The increase in spheroid volume might be
the result of the cellular extensions as a signal of cell stress. In spite of these disparities, the
tumor volume assay supported the conclusions drawn by the metabolic assays where PEI
nanocomplexes were more toxic than Pr, and the prototypes including 6MHA-PPZ had better
compatibility profile.
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Figure 10. (a) Volume images and (b) quantification after 72 h of the removal of increasing concentrations of
8:0:1 and 8:4:1 (N:C:P) charge ratios of PEl and Pr nanocomplexes without (black bars) and with (grey bars) the
anionic 6MHA-PPZ, respectively, in GIN-8, GIN-28, and GCE-28 spheroids (from 0.33 to 6.67 pg of pDNA/mL)

(Mean + SD (n= 4), scale bar= 100 pm, magnification 10x).
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2.3.8. In vitro transfection of glioblastoma spheroids

The transfection capacity of PEI and Pr nanocomplexes with/out 6MHA-PPZ was also
studied in 3D cell culture models. In this case, nanocomplexes were incubated for 12 h with
U87MG, GIN-8, GIN-28, and GCE-28 spheroids, evaluating the expression of Luciferase
protein after 72 h post-treatment. (Figure 11.). In the case of U87MG spheroids, transfection
results were similar to those obtained in 2D, being PEI nanocomplexes the most efficient. This
tendency was not reproduced in the clinical cell culture models, where PEIl and Pr
nanocomplexes performed more similarly. The effect of 6MHA-PPZ was unclear, which
contrasted with previous studies carried out by our research group [6]. Indeed, the main
conclusion of the experiment is that gene nanocomplexes performance is sensitive to the cell
model used, underlining the importance of using clinically relevant models as early as possible.
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Figure 11. Transfection efficiency of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEl and Pr nanocomplexes evaluated
by Luciferase expression. Study performed at 1.5 pg pDNA/mL, 72 h post-treatment in U87MG, GIN-8, GIN-28,
and GCE-28 spheroids. The results were expressed in RLUs/mg of protein (Mean + SEM (n= 3)).

2.3.9. In vivo biodistribution assay in a zebrafish model.

Zebrafish are used as an intermediate between in vitro and in vivo rodent models. It is a
simple and reliable model whose transparency offers the possibility of studying the role of the
interaction of nanocomplexes at the cellular level through biodistribution studies [45]. In the
present work, we evaluated the biodistribution of fluorescently labelled PEI and Pr
nanocomplexes injected intravenously into the Duct of Cuvier of 48 hpf WT zebrafish embryos

(Figure 12.).
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Figure 12. Representative scheme of the intravenous administration of PEl and Pr nanocomplexes into the Duct
of Cuvier (grey area) and relevant anatomical regions of zebrafish embryos. Created in BioRender.com

The physicochemical characteristics of formulations labelled with Cy3-siRNA and with
SiIRNA-GFP (Table 4.) were similar to those of the non-labelled formulations ones in terms of
size, PDI and zeta potential (Table 1.). The controls were selected to verify that intrinsic
zebrafish and free label fluorescence did not interfere with the signal emitted by formulations.
Table 4. Physicochemical characteristics of PEl and Pr nanocomplexes with/out 6MHA-PPZ formulated with Cy3-

siRNA and siRNA-GFP at 8:0:1 and 8:4:1 (N:C:P) charge ratios by mean particle size, polydispersity index (PDI)
and zeta potential (Mean £ SD (n= 3)).

Charge ratio Size Zeta potential
Nanocomplexes PDI
P (N:C:P) (nm) (mv)
Cy3-siRNA
8:0:1 100+ 24 0.222 +25%9
PEI:6MHA-PPZ:siRNA
8:4:1 8216 0.157 +29 %5
8:0:1 180+ 18 0.115 +211%5
PR:6MHA-PPZ:siRNA
8:4:1 1087 0.086 +20%7
siRNA-GFP
8:0:1 146 +1 0.126 +22 %2
PEI:6MHA-PPZ:siRNA
8:4:1 9512 0.164 +30+1
8:0:1 1727 0.108 +21+%1
PR:6MHA-PPZ:siRNA
8:4:1 94+2 0.206 +23 %1

Figure 13. (a) collects the images of WT zebrafish embryos at day 5 after intravenous
injection of the nanocomplexes and controls. When observing the embryos at this time, a strong
fluorescence signal was obtained mainly with PEI/pDNA and PEI/6MHA-PPZ nanocomplexes
(photos: 7-8). These nanocomplexes were mostly located in the yolk sac of the zebrafish. These
results were similar to previous studies, where hyaluronic acid nanocapsules and their
combination with protamine, also formed as reservoir at the yolk sac. The accumulation of the
formulations in this cavity could be due to the effect of its complex components, such as the
yolk syncytial layer, hindering diffusion to other areas of the embryo [26]. In our case, it was
possible to see how a small portion of PEI/6MHA-PPZ formulation diffusing towards the head
area, and even reaching the brain. This behavior could depend on the physicochemical
characteristics of the formulation, especially the particle size. In previous work, our group also
evaluated the diffusion of intravenously injected nanosystems with different sizes and surface
charges [46]. The studies demonstrated that the smallest prototypes reached embryo tissues
such-as brain and visceral organs, justifying the biodistribution obtained with these
nanocomplexes. The fluorescence signal observed did not interfere with the autofluorescence
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from the zebrafish embryo or from the fluorescence of naked Cy3-siRNA or polymers, as their
corresponding controls did not emit any signal (photos: 1-6).

As mentioned in the previous paragraph, there was a statistically significant difference in
the values of the fluorescence signal intensity between PEI and Pr nanocomplexes, and the
formulation with/out the 6MHA-PPZ polyphosphazene. The graphic in Figure 13. (b)
confirmed that PEI nanocomplexes emitted a much stronger fluorescence signal than Pr
nanocomplexes. In addition, this signal was even higher in zebrafish embryos injected with PEI
nanocomplexes containing the polyphosphazene. The signal intensity could be correlated with
the capacity of the cationic polymers to complex the genetic material. The low signal of Pr
nanocomplexes could be due to their strong complexation of sSIRNA, masking the siRNA signal
and making its release difficult [47]. On the other hand, we could see how the addition of the
polyphosphazene improved the efficiency of cationic polymers, facilitating the endosomal
escape by breaking endosome membranes due to the presence of their carboxylic groups [48]
releasing the genetic load more easily [6].
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Non-treated Naked Cy3-siRNA

Fluorescence Fluorescence
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8:0:1 Pr:6 MHA-PPZ:siRNA-GFP 8:4:1 Pr:6MHA-PPZ:siRNA-GFP

Fluorescence Fluorescence

8:0:1 PEI:6MHA-PPZ:Cy3-siRNA 8:4:1 PEL:6MHA-PPZ:Cy3-siRNA

Fluorescence Fluorescence

8:0:1 Pr:6MHA-PPZ:Cy3-siRNA 8:4:1 Pr:6MHA-PPZ:Cy3-siRNA

Fluorescence Fluorescence
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Figure 13. Biodistribution of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEl and Pr nanocomplexes in 48 hpf WT
zebrafish embryos after intravenous administration through the Duct of Cuvier. (a) Images were taken at 5-dpi
with a fluorescence microscope (scale bar= 200 um, magnification 6x). (b) Quantification of fluorescence
intensity from the WT zebrafish embryos treated with controls, 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEIl and
Pr nanocomplexes at 25 pg of siRNA/mL (Mean + SEM (n= 10/condition)).
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2.4. CONCLUSIONS

6MHA-PPZ polyphosphazene is a recently developed anionic polymer with potential gene
delivery properties. Its combination with representative cationic polymers in gene therapy did
not cause significant modifications in their physicochemical properties, but it induced an
increase in the formulation yield. In general, the stability of the polycation/pDNA
nanocomplexes was not affected by the incorporation of the polyphosphazene under storage
conditions nor in different biorelevant media. The presence of 6MHA-PPZ experienced a clear
reduction in the cytotoxicity of the nanocomplexes, especially of PEI/pDNA nanocomplex in
2D monolayer and advanced 3D models of primary patient-derived glioblastoma cells. In
general, the polymer/pDNA nanocomplexes in presence of this anionic polyphosphazene
showed better transfection efficiency than the original polycation system, especially the
Pr/i6MHA-PPZ nanocomplex. However, a dependence of its yield as a gene nanocarrier and the
cell model to be used was highlighted. Finally, the addition of the polyphosphazene improved
the efficiency of the cationic polymers, especially the biodistribution of PEI nanocomplexes in
in vivo models of zebrafish embryos with their accumulation in the yolk sac and some particles
displaced towards the head area. Overall, the data indicated the advantages of associating the
6MHA-PPZ to cationic nanosystems for more effective gene delivery.
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Chapter 111

Protamine nanocapsules as gene delivery carriers for
the treatment of intraocular tumors

ABSTRACT

Uveal melanoma (UM) is the most common primary intraocular tumor in adults, where it
appears mainly in the choroid, the ciliary body, or the iris. The standard treatment is based on
radiotherapy, chemotherapy by intravitreal injection of drugs and/or surgery, including
enucleation in severe cases. Alternative treatments have been explored due to the unpleasant
side effects, and frequent recurrence and metastasis observed after the standard treatment. Gene
therapy is a promising choice capable of targeting specific pathways in UM cells by introducing
tumor suppressor sequences that are rendered therapeutically effective by the use of gene
delivery vectors. In the present work, the use of protamine nanocapsules (Pr NCs) as vehicles
for the administration of genes has been studied due to their intrinsic capacity of encapsulation
and protection of nucleic acids such as pDNA and miRNA, their biocompatibility, and their
delivery efficacy. Pr NCs were formulated by the solvent displacement technique and consisted
of spherical oily droplets surrounded by a protamine shell. The formulation was composed of
particles with a size below 250 nm and positive surface charge. Previous studies showed that
Pr NCs had adequate quality attributes for their use as topical ocular delivery vehicles, which
is less invasive than intravitreal injections. Short-term stability of Pr NCs for up to 4 hours (h)
in simulated tear fluid (37 °C, pH=7.4) was studied. In addition, the colloidal stability was also
analyzed in cell culture medium, and under storage conditions (4 °C) for one month, obtaining
satisfactory results. Furthermore, Pr NCs showed efficient association of nucleic acids as
confirmed by agarose gel electrophoresis. In vitro assays demonstrated that Pr NCs exhibited
low cytotoxicity on UM cells and an efficient internalization in the cytoplasmic compartment.
The permeabilization capacity of the NCs in a 3D corneal model was evaluated by measuring
the transepithelial electrical resistance (TEER). Finally, transfection studies using increasing
doses of plasmid DNA revealed an efficient ability of these NCs to transfect UM cells. The
results suggested that the developed NCs could be further considered for a safe and suitable
treatment method of intraocular tumors by gene therapy.
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3.1. INTRODUCTION

Ocular tumors are unique among vision- and life- threatening eye diseases [1]. The origin of
these tumors can be either on the surface or in the internal part of the eye, and they can involve
structures secondary to the metastatic spread of cancer in other parts of the body [2]. The most
common malignant intraocular tumors are retinoblastoma in children and UM in adults [3]. The
latter originates from the melanocytes of the uvea comprising the pigment tissues of the iris
(anterior segment of the eye), the ciliary body, and the choroid [4]. Its average annual incidence
depends on the ethnic groups and regions ranging from 5 to 7 cases per million in northern
Europe and United States, 8 cases per million in Australia, and the lowest rates are found in
Asian, Hispanic, and Black population in the last 30 years [5-7]. Therefore, the high mortality
rate of this tumor justifies the urgent development of effective treatments [8]. Conventional
treatment depends on the characteristics of the lesion, such as location of the tumor, magnitude,
its spreading, as well as, the patient’s health and age [9]. Most cases of UM originate in the
choroid (90%), followed by the ciliary body (7%) and the iris (3%) [10], and are treated by a
combination of selective surgery, chemotherapy and/or radiotherapy [8]. However, as a
consequence of the poor response to this treatment, gene therapy also has also been studied as
a new approach [11-14].

As mentioned in previous chapters, gene therapy is based on the administration and
delivery of exogenous genes to cells using viral and non-viral systems, where the latter have
increasingly acquired a more important role. Our research group has investigated several
platforms of non-viral nanosystems [15, 16] composed mainly by natural polymers, such as
chitosan and protamine [17-19], synthetic polymers such as poly(lactic-co-glycolic acid)
(PLGA), polylactic acid (PLA), polyethylene glycol (PEG), poloxamines, poly(ethylene oxide)
and polyphosphazenes, or the combination thereof [20-22]. Nanocarriers based on chitosan,
hyaluronic acid [23-26], polyarginine and protamine [27] have stood out as promising vehicles
for drug and gene delivery to the eye [28-32]. In the case of intraocular tumors, the most
common administration route of nanocarriers is the intravitreal injection, as it offers good
bioavailability in the retina due to its proximity. However, this route is highly invasive and
carries the risk of serious side effects such as retinal hemorrhage, and/or detachment,
endophthalmitis and cataracts [33]. Topical delivery is a preferred non-invasive route to treat
such diseases as UM, affecting the posterior segment of the eye [34].

Currently, more than 90% of the formulations in the global ophthalmic drug market are eye
drops [35], despite the adversities of the rapid and extensive precorneal loss due to the high
turnover of lacrimal fluid, nasolacrimal drainage, reflex blinking, and induced tearing [34]. In
addition to the physical barriers of the eye, the corneal epithelium is composed of multiple
layers of tightly knit epithelial cells and it represents the main biological barrier to topical drug
absorption [36]. Several types of nanocarriers have been explored as tools to enhance the
efficacy of topical administration [37]. In fact, several studies based on polymeric nanoparticles
(NPs) showed that they could be suitable delivery systems to enhance corneal transport, to solve
problems of repeated administration, and to protect therapeutic molecules from degradation
[38]. Our research group has successfully developed new formulations based on protamine and
polyarginine, with promising properties for topical instillation loaded with different therapeutic
molecules such as cyclosporine A or vitamin A [27].

In the present work, Pr NCs were explored as gene delivery carriers for the treatment of
UM. In addition to the above-mentioned advantages of this nanosystem for ocular delivery [27],
low molecular weight protamine has high translocation capacity across the cell membrane, as
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well as, and high gene delivery capacity [39]. These NCs also presented a hydrophobic oily
core of DL-a-tocopherol (vitamin E), chosen for its ability to protect cells from oxidative stress
damage [38] [40-42], as well as, surfactants and co-surfactants to improve carrier stability and
enhance interaction between the oily core and the polymer [43, 44].
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3.2. MATERIALS AND METHODS
3.2.1 Material

Protamine sulfate salt (Mw-5 kDa, European Pharmacopeia (EP) grade) was obtained from
Yuki Gosei Kogyo LTd. DL-a-Tocopherol was obtained from EMD Millipore Corp. Tween-
80 was from Acofarma, and the cholic acid sodium salt was from Dextra Technologies. The
ethanol 96% (v/v) for reversed phase polarity HPLC was purchased from VWR International
Eurolab, S.L.U. and acetone for HPLC Isocratic Grade was from Carlo Erba Reagents S.A.S.
Agarose (100 g), heparin sodium salt from porcine mucosa (25 KU), loading-buffer 10X, Agar
(250 g), Tris-Acetate-EDTA (TAE) buffer 10X (1 L), sodium chloride (NaCl) BioXtra >99.5%
(AT) (1 kg), sodium dodecyl sulfate (SDS) (250 g), phosphotungstic acid (sodium salt),
potassium chloride (KCI), calcium chloride (CaClz 2-H.0O) and magnesium chloride (MgCl.),
insulin (5 mL), hydrocortisone (10 mL), triiodothyronine (1 mg), methyl acetate 99.5% (100
mL), adenine (24 mg/mL), fluoromount® aqueous mounting medium (25 mL) and Mayer’s
Hematoxylin solution (1 L) were purchased in Sigma-Aldrich. Triton-100X 99% (50 mL) and
SYBR®Gold Nucleic Acid Gel Stain 50X (0.5 mL) were purchased from VWR and Scharlab
S.L., respectively. Cellular membrane (MW = 3.5 kDa, 16 mm dry, I.D 35 feet, SnakeSkin™),
diethyl pyrocarbonate ultrapure (DEPC) >97% (25 mL), LIVE/DEAD™ Fixable Aqua Dead
Cell Stain Kit 405 nm excitation (200 assays), Lipofectamine®2000 Transfection Reactive (0.75
mL) and sucrose 99% (1 kg) were from Thermo Fisher Scientific™. 5-
carboxytetramethylrhodamine succinimidyl ester single isomer (5-TAMRA) (5 mg) and 4°,6-
diamino-2-phenylindole (DAPI) (10 mg) were purchased from Emp-Biotech and Biochem,
respectively. CellTiter Blue® Cell Viability Assay (20 mL) was obtained from Promega. The
decontamination solution RNase-free AWAY (475 mL) (18430457) and UltraPure™
DNase/RNase-Free Distilled Water (500 mL) were from Molecular Bioproducts. The 10% (v/v)
neutral buffered formalin (1L) was obtained from Bio-Optica. Sodium bicarbonate (NaHCO:3)
99% (2500 mg) was purchased from Alfa Aesar, and dimethyl sulfoxide (DMSO) (1 L),
paraformaldehyde 99% (2.5 kg) and Eosin Y were purchased to Merck. The p-Slide-8-well (1.5
polymer coverslip, tissue culture sterilized) was purchased from 1bidi®. The Rabbit monoclonal
antibody to B-catenin was from Abcam. The Alexa Fluor 594 Goat anti-rabbit secondary
antibody was obtained from Molecular Probes. In Situ Cell Death Detection Kit (TMR red) was
from Roche Diagnostics.

Regarding the cellular culture, Roswell Park Memorial Institute Medium 1640 1X (RPMI)
([+]L-Glutamine, [+] 25 mM HEPES) (500 mL), Dulbecco’s Modified Eagle Medium:Nutrient
Mixture F-12 (DMEM:F12) (500 mL), Opti-Minimum Essential Medium | 1x Reduced Serum
Medium (Opti-MEM) ([+]HEPES, [+]2.4 ¢g/L Sodium Bicarbonate, [+]L-Glutamine) (500 mL),
the Fetal Bovine Serum Qualified (FBS) (500 mL), Penicillin-Streptomycin (P/S) ([+]10000
Units/mL Penicillin, [+]10000 pg/mL Streptomycin) (100 mL), L-Glutamine 2 mM (100 mL),
Hank’s Balanced Salt Solution (HBSS) (500 mL) and 0.05% Trypsin 1X-EDTA (500 mL) were
from Gibco (Life-Technologies). The Phosphate-Buffered Saline 1X (PBS) (pH=7.2) (500 mL)
was prepared in the laboratory.

The pEGFP-Luc plasmid sequence was a kind donation by the group of Prof. Anxo Vidal
(CiMUS, Universidad de Santiago de Compostela), and it was produced by the PureLink
HiPure Expi Plasmid Gigaprep Kit was from Invitrogen. The Cy5-modified siRNA were
purchased from Eurofins MWG Operon.
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3.2.2. Formulation of protamine NCs

Pr NCs were formulated by a solvent-displacement method as described in previous works
of our group [39] [45]. The stock solutions of protamine and cholic acid sodium salt were
prepared in Milli-Q water at 0.5 mg/mL and 250 mg/mL, respectively. The vitamin E and
tween-80 were dissolved in ethanol at 133.34 mg/mL and 21.34 mg/mL, respectively. The
organic phase was prepared with 0.375 mL of vitamin E, 0.375 mL of tween-80, 0.016 mL of
cholic acid sodium salt and 4.25 mL of acetone. After complete mixing, the organic phase was
added to the aqueous phase composed by 10 mL of protamine, and heterogeneous phase was
stirred for 10 min at room temperature (RT). The organic solvent was evaporated using a
rotavapor (Rotavapor® R-300, BUCHI) to get a final volume of 5 mL of aqueous NC
suspension. The formulation was centrifuged using an ultracentrifuge Beckman Coulter
(Optima™ L-90K Ultracentrifuge) for 1 h at 30,000 revolution per minute (rpm) at 15 °C.
Finally, the purified Pr NCs forming a cream were separated and resuspended in 5 mL of Milli-
Q water obtaining a final concentration of 13.4 mg/mL.

3.2.3. Morphological and physicochemical characterization of protamine NCs

The NCs were characterized with respect to particle size, polydispersity index (PDI) and
surface charge (zeta potential). The particle size and PDI of blank Pr NCs diluted in Milli-Q
water (1:10 (v/v)) were characterized by Photon Correlation Spectroscopy (PCS) and the zeta
potential was measured by Laser Doppler Anemometry (LDA) using the Zetasizer Nano-ZS™
(Malvern Instruments) at 25 °C with a detection angle of 173°. All measurements were done in
triplicate. Morphology was analyzed by Scanning Transmission Electron Microscopy (STEM)
and Field Emission Scanning Electron Microscopy (FESEM) (FESEM Ultra Plus, ZEISS,
Germany) using a voltage of 20 kV and SE/InLens as detectors. For this purpose, a dilution of
the formulation (1:100 (v/v)) in Milli-Q water was stained with 2% (w/v) phosphotungstic acid
and deposited on a copper grid.

3.2.4. Nucleic acid association and release

To associate different nucleic acids, such as pDNA (pEGFP-Luc) and miRNA (miRNA-
145), the formulation was first diluted to a final concentration of 9 mg/mL. Then, 0.2 mL of
this dilution were mixed with 0.05 mL of a nucleic acids solution at theoretical loadings (1; 1.5
and 2.5% (w/w) of pDNA). The mixture was incubated under stirring for 1 h at RT. The
association was determined by agarose gel electrophoresis at 1% (w/v) for pDNA and 2% (w/v)
for miRNA using TAE buffer 1X. A maximum of 0.135 ug of pDNA and 1 pg of miRNA
labelled with SYBR® Gold were loaded per lane. In addition, the same formulations were also
incubated with an excess of heparin at 1 mg/mL (25-fold with respect to the amount of
PDNA/mMIRNA) for 2 h at 37 °C. The gel was run for 45 min in a Sub-Cell GT 96/192 (Bio-Rad
Laboratories Ltd.) at 90 V. Gels were imaged using Molecular Imager® Gel Doc™ XR* System
(UV light 302; Bio-Rad). The same protocol was followed in the case of Pr NCs loaded with
1% and 2.5% (w/w) of pDNA, and incubated in simulated lacrimal fluid (SLF) at 37 °C at
different time points (t= 0 h, 30 min, and 4 h).

3.2.5. Stability of blank and loaded protamine NCs

First, the stability of blank and nucleic acid-loaded Pr NCs (1% and 2.5% (w/w) of pDNA)
stored as aqueous suspension for one month at 4 °C (dilution 1:10 (v/v)) was evaluated. The
stability of the formulation was also evaluated in RPMI medium with/out 10% (v/v) FBS and
1% (v/v) of P/S, at 37 °C and under horizontal shaking at 300 rpm, for a total time of
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4 h. In addition, the NCs loaded with 1% and 2.5% (w/w) of pDNA were also analyzed in SLF
at pH= 7.4 (0.18% KClI, 0.63% NaCl, 0,006% CaCl, 2-H>O and 0,01% MgCl.) as relevant
biological medium, also for 4 h. The size, PDI, zeta potential and derived count rate (DCR)
were determined as described in the section 3.2.3. The measurements were done in triplicate.

3.2.6. Cell culture

The bi-dimensional (2D) in vitro assays were performed in a UM cell line donated by the
Nano-Oncology and Translational Therapeutics Group and Obesidomics Group (Fundacién
Instituto de Instituto de Investigacién Sanitaria de Santiago de Compostela (IDIS), Hospital
Clinico Universitario de Santiago (CHUS)). The cells were cultured in RPMI medium
supplemented with 10% (v/v) of FBS and 1% (v/v) of P/S at 37 °C with 5% of CO, and 95% of
relative humidity (Memmert INCO 2, (1.C.T, S.L.)).

The three-dimensional (3D) in vitro assays were performed in collaboration with the
Laboratory of Cellular Biology and Innervation of the Ocular Surface (Fundacion de
Investigacion Oftalmoldgica (FIO), Instituto Universitario Ferndndez-Vega, University of
Oviedo) in a 3D Reconstructed human Corneal Epithelium (RhCE, described in section
3.2.6.1.). All cell strains used for the 3D model were derived from corneal donor rims specimens
obtained after isolation of the central corneal button for transplantation. They were grown in
QN medium composed by DMEM:F12, 10% (v/v) FBS, 5 mg/mL of insulin, 0.4 mg/mL of
hydrocortisone, 1.3 ng/mL of triiodothyronine, 24 mg/mL of adenine, L-Glutamine 2 mM, and
1% (v/v) antibiotic mix, and cultured at 37 °C with 5% of CO2 and 95% of relative humidity
(Thermo Scientific). All cells were screened for bacteria, yeast, and fungi. All tissue donors
were also tested negative for HIV and hepatitis B and C. Cells from different donors were not
pooled together.

3.2.6.1. Generation of 3D corneal model

The QobuR-RhCE model is constituted by human corneal epithelial cells that form a
stratified squamous cellular superstructure resembling a healthy human corneal epithelium [46,
47]. Briefly, 5x10* corneal-limbal primary epithelial cells/cm? were seeded in polycarbonate
12-well transwell inserts (Corning) and placed in 12-well cultures plates (Sarstedt). The cells
were cultured in absence of feeder cells using the QN medium optimized for the expansion of
the epithelial cells without 10% (v/v) FBS. To promote 3D differentiation, the models were
cultured at the air-liquid interface for 7-10 days until TEER values were between 750-2,500
Qcm? based on historical data on model production [48].

3.2.7. In vitro cytotoxicity studies

In order to study the effect of blank Pr NCs on cell viability, the CellTiter-Blue® Cell
Viability Assay was performed using resazurin as a viability reagent. A total amount of 3x10°
of UM cells/well were seeded in 96-well plates (Costar, Corning Incorporated) in a final volume
of 0.100 mL of supplemented RPMI cell culture medium incubating them during 72 h at 37 °C.
At this point, seven concentrations of blank Pr NCs (1.34, 0.67, 0.34, 0.17, 0.09, 0.05 and 0.03
mg/mL) were tested using a dilution of 1:10 (v/v) in supplemented RPMI medium. Sterile
filtered Milli-Q water was used as positive control and 1% (v/v) triton-X100 was used as
negative control. The incubation with NCs and controls was for 4 h at 37 °C. After that time,
the cells were washed with 0.100 mL of PBS 1X and incubated in fresh supplemented medium
for 24 h and 48 h and then, 0.02 mL of CellTiter-Blue® Cell Viability was added incubating the
cells for 3 h at 37 °C covering the plate with aluminum foil. The conversion of resazurin to
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resorufin was stopped by adding 0.05 mL of SDS 3% (w/v) incubating for 30 min at 37 °C.
Fluorescence signal was measured at 539 nm of excitation wavelength (Aex) and 620 nm of
emission wavelength (Aem) in @ Synergy H1 microplate reader (Biotek) by Gen 5 Software in
black 96-well plates (BrandPlates® pure Grade, Brand). The percentage of viability was
calculated as follows:

Cell vigbility (%) = Sample Fluorescence 100 (1)
et VIADLLY R70) = Control cells Fluorescence

3.2.8. Cellular uptake

To study the NC-internalization, protamine was labelled with the fluorescent reagent 5-
TAMRA following the same protocol described in section 1.2.8.1. of Chapter I, and fluorescent
protamine was used at 1 mg/mL of concentration. The uptake study of this nanosystem in UM
cells was qualitatively analyzed by CSLM (Leica TCS SP5 X, Leica Microsystems, GmB) and
quantitatively by flow cytometry (BD Accuri™ C6 Flow Cytometer).

For confocal microscopy, 4.5x10* UM cells/well were seeded in 24-well plates (Falcon),
using 12 mm diameter glass round Poly-L-Lysine coated coverslips (Corning, BioCat™) in a
final volume of 1 mL of supplemented RPMI medium. The cells were incubated for 24 h at 37
°C before the experiment. The culture medium was replaced with 54 pg/cm? of Pr-TAMRA
NCs in a final volume of 0.4 mL of fresh supplemented cell culture medium incubating for 4 h
at 37 °C. Untreated cells were used as negative control. After this, cells were fixed using
commercial 10% (v/v) neutral buffered formalin (0.350 mL) incubating for 15 min under
horizontal agitation (Rocker, VWR) at RT. Then, a dilution 1:1000 (v/v) of DAPI (stock
concentration: 1 mg/mL in PBS 1X) was added and incubated for 30 min, and, finally, the
coverslips were placed on slides (Menzel-Glaser, Thermo Scientific) using fluoromount®
aqueous mounting medium to their visualization in confocal microscope (magnification 20x,
21.25) (Aex/Aem (DAPI) = 358/461 nm and (Aex/Aem (5-TAMRA) = 543/578 nm) by the LAS X
Life Science Software.

For flow cytometry, cells incubated with Pr-TAMRA NCs were treated with 0.2 mL of
LIVE/DEAD™ Fixable Aqua Dead Cell Stain reagent diluted in PBS 1X buffer. Cells were
incubated with this reagent for 15 min under horizontal agitation at RT. After washing, the cells
were detached using 0.05% Trypsin 1X-EDTA for 5 min at 37 °C and were centrifuged
(Centrifuge 5430R, Eppendorf) for 5 min at 200 RCF at 22 °C obtaining a pellet which was
resuspended in 0.5 mL of PBS 1X buffer supplemented with 10% FBS (v/v). Finally, a
maximum of 10,000 events were excited at 488 nm using filters BP 575/25 for 5-TAMRA, and
at 405 nm using filters BP 515/20 for Aqua. Results were analyzed by BD CSample Software
(BD Biosciences, CA).

3.2.9. Transfection assay in uveal melanoma cells

The plasmid encoding the Enhanced Green Fluorescent Protein (EGFP) and Luciferase
protein (Luc) (pEGFP-Luc) was used for transfection studies. In this case, 2.5% of pDNA, with
respect to the total mass of NCs was selected for the transfection studies.

A total amount of 4.5x10* UM cells/well were seeded in 24-well plates (Falcon) in a final
volume of 1 mL of supplemented RPMI medium. After 24 h, the cells were treated with: (i)
0.5, 1 and 2.5 pg of pDNA/well, (ii) naked pEGFP-Luc (negative control), and (iii)
Lipofectamine® 2000 reagent prepared under the specifications of the commercial protocol
(positive control) in a final volume of 0.2 mL of non-supplemented Opti-MEM, incubating for
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4 h at 37 °C. After removal of the NCs and the corresponding washes, 1 mL of fresh
supplemented RPMI medium was added and the cells were incubated again for 24 h and 48 h.
EGFP expression was observed by fluorescence microscopy using the Thunder microscope
(Leica Microsystems, GmB) and the LAS X Life Science Software. For flow cytometry, the
cells were detached using 0.120 mL of 0.05% Trypsin 1X-EDTA for 5 min at 37 °C and then,
the enzyme was deactivated using 0.280 mL of supplemented cell culture medium. Finally, the
cells were centrifuged (Centrifuge 5430R, Eppendorf) for 5 min at 200 RCF at 22 °C obtaining
a pellet, which was resuspended in 0.5 mL of PBS 1X buffer supplemented with 10% FBS (v/v).
A maximum of 10,000 events were excited at 488 nm using the filter BP 525/50 for EGFP and
they were analyzed by BD CSample Software (BD Biosciences, CA).

3.2.10. Permeability assay in 3D inserts

TEER was measured using a pair of Ag/AgCI chopstick electrodes connected to a Millicell
ERS-2 epithelial volt-ohm meter (Millipore). For this purpose, the inserts containing day-10
QobuR-RhCE models were washed with HBSS medium, and the TEER was measured before
adding samples to obtain initial basal resistance. Three TEER registers were obtained for each
measurement. Then, the QobuR-RhCE inserts were treated with 0.3 mL of (i) sterile distilled
water (H-Od) as negative control of barrier disruption, (ii) methyl acetate as positive control of
barrier disruption, (iii) Pr-TAMRA NCs (13.4 mg/mL) and, (iv) Pr NCs associated with 2.5%
(w/w) of pDNA (2.5 ug of pDNAVinsert). The controls and samples were incubated for 4 h at
37 °C. After this time, the QobuR-RhCE models were washed with HBSS medium, and the
TEER of each sample was again measured to obtain final resistance. Measurements were
corrected against the values obtained for the empty control wells. The percentage of the TEER
was calculated as follows:

p bilit TEER (%) = post — treatment TEER 100 @)
ermeantity o= pre — treatment TEER x

3.2.10.1. Histological and immunohistochemical analysis

A complementary assay to analyze the morphology and integrity of the epithelial barrier in
the QobuR-RhCE models with respect to the permeability of Pr-TAMRA NCs and Pr NCs
associated with 2.5% (w/w) of pDNA was carried out by immunofluorescence detection.

For this purpose, after 4 h, the insert membranes carrying the QobuR-RhCE with samples
and controls were fixed by immersion in 4% (w/v) buffered paraformaldehyde for 1 h at RT,
cryoprotected in 30% (w/v) sucrose, embedded in Optimum Cutting Temperature compound
(OCT) (Tissue-Teck®) and snap frozen in liquid nitrogen. Transversal sections of 5 pm were
obtained with the help of a cryostat microtome (Microm HM550 cryostat, Microm International
GmbH) and they were collected in microscope slides (Thermo Scientific). The fluorescence
technique was carried out as follows: these sections of 5 pm were stained with Mayer’s
Hematoxylin solution and Eosin Y for general histology evaluation. After that, equivalent
samples were incubated overnight with a dilution 1:200 (v/v) of Rabbit monoclonal antibody to
[B-catenin, and revealed with a complementary Alexa Fluor 594 Goat anti-rabbit secondary
antibody (dilution 1:200 (v/v)). Cell nuclei were counterstained with a solution of DAPI at 2
pg/mL. The terminal deoxynucleotidyl transferase (TUNEL) histochemical assay was
performed according to the manufacturer’s instructions to visualize cells undergoing apoptosis
(In Situ Cell Death Detection Kit, Tetramethylrhodamine, Roche Diagnostics GmbH). Finally,
the sections were examined under Leica DM 6000 fluorescence microscope by the LAS X Life
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Science Software (Leica Microsystems GmbH) (Aex/Aem (DAPI) = 358/463 nm using excitation
filter 360 nm, (Aex/Aem (Alexa Fluor 594) = 590/617 nm using excitation filter 560 nm, Aex/Aem
(tetramethylrhodamine) = 540/580 nm using excitation filter 560 nm, magnification 40x). If the
samples were not observed at the time, they were stored at -20°C.

