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ABSTRACT 

 

The main goal of this thesis has been the development of various RNA-based therapies 

to modulate cell phenotypes in two different disease contexts: cancer and tissue 

engineering.   

 

In a first step, we developed a nanocarrier aimed to revert the tumor 

immunosuppression mediated by myeloid derived suppressor cells (MDSCs). To this end, 

we designed a core-shell nanocapsule with a polyarginine coating capable of adsorbing 

RNAi sequences targeting the C/EBPβ pathway, and a glycerol-monooleate-based core 

with an L2 inverse micellar phase that enabled the encapsulation of the CCL2 

chemokine. These nanocapsules were able to control the release of the RNA molecules 

and protect them from RNase degradation when coated with additional polyarginine 

and hyaluronic acid polymer layers. In vitro, they promoted macrophage 

chemoattraction and induced a potent MDSC transfection that resulted in the reversion 

of their immunosuppressive phenotype. In vivo, they reduced C/EBPβ mRNA levels 

preventing monocyte differentiation into tumor-associated macrophages. 

 

Next, we explored a new concept of gene-activated matrices (GAMs) activated with 

mRNA-encoded transcription factors (TFs) SOX9 and MYOD, to direct mesenchymal 

stem cell (MSC) specification to cartilage and muscle tissues, respectively. We 

nanocomplexed TF mRNAs and loaded them within fibrin matrices. We observed that 

these mRNA matrices presented a much higher transfection efficiency compared to 

classical pDNA matrices. In GAMs activated with natural mRNA, gene expression 

decayed quickly over time, whereas those loaded with chemically-modified mRNAs 

induced a sustained transgene expression. More importantly, the overexpression of 

both TFs resulted in an efficient chondrogenic and myogenic differentiation of MSCs, 

promoting a higher synthesis of tissue specific markers compared to pDNA and control 

matrices.  

 

Finally, we developed another version of SOX9-GAMs based on collagen-I-alginate 

interpenetrating polymer networks (IPNs) with the aim to study the role of GAM 

mechanics in enhancing the differentiation driven by TF overexpression. We first 

fabricated an IPN set with defined stiffness and adhesion properties. Within this IPN set, 

we found that the higher transgene expression was achieved for IPNs with the higher 

adhesion and stiffness. We demonstrated that this positive effect of stiffness was 

mediated by adhesion and related to an increased cell proliferation and a higher uptake 

of the condensates. These IPNs promoted the effective chondrogenesis of MSCs with 

low hypertrophy levels. Even more, IPN-mediated SOX9 transfection resulted in an 

increased chondrogenic marker expression compared to the encapsulation of 2D SOX9-

transfected cells, supporting the value of 3D cell reprogramming strategies.
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RESUMEN 

 

El principal objetivo de esta tesis ha sido el desarrollo de varias terapias basadas en ARN 

para modular fenotipos celulares en dos diferentes contextos de enfermedad: el cáncer 

y la ingeniería de tejidos.  

 

En un primer momento, desarrollamos un nanovehículo enfocado a revertir la 

inmunosupresión en tumor causada por células supresoras de estirpe mieloide (MDSCs). 

Para ello, diseñamos una nanocápsula con una cubierta de poliarginina capaz de 

adsorber secuencias de ARNi dirigidas a la vía C/EBPβ y un núcleo basado en monooleato 

de glicerol con una fase micelar inversa L2 que permitió encapsular la quimiocina  CCL2. 

Estas nanocápsulas fueron capaces de controlar la liberación de las moléculas de ARN y 

protegerlas de la degradación por ARNasas cuando fueron recubiertas con poliarginina 

y ácido hialurónico. In vitro, promovieron la quimioatracción de macrófagos e indujeron 

una potente transfección de MDSCs que resultó en la reversión de su fenotipo 

inmunosupresor. In vivo, redujeron los niveles de C/EBPβ previniendo la diferenciación 

de monocitos en macrófagos asociados a tumor. 

 

A continuación, exploramos un nuevo concepto de matrices activadas genéticamente 

(GAMs) activadas con los factores de transcripción (TF) SOX9 y MYOD codificados por 

ARNm, para dirigir la especificación de células madre mesenquimales (MSCs) hacia 

cartílago y músculo, respectivamente. Nanocomplejamos los ARNm y los cargamos en 

matrices de fibrina. Observamos que las matrices de ARNm presentaban una eficacia de 

transfección mucho mayor que las matrices de ADNp clásicas. En GAMs activadas con 

ARNm natural, la expression génica decayó rápidamente con el tiempo, mientras que 

aquellas activadas con ARNm modificados químicamente indujeron una expresión 

sostenida del transgen. Cabe destacar que la sobrexpresión de ambos TF resultó en una 

eficiente diferenciación condrogénica y miogénica de MSCs, promoviendo una mayor 

síntesis de marcadores específicos de tejido que las matrices de ADNp y las control.  

 

Finalmente, desarrollamos otra versión de GAMs de SOX9 basadas en entramados 

poliméricos (IPNs) a base de colágeno I y alginato para estudiar el papel de la mecánica 

de la GAM en la diferenciación celular promovida por la sobreexpresión de TFs. Primero, 

fabricamos un set de IPNs con propiedades de adhesión y dureza definidas. Dentro de 

este set, encontramos que la máxima transfección se daba en IPNs con la mayor 

adhesión y dureza. Demostramos que este efecto positivo de la dureza está mediado 

por la adhesión y relacionado con una proliferación celular aumentada y una mayor 

internalización de los nanocomplejos. Estos IPNs promovieron la condrogénesis efectiva 

de MSCs con bajos niveles de hipertrofia. Más aún, la transfección mediada por IPN 

resultó en un aumento de la expresión de marcadores condrogénicos en comparación 

con la encapsulación de células transfectadas en 2D con SOX9.
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RESUMEN IN EXTENSO 

 

1. Introducción 

La especificación del fenotipo celular es un proceso complejo que implica intricadas 

redes moleculares. Existen señales tanto químicas como mecánicas que actúan en 

consonancia para dirigir una serie de  cascadas moleculares, de modo que su 

desregulación da lugar a una alteración en la transcripción y traducción de ciertos genes 

que conlleva variaciones en la expresión proteica. En último término, la alteración de 

estas cascadas se traduce en un amplio rango de problemas de desarrollo y 

enfermedades1. 

Entre los distintos reguladores de la expresión génica, los microARNs (miARNs o miRs) 

están suscitando una atención creciente. Los miARNs son una clase de ARNs no 

codificantes que juegan un papel central en la homeostasis celular mediante su unión a 

ARNs mensajeros (ARNms) complementarios, dando lugar a la inhibición de la 

traducción de estos ARNms o a su degradación2. Aparte de su papel como reguladores 

del desarrollo, se ha descubierto que numerosas enfermedades están asociadas a 

procesos de desregulación de miARNs3. Por esta razón, los miARNs se presentan como 

interesantes candidatos para el desarrollo de agentes terapéuticos (conocidos como 

miARNs miméticos) o para su estudio como dianas terapéuticas (conocidos como 

antimiARNs). 

El ARN mensajero, diana de la acción del miARN, constituye una amplia familia de 

moléculas de ARN que guardan la información genética almacenada en el ADN actuando 

como molde para la expresión proteica ribosomal. Los numerosos trabajos publicados 

desde su descubrimiento en 19614,  culminaron en la concepción del ARNm como un 

agente codificador. Esta cualidad fue reconocida hace dos décadas, cuando Wolf et al. 

demostraron que la inyección directa de ARNm transcrito in vitro (IVT) en el músculo 

esquelético de ratones conducía a la expresión de la proteína codificada5. Sin embargo, 

el análisis del potencial del ARNm fue relegado por el del ADN plasmídico (ADNp) y el 

AND viral, moléculas más estables, y no fue hasta 1990 cuando se estudió para diversas 

aplicaciones, incluyendo la sustitución proteica y la vacunación6. De hecho, a día de hoy 

el ARNm ha demostrado ser una herramienta realmente eficiente para conseguir una 

expresión génica forzada, induciendo tanto una mayor como más rápida síntesis 

proteica que el ADNp7–10. 

 

Existen varias diferencias conceptuales entre las terapias basadas en ARN y ADN. El ARN 

ejerce su actividad en el citoplasma donde el miARN regula la expresión de ARNms 

nativos y el IVT ARNm es rápidamente traducido. Por el contrario, el ADN necesita entrar 

en el núcleo para ser transcrito a ARN, y se ha propuesto que el ratio de entrada nuclear, 



Resumen in extenso 

34 
 

y la consiguiente funcionalidad del ADN, dependen de la rotura de la membrana nuclear 

durante la división celular. Además, el ARN no se integra en el genoma, eliminando el 

riesgo de mutagénesis insercional que el ADN podría presentar. Finalmente, muchas 

aplicaciones farmacéuticas toman ventaja de la transitoria expresión proteica obtenida 

mediante ARNm y su degradación metabólica completa11,12.   

 

La mayor parte de las terapias basadas en miARN y ARNm están orientadas al 

tratamiento del cáncer. En el caso del miARN, estas terapias están enfocadas a la 

recuperación de los bajos niveles de miARNs oncosupresores con miARN miméticos o a 

antagonizar la función de miARNs oncogénicos sobrerregulados con antimiARNs. En 

estas líneas trabajan compañías como Mirna Therapeutics o miRage Therapeutics, las 

cuales cuentan con varios candidatos en ensayos clínicos (identificadores de 

ClinicalTrials.gov NCT01829971, NCT02580552)13. En cuanto a las terapias basadas en 

ARNm, cabe destacar su orientación a la inmunoterapia anti-cáncer, y al desarrollo de 

vacunas terapéuticas frente al cáncer. Compañías como Curevac o BioNTech han 

completado varios ensayos clínicos exitosos en este campo.  

 

Una aplicación de las terapias basadas en ARN muy interesante y relativamente menos 

explorada, es su uso para la modulación del fenotipo de células no tumorales. Tal y como 

comentamos previamente, el papel de los miARNs en la modulación de la plasticidad 

celular surge de su preciso control sobre la expresión génica. Dentro de las proteínas 

que son objeto de modulación del miARN, los factores de transcripción (TFs) son 

especialmente relevantes ya que regulan naturalmente la diferenciación celular14. Los 

TFs controlan el ratio de transcripción de la información genética del ADN al ARNm 

mediante su unión a secuencias de ADN específicas. Mientras que los miARNs regulan 

la expresión génica a un nivel post-transcripcional, los TF operan a nivel transcripcional 

y se ha demostrado que ambas moléculas cooperan para modular la expresión génica. 

De hecho, los TFs también regulan la expresión de miARNs y ambos pueden formar 

circuitos de retroalimentación positiva o negativa que juegan un papel crítico en varios 

procesos biológicos15–19. Un ejemplo de esta regulación cooperativa se observa entre 

dos moléculas de ARN estudiadas en el contexto de esta tesis: miR-142-3p y TF C/EBPβ, 

que forman un circuito de retroalimentación activado por la familia de citoquinas IL-6 

liberadas por el tumor durante la mioelopoesis inducida por procesos tumorales. Esta 

mielopoiesis tumoral resulta en la generación de las células supresoras de estirpe 

mieloide (MDSCs), una población CD11b+Gr-1+ acumulada en el bazo y masa tumoral de 

pacientes oncológicos que facilita la progresión del tumor. Por esta razón, la modulación 

de los niveles de C/EBPβ se presenta como una estrategia farmacológica prometedora 

para controlar el microambiente inmunosupresor y aumentar el efecto de las 

inmunoterapias frente al cáncer20,21. En consecuencia, en este trabajo hemos estudiado 

dos estrategias para reducir los niveles de C/EBPβ: el uso de miR 142-3p como un 

miARN mimético y el uso de shARN contra C/EBPβ. Ambas moléculas han sido 
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encapsuladas en nanovehículos junto con otros componentes inmunomoduladores, 

como se explicará brevemente más adelante y se detallará en el capítulo 1 de la 

presente memoria.  

 

Junto con el uso de ARN interferente para reducir los niveles de TFs, otra estrategia para 

modular la diferenciación celular es la expresión forzada de TFs. Así, los TF han sido 

usados tanto para dirigir la reprogramación celular como para promover su 

transdiferenciación22,23. Distintos TFs o mezclas de TFs han sido identificados con el fin 

de dirigir la diferenciación celular24–27. En 1987, Davis et al. demostraron que 

fibroblastos murinos podían convertirse en mioblastos mediante el uso de un único ADN 

copia codificante del TF MyoD28. Dos décadas más tarde, Takahashi y Yamanaka 

descubrieron un conjunto de TFs capaz de reprogramar células somáticas a 

pluripotencialidad 29. Sin embargo, aunque la mayor parte de los estudios de regulación 

transcripcional se han centrado en mecanismos de control de transcripción químicos y 

genéticos, trabajos recientes sugieren que las fuerzas mecánicas son igualmente 

importantes reguladores del control transcripcional1. De hecho, en los últimos años, la 

mecanotransducción ha recuperado gran atención como un medio de regular la 

conversión del fenotipo celular. En este sentido, se ha demostrado que la diferenciación 

de células madre puede ser modulada mediante la dureza, la elasticidad y las 

características de estrés-relajación de las matrices en las que estén incorporadas30–33, 

así como a través de los contactos célula-célula y célula-matriz34.  

 

En consonancia con estos estudios, en este trabajo hemos explorado el uso de los 

factores de transcripción MyoD, regulador maestro de la miogénesis28 y SOX9, 

regulador maestro de la condrogénesis35,36, en la diferenciación de células madre 

humanas (hMSCs) para aplicación en ingeniería de tejidos. Hemos empleado ARNm 

codificante de TF para evaluar si la cinética de expresión del ARNm podría mimetizar la 

expresión fisiológica de factores de transcripción, promoviendo así la diferenciación 

celular. Además, hemos explorado esta estrategia en un contexto tridimensional (3D), 

desarrollando una matriz activada genéticamente (GAM) en la cual tanto ARNm 

codificantes de TFs como hMSCs pueden ser incluidos, con el objetivo de crear una 

plataforma fácilmente inyectable con la capacidad de gelificar in situ en el lugar de 

lesión. Siendo conscientes del impacto del microambiente en el fenotipo celular, 

nuestro trabajo se ha centrado también en explorar la influencia de las propiedades 

mecánicas de la GAM en el perfil de diferenciación después de la transfección de los TFs 

en contextos 3D. Por lo tanto, nuestro objetivo último ha sido el de maximizar los 

procesos de diferenciación celular mediante la identificación de los microambientes con 

las propiedades mecánicas óptimas para inducir específicos programas de transcripción 

mediante expresión forzada de TFs. Además, nuestras matrices 3D constituyen una 

plataforma adecuada para modelizar los procesos de transferencia génica in vivo que 

los comúnmente usados modelos 2D. Así, teniendo en cuenta el papel crucial de la 
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transfección 3D en la actividad de la GAM, en este trabajo también tratamos de 

investigar la influencia de las propiedades mecánicas de la GAM en la eficacia de 

transfección de las nanopartículas cargadas con el ARNm. Los capítulos 2 y 3 recogen la 

información relacionada con esta parte del trabajo experimental.  

 

En conclusión, el objetivo global de esta tesis ha sido el desarrollo de adecuados 

sistemas de liberación de ARN para modulación del fenotipo celular. Teniendo en 

cuentala versatilidad de las terapias génicas basadas en ARN, hemos diseñado y 

estudiado sistemas de liberación de ARN en dos contextos diferentes, la 

inmunoterapia anti-cáncer y la ingeniería de tejidos. Más concretamente, hemos 

desarrollado terapias de complejidad creciente abarcando desde sistemas 

nanoparticulares a hidrogeles en los que nanopartículas y células madre fueron co-

encapsuladas construyendo una terapia génica celular 3D. Las propiedades mecánicas 

de los hidrogeles fueron finalmente exploradas para modular la plasticidad celular y 

maximizar el potencial de la plataforma tridimensional.  
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2. Resultados y discusión 

2.1 Modulación del fenotipo de células madre supresoras de estirpe mieloide (MDSCs) 

en inmunoterapia en cáncer 

Las MDSCs constituyen un conjunto de células mieloides inmaduras que resultan de 

procesos de mielopoiesis de emergencia sostenidos ligados a inflamaciones crónicas, 

enfermedades autoinmunes o cáncer. En base a sus características fenotípicas y 

bioquímicas, esta categoría de células se dividen en dos suptipos: polimorfonucleares 

(PMS) y monocíticas (M)-MDSCs, ambos caracterizados por su perfil inmunosupresor y 

su capacidad de inhibir la función de células T37.  

El origen de las MDSC reside probablemente en la creación de un mecanismo de 

protección frente a daños tisulares derivados de respuestas inmunes incontroladas. Sin 

embargo, los tumores pueden utilizar este mecanismo para protegerse de ser 

eliminados por el sistema inmune, asegurando su propagación38. Por esta razón, el 

desarrollo de terapias que ataquen a las MDSCs constituye un enfoque prometedor para 

aumentar la eficacia de las inmunoterapias en cáncer, sobre todo en el caso de 

transferencia adoptiva de células T (ACT)39. 

Las estrategias terapéuticas diseñadas para el tratamiento de MDSCs se basan en 

diferentes principios: inducir la depleción de MDSCs, afectar su desarrollo, inhibir su 

actividad supresora del sistema inmune y promover su diferenciación a células mieloides 

maduras39. Como adelantamos previamente, uno de los objetivos de esta tesis ha sido 

el desarrollo de una nanoterapia de ARNi capaz de promover la diferenciación de MDSCs 

hacia fenotipos maduros no inmunosupresores. Considerando los efectos tolerogénicos 

e inmunosupresores derivados de una expresión aberrante de C/EBPβ20, así como la 

modulación de C/EBPβ por miR 142-3p40, hemos investigado dos estrategias de ARNi 

para modular dicha vía: el uso de miR 142-3p y el uso de un shRNA contra C/EBPβ. 

Asimismo, aprovechando la versatilidad que ofrecen los nanovehículos diseñados en 

nuestro laboratorio para la co-administración de varios fármacos con diferentes perfiles 

farmacológicos, junto a los ARNi hemos encapsulado el antígeno modelo ovalbúmina 

(OVA), utilizada como modelo, y la proteína quimioatrayente de monocitos 1 (MCP-1 o 

CCL2).  

Dentro del repertorio de quimiocinas, la quimiocina CCL2 es especialmente relevante ya 

que se encuentra en la mayoría de cánceres sólidos. El eje CCL2-CCR2 está implicado en 

la migración de células mieloides al tumor, donde MDSCs se acumulan impidiendo la 

entrada de células T citotóxicas (CTLs), limitando por tanto la eficacia de las 

inmunoterapias41–43. Esta movilización de MDSCs dependiente de CCL2 ejerce una 

acción predominante en el suptipo monocítico, la población más agresiva, por lo que en 

este trabajo partimos de la hipótesis de que la incorporación de dicha quimiocina 

conferiría a nuestro sistema cierto grado de vectorización hacia dicha población44. Por 
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otro lado, CCL2 es nitrada/nitrosilada por especies reactivas de nitrógeno que produce 

el tumor, impidiendo su habilidad de atraer CTLs pero manteniendo su habilidad para 

reclutar células mieloides43,45,46. Por ello, el objetivo pretendido con nuestra terapia 

combinada, fue también el de restaurar los niveles nativos de CCL2 dentro del tumor 

para compensar el ratio incrementado de especies nitradas/nitrosiladas y permitir un 

reclutamiento adecuado de CTLs. Supusimos además, que el tropismo natural de los 

nanosistemas hacia el tumor47 y el bazo48 nos ayudaría a promover la liberación de CCL2 

en los órganos donde se acumulan las MDSCs49,50. 

Para construir esta terapia dual, diseñamos un sistema nanocapsular tipo reservorio con 

una cubierta polimérica de poliarginina, capaz de adsorber los ARNs mediante fuerzas 

electrostáticas, y un núcleo a base de monooleato de glicerol (GMO) con una fase 

micelar inversa L2, adecuada para lograr la encapsulación de péptidos dentro de sus 

dominios acuosos (Figura 1). La poliarginina fue seleccionada como polímero 

complejante de ARN debido a su mayor biocompatibilidad con respecto a polímeros 

sintéticos (ej. PEI), y su habilidad de transcitosis, que le confiere propiedades adecuadas 

para el escape endosomal51. Por otro lado, las mesofases basadas en GMO están 

generando creciente interés como sistemas de liberación de fármacos debido a su 

nanoestructura interna que permite la incorporación y liberación controlada de 

fármacos de diversa polaridad y tamaño52,53. Teniendo en cuenta que los métodos 

habitualmente empleados para dispersar estas mesofases implican el uso de altas 

temperaturas o procesos altamente energéticos que pueden dañar el fármaco 

encapsulado54,55, en este trabajo proponemos un método alternativo basado en la auto-

emulsificación. En él se utiliza el surfactante no iónico Labrasol® para dispersar 

espontáneamente un gel cúbico de GMO, previamente cargado con la quimiocina, 

usando poloxámero 407 como estabilizante.  

En un primer paso, evaluamos la capacidad del método de auto-dispersión para dar 

lugar a emulsiones nanométricas y caracterizamos la eficacia de encapsulación de sus 

núcleos lipídicos. Las nanoemulsiones (NEs) resultantes presentaron tamaños en torno 

a 200 nm con bajos índices de polidispersión y cargas superficiales negativas de 

alrededor de -15 mV. La eficacia de encapsulación del antígeno modelo ovalbúmina fue 

moderada, cercana a un 30%, mientras que en el caso de la quimiocina CCL2, se 

consiguió un 50% de eficacia de encapsulación. El recubrimiento de dichas NEs con 

poliarginina dio lugar a nanocápsulas de tamaño y polidispersión similares pero con una 

carga superficial invertida (≈40 mV), sugiriendo la adsorción efectiva del polímero 

catiónico. Considerando que las mesofases basadas en GMO se caracterizan por 

presentar ordenamientos de tipo cristalino, una vez obtenidas las nanocápsulas 

procedimos a investigar su cristalinidad. Así, mediante Small Angle X-ray Scattering 

confirmamos la fase cristalina cúbica del gel de GMO que utilizamos como base de 

nuestro sistema, y observamos que esta cristalinidad se iba perdiendo a medida que se 

aumentaba la proporción de Labrasol® en mezclas binarias GMO-Labrasol®. De acuerdo 
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con esto, las nanocápsulas de poliarginina con una proporción GMO:Labrasol 1:9 p:p 

presentaron una ordenación de micela inversa L2, dando lugar a núcleos acuosos dentro 

del núcleo lipídico de la nanoemulsión. Aunque la mesofase de GMO más explorada es 

la fase cúbica bicontinua reversa (V2), se ha mostrado recientemente que las micelas 

inversas (L2) pueden ofrecer mejores perfiles de liberación56, lo que constatan nuestros 

resultandos, confirmando la utilidad de nuestro método de formulación . 

Las nanocápsulas de poliarginina fueron posteriormente usadas para encapsular 

diferentes secuencias de ARN (miARNs y shARNs control y terapéuticos) demostrando 

una elevada eficacia de encapsulación (≈70%), una buena estabilidad coloidal y una 

escasa liberación en medios biológicos relevantes. Cabe destacar que la encapsulación 

de las secuencias de ARN se mantuvo en las partículas cargadas con la quimiocina CCL2, 

poniendo de manifiesto la viabilidad del sistema dual. Sin embargo, cuando las 

partículas cargadas con miARN fueron incubadas en plasma humano, observamos que 

dichas secuencias podían degradarse aun estando adsorbidas a los sistemas. Para evitar 

este problema, seguimos dos estrategias: utilizar secuencias de shARN fluoradas 

resistentes a ARNasas y recubrir nuestras nanocápsulas con unas cubiertas poliméricas 

a base de poliarginina y ácido hialurónico. Estos sistemas recubiertos mantuvieron un 

tamaño similar a las partículas cargadas con ARN y una carga superficial que varió 

dependiendo de la naturaleza del polímero de la cubierta, dando lugar a nanocápsulas 

con una carga superficial positiva o negativa, dependiendo de que el polímero de 

recubrimiento fuese simplemente la poliarginina o una combinación de poliarginina-

ácido hialurónico, respectivamente. Tanto el uso de dobles recubrimientos como el 

empleo de las secuencias fluoradas consiguieron evitar el problema de degradación del 

ARN en plasma, dando lugar a sistemas adecuados para administración intravenosa. 

Asimismo, los sistemas fueron liofilizados para asegurar la preservación del ARN, 

consiguiendo mantener su estabilidad coloidal y la integridad de las secuencias tras su 

almacenamiento durante al menos 1 año.   
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Figura 1. Caracterización de las NCs de poliarginina. A) Esquema de las NCs de poliarginina. B) Tamaños y 

PDI de las NCs blancas y cargadas según DLS. C) Oscilación de los valores de potencial zeta con la cubierta 

polimérica. D) Micrografías TEM de las NCs blancas y cargadas con miARN (miR) tras la resuspensión del 

polvo liofilizado. Escalas = 200 nm. 

 

Finalmente, las nanocápsulas fueron testadas in vitro. Una vez descartados fenómenos 

de toxicidad y efectos inespecíficos sobre el fenotipo de las MDSCs, se llevaron a cabo 

estudios de transfección de las nanocapsulas  cargadas con ARN en los que se evaluó su 

capacidad para diferenciar las MDSCs a subtipos no inmunosupresores. Dichos ensayos 

mostraron que las NCs cargadas con shC/EBPβ eran capaces de reducir los niveles de 

ARNm de C/EBPβ a valores más bajos que el reactivo comercial de referencia. Por su 

parte, las NCs cargadas con miR 142-3p redujeron la proporción de células CD11b+ Gr-

1low-negative, el fenotipo más inmunosupresor, destacando su potencial para reeducar 

MDSCs (Figura 2).  A su vez, las nanocapsulas NCs de poliarginina demostraron una 

elevada actividad quimiotáctica en macrófagos, tanto cargadas con la quimiocina CCL2 

como blancas, poniendo de manifiesto la capacidad de vectorización de la terapia. La 

elevada quimioatracción de las nanocapsulas NCs blancas hacia los macrófagos viene 



Resumen in extenso 

41 
 

probablemente derivada al papel de la poliarginina como agonista TLR457,58, y resalta el 

potencial de estos vehículos para la vacunación y  la inmunoterapia en cáncer.  

 

 

Figura 2. Las nanocápsulas de poliarginina cargadas con miR-142-3p reducen el porcentaje de células Gr-

1 
bajo-negativo

 (fracción monocito-macrofágica) en el cultivo de BM-MDSC. A) Las MDSCs fueron tratadas con 

concentrationes crecientes de NCs blancas para testar su efecto en la distribución de subtipos celulares. 

Las MDSCs fueron posteriormente transfectadas con 0.01 to 0.1 nmol de miR 142-3p usando un 

transfectante comercial (GeneSilencer®, Genlantis) o NCs de poliarginina.  Se muestran el efecto de 

direntes dosis de miARN en los subtipos celulares (B) e imágenes representativas de citometría de flujo 

para la dosis de 0.1 nmol (C). Los valores son la media ± SD de dos experimentos independientes. 
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Previamente se ha demostrado que el miR 142-3p y el shC/EBPβ son capaces de 

aumentar la eficacia de la ACT y la vacunación antitumoral in vivo, respectivamente, 

cuando son administrados en dendrímeros 4PD. Nuestras observaciones basadas en 

datos in vitro, sugieren que la combinación de las terapias basadas en ARN y quimiocinas 

podría ser un enfoque prometedor para aumentar la eficacia de la ACT en 

inmunoterapia. Además, los resultados relativos a la acumulación de las partículas 

marcadas en el bazo y el tumor de modelos tumorales murinos, así como el 

silenciamiento del ARNm de C/ EBPβ en el bazo y tumor después de la administración in 

vivo de las NCs cargadas con shC/EBPβ, evidencian todavía más el potencial de este 

sistema. 

 

2.2 Modulación del fenotipo de células madre mesenquimales (MSCs) en ingeniería de 

tejidos 

La reparación de tejidos como el cartílago o el músculo esquelético, continúa siendo un 

objetivo inalcanzado ya que las terapias actuales no consiguen generar tejidos de 

calidad. En el caso del cartílago, procedimientos quirúrgicos ampliamente usados como 

la técnica de microfractura, no son capaces de restaurar el cartílago hialino normal. El 

transplante de tejido osteocondral es la única técnica quirúrgica clásica que regenera el 

cartílago hialino, pero su uso está limitado debido al riesgo de transmisión de 

enfermedades y al rechazo inmune derivado de transplantes alogénicos. En línea con 

esta técnica, existen unos enfoques más avanzados como el implante de condrocitos 

autólogos (ACI) y el implante de condrocitos autólogos asistido mediante matriz (MACI) 

pero son muy costosos y precisan protocolos de implantación complejos59,60. De la 

misma manera, las propiedades del músculo esquelético regenerado están todavía lejos 

de las del músculo nativo. Los tratamientos actuales, incluyendo el transplante autólogo 

de músculo y la inyección de células de músculo expandidas ex vivo, han mostrado un 

éxito limitado61–65. En este sentido, la medicina regenerativa se presenta como una 

solución para evitar el uso de transplantes y superar el problema de escasez de donantes 

en el reemplazo de tejidos u órganos dañados. Los avances en biología molecular y 

ciencia de materiales, han llevado a nuevas estrategias de ingeniería de tejidos que 

incluyen el desarrollo de matrices 3D que pueden actuar tanto como vehículos de células 

como de señales para la regeneración tisular66,67.  

 

Una de las fuentes celulares más ampliamente usadas en ingeniería de tejidos son las 

células madre mesenquimales (MSCs). Descubiertas por Pittenger et al. en 1999, las 

MSCs tienen la capacidad de diferenciarse a múltiples linajes mesenquimales y secretar 

moléculas inmunorreguladoras que ayudan a construir microambientes regeneradores 

en el lugar de lesión68. Además, se pueden extraer de diversas fuentes y pueden ser 

expandidas in vitro, lo que facilita su uso en clínica69. Aunque las MSCs muestran un 
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tropismo natural hacia tejidos dañados incluso tras su inyección intravenosa, se ha 

demostrado que el uso de sistemas de liberación permite controlar y manipular las 

células o tejidos implantados con efectos secundarios reducidos69. Dentro de estos 

sistemas de liberación, los hidrogeles, redes poliméricas tridimensionales hidrofílicas, 

han suscitado  gran atención en cuanto a su aplicación en ingeniería de tejidos. Los 

hidrogeles presentan muchas similitudes con la matriz extracelular y su 

biocompatibilidad, bioadhesión y biodegradabilidad se pueden modular dependiendo 

de las necesidades. Además, poseen una estructura altamente porosa que promueve la 

proliferación celular así como una adecuada cinética de difusión de nutrientes y 

productos metabólicos. Finalmente, pueden ser formulados en soluciones inyectables 

que aseguran una administración mínimamente invasiva así como su capacidad de 

adaptarse a defectos irregulares.  

Los hidrogeles se dividen en dos categorías de acuerdo a su origen natural o sintético. 

Los hidrogeles de polímeros naturales han sido ampliamente usados en ingeniería de 

tejidos y varios estudios sugieren su superioridad sobre los polímeros sintéticos. Dentro 

de ellos destacan los hidrogeles de fibrina, alginato y colágeno, polímeros que cuentan 

ya con varios productos en uso clínico60,70–72. 

La fibrina es un producto final de la cascada de coagulación que tiene la capacidad de 

autoensamblarse formando entramados fibrilares. Puede ser extraída de la sangre del 

paciente, eliminando, por tanto, cualquier riesgo de respuesta inmune73. Ha sido 

aprobada por la Administración de Alimentos y Medicamentos de EEUU (FDA) como 

pegamento quirúrgico y se ha usado ampliamente en materiales hemostáticos y 

apósitos (Tisseel, Artiss, Evicel, Cryoseal etc.). Asimismo, los geles de fibrina presentan 

una gran bioactividad que ha propiciado su uso en el desarrollo de andamiajes celulares 

para la liberación de células madre74. 

 

El colágeno, por su parte, es el principal componente de la matriz extracelular de los 

tejidos mamíferos, y puede formar geles físicos térmicamente reversibles o reticularse 

químicamente mediante glutaraldehido75 o difenilfosforilazida76. Existen una miríada de 

productos a base de colágeno aprobados por la FDA, que van desde apósitos (Apligraft, 

Integra, Gintuit) hasta agentes hemostáticos (Tachosil, Vitagel). Como en el caso de la 

fibrina, varios dispositivos de colágeno han sido diseñados para su aplicación en 

ingeniería de tejidos (Chondro-Gide, Infuse, NeuraGen etc) y en diciembre de 2016 la 

FDA aprobó el primer andamiaje celular para reparar defectos de cartílago de la rodilla 

(Maci, Vericel Corporation) 77,78. 

 

Finalmente, el alginato, también aprobado por la FDA, ha sido empleado para el diseño 

de productos con aplicaciones diversas, tanto alimentarias como biomédicas, 

incluyendo sistemas de ingeniería de tejidos y liberación de fármacos. Así, el alginato ha 

sido usado como excipiente (Tarka, Skelaxin, ROXYBOND, MORPHABOND ER), material 
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de impresión dental (HygePLUS, Hygedent, Image), apósito (ALGICELL Ag, Suprasorb A + 

Ag, Phytacare), agente hemostático (Neptune pads) vehículo inyectable de liberación de 

células (RGD-alginate, ASTM F2315 - 11) y matriz inmobilizadora. Los alginatos son 

polisacáridos aniónicos e hidrofílicos aislados de algas marrones y bacterias que pueden 

reticularse con cationes divalentes (p ej. Ca2+ o Ba2+) dando lugar a la formación de un 

entramado de gel.  

 

Estos tres materiales han sido empleados en el contexto de esta tesis para construir 

Matrices Activadas Genéticamente (GAMs) destinadas a la regeneración del cartílago y 

el músculo esquelético. Como comentamos anteriormente, los hidrogeles se emplean 

en ingeniería de tejidos como vehículos de células y especialmente, factores de 

crecimiento que ayuden a guiar el proceso regenerativo. Tradicionalmente, estos 

factores de crecimiento eran incorporados en forma de proteínas recombinantes como 

en el caso de OP-1™, una matriz de colágeno cargada con rhBMP-7 o Infuse®, una matriz 

de colágeno cargada con rhBMP-2, dispositivos ya aprobados por la FDA. Sin embargo, 

dichos factores normalmente se administran a altas dosis para contrarrestar su corta 

vida media y los materiales usados actualmente ofrecen un escaso control sobre sus 

perfiles de liberación. Esto, a su vez, lleva consigo efectos secundarios entre los cuales 

el riesgo de malignidades es uno de los más graves79–81. 

 

Intentando superar estas desventajas, se ha empezado a explorar el uso de terapia 

génica como una alternativa a las proteínas recombinantes, y el concepto de GAM fue 

descrito82. En un primer momento, las GAMs estaban basadas en ADN plasmídico 

(ADNp), libre o complejado a formulaciones no virales, codificando el factor de 

crecimiento de interés. Como en el caso de las proteínas recombinantes, este ADNp se 

cargaba en la matriz polimérica desde la cual sería liberado, produciendo la transfección 

de las células circundantes y la consiguiente expresión proteica sostenida y localizada. 

Aunque la mayor parte de estas GAMs estaban basadas en el uso de factores de 

crecimiento codificados por ADNp, el mismo enfoque se exploró para codificar factores 

de transcripción esenciales en el desarrollo musculo-esquelético como SOX9, regulador 

maestro de la condrogénesis, y RUNX2, regulador maestro de la osteogénesis83,84. Sin 

embargo, aunque la liberación de ADNp mediante métodos no virales se prefiere sobre 

los métodos virales debido a su mayor seguridad, las formulaciones no virales se 

caracterizan por una baja eficiencia de transferencia génica, lo que en parte condiciona 

su éxito en clínica. Ello ha llevado al desarrollo de GAMs basadas en ARN, con el objetivo 

de tomar ventaja de la mayor transferencia génica del ARN12. En este sentido, diferentes 

matrices de ARN han sido exploradas, desde GAMs de siARN a miARN85, hasta las más 

recientes GAMs de ARNm, perfiladas por Liu et al. en 201386 y descritas por primera vez 

por Elangovan et al. en 2015 para codificación de proteínas morfogenéticas de hueso 

(BMPs)87. 
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Tomando como base este conocimiento, el segundo objetivo de esta tesis ha sido 

desarrollar una nueva clase de GAMs de ARNm activadas con factores de transcripción 

específicos de linaje y cargadas con MSCs, para dirigir la especificación celular en 

tejidos enfermos o heridos. Para ello, hemos activado hidrogeles con SOX9 (cartílago) 
35,36 y MYOD (músculo) 28 para promover la diferenciación condrogénica y miogénica 

de las MSCs. 

 

Dado que el requisito fundamental de una GAM es promover la transfección de las 

células encapsuladas, el primer paso de nuestro trabajo consistió en elaborar unas 

matrices que consiguieran elevadas eficacias de transfección. Para construir estas 

GAMs, seleccionamos la fibrina como polímero debido a su amplio uso en clínica, su 

capacidad para formar sistemas fácilmente inyectables y su historial en dispositivos de 

transferencia génica88–94. Debido a la dificultad de conseguir altas eficacias de 

transfección en sistemas tridimensionales95, hemos utilizado el reactivo comercial 

3DFectIN, para complejar las secuencias génicas dentro del gel. Salvo en el caso del 

ARNm de MYOD que fue obtenido comercialmente, estas secuencias génicas han sido 

sintetizadas mediante transcripción in vitro (IVT) a partir de plásmidos diseñados con el 

fin de maximizar la síntesis proteica. De esta manera, fue posible comparar las GAMs de 

ARNm con las correspondientes GAMs de ADNp, previamente estudiadas. Estos ARNm 

fueron testados primeramente en cultivos en 2D para verificar su actividad, y una vez 

verificada la funcionalidad de los plásmidos molde, se procedió a optimizar el proceso 

de transfección en 3D. Los primeros experimentos en 3D fueron realizados con la 

secuencia reportera de la proteína fluorescente amarilla (YFP), debido a la facilidad para 

verificar la eficacia de transfección mediante microscopía de fluorescencia. Variables 

como la concentración del gel, el ratio polinucleótido:transfectante, la densidad celular 

o el tiempo de ensayo, fueron ajustados en estos experimentos previos. En 

consecuencia, un rango de concentraciones de fibrina de 2 y 4 mg/ml, un ratio 

3DFectIN:polinucleótido 3:1 (µl:µg) y una densidad celular de 1.5x106 células/ml fueron 

seleccionados para los ensayos de diferenciación.  

 

Paralelamente, los geles elaborados según las condiciones óptimas fueron 

caracterizados en mayor profundidad. Por un lado, las partículas preparadas en los 

diferentes ratios fueron caracterizadas en base a su tamaño, polidispersión y 

distribución dentro del gel. Medidas de espectroscopía de correlación fotónica 

mostraron diferencias entre las partículas cargadas con ARNm o ADNp. Así, para las 

partículas de ARNm, un incremento del ratio 3DFectIN:polinucleótido de 2:1 a 3:1 

resultó en una disminución del tamaño de partícula hasta alrededor de los 200 nm 

mientras que el caso del ADNp, el ratio 2:1 resultó insuficiente para complejar el 

material genético y el tamaño de partícula no consiguió reducirse de ≈1 µm incluso 

aumentando el ratio a 4:1. En todos los casos, imágenes de microscopia de fluorescencia 

de las partículas marcadas exhibieron una distribución homogénea dentro del gel, 
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independientemente del ratio o la concentración de fibrina. Asimismo, ambos tipos de 

geles mostraron una microarquitectura fibrilar y porosa, observados mediante 

microcoscopía electrónica de barrido (SEM), adecuada para la proliferación y 

remodelación celular. La citotoxicidad y los niveles de proliferación celular fueron 

también testados para el ratio 3:1, mostrando una excelente biocompatibilidad de las 

GAM. 

 

Una vez realizada esta caracterización inicial, procedimos a caracterizar la cinética de 

expresión génica de nuestras GAMs de ARNm en comparación con las clásicas GAMs de 

ADNp. Para ello, utilizamos el ADNp de SOX9 y el ARNm sintetizado in vitro a partir de 

dicho plásmido, y construimos las correspondientes matrices utilizando las dos 

concentraciones de fibrinógeno (2 y 4 mg/ml) con el fin de comparar también el efecto 

de la concentración de gel. Los resultados de transfección mostraron expresiones de 

SOX9 alrededor de tres veces mayores para las matrices activadas con ARNm con 

respecto a las activadas con ADNp, independientemente de la concentración del gel. 

Dicha concentración tampoco influyó significativamente en la cinética de expresión, 

obteniéndose valores de SOX9 que fueron aumentando con el tiempo en el caso de las 

matrices activadas con ADNp y disminuyendo en las GAMs de ARNm, en consonancia 

con resultados obtenidos previamente para transfección en 2D9,96.  

 

A continuación, realizamos los ensayos de diferenciación condrogénica y miogénica con 

las matrices activadas con SOX9 y MYOD, respectivamente. En el primer caso, 

comparamos las matrices de ARNm y ADNp además de las dos concentraciones de gel. 

En el segundo, estudiamos únicamente el efecto de la mecánica del gel. Un primer 

ensayo de cinética de expresión de marcadores condrogénicos mostró que las GAMs de 

ARNm promovían una mayor y más rápida expresión génica de agrecano y colágeno con 

respecto a las matrices de ADNp. Asimismo, la expresión de estos marcadores era mayor 

en los geles de baja concentración, probablemente debido a una mayor condensación 

celular derivada de la más rápida degradación de estos geles97–100, por lo que fueron 

seleccionados para los experimentos siguientes. Posteriormente, ensayos completos de 

diferenciación de 21 días mostraron una correlación entre la potente inducción 

condrogénica de las GAMs de ARNm y la consecución de un tejido cartilaginoso de mejor 

calidad. Así, la tinción histológica y el análisis inmunohistoquímico de los geles reveló 

una mayor acumulación de agrecano y colágeno en las matrices activadas con ARNm en 

comparación con las matrices de ADNp. Esta acumulación fue especialmente mayor en 

experimentos llevados a cabo con suplementación de TGF-β3, pero la misma tendencia 

se mostró en ausencia de suplementación, demostrando el potencial de las matrices de 

ARNm de SOX9. Cabe destacar asimismo, que ambos tipos de matrices consiguieron 

mejores resultados que el cultivo en pellet estándar, que además de promover una 

expresión de agrecano y colágeno mucho más baja, dio lugar a una expresión del 

marcador hipertrófico colágeno X, 600 veces superior (Figura 3).  
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Figura 3. Las hMSCs encapsuladas en matrices de ARNm de SOX9 de 2 mg/ml producen una expresión de 

marcadores condrogénicos más alta en comparación con sus análogos de ADN en presencia de TGF-β3 

soluble. Los hidrogeles fueron cultivados durante 21 días en medio condrogénico completo. A) Niveles de 

expresión génica de los marcadores condrogénicos SOX9, agrecano (ACAN), colágeno tipo 2 (COL2A1) y 

colágeno X (COLX). Los valores de expresión génica fueron evaluados mediante qRT-PCR, normalizados 

frente a la expresión de GAPDH y comparados con los niveles en hMSCs antes de encapsular. Los datos se 

muestran como la media y desviación estándar de tres replicados en un experimento con el ratio 

3DFectIN:polinucleótido 3:1. Se utilizó un análisis two-way ANOVA para comparar los niveles de expresión 

génica (*P<0.05, **P<0.01). B) Examen inmunohistológico de la deposición de glicosaminoglicanos y 

colágeno. Los hidrogeles se tiñeron con azul alcian para detectar los glicosaminoglicanos y la expresión de 

colágeno se detectó mediante inmunohistoquímica. Se muestra un cultivo estándar en pellet a modo de 

comparación.  
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Por su parte, las matrices activadas con ARNm de MYOD mostraron una cinética de 

expresión génica diferente a las matrices de SOX9 previamente estudiadas. En este caso, 

la expresión de MYOD fue muy potente desde tiempos cortos y no decayó con el tiempo, 

probablemente debido al hecho de que este ARNm comercial es resistente a ARNasas y 

por tanto posee una mayor vida media con respecto al ARNm de SOX9. Estas matrices 

también dieron lugar a una potente inducción miogénica, promoviendo una elevada 

expresión de los marcadores miogenina y caderina 15 incluso 12h después de la 

encapsulación de las MSCs. De la misma manera, los ensayos de miogénesis de 15 días 

demostraron una elevada expresión génica de MYOD, miogenina, y las cadenas pesadas 

de la miosina 2 y 3, evidenciando un proceso miogénico. Lo que es más importante, el 

análisis inmunohistoquímico mostró que las matrices de MYOD dieron lugar a la 

expresión de miosina en las MSCs, proteína crucial en el músculo esquelético. En este 

caso, los geles de mayor concentración de fibrinógeno (4 mg/ml) son los que 

consiguieron una mayor expresión de marcadores miogénicos, sobre todo en cuanto a 

la expresión de miosina a nivel proteico. Esta mayor expresión es probablemente debida 

a la consecución de un mayor alineamiento celular en los geles de mayor concentración 

y pone de manifiesto de nuevo la importancia de las propiedades mecánicas de la matriz 

en la respuesta regenerativa.   

 

En el contexto de la ingeniería de tejidos, varios trabajos han explorado la modulación 

de las señales mecánicas para dirigir la conversión celular hacia linajes específicos. Para 

células sembradas sobre sustratos de dos dimensiones (2D), se ha demostrado que la 

dureza del sustrato y las restricciones geométricas en la adhesión celular pueden afectar 

la manera en que las células se extienden, su generación de tracción y su destino. Por el 

contrario, la influencia de las propiedades biofísicas de los ambientes tridimensionales 

(3D) en el destino celular es más compleja y todavía no se conoce en profundidad. 

