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Desarrollo de nanocápsulas lipídicas como estrategia para facilitar 

el paso a través de la barrera hematoencefálica de fármacos que actúan a 

nivel del sistema nervioso central 

Introducción 

Las patologías que afectan al sistema nervioso central representan un desafío 

terapéutico de primer orden por su incidencia creciente y la falta de tratamientos 

eficaces ante la limitación del acceso a sistema nervioso central de la mayoría de 

fármacos administrados por vía sistémica por parte de la barrera hematoencefálica. 

Algunas de las estrategias descritas para sortear esta barrera, incluyendo la 

administración intracerebral o la disrupción artificial de sus uniones estrechas, 

suponen un elevado riesgo de daño neurológico. Por ello, actualmente se persigue 

diseñar transportadores de fármacos capaces de atravesar de manera eficiente el 

endotelio cerebral tras su administración intravenosa. En concreto, la vectorización de 

agentes antineoplásicos en nanotransportadores para el tratamiento de tumores 

cerebrales supondría un sustancial avance en terapéutica por la reducción de efectos 

secundarios derivados de su distribución sistémica. Dado que la distribución de 

transportadores a sistema nervioso central no puede depender en exclusiva de la 

vectorización pasiva, a fin de favorecer su paso a través de la barrera 

hematoencefálica, se está investigando la incorporación de distintos ligandos a estos 

sistemas. 

Objetivos 

El objetivo global de esta tesis doctoral es diseñar, desarrollar y evaluar a nivel 

preclínico un nanotransportador lipídico que sea capaz de atravesar la barrera 

hematoencefálica para vectorizar fármacos a nivel del sistema nervioso central tras 

una administración sistémica. Este objetivo general se desglosa en tres objetivos 

específicos: 

1. Estudiar los parámetros experimentales determinantes en la obtención de 

nanocápsulas lipídicas mediante el método térmico de inversión de fases para, en 

último término, habilitar la producción de nanocápsulas lipídicas bajo demanda. 

2. Desarrollar una novedosa estrategia de funcionalización de nanocápsulas 

lipídicas con cannabidiol para favorecer su distribución a sistema nervioso central y 

evaluar su potencial in vitro e in vivo.  

3. Encapsular cannabidiol en el núcleo oleoso de las nanocápsulas lipídicas y 

evaluar in vitro su eficacia como sistemas de liberación prolongada con actividad frente 

a la línea celular U373MG de glioblastoma humano y, en último término, superar los 

problemas de formulación tradicionalmente asociados con estos agentes achacables a 

su elevada lipofilia que han venido limitando su potencial terapéutico. Asimismo, se 

persigue evaluar la estrategia de funcionalización con cannabidiol para potenciar la 

captación por células de glioma.  
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Esta tesis se presenta como compendio de publicaciones con entidad propia. 

Se estructura en capítulo, cada uno de los cuales aborda uno de los objetivos 

específicos descritos. Además, cada capítulo está precedido por una minuciosa 

introducción acerca del estado actual de cada tema. En conjunto, el trabajo de tesis 

comprende un capítulo de libro, tres publicaciones en revistas indexadas en el JCR 

(dos en el primer decil y el uno en el primer cuartil de la categoría “Ciencia de los 

materiales, biomateriales”), y otros tres artículo aún no publicados. 

Resultados 

Los principales resultados se sintetizan en los siguientes puntos:  

1. La obtención de nanocápsulas lipídicas con tamaños de partícula 

predeterminados para aumentar las posibilidades de éxito de tratamientos de 

patologías del sistema nervioso central puede conseguirse mediante el método térmico 

de inversión de fases, pues el diámetro volumen se ajusta a un modelo matemático en 

una variable: el cociente másico entre la fase interna oleosa y el tensioactivo. Este 

modelo es válido para nanocápsulas blancas y cargadas con fármaco.  

2. El tamaño de las nanocápsulas lipídicas condiciona la capacidad de paso a 

través de la barrera hematoencefálica en el intervalo 20-60 nm: en concreto, una 

disminución de tamaño incrementa en 2,5 y 1,6-2,5 veces su paso a través de la 

barrera hematoencefálica in vitro e in vivo, respectivamente. Por otra parte, la 

funcionalización de las nanocápsulas lipídicas con el fitocannabinoide cannabidiol 

aumenta el paso a través de barrera hematoencefálica 4,3 y 2,5 veces in vitro e in 

vivo, respectivamente. 

3. El tamaño de las nanocápsulas lipídicas también condiciona la captación por 

células de glioma: en concreto, una disminución de tamaño incrementa 3-3,5 veces la 

captación por células de glioma. Asimismo, el tamaño de las nanocápsulas lipídicas 

condiciona la liberación de fármacos: nanocápsulas de 20 nm cargadas con 

cannabidiol reducen invariablemente 3 veces los valores de CI50 en comparación con 

sus homólogas de 50 nm. Además, la funcionalización de nanocápsulas lipídicas con 

el fitocannabinoide cannabidiol aumenta la captación por células de glioma 3,4 veces 

en comparación con sus homólogos del mismo tamaño no funcionalizados. 

Conclusiones 

El paso a través de barrera hematoencefálica y la captación por células de 

glioma, así como la velocidad de liberación de fármacos pueden modularse variando el 

tamaño particular de las nanocápsulas lipídicas. El método térmico de inversión de 

fases posibilita su obtención bajo demanda en términos de tamaño particular. Además, 

el cannabidiol representa una molécula no inmunogénica para la vectorización activa a 

cerebro y glioma, con potencial para el tratamiento de gliomas dados sus sinergias con 

los protocolos de quimio y radioterapia. En conjunto, las nanocápsulas lipídicas, 

cargadas y funcionalizadas con cannabidiol, constituyen prometedores candidatos con 

capacidad de vectorización a través de barrera hematoencefálica y de células de 

glioma. Su potencial terapéutico debe ser evaluado en modelos animales de glioma. 
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Development of lipid nanocapsules as a strategy to overcome the 

passage across the blood-brain barrier of drug substances acting on the 

central nervous system 

Introduction 

Diseases affecting the central nervous system (CNS) should be regarded as a 

major health challenge due to their steadily rising incidences and to the current lack of 

effective treatments given the hindrance to brain drug delivery imposed by the blood-

brain barrier (BBB). Some of the described delivery strategies to circumvent the BBB 

such as the direct intracerebral administration and the artificial disruption of the tight 

junctions involve high risk of neurological damage. Hence, every effort is currently 

being devoted to achieving efficient transport across the brain endothelium with 

targeted drug carriers following minimally-invasive intravenous injection. In particular, 

nanomedicine is chiefly germane to the field of chemotherapy wherein dose availability 

at the target site cannot be enhanced by dose increase for fear of severe side effects. 

Since efficient brain targeting should not solely rely on passive targeting, brain active 

targeting of nanomedicines into the CNS is being explored. 

Aims 

The global aim of this thesis is to design, develop and evaluate pre-clinically a 

BBB-targeted lipid nanocarrier for brain targeting after its intravenous administration. 

This global aim can be broken down into these specific aims: 

1. To ascertain the parameters that drive the formation of lipid nanocapsules 

(LNCs) by the phase inversion temperature (PIT) method to eventually allow obtaining 

size-tailored LNCs. 

2. To develop LNCs functionalized with CBD as a pioneering non-immunogenic 

BBB-targeting strategy and to evaluate their brain targeting ability both in vitro and in 

vivo.  

3. To encapsulate CBD in the oily core of LNCs at high drug loading to test their 

in vitro efficacy as extended-release carriers against a human glioblastoma cell line to 

ultimately overcome the dosing problems associated with cannabinoids that have 

constrained their therapeutic potential, and to evaluate the in vitro glioma-targeting 

ability of LNCs functionalized with CBD. 

This thesis is presented as a compendium of research articles with stand-alone 

entity for publication. It is structured in chapter, each of which deals with a specific aim 

of the thesis project. Each chapter is preceded with a thorough introduction on the 

state-of-the-art of each issue. Altogether, the thesis encompasses a chapter of a book, 

three published articles (two in D1 journals and the third one in a Q1 journal in the 

category “Materials science, biomaterials”), and three other articles that have not yet 

been published. 

The main results can be summarized in the following highlights: 
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1. Fine size-tailoring of LNCs to increase the chances of success for the 

treatment of CNS diseases can be achieved by the PIT method. The particle size of 

LNCs can be accurately predicted beforehand by a validated univariate mathematical 

model as a function of the internal oily phase: surfactant mass ratio for various oily 

phase-surfactant combinations. Importantly, this univariate mathematical model serves 

to obtain not only size-tailored blank LNCs but also drug-loaded LNCs. 

2. Particle size certainly influences the BBB-transcytosis ability of LNCs within 

the range 20-60 nm: in particular, a decrease in the particle size of LNCs yields a 2.5- 

and 1.6-2.5-fold increase in the transcytosis extent across the BBB in vitro and in vivo, 

respectively. Moreover, the functionalization of LNCs with the phytocannabinoid 

cannabidiol (CBD) increases their brain targeting properties by 4.3- and 2.5-fold in vitro 

and in vivo, respectively. 

3. Particle size also plays a pivotal role in the in vitro glioma targeting ability of 

LNCs: in particular, a decrease in the particle size of LNCs yields a 3.0-3.5-fold 

increase in in vitro uptake by human glioblastoma cells. Likewise, the size of LNCs 

influences the extent of CBD release: 20 nm-sized CBD-loaded LNCs reduce by 3.0-

fold the IC50 value of 50-nm sized CBD-loaded LNCs. Furthermore, the 

functionalization of LNCs with CBD also enhanced their in vitro glioma targeting 

properties by 3.4-fold in comparison with their equally-sized undecorated counterparts.  

Conclusions 

Both the BBB and glioma targeting ability and the drug release rate can be 

tailored by varying the particle size of LNCs. The PIT method enables size-tailored 

LNCs to be obtained on demand. Additionally, CBD represents a pioneering 

exogenous and non-immunogenic targeting molecule for brain and glioma targeting of 

LNCs that may well serve to widen the therapeutic armamentarium against malignant 

brain tumors thanks to its synergistic effects with the currently available chemo- and 

radiotherapy. Altogether, LNCs prepared by the PIT method, loaded and functionalized 

with CBD arise as auspicious dually-targeted (both across the brain endothelia and the 

brain tumor cells) candidates for intravenous treatment of glioma. Consequently, these 

formulations deserve subsequent in vivo evaluation in an animal model of disease.  
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Las patologías que afectan al sistema nervioso central constituyen un grupo 

heterogéneo que comprende no sólo las alteraciones psiquiátricas y neurológicas, 

dentro de las que se encuadran las enfermedades neurodegenerativas; sino también 

los ictus isquémicos, los tumores cerebrales y algunos procesos infecciosos. 

Desafortunadamente, la eficacia de los tratamientos actuales de estas enfermedades 

es, en muchos casos, cuestionable, ya que la barrera hematoencefálica limita el 

acceso a sistema nervioso central de la mayoría de fármacos administrados por vía 

sistémica. Esto hace de las patologías que afectan al sistema nervioso central no sólo 

el área clínica con mayor crecimiento, sino también el grupo con más necesidades 

terapéuticas no cubiertas. 

La utilización de sistemas transportadores de fármacos con elevada capacidad 

de paso a través de la barrera hematoencefálica representa una prometedora 

estrategia para aumentar la eficacia de los tratamientos de las patologías que afectan 

al sistema nervioso central, ya que podrían favorecer la liberación selectiva del 

fármaco a este nivel, reduciendo los efectos secundarios asociados a la distribución 

sistémica del fármaco libre. Particularmente, la vectorización de agentes 

antineoplásicos en nanotransportadores para el tratamiento de tumores cerebrales 

supondría un sustancial avance en terapéutica por la reducción de efectos secundarios 

derivados de su distribución sistémica. 

De entre los nanotransportadores en investigación, los vectores lipídicos se 

erigen como prometedores candidatos alternativos a los vectores poliméricos por su 

biocompatibilidad y biodegradabilidad.  A fin de favorecer su paso a través de la 

barrera hematoencefálica, se está investigando la incorporación de ligandos 

específicos a estos sistemas. 

En este contexto, y continuando con la línea del grupo de investigación relativa 

al desarrollo de sistemas de liberación modificada de fármacos de administración por 

vía parenteral para distintas patologías del sistema nervioso central,  el objetivo global 

de esta tesis doctoral es diseñar, desarrollar y evaluar a nivel preclínico un 

nanotransportador lipídico que sea capaz de atravesar la barrera hematoencefálica 

para vectorizar el fármaco a nivel del sistema nervioso central tras una administración 
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sistémica. Este objetivo general se desglosa en tres objetivos específicos, que se 

abordarán en los tres primeros capítulos de esta memoria, cada uno de los cuales irá 

precedido por una minuciosa introducción acerca del estado actual de cada uno de los 

temas. Estos objetivos específicos son: 

1. Diseñar, elaborar y caracterizar nanocápsulas lipídicas obtenidas por el 

método térmico de inversión de fases desde un planteamiento racional basado en los 

requisitos que los nanotransportadores han de satisfacer para desarrollar terapias 

destinadas a tratar patologías del sistema nervioso central. Se seleccionan las 

nanocápsulas lipídicas por la elevada capacidad de encapsulación de su núcleo 

oleoso (frente a otros transportadores lipídicos, a saber liposomas y nanopartículas 

lipídicas sólidas), así como por la estabilidad conferida por su cubierta sólida. 

Asimismo, la elección del método térmico de inversión de fases para su obtención se 

fundamenta en su carácter energéticamente eficiente que cumple las premisas para su 

implementación a nivel industrial, hecho que constituye un requisito imprescindible 

para el acceso al mercado de toda nueva formulación. Se realiza un estudio 

exhaustivo de dicha técnica: por un lado, los parámetros experimentales que conducen 

a la obtención de nanocápsulas de tamaños específicos, y por otro lado, cómo afecta 

al proceso la modificación de la naturaleza de la fase oleosa y/ o del tensioactivo, para, 

en último término, habilitar la producción de nanocápsulas lipídicas “a la carta” a tenor 

de las características impuestas por el fin terapéutico específico. 

La parte relativa a la caracterización morfológica de los nanotransportadores 

por microscopía electrónica de transmisión se ha realizado en colaboración con el 

profesor Víctor Sebastián Cabeza, del Departamento de Ingeniería Química y 

Tecnologías del Medio Ambiente del Instituto Universitario de Investigación en 

Nanociencia de Aragón (Universidad de Zaragoza). 

El desarrollo de este objetivo específico de la tesis doctoral se aborda en el 

primer capítulo, del que forman parte las publicaciones científicas “Managing CNS 

Tumors: The Nanomedicine Approach”, (“New Approaches to the Management of 

Primary and Secondary CNS Tumors”, ISBN 978-953-51-3052-9, Editor: Lee Roy 

Morgan, Publisher: InTech, March 2017) y “Size-tailored nanocapsules by a single step 

energy-efficient procedure: the phase inversion temperature method revisited”. 

2. Desarrollar una estrategia de funcionalización de nanocápsulas lipídicas con 

cannabidiol (el principal fitocannabinoide desprovisto de acción psicoativa) para 

favorecer su distribución a sistema nervioso central. Esta estrategia tiene su 

fundamento en los datos farmacocinéticos de dicho cannabinoide en sangre y cerebro, 

obtenidos previamente en colaboración con el equipo del profesor Aron Lichtman 

(Virginia Commonwealth University, EEUU). A tal efecto, se realizan ensayos de 

viabilidad celular, captación y permeabilidad sobre la línea de endotelio cerebral 

humano hCMEC/D3. Este modelo celular para la evaluación del paso de las 

nanocápsulas a través de la barrera hematoencefálica se valida con ensayos de 

biodistribución en ratones. El objetivo es evaluar la influencia del tamaño de las 

nanocápsulas y de su funcionalización con cannabinoides en el paso a través de la 

barrera hematoencefálica in vitro e in vivo. 
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La parte correspondiente a la evaluación in vitro de este objetivo específico se 

ha realizado en colaboración con el grupo del profesor Ignacio Romero, posibilitada 

gracias a la concesión de dos ayudas complementarias para la realización de sendas 

estancias breves en School of Life, Health and Chemical Sciences (LHCS), The Open 

University, dentro del programa de Formación del Profesorado Universitario (FPU) del 

Ministerio de Educación, Cultura y Deporte en las convocatorias de 2015 y 2016 con 

referencias EST15/00534 y EST16/00556 (Septiembre 2016-Diciembre 2016; Junio 

2017-Agosto 2017). 

El desarrollo de este objetivo específico de la tesis doctoral se aborda en el 

segundo capítulo, del que forman parte las publicaciones científicas “In vitro screening 

of nanomedicines through the blood brain barrier: a critical review”, (Biomaterials 103 

(2016) 229-255, IF (2016): 8,402, D1 en las categorías “Engineering, biomedical” y 

“Materials science, biomaterials”, ISSN: 0142-9612) y “Cannabidiol-targeted lipid 

nanocapsules across the blood-brain barrier: in vitro and in vivo evaluation”. 

3. Evaluar in vitro la eficacia de las nanocápsulas desarrolladas sobre una línea 

celular de glioma humano. Como agente antitumoral, se emplea el cannabidiol, con 

actividad antiproliferativa en modelos xenográficos de glioma en ratón acreditada por 

nuestro grupo de investigación con anterioridad en colaboración con el profesor 

Guillermo Velasco del Departamento de Bioquímica y Biología Molecular de la 

Facultad de Ciencias Biológicas de la Universidad Complutense de Madrid. En este 

sentido, se evalúa la influencia del tamaño de las nanocápsulas, así como la estrategia 

de funcionalización (desarrollada en el objetivo específico anterior) mediante estudios 

de captación y de viabilidad sobre la línea celular U373MG. La incorporación del 

cannabinoide en el núcleo oleoso de las nanocápsulas posibilita su administración por 

vía intravenosa, superando así los problemas de formulación tradicionalmente 

asociados con estos agentes achacables a su elevada lipofilia, y que en gran medida 

han venido limitando su potencial terapéutico. 

Parte del trabajo relativo a este objetivo específico se ha realizado gracias a la 

concesión de una ayuda complementaria para la realización de una estancia breve en 

L'unité Micro et Nanomédecines Biomimétiques (MINT) (Université d’Angers) bajo la 

supervisión del profesor Jean Pierre Benoit, dentro del programa de Formación del 

Profesorado Universitario (FPU) del Ministerio de Educación, Cultura y Deporte en la 

convocatoria de 2014 con referencia EST14/00229 (Septiembre 2015-Noviembre 

2015).  

El desarrollo de este objetivo específico de la tesis doctoral se aborda en el 

tercer capítulo, del que forman parte las publicaciones científicas “Glioblastoma 

multiforme and lipid nanocapsules: a critical review”, (Journal of Biomedical 

Nanotechnology 11 (2015) 1283-1311, IF (2015): 3,929, Q1 en la categoría “Materials 

science, biomaterials”, ISSN: 1550-7033) y “The potential of lipid nanocapsules 

decorated and loaded with cannabidiol for the treatment of malignant gliomas: in vitro 

evaluation”. 

Para finalizar la presente memoria, y con el fin de dibujar para dibujar las líneas 

futuras en el campo de la nanomedicina aplicada a la terapia de neoplasias del 



18 
 

sistema nervioso central, se incluye un estudio acerca de las posibilidades que ofrecen 

los nanotransportadores para un seguimiento personalizado de los tumores cerebrales 

mediante el teragnósitico, tendencia en investigación que aúna tratamiento y 

diagnóstico por imagen. Dicho estudio lleva por título “Towards tailored management 

of malignant brain tumors with nanotheranostics” y ha sido publicado en Acta 

Biomaterialia 73 (2018) 52-63, IF (2016): 6.319, D1 en las categorías “Engineering, 

biomedical” y “Materials science, biomaterials”, ISSN: 1742-7061). 
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Diseases affecting the central nervous system (CNS) represent a 

heterogeneous group that encompasses not only mental and neurological disorders 

(including neurodegenerative diseases), but also ischemic strokes, brain tumors and 

some infectious diseases. Unfortunately, the efficacy of the current standard of care for 

these diseases remains, in most cases, questionable, since the blood-brain barrier 

(BBB) truly hinders the distribution to the CNS of the vast majority of drug substances 

administered systemically. Hence, brain diseases do not only represent the fastest-

growing but also the largest area of unmet medical needs. 

The use of drug carriers arises as an auspicious alternative to enhance the 

passage across the BBB, thereby promoting a selective distribution to the CNS with the 

ensuing reduction in adverse effects caused by peripheral distribution of the drug and 

improvement in the efficacy of the treatment of many of these diseases. Particularly, 

brain targeting of nanocarriers would be chiefly germane to the field of brain 

chemotherapy wherein dose availability at the target site cannot be enhanced by dose 

increase for fear of severe side effects. 

Among the nanocarriers under investigation, lipid-based carriers arise as 

alternative candidates for brain drug delivery given their inherent low toxicity, 

biocompatibility and biodegradability. Indeed, the conjugation of many lipid-based 

nanocarriers with ligands that bind to receptors overexpressed on the brain 

endothelium is being explored with the purpose of effectivey improving the selective 

distribution of the therapeutic across the BBB. 

Against this background of hindrance to brain delivery, and in line with the 

research area of the group focused on the development of sustained-release carriers 

for the treatment of brain diseases, the global aim of the present thesis is to design, 

develop and evaluate pre-clinically a BBB-targeted lipid nanocarrier for brain targeting 

after its intravenous administration. This global aim can be broken down into three 

specific aims, which will be addressed in the first three chapters of this dissertation. 

Each chapter will be preceded with a thorough introduction on the state-of-the-art of 

each issue. These specific aims are: 
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1. To design, obtain and characterize lipid nanocapsules prepared by the phase 

inversion temperature (PIT) method following a disease-driven approach, in particular 

the requisites imposed by CNS pathologies. Lipid nanocapsules are chosen according 

both to the high drug loading potential within their oily core (unlike other lipid carriers, 

namely liposomes and solid lipid nanoparticles), and to their kinetic stability provided by 

their solid shell. Likewise, the PIT method was selected on the grounds of their 

energetically efficient features that meet the requirements for a future implementation 

at an industrial level and which constitutes a requisite to achieve broad market access. 

On the one hand, we attain a comprehensive understanding of the role played by the 

experimental parameters that eventually drive the formation of size-tailored 

monodisperse lipid nanocapsules, and, on the other hand, we ascertain how the PIT 

process is affected by changes in the nature of both the oily phase and the surfactant, 

to ultimately allow obtaining lipid nanocapsules with features thoroughly designed 

beforehand on the basis of the pathophysiology of a specific disease. 

The morphological analysis by transmission electron microscopy of the 

nanocapsules has been conducted in collaboration with Professor Víctor Sebastián 

Cabeza, from Department of Chemical Engineering and Environmental Technology 

and Institute of Nanoscience of Aragon (INA), University of Zaragoza (Spain). 

The first chapter of this thesis tackles this specific aim and encompasses the 

scientific publications “Managing CNS Tumors: The Nanomedicine Approach”, (“New 

Approaches to the Management of Primary and Secondary CNS Tumors”, ISBN 978-

953-51-3052-9, Editor: Lee Roy Morgan, Publisher: InTech, March 2017) and “Size-

tailored nanocapsules by a single step energy-efficient procedure: the phase inversion 

temperature method revisited”. 

2. To develop a functionalization strategy of lipid nanocapsules with cannabidiol 

(the main non-psychotropic phytocannabinoid) to enhance brain targeting. The 

rationale behind this strategy relies on previous pharmacokinetic data of cannabidiol in 

blood and brain of mice, with partition favorable to brain, obtained previously by the 

research group in collaboration with Professor Aron Lichtman from the Virginia 

Commonwealth University (EEUU). To this end, cell viability, uptake and permeability 

experiments with the human brain endothelial cell line hCMEC/D3 will be conducted.  

This cell-based model to evaluate the passage of nanocarriers across the BBB will be 

validated with results obtained from biodistribution studies in mice. Both the role played 

by particle size and functionalization with cannabinoids in the extent of passage across 

the BBB will be evaluated in vitro and in vivo. 

The in vitro evaluation of this specific aim has been achieved thanks to two 

scholarships (EST15/00534 and EST16/00556) by the Spanish Ministry of Education 

within the Professor Training Programm (FPU) that enabled two research stays at the 

School of Life, Health and Chemical Sciences (LHCS), The Open University under the 

supervision of Professor Ignacio Romero (September 2016-December 2016; June 

2017-August 2017). 

The second chapter of this thesis tackles this specific aim and encompasses 

the scientific publications “In vitro screening of nanomedicines through the blood brain 
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barrier: a critical review”, (Biomaterials 103 (2016) 229-255, IF (2016): 8.402, D1 in the 

categories “Engineering, biomedical” and “Materials science, biomaterials”, ISSN: 

0142-9612) and “Cannabidiol-targeted lipid nanocapsules across the blood-brain 

barrier: in vitro and in vivo evaluation”. 

3. To evaluate in vitro the efficacy of lipid nanocapsules on a human glioma cell 

line. As antitumor agent, cannabidiol will be used given its antiproliferative activity in 

xenografic models of glioma-bearing mice already tested by our research group in 

collaboration with Professor Guillermo Velasco from Complutense University (Spain). 

In this regard, both the role played by particle size and functionalization with 

cannabidiol will be evaluated in vitro on the U373MG cell line with uptake and cell 

viability experiments. The encapsulation of the cannabinoid within the oily core enables 

its intravenous administration, overcoming in this way formulation issues classically 

linked to these agents due to their high lipophilicity and that ultimately have constrained 

their therapeutic potential. 

Part of this specific aim has been achieved thanks to a scholarship 

(EST14/00229) by the Spanish Ministry of Education within the Professor Training 

Programm (FPU) that enabled a research stay at L'unité Micro et Nanomédecines 

Biomimétiques (MINT) (Université d’Angers) under the supervision of Professor Jean 

Pierre Benoit (September 2015-November 2015).  

The third chapter of this thesis tackles this specific aim and encompasses the 

scientific publications “Glioblastoma multiforme and lipid nanocapsules: a critical 

review”, (Journal of Biomedical Nanotechnology 11 (2015) 1283-1311, IF (2015): 

3.929, Q1 in the category “Materials science, biomaterials”, ISSN: 1550-7033) and 

“The potential of lipid nanocapsules decorated and loaded with cannabidiol for the 

treatment of malignant gliomas: in vitro evaluation”. 

To conclude the present dissertation with an outline on future research 

directions within the field of the nanomedicine applied to the treatment of CNS 

neoplasms, a fourth chapter is included on the possibilities that nanocarriers offer to 

achieve a personalized follow-up of brain tumors by means of theranostics, a research 

hotspot that integrates treatment with imaging diagnosis. This chapter consists of a 

review article entitled “Towards tailored management of malignant brain tumors with 

nanotheranostics” and published in Acta Biomaterialia (Acta Biomaterialia 73 (2018) 

52-63, IF (2016): 6.319, D1 in the categories “Engineering, biomedical” y “Materials 

science, biomaterials”, ISSN: 1742-7061). 
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central nervous system: on-demand 
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Introduction 

According to the Mental health: new understanding, new hope report by the 

World Health Organization, one in four people will be affected by mental or neurological 

disorders at some point in their lives, with approximately 450 million people worldwide 

currently suffering from such conditions. These prevalence data are expected to 

increase further due to the increase in life expectancy, emphasizing the need to face 

mental and neurological disorders as the greatest health challenge of the twenty-first 

century. Moreover, one-third of all health-related expenses are caused by brain 

disorders (these figures exceed those for diabetes or heart diseases) [1]. 

However, stricter regulations for drugs that act on the central nervous system 

(CNS) result in an average of 13 years and more than $1 billion needed to develop a 

brain treatment. This, in addition to the high failure rate in the late development process 

and insufficient funding, has impeded progress in achieving efficient therapies for most 

brain diseases. 

With around a quarter of a million new cases of brain and other CNS tumors 

being diagnosed every year, these pathologies illustrate the best archetype of brain 

disorders with questionable treatment. Brain tumors are stratified according to a 

‘malignancy scale’ closely related to clinical prognosis. The current standard approach 

in high grade brain tumors (grade IV) combines maximal surgical resection (if  eligible) 

with radiotherapy and chemotherapy; as well as symptomatic treatment. The first line 

chemotherapy consists of temozolomide, whereas carmustine represents the second 

line treatment. Unfortunately, the efficacy of this treatment remains questionable, since 

recurrence happens within months after diagnosis, with a poor median survival of 14.6 

months and 2-year survival rate of 26.5% [2]. 

This poor prognosis results from the lack of successful drug delivery across the 

blood–brain barrier (BBB) to the tumor bed, since the exposure of the tumor to sub-

lethal drug concentrations helps select the drug-resistant tumor cells.  
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Indeed, primary brain tumors account for 2% of all cancers, while brain 

metastases occur in 10-30% of all cancer patients. This high incidence of intracranial 

metastases is primarily due to the fact that whereas new chemotherapeutic agents 

have improved prognosis for many cancers, they have failed to prevent spread of 

neoplasms into the CNS given their low penetration through the BBB [3]. 

Therefore, brain drug delivery must be properly addressed, as otherwise, new 

therapies will continue to fail. For this reason, innovative delivery strategies are 

emerging to attain therapeutically meaningful levels at the entire diseased brain area 

and ultimately improve treatment outcomes. In the late 1990s, Gliadel®, a 

biodegradable wafer that steadily delivers carmustine over three weeks, was approved 

by the FDA for patients with malignant gliomas. However, Gliadel® can only be 

implanted at the time of surgery, being thus limited to those patients for whom surgical 

tumor resection is indicated. Its approval laid the foundations for the engineering of 

biomaterials to develop drug delivery systems that can effectively overcome the brain 

delivery issues. 

In this regard, nanomedicine, defined as the application of nanotechnology for 

medical purposes, represents the next generation of systems with potential for brain 

drug delivery, since colloid carriers could be targeted to enhance the availability of 

therapeutic agent at the CNS and reduce toxicity by preventing distribution to 

peripheral tissues [4]. In so doing, nanocarriers would contribute to overcome drug 

pharmacokinetic limitations that currently account for treatment failure. Indeed, 

nanomedicine is chiefly germane to the field of chemotherapy wherein dose availability 

at the target site cannot be enhanced by dose increase for fear of severe side effects. 

Moreover, whereas most anticancer drugs are hydrophobic and often require to be 

solubilized in organic solvents for administration, nanomedicines provide alternative 

formulations to administer chemotherapy without the need to use toxic solvents. 

Furthermore, nanomedicine opens new avenues for drugs with short half-lives in vivo. 

Nanocarriers not only shield such drugs from enzymatic and chemical degradation, but 

also can sustain and/or trigger drug release at a specific rate at the target site, resulting 

in maintenance of drug levels within a therapeutically desirable range. 

Nanomedicine for brain drug delivery is compatible with local and systemic 

administration. Localized delivery can be applied to bypass the BBB. Nevertheless, the 

mechanical breach of this barrier might also allow neurotoxic compounds to enter the 

brain, increase the risk of infection, or, in the case of gliomas, even promote tumor 

dissemination. Moreover, this administration involves neurosurgical procedures, which 

truly hinders the implementation of regimens of multiple doses [5, 6]. 

Alternatively, intravenous administration represents a less invasive route that is 

suitable for multiple dosing regimens [7]. Nonetheless, the development of nanocarriers 

that can effectively cross the brain endothelium and unambiguously target the diseased 

cells remains a major challenge. With nanomedicine, brain tumor targeting can be 

accomplished by passive, active or external physical stimuli-responsive targeting. In 

the case of brain tumors, as occurs with many distinct solid tumors, the rationale of 

passive targeting relies on the diffusion of intravascularly administered 
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nanotheranostics through the interendothelial gaps of the disordered neovasculature of 

tumor tissue (the blood-brain tumor barrier (BBTB)). This singularity is termed the 

enhanced retention and permeation (EPR) effect. Active targeting with ligands that bind 

to receptors overexpressed on the brain endothelium and/or tumor cell membranes 

could further improve the selective distribution of the therapy in the first instance across 

the BBB/BBTB and eventually to the tumor cells [8]. Finally, nanocarriers can also be 

guided to the brain tumor site by external stimuli-responsive targeting. Impotantly, as 

physical phenomena, this targeting does not rely on the idiosyncrasy of the tumor but 

can be controlled on-demand in a spatial and temporal manner [9]. 

Notably, as described in Table 1, on the basis of the promising results gathered 

from preclinical studies with nanomedicine-based therapies, some nanomedicines have 

already been approved for phase I/II clinical trials in a variety of CNS tumor conditions 

for determining their safety, tolerability, toxicity and efficacy. Their outcome will steer 

the research directions for further improvements towards clinical translation of 

nanotherapy. The clinical trials launched heretofore mainly evaluate lipid-based 

nanocarriers [10], since these are highly suitable for CNS drug delivery given the fact 

that the commercially available lipid-based formulations made of biocompatible and 

biodegradable lipids show a solid track record of clinical safety. 

Unfortunately, the global translational impact of nanomedicine remains modest: 

the empirical development of delivery systems and later assignment to an existing 

clinical challenge has led to high attrition rates in clinical trials. Therefore, this 

formulation-driven research should progressively transition to a disease-driven rational 

approach, whereby the features of the nanocarriers are thoroughly designed 

beforehand on the basis of the pathophysiology of a specific disease. 

As the effect of nanomedicines mainly relies on the unique interactions of 

materials at the nanoscale with biological structures, one of the major features that 

certainly influence the in vivo performance of nanomedicines is precisely particle size. 

Firstly, small particle size is a prerequisite for intravenous administration, to avoid 

capillary blockade. Moreover, the size of nanomedicines determines their plasma shelf-

life. On the one hand, particles above 100 nm are removed more rapidly from the 

bloodstream than smaller ones due to the higher extent of recognition by the 

reticuloendothelial system. On the other hand, particles below 10 nm are likely to 

undergo complete renal clearance. Furthermore, the size of nanomedicines can 

account for the release rate of their payloads: whereas smaller carriers are expected to 

release their cargos faster, bigger particles are likely to extend the release over longer 

timeframes. 

Particle size also plays a pivotal role in drug targeting. Traditionally, a size-

driven extravasation at the target site based on the disease pathophysiological features 

has been sought. For instance, if provided enough circulation time, nanocarriers with 

particle size coarsely below 200 nm could take advantage of the EPR effect to achieve 

drug targeting to some diseased areas. However, the efficiency of this passive 

targeting highly relies on the idiosyncrasy of the disease (as the EPR effect in CNS 

disorders such as gliomas and/or inflammatory diseases is relatively weak, with a cut-
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off size of only 10-100 nm [11]) and on the disease stage (with a nearly intact 

endothelium at early stages). In all these cases, a finer control on particle size is 

needed to certainly improve the potential therapeutic benefits. Moreover, particle size 

reversely correlates with the attained extravasation distance and interstitial diffusion 

and the mechanisms that mediate the internalization of nanocarriers in target cells 

often follow a size-dependent pattern within the range 10-100 nm [12]. 

Nanocarrier Drug 
Route of 

administration 

Combination 
therapy  

(if 
applicable) 

Phase of 
clinical 

trial 
(status) 

Identifier 

Liposomes 

Cytarabine 
(DepoCyt®) 

Intrathecal 

- 
Phase I 

(unknown) 
NCT00003073 

Oral 
temozolomide 

Phase I/II 
(completed) 

NCT01044966 

Intravenous 
methotrexate 

Phase II 
(completed) 

NCT00992602 

Radiotherapy 
Phase I 

(completed) 
NCT00854867 

Irinotecan 

Convection 
enhanced 
delivery 

- 
Phase I 

(recruiting) 
NCT03086616 
NCT02022644 

Intravenous - 
Phase I 

(completed) 
NCT00734682 

Doxorubicin 
(Myocet®) 

Intravenous - 
Phase I 

(completed) 
NCT02861222 

Doxorubicin 
(Lipodox®) 

Intravenous - 
Phase I 

(completed) 
NCT00019630 

Doxorubicin 
(Caelyx®) 

Intravenous 

Oral 
temozolomide 

and 
radiotherapy 

Phase I/II 
(completed) 

NCT00944801 

Doxorubicin 
(2B3-101) 

Intravenous 
Intravenous 
trastuzumab 

Phase I/II 
(completed) 

NCT01386580 

Vincristine 
(Marqibo®) 

Intravenous - 
Phase I/II 

(completed) 
NCT01222780 

Wild type 
p53 gene 

Intravenous 
Oral 

temozolomide 
Phase II 

(recruiting) 
NCT02340156 

Rhenium 
Convection 
enhanced 
delivery 

- 
Phase I/II 
(recruiting) 

NCT01906385 

Albumin-
nanoparticles 

Paclitaxel 
(Abraxane®) 

Intravenous Oral lapatinib 
Phase I 

(completed) 
NCT00313599 

Polymer 
conjugate 

Irinotecan Intravenous - 
Phase II 

(completed) 
NCT01663012 

Gold 
nanoparticles 

Nucleic 
acids 

Intravenous - 
Phase I 

(recruiting) 
NCT03020017 

Table 1.0.1: An overlook on the already launched clinical trials with 

nanomedicines for different CNS tumor conditions 
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Therefore, the size of nanomedicines conspicuously influences their safety and 

efficacy profile and should be carefully tailored to each therapeutic purpose. 

Consequently, for efficient disease-driven design of nanomedicines, their size must be 

accurately adjusted, which can only be achieved with comprehensive understanding of 

the fundamental principles of nanomedicine. Otherwise, the formulation procedure will 

represent the limiting step hindering the development of promising nanotherapies. 

Hence, the ascertainment of the parameters controlling the size distribution of 

nanocarriers is crucial to fully exploit their therapeutic potential following a rational 

approach rather than a trial-and-error process. 

In this chapter, we follow the aforementioned disease-driven design of 

nanocarriers. Firstly, in the review entitled “Managing CNS Tumors: The Nanomedicine 

Approach”, we address the clinical challenges for developing effective therapies for 

CNS pathologies and the features that nanomedicines aimed at doing so should 

accomplish. Subsequently, in the original article entitled “Size-tailored lipid 

nanocapsules by a single step energy-efficient method: the phase inversion 

temperature revisited”, we develop and validate a methodology to prepare highly 

monodisperse lipid nanocapsules with in-advance accurately tailored sizes according 

to the disease needs. This tailoring is attained for several tandems of oily phase and 

surfactant, which ultimately enables the concomitant adjustment of the formulation 

composition to both solubility and toxicological issues imposed by the drug substance 

in each case. Importantly, we utilize a low-energy method to prepare the lipid 

nanocapsules that fits the criteria for industrial-scale manufacturing, a feature 

commonly overlooked when developing nanomedicines but necessary for them to 

achieve broad market access [13]. The establishment of a mathematical model that 

can describe the nanocarrier formation by an energetically-efficient procedure will 

eventually enable nanomedicines to be obtained on demand and on a large scale. 
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Abstract 

Albeit the rapidly evolving knowledge about tumor biochemistry enables various 

new drug molecules to be designed as treatments, malignant CNS tumors remain 

untreatable due to the failure to expose the entire tumor to such therapeutics at 

pharmacologically meaningful quantities. Therefore, drug delivery in CNS tumors must 

be properly addressed, as otherwise, novel therapies will continue to fail.  

In this regard, nanomedicine poses an appealing platform for efficient drug 

delivery to the CNS, since it may be targeted to improve the drug availability in the site 

of action, which would be translated into lower drug doses and fewer side-effects. 

Hence, the accumulation of data about the CNS physiology and their relevant 

receptors, the widening therapeutic armamentarium of drugs potentially useful in CNS 

chemotherapy and the alternative routes for administration may envisage 

nanomedicines as a forthcoming routine approach. 

Indeed, on the basis of the promising results gathered from preclinical studies of 

nanomedicine-based therapy both systemically- and locally-administered, some 

nanomedicines have already been approved for clinical trials in a variety of CNS tumor 

conditions to serve as the first steps in translation of nanotherapy to clinic. Their 

outcome will steer research directions for further improvements. 
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Central nervous system tumors, chemotherapy, brain targeting, nanomedicine, 
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1. Introduction 

 Primary central nervous system (CNS) tumors represent 2% of all cancers in 

adults, whereas this percentage rises to 15 to 25% in children. Primary brain tumors 

are stratified by the World Health Organization (WHO) according to a ‘malignancy 

scale’. The WHO grade is closely related to clinical prognosis, ranging from grade I 

(with low proliferative potential and the possibility of cure following surgical resection 

alone) to grade IV (with widespread invasion of the surrounding healthy tissue, high 

proliferative potential, recurrence and fatal outcome). Unfortunately, many low-grade 

gliomas eventually often show progression to a higher histologic grade [1]. 

Gliomas represent approximately 80% of all malignant primary brain tumors. 

Glioblastomas (WHO grade IV) are the most frequent (54.4%) and aggressive type of 

glioma [2], although, in terms of treatment, WHO grade III brain tumors and 

glioblastomas are clustered together and treated similarly. 

Although the management of brain tumors depends on the time of diagnosis, 

new onset or recurrence, the performance status and the age of the patient, the current 

standard approach in high grade brain tumors combines maximal surgical resection (if 

eligible) with radiotherapy and concomitant and adjuvant chemotherapy; as well as 

symptomatic treatment [3]. 

Available chemotherapy for high grade brain tumors includes temozolomide, 

nitrosureas (carmustine (BCNU) and lomustine (CCNU)), topoisomerase inhibitors 

(etoposide, irinotecan), platinum agents (carboplatin), procarbazine and vincristine. The 

first line chemotherapy for newly diagnosed glioblastoma multiforme consists of 

temozolomide, whereas carmustine represents the second line treatment. After the 

approval of temozolomide in 1999, irinotecan, etoposide and platinum agents are 

mostly used only as adjuvant chemotherapy of bevacizumab (FDA approved in 2009 in 

monotherapy) for recurrent glioblastomas. In the case of WHO grade III gliomas 

(anaplastic astrocytomas and oligodendrogliomas), the first line treatment is the PCV 

combination (procarbazine-lomustine-vincristine) [4]. 

Unfortunately, the efficacy of the treatment of brain tumors is questionable, 

since recurrence happens within 6.9 months of initial diagnosis. As a result, despite the 

combination of surgical resection, radiotherapy and concomitant temozolomide, 

glioblastoma multiforme remains incurable, with a poor survival median survival of 14.6 

months and 2-year survival rate of 26.5% [5]. This poor prognosis results from 

chemotherapy tumor resistance [6].  

One of the chemoresistance mechanism best characterized relates to the 

expression of O6-methylguanine-DNA methyltransferase (MGMT), a repair gene that 

removes alkyl groups from the O6 position of guanine and consequently counteracts 

the alkylating agents (temozolomide or nitrosureas). Methylation of the promoter of this 

gene, which occurs in 35–45% of the cases, makes glioblastoma more sensitive to 

alkylating agents [7, 8]. 



Chapter 1: Nanomedicine and central nervous system: on-demand development of lipid 
nanocapsules 

37 
 

Likewise, the existence of glioma stem-cells greatly accounts for tumor 

recurrence, since they upregulate the expression level of P-gycoprotein [9], which is 

responsible for active efflux of many chemotherapy agents, including temozolomide. 

The overexpression of epidermal growth factor receptor (EGFR), which 

ultimately triggers the activation of complex alternative signaling pathways aimed at 

inhibiting apoptosis, also contributes to resistance to standard chemotherapy. 

Unfortunately, none of the receptor tyrosine kinase inhibitors and signal transduction 

inhibitors tested in clinical trials prolonged the mean survival, mainly due to the lack of 

successful drug delivery across the blood–brain tumor barrier (BBTB), since the 

exposure of the tumor to sub-lethal drug concentrations helps select the drug-resistant 

tumor cells [10]. 

The BBTB consists of the endothelium of existing and abnormal angiogenic 

blood vessels that deliver nutrients and oxygen to the tumor and enable widespread 

glioma migration to brain areas where the function of the barrier is still intact.  

Therefore, even though the BBTB is considered dysfunctional, the truth is that in low 

grade and in the infiltrative parts of high grade gliomas, often responsible for the 

recurrence, the BBTB closely resembles the tight blood brain barrier (BBB) typical of 

healthy brain capillaries [11]. Hence, the BBTB greatly accounts for the failure rate of 

the brain tumor therapy, since the hindrance to brain delivery of chemotherapeutic 

agents at pharmacologically-effective levels conferred by this barrier cannot be offset 

by dose increase for fear of systemic toxicity. Furthermore, drug efflux pumps of the 

BBB can also be expressed in endothelium at the BBTB, representing an additional 

constraint to the achievement of adequate drug levels at the target site [12]. 

Since the therapeutic potential of chemotherapy greatly depends on its ability to 

attain pharmacologically effective levels at the entire diseased brain area, novel 

strategies to enhance drug delivery at the tumor site are strongly needed. 

2. The Nanomedicine Approach 

Conventional chemotherapy has failed to improve the prognosis of CNS tumors; 

hence novel drug-delivery technologies have emerged under the assumption that 

targeted drug delivery could contribute to expose the entire tumor to therapeutically 

meaningful levels and ultimately improve treatment outcomes for brain tumors. An 

example of the success achievable thanks to advances in pharmaceutical technology is 

Gliadel®, the first FDA-approved brain cancer treatment to deliver chemotherapy 

directly to the tumor site in patients with malignant glioma for whom surgical resection 

is indicated. Gliadel® is a biodegradable wafer implanted on the surface of the 

resected tumor beds at the time of surgery that delivers carmustine steadily for about 

three weeks directly to the tumor site minimizing drug exposure to other areas of the 

body. Gliadel® contributes to eradicate the residual tumor cells at the resection margin 

and complements other standard therapies for brain tumors (surgery and radiotherapy) 

[13]. 
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Nanomedicine represents an encouraging trend within the field of novel drug-

delivery technology with potential to preferentially delivering the drug at the target site 

and consequently overcoming biodistribution and pharmacokinetic limitations that 

eventually account for treatment failure of brain tumors. Nanomedicine is the 

application of nanotechnology in view of making a medical diagnosis or treating or 

preventing diseases. It exploits the improved and often novel properties of materials at 

nanoscale. Nanomedicines are colloidal structures that act as drug carriers in which the 

drug substance is dissolved, entrapped, or encapsulated, or to which the drug 

substance is adsorbed or attached [14]. Unlike monolithic implants such as Gliadel®, 

colloidal carriers can be administered with conventional needles and therefore are not 

limited to those brain tumors where surgical resection is indicated. 

