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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/pDNA 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 cáncer 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 resección 

quirúrgica 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 pronóstico y la calidad de vida de estos pacientes. Sin embargo, la 

medicina genética todavía se ve limitada por el requisito de un sistema de entrega para la 

protección y el transporte de ácidos nucleicos. En este punto, la nanotecnología se ha convertido 

en una herramienta clave para el diseño y desarrollo de sistemas de administración de genes no 

virales en oncología. 

Teniendo en cuenta esta información, el objetivo principal de esta tesis ha sido la 

optimización de nanosistemas basados en polímeros para la asociación de ácidos nucleicos 

como ADN, siARN y miARN, y su evaluación como transportadores en modelos in vitro 

avanzados de cáncer. En el primer capítulo experimental, se evaluaron nanopartículas con 

estructura de matriz, compuestas por protamina y sulfato de dextrano, como sistemas de 

administración de genes. Los resultados confirmaron la capacidad de estos vectores no virales 

para la asociación e internalización del material genético en modelos bidimensionales (2D) y 

esferoides de células primarias de glioblastoma. Sin embargo, los niveles moderados de 

expresión génica sugieren más estudios para optimizar su capacidad de transfección. 

Estudios previos de nuestro grupo de investigación revelaron que la asociación del 

polifosfaceno sustituido con ácido 6-mercaptohexanoico (6MHA-PPZ), mejoró el escape 

endosómico de los nanocomplejos policatión/pADN. En el segundo capítulo experimental, se 

estudió el efecto de la integración de 6MHA-PPZ en nanocomplejos de protamina y 

polietilenimina (PEI) como sistemas de administración de genes, utilizando modelos avanzados 

de glioblastoma. Los resultados obtenidos mostraron una mejora general en la capacidad de 

transferencia génica con la adición de 6MHA-PPZ, especialmente en nanocomplejos 

protamina/pDNA, con mínima citotoxicidad. Además, la biodistribución de estos 

nanocomplejos también se evaluó en un modelo in vivo de pez cebra, mostrando su acumulación 

en el saco vitelino con el desplazamiento de una pequeña cantidad de partículas hacia el área 

de la cabeza, especialmente para los nanocomplejos PEI. La adición de 6MHA-PPZ mejoró la 

señal de fluorescencia debido a su capacidad para liberar más fácilmente los ácidos nucleicos 

de los endosomas.
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El tercer capítulo experimental consistió en el estudio de nanocápsulas de protamina para 

administración ocular en cáncer de úvea. Los resultados mostraron que estos nanoportadores 

presentaron propiedades fisicoquímicas favorables para la asociación y transporte intracelular 

de ácidos nucleicos en células de melanoma uveal; sin embargo, la eficiencia de la transfección 

debe optimizarse aún más para obtener mejores niveles de expresión génica terapéutica. Este 

nanosistema también funcionó favorablemente en un modelo corneal tridimensional (3D), sin 

causar una alteración 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 cáncer. Las tres plataformas 

mostraron un rendimiento adecuado con una toxicidad mínima. Este trabajo también destaca la 

importancia de avanzar lo antes posible hacia modelos in vitro avanzados para identificar 

formulaciones de administración de genes con las mejores posibilidades de traducción clínica. 
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RESUMEN IN EXTENSO 

 

El cáncer se considera uno de los problemas de salud más importantes a nivel mundial, siendo 

la segunda causa de muerte después de las enfermedades cardíacas [1, 2]. Esta enfermedad tiene 

una influencia negativa en el bienestar físico, social, mental y emocional del paciente, y su 

diagnóstico presenta varios problemas multidimensionales [3]. La Agencia Internacional para 

la Investigación del Cáncer (IARC) ha pronosticado que, en 2030 habrá aproximadamente entre 

13 a 17 millones de muertes por esta enfermedad en todo el mundo [4]. Hoy en día, ya se han 

registrado más de doscientos tipos de cánceres conocidos, donde entre los más diagnosticados 

se encuentran el cáncer de mama, de pulmón y de próstata [5]. Según estadísticas de la 

Organización Mundial de la Salud (OMS), el glioblastoma y el melanoma uveal son tumores 

que, aunque no tienen una incidencia muy alta en comparación 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 más violentos, con una proliferación 

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 años [7]. Por otro lado, el melanoma uveal es el tumor intraocular primario más frecuente 

en adultos cuyo origen prioritario es la coroides (90%), aunque también existen casos en el 

cuerpo ciliar (6%) y en menor proporción en el iris (4%) [8]. Aunque su incidencia es muy baja, 

estimándose 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 hígado [9].  

Por lo general, los tumores sólidos se vuelven más agresivos con el tiempo, incrementando 

su capacidad de invadir el tejido sano circundante y de diseminación metastásica. Estos 

procesos requieren un aumento en la rigidez del tumor y una fluidificación parcial para que las 

células cancerosas puedan desplazarse [10]. En diagnósticos graves, el tratamiento se basa en 

la resección quirúrgica seguida de terapias de irradiación, y quimioterapia [6] [11]. Éste es un 

tratamiento agresivo con varios efectos secundarios, y que no siempre garantiza grandes 

beneficios de supervivencia. En algunos tumores, ensayos clínicos 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 cirugía. Una de las razones principales del 

fracaso de esta terapia conjunta, es que no considera la presencia de una subpoblación específica 

de células conocidas dentro de la masa tumoral, las células madre cancerosas (CSCs, siglas del 

inglés “Cancer Stem Cells”) [12]. La característica principal de estas células es su mayor 

resistencia a la radioterapia y a la quimioterapia, que, combinado con su capacidad de 

reiniciación tumoral, indican el fracaso del tratamiento con una recurrencia tumoral, llegando 

incluso a lesiones metastásicas [13, 14]. Es por ello que las terapias dirigidas, en especial, la 

terapia génica, se han postulado como un nuevo concepto para mejorar el pronóstico y la calidad 

de vida de los pacientes. 
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Históricamente, la terapia génica se basa en la transferencia de material genético a las 

células huésped para restaurar la función celular dañada o defectuosa [15]. Sin embargo, su 

traducción y éxito clínico no han sido satisfactorios debido a los desafíos asociados con su 

administración. Los ácidos nucleicos inyectados sistémica o localmente presentan una 

biodisponibilidad y una absorción celular baja. Incluso los que llegan a internalizar corren el 

riesgo de su degradación por enzimas o desencadenan una respuesta inmunológica. Como estos 

desafíos limitan su potencial para inducir la regulación génica, generalmente se requiere de un 

sistema de administración o vector [16].  

Los vectores virales son uno de los vehículos más eficientes para la administración 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 nanotecnología han llevado al desarrollo de 

nanotransportadores de genes no virales [17], considerados como seguros, fáciles de fabricar, 

de baja inmunogenicidad, y biodegradables [18]. En la última década, los nanosistemas a base 

de lípidos y/o polímeros se han investigado en el campo de la oncología. Los lípidos catiónicos 

son los reactivos de transfección más utilizados para el suministro de ácidos nucleicos en forma 

de nanoestructuras vesiculares, ya sean liposomas, sistemas lipídicos nanoestructurados (NLC, 

siglas del inglés “Nanostructured Lipid Carriers”) o niosomas, e incluso en forma de 

nanopartículas (NPs) lipídicas sólidas (SLN, siglas del inglés “Solid Lipid Nanoparticles”) [13]. 

Estos sistemas lipídicos forman la base de los primeros medicamentos de terapia génica ya 

comercializados como TransoPlex® y Onpattro® [19, 20], además de las vacunas contra el 

COVID-19 basadas en ARN mensajero de Moderna® y Pfizer/BioNTech® [21]. 

Sin embargo, las partículas lipídicas presentan algunas limitaciones que cuestionan su 

aplicabilidad, incluida su toxicidad, inducción de respuesta inmune, limitada capacidad de 

carga de fármacos, corto periodo de circulación, y acumulación en el hígado, pulmones y bazo 

[22]. En este aspecto, los polímeros catiónicos como la polietilenimina (PEI) y péptidos 

promotores de la penetración 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 polímeros se tratan de materiales muy utilizados para la liberación de genes 

por su alta capacidad para condensar el material genético, además de su capacidad para 

atravesar la membrana celular, promoviendo un mejor escape endosomal y una mejor liberación 

[23, 24]. Además, estos biomateriales están aprobados por la FDA debido a su alta seguridad. 