Huebsch et al. demostraron que dentro de hidrogeles de alginato no degradables y 

reticulados iónicamente, la diferenciación de MSCs era dictada por la dureza de la matriz 

independientemente de la morfología celular33. Tres años después, Khetan et al. 

identificaron la remodelación celular del gel y la tensión generada por las células como 

claves en la regulación de su destino101. De acuerdo con este trabajo, Chaudhuri et al. 

establecieron las propiedades de estrés-relajación de los geles como un parámetro 

crucial para mimetizar la viscoelasticidad de las matrices extracelulares (ECM) naturales 

y maximizar la remodelación y diferenciación celular102. De manera complementaria, 

otro trabajo reciente desarrollado por Cosgrove et al. ha revelado la importancia de la 

naturaleza de los ligandos de adhesión celular de los hidrogeles en la interpretación de 

la dureza de la matriz por parte de las células y los subsiguientes cambios en 

proliferación y diferenciación celular103. Para terminar, se ha demostrado recientemente 

que una interacción entre los contactos célula-matriz y célula-célula influencia también 

los estadíos de osteogénesis en hMSCs34. 
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A fin de ahondar en la implicación de la mecánica de la matriz en la modulación del 

fenotipo celular, el último objetivo de esta tesis ha sido el estudio de la influencia de las 

propiedades de las GAMs en la condrogénesis inducida por SOX9. Sin embargo, los geles 

de fibrina no permiten un adecuado control sobre las propiedades mecánicas, lo que 

hace que no sean una plataforma idónea para llevar a cabo este tipo de estudio. Como 

alternativa, durante la estancia en el grupo del Prof. David Mooney en la Universidad de 

Harvard, trabajamos con unos IPNs (Interpenetrating Polymer Networks) a base de 

alginato y colágeno que nos proporcionaron un control preciso sobre la mecánica del 

gel. Los IPN están constituidos por dos o más polímeros parcialmente entrelazados, 

formando sistemas híbridos que complementan las propiedades de los polímeros que 

los forman. Así,  los IPNs de colágeno-I-alginato toman ventaja de las propiedades de 

interacción celular del colágeno para compensar la falta de ligandos de adhesión celular 

del alginato, a la vez que contrarrestan las pobres propiedades mecánicas de los geles 

de colágeno con la modulable capacidad de reticulación del alginato104.  

 

 

Figura 4. Caracterización reológica y morfológica de los IPNs. A) Módulo de equilibrio de los diferentes 

IPNs. B) Cuantificación del tiempo en que el estrés se reduce a la mitad de su valor original, τ1/2, en tests 

de estrés-relajación (One-way ANOVA, n=3, *P<0.05). C) Alineamiento de fibras de colágeno en el 

conjunto de IPNs. Microscopía confocal de reflectancia de las diferentes composiciones de IPNs. 

 

Con esto en mente, en primer lugar fabricamos un conjunto de IPNs de colágeno-I-

alginato de dureza (G’ de 150 a 1500 Pa) y adhesión (concentración total de colágeno 

de 1 y 5 mg/ml) modulables y caracterizamos su reología y fibrilaridad mediante 

microscopía confocal. Para dar lugar a las diferentes propiedades de adhesión, jugamos 

con los ratios de los dos polímeros: el alginato, carente de ligandos de adhesión, y el 
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colágeno, con numerosos dominios de unión a integrinas. La dureza fue modulada 

mediante la modificación de la concentración del agente reticulante: las micropartículas 

de carbonato cálcico. La variación de estas variables dio lugar a diferentes 

composiciones de IPNs que designamos con una notación que describe la dureza del gel 

en primer lugar, seguida del ratio p:p colágeno:alginato. Consideramos los IPNs Blando 

1:1 y Blando 1:2 como los IPNs blandos (G’≈ 150 Pa) y Duro 1:2 y Duro 1:10 como los 

IPNs duros (G’≈ 1500 Pa). Los experimentos de estrés-relajación mostraron una elevada 

dependencia del tiempo medio (t ½) de la concentración de alginato. Los IPNs con la 

concentración más baja exhibieron t ½ de 10 s en comparación con los IPNs de alta 

concentración de alginato, que presentaron t ½ de 100 s independientemente de la 

dureza o la concentración de colágeno. Este t ½ concuerda con resultados previos para 

geles de alginato de bajo peso molecular y baja viscosidad y ha sido identificado como 

el t ½ óptimo para permitir la remodelación celular de los geles102, un proceso clave en 

ingeniería de tejidos (Figura 4).  

Una vez caracterizados los IPNs, incluimos en ellos las secuencias de SOX9 para elaborar 

las GAMs de manera análoga a los geles de fibrina y llevar a cabo los experimentos de 

transfección. Independientemente del tipo de material genético, observamos que la 

máxima expresión de SOX9 se conseguía en los IPNs Blando 1:1 y Duro 1:2, sugiriendo 

que ratios colágeno: alginato p:p más bajos ejercen un impacto negativo sobre la 

transferencia génica (Blando 1:1 > Blando 1:2 IPNs) y que la dureza ejerce un efecto 

positivo (Duro 1:2 > Blando 1:2), probablemente mediado por ligandos de adhesión 

celular (Duro 1:2 > Duro 1:10) (Figura 5A, B). De hecho, el efecto negativo del alginato 

en la transfección fue confirmado mediante experimentos en 2D realizados en presencia 

de concentraciones crecientes de alginato soluble, mientras que su efecto en la 

agregación de las partículas se mostró mediante análisis de los geles por microscopía de 

fluorescencia. Por el contrario, el efecto positivo de la adhesión celular en la transfección 

fue confirmado mediante la reducción de la sobreexpresión de SOX9 después de la 

adición del inhibidor de ROCK Y-27632. Estudios previos realizados en 2D han ligado el 

efecto positivo de la dureza en la transfección a unos niveles de proliferación celular 

incrementados. En este trabajo, no  encontramos una diferencia significativa en el 

crecimiento celular entre los diferentes IPNs, descartando ésta como la causa de la 

diferente eficacia de transfección. Sin embargo, nuestros estudios muestran un 

incremento en la internalización celular de las nanopartículas en los geles de mayor 

dureza, explicando las diferencias en la expresión del transgen entre los diferentes IPNs. 

Es de destacar que las células transfectadas en 2D con ADNp antes de su encapsulación 

en los IPNs, exhibieron el mismo patrón de sobreexpresión de SOX9 que tras la 

transfección en 3D (Figura 5C, D). Experimentos complementarios permitieron ligar 

dicha observación a la encapsulación de partículas de ADNp remanentes (más estables 

que las partículas de ARNm) junto con las células dentro de los IPNs, confirmando así la 

importancia de la mecánica de la matriz en la transfección celular.  
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Figura 5. Eficacia de transfección del conjunto de IPNs. A) Sobreexpresión de SOX9 48 h después de la 

transfección con ADNp. Los niveles de expresión génica fueron comparados mediante un One-way ANOVA 

(*P<0.05). B) Sobreexpresión de SOX9 24 h después de la transfección con ARNm. C) Sobreexpresión de 

SOX9 48 h después de la encapsulación de células transfectadas con ADNp (células recuperadas de las 

placas de cultivo 72 h después de la transfección en 2D). D) Sobreexpresión de SOX9 24 h después de la 

encapsulación de células transfectadas con ADNp (células recuperadas de las placas de cultivo 24 h 

después de la transfección en 2D). Los niveles de expression génica fueron normalizados según los niveles 

de SOX9 a t=0 en células no transfectadas (A-B) y transfectadas en 2D antes de encapsular en los IPNs (C-

D).  

 

Posteriormente, procedimos a estudiar el efecto conjunto de la sobrexpresión de SOX9 

y la mecánica del IPN. Con el objetivo de evitar las diferencias en la eficacia de 

transfección entre los distintos IPNs, en un primer momento realizamos la transfección 

de las MSCs en 2D previamente a su encapsulación en los geles. En comparación con los 

IPNs de menor dureza, (Blando 1:2), los IPNs más duros (Duro 1:2) mostraron una mayor 

expresión de marcadores condrogénicos. En base a ello, y dado que los IPNs Duro 1:2 

también habían mostrado la mayor eficacia de transfección en los experimentos previos, 

estos IPNs fueron seleccionados para posteriores experimentos. Al igual que en el caso 

de la transfección 2D de SOX9, la transfección de SOX9 mediada por los IPNs también 

indujo una elevada síntesis de marcadores condrogénicos. A diferencia del caso anterior, 
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la inducción del mRNA de estos marcadores fue mayor para los IPNs-SOX9 que para los 

IPNs control, especialmente en el caso del colágeno tipo II, cuya expresión no fue 

sobrerregulada en los IPNs control. Cabe destacar que la expresión forzada de SOX9 dio 

lugar a la reducción del marcador hipertrófico colágeno X, sugiriendo que los IPNs-SOX9 

podrían promover la formación de un tejido cartilaginoso de mejor calidad. Además, el 

uso del inhibidor BMS-345541 redujo la expresión de COLX en mayor medida, 

posicionando este inhibidor como un fármaco a considerar en el diseño de biomateriales 

para la reparación de cartílago. 
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Figura 6. La transfección 3D de SOX9  promueve una mayor expresión de marcadores condrogénicos que 

la transfección en 2D de MSCs. A) Expresión génica de los marcadores condrogénicos SOX9, agrecano 

(ACAN), colágeno tipo 2 (COL2A1) y colágeno tipo 10 (COLX). B) Immunohistoquímica de SOX9, agrecano 

y colágeno tipo 10 en secciones de IPN. Los datos representan la media ±SD. C: células control (no-

transfectadas); T: células transfectadas con SOX9; T + BMS: células transfectadas con SOX9 en presencia 

del inhibidor de NF-κβ inhibitor BMS-345541 (5 µM).  
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3. Conclusiones 

En conjunto, nuestros resultados muestran el potencial de terapias de ARN basadas en 

biomateriales para desarrollar sistemas de liberación más eficientes, con el objetivo de 

modular el fenotipo celular en contextos de enfermedad.  

Por un lado, hemos diseñado unas nanocápsulas de poliarginina capaces de co-

encapsular proteínas y ARNi inmunomoduladores para revertir el fenotipo 

inmunosupresor de las MDSCs. Estas nanocápsulas han sido elaboradas mediante un 

nuevo método de auto-emulsificación que resulta en la generación de fases micelares 

inversas L2 adecuadas para la inclusión de moléculas hidrofílicas. Así, hemos co-asociado 

en ellas dos secuencias de ARNi, miR 142-3p y shC/EBPβ, adsorbidas a la cubierta 

catiónica, y dos proteínas inmunomoduladoras, el antígeno modelo ovalbumina y la 

quimiocina CCL2, encapsuladas en las fases acuosas del núcleo lipídico de GMO. Las 

nanocápsulas cargadas con el miR 142-3p, mostraron una buena capacidad de 

transfección de las secuencias de ARN en MDSCs, promoviendo así la reversión del 

fenotipo inmunosupresor. De manera análoga, cuando el shC/EBPβ fue adsorbido a 

estos sistemas, se observó una reducción en los niveles de ARNm de C/EBPβ en una línea 

celular de MDSCs, efecto que también se observó en un modelo murino de 

fibrosarcoma, dando lugar a la disminución de macrófagos-asociados al tumor. 

Finalmente, la posibilidad de una terapia dirigida hacia monocitos-macrófagos fue 

explorada en virtud de la encapsulación de la quimiocina CCL2 en el núcleo lipídico de 

las nanocápsulas, induciendo una elevada migración de macrófagos hacia las mismas. 

En general, estas observaciones sugieren que las nanocápsulas de poliarginina 

constituyen un vehículo prometedor para la co-administración de polinucleótidos y 

quimiocinas y la consiguiente modulación de la actividad de las MDSCs. 

En vista de la capacidad de modulación de las nanocápsulas de poliarginina, decidimos 

explorar un sistema de liberación más complejo, de tipo andamiaje, con aplicación en 

ingeniería de tejidos. Así, hemos desarrollado unos geles de fibrina, activados con 

nanopartículas cargadas con ARNm codificante de los TF maestros SOX9 y MYOD, para 

dirigir la especificación de células madre hacia cartílago y músculo, respectivamente. Las 

matrices de ARNm codificantes de TF demostraron una excelente biocompatibilidad y 

son fácilmente inyectables, constituyendo una adecuada plataforma celular. Cuando 

comparamos nuestras matrices con matrices cargadas con ADN de TF previamente 

exploradas, nuestros sistemas fueron capaces de inducir una mayor y más rápida 

expresión génica de los TF. Esta potente expresión de TF, a su vez, promovió una más 

rápida iniciación de las cascadas de diferenciación, dando lugar a una síntesis proteica 

más eficiente de marcadores específicos de tejido. Asimismo, observamos que esta 

expresión de marcadores de diferenciación dependía de las propiedades mecánicas de 

la matriz, con matrices menos densas induciendo una mayor expresión de marcadores 

condrogénicos y matrices más densas promoviendo un mayor grado de miogénesis.  
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Con el objetivo de profundizar en la influencia de las propiedades mecánicas en la 

diferenciación celular, a continuación trabajamos con unos IPNs desarrollados en el 

laboratorio del profesor David Mooney. Estos IPNs, a base de colágeno-I y alginato, nos 

permitieron controlar la dureza y adhesión de la matriz y estudiar la influencia de estos 

parámetros en la condrogénesis de MSCs. Desarrollamos un conjunto de cuatro IPNs 

que caracterizamos en base a su reología y su microarquitectura y determinamos su 

capacidad de transfección en 3D. Nuestros resultados indicaron un efecto positivo de la 

dureza y la adhesión del gel en la transfección de MSCs, mediado por una mayor 

internalización de las nanopartículas portadoras de la terapia génica. Estos IPNs de 

mayor adhesión y dureza fueron satisfactoriamente empleados para inducir la 

condrogénesis mediante transfección 3D de SOX9 en MSCs, dando lugar a un tejido 

cartilaginoso con bajos niveles de hipertrofia. En comparación con los hidrogeles de 

fibrina previamente estudiados, estos IPNs constituyen un sistema idóneo para la 

regeneración de cartílago dado que sus propiedades mecánicas se adaptan a las del 

tejido nativo. Trabajos futuros irán encaminados a potenciar el proceso de 

diferenciación miogénica mediante matrices optimizadas mecánicamente.  

En conclusión, el trabajo desarrollado en esta tesis pone de manifiesto la capacidad de 

los sistemas de liberación propuestos para la presentación simultánea de diferentes 

señales implicadas en la modulación celular. Teniendo en cuenta la complejidad de las 

vías de señalización celular alteradas en contextos de enfermedad, y la importancia de 

una correcta presentación espacio-temporal de los fármacos, es evidente la necesidad 

de tecnologías que permitan la generación de este tipo de terapias. Por ello, 

consideramos que tanto nuestro sistema nanocapsular como los sistemas tipo 

andamiaje, constituyen herramientas potencialmente útiles para la modulación de 

fenotipos celulares patológicamente alterados.  
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INTRODUCTION 

 

This PhD thesis has been focused on the development of biomaterial-based RNA delivery 

systems for cell reprogramming. We investigated two main biomaterial-based 

approaches consisting of 1) a nanocapsular platform with a polyarginine shell and 

aqueous inner cores for the co-delivery of RNAi and chemokines; and 2) two distinct 

Gene Activated Matrices (GAMs) based on fibrin hydrogels and collagen-I-alginate 

interpenetrating polymer networks (IPNs) for the co-delivery of mRNA and 

Mesenchymal Stem Cells (MSCs). In line with the versatility of RNA-based therapies, we 

assayed our delivery strategies in two different contexts, namely cancer immunotherapy 

and tissue engineering. Accordingly, this introduction has been structured in three 

sections: a first section providing a general overview of cell reprogramming strategies, a 

second section related to the modulation of Myeloid Derived Suppressor Cells (MDSCs) 

in cancer immunotherapy, and a last section covering the modulation of MSCs 

phenotype in tissue regeneration.  

With the recent FDA approval of Kymriah® (Novartis) and Yescarta® (Kite Pharma), two 

CAR T-cell cancer immunotherapies, and the successful engraftment of transgenic stem 

cells in a patient affected by an incurable genetic skin disease1, there is no doubt that 

cell-based gene therapies will be the next revolution in the biomedical field. We are 

excited to have been able to conduct our research in such a promising topic and hope 

our work has generated some knowledge that can help the development of better cell-

based technologies.  

 

SECTION 1. MODULATION OF TRANSCRIPTION FACTOR EXPRESSION FOR CELL 

REPROGRAMMING 

 

1.1 RNA-based therapeutics 

Cell fate specification is a complex process involving intricate molecular networks. Both 

mechanical and chemical cues act together in driving these molecular cascades and their 

dysregulation results in a broad range of developmental problems and diseases2. The 

ultimate effect of these cascades is an alteration of the transcription and translation of 

certain genes with the consequent change in protein expression. Among the gene 

expression regulators, microRNAs (miRNAs or miRs) have gained great attention. 

miRNAs are a class of non-coding RNA molecules that play a central role in cell 

homeostasis by binding to complementary target mRNAs, a result of which is the mRNA 

translational inhibition or degradation3. Since the discovery of the first miRNA in 

Caenorhabditis elegans in 19934, followed by the discovery of the first mammalian 
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miRNA, let-7, in 20005, extensive investigations have revealed the existence of many 

miRNAs and other non-coding RNAs. Apart from their role as developmental regulators, 

more and more miRNAs are found to be dysregulated in numerous diseases ranging 

from cancer to hepatitis, due to genomic events or biogenesis defects6. For this reason, 

miRNAs are interesting candidates as both, therapeutics (known as miRNA mimics) or 

targets for therapeutics (known as antimiRs). 

 

 

Figure 1. miRNA biogenesis. RNA polymerase II (Pol 

II) produces the transcription of long primary 

transcripts that are subsequently cleaved 

enzymatically to produce mature miRNAs. Drosha, a 

type III RNase, along with the cofactor protein 

DGCR8, binds to the primary miRNA (pri-miRNA) 

transcript and mediate the cleavage of the 3ʹ and 5ʹ 

strands of pri-miRNAs to generate pre-miRNA. Next, 

the exportin 5–RAN•GTP complex mediates the 

movement of pre-miRNAs from the nucleus into the 

cytosol. There, the RNase III Dicer and TAR RNA 

binding protein (TRBP) bind to the pre-miRNAs and 

cleave the terminal loop, resulting in a miRNA 

duplex. This miRNA duplex is incorporated into the 

RNA-induced silencing complex (RISC) where mature 

miRNA is formed after the unwinding and strand 

selection mediated by the argonaute (AGO) family of 

proteins in conjunction with several cofactors such 

as PACT. Binding of the mature miRNA to RISC leads 

to the targeting of mRNAs with complementary sites 

and results in translational repression or mRNA 

degradation. Adapted from 7 with permission. 

 

 

 

 

 

 

 

Messenger RNA, target of miRNA action, is a large family of RNA molecules that convey 

the genetic information stored in DNA acting as the template for ribosome protein 

expression. Since its discovery in 19618, a huge body of research has culminated in the 

conception of mRNA as a drug encoding molecule two decades ago, when Wolff et al. 

demonstrated that direct injection of in vitro transcribed (IVT) mRNA into the skeletal 

muscle of mice led to the expression of the encoded protein9. However, IVT mRNA was 

relegated by pDNA and viral DNA, more stable molecules, and it was not until the 1990s 
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when its preclinical exploration was initiated for diverse applications, including protein 

substitution and vaccination10. Indeed, by now mRNA has proved to be a really efficient 

tool to boost forced gene expression, inducing both a higher and faster protein synthesis 

than pDNA11–14. 

 

There are several conceptual differences between RNA- and DNA-based therapies. RNA 

exerts its activity in the cytoplasm where miRNA regulates the expression of native 

mRNAs and IVT mRNA is rapidly translated. By contrast, DNA needs to enter the nucleus 

to be transcribed into RNA, and it has been proposed that the rate of nuclear entry, and 

consequently DNA functionality, depends on nuclear envelope breakdown during cell 

division. In addition, RNA does not integrate into the genome avoiding the risk of 

insertional mutagenesis that DNA may have. Finally, many pharmaceutical applications 

take advantage of the transient alteration of protein expression obtained with RNA and 

its complete metabolic degradation15,16.   

 

 
Figure 2. Principles of mRNA-based therapeutics. A linearized DNA plasmid template with the coding 

sequence is used for in vitro transcription. The in vitro transcribed mRNA contains the cap, 5′and 3′ 

untranslated regions (UTRs), the open reading frame (ORF) and the poly(A) tail, which determine the 

translational activity and stability of the mRNA molecule. Mechanism of protein expression Step 1: a 

fraction of exogenous mRNA escapes degradation by ubiquitous RNases and is spontaneously 

endocytosed by cell-specific mechanisms and enters endosomal pathways. Step 2: release mechanisms of 

mRNA into the cytoplasm are not fully understood. Step 3: translation of mRNA uses the protein synthesis 

machinery of host cells. Binding of the mRNA to ribosomes, the eukaryotic initiation factors eIF4E and 

eIF4G, and poly(A)-binding protein, results in the formation of circular structures and active translation. 

Step 4: termination of translation by degradation of mRNAs is catalyzed by exonucleases. Step 5: the 

translated protein product undergoes post-translational modification. Then, the protein can act in the cell 

in which it has been generated. Step 6: alternatively, the protein product is secreted and may act via 

autocrine, paracrine or endocrine mechanisms. Adapted from 16 with permission.  
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In terms of structural features, both miRNA and mRNA are polymeric macromolecules 

with deoxyribonucleotides as monomer units. miRNA is synthesized as a stem-looped 

precursor that is enzymatically processed by two ribonucleases-III (RNAses III) yielding 

single stranded RNA molecules of 21-25 nucleotides (≈0.023 kb)17,18. mRNAs are also 

single stranded molecules but they have an average length of 2.2 kb. Whereas miRNAs 

are usually obtained by chemical synthesis, mRNAs are commonly synthesized by cell-

free In Vitro Transcription (IVT) reactions templated with linearized plasmids or PCR 

products and performed by T7 or SP6 RNA polymerases in the presence of nucleotides. 

Contrary to miRNAs, which do not encode specific proteins, mRNAs possess an open 

reading frame (ORF) encoding the protein of interest, marked by start and stop codons 

and flanked by untranslated regions (UTRs). Besides, mRNAs contain a 5′ cap and a 3′ 

poly(A) tail to maximize their stability. The DNA template can include all the structural 

elements of the mRNA except for the 5’ cap, that is enzymatically synthesized or added 

as a synthetic cap analogue. Poly(A) tails can either be encoded by the DNA template or 

enzymatically synthesized after the elongation step19–25.  

 

1.2 RNAi therapeutics for the modulation of transcription factor expression  

 

The majority of miRNA and mRNA-based therapies are oriented to the treatment of 

cancer diseases. In the case of miRNA, these therapies are intended to replenish the low 

levels of oncosuppressor miRNAs with miRNA mimics or to antagonize the function of 

upregulated oncogenic miRNAs with antimiRs. Among the miRNA mimics, miR-34 is one 

of the most important families of miRNAs, whereas miR-155 stands out among the most 

studied anti-miRs. Both types of therapies have candidates undergoing clinical trials. A 

miR-34 mimics from Mirna Therapeutics has already completed phase I for multiple solid 

tumors while an anti-miR-155 developed by miRage Therapeutics is in phase I for 

cutaneous T cell lymphomas and mycosis fungoides (ClinicalTrials.gov identifiers 

NCT01829971 and NCT02580552, respectively)7. Regarding mRNA-based therapies, 

they have been mostly oriented to cancer immunotherapy and, more specifically, to 

cancer vaccination. In 1996, it was demonstrated that dendritic cells (DCs) exposed to 

mRNA encoding tumor antigens or total mRNA extracted from tumor cells, could elicit 

specific T cell responses and inhibit tumor growth after subcutaneous injection in tumor 

bearing mice10. This success prompted the development and clinical translation of the 

mRNA-transfected DCs approach and since then the ex vivo and in vivo transfection of 

DCs with IVT mRNA has been further optimized. Indeed, several companies such as 

Curevac or BioNTech have completed successful clinical trials in a broad spectrum of 

cancers including prostate, non-small-cell lung cancer and melanoma. Currently, more 

ambitious approaches are being tested for the development of personalized vaccines in 

patients with melanoma (ClinicalTrials.gov identifier: NCT02035956), where tumor 

specimens from each patient are subjected to next-generation sequencing to identify 

individual immunogenic mutations suitable for vaccine design16.  
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A very exciting but maybe less explored application of RNA-based therapies is their use 

for the modulation of non-tumoral cell phenotype. As indicated before, the role of 

miRNAs in the modulation of cell plasticity comes from their finely tuned control over 

gene expression. Among all the proteins that are subject of miRNA regulation, 

transcription factors (TFs) are especially relevant, since they naturally regulate cell 

differentiation26. TFs control the transcription rate of genetic information from DNA to 

messenger RNA by binding to specific DNA sequences through DNA-binding domains. 

While miRNA regulates gene expression at a posttranscriptional level, TFs operate at the 

transcriptional level and it is now clear that both molecules cooperate to tune gene 

expression. In fact, TFs also regulate miRNA expression and they can form feedback or 

feed-forward loops, which play critical roles in various biological processes27–31. An 

example of this cooperative regulation is found between two RNA molecules studied in 

the context of this thesis: miR-142-3p and TF C/EBPβ, which form a feedback loop 

activated by tumor-released IL-6 family cytokines during tumor-induced myelopoiesis. 

This tumor-induced myelopoiesis results in the generation of myeloid derived 

suppressor cells (MDSCs), a CD11b+Gr-1+ population accumulated in the spleen and 

tumor mass of tumor-bearing hosts that facilitates tumor progression. For this reason, 

the modulation of C/EBPβ levels appear as a good pharmacological strategy to control 

the suppressive microenvironment and boost the effect of cancer immunotherapies32,33.  

 

Indeed, in this work we have studied two strategies to downregulate C/EBPβ levels: the 

use of miR 142-3p as a miRNA mimics and the use of a shRNA against C/EBPβ. Both 

molecules have been encapsulated in nanovehicles comprising other immunomodulatory 

components, as it will be briefly described later on in this introduction and expounded on 

in Chapter 1.  

 

1.3 mRNA therapeutics for transcription factor enforced expression 

 

Together with RNAi-based approaches to downregulate transcription factor (TF) levels, 

another strategy to modulate cell differentiation is TF forced expression. Likewise, TFs 

have been used either to direct cell reprogramming or to promote cell 

transdifferentiation34,35. Cell reprograming consist on the conversion of somatic cells in 

pluripotent stem cells that can be further differentiated into several cell phenotypes. 

Cell transdifferentiation is the process of converting from one cell type to another 

without going through a pluripotent state. Different single TFs or cocktails of TFs have 

been identified to direct the differentiation towards specific tissue types36–39. In 1987, 

Davis et al. demonstrated that mouse fibroblasts could be converted into myoblasts by 

the use of a single cDNA encoding the transcription factor MyoD40. Nineteen years later, 

Takahashi and Yamanaka discovered a set of TFs that could reprogram somatic cells to 

pluripotency41. These two breakthroughs flourished in a scientific context fertilized by 
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the ideas of somatic cell cloning and transdetermination developed over the past five 

decades, and constructed the dynamic understanding of cell plasticity that we have 

today42.  

 

 
Figure 3. Mesenchymal stem cell (MSC) differentiation through transcription factor (TF) forced expression. 

Adapted from 38 with permission. 

 

 

1.4 Mechanical regulation of transcription factor expression 

 

Whereas most studies on transcriptional regulation have focused on genetic or chemical 

control mechanisms of transcription, recent work suggests that mechanical forces are 

equally important regulators of transcriptional control2. In fact, over the past few years, 

mechanostransduction has regained great attention as a means to regulate cell fate 

conversion. Differentiation of mesenchymal stem cells (MSCs) towards specific lineages 

has proved to be modulated by matrix stiffness and elasticity43–45. It is now well 

stablished that substrates of high stiffness enhance osteogenesis while softer substrates 

lead to adipogenic and neurogenic marker expression46. Besides, for the same optimal 

stiffness, an increased deposition of osteogenic matrix, was obtained for substrates with 

higher stress-relaxation47. Finally, an interplay between cell-matrix and cell-cell contacts 

has been recently shown to further impact different stages of osteogenesis in human 

MSCs (hMSCs)48. 

 

In line with these studies, in this work we have explored the use of transcription factors 

MyoD, master regulator of myogenesis40, and SOX9, master regulator of 

chondrogenesis49,50, in the differentiation of hMSCs for tissue engineering applications. 

We have used mRNA-encoded TFs to test whether mRNA expression kinetics could better 

mimic the physiological transcription factor expression and maximize the differentiation 

outcome as compared to DNA-encoded TFs. In addition, we have explored this strategy 

in a 3D context, developing a Gene Activated Matrix (GAM) in which both mRNA 
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enconding TFs and hMSCs can be included, aiming to create an easily injectable platform 

that would gel in situ in the place of injury. Being aware of the impact of the 

microenvironment on cell phenotype, our research also sought to explore the influence 

of GAM mechanical properties on the differentiation outcome after TF transfection in 3D 

contexts. Therefore, we aimed to maximize cell differentiation processes by identifying 

the right mechanical environments where to induce specific transcriptional programs by 

forced TF expression. However, owing to the growing interest on studying drug efficacy 

in 3D culture systems, and given the crucial role of 3D transfection for GAM activity, we 

further explored the influence of GAM mechanical properties on nanoparticle 

transfection efficiency. Chapters 2 and 3 will gather the information regarding this part 

of the experimental work. 
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SECTION 2. MODULATION OF MYELOID DERIVED SUPPRESSOR CELLS (MDSCS) IN 

CANCER IMMUNOTHERAPY 

 

Given the increase in allergies and autoimmune diseases, the immune system is now 

clearly considered to be key in the maintenance of a correct tissue homeostasis. This 

conception has led to a growing understanding of disease-related inflammation and 

prompted the development of an exciting new kind of pharmacological approaches 

aiming to modulate pathological immune responses. One of the diseases with more 

intensive research in this area is, definitely, cancer, and many immunotherapies have 

been recently approved for different types of cancer. 

 

Contrary to allergies or autoimmune diseases, where an aberrant exacerbated immune 

response is the cause of the disease, cancer has the particularity to show both the Yin 

and Yang of the immune system, with immune cells acting both to kill tumor cells and 

foster tumor progression. This dual role is even found in the same cell subsets, such as 

tumor-associated macrophages (TAMs) or tumor-associated neutrophils (TANs), which 

high plasticity allows them to exert either tumor-promoting or antitumor activities. 

Conversely, other tumor-associated myeloid cells, called myeloid derived suppressor 

cells (MDSCs), have been unequivocally linked to a tumor-promoting activity.  

 

2.1 Myeloid derived suppressor cells (MDSCs) 

 

Myelopoiesis is a structured process that takes place in the bone marrow where 

common precursors acquire specific markers and functions of circulating leucocytes, 

ensuring the proper turnover of these cells. Several pathological conditions can alter the 

steady supply of mature leucocytes resulting in emergency myelopoiesis, which provides 

cells to eliminate potential threats, either abnormal cellular growth, infectious agents 

or tissue damage. This altered myelopoiesis is normally restored after the trigger is 

resolved, but in some conditions associated with chronic inflammation, autoimmune 

diseases and cancer, this aberrant myelopoiesis is sustained resulting in the 

accumulation of immature myeloid cells. These cells have a pathologic activation 

program that is different from that of mature myeloid cells: they are poorly phagocytic 

and produce high levels of anti-inflammatory cytokines as well as reactive oxygen and 

nitrogen species. As a result, these cells are not able to perform effectively the normal 

functions of mature leukocytes.  

 

Based on their myeloid origin, their immune-suppressive function and their systemic 

expansion in cancer-related contexts, these cells have been denominated myeloid 

derived suppressor cells (MDSCs)51. Murine MDSCs constitute a heterogeneous 

population of cells bearing the markers CD11b and Gr-1 (Ly6C and/or Ly6G). MDSCs 

include two major subsets based on their phenotypic and morphological features but 
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also on their unique functional and biochemical characteristics: polymorphonuclear 

(PMN) and monocytic (M)-MDSCs. In tumor-bearing mice, MO-MDSCs 

(Gr1lo/intCD11b+Ly6ChiLy6G−) are highly immunosuppressive and exert their effects 

largely in an antigen-nonspecific manner, whereas PMN-MDSCs (Gr1hiCD11b+ 

Ly6CloLy6G+) are moderately immunosuppressive and promote T cell tolerance via 

antigen-specific mechanisms. Although MDSCs are implicated in the suppression of 

different cells of the immune system, such as NK and B cells, inhibition of T cells is the 

gold standard for the evaluation of their function.  

Attending to their potent immunosuppressive action it is possible that the main role of 

MDSC is the protection of the host from extensive tissue damage caused by uncontrolled 

immune responses. Yet, tumors can hijack and amplify this, a priori beneficial, activity 

to protect themselves from elimination by the immune system. One of the mechanisms 

to exert this immune evasion is through the release of tumor-derived factors (TDFs), 

which induce tumor-infiltrating MO-MDSC differentiation into immunosuppressive 

TAMs52. However, MDSCs ability to promote tumor growth not only depend on the 

induction of tumor tolerance but also on their support of angiogenesis, cancer stemness 

and metastasis dissemination. For this reason, MDSC targeting represents a promising 

approach to increase the efficacy of cancer immunotherapies, especially in the case of 

adoptive cell transfer (ACT)53.  

 

2.2 Therapeutic strategies to modulate MDSCs activity 

 

Several molecular and biochemical hallmarks are associated with MDSCs and could be 

used as pharmacological targets to modulate their function. Indeed, MDSCs are 

characterized by the aberrant expression of specific transcription factors and apoptosis 

regulators, a particular signature of pro- and anti-inflammatory cytokines or 

chemoattractants affecting MDSCs trafficking and their receptors, as well as enzymes 

and metabolic by-products contributing to their immune-regulatory behavior. 

Therapeutic strategies targeting MDSCs include: inducing MDSC depletion, affecting 

their development, inhibiting their immune suppressive activity and promoting their 

differentiation into mature myeloid cells53.  

 

2.2.1 MDSC altered development and depletion  

More and more evidence points to the effects of conventional chemotherapy on the 

host immune system and its influence on tumor eradication by the induction of MDSC 

depletion. Classical chemotherapeutic agents have shown great cytotoxic action on 

MDSCs, such as gemcitabine54,55 or 5-fluorouracil56, sometimes accompanied by an 

enforced MDSC differentiation towards non-immune-suppressive cell phenotypes 

(paclitaxel and docetaxel57,58). For this reason, low dose chemotherapy is currently being 

tested in several clinical trials either alone or in combination with other 
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immunomodulatory drugs or ACT to increase the efficacy of cancer vaccination (i. e. 

NCT00801801, NCT00670748, NCT00560963).  

 

Although drugs targeting MDSC development are very diverse in nature, they are all able 

to reduce MDSC accumulation in tumor microenvironment as well as in blood and 

secondary lymphoid organs of tumor-bearing mice. Candidates in this category range 

from amino-bisphosphonates (zoledronic acid59), antibodies blocking S100A8/A9 

proteins (mAbGB3.160) and CSF1R kinase inhibitors (GW2580, PLX3397, IMC-CS4, 

RG7155561–63) to inhibitors of the H+/Na+ and Na+/Ca2+ channels (dimethyl amiloride64), 

histamine receptors antagonists (cimetidine65), IL-1 receptor antagonists (anakinra66) 

and antiangiogenic therapies (sunitinib, bevacizumab67,68). 

 

2.2.2 Inhibition o MDSCs immune suppressive activity  

The reversion of MDSC immune suppression has been addressed with several 

compounds including selective inhibitors of the JAK2/STAT3 pathway, like cucurbitacin 

B69, or phosphodiesterase-5 (PDE-5) inhibitors such as sildenafil and tadalafil70,71, which 

have been evaluated in different clinical trials (NCT01374217, NCT008436359, 

NCT00894413). In addition, given the key role of NO in MDSC-mediated immune 

suppression, several NOS-inhibiting compounds are under investigation. Nitroaspirin 

has proved to be effective enhancing the antitumor immunity elicited by cancer 

vaccination72 whereas [3-(aminocarbonyl)furoxan-4-yl] methylsalicylate (AT38) is able 

to decrease MDSC inhibitory activity by reducing CCL2 nitration, as we will explain later. 

Methyl ester of 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO-Me; 

bardoxolone methyl) has also been tested to promote the up-regulation of several 

antioxidant genes reducing intracellular ROS73 and COX2-inhibitors such as celecoxib 

have demonstrated activity in reducing prostaglandin E2-mediated ARG1 up-regulation 

in MDSCs74.  

 

2.2.3 Reversion of MDSCs phenotype 

Finally, drugs promoting MDSC differentiation towards non-suppressive cells have also 

been investigated. A particular successful example is all-trans retinoic acid (ATRA), which 

has increased the efficacy of cancer vaccination in conjunction with chemotherapy in a 

phase II clinical trial in SCLC patients (NCT00618891)75. Similar to ATRA, 1,25(OH)2D3 

vitamin has also shown benefits in reducing intratumoral CD34+ cells and promoting the 

maturation of DCs in HNSCC patients76. Besides, several RNAi based therapies are 

currently being explored for MDSC differentiation, especially those targeting the C/EBPβ 

pathway, as it will be described below. However, as compared to previous compounds, 

the clinical investigation of these promising drug candidates has been somehow limited 

by their inherent physicochemical properties that hamper their capability to cross 

biological barriers and in turn bring the necessity of drug delivery carriers. 
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2.3 C/EBPβ as a pharmacological target for MDSCs 

 

C/EBP transcription factors are involved in the regulation of granulopoiesis. They share 

conserved C-terminal regions but they differ in their N-terminal regions that contain 

transcriptional activation domains. C/EBPα is considered the ‘master regulator’ of 

steady-state granulopoiesis where C/EBPε is required for the terminal differentiation 

and maturation of granulocytes. Whereas C/EBPβ does not seem to be implicated in 

steady-state granulopoiesis, it controls emergency granulopoiesis induced by cytokines 

and infections77.  Given the importance of emergency granulopoiesis in cancer, Marigo 

et al. generated a hematopoietic lineage-restricted C/EBPβ ablated animal model with 

the aim to study the role of C/EBPβ in tumor-induced tolerance32. They carried out 

adoptive cell therapy (ACT) experiments in the ablated mice bearing a subcutaneous 

MCA203 fibrosarcoma by transferring polyclonal cytotoxic T lymphocytes (CTLs) 

recognizing the mouse telomerase, and demonstrated that absence of C/EBPβ could 

revert tumor-induced tolerance and provide therapeutic benefit. Indeed, they found 

that whereas CTLs transfer did not impact tumor progression in partially C/EBPβ ablated 

(Cebpbflox/+) mice, significant prolongation of survival and complete cure was achieved 

in more than 60% of C/EBPβ ablated (Cebpbflox/flox) mice in the absence of any prior 

myeloid and lymphoid ablation by ϒ-irradiation. Overall, their results positioned C/EBPβ 

as a prominent regulator of the tolerogenic and immunesuppressive environment 

induced by cancer and set the basis for C/EBPβ targeting in MDSCs.  

 

As we commented before, TFs can cooperate with miRNAs to tune gene expression and 

both molecules can form feedback or feed-forward loops critical for the regulation of 

various biological processes. C/EBPβ forms a feedback loop with miR-142-3p activated 

by tumor-released IL-6 family cytokines during tumor-induced myelopoiesis. There have 

been described three isoforms of C/EBPβ with different molecular weights: liver-

inhibitory protein (LIP), liver-activating protein (LAP), and full-length liver-activating 

protein (LAP*)78. Cytokine binding to IL-6 subunit alters the ratio of these C/EBPβ 

isoforms, augmenting LAP* and driving macrophage differentiation towards 

immunosuppressive phenotypes. LAP*, for its part, acts as an inhibitory regulator of miR 

activity, resulting in IL6 signal transducer (IL6st) upregulation, thus sustaining its 

downstream pathway. miR-142-3p represses LAP* expression by non-canonical binding 

to its 5’ mRNA coding sequence, so its downregulation increases LAP* expression, 

closing the loop and further promoting myeloid cell differentiation towards immune-

suppressive macrophages79.  

 
2.4 CCL2 as a targeting molecule for the MDSC monocytic-macrophagic subset 

 
Innate and adaptive immune responses can affect tumor progression with a favorable 

or detrimental effect depending on the nature of the immune infiltrate. Chemokines, 
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chemotactic cytokines, can alter the composition and activation state of this immune 

infiltrate as well as modify the stroma composition. For this reason, an increasing body 

of research is focusing on the use of these molecules to modulate the tumor 

microenvironment and enhance the immune rejection of cancer80. However, chemokine 

actions in the tumor microenvironment are very complex as they can either recruit 

immune cells able to orchestrate the antitumor immune response or sustain tumor 

survival, progression and metastasis. This contradictory effect among the different 

chemokines is further complicated by tumor-induced post-translational modifications, 

which can turn an immune-stimulant chemokine into an immune-suppressive one,  

adding another layer of regulation81. 

 

Within the chemokine repertoire, chemokine CCL2 is especially relevant since it is found 

in the majority of solid cancers. CCL2 tailors macrophage differentiation towards the 

protumorigenic M2-phenotype and CCL2-CCR2 axis is also implicated in the migration of 

myeloid cells to the tumor82,83. This CCL2-driven MDSCs mobilization depends on MDSCs 

subsets, as CCR2 deficiency causes a significant loss of monocytic CD11b+Gr-1intLy-6Chi 

MDSCs, resulting in a predominant CD11b+Gr-1hiLy-6Cint granulocytic MDSCs 

accumulation84. In melanoma tumors, CCL2-driven mobilization resulted in the 

accumulation of CCR2-expressing MDSCs within the tumor site, where they hampered 

CD8+ T cell entry, thus limiting the efficacy of cancer immunotherapy85. Due to this 

impaired T cell tumor homing, half of the patients failed to respond to ACT for melanoma 

even though the majority of the transferred circulating CD8+ T cells showed specific 

antitumor activity86. Indeed, the infiltration of primary tumors by memory T cells 

correlates with a high prognostic value for disease-free and overall survival, further 

highlighting the importance of developing strategies aimed at boosting proper T cell 

homing87,88. In this sense, a CCL2-related mechanism of tumor escape is being explored 

to create a new class of adjuvants for cancer immunotherapy. CCL2 is 

nitrated/nitrosylated by reactive nitrogen species (RNS) produced by the tumor, 

impeding its ability to attract tumor-specific CTLs but maintaining its capability to recruit 

myeloid cells85,89,90. One of the candidates among these new adjuvants is AT38 [3-

(aminocarbonyl)furoxan-4-yl] methylsalicylate, a NO-donating compound that can 

decrease MDSC inhibitory activity by reducing CCL2 nitration.  

 

2. 5 Nanomedicines for the targeting of MDSCs  

In terms of drug delivery, nanotechnology has made great contributions to the field of 

oncology. For the first nano-oncologicals, based on classical chemotherapeutic agents, 

the nanoencapsulation of these compounds allowed the improvement of their 

therapeutic index due a passive tumor targeting effect. Marketed nanomedicines such 

as Abraxane or Doxil, represent, among others, specific milestones in this 

therapeutic approach. Currently, efforts are oriented to exploit the capability of 

nanotechnology to enhance the pharmaceutical properties of biomacromolecules, 
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specially gene therapies and mAbs with intracellular targets. In addition, the versatility 

of nanocarriers for the co-delivery of various drugs with different actions and 

physicochemical profiles, is also being widely explored with a special emphasis in cancer 

immunotherapy. To this end, researches usually take advantage of the inherent 

immunogenic properties of some nanomaterials looking for synergistic effects. Lastly, 

but not less important, nanotechnology is making possible the development of more 

sensitive methods for cancer imaging and diagnosis91. 

 

The field of nanotechnologies targeting MDSCs is still in its infancy. Several nanoparticles 

encapsulating some of the previous mentioned compounds have been developed (i.e. 

PLGA nanoparticles encapsulating bevacizumab92, heparin and hyaluronic acid 

nanoparticles encapsulating paclitaxel and all-trans retinoic acid93,94, galactosylated 

solid lipid nanoparticles loaded with cucurbitacin B95) but their effect on MDSCs has not 

been assessed.  

However, although scarce, a number of drug delivery systems have been specifically 

designed to target this cell compartment. For example, Albeituni et al. showed how 

yeast-derived particulate β-glucan (WGP) oral treatment decreased tumor weight in 

tumor-bearing mice due to a reduced accumulation of PMN-MDSCs. In addition, WGP-

treated M-MDSC differentiated into CD11c+ cells with high MHC class II expression in 

vivo and induced decreased tumor burden when inoculated subcutaneously with LCC 

cells. More importantly, patients with non-small cell lung cancer (NSCLC) that had 

received WGP prior to other treatment, had a decreased frequency of CD14-HLA-DR-

CD11b+CD33+ MDSCs in the peripheral blood96. Another study by Tian et al., linked the 

effect of WGP on MDSCs to the inhibition of nuclear factor I-A (NFIA) expression, an 

integral component of myeloid differentiation and lineage commitment97. For their part, 

Lebel et al. demonstrated that intra-tumor administration of papaya mosaic virus 

nanoparticles (PapMW) significantly slowed down melanoma progression and 

prolonged survival in tumor-bearing mice, and that this effect was in part mediated by 

a reduction of MDSCs98.  

 

Other studies were based in semi-synthetic approaches consisting in modifying naturally 

occurring nanometric systems or slightly manipulating bacterial products. As an 

example, Fernández et al. developed very small size proteoliposomes (VSSP) by 

hydrophobic conjugation of the GM3 ganglioside with the outer membrane protein 

complex from Neisseria meningitides strain 385. When they administered this adjuvant 

to mice, they observed an increased accumulation of Cd11b+ Gr-1+ cells in their spleens, 

which were less immune-suppressive as compared to tumor-induced MDSCs. Indeed, 

they found that the inoculation of the VSSP adjuvant in EG.7-OVA bearing-mice was 

sufficient to avoid tumor-induced tolerance and stimulate an immune response against 

ovalbumin (OVA)99. Finally, Sun et al. were the first exploring the use of exosomes as 

drug carriers. They applied exosomes secreted from the EL-4 mouse lymphoma cell line 
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to load curcumin and showed a reduction in Cd11b+Gr+ cells in the lungs of mice treated 

with curcumin-loaded exosomes after an LPS induced-sepsis shock100.   

 

The effect of nanoencapsulated classical chemotherapeutic agents was also studied on 

the MDSC subset. Yong et al. designed a myeloperoxidase (MPO)-triggered release 

system in which gold nanoparticles (GNPs) loaded with paclitaxel were used to cork 

nitrogen-doped carbon nanotube cups (NCNCs) and subsequently promote the opening 

of the corked NCNCs and paclitaxel release in the presence of neutrophil-secreted MPO. 