Nanomedicine is especially relevant for chemotherapeutic agents, whose low 

dose availability at the tumor site cannot be counterbalanced by dose increase for fear 

of severe systemic side effects. Targeted nanomedicines would improve the availability 

of the drug at the scattered tumor bed and would allow obtaining therapeutic effects 

with lower drug doses and concomitantly minimizing the side effects of chemotherapy 

not only in unwanted peripheral tissues, but even on healthy brain cells. Therefore, the 

therapeutic index of drugs would be greatly enhanced thanks to nanomedicine. 

Targeted drug delivery to the site of action can be achieved through passive and active 

targeting or even through external physical stimuli. Passive targeting exploits the 

specific anatomical and functional features of the target tissues or cells to deliver drugs 

to the site of action. Active targeting requires the conjugation of tissue or cell-specific 

ligands on the surface of nanocarriers, whose recognition would eventually allow 

preferential accumulation of the drug at the diseased site. External stimuli such as a 

magnetic field, focused ultrasounds, light and heat can also help selectively release the 

drug payload of nanomedicines at the target site [15]. 

Moreover, whereas most anticancer drugs are hydrophobic and often require to 

be solubilized in organic solvents for conventional administration, nanomedicines 

provide alternative formulations to administer chemotherapy without the need to use 

toxic solvents. Furthermore, nanomedicine is opening new therapeutic opportunities for 

easily degradable drug substances that cannot be used effectively as conventional 

formulations due to their short half-lives in vivo. Nanomedicines not only shield such 

drugs from enzymatic and chemical drug cleavage that accounts for the loss of 

pharmacological effect, but also can sustain and/or trigger drug release at a specific 

rate at the target site, resulting in maintenance of drug levels within a therapeutically 

desirable range. Thanks to this controlled release profile, undesirable pharmacokinetic 

properties of drug substances can be overcome with the use of nanocarriers and the 

dosing frequency can be improved to prescribe more comfortable dose regimens for 

patients. 

The nanomedicine approach to enhance drug delivery to CNS tumors is highly 

versatile, since it would allow the co-administration of different anticancer agents and is 

compatible with both local and systemic routes of administration. In the current 

scenario, this approach must be directed towards surpassing acquired resistance to 



Chapter 1: Nanomedicine and central nervous system: on-demand development of lipid 
nanocapsules 

39 
 

conventional chemotherapy and implementing strategies to boost the distribution 

across the brain endothelium in the case of systemic administration [16]. 

Nevertheless, nanomedicines might likewise cause unexpected toxicities as the 

other excipients also reach target tissues along with the drug. Non-degradable 

nanomedicines used for drug delivery would accumulate at the tumor site and would 

ultimately result in chronic inflammatory response, because, as colloidal systems, there 

is no chance of removing them after completion of the treatment. Albeit toxicity 

concerns of nanomedicines greatly relies on the relatively unexplored size-dependent 

properties and interaction with biological structures that strikingly differ from those of 

the bulk material, it is broadly agreed that the safety profile of brain-targeted 

nanomedicines would be improved with biocompatible excipients devoid of any short or 

long-term toxic effects [17]. Consequently, despite the vast number of available 

biomaterials for nanomedicines preparation, only a few are suitable for brain tumor 

treatment because the CNS requires conservative choices with proven track record of 

clinical safety. Nanomedicines developed for brain delivery mainly belong to three 

categories: polymer-based, lipid-based or metal-based, according to their major 

excipient (Table 1). 

Overall, lipid-based nanomedicines may well be the most suitable for CNS drug 

delivery; insofar as lipids have very low toxicity, are biocompatible and biodegradable 

by nature and the commercially available lipid-based formulations show a solid track 

record of clinical safety [18-20], whereas at present, only a few of the studied polymers 

for the development of polymer-based nanomedicines for brain drug delivery have 

demonstrated biocompatible, biodegradable and non-toxic properties to be approved 

by the FDA for clinical use [21-23]. On the other hand, since the lack of biodegradation 

may not be appropriate for long- term administration, most metal-based nanomedicines 

(such as magnetic nanoparticles and gold nanoparticles) have been made more 

biocompatible and water-soluble with polymer coating [24]. 

3. Local delivery of nanomedicines 

The local delivery of anticancer drugs serves to overcome the lack of specificity 

of conventional chemotherapy. Higher drug levels at the tumor site and lower drug 

distribution to healthy tissues account for the reduction of the systemic side effects with 

local routes of administration. Moreover, in the case of CNS tumors, local 

chemotherapy bypasses the major hurdle for systemic brain drug delivery: the blood–

brain tumor barrier. However, the mechanical breach of this barrier may act as a 

double-edged sword since this might allow neurotoxic blood components to enter the 

brain or even enhance tumor dissemination.  

Nanomedicines offer several advantages over conventional chemotherapy with 

regards to local CNS delivery: they can extend the exposure to short-brain-half-life 

drugs and provide long-lasting drug release that ultimately maintains therapeutic levels 

at the target site over longer periods. Moreover, nanomedicines show potential to 

enhancing antitumor activity via several pathways. Firstly, locally administered 

nanomedicines can promote passive diffusion of the anticancer agent to the brain 
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tumor tissue by raising the local drug concentration gradient. Furthermore, 

nanomedicines can be actively targeted to the brain tumor cells by conjugating specific 

ligands that bind to the receptors that are overexpressed or uniquely expressed on the 

tumor surface (a mutant form of the epidermal growth factor receptor (EGFRvIII), 

interleukin receptors for interleukins 4 and 13…) to efficiently trigger cellular uptake at 

the tumor site. 

Category Nanomedicine Description Size (nm) 
Phase of 

development 

Polymer-
based 

Polymeric 
nanoparticles 

Solid matrix-like or reservoir-
like nanostructures made up of 
biocompatible and 
biodegradable polymers or 
copolymers 

20-1000 Preclinical 

Polymeric 
micelles 

Nanostructures of amphiphilic 
diblock copolymers with a core 
of hydrophobic blocks stabilized 
by a corona of hydrophilic 
blocks 

50-200 Preclinical 

Dendrimers 

Highly branched tree-like 
nanostructures composed of a 
central core, internal branches 
and reactive terminal groups 

1-10 Preclinical 

Lipid-
based 

Liposomes 

Vesicles of amphipathic lipids 
structured in concentric bilayers 
surrounding an equal number of 
central aqueous compartments

 

80-200 
Phase I, II 

clinical trials 

Solid lipid 
nanoparticles 

Solid lipid matrixes at room and 
body temperatures that are 
stabilized by surfactant(s) 

50-1000 Preclinical 

Lipid 
nanocapsules 

Reservoir nanomedicines with a 
liquid oily core, surrounded by a 
shell of surfactants

 
20-100 Preclinical 

Metal-
based 

Magnetic 
nanoparticles 

Nanostructures composed of 
magnetic elements that can be 
manipulated using magnetic 
fields 

10-50 Clinical 

Gold 
nanoparticles 

Nanostructures that can serve 
as drug carriers and even 
convert absorbed 
electromagnetic radiation to 
heat 

5-50 Preclinical 

Table 1.1.1- Main types of nanomedicines that are currently under investigation 

for the treatment of CNS tumors 

Similarly, locally administered nanomedicines can also help overcome some of 

the most troublesome chemoresistance mechanisms that are eventually responsible for 

tumor recurrence. In this sense, the upregulated expression of P-gycoprotein in drug-

resistant cancer stem-cells, which accounts for active efflux of most anticancer agents 

from the tumor area and reduces the effectiveness of chemotherapy, can be overcome 

thanks to nanomedicine. Indeed, the coating with nonionic surfactants seems to confer 

the nanocarrier itself with efflux-pump blockage properties [25]. Additionally, along with 
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chemotherapy, nanomedicines can serve to deliver irreversible MGMT inhibitors (such 

as O6-benzyl guanine) and/or receptor tyrosine kinase inhibitors, to sensitize brain 

tumor cells to alkylating agents and to counteract the inhibition of apoptosis mediated 

by the overexpression of the receptor of the epidermal growth factor (EGFR), 

respectively. 

Several local routes of administration may be exploited by nanomedicines for 

handling of CNS tumors. 

- The intracranial administration involves drug delivery directly into the brain 

parenchyma. Nonetheless, intraoperative infusion of anticancer drugs into brain tumors 

has experienced minor success given the diffusion-limited drug distribution, which does 

not allow the drug to reach the infiltrative area of recurrence. Moreover, the high 

interstitial fluid pressure and the presence of edemas often observed in intracranial 

tumors may further hinder the diffusion of the infused agent. 

Alternatively, convection enhanced delivery (CED), another method for 

intracranial administration, achieves larger distribution volumes in the brain, for more 

homogeneous distribution within the tumor tissue, since it uses positive pressure to 

supplement simple diffusion with fluid convection. CED continuously delivers a bulk 

flow under a pressure gradient via a stereotactically-guided catheter connected to a 

syringe pump. Drug leakage away from the tumor site (especially into the subarachnoid 

space with the subsequent drug spreading via the circulating cerebrospinal fluid (CSF)) 

should be avoided to minimize side effects such as chemical meningitis. In this regard, 

the suitable placement of catheters often prevents the leakage and helps spare healthy 

tissue.  

CED can likewise deliver nanocarriers loaded with antineoplastic agents for 

CNS tumor therapy [26]. When combined with CED, the encapsulation of the drug 

infused into nanocarriers further reduces the potential side effects caused by drug 

leakage, while extends the brain half-life of anticancer agents by preventing them from 

being rapidly metabolized and/or eliminated by capillaries from the injection site. 

However, for efficient CED through the brain interstitium, the physicochemical 

properties of the colloidal systems must be optimized. 

Firstly, CED-injected nanomedicines must diffuse through interstitial spaces of 

the brain tissue. Hence, the size of the colloidal systems is a critical parameter to 

achieve optimal distribution volume with full coverage of the brain tumor tissue. 

Particles larger than 100 nm do not move readily through the brain interstitium, are 

retained near the administration site and do not distribute over clinically relevant 

volumes of brain tissue. Hence, in terms of size, the ideal nanocarrier for CED should 

be about 20–50 nm. 

Moreover, to achieve optimal distribution volumes to cover both the tumor bed 

and the outlying cancer stem cells, it is convenient to provide nanocarriers with a 

hydrophilic coating (mostly polyethylene glycol –PEG- [27]). The hydrophilic coating 

could help mask the hydrophobic structures, which would reduce the eventual binding 

to brain cells or to proteins in the interstitial space and ultimately enable greater 
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diffusion. However, hydrophilic coating of nanocarriers also has the drawback of 

reducing the interactions with tumor cells, required for the loaded anticancer drug to 

eradicate the tumor. Alternatively, distribution volumes can be enhanced with the 

presence of co-infusates that serve to saturate the potential binding sites along the 

track of the infused nanomedicines. Furthermore, the ideal CED-administered 

nanocarrier should have a global neutral or negative charge to prevent non-specific 

binding to negatively charged structures in the brain parenchyma and to achieve larger 

distribution volumes [27]. 

In addition, the infusion of  viscous and hyperosmolar suspensions of 

nanocarriers would help reduce the risk of drug leakage and enhance the distribution 

volume by means of osmosis-mediated dilatation of the interstitial space through which 

nanocarriers could transit, respectively. 

Nonetheless, despite its remarkable potential to improving clinical outcomes for 

CNS tumors, intracranial CED is an invasive neurosurgical procedure, which truly 

hinders its widespread use and limits the number of dosing cycles to be applied to 

eligible patients. 

- The intrathecal administration involves the injection of anticancer drugs into 

the intrathecal space, which is the space that holds the cerebrospinal fluid (CSF). This 

can be achieved either with the implantation of an Ommaya reservoir (a dome-shaped 

container that is placed subcutaneously under the scalp during surgery, holds the 

chemotherapy and delivers it into the cerebral ventricles through a small catheter) or 

with direct injection into the CSF through a numbed area of the lower part of the spinal 

cord. Despite the significantly less invasive character of the second approach, 

intrathecal delivery fails to accumulate drugs in the brain parenchyma due to the bulk 

flow rate of CSF into the venous system, making this route optimal for the treatment of 

spinal tumors and disseminated meningeal metastases but not for parenchymal tumors 

like glioblastoma. Indeed, since meningeal gliomatosis remain protected by the blood 

brain barrier, intrathecal delivery is widely considered a treatment approach for 

achieving improved outcomes for these patients [28]. 

Unfortunately, not all anticancer agents are suitable for intrathecal delivery, as 

drug spread along the spinal canal can cause dose-limiting chemical arachoniditis. For 

those irritant drug substances, intrathecal delivery can take great advantage of 

nanomedicine, since their encapsulation into nanostructures could minimize drug 

exposure to toxic levels. As a proof of it, intrathecally-administered liposomal 

cytarabine (Depocyt®) has been approved for clinical use in lymphomatous meningitis. 

Nonetheless, the cytotoxicity of cytarabine against a wide spectrum of tumors makes 

Depocyt® a promising candidate for treating the above mentioned forms of CNS 

cancer. 

- More recently, the intranasal delivery has been proposed as an alternative 

local route of administration. Its non-invasive nature would allow self-administration by 

nasal inhalation and would enable the sterilization procedures of the drug dosage form 

to be avoided. This delivery route exploits the fact that trigeminal and olfactory nerves 

that innervate the nasal epithelium represent the only direct connection between the 
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external environment and the brain [29]. However, this route appears to be relatively 

inefficient in delivering inhaled drugs to distant brain structures, mainly due to drug loss 

via systemic absorption. 

In regard to brain tumor therapy, intranasal administration has received minor 

attention, with most applications of this approach being focused on the treatment of 

neurodegenerative diseases. 

Numerous locally-administered drug-loaded nanomedicines have already been 

assayed for efficacy in rodent models of brain tumors: liposomes, polymer 

nanoparticles, lipid nanocapsules, dendrimers, magnetic nanoparticles and polymeric 

micelles, as summarized in Table 2. Although results are highly variable depending on 

various parameters, namely the tumor lineage and the onset, dose and regimen of 

treatment, some general conclusions can be drawn from these preclinical studies. 

Overall, liposomes exhibited the most noticeable survival benefit and the presence of 

the highest percentage of long-term survivors [30, 31], partly because their potential as 

drug carriers was acknowledged earlier than any other alternative nanomedicine; 

hence research on nanomedicines for local CNS anticancer therapy has largely 

focused on liposomes. 

Likewise, in some preclinical studies in rodent models, it was even evidenced 

that CED outperformed the survival benefit of the same formulation administered by a 

peripheral intravascular route [32]. Furthermore, the versatility of CED has enabled the 

co-administration of different liposomal formulations to enhance the effect of the 

anticancerous agents [33, 34]. Concerning CED, numerous nanomedicines were 

formulated with a hydrophilic coating of polyethylene glycol and administered as slightly 

viscous suspensions to achieve optimal distribution volumes that cover the whole brain 

tumor tissue [35]. In fact, the deprivation of the hydrophilic coating, albeit increased 

median overall survival in comparison with untreated controls, significantly differed from 

efficacy findings reported for animals receiving the pegylated nanomedicines [36]. 

Nevertheless, it has been postulated the existence of a “threshold extent of pegylation”, 

over which the hindrance conferred by polyethylene glycol to interact with the tumor 

cells counterbalances the increase in CED distribution volume provided by slight 

pegylation [37]. On the other hand, the addition of active targeting moieties that 

preferentially bind to receptors that are overexpressed on brain tumor cells to promote 

the delivery of nanomedicines to their target cells is controversial: whereas the 

attachment of OX26 or a cell-penetrating peptide showed enhanced both tumor and 

healthy tissue internalization, which led to the appearance of side effects and high 

morbidity [38], the attachment of chlorotoxin or antibodies that selectively bind to the 

epidermal growth factor receptor mutant (EGFRvIII) present on human glioblastoma 

cells achieved significant survival benefits [35, 39, 40]. The different response could be 

explained by the choice of the ligand: ligands that preferentially bind to receptors on the 

cerebral endothelial are pointless in local delivery, whereas ligands that bind to 

receptors overexpressed on the brain tumor cells are those to be used for active 

targeting in local delivery. 
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Moreover, some studies [41-43] evidenced the importance of an adequate drug 

release to achieve a therapeutic response: the covalent linkage of methotrexate [42] 

and cisplatin [43] to dendrimer structures did not lead to any improvement in the 

median survival time of F98-bearing rats due to a release failure, while the survival 

benefit achieved with micellar doxorubicin in 9L-bearing rats was significantly relevant 

compared with CED of liposomal doxorubicin at the same dose due to the lack of 

release of doxorubicin from the liposomal formulation [41]. 

Importantly, CED-administered nanocarriers have been designed to overcome 

the MGMT-related chemoresistance to alkylating agents. O6-benzyl guanine has been 

loaded in iron oxide nanoparticles provided with a biocompatible chitosan-polyethylene 

glycol coating and actively targeted by chlorotoxin. The concurrent CED administration 

of these magnetic nanoparticles with oral temozolomide in mice implanted with a 

GBM6 clinically relevant xenograft extended by 2-fold the survival times in comparison 

with mice treated without the MGMT inhibitor and greatly mitigated the severe 

myelosuppression associated with systemic administration of free O6-benzyl guanine 

[35]. 

With regards to intranasal administration, polymeric micelles are the only 

nanomedicine type tested in rodent brain tumor models [44, 45]. The attachment of the 

cell-penetrating peptide Tat on their surface for actively enhancing the penetration rate 

across the nasal epithelium extended survival times [44]. 

4. Systemic delivery of nanomedicines 

Thanks to the high brain perfusion rate, systemic intravascular administration is 

a very convenient strategy in the clinical management of cancer for compatibility with 

repeated drug administration and for its lower invasiveness in comparison with most 

local delivery routes. However, despite being considered disrupted to some extent, the 

presence of the BBTB has motivated the failure of conventional systemic 

chemotherapy for CNS tumors, since in low grade and along the infiltrating areas of 

high grade gliomas where recurrences tend to occur, the BBTB closely resembles the 

non-fenestrated endothelial cells typical of healthy brain capillaries. Hence, the BBTB 

restricts the paracellular permeation of most anticancer agents into the CNS. As a 

result, conventional systemic chemotherapy must be administered at high drug doses, 

which cause severe dose-dependent side effects in healthy non-target tissues. 

Encapsulated 
drug 

System Model 
Route of 

administration 
Ref 

Irinotecan Liposomes U87-bearing rats CED [14] 

Irinotecan Liposomes 
GBM43-/ SF7796-

bearing mice 
CED [15] 
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Encapsulated 
drug 

System Model 
Route of 

administration 
Ref 

Topotecan Liposomes 
U251-/U87MG-

bearing rats 
CED [16, 17] 

Topotecan + 
Doxorubicin 

Liposomes U87MG-bearing rats CED [18] 

Irinotecan + 
Doxorubicin 

Liposomes 
U251-/U87MG-

bearing rats 
CED [19] 

Camptothecin 
Polymer 

nanoparticles 
9L-bearing rats CED [20] 

Temozolomide 
Polymer 

nanoparticles 
U87-bearing rats CED [21] 

HSVtk (+ 
intraperitoneal 
Ganciclovir) 

Polymeric 
nanoparticles 

9L-bearing rats CED [22] 

Paclitaxel  
(+ radiotherapy) 

Lipid 
nanocapsules 

9L-bearing rats CED [23] 

Ferrociphenol 
Lipid 

nanocapsules 
9L-bearing rats CED [24-26] 

Ferrociphenol  
(+ radiotherapy) 

Lipid 
nanocapsules 

9L-bearing rats CED [27] 

Metothrexate 
Fifth-generation 

dendrimers 
F98-bearing rats CED [28] 

Cisplatin 
Fifth-generation 

dendrimers 
F98-bearing rats CED [29] 

EGFRvIII 
antibody 

Magnetic 
nanoparticles 

U87 glioma-bearing 
mice 

CED [30] 
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Encapsulated 
drug 

System Model 
Route of 

administration 
Ref 

Cetuximab 
Magnetic 

nanoparticles 
NO8-30, U87 and 

LN229-bearing mice 
CED [31] 

O
6
-Benzyl 

guanine  
(+ oral 

temozolomide) 

Magnetic 
nanoparticles 

GBM6-bearing mice CED [32] 

Doxorubicin 
Polymeric 
micelles 

9L gliosarcoma-
bearing rats 

CED [33] 

Synthetic retinoid 
Am80 (+ 

intraperitoneal 
temozolomide) 

Polymeric 
micelles 

U87 glioma-bearing 
rats 

CED [34] 

Camptothecin 
Polymeric 
micelles 

C6 glioma-bearing 
rats 

Intranasal [35] 

Camptothecin + 
siRNA (Raf-1) 

Polymeric 
micelles 

C6 glioma-bearing 
rats 

Intranasal [36] 

Table 1.1.2- Locally-administered nanomedicines already tested for efficacy in 

vivo against orthotopic rodent brain tumor models. 

Against this background of hindrance to brain tumor delivery, nanomedicine 

may enhance the distribution of poorly brain-distributed anticancer agents across the 

brain endothelium, since nanocarriers may well serve to target brain tumors through 

passive and active targeting or even through external physical stimuli [53]. Passive 

targeting occurs with the diffusion of nanomedicines through the inter-endothelial gaps 

of the highly vascularized leaky BBTB in the case of high grade brain tumors, a 

phenomenon known as the enhanced retention and permeation (EPR) effect [54]. 

Moreover, surface-modified brain actively-targeted nanomedicines may also enhance 

CNS delivery across the intact brain endothelium of infiltrative parts and low grade 

brain tumors by triggering transcytosis either by ligand-receptor binding or by 

electrostatic interactions [55]. Therefore, nanomedicines can be useful for the 

treatment of different malignancy grades of brain tumors. In addition, the use of 

stimulus-sensitive groups to control drug release within the brain in a therapeutically 

relevant concentration could further enhance the specificity of the treatment effect to 

the brain tumor area. Alternatively, nanomedicines can block the active drug efflux 

back into the bloodstream. 

For optimal passive targeting of brain tumors, systemic nanomedicines should 

have sufficient circulation time [56] to take advantage of the hyper-vascularized, leaky, 
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and compromised lymphatic drainage system in a CNS tumor and selectively 

accumulate in the tumor tissue through the EPR effect. When given intravascularly, the 

larger the nanomedicines, the more susceptible to opsonization and removal by cells of 

the reticuloendothelial system (RES) [57]. Hence, to reduce opsonization in plasma 

and increase their plasma circulation time, the size of nanomedicines should be 

maintained below 100-200 nm. Additionally, the surface coating with hydrophilic 

polymers such as polyethylene glycol (PEG) to develop “stealth” nanomedicines 

creates a hydration layer that prevents protein adsorption and evades RES clearance 

[58], and consequently prolongs their circulation half-life. 

Therefore, if properly designed, nanomedicines could cross the leaky BBTB in 

highly malignant brain tumors by passive targeting. Moreover, the BBTB can be 

artificially further disrupted to enable a wider distribution of nanomedicines to the brain 

tumor site. This disruption can be achieved via infusion of a hyperosmotic solution [59] 

or through the administration of vasoactive agents [60]. Hyperosmotic mannitol 

infusions cause a transient shrinkage of cerebrovascular endothelial cells, resulting in 

an enlargement of the tight junctions and BBTB leakiness. However, mannitol infusions 

also increase the permeability of healthy brain tissue, thereby increasing the risk of 

neurotoxicity. Conversely, the tumor vasculature is more sensitive than healthy brain 

vasculature to infusions with vasoactive agents (leukotrienes, bradykinin, and RMP-7, 

an analogue of bradykinin) through the transient activation of B2 receptors. 

Nevertheless, delivery of vasoactive agents requires intraarterial infusion, which 

increases the invasiveness of the procedure, and thereby creates a barrier for clinical 

translation of this approach. Alternatively, a local, transient and reversible disruption of 

the BBTB can be generated by low-frequency focused ultrasound without permanent 

neuronal injury or other undesired long-term effects [61]. However, the artificial 

transient disruption of the BBTB is increasingly being considered undesirable since this 

might lead to widespread tumor dissemination and/or to the development of seizures 

due to the overexposure to neurotoxic blood components that enter the brain. 

Additionally, optimal active targeting of nanomedicines would enable anticancer 

agents to be delivered across fully functional BBB of infiltrative areas and low grade 

brain tumors exploiting carrier-mediated transportation, receptor-mediated or 

adsorption-mediated transcytosis.  

On the one hand, the carrier- and receptor-mediated active targeting involves 

functionalizing the surface of nanomedicines with moieties that specifically bind to 

receptors overexpressed on the brain endothelium and/or brain tumor cell membranes 

[62]. Therefore, different receptors in the brain could be employed: 

- Penetration into the brain tumor area can be improved by simply targeting 

receptors that are normally overexpressed on the brain endothelium (such as 

transferrin receptors, nicotinic acetylcholine receptors, low-density lipoprotein receptor 

(LRP1) or carriers responsible for brain nutrient uptake) [62]. To target the transferrin 

receptor, both physiological ligands (transferrin and lactoferrin) and monoclonal 

antibodies (OX26 and 8D3) have been attached onto the surface of different types of 

nanomedicines [63-65]. Overall, physiological ligands ensure biocompatibility and non-
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immunogenicity but develop competitive phenomena with endogenous ligands, 

whereas monoclonal antibodies prevent competitive phenomena with endogenous 

ligands since they bind to a different epitope. Likewise, nicotinic acetylcholine receptors 

have been targeted with peptides derived from snake neurotoxins, namely candoxin 

and Ophiophagus hannah toxin b [66-68]. The peptide Angiopep-2 has also been 

attached onto the surface of several nanomedicines to target LRP1 [69, 70]. 

Furthermore, glucose or mannose conjugation to nanomedicines has conferred brain-

targeting properties through overexpressed facilitative glucose transporters [71, 72]. 

- Receptors distributed on proliferating endothelial cells in the tumor vasculature 

(αVβ3 integrin, aminopeptidase N, nucleolin) represent additional potential sites for 

active targeting of nanomedicines to brain tumor tissue. In this sense, peptides 

containing the amino acid sequence Arg-Gly-Asp (RGD) have been coupled to the 

surface of distinct nanomedicines to bind to αVβ3 integrin [73, 74]. Another tripeptide 

Asn-Gly-Arg (NGR) has been conjugated to different nanomedicines to target 

aminopeptidase N (CD 13) [75]. Moreover, the ability of the F3 peptide and the AS1411 

aptamer to bind to nucleolin has been exploited to actively target nanomedicines to the 

brain tumor tissue [76, 77]. 

- Nanomedicines could also incorporate targeting moieties that bind to receptors 

that are overexpressed on tumor cells, to reduce the side effects of the anti-tumor 

agent on healthy brain cells after bypassing the BBTB. Apart from the already 

mentioned LRP1 and αVβ3 integrin, these tumor targets include the receptor of the 

epidermal growth factor (EGFR) and its malignant isoform EGFRvIII, receptors for 

interleukins 13 (IL-13Rα2) and 4 (IL-4R), the folate and the insulin receptors, and even 

the membrane-bound matrix metalloproteinase-2 (MMP-2). Consequently, antibodies 

to EGFR or EGFRvIII have been conjugated to several nanomedicines for brain tumor 

targeting. Likewise, anti-IL13Rα2 antibodies and IL-13 or IL-4-derived peptides (PEP-1 

or AP-1, respectively) have been attached onto the surface of nanomedicines to 

selectively bind to interleukin receptors [78, 79]. To target the folate receptor, folid acid 

has been used, whereas to target the insulin receptor, the monoclonal antibody 83-14 

has been incorporated to nanomedicines, since the use of the physiological ligand in 

this case was truly restricted by its biological effect on non-target regions (namely 

hypoglycemia) [63]. Furthermore, MMP-2 has been widely targeted with 

nanomedicines coupled to a peptide derived from scorpion venom: chlorotoxin [65, 80]. 

Since any ligand for which a receptor exists on the cerebral endothelial cells or 

on the tumor cells might be used for active targeting, the enrichment of knowledge 

about the transport systems present on the BBB/BBTB and the glioma-specific 

receptors would enable novel practical approaches for improving the passage of 

nanomedicines to be designed with the purpose of exposing the entire diseased brain 

tumor area to pharmacologically meaningful quantities. 

On the other hand, the adsorption-mediated active targeting takes advantage of 

electrostatic interactions between positively-charged ligands and the negatively-

charged sialic acid residues in membrane glycoproteins of brain endothelial cells to 

trigger transcytosis. Hence, this type of active targeting involves modifying the surface 
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of nanomedicines to make them positively charged, namely functionalization with 

cationic serum albumin and cell-penetrating peptides. The most frequently used cell-

penetrating peptide for functionalization of nanomedicines is the transactivator of 

transcription peptide derived from HIV (TAT). 

Subsequently, nanomedicines can also be designed to target simultaneously 

the BBB, the BBTB and the brain tumor cells by either attaching multiple targeting 

moieties, or by conjugating a single ligand that targets both the brain endothelia and 

the brain tumor cells [81]. In this case, nanomedicine could indeed represent a 

potential platform for targeting heterogeneous brain tumors [15]. 

Lastly, nanomedicines can increase intratumoral concentration of systemically 

administered anticancer agents by inhibiting the efflux pump function of P-glycoprotein 

that is present at the BBTB and at the infiltrative tumor cells and that actively removes 

these drugs, accounting to a great extent for resistance to chemotherapy. A localized 

inhibition on brain efflux transporters can be achieved by co-loading pharmacological 

efflux pump inhibitors (such as tamoxifen) or by the nanomedicine itself, since the 

coating with nonionic surfactants seems to provide the nanocarrier itself with efflux-

pump blockage properties. 

Besides tailoring the size and surface properties of nanomedicines to influence 

intratumoral accumulation, external forces such as a magnetic field, light and heat can 

also help selectively release the loaded drug of systemically administered 

nanomedicines at the tumor site [82]. Magnetic targeting has been applied under the 

assumption that magnetic nanoparticles can accumulate within a tumor area after 

systemic administration with a locally applied magnetic field. Another external force 

such as heat can be also used to control drug release in the case of nanomedicines 

whose excipients exhibit thermosensitive properties. Apart from enhancing tumor blood 

flow and vascular permeability, the application of local hyperthermia enables the drug 

to be easily released from thermosensitive nanomedicines when heating over the 

phase-transition temperature of the excipients. 

Numerous intravenously-administered drug-loaded nanomedicines have 

already been assayed for efficacy in rodent models of brain tumors: liposomes, 

polymer nanoparticles, lipid nanocapsules, dendrimers, polymeric micelles, magnetic 

nanoparticles and gold nanoparticles (Table 3). Albeit results extremely depend on the 

tumor lineage and the onset, dose and regimen of treatment, some general 

conclusions can be drawn. In broad terms, following intravenous administration, similar 

results were obtained with most types of nanomedicines. 

Most nanomedicines intended for preclinical evaluation following intravenous 

administration were designed to exploit passive and/or active targeting. Overall, stealth 

properties alone do not appear sufficient for enabling a nanoparticle-mediated transport 

into the brain, since in most cases of passively-non-actively targeted nanomedicines 

survival benefits remained extremely modest [83-85].  This could be due to the fact that 

PEG coating also reduces the tumor cell uptake of nanomedicines. 
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Additional active targeting using moieties that preferentially bind to receptors on 

the cerebral endothelial cells or overexpressed on brain tumor cells did indeed improve 

the therapeutic potential of nanomedicines due to preferential distribution to and within 

the brain tumor area: in all the studies with intravenously-administered actively-targeted 

nanomedicines, the median survival times were longer than their actively-untargeted 

counterparts and noticeably longer than the untreated controls [75, 86-88].  

However, most of these receptors are ubiquitously expressed to some degree. 

Hence, in order to prevent the occurrence of non-specific side effects, dual-actively-

targeted have already been designed for achieving optimal targeting after systemic 

administration. In broad terms, the preclinical studies with these dual-targeted 

nanomedicines showed more extended survival times over their mono-targeted 

counterparts [65, 73, 78]. 

Encapsulated 
drug 

System Strategy Model Ref 

Paclitaxel Liposomes None 
9L gliosarcoma-

bearing rats 
[37] 

Paclitaxel Liposomes 

- Polyethylene glycol 
coating 

a 

- RGD peptide 
b 

- Histidine rich TH peptide 
c 

C6 glioma-bearing 
mice 

[38] 

Irinotecan Liposomes 
- Polyethylene glycol 

coating 
a 

U87MG 
glioblastoma-bearing 

mice 
[39] 

Topotecan Liposomes 

- Polyethylene glycol 
coating 

a 

- Wheat germ agglutinin
 b 

- Tamoxifen 
d 

C6 glioma-bearing 
rats 

[40] 

Topotecan Liposomes 
- Polyethylene glycol 

coating 
a 

U87M/GBM-
43/GBM-6 

glioblastoma-bearing 
mice 

[41] 

Doxorubicin Liposomes 

- Polyethylene glycol 
coating 

a 

- Folate 
b 

- Transferrin 
b 

C6 glioma-bearing 
rats 

[42] 

Doxorubicin Liposomes 
- Lactoferrin

 b 

- Nanocarrier cationization
 

c 

C6 glioma-bearing 
rats 

[43] 

Doxorubicin Liposomes 
- Polyethylene glycol 

coating 
a 

- 
D
CDX peptide 

b 

U87MG 
glioblastoma-bearing 

mice 
[44] 

Doxorubicin Liposomes 

- Polyethylene glycol 
coating 

a 

- AP-1 peptide
 b 

- Focused ultrasound
 e 

GBM8401 
glioblastoma-bearing 

mice 
[45] 
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Encapsulated 
drug 

System Strategy Model Ref 

Doxorubicin Liposomes 
- Polyethylene glycol 

coating 
a 

- Glutathione
 b 

U87MG 
glioblastoma-bearing 

mice 
[46] 

Doxorubicin Liposome 
- Polyethylene glycol 

coating 
a 

- Hyperthermia
 e 

C6 glioma-bearing 
mice 

[47] 

Epirubicin Liposomes 

- Polyethylene glycol 
coating 

a 

- Transferrin
 b 

- Tamoxifen 
d
 

C6 glioma-bearing 
rats 

[48] 

Daunorubicin Liposomes 

- Polyethylene glycol 
coating 

a 

- Mannose 
b 

- Transferrin 
b 

C6 glioma-bearing 
rats 

[49] 

RNA 
antiEGFR 

Liposomes 

- Polyethylene glycol 
coating 

a 

- 83-14
 b 

- 8D3 
b 

U87MG 
glioblastoma-bearing 

mice 
[50] 

siRNA 
antiEGFR 

Liposomes 
- Polyethylene glycol 

coating 
a 

- T7 peptide
 b 

U87MG 
glioblastoma-bearing 

mice 
[51] 

DNA (pC27) Liposomes 

- Polyethylene glycol 
coating 

a 

- OX26
 b 

- Chlorotoxine 
b
 

C6 glioma-bearing 
rats 

[52] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- AS1411 aptamer
 b
 

C6 glioma-bearing 
rats 

[53] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- Peptide 22
 b 

C6 glioma-bearing 
mice 

[54] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- F3 peptide
 b 

C6 glioma-bearing 
mice 

[55] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- PEP-1
 b
 

C6 glioma-bearing 
mice 

[56] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- Glucose
 b
 

RG-2 glioma-bearing 
mice 

[57] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- APT peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[58] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- iNGR peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[59] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- RGD peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[60] 

Paclitaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- Angiopep
 b
 

U87MG 
glioblastoma-bearing 

mice 
[61] 

Gemcitabine 
Polymeric 

nanoparticles 
- Polysorbate-80 coating 

a C6 glioma-bearing 
rats 

[62] 
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Encapsulated 
drug 

System Strategy Model Ref 

Aclarubicin 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- Cationic serum albumin 
c
 

C6 glioma-bearing 
rats 

[63] 

Camptothecin 
Polymeric 

nanoparticles 
None 

GL261 glioma-
bearing mice 

[64] 

Doxorubicin 
Polymeric 

nanoparticles 
- Polysorbate-80 coating 

a
 

101-8 glioblastoma-
bearing rats 

[65] 

Doxorubicin 
Polymeric 

nanoparticles 

- Polysorbate-
80/Poloxamer-

188/Poloxamer-908 
coating 

a
 

101-8 glioblastoma-
bearing rats 

[66] 

Doxorubicin 
Polymeric 

nanoparticles 

- Polysorbate-
80/Poloxamer-188 coating 

a 

101-8 glioblastoma-
bearing rats 

[67] 

Docetaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- TGN peptide
 b
 

- AS1411 aptamer
 b 

C6 glioma-bearing 
mice 

[68] 

Docetaxel 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- IL-13 peptide 
b 

U87MG 
glioblastoma-bearing 

mice 
[69] 

Porphyrin 
Polymeric 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- F3 peptide 
b
  

- Photodynamic therapy 
e 

9L gliosarcoma-
bearing rats 

[70] 

Ferrociphenol 
Lipid 

nanocapsules 
- Polyethylene glycol 

coating 
a 

9L gliosarcoma-
bearing rats 

[71] 

Doxorubicin Dendrimers 
- Polyethylene glycol 

coating 
a 

- RGD peptide
 b 

C6 glioma-bearing 
mice 

[72] 

RNA 
antiEGFR 
(miR-7) 

Dendrimers - Folate
 b U251 glioma-bearing 

mice 
[73] 

DNA (TRAIL) Dendrimers 
- Polyethylene glycol 

coating 
a 

- Chlorotoxin
 b
 

C6 glioma-bearing 
mice 

[74] 

DNA (TRAIL) Dendrimers 
- Polyethylene glycol 

coating 
a 

- Angiopep
 b
 

C6 glioma-bearing 
mice 

[75] 

DNA (TRAIL) Dendrimers 
- Polyethylene glycol 

coating 
a 

- RGD peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[76] 

Paclitaxel 
Polymeric  
micelles 

- Polyethylene glycol 
coating 

a 

- CDX peptide (candoxin)
 b
 

Paclitaxel 
Polymeric 
micelles 

- Polyethylene glycol 
coating 

a 

- RGD peptide
 b
  

- Transferrin
 b 

U87MG 
glioblastoma-bearing 

mice 
[77] 

Paclitaxel 
Polymeric 
micelles 

- Polyethylene glycol 
coating 

a 

- KC2S peptide
 b 

U87MG 
glioblastoma-bearing 

mice 
[78] 

Paclitaxel 
Polymeric 
micelles 

- Polyethylene glycol 
coating 

a 

- RGD peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[79] 
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Encapsulated 
drug 

System Strategy Model Ref 

Paclitaxel 
Polymeric 
micelles 

- Polyethylene glycol 
coating 

a 

- CDX peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[80] 

Doxurubicin + 
Paclitaxel 

Polymeric 
micelles 

- Polyethylene glycol 
coating 

a 

- RGD peptide
 b
 

U87MG 
glioblastoma-bearing 

mice 
[81] 

SN-38 
(camptothecin 

derivative) 

Polymeric 
micelles 

- Polyethylene glycol 
coating 

a 

U87MG 
glioblastoma-bearing 

mice 
[82, 83] 

Paclitaxel 
Magnetic 

nanoparticles 
- Magnetic fields

 e C6 glioma-bearing 
rats 

[84] 

Doxorubicin 
Gold 

nanoparticles 

- Polyethylene glycol 
coating 

a 

- TAT peptide 
c 

U87MG 
glioblastoma-bearing 

mice 
[85] 

Table 1.1.3- Intravenously-administered nanomedicines already tested for 

efficacy in vivo against orthotopic rodent brain tumor models. Strategies: a: passive 

targeting; b: carrier/receptor-mediated active targeting; c: adsorption-mediated active 

targeting; d: inhibition of efflux pump function; e: targeting caused by external physical 

stimuli. 

5. Conclusions 

Despite the tremendous efforts thus far, malignant CNS tumors still represent 

an unmet medical need. Albeit the rapidly evolving knowledge about tumor 

biochemistry enables various new drug molecules to be designed as treatments, drug 

delivery in CNS tumors deserves explicit attention, as otherwise, novel therapies will 

continue to fail to expose the entire tumor and the infiltrate cells that are not located in 

the tumor bed to such therapeutics at pharmacologically meaningful quantities. In this 

regard, nanomedicine poses an appealing platform for efficient drug delivery to the 

CNS, since it may be targeted to improve the availability of the drugs in their site of 

action, which could be translated into lower drug doses and fewer side-effects. 

The BBTB restricts the permeation of most anticancer agents into the CNS, 

especially in areas where the BBTB more closely resembles the BBB. Therefore, one 

major challenge in the field of systemic chemotherapy is the development of 

nanomedicines that can effectively overcome the BBTB and allow specific targeting of 

brain cancer cells. Overall, the features of nanomedicines dictate their biological fate: 

size and surface charge, the surface hydration and/or the presence of targeting ligands 

on the surface. Concerning brain endothelium permeation, an ideal systemic 

nanomedicine for CNS drug delivery should be around or smaller than 100 nm; be 

provided with a hydrophilic coating to avoid removal by the RES, extend its plasma 

half-life and indirectly increase the likelihood of crossing the brain endothelium; have 

targeting moieties to selectively enhance the distribution across the BBTB to the CNS 

and even be able to inhibit the drug efflux transporters at the BBTB. 

Alternatively, nanomedicines can be locally administered to bypass the BBTB. 

However, CED and intrathecal delivery remain invasive approaches that carry 



Managing CNS Tumors: The Nanomedicine Approach 

54 
 

significant risks for patients. An optimal nanomedicine for CED should be below 100 

nm, neutral or negatively charged, conjugated to specific ligands that bind the tumor 

cell receptors and be infused in a slight viscous and hyperosmolar solution. 

Overall, nanomedicines intended for brain delivery either for systemic or local 

delivery should ideally be biocompatible and biodegradable, have a controllable 

release profile to trigger drug release at the site of action, be able to be sterilized and 

have a feasible industrial production  for clinical implementation. 

On the basis of the promising results gathered from preclinical studies of 

nanomedicine-based therapy, some nanomedicines have already been approved for 

clinical trials in a variety of CNS tumors conditions to serve as the first steps in 

translation of nanotherapy to clinic (Table 4). Therefore, their outcome will steer further 

research directions and when successful, will provide handles for further 

improvements. Unfortunately, the results of the already completed clinical trials are not 

yet available on clinicaltrials.gov. 

It is worth underlining the fact that current clinical trials using nanomedicines for 

brain tumors are conducted on patients who have failed conventional therapy and have 

very poor prognosis (mostly recurrent high-grade glioma or brain metastases). 

However, expanding the application of nanomedicine to less aggressive forms of brain 

cancer is challenging, as long as the long-term side effects due to the interactions of 

colloids with biological structures are not yet known and, consequently, the regulatory 

agencies have not yet developed comprehensive regulatory guidelines for 

nanomedicines. 

In view of the approved clinical trials, some general conclusions can be drawn. 

On the one hand, whereas several liposomal formulations are already under clinical 

trials, the rest of types of nanomedicines are lagging behind. The investigation of 

nanomedicines for CNS delivery has focused largely on liposomal preparations mostly 

due to the fact that their potential as drug carriers was already acknowledged back in 

the 1970s, much earlier than any other alternative nanocarrier. 

On the other hand, most liposomes that reached clinical trials for the treatment 

of brain tumors are passively-targeted, avoiding the ligand-receptor interaction. Despite 

of the promising preclinical results, translation of active targeting to clinical trials pose 

some challenges, since most targeted receptors are not exclusively present at the 

BBTB and/or brain tumor cells, which may give raise to side effects. Additionally, 

nanomedicines conjugated with physiological ligands can develop competitive 

phenomena with endogenous ligands and dysregulate their homeostasis, whereas 

nanomedicines that incorporate monoclonal antibodies must be able of interacting with 

human receptors to not cause immunogenic reactions; hence, presumably different 

from those antibodies assayed in rodent preclinical models. Nonetheless, two actively-

targeted liposomes have recently made their way to clinical trials to cross the BBB after 

intravenous injection for achieving higher and efficacious brain drug levels: 2B3-101 is 

a PEGylated liposomal doxorubicin formulation conjugated with glutathione, and SGT-

53 is a cationic liposome conjugated to an anti-transferrin receptor single-chain 

antibody and encapsulating a normal human wild type p53 DNA sequence to restore 
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the wild type p53 function and down-modulate MGMT activity in order to increase the 

sensitivity of tumor cells to alkylating agents. 

Concerning the different routes of administration, intravenous among the 

systemic routes and CED and intrathecal delivery among the local routes have even 

made its way into clinical trials for nanoparticle administration. 

