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ABSTRACT 

 

Since the FDA-approval of the first nanomedicines, the development of 

innovative therapeutic approaches based on nanotechnology has been 

continuously growing in the biomedical field. Some of the benefits that 

nanomedicine offer are the improvement of drugs’ stability and half-life, as 

well as the possibility to develop targeted therapies. In the field of cancer, 

novel therapeutic strategies are urgently need, and nanomedicine can strongly 

contribute to respond to this demand. It is also necessary to improve the 

translation of novel nanomedicines by implementing preclinical tools that that 

mimics efficiently the tumor structure for a correct evaluation of the therapy 

and allow a better understanding of their efficacy and toxicity prior testing in 

advanced models of the disease.  

In this line, our group has developed a novel type of nanoemulsion which 

is versatile, biocompatible and biodegradable, and is composed by vitamin E 

and sphingomyelin. These nanosystems previously demonstrated their 

capacity to encapsulate drugs, associate therapeutic biomolecules, and also 

contrast agents for diagnosis. In this thesis, their application for the 

development of treatments for lung cancer (targeting cancer stem cells and a 

specific cell subpopulation expressing a certain biomarker), and breast cancer 

(a gene therapy approach) will be explored. For this, static and non-static 3D 

in vitro models, and alternative in vivo models based on zebrafish embryo, 

will be developed. 
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In the first chapter, sphingomyelin nanoemulsions were used for the 

encapsulation of the drug Disulfiram for cancer stem cell treatment in non-

small cell lung cancer. Spheroids were the study model proposed due to their 

enriched population of cancer stem cells. The results demonstrated the 

capacity of nanosystems to encapsulate the disulfiram and to penetrate into 

the inner core of 3D models producing a therapeutic effect. Moreover, 

spheroids proved their potential to be a platform for nanomedicine evaluation. 

In the second chapter, sphingomyelin nanosystems were functionalized 

with a specific aptamer to target TAS1R3 positive non-small cell lung cancer 

cells, for targeted therapy. Organ-on-a-chip microfluidic devices were the 

advanced non-static 3D study model to recreate the tumor structure and the 

vasculature. The results proved an efficient targeting in 2D cell cultures, and 

the microfluidic chips demonstrated their potential to be a model to evaluate 

the capacity of nanosystems to cross biological barriers. 

In the third chapter, sphingomyelin nanosystems were modified with a 

cationic lipid for the association of nucleic acids for gene therapy. Zebrafish 

embryos were the in vivo models selected to evaluate the potential of the 

nanosystems. The results demonstrated the versatility of the nanoemulsions to 

carry different types of nucleic acids, as well as the potential of zebrafish 

embryos as a platform to evaluate gene therapies based on nanomedicine. 

Overall, this thesis proves the versatility of sphingomyelin nanosystems 

for being loaded different types of therapeutic molecules and decorated with 

specific ligands for cancer treatment, and, importantly, the critical role of 3D 

in vitro models, static and non-static, and zebrafish embryos, to evaluate the 

behavior and efficacy of cancer nanomedicines.
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RESUMEN 

 

Desde la aprobación por la FDA de las primeras nanomedicinas, el desarrollo 

de innovadoras aproximaciones terapéuticas basadas en nanotecnología ha 

estado creciendo continuamente en el campo biomédico. Algunos de los 

beneficios que la nanomedicina ofrece son la mejora de la estabilidad y vida 

media de fármacos, así como la posibilidad para desarrollar terapias dirigidas. 

En el campo del cáncer, hay una urgente necesidad de nuevas estrategias 

terapéuticas, y la nanomedicina puede contribuir considerablemente a 

responder a esta demanda. Es también necesaria la mejora de la traslación de 

medicinas novedosas, con la implementación de herramientas preclínicas que 

imiten eficazmente la estructura del tumor para una correcta evaluación de la 

terapia y permitan entender mejor su eficacia y toxicidad antes del testado en 

modelos avanzados de la enfermedad. 

En esta línea, nuestro grupo ha desarrollado un novedoso tipo de 

nanoemulsión que es versátil, biocompatible y biodegradable, y que se 

compone de vitamina E y esfingomielina. Estos nanosistemas han demostrado 

previamente su capacidad para encapsular fármacos, asociar biomoléculas 

terapéuticas, y también agentes de contraste para diagnosis. En esta tesis, su 

aplicación para el desarrollo de tratamientos para cáncer de pulmón 

(direccionamiento a células madre tumorales e a una subpoblación celular 

específica que expresa cierto biomarcador), y cáncer de mama (una 

aproximación de terapia génica) serán exploradas. Para ello, modelos in vitro, 
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estáticos y no estáticos, y modelos in vivo alternativos basados en embriones 

de pez cebra serán desarrollados. 

En el primer capítulo, las nanoemulsiones de esfingomielina fueron 

usadas para la encapsulación del fármaco Disulfiram para el tratamiento de 

células madre tumorales en cáncer de pulmón no microcítico. Los esferoides 

fueron en modelo de estudio propuesto debido a su enriquecida población de 

células madre tumorales. Los resultados demostraron la capacidad de los 

nanosistemas de encapsular el disulfiram y de penetrar en el núcleo interno de 

los modelos 3D produciendo un efecto terapéutico. Además, los esferoides 

probaron su potencial para ser una plataforma para la evaluación de 

nanomedicinas. 

En el segundo capítulo, los nanosistemas de esfingomielina fueron 

funcionalizados con un aptámero específico para el direccionamiento a las 

células de pulmón no microcíticas TAS1R3 positivas para terapia dirigida. 

Dispositivos de microfluídica organ-on-a-chip fueron los modelos avanzados 

3D no estáticos de estudio para recrear la estructura tumoral y la vasculatura. 

Los resultados probaron un eficiente direccionamiento en cultivos celulares 

2D, y los chips de microfluídica demostraron su potencial para ser un modelo 

para evaluar la capacidad de los nanosistemas para cruzar barreras biológicas. 

En el tercer capítulo, los nanosistemas de esfingomielina fueron 

modificados con un lípido catiónico para la asociación de ácidos nucleicos 

para terapia génica. Los embriones de pez cebra son los modelos in vivo 

seleccionados para evaluar el potencial de los nanosistemas. Los resultados 

demostraron la versatilidad de las nanoemulsiones para transportar diferentes 

tipos de ácidos nucleicos, así como el potencial de los embriones de pez cebra 
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como plataforma para la evaluación de terapias génicas basadas en 

nanomedicina. 

En general, esta tesis prueba la versatilidad de los nanosistemas de 

esfingomielina para ser cargados con diferentes tipos de moléculas 

terapéuticas y decorados con ligandos específicos para el tratamiento del 

cáncer, y de manera importante, el papel crítico de los modelos in vitro, 

estáticos y no estáticos, y de los embriones de pez cebra, para evaluar el 

comportamiento y la eficacia de nanomedicinas para el cáncer. 
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RESUMO 

 

Dende a aprobación pola FDA das primeiras nanomedicinas, o 

desenvolvemento de innovadoras aproximacións terapéuticas baseadas en 

nanotecnoloxía estivo crecendo continuamente no campo biomédico. Algúns 

dos beneficios que a nanomedicina ofrece son a mellora da estabilidade e vida 

media de fármacos, así como a posibilidade para desenvolver terapias 

dirixidas. No campo do cancro, hai unha urxente necesidade de novas 

estratexias terapéuticas, e a nanomedicina pode contribuír considerablemente 

a responder a esta demanda. É tamén necesaria a mellora da translación de 

medicinas  novidosas, coa implementación de ferramentas preclínicas que 

imiten eficazmente a estrutura do tumor para unha correcta avaliación da 

terapia e permitan entender mellor a súa eficacia e toxicidade antes do testado 

en modelos avanzados da enfermidade. 

Nesta liña, o noso grupo desenvolveu un novidoso tipo de nanoemulsión 

que é versátil, biocompatible e biodegradable, e que se compón de vitamina E 

e esfingomielina. Estes nanosistemas demostraron previamente a súa 

capacidade para encapsular fármacos, asociar biomoléculas terapéuticas, e 

tamén axentes de contraste para diagnose. Nesta tese, a súa aplicación para o 

desenvolvemento de tratamentos para cancro de pulmón (direccionamiento a 

células nai tumorais e a una subpoboación celular específica que expresa certo 

biomarcador), e cancro de mama (unha aproximación de terapia xénica) serán 

exploradas. Para iso, modelos in vitro, estáticos e non estáticos, e modelos in 

vivo alternativos baseados en embrións de peixe cebra serán desenvolvidos. 
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No primeiro capítulo, as nanoemulsiones de esfingomielina foron usadas 

para a encapsulación do fármaco Disulfiram para o tratamento de células nai 

tumorais en cancro de pulmón non microcítico. Os esferoides foron o modelo 

de estudo proposto debido á súa enriquecida poboación de células nai 

tumorais. Os resultados demostraron a capacidade dos nanosistemas de 

encapsular o disulfiram e de penetrar no núcleo interno dos modelos 3D 

producindo un efecto terapéutico. Ademais, os esferoides probaron o seu 

potencial para ser unha plataforma para a avaliación de nanomedicinas. 

No segundo capítulo, os nanosistemas de esfingomielina foron 

funcionalizados cun aptámero específico para o direccionamento ás células de 

pulmón non microcíticas TAS1R3 positivas para terapia dirixida. Dispositivos 

de microfluídica organ-on-a-chip foron os modelos avanzados 3D non 

estáticos de estudo para recrear a estrutura tumoral e a vasculatura. Os 

resultados probaron un eficiente direccionamiento en cultivos celulares 2D, e 

os chips de microfluídica demostraron o seu potencial para ser un modelo para 

avaliar a capacidade dos nanosistemas para cruzar barreiras biolóxicas. 

No terceiro capítulo, os nanosistemas de esfingomielina foron 

modificados cun lípido catiónico para a asociación de ácidos nucleicos para 

terapia xénica. Os embrións de peixe cebra son os modelos in vivo 

seleccionados para avaliar o potencial dos nanosistemas. Os resultados 

demostraron a versatilidade das nanoemulsiones para transportar diferentes 

tipos de ácidos nucleicos, así como o potencial dos embrións de peixe cebra 

como plataforma para a avaliación de terapias xénicas baseadas en 

nanomedicina. 
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En xeral, esta tese proba a versatilidade dos nanosistemas de 

esfingomielina para ser cargados con diferentes tipos de moléculas 

terapéuticas e decorados con ligandos específicos para o tratamento do cancro, 

e de maneira importante, o papel crítico dos modelos in vitro, estáticos e non 

estáticos, e dos embrións de peixe cebra, para avaliar o comportamento e a 

eficacia de nanomedicinas para o cancro. 
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RESUMO IN EXTENSO 

 

A nanomedicina é coñecida como a utilización da nanotecnoloxía no campo 

da saúde. Dende a aprobación pola FDA das primeiras nanomedicinas, o 

liposoma anestésico Diprivan® e o antitumoral Doxil®, o uso de tratamentos 

baseados na nanotecnoloxía estivo a crecer continuamente, e un claro exemplo 

son as recentes vacinas para a COVID-19. Os beneficios que trae a 

nanomedicina son, non só o tratamento de diferentes doenzas, senón que 

tamén a súa capacidade como axentes de contraste para diagnóstico. 

Modificando a súa composición e as súas propiedades fisicoquímicas, as 

nanopartículas poden adaptarse para transportar diferentes tipos de 

tratamentos, dende pequenos fármacos ata moléculas terapéuticas. Ademais, 

as nanopartículas poden ser decoradas con ligandos específicos para o seu 

direccionamento específico fronte ás células de interese. Así mesmo, teñen a 

capacidade de protexer a súa carga, de ser capaces de mellorar a estabilidade 

e vida media de moléculas terapéuticas lábiles, así como facilitar o 

desenvolvemento de terapias combinatorias a través de estratexias de co-

encapsulación.  

O cancro é responsable de millóns de mortes  no mundo, chegando a case 

os dez millóns no ano 2020. Ademais, o número de novos casos por ano está 

preto dos vinte millóns, sendo o cancro de mama feminino e o cancro de 

pulmón os que lideran a incidencia. Estes números alertan da inmediata 

necesidade de novas estratexias terapéuticas para o tratamento do cancro. 
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Neste campo, a nanomedicina representa unha estratexia alternativa para 

mellorar o tratamento do cancro. Claros exemplos disto son Doxil® e 

Vyxeos®, que foron aprobados para o seu uso na clínica como anti-tumorais. 

Aínda así, tendo en conta os múltiples ensaios clínicos, ao redor de só vinte 

nanomedicinas para o tratamento do cancro chegaron ao mercado, o que 

demostra que a nanomedicina ten dificultades para chegar á clínica. Algunhas 

das razóns de que isto ocorra son a toxicidade e non biocompatibilidade das 

formulación nos ensaios clínicos, así como os  problemas no escalado para a 

produción comercial. Nesta liña, o noso grupo desenvolveu un novo tipo de 

nanoemulsións versátiles, biodegradables e biocompatibles, que se compoñen 

de vitamina E e esfingomielina. Estes nanosistemas de esfingomielina 

demostraron a súa capacidade para encapsular fármacos, asociar moléculas 

terapéuticas, así como axentes de contraste para diagnóstico, e poden ser 

escalables e adaptables a procesos industriais.  

A translación clínica de nanomedicinas para terapia anti-tumoral tamén 

se podería ver acelerada incorporando novos modelos des estudo, tanto in vitro 

coma in vivo, que sexan capaces de recrear eficientemente a estrutura e 

ambiente tumoral, ás fases de investigación preclínica. Estes modelos son 

chave, para estudar dunha maneira fiable o comportamento e resposta 

terapéutica das nanopartículas. Neste sentido destacan tres modelos de estudo, 

os cultivos 3D, tanto estáticos coma non estáticos, e os embrións de peixe 

cebra.  

No caso dos modelos in vitro 3D estáticos, que se compoñen por 

esferoides e organoides, destaca a súa capacidade de reproducir a estrutura 

tumoral, así como as interaccións celulares, que non se representan nos 

modelos de cultivos en 2D. Estes modelos máis complexos permiten a 
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avaliación da toxicidade, internalización e efecto terapéutico, sendo estas 

características clave para a translación das nanomedicinas ao mercado.  Outro 

punto a favor é o seu baixo custo en relación a modelos murinos, así como a 

súa capacidade para levar a cabo grandes ensaios de screening, o que permite 

executar estudos máis amplos. Ademais, os esferoides e organoides poden ser 

formados por células de doentes, o que permitiría un screening personalizado 

de terapias anti-tumorais.  

Por outro lado, os modelos in vitro 3D non estáticos son plataformas 

baseadas en dispositivos de microfluídica organ-on-a-chip que permiten, ao 

igual que os esferoides e organoides, a recreación da estrutura e ambiente 

tumoral. A característica diferencial entre os modelos estáticos e os non 

estáticos, é que este últimos inclúen parámetros de fluxo. A presenza deste 

fluxo no ambiente de cultivo proporciona un acercamento maior e máis 

verídico do tumor. Estes dispositivos poden ser de diferente complexidade, 

dende a simple inclusión dun esferoide no chip, ata o desenvolvemento de 

canais que recreen o sistema vascular e incluso procesos tan complexos como 

a metástase. No ámbito da nanomedicina, estes dispositivos son 

extremadamente útiles para a avaliación da biodistribución e do efecto 

terapéutico. Ademais, ao permitir recrear barreiras biolóxicas, como a 

endotelial, estes dispositivos son moi interesantes para estudar a capacidade 

das nanopartículas de cruzar estas barreiras. No caso dos dispositivos de 

microfluídica, ao igual que ocorre cos modelos estáticos, é posible crear 

plataformas con células derivadas de doentes, que permiten o estudo 

personalizado das terapias anti-tumorais.  

Por último, o peixe cebra (Danio rerio) é un modelo vertebrado de estudo 

in vivo que ofrece grandes vantaxes para a avaliación de nanopartículas para 
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o tratamento do cancro. Aínda que o peixe cebra é un modelo interesante en 

todas as súas estadías vitais, a etapa de embrión é a que destaca neste caso. As 

vantaxes que o definen son a súa alta homoloxía co xenoma humano, a súa 

alta fecundidade, o gran número de descendentes dunha posta e a fertilización 

externa. Os embrións, a maiores, son altamente robustos, presentan 

transparencia óptica e a activación tardía do seu sistema inmune adaptativo. 

Todo isto permite a realización de xenografts, xenotransplantes de células 

tumorais, sen que estes se vexan comprometidos polo sistema inmune, e 

tamén, no caso de que estas células estean marcadas fluorescentemente, a 

transparencia permite a súa visualización a través de técnicas de microscopía 

de fluorescencia ou confocal. Os modelos de peixe cebra máis relevantes para 

o estudo de nanomedicina son as liñas transxénicas e os xenotransplantes de 

células tumorais. No primeiro caso, son destacables os embrións transxénicos 

que teñen algún tipo de célula marcada fluorescentemente, como poden ser as 

células do sistema inmune ou as células do sistema vascular, que permiten 

avaliar a interacción dos nanosistemas nun sistema in vivo. No caso dos 

xenotransplantes, o uso da marcaxe fluorescente permite estudar a 

biodistribución das nanopartículas, así como a súa interacción coas células 

tumorais. Ademais, a capacidade terapéutica de nanomedicinas pode ser 

determinada ao monotorizar o crecemento ou decrecemento da masa tumoral. 

Os embrións wild type sen xenografts tamén teñen interese, sobre todo para 

estudos de toxicidade. En canto á medicina personalizada, o peixe cebra xoga 

un papel importante gracias á posibilidade de realizar xenografts derivados de 

doentes, que poden ser obxecto dun screening a gran escala, para dar co 

tratamento máis axeitado para cada caso. 
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Tendo en conta o previamente exposto, o principal obxectivo desta tese é 

a aplicación de modelos in vitro e in vivo avanzados, baseados en esferoides, 

dispositivos de microfluídica organ-on-a-chip e embrións de peixe cebra, para 

a avaliación preclínica de nanoemulsións de esfingomielina para o tratamento 

do cancro. 

En primeiro lugar, encapsulouse o fármaco disulfiram nos nanosistemas 

de esfingomielina, como estratexia alternativa para o tratamento de células nai 

tumorais do cancro de pulmón non microcítico. Como modelo de estudo para 

avaliar o potencial desta terapia, usáronse modelos in vitro estáticos, 

concretamente esferoides (Figura 1). 

Figura 1. Resumo gráfico do Capítulo I, cuxo obxectivo foi a encapsulación do 

fármaco disulfiram para o tratamento de células nai tumorais de cancro de pulmón 

non microcítico e a súa avaliación en modelos 3D estáticos in vitro. 
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Neste caso, orientouse a estratexia terapéutica cara o cancro de pulmón, 

un dos máis relevantes en termos de mortalidade e prevalencia, e 

concretamente centrouse no estudo do cancro de pulmón non microcítico, o 

subtipo máis predominante. O disulfiram foi seleccionado pola súa actividade 

antitumoral específica nas células nai tumorais, e polos estudos previos que 

avalan o seu potencial como tratamento do cancro de pulmón non microcítico. 

Este fármaco hidrofóbico, aínda que eficaz, ten unha alta inestabilidade en 

circulación, así como unha baixa vida media. Para superar estes 

inconvenientes, propúxose a encapsulación do disulfiram nos nanosistemas 

lipídicos. Como modelo in vitro para este estudo, seleccionáronse os cultivos 

celulares 3D estáticos, neste caso esferoides que foron xerados a partir de 

células dunha liña de cancro de pulmón non microcítico (H1650). O obxectivo 

que se buscaba era o de recrear a estrutura tridimensional do tumor para avaliar 

dunha maneira máis fiable o comportamento, distribución e eficacia dos 

nanosistemas. Ademais, e tendo en conta que a diana terapéutica do disulfiram 

son as células nai tumorais, os esferoides presentan unha poboación 

enriquecida deste tipo de células, xerando así un modelo de estudo idóneo para 

a avaliación desta terapia baseada no disulfiram.  

Como primeiro paso para a avaliación dos nanosistemas, realizáronse 

estudos de internalización en esferoides da liña celular H1650. Os 

nanosistemas, tanto con e sen disulfiram encapsulado, incubáronse durante 

diferentes tempos no medio das esferas. Previamente, os nanosistemas foron 

marcados fluorescentemente con esfingomielina-Cy5, o que permitiu a súa 

avaliación a través da microscopía confocal. Os resultados obtidos demostran 

unha eficiente capacidade de penetración de ambas nanoemulsións en 

esferoides compactos, demostrando que a encapsulación do fármaco non 
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afecta ás propiedades do nanosistema. Concretamente, a internalización 

comézase a observar aos 30 minutos de incubación, sendo despois de 1 hora, 

cando esta se fai claramente visible. É importante resaltar a completa 

penetración dos nanosistemas no interior do esferoide, demostrando que o 

transporte do fármaco chega correctamente a todas as células tumorais. 

Como seguinte paso, estudiouse o efecto terapéutico do disulfiram, tanto 

encapsulado coma libre. Para iso, en primeiro lugar, avaliouse a viabilidade 

celular, en cultivos 2D e 3D, a través do ensaio de MTS, onde tamén se 

calculou a metade da concentración inhibitoria máxima (IC50). Os resultados 

obtidos demostraron que o disulfiram, tanto encapsulado coma libre, non ten 

practicamente efecto terapéutico no caso das células en monocapa, como era 

de esperar pola súa baixa poboación de células nai tumorais. No caso dos 

cultivos 3D, o resultado é completamente diferente, sendo o tratamento eficaz 

en ambos os dous casos. No caso do disulfiram encapsulado nos nanosistemas 

de esfingomielina obsérvase unha lixeira melloría na actividade do fármaco, 

acadando unha IC50 de 0.16, en comparación co fármaco libre con unha IC50 

de 0.35. Un segundo experimento, de Calceina AM/ioduro de propidio, foi 

realizado para a observación das poboacións celulares vivas e mortas despois 

da incubación co tratamento. Os resultados obtidos neste caso mostran un 

patrón de células mortas semellante no caso do disulfiram libre e no 

encapsulado. Salientablemente, obsérvase a presenza de células mortas no 

interior dos esferoides, o que supón que os nanosistemas teñen a capacidade, 

non só de penetrar no interior do esferoide, senón que tamén teñen a 

capacidade de liberar eficientemente a súa carga producindo un efecto 

terapéutico. Con isto, pódese concluír que os nanosistemas lipídicos teñen a 

capacidade de transportar e de penetrar eficientemente en modelos in vitro 3D 
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estáticos. Cabe destacar o potencial demostrado polos esferoides como 

plataforma de avaliación para nanomedicinas para o tratamento de células nai 

tumorais. 

En segundo lugar, os nanosistemas de esfingomielina foron 

funcionalizados para o desenvolvemento dunha terapia dirixida, neste caso, ao 

receptor TAS1R3, en células de cancro de pulmón non microcítico. Para a 

avaliación da terapia dirixida, desenvolvéronse modelos celulares 3D non 

estáticos, os dispositivos de microfluídica organ-on-a-chip (Figura 2). 

Figura 2. Resumo gráfico do Capítulo II, cuxo obxectivo foi a funcionalización dos 

nanosistemas de esfingomielina con aptámeros para terapia dirixida a células 

TAS1R3+, e a súa avaliación en modelos 3D non estáticos in vitro. 