3.2.11. Statistical analysis

Results were statistically evaluated by two-way ANOVA followed by Tukey’s method, if
not stated otherwise. All statistical analyses were conducted using GraphPad Prism Software
(version 8.0 for windows). A p value < 0.05 was considered to be significant (* p< 0.05; ** p<
0.01; *** p< 0.001; **** p< 0.0001). Each experiment was performed independently three
times in triplicate, if not stated otherwise.
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3.3. RESULTS AND DISCUSSION
3.3.1. Physicochemical characterization of protamine NCs

Pr NCs were prepared using a solvent-displacement method optimized by our research
group [16] [39] [44] [49, 50]. The addition of the oily phase to the aqueous phase under stirring
precipitates the lipid components as the polar solvent diffuses into the aqueous phase. The
cationic polymer interacts electrostatically with the oil nanodroplet forming a polymeric shell
surrounding them [51]. In this work, the NCs were composed by a hydrophobic oily core of
vitamin E, which is reported to present beneficial effects on corneal wound healing [27].
Protamine was selected for its cell penetrating properties [39]. Tween-80 was selected as non-
ionic surfactant to disperse the oil in the external aqueous phase, and to prevent the particle
aggregation [43]. Cholic acid sodium salt was selected as co-surfactant due to their penetration
enhancing properties [44]. The formulation was composed of a homogeneous population of
blank particles with a size below 250 nm, low PDI, and positive surface charge (Table 1.).
Regarding their morphological characteristics, STEM images showed a formulation composed
by individual particles with spherical shape (Figure 1.).
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Figure 1. STEM images of blank Pr NCs formulated with tween-80 as surfactant (scale bar= 200 nm).

PEGFP-Luc and miRNA-145 were associated to Pr NCs, selecting 1% and 2.5% (w/w) of
pDNA payload, and 1.5% (w/w) of miRNA payload, with respect to the total mass of the NCs.
The results collected in Table 1. showed a slight increase in the size of loaded NCs compared
to blank. This could be explained by a rearrangement of the polymeric protamine shell upon
the incorporation of the nucleic acids. For the same reason, important changes in the surface
charge of formulation were observed. The NCs loaded with both pDNA, and miRNA acquired
negative zeta potential, indicating the surface association of both nucleic acids. In the case of
plasmid DNA, the surface charge became increasingly negative as more pDNA was associated:
-31 mV with 1% of pDNA and -42 mV with 2.5% (w/w) of pDNA.

Table 1. Mean particle size, polydispersity index (PDI) and zeta potential of blank Pr NCs, and loaded with 1%
and 2.5% (w/w) of pDNA and 1.5% (w/w) of miRNA, respect to the total mass of the NCs (Mean + SEM (n= 3)).

Pr NCs (:;irz:) PDI Zeta(r:‘:):;ntial
Unloaded 242 + 40 0.121 +33+11
1% (w/w) of pDNA 345 + 39 0.260 31+4
2.5% (w/w) of pDNA 337131 0.227 -42 13
1.5% (w/w) of miRNA 274+ 48 0.097 -15+3
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The STEM and FESEM images of pDNA-loaded NCs also showed a homogenous
population of spherical particles (Figure 2.).
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Figure 2. STEM and FESEM images of Pr NCs associated with 1% and 2.5% (w/w) of pDNA, respect to the total
mass of the NCs (scale bar= 100 and 200 nm).

The nucleic acid association was analyzed by agarose gel electrophoresis in the
presence/absence of heparin. As mentioned in section 1.3.1. of Chapter I, heparin is a sulfated
glycosaminoglycan with strong negative charge and high affinity for protamine, and was used
here as a competitor to displace the polynucleotides from their binding with the NCs [52]. After
2 h of incubation at 37 °C, a band for pDNA could be observed for NCs with the two loadings
(Figure 3.). This band was more marked when heparin was incubated with the NCs (lane 2),
suggesting partial association of pDNA to the NCs, and the release of the encapsulated
polynucleotide in the presence of a competitor. Comparing the association between both types
of nucleic acids, a greater efficiency was observed for miRNA than for pDNA. miRNAs are
short-stranded RNA, approximately 22 nucleotides in length, much shorter than plasmids [53],
which allowed a larger number of them establish stronger interactions with the outer polymeric
shell and part of them could encapsulate between the polymer and the oily core.
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Figure 3. Agarose gel images of blank Pr NCs loaded with (a) 1% (w/w) and (b) 2.5% (w/w) of pDNA, and (c) 1.5%
(w/w) of miRNA, respect to the total mass of the NCs (lane 1). The amount of nucleic acids per lane was 0.135
ug in pDNA and 1 pg in miRNA. The Pr NCs were incubated with heparin 2 h at 37 °C using the mass ratio 1:25
(w/w) heparin:nucleic acid (lane 2).

3.3.2. Stability of protamine NCs
3.3.2.1. Stability at storage conditions

In the present work, the stability of blank and nucleic acid-loaded Pr NCs was analyzed for
30 days at 4 °C. Figure 4. showed that size and PDI, the surface charge, and the count-rate of
the blank formulation remained constant under these conditions. In the NCs associated with 1%
and 2.5% (w/w) of pDNA, similar results were observed.
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Figure 4. Stability of aqueous suspensions of blank Pr NCs and loaded with 1% and 2.5% (w/w) of pDNA, respect
to the total mass of NCs, measuring the (a) particle size and polydispersity index (PDI), (b) zeta potential, and
(c) derived count rate (DCR) at storage conditions for 30 days (Mean = SEM (n= 3)).

3.3.2.2. Stability in cell culture medium

To determine the feasibility of the formulations for in vitro testing, the stability of Pr NCs
was studied in cell culture medium. Blank Pr NCs experienced a slight increase in the size due
to the loss of charge-induced stability in buffered media, causing the aggregation of the particles
(Figure 5. (a)). However, the presence of FBS helped to control this aggregation process,
probably thanks to the adsorption of proteins on the surface of the NCs that would render the
surface of the nanocarrier more stable. When NPs aggregate not only their size increases, but
the number of particles in suspension is reduced. As expected, a decrease in the DCR values
was observed in culture media confirming the aggregation and possible precipitation of these
particles (Figure 5. (b)). Regarding the stability of nucleic acid-loaded NCs, the results were
similar to blank Pr NCs, but better colloidal stability was observed for Pr NCs loaded with 2.5%
(w/w) of pDNA.
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Figure 5. Stability of blank and loaded Pr NCs with 1% and 2.5% (w/w) of pDNA, respect to the total mass of NCs,
measuring the (a) particle size (bars) and polydispersity index (PDI) (dots) and (b) derived count rate (DCR) at 37
°C for 0, 2 and 4 h in supplemented and non-supplemented RPMI cell culture medium (Mean = SEM (n= 3)).

3.3.2.3. Stability in simulated lacrimal fluid

Considering the envisaged administration route, the stability of Pr NCs associated with
different percentages of plasmid was studied in SLF at different time points (0 h, 30 min, and
4 h) at 37 °C [54]. Figure 6. (a) showed that the size of Pr NCs associated with pDNA
experienced a slight increase in this medium, and this was most noticeable with 1% (w/w) of
pDNA. As previously mentioned in section 3.3.2.2., this effect together with the decrease in the
DCR (Supporting information: Figure S2.) indicated a mild aggregation process. However, we
consider that in vivo contact times will be much shorter than the 4 hours investigated herein.

Regarding the plasmid association and release, Figure 6. (b) showed an effective and
reversible binding of the genetic material (lane 1), releasing pDNA in intact form (lane 2) [55].
Association was most effective in the 1% (w/w) of pDNA formulation. We also observed that,
in the 2.5% (w/w) of pDNA formulation, bands were less intense at 4 h than at the other time
points. This could be due to pDNA not being completely associated with the NCs, which could

result in partial degradation over time. pDNA that was associated remained intact during this
time.

175



SHEILA BARRIOS ESTEBAN

1 Water Simulated Lacrimal Fluid
(8] (8] (8]
= =1 =1
- = -
& g &
i} 1% (W/w) of pDNA _
4x102 1.0 2 1 2 2 1 2 2 1 2
g . : : :
S a0z . T 8 08 g - g g
g g - g
0] r0.6 T
T 2x1024 )
S Lo.4 — _
g p—
c 2. —
g 1x10 o ® A i o2 f— —— p— [ —
= Ll °
0 T = T 0.0
Oh 30 min 4h t=0h t=30 min t=4h
Time %) Q %)
=] 3 3
- = -
& & &
o 2.5% (ww)of pDNA
4x10 1.0 2 1 2 2 1 2 2 1 2
/E~ o Qo o
£ e - —~ _ tos b ° T
o 3x102 = X — 3 X
% © b © = ©
@ 06 2 2 2
T 2x1024 g
5 0.4 — — _— —_
—
c 2l le f— P
é 10 * ° N * s 0.2 — — -— —
0 T — T 0.0
Oh 30 min 4h t=0h t=30 min t=4h

Time

(a) (b)

Figure 6. (a) Stability of loaded Pr NCs with 1% and 2.5% (w/w) of pDNA, respect to the total mass of NCs,
measuring the particle size (bars) and polydispersity (PDI) (dots) at 37 °C for 0 h, 30 min and 4 h in SLF (Mean +
SEM (n= 3)). (b) pDNA association evaluated by gel electrophoresis of Pr NCs loaded with 1% and 2.5% (w/w) of
pDNA, respect to the total mass of the NCs, after incubation at 37 °C for 0 h, 30 min and 4 h in SLF (lane 1). The
amount of nucleic acids per lane was 0.135 pg in pDNA. The Pr NCs were incubated with heparin for 2 h at 37 °C
using the mass ratio 1:25 (w/w) heparin:nucleic acid (lane 2).

Overall, due to the results of NC stability, and those of the nucleic acid association, the
formulation with 2.5% (w/w) of pDNA loading was selected for transfection assays.

3.3.3. Cell viability in uveal melanoma cells

As mentioned in previous chapters, cytotoxicity of nanocarriers is one of the most
important factors limiting their medical application [56]. The physicochemical characteristics
of the NCs such as size and surface charge, their hydrophobicity, and their supramolecular
structure are parameters that define their biocompatibility and cellular interactions [57]. In the
present work, the biocompatibility of Pr NCs was evaluated in UM cancer cells by a metabolic
assay. Pr NCs did not compromise the cell viability neither at 24 h and 48 h post-incubation
(Figure 7.). Indeed, metabolic activity values experienced a slight increase at 48 h, which might
be as a consequence of cell growth.
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Figure 7. Cell viability assay after 24 h (light-blue bars) and 48 h (dark-blue bars) of the removal of increasing
concentrations of blank Pr NCs from 30 to 1340 pg/mL in UM cancer cells (Mean = SEM (n= 3)).

3.3.4. Uptake of protamine NCs in uveal melanoma cells

NCs were labelled with the fluorochrome 5-TAMRA to study their cellular internalization
in UM cells (labelling method in Chapter ). The labelled NCs formulation presented similar
physicochemical properties than the non-labelled one (Table 2.).

Table 2. Mean particle size, polydispersity index (PDI) and zeta potential of the original formulation of Pr NCs
and labelled with 5-TAMRA (Mean = SD (n= 3)).

Size Zeta Potential
Pr NCs (hm) PDI (mV)
Original 240140 0.121 +33+11
5-TAMRA 230+1 0.170 +26+1

Cellular uptake was evaluated by confocal microscopy after 4 h. The maximum projection
showed the intracellular localization of these Pr NCs in UM cells, a finding that could be
verified by orthogonal sections on X and Y axes (Figure 8. (a)). As mentioned in previous
chapters, physicochemical properties such as size, shape, and the surface charge have an
important role in cellular uptake [58]. Depending on the particle size, nanocarriers can be
internalized into cells following one of these six pathways: passive diffusion, phagocytosis,
macropinocytosis, clathrin- or caveolin-mediated endocytosis, and clathrin- and caveolin-
independent endocytosis [59]. In particles between 250 nm and 3 um, the predominant
intracellular route is the macropinocytosis, which could be the one followed by Pr NCs [60,
61]. In addition, positively charged NCs have greater internalization compared to neutral and
negatively charged ones, although studies have shown that they have a greater tendency to alter
the integrity of the cell membrane and, therefore, to present cytotoxicity [58]. The efficient
internalization of Pr NCs might also be related to the penetration enhancing properties of
protamine [62]. As mentioned previously, this peptide presents high content of arginine
residues, where six of them constitute the nuclear localization signal (NLS) [63, 64]. This means
that protamine has a crucial role in the process of cellular internalization [65], and in the
translocation of molecules from the cytoplasm to nucleus. In addition, positively charged
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proteins, such as protamine, may enter cells through multiple pathways including
macropinocytosis [66].

To provide a quantitative evaluation, the uptake of the NCs was also analyzed by flow
cytometry in living cell using the LIVE/DEAD™ Fixable Aqua Dead Cell Stain reagent. After
cell incubation with the Pr-TAMRA NCs, the histograms corresponding to the fluorescence
signal of 5-TAMRA showed a shift towards the 5-TAMRA (+) region compared to the control
(unstained cells) (Figure 8. (b) and Supporting information: Figure S2.). This indicated that
almost 36% of UM cells were positive for the presence of these NCs (Supporting information:
Table S1.). In addition, there was high cell viability, as indicated by the peak corresponding to
the fluorescence signal of Aqua mostly in the live region.

Maximum projection

Merged

DAPI 5-TAMRA Z plane

Untreated UM cells

Pr-TAMRA NCs

(@)
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Figure 8. (a) Representative confocal microscopy images of NC-uptake in UM cells (magnification 20x, z1.25,
scale bar= 100 pm) treated with 54 pg/cm? of fluorescently labelled NCs (red channel) incubated for 4 h at 37
°C. Nuclei of the cells were stained with DAPI (blue channel). (b) Flow cytometry histograms to quantify the
uptake of fluorescently Pr-TAMRA NCs (54 pg/cm?) in UM cells after 4 h post-treatment (LIVE/DEAD™ Fixable
Aqua Dead Cell Stain as a viability reagent).

3.3.5. Transfection studies of protamine NCs

The plasmid encoding the EGFP was also used to analyze the transfection capacity of Pr
NCs in the UM cell line. The expression of this protein was qualitatively analyzed by
fluorescence microscopy after 48 h of the removal of the Pr NCs, where the images showed
small green bright spots in the cytoplasm, close to the cell nucleus (Figure 9.).

Overlap

Figure 9. Fluorescent microscopy images of EGFP expression (green channel) after 48 h of the treatment of Pr
NCs loaded with 1.5% (w/w) of pDNA at dose 2.5 pg of pDNA incubated for 4 h at 37 °C (scale bar= 20 pm).

Additionally, EGFP expression was quantitatively analyzed by flow cytometry measuring
the fluorescence-positive events corresponding to cells treated with Pr NCs associated with

179



SHEILA BARRIOS ESTEBAN

2.5% (w/w) of pDNA in comparison with those treated with naked plasmid and non-treated
(unstained cells). The graphics collected in Figure 10., corresponding to the percentage of
EGFP-positive cells, showed the transfection capacity of Pr NCs. At 48 h after exposure to the
transfection vehicles, Pr NCs showed higher expression than the naked plasmid. However, the
percentages were still low compared to those obtained with the commercial reagent
Lipofectamine® 2000. To conclude, further studies will be necessary to optimize the
transfection of these nanocarriers.
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Figure 10. Quantification of EGFP expression by flow cytometry measuring the percentage of UM positive cells
for the presence of this protein after 24 h and 48 h (Mean + SEM (n= 3)).

3.3.6. Permeability assay in 3D corneal model
3.3.6.1. Transepithelial Electrical Resistance measurements

TEER measurement is the most widely used method to study the corneal permeability and
the integrity of cell barriers [48]. Modifications in the membrane permeability are usually
associated with a reduction in TEER values, which indicates an alteration of the ocular barrier
due to the opening of tight junctions [67].

In the present work, TEER was measured in the QobuR-RhCE model before (blue bars)
and after (green bars) the treatment with fluorescently labelled and plasmid-loaded Pr NCs. The
graphic in Figure 11. (a-1) showed that Pr-TAMRA NCs produced a significant reduction in
TEER at 4 h post-treatment. The reduction of approximately 53% in the TEER caused by the
Pr-TAMRA NCs indicated the opening of tight junctions and the increased permeability of the
NCs through the 3D corneal model, but not an irreversible alteration of the ocular barrier.
However, the 3D corneal models treated with methyl acetate, the reduction in TEER was higher,
approximately 89%, compared to the fluorescently labelled NCs. This drastic reduction in
TEER was associated with the loss of the epithelial integrity in corneal models. Studies of
Becker et al., described that TEER values of human corneas in the range of 500 Qcm? could be
due to alterations in the corneal epithelium [46] (Figure 11. (a-1, b-1)). Comparable results were
obtained when QobuR-RhCE models were treated with pDNA-loaded Pr NCs (Figure 11.(b-
1)), where the formulation also caused a reversible reduction in post-treatment TEER value
(56%), which also indicated no alterations in the corneal epithelium as those treated with methyl
acetate (93%) (Figure 11. (b-2)). Based on these results, both formulations could pass through
the corneal barrier maintaining the cell integrity of the 3D corneal models.
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Figure 11. (a) Transepithelial electric resistance (TEER) of QobuR-RhCE models composed by normal human
corneal epithelial cells exposed to 0.3 mL of Pr-TAMRA NCs (C= 13.4 mg/mL), and (b) Pr NCs associated with 2.5%
(w/w) of pDNA, before and after 4 h of incubation at 37 °C (Mean = SEM (n= 3)). Graphics a-2 and b-2: differences
were statistically evaluated by one-way ANOVA followed by Sidak’s method.

3.3.6.2. Histology and immunohistochemistry

To further explore the interaction of Pr NCs with the epithelial barrier, a histology and
immunohistochemical analysis of sections from QobuR-RhCE models were also carried out.

Figure 12. shows the images of the histological evaluation of QobuR-RhCE models after 4
h of treatment with controls and both formulations. The image (1), corresponding to the corneal
model treated with H>Od (negative control), showed a structure that faithfully represented a
normal epithelium, with a basal layer formed by cells with cubic and/or cylindrical morphology,
two or three layers of elongated cells (wing layer), and, in the upper zone, one or two layers of
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flat and scaly cells (apical layer) [47]. The images corresponding to the 3D corneal models
treated with Pr-TAMRA NCs (3) and Pr NCs associated with 2.5% (w/w) of pDNA (4), showed
very similar general histological appearance to the negative control. Therefore, both
formulations were capable of passing through the corneal model maintaining almost intact the
integrity and morphology of the epithelial barrier, contrary to those treated with methyl acetate
(positive control). In this case, the thickness of the epithelium was significantly reduced, formed
by few layers of nuclei and a basal layer of flattened nuclei (2).

o
(1) H,0d (2) Methyl acetate
Apical layer

Wing layer

Basal layer

Polyester
membrane . [

(3) Pr-TAMRA NCs (4) PrNCs+pDNA o

Figure 12. Representative Hematoxylin and Eosin stained histological images of the cross-section of QobuR-RhCE
models after 4 h of the treatment with 0.3 mL of (1) H,0d (negative control), (2) methyl acetate (positive
control), (3) fluorescently labelled Pr NCs at 13.4 mg/mL, and (4) Pr NCs associated with 2.5% (w/w) of pDNA
(2.5 ug of pDNA/insert) (magnification 40x, scale bar= 20 um).

Previous studies have shown that representative markers of protein families, such as B-
catenin, are expressed in QobuR human corneal epithelial models prepared with primary
cultures of human limbal epithelial cells. The B-catenin is an adherent junction protein highly
expressed in all epithelial layers, which is responsible for regulating actin organization and
providing strong mechanical binding [46] [68]. In addition to the histological evaluation, a
comparison of the immunofluorescence for B-catenin was performed, evaluating the barrier
damage caused through cell junctions and the morphology of the cell membrane (Figure 13.
(@)). In addition to this, cell death was studied by evaluating apoptotic cells following a TUNEL
staining assay (Figure 13. (b)).

The corneal models exposed to H>Od for 4 h showed no apparent damage to their structure.
The epithelial cells were found stacked, forming at least 5 layers, constituting the three-
dimensional epithelium with an intense expression of B-catenin in the periphery of the cells,
outlining their contour (Figure 13. (a-1)). In addition, normal viability conditions were observed
since TUNEL positive cells were only seen in the outer layers of the epithelium, where it is
normal to find apoptotic figures due to the epithelial renewal process. On the contrary, in the
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corneal models treated with methyl acetate, its effect on cell viability was clearly observed with
practically all cells in apoptosis, including the basal layer (Figure 13. (b-2)). In addition to the
reduction in the thickness of the epithelium, a delocalized expression of B-catenin from the
membrane indicated inappropriate binding processes and loss in epithelial barrier morphology
(Figure 13. (a-2)). In the case of both formulations, the thickness of the epithelium was very
similar to the negative control, formed by 5-6 cell layers. The B-catenin labelling was located
in the cell membrane and the cells had an elongated appearance typical of the intermediate
zones of a mature epithelium (Figure 13. (a-3 and a-4)). Finally, only TUNEL positive cells
were observed on the surface of the epithelium such as in the negative control of barrier
disruption (Figure 13. (b-3 and b-4)).

In conclusion, these results, in agreement with TEER data, demonstrated the
permeabilization capacity of both formulations through 3D corneal models without causing
permanent damage to the endothelial barrier. Furthermore, these data agreed with previous in
vivo studies of protamine and polyarginine NCs in healthy mice. In this case, it was observed
that the topical instillation of both formulations did not cause any ocular irritation or epithelial
alterations. In addition to this, it was also observed that the integrity of the membrane remained
intact by not observing any positive reaction to the staining test performed [27].

(2) Methyl acetate (2) Methyl acetate

(3)  Pr-TAMRA NCs (4)  PrNCs+ pDNA (3)  Pr-TAMRA NCs (4) Pr NCs+ pDNA

(a) (b)

Figure 13. (a) Immunohistochemical images of cell junctions and cell membrane morphology by B-catenin
labelling (red channel), and (b) localization of TUNEL positive cells (red channel) on cross-section of QobuR-RhCE
models after 4 h of treatment with 0.3 mL of (1) H,0d (negative control), (2) methyl acetate (positive control),
(3) fluorescently labelled NCs (C= 13.4 mg/mL), and (4) Pr NCs associated with 2.5% (w/w) of pDNA (2.5 ug of
pDNA/insert). Cell nuclei were stained with DAPI (blue channel), (magnification 40x, scale bar= 20 ym).
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3.4. CONCLUSIONS

A reservoir-type nanosystem consisting of an oily core of vitamin E surrounded by a layer
of protamine was optimized for gene delivery to the eye. The formulation presented good
physicochemical properties for ophthalmic administration, satisfactory short- and long-term
stability in different biorelevant media, and efficient association of different nucleic acids such
as pDNA and miRNA. The in vitro studies demonstrated that these NCs exhibited low cell
cytotoxicity and efficient internalization in UM cells. The NCs also generated a
permeabilization effect, without causing permanent alterations in a 3D human corneal epithelial
cell model. In general, this formulation showed a promising profile for its exploration as a gene
carrier by topical administration in the treatment of intraocular tumors. However, transfection
efficiency should be further optimized in order to achieve therapeutic gene expression at the
target tissue.
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SUPPORTING INFORMATION
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Figure S1. Stability of loaded Pr NCs with 1% and 2.5% (w/w) of pDNA respect to the total mass of NCs, measuring
the derived count rate (DCR) at 37 °C for 0 h, 30 min and 4 h in SLF (Mean + SEM (n= 3)).
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Table S1. Number of total positive events of control and UM treated with blank Pr-TAMRA NCs expressing by
percentage and measuring their Mean Fluorescence Intensity (MFI).

cell line Total % MFI
(+) 5-TAMRA events (+) 5-TAMRA events (+) 5-TAMRA events
Control Sample Control Sample Control Sample
UM 32 1302 1 358 4,486 8,789
Control (unstained cells) Pr-TAMRA NCs
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Figure S2. Flow cytometry histograms of the total events without debris of control and UM cells treated with
blank Pr-TAMRA NCs to analyze the NP-uptake.
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OVERALL DISCUSSION

Current basis for the classical treatment for any aggressive tumor consists of three fundamental
pillars: surgical resection, radiotherapy, and chemotherapy. Regarding the latter, most
treatments rely on small molecular weight drugs to achieve a better therapeutic efficacy with
effective inhibition of tumor growth [1]. However, the use of radiotherapy and chemotherapy
have significant limitations, including severe side effects. The main mechanism of radiotherapy
to kill tumor cells is based on generating DNA damage, where such effects can also occur in
healthy cells triggering antitumor responses far from the irradiated zone [2]. In the case of
chemotherapeutic agents, they lack tumor-targeting and can damage both cancer and
surrounding healthy cells and tissues, resulting in suboptimal efficacy and high toxicity [3].
These complications have fueled research on more specific strategies for effective drug
delivery.

Polynucleotide-based therapies are gaining increasing attention due to their ability to
provide safe and effective treatment for diseases such as cancer [4]. However, the efficacy of
gene therapy is hindered by several biological barriers, which requires the use of efficient
nanocarriers to facilitate the intracellular entry and release of genetic material in target tumor
cells [5]. Engineered viruses are dominant vectors in current clinical gene therapy, but they still
have drawbacks related to host immune response, safety, and their complex manufacturing.
Non-viral vectors have become a promising alternative to overcome gene delivery limitations.
Despite their great progress, many facets of non-viral vectors require further investigation to
enhance transfection efficiency towards their transition to the clinical field [6, 7]. Considering
this information, the present work focused on investigating different polymeric compositions
structured as nanocarriers for antitumoral gene medicines. The polymers selected have several
characteristics in common, such as biodegradability and biocompatibility, in addition to
positive charge that allows them to complex polynucleotides. The cationic nature of protamine
(Pr) helps the nanosystems to interact with the cell membrane, achieving easy and rapid
penetration. In addition, protamine assembles with DNA, protecting this polynucleotide against
degradation, which ultimately results in improved gene expression [8, 9]. On the other hand,
polyethylenimine (PEI) has been considered a gold-standard in this area due to its high efficacy
in gene delivery [10, 11].

Protamine was combined with dextran (Dx) using the mass ratio 4:1 (w/w), after an
exhaustive screening. The electrostatic interactions between the anionic groups of dextran [12],
and the cationic groups of protamine led to the formation of spherical nanoparticles (NPs)
(Figure 1. (a)). This ionic cross-linking method [13, 14] was also used to obtain protamine and
PEI nanocomplexes combined with plasmid DNA and the anionic polyphosphazene 6MHA-
PPZ, selecting the optimal charge ratios of 8:0:1 and 8:4:1 (N:C:P) (see Chapter I, section
2.2.3.) [15]. Protamine nanocapsules (Pr NCs) were obtained by a previously developed solvent
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displacement method [16] [17-21], where the cationic protamine formed a polymeric shell
around oily nanodroplets of vitamin E, selected for its antioxidant properties that could protect
cells from oxidative stress [22]. To prevent the aggregation of particles and provide greater
stability to the oily core, tween-80 and sodium cholate were added as surfactants [23].
Moreover, tween-80, which is short-chain polyethylene glycol (PEG) surfactant with a
branched structure, is less prone to interfere with the association of polypeptides to NCs, and
improves the uptake of the particles favoring the endosomal escape [20]. The combination of
all these compounds gave rise to a reservoir-type formulation composed of spherical particles
(Figure 1. (b)).
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Figure 1. STEM images of blank (a) 4:1 (w/w) Pr:Dx NPs and (b) Pr NCs. Scale bar= 200 nm.

The bioavailability of therapeutic agents after systemic or local administration depends on
the physicochemical properties of the delivery system. In this work, the nanocarriers presented
similar properties, with a particle size less than 250 nm, polydispersity index less than 0.3, and
a positive surface charge around +30 mV (Table 1.). The size and charge of these nanosystems
allow good cell uptake and internalization, as well as, good biodistribution [24].

Table 1. Physicochemical characterization of a panel of cationic polymeric nanosystems, by measuring the
particle size (nm), polydispersity index (PDI) and zeta potential (mV) (Mean + SD).

Formulation Size PDI Zeta Potential
(nm) (mv)

4:1 (w/w) Pr:Dx NPs 1207 0.2 43412
8:0:1 PEI/pDNA nanocomplex 114 £19 0.2 +27+11
8:0:1 Pr/pDNA nanocomplex 106 £ 10 0.1 +33+15
8:4:1 PEI/6MHA-PPZ nanocomplex 1286 0.2 +26+7
8:4:1 Pr/6MHA-PPZ nanocomplex 110t 14 0.1 +251 8
Pr NCs 242 40 0.1 +33 111

The ability of nanosystems to bind, associate and release nucleic acids is an important
characteristic for the design of gene nanocarriers. This parameter depends on the amount and
disposition of the cationic amines of polymers in the nanocarriers because they establish the
interactions with negatively charged groups of the nucleic acids [25]. pDNA and miRNA
molecules can be embedded in the polymeric matrix of 4:1 (w/w) Pr:Dx NPs, associating up to
8% (w/w), corresponding to a maximum concentration of 133 pg of pPDNA/mL. In Pr NCs, the
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nucleic acids are bound to the external polymeric shell of preformed nanosystems. In this case,
1% and 2.5% (w/w) of pDNA could be associated corresponding to a maximum concentration
of 72 pg of pPDNA/mL and 180 pg of pDNA/mL, respectively, and up to 1.5% (w/w) of miRNA
corresponding to a maximum concentration of 108 pg of miRNA/mL. The nucleic acid binding
can be markedly different for shorter therapeutic nucleic acids such as siRNAs and miRNAs
versus plasmid DNA. In this case, agarose gel electrophoresis showed better association
efficiency with short-chain nucleic acids, especially for Pr NCs, due to stronger interactions
with the cationic peptide in comparison with their incubation with an excess of heparin as
anionic competitor. In general, for all nanosystems, their spherical morphology and their
particle size were not significantly altered by the association of the genetic material, but the
surface charge of Pr NCs was reduced with higher concentration of polynucleotides (Table 2.).
On the other hand, it should be noticed that the addition of 6MHA-PPZ to the PEI and Pr
formulations did not alter their particle size and zeta potential (Table 1.).

Table 2. Physicochemical characterization of a panel of cationic polymeric nanosystems loaded with different

percentages of different nucleic acids, by measuring the particle size (nm), polydispersity index (PDI) and zeta
potential (mV) (Mean = SD).

Size Zeta
Formulation Nucleic acid PDI Potential
(nm)

(mVv)

8% (w/w) of pDNA 146+ 1 0.2 +33%5
4:1 (w/w) Pr:Dx NPs

8% (w/w) of miRNA 1245 0.1 +30%3
1% (w/w) of pDNA 345+ 39 0.3 31+4
Pr NCs 2.5% (w/w) of pDNA 337+31 0.2 42 +3
1.5% (w/w) of miRNA 274 +48 0.1 -15+3

The stability of the formulation characteristics is crucial to their successful biomedical
application [26]. The applicability of polymeric nanocarriers may be limited over time due to
particle aggregation in injection and physiological media, chemical degradation, and premature
release of active agents [27]. An exhaustive study was carried out regarding the stability of
these nanosystems under storage conditions, and in different biorelevant media, prior to any
cell culture and in vivo experiment. Regarding the stability of the formulations under storage
conditions, their properties in terms of size, surface charge and yield remained constant for at
least 30 days (Figure 2. (a)). In the case of NP-stability in biological media, the matrix-type
formulations such as 4:1 (w/w) Pr:Dx NPs and, PEI and Pr nanocomplexes with/out the 6MHA.-
PPZ, they experienced an increase in their size when diluted in cell culture media due to a
possible aggregation of the particles (Figure 2. (b)). However, this process was controlled over
time when proteins on their surface allowed a better stabilization of the nanosystems. In the
case of the Pr NCs, this instability was less pronounced. In addition, formulations with a
nanocapsular structure have been studied for more than two decades with respect to their utility
for ocular administration [28-33], and recently, Pr NCs have been explored for the same purpose
[34]. The colloidal stability of this formulation was also analyzed in simulated lacrimal fluid,
where Pr NCs associated with 2.5% (w/w) of pDNA were found more stable and released less
plasmid over time than those associated with 1% (w/w) of pDNA. Finally, PEI and Pr
nanocomplexes were analyzed in zebrafish culture media, where these nanocomplexes
aggregated in conventional media, but they were stable in dechlorinated tap water.
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Figure 2. Stability of blank 4:1 (w/w) Pr:Dx NPs, 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI and Pr
nanocomplexes with/out 6MHA-PPZ and blank Pr NCs, by measuring the particle size and zeta potential (a) under
storage conditions for 30 days, and (b) in cell culture media at time 0, 2 and 4 h at 37 °C (Mean + SEM (n= 3)).
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Once these nanosystems had been characterized, their potential for gene delivery was
evaluated in the conventional cell culture models, three-dimensional (3D) tumor models and in
an in vivo zebrafish model. Spheroid models were formed using transformed glioblastoma cells
(U87MG) and a panel of primary patient-derived glioblastoma cells with different tumor origin:
GIN-8 and GIN-28 cell lines had been harvested from the invasive marginal area of the tumor
whereas GCE-28 cell line were harvested from the tumor core. Spherical cell aggregates are
being implanted in drug screening platforms in the field of oncology prior to in vivo experiments
because they closely resemble the tumor microenvironment, and exhibit the ability to form
proliferative gradients, hypoxia, and necrotic tumor areas [35, 36]. Furthermore, their ability to
offer more realistic results has allowed us to reduce the number of animals in the in vivo
experimentation, which use, for both ethical and economic reasons, is increasingly complicated
and restricted [37]. The size in tumor biology is a limiting factor due to gene transfection
depends on the diameter of the spheroids. The larger the spheroid, the higher the distance that
the nanosystems will have to cross to reach the tumor core. In addition to this, tumor cells in
the nucleus could be necrotic due to the hypoxic environment and lack of nutrients, creating an
additional challenge for efficient gene delivery [38]. The size above 250 um was confirmed by
phase-contrast microscopy images and the spherical morphology and cell compactness by
Scanning Electron Microscopy (SEM) (Figure 3.). In addition, for the ocular delivery project,
the 3D model (QobuR-RhCE) composed of normal human corneal epithelial cells was used.
These cells have the ability to form a stratified squamous epithelium resembling a normal
human corneal epithelium [39-41].

GIN-8 GIN-28
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Figure 3. Phase-contrast microscopy images of U87MG spheroid (magnification 10x, scale bar= 100 pm) and GIN-
8, GIN-28, and GCE-28 spheroids (magnification 10x, scale bar= 100 pm) with size between 250-300 pm,
approximately. SEM images of U87MG spheroid showing: (1) the overall spherical morphology of compact
spheroids, and (2) a closer look at the cell surface of the spheroid.

The nanosystems formulated with protamine showed low cytotoxicity in transformed and
primary glioblastoma cells and tumor spheroids, as well as, in uveal melanoma cells.
Furthermore, Pr NCs had the ability to permeabilize cell layers in the 3D corneal model without
causing permanent alteration of the epithelia. The reduction in TEER values demonstrated the
permeabilization capacity of this nanosystem through the QobuR-RhCE model, which together
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the histological images (Figure 4. (a-3, 4)), demonstrated how the structure of the epithelial
barrier remained almost undistinguishable from undamaged epithelium [40]. In addition, the
intense, well-localized expression of [-catenin in the cell membrane indicated strong
mechanical binding between the epithelial layers in the 3D corneal models after contact with
the formulations (Figure 4. (b-3,4)), verifying their passage through the epithelial barrier
maintaining the cell integrity and morphology. Despite the fact that PEI is one of the most
studied polymers for gene therapy due to its effective endosomal escape and high transfection
[42], this polymer turned out to be more toxic at high concentrations. However, the addition of
the anionic polyphosphazene 6MHA-PPZ reduced the cytotoxicity of these cationic PEI
nanocomplexes, as previously observed in highly transformed glioblastoma cultures [15] [38].
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Figure 4. (a) Hematoxylin and Eosin stained histological images and (b) immunohistochemical images of cell
junctions and cell membrane morphology by B-catenin labelling (red channel) of the cross-section of QobuR-RhCE
models after 4 h of the treatment with (1) H,0d (negative control), (2) methyl acetate (positive control), (3)
fluorescently labelled Pr NCs, and (4) Pr NCs associated with 2.5% (w/w) of pDNA (2.5 ug of pDNA/insert). Cell
nuclei were stained with DAPI (blue channel) (magnification 40x, scale bar= 20 pm).