Identifier Condition Treatment Nanomedicine Route 
Targeting 
approach 

00003073
 

CNS tumors Cytarabine 
Liposome 

(DepoCyt®) 
Intrathecal None 

00029523
 Neoplastic 

meningitis 
Cytarabine 

Liposome 
(DepoCyt®) 

Intrathecal None 

00313599
 

CNS tumors 
Paclitaxel 

(+ oral 
lapatinib) 

Albumin 
nanoparticles 
(Abraxane®) 

Intravenous None 

00019630
 Brain tumors 

(Children) 
Doxorubicin 

Pegylated 
liposome 

(Lipodox®) 
Intravenous Passive 

00465673
 

Brain metastases Doxorubicin 
Pegylated 
liposome 

(Lipodox®) 
Intravenous Passive 

00734682
 

Glioblastoma 
Gliosarcoma 
Anaplastic 

astrocytoma 
Anaplastic 

oligodendroglioma 

Irinotecan 
Pegylated 
liposome 

Intravenous Passive 

00854867
 Neoplastic 

meningitis 

Cytarabine (+ 
concomitant/ 
sequential 

radiotherapy) 

Liposome 
(DepoCyt®) 

Intrathecal None 

00944801
 

Glioblastoma 

Doxorubicin 
(+ 

temozolomide 
+ radiotherapy) 

Pegylated 
liposome 
(Caelix®) 

Intravenous Passive 

00964743
 Neoplastic 

meningitis 
Cytarabine (+ 
oral sorafenib) 

Liposome 
(DepoCyt®) 

Intrathecal 
(Ommaya 
reservoir) 

None 

00992602
 Leptomeningeal 

metastases 

Cytarabine (+ 
intravenous 

methotrexate) 

Liposome 
(DepoCyt®) 

Intrathecal None 
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Identifier Condition Treatment Nanomedicine Route 
Targeting 
approach 

01044966
 

Glioblastoma 
multiforme 

Glioma 
Astrocytoma 
Brain tumor 

Cytarabine (+ 
oral 

temozolomide) 

Liposome 
(DepoCyt®) 

Intrathecal None 

01222780
 Brain tumors 

(Children) 
Vincristine 

Liposome 
(Marqibo®) 

Intravenous None 

01386580
 

Recurrent 
malignant glioma 
Brain metastases 

Doxorubicin 
Glutathione 
pegylated 
liposome 

Intravenous 
Passive 

+  
Active 

01563614
 Leptomeningeal 

metastases 

Cytarabine (+ 
oral lomustine 
+ radiotherapy) 

Liposome 
(DepoCyt®) 

Intrathecal None 

01818713
 Leptomeningeal 

metastases 
Doxorubicin 

 Glutathione 
pegylated 
liposome  

Intravenous 
Passive 

+  
Active 

02022644
 

High grade glioma Irinotecan 
Pegylated 
liposome 

CED Passive 

02340156
 

Glioblastoma 

Normal human 
wild type p53 

DNA sequence 
(+ oral 

temozolomide) 

Anti-transferrin 
receptor single-
chain antibody 

cationic 
liposome  

Intravenous Active 

Table 1.1.4- Nanomedicines that have already reached the clinical trials stage 

for the treatment of CNS tumors. 

In conclusion, clinical implementation of nanomedicines for patients with brain 

tumors is still in its infancy.  However, further clinical studies of brain-targeted 

nanomedicines are warranted in the future, with rising incidences of CNS cancers, 

many of which being terrible rapidly progressing and so-far untreatable tumors. Hence, 

the accumulation of data about the CNS physiology and about relevant receptors, the 

widening therapeutic armamentarium of drugs potentially useful in CNS chemotherapy, 

the alternative routes for administration and the estimation of the brain permeability 

with in vitro BBB models to early triage the potential of nanomedicines for optimum 

therapy of brain tumors envisage nanomedicines as a forthcoming routine approach 

[114]. 

Acknowledgements 

This work was partially funded by the Research Group GR35/10 Santander-

UCM, Group: Parenteral Administration of Drugs. Juan Aparicio-Blanco thanks the 



Chapter 1: Nanomedicine and central nervous system: on-demand development of lipid 
nanocapsules 

57 
 

Spanish Ministry of Education for the Contract within the Professor Training Program 

FPU (Ref. FPU13/02325). 

References: 

[1] Louis DN, Ohgaki H, Wiestler OD, Cavenee WK, Burger PC, Jouvet A, et al. 
The 2007 WHO classification of tumours of the central nervous system. Acta 
Neuropathol. 2007;114:97-109. 

[2] Schwartzbaum JA, Fisher JL, Aldape KD, Wrensch M. Epidemiology and 
molecular pathology of glioma. Nat Clin Pract Neurol. 2006;2:494-503. 

[3] Wen PY, Kesari S. Malignant gliomas in adults. N Engl J Med. 
2008;359:492-507. 

[4] Alifieris C, Trafalis DT. Glioblastoma multiforme: Pathogenesis and 
treatment. Pharmacol Ther. 2015;152:63-82. 

[5] Stupp R, Mason WP, van den Bent MJ, Weller M, Fisher B, Taphoorn MJB, 
et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N 
Engl J Med. 2005;352:987-96. 

[6] Messaoudi K, Clavreul A, Lagarce F. Toward an effective strategy in 
glioblastoma treatment. Part I: resistance mechanisms and strategies to overcome 
resistance of glioblastoma to temozolomide. Drug Discov Today. 2015;20:899-905. 

[7] Esteller M, Garcia-Foncillas J, Andion E, Goodman SN, Hidalgo OF, 
Vanaclocha V, et al. Inactivation of the DNA-repair gene MGMT and the clinical 
response of gliomas to alkylating agents. N Engl J Med. 2000;343:1350-4. 

[8] Hegi ME, Diserens A, Gorlia T, Hamou M, de Tribolet N, Weller M, et al. 
MGMT gene silencing and benefit from temozolomide in glioblastoma. N Engl J Med. 
2005;352:997-1003. 

[9] de Faria GP, de Oliveira JA, de Oliveira JGP, Romano SD, Neto VM, Maia 
RC. Differences in the Expression Pattern of P-Glycoprotein and MRP1 in Low-Grade 
and High-Grade Gliomas. Cancer Invest. 2008;26:883-9. 

[10] Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG. Cancer drug 
resistance: an evolving paradigm. Nat Rev Cancer. 2013;13:714-26. 

[11] van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, Wurdinger T, 
de Vries HE. Overcoming the blood-brain tumor barrier for effective glioblastoma 
treatment. Drug Resist Update. 2015;19:1-12. 

[12] Schinkel AH. P-glycoprotein, a gatekeeper in the blood-brain barrier. Adv 
Drug Deliv Rev. 1999;36:179-94. 

[13] Westphal M, Hilt DC, Bortey E, Delavault P, Olivares R, Warnke PC, et al. 
A phase 3 trial of local chemotherapy with biodegradable carmustine (BCNU) wafers 
(Gliadel wafers) in patients with primary malignant glioma. Neuro-Oncology. 2003;5:79-
88. 

[14] Davis ME, Chen Z, Shin DM. Nanoparticle therapeutics: an emerging 
treatment modality for cancer. Nat Rev Drug Discov. 2008;7:771-82. 

[15] Cheng Y, Morshed RA, Auffinger B, Tobias AL, Lesniak MS. Multifunctional 
nanoparticles for brain tumor imaging and therapy. Adv Drug Deliv Rev. 2014;66:42-57. 

[16] Karim R, Palazzo C, Evrard B, Piel G. Nanocarriers for the treatment of 
glioblastoma multiforme: Current state-of-the-art. J Control Release. 2016;227:23-37. 

[17] Cupaioli FA, Zucca FA, Boraschi D, Zecca L. Engineered nanoparticles. 
How brain friendly is this new guest? Prog Neurobiol. 2014;119:20-38. 



Managing CNS Tumors: The Nanomedicine Approach 

58 
 

[18] Lai F, Fadda AM, Sinico C. Liposomes for brain delivery. Expert Opin Drug 
Deliv. 2013;10:1003-22. 

[19] Gastaldi L, Battaglia L, Peira E, Chirio D, Muntoni E, Solazzi I, et al. Solid 
lipid nanoparticles as vehicles of drugs to the brain: Current state of the art. Eur J 
Pharm Biopharm. 2014;87:433-44. 

[20] Aparicio-Blanco J, Torres-Suarez AI. Glioblastoma Multiforme and Lipid 
Nanocapsules: A Review. J Biomed Nanotechnol. 2015;11:1283-311. 

[21] Patel T, Zhou JB, Piepmeier JM, Saltzman WM. Polymeric nanoparticles 
for drug delivery to the central nervous system. Adv Drug Deliv Rev. 2012;64:701-5. 

[22] Costantino L, Boraschi D. Is there a clinical future for polymeric 
nanoparticles as brain-targeting drug delivery agents? Drug Discov Today. 
2012;17:367-78. 

[23] Mishra V, Kesharwani P. Dendrimer technologies for brain tumor. Drug 
Discov Today. 2016;21:766-78. 

[24] Singh D, McMillan JM, Kabanov AV, Sokolsky-Papkov M, Gendelman HE. 
Bench-to-bedside translation of magnetic nanoparticles. Nanomedicine. 2014;9:501-16. 

[25] Jabr-Milane LS, van Vlerken LE, Yadav S, Amiji MM. Multi-functional 
nanocarriers to overcome tumor drug resistance. Cancer Treat Rev. 2008;34:592-602. 

[26] Allard E, Passirani C, Benoit JP. Convection-enhanced delivery of 
nanocarriers for the treatment of brain tumors. Biomaterials. 2009;30:2302-18. 

[27] MacKay JA, Deen DF, Szoka FC. Distribution in brain of liposomes after 
convection enhanced delivery; modulation by particle charge, particle diameter, and 
presence of steric coating. Brain Res. 2005;1035:139-53. 

[28] Serwer LP, James CD. Challenges in drug delivery to tumors of the central 
nervous system: An overview of pharmacological and surgical considerations. Adv 
Drug Deliv Rev. 2012;64:590-7. 

[29] Mistry A, Stolnik S, Illum L. Nanoparticles for direct nose-to-brain delivery of 
drugs. Int J Pharm. 2009;379:146-57. 

[30] Noble CO, Krauze MT, Drummond DC, Yamashita Y, Saito R, Berger MS, 
et al. Novel nanoliposomal CPT-11 infused by convection-enhanced delivery in 
intracranial tumors: Pharmacology and efficacy. Cancer Res. 2006;66:2801-6. 

[31] Saito R, Krauze MT, Noble CO, Drummond DC, Kirpotin DB, Berger MS, et 
al. Convection-enhanced delivery of Ls-TPT enables an effective, continuous, low-dose 
chemotherapy against malignant glioma xenograft model. Neuro-Oncology. 
2006;8:205-14. 

[32] Chen PY, Ozawa T, Drummond DC, Kalra A, Fitzgerald JB, Kirpotin DB, et 
al. Comparing routes of delivery for nanoliposomal irinotecan shows superior anti-
tumor activity of local administration in treating intracranial glioblastoma xenografts. 
Neuro-Oncology. 2013;15:189-97. 

[33] Yamashita Y, T Krauze M, Kawaguchi T, Noble CO, Drummond DC, Park 
JW, et al. Convection-enhanced delivery of a topoisomerase I inhibitor (nanoliposomal 
topotecan) and a topoisomerase II inhibitor (pegylated liposomal doxorubicin) in 
intracranial brain tumor xenografts. Neuro-Oncology. 2007;9:20-8. 

[34] Krauze MT, Noble CO, Kawaguchi T, Drummond D, Kirpotin DB, 
Yamashita Y, et al. Convection-enhanced delivery of nanoliposomal CPT-11 
(irinotecan) and PEGylated liposomal doxorubicin (Doxil) in rodent intracranial brain 
tumor xenografts. Neuro-Oncology. 2007;9:393-403. 



Chapter 1: Nanomedicine and central nervous system: on-demand development of lipid 
nanocapsules 

59 
 

[35] Stephen ZR, Kievit FM, Veiseh O, Chiarelli PA, Fang C, Wang K, et al. 
Redox-Responsive Magnetic Nanoparticle for Targeted Convection-Enhanced Delivery 
of O-6-Benzylguanine to Brain Tumors. ACS Nano. 2014;8:10383-95. 

[36] Grahn AY, Bankiewicz KS, Dugich-Djordjevic M, Bringas JR, Hadaczek P, 
Johnson GA, et al. Non-PEGylated liposomes for convection-enhanced delivery of 
topotecan and gadodiamide in malignant glioma: initial experience. J Neuro-Oncol. 
2009;95:185-97. 

[37] Huynh NT, Passirani C, Allard-Vannier E, Lemaire L, Roux J, Garcion E, et 
al. Administration-dependent efficacy of ferrociphenol lipid nanocapsules for the 
treatment of intracranial 9L rat gliosarcoma. Int J Pharm. 2012;423:55-62. 

[38] Laine AL, Huynh NT, Clavreul A, Balzeau J, Bejaud J, Vessieres A, et al. 
Brain tumour targeting strategies via coated ferrociphenol lipid nanocapsules. Eur J 
Pharm Biopharm. 2012;81:690-3. 

[39] Hadjipanayis CG, Machaidze R, Kaluzova M, Wang LY, Schuette AJ, Chen 
HW, et al. EGFRvIII Antibody-Conjugated Iron Oxide Nanoparticles for Magnetic 
Resonance Imaging-Guided Convection-Enhanced Delivery and Targeted Therapy of 
Glioblastoma. Cancer Res. 2010;70:6303-12. 

[40] Kaluzova M, Bouras A, Machaidze R, Hadjipanayis CG. Targeted therapy 
of glioblastoma stem-like cells and tumor non-stem cells using cetuximab-conjugated 
iron-oxide nanoparticles. Oncotarget. 2015;6:8788-806. 

[41] Inoue T, Yamashita Y, Nishihara M, Sugiyama S, Sonoda Y, Kumabe T, et 
al. Therapeutic efficacy of a polymeric micellar doxorubicin infused by convection-
enhanced delivery against intracranial 9L brain tumor models. Neuro-Oncology. 
2009;11:151-7. 

[42] Wu G, Barth RF, Yang WL, Kawabata S, Zhang LW, Green-Church K. 
Targeted delivery of methotrexate to epidermal growth factor receptor-positive brain 
tumors by means of cetuximab (IMC-C225) dendrimer bioconjugates. Mol Cancer Ther. 
2006;5:52-9. 

[43] Barth RF, Wu G, Meisen WH, Nakkula RJ, Yang W, Huo T, et al. Design, 
synthesis, and evaluation of cisplatin-containing EGFR targeting bioconjugates as 
potential therapeutic agents for brain tumors. OncoTargets Ther. 2016;9:2769-81. 

[44] Taki H, Kanazawa T, Akiyama F, Takashima Y, Okada H. Intranasal 
delivery of camptothecin-loaded tat-modified nanomicells for treatment of intracranial 
brain tumors. Pharmaceuticals (Basel, Switzerland). 2012;5:1092-102. 

[45] Kanazawa T, Morisaki K, Suzuki S, Takashima Y. Prolongation of Life in 
Rats with Malignant Glioma by Intranasal siRNA/Drug Codelivery to the Brain with Cell-
Penetrating Peptide-Modified Micelles. Mol Pharm. 2014;11:1471-8. 

[46] Sawyer AJ, Saucier-Sawyer JK, Booth CJ, Liu J, Patel T, Piepmeier JM, et 
al. Convection-enhanced delivery of camptothecin-loaded polymer nanoparticles for 
treatment of intracranial tumors. Drug Deliv Transl Res. 2011;1:34-42. 

[47] Bernal GM, LaRiviere MJ, Mansour N, Pytel P, Cahill KE, Voce DJ, et al. 
Convection-enhanced delivery and in vivo imaging of polymeric nanoparticles for the 
treatment of malignant glioma. Nanomed-Nanotechnol Biol Med. 2014;10:149-57. 

[48] Mangraviti A, Tzeng SY, Kozielski KL, Wang Y, Jin YK, Gullotti D, et al. 
Polymeric Nanoparticles for Nonviral Gene Therapy Extend Brain Tumor Survival in 
Vivo. ACS Nano. 2015;9:1236-49. 

[49] Vinchon-Petit S, Jarnet D, Paillard A, Benoit JP, Garcion E, Menei P. In 
vivo evaluation of intracellular drug-nanocarriers infused into intracranial tumours by 



Managing CNS Tumors: The Nanomedicine Approach 

60 
 

convection-enhanced delivery: distribution and radiosensitisation efficacy. J Neuro-
Oncol. 2010;97:195-205. 

[50] Allard E, Huynh NT, Vessieres A, Pigeon P, Jaouen G, Benoit JP, et al. 
Dose effect activity of ferrocifen-loaded lipid nanocapsules on a 9L-glioma model. Int J 
Pharm. 2009;379:317-23. 

[51] Allard E, Jarnet D, Vessieres A, Vinchon-Petit S, Jaouen G, Benoit JP, et 
al. Local Delivery of Ferrociphenol Lipid Nanocapsules Followed by External 
Radiotherapy as a Synergistic Treatment Against Intracranial 9L Glioma Xenograft. 
Pharm Res. 2010;27:56-64. 

[52] Yokosawa M, Sonoda Y, Sugiyama S, Saito R, Yamashita Y, Nishihara M, 
et al. Convection-Enhanced Delivery of a Synthetic Retinoid Am80, Loaded into 
Polymeric Micelles, Prolongs the Survival of Rats Bearing Intracranial Glioblastoma 
Xenografts. Tohoku J Exp Med. 2010;221:257-64. 

[53] Peluffo H, Unzueta U, Negro-Demontel ML, Xu ZK, Vaquez E, Ferrer-
Miralles N, et al. BBB-targeting, protein-based nanomedicines for drug and nucleic acid 
delivery to the CNS. Biotechnol Adv. 2015;33:277-87. 

[54] Maeda H, Wu J, Sawa T, Matsumura Y, Hori K. Tumor vascular 
permeability and the EPR effect in macromolecular therapeutics: a review. J Control 
Release. 2000;65:271-84. 

[55] Beduneau A, Saulnier P, Benoit JP. Active targeting of brain tumors using 
nanocarriers. Biomaterials. 2007;28:4947-67. 

[56] Alyautdin R, Khalin I, Nafeeza MI, Haron MH, Kuznetsov D. Nanoscale 
drug delivery systems and the blood-brain barrier. Int J Nanomed. 2014;9:795-811. 

[57] Dobrovolskaia MA, McNeil SE. Immunological properties of engineered 
nanomaterials. Nat Nanotechnol. 2007;2:469-78. 

[58] Gref R, Luck M, Quellec P, Marchand M, Dellacherie E, Harnisch S, et al. 
'Stealth' corona-core nanoparticles surface modified by polyethylene glycol (PEG): 
influences of the corona (PEG chain length and surface density) and of the core 
composition on phagocytic uptake and plasma protein adsorption. Colloid Surf B-
Biointerfaces. 2000;18:301-13. 

[59] Rapoport SI, Robinson PJ. Tight-junctional modification as the basis of 
osmotic opening of the blood-brain barrier. Ann NY Acad Sci. 1986;481:250-67. 

[60] Nakano S, Matsukado K, Black KL. Increased brain tumor microvessel 
permeability after intracarotid bradykinin infusion is mediated by nitric oxide. Cancer 
Res. 1996;56:4027-31. 

[61] Hynynen K, McDannold N, Vykhodtseva N, Raymond S, Weissleder R, 
Jolesz FA, et al. Focal disruption of the blood-brain barrier due to 260-kHz ultrasound 
bursts: a method for molecular imaging and targeted drug delivery. J Neurosurg. 
2006;105:445-54. 

[62] Oller-Salvia B, Sanchez-Navarro M, Giralt E, Teixido M. Blood-brain barrier 
shuttle peptides: an emerging paradigm for brain delivery. Chemical Society reviews. 
2016;45:4690-707. 

[63] Zhang Y, Zhang YF, Bryant J, Charles A, Boado RJ, Pardridge WM. 
Intravenous RNA interference gene therapy targeting the human epidermal growth 
factor receptor prolongs survival in intracranial brain cancer. Clin Cancer Res. 
2004;10:3667-77. 

[64] Wei L, Guo X-Y, Yang T, Yu M-Z, Chen D-W, Wang J-C. Brain tumor-
targeted therapy by systemic delivery of siRNA with Transferrin receptor-mediated 
core-shell nanoparticles. Int J Pharm. 2016;510:394-405. 



Chapter 1: Nanomedicine and central nervous system: on-demand development of lipid 
nanocapsules 

61 
 

[65] Yue PJ, He L, Qiu SW, Li Y, Liao YJ, Li XP, et al. OX26/CTX-conjugated 
PEGylated liposome as a dual-targeting gene delivery system for brain glioma. Mol 
Cancer. 2014;13:13. 

[66] Wei XL, Zhan CY, Shen Q, Fu W, Xie C, Gao J, et al. A D-Peptide Ligand 
of Nicotine Acetylcholine Receptors for Brain-Targeted Drug Delivery. Angew Chem-Int 
Edit. 2015;54:3023-7. 

[67] Zhan CY, Wei XL, Qian J, Feng LL, Zhu JH, Lu WY. Co-delivery of TRAIL 
gene enhances the anti-glioblastoma effect of paclitaxel in vitro and in vivo. J Control 
Release. 2012;160:630-6. 

[68] Zhan CY, Yan ZQ, Xie C, Lu WY. Loop 2 of Ophiophagus hannah Toxin b 
Binds with Neuronal Nicotinic Acetylcholine Receptors and Enhances Intracranial Drug 
Delivery. Mol Pharm. 2010;7:1940-7. 

[69] Huang SX, Li JF, Han L, Liu SH, Ma HJ, Huang RQ, et al. Dual targeting 
effect of Angiopep-2-modified, DNA-loaded nanoparticles for glioma. Biomaterials. 
2011;32:6832-8. 

[70] Xin HL, Sha XY, Jiang XY, Zhang W, Chen LC, Fang XL. Anti-glioblastoma 
efficacy and safety of paclitaxel-loading Angiopep-conjugated dual targeting PEG-PCL 
nanoparticles. Biomaterials. 2012;33:8167-76. 

[71] Jiang XY, Xin HL, Ren QY, Gu JJ, Zhu LJ, Du FY, et al. Nanoparticles of 2-
deoxy-D-glucose functionalized poly(ethylene glycol)-co-poly(trimethylene carbonate) 
for dual-targeted drug delivery in glioma treatment. Biomaterials. 2014;35:518-29. 

[72] Ying X, Wen H, Lu WL, Du J, Guo J, Tian W, et al. Dual-targeting 
daunorubicin liposomes improve the therapeutic efficacy of brain glioma in animals. J 
Control Release. 2010;141:183-92. 

[73] Shi KR, Long Y, Xu CQ, Wang Y, Qiu Y, Yu QW, et al. Liposomes 
Combined an Integrin alpha(v)beta(3)-Specific Vector with pH-Responsible Cell-
Penetrating Property for Highly Effective Antiglioma Therapy through the Blood-Brain 
Barrier. ACS Appl Mater Interfaces. 2015;7:21442-54. 

[74] Jiang XY, Sha XY, Xin HL, Xu XM, Gu JJ, Xia WY, et al. Integrin-facilitated 
transcytosis for enhanced penetration of advanced gliomas by poly(trimethylene 
carbonate)-based nanoparticles encapsulating paclitaxel. Biomaterials. 2013;34:2969-
79. 

[75] Kang T, Gao XL, Hu QY, Jiang D, Feng XY, Zhang X, et al. iNGR-modified 
PEG-PLGA nanoparticles that recognize tumor vasculature and penetrate gliomas. 
Biomaterials. 2014;35:4319-32. 

[76] Hu QY, Gu GZ, Liu ZY, Jiang MY, Kang T, Miao DY, et al. F3 peptide-
functionalized PEG-PLA nanoparticles co-administrated with tLyp-1 peptide for anti-
glioma drug delivery. Biomaterials. 2013;34:1135-45. 

[77] Guo JW, Gao XL, Su LN, Xia HM, Gu GZ, Pang ZQ, et al. Aptamer-
functionalized PEG-PLGA nanoparticles for enhanced anti-glioma drug delivery. 
Biomaterials. 2011;32:8010-20. 

[78] Gao HL, Qian J, Cao SJ, Yang Z, Pang ZQ, Pan SQ, et al. Precise glioma 
targeting of and penetration by aptamer and peptide dual-functioned nanoparticles. 
Biomaterials. 2012;33:5115-23. 

[79] Yang FY, Wong TT, Teng MC, Liu RS, Lu M, Liang HF, et al. Focused 
ultrasound and interleukin-4 receptor-targeted liposomal doxorubicin for enhanced 
targeted drug delivery and antitumor effect in glioblastoma multiforme. J Control 
Release. 2012;160:652-8. 



Managing CNS Tumors: The Nanomedicine Approach 

62 
 

[80] Huang RQ, Ke WL, Han LA, Li JF, Liu SH, Jiang C. Targeted delivery of 
chlorotoxin-modified DNA-loaded nanoparticles to glioma via intravenous 
administration. Biomaterials. 2011;32:2399-406. 

[81] Liu Y, Lu WY. Recent advances in brain tumor-targeted nano-drug delivery 
systems. Expert Opin Drug Deliv. 2012;9:671-86. 

[82] Liu HL, Hua MY, Yang HW, Huang CY, Chu PC, Wu JS, et al. Magnetic 
resonance monitoring of focused ultrasound/magnetic nanoparticle targeting delivery of 
therapeutic agents to the brain. Proc Natl Acad Sci U S A. 2010;107:15205-10. 

[83] Wang CX, Huang LS, Hou LB, Jiang L, Yan ZT, Wang YL, et al. Antitumor 
effects of polysorbate-80 coated gemcitabine polybutylcyanoacrylate nanoparticles in 
vitro and its pharmacodynamics in vivo on C6 glioma cells of a brain tumor model. 
Brain Res. 2009;1261:91-9. 

[84] Householder KT, DiPerna DM, Chung EP, Wohlleb GM, Dhruv HD, Berens 
ME, et al. Intravenous delivery of camptothecin-loaded PLGA nanoparticles for the 
treatment of intracranial glioma. Int J Pharm. 2015;479:374-80. 

[85] Huynh NT, Morille M, Bejaud J, Legras P, Vessieres A, Jaouen G, et al. 
Treatment of 9L Gliosarcoma in Rats by Ferrociphenol-Loaded Lipid Nanocapsules 
Based on a Passive Targeting Strategy via the EPR Effect. Pharm Res. 2011;28:3189-
98. 

[86] Gaillard PJ, Appeldoorn CCM, Dorland R, van Kregten J, Manca F, Vugts 
DJ, et al. Pharmacokinetics, Brain Delivery, and Efficacy in Brain Tumor-Bearing Mice 
of Glutathione Pegylated Liposomal Doxorubicin (2B3-101). PLoS One. 2014;9:10. 

[87] Zhang B, Sun XY, Mei H, Wang Y, Liao ZW, Chen J, et al. LDLR-mediated 
peptide-22-conjugated nanoparticles for dual-targeting therapy of brain glioma. 
Biomaterials. 2013;34:9171-82. 

[88] Zhang LH, Zhu SJ, Qian LL, Pei YY, Qiu YM, Jiang YY. RGD-modified 
PEG-PAMAM-DOX conjugates: In vitro and in vivo studies for glioma. Eur J Pharm 
Biopharm. 2011;79:232-40. 

[89] Zhou R, Mazurchuk RV, Tamburlin JH, Harrold JM, Mager DE, Straubinger 
RM. Differential Pharmacodynamic Effects of Paclitaxel Formulations in an Intracranial 
Rat Brain Tumor Model. J Pharmacol Exp Ther. 2010;332:479-88. 

[90] Noble CO, Krauze MT, Drummond DC, Forsayeth J, Hayes ME, Beyer J, et 
al. Pharmacokinetics, tumor accumulation and antitumor activity of nanoliposomal 
irinotecan following systemic treatment of intracranial tumors. Nanomedicine. 
2014;9:2099-108. 

[91] Du J, Lu WL, Ying X, Liu Y, Du P, Tian W, et al. Dual-Targeting Topotecan 
Liposomes Modified with Tamoxifen and Wheat Germ Agglutinin Significantly Improve 
Drug Transport across the Blood-Brain Barrier and Survival of Brain Tumor-Bearing 
Animals. Mol Pharm. 2009;6:905-17. 

[92] Serwer LP, Noble CO, Michaud K, Drummond DC, Kirpotin DB, Ozawa T, 
et al. Investigation of intravenous delivery of nanoliposomal topotecan for activity 
against orthotopic glioblastoma xenografts. Neuro-Oncology. 2011;13:1288-95. 

[93] Gao JQ, Lv Q, Li LM, Tang XJ, Li FZ, Hu YL, et al. Glioma targeting and 
blood-brain barrier penetration by dual-targeting doxorubincin liposomes. Biomaterials. 
2013;34:5628-39. 

[94] Chen HL, Qin Y, Zhang QY, Jiang W, Tang L, Liu J, et al. Lactoferrin 
modified doxorubicin-loaded procationic liposomes for the treatment of gliomas. Eur J 
Pharm Sci. 2011;44:164-73. 



Chapter 1: Nanomedicine and central nervous system: on-demand development of lipid 
nanocapsules 

63 
 

[95] Gong W, Wang ZY, Liu N, Lin W, Wang XP, Xu D, et al. Improving 
Efficiency of Adriamycin Crossing Blood Brain Barrier by Combination of 
Thermosensitive Liposomes and Hyperthermia. Biol Pharm Bull. 2011;34:1058-64. 

[96] Tian W, Ying X, Du J, Guo J, Men Y, Zhang Y, et al. Enhanced efficacy of 
functionalized epirubicin liposomes in treating brain glioma-bearing rats. Eur J Pharm 
Sci. 2010;41:232-43. 

[97] Wang BY, Lv LY, Wang Z, Jiang Y, Lv W, Liu X, et al. Improved anti-
glioblastoma efficacy by IL-13R alpha 2 mediated copolymer nanoparticles loaded with 
paclitaxel. Sci Rep. 2015;5:13. 

[98] Gu GZ, Hu QY, Feng XY, Gao XL, Jiang ML, Kang T, et al. PEG-PLA 
nanoparticles modified with APT(EDB) peptide for enhanced anti-angiogenic and anti-
glioma therapy. Biomaterials. 2014;35:8215-26. 

[99] Lu W, Wan J, Zhang Q, She ZJ, Jiang XG. Aclarubicin-loaded cationic 
albumin-conjugated pegylated nanoparticle for glioma chemotherapy in rats. Int J 
Cancer. 2007;120:420-31. 

[100] Steiniger SCJ, Kreuter J, Khalansky AS, Skidan IN, Bobruskin AI, 
Smirnova ZS, et al. Chemotherapy of glioblastoma in rats using doxorubicin-loaded 
nanoparticles. Int J Cancer. 2004;109:759-67. 

[101] Ambruosi A, Gelperina S, Khalansky A, Tanski S, Theisen A, Kreuter J. 
Influence of surfactants, polymer and doxorubicin loading on the anti-tumour effect of 
poly(butyl cyanoacrylate) nanoparticles in a rat glioma model. J Microencapsul. 
2006;23:582-92. 

[102] Gelperina S, Maksimenko O, Khalansky A, Vanchugova L, Shipulo E, 
Abbasova K, et al. Drug delivery to the brain using surfactant-coated poly(lactide-co-
glycolide) nanoparticles: Influence of the formulation parameters. Eur J Pharm 
Biopharm. 2010;74:157-63. 

[103] Gao HL, Yang Z, Zhang S, Cao SJ, Shen S, Pang ZQ, et al. Ligand 
modified nanoparticles increases cell uptake, alters endocytosis and elevates glioma 
distribution and internalization. Sci Rep. 2013;3:8. 

[104] Reddy GR, Bhojani MS, McConville P, Moody J, Moffat BA, Hall DE, et al. 
Vascular targeted nanoparticles for imaging and treatment of brain tumors. Clin Cancer 
Res. 2006;12:6677-86. 

[105] Liu XZ, Li G, Su ZG, Jiang ZM, Chen L, Wang JF, et al. Poly(amido 
amine) is an ideal carrier of miR-7 for enhancing gene silencing effects on the EGFR 
pathway in U251 glioma cells. Oncol Rep. 2013;29:1387-94. 

[106] Zhang PC, Hu LJ, Yin Q, Feng LY, Li YP. Transferrin-Modified c RGDfK -
Paclitaxel Loaded Hybrid Micelle for Sequential Blood-Brain Barrier Penetration and 
Glioma Targeting Therapy. Mol Pharm. 2012;9:1590-8. 

[107] Zhan CY, Gu B, Xie C, Li J, Liu Y, Lu WY. Cyclic RGD conjugated 
poly(ethylene glycol)-co-poly(lactic acid) micelle enhances paclitaxel anti-glioblastoma 
effect. J Control Release. 2010;143:136-42. 

[108] Zhan CY, Li B, Hu LJ, Wei XL, Feng LY, Fu W, et al. Micelle-Based Brain-
Targeted Drug Delivery Enabled by a Nicotine Acetylcholine Receptor Ligand. Angew 
Chem-Int Edit. 2011;50:5482-5. 

[109] Huang YK, Liu WC, Gao F, Fang XL, Chen YZ. c(RGDyK)-decorated 
Pluronic micelles for enhanced doxorubicin and paclitaxel delivery to brain glioma. Int J 
Nanomed. 2016;11:1629-41. 



Managing CNS Tumors: The Nanomedicine Approach 

64 
 

[110] Kuroda JI, Kuratsu JI, Yasunaga M, Koga Y, Saito Y, Matsumura Y. 
Potent antitumor effect of SN-38-incorporating polymeric micelle, NK012, against 
malignant glioma. Int J Cancer. 2009;124:2505-11. 

[111] Kuroda J, Kuratsu J, Yasunaga M, Koga Y, Kenmotsu H, Sugino T, et al. 
Antitumor Effect of NK012, a 7-Ethyl-10-Hydroxycamptothecin-Incorporating Polymeric 
Micelle, on U87MG Orthotopic Glioblastoma in Mice Compared with Irinotecan 
Hydrochloride in Combination with Bevacizumab. Clin Cancer Res. 2010;16:521-9. 

[112] Zhao M, Liang C, Li AM, Chang J, Wang HJ, Yan RM, et al. Magnetic 
Paclitaxel Nanoparticles Inhibit Glioma Growth and Improve the Survival of Rats 
Bearing Glioma Xenografts. Anticancer Res. 2010;30:2217-23. 

[113] Cheng Y, Dai Q, Morshed RA, Fan XB, Wegscheid ML, Wainwright DA, et 
al. Blood-Brain Barrier Permeable Gold Nanoparticles: An Efficient Delivery Platform 
for Enhanced Malignant Glioma Therapy and Imaging. Small. 2014;10:5137-50. 

[114] Aparicio-Blanco J, Martin-Sabroso C, Torres-Suarez A-I. In vitro screening 
of nanomedicines through the blood brain barrier: A critical review. Biomaterials. 
2016;103:229-55. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Size-tailored nanocapsules by a single step energy-efficient 

procedure: the phase inversion temperature method revisited 

Juan Aparicio-Blanco, Víctor Sebastián, Miguel Rodríguez-Amaro, Héctor 

García-Díaz, Ana I. Torres-Suárez 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Heating Cooling 

Oily 
phase 

Aqueous 
phase 

Surfactant 



 

 
 

 

 



 

 
 

Size-tailored nanocapsules by a single step energetically-efficient 
procedure: the phase inversion temperature method revisited  

Juan Aparicio-Blanco a, Víctor Sebastián b,c, Miguel Rodríguez-Amaro a, Héctor 

García-Díaz a, Ana I. Torres-Suárez a, d 

a Department of Pharmaceutics and Food Technology, Complutense University, 

Madrid, Spain 

b Department of Chemical Engineering, Aragon Institute of Nanoscience (INA), 

University of Zaragoza, Zaragoza, Spain 

c Networking Research Center on Bioengineering, Biomaterials and 

Nanomedicine (CIBER-BBN), Madrid, Spain 

d University Institute of Industrial Pharmacy, Complutense University, Madrid, 

Spain 

Abstract 

Unfortunately, the empirical development of nanocarriers and later assignment 

to existing clinical challenges has led to high attrition rates in clinical trials.  Therefore, 

this formulation-driven research is likely to progressively transition to a disease-driven 

approach, whereby the features of the nanomedicine are thoroughly designed 

beforehand on the basis of the pathophysiology of a specific disease.  Since particle 

size certainly influences the in vivo behavior, rational disease-driven design of 

nanocarriers, can only be achieved with the ascertainment of the parameters that 

accurately control their size distribution. 

Under this assumption, we have studied in depth the possibilities of the phase-

inversion temperature method to obtain kinetically stable and monodisperse lipid 

nanocapsules. Notably, we have evidenced that the major parameter driving the 

nanocapsule formation is the oily phase: surfactant ratio, and consequently, have 

established a linear univariate mathematical model that will bring the implementation of 

size-tailored nanocapsules imposed by particular pathophysiological features a step 

closer. Moreover, the nanocapsules have been obtained following a single-step 

process, with the ensuing relevance for its future scale-up in an energetically-efficient 

manner. These ascertainments will eventually enable nanomedicines to be obtained 

“on-demand” to meet the disease-driven criteria in terms of particle size and ultimately 

increase their chances of success. 

Keywords 

Phase inversion temperature, low-energy method, lipid nanocapsule, 

nanomedicine, rational design 
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1. Introduction 

Nanomedicine exploits the tools of nanotechnology to design platforms in the 

nanoscale range that serve to address unmet clinical challenges [1]. Unfortunately, 

nanomedicine has not achieved broad market access heretofore: the empirical 

development of delivery systems and later assignment to an existing clinical challenge 

has led to high attrition rates in clinical trials [2]. Therefore, this formulation-driven 

research is highly likely to progressively transition to a disease-driven rational 

approach, whereby the nanomedicine features are thoroughly designed beforehand on 

the basis of the pathophysiology of a specific disease [3, 4].  This fine tailoring of the 

features of colloids entails a profound ascertainment of how these attributes can dictate 

their in vivo behavior. 

As the effect of nanomedicines mainly relies on the unique interactions of 

materials at the nanoscale with biological structures, one of the major features that 

certainly influence the in vivo performance of nanomedicines is precisely particle size 

[5]. Firstly, the intravenous route calls for particle sizes below the caliber of the smallest 

blood vessels (5 μm) to prevent embolisms. Moreover, the size of nanomedicines 

determines their plasma circulation time. On the one hand, particles above 100 nm are 

removed more rapidly from the bloodstream than smaller ones since particle size 

positively correlates with the extent of recognition by the reticuloendothelial system [6, 

7]. On the other hand, particles below 10 nm are likely to undergo complete renal 

clearance [8]. Furthermore, the size of nanomedicines can account for the release rate 

of their payloads: whereas smaller carriers are expected to release their cargos faster, 

bigger particles are likely to extend the release over longer timeframes. 

Remarkably, particle size also plays a pivotal role in drug targeting. 

Traditionally, a size-driven extravasation at the target site based on pathophysiological 

features has been sought. For instance, if provided enough circulation time, 

nanocarriers with particle size coarsely below 200 nm can take advantage of the leaky 

neovasculature and of the impaired lymphatic drainage to be selectively retained at 

tumor and/or inflammatory sites. This paracellular effect, termed the enhanced 

permeation and retention (EPR) effect, has become a dogma to explain passive 

targeting [9]. However, the efficiency of passive targeting highly relies on the stage of 

the disease (since along the metastatic areas the tumor vasculature closely resembles 

the physiological endothelium); and on its idiosyncrasy (as the EPR effect in central 

nervous system disorders such as gliomas and/or inflammatory diseases is relatively 

weak due to the presence of the blood-brain barrier, with a cut-off size of only 10-100 

nm [10, 11]. In all these cases, a much finer control on particle size will certainly 

improve their potential therapeutic benefits. Moreover, the mechanisms that mediate 

the internalization of nanocarriers in target cells often follow a size-dependent pattern 

within the range 10-100 nm. 

Therefore, for efficient disease-driven design of nanocarriers, their size must be 

accurately controlled, which can only be achieved with comprehensive understanding 

of the fundamental principles of nanoscience. Otherwise, the formulation procedure will 

represent the limiting step towards the development of promising nanotherapies. 
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Hence, the ascertainment of the parameters controlling the size distribution of 

nanocarriers is crucial to fully exploit their therapeutic potential following a rational 

approach rather than a trial-and-error process. Since nanoparticles are chiefly prepared 

through polymerization, nano-precipitation and/or lipid crystallization of nanoemulsion 

templates, understanding the governing phenomena of nanoemulsion formation is of 

prime interest [12]. 

Nanoemulsions are, quintessentially, emulsions; namely, thermodynamically 

unstable liquid-in-liquid dispersions that cannot be formed spontaneously and 

ultimately tend to separate into the constituent phases. Notably, the energy 

requirement for nanoemulsification negatively correlates with droplet size in 

accordance with the Laplace pressure (p) equation for a spherical drop: 

𝑝 =
4𝛾

𝑑
 (Equation 1.2.1) 

where d is the droplet diameter and γ the interfacial tension. The methods of 

nanoemulsification are classified according to the strategies used to overcome this 

energy penalty. 

On the one hand, in the high-energy methods, the energy input is achieved by 

agitation of the dispersion medium with a mechanical device. Given the huge energy 

demand, the disruptive shear forces can only be supplied by ultrasonic emulsifiers and 

high pressure homogenizers. The rationale behind the high-energy nanoemulsification 

follows the pattern: the higher the energy input, the smaller the droplet size. 

Nonetheless, high-energy methods exhibit an extremely low energetic yield [13]. 

Moreover, high-energy methods may give rise to loss of activity of drug substances 

during processing due to the great shear stresses involved. 

On the other hand, in the low-energy methods, the physicochemical properties 

of surfactants and solvents are exploited to lower the interfacial tension, so that the 

energy input required can straightforwardly be achieved by simple stirring. Hence, low-

energy methods are energetically more efficient and suitable for industrial scale-up. 

Interestingly, the gentle emulsification conditions also help prevent the potential 

degradation of drug substances [13]. Accordingly, research focus on low-energy 

methods has outperformed the interest in the hitherto gold-standard high-energy 

methods. Low-energy methods exhibit distinct experimental procedures depending on 

the nature of their excipients. These methods are rigorously classified on the basis of 

whether or not the surfactant curvature is inverted during emulsification [14]. While 

positive curvatures are assigned to O/W emulsions, negative curvatures form W/O 

emulsions.  

Spontaneous nanoemulsification, which operates with no change in the 

surfactant curvature, utilizes the chemical energy released during the prompt diffusion 

of water-miscible solvents (previously solubilized within the oily phase) towards the 

aqueous continuous phase, when both phases are mixed [15]. However, this method 

entails the use of organic solvents, whose removal raise toxicological concerns for 

nanocarriers intended for biomedical purposes. 
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Alternatively, phase inversion methods profit from the negligible interfacial 

tension achieved when the surfactant curvature is inverted to easily drive the 

emulsification [14, 16]. The surfactant curvature is primarily influenced by the 

interactions between their polar moieties and the aqueous phase. Hence, several 

parameters can be modified to customize the surfactant curvature and ultimately lead 

to phase inversion. Whichever the phase inversion method, an exhaustive knowledge 

of the behavior of the surfactant in response to changes in those parameters is of the 

utmost importance. 

In the phase inversion composition (PIC) method, the curvature of the 

surfactant monolayer is inverted by modifying the composition of the system. 

Whichever the surfactant type, phase inversion can be triggered by altering the ratio 

between phases: the gradual addition of continuous phase over the dispersed phase 

leads to a change in the surfactant curvature [17]. For instance, when water is 

progressively added, the hydration extent of the polar moiety of the surfactant, and 

therefore its affinity for the aqueous phase, gradually increases until the curvature 

becomes positive. In the specific case of ionic surfactants, the phase inversion can be 

driven by a change in the ionic strength: an increase in ionic strength can screen the 

hydrophilic character of the polar moieties of the surfactant to ultimately generate W/O 

nanoemulsions, and viceversa. The same trends can be achieved by varying the pH 

[18]. 

In the phase inversion temperature (PIT) method, the inversion of the surfactant 

curvature is driven by changes in temperature. Therefore, surfactants whose 

hydrophilic-lipophilic balance follows a temperature-dependent pattern must be utilized, 

namely non-ionic ethoxylated surfactants. Certainly, increasing temperatures reduce 

the extent of hydration of the poly (oxyethylene) moieties, which ultimately leads to an 

inversion in the surfactant curvature from positive to negative; and vice versa [19, 20]. 

At the “phase inversion temperature”, the surfactant curvature is negligible since the 

affinity for both phases is balanced. Consequently, a minimum in interfacial tension is 

achieved, whereof this technique takes advantage to promote nanoemulsification. The 

final formulation is obtained following a thermal quench below the surfactant melting 

point. Hence, being stabilized by the rigid surfactant shell, nanoemulsion droplets 

eventually adopt the form of nanocapsules.  Notably, the PIT method is the low-energy 

method with the greatest potential for implementation in industry [21].  

In this study, given its auspicious features, we have utilized the PIT method to 

prepare lipid nanocapsules. We have thoroughly evaluated the parameters that lead to 

controlled-sized lipid nanocapsules with minimal polydispersity under the assumption 

that this ascertainment will eventually enable size-tailored nanocapsules to be obtained 

on a large scale. 

2. Experimental section 

2.1. Materials. Labrafac lipophile® WL 1349 (caprylic-capric acid triglycerides) 

and Labrafil® M1944 CS (6-macrogol oleic glycerides) were kindly supplied by 

Gattefossé S.A. Kolliphor® HS15 (C18E15 polyethylene glycol (15) 12-hydroxystearate) 

and Kolliphor® ELP (C18Δ9E35 polyethylene glycol (35) ricinoleate) were gifts from 
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BASF. Lipoid® S75 (soybean lecithin with 70% of phosphatidylcholine) was supplied by 

Lipoid-Gmbh. Henceforth; all chemicals will be referred to by their respective brand 

names given their complex chemical nature. NaCl and D(+)-trehalose were purchased 

from Panreac. All chemicals were used as received. De-ionized water was obtained 

from a MilliQ® Purification System. 