A metástase é a responsable da maior parte das mortes producidas polo 

cancro, o que demostra a necesidade urxente de tratamentos específicos contra 
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a poboación celular metastática. O cancro de pulmón non microcítico é un 

claro exemplo do efecto das metástases na supervivencia dos doentes. A 

nanomedicina supón unha alternativa grazas á posibilidade de decoralas para 

conseguir unha terapia dirixida, utilizando moléculas como os aptámeros, que 

teñen a capacidade de recoñecer e unirse á súa diana especificamente. Con 

isto, propúxose a conxugación dun aptámero específico aos nanosistemas de 

esfingomielina a través da reacción EDC. Concretamente, as nanoemulsións 

irán dirixidas ao receptor TAS1R3, que previamente foi descrito polo grupo e 

cuxa expresión se correlaciona co proceso metastático. A plataforma 

seleccionada para a avaliación desta terapia foron os dispositivos de 

microfluídica organ-on-a-chip. Este chip en concreto componse de dous 

canais, un que recrea o tumor en 3D e outro que imita o endotelio vascular 

formando unha estrutura tubular en monocapa. As células utilizadas nos 

experimentos son células de cancro de pulmón non microcítico, as wild type 

e tamén unhas transfectadas que sobre-expresan o noso receptor de interese.  

Como primeiro paso avaliouse a penetración dos nanosistemas 

funcionalizados en modelos de esferoides. Aínda que foi utilizado un 

aptámero preliminar, o resultado obtido foi unha boa internalización despois 

de 6 horas de incubación, demostrando a súa capacidade para penetrar ata o 

interior dos esferoides. Este resultado onde non se observan diferenzas entre 

as dúas liñas celulares concorda con traballo previos onde os nanosistemas, 

despois de 4 horas, están case todos internalizados polas células.  

O seguinte paso, e tendo en conta o resultado de internalización obtido, 

foi a avaliación do targeting específico do aptámero seleccionado facendo uso 

da citometría de fluxo. Neste caso a incubación dos nanosistemas marcados 

fluorescentemente foi de 20 minutos, para poder observar diferenzas entre os 
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nanosistemas con e sen aptámero e entre as dúas liñas celulares. O resultado 

obtido demostra un targeting efectivo dos nanosistemas funcionalizados 

cando foron utilizados nas células que sobreexpresan o receptor TAS1R3. Este 

resultado estatisticamente significativo demostrou un aumento do 10% na 

internalización nesta condición. 

O último paso foron os estudos no modelo de dispositivos de 

microfluídica organ-on-a-chip, compostos por un canal con células tumorais 

(A549-TAS1R3+) e outro con células endoteliais (HPMEC). Como primeira 

aproximación antes do uso dos chips, estudouse a citotoxicidade dos 

nanosistemas nas células endoteliais en 2D. O resultado avaliado polo ensaio 

AlamarBlue demostra que tanto os nanosistemas con e sen aptámero non teñen 

impacto na viabilidade das células HPMEC. Este resultado é clave porque se 

asegura que a integridade da barreira endotelial formada non vai ser alterada 

polo efecto dos nanosistemas. Con isto, poderase probar a capacidade dos 

nanosistemas dirixidos de cruzar esta barreira biolóxica. O último paso foi 

unha proba de concepto para estudar o direccionamento específico das 

nanoemulsións funcionalizadas. Os nanosistemas foron incubados durante 12 

horas no canal endotelial que ten perfusión por fluxo por gravidade. O 

resultado obtido por microscopía de fluorescencia suxire que os nanosistemas 

estaban a cruzar os micropilares que dividen os dous canais. Máis 

experimentos con maiores tempos de incubación e diferentes concentracións 

de nanosistemas son necesarios, para comprender completamente o 

comportamento das nanoemulsións funcionalizadas fronte a barreira 

endotelial para alcanzar as súas células diana. 

Con isto, conclúese que os aptámeros foron conxugados eficientemente 

cos nanosistemas e que o seu targeting específico foi demostrado 
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exitosamente en modelos celulares 2D. Así mesmo, os dispositivos de 

microfluídica organ-on-a-chip demostraron o seu potencial como modelo para 

a avaliación da capacidade de nanomedicinas para cruzar barreiras biolóxicas. 

Máis experimentos neste modelo son precisos para caracterizar 

completamente o comportamento dos nanosistemas. 

En terceiro lugar, os nanosistemas lipídicos foron modificados con un 

lípido catiónico, a putrescina, para o transporte de ácidos nucleicos para 

terapia xénica. Neste caso, os embrións de peixe cebra foron o modelo de 

estudo proposto para a avaliación da capacidade dos nanosistemas para liberar 

o seu cargo na célula, e a súa biodistribución e interacción con células 

tumorais nun ambiente in vivo (Figura 3). 

Figura 3. Resumo gráfico do Capítulo III, cuxo obxectivo foi probar a versatilidade 

dos nanosistemas de esfingomielina para a terapia xénica do cancro, e a súa avaliación 

en modelos in vivo de embrións de peixe cebra. 
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A terapia xénica estivo a crecer nos últimos anos gracias ao potencial 

terapéutico de microRNAs (miRs) e plásmidos, entre outros ácidos nucleicos. 

Aínda así, a  maior limitación deste tipo de terapias é a necesidade de protexer 

da degradación a estas moléculas terapéuticas, así como transportalas ao 

interior celular. Neste sentido, a nanotecnoloxía representa unha alternativa de 

vectores versátiles para transportar, protexer e liberar a súa carga terapéutica 

nas células diana. Con este obxectivo, os nanosistemas lipídicos foron 

modificados catiónicamente coa adicción de putrescina para poder transportar 

ácidos nucleicos terapéuticos, miRs e plásmidos. Neste caso, coa finalidade 

de avaliar os nanosistemas en modelos preclínicos robustos que recapitulen a 

complexidade tumoral, así como a predición do futuro comportamento dos 

nanosistemas para a eficiente translación clínica, os embrións de peixe cebra 

foron o modelo de estudo seleccionado. 

Como primeiro paso, e para determinar se os nanosistemas teñen a 

capacidade de liberar a molécula que transportan cando se encontran no 

interior celular, un miR (miR 145) con efecto na expresión de xenes de peixe 

cebra foi testado en embrións de 0 horas post-fecundación. Avaliouse o miR 

145 libre e asociado e tamén  un miR control, tanto asociado como sen asociar 

aos nanosistemas. Despois de microinxectar as condicións no embrión, 

realizouse unha RT-PCR tres días despois para analizar os xens sox9b e gata6, 

coñecidos por reducir a súa expresión polo efecto do miR 145. O resultado 

observado mostra esta baixada da expresión dos xenes só no caso dos miR 145 

asociado aos nanosistemas, o que proba a súa capacidade para liberar 

correctamente o cargo que porta. 

A continuación estudouse a penetración dos nanosistemas marcados 

fluorescentemente in vivo, incubándoos no medio dos peixes durante 72 horas. 
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O resultado demostrou a correcta internalización dos nanosistemas, con e sen 

ácidos nucleicos asociados polas células do peixe. Así mesmo, confirmouse a 

colocalización entre os nanosistemas e os ácidos nucleicos, probando a súa 

asociación no proceso de internalización.  

O seguinte paso foi avaliación da biodistribución e estabilidade  in vivo 

dos nanosistemas como potenciais vectores para terapia xénica. Para iso, os 

nanosistemas marcados fluorescentemente, con e sen ácidos nucleicos 

asociados (miRs e plásmidos) tamén marcados, así como este últimos libres, 

foron microinxectados no ducto de Cuvier e incubados 48 horas. Os resultados 

de microscopía confocal demostraron unha distribución ao longo do corpo do 

embrión no caso dos nanosistemas con e sen ácidos nucleicos, que mostran un 

patrón de acumulación que non aparece no caso dos ácidos nucleicos libres. 

Demostrouse tamén o mantemento da asociación entre nanosistemas e ácidos 

nucleicos in vivo, probando o potencial dos nanosistemas para terapia xénica. 

Por último, realizáronse xenotransplantes con células de cancro de mama 

marcadas fluorescentemente (MDA-MB-231) para recrear un ambiente de 

tipo metastático. Posteriormente, as mesmas condicións do experimento 

anterior foron postas a proba co modelo de xenograft. O resultado mostrou 

colocalización entre os ácidos nucleicos e os nanosistemas, o que corrobora o 

anterior experimento; ademais de mostrar algunha colocalización entre os 

nanosistemas, con e sen ácidos nucleicos, e as células tumorais. Isto podería 

ser debido á alta absorción de poliaminas, como a putrescina, polas células 

tumorais. Con isto, conclúese que os embrións de peixe cebra teñen un gran 

potencial como plataforma in vivo para a avaliación de nanomedicinas para 

terapia xénica. Así mesmo, validouse a capacidade dos nanosistemas de 

asociar e transportar diferentes tipos de ácidos nucleicos. 
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En resumo, os nanosistemas de esfingomielina foron cargados 

eficientemente con diferentes tipos de moléculas e decorados con ligandos 

específicos, para explorar a súa aplicación no desenvolvemento de terapias 

innovadoras para o tratamento do cancro. Para avaliar  comportamento e a 

eficacia de ditos nanosistemas, modelos celulares 3D estáticos e non estáticos, 

así como embrións de peixe cebra foron propostos e demostraron o seu 

potencial como modelos de estudo eficaces in vitro e in vivo, respectivamente.  
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INTRODUCTION 

 

1. Nanotechnology-based treatments: characteristics and 

advantages  

Nanomedicine is known as the use of nanotechnology in the health field, based 

on the use of nanoscale medicines 1–3. The first nanomedicine approved by the 

US Food and Drug Administration (FDA) was Diprivan® in 1989; a 

liposomal propofol for anesthesia 4,5. Six years later, in 1995, Doxil®, a 

doxorubicin liposomal formulation, was also approved for cancer treatment 6. 

Since these milestones, the use of nanotechnology-based treatments in the 

field of medicine has been continuously growing 1. The recent nano-based 

COVID-19 vaccines, Spikevax (Moderna) and Comirnaty (Pfizer-BioNTech), 

are the clear example of the importance of nanomedicine for the development 

of new therapies 7–9. The benefits of nanomedicine are, not only the treatment 

of different diseases, but also their capacity to be used as contrast agents for 

diagnosis purposes 10–14. By modulating the composition and physicochemical 

properties, nanoparticles can be tailored to carry different types of treatments, 

from small drugs to therapeutic biomolecules, such as nucleic acids, peptides 

and proteins, among others. Furthermore, nanoparticles can be surface-

decorated with specific ligands, which means that they can be targeted for a 

more efficient interaction with the cells of interest 1,15–18. Moreover, they 

protect their cargo, being able of improving the stability and half-life of labile 
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therapeutic molecules Due to a more precise and efficient delivery, 

encapsulation into nanoparticles can reduce the side-effects of drugs. An 

additional advantage is that nanoparticles facilitate the development of 

combinatorial therapies through co-encapsulation strategies. 19–22. 

Nanoparticles can be subdivided in three main groups: polymeric 

nanoparticles, lipid-based nanoparticles and inorganic nanoparticles (Figure 

1). From each general group, additional classifications depend on composition 

and structural disposition of the different elements, among other aspects. 

 

Figure 1. Types of nanosystems classified by their composition. Adapted from 

Mitchell M. J. et al 2021 with permission 23. 

Polymeric nanoparticles can be formed from polymers or from 

monomers that can be natural or synthetic. This type of nanocarriers includes 

polymersomes, dendrimers, polymer micelles and nanospheres. The 

advantages of these nanoparticles are that they are typically biocompatibility, 

if the starting materials are, and that they can be tailored to transport cargos of 

different nature and size. As a negative point, for some types of polymers and 
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formulation procedures, it is necessary to use organic solvents. Several 

approved nanomedicines are polymeric, and a clear example is the anesthetic 

Diprivan® 23–25.  

In the case of lipid-based nanoparticles, the main subgroups are 

liposomes, emulsions, and lipid nanoparticles. They are the most present 

among FDA-approved nanocarriers, and the main reasons of this success are 

their high biocompatibility, the easiness of the formulation and scalability, and 

the capability to modulate their physicochemical properties. The use of lipidic 

nanoparticles is particularly growing in the field of the nucleic acids’ delivery, 

due to the recent Covid-19 vaccines success 23,24,26. Nanoemulsions are a 

colloidal particulate system which is composed by immiscible phases which 

form droplets due to a surfactant. There are two different types depending on 

the phase forming the droplets: water-in-oil (W/O) and oil-in-water (O/W), 

which is the most common. Nanoemulsions have versatile characteristics 

which confer them the capacity to carry, for example, hydrophobic drugs to 

improve their administration 27–30. 

Inorganic nanoparticles include quantum dots, silica nanoparticles, gold 

nanoparticles and iron oxide nanoparticles, among others. They are the less 

common of the three groups in the clinical scenario. This fact is directly 

related their potential toxicity. Although some uses are proposed in the 

therapeutic field, the most promising applications for inorganic nanoparticles 

fall in the diagnosis are due to their intrinsic optical properties, as for example 

in the case of magnetic iron oxide nanoparticles for magnetic resonance 

imaging 23,25,31. 
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2. Nanomedicine: a key strategy for cancer treatment 

Cancer, as a group of diseases, is the responsible of millions of deaths in 

the world, reaching almost ten million of deaths in 2020. Furthermore, the 

number of new cases per year is nearly twenty million, and the incidence 

ranking is led by female breast cancer (11,7%) and lung cancer (11,4%) 32. 

These numbers alert about the immediate necessity of new therapeutic 

strategies for cancer treatment. As explained before, nanomedicine plays an 

alternative strategy to improve the cancer treatment, as well as the quality of 

life of the patients 33. Since the approval of Doxil®, the first nanoparticle for 

anti-cancer therapy, numerous cancer nanomedicines have been developed 

34,35. Some of them have reach the market, such as Vyxeos®, a liposomal that 

co-encapsulate cytarabine and daunorubicin for acute myeloid leukemia 

treatment, and Abraxane®, an albumin-bound nanoparticle of paclitaxel for 

breast cancer, non-small cell lung cancer and metastatic pancreatic 

adenocarcinoma treatment 25,36–39. However, only around 20 anti-cancer 

nanomedicines were approved for clinical uses, considering the cancer field 

the most successful in this matter 25. This fact, bearing in mind that there are 

multiple nanomedicines in clinical trials, brings to the forefront the 

translational difficulties of nanomedicine from the bench to the clinic 25,40. 

Some of the main reasons of the slowness of this process are the toxicity and 

the biocompatibility of the formulations in clinical trials, as well as the 

implementation of a large-scale production 25,40.  

In this line, our group has developed a new type of nanoemulsions, 

composed by sphingomyelin and vitamin E, sphingomyelin nanosystems 

(SNs) (Figure 2), which are biodegradable, safe-by-design and biocompatible, 
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due to the nature of their components 41,42. In addition, SNs have shown 

capacity for the encapsulation of hydrophilic drugs and hydrophilic 

biomolecules, for specific applications in oncology 17,41,43,44. Moreover, SNs 

can be functionalized with different biomolecules, such as peptides 17,18. The 

versatility of these SNs also allows the association of nucleic acids (deoxy- 

and ribonucleic) for cancer gene therapy 45–48. On top of all this, SNs have 

been optimized for their use as contrast agents for diagnostic purposes 11–14. 

Figure 2. Structure of sphingomyelin nanosystems and their uses in cancer treatment. 

Adapted from Servier Medical Art. 

As explained before, and despite the reached success in the field of 

nanomedicine, several challenges are still to be faced to reach the market 49. 

For improving this low clinical translation of nanomedicines into the clinic, 

the development of new study models for solid evaluation is a key step to 

achieve this objective 50–52. In this regard, it is necessary to have reliable study 

models, not only in vitro, but also in vivo, with the capacity to mimic the tumor 

for the study of nanomedicines 25,51,53,54.  Three-dimensional (3D) in vitro 
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models and zebrafish are suitable alternatives and complementary platforms 

to two-dimensional (2D) cell cultures and rodents, which are the gold-standard 

model of evaluation (Figure 3). Furthermore, their use can reduce the number 

of rodents and other animals in the next steps of the research, making use of 

the 3Rs for animal welfare in experimentation 55. 

Figure 3. Advantages and disadvantages of the in vitro and in vivo cancer models. 

Adapted from Servier Medical Art; and from Lizzy Griffiths. 

Taking into account this information, in this doctoral thesis we aim to 

evaluate the potential of SNs, loaded with different types of cargos (small drug 

and gene therapy), and surface-decorated to targeting to specific cell 

subpopulations, using for this purpose advanced in vitro models as well as 

zebrafish embryos. 

 

3. Static 3D in vitro models 

The most common in vitro model in the field of cancer research is the 2D 

cell culture. Although this is an easy and useful tool for the first research steps, 

it has some disadvantages. The monolayer cell culture has the lack of 

mimicking the tumor, not only its 3D structure, but also, the cell-cell and cell-
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matrix interactions, the gases and nutrients gradients, and the tumor 

microenvironment 56–58. For this reason, more complex models are needed to 

overcome these problems and to better evaluate the safety and efficacy of anti-

cancer therapies. 

3D in vitro models are alternatives to solve the 2D cell culture limitations 

and can be classified as static and non-static. Static 3D models are 

characterized by the lack of flow in their culture environment; on the contrary, 

non-static or dynamic 3D models present flow conditions in the media 58–62. 

These models will be explained in the following sections. 

 

3.1. Spheroids and organoids 

The 3D static cell culture models can be divided in spheroids and 

organoids (Figure 4). Spheroids are spherical groups of aggregated cells which 

are cultured, usually, in suspension without any scaffold, and therefore, they 

are the simplest 3D platform 63. In this sense, considering their value as a 

cancer model, it is possible to mimic the 3D disposition of the cancer cells, 

and to replicate the intra-cellular interactions that occur in the tumor. The 

formation of spheroids can be achieved following different strategies: I) 

hanging drop; II) ultra-low attachment (ULA) plates; III) magnetic levitation; 

IV) pellet culture; and V) microgravity reactors 63,64. The selection of one or 

another technic depends on the aim of the study, for example, ULA plates are 

convenient for multicellular cultures because of the great volume of the wells, 

whereas microgravity reactors for high mass production 64.  
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Figure 4. Types of static 3D models for cancer research: spheroids (cultured in 

suspension) and organoids (cultured embedded in a matrix). Adapted from Servier 

Medical Art. 

In the same line, organoids are also 3D cells structures, but the main 

difference between spheroids is the presence of a scaffold which mimics the 

extracellular matrix of the tumor and the type of cells 64. Moreover, organoids 

are developed from embryonic stem cells, adult stem cells or induced 

pluripotent cells, tumor cells, cell lines and tissues; and they can achieve the 

capacity to self-organize and differentiate, depending on the growth factors 

added to the media 65,66.  

In this case, the complexity of the proposed platform is increased because 

of the intrinsic characteristics of the spheroid and the recreation of the tumor 

microenvironment in a more accurate way 66. The scaffolds, which are used to 

growth the embedded organoids, can be composed by different natures. They 

can be made of natural hydrogels, such as collagen, synthetic hydrogels, hard 
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polymers, and proteins 58,67. The most common matrix used to culture 

organoids is Matrigel® Matrix, a protein-based scaffold which mimics the 

composition of the basement membrane Engelbreth–Holm–Swarm tumor 58,68. 

 

3.2. The role of 3D static models for nanomedicine evaluation 

Spheroids and organoids are key models that are used as the study 

platform of several nanotechnology-based cancer treatments. These 3D 

models are fundamental to evaluate the toxic effects of anti-cancer drugs 

because of their better correlation with in vivo behavior 63,69. Moreover, they 

have some advantages against in vivo models, such as the lower cost and their 

capacity to run wide screening studies 70,71. 

The nanoparticles therapeutic efficacy can be studied taking advantage 

of these 3D models 72. This aspect is essential for a novel nanomedicine to 

prove that it is capable of release its cargo in the targeted cell, and that its 

cargo is able to perform its effect, before carrying out in vivo assays, which 

are highly time and cost-consuming. In this sense, a recent example is the 

work of McCarthy et al., who evaluated the photothermal ablation based on 

polymeric nanoparticles for the colorectal cancer treatment 73. The use of 

organoids as their main study platform allows them to test not only the 

efficiency of the nanoparticle’s treatment, but also their capacity to diffuse 

into the organoid’s matrix, something that cannot be done in 2D cell cultures 

73. 
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Apart from the toxicity, one of the main challenges of the nanomedicines 

is the efficient internalization into the cancer cells 72. 3D models allow to 

evaluate if this internalization reach the inner cells of the 3D structure, 

meaning that the therapy will treat all the tumor cells 72,74. In this vein, the 

work of Siemer et al. is a clear example of this use of spheroids in 

nanoparticles uptake study. In this case, cisplatin-loaded nanoparticles were 

tested in 3D models for cancer treatment, achieving good therapeutic effect 75. 

 

3.3. Clinical output 

Focusing on the translational applications of the static 3D models, there 

are multiple studies in which both spheroids and organoids are formed by 

tumor cells from the patient, better known as patient-derived spheroids (PDS) 

and patient-derived organoids (PDO) 76. These in vitro models based on 

patient cells allow the screening of personalized antitumoral therapies taking 

into account the personal characteristics of each tumor, being an useful 

platform to obtain more reliable responses than the ones obtained with cellular 

lines 76,77.  

PDS and PDO are effective platforms, evidenced by several examples 

which demonstrate their usefulness as study models for drug screening. 

Among others, Palzer et al. developed a magnetic fluid hyperthermia 

treatment based on iron oxide nanoparticles for pancreatic ductal 

adenocarcinoma. Using tissue from the patient to perform PDO with the aim 

of evaluating the therapeutic efficacy of their nanoparticles, they observed an 

efficient treatment of pancreatic cancer cells 78. Another example, and in this 

case, based on spheroids use, is the research performed by Hofmann et al. In 
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this work patient-derived breast cancer cells were used to perform spheroids, 

as a platform for testing four FDA-approved drugs for cancer treatment 79. 

 

4. Non-static 3D in vitro models 

Although static in vitro platforms are highly useful for drug testing, they 

cannot mimic the complete interactions produced in the tumor. In this sense, 

microfluidic devices are a step ahead, including the fluidic parameters present 

in the organism, mimicking even further the tumor 80,81. 

The technology of microfluidics was started in the 1980’s, and since then, 

it was improved in different health fields of knowledge, such as cancer, 

osteoarthritis and amyotrophic lateral sclerosis 82–84. Microfluidic organ-on-a-

chip (OOC) devices have the capacity to partially mimic in a small-scale 

platform, the in vivo conditions of the tumor 77,80,85.  

In this sense, the OOC devices allow the perfusion of the tumor mass, 

that is, not only more reliable, but also better for understanding the behavior 

of the cells and the treatments 77. The fabrication of these chips is usually 

based on the polymer polydimethylsiloxane (PDMS). However, there are 

other alternatives, such as resins and elastomers, which are trying to overcome 

PDMS shortcomings, such as its limited capacity for high-throughput 

manufacturing 82,86. Soft-lithography is the most common technique to 

reproduce device replicas with the same specific and micro-detailed channels 

in PDMS for OOC. In these microchannels, the culture of the cells of interest 

is performed, as well as the controlled flow and the biochemical stimuli 87,88.  
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OOC microfluidic devices allow several options for the evaluation of 

cancer treatments. In the case of spheroids and organoids, it is known that 

there is a lack of the representation of the flow in the environment of the 

tumor, that can be solved using microfluidics OOC. A clear example is the 

improvement in the study of static 3D models. To achieve that, spheroids or 

organoids embedded in a scaffold are grown within microfluidic device’s 

walls with continuous perfusion, which allows the control of the nutrients, 

among other parameters cytokines (Figure 5A) 85,89,90.  