To visualize the internalization of 4:1 (w/w) Pr:Dx NPs and Pr NCs by confocal and light
sheet fluorescence microscopy (LSFM), it was necessary label the polymer with a fluorescent
label (5-TAMRA). This labelling did not affect the physicochemical characteristics of the
nanosystems. In parallel, their internalization was also evaluated by detecting a fluorescent
siRNA model. Monolayer cultures showed an efficient cell uptake in all cancer cell lines
(Figure 5. (a)), reaching values of 36% for Pr-TAMRA NCs and almost 100% for 4:1 (w/w) Pr-
TAMRA:Dx NPs. The size and shape of the particles and their surface charge have an important
role in cellular uptake [43]. For example, in particles larger than 250 nm such as Pr NCs, the
macropinocytosis tends to be the most prominent route [44]. Despite having different routes of
entry into cells, it was observed that both nanosystems were highly localized close to the cell
nucleus. This targeting of protamine formulations to the nucleus has been studied in detail in
previous works, that postulated that six consecutive arginines in the structure of this polypeptide
constitute a nuclear localization signal (NLS), which can translocate molecules from the
cytoplasm to nucleus [45, 46]. The evaluation of the cellular uptake of the 4:1 (w/w) Pr-
TAMRA:Dx NPs in glioblastoma spheroids revealed less internalization of this formulation
compared with 2D cell culture model (Figure 5. (a)), especially in those spheroids formed by
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primary glioblastoma cells (=50%). A greater accumulation of these NPs was seen on the
surface of the spheroids, where the LSFM and SEM images showed how these particles
internalized inside the spheroid (Figure 5. (a: photos 7-9), b)).
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Figure 5. (a) Maximum projection of confocal microscopy images (photos: 1-6) of glioblastoma cells (photos: 1-
4) and spheroids (photo: 6), and uveal melanoma cells (photo: 5) treated with Pr labelled nanosystems (red
channel) (magnification 10x, scale bar= 50 and 100 pm). Cell nuclei stained with DAPI (blue channel). Maximum
projection of light sheet fluorescence microcopy images (photos: 7-8) of patient-derived glioblastoma spheroids
treated with Pr-TAMRA nanosystems (bright white spots). (b) SEM images of U87MG spheroid treated with blank
4:1 (w/w) Pr:Dx NPs (colored in orange) on the surface of the spheroid.

As a final step, an in vivo biodistribution study in zebrafish embryos at 48 hours post-
fecundation (hpf) was also performed. This zebrafish model has gained popularity because it
shows many similarities with the behavior of tumors in mammalian models such as mice. In
addition to this, the biodistribution of NPs can be easily monitored due to the transparency of
the zebrafish embryo models [47]. The results from this biodistribution study made clear the
localization of the nanocomplexes in the yolk sac of the zebrafish embryos at 5-day post-
injection (dpi). Better results were obtained with PEI nanocomplexes, and especially, with the
addition of 6MHA-PPZ. These findings were consistent with those obtained in previous
biodistribution studies, concluding that the accumulation of formulations in this cavity could
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be due to the hindering effect of the components forming the yolk sac, such as the yolk syncytial
layer [48]. However, in our case, it was observed that a small proportion of the PEI/6MHA-
PPZ nanocomplexes diffused towards the head area. This could be due to the smaller size of
these formulations, allowing their diffusion to other tissues of zebrafish embryos [49].

Regarding the fluorescence signal, the low signal corresponding to the fluorescence
intensity of Pr nanocomplexes could be a consequence of their ability to strongly complex the
genetic material [8], while the addition of 6MHA-PPZ improved the efficacy of PEI
nanocomplexes due to its capacity to improve the endosomal escape [33] releasing the nucleic
acid easily (Figure 6.).
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Figure 6. Quantification of fluorescence intensity from the 48 hpf WT zebrafish embryos treated with controls
and 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI and Pr nanocomplexes at 25 pg of siRNA/mL at 5-day post-
injection (Mean + SEM (n= 10/condition).

Transfection efficiency was confirmed by delivering a plasmid encoding the Enhanced
Green Fluorescent (EGFP) and Luciferase proteins (Luc). In the experiments,
Lipofectamine®2000 was used as positive control and reference. The necessity to use a delivery
system for the administration of genetic material was confirmed by the low levels of expression
achieved with the naked pDNA. In general, the results obtained in transfection assays showed
that the nanocarriers investigated were efficient as gene transfer agents, in particular, PEI and
Pr nanocomplexes. In conventional monolayer cultures, 4:1 (w/w) Pr:Dx NPs and Pr NCs were
effective from concentrations of 1 pg of pDNA, similar levels to those reported with other
nanosystems based on protamine [20] [50]. Their transfection capacity was prolonged for at
least 48 h, but it should be further optimized to achieve therapeutic gene expression in the target
cancer tissue (Figure 7.). With PEI and Pr nanocomplexes, the association of the anionic
polyphosphazene 6MHA-PPZ improved their transfection levels [38]. Noteworthy, the Pr
nanocomplexes even reached transfection values similar to the PEI/pDNA nanocomplex in
primary glioblastoma cell lines. This result was important, since this polymer had better
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biocompatibility and biodegradability, and therefore, this mixture could become an interesting
prototype for in vivo translation.

In 3D glioblastoma models, an efficient transfection of 4:1 (w/w) Pr:Dx NPs was also
observed with a homogeneous distribution mainly on the spheroid surface (Figure 7. (a)). For
PEIl and Pr nanocomplexes, an improvement in transfection levels was also observed with those
nanocomplexes containing 6MHA-PPZ in highly transformed glioblastoma spheroids. With
primary glioblastoma spheroids, there was a variation in performance for the different models,
a result that underlines the importance of considering patient-to-patient variability for
nanocarrier design.

U87MG

24h 48h

(a) (b)
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Figure 7. Fluorescence microscopy images showing the expression of EGFP protein (green channel) using (a) 4:1
(w/w) Pr:Dx NPs in glioblastoma cells and spheroids and (b) Pr NCs in uveal melanoma cells after 24 h and 48 h
of their removal (scale bar= 20 and 100 pm). Cell nuclei stained with DAPI (blue channel).

In summary, a variety of nanosystems based on biodegradable and biocompatible cationic
polymers have been optimized for their application in cancer gene therapy. Their evaluation in
different in vitro preclinical cancer models and in vivo zebrafish model showed promising
results in terms of intracellular delivery and gene transfer, making them potential carriers for
future application in gene medicine.
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CONCLUSIONS

In this thesis, the capacity of different nanometric platforms based on cationic polymers for the
association of different nucleic acid molecules and their evaluation in different advanced
preclinical models with application in cancer gene therapy have been described.

Results obtained from the experimental work led us to draw the following conclusions:

CHAPTER |:

1. Protamine:Dextran nanoparticles (Pr:Dx NPs) with a 4:1 (w/w) polymer ratio, present
flexible and adjustable physicochemical characteristics with successful association of different
nucleic acids providing protection against degradation, and adequate stability in different
relevant biological fluids under different conditions.

2. Pr:.Dx NPs show low cytotoxicity, and efficient intracellular internalization in
conventional and 3D patient-derived glioblastoma models. Additional experiments for
transfection optimization should be performed for future preclinical development.

CHAPTER II:

3. The addition of the house-made 6MHA-PPZ polyphosphazene preserves the
physicochemical characteristics of cationic PEI/pDNA and Pr/pDNA nanocomplexes,
achieving an increase in the reaction yield, and without affecting their stability in different
biorelevant media under different conditions.

4. The incorporation of this anionic polymer to polycation/pDNA formulations reduces
their cytotoxicity, especially for PEI/pDNA nanocomplexes, and this polymer also acts as a
transfection enhancer, especially for Pr/pDNA nanocomplexes, in preclinical 2D and 3D
patient-derived glioblastoma models, with clear evidence of dependence on the cell model.

5. The results obtained in the in vivo preclinical model of zebrafish embryos reveal the
extraordinary accumulation of PEI/6MHA-PPZ nanocomplexes in their yolk sac with the
diffusion of some particles towards the head area.
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CHAPTER |11

6. Nanocapsules with an oily core of vitamin E surrounded by a protamine shell present
adequate physicochemical properties for topical ocular administration, with satisfactory short-
and long-term stability in different biological media, and an efficient ability to associate, retain
and release different nucleic acids.

7. In vitro evaluation of protamine nanocapsules shows their low intrinsic toxicity and their
capacity to interact and penetrate in 2D uveal melanoma and 3D human corneal epithelial
models, respectively.
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Hg

um
'H-NMR
2D
3IP.NMR
3D
5-TAMRA
6MHA
6MHA-PPZ
7-AAD
AAPPZ
ARRIVE
ATCC
BBB
cDNA

cm?

CPP
CRISP-Cas9
CS

CSCs
CSLM
Cy3

Cy5

DAPI

ABBREVIATIONS

Micrograms

Microns

Proton nuclear magnetic resonance
Two-dimensional

Phosphorus nuclear magnetic resonance
Three-dimensional

5-Carboxytetramethylrhodamine
6-mercaptohexanoic acid

6-mercaptohexanoic acid substituted polyphosphazene
7-Aminoactinomycin D

Allylamine substituted polyphosphazene

Animal Research: Reporting of In Vivo Experiments
American Type Culture Collection

Blood-brain barrier

Complementary DNA

Square centimeters

Cell penetrating peptide

Clustered regularly interspaced short palindromic repeats
Chitosan

Cancer stems cells

Confocal scanning laser microscopy

Cyanine-3

Cyanine-5

4’6-diamidino-2-phenylindole
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DLin-DMA
DMAE
DMAEA
DMPA
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DMSO
DNA
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EGFP
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Deoxyribonucleic acid
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Dulbecco’s phosphate-buffered saline

Days post-injection
1,2-Distearoyl-sn-glycero-3-phosphorylcholine

Dextran

Enhanced green fluorescence protein

European Medicines Agency

European Pharmacopeia

Fetal bovine serum

Food and Drug Administration

Field emission scanning electron microscopy

Grams

Glioblastoma central tumor core cell line

Green fluorescence protein
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HEPES
HIV
hpf
HPLC
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kDa
kV

LB
LD50
LDA
LMWP
LSFM

Luc

MFI

mg

min
miRNA
mL

mm
mM
mMRNA
Mw
N/P ratio
NCDB
NCs

ng

Abbreviations

Glioblastoma invasive margin cell line

hours

Hank’s balanced salt solution
Hexachlorocyclotriphosphazene
N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)
Human immunodeficiency virus

Hours post-fecundation

High performance liquid chromatography
International Agency for Research on Cancer
Kilodalton

Kilovolts

Luria-Bertani

Lethal dose for the 50% of the cell population
Laser Doppler Anemometry

Low molecular weight protamine

Light sheet fluorescence microscopy
Luciferase

Molar

Mean Fluorescence Intensity

Milligrams
Minutes
Micro-RNA
Milliliters
Millimeters
Millimolar
Messenger RNA

Molecular weight
Nitrogen/Phosphorus ratio
National Cancer Database
Nanocapsules

Nanograms
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NLC
NLS
nm
NPC
NPs
OCT
OECD
OMS
Opti-MEM
P/S
PAMAM
P-Arg
PBS
PCS
PDCP
PDI
pPDNA
PEG
PEI
PES
PGA
PLA
PLGA
PLL
ppm
PPZ
Pr

PVI
RCF
RhCE
RLUs

Nanostructured lipid nanocarriers
Nuclear localization signal

Nanometers

Nuclear pore complexes

Nanoparticles

Optimum cutting temperature medium
Organization for Economic Cooperation and Development
Organizacién Mundial de la Salud
Opti-Minimum Essential Medium | 1X Reduced Serum Medium
Penicillin/streptomycin

Polyamidoamine

Poly-L-arginine

Phosphate buffered salt

Photon correlation spectroscopy
Polydichlorophosphazene

Polydispersity index

Plasmid DNA

Polyethylene glycol

Polyethylenimine

Polyethersulfone

Polyglutamic acid

Polylactic acid

Poly(lactic-co-glycolic acid)
Poly-L-lysine

Parts per million

Polyphosphazenes

Protamine

Poly(vinyl imidazole)

Relative centrifugal force

Reconstructed human corneal epithelium

Relative luminiscence units
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RNA
RNase
rpm
RPMI
RT

SD
SDS
SDT
SEM
SEM
shRNA
SiRNA
SLF
SLN
STEM
TAE
TEA
TEER
TUNEL
ULA
UM
uv
UV-VIS
w/w
WHO
WT

Abbreviations

Ribonucleic acid

Ribonuclease

Revolutions per minute

Roswell Park Memorial Institute
Room temperature

Seconds

Standard deviation

Sodium dodecyl sulfate

Sterile dechlorinated tap

Scanning electron microscopy
Standard error of the mean

Short hairpin RNA

Small interfering RNA

Simulated lacrimal fluid

Solid lipid nanoparticles

Scanning transmission electron microscopy
Tris-acetate-EDTA

Triethylamine

Transepithelial Electrical Resistance
Terminal deoxynucleotidyl transferase
Ultra-low attachment

Uveal melanoma

Ultraviolet

Ultraviolet-Visible

Weight/weight

World Health Organization

Wild Type
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Ohms
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ABSTRACT

Current evidence confirms that tumor initiation and recurrence is generally governed by a
subpopulation of tumor cells with stem-like signatures: cancer stem cells (CSCs). This
population needs to be considered a pivotal target for tumor treatment, since it combines drug
resistance and the capacity to restore tumors even from a few cells. Several drugs and
biopharmaceuticals are being tested for their capacity to suppress CSCs based on their capacity
to interfere with key-signaling pathways required to maintain this privileged and aggressive
phenotype. However, these molecules have often poor biopharmaceutical properties, significant
side effects, difficulties to reach their target site, and short half-lives. These limitations have
motivated the integration of these therapeutic molecules in advanced drug delivery systems for
improved stability, intratumoral penetration, and efficacy. We envisage that such delivery
technologies will have important roles in new promising strategies based on combined drug
therapies for disrupting the CSC niche and achieving cancer remission.

Keywords: Cancer stem cells, controlled release, drug delivery, nanomedicine, tumor initiating
cells.
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13.1 Introduction

13.1.1 Models of cancer origin

In the late 1990s Dick’s group documented and characterized the existence of
specific cancer cells subpopulations responsible of initiating malignant hematopoi-
etic tumors [1]. These studies substantiated the cancer stem cell (CSC) model
(Fig. 13.1) that postulates that a subset of neoplastic cells, that is, CSCs, is responsi-
ble for sustaining tumorigenesis and establishing tumor heterogeneity through self-
renewal and differentiation [2]. From this point the CSC model has been extended
to most solid tumors, where sizable evidence of the presence of this cancer cell
subpopulation has been found [3].

Still, controversies persist about the concept of CSCs due to the lack of
functional reference tests, variable cell surface markers, inconsistencies in terminol-
ogy, and plasticity between cell types. The necessity to consider this evidence has
put forward a new model of CSCs, proposing a bidirectional conversion equilibrium
between CSCs and non-CSCs (Fig. 13.1). By this model, both the accumulation of
genetic/epigenetic alterations and transformation between “stem-like” and “differ-
entiated” cancer cells are responsible of tumor cell heterogeneity [4.5] (Chapter 21:
The future of drug delivery in cancer treatment). This cancer cell plasticity has
been linked to the epithelial-to-mesenchymal transition (EMT) program [6], a cellu-
lar process by which adherent epithelial cells lose their cell-to-cell adherence and
become individual mesenchymal cells with the ability to migrate and invade adja-
cent tissues. Indeed, cancer cells that have gone through the EMT program present
many of the characteristics of CSCs [7]. Besides, several studies have indicated that
interactions between the CSC niche (see Section 13.1.3) and differentiated tumor
cells might suffice to induce the transformation of these cells to CSCs [8].

* These authors contributed equally.

Biomaterials for Cancer Therapeutics. DOI: https:/doi.org/10.1016/B978-0-08-102983-1.00013-2
© 2020 Elsevier Ltd. All rights reserved.
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Figure 13.1 The evolution of the CSC model and its relationship with tumor heterogeneity
and tumorigenesis. The traditional CSC model postulates that a small population of stem
cells is responsible for the development of heterogeneous tumors and that tumor cells follow
a rigid hierarchy created by unidirectional differentiation processes. The new CSC model
acknowledges higher plasticity, with bidirectional conversion equilibria between CSC and
non-CSCs. CSCs, Cancer stem cells.

13.1.2 Characteristics of cancer stem cells

Functional characteristics define CSCs compared to other tumor cells: (1) they have
a high tumorigenic potential when transplanted in immunodeficient mice, (2) they
can be isolated prospectively from other cancer cells according to their cell surface
markers, and (3) they can be serially transplanted through generations [9.10].
Typically, CSCs represent a small fraction of the total tumor cells, but some reports
indicate several exceptions to this rule [11].

From a phenotypic perspective, CSCs are enriched in the following surface mar-
kers: CD34, CD44, CD117, CD123, CDI133, and ABCG2 [12]. CSCs are also
enriched in some intracellular markers that promote their specific phenotype: Oct4,
Sox2, Nanog, and aldehyde dehydrogenase (ALDH) [13.14]. ALDH is the most
studied CSC marker. The human genome contains 19 putatively functional genes of
ALDH. ALDHI is a marker of stem cells from normal tissue and CSCs, where it
participates in renewal, differentiation and self-protection. It presents three main
isotypes: ALDHIA1, ALDH1A2, and ALDHIA3. In cancer therapy, ALDHIAI
provides a useful therapeutic target of CSCs in organs that do not normally express
high levels of ALDHI1AI, including breast, lung, esophagus, colon, and stomach
tissue [15].
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13.1.3 The cancer stem cell niche

CSCs reside in special microenvironments with other cells that nurture and protect
them by inhibiting the activation of T lymphocytes and natural killer cells [16].
Moreover, factors secreted by CSCs induce angiogenesis and the activation of cancer
associated fibroblasts [17] that can protect CSCs (Chapter 2: Phenotypic evolution of
cancer cells: structural requirements for survival) and mediate immunosuppression
[18]. Each tumor type can have specialized CSC niches, but two general structures
have been described: the perivascular niche [19] and the hypoxic niche [20]. These
are not mutually exclusive since hypoxic/necrotic regions can arise even at perivascu-
lar sites by the failure of vasculature to efficiently exchange oxygen [21].

In the CSC niche, paracrine signaling from immune and perivascular cells, includ-
ing effectors of the Wnt, Hedgehog (Hh), and Notch pathways [22], and the activa-
tion of hypoxia-inducible factors (HIF) maintain the critical signaling networks that
support the CSC phenotype [23]. These also protect the cells from the effect of many
drugs. For instance, the hypoxic niche is known to protect glioblastoma CSCs from
bone morphogenic protein (BMP)—induced CSC differentiation [24]. Besides cellular
signaling considerations, CSC targeting requires the therapeutics to reach the niche at
hardly accessible necrotic/hypoxic locations. This is a major delivery problem as
pointed out by recent works, indicating the intrinsic difficulties of chemotherapy for
achieving tumor penetration [25]. Although still an unresolved issue, transporting
therapies to the CSC niche might benefit from the use of tissue penetrating nanoparti-
cles with small particle size [26], slightly negative or neutral particle surface charges
[27], and high stability in biological media [28].

13.1.4 Cancer stem cell drug resistance

An important characteristic of CSCs is their higher resistance to radiotherapy and
chemotherapy as compared to bulk tumor cells, which, combined with their tumor
reinitiating capacity, indicates their major role in treatment failure and tumor recur-
rence (Chapter 2: Phenotypic evolution of cancer cells: structural requirements for
survival). Indeed, preclinical and clinical studies have confirmed the repopulation
of recurrent tumors by CSCs after cytotoxic radio- and chemotherapy [29—31].
Other potent antiangiogenic drugs have also failed to provide significant survival
benefits in clinical trials [32] due to CSC enrichment and the subsequent recurrence
of the disease with resistant tumors [33].

A major mechanism behind CSCs drug resistance is the upregulation of efflux
pumps. Efflux pumps are characteristic of many nonpathogenic and cancer cells but
are upregulated in CSCs [34.35]. The principal multifunctional efflux pumps refer
to adenosine triphosphate (ATP)—binding cassette (ABC) transporters [36]. For
many years, researchers have focused on investigating different members of the
ABC superfamily. A breakthrough occurred in 1976, when drug resistance was con-
nected with the overexpression of a protein encoded by the ATP gene binding cas-
sette, subfamily B, member 1: ABCB1 (MDRI1 or P-glycoprotein). Some years
later, ABCC1 (MRP1) and ABCG2 (BCRP or MXR) were also identified [37].
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ABCG?2 is a 72 kDa transport protein first found in a breast cancer cell line resistant
to doxorubicin and then associated with tumor resistance to many other drugs such
as mitoxantrone, camptothecin, anthracycline, flavopiridol, and antifolates [38].
Currently, ABCG?2 is identified in most tumor types and is considered the major
efflux pump inducing CSC resistance, being also upregulated under hypoxia [39].
ABCB1 and ABCC1 are unique polypeptides larger than 170—190 kDa, the former
being a product of the MDR1 gene and acting as an ATP-dependent pump for a
variety of hydrophobic compounds including anticancer and antimicrobial drugs. Its
overexpression has been found in more than 50% of all drug-resistant tumors [34]
(Chapter 5: Polymer therapeutics).

Another characteristic of CSCs that limit drug efficacy is quiescence
(Chapter 21: The future of drug delivery in cancer treatment). It has been described
that CSCs can stay for long periods in the GO (resting) phase of the cell cycle
[40,41], reducing the effect of many anticancer drugs that were designed to take
advantage of the quick replication of the bulk tumor cells [42.43]. Besides, some
drugs and gene therapies use the nuclear membrane disruption during mitosis to
reach their target site in the nucleus, and, thus, these therapies are also blocked by
quiescence [44]. Besides cell cycle effects, it should be noted that most signaling
networks implicated in maintaining the CSC phenotype inhibit apoptosis and senes-
cence, and by this mechanism, the pharmacological actions of many drugs on CSCs
are also reduced.

13.2 Pharmacological strategies for suppressing cancer
stem cells

In current protocols, CSCs are treated together with the other tumor cells using con-
ventional cytotoxic drugs (e.g., doxorubicin and taxanes). This often results in low
efficacy due to the inherent resistance of CSCs, which ultimately leads to tumor
recurrence. This does not imply that CSCs are insensitive to chemotherapy; in fact,
these cells present dysregulated signaling pathways necessary to maintain their phe-
notypic signatures. These signaling pathways open new opportunities for pharmaco-
logical treatments of CSCs, and CSC drugs might be applied either as a
monotherapy or in combination with cytotoxic drugs that eliminate differentiated
tumor cells (Fig. 13.2). Most CSC-specific drugs interact with one or multiple sig-
naling networks and have broad cellular effects. Major signaling networks that can
be altered are Hh, Notch, Wnt/3-catenin, transforming growth factor (TGF-3), phos-
phatidylinositol 3-kinase (PI3K)/Akt/mTOR, and NF-xB pathways. These signaling
networks can also be manipulated by oligonucleotides [e.g., small interfering RNA
(siRNA)] targeting pathway mediators or by shifting the balance of micro-RNAs
(miRs) in the cells. Based on the type of applied therapies, in the following sec-
tions, we have divided the pharmacological strategies between those amenable to
manipulation by conventional drugs (“druggable targets”) and those that can be
manipulated with gene therapy.
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Figure 13.2 Overview of therapeutic strategies in cancer treatment. Conventional
chemotherapy only destroys differentiated tumor cells (orange cells), without affecting CSCs
population (gray cells), resulting in a high probability of relapse. CSC-specific therapies
produce tumor degeneration through the elimination of CSCs, but relapses can occur due to
de novo tumor cell dedifferentiation. The combination of both therapies is suggested to be
the most efficient strategy for tumor eradication. CSCs, Cancer stem cells.

13.2.1 Druggable pharmacological strategies
13.2.1.1 Inhibitors of the Hedgehog pathway

This pathway is regulated through an extracellular and intracellular molecule known
as Hh, which binds and inhibits the transmembrane protein Ptchl. Ptchl itself is an
inhibitor of the expression and activity of another group of membrane proteins
called Smoothened (Smo). Therefore in CSCs, Hh overexpression leads to Smo
activation that results in the activation of the Gli transcription factor and its accu-
mulation in the cytoplasm (Fig. 13.3). Gli promotes many biological effects related
to cell proliferation, survival, and stemness [45.46]. The Hh pathway can be inhib-
ited by cyclopamine, a natural steroid alkaloid from corn lily that stabilizes Smo in
its inactive form [45.47]. It can also be modulated by Gli-inhibitors such as JK184
and HPI-1 (Hh Pathway Inhibitor-1) [48.49]. In 2018, FDA approved the oral Hh
inhibitor glasdegib for the treatment of acute myeloid leukemia [50].

13.2.1.2 Inhibitors of the Notch pathway

The Notch receptor is located in the cell membrane where it presents intracellular
and extracellular domains. When its physiological ligand (delta-like ligands, DLLs)
interacts with the external part, a proteolytic cleavage of the internal domain is pro-
duced by ~-secretase. This fragment migrates to the nucleus where it acts as a tran-
scription factor [45] (Fig. 13.3). This transcription factor segment activates cellular
programs involved in the maintenance of the CSC phenotype through the regulation
of proliferation, differentiation, and apoptosis.
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Figure 13.3 CSCs signaling pathways. The figure represents three major signaling pathways
overexpressed in CSCs. (A) Notch pathway: the interaction of ligand DLL4 with the Notch
receptor produces the cleavage of its intracellular domain, which migrates to the nucleus and
acts as a transcription factor. (B) Wnt/3-catenin pathway: the interaction of Wnt factor with
the Fz receptor blocks the 3-catenin destruction complex, and this leads to the cytoplasmic
accumulation of 3-catenin and its migration to the nucleus, where it acts as transcription
factor. (C) Hh pathway: the Hh molecule binds the transmembrane protein Patched-1 (Ptchl)
that unblocks another membrane protein (Smo) activating the Gli factor, which migrates to
the nucleus and activates gene transcription. All these pathways result in the transcription of
genes involved in maintaining the CSC phenotype. CSCs, Cancer stem cells; Fz, frizzled;
Hh, Hedgehog; Smo, smoothened.

Some inhibitors of the Notch pathway already tested on CSCs are semagacestat,
DAPT, and DLL4 antibodies. The first two are inhibitors of ~-secretase: semagace-
stat is a repurposed small molecule in clinical trials for Alzheimer’s disease [45]
and DAPT is a modified dipeptide [51]. Antibodies against the Notch ligand DLL4
have also shown the capacity to inactivate the pathway and act upon CSCs by gen-
erating disorganized angiogenesis and EMT inhibition [52.53].

13.2.1.3 Inhibitors of Wnt/j3-catenin

In this pathway the Wnt factor binds to the transmembrane receptor, Frizzled,
which disrupts the formation of the multiprotein destruction complex (axin-APC-
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GSK33) that degrades [3-catenin. This allows (3-catenin to be translocated to the
nucleus where it acts as a transcription [45.54] (Fig. 13.3), with effects on apopto-
sis, differentiation, migration, and proliferation.

The most important Wnt inhibitor is all-trans-retinoic acid (ATRA), an analog
of vitamin A. ATRA has already been used as a differentiation therapy for acute
promyelocytic leukemia [55], although the molecular mechanism of this activity is
not yet completely elucidated. ATRA is part of the current first-line treatment for
this disease together with arsenic trioxide. This combination has completely turned
a fatal disease in one of the most treatable cancers, with remission in more than
90% of the patients [56]. Other Wnt inhibitors under investigation are repurposed
dietary molecules such as quercetin [57], resveratrol [58], and curcumin. Curcumin,
in fact, is not only a Wnt/3-catenin inhibitor, but it can also act on the Notch, Hh,
and NF-kB pathways [59,60].

13.2.1.4 Modulators of the TGF-3 pathway

This signaling pathway is involved in proliferation, invasion, metastasis, angiogene-
sis, and differentiation of CSCs and modification of the tumor niche. Some of the
factors included in the TGF family are activin, nodal, BMPs, and growth and differ-
entiation factors. These factors play an important role in stem cell differentiation
and organogenesis [61.62]. TGF-3 is an oncogenic cytokine when it is linked to a
membrane complex formed by two receptors (TbRI and TbRII). This complex pro-
duces the phosphorylation of Smad transcription factors, which migrate to the
nucleus to regulate transcription. The TGF-3 pathway regulates the expression of
DNA binding protein inhibitors (Id proteins), interfering with transcription factors
and preventing differentiation of cells. In CSCs, these proteins are overexpressed
and block cell differentiation [63].

BMPs also regulate cell differentiation, proliferation, and survival and can
have paradoxical effects on CSCs, either promoting or suppressing tumor progres-
sion depending on BMP type. BMPs bind to both type I and II TGF-receptors,
forming a complex that also transduces through Smad phosphorylation. In addi-
tion, they also participate in the regulation of other signaling pathways such as
Notch, Hh, or Wnt [64]|. BMP-2 promotes the proliferation and invasion of CSCs,
while BMP-4 and BMP-7 have the opposite effect, reducing self-renewal and
chemotherapy-resistance, enhancing differentiation and apoptosis [65,66].
Sustained levels of BMPs delivered by microspheres can suppress glioblastoma
stem cells and result in reduced tumor growth and a more benign tumor phenotype
[67,68].

13.2.1.5 Inhibitors of phosphatidylinositol 3-kinase/Akt/mTOR
pathway

Upon the interaction of growth factors with their membrane receptor, PI3K converts
phosphatidylinositol (4,5)-bisphosphate to phosphatidylinositol (3,4,5)-trispho-
sphate. This product activates Akt, which in turn regulates the phosphorylation of
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different downstream targets in the NF-kB, GSK33, mTOR pathways [69,70]. The
effect over these molecular networks results in suppressed apoptosis, enhanced
angiogenesis, and shifted metabolism.

Important molecules that have shown inhibition of this pathway in CSC models
are rapamycin and perifosine. Rapamycin is a microbial drug with antibiotic, immu-
nosuppressive, and antitumoral activity. It has potent inhibitory capacity on mTOR
[69,71], resulting in specific effects over CSCs [72]. Perifosine is an alkyl-
phospholipid that can also suppress CSCs by preventing Akt translocation to the
plasma membrane [73]. Other drugs that can also act as PI3K antagonist are querce-
tin [74] and curcumin |75].

13.2.1.6 Inhibitors of NF-sB

This molecular network is involved in the maintenance, expansion, proliferation,
and survival of CSCs. NF-kB signaling can be divided in two distinct pathways:
canonical (inflammation and rapid immune response) and noncanonical (cell devel-
opment) [76]. The canonical pathway is activated by the binding of cytokines or
danger molecular patterns. This activates a kinase complex (IkB kinase, IKK) that
degrades the IkB complex, releasing the transcription factors p50 and p65 to the
nucleus where they induce proliferation, metastasis, antiapoptotic activity, angio-
genesis, and stemness [77]. In contrast, the noncanonical NF- kB pathway is acti-
vated by lymphotoxin (3, CD40 ligand, B-cell activating factor, and receptor
activators of NF-xB ligand. The activation of this pathway requires the synthesis of
NIK protein (NF-xB interacting kinase), which phosphorylates the IKKa that
degrades pl00, releasing p52. p52 is implicated in lymphoid organogenesis and B-
cell function, and it is also a tumor-promoting transcription factor [78.79]. NF-xB
can be inactivated by curcumin, as previously described, and by celastrol, a natural
triterpenoid with the capacity to induce CSC apoptosis through IKK inhibition
[76,80].

13.2.2 Gene therapies for cancer stem cells

Gene therapies have a huge potential against CSCs because of their capacity to act
upon specific signaling pathways or even to modulate entire transcriptional net-
works. Because of their potency, oligonucleotides for RNA interference (RNAI),
and mostly siRNA and micro-RNA (miR) have been the most explored nucleic acid
therapeutics. The use of siRNA as CSC treatment is based on its selective inhibitory
effect on key genes modulating their phenotype, many implicated in the pathways
previously described. miRs are endogenous RNA sequences that regulate transcrip-
tional networks. It is known that in CSCs, miRs are dysregulated with lower expres-
sion of onco-suppressive miRs and higher expression of the oncogenic ones.
Pharmacologically, this imbalance can be shifted by miR supplementation or by the
delivery of anti-miRs [81] (Chapter 7: Nucleic acid anticancer agents).
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13.2.2.1 Small interfering RNAs for cancer stem cells therapy

siRNAs can be applied as therapy against CSCs by using inhibitory sequences
against membrane receptors that participate in phenotype acquisition. For example,
tumors treated with CD44-siRNA, [82], EpCAM-siRNA [83], GLUT3-siRNA [84],
and CD95/Fas-siRNA [85] show growth inhibition, sensitization to chemotherapy,
and reduced tumor initiating properties. The delivery of DRYRK1A-siRNA modu-
lated epidermal growth factor receptor (EGFR) recycling, induced apoptosis, and
reduced invasion/proliferation in CSCs [86]. Other regulators of CSC signaling
pathways have also been silenced, including important regulators Bmi-1, Gli, and
Notchl. Inhibition of these targets have shown reductions in tumor volume, cell
proliferation, and cell invasiveness [87—89].

13.2.2.2 Micro-RNAs for cancer stem cells therapy

Several endogenous miRs with onco-suppressive activity are downregulated in
CSCs, as observed in different tumors. The most important ones are miR-7, miR-
34a (Chapter 7: Nucleic acid anticancer agents), miR-145, and miR-200. While
each one of these miRs will act upon their specific transcriptional targets, the most
important pathways implicated are Bcl-2, mTOR, Notch, Wnt, CD44, and TGF-3
[90—93]. Some other targets of interest are EGFR, regulated by miR-7 [94]; HIF-
2 and Oct4, regulated by miR-145 [95.96]; and platelet-derived growth factor D,
regulated by miR-200 [97]. These miRs produce a common set of biological actions
characterized by the inhibition of CSC traits: dedifferentiation/EMT, proliferation,
invasiveness, and drug resistance [93]. The supplementation of these miRs inhibits
CSCs and makes them more sensitive to conventional therapies.