They showed that NCNCs loaded with paclitaxel blocked the ability of tumor-associated 

MDSCs to suppress proliferation of pre-activated T cells in vitro101. In addition, Jeanbart 

et al. studied the effect of ultra-small polymer micelles loaded with 6-thioguanine (MC-

TG) in tumor bearing mice and found a dose-dependent depletion on MO-MDSCs in the 

spleen, G-MDSCs in the draining lymph nodes and Gr1int MO-MDSCs in the tumor. More 

importantly, MC-TG significantly improved the efficacy of adoptively transferred, OVA-

specific CD8+ T cells in melanoma cells expressing OVA102. Finally, the impact of 

nanoencapsulated low dose chemotherapy was evaluated by Sasso et al., who showed 

a reduction of MO-MDSCs in lymphoma and melanoma bearing mice treated with 

subcutaneous Gemcitabin-loaded lipid nanocapsules (LNCs) and an increased efficacy of 

adoptive T cell therapy in both animal models103.  

 

In relation to combinatory drug delivery systems, Kong et al. developed a lipid-coated 

hollow mesoporous silica nanoparticle for the co-encapsulation of ATRA, doxorubicin 

and interleukin-2 and observed a modulation of the tumor microenvironment with a 

down-regulation of immunosuppressive MDSCs in B16F10 tumor-bearing mice104.  

 

Finally, to our knowledge, there is just one work describing RNAi nanotherapies 

targeting MDSCs. In this work, Zilio et al. developed G5 PAMAM dendrimers conjugated 

with a CD124/IL-4Rα-targeting peptide, which has previously proved to be a successful 

strategy to target MDSCs105. They loaded these dendrimers with shRNAs targeting the 

STAT3 and C/EBPβ transcription factors as well as with miR 142-3p, also implicated in 

the modulation of the C/EBPβ pathway. They found that, compared with either gene 

therapies or vaccination alone, the co-administration of dendrimers loaded with shRNA 

against STAT3 and C/EBPβ enhanced the efficacy of vaccination against AH1, a tumor-

specific gp-70-derived antigen. Besides, only the co-administration of dendrimers 

loaded with miR 142-3p in conjunction with adoptive cell therapy of CTLs against the 

tumor-associated antigen mTERT, was able to significantly delayed tumor progression if 

MCA203 fibrosarcoma-bearing mice106.  
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2.6 Polyarginine nanocapsules as drug delivery vehicles 

 

Nanocapsules, reservoir type delivery systems, consist of an oily core and a polymeric 

shell, capable both of entrapping drugs of different charges and polarities. They 

represent very versatile systems for the co-delivery of various active compounds, a 

strategy of increasing interest in drug delivery. Among others, our lab has extensively 

explored the use of nanocapsules for the delivery of cytotoxic drugs107–110, antigens111–

115 or peptides116,117. Several polymers have been investigated to tailor the interaction 

of the drug delivery vehicles with the cell milieu. In particular, polyarginine has been 

previously investigated as a polymeric shell in order to associate polynucleotides to the 

nanocapsule’s surface118 and to boost the immune response towards multi-enveloped 

vaccines119.   

 

Although the oily core of nanocapsules is usually employed to entrap hydrophobic drugs, 

there are also formulation procedures to generate aqueous inner phases capable of 

entrapping hydrophilic compounds. In this regard, the use of mesophases based on 

glyceryl monooleate is generating increasing interest due to their suitable properties for 

the encapsulation and slow release of drugs of various polarities.  

 

2.6.1 Immunomodulatory and cell-penetrating properties of polyarginine  

Arginine rich polymers have been widely explored in the drug delivery field due to their 

properties of cell-penetrating peptides (CPPs)120,121. They contain positively charged 

moieties which aid the interaction with the negatively charged cell membranes thus 

helping transport molecular cargos across them. However, not only charge is promoting 

this transport as several studies have demonstrated that polymers of L- or D-arginine 

entered cells far more efficiently than polymers of equal length composed of lysine, 

ornithine and histidine122,123. Indeed, polyarginine guanidinium groups have been shown 

to be responsible for this enhanced cellular uptake, and their rigidity has proved to be 

crucial for their non-endocytic transduction124. In addition, various structural 

investigations have shown the positive role of arginine residues in cell transfection 

efficiency118,125–127.  Lastly, a recent study has suggested that these guanidinium groups 

are not only implicated in the improved ability to cross cell membranes but are also the 

cause of polyarginine-mediated TLR4 activation, suggesting its potential for 

immunotherapy128. 

 

2.6.2 Glyceryl monooleate-based mesophases for peptide encapsulation 

Peptide encapsulation within lipid-based carriers has proved to be challenging due to 

the hydrophilic character of most part of these macromolecules. However, the 

functionality provided by lipid materials in terms of structural and pharmacological 

properties, as well as their low toxicity profiles, have led to an intense investigation on 

their use for peptide encapsulation115,116,129. Moreover, many lipid materials hold a 
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GRAS designation together with a long history as additives for both medical 

enteral/parenteral nutrition and the food industry, which confers them an adequate 

regulatory status. Finally, there is already a vast knowledge about lipid carriers for the 

encapsulation of hydrophobic low molecular weight molecules that can be adapted to 

the increasing amount of protein/peptide therapeutics.  

 

Solid lipid nanoparticles, microemulsions, nanoemulsions, self-emulsifying systems, 

liposomes and nanocapsules have been widely explored for peptide encapsulation 

purposes. Although the study of lipid based liquid crystalline phases has been mainly 

focus on their structural and thermodynamic understanding, these mesophases are 

raising increasing interest as drug delivery devices. This is due to their highly ordered, 

thermodynamically stable internal nanostructure that offers potential as a slow release 

matrix.  

They are spontaneously assembled by adding amphiphilic lipids to water, such as 

glycerol monooleate (GMO) or phytantriol, which have been specially explored due to 

their commercial availability and their ability to form liquid crystal phases at 

physiological temperature. The phase structure formed depends on the type of packing 

derived from the molecular geometry of the main lipid component130 but is also affected 

by other factors such as pH, ionic strength, temperature, pressure and the presence of 

additives 131–133. Following the well established phase diagram for the GMO-water binary 

system, a specific phase assembly can be easily achieved by selecting the adequate lipid 

proportion at a certain temperature 134. In ternary and more complex systems, different 

additives can be incorporated to alter the self-assembly of the lipid packing and 

consequently control the phase structure to create systems with the desired release 

profiles135. 

 

The most explored mesophases used as drug delivery systems are the viscous reversed 

bicontinuous cubic (V2) and inverse hexagonal phases (H2). However, it has been 

recently shown that the less studied inverse micellar cubic phase with Fd3m space group 

(I2) and inverse micelles (L2) could provide better release kinetics than traditional 

bicontinuous cubic phases136. Cubic phases (Q), as well as micellar (L) and hexagonal 

phases (H) constitute complex three-dimensional architectures in comparison with the 

simpler monolayer and bilayer (lamellar phase) amphipathic arrangements that 

surfactants can acquire in aqueous solutions137. Whereas lamellar and hexagonal phases 

are optically birefringent, cubic phases are optically isotropic, what makes cubic phase 

gels appear as a clear, viscous and jelly material. Surfactant molecules are organized in 

bilayers forming a bicontinuous water-lipid structure in which these lipid layers separate 

two non-intersecting water channels. In contrast to the bicontinuous cubic phase, the 

inverse hexagonal phase forms a hexagonal pattern composed of rod-shaped inverse 

micelles with closed water channels 138. The inverse micellar cubic phase also exhibits a 
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closed structure consisting of tightly packed inverse micelles arranged in a double 

diamond network139.  

 

The ordered structure of these complex liquid crystal matrices minimizes the stress and 

free energy of the system and allows them to have a high inner surface, a property that 

can be exploited to solubilize and load big quantities of compounds140. In addition, due 

to the presence of both lipidic and aqueous domains, these matrices can incorporate 

molecules of varying size and polarity. For hydrophilic drugs, release from the matrix is 

controlled by diffusion through the tortuous aqueous channels, which is affected by 

temperature changes and lipid identity, whereas release of lipophilic drugs depends also 

on their partition coefficient141.  
 

 

Figure 4. Composition/temperature phase diagram for the monoolein-water system and schematic view 

of the formulation process. (A) Phase diagram of the glyceryl monooleate–water system depicting the 

reversed micellar phase (L2), lamellar phase (Lα), cubic phase (C) and reversed hexagonal phase (HII). (B) 

Chemical structure of glycerol monooleate and the dispersed bulk phases. Adapted from 136,142,143 with 

permission. 

 

Commonly employed methods for dispersing bulk crystalline phases yielding 

cubosomes, hexosomes or sponges usually imply the use of highly energetic procedures 

such as sonication or homogenization, which represent a risk for the integrity of the drug 

payload. Another kind of more recent methods incorporate a variety of cosolvents in 

the formulation process but they generally have a heating step which is also undesirable 

for labile molecules144. However, new easier and less energetic methods for cubic phase 

dispersion, which do not mean an aggression for mesophase structure or the 

encapsulated molecule, are desirable from an industrial point of view. In this thesis, we 

explored a new self-emulsification method that avoids these two damaging processes in 

which Labrasol® is applied to spontaneously disperse a bulk GMO cubic gel using 
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poloxamer 407 as stabilizer. CCL2, our chemoattractant peptide, is preloaded in the 

aqueous phase of the bulk GMO gel before the self-dispersion with Labrasol to yield 

submicrometric particles. Considering that cargo molecules and excipients can alter the 

inner structure of the native gel and even disrupt it145, we determined the crystallinity 

of our nanoparticles compared to the bulk GMO gel. To our knowledge, there is no 

previous work studying the role of Labrasol® in redispersing GMO bulk crystalline phases 

and its implication in crystalline phase behavior146, which makes the study especially 

appealing due to the mildness and suitability of this methodology.   

 

In light of these observations, one of the objectives of this thesis was to develop a 

nanotherapy to promote the differentiation of MDSCs to less immune-suppressive 

phenotypes. Specifically, like Zilio et al., we aimed to modulate MDSCs phenotype by the 

use of two RNA sequences oriented to promote the downregulation of transcription 

factor C/EBPβ: a miR 142-3p mimics and a RNA interference consisting on a shRNA 

against C/EBPβ. However, together with this RNAi therapy, our nanovehicles were 

designed to co-encapsulate the chemokine CCL2 for monocyte and T cell 

chemoattraction, to both direct the RNA to the most immune-suppressive MDSC subset 

and to restore native CCL2 levels within the tumor site to balance the increased ratio of 

nitrated/nitrosylated species and enable the adequate CTL recruitment. To this end, we 

have designed a core-shell nanocapsule with a polyarginine coating intended to adsorb 

the RNA by electrostatic forces, and a glycerol-monooleate(GMO)-based core with an L2 

inverse micellar phase capable of entraping the chemokine within its aqueous domains. 

Given that TLR4 activation usually results in CCL2 production 147, we speculate that the 

incorporation of polyarginine in our nanovehicles may increase monocyte/macrophage 

chemoattraction and activation, further supporting the targeting of the RNA gene 

therapy. These nanocapsules were additionally coated with polyarginine and hyaluronic 

acid yielding multi-layered nanocapsules in order to protect the RNA cargo and facilitate 

targeting purposes.  
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SECTION 3. MODULATION OF HUMAN MESENCHYMAL STEM CELLS (HMSCS) IN TISSUE 

REGENERATION 

 

Regenerative medicine appears as a solution to avoid transplantation and overcome 

donor shortage in the replacement of damaged and diseased organs or tissues. 

Advances in molecular biology, materials science and specially material-cell interfaces 

have led to new tissue engineering strategies including the development of 3D matrices 

that can act both as cell carriers and signal providers for regeneration and healing148,149. 

Among the targets for tissue engineering, cartilage regeneration remains one of the 

unmet medical goals since current therapies fail to restore a normal hyaline cartilage. 

Cartilage damage can be caused by a variety of conditions, such as trauma, arthritis, and 

sports-related injuries. In particular, the high incidence of arthritic diseases due to aging 

and obesity has a major impact on the quality of life. It is expected that 10-15% of adults 

over 60 years old show symptoms of arthritic disease whereas osteoarthritis (OA) is 

estimated to affect 130 million people by 2050 worldwide. Besides, the clinical and 

economic impact of OA is very high, with an estimated annual cost of $65 billion.  

 

The self-healing of damaged cartilage is limited, due to the lack of progenitor cells as 

well as vascular, neural and lymphatic networks. Surgical approaches to treat cartilage 

lesions, such as microfracture and resurfacing techniques, are widely adopted because 

they are easy to perform, cost competitive and they achieve patient relief. However, 

their benefits are short-term due to the poor quality of the regenerated tissue, mostly 

composed by fibrocartilage. Osteochondral grafting is the only classical surgery 

technique that restores hyaline cartilage, but its use is limited due to the risk of disease 

transmission and graft-versus-host immune response when allografts are transplanted.  

In line with this technique, autologous chondrocyte implantation (ACI) and matrix 

assisted autologous chondrocyte implantation (MACI) constitute more advanced 

approaches in development but they are expensive and demand complex implantation 

protocols150,151.  

 
Another tissue that can benefit from tissue engineering applications is skeletal muscle. 

As in the case of cartilage, the properties of regenerated skeletal muscles are still far 

from their natural counterparts. Current treatments including autologous muscle 

transplantation and injection of muscle cells expanded ex vivo, have shown limited 

success. Autologous transplants lead to donor site morbidity and inadequate 

innervation and perfusion of the transferred muscle due to the difficulty of removing 

and re-connecting muscle arties, veins and nerves. Intramuscular injections of cells have 

shown little benefit in early clinical trials due to poor cell survival, migration and immune 

rejection. Although skeletal muscle has an inherent ability to regenerate in response to 

minor injuries, there is a need for engineered muscles as clinical substitutes for 

reconstructive surgery in several medical conditions including myopathy, traumatic 
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injury, aggressive tumor ablation and muscle denervation. For this reason, the 

development of engineered muscles capable of repairing or replacing the normal 

function of defective native tissues remains a challenge152–156.  

 
3.1 Regenerative potential of human Mesenchymal Stem Cells (hMSCs)  
 
Mesenchymal Stem Cells were first described by Pittenger et al. in 1999, who 

characterized them in terms of their ability to proliferate in tissue culture plates showing 

a fibroblastic morphology, their expression of specific surface proteins (SH2, SH3, CD29, 

CD44, CD71, CD90, CD106, CD120a and CD14, among others) and their capability to 

differentiate to multiple mesenchymal lineages157. Although first isolated from the bone 

marrow, MSC can be easily isolated from other sources such as adipose tissue, umbilical 

cord, fetal liver, muscle, and lung and, more importantly, can be successfully expanded 

in vitro158. In addition, MSCs secrete various bioactive macromolecules that are 

immunoregulatory and help build regenerative microenvironments in the place of 

injury. For these reasons, MSCs appear as a valuable cell source to regenerate damaged 

mesenchymal tissues like bone, cartilage, muscle, dermis and other connective 

tissues159. 

 

The use of MSC in regenerative medicine has been largely addressed, either alone or in 

combination with biomaterials that serve as scaffolds to direct their function and 

facilitate their inclusion. Although MSC show a natural tropism to damaged tissue sites 

even after intravenous injection, the advantage of MSC delivery systems lies in the ease 

of controlling and manipulating the implanted cells and tissues with reduced side 

effects158. A number of clinical trials are investigating the potential of autologous and 

especially allogeneic MSCs for various applications. In particular, MSC therapies oriented 

to bone/cartilage regeneration are the most studied, due to the lack of current 

therapeutic interventions that successfully repair the osteochondral tissue. In second 

place, MSCs are being explored for their role of suppressing T cell proliferation and 

cytokine production, which makes them an attractive tool to contain the immune 

rejection in allogeneic grafting. Lastly, the third biggest area of research is the use of 

MSCs for cardiovascular repair, mainly in patients with severe myocardial infarct160. As 

a result, many companies are taking part in the development of this technology, such as 

Baxter, Mesoblast, Teva, Aastrom Biosciences, and specially Osiris Therapeutics, which 

therapy based on allogeneic bone-marrow derived MSCs has been approved in Canada 

and New Zealand for the treatment of graft-versus-host disease161. 

 
3.2 Hydrogels for tissue engineering  
 
Hydrogels, crosslinked 3D networks of hydrophilic polymer chains, have attracted great 

attention for tissue engineering applications. They are similar to the natural extracellular 

matrix, have a high water content and swelling ability and their biocompatibility, 
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bioadhesiveness and biodegradability can be tuned depending on the necessities. 

Besides, they possess a highly porous frame that supports cell transplantation and 

proliferation as well as an adequate diffusion kinetics of nutrients and metabolic 

products. Finally, they can undergo volume phase or sol-gel phase transitions in 

response to physical and/or chemical stimuli, which allows for the formulation of 

injectable platforms that have the ability to match irregular defects while ensuring 

minimal invasiveness and target delivery at the preferred site.  

 

Hydrogels are usually divided into two categories according to their natural or synthetic 

origin. Hydrogels from natural polymers have been widely used for tissue engineering 

approaches and several reports suggest the beneficial cellular responses of biopolymers 

and their performance over synthetic polymers. Among the different biopolymer-based 

hydrogels, those made of fibrin, alginate and collagen are widely explored as injectable 

systems151,162–164. 

 

3.2.1 Fibrin hydrogels 

 

Fibrin polymer is an end product of the enzymatic cascade of blood clotting. Its easy 

assembly into fibrillary networks makes fibrin an attractive biopolymer. Besides, it has 

the potential to be extracted from patient’s blood, constituting an autologous scaffold 

and thus alleviating any risk of immune reaction165. In addition, fibrin has been FDA 

approved as a surgical sealant and has been used extensively in hemostatic materials, 

such as fibrin glues, and wound dressings. Currently approved fibrin sealants include 

Tisseel and Artiss (Baxter), Evicel (Johnson & Johnson) and Cryoseal (Thermogenesis). 

Some of these sealants are also being used for tissue engineering applications in 

combination with other polymers or native tissue components, as clot stabilizers in 

microfracture procedures. Examples of these are Vitagel (Orthovita), BioCartilage 

(Arthrex), DeNovo NT (Zimmer) or Cartilage Autograft Implantation Systems (CAIS, 

DePuy Mitek and DePuy Biologics)166–169. 

 

Apart from their important role in hemostasis, fibrin gels are very bioactive, promoting 

cell attachment and stimulating hydrogel remodelling, serving as a scaffold for tissue 

repair following injury. The fibrin network provides a physical support for neutrophil, 

macrophage, and fibroblast infiltration, which will ultimately lay down fibronectin, 

collagen and other extracellular matrix (ECM) components to rebuild the damaged 

tissue. Furthermore, fibrinopeptides, which are released during polymerization of fibrin, 

and fibrin degradation peptides, are bioactive themselves and contribute to tissue repair 

due to their mitogenic, chemotactic and proangiogenic activities. Finally, fibrin provides 

a variety of signals and cues to direct cell behaviors through its numerous binding sites 

for growth factors, integrins and additional ECM components. For this reason, fibrin has 
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also been used in the development of cell instructive scaffolds for stem cell 

differentiation and delivery as well as for the induction of angiogenesis170. 

 

Fibrin is formed through the polymerization of the soluble precursor molecule 

fibrinogen, a process that is initiated by the serine protease thrombin, which is activated 

in response to injury. Fibrinogen is a 45 nm-long peptide made up of 6 paired 

polypeptide chains (Aα Bβ ϒ)2 that are held together by 29 disulfide bonds. Fibrin 

polymerization is initiated by the thrombin cleavage of fibrinopeptides A (FpA) and B 

(FpB) from the N-termini of the Aα and Bβ -chains of fibrinogen to produce fibrin 

monomer (α β ϒ)2. The release of FpAs exposes an N-terminal α-chain motif Gly-Pro-Arg 

(GPR), called knob ‘A,’ which is complementary to pockets or holes ‘a’ located in the ϒ-

nodules of another fibrin molecule, yielding A:a interactions. Cleavage of FpA and 

exposure of knobs ‘A’ are necessary and sufficient to form fibrin clots since A:a 

interactions are the driving force of fibrin polymerization. These A:a interactions are 

produced in a half-staggered manner, with 2 A:a knob-hole interactions holding the 2 

monomers together. The addition of a third molecule to a half-staggered dimer 

produces an end-to-end junction where the ends of 2 molecules connect each other, 

leading to a regular 22.5-nm repeat. The release of FpBs exposes the N-terminal β-chain 

motif Gly-His-Arg-Pro (GHRP), called knob ‘B,’ which is complementary to hole ‘b’ 

located in the globular β-nodule. However, the affinity of the knob ‘B’-mimetic GHRP 

peptide for fibrinogen (Kd = 140 mM) is relatively low compared with the knob ‘A’-

mimetic GPRP (Kd = 25mM) and despite evidence for the physical existence of B:b 

interactions, their physiological role remains unclear.  

 

In addition to the established A:a and B:b knob-hole complexes, there is some evidence 

for the physical existence of A:b interactions. Moreover, the ϒ275-300 residues form a 

D-D interface similar to the one located at the end-to-end junction between fibrin 

monomers. Although D-D interactions are weak and yield first upon forced stretching of 

fibrin oligomers, studies revealed that they are essential for the elongation of fibrin 

strands.  

 

The dimers and trimers formed by knob-hole and D-D interactions can lengthen 

longitudinally to form protofibrils, which aggregate laterally leading to the formation of 

fibers. The elongation and the thickening of fibrin fibers are accompanied by branching, 

which is necessary to produce the 3D network that constitutes the fibrin clot or gel. Most 

branch points consist of the junction of 3 fibers of about the same diameters, and, in 

general, as the number of branch points increase, the fiber diameters decrease. In 

addition, during and after polymerization in blood, fibrin is covalently cross-linked by 

factor XIIIa, activated by thrombin. The C-terminal portion of each of fibrin(ogen)’s ϒ-

chain contains 1 cross-linking site at which 2 adjacent molecules form an intermolecular 

ϒ-glutamyl-e-lysyl covalent bond. The same intermolecular ϒ-glutamyl-e-lysyl bonds 
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form more slowly between C-terminal portions of fibrin α-chains (αC regions), thereby 

creating αC polymers. In addition, cross-linking also occurs between α- and ϒ-chains. 

This dense covalent cross-linking within and between protofibrils makes the 

polymerization process irreversible and stabilizes fibrin polymers171,172. 

 

 
Figure 5. Schematic representation of fibrin oligomer and polimerization. (A) Short oligomer formed by 

3 fibrin monomers based on the x-ray crystallographic structure of fibrinogen (Protein Data Bank entry: 

3GHG). A:a knob-hole bonds that are the major basis of fibrin polymerization maintain the third (lower) 

monomer in a half-staggered arrangement. The intermolecular noncovalent coupling and the covalent 

cross-linking at the D-D interface hold the two (upper) monomers in a linear arrangement. (B) Fibrin 

polymerization steps: (1) enzymatic release of fibrinopeptides from fibrinogen, the formation of 

monomeric fibrin-containing exposed knobs, and the partial dissociation of the αC regions; (2) self-

assembly of monomeric fibrin via knob-hole interactions and the formation of half-staggered 2-stranded 

fibrin oligomers; (3) lateral aggregation of protofibrils by αC-αC-interactions; (4) packing of protofibrils 

into a fiber with a 22.5-nm periodic crossstriation; and (5) fibrin network formation due to the branching 

of fibers by bilateral or trimolecular junction. Adapted from 171 with permission. 
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3.2.2 Collagen-I-alginate Interpenetrating Polymer Networks (IPNs) 

 

Despite their good biocompatibility and bioactivity, natural hydrogels usually lack good 

mechanical properties and pose difficulties to control their degradation rates, which 

have motivated approaches to modify these polymers as well as to formulate hybrid 

hydrogels. Bioactive polymers such as fibrin, collagen, gelatin and hyaluronic acid all 

have good biocompatibility and promote cell adhesion and biological responses but they 

typically possess low mechanical properties.  Alginate and agarose, on the contrary, are 

easily gelated polymers with highly tunable mechanical properties, but they are limited 

by their lack of cellular interaction. Strategies to improve the performance of these 

polymers include the physical mixture of two or more polymers with complementary 

properties to yield interpenetrating polymer networks (IPNs).  The polymers in an IPN 

are not covalently bonded but at least partially interlaced and their network cannot be 

pulled apart unless chemical bonds are broken. One good example would be the 

collagen-I-alginate IPNs, which take advantage of the cell-interactive features of 

collagen to overcome alginate’s lack of adhesion ligands, while surpassing the low 

mechanical properties of collagen hydrogels with the easily tunable crosslinking capacity 

of alginate173.  

 

Collagen is a main component of the extracellular matrix of mammalian tissues and, 

together with fibrinogen, one of the most widely used natural polymers. It can form 

thermally reversible physical gels or be chemically crosslinked using glutaraldehyde174 

or diphenylphosphoryl azide175. Collagen is composed of different polypeptides that can 

be recognized by cells and degraded by enzymes. Each collagen molecule consist of 

three polypeptide chains that contain one or more regions characterized by the 

repeating amino acid motif (Gly-X-Y). X and Y positions can be constituted by any amino 

acid but they are often (2S)-proline (Pro, 28%) and (2S,4R)-4-hydroxyproline (Hyp, 38%), 

respectively, with ProHypGly being the most common triplet (10.5%) in collagen176. This 

motif allows the chains to form a right-handed triple helical structure with the X and Y 

residues exposed to the surface and all glycine residues towards the core. Depending on 

the type of collagen, the triple-helical motif can be a major or minor part of the 

molecule, which also contains other regions comprising different non-collagenous 

domains. 

 

In humans, there are 28 different proteins known as collagens, as well as about the same 

number of other members of the collagen superfamily. They can be grouped in 

subfamilies, with the fibrillary collagens being the ones with most interest from the 

biochemical point of view. There are 5 fibril-forming collagens (types I, II, III, V and XI) 

whereas other collagens form networks (types IV, VIII and X) or 11-nm periodic beaded 

filaments (type VI), associate with fibril surfaces (types IX, XII and XIV) or occur as 

transmembrane proteins (types XIII and XVII) 177. Collagen I is the most widely occurring 
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collagen and can be found in skin, tendon, bone, cornea, lung and vasculature. Type II 

has a very specific tissue distribution and is essentially limited to cartilage. Type III is 

found in relatively elastic tissues such as embryonic skin, lung and blood vessels. Finally, 

types V and XI are less abundant collagens found in association with collagen I in the 

cornea and collagen II in cartilage, respectively.  

 

Collagen fibrils are characterized by a repeating banding pattern with a D-periodicity of 

64-67 nm, depending on the tissue. The three polypetide chains forming the fibrillary 

collagen molecules are called α chains. These chains can be identical, forming 

homotrimeric molecules as in collagens II and III, or distinct, yielding heterotypic 

molecules as in collagen I. All fibrillary collagens possess a long central triple-helical 

region in each α chain, consisting of a continuous (Gly-X-Y)n repeat, where n is 337-343. 

In the case of collagens I, II and III, this region is flanked by short non-helical regions 

called telopeptides at both C- and N- termini. They are synthesized in the ribosome in 

the form of soluble precursor molecules, called procollagens, with large N- and C-

terminal propeptide domains. Procollagens then enter the rough endoplasmic 

reticulum, where they undergo post-translational modifications resulting in the 

assembly of procollagen molecules. These molecules transit the Golgi network and they 

are exported to the extracellular matrix. Procollagen processing occurs during or shortly 

after secretion followed by assembly of fibrils. C-propeptides are removed by specific 

metalloproteinases (ADAMTS and BMP1/Tolloid-like families, furin-like proprotein 

convertases) leaving the short C-telopeptides, while the extent of N-terminal processing 

depends on collagen type. Finally, fibrils are stabilized by the formation of covalent 

cross-links initiated by members of the lysyl oxidase family of copper-dependent amine 

oxidases.  
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Figure 6. Collagen structure and assembly. (A) Crystal structure of a collagen triple helix formed from 

(ProHypGly)
4
–(ProHypAla)–(ProHypGly)

5
 and ball-and-stick image of one of its segments [Protein Data 

Bank (PDB) entry 1cag] (19). (B) Process of collagen formation showing the three α-chains of type I 

collagen (step 1) which are intracellularly assembled into the triple helix following initiation of this process 

by the C-terminal domain (step 2). Procollagen is secreted by cells into the extracellular space (step 3) and 

converted into collagen by the removal of the N- and C-propeptides via metalloproteinase enzymes (step 

4). After procollagen is secreted into the extracellular space, collagen type-specific metalloproteinase 

enzymes remove the amino- and carboxy-propeptides. Collagen is assembled into cross-striated 

microfibrils that occur in the extracellular matrix of connective tissues. Short microfibrils merge into 

mature fibrils through longitudinal and axial growth. To form mature fibres, lysyl oxidase catalyses the 

formation of intramolecular and intermolecular covalent crosslinks between collagen molecules. Adapted 

from 176,178 with permission. 

 

Collagen hydrogels are usually formed by the reconstitution of commercially available 

acid soluble fibrillary collagens, commonly collagen type I, although there are also 

pepsin soluble fibrillary collagens. These acid solutions are kept cold and when the pH is 

adjusted to around neutral and the temperature raised to around physiological, fibril 

formation occurs spontaneously. Fibril formation is an entropy-driven process, in which 

self-assembly results in burying surface-exposed hydrophobic residues within the fibril, 

and proceeds by a nucleation and growth mechanism. The structure of the resulting 

fibrils is influenced by several parameters including buffer compositions, the presence 

of other type of macromolecules and the order of the initiating procedure179.  
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There are a myriad of FDA approved collagen-based products ranging from wound 

dressings (Apligraft, Integra, Gintuit) to hemostatic agents (Tachosil, Vitagel). Several 

devices have been intended for tissue engineering applications, such as Chondro-Gide 

(Geistlich Pharma), a bilayer collagen matrix for cartilage repair, Infuse (Medtronic), a 

rBMP-2 loaded collagen sponge for bone regeneration or NeuraGen (Integra 

LifeSciences), a semi-permeable, Type I collagen tube for peripheral nerve repair. On 

December 2016, the FDA approved the first, collagen-based, cellularized scaffold for the 

repair of symptomatic, full-thickness cartilage defects of the knee. Maci, manufactured 

by Vericel Corporation, consist of a bio-resorbable porcine-derived collagen membrane 

that is seeded with expanded patient’s autologous cells and implanted in the damaged 

area180,181.  

 

Together with collagen, as an FDA approved polymer, alginate has become one of the 

most important biomaterials for diverse applications. Ammonium, calcium, potassium, 

propylene glycol and sodium alginate are GRAS materials with a long trajectory in the 

food industry were alginate has been widely used as emulsifier, binder and gelling agent. 

In addition, its biocompatibility and lack of immunogenicity, as well as its gentle gelling 

behavior, has enabled the use of alginate in a variety of biomedical applications 

including tissue engineering and drug delivery. It has been used as drug excipient (Tarka, 

Skelaxin, ROXYBOND, MORPHABOND ER), dental impression material (HygePLUS, 

Hygedent, Image), wound dressing (ALGICELL Ag, Suprasorb A + Ag, Phytacare), 

hemostatic (Neptune pads) injectable cell delivery vehicle (RGD-alginate, ASTM F2315 - 

11) and immobilization matrix.  

Alginates are anionic and hydrophilic polysaccharides isolated from brown algae and 

bacteria. They are linear unbranched block copolymers composed of (1-4)-linked β-D-

mannuronic acid (M units) and its C-5 epimer α-L-guluronic acid (G units) monomers, 

which are covalently linked together in different sequences or blocks. M and G blocks 

can be either similar (MMMM, GGGG) or strictly alternating (GMGMGMGM) depending 

on the alginate source, which also determines their relative amount.   

G blocks are stiffer and less soluble at low pH than alternating blocks because of the 1C4 

diaxial links of L-guluronic acid compared to the 4C1 diequatorial links of D-Mannuronic 

acid. Two G blocks of adjacent polymer chains can be cross-linked with divalent cations 

(e.g. Ca2+ or Ba2+) through interactions with the carboxylic groups in the sugars, creating 

ionic interchain bridges which lead to the formation of a gel network.  

 

Alginate solutions have non-Newtonian characteristics (shear thinning) and their 

viscosity depends on the concentration of the polymer and its MW distribution. The MW 

distribution, as well as the polymer composition (M/G ratio) also regulates the overall 

gel stiffness in conjunction with the stoichiometry of the alginate with the chelating 

cation. Similarly, manipulating polymer MW and composition allows one to tune the 
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polymer degradation rate, which is especially interesting since alginate is not naturally 

broken down enzymatically but it degrades via an uncontrollable and unpredictable 

process involving loss of divalent ions. 

 

 
Figure 7. Schematic of an alginate gel. In an alginate gel, the G blocks on different polymer chains form 

ionic crosslinks through Ca2+ (red circles). Adapted from 182,183 with permission.  

 

As a result, alginate mechanical properties and degradation rate can be highly controlled 

by modulating polymer MW and composition as well as the nature and stoichiometry of 

the cross-linking agent. In addition, the properties of alginate polymers can be further 

modulated by the introduction of chemical modifications. Since cells do not naturally 

adhere to alginate, the most widespread example of these chemical modifications is the 

use of the fibronectin-derived adhesion peptide arginine glycine aspartic acid (RGD) and 

its subtypes, to yield cell-interactive alginates. This RGD coupling can be done using 

carbodiimide chemistry, which is also applied to covalently cross-link alginates, 

providing an alternative cross-linking method183–186.  

 

3.3 Gene Activated Matrices (GAMs) for tissue engineering 

 

In tissue engineering approaches, hydrogels are usually employed as vehicles for cells 

and also growth factors that help directing the regenerative process. Traditionally, these 

growth factors were included in the form of recombinant proteins which were released 

in a controlled manner from the polymer matrices. Specific collagen-based devices have 

reached the clinical setting for the delivery of rhBMP-7 (OP-1™), and rhBMP-2 

(Infuse®)187. However, these devices have a limited capacity to control the release, so 

that to extend the effect of the associated growth factors it is necessary to administer 
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them at high doses. This, in turn, leads to side effects among which the risk of 

malignancies is one of the biggest concerns188–190.  

 

Trying to overcome these drawbacks, researchers have started to explore the use of 

gene therapy as an alternative to recombinant proteins, and this has led to the concept 

of Gene Activated Matrix (GAM). At the very beginning, GAMs were based on plasmid 

DNA (pDNA), free or complexed to non-viral formulations, encoding the growth factor 

of interest. As for recombinant proteins, this complexed pDNA was loaded within a 

polymer matrix from which it could be slowly released, producing the transfection of 

surrounding cells and the consequent sustained protein expression. These GAMs were 

mostly comprised of FDA approved polymers, either natural (alginate, collagen and 

fibrin) or synthetic (polyethylene glycol (PEG), poly-lactic-co-glycolic acid (PLGA)) and 

were generally oriented to MSC-based bone and cartilage repair191. Although the 

majority of these GAMs were based on the use of growth factors BMP-2 and TGF-β1 to 

repair bone and cartilage defects, respectively, this approach was also explored to 

encode pivotal transcription factors (TF) in musculoskeletal development. As previously 

described, TFs are DNA binding proteins that regulate gene transcription and several TFs 

have been identified to direct cell differentiation towards specific tissue types36–39. 

Among them, the SOX trio (SOX9, SOX6 and SOX5) or SOX9 alone, master regulator of 

chondrogenesis, as well as RUNX2, main regulator of osteogenesis, have been widely 

assayed192,193.  

 

Nevertheless, while non-viral delivery of pDNA is preferred over viral vectors due to 

safety concerns, non-viral formulations are characterized by a low gene transfer 

efficiency, which in part hampers their clinical success. This prompted the use of RNA-

based GAMs, with the aim to take advantage of the superior gene transfer capacity of 

RNA. In this regard, different RNA GAMs were explored, ranging from siRNA and miRNA 

GAMs191, to the more recent mRNA GAMs. Although more and more iRNA mechanisms 

are being discovered to control crucial developmental processes, and hence iRNA GAMs 

hold great promise, in the context of this thesis we will focus on the exploration of mRNA 

GAMs. As we commented before, since their first preclinical exploration in the 1990s, 

mRNA-based therapies have gained great attention and proved to surpass pDNA in 

boosting forced protein expression11–14. However, mRNA therapies were mostly 

oriented to cancer vaccination, and it was not until 2013 when Lui et al. first envisioned 

the concept of mRNA-GAM194 that would be described by Elangovan et al. two years 

later. In their work, Elangovan and co-workers used chemically modified mRNA encoding 

BMP-2, complexed to branched polyethylenimine (PEI) and embedded in a collagen 

matrix, to study the bone regeneration of rat calvarial defects, and demonstrated its 

superior biocompatibility and regenerative capacity as compared to a traditional pDNA 

GAM195. One year later, Balmayor et al. compared the use of BMP-2 mRNA within two 

different biomaterials: fibrin gels and micro-macro biphasic calcium phosphate (MBCP) 
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granules, both seeded with rat derived BMSCs in vitro. They observed a high 

osteoinductive behavior of what they called transcrip-activated matrices (TAMs) and 

found that MBCP synergistically enhances the hBMP-2 cmRNA-induced osteogenic 

pathway, highlighting the role of TAMs mechanical properties in their cell differentiation 

potential196. Finally, in 2017, Khorsand and Elangovan compared the osteoinductive 

potential of BMP-2 and BMP-9 mRNA with the same settings as in their previous study, 

observing an increased bone formation of the calvarial defects treated with BMP-9 

GAMs197. 

 

Building on this knowledge, in the context of this thesis we aimed to further explore the 

concept of mRNA GAMs, developing a new kind of mRNA GAMs activated with lineage-

specific TFs. To this end, fibrin hydrogels were activated with SOX9 (cartilage)49,50 and 

MYOD (muscle)40 TFs and hMSCs where encapsulated therein to promote their 

transfection and investigate their chondrogenic and myogenic differentiation. As 

mentioned before, TF-activated GAMs have been previously developed for pDNA, 

however, since mRNA expression kinetics may mimic better the physiological changes 

in TF expression, we hypothesized that our novel mRNA GAMs could provide a 

therapeutic benefit compared with these classical pDNA GAMs. 

 

Together with chemical signals, recent work suggests that mechanical forces are equally 

important regulators of lineage specification. In fact, over the past few years, 

mechanostransduction has regained great attention as a means to regulate cell fate 

conversion. For this reason, we next sought to explore the influence of hydrogel 

mechanical properties on the net differentiation outcome. However, fibrin hydrogels, 

with poor mechanical properties, are not suitable systems to study the mechanical 

modulation of cell phenotype. Thereby, collagen-I-alginate IPNs developed at the 

laboratory of Prof. Mooney, that allow to tune gel stiffness independently of gel 

architecture, polymer concentration or adhesion ligand density 173, were used to 

evaluate the influence of hydrogel mechanics on the chondrogenic differentiation 

driven by SOX9 forced expression.  

 

3.4 Mechanotransduction  

 

The necessity to integrate the effect of mechanical forces in the global understanding of 

tissue homeostasis and development is becoming crucial to generate new types of 

therapeutic interventions and improved strategies for tissue engineering and 

regenerative medicine. For this reason, an increasing body of research is now focusing 

on the modulation of cell phenotype by tuning the mechanical properties of their 

substrates either in two-dimensional (2D) or three-dimensional (3D) cell culture 

systems43,45,198–203. In addition, these 3D systems are also being used to get more realistic 

knowledge about cytotoxicity and drug efficacy, especially in the context of cancer, 
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where tissue stiffening has been extensively linked to drug resistance and cell 

malignancy. Indeed, more and more results support the value of 3D cultures as means 

to overcome the lack of predictability of current 2D in vitro models prior to in vivo 

experimentation. Specifically, they are proving to be especially relevant to test new 

nanoparticulate delivery systems, where diffusion through the extracellular matrix and 

other complex biological barriers represents a key issue for drug efficacy204,205.  

 

Mechanical control of gene transcription contributes to the maintenance of 

pluripotency, determination of cell fate as well as pattern formation and organogenesis 

thus controlling cell and tissue function throughout embryogenesis and adult life. The 

mechanisms by which these mechanical forces are translated into transcriptional 

alterations are varied and complex. This is because cells are not alone, but they are 

surrounded by neighboring cells and a extracellular matrix (ECM) that generate 

contractile forces that balance their cytoskeletal actomyosin filaments maintaining 

them in a tensionally prestressed state. Cells sense this environment by transmembrane 

surface adhesion receptors, such as integrins and cadherins, which convert the 

mechanical signals into cytoplasmic biochemical signals within cell surface focal 

adhesions and cell-cell adhesion complexes. These downstream intracellular signaling 

cascades, in turn, promote changes in the concentration of second messengers (such as 

Ca2+ flux, inositol triphosphate…) or activate protein signaling molecules (such as MAPKs 

and Rho-family small GTPases) thus triggering transcriptional changes in the nucleus. 

Thereby, focal adhesion proteins that physically couple actin filaments to integrins, act 

as mechanotransducers in part by regulating cytoskeletal tension.  

 

Since cytoskeleton filaments are also coupled to the nuclear membrane, intranuclear 

scaffolds and chromatin, cytoskeletal tension further results in a dynamic state of the 

nuclei size and shape.  This promotes a prestressed state of the nucleus that balance 

contractile forces with condensation forces of the chromatin. For this reason, the 

nucleus itself can act as a mechanosensor and mechanical forces can regulate gene 

expression directly by altering the transport of transcription factors into the nucleus206. 
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Figure 8. Key components of 

mechanotransduction pathways. Schematic 

depicting a fibroblast embedded in the 

extracellular matrix (ECM), with an expanded 

view showing cell–ECM interactions. Cells 

interact mechanically with the ECM via 

transmembrane receptors called integrins, 

which in turn interact with intracellular 

signalling molecules (including focal adhesion 

kinase (FAK) and SRC) and physically connect 

to cytoskeletal actin via linker proteins 

(including talin, vinculin, filamin, α-actinin 

and the complex involving integrin-linked 

protein kinase (ILK), PINCH and parvin). Key 

signalling pathways associated with integrin 

activation include the RHO–RHO-associated 

protein kinase (ROCK) and mitogen-activated 

protein kinase (MAPK) pathways. 

Reproduced from 207 with permission. 

 

 

In the context of tissue engineering, several works have explored the modulation of 

mechanical cues to selectively tune cell phenotype towards specific lineages. For cells 

seeded atop hydrogels, the modulus of the substrate or geometry constrains on its cell 

adhesion properties have been shown to affect cell spreading, traction generation and 

fate. Conversely, the influence of biophysical properties on cell fate within 3D 

environments is more complicated and not fully understood yet. Huebsch et al. showed 

that within non-degradable, ionically crosslinked alginate hydrogels, the differentiation 

of encapsulated MSC is dictated by matrix stiffness irrespective of cell morphology. 

Despite the lack of hydrogel degradation, the physically crosslinked alginate employed 

in this system, was adequately mobile to enable cellular reorganization of bound 

adhesive ligands, traction generation and differentiation46. Three years later, Khetan et 

al. identified these cell-mediated remodeling and cell-generated tension as key for fate 

regulation. In their model, covalently crosslinked hyaluronic acid hydrogels, cell 

differentiation is mediated by the generation of degradation-mediated cellular traction, 

independently of cell morphology or matrix mechanics208. In agreement with this work, 

Chaudhuri et al. established hydrogel stress-relaxation as a key parameter to mimic the 

viscolasticity of natural ECMs and maximize cell remodeling and differentiation47. 

Further improving this knowledge, another recent work developed by Cosgrove et al. 

revealed the importance on the nature of hydrogel cell adhesion ligands in cell 

interpretation of ECM stiffness and subsequent changes in downstream cell 

proliferation and differentiation209. Finally, an interplay between cell-matrix and cell-cell 

contacts has been recently shown to further impact different stages of osteogenesis in 

hMSCs48. 
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Within this frame, in the context of this thesis we sought to explore the influence of the 

mechanical properties of SOX9 mRNA GAMs on the chondrogenic differentiation of 

hMSCs. As mentioned previously, fibrin hydrogels are characterized by their poor 

mechanical properties precluding them of being a suitable platform to study the 

interplay between mechanics and SOX9 forced expression. Hence, collagen-I-alginate 

IPNs developed by the Mooney Lab were selected for these experiments, allowing a 

precise control over gel mechanical properties. Indeed, these highly tunable systems 

allowed us to test the effect of adhesion and stiffness to both understand the process of 

gene transfer in 3D environments and to identify the optimal conditions for cartilage 

repair. Taking everything together, our goal was, on the one hand, to prove the feasibility 

and superior profile of TF-activated mRNA GAMs over their pDNA counterparts, and, on 

the other hand, to further enhance the differentiation behaviour of these mRNA GAMs 

by optimizing their mechanical properties. Overall, the work summarized in Chapters 2 

and 3 of this manuscript was intended to contribute to the increasing knowledge and 

understanding of cell responses to drugs and substrates in 3D environments, with the 

aim to exploit cell-material interactions to create better cell therapies and medical 

devices.  
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BACKGROUND 

 

CHAPTER 1: Co-delivery of RNAi and Chemokine from Polyarginine Nanocapsules 

enables the modulation of Myeloid Derived Suppressor Cells 

This specific activity has been based on the following background:  

With regard to the pharmacological approach to achieve MDSCs targeting: 

Myeloid Derived Suppressor Cells (MDSCs) constitute an immature myeloid cell 

population that originates from aberrant myelopoiesis in cancer-related contexts. 

MDSCs are highly immunosuppressive and promote T cell tolerance, angiogenesis, 

cancer stemness and metastasis dissemination, thereby supporting tumor growth1. 

Consequently, MDSC targeting represents a promising approach to increase the efficacy 

of cancer immunotherapies, especially in the case of adoptive cell transfer (ACT)2.  

One of the strategies of MDSC targeting consist on inducing their differentiation into 

mature myeloid cells. To this end, the modulation of the C/EBPβ pathway has proved 

beneficial and both shC/EBPβ and miR 142-3p have been shown to enhance the efficacy 

of cancer vaccination and ACT3–5. Given the key role of nitric oxide (NO) in MDSC-

mediated immune suppression, several NOS-inhibiting compounds are under 

investigation to reduce MDSC immune suppressive activity. One of these compounds is 

AT38, which is able to decrease MDSC inhibitory activity by reducing CCL2 nitration. 