A pesar de la reciente aprobación 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 traducción clínica sigue siendo relativamente baja [25-28]. Múltiples barreras 

biológicas y farmacológicas evidencian la necesidad de nuevos modelos preclínicos para la 

innovación en la investigación traslacional del cáncer [28]. Por lo general, los compuestos 

anticancerígenos se prueban en modelos de cultivo celular bidimensionales (2D), pero éstos no 

recapitulan de forma adecuada el microambiente tumoral humano, y muestran una expresión 

génica alterada. Los cultivos tridimensionales (3D) han demostrado presentar unas 

características más 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 

combinación de estos modelos con células primarias derivadas de pacientes tiende a dar una 

representación aún más realista y fenotípicamente más precisa en comparación con líneas 

celulares comerciales [31]. 
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Por otra parte, los modelos murinos han sido el modelo animal más usado para los estudios 

básicos y preclínicos del cáncer, 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 

anatómicos, funcionales y bioquímicos de la enfermedad humana, una evolución rápida y una 

reducción en el coste, además de las consideraciones éticas [32]. En conclusión, cada modelo, 

ya sean los cultivos 2D/3D o el modelo de pez cebra, deben usarse para complementar, 

enriquecer e informar en el diseño y la optimización de nanomedicamentos, facilitando su 

traslación a la clínica. En vista de estos antecedentes, el principal objetivo de la tesis fue el 

desarrollo y la optimización de tres plataformas de nanosistemas poliméricos como vectores de 

administración de genes, y la evaluación de su potencial en modelos preclínicos avanzados.  

En la primera parte de la tesis, se desarrollaron y optimizaron NPs poliméricas resultantes 

de la combinación de protamina (Pr) y un polisacárido de carga opuesta, dextrano (Dx). La 

estructura policatiónica 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 

polímero biodegradable, de toxicidad reducida y con capacidad de aumentar la eficacia en la 

liberación de ciertos fármacos y genes [34]. Teniendo en cuenta estudios previos de cribado, en 

este trabajo se seleccionó el prototipo de ratio 4:1 (m/m) de Pr:Dx, ya que presentaba unas 

características fisicoquímicas y una capacidad de asociación de ácidos nucleicos adecuadas para 

su uso en terapia génica (Figura 1.). La estabilidad en el entorno fisiológico, y durante el 

almacenamiento representan algunas de las principales limitaciones en el desarrollo de nuevas 

terapias génicas. Nuestra formulación mostró resultados adecuados en ambos aspectos 

relacionados con la estabilidad. Por tanto, se consideró este prototipo como un candidato ideal 

para su evaluación in vitro en modelos avanzados de líneas celulares relevantes para la 

translación clínica.  

 

Figura 1. Características fisicoquímicas y morfológicas de las NPs de Pr:Dx con ratio 4:1 (m/m) sin carga y 
asociadas con 8% (m/m) de diferentes ácidos nucleicos. Evaluación de la capacidad de asociación del material 

genético mediante electroforesis en gel de agarosa cargando 0,5 µg de pADN y 1 µg de miARN por banda. PDI= 

siglas del inglés “Polydispersity Index”, HP= heparina (Media ± SD (n= 3)).
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La combinación de varios estudios de viabilidad de actividad metabólica 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. (a)). Por otra parte, estudios 

de captación celular mediante microscopía confocal y de fluorescencia de lámina de luz, y su 

cuantificación por citometría de flujo, revelaron una internalización 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].  

 

 

 

 

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) Imágenes de microscopía confocal y fluorescencia de lámina de luz de la capacidad de internalización 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 incubación. Núcleos de células teñidos con 
DAPI (canal azul). Barra de escala= 50 y 100 µm.
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La capacidad de transfección está condicionada por la entrada y el tráfico intracelular de 

los vectores, que son procesos dependientes de la línea celular. En este caso, a pesar de que 

nuestro nanosistema promovió una expresión eficiente a partir de dosis de 1 µg de plásmido 

tanto en células como en esferoides de glioblastoma, no se correlacionó con los valores de 

captación celular (Figura 3.). En conclusión, las NPs de Pr:Dx han demostrado presentar unas 

propiedades adecuadas para la asociación y protección de cargas genéticas con baja 

citotoxicidad, alta capacidad de internalización, pero una eficiencia de transfección mejorable 

en modelos avanzados de glioblastoma.  

 

Figura 3. Imágenes de microscopía de fluorescencia y fluorescencia de lámina de luz de la expresión de la 
proteína 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 concentración de 2,5 µg de pADN, incubadas durante 4 h. Barra de escala= 100 y 

200 µm.   

Estudios recientes de nuestro grupo de investigación han demostrado que la adición del 

polifosfaceno aniónico 6MHA-PPZ potencia la internalización, 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 centró en el desarrollo de nanocomplejos de 

polietilenimina (PEI) y protamina por condensación con un plásmido modelo en combinación 

con el polifosfaceno 6MHA-PPZ. Las formulaciones presentaron unas propiedades 

fisicoquímicas apropiadas en cuanto a tamaño y carga superficial para la asociación de ácidos 

nucleicos, sin observarse variaciones significativas con la adición del polímero aniónico (Tabla 

1.). Sin embargo, cabe resaltar un aumento en el rendimiento de formación de los 

nanocomplejos en presencia de este polifosfaceno, concordando con los resultados de 

caracterización previos [39]. Las propiedades se mantuvieron estables en condiciones de 

almacenamiento y en medio de cultivo celular, pero sufrieron agregación 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. Características fisicoquímicas de los nanocomplejos de PEI y protamina, con y sin el polifosfaceno 
aniónico 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)). 

 

En cuanto a la evaluación de su potencial como nanosistemas de terapia génica, esto se 

realizó en modelos preclínicos 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 adición del polímero 6MHA-

PPZ, concordando con resultados previos en una línea de glioblastoma altamente transformada 

[39] (Figura 4.).  
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Figura 4. Citotoxicidad in vitro de diferentes concentraciones de los nanocomplejos de PEI y protamina, sin 
(barras negras) y con (barras grises) el polifosfaceno aniónico 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 transfección se determinó mediante la cuantificación de la expresión de la 

proteína Luciferasa. En general, la adición del polifosfaceno aniónico mejoró la transfección, 

aumentando el efecto del escape endosomal, especialmente en los nanocomplejos de protamina, 

cuyos valores de transfección alcanzaron incluso al del modelo de referencia PEI/pADN (Figura 

5.). Sin embargo, en los modelos preclínicos de esferoides se observaron efectos diferentes en 

función de la línea celular. Se obtuvieron resultados de transfección similares a los obtenidos 

en los cultivos 2D en el caso de los esferoides de glioblastoma de líneas transformadas 

comerciales, pero no sucedió lo mismo en los esferoides de líneas primarias de glioblastoma, 

donde el efecto del polifosfaceno 6MHA-PPZ fue menos claro. Esto confirmó la necesidad de 

usar modelos clínicamente relevantes lo antes posible.
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Figura 5. Ensayo de transfección 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 proteína (RLUs= siglas del inglés “Relative Luminiscence Units”) (Media ± SEM (n= 3)). 