On the other hand, some miRs have demonstrated to be upregulated in CSCs and
have oncogenic properties. The most important oncogenic miRs are miR-21 and
miR-155. The effect of miR-21 is mediated by Wnt-3/catenin, Notch, and mTOR/
PI3K/Akt pathways and by the enhanced expression of Bcl-2 and HIF-la
[90.98—100]. On the other hand, miR-155 promotes TGF-(3 pathway and the expres-
sion of CSCs markers ABCG2, CD44, and CD90. It also inhibits the expression of
TP53INPI, a nuclear protein with cancer suppressor properties [92,101,102]. These
miRs mediate many CSC properties: tumor proliferation, invasiveness and metastasis,
drug resistance, and dedifferentiation [93]. Since these miRs are upregulated and con-
tribute to the CSC phenotype, their inhibition by anti-miRs is a logical therapeutic
strategy to suppress CSCs. Indeed, the use of an antisense miR-21 oligonucleotide
has led to a decline in tumor growth in vivo and in vitro [90].

13.3 Nanomedicines for cancer stem cell therapy

13.3.1 Delivery of small drugs to cancer stem cells

Most drugs used for CSC suppression have low solubility (e.g., HPI-1), low cellular
uptake (curcumin), low oral absorption (e.g., cyclopamine), low bioavailability
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(e.g., resveratrol), low stability (e.g., quercetin), or high toxicity (e.g., ATRA).
Inclusion of drugs in suitable delivery systems improves their physicochemical
properties, such as water solubility, and imparts the final formulations with better
efficacy/toxicity ratios (Chapter 3: Immunoactive drug carriers in cancer therapy
and Chapter 21: The future of drug delivery in cancer treatment). Besides, these
strategies allow the codelivery of drugs in the same vehicle, creating a synergistic
effect against CSCs or combinations that target simultaneously CSCs and other rel-
evant cell types.

13.3.1.1 Polymer nanoparticles and micelles

Considering the hydrophobicity of most CSC-specific drugs, many groups have
opted to design nanoformulations based on polyethylene glycol (PEG)-polyester
block copolymers that form core—shell nanoparticles and micelles. The most used
copolymers were poly(lactic acid)-PEG (PLA-PEG) [103], poly(lactic-co-glycolic
acid)—PEG (PLGA-PEG) [49.104] (Chapter 6: pH-sensitive biomaterials for cancer
therapy and diagnosis) and polycaprolactone-PEG (PCL-PEG) [105.106]. The
hydrophobic core of these formulations provides an environment with high affinity
for the drugs. For instance, ATRA, cyclopamine and resveratrol showed encapsula-
tion efficacies higher than 70% [107—109]. Besides, the degradation profile of the
composing polymers can provide sustained release of the drugs, from a few hours
[109] to more than 2 weeks [107], depending on the drug, nanoparticle composition,
and drug loading.

On the other hand, the PEG shell is known to provide these formulations with
long-circulating properties and often with better biodistribution pattern that results
in higher tumor accumulation. For instance, the concentration of drugs in the tumor
24-hour postinjection can increase more than fourfold with the PEGylated nanopar-
ticles compared to the free drugs, as it has been seen for bortezomib and ATRA/
doxorubicin [103,110]. Moreover, the plasma concentration of nanoencapsulated
drugs such as docetaxel can increase more than fourfold in relation with the free
drug and twofold when compared with non-PEGylated PLGA particles [111]. This
can be important to counteract some of the important side effects of drugs such as
ATRA, rapamycin, bortezomib, or cyclopamine [103,110,112,113].

The combination of the above characteristics has resulted in several successful
examples of anticancer effect. Core—shell nanosystems have been used for the
delivery of ATRA [107] and ATRA/doxorubicin [103] in glioblastoma models, res-
veratrol and cyclopamine/paclitaxel in prostate cancer models [109,114], and borte-
zomib and rapamycin/paclitaxel in breast cancer models [110,112]. The
encapsulation of the drug in the nanocarrier increased the activity of these drugs
in vitro [103.109.114]. Interestingly, a few studies have also confirmed specific
effects over the CSCs or the malignancy of the tumor. For instance, coencapsulation
ATRA and doxorubicin in a nanoparticle reduces the CSC population by almost
half compared to the combined free drugs [103]. Likewise, the delivery of cyclopa-
mine/paclitaxel in polymer micelles resulted in an increase in tumor-suppressive
miRs in an orthotopic prostate tumor [114]. Several other studies have confirmed

242



Suppression of cancer stem cells 375

that nanoencapsulation provides efficacy benefits as compared to the free drugs
in vivo, both by providing a further reductions in tumor volume and in CSC fre-
quency [103,110,114].

Considering the physiological role of albumin as drug transporter, this material
is a logical choice for designing anticancer drug nanocarriers. Albumin formula-
tions have indeed resulted in the first marketed nanoparticle formulation
(Abraxane) for the delivery of anticancer drugs, FDA-approved already in 2005.
Albumin nanoparticles have also been tested with CSC-specific drugs. Human
serum albumin (HSA) nanoparticles loaded with resveratrol were tested in vivo in
an ovarian carcinoma model, and they showed increased drug concentrations in the
tumor and further reductions in tumor volume as compared to the free drug. The
nanoparticle formulation also produced an overall increase in apoptosis markers
[115]. HSA nanoparticles loaded with rapamycin and perifosine have also shown
higher tumor accumulation [116] and higher antitumoral efficacy in a mouse mye-
loma model [117]. HSA nanoparticles with rapamycin are being tested in eight
phases 1 and 2 clinical trials for a large range of tumors (https://clinicaltrials.gov:
NCT03660930; NCT02646319; NCT(02975882; NCTO03817515; NCT03670030;
NCT00934895; NCT03463265; NCT02009332).

An important strategy when dealing with CSCs is combination therapy. Such strat-
egy can further benefit from nanomedicines where several drugs can be codelivered
in the same carrier, therefore, potentially acting on the same cells. Polyester-PEG car-
riers have been investigated in detail for these codelivery strategies. For instance,
PLA-PEG has been loaded with chloroquine and coencapsulated with doxorubicin or
docetaxel. This combined therapy increased the efficacy of doxorubicin and docetaxel
in vitro by the inhibitory effect of chloroquine in autophagy, which resulted in
decreased “stemness” of the tumor cells. When tested in an orthotopic breast tumor
model, those nanoparticles having the chloroquine/docetaxel or chloroquine/doxorubi-
cin cotherapy showed higher growth inhibition and CSCs elimination than a mixture
of nanoparticles delivering separately the two drugs [118]. PLA-PEG nanoparticles
have also been investigated for delivering ATRA and doxorubicin in an orthotopic
breast cancer model. This combination benefited from the capacity of ATRA to
induce differentiation, sensitizing cells to the action of doxorubicin, and the combina-
tion therapy decreased tumor volume without enrichment of CSCs population [103].
PLGA-PEG nanoparticles have also been loaded with HPI-1 and gemcitabine. These
nanoparticles inhibited tumor growth in vivo in murine medulloblastoma allografts,
orthotopic pancreatic xenografts, and hepatocellular cancer xenografts. Besides these
reductions in tumor volume, these nanoparticles also depleted the CD133™ CSC pop-
ulation, and this activity was higher than that of the drugs given separately [119,120].

The examples of improved delivery of combination therapies extend to several
other core—shell systems and cancer models. Indeed, significant antitumoral effects
have been obtained: in ovarian xenografts treated with PCL-PEG micelles encapsu-
lating cyclopamine, paclitaxel, and gossypol [105], in multiple myeloma models
treated with HSA nanoparticles encapsulating rapamycin and perifosine [117], in
multiresistant breast cancer models treated with PEGylated-rapamycin nanoparticles
encapsulating paclitaxel [113] and in chemoresistant orthotopic prostate tumor
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models treated with PEG-poly(2-methyl-2-carboxyl-prolylene carbonate) nanoparticles
conjugated with paclitaxel and cyclopamine [114]. All these data in several types of
cancer support the interest of investigating optimized nano-delivered drug combina-
tions as new anticancer treatments.

13.3.1.2 Liposomes

Because of their extensive research in anticancer drug delivery, including the expe-
rience accumulated with FDA-approved formulations such as Doxil, PEGylated
liposomes have become some of the most studied carriers for the delivery to CSCs.
The rationale of their use is based on the affinity of most hydrophobic molecules
for their lipid bilayer, while taking advantage of the biodistribution and long-
circulating properties provided by the PEG shell [121,122]. Most of these liposomes
are prepared from cholesterol, natural phospholipids, and PEG-modified phospholi-
pids. Similar to nanoparticles, a major advantage of liposomes is the possibility of
encapsulating more than one drug for combined CSC therapies (Chapter 3:
Immunoactive drug carriers in cancer therapy).

Liposomes typically show good encapsulation properties for most of the previously
mentioned drugs, with more than 90% encapsulation efficiency in the case of quercetin
and ATRA [106,123], and 75% for rapamycin [124]. In general, drug release from
liposomes is often pH-dependent and can last for 24 hours [125]. On the other hand,
liposomes with optimized PEG coatings are known for their long-circulating properties
and capacity to alter drug biodistribution [126] (Chapter 21: The future of drug deliv-
ery in cancer treatment). Indeed, most liposome formulations can prolong drug plasma
half-life, and shift drug biodistribution to increase tumor accumulation as compared to
the free drugs [127—129]. An added benefit of liposome delivery is that encapsulation
often improves drug penetration in the cells. The delivery benefits of PEG-liposomes
were seen in a prototype encapsulating ATRA and vinorelbine. This formulation
showed enhanced cellular uptake and reduced opsonization in vitro [ 106].

Drug-loaded liposomes have shown efficacy in a variety of CSC-specific mod-
els. For instance, quercetin-loaded PEG-liposomes downregulated NF-xB and upre-
gulated caspase-3 in breast and esophageal cancer models [123,130]. Moreover, the
association of these liposomes with a CD133 antiserum exhibited additional apopto-
tic effect in an esophageal carcinoma model in vitro, where the treatment also
showed the depletion of the CD133™ CSC population [130]. PEG-liposomes func-
tionalized with trastuzumab and loaded with resveratrol and curcumin have been
tested in vitro in breast cancer cell lines where they showed enhanced drug activity
as compared to the free drugs [131]. The same functionalized PEG-liposomes were
loaded with paclitaxel and rapamycin and evaluated in breast cancer animal models.
The PEG-liposome treatment provided tumor volume reductions and an increased
survival rate without relevant side effects [132]. Liposomes loaded with disulfiram
have also been tested for breast cancer therapy. In vitro, the liposomes resulted in
the inhibition of the NF-xB pathway, increased reactive oxygen species activity,
higher ALDH expression, and higher cytotoxicity. In vivo, they generated a strong
anticancer effect without causing liver toxicity [133].
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13.3.2 Gene delivery to cancer stem cells

Most gene therapies directed to CSCs have relied on the concept of RNAI, either
by deploying siRNA, miR, or anti-miRs. The biological actions of these molecules
against CSC have been described before (Section 13.2.2.), but their interest is also
related to their manufacturing and delivery advantages that make them easier for
pharmaceutical development than viral vectors and plasmid DNA. To begin with,
RNAIi molecules are easier to manufacture by industry [93.134]. Besides, they are
potent, amenable to some chemical modifications, and have a cytosolic target site
[135]. This makes their intracellular trafficking simpler than gene therapies aiming
for the nucleus, particularly in slow-cycling cells [136]. Despite these delivery
advantages, RNAIi therapy is still limited by its inefficient delivery and transient
effect. The inefficient transfer of RNAi oligonucleotides at the cellular level is
caused by their poor membrane penetration capacity and by their degradation at the
endo-lysosomal pathway [137.138]. In vivo, it is likely that extracellular mechan-
isms related to poor epithelial permeability and fast enzymatic degradation already
eliminate the large majority of the oligonucleotides before even reaching the target
cells [137]. Improvements in oligonucleotide delivery and stability can be achieved
by chemical modification of the oligonucleotides, as reviewed recently [139], and
by their association to optimized nanocarriers as summarized in the following para-
graphs with specific focus on CSC therapies (Fig. 13.4).

Delivery of small drugs

Treatment of CSCs
Gene therapy

26%0;@
/ 1T\
N1/

Targeting CSCs

Figure 13.4 Scheme of the main strategies for CSC treatment where nanomedicine can
provide added value. The most investigated nanocarriers for small drugs are core—shell
polymeric micelles and PEGylated liposomes. The most investigated nanocarriers for gene
therapy are polyplexes and lipoplexes. Targeting based on ligand-receptor interaction has
been mostly based on specific coating polymers such as hyaluronic acid, or by conjugation
of antibodies and aptamers. CSCs, Cancer stem cells.
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13.3.2.1 Polymeric systems

The most used polymeric systems are based on cationic materials that condense the
oligonucleotides and form nanocomplexes by electrostatic interaction [140].
Typical condensing polymers are chitosan [141], polyethyleneimine (PEI), polyly-
sine (PLL), and poly(3-amino esters) [142] (Chapter 3: Immunoactive drug carriers
in cancer therapy). Also, dendrimers based on poly(amido amine)s (PAMAM) have
been frequently tested [143,144]. These nanoparticles provide the oligonucleotides
with protection against RNAases and with a more efficient intracellular trafficking
[145]. Indeed, the most studied polymers are materials with endosomal escape prop-
erties like PEL, which can enhance the intracellular delivery of oligonucleotides by
several orders of magnitude. Another advantage of polymer nanoparticles is their
tunable properties that can make them responsive to external stimuli (e.g., tempera-
ture, pH) facilitating gene delivery and triggered release [139,146].

Chitosan nanoparticles have been used as efficient vectors for the transport of
RNAI oligonucleotides such as miR-34a in the treatment of prostate, colon, and
laryngeal cancers. The encapsulation of nucleic acids in the nanocarrier increased
the activity of these oligonucleotides in vitro and achieved significant reductions in
tumor volume in vivo compared to blank controls [147—149]. Other in vitro studies
have shown that PEI nanoparticles are effective carriers for siRNA delivery and can
achieve significant reductions in neurosphere formation in glioblastoma models
when combined with low doses of temozolomide [150]. When grafted to polyure-
thane, PEI showed great efficacy both in vitro and in vivo: PEI nanoparticles loaded
with miR-145 or siRNA against critical CSC receptors inhibited CSC proliferation
and reduced tumor volume in glioblastoma [151], lung adenocarcinoma [152],
colon [153], leukemia [154], and breast cancer [155].

Several studies have also investigated PAMAM dendrimers as gene nanotran-
sporters (Chapter 6: pH-sensitive biomaterials for cancer therapy and diagnosis) in
CSC therapies. PAMAM sixth generation dendrimers loaded with siRNA against
p'I"OS“’K were able to reduce the tumorogenicity and metastatic properties of CSCs
of ovarian cancer [144]. This gene therapy also inhibited the growth of xenograft
tumors from CSCs. In contrast, third generation PAMAM dendrimers loaded with
siRNA against TWIST were only effective in vitro against ovarian carcinoma
CSCs, but not in vivo [156]. The transfection capacity of PAMAM was also used to
design a codelivery nanocarrier where the dendrimers with anti-miR-21 and doxoru-
bicin were associated to hollow gold nanoparticles for sequential release of both
active compounds. This combined therapy produced a synergistic effect and super-
ior anticancer efficacy [157].

An emerging idea for gene delivery in cancer is the exploration of polymer
libraries to select materials with the best delivery properties [158]. The process of
polymer library synthesis can be streamlined by the use of polymers with “click™
handles that are modified by postpolymerization reactions. Such approach has
recently been used for the generation of gene delivery systems against CSCs based
on cationic and anionic polyphosphazenes [146]. The optimized nanoparticles,
which included a cationic and a pH-sensitive anionic polyphosphazene counterpart,
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showed better transfection/toxicity ratios than PEI in 3D spheroid models.
Polyphosphazene nanoparticles loaded with a siRNA against DYRKIA reduced
glioblastoma CSC tumorigenesis in vitro and produced significant tumor volume
reduction in vivo when used as an adjuvant to temozolomide [146].

Other interesting nanocarriers for CSC gene therapy are core—shell structures
where hydrophobic polymers (e.g., PLA, PLGA, and PCL) are coated with cationic
groups that promote oligonucleotide condensation [159,160]. Typical cationic shell-
forming blocks comprise PEI, poly(dimethylaminoethyl methacrylate) and poly(2-
aminoethylethylene phosphate) (PAEEP). This core—shell disposition allows the
formation of micelle-type structures that are very useful for the combined delivery
of drugs and oligonucleotides [160]. In these cationic micelles, small drugs encap-
sulated in their core can benefit from the same solubilization and controlled release
properties as described previously (13.3.1), while oligonucleotides benefit from the
intracellular delivery characteristics imparted by the polymeric shell.

Based on this strategy, polymeric micelles based on PEGylated multiblock poly-
mers having pendent cationic groups and sites for drug conjugation have been
explored for CSC-targeted therapies. Polymer conjugates of gemcitabine efficiently
complexed miR-205, and this therapy was able to reduce the chemoresistance and
invasiveness of gemcitabine-resistant pancreatic CSCs. In vivo studies performed in
pancreatic cancer xenografts showed significant inhibition of tumor growth,
reduced cell proliferation, and increased apoptosis [161]. Other PEGylated micelles
based on PLL derivatives have been used for the codelivery of siRNA and doxoru-
bicin and showed significant tumor inhibition in nonsmall cell lung cancer as com-
pared to the same nanoparticles loaded either with the siRNA or the drug [162]. A
core—shell system prepared by mixing diblock copolymers of PCL-b-PEG and
PCL-b-PAEEP was used to deliver siRNA against Notchl in combination with plat-
inum (IV) drugs in hepatocellular carcinoma. The nanoparticles achieved increased
therapeutic efficacy in comparison to the drug monotherapy and the free drug
through a direct effect on CSCs [163].

13.3.2.2 Lipid systems

Liposomes and lipidic nanosystems based on cationic lipids are among the most
effective synthetic carriers for oligonucleotide delivery [139] due to their biocom-
patibility, capacity to stabilize the nucleic acids, and ability to promote their inter-
nalization [164,165]. Typical lipid formulations for gene delivery are based on N-
[1-(2,3-dioleyloxy) propyl]-N,N,N-trimethylammonium chloride or 1,2-bis (oleoy-
loxy)-3-(trimethylammonio) propane [166] and are usually mixed with an “endoso-
mal escape helper” lipid such as dioleoylphosphatidylethanolamine [167]. Other
lipids present in most gene delivery formulations are cholesterol, used for improv-
ing membrane stability [168] and PEG-modified lipids, for enhancing circulation
time [169]. Similar to the case of polymeric micelles, the presence of the hydropho-
bic membrane and the cationic shell of the liposomes make them very versatile for
integrating combination therapies of small drugs and oligonucleotides [139].
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Lipid nanoparticles based on these lipids have been used to treat breast CSCs by
encapsulating a combination of camptothecin and siRNAs against clustein, another
protein implicated in chemoresistance. The study showed that this delivery system
provided more effective gene delivery than the standard transfecting agent lipofec-
tamine and the combination therapy also improved antitumoral effects as compared
to the drugs delivered separately [170]. Improvements on the treatment of breast
CSCs could also be obtained with the same lipid particles with paclitaxel/miR-200c
combinations [171]. Lipid nanoparticles delivering cisplatin and siRNA against
Bmi-1 also showed significant efficacy for combination therapy in CSCs of hepato-
cellular carcinoma and this translated to higher antitumoral activity in tumor xeno-
grafts [172].

Other lipid nanoparticle compositions have also achieved interesting results
recently. For instance, nanoparticles combining 1,2-diolyl-3-dimethylammonium-
propane, a PEGylated sphingosine derivative, and disteroylphosphatidylcholine
were used to deliver miR-199b-5p. The formulation showed high antitumoral effi-
cacy with shifts in CSCs markers observed in different cancer types: colon, breast,
prostate, and brain [173]. An anionic lipid nanoparticle conjugated to anti-miR-126
has also been used to treat acute myeloid leukemia, resulting in CSC depletion and
increased survival in secondary tumor cell transplantation experiments [174]. We
have identified at least 10 gene therapies related to CSCs and delivered in lipid
nanocarriers that are currently in clinical trials. The studies cover a variety of can-
cers and are all in clinical phases 1 and 2 (https://clinicaltrials.gov: NCT03323398;
NCT01437007; NCTO02716012; NCT02110563; NCT02314052; NCT03323398;
NCT01437007; NCT02716012; NCT02110563; NCT02314052).

13.3.3 Targeting to cancer stem cells

Considering the key role of CSCs in cancer relapse and metastasis, several groups
have pursued strategies to target therapeutic molecules to this cell population.
While there is some heterogeneity on the phenotypic markers of CSCs, most works
have focused on targeting three receptors: CD44, CD133, and EpCAM [175,176].
All of them are membrane glycoproteins and have biological activities linked to the
maintenance of the CSC phenotype [177—181]. Targeting these receptors can be
achieved by antibodies and aptamers. Out of these, antibody ligands represent most
broadly used strategy for CSC targeting [182—184]. Aptamer ligands have also
been used for all the three receptors [185,186] but have been extensively explored
for EpCAM [104.187,188]. Besides the previous strategies, CD44 targeting has
been mostly addressed by coating nanocarriers with its endogenous receptor ligand
hyaluronic acid [46,189—191] (Chapter 3: Immunoactive drug carriers in cancer
therapy).

In vitro, several of these systems have shown the capacity to selectively bind to
CSC receptors [185] and be preferentially internalized by CSCs in the presence of
other cell populations [192]. In vivo, a few articles have reported higher tumor
accumulation of CSC-targeted nanoparticles as compared to the same nonfunctiona-
lized carriers [193]. Besides, several observations have indicated that targeted
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nanoparticles also accumulate preferentially in the CSC population in vivo
[194,195]. Still, these observations need to be seen with caution since the general
concept of targeting is currently under debate. Indeed, a systematic review con-
cluded that only around 0.7% of nanoparticles are distributed to the tumors and that
targeting has little effect on this result [196]. Besides, even with targeted systems,
the percentage of nanoparticles that reach cancer cells has been calculated to be
around 0.0014% of the injected dose [197]. These results indicate that the assumed
targeting is not really occurring in vivo, and this is understandable because target-
ing can occur only after the delivery systems reach the target. Delivering more
drugs to targets in vivo is the single most important problem in making all formula-
tions effective in clinical trials.

Despite these open questions, several in vitro and in vivo studies have shown
indications that nanocarriers targeted to CSCs by specific ligands could outperform
nontargeted ones for anticancer efficacy. CD44-targeted carriers have shown signif-
icantly higher antitumoral effect than nontargeted systems [46,190,192,198,199],
together with the capacity to reduce the CSC population in breast and pancreatic
cancer as well as in hepatocellular carcinoma [46.185,191.199.200]. Drug-loaded
nanoparticles and liposomes functionalized with anti-CD133 antibodies have also
shown improved efficacy against CSCs, with higher tumor reduction and lower
tumor recurrence in breast cancer, colorectal cancer, and glioblastoma
[183.201—-204]. Drug-loaded nanoparticles targeted against EpCAM have also led
to higher efficacy in breast adenocarcinoma [104], lung [187], colon [104], and
ovarian cancer [188] as compared to the free drug and the nontargeted carrier.
Immunoliposomes targeted to EpCAM and loaded with doxorubicin and siRNA
were significantly more cytotoxic to CSCs than the same nontargeted formulation.
They were also able to generate tumor regression even at very low concentrations
when tested in breast cancer, small cell lung carcinoma [184], and in epithelial
in vivo cancer models [205]. While is still unclear whether this improved anticancer
efficacy observed for some nanocarriers with specific receptor binding will translate
to human patients, several ongoing clinical trials might soon shed some light on the
issue (https://clinicaltrials.gov: NCTO03774680, NCT02979392, NCTO01702129,
NCT02766699).

13.4 Concluding remarks

The existence of CSCs and their implication in tumorigenesis and recurrence is
now broadly accepted for most tumors. However, in contrast with the initial CSC
hypothesis, this phenotype does not seem to be fully restricted to a defined set of
cells at the top of a rigid hierarchy but rather results from cell plasticity. This new
concept of cell plasticity makes the treatment of CSCs more complex since all cells
that are—or could become—part of this population need to be eliminated to sup-
press tumor recurrence.
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Stimulated by the success of ATRA in acute promyelocytic leukemia, many clinical
trials have been launched to investigate molecules that suppress CSCs [206], and this
has resulted in two recent FDA approvals (glasdegib and venetoclax), both for acute
myeloid leukemia. Still, the arsenal against CSCs is restricted to a few active mole-
cules, mostly with low solubility and important side effects, and to oligonucleotides
with inherent difficulties to overcome cellular barriers. These limitations on drug tox-
icity and poor delivery are being tackled by encapsulating the drugs in optimized nano-
carriers, an idea that has already been translated to a few clinical trials. As relevant
examples, albumin nanoparticles with rapamycin are being tested in a variety of tumor
types, and several lipid nanocarriers are being explored for gene therapy approaches.
Nanocarriers are also ideally suited for the development of combined therapies since
they can deliver several drugs simultaneously to the same target region [207].

A critical challenge for new therapies acting on CSCs is to reach all their target
cells. This is a complex problem since many CSCs are hidden in tumor regions with
poor accessibility and a protective niche environment. Delivery improvements can be
achieved by the coadministration of degradative enzymes (e.g., hyaluronidases and
collagenases) to digest the extracellular matrix, but this idea is restricted to intratu-
moral administration modalities [208,209]. There is now higher awareness regarding
the relevance of drug carriers to promote intratumoral transport, and some recent
studies have identified some physicochemical properties required for efficient tumor
penetration [210]. Another promising strategy is based on the use of tumor-
penetrating peptides [211]. Still, the process of drug and carrier transport through the
tumors seems to be highly inefficient, and further studies will be required to clarify
the main bottlenecks and design technologies that could overcome them.

Since CSCs require support from their niche to maintain their phenotype, thera-
pies directed toward its disruption are highly promising. Many of the drugs covered
in this chapter are, in essence, capable of disrupting the niche temporally by their
effect on key-signaling pathways (Notch, Wnt, Hh, etc.). However, once the drug is
eliminated, the niche will restore its functionality. The next generation of controlled
delivery systems may bring great value in this context, since these technologies
could achieve continuous disruption of the niche, both eliminating CSCs and pre-
venting the restoration of this population from newly dedifferentiated tumor cells.
For instance, this idea has been applied to generate microspheres that provide con-
tinuous delivery of BMP-7 for more than 2 months, and this technology has been
used to suppress glioblastoma CSCs [67,68]. We envisage that this strategy will
translate into important clinical benefits, mostly in combination with classical cyto-
toxic drugs to eliminate the bulk tumor.
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Abbreviations

ABC Adenosine triphosphate—binding cassette
ALDH aldehyde dehydrogenase

ATP adenosine triphosphate

ATRA all-trans-retinoic acid

BMPs bone morphogenic proteins

CSCs cancer stem cells

DLLs delta-like ligands

EGFR epidermal growth factor receptor
EMT epithelial-to-mesenchymal transition
Fz frizzled

Hh Hedgehog

HIF hypoxia-inducible factors

HPI-1 Hedgehog pathway inhibitor-1

HSA human serum albumin

miRNA or miR micro-RNA

PAEEP poly(2-aminoethylethylene phosphate)
PAMAM poly(amido amine)s

PCL-PEG polycaprolactone-poly(ethylene glycol)
PEG polyethylene glycol

PEI polyethyleneimine

PI3K phosphatidylinositol 3-kinases
PLA-PEG poly(lactic acid)-poly(ethylene glycol)
PLGA-PEG poly(lactic-co-glycolic acid)-poly(ethylene glycol)
PLL polylysine

RNAi RNA interference

siRNA small interfering RNA

Smo smoothened

TGF transforming growth factor
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Abstract: Tuberculosis (TB) is an infectious disease that causes a great number of deaths in the
world (1.5 million people per year). This disease is currently treated by administering high doses
of various oral anti-TB drugs for prolonged periods (up to 2 years). While this regimen is normally
effective when taken as prescribed, many people with TB experience difficulties in complying with
their medication schedule. Furthermore, the oral administration of standard anti-TB drugs causes
severe side effects and widespread resistances. Recently, we proposed an original platform for
pulmonary TB treatment consisting of mannitol microspheres (Ma MS) containing iron (III) trimesate
metal-organic framework (MOF) MIL-100 nanoparticles (NPs). In the present work, we loaded this
system with the first-line anti-TB drug isoniazid (INH) and evaluated both the viability and safety of
the drug vehicle components, as well as the cell internalization of the formulation in alveolar A549
cells. Results show that INH-loaded MOF (INH@MIL-100) NPs were efficiently microencapsulated
in Ma MS, which displayed suitable aerodynamic characteristics for pulmonary administration and
non-toxicity. MIL-100 and INH@MIL-100 NPs were efficiently internalized by A549 cells, mainly
localized in the cytoplasm. In conclusion, the proposed micro-nanosystem is a good candidate for
the pulmonary administration of anti-TB drugs.

Keywords: A549 cells; isoniazid; mannitol; metal-organic frameworks; microencapsulation;

pulmonary administration; tuberculosis

1. Introduction

Currently, TB continues to be one of the principal 10 causes of death worldwide [1,2],
and is the second leading cause of death (1.5 million people in the world per year [3]) due
to an infectious disease, behind SARS-CoV-2 (>1.9 million deaths in 2020 [4]). TB is mainly
caused by the bacteria Mycobacterium tuberculosis [5] and principally affects the lungs but
also can be spread to other organs (e.g., productive cough, fatigue, fever, malaise, night
sweats, and weight loss) [6].

Once in the body, alveolar macrophages are a growth niche in which the bacilli
reside and multiply. The conventional TB therapy recommended by the World Health
Organization (WHO) consists of a difficult daily oral multidrug regimen that is prolonged
in time (often lasts up to 2 years), in which the treatment during the first two months
is with INH, rifampicin, ethambutol, and pyrazinamide (first-line anti-TB drugs), and

Molecules 2021, 26, 6408. https:/ /doi.org/10.3390/molecules26216408

https:/ /www.mdpi.com /journal /molecules

269



SHEILA BARRIOS ESTEBAN

Molecules 2021, 26, 6408

20f27

the following four months with INH and rifampicin [7]. Although the treatment efficacy
was estimated to be of 85% [8], there are several factors that can negatively affect the
success rate, such as: (i) the inappropriate use of anti-TB drugs (e.g., employed medicines
of deficient quality or bad storage); (ii) low stability and poor oral absorption of anti-TB
drugs; (iii) important first-pass metabolism of anti-TB drugs, making difficult to reach the
granulomas and penetrate into the bacteria; and (iv) a too-long treatment duration (often
lasts up to 2 years) that is generally associated with important undesirable side effects (e.g.,
depression, psychosis, kidney impairment, or resistances [8]). Therefore, a controlled and
targeted release of anti-TB drugs should be able to overcome these drawbacks and achieve
a more effective treatment of TB.

The pulmonary route is suitable to administrate either small or large molecules for
local or systemic treatments [9-11] by using aerosols [12]. In this regard, it has attracted
great interest due to its advantages for the local delivery of anti-TB drugs [12], such as:
(i) its non-invasive and pain-free way of administration that favors the comfort and dosing
compliance of the patient [13]; (ii) direct administration at the site of action, reducing the
administered dose and potential side effects; (iii) low enzymatic activity in comparison with
other mucosal surfaces, avoiding, for example, the gastrointestinal degradation inherent to
oral administration; and (iv) absence of the hepatic first-pass effect [14]. The pulmonary
route is especially attractive for TB treatment in comparison with the traditional oral
and parenteral routes, as it increases the local drug concentration, thus improving the
pharmacological action and decreasing the drug systemic dosage, which are associated to
side effects and to the risk of resistant-strain development [15-17].

Nano and microsystems arouse great interest for the delivery of active ingredients
(Als) directly to the lung to treat pulmonary diseases such as cystic fibrosis or TB, and
also for gene therapy, as they can help to overcome the difficulties associated with their
pulmonary administration. Additionally, the direct administration of Als to the lung makes
it possible to optimize their therapeutic effect in comparison with traditional treatments
administered orally. Different types of nanosystems (NPs, solid lipid NPs (SLN), nanocap-
sules (NCs), nanoemulsions, liposomes, and micelles) and microsystems (microparticles
and MS) [18-23] were investigated; among them, the MOFs stood out. They are crystalline
hybrid materials of high porosity, which are formed by the association of inorganic subunits
(cations, clusters, chains, etc.) and polydentate organic ligands (carboxylates, azolates,
etc.) [24]. It is worthy to note that the presence of metals in the structure of some MOFs
have antibacterial activity and a synergistic effect with antibacterial drugs; therefore, these
MOFs have great potential for anti-TB therapy. This is the case of MOFs containing silver
and gold [25]. MOFs (unlike other rigid NPs) are tunable, can be functionalized, have an
adjustable porosity and high drug loads, and are thermo-resistant. Particularly, nanoscaled
MOFs (nanoMOFs) have proven to be excellent platforms for the delivery of drugs through
different routes such as the intravenous or cutaneous route [26]. The active compounds
can be adsorbed or entrapped inside the pores or can be a constituent of the MOF itself
as a biologically active building block. MOFs can transport large quantities of different
Als (drugs, nucleic acids, enzymes, etc.) and release them in a controlled manner [24].
Mainly mesoporous iron (III) trimesate, named MIL-100(Fe) (MIL = Material of Institute
Lavoisier) [19], is a promising candidate as a drug delivery vehicle since: (i) it can be
synthetized at difference sizes (from 80 nm to some microns) [24]; (ii) is highly porous
(Brunauer, Emmett, and Teller (BET) surface area ~2000 m2- g_l, Vp=12 cms-g_l; with
mesoporous voids of 2.5 and 2.9 nm accessible through microporous windows ca. 4.8-5.8
and 8.6 A, respectively), which allows for the encapsulation of important drug doses;
and (iii) is biodegradable and non-toxic, as it has not shown signs of toxicity after pul-
monary [19] or intravenous [27] administration to rats. To prepare an optimal pulmonary
formulation it is important to know where the drug must be deposited. In this sense, to
achieve the deep lung, the aerodynamic diameter should be between 1 and 5 pm [14,28].
However, good distributions into the deep lung are achieved with particles lower in size
and presenting hollow structure [29,30]. Regarding to the nature of inhaled formulations,
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dry powders are generally preferred over their liquid counterparts since: (i) they present a
higher stability [31] and drug bioavailability [32]; (ii) are easily stored; and (iii) are easy
to handle since, for example, the nebulization systems require special equipment [13,33].
Taking into account the fact that the MIL-100(Fe) NPs present a size of around 150 nm, it is
not enough to reach the deep lung. In this regard, one efficient strategy can be the microen-
capsulation of MIL-100 NPs in MS with suitable aerodynamic properties to achieve the
deep lung. The most common excipients used for the preparation of MS are the saccharides,
as they are biocompatible, biodegradable, easily functionalizable, and cheap [34].