Nitrosylated CCL2 secreted by the tumor is unable to recruit tumor-specific cytotoxic T 

cells and, thus, restoring original CCL2 levels appears as another strategy to improve the 

efficacy of ACT6–8. 

 

With regard to the contribution of nanotechnology: 

Among others, our lab has made significant efforts on the formulation of 

biomacromolecules, such as proteins and polynucleotides, with the final goal to protect 

them from degradation and facilitate their transport across biological barriers9–18. 

Among the different delivery carriers, our lab has pioneered the development of 

nanocapsules with an oily core and a polymer shell19–23. Nanocapsules offer a high 

versatility for the co-delivery of various drugs with different actions and physicochemical 

profiles, a strategy that is being widely explored in the field of cancer immunotherapy24. 

In general, these NCs have been used for the encapsulation of hydrophobic drugs into 

the hydrophobic core25–30 or the adsorption of proteins onto the polymer shell20,31–34. 

However, there are also ways to promote the entrapment of hydrosoluble molecules 

within oily phases. In this sense, GMO-based mesophases are raising increasing interest 

due to the presence of aqueous domains within their internal nanostructure, which 

offers potential for slow drug delivery35,36. Commonly employed methods for dispersing 
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bulk crystalline phases yielding nanometric particles usually imply the use of formulation 

procedures which may represent a risk for the integrity of the drug payload37. Our lab 

has also contributed to the development of nanocapsules through mild self-

emulsification methods38, a valuable background that could be exploited for mesophase 

dispersion. 

 

On the other hand, with regard to the nature of the polymer shell, polyarginine-based 

nanocapsules were developed in our lab in 201322 and since then, a number of 

applications including protein and vaccine delivery  have been explored21,30,39. The 

selection of polyarginine as a polymeric coating has been based on its known cell 

penetration capacity 40,41. Moreover, various structural investigations have shown the 

positive role of arginine residues in cell transfection efficiency22,42–44. In addition, a 

recent study has suggested that polyarginine guanidinium groups might also be the 

cause of polyarginine-mediated TLR4 activation, a fact that would support its use in 

cancer immunotherapy45. 

 

 

CHAPTER 2: mRNA-Activated Matrices Encoding Transcription Factors as Primers of 

Cell Differentiation in Tissue Engineering 

 

With regard to the selection of hMSCs as a target: 

Human Mesenchymal Stem Cells (hMSCs) are known to differentiate to multiple 

mesenchymal lineages46. They can be isolated from the bone marrow, adipose tissue, 

umbilical cord and other sources and successfully expanded in vitro47. For these reasons, 

MSCs are a valuable cell source to regenerate damaged mesenchymal tissues48 and their 

use in regenerative medicine has been largely explored, either alone or in combination 

with biomaterials that serve as scaffolds to direct their function and facilitate their 

inclusion. 

 

With regard to the use of GAMs as a material systems approach to influence hMSCs 

activity: 

Transcription Factors (TFs) have been identified to direct cell differentiation towards 

specific tissue types49–52. In 1987, Davis et al. demonstrated that mouse fibroblasts could 

be converted into myoblasts by the use of a single cDNA encoding the transcription 

factor MyoD53. Likewise, TF SOX9 has been identified as the master regulator of 

chondrogenesis54,55.  Given the potential of TF-mediated cell specification for tissue 

engineering applications, pDNA Gene Activated Matrices (GAMs) encoding pivotal TFs 

have been explored for musculoskeletal regeneration56,57. However, pDNA induces a 

limited forced protein expression compared to mRNA58–61, which prompted the 
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development of mRNA GAMs62–64. Indeed, these recently explored mRNA GAMs have 

proved to surpass the bone regeneration capacity of their pDNA counterparts. 

Nonetheless, to our knowledge, these mRNA GAMs have only been explored for Growth 

Factors (GFs) and the potential of mRNA-based GAMs encoding TFs has not been 

investigated yet. 

 

With regard to the design of fibrin-based scaffolds: 

Fibrin’s easy assembly into fibrillary networks makes it an attractive biopolymer for 

tissue engineering. It has the potential to be extracted from patient’s blood, constituting 

an autologous scaffold and thus alleviating any risk of immune reaction65. In addition, 

fibrin has been FDA approved as a surgical sealant and has been used extensively in 

hemostatic materials. More importantly, some of these sealants are also being used in 

regenerative medicine as clot stabilizers in microfracture procedures66–69. Fibrin gels are 

very bioactive, promoting cell attachment and stimulating hydrogel remodelling, which 

support its use in the development of cell instructive scaffolds for stem cell 

differentiation and delivery70. 

 

 

CHAPTER 3:  Modulation of Gene Activated Matrix mechanics enhances the 3D 

transfection and SOX9-directed differentiation of Mesenchymal Stem Cells 

 

With regard to the potential of interpenetrating polymer networks (IPNs) in tissue 

engineering: 

The physical mixture of two or more polymers with complementary properties has led 

to the formation of interpenetrating polymer networks (IPNs) with attractive properties 

for the purpose of tissue engineering.  A good example is represented by the collagen-I-

alginate IPNs, which take advantage of the cell-interactive features of collagen to 

overcome alginate’s lack of adhesion ligands, while surpassing the low mechanical 

properties of collagen hydrogels with the easily tunable crosslinking capacity of alginate. 

As demonstrated at the laboratory of Prof. Mooney, collagen-I-alginate IPNs allow one 

to tune gel stiffness independently of gel architecture, polymer concentration or 

adhesion ligand density71. This, in turn, makes them an ideal platform to study the effect 

of hydrogel mechanics on cell biology. 

 

With regard to the modulation of Gene Activated Matrices (GAMs) mechanics to boost 

their transfection efficiency and regenerative capacity: 

Three-dimension (3D) transfection refers to cell transfection events occurring within 3D 

matrices where cells are embedded72–74. These matrices, termed Gene Activated 

Matrices (GAMs), consist on polymer matrices loaded with free or complexed nonviral 
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formulations. When considering 3D transfection efficiency, attention should be paid not 

only to the physicochemical characteristics of the genetic material formulations, but also 

to the polymer matrix itself. Matrix properties such as surface charge75, cell adhesion, 

stiffness or biodegradability76–78 are key parameters to ensure a high degree of gene 

transfer and hence should be carefully considered in GAM design. Consequently, 

understanding the process involving 3D gene transfer can help guide the development 

of improved GAMs as well as more efficient nonviral formulations.  

 

On the other hand, over the past few years, mechanostransduction has regained great 

attention as a means to regulate cell fate conversion79. Differentiation of mesenchymal 

stem cells (MSCs) towards specific lineages has proved to be modulated by matrix 

stiffness and elasticity80–82, as well as stress-relaxation83. In addition, an interplay 

between cell-matrix and cell-cell contacts has been recently shown to further impact 

hMSC differentiation84. Considering this, there is no doubt now that 

mechanostransduction has broad implications in the biomedical field, allowing for the 

generation of improved biomaterials capable to modulate diseased cells. However, 

given the high exploration of MSC-biomaterial interactions, tissue engineering 

represents the most straightforward application. In this regard, the modulation of GAM 

mechanics appears as a good strategy to synergistically modulate cell phenotype.  
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HYPOTHESIS 

 

CHAPTER 1: Co-delivery of RNAi and Chemokine from Polyarginine Nanocapsules 

enables the modulation of Myeloid Derived Suppressor Cells 

 

H1. Nanoemulsions (NE) based on glycerol monooleate (GMO) mesophases can be 

prepared by a mild self-emulsifying method and be used to encapsulate protein and 

peptide drugs. 

 

H2. GMO NEs can be coated with the cationic polymer polyarginine, thereby forming 

nanocapsules (NCs) onto which RNA molecules can be associated and further protected 

by the addition of extra polymeric coating layers (polyarginine, sodium hyaluronate).  

 

H3. The nanocomplexation of RNA sequences (miR 142-3p and shCEBP/β) in 

polyarginine nanocapsules can promote their cell penetration and induce the 

differentiation of Myeloid Derived Suppressor Cells (MDSCs) towards a non-

immunosuppressive phenotype. 

 

H4. The natural tropism of the nanosystems represents a way of passive targeting to 

tumor and spleen, where MDSCs accumulate. This passive targeting can be improved by 

promoting the recruitment of the monocyte-macrophagic MDSC fraction through the 

inclusion of the chemokine CCL2 in the NCs. 

 

 

CHAPTER 2: mRNA-Activated Matrices Encoding Transcription Factors as Primers of 

Cell Differentiation in Tissue Engineering 

 

H1. Polymer matrices loaded with nanocomplexed mRNA induce an efficient forced 

protein expression in encapsulated Human Mesenchymal Stem Cells (hMSCs). 

 

H2. mRNA matrices encoding pivotal transcription factors (TF) can be used to direct 

hMSC specification more efficiently than previously explored pDNA matrices.  

 

H3. This mRNA-induced hMSC specification can be further modulated through mRNA 

dose, matrix composition and mechanical properties.  
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CHAPTER 3:  Modulation of Gene Activated Matrix mechanics enhances the 3D 

transfection and SOX9-directed differentiation of Mesenchymal Stem Cells 

 

H1. IPN composition and mechanical properties can affect the transfection efficiency of 

mRNA- and pDNA- activated matrices.  

H2. IPN mechanical properties can be tuned to enhance SOX9 mRNA-driven hMSC 

specification towards chondroblasts.
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OBJECTIVES 

 

CHAPTER 1: Co-delivery of RNAi and Chemokine from Polyarginine Nanocapsules 

enables the modulation of Myeloid Derived Suppressor Cells 

The main goal of this work was to develop a multifunctional nanocapsular system 

capable of co-encapsulating immunomodulatory peptide and RNA drugs intended to 

revert the immunosuppressive activity of Myeloid Derived Suppressor Cells (MDSCs) in 

the context of cancer immunotherapy. This goal has been associated to the following 

practical specific objectives: 

 

O1. To design and develop a Glycerol Monooleate-based nanoemulsion (GMO NE) by a 

mild self-emulsifying method, capable of encapsulating the chemoattractant peptide 

CCL2. 

 

O2. To design and develop polyarginine nanocapsules (NCs) based on the use of the 

optimized GMO NE, and to associate RNA molecules to the NCs shell.  

 

O3. To design and develop multilayer NCs having a polyarginine/RNA/sodium 

hyaluronate sandwich-like structure that protects RNA from enzymatic degradation. 

 

O4. To evaluate the cytotoxicity, cell uptake and transfection efficiency of RNA-loaded 

systems and the chemoattracting capacity of CCL2-loaded NCs. 

 

 

CHAPTER 2: mRNA-Activated Matrices Encoding Transcription Factors as Primers of 

Cell Differentiation in Tissue Engineering 

The principal aim of this research was to develop a new kind of mRNA Gene Activated 

Matrices (GAMs) encoding pivotal Transcription Factors (TFs) and to explore their 

potential for tissue engineering applications compared to traditional TF pDNA GAMs. 

 

O1. To design, synthesize and test In vitro Transcribed (IVT) mRNAs encoding reporter 

sequences (Yellow Fluorescence Protein, YFP) and pivotal Transcription Factors (SOX9) 

for MSC specification. 

 

O2. To develop biocompatible Gene Activated Matrices (GAMs) loaded with 

nanocomplexed mRNA encoding YFP and SOX9, and characterize their transfection 

efficiency and gene expression kinetics in human Mesenchymal Stem Cells (hMSCs) 

compared to traditional pDNA-activated GAMs. 
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O3. To evaluate the cytotoxicity, cell proliferation and bioactivity of the GAMs and to 

carry out chondrogenesis (SOX9 GAMs) and myogenesis (MYOD GAMs) differentiation 

assays by determining the expression of tissue specific markers by qRT-PCR, histology 

and immunohistochemistry. 

 

 

CHAPTER 3: Modulation of Gene Activated Matrix mechanics enhances the 3D 

transfection and SOX9-directed differentiation of Mesenchymal Stem Cells  

The main goal of this work was to elaborate a set of collagen-I-alginate IPNs with 

different stiffness and cell adhesion properties to check the effect of these two 

parameters on the 3D transfection and chondrogenesis of human Mesenchymal Stem 

Cells (hMSCs). 

O1. To develop a set of collagen-I-alginate IPNs with different stiffness and cell adhesion 

properties. 

O2. To activate these IPNs with nanocomplexed SOX9 mRNA and pDNA and study the 

influence of IPN mechanics and composition and the type of genetic material on the 

transfection efficiency of encapsulated hMSCs. 

O3. To carry out chondrogenesis differentiation assays in SOX9 mRNA IPNs by 

determining the expression of tissue specific markers by qRT-PCR and 

immunohistochemistry and to relate the chondrogenesis capacity of SOX9 mRNA IPNs 

to SOX9 overexpression and IPN mechanical properties. 
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CHAPTER 1 

RNAi and Chemokine-loaded Polyarginine Nanocapsules Enable the 

Modulation of Myeloid Derived Suppressor Cells 

 

This work has been done in collaboration with the University of Padova (Italy), the 

University of Verona (Italy) and with Monash University (Australia) 

 

 

ABSTRACT 

Myeloid Derived Suppressor Cells (MDSCs), immunosuppressive cells that promote 

tumor growth, represent an attractive target in cancer immunotherapy. However, the 

clinical success of this strategy is limited by the lack of efficient drug delivery vehicles 

targeting this cell compartment. The objective of this work was to develop a delivery 

carrier named as polyarginine nanocapsules, with the capacity to co-encapsulate two 

types of immunomodulatory drugs aimed to revert MDSC-mediated 

immunosuppression. The chemokine CCL2, intended to attract monocytic-macrophagic 

MDSCs, was encapsulated within the L2 inverse micellar aqueous domains of the lipid 

core of these nanocapsules. Two different RNAi sequences that modulate the C/EBPβ 

pathway, shC/EBPβ and miR 142-3p, were successfully associated to their cationic 

surface. These RNAi sequences were subsequently layered with polyarginine and 

hyaluronic acid, thereby creating multi-layered assemblies that protected them and 

facilitated their targeted delivery. shC/EBPβ-loaded nanocapsules led to the 

downregulation of C/ EBPβ levels in tumor and spleen, preventing monocyte 

differentiation into tumor-associated macrophages. Additionally, the encapsulation of 

CCL2 within the nanocapsules was found to induce a potent macrophage 

chemoattraction that could be used to direct the therapy to the most suppressive cell 

subsets. In conclusion, the polyarginine nanocapsules described here are efficient 

vehicles for the co-delivery of proteins and RNA and are potential candidates for the 

modulation of MDSCs.  

 Key words: Nanocapsules, RNAi, C/EBPβ, CCL2, MDSCs
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1. Introduction 

Emergency myelopoiesis is a defense mechanism that helps eliminate infectious agents 

and other potential threats, however, sustained aberrant myelopoiesis in cancer-related 

contexts results in the accumulation of myeloid derived suppressor cells (MDSCs), 

immature myeloid cells that impair T cell activity.1 MDSCs include two major subsets: 

polymorphonuclear (PMN) and monocytic (M)-MDSCs, both supporting tumor growth 

by inducing tumor tolerance and boosting angiogenesis, cancer stemness and 

metastasis dissemination.2 For this reason, MDSC targeting represents a promising 

approach to increase the efficacy of cancer immunotherapies, especially in the case of 

adoptive T cell transfer (ACT).3–5  

 

Several molecular and biochemical hallmarks are associated with MDSCs and could be 

used as pharmacological targets to modulate their function. Among the different 

targets, C/EBPβ transcription factor (TF) holds a special interest since it is a prominent 

regulator of the tolerogenic and immunesuppressive environment induced by cancer.6 

During tumor-induced myelopoiesis, C/EBPβ forms a feedback loop with miR-142-3p 

promoting myeloid cell differentiation towards immunosuppressive macrophages.7 

Bearing this in mind, some authors have explored the use of RNAi-linked 

poly(amidoamine) (PAMAM) dendrimers and proved that both, absence of C/EBPβ and 

miR-142-3p overexpression are able to revert tumor-induced tolerance and provide 

therapeutic benefit in tumor-bearing mice.8 However, despite these promising results, 

to our knowledge, this is the only work exploring RNAi-based therapies to target the 

C/EBPβ pathway in MDSCs.  

 

On the other hand, chemokine targeting is another valuable therapeutic strategy to 

modulate the tumor immune infiltrate and enhance the immune-mediated rejection of 

cancer.9 In particular, the targeting of chemokine CCL2, secreted by the majority of solid 

cancers, has been extensively investigated.10–14 The CCL2-CCR2 axis is implicated in the 

migration of MDSCs to the tumor,15  with a preferential effect on the monocytic 

subset,10,16,17 and this MDSCs accumulation has been shown to  hamper CD8+ T cell 

recruitment, thus limiting the efficacy of cancer immunotherapy.18,19 Moreover, CCL2 is 

nitrated/nitrosylated by reactive nitrogen species  produced by the tumor, impeding its 

ability to attract tumor-specific cytotoxic T cells (CTLs) but maintaining its capability to 

recruit myeloid cells, further promoting the mechanism of tumor escape.18,20,21 From a 

pharmaceutical perspective, chemotactic signals have been successfully employed in 

various cancer vaccination strategies to attract host immune cells to drug delivery 

devices and help direct adaptive immune responses.22–24 

 

The information available regarding the use of cationic polymers for RNA condensation 

and delivery highlights the value of polyarginine based on its good biocompatibility and 

its transcytotic and endosomal scape abilities.25 In addition, recent works have 
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underlined the capacity of polyarginine and other cationic polymers to induce antitumor 

responses mediated by MDSCs modulation, thereby acting as TLR4 agonists.26–29 These 

attractive properties of polyarginine should be linked to the previous experience of our 

research group on its use to construct multi-enveloped vaccines30 and to facilitate 

intracellular drug delivery.31–33  

 

Based on this background information, the goal of this work was to develop polyarginine 

nanocapsules particularly adapted for the co-delivery of two immunomodulatory drugs: 

RNAi polynucleotides with the capacity to modulate the C/EBPβ pathway, and the 

chemokine CCL2 intended to attract monocytes and T cells. More specifically, we have 

investigated two RNAi strategies involving the use of either miR 142-3p or a C/EBPβ-

targeting shRNA. On the other hand, given that the monocytic-macrophagic subset is 

the most aggressive MDSCs population, we hypothesized that including CCL2 in our RNA-

loaded nanocapsules, we could preferentially direct this therapy to the most 

immunosuppressive MDSCs. With this combined therapy, we also aimed to restore 

native CCL2 levels within the tumor in order to balance the increased ratio of 

nitrated/nitrosylated species and enable the adequate CTL recruitment. We further 

relied on the natural tropism of the nanosystems to the tumor34 and spleen35 of tumor-

bearing mice, to promote a CCL2 release in the organs where MDSCs accumulate.36,37  

 

In order to achieve the association of both, RNA and protein molecules to the 

nanocapsules, we took advantage of the RNA condensing capacity of the polyarginine 

shell and we created a glycerol-monooleate (GMO)-based core with an L2 inverse 

micellar phase capable of entrapping the chemokine within its aqueous domains. GMO 

was selected as an inner core for the formation of nanocapsules based on its capacity to 

form mesophases that are highly ordered, thermodynamically stable and adequate for 

the incorporation of hydrosoluble drugs.38,39 These nanocapsules were additionally 

coated with polyarginine and hyaluronic acid to protect the RNA cargo and facilitate 

targeting purposes. The nanocapsules were extensively characterized in terms of their 

physicochemical properties and structural organization as well as with regard to their 

macrophages chemoattractant capacity and ability to downregulate C/EBPβ splenic and 

tumor levels in a mouse model of fibrosarcoma. Overall, this work describes the 

development and assessment of a new immunomodulatory nanovehicle capable of 

both, attracting myeloid cells and promoting the reversion of their immunosuppressive 

phenotype by modulating the C/EBPβ pathway.  
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2. Materials and Methods 

 

2.1 Preparation of ovalbumin and CCL2-loaded nanocapsules 

Preparation of GMO NEs through the “gel method” consisted on the preformation of a 

GMO cubic phase gel loaded with OVA, which was subsequently mixed with Labrasol® 

and dispersed in the Pluronic F127® aqueous solution. To prepare the GMO cubic gel, 5 

mg of GMO (Danisco) were melted at 37-40°C and mixed with 1.67 µL of warm water 

(blank NEs) or the same volume of a warm solution containing 125 µg OVA (InvivoGen) 

(OVA-loaded NEs). The mixture was vortexed (30 s, 2000 rpm) and equilibrated for 2 

days at room temperature to yield 6.7 mg of the cubic phase gel. After the equilibration 

process, 45 μl of Labrasol® (Gatte-fossé) (1:9 GMO:Labrasol w:w ratio) were mixed with 

the gel by vortexing (30 s, 2000 rpm) and the aqueous solution containing 5.75 mg 

Pluronic F127® (Sigma) was subsequently added. NEs were magnetically stirred for 30 

min at 300 rpm and stored at 4°C until further use. 

 

Polyarginine nanocapsules (NCs) were elaborated by the adsorption of polyarginine 

onto pre-formed GMO NEs. Concretely, 2.2 mL (5.75 mg) of the Pluronic F127® solution 

were poured over the lipid phase under magnetic stirring (5 min, 300 rpm) before adding 

250 µL of poly-L-argininine hydrochloride (MW 5-15 KDa, Sigma) solution (5 mg/mL) to 

reach the final volume of NCs (2.5 mL). For the preparation of CCL2-loaded NCs, the 

GMO cubic phase gel was formed as previously described containing 0.625, 1.25 or 2.5 

µg of CCL2 (Peprotech) to yield 0.25, 0.5 and 1 µg/mL CCL2-loaded NCs. Both the NEs 

and NCs were isolated by ultracentrifugation (1 h, 25000 rpm and 15°C) in an 

Ultracentrifuge Beckman Coulter ProteomeLab™ XL-A/XL-I to determine the 

encapsulation efficiency of the peptide payloads. All NCs were prepared in ultrapurified 

water (Milli-Q Plus water purification system, Millipore). 

 

2.2 Preparation of RNA-loaded polyarginine nanocapsules 

RNA-loaded NCs were prepared by incubating purified polyarginine NCs with a RNA 

solution (2 µg/µL) (IDT) at a theoretical polyarginine:RNA ratio of 1:1 or 2:1 (w/w), i.e. 

24.7 mg/mL of NCs were loaded with 0.4 or 0.2 mg/mL of RNA. After the association, 

the formulation was immediately vortexed for 30 seconds and left 20 min for 

stabilization. RNA-loaded NCs at ratio 1:1 (w/w) were then incubated with another layer 

of polyarginine or with a double layer of polyarginine and hyaluronic acid to formulate: 

coated 1:1:1 pArg:RNA:pArg NCs or double-coated 1:1:1:6 pArg:RNA:pArg:HA NCs. NCs 

were lyophilized before storage. For the preparation of the polyarginine-coated system, 

0.2 volumes of a polyarginine solution (2 µg/µL) were added over 1 volume of RNA-

loaded polyarginine NCs, immediately mixed by vortex (30 sec, 2000 rpm), and 

incubated 20 min at room temperature. An extra layer of sodium hyaluronate (MW 40 

KDa, Lifecore) could be added by mixing polyarginine-coated NCs with a hyaluronic acid 

solution (10 µg/µL) following the same protocol. Particles incorporating both active 
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components, chemokine and RNA, were prepared by incubating CCL2-loaded NCs with 

the RNA solution. All RNA-loaded NCs were prepared in RNAse free water (Life 

Technologies). 

 

2.3 Physicochemical and morphological characterization of the nanocapsules 

Particle mean size and polidispersity index (PDI) were determined by dynamic light 

scattering (DLS) and zeta potential was calculated from the eletrophoretic mobility 

values obtained by laser Doppler anemometry in a Nanosizer ZS® (Malvern Instruments) 

equipped with a red laser light beam (λ= 632.8 nm). Measurements were made at 25°C 

with a 1/100 (v/v) sample dilution in ultrapure water. The results shown are the mean 

of three successive measurements of at least three independent samples. For the 

evaluation of the colloidal stability of the NCs in different relevant media, NCs were 

diluted 1/10 (v/v) in media, incubated for the desired timeframe and further diluted 

1/10 (v/v) in ultrapure water before DLS measurements. Sample morphology was 

assessed by transmission electron microscopy (JEOL JEM-1011). NCs were stained with 

osmium tetroxide, vacuum dried, and placed on cupper grids before observation.  

 

2.4 Determination of OVA encapsulation efficiency 

The encapsulation efficiency of ovalbumin in the NEs was analyzed by UPLC.  UPLC 

analysis was conducted on an Acquity H-class system equipped with an Acquity UPLC 

Peptide BEH300 C18 1.7 micron, 2.1x50 mm column. Samples were analyzed using 0.1% 

trifluoroacetic acid (TFA) in water (Mobile Phase A) and 0.08% TFA in acetonitrile 

(Mobile Phase B) with the following gradient: 0 min-2%B, 1 min-70%B, 2 min-73.2%B, 4 

min-73.2%B, 6 min-80%B, 7 min-2%B, 8 min-2%B. The flow rate was 0.2 mL/min and the 

column temperature was 60°C. Injection volume was 5 µL and detection was conducted 

at 214 nm. Nanoemulsions with a theoretical amount of 50 µg/mL were prepared and 

isolated by ultracentrifugation as previously described. Resultant supernatants and 

isolated fractions were diluted with 0.08% TFA acetonitrile before injection. OVA 

concentration was calculated based on calibration curves made in diluted supernatans 

and isolated fractions of blank particles. The encapsulation efficiency percentage (EE%) 

was referred as a mass ratio of the amount of OVA in the isolated fractions to the total 

amount of OVA in the complete sample.  

 

2.5 Determination of CCL2 encapsulation efficiency 

The encapsulation of CCL2 within the lipidic core of the particles was determined by a 

sandwich ELISA. Encapsulation efficiency was investigated in the nanoemulsions due to 

a high interference of polyarginine in epitope recognition when nanocapsules were 

assayed. Nanoemulsions with a theoretical amount of 0.25 µg/mL CCL2 were prepared 

and isolated by ultracentrifugation. Supernatants were diluted with PBS and CCL2 

concentration was calculated from a calibration curve made in diluent (0.05% (w/v) 

Tween 20, 0.1% (w/v) BSA in PBS). The total amount of CCL2 was calculated by extracting 
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CCL2 from samples of nanocapsules with Triton X-100 before isolation. In this case, CCL2 

concentration was calculated from a calibration curve made in diluent supplemented 

with 0.08% (w/v) Triton X-100, the final amount of Triton X-100 in extracted samples. 

CCL2 was detected with a secondary antibody conjugated with horseradish peroxidase 

(HRP) and quantification was made spectrophotometrically, after the incubation (10 

min, 37°C) with HRP substrate 2,2′-azino-di-(3-ethylbenzthiazoline sulfonic acid) (ABTS). 

Absorbance readings were performed at 405 nm, with wavelenght correction at 650 nm, 

in a Multiskan FC microplate photometer (Thermo Fisher Scientific). Supernatants and 

total samples of blank nanoemulsions were used as blanks to subtract non -specific 

background signals. Percentage encapsulation efficiency was calculated as previously 

described.  

 

The loading of CCL2 was calculated by dividing the total amount of encapsulated CCL2 

by the total weight of nanocapsules. The total weight of nanocapsules was obtained by 

calculating the weight of nanocapsules after their isolation, which represents the yield 

of NC formation. For this, 2 mL of nanocapsules were isolated by ultracentrifugation and 

500 µL of reconstituted isolated nanocapsules and 250 µL of non-isolated nanocapsules 

were lyophilized in previously weighted 1.5 mL tubes. Tubes were weighted after 

lyophilization and the yield of NC formation was obtained by dividing the mass of 

isolated by the mass of non-isolated nanocapsules.  

 

2.6 Evaluation of RNA association and integrity 

For the qualitative determination of the association efficiency of RNA onto the surface 

of the nanocapsules, samples were loaded in agarose (2% w/v in Tris Acetate-EDTA 

buffer) or polyacrylamide gels (15% w/v in Tris Borate-EDTA buffer) before and after the 

incubation with an excess of heparin for RNA displacement. Each gel lane was loaded 

with the same amount of RNA (from 0.4 to 1 μg), either adsorbed to the nanocapsules 

or displaced from their surface with heparin to check both the adsorption efficiency and 

integrity of the RNA. For heparin displacement, heparin was added (25:1 w:w 

heparin:RNA) and samples were incubated for 30 min at 37°C and 300 rpm (Incubator 

1000, Heidolph). Control lanes (RNA only) were included to check for smeared bands. 

Gels were run for 1 h at 90 and 120 V, in a Sub -Cell GT cell 96/192 (Bio-Rad, Hercules, 

CA, USA) for agarose and polyacrylamide gels, respectively. Loading buffer contained 

0.1% w/v glycerol, and 1x SYBR®Gold nucleic acid stain (Life Technologies, Carlsbad, CA, 

USA) for sample visualization. Gels were imaged with a Molecular Imager® Gel DocTM 

XR System (Bio-Rad). A quantification of RNA association efficiency was performed by 

determining the concentration of RNA in the supernatant of nanocapsules after 

centrifugation (20817 RCF, 1h, Centrifuge 5430R, Eppendorf). Supernatants were 

measured in a Nanodrop® 2000 UV-Vis Spectrophotometer (Thermo Fisher Scientific) 

using the supernatant of blank nanocapsules as blank. Adsorption efficiency (AE%) was 

then calculated based on the theoretical loading of miRNA. 
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2.7 In vitro release of OVA and RNA 

OVA release was determined upon the incubation of the NEs in PBS at 1/10 dilution 

under horizontal shaking (Incubator 1000, Heidolph). NEs were isolated by 

ultracentrifugation and the concentrated isolated fraction was diluted in PBS pH 7.4 and 

incubated for 0, 4 and 6 h at 37°C and 300 rpm. Samples were then ultracentrifuged and 

supernatants were collected for UPLC analysis. RNA release assays after incubation of 

NCs in full human plasma, PBS or complete culture medium (DMEM 10% FBS, 100 U/mL 

penicillin and 100 μg/mL streptomycin) were performed with displacement assays using 

polyacrylamide gels. Nanocapsules were incubated with the media at various dilutions 

(1/10, 1/50, 1/100) for 4, 8 and 12 h at 37°C and 300 rpm under horizontal shaking. At 

the desired time points, samples were retrieved and a volume of diluted NCs and diluted 

NCs incubated with heparin corresponding to a total amount of 400-800 ng RNA were 

loaded in 15% polyacrylamide gels. Gel displacement assays were performed as 

described in section 2.6 with the exception of samples incubated in plasma. In this case, 

heparin incubation was performed during 30 min on ice, giving a 30 s vortex each 5 min, 

to avoid RNA degradation. For the same reason, electrophoresis was also performed on 

ice. In addition, samples were diluted at least 1/2.5 for gel loading to avoid plasma 

autofluorescence. 

 

2.8 SAXS sample preparation and analysis 

Bulk GMO phases were prepared with increasing GMO content. GMO was weighed into 

glass HPLC vials and heated at 40°C until it melted, when the appropriate amount of 

water was added. Mixtures were immediately vortexed and allowed to equilibrate for 

≥48 h. GMO-Labrasol mixtures with increasing Labrasol content were also prepared. 

GMO gel was weighed into glass vials and mixed with Labrasol by vortex. Finally, 

nanocapsules and nanoemulsions were elaborated as previously described (Section 2.2). 

Bulk samples were transferred to a stainless steel paste cell (approx 2 mm diameter, 1 

mm sample thickness) and sealed with Kapton tape on both sides, while dispersed 

nanocapsule systems were transferred to quartz capillaries (1.5 mm diameter, Charles 

Supper).  Capillaries were then inserted into a thermostatted metal heating block 

controlled by a waterbath to 37±0.1 ◦C. Sample temperature was established by a 

thermocouple inserted into a spare sample position in the holder. Measurements were 

performed on the SAXS/WAXS beamLine at the Australian Synchrotron40. An X-ray beam 

with a wavelength of 0.83 Å (11 keV) was selected. The 2D SAXS patterns were collected 

using a Pilatus 1 M detector (170 mm ×170 mm) that was located 900 mm from the 

sample position. The total q range for the instrument configuration outlined above was 

0.02 < q < 1.06 ˚A−1. 2D SAXS patterns were collected for 1 s and the computer software 

Scatterbrain used to acquire and reduce the 2D patterns to 1D intensity vs. q profiles. 

Phase structures were identified by indexing Bragg peaks to known relative spacing 

ratios and lattice dimensions, a, were calculated using known relationships described by 

Hyde41. Calibration was done against silver behenate. 
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2.9 Migration assay in RAW 264.7 macrophages 

Macrophage migration in response to encapsulated CCL2 was analyzed by a transwell 

assay using 24 well inserts (6.5 mm) with 8 µm pore size polycarbonate membranes 

(Corning). RAW264.7 cells were grown in DMEM high glucose with L-glutamine 

supplemented with 10% v/v fetal bovine serum (FBS), 100 U/mL penicillin and 100 

μg/mL streptomycin (Life Technologies). Cells were maintained at 37 °C in a humidified 

incubator supplied with 5% CO2, and split by scrapping at 80% confluency. Macrophages 

were starved for 12 h by culturing them in migration buffer (DMEM supplemented with 

1% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin). Then, 0.5x106 cells in 100 µL 

of migration buffer were added to the upper chamber of the insert. The lower chamber 

contained 600 µL with either blank or CCL2-loaded NCs. NCs were prepared as previously 

described, concentrated 2 times after ultracentrifugation and mixed with 3X migration 

buffer and PBS to reach a dose of 100 ng CCL2 in the basal compartment. Blank NCs were 

mixed in the same proportions and used as controls. After 12 h of migration at 37 °C in 

a 5% CO2 atmosphere, cells in the upper chamber that had not migrated were carefully 

removed with cotton swabs. Migrated cells were then fixed in paraformaldehyde and 

stained with DAPI. RAW264.7 cells found on the membrane facing the lower chamber 

were counted as cells having performed chemotaxis and mean fluorescence intensity 

(MFI) was quantified with ImageJ software 42. Ten random fields at 10x magnification 

were used for cell counting and fluorescence quantification. Mean values and standard 

deviation were calculated for each independent experiment. 

 

2.10 Transfection and differentiation assays in MDSCs 

MDSCs were generated in vitro as previously described 6 and incubated for 4 days at 

37°C with 5% CO2. MSC1 cells, an immortalized MDSC cell line, were grown in RPMI 1640 

supplemented with L-Glutamine, Na-Pyruvate and 10% FBS (Life Technologies). For 

transfection experiments, MDSCs and MSC1 cells were plated in 24 well-plates (50000 

cells/well) 24 h before transfection with 0.1 nmol of miRNA and 15 pmol of shRNA per 

well. Naked sequences were complexed with Gene Silencer® (Genlantis) or 

Lipofectamine® RNAiMAX (Invitrogen) following manufacturer’s instructions, as positive 

controls. The day of transfection, medium was replaced to RPMI without antibiotics 

(Lipofectamine® RNAimax, NCs) or without antibiotics and serum (GeneSilencer®) and 

complexes were mixed with RPMI and added over the cells. Lyophilized NCs were 

reconstituted in a small amount of RNAse free water (3-4 µL), mixed with RPMI and 

added over the cells. Cells were analyzed 24 h later. MDSCs from the non-adherent and 

adherent fraction were collected by rinsing the plates with PBS 2 mM EDTA and 

phenotypic markers were evaluated by flow cytometry. Silencing of C/EBPβ in MSC1 was 

quantified by qRT-PCR.    

 

 

 



Chapter 1 

136 
 

2.11 Cytofluorimetric analysis 

MDSCs were washed with cold PBS and incubated 10 min at 4°C with purified anti-FcγR 

antibody (clone 2.4G2) to minimize non-specific antibody binding. Antibodies of interest 

were added to cell suspensions following FcγR blocking and incubated 20 min at 4°C in 

the dark. Employed antibodies were: anti-CD11b PE-Cy7 (clone M1/70), anti-CD11b 

PerCP-Cy5.5 (clone M1/70), anti-LY6G APC-Cy7 (clone 1A8) and anti-LY6C eFluor 450 

(clone HK1.4) (all from eBioscience). Aqua LIVE/DEAD®dye (Invitrogen) was used to 

analyze cell viability. Flow data were acquired with a BD LSRII or BD FACS Calibur 

instrument and analyzed with FlowJo (Tree Star, Inc.) software. 

 
2.12 RNA extraction and qRT-PCR 

TRIzol® reagent (Invitrogen) was added directly to the culture plate after medium 

removal, and total RNA was extracted according to the TRIzol® extraction protocol. 

Following TRIzol® extraction, genomic DNA contaminants were removed using the 

TURBO DNA-free™ Kit (Ambion). cDNA was generated using the reverse transcriptase 

SuperScript II and polydT12-18 primers (Invitrogen). PCR and fluorescence detection 

were performed using the ABI 7900HT fast real-time PCR Systems in a reaction volume 

of 20 μl containing 1× TaqMan Universal PCR Master Mix (Applied Biosystems) and 50 

ng cDNA. For quantification of mouse Cebpb and Rn18s the 1× TaqMan Gene Expression 

Assays Mm00843434_s1 and Mm03928990_g1 (Applied Biosystems) were used. All 

measurements were performed in duplicates and data were analyzed by the ΔΔCt 

relative quantification method. Gene expression levels were normalized to the 

respective endogenous control (Rn18s), and compared with the reference samples.  

 

2.13 Mice 

C57BL/6 (WT), congenic CD45.1 (Ly5+) mice and OT-I transgenic mice (C57BL/6-Tg 

(TcraTcrb)1100Mjb/Crl) were purchsed from Charles River Laboratories (Italy) and 

maintained under specific pathogen-free conditions in the animal facilities of the Istituto 

Oncologico Veneto (Padova, Italy). OT-I/CD45.1 F1 mice were obtained by crossbreeding 

OT-I and CD45.1 mice. Female C57BL/6 (WT) and female/male CD45.1 OT-I transgenic 

mice 8-12 weeks old were chosen for these experiments. Experiments involving animals 

were performed according to the national guidelines and approved by the local ethics 

committee. 

 

2.14 In vivo treatments on tumor bearing mice 

MCA-203 (aplotype H-2b) fibrosarcoma cells were obtained from the American Type 

Culture Collection and cultured in DMEM 10% FBS (Gibco) supplemented with 2 mM L-

glutammine, 10 mM HEPES, 20 μM 2β-Mercaptoethanol, 150 U/ml streptomycin, 200 

U/ml penicillin. To establish tumors, MCA203 cells (1x106 cells/mouse) were injected 

subcutaneously on the left flank of C57BL/6 mice, and tumor growth was monitored 

every 2 days by digital calipers. Intravenous injections of shRNA-loaded polyarginine 
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nanocapsules (PolyArg NCs), were started at day 11 from MCA203 tumor cell injection, 

when tumor surfaces were approximately 35 mm2, and repeated 3 times with 48 hours 

intervals (RNA dose= 20 μg/mouse/treatment). 

 

2.15 Statistical Analysis 

The statistical analysis was performed using GraphPad Prism. Where applicable, data 

are reported as the mean ±SD. Data were compared using the unpaired two-tailed 

Student’s t-test and p-values less than 0.05 were considered to be statistically 

significant.  

 

3. Results 

 

3.1 Development of GMO-Polyarginine nanocapsules for the co-association of proteins 

and polynucleotides  

 

3.1.1. Development of the core nanoemulsion that enables the encapsulation of proteins 

 

A critical goal of this work was to design a nanocarrier that could co-allocate two 

different molecules, a protein (CCL2) and a polynucleotide (shRNA C/EBPβ and miR 142-

3p). To this end, we conceived the idea of producing nano-oily cores specially adapted 

to encapsulate proteins, and to cover them with a polymer shell with the capacity to 

associate polynucleotides. Hence, the first step was the definition of an oily core that 

would enable the entrapment of protein molecules. Considering the literature of protein 

encapsulation, we identified glyceryl monooleate-based mesophases as promising 

structures to conform the core of our carriers38,39. Glyceryl monooleate (GMO) is an 

amphiphilic lipid capable of forming various crystalline phases upon dilution with 

water43. These phases are usually dispersed by highly energetic procedures to yield 

nanoparticles, subsequently stabilized by the surfactant Pluronic F127®44,45. Given that 

these procedures may represent a risk for the encapsulated payload46, in this work we 

decided to study the use of the self-emulsifying compound Labrasol® as a co-surfactant 

to promote a mild mesophase dispersion. 

 

Based on the GMO-water phase diagram, a cubic phase gel suitable for protein 

encapsulation is obtained at physiological temperature and pressure47. Accordingly, this 

cubic gel was selected as a bulk material for the core composition (75% GMO + 25% 

water) and its liquid crystalline structure was confirmed by small angle X-ray scattering 

(SAXS). In agreement with previous literature,43 the GMO gel showed a cubic structure 

with a lattice parameter that changed from an “Ia3d” to a “Pn3m” phase upon hydration 

(Figure S1A, Supporting information). However, the addition of Labrasol® to promote 

the nanodispersion of the GMO gel could alter its cubic phase, therefore the phase 

distribution of the GMO-Labrasol-water ternary system at 37°C was investigated. The 
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results in Figure 1A indicate that the cubic phase was maintained when the amount of 

Labrasol® incorporated to the GMO gel was below 10% (90% GMO in excess water). At 

20% Labrasol®/80% GMO, the crystalline structure changed from an inverse 

bicontinuous cubic phase of the double diamond (Pn3m) space group, to an inverse 

hexagonal phase coexisting with an L2 inverse micellar phase, and above that quantity 

it shifted entirely to an L2 inverse micellar phase. These L2 inverse micellar phases, 

together with bicontinuous hexagonal phases, are particularly adequate for achieving 

controlled peptide release profiles45. Hence, the co-surfactant Labrasol® was selected to 

investigate its capability to disperse the bulk GMO gel, yielding GMO-based nanocarriers 

suitable for protein encapsulation.  

 

The formulation method, which we termed the “gel method”, consisted of the 

preformation of a GMO cubic phase gel loaded with the model protein ovalbumin 

(OVA),47 which was subsequently mixed with Labrasol® and dispersed in the Pluronic 

F127® aqueous solution (Figure 1B, Figure S2, Supporting Information). In a first step, 

different GMO:Labrasol® w:w ratios (i.e. 1:0.5, 1:2, 1:4, 1:9) at a fixed GMO:Pluronic 

F127® w:w ratio (1:1.15) were evaluated in terms of particle size and polydispersity 

index to generate GMO-based nanoemulsions. Based on this initial screening, a 

GMO:Labrasol® ratio of 1:9 was selected to constitute the nanoemulsion core, yielding 

monodisperse nanoemulsions with a size and zeta potential of about 200 nm and -20 

mV, respectively (Figure 1C; Table S1, Supporting Information). These nanoemulsions 

were further coated with polyarginine to elaborate the final nanocapsular system and 

both, nanoemulsions (NEs) and nanocapsules (NCs) were analyzed by SAXS. The 

presence of the characteristic wave of the L2 phase at ≈ 0.15 A-1 was observed in both 

systems, and especially appreciated when the particles were concentrated by 

centrifugation (Figure 1D), thus confirming the suitability of the formulation method to 

obtain L2 phases for peptide encapsulation. Indeed, GMO-based NEs showed 

encapsulation efficiencies of OVA of 35% as assessed by UPLC and these NEs were able 

to retain most part of the protein (60%) upon high dilution in phosphate buffer saline 

(Figure 1E). SAXS analysis of the raw materials confirmed that the L2 phase arrangement 

corresponds to the NE/NC structure and not to an inherent property of the materials 

used (Figure S1B, Supporting Information).  
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Figure 1.  Physicochemical characterization of NEs as the NCs core compositions. A) SAXS profiles showing 

crystalline phase changes in the GMO precursor gel in excess water with increasing Labrasol® content. B) 

Schematic showing the structure of the GMO-based NEs. C) TEM image of OVA-loaded NEs. Scale bar = 

200 nm.  D) SAXS of polyarginine NCs and the corresponding NEs before (bottom) and after concentration 

by centrifugation (top). E) Release of OVA upon dilution of the NEs in PBS pH 7.4. Values represent the 

mean ± SD (n=9).  

 

3.1.2 Design and development of RNAi and CCL2-loaded nanocapsules 

 

Once we defined the composition of the NE to be used as a template for the formation 

of the polymer shell (Figure 2A), we analyzed the assembly of one or multiple polymer 

layers and the co-encapsulation of the chemokine CCL2 and two different types of RNA 

interference (RNAi) sequences: miRNA (miR) and shRNA (shR). In a first step, CCL2 was 

encapsulated within the GMO-water gel and the NCs were produced following the 

experimental conditions defined for the formation of the NEs (Materials and Methods), 

by adding polyarginine into the external aqueous phase. Three nominal CCL2 
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concentrations, 0.25, 0.5 and 1 µg/mL were tested, resulting in sizes and surface charges 

of 150 nm and +40 mV, respectively, similar to those of blank (non-loaded) NCs (Figure 

2B, C). CCL2 encapsulation within the nanoemulsions was also adequate, showing a 50% 

efficiency as assessed by ELISA (Figure 3B).  

Next, NCs were loaded with increasing RNA amounts and characterized according to 

their physicochemical properties. Two RNA:polyarginine w:w ratios, 2:1 and 1:1, were 

tested during this initial screening, resulting in NCs with adequate physicochemical 

properties (Figure 2B, C, D) and RNA association efficiencies. The association of RNA to 

the nanocapsules was firstly assessed qualitatively by gel retardation assays. NCs with 

miRNA and shRNA payloads were loaded in electrophoresis gels before and after the 

incubation with and excess of heparin. This highly negatively charged polymer is added 

to the particles to compete with RNA for its adsorption to their cationic surface and to 

promote its displacement. As observed in Figure 3A, RNA bands are only visible after the 

addition of heparin, suggesting an effective association of the RNA molecules to the NCs 

surface. Importantly, CCL2-loaded NCs were able to efficiently adsorb the RNAi 

sequences, demonstrating the potential of polyarginine NCs for the co-allocation of 

peptides and polynucleotides. In the case of miRNA-loaded systems, encapsulation 

efficiency was confirmed by a Nanodrop® spectrophotometer after centrifuging the 

nanoparticles and measuring the resultant supernatant to detect the unbound RNA. The 

results in Figure 3B indicate that the association efficiency obtained by this method was 

70%, further supporting the results obtained by gel retardation assays.  
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Figure 2. Characterization of polyarginine NCs. A) Schematic representation of single and multiple layer 

polyarginine NCs. B) Size and PDI of blank and loaded polyarginine NCs as measured by DLS. C) Zeta 

potential values of blank and loaded polyarginine NCs. D) TEM micrographs of blank and miRNA-loaded 

NCs after resuspension from a freeze-dried powder. All scale bars = 200 nm.  