2.2. Preparation of the lipid nanocapsules. Lipid nanocapsules were 

prepared by the phase inversion temperature (PIT) method [19]. Succinctly, all 

excipients (namely, aqueous and oily phases along with nonionic polyethoxylated 

surfactants) were mixed in certain proportions under magnetic stirring and 

progressively heated over the phase inversion temperature of the system. 

Subsequently, the mixture was gradually cooled down until the phase inversion 

temperature was reached. Then, a sudden quench with cold water (5 mL) was 

performed to obtain the final suspension of lipid nanocapsules (Figure 1).  

Figure 1.2.1: Scheme of the phase inversion temperature (PIT) method. 

 

 

 

 

 

 

 

 

 

2.3. Characterization of size distribution of lipid nanocapsules. The mean 

volume diameter and polydispersity index (PdI) of lipid nanocapsules were measured 

by dynamic light scattering (DLS) using a Microtrac® Zetatrac™ Analyzer (Microtrac 

Inc., USA). At least triplicates for each condition were determined. 

2.4. Morphological examination of lipid nanocapsules. The morphological 

examination of lipid nanocapsuels was performed by transmission electron microscopy 

(TEM). TEM images were taken on a T20-FEI Tecnai thermoionic microscope at the 

Advanced Microscopy Laboratory, LMA, (Zaragoza, Spain). To prepare the samples for 

TEM, 20l of lipid nanocapsules suspension was dropped on a carbon copper grid 

(200 mesh), negatively stained with phosphotungstic acid and dried at room 

temperature. The microscope was operated at an acceleration voltage of 200 kV. 

2.5. Evaluation of the influence of the number of temperature cycles on 

size distribution. Three formulations of lipid nanocapsules (F3, F5 and F7 in Table 1) 

were prepared by the PIT method following a variable number of temperature cyclings 
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(1-5) around the phase inversion temperature to evidence how many of them are 

required to obtain monodisperse lipid nanocapsules. Experiments were done in 

triplicate. 

2.6. Evaluation of the influence of the composition on size distribution. By 

varying the relative proportions of their excipients, ten different formulations of lipid 

nanocapsules were prepared by the PIT method (Table 1) and thoroughly 

characterized in terms of size distribution to elucidate which ingredients influence both 

the average volume diameter and the polydispersity index. Experiments were done in 

triplicate. With the purpose of validating the trend observed for the tandem Labrafac 

lipophile® WL1349-Kolliphor® HS15, similar experiments were conducted, changing 

first the nature of the surfactant (to Kolliphor® ELP) and then the oil (to Labrafil® 

M1944 CS), i.e. changing the surfactant/oil affinities (Tables S1 and S2). 

Table 1.2.1: Detailed excipient weights (in mg) for each of the ten different 

formulations evaluated for the oil-surfactant tandem Kolliphor HS15®-Labrafac lipophile 

WL1349®. 

 F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 

Kolliphor 
HS15® 

2950 2478 1934 1390 846 665 484 440 303 220 

Lipoïd 
S75® 

75 75 75 75 75 75 75 75 75 75 

NaCl 89 89 89 89 89 89 89 89 89 89 

Labrafac 
lipophile 

WL1349® 
250 755 846 937 1028 1118 1209 1350 1300 1480 

Water 1636 1603 2055 2509 2962 3053 3143 3046 3233 3136 

Oil: 
surfactant 

ratio 
0.085 0.305 0.437 0.674 1.215 1.681 2.498 3.068 4.290 6.727 

 

2.7. Kinetic stability. After being sterilized by filtration, the kinetic stability of 

lipid nanocapsules stored in suspension was studied both at 25ºC and at 4ºC over 6 

months by monitoring the changes in size distribution with time. Samples (n = 4) were 

assessed after 0, 2, 4 and 6 months of storage. Their kinetic stability was compared in 

terms of Ostwald ripening rates, ω, which were determined according to the LSW 

theory [22]. 

2.8. Evaluation of the influence of freeze-drying on size distribution. The 

suspensions of lipid nanocapsules were freeze-dried. Trehalose was added at different 

concentrations (0, 3 and 5% (w/v)) as a cryoprotectant agent. Slow freezing of the 
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suspensions was carried out. Freeze-drying was operated in a Telstar Lyoquest 

laboratory freeze-drier (Telstar Life Sciences, Spain) for 24 hours. The free-dried 

powder was manually re-suspended in de-ionized water for measurement of the 

particle size by DLS. 

2.9. Stability of the freeze-dried lipid nanocapsules. Freeze-dried lipid 

nanocapsules were stored at 25 ± 0.5°C, 75 ± 2% relative humidity. After 3, 6, 9 and 

12 months of storage, the lipid nanocapsules were manually re-suspended in water for 

measurement of the particle size by DLS. 

2.10. Statistics. The data are expressed as mean ± SD of at least three 

different experiments. Polydispersity index (PdI) for each size distribution was 

calculated according to equation 2: 

𝑃𝑑𝐼 = (
𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟
)2 (Equation 1.2.2) 

To compare the size distribution profile of two formulations, the similarity factor 

f2, defined by equation 3, is utilized. Size distributions were considered identical for f2-

values above 50.  

𝑓2 = 50 ∗ log
100

√1+
∑ (𝑖=𝑛

𝑖=1 𝑅𝑖−𝑇𝑖)

𝑛

 (Equation 1.2.3) 

Previous verification of the homogeneity of variances with the Bartlett test, one-

way ANOVA followed by post-hoc Tukey test were used for multiple group analysis. 

Statistical significance was fixed as *: p<0.05, **: p<0.01, ***: p<0.001. The statistical 

signification of the Ostwald ripening rates (⍵) was used to elucidate the contribution of 

the time course to stability. All the data were analyzed using the GraphPad Prism 7 

software. 

3. Results and discussion  

3.1. Evaluation of the influence of the number of temperature cycles on 

size distribution 

Despite holding great promise for improving the efficacy of many drug 

substances, manufacturing of nanomedicines is still a major obstacle for their market 

access [21]. This technical challenge for scale-up is greatly due to the lack of 

comprehensive understanding of the role played by the critical factors involved in the 

formulation of nanomedicines. Hence, investment in the fundamental principles of 

nanoscience will help provide clearer guidance for rational scale-up [3]. Currently, 

nanocarriers are mostly manufactured using high-pressure homogenization. As a 

result, from an industrial point of view, there is much room for improvement in terms of 

energetic yield. In this regard, low-energy methods are more appealing for large-scale 

production owing to the improved formulation yields because emulsification occurs 

simultaneously in the entire volume of the mixture. 



Size-tailored nanocapsules by a single-step energetically-efficient procedure: the phase 
inversion temperature method revisited 

74 
 

Specifically concerning the nanocapsules prepared by the PIT method, there 

seems to be some controversy on the relevance of the number of temperature cycles 

around the phase inversion region. Anton et al. [23] have reported that the number of 

temperature cycles is associated with a decrease in both particle size and 

polydispersity index. In a subsequent study, when Malzert-Fréon et al. replaced one of 

the excipients by Labrasol®, they evidenced that the number of temperature cycles 

does not improve the size distribution [24]. However, they exclusively attributed this 

temperature cycle-independence to the presence of Labrasol®. More recently, Klassen 

et al. switched the nature of both the oily phase and the surfactant to test the role of 

temperature cycles [25]. This time, they concluded that the contribution of the 

temperature cycle was only significant at low surfactant concentrations, but had no 

influence at higher surfactant concentrations. Given these misleading results, we have 

comprehensively addressed this phenomenon. Indeed, this is not a trivial issue, since 

as long as the technical complexity of formulation procedures is kept to a minimum; the 

manufacturing criteria are more likely to be fulfilled. 

From the rationale of the mechanism behind the PIT method, we hypothesized 

that the surfactant concentration at the interface is constant throughout the process 

and the curvature inversion responsible for driving the emulsification is the same 

regardless of the number of temperature cycles applied. Hence, there seems not to be 

scientific support for expecting an improvement in size distribution with the number of 

cycles for any potential combination of excipients. In this line, we have evaluated the 

influence of the number of temperature cycles (up to five) on the original composition 

described by Anton et al. [23]. In particular, we have tested three different sizes that 

could be categorized into high, medium and low-surfactant formulations. 

Results are shown in Figure 2. Monodisperse lipid nanocapsules (PdI < 0.1) 

were obtained in all cases. Notably, neither average volume diameter (Figure 2a) nor 

polydispersity index (Figure 2b) were significantly modified with the number of 

temperature cycles for any of the formulations tested. This evidences that, contrary to 

the traditionally postulated three temperature cycles necessary to achieve 

monodisperse populations, only one temperature cycling is required to obtain lipid 

nanocapsules by the PIT method. These results show great interest for the industrial 

relevance of the PIT method: the simplification of the formulation procedure paves the 

way for the encapsulation of thermosensitive cargos thanks to the reduced exposure to 

heating conditions, increases its energetic yield and greatly shortens preparation times. 

Effectively, direct visualization through transmission electron microscopy (TEM) 

further evidenced that monodisperse nanocapsules were formed in a single-step PIT 

method (Figure 3) at high (Figure 3a), medium (Figure 3b) and low-surfactant (Figure 

3c) concentrations. Moreover, results obtained from DLS analysis highly correlated with 

particle size observed though TEM.  
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Figure 1.2.2: Evaluation of the impact of the number of temperature cycles on 

the size distribution of lipid nanocapsules. (a) Influence on the average volume 

diameter (nm). (b) Influence on the polydispersity index (PdI). The p-values for one-

way ANOVA (factor: number of temperature cycles) for each formulation are shown in 

the legend. 
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Figure 1.2.3: Comparison of DLS size distribution of lipid nanocapsules and 

TEM images at different magnifications: F3 (3a), F5 (3b), F7 (3c). Scale bars: 100 nm 

(center) and 50 nm (right). 
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3.2. Evaluation of the influence of the composition on size distribution 

Given the importance of the rational design of nanomedicines to achieve 

efficient disease-driven nanotherapies, we have thoroughly revisited the parameters 

controlling the size distribution of nanocapsules prepared by the PIT method. 

Parameters that determine the properties of nanocarriers can be divided into 

formulation or preparation variables. Nevertheless, for low-energy methods, the 

formulation variables are the most influencing parameters, since these methods do not 

rely either on physical energy input or on shear forces [26]. In the case of the PIT 

method, the most widely studied formulation parameters refer to the relative proportion 

of their excipients. In this regard, Heurtault et al. [27] predicted the particle diameter as 

a function of three variables (namely, percentage of surfactant, oil and water in the 

initial mixture) with a polynomial model. According to the high coefficient of 

determination (R2=0.994), the mathematical model was well-suited to predict the size of 

the nanocarriers. Nevertheless, one major caveat of this model is that the sum of the 

variables is restrained altogether to 100%; i.e., the selected formulation variables only 

have two degrees of freedom. Hence, particle size could be better estimated as a 

function of independent parameters, or even more interestingly, as a function of a 

relation between them. The latter case would be of the utmost significance since this 

would provide formulators with a univariate mathematical model that would more 

intuitively enlighten them on how to tailor particle size with the PIT method. 

Since Morales et al. [28] evidenced that the size of O/W nanoemulsions was 

independent on the water concentration (because water acts as a dilution medium for 

the dispersed phase), we hypothesized that surfactant and oil should be regarded as 

the key formulation-driving parameters. On the one hand, the particle size is expected 

to be reduced with increasing amounts of surfactant due to the decrease in interfacial 

tension. On the other hand, the particle size is expected to grow with increasing 

amounts of oil since it represents the liquid core of the colloid capsules. As a result, the 

mass ratio of oily phase to surfactant seems a suitable variable for prediction of size 

distribution of nanocapsules prepared by the PIT method. A higher ratio would 

represent a decrease in surfactant relative concentration, and would ultimately lead to 

bigger capsules. Nonetheless, the studies that have tested the predictive value of this 

formulation parameter for the PIT method are rather scarce, and when existing, they 

have only tested a single oil-surfactant combination [29-32].  

In the present work, we have selected in the first instance the system from [27], 

consisting of Kolliphor HS15®, Labrafac® lipophile WL1349 and water. Figure 4 shows 

the monodisperse size distributions obtained for the ten formulations tested in terms of 

the average volume diameters (Figure 4a) and the polydispersity indexes (Figure 4b). 

Average volume diameters were plotted against the oil/surfactant ratio. In all cases, the 

particle size increased along with the oil:surfactant ratio, whereas polydispersity 

indexed was not significantly modified among the different ratios tested contrary to 

what had been traditionally postulated [33]. Notably, the plot of the volume diameters 

versus the oil:surfactant ratio was linear for ratios between 0.08 and 3 with an 

extremely high coefficient of determination (R2 = 0.9983). To further validate this linear 

univariate model, we prepared formulations with the same oil:surfactant ratio  but 
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different total amount of both excipients (Table S3) and calculated the similarity factor 

between the counterparts (Figure 5). The f2 factor calculated was above the 50% 

similarity threshold (namely, 65.34% for the ratio 0.4374 and 70.25% for the ratio 

1.2151). The fact that for a given ratio achieved with different amounts of surfactant 

and oil, similar volume diameters are obtained is supported by the work of Galindo-

Álvarez et al [32]. These results validated that the most relevant parameter for the size 

distribution of final suspension was the oil:surfactant weight ratio. More precisely, and 

taking into account the results of Anton and Saulnier [34], who described that it was the 

water:surfactant ratio which determined the particle size of W/O nanocapsules, the key 

driving parameter seems to be the dispersed phase:surfactant weight ratio.  

Figure 1.2.4: Evaluation of the impact of changes in the formulation composition 

on the size distribution of lipid nanocapsules for the tandem Labrafac lipophile WL1349 

®-Kolliphor HS15®. (a) Influence on the average volume diameter (nm). (b) Influence 

on the polydispersity index (p>0.05).  
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Figure 1.2.5: Comparison of the size distribution profiles of two formulations 

with the same oil: surfactant ratio but different total amount of both excipients to 

validate the linear univariate model. (a) Labrafac WL1349®: Kolliphor HS15® 

ratio=0.4374. (b) Labrafac WL1349®: Kolliphor HS15® ratio=1.2151.  
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To check if the linear univariate mathematical model describing the nanocarrier 

formation by the PIT method could be extrapolated to other oil-surfactant tandems, 

similar experiments were carried out changing the surfactant-oil affinities (namely, first 

changing the nature of the oily core to Labrafil® MS1944, and subsequently the 

surfactant to Kolliphor ELP®). Biocompatible excipients were chosen in order to 

envisage the nanocapsules for parenteral administration. In both cases, a linear region 

could be defined with coefficient of determinations above 0.99 (Figure 6). Along the 

linear region the polydispersity indexes continued to be extremely low (<0.06) 

regardless the particle size (Figure S1). 

Figure 1.2.6: Univariate linear regression between the volume diameter and the 

oil:surfactant ratio for the different combinations tested (namely, Labrafac WL1349®-

Kolliphor HS15®, Labrafac WL1349®-Kolliphor ELP®, Labrafil MS 1944 CS®-Kolliphor 

HS15®). 
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As shown in Figure 6, a comparison among the slopes of the linear plots can be 

drawn: the highest was achieved for the Labrafac®-Kolliphor HS15® tandem (b = 

28.164), whereas the lowest corresponded to the Labrafil®-Kolliphor HS15® (b = 

11.11). This difference in the slopes of the linear plots can be attributed to the 

difference between the HLB values of the surfactants and the triglycerides utilized as 

oily phase (Table 2). The slopes seem to follow the pattern: the closer the HLB values 

between the surfactant and the oily phase, the lower the slope of the linear plot. 

Table 1.2.2: Hydrophilic-lipophilic balances of the different oily phases and 

polyethoxylated surfactants as declared by suppliers. 

Excipient HLB value 

Labrafac lipophile WL1349® 1 

Labrafil M1944 CS® 9 

Kolliphor® ELP 12-14 

Kolliphor® HS15 14-16 
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As a result, the global linear trend between particle size and oil:surfactant ratio 

seems to be consistent through several different compositions. Moreover, this 

linearization is useful as it accounts for the variation of particle size for a wide variety of 

experimental data available in the literature originally evaluated following other 

parameters [29, 35]. Remarkably, this linearization does not only serve to predict the 

particle size of nanocapsules prepared by the PIT method, but also by the PIC method 

[36, 37], which further emphasizes the link between the governing phenomena of both 

techniques. 

Accordingly, the size of nanocapsules can be accurately tuned to a well-defined 

therapeutic purpose. The attainment of this tailoring within the range 10-100 nm for 

several tandems of oily phase and surfactant ultimately enables the concomitant 

adjustment of the formulation composition to issues imposed by the drug substance. 

Solubility issues could be addressed presumably by changing the oily phase to another 

one that fully solubilizes the drug substance. Toxicological concerns associated with 

some surfactants could be overcome since it is possible to obtain nanocarriers of the 

same size at lower surfactant concentrations by switching the emulsifier to another one 

with a lower HLB value. 

3.3. Kinetic stability  

As thermodynamically unstable systems, nanoemulsions eventually tend to 

phase separation to achieve the minimal interfacial area. Nonetheless, given their 

inherent features, nanoemulsions, and nanocarriers from them derived, can be 

kinetically stable over several months [12]. The potential breakdown mechanisms are 

discussed to rule out their contribution in the case of the lipid nanocapsules. 

In the first instance, their size on the nanoscale provides stability against 

sedimentation and creaming as the Brownian motion wherein nanocarriers are involved 

outweighs the gravity force [16]. In the case of nanocarriers, other breakdown 

mechanisms that can be precluded are flocculation (namely, the aggregation of 

particles when the attractive forces between them outstrip the repulsive ones) and 

coalescence (the subsequent merger of particles) [14]. Certainly, thanks to the steric 

stabilization provided by the surfactant layer, the repulsive forces are enhanced and 

the occurrence of a flocculated state is hindered [38]. This steric stabilization is 

particularly relevant in nanocarriers, where the thickness of the surfactant layer is 

significantly high in comparison with the particle size [13, 39]. Importantly, around the 

PIT, given the minimal interfacial tension, coalescence is favored unless the 

temperature is rapidly removed from the PIT. For this reason, we apply a thermal 

quench to obtain monodisperse lipid nanocapsules [33]. 

Finally, Ostwald ripening consists of the diffusion of the liquid core through the 

dispersion medium from the smaller to the larger particles due to their different Laplace 

pressures [14]. Hence, this breakdown mechanism arises from the polydispersity in 

size distribution. The LSW (Lifshitz–Slyozov-Wagner [22]) theory predicts a linear 

relationship between the cube of particle radius and time: 
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𝑟3 =
8

9
[

𝐶(∞)𝛾𝑉𝑚𝐷

𝜌𝑅𝑇
] 𝑡 (Equation 1.2.4) 

where 𝐶(∞) is the solubility of the particle material in the dispersion medium, γ 

is the interfacial tension, Vm is the molar volume of the particle material, D is the 

diffusion coefficient in the dispersion medium, ρ  is the density of the particle material, 

R is the gas constant and T is the temperature. The slope of this linear plot is the 

Ostwald ripening rate (⍵0), which is dependent on temperature since both solubility 

and diffusivity follows an Arrhenius behavior [40]. In this regard, Ostwald ripening is 

inferred as breakdown mechanism from linear plots of the cube of particle radius 

versus time. 

Figure 1.2.7: Evaluation of the Ostwald ripening rates of different formulations of 

lipid nanocapsules over 6 months both at room temperature (7a) and at 4ºC (7b). 
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Since Ostwald ripening represents the main breakdown mechanism for 

nanocarriers, we evaluated the evolution of size distribution of three formulations of 

lipid nanocapsules prepared by the PIT method over six months both at 25ºC and at 

4ºC. The plots of the cube of the particle radius versus time are shown in Figure 7. In 

no case could Ostwald ripening be inferred as a source of instability because the 

slopes (⍵0) are not statistically different from zero (p>0.05). This is highly relevant, 

especially if taking into account that our results are evaluated over a much longer 

period of time than other results reported in the literature [24, 25]. Consequently, it can 

be concluded that lipid nanocapsules prepared by the PIT method are kinetically stable 

for longer than six months regardless of the oily core: surfactant ratio. Unlike Malzert-

Fréon et al. [24],  we have observed high kinetic stability both at room temperature and 

at 4ºC, which further serves to rule out Ostwald ripening rate as breakdown mechanism 

of lipid nanocapsules as it does not follow an Arrhenius pattern. The most likely 

explanation for this high kinetic stability lies, on the one hand, in the presence of a solid 

thick surfactant layer that noticeably precludes the passage of the liquid oily core 

through the interface to ultimately reduce the ripening rate, and on the other hand, in 

the low polydispersity indexes that prevent significant differences in Laplace pressures 

that could drive the Ostwald ripening. Moreover, as deduced from the LSW theory, low 
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ripening rates should be expected for oily phases such as Labrafac lipophile WL1349® 

with negligible solubility in the aqueous dispersion medium. 

3.4. Evaluation of the influence of freeze-drying on size distribution  

Alternatively, we tested if the size distribution of the lipid nanocapsules was kept 

unaltered after water removal by freeze-drying and subsequent extemporaneous 

reconstitution. Trehalose was used as a cryoprotectant as Dulieu and Bazile had 

previously reported that it preserved the monodisperse features of colloid particles [41].  

Nonetheless, it was only for the formulation with the lowest surfactant content (and 

consequently with the highest particle size) that the addition of trehalose revealed a 

slight improvement in maintaining the average volume diameter after freeze-drying 

(Figure 8a). There were no statistically significant differences between the trehalose 

concentrations tested (namely, 3 and 5%), regardless the particle size (p>0.05). With 

regards to polydispersity, no significant differences were observed upon addition of 

trehalose for any of the formulations tested (p>0.05, Figure 8b). A comparison of the 

profiles of the size distributions before and after freeze-drying for the three particle 

sizes is shown in Figure 8c. Only the 20 nm-sized nanocapsules obtained a similarity 

factor above 50% (f2 = 72.72); hence, only the nanocapsules with the highest 

surfactant content were kept unaltered after freeze-drying. The lyophilization process 

affected the size distribution of the other two formulations: both their volume diameters 

and particularly their polydispersity dramatically increased (PdI > 0.1).  

These results seem to outline that the prevention of leakage of the oily phase 

during freeze-drying is closely related to the thickness of the surfactant layer relative to 

the diameter of the colloid capsules. The thickness of the surfactant shell (t) can be 

calculated as indicated in [41] using the equation: 

𝑡 =
𝑑

2
(1 − √𝐹𝑜𝑖𝑙

3 ) (Equation 1.2.5) 

where Foil is the oil fraction in the nanocapsule and d is the volume diameter of 

the nanocapsule. Accordingly, an estimation of the thickness of the surfactant shell 

relative to the capsule diameter represents a 33% for the smallest capsules, with the 

other two lagging far behind (19.2% and 11.9%, respectively for the formulations 5 and 

7). This conclusion is in agreement with the assumption that the surfactant 

crystallization following the temperature quench of the PIT method below its melting 

point confers rigidity to the shell of the lipid nanocapsules. 

3.5. Stability of the freeze-dried lipid nanocapsules  

The stability under storage of the freeze-dried lipid nanocapsules that had been 

kept unaltered after the freeze-drying process was also tested at 25ºC and 75% 

relative humidity. Notably, the size distribution features of the lyophilisate were 

maintained over 12 months (p > 0.05, Figure S2) and consequently, the induction of oil 

leakage during storage was ruled out. 
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Figure 1.2.8: Influence of freeze-drying on the size distribution of lipid 

nanocapsules. (a) Evaluation of the impact of trehalose as cryoprotectant agent on the 

average volume diameter (nm). (b) Evaluation of the impact of trehalose as 

cryoprotectant agent on the polydispersity index (PdI). (c) Comparison of the size 

distribution profile before and after freeze-drying. 
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4. Conclusions 

Despite holding great promise for improving the efficacy of many drugs, 

nanomedicine has not achieved broad market access yet: the assignment of delivery 

systems empirically developed to an existing clinical challenge has led to high attrition 

rates in clinical trials. Alternatively, a disease-driven rational approach, whereby the 

nanomedicine features are carefully designed beforehand on the basis of the 

pathophysiology of a specific disease is more likely to succeed. Since particle size 

greatly influences the in vivo behavior, to fully exploit the disease-driven design of 

nanocarriers, their size must be accurately controlled.  This can only be achieved with 

a profound ascertainment of the parameters controlling their size distribution. 

In this regard, in the present study, we have analyzed the preparation of lipid 

nanocapsules by the PIT method with a deep insight in the subjacent mechanisms. 

Notably, these nanocapsules have been obtained in a single-step, as only one 

temperature cycle was required for their formation as evidenced both by DLS and TEM.  

This finding will eventually bring a step closer their rational scale-up in an energetically-
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efficient manner (often considered as another major obstacle for the market access of 

nanomedicines). Moreover, we have proved that the particle size can be predicted with 

a linear univariate mathematical model as a function of the oily phase: surfactant ratio 

for various oily phase-surfactant combinations, with coefficients of determination above 

0.99 in all cases. This will provide formulators with a tool of the utmost significance to 

implement the rational design of nanocapsules. Importantly, the tailoring can be made 

not only in terms of the particle size imposed by the particular pathophysiological 

features of the specific disease to treat, but also in terms of adapting the excipients to 

the therapeutic needs. For instance, solubility issues imposed by the drug substance 

could be addressed presumably by changing the oily phase to another one that fully 

solubilizes the drug substance. Alternatively, toxicological concerns associated with 

some surfactants could be overcome as nanocarriers of the same size can be obtained 

at lower surfactant concentration by switching to an emulsifier with lower HLB. This can 

eventually contribute to increasing the maximum tolerated dose. The lipid 

nanocapsules were kinetically stable in suspension against the main breakdown 

mechanisms over six months both at room temperature and at 4ºC. 

Altogether, the data presented here serve to envisage these nanocarriers as 

promising candidates for disease-driven size-tailoring with potential for industrial 

manufacturing to ultimately achieve broad market access. 

Associated content 

Supporting Information: Tables with detailed excipient weights for all 

formulations used to deduce the univariate linear model and its subsequent validation, 

experimental results on the role of the formulation composition on the polydispersity 

indexes for the combinations Labrafac lipophile WL1349®-Kolliphor ELP® and Labrafil 

MS1944 CS®-Kolliphor HS15®, and experimental confirmation of the stability upon 

storage (25ºC, 75% relative humidity) of freeze-dried lipid nanocapsules over 12 

months. 
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Table 1.2.S1: Detailed excipient weights (in mg) for the different formulations 

evaluated for the oil-surfactant tandem Kolliphor ELP®-Labrafac lipophile WL1349®. 

 F1 F2 F3 F4 F5 F6 F7 F8 

Kolliphor 
ELP® 

2950 2478 1934 1390 846 665 484 440 

Lipoïd S75® 75 75 75 75 75 75 75 75 

NaCl 89 89 89 89 89 89 89 89 

Labrafac 
lipophile 

WL1349® 
250 755 846 937 1028 1118 1209 1350 

Water 1636 1603 2055 2509 2962 3053 3143 3046 

Oil: 
surfactant 

ratio 
0.085 0.305 0.437 0.674 1.215 1.681 2.498 3.068 
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Table 1.2.S2: Detailed excipient weights (in mg) for the different formulations 

evaluated for the oil-surfactant tandem Kolliphor HS15®-Labrafil M1944 CS®. 

 F1 F2 F3 F4 F5 F6 F7 

Kolliphor 
HS15® 

2950 2478 1934 1390 846 665 580 

Lipoïd S75® 75 75 75 75 75 75 75 

NaCl 89 89 89 89 89 89 89 

Labrafil M1944 
CS® 

250 755 846 937 1028 1118 1160 

Water 1636 1603 2055 2509 2962 3053 3096 

Oil: surfactant 
ratio 

0.085 0.305 0.437 0.674 1.215 1.681 2.000 

 

Table 1.2.S3: Detailed excipient weights (in mg) for the test and reference 

formulations prepared to validate the univariate linear model for the oil-surfactant 

tandem Kolliphor HS15®- Labrafac lipophile WL1349®. 

 F3 reference F3 test F5 reference F5 test 

Kolliphor HS15® 1934 2764 846 995 

Lipoïd S75® 75 75 75 75 

NaCl 89 89 89 89 

Labrafac lipophile 
WL1349® 

846 1209 1028 1209 

Water 2055 863 2962 2632 

Oil: surfactant 
ratio 

0.437 0.437 1.215 1.215 
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Figure 1.2.S1: Influence of the formulation composition on the polydispersity 

index. (a) Labrafac lipophile WL1349®-Kolliphor ELP® (p>0.05). (b) Labrafil MS1944 

CS®-Kolliphor HS15®. 
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Figure 1.2.S2: Evaluation of the stability of freeze-dried lipid nanocapsules 

(formulation 3, Table 1) over 12 months (25ºC, 75% relative humidity). (a) Volume 

radius3 (p>0.05). (b) Polydispersity index (p > 0.05) 
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Introduction 

As outlined in the previous chapter, the efficiency of passive targeting of 

nanocarriers to brain tumors depends on the stage of the disease: even though the 

BBTB is considered leaky in the core of high grade gliomas, in the infiltrative areas of 

glioblastomas and in lower grade gliomas, the BBTB more closely resembles the non-

fenestrated BBB and prevents the passage of cancer therapeutics [1, 2]. Accordingly, 

active targeting with ligands that bind to receptors overexpressed on the brain 

endothelium and/or tumor cell membranes is being investigated to prolong the median 

survival times of their actively-untargeted counterparts in rodent models of malignant 

brain tumors [3-6]. 

Different receptors in the brain can be used for active targeting of brain tumors. 

All these receptors are ascribed to at least one of the following categories: 

‐ Receptors normally overexpressed on the brain endothelium to enhance the 

penetration into the brain area. 

‐ Receptors distributed on proliferating endothelial cells in the tumor 

vasculature. 

‐ Receptors overexpressed on tumor cells to reduce the side effects of the 

antitumor agents on healthy brain cells. 

- Markers of the tumor microenvironment to retain the carrier at the tumor site. 

A summary of the main receptors belonging to each category that have already 

been exploited for active targeting of nanocarriers are enumerated in Table 1. 

In broad terms, distinct receptors should be targeted depending on the 

administration route. Whereas ligands that preferentially bind to receptors on the 

cerebral endothelium are futile following local delivery, nanomedicines could be actively 

targeted to the brain tumor cells by conjugating specific ligands that bind to the 

receptors that are overexpressed or uniquely expressed on the tumor surface. 

Alternatively, intravenously administered nanocarriers must be actively targeted across 

the BBB/BBTB. Likewise, in the case of systemic administration, nanomedicines can be 
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designed to target simultaneously the BBB, the BBTB and the brain tumor cells by 

either multiple targeting moieties [3, 4], or by conjugating a single ligand that targets 

both the brain endothelia and the brain tumor cells to promote the selective distribution 

of the therapy across the BBB/BBTB and eventually to the tumor cells [7]. In this 

regard, nanomedicine could represent a potential platform for targeting heterogeneous 

brain tumors [8]. 

Receptor location Receptor name Targeting moiety Ref. 

Receptors 
overexpressed on 
the fully functional 

endothelium of 
infiltrative areas 

Transferrin receptor 

Physiological ligands [9-11] 

Transferrin-derived peptides [12-14] 

Monoclonal antibodies (OX26; 
8D3) 

[15-17] 

Nicotinic receptor 
Peptides derived from 

neurotoxins 
[18, 19] 

Low-density lipoprotein 
receptor 

Angiopep-2 [3, 6, 7, 20] 

GLUT1 transporter 
Monosaccharides (glucose, 

mannose) 
[21-24] 

Glutathione transporter Gluthatione [25] 

GM1 ganglioside G23 peptide [26] 

Receptors 
expressed on 

endothelial cells of 
neovasculature 

tumoral 

αVβ3 integrin RGD peptide [6, 27-29] 

Aminopeptidase N 
(CD13) 

NGR peptide [30-32] 

Nucleolin 
F3 peptide  [33] 

AS1411 aptamer [5, 34] 

Neuropilin-1 tLyp-1 peptide [35-37] 

Receptors 
overexpressed on 

tumor cells 

Low-density lipoprotein 
receptor 

Angiopep-2 [3, 6, 7, 20] 

αVβ3 integrin RGD peptide [6, 27-29] 

EGFRvIII 
Monoclonal antibody against 

EGFRvIII 
[38] 

IL-13 receptor α2 PEP-1 peptide  [4, 6, 39] 

IL-4 receptor AP-1 peptide [40] 

Folic acid receptor Folic acid [41, 42] 

Insulin receptor (HIR) Monoclonal antibody (83-14) [16] 

CD133 
Anti-CD133 monoclonal 

antibody 
[3, 43] 

Markers within the 
tumor 

microenvironment 

MMP-2 Chlorotoxin [15, 44, 45] 

Fibrin-fibronectin 
complex 

CREKA [4, 46, 47] 

Tenascin C FHK peptide [35] 

Table 2.0.1: An overlook on the active targeting strategies already explored with 

nanomedicines for different CNS tumor conditions. EGFRvIII: malignant isoform of the 

epidermal growth factor (EGFR), IL-13, Il-4: interleukins 13 and 4; MMP-2: membrane-

bound matrix metalloproteinase-2. 
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As the BBB accounts for the high attrition rate of the treatments of brain tumors, 

the evaluation of the BBB permeability of targeted nanomedicines is a key ADME 

feature. Hence, to prevent later failure due to low drug levels at the target site, 

researchers have been endeavoring to develop in vitro screening methods that, 

retaining the most relevant features of the BBB, reliably predict the in vivo BBB 

permeability of nanomedicines and help early triage the right active targeting strategies 

to move forward and rule out poor candidates before reaching clinical stage. 

Overall, since any ligand for which a receptor exists on the cerebral endothelial 

or on the tumor cells might be used for active targeting, the enrichment of knowledge 

about the transport systems present on the brain endothelium and the glioma-specific 

receptors would enable novel practical approaches for improving the passage of 

nanomedicines to be designed with the purpose of exposing the entire diseased brain 

tumor area to pharmacologically meaningful quantities of the antitumor agent [48]. 

In particular, several receptors to which cannabinoids bind are located on the 

BBB. Accordingly, we hypothesized that cannabinoids represent exciting perspectives 

for active brain targeting. In particular, being the major cannabinoid devoid of 

psychotropic effects, cannabidiol (CBD) seems to be the lead candidate to test the 

possibilities of this hypothesis. The rationale for the functionalization of nanocarriers 

with CBD to enhance brain targeting is supported by pharmacokinetics of CBD in mice 

following subcutaneous administration obtained in a previous collaboration of our 

research group with Professor Aron Lichtman from the Virginia Commonwealth 

University (EEUU). As shown in Figure 1, the comparison of CBD levels in the blood 

and brain of mice revealed a partition favorable to brain (
𝐴𝑈𝐶𝑏𝑟𝑎𝑖𝑛

𝐴𝑈𝐶𝑏𝑙𝑜𝑜𝑑
= 1.29). The most 

likely mechanism of brain targeting of CBD is receptor-mediated transcytosis across 

the brain endothelium. Hence, the promising features of CBD for active targeting of 

nanomedicines deserve further research. 

 

Figure 2.0.1: Pharmacokinetic profile of cannabidiol (CBD) in blood (ng/mL) and 

brain (ng/g) of mice following subcutaneous administration (unpublished results). 
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Altogether, this chapter is devoted to the functionalization of the LNCs 

developed in the first chapter with CBD to ultimately evaluate in vitro and in vivo the 

possibilities of this phytocannabinoid as a novel non-immunogenic molecule for brain 

active targeting. Hence, in the review entitled “In vitro screening of nanomedicines 

through the blood-brain barrier: a critical review” we firstly provide an in-depth analysis 

of the currently available in vitro BBB models. Notably, the relationship between 

experimental factors and underlying physiological assumptions that ultimately lead to a 

more predictive capacity of their in vivo performance along with the assumptions to 

derive the permeability coefficients from first principles in each case are 

comprehensively discussed. Subsequently, in the original article entitled “Cannabidiol-

targeted lipid nanocapsules across the blood-brain barrier: in vitro and in vivo 

evaluation”, we prepare monodisperse LNCs functionalized with CBD and loaded with 

a fluorescent marker in different sizes, wherewith cell viability, uptake and permeability 

experiments are conducted on the human brain endothelial cell line hCMEC/D3. The 

permeability coefficients are validated with the data obtained from biodistribution 

studies in mice with the same formulations. This validation will ultimately enable an in 

vitro BBB screening method that meets the high-throughput demands in the early 

stages of drug discovery, provides mechanistic information and lacks ethical 

constraints to be obtained. Some results from this chapter have likewise been 

published in the conference paper entitled “Cannabidiol-loaded lipid nanocapsules for 

glioma therapy across the blood-brain barrier: in vitro assays on human brain 

endothelial and glioma cell lines”, Journal of Cerebral Blood Flow and Metabolism (IF: 

5.081, ISSN: 0271-678X). 

The in vitro evaluation of this chapter has been achieved thanks to two 

scholarships (EST15/00534 and EST16/00556) awarded by the Spanish Ministry of 

Education within the Professor Training Programm (FPU) that enabled two research 

stays at the School of Life, Health and Chemical Sciences (LHCS), The Open 

University under the supervision of Professor Nacho Romero (September 2016-

December 2016; June 2017-August 2017). 
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In vitro screening of nanomedicines through the blood-brain 

barrier: a critical review 

Juan Aparicio-Blanco,  Cristina Martín-Sabroso, Ana-Isabel Torres-Suárez 
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Abstract 

The blood-brain barrier accounts for the high attrition rate of the treatments of 

most brain disorders, which therefore remain one of the greatest health-care 

challenges of the twenty first century. Against this background of hindrance to brain 

delivery, nanomedicine takes advantage of the assembly at the nanoscale of available 

biomaterials to provide a delivery platform with potential to raising brain levels of either 

imaging or therapeutic agents. Nevertheless, to prevent later failure due to ineffective 

drug levels at the target site, researchers have been endeavoring to develop a battery 

of in vitro screening procedures that can predict earlier in the drug discovery process 

the ability of these cutting-edge drug delivery platforms to cross the blood-brain barrier 

for biomedical purposes.  

This review provides an in-depth analysis of the currently available in vitro 

blood-brain barrier models (both cell-based and non-cell-based) with the focus on their 

suitability for understanding the biological brain distribution of forthcoming 

nanomedicines.  The relationship between experimental factors and underlying 

physiological assumptions that would ultimately lead to a more predictive capacity of 

their in vivo performance, and those methods already assayed for the evaluation of the 

brain distribution of nanomedicines are comprehensively discussed. 

Keywords 

Central nervous system, brain targeting, nanomedicine, parallel artificial 

membrane permeability assay, cell culture, in vitro blood-brain barrier model 
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1. Introduction 

With an average of 13 years and an investment above $1 billion to develop a 

treatment, disorders of the central nervous system (CNS) represent the disease area 

whose unmet medical needs call for the most lengthy and resource-consuming 

procedures [1-4]. Furthermore, the failure rate of treatments for brain disorders is 

higher than that for other disease areas and occurs later in the development process 

(at Phase 3 or even after registration [5, 6]). Accordingly, brain disorders represent one 

of the greatest health-care challenges of the 21st century; a fact that is compounded by 

the continuously increasing life expectancy [7-9]. 

The blood-brain barrier (BBB) accounts to a great extent for the high attrition 

rate of the treatment of most brain disorders, since it hinders free access of most 

therapeutic molecules to CNS, which leads to insufficient brain exposure for the drug 

substance to be pharmacologically effective [10-16]. Nevertheless, minimally invasive 

procedures to reach brain parenchyma with a homogeneous distribution pattern at 

therapeutic doses would indeed involve crossing the blood-brain barrier [17-19]. 

Therefore, the right candidates to move forward in the drug discovery process 

should be adequately selected; the earlier, the better. By the early 1990s, the focus 

was solely put on the potency and selectivity of the drug substances for the biological 

target, whereas the role played by pharmacokinetics was underestimated [20]. 

However, given the high attrition rate due to ineffective drug levels at the target site, by 

the mid-1990s ADME properties started being addressed earlier in the drug discovery 

process to rule out poor candidates before reaching clinical stage, as the therapeutic 

potential of a CNS-acting drug candidate also relies on its ability to attain an effective 

dose at the CNS [21-24]. Hence, the ability to permeate the BBB is a key ADME 

features in the case of CNS disorders [25-27]. To evaluate BBB permeability of drug 

substances, researchers have been endeavoring to develop in-vitro, in-vivo and in-

silico methods that, retaining most relevant features of the BBB, reliably predict in vivo 

brain distribution and meet high-throughput demands [20, 28-33]. Nowadays, brain 

uptake of drug substances is often inferred by combining various screening methods. 

Against this background of hindrance to brain delivery, nanomedicine takes 

advantage of the assembly at the nanoscale of available biomaterials to provide a 

delivery platform with potential to raising brain levels of drug substances otherwise 

unable to cross the BBB [34-41]. Consequently, the ability of these cutting-edge drug 

delivery platforms to cross the blood-brain barrier for biomedical purposes must be 

screened. Hence, a groundbreaking change in outlook is likely to occur in the near 

future, since with the purpose of predicting brain distribution, ADME screening methods 

must be reconsidered for evaluation of novel brain nanomedicines. 

Among the screening methods developed to predict the permeability across the 

BBB, this review focuses on in vitro models, since these screening methods, although 

dependent on in vivo data for their validation, meet the high-throughput demands in the 

early stages of drug discovery, provide mechanistic information, lack ethical constraints 

and are more economical. Furthermore, once validated, simplified in vitro BBB models 

could represent predictive tools to evaluate batch-to-batch variability (a critical attribute 
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for the regulation of nanomedicines to promote their translation into the market [42]). In 

an attempt to gather as many BBB features as possible, two groups of in vitro BBB 

models have been patented: cell-based and non-cell based. 

The aim of this review is, on the one hand, to compile the currently available in 

vitro methods for prediction of the BBB permeability [43-47], and, on the other hand, to 

accomplish an in-depth analysis of the suitability of these methods for ADME screening 

of forthcoming nanomedicines. Experimental factors that would enable a better in vivo 

prediction are comprehensively discussed and, in this regard, a parallel is drawn 

between cell-based and non-cell based models for comparison purposes. Likewise, 

great emphasis is placed on those methods already assayed for the evaluation of brain 

distribution of nanomedicines. 

2. Blood brain barrier 

Although it is currently broadly agreed that there are three barriers between the 

blood and the CNS, neither the epithelial cells of the choroid plexus nor the avascular 

arachnoid epithelium represent a significant surface for drug exchange between both 

media. With a total area of between 12 and 18 m2 in the human adult; hence the 

largest blood–cerebral parenchyma exchange interface, the brain endothelium 

represents the physical and metabolic barrier that governs brain uptake [48]. Therefore, 

this barrier should be mimicked to the greatest extent possible by the screening 

methods aimed at reliably predicting the cerebral permeability. 

The key features of the cerebral endothelial cells are both the lack of 

fenestrations and the presence of extremely tight intercellular junctions. These features 

provide the BBB with a transendothelial electrical resistance (TEER) as high as 1500 to 

2000 Ωcm2 [49] (compared with 3.33 Ωcm2 for peripheral capillaries [50]), causes cell 

polarization by separating apical and basolateral domains and significantly restricts the 

permeation of substances into the CNS, particularly via paracellular diffusion pathways. 

Consequently, most hydrophilic molecules and macromolecules must go through the 

brain endothelium transcellularly by any of the following pathways: passive diffusion, 

facilitated diffusion [51] or endo-/transcytosis, (which can be triggered either by ligand-

receptor binding or by electrostatic interactions). Once in the brain interstitial fluid, they 

can still be ejected back into the bloodstream by efflux pumps such as P-glycoprotein, 

which mediates most of the active efflux at the BBB [52, 53]. One additional 

transcellular route currently under investigation involves the migration of immune cells 

to the CNS. 

However, not only the blood vessel endothelial cells but also other cell types 

constitute the BBB: astrocytes, pericytes, microglia and the basal lamina. Astrocytes 

are glial cells provided with foot processes that surround the basolateral domain of the 

endothelial cells and release regulatory factors able to upregulate tight junctions and 

the expression of specialized sets of enzymes and polarized transporters [54, 55]. 

Pericytes are mural cells separated from the brain endothelium by the basal lamina that 

induce the polarization of the astrocytic end-feet, thus modulating their signaling over 

the endothelial cells [56, 57]. The whole unit is referred to as the neurovascular unit. 
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Thus, in the development of any screening method to predict brain distribution, 

the unique complexity of the BBB must be considered, since these models should 

retain as many properties of this physiological environment as possible to reliably infer 

the BBB permeability [58]. Moreover, another feature that should be taken into account 

in the design of in vitro BBB models is that in some brain disorders, the in vivo 

properties of the BBB are significantly altered, which may ultimately enhance or 

comprise the permeability of a given entity.  

3. Nanocarriers 

Against this background of hindrance to brain delivery of most drugs, 

nanomedicine represents an appealing platform with potential to raising CNS drug 

and/or imaging agent levels in an effective and safe way [59-63] Nanomedicines 

consist in the association of unmodified drugs with delivery systems in the nanoscale 

range [64]. As shown in Table 1, several nanocarriers have already been developed for 

brain delivery [60, 65, 66]), which mainly belong to three categories: polymer-based, 

lipid-based or metal-based, according to their major excipient. 