In this work, we microencapsulated INH@MIL-100 NPs by spray-drying in order to
improve their stability [35] and their aerosolization pattern [36=38] to achieve a deposition
and delivery in the lower respiratory tract [39,40]. Different biocompatible polysaccharides
were initially spray-dried (obtaining control MS) to select the best excipient for the mi-
croencapsulation. The encapsulation of the INH first-line anti-TB drug was carried out in
the nanoscaled MIL-100 MOFs, fully characterizing the resulting drug-loaded nanosystem
(INH@MIL-100). Then, INH@MIL-100 NPs were microencapsulated in the MS of the
selected excipient. The resulting micro-nanoMOFs were investigated to guarantee their
biocompatibility with the pulmonary epithelium and the cell internalization of NPs in
adenocarcinoma human alveolar basal epithelial cells (A549 cells) was examined. The
developed Ma-INH@MIL-100 MS exhibited suitable aerodynamic properties for pulmonary
administration. In addition, MIL-100 and INH@MIL-100 NPs, as well as the Ma excipient,
were non-toxic for A549 cells, as the NPs were efficiently captured by these cells and the
nanocarriers were found mainly in the cytoplasm.

It is important to bear in mind that in certain cases where TB is advanced, pulmonary fi-
brosis can occur. If the lung tissue is fibrotic [41], the normal lung function is impaired. This
modified functionality causes the diminishing of the iron uptake of the macrophages [42]
and causes a low amount of phagocytosed iron to be less metabolized. Therefore, greater
amounts of iron accumulate in the lung. This excess iron levels increases the activity of pro-
lyl hydroxylase, an important enzyme involved in the synthesis [43] and maturation [44]
of collagen, and, in consequence, worsens the fibrotic disease. The elevated iron levels can
also increase the proliferation of pro-inflammatory cytokines. Hence, we did not rule out
that in these circumstances, the pulmonary fibrosis may develop further after administra-
tion of MOFs containing iron. Therefore, Ma-INH@MIL-100 MS are more interesting for
the early treatment of TB. We have recently reported the preparation of Ma MS containing
MIL-100(Fe) MOFs, which have adequate aerodynamic properties to reach the deep lung
after intratracheal administration to rats and are susceptible to being phagocytosed by
alveolar macrophages. Therefore, Ma-INH@MIL-100 MS emerge as promising candidates
to combat certain infectious diseases, such as TB, by the pulmonary route.

2. Results and Discussion
2.1. INH Encapsulation

The previously reported outstanding results in the efficient in vivo release of MIL-
100 NPs uniformly along the lungs, reaching the bronchioles and alveoli [19], prompted
us to explore the incorporation and posterior release of the first-line anti-TB drug INH
(7.3 % 4.6 x 3.0 A3) in detail. INH was successfully encapsulated into the porosity of the
MIL-100 NPs with a two-step impregnation method of the porous material in an aqueous
solution of INH, reaching a drug loading of 29.5 &+ 2.21 wt%. Powder X-ray diffraction
(PXRD) patterns evidenced that the drug-encapsulation process did not alter the crystalline
structure of the porous material (Figure 1a). The absence of Bragg peaks corresponding to
free INH rules out the presence of free recrystallized drugs outside the pores of MIL-100.
The drug content was estimated by combining high-performance liquid chromatography
(HPLC) and thermogravimetric analysis (TGA; Figure 1b). This INH loading is excellent in
comparison with that obtained for MIL-101-NH>(Fe) (12 wt%) in other anterior studies [45]
and remains in the range of previously incorporated drugs in MIL-100 MOF (e.g., 25 wt%
of acetylsalicylic acid [46] and 31 wt% of ibuprofen [47]).
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Figure 1. (a) PXRD patterns; (b) TGA; and (¢) N3 sorption isotherms at 77 K of MIL-100 and INH@MIL-100 nanomaterials.
PXRD pattern of the free INH has been included for comparison in Figure 1a. Close and open symbols in Figure 1c indicate
adsorption and desorption branches, respectively.

Furthermore, the incorporation of the anti-TB drug within the cavities of MIL-100 NPs
was demonstrated by the dramatic reduction of the N, sorption capacity of both the MOF
and pore size (Figure 1c). In the INH@MIL-100 NPs, there was still some residual porosity
after the drug encapsulation process (SBET = 1500 m?-g~*, pore volume-Vp = 0.70 cm®-g~1).
To shed some light on the influence of porosity on drug adsorption, we estimated the
volume occupied by each INH molecule inside the MOF by considering the variation of the
MOF pore volume after the drug encapsulation and the total amount of loaded drug using
a previously reported procedure described by Rojas et al. [47]. The higher INH occupancy
volume in MIL-100 compared to the INH-free MIL-100 volume (435 vs. 105 1&.3, as estimated
under vacuum by ChemDraw) is related to the partial pores’ occupancy, as confirmed by
the important remaining porosity after INH insertion. This suggests that the maximum
drug loading is not reached in MIL-100 or that some cages are not accessible to the drug
but only to N3. In fact, the adsorption of the INH might preferentially occur in the larger
cages of MIL-100 (accessible via hexagonal windows of ~8.6 A). In contrast, the dimensions
of INH might prevent its crossing through the pentagonal windows (ca. 4.8-5.8 A; note
that van der Waals radii have been considered), in agreement with the selective location
of other drugs in MIL-100 (e.g., ibuprofen) [48]. Finally, if one excludes the drug location
within the smaller pores, a more realistic volume of the MIL-100 occupied by INH (44%)
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is estimated, corresponding to an INH occupancy volume of 191.4 A3 (much closer to the
free molecule 105 A3).

Fourier transform infrared (FTIR) spectra of INH@MIL-100 confirmed the presence
of INH in the MOF NPs through the presence of some bands corresponding to the drug
(Figure 2). It can be seen, for instance, the v(ring C-C-H) asymmetric and symmetric
bending 1217, 1195 em~!, and 843 em™!, respectively; and v(C-C=0) 689 em~! [49]. Fur-
thermore, the FTIR spectrum of INH@MIL-100 NPs showed a shift in the wavelengths
in comparison with the empty MIL-100 characteristic bands: v(C-O) band of carboxylate
groups (from 1630 to 1624 cm™!) and both the asymmetric and symmetric vibrational
band characteristics of the -O-C-O- group (from 1449 to 1443 cm™! and from 1378 to
1371 em™1) [50]. These results suggest the formation of interactions between the drug and
the hybrid framework.

INH@MIL-100
MIL

3500 3000 2500 2000 1500 1000 500 1600 1400 1200 1000 800 600
V (em™) V (em™)
(a) (b)

Figure 2. FTIR spectra of INH, INH@MIL-100, and MIL-100 materials with a (a) wider spectrum range, approximately from
4000 to 400 v(em™?). (b) A part of these spectra are around 1800 to 400 v(em™Y).

2.2. Preparation and Characterization of MS

A preliminary spray-drying screening study of the preparation of control MS (with-
out NPs) was initially performed, employing the aqueous solutions of seven excipients:
D-mannitol (Ma), a-cyclodextrin («-CD), dextran (Dex), D-(+)-mannose (Man), D-(+)-
trehalose dihydrate (Tre), D-sorbitol (Sor), and D-(—)-fructose (Fru). The resulting powders
were characterized, with special attention provided to the process yield (PY), morphology,
and apparent density (Table 1). In this regard, high PY was obtained for «-CD and Ma
(74.0 £ 3.0 and 58.5 + 3.5 wt%, respectively), in contrast to the low PY found for Tre and
Dex (27.0 = 1.0 and 10.5 £ 1.5 wt%, respectively). Sor, Man, and Fru did not allow for the
recovery of measurable powder amounts; therefore, they were discarded. Conversely, SEM
images (Figure 3) showed that the MS morphology was highly dependent on the used
excipient. Ma MS were well-defined non-aggregated spherical particles with a continuous
smooth surface (Figure 3a), whereas «-CD MS and Dex MS were more irregular and with
a heterogeneous surface (Figures 3b and 3c, respectively). In contrast, the resulting Tre
structures did not present qualities for pulmonary administration because they resulted
in agglomerates. One could expect that regular spherical Ma MS, with fewer contact
points between particles and less friction between them [51], will present improved flow
properties, facilitating their pulmonary administration.
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Table 1. Process yield (wt, percentage) as well as morphology and apparent density (g-cm™>) of
control MS (dry powders) prepared with different excipients (mean + S.D.; n = 3).

Control Process Yield Apparent Density
MS (wt, %) Mosphology (g-cm™3)
Ma MS 585£35 Spherical 0.43 £ 0.01
a-CDMS 740 £3.0 Less spherical 0.36 £ 0.01
Dex MS 105+15 Less spherical -!
Tre MS 27.0+1.0 Agglomerate -1

! Not enough samples to perform this calculation.

(c)
Figure 3. SEM microphotographs of the control MS of (a) Ma, (b) x-CD, (c) Dex, and (d) Tre.

The higher apparent density obtained for Ma MS (0.43 = 0.01 g-cm™3) compared to
the a-CD MS (0.36 £ 0.01 g-cm™3; Table 1) can be explained by their different surface
morphologies. In fact, the apparent density of «-CD MS was very similar to that of locust
bean gum MS (around 0.37 g-cm™3), which present analogous surface morphology [52].
The apparent densities of Dex MS and Tre MS could not be determined due to their low PY
(9-28%). Ma was the only excipient that resulted in control MS with good handling proper-
ties, probably because Ma allows for obtaining powders with low humidity content [53],
which would also facilitate the in vivo aerosolization. Considering the advantages of Ma
MS dry powder, such as elevated spray-drying PY as well as regular spherical particles
with a priori improved flow properties and better handling (drier powder), Ma was se-
lected as the excipient for INH@MIL-100 NPs microencapsulation. Ma has been extensively
used in aerosolization [54]. It is accepted by regulatory authorities for its use in inhalation
pharmaceutical products; it has suitable characteristics for spray-drying, allowing for the
easy adaptation of the morphology and size of the particles [55]; and it improves the
handling of the powder formulation as compared to other excipients, such as lactose [56].
In addition, Ma dry-powder facilitates the mucocilliary clearance and the cough in people
with asthma and mucocilliary dysfunction [57] due to its osmotic effect, which improves
the hydration of the mucus.

Once Ma was selected as the best excipient, the preparation of Ma-INH@MIL-100 MS
was performed in consideration of various parameters, such as the shear and temperature in
the nozzle that can affect to the drug stability and adsorption effect at the air-liquid interface
upon the drying of droplets [58]. First, the physicochemical properties of INH@MIL-
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100 NPs dispersed in the Ma solution were evaluated to verify their colloidal stability.
The INH@MIL-100 NPs in Ma solution maintained their size in the nanometric range
(127 4 27 nm) as well as their (-potential in negative values (—22 + 4 mV). The INH@MIL-
100:Ma ratio was chosen after some preliminary spray-drying proofs of MIL-100 NPs in
Ma solution. For that, three distinct MIL-100:Ma ratios (1:5, 1:10, 1:100) were assayed
and the spray-drying process was carried out as described in our previous work [19],
except the inlet temperature (Tiper: 170 & 2 °C) was higher than that used previously
(Tipger: 160 & 2 °C). The results showed that the MS had a rounded and hollow shape, and
presented characteristic porosity (see Figure 4).

Figure 4. SEM microphotographs of Ma-MIL-100 MS prepared with (a) 1:5, (b) 1:10, and (c) 1:100
MIL-100:Ma ratios.

As can be seen in Figure 4, the MS porosity appearance decreased as the Ma content
increased. All the obtained powder samples presented a similar size in the range of
1.8-2.2 um. Initially, the MS with the 1:5 ratio were discarded since that MS were more
agglomerated compared to the other powders (Figure 4). Finally, we chose the sample with
the 1:10 ratio because it had a higher NPs load and a more homogeneous appearance than
MS with the 1:100 ratio.

For caution, the T}, of the INH@MIL-100 microencapsulation process was adjusted
to 160 °C due to the INH presence in the vehicle (INH melting temperature: 173 °C). Control
Ma MS were prepared at 160 °C as well. The surface morphologies of the Ma MS prepared
at both Ty, (170 and 160 °C) are different (see Figure 5): Ma MS prepared at 170 °C
have a more porous structure (Figure 5a) than those obtained at 160 °C (Figure 5b). This
could be explained by the different Tiye; used in the spray-drying process. At 170 °C, the
water evaporation during the MS preparation was more abrupt and effective, generating
pores in greater quantity and larger sizes, meanwhile the Ma stood more dry and compact
compared with the sample obtained at 160 °C.
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Figure 5. SEM microphotographs of Ma MS prepared at (a) 170 °C and (b) 160 °C.

Therefore, the INH@MIL-100 NPs were spray-dried using Ma as the excipient and by
employing the conditions that are indicated in Section 3.3. The resulting process yield was
high (74.5 + 3.5 wt%) and the Ma-INH@MIL-100 MS were non-aggregated, exhibiting a
well-defined and spherical shape, as well as smooth surface (Figure 6).

Figure 6. SEM microphotograph of Ma-INH@MIL-100 MS.

The crystalline structure of the MIL-100 material was kept on the MS formulation,
as evidenced by the presence of the characteristic Bragg peaks of the MIL-100 structure
(Figure 7). In addition, the typical diffraction peaks of Ma were present in the MS.
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Figure 7. PXRD patterns of INH@MIL-100, Ma-INH@MIL-100 MS, and Ma MS (control formulation
included for comparison purposes).
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The compositional analyses of the different MS were carried out by means of elemental
analysis (Table 2), determining the content of INH, MIL-100, and Ma by measuring the
nitrogen, iron, and carbon, respectively. Additionally, it is important that their comparison
with the theoretical values of these characteristic elements was employed to prepare the
powder samples. Experimental values agreed with the theoretical values, confirming
that the final composition of the prepared formulations maintained the amounts of the
estimated elements.

Table 2. Elemental composition (weight percentage) of Ma MS, Ma-MIL-100 MS, and Ma-INH@MIL-100 MS.

Samples Theoretical Values Experimental Values
%C %H YN %Fe %C %H %N Y%Fe
Ma MS 39.50 7.68 - - 3972+£024  7.50 £0.01 - -
Ma-MIL-100 MS 38.89 7.08 - 2.50 3979 +0.06 675+ 0.07 - 2.68 +0.13
Ma-INH@MIL-100 MS 39.40 7.32 0.55 1.60 3998 £0.09 724+£006 056007 1.25+006

To evaluate the potential interest of Ma-INH@MIL-100 MS for pulmonary administra-
tion, their aerodynamic and physical properties were characterized (Table 3). Traditionally,
diameters between 1 and 5 pm are associated with deep lung deposition; however, the
geometric and aerodynamic diameters of our formulation (1.4 + 0.4 and 0.422 + 0.007 um,
respectively) could be considered suitable for pulmonary administration since other for-
mulations with similar characteristics reached the deep lung in previous in vivo stud-
ies [56,59], for instance, as it was demonstrated by our research group for the Ma-MIL-100
MS in Wistar-Kyoto rats [19]. It should be noted that the low aerodynamic diameter
(0.422 £+ 0.007 um, Table 3) was related with the hollow nature (ca. 70-90%) of the MS. As
expected, the apparent density of Ma-INH@MIL-100 MS (0.52 £+ 0.01 g-em~3) was higher
than that of Ma MS (0.43 £+ 0.01 g-cm_3) considering the INH@MIL-100 cargo (Table 3).
The estimated low apparent density, jointed to the small diameters for the Ma-INH@MIL-
100 MS (0.52 £ 0.01 g-cm~%) was related to a good behavior of the aerodynamic flow, as
previously demonstrated for other formulations [19,60,61]. The real density and aerody-
namic diameter values of Ma-INH@MIL-100 MS were in the same range as previously
obtained for Ma-MIL-100 MS [19] and other types of hollow particles that demonstrated to
be acceptable for pulmonary administration [29,30].

Table 3. Aerodynamic and physical properties of Ma MS, Ma-MIL-100 MS, and Ma-INH@MIL-100 MS (mean + 5.D., n = 3).

Geometric Diameter Apparent Density Aerodynamic

i o -3
Sample (um) Real Density (g-cm—3) (g-cm™3) Diameter (um)
Ma MS 23+1.0 0.0666 £ 0.0001 043 £ 0.01 0.594 £ 0.010
Ma-MIL-100 MS 18+£07 0.0550 £ 0.0001 0.44 £0.02 0.422 £ 0.007
Ma-INH@MIL-100 MS 14+04 0.0907 £ 0.0003 0.52 £ 0.01 0.422 + 0.007

Overall, Ma-INH@MIL-100 MS presented suitable characteristics for drug delivery to
the deep lung. The selection of Ma between different excipients resulted in good results, as
has been previously seen for other types of NPs, i.e., solid lipid nanoparticles (SLN) and
chitosan NPs (CS NPs) [59,62].

2.3. Ma-INH@MIL-100 MS: Colloidal and Chemical Stability, and INH Release

Excipients can protect the nanosystems from spray-drying conditions, in particular
from the heating process and intra-formulation interactions that could cause aggregation,
hindering their deposition in the deep lung [56,63]. Both the release of INH@MIL-100
NPs from the MS and their colloidal stability during the release process were evaluated
by monitoring the evolution of the particle size and (-potential of the released NPs in
three simulated physiological conditions (MilliQ water; phosphate buffered saline (PBS),
pH =7.4; and simulated lung fluid (SLF) at 37 °C) for 24 h (Figures 8 and 9).
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Figure 8. Colloidal stability of INH@MIL-100 NPs following their release from Ma MS in (a) water, (b) PBS, and (c) SLF,
showing NPs’ size (black, left) and surface charge (red, right) vs. time (h; mean = 5.D.; n = 3).
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Figure 9. Release of INH (percentage, red) from INH@MIL-100 NPs and MOF degradation (percentage, blue) in water
(circle), PBS (pH = 7.4; square), and SLF (triangle) vs. time during (a) 168 h and (b) 8 h (mean + S.D.; n = 3).

Concerning the INH release (Figure 9), there was a rapid initial (t = 0 h) drug release
of INH in MilliQ water and PBS of 21% and 44%, respectively. Then, a constant release
was observed during 1 week, reaching a maximum release of 27% and 84%, at 48 h and
120 h, respectively. The incomplete release of INH could be explained by the important
interactions with the MOF. Note that released INH could not be detected in SLF proba-
bly because of the formation of interactions between the drug and phospholipids of the
medium, hindering its quantification by HPLC. The difference of release kinetics between
MilliQ water and PBS could be related to a much faster degradation of MIL-100 NPs in
PBS (1% (t = 72 h) and 49% (t = 168 h) maximum degradation, respectively; Figure 9) since
phosphates from the medium can compete with carboxylates from the MIL-100 structure
by the iron coordination. In SLF, the chemical stability of these NPs was similar than in
PBS, although after 6 h, the MOF degradation was higher than in PBS. The difference of
degradation in each medium was verified by TEM (Figure 10), where it was noticed that the
INH@MIL-100 NPs maintained their initial shape in water (Figure 10a) but not in PBS with
a not-defined morphology because of their higher degradation (Figure 10b). Conversely,
when NPs were released in SLEF, a substantial amount of particles was recovered, showing
a fairly well-faceted aspect (see Figure 10c) when compared to those suspended in PBS.

In the three tested media, the Ma excipient was quickly solubilized, releasing the
INH@MIL-100 NPs from the MS. In the first hour, the NPs decreased their size in water and
PBS (from 300 to 167 nm and from 267 to 237 nm, respectively), but slightly increased in the
SLF (from 421 to 489 nm). In later times (up to 24 h), the MOFs were colloidally stable in
water and PBS (167-180 nm and 233-267 nm, respectively), as well as in SLF where, despite
their initial aggregation, the particles kept their size almost constant (over 500 nm). The
{-potential values of released INH@MIL-100 NPs were negative and stable independently
of the media: from —10 to —14 mV in MilliQ water; from —18 to —23 mV in PBS; and from
—18 to —21 mV in SLF. This could be seen as an advantage because negatively charged
NPs often generate lower inflammatory responses than positive NPs [64]. The increase
of size (from 194.5 4+ 51.9 to 460.5 + 49.6 nm) and the reduction of the (-potential (from
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—122+ 15 to —19.3 &+ 1.2 mV) of INH@MIL-100 NPs in SLF compared to the NPs in
MilliQ water could be explained by the creation of a corona constituted by proteins and
lipids derived from the SLE.

(b) (c)

Figure 10. TEM microphotographs of released INH@MIL-100 NPs from Ma MS in (a) MilliQ water, (b) PBS, and (c) SLE.

These results were concordance with those demonstrated in our recent previous publi-
cation [19], in which empty MIL-100 NPs were easily released from Ma MS, maintaining
their colloidal stability in the different simulated media for 24 h. In addition, the particle
size evolution of INH@MIL-100 NPs was quite similar to that found for empty MIL-100
NPs, reducing their dimensions from 267 to 133 nm and from 253 to 145 nm after 1 h in
MilliQ water and PBS, respectively. Similarly, in SLF, the INH@MIL-100 NPs behaved
similar to their empty analogue; the MIL-100 NPs released as aggregates of around 500 nm
and maintain their size for 24 h. Moreover, the surface charge of INH@MIL-100 NPs was
less negative than the non-loaded MIL-100 NPs in all the media, with values of —8.0 vs.
—12.2 mV (in MilliQ water); —19.5 vs. —19.8 mV (in PBS); and —18.2 vs. —19.3 mV (in SLF)
for INH-loaded vs. non-loaded NPs. It is probably a consequence of the drug located both
in the inner porous surface and on the outer NP surface.

The crystallinity of released INH@MIL-100 NPs was also analyzed by PXRD. In this
case, the INH@MIL-100 NPs released from Ma MS in SLF (at different release times: 0, 1, 8,
24, and 72 h) were compared with the Ma-INH@MIL-100 MS (Figure 11).
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Figure 11. PXRD patterns of released INH@MIL-100 NPs in SLF and Ma-INH@MIL-100 MS.

In the diffractogram, Ma diffraction peaks of the MS were observed (over 20 2 0 (°) in
the blue line), showing the crystallinity of these macro-vehicles. At different release times,
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the Ma diffraction peaks were not appreciated because the excipient was dissolved in SLF,
while the NPs were already released. As the release time progressed, the characteristic
peaks of the INH@MIL-100 (over 10 2 8 (°)) were less pronounced due to the degradation
of the NPs in SLE. This study confirms the crystallinity of Ma and NPs before the release,
alongside the Ma solubilization and the MOFs degradation during the process, which
facilitate the INH release. However, it is supposed that INH@MIL-100 NPs will be released
from Ma MS in a slower manner in the alveolar fluid due to its small liquid volume (vs.
experimental conditions of 4 mgme_1 of powder in release medium) [62]. Either way, it is
expected that the release of INH@MIL-100 NPs from Ma MS would be good.

2.4. Characterization of Test Formulations for Cell Studies

To ensure the MIL-100 and INH@MIL-100 quality for their use in cell studies, their
size and (-potential were anteriorly determined in MilliQ water. NPs exhibited sizes in the
nanometric range (101 & 19 and 137 + 51 nm) and negative (-potentials (—10 £ 11 and
—18 4+ 8 mV), being theoretically suitable for cell studies, as demonstrated in our previous
in vivo study [19].

2.5. Cell Viability Studies

The A549 cell line was extensively studied in vitro to evaluate the efficacy and safety
of diverse drug delivery systems [65]. For this reason, it was also employed in the present
viability study. Specifically, it was determined using different concentrations of MIL-100,
INH@MIL-100 NPs, and Ma (see Section 3.10 for experimental details). After 24 h post-
incubation, cell viability was not affected by the lower concentrations (<0.01 mg- mL~1) of
both MIL-100 and INH@MIL-100 NPs (Figure 12). From 0.02 mg-mL~", the cell viability
slightly decreased with increasing NP concentration. Similar results were obtained at
48 h post-treatment. In conclusion, the cytotoxicity study shows the low toxicity of both
nanosystems, indicating also that the presence of INH did not negatively affect the cell
viability of the A549 cells. The results obtained here are in agreement with previous
studies, in which MIL-100 NP did not induce in vitro toxicity in A549 cells (measured
as cell survival/death, cell impedance, DNA damage, and ROS generation) [66]. When
compared with other common nanocarriers, the viability of our systems is higher than
that obtained with, for example, solid lipid NPs (SLN) of glyceryl dibehenate or glyceryl
tristearate with/without rifabutin (RFB) [67], as well as with cells were treated with
chitosan/ tripolyphosphate (CS/TPP) NPs [65]. Finally, after 24 and 48 h post-incubation
with Ma, it was confirmed that Ma was totally biocompatible with the cells (100% viability;
Figure 12).

A complementary cell viability assay was carried out using Luna II, where the above
results were visually corroborated by the automatic counting of live cells. As shown in
Figure 13, the viability of the cells incubated with MIL-100 NPs was 90.8 £ 2.6%, while the
viability when employing INH@MIL-100 NPs was 80.4 £ 7.4%.
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Figure 12. Cell viability assay 24 (circle) and 48 h (triangle) after the removal of MIL-100 (blue),
INH@MIL-100 (red), and Ma (green) from A549 cells, measured by the fluorescence of CellTiter-Blue®
(mean = S.D., n=4).

(b)

(d)

Figure 13. Luna Il images of: (a) A549 cells (positive control of viability); (b) A549 cells treated with
MIL-100 NPs; (c) A549 cells incubated with INH@MIL-100 NPs; and (d) A549 treated with Triton
(negative control of viability). Living and dead cells were marked by a green or red circle, respectively.
The percentages indicate the amount of living cells in each sample (mean + S.D., n = 3).
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2.6. Intracellular Uptake and Distribution

Intracellular uptake of MIL-100 and INH@MIL-100 NPs was evaluated in A549 cells by
Fe self-reflection with confocal microscopy. The images of the cells (Figure 14), using 4',6-
diamino-2-phenylindole (DAPI) for nuclear staining, verified the cytoplasmic localization
of MIL-100 and INH@MIL-100 NPs. It should be emphasized that the Fe self-reflection
signal belonging to MIL-100 NPs (Figure 14d-f) was higher than those of INH@MIL-100
NPs (Figure 14g-i). This fact was due to a possible screening effect produced by the
INH. However, the signal gain of INH@MIL-100 NPs was corrected by increasing the
(i) dispersion volume of these nanosystems (20, 30, 40, and 50 uL); (ii) laser power; and
(iii) number of accumulations per plane (see Figure 14j-1 and Supporting Information,
Figure S1).
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Figure 14. Confocal microscopy images of A549 cells: (a-c) without NPs (control); (d—f) with MIL-100

NPs (17.2 uL); (g-i) with INH@MIL-100 NPs (17.2 uL); and (j-1) with INH@MIL-100 NPs (20 uL; Fe
self-reflection, green channel). Cell nuclei (DAPI, blue channel). Scale bar = 100 nm.
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When the added dispersion volume of INH@MIL-100 NPs was progressively increased
(maintaining the concentration at 3.2 mg-mL™!), it was detected that gradually there were
more NPs outside the cells and the cells’ morphology was affected for volumes higher than
40 uL. However, these elevated volumes were only used to detect the INH@MIL-100 NPs
presence inside the cells. If the results obtained from MIL-100 NPs are compared with
those from INH@MIL-100 NPs using volumes of 17.2 uL and 20 pL, it could be concluded
that in both cases, the nanoMOFs were perfectly internalized within the A549 cells, mainly
located in the cytoplasm (Figure 15).

Green channel Blue channel Overlapping channels

49 with MIL-100

NPs (17.2 uL)

5

A5

@MIL-

A549 with INH¢
100 NPs (20 uL)

(d) (e) 1)

Figure 15. Confocal microscopy images of A549 cells (a—c) with MIL-100 NPs (17.2 uL) a d (d-f) with
INH@MIL-100 NPs (20 uL; Fe self-reflection, green channel). Cell nuclei (DAPI, blue channel). Scale
bar = 25 nm.

2.7. Quantification of A549 Cells Internalized with NPs: Flow Cytometry

Once the internalization was visually confirmed, the quantification of that cells that
had taken up NPs was carried out by flow cytometry (FCM). The study was based on a
complexity analysis comparing over 10,000 events before and after the uptake of NPs. In
this case, cells containing INH@MIL-100 NPs were more complex than cells containing
MIL-100 NPs and these are more complex than the control (cells without NPs). In Figure 16,
the first column of the FCM scatter plots represents the total population of the analyzed
events. The second column of the FCM scatter plots, where the debris (apoptotic cells,
membrane fragments, etc.) are excluded, corresponds with those events that present
positive cellular complexity. The third column of the FCM histograms represents the mean
of the fluorescence intensity (MFI) of the Aqua viability reagent to verify the viability of
those selected events with positive complexity.
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Figure 16. Analysis of the first replicate of MIL-100 and INH@MIL-100 NP-loaded cells by FCM: (a) FCM scatter plots of the
total event population; (b) FCM scatter plots of the selected positive complexity area (the vertical axis is referred to as side
scattering (SSC) and the horizontal axis is referred to as forward scattering (FSC)); and (c) FCM histograms of the mean
fluorescence intensity of the Aqua viability reagent.

For the replicates of control (untreated cells) FCM scatter plots, almost 100% of the
total events were analyzed (93.5 & 4.5%) and compared to those of the cells treated with
MIL-100 NPs (68.8 + 15.9%) and INH@MIL-100 NPs (50.0 + 3.4%; see Figure 16a and
Supporting Information, Figures S2a and S3a). The decrease of this percentage was due to
the exposure of A549 cells to the MIL-100 and INH@MIL-100 NPs, leading to a number
of events belonging to the debris which had to be excluded for the analysis of the cellular
complexity. In the FCM scatter plot, where the area of cellular complexity is determined,
the control showed low values of complexity, as expected (7.4 & 1.3%; see Figure 16b
and Supporting Information, Figures S2b and S3b), verifying that the analyzed cells were
found without NPs. However, in the FCM scatter plots of the treated A549 cells, they
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showed a higher percentage of cellular complexity compared to the control. In the case
of treatment with MIL-100 NPs, positive complexity values (43.8 £ 5.0%) were obtained
(see Figure 16b and Supporting Information, Figures S2b and S3b). Hence, we could
assume that this cell’s percentage was positive for the presence of this nanosystem. In the
case of cells treated with INH@MIL-100 NPs, positive complexity values (25.5 + 1.8%)
were also obtained but they were lower than those relative to the previous nanosystem
(see Figure 16b and Supporting Information, Figures S2b and S3b). Therefore, these cells”
percentage was positive for the presence of INH@MIL-100 NPs. Although the detector was
not sensitive enough to determine the difference in the complexity between control cells
and NP-internalized cells due to the small size of the nanosystems, logical results were
obtained. Then, it was thought that these experimental values underestimate NPs" uptake,
especially in the case of the INH-loaded nanosystem (probably as a consequence of a drug
interference in the analysis method). In fact, a good uptake of both systems was confirmed
anteriorly by confocal study, corroborated by Wyszogrodzka-Gawel's study [45], in which
the authors also demonstrated that the INH-loaded Fe-MIL-101-NH; were captured in
greater quantities compared to the non-loaded NPs.

Finally, it is worth highlighting the lack of cytotoxicity in the all cases, as seen in the
FCM histograms (Aqua (—); see Figure 16¢ and Supporting Information, Figures S2c and
S3c). In addition, an important viability of A549 cells was confirmed with both MIL-100
and INH@MIL-100 NPs, as can also be seen in the FCM histograms (99.4 + 0.2% and
99.6 + 0.2%, respectively), in comparison with the control (99.7 & 0.1%; see Figure 16c and
Supporting Information, Figures S2c and S3c), which was higher for the INH-loaded NPs
than for the non-loaded nanosystems.

3. Materials and Methods
3.1. Materials

Trimesic acid (H3BTC, 95%, Molecular Weight-MW: 210.14 g-m(‘ﬂ*1 ), iron(IIT) chlo-
ride hexahydrate (FeCl;-6H,O =99%, MW: 162.20 g~mol_1), isoniazid (INH, >99%, MW:
137.14 gvmol_l}, D-mannitol (Ma, =98%, MW: 182.17 g-mol_l), a-cyclodextrin (ee-CD, Z99%,
MW: 972.84 g-mol_l), dextran (Dex, >99%, MW =72,200 g-mol_l), D-(+)-mannose (Man, >99%,
MW: 180.16 g-m()l_1 ), D-(+)-trehalose dihydrate (Tre, >99%, MW: 378.33 g-mol_l), D-sorbitol
(Sor, >=98%, MW: 182.17 g‘m(:»l_1 ), D-(—)-fructose (Fru, >99%, MW: 180.16 gvmol_l), L-
glutamine, sodium dodecyl sulphate (SDS), and phosphate-buffered saline tablet (PBS,
pH =7.4) were acquired from Sigma Aldrich (Madrid, Spain). The A549 cell line was
obtained from ATCC (Manassas, VA, USA). Dulbecco’s Modified Eagle Medium (DMEM),
fetal bovine serum (FBS), trypsin-EDTA (0.05%), and Fluoromount® were purchased to
Gibco™ (ThermoFisher Scientific, Madrid, Spain). Potassium fluoride (KF, 99%, MW:
58.09 g-mol™!) was obtained from Acros Organics™ (Madrid, Spain). Triton® X-100
(molecular biology grade) was acquired from Scharlab S.L. Laboratories (Barcelona, Spain).
CellTiter-Blue (AlamarBlue®) was obtained from Promega (Fitchburg, MA, USA). The
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit was acquired from Invitrogen™ (Waltham,
MA, USA). 4’ -diamino-2phenylindole (DAPI) was obtained from Emp-Biotech (Berlin,
Germany). Trypan Blue was obtained from Logos Biosystems (Sainghin-en-Mélantois,
France). Neutral buffered formalin (10% ©/v) was purchased from Bio-Optica (Milan, Italy).
MilliQ water was obtained by filtration (filters 0.2 um, Millex®-GN, Millipore Iberica,
Madrid, Spain). Ethanol (96%) was purchased from Labkem (Murcia, Spain). Curosurf®
(pig lung surfactant, 80 mg-mL_1 of pulmonary phospholipids) was facilitated by Pro-
fessor Almeida (of the University of Lisbon, Portugal) who obtained it from Angelini
Pharmacéutica, Lda. (Lisbon, Portugal).

All materials were commercially obtained and used without further purification.

3.2. Synthesis of MIL-100(Fe) and INH Encapsulation

MIL-100(Fe) NPs were synthesized following a previously described protocol [26].
Briefly, 6.0 mmol of FeCls-6H;0 and 4.0 mmol of H3BTC were dissolved in 30 mL of
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distilled water. The reaction was carried out by the microwave-assisted synthesis Mars-5
instrument, CEM (Midland, ON, Canada), with 130 °C over 30 s; then maintained at this
temperature for 5 min and 30 s; and cooled down to room temperature (RT). The obtained
NPs were centrifuged at 10,500 rpm for 25 min and then purified with both 20 mL of water
(6-fold) and ethanol (1-fold) in a Thermo Scientific Heraeus Megafuge 16R Centrifuge
(Loughborough, UK). After, the NPs were stored in ethanol [19].