 

3.1.3 Assembly of single and multiple-layer RNAi-loaded nanocapsules 

Based on their RNA encapsulation efficiency and colloidal properties, NCs with the 

highest RNA loading (1:1 ratio) were selected for in vitro experiments and to generate 

single and multiple-layer NCs for improved RNA protection (Figure 2A). To this end, RNA-

loaded NCs were coated with a single layer of polyarginine or a double layer of 

polyarginine-hyaluronic acid. Several polymer weight ratios were explored to construct 

these multi-enveloped nanocapsules, with 1:1:1 and 1:1:1:6 pArg:RNA:pArg and 

pArg:RNA:pArg:HA w:w ratios resulting in the best colloidal properties (Figure 2B, C). 
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Size, polydispersity index (PDI) and surface charge were evaluated by dynamic light 

scattering (DLS) and laser doppler electrophoretic mobility, respectively. DLS 

measurements indicated that both, blank and RNA loaded particles had an average 

hydrodynamic diameter between 150 nm - 200 nm and a PDI close to 0.1. Zeta potential 

oscillated from positive to negative values depending on the charge of the polymeric 

coating (Figure 2B, 2C, table S1). Examination of the nanocapsules using transmission 

electron microscopy (TEM) revealed particles within the range predicted by DLS 

measurements. As observed in Figure 2D, blank NCs exhibited a size of around 200 nm 

and a spherical shape while miRNA-loaded NCs presented a bigger and sharper shape. 

The larger size of the loaded particles, as well as their more electron dense surface, 

provide an indication of the effective adsorption of the RNA. The morphology of miRNA-

loaded NCs was slightly altered in the presence of the polymeric coatings, yielding 

electron dense particles with more spherical shapes. 

 

3.2 Stability and release profile of CCL2 and RNAi-loaded nanocapsules upon storage and 

incubation in bio-relevant media 

3.2.1 Stability of CCL2 and RNAi-loaded nanocapsules upon freeze-drying 

Stability of nanoparticles in the form of a dried powder is a basic prerequisite from a 

pharmaceutical development standpoint. Consequently, RNA-loaded nanocapsules 

were freeze-dried and their behavior after resuspension was analyzed in terms of 

particle size and RNA association and integrity. Powder nanocapsules were stored for 

different periods of time at -20°C and then resuspended and loaded in electrophoresis 

gels before and after incubation with heparin. RNA bands were only observed after the 

incubation with heparin, indicating that storage time did not induce payload release 

(Figure 3D). Moreover, displaced RNA bands exhibited the same appearance as the 

control bands, demonstrating the integrity of the cargo even after 1 year storage (Figure 

3D). Finally, the results obtained by DLS after powder resuspension revealed the same 

size and polydispersity index as freshly prepared nanocapsules, thus confirming the 

colloidal stability of the systems (Figure 3C).  
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Figure 3. Physicochemical properties and encapsulation efficiency of fresh and freeze-dried RNA and 

CCL2-loaded NCs. A) RNA association assay by gel electrophoresis. NC miR lanes: (1) miR control sequence 

in solution, (2) and (3) NCs with 1:1 and 2:1 polyarginine:miR w:w ratios, (4) miR control incubated with 

heparin, (5) and (6) NCs 1:1 and 2:1 incubated with heparin. NC miR coating lanes: (1) miR control 

sequence in solution, (2) Coated NCs, (3) Coated NCs incubated with heparin. NC shR lanes: (1) and (2) 

800 and 400 ng shR in solution, (3) and (5) NCs 1:1 and 2:1 polyarginine:shR (800 and 400 ng shR), (4) and 

(6) NCs 1:1 and 2:1 incubated with heparin. NC CCL2-miR lanes: (1) NCs CCL2-miR, (2) NC CCL2-miR 

incubated with heparin. B) Encapsulation and association efficiency of CCL2 and miR in NCs as assessed 

by UPLC and spectrophotometry, respectively. Values represent the mean ± SD (n=3).  C) Particle size and 

PDI of freeze-dried NCs after resuspension. Values represent the mean ± SD (n=3).  D) RNA stability after 

reconstitution of fresh, 1 month- and 1 year-stored freeze-dried NCs. NC miR lanes: (1) and (2) miR control 

and miR 142-3p in solution, (3) and (4) NCs miR control and NCs miR 142-3p, (5) and (6) NCs miR control 

and NC miR 142-3p incubated with heparin (7) miR control, (8) NCs miR control, (9) NCs miR control 

incubated with heparin. NC miR coating lanes: (1) and (3) pArg coated NCs and pArg- HA coated NCs, (2) 

and (4) pArg coated NCs and pArg- HA coated NCs incubated with heparin. NC shR lanes: (1) NCs shR 

control, (2) NCs shR control incubated with heparin, (3) and (4) shR control and shCEBP/β in solution,  (5) 

and (7) NCs shR control and NCs shCEBP/β, (6) and (8) NCs shR control and NCs shCEBP/β incubated with 

heparin, (9) NCs shR control, (10) NCs shR control incubated with heparin.  
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3.2.2 Study of the stability of RNAi associated to the nanocapsules and assessment of 

their release s in plasma 

 

The release and stability of RNA upon incubation of RNAi-loaded NCs in plasma were 

investigated by gel retardation assays. miRNA-loaded NCs were incubated in human 

plasma for 4 hours with a 1/10 dilution (theoretical concentration of NCs and RNAi, 2 

mg/ml and 40 µg/ml, respectively). After 4h, aliquots of the release media were loaded 

in 15% polyacrylamide gels before and after the incubation with heparin. As observed in 

Figure 4, RNA bands were only detected after incubation with heparin, suggesting that 

there was no release during the assay. However, the fact that the bands were faint 

indicated that miRNA molecules were partially degraded even though they remained 

associated to the NCs (Figure 4A, Figure S3). Two alternative approaches were tested to 

circumvent this problem: the use of RNase resistant shRNA sequences and the coating 

of the NCs with single and multiple polymer layers (Figure 2). The use of RNase resistant 

sequences confirmed the absence of release from polyarginine NCs (Figure 4B) whilst 

polyarginine and polyarginine-hyaluronic acid coated systems, were able to protect the 

labile miRNA sequence from its degradation while preventing its release (Figure 4C, D). 

Further release studies performed in different biorelevant media also showed the 

absence of free miRNA (Figure S4 and Figure S5, Supporting Information), highlighting 

the adequate release profile of these NCs. Colloidal stability in these media was 

confirmed by DLS measurements (Figure S6, Supporting Information).   
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Figure 4. Release and degradation of RNAi-loaded NCs after 4 h of incubation in human plasma is 

controlled by NC engineering with single and multiple polymeric layers and the use of RNAse resistant 

sequences. Non-coated nanocapsules  (A, B), polyarginine coated nanocapsules (C) and hyaluronic acid-

polyarginine coated nanocapsules (D) were diluted 1/10 in human plasma. After 4 h incubation, samples 

were loaded in 15% polyacrylamide gels with a theoretical RNA amount of 800 ng per well. NC miR lanes: 

(1) miR- 142-3p sequence in solution; (2) and (4) miR 142-3p loaded NCs incubated in plasma; (3) and (5) 

miR 142-3p loaded NCs incubated with heparin (30 min on ice). NC shR lanes: (1) and (2) shCTRL and 

shC/EBPβ in solution, (3) and (5) shCTRL and shC/EBPβ loaded NCs incubated in plasma, (4) and (6) shCTRL 

and shC/EBPβ loaded NCs incubated with heparin. NC miR-pArg coating lanes: (1) miR 142-3p sequence 

in solution; (2) miR 142-3p incubated 30 minutes with heparin and plasma on ice; (3), (5) and (7) miR 142-

3p loaded NCs incubated in plasma; (4), (6) and (8) miR 142-3p loaded NCs incubated with heparin. NC 

miR-pArg-HA coating lanes: (1) miR 142-3p sequence in solution; (2) miR 142-3p incubated 30 minutes 

with heparin and plasma on ice; (3), (5) and (7) miR 142-3p loaded NCs incubated in plasma; (4), (6) and 

(8) miR 142-3p loaded NCs incubated with heparin.  

 

3.3 In vitro an in vivo evaluation of behavior and perfomance 

3.3.1 CCL2 migration assay 

 

Transwell migration assays with RAW264.7 macrophages were performed to test the 

bioactivity of the encapsulated CCL2. RAW264.7 macrophages were seeded on top of 

the transwell membranes and treatments were added in the wells underneath. Cell 

migration towards CCL2 was evaluated based on the amount of cells that crossed the 

membrane. Given that polyarginine is a known TLR4 activator, blank NCs were first 

tested to evaluate basal macrophage migration. Indeed, treatment with increasing 

concentrations of blank particles was found to induce macrophage migration in a dose-

dependent manner (Figure 5A). Based on these results, polyarginine NCs with a CCL2 

loading of 1 µg/mL were selected to perform the migration assays. Considering both, 



Chapter 1 

146 
 

CCL2 encapsulation efficiency and the yield of NCs production, a dose of 100 ng CCL2 

corresponded to a dose of 3 mg NCs (60 µg polyarginine) that presented the minimum 

basal migration in the previous assays (Figure 5B). In these conditions, CCL2-loaded NCs 

induced significantly higher cell migration compared to blank NCs, suggesting the 

potential of CCL2-loaded NCs for monocyte-macrophage targeting (Figure 5C).  

In addition, a T cell invasion assay towards CCL2 was performed to mimic the process of 

cytotoxic T cell (CTL) recruitment to the tumor. To this end, Matrigels® of 10 mg/ml were 

loaded with soluble CCL2 (60 ng per 100 µl gel), or maintained as such (blank gels) and 

allowed to gel at 37°C in a cell incubator. T cells were then added on top of the gels and 

incubated for 48 h, after which gels were washed and the cells that remained associated 

to the gels were stained and imaged. As observed in Figure S7, CCL2-matrigels promoted 

a higher T cell invasion, suggesting that the accumulation of CCL2-loaded NCs within the 

tumor site might represent a valuable strategy to restore the impaired balance of native 

vs. nitrated/nitrosylated CCL2, in order to rescue CTL recruitment. 
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Figure 5. RAW264.7 macrophages migrate towards pArg NC in a dose dependent manner and this 

migration is increased by encapsulated CCL2. Transwell assays were performed with blank and CCL2-

loaded NCs and cells migrated to the basal side of the membrane were DAPI-stained and counted. A) 

Migration of RAW264.7 macrophages towards decreasing concentrations of blank NCs. Scale bar = 100 

µm for all the images. B) Mean fluorescence intensity quantification of (A). C) Macrophage migration to 

CCL2-loaded NCs as compared to blank NCs.  Values represent the mean ± SD of three independent 

experiments. Data was analyzed using a two-tailed t-Student test (**** P<0.0001). 

 

3.3.2 Effect of miR 142-3p-loaded nanocapsules on BM-MDSC phenotype 

 

Both human and murine MDSCs express the markers CD11b and Gr-1. Granulocytic 

MDSCs present a high Gr-1 expression and are less immunosuppressive than monocytic- 

and macrophagic-like MDSCs that possess and intermediate and low-negative 

expression, respectively.48 It has been shown that in BM-MDSC cultures, miR-142-3p 

overexpression prevents the formation of the macrophagic fraction (CD11b+Gr-1low-neg), 

which is endowed with the strongest immunosuppressive activity.7 Consequently, one 

of the objectives of this study was to investigate the capacity of polyarginine NCs to 

deliver miR 142-3p and modulate BM-MDSCs. In a first step, the ability of NCs to 
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facilitate the uptake of RNAi by macrophages was first evaluated using a fluorescent 

RNAi and the RAW264.7 macrophage cell line. A 5’-fluorescein-conjugated miR 142-3p 

was associated to polyarginine NCs and incubated with the macrophages for 2 h. Free 

RNAi was also incubated with the macrophages as control. According to the confocal 

images shown in Figure S8, non-coated polyarginine NCs were able to promote RNAi 

internalization, whereas no detectable signal was observed for free RNAi. Subsequently, 

the effect of blank polyarginine NCs on MDSC viability and subset cell distribution was 

studied. The results showed that polyarginine NCs were highly biocompatible, 

preserving an adequate cell viability even at a concentration of 100 µg/mL (Figure S7, 

Supporting Information). Although this concentration slightly reduced the Gr-1 low-

negative fraction (Figure 6A), only concentrations lower than 50 µg/mL were necessary 

for the differentiation experiments, neglecting the contribution of blank NCs on the 

modulation of MDSCs phenotype.  

In a second step, the immunomodulatory activity of miR 142-3p-loaded NCs was 

evaluated. MDSCs were transfected with 0.01 to 0.2 nmol of miR 142-3p using a 

commercial transfection reagent (GeneSilencer®, Genlantis) or polyarginine 

nanocapsules, and percentages of the differentent cell subsets were quantified by flow 

cytometry. An scramble miRNA sequence was also loaded in the NCs as control. As 

depicted in Figure 6B, miR 142-3p complexed to GeneSilencer® promoted a dramatic 

reduction of the Gr-1 low negative fraction at the lowest dose of 0.01 nmol. In the case 

of miR 142-3p-loaded NCs, a dose of around 0.02 nmol was required to exert the same 

response. For NCs loaded with miR control, the highest dose of 0.2 nmol produced a 

high reduction on the Gr-1 low negative subset and, consequently, a dose of 0.1 nmol 

of encapsulated miR 142-3p was selected for further experiments. Representative flow 

cytometry plots corresponding to transfections performed with the 0.1 nmol dose are 

depicted in Figure 6C, visually reflecting the switch towards the Gr-1 high phenotype 

after miR 142-3p treatment. Overall, these results demonstrate the activity of miR 142-

3p after NC freeze-drying as well as their transfection efficiency and capacity to 

modulate MDSCs. 
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Figure 6. Polyarginine nanocapsules loaded with miR-142-3p reduce the percentage of Gr-1 
low-negative

 cells 

(monocyto-macrophagic fraction) in a BM-MDSC culture. A) MDSCs were treated with increasing 

concentrations of blank polyarginine NCs to check their effect on subset cell distribution. MDSCs were 

then transfected with 0.01 to 0.1 nmol of miR 142-3p using a commercial transfection reagent 

(GeneSilencer®, Genlantis) or polyarginine nanocapsules. The effect of the different doses of miR on bone 

marrow subsets (B) and representative flow cytometry images for the 0.1 nmol dose (C) are shown. The 
effects were compared to cells treated with nanocapsules and a scrambled miR sequence.  Values are 

means ±SD of two independent experiments. 
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3.3.3 In vitro transfection efficiency and in vivo efficacy of C/EBPβ-loaded nanocapsules 

 

As described in the Introduction, C/EBPβ creates a feedback loop with miR-142-3p 

promoting myeloid cell differentiation towards immunosuppressive macrophages 

during tumor-induced myelopoiesis.7 Consequently, C/EBPβ downregulation represents 

a promising approach to control the immunosuppressive environment and revert 

tumor-induced tolerance. Here, a strategy was explored consisting on the use of shRNA-

loaded polyarginine nanocapsules to silence C/EBPβ in MDSCs. To this end, the 

transfection efficiency of shC/EBPβ-loaded NCs was first evaluated in MSC1 cells, an 

immortalized cell line derived from primary MDSCs, using Lipofectamine RNAiMAX® as 

positive control. The amount of shC/EBPβ was titrated from 5 to 25 pmol/well to find 

the optimal dose (maximum silencing with minimum non-specific silencing by control 

sequences) and a concentration of 15 pmol/well was fixed for the comparative 

experiments. The shC/EBPβ-loaded NCs produced a significant down-regulation of 

C/EBPβ mRNA as compared to non-treated cells or cells treated with nanocapsules and 

a scrambled sequence. This effect was comparable to the one achieved with the positive 

control Lipofectamine RNAiMax, highlighting the potential of polyarginine nanocapsules 

for gene delivery and MDSC modulation (Figure 7A).  

 

Next, the in vivo efficacy of shC/EBPβ NCs was assessed in a mouse tumor model. The 

MCA203 sarcoma was selected because of the relevant C/EBPβ expression in both tumor 

infiltrating and splenic myeloid cells, as previously reported6. Mice bearing established 

MCA203 tumors were intravenously injected with NC-shC/EBPβ or non-loaded NCs. 

Treatments were started at day 11 from tumor injection when tumor surfaces were 

approximately 35 mm2, and repeated 3 times with 48 hours intervals (RNA dose= 20 

μg/mouse/treatment, Figure 7B). Animals were sacrificed 48 hours after the last 

treatment and CD11b+ myeloid cells were isolated from spleens and tumors by 

immunomagnetic sorting. C/EBPβ mRNA levels were significantly reduced in both 

splenic and tumor-infiltrating CD11b+ cells in mice treated with NC-shC/EBPβ as 

compared to controls (Figure 7C). C/EBPβ downregulation was around 50% in splenic 

myeloid cells and 30% in tumor-infiltrating myeloid cells. No evident signs of toxicity 

were observed during the treatment period.  

 

To investigate the impact of C/EBPβ downregulation on tumor-associated myelopoiesis, 

we performed a phenotypic analysis of myeloid cell subsets in lymphoid organs (spleen 

and bone marrow) and at the tumor site. While our analysis revealed no differences in 

bone marrow and splenic myeloid populations (data not shown), a significant decrease 

in the frequency of tumor-associated macrophages was observed in the NC-shC/EBPβ 

group compared to controls (Figure 7D). Such macrophage reduction correlated with a 

significant increase in monocytic cells (phenotypically definable as M-MDSCs), thus 
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suggesting that C/EBPβ downregulation by RNAi might result in a partial impairment of 

monocyte differentiation into tumor-associated macrophages. 

 

 
Figure 7. Polyarginine NCs loaded with C/EBPβ-targeting shRNA downregulate C/EBPβ expression in vitro 

and in vivo. A) Transfection assay in MSC1 cells with the modified shRNA. MSC1 cells were transfected 

with the C/EBPβ-targeting shRNA (shC/EBPβ) or a scrambled shRNA (shCTRL) either loaded on PolyArg 

NCs (NC-shC/EBPβ) or complexed with Lipofectamine RNAi Max® reagent (Invitrogen), and harvested 24 

hours later. C/EBPβ mRNA levels were quantified by RT-qPCR and normalized with respect to an 

endogenous control (Rn18S). Data are expressed as relative quantification (R.Q.), normalized to non-

transfected (not treated) cells. Means ± SD (n=3). Statistical comparison between each group and the 

untreated control, *p<0.05, ***p<0.001, Student’s t-test. B) Schematic representation of the treatment 

schedule for the in vivo efficacy assay. C57BL/6 mice bearing MCA203 subcutaneous tumors received 

three intravenous injections of PolyArg NCs, either unloaded or loaded with C/EBPβ-targeting shRNA (20 

μg RNA/mouse/treatment). Mice were sacrificed 48 hours after the last treatment. C) C/EBPβ mRNA levels 

within CD11b+ cells isolated from spleens and tumors of mice treated with either unloaded NCs or NCs 

loaded with the C/EBPβ-targeting shRNA (NC-shC/EBPβ). C/EBPβ mRNA levels were quantified by RT-qPCR 

and normalized to an endogenous control (Rn18S). Data (means ± SE) are expressed as relative 

quantification (R.Q.) normalized to the average cycle threshold value for the control group receiving 

unloaded NCs. D) Percentage of M-MDSCs, PMN-MDSC and macrophages on total CD11b± cells within the 

tumor (means ± SD). Cell populations were defined according to the gating strategy reported in figure 

S10. n=4 mice (unloaded NC) and n=3 mice (NC-shC/EBPβ). *p<0.05 **p<0.01 ***p<0.001, Student’s t-

test.  
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4. Discussion 

 

The success of adoptive T cell therapy (ACT) for cancer treatment has been evidenced 

by the recent approval of two Chimeric Antigen Receptor (CAR) T-cell therapies by the 

Food and Drug Administration (FDA) in 2017. However, this success is somehow 

shadowed by the fact that these treatments need to be preceded by immune-depleting 

preparative treatments,  which are associated with severe toxicities49,50 and, hence, less 

aggressive alternatives are needed. In this regard, researchers have identified MDSCs as 

a key immune cell population promoting T cell immunosuppression, and MDSCs 

depletion and RNAi-based re-education have recently proved to be good strategies to 

improve ACT efficacy.8,51 

In this work, we hypothesized that the therapeutic efficacy of RNAi-based therapies in 

vivo will be compromised if they are not integrated in a suitable carrier capable of 

enhancing their biological half-life and deliver them to their target cell subset. This 

hypothesis is supported by the fact that the majority of the RNAi therapies under clinical 

trials have in common the use of a delivery platform52. Our therapeutic proposal is that 

we can re-educate MDSCs through the use of a RNAi-loaded nanocarrier delivered to 

the most immunosuppressive monocytic-macrophagic MDSCs7 by the co-encapsulation 

of the chemoattractant CCL210,16,17. To this end, we have developed a nanocapsular 

system in which a GMO lipid core is used to promote CCL2 encapsulation while RNAi 

sequences targeting the C/EBPβ pathway are adsorbed onto a cationic polyarginine 

coating. By providing CCL2 release within the tumor site, we also aim to restore native 

CCL2 levels over tumor-nitrated/nitrosylated species to enable the adequate T cell 

recruitment.18,20,21  

 
We selected a GMO lipid core for CCL2 encapsulation due to the favorable structure of 

GMO-based mesophases for the incorporation and slow release of peptide drugs.38,39 

Although GMO-based mesophases have been widely used for peptide encapsulation, 

commonly employed methods for mesophase dispersion imply the use of formulation 

procedures that may damage the drug payload.46,53 In this work, we explored a new mild 

self-emulsification method, based on the use of the non-ionic surfactant Labrasol® to 

disperse a GMO cubic gel loaded with the peptide, yielding polyarginine nanocapsules. 

Based on the phase diagram of GMO-water binary system, we selected a proportion of 

25:75 water:GMO w:w to generate a cubic gel with known properties for protein 

encapsulation43. To be able to select the adequate amount of Labrasol® to disperse this 

cubic gel, we constructed the phase diagram of the GMO-Labrasol®-water ternary 

system and evaluated the impact of GMO:Labrasol® w:w ratios on the physicochemical 

properties of the nanocarriers. As expected, the use of increasing amounts of Labrasol® 

to disperse the cubic gel led to a change from cubic (10% Labrasol®/90% GMO in excess 

water) to inverse micellar (>20% Labrasol®/80% GMO) phase arrangements. In addition, 

Labrasol® amounts higher than 20% were also needed to obtain monodisperse 
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nanometric particles with adequate colloidal stability over time. Consequently, a 

GMO:Labrasol® w:w ratio of 1:9 was selected to prepare CCL2-loaded nanocapsules, 

achieving adequate peptide encapsulation efficiencies of 50%. L2 inverse micellar 

phases, together with hexagonal phases, have been recently identified to provide 

improved protein release profiles compared to traditionally explored cubic phases.45 

Therefore, the fact that one can promote the nanodispersion of bulk GMO cubic phases 

by means of mild formulation procedures, leading to the formation of L2 micellar phases 

suitable for peptide encapsulation, constitute a relevant result from the pharmaceutical 

development standpoint.  

 
Polyarginine nanocapsules were successfully loaded with RNAi sequences showing a 

high encapsulation efficiency of 70%, and adequate physicochemical properties (sizes 

about 200 nm and PDIs close to 0.1). Importantly, the encapsulation of the highest dose 

of CCL2 (1 µg/mL) did not impede the adsorption of miR 142-3p molecules, confirming 

the suitability of this nanocapsular system for the co-delivery of diverse payloads. RNA 

stability during storage was accomplished by the use of powdered formulations, 

preserving RNA integrity and the colloidal properties of the nanocapsules for at least 1 

year. In addition, RNA stability and release in relevant biological media was controlled 

by the use of fluorinated RNA sequences54 and the assembly of polymeric coatings 

following previously explored layer-by-layer approaches55–57. Indeed, multiple layer 

hyaluronic acid-polyarginine-RNA-polyarginine shells created a “sandwich-like” 

organization with the RNAi molecules that conferred protection to miR 142-3p 

sequences during at least 4 h of incubation in human plasma. 

As expected, it was observed that RNAi was taken up by macrophages more efficiently 

when loaded in polyarginine nanocapsules than when administered in free form. This 

enhancement of RNAi uptake resulted in a high transfection efficiency of shC/EBPβ-

loaded NCs suggesting an adequate degree of endosomal escape that is consistent with 

the buffer capacity of polyarginine.25 When polyarginine NCs were loaded with miR 142-

3p, they were able to modulate MDSCs, switching their most aggressive monocytic-

macrophagic fraction towards the less immunosuppressive Gr-1high subset, thus 

confirming the potential of polyarginine nanocapsules as gene therapy 

immunomodulating nanocarriers. More importantly, shC/EBPβ-loaded NCs promoted a 

downregulation of C/EBPβ mRNA of 50% and 30% in splenic and tumor-infiltrating 

myeloid cells, respectively, suggesting the adequate biodistribution of polyarginine NCs 

to spleen and tumor. Furthermore, this C/EBPβ downregulation translated into a 

decrease in the frequency of tumor-associated macrophages and a significant increase 

in monocytic cells. Together, these results suggest that C/EBPβ downregulation by RNAi 

might result in a partial impairment of monocyte differentiation into tumor-associated 

macrophages. In addition, polyarginine nanocapsules induced a potent chemotactic 

activity in RAW264.7 macrophages, either when loaded with the chemokine CCL2 or in 

their blank form, probing their potential to target the most immunosuppressive 
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monocytic-macrophagic MDSCs. The increase of macrophage chemoattraction by blank 

nanocapsules likely stems from the recently discovered role of polyarginine as a TLR4 

agonist26 and highlights the potential of these vehicles for cancer immunotherapy and 

vaccination. In this context, the versatility of payload loading underlined before, would 

allow for the encapsulation of antigens, adjuvants and immunomodulatory molecules of 

different nature allowing the generation of tunable immune responses. More 

specifically, due to the high transfection efficiency of these systems, we consider they 

could be also relevant for mRNA-based vaccination approaches. Further studies would 

be needed to investigate whether CCL2-loaded nanocapsules are able to revert T cell 

anergy and preferentially target the most immunosuppressive MDSCs subsets as 

compared to blank nanocapsules. Given the tumor targeting capacity of polyarginine 

NCs, and the Matrigel®-invasion capacity of Jurkat T cells towards a CCL2 gradient, we 

anticipate that CCL2-loaded nanocapsules could represent a valuable strategy to restore 

native CCL2 levels within the tumor site and rescue cytotoxic lymphocyte recruitment, 

enhancing the efficacy of ACT. 

miR 142-3p and shC/EBPβ were previously reported to boost the efficacy of ACT and 

antitumoral DNA vaccination in vivo, respectively, when administered loaded in 4PD 

dendrimers.8 The results presented here show a significant silencing of C/EBPβ mRNA 

within spleen and tumor after in vivo administration of shC/EBPβ-loaded nanocapsules, 

and a potent migration of macrophages and T cells towards CCL2 in vitro. Altogether, 

these observations suggest that the combination of the RNAi and chemokine therapies, 

could be a promising approach to boost ACT efficacy in cancer immunotherapy.   

5. Conclusions 

 

A new mild self-emulsifying method was developed for the generation of polyarginine 

nanocapsules, which enabled the co-encapsulation of chemokines and polynucleotides. 

The method was based on the dispersion of a GMO cubic gel, which resulted in the 

formation of L2 inverse micellar phases adequate for the entrapment of hydrophilic 

payloads (i.e. CCL2). In addition, the polyarginine polymer layer facilitated the 

attachment of RNAi molecules, which were then protected with a single polyarginine or 

a double polyarginine/HA polymer layers. When loaded with miR 142-3p, these 

nanocapsules enhanced RNAi transfection in MDSCs and promoted the reversion of 

their highly immunosuppressive phenotype. More importantly, nanocapsules loaded 

with shC/EBPβ were able to reduce C/EBPβ mRNA levels within the spleen and tumor of 

a murine fibrosarcoma model, resulting in the impairment of monocyte differentiation 

into tumor-associated macrophages. Finally, the feasibility of a monocyte-macrophage 

targeting was explored when the chemokine CCL2 was loaded within the GMO core, 

promoting a high degree of macrophage migration towards the particles. Overall, the 

observations presented in this work suggest that polyarginine nanocapsules represent a 
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promising carrier for the co-delivery of RNAi and chemokines, which may help 

modulating the activity of MDSCs.  
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SUPPORTING INFORMATION 

 
Supplementary methods 
 
Synthesis of fluorinated short hairping (sh) RNAs 

shRNA C/EBPβ and scramble shRNA (control) were synthetized in vitro via PCR and T7 

RNA polymerase. PCR was performed in a 50 μl final reaction volume containing 1x PCR 

buffer, 2.5 mM MgCl2 , 0.2 mM dNTPs, 1 U Taq DNA polymerase (Invitrogen) and the 

following ssDNA primers (Eurofins MWG Operon) at 20 μM: ScrambleF 5’-

TAATACGACTCACTATAAGGGCAGTAGCATGGTCCGTTGAGATTCAAGAGATCT-3’; 

ScrambleR 5’-AAGGCAGTAGCATGGTCCGTTGAGATCTCTTGAATC-3’; C/EBPβF 5’-

TAATACGACTCACTATAGGGCGGCGACTTCCTCTCCGACCTCTTCTTCAAGAGAGAAGAGG-3’; 

and C/EBPβR 5’-AAAAACGACTTCCTCTCCGACCTCTTCTCTCTTGAAGAAG-3’. A single PCR 

cycle was run with the following protocol: 95°C 10 min, 60°C 1 min, 72°C 20 min. The 

resulting dsDNA was purified using the Wizard® SV Gel and PCR Clean-up system 

(Promega) according to manufacturer’s instructions.  

One ug of dsDNA was used as template to transcribe shRNA molecules in a single in vitro 

transcription (IVT) reaction, using the DuraScribe® T7 transcription kit (Epicentre). IVT 

reaction was run overnight at 37°C in a temperature-controlled oven. DNA template was 

removed by DNase I digestion and shRNAs were purified using the miRNeasy Micro Kit 

(Qiagen). Purified shRNAs were quantified by spectrophotometer and correct molecule 

length was checked by denaturing gel electrophoresis (polyacrylamide 15%, urea 7M).  

 
Lyophilization of nanocapsules 

Nanocapsules were frozen overnight at -20°C and lyophilized in a VirTis Genesis 25L 

equipment (SP Industries) for their storage. Initial freezing temperature was set at -30°C 

and samples were equilibrated at -40°C before a 46 h drying process, divided in two 

steps. In the first drying step, temperature was slowly increased in 10°C intervals until 

reaching 20°C, when a 3 h secondary drying started. Samples were then reconstituted 

to the initial concentration with ultrapure water by vortexing until complete 

resuspension, when physicochemical properties and morphology were assessed as 

described in the experimental section. The integrity of RNA after this process was also 

evaluated by gel retardation assays. 

 
Nanocapsules uptake in RAW 264.7 macrophages 

For cell uptake studies, RAW 264.7 macrophages (0.9x105) were seeded in an 8 

Chambered Borosilicate coverglass system (Lab-Tek) and left overnight. A dose of 1.25 

µg of both free and encapsulated 5’-FAM labelled miRNA 142-3p was added to the cells 

diluted in 100 µL supplemented DMEM and incubated for 2 hours at 37°C. Then media 

was aspirated and cells were washed with PBS. Subsequently, cells were fixed with a 4% 

paraformaldehyde solution and stained with DAPI and phalloidin tetramethylrhodamine 

B isothiocyanate (Sigma) before observation by confocal microscopy (Leica TCS SP5).  
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Matrigel® invasion assay 

T cell invasion in response to CCL2 was analyzed by a Matrigel® invasion assay. Jurkat 

cells were grown in modified RPMI-1640 medium containing 2 mM L-glutamine, 10 mM 

HEPES, 1 mM sodium pyruvate, 4500 mg/L glucose, and 1500 mg/L sodium bicarbonate 

and supplemented with 10% v/v fetal bovine serum (FBS), 100 U/mL penicillin and 100 

μg/mL streptomycin (Life Technologies). Cells were maintained at 37 °C in a humidified 

incubator supplied with 5% CO2, at a density of 0.1-1x106 cells/ml. Matrigels (10 mg/ml) 

were prepared in 8-well chambered coverslips (Ibidi) containing CCL2 (Peprotech) (CCL2 

matrigels) or medium alone (Blank matrigels). For this, an ice-cold Matrigel® stock (11.6 

mg/ml) was carefully mixed with the CCL2 OptiMEM solution (60 ng) or OptiMEM alone 

in a final volume of 100 µl. Ice-cold mixtures were pipetted on each well creating a thin 

layer of material and allowed to gel in a humidified incubator at 37 °C for 30 min. Then, 

300 µl of Jurkat cells (0.15x106 cells) suspended in migration buffer (DMEM 

supplemented with 1% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin) were 

added on top of each gel. After 48 h of incubation at 37 °C in a 5% CO2 atmosphere, gels 

were washed carefully with PBS. Invasive cells were then fixed in paraformaldehyde and 

stained with DAPI before observation by confocal microscopy (Leica TCS SP5).  

 
 

Supporting figures 
 
 
Table S1. Physicochemical characterization of loaded nanosystems indicating: mean particle size, 

polidispersity index and zeta potential. Nanoemulsions were loaded with 50 µg/ml OVA. Nanocapsules 

(24.7 mg/mL) were loaded with 0.4 mg/mL RNA and 1 µg/ml CCL2. Values are means ± S.D., n=6 (OVA, 

RNA) and n=3 (CCL2). 

 

 

 

 

 

 

 

Systems Loading 
Size 
(nm) 

Polidispersity 
Index 

Zeta potential 
(mV) 

Nanoemulsions OVA  172 ± 6 0.1 - 13 ± 1 

Nanocapsules 

miRNA control 186 ± 27 0.1 - 25 ± 7 

shRNA control 174 ± 13 0.1 - 

CCL2 freeze-dried 160 ± 21 0.1 26 ± 6 
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Figure S1. SAXS characterization of the precursor materials. A) SAXS analysis of GMO precursor gel, 
showing the transition from a Ia3d to a Pn3m phase arrangement upon increasing hydration. B) SAXS 
profile of raw materials. 
 
 
 
 

 

Figure S2. Scheme of the method used for nanocapsules preparation. Objects in figure are not drawn to 

scale. pArg: polyarginine; P407: Poloxamer 407, aq.: aqueous; GMO: glycerol monooleate; NC: 

nanocapsules. 
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Figure S3. miR 142-3p stability and release from NCs in human plasma after 4, 8 and 12 h incubation. NCs 

were diluted 1/10 in plasma and at the desired time points samples were loaded in a 15% polyacrylamide 

gel with a theoretical miR amount of 400 ng per well. Lanes miR sequences: (1) miR 142-3p in solution; 

(2), (3) and (4) miR 142-3p incubated 4, 8 and 12h in plasma, respectively. Lanes 4 h assay: (1) miR 142-3p 

in solution; (2) and (4) NCs miR 142-3p incubated 4h in plasma; (3) and (5) NCs miR 142-3p incubated with 

heparin.  Lanes 8 h assay: (1) miR 142-3p in solution; (2) and (4) NCs miR 142-3p incubated 8h in plasma; 

(3) and (5) NCs miR 142-3p incubated with heparin. Lanes 12h assay: (1) miR 142-3p in solution; (2) and 

(4) NCs miR 142-3p incubated 12h in plasma; (3) and (5) NCs miR 142-3p incubated with heparin. 

 

 

 

Figure S4. miR release assay in supplemented DMEM (10% FBS + 1% Pen/Strep) and PBS pH 7.2 after 4, 8 

and 12 h incubation. NCs were diluted 1/10 in the correspondent media and at the desired timepoints 

samples were loaded in a 15% polyacrylamide gel with a theoretical miR amount of 800 ng per well. Lanes 

4 h assay: (1) miR 142-3p in solution; (2) and (3)  miR sequence in DMEM and PBS after 4h incubation, 

respectively; (4) and (6) fresh NCs; (5) and (7) fresh NCs incubated with heparin;  (8) and (10) NCs 

incubated 4h in DMEM; (9) and (11) NCs DMEM incubated with heparin; (12) and (14) NCs incubated 4h 

in PBS; (13) and (15) NCs PBS incubated with heparin.  Lanes 8 h assay: (1) miR 142-3p in solution; (2) and 

(3)  miR sequence in DMEM and PBS after 8h incubation, respectively; (4) and (6) NCs incubated 8h in 

DMEM; (5) and (7) NCs DMEM incubated with heparin;  (8) and (10) NCs incubated 8h in PBS; (9) and (11) 

NCs PBS incubated with heparin. Lanes 12h assay polyarginine:miR ratio 1:1: (1) miR 142-3p in solution; 
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(2) and (3) miR in DMEM after 15 and 30 minutes incubation, respectively; (4) and (5) miR in DMEM and 

PBS after 12h incubation, respectively; (6) and (8) NCs incubated 12h in DMEM; (7) and (9) NCs DMEM 

incubated with heparin;  (10) and (12) NCs incubated 12h in PBS; (11) and (13) NCs PBS incubated with 

heparin. Lanes 12h assay ratio 2:1: (1) and (3) NCs miR; (2) and (4) NCs incubated with heparin; (5) and (9) 

NCs incubated 12h in DMEM; (6) and (10) NCs DMEM incubated with heparin; (7) and (11) NCs incubated 

12h in PBS; (8) and (12) NCs PBS incubated with heparin. 

 

 

Figure S5. miR release assay in supplemented DMEM (10% FBS + 1% Pen/Strep), PBS pH 7.2 and saline 

solution after 12 h incubation. NCs (ratio 1:1) were diluted 1/100 and 1/50 in DMEM and 1/50 in PBS and 

saline solution. After 12 h incubation, samples were loaded in a 15% polyacrylamide gel with a theoretical 

miR amount of 400 ng per well. Lanes DMEM assay: (1) miR 142-3p sequence incubated 12h in DMEM 

with a 1/100 dilution; (2) and (4)  NCs incubated 12h in DMEM with a 1/100 dilution; (3) and (5) NCs 

DMEM 1/100 incubated with heparin; (6) miR 142-3p sequence incubated 12h in DMEM with a 1/50 

dilution; (7) and (9)  NCs incubated 12h in DMEM with a 1/50 dilution; (8) and (10) NCs DMEM 1/50 

incubated with heparin. Lanes PBS and saline assay: (1) miR 142-3p sequence in solution; (2) and (3)  miR 

142-3p sequence incubated 12h in PBS and saline with a 1/50 dilution, respectively; (4) and (6) NCs 

incubated 12h in PBS with a 1/50 dilution; (5) and (7) NCs PBS 1/50 incubated with heparin; (8) and (10)  

NCs incubated 12h in saline solution with a 1/50 dilution; (9) and (11) NCs saline 1/50 incubated with 

heparin.  

 

 

Figure S6. Colloidal stability of polyarginine NCs in supplemented DMEM (10% FBS + 1% Pen/Strep) and 

PBS pH 7.2.  

 



Chapter 1 

166 
 

 

Figure S7. Jurkat cells invade the tumor-mimicking Matrigel® system in response to CCL2. Fluorescence 

images of DAPI stained-cells associated to the matrigels after a 48 h invasion assay. Representative z-

stacks for CCL2 and blank-matrigels. Scale bar = 100 µm for all the images.  

 

 

Figure S8. Polyarginine NCs promote RNAi macrophage uptake. Confocal laser microscopy images of 

RAW264.7 cells incubated with either fluorescently labelled Free RNAi or with the same RNAi loaded in 

polyarginine NCs. 

 

 

Figure S9. Polyarginine blank NCs do not affect the viability of the BM-MDSCs culture. Cells were treated 

with different concentrations of blank NCs and cytotoxicity was assessed by calculating the percentage of 

viable recovered cells on plated cells. Values are means ± SD of two independent experiments.  
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Figure S10. Gating strategy for the identification of PMN-MDSCs (CD11b+Ly6G+Ly6Cint), M-MDSCs 

(CD11b+Ly6G-Ly6Chigh) and macrophages (CD11b+Ly6G- Ly6Clow/- F4/80+) in the tumor. All analysis 

were performed after selection of living single cells by morphologic gating, doublets exclusion and dead 

cell exclusion by LIVE/DEAD® dye staining. 
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CHAPTER 2 

 

mRNA-Activated Matrices Encoding Transcription Factors as Primers of Cell 

Differentiation in Tissue Engineering 

 

 

This work has been done in collaboration with the Department of Physiology at the 

University of Santiago de Compostela 

 

 

ABSTRACT 

Gene-activated matrices (GAMs) encoding pivotal transcription factors (TFs) represent 

a powerful tool to direct stem cell specification for tissue engineering applications. 

However, current TF-based GAMs involving the use of pDNA have shown a limited 

potential and the current expectations rely mainly on the use of mRNA-GAMs. Here, we 

report a new GAM technology based on mRNA-encoded TFs SOX9 (cartilage) and MYOD 

(muscle) nanocomplexed to activate in situ gelling fibrin hydrogels. We find that mRNA 

GAMs induce a much higher and faster transgene expression compared to pDNA GAMs, 

especially in the case of RNase resistant mRNA sequences. This potent TF expression, in 

turn, induces a higher synthesis of cartilage- and muscle-specific markers at the gene 

and protein level. Interestingly, we show that the differentiation process is modulated 

by the mRNA-GAM environment, with low fibrin content matrices inducing better 

chondrogenesis and high fibrin content matrices promoting improved myogenesis. 

Taken together, these observations demonstrate the potential of this new kind of gene 

activated matrices for regenerative medicine. 

 

Key words: GAMs, 3D transfection, mRNA, SOX9, MYOD, tissue engineering
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1. Introduction 

 

Polymer matrices have been largely explored as tissue engineering devices. Since the 

FDA approval of the first collagen-based dermal regeneration template Omnigraft®1 

(Integra Life Sciences, Plainsboro NJ), several materials systems have reached the 

market and paved their way into the clinical setting. Although the first devices largely 

consisted on biocompatible scaffolds used as fillers or protective patches, polymer 

matrices soon started to comprise growth factors and other recombinant proteins to 

help direct the regenerative process. OP-1™ (Stryker Biotech, Hopkinton, MA), a rhBMP-

7-loaded collagen carrier, Infuse® (Medtronic, Minneapolis, MN), a rhBMP-2 loaded 

collagen sponge, or Regranex® (OMJ Pharmaceuticals, Raritan, NJ) a sodium 

carboxymethylcellulose-based gel loaded with rhPDGF, represent some successful 

examples2. However, these factors are often administered at high doses to overcome 

their short half-life and currently used materials offer a poor control over their release 

profiles. This in turn leads to side effects, among which, the risk of malignancies is one 

of the biggest concerns3–5. 

 

Trying to overcome these limitations, researchers started to explore the use of gene 

therapy as an alternative to recombinant proteins, and the concept of Gene Activated 

Matrix (GAM) was described6. Initially, GAMs were based on plasmid DNA (pDNA), free 

or complexed to non-viral formulations, encoding the growth factor of interest. As for 

recombinant proteins, this complexed pDNA was loaded within a polymer matrix from 

which it would be released, producing the transfection of surrounding cells and the 

consequent sustained and localized transgene expression7. Nevertheless, while nonviral 

delivery of pDNA is preferred over viral vectors due to safety concerns, non-viral 

formulations are characterized by a low gene transfer efficiency, which in part hampers 

their clinical success. This scenario has prompted the development of RNA-based GAMs, 

based on the superior gene transfer capacity of RNA8. In this regard, different RNA GAMs 

were explored, ranging from siRNA and miRNA GAMs7, to the more recent mRNA GAMs, 

first described by Elangovan et al. two years ago9. In their work, Elangovan and co-

workers used chemically modified mRNA encoding the growth factor BMP-2, to study 

the bone regeneration in rat calvarial defects, and demonstrated its superior 

biocompatibility and regenerative capacity compared to traditional pDNA-GAMs. 

Subsequent works explored the use of other GFs and material systems to fabricate 

mRNA-based GAMs, further highlighting the value of this strategy10,11.  

 

Compared to growth factors, transcription factors (TFs) have higher potency and 

specificity to drive cell reprogramming and directed differentiation12–16. Realizing their 

potential for tissue engineering applications, researchers investigated the use of GAMs 

encoding pivotal TFs in musculoskeletal development, and stablished TF-activated 

GAMs as promising alternatives to “traditional” growth factor-activated GAMs17,18. 
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However, although it has been recently demonstrated that mRNA-encoded  TFs can 

efficiently modulate cell phenotype16,19–21, to the best of our knowledge, TF-based GAMs 

have only been explored for pDNA. In this work, we developed a new kind of mRNA 

GAMs activated with lineage specific TFs and loaded with hMSCs, to direct cell 

specification in injured or diseased tissues. To this end, fibrin hydrogels were activated 

with nanocomplexed mRNA encoding SOX9 (cartilage)22,23 and MYOD (muscle)24 to 

promote MSC chondrogenic and myogenic differentiation. Compared to previously 

explored TF pDNA GAMs, we hypothesized that the rapid gene modulation induced by 

mRNA could trigger a faster onset of the differentiation cascades, improving the quality 

of the regenerated tissue. Indeed, we demonstrate that these new GAMs are able to 

upregulate tissue-specific genes faster than their pDNA counterparts and show how this 

rapid upregulation results in a higher synthesis of tissue-specific proteins. Overall, this 

work describes the generation of a novel mRNA GAM concept that could provide 

therapeutic benefit compared to classical pDNA GAMs. 