Furthermore, there are chips with more complexity, such as the ones that 

can mimic the endothelial structure of the blood vessels (Figure 5B). The 

vascular system plays a fundamental role, not only in the development of the 

tumor, but also in the evaluation of the biodistribution and efficacy of novel 

anticancer therapies 88,91,92. Interestingly, the metastatic cascade was replicated 

in microfluidic devices, allowing the evaluation of the entire process, from the 

intravasation to extravasation step, as well as the study of anti-cancer drugs 

effect 93–96. 
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Figure 5. Example of OOC microfluidic devices: A. spheroid/organoid in a chip; B. 

vascularized OOC. Adapted from Servier Medical Art. 

 

4.1. The synergy between nanomedicine and microfluidic organ-on-

a-chip models 

Microfluidic OOC models allow the evaluation of treatments with 

different bases and objectives. As mentioned before, OOC help us to mimic 

the complete structure, flow, extracellular matrix, and interactions of the 

tumors. In this line, these devices, due to their characteristics, offer the 

opportunity to assess, not only the biodistribution, but also the therapeutic 

effect of novel nanomedicines 85,97,98. Overall, the synergy between OOC 

microfluidic devices and innovative therapies based on nanotechnology has a 

great interest for the development of novel cancer treatment. 
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OOC allow the recreation of vasculature, as explained in the previous 

section, and one of the main strategies for nano-based drugs is the evaluation 

of the nanosystem capacity to cross the vasculature endothelial barrier to reach 

the cancer cells, as well as crossing other biological barriers, such as the blood-

brain barrier 99,100. Moreover, OOC was used for evaluating the therapeutic 

effect of different nano-based treatments for cancer therapy. A good example 

is the work of Ran et al., who developed a multi-well OOC, for studying the 

therapeutic effect of four different types of liposomes for cancer treatment. 

The results of uptake and treatment efficacy obtained in the OOC correlate 

better with the in vivo models than the 2D cell culture 101. In a different 

perspective, Vu et al., developed tumor microfluidic devices to evaluate the 

capacity of nanomedicines with different physiochemical characteristics to 

extravasate the endothelial barrier for cancer treatment. The outcomes 

demonstrated the importance of size and superficial chemistry for 

nanoparticles extravasation 102.  

 

4.2. Microfluidic organ-on-a-chip translation to the clinic 

OOC devices permit the use of patient-derived cells to create a 

personalized scenario for evaluating cancer treatments, though the most 

common chips are composed by established cellular lines 103,104. In this sense, 

this possibility allows the establishment of a derived tumor-cell population in 

microfluidic devices, which replicate the way the tumor behaves in the real 

life, for anti-cancer drugs testing 98.  
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As an example, Haque et al., performed microfluidic chips for the 

evaluation of patient-derived cells of pancreatic ductal adenocarcinoma. In 

this case, the main objective was to recapitulate the tumor microenvironment, 

using PDO in microfluidic devices, as well as to evaluate the efficacy of 

chemotherapy treatments, observing that targeting the stroma increase the 

therapeutic effect 105. In a similar way, Shirure et al., aimed to produce a 

vascularized model based on PDO to evaluate the different stages of the tumor 

progression. Moreover, this OOC model was used for the assessment of 

chemotherapeutic agents and anti-angiogenic drug’s effectiveness 106. 

In summary, static and non-static 3D in vitro models present the ability 

to mimic the tumor structure and to fill the gap between 2D cell cultures and 

in vivo models, which is an important advantage for nanoparticle screening. 

However, they cannot replace the in vivo models, due to their limitations. In 

this sense, zebrafish study models offer some advantages for the assessment 

of cancer nano-based therapy, which are explained in the next sections. 

 

5. In vivo models: zebrafish 

Zebrafish (Danio rerio) is a vertebrate model species traditionally used 

for studying developmental biology and vertebrate genetics, and more 

recently, to model human diseases, such as cancer, playing a key role in the 

discovery of new drugs for treating these illnesses 107–109. Zebrafish 

characteristics define it as a model species between invertebrate and murine 

models because it collects the vertebrate traits and allows large experiments 

107,108. One of the features that make zebrafish an appropriate human disease 
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model is its homology with the human genome, around 70%, which increases 

to 82% in the case of human disease-related genes 110. Furthermore, there are 

multiple advantages associated with the use of zebrafish, such as high 

fecundity and fertilization rate, producing a large offspring 111. In addition, the 

external fertilization and optical transparency of embryos and larvae allow 

direct visualization of the overall development and enables the imaging of 

cells without the use of invasive techniques 112. 

In terms of cancer research, aside from the robustness of zebrafish 

embryos to be easily manipulated, the adaptive immune system is not active 

until 2-4 weeks post-fertilization (wpf) and complete immunocompetence is 

only achieved at 4-6 wpf 113. This feature, together with the previously 

mentioned transparency, enables the transplantation of fluorescent cancer 

cells (xenotransplantation or xenograft) and the visualization and tracking of 

their growth, biodistribution, metastasis and neovascularization processes, as 

well as the evaluation of drug responses 112,114. The main advantages and 

disadvantages of zebrafish as a model for human diseases are summarized in 

Table 1.  
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Table 1. Benefits and drawbacks of using zebrafish for modeling human diseases, in 
comparison with other animal models 107,108. 

 

5.1. Zebrafish as a cancer study platform: models 

5.1.1. Genetic models 

5.1.1.1. Forward Genetics 

Several carcinogens are able to induce human-like tumors in different 

zebrafish organs, the main ones are: N-methyl-N’-nitro-N-nitrosoguanidine 

(MNNG), dimethylbenzanthracene (DMBA), diethylnitrosamine (DEN), N-

nitrosodimethylamine (NDMA) and ethylnitrosourea (ENU)  115. Thus, studies 

have been performed allowing a better understanding of the carcinogenesis 
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process, main target tissues, type of tumor, signaling pathways or 

chemoprevention measures.  

For instance, the exposure of embryos to MNNG produces the 

development of hepatic and mesenchymal neoplasms, such as chondroma 116. 

Similarly, it has been shown that exposing zebrafish to DMBA at 3 wpf led, 

principally, to hepatic neoplasia in adults 116. DEN, in the same way, was used 

in adult zebrafish to evaluate the role of hepatocellular proteins in 

hepatocarcinogenesis 117. Conversely, the relationship between polyploidy and 

tumor formation has been investigated through NDMA-induced 

hepatocarcinogenesis 118. The mutagen ENU has been used to generate point 

mutations, leading to the identification of several mutant zebrafish lines with 

an increased incidence of spontaneous neoplasia or higher sensitivity to 

chemical exposure 115. 

 

5.1.1.2. Transgenic zebrafish lines 

Several zebrafish cell and tissue-specific reporter lines have been 

developed over the last years to improve the comprehension and 

characterization of different cancer traits such as tumor cells growth, 

migration, invasion, angiogenesis, drug responses or interactions with 

immune cells. Some examples are Tg(mpx:GFP) and Tg(mpeg1:eGFP) 119,120, 

which fluorescently label neutrophils and macrophages, respectively, or 

Tg(fli1:eGFP) 121, which labels the vasculature. Furthermore, human or murine 

oncogene transgenic expression in zebrafish has also helped to understand 

their role in tumor development, for example, Tg(ptf1a:eGFP-KRASG12V) 

in pancreatic cancer 122 and Tg(mitfa:HRASG12V; mitfa:GFP) or 

Tg(mitfa:BRAFV600E); tp53−/− for melanoma 123,124. 
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5.1.1.3. Reverse genetics 

Morpholinos (MO) are commonly used in zebrafish to achieve transient 

expression silencing without modifying the genome sequence 125 and thus, to 

determine certain cancer invading mechanisms, such as angiogenesis.  

In order to generate stable mutant models, Targeted Induced Local Lesions in 

Genomes (TILLING), based on the exposure to ENU and further sequencing 

126, has been extensively used. In this sense, mutations in tumor suppressor 

genes, such as tp53, pten and apc have been identified in ENU mutagenesis 

libraries, and fish were found to develop malignant peripheral nerve sheath 

tumors, ocular hemangiosarcomas, and intestinal adenomas, hepatomas and 

pancreatic adenomas, respectively 127–130. Although TILLING has proven to 

be useful to correlate genotypes with phenotypes, the difficulty involved in 

the screening process, together with the possibility of having further mutations 

than the one desired, led researchers to introduce other methodologies, such 

as nuclease-based techniques, which include Zinc Finger Nucleases (ZFNs) 

and Transcription Activator-Like Effector Nucleases (TALENs). ZFNs were 

used to generate tet2 mutants, which developed progressive clonal 

myelodysplasia, culminating in myelodysplastic syndrome, with dysplasia of 

myeloid progenitor cells and abnormal circulating erythrocytes 131. 

Nevertheless, the design of nuclease-bases systems is challenging and there is 

still a high rate of off-targets. Thus, the introduction of the CRISPR/Cas9 

system has allowed the optimization of the genome editing protocols and the 

improvement of efficiency and accuracy of zebrafish lines 132.  
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4.1.2. Transplantation models 

Transplantation in zebrafish is based on the injection of fluorescently 

labeled cancer cells into zebrafish embryos. The main transplantation 

techniques include allotransplantation and xenotransplantation, and both can 

be orthotopic or heterotopic depending on whether the cells are injected in an 

equivalent anatomical site to tumor origin or into a different anatomical site, 

respectively.  

Allograft consists of tumor cells being transferred from one individual to 

another of the same species 133, while xenograft is based on the injection of 

labeled human, murine or patient-derived cancer cells into zebrafish, to track 

their survival, engraftment, growth, behavior, and interaction with the 

microenvironment 134. The common sites for heterotopic transplantation are 

(Figure 6): a) yolk sac, to track survival and proliferation 135; b) duct of Cuvier, 

to observe migration, invasion, and mesenchymal-epithelial transition 136; c) 

perivitelline space, to investigate mainly neovascularization 134; intraperitoneal 

cavity, when adult individuals are used.  

Figure 6. Sites for heterotopic transplantation of tumor cells (in red) in zebrafish. 
Adapted from Servier Medical Art and Lizzy Griffiths. 
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The majority of transplantations assays are performed at 2 days post-

fertilization (dpf), taking advantage of the transparency of the embryos and 

the lack of adaptive immunity, although some experiments have been carried 

out using adults. In order to avoid immune rejection in adults, transplantations 

require immunosuppression with sublethal γ-irradiation or dexamethasone 

137,138 or the use of immunocompromised lines, such as the Rag2, lacking 

mature T-cells and having a reduced number of B cells, or the compound 

mutant prkdc-/-, il2rga-/-, lacking T, B and natural killer cells 139,140.  

The first xenograft assay was performed by injecting melanoma cells in 

zebrafish blastula, which showed the ability of melanoma cells to survive, 

proliferate and specifically migrate to the skin, highlighting the validity of the 

zebrafish for cancer research 141. Since then, this technique has been improved 

and extended for studying several cancer features, not only survival, 

proliferation or migration, but also the ability to invade, form new blood 

vessels (angiogenesis), metastasize and their capability to respond or resist 

different treatments. Additionally, researchers have made efforts to mimic 

human tumor conditions and microenvironment as much as possible, as 

reviewed by Cabezas-Sáinz et al. 142. For instance, the use of transgenic 

zebrafish lines, such as the previously mentioned ones, labeling immune cells 

or vasculature, has led several researchers to better understand the interaction 

among tumor cells and macrophages or neutrophils, and their involvement in 

tumor growth, vascularization, invasion and metastasis 143–146. 
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5.2. Zebrafish as a platform for drug screening: its role in 

nanomedicine 

Zebrafish are used as a screening platform to adjust drug concentrations, 

to improve combinatorial treatments for a less toxic effect on the patient or 

overcome resistances, as well as a tool to study the mechanism of action of 

drugs in the organism and to alter the function of a biological pathway without 

previously knowing the components. Small molecule screening in zebrafish 

started in 2000 with a work by Peterson et al. who tested the effect of a variety 

of molecules in the development of vertebrate animals and to understand how 

these molecules can be used to determine the timing of critical developmental 

events 147.  

In the context of cancer, zebrafish xenotransplants have been useful as in 

vivo preclinical tools for drug testing. This approach has been validated by 

different works, showing its complementarity with other in vivo models such 

as the mouse 148. However, xenotransplantation of human cancer cells into the 

zebrafish is not without difficulties. For instance, the normal growth of human 

cells is at 37℃, and the temperature of development of the zebrafish is 28℃. 

To overcome this issue, the field has established 31-34℃ as a consensus 

temperature for xenograft assays. However, these temperatures could cast 

some doubts about the efficiency of xenograft models for drug screening and 

the subsequent translation to the patient. In this sense, Cabezas-Sáinz et al. 

demonstrated that zebrafish larvae can live until 36°C allowing them to test 

drugs in a cancer model with characteristics close to humans 149. In addition, 

Cornet et al. developed the ZeOnco Test, an optimized and standardized 

(regarding cell labeling, injection site, image acquisition, etc.) xenograft 

assay, aiming at reducing attrition rate 150,151.  



Introduction 

77 
 

Zebrafish is being a useful in vivo model to be a platform for screening 

different types of cancer treatments, such as peptide-based drugs, gene 

therapy, immunotherapy and nanomedicine (Figure 7).  

Figure 7. Zebrafish as a model for evaluation of different cancer treatments. Adapted 

from Servier Medical Art and Lizzy Griffiths. 

 

Zebrafish embryos are currently used for nanomedicine toxicity testing 

due to their advantages such as their high fertilization rate, as explained in 

Section 3. The most common method to perform toxicity assays is the 

incubation of nanomedicines into zebrafish medium, usually with 

dechorionated zebrafish. As well as the incubation, microinjection of test drug 

into zebrafish circulation ensures the concentration absorbed by the embryos 

111. Several aspects of zebrafish embryos can be analyzed to determine the 

toxicity of a specific nanomedicine. The correct hatching process, 

malformations appearance, the response of the immune system and mortality 

are some of the guidelines to evaluate the toxicity effect of nanoparticles 152,153. 
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As a result, toxicity tests based on zebrafish have become an indispensable 

step to assess the effect of several therapies based on nanosystems, 

encompassing from metal-based nanoparticles to lipidic nanosystems 154–156.  

In vivo behavior, distribution along the body and interaction with tumor 

cells are key qualities to develop new anticancer nanomedicines; therefore, 

analyzing these aspects is essential to achieve a translation to the clinic of 

nano-based therapies. Due to this, zebrafish embryos play an important role 

as a platform to evaluate these nanoparticles’ properties in vivo 157,158. In this 

sense, transgenic lines are very useful, particularly the ones with labeled 

vasculature and immune system cells. These lines can provide information 

about the behavior between nanoparticles and the blood vessels and the ability 

to extravasate, as well as their half-life in the organism and their uptake by 

macrophages 159–163. 

Zebrafish has turned into an anticancer nanomedicine platform to 

evaluate the efficacy of this treatment, since they allow the modeling of 

several types of cancer and different tumor stages. 

The microinjection of cancer cells allows assessing the capacity of 

nanoparticles to interact with xenotransplanted cells as well as their 

antitumoral efficacy 164–167. In addition, metastasis modelling in zebrafish 

embryos can be performed as a result of spreading across the circulation of 

xenotransplanted tumor cells. The microinjection or incubation of different 

types of antitumoral drugs allow the evaluation of their capacity to inhibit 

these metastatic processes 168,169. 
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5.3. Zebrafish as a tool in personalized medicine 

The zebrafish as a preclinical disease model has proven to be key to 

inform about human disease mechanisms and therapy. Aside from the 

generation of powerful cancer models for the identification of therapeutic 

targets, this disease model must achieve an instrumental role in the era of 

precision medicine in oncology, allowing the tailoring of the treatments to the 

individual characteristics of each patient. It is known that tumors present high 

interindividual heterogeneity and established cancer cell lines often differ 

significantly from patients’ tumor cells. Thus, to preserve the patients’ tumor 

biological and genetic profile and improve the accuracy of tumor drug-

response studies, zebrafish patient-derived xenografts (zPDXs) have arisen as 

a potential solution 145,170. zPDXs are established from tumor cells or masses 

isolated from patients during biopsy or excision which are subsequently 

hetero- or orthotopically implanted into zebrafish. The pioneers of this 

technique were Marques et al., who observed cell invasion and metastasis 

formation after injection of colon, pancreas, and stomach primary tumors 

samples into the yolk sac171. Since then, the survival, proliferation, 

angiogenesis or invasion ability of different patient-derived tumor cells have 

been studied in zebrafish models, from pancreatic, colon, gastric, head and 

neck or pituitary cancer, to abdominal liposarcoma or T-cell acute 

lymphoblastic leukemia 172–176. Furthermore, in order to improve patients’ 

treatments, zPDXs have served as a platform to develop drug 

response/resistance assays and thus move towards personalized medicine 

170,172,173,176–180. 
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Overall, static and non-static in vitro models and in vivo zebrafish 

embryos have the potential to be valuable study models to evaluate cancer 

nanomedicines. In the next chapters of this doctoral thesis, these models are 

going to be tested with different strategies based on nanotechnology for the 

cancer treatment. 
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HYPOTHESIS 

 

The principal hypothesis of this doctoral thesis is that “the clinical translation 

of lipid nanomedicines can be improved by implementing static and non-static 

3D in vitro platforms, as well as alternative in vivo models such as zebrafish 

embryos, for a more comprehensive in vitro and in vivo evaluation”. 

 

This main hypothesis can be divided in the subsequent partial hypothesis (H): 

H1. 3D spheroids can be a reliable study model to evaluate the behavior and 

therapeutic effect of nanomedicines for cancer treatment. 

H2. Non-static organ-on-a-chip microfluidic devices can be potential 

platforms for assessing the behavior of functionalized sphingomyelin 

nanosystems targeted to specific cancer cell subpopulations.  

H3. Zebrafish embryos can be useful for the in vivo evaluation of innovative 

cancer gene nanotherapies.   
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OBJECTIVES 

 

Based on the described hypothesis, the main objective of this thesis is the 

application of advanced in vitro and alternative in vivo models, based on 3D 

spheroids, organ-on-a-chip microfluidic devices and zebrafish embryos, for 

the preclinical evaluation of sphingomyelin nanoemulsions for cancer 

treatment.  

This main objective can be divided in these partial objectives (O): 

 

CHAPTER I 

O1. To efficiently encapsulate the hydrophobic drug disulfiram, into 

sphingomyelin nanoemulsions, and demonstrate the potential of the 

formulation for non-small cell lung cancer stem cells treatment. 

O2. To prove the value of static 3D in vitro models to evaluate the 

internalization and treatment efficacy of the developed nanoformulations.  

 

CHAPTER II 

O3. To surface-decorate sphingomyelin nanosystems with specific aptamers, 

for targeted cancer therapy to TAS1R3 positive lung cancer cells. 
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O4. To develop non-static microfluidic organ-on-a-chip models for in vitro 

assessment of the ability of the surface-decorated nanoformulations to reach 

and interact with the targeted cells.   

 

CHAPTER III 

O5. To prove the versatility of sphingomyelin nanosystems for cancer gene 

therapy. 

O6. To assess the stability, behavior, and interactions of the developed gene 

nanomedicines in vivo. 

O7. To prove the key role of zebrafish embryos as an alternative in vivo model 

to evaluate the potential of gene therapies based on nanomedicine. 
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Evaluation of sphingomyelin-based nanosystems 

loaded with DSF in 3D cell culture models of 

non-small cell lung cancer  
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Evaluation of sphingomyelin-based nanosystems 

loaded with DSF in 3D cell culture models of non-

small cell lung cancer 
 

ABSTRACT 

Cancer is an emergency worldwide and, specifically, lung cancer is one of the 

most relevant, in terms of mortality and prevalence. Non-small cell lung 

cancer (NSCLC) is the predominant among the lung cancer subtypes, reaching 

the 85%. Its treatment is still a challenge, and new specific therapies are 

needed. In this work, we propose the use of sphingomyelin nanosystems 

(SNs), loaded with disulfiram (DSF), as a potential new treatment for NSCLC. 

For assessment of the potential of the proposed therapy, DSF-loaded SNs 

(SNs-DSF) were assessed in 3D models that better represent the 

characteristics of the tumor. In addition, spheroids have a cancer stem cells 

(CSCs) like phenotype, and previous studies indicate that DSF is specifically 

active for treating CSCs.  

SNs-DSF were developed and fully characterized for their 

physicochemical properties. Results proved the capacity of SNs to penetrate 

into the spheroids, reaching their inner nucleus, a key factor for the correct 

treatment of the whole tumor mass, and to efficiently deliver the encapsulated 

drug. Indeed, a decrease in the 50% inhibitory concentration (IC50) of DSF 

was observed when delivered in SNs.   

In conclusion, the obtained results demonstrated the potential of DSF-

loaded SNs as a new treatment in NSCLC.  
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1. INTRODUCTION 

Cancer is an actual health emergency worldwide, reaching in 2020 more than 

19 million of new cases and being the cause of 10 million deaths. Leading the 

mortality with a 18.0% among cancer-related deaths, lung cancer is also 

positioned as the second cancer type in overall incidence, with a 11.4% of the 

new cases 1. Lung cancer is divided in two main types, non-small cell lung 

cancer (NSCLC) and small cell lung cancer (SCLC), representing the 85% 

and 15% cases, respectively 2. In the case of NSCLC, it is formed by three 

subtypes: adenocarcinoma, squamous cell carcinoma and large cell carcinoma 

3–5. 

NSCLC is commonly detected in advanced stages, which normally 

complicates the treatment and prognosis 5. In addition, actual therapies for 

NSCLC are based on radiotherapy, chemotherapy, immunotherapy, and 

surgery, depending on the typology and the stage of each case 6. Even though 

the upgrading of the treatments, such as the personalized medicine, it is still 

necessary the development of novel therapies able to decrease the mortality 

and to improve the patients’ life quality. An interesting alternative is drug 

repositioning, based on evaluating the potential of approved drugs for the 

application in other illnesses that are not the principal target 7,8. This 

alternative has the advantage of reducing the time needed to develop new 

treatments 9. In this sense, a good example of repurposed drug for cancer 

therapy is disulfiram (DSF). 

DSF, commercially known as Antabuse®, has been used for alcoholism 

treatment since 1951, when US Food and Drug Administration (FDA) 

approved it 10–12. However, its therapeutic effect as an anti-cancer treatment 
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was observed in 1977, when Dr. Lewison described the first case of cancer 

remission due to the use of DSF 11,13. Afterwards, its potential for cancer 

therapy was observed in numerous types of cancers, such as non-small cell 

lung cancer (NSCLC) 14–16, breast cancer 17–19 or pancreatic 20,21; among others 

22–26. Furthermore, and very importantly, the work developed by Amado 

Labrador et al. demonstrated, after a screening of two commercial chemical 

libraries (Myria and Prestwick) with more than 10.000 compounds, the 

cytotoxic potential of DSF for NSCLC cancer stem cells (CSCs) treatment 27. 

This is particularly relevant as CSCs are related to tumor progression, drug 

resistance, metastasis and recurrence, thus it is important to develop specific 

treatments for them 28–30. 

The mechanism of action is not well understood yet. However, several 

hypotheses have been described such as stress generation via ROS, inhibition 

of superoxide dismutase enzyme or activation of specific protein kinase 

pathways 31. DSF is known for inhibiting P-glycoprotein as well as 

suppressing the activation of NF-kB, therefore contributing to reverse some 

resistance to anti-cancer drugs 32. 

DSF is a promising alternative to improve NSCLC treatment, however, 

it presents the disadvantage of being unstable in circulation, and having a 

small half-life 31.  In this sense, nanomedicine plays a key role due to the fact 

that nanosystems can transport and protect drugs and biomolecules in the 

organism until they reach their target cell 33. In the case of DSF, several studies 

have been reported, including polymeric nanoparticles 34,35, micelles 28,36, 

nanocrystals 37 and lipid-based nanoparticles 38,39.  For instance, Banarjee et 

al. reported the encapsulation of DSF in two subtypes of lipid-based 

formulations: i) the basic formulation composed of glycerides (Precirol ATO5, 
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soy lecithin) and oily (Labrafac Lipophile WL1349) excipients, along with 

Tween80, and ii) the basic formulation modified with Vitamin E-TPGS. 