Material Type Morphology Size 

Polymer-based  
nanocarriers 

Polymeric conjugates 

 

2-25 nm 

Polymer nanoparticles 

 

10-1000 nm 

Polymeric micelles 

 

10-200 nm 

Dendrimers 

 

1-10 nm 

Lipid-based 
nanocarriers 

Liposomes 

 

20-5000 nm 

Solid lipid nanoparticles 

 

50-1000 nm 

Lipid nanocapsules 

 

20-100 nm 

Metal-based 
nanocarriers 

Magnetite/Gold/Selenium 
nanoparticles 

 

1-200 nm 

Table 2.1.1: An overview of main available nanotechnological platforms to be 

exploited with the purpose of enhancing brain drug delivery  

The inclusion of a known drug in a nanocarrier is regarded as a new chemical 

entity; hence the availability of a poorly brain-distributed drug can be largely enhanced 
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thanks to nanotechnology. As a result, the specific properties of the nanodevice (such 

as its interaction with the biological system or the extent of masking of the 

physicochemical properties of the loaded drug) should be properly assessed to reliably 

foresee its therapeutic outcome [67-71]. 

With the paracellular route truly restricted at the BBB, nanocarriers enhance 

CNS delivery by promoting any of the transcellular pathways across the brain 

endothelium [72-75]. In this regard, nanomedicines can potentiate the passive diffusion 

across the brain endothelium by raising the local drug concentration gradient. Likewise, 

nanocarriers can trigger transcytosis through the BBB (either by ligand-receptor binding 

or by electrostatic interactions) thanks to targeting moieties attached on their surface 

[76]. Alternatively, nanocargos can block the active efflux back into the bloodstream. 

Consequently, since the properties of nanomedicines likely dictate their 

biological fate, with regard to brain endothelium permeation, ideal nanocarriers should 

gather as many of the following features as possible. Firstly, with the purpose of 

optimally enabling the transcytosis pathways above outlined, the particle size should be 

around or smaller than 50 nm [77]. Likewise, lipid-based nanocarriers are assumed to 

be the most suitable for brain delivery, inasmuch as lipids have very low toxicity, tend 

to traverse the brain endothelium with ease and are biocompatible and biodegradable 

by nature, thereby meeting the requirement of a proven track record of clinical safety. 

Furthermore, with respect to the surface characteristics, it is broadly agreed that the 

presence of a hydrophilic coating confers long-circulating properties to the 

nanocarriers, which indirectly increases the likelihood of the brain endothelium being 

crossed (strategy often known as passive targeting). Additionally, nanomediciones 

could be further tailored to take advantage of targeting moieties to enhance the 

biodistribution to the CNS. These moieties would potentiate the entry routes above 

described, either by binding membrane receptors present at the BBB [78, 79] or by 

electrostatically triggering endocytosis. In both cases, this strategy is often referred to 

as active targeting [80, 81]. Lastly, the coating with nonionic surfactants seems to 

confer the nanocarrier itself with efflux-pump blockage properties, since polyethylene 

glycol and polypropylene glycol among others have been proven to exhibit intrinsic 

efflux-pump blocking activity [82]. 

Therefore, nanomedicines would let brain drug levels otherwise unachievable 

be obtained [83], insofar as they may enhance the distribution across the brain 

endothelium, and prevent the peripheral enzymatic drug cleavage that accounts for the 

loss of pharmacological effect. As a result of this optimized pharmacokinetic profile, the 

doses and even the dosing frequency can be reduced and the harmful side effects due 

to distribution into unwanted peripheral targets can be minimized. This fact is of great 

concern for therapeutic agents whose low dose availability at the target site cannot be 

counterbalanced by dose increase for fear of severe side effects, as in the case of 

chemotherapy. 

Therefore, the evaluation of the permeability of CNS drug delivery systems with 

in vitro BBB models is of great importance: it allows an estimation of their 

biodistribution that may well steer the optimization of physicochemical parameters of 



In vitro screening of nanomedicines through the blood-brain barrier: a critical review 

108 
 

nanocarriers to achieve more favorable drug pharmacokinetic and distribution profiles 

for both brain imaging diagnosis [84-90] and optimum  therapy of CNS pathologies [91] 

(such as neurodegenerative disorders [92-97], ischemic strokes [98], brain tumors [99-

103] or viral infections [104]). 

4. Non-cell based models  

4.1. Parallel Artificial Membrane Permeability Assay (PAMPA) 

Firstly described in 1998 by Kansy [105] to predict intestinal absorption, PAMPA 

is a non-cell based assay used to infer passive transcellular permeability of drugs and 

nanomedicines in the early phases of research process. 

As depicted in Figure 1, PAMPA is carried out in multi-well plates provided with 

a donor and an acceptor chamber. Both compartments are separated by a lipid artificial 

membrane that is supported by a low-binding hydrophobic membrane porous filter 

(usually made of polyvinylidene difluoride –PVDF-). The assay evaluates the extent to 

which the sample (drug substances or nanomedicines) permeate from the donor to the 

acceptor chamber after a given incubation time. To this end, sample levels in both 

compartments after the incubation time has elapsed are quantified to determine the 

permeability across the lipid artificial membrane. The equations to calculate 

permeability coefficients depend on the PAMPA design [106, 107]. 

 

Figure 2.1.1- Scheme of an in vitro non-cell based method for prediction of the 

BBB permeability: the parallel artificial membrane permeability assay (PAMPA) 

To draw some conclusions from PAMPA results, a classification range must be 

first established for high (CNS+) and low (CNS-) BBB permeation into the CNS, based 

on the PAMPA permeability coefficients obtained for standards with known in vivo 

performance. This discrimination range is then used to divide samples with unknown 

performance into CNS+ or CNS- categories according to their experimental 

permeability coefficients [108]. Traditionally, the establishment of this discrimination 

range stems from an in vitro-in vivo comparison between PAMPA permeability 

coefficients and in vivo brain:blood ratio –a parameter that quantifies the extent of 

permeation- [109]. Nevertheless, both parameters should measure the rate of brain 

penetration to predict permeability, and consequently, in situ brain perfusion has also 

been used as the in vivo parameter [110, 111]. 

Two aqueous media separated by very thin, pore-free, oily membrane where 

the sample is retained to a negligible extent represents the simplest PAMPA model. 
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Equations to calculate apparent permeability under these conditions are here 

described. 

Two analogous expressions describe the flux in a transport model. Defined 

according to Fick’s first law, flux is calculated as follows: 

𝐽 (𝑡) =  𝑃𝑚  (𝐶𝐷(𝑡) − 𝐶𝐴 (𝑡)) 

where J refers to the flux, in units of mol cm-2 s-1, Pm the membrane permeability 

in units of cm s-1, and CD and CA are concentrations in the donor and acceptor 

compartments, respectively, in units of mol cm-3. 

Likewise, taken as the amount of solute that passes through a unit area in a unit 

of time in a direction perpendicular to the surface, flux is calculated as follows: 

𝐽 (𝑡) =  − 
𝑉𝐷  

𝐴

𝑑𝐶𝐷(𝑡)

𝑑𝑡
 

where J is the flux, in units of mol cm-2 s-1, VD the volume of the donor 

compartment in units of cm3, A the membrane area in units of cm2 and dCD(t)/dt the 

disappearance rate from the donor compartment in units of mol cm-3 s-1. 

A differential equation is obtained if both expressions are equated: 

𝑑𝐶𝐷(𝑡)

𝑑𝑡
=  − 

𝐴

𝑉 𝐷
 𝑃𝑚  (𝐶𝐷(𝑡) − 𝐶𝐴(𝑡)) 

The mass balance requires the total amount of sample be preserved. At the 

start, all the solute is in the donor compartment, whereas at a later stage, the sample 

distributes into both compartments: 

𝑉𝐷𝐶𝐷(0) =  𝑉𝐷𝐶𝐷(𝑡) + 𝑉𝐴𝐶𝐴(𝑡) 

where CD (0) is the sample concentration placed into the donor compartment at 

the beginning of the assay, CD (t) and CA (t) the sample concentration after the 

incubation time has elapsed in the donor and acceptor compartment, respectively, and 

VD and VA the volume of buffer solution in the donor and acceptor compartment, 

respectively. 

Under the given simplistic assumptions, mass balance serves to replace CA (t) 

with donor-based terms, obtaining thereby another differential equation: 

𝑑𝐶𝐷(𝑡)

𝑑𝑡
+ 

𝐴𝑃

𝑉𝐷𝑉𝐴
 (𝑉𝐷 + 𝑉𝐴)𝐶𝐷(𝑡) − 

𝐴𝑃

𝑉𝐴
 𝐶𝐷(0) = 0 

Solving the latter differential equation in terms of CD (t), the following simplified 

exponential equation is obtained: 

𝐶𝐷(𝑡)

𝐶𝐷 (0)
=

𝑉𝐴

𝑉𝐴 + 𝑉𝐷
(

𝑉𝐷

𝑉𝐴
+ 𝑒𝑥𝑝 [−

𝐴𝑃𝑡

𝑉𝐷𝑉𝐴
(𝑉𝐷 + 𝑉𝐴)]) 
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This equation serves to describe drug disappearance from the donor 

compartment as a function of time. Taking into account mass balance, this 

disappearance equation can be reformulated into another one describing drug 

appearance in the acceptor compartment as a function of time: 

𝐶𝐴(𝑡)

𝐶𝐷(0)
=

𝑉𝐷

𝑉𝐴 + 𝑉𝐷
(1 − exp [− 

𝐴𝑃𝑡

𝑉𝐷𝑉𝐴
(𝑉𝐷 + 𝑉𝐴)]) 

Since in the simplest model, membrane retention is neglected, apparent 

permeability (referred to as such given the fact that there are assumptions made on its 

calculation) is thus given by either disappearance or appearance kinetics equations: 

𝑃𝑎𝑝𝑝 = −
1

𝐴𝑡(𝑉𝐷 + 𝑉𝐴)
𝑉𝐷𝑉𝐴 𝑙𝑛 [−

𝑉𝐷

𝑉𝐴
+ (

𝑉𝐴 + 𝑉𝐷

𝑉𝐴
)

𝐶𝐷 (𝑡)

𝐶𝐷 (0)
] 

𝑃𝑎𝑝𝑝 = −
1

𝐴𝑡(𝑉𝐷 + 𝑉𝐴)
𝑉𝐷𝑉𝐴𝑙𝑛 [1 − (

𝑉𝐴 + 𝑉𝐷

𝑉𝐷
)

𝐶𝐴(𝑡)

𝐶𝐷(0)
] 

Main variations implemented up to date in PAMPA models with the aim of better 

evaluating the BBB permeability properties are here compiled and related to underlying 

physiological assumptions, as outlined in Table 2. 

Experimental 
factor 

Underlying physiological assumption 

Lipid artificial 
membrane 

It should resemble the physiological lipid content of the BBB (18% 
phosphatidylcholine, 23% phosphatidylethanolamine, 14% phophatidylserine, 
1:1.8 negative: zwitterionic lipid ratio) and fill all the internal void volume of the 
filter to prevent “paracellular” aqueous diffusion. Four microliters of a 22 mg 
lipid /mL solution achieved the best discriminating features. 

Organic 
solvent 

Phospholipids must be dissolved in a non-polar solvent to enable the 
homogeneous coating of the PAMPA filters. A proper choice of this solvent 
must be made. 

Buffer 
solutions 

Only pH 7.4 must be envisaged since brain penetration occurs at the constant 
physiological pH of the blood. The establishment of the sink conditions should 
be considered on a case-by-case basis. 

Incubation 
temperature 

BBB-PAMPA shows linear dependency on the incubation temperature. 
Physiological incubation temperature results in a higher correlation with the in 
vivo brain to plasma ratio. 

Incubation 
time 

The assay should be conducted before the model reaches a state of 
equilibrium to represent a kinetic in vitro model. In comparison to free drugs, 
incubation times are expected to be increased with nanocarries, given their 
size in the nanometric range. 

Stirring 
Ideal in vitro BBB models should achieve negligible unstirred water layer in the 
donor compartment. For this reason and to shorten the incubation time, stirring 
should be applied (especially when screening lipophilic entities). 

Porosity 
Apparent porosity should be included in permeability calculation to accurately 
compare permeability coefficients regardless of filter porosity and lipid volume.  

Physical 
configuration 

The physical configuration in which test samples migrate in a gravitational-
fashion from the top to the bottom compartment agrees with physical 
configuration of cell-based in vitro models and optimally matches in vivo 
conditions, where the sample in the bloodstream does not need to permeate 
against gravity. 

Table 2.1.2: PAMPA experimental factors related to their underlying 

physiological assumptions  
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4.1.1. Lipid membrane 

Given that each tissue has a different lipid composition, the lipid artificial 

membrane content has been modified to simulate distinct biological barriers, including 

some surrogates for BBB permeability [112]. 

The major lipid components of BBB are phosphatidylcholine, 

phosphatidylethanolamine and phosphatidylserine. Among biological membranes, BBB 

has the higher negative lipid content ratio. 

Four different lipids have been assayed in PAMPA models to predict the BBB 

permeability, ranging from lipids traditionally used to evaluate gastrointestinal 

absorption (soy lecithin, phosphatidylcholine, dioleylphosphatidylcholine DOPC), to 

specific brain lipids (porcine polar brain lipid, PBL). The latter achieved the best 

outcomes probably owing to its cerebral origin, thus with a higher likelihood of 

mimicking the lipid composition of brain endothelial cells [108, 109]. The PAMPA assay 

with the porcine polar brain lipid (PBL) showed the best discriminating attributes 

between CNS+ and CNS- samples [109] and strongly correlated to in situ brain 

perfusion [111]. As a result, it is assumed that the ideal lipid artificial membrane should 

exhibit the closest composition to the physiological lipid content. 

With regard to membrane properties, the above general equations to calculate 

BBB permeability should be expanded to include nanocarrier distribution into the 

membrane. The extent of such distribution would depend on relative lipophilicities of 

the nanocarrier and the membrane. 

In this case, expressions stem from the same premises as in the general case, 

but the mass balance needs to address the fact that at a given time, the sample 

distributes not only between acceptor and donor compartments but also into a third 

compartment: the membrane. 

𝑉𝐷𝐶𝐷(0) = 𝑉𝐴𝐶𝐴(𝑡) + 𝑉𝐷𝐶𝐷(𝑡) + 𝑉𝑀𝐶𝑀(𝑡) 

This mass balance can be greatly simplified if the retention fraction parameter 

(R), defined as the fraction distributed into the membrane, is taken into account: 

𝑉𝐷𝐶𝐷(0)(1 − 𝑅) = 𝑉𝐴𝐶𝐴(𝑡) + 𝑉𝐷𝐶𝐷(𝑡) 

Likewise, t=0 and t=t should be replaced as integration limits by t= t lag and t=t, 

where tlag represents the time at which membrane is saturated with sample and 

permeation starts to occur. 

Factoring out CA (t) thanks to the new mass balance, the modified differential 

equation is solved in terms of CD (t) with the new integration limits to obtain the 

following expressions that describe drug disappearance from the donor compartment 

or drug appearance in the acceptor compartment as a function of time: 

𝐶𝐷(𝑡)

𝐶𝐷 (0)
=

𝑉𝐴(1 − 𝑅)

𝑉𝐴 + 𝑉𝐷
(

𝑉𝐷

𝑉𝐴
+ exp [

𝐴𝑃(𝑡𝑙𝑎𝑔 − 𝑡)

𝑉𝐷𝑉𝐴
 (𝑉𝐴  + 𝑉𝐷)]) 
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𝐶𝐴(𝑡)

𝐶𝐷(0)
=

𝑉𝐷(1 − 𝑅)

𝑉𝐴 + 𝑉𝐷
(1 − exp [

𝐴𝑃(𝑡𝑙𝑎𝑔 − 𝑡)

𝑉𝐷𝑉𝐴
(𝑉𝐴 + 𝑉𝐷)]) 

Since in this model, membrane retention is not neglected, effective permeability 

(referred to as such given the fact that no assumptions are made on its calculation) is 

thus given in cm s-1 by either disappearance or appearance kinetics equations: 

𝑃𝑒𝑓𝑓 = − (
1

𝐴 (𝑡 − 𝑡𝑙𝑎𝑔)(𝑉𝐷 + 𝑉𝐴)
) 𝑉𝐷𝑉𝐴𝑙𝑛 [−

𝑉𝐷

𝑉𝐴
+ (

𝑉𝐴 + 𝑉𝐷

𝑉𝐴(1 − 𝑅)
)

 𝐶𝐷(𝑡)

𝐶𝐷(0)
] 

𝑃𝑒𝑓𝑓 = − (
1

𝐴 (𝑡 − 𝑡𝑙𝑎𝑔)(𝑉𝐷 + 𝑉𝐴)
) 𝑉𝐷𝑉𝐴𝑙𝑛 [1 − (

𝑉𝐴 + 𝑉𝐷

𝑉𝐷(1 − 𝑅)
)

𝐶𝐴(𝑡)

𝐶𝐷(0)
] 

where A is the filter area (cm2), VD and VA are the volumes in the donor and 

acceptor phase (cm3), t is the incubation time, tlag is the time required to saturate the 

membrane (s), CD(t) is the sample concentration (mol cm-3) in the donor phase at time 

t, CA (t) is the sample concentration (mol cm-3) in the acceptor phase at time t, CD(0) is 

the sample concentration (mol cm-3) in the donor phase at time 0 and R is the retention 

fraction. 

As PAMPA assay correlates with the ability of nanocarriers to traverse the 

modeled membrane barrier, the higher the membrane permeability, the higher the 

likelihood of reaching the brain. 

Tsinman’s group unveiled that the volume of lipid solution added onto the 

PAMPA filter matrix is closely related to the presence of aqueous pores in the artificial 

membrane [113]: only models with enough lipid to fill all the internal void volume (2,6 

µL for 70% porosity PVDF filters [114]) can suitably predict BBB permeability. Thinner 

artificial membranes would possess water channels through which “paracellular” 

aqueous diffusion would occur, contrary to the in vivo BBB situation. Moreover, the 

higher the water channel porosity, the greater the extent of “paracellular” diffusion. 

On the other hand, the higher the volume of lipid solution, the higher the 

percentage of sample trapped in the membrane, parameter defined previously as the 

retention fraction (R) [114]. 

Among PAMPA-BBB assays conducted, a concentration of 22 mg lipid /mL 

solvent and a volume of 4 µL (representing a slight excess over the internal volume 

capacity of the filter) achieved the best separation for CNS+ and CNS- [112], very 

close values to initial metrics postulated by Kansky [105]. 

4.1.2. Organic solvent 

Most phospholipids are solids that do not homogeneously disperse into PAMPA 

filters; hence they are dissolved in a non-polar solvent to enable filter coating. 

Consequently, a proper choice of the solvent must be made [115]. Most researchers 

focus on hydrocarbon solvents, such as n-dodecane (the most broadly used up to date) 

[109], hexane [108, 116], n-hexadecane or other viscous alkanes [113].  
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Bigogno’s group studied the BBB-PAMPA in the presence and in the absence 

of PBL, so as to better understand the role played on the in vitro permeability assay by 

the organic solvent in which phospholipids are dissolved [116]. For compounds with 

medium permeability, dodecane itself was not able to properly determine permeability 

values. In those cases, the addition of phospholipids was required to correctly shift 

CNS- drugs to CNS+. A 1:1 dodecane:hexane solution allowed the greatest differences 

between permeability values measured with and without phospholipids to be obtained. 

Another study conducted on the role of the organic solvent [113] outlined that 

the presence of hexadecane as solvent lowered the reliability of predictions. 

4.1.3. Buffer solutions 

Another factor to be taken into account for BBB permeability prediction by 

means of PAMPA assay is the composition of buffer solutions in donor and acceptor 

wells. Buffer solutions most broadly used so far include phosphate buffer solution 

(PBS) [116-118], brain sink buffer (BSB) [113] and universal buffer [112]. 

When it comes to PAMPA-BBB assay, only neutral pH 7.4 must be considered, 

due to the fact that brain penetration occurs at the constant physiological pH of the 

blood and the optimal PAMPA model should reflect as closely as possible the in vivo 

pH conditions [106]. 

The maintenance of sink conditions in the BBB-PAMPA model is controversial. 

Under the term “sink condition”, it is to be understood any process that maintains a 

concentration gradient with low sample levels in the acceptor well so that it serves as 

the driving force for transport. Traditionally, sink conditions have been disregarded in 

BBB-PAMPA models in comparison with gastrointestinal PAMPA, where the 

bloodstream represents the acceptor compartment and consequently samples are 

quickly swept away from the absorption site or highly bound to serum proteins [106]. 

Nevertheless, in BBB-PAMPA, the acceptor compartment, represented by the CNS 

interstitial fluid also experiences in vivo a drainage into the cerebrospinal fluid 

(circulating through the ventricles after being produced by choroid plexus) and then into 

the venous system through the arachnoid granulations [119] which may well maintain 

low sample levels in the interstitial fluid. Moreover, high affinity values and/or high 

uptake rate of the nanomedicines into the brain tissue coupled with high diffusivity 

within the brain tissue may well likewise reduce the sample levels in the fluid of the 

receiver compartment and ultimately trigger the permeability through the blood-brain 

barrier. As a result, the establishment of the sink conditions in the BBB-PAMPA should 

be at best made taking all these factors into account on a case-by-case basis. 

If sink conditions are applicable, the reverse flux due to 𝐶𝐴(𝑡) is nil and therefore 

should be neglected in the permeability equations. In this case, equations stem from 

the following premise: 

𝑑𝐶𝐷(𝑡)

𝑑𝑡
=  − 

𝐴

𝑉 𝐷
 𝑃𝑚  𝐶𝐷(𝑡) 
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where dCD(t)/dt refers to the disappearance rate from the donor compartment in 

units of mol cm-3 s-1, A is the membrane area in units of cm2, VD the volume of the donor 

compartment in units of cm3, Pm the membrane permeability in units of cm s-1 and CD to 

the concentration in the donor compartment in units of mol cm-3. 

Solving the latter differential equation, the following simplified exponential 

equation describing drug disappearance from the donor compartment as a function of 

time is obtained: 

𝐶𝐷(𝑡)

(1 − 𝑅)𝐶𝐷 (0)
= 𝑒𝑥𝑝 [− 

𝐴𝑃𝑚(𝑡 − 𝑡𝑙𝑎𝑔)

𝑉𝐷
] 

Under these circumstances, apparent permeability (referred to as such given 

the fact that there are assumptions made on its calculation) will be given by: 

𝑃𝑎𝑝𝑝 = −
𝑉𝐷

𝐴(𝑡 − 𝑡𝑙𝑎𝑔)
𝑙𝑛 [

𝐶𝐷(𝑡)

(1 − 𝑅)𝐶𝐷(0)
] 

where A is the filter area (cm2), VD is the volume in the donor phase (cm3), t is 

the incubation time, tlag is the time required to saturate the membrane (s), CD(t) is the 

sample concentration (mol cm-3) in the donor phase at time t, CD(0) is the sample 

concentration (mol cm-3) in the donor phase at time 0 and R is the retention fraction. 

4.1.4. Incubation temperature 

Given the influence of temperature on other physico-chemical parameters, 

membrane permeability has a temperature dependence to be addressed among 

factors influencing PAMPA. 

Membrane permeability is defined according to Fick’s first law as a composite 

parameter that lumps the drug membrane diffusivity, the drug membrane partition 

coefficient and the thickness of the membrane: 

𝑃𝑚 =  
𝐷𝑚  𝐾

ℎ
 

Since both diffusivity and membrane partition coefficient are temperature-

dependent parameters (as described by Stoke-Einstein and van’t Hoff equations, 

respectively), it seems logical to assume temperature dependence of membrane 

permeability. 

Membrane permeability measured with various PAMPA methods proved to be 

linearly dependent on the incubation temperature [120]. Should the slope of such linear 

relation be taken as a measure of the temperature effect on permeability, the BBB-

PAMPA model showed the lowest effect on temperature raise, which could be 

attributed to the higher phase transition temperatures of lipid mixtures used in this 

method unlike mono-component systems (100% phosphatidylcholine), typical of GIT-

PAMPA. 
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Nevertheless, when it comes to in vitro/in vivo correlations, identical incubation 

temperatures resulted in a higher correlation between effective permeability measured 

with BBB-PAMPA and in vivo brain to plasma ratio. Hence, the relevance of a proper 

selection of the incubation temperature is highlighted, since the closer to the bio-

relevant incubation conditions in in vitro assays, the better the in vivo BBB permeability 

prediction. 

4.1.5. Incubation time 

In PAMPA assay each well is a one-point-in-time sample. Hence, to meet high-

throughput demands and to retain reliability of predictions all at once, some 

compromises must be implemented. 

If a state of equilibrium is reached in the PAMPA assay, then the sample 

distributes into both compartments and the membrane solely based on effective 

membrane-buffer partition coefficient. Under these conditions, the PAMPA assay does 

no longer represent a kinetic in vitro model, preventing permeability coefficients from 

being determined [106]. Nevertheless, if sink conditions are maintained in the receiver 

chamber, the equilibrium would be shifted and consequently a steady-state would 

never be achieved. 

Therefore, the assay should better be conducted before the model reaches a 

state of equilibrium. In the case of drug substances, this has been translated into 

periods of time below 20 hours, although such incubation times might be increased in 

the case of nanocarries, given their size in the nanometric range. 

Further reduction of incubation time would shorten the assay time, thereby 

enhancing the high throughput nature of this in vitro screening method. In fact, 

negligible differences have been observed in permeability coefficients measured with 

PAMPA-BBB models after 5 hours of incubation [118]. 

4.1.6. Stirring 

Since both sides of the membrane in a PAMPA assay contact with a domain of 

buffer that is not stirred by convection of the bulk aqueous phase, passive transport 

across its artificial membrane involves diffusion not only through the lipid membrane 

but also through the static adjacent layer on each side of the barrier [106, 121]. The 

artificial membrane represents the rate-limiting barrier for hydrophilic entities; whereas 

for lipophilic entities, it is the unstirred water layer (UWL) which constitutes the rate-

limiting barrier, especially if UWL is thicker than the phospholipid membrane. 

Hence, the in vitro permeability data must be corrected for the UWL effect that 

tends to lower effective permeability; otherwise, in vitro assays of lipophilic entities 

would rather indicate water permeability than lipid membrane permeation. 

Given that series resistances are additive, to correct in vitro permeability data 

for the UWL effect, the total resistance to passive transport across an unstirred PAMPA 

model is assumed to be the sum of those of the lipid membrane and the UWL in both 



In vitro screening of nanomedicines through the blood-brain barrier: a critical review 

116 
 

compartments. Furthermore, taking into account that resistance is the inverse of 

permeability, 

1

𝑃𝑒𝑓𝑓
=  

1

𝑃𝑚
+ 

1

𝑃𝑢
 

where Peff stands for the measured effective permeability, Pu for the total UWL 

permeability, and Pm is the permeability of the artificial membrane. 

The UWL permeability can be determined experimentally by a method based on 

the transport across a high-porous lipid-free microfilter [122]. Under these 

circumstances, the stagnant water layers on both compartments are the only barrier to 

be overcome by permeants, and the effective permeability would precisely represent 

the UWL permeability. 

The total thickness of the UWL (h), taken as the sum of the UWL thickness from 

the two sides of the membrane barrier, is often determined from Fick’s first law of 

diffusion, 

𝑃𝑢 =  
𝐷𝑎𝑞

ℎ
 

where Daq is the aqueous diffusivity.  According to the Stokes-Einstein equation, 

Daq is expected to depend on the inverse square root of the molecular weight of the 

solute [113]. 

In vitro permeability assays at best should match the dimensions of the in vivo 

UWL. However, the in vivo UWL tends to be significantly smaller than the in vitro UWL. 

In fact, in brain capillaries the UWL may be neglected, given that the diameter of the 

capillaries is about 7 μm and that there is an efficient mixing near the surface due to 

the constant blood flow. Therefore, ideal in vitro BBB models should achieve negligible 

UWL in the donor compartment. Nevertheless, in unstirred PAMPA, the UWL may vary 

from 2000 to 4000 μm thick [106]. 

Fortunately, the thickness of the UWL decreases with the extent of stirring of 

the bulk solution [121]. The total UWL permeability coefficient is composed of the 

permeability coefficient of the UWL on the donor and acceptor sides, whose values 

may be equal or unequal depending on the symmetry of hydrodynamics in the donor 

and receiver chambers: 

1

𝑃𝑢
=

1

𝑃𝑢
𝐷 +

1

𝑃𝑢
𝐴 =

𝑃𝑢
𝐷 + 𝑃𝑢

𝐴

𝑃𝑢
𝐷𝑃𝑢

𝐴  

where Pu stands for the total UWL permeability, 𝑃𝑢
𝐷 and 𝑃𝑢

𝐴 for the UWL 

permeability on the donor and acceptor sides, respectively. 

Stirring is usually accomplished either by orbital plate shakers (a vibrating 

platform device on which the permeation plate is placed) or by magnetic stirring. In 

both cases, the stirring produces asymmetric hydrodynamics. On the one hand, with 

orbital shakers, the solution at the top is efficiently stirred, whereas the stirring of the 
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bottom compartment, entirely filled with buffer and enclosed by the filter, is 

considerably dampened. On the other hand, with magnetic stirring, the thickness of the 

UWL decreases to a greater extent in the stirred chamber [121, 123].  

To match in vivo BBB, the stirring should be applied with the purpose of making 

negligible the UWL in the donor compartment, which would be translated into a higher 

UWL permeability on the donor side (𝑃𝑢
𝐷). Based on the previous equation, if under 

stirring, 𝑃𝑢
𝐷 exceeds 𝑃𝑢

𝐴 by more than tenfold (𝑃𝑢
𝐷>>𝑃𝑢

𝐴), it could be assumed that only 

the resistance of the acceptor UWL contributes to transport kinetics, and consequently, 

𝑃𝑢 ≈  𝑃𝑢
𝐴 

Orbital shakers have been reported to lower the thickness of the stagnant water 

layer to 300 μm [124], whereas individual-well magnetic stirring has been demonstrated 

to lower the UWL thickness to the in vivo range [121]. 

On the other hand, if a sink state is maintained in the receiver chamber, only the 

resistance of the unstirred water layer from the donor compartment would contribute to 

the kinetics of transport, since the sink effect would always promote the diffusion in the 

acceptor chamber to take place. 

In addition to matching in vivo UWL, stirring also shortens greatly the incubation 

time of lipophilic entities, since their rate-limiting barrier is circumvented. In fact, stirred 

PAMPA models are reported to be incubated for 1 hour in the case of lipophilic entities, 

meeting to a greater extent the desirable high throughput demands. Conversely, 

stirring had better not be applied to hydrophilic entities, because it might well increase 

the aqueous channel porosity of the artificial lipid membrane, allowing thereby to some 

extent “paracellular” diffusion, absent in vivo in BBB. As a result, incubation time up to 

15 hours has been described for hydrophilic samples [121]. 

Nevertheless, permeability results gained so far with stirred BBB-PAMPA 

models to diminish the UWL effect (referred to as BBB-PAMPA-UWL) have revealed 

some discrepancies with the in vivo ability of the samples to traverse the BBB [109]. 

4.1.7. Porosity 

With the purpose of assuring that permeability values from PAMPA assays are 

comparable regardless of the filter porosity, the filter area should be multiplied by the 

filter porosity (ε) in the calculation of effective permeability [124]. 

Moreover, Nielsen and Avdeef incorporated the concept of apparent filter 

porosity (εa) [114]: if lipid volume fills all filter pores and still remains some leftover lipid 

covering the filter surface on both sides, the total thickness of the PAMPA membrane 

is: 

ℎ𝑚
𝑇𝑂𝑇 = 2ℎ𝑚 + ℎ𝑚

𝐹  

where ℎ𝑚 is the thickness of the donor or acceptor layer and ℎ𝑚
𝐹 , the layer in the 

filter pores. 
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Permeation through the donor/acceptor layer (𝑃𝑚
𝐷/𝐴

) is greater than the total 

membrane permeability as described by  

𝑃𝑚
𝐷 = (

ℎ𝑚
𝑇𝑂𝑇

ℎ𝑚
) 𝑃𝑚   

Permeation through the filter pores must address the fact that the filter surface 

is only available for permeation to the extent of the nominal porosity (ε): 

𝑃𝑚
𝐹 = (

ℎ𝑚
𝑇𝑂𝑇

ℎ𝑚
𝐹 ) 𝜀 𝑃𝑚 

Since series resistances are additive, the apparent permeability is 

𝑃𝑎𝑝𝑝 = (
ℎ𝑚

𝑇𝑂𝑇

2ℎ𝑚 + 
ℎ𝑚

𝐹

𝜀

) 𝑃𝑚 =  𝜀𝑎𝑃𝑚 

where εa stands for the apparent porosity. 

Alternatively, the thickness of the donor/acceptor layer can be given by the 

following expression 

ℎ𝑚 =

𝑉𝑚
𝐴 −ℎ𝑚

𝐹 𝜀

2
 

where  𝑉𝑚 is the lipid volume (cm3), A the filter geometrical area (cm2), ℎ𝑚
𝐹  the 

filter thickness (cm) and ε the nominal filter porosity. 

Factoring out ℎ𝑚 from the definition of apparent porosity produces an equation 

directly related to measurable parameters: 

𝜀𝑎 =  

𝑉𝑚
𝐴 + ℎ𝑚

𝐹 (1 − 𝜀)

𝑉𝑚

𝐴 + ℎ𝑚
𝐹 (

1
𝜀 − 𝜀)

 

wich allows predicting that increasing the lipid volume (𝑉𝑚) makes the apparent 

porosity tend to unity. As a result, if lipid volume added on the filter exceeds the volume 

of the pores, the leftover lipid layer on both sides of the lipophilic filter increases the 

apparent porosity. 

In UWL rate-limited transport, the more the lipid excess, the lower the 

resistance of the artificial membrane to the passage and the higher the permeability 

coefficient. 

In membrane rate-limited transport, in addition to raising apparent porosity 

(thereby increasing permeability), increasing lipid volume leads to enhanced resistance 

owing to the lipid itself, hence contributing simultaneously to lowering permeability 

coefficients. 
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For the mentioned reasons, apparent porosity should be included in 

permeability calculation. Thanks to apparent porosity, PAMPA results can be 

accurately compared regardless of not only filter porosity but also lipid volume. 

4.1.8. Model configuration  

Two physical configuration of the PAMPA permeation cell have been described 

by PAMPA practitioners. 

Kansy defined a PAMPA model consisting of a donor compartment placed on 

top of the “sandwich” assembly [105], whereas the acceptor compartment was placed 

at the bottom of the microtitre plate. Such physical configuration agrees with physical 

configuration of cell-based in vitro models, where test samples are supposed to migrate 

in a gravitational-fashion from the top compartment to the bottom compartment through 

the cell monolayer. In this model configuration, stirring by means of orbital shakers 

enables the UWL effect in the donor chamber to be reduced for better in vivo 

emulation. 

Conversely, Avdeef implemented a PAMPA model in which the top 

compartment represented the acceptor well whereas the test sample was deposited 

into the bottom chamber [106]. This disposition does not rely on gravity to trigger 

sample permeation. Stirring to lower the UWL thickness of the donor compartment 

could be applied in this case by magnetic stirring. 

Presumably, the effective permeability coefficients measured from the flux will 

contain contributions from the physical configuration of the model assembly. 

Nevertheless, when it comes to evaluating permeability of nanocarriers, the former 

assembly seems to be optimal, given the fact that in vivo, nanosystems are 

dynamically distributed by the bloodstream, a situation that does not match with a static 

compartment where diffusion through the artificial membrane and through the unstirred 

water layer must be overcome against gravity. 

4.1.9. Concluding remarks on the PAMPA assay 

Unfortunately, the simplistic PAMPA assay will never exactly mimic the complex 

brain endothelial membranes due to the presence of an organic solvent and the lack of 

a bilayer-structure in the artificial membrane [112].  

The inability to generate a full description of transport mechanisms governing 

BBB permeability accounts for another of the major shortcomings of PAMPA method, 

since as a physicochemical barrier devoid of influx/efflux transporters and metabolizing 

enzymes, at most it can only adequately predict transcellular passive diffusion [125]. 

Samples undergoing active efflux or metabolic processes will exhibit overestimated 

PAMPA permeability values, whereas those affected by uptake phenomena or 

paracellular passive diffusion will be underestimated. 

With regard to the evaluation of BBB permeability of nanomedicines, PAMPA 

could serve to evaluate the extent of contribution of transcellular passive diffusion to 

the global in vivo permeation rate and to determine the role played by different 
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excipients on passive diffusion. Nonetheless, the lack of transport mechanisms would 

limit the application of PAMPA for in vitro studies aimed at testing different targeting 

strategies as BBB permeation enhancers of nanomedicines, such as the comparison of 

active targeting moieties, the determination of the optimal ligand density or the synergic 

effect of a dual targeting strategy. 

To the best of our knowledge, only Giralt’s group has already conducted studies 

on the prediction of BBB permeation of nanomedicines using the PAMPA technique: 

firstly, this assay served to evidence the permeability enhancement of GABA, nipecotic 

acid and aminolevulinic acid when linked to peptide moieties [126], and later, to rule out 

the contribution of passive diffusion to the global permeation rate of transferrin-targeted 

gold nanoparticles [127]. However, the PAMPA assay has found so far greater 

acceptance for gastrointestinal tract passive transport prediction, since a broader 

spectrum of nanomedicines has already been tested, such as polymeric micelles [128], 

polymeric nanoparticles [129, 130], liposomes [131, 132], solid lipid nanoparticles [133] 

and solid self-nanoemulsifying drug delivery systems [134, 135]. Overall, results 

pointed out that inclusion in nanocarriers may significantly alter the passive diffusion 

pattern of the free drug. These first-in-a-new-class results are likely to promote more 

research in the field of CNS drug discovery in the near future, given the recent 

advantages in nanomedicine, which seem to call for high throughput screening 

methods. 

4.2. Phospholipid vesicle-based permeation assay (PVPA) 

To palliate some of the PAMPA limitations, another in vitro non-cell based 

method for evaluation of passive permeability has recently been outlined: phospholipid 

vesicle-based permeation assay (PVPA) [136]. Therefore, it could also be used for 

prediction of brain delivery for new drug delivery systems in early drug development.  

This model uses for transport studies a permeation barrier made of a tight layer 

of phospholipid vesicles. To this end, a liposomal suspension is added on filter 

supports and liposomes are fused following evaporation of the solvent, so that a 

phospholipid bilayer within the filter pores is ultimately obtained. 

Importantly, unlike PAMPA, in PVPA no organic solvents are used since it only 

consists of phospholipids, which mimics more accurately the in vivo situation consisting 

of hydrated phospholipid bilayers. Moreover, PVPA studies performed so far have 

thoroughly assessed the barrier integrity, thereby ensuring that alterations in barrier 

structure do not account for the experimental permeability coefficients [137]. 

However, as also happens with PAMPA, this model has only proven useful for 

the prediction of transcellular passive diffusion. 

5. In vitro cell-based models 

To overcome limitations of in vitro non-cell based models, cell-based models 

are often integrated as screening tools to give a more comprehensive insight into the 

mechanisms involved in the passage through the BBB [138-140]. 



Chapter 2: Cannabidiol-decorated lipid nanocapsules for active targeting across the blood-brain 
barrier 

121 
 

Emerged in the 1980s, cell-based models to screen BBB permeability represent 

a more physiologically relevant tool over PAMPA to obtain mechanistic information 

since they account for both transcellular passive diffusion and active transport devoid 

of additional physiological factors that exist in vivo [141, 142]. Likewise, these models 

can evaluate to some extent the role played by metabolism.  Nevertheless, under the 

non-physiological culture conditions, cell-based models do not necessarily show the 

same relevant cell biological transporters as in vivo, which calls for previous validation 

with in vivo data to guarantee the potential of cell-based models for BBB permeability 

screening tools [143]. 

Like PAMPA, cell-based models are carried out in multi-well plates provided 

with a donor compartment simulating the blood and an acceptor compartment 

representing the CNS. Both compartments contain physiological buffer. Nevertheless, 

instead of a lipid artificial membrane, the permeability process is governed in this case 

by a cell monolayer seeded onto a porous filter support that separates both 

compartments [141]. Therefore, the ability of the cells to grow in a confluent monolayer 

with analogous features to the BBB in vivo on some semipermeable support is a 

prerequisite for it to be a suitable permeation model. Since all BBB features absent in 

non-neuronal capillaries act as BBB markers, these can serve to evaluate endothelial 

properties of each in vitro cell model. 

Similarly, the cell-based permeability assays evaluate the extent to which the 

sample (drug substances or nanomedicines) permeate from the apical to the 

basolateral chamber after a given incubation time. To this end, sample levels in both 

compartments after the incubation time has elapsed are quantified to determine the 

permeability across the cell monolayer. The equations to calculate permeability 

coefficients depend on the model design and can be extrapolated from equations 

described for different PAMPA designs by bearing in mind that retention fraction 

accounts now for the drug fraction distributed into the cell monolayer [107]. Variations 

on this basic design involve the type of filter used, the presence of matrix, the 

mechanisms for agitation and the configuration of the diffusion cell [123]. 

As cell-based models correlates with the ability of drug delivery systems to 

traverse the BBB, the higher the permeability coefficient, the more likely the brain 

uptake in vivo. 

Main criteria to be considered for an appropriate design of a cell-based model to 

be predictive of BBB permeability are here reviewed and related to physiological 

conditions in Figure 2 and in Table 3, following the pattern above mentioned in the 

case of PAMPA. 

5. 1. Cell type  

Similarly to what happened with the nature of the artificial lipid membranes in 

PAMPA, cell-based BBB models differ from each other in the origin, the expression 

level of transporters, the tightness of the monolayer and the affiliation with a primary or 

immortalized cell line. All these variables affect the reliability of predictions and make 

each model generate a specific piece of information on BBB permeability [125]. 
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Experimental 
factor 

Underlying physiological assumption 

Cell type 

Cell-based BBB models must exhibit restricted paracellular diffusion with TEER 
values in the order of hundreds of Ωcm

2
 and permeability coefficients for 

paracellular tracers in the order of 10
-6

 cms
-1

. Primary brain capillary 
endothelial cultures provide the closest phenotypic resemblance to the in vivo 
BBB, although cell lines provide a stable and homogenous source throughout 
numerous passages. A minimal seeding density (4 × 10

5
 cells/cm

2
) is needed. 

Extracellular 
matrix 

A coating with rat tail type I collagen (alone or in combination with type IV 
collagen) and fibronectin is frequently added to the filter surface to tighten 
monolayers by mimicking the basal lamina, which in vivo contributes to the 
development of a functional BBB. 

Culture 
medium 

Culture medium must mimic the physiological environment of the cell 
monolayer to prevent dedifferentiation. Therefore, BBB permeability assays 
must be performed only at neutral pH 7.4. To enhance the barrier properties, 
glial-secreted soluble factors or serum-free media can be used. To prevent 
hydrostatic pressure gradients, equal fluid volumes must be used in both 
chambers. 

Incubation 
temperature 

To reliably predict the in vivo BBB permeability, assays must be performed at 
physiological temperature (37ºC). Alternatively, low temperatures can be used 
to separate the contributions of active and passive transport since they inhibit 
transport pathways involving energy consumption.  

Incubation 
time 

To properly represent a kinetic in vitro assay, cell-based models must exhibit 
an incubation time that do not allow a steady state to be reached. Moreover, 
cell-based models are often used as multitimepoint assays, by replacing the 
acceptor medium with fresh medium, namely physically-maintained sink 
conditions, to better outline the kinetic permeability profile. 

Stirring 

Both compartments in cell-based BBB models are exposed to a stagnant 
aqueous layer that could act as the rate-limiting barrier. In these cases, 
effective permeability data must be corrected for the UWL effect. Since UWL in 
brain capillaries may be neglected, stirring is often applied to in vitro cell-based 
BBB models. 

Filter support 

Filter composition should not allow non-specific adsorption. Moreover, the pore 
size must be chosen to allow for free passage of the nanomedicines across the 
cell-free filters but must still support the cell monolayer to allow confluence to 
be reached. 

Physical 
configuration 

As all elements of the neurovascular unit contribute in vivo to the induction and 
maintenance of BBB phenotype, co-culture systems have been implemented to 
enhance the BBB properties of monocultures.  Likewise, dynamic models have 
been developed to mimic the in vivo shear stress generated by the blood flow 
on the apical surface of endothelial cells. 

Table 2.1.3: Experimental factors of cell-based models related to their 

underlying physiological assumptions 

 

 

Figure 2.1.2: Scheme of an in vitro cell based method for prediction of the BBB 

permeability: parallelism with the blood-brain barrier in vivo 
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5.1.1. Monolayer integrity 

Cell-based BBB models must exhibit paracellular diffusion restricted by tight 

junctions to mimic this key BBB feature. To this end, the monolayer integrity must be 

assessed by measuring the transendothelial electrical resistance (TEER) –which 

indicates the tightness of cell junctions- or the permeability coefficient of hydrophilic 

paracellular tracers (such as dextran, mannitol or sodium fluorescein) –which 

evidences the restriction of the paracellular pathway- and by evidencing the tight 

junction expression level by microscopy techniques [144]. The ideal cellular model 

should provide values for these parameters as close as possible to the in vivo situation. 

Therefore, for a cell-based BBB model to be considered appropriate for BBB 

permeability screening, the cell monolayer should display in vitro TEER values in the 

order of hundreds of Ωcm2 and permeability coefficients for paracellular tracers in the 

order of 10-6 cms-1 [47]. Monolayer integrity must likewise be assessed at the end of the 

assay to confirm that the sample did not alter the barrier properties. 

5.1.2. Passage  

In spite of the fact that BBB research emerged with isolated brain capillaries 

[145], these models proved not to be suitable for permeability assays: unlike the in vivo 

situation, in isolated brain capillaries, samples encounter the endothelial cells from the 

basolateral side, given the strict technical impracticability to access to the luminal 

surface from the culture medium [146]. Such a major impairment boosted the 

development of alternative approaches based on in vitro cell culture models [147, 148]. 