 

2. Materials and methods  

 

2.1 Cell culture 

Human adipose derived Mesenchymal Stem Cells (hMSCs) were acquired from tebu-bio 

(Le Perray-en-Yvelines, France) and ATCC (Manassas, VA, USA) and cultured in α-MEM 

(Gibco, Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine 

serum (Gibco), 1% penicillin-streptomycin (Gibco) and 10 ng/ml bFGF (Peprotech, 

Rocky Hill, NJ, USA). Cells were detached from the plates using TrypLE solution 

(Gibco) and plated at 5000-7500 cells/cm2. Media was changed every 2-3 days and cells 

were split at 70-80% confluency.  

 

2.2 Plasmid design and mRNA synthesis 

Yellow Fluorescent Protein (YFP) and SOX9 mRNAs were in vitro transcribed (IVT) from 

plasmid templates (Fig. S1). To construct the YFP plasmid, the YFP coding sequence 

(CDS) and a SV40 polyadenilation signal were sequentially digested from a pIRES YFP 

vector (Clontech, Mountain View, CA, USA) using the XhoI and SmaI sites, and ligated 

into a pBluescript KS (+) vector (Stratagene, San Diego, CA, USA).  Digestion products 

were separated in agarose gels and purified with the Wizard SV Gel and PCR Clean-up 

system kit (Promega, Madison, WI, USA) before overnight ligation at room temperature 

with T4 DNA ligase (Promega). For SOX9 plasmid, the SOX9 CDS, a Kozak consensus 

sequence and the 3’ UTR of the α globin gene16,25,26 were synthesized and cloned into a 

pCMVTnT expression vector (Promega, Madison, WI, USA) by Genewiz (South Plainfield, 

NJ, USA). Both plasmids were sequence-verified (Stab Vida, Caparica, Portugal) and 

DH5α E. Coli bacteria were transformed for their propagation. Plasmids were extracted 

from the bacterial cultures and purified with the NucleoSpin Plasmid Kit (Macherey-

Nagel, Dueren, Germany) according to manufacturer’s instructions. Corresponding 
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mRNA sequences were synthesized with the Anti-Reverse Cap Analog (ARCA) 

technology, using the mMESSAGE mMACHINE T7 Ultra kit (Ambion, Foster City, CA, USA) 

following the manufacturer’s protocol. Briefly, plasmids were linearized using XhoI and 

BamHI restriction enzymes (Promega) and 2-7 enzyme units per µg of pDNA. 

Endonuclease digestion was confirmed by gel electrophoresis and 1.35 µg of linearized 

plasmids were used to template each 20 µl reaction. mRNAs were purified via phenol-

chloroform extraction using Phase Lock 1.5 ml tubes (5 Prime, Hilden, Germany) 

followed by ethanol precipitation and quantification by Nanodrop (Thermo Fisher 

Scientific, Waltham, MA, USA). MYOD mRNA was purchased from Stemgent (Cambridge, 

MA, USA) and used as supplied. 

 

2.3 Preparation and characterization of 3DFectIN complexes 

For 3D transfection experiments, 50 µl of 3DfectIN complexes (OZ Biosciences, 

Marseille, France), in the specified 3DFectIN:DNA/RNA ratios (µl:µg), were prepared in 

OptiMEM (Gibco) following manufacturer’s instructions. Briefly, a solution containing 1 

µg of mRNA/pDNA was added over a solution containing 1, 2, 3 or 4 µl of 3DFectIN 

reagent in a 1/1 v/v ratio, mixed by pipetting up-down and incubated for 20 min at room 

temperature. Particle mean size and polydispersity index were analyzed by Dynamic 

Light Scattering (Nanosizer ZS®, Malvern, Worcestershire, UK) without further dilution. 

Distribution of the complexes within the hydrogels was assessed after the encapsulation 

of SYBR®Gold-labeled pDNA complexes and by their visualization under fluorescence 

microscopy (Olympus IX51 operated with a U-RFL-T lamp). To this end, an aqueous 

solution of genetic material was labeled by mixing with a 50X DMSO solution of 

SYBR®Gold Nucleic Acid Gel Stain (Invitrogen) in a ratio 1:1 (µg:µl) and incubated for 5 

min at room temperature before complexes were prepared.  

 

2.4 Hydrogel preparation and 3D transfection 

Human plasma derived fibrinogen and thrombin were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). Both materials were reconstituted in Ca2+ and Mg2+ free phosphate 

buffered saline (Invitrogen) at 50 mg/ml and 100 U/ml, respectively, and further diluted 

with the same buffer before hydrogel formation. Fibrin hydrogels of 2 and 4 mg/ml were 

prepared using 0.625 thrombin units per mg of fibrinogen and casted in tissue culture 

plates (Thermo Fisher Scientific). Transfection and characterization assays were 

performed with 100 µl gels casted in 96 well plates. In differentiation assays, 200 µl gels 

were casted in 48 well plates. For 100 µl gels, 20 µl of the fibrinogen solution (20 or 40 

mg/ml) were added to the bottom of the plate. Then, the cell suspension (control gels), 

the cell suspension mixed with 50 µl 3DFectIN complexes (gene-activated gels), or 60 µl 

of OptiMEM (blank gels) were thoroughly blended with fibrinogen by pipetting up-

down. After this, 20 μL of the thrombin solution (12.5 U/ml) were quickly mixed with 

the previous hydrogel blend (1.5x106 cells/ml of gel) avoiding the formation of bubbles. 

Plates were placed in the cell incubator at 37 °C for 1 h to allow gelation. Finally, 200 µl 
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of culture medium were added on top of each gel. For 200 µl gels, the same procedure 

was followed but quantities were doubled. 

 

2.5 Scanning electron microscopy 

Blank and cell-seeded fibrin hydrogels were prepared as previously described (section 

2.4). Blank gels were frozen at -80°C after the gelation process, while hMSCs seeded gels 

were kept 1 week in culture before freezing. All gels were freeze-dried in a VirTis Genesis 

25 ES freeze-drier (SP Industries, Warminster, PA, USA) under the following program: 

primary drying at -35 °C for 24 h, secondary drying at 0 °C for 24 h and 14 h at room 

temperature. Freeze-dried samples were carefully removed from the plates and 

metalized with iridium using a Sputer Coater Quorum Q150T-S (Guelph, Ontario, 

Canada). Samples were visualized in a Zeiss FESEM Ultra Plus with EDX operated at 5 kV.  

 

2.6 Cell toxicity and proliferation assays 

Toxicity derived from the encapsulation of hMSCs in gene-activated gels was evaluated 

by MTT assays (Sigma-Aldrich). Cell proliferation was investigated by monitoring the 

DNA content using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen, Life 

Technologies, Carlsbad, CA, USA). hMSCs were encapsulated in fibrin hydrogels with or 

without 3DFectIN complexes at a density of 1.5x105 and 1.5x106 cells/ml for MTT and 

PicoGreen assays, respectively. For MTT assays, gels were cultured during 24 and 48 h 

and PicoGreen assays were run for 12, 24 and 48 h (short assays) or 3, 7 and 10 days 

(long assays), preserving some gels for day 0 controls. At the desired time points, gels 

were digested with 100 µl of a 2.5% trypsin solution (30 min, 37 °C) and transferred to 2 

ml tubes. In the case of MTT assays, formazan crystals were solubilized with a 1/1 v/v 

mix of 20 % SDS in PBS and isopropanol by vortexing for 15 min at 2000 rpm in an 

Eppendorf MixMate® (Eppendorf, Hamburg, Germany) followed by absorbance reading 

(570 nm with 690 wavelenght correction) in a Multiskan GO spectrophotometer 

(Thermo Scientific). The reading values in gene-activated gels were converted to 

the percentage of the control (non-activated) gels. For proliferation assays, DNA was 

extracted with a sequential lysis process using an SDS solution (0.1% w/v in PBS) for the 

first step and a Triton X-100 solution (1% in PBS) for the second step. Samples were 

vortexed in an Eppendorf MixMate® (15 min at 2000 rpm for each step) to help 

extraction. Fluorescence readings were performed at 480/520 excitation/emission 

wavelengths in an EnVision multilabel plate reader (Perkin Elmer, Whaltam, MA, USA). 

Blank gels were included to subtract the fluorescence background and calibration was 

performed against a λ DNA standard. 

 

2.7 Hydrogel degradation assay 

Cell-mediated degradation of fibrin hydrogels was determined by digesting the gels and 

measuring the change in protein content over time. Non-activated hydrogels seeded 

with hMSCs were prepared as previously described (section 2.4) and incubated in 
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culture media at 37 °C and 5% CO2 for 5 days. At day 1, 2 and 5, the cell media was 

aspirated and gels were digested with 100 µl of a 2.5% trypsin solution (30 min, 37 °C). 

After digestion, samples were diluted with water and protein content was quantified as 

described in Section 2.10. Percentage weight change was normalized to day 0.  

 

2.8 Chondrogenic differentiation 

Chondrogenesis assays were performed in hMSCs below passage 10. For experiments 

evaluating the kinetics of chondrogenic marker expression, 2 and 4 mg/ml hydrogels 

were casted in 96 well plates and cultured for 7 and 21 days in Complete Chondrogenic 

Medium (CCM) consisting of DMEM high-glucose 1 mM pyruvate (Gibco), 100 nM 

dexamethasone (Sigma-Aldrich), 50 μg/ml ascorbic acid 2-phosphate (Sigma-Aldrich), 

40 μg/ml L-proline (Sigma-Aldrich), 1% ITS Premix supplement (Becton Dickinson), 1% 

penicillin/streptomycin (Gibco) and 10 ng/ml transforming growth factor-β3 

(Peprotech). Hydrogels (100 µl) were activated with two doses of SOX9 mRNA and 

pDNA, namely 1 and 0.25 µg per gel, and at desired time points total RNA was extracted 

to check for the presence of chondrogenic markers SOX9, aggrecan (ACAN) and collagen 

type II (COL2A1) by qRT-PCR. For experiments evaluating the quality of the cartilage-like 

tissue, fibrin hydrogels of 2 mg/ml (0.5 µg mRNA per 200 µl gel) were casted in 48 well 

plates and cultured in CCM and CCM without TGF-β3 (Incomplete Chondrogenic 

Medium, ICM) for 21 days. At the end of the experiments, SOX9-activated gels were 

retrieved from the plates and the expression of chondrogenic markers was assessed and 

compared to non-activated gels cultured in the same conditions. Gene expression of 

SOX9, ACAN, COL2A1 and collagen type X (COLX) was assessed by qRT-PCR. Alcian blue 

staining and collagen type II immunohistochemistry (IHC) were used to analyze the 

deposition of extracellular matrix. Media was changed every 3 days in both experiments.  

 

2.9 Myogenic differentiation 

Two protocols were assayed for myogenic differentiation. For both protocols, fibrin 

hydrogels of 2 and 4 mg/ml were casted in 48 well plates and cultured for 14 days. In 

the first protocol, hydrogels were activated with 0.5 µg of MYOD mRNA per gel and 

cultured in complete growth media for the first day changing to DMEM high glucose 

supplemented with 2% horse serum (Gibco) and 1% penicillin-streptomycin for the rest 

of the assay. In the second protocol, hydrogels were activated with 0.25 µg of MYOD 

and cultured in α-MEM supplemented with 5% fetal bovine serum and 1% penicillin-

streptomycin for the first 7 days (growth phase) switching to DMEM high glucose 

supplemented with 2% horse serum, 1% penicillin-streptomycin and 10 ng/ml IGF-I 

(Peprotech) for the rest of the assay (differentiation phase). At the end of the 

experiments, hydrogels were retrieved and the expression of myogenic markers was 

assessed and compared to non-activated gels cultured in the same conditions. Gene 

expression of myogenic differentiation 1 (MYOD), myogenin (MYOG), cadherin 15 

(CDH15), myosin heavy chain 2 (MYH2) and myosin heavy chain 3 (MYH3) was evaluated 
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by qRT-PCR whereas myosin IHC was used to analyze myotube formation. Media was 

changed every 2 days in both experiments. 

 

2.10 Total RNA extraction 

Two hydrogels (100 µl) or one hydrogel (200 µl) per condition were used for RNA 

extraction. Hydrogels were removed from the plates with the help of a spatula and 

placed in 1.5 ml tubes. In transfection experiments, gels were washed with 0.5 ml of PBS 

and centrifuged in an Eppendorf 5430R centrifuge (4000 rpm, 5 min, 4 °C) to remove 

any remaining media before the extraction. In the case of chondrogenic differentiation 

experiments, gels and pellets were washed with PBS, digested with 700 collagenase 

units (Gibco) for 15 min at 37 °C and washed again before starting the extraction 

protocol. Centrifugation speed during the washing steps was set at 4000 and 1000 rpm 

for the gels and pellets, respectively. For each RNA extraction, 350 µl of lysis buffer were 

used and samples were digested by vortexing 15 min at 2000 rpm in an Eppendorf 

MixMate® with the help of two 2.8 mm stainless steel grinding balls (Ops Diagnostics, 

Lebanon, NJ, USA). Cell lysates were extracted with the SPEEDTOOLS total RNA 

extraction kit (Biotools, Madrid, Spain) following manufacturer’s instructions. RNA was 

quantified by UV absorbance using a Nanodrop 2000 spectrophotometer (Thermo 

Scientific).  

 

2.11 cDNA synthesis and qRT-PCR  

Reverse transcription was carried out using 100-500 ng of total RNA per sample in a 30 

µl final reaction volume. First, total RNA was mixed with random primers and dNTPs 

(Invitrogen) and kept at 65 °C for 5 min. Samples were then incubated with a mix of 

RNAse OUT, 5x first strand buffer and DTT (Invitrogen) for 2 min at 37 °C and 

subsequently placed on ice. Finally, reverse transcriptase (M-MLV, Invitrogen) was 

included and the cycle was continued as follows: 10 min at 25 °C, 50 min at 37 °C and 15 

min at 70 °C. The resulting cDNA (5-30 ng) was used to assemble qRT-PCR reactions in a 

final volume of 20 µl containing Universal PCR Mastermix and TaqMan assays (Applied 

Biosystems, Table S1). The thermal cycling was done in a StepOne Real Time PCR System 

(Applied Biosystems) performing a 10 min hold at 95 °C followed by 40 cycles of 15 sec 

at 95 °C and 1 min at 60 °C. No template controls were used in each reaction as negative 

control. Gene expression values were normalized to internal controls (Actin β and 

GAPDH) and presented as a fold change relative to cells plated in 2D before the 

experiments using the comparative 2-∆∆Ct method27.  

 

2.12 Immunohistochemistry 

Hydrogels were retrieved from tissue culture plates, washed with PBS and fixed with 

10% buffered formalin at room temperature for less than 24 h. After fixation, samples 

were maintained in 70% ethanol before dehydration and paraffin sectioning. Sections of 

4 µm thickness were cut and allowed to adhere to poly-L-lysine treated glass slides 
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overnight at 55 °C. Before staining, sections were dewaxed in xylene and hydrated with 

graded ethanol. Samples from chondrogenic differentiation experiments were stained 

for deposited sGAG and collagen content with alcian blue (pH 2.5) and Sirius red, 

respectively. Immunohistochemical staining (IHC) was performed to check for the 

presence of collagen type II (II-II6B3, DSHB, Iowa City, IA, USA) and myosin heavy chain 

(clone MY-32 Sigma-Aldrich), after chondrogenic and myogenic differentiation 

experiments, respectively. Antigen retrieval was performed in Tris-EDTA buffer during 

20 min at 95 °C in a PT Link (Agilent, Santa Clara, CA, USA). Samples were pretreated 

with hydrogen peroxide and blocked with serum free protein block (Dako; Agilent, Santa 

Clara, CA, USA). Primary antibodies were diluted 1:100 in antibody diluent (Dako) and 

incubated overnight at 4 °C followed by the incubation with goat secondary antibodies 

labeled with HRP (Dako) at 1:100 for 1 h and the staining with 3,3’-diaminobenzidine 

(DAB). Negative controls for histology consisted of hydrogels maintained in regular 

culture conditions. IHC negative controls were obtained by omitting the primary 

antibodies (Fig. S2). All samples were observed using an Olympus BX43 microscope 

equipped with an Olympus XC50 camera.  

 

2.13 Statistical Analysis 

The statistical analysis was performed using GraphPad Prism. Where applicable, data 

are reported as the mean ±SD. Data were compared using One- or Two-way ANOVA and 

p-values less than 0.05 were considered to be statistically significant. 

 

3. Results  

 

3.1 Synthesis and characterization of gene activated matrices (GAMs) 

 
Figure 1. Schematic of human Mesenchymal Stem Cells (hMSCs) encapsulated within mRNA-activated 

fibrin matrices. mRNA nanocomplexes coding for key transcription factors (TFs) and hMSCs are mixed 

with fibrinogen and crosslinked with thrombin. Transfection occurs when hMSCs invade the resulting gel 

leading to forced TF expression and phenotype specification. Objects are not drawn to scale. 
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Fibrin hydrogels were activated with mRNA and plasmid DNA (pDNA) nanocomplexes 

coding for transcription factors that are master regulators of cell lineage specification: 

SOX9 (cartilage) and MYOD (muscle). Both polynucleotides were complexed with 

3DfectIN® transfection reagent and mixed with human mesenchymal stem cells (hMSCs) 

and fibrinogen to yield gene activated matrices (GAMs) upon thrombin crosslinking (Fig. 

1). In a first step, different 3DfectIN:polynucleotide ratios were evaluated in terms of 

nanocomplex size, polydispersity index, and payload encapsulation efficiency. All ratios 

resulted in a homogeneous distribution of 3DfectIN:pDNA complexes within the 

matrices, that was independent of the fibrinogen concentration (2 or 4 mg/ml) (Fig. 2A). 

Increasing 3DfectIN:polynucleotide ratios from 2:1 to 4:1 (µl:µg) produced smaller and 

less polydisperse mRNA nanocomplexes, whereas low ratios were needed to obtain 

small monodisperse pDNA complexes (Fig. 2B). Ratio 1:1 exhibited the best compromise 

for both polynucleotides in terms of particle size and polydispersity index, but this ratio 

showed an incomplete complexation of the payload (Fig. S3). Ratio 2:1 ratio produced 

polydisperse mRNA complexes with an average size of about 500 nm, while pDNA 

complexes prepared at the same ratio exhibited a micrometric size. 3:1 and 4:1 ratios 

resulted in monodisperse mRNA complexes of around 200 nm and micrometric pDNA 

complexes.  
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Figure 2. Physicochemical characterization and structural analysis revealed a monodisperse population 

of 3DFectIN® complexes and highly porous and fibrillar matrices. A) Fluorescence micrographs of 

SYBR®Gold labelled pDNA complexes (2:1 to 4:1 3DFectIN:pDNA µl:µg ratios) loaded in 2 and 4 mg/ml 

fibrin hydrogels. Scale bar = 50 µm for all the images. B) Representative size intensity distributions of 

mRNA and pDNA 3DFectIN complexes as measured by DLS. C) SEM analysis of microarchitecture of fibrin 

hydrogels. The scale bar corresponds to 20 µm for all the images. 

 

Both concentrations of fibrin hydrogels, 2 and 4 mg/ml, showed a highly porous and 

fibrillar microarchitecture as observed by SEM (Fig. 2C). As expected, the lower 

fibrinogen concentration of 2 mg/ml gels led to an increased porosity compared to the 

more concentrated 4 mg/ml gels. Although a few cells can be visualized, there is a 

notable increase in hydrogel porosity accompanied by a thicker fibrillar network in both 

seeded gels compared to their blank counterparts. These changes in gel architecture are 
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likely due to mechanical forces exerted by attached cells and their matrix deposition, 

that cause hydrogel remodeling. 

 

3.2 Optimization of mRNA 3D transfection 

 

Once the GAMs were characterized in terms of nanocomplexes properties and 

microarchitecture, a model cell line was encapsulated therein to evaluate their 3D 

transfection efficiency and cytotoxicity profile. YFP and SOX9 mRNAs were transcribed 

in vitro and transfected in 2D cell cultures to test their functionality by fluorescence 

microscopy and western blot, respectively (Fig. S4). Functional mRNAs were then used 

to optimize the 3D transfection process within 4 mg/ml GAMs. In a first step, YFP 

transfection was performed to quickly screen different 3DFectIN:polynucleotide ratios 

and doses by fluorescence microscopy. Given that 1:1 ratio had previously shown an 

incomplete encapsulation of the cargo (Fig. S3), this ratio was not included in this initial 

screening. Thus, nanocomplexes containing 1 or 2 µg mRNA were prepared at three 

ratios (2:1, 3:1, 4:1 µl:µg), mixed with U87MG cells and encapsulated within the fibrin 

matrices. Optical and fluorescence micrographs acquired 24 h later suggested that 

nanocomplexes with 1 µg mRNA at 3:1 ratio provided the best balance between 

cytotoxicity and transfection efficiency (Fig. S5, S6). Next, ratios 2:1 and 3:1 were 

selected to elaborate SOX9 nanocomplexes and run quantitative transfection and 

toxicity experiments. Both qRT-PCR and MTT toxicity assays performed in SOX9 GAMs 

confirmed the qualitative results obtained for YFP GAMs (Fig. S7), and consequently a 

3:1 3DFectIN:mRNA ratio was selected for hMSCs experiments. Although a 2:1 ratio 

resulted in pDNA particles below the micrometric size and effectively encapsulated the 

payload (Fig. S3), a 3:1 ratio was also selected for pDNA complexes since it was able to 

transfect as efficiently (Fig. S5, S7) and provided a more consistent benchmark for 

mRNA-activated matrices prepared at 3:1 ratio. 
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Figure 3. mRNA activated fibrin matrices induce high protein expression levels in encapsulated hMSCs 

and show very good biocompatibility. A) Representative fluorescence and visible micrographs showing 

YFP protein expression in hMSCs 24 h after mRNA transfection in 2 and 4 mg/ml fibrin gels. Scale bar = 

100 µm for all the images. B) MTT toxicity assay 24 and 48 h after the encapsulation hMSCs and 3DFectIN 

complexes within 2 and 4 mg/ml gels. C) Ten days proliferation curves for hMSCs in 2 and 4 mg/ml fibrin 

matrices. Data are shown as mean and standard deviation of three independent experiments at 3:1 

3DFectIN:mRNA ratio.  

 

To evaluate the influence of the GAM environment on hMSCs differentiation, we first 

characterized the transfection efficiency and toxicity profile of YFP mRNA-GAMs. As 

observed in figure 3A, both hydrogel concentrations exhibited a similar level of reporter 

protein expression 24 h after cell encapsulation. Likewise, MTT toxicity assays carried 

out at 24 h and 48 h, showed no significant impact on hMSCs viability regardless of the 

fibrin concentration in the activated gel (Fig. 3B). Given the duration of the 

differentiation experiments, we wanted to check the long-term effect of the RNA 

complexation reagent on cell proliferation. To this end, we conducted DNA quantitation 

assays and confirmed that the inclusion of mRNA complexes  within fibrin matrices had 

no significant effect on cell growth as compared to control matrices (Fig. 3C). In addition, 
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the results showed that cell proliferation rates are very similar between both activated 

and non-activated matrices. Fibrin matrices presented an increase in the cellular DNA 

content from day 0 to day 3 followed by a slight drop at day 7 that was maintained until 

day 10.  

 

3.3 Effect of the type of GAM on gene expression kinetics and cell-mediated 

remodeling 

 

Having characterized 3DfectIN:polynucleotide complexes at different ratios  and doses 

in terms of hMSC toxicity and transfection efficiency, we next studied the influence of 

matrix remodeling and the type of polynucleotide (mRNA vs. pDNA) on target gene 

expression during chondrogenic and myogenic differentiation. To this end, we 

conducted several experiments to compare 2 a 4 mg/ml fibrin matrices in terms of 

degradation and gene expression kinetics. We first sought to determine whether there 

was a correlation between YFP and SOX9 transfection, as previously observed in the 

model cell line (Fig. S5, S7). For this, SOX9 expression in hMSCs encapsulated within 

SOX9-activated matrices was quantified by qRT-PCR. In line with the results for YFP, 

mRNA-activated matrices induced a higher SOX9 expression compared to their pDNA 

counterparts, with almost a two fold increase. These SOX9 expression levels were always 

well over 4 orders of magnitude above those of the control matrices (hMSCs cultured in 

non-activated matrices), regardless of the type of polynucleotide activating the GAM. 

Conversely, no differences in transgene expression levels could be observed between 

matrices with 2 mg/ml and 4 mg/ml of fibrin, independently of whether they were 

activated with mRNA or pDNA (Figure 4A). Likewise, gene expression kinetics was mostly 

determined by the type of polynucleotide regardless of the matrix concentration, with 

transgene expression peaking at early and late time points for mRNA and pDNA, 

respectively (Figure 4C). Matrices of 2 mg/ml seemed to induce faster increments and 

decrements in gene expression, but no statistical differences with 4 mg/ml matrices 

could be found due to the high standard deviation among the different experiments.  
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Figure 4. SOX9 3D transfection and gene expression kinetics is determined by the type of polynucleotide 

used for activation, but not by fibrin matrix concentration. A) SOX9 expression 24 h after hMSCs 

encapsulation within SOX9 activated 2 and 4 mg/ml fibrin gels (Two-way ANOVA, n =6, *P<0.05, 

**P<0.01). B) MMP9 expression 24 h after hMSCs encapsulation within SOX9 activated matrices (Two-

way ANOVA, n =4, *P<0.05, **P<0.01). C) SOX9 expression kinetics of hMSCs encapsulated in 2 mg/ml 

and 4 mg/ml fibrin matrices activated with mRNA and pDNA. D) Degradation rates of 2 and 4 mg/ml 

matrices loaded with hMSCs (Two-way ANOVA, n=3, **P<0.01). E) Short-term proliferation curves (48 h) 

for hMSCs encapsulated in 2 mg/ml and 4 mg/ml fibrin matrices activated with mRNA and pDNA. Gene 

expression levels were measured by qRT-PCR and normalized to β-actin expression. Maximum levels of 

expression were arbitrary set as 100% in graphs shown in C as a way to highlight the tendencies with time. 

Data are shown as mean and standard deviation of three independent experiments with two replicates 

per experiment. All experiments were performed at 3:1 3DFectIN:polynucleotide ratio. 

 

Since hydrogel remodeling is linked to cell-mediated degradation, an experiment was 

performed to monitor the mass loss of cell-seeded hydrogels overtime. Although no 

significant differences could be observed between both types of matrices at 24 h, the 
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percentage of mass recovery was lower for 2 mg/ml fibrin matrices at days 2 and 5, 

indicating their faster degradation (Fig. 4D). To test whether this faster degradation was 

a consequence of a higher cell proliferation rate in the less concentrated gels, we carried 

out DNA quantitation assays. Our results indicate that cell growth is not significantly 

different between both matrices, since no differences could be found at any of the time 

points tested (Fig. 4E). Given that Matrix Metalloproteinases (MMPs) have been shown 

to be involved in the degradation of fibrin hydrogels28, we next aimed to test if the faster 

degradation of 2 mg/ml gels was a consequence of an increased MMP secretion. We 

carried out qRT-PCR analysis to check for the levels of the early marker MMP9 and we 

found that mRNA-activated matrices induced a slightly higher MMP9 gene expression 

compared to their pDNA counterparts (Fig. 4B). This effect seemed to be more dramatic 

at lower fibrinogen concentrations since mRNA-activated 2 mg/ml matrices exhibited 

the highest MMP9 expression, and it partially provides an explanation for the different 

degradation behavior.  

 

3.4 Chondrogenic differentiation 

 

We next sought to explore whether we could use the differences in transgene 

expression kinetics and gel remodeling to maximize the expression of tissue 

differentiation markers. To this end, mRNA- and pDNA-activated matrices codifying for 

SOX9 were assayed for chondrogenic differentiation. We first conducted a screening 

experiment to understand the kinetics of chondrogenic marker expression induced by 

our devices, and to select the best conditions for further analysis. We tested the two 

concentrations of fibrin hydrogels (2 and 4 mg/ml) with both types of polynucleotides 

(pDNA and mRNA) at two different polynucleotide doses (1 and 0.25 µg per 100 µl 

hydrogel). As a reference standard culture for chondrogenic differentiation, we included 

high-density cell pellet cultures. Gels and pellets were cultured in Complete 

Chondrogenic Medium (CCM) for 7 and 21 days and the expression of chondrogenic 

markers SOX9, aggrecan (ACAN) and collagen type-II (COL2A1) was assessed by qRT-PCR 

(Fig. 5). At day 7, gels activated with 1 µg of pDNA produced the highest SOX9 

upregulation followed by gels activated with 1 µg mRNA. Gels activated with 0.25 µg of 

both pDNA and mRNA induced a lower SOX9 expression although their levels were still 

higher than those of standard cell pellet cultures. The highest ACAN expression at this 

time point was obtained for both mRNA activated hydrogels, with no statistical 

differences between them. Conversely, ACAN levels in pDNA-activated hydrogels and 

cell pellets were much lower than those corresponding to mRNA-activated hydrogels. 

Regarding COL2A1 expression, mRNA gels achieved the highest gene expression again, 

followed by pDNA gels and pellet cultures, which showed very low expression compared 

to both gels. No statistical differences were found between 2 and 4 mg/ml hydrogels at 

this time point (7 days) (Fig. 5, left). At 21 days, SOX9 expression did not change 

significantly compared to the expression observed at 7 days, except for the hydrogels 
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activated with 0.25 µg of pDNA, which increased their expression levels more than five 

times during this time frame. Differences between 2 and 4 mg/ml matrices were 

observed at this time point. Indeed, 2 mg/ml matrices induced significantly higher ACAN 

and COL2A1 expression compared to 4 mg/ml matrices for almost all the conditions 

tested. Further, 4 mg/ml matrices only induced detectable COL2A1 Ct levels when 

activated with 1 µg of mRNA. The concentration of polynucleotides did not have a 

significant impact on ACAN induction, with similar ACAN levels achieved for both the 

high and the low doses. On the contrary, hydrogels activated with 1 µg f mRNA and 0.25 

µg of pDNA promoted the highest COL2A1 expression (Fig. 5, right). Together, these 

results show that 2 mg/ml mRNA-activated matrices induce the higher chondrogenic 

marker expression and that this expression is similar for both mRNA concentrations, 

namely 0.25 and 1 µg of mRNA per matrix.  
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Figure 5. mRNA-activated matrices coding for SOX9 with low fibrin concentration (2 mg/ml) induce the 

highest gene expression of chondrogenic markers after a 21 days induction assay. Chondrogenic marker 

expression of hMSCs encapsulated within 2 and 4 mg/ml mRNA and pDNA activated-fibrin hydrogels 

cultured for 7 days (left) and 21 days (right) in complete chondrogenic media. Two doses of mRNA were 

tested, namely 1 and 0.25 µg per 100 µl gel. Gene expression levels of SOX9 (A), aggrecan (B) and collagen 

type-II (C) were measured by qRT-PCR, normalized to GAPDH expression and compared to the levels in 

hMSCs before encapsulation. Data are shown as mean and standard deviation of two replicates in one 

experiment performed at 3:1 3DFectIN:polynucleotide ratio. Two-way ANOVA was performed to compare 

gene expression levels in mRNA and pDNA activated matrices of the same dose and concentration 

(*P<0.05, **P<0.01, ***P<0.001) and to compare 2 mg/ml and 4 mg/ml matrices with the same dose and 

genetic material (##P<0.01, ###P<0.001). High-density cell pellet cultures are shown as a benchmark for 

comparison purposes.  
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Having observed that 2 mg/ml GAMs exhibited the highest chondrogenic marker 

expression and that the lowest dose of 0.25 µg of SOX9 effectively induced the 

upregulation of ECM-related genes, we selected these conditions to compare the 

differentiation of hMSCs encapsulated in SOX9-activated and non-activated matrices. 

We conducted these induction assays for 21 days in complete and incomplete 

chondrogenic media (with and without TGF-β3), in order to explore the influence of 

growth factor supplementation on the differentiation outcome. Results from both, gene 

expression analysis and histological evaluation indicated that GAMs cultured in 

complete chondrogenic media (CCM) exhibited the highest chondrogenic marker 

expression. Indeed, SOX9, ACAN, COL2A1 and COLX gene expression was around 100 

times higher in CCM compared to incomplete chondrogenic media (ICM) (Fig. 6A, S9A). 

Interestingly, ACAN and COLX expression were slightly down-regulated in ICM gels as 

compared to the levels at day 0. Although no statistical differences could be found 

among the different hydrogels for most part of the chondrogenic markers, a trend was 

observed for higher gene expression levels in activated gels compared to non-activated 

ones. Statistical significance was achieved for SOX9 expression, for which levels in pDNA-

activated matrices were 100 and 10 times higher than their mRNA counterparts in CCM 

and ICM conditions, respectively (Fig. 6A, S9A). Gene expression of the hypertrophic 

marker COLX in reference pellet cultures was also significantly higher compared to all 

the gel treatments (Fig. 6A).  
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Figure 6. Higher chondrogenic marker expression is observed in hMSCs encapsulated within 2 mg/ml 

SOX9 mRNA-matrices as compared to their pDNA counterparts in the presence of soluble TGF-β3. 

Hydrogels were cultured for 21 days in complete chondrogenic media. A) Gene expression levels of 

chondrogenic markers SOX9, aggrecan (ACAN) and collagen type-II (COL2A1), and the hypertrophy marker 

collagen type-X (COLX) were measured by qRT-PCR, normalized to GAPDH expression and compared to 

the levels in hMSCs before encapsulation. Data are shown as mean and standard deviation of three 

replicates in one representative experiment performed at 3:1 3DFectIN:gene ratio. A one-way ANOVA was 

performed to compare gene expression levels (*P<0.05, **P<0.01). B) Immunohistological examination of 

glycosaminoglycan and collagen deposition. Hydrogels were stained with alcian blue for sGAG detection 
while collagen was detected by immunohistochemistry. Standard cell pellet culture is shown for 

comparison. 
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Histological evaluation of SOX9 mRNA-GAMs cultured in CCM showed an extensive 

glycosaminoglycan (sGAG) accumulation as assessed by Alcian Blue staining. sGAG 

deposition was much lower in the rest of conditions, especially in the case of the 

reference cell pellet cultures (Fig. 6B). Immunohistochemical analysis of collagen type-II 

revealed a similar trend, with SOX9 mRNA-GAMs inducing a more homogeneous 

collagen II expression compared to their pDNA counterparts. Reference cell pellet 

cultures exhibited a notably high collagen II expression in contrast to their low sGAG 

secretion. Conversely, control matrices did not show appreciable collagen II protein 

expression as assessed by immunohistochemistry.  For experiments performed without 

TGF-β3 supplementation, a lower sGAG deposition was observed, suggesting a 

synergistic effect between SOX9- and TGF-β3-mediated signaling in MSC chondrogenic 

differentiation. However, in agreement with the experiments performed in CCM, both 

GAMs exhibited a slightly higher Alcian Blue staining compared to control gels (Fig. S9B). 

This tendency was also observed for collagen stained with Sirius red, with the presence 

of more dense areas in the case of activated matrices, highlighting the value of SOX9-

GAMs for chondrogenic differentiation even in the absence of TGF-β supplementation.  

 

3.5 Myogenic differentiation 

 

Encouraged by the good results obtained for the chondrogenic differentiation 

experiments, in a last step we assessed the potential of mRNA matrices for myogenic 

differentiation. To this end, we activated fibrin gels (2 and 4 mg/ml) with MYOD mRNA 

and evaluated the expression of myogenic markers in hMSCs. First, we evaluated the 

kinetics of myogenic gene expression after transfection within the matrices. As it was 

the case for SOX9-mRNA GAMs, the expression of MYOD in hMSCs was highly 

upregulated at 12 h post transfection (Fig. 7A), reaching expression levels which are 8 

orders of magnitude as compared to the original ones. Interestingly, contrary to the 

gradual decay in transcription factor expression observed in SOX9 mRNA matrices over 

time (12-48 h), this high MYOD expression was maintained over the entire experiment 

(48 h). This is most probably related to the fact that this mRNA was chemically modified 

to increase its resistance to RNases, while for SOX9 we used non-modified sequences. 

MYOD matrices were also able to induce a high upregulation of MYOD direct 

transcriptional targets implicated in myogenesis; myogenin (MYOG) expression was 

upregulated by 5 orders of magnitude while the integrin cadherin 15 (CDH15) was 

upregulated by 3 orders of magnitude.  These upregulations occurred as fast as the 

induction of MYOD expression, suggesting the onset of a myogenic differentiation 

program coinciding with the encapsulation of hMSCs within the matrices. A similar 

myogenic marker expression trend was observed for both, 2 and 4 mg/ml MYOD 

matrices, with no significant differences between them.  
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Figure 7. MYOD-activated fibrin hydrogels induce a rapid onset of myogenic differentiation in hMSCs. 

A) Kinetics of myogenic marker expression in hMSCs cultured in MYOD-matrices for 2 days. Cells were 

maintained in growth media (α-MEM 10% FBS). Data are shown as mean and standard deviation of two 

independent experiments. B-C) Myogenic differentiation experiment. Hydrogels were cultured for 7 days 

in α-MEM (5% FBS) followed by a 7 days culture in DMEM high glucose (2% HS, 10 ng/ml IGF-1). B) Gene 

expression levels of myogenic markers MYOD, myogenin (MYOG), myosin heavy chain type 2 (MYH2) and 

myosin heavy chain type 3 (MYH3) were measured by qRT-PCR, normalized to β-actin expression and 

compared to the levels in hMSCs before encapsulation. Data are shown as mean and standard deviation 

of three replicates in one experiment at 3:1 3DFectIN:mRNA ratio. Two-way ANOVA was performed to 

compare gene expression levels (*P<0.05, **P<0.01, ***P<0.001). C) Examination of myosin heavy chain 

expression by immunohistochemistry.  
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Next, hMSCs were cultured for 14 days within the matrices to perform myogenic 

differentiation experiments. Two doses and two differentiation schedules were tested 

to maximize the differentiation output. In a first set of experiments, fibrin matrices were 

activated with 0.5 µg mRNA per 100 µL gel and encapsulated hMSCs were cultured in 

growth medium for one day and DMEM high glucose supplemented with 2% horse 

serum (HS) during the rest of the experiment. In a second set of experiments, matrices 

were activated with 0.25 µg mRNA per 100 µL gel and hMSCs were cultured following a 

two-step schedule consisting of a growth phase and a differentiation phase. During the 

growth phase, hMSCs were cultured in α-MEM supplemented with 5% fetal bovine 

serum (FBS) for 7 days. Subsequently, media was changed to DMEM high glucose 

supplemented with 2% HS and 10 ng/ml insulin growth factor 1 (IGF-1) for the next 7 

days (differentiation phase). At the end of the experiments, gels were retrieved and 

myogenic marker expression was assessed by qRT-PCR and immunohistochemistry 

(IHC). In agreement with our previous kinetics experiments, MYOD and MYOG mRNA 

expression was very high regardless of the schedule (Fig. S10A, Fig. 7B). Interestingly, 

whereas mRNA dose directly affected MYOD relative expression in hMSCs, with the 

lowest dose yielding 1000 times less MYOD expression, MYOG maximum expression was 

maintained, suggesting that MYOD might be well above its saturation levels for affecting 

its direct transcriptional targets such as MYOG (Fig. S10A, Fig. 7B). In addition, myosin 

heavy chain 2 and 3 (MYH2 and MYH3) mRNA expression was higher when the low 

mRNA dose and IGF-1 were used (Fig. S10A, Fig.7B), leading to higher myosin heavy 

chain protein synthesis, which was confirmed by IHC (Fig. S10B, Fig.7C). Differences 

between 2 and 4 mg/ml gels also arose in the IGF-1 set of experiments. Indeed, while 

MYOD and MYOG levels in 2 mg/ml matrices were similar to the ones observed for the 

high dose experiments, their values were much lower for the 4 mg/ml fibrin hydrogels 

(Fig. S10A, Fig. 7B). Conversely, MYH2 expression was significantly higher in hMSCs 

encapsulated within 4 mg/ml mRNA GAMs (Fig. 7B), a tendency that seems to be also 

observed for MYH3, although the variations did not reach statistical significance (Fig. 

S10A, Fig. 7B). 

 

4. Discussion  

 

In this work, we show that mRNA-activated matrices encoding pivotal transcription 

factors (TF) in musculoskeletal development can efficiently direct hMSCs lineage 

specification for tissue engineering applications. Several recent studies have 

investigated the use of mRNA-GAMs encoding growth factors (GF) for bone 

regeneration, and demonstrated their superior performance compared to their pDNA 

counterparts10,11,29. While this approach has been successful for some straightforward 

cell differentiation processes like in bone engineering, this has not been the case for 

more complex tissues such as cartilage30. As compared to GFs, TFs have been identified 

as powerful tools to induce cell reprogramming or directed differentiation12–16, and their 
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use in pDNA-GAMs has proven successful for cartilage and bone regeneration17,18. Based 

on this knowledge, we hypothesized that the efficacy of mRNA-induced transgene 

expression could enhance the regenerative potential of TF-based GAMs. To address this 

possibility, mRNA sequences encoding two TFs, SOX9 and MYOD, were nanocomplexed 

and homogeneously loaded into fibrin hydrogels together with hMSCs, in order to 

promote stem cell transfection and directed differentiation in a three-dimensional (3D) 

context. Fibrin has been FDA approved as a surgical sealant for almost 20 years, is 

amenable for in situ gel formation and has a positive record on reverse and 3D 

transfection31–33, which support its applicability for clinically useful mRNA activated gels. 

In addition, fibrin can be extracted from the patient’s blood, constituting an autologous 

scaffold and thus alleviating any risk of immune reaction34.  

 

In agreement with previous literature, our results show that fibrin-based GAMs are very 

bioactive, promoting cell attachment and stimulating hydrogel remodeling and the 

deposition of extracellular matrix (ECM)35. This is a critical characteristic for 3D 

transfection, since gene transfer has been described to occur while cells proliferate and 

colonize the 3D matrices, thus taking up the entrapped nanoparticles31–33,36–38. Indeed, 

our fibrin matrices induced a high transfection efficiency of encapsulated hMSCs, 

showing at least a 50,000-fold increase in transgene expression levels compared to 

control cells (Fig. 4). This expression was higher for mRNA-activated gels, and especially 

potent for RNase resistant mRNA sequences, which is consistent with previous studies 

performed in 2D (Fig. 7)16. Gene expression kinetics also proved to be in agreement with 

previous 2D experiments, where mRNA transfection induces rapid changes in gene 

expression while pDNA transfection gradually increases over time16,39. Interestingly, 

whereas transgene expression in non-modified mRNA matrices decreased over time, 

transgene expression levels in RNase-resistant-mRNA matrices remained constant for at 

least two days, and probably maintained for at least two weeks (Fig. 7). This different 

behavior highlights the importance of selecting the appropriate sequences to obtain the 

best gene expression profile depending on the desired application.  

 

Stem cell directed differentiation experiments confirmed the value of SOX9 and MYOD 

mRNA GAMs over previously explored pDNA GAMs. Compared to SOX9 pDNA-GAMs, 

SOX9 mRNA-GAMs induced a much faster mRNA upregulation of chondrogenic markers, 

an effect that was already evident at day 7 after hMSCs encapsulation. MYOD mRNA 

GAMs further supported this rapid induction of tissue-specific markers, by promoting 

the upregulation of myogenic markers as early as 12 h after hMSCs encapsulation, even 

in the absence of myogenic induction media. Importantly, this potent tissue marker 

expression in SOX9 and MYOD mRNA GAMs was translated into the generation of 

cartilage-like and muscle-like tissues of improved quality. Together, these results 

suggest that the fast TF upregulation induced by mRNA GAMs results in a faster onset 

of the cell differentiation programs that may be beneficial for tissue regeneration. This 
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might have implications for the clinical translation of GAM-based technologies, where a 

rapid tissue formation is especially crucial to avoid material loss and cell clearance at the 

damaged tissue. Interestingly, our observations also bring insights on the significance of 

mRNA dose to induce TF-driven differentiation and suggest that, in contrast to the 

general perception, maintenance of very high TF expression levels as differentiation 

progresses might be counterproductive. In the case of chondrogenic differentiation, 

reducing SOX9 mRNA dose four times resulted in a dramatic decrease in SOX9 

expression, but produced only a slight effect on aggrecan levels, suggesting that there is 

a plateau in SOX9-induced aggrecan expression. Similarly, whereas reducing mRNA dose 

to the half resulted in a 1000-times lower MYOD expression in hMSCs, MYOG maximum 

expression was maintained. Previous works have shown that high levels of TFs can exert 

a negative feedback on target gene expression40–42. Similarly, Yamanaka et al. have 

shown that TF induction needs to be stopped during induced pluripotent stem cell 

reprogramming for the process to be successful43. In light of these observations, one 

could anticipate that TF mRNA dose and pharmacokinetics must be considered as 

important design parameters for TF mRNA GAMs.  

 

A number of works have unveiled the role of the mechanical properties of materials 

systems to direct cell specification44–46. In agreement with these studies, we found that 

the GAM environment dramatically influences MSC chondrogenic and myogenic 

differentiation. Indeed, our results show that 2 mg/ml SOX9-GAMs induce a more potent 

upregulation of chondrogenic markers compared to 4 mg/ml GAMs. For myogenic 

differentiation, 2 mg/ml MYOD-GAMs generated again the highest levels of immature 

markers, but it was the 4 mg/ml MYOD-GAMs that induced a higher expression of the 

mature markers (i.e. myosin heavy chain) (Fig. 7). Previous studies have highlighted the 

importance of matrix remodeling through proteolytic degradation as a critical process 

for tissue formation. Encapsulated cells must proliferate and secrete ECM components 

that allow them to eventually substitute the scaffold template47–50. In this sense, 

material systems have been engineered to respond to MMP secretion by adapting 

scaffold architecture to cell-remodeling events51–53. This is especially relevant for MSCs 

chondrogenesis, where hydrogel remodeling may lead to mesenchymal condensation, a 

process that is critical for the onset of the differentiation program54–57. The results from 

cell-mediated degradation experiments of both fibrin matrices showed that 2 mg/ml 

matrices were degraded faster. These 2 mg/ml mRNA GAMs also promoted a higher 

upregulation of MMP9 expression, a result that is consistent with previous literature 

exploring the role of MMPs on fibrin hydrogel breakdown28. These results are consistent 

with the higher ECM synthesis observed in less concentrated mRNA-GAMs, likely related 

to their faster degradation that results in hydrogel breakdown and cell condensation. 