For the INH encapsulation in MIL-100(Fe) NPs, a 0.15 M INH solution in water was
firstly prepared. A MIL-100(Fe) NPs suspension (0.029 mmol dried powder in 500 uL
of MilliQ water) was mixed with 0.6 mL of INH solution under stirring for 4 h. The
obtained INH@MIL-100 solid was recovered by centrifugation (14,500 rpm for 10 min) and
re-suspended in a new solution of INH, repeating the same procedure. The amount of
INH incorporated in MIL-100(Fe) NPs was determined by high performance liquid chro-
matography (HPLC) and thermogravimetric analysis (TGA). The HPLC conditions were
as follows: mobile phase was a 98:2 solution (v/v) of PBS (0.02 M, pH = 6.8) and methanol
(MeOH). The volume of injection was set at 30 uL, the flow rate was of 1 mL-min—?, and
the column temperature was fixed at 25 °C. The curve of the standard calibration exhibited
a good correlation coefficient (>0.99). The standard solution’s chromatogram presented a
retention time of 8.77 min, identified as INH (Ay;, at 266 nm). TGA were performed in an
SDT Q-600 thermobalance (TA Instruments, New Castle, DE, USA) using a general heating
profile (from 30 to 600 °C), with a heating rate of 5 °Cvm'm_1, under air employing a flux
of 100 mL-min~1.

3.3. Preparation of MS

Seven saccharides (Ma, «-CD, Dex, Man, Tre, Sor, and Fru) were chosen as spray-
drying excipients. They belong to the World Health Organization (WHO) Model List
of Essential Medicines [68] and/or to the Inactive Ingredient Search for Approved Drug
Products of the Food and Drug Administration (FDA) [69], and are employed in medical
applications, healthcare, and in the food and beverage industry [70]. Solutions of these
excipients were spray-dried by a simple technique using a Buchi® Mini Spray Dryer B-290
(Flawil, Switzerland). The total solids content (t.s.c.) was set at 3.7 wt%; the spray-drying
conditions were of the inlet temperature (Tj ) 102 and 160 °C; aspirator: 70%; nozzle
cleaner: 5 (diameter of 0.7 mm); feed rate: 2 mL-min~!; air flow rate: 400 NI-h~—!; and the
resulting outlet temperature (T o) was 61-94 °C. The obtained dried powders, consisting
of MS, were collected and stored at RT in a desiccator until use.

Once the Ma was selected as the best spray-drying excipient, 190 mg of INH@MIL-100
NPs was dispersed in 55.48 mL (34.1 mg-mL~!) of an Ma aqueous solution, employing an
ultrasound tip (Ultrasonic Processor UP400 S—Hielscher 700 W Digital Sonifer, Teltow,
Germany, at 10% amplitude and 30 s of time, in addition to two more pulses of 1 s using
a water-ice bath) and an ultrasonic bath Branson 1210 (North Hampton, NH, USA) over
the course of 15 min. Particle size and (-potential were determined by Dynamic Light
Scattering (DLS) and Laser Doppler Anemometry (LDA) using a Zetasizer (Nano-Z5
Nano-Series, Malvern Instruments, Malvern, UK) fixed at 25 °C. The physicochemical
properties of these INH@MIL-100 NPs were examined in triplicates (n = 3). Afterwards, the
dispersion was spray-dried by a simple technique using a Buchi® Mini Spray Dryer B-290
(Flawil, Switzerland) to obtain Ma-INH@MIL-100 MS. The employed parameters to obtain
the MS were of the 1:10 (w/w) INH@MIL-100:Ma ratio; t.s.c.: 3.7 wt%,; Tine: 160 £ 2 °C;
aspirator: 70%; nozzle cleaner: 5 (diameter of 0.7 mm); feed rate: 2 mL-min—!: air flow
rate: 400 NL'h™! [19]; and the resulting T, of 92-94 °C. The powders were collected and
stored at RT in a desiccator until use.

The spray-drying process yield (PY) was calculated by employing the following formula:

MS weight

oy _—
PY (%) = t.s.c. weight

x 100 (1)
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3.4. Characterization of MS

The morphology of the MS was characterized by Scanning Electron Microscopy (SEM)
using an ULTRA PLUS microscope (Zeiss, FESEM Ultra-Plus, Germany) at 3 KV. Samples
were located over stubs using a double-sided adhesive graphite disc and coated with
a layer of 10 nm of iridium using an Emitechk 550 Sputter Coater (London, UK). This
process was also employed to obtain their Feret diameters (spaces between two tangents
on opposite sides of a MS), which were obtained by measuring over the MS SEM images
using the program z-SmartTiff (n = 50). Then, the geometric diameters were calculated
as the averages of the obtained Feret diameters (um). Apparent densities were calculated
after submitting a powder to mechanical tapping with the device Tecnociencia (A Coruiia,
Spain). For that, a powder sample of known weight was introduced in a test tube of 10 mL
into this apparatus, which was previously calibrated at 30 tap-min_1, and was submitted
to simultaneous rotating and vertical movement. The volume of the powder was checked
every 5 min until it became constant (n = 3). As the process was carried out by triplicates,
the average of the three values was used to obtain the apparent densities. To obtain the
theoretical aerodynamic diameter, the following formula was used:

Dyer = Dy /% 6)

where gy is 1 g-cm_3, D, is the geometric diameter (result of the average of the Feret
diameters (um)), o, is the real density of the MS {g-cm_3}, and A is the dynamic shape
factor of the MS, with its value of 1 in spherical MS or 2 in irregular MS [71-73].

3.5. Study of Composition and Structural Integrity of Ma-INH@MIL-100 MS

Once the INH@MIL-100 NPs were incorporated inside the Ma MS, the Ma-INH@MIL-
100 MS were analyzed with respect to their composition and structural integrity. Powder
X-ray diffraction (PXRD) patterns of samples were collected in an Empyream Panalyti-
cal diffractometer equipped with a PIXcel3D detector and copper radiation source (Cu
K, A = 1.5406 A}, operating at 45 kV and 40 mA. Profiles were generally collected in the
3% <20 < 35° range with a typical step size of 0.013° and 40 s of acquisition. N3 sorption
isotherms were obtained at 77 K using an AutosorbQ2 (Quantachrome Instruments, Boyn-
ton Beach, FL, USA). Before to the measurement, samples were evacuated at 130 °C for
3 h. Specific surface areas were determined by applying Brunauer, Emmett, and Teller
equation (BET) in the relative pressure interval of p/pg = 0.01-0.3 (wherein py is the sat-
uration pressure). Thermogravimetric analyses (TGA) were carried out in an SDT Q-600
thermobalance (TA Instruments, New Castle, DE, USA), with a general heating profile
from 30 to 600 °C and a heating rate of 5 °C.min~! under air, using a flux of 100 mL-min~ 1.
Elemental analyses (EA) were determined using FLASH 2000 (Thermoscientific, Waltham,
MA, USA). Inductively coupled plasma atomic emission spectroscopy (ICP-OES) analyses
were performed in a Perkin Elmer Optima 7300 DV (Madrid, Spain).

3.6. Ma-INH@MIL-100 MS: Colloidal and Chemical Stability, and INH Release

A quantity of 4 mg of Ma-INH@MIL-100 MS was incubated in 1 mL of different
media (MilliQ water, phosphate-buffered solution (PBS, pH = 7 .4), and SLF) under bidi-
mensional stirring at 37 °C to examine the physicochemical characteristics of the released
INH@MIL-100 NPs (particle size, surface charge, and colloidal stability), as well as the
drug release profiles. At different times (0, 1, 2, 4, 8, and 24 h), an aliquot of 50 uL of
the released INH@MIL-100 was suspended in 950 uL of its respective medium and their
physicochemical properties were characterized. Particle size and (-potential were deter-
mined by Dynamic Light Scattering (DLS) and Laser Doppler Anemometry (LDA) using a
Zetasizer (Nano-7Z5 Nano-Series, Malvern Instruments, Malvern, UK) fixed at 37 °C. The
remaining sample was centrifuged with a Beckman Coulter™ Microfuge® 22R Centrifuge
at 14,500 rpm for 10 min (Hyland Scientific, Stanwood, WA, USA). The recovered solid was
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measured by XRPD and, in order to quantify the H3BTC and INH, the supernatant was
analyzed by HPLC using a reversed phase HPLC system Jasco LC-4000 series equipped
with a PDA detector MD-4015 and a multisampler AS-4150 controlled by ChromNav soft-
ware (Jasco Inc, Madrid, Spain). A Purple ODS reverse-phase column (5 pm, 4.6 x 150 mm,
Analisis Vinicos, Tomelloso, Spain) was employed. For the H3BTC, the mobile phase
used consisted of 50:50 solution (v/v) of PBS (0.02 M, pH = 2.5) and MeOH. For the INH,
the mobile phase consisted of 98:2 solution (v/v) of PBS (0.02 M, pH = 6.8) and MeOH.
The injection volume was set at 30 pL (with a flow rate of 1 mL-min~!) and the column
temperature was fixed at 25 °C. The standard calibration curve showed a good correlation
coefficient of >0.99. The chromatogram of the standard solutions showed a retention time
of 3.51 min (identified as H3BTC, Ap,x at 225 nm) and 8.77 min (identified as INH, Ap,x at
266 nm). The studies were performed in triplicates (n = 3).

The morphological examination of the released INH@MIL-100 NPs was performed
by Transmission Electron Microscopy (TEM; Jem-2010 Electron Microscope, Peabody,
MA, USA) at 120 KV. For this purpose, an aliquot of 10 uL of the released sample was
deposited on a copper grid (with carbon film) and the NPs were stained with 2% (w/v)
phosphotungstic acid over the course of 2 min.

3.7. A549 Cell Line

A cell line of alveolar adenocarcinoma (human alveolar adenocarcinoma basal ep-
ithelial cells, A549) [74] was used as a model to evaluate the toxicity of MIL-100 NPs,
INH@MIL-100 NPs, and the Ma excipient (viability study); the intracellular uptake and
intracellular distribution of NPs (confocal fluorescence microscopy study (CLSM)); and the
quantification of internalized A549 cells (cytometry study). The A549 cells were grown in
DMEM supplemented with 200 mM of L-Glutamine (antibiotic) and 10% (z/v) FBS. Cells
were incubated at 37 °C with a humidified atmosphere of 5% CO; and 95% air. The A549
cells were employed between passages 12 and 32.

3.8. Preparation and Characterization of Test Formulations for Cell Studies

MIL-100 and INH@MIL-100 NPs were dispersed in MilliQ water (3.2 mg-mL_1) by
vortex and an ultrasound tip (Ultrasonic Processor UP400 S-Hielscher 700 W Digital
Sonifer, Germany) at 10% amplitude and 30 s of time, in addition to two mare pulses of 1s
using a water-ice bath. MIL-100 NPs were previously washed twice with MilliQ water to
remove the ethanol, employing a Beckman Coulter™ Microfuge® 22R Centrifuge (Hyland
Scientific, Stanwood, WA, USA).

The physicochemical properties of MIL-100 and INH@MIL-100 NPs were character-
ized. Particle size and (-potential were determined by Dynamic Light Scattering (DLS)
and Laser Doppler Anemometry (LDA) using a Zetasizer (Nano-ZS Nano-Series, Malvern
Instruments, Malvern, UK) fixed at 25 °C. The physicochemical properties were analyzed
in triplicates (n = 3).

3.9. Preparation of Test-Ma Solutions for the Viability Study

A Ma solution at 15% (w/v) was directly prepared by dissolving the Ma excipient in
supplemented DMEM under sterile conditions. Then, a serial dilution to the fourth part
was made using supplemented DMEM to test the cell viability at different concentrations
of the Ma solution.

3.10. Cell Viability Studies

The viability studies of A549 cells treated with MIL-100 and INH@MIL-100 NPs
aqueous dispersions, as well as the Ma solution, were evaluated using CellTiter-Blue® as a
viability reagent. Two plates of 96 wells were seeded with 100 uL of A549 cells and DMEM
(9000 cells/well), and they were incubated at 37 °C for 48 h, employing a humidified
atmosphere of 5% CO; and 95% air, to facilitate the growing and development of the cells
until they were confluents. The media were replaced with 100 uL of a mixture of: (i) 1:10
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(/o) MilliQ water:DMEM (positive control); (ii) 1:10 (z/o) MIL-100:DMEM,; (iii) 1:10 (z/o)
INH@MIL-100:DMEM; (iv) 1:10 (v/v) Triton (1% (v/v)):DMEM (negative control); and (v)
Ma:DMEM. Different concentrations of nanoMOFs (MIL-100 NPs and INH@MIL-100 NPs)
and Ma in DMEM were tested (see Table 4).

Table 4. Tested concentrations of nanoMOF suspensions and Ma solutions in DMEM tested in

A549 cells.
NanoMOFs (mg-mL-1) Ma (mg-mL-1)
0.32 15.00
0.16 3.75
0.08 0.94
0.04 0.23
0.02 0.059
0.01 0.015
0.005 0.0037

After 4 h of incubation at 37 °C, the controls and samples were removed and the cells
were washed with PBS (pH = 7.4). Then, 100 uL of fresh DMEM was added to each well.
Cells were incubated for 24 and 48 h. Next, 20 uL of CellTiter-Blue® was added to every
well in darkness to label cell nuclei and the metabolic capacity of live cells was measured
according to the manufacturer’s instructions after lysis with 3% (w/o) SDS. Briefly, lysates
were placed into a black 96-well plate and fluorescence was measured in a microplate reader
(SYNERGY H1M BioTek®) at 539 nm of excitation wavelength and 620 nm of emission
wavelength by Gen5 Software (Image Sofware BioTek®).

Cell viability (percentage) compared with the control cells was calculated as follows:

P Sample fluorescence
Cell viability (%) = 100 3
ell viability (%) Positive control fluorescence * G

The study was carried out in quadruplicates (n = 4).

Moreover, a complementary assay to test the cell viability was performed using the
Luna II instrument (Luna ™ Automated Cell Counter, Logos Biosystems, Annandale,
VA, USA). For this purpose, plates of 24 wells were seeded with 400 uL of A549 cells and
DMEM (60,000 cells /well), and then they were incubated at 37 °C for 48 h, employing a
humidified atmosphere of 5% CO, and 95% air, to facilitate the growth and development
of the cells until their confluence. The media were replaced with 400 uL of a mixture of:
(i) 1:10 (v/o) MilliQ water:DMEM (positive control); (ii) 1:23 (v/v) MIL-100:DMEM; (iii) 1:20
(v/o) INH@MIL-100:DMEM; and (iv) 1:10 (o/0) Triton:DMEM (negative control). Originally,
both nanoMOF dispersions in MilliQ water presented a concentration of 3.2 mg-mL~! and
posteriorly with DMEM presented a concentration of 0.14 and 0.16 mg-mL~! /well for
MIL-100 and INH@MIL-100 NPs, respectively. Plates were incubated at 37 °C for 4 h and
then cells were washed 3 times with PBS (pH =7.4, 5 min at RT in rocking-stirring, with a
157 inclination, using VWR Rocking platform shaker 230V, Lutterworth, UK). Cells were
detached by 120 uL of trypsin (5 min, 37 °C). To deactivate the trypsin, 280 uL of DMEM
was added. Cells were centrifuged at 1477 rpm (Eppendorf 5415R Refrigerated Centrifuge,
North Hampton, NH, USA) for 5 min, obtaining a pellet that was resuspended in 500 L
of PBS (pH = 7.4), supplemented with 10% (v/v) FBS. In total, 10 uL of each sample was
mixed by vortex with 10 uL of 0.4% (w/o) Trypan Blue stain and was observed in a cell
count camera to obtain the viability values by automatic image counting. The study was
carried out in triplicates (n = 3).

3.11. Intracellular Uptake and Distribution

Plates of 24 wells were seeded with 400 uL of A549 cells in DMEM (60,000 cells /well)
using polylysine-treated coverslips. As it was previously indicated, the cells were incubated
at 37 °C for 48 h, employing a humidified atmosphere of 5% CO, and 95% air, to facilitate
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the growth and development of the cells until their confluence. The media were replaced
with 400 uL of (i) DMEM (control) and with a mixture of (ii) 1:23 (v/v) MIL-100:DMEM
and (iii) 1:20 (o/o) INH@MIL-100:DMEM. Originally, both nanoMOF dispersions in MilliQ
water presented a concentration of 3.2 mg-mL~! and posteriorly with DMEM presented a
concentration of 0.14 mg-mL~! /well. In the case of the drug-loaded NPs, to verify their
better visualization in confocal microscopy, different volumes of 3.2 mg-mL_1 INH@MIL-
100 NPs aqueous dispersion (20, 30, 40, and 50 uL) were employed. Cells were incubated at
37 °C for 4 h and then washed 3 times with PBS (pH = 7.4, 5 min at RT in rocking-stirring
with a 15° inclination). Cells were fixed by adding 350 pL of 10% (v/v) neutral-buffered
formalin (15 min at RT in rocking-stirring with a 15° inclination). Then, another 3 washes
were carried out as previously described and the nuclei of the cells were labelled with
200 uL of a dilution 1:1000 (v/v) of DAPI in PBS (1 mgme_l)‘ The excess of DAPI was
removed by washing 3 times as previously mentioned. The glass coverslips were placed on
glass slides employing Fluoromount® aqueous mounting medium for their visualization by
CLSM (confocal microscope Leica TCS SP5 X, Wetzlar, Germany), employing an objective
HCX PL APO CS $3.0 x 1.30 GLYC 21 °C UV (at 63X) and a white laser. To visualize the
samples, a drop of immersion oil was added (oil immersion lens HCX PL Fluotar).

The visualization of the MIL-100 and INH@MIL-100 NPs was obtained by Fe self-
reflection (Agy/gm, 488/485—490 nm). The green color was manually set for MIL-100 and
INH@MIL-100 NPs by employing the LAS AF (Leica Application Suite Advanced Fluo-
rescence) software. To visualize the nuclei of the cells labelled with DAPI, the software
was employed on other channels (Apx/gm: 405/414-440 nm) and the color blue was fixed.
Therefore, both two signals were collected using separate channels. The conditions tested
by confocal microscopy are summarized in Table 5.

Table 5. Conditions employed in the study of the intracellular uptake and distribution of MIL-100
NPs and INH@MIL-100 NPs (3.2 mg-mL~! in MilliQ water) in A549 cells.

Sample Volume of NP Dispersions (uL) Number of Accumulations Per Plane
Without NPs - 2
MIL-100 172 2
INH@MIL-100 17.2 2
INH@MIL-100 20.0 16
INH@MIL-100 30.0 16
INH@MIL-100 40.0 16
INH@MIL-100 50.0 16

3.12. Quantification of A549 Cells Internalized with NPs: Flow Cytometry

To quantify the A549 cells internalized with nanoMOFs, a study based on flow cy-
tometry (FCM) was carried out. Plates of 24 wells were seeded with 400 uL of A549 cells
and DMEM (60,000 cells /well). As it was previously indicated, the cells were incubated at
37 °C for 48 h, employing a humidified atmosphere of 5% CO, and 95% air, to facilitate
the growing and development of the cells until they were confluents. The media were
replaced with 400 uL of (i) DMEM (control) and a mixture of (ii) 1:23 (v/v) MIL-100:DMEM
and (iii) 1:20 (v/v) INH@MIL-100:DMEM. Originally, both nanoMOF dispersions in MilliQ
water presented a concentration of 3.2 mg-mL~" and posteriorly with DMEM presented a
concentration of 0.14 and 0.16 mg-mL_1 /well for MIL-100 and INH@MIL-100 NPs, respec-
tively. Cells were incubated at 37 °C for 4 h and then washed 3 times with PBS (pH = 7.4,
5 min at RT in rocking-stirring with a 15° inclination). Then, except for the control, cells
were treated with 200 uL of the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit diluted
in PBS (1 uL of Aqua in 2 mL of PBS (v/0); 15 min at RT in rocking-stirring with a 15°
inclination). The A549 cells were washed with PBS as mentioned previously and then were
detached by 120 uL of trypsin (5 min, 37 °C). To deactivate the trypsin, 280 uL of DMEM
was added. Cells were centrifuged at 1477 rpm (Eppendorf 5415R Refrigerated Centrifuge,
North Hampton, NH, USA) for 5 min, obtaining a pellet that was resuspended in 500 uL of
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PBS (pH = 7.4), supplemented with 10% (/v) FBS. Finally, a total of approximately 10,000
events were automatically counted by employing a cytometer model Accuri Becton Dickin-
son (BD Accuri™, Ann Arbor, MI, USA) and were analyzed by BD sample software (BD
Biosciences, San Jose, CA, USA). The quantification of cells internalized with MIL-100 and
INH@MIL-100 NPs was performed by complexity, with the detector side scatter employed
(SSC-A). In addition, to verify the viability of the internalized cells, the filter BP 515/20
(Waltham, MA, USA) for the Aqua viability reagent was used. The study was carried out
in triplicates (n = 3).

4. Conclusions

In this work, the first line anti-TB drug INH was efficiently loaded in highly porous
and biocompatible MIL-100 NPs, and was further effectively microencapsulated in Ma
MS by a simple spray-drying technique, with the aim of producing a suitable pulmonary
formulation and to offer a better vehicle to improve the traditional anti-TB treatment. The
MS obtained in the form of dry powders present suitable characteristics for deep lung
delivery, such as regarding their morphology and aerodynamic properties. Additionally,
Ma-INH@MIL-100 MS are able to carry high-drug loadings, as well as can release the
NPs and INH in different aqueous media. MIL-100 NPs, INH@MIL-100 NPs, and Ma
demonstrated, by in vitro studies, low toxicity for the human alveolar adenocarcinoma
basal epithelial cells (A549) and were efficiently internalized by them, with the main
location in the cytoplasmic zone. These systems, due to their biosafety and adapted
pulmonary formulation, are promising candidates for the local pulmonary treatment of
infectious diseases and thus they interesting for TB.

Supplementary Materials: The following materials are available online. Figure 51: Confocal mi-
croscopy images of A549 cells: (a—c) with INH@MIL-100 NPs (30 uL); (d—f) with INH@MIL-100
NPs (40 pL); (g—i) with INH@MIL-100 NPs (50 uL) (Fe self-reflection, green channel). Cell nuclei
(DAPI, blue channel). Scale bar = 100 nm. Figure 52: Analysis of the second replicate of MIL-100 and
INH@MIL-100 NPs-loaded cells by FCM: (A) FCM scatter plots of total event population; (B) FCM
scatter plots of the selected positive complexity area (the vertical axis is referred to as side scattering
(SSC) and the horizontal axis is referred to as forward scattering (FSC)); (C) FCM histograms of
the mean fluorescence intensity of the Aqua viability reagent. Figure S3: Analysis of the third
replicate of MIL-100 and INH@MIL-100 NPs-loaded cells by FCM: (A) FCM scatter plots of total
event population; (B) FCM scatter plots of the selected positive complexity area (the vertical axis is
referred to as side scattering (SSC) and the horizontal axis is referred to as forward scattering (FSC));
(C) FCM histograms of the mean fluorescence intensity of the Aqua viability reagent.
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In this work, it is described a novel micro-nanoplatform for pulmonary administration of active ingredients (Als),
including chitosan (CS)-based nanocapsules (NCs) with/without hyaluronic acid (HA), to treat lung diseases.
Specifically, CS NCs and HA/CS NCs were microencapsulated in mannitol microspheres (Ma MS) by a simple
spray-drying technique that gave as result dry powders of suitable characteristics for inhalation. Ma MS showed
spherical morphology and sizes between 1 and 5 um, with homogeneous distribution of NCs inside them. In
aqueous media, the powders released rapidly the NCs, maintaining approximately their physicochemical charac-

Ki rds:

ﬁ;':zomlis teristics. In vitro studies in A549 cells showed high cell viabilities after contact with both NCs (>90%) and Ma
Chitosan nanocapsules (299%); being, approximately, a 100% of cells internalized with NCs. For first time, it is exhaustively described
Dry powders the adjustment of the spray-drying process of NCs, resulting in a suitable and safe micro-nanoplatform of great

Microencapsulation
Pulmonary administration
Spray-drying

potential for pulmonary administration.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

At present great efforts are directed towards the administration of
Als by the pulmonary route to achieve either local or systemic effects
[1]. It is known that the Als doses can be reduced compared to those ad-
ministered by other routes like the oral, resulting in a decrease of the
side effects [2,3]. Moreover, the direct Als delivery to the lungs offers a
valuable interest for local treatments, as in the cases of lung cancer,
acute respiratory distress syndrome (ARDS), cystic fibrosis, o~
antitrypsin deficiency, infections and inflammations diseases [4-7].
Nowadays, the development of new and innovative micro- and
nanoplatforms is receiving growing interest, highlighting the use of
nanostructures for lung delivery of peptides, proteins and genes [1].
Specifically, NCs have a versatile structure that can support high drug
loadings of Als of different molecular weight and nature, even simulta-
neously; for example, hydrophilic molecules {such as genetic material)
on the shell and lipophilic adjuvant molecules (like capsaicin) into the
core [8]. Our group developed, using a solvent displacement method,

* Corresponding author.
E-mail address: mdelcarmen.remunan@usc.es (C. Remufiin-Lipez).

https://doi.org/10.1016/j.powtec.2022.117149
0032-5910/© 2022 Elsevier B.V. All rights reserved.

NCs consisting of a CS polymeric coating, an interface of lecithin and a
Miglyol® nucleus [9-12]; and explored their application by different
routes (i.e. ocular, nasal and oral) [11]. Recently, we have proposed
them for pulmonary gene therapy [13]. The CS polysaccharide stands
out in the development of nanocarriers. It is biocompatible, biodegrad-
able (by mammalian enzymes, such as lysozyme or a-amylase)
[14-16], mucoadhesive [17,18] and improves the macromolecules per-
meation through mucosae [19]. HA is an endogenous glycosaminogly-
can that is present in human fluids and tissues [20,21], and it is also
mucoadhesive and biodegradable [22,23]. It has the ability to improve
absorption of drugs [24] and increase the drug circulation time in the
bloodstream [25,26). HA was also used to prepare nanocarriers that
were administered by different routes [22,27-31] and has a great poten-
tial for gene therapy [32-36]. Both polysaccharides are interesting to
form efficient nanocarriers for the pulmonary administration of Als,
being biosecure and biodegradable in the body. In fact, CS NCs were pro-
posed to treat cystic fibrosis and were evaluated in vitro, employing the
cell line CFBE410- |8] and in A549 lung cancer cells [37].

In order to achieve a successful administration of Als by the pulmo-
nary route, it is necessary to overcome a number of barriers and lung de-
fense mechanisms, such as the own anatomy of the airways, the
mucociliary clearance and the uptake by the alveoli macrophages
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|38,39]. Furthermore, in the case of nanosized carriers, there are some
important inherent limitations. First, their small size and low inertia
hamper their delivery in the lung deep areas [40,41]. Second, their low
stability when are administered in suspension form [40]. This can be im-
proved by transforming them into powders by lyophilization. However,
their subsequent resuspension and recovery in liquid medium can be
compromised. Consequently, it is essential to design suitable dry pow-
der carriers to facilitate the successful arrival of the Als-loaded nanocar-
riers in the deep lung [42]. In this respect, it is accepted that the
aerodynamic diameter (D) plays an important role in the systems
deposition, among other factors. It is assumed that the particles with a
D, between 1 and 5 pm will deposit mainly in the alveoli, while the
largest will remain in the upper respiratory regions [43]. With this in
mind, our group has already showed the efficient microencapsulation
of different types of nanoparticles (NPs) (CS NPs, solid lipid NPs (SLN),
MOFs MIL-100(Fe) NPs) in Ma MS, resulting in dry powders efficiently
aerosolized to the deep lung giving high bicavailability of the associated
Al [44-47|. Furthermore, as mentioned above, we have recently demon-
strated the great potential of HA/CS-based NCs loaded with a model
plasmid (pCMV-PCal) and microencapsulated in Ma MS for pulmonary
gene therapy [13].

Considering the aforementioned comments, in this work a micro-
nanoplatform for the pulmonary delivery of Als with potential applica-
tion in lung diseases is proposed. We report the preparation and charac-
terization of dry powders containing CS-based NCs using Ma as
excipient. This carbohydrate, a non-reducing sugar widely used in phar-
maceuticals [48,49], was selected as spray-drying excipient due to its at-
tractive characteristics. It favors the dispersibility, flowability and
stability of the obtained MS [50,51], and allows to modulate their size
and morphology [52]. Furthermore, it has a thermoprotective effect on
Als [46,50] and improves the passage through the lung mucus thanks
to its osmotic and mucolytic effects [53]. Microencapsulated CS NCs
were prepared using a spray-drying technique, which was specifically
adjusted. The resulting CS-based NCs-loaded Ma MS were characterized
in terms of spray-drying process yield, morphology and size, NCs distri-
bution, and aerodynamic properties. In addition, the release of the NCs
from Ma MS was investigated and in vitro studies were carried out on
the A549 cell line {adenocarcinoma human alveolar basal epithelial
cells) [54]. In this regard, it was critical to ensure that the NCs, as well
as the excipient employed to prepare the micro-nanocarriers were bio-
compatible with the lung epithelium to guarantee their safety. Further-
more, it was important to investigate if the systems were internalized
by the cells. Taking into account the obtained knowledge about the
(S-based NCs benefits by other administration routes and the previ-
ously developed dry powders [13], we conjectured that MS will reach
and deposit in the deep lung, where the carbohydrate carrier will dis-
solve, releasing the NCs and, then, the associated Als.

2. Materials and methods
2.1. Materials

Protasan® UP CL 113 (ultrapure chitosan, hydrochloride salt, CS, de-
acetylation degree: 75-90%, Mw < 150 KDa) was acquired from
Pronova Biopolymer, A.S. (Drammen, Norway); Epikuron® 145 V (soy-
bean lecithin) was purchased to Cargill (Madrid, Spain); Miglyol®
812 N was a gift from Cremer Oleo Division (Hamburg, Germany); hyal-
uronic acid (HA, Mw ~ 166 kDa) was donated from Bioiberica (Barce-
lona, Spain); Curosurf® (pulmonary surfactant: 80 mg/mL of pig lung
phospholipids) was generously provided by Professor Almeida (Univer-
sity of Lisbon, Portugal) who acquired it to Angelini Pharmacéutica, Lda.
(Lisbon, Portugal); A549 cell line was obtained of ATCC (Manassas,
USA); Dulbecco's Modified Eagle Medium (DMEM), Fetal Bovine
Serum (FBS), Trypsin-EDTA (0.05%), and Fluoromount® were obtained
from Gibco™ (ThermoFisher Scientific, Madrid, Spain); Bodipy® 630/
650-X was got from Molecular Probes (Eugene, USA); Coumarin 6
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(Cu®, >99%), p-mannitol (Ma, 298%, Mw: 182.17 g/mol), phosphate
buffered saline tablet (PBS, pH: 7.4), L-Glutamine and sodium dodecyl
sulfate (SDS) were acquired to Sigma Aldrich (Madrid, Spain);
AlamarBlue® (CellTiter-Blue) was obtained from Promega (Fitchburg,
USA); Triton® X-100 (molecular biology grade) was purchased to
Scharlab 5.L. Laboratories (Barcelona, Spain); 4',6-diamino-2-phenylin-
dole (DAPI) was acquired from Emp-Biotech (Berlin, Germany), LIVE/
DEAD™ Fixable Aqua Dead Cell Stain Kit was acquired to Invitrogen™
(Waltham, USA); Trypan Blue was obtained of Logos Biosystems
(Sainghin-en-Mélantois, France); Neutral Buffered Formalin (10% v/v)
was bought to Bio-Optica (Milan, ltaly); acetone and ethanol were
grade HPLC; MilliQ water (ultrapure filtered water, using filters of 0.2
um, Millex®@-GN, Millipore Iberica, Madrid, Spain). The other chemical
products were reagent grade.

2.2, Preparation of CS-based NCs

S NCs were prepared by a solvent displacement method previously
development by our research group [9,11,12]. Briefly, the oil phase
(mixture of 10 mg of lecithin dissolved in 250 pl of ethanol, 31.2 pl of
Miglyol®, and 4.75 mL of acetone) was immediately poured into the
aqueous CS phase (10 mL of CS solution (0.25 mg/mL)), under magnetic
stirring (2000 rpm) (CIMAREC i Multipoint, Fisher Scientific, Spain),
turning immediately in a milky mixture due to the instantaneous for-
mation of the NCs. After 10 min mixing, solvents were evaporated
under vacuum and NCs were concentrated up to 5 mL. HA/CS NCs
were prepared in the same way that CS NCs but, after the 10 min of
the phases mixing, 5 mL of hyaluronic acid (0.5 mg/mL) were added
drop by drop (addition speed: 1 mL/min) and mixed for 10 more mi-
nutes. Then, the solvents were evaporated under vacuum until
obtaining 5 mL of final volume.

NCs production yield (P.Y.) was calculated by gravimetry using the
formula below. CS-based NCs were centrifuged (Ultracentrifuge
Beckman Coulter: Optima™ TLX Ultracentrifuge, Rotor: TLA_100.3, Cal-
ifornia, USA) at 6000 rpm and 15 °C during 1 h. Then, the cream super-
natant consisting of NCs was collected and freeze-dried (freeze dryer
Telstar LyoQuest —85, Spain) during 24 h (from —80 °C to 20 °C by
gradually increasing of the temperature) (n = 3).

NCs weight % 100
Total solids [CS + Lecithin + Miglyol (+HA)] weight
(1

P.Y.(%) =

2.3. Characterization of the NCs

NCs size, polydispersity index (Pdl) and ¢-potential were deter-
mined by Dynamic Light Scattering (DLS) and Laser Doppler Anemom-
etry (LDA) using a Zetasizer® Nano-ZS (Malvern Instruments, Malvern,
UK) at 25 °C. Each sample was characterized in triplicate (n = 3).

NCs morphology was viewed by Transmission Electron Microscopy
(TEM) (Jem-2010 Electron Microscope, at 120 KV). For that, 10 pL of
NCs were deposited on carbon films of copper grids and stained with
2% (w/v) phosphotungstic acid during 2 min, washed with MilliQ
water and allowed to dry.

2.4. NCs thermal stability analysis: Heating-cooling ramps

Itis very important to bear in mind that the structural stability of the
NCs is conditioned by the temperature. Taking into account that the NCs
will be microencapsulated in Ma MS by a spray-dry process, these nano-
structures will be exposed for a certain time to a temperature (Toyet),
which depends on the prefixed temperature (Tiyje), among other
factors. Therefore, the stability of the NCs could be compromised by
the Touyer For that, it is crucial to perform a thermal stability analysis
to determine the critical temperature at which each nanosystem
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(CS NCs and HA/CS NCs) could destabilize. It must be ensured that
during the spray-drying process, the Tg,., remains below the
destabilization temperature to ensure structural integrity and, hence,
the quality of the microencapsulated NCs. The structural destabilization
is detected by a strong increase of NCs Pdl (>0.7), which will produce
large standard deviations.

To investigate the structural stability of the NCs at different temper-
atures, suspensions of CS NCs and HA/CS NCs were exposed to heating-
cooling ramps from 25 to 90 °C (large range of possible Touues) and vice
versa (with a rate of 0.5 *C/min), into quartz cuvette covered to prevent
evaporation. The NCs sizes and Pdl were measured each 0.5 °C by
Dynamic Light Scattering (DLS) using the Zetasizer® Nano-ZS (Malvern
Instruments, Malvern, UK) with an Attenuator fixed at 7. The study was
done in triplicate (n = 3).