Cell models arose when cells mimicking the BBB could be maintained in vitro under 

appropriate culture conditions. 

Cells must be subcultured over certain time intervals. This process involves 

dissociation of cells from each other and from their growth substrate and transfer to a 

new culture plate. The importance of the passage number depends on the cell type 

under study, especially primary cells or cell lines [123, 141], as outlined in Table 4. 

Primary or low passage brain capillary endothelial cultures provide the closest 

phenotypic resemblance to the in vivo BBB permeability. Notwithstanding, 

reproducibility is not guaranteed since the number of identical cells per brain is limited, 

which leads to high batch-to-batch variability and ethical constraints. Furthermore, 

primary cells tend to dedifferentiate when subcultured, thereby losing features 

associated with the BBB in vivo (including barrier tightness and expression levels of 

specific transporters); hence, they cannot be stored for an extended period of time. 

Taken together, these facts prevent the generalized use of primary cells as BBB 

permeability models [146]. 

To circumvent the drawbacks related to handling of primary cultures, 

immortalized endothelial cell lines were developed by either gene or virus transfection. 

Cell lines are less labor intensive since they are commercially available, thereby 

exhibiting negligible batch-to-batch variability. Moreover, cell lines provide a stable 

source with high yield and homogeneity throughout numerous passages. Nevertheless, 

immortalized brain endothelial cells form incomplete tight junctions [149], which lead to 
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the formation of leakier monolayers than the primary cultures. As a result, 

monocultures of immortalized cells are of limited interest to predict BBB permeability 

[47]. 

Primary cultures 
Advantages Disadvantages 

Primary cultures represent the closest 
phenotypic resemblance to the in vivo BBB. 

The isolation of primary brain endothelial 
cells is time-consuming and needs expertise, 

since it requires enzymatic digestion steps 
combined with separation of the microvessels 

and removal of non-endothelial cells [150]. 

Primary cultures are the first choice for 
permeability studies, since cell lines exhibit 

leakier barrier properties. Primary porcine brain 
endothelial cells show the tightest paracellular 

barrier. 

Human primary cultures would be the ideal 
model to screen human therapies. However, 
the availability of reliable sources of healthy 

human brain tissue for the isolation of cells is 
restricted.  Consequently, human brain tissue 

often originates from autopsy or surgery, 
whose cell yield is low and suitability for 
physiological prediction is controversial. 

The models based on bovine or porcine 
endothelial cells are robust and show high yield 
in terms of amount of cerebral endothelial cells 

from each animal brain. 

The culture of primary cells gives raise to 
great batch-to-batch differences. This lack of 

reproducibility truly impedes the high 
throughput screening with primary cultures. 

The models based on rodent endothelial cells 
allow syngeneic co-cultures to be easily 

prepared and in vitro- in vivo correlations to be 
established with data from pharmacokinetic 

studies on rodents. 

The cerebral endothelial monolayers tend to 
lose their barrier phenotype with long-term 

cultivation or repeated passages. 

The primary cultures require the sacrifice of 
multiple animals, which gives raise to ethical 
and economic constraints and makes them 

inconvenient for industrial use 

Cell lines 
Advantages Disadvantages 

Cell lines represent a stable source with high 
yield and minimal inter-batches variability. 

The transfection process itself, in addition to 
removal from the native environment, can 
account for the non-maintenance of the 
physiological expression pattern of tight 
junctions, enzymes and transporters.  

Transfection enables immortalized cell lines to 
keep their features unaltered throughout 
numerous passages. 

Cell lines are less labour-intensive and costly 
and easier to culture than primary cultures. 

As a result, the barrier properties of cell lines 
are weaker than those of monolayer of 
primary cultures, which truly limits their 
usefulness for permeability screening. 

Cell lines are commercially available from 
trusted sources. 

Table 2.1.4: Comparison of advantages and disadvantages of primary cultures 

and cell lines to mimic the blood brain barrier in vitro  

5.1.3 Cell origin 

According to cell origin, two tiers of in vitro cell-based BBB models have been 

used: on the one hand, cells of non-cerebral-nor endothelial sources and, on the other 

hand, cells of cerebral origin from different species of mammals, as outlined in Table 5.
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Table 2.1.5: Developed cell-based models of the blood brain barrier. BEC: brain 

endothelial cells; M: mouse; R: rat; B: bovine; P: porcine; H: human; PC: primary 

culture; CL: cell line. Triple cocultures: [168, 172, 175, 176, 179, 187, 190, 191, 238, 

262] . Quaternary coculture : [247]. Dynamic models: [178, 183-185, 222, 223, 242, 

248, 249, 255]. Microfluidic models: [163, 188, 259]. 
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Despite the TEER values close to those of in vivo BBB phenotype achieved with 

some of the non-cerebral models [268], their use as BBB permeability predictors may 

be comprised compared to cell-based models of cerebral origin, given their distinct 

morphology, membrane composition (particularly ratios of phospholipid to cholesterol, 

unsaturated to saturated acyl chains, and phosphatidylcholine to sphingomyelin) and 

expression pattern of transporters with regard to cerebral endothelia [111, 213, 250, 

269]. 

Alternatively, modified epithelial cell lines of non-cerebral origin have been 

developed to screen substrates or inhibitors of efflux pumps at the BBB [268, 270]. This 

screening reaches a further dimension in the case of nanomedicines, since it would 

evidence if the inclusion of an efflux-pump substrate into the nanocarrier serves to 

mask the transporter-binding properties of the drug or even to enhance brain delivery 

thanks to the pump blockage properties of the nanocarrier itself [82]. The main 

examples include the  Madin-Darby canine kidney cell line transfected with the human 

MDR1 gene that encodes the polarized expression of the P-glycoprotein P (P-gp) -

MDR1-MDCK- [271, 272]; the human epithelial colorectal adenocarcinoma cell line 

Caco-2, with polarized overexpression of P-gp; its vinblastine-treated cell line variant 

(VB-Caco-2) expressing higher levels of P-gp than native cells [273]; and the human 

urinary bladder carcinoma cell line -ECV304-. 

Since the cell boundary is polarized, the permeability of the drug delivery 

system across these cell lines must be measured in both directions: apical-to-

basolateral (A-B) and basolateral-to-apical (B-A).  B-A/A-B permeability ratios above 2 

are indicative of P-gp-mediated efflux phenomena. 

Therefore, under these circumstances, two different permeability coefficients 

must be considered: one associated with the apical-to-basolateral transport (PA→B) and 

another one linked to the basolateral-to-apical transport (PB→A).  As a result, the two 

flux expressions to be equated in this case must include both permeability coefficients:  

𝐽 (𝑡) =  𝑃𝑒𝑓𝑓
𝐴→𝐵 𝐶𝐴(𝑡) − 𝑃𝑒𝑓𝑓

𝐵→𝐴𝐶𝐵  (𝑡) 

where J refers to the flux, in units of mol cm-2 s-1, PA→B to the apical-to-

basolateral permeability in units of cm s-1, PB→A to the basolateral-to-apical permeability 

in units of cm s-1 and CA and CB are concentrations in the basolateral and apical 

compartments, respectively, in units of mol cm-3, 

and 

𝐽 (𝑡) =  − 
𝑉𝐴 

𝐴

𝑑𝐶𝐴(𝑡)

𝑑𝑡
 

where J is the flux, in units of mol cm-2 s-1, VA the volume of the apical 

compartment in units of cm3, A the filter area in units of cm2 and dCA(t)/dt the 

disappearance rate from the apical compartment in units of mol cm-3 s-1. 

The differential equation obtained in this case when both expressions are 

equated is: 
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𝑑𝐶𝐴(𝑡)

𝑑𝑡
=  − 

𝐴

𝑉𝐴
 (𝑃𝑒𝑓𝑓

𝐴→𝐵  𝐶𝐴(𝑡) − 𝑃𝑒𝑓𝑓
𝐵→𝐴𝐶𝐴(𝑡)) 

In this case, the mass balance needs to address the sample fraction distributed 

into the cell monolayer: 

𝑉𝐴𝐶𝐴(0) = 𝑉𝐵𝐶𝐵(𝑡) + 𝑉𝐴𝐶𝐴(𝑡) + 𝑉𝐶𝐶 𝐶(𝑡) 

which can be greatly simplified to: 

𝑉𝐴𝐶𝐴(0)(1 − 𝑅) = 𝑉𝐵𝐶𝐵(𝑡) + 𝑉𝐴𝐶𝐴(𝑡) 

where CA (0) is the sample concentration placed into the apical compartment at 

the beginning of the assay, CA (t), CB (t), CC (t) the sample concentration after the 

incubation time has elapsed in the apical, basolateral and cell monolayer compartment, 

respectively; VA, VB, VC the volume of media in the apical, basolateral and cell 

monolayer compartment, respectively; and R the retention fraction to the cell 

monolayer. 

Under the given circumstances, mass balance serves to replace CB (t) with 

apical-based terms, obtaining thereby another differential equation: 

𝑑𝐶𝐴(𝑡)

𝑑𝑡
+ (𝐴 [

𝑃𝑒𝑓𝑓
𝐴→𝐵

𝑉𝐴
+

𝑃𝑒𝑓𝑓
𝐵→𝐴

𝑉𝐵
]) 𝐶𝐴(𝑡) − 

𝐴𝑃𝑒𝑓𝑓
𝐵→𝐴

𝑉𝐴
 𝐶𝐴(0)(1 − 𝑅) = 0 

The latter differential equation is solved in terms of CA (t) to obtain the following 

exponential equation that describes the drug disappearance from the apical 

compartment as a function of time: 

𝐶𝐴(𝑡)

𝐶𝐴(0)
=

(1 − 𝑅)

𝑉𝐵  (
𝑃𝑒𝑓𝑓

𝐴→𝐵

𝑉𝐴
+

𝑃𝑒𝑓𝑓
𝐵→𝐴

𝑉𝐵
)

(𝑃𝑒𝑓𝑓
𝐵→𝐴 +  

𝑉𝐵𝑃𝑒𝑓𝑓
𝐴→𝐵

𝑉𝐴
 𝑒𝑥𝑝 [𝐴 (

𝑃𝑒𝑓𝑓
𝐴→𝐵

𝑉𝐴
+ 

𝑃𝑒𝑓𝑓
𝐵→𝐴

𝑉𝐵
) (𝑡𝑙𝑎𝑔 − 𝑡)]) 

where A is the filter area multiplied by the nominal porosity (cm2), VA and VB are 

the volumes in the apical and basolateral compartment (cm3), t (s) is the incubation 

time, tlag (s) represents the time at which the cell monolayer is saturated with sample 

and permeation starts to occur, R is the retention fraction to the cell monolayer, PA→B 

and PB→A are the permeability coefficients (apical-to-basolateral and basolateral-to-

apical, respectively), CA(t) is the sample concentration (mol cm-3) in the apical 

compartment at time t, and CA(0) is the sample concentration (mol cm-3) in the apical 

compartment at time 0. 

In this model, basolateral-to-apical effective permeability (referred to as such 

given the fact that no assumptions are made on its calculation) is given in cm s -1 by the 

following equation: 

𝑃𝑒𝑓𝑓
𝐵→𝐴 =

𝑟𝑎𝑉𝐴

𝐴 (1 − 𝑟𝑎)(𝑡𝑙𝑎𝑔 − 𝑡)
𝑙𝑛 [−𝑟𝑎 +

(1 + 𝑟𝑎) 𝐶𝐴(𝑡)

(1 − 𝑅)𝐶𝐴(0)
] 

where ra represents the asymmetry ratio, defined as follows: 
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𝑟𝑎 =
𝑉𝐴

𝑉𝐵

𝑃𝑒𝑓𝑓
𝐵→𝐴

𝑃𝑒𝑓𝑓
𝐴→𝐵 

Under these circumstances, an assay in the presence of selective inhibitors of 

the efflux pumps should be previously conducted in order to determine the apical-to-

basolateral permeability coefficient by using the equations reported in the PAMPA 

section. 

Furthermore, the possibility of developing cell-based BBB models from human 

pluripotent stem cells has been postulated recently. To this end, stem cells should be 

submitted to a differentiation process to obtain endothelial cells [274-277]. Likewise, all 

other cellular elements of the neurovascular unit could be obtained with appropriate 

differentiation processes [247]. This approach would solve the ethical concerns related 

to restricted accessibility to human cerebral sources. 

5.1.4. Other cell features 

The physical dimensions of the cells making up the monolayer dictate the 

efficacy of paracellular restriction since junctional density is greater in cells that are 

narrow or of small diameter than in cells that are wide or spread out on the substrate. 

Furthermore, the height of the monolayer impacts the path length to be traversed by 

the nanocarrier and thereby the extent of monolayer retention [123]. Overall, a 

relatively high minimal seeding density (4 × 105 cells/cm2) is needed [157]. 

Likewise, time in culture influences the barrier properties of the cell monolayer, 

since it determines the extent of both tight junction formation and cell differentiation. 

With regard to the growth culture curve, the resistance of the monolayer increases with 

time during the log phase as tight junctions form; reaches a plateau when confluence is 

achieved and finally decreases during senescence. Optimally, a confluent monolayer 

must be accomplished to achieve the highest resistance that best mimics the in vivo 

conditions [141]. 

5.2. Filter support 

The filter is solely aimed at serving as mechanical support for the cell 

monolayer. Nevertheless, as it also happened with PAMPA, when evaluating the 

permeation of nanocarriers, if parameters as filter composition, porosity and pore size 

are not properly addressed, the filter support would additionally hamper nanocarrier 

diffusion. 

5.2.1 Filter composition 

Filter composition should not allow non-specific adsorption of the drug delivery 

system to occur. Otherwise, the calculated permeability coefficient would not reflect the 

proper BBB permeability. The Transwell® filters most frequently used are made of 

polycarbonate or polyethylene terephthalate. The former shows low non-specific 

binding properties, while the latter favors the formation of significant tighter monolayers 

[158]. 
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5.2.2 Pore size and porosity  

Overall, the greater the pore size and porosity, the less the hindrance caused 

by the filter to the passage of nanocarriers. Therefore, the pore size must be chosen to 

allow for free passage of the nanoparticles across the cell-free filters. Additionally, the 

greater the nanocarrier size, the higher the likelihood of reaching the pore size. As a 

result, the filter limits the aptness of a given cell-based model to evaluate the BBB 

permeability of nanosized carriers below its pore size. Notwithstanding, the pore size 

should not be enlarged above 1-3 μm to palliate the hindrance, since they must still 

support the cell monolayer in order to allow confluence to be reached. Otherwise cells 

could migrate through the pores towards the basolateral domain. 

The contribution of all these parameters can be evaluated by conducting the 

permeability assay in the absence of the cell monolayer. If nanocarrier permeability is 

truly restricted under these circumstances, equations to calculate effective permeability 

should include the contribution of the filter support to the overall resistance: 

1

𝑃𝑒𝑓𝑓
=

1

𝑃𝑀
+

1

𝑃𝐹
 

where Peff stands for the measured effective permeability, PM for the 

permeability of the cell monolayer and PF for the permeability coefficient of the filter, 

calculated as 

𝑃𝐹 =
𝜀𝐹𝐷

ℎ𝐹
 

where 𝜀𝐹 stands for the filter porosity, D for the aqueous diffusion coefficient in 

cm2/s and ℎ𝐹 for the thickness of the filter in cm. 

5.3. Extracellular matrix  

A strategy to enhance differentiation of immortalized cell lines into tighter 

monolayers consists in coating the filter with a substrate able to mimic the basal 

lamina, which in vivo contributes to the development of a functional BBB. Given that 

type IV collagen, fibronectin and laminin are the major components of the basal lamina 

in vivo, rat tail type I collagen (alone or in combination with type IV collagen) and 

fibronectin are frequently added to the filter surface [278]. Alternatively, gelatin coating 

has also been described [279-281], even though its use does not actually rely on any 

physiological assumption concerning the BBB environment. 

It is noteworthy that if the matrix is of significant thickness (collagen mats of 

thickness up to 0,4 μm have been reported [123]), permeability coefficients might be 

altered. In those cases, the role of the filter coating should be addressed in the 

equations to be used by taking into account that the contribution of the matrix as a 

series resistance with the monolayer is additive: 

1

𝑃𝑒𝑓𝑓
=

1

𝑃𝑀
+

1

𝑃𝐹
+

1

𝑃𝑀𝑎𝑡
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where Peff stands for the measured effective permeability, PM for the 

permeability of the cell monolayer, PF for the permeability coefficient of the filter and 

PMat for the permeability of the matrix. 

5.4. Culture media 

Culture medium in the donor and acceptor wells must mimic as closely as 

possible the physiological environment of the cell monolayer to prevent 

dedifferentiation from occurring. Moreover, it should enable permeability coefficients to 

be determined. 

5.4.1. pH 

Besides the fact that cells are not stable over a wide pH range, the optimal cell-

based model should reflect the constant physiological pH of the blood at which BBB 

permeation occurs. As a result, BBB permeability assays must be performed only at 

neutral pH 7.4. 

5.4.2. Supplements  

Changes in culture media composition are aimed at enhancing the barrier 

properties of the cell lines (mainly to upregulate expression levels of tight junctions and 

specific transporters). 

5.4.2.1. Cell-conditioned media  

In vivo, glial–secreted soluble factors account for the induction of the BBB 

phenotype on brain endothelial cells; hence astrocyte and/or C6 conditioned medium, 

obtained from growing astrocyte and C6 glioma cultures, have been used [242, 282]. 

However, in these cases the influence of cerebral endothelial cells themselves on the 

release of different factors by astrocytes is overlooked. 

5.4.2.2. Serum-free media  

Differentiation media should be serum-free given that the barrier function of the 

monolayer is seriously altered in the presence of serum [160]. Additionally, serum 

removal from the acceptor well better matches the BBB physiology, as the basolateral 

surface of the brain endothelium is exposed in vivo to serum-free interstitial fluid [221]. 

5.4.2.3. Others  

The monolayer tightness has also proven to be upregulated by the second 

messenger cAMP (cyclic adenosine monophosphate) [283] and hydrocortisone [226, 

284]. For this reason, culture media are often supplemented with cAMP modulators 

(such as 8-(4-chlorophenylthio)adenosine 3′,5′-cyclic monophosphate -CPT-cAMP-) 

and/or phosphodiesterase inhibitors (such as 4-(3-butoxy-4 methoxybenzyl)-2-

imidazolidinone -RO-20-1724-[195]) to elevate cAMP levels; with hydrocortisone; and 

sometimes with puromycin [150], which boosts the response of the monolayer to 

glucocorticoid treatment. Notwithstanding, it should be checked previously that the use 

of such stimulants does not trigger other processes than an enhancement of monolayer 
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tightness, that could ultimately give rise to misleading non-physiological BBB 

phenotypes [146]. 

5.4.3. Volume of culture medium  

To prevent hydrostatic pressure gradients in either direction from occurring, 

equal fluid volumes must be used in both chambers. The effect of hydrostatic pressure 

on permeability increases with the extent of monolayer leakiness [123]. 

5.5. Incubation temperature 

To reliably predict the in vivo BBB permeability, assays should be performed at 

physiological temperature (37ºC).  

Alternatively, low temperatures (mostly 4ºC) can be used to elucidate the 

passage mechanisms of nanocarriers, since temperatures below 18ºC inhibit transport 

pathways involving energy consumption, separating thereby the contributions of active 

and passive transport [123]. 

5.6. Incubation time 

As in the case of PAMPA, to properly represent a kinetic in vitro assay, cell-

based models must exhibit an incubation time that do not allow a steady state to be 

reached. Otherwise, permeability coefficients could not be calculated since distribution 

would be solely based on monolayer-culture medium partition coefficient and the 

physiological permeation condition would be misrepresented.  

Moreover, cell-based models are versatile, since they are often used as 

multitimepoint assays, by replacing the acceptor medium with fresh medium, namely 

physically-maintained sink conditions, to better outline the kinetic permeability profile. 

In the case of drug-loaded nanomedicines, most reported BBB permeability 

assays often comprise multiple timepoints of measurement with maximum incubation 

time around two to four hours in order to prevent steady state from being reached. Only 

[281] and [285] extended the assay time to 24 hours. Notwithstanding,  the prolongation 

of the permeability assays may raise issues of the validity of the in vitro model. 

5.7. Stirring 

As also happened in PAMPA, both compartments in cell-based BBB models are 

exposed to a stagnant aqueous layer that could act as the rate-limiting barrier, the 

unstirred water layer (UWL). In these cases, effective permeability data of cell-based 

models must also be corrected for the UWL effect. 

The effective permeability under these circumstances is composed of the 

effective coefficients for all the barriers in series. As series resistances are additive and 

resistance is the inverse of permeability: 

1

Peff
=  

1

PM
+ 

1

Pu
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where Peff stands for the measured effective permeability, PM for the 

permeability of the cell monolayer ,and Pu represents the total UWL permeability. 

Given that the UWL in brain capillaries may be neglected as mentioned above, 

stirring is often applied to in vitro cell-based BBB models. The contributions to Pu of the 

permeability coefficients of the UWL on the apical and basolateral domains depend on 

the symmetry of hydrodynamics generated by the stirring method. 

Under these circumstances, the total UWL permeability (𝑃𝑢) can be determined 

as a function of hydrodynamic conditions imposed by stirring, since Pu (cm/s) is directly 

proportional to stirring speed (𝜈, expressed as rpm) raised to the xth power: 

𝑃𝑢 = 𝜅𝜈𝑥 

where 𝜅 is a constant descriptive of the diffusivity of the sample (to the power 

2/3), kinematic viscosity (to the power -1/6), unit conversion and geometric factors of 

the permeation cell [121]. 

The linearization of the previous equation results in  

1

𝑃𝑒𝑓𝑓
=

1

𝑃𝑀
+

1

𝜅𝜈𝑥 

which allows 1/PM and 1/κ to be determined from a linear plot of 1/Peff versus 

1/ν. 

In the Transwell® system utilized for BBB permeability assays, stirring is often 

accomplished by means of an orbital mixer. Therefore, due to asymmetry in the 

hydrodynamic conditions, the degree of stirring on the apical compartment is greater 

than in the basolateral, where stirring is seriously dampened by the confined space 

nearly filled with buffer solution. In this case, the empirical constant “x” ranges from 0.8 

to 1.0 [123]. 

In the side-by-side diffusion cell-system in which stirring is achieved by bubbling 

O2-CO2, the hydrodynamics are symmetrical and the power x is expected to take 

values between 0.3 and 0.5 [123]. 

5.8. Model configuration 

A summary of the main model configurations that have been described is 

represented in Figure 3. 
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5.8.1. Static models  

Most broadly employed cell cultures are based on brain endothelial cells (either 

primary cultures or cell lines) displayed as a static model on a Transwell® system. 

Nevertheless, as all elements of the neurovascular unit contribute in vivo to the 

induction and maintenance of BBB phenotype, another strategy pioneered by Dehouck 

[209] to enhance the BBB properties of monocultures consists of implementing co-

culture systems [286, 287], with higher TEER values and lower permeability 

coefficients of paracellular tracers than the corresponding endothelial monoculture. 

Several coculture systems and orientation formats have been described. 

5.8.1.1 Coculture systems  

The different combination of cerebral endothelial cells with elements of the 

neurovascular unit makes coculture systems differ from each other [288-290]. On the 

one hand, cerebral endothelial cells can be established with either primary cells or cell 

lines, while glial cells (which can be primary astrocytes, astrocytic cell lines or C6 

glioma cell lines), pericytes or even neurons can be included as elements of the 

neurovascular unit. Additionally, to better mimic the in vivo BBB, triple coculture 

systems with endothelial cells, pericytes and astrocytes have been described [168, 

172, 175]. Some models use cells from different species, whereas syngeneic models 

utilize cells from the same species to prevent interspecific non-recognition problems 

[181, 286].  

5.8.1.2. Orientation format  

Two main experimental setups for cocultures have been designed: contact or 

non-contact cocultures [291]. In the former type, endothelial cells are seeded on top of 

the porous filter, whereas the astrocytes, glial cells or pericytes in each case are 

cultured at the opposite side of the filter support [208, 291]. In the latter coculture 

model, astrocytes, glial cells or pericytes are grown on the bottom of the well.  

Regarding triple cell coculture methods and taking into account that seeding the 

endothelial cells on the top of the filter support is a common feature, two further setups 

are possible since pericytes and astrocytes can be grown on the opposite side of the 

filter or on the bottom of the well, respectively. 

In all these cases, filter thickness and pore size must be thoroughly considered, 

since astrocytes/pericytes must be restricted to the basolateral side, while allowing 

soluble secreted factors and astrocytic end-feet to interact with the endothelial cells 

seeded on the apical side. In this sense, pore sizes of 0.4 μm are preferable to those of 

3 μm, which proved unable to retain astrocytes/pericytes in the basolateral chamber. 

Regarding coculture with astrocytes, better barrier properties were achieved with the 

non-contact format, since in the contact mode pores were clogged by astrocytic end-

feet, which prevented the passage of astrocyte-secreted soluble factors that are 

responsible for maintenance of BBB phenotype. 

5.8.2 Dynamic models 
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Dynamic models, a further tridimensional configuration of cell-based models, 

have been developed to better mimic the BBB in vivo, as the apical surface of 

endothelial cells is permanently exposed in vivo to a tangential shear stress (5 

dyn/cm2) caused by the blood flow. This shear stress affects the endothelial barrier 

function by increasing the BBB tightness and the expression of ABC transporters and 

CYP enzymes [292, 293]. As a result, higher values of TEER have been reported in 

dynamic models than in the static models previously described [223]. 

Dynamic models have mostly been built on the basis of the hollow fiber 

apparatus. In this configuration, brain capillaries are represented by a tube through 

which the culture medium is pumped at a controllable rate. The tube is placed inside a 

sealed chamber that mimics the basolateral domain and cerebral endothelial cells are 

grown intraluminally [178, 222]. In coculture dynamic configuration, glial cells are 

cocultured extraluminally [255]. 

Another dynamic model that has been described is based on a transparent 

plastic chamber with a snapwell insert on which endothelial cells are cultured [249]. 

More recently, the model has been further improved to mimic venous segments as well 

[294] by reducing the pressure and adding smooth muscle cells. 

Nevertheless, dynamic models do not meet high throughput screening criteria 

given their specific technical demands. Moreover, a larger number of cells to coat the 

hollow fibers and longer times to reach constant TEER are required. A comparison 

between dynamic and static models is delineated in Table 6. 

 
Transwell ® 
monoculture 

Transwell® 
coculture 

Dynamic model 

Transendothelial 
electric resistance 

Low Moderate High 

Time to steady 
transendothelial 

electric resistance 
3-4 days 3-4 days >7 days 

Amount of cells 
required 

Low Moderate High 

Resemblance with 
the neurovascular 

unit 
Moderate High High 

Shear stress No No Yes 

Suitability for high-
throughput 
screening  

High Moderate Low 

Table 2.1.6: Comparison between cell-based models of the blood brain barrier 

in terms of high-throughput screening ability and resemblance with the in vivo BBB 

features  
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5.8.3. Microfluidic models 

To downsize the cell-based BBB models and hence reduce the amount of cells 

required for the assay, microfluidic models have been recently put forward [295, 296]. 

These models represent a coculture of cells of the neurovascular unit seeded on a 

porous membrane in contact mode. However, the membrane is housed at the interface 

of two microchannels of polydimethylsiloxane through which flows the culture medium 

[163, 188]. 

5.9. Concluding remarks on cell-based models 

The optimal cell-based model to study the BBB permeability of nanocarriers 

would consist of a human cell line (to palliate interspecies differences) under 

appropriate culture conditions that allow high TEER and physiological expression levels 

of functional transporters to be achieved with the purpose of good correlating with in 

vivo results. 

Nevertheless, regarding the most sophisticated configurations, with the present 

degree of development, it is not granted that increasing the model complexity to better 

replicate the in vivo neurovascular unit will be rewarded by substantially higher 

correlations at the early phases of the drug delivery process. 

With regard to the evaluation of BBB permeability of nanomedicines, cell-based 

models, unlike non-cell based models, could serve to evaluate active transport 

pathways that contribute to the global in vivo permeation rate. Consequently, in vitro 

cell-based models have proven to be useful tools to evaluate the targeting abilities of 

different moieties attached to the nanocarriers or to determine the optimal ligand 

density with the purpose of achieving higher CNS drug levels in vivo. 

Lipid, magnetic and polymeric nanoparticles, liposomes and dendrimers have 

already been assayed for BBB permeability in an in vitro cell-based model, as sketched 

in Table 7. The main conclusions from the results of the studies presented in Table 7, 

include the fact that an increase in the size of the nanocarrier yields a decrease in the 

BBB permeability coefficient [297-305] and that nanoparticle surface plays a key role in 

BBB permeability (in terms of surface coating [306] and surface charge, with enhanced 

permeability values for cationic charges [302, 307, 308]). Overall, drug loading onto 

nanocarriers enhances BBB permeability and this enhancement often follows a time-

dependent pattern [309-315]. 

Moreover, in those cases where active targeting moieties are attached to the 

surface of the nanocarrier, the permeability enhancement is strongly dependent on the 

ligand density at the surface interface [305, 316-321]. Furthermore, cell-based models 

have even been used to establish the efficiency of distinct nanocargos for a given drug, 

with a focus on the role played by their different excipients [297, 299, 322].  

Noteworthy, for the sake of high-throughput screening, static cell-based models 

were the most broadly used (only one dynamic model has been reported [323]), 

although additional strategies are often applied to overcome leakiness of Transwell® 
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monocultures. The tendency towards the use of these models is likely to rise further in 

the CNS drug discovery field. 

Many of these conclusions drawn with BBB cell-based models have been 

validated with in vivo studies, as shown in Table 7. To this end, a plethora of 

techniques has been used to verify in vivo the preliminary results obtained with the cell-

based assays, namely scintigraphy [324-326], near-infrared in vivo imaging [327-333], 

ex vivo optical imaging [301, 334], confocal microscopy [309, 317], chromatographic 

quantification  [307, 312, 315, 335] and pharmacodynamics studies [281, 285, 336]. In 

all cases, the consistency between the results from in vitro and in vivo studies was 

evidenced. 

Overall, cell-based models are only suitable for medium throughput screening 

due to the higher cost than assays with artificial membranes and the elaborate 

preparation, which is accounted by the fact that primary cultures are labor-intensive per 

se and that no simple cell line is available for BBB prediction since in monoculture they 

are too leaky. 

5.10. Cell-based models and brain pathophysiological conditions 

Unlike artificial-membrane-based in vitro BBB models, cell-based models are 

versatile to develop more representative in vitro BBB models of brain 

pathophysiological conditions by modifying the above mentioned experimental factors. 

These changes (for instance in the filter coating, the composition of culture medium or 

the coculture configuration) should be implemented to match, for each brain disorder, 

the in vivo properties of the diseased BBB; namely monolayer integrity and the 

pathophysiological expression pattern of transporters. 

As a first attempt to evidence the passage of nanomedicines across the BBB in 

a pathological microenvironment (mainly for glioma treatment), some in vitro studies 

have implemented changes in the coculture configuration. In these models, the brain 

endothelial cells are cocultured in a non-contact mode with glioma cell lines at the 

bottom of the basolateral chamber to resemble the tumor microenvironment that the 

nanocarrier would face in vivo. These studies have proven extremely useful to 

evidence the synergic effect of a dual targeting strategy to achieve higher CNS drug 

levels in vivo [279-281, 285, 309, 330, 332, 333, 336, 337]. The dual targeting strategy 

consists in the combination of two different active targeting strategies on the same 

nanocarrier, one of which is aimed at promoting the passage across the BBB and the 

other one is aimed at enhancing the preferential localization at the target site. However, 

these models could be further improved by adapting more experimental factors to 

better match the diseased BBB in gliomas. 

Likewise, many of the in vitro cell-based assays have been validated with 

pathophysiological in vivo models [281, 285, 309, 329-334, 336-339]. In broad terms, 

qualitative results from both studies are consistent with each other, which demonstrate 

that cell-based models might be useful as preliminary screening tools to triage 

promising nanomedicines. 
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Pluronic® 
85/121 polymer 

conjugate 
None 

Horseradish 
peroxidase 

Bovine brain 
endothelial cells 

Collagen and 
fibronectin 

coating 
[324]*

#
 

Peptide 
conjugates 

Small cyclic 
N-methylated 

peptides 

GABA 

Bovine brain 
endothelial cells 

Type IV 
collagen and 
fibronectin 

coating 
Coculture with 
rat astrocytes 
cAMP/RO-20-

1724 

[126]* 

Aminolevulinic 
acid 

Nipecotic acid 

Lutensol AP20 
micelles 

None Kynurenic acid 
Rat brain 

endothelial cells 

Collagen and 
fibronectin 

coating 
Coculture with 
rat astrocytes 

Hydrocortisone 
CPT-cAMP/RO-

20-1724 

[340]*
 #
 

Triton X 100 
micelles 

Hydroxypropyl 
methacrylamide-

co-lauryl 
methacrylate 

micelles 

None Rhodamine B 
Human brain 

endothelial cells 

Fibronectin and 
type IV collagen 

coating  
Serum 

deprivation 
Hydrocortisone 

[322]* 

Pluronic P85 
micelles 

Insulin Rhodamine B 
Bovine brain 

endothelial cells 

Collagen and 
fibronectin 

coating 
[341] 

Polybutadiene-
co-poly 

(ethylene glycol) 
micelles 

G23 peptide Fluorescein hCMEC/D3 

Type I collagen 
coating 

Hydrocortisone 
Dexamethasone 

[317, 
325] 

#
 

Poly (ethylene 
glycol)-G2-

polyether-co-
polyester 

dendrimers 

None Rhodamine B bEnd3 

Coculture with 
U373MG 

astrocytoma 
cells 

[342]* 

Poly (ethylene) 
imine 

dendrimers None Copper (II) 
Human brain 

endothelial cells 

Fibronectin and 
type IV collagen 

coating 
[343]* 

Poly glycerol 
dendrimers 

Poly (ethylene 
glycol)- 

polyamidoamine 
dendrimers 

Rabies virus 
glycoprotein 

RVG29 

125
I and DNA 

Mouse brain 
endothelial cells 

Serum 
deprivation 

[327]*
 #
 

Poly (ethylene 
glycol)-G4-

polyamidoamine 
dendrimers 

Transferrin 
and 

Tamoxifen 
Doxorubicin 

Murine brain 
endothelial cells 

Gelatin coating [280] 
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Poly (ethylene 
glycol)-G4-

polyamidoamine 
dendrimers 

Transferrin 
and Wheat 

Germ 
Agglutinin 

Doxorubicin 
Murine brain 

endothelial cells 
Gelatin coating [279] 

Poly (ethylene 
glycol)-

polyamidoamine 
dendrimers 

Lactoferrin 
125

I and DNA 
Mouse brain 

endothelial cells 
Serum 

deprivation 
[344]* 

Poly (ethylene 
glycol)-G4-

polyamidoamine 
dendrimers 

Angiopep Doxorubicin 
Murine brain 

endothelial cells 
Gelatin coating [345] 

Poly (ethylene 
glycol)- 

polyamidoamine 
dendrimers 

Angiopep 
125

I and DNA 
Mouse brain 

endothelial cells 
Serum 

deprivation 
[346]*

 #
 

Poly (ethylene 
glycol)- poly-

lysine 
dendrimers 

Leptin-
derived 
peptide 

125
I and DNA 

Mouse brain 
endothelial cells 

Serum 
deprivation 

[328]*
 #
 

G3- 
polyamidoamine  

dendrimers 
Lauryl-chains 

Paclitaxel 
and 

fluorescein 
isothiocyanate 

Porcine brain 
endothelial cells 

Collagen and 
fibronectin 

coating  
Serum 

deprivation 
Hydrocortisone 
CPT-cAMP/RO-

20-1724 

[347]* 

Quaternary 
ammonium-β-

ciclodextrin 
nanoparticles 

None Doxorubicin 
Bovine  brain 

endothelial cells 

Bovine 
fibronectin 

coating 
[348]* 

β-ciclodextrin- 
poly- aminoester 

nanoparticles 
None 

Dichloro-
triazinyl-
amino-

fluorescein 

Bovine  brain 
endothelial cells 

Fibronectin 
coating 

[349]* 
Huma  brain 

endothelial cells 

Chitosan 
nanoparticles 

None Dopamine MDCK None specified [319]*
 #
 

Chitosan 
nanoparticles 

None 
Fluorescein-

isothiocyanate 
dextran 4 

MDCK None specified [350]* 

14
C-

Radiolabeled 
polyethylene 

glycol-co-
polyhexadecyl-
cyanoacrylate) 
nanoparticles 

None None 
Rat brain 

endothelial cells 

Type IV 
collagen coating 
Coculture with 
rat astrocytes 

[306] 
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Polybutyl-
cyanoacrylate 
nanoparticles 

None 

Stavudine 

Human brain 
endothelial cells 

Fibronectin and 
collagen coating 

[297]* 
Methyl-

methacrylate-
sulfopropyl-

methacrylate 
nanoparticles 

Delavirdine 

Saquinavir 

Polybutyl-
cyanoacrylate 
nanoparticles 

None 

Zidovudine 

Bovine brain 
endothelial cells 

None specified [299]* Methyl-
methacrylate-
sulfopropy-

lmethacrylate 
nanoparticles 

Lamivudine 

Methyl-
methacrylate-
sulfopropyl-

methacrylate 
nanoparticles 

RMP-7 
(Cereport®) 

Stavudine 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[298]* Delavirdine 

Saquinavir 

Polybutyl-
cyanoacrylate 
nanoparticles 

CRM197 Zidovudine 
Human brain 

endothelial cells 

Coculture with 
human 

astrocytes 
[305]* 

Polysorbate 80-
coated chitosan 
nanoparticles 

None Methotrexate MDCK None specified [351]* 

Poloxamer 188-
coated poly 
(lactic-co-

glycolic) acid-
poly (ethylene 

glycol)-poly 
(lactic-co-

glycolic) acid 
nanoparticles 

None Loperamide RBE4 

Type IV 
collagen coating 
Coculture with 

C6 cell line 

[335]
 #
 

Polysorbate 80- 
coated poly 
(lactic-co-

glycolic) acid-
poly (ethylene 

glycol)-poly 
(lactic-co-

glycolic) acid 
nanoparticles 

Polysorbate 80-
coated poly 
(lactic-co-

glycolic) acid 
nanoparticles 

None 

Tissue 
inhibitor of 

matrix 
metalloprotein

ases 

Rat brain 
endothelial cells 

Type IV 
collagen and 
fibronectin 

coating  
Hydrocortisone 
Coculture with 
rat astrocytes 

[311]
 #
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Polysorbate 80-
coated poly 
(lactic-co-

glycolic) acid 
nanoparticles 

None 

Tissue 
inhibitor of 

matrix metallo-
proteinases 

RBE4 
Type I collagen 

coating  
[311]

 #
 

Poly (ethylene 
glycol)-coated 
poly (lactic-co-
glycolic) acid 
nanoparticles 

None 

Ox-
carbazepine 

hCMEC/D3 Hydrocortisone [352]* 

6- Coumarin 

Poly (ethylene 
glycol)-poly 
lactic acid 

nanoparticles 

Cationic 
bovine serum 

albumin 
6- Coumarin 

Rat brain 
endothelial cells 

Coculture with 
rat astrocytes 

[307, 
308]*

 #
 

Poly (ethylene 
glycol)-co-poly 

(lactic acid) 
nanoparticles 

Peptide22 Paclitaxel 
Mouse brain 

endothelial cells 
None specified [334]

 #
 

Magnetic silica  
poly (lactic-co-
glycolic) acid 
nanoparticles 

Transferrin 
and external 

magnetic 
field 

6- Coumarin bEnd3 

Coculture with 
U87MG human 

glioblastoma 
cells 

[337]
 #
 

Poly (ethylene 
glycol)-co-poly-
ε-caprolactone 
nanoparticles 

Angiopep 
Rhodamine B 
isothiocyanate 

Rat brain 
endothelial cells 

Serum 
deprivation 

[353]
 #
 

Poly (ethylene 
glycol)-co-poly-
ε-caprolactone 
nanoparticles 

Angiopep Paclitaxel 
Rat brain 

endothelial cells 
Serum 

deprivation 
[329]

 #
 

Poly (ethylene 
glycol)-co-poly-
ε-caprolactone 
nanoparticles 

TGN peptide 
and AS1411 

aptamer 
6-Coumarin bEnd3 None specified 

[309, 
330]

 #
 

Poly (ethylene 
glycol)-co-poly 
(trimethylene 
carbonate) 

nanoparticles 

2-deoxy-D-
glucose 

Paclitaxel bEnd3 
Serum 

deprivation 
[331]

 #
 

Polystyrene 
nanoparticles 

Viral peptide 
gH625 

Fluorescent 
dye 

bEnd3 None specified [354]* 

Poly (ethylene 
glycol)-coated 

gelatin-siloxane 
nanoparticles 

SynB peptide None 
Rat brain 

endothelial cells 

Coculture with 
rat astrocytes 

Serum 
deprivation 

[313]
 #
 

Poly (ethylene 
glycol)-coated 

silica 
nanoparticles 

None Rubpy dye bEnd3 
Serum 

deprivation 
[301]

 #
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Silica 
nanoparticles 

None 
Fluorescent 

label 
Rat brain 

endothelial cells 
Coculture with 
rat pericytes 

[302]* 

Silica 
nanoparticles 

None 
Green 

fluorescent 
label 

hCMEC/D3 
Fibronectin and 
collagen coating 
Hydrocortisone 

[355]* 

Silica 
nanoparticles 

None 
Green 

fluorescent 
label 

hCMEC/D3 

Type I collagen 
and fibronectin 

coating 
Hydrocortisone 

[300] 

Silica matrix 
magnetic 

nanoparticles 
Prion protein None hCMEC/D3 

Type I collagen 
coating 

Hydrocortisone 
[356] 

Titanium dioxide 
nanoparticles 

None None 
Rat brain 

endothelial cells 
Coculture with 
rat astrocytes 

[357] 

Protamine-
oligonucleotide 
nanoparticles 

Apo A-I 
125

I 
Porcine brain 

endothelial cells 

Collagen 
coating 

Hydrocortisone 
[310]* 

Poly (ethylene 
glycol)-coated 
human serum 

albumin 
nanoparticles 

Apolipoprotei
n E 

Obidoxime 

Porcine brain 
endothelial cells 

Type IV 
collagen coating 

Serum 
deprivation 

[358] 

HI-6 oxime 

Human serum 
albumin 

nanoparticles 
None Oxime (HI-6) 

Porcine brain 
endothelial cells 

Type IV 
collagen coating  

Serum 
deprivation 

Hydrocortisone 

[359] 

Multi-walled 
carbon 

nanotubes 

Diethylene 
triamine 

pentaacetate 

111
In 

Porcine brain 
endothelial cells 

Coculture with 
rat astrocytes  

Serum 
deprivation 

Hydrocortisone 
CPT-cAMP/RO-

20-1724 

[360]*
 #
 

Multiwalled 
carbon 

nanotubes 
None 

Fluorescein 
isothiocyanate 

cEND 
Type IV 

collagen coating  
[361] 

Poly (ethylene 
glycol)-coated 

liposomes 

Mannose 
and 

transferrin 
Daunorubicin 

Murine brain 
endothelial cells 

Gelatin coating [281]
 #
 

Poly (ethylene 
glycol)-coated 

liposomes 

Cereport ®  
(RM-7) 

Nerve growth 
factor 

Mouse brain 
endothelial cells 

Gelatin coating [326]*
 #
 

Poly (ethylene 
glycol)-coated 

liposomes 

Tamoxifen 
and Wheat 

Germ 
Agglutinin 

Topotecan 
Murine brain 

endothelial cells 
Coculture with 
rat astrocytes 

[336]
 #
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Poly (ethylene 
glycol)-coated 

liposomes 

cRGD and 
histidine rich 

tandem 
peptide 

Carboxi-
fluorescein 

bEnd3 None specified [333] 
#
 

Poly (ethylene 
glycol)-coated 

liposomes   

Folate and 
Transferrin 

Doxorubicin bEnd3 None specified [332]
 #
 

Poly (ethylene 
glycol)-coated 

liposomes   

Transferrin 
and poly-L-

arginine 

Indocarbocyan
ine fluorescent 

dye (DiI) 
bEnd3 

Collagen 
coating 

Coculture with 
rat astrocytes 

[362]* 

Poly (ethylene 
glycol)-coated 

liposomes 

Transferrin 
and 

Tamoxifen 
Epirubicin 

Rat brain 
endothelial cells 

Gelatin coating 
Serum 

deprivation 
[285]

 #
 

Poly (ethylene 
glycol)-coated 

liposomes 

D
CDX 

peptide 
Rhodamine B 

Rat brain 
endothelial cells 

Collagen 
coating 

[339]
 #
 

(Procationic) 
liposomes 

Lactoferrin Coumarin-6 
Rat brain 

endothelial cells 
Coculture with 
rat astrocytes 

[315]*
 #
 

Poly (ethylene 
glycol)-coated 

liposomes 
Glucose Coumarin-6 

Rat brain 
endothelial cells 

Coculture with 
rat astrocytes 

[312, 
316]

 #
 

Poly (ethylene 
glycol)-coated 

liposomes 

Apo-E 
derived 
peptides 

3
H-Curcumin RBE4 

Type I collagen 
coating 
Serum 

deprivation 

[321]* 

Magnetic 
liposomes 

External 
magnetic 

field 

Azido-
thymidine 5’-
triphosphate 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[363]* 

Magnetic  poly 
(ethylene 

glycol)-coated 
liposomes 

Transferrin + 
External 
magnetic 

field 

Carboxi-
fluorescein 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[364] 

Poly (ethylene 
glycol)-coated 

liposomes 

Apo B100-
derived 

peptide + 
Statins 

Doxorubicin hCMEC/D3 
Type I collagen 

coating 
Hydrocortisone 

[365]* 

Radiolabeled 
poly (ethylene 
glycol)-coated 

liposomes 

RI7217 
antibody 

None hCMEC/D3 
Type I collagen 

coating 
[366]* 

Poly (ethylene 
glycol)-coated 

liposomes 

OX26 
antibody 

Fluorescent 
dextran 

hCMEC/D3 
Type I collagen 

coating 
Hydrocortisone 

[367] 

Poly (ethylene 
glycol)-coated 

liposomes 

OX26 and 
anti-amyloid 

β monoclonal 
antibodies 

Fluorescent 
dextran 

hCMEC/D3 
Type I collagen 

coating 
Hydrocortisone 

[368] 
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Poly (ethylene 
glycol)-coated 

liposomes 

Human anti-
transferrin 
receptor 
antibody 

Arsenic 
trioxide 

hCMEC/D3 

Type IV 
collagen and 
fibronectin 

coating 
Hydrocortisone 
Coculture with 

medulloblastom
a cell lines 

(VC312R and 
DAOY) 

[369]* 

Radiolabeled 
liposomes 

Phosphatidic 
acid and 
ApoE-
derived 
peptide 

None hCMEC/D3 
Type I collagen 

coating 
[370]*

 #
 

Thermosensitive 
poly (ethylene 
glycol)-coated 

liposomes 

Hyperthermia Adriamycin ECV304 
Coculture with 
rat astrocytes 

[338]*
 #
 

Poly (ethylene 
glycol)-coated 

liposomes 

Cyclic RGD 
peptide 

Trefoil-factor 3 
and cyanine 
fluorescent 

dye 

Human brain 
endothelial cells 

Collagen 
coating 

[371]
 #
 

Solid lipid 
nanoparticles 

None 

Stavudine 

Human brain 
endothelial cells 

Fibronectin and 
collagen coating 

[297]* Delavirdine 

Saquinavir 

Cationic solid 
lipid 

nanoparticles 
None Saquinavir 

Human brain 
endothelial cells 

None specified [372]* 

Poly (ethylene 
glycol)-coated 

solid lipid 
nanoparticles 

83-14 
monoclonal 

antibody 
Saquinavir 

Human brain 
endothelial cells 

Gelatin coating 
Coculture with 

human 
astrocytes 

[320]* 

Poly (ethylene 
glycol)-coated 

solid lipid 
nanoparticles 

83-14 
monoclonal 

antibody 
Carmustine 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[318]* 

Iron oxide 
nanoparticles 

None None bEnd3 

Collagen 
coating 
Serum 

deprivation 

[304]* 

Poly (ethylene 
glycol)-poly 

lactic acid and 
polyvinyl 

pyrrolidone-
coated 

iron oxide 
nanoparticles 

None Curcumin MDCK None specified [373]*
 #
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Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Poly 
(isobutylene- 

maleic 
anhydride)-
coated iron 

oxide 
nanoparticles 

None 
AlexaFluor 
660-labeled 
enfuvirtide 

Rat brain 
endothelial cells 

Fibronectin 
coating 

Coculture with 
rat astrocytes 

[374]
 #
 

Iron oxide 
nanoparticles 

Anti-PECAM-
1 antibody 

None hCMEC/D3 
Type I collagen 

coating 
Hydrocortisone 

[375]*
 #
 

Oleic acid- 
coated iron 

oxide 
nanoparticles External 

magnetic 
field 

None 
Human brain 

endothelial cells 
None specified [376] 

Polyvinylamine-
coated iron 

oxide 
nanoparticles 

Iron oxide 
nanoparticles 

External 
magnetic 
field and 

osmotic BBB 
disruption 

None bEnd3 None specified [377]* 

Iron oxide 
nanoparticles 

External 
magnetic 

field 

Morphine 
antagonist 

CTOP 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[378] 

Iron oxide 
nanoparticles 

External 
magnetic 

field 

Tenofovir and 
vorinostat 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[379] 

Iron oxide 
nanoparticles 

External 
magnetic 

field 

Brain Derived 
Neurotrophic 

Factor 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
[380] 

Poly (ethylene 
glycol)-coated 

iron oxide 
nanoparticles 

Lactoferrin None 
Porcine brain 

endothelial cells 

Collagen 
coating 
Serum 

deprivation 
Hydrocortisone 

[381]
 #
 

Iron oxide 
nanoparticles 

External 
magnetic 

field 
None 

Human brain 
endothelial cells 

Coculture with 
rat astrocytes 

[382] 

Poly (ethylene 
glycol)-coated 

gold 
nanoparticles 

None None 
Rat brain 

endothelial cells 

Type IV 
collagen coating  
Coculture with 
rat astrocytes 

[303] 

Gold 
nanoparticles 

Glucose None hCMEC/D3 
Coculture with 

human 
astrocytes 

[383] 



Chapter 2: Cannabidiol-decorated lipid nanocapsules for active targeting across the blood-brain 
barrier 

147 
 

Nanosystem 
Active 

targeting 
strategy 

Load 

Brain 
microvascular 

endothelial 
cells 

Strategies to 
enhance 
barrier 

properties 

Ref. 