En cuanto a su biodistribución en modelos in vivo de embriones de pez cebra de 48 horas 

post-fecundación, se obtuvo una mayor acumulación de las formulaciones en el saco vitelino, 

especialmente de los nanocomplejos de PEI, que, tras 5 días post-inyección, parte de estas 

partículas se desplazaron hacia la zona de la cabeza. Por otra parte, se observó que la adición 

del polifosfaceno aniónico dio lugar a una mayor intensidad de fluorescencia confirmando la 

capacidad de este polímero para potenciar el escape endosomal de péptidos catiónicos, como 

PEI, permitiendo la liberación del material génico. Para los nanocomplejos de protamina, estos 

valores resultaron ser más bajos como consecuencia de su fuerte capacidad de complejación de 

ácidos nucleicos [40], que incluso en presencia de 6MHA-PPZ, la completa liberación del 

material genético resultó ser más complicada (Figura 6.). En conclusión, la combinación del 

polifosfaceno aniónico 6MHA-PPZ con polímeros catiónicos comerciales mejoró las 

características de los nanocomplejos reduciendo su citotoxicidad, aumentando su eficacia de 

transfección en modelos avanzados de glioblastoma y consiguiendo una biodistribución en el 

saco vitelino hacia la cabeza en modelos de embriones de peces cebra. 
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Figura 6. Cuantificación de la señal de fluorescencia en los embriones de pez cebra tratados con los controles y 
los nanocomplejos de PEI y protamina, sin (barras negras) y con (barras grises) el polifosfaceno aniónico 6MHA-
PPZ, con diferente ratio de carga (N:C:P), a una concentración de 25 µg de siARN/mL (GFP= siglas del inglés: 
“Green Fluorescence Protein”) (media ± SEM (n= 10/condición). 

Las nanocápsulas (NCs) poliméricas tienen una utilidad potencial como nanoportadores en 

la vía ocular gracias a su capacidad de interacción con los epitelios de la córnea y conjuntiva 

[41]. Por tanto, la tercera parte de esta tesis consistió en el desarrollo y la optimización de 

nanocápsulas de protamina (Pr NCs) para su aplicación en terapia génica contra el cáncer 

ocular. La formulación fue preparada mediante el método de desplazamiento de solvente 

obteniendo una población homogénea de nanogotas oleosas de vitamina E, cubiertas por una 

capa polimérica de protamina, y estabilizadas con ayuda de surfactantes no iónicos. Su 

morfología esférica, sus propiedades fisicoquímicas, y su asociación reversible de 

macromoléculas de ADN plasmídico y miARN, las convirtió en vehículos adecuados para 

terapia génica (Figura 7.). Este nanosistema mostró una estabilidad adecuada en condiciones de 

almacenamiento durante un mes, y estabilidad coloidal en medio de cultivo celular. 

Considerando la vía de administración, su estabilidad también fue testada en fluido lacrimal 

simulado, donde las características de las Pr NCs cargadas con diferentes porcentajes de ADN 

se mantuvieron estables previniendo la liberación prematura del plásmido.
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Figura 7. Características fisicoquímicas y morfológicas de las Pr NCs sin carga y asociadas con diferentes cargas 
de ADN plasmídico y miARN. Evaluación de la capacidad de asociación de material genético mediante 
electroforesis en gel de agarosa cargando 0,135 µg de pADN por banda. PDI= siglas del inglés “Polydispersity 

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

La evaluación de su potencial como nanosistema de terapia génica se llevó a cabo en células 

de melanoma uveal (MU). Los resultados mostraron baja citotoxicidad a diferentes 

concentraciones y tiempos (Figura 8. (a)), y una eficiente internalización intracelular (Figura 8. 

(b)).  

 

            

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) Imágenes de microscopía confocal de la 
internalización de las Pr NCs blancas marcadas con fluorescencia (canal rojo) en células de melanoma uveal tras 
4 h de incubación. Núcleos de células teñidos con DAPI (canal azul). Barra de escala= 100 µm.
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En el área de terapia génica ocular, los nanosistemas poliméricos son especialmente 

atractivos debido a su capacidad de interactuar íntimamente con la superficie ocular. En este 

aspecto, nuestro grupo de investigación fue uno de los pioneros en demostrar la capacidad de 

estos nanovehículos para adherirse a la superficie ocular y penetrar a través de la córnea y el 

epitelio conjuntival, permitiendo así una administración por vía tópica de fármacos en los que 

esta vía no era viable [41-47]. En base a estos estudios, se determinó la capacidad de transporte 

de las Pr NCs en un modelo 3D de córnea. Los resultados mostraron que la formulación, tanto 

con ADN plasmídico asociado como sin él, fue capaz de atravesar esta barrera epitelial (Figura 

9. (a)) sin alterar su integridad y morfología (Figura 9. (b)) [48].  

 

 

 

               

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 córnea (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) Imágenes histológicas teñidas con Hematoxilina y Eosina 
de la sección transversal de modelos 3D de córnea (QobuR-RhCE) tras 4 h de tratamiento con (1) H2Od (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 µg de pADN/inserto). Barra de escala= 20 µm.
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Finalmente, estos nanosistemas mostraron niveles adecuados de transfección a 48 h 

después de su incubación con las células (Figura 10.). En conclusión, estos resultados 

confirmaron que las Pr NCs podrían considerarse un nanosistema prometedor para el 

tratamiento del melanoma uveal en terapia génica. 

 

Figura 10. Cuantificación de la expresión de EGFP mediante citometría de flujo midiendo el porcentaje de células 
de melanoma uveal positivas para la presencia de dicha proteína, 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 morfológicas y fisicoquímicas adecuadas, son 

biodegradables, tienen buena capacidad de asociación y transporte de genes. Los 

nanotransportadores tienen además una buena relación entre eficacia y citotoxicidad, 

confirmada mediante su evaluación en diferentes modelos preclínicos avanzados tales como 

esferoides y peces cebra.
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RESUMO IN EXTENSO 

 

O cancro considérase un dos problemas de saúde máis importantes a nivel mundial, sendo a 

segunda causa de morte despois das enfermidades cardíacas [1, 2]. Esta enfermidade ten unha 

influencia negativa no benestar físico, social, mental e emocional do paciente, e o seu 

diagnóstico presenta varios problemas multidimensionais [3]. A Axencia Internacional para a 

Investigación do Cancro (IARC) prognosticou que, en 2030 haberá aproximadamente entre 13 

a 17 millóns de mortes por esta enfermidade en todo o mundo [4]. Hoxe en día, xa se rexistraron 

máis de douscentos tipos de cancros coñecidos, onde entre os máis diagnosticados atópanse o 

cancro de mama, de pulmón e de próstata [5]. Segundo as estatísticas da Organización Mundial 

da Saúde (OMS), o glioblastoma e o melanoma uveal son tumores que, aínda que non teñen 

unha incidencia moi alta en comparación cos anteriores, caracterízanse por ser moi agresivos, 

cunha esperanza de vida entre 6 e 14 meses. No caso do glioblastoma, trátase dun dos tumores 

cerebrais máis violentos, cunha proliferación 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. Diagnostícase 

principalmente en adultos cunha idade media de 64 anos [7]. Doutra banda, o melanoma uveal 

é o tumor intraocular primario máis frecuente en adultos cuxo orixe prioritaria é a coroides 

(90%), aínda que tamén existen casos no corpo ciliar (6%) e en menor proporción no iris (4%) 

[8]. Aínda que a súa incidencia é moi baixa, estimándose 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 fígado [9]. 

Polo xeral, os tumores sólidos vólvense máis agresivos co tempo, incrementando a súa 

capacidade de invadir o tecijo san circundante, e producindo diseminación metastásica. Estes 

procesos requiren un aumento na rixidez do tumor e unha fluidificación parcial para que as 

células cancerosas poidan desprazarse [10]. En diagnósticos graves, o tratamento baséase na 

resección cirúrxica, seguida de terapias de irradiación, e quimioterapia [6] [11]. Este é un 

tratamento agresivo con varios efectos secundarios, e que non sempre garante grandes 

beneficios de supervivencia. Nalgúns tumores, ensaios clínicos indicaron que non hai un 

incremento significativo na supervivencia entre pacientes que recibiron quimio-radioterapia 

postoperatoria e aqueles que si se someteron a cirurxía. Unha das razóns principais do fracaso 

desta terapia conxunta é que non considera a presenza dunha subpoboación específica de células 

coñecidas dentro da masa tumoral, as células nai cancerosas (CSCs, siglas do inglés “Cancer 

Stem Cells”) [12]. A característica principal destas células é a súa maior resistencia á 

radioterapia e á quimioterapia, que, combinado coa súa capacidade de reiniciación tumoral, 

indican o fracaso do tratamento cunha recorrencia tumoral, chegando a lesións metastásicas 

[13, 14]. É por iso, que as terapias dirixidas, en especial, a terapia xénica, postuláronse como 

un novo concepto para mellorar o prognóstico e a calidade de vida dos pacientes. 
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Historicamente, a terapia xénica baséase na transferencia de material xenético para 

restaurar a función celular danada ou defectuosa [15]. Con todo, a súa tradución e éxito clínico 

non foron satisfactorios debido aos desafíos asociados coa súa administración. Os ácidos 

nucleicos inxectados sistémica ou localmente presentan unha biodispoñibilidade e absorción 

celular baixa. Incluso os que chegan a internalizar corren o risco da súa degradación por 

enzimas ou desencadean unha resposta inmunolóxica. Como estes desafíos limitan o seu 

potencial para inducir a regulación xénica, xeralmente requírese dun sistema de administración 

ou vector [16].  