2.5, Stability of NCs in the spray-drying excipient solution

Before the NCs microencapsulation in Ma MS, their physicochemical
stability in Ma solution was checked. For that purpose, 5 mL of NCs sus-
pension was mixed with 5 mL of a concentrated solution of Ma (16%,
w/v). The mixture was incubated at room temperature under magnetic
stirring (300 rpm) {CIMAREC i Multipoint, Fisher Scientific, Spain). The
NCs physicochemical characteristics (size and {-potential) were ana-
lyzed in triplicate (n = 3) at different times (0, 0.5, 1, 2 and 4 h), by
the methods previously described.

2.6. Microencapsulation of the NCs

NCs microencapsulation was carried out using a co-current Biichi
spray-dryer (Biichi® Mini Spray Dryer B-290, Flawil, Switzerland)
with two fluids 0.7 mm nozzle. Volume of drying chamber was 9.3 L,
with a residence time of the particles of 55.8 s. This was calculated as fol-
lows [55]:

Ve

= Air flow rate @

L

Where: t,: residence time of the particles; V. volume of drying
chamber: 9.3 L; air flow rate: 600 NL/h.

To microencapsulate NCs correctly, it was necessary to adjust some
parameters of the spray-dry process: total solids content (ts.c.) (w/w,
%), air flow rate (NL/h), NCs:Ma ratio, Outlet temperature (Touer.
mainly determined by the Inlet temperature (Ty.)) (°C), aspirator
(%), and flow rate (F.R.) (mL/min). For this study, the CS NCs formula-
tion was used and each variable of the process was modified step by
step, while the other variables were kept constant. In the step 1, t.s.c.
was tested, being the investigated values 0f 2.5, 5, 10, 11, and 12%, fixing
the parameters air flow rate = 400, NCs:Ma = 1:10, T = 170 °C,
Aspirator = 75% and Flow Rate = 2 mL/min. In the step 2, the Air
flow rate was checked, for which two high values were chosen for the
greatest dispersion of the suspension droplets: 400 and 600 NL/h. In
the step 3, the NCs:Ma ratio was verified by testing two ratios in
which there was a high proportion of Ma. This is because in previous
studies (data not shown) it was observed that a more similar ratio
between the NCs and the excipient, does not lead to the preparation
of MS, but rather agglomerates with a “flake” shape. Therefore, the
1:10 and 1:15 ratios were tested. In step 4, the effect of the Toue: Was
studied, considering two opposing values: 105 and 170 °C, associated
with Touers around 58 and 90 °C, respectively. In this way, we want to
check whether a low temperature (slightly more humid powder, but
ensuring the stability of the NCs) or a high temperature (drier
powder, but with risk of stability of the NCs) is better. In any case, the
Aspirator was directly set at 100% in this step to decrease the Tgye
and minimize the risk of instability of the NCs spray-dried at 170 °C.
In addition, a F.R. of 8.8 mL/min was punctually used with the intention
that the temperature had less influence on the samples, especially
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considering the one that was spray-dried at 170 °C. In the step 5, it
was determined which F.R. was the most appropriated, keeping the As-
pirator at 100% to lower the Toyye. The compared values were: 5,7, 8.8
and 10 mL, being higher than 2 mL/min in all cases because it was
observed that low F.R. values lead to too small MS. We observed the
powders in terms of morphology, sphericity and aggregation of the
MS. The optimum spray-dry conditions were subsequently used to
microencapsulate the HA/CS NCs.

2.7. Characterization of dry powders

2.7.1. Spray-drying process yield

Process yield (P.Y.) was calculated by gravimetry by comparing the
final amount of dry powder obtained by spray-drying (MS weight)
with the theoretical (ts.c. (NCs + Ma) weight), as following (n = 3):

MS weight

Li —
PY-A%) = {5 CNGs = Ma) weight ~

100 3)

2.72. Morphology and size

The MS morphology and size were characterized by Scanning Elec-
tron Microscopy (SEM) (FESEM Ultra-Plus, Zeiss, Germany). For that
purpose, thin films of powders were fixed in graphite discs on stubs.
The samples were metalized with a film of iridium (10 nm) by an
Emitechk 550 Sputter Coater (London, England). The MS size was deter-
mined by measuring the space between two tangents of opposed mar-
gins (Feret's diameter) by the z-SmartTiff program (Zeiss, Germany).
The geometric diameter (D,) was calculated as the mean of the Feret's
diameters, being employed in this study 50 MS measures for each
powder (n = 50).

2.7.3. Distribution of NCs in Ma MS: confocal laser scanning microscopy
(CLSM)

For this study, Coumarin 6 (Cu®) was used to label the NCs, obtaining
Cu®-CS NCs and Cu®-HA/CS NCs. Specifically, 4.5 pl of Cu® (10 mg Cu®/
mL of dichloromethane) was mixed homogeneously in the oil phase
during the NCs preparation. Cu®-labelled NCs were characterized for
size, Pdl and ¢-potential, as described above (Section 2.3.). To remove
possible non-encapsulated Cu® residues, the labelled NCs were dialyzed
(Spectra/Por® 3 MWCO Dialysis Membrane Standard RC Tube: 3.5 kD)
overnight, before their microencapsulation. After dialysis, the Cu®-
labelled NCs were characterized newly. Then, both pre-dialyzed and
dialyzed labelled NCs were compared by Confocal Laser Scanning
Microscopy (CLSM) to confirm that the Cu® was perfectly encapsulated
and not released. The CLSM microphotographs were taken using a Leica
TCS-SP5X-A0BS microscope with a white laser (470-670 nm) and a UV
laser (Leica), using LAS AF software (Leica Application Suite Advanced
Fluorescence) and a 63x objective (PL oil APO63x /NA1.4-0.6 CS). The
data were obtained using a green channel (A(Cu®) = 455/461 nm
(Mexerem)). Furthermore, Ma excipient was labelled with Bodipy®
(M(Bodipy®) = 558/568-651 nm, (Aexerem)) (Ma®) (1 mg/mL of
Bodipy® in DMSO) by addition of the fluorophare to the Ma solution
(0.32 pg Bodipy®/1 mg Ma) under mild magnetic stirring for 2 h at
room temperature. Then, the Cu®-NCs were added to the Ma® solution
and were mixed for 1 h, before their atomization.

The powders samples were visualized by CLSM (Leica TCS-SP5X-
AOBS microscope with LAS AF Leica Application Suite Advanced Fluo-
rescence software, using an objective HCX PL APO CS 63.0 x 1.30 GLYC
21°CUV).Images were captured using separate channels. The grayscale
images were colored with green for Cu® and red for Bodipy® and were
overlapped to get a multicolor image.

2.7.4. Aerodynamic properties of the dry powders
The tap density or apparent density (g/cm?) of a powder, which is
the mass located in 1 cm®, was determined using a tap density tester
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(Tecnociencia, Spain). Briefly, a volume of powder (corresponding to
1.0-1.6 g) was measured in 10 mL test-tube, prior to mechanical tap.
The test-tube was tapped (30 tap/min) until the powder reached a con-
stant volume [56] (n = 3).

The real density (g/cm?®) was obtained using a helium pycnometer
(Quantachrome MPY-2, Syosset, NY, USA) (n = 3). The aerodynamic di-
ameter (D.er), which is defined as the diameter of a sphere of unit
density that has the same terminal settlement velocity as the particle
under consideration, was theoretically calculated using the following
equation [57]:

Dier = Dg \f% @

Where: D,: geometric diameter (average of Feret's diameters of MS,
M), Preqr: Teal density of MS (g/cm?), pg = 1 gfem?, and A: dynamic
shape factor of the MS (spherical MS: A = 1; irregular MS: A =
2) [58-60].

2.8. Release of NCs from Ma MS

400 mg of powder were incubated in 6 mL of either MilliQ water or
simulated pulmonary medium (02 mL of 0.1% Curosurf® into 199.8 mL
of 10 mM PBS (pH: 7.4) (v/v)) under mild magnetic stirring (300 rpm)
at room temperature and 37 °C, respectively. At different times (0, 0.5, 1,
2 and 4 h), samples were characterized using a Zetasizer® Nano-ZS
(Malvern Instruments, Malvern, UK) to check the physicochemical
characteristics (size and Z-potential) of the released NCs and to demon-
strate their release. In addition, TEM microphotographs of CS-based NCs
released at 1 h in MilliQ water were obtained to compare them with
TEM microphotographs of fresh NCs (in MilliQ water) to determine vi-
sually if the spray-drying process affected the NCs physicochemical
characteristics. The study was carried out in triplicate (n = 3).

2.9, Stability of NCs in cell growth medium

The stability of CS NCs and HA/CS NCs was checked in MilliQ} water
(control), in Dulbecco's Modified Eagle Medium (DMEM) without sup-
plementation and in DMEM supplemented with 200 mM L-Glutamine
and 10% (v/v) Fetal Bovine Serum (FBS). For that purpose, the suspen-
sions of CS NCs and HA/CS NCs (2.74 mg/mL) were diluted in the differ-
ent media (1:10 (v/v)) and mixed under gentle magnetic stirring (300
rpm) (CIMAREC i Multipoint, Fisher Scientific, Spain) at 37 "C. At differ-
ent times (0, 2 and 4 h), an aliquot of each sample was characterized in
terms of particle size and standard deviation, fixing the temperature at
37 °C and the attenuator at 7. The NCs are considered stable if their sizes
remain in the nanometric range. The study was carried out in triplicate
(n=3).

2.10. Studies in A549 cells

A549 cell line was used in the cell passes from 12 to 32. Cells were
grown in 10 mL plates (with TC treated surface), in a humidified incuba-
tor (inCu saFe Cooper Alloy Stainless) with 5% C0,/95% atmospheric air
at 37 °C, using DMEM supplemented with 200 mM L-Glutamine and
10% (v/v) FBS. In vitro cell studies have been carried out using CS-
based NCs and Ma separately and not in form of micro-nanostructured
platform. This is because in vivo the Ma dissolves very rapidly, releasing
the NCs that are the ones that, together with the dissolved Ma, really in-
teract with the pulmonary cells.

2.10.1. Viability study

CS NCs and HA/CS NCs were dialyzed overnight (Spectra/Por® 3
Dialysis Membrane Standard RC Tubing MWCO: 3.5 kD) to remove
possible residues.
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To evaluate the initial viability of the A549 cells after incubation with
the nanosystems, a preliminary study with Luna Il (Luna [I™ Automated
Cell Counter, Logos Biosystems, USA) was carried out, following the pro-
tocol specified by Fernandez-Paz et al. [44]. In in the present study,
60,000 A549 cells/well were seeded in 24-well plates (Falcon®, USA)
with supplemented cell culture medium, and were incubated in the hu-
midified until confluence (48 h). Then, the cells were treated as follows:
(i) 40 pL of sterile filtered MilliQ water with 360 pL of supplemented
DMEM (1:10) (positive contral), (ii) 55.2 pg/well of CS NCs or HA/CS
NCs until a final volume of 400 pL of supplemented DMEM and (iii) a
mixture of 40 ul of 1% (v/v) Triton with 360 plL of supplemented
DMEM (1:10) (negative control). After 4 h incubation, cells were
washed three times with 1x PBS (pH: 7.4) and detached with Trypsin.
Then, supplemented DMEM was added to each well and cells were col-
lected and centrifuged for 5 min at 1477 rpm (Eppendorf 5415R Refrig-
erated Centrifuge, Germany). The pellets were resuspended in 500 pL of
1x PBS (pH: 7.4) (supplemented with 10% (v/v) FBS). 10 pL of each sam-
ple were mixed homogeneously with 10 pL of (0.4%, w/v) Trypan Blue
Stain. Finally, 10 pL of each mixture was loaded in a counting chamber
to obtain images of the living and dead cells. The viability percentages
of the cells incubated with the systems were obtained by automated
counting in each image, taking into account the images of the positive
and negative controls (n = 3). Percentages of viability higher than
90% are considered good results [44].

Subsequently, another cell viability study was performed to check
the cells recovery at 24 and 48 h after 4 h of incubation with CS NCs,
HA/CS NCs and Ma excipient. This study was carried out following also
the protocol specified in the work published by Fernandez-Paz et al.
|44]. In the present study, 9000 A549 cells/well were seeded in 96-
well plates (Corning Incorporated costar®, USA) with supplemented
cell culture medium, and were incubated until confluence (48 h).
Then, the medium of each well was replaced with 90 pL of fresh supple-
mented cell culture medium and 10pL of: (i) sterile filtered MilliQ water
(positive control), (ii) 1% (v/v) Triton (negative control), and (iii) sus-
pensions of NCs (CS or HA/CS) to obtain the following concentrations:
2.74,0.69, 0.18, 0.05, 0.02, 0.005, 0.001 mg/mL (n = 4). In the case of
the excipient, a 15% (wy/v) Ma solution was directly prepared in supple-
mented DMEM, being the analyzed final concentrations of: 15, 3.75,
0.94, 0.23,0.059, 0.015, 0.0037 mg/mL. The cells were incubated during
4 h and washed three times with 1x PBS (pH: 7.4). After, supplemented
DMEM was added. The A549 cells were incubated for 24 and 48 h in the
humidified incubator. Later, 20 pL of CellTiter-Blue® was added to each
well in dark conditions. The cells were incubated in the same conditions
during 3 h. Finally, 50 pL of 3% (wj/v) sodium dodecyl sulfate (SDS) was
added to each well (30 min) and the lysed samples were transferred toa
dark-bottom 96-well plate to measure the fluorescence. The fluores-
cence signal was measured at hgyem: 539/620 nm using a microplate
reader (SYNERCY H1M BioTek®) with the Gen5 (Image Software
BioTek®) program. The percentage of cell viability (%) was calculated
as follows (n = 4):

. Sample fluorescence
Y =
Cell viability (%) Positive control fluorescence 100 (3)

Percentages of viability higher than 90% are considered good results
[44].

2.10.2. Study of intracellular uptake

For the cell internalization study, it was followed the protocol spec-
ified in the work published by Fernandez-Paz et al. [44]. Briefly, to
60,000 A549 cells/well were seeded with supplemented DMEM in 24-
well plates (Falcon®, USA), on polylysine-treated coverslips (Poly-L-
Lysine Cellware 12 mm round Coverslips, Corning® BioCoat™), and
were incubated until confluence. Then, the culture medium was
substituted by: (i) 400 pL of supplemented DMEM (control) and (ii)
55.2 pg/well of Cu®-CS NCs or Cu®-HA/CS NCs until a final volume of
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400 pL of supplemented DMEM. Cells were incubated for 4 h. After-
wards, cells were washed three times with 1x PBS (pH: 7.4). Cells
were fixed by 10% (v/v) neutral buffered formalin for 15 min. Then,
the washing process was repeated three times. Cell nuclei were labelled
by adding 200 pL of a dilution 1:1000 (v/v) of DAPI (1 mg/mLin 1x PBS)
for 30 min. The cells were washed three times again. The covers were
placed on slides, using Fluoromount® (Thermo Fisher Scientific,
Spain). Samples were observed by confocal laser scanning microscopy
(CLSM) (Leica TCS SP5 X, Germany) using an objective HCX PL APO CS
63.0 x 1.30 GLYC 21 "C UV and a white light laser. The fluorescent emis-
sions from Cu® (Aggem = 455/461 nm) and DAPI (Mgopn = 405/
414-440 nm) were captured and the images were colored with green
for Cu® and blue for DAPI, and overlapped to get a multicolor image,
using the LAS X Life Science Software. It is expected that the NCs are vis-
ibly inside the cells.

2.10.3. Quantification of A549 cells containing NCs

To quantify the A549 cells that have internalized CS NCs and HA/CS
NCs, the Fluorescence-Activated Cells Sorting technique (FACS) was
employed using dialyzed Cu®-CS-based NCs, following the protocol
specified by Fernindez-Paz [44].

A number of 60,000 A549 cells were seeded per well in 24-well
plates (Falcon®, USA), and incubated in a humidified incubator until
confluence. The culture medium was replaced by: (i) 400 pL of supple-
mented DMEM (control) and (ii) 55.2 pg/well of CS NCs or HA/CS NCs
until a final volume of 400 pL of supplemented DMEM (n = 3). Cells
were incubated for 4 h at the same conditions. Afterwards, cells were
washed three times with 1x PBS (pH: 7.4). Then, 200 pL of LIVE/
DEAD™ fixable Aqua (dead cell stain reagent diluted in 1x PBS (1 pL
of Aqua in 2 mL of the PBS, v/v)) were added for 15 min. The cells
were washed three times and detached by incubation with 120 pL of
Trypsin for 5 min. The cells were isolated by centrifugation for 5 min
at 1477 rpm (Eppendorf 5415R Refrigerated Centrifuge, Germany).
The supernatant was removed and the pellet was resuspended in 500
uL of 1x PBS (pH: 7.4) (supplemented with 10% (v/v) FBS). A minimum
of 10,000 events were excited at 488 nm using filters BP 525/50 for cu®
and BP 515,20 for Aqua viability reagent. It was employed the detector
forward scatter (FSC-A) by Accuri Becton Dickinson cytometer (BD
Accuri™), using a BD sample software (BD Biosciences, CA). To avoid
false positives due to Cu® signal overlapping with the Aqua signal, “col-
our compensation” was applied (data not shown), being the corrections
of: 17.62%, 18.25% and 18.05% for the first, second, and third replicates,
respectively, of the cells treated with Cu®-labelled NCs. Good results are
considered if the percentages of cells that have internalized NCs are
above of the 90% [44].

3. Results and discussion
3.1. Characterization and production yield of CS-based NCs

CS NCs presented sizes over 160 nm and positive {-potentials
(around +56 mV) (Table 1). HA/CS NCs were smaller in size (over
154 nm) and had a lower {-potential (about +35 mV) than their equiv-
alent without HA (Table 1). This decrease in size and {-potential can be
explained by the strong crosslinking effect between HA (negatively
charged) and CS (positively charged) on the NCs surface. It has been
previously observed for CS/HA/TPP NPs in that, maintaining constant
the amounts of TPP and increasing those of HA in relation to CS, de-
creased the size as well as the {-potential [61,62]. Cu®-CS-based NCs
pre- and dialyzed maintained a similar size with respect to the unla-
beled CS-based NCs. However, although the {-potential of the pre-
dialyzed Cu®-CS-based NCs was practically identical to the unlabeled
(S-based NCs, when the Cu®-CS-based NCs were dialyzed, they showed
a decrease in the {-potential (Table 1). This diminution in the -
potential was produced by the elimination of NCs preparation compo-
nents, especially of CS polymers (positively charged).
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Table 1

Physicochemical properties of (S-based NCs (mean £+ 5D n = 3).
Formulation Size range Pdl ¢-Potential Production

(nm) range (mV)  Yield (%)
CS NCs 160 +3 019 +56 + 1.4 83+4
Pre-dialyzed Cu®-CS NCs 161 +2 021 +57 £ 06 -
Dialyzed Cu®-CS NCs 162+ 1 020 +40 £ 01 -
HA/CS NCs 15442 015 +35+08 677
Pre-dialyzed Cu®-HA/CS 155+ 1 016 +37+ 04 -
NCs

Dialyzed Cu®-HA/CS NCs 156 + 2 015 +26 £ 01 -

The production yields were around 83% and 67% for the CS NCs and
the HA/CS NCs, respectively (Table 1). The lower yield corresponding to
the formulation prepared with HA can be explained because it was
found experimentally that the HA/CS NCs cream is more difficult to iso-
late. This was also observed for the CS/HA/TPP NPs in which, as the pro-
portion of HA increased, the yield decreased [61].

As shown in representative TEM images (Fig. 1), both types of NCs
presented spherical morphology and core-shell structure. Moreover,
when HA was added to the CS NCs surface, there was a change on the
appearance of their surface, where the HA filaments could be observed
projected outwards.

3.2. NCs thermal stability analysis: heating-cooling ramps

As explained in section 2.4., it is crucial to perform a thermal stability
analysis to find out the temperature from which it is produced the struc-
tural destabilization of the NCs. The effect of the temperature on the NCs
physicochemical characteristics (size and Pdl) was analyzed by DLS
(Fig. 2). This study was carried out because the NCs will be subsequently
subjected to possible elevated Touer during the spray-drying process
and it is crucial to know their destabilization temperatures to maintain
the Touyets With suitable values to ensure the NCs stability.

The initial mean sizes of the CS NCs and HA/CS NCs were of 165 +
4 nm and 147 £ 10 nm, respectively. In both cases, the heating ramp
at 90 °C induced a decrease in size of 48 nm and 16 nm for CS NCs and
HA/CS NCs, correspondingly. In addition, the heating ramp of CS NCs
showed a destabilization of the NCs structure after 80.5 °C, shown by a
Pdl greater than 0.7. In the case of HA/CS NCs, they were destabilized
from a temperature above of 72 °C, revealed by a Pdl of 1. When the
temperature returned to 25 °C, the size of CS NCs decreased, staying
17 nm below the original size, while the size of HA/CS NCs increased
to remain about 7 nm above their original size. In other words, during
the gradual cooling ramp, the NCs returned approximately to their orig-
inal sizes. This phenomenon was already reported for SLNs [63,64] in
which, after the heating-cooling process, the SLNs could withstand the
harsh conditions of temperature change. Surely, in the cooling process,
the NCs constituent materials were relocated in function of their
charges in the aqueous medium, in such a way that the Miglyol “took
refuge” within the CS structure thanks to the Lecithin interface,
adopting the more stable structuring again.

3.3. Stability of NCs in the spray-drying excipient solution

Ma was used as spray-drying excipient in previous microencapsula-
tion studies of different NPs, such as: i) CS NPs, ii) SLN, and iii) mesopo-
rous iron (IlI) rimesate (MIL-100(Fe) MOF), intended for pulmonary
administration [44-47]. Encouraged by the good results, Ma has been
selected in this work to microencapsulate NCs by spray-drying.

Initially, the size of the CS-based NCs increased about 60 nm and
30 nm for CS NCs and HA/CS NCs (see Table 1), respectively, when
they were incubated in the Ma solution (see Fig. 3). Later, the CS NCs
sizes remained practically constant as the incubation time progressed,
while the HA/CS NCs sizes decreased slightly, remaining in both cases
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Fig. 1. TEM microphotographs of:

above their original values during all the incubation process (Table 1).In
addition, the standard deviations of the CS-based NCs sizes were larger
from the beginning until approximately 2 h, being less at 4 h. This sug-
gests that the NCs sizes slightly stabilized over time. On the other hand,
¢-potentials of both types of NCs were somewhat lower than those of
their corresponding fresh forms, being a decrease of around 10 mV
and 4 mV for the CS NCs and HA/CS NCs, respectively. CS-based NCs
kept their {-potentials practically constant at time 0 h and at 4 h and
their standard deviations were very low (almost negligible in Fig. 3).
The increase in size, as well as the decrease in the {-potential, were
probably produced by a certain interaction of the Ma excipient (of slight
negative charge) with the CS polymeric shells (of positive charge) of the
two NCs formulations [44].

3.4. Microencapsulation of the NCs

Spray-drying is a fast and simple technique of enormous value for
the development of Als-loaded dry powders for pulmonary administra-
tion. Depending on the excipient and the different parameters of the
spray-dry process, the physical and structural characteristics of the
powders can be modulated, improving the aerosolization properties
and the in vivo performance [65]. Therefore, for the suitable NCs

Mean particle size (nm)

100 T T T T T T d
50 60

Temperature (°C)

Annex I
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(a) CS NCs and (b) HA/CS NC.

microencapsulation and to obtain quality powders, it is crucial to adjust
the variables of their spray-dry process.

Table 2 shows the variable investigated (second column) at each
stage (from 1 to 5, first column) of the NCs microencapsulation process.
In each step, the values of the studied variable appear on italic, being the
selected value in bold. The other parameters remained unchanged.

In the step 1, the optimal t.s.c. (¥) was determined. For that, mix-
tures of CS NCs suspensions in Ma solutions were prepared with t.s.c.
of 2.5%, 5%, 10%, 11% and 12% (w/w), and were spray-dried fixing the
rest of parameters as described in the step 1 of the Table 2, being se-
lected a t.s.c. of 11%. Next, the optimal air flow rate was identified by
comparison between 400 and 600 NL/h, maintaining the rest of the pa-
rameters stablished as showed in step 2 of the Table 2, obtaining the
best results at an air flow rate of 600 NL/h. The CS NCs:Ma ratio was
studied by fixing of the other parameters as showed in the step 3 of
the Table 2, being compared the ratios of 1:10 (w/w, %) and 1:15
(w/w, %), getting better MS with a ratio of 1:15. To maintain a better
stability of the NCs, it was important to increase the aspirator to 100%
to produce a low Toyer and the F.R. was punctually selected at 8.8
mL/min, so that the temperature had less influence on the samples,
especially with that spray-dried at 170 °C. The selected Tijees Were
105 °C (low) and 170 °C (high), keeping the other parameters as

(b)

Mean particle size (nm)

100 T T T T T 1
50 60 70

Temperature (°C)

Fig. 2. DLS thermograms of: (a) CS NCs and (b) HA/CS NCs, (M) from 25°Cto 90°Cand (A) from 90 *Cto 25 °C (mean + 5.0, n = 3).
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Fig. 3. Evolution of sizes (nm) (black) and {-potentials (mV) (red ) of: C§ NCs (square) and HA/CS NCs (diamond) incubated in Ma solution (16% (wyv) over time (h) (mean + SD.n=3).

indicated in the step 4 of the Table 2, achieving MS of best quality with a
Tiniee Of 105 °C. The optimal F.R. was determined testing equal or higher
values than 5 mL/min (5, 7, 8.8 and 10 mL/min), maintaining the other
parameters as specified in step 5 of the Table 2. Finally, the best F.R. was
of 5 mL/min. The complete optimal spray-drying conditions are shown
in the bottom row of the Table 2.

In this study, it was observed that the sizes of the MS were not im-
portantly affected by the changes of the investigated variables, being
all the sizes comprised between 2.0 and 3.7 um. For this reason, as men-
tioned above, only the characteristics of morphology, sphericity and ag-
gregation of the MS were observed in order to select the most
appropriate parameters values.

3.4.1. Determination of the optimal total solids content (Ls.c.) (%)
Suspensions of CS NCs in Ma solutions were spray-dried with differ-
ent theoretical total solids content (t.s.c.) in order to identify the most
appropriate one from a morphological and size point of view. As can
be seen in the Fig. 4, as the ts.c. increased, the MS adopted a more spher-
ical and defined morphology, with less aggregation, reaching the best
characteristics when the t.s.c. was of 11% (w/w). Above this value, MS
were less spherical, more aggregated and heterogeneous. This is the rea-
son why ts.c. of 11% (w/w) was selected as the optimum one for the CS
NCs microencapsulation process. This t.s.c. is high compared to those

required in other studies intended to the microencapsulation of CS
NPs, in which the c.s.t. was of 2.1% - 3% [46,66], surely due to the high
influence of the lipidic nature of the nanosystems.

3.4.2. Selection of the air flow rate (NL/h)

The spray-drying was carried out at different pressures (400 NL/h
and 600 NL/h) in order to find the most suitable one. According to the
microphotographs depicted in Fig. 5, the highest pressure produced
MS more spherical and isolated. This could be explained by the better
dispersion of the droplets during the spray-drying. Therefore, the pres-
sure of 600 NL/h was selected for further studies, being higher than the
used for CS-based NPs (400 NL/h) [46,66]. Perhaps, it is due to the lipidic
nature of the NCs, which produces certain differences with respect to
polymeric NPs (without oily core).

3.4.3. Election of the NCs:Ma ratio (w/w)

Previous studies of NPs microencapsulation [46,66] employed a NPs:
Ma ratio of 1:4 (w/w). However, when this ratio was used in preliminary
studies of this work (data not shown), the MS were not formed. In fact,
it is was an insufficient amount of Ma to constitute the MS, so only
formed aggregates in form of “scales”. Therefore, two ratios with higher
proportion of Ma (1:10 and 1:15, (w/w)) were selected to improve ho-
mogeneity and spherical shape of MS. According to SEM images in the

Table 2
Investigated variables to adjust the NCs spray-drying process (Nozzle diameter: 0.7 mm, Nozzle cleaner: 5).
Step Tested variable Total solids Air flow rate NCs:Ma ratio Tintee Aspirator Flow rate
content (NL/h) (wiw, %) ("c) (%) (mLjmin}
(wiw, %)
1 ts.c 25,5.10.11. 12 400 1:10 170 75 2
2 Air flow rate 1 400, 600 1:10 170 75 2
3 NCs:Ma ratio 11 600 1:10, 1:15 170 75 2
105(-58)
4 Ticet (Toutet) 11 600 1:15 100* 88"
170 (-90)
5 FR. 11 600 1:15 105 100 5.7.88. 10°
Optimal variables 11 600 1:15 105 100 5

Tintea? Inlet temperature (°C).
# Aspirator was increased to 100% to decrease the Touer.

" FR.was set at 8.8 mL/min for that the temperature did not affect the samples as much as possible.

* FR equal or higher than 5 mL/min were tested because lower F.R. lead to too small MS.
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Fig. 4. SEM microphotographs of CS NCs-loaded Ma MS with a total solid content of: (a) 2.5% (w/w), (b) 5% (w/w), (c) 10% (w/w), (d) 11% (w/w), and (e) 12% (w/w), respectively.

Fig. 6, the MS with the 1:15 (w/w) ratio had a better and homogeneous
appearance than those prepared with the 1:10 (w/w) ratio. As conclu-
sion, the 1:15 (w/w) ratio was selected as the most suitable for the
microencapsulation of CS NCs.

3.44. Determination of the suitable Ty (°C) and aspirator (%)

In this study, CS NCs were spray-dried at two different tempera-
tures: 105 °C and 170 °C and the Aspirator was directly adjusted to
100% in both cases to favor the decrease of the Toyuuet. The Fig. 7a
shows that the MS prepared at the lowest temperature had more spher-
ical morphology and were less aggregated compared with the MS ob-
tained at the highest temperature (Fig. 7b). It could be due to the heat
treatment that NCs received during the spray-drying process. When
the Ty Was of 170 °C, the Touyee Was high (~90 °C) and, as
demonstrated by the thermal stability analysis (Fig. 2), the NCs
stability could be compromised, at least in part, contributing to the
worst appearance of the MS (Fig. 7b). On the contrary, when the NCs
were spray-dried at 105 °C, a low Toyer Was ensured (~58 °C) and the

Pegeens AN
Commat = 33%

Vagr 10oaEX

NCs remained stable, allowing an adequate microencapsulation. The
Tintet Selected in the present work (105 °C) was in agreement with the
low Ty, employed for the microencapsulation of SLN (103 °C) and
lipid - polymer hybrid NPs (LPNs) (100 °C) already reported [45,67],
being these temperatures high enough to evaporate the water from
the atomization suspension, generating a Tg,e; low enough (~58 °C)
to avoid the systems destabilization.

3.4.5. Selection of the optimal flow rate (FR.) (mL/min)

Different F.R. were tested: 5, 7, 8.8 and 10 mL/min. The MS obtained
at low F.R. (2 mL/min) were small (Figs. 4 to 6), as it was expected ac-
cording to the results of previous studies. Fig. 8a shows that the MS pre-
pared at F.R. of 5 mL/min are spherical, not aggregated, and have
homogeneous size and morphology. As can be appreciated in Fig. 8, as
the F.R. increased, the MS were less defined, more aggregated and het-
erogeneous. At a F.R. of 8.8 mL/min, the powder was more humid,
being affected the powder quality at a F.R. of 10 mL/min. Considering
the results, F.R. of 5 mL/min was selected as the optimal for the

Sl Ae 202
wags vaaex

Fig. 5. SEM microphotographs of CS NCs-loaded Ma MS spray-dried with a pressure of: (a) 400 NL/h and (b) 600 NL/h.
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Fig. 6. SEM microphotographs of CS NCs-loaded Ma MS

microencapsulation of NCs. This F.R. was twice as faster (5 mL/min) that
the used for the microencapsulation of CS-based NPs (2.5 mL/min)
[46,66], resulting in a shorter exposure time to the Tpye than CS NPs.

3.5. Characterization of dry powders

According to previous studies, the selected conditions for the micro-
encapsulation of NCs in Ma MS were: t.s.c. = 11% (w/w), air flow rate =
600 NL/h, NCs:Ma ratio = 1:15 (W/w), Ty e = 105 °C, aspirator = 100%,
and F.R. = 5 mL/min. CS NCs and HA/CS NCs were microencapsulated
using the optimal conditions and the obtained dry powders were char-
acterized according to their morphology, size, process yield, and loca-
tion of the NCs in the Ma MS. In addition, Ma MS (control) were
prepared at the same optimal conditions.

3.5.1. Spray-drying process yield

Yields of spray-drying process were higher than 60% (Table 3),
which are similar to the obtained for the microencapsulation of non-
lipid CS-based NPs [46,50,61,68], like CS/TPP NPs, CS/TPP/INS NPs,
CS/HA/TPP NPs, insulin (INS)-loaded CS/HA/TPP NPs, and CS/
carboxymethyl-{3-cyclodextrin NPs (CS/CMCD NPs), which varied be-
tween 65 and 73% [46,50,61,68]. However, the yields were lower
(=~50%) when lipid/CS NP complexes (L/CS-NP) were microencapsu-
lated [69]. In addition, the yields obtained after the microencapsulation
of glyceryl dibehenate SLN and glyceryl tristearate SLN were of 60% and
47%, respectively [45]. Consequently, the results of the present study
were better than those previously reported for lipidic nanosystems. In
fact, the yields of the NCs spray-drying processes were high, considering
that they are lipid and non-solid systems (Table 3). The efficiency of the

P T

Mag s MO0KK

with a NCs:Ma ratio of: (a) 1:10 (w/w) and (b) 1:15 (w/w).

process in terms of capsule closure corresponds to that 10 mg of powder
microencapsulated about 0.7 mg of NCs, maintaining approximately the
NCs:Ma ratio of 1:15 [13].

Additionally, Touue: obtained after the microencapsulation
processes were lower than 60 °C, with temperature losses of
around 47 °C (Table 3), preserving the integrity and stability of
the microencapsulated NCs.

3.5.2. Morphology and size

The powders of Ma MS (control), CS NCs-loaded Ma MS, and HA/CS
NCs-loaded Ma MS were characterized by SEM and the microphoto-
graphs are depicted in Fig. 9. NCs-loaded Ma MS (Fig. 9b and c) were
spherical, with defined edges, more homogeneous in size and less
aggregated compared to the control MS (Fig. 9a).

The mean of Feret's diameters (geometric diameter) of the MS were:
Ma MS = 3.7 £ 1.6 um, CS NCs-loaded Ma MS = 2.1 + 0.9 um, and
HA/CS NCs-loaded Ma MS = 2.8 + 1.3 pm. Ma MS loaded with:
CS/TPP NPs present geometric diameters between 1.9 + 1.0 um and
4.0 + 1.8 pum [47], CS/HA/TPP NPs show values comprised among
22 + 04 pmand 2.7 £ 1.3 um [61], CS/CMCD/TPP (hybrid NPs pre-
pared with carboxymethyl-{3-cyclodextrin (CMCD)) exhibit a range of
2.6 + 0.3 um and 3.2 4 0.6 um [68], and glyceryl dibehenate SLN and
glyceryl tristearate SLN have geometric diameters of 4.87 + 1.61 um
and 5.54 + 1.79 um, respectively [45]. The MS obtained in the present
study presented geometric diameters that are in agree with those one
previously mentioned.