Gold 
nanoparticles 

THRPPMWS
PVWP 
peptide  

CLPFFD 
peptide 

Bovine brain 
endothelial cells 

Fibronectin and 
type IV collagen 

coating 
Coculture with 
rat astrocytes 

Serum 
deprivation 

CPT-cAMP/RO-
20-1724 

[127]*
 #
 

Selenium 
nanoparticles 

B6 peptide 
and sialic 

acid 
Rhutenium bEnd3 

Coculture with 
PC12 cell line 

Serum 
deprivation 

[384] 

Quantum Rods Transferrin None 
Human brain 
microvascular 

endothelial cells 

Coculture with 
human 

astrocytes 
[314] 

Quantum Rods None None 
Rat brain 

endothelial cells 
Coculture with 
rat pericytes 

[302]* 

P22 Salmonella 
typhimurium 

capside 
Tat-peptide Ziconotide 

Human brain 
endothelial cells 

Coculture with 
human 

astrocytes 
Dynamic in vitro 

model 

[323] 

Table 2.1.7: Cell-based models of the blood brain barrier used to evidence the 

passage of nanomedicines. *: these references have calculated apparent permeability 

values expressed in cm/s; #: these references have conducted in vivo studies to further 

evidence the brain delivery, BBB: blood brain barrier; CPT-cAMP: 8-(4-

chlorophenylthio) adenosine 3′,5′-cyclic monophosphate; RO-20-1724: 4-(3-butoxy-4 

methoxybenzyl)-2-imidazolidinone; PECAM: platelet-endothelial cell adhesion 

molecule. 

6. Conclusion 

Screening BBB permeability remains one of the key ADME properties to be 

addressed early in CNS drug discovery process to triage promising candidates.  

Although dependent on in vivo data for validation, in vitro models developed to 

predict the BBB permeability, meet the medium-to-high-throughput demands, provide 

mechanistic information and are more economical. However, each in vitro model has 

limitations that prevent them from mimicking all in vivo features of the BBB. Whereas 

assays with artificial membranes overlook active transport processes, the application of 

cerebral cell-based models may be comprised by the artificial conditions under which 

they are maintained in vitro. Moreover, non-cerebral cell-based models lack numerous 

properties of the in vivo brain endothelium. 

To gain a more comprehensive insight into the mechanisms involved in the 

passage through the BBB, BBB permeability can be inferred by combining in vitro 
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screening methods, which would enable the contribution of active and passive 

transport processes to be separated.  Consequently, a comparison by plotting of the 

permeability coefficients from both tests allows three different regions to be defined that 

help elucidate transport mechanism and thereby the forecast capacity of the methods 

[385]: samples actively uptaken (high cell-based model permeability versus low 

artificial-membrane permeability) constitute the first area;  samples with passive 

permeability (similar permeability coefficients for both assays) represent the second 

one and samples actively effluxed (low cell-based model permeability versus high 

artificial membrane permeability) constitute the third region, as depicted in Figure 4. 

 

Figure 2.1.4: Comparison of data gained with cell-based and non-cell based 

screening methods 

Given the advances in the field of nanomedicine over the last decade aimed at 

enhancing the passage across the BBB, another groundbreaking change in outlook is 

likely to occur in the near future: with the purpose of predicting brain distribution, in vitro 

ADME screening methods must be adapted for evaluation of these new drug delivery 

platforms to provide information regarding the brain penetration of nanocarriers, and 

ultimately to establish a relation of causality with the clinical situation [386]. To this end, 

simplistic in vitro models such as artificial-membrane-based cannot represent the 

complicated absorption of these nanosystems in the human brain and cell-based 

models may well be the first choice despite their medium-throughput nature, since a 

compromise between throughput potential and the limitations associated with each 

model must be met. In accordance with this idea, the vast majority of models that have 

been currently used and validated for the screening of nanomedicines are in vitro cell-

based models. Noteworthy, further simplified in vitro BBB models may well serve in the 

future to verify batch-to-batch variability in terms of BBB permeation, a critical attribute 

for the regulation of nanomedicines to promote their translation into the market. 
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Much more research is likely to be done in the near future to design more 

efficient and safer nanomedicines based on their BBB permeability, thereby improving 

the treatment of CNS-related pathologies. 
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Abstract 

Diseases affecting the central nervous system (CNS) should be regarded as a 

major health challenge due to their steadily rising incidences and to the current lack of 

effective treatments given the hindrance to brain drug delivery imposed by the blood-

brain barrier (BBB). Nanomedicine holds great promise to enhance the passage across 

the BBB. Since efficient brain targeting should not solely rely on passive targeting, 

brain active targeting of nanomedicines into the CNS is being explored. 

The present study is devoted to the development of lipid nanocapsules (LNCs) 

decorated with non-psychotropic cannabinoids as pioneering non-immunogenic brain 

targeting molecules and to the evaluation of their brain targeting ability both in vitro and 

in vivo. Noticeably, both the permeability experiments across the hCMEC/D3 cell-

based in vitro BBB model and the biodistribution experiments in mice consistently 

demonstrated that the highest brain targeting ability was achieved with the smallest-

sized cannabinoid-modified LNCs. As the transport efficiency across the BBB certainly 

determines the efficacy of the treatments for brain disorders, small cannabinoid-

decorated LNCs represent auspicious platforms for the design and development of 

novel therapies for CNS diseases. 
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1. Introduction 

According to the Mental health: new understanding, new hope report by the 

World Health Organization, one in four people will be affected by mental or neurological 

disorders at some point in their lives, with approximately 450 million people worldwide 

currently suffering from such conditions. These prevalence data are expected to 

increase further due to the increase in life expectancy, emphasizing the need to face 

diseases affecting the central nervous system (CNS) as a major health challenge of the 

twenty-first century [1]. Unfortunately, the efficacy of the current standard of care for 

these diseases remains questionable in most cases, since the blood-brain barrier 

(BBB) truly hinders the distribution to the CNS of the vast majority of drug substances 

administered systemically. In consequence, high doses are often required to achieve 

therapeutically meaningful levels in the CNS, and this causes severe toxicity to 

peripheral tissues. Therefore, there is a dire need for developing effective strategies of 

brain drug delivery that overcome biodistribution and pharmacokinetic limitations that 

account for treatment failure [2-4]. 

The BBB consists of the endothelial cell monolayer of the brain capillaries 

closely associated with pericytes and astrocytes and is physiologically responsible for 

the maintenance of CNS homeostasis. The key features of the brain endothelium that 

account for the severe restriction to brain drug delivery are both the lack of 

fenestrations and the presence of tight intercellular junctions [5]. Some of the described 

delivery strategies to circumvent the BBB such as the direct intracerebral 

administration [6] and the artificial disruption of the tight junctions by chemical or 

physical stimuli [7] involve high risk of neurological damage. Hence, every effort is 

currently being devoted to achieving efficient transport across the brain endothelium 

with targeted drug carriers following minimally-invasive intravenous injection. 

In this regard, the use of nanocarriers arises as an alternative to enhance the 

passage across the BBB [8]. Noticeably, given their low toxicity, biocompatibility and 

biodegradability, the clinical trials launched heretofore for the treatment of brain 

conditions with nanomedicines mostly evaluate lipid-based nanocarriers [9]. Since one 

major feature that certainly influences the in vivo performance of nanomedicines is 

particle size, a size-controlled extravasation at the target site based on 

pathophysiological features has traditionally been sought. Nonetheless, although the 

paracellular permeability of the brain endothelium is altered in most CNS diseases, the 

BBB dysfunction is typically only substantial in advanced stages of disease and in the 

most affected sites [10, 11]. Therefore, efficient brain targeting of nanomedicines 

should not solely rely on passive targeting. To remedy this shortcoming, brain active 

targeting is being explored with the purpose of boosting transcellularly the delivery 

efficiency across the BBB [12]. 

Brain active targeting is based on the modification of nanocarriers with moieties 

capable of triggering receptor-mediated transcytosis into the CNS through specific 

binding with endogenous transporters overexpressed on the brain endothelium. 

Remarkably, the transcytotic mechanisms that mediate the internalization of 

nanocarriers often follow a size-dependent pattern within the range 10-100 nm. In 
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these cases, a fine control on particle size will certainly improve their potential 

therapeutic outcome. Various receptors highly expressed on the cerebral endothelial 

cells (such as transferrin receptor [13, 14], nicotinic acetylcholine receptor [15, 16], low-

density lipoprotein receptor [17, 18] and glucose transporter [19, 20]) have been 

utilized to develop brain active targeting strategies. However, the translational impact of 

brain active targeting in clinical trials remains modest, as only three out of the eight 

liposomes that have made their way to clinical trials for distinct brain conditions 

following intravenous administration are actively-targeted (ClinicalTrials.gov identifiers: 

NCT01386580, NCT02048358 and NCT02340156). This is greatly due to the flaws that 

currently available targeting moieties have: on the one hand, the use of physiological 

ligands as targeting moieties can develop competitive phenomena with their 

endogenous counterparts and consequently dysregulate brain homeostasis; whereas 

on the other hand, the use of targeting peptides must ensure non-immunogenicity [12]. 

Hence, novel brain targeting moieties are strongly needed.  

Since any ligand for which a receptor exists on the cerebral endothelial cells 

may be potentially used for brain targeting, research on innovative exogenous non-

immunogenic ligands are likely to thrive in the near future. In this regard, we 

hypothesized that cannabinoids hold great promise for brain active targeting. In 

particular, cannabidiol (CBD), the main phytocannabinoid devoid of psychotropic 

effects with high BBB transcytosis efficacy, is the appropriate lead candidate to test the 

possibilities of this hypothesis. Effectively, this cannabinoid has been postulated to bind 

to various receptors located on the brain endothelium environment [21], namely the 

CB1-receptor [22], the serotonin receptor 5-HT1A [23], the transient potential vanilloid 

receptor type-1 (TPVR-1) [24], the G protein-coupled receptor 55 (GPR55) [25], the 

adenosine A2A receptor [26] and the dopamine receptor D2 [27]. 

On account of the aforementioned considerations, the present study is devoted 

to the development of CBD-decorated lipid nanocapsules (LNCs) and to the evaluation 

of their brain targeting ability both in vitro and in vivo. LNCs were selected on the 

grounds of their high drug loading, their kinetic stability and the energetically efficient 

features of their formulation procedure (the phase inversion temperature (PIT) method). 

Cell viability, uptake and permeability experiments were conducted on the human brain 

endothelial cell line hCMEC/D3. The in vitro permeability coefficients across the 

hCMEC/D3 monolayer were validated with in vivo data from biodistribution studies in 

mice. Both the role played by particle size and functionalization with CBD in the extent 

of passage across the BBB was evaluated. 

2. Materials and methods 

2.1. Materials 

Labrafac lipophile® WL 1349 (caprylic-capric acid triglycerides) was kindly 

supplied by Gattefossé. Kolliphor® HS15 (C18E15 polyethylene glycol (15) 12-

hydroxystearate) was a gift from BASF. Lipoid® S75 (soybean lecithin with 70% of 

phosphatidylcholine) was supplied by Lipoid-Gmbh. NaCl was purchased from 

Panreac. De-ionized water was obtained from a MilliQ® Purification System. The 

fluorescent dyes 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) and 1,1′-
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dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt  

(DiD) were purchased from Invitrogen Molecular Probes. Cannabidiol (CBD) was 

provided by THC-Pharma. Endothelial Cell Basal Medium-2 (EBM-2) and culture 

supplements were purchased from Lonza. Dulbecco’s Modified Eagle Medium (DMEM) 

devoid of phenol red was provided by Gibco. Tetramethyl-rhodamine-isothiocyanate–

dextran, type I collagen from calf skin, fibronectin from bovine plasma, Hank’s 

Balanced Salt Solution (HBSS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-

tetrazolium bromide (MTT), dimethyl-sulfoxide (DMSO) and sterile Nunc Lab-Tek® 

chamber slides (8 wells, Permanox® slide, 0.8 cm2/well) were purchased from Sigma-

Aldrich. Vectashield® mounting medium with DAPI (H-1200) was provided by Vector 

Laboratories. Sterile Millicell® Hanging Cell Culture Inserts were supplied by Millipore 

(12-well culture plates; membrane: polyethylene terephthalate membrane; pore size: 

1.0 μm; membrane surface area: 1.1 cm2).  

2.2. Cell line 

The human brain endothelial hCMEC/D3 cells were seeded in collagen-coated 

flasks and cultured in EBM-2 medium supplemented with 2.5% foetal bovine serum 

(FBS), 0.025% (v/v) rhEGF, 0.025% (v/v) VEGF 0.025% IGF, 0.1% (v/v) rhFGF, 0.1% 

(v/v) gentamycin, 0.1% (v/v) ascorbic acid and 0.04% (v/v) hydrocortisone at 37ºC in 

95% air and 5% CO2. For all experiments, cells between passage 25 and 30 were 

used. 

2.3. Animals 

Male ICR mice, aging 4-5 weeks and weighting 29 ± 3 g, were purchased from 

Envigo. The mice were housed in ventilated cages with free water and food in a 12h 

dark/light cycle. Animals were acclimated for one week before the experiment. All in 

vivo experiments were approved by the Ethics Committee of the Community of Madrid 

(Ref. PROEX 111/14) and conducted according to Spanish and European guidelines 

(Directive 86/609/EEC). 

2.4. Preparation and characterization of lipid nanocapsules 

2.4.1. Blank lipid nanocapsules (F1, F2, F3) 

Lipid nanocapsules (LNCs) were prepared by the phase inversion temperature 

(PIT) method. Succinctly, Labrafac lipophile® WL 1349,Kolliphor® HS15, Lipoid® S75, 

NaCl and water were mixed under magnetic stirring and progressively heated over the 

phase inversion temperature of the system. Subsequently, the mixture was gradually 

cooled down until the phase inversion temperature was reached. Then, a sudden 

quench with cold water (5 mL) was performed to obtain the final suspension of LNCs. 

By varying the relative proportions of the excipients, formulations of blank LNCs 

indifferent sizes were prepared.  

2.4.2. Fluorescently-labeled lipid nanocapsules (F4, F5, F6, F7) 

The fluorescent dyes DiO and DiD were encapsulated in LNCs for particle 

tracking purposes in in vitro and in vivo experiments, respectively. To prepare the dye-
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loaded LNCs, the fluorescent dye was firstly dissolved in the oily phase that constitute 

the core of the LNCs at a weight ratio of 15 mg of dye/ g of Labrafac lipophile® 

WL1349. Then, the remaining excipients were added and progressively heated and 

cooled down around the phase inversion temperature as indicated in 2.4.1. 

2.4.3. Lipid nanocapsules decorated with cannabidiol (CBD) (F8, F9, F10, F11) 

Pre-formed fluorescently-labeled LNCs were incubated with a CBD solution (15 

mg/mL) in a 3:1 (v/v) ratio. The mixture was gently stirred overnight until complete 

solvent evaporation. The contribution of the solvent itself to the size distribution of 

LNCs was ruled out by incubating LNCs with pure solvent up to above the 3:1 (v/v) 

ratio. 

The detailed excipient weight for each group of LNCs is shown in Table 1: blank 

LNCs (F1-F3), fluorescently-labelled LNCs (F4-F7), CBD-decorated LNCs (F8-F11). 

The mean volume diameter and polydispersity index (PdI) of each formulation were 

measured by dynamic light scattering (DLS) using a Microtrac® Zetatrac™ Analyzer 

(Microtrac Inc., USA). Measurements were done in triplicate. 

Excipient F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 

Kolliphor® 
HS15 

1934 846 484 1934 846 1934 846 645 282 645 282 

Lipoid® 
S75 

75 75 75 75 75 75 75 25 25 25 25 

NaCl 89 89 89 89 89 89 89 30 30 30 30 

Labrafac 
lipophile® 
WL 1349 

846 1028 1209 846 1028 846 1028 282 343 282 343 

Water 6056 6962 7143 6056 6962 6056 6962 2018 2320 2018 2320 

DiO - - - 12 15 - - 4 5 - - 

DiD - - - - - 12 15 - - 4 5 

CBD - - - - - - - 15 15 15 15 

Table 2.2.1: Detailed excipient weight (in mg) for each formulation of LNC in 

final suspension. 

2.5. In vitro cytotoxicity 

LNCs (formulations 1-3) were assessed for cytotoxicity against hCMEC/D3 cells 

using a MTT assay. Briefly, hCMEC/D3 cells were seeded into collagen-coated 96-well 

plates at a density of 2 x 104 cells/well. After cells had been confluent for 48 hours, they 

were treated with suspensions of LNCs (200 µL) for 1, 4 and 24 hours in three different 

experiments. Then, the medium was removed and 60 µL of MTT solution (1 mg/mL) in 

complete EBM-2 were added to each well and incubated for 4 hours. Afterwards, the 

media containing MTT was removed and 100 µL of DMSO was added to each well. 

The plates were agitated for 10 minutes and the absorbance was measured at 570 nm 

using a microplate reader (FLUOstar Omega, BMG Labtech). Experiments were 
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performed in triplicate at each time-point. hCMEC/D3 cells without treatment served as 

control. Cell viability of each group was expressed as a percentage relative to that of 

control. 

2.6. In vitro cellular uptake  

2.6.1 Uptake experiments evaluated by flow cytometry 

To quantitatively evaluate the BBB targeting ability of LNCs in vitro, hCMEC/D3 

cells were seeded into collagen-coated 6-well plates at a density of 3 x 105 cells/well. 

After cells had been confluent for 48 hours, the culture medium was replaced by DiO-

labeled LNCs (F4, F5, F8 and F9 at an equivalent dye concentration of 1.65 µg DiO/mL 

of suspension) suspended in complete EBM-2 (2 mL) wherewith cells were incubated 

for 4 and 24 hours in two different experiments. Then, cells were rinsed with HBSS, 

trypsinized and finally resuspended in 0.3 mL HBSS. The fluorescence intensity of cells 

treated with fluorescent-LNCs was analyzed with a flow cytometer (FACScalibur, BD 

Biosciences). Experiments were performed in triplicate at each time-point. hCMEC/D3 

cells treated with blank LNCs served as control. Cellular uptake of each group was 

expressed as fold-increase in fluorescence mean relative to that of control after 

correction for the different amount of dye per individual LNC in each formulation. 

2.6.2. Uptake experiments evaluated by laser scanning confocal microscopy 

To qualitatively illustrate the BBB targeting ability of LNCs in vitro, hCMEC/D3 

cells were seeded into collagen- and fibronectin-coated chamber slides at a density of 

3 x 104 cells/well. After cells had been confluent for 48 hours, the culture medium was 

replaced by DiO-labeled LNCs (F5 and F9 at an equivalent dye concentration of 1.65 

µg DiO/mL of suspension) suspended in complete EBM-2 (0.3 mL) wherewith cells 

were incubated for 24 hours. Then, cells were rinsed with HBSS and mounted with 

Vectashield® with DAPI mounting medium. The cells were then observed with a laser 

scanning confocal microscope (Leica SP5, 405 nm for DAPI, 488 nm for DiO) using 

LEICA LAS AF software. hCMEC/D3 cells treated with blank LNCs served as control. 

3D imaging reconstruction was performed by means of IMARIS software. 

2.7. Monolayer integrity in the presence of lipid nanocapsules 

An in vitro BBB model with the human cerebral endothelial cell line hCMEC/D3 

was established. Succinctly, hCMEC/D3 cells were seeded into collagen- and 

fibronectin-coated 12-well hanging cell culture inserts at confluence and incubated for 

72 hours in complete EBM-2. The monolayer integrity was assessed by determining 

the permeability coefficient across the hCMEC/D3 monolayer of the hydrophilic tracer 

tetramethyl-rhodamine-isothiocyanate–dextran (TRITC-dextran, MW 150 kDa) both in 

the presence and the absence of LNCs. Briefly, 400 μL of a TRITC-dextran solution (2 

mg/mL) in DMEM without phenol red supplemented with 0.1% (v/v) FBS were added in 

the apical chamber of both cell-seeded and non-seeded inserts, whereas 1.2 mL of 

fresh DMEM without phenol red supplemented with 0.1% (v/v) FBS were added in the 

receptor chamber. At 2, 4, 6, 8, 12 and 24 hours, 200 μL from the basolateral 

compartment were sampled and replaced with fresh medium. At 24 hours, the apical 

compartment was likewise sampled (100 μL). The concentration of TRITC-dextran was 

determined using a microplate reader (FLUOstar Omega, BMG Labtech, excitation 
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wavelength: 544 nm, emission wavelength: 590 nm). The concentrations at the 

different time points were used to define a linear region within which the permeability 

coefficients can be calculated [28]. The apparent permeability coefficients were 

calculated using Equation 1: 

𝑃𝑎𝑝𝑝(𝑐𝑚
𝑠⁄ ) =  −

𝑉𝐷∗𝑉𝐴

𝐴∗𝑡(𝑉𝐷+𝑉𝐴)
ln (1 −

(𝑉𝐷+𝑉𝐴)

𝑉𝐷

𝐶𝐴(𝑡)

𝐶𝐷(0)
) (Equation 2.2.1) 

where CD(0) is the TRITC-dextran concentration placed in the donor 

compartment at the beginning of the experiment; CD(t) and CA (t) are the sample 

concentrations after the incubation time has elapsed in the donor and acceptor 

compartment, respectively; t is the time; A is the surface area of the filter insert, and VD 

and VA are the volume of buffer solution in the donor and acceptor compartment, 

respectively.  

To calculate the effective TRITC-dextran permeability (Peff), the contribution of 

the insert support to the overall resistance was included as detailed in Equation 2: 

1

𝐴∗𝑃
𝑒𝑓𝑓
ℎ𝐶𝑀𝐸𝐶/𝐷3 𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 =

1

𝐴∗𝑃𝑎𝑝𝑝
𝑐𝑒𝑙𝑙+𝑓𝑖𝑙𝑡𝑒𝑟 −

1

𝐴∗𝑃𝑎𝑝𝑝
𝑓𝑖𝑙𝑡𝑒𝑟 (Equation 2.2.2) 

where A is the surface area of the filter insert, Peff
monolayer stands for the effective 

permeability solely due to the hCMEC/D3 monolayer, Papp
cell+filter is the apparent 

permeability calculated for the cell-seeded inserts and Papp
filter is the apparent 

permeability calculated for the filters with no cells. Experiments were done in triplicate.  

2.8. Transport of LNCs across the hCMEC/D3 monolayer in vitro 

After having established the in vitro BBB model with hCMEC/D3 cell line as 

described in 2.7, 400 μL of a suspension of DiO fluorescently-labeled LNCs (F4, F5, F8 

and F9 at an equivalent dye concentration of 1.65 µg DiO/mL of suspension) in DMEM 

without phenol red supplemented with 0.1% (v/v) FBS were added in the apical 

chamber of both cell-seeded and non-seeded inserts, whereas 1.2 mL of fresh DMEM 

without phenol red supplemented with 0.1% (v/v) FBS were added in the receptor 

chamber. At 2, 4, 6, 8, 12 and 24 hours, 200 μL from the basolateral compartment were 

sampled and replaced with fresh medium. At 24 hours, the apical compartment was 

likewise sampled (100 μL). The concentration of DiO was determined using a 

microplate reader (FLUOstar Omega, BMG Labtech, excitation wavelength: 485 nm, 

emission wavelength: 520 nm).  These concentrations were used to calculate the 

effective permeability coefficients (Peff) as described in 2.7. Only in those cases 

wherein less than 90% of the DiO dose was recovered between both apical and 

basolateral chambers, was Equation 1 replaced by Equation 3 to take the retention 

factor (R) into account:  

𝑃𝑎𝑝𝑝(𝑐𝑚
𝑠⁄ ) =  −

𝑉𝐷∗𝑉𝐴

𝐴∗𝑡(𝑉𝐷+𝑉𝐴)
ln (1 −

(𝑉𝐷+𝑉𝐴)

𝑉𝐷

𝐶𝐴(𝑡)

(1−𝑅)∗𝐶𝐷(0)
) (Equation 2.2.3) 

2.9. Biodistribution of LNCs in healthy mice 

The tissue biodistribution of LNCs was investigated in healthy mice. The mice 

(n=4-5 per group) were injected via the tail vein with 150 μL of different DiD-

fluorescently-labeled LNCs (F6, F7, F10, F11). Ninety minutes (for all formulations) and 
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four hours (for F6 and F10) after administration, mice were sacrificed and the brain, 

liver, spleen, kidneys, lungs, heart and blood were collected and homogenized in 3-fold 

volume of ethanol for dye extraction. The concentration of DiD was measured using a 

microplate reader (Varioskan Flash, Thermo Scientific, excitation wavelength: 644 nm, 

emission wavelength: 665 nm). Results were expressed as percentage of the injected 

dose per organ. 

2.10. Statistical analysis 

All experiments were done at least in triplicate and all data are expressed as 

mean ± SD. Unpaired Student’s t test was used for two-group analysis. Statistical 

significance was fixed as *:p<0.05, **:p<0.01,***:p<0.001. All the data were analyzed 

using the GraphPad Prism 7 software. 

3. Results 

3.1. Preparation and characterization of lipid nanocapsules 

Figure 2.2.1: Characterization of the size distribution of the eleven formulations 

of LNCs: blank (F1-F3), fluorescently-labeled (F4-F7) and CBD-decorated (F8-F11). (a) 

Average volume diameter (nm). (b) Polydispersity index (PdI). 

F 1 F 2 F 3 F 4 F 5 F 6 F 7 F 8 F 9 F 1 0 F 1 1

0

2 0

4 0

6 0

8 0

1 0 0

L N C  fo rm u la tio n

V
o

lu
m

e
 d

ia
m

e
te

r
 (

n
m

) a

F 1 F 2 F 3 F 4 F 5 F 6 F 7 F 8 F 9 F 1 0 F 1 1

0 .0 0

0 .0 5

0 .1 0

0 .1 5

L N C  fo rm u la tio n

P
o

ly
d

is
p

e
r
s

it
y

 i
n

d
e

x
 (

P
d

I) b

 

Eleven different formulations of LNCs were prepared by the PIT method by 

varying their relative proportions of excipients as detailed in Table 1. The size 

distribution of all LNC batches is thoroughly described in Figure 1, both in terms of 

mean volume diameter (Figure 1a) and polydispersity index (Figure 1b). In all cases, 

monodisperse nanocapsules were obtained within the size range 20-80 nm. In 

particular, we obtained monodisperse blank LNCs of 20 nm (F1), 40 nm (F2) and 80 

nm (F3). Noticeably, the inclusion of fluorescent dyes did not significantly vary the size 

distribution of their blank counterparts: after loading F1 and F2 with fluorescent dyes, 

we obtained analogously-sized LNCs: 20 nm (F4 and F6 for DiO and DiD, respectively) 

and 40 nm (F5 and F7 for DiO and DiD, respectively). However, the modification of 

LNCs with CBD significantly altered their average volume diameter: the decoration of 

dye-loaded LNCs with CBD increased the particle size to 40 nm (F8 and F10) and 55 

nm (F9 and F11), respectively. This increase in particle size was solely due to the 

presence of the cannabinoid, since the contribution of the solvent was ruled out 
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following incubation of LNCs with the pure solvent at the same ratio (Figure S1). 

Hence, on the one hand, the role played by particle size in the BBB targeting properties 

will be assessed separately in non-modified LNCs and in CBD-decorated LNCs, and on 

the other hand, the influence of CBD-decoration will be evaluated for equally-sized 

LNCs. 

3.2. In vitro cytotoxicity 

To determine the most suitable size of LNCs for conducting the in vitro 

experiments with the hCMEC/D3 monolayer, an MTT assay was used. Blank LNCs in 

three different sizes (20 nm –F1-, 40 nm –F2- and 80 nm –F3-) were tested. In a first 

experiment, we normalized the concentration of LNC according to the number of LNC 

per mL of suspension. The number of LNC in suspension was calculated using 

equation 4 (taken from [29] with minor modifications): 

𝑁 =

𝑚𝐿𝑎𝑏
𝑑𝐿𝑎𝑏

+
𝑘𝑚𝐾𝑜𝑙

𝑑𝐾𝑜𝑙
+

𝑚𝐿𝑖𝑝

𝑑𝐿𝑖𝑝
4

3
𝜋𝑟𝑉

3
 (Equation 2.2.4) 

where mLab, mKol and mLip are the excipient weights of Labrafac lipophile® WL 

1349, Kolliphor® HS15 and Lipoid® S75, respectively, as detailed in Table 1. Similarly, 

dLab, dKol and dLip represent the respective densities of each of the excipients and were 

obtained from suppliers (dLab = 1.048 g/mL, dKol = 0.945 g/mL and dLip = 1 g/mL). k 

refers to the percentage of poly glycol esters present in Kolliphor® HS15 and involved 

in the formulation procedure (k= 70% as declared by supplier). 

Figure 2.2.2: In vitro cytotoxicity of LNCs against hCMEC/D3 cells at different 

time points. (a) 20 nm- (F1), 40 nm- (F2) and 80 nm-(F3) sized LNCs in suspension at 

a concentration of 1013 LNCs; (b) 20 nm- (F1) and 40 nm- (F2) sized LNCs in 

suspension at an equivalent DiO concentration of 1.65 μg DiO/mL (p>0.05). 
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Consistently, hCMEC/D3 cells were incubated with a suspension of 1013 

LNCs/mL for 1h, 4h and 24 hours. Whereas none of the formulations of LNCs showed 

significant cytotoxicity at the earliest time point (p>0.05), F2 exhibited substantial 

toxicity at 24 hours and F3 started causing significant toxicity already at 4 hours (Figure 

2a). As particle size progressively increases from F1 to F3, we concluded that LNCs 

show a size-dependent toxicity pattern on hCMEC/D3 cells. Nevertheless, to be able to 

evaluate the role played by particle size on BBB-targeting in subsequent experiments, 

we only ruled out the biggest particles (F3). In a subsequent experiment, we evaluate 
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the cytotoxicity of F1 and F2-LNCs at an equivalent concentration of 110 μg of internal 

oily phase/mL of nanocapsule suspension to ultimately normalize the in vitro studies as 

a function of the different payloads (fluorescent dye) (Figure 2b). Remarkably, in this 

case no toxicity was observed for any of the LNCs at any time point (p>0.05). 

Therefore, these two formulations at these non-toxic concentrations (that correspond to 

an equivalent concentration of 1.65 μg of DiO/mL for the fluorescently-labeled LNCs) 

were used henceforth for all subsequent in vitro experiments. 

3.3. In vitro cellular uptake 

Figure 2.2.3: Evaluation of the in vitro cellular uptake of LNCs by flow cytometry 

expressed as folds increase in mean fluorescence intensity versus control. (a) 

Quantitative analysis of cellular uptake of DiO-fluorescently labeled LNCs (F4, F5, F8, 

and F9) after 4 and 24 hours incubation. (b) Evaluation of the role of particle size on 

the in vitro cellular uptake (non-modified LNCs) at 4 and 24 hours (***: p<0.001 and **: 

p<0.01, respectively). (c) Evaluation of the role of particle size on the in vitro cellular 

uptake (CBD-decorated LNCs) at 4 and 24 hours (***: p<0.001 and **: p<0.01, 

respectively). (d) Evaluation of the role of cannabinoids on the in vitro cellular uptake 

(equally-sized LNCs) at 4 and 24 hours (***: p<0.001 and *: p<0.05, respectively). 
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The BBB targeting ability of DiO-labeled LNCs (F4, F5, F8 and F9 at an 

equivalent dye concentration of 1.65 µg DiO/mL of suspension) was tested in vitro. 

Both the role played by particle size (F4 vs F5; F8 vs F9) and functionalization with 

cannabinoids (F5 vs F8) in the extent of in vitro cellular uptake was quantitatively 

evaluated. The quantitative analysis of the data obtained with the flow cytometer at 4 
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and 24 hours is shown in Figure 3a. All formulations tested exhibited a time-dependent 

cellular uptake with higher fluorescence intensities after incubating hCMEC/D3 cells 

with LNCs for 24 hours (**: p<0.01). Likewise, a consistent comparison of the role 

played by particle size can be drawn for non-modified LNCs (Figure 3b) and for CBD-

decorated LNCs (Figure 3c). In both cases the smaller the particle size, the higher the 

cellular uptake and the ensuing BBB targeting ability (**: p<0.01). Interestingly, the 

modification with CBD also enhanced the in vitro BBB targeting properties of LNC, as it 

was concluded from a comparison of equally-sized non-modified and CBD-decorated 

LNCs (Figure 3d, *: p<0.05). The aforementioned results were obtained at 4 and 24 

hours, demonstrating that the trends in cellular uptake were steady throughout the 

period evaluated. 

Figure 2.2.4: Evaluation of the in vitro cellular uptake of LNCs by laser scanning 

confocal microscopy: DAPI (left), DiO (center), merged (right). (a) Blank LNCs (F2). (b) 

DiO-labeled LNCs (F5). (c) CBD-decorated DiO-labeled LNCs (F9). Scale bar = 25 μm. 

3D video reconstructions from the Z-stack projections are available as Supplementary 

material. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the case of F5 and F9, the in vitro BBB targeting ability of LNCs was further 

evidenced qualitatively by laser scanning confocal microscopy. As shown in Figure 4, 

a 

c 

b 
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both unmodified and CBD-decorated LNCs were internalized by hCMEC/D3 in 

accordance with the data obtained by flow cytometry. The 3D video reconstruction 

performed by means of the IMARIS software with the Z-stack projections helped 

evidence that the fluorescent signal from LNCs localized in the intracellular 

compartment of the cerebral endothelial cells, preferentially in the perinuclear region 

(Supplementary material). 

3.4. Monolayer integrity of the in vitro BBB model in the presence of LNCs 

The in vitro BBB model with a monolayer of hCMEC/D3 was established (Figure 

5a). The effect of LNCs on the integrity of confluent cerebral endothelial cell 

monolayers was investigated by determining the permeability coefficient of fluorescent 

TRITC-dextran (Figure 5b). Importantly, there were no statistically significant 

differences between the calculated permeability coefficients of TRITC-dextran in the 

presence and the absence of LNCs (p>0.05). Consequently, it was concluded that, 

during the period evaluated, LNCs did not significantly alter the monolayer properties of 

hCMEC/D3 cells. These results ultimately enabled the paracellular contribution to the 

ensuing in vitro transport experiments of LNCs across the monolayer to be ruled out 

during at least 24 hours. 

Figure 2.2.5: Evaluation of the monolayer integrity of the in vitro BBB model 

upon exposure to LNCs. (a) Scheme of the in vitro BBB model with the monolayer of 

hCMEC/D3 cells. (b) Permeability coefficients of TRITC-dextran across the in vitro BBB 

model calculated after 24 hours both in the presence and the absence of LNCs 

(p>0.05). 
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3.5. Transport of LNCs across the hCMEC/D3 monolayer in vitro 

The BBB transcytosis ability of DiO-labeled LNCs (F4, F5, F8 and F9 at an 

equivalent dye concentration of 1.65 µg DiO/mL of suspension) was tested in vitro. 

Similarly to the experimental design followed to evidence the cellular uptake, both the 

role played by particle size (F4 vs F5; F8 vs F9) and functionalization with 

cannabinoids (F5 vs F8) in the permeability coefficient of LNCs across the hCMEC/D3 

monolayer were quantitatively analyzed. In line with the results obtained for cellular 

uptake, a consistent comparison of the role played by particle size can be drawn for 

non-modified LNCs (Figure 6a) and for CBD-decorated LNCs (Figure 6b). In both 
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cases the smaller the particle size, the higher the permeability coefficient across the 

hCMEC/D3 monolayer and the ensuing BBB transcytosis ability (**: p<0.01). Likewise, 

as expected from the cellular uptake results, the comparison of equally-sized non-

modified and CBD-decorated LNCs revealed that the modification with CBD also 

enhanced the permeability coefficients of LNCs (Figure 6c, ***: p<0.001). 

Figure 2.2.6: Evaluation of the influence of different factors on the in vitro 

permeability of LNCs across the hCMEC/D3 monolayer. (a) Influence of particle size on 

permeability coefficients (non-modified LNCs) (**: p<0.01). (b) Influence of particle size 

on permeability coefficients (CBD-decorated LNCs) (***: p<0.001). (c) Influence of the 

modification with CBD on permeability coefficients (equally-sized LNCs) (***: p<0.001). 
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3.6. Biodistribution of LNCs in healthy mice 

The BBB targeting properties of DiD-labeled LNCs (F6, F7, F10, F11) were 

tested in vivo. We determined the percentage of the injected dose of the different DiD-

labeled LNCs located in each organ (namely, blood, brain, lungs, kidneys, heart, 

spleen and liver) following intravenous injection. The blood was estimated to represent 

6% of the mice weight to calculate the total percentage of the LNC dose existing in this 

compartment. As occurred with cellular uptake and transport across the in vitro BBB 

model, both the role played by particle size (F6 vs F7; F10 vs F11) and 

functionalization with CBD (F7 vs F10) in the extent of in vivo brain targeting was 

quantitatively evaluated. The percentages of injected dose in all organs but for the 

brain are shown in Figure 7. Particle size certainly influences the in vivo biodistribution 

of LNCs: smaller nanocapsules achieved significantly higher plasma levels; whereas 

bigger LNCs were recognized to a higher extent by the reticuloendothelial organs (liver 

and spleen). These size-dependent results were consistently obtained both with non-

modified LNCs (Figure 7a) and with CBD-decorated LNCs (Figure 7b). Alternatively, 
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the modification of LNCs with CBD helped extend their plasma levels and 

concomitantly reduced the extent of removal by the liver (Figure 7c).  

Figure 2.2.7: In vivo biodistribution of DiD-labeled LNCs in healthy mice 90 

minutes after their intravenous injection (expressed as percentage of the injected dose 

per organ; namely, blood, lungs, kidneys, heart, spleen and liver). (a) Influence of 

particle size on biodistribution (non-modified LNCs). (b) Influence of particle size on 

biodistribution (CBD-decorated LNCs). (c) Influence of the modification with CBD on 

biodistribution (equally-sized LNCs). 
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The percentage of the injected dose distributed into the brain in each case is 

shown in Figure 8. In accordance with the results obtained in vitro, both particle size 

and modification with CBD played a pivotal role in in vivo brain targeting. On the one 

hand, smaller LNCs showed significantly higher brain targeting properties. This trend 

was steadily observed both for non-modified LNCs (Figure 8a, *: p<0.05) and for CBD-

decorated LNCs (Figure 8b, **: p<0.01). On the other hand, the modification of LNCs 

with CBD significantly contributed to enhance the BBB targeting properties of equally-

sized LNCs (Figure 8c, *: p<0.05). 

The biodistribution of LNCs on a longer term (4 hours after administration) was 

assessed for F6 and F10 (namely, those formulations with the highest levels in plasma 

90 minutes after administration). Similarly, Figures 9 and 10 represent the time-course 

of the percentage of the injected dose in the major organs and in the brain, 

respectively. In comparison their biodistribution at an earlier time point, the percentage 

of the injected dose in blood and brain decreased with time, whereas the levels in the 

reticuloendothelial organs progressively augmented. Similar trends were observed for 

F6 (Figures 9a and 10a) and for F10 (Figures 9b and 10b). 
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Figure 2.2.8: In vivo biodistribution of DiD-labeled LNCs in the brain of healthy 

mice 90 minutes after their intravenous injection (expressed as percentage of the 

injected dose). (a) Influence of particle size on biodistribution (non-modified LNCs) (*: 

p<0.05). (b) Influence of particle size on biodistribution (CBD-decorated LNCs) (**: 

p<0.01). (c) Influence of the modification with CBD on biodistribution (equally-sized 

LNCs) (*: p<0.05). 
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Figure 2.2.9: In vivo biodistribution of DiD-labeled LNCs in healthy mice 

(expressed as percentage of the injected dose per organ; namely, blood, lungs, 

kidneys, heart, spleen and liver). Time-course biodistribution of (a) DiD-labeled LNCs 

(F6) and (b) CBD-decorated DiD-labeled LNCs (F10). 
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4. Discussion 

Diseases affecting the central nervous system (CNS) should be regarded as a 

major health challenge of the twenty-first century due to their steadily rising incidences 

and to the current lack of effective treatments in most cases, since brain drug delivery 

is truly hindered by the presence of the blood-brain barrier (BBB) [30]. As intravenous 

administration represents a minimally-invasive therapeutic alternative, nanomedicine 

holds the greatest promise among the strategies available to enhance the passage 

across the BBB. 