Results showed lower 50% inhibitory concentration (IC50) values, enhance 

cellular uptake in MCF7 and 4T1 cell lines as well as improved in vivo anti-

tumor 4T1 murine xenograft model mice for both formulations as compared 

to free DSF solution; with improved in vitro and in vivo activity for the 

Vitamin E-TPGS modified formulation 39. 

In our laboratory, we have previously developed innovative lipid 

nanosystems for cancer treatment, composed by sphingomyelin (SM) and 

vitamin E (VE), which make them biocompatible and biodegradable 40. These 

versatile sphingomyelin nanosystems (SNs) allow the association of different 

biomolecules, such as miRNA, plasmids, and lncRNA41–44, and radioisotopes 

and contrast agents for imaging applications 42,45–47. Furthermore, hydrophobic 

drug encapsulation is allowed by the SNs oily core, which improves the 

treatment efficiency compared to the free drug 48,49. In this respect, previous 

studies have demonstrated not only the efficient encapsulation of different 

anti-cancer drugs, but also an effective treatment 49–51. Due to these 

precedents, SNs are an innovative alternative to carry DSF and improve its 

stability and half-life. 

In order to evaluate these novel nanomedicines, it is necessary the use of 

proper in vitro models to efficiently replicate the tumor structure and 

environment. The traditional 2D cell cultures are widely used in cancer 

research, however, tumor environment and cellular interactions are not well 

represented in this model 52,53. A suitable in vitro alternative is the spheroid, 

which mimics better not only the 3D structure of the tumor, but also the 

interactions, as well as, the drug sensitivity 52,54. Taking into account this 
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information and aiming to evaluate the behavior and tumor interactions of our 

nanosystems, we chose spheroids as the in vitro model of this work. 

A key point in the cancer evolution is the presence of CSCs. CSCs are a 

specific cell type which belong to the bulk tumor and present stem 

characteristics, such as the capacity of differentiation, self-renewal and 

plasticity 55–57. CSCs were found in several cancer types, such as brain and 

pancreas, and have the ability to enter in a quiescent mode which is related 

with tumor resistance 58. This fact makes CSCs an interesting target for 

NSCLC treatment 59. CSCs population is enriched in 3D in vitro models, such 

as spheroids, which make of them a potential platform to evaluate anti-cancer 

treatments targeted to CSCs, such as DSF 60. In this sense, spheroids are the 

ideal model to evaluate the DSF effect, due to its targeted effect in CSCs. In 

the previous work of Amado Labrador et al. about DSF as a potential NSCLC 

CSCs treatment, the main study model used was the spheroid, because of its 

potential to be a CSCs enriched model 27,58. 

Taking all this into account, we propose here the development of SNs to 

carry the hydrophobic drug DSF and deliver it 3D NSCLC spheroids, as a 

strategy to evaluate a potential new therapy for NSCLC CSCs treatment. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

N-palmitoyl sphingomyelin-N-(Cyanine 5) (SM-Cy5) and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene 

glycol)-2000] (sodium salt) DSPE-PEG(2000) Carboxylic Acid (PEG) were 
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provided by Avanti Polar Lipids (Birmingham, Alabama, USA). Non-essential 

amino acids (NEAA), Human fibroblast growth factor basic (bFGF), Human 

Epidermal growth factor (EGF), Penicillin-Streptomycin (P/S), dimethyl 

sulfoxide (DMSO, 99.7%), Roswell Park Memorial Institute (RPMI) 1640 

Medium, Fetal Bovine Serum (FBS) and Dulbecco’s Phosphate Buffered 

Saline (PBS), were purchased by Thermo Fisher Scientific (Whalham, 

Massachusetts, USA). Bovine Serum Albumin (BSA) was kindly provided by 

Biowest (Nuaillé, France). Ethanol (EtOH) analytical weight was purchased 

from VWR (Llinars del Vallés, Spain). Paraformaldehyde was obtained from 

IESMAT (Madrid, Spain). Disulfiram was provided by Labnet Biotécnica 

(Madrid, Spain). ITS + Premix Universal Culture Supplement was kindly 

provided by Cultek S. L. (Madrid, Spain). Sphingomyelin (SM) (Lipoid E 

SM) was obtained from Lipoid GmbH (Ludwigshafen, Germany). Vitamin E 

(VE) (DL-α-Tocopherol) were purchased from Merck Group (Darmstadt, 

Germany). Calcein AM and Propidium Iodide were acquired from Abcam 

(Cambridge, United Kingdom). 

 

2.2 Cell culture 

NCI-H1650 (CRL-5883™) non-small cell lung cancer cell line was 

purchased from the American Type Culture Collection (ATCC). Cells were 

cultured in RPMI 1640 medium supplemented with 10% FBS and 1% 

penicillin/streptomycin; and they were maintained at 37ºC with CO2 5% and 

95% relative humidity. 
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2.3 3D cell culture establishment  

H1650 adherent cells were detached with Trypsin 1X for 7-8 minutes at 

37 °C, previously washed with PBS. The cellular suspension was centrifuged 

at 1200 rpm for 5 minutes, the supernatant was discarded, and spheroids 

medium was added to the pellet, with the aim of eliminate FBS from the 

suspension. The sphere medium is composed by: RPMI 1640 medium, P/S 

(2%), NEAA (1/1000), BSA (0,4%), bFGF (20ng/µl), EGF (50ng/µl) and ITS 

(1/1000). 

Ultra-low attachment (ULA) plates were used to seed cells in low density 

to form the spheroids.  

3D static culture models of this thesis were performed in collaboration 

with the Molecular Oncology Laboratory of Fundación de Investigación del 

Hospital General Universitario de Valencia and the TRIAL Mixed Unit, 

Centro de Investigación Príncipe Felipe-Fundación para la Investigación del 

Hospital General Universitario de Valencia (Valencia, Spain). 

 

2.4 Formulation and characterization of sphingomyelin 

nanosystems 

SNs were prepared following the one-step ethanol injection method. 

Briefly, VE (5 mg), SM (0.5 mg), PEG (0.05 mg) and, in the case of the loaded 

SNs (SNs-DSF) also DSF (0.5 mg) (20 mg/mL EtOH stock), were dissolved 

in a total volume of one hundred microliters EtOH in the adequate ratio 

(%w/w) 1:0.1:0.01. This organic phase was injected to nine hundred 

microliters of ultrapure water, obtaining a 10% drug loading, with respect to 
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the amount of VE. Physicochemical characterization of size and homogeneity, 

Polydispersity Index (PDI), were performed using dynamic light scattering 

(DLS) measuring the samples previously diluted 1:10 in MilliQ water, using 

disposable microcuvettes (ZEN0040, Malvern Instruments).  The surface 

charge, zeta potential (ZP) was measured by Laser Doppler anemometry 

(LDA), using a 1:40 diluted sample in MilliQ water and folded capillary cells 

cuvettes (DTS 1070, Malvern Instruments). This characterization was 

performed using a Zetasizer NanoZS® (Malvern Instrument Worcestershire, 

UK). 

The stability of these formulations in cell culture media (RPMI; 10% 

FBS, 1% PenStrep RPMI; RPMI Spheroids; 30% Plasma in sodium chloride 

(NaCl)) was also evaluated by measuring particle size and polydispersity 

index (PdI) after 1, 4 and 24 h, in a 1:10 dilution. 

 

2.5 Drug loading quantification of Sphingomyelin nanosystems 

Disulfiram quantification was performed using High Performance Liquid 

Chromatography (HPLC) using a Reverse Phase C18 5 µm 100Å Luna 

Column and acetonitrile (ACN) and 0,01% Trifluoroacetic (TFA) MiliQ H2O 

gradient as mobile phase. The method is based on a 10-minute run at 1 mL/min 

with a solvent gradient detailed in the table below (Table 1):  
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Table 1. HPLC method followed for disulfiram quantification. 

SNs quantification was performed at two time points, 0 and 24h. For both 

time points, SNs were broken with methanol (MeOH) (1/20 dilution) to 

quantify the total amount of DSF present. For 24h samples, SNs were stored 

at 4ºC after formulation and the sample was retrieved from the upper part of 

the vial, so as to avoid taking any solid particles that might have precipitated. 

Upon HPLC injection, a calibration curve in 50:50 MilliQ:ACN was prepared, 

using 0,05 µg/mL and 0,5 µg/mL as Limit of Detection (LOD) and Limit of 

Quantification (LOQ) and additional points at 1, 10, 100 and 120 µg/mL. All 

points were prepared from the same DSF DMSO Stock at 1 mg/mL. 

Additionally, a different 100 ug/mL sample was prepared from a different 1 

mg/mL DMSO Stock, so as to confirm the precise weighing. To calculate the 

encapsulation efficiency, the following equation was used: (Weight 

Encapsulated DSF / Weight Added DSF) * 100.  

 

2.6 3D cellular uptake assay 

Uptake assays were performed with the aim of evaluating the 

nanoemulsions internalization by the H1650 cells. Cells were seeded in ultra-

low attachment 6-well plates with a final volume of 2 mL of medium and a 
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concentration of 10.000 cells/mL. After four days of incubation, Cy5-labelled 

nanosystems, with and without DSF (6,95 µg/mL) were added and incubated 

for different times, between 30 minutes and 6 hours. Making use of 

Cytospin™ 4 (Thermo Fisher Scientific, Massachusetts, USA), spheroids 

were attached to a slide before being fixed with 4% paraformaldehyde (PFA). 

Cell nuclei were stained with Hoechst 33342. Results were evaluated by 

confocal microscopy (Confocal microscope SP8, Leica, Wetzlar, Germany).  

 

2.7 Efficacy of DSF-loaded SNs in CSCs 

Cells were both 2D and 3D cultured in a final volume of 200 µL, in 

treated 96-well plates (5000 cell/well), in the first case, and in ultra-low 

attachment (7000 cell/well), in the second case. After 24 hours, different 

concentrations of DSF-loading SNs and free disulfiram were added, and their 

toxicity was evaluated 48 hours later.  

An MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulfophenyl)-2H-tetrazolium, inner salt) assay was carried out in both cell 

cultures to determine the differences in the cytotoxicity effect of DSF 

encapsulated and non-encapsulated in SNs. The results were analyzed with the 

Victor 3 plate reader (Perkin Elmer, Massachusetts, USA). The IC50 was 

calculated to determine the work concentration. 
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2.8 Viability and mortality assay 

Calcein acetoxymethyl (Calcein AM) is widely used to label live cells, in 

the same way that propidium iodide (PI) is used to detect apoptotic cells 61,62. 

For this reason, were the selected strategy to evaluate the cytotoxicity effect 

of the DSF, SNs and SNs-DSF.  

H1650 cells were seeded in a 96-well plate with transparent flat bottom 

in a concentration of 7000 cell/well in a total volume of 200 µL. Spheroids 

were treated with 0.3 µM of DSF, encapsulated and non-encapsulated for 48 

hours. After that, Calcein AM (2 µM) and PI (4 µM) were added to the spheres 

medium and were incubated for 30 minutes. Results were evaluated by 

confocal microscopy (Confocal microscope SP8, Leica, Wetzlar, Germany) 

. 

3. RESULTS AND DISCUSSION 

3.1 Characterization of Sphingomyelin nanoemulsions 

Despite the findings on anticancer activity, DSF is highly unstable in the 

acidic environment and systemic circulation 31,63. Therefore, when the free 

drug, without a delivery vehicle, is administered the anticancer activity seems 

to be lost. For this reason, it is undeniable the need of designing new strategies 

to retain DSF’s activity by protecting its integrity upon administration, as well 

as enhancing its tumor tissue uptake 64. In this sense and as an example, Miao 

et al. proved in vivo the increasing in the half-life of DSF when it was 

encapsulated in micelles, confirming the potential of nanocarriers in the DSF-

based treatment 65. As earlier said, previous work in our lab has shown the 

potential of SNs to encapsulate small molecules 40,48–50.  
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Taking this into account, in this study, we propose the formulation of 

biodegradable and biocompatible SNs composed of VE, SM and PEG, loaded 

with the drug of interest, DSF at 10% of loading. These formulations were 

prepared following the ethanol injection method, consisting of a one-step and 

simple procedure based on the formation of nanoparticles upon injection of 

ethanolic phase to ultrapure water.  

Results showed an average size below 150nm, which is similar to other 

DSF-encapsulated lipidic nanosystems, such as the lipidic emulsions 

developed by Chen et al., among others 66,67; and a great polydispersity index, 

around 0.2, at both 0 and 24 h measurement (Figure 1A). There were no 

relevant differences with respect to blank SNs. With respect to the zeta 

potential (ZP), SNs-DSF have a negative superficial charge around -20 mV, 

due to the presence of carboxylic acid groups of PEG (Figure 1B). When 

performing the HPLC analysis, the calibration curve was found to be y = 

73,58x - 0,862; with an R2 value of 0.999. By applying the formula described 

in the methodology section, we obtained an average for three different 

formulations (n=3) of 100% encapsulation efficiency at both 0 and 24 h 

storage. Our results are in line with those reported by Farooq et al. with DSF-

encapsulated into globular protein stabilized nanoparticles 68, and 

encapsulation efficiencies were superior to the values reported for lactoferrin 

nanoparticles and PEG-PLGA/PCL nanoparticles 34,69–71.  
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Figure 1. Physicochemical characterization of nanoemulsions with and without 

disulfiram. A. Size (nm) and Polydispersity index (PdI) at 0 and 24 hours; B. Zeta 

potential at 0 hours.  All the results were measured by Zetasizer NanoZS®. Values are 

expressed as mean ± standard deviation, n = 3. 

The stability of nanocarriers in culture media and plasma, was also 

explored, as it is key to explore the interaction and internalization of 

nanosystems into cells and for future in vivo assessment 72. Stability studies 

were performed in supplemented RPMI (10% FBS, 1% P/S), and spheroids 

medium (2% P/S, 1/1000 NEAA, 0,4% BSA, 20 ng/µl bFGF, 50ng/µl EGF 

and 1/1000 ITS) as well as, in plasma (30% in NaCl (v/v)). As shown in figure 

2A, SNs and DSF-loaded SNs were stable in cell culture medium for 4h; this 

is well-aligned with previous results of the group 48,49. In the case of DSF-

loaded SNs in sphere medium, an increase in size was observed after 24h 

incubation in spheroids medium (Figure 2B). These differences could be 

attributed to the creation of the protein corona due to the differential 

components of this medium 73. Relevantly, next experiments (Section 3.2, 

Figure 3) were aimed to study the interaction of SNs-DSF with 3D spheroids, 

and we observed that, in less than 1 hour, nanoparticles had already penetrated 

the spheroids. Therefore, the compromise stability in cell spheroid cell culture 

medium at 24h is not affecting their interaction with the targeted cells. Of 
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relevance, both SNs and SNs-DSF had great stability in plasma (Figure 2C), 

a fact that demonstrated the potential of the formulations to carry the specific 

treatment to the cells via intravenous injection. The presence of the polymer 

PEG could be one of the factors responsible of this improving in the stability 

of nanosystems, because it is known for increasing not only the SNs half-life, 

but also their stability 48,49,74–76. This improvement in the stability was 

previously reported in the work of Bouzo et al., where SNs were loaded with 

uroguanylin and etoposide for metastatic colorectal cancer treatment. In this 

context, the SNs stability in relevant media was significantly enhanced after 

PEGylation 49. 
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Figure 2. Nanosystems’, both plain SNs and SNs-DSF, stability in different cell 

culture media: A. supplemented RPMI; B. spheroids medium; C. 30% plasma in 

NaCl. Values are expressed as mean ± standard deviation, n = 3. 



MARÍA CASCALLAR CASTRO 

124 
 

3.2 Internalization studies 

As explained before, spheroids were selected in this work to achieve an 

in vitro model which better mimics the structure, microenvironment and cell 

interactions of the tumor, and also as a representative model of CSCs 58,77. This 

3D model will allow to deeply understand the behavior and interactions of 

SNs and the efficacy of SNs-DSF proposed treatment in a model of NSCLC 

CSC 78–80. SNs and SNs-DSF were labelled with Cy5 (Cy5-SM, at a 

concentration of 1.8 µg/mL). The labeling of SNs and SNs-DSF did not 

produce relevant changes in their physicochemical properties. 

H1650 spheroids were incubated with the Cy5-labelled nanosystems, and 

samples were analyzed under the confocal microscope at different time-points. 

Contrary to other cell lines, H1650 cells produce highly compact spheroids, 

providing a study model whose interior is difficult to be reached 81. They also 

were proved as a 3D in vitro model of enriched CSCs population 82. Even the 

spheroids were compact, plain nanosystems, SNs, demonstrated their capacity 

to penetrate and even reach the inner core (Figure 3A). Furthermore, the 

results show a fast internalization which can be slightly observed in the first 

30 minutes, becoming clearly visible at 1 hour. SNs-DSF uptake showed a 

similar behavior demonstrating that the encapsulation of the drug does not 

alter their properties and that the drug could be efficiently delivered to the 

inner parts of the spheroid at short times of incubation (Figure 3A, 3B). 
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Figure 3. Confocal images (63x) of nanosystems internalization. SNs are labelled 

with Cy5 (in red), and nuclei are stained with Hoechst 33342 (in blue). A. SNs and 

SNs-DSF internalization in H1650 spheroids at different time points. Images are 

middle sections of a Z stack. Scale bar: 50 µm. B. SNs-DSF internalization in H1650 

spheroids after 2 hours of incubation. Images of sections taken with a step of 2.5 µm. 

Scale bar: 50 µm.  
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Results are in accordance with the work of Bidan et al., where SNs 

encapsulate gemcitabine for pancreatic cancer treatment 48. They described the 

successfully penetration of Top-Fluor labeled SNs into multicellular spheroids 

composed by cancer-associated-fibroblasts (CAFs) and pancreatic cancer 

cells (PANC-1 cell line), which are more complex spheroids due to the 

addition of immune cells of the tumor microenvironment. In this study, the 

authors employed a lower dose of plain SNs labeled with a different 

fluorophore, TopFluor, and observed a complete internalization after 24 hours 

48. Similar studies, performed by Swetha et al., evaluated the internalization 

efficacy of DSF and Docetaxel-encapsulated pH-responsive nanoparticles, 

based on PLGA. The results also demonstrated, after 24 hours of treatment, 

an efficient penetration of these nanoparticles into the inner of spheroids 83. 

 

3.3 Cellular viability studies  

With the aim of evaluating the activity of SNs-DSF in vitro, a cellular 

viability assay was carried out in H1650 adherent and spheroid cells after a 

48-treatment (MTS assay). DSF dissolved in DMSO was used as a positive 

control, based on previous results 27. 

As observed (Figure 4), adherent cell cultures were not affected by DSF 

treatment. This is an expected outcome, since CSCs are the main target of 

DSF, and their population is enriched in 3D cultures, not in 2D, as 

demonstrated by Herreros-Pomares et al. 58. On the contrary, in the case of 3D 

cultures, the percentage of viable cells significantly decreased after incubation 

with SNs-DSF and the control unencapsulated drug. These results demonstrate 

the potential of DSF to become an efficient treatment for NSCLC. The IC50s 
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were calculated, and the results showed a slight decrease in the SNs-DSF IC50 

value (0.16), in comparison with the free DSF (0.35). This fact indicates that 

the encapsulation of DSF into the SNs is not affecting the drug activity, and 

could also improve the penetration into spheroids, and drug stability. 

Figure 4. MTS viability assay of Free DSF and SNs-DSF in H1650 cell line. A: 

viability of H1650, in adherent conditions, after 48 hours of incubation. B: viability 

of H1650, in spheroid conditions, after 48 hours of incubation.  

A second experiment was performed using Calcein AM and PI to observe, 

respectively, the live and dead populations in the spheroid cells after 48-hour 

incubation with the free DSF at a concentration of 0.30 µM (~IC50, positive 

control), and SNs-DSF. This evaluation based on Calcein AM and PI was 

previously performed to study DSF-encapsulated nanocarriers in spheroid 

study models 84,85. 

The first step was the incubation with Calcein AM and PI, for 30 minutes, 

with the aim of detecting live and apoptotic cells in spheroids. The obtained 

results were evaluated by confocal microscopy (AX R Confocal, NIKON, 

Tokyo, Japan). Images show a similar pattern of apoptotic cells after both 

treatments (free DSF and encapsulated SNs-DSF), disposed in the inner core 

of the spheroid (Figure 5). This result means that SNs are able, not only to 
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completely penetrate in the interior of the sphere, but also to efficiently release 

their cargo in the targeted cells, producing an apoptotic effect in them 86–88, 

without interfering with the effect of the encapsulating drug, and with the 

potential to be used in further in vivo experiments, to overcome 

biopharmaceutical problems such as low solubility in aqueous media and low 

stability 11,66. An example of this is the work of Li et al. who evaluated the 

effect of DSF (free and encapsulated in nanosuspensions) in vivo, and not 

finding therapeutic effect in the case of free DSF due to its rapid degradation 

89. 

Figure 5. Viability assay of H1650 spheroids after disulfiram treatment (0.30 µM), 

encapsulated and non-encapsulated in SNs, for 48 hours. After treatment, spheroids 

were incubated with Calcein AM 2 µM and PI 4 µM for 30 minutes. In the images, 

Calcein AM is in green, and PI in red. 
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Considering the SNs efficient encapsulation of DSF, their efficient 

penetration into 3D complex in vitro models, and the effective treatment in 

CSCs-enriched models, the SNs functionalization can be an alternative to 

increase the treatment efficacy. Further experiments with functionalized SNs-

DSF are going to be performed to improve nano-based NSCLC CSCs therapy. 

 

4. CONCLUSIONS 

In conclusion, we have successfully demonstrated the efficient 

encapsulation of the hydrophobic drug DSF into the SNs. The experimental 

outcomes reflect the capacity of SNs-DSF to transport the DSF to the target 

cells and penetrate efficiently into the inner core of 3D static in vitro models. 

Furthermore, SNs maintain the therapeutic potential of DSF, which 

corroborates their value as a nanocarrier for lipophilic drugs. 

Relevantly, spheroids were selected as the study in vitro platform of this 

work, proving their potential to be a gold standard to evaluate the efficacy of 

anti-CSCs nanomedicines. 
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Evaluation of TAS1R3-targeted sphingomyelin-

nanosystems in cell culture models and advanced 

organ-on-a-chip microfluidic devices 
 

ABSTRACT 

The metastatic process is a key point for the tumoral progression. Non-small 

cell lung cancer (NSCLC) is a clear example of the drastic reduction of 

survival rates due to metastasis. In this sense, new specific therapies that target 

these metastatic cells are needed to improve the patients’ quality of life. 

Nanotechnology-based therapies can be an alternative strategy for 

targeting NSCLC metastasis. We have previously described SNs as a 

promising alternative for drug delivery to NSCLC cancer stem cells (CSCs) 

(Chapter I). In this chapter, we aimed to add a targeting ligand to the surface 

of SNs to develop targeted nanosystems able to interact more efficiently with 

CSCs, and specifically with the TAS1R3 receptor, recently described by our 

group. Aptamers able to bind TAS1R3 were selected for this specific purpose, 

and SNs successfully decorated.  

The ability of aptamer-functionalized SNs (SNs-5F) to specifically 

interact with TAS1R3 was assessed in transfected A549 NSCLC TAS1R3+ 

cells (A549-TAS1R3+), overexpressing the targeted receptor, first in 2D cell 

cultures, and second in advanced organ-on-a-chip (OOC) microfluidic devices 

that mimic the tumor structure and vasculature. The evaluation of the specific 

targeting was efficiently proved in A549-TAS1R3+ cells by flow cytometry. 