This was especially notorious in the case of the ECM protein collagen type-II, which 

mRNA failed to be upregulated in the more concentrated GAMs. In the case of muscle 

regeneration, manipulations on material systems have been mostly oriented to mimic 
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the elasticity and topography of the native tissues.  Indeed, maximum myotube striation 

has been shown to occur in materials with a Young’s modulus of ≈ 12 kPa58,59, whereas 

myotube alignment has been augmented through material patterning and mechanical 

stimulation60–62. Although our work has not focused on the engineering of MYOD-mRNA 

GAM to mimic the properties of the muscular tissue, we suggest that the increased 

myogenic marker expression observed in 4 mg/ml GAMs could be related to a better cell 

alignment derived from their more slowly degradation.  

 

Overall, this work provides the first evidence of a mRNA-activated matrix encoding 

transcription factors as a new tool for controlling cell differentiation. Our results show 

several strengths for this technology in tissue engineering: (i) potent and fast induction 

of specific differentiation programs, (ii) controllable transcription factor expression 

kinetics that allows the process to proceed in self-regulated fashion once triggered, (iii) 

broad applicability to many different tissue engineering problems, (iv) capacity to 

upregulate pivotal differentiation markers, reaching levels higher than most data 

reported in the literature. Already in this first approximation, we were able to apply this 

technology to successfully generate cartilage- and muscle-like tissues as confirmed by 

gene expression and histological analysis. In addition, we identified some of the critical 

parameters affecting the performance of mRNA-GAMs encoding TFs, such as mRNA 

dose and chemical modification (i.e. its biological stability), and the mechanical 

properties of the scaffold. Although our results provide some insights on how to 

modulate these factors in order to improve GAM design, further studies will be required 

to better elucidate the influence of these variables to be able to better adapt these 

GAMs to their target application.   

 

5. Conclusions 

mRNA-activated fibrin hydrogels encoding pivotal transcription factors (TF) SOX9 and 

MYOD were developed to direct stem cell specification for tissue engineering 

applications. When compared to previously explored TF codifying pDNA activated 

matrices, these systems could effectively induce a higher and faster TF gene expression. 

This potent TF expression, in turn, promoted a faster onset of the corresponding 

differentiation cascades, resulting in a more efficient protein synthesis of tissue-specific 

markers. mRNA-activated matrices are cell compatible and easily injectable, 

representing a suitable cell-based platform. Modulation of mRNA dose and matrix 

mechanics could further tune the system performance, allowing for the generation of 

optimized devices. Based on these attractive properties, we believe that mRNA-

activated matrices encoding TFs may become a centerpiece in a new generation of 

systems intended for tissue engineering and regenerative medicine.  
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SUPPORTING INFORMATION 

Supplementary methods 

2D Lipofectamine® 2000 transfection 

For 2D transfections, cells were plated in 96 well plates approximately 12 h prior to 

transfection at a density of 90000 (U87MG) or 75000 (hMSCs) cells/cm2. Four hours 

before transfection, media was changed to OptiMEM reduced serum medium (Gibco). 

Then, 50 µl of Lipofectamine complexes (Gibco), at 0.5:1 Lipofectamine:DNA/RNA ratios 

(µl:µg), were prepared in OptiMEM following manufacturer’s instructions. Briefly, a 

solution containing 1 µg of mRNA/pDNA was added over a solution containing 0.5 µl of 

Lipofectamine®2000 reagent in a 1/1 v/v ratio, mixed by pipetting up-down and 

incubated for 20 min at room temperature. Complexes were added over the cells drop-

by-drop and incubated for 6 hours. Subsequently, complexes were aspirated and cells 

were maintained in regular growing media until analysis. The transfection reaction was 

escalated for plates of higher surface areas.  

 

Protein extraction from 2D cultures 

Cells were retrieved from the plates, pelleted by centrifugation (5 min, 15 °C, 1000 rpm) 

and washed two times with PBS. RIPA buffer supplemented with protease inhibitor 

cocktail (Sigma-Aldrich) was added to the clean pellet (0.5 ml per 60 mm dish) followed 

by a 20 min incubation on ice. Samples were then sonicated in a Branson Digital Sonifier 

250 (30% amplitude, 5 pulses of 1 sec), centrifuged (15 min, 16000xg, 4 °C) and 

supernatants were collected for further analysis. Protein concentration was determined 

by UV absorbance using a Multiskan GO spectrophotometer (Thermo Scientific) and the 

Bradford method. A bovine serum albumin (BSA) calibration curve and the 590/450 nm 

linearization method1.  

 

Western blot 

Protein extracts (25-50 µg) were mixed with 5x Laemmli buffer, denaturated at 95 °C in 

a Thermoblock for 5 min and separated in 10% PAGE gels. Then, proteins were 

electroblotted onto a PVDF membrane using a semi-dry blotter (Sigma-Aldrich) 

operated at 1.2 mA/cm2 membrane for 1 h. Non-specific binding sites were blocked for 

2 hours at room temperature with 5% nonfat milk in 0.05% TNT buffer. The membrane 

was incubated overnight at 4 °C with SOX9 rabbit primary antibody (Santa Cruz 

Biotechnologies, Dallas, TX, USA) and Tubulin mouse primary antibody (Sigma-Aldrich) 

using a 1:500 and 1:3000 dilution in 1% TNT, respectively. The membrane was then 

washed three times with 1% TNT for 10 min and further incubated for 45 min with HRP-

conjugated secondary antibodies (GE Healthcare, Chicago, IL, USA) at room temperature 

and 1:20000 dilution in 0.5% TNT. After three more washes with 0.5% TNT, the 

immunoblots were finally visualized following the addition of HRP SuperSignal® West 

Dura Extended Duration Substrate (Thermo Scientific). 
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Supporting figures 

 

 Table S1. List of Taqman assays employed for qRT-PCR experiments. 

 

 

 

 

 

 

 

 

 

 

Fig. S1. Scheme of the plasmid templates used for In Vitro Transcription (IVT) reactions and the most 

probable secondary structrures of the corresponding mRNAs. (A) SOX9 coding sequence (CDS) and the 

3’ UTR of the α globin gene were cloned into a pCMVTnT expression vector (Promega). YFP coding 

sequence and the SV40 polyadenilation signal were digested from a pIRES YFP vector (Clontech) and 

ligated into a pBluescript KS (+) vector. (B) Minimun Free Energy base pair probabilities according to 

Vienna RNA website (Gruber AR et al, Nucleic Acids Res. 2008) yield a value of -227.39 and -617.09 

kcal/mol free energy for the thermodynamic ensemble of YFP and SOX9 RNA molecules, respectively. 

TaqMan assays (Applied Biosystems) 

SOX9 (human) Hs00165814_m1  

ACAN (human) Hs 00153936_m1 

COL2A1 (human) Hs00264051_m1 

COL10A1 (human) Hs00166657_m1  

MYOD1 (human) Hs00159528_m1  

MYOG (human) Hs01072232_m1  

CDH15 (human) Hs00170504_m1  

MYH2 (human) Hs00430042_m1 

MYH3 (human) Hs01074230_m1 

ACT B (human) Hs99999903_m1 

GAPDH (human) Hs99999905_m1 
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Fig. S2. Negative controls for Myosin Heavy Chain detection by immunohistochemistry. Negative 

controls were processed in the same way as samples but without the addition of the primary antibody. 

Controls correspond to the experiment with the two step schedule: 7 days in α-MEM (5% FBS) followed 

by a 7 days in DMEM high glucose (2% HS, 10 ng/ml IGF-1).  

 

 

 

Fig. S3. 3DFectIN:pDNA particles at 1:1 ratio show an incomplete encapsulation of the pDNA cargo. A) 

Agarose displacement test of 1:1 YFP pDNA loaded 3DFectIN complexes as compared to 2:1 and 3:1 

complexes (µL 3DFectIN:µg pDNA). B) Representative size intensity distributions of blank (non-loaded) 

and pDNA-loaded 3DFectIN complexes prepared at 1:1 ratio as measured by DLS. 
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Fig. S4. In vitro transcribed mRNAs induce an efficient protein expression after 2D transfection. (A) 

Fluorescent micrograph (right) and corresponding optical micrograph (left) showing YFP protein 

expression 12 h after YFP mRNA transfection in U87MG cells. (B) SOX9 protein expression 12 and 24 h 

after SOX9 mRNA transfection in HEK293 cells. Protein lysates of untreated and pDNA-transfected cells 

were used as negative (C-) and positive (C+) controls, respectively.  

 

Fig. S5. 3DFectIN:mRNA/pDNA complexes at 3:1 ratio exhibit the best compromise between 

transfection efficiency and cytotoxicity. Screening of 3DFectIN:mRNA/pDNA ratios with YFP reporter 

sequence and U87MG cell line in 4 mg/mL fibrin gels. Representative fluorescence and optical 

micrographs corresponding to transfection experiments performed with 1 µg mRNA (left) and pDNA 

(right) complexed to 3DFectIN® reagent using 2:1 (top), 3:1 (middle) and 4:1 (bottom) 

3DFectIN:mRNA/pDNA ratios (µL:µg).  
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Fig. S6. A dose of 1 µg mRNA shows the best compromise between forced protein expression and 

cytotoxicity. Screening of mRNA dose with YFP reporter sequence in 4 mg/mL fibrin gels loaded with 

U87MG cells. Representative fluorescence and visible micrographs corresponding to transfection 

experiments performed with 1 and 2 µg of mRNA complexed with 3DFectIN® reagent using 3:1 (left) and 

4:1 (right) 3DFectIN:mRNA ratios (µL:µg).   

 

Fig. S7. qRT-PCR and cytotoxicity assays confirm that ratio 3:1 shows the best compromise between 

transfection efficiency  and toxicity. Screening assay of transfection ratios and cytotoxicity of U87MG 

cells cultured within 4 mg/ml fibrin hydrogels. Non-activated gels were used as a control (labelled “C” in 

the graphs). Ratios 2:1 and 3:1 3DFectIN:mRNA/pDNA tested for SOX9 target gene expression (A) and the 

best condition (i.e. 3:1 ratio) was replicated to compare mRNA and pDNA transfection (One-way ANOVA, 

n=2, **P<0.01) (B). The cytotoxicity of the gels was measured by a MTT assay at 24 h and 48 h (Two-way 

ANOVA, n=3, *P<0.05, **P<0.01) (C) and the capacity of the control hydrogels to support cell proliferation 

was confirmed by analyzing DNA mass in the culture at 0, 3 and 7 days by a PicoGreen Assay (One-way 

ANOVA, n=3, ***P<0.01) (D). All statistical differences noted in the panel are vs. the control except 

explicitly noted. 
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Fig. S8. Kinetics of YFP reporter protein expression in mRNA and pDNA activated matrices. 

Representative fluorescence and visible micrographs corresponding to transfection experiments 

performed with 1 µg of mRNA/pDNA and 3:1 3DFectIN:gene ratios (µL:µg). Fluorescence derived from 

YFP protein expression was monitored from 24 hours  to 5 days post- cell encapsulation in 4 mg/mL fibrin 

gels.  

 

 

 



Chapter 2 

209 
 

 
 

Fig. S9. Higher chondrogenic marker expression is observed in hMSCs encapsulated within 2 mg/ml 

SOX9-activated matrices as compared to control matrices in the absence of soluble TGF-β3. Hydrogels 

were cultured for 21 days in incomplete chondrogenic media.  A) Gene expression levels of chondrogenic 

markers SOX9, aggrecan (ACAN), collagen type 2 (COL2A1) and collagen X (COLX) were measured by qRT-

PCR, normalized to GAPDH expression and compared to the levels in hMSCs before encapsulation. Data 

are shown as mean and standard deviation of three replicates in one experiment at 3:1 3DFectIN:gene 

ratio. One-way ANOVA was performed to compare gene expression levels (***P<0.001). B) Histological 

examination of glycosaminoglycan and collagen deposition. Hydrogels were stained with alcian blue and 

Sirius red for sGAG and collagen staining, respectively. 
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Fig. S10. Myogenic differentiation within MYOD matrices following the differentiation schedule. 

Hydrogels were cultured for 1 day in α-MEM supplemented with 10% FBS and 13 days in DMEM high 

glucose supplemented with 2% horse serum.  (A-D) Gene expression levels of myogenic markers MYOD, 

myogenin (MYOG), myosin heavy chain 2 (MYH2) and myosin heavy chain 3 (MYH3) were measured by 

qRT-PCR, normalized to β actin expression and compared to the levels in hMSCs before encapsulation. 

Data are shown as mean and standard deviation of three replicates in one experiment. An unpaired T test 

was performed to compare gene expression levels (*P<0.05). (E) Immunohistochemistry examination of 

myosin heavy chain expression.  
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CHAPTER 3 

Modulation of Gene Activated Matrix mechanics enhances the 3D transfection 

and SOX9-directed differentiation of Mesenchymal Stem Cells 

 

This work has been done in collaboration with the Wyss Institute for Biologically Inspired 

Engineering and the John A. Paulson School of Engineering and Applied Sciences at 

Harvard University  

 

 

ABSTRACT 

Gene-activated matrices (GAMs) based on mRNA have been developed in order to 

overcome the low gene transfer efficiency of pDNA. However, even with the higher 

potency of mRNA-based GAMs, the process of 3D cell transfection remains to be 

completely understood to be able to design fully optimized GAMs. Here, we investigated 

whether GAM mechanical properties could be tuned to maximize cell transfection and 

phenotype specification for tissue engineering applications. We developed collagen-I-

alginate interpenetrating polymer networks (IPNs) with tunable stiffness and adhesion, 

and we activated them with nanocomplexed SOX9 mRNA to direct mesenchymal stem 

cell (MSC) chondrogenic differentiation. We found that 3D transfection was enhanced 

by IPN stiffness and adhesion, which jointly promoted an increased cell proliferation and 

nanocomplex uptake. In differentiation experiments, IPN-mediated SOX9 transfection 

effectively induced MSCs chondrogenesis, reducing the levels of hypertrophy compared 

to non-transfected IPNs. More importantly, MSCs transfected within the IPNs showed a 

higher chondrogenic marker expression compared to MSCs transfected in 2D prior to 

encapsulation. These findings highlight matrix stiffness and adhesion as important 

design parameters in GAMs for use in regenerative medicine. 

 

Key words: GAMs, IPNs, 3D transfection, mRNA, SOX9, tissue engineering
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1. Introduction 

 

Stem Cell (SC) directed differentiation holds great promise in tissue engineering as a 

means to generate virtually any differentiated cell type to restore damaged or diseased 

tissue1,2. Studies in developmental biology have offered important insights into key 

growth factors (GFs) and, specifically, transcription factors (TFs) to direct SCs fate along 

specific pathways3,4. Based on this knowledge, several GFs have been included in 

polymer matrices to promote the differentiation of tissue resident SCs, and some 

devices based on this strategy have reached the market5,6. However, concerns have 

raised regarding the high doses of GF needed to compensate their short half-lives, and 

particularly the poor control over their release profiles, which in turn lead to side 

effects7–9.  

Gene Activated Matrices (GAMs) aim to overcome these limitations by delivery of 

polynucleotides encoding GFs and pivotal TFs in tissue development10,11 to induce their 

stable expression. Although first GAMs were based on plasmid DNA (pDNA), recently it 

has been shown that mRNA-based GAMs may surpass the low gene transfer efficiency 

of pDNA. Indeed, Elangovan et al. first demonstrated the superior regenerative capacity 

of BMP-2 mRNA-GAMs compared to their pDNA counterparts12, and subsequent work 

further showed the value of this strategy13,14. Nevertheless, even with the increased 

potency of mRNA-based GAMs, transfection efficiency should be maximized for these 

material systems to realize their full potential. Previous work has emphasized the role 

of the extracellular matrix (ECM) in gene transfer in 2D environments, identifying the 

positive effect of both stiffness15 and adhesion16 in bolus transfection. Other works 

performed in 2D have also investigated the influence of the nature of the ECM proteins 

to promote transfection17,18. However, due to the higher complexity of cell transfection 

in 3D environments19,20, conclusions obtained from 2D studies do not always translate 

to 3D systems21–24. For this reason, there is a significant need for more systematic 

studies performed in 3D substrates. Moreover, in GAMs oriented to SC reprogramming, 

the adjustment of their mechanical properties may complement the effect of TF 

enforced expression, as mounting evidence has proved the modulation of SC fate by 

matrix stiffness, elasticity and stress-relaxation25–29.  

Here, we investigated whether 3D gene transfer could be enhanced by modulating the 

mechanical properties of the GAM environment, and whether GAM mechanics could be 

further exploited to stimulate tissue repair. To this end, we developed a set of 

interpenetrating polymer networks (IPNs) of collagen-I and alginate, and investigated 

their capacity to promote the transfection of SOX9 mRNA, a pivotal TF in 

chondrogenesis30,31.  Previous works on mRNA GAMs have been focused on GF, and 

despite the success of mRNA for directing cell fate by enforced TF expression32, to our 

knowledge, this approach has not been tested in a GAM yet. In addition, IPNs enable gel 

stiffness to be tuned independently of gel architecture, polymer concentration or 
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adhesion ligand density33, and their composition resembles that of the native 

cartilaginous tissue34,35, making them ideal platforms for this study. We fabricated IPNs 

with tunable stiffness and adhesion properties by modifying the concentration of the 

crosslinking agent33 (i. e. calcium carbonate nanoparticles), and adjusting the ratios of 

the two polymers. We show that, for the same level of adhesion, IPNs of higher stiffness 

induced the highest transfection efficiency, and that this positive effect of stiffness was 

likely mediated by an increased cell proliferation and uptake of the mRNA condensates. 

In differentiation experiments, IPN-mediated SOX9 enforced expression induced the 

effective chondrogenesis of SCs, reducing the levels of hypertrophy compared to non-

transfected IPNs. More importantly, SCs transfected within the IPNs showed an 

increased chondrogenic marker expression compared to SCs transfected in 2D prior to 

encapsulation. Taken together, these results provide insights to maximize non-viral 

mRNA delivery in synthetic ECMs in order to improve GAMs for use in regenerative 

medicine.  

 

2. Materials and methods 

 

2.1 Cell culture 

Human adipose derived Mesenchymal Stem Cells (MSCs) and human bone marrow 

derived MSCs were acquired to ATCC and isolated from fresh unprocessed bone marrow 

(Lonza), respectively. Briefly, bone marrow samples were diluted in cold PBS pH 7.2 

(Gibco) supplemented with 2% v/v heat inactivated fetal bovine serum (Gibco) and 

filtered (pore size 100 µm). Then, the diluted cell suspension was added over 

Lymphoprep (Stemcell Technologies) and centrifuged (800xg, 30 min, 20°C) yielding an 

interphase of mononuclear cells. CD14 microbeads (Miltenyi Biotech) were used for the 

depletion of CD14+ cells by magnetic separation and MSCs were allowed to adhere to 

tissue culture flasks. MSCs were cultured in α-MEM (Gibco) supplemented with 10 ng/ml 

rhFGF basic (Peprotech), 1% penicillin-streptomycin (Gibco) and 10% (adipose MSCs) 

or 20% (bone marrow MSCs) heat inactivated fetal bovine serum. Cells were detached 

from the plates using TrypLE enzyme solution (Gibco) and plated at 5000-7500 cells/cm2. 

Media was changed every 2-3 days and cells were split at 70-80% confluency. For 

experiments involving ROCK inhibition, Y-27632 was added to cell culture media at 10 

µM.  

 

2.2 Preparation of 3DFectIN complexes 

For 3D transfection experiments, 25 µl of transfection complexes were prepared per 150 

µl of total IPN mix. Complexes were assembled in OptiMEM (Gibco) at 3:1 

3DFectIN:mRNA/pDNA ratio (µl:µg), following the manufacturer’s instructions. Briefly, 

a solution containing 1.5 µg of SOX9 mRNA/pDNA was added over a solution containing 

4.5 µl of 3DFectIN reagent (OZ Biosciences) in a 1/1 v/v ratio, mixed by pipetting up-

down and incubated for 20 min at room temperature. To investigate the distribution of 



Chapter 3 

217 
 

the complexes within the IPNs, SYBRGold-labeled pDNA complexes were prepared. A 

pDNA aqueous solution was labeled by mixing with a 50X DMSO solution of SYBR®Gold 

Nucleic Acid Gel Stain (Invitrogen) in a ratio 1:1 (µg:µl) and incubated for 5 min at room 

temperature before complex formation. Complexes were then encapsulated within the 

IPNs and visualized under fluorescence microscopy (EVOS FL Cell Imaging system). 

 

2.3 IPNs preparation 

Low viscosity, low MW sodium alginate was purchased from Pronova (UP VLVG). Before 

its use, alginate was dialyzed against deionized water for 2 days (3.5 kDa cutoff) and 

lyophilized. Dry alginate was then reconstituted at 8.0% w/v in Hank’s Balanced Salt 

Solution (HBSS) without calcium and magnesium prior to IPN formation. Ice-cold bovine 

collagen type I (Advanced Biomatrix) was mixed with 1 M HEPES and 10X HBSS solutions 

at 1:50 and 1:10 v/v ratios to the amount of collagen needed, respectively, and pH was 

adjusted to 7.4 with NaOH 1 M. Calcium carbonate nanoparticles (nano-PCC, Multifex-

MM, Specialty Minerals) were encapsulated within the IPNs to crosslink the alginate, 

and Ca2+ release was triggered by a media acidification induced by the addition of 

glucono delta-lactone (GDL). Before encapsulation, nanoparticles were suspended in 

RNAse free water (Invitrogen) at 1% w/v, sonicated for 15 s at 70% amplitude and 4°C 

(Branson Sonifier) and maintained under magnetic stirring to prevent sedimentation. 

GDL (Merck) was dissolved in HBSS (4% w/v) and incorporated to the IPN mix at a 

fourfold molar excess with respect to alginate, immediately before IPN molding. For 

transfection experiments, pDNA and mRNA complexes were prepared as previously 

described (2.2) and mixed with hMSCs prior to their encapsulation within the IPNs. 

hMSCs were suspended at 22.5 x 106 cells/ml in OptiMEM and added to the IPN at a 

density of 1.5 x 106 cells/ml. 

 

All the different components were blended in 2 ml glass vials placed on an ice bath under 

magnetic stirring. HBSS supplemented with 20 mM HEPES and 37 mM NaOH was added 

first to reach the final volume of IPN mix.  Ice-cold collagen solution was then included, 

and while it was stirring, transfection complexes were mixed with hMSCs by pipetting 

up-down and then added to the collagen solution. Once this mix was homogeneous, 

calcium carbonate nanoparticles were incorporated, followed by the addition of 

alginate.  Finally, the solution of GDL was added and IPNs were casted in 96 or 48 well 

plates (Thermo Fisher Scientific). IPNs were then allowed to gel for 30 min at room 

temperature (alginate crosslinking) and 30 min at 37 °C (collagen crosslinking). Due to 

the drop in pH caused by the hydrolysis of GDL, pH was balanced by the addition of HBSS 

20 mM HEPES during the first 4h after IPN crosslinking. Once pH was stabilized, culture 

media was added on top of the IPNs. Culture media was refreshed every 2-3 days.  
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2.4 Mechanical Characterization of IPNs  

IPN mechanical properties were characterized with an AR-G2 stress controlled 

rheometer (TA Instruments). IPNs without cells and gene complexes were prepared as 

described above and placed onto the surface plate of the rheometer immediately before 

gelation. Right after, a 20 mm 2° aluminum cone was put into contact with the IPN 

creating a 20 mm gel disk. To prevent sample dehydration, the exposed gel surfaces 

within the rheometer geometry were surrounded with a wet Kimwipe, and 800 µl of 

HBSS were carefully added after the first step of IPN gelation. IPNs were allowed to gel 

at 25°C for 30 min (alginate crosslinking) followed by 30 min of collagen crosslinking at 

37°C, and mechanical properties were measured over time as previously described36. 

The storage modulus at 0.5% strain and 1 Hz was recorded periodically until it reached 

its equilibrium value (30-60 min Fig. S1). Then, a strain sweep (0.1-20% strain) was 

performed to confirm this value was within the linear elastic regime, followed by a 

frequency sweep (0.1-10 Hz) (Fig. S2). No pre-stress was applied to the IPNs for these 

measurements. For stress-relaxation measurements, strain was raised during 1 s to 15% 

and then held constant, while the load was recorded as a function of time. Both the 

sweeps and stress-relaxation analysis were performed at 37°C.  

 

2.5 Cell retrieval for gene expression and flow cytometry analysis  

At the desired time points, cells were retrieved from the IPNs before RNA extraction and 

fluorocytometric analysis. Media was aspirated and IPNs were washed twice with PBS 

(Gibco). IPNs were then removed from the plates with a spatula and placed in 1.5 ml 

tubes before a two-step enzymatic digestion. Fresh enzyme solutions were prepared in 

Ca2+, Mg2+ PBS (Gibco) supplemented with 1% bovine serum albumin (Sigma). In a first 

step, 350 µl of a solution containing 34 U/ml alginate lyase (Sigma) and 300 U/ml 

collagenase type I (Gibco) were added per 200 µl of IPNs and incubated for 15 min at 

37°C under horizontal shaking (300 rpm, Heidolph Titramax platform shaker). Next, 

samples were centrifuged (5 min, 400xg) and the enzyme solution was removed. A 

second digestion was performed with 350 µl of a solution containing 300 U/ml 

collagenase and IPNs were further incubated for 15 min and centrifuged to discard the 

collagenase solution. For RNA extraction, the resulting pellet was mixed with 1 ml of 

0.05M ice cold EDTA by pipetting up-down and then centrifuged again. This step was 

omitted for flow cytometry samples. Finally, the cell pellet was washed with 1 ml ice 

cold PBS and placed on ice until further analysis.  

Total RNA was extracted with the SPEEDTOOLS total RNA extraction kit (Biotools) 

following the manufacturer’s instructions. RNA concentration was quantified using a 

Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific). 

 

2.6 Uptake studies 

Uptake of the transfection complexes within the IPNs was evaluated using a Cy5-labeled 

pDNA. For this, pcDNA3.1(+) (Addgene) was labeled with the Cy®5 Label IT® Tracker™ 
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kit (Mirus) following the manufacturer’s instructions and subsequently loaded in the 

transfection complexes. Complexes were then encapsulated within the IPNs together 

with MSCs and cultured for different lengths of time, after which cells were analyzed via 

flow cytometry and confocal microscopy. For flow cytometry analysis, MSCs were 

retrieved from the IPNs as previously described (section 2.5) and analyzed on a BD 

FACSCalibur. Cells were gated to eliminate interferences from remaining traces of 

polymers (Fig. S3) and the percentage of Cy5+ cells among the gated population was 

quantified. To evaluate the uptake via confocal microscopy, IPNs were cultured on glass 

coverslips. At the time of analysis, MSCs were fixed in 10% buffered formalin for 20 min 

at room temperature followed by permeabilization with Triton X-100 (0.2% v/v in PBS) 

for 10 min. Cells were then stained with DAPI (Sigma-Aldrich) and imaged on a Leica TCS 

SP5 confocal microscope.  

 

2.7 cDNA synthesis and qRT-PCR 

Reverse transcription was carried out using 100-500 ng of total RNA per sample in a 30 

µl final reaction volume. First, total RNA was mixed with random primers and dNTPs 

(Invitrogen) and kept at 65 °C for 5 min. Samples were then incubated with a mix of 

RNAse OUT, 5x first strand buffer and DTT (Invitrogen) for 2 min at 37 °C and 

subsequently placed on ice. Finally, reverse transcriptase (M-MLV, Invitrogen) was 

included and the cycle was continued as follows: 10 min at 25 °C, 50 min at 37 °C and 15 

min at 70 °C. The resulting cDNA (5-10 ng) was used to assemble qRT-PCR reactions in a 

final volume of 20 µl containing Universal PCR Mastermix and TaqMan assays (Applied 

Biosystems, Table S1). The thermal cycling was done in a StepOne Real Time PCR System 

(Applied Biosystems) performing a 10 min hold at 95 °C followed by 40 cycles of 15 sec 

at 95 °C and 1 min at 60 °C. Gene expression values were normalized to internal controls 

(Actin β and GAPDH) and presented either as the log2(ΔCt) or the fold change relative 

to cells plated in 2D before the experiments using the comparative 2-∆∆Ct method37.  

 

2.8 Chondrogenic differentiation 

Chondrogenesis experiments were performed with adipose hMSCs below passage 10. 

IPNs (200 µl) were casted in 48 well plates and cultured for 21 days in Complete 

Chondrogenic Medium (CCM) consisting of DMEM high-glucose 1 mM pyruvate (Gibco), 

100 nM dexamethasone (Sigma-Aldrich), 50 μg/ml ascorbic acid 2-phosphate (Sigma-

Aldrich), 40 μg/ml L-proline (Sigma-Aldrich), 1% ITS Premix supplement (Becton 

Dickinson), 1% penicillin/streptomycin (Gibco) and 10 ng/ml transforming growth 

factor-β3 (Peprotech). For experiments involving NF-κβ inhibition, CCM was 

supplemented with BMS-345541 at 5 µM. Media was replaced every 2 days in all 

experiments. IPNs were activated with two doses of SOX9 mRNA and pDNA, namely 2 

and 0.5 µg per IPN, and their chondrogenic potential was compared to non-activated 

IPNs. At the end of the experiments, IPNs were retrieved for analysis. Gene expression 

of chondrogenic markers SOX9, aggrecan (ACAN), collagen type-II (COL2A1) and collagen 
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type-X (COLX) was assessed by qRT-PCR. SOX9, aggrecan and collagen type-X were also 

detected by immunohistochemistry (IHC).  

 

2.9 Immunohistochemistry 

IPNs were retrieved from tissue culture plates, washed with PBS twice and fixed with 

10% buffered formalin at room temperature for less than 24 h. After fixation, samples 

were maintained in 70% ethanol until dehydration and paraffin sectioning. Sections of 4 

µm thickness were cut and allowed to adhere to poly-L-lysine treated glass slides 

overnight at 55 °C. Before staining, sections were dewaxed in xylene and hydrated with 

graded ethanol, and antigens were retrieved in Tris-EDTA buffer during 20 min at 95 °C 

(PT Link, Agilent). Samples were pretreated with hydrogen peroxide and blocked with 

serum free protein block (Dako; Agilent) before incubation with primary antibodies 

against SOX9 (ab5535, Merck), aggrecan (ab3778, Abcam), and collagen type X 

(ab49945, Abcam). Primary antibodies were diluted in antibody diluent (Dako) at 1:500 

(SOX9), 1:100 (aggrecan) and 1:1000 (collagen X) and incubated overnight at 4 °C. Then, 

samples were incubated with goat secondary antibodies labeled with HRP (Dako) at 

1:100 for 1 h and stained with 3,3’-diaminobenzidine (DAB). Negative controls were 

obtained by omitting the primary antibodies (Fig. S4). All samples were observed using 

an Olympus BX43 microscope equipped with an Olympus XC50 camera. Samples were 

quantified with the IHC macro of the Fiji software38.  

 

2.10 Statistical Analysis 

The statistical analysis was performed using GraphPad Prism. Where applicable, data 

are reported as the mean ±SD. Data were compared using One- or Two-way ANOVA and 

p-values less than 0.05 were considered to be statistically significant.  

 

3. Results 

 

3.1 Characterization of collagen-I-alginate interpenetrating networks (IPNs) 

 

Collagen-I-alginate IPNs with tunable mechanical properties were fabricated to 

investigate the influence of stiffness and adhesion on the 3D transfection and 

chondrogenesis of human MSCs. To be able to elucidate the effect of each mechanical 

property, we designed an IPN set that would allow us to change both variables 

separately (table 1). We performed oscillatory rheology to tune IPN stiffness based on 

CaCO3 concentration and fabricated four IPNs where the storage modulus (G’) would 

vary from 150 to 1500 Pa at a fixed frequency of 1 Hz and across 60 min time periods 

(Fig. 1A). Within this range of stiffness, we modulated IPN adhesion by adjusting the 

collagen:alginate w:w ratio from 1:1 to 1:10. Compared to collagen, alginate presents 

no intrinsic integrin-binding domains for cells and hence higher collagen:alginate w:w 

ratios confer higher adhesion. The resulting IPN set can be divided in four groups: IPNs 
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of ↓stiffness and ↑↑adhesion (Soft 1:1), IPNs of ↓stiffness and ↑adhesion (Soft 1:2), 

IPNs of ↑stiffness and ↑adhesion (Stiff 1:2) and IPNs of ↑stiffness and ↓adhesion (Stiff 

1:10). The paired comparison between the different groups enabled us to explore the 

effect of stiffness (Soft 1:2 vs Stiff 1:2) and adhesion (Soft 1:1 vs Soft 1:2 and Stiff 1:2 vs 

Stiff 1:10) on MSC behavior.  

 

Table 1. Composition of the collagen-I-alginate IPNs.  

IPN Collagen 
(% w/v) 

Alginate 
(% w/v) 

Collagen:alginate 
w:w ratio 

Calcium 
(% w/v) 

Stiffness Adhesion 

Soft 
1:1 

0.5 0.5 1:1 0.300 ↓ ↑↑ 

Soft 
1:2 

0.5 1.0 1:2 0.135 ↓ ↑ 

Stiff 
1:2 

0.5 1.0 1:2 0.300 ↑ ↑ 

Stiff 
1:10 

0.1 1.0 1:10 0.300 ↑ ↓ 

 

 

Frequency dependent storage moduli on a frequency range of 0.1 to 1 Hz indicated that 

the IPNs exhibited some degree of viscoelasticity. This viscolastic behavior was higher 

for IPNs with low stiffness since they showed smaller differences between storage and 

loss moduli compared to IPNs of high stiffness. In addition, their storage modulus 

exhibited a greater dependence on the frequency compared to their stiff counterparts, 

which presented a predominantly elastic behavior (Fig. S1). Accordingly, IPNs of low 

stiffness and high collagen:alginate w:w ratio (Soft 1:1) showed the lowest stress 

relaxation half time (τ ½≈ 10 s). Conversely, IPNs with the lowest collagen:alginate ratio 

(Stiff 1:10) exhibited the highest τ ½ of about 300 s. At a fixed collagen:alginate ratio, 

IPNs presented half times of ≈100 s regardless of stiffness (Fig. 1B), suggesting that 

collagen:alginate w:w ratio is the main parameter affecting IPN stress relaxation. This 

half time of 100 s is in agreement with previous results for low viscosity, low MW 

alginate gels and has been identified as the optimum τ ½ to allow cell-gel remodeling39, 

a key process in tissue regeneration.  

 

Due to the influence of fiber organization on long-range force transmission between 

cells40–42, we next characterized the morphology of the collagen fibers within the IPN set 

(Fig. 1C). As expected, IPNs with the lowest collagen concentration (Stiff 1:10) 

consequently showed the lowest density of collagen fibers. Interestingly, IPNs with 

collagen:alginate w:w ratios of 1:1 and 1:2 (Soft 1:1 and Stiff 1:2) exhibited a similar 

fibrillar pattern, suggesting that higher alginate concentrations do not impair collagen 

fiber formation. Soft 1:2 IPNs exhibited about the same density of collagen fibers as the 
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previous ones, but their fibers were thicker likely due to a larger lag in gelation time (Fig. 

S2).  

 

 

Figure 1. IPN stiffness and stress-relaxation can be modulated while maintaining collagen fiber 

morphology. A) Storage modulus at 1 Hz and 1% strain after 1 h of IPN crosslinking B) Quantification of 

timescale at which the stress is relaxed to half its original value, τ1/2, in stress-relaxation tests (shear stress 

15% in 1 s) (One-way ANOVA, n=3, *P<0.05). C) Confocal reflectance micrographs of the different IPN 

compositions showing collagen fiber morphology.  

 

 

3.2 Effect of stiffness and adhesion on IPN transfection efficiency  

 

Once the IPN set was characterized in terms of microarchitecture and mechanical 

properties, human MSCs were encapsulated therein to examine the impact of these 

features on transfection efficiency. SOX9 mRNA and pDNA sequences were first 

nanocomplexed with 3DFectIN® reagent and subsequently loaded into the IPNs to 

prepare SOX9 GAMs. The encapsulation of MSCs within these GAMs promoted their 3D 

transfection and the consequent overexpression of SOX9, which was evaluated by qRT-

PCR. Despite the high variability observed in net SOX9 expression values, probably due 

to the use of different mRNA and cell batches, qRT-PCR analysis showed the same trend 

in transfection efficiency: the higher SOX9 overexpression was achieved for Soft 1:1 and 

Stiff 1:2 IPNs and the lower for Soft 1:2 and Stiff 1:10 IPNs, regardless of the type of 

genetic material (pDNA or mRNA) (Fig. 2A). As commented previously, comparing the 
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two soft IPN conditions (Soft 1:1 and Soft 1:2) and the two stiff conditions (Stiff 1:2 and 

Stiff 1:10) can give us information about the influence of collagen:alginate w:w ratios, 

while comparing IPNs of opposite stiffness informs about the impact of the storage 

modulus on gene transfer efficacy.  Accordingly, our gene expression results showed 

that lower collagen:alginate w:w ratios exerted a negative impact on transfection 

efficiency. In the case of stiff IPNs, where collagen:alginate ratio was modulated from 

1:2 to 1:10, this negative impact was found to be related to an increased destabilization 

of the nanocomplexes with increasing alginate concentrations (Fig. S5). For soft IPNs, 

changing collagen:alginate ratio from 1:1 to 1:2 did not induce a notorious nanocomplex 

aggregation (Fig. S5) but it resulted in a dramatic decrease in SOX9 overexpression, 

suggesting an implication of IPN adhesion on transfection. Efficient cell attachment 

might be necessary for cytoskeletal organization, which in turn could modify the 

intracellular transport of the complexes.  Indeed, for both Soft 1:1 and Stiff 1:2 IPNs, 

transfection proved to be affected by the state of cell cytoskeleton, as demonstrated by 

the drastic decrease in SOX9 overexpression after the addition of the ROCK inhibitor Y-

27632 (Fig. 2B). Together with adhesion, gene transfer efficacy was also increased with 

stiffness, as evidenced by the differences between Soft 1:2 and Stiff 1:2 IPNs. Stiffness 

has been previously shown to promote transfection efficiency in 2D environments by 

increasing cell proliferation15. Considering that 3D transfection has also been linked to 

cell proliferation and matrix invasion22,43, we checked whether IPN transfection was 

related to proliferation by determining the levels of two common genes implicated in 

cell cycle: c-Myc and Cyclin-D1. Although Cyclin-D1 levels were maintained across all the 

conditions, c-Myc levels varied significantly (Fig. 2C). We observed that, for soft IPNs, a 

higher collagen:alginate ratio resulted in a higher cell proliferation, that correlated with 

a higher transfection. At a fixed 1:2 collagen:alginate ratio, higher stiffness also resulted 

in higher cell division rates that were again linked to a more efficient transfection. 

Interestingly, lower collagen:alginate ratios did not reduce cell proliferation in stiff IPNs, 

suggesting that IPN stiffness partially compensates the negative impact of low adhesion 

on cell proliferation. This compensatory effect of stiffness was also evidenced by the 

lower decrease in SOX9 overexpression in Stiff 1:2 IPNs compared to Soft 1:1 IPNs after 

treatment with Y-27632, where disrupting cell adhesion diminished transfection in Soft 

1:1 IPNs to the levels of the low adhesive Soft 1:2 IPNs (Fig. 2B). 
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Figure 2. IPN stiffness and adhesion exert a positive effect on MSC 3D transfection likely mediated by an 

increased cell proliferation rate. A) SOX9 expression 48 h and 24 h after pDNA and mRNA transfection 

within the IPNs, respectively. One-way ANOVA was performed to compare gene expression levels 

(*P<0.05). B) Effect of ROCK inhibition on IPN transfection efficiency. hMSCs were transfected with SOX9 

pDNA within the IPNs in the absence or presence of Y-27632. C) Cell proliferation rates in the different 

IPN conditions. qRT-PCR quantification of C-Myc and Cyclin D1 expression 48h after pDNA 3D transfection. 

Two-way ANOVA was performed to compare gene expression levels (*P<0.05; **P<0.01; ***P0.001). 

Gene expression levels are normalized to GAPDH and expressed as log2(ΔCts). A, C) Data represent the 

mean ± SD. B) Results from one representative experiment are shown. 

 

Differences in transfection efficiency could be also related to a different cell 

internalization rate of the nanocomplexes among the different IPNs. In order to test this 

hypothesis, and to further investigate the positive effect of stiffness on transfection 

efficiency, we selected the two IPNs with the same collagen:alginate ratio and opposite 

stiffness: Soft 1:2 and Stiff 1:2 IPNs. We prepared the transfection complexes with a Cy5-

labeled pDNA and we tracked their localization within the cells by confocal microscopy 

and quantified their association to the cells using flow cytometry. As observed in Figure 

3, the nanocomplex uptake by MSCs was high for both IPNs. Based on the analysis of the 

FACS histogram (Fig. 3C), soft IPNs presented a higher proportion of Cy5 positive cells, 

suggesting that more Cy5-pDNA complexes were associated to the cells in these IPNs. 
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However, stiff IPNs induced a more homogeneous distribution of the complexes within 

the cells compared to soft IPNs, where complexes appeared to be attached to the cell 

membrane in a higher number of cells (Fig. 3A-B).   

 
Figure 3. IPN stiffness increases the uptake of the pDNA condensates. A) Confocal images of hMSCs within 

IPNs showing the location of pDNA condensates. B) High-magnification image of A) (top) and the 

corresponding mean fluorescence quantification (bottom). C) Representative flow cytometry histogram 

showing the association of Cy5-labeled pDNA to cells encapsulated within soft and stiff IPNs.  

 

With the aim to evaluate the interplay between SOX9 expression and IPN mechanics on 

MSC chondrogenesis, we performed a set of experiments transfecting MSCs in 2D before 

encapsulating them in the gels. Our hypothesis was that in this way we would eliminate 

the differences in SOX9 expression among the IPNs. However, for pDNA-activated IPNs, 

we found that 2D transfected cells showed a similar trend in SOX9 expression after their 

encapsulation within the IPNs as when transfection was directly performed in 3D (Fig. 

4A). Even more, MSCs retrieved from the IPNs exhibited an increased SOX9 expression 

compared to transfected cells before encapsulation, pointing to some degree of cell 

transfection taking place within the gels. The most likely explanation for this increased 



Chapter 3 

226 
 

transfection was that some pDNA complexes used for 2D transfection were 

encapsulated with the cells in the IPNs. In order to check this hypothesis, we decided to 

track Cy5-pDNA Lipofectamine® complexes during the 2D transfection process using 

fluorescence microscopy. This allowed us to observe that pDNA complexes remained 

adhered to the cells for at least two days after transfection and one day after retrieving 

the cells from the plates by enzymatic separation (Fig. 4B), supporting the idea that 

some of the complexes were encapsulated within the IPNs together with the cells 

allowing their transfection in 3D. Conversely, in the case of pre-2D mRNA transfection, 

SOX9 expression was similar in MSCs before and after their encapsulation in IPNs, 

suggesting that there was no further transfection occurring within the IPNs (Fig. 4A). The 

different behavior of pDNA and mRNA complexes presumably arises from the fact that 

mRNA molecules are more prone to enzymatic degradation32. 

 

 
Figure 4. Matrix mechanics alters SOX9 overexpression levels of 2D transfected cells by further promoting 

their 3D transfection. A) SOX9 overexpression after encapsulation of pDNA and mRNA transfected cells 

within the IPNs (cells retrieved from tissue culture plates 72 and 24 h post transfection, respectively). 

Gene expression levels are normalized to GAPDH and presented as relative to SOX9 levels in 2D 

transfected cells before encapsulation (Control). B) Location of Cy5-labeled pDNA complexes in cells 

retrieved from tissue culture plates after 2D pDNA transfection. Transfection complexes were incubated 

with hMSCs for 4 h and media was changed afterwards (t=0). Cells were cultured for 72 h and then 

retrieved by enzymatic separation and transferred to a new plate. Images were taken one day after 

retrieval (t=1 d post-retrieval).  
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3.3 Effect of IPN mechanics on the chondrogenic differentiation of hMSCs 

 

Considering the impact of IPN mechanical properties on MSC 3D transfection efficiency, 

we wanted to elucidate whether these properties could also influence MSC 

chondrogenic differentiation. Specifically, we sought to explore the synergy between 

IPN mechanics and SOX9 mRNA reprogramming in the design of GAMs for cartilage 

regeneration.  First, we investigated the effect of IPN stiffness by comparing the 

behavior of Soft 1:2 and Stiff 1:2 IPNs that possess similar adhesion and stress-relaxation 

properties. With the aim to minimize the differences in SOX9 overexpression between 

the two IPNs, MSCs were transfected in 2D prior to their encapsulation. SOX9-

transfected MSCs were then encapsulated within the IPNs and subjected to 

differentiation assays, after which cells were retrieved and the expression of 

chondrogenic markers was assessed. At the end of these experiments MSCs exhibited 

dramatic changes in cell morphology, with soft IPNs promoting elongated, spindle-like 

morphologies and stiff IPNs inducing spherical cell shapes, as previously observed33 (Fig. 

5A). As expected, SOX9-transfected MSCs showed higher levels of SOX9 mRNA 

expression compared to control (non-transfected) cells (Fig. 5C), but this higher mRNA 

expression did not translate into significant differences in SOX9 protein expression as 

assessed by immunohistochemistry (Fig. 5D-E). Whereas SOX9 mRNA levels were not 

significantly different between the two transfected IPNs, stiff IPNs induced a higher 

aggrecan (ACAN) mRNA expression. Interestingly, this aggrecan expression was 

increased in control IPNs compared to their SOX9-transfected counterparts, both at the 

mRNA and protein level (Fig. 5C-E). Importantly, levels of the hypertrophic marker 

collagen type-X (COLX), were lower in transfected IPNs, especially in the case of stiff 

IPNs, denoting a role of SOX9 overexpression in controlling MSC hypertrophy (Fig. 5B-

E).  

 



Chapter 3 

228 
 

 
Figure 5. Stiff IPNs promote a higher chondrogenic marker expression in MSCs after SOX9 2D transfection. 