Os vectores virais son un dos vehículos máis eficientes para a administración de xenes, 

pero a súa toxicidade a altas doses e a súa inmunogenicidade levaron a investigar outras 

ferramentas [13]. Os avances no campo da nanotecnoloxía levaron ao desenvolvemento de 

nanotransportadores de xenes non virais [17], considerados como seguros, fáciles de fabricar, 

de baixa inmunogenicidade, e biodegradables [18]. Na última década, os nanosistemas a base 

de lípidos e/o polímeros investigáronse no campo da oncoloxía. Os lípidos catiónicos son os 

reactivos de transfección máis utilizados para a administración de ácidos nucleicos en forma de 

nanoestructuras vesiculares xa sexan liposomas, sistemas lipídicos nanoestructurados (NLC, 

siglas do inglés “Nanostructured Lipid Carriers”) ou niosomas, e mesmo en forma de 

nanopartículas (NPs) lipídicas sólidas (SLN, siglas do inglés “Solid Lipid Nanoparticles”) [13]. 

Estes sistemas lipídicos 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 partículas lipídicas presentan algunhas limitacións que cuestionan a súa 

aplicabilidade, incluída a súa toxicidade, indución de resposta inmune, limitada capacidade de 

carga de fármacos, curto período de circulación, e acumulación no fígado, pulmóns e bazo [22]. 

Neste aspecto, os polímeros catiónicos como a polietilenimina (PEI) e péptidos promotores da 

penetración celular (CPP, siglas do inglés: “Cell Penetrating Peptides”), entre os que destaca a 

protamina de baixo peso molecular, convertéronse en excelentes candidatos. Ámbolos 

polímeros trátanse de materiais moi utilizados para a liberación de xenes pola súa alta 

capacidade para condensar o material xenético, ademais da súa capacidade para atravesar a 

membrana celular, promovendo un mellor escape endosomal e unha mellor liberación [23, 24]. 

Ademais, estes biomateriais están aprobados pola FDA debido á súa alta seguridade. 

A pesar da recente aprobación de varios nanomedicamentos anticancerosos, xa sexan 

virales como Gendicine®, Oncorine® e Yescarta® ou non virais como Onivyde® e Vyxeos®, a 

taxa de éxito da tradución clínica segue sendo relativamente baixa [25-28]. Múltiples barreiras 

biolóxicas e farmacolóxicas evidencian a necesidade de novos modelos preclínicos para a 

innovación na investigación translacional do cancro [28]. Polo xeral, os compostos 

anticanceríxenos próbanse en modelos de cultivo celular bidimensionais (2D), pero estes non 

recapitulan de forma axeitada o microambiente tumoral humano, e mostran unha expresión 

xénica alterada. Os cultivos tridimensionais (3D) demostraron presentar unhas características 

máis próximas e realistas ás complexas condicións in vivo [29]. Estes modelos permiten o 

cultivo de células cancerosas dunha maneira que lembran á arquitectura estrutural do tumor con 

interaccións célula-célula e célula-matriz extracelular [30]. A combinación destes modelos con 

células primarias derivadas de pacientes tende a dar unha representación aínda máis realista e 

fenotípicamente máis precisa en comparación coas liñas celulares comerciais [31].  

Por outra banda, os modelos murinos foron o modelo animal máis usado para os estudos 

básicos e preclínicos do cancro, pero actualmente, o uso de peces cebra representa un modelo 
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in vivo de gran interese. Entre as súas vantaxes destacan a súa similitude notable cos aspectos 

anatómicos, funcionais e bioquímicos da enfermidade humana, unha evolución rápida e unha 

redución no custo, ademais das consideracións éticas [32]. En conclusión, cada modelo, xa 

sexan os cultivos 2D/3D ou o modelo de peixe cebra, deben usarse para complementar, 

enriquecer e informar no deseño e a optimización de nanomedicamentos, facilitando a súa 

translación á clínica. En vista destes antecedentes, o principal obxectivo da tese foi o 

desenvolvemento e a optimización de tres plataformas de nanosistemas poliméricos como 

vectores de administración de xenes, e a avaliación do seu potencial en modelos preclínicos 

avanzados.  

Na primeira parte da tese, desenvolvéronse e optimizaron NPs poliméricas resultantes da 

combinación de protamina (Pr) e un polisacárido de carga oposta, o dextrano (Dx). A estrutura 

policatiónica da protamina cun contido rico en argininas, de aproximadamente 67 a 70%, 

confírelle a propiedade de unirse a moléculas de ADN para condensalos formando 

nanocomplexos [33]. Por outra banda, o sulfato de dextrano trátase dun polímero 

biodegradable, de toxicidade reducida e con capacidade de aumentar a eficacia na liberación de 

certos fármacos e xenes [34]. Tendo en conta estudos previos de cribado, neste traballo 

seleccionouse o prototipo de ratio 4:1 (m/m) de Pr:Dx, xa que presentaba unhas características 

fisicoquímicas e unha capacidade de asociación de ácidos nucleicos adecuadas para o seu uso 

en terapia xénica (Figura 1.). A estabilidade no medio fisiolóxico, e durante o almacenamento 

representan algúns das principais limitacións no desenvolvemento de novas terapias xénicas. A 

nosa formulación mostrou resultados adecuados en ámbolos aspectos relacionados coa 

estabilidade. Por tanto, considerouse este prototipo como un candidato ideal para a súa 

avaliación in vitro en modelos avanzados de liñas celulares relevantes para a translación clínica.  

A combinación de varios estudos de viabilidade de actividade metabólica 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 captación celular mediante microscopía confocal e de fluorescencia 

de lámina de luz, e a súa cuantificación por citometría de fluxo, revelaron unha internalización 

das NPs de case o 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 transfección está condicionada pola entrada e o tráfico intracelular dos 

vectores, que son procesos dependentes da liña celular. Neste caso, a pesar de que o noso 

nanosistema promoveu unha expresión eficiente a partir de doses de 1 µg de plásmido tanto en 

células como en esferoides de glioblastoma, non se correlacionou cos valores de captación 

celular (Figura 3.). En conclusión, as NPs de Pr:Dx demostraron presentar unhas propiedades 

adecuadas para a asociación e protección de cargas xenéticas con baixa citotoxicidad, alta 

capacidade de internalización, pero unha eficiencia de transfección mellorable en modelos 

avanzados de glioblastoma.  

Estudos recentes do noso grupo de investigación demostraron que a adición do 

polifosfaceno aniónico 6MHA-PPZ potencia a internalización, o escape endosomal e a 

biodispoñibilidade 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 condensación cun plásmido modelo en combinación co 

polifosfaceno 6MHA-PPZ. As formulacións presentaron unhas propiedades fisicoquímicas 

apropiadas en canto a tamaño e carga superficial para a asociación de ácidos nucleicos, sen 
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observarse variacións significativas coa adición do polímero aniónico (Táboa 1.). Con todo, 

cabe resaltar un aumento no rendemento de formación dos nanocomplexos en presenza deste 

polifosfaceno, concordando cos resultados de caracterización previos [39]. As propiedades 

mantivéronse estables en condicións de almacenamento e no medio de cultivo celular, pero 

sufriron agregación 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 súa estabilidade coloidal non se viu afectada.  