Preliminary experiments in the developed OOC also suggest a specific 

targeting of the SNs-5F. 
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In conclusion, these results prove the capacity of the SNs to be 

functionalized with specific ligands for targeted therapy to improve their 

specificity for selected cell subpopulations (TAS1R3 positive cells). In 

addition, OOC microfluidic devices demonstrate their value to advance in the 

development of novel targeted nanomedicines. 
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1. INTRODUCTION 

The metastatic cascade, derived from the primary tumor, is the responsible of 

the majority of cancer deaths 1,2. In this sense, lung cancer stands out for being 

the cancer type with highest mortality rate, and, specifically, non-small cell 

lung cancer (NSCLC) represents 85% of the lung cancers 3,4. Remarkably, 

40% of NSCLC patients present distant metastasis at the time of diagnosis, 

and in these advanced stages, the 5-year survival can decrease less than 1% in 

5–7. NSCLC is a clear example of the urgent necessity of specific treatments 

against metastatic cells to reduce this specific population, achieving an 

improvement of the overall survival. For this purpose, targeted therapy is a 

valuable alternative to produce an accurate effect of the treatment without 

harmful side effects 2.  

In this sense, nanomedicine can play a key role in the development of 

targeted therapies, due to its capacity to be functionalized and to carry 

therapeutic molecules. There are different strategies to functionalize 

nanosystems for an active targeting, such as surface-decoration with 

antibodies, peptides, vitamins, and aptamers, among others 8.  

Particularly, aptamers are ribonucleic acid (RNA) or single-stranded 

deoxyribonucleic acid (DNA) oligonucleotides which have specific three-

dimensional (3D) conformations, which allow them to recognize and bind to 

specific target molecules 9–11. Since 2004, when Farokhzad et al. developed 

the first nanoparticle conjugated with aptamers for targeting prostate cancer 

cells, the aptamers became a promising methodology for the development of 

functionalized nanomedicines 8,12. 
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In relation to that, our group has previously developed lipidic 

nanosystems based on Vitamin E (VE) and sphingomyelin (SM) 13. This SM-

based nanosystems (SNs) have the versatility to carry hydrophobic drugs and 

biomolecules and, as well as be functionalized with different ligands to 

developed targeted therapies that can interact with specific receptors 14–21. In 

this work, we aim to achieve an efficient conjugation with aptamers selected 

against the Taste Receptor type 1 member 3 (TAS1R3) as a strategy to target 

specific cell subpopulations of NSCLC. 

As previously explained, the development of novel therapies for 

metastatic NSCLC is critical. Previous studies in our group identified the 

TAS1R3 receptor in non-small cell lung cancer cells and correlated its 

expression with the metastatic process 22. Thus, we aimed to select aptamers 

against this receptor, to develop surface-decorated SNs. Secondly, studies 

were directed to assess their efficacy in vitro. For this, we used a transformed 

cell line overexpressing TAS1R3, and also work on the development of 

advanced organ-on-a-chip (OOC) microfluidic models that allow the 

recreation of the 3D structure and microenvironment of the tumor in vitro 23. 

This 3D model has the same advantages as spheroids and organoids, such as 

the three-dimensional structure of the tumoral mass, mimicking the tumor 

microenvironment, as well as the different interactions produced between cells 

and other components of the microenvironment 24,25. However, the main 

advantage of the OOC models compared to the other 3D models is the fact 

that they are dynamic platforms, which improves the simulation of the real 

scenario of cancer 26,27. 
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2. MATERIALS AND METHODS 

2.1. Materials 

SYLGARD™ 184 Silicone Elastomer Kit was provided by Dow Corning 

(Midland, Michigan, United States). Paraformaldehyde (PFA) was obtained 

from IESMAT (Madrid, Spain). Heparin sodium salt and Ethanol of analytical 

grade were purchased from VWR (Barcelona, Spain). Agar sLB and sLB 

Broth (Buffered) were provided from Condalab (Madrid, Spain). 

Sphingomyelin (Lipoid E SM) was obtained from Lipoid GmbH 

(Ludwigshafen, Germany). Penicillin-Streptomycin (P/S), fetal bovine serum 

(FBS), Accutase™ Cell Detachment Solution, Pierce™ Sulfo-SANPAH 

(sulfosuccinimidyl-6-[4´-azido-2´-nitrophenylamino]hexanoate), Trypsin, 

alamarBlue™ Cell Viability Reagent, Human fibroblast growth factor basic 

(bFGF), Human Epidermal growth factor (EGF), Wheat Germ Agglutinin 

(WGA) Alexa Fluor™ 488, Non-essential amino acids (NEAA), Roswell Park 

Memorial Institute (RPMI) 1640 Medium and Hoechst 33342 were acquired 

from Thermo Fisher Scientific (Whalham, Massachusetts, USA). C11 

TopFluor Sphingomyelin (N-[11-(dipyrrometheneboron 

difluoride)undecanoyl]-D-erythro-sphingosylphosphorylcholine and 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-[carboxy(polyethylene 

glycol)-2000] (sodium salt) DSPE-PEG(2000) Carboxylic Acid were 

provided by Avanti Polar Lipids (Alabama, USA). Bovine Serum Albumin 

(BSA) was provided by Biowest (Nuaillé, France). Dubbelco's Modified 

Eagle's Medium High Glucose (DMEM), Medium 199 (M199), ECM Gel 

from Engelbreth-Holm-Swarm murine sarcoma, Dulbecco′s Phosphate 

Buffered Saline (DPBS), Endothelial Cell Growth Supplement (ECGS), 

Puromycin dihydrochloride, Phalloidin–Tetramethylrhodamine B 
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isothiocyanate (TRICT), Ampicillin sodium salt and Vitamin E (DL-α-

Tocopherol) were purchased from Merck Group (Darmstadt, Germany). ITS 

+ Premix Universal Culture Supplement was kindly provided by Cultek S. L. 

(Madrid, Spain). 

 

2.2. Cell culture 

A549 (CRM-CCL-185™) non-small cell lung cancer cell line and 

HEK293 (CRL-1573™) embryonic kidney cells were purchased from the 

American Type Culture Collection (ATCC). Cells were cultured in RPMI 1640 

medium supplemented with 10% FBS and 1% penicillin/streptomycin.  

The human pulmonary microvascular endothelial cells (HPMEC) were 

kindly obtained from Instituto de Investigação e Inovação em Saúde da 

Universidade do Porto (i3S) (Porto, Portugal). These cells were cultured in 

Medium 199, supplemented with, 20% FBS, 1% penicillin/streptomycin, 

25µg/ml heparin sodium salt and 25µg/ml ECGS. 

All cell lines were maintained at 37 °C with 5% CO2 and at humid 

atmosphere (95%). 

 

2.3. Bacterial culture for plasmid purification 

Escherichia coli (E. coli), strain Stbl3, were prepared to be competent 

following the protocol of Inoue et al. and DNA Repair and Genome Integrity 

Lab of the Center for Research in Molecular Medicine and Chronic Diseases 

(CiMUS) (Santiago de Compostela, Spain) led by Miguel González Blanco 28.  
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The next step was the bacterial transformation with our specific plasmid. 

Defrosted competent E. coli Stbl3 cells (50 µL) were mixed with 200 ng of 

the plasmid and incubated for 20 minutes in ice. After that, a thermal shock 

was performed at 42ºC for 45 seconds, followed by an incubation in ice for 5 

minutes. LB broth buffered was added (800 µL) and the mix was incubated at 

37 °C for 30 minutes at 500 rpm. Next, the suspension was centrifuged for 1 

minute at 10000 xg. Discard 750 µL of the supernatant and resuspend the 

remained pellet. The bacterial lawn method was followed to culture the E. coli 

in a LB agar plate with Ampicillin (100 µg/ml), overnight at 37 °C. After that, 

an isolated colony was collected and diluted in LB broth buffered with 

ampicillin (100 µg/ml) overnight at 37 °C, for the next step. 

For plasmid purification, the Plasmid DNA Maxiprep Kit (Norgen 

Biotek, Thorold, Canada) was used and the kit protocol was followed. The 

resultant plasmid concentration was measured with the NanoDrop™ One 

(Thermo Scientific, Massachusetts, United States). 

 

2.4. Cell line transfection 

With the aim of increasing the presence of our target receptor, A549 

NSCLC line was transfected to overexpress TAS1R3 (Figure 1). The TAS1R3-

FLAG plasmid was developed by the DNA Repair and Genome Integrity Lab 

of CiMUS led by Miguel González Blanco (Santiago de Compostela, Spain); 

and it was transfected into the cells using lentiviral particles. 

HEK 293T cells were seeded in a 100 plate with a concentration of 4x106 

cells/plate. Twenty-four hours after, cells were transfected with the specific 

plasmid (pTAS1R3) and the plasmid that codifies for the lentivirus (pLp1, 



MARÍA CASCALLAR CASTRO 

148 
 

pLp2 and pLVSVG) with Polyethylenimine (PEI). The mix of plasmid (6.5 

µg) and the PEI mix (65 µg) were diluted in a final volume of 250 µL of RPMI 

1460 medium each. Both reagents were mixed, in a ratio 1:10, and were 

incubated for 10 minutes. After that, the plasmid:PEI mix was added to the 

HEK 293T cell, drop by drop. Subsequently, the medium was replaced for 

fresh medium after 8 hours of incubation. The next day the transfection 

efficiency was evaluated by fluorescent detection of the enhanced green 

fluorescent protein (eGFP), and the A549 WT cells were seeded in a 100 plate. 

The HEK 293T cell media was collected and filtered with a 0.45 µm filter, 

mixed with polybrene (8µg/ml) and added to the A549 cell culture. The HEK 

293T were added more media, and two more rounds of transfection were 

applied to the A549 cells. If after the third round the A549 cells expressed the 

eGFP, a puromycin kill curve was performed to select the work concentration, 

in this case, 1.2 µg/ml. The Zeiss™ Axio Vert.A1 FL-LED Inverted 

Microscope (Oberkochen, Germany) was the microscope selected to evaluate 

the correct expression of the eGFP fluorescent protein in the transfected cells. 
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 Figure 1. Scheme of the TAS1R3-FLAG plasmid. 

 

2.5. RT-PCR 

To evaluate the TAS1R3 gene expression by Real Time Polymerase 

Chain Reaction (RT-PCR), 3 to 5 million A549 cells were detached from a 

culture plate using Trypsin and pelleted. 

The RNA extraction of the collected pellet was performed following the 

protocol of the GeneJET RNA Purification Kit (Thermo scientific). The 

resultant RNA was measured with the NanoDrop™ One (Thermo Scientific, 

Massachusetts, United States). A DNase I (Thermo Scientific, Massachusetts, 
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United States) treatment was applied for avoiding the presence of residual 

DNA. The commercial protocol was followed. 

In the next step, RNA was turned into complementary DNA (cDNA) by 

making use of the High Capacity cDNA Reverse Transcription Kit (Thermo 

Scientific, Massachusetts, United States). The kit protocol was followed. 

For the RT-PCR, the samples were mixed with the Master Mix (Thermo 

Scientific, Massachusetts, United States) and the probes for: TAS1R3; and for 

GAPDH, used as housekeeping (Thermo Scientific, Massachusetts, United 

States). The RT-PCR was performed in the StepOnePlus™ Real-Time PCR 

System Mix (Thermo Scientific, Massachusetts, United States), and was 

analyzed by the 2–∆∆Ct Method. 

 

2.6. Aptamers 

The selection of the aptamer was developed by Aptus Biotech (Madrid, 

Spain). The aptamer selection strategy was Cell-Systematic Evolution of 

Ligands by EXponential Enrichment (SELEX). The Cell-SELEX technique is 

based on the pull of random DNA library which is incubated with the targeted 

cells. The aptamer-target complexes are isolated of the non-binding 

oligonucleotides of the library, and the selected aptamers are amplified and 

evaluated by different techniques. This procedure is repeated 8 to 16 times for 

selecting the aptamer (Figure 2) 8,29. 



Chapter II 

151 
 

Figure 2. Scheme of the SELEX process. Adapted from Blind & Blank 2015 29. 

After the cell-SELEX process, the selected specific aptamer for the 

TAS1R3 receptor was: a preliminary one, the 49F, which sequence is: 

GCGGATGAAGACTGGTGTGCCAATAAACCATATCGCCGCGTTAGCA

TGTACTCGGTTGGCCCTAAATACGAGCAAC ; and the final one,  the 5F, 

which sequence is: 5’-NH2-

AGACAAGTGCTGGGAGATGGATTGGTTGTTGGTTGGGGTGGGTCT

GGTTGGGGGCTTCACTTTCCCATTCCGCATT-3’. The aptamers were 

acquired from biomers.net (Ulm, Germany). 

 

2.7. Nanosystems formulation and physicochemical and 

morphological characterization  

Nanosystems were formulated and functionalized with the aptamer 

sequence (5’-NH2-TAS5F or 5’-NH2-TAS49F) following 1-ethyl-3-(-3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) reaction. Briefly, 

DSPE-PEG-COOH solution (1 µg/µL) was suspended in water and incubated 
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with EDC (1 µg/µL, dissolved in water) with an excess of 100:1 EDC:aptamer, 

for 15 minutes under stirring (360 rpm) in order to activate the COO-terminal. 

Then, reaction was followed by adding 5’-NH2-aptamer TAS5F (10 µM), 

previously denatured at 95 °C and allowed to assume binding conformation 

during snap-cooling on ice. The reaction took place during 2 hours at room 

temperature (RT), under continuous and vigorous stirring leading to formation 

of covalent carbodiimide binding. EDC works as a catalyzer and needs to be 

removed after conjugation to prevent the reversibility of the reaction. Thus, 

ultrafiltration by using Amicon filters 10 kDa (10,000 g, 5 minutes, 15 °C, 

washed with ultrapure water) was followed. Once the conjugated PEG-

aptamer was purified, nanosystem were prepared following the ethanol 

injection method. Briefly, VE and sphingomyelin were dissolved in ethanol at 

concentrations of 200 mg/mL and 40 mg/mL, respectively, and added to the 

aptamer conjugate so the resulting formulation ratio was 1:0.1:0.01 

(VE:SM:PEG). This ethanol solution was injected to aqueous phase 

(containing the PEG-aptamer conjugate) into a ratio 1:10 (organic 

phase:aqueous phase) resulting into a white emulsion immediately. After 

softly up and down pipetting, nanosystems were spontaneously formed. The 

functionalized (SNs-5F, SNs-49F) and non-functionalized SNs 

physicochemical characterization was performed using the Zetasizer 

NanoZS® (Malvern Instruments, Worcestershire, UK). Samples were diluted 

1:10 in MilliQ water and analyzed in disposable microcuvettes (ZEN0040, 

Malvern Instruments) by dynamic light scattering (DLS) for size and 

Polydispersity Index (PDI) measures. For Zeta Potential measurements, 

samples were diluted 1:40 and analyzed by Laser Doppler anemometry (LDA) 

using folded capillary cells cuvettes (DTS 1070, Malvern Instruments). 
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Morphological examination was performed by Scanning Transmission 

Electron Microscopy (STEM) and images were obtained using a JEOL JEM-

2010 High-Resolution Microscope (Peabody, MA, USA), operating between 

120 – 200 kV accelerating voltage and configure with high brightness LaB6 

filament. Preparation of STEM samples was performed as follows: 

nanoemulsions were firstly diluted 1:10 in filtered MilliQ water, mixed with 

2% (w/v) phosphotungstic acid for staining and 10 µL were placed on a copper 

grid for 2 minutes. After drying overnight under vacuum, samples were 

washed with 0.2 mL of filtered water and dried under vacuum until analysis. 

 

2.8. Uptake evaluation in spheroids 

A549 WT and TAS1R3+ adherent cells were washed with PBS and 

detached with Trypsin 1X for 7-8 minutes at 37 °C. The cellular suspension 

was centrifugated at 1200 rpm for 5 minutes, the supernatant was discarded, 

and spheroids medium was added to the pellet. The spheroid medium is 

composed by: RPMI 1640 medium, P/S (2%), NEAA (1/1000), BSA (0,4%), 

bFGF (20ng/µl), EGF (50ng/µl) and ITS (1/1000). Cells were seeded in 6-

well ultra-low attachment plates at a concentration of 10.000 cells/mL. After 

4 days of culture, Cy5-labelled SNs-49F were added to the spheroids at a 

concentration of 0.2 µg/mL of Cy5 and 312 nM of aptamer. After 6 hours of 

incubation, spheroids were attached to a slide using the Cytospin™ 4 (Thermo 

Fisher Scientific, Massachusetts, USA). After that, cells were fixed with 4% 

paraformaldehyde (PFA), nuclei were stained with DAPI and cell membranes 

with WGA Alexa Fluor™ 488. Results were evaluated by confocal microscopy 

(Confocal microscope SP8, Leica, Wetzlar, Germany). 
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2.9. Flow cytometry assays 

A549 cells, both WT and TAS1R3+, were cultured in 6-well plates for 24 

hours, with a concentration of 300.000 cells/well. After 24 hours, they were 

treated with SNs and SNs-5F (50 nM) for 20 minutes. After wash the cells 

twice with PBS, Accutase® was added, for 10 minutes at RT, to detach them. 

The cellular suspension resultant was centrifuged at 200 xg for 5 minutes. The 

supernatant was discarded, and the pellet was washed and resuspended with 

PBS. The next step was a centrifugation, at 200 xg for 5 minutes, followed by 

the elimination of the supernatant. The resultant pellet was resuspended in 500 

µL of fresh PBS and transferred to a FACS tube. To perform this evaluation, 

in each experiment (n=2) conditions there were between 2 and 3 replicas. 

Obtained samples were assessed by the flow cytometer fACS Aria IIu, 

(BD Biosciences, NJ, USA); and the results were analyzed by the Software 

FACS Diva 6.02 (BD Biosciences, NJ, USA). 

The statistical analysis was performed with the GraphPad Prism® 

software (version 8.0.2) (San Diego, United States). Due to the normal 

distribution of the data set, Two-tailed Student’s t-test with Welch’s correction 

was used to compare significant differences between two groups. P values 

considered significant are *(p ≤ 0.05), **(p ≤ 0.01), ***(p ≤ 0.001) and ***(p 

≤ 0.0001); α= 0.05. 

 

2.10. Microfluidic devices design, fabrication, and cell culture  

The design, fabrication, and characterization of the OOC microfluidic 

devices were performed by the Medical Devices group of the International 
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Iberian Nanotechnology Laboratory (INL) (Braga, Portugal) led by Lorena 

Diéguez 30. 

The microfluidic devices were designed making use of CleWin4 from 

WieWeb Software (Hengelo, The Netherlands). The chips are composed by 

two 68 mm long and 600 µm wide microchannels, connected by an array of 

100 µm micropillars with 5 µm gaps are in between. With the aim of avoiding 

the collapse of the microchannels, circular pillars are disposed along them. At 

the end of the microchannels, marks were included for the perforation of 

reservoirs (Figure 3). 

Figure 3. Design of the devices. A. the complete chip; B. details of the micropillars. 

The silicon mold was produced by photolithography (Figure 4A); and 

replicas were fabricated by soft in polydimethylsiloxane (PDMS). The PDMS 

polymer was prepared following the protocol of the SYLGARD™ 184 

Silicone Elastomer Kit (Dow, Michigan, United States) in a 10:1 ratio 

(elastomer:curing agent). After mixing the two components, the PDMS was 

degassed and placed onto the wafer mold at 65 °C overnight, to cure the 

polymer. The PDMS devices were removed from the mold and 5 mm diameter 

reservoirs were made using a biopsy punch (Kai Medical, Seki, Japan). 
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A thin layer of PDMS (1 mm height) was also prepared in a 150 mm dish, 

following the same protocol. The flat PDMS and the replica were irreversibly 

bonded after a high power 30-second treatment with oxygen plasma using the 

Plasma Cleaner PDC-002-CE (Harrick Plasma, Ithaca, United States) (Figure 

4B). 

Figure 4. A. Silicon wafer mold. B. A ready to use PDMS device, adapted from 

Martins et al. 2022 30. 

Devices were sterilized by introducing 70% ethanol in the microchannels 

and exposing to ultra-violet (UV) light following by washing with PBS and 

filtered MilliQ water. With the aim of functionalizing the surface of the 

devices, Sulfo-SANPAH (0.5 mg/mL) solution in filtered MilliQ water was 

injected into the channels and incubated for 30 minutes with UV irradiation 

(365 nm) at a distance of 5 cm or less. The channels were washed with filtered 

MilliQ water and PBS. 

A solution of Fibronectin (30 µg/mL) was placed into the endothelial 

channel of the device. A549-TAS1R3+ eGFP cells were detached from the 

culture flask and a cellular suspension of 10 x106 cells/mL was mixed 1:1 with 

ECM gel (4 mg/mL) and added into the cancer channel of the device. Chips 
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were incubated for 1 hour at 37 °C to achieve the polymerization of the ECM 

gel. After this, the cancer channel, as well as the reservoirs were filled with 

RPMI medium. 

On next day, HPMEC cells were detached from the culture flask and 

added to the endothelial channel with a concentration of 5 x106 cells/mL. The 

devices were incubated at 37 °C for 4 hours in a 90° angle, to encourage the 

formation of an endothelial monolayer against the micropillars and make the 

barrier between the channels. After that, the inlet reservoir of the endothelial 

channel was filled with media for gravity-driven perfusion. Cells were 

cultured inside the channels for 5 days at 37 °C to achieve optimal conditions. 

Media was replaced every day with fresh one. 

 

2.11. Toxicity evaluation 

With the aim of evaluating the toxicity of the nanosystems (SNs and SNs-

5F) in the endothelial cells, the AlamarBlue™ Cell Viability Reagent was 

used, which is based on resazurin 31. 

HPMEC cells were seeded in 96-well plates and after 24 hours, they were 

incubated with the SNs treatment (25 and50 nM of aptamer) for 30 minutes 

and 12 hours.  Next, the AlamarBlue™ reagent was added, and the result was 

evaluated by the FLUOstar OPTIMA microplate reader (BMG Labtech, 

Ortenberg, Germany). The percentage of viability obtained was calculated 

subtracting the background and normalizing the data to the untreated control. 

 



MARÍA CASCALLAR CASTRO 

158 
 

2.12. Organ-on-a-chip experiments 

After 3 days of cell seeding, the microfluidic devices were evaluated by 

confocal microscopy to confirm the correct growth of the two different cell 

lines. To prepare the chips, they were washed with warm PBS before fixation 

with PFA 4% for 15 minutes, followed by rinsing with cold PBS. Cells were 

permeabilized with 0.2% Triton X-100 for 10 minutes and a following wash 

with PBS. Devices were incubated with Blocking Buffer (2% BSA in PBS, 

w/v) for 45 minutes. Cells were incubated overnight with phalloidin-TRITC 

(0.1 µg/mL) at 4 °C, with the aim of labeling the actin filaments of endothelial 

cells. The next step was rinsing the devices with PBS and incubating them 

with Hoechst 33342 or DAPI (1 µg/mL) for 15 minutes, to stain the nuclei. 

Results were evaluated by the Zeiss confocal microscopy (Oberkochen, 

Germany). 