In addition, all types of MS were generally solid. However, some of
the largest obtained were hollow, as the SEM microphotographs
showed in the Fig. 10. This is consistent with some of the bigger CS

Fig. 7. SEM microphotographs of CS NCs-loaded Ma MS spray-dried with a Tjye of: () 105 °C (Toueer ~ 58 °C) and (b) 170 °C (Touer ~ 90 °C).
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Fig. 8. SEM microphotographs of CS NCs-loaded Ma MS spray-dried with a FR. of: (a) 5 mL/min, (b) 7 mL/min, (c) 8.8 mL/min, and (d) 10 mL/min.

NPs-loaded Ma MS, whose hollowness of some broken MS also could be
seen [47]. The appearance of some large MS is a random process. Their
large holes could be explained by the distribution adopted by the Ma
when it is in higher proportion with respect to the nanosystems. At
this point, the Ma generates MS of big structure, whose NCs charge is
distributed in the Ma shell, but totally lacking of the internal framework
of Ma carrying the nanosystems.

3.5.3. Distribution of NCs in Ma MS: confocal laser scanning microscopy
(CLSM)

A CLSM study was carried out to determine the presence and local-
ization of the NCs in the Ma MS. As previously explained (section
2.7.3.2.), different fluorescent labels were used in order to visualize
clearly each component: CS NCs were labelled with Coumarin 6 (Cu®)
(fluorescent green) and Ma was labelled with Bodipy® (fluorescent
red).

To eliminate possible non-encapsulated Cu® residues and avoid false
signals, the Cu®-labelled NCs were dialyzed as explained in the Method-
ology section. In Fig. 11, Cu®-labelled NCs pre- (Fig. 11a) and dialyzed
(Fig. 11b) can be compared. In the first case (Fig. 11a), the pre-
dialyzed labelled NCs were observed, as well as the fluorescent green

Table 3
Toutiets. temperature losses and spray-drying processes yields (mean &+ S.D.; n = 3; NCs:
Ma = 1:15, wjw).

Type of powder Toutiet Temperature Loss Process Yield
(0 Q) (%)

Ma MS 57 48 64+4

CS NCs-loaded Ma MS 59 46 675

HA/CS NCs-loaded Ma MS 58 47 67+6

signal from the non-encapsulated Cu®. In the second case (Fig. 11b),
the dialyzed labelled NCs were observed, but the non-encapsulated
Cu® signal was non-existent. These microphotographs show that, during
the Cu®-labelled NCs dialysis process, the excess of Cu® was successfully
eliminated and the encapsulated Cu® was not released from the dialyzed
labelled-NCs. This can be explained by the Cu® non-polar nature that al-
lows it to stay inside the NC oil core. Furthermore, the pre-dialyzed la-
belled NCs have a more dispersed distribution (Fig. 11a), probably due
to the presence of Cu® between the nanostructures, whose non-polar
character repels them and makes them move away from each other.
In contrast, dialyzed labelled NCs showed certain trend to approximate
between them in form of groups; however, their physicochemical prop-
erties were normal (see Table 1). This tendency of the NCs to approach
each other is surely due to the distribution acquired between the slide
and the cover.

According to the CLSM images, Ma was extended throughout the MS
forming a matrix (red channel) (Fig. 12a), where the Cu®-NCs were ho-
mogeneously distributed in the Ma MS (green channel) (Fig. 12b). The
confluence of both components can be observed in the overlapping of
channels (Fig. 12c). This type of micro-nanostructure is different to
those seen for microencapsulated CS NPs [61,66,68], where the CS NPs
were distributed inside the MS, but covered by an outer layer of Ma.
However, this study is agreement with a study of SLN of glyceryl
dibehenate and glyceryl tristearate microencapsulated in Ma MS, in
that the outer layer of Ma was not present and the nanosystems were
distributed up to the edge of the MS [45]. There are two hypotheses
that explain the presence of this Ma outer cover in the nanosystems-
loaded Ma MS. The first one is based on the Ty, employed in the
spray-drying process. For the CS NPs microencapsulation [61,66,68],
the Tyners were of 160 °C and 170 °C, while in the present work was of
105 °C, similar to that used for the SLN microencapsulation, of 103 °C

307



SHEILA BARRIOS ESTEBAN

E. Ferndndez-Paz, C. Ferndndez-Paz, S. Barrios-Esteban et al.

Powder Technology 399 (2022) 117149

Fig. 9. SEM microph of MS

[45]. At high temperature, there is an increased drying of Ma in the outer
layer of the MS compared to the lowest temperatures. The second hy-
pothesis is focused on the concentration of the excipient used during
the spray-drying process. In fact, a higher Ma concentration, which
was used for CS NCs and SLN [45] compared to the CS NPs [61,66,68],
is associated to a higher viscosity of the Ma solution. This fact hinders
the water and excipient molecules diffusion during the drying process,
thus preventing the possible formation of a Ma outer cover.

3.5.4. Aerodynamic properties of the dry powders

The combination of particle size and density are two important fac-
tors that determine the dispersion and sedimentation of the dry pow-
ders in the lung [70,71] and, hence, their success [72]. The MS were
characterized in terms of physical and aerodynamic properties (geo-
metric diameter, real density, apparent density, and theoretical aerody-
namic diameter).

For a proper administration to the lung, the aerodynamic diameter
of the particles should be between 1 and 5 pm, approximately
[70,73-76]. Particles with aerodynamic diameters less than 1 pum will
be expelled with exhaled air, and particles larger than 5 um will be de-
posited in the upper respiratory tract [47,74]. Table 4 collect the physical
and aerodynamic properties of dry powders obtained by spray-drying.
The values of theoretical aerodynamic diameters (2-4 pum, approxi-
mately) agree with the obtained for the microencapsulated SLN and
CS/TPP NPs, and were in the optimal range of particle size (1-5 um)
for their adequate administration to the deep lung [45,47,61,66,68].
The geometric diameter of Ma MS was higher and more heterogeneous
than those of CS-based NCs-loaded Ma MS, probably due to a more po-
rous and less compact structure. In addition, all cases exhibited low ap-
parent densities, which are usually associated with proper aerodynamic
flow behaviors, as were previously demonstrated for different inhala-
tion powders with low apparent densities that also were analyzed by
cascade impactor and in in vivo studies [44,4547,56,65,75]. The present
results fit within the range for the microencapsulated SLN and CS/TPP

0= 3w ot

2
A Baprene WIN e
WO« Lo wayr oinn Crnte 43%

d using the adjusted spray-drying conditions: (a) Ma MS (control), (b) CS NCs-loaded Ma MS, and (c) HA/CS NCs-loaded Ma MS.

NPs (0.3-0.6 g/cm?) [45,47,61,66,68]. Despite the apparent density of
the Ma MS was higher than for NCs-loaded Ma MS, the real density
was lower, according with their higher porosity and largest aerody-
namic diameter. Conversely, the CS-based NCs-loaded Ma MS presented
smaller geometric diameter compared to Ma MS due to their more com-
pact and less porous structure, which is verified with a higher real den-
sity. Furthermore, both types of NCs-loaded Ma MS exhibited similar
densities (real and apparent), while the geometric and theoretical aero-
dynamic diameters were slightly higher in the case of HA/CS NCs-
loaded Ma MS, probably due to the additional presence of HA in the
structure. In all cases, the real densities were similar with those ob-
tained for the microencapsulated SLN and CS/TPP NPs in Ma MS
[45,47,61,66,68] (1.3-1.5 g/cm?). Therefore, taking into account their
physical and aerodynamic properties, it was concluded that the pow-
ders obtained in the present study were theoretically suitable [77] for
their correct administration to the deep lung regions (bronchioles and
alveoli).

3.6. Release of NCs from Ma MS

Ma MS act as carriers to facilitate the NCs delivery to the lungs. In
this study it was demonstrated the ability of the Ma MS to rapidly re-
lease the CS-based NCs in MilliQ water at room temperature and in sim-
ulated pulmonary medium at 37 °C (similar to physiological
conditions). The latter was a mixture of PBS-Curosurf®, with a pH sim-
ilar to the lung fluid, interstitial fluid, and plasma (pH: 7.4) [78]. When
the powders came into contact with both media, the NCs were immedi-
ately released. The Fig. 13 shows the TEM microphotographs of CS NCs
(Fig. 13a) and HA/CS NC (Fig. 13b) released in MilliQ water after 1 h,
where both types of NCs were very similar to their corresponding
fresh NCs (compare microphotographs depicted in Figs. 1 and 13).

The values of sizes and {-potentials of the released CS-based NCs at
the different release times up to 4 h are depicted in Fig. 14. At time 0
h, the NCs showed increased sizes in both media with respect to the

Fig. 10. SEM microphotographs of hollow CS NCs-loaded Ma MS.
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Fig. 11. CLSM microphotographs of: (a) pre-dialyzed Cu®-CS NCs and (b) dialyzed Cu®-CS NCs.

Red channel

Green channel

Overlapping channels

Fig. 12. CLSM microphotographs of Cu®-CS NCs-loaded Ma® MS: (a) red channel, (b) green channel, and (c) overlapping channels.

Table 4

Physical and aerodynamic properties of dry powders obtained by spray-drying (mean + SD_; n = 3).

Dry powders Theoretical aerodynamic diameter (um) Geometric diameter (um) Apparent density (g/cm?) Real density (g/cm®)
Ma MS 421+ 001 0.50 + 0.01 129 + 001
CS NCs-loaded Ma MS 2.51 £ 0.02 044 + 0.02 143 + 001
HA/CS NCs-loaded Ma MS 335+ 0.02 042 + 0.02 143 £ 002

original values (see Table 1), probably due to the presence of Ma, acting
as an excipient bridge. This increase was higher in the case of the NCs
released in simulated pulmonary medium, surely due to electrostatic in-
teraction between the negative molecules of the medium and the posi-
tive surface of the NCs. An increase in size has been observed in previous
works when the CS NPs [47] and SLN [45] were released from Ma MS in
aqueous medium, which confirms this phenomenon. From 0.5 h on-
wards, the sizes of released CS NCs and HA/CS NCs decreased until
reaching values higher than those that had fresh NCs, before spray-
drying (Fig. 14). Regarding the ¢-potentials of both types of released
NCs, Fig. 14 showed that this parameter decreased slightly in MilliQ
water remaining positive; while it was considerably reduced to negative
values in simulated pulmonary medium. In the latter case, it is supposed
thatit was due to the electrostatic union of negative molecules (proteins
of the Curosurf® lung surfactant) to the positive surface of the NCs. In
addition, Ma MS have efficiently released NCs because have not been

detected micrometer sizes and {-potentials of around —8 mV in MilliQ
water, characteristic of the Ma MS. Therefore, we could conclude that
the CS-based NCs were released and maintained their physicochemical
characteristics with suitable values for the purpose of this study.

3.7. Stability of NCs in cell growth medium

The stability of CS NCs and HA/CS NGs in supplemented DMEM and
in DMEM without supplementation while mimicking physiological con-
ditions (37 °C, pH: 7.4) was determined at different times (0,2 and 4 h),
being also checked in MilliQ water as control. Specifically, we consid-
ered to examine the NCs size and their standard deviations, being desir-
able that the sizes remain in the nanometric range. Sizes of CS NCs and
HA/CS NCs in the different media are shown in Fig. 15. Both types of NCs
remained practically constant in MilliQ water with time, as expected.
However, an increase of size with time was observed when CS-based
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Fig. 13. TEM microphotographs of released: (a) CS NCs and (b) HA/CS NC in MilliQ water at 1 h.
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Fig. 14. Physicochemical characterization of CS-based NCs released from Ma MS in MilliQ
water at room ure and in simulated pul v medium at 37 °C, at different
times (0,0.5, 1,2 and 4 h) (mean + SD., n = 3). Legend: @ Sizes of CS NCs released in
MilliQ water at room temperature, [l Sizes of HA/CS NCs released in MilliQ water at
room temperature, O Sizes of CS NCs released in simulated pulmonary medium at 37
°C. [ Sizes of HA/CS NCs released in simulated pulmonary medium at 37 °C, @ {-Poten-
tials of CS NCs released in MilliQ water at room temperature, [ij {-Potentials of HA/CS
NCs released in MilliQ water at room temperature, O {-Potentials of CS NCs released in
simulated pulmonary medium at 37 °C, "] {-Potentials of HA/CS NCs released in simulated
pulmonary medium at 37 °C.

NCs were incubated in supplemented DMEM, achieving the 500 nm for
the CS NCs at 4 h, and being practically constant below the 250 nm for
the HA/CS NCs. When NCs were incubated in DMEM without supple-
mentation, the sizes also increased with time, achieving more than
500 nm the CS NCs, and over the 400 nm the HA/CS NCs at 4 h. In addi-
tion, the standard deviations were more ample for the CS NCs (around
14-31 nm) than HA/CS NCs (about 3-7 nm), independently of the em-
ployed medium. It is remarkable that both sizes and standard deviations
were notably higher for the CS NCs than for the HA/CS NCs. The higher
stability of the HA/CS NCs can be explained by the presence of HA on
their structure, which produces a lower superficial {-potential with re-
spect to the CS NCs, so HA/CS NCs interacted less with the media nega-
tive components. In this sense, it could be a certain adhesion of the
media negative molecules on the NCs positive surface, increasing their
sizes; but also it is reasonable that the negative charges that surround
the NCs “stretch” the CS strands by electrostatic interactions, making
them larger. Consequently, HA/CS NCs seem to be more stable than CS
NCs in both media. However, both formulations were suitable for the
purpose of the “in vitro” cell studies.

3.8. Studies in A549 cells

3.8.1. Viability study
A preliminary cell viability assay was carried out using Luna Il under
the conditions mentioned in section 2.10.1. Mean viability values (mean

u MilliQ water ® Supplemented DMEM ® DMEM without supplementation

(a)

Sizes (nm)

2
Incubation time (h)

(®)
600
500
400

300

Sizes (nm)

200

100

2
Incubation time (h)

Fig. 15. Size (nm) vs. incubation time (h) of: (a) CS NCs and (b) HA/CS NCs in MilliQ water, in supplemented DMEM, and in DMEM without supplementation after 0, 2, and 4 h of incubation

at37°C(mean £ SD.n=3).
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Fig. 16. Luna Il images of A549 cells incubated in supplemented DMEM with: (a) nothing (positive control), (b) CS NCs, (c) HA/CS NCs, and (d) 1% (v/v) Triton (negative control), for 4 h at

37 °C (% average viability + SD.).

=+ SD; n = 3) were calculated and expressed as percentage of live cells
(%). Fig. 16 shows living cells with a green circle and the dead cells with
ared circle. Luna Il device is an automated cell counter, so the obtained
images had not scale. The positive control presented a maximum of
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Fig. 17. Cell viability after 24 and 48 h of recovery after removal of CS NCs, HA/CS NCs and
Ma excipient of the A549 cells, measuring the fluorescence signal of CellTiter-Blue® (mean
+SD.n=4).

viability slightly higher than 95% (Fig. 16a), whereas the negative con-
trol showed a 0% of viability (Fig. 16d), as expected. When the cells
were incubated with CS NCs and HA/CS NCs presented a viability around
95% in both cases (Fig. 16b and c). In view of the good results obtained in
this preliminary experiment, another viability study was next carried
out to assess specifically the metabolic activity of the cells.

Cell viability of A549 cells was studied using CellTiter-Blue®
(AlamarBlue®). The cells were treated with increasing concentrations
of CS-based NCs and Ma excipient and incubated for 4 h at 37 °C. The re-
sults are shown in Fig. 17, where the viability was expressed as percent-
age of living cells compared to positive control. After 24 h of the removal
of CS NCs the cell viability was comprised between, approximately, 93
and 102% in all the tested concentrations; while in the case of HA/CS
NCs, the viability was between 94 and 99%, being similar for both nano-
systems. These viability results at 24 h were in agreement with those
previously reported for A549 cells treated with CS/TPP NPs, whose
values ranged from approximately 90 to 100% [54,79]. Furthermore,
the viabilities were higher than those of SLN (both glyceryl dibehenate
and glyceryl tristearate empty or with rifabutin) (80%) [63]. After 48 h
of removal CS NCs, the viabilities were between 99 and 119%. In the
case of HA/CS NCs the viabilities were of 96 to 118% for all the tested
concentrations, being similar for both nanosystems. Taking into account
that at 24 h the viabilities were close to 100% for both NCs, it is possible
that at 48 h there were so high viabilities due to the recovery of the cells.
The opposite occurred with the CS/TPP NPs that, at the lowest concen-
tration, presented a viability of 120% but, as the concentrations in-
creased, the viability decreased to a value of around 90% [54]. This
discrepancy could be due to a better recovery of the cell division cycle
when the cells were treated with the CS-based NCs compared to the
CS/TPP NPs. In addition, constant high viability values around 100%
were obtained at 24 and 48 h post-treatment in presence of Ma
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Green channel

A549 cells with A549 cells without
Cub-CS NCs NCs (control)

A549 cells with
CuS-HA/CS NCs
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Overlapping channels

Fig. 18. Confocal microscopy images of A549 cells: control (without CS-based NCs) (a-c), treated with 55.2 pg/well of Cu®-CS NCs (d-f), and treated with 55.2 pg/well of Cu®~-HA/CS NCs (g-i)

(green channel). Cell nuclei were stained with DAPI (blue channel). Scale bar = 50 um.

excipient. These values were higher than those obtained in the work of
Grenha et al. [54], showing that Ma, has good in vitro biocompatibility.
In summary, the results of this study indicated that CS-based NCs and
Ma excipient led to high viabilities in the A549 cell line. Therefore,
these micro-nanosystems are expected to be suitable for lung delivery.

3.8.2. Study of intracellular uptake

CS promotes the transcellular and paracellular permeability of
macromolecules-loaded nanosystems due to its mucoadhesive and per-
meability properties [ 11,19]. Therefore, CS NCs and HA/CS NCs were ex-
pected to penetrate A549 cells. The internalization was observed by

Table 5

CLSM using DAPI (blue channel) to label the cell nuclei and Coumarin
6 (Cu®) (green channel) to label the NCs, as previously described in
2.10.2. section. Fig. 18 shows the confocal images of control cells
(A549 cells without treatment) (a-c), cells incubated with Cu®-CS NCs
(d-f), and cells treated with Cu®-HA/CS NCs (g-i).

These images verified the internalization of the nanosystems inside
cells in comparison with the images of the control cells. The excess of
Cu®-NCs was previously eliminated in the washing processes, so that
the Cu®-NCs observed in the images are within the cells. These results
agree with those obtained in previous studies. Specifically, CS/TPP NPs
were also internalized in high quantities in A549 cells [54].

Number of events (Count) and percentage of alive cells (%) of control cells (first column), cells incubated with Cu®-CS NCs (second column), and cells treated with Cu®-HA/CS NCs (third

column) (mean £+ SD.:n = 3).

Control cells Cells with Cu®-CS NCs

Cells with Cu®-HA/CS NCs

Count Alive cells Count Alive cells Count Alive cells
(%) (%) (%)
10919.0 + 153.7 806+ 05 10,6460 + 41.2 857+ 08 10,711.0 + 2995 833+63
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Fig. 19. FACS histograms of A549 cells: (a) control (without treatment), (b) treated with 55.2 pg/well of CuP-CS NCs, and (c) treated with 55.2 pgfwell of Cu®-HA/CS NCs to evaluate the cell

viability.

Furthermaore, Fig. 51 (zoom of Fig. 18, included in Supporting Informa-
tion) shows more clearly how cells maintained their integrity, as well
as a more intense fluorescence signal coming from Cu®-HA/CS NCs
than that from the Cuf-CS NCs. This is probably due to the
penetration-enhancing effect of the HA [34,80]. In any case, both nano-
systems were efficiently uptaked by the A549 cell line.

3.8.3. Quantification of A549 cells containing NCs

To quantify the A549 cells that have internalized CS NCs and HA/CS
NCs, the FACS technique was carried out by the analysis of a minimum
of 10,000 events per sample. Table 5 shows the data of number of events
(Count) and the percentage of alive cells (%) selected of their corre-
sponding Dot Plot.

The histograms of the control cells were considered the basal signal
to correct the signal obtained from the cells treated with Cu®-NCs. The
histogram of the control cells (Fig. 19a) confirmed a positive viability
of 100%, as expected. When the cells were treated with Cu®-CS NCs
and Cu®-HA/CS NCs, their respective histograms (previously corrected
by “colour compensation”) (Fig. 19b and c, correspondingly) showed
that the cells were negative to Aqua, indicating also a high viability
(99.83% and 99.93% on average for Cu®~CS NCs and Cu®-HA/CS NCs, re-
spectively) (see complete information in Supporting Information,
Fig. 52).

To determine the percentage of cells internalized with NCs (see
complete information in Supporting Information, Fig. $3), the histogram
of control cells (Fig. 20a) was compared with those obtained for the cells
treated with Cu®-CS NCs (Fig. 20b) and Cu®-HA/CS NCs (Fig. 20c). As ex-
pected, control cells (Fig. 20a) were negative to the signal of Cu®. When
cells were treated with Cu®-CS NCs and Cu®-HA/CS NCs, they were pos-
itive to the signal of Cu®, showing that the nanosystems were internal-
ized, corresponding to 100% of the cells. Therefore, both types of
nanosystems were uptaked by the total of the A549 cells.

Similar results were obtained in numerous studies of CS-based
nanosystems investigated for the encapsulation of antitumoral drugs
[81-83]. On the contrary, it was found that CS/TPP NPs [54] did not pen-
etrate in A549 and Calu-3 cell lines; but they remained attached to the
surface of the cells. Unlike that study, the NCs remained incubated
with the cells for 4 h, while the NPs were only 2 h. Therefore, and taking
into account the good results of this study and of previous ones based on
CS nanosystems, it is very probable that CS/TPP NPs also internalize the
cells with a more adequate incubation time. In addition, the results of
this study were congruent with those obtained by CLSM (section
3.8.2.) because we could verify the cellular internalization of the nano-
systems, but also quantifying the % of A549 cells internalized with the
NCs. It can be concluded that both confocal images and flow cytometry
studies showed an efficient internalization of CS-based NCs in the A549
cell line. Furthermore, it was revealed that the internalization of the

(a) A549 control cells (b) A549 cells treated with () A549 cells treated with
Cub-CS NCs CuS-HA/CS NCs
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Fig. 20. FACS histograms of A549 cells: (a) control (without treatment), (b) treated with 55.2 pg/well Cu®-CS NCs, and (c) treated with 55.2 pg/well of Cu®-HA/CS NCs to evaluate the cell

internalization.
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nanosystems did not affect to the cell viability (see Fig. 19), which was
consistent with the results of previous studies (section 3.8.1). Therefore,
the microencapsulated CS-based NCs seem to be safe and suitable for
their administration by the pulmonary route.

4. Conclusion

This work describes for the first time the adjust of the NCs microen-
capsulation process (S NCs and HA/CS NCs) in Ma MS by the spray-
drying technique, aimed to provide dry powders of suitable characteris-
tics for inhalation and administration to the deep lung. CSLM study con-
firm the presence and homogeneous distribution of the NCs in Ma MS.
NCs are rapidly released in aqueous media, being not altered by the
spray-drying process, demonstrating that Ma MS act as inert carriers
for the pulmonary administration of NCs. In vitro cell studies revealed
high viability of A549 cells in presence of the nanosystems, as well as
of the Ma atomization excipient. Moreover, there was a high cellular up-
take of the nanosystems, maintaining the cell integrity. Taking into ac-
count all these results, this work demonstrates the safe application of
a novel and versatile micro-nanoplatform for pulmonary delivery,
which opens a wide field of investigation to carry out a more complete,
effective and successful treatment of pulmonary diseases.
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NHS!

National Research Ethics Service

NRES Committee East Midlands - Nottingham 2
The Old Chapel

Royal Standard Place

Nottingham

NG1 6FS

Telephone: 0115 8839428 (Direct Line)
Facsimile: 0115 9123300

05 May 2011

Professor Richard Grundy

Professor of Paediatric Neuro—oncology and cancer biology
The University of Nottingham

Children's Brain Tumour Research Centre

Queens Medical Centre

Medical School

Nottingham NG7 2UH

Dear Professor Grundy

Study title: Comparative molecular analysis of childhood brain
tumours in relation to adult brain tumours and normal
brain

REC reference: 11/EM/0076

The Research Ethics Committee reviewed the above application at the meeting held on 18
Aprit 2011. Thank you for attending to discuss the study.

Ethical opinion

e The committee members asked you who was making the initial approach to potential
participants and how this was being done. You informed the committee the research
team have been doing tumour banking for 10 years now and that a consultant will
discuss the study with any new participants, usually it will be that same consultant
taking consent. In cases where a consultant is not available to inform participants
and take consent, Lis Whiles, a research nurse who has been taking consent for 5
years will approach the participants after discussing with the chief investigator
beforehand. You felt that Lis Whiles has the experience to handle the situation
sensitively.

« The committee members queried how long potential participants or their parents
have to decide whether to give consent. You informed the committee that potential
participants or the parents are able to have as long as they like. They have the
option of taking the information away and giving consent on their return. They also
have the option to give consent on the day and if they change their mind they can
inform you and the sample will be removed.

* The committee members queried how long personal data is to be stored for. The
IRAS application form states at A.43 that personal data will be stored for less than 3
months however the samples are linked anonymised so the personal data will need
to be kept. You informed the committee that this is an error on the form and that the
personal data will be stored indefinitely as the study is continued.

This Research Ethics Committee is an advisory committee to the East Midlands Strategic Health Authority
The National Research Ethics Service (NRES) represents the NRES Directorate within
the National Patient Safety Agency and Research Ethics Committees in England
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e The committee informed you that the indemnity is not adequate as it does not cover
children under 5 who are to be included in the study. You informed the committee
that this matter will be rectified.

The members of the Committee present gave a favourable ethical opinion of the above
research on the basis described in the application form, protocol and supporting
documentation, subject to the conditions specified below.

Ethical review of research sites

NHS Sites

The favourable opinion applies to all NHS sites taking part in the study, subject to
management permission being obtained from the NHS/HSC R&D office prior to the start of
the study (see “Conditions of the favourable opinion” below).

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of
the study.

Management permission or approval must be obtained from each host organisation prior to
the start of the study at the site concerned.

Management permission (‘“R&D approval”) should be sought from all NHS organisations
involved in the study in accordance with NHS research governance arrangements.

Guidance on applying for NHS permission for research is availabie in the Integrated
Research Application System or at http://www.rdforum.nhs.uk.

Where a NHS organisation’s role in the study is limited to identifying and referring potential
participants to research sites (“participant identification centre”), guidance should be sought
from the R&D office on the information it requires to give permission for this activity.

For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the relevant host organisation.

Sponsors are not required to notify the Committee of approvals from host organisations
Additional conditions

e The committee request that suitable indemnity is in place which covers all
participants.

It is responsibility of the sponsor to ensure that all the conditions are complied with
before the start of the study or its initiation at a particular site (as applicable).

You should notify the REC in writing once all conditions have been met (except for
site approvals from host organisations) and provide copies of any revised
documentation with updated version numbers. Confirmation should also be provided
to host organisations together with relevant documentation
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Approved documents

The documents reviewed and approved at the meeting were:

Document Version Date

Protocol Final Version 1.0 21 February 2011
Investigator CV 01 March 2011
Evidence of insurance or indemnity 22 July 2010
Covering Letter 01 March 2011
Letter from Sponsor 02 March 2011
REC application 46123/193182/1/723 |28 February 2011

Membership of the Committee

The members of the Ethics Committee who were present at the meeting are listed on the
attached sheet.

Martin Hewitt declared that he was a close colleague of the chief investigator of this study
and that he would prefer to leave the room whilst the discussion and decision were carried
out. Frances Game took over as chair while Martin Hewitt left the room.

Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.

After ethical review

Now that you have completed the application process please visit the National Research
Ethics Service website > After Review

You are invited to give your view of the service that you have received from the National
Research Ethics Service and the application procedure. If you wish to make your views
known please use the feedback form available on the website.

The attached document “After ethical review — guidance for researchers” gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

Notifying substantial amendments
Adding new sites and investigators
Progress and safety reports
Notifying the end of the study

The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

We would also like to inform you that we consult regularly with stakeholders to improve our
service. If you would like to join our Reference Group please email
referencegroup@nres.npsa.nhs.uk.
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[ 11/EM/0076 Please quote this number on all correspondence |

With the Committee’s best wishes for the success of this project

Yours sincerely

AN WA

Dr Martin Hewitt
Chair

Email: heather.harrison@nottspct.nhs.uk

Enclosures: List of names and professions of members who were present at the
meeting and those who submitted written comments
“After ethical review — guidance for researchers”

Copy to: Mr Paul Cartledge — University of Nottingham

R&D office for NHS care organisation at lead site - NUH
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GOBIERNO DEL PRINCIPADO DE ASTURIAS Comité de Etica de la Investigacién del Principado de
Asturias
CONSEJERIA DE SALUD Hospital Universitario Central de Asturias

Direccion General de Calidad, N-1, §3.19

Transformacién y Gestién del

Conocimiento Avda, de Roma, s/n
33011 Oviedo

Oviedo ajueves, 23 de marzo de 2020

El Comité de Efica de la Investigacién con Medicamentos del
Principado de Asturias ha evaluado el Proyecto n° 2020.050, titulado:
“OBTENCION DE ORGANOS Y TEJIDOS HUMANOS EN EL LABORATORIO
UTILES EN INVESTIGACION BIOMEDICA PARA REDUCIR O ANULAR
COMPLETAMENTE LA EXPERIMENTACION CON ANIMALES", Investigador
Principal, Dr. ALVARO MEANA INFIESTA. Institufo Universitario Fernandez-
Vega ( Universidad de Oviedo .

El Comité ha tomado el acuerdo de considerar que el citado
Ensayo redne las condiciones éticas necesarias para poder realizarse v,
en consecuencia, emite su autorizacion.

Le recuerdo que deberd guardar la maxima confidencialidad de
los datos utilizados en este Proyecto; les aconsejamos que el
Consentimiento Informado se firme por duplicado y que el Investigador
guarde una copia en el archivo.

Le saluda atentamente.

\,

Fdo: MAURICIO TELENTI ASENSIO

Secretario/a del Comité de Etica de la mvestigacion
B8 I8 CONSEJERIA
del Principado de Asturias™® DE SANIDAD

COMITE DE ETICA

DE LA INVESTIGACION
CON MEDICAMENTOS DEL
PRINCIPADO DE ASTURIAS
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,?,, XUNTA DE GALICIA Xefatura territorial de Lugo
B0 @ CONSELLERIADO MEDIO RURAL Servizo de Gandaria jBIlGB

Ronda da Muralla, 70
Lugo

RESOLUCION DE AUTORIZACION DE PROXECTOS DE EXPERIMENTACION ANIMAL

Expediente nim.: 01/20/LU-003

Interesado: Ana Quelle Regaldie

Procedemento: RESOLUCION DE AUTORIZACION DE PROXECTOS DE EXPERIMENTACION ANIMAL
Data de inicio: 1 de marzo de 2020

Forma de inicio: solicitude da interesada

ANTECEDENTES

A interesada, como responsable do proxecto “El pez cebra y su aplicacién en biomedicina,
acuicultura y medio ambiente” presentou con data 12 de febreiro de 2020 solicitude para a
realizacién do proxecto de experimentacién animal cuxos datos se detallan a continuacién:

Denominacién do proxecto : El pez cebra y su aplicacién en biomedicina, acuicultura y medio
ambiente

Nome do centro usuario: Animalario da Facultade de veterinaria(AE-LU-003).

Persoa responsable do proxecto: Ana Quelle Regaldie

Establecemento onde se realizardn os procedementos do proxecto (ou lugar xeogréfico no caso
de traballos de campo) Animalario da Facultade de veterinaria(AE-LU-003).

Clasificacién do proxecto : Tipo lll.

CONSIDERACIONS LEGAIS E TECNICAS

Real decreto 53/2013, de 1 de febreiro (BOE nim. 34, do 8 de febreiro), polo que se establecen as
normas basicas aplicables para a proteccién dos animais utilizados en experimentacién e outros
fins cientificos, incluindo a docencia, establece no seu artigo 33 as condiciéns de autorizaciéns dos
proxectos con animais de experimentacion.

Artigo 88 da Lei 39/2015, do 1 de outubro, do procedemento administrativo comdn das
administraciéns publicas (BOE num. 236, do 2 de outubro) establece que a resolucién que pofia
fin ao procedemento decidird todas as cuestidns formuladas polos interesados e aquelas outras
derivadas del.

Esta xefatura territorial é competente para ditar resolucion de conformidade co artigo 11 do
Decreto 245/2009, do 30 de abril, polo que se regulan as delegaciéns territoriais da Xunta de
Galicia e o Decreto 149/2018, do 5 de decembro, polo que establece a estrutura organica da
Conselleria do Medio Rural. O Servizo Provincial de Ganderia de Lugo revisou a documentacidén
presentada coa solicitude e visto o informe favorable da avaliacién do proxecto, de data 30 de
xaneiro de 2020 emitido polo érgano habilitado, e o Comité de Etica da Universidade de Santiago
de Compostela, esta xefatura territorial resolve AUTORIZAR o proxecto solicitado.

% Xacobeo 2021
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A autorizacién deste proxecto terd unha duracién de 5 ANOS e unha vez que transcorran deberdn
renovala.

A autorizacién é unicamente vélida nas condiciéns que figuran no expediente. Ante calquera
cambio significativo no proxecto que poida ter efectos negativos sobre o benestar dos animais,
debera solicitar a confirmacién da autorizacién ao Servizo Provincial de Ganderia.

Esta autorizacidn podera ser suspendida no caso de que o proxecto non se leve a cabo de acordo
coas condiciéns de autorizacién e retirala previo expediente tramitado ao que se lle dara
audiencia.

Contra a presente resolucidn, que non pon fin & via administrativa, podera interpor recurso de
alzada ante o conselleiro de Medio Rural da Xunta de Galicia no prazo dun mes contado a partir da
recepcion da notificacién da presente resolucién, conforme cos artigos 121 e 122 da Lei 39/2015,
do 1 de outubro, do procedemento administrativo comtin das administraciéns publicas.

Documento asinado electronicamente d marxe

= IGLESIAS FONTAL, MARLA OLGA
fa Temitorial

Data & hora: 08032020 13:48:44

Asinado
Cargo:

Verificacién: hitps:/fsede xunta galicve

@ Xacobeo 2021
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Glioblastoma and uveal melanoma are tumors without high
incidence rate, but they are characterized by being one of the
most aggressive tumors with a life expectancy between 6 and
14 months. Their standard treatment combines surgical
resection, radiotherapy and chemotherapy, triggering several
severe side effects. Consequently, the search for new
therapeutic approaches is required, where gene therapy stands
out. However, genetic medicines require delivery systems for
the protection and transport of nucleic acids to target cancer
cells. Nanomedicine plays an important role to the design of
polymeric non-viral vectors, being very promising in gene
therapy. The present work is focused on the development of
tunable gene delivery nanosystems and their evaluation in
different advanced preclinical cancer models.
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