En canto á avaliación do seu potencial como nanosistemas de terapia xénica, isto realizouse 

en modelos preclínicos de esferoides de glioblastoma derivados de pacientes con diferente orixe 

da masa tumoral, e nun modelo in vivo de embrións de peces cebra. En xeral, os nanocomplexos 

de PEI mostraron unha citotoxicidade maior que os de protamina, pero o exceso de toxicidade 

foi parcialmente corrixido coa adición do polímero 6MHA-PPZ, concordando con resultados 

previos nunha liña de glioblastoma altamente transformada [39] (Figura 4.). A eficiencia de 

transfección determinouse mediante a cuantificación da expresión da proteína Luciferasa. En 

xeral, a adición do polifosfaceno aniónico mellorou a transfección, aumentando o efecto do 

escape endosomal, especialmente nos nanocomplexos de protamina, cuxos valores de 

transfección alcanzaron mesmo ao do modelo de referencia PEI/pADN (Figura 5.). Con todo, 

nos modelos preclínicos de esferoides observáronse efectos diferentes en función da liña 

celular. Obtivéronse resultados de transfección similares aos obtidos nos cultivos 2D no caso 

dos esferoides de glioblastoma de liñas transformadas comerciais, pero non sucedeu o mesmo 

nos esferoides de liñas primarias de glioblastoma, onde o efecto do polifosfaceno 6MHA-PPZ 

foi menos claro. Isto confirmou a necesidade de usar modelos clínicamente relevantes canto 

antes. 

En canto a súa biodistribución en modelos in vivo de embrións de peixe cebra de 48 horas 

post-fecundación, obtívose unha maior acumulación das formulacións no saco vitelino, 

especialmente dos nanocomplexos de PEI, onde tras 5 días post-inxección, parte destas 

partículas desprazáronse cara á zona da cabeza. Por outra banda, observouse que a adición do 

polifosfaceno aniónico deu lugar a unha maior intensidade de fluorescencia confirmando a 

capacidade deste polímero para potenciar o escape endosomal de péptidos catiónicos, como 

PEI, permitindo a liberación do material xénico. Para os nanocomplexos de protamina, estes 

valores resultaron ser máis baixos como consecuencia da súa forte capacidade de complexación 

de ácidos nucleicos [40], que mesmo en presenza de 6MHA-PPZ, a completa liberación do 

material xenético resultou ser máis complicada (Figura 6.). En conclusión, a combinación do 

polifosfaceno aniónico 6MHA-PPZ con polímeros catiónicos comerciais mellorou as 

características dos nanocomplexos reducindo a súa citotoxicidade, aumentando a súa eficacia 

de transfección en modelos avanzados de glioblastoma e conseguindo unha biodistribución no 

saco vitelino cara á cabeza en modelos de embrións de peixes cebra.  

As nanocápsulas (NCs) poliméricas teñen unha utilidade potencial como nanoportadores 

na vía ocular grazas á súa capacidade de interacción cos epitelios da córnea e conjuntiva [41]. 

Por tanto, a terceira parte desta tese consistiu no desenvolvemento e a optimización de 

nanocápsulas de protamina (Pr NCs) para a súa aplicación en terapia xénica contra o cancro 

ocular. A formulación foi preparada mediante o método de desprazamento de solvente obtendo 

unha poboación homoxénea de nanogotículas oleosas de vitamina E, cubertas por unha capa 

polimérica de protamina, e estabilizadas coa axuda de surfactantes non iónicos. A súa 

morfoloxía esférica, as súas propiedades fisicoquímicas, e a súa asociación reversible de 

macromoléculas de ADN plasmídico e miARN, converteunas en vehículos adecuados para 
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terapia xénica (Figura 7.). Este nanosistema mostrou unha estabilidade adecuada en condicións 

de almacenamento durante un mes, e estabilidade coloidal no medio de cultivo celular. 

Considerando a vía de administración, a súa estabilidade tamén foi testada en fluído lacrimal 

simulado, onde as características das Pr NCs cargadas con diferentes porcentaxes de ADN 

mantivéronse estables previndo a liberación prematura do plásmido. A avaliación do seu 

potencial como nanosistema de terapia xénica levouse a cabo en células de melanoma uveal 

(MU). Os resultados mostraron baixa citotoxicidade a diferentes concentracións e tempos 

(Figura 8. (a)), e unha eficiente internalización intracelular (Figura 8. (b)).  

Na área de terapia xénica ocular, os nanosistemas poliméricos son especialmente atractivos 

debido á súa capacidade de interactuar intimamente coa superficie ocular. Neste aspecto, o noso 

grupo de investigación foi un dos pioneiros en demostrar a capacidade destes nanovehículos 

para adherirse á superficie ocular e penetrar a través da córnea e o epitelio conjuntival, 

permitindo así unha administración por vía tópica de fármacos nos que esta vía non era viable 

[41-47]. En base a estes estudos, determinouse a capacidade de transporte das Pr NCs nun 

modelo 3D de córnea. Os resultados mostraron que a formulación, tanto con ADN plasmídico 

asociado como sen el, foi capaz de atravesar esta barreira epitelial (Figura 9. (a)) sen alterar a 

súa integridade e morfoloxía (Figura 9. (b)) [48]. Finalmente, estes nanosistemas mostraron 

niveis adecuados de transfección a 48 h despois da súa incubación coas células (Figura 10.). En 

conclusión, estes resultados confirmaron que as Pr NCs poderían 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 aplicacións de terapia xénica. Os 

nanosistemas desenvolvidos teñen propiedades morfolóxicas e fisicoquímicas adecuadas, son 

biodegradables, teñen boa capacidade de asociación e transporte de xenes. Os 

nanotransportadores teñen ademais unha boa relación entre eficacia e citotoxicidade, 

confirmada mediante a súa avaliación en diferentes modelos preclínicos 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 IV [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 siRNAs, 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 I 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.). 

 

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. 

 

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. 

 

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]. 

 

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 I 

(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. 

 

Figure 4. Polymeric chemical structure of most important polymers to formulate non-viral nanosystems for their 
use in gene delivery. PEI: 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.). 

 

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.
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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.
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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 I 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 II 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 III of this doctoral thesis. 
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Protamine-based nanotherapeutic as a gene delivery 

system for the treatment of glioblastoma 

 

 

 

 

 

 

 

 

 

 



 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter I 

 
81 

 

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(β-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 

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), 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), PrestoBlueTM Cell Viability reagent, Lipofectamine®2000 

Transfection Reactive (0.75 mL) and micro-BCA Protein Assay kit were from Thermo Fisher 

ScientificTM. 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 µ-Slide-8-well (1.5 

polymer coverslip, tissue culture sterilized) was purchased from Ibidi®.  

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 I 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 µg/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 ºC using a detection angle of 173º (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 ºC 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 ºC. The yield was calculated as follows: 

𝑌𝑖𝑒𝑙𝑑 (%) =  
𝑁𝑃− 𝑤𝑒𝑖𝑔ℎ𝑡

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑡𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑖𝑑 𝑚𝑎𝑠𝑠)
 𝑥 100  

1.2.4. Stability of blank protamine NPs 

A long-time stability of blank NPs was determined at storage conditions (4 ºC) 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 ºC 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, 

pDNA 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 µg 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 ºC 

(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 ºC 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 ºC with 5% of CO2 and 95% 

of relative humidity (Cryofusion, MCO2OAIC-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 5x103 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 µg/mL. 

The cells were incubated for 4 h at 37 ºC. 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 ºC 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 ºC. The fluorescence signal was measured at 539 nm of excitation wavelength 

(λEx) and 620 nm of emission wavelength (λEm) in a 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) PrestoBlueTM 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 

ºC, also covering the plate with aluminum foil. The fluorescence signal was measured at
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 544/590 nm (λEx/λEm) on a 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 

(NUNCTM MicroWellTM, ThermoFisher Scientific). 