With the aim of evaluate the SNs-5F behavior, in 5 days post-seeding 

devices, the endothelial medium was replaced with a suspension of SNs-5F, 

in fresh 199 medium, which was placed in only one of the reservoirs. The 

devices were incubated for 12 hours at 37 °C and flow was induced by gravity-

driven perfusion in the endothelial channel. The SNs were labeled with Cy5 

(2 ug/mL) and the work concentration was 50 nM of aptamer. After 

incubation, chips were fixed as previously described. The results were 

evaluated by confocal microscopy with the Leica SP5 Confocal Microscope 

(Leica Microsystems, Wetzlar, Germany). 
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3. RESULTS AND DISCUSSION 

3.1. Transfected cell line 

With the aim of increase the presence of the TAS1R3 receptor, the A549 

cell line was lentivirally transfected with a plasmid encoding the receptor 

gene. Moreover, the plasmid also encodes for the eGFP protein, as well as the 

FLAG™ tag. The FLAG™ tag is a fusion protein peptide developed in 1988 

by Hopp et al., which is composed by AspTyrLysAspAspAspAspLys 32,33. 

These 8 amino acids of the FLAG™ tag allow the alternative use of the 

TAS1R3 protein for molecular techniques, such as western blot 32. In addition, 

the plasmid contains genes for resistance to antibiotics, specifically ampicillin 

and puromycin, that allow bacterial and cellular selection, respectively 34,35. 

After the lentiviral transfection of the TAS1R3-FLAG plasmid, the cells 

were selected with puromycin to ensure the only presence of transfected cells. 

The correct selection was evaluated by fluorescent microscopy, with the 

Zeiss™ Axio Vert.A1 FL-LED Inverted Microscope (Oberkochen, Germany). 

The result obtained show a high expression of the eGFP protein in the cells (in 

green), meaning an efficient plasmid transfection (Figure 5A).    

Furthermore, the expression of the TAS1R3 gene was assessed by RT-PCR.  

The results demonstrate that the mRNA of our target gene is overexpressed in 

the transfected cell line, compared with the wild type (WT) cell line (Figure 

5B). This verifies the correct transfection of the plasmid, as well as, the correct 

expression of the interest gene, TAS1R3. 
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Figure 5. A. Fluorescent image of the eGFP expression in the transfected and non-

transfected A549 cells; B. Expression of the TAS1R3 gene. 

 

3.2. Nanosystems characterization 

The SNs developed by our group 13 were modified with the addition of 

PEG to achieve an efficient conjugation of the aptamers. There are different 

strategies to conjugate aptamers to nanosystems, which can be covalent and 

non-covalent and direct or indirect conjugations. The most common reaction 

is the covalent and direct, which is based on the reaction between a functional 

group of the aptamer and another of the nanosystem surface 36. We followed 

this last approach. The functional groups selected were the amino of the 

aptamer and the carboxylic acid of the PEG, and the conjugation was 

performed through an EDC reaction (Figure 6). After this conjugation, the 

formulation of the nanosystems was carried out following the ethanol injection 

method. 
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Figure 6. EDC reaction for the conjugation of the aptamer to the PEG molecule 37. 

Plain SNs, PEGylated SNs and the functionalized SNs (SNs-5F and SNs-

49F) were characterized making use of the Zetasizer® Nano ZS. The main 

effect of the addition of the PEG is the decrease in the zeta potential, going 

from neutral (-1.2±0.4 mV) to negative values (-25.2±0.6 mV) due to the 

carboxylic acid groups present in this molecule (Table 1). Similarly, the 

aptamer conjugation has also an impact in the superficial charge of the SNs 

becoming more negative (-36.6±1.6 mV). This occurs due to the negative 

charges of the phosphate groups present in the nucleic acids, and similar 

results are also observed for other aptamer-functionalized nanosystems 38. In 

terms of size, there is a growth after the functionalization of the aptamer (from 

138 ±1 for SNs to 195 ± 5 nm for SNs-5F). This increase could be due to the 

conformed structure of the aptamers disposed in the surface of the SNs, what 
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matches with similar works 39. SNs-49F physicochemical results are in 

accordance with the ones obtained with the SNs-5F. In all cases, the SNs 

population demonstrated to be homogeneous in view of the low PdI, which 

remains under 0.1. 

Table 1. Physiochemical characterization of the SNs, including the PEG and the 

aptamer. Values are expressed as mean ± standard deviation, n = 3. 

aPdI, polydispersity index; bZP, zeta potential. 

The colloidal stability of the formulations was evaluated for up to 20 days 

at 4 °C. The results show the maintenance of the size, as well as the PdI, 

demonstrating an efficient stability (Figure 7A). These results are in 

agreement with previous studies in our group 13,15,17. 

Furthermore, the stability was also assessed in different culture media, 

RMPI 1640 and DMEM, both supplemented and non-supplemented with FBS, 

at 37 °C up to 24 hours (Figure 7B, 7C). The outcomes show a minimum slight 

increase in all cases sizes, proving the efficient stability of the nanosystems in 

culture media conditions. Of relevance is the fact that stability is slightly 

improved in complete media, with FBS. This improvement in the stability 

could be explained by the presence of different proteins in the FBS, which can 

form the protein corona surrounding the SNs. It was previously reported the 
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capacity of the protein corona to improve the stability of lipidic nanosystems 

and inhibit agglomeration 40–42. Taking into account these results, the SNs were 

evaluated in complete medium in the following assays. 

Figure 7. Stability of SNs-5F in media of interest. A. Colloidal stability at 4 °C up to 

20 days; B. Stability in RPMI cell culture medium, with and without FBS, at 37 °C 

up to 24 hours; C. Stability in DMEM cell culture medium, with and without FBS, at 

37 °C up to 24 hours. Abbreviations: PdI, polydispersity index; DMEM, Dulbecco′s 

Modified Eagle′s Medium; RPMI, Roswell Park Memorial Institute (RPMI) 1640 
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Medium; FBS, Fetal Bovine Serum. Values are expressed as mean ± standard 

deviation, n = 3. 

In addition, STEM images demonstrated a spherical structure of both SNs 

with and without aptamer conjugation, as well as a homogeneous size 

distribution (Figure 8). 

Figure 8. Scanning Transmission Electron Microscopy (STEM) images of the 

functionalized (SNs-5F) and non-functionalized nanosystems (SNs). 

 

3.3. Uptake evaluation 

The capacity of functionalized SNs to be internalized by NSCLC cells 

was evaluated by confocal microscopy in A549, WT and TAS1R3+, 3D 

cultures, as a proof of concept. In this case, a preliminary specific aptamer for 

TAS1R3 (49F) was used. After a 6-hour incubation period, the samples were 

evaluated by the Leica SP8 Confocal Microscope (Leica Microsystems, 

Wetzlar, Germany). 

Results demonstrate an efficient internalization of SNs-5F, both A549 

WT and TAS1R3+ spheroids, proving their capacity to penetrate into the inner 

parts of the spheroid (Figure 9). Visual differences between cell lines are not 
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perceived, probably due to the long incubation time, 6 hours. As previously 

works of the group described, after 4 hours, almost every SNs were 

internalized by cells, however, this evaluation demonstrated the 

internalization efficiency of the SNs 21. Next experiments (Section 3.4), with 

smaller incubation times will evaluate the specific targeting of the aptamer. 

Figure 9. Confocal images of A549 WT and TAS1R3+ spheroids. Nuclei are stained 

with DAPI (in blue); cell membranes are stained with WGA Alexa Fluor™ 488 (in 

green); and SNs-49F are labelled with Cy5 (in red). Images are middle sections of a 

Z stack. Scale bar: 100 µm. 
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3.4. Flow cytometry assays 

The correct and specific targeting of the aptamer with the TAS1R3 

receptor was evaluated by flow cytometry, in presence of FBS. Monolayer cell 

cultures of A549 WT and A549-TAS1R3+ cells were treated with blank SNs 

and SNs-5F, both labeled with Cy5, for 20 minutes. After being detached in 

single cells, the analysis of fluorescent cells was performed by flow cytometry. 

As shown in Figure 10, the percentage of Cy5 positive cells, correlated 

with the positive internalization of Cy5-labelled SNs, was about a 25% in the 

case of A549 WT cells, both with blank SNs and SNs-5F, and also in the A549-

TAS1R3 cells incubated with the blank SNs. Importantly, targeted SNs-5F 

were more efficiently internalized in the transfected A549-TAS1R3+ cell line. 

There is an increase of about a 10% in the internalization of the SNs-5F, 

reaching more than a 35% after 20 minutes of incubation. These statistically 

significant results demonstrate a specific TAS1R3 targeting of the 

functionalized SNs, due to its increasing uptake in the cells which 

overexpressed the receptor. 
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Figure 10. Cellular uptake of plain SNs and SNs-5F in A549 WT and TAS1R3+ 

evaluated by flow cytometry.  Values are expressed as mean ± standard deviation, n = 

2. Statistical analysis was performed using Two-tailed Student’s t-test was used to 

compare significant differences between two groups. *(p ≤ 0.05), **(p ≤ 0.01), ***(p 

≤ 0.001) and ****(p ≤ 0.0001). 

This increased internalization result of the aptamer-functionalized SNs-

5F is in line with other nanosystems that also use aptamers to target specific 

cell subpopulations. A recent example is the work of Wei et al., which explain 

the development of multifunctional nanoprobes, fluorescent and magnetic, for 

cancer cells detection, making use aptamers to target specific liver cancer 

cells. They achieved an increased internalization of aptamer-functionalized 

nanoparticles of Fe3O4 core with fluorescent SiO2 shell into these specific cells 

43. Another example was performed by Agnello et al., who developed 

polymeric nanovectors for targeting triple negative breast cancer cells. The 

use of specific aptamers to target EGFR cells demonstrate a specific 

internalization of the nanovectors in these cells 44. These outcomes, among 

others, prove the value of aptamers to be efficient ligands for, not only targeted 

therapy, but also for cancer diagnosis. Our results confirm that SNs can be 
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targeted to cells overexpressing TAS1R3 following a surface-decoration 

strategy with ligands specifically designed for this purpose. Next steps aimed 

to explore the behavior of the targeted nanosystems in a more complex model 

that better mimics the structure and microenvironment of the real tumor.  

 

3.5. OOC experiments 

With the aim of developing an in vitro proof of concept of the behavior 

of the functionalized SNs, an OOC microfluidic device was developed. This 

chip has two microchannels, one with A549-TAS1R3+ NSCLC cells, and the 

with other pulmonary microvascular endothelial cells, HPMEC. The cancer 

channel was designed to mimic the tumor, while the endothelial channel 

recreates the blood vessels and represents the biological barrier that the 

nanosystems have to cross to reach their targeted cells 45. After 1-day post-

seeding, endothelial and cancer cells started to grow in the microchannels 

(Figure 11), while only a small presence of dead cells was found, which is 

normal, as it also happens in 2D cell culture. As a result, the cells are able to 

proliferate successfully and achieve the correct structure.  
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Figure 11. Bright field image of a 1-day post-seeding chip. At the left, the ECM gel-

embedded cancer cells (A549-TAS1r3+); and at the right, the monolayer of 

endothelial cells (HPMEC). A. 4x; B. 10x. 

Two days after, the devices were analyzed by confocal microscopy to 

evaluate the growth of both cell lines. The A549-TAS1R3+ cancer cells were 

cultured embedded in ECM gel and, as shown in the Figure 12, they 

proliferated efficiently in a 3D structure, mimicking the tumor architecture. 
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Figure 12. Confocal images of the A549-TAS1R3+ cancer cells in the microchannel 

after 3 days of culture. Nuclei are stained with DAPI (in blue); A549-TAS1R3+ cells 

are labelled with eGFP (in green). Images are maximum projection. 

In the same way, HPMEC endothelial cells also show a successful 

proliferation in the microchannel after 3 days of culture, due to a fibronectin 

coating and a gravity flow perfusion (Figure 13). The cells proved to form a 

monolayer along the microchannel, mimicking the tubular structure of the 

blood vessels. Importantly, cells efficiently grew forming an endothelial 

barrier, which is key to evaluate the SNs behavior. 
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Figure 13. Confocal images of the HPMEC endothelial cells in the microchannel after 

3 days of culture. Nuclei are stained with DAPI (in blue); HPMEC cells’ actin 

filaments are stained with phalloidin TRICT (in red). Images are maximum projection. 

As a preliminary step prior starting with the SNs in OOC experiments, 

the toxicity of SNs in HPMEC cells were evaluated. The non-toxicity in the 

endothelial cells is key to ensure the integrity of the barrier to correctly mimic 

the interactions with the SNs. AlamarBlueTM was the selected assay to assess 

the toxicity of cells previously treated with SNs, with and without aptamer 

(SNs and SNs-5F). The toxicity was evaluated at two different time points: 30 

minutes and 12 hours; and at two aptamer concentrations: 25 nM and 50 nM. 

The results presented in the Figure 14 proved that the formulations do not have 

an impact on the viability of HPMEC cells at the tested concentrations, and 

irrespectively of the incubation time.  
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Figure 14. Cytotoxicity evaluation of the functionalized and non-functionalized SNs 

in HPMEC cells, ate different time points and concentrations. Values are expressed as 

mean ± standard deviation, n = 6. 

These results were somehow expected according to previous results of 

SNs in colorectal cancer cells (SW480), pancreatic cancer cells (MiaPaCa2) 

and breast cancer cells (MCF7) 13,21. This lack of toxicity is highly important 

for the correct maintenance of the endothelial barrier integrity mimicked in 

the device. The structural integrity of the endothelial barrier is directly 

associated with the permeability of the vascular vessel and, this is key for in 

vivo homeostasis 46,47. Because our aim was to observe the capacity of SNs to 

cross the barrier to reach the targeted cells, the correct structure of the 

vasculature channel after the interaction with the SNs ensures that the 

following OOC experiments will demonstrate truthful results.  

Next experiment was designed to assess the ability of SNs-5F to 

overcome the endothelial barrier and reach the targeted cells in a non-static 

environment. To achieve that, SNs-5F and SNs, as a control, were mixed with 

medium and placed in the endothelial channel for gravity flow perfusion, in a 

device cultured for 5 days. After a 12-hour incubation, the resultant chips were 
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stained with Hoechst to label the nuclei. The results were evaluated by 

confocal microscopy with the Leica SP5 Confocal Microscope (Leica 

Microsystems, Wetzlar, Germany). Figure 15 shows the presence of SNs-5F 

(in cyan) in the gaps that separate the micropillars. This fact suggests that the 

functionalized SNs were crossing the micropillars that divide the endothelial 

and cancer channels. Further experiments with increased incubation times and 

different SNs concentrations are necessary to completely understand the 

behavior of the SNs facing an endothelial barrier to reach their targeted cells.  

Figure 15. Confocal images of the behavior evaluation of targeted SNs-5F in OOC 

microfluidic devices. Nuclei are stained with Hoechst (in blue); and SNs and SNs-5F 

are labeled with Cy5 (in red). The upper channel is the endothelial one, and the bottom 

channel is the cancer one. SNs-5F are present in the gaps (white arrows). 
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4. CONCLUSIONS  

We have successfully conjugated aptamers with SNs with the aim of 

targeting TAS1R3 positive NSCLC cells, as a strategy to target metastasis. 

The resultant nanosystems present not only a great colloidal stability, but also 

a maintained stability in relevant biological media. The targeting ability of 

surface-decorated SNs was successfully demonstrated in 2D cell culture 

models. OOC devices demonstrated their ability to recreate the tumor 

structure. Surface-decorated SNs could be tracked in the non-static OOC 

microfluidic platforms. OCC demonstrated to be an accurate model to 

evaluate the SNs capacity to cross biological barriers. Further experiments 

making use the OOC microfluidic technology are needed to fully characterize 

the SNs behavior and their efficient targeting in a more complex model. 
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ABSTRACT 

Gene therapy is a promising therapeutic approach that has experienced 

significant growth in recent decades, with gene nanomedicines reaching the 

clinics. However, it is still necessary to continue developing novel vectors able 

to carry, protect, and release the nucleic acids into the target cells, to respond 

to the widespread demand for new gene therapies to address current unmet 

clinical needs. We propose here the use of zebrafish embryos as an in vivo 

platform to evaluate the potential of newly developed nanosystems for gene 

therapy applications in cancer treatment. Zebrafish embryos have several 

advantages such as low maintenance costs, transparency, robustness, and a 

high homology with the human genome. In this work, a new type of 

putrescine-sphingomyelin nanosystems (PSN), specifically designed for 

cancer gene therapy applications, was successfully characterized and 

demonstrated its potential for delivery of plasmid DNA (pDNA) and miRNA 

(miR). On one hand, we were able to validate a regulatory effect of the 

PSN/miR on gene expression after injection in embryos of 0 hpf. Additionally, 

experiments proved the potential of the model to study the transport of the 

associated nucleic acids (pDNA and miR) upon incubation in zebrafish water. 

The biodistribution of PSN/pDNA and PSN/miR in vivo was also assessed 

after microinjection into the zebrafish vasculature, demonstrating that the 

nucleic acids remained associated with the PSN in an in vivo environment, and 

could successfully reach disseminated cancer cells in zebrafish xenografts. 

Altogether, these results demonstrate the potential of zebrafish as an in vivo 

model to evaluate nanotechnology-based gene therapies for cancer treatment, 

as well as the capacity of the developed versatile PSN formulation for gene 

therapy applications. 
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1. INTRODUCTION 

Over the past decades, gene therapy has flourished. The basis of this therapy 

is focused on the use of exogenous therapeutic nucleic acids (NAs) that have 

the capacity to modify the expression of disease-related genes. NAs involved 

in gene therapy are micro RNAs (miRs), small interfering RNAs (siRNAs), 

short hairpin RNAs (shRNAs), antisense oligonucleotides (ASOs) and DNA 

plasmids (pDNAs) 1. 

One of the main limitations in the development of novel gene therapies 

is the need for efficient carriers capable of protecting and transporting them to 

their site of action.  Viral vectors are the carriers that have moved most quickly 

to clinical trials, due to the ability of the virus to carry and protect the genetic 

material to specific cells 2,3. Despite this, viral vectors accumulate several 

disadvantages, such as limitation in the length of the cargo (e. g. 10 kb in 

lentiviral vectors), insertional mutagenesis, and immunogenicity due to the 

antibodies against these common viruses produced throughout life 3–6. In this 

sense, non-viral vectors have been proven to successfully resolve the 

limitations of viral vectors 3. A clear example is nanomedicine, which arises 

from the application of nanotechnology in the field of biomedicine, providing 

several advantages for the intracellular delivery of macromolecules, such as 

NAs. As proof of this, in recent years several breakthroughs have taken place. 

In 2018, Onpattro® became the first FDA-approved lipid nanoparticle for 

gene therapy 7,8. Additionally, in 2021, mRNA-based vaccines against Covid-

19 reached the market 9,10, opening a new era for the engineering and 

application of gene therapy.  
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Despite the successful advances of the past few years, translating more 

gene nanomedicines from bench to bedside is still a challenge. In this sense, 

the use of robust preclinical models that can better predict the future behavior 

of nanosystems is essential for their development and validation, improving 

the translation process 11–15. In vivo models are needed to evaluate 

biodistribution, toxicity and efficacy, among other parameters.  Rodents, the 

most common animal model, have multiple advantages, such as anatomical 

and genomic similarities to humans. Nevertheless, they entail certain 

disadvantages, including the high cost of maintenance and small progeny that 

prevents the possibility of carrying out large studies 16,17. A valuable 

alternative as an in vivo platform to evaluate the potential of nanomedicine is 

the zebrafish 18–21.  

The use of the zebrafish (Danio rerio) in developmental biology and 

genetics studies dates back to the 1970s 22. Since then, applications have 

expanded to study multiple human pathologies, such as cancer, as well as 

biodistribution, toxicity and pharmacological screening of new drugs 23. The 

success of zebrafish in research is based on their biological characteristics 24. 

Specifically, their small size enables easy handling, and large number of 

individuals can be maintained in optimal experimental conditions. Due to their 

short life cycle, the main organs develop practically within 48 hours, sexual 

maturity is reached at approximately 3 months of life, and large offspring 

allow large-scale studies to be carried out 25. Additionally, the zebrafish 

reference genome has revealed that approximately 80% of the genes have a 

human orthologue related to diseases 26.  
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Based on these features, in the field of nanomedicine this model is being 

proposed to assess the biocompatibility and toxicity of several nanomaterials, 

but also to validate their therapeutic efficacy 17,18,21,27,28. The presence in 

zebrafish of organs and metabolic pathways analogous to those of humans 

allows toxicological and biocompatibility evaluations, and the large number 

of offspring enables high-throughput and multi- and transgenerational screens 

29. In addition, the response of zebrafish to several substances has been 

reported to be concordant with that observed in mammalian models 30. In the 

context of cancer, the transparency of embryos and the availability of 

fluorescently labelled transgenic zebrafish lines offer the possibility to track 

cancer cells in xenograft assays or genetic models and thus understand their 

behavior, dissemination, metastasis, extravasation, or interaction with the 

tumor microenvironment or immune cells 31–33. On the other hand, the 

transparency of zebrafish allows the determination of the toxicity of 

nanosystems in different anatomical sites of the fish and their tracking to 

establish biodistribution and interaction profiles with tumor cells without the 

need for invasive techniques 34. In this sense, transgenic zebrafish models 

allow for real-time tracking of tumor cells without the need to immunostain 

cells, thus avoiding non-specific labeling and imaging issues derived. As a 

consequence of the abovementioned, several nanomedicines have been 

developed and tested in zebrafish, including gene therapies 35–37.  

In our group, we have previously developed different types of 

nanosystems for miR-based gene therapy for cancer treatment. These 

nanocarriers, protamine nanocapsules and sphingomyelin-based nanosystems, 

demonstrated their in vitro potential to interfere in the cancer process 38,39. On 

subsequent studies by our group, Lores et al. developed putrescine-
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sphingomyelin nanosystems (PSN) for cancer gene therapy applications 

establishing for the first time the use of the natural polyamine putrescine for 

the development of non-viral vectors, taking advantage of the cationic nature 

of this compound and the greater affinity of cancer cells for this type of 

molecules 40–42. In this work, a therapeutic plasmid DNA (pDNA) encoding 

for the Fas Ligand protein, which promotes the activation of apoptotic 

pathways, was associated to PSN, and the potential of the developed 

formulation confirmed in vitro, in a triple negative breast cancer cell line 

(MDA-MB-231), and in vivo, in both a zebrafish embryo xenograft model and 

in an orthotopic mouse model after intraperitoneal and intravenous 

inoculation, evidencing a high correlation in terms of efficacy. Based on this 

data, the present work aimed to further demonstrate the potential of zebrafish 

embryos as an intermediate model between in vitro and in vivo mammalian 

models for the evaluation of novel gene therapies, using for this purpose PSN 

associated with two different types of nucleic acids, miR and pDNA 42. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

All the miRs used in this work (Table 1) were purchased from Eurofins 

Genomics (Ebersberg, Germany). Penicillin-Streptomycin, Hoechst 33342, 

DiI (1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine Perchlorate), 

agarose and SYBR Gold were provided by Thermo Fisher (Massachusetts, 

USA). C11 TopFluor Sphingomyelin (N-[11-(dipyrrometheneboron 

difluoride)undecanoyl]-D-erythro-sphingosylphosphorylcholine was 
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purchased from Avanti Polar Lipids (Alabama, USA). Brilliant III Ultra-Fast 

SYBR Green QPCR Master Mix Kit was acquired from Agilent Technologies 

(California, USA). Nuclease-free water was provided by Corning (New York, 

USA). NYzol reagent was purchased from NZYtech (Lisboa, Portugal). 

Dulbecco′s Modified Eagle′s Medium (DMEM), Phosphate Buffered Saline 

(PBS), Tricaine methanesulfonate, Vitamin E (DL-α-Tocopherol), N-

Phenylthiourea (PTU), Polyvinylpyrrolidone (PVP), Trypsin-EDTA Solution 

and MOWIOL® 4-88 Reagent were kindly provided by Merck (Darmstadt, 

Germany). Ethanol of analytical grade was purchase from VWR (Barcelona, 

Spain).  Paraformaldehyde was provided by IESMAT (Madrid, España). 