C: control (non-transfected) cells; T: SOX9-transfected cells. A) Schematic of the experimental setup. Cells 

are first transfected on tissue culture plates and then retrieved and encapsulated within the IPNs 24h 

later. The IPN is illustrated as brown collagen fibers and grey alginate polymer chains. The calcium ions 

crosslinking the G-blocks of the alginate network (zig-zag structures) are shown as red dots. Objects are 

not drawn to scale. B) Representative optical micrographs showing the morphology of hMSCs at the end 

of the chondrogenesis experiment. C) Gene expression of chondrogenic markers SOX9, aggrecan (ACAN), 

and collagen type-X (COLX) (One-way ANOVA, n =3, *P<0.05, **P<0.01). D) Immunostaining of SOX9, 

aggrecan and collagen type-X in IPN sections. E) Quantification of D) (One-way ANOVA, **P<0.01, 

***P<0.001, ****P<0.0001). Data represent the mean ±SD.  
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Given the positive impact of SOX9 overexpression on MSC chondrogenic differentiation, 

we next wanted to test the effect of GAM-induced 3D transfection. We selected the Stiff 

1:2 IPNs for further experiments since we found a higher expression of chondrogenic 

markers in these IPNs and they had shown a high transfection efficiency previously. In 

addition, the stiffness of Stiff 1:2 IPNs could fit better with the big loads bore by articular 

cartilage 34,35, further highlighting the suitability of this IPN. We tested two SOX9 mRNA 

doses in this set of experiments: 0.5 µg and 2 µg per 200 µl IPN, to tackle the effect of 

SOX9 overexpression on chondrogenic marker expression. In addition, we also 

investigated the use of the anti-inflammatory compound BMS-345541, since it has been 

described that inflammatory events linked to NF-κβ pathway can impair extracellular 

matrix (ECM) synthesis and chondrogenesis44.  

 

As expected, SOX9-activated IPNs promoted a higher SOX9 gene expression than non-

activated IPNs at both SOX9 mRNA doses (Fig.6A, Fig. S6A). This SOX9 upregulation was 

higher in the IPNs with the high SOX9 mRNA dose, especially in the case of IPNs treated 

with the NF-κβ inhibitor (Fig. 6A). Although at the low SOX9 dose, gene expression of 

chondrogenic markers aggrecan and collagen type-II was lower compared to control 

IPNs (Fig. S6A), there was a notorious effect on collagen type II (COL2A1) mRNA 

expression after SOX9 transfection with the high dose (Fig. S7). Indeed, SOX9-GAMs 

induced a potent COL2A1 overexpression whereas this ECM protein was not detected in 

control and BMS-treated IPNs. Importantly, transfection with both SOX9 doses and 

treatment with the NF-κβ inhibitor resulted in mRNA downregulation of the 

hypertrophic marker collagen type-X. This mRNA downregulation correlated with a 

lower COLX protein expression as assessed by immunohistochemistry, suggesting that 

both, SOX9 transfection and treatment with BMS-345541 inhibitor, could be good 

strategies to improve the quality of the regenerated cartilage. Conversely, no notorious 

differences were found in SOX9 and aggrecan protein expression between control and 

transfected IPNs, even in the case of BMS-345541 treatment (Fig. 6B, S6B).  
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Figure 6. SOX9 3D transfection with a high mRNA dose promotes a higher chondrogenic marker expression 

in MSCs than pre-2D transfection. C: control (non-transfected) cells; T: SOX9-transfected cells; T + BMS: 

SOX9-transfected cells supplemented with the NF-κβ inhibitor BMS-345541 (5 µM). A) Gene expression 

of chondrogenic markers SOX9, aggrecan (ACAN) and collagen type-X (COLX) (One-way ANOVA, n =3, 

*P<0.05, ***P<0.001). B) Schematic of the experimental setup. Cells are encapsulated within the IPNs 

together with the nanocomplexes, promoting their 3D transfection. The IPN is illustrated as brown 

collagen fibers and grey alginate polymer chains. The calcium ions crosslinking the G-blocks of the alginate 

network (zig-zag structures) are shown as red dots. Objects are not drawn to scale. C) Immunostaining of 

SOX9, aggrecan and collagen type-X in IPN sections. Data represent the mean ±SD.  

 

4. Discussion 

 

IPNs of alginate and collagen-I were developed to investigate the effect of matrix 

mechanical properties on the 3D transfection and chondrogenesis of MSCs. IPNs enable 

gel stiffness and adhesion to be tuned independently, and hence represent an ideal 

platform to decouple the effect of these two parameters on MSC biology. In this work, 

IPN stiffness was modulated by changing the amount of the alginate crosslinking agent 

(i.e. calcium carbonate nanoparticles), while adhesion was tuned by modifying the 

weight ratio between alginate (lacking cell adhesion ligands) and collagen (with 

numerous integrin-binding domains). Characterization of IPN microarchitecture 

revealed that collagen fiber morphology was preserved regardless of stiffness, while 
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modulating collagen fiber density by changing collagen concentration did no alter the 

stiffness of the system. Likewise, for the same polymer composition, the stress-

relaxation behavior of these IPNs was independent of stiffness. Previous work has 

highlighted the benefit of collagen-I-alginate IPNs over other IPN systems that modulate 

stiffness by changing polymer nature and concentration, which in turn may alter 

hydrogel architecture and porosity33. In addition, collagen-I-alginate IPNs could yield 

more realistic ECM models compared to biologically inert polymer hydrogels that 

present synthetic adhesion ligands45,46, further supporting our selection of these 

systems.  

 

A number of works have considered the impact of mechanical cues in 2D transfection 

efficiency of cells plated over substrates of different adhesion and stiffness15,16,21,47. 

Other studies have investigated the differences between 2D and 3D transfection in 

terms of endocytic pathways and cytoskeletal dynamics23. However, to day, the role of 

GAM mechanics on 3D gene transfer has not been well-established yet and more work 

is required to further understand the potential of these systems. To tackle this problem, 

we prepared SOX9 GAMs by loading SOX9 mRNA and pDNA nanocomplexes together 

with MSCs within collagen-I-alginate IPNs, and evaluated their transfection efficiency in 

3D. Our results indicate that higher collagen:alginate w:w ratios and higher stiffness 

exert a positive effect on transgene expression within the IPNs. Besides, our data 

suggest that this positive effect of stiffness is mediated by cell adhesion ligands and 

cytoskeletal dynamics, since the addition of ROCK inhibitor Y-27632 dramatically 

reduced transfection efficiency in IPNs of high collagen:alginate w:w ratios. This positive 

effect of stiffness and adhesion is consistent with a similar trend observed for 

transfections performed in 2D and has been related to an increased cell proliferation 

rate15 and a more efficient vesicular transport mediated by the microtubular 

network23,48. In agreement with these studies, we observed higher cell proliferation 

rates within IPNs of higher stiffness and adhesion. Interestingly, our results show that a 

high IPN stiffness may surpass the detrimental effect of low adhesion on cell 

proliferation. Indeed, stiff IPNs with collagen:alginate ratios of 1:2 and 1:10 exhibited 

similar cell proliferation rates. Similarly, Stiff 1:2 IPNs presented a lower reduction in 

transfection efficiency in the presence of the ROCK inhibitor Y-27632 compared to Soft 

1:1 IPNs. In addition, our data suggest that the increased efficacy of stiff IPNs might be 

related to a higher cell uptake of the mRNA/pDNA condensates.  Although more studies 

are required to elucidate the underlying mechanism, we anticipate that the endocytic 

pathway and subsequent intracellular trafficking followed by the condensates are 

responsible for this stiffness-mediated effect. Importantly, our transfection results are 

in contradiction with those recently reported for hyaluronic acid (HA)-based hydrogels, 

where soft gels induced higher cell proliferation and transgene expression levels than 

stiff gels49. Stiffness in these hydrogels was modulated by changing the ratio of thiols to 

acrylates (cross-linking by Michael addition chemistry) or the amount of HA.  In 
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particular, in the range of stiffness where we found the differences in transfection 

efficiency (G’= 150-1500 Pa), their HA concentration ranged from 3 to 5%. This increase 

in HA concentration could change other parameters apart from stiffness, such as gel 

architecture or adhesion ligand density, which in turn may affect 3D transfection leading 

to the disparate results. As previously explained, collagen-I-alginate IPNs enable gel 

stiffness to be tuned independently of polymer concentration, allowing us to get more 

independent conclusions about the effects of stiffness.  

 

To segregate the effects of mechanical properties on both SOX9 transfection efficiency 

and MSCs chondrogenic differentiation, we performed 2D transfections prior to the 

encapsulation of MSCs within the different IPNs. Contrary to our expectations, we found 

that transfection of 2D pre-transfected cells was further enhanced when they were 

encapsulated within the IPNs. We show that this increased transfection is due to the 

encapsulation of remaining pDNA complexes associated to MSCs, suggesting that these 

GAMs may represent an approach to boost the efficacy of traditional gene delivery 

systems. In addition, cells retrieved from the IPNs also showed the same trend in gene 

overexpression as when transfection was performed in 3D, highlighting the impact of 

GAM mechanical properties on gene transfer efficacy. Together, these results support 

our hypothesis that IPN stiffness induces a more efficient intracellular transport of the 

transfection complexes. This positive effect of stiffness likely stems from the generation 

of a tensional prestress in MSCs encapsulated within the IPNs, that translates in a 

stronger actin cytoskeleton and microtubular network that facilitates transfection48,50–

53. The benefit of 3D over 2D gene transfer was further shown for SOX9 reprogramming 

in the chondrogenesis studies. Compared to the levels of chondrogenic markers 

obtained when cells were transfected in 2D before the encapsulation within the IPNs, 

IPN-mediated SOX9 transfection promoted a higher chondrogenic marker expression. 

This was especially relevant for the ECM related genes aggrecan and collagen type II, 

suggesting the generation of an improved cartilage-like tissue. Consistent with previous 

findings, SOX9 expression correlated with a reduction in the premature production of 

the hypertrophic marker collagen type-X30. This is particularly noteworthy since tissue 

engineered cartilage usually presents an impaired balance of collagen type-II and 

collagen type X, leading to a hypertrophic cartilage of poor mechanical properties54. The 

addition of the NF-κ-β inhibitor BMS-345541 also contributed to the interruption of 

premature hypertrophy, highlighting the utility of this inhibitor in cartilage tissue 

engineering.  

 

Collectively, our observations suggest that more efficient tissue engineering GAMs can 

be designed by tuning GAM mechanical properties to boost their transfection efficiency 

and mimic the target native tissue. The fact that one can induce a potent enforced 

transcription factor expression through mRNA 3D transfection allows for in situ cell 
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reprogramming strategies that simplify their application in the clinical setting32,55, since 

they circumvent tedious in vitro cell culture and modification procedures.   

 

5. Conclusions 

In this work, MSC 3D transfection and directed chondrogenic differentiation were 

efficiently modulated through the use of collagen-I-alginate IPNs of different mechanical 

properties. IPN stiffness and adhesion were identified as key factors promoting an 

increased 3D transfection, regardless of the genetic material used, mRNA or pDNA. This 

increased transfection was related to a higher cell proliferation and internalization rate 

of the mRNA/pDNA condensates, likely mediated by a more efficient intracellular 

trafficking in IPNs of high stiffness and adhesion. When these IPNs were used to induce 

SOX9-mRNA directed differentiation, they promoted MSC chondrogenesis with low 

hypertrophy levels. Importantly, IPN mediated SOX9 transfection resulted in the 

generation of an improved cartilage-like tissue compared to the IPN encapsulation of 2D 

transfected MSCs. These results indicate that matrix mechanics can be adjusted to 

design more efficient GAMs for in situ mRNA-based cell reprogramming in tissue 

engineering.    
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SUPPORTING INFORMATION 

Supplementary methods 

2D Lipofectamine® 2000 transfection 

For 2D transfections, cells were plated in 96 well plates approximately 12 h prior to 

transfection at a density of 90000 (U87MG) or 75000 (hMSCs) cells/cm2. Four hours 

before transfection, media was changed to OptiMEM reduced serum medium (Gibco). 

For transfections performed in the presence of alginate and CaCl2, both compounds 

were diluted in OptiMEM at the desired final concentrations and added to the cells 

immediately before transfection. Then, 50 µl of Lipofectamine complexes (Gibco), at 

0.5:1 Lipofectamine:DNA/RNA ratios (µl:µg), were prepared in OptiMEM following 

manufacturer’s instructions. Briefly, a solution containing 1 µg of mRNA/pDNA was 

added over a solution containing 0.5 µl of Lipofectamine®2000 reagent in a 1/1 v/v ratio, 

mixed by pipetting up-down and incubated for 20 min at room temperature. Complexes 

were added over the cells drop-by-drop and incubated for 6 hours. Subsequently, 

complexes were aspirated and cells were maintained in regular growing media until 

analysis. The transfection reaction was escalated for plates of higher surface areas.  

 

Supporting figures 

 

Table S1. List of Taqman assays employed for qRT-PCR experiments. 

 

 

 

 

 

 

 

 

TaqMan assays (Applied Biosystems) 

SOX9 (human) Hs00165814_m1  

ACAN (human) Hs 00153936_m1 

COL2A1 (human) Hs00264051_m1 

COL10A1 (human) Hs00166657_m1  

ACT B (human) Hs99999903_m1 

GAPDH (human) Hs99999905_m1 
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Figure S1. Evolution of the storage modulus with time. A) Storage modulus at 0.5% strain and 1 Hz was 
recorded periodically until it reached its equilibrium value. B) Inset of A) showing shorter gelation times. 
Data is representative of at least three measurements for each condition. 

 

 

Figure S2. Strain and frequency sweeps of the IPN set. Frequency dependent rheology of soft (A) and stiff 

(B) IPNs performed at 1% strain after gelation was completed. Strain sweep (1 Hz) of soft (C) and stiff (D) 

IPNs. Data represent the mean ±SD. 
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Figure S3. Gating scheme for the evaluation of Cy5-pDNA association to MSCs. 

 
 
 
 
 

 
 

Figure S4. Negative controls in immunohistochemistry sections obtained by omitting the primary 

antibodies. C: control (non-transfected) cells; T: SOX9-transfected cells; T + BMS: SOX9-transfected cells 

in the presence of the NF-κβ inhibitor BMS-345541 (5 µM).  
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Figure S5. Alginate impairs 2D transfection and promotes the aggregation of the pDNA condensates within 

the IPNs. A) Effect of alginate and CaCl2 on 2D transfection. Fluorescence micrographs of 3T3 fibroblasts 

72 h after YFP DNA transfection with Lipofectamine 2000® reagent in the presence of increasing alginate 

and CaCl2 concentrations. Scale bar = 100 µm for all the images. B) Distribution of labeled pDNA 3DFectIN® 

complexes within the IPNs and a control 0.5% w/v collagen gel. Optical (top) and fluorescence (bottom) 

micrographs. Scale bar = 200 µm for all the images. 
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Figure S6. SOX9 3D transfection at low mRNA doses promotes a modest level of chondrogenic marker 

expression in MSCs. A) Gene expression of chondrogenic markers SOX9, aggrecan (ACAN), collagen type 

2 (COL2A1) and collagen type 10 (COLX). B) Immunostaining of SOX9 and aggrecan in IPN sections. Data 

represent the mean ±SD. C: control (non-transfected) cells; T: SOX9-transfected cells; T + BMS: SOX9-

transfected cells supplemented with the NF-κβ inhibitor BMS-345541 (5 µM).  

 

 

Figure S7. SOX9 3D transfection at high mRNA doses promotes a high overexpression of collagen type II 

mRNA. Gene expression of collagen type 2 (COL2A1). Data represent the mean ±SD. C: control (non-

transfected) cells; T: SOX9-transfected cells; T + BMS: SOX9-transfected cells supplemented with the NF-

κβ inhibitor BMS-345541 (5 µM).  
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GENERAL DISCUSSION 

 

RNA-based therapeutics can virtually target any gene or gene product responsible of a 

disease. Interference RNA (RNAi), such as small-interfering (siRNAs) and microRNAs 

(miRNAs), antisense oligonucleotides (ASOs), aptamers, synthetic mRNAs and CRISPR-

Cas9 have the potential to be adapted to their target providing a global therapeutic 

strategy, leading to a new paradigm in medicine. Beyond this, RNA molecules have the 

ability to “pharmaco-evolve”, being able to keep pace with cancer mutations or 

pandemic viral infections. Due to this high selectivity, over the past decade, RNA-based 

therapeutics have attracted a huge interest in research, resulting in a new range of 

therapeutic interventions that would never be possible with small-molecule inhibitors 

or antibodies.  

However, for these therapies to reach their full potential, RNA should overcome the lipid 

bilayer of the cell membrane, a billion years barrier of evolutionary defenses that have 

kept RNAs outside of the cells. In the case of ASOs, of around 4-10 kDa, improved 

chemistries that increase their stability and hydrophobicity, have enabled them to reach 

specific diseased tissues resulting in a few clinical successes1–4. But chemical 

modifications are not enough for larger molecules such as miRNAs or mRNAs (≈14 and 

600-10000 kDa, respectively), for which the “delivery problem” has led to the 

development of new drug delivery approaches able to direct the RNAs to the cytoplasm 

of the cells5. Although miRNAs could be conjugated to targeting molecules to improve 

their delivery, to date, the only feasible approach for mRNA systemic delivery consists 

of the use of nanotechnology. In addition, owing to the transient effect of RNA 

molecules, biomaterial-based technologies such as Gene Activated Matrices (GAMs) 

may be of interest for some applications by promoting a controlled release of the 

payload resulting in a sustained response (i. e. growth factor delivery)6.  

Within this frame, the work carried out in this PhD thesis has aimed to explore different 

alternatives of RNA delivery through different material systems of increasing 

complexity. Starting from the generation of a nanocarrier for the co-delivery of 

immunomodulatory RNAs and proteins, we moved to the investigation of a new concept 

of GAMs delivering mRNAs encoding pivotal transcription factors (TF) in musculoskeletal 

development. In line with the versatility of RNA-based therapies, the therapeutic scope 

of these systems has ranged from cancer immunotherapy to tissue engineering, but 

always with the common goal of using RNA delivery to achieve the therapeutic 

modulation of cell phenotypes. On the one hand, polyarginine nanocapsules were 

engineered to deliver RNAi polynucleotides targeting the C/EBPβ pathway, intended to 

re-educate the immunosuppressive population of MDSCs that promote tumor 

progression. On the other hand, mRNAs encoding the TFs SOX9 and MYOD were 

nanocomplexed and used to activate fibrin hydrogels to develop GAMs with the goal of 

directing stem cell specification towards cartilage and muscle, respectively. In a last step, 
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an improved generation of SOX9-GAMs based on collagen-I-alginate IPNs were 

fabricated to optimize GAM mechanical properties to enhance transfection and mimic 

the native cartilage tissue, further promoting cartilage repair.  

Independently of the delivery system, the workflow followed for their development and 

in vitro testing was analogous. In a first step, the delivery platforms were characterized 

in terms of physicochemical, morphological and/or mechanical properties. A parallel 

step consisted on the optimization of their transfection efficiency in vitro, a process that 

was crucial for the improvement of the platforms and drove feedback changes in their 

design. Once their transfection efficiency was optimum, their ability for the modulation 

of the target cells was evaluated. As a last step, the co-delivery of complementary or 

synergistic drugs was also assessed.  

 

1. RNA-delivery systems: development and optimization of their transfection 

properties 

Despite of the different technological approaches for RNA-delivery explored in this PhD 

thesis, all of them had in common the use of nanotechnology to bring RNA molecules 

inside of the cytoplasm of the cells. As previously exposed, nanotechnology-based 

delivery systems have enabled the development of promising RNAs to clinical trials7,8 

and, to date, represent the only feasible strategy for the delivery of large RNA molecules 

such as mRNAs9. Several critical parameters need to be considered to optimize the 

complexation of RNA molecules in a particulate form. Whereas parameters such as 

particle size and polydispersity index, RNA stability and encapsulation efficiency have all 

been generally addressed, others such as RNA release at the target cells as well as 

endosomal escape still remain a major challenge9. In this work, we followed two main 

approaches to tackle these problems: 1) we developed polyarginine nanocapsules and 

loaded them with a chemoattractant protein (Chapter 1) and 2) we developed GAM-

based cell gene therapies (Chapters 2 and 3).  

Polyarginine presents a high biocompatibility compared to other synthetic polymers 

(e.g. PEI), and transcytotic ability for cell penetration and endosomal escape10. In 

addition, it has a high charge density, which enables a good interaction with RNA. 

Beyond this, previous research by our group has shown the potential of polyarginine for 

the development of multi-enveloped vaccines11 and to facilitate intracellular drug 

delivery12–14. In agreement with our expectations, polyarginine nanocapsules allowed at 

least 2% w/w (RNA/NC) RNA loadings and promoted a high MDSC transfection 

efficiency, comparable to the reference commercial reagent (Chapter 1, pages 149-151). 

This high transfection efficiency suggests an adequate degree of endosomal escape, 

which is consistent with the buffering capacity of polyarginine already described in 

previous reports10. Polyarginine was also successfully used as a coating polymer to 

protect RNA from its degradation, following previously explored layer-by-layer 

approaches15–17. In addition, given the well-stablished interaction of hyaluronic acid with 
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CD44 receptors overexpressed in tumor cells 18, a double polymeric coating of 

polyarginine and hyaluronic acid was investigated for targeting purposes.  

These nanocapsules were formulated by a novel self-emulsification method that avoids 

commonly used harsh procedures for Glycerol Monooleate (GMO) mesophase 

dispersion19,20. By employing this method, we were able to obtain monodisperse 

nanocapsules with inner aqueous domains of L2 inverse micellar phases suitable for 

protein encapsulation (Chapter 1, page 139). This is of particular relevance due to the 

increasing interest on GMO-based mesophases, specially L2 phases, for the 

encapsulation and slow release of various types of drugs21–23. These L2 phases were used 

to encapsulate the monocyte chemoattractant protein 1 (MCP-1), also known as CCL2. 

Previous work has explored the use of chemotactic signals to attract host immune cells 

to subcutaneously implanted drug delivery devices24–26. Building on this knowledge, and 

given the strong migration of monocytic- macrophagic MDSCs towards CCL227–30, the 

incorporation of this chemokine in our systems was intended to target the RNAi therapy 

to the most immunosuppressive MDSCs31. In agreement with previous research 

suggesting the role of polyarginine as a TLR4 agonist, in our work we found that blank 

polyarginine nanocapsules by themselves could induce a high macrophage 

chemoattraction, highlighting the potential of these vehicles for cancer immunotherapy 

and vaccination. Still, this migration was more pronounced for CCL2-loaded NCs as 

compared to blank NCs for the highest CCL2 concentration, suggesting their capacity to 

target monocytic-macrophagic MDSCs. When performing a Matrigel® invasion assay 

with a T cell line, strong differences appeared between blank and CCL2-loaded gels. 

Indeed, a much higher cell density was observed for CCL2-loaded gels, which promoted 

an increased T cell invasion compared to blank gels (Chapter 1, pages 147, 166). This is 

a particularly interesting result, considering that nitrated/nitrosilated CCL2 at the tumor 

site is unable to attract tumor-specific cytotoxic T cells (CTLs) but capable of recruiting 

immunosuppressive myeloid cells, further promoting the mechanism of tumor escape32–

34. As a result, our NCs, with a natural tropism to the tumor35, could be used as a means 

to restore native CCL2 levels within the tumor site and, hence, to favor CTL recruitment. 

Together with the tumor tropism, it was expected that the accumulation of the 

nanosystems in the spleen36 of tumor-bearing mice, would help promoting a CCL2 

release in the organs where MDSCs accumulate37,38. In addition, the Matrigel® system 

loaded with CCL2 could be used as the delivery system per se, loaded with tumor 

antigens for cancer vaccination schemes, or injected within the tumor to activate 

resident T cells. This strategy links this work to the GAM-based cell gene therapies also 

developed in the context of this PhD thesis.  

 

GAM-based cell gene therapies were explored as another approach to target the RNA 

therapies to the desired cells. GAMs consist of polymer matrices loaded with DNA or 

RNA molecules and were initially developed to avoid the side effects of growth factor 
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protein delivery39–41. To get advantage of the 3D polymer matrix itself, a significant 

amount of the work related to GAMs was oriented to the application in tissue 

engineering, in particular to musculoskeletal regeneration. Here, we explored the use of 

mRNA encoding pivotal TFs SOX942,43 and MYOD44 for cartilage and muscle specification 

and directed the therapy to MSCs, known for their plasticity to differentiate to multiple 

mesenchymal lineages45,46. MSCs were therefore loaded within the matrices, together 

with the nanocomplexed mRNA, in order to develop potential new cell gene therapies. 

3D cell cultures represent more realistic models than 2D cell cultures and might help 

bridging the gap between in vitro and in vivo testing, eventually reducing in vivo 

experiments47,48. However, adding an extra dimension to the in vitro models usually 

implies a change in the protocols and parameters to consider. This is the case in 

transfection. Indeed, transfection in 3D environments is not only affected by the RNA 

nanocomplexes, but also by the matrix in which they are embedded and the interaction 

of this matrix and the cells to be transfected. Some works have explored the parameters 

affecting 3D transfection and highlighted its increased complexity compared to 

conventional 2D transfection experiments49. Trying to minimize this complexity, we 

selected fibrin gels as polymer matrices, as they had been used for reverse transfection 

and 3D transfection before50–56. Likewise, we employed the commercial transfection 

reagent 3DFectIN® (Oz Biosciences), optimized for 3D transfection57, to complex the 

mRNA sequences. The use of such a system would allow us to develop our TF-mRNA 

GAMs and compare them with previously explored TF-pDNA GAMs while ensuring gel-

gel inter-reproducibility. 

 

To our knowledge, the first evidence related to the concept of mRNA GAMs dates from 

2013, when Lui et al. used Matrigel® to deliver modified VEGF mRNA in vivo58. But it was 

only two years ago, when Elangovan et al. explicitly described the concept of mRNA 

GAM and showed their superior bone regeneration capacity compared to pDNA GAMs59. 

Subsequent work further showed the value of mRNA GAMs to deliver GFs, consolidating 

this approach over traditionally employed pDNA GAMs60 61. Compared to GFs, TFs have 

been shown to be more efficient in directing cell fate and reprogramming, and mRNA 

therapeutics has demonstrated to be a potent tool for TF delivery62–69. Building on this 

knowledge, we developed a new concept of mRNA GAMs encoding pivotal TFs in 

musculoskeletal development. In particular, we sought to explore whether mRNA GAMs 

induced a different kinetics of TF expression compared to pDNA GAMs, and if this 

potential situation could have an impact on tissue regeneration. Indeed, our results 

showed that, in the fibrin-based GAMs, SOX9 expression kinetics does not depend on 

the gel concentration but on the nature of the genetic material, either mRNA or pDNA.  

Consistent with previous studies performed in 2D, mRNA-GAMs showed a much higher 

transfection efficiency than pDNA GAMs, with about a 2-fold increase in relative gene 

expression values for non-modified mRNA sequences and a 1000-fold increase for RNase 

resistant sequences. In addition, SOX9 mRNA-GAMs induced a potent transgene 
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overexpression that peaked at short time points whereas pDNA-GAMs induced a SOX9 

expression that increased over time68,70. Interestingly, RNase resistant MYOD-GAMs, 

exhibited a different expression kinetics compared with the previous GAMs. Whereas 

SOX9 expression in non-modified mRNA matrices decreased over time, MYOD 

expression was maintained for at least two days (Chapter 2, pages 185, 192). Taking into 

account the potential of mRNA, these results are of significant value as they bring 

insights on mRNA expression kinetics in 3D environments, and their importance in the 

processes of cell lineage priming. In addition, the different gene expression behavior 

found in our experiments highlights the nature of sequences (pDNA, mRNA, RNase-

resistant mRNA) as an important parameter to consider in order to obtain the best gene 

expression profile depending on the desired application.  

 

The observed potency of mRNA-GAMs, stimulated us to broaden the exploration of 

these systems. Apart from genetic or chemical control mechanisms of transcription, 

mounting evidence suggest that mechanical forces are equally important regulators of 

transcriptional control71. In fact, over the past few years, mechanostransduction has 

regained great attention as a means to regulate cell fate conversion72–77. In light of these 

observations, we decided to study the possibility to improve our mRNA-GAMs by further 

introducing mechanical cues to modulate cell fate. To this end, we chose to use collagen-

I-alginate IPNs, developed at Prof. Mooney’s Lab, and fabricated a set of IPNs with 

tunable stiffness and adhesion properties to maximize the chondrogenesis driven by 

SOX9 overexpression (Chapter 3, pages 221-222). IPNs enable gel stiffness to be tuned 

independently of gel architecture, polymer concentration or adhesion ligand density78 

and hence represent an ideal platform to study the effect of matrix mechanical 

properties on the 3D transfection and chondrogenesis of hMSCs. As commented before, 

some works have explored the differences between 2D and 3D transfection in terms of 

endocytic pathways and cytoskeletal dynamics79. Other authors have considered the 

impact of mechanical cues on 2D transfection efficiency of cells plated over substrates 

of different adhesion and stiffness80–83. However, up to date, the role of GAM mechanics 

on 3D gene transfer has not been well-established yet and more work is required to 

bring these promising systems further. Therefore, once the IPN set was characterized, 

we first used them to analyze the influence of stiffness and adhesion on 3D transfection 

efficiency. In contrast with the lack of differences on transfection efficiency found 

between the two fibrin gels previously assayed, we could observe different SOX9 

overexpression values among the IPNs. Indeed, our results indicate that high 

collagen:alginate w:w ratios (high adhesion) and high stiffness exert a positive effect on 

gene transfer within the IPNs. Besides, our data suggest that this positive effect of 

stiffness is mediated by cell adhesion ligands, since the addition of ROCK inhibitor Y-

27632 dramatically reduced transfection efficiency. This positive effect of stiffness and 

adhesion is consistent with a similar trend observed for transfections performed in 2D 

and has been related to an increased cell proliferation80 and a more efficient vesicular 



General discussion 

252 
 

transport79,84. In agreement with these results, our experiments showed an increased 

cell proliferation in IPNs of high adhesion and stiffness. In addition, we observed that 

high stiffness exerted a positive effect on the internalization rate of the gene-

condensates. Indeed, soft IPNs exhibited a higher number of Cy5-pDNA nanocomplexes 

attached to the cell membrane compared to stiff IPNs, where an increased number of 

complexes where found inside the cytoplasm of the cells. Although more experiments 

will be required to elucidate the underlying mechanism, we hypothesize that this 

increased uptake in stiff IPNs is related to a stronger actin cytoskeleton and microtubular 

network that facilitate the intracellular transport of the condensates. The fact that 2D 

transfected cells showed an increased transgene expression after  their encapsulation 

within the IPNs, likely due to the transfection of remaining pDNA-complexes associated 

to the cells (Chapter 3, pages 224-226), further supports this hypothesis. Interestingly, 

our transfection results contradict a recent report for hyaluronic-acid (HA) based 

hydrogels, where softer gels achieved higher transgene expression levels compared to 

stiffer gels85. This discrepancy probably stems from how stiffness is tuned on both 

material systems. Stiffness in HA hydrogels was modulated by Michael-type crosslinking 

or the concentration of HA used.  In particular, in the range of stiffness where we found 

the differences in transfection efficiency, their amount of HA ranged from 3 to 5%. This 

increase in HA concentration might change other parameters affecting 3D transfection, 

such as gel architecture or adhesion ligand density. Conversely, collagen-I-alginate IPNs 

enable gel stiffness to be tuned independently of these factors78, which allow us to get 

more independent conclusions about the effects of stiffness. 

 

2. Cell phenotype priming 

Once the three platforms were optimized, they were used to conduct in vitro 

differentiation studies to prove their functionality. In the case of polyarginine NCs, these 

experiments were intended to show the reversion of MDSCs immunosuppressive 

phenotype upon their transfection with RNAi-loaded NCs targeting the C/EBPβ pathway. 

C/EBPβ forms a feedback loop with miR-142-3p promoting myeloid cell differentiation 

towards immunosuppressive macrophages during tumor-induced myelopoiesis. In 

addition, it has been shown that miR-142-3p overexpression prevents the formation of 

the macrophagic fraction of MDSCs (CD11b+Gr-1low-neg), which is endowed with the 

strongest immunosuppressive activity86. Consequently, there is a need for delivery 

systems that enable these RNAi therapies for MDSC targeting to reach their full 

potential. Considering the good release and stability profiles of RNAi-loaded 

polyarginine NCs, and their high chemoattractant capacity, they appeared as ideal 

systems to re-educate MDSCs, controlling the immunosuppressive environment and 

reverting tumor-induced tolerance. Indeed, our data showed a potent downregulation 

of C/EBPβ by shC/EBPβ-loaded NCs and a dramatic reduction of the Gr-1 low negative 

after MDSCs transfection with miR 142-3p-loaded NCs (Chapter 1, pages 149-151).  miR 

142-3p and shC/EBPβ were previously reported to enhance the efficacy of adoptive cells 
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transfer and antitumoral DNA vaccination in vivo, respectively, when administered 

loaded in 4PD dendrimers87. Although our observations are mostly based on in vitro 

data, they suggest that the combination of both the RNAi and chemokine therapies 

could be a promising approach to boost adoptive cell transfer efficacy in cancer 

immunotherapy. In vivo data showing the downregulation of splenic and tumor C/EBPβ 

mRNA levels after administration of shC/EBPβ-loaded nanocapsules, and the 

subsequent prevention of monocyte differentiation into tumor-associated 

macrophages, further highlight the potential of these nanocarriers. In addition, the 

Matrigel® system, loaded with CCL2, could be an interesting strategy to deliver tumor 

antigens and activate T cells in situ.  

 

In the case of the GAMs, studies were performed to assess their potential to direct MSC 

fate. Fibrin-based GAMs were activated with SOX9 and MYOD mRNA to promote 

chondrogenic and myogenic differentiation, respectively. Compared to previously 

explored SOX9 pDNA-GAMs, our mRNA-GAMs induced a more potent and faster gene 

upregulation of the condrogenic markers SOX9, aggrecan and collagen type II, 

suggesting a faster onset of the chondrogenic response. More importantly, this 

upregulation was translated in a higher matrix secretion as demonstrated by alcian blue 

staining and collagen type II immunohistochemistry. Accordingly, MYOD-GAMs also 

demonstrated a potent induction of the myogenic markers MYOD, myogenin and 

myosin heavy chains 2 and 3 that promoted myosin protein expression, further 

supporting the value of our mRNA-platforms (Chapter 2, pages 190-192, 209-210). 

Although mRNAs encoding TFs have been previously used for cell reprogramming 

showing very high efficiencies and potent responses68,88, to our knowledge, this is the 

first evidence of TF-mRNA reprogramming induced in a GAM. As previously highlighted, 

GAM mechanical properties have an inherent effect of cell phenotype 75–77 that we 

sought to explore. In this regard, our observations also bring insights about the interplay 

between the matrix mechanical signals and mRNA-induced molecular cascades. Indeed, 

our results showed a better chondrogenic response in the less concentrated fibrin gels 

whereas the opposite was observed for myogenic differentiation. Given that matrix 

remodeling is faster in less concentrated gels, and that matrix degradation leads to cell 

condensation, our results are in agreement with previous literature describing 

mesenchymal condensation as a critical event to drive the onset of the chondrogenic 

program89–92. In the case of MYOD-GAMs, our results are also consistent with previous 

literature, since the higher myogenic response observed for the more concentrated 

matrices is likely related to a better cell alignment induced by the slowler degradation 

of this kind of matrices93–95.  

Trying to improve the synergy between matrix mechanics and mRNA-reprogramming, 

we next explored the use of collagen-I-alginate IPNs for chondrogenic differentiation. 

The tunable properties of these IPNs have been previously shown to influence fibroblast 

biology78, so it was reasonable to hypothesize that they could help modulating the GAM-
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mediated chondrogenic response. Besides, their composition resembles that of the ECM 

and their stiffness can be adjusted to reach values similar to the native cartilaginous 

tissue96,97, further supporting our selection of these systems. Several works have studied 

the influence of matrix mechanics on the chondrogenesis of MSCs plated on 2D 

substrates98,99. However, conclusions obtained from 2D cultures do not always translate 

into the behavior of 3D systems due to their increased complexity100, highlighting the 

need for more systematic 3D studies. Given that GAM mechanical properties have been 

previously shown to affect 3D gene transfer, in our first chondrogenesis experiments we 

transfected MSCs with mRNA in 2D prior to their encapsulation within the IPNs. We 

found that, compared to cells encapsulated within the Soft 1:2 IPNs (low stiffness, high 

adhesion), cells within the Stiff 1:2 IPNs (high stiffness, high adhesion) promoted a 

higher expression of chondrogenic markers. Stiff 1:2 IPNs (high stiffness, high adhesion) 

have previously shown the higher 3D transfection efficiency and therefore were 

selected for the next chondrogenesis experiments involving 3D transfection. As in the 

case of 2D SOX9 transfection, IPN-mediated SOX9 transfection induced a high 

expression of chondrogenic markers at both the mRNA and protein levels. However, for 

3D transfection, the expression of chondrogenic markers was higher, especially in the 

case of collagen type-II mRNA expression, which was not upregulated in control IPNs. In 

agreement with previous literature42, the levels of the hypertrophic marker collagen 

type-X were downregulated upon SOX9 transfection, both at the mRNA and protein 

level. This is especially noteworthy since tissue-engineered cartilage usually has an 

unfavorable balance between collagen type-II and collagen type-X expression, resulting 

in a cartilage-like tissue of poor mechanical properties101. Interestingly, the addition of 

the NF-kβ inhibitor BMS-345541 further reduced the expression of this hypertrophic 

marker, suggesting the potential of this inhibitor for use in regenerative medicine 

(Chapter 3, pages 230, 243).  

Together with the impact of GAM mechanics on the differentiation output, our 

observations also bring insights on the significance of mRNA dose to induce TF-mediated 

MSC specification. In SOX9- and MYOD-fibrin GAMs, reducing the mRNA dose four and 

two times, respectively, did not alter significantly the mRNA expression of relevant 

tissue-specific markers, suggesting there is a plateau in TF-induced marker expression 

(Chapter 2, pages 188-192, 209-210). Given that high levels of master regulators have 

been shown to exert a negative feedback on target gene expression102–104, these results 

highlight the importance of a careful optimization of TF mRNA dose in GAM 

development. The fact that one can tune both, GAM mechanics and mRNA dose, to 

induce a potent enforced TF expression, allows for in situ cell reprogramming strategies 

that simplify their application in the clinical setting since they circumvent tedious in vitro 

cell culture and modification procedures.68,88   
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CONCLUSIONS 

 

CHAPTER 1: Co-delivery of RNAi and Chemokine from Polyarginine Nanocapsules 

enables the modulation of Myeloid Derived Suppressor Cells 

C1. Glycerol Monooleate-based nanoemulsions (GMO NEs) can be prepared by a mild 

self-emulsifying method that yields L2 inverse micellar phases suitable for CCL2 

chemokine encapsulation. These oily cores can be surrounded by a polyarginine polymer 

shell yielding nanocapsules that can efficiently load various RNAi sequences by 

electrostatic interactions. Subsequent polyarginine and hyaluronic acid polymer layers 

can be assembled onto the RNA molecules creating “sandwich-like” structures that 

protect RNAi sequences from degradation. 

C2. CCL2 and RNA-loaded NCs maintain their colloidal stability in biorelevant media. 

RNA-loaded NCs prevent the release of the cargo for at least 12 h and are able to protect 

the RNA molecules from plasma RNases.  

C3. Both RNAi-loaded NCs induce a high transfection of Myeloid Derived Suppressor 

Cells (MDSCs). This transfection promotes the differentiation of MDSCs towards non-

immunosuppressive phenotypes. CCL2-loaded NCs exert a potent chemoattraction on 

RAW264.7 macrophage cells, suggesting that CCL2 loading can be a good strategy to 

target the RNAi therapy to the most immunosuppressive monocytic-macrophagic MDSC 

subset.  
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CHAPTER 2: mRNA-Activated Matrices Encoding Transcription Factors as Primers of 

Cell Differentiation in Tissue Engineering 

 

C1. Fibrin hydrogels can be effectively loaded with nanocomplexed mRNA to construct 

mRNA-activated matrices. These matrices are highly biocompatible and promote a more 

potent transfection of encapsulated human Mesenchymal Stem Cells (hMSCs) than 

similar systems with pDNA-activation.  

C2. mRNA- and pDNA-activated matrices induced different gene expression kinetics in 

encapsulated hMSCs. mRNA matrices induced a rapid gene overexpression that decayed 

over time, while pDNA matrices increased gene expression over time. Matrices loaded 

with RNase-resistant mRNAs induced a very potent gene upregulation that was 

maintained over time. 

C3. mRNA matrices loaded with Transcription Factor (TF) SOX9 promoted a faster onset 

of the chondrogenic differentiation program than pDNA-activated matrices. Likewise, 

MYOD mRNA matrices induced a rapid onset of the myogenic differentiation program in 

hMSCs. This high expression of chondrogenic and myogenic genes resulted in higher 

synthesis of tissue-specific proteins in mRNA matrices compared to pDNA and control 

matrices. 

C4. The fibrinogen concentration of mRNA-GAMs affected the differentiation process: 2 

mg/ml matrices promoted higher expression of chondrogenic markers, while 4 mg/ml 

matrices induced an improved myogenic response.  
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CHAPTER 3:  Modulation of Gene Activated Matrix mechanics enhances the 3D 

transfection and SOX9-directed differentiation of Mesenchymal Stem Cells 

C1. A set of collagen-I-alginate IPNs with tunable adhesion and stiffness was developed 

by adjusting collagen:alginate mass ratios and the concentration of the crosslinker, 

calcium carbonate nanoparticles. Within these IPNs, stiffness can be tuned 

independently of polymer concentration, adhesion ligand density and gel architecture.  

C2. IPNs of various mechanical properties were successfully loaded with nanocomplexed 

SOX9 mRNA and pDNA sequences, and hMSCs were encapsulated therein.  Regardless 

of the type of genetic material, the highest transfection efficiencies were achieved with 

IPNs of high collagen:alginate ratios (higher adhesion) and high stiffness.  

C3. The positive effect of IPN stiffness on hMSCs transfection was found to be related to 

cell adhesion, an increased cell proliferation and a higher mRNA/pDNA cell uptake. 

C4. SOX9-activated IPNs induced a more efficient chondrogenesis than that achieved 

with cells transfected in 2D and seeded in non-activated IPNs, indicating the interest of 

3D reprogramming techniques. Compared to control IPNs, SOX9 IPNs induced lower 

levels of the hypertrophic marker COLX, suggesting the formation of an improved 

cartilage-like tissue. The use of the IKK inhibitor BMS-345541 further decreased COLX 

expression, making this inhibitor an attractive drug to consider in the design of 

biomaterials for cartilage repair.  
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2D Two dimensional 

3D Three dimensional 
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ARCA Anti Reverse Cap Analog 

BMP Bone Morphogenetic Protein 
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CDH15 Cadherin 15 
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CD11b Cluster of differentiation molecule 11B 
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COLX Collagen type X 

CTL Cytotoxic T lymphocyte 

DAB (3,3'-diaminobenzidine) 

DMEN Dulbecco’s Modified Eagle Medium 

DMSO Dimetilsulfoxyde 

DNA Deoxyribonucleic Acid 
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dNTPs Deoxynucleotides Triphosphate 

dsDNA double stranded Deoxyribonucleic Acid 

DTT Dithiothreitol 

ECM Extracellular Matrix 

FBS Fetal Bovine Serum  

FDA US Food and Drug Administration 

FGF Fibroblast Growth Factor 

GAM Gene Activated Matrix 

GAPDH Glyceraldehide-3-phosphate dehydrogenase 

GF Growth Factor 

GMO Glycerol Monooleate 

h Hours 

hMSC Human Mesenchymal Stem Cell 

ICM Incomplete Chondrogenic Medium 

IHC Immunohistochemistry 

IPN Interpenetrating Polymer Network 

IVT In Vitro Transcription  

(M)-MDSCs monocytic MDSCs 

MACI Matrix-assisted Autologous Chondrocyte Implantation 

MDSCs Myeloid Derived Suppressor Cells 

MEM Minimun Essential Medium 

MFE Minimun Free Energy 

mg Miligrams  

Mg2 Magnesium 

min Minutes 

miR, miRNA micro Ribonucleic Acid 
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ml Mililiters 

M-MLV Moloney Murine Leukemia Virus 

mRNA Messenger Ribonucleic Acid 

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

MW Molecular Weight 

MYH2 Myosin Heavy Chain 2 

MYH3 Myosin Heavy Chain 3 

MYOD Myogenic differentiation protein 1 

MYOG Myogenin 

NC nanocapsule 

NE nanoemulsion 

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

nm Nanometers  

ORF Open Reading Frame 

OVA Ovalbumin 

Pa Pascal 

PBS Phosphate Buffered Saline 

PDI Polidispersity Index 

pDNA Plasmid Deoxyribonucleic Acid 

(PMS)-MDSCs polymorphonuclear MDSCs 

PVDF Polyvinylidine Fluoride 

qRT-PCR Real-Time Quantitative Reverse Transcription PCR 

RIPA buffer Radioimmunoprecipitation assay buffer 

RNA Ribonucleic Acid 

RNAi interference Ribonucleic Acid 

ROCK Rho-associated protein kinase 
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SAXS Small Angle X-ray Scattering 

SDS Sodium Dodecyl Sulfate 

SEM Scanning Electron Microscopy 

shR, shRNA short hairpin Ribonucleic Acid 

SOX9 (Sex-determining region Y)-box 9 

TEM Transmission Electron Microscopy 

TF Transcription Factor 

TGF-β3 Transforming Growth Factor β3 

TLR4 Toll-like receptor 4 

TNT buffer TRIS-NaCl-Tween 20 buffer 

UTR Untranslated Region 

UV Ultra Violet 

YFP Yellow Fluorescent Protein  

µg Micrograms 

µl Microliters 

µm Micrometers 
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ETHICAL CONSIDERATIONS 

Cell culture 

Primary human Mesenchymal Stem cells were either acquired from commercially 

available resources (American Tissue Culture Collection, Tebu-bio) or obtained from 

commercial human bone marrow samples (Lonza). Donors were anonymous in both 

cases. Cells were cultured in the conditions recommended by the manufacturers and 

only used for the research purposes specifically described in this thesis.  

 

Animal Studies 

All animal experiments were done in Padova and approved by Ministero della Salute 

Italiano DECRETO 240/2012 and were executed in accordance with governing Italian law 

and EU directives and guidelines. Mice were monitored daily and euthanized when 

displaying excessive disconfort. 
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