The cell viability (%) was calculated as follows:  

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 
 𝑥 100 

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, I.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 (5 − 𝑇𝐴𝑀𝑅𝐴 − 𝑃𝑟𝑜𝑡𝑎𝑚𝑖𝑛𝑒) =  
𝑚𝑔 (𝑣𝑖𝑎𝑙+ 𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)

𝑚𝑔 (𝑒𝑚𝑝𝑡𝑦 𝑣𝑖𝑎𝑙)
 

1.2.8.2. Formulation of NPs using 5-TAMRA-labelled 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, 4.5x104 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 ºC. The culture medium was replaced with 7 µg/cm2 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 ºC. 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-Gläser, Thermo Scientific) using fluoromount® aqueous 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) (λEx/λEm (DAPI) = 

358/461 nm and (λEx/λEm (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 µg/cm2, 4 h, 37 ºC), 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 ºC). 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 U87MG 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 µg/cm2, 4 h, 37 ºC), the U87MG cells were visualized by 

confocal microscopy (magnification 63x) (λEx/λEm (DAPI) = 358/461 nm and (λEx/λEm (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) (pEGFP-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 DH5α bacteria following the 

standard protocol described elsewhere. The plasmid extraction was performed using the 

InvitrogenTM 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, 4.5x104 

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 ºC. After that, the U87MG 

cells were treated with: (i) different concentrations of NPs (6.25; 12.50 and 31.25 µg/well 

corresponding to 0.5; 1 and 2.5 µg 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 ºC, 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 IX51) 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 ºC 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 U87MG cell 

line, the cells were centrifuged for 20-30 min at 22 ºC 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 IX51). Their size was 

determined using the Olympus cellSens Standard Software until a value between 200-300 µm 

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 U87MG spheroids. 

Moreover, morphological characterization of U87MG spheroids was also analyzed by 

Scanning Electron Microscopy (SEM) (FESEM Ultra Plus, ZEISS). After the 4th 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 µg/mL in U87MG 

spheroids and from 5 to 80 µg/mL in GIN and GCE spheroids) and controls were added and 

incubated for 4 h at 37 ºC. 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) PrestoBlueTM 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 ºC 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 U87MG 

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: 

𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 ∗

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 
 𝑥 100 

∗ 𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 =  
4

3
 𝑥 𝜋 𝑥 𝑟3∗∗  

∗∗ 𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑟𝑎𝑑𝑖𝑢𝑠 =  √
𝐴𝑟𝑒𝑎

4𝜋
  

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 ºC in the darkness. The 7-AAD 

expression was analyzed by fluorescence microscopy (Olympus XI51) using mCherry channel 

by Olympus cellSens Standard Software. In addition, the fluorescence signal of 7-AAD (λEx/λEm 

= 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: 

𝑆𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 𝑖𝑛𝑡𝑒𝑔𝑟𝑖𝑡𝑦 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 
 𝑥 100  

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 MkII Imaging Flow Cytometer-Luminex).  

After applying the same treatment of blank 4:1 (w/w) Pr-TAMRA:Dx NPs (7 µg/cm2, 4 h, 

37 ºC), 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/v) of DAPI (stock concentration: 1 mg/mL in PBS 1X) was added and incubated for 30-45 

min. Fixed spheroids were placed on µ-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) (λEx/λEm (DAPI) = 358/461 nm and (λEx/λEm (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 

µ-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 

λEx/λEm (5-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 ºC. 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 ºC. 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 ºC by manual pipetting. After 

trypsin deactivation, cells were centrifuged for 5 min at 200 RCF at 22 ºC. 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) (λEx/λEm (DAPI) = 358/461 nm and 

(λEx/λEm (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 IX51) using the Olympus 

cellSens Standard Software after 24 h and 48 h of NP-removal, and by LSFM (UltraMicroscope 

II, 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 µg 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 ºC. 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 (λEx/λEm) to EGFP and at 

405/460 nm (λEx/λEm) 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). 
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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. 
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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)).  

 

Regarding the morphological characteristics, the formulation was composed by a 

homogeneous population of spherical NPs (Figure 2. (a)). 

 

                              

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, c). 

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.).  

 

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 µg in pDNA, and 1 µg in miRNA. The NPs were incubated with 

heparin for 2 h at 37 ºC 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. 

 

 

 

 

 

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 ºC 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 ºC (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. 

 

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 µg/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 siRNA 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)). 

 

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, U87MG, 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 µm) and GIN-8, GIN-28, and GCE-28 (magnification 40x, scale bar= 50 µm) treated with 7 µg/cm2 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 ºC. Nuclei of the cells were stained with DAPI (blue 
channel). (c) Flow cytometry histograms to quantify the uptake of fluorescently Pr-TAMRA NPs (7 µg/cm2) in 
U87MG, 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 µg 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 µg of pDNA, incubated for 4 h at 37 
ºC (scale bar= 100 µm). (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 µm. 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.  
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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 µm) and GIN-8, GIN-28, and GCE-28 spheroids at day 1 and 2 (magnification 10x, scale bar= 100 µm) to 
get the size 250-300 µm, 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 µg/mL in U87MG spheroids and from 5 to 80 µg/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].  

 

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 µg/mL in U87MG spheroids, and from 5 to 80 µg/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 U87MG and GCE-28 spheroids, the volume decreased slightly at higher concentrations.  

    U87MG

 

    GIN-8
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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 µg/mL) and GIN-8, GIN-28, and 
GCE-28 spheroids (from 5 to 40 µg/mL) (Mean ± SEM (n= 3), scale bar= 100 µm, 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.  

 

 

 

 

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 µm).
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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 µg/cm2 of fluorescently labelled NPs 
(red channel) incubated for 4 h at 37 ºC (scale bar= 100 µm). (b) Representative confocal microscopy images of 
NP-uptake in U87MG spheroid (magnification 20x, z2) treated with 7 µg/cm2 of NPs loaded with 8% (w/w) of 
fluorescent Cy5-modified siRNA (green channel) incubated for 4 h at 37 ºC. Nuclei of the cells were stained with 
DAPI (blue channel) (scale bar= 100 µm). (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 µm). (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 µg/cm2) in U87MG, 
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 µg 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 µg 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 µg of 
pDNA/well, incubated for 4 h at 37 ºC (scale bar= 100 µm).
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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).  
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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). 
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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 ºC 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 PEI 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 

(CaCl2·2H2O), magnesium sulfate (MgSO4·7H2O), sodium bicarbonate (NaHCO3), and 

potassium chloride (KCl) 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 I 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 µg/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 ºC, 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 ºC. 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 µm 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 ºC and 10 ºC, 

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 ºC. 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 (31P) and proton (1H) (Bruker DPX-400 spectrometer). For this, a small 

amount of the product was dissolved in 0.7 mL of deuterated water (D2O). 

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 

(λexcitation= 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 1H-NMR (Bruker DPX-400 

spectrometer). For this, a small amount of polymer was dissolved in 0.7 mL of deuterated water 

(D2O). 

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 ºC and with a detection angle of 
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173º (Zetasizer Nano-ZS™, Malvern Instruments). Samples were prepared using a dilution 1:10 

(v/v) 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 ºC) 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 ºC 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 CaCl2·2H2O, 123.25 mg/L MgSO4·7H2O, 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 ºC with 5% of 

CO2 and 95% of relative humidity (Memmert INCO 2, (I.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 ºC with 5% of CO2 and 95% of relative humidity 

(Cryofusion, MCO2OAIC-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 PrestoBlueTM Cell Viability assay. For this purpose, 8x103 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 µg of pDNA/cm2. 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) PrestoBlueTM 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 (λEx/λEm) in the BMG Labtech FLUOstar Omega microplate reader 

(Isogen Life Science B.V.) using the Omega software in black 96-well  plates (NUNCTM 

MicroWellTM, ThermoFisher Scientific). 

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

𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 
 𝑥 100 

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 x104 U87MG cells and 4x104 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 ºC. 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 µg of pDNA/cm2 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 ºC 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 ºC. 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 µm, 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 µg of pDNA/mL, incubating for 12 h at 37 

ºC. 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) PrestoBlueTM 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 (λEx/λEm) 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 µg of pDNA/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 𝑣𝑜𝑙𝑢𝑚𝑒 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒 ∗

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑝ℎ𝑒𝑟𝑜𝑖𝑑 𝑉𝑜𝑙𝑢𝑚𝑒
 𝑥 100 

∗ Spheroid Volume =  
4

3 
 𝑥 𝜋 𝑥 𝑟3∗∗
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∗∗ Spheroid radius =  √
𝐴𝑟𝑒𝑎

4𝜋
 

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 µg of pDNA/mL in a final 

volume of 0.2 mL of non-supplemented Opti-MEM medium, and incubating 12 h at 37 ºC. 