Sphingomyelin (Lipoid E SM) was acquired from Lipoid GmbH 

(Ludwigshafen, Germany). Oleamide-modified putrescine ((9Z)-N-(4-

Aminobutyl)-9-octadecenamide, CAS RN: 1005454-33-0) was provided by 

GalChimia (A Coruña, Spain). The plasmid pcDNA4TO-mito-mCherry-

10xGCN4_v4 was purchased in AddGene (Plasmid #60914; 

http://n2t.net/addgene:60914; RRID:Addgene_60914) (Massachusetts, USA). 

Table 1. Compilation of sequences of the miR used in this work. 
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2.2. Formulation of the nanosystems and nucleic acid association 

As previously described 42, putrescine nanosystems were formulated by 

ethanol injection method. Briefly, 5 mg of vitamin E (VE), 0.5 mg of 

sphingomyelin (SM) and 0.25 mg of putrescine modified with oleamide (Pt) 

were dissolved in 100 µL of ethanol and injected under magnetic stirring at 

700 RPM in 1 ml of Molecular Grade Water. The suspension was kept under 

stirring at room temperature for 5 min. Then, 5 µg of miR were dissolved in 

100 μL of H2O nuclease-free and added over 100 µL of preformed 

nanocarriers, for 20 min under magnetic stirring at 500 RPM to achieve the 

association. 

Moreover, previously to the pDNA-Cy5 association with the PSN, it was 

labelled with Cy5 with the Label IT® TrackerTM Intracellular Nucleic Acid 

Localization Kit (Mirus Bio, Madison, USA). 

 

2.3. Physicochemical characterization  

Physicochemical characterization of the nanosystems were performed 

using a Zetasizer® Nano ZS (Malvern Instruments, England), which provides 

mean size, polydispersity index (PdI) and zeta potential (ZP). Dynamic light 

scattering (DLS) allows to perform size and PdI measurements of samples 

previously diluted 1:10 in MilliQ water. Samples were analysed in disposable 

microcuvettes (ZEN0040, Malvern Instruments) with a detection angle of 

173º at room temperature. Laser Doppler anemometry (LDA) allows to 

evaluate ZP using folded capillary cells cuvettes (DTS 1070, Malvern 

Instruments) and a 1:40 diluted sample in MilliQ water. 
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2.4. Association efficiency 

A 3% agarose gel electrophoresis was performed to evaluate the 

association efficiency of the miR. A known amount of miR (2 µg) was mixed 

with Loading buffer, Tris-Borate-EDTA (TBE) buffer and SYBR Gold. The 

agarose gel was prepared in TAE buffer, composed by Tris, acetic acid and 

EDTA 0,5 M. Prepared samples were loaded, and the gel was run at 80 V for 

40 minutes, making use of a Mini-Sub Cell GT Cell (BioRad, California, 

USA). The result was evaluated with the ChemiDocTM MP Imaging System 

(Bio-Rad, California, USA), in which the free miR appears as a band in the 

gel. In the case of pDNA, 0.2 µg was loaded in a 1% agarose gel, following 

the same protocol. 

 

2.5. miR-145 effects in sox9b and gata6 expression- zebrafish as a 

feasible model for gene therapy 

2.5.1. Zebrafish husbandry and microinjection  

Zebrafish embryos were obtained by mating wild type adults, which were 

maintained in 30-litre tanks with a 14 h/10 h light/dark cycle and a temperature 

of 28.5°C. Embryos of 0 hour post fertilization (hpf) were collected, placed in 

90x15 mm Petri dishes, and subsequently microinjected with 1-3 nL of free 

miR Control, free miR145, PSN alone, PSN/miR Control or PSN/miR 145 

(0.25 µg/µL). Microinjected embryos as well as controls were kept at 28.5°C 

until 72 hpf. All the procedures described for zebrafish were performed in 

agreement with the Animal Care and Use Committee of the University of 

Santiago de Compostela and the standard protocols (Directive 2012-63-UE). 
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2.5.2. RT-qPCR 

Real-time quantitative polymerase chain reaction (RT-qPCR) was 

performed with three biological replicates (10 embryos/pool) and three 

technical replicates for each. Total RNA was isolated from the embryos with 

the NYzol reagent and the purification was based on a phenol-chloroform 

protocol. Reverse transcription was performed with the AffinityScript 

Multiple Temperature cDNA Synthesis Kit (Agilent) following the 

manufacturer’s protocol. RT-qPCR was performed using the Brilliant III 

Ultra-Fast SYBR Green QPCR Master Mix Kit and the Stratagene Mx3005P 

Thermal Cycler (Agilent Technologies, California, United States). To analyze 

the expression levels, the ΔΔCT method was applied, using the actb2 gen as 

housekeeping and statistical analyses were performed in SPSS Statistics 

(IBM) through a T Student test. Statistical significance was considered if 

p<0,05. The actb2 primers (Forward: ACTTCACGCCGACTCAAACT; 

Reverse: ATCCTGAGTCAAGCGCCAAA) were designed using Primer 

BLAST 43, while those for sox9b (Forward: 

AGCTCAGCAAAACACTCGGC; Reverse:              

CCGTCTGGGCTGGTATTTGT) 44 and gata6 (Forward: 

AAACCTCAGAAGCGCATGTC; Reverse: AGACCACAGGCGTTGCAC) 

45 were obtained in the literature. 

 

2.6. Cell Culture 

MDA-MB-231 (CRM-HTB-26™) triple negative breast cancer cell line 

and MCF7 (HTB-22™) breast cancer cell line (supplementary material) were 
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obtained from the American Type Cell Culture (ATCC). Cells were cultured 

in Dulbecco′s Modified Eagle′s Medium (DMEM) - high glucose, 

supplemented with 10% Fetal bovine serum (FBS) and 1% 

penicillin/streptomycin (P/S). Cells were maintained in a humid atmosphere 

(95%), 5% of CO2 and 37 °C. 

 

2.7. Cellular uptake 

Internalization assays were performed on MDA-MB-231 and MCF7 cells 

to evaluate nanoemulsions labelled with sphingomyelin TopFluor® (4.5 

µg/nanoemulsion) (Suppementary material). Cells were seeded on an 8-well 

chambered slide at 40.000 cell/well. After 24 hours of incubation at 37 °C, 

cells were washed with PBS and 200 µL of non-supplemented DMEM were 

added per well. Nanocarriers with and without associated miR-Cy5 were 

mixed in each well at a concentration of 0.2 mg/mL. Cells were incubated with 

the nanocarriers for 4 hours at 37 °C. After this time, cells were washed twice 

with PBS and fixed with 4% (w/v) paraformaldehyde for 15 minutes. Cells 

were again washed twice with PBS and cellular nuclei were stained with 

Hoechst (0.01 mg/ml in PBS) for 5 min in darkness at room temperature. After 

that, cells were washed 3 times for 5 min with PBS, which was aspirated after 

the last wash. Then, walls were removed and Mowiol® 4-88 was added for 

placing a coverslip; after that, samples were kept drying in darkness overnight. 

Uptake results were evaluated by confocal microscopy (SP8 Laser 

Microscope, Leica). 
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2.8. Zebrafish maintenance 

Wildtype zebrafish embryos were maintained in E3 medium with 1-

phenyl 2-thiourea (PTU) at 28.5 °C. E3 is a saline medium composed by NaCl, 

KCl, CaCl2 · 2H2O and MgSO4 46, traditionally used for maintaining the 

embryos, whereas PTU is a compound that inhibits the melanogenesis 47, 

maintaining the transparency of embryos for a longer time and avoiding the 

pigmentation, which could interfere later in confocal microscopy. PTU was 

only used in the assays evaluated by confocal imaging to improve the 

transparency of the embryos. 

Zebrafish embryos were kindly provided by the aquarium (REGA code 

ES270280346401) located in the veterinary facility of the University of 

Santiago de Compostela (Lugo, Spain). All the procedures described for 

zebrafish embryos were performed in agreement with the current legislation 

(RD53/2013, Directive 2010/63/UE). In this work only zebrafish embryos of 

120 hpf or less were used, which are not considered experimental animals by 

the European legislation, Directive 2010/63/EU, because they are not 

independently feeding larval forms. 

 

2.9. In vivo uptake 

Nanoemulsions labeled with TopFluor were incubated with the embryos 

in a 96-well plate with a final volume of 100 µL per well, for 72 h at 34 ºC. 

The lipidic concentration used in these assays was 0.5 mg/mL and the 

concentration of TopFluor was 20 µg/mL. Internalization was tested in three 

different conditions with at least 16 replicates per condition: Control (MilliQ 
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water), PSN, PSN/miR, and PSN/pDNA (with Cy5-labelled miR and pDNA). 

Permeability was evaluated by confocal microscope after embryos 

suppression with tricaine overdose, fixation with paraformaldehyde 4% for 30 

minutes, and wash with PBS twice.  

Moreover, in the case of PSN and PSN/pDNA, mortality assessment was 

performed to evaluate the toxicity of the nanosystems. Embryos were 

evaluated each 24 hours and mortality was observed.  

 

2.10. Nanoemulsions biodistribution in vivo 

To evaluate the biodistribution of nanoemulsions in vivo, 48 hpf zebrafish 

embryos were microinjected in the duct of Cuvier with TopFluor-labelled PSN 

(with and without Cy5-labelled miR/pDNA) previously concentrated 10 times 

by the SpeedVac Concentrator (Savant SPD111V-120, Cambridge Scientific, 

Massachusetts, USA). The microinjection was carried out with a binocular 

loupe (SMZ745, Nikon), the IM 300 Microinjector (Narishige, Tokyo, Japan), 

and needles made with the PC-10 Puller (Narishige, Tokyo, Japan) from glass 

capillaries (Harvard Apparatus, Massachusetts, United States). After 48 hours 

from the microinjection, embryos were processed as explained in section 2.9 

and nanoemulsions biodistribution was evaluated by confocal microscopy.  
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2.11. Nanoemulsions behavior in xenografted zebrafish 

In order to evaluate the behavior of the nanoemulsions in a metastatic-

like in vivo environment, 48 hpf zebrafish embryos were xenografted with 

MDA-MB-231 cells, previously labelled with DiI. Cells were resuspended in 

PVP 2% and 200-300 cells were injected into the perivitelline space, as 

explained in section 2.9. After 24 hours, TopFluor-labelled PSN (with and 

without Cy5-labelled miR/pDNA), previously concentrated 10 times by the 

SpeedVac Concentrator, were microinjected into the Duct of Cuvier. In vivo 

behavior and interaction between developed nanocarriers and cancer cells 

were evaluated by confocal microscopy subsequent to following the same 

protocol as explained in section 2.9. 

 

3. RESULTS 

3.1. Nanoemulsions (PSN) characterization 

In this work, we wanted to evaluate the potential of zebrafish to test novel 

gene nanotherapies, and for that purpose, we associated two different types of 

NAs to versatile PSN, namely miR and pDNA.  To formulate the PSN, we 

followed the ethanol injection method, as previously described 13,42. PSN have 

a mean size below 100 nm, a positive zeta potential (ZP) (around +60 mV) 

and a polydispersity index (PdI) around 0.2 (Table 2), as determined by 

Dynamic Light Scattering (DLS) and Laser Doppler Anemometry (LDA).  
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Table 2. Physicochemical characterization of PSN with and without different miR 

associated by DLS and LDA. Values are expressed as mean ± standard deviation, n=3. 

aBp: Base pairs, bPdI, polydispersity index; cZP, zeta potential.  

The conditions for an efficient NA association preserving the colloidal 

properties of the nanocarriers were conveniently adjusted. As observed in 

Table 2, in all tested conditions, an increase in the hydrodynamic size and a 

decrease in the ZP were observed after the association of the NA, due to the 

interaction between their phosphate groups and the primary amines from the 

putrescine. Particularly, the association of the miR showed an increase in the 

size of around 30 nm. After the incubation with the pDNA, a higher increase 

in size was observed, which could be due to the higher molecular weight of 

the NA (near 7000 bp compared to the 21-23 bp of the miRs). In both cases, 

the resulting changes in the physicochemical parameters suggest a successful 

association, as was shown in other works 39,48. Moreover, the PdI remained 

below 0.2 after NAs association, demonstrating that the PSN population is 

homogeneous. Even though these results indicate an efficient association of 

the NAs, an agarose gel electrophoresis was performed to provide additional 

evidence. (Figure 1). As observed, miR and pDNA were successfully retained 
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in the well, as consequence of their interaction with PSN.  Only naked NA 

molecules, loaded for control, freely moved in the gel.   

Figure 1. 1% agarose gel electrophoresis (80V, 40 minutes) to evaluate the 

association efficacy between PSN and nucleic acids: miR (2 µg) and pDNA (0.2 µg). 

Moreover, in the previous work carried out by Lores et al., PSN stability 

experiments were carried out. PSN stability under storage conditions, at 4 °C, 

was evaluated, and the results demonstrate that they are stable for up to 21 

days, according to the lack of variation in size, PdI, and ZP. Furthermore, the 

association between the pDNA and the PSN was studied and confirmed to 

remain stable by agarose gel electrophoresis. The conditions evaluated were 

the stability upon incubation with complete cellular medium, after incubation 

with DNases and after 3 months of storage at 4 °C, demonstrating the high 

stability of the association as well as the protective role of PSN against 

DNases 42. 
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3.2. Transfection efficacy in the zebrafish embryo: in vivo effects of 

PSN/miR 145 in sox9b and gata6 expression 

The characterization of PNS demonstrates the correct association of 

different NAs, however, for the PNS to exert the desired therapeutic effect, a 

key factor is the release of the cargo inside the cells. In this sense, zebrafish 

embryos allow us to evaluate in vivo the transfection capacity of the NAs. As 

mentioned before, zebrafish compile characteristics that make them highly 

appropriate to evaluate gene therapies. In this specific case, embryo 

robustness, their external fecundation, and the ease with which they are 

genetically manipulated make zebrafish the ideal model for this kind of 

assessment.  

With the aim of studying the correct release of the associated NAs inside 

the cells, miR 145 was chosen due to its effect on gene expression in the 

zebrafish embryo. This miR is known to downregulate sox9b and gata6 genes 

when overexpressed in zebrafish 44,45. Embryos of 0 hpf, one-cell stage, were 

microinjected with PSN associated and non-associated with miR (Control and 

145), and with free miR (Control and 145). The chosen stage to start the 

treatment was 0 hpf to potentially modulate the genes during the first cell 

division and avoid possible interference in successive stages. Furthermore, 

microinjection was the selected method to ensure the introduction of the 

PSN/miR 145 into zebrafish embryos. 
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In order to determine if the microinjected PSN miR145 or the free 

miR145 were able to modify sox9b and/or gata6 expression, a RT-qPCR was 

performed three days later (72 hpf). In accordance with previous observations 

44,45, miR145 increase led to a significant decrease in sox9b (p value 0,0347) 

and gata6 (p value 0,0364) expression but only when associated in PSN 

(Figure 2), and not when microinjected alone, in 72 hpf zebrafish embryos. 

Similarly, neither free miR control nor PSN alone nor PSN/miR control were 

able to modify their expression.  

Figure 2. RT-qPCR results of the effect of miR 145 associated and non-associated 

with PSN in the relative expression of sox9b and gata6 genes in zebrafish embryos. 

 

3.3. PSN/miR-pDNA in vivo uptake 

Zebrafish is also characterized by being transparent in their first 

embryonic stages, and this fact allows us to evaluate fluorescent-labelled 

compounds as well as cells and nanoparticles 17,18. It is relevant that 

nanosystem internalization experiments based on incubation are easily 

performed in zebrafish embryos, however, this cannot be done in rodents, 
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demonstrating the advantages of zebrafish as a model. Taking advance of this, 

an in vivo internalization assay was performed in 48 hpf embryos to study PSN 

behavior.  

Cy5-labelled miR and pDNA were associated with fluorescent PSN 

(labelled with TopFluor®-sphingomyelin). The use of zebrafish embryos for 

this type of assay allows us to easily incubate NA-loaded PSN in their media, 

in this case, 72 hours. The results observed by confocal microscopy 

demonstrated a high internalization by cells of the fluorescent PSN, and most 

importantly, also allowed to determine the presence of the associated NAs, 

miR and pDNA (Figure 3). Furthermore, experiments confirmed the co-

localization (in cyan) of PSN (in green) and NAs (in blue) in an in vivo model 

with a superior level of complexity (Figure 3). This colocalization proves that 

PSN and NAs remain associated during the uptake process, allowing the 

efficient transport of NAs into the cells, which is a key step for successful 

gene therapy. 

Furthermore, these uptake studies demonstrated the low toxicity of the 

nanocarriers (Figure S1), producing less than 20% of mortality in the embryos. 
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Figure 3. Confocal images of zebrafish embryos after a 72h incubation with 

TopFluor-PSN (in green) associated and non-associated with Cy5-labelled miR and 

pDNA (in blue).   
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3.4. PSN/miR-pDNA in vivo biodistribution 

Following the same strategy of leveraging zebrafish embryo 

transparency, a PSN biodistribution assay was subsequently performed. 

Zebrafish transparency, which lasts until 24 hpf and can be extended with the 

use of PTU 47, allowed us to demonstrate the potential of PSN to be a carrier 

for gene therapy since we can monitor their stability and biodistribution in the 

circulatory system of the fish 17.  

For this purpose, 48 hpf embryos were microinjected in the Duct of 

Cuvier with the PNS, associated and non-associated with NAs (miR and 

pDNA), as well as free NAs. After 48 hours of incubation, embryos were fixed 

and analyzed by confocal microscopy. The obtained results show the 

biodistribution of PSN along the zebrafish embryo body through the 

vasculature and their accumulation in the tail (Figure 4). In the case of PSN 

associated with NAs (PSN/miR and PSN/pDNA), it is observed that the 

association between NAs and nanocarriers after the microinjection in 

circulation is maintained in vivo. This maintenance is reflected by the cyan 

signal observed, which is a result of the co-localization of the green 

fluorescence of the nanosystems (with SM-TopFluor) and the blue 

fluorescence from the NAs (labelled with Cy5). Both PSN and PSN associated 

with NAs display an accumulation pattern that does not appear in the case of 

the naked miR and pDNA, which are spreading along the zebrafish body.  
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Figure 4. Confocal images of in vivo biodistribution of TopFluor-labelled 

nanoemulsions (green) with and without miR-Cy5 and pDNA (blue), after 48 hours 

incubation in microinjected 48 hpf zebrafish embryos.  
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3.5. PSN/miR-pDNA in vivo interaction with cancer cells  

Another zebrafish embryo property that makes it suitable as an in vivo 

model for gene therapy nanomedicine is the late activation of the immune 

system, which is not complete until 4-6 wpf 49. This allows us to perform 

xenotransplantation of cancer cells without the necessity of using genetically 

engineered immunodeficient in vivo models. Furthermore, the use of 

fluorescent-labelled cells, as well as fluorescent PSN and NAs, allows to 

evaluate how they behave in an in vivo tumor-like environment and how they 

interact with cancer cells.  

Zebrafish embryos of 48 hpf were microinjected in the Duct of Cuvier 

with MDA-MB-231 cells, previously labelled with DiI. The result of this 

injection was a metastasis-like environment with cancer cells spread in the tail 

of the embryos, a key milieu to evaluate PSN interactions with cancer cells. 

Twenty-four hours after the xenograft, PSN with SM-TopFluor, associated 

and non-associated Cy5-NAs, were microinjected in the Duct of Cuvier. 

Forty-eight hours post-PSN injection, embryos were scanned by confocal 

microscopy. The results show that the fluorescent signal of the NAs (in blue) 

co-localize with the PSN (in green), corroborating the results obtained in the 

biodistribution assay (Figure 5). Further to this, it is observed some co-

localization of the fluorescence signal of the PSN (with and without associated 

NAs) with the fluorescence of cancer cells; whereas free nucleic acids do not 

show any signal overlapping with the cancer cells. It is also important to 

highlight that the association between the carrier and the NA is stable for at 

least 48 hours after the microinjection, along the zebrafish circulation, 

verifying the stability of the NA-loaded PSN.  
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Figure 5. Images of the in vivo interaction between nanoemulsions, labelled with 

TopFluor (green), and associated and non-associated miR and pDNA Cy5-labelled 

(blue) with DiI-MDA-MB-231 cancer cells (red), by confocal microscopy. 

 

4. DISCUSSION 

Even though zebrafish is widely used as a model to evaluate therapies for 

cancer treatment 21,50, its use to develop and validate innovative gene therapy 

nanomedicines has not yet been fully investigated. With this aim, this work 
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was carried out to demonstrate the potential of zebrafish as a key model in the 

study of new gene therapies based on nanotechnology. 

Zebrafish is an interesting in vivo platform that allows us to perform 

assays that cannot easily be performed with other in vivo model systems, such 

as rodents. Probably, the most characteristic feature of zebrafish is the 

transparency present in the embryonic stages 17,51. As mentioned before, 

transparency allows the simple visualization of fluorescently labelled 

molecules, cells, and nanoparticles 17,18. This advantage, in synergy with 

fluorescence/confocal microscopy, permits in vivo monitoring of specific 

structures, such as nanoparticles. As a result, we were able not only to observe 

how PSN behave in vivo, and how they interact with cancer cells, but also to 

confirm their stability and the maintenance of the association with NAs in an 

environment similar to that of patients. Our results are in line with several 

publications that use zebrafish as a model to evaluate nanomedicines (not for 

gene therapy purposes) and demonstrate how zebrafish can be used to evaluate 

novel cationic lipidic nanoemulsions in vivo with associated NAs 17,21,52,53. 

Although zebrafish transparency plays a key role in carrying out this type 

of assays, this is not the only interesting advantage of this model system. Both 

embryos and adults have a small size and can be easily stored and maintained. 

This characteristic allows cost-effective, large-scale assays with a high 

number of specimens, with enough replicates to validate the experiments 

16,54,55. These types of assays are inconceivable in mice, considering the high 

maintenance cost and the small number of progenies 55. In addition, zebrafish 

genome has a great homology with the human genome, and the body with 

several vertebrate structures 16,54. 
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Certainly, zebrafish embryo has several advantages that make it suitable 

as a model platform to evaluate cancer nanotechnology-based therapies, 

resulting in a plethora of diverse experiments that can be done to optimize and 

select the best treatments. However, it also has limitations in terms of 

similarity with humans. For instance, the lack of the physiological complexity 

of a non-mammalian organism implies the need to combine the zebrafish with 

other models, such as mice and rats, in certain types of experiments. However, 

in the context of animal welfare, combining the use of zebrafish embryo with 

more complex models may help to implement the 3R’s rule: replace, reduce, 

and refine 56,57. Because the zebrafish is an intermediate model between cell 

cultures and rodents, all experiments that can be performed in zebrafish 

models would inversely affect the number of mice that will be needed in 

subsequent experiments.  