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 ºC 

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-

Sáinz and Dr. Laura Sánchez Piñón, 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 µg 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 ºC 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 µm, λEx/λEm (Cy3) = 554/568 nm and λEx/λEm (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].  

 

 

 

 

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 1H-NMR and 31P-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) 31P-NMR and (b) 1H-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 1H-NMR (Figure 3.), obtaining a spectrum 

identical to the one previously reported [28]. 

 

Figure 3. 1H-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 D2O, 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 PEI and Pr 
nanocomplexes with/out 6MHA-PPZ at 8:0:1 and 8:4:1 (N:C:P) charge ratios (Mean ± SD (n= 7)). 

 

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 ºC 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. 

 

PEI 

 

                  

Protamine 

 

                  

Figure 4. Stability of aqueous suspensions of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI 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 ºC 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 ºC. 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)).  

 

 

 

 

 

Figure 5. Stability of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI and Pr nanocomplexes with/out 6MHA-PPZ 
polyphosphazene measuring the (a) size and polydispersity index (PDI), and (b) derived count rate (DCR) at 37 ºC 
for 0, 2 and 4 h in supplemented and non-supplemented DMEM cell culture medium (Mean ± SEM (n= 3)).
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2.3.3.3. Stability in E3 culture medium 

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.  
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Figure 6. Stability of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI 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 µg of pDNA/cm2. 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 (LD50) 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. 

 

PEI 

 

Protamine 

 

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 µg of pDNA/cm2 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 (LD50) 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)).  

 

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. 
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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 µg of pDNA/cm2, 48 h post-treatment in U87MG, 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 µm 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 LD50 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. 

 

PEI

 

Protamine 

 

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 PEI and Pr nanocomplexes without (black bars) and with (grey bars) the anionic 6MHA-PPZ, 
respectively, from 0.33 to 6.67 µg of pDNA/mL in patient-derived glioblastoma spheroids: GIN-8, GIN-28, and 
GCE-28 (Mean ± SEM) (n= 3)).  

   

Table 3. Median Lethal Dose (LD50) 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)). 
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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. 

 

GIN-8          PEI              Protamine 

 

 

GIN-28          PEI              Protamine 
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GCE-28          PEI              Protamine 

 

 

 

PEI 

 

Protamine 

 

 

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 PEI 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 µg of pDNA/mL) 
(Mean ± SD (n= 4), scale bar= 100 µm, 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 PEI 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. 

 

Figure 11. 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 1.5 µg 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 PEI 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 

siRNA-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 PEI 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)). 

 

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 siRNA, 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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Figure 13. Biodistribution of 8:0:1 and 8:4:1 (N:C:P) charge ratios of PEI 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 µm, 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 PEI and 
Pr nanocomplexes at 25 µg 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/6MHA-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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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 ºC) 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-α-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-α-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 (KCl), calcium chloride (CaCl2 2·H2O) and magnesium chloride (MgCl2), 

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 ScientificTM. 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 (NaHCO3) 

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 µ-Slide-8-well (1.5 

polymer coverslip, tissue culture sterilized) was purchased from Ibidi®. The Rabbit monoclonal 

antibody to β-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 I 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 µg/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, BÜCHI) to get a final volume of 5 mL of aqueous NC 

suspension. The formulation was centrifuged using an ultracentrifuge Beckman Coulter 

(OptimaTM L-90K Ultracentrifuge) for 1 h at 30,000 revolution per minute (rpm) at 15 ºC. 

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-ZSTM 

(Malvern Instruments) at 25 ºC with a detection angle of 173º. 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 µg of pDNA and 1 µg 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/miRNA) for 2 h at 37 ºC. 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 ºC 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 ºC (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 ºC 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% KCl, 0.63% NaCl, 0,006% CaCl2 2·H2O and 0,01% MgCl2) 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 (Fundación 

Instituto de Instituto de Investigación Sanitaria de Santiago de Compostela (IDIS), Hospital 

Clínico 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 ºC with 5% of CO2 and 95% of 

relative humidity (Memmert INCO 2, (I.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 (Fundación de 

Investigación Oftalmológica (FIO), Instituto Universitario Fernández-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 ºC 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, 5x104 corneal-limbal primary epithelial cells/cm2 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 

Ωcm2 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 3x103 

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 ºC. 

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 ºC. 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 ºC 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 ºC. 

Fluorescence signal was measured at 539 nm of excitation wavelength (λEx) and 620 nm of 

emission wavelength (λEm) in a 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 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑆𝑎𝑚𝑝𝑙𝑒 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒

𝐶𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠 𝐹𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑐𝑒 
 𝑥 100 

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, 4.5x104 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 

ºC before the experiment. The culture medium was replaced with 54 µg/cm2 of Pr-TAMRA 

NCs in a final volume of 0.4 mL of fresh supplemented cell culture medium incubating for 4 h 

at 37 ºC. 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-Gläser, Thermo Scientific) using fluoromount® 

aqueous mounting medium to their visualization in confocal microscope (magnification 20x, 

z1.25) (λEx/λEm (DAPI) = 358/461 nm and (λEx/λEm (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 ºC and were centrifuged 

(Centrifuge 5430R, Eppendorf) for 5 min at 200 RCF at 22 ºC 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 4.5x104 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 µg 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 ºC. 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 ºC 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 ºC 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/AgCl 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 (H2Od) 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 µg of pDNA/insert). The controls and samples were incubated for 4 h at 

37 ºC. 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: 

𝑃𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦 − 𝑇𝐸𝐸𝑅 (%) =  
𝑝𝑜𝑠𝑡 − 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑇𝐸𝐸𝑅

𝑝𝑟𝑒 − 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑇𝐸𝐸𝑅 
 𝑥 100 

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 µm 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 µm 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 

β-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 

µg/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) (λEx/λEm (DAPI) = 358/463 nm using excitation 

filter 360 nm, (λEx/λEm (Alexa Fluor 594) = 590/617 nm using excitation filter 560 nm, λEx/λEm 

(tetramethylrhodamine) = 540/580 nm using excitation filter 560 nm, magnification 40x). If the 

samples were not observed at the time, they were stored at -20ºC. 

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.).  

 

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)).  
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The STEM and FESEM images of pDNA-loaded NCs also showed a homogenous 

population of spherical particles (Figure 2.).  

 

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 ºC, 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 

µg in pDNA and 1 µg in miRNA. The Pr NCs were incubated with heparin 2 h at 37 ºC 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 ºC. 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. 

                      

blank Pr NCs 

 

1% (w/w) of pDNA
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2.5% (w/w) of pDNA 

 

                                                                    

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 
ºC 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 ºC [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. 
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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 ºC 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 ºC for 0 h, 30 min and 4 h in SLF (lane 1). The 

amount of nucleic acids per lane was 0.135 µg in pDNA. The Pr NCs were incubated with heparin for 2 h at 37 ºC 

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 µg/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 I). 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)). 

 

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 µm, 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. 
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Figure 8. (a) Representative confocal microscopy images of NC-uptake in UM cells (magnification 20x, z1.25, 
scale bar= 100 µm) treated with 54 µg/cm2 of fluorescently labelled NCs (red channel) incubated for 4 h at 37 
ºC. Nuclei of the cells were stained with DAPI (blue channel). (b) Flow cytometry histograms to quantify the 
uptake of fluorescently Pr-TAMRA NCs (54 µg/cm2) 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.).  

 

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 µg of pDNA incubated for 4 h at 37 ºC (scale bar= 20 µm).  

Additionally, EGFP expression was quantitatively analyzed by flow cytometry measuring 

the fluorescence-positive events corresponding to cells treated with Pr NCs associated with 
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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. 

 

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 Ωcm2 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 ºC (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 H2Od (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). 

 

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) H2Od (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 µg of pDNA/insert) (magnification 40x, scale bar= 20 µm). 