Our group has previously developed a new type of cationic nanosystems 

composed by VE, SM and a Putrescine derivative, PSN 42. This formulation 

is an optimization of previous SM nanosystems 13,39,58, for cancer gene therapy 

applications, taking advantage of the intrinsic properties of putrescine. Among 

others, putrescine provides a cationic charge that can establish electrostatic 

interactions with negative-charged molecules such as NAs 59–61. In addition, 

cancer cells show a higher affinity for putrescine compared to normal cells, in 

order to maintain their metabolic activities, in which natural polyamines are 

involved  40,62. Our previous results show the potential of PSN to efficiently 

carry anti-cancer therapeutic pDNA, achieving a therapeutic effect in cell 

culture. Most importantly, the results show a tumor reduction in murine 

models of cancer, which correlates with the reduction previously observed in 

xenografted zebrafish embryos 42. 
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Furthermore, the experiments performed in the present work allowed us 

to validate the adaptability of our PSN cationic nanoemulsions 42. PSN 

demonstrated to be an innovative carrier for gene therapy showing a high 

versatility due to their ability to carry different types of NAs, not only with a 

huge difference in length but also with different nature, desoxyribonucleic 

(pDNA) and ribonucleic acids (miR). Moreover, results obtained in 0 hpf 

embryos confirmed that miR145 is able to develop its regulatory role in 

zebrafish genes when associated with nanoemulsions; and therefore, the PSN 

are capable of releasing their cargo inside the cell. This fact highlights the 

potential of zebrafish to study the transfection efficiency of gene delivery 

nanosystems. It is important to emphasize that this type of experiment, with 0 

hpf embryos, cannot be performed in the common models used in 

experimentation, such as mice and rats. These models, with higher 

complexity, have internal fertilization, thus this assay becomes complicated 

by the need to perform in vitro fecundation.  

The accumulation of PSN observed in tumor cells could be related to the 

incorporation of putrescine and the fact that polyamine uptake is increased in 

cancer cells through Polyamine Transport Systems 63. Importantly, we 

observed that PSN were stable in an in vivo environment, maintaining an 

efficient association of the NAs, which were then successfully released inside 

the cells. This proved the ability of putrescine to protect the NAs against in 

vivo barriers due to its capacity to condense nucleic acids achieving an 

improvement in the transport inside the cells 41. In this sense, zebrafish allow 

us to observe/visualize the interaction of PSN with cancer cells in a more 

complex system than the one represented by a cell culture since different cell 

types from the tumor environment are present in the fish. Interaction studies 
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verified that PSN/miR-pDNA are able to travel along the embryos and reach 

the cancer cells. These results corroborate the ones observed in uptakes 

performed in cancer cell lines, demonstrating that the PSN interaction with 

cancer cells happens both in vitro and in vivo (Figure S2-S3). In other words, 

these results confirm that we have developed an efficient and stable 

nanocarrier able to transport its cargo to the cancer cells. Furthermore, the 

working times between cell cultures and zebrafish embryos are quite similar, 

obtaining more complex and reliable results. 

 

5. CONCLUSIONS 

In conclusion, our results demonstrate the huge potential that zebrafish 

embryos have as an in vivo platform to evaluate nanomedicines for gene 

therapy in a fast, cost-effective and reliable way in contrast with other animal 

models. In the same vein, the experiments presented here validated the 

capacity of PSN to successfully associate and transport different types of NAs 

into a living organism.  
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SUPPLEMENTARY MATERIAL 

 

Figure S1. Toxicity assay of PSN and PSN/pDNA in zebrafish embryos after 24, 48 

and 72 hours of incubation. 
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Figure S2. Confocal images of triple negative breast cancer cells (MDA-MB-231 cell 

line) after a 4h incubation with TopFluor-labelled nanosystems (green) associated and 

non-associated with miR/pDNA-Cy5 (red). Cell nuclei were stained with Hoescht 

(blue). 
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Figure S3. Confocal images of MCF7 breast cancer cells resulting after a 4h 

incubation with nanocarriers labelled with TopFluor (green) associated and non-

associated with miR-Cy5 (red). Cell nuclei were stained with Hoescht (blue). 
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OVERALL DISCUSSION 

 

Cancer treatment is a current challenge due to the high deaths rates of this 

group of diseases. In addition to that, cancer situation is worsening due to an 

expected increase in death rates and new cases in 2040, reaching the 29.5 

million and 16.4 million, respectively 1. Cancer is a complex and 

heterogeneous illness, and all the different features are involved in the tumor 

progression 2,3. Altered oncogenes and tumor suppressor genes, 

microenvironment, diversity in cell population, among other characteristic 

features, are key for the cancer development 4–8.  

The treatments are specifically centered in the use of radiotherapy, 

chemotherapy, surgery, and immunotherapy, depending on the cancer type and 

stage 9–13. Despite of their beneficial effects, these strategies are not enough, 

and it is necessary the development of novel effective therapies that can reach 

the cancer cell population, aiming an increase of the treatment efficacy 14. In 

this sense, nanomedicine can play a key role being the basis of novel therapies. 

In the recent years, nanomedicine has demonstrated its potential to be a 

valuable alternative to develop novel cancer treatments 1,15. Nanocarriers have 

the capacity to encapsulate drugs with low solubility rates, reaching a decrease 

in the drug concentration needed, as well as increasing its half-life 16,17. 

Moreover, nanoparticles can be developed for carrying therapeutic 

biomolecules, such as nucleic acids and peptides 18–20. In relation with this, 
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they can also be functionalized for developing targeted therapies, which can 

improve the side effects of the current treatments 21–23. 

Since the FDA-approval of Doxil® for ovarian cancer treatment in 1995, 

there were proposed multiple nanotechnology-based cancer treatments 1,24. 

However, few cancer nanomedicines reached the market, being less than 20 

EMA/FDA approvals 17. This delay in the translation to the market can be 

overcame with the implementation of reliable in vitro and in vivo models, 

which can be the basis to understand the behavior and efficacy of novel 

nanomedicines 15,25,26. 

In this thesis, sphingomyelin nanosystems (SNs), previously developed 

by our group, were studied with the aim of evaluate different therapeutic 

strategies for cancer treatment 27. Their simple and biocompatible composition 

based on vitamin E and sphingomyelin, makes them easy to produce, as well 

as, biocompatible and stable 27. In previous studies, SNs have demonstrated 

their capacity to carry biomolecules, therapeutic compounds, and imaging and 

contrast agents, being an innovative alternative to cancer treatment and 

detection 28–36.  

In the current work, different strategies based on SNs were evaluated for 

cancer treatment: i) a drug delivery system; ii) a targeted therapy; iii) a gene 

therapy. The evaluation of these different approaches was performed in 

alternative study platforms: i) spheroids; ii) organo-on-a-chip microfluidic 

devices; and iii) zebrafish embryos, respectively. 
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Sphingomyelin nanosystems as a versatile strategy for cancer treatment 

With the purpose of developing novel cancer treatment strategies based 

on the previously developed SNs, they were differently modified to achieve 

formulations for drug delivery, targeted therapy, and gene therapy (Figure 1) 

27.  

Figure 1. Summary of the therapeutical strategies based on SNs evaluated in this 

work. 

As a first approach, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-

N-[carboxy(polyethylene glycol)-2000] (DSP-PEG (2K)-COOH) was 

included in the SNs formulation (Figure 2A). This molecule is composed by a 

lipophilic core (DSPE) and a lipophobic shell (PEG), being disposed in the 

SNs interior and surface, respectively 37. The PEG addition to 

nanoformulations is related to the increase of their stability as well as their 

half-life 38–40. Previously works of our groups have implemented the use of 

PEG to increase stability and to develop targeted therapies 28,32,41. Taking this 

into account, PEGylated SNs were used to encapsulate the hydrophobic drug 

disulfiram (DSF). DSF is a widely known FDA-approved drug for alcoholism 
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treatment, which has also demonstrated efficiency as cancer therapy 42,43. 

These encapsulated SNs (SNs-DSF) were evaluated for cancer stem cell 

(CSCs) treatment of non-small cell lung cancer (NSCLC). 

Furthermore, PEG molecule is also interesting for aptamer-based targeted 

therapy, due to its role as a point of attachment between aptamers and 

nanosystems 44–46.  As previously described, SNs are a reliable nanocarrier for 

targeted therapy, as well as protein-based targeting 28,41. Thus, PEGylated SNs 

were also the basis for the aptamer conjugation to achieve a targeted therapy, 

whose target is the TAS1R3 receptor, previously described by the group 47.  

A different approach was the addition of putrescine, a derivative oleamide 

version, for a better integration in the formulation (Figure 2B) 33. The inclusion 

of this cationic molecule confers positive charges in the SNs surface, allowing 

the association of anionic nucleic acids. Previously studies performed by our 

group proved the SNs capacity to deliver gene therapies, including with the 

addition of putrescine to the formulation 29,30,33. In this strategy, nucleic acids 

of different nature and with distinct lengths, miRNAs and plasmids, were 

selected to be associated with the putrescine SNs (PSN).  
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Figure 2. Chemical structure of: A. DSP-PEG (2K)-COOH; B. The lipidic putrescine 

derivative. 

The physicochemical characterization of the SNs strategies 

demonstrates, in all cases, a homogeneous population due to the value of the 

polydispersity index, which is around 0.2. In the case of size, the values range 

between 91±6 and 195±5 nm, depending on the SNs category (Table 1). It is 

relevant the size increase observed in the case of functionalized SNs, due to 

the three-dimensional conformation of the aptamers. In the same way, PSN 

after nucleic acid association also showed an increase in size, which confirm 

the correct association of the miRNA or plasmid. 

The surface charge varies depending on the components added to the 

formulation. The previously developed SNs (composed by VE and SM) had a 

neutral zeta potential (ZP). However, when the PEG is included, the SNs 

became negative, around -25 mV. This decreasing in the ZP is related to the 

carboxylic acid present in this molecule. This value is similar in the PEGylated 

SNs-DSF, and lower in the case of the functionalized SNs-5F. This decrease 

in the charge is produced due to the phosphate groups present in the aptamers 
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48. A completely different picture was observed in the PSN, because of the 

cationic character of the putrescine 33. However, the ZP suffered a decrease 

when the nucleic acids were associated, due to the electrostatic interactions 

formed by the cationic putrescine and the anionic phosphate of the nucleic 

acids 33,49. 

Table 1. Summary of the physicochemical characterization of the nanosystems used 

in this work. 

aPdI: polydispersity index; bZP: zeta potential. 

 

Effective study models for SNs evaluation 

Throughout this thesis, four different study models were used for 

nanosystems evaluation, including in vitro and in vivo platforms: i) 2D cell 

cultures, ii) spheroids, iii) organ-on-a-chip (OOC) microfluidic devices, and 

iv) zebrafish embryos (Figure 4). The importance of using reliable models to 
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evaluate nanomedicines is key for the treatment fate and for a successful 

clinical translation 50. With this aim, the different SNs strategies were 

evaluated in these models, with the objective of prove their value as study 

platforms for nanomedicines. 

Figure 4. Overview of the study platforms used in this thesis and their principal 

characteristics 51–55. 

Even though the 2D cell culture is the basic and widely used study model 

for nanomedicines, more complex and reliable study platforms are needed to 

completely understand their behavior, internalization capacity and treatment 

efficacy 56,57. Murine models are also a gold standard for the evaluation of 

nano-based medicines; however, they have some drawbacks. The high 

maintenance cost, the small offspring, and the low possibility to perform large 

screenings, among other characteristics, are the weaknesses of murine models 

52. Thus, the synergy of complementary in vitro and in vivo models can be an 

alternative to overcome the difficulties to evaluate nanomedicines for their 

clinical translation 58. 

Taking this into account, spheroids were the static 3D in vitro model 

selected to evaluate diuslfiram (DSF) encapsulated nanosystems (SNs-DSF). 

As explained before, DSF target are the cancer stem cells (CSC), and their 
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population is enriched in 3D cultures, therefore, spheroids were the suitable 

platform for their study 59,60.  

With the aim of confirming the correct therapeutic effect of SNs-DSF, the 

viability was evaluated in H1650 spheroids, which produce compact 

spheroids, that increase the difficulty in SNs the penetration. The results 

demonstrated the capacity of SNs to carry hydrophobic drugs and to release 

them in the cells (Figure 5A). Morover, spheroids also are convinient models 

for evaluating the penetration capacity of nanosystems. In this sense, 

nanocarriers must be fluorescencely labelled for a following evaluation by 

confocal microscopy or by flow cytometry  61,62. The internalization of SNs-

DSF by spheroid cells was evaluated by confocal microscopy and the results 

demonstrated a good capacity to penetrate into the inner parts of the shperoid  

Figure 5B). In addition, Calcein AM and propidium iodide are common 

reagents to evaluate the cytotoxicity on spheroid models 63. The outcomes 

observed demosntrate a similar pattern in terms of apoptosis in the free DSF 

and in the SNs-DSF, which means that the treatment efficacy is not much 

higher when the DSF is encapsulated. However, the benefit of the SNs 

encapsulation is the protection of the drug, increasing its stability and half-

life. 
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Figure 5. A. Viability evaluation after 48 hours of free DSF and SNs-DSF incubation 

in H1650 spheroids; B. Confocal images of Cy5-labeled nanoemulsions, with (SNs-

DSF) and without (SNs) encapsulated disulfiram, internalized in H1650 spheroids at 

different time points. NEs are labelled with Cy5 (in red), and nuclei with Hoechst 

33342 (in blue). C. Viability assay of H1650 spheroids after disulfiram treatment, 

encapsulated and non-encapsulated in SNs, for 48 hours. After treatment, spheroids 
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were incubated with Calcein AM 2µM and PI 4µM for 30 minutes. In the images, 

Calcein AM is in green, and PI in red. 

 

Targeted nanomedicines need to be evaluated in terms of targeting 

efficacy to demonstrate their capacity to efficient discriminate between cell 

types 64. In this sense, OOC microfluidic models have the ability to recreate 

not only the tumor structure and environment, but also the vasculature 55. This 

fact makes OOC a valuable model for testing the targeting capacity of 

nanosystems 65. The two-channel device used in this work mimics specifically 

the tumor structure and a sanguineous vessel. The tumor channel is composed 

by the A549 NSCLC cells that overexpress the target receptor, TAS1R3; and 

the endothelial one is composed by a monolayer of HPMEC cells. The gaps 

between the channels and the formation of the endothelial barrier mimic the 

biological obstacles that the functionalized SNs will find in the organism, so 

SNs behavior in the OOC is a good predictor of the in vivo results 66. The SNs-

5F preliminary results show their presence in the gaps between the 

micropillars, which suggests they were crossing them, but further experiments 

are needed to verify it (Figure 6). 
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Figure 6. Confocal images of the behavior evaluation of targeted SNs-5F in OOC 

microfluidic devices. Nuclei are stained with Hoechst (in blue); and SNs and SNs-5F 

are labeled with Cy5 (in red). The upper channel is the endothelial one, and the bottom 

channel is the cancer one. SNs-5F are present in the gaps (white arrows). 

 

The third strategy was the evaluation of cationic nanosystems for cancer 

gene therapy. PSN were evaluated with zebrafish embryos, which are able to 

be microinjected with fluorescent cancer cells and these can be followed by 

fluorescent or confocal microscopy, due to the transparence of the model. 

Moreover, nanosystems can be monitored in the same way, making use of 

fluorescent labels 58,67. Cancer cells would not trigger the immune response in 

the zebrafish, due to the late activation of the adaptative immune system, thus 

cancer cells can proliferate correctly 68. Considering this, PSN were labelled 

including TopFluor®-sphingomyelin to the formulation, and in the case of 

cancer cells, the selected dye was DiI. 

The nanocarriers used for gene therapy need to have the capacity to carry 

and protect the therapeutic nucleic acids until reach the targeted cells. 

However, the ability to release their cargo into the cells is a key step for a 



MARÍA CASCALLAR CASTRO 

 

234 

 

correct therapy administration and effect 69–71. PSN demonstrated their 

capacity to release their cargo, in this case a miRNA. The miRNA 145 was the 

selected therapeutic nucleic acid, and it was tested in vivo in 0 hours post-

fecundation (hpf) zebrafish embryos (Figure 7A). The effect in the expression 

of zebrafish miRNA 145-related genes, sox9b and gata6, was evaluated to 

verify the correct release of the nucleic acid. This advantage of the external 

fecundation of the zebrafish allows this in one-cell stage experiments, which 

cannot be performed in other in vivo models 67. 

Moreover, 48 hpf zebrafish embryos were the study platform to evaluate 

the biodistribution and SNs interactions with cancer cells. As explained 

before, the transparency of the model permits the visualization of 

fluorescently labelled nanosystems and cells by fluorescent or confocal 

microscopy 58. With this in mind, TopFluor-PSN demonstrated an efficient 

maintenance of the association between PSN and nucleic acids in vivo, 

meaning that the cargo remains protected (Figure 7B). Besides this, PSN 

showed in vivo interactions with xenografted cancer cells in the zebrafish 

(Figure 7C). Despite PSN are not functionalized, the affinity of the cancer 

cells by polyamines, such as putrescine, can be the responsible of this 

successful interaction 72.  
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Figure 7. A. RT-qPCR results of the effect of miR 145 associated and non-associated 

with PSN in the relative expression of sox9b and gata6 genes in zebrafish embryos; 

B. Confocal images of in vivo biodistribution of TopFluor-labelled nanoemulsions 
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(green) with and without miR-Cy5 and pDNA (blue), after 48 hours incubation in 

microinjected 48 hpf zebrafish embryo; C. Confocal images of in vivo interaction 

between nanoemulsions, labelled with TopFluor (green), and associated and non-

associated miR and pDNA Cy5-labelled (blue) with DiI-MDA-MB-231 cancer cells 

(red). 

 

Overview and future perspectives 

Overall, SNs have successfully demonstrated their capacity of adaptation 

to carry different treatment strategies: hydrophobic drugs, such as DSF; 

aptamers for targeted therapy; and different nucleic acids, miRNAs and 

plasmids, for gene therapy. Furthermore, spheroids, OOC microfluidic devices 

and zebrafish embryos successfully prove their capacity to be effective study 

platforms for the preclinical assessment of nanomedicines. 

For continuation of this work, more complex 3D static models could be 

explored, such as organoids and 3D co-cultures, including for example cancer 

and immune cells 73. Further evaluation of SNs still remains to be done in the 

developed OOC microfluid device. Additionally, the devices can gain value 

by including additional elements to mimic, for example, the metastatic 

cascade 74,75. Likewise, further evaluation studies can elucidate more specific 

characteristics about the behavior and biodistribution of SNs in other study 

models. For example, transgenic ZF lines, such as the Tg(BACmpo:gfp)i114 

and Tg(mpeg1:eGFP), which have labelled immune system cells, neutrophils 

and macrophages, respectively; or the Tg(fli1:eGFP) ZF transgenic line which 

has fluorescently labelled the endothelial cells, marking the vasculature 58,76–
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79. These transgenic embryos will allow the evaluation of the interaction 

between SNs and the immune system cells. 
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CONCLUSIONS 

 

In the work developed in the framework of this thesis, sphingomyelin 

nanosystems were loaded with different types of molecules, and decorated 

with specific ligands, to explore their application in the development of 

innovative anticancer treatments. To assess their behavior and efficacy, the use 

of static and non-static models, as well as zebrafish embryos, was proposed 

for in vitro and in vivo evaluation. The data extracted from the experimental 

results led us to withdraw the following conclusions: 

1. Sphingomyelin nanosystems have demonstrated their capacity to 

efficiently encapsulate hydrophobic drugs, such as disulfiram, as well 

as nucleic acids, and can also be surface-decorated with ligands for 

specific cell targeting. 

2. Disulfiram-loaded sphingomyelin nanosystems can efficiently 

penetrate into non-small cell lung cancer spheroids, achieving the 

inner core of the structure, and inducing a therapeutic effect. 

3. An effective targeting of the surface-decorated nanosystems was 

evidenced in TAS1R3-overexpressed non-small cell lung cancer cells, 

in 2D. The tracking of the formulation was also successfully achieved 

in a more complex non-static microfluidic device. 

4.  A 3D static model, cell lung cancer spheroids, and an organ-on-a-chip 

non-static microfluidic device, demonstrated their potential for in 
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vitro evaluation of novel anticancer treatments based on 

nanomedicines. 

5. The capacity of nucleic acids to remain associated to sphingomyelin 

nanosystems after in vivo administration was demonstrated in 

zebrafish embryos. 

6. Zebrafish embryos proved their ability for being a study platform to 

evaluate the behavior and in vivo interaction of gene nanomedicines.  

in vivo. 
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ABBREVIATIONS  

 

2D Two dimensional 

3D Three dimensional 

ACN Acetonitrile 

ASOs Antisense oligonucleotides 

ATCC American Type Culture Collection 

bFGF Human fibroblast growth factor basic 

BSA Bovine Serum Albumin 

CAFs Cancer-associated-fibroblasts 

Calcein AM Calcein acetoxymethyl 

cDNA Complementary DNA 

Cell-SELEX Cell-Systematic Evolution of Ligands by EXponential 

Enrichment 

CSCs Cancer stem cells 

Cy5 Cyanine 5 

DEN Diethylnitrosamine  

DiI 1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine 

Perchlorate 

DLS Dynamic light scattering 

DMBA Dimethylbenzanthracene  

DMEM Dulbecco′s Modified Eagle′s Medium 
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DMSO Dimethyl sulfoxide  

DNA Desoxyribonucleic acid 

dpf Days post-fecundation 

DSF Disulfiram 

ECGS Endothelial Cell Growth Supplement 

EGF Human Epidermal growth factor 

ENU Ethylnitrosourea  

EMA European Medicines Agency 

EtOH Ethanol  

FBS Fetal bovine serum 

FDA Food and Drug Administration 

hpf Hours post-fecundation 

HPLC High Performance Liquid Chromatography 

HPMEC Human pulmonary microvascular endothelial cells 

IC50 50% inhibitory concentration 

LDA Laser Doppler Anemometry 

LOD Limit of Detection 

LOQ Limit of Quantification 

M199 Medium 199 

MeOH Methanol 

miR microRNA 

MNNG N-methyl-N’-nitro-N-nitrosoguanidine  

MO Morpholinos 
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MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt) 

NaCl Sodium chloride 

NAs Nucleic acids  

NDMA N-nitrosodimethylamine  

NEAA Non-essential amino acids 

NSCLC Non-small cell lung cancer 

OOC Organ-on-a-chip 

P/S Penicillin-Streptomycin  

PBS Dulbecco’s Phosphate Buffered Saline 

PdI Polydispersity index 

PDMS Polydimethylsiloxane  

pDNA DNA Plasmid 

PDO Patient-derived organoids 

PDS Patient-derived spheroids 

PEG Polyethylene glycol 

PEI Polyethylenimine 

PFA Paraformaldehyde 

PI Propidium iodide 

PSN Putrescine-sphingomyelin nanosystems 

PSN/miR Putrescine-sphingomyelin nanosystems with associated 

miR 

PSN/pDNA Putrescine-sphingomyelin nanosystems with associated 

pDNA 

Pt Putrescine 
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PTU Phenylthiourea 

PVP Polyvinylpyrrolidone 

RNA Ribonucleic acid 

RPMI Roswell Park Memorial Institute Medium 

SCLC Small cell lung cancer 

shRNAs Short hairpin RNAs 

siRNAs Small interfering RNAs 

SM Sphingomyelin 

SNs Sphingomyelin nanosystems 

SNs-49F Sphingomyelin nanosystems functionalized with aptamer 

49F 

SNs-5F Sphingomyelin nanosystems functionalized with aptamer 

5F 

SNs-DSF Sphingomyelin nanosystems with encapsulated DSF 

STEM Scanning Transmission Electron Microscopy 

Sulfo-SANPAH sulfosuccinimidyl-6-[4´-azido-2´-

nitrophenylamino]hexanoate 

TALENs Transcription Activator-Like Effector Nucleases 

TAS1R3 Taste Receptor type 1 member 3 

TBE Tris-Borate-EDTA 

TFA Trifluoroacetic 

TILLING Targeted Induced Local Lesions in Genomes 

ULA Ultra-low attachment 

UV Ultra-violet 

VE Vitamin E 
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WGA Wheat Germ Agglutinin 

wpf Weeks post-fertilization 

ZFNs Zinc Finger Nucleases 

ZP Zeta potential 

zPDXs Zebrafish patient-derived xenografts 
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