Previous studies have shown that representative markers of protein families, such as β-

catenin, are expressed in QobuR human corneal epithelial models prepared with primary 

cultures of human limbal epithelial cells. The β-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 β-catenin was performed, evaluating the barrier 

damage caused through cell junctions and the morphology of the cell membrane (Figure 13. 

(a)). 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 H2Od 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 β-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 β-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 β-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]. 

 

                    

Figure 13. (a) Immunohistochemical images of cell junctions and cell membrane morphology by β-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) H2Od (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 µg of 

pDNA/insert). Cell nuclei were stained with DAPI (blue channel), (magnification 40x, scale bar= 20 µm).
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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 

 

 

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 ºC 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). 

 

 

 

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 II, 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)). 

           

                

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).  

 

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 µg of pDNA/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 µg of pDNA/mL and 180 µg of pDNA/mL, respectively, and up to 1.5% (w/w) of miRNA 

corresponding to a maximum concentration of 108 µg 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). 

 

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 ºC (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 µm 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].  

 

Figure 3. Phase-contrast microscopy images of U87MG spheroid (magnification 10x, scale bar= 100 µm) and GIN-
8, GIN-28, and GCE-28 spheroids (magnification 10x, scale bar= 100 µm) with size between 250-300 µm, 
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 β-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].   

 

                    

Figure 4. (a) Hematoxylin and Eosin stained histological images and (b) immunohistochemical images of cell 
junctions and cell membrane morphology by β-catenin labelling (red channel) of the cross-section of QobuR-RhCE 
models after 4 h of the treatment with (1) H2Od (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 µg of pDNA/insert). Cell 

nuclei were stained with DAPI (blue channel) (magnification 40x, scale bar= 20 µm). 

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)).  

 

  

 

   

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 µm). 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.).  

 

 

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 µg 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 µg 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 

PEI 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. 

 

               

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 µm). 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 I: 

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 III: 

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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ABBREVIATIONS 

 

µg    Micrograms 

µm    Microns 

1H-NMR   Proton nuclear magnetic resonance 

2D    Two-dimensional 

31P-NMR   Phosphorus nuclear magnetic resonance 

3D    Three-dimensional 

5-TAMRA   5-Carboxytetramethylrhodamine 

6MHA    6-mercaptohexanoic acid 

6MHA-PPZ   6-mercaptohexanoic acid substituted polyphosphazene 

7-AAD   7-Aminoactinomycin D 

AAPPZ   Allylamine substituted polyphosphazene 

ARRIVE   Animal Research: Reporting of In Vivo Experiments 

ATCC    American Type Culture Collection 

BBB    Blood-brain barrier 

cDNA    Complementary DNA 

cm2    Square centimeters 

CPP    Cell penetrating peptide 

CRISP-Cas9   Clustered regularly interspaced short palindromic repeats 

CS    Chitosan 

CSCs    Cancer stems cells 

CSLM    Confocal scanning laser microscopy 

Cy3    Cyanine-3 

Cy5    Cyanine-5 

DAPI    4’6-diamidino-2-phenylindole
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DCR    Derived count rate 

DEPC    Diethylpyrocarbonate 

DLin-DMA   4-[dimethylamine]-butanoic acid 

DMAE    2-Dimethylaminoethanol 

DMAEA   2-Dimethylaminoethylamine 

DMPA    2,2-Dimethoxy-2-phenylacetophenone 

DMRIE    1,2-dimyristyloxypropyl-3-dimethyl-hydroxyethylammonium  

bromide 

DMSO    Dimethyl sulfoxide 

DNA    Deoxyribonucleic acid 

DODAP   1,2-Dioleoyl-3-dimethylammonium propane 

DODMA   1,2-Dioleoyl-3-dimethylaminopropane 

DOGS    2,5-Bis[3-aminopropylamino]-N-[2-[di[heptadecyl]amino]-2-  

oxoethyl]pentanamide lipid 

DOPE    1,2-Dioleoyl-phosphatidyl-ethanolamine 

DOTAP   N-[1-[2,3-dioleoyloxy]propyl]-N,N,N-trimethylammonium  

chloride 

DOTMA   N-[1-[2,3-dioleyloxy]propyl]-N,N,N-trimethylammonium 

DPBS    Dulbecco’s phosphate-buffered saline 

dpi    Days post-injection 

DPSC    1,2-Distearoyl-sn-glycero-3-phosphorylcholine 

Dx    Dextran 

EGFP    Enhanced green fluorescence protein 

EMA    European Medicines Agency 

EP    European Pharmacopeia 

FBS    Fetal bovine serum 

FDA    Food and Drug Administration 

FESEM   Field emission scanning electron microscopy 

g    Grams 

GCE    Glioblastoma central tumor core cell line 

GFP    Green fluorescence protein
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GIN    Glioblastoma invasive margin cell line 

h    hours 

HBSS    Hank’s balanced salt solution 

HCP    Hexachlorocyclotriphosphazene 

HEPES   N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) 

HIV    Human immunodeficiency virus 

hpf    Hours post-fecundation 

HPLC    High performance liquid chromatography 

IARC    International Agency for Research on Cancer 

kDa    Kilodalton 

kV    Kilovolts 

LB    Luria-Bertani 

LD50    Lethal dose for the 50% of the cell population 

LDA    Laser Doppler Anemometry 

LMWP   Low molecular weight protamine 

LSFM    Light sheet fluorescence microscopy 

Luc    Luciferase 

M    Molar 

MFI    Mean Fluorescence Intensity 

mg    Milligrams 

min    Minutes 

miRNA   Micro-RNA 

mL    Milliliters 

mm    Millimeters 

mM    Millimolar 

mRNA    Messenger RNA 

Mw    Molecular weight 

N/P ratio   Nitrogen/Phosphorus ratio 

NCDB    National Cancer Database 

NCs    Nanocapsules 

ng    Nanograms
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NLC    Nanostructured lipid nanocarriers 

NLS    Nuclear localization signal 

nm    Nanometers 

NPC    Nuclear pore complexes 

NPs    Nanoparticles 

OCT    Optimum cutting temperature medium 

OECD    Organization for Economic Cooperation and Development 

OMS    Organización Mundial de la Salud 

Opti-MEM   Opti-Minimum Essential Medium I 1X Reduced Serum Medium 

P/S    Penicillin/streptomycin 

PAMAM   Polyamidoamine 

P-Arg    Poly-L-arginine 

PBS    Phosphate buffered salt 

PCS    Photon correlation spectroscopy 

PDCP    Polydichlorophosphazene 

PDI    Polydispersity index 

pDNA    Plasmid DNA 

PEG    Polyethylene glycol 

PEI    Polyethylenimine  

PES    Polyethersulfone 

PGA    Polyglutamic acid 

PLA    Polylactic acid 

PLGA    Poly(lactic-co-glycolic acid) 

PLL    Poly-L-lysine 

ppm    Parts per million 

PPZ    Polyphosphazenes 

Pr    Protamine 

PVI    Poly(vinyl imidazole) 

RCF    Relative centrifugal force 

RhCE    Reconstructed human corneal epithelium 

RLUs    Relative luminiscence units
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RNA    Ribonucleic acid 

RNase    Ribonuclease 

rpm    Revolutions per minute 

RPMI    Roswell Park Memorial Institute 

RT    Room temperature 

s    Seconds 

SD    Standard deviation 

SDS    Sodium dodecyl sulfate 

SDT    Sterile dechlorinated tap 

SEM    Scanning electron microscopy 

SEM    Standard error of the mean 

shRNA   Short hairpin RNA 

siRNA    Small interfering RNA 

SLF    Simulated lacrimal fluid 

SLN    Solid lipid nanoparticles 

STEM    Scanning transmission electron microscopy 

TAE    Tris-acetate-EDTA 

TEA    Triethylamine 

TEER    Transepithelial Electrical Resistance 

TUNEL   Terminal deoxynucleotidyl transferase 

ULA    Ultra-low attachment 

UM    Uveal melanoma 

UV    Ultraviolet 

UV-VIS   Ultraviolet-Visible 

w/w    Weight/weight 

WHO    World Health Organization 

WT    Wild Type 

z    Zoom 

Ω    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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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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