Figure 2.2.10: In vivo biodistribution of DiD-labeled LNCs in the brain of healthy 

mice (expressed as percentage of the injected dose). Time-course biodistribution of (a) 

DiD-labeled LNCs (F6) and (b) CBD-decorated DiD-labeled LNCs (F10). 
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Accordingly, intravenously-administered nanomedicines have already reached 

clinical trials for the treatment of different CNS diseases (with a focus on brain tumors, 

but also including neurodegenerative diseases such as multiple sclerosis). Noticeably, 

given their non-toxic, biocompatible and biodegradable nature, most of the launched 

clinical trials evaluate lipid-based carriers and, particularly, liposomes 

(ClinicalTrials.gov Identifiers: NCT00734682, NCT02861222, NCT00019630, 

NCT00944801, NCT01222780, NCT01386580, NCT02048358 and NCT02340156).  

Although some of these trials evaluated passively-targeted nanomedicines, it has been 

evidenced that the hypothesized BBB disruption in most CNS diseases only occurs 

substantially in advances stages and in the most affected areas. Hence, efficient brain 

targeting of nanomedicines should not solely rely on passive targeting [31]. Therefore, 

brain active targeting of nanomedicines to trigger transcytosis into the CNS through 

specific binding with transporters overexpressed on the brain endothelium is being 

widely explored [32]. Nonetheless, for brain active targeting to achieve high 

translational impact some criteria in the selection of targeting moieties must be met: on 

the one hand, the use of physiological substances develops competitive phenomena 

with endogenous substrates, whereas on the other hand, the use of peptide ligands 

must ensure non-immunogenicity [12]. As a result, research on novel exogenous non-

immunogenic ligands has become a research hotspot. 
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On account of the aforementioned context, in the present study we have 

prepared cannabidiol (CBD)-decorated lipid nanocapsules (LNCs) as innovative 

candidates to achieve brain targeting. Their brain targeting ability was evaluated both in 

vitro and in vivo. LNCs were chosen according both to their high drug loading potential 

within their oily core (unlike liposomes) and to their high kinetic stability provided by 

their solid surfactant shell. These carriers were prepared by the energetically-efficient 

phase inversion temperature (PIT) method. In order to evaluate the influence of particle 

size on the transcytosis mechanisms that mediate brain targeting, monodisperse LNCs 

in different sizes were prepared by varying the relative proportions of their excipients 

(Table 1). Alternatively, we hypothesized that given the plethora of receptors of the 

CNS to which cannabinoids have been reported to bind, cannabinoids hold great 

promise to enhance the brain targeting properties of nanocarriers. In particular, 

cannabidiol (CBD), the main cannabinoid devoid of psychotropic effects, seems the 

appropriate lead candidate to test the possibilities of this hypothesis [21]. Hence, 

preformed LNCs were later decorated with CBD to evaluate its role as brain targeting 

molecule. 

The different LNCs were firstly evaluated in vitro with cell viability, uptake and 

permeability experiments conducted on the human brain endothelial cell line 

hCMEC/D3. This cell line was used as the in vitro BBB model given both their human 

origin and their better barrier properties in comparison with other commonly used cell 

lines [33]. Cell viability experiments evidenced a size-dependent toxicity pattern on 

hCMEC/D3 cells. This correlation between particle size and cytotoxic effect on cerebral 

endothelial cells had not been studied previously. Hence, we ruled out the most 

cytotoxic particle size against the hCMEC/D3 cells and, for the remaining sizes, we 

determined non-toxic concentrations to perform both the uptake and the permeability 

experiments at equivalent concentrations of the dye-labeled LNCs.  

The BBB targeting efficiency of dye-labeled LNCs was measured by their 

cellular uptake through flow cytometry. The internalization of LNCs by hCMEC/D3 

followed a time-dependent pattern. Results consistently demonstrated a significantly 

higher BBB-targeting effect for smaller LNCs (for both unmodified-LNCs and CBD-

decorated LNCs) and for CBD-decorated LNCs (for equally-sized LNCs). The images 

taken by confocal microscopy further evidenced qualitatively the efficient internalization 

of LNCs. A 3D video reconstruction of the Z-stacks of these images seems to support a 

perinuclear localization of the LNCs within the hCMEC/D3 cells.  

The BBB transcytosis efficiency of dye-labeled LNCs was measured through 

permeability experiments across the in vitro BBB model. The integrity of the BBB model 

throughout the 24 hours that lasted the permeability experiments was previously 

demonstrated with TRITC-dextran as hydrophilic tracer: a comparison of the 

permeability coefficients of TRITC-dextran across the endothelium cell monolayer in 

vitro was not altered by the presence of LNCs (p>0.05). As a result, the in vitro BBB 

model was suitable for evaluating the transport ability of the different LNCs. We 

calculated herein the permeability coefficient as a robust parameter that enables the 

comparison of the different transport efficiencies. Importantly, permeability coefficient 

remains constant throughout the experiment, which is not the case for the transport 
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ratio expressed as percentage of passage across the endothelial monolayer. Although 

this ratio is being broadly utilized to express transport efficiencies [13, 15, 16, 19, 34-

37], it varies with the different time points and does not take into account important 

experimental parameters such as the insert surface area or the volumes of the 

acceptor and the donor chambers to normalize the data (which is precisely one of the 

main advantages of in vitro studies in comparison with the higher unquantifiable 

variability of in vivo experiments). For this reason, the efficiency of different brain active 

targeting strategies cannot be readily compared with transport ratios calculated as 

percentage. In order to attempt a comparison between various BBB-targeting peptides, 

Chen et al recently evaluated all these ligands in the same nanocarrier [17]. 

Nevertheless, this strategy will no longer be plausible with the widening in the brain 

targeting armamentarium. Noticeably, the cellular uptake results were consistent with 

the permeability experiments: the permeability coefficients across the endothelial 

monolayer were significantly higher for smaller LNCs (for both unmodified-LNCs and 

CBD-decorated LNCs) and for CBD-decorated LNCs (for equally-sized LNCs). Taken 

together, the in vitro results highlighted that CBD modification on LNCs plays a major 

role in the transport enhancement across the BBB model and so does a reduction in 

particle size (within the tested size-range: 20-60 nm).  

The in vitro BBB-targeting and penetrating properties across the hCMEC/D3 

monolayers were validated with biodistribution studies in mice following intravenous 

administration of dye-loaded LNCs. For in vivo experiments, we switched to the near-

infrared dye DiD as it is excited and emits within the wavelength window of 640−800 

nm (namely, the wavelength range with the lowest absorption in tissue). Although brain 

targeting efficiency has often been evaluated in pathophysiological models, given that 

BBB dysfunction only occurs in the most damaged brain regions, we aimed at 

evidencing targeting properties at earlier stages of the CNS diseases with 

biodistribution studies in healthy mice. Accordingly, we were forced to test smaller-

sized nanocapsules (20-55 nm) than the 100 nm-sized (or even above) carriers that 

have been developed for their evaluation in rodent models of CNS diseases [13, 15, 

17, 35, 38, 39].  

The in vivo results strongly confirmed the auspicious results obtained with the in 

vitro BBB model as, on the one hand, a decrease in particle size yielded a higher 

transcytosis rate to brain (1.6-fold increase for unmodified LNCs and 2.5-fold increase 

for CBD-decorated LNCs) and, on the other hand, the modification of LNCs with CBD 

showed higher brain targeting properties in vivo (2.5-fold increase for equally sized 

LNCs). The increase in brain levels highly correlated with the higher available plasma 

concentration and lower recognition by the reticuloendothelial organs observed for 

these formulations. As also occurred with in vitro results, it is often difficult to draw 

comparisons between in vivo results reported by different authors, especially in those 

studies that only specify the amount of fluorescent tracer distributed into the brain 

tissue, since this amount depends on the dye dose administered [40-42]. A comparison 

with those scarce studies that explored the brain targeting properties of carriers within 

the here tested size range (namely, 20-60 nm) and  expressed their results as 

percentage of the injected dose per gram of brain overall revealed brain levels in the 
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same order as those obtained herein [43, 44]. In particular, in [43] the maximal 

percentage of injected dose per gram of brain tissue (slightly below 0.3% for the 

targeted nanocarrier) was accomplished at a much later time point (tmax around 24h) 

than the reported herein (0.6% of injected dose per gram of brain tissue at only 90 

minutes following intravenous injection). However, it is worth mentioning that all these 

studies evaluated the biodistribution in glioma-bearing rodent models. Hence, whereas 

in our study only transcellular routes can be exploited for brain targeting, in the glioma-

bearing models the transcellular routes can be significantly supplemented with 

paracellular pathways across the blood-brain barrier to enhance the targeting 

properties (the extent of this contribution will highly depend on the disease stage). As a 

result, the evaluation of our nanocarrier system in an animal model of disease is 

expected to exhibit values even higher than those reported herein. Apart from that, Luo 

et al. had to utilize a double targeting strategy to achieve higher percentage of injected 

dose per gram of brain tumor [44]. More importantly, enhancement in brain targeting 

achieved with the conjugation of CBD to LNCs with regards to nude nanocapsules 

outperformed the enhancement observed for the gluthatione functionalization strategy 

(not statistically significant) tested in a seminal study with healthy mice that laid the 

foundations for the G-Technology® (the main brain active strategy that have already 

entered clinical trials for the treatment of CNS diseases) [45].  

Altogether, the enhancement in the brain targeting properties of LNCs achieved 

with CBD as targeting moiety and the correlation between reduction in particle size 

(within the size range 20-55 nm) and increase in transcytosis across brain capillaries 

have been consistently evidenced both in vitro through cellular uptake experiments by 

flow cytometry and confocal microscopy and through transport experiments across a 

endothelial monolayer and in vivo through biodistribution studies in healthy mice. The 

most likely mechanism of brain targeting of CBD is receptor-mediated transcytosis 

across the brain endothelium. CBD binds to many receptors preferentially located at 

the CNS level [21, 22, 27], and among those, dopamine receptor has been postulated 

to specifically locate at the BBB and has recently started being tested as a potential 

receptor to mediate brain targeting of nanomedicines with exogenous ligands [35]. 

5. Conclusion 

We have developed and evaluated pre-clinically both in vitro and in vivo an 

innovative BBB-targeted lipid nanocarrier aimed at brain active targeting following 

intravenous administration. In particular, we obtained monodisperse lipid nanocapsules 

by the phase inversion method and decorated them with non-psychotropic 

cannabinoids as pioneering brain targeting molecules. Both the permeability 

experiments across an in vitro BBB model and the biodistribution experiments 

demonstrated that the highest brain transcytosis rate was achieved with the smallest 

cannabinoid-decorated LNCs. Since the transport efficiency across the BBB certainly 

determines the efficacy of the treatments for brain disorders, our results indicate that 

small cannabinoid-decorated lipid nanocapsules represent an auspicious platform for 

the design and development of novel therapies for CNS diseases. Moreover, our study 

serves to widen with cannabinoids the yet scarce armamentarium of exogenous and 

non-immunogenic ligands available for brain targeting. Lastly, the consistency between 
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the in vitro and in vivo results served to validate our in vitro BBB model with the human 

brain endothelial cell line hCMEC/D3 as a versatile screening method to evaluate the 

passage of nanocarriers across the BBB that meets the high-throughput demands in 

the early stages of drug discovery and lacks ethical constraints. 
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Figure 2.2.S1: Influence of methanol addition on particle size of LNCs (p>0.05). 
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Introduction 

The therapeutic potential of several cannabinoids has become a research 

hotspot. In this regard, precisely due to the lack of psychoactive effects, CBD is 

doubtless the most auspicious phytocannabinoid for the treatment of various 

pathologies, namely inflammatory and neurodegenerative diseases, mental disorders, 

neuropathic pain, epilepsy and cancer [1]. In the latter case, apart from palliating 

cancer-related symptoms (such as nausea, pain or anorexia), CBD has been reported 

to promote apoptotic cancer cell death through the production of reactive oxygen 

species, to impair tumor angiogenesis and to reduce cell migration that ultimately 

accounts for metastasis [2]. In the case of gliomas, the expression of different 

receptors to which cannabinoids bind is increased (cannabinoid receptors 1 and 2 (CB1 

and CB2) [3] and transient potential vanilloid receptor type 2 (TRPV2) [4]). Accordingly, 

activation of these receptors by CBD induced apoptosis of glioma cells, while no effects 

were observed in normal human astrocytes [4, 5]. Therefore, we hypothesized on the 

one hand, that CBD can serve to widen the therapeutic armamentarium against 

malignant brain tumors thanks to its synergistic effects with the currently available 

drugs and radiotherapy [6], and, on the other hand, that CBD can act as a glioma-

targeting molecule for nanocarriers. If existing, this glioma-targeting effect, added to the 

results from the previous chapter, where we have introduced CBD as a pioneering 

brain active targeting moiety across the blood-brain barrier (BBB), would ultimately 

enable a dual-targeting strategy for intravenous treatment of glioma to be designed. 

Nonetheless, the high lipophilicity of cannabinoids, including CBD, has truly 

constrained their therapeutic potential due to formulation problems. In this context, 

these substances can take great advantage of nanomedicine-based formulation 

strategies. Consistently, several studies on nanocarriers encapsulating different kinds 

of cannabinoids have started being published recently for distinct therapeutic purposes 

(Table 1). Notwithstanding that for cannabinoids to achieve high translational impact 

these should be devoid of psychoactive effects, the focus so far has been mainly put 

on the encapsulation of Δ9-THC and Δ9-THC analogues. 
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Therefore, this chapter is devoted to evaluating the potential of the lipid LNCs 

as carriers for CBD for glioma therapy. To this end, we develop two distinct strategies 

to incorporate CBD in the LNCs depending on the ultimate therapeutic purpose.  

Cannabinoid 
Type of 

cannabinoid 
Carrier 

Therapeutic 

potential 
Ref 

9
Δ-THC Phytocannabinoid 

Mesoporous silica 

nanoparticles 

In vivo neuropathic 

pain relief 
[7] 

9
Δ-THC Phytocannabinoid 

PLGA 

nanoparticles 

In vitro and in vivo 

chemotherapy for 

lung cancer 

[8] 

9
Δ-THC Phytocannabinoid 

PLGA 

nanoparticles 

In vitro 

chemotherapy for 

colon 

adenocarcinoma 

[9] 

9
Δ-THC and 

CBD 
Phytocannabinoid Nanolipospheres - [10] 

AEA Endocannabinoid 

Poly-ε-

caprolactone 

nanoparticles 

- [11] 

Rimonabant 
Synthetic 

cannabidomimetic 

Nanostructured 

lipid carriers 
- [12] 

Rimonabant, 

URB597 and 

AM251 

Synthetic 

cannabidomimetic 

Nanostructured 

lipid carriers 
- [13] 

WIN55,212-2 
Synthetic 

cannabidomimetic 

Styrene maleic 

acid micelles 

In vivo neuropathic 

pain relief 
[14] 

Dexanabinol 
Synthetic 

cannabidomimetic 

Solid lipid 

nanoparticles 

In vivo 

antidepressant 

effect 

[15] 

CB13 
Synthetic 

cannabidomimetic 

PLGA 

nanoparticles 

In vivo neuropathic 

pain relief 
[16] 

CB13 
Synthetic 

cannabidomimetic 

PLGA 

nanoparticles 
- [17, 18] 

CB13 
Synthetic 

cannabidomimetic 

Lipid 

nanoparticles 
- [17, 19] 

Table 3.0.1: Published articles on the encapsulation of different kinds of 

cannabinoids within nanocarriers. 9Δ-THC: 9-delta-tetrahydrocannabinol, AEA: 

anandamide. 
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On the one hand, LNCs can overcome the dosing problems traditionally 

associated with cannabinoids. So as to evaluate the in vitro the efficacy of LNCs as 

extended-release carriers against the human glioblastoma cell line U373MG, we have 

encapsulated CBD at high drug loading into the oily core of LNCs. The role played by 

the size of LNCs in drug release and cytotoxicity is likewise thoroughly explored. On 

the other hand, to explore the potential of this phytocannabinoid to target any of the 

cannabinoid receptors overexpressed in glioma cells as aforementioned, we have 

developed a functionalization strategy of LNCs with CBD. It should be stated that this 

strategy was already utilized in the previous chapter as a brain active targeting 

strategy, but it is technologically described and characterized in detail in this third 

chapter due to formatting reasons, since this dissertation is organized as a 

compendium of research articles that must exhibit stand-alone entity for publication. 

The combination of both strategies would hold great promise for glioma therapy. 

This third chapter encompasses the scientific publications “Glioblastoma 

multiforme and lipid nanocapsules: a review” and “The potential of lipid nanocapsules 

decorated and loaded with cannabidiol for the treatment of malignant gliomas: in vitro 

evaluation”. In the review article we first provide an in-depth analysis of the possibilities 

of LNCs for treating malignant gliomas. Subsequently, in the original research article, 

we design and characterize the aforementioned two distinct strategies to incorporate 

CBD depending on the ultimate therapeutic purpose. To evaluate the in vitro glioma-

targeting efficiency of the functionalization strategy of LNCs with CBD, we conduct 

uptake experiments on the human glioblastoma cell line U373MG. To test the in vitro 

efficacy of CBD-encapsulating LNCs as extended-release carriers we conduct cell 

viability experiments with the same human glioblastoma cell line. The role played by 

the particle size of LNCs is evaluated in both experiments. 
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Abstract 

Epidemiological data on central nervous system disorders call for a focus on the 

major hindrance to brain drug delivery, blood-central nervous system barriers. 

Otherwise, there is little chance of improving the short-term survival of patients with 

diseases such as glioblastoma multiforme, which is one of the brain disorders 

associated with many years of life lost. Targetable nanocarriers for treating malignant 

gliomas are a unique way to overcome low chemotherapeutic levels at target sites 

devoid of systemic toxicity. This review describes the currently available targetable 

nanocarriers, focusing particularly on one of the newest nanocarriers, lipid 

nanocapsules. All of the strategies that are likely to be exploited by lipid nanocapsules 

to bypass blood-central nervous system barriers, including the most recent targeting 

approaches (mesenchymal cells), and novel administration routes (convection 

enhanced delivery) are discussed, together with their most remarkable achievements in 

glioma-implanted animal models. Although these systems are promising, much 

research remains to be done in this field. 

Keywords 

Central nervous system, brain tumors, brain drug delivery, blood–brain barrier, 

blood-cerebrospinal barrier, nanocarrier, active targeting, passive targeting 
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Abstract 

The therapeutic potential of cannabinoids has been truly constrained heretofore 

due to two main issues: their strong psychoactive effects and their high lipophilicity. In 

this context, precisely due to the lack of psychoactive properties, cannabidiol, the 

second major component of Cannabis sativa, arises as the phytocannabinoid with the 

most auspicious therapeutic potential. Hence, the incorporation of CBD in lipid 

nanocapsules will contribute to overcome the dosing problems associated with 

cannabinoids. 

Herein, we have encapsulated CBD into the oily core of LNCs to test their in 

vitro efficacy as extended-release carriers against the human glioblastoma cell line 

U373MG. The in vitro antitumor effect of CBD against human glioblastoma was 

demonstrated and the size of LNCs played a pivotal role in the extent of CBD release: 

20 nm-sized LNCs reduced by 3.0-fold the IC50 value of 50-nm sized LNCs. Moreover, 

to explore the potential of this phytocannabinoid to target any of the cannabinoid 

receptors overexpressed in glioma cells, we have developed a functionalization 

strategy of LNCs with CBD that enhanced the in vitro glioma targeting properties by 

3.4-fold in comparison with their equally-sized unmodified counterparts. Lastly, the 

combination of CBD-loading with CBD-functionalization further reduced the IC50 values. 

Hence, the potential of these two strategies of CBD incorporation into LNCs deserves 

subsequent in vivo evaluation. 

Keywords 

Cannabinoids, lipid nanocarriers, glioma targeting, extended-release, phase 

inversion temperature 
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1. Introduction 

Cannabis sativa is an herbaceous plant that contains over one hundred distinct 

pharmacologically-active terpenophenols that are produced in its glandular trichomes 

[1]. These compounds are known as phytocannabinoids since they chiefly exert their 

pharmacological effect on cannabinoid receptors. Other two types of cannabinoids are 

currently acknowledged: endocannabinoids, produced naturally by animals and 

humans, and synthetic cannabidomimetics.  

Various cannabinoids produce strong psychoactive effects, which have truly 

constrained their therapeutic potential. As a proof of it, the marketing authorization of 

rimonabant, a synthetic cannabidomimetic that had been approved as anorectic for 

obese patients, was withdrawn in 2009 due to its severe psychiatric side effects. 

Fortunately, cannabidiol (CBD), the second major component of Cannabis sativa, with 

the tetrahydrofuran ring cleaved, is devoid of psychoactive properties. Precisely due to 

this lack of psychoactive effects, CBD is doubtless the most auspicious 

phytocannabinoid for the treatment of various pathologies, namely inflammatory and 

neurodegenerative diseases, mental disorders, neuropathic pain, epilepsy and cancer 

[2]. In the latter case, apart from palliating cancer-related symptoms (such as nausea, 

pain or anorexia), CBD has been reported to promote apoptotic cancer cell death 

through the production of reactive oxygen species, to impair tumor angiogenesis and to 

reduce cell migration that ultimately accounts for metastasis [3-5]. Particularly, the 

expression of different receptors to which the phytocannabinoids bind is increased in 

glioma (cannabinoid receptors 1 and 2 (CB1 and CB2) [6] and transient potential 

vanilloid receptor type 2 (TRPV2) [7]). Accordingly, activation of these receptors by 

CBD induced apoptosis of glioma cells, while no effects were observed in normal 

human astrocytes [7, 8]. 

Glioblastomas are the most prevalent and aggressive type of glioma (classified 

as the highest malignancy grade of gliomas by the World Health Organisation due to 

their high proliferative potential and invasiveness) [9]. Since the current standard of 

care of glioblastoma remains questionable, with a poor median survival of 14.6 months 

and a 2-year survival rate of 26.5% [10],  CBD can serve to widen the therapeutic 

armamentarium for the treatment of malignant brain tumors thanks to its synergistic 

effects with the currently available drugs and radiotherapy [11]. As a proof of it, CBD 

has already reached the clinical trials stage in combination with chemo and/or 

radiotherapy for patients with glioblastoma (NCT01812616, NCT01812603, 

NCT03246113 and NCT03529448). 

Nonetheless, the high lipophilicity of cannabinoids, including CBD, has also 

hampered their therapeutic potential. In this context, these substances can take great 

advantage of nanomedicine-based formulation strategies. Consistently, several studies 

on nanocarriers encapsulating the different kinds of cannabinoids (phytocannabinoids 

[12-14], cannabidomimetics [15-18], and endocannabinoids [19] have started being 

published recently with distinct therapeutic purposes. Notwithstanding that for 

cannabinoids to achieve high translational impact these should be devoid of 
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psychoactive effects, the focus so far has been mainly put on the encapsulation of Δ9-

THC and Δ9-THC analogues. 

Herein, we develop monodisperse lipid nanocapsules (LNCs) as biocompatible 

and biodegradable carriers for CBD, the major non-psychotropic phytocannabinoid. 

LNCs are prepared by the energetically efficient phase inversion temperature method. 

We encapsulate CBD into the oily core of LNCs at high drug loading, under the 

assumption that it would help overcome classical formulation issues linked to 

cannabinoids and attain a platform for its prolonged release after administration. Their 

in vitro efficacy against the human glioblastoma cell line U373MG is evaluated by 

means of cell viability experiments. The role played by the size of LNCs in CBD release 

and cytotoxicity is likewise thoroughly explored. Moreover, we evaluate the possibilities 

of this cannabinoid to target any of the cannabinoid receptors overexpressed in glioma 

cells as aforementioned. To this end, we develop a functionalization strategy of LNCs 

with CBD wherewith subsequently conduct uptake experiments on the same human 

glioblastoma cell line to evidence the potential targeting efficiency of this strategy.   

2. Materials and methods 

2.1. Materials 

Labrafac lipophile® WL 1349 (caprylic-capric acid triglycerides) was kindly 

supplied by Gattefossé. Kolliphor® HS15 (C18E15 polyethylene glycol (15) 12-

hydroxystearate) was a gift from BASF. Lipoid® S75 (soybean lecithin with 70% of 

phosphatidylcholine) was supplied by Lipoid-Gmbh. NaCl was purchased from 

Panreac. De-ionized water was obtained from a MilliQ® Purification System. The 

fluorescent dye 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) was purchased 

from Invitrogen Molecular Probes. Cannabidiol (CBD) was provided by THC-Pharma. 

Methanol, acetonitrile and tetrahydrofuran HPLC grade were purchased from Fisher 

Scientific. Amicon® Ultra 15 mL Centrifugal Filters (MWCO: 10 kDa) were supplied by 

Merck Millipore. Dulbecco’s Modified Eagle Medium (DMEM) and Penicillin-

Streptomycin (10,000 U/mL) were provided by Gibco. Fetal bovine serum was supplied 

by Biowest. Hank’s Balanced Salt Solution (HBSS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT), dimethyl-sulfoxide (DMSO) and sterile Nunc 

Lab-Tek® chamber slides (8 wells, Permanox® slide, 0.8 cm2/well) were purchased 

from Sigma-Aldrich. Vectashield® mounting medium with DAPI (H-1200) was provided 

by Vector Laboratories. 

2.2. Cell line 

The human glioblastoma U373MG cells were cultured in DMEM medium 

supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL 

streptomycin at 37ºC in an humidified atmosphere containing 5% CO2. For all 

experiments, cells between passage 15 and 25 were used. 

2.3. Preparation of lipid nanocapsules 

2.3.1. Blank lipid nanocapsules  
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Lipid nanocapsules (LNCs) were prepared by the phase inversion temperature 

(PIT) method. Succinctly, Labrafac lipophile® WL 1349,Koliphor® HS15, Lipoid® S75, 

NaCl and water were mixed under magnetic stirring and progressively heated over the 

phase inversion temperature of the system. Subsequently, the mixture was gradually 

cooled down until the phase inversion temperature was reached. Then, a sudden 

quench with cold water (5 mL) was performed to obtain the final suspension of LNCs. 

By varying the relative proportions of the excipients, formulations of blank LNCs in 

different sizes were prepared. 

2.3.2. Cannabidiol-loaded LNCs 

Cannabidiol (CBD) was encapsulated in LNCs for in vitro efficacy experiments. 

To prepare the CBD-loaded LNCs, the cannabinoid was firstly dissolved in the oily 

phase that constitute the core of the LNCs at a concentration of 15 % CBD/ Labrafac 

lipophile® WL1349 (w/w). Then, the remaining excipients were added and 

progressively heated and cooled down around the phase inversion temperature as 

indicated in 2.3.1. 

2.3.3. Fluorescently-labeled LNCs  

The fluorescent dye DiO was encapsulated in LNCs for particle tracking 

purposes in in vitro experiments. To prepare the dye-loaded LNCs, the fluorescent dye 

was firstly dissolved in the oily phase that constitute the core of the LNCs at a weight 

ratio of 15 mg of dye/ g of Labrafac lipophile® WL1349. Then, the remaining excipients 

were added and progressively heated and cooled down around the phase inversion 

temperature as indicated in 2.3.1. 

2.3.4. Functionalization of LNCs with CBD  

Pre-formed blank LNCs were incubated with a CBD solution to ultimately obtain 

functionalized LNCs at two different concentrations of CBD (10 mg/mL in a 1:4 (v/v) 

ratio for a final CBD concentration of 2.5 mg/mL and 15 mg/mL in a 1:3 (v/v) ratio for a 

final CBD concentration of 5 mg/mL, respectively). The mixture was gently stirred 

overnight until complete solvent evaporation. The contribution of the solvent itself to the 

size distribution of LNCs was ruled out by incubating LNCs with pure solvent. Similarly, 

fluorescently-labeled and CBD-loaded LNCs were also functionalized with CBD at the 

higher concentration (5 mg/mL). 

The detailed excipient weight for each group of LNCs is shown in Table 1: blank 

LNCs (F1-F3), CBD-loaded LNCs (F4-F6), CBD-functionalized LNCs (2.5 mg/mL –F7-

F9- and 5 mg/mL –F10-F12), fluorescently-labeled LNCs (F13-F16) and CBD-

functionalized-CBD-loaded LNCs (F17 and F18). 
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Table 3.2.1: Detailed excipient weight (in mg) for each formulation of LNC in 

final suspension. 
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2.4. Characterization of LNCs 

2.4.1. Size distribution and zeta potential 

The mean volume diameter and polydispersity index (PdI) of each formulation 

were measured by dynamic light scattering (DLS) using a Microtrac® Zetatrac™ 

Analyzer (Microtrac Inc., USA). Measurements were done in triplicate. The zeta 

potential of the different formulations of LNCs was measured by means of a Zetasizer 

Nano ZS (Malvern Instruments). 

2.4.2. Morphological examination of LNCs 

The morphological examination of LNCs was performed by transmission 

electron microscopy (TEM). TEM images were taken on a T20-FEI Tecnai thermoionic 

microscope at the Advanced Microscopy Laboratory, LMA, (Zaragoza, Spain). To 

prepare the samples for TEM, 20 μl of lipid nanocapsule suspension was dropped on a 

carbon copper grid (200 mesh), negatively stained with phosphotungstic acid and dried 

at room temperature. The microscope was operated at an acceleration voltage of 200 

kV. 

2.4.3. Incorporation efficiency and drug content 

The incorporation efficiency (IE) and drug content (DC) of CBD in the different 

formulations of LNCs were determined by high performance liquid chromatography 

(HPLC). The HPLC method was adapted from [20]. An Agilent 1200 Infinity HPLC 

system was utilized. A mixture of methanol: acetonitrile: water (52:30:18 v/v) at a flow 

rate of 1.8 mL/min was used as mobile phase. The analytical column was a reversed-

phase Mediterranea Sea® C18 (5μm 15 x 0,46 cm) (Teknokroma®). The retention time 

of CBD was 5 minutes. 

The incorporation efficiency was calculated using Equation 1, whereas the drug 

content was calculated using Equation 2:  

𝐼𝐸(%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝐵𝐷 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝐿𝑁𝐶𝑠

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝐵𝐷 𝑖𝑛𝑖𝑡𝑎𝑙𝑙𝑦 𝑎𝑑𝑑𝑒𝑑
𝑥100 (Equation 1) 

𝐷𝐶(%) =
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝐵𝐷 𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝐿𝑁𝐶𝑠

𝑁𝑎𝑛𝑜𝑐𝑎𝑝𝑠𝑢𝑙𝑒 𝑒𝑥𝑐𝑖𝑝𝑖𝑒𝑛𝑡𝑠′𝑤𝑒𝑖𝑔ℎ𝑡
𝑥100 (Equation 2) 

where the amount of CBD associated with LNCs in each case was determined 

as the difference between the unassociated CBD filtered with 10 kDa Amicon® 

Centrifugal Filters (6000 rpm, 60 min) and the total amount of CBD in suspension 

derived from the lysis of LNCs with tetrahydrofuran (1:5 (v/v)). 

2.5. In vitro cytotoxicity 

Free CBD, CBD-loaded LNCs (F10 and F11) and CBD-functionalized CBD-

loaded LNCs (F17 and F18) were assessed for cytotoxicity against human 

glioblastoma U373MG cells using a MTT assay. Briefly, U373MG cells were seeded 

into 96-well plates at a density of 2 x 104 cells/well. After cells had been confluent for 

48 hours, they were treated with free CBD for 48 hours and with suspensions of LNCs 



Chapter 3: Lipid nanocapsules loaded and decorated with cannabidiol for glioma therapy 

269 
 

(200 µL) for 48 and 96 hours. Then, the medium was removed and 60 µL of MTT 

solution (1 mg/mL) in complete DMEM were added to each well and incubated for 4 

hours. Afterwards, the media containing MTT was removed and 100 µL of DMSO was 

added to each well. The plates were agitated for 10 minutes and the absorbance was 

measured at 570 nm using a microplate reader (Varioskan Flash, Thermo Scientific). 

Experiments were performed in triplicate at each time-point. For each formulation of 

CBD-loaded LNCs, U373MG cells treated with their blank counterparts served as 

control. Cell viability of each group was expressed as a percentage relative to that of 

control. Inhibitory concentration (IC50) was calculated in each case for comparison 

purposes. 

2.6. In vitro cellular uptake  

2.6.1 Uptake experiments evaluated by flow cytometry 

To quantitatively evaluate the glioma targeting ability of LNCs in vitro, U373MG 

cells were seeded into 6-well plates at a density of 2.5 x 105 cells/well. After cells had 

been confluent for 48 hours, the culture medium was replaced by DiO-labeled LNCs 

(F13-F16 at an equivalent dye concentration of 1.65 µg DiO/mL of suspension) 

suspended in complete DMEM (2 mL) wherewith cells were incubated for 24 hours. 

Then, cells were rinsed with HBSS, trypsinized and finally resuspended in 0.3 mL 

HBSS. The fluorescence intensity of cells treated with fluorescent-LNCs was analyzed 

with a flow cytometer (Beckman Coulter Epics XL). Experiments were performed in 

triplicate. U373MG cells treated with blank LNCs served as control. Cellular uptake of 

each group was expressed as fold-increase in fluorescence mean relative to that of 

control after correction for the different amount of dye per individual LNC in each 

formulation. 

2.6.2. Uptake experiments evaluated by laser scanning confocal microscopy 

To qualitatively illustrate the glioma targeting ability of LNCs in vitro, U373MG 

cells were seeded into chamber slides at a density of 2 x 104 cells/well. After cells had 

been confluent for 48 hours, the culture medium was replaced by unmodified or CBD-

functionalized DiO-labeled LNCs at an equivalent dye concentration of 1.65 µg DiO/mL 

suspended in complete DMEM (0.35 mL) wherewith cells were incubated for 24 hours. 

Then, cells were rinsed with HBSS and mounted with Vectashield® with DAPI 

mounting medium. The cells were then observed with a confocal microscope (Leica 

TCS SP5, 405 nm for DAPI, 488 nm for DiO). U373MG cells treated with blank LNCs 

served as control. 

2.7. Statistical analysis 

All experiments were done in triplicate and all data are expressed as mean ± 

SEM. Unpaired Student’s t test was used for two-group analysis. Statistical significance 

was fixed as *:p<0.05, **:p<0.1,***:p<0.001. All the data were analyzed using the 

GraphPad Prism 7 software. 

3. Results and discussion 
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Blank monodisperse LNCs were obtained by the PIT method in different sizes 

by varying the relative proportion of excipients as detailed in Table 1 (F1-F3). In 

formulations F4-F6, CBD was included in the formulation procedure as drug payload 

dissolved in the oily phase of the core of the capsules at a concentration of 15 % 

CBD/Labrafac lipophile® WL1349 (w/w). The choice of the oily phase was based on 

the solubility of CBD to easily achieve both high encapsulation efficiencies and drug 

loading. In this regard, whereas the authors that tried to encapsulate distinct 

cannabinoids in polymer nanoparticles only achieved encapsulation efficiencies around 

70% [15, 16, 21], those studies that utilized lipid-based carriers exhibited values above 

90% [17, 22]. This comparison has been corroborated by Durán-Lobato et al. [23]. 

Unlike these authors, we utilized a low-energy method to prepare monodisperse lipid 

carriers in smaller sizes. The high incorporation efficiencies reported herein (Table 2) 

are in agreement with those values achieved for the incorporation of drug substances 

with similar log P values into analogous carriers [24, 25] and significantly higher than 

those obtained with less lipophilic drug substances, as etoposide with a log P= 1.1 only 

achieved a 56% of incorporation efficiency [26]. However, whereas these authors 

achieved at best a drug loading of 1.5% [25], we have utilized herein much higher 

percentages of CBD content (Table 2, F4-F6). According to our size distribution 

measurements, for all these CBD-loaded formulations (F4-F6) there was a statistically 

significant increase in particle size that progressively augmented with the initial size of 

blank LNCs (Fig. 1a, p<0.05). These results are positively correlated with the 

respective percentage of drug loading that represented CBD in each case, which was 

the highest for the biggest LNCs (9.78%) and the lowest for the smallest ones (4.30%). 

Interestingly, the CBD loading in the oily core did not significantly alter the 

polydispersity index (PdI) in comparison with blank LNCs (Fig 1b, p>0.05). Moreover, 

in agreement with the hypothesized encapsulation within the oily core, no changes in 

the zeta potential profiles were evidenced (Fig. 1c-h). Indeed, values close to neutrality 

with high profile width were obtained in all cases, as it might be expected from a shell 

made of a complex mixture of poly (ethoxylated) surfactants (Kolliphor HS15®). 

Consistently, the width of the zeta potential distribution was progressively reduced with 

a decrease in the surfactant percentage (from the smallest (Fig. 1 c-d) to the biggest 

LNCs (Fig. 1 g-h)). 

Table 3.2.2: Incorporation efficiencies (IE) and drug content (DC) of the different 

LNCs following the distinct strategies to incorporate CBD discussed in the text. 

LNC formulation IE (%) DC (%) 

F4 96.75 ± 1.45 4.30 ± 0.07 

F5 96.43 ± 3.25 7.66 ± 0.30 

F6 95.38 ± 1.25 9.78 ± 0.13 

F7 94.17 ± 1.54 0.76 ± 0.02 

F8 98.91 ± 2.75 1.16 ± 0.02 

F9 95.22 ± 0.78 1.21 ± 0.01 

F10 96.99 ± 2.58 1.55 ± 0.07 

F11 95.97 ± 4.72 2.17 ± 0.06 

F12 98.61 ± 2.02 2.51 ± 0.06 
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Figure 3.2.1: Characterization of the encapsulation strategy of CBD within the 

oily core of LNCs: blank (F1-F3) and CBD-loaded (F4-F6) LNCs. (a) Average volume 

diameter (nm). (b) Polydispersity index (PdI). (c-h) Zeta potential profiles of F1 (c), F4 

(d), F2 (e), F5 (f), F3 (g) and F6 (h). 
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Moreover, to explore the potential of this phytocannabinoid to target any of the 

cannabinoid receptors overexpressed in glioma cells, we have developed a 

functionalization strategy of LNCs with CBD on their surface. This strategy consisted in 

the incubation of pre-formed LNCs with a CBD solution to obtain functionalized LNCs 

at two different concentrations of CBD (2.5 and 5 mg/mL, respectively). The incubation 

of LNCs with pure solvent did not contribute to any increase in particle size (data not 
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shown). Hence, all changes observed in the characterization of LNCs were attributed to 

the cannabinoid itself. We followed an analogous procedure to the one utilized by other 

authors to incorporate novel targeting peptides on the surface of LNCs [27, 28]. 

However, whereas these authors only achieved 48.3% adsorption efficiency, we report 

herein higher incorporation efficiencies for CBD-functionalization (Table 2). These 

results could be explained by the lower aqueous solubility of CBD than peptides, which 

ultimately favors its adsorption at the amphiphilic surfactant interface. According to the 

size distribution measurements, the functionalization with CBD significantly increased 

the particle size of blank LNCs (Fig. 2a, p<0.05). This increase in average volume 

diameter is noticeably higher than the increase observed for CBD-loaded LNCs (F4-

F6), even if the percentage of drug content is much lower in the case of CBD-

functionalized LNCs (Table 2). These results supported that CBD should be placed in a 

distinct location than the capsule core. Indeed, the increase in volume diameter 

followed an inverse size-related pattern: the greatest percentage of size increase was 

observed with the smallest LNCs (75%) and vice versa (33% increase for medium-

sized LNCs and 16% increase for the biggest LNCs). The higher specific surface area 

and the higher surfactant density at the particle interface of the smallest LNCs could 

account for this trend observed upon CBD functionalization. Noticeably, the 

polydispersity index in the smallest and medium-sized LNCs was significantly 

increased in comparison with their blank counterparts (Fig. 2b, p<0.01), which did not 

occur when the CBD was incorporated dissolved in the oily core. Furthermore, in 

agreement with the hypothesized superficial location of CBD, the zeta potential profiles 

were remarkably smoothed in comparison to the ones previously obtained both for 

blank and CBD-loaded LNCs (Fig. 2 c-h). These profiles are consistent with a shell 

dominated by a single entity instead of the former mixture of poly (ethoxylated) 

surfactants and, accordingly, were steadily sharpened with an increase in CBD content 

in the final formulation from 2.5 mg/mL (Fig. 2 c, e, g) to 5 mg/mL (Fig. 2 d, f, h). 

The different formulations of LNCs were visualized through transmission 

electron microscopy (TEM). Interestingly, TEM images served to evidence the 

spherical morphology of LNCs (Fig. 3). In no case did this geometry significantly vary 

upon incorporation of CBD. Moreover, the previous analysis of size distribution of the 

different formulations based on DLS data was highly corroborated with particle sizes 

observed through TEM (Fig. 3). 

Altogether, our results highlight that LNCs arise as biocompatible and 

biodegradable carriers for CBD, the main non-psychotropic phytocannabinoid, which 

will doubtless contribute to palliate the technological constraints traditionally associated 

with cannabinoids due to their high lipophilicity [29]. In particular, we have 

encapsulated CBD into the oily core of LNCs at high drug loading to attain a prolonged-

release platform for this cannabinoid wherewith we will test heir in vitro efficacy against 

the human glioblastoma U373MG cell line. Moreover, we have decorated the surface of 

LNCs with CBD wherewith subsequently conduct uptake experiments on the same 

human glioblastoma cell line to explore the possibilities of this cannabinoid to target in 

vitro any of the cannabinoid receptors overexpressed in glioma cells. 
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Figure 3.2.2: Characterization of the functionalization strategy of LNCs with 

CBD: blank (F1-F3), CBD-functionalized (2.5 mg CBD/mL of suspension) (F7-F9) and 

CBD-functionalized (5 mg/mL CBD/mL of suspension) (F10-F12) LNCs. (a) Average 

volume diameter (nm). (b) Polydispersity index (PdI). (c-h) Zeta potential profiles of F7 

(c), F10 (d), F8 (e), F11 (f), F9 (g) and F12 (h). 
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The fact of having obtained two distinct delivery systems with the CBD located 

either in the oily core or on the surface of the LNCs by varying the formulation 

procedure seems to refute the drop tensiometry experiments performed by some 

authors to elicit the disposition of a particular cargo within a core-shell carrier on the 

grounds of the monitored surface tension between the aqueous and oily phases upon 

addition of the cargo [27, 30]. These studies focus on the interactions with the aqueous 
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and oily phases but overlook the role played by the surfactant shell in the cargo 

incorporation. Moreover, they underestimate the potential influence of the technological 

incorporation procedure on the final disposition of the drug substance within the carrier. 

Figure 3.2.3: TEM images of the different formulations of LNCs. (a) F1. (b) F4. 

(c) F10. (d) F2. (e) F5. (f) F11. (g) F3. (h) F6. (i) F12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, both unmodified and CBD-decorated fluorescently-labeled LNCs 

were developed for in vitro particle tracking purposes (F13-F16) and CBD-decorated-

CBD-loaded LNCs were obtained to evidence if the CBD-decoration could enhance the 

in vitro cytoxicity of CBD-loaded LNCs. As shown in Figure 4a, after loading F1 and F2 

with fluorescent dyes, we obtained analogously-sized LNCs: 20 nm (F13) and 40 nm 

(F14). However, the decoration of dye-loaded LNCs with CBD increased the particle 

size to 40 nm (F15) and 60 nm (F16), respectively. Similarly, the functionalization with 

CBD of CBD-loaded LNCs (F4 and F5) significantly increased the average volume 

diameter to 40 nm (F17) and 60 nm (F18), respectively (Figure 4a). As observed with 

unloaded LNCs, the polydispersity index invariably increased after CBD decoration in 

comparison with their untargeted counterparts (Figure 4b). 

In cytotoxicity experiments, the role played by particle size in the efficacy as 

extended-release carriers for CBD will be evaluated with 20 nm and 50 nm-sized CBD-

loaded LNCs (namely, F4 and F5). 

a b c 

d e f 

g h i 
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Figure 3.2.4: Characterization of the size distribution of the fluorescently-labeled 

LNCs and CBD-functionalized-CBD-loaded LNCs: blank (F1-F2), non-functionalized 

fluorescently-labeled (F13-F14), CBD-functionalized fluorescently-labeled (F15-F16) 

and CBD-decorated-and-CBD-loaded (F17-F18) LNCs. (a) Average volume diameter 

(nm). (b) Polydispersity index (PdI). 

F 1 F 1 3 F 1 5 F 1 7 F 2 F 1 4 F 1 6 F 1 8
0

2 0

4 0

6 0

8 0

V
o

lu
m

e
 d

ia
m

e
te

r
 (

n
m

) a

F 1 F 1 3 F 1 5 F 1 7 F 2 F 1 4 F 1 6 F 1 8
0 .0 0

0 .0 5

0 .1 0

0 .1 5

P
o

ly
d

is
p

e
r
s

it
y

 i
n

d
e

x
 (

P
d

I)

b

 

Free CBD and the LNCs loaded with CBD within their oily core were tested for 

in vitro efficacy against the human glioblastoma U373 MG cell line by the MTT assay. 

Blank LNCs were used as controls for their CBD-loaded counterparts. Remarkably, 

blank LNCs did not show any significant cytotoxicity against the U373MG cell line 

within the concentration range tested (cell viability above 70% versus untreated cells 

according to the ISO 10993-5 Biological evaluation of medical devices, Part 5: Tests for 

in vitro cytotoxicity). Hence, all changes observed in the percentage of cell viability 

were attributed to the extent of CBD released from the LNCs at each time point.  

Both free CBD and CBD-loaded LNCs reduced the viability of U373MG cells in 

a concentration-dependent manner, demonstrating thereby the in vitro antitumor effect 

of CBD against human glioblastoma. As shown in Table 3, free CBD (IC50 = 29.1 μM) 

exhibited an evident anti-proliferative effect against the U373MG cells, with an IC50 

value in agreement with those values reported in [31]. In all cases, the inclusion of CBD 

within the core of the LNCs considerably increases the IC50 value achieved with free 

CBD. These results are explained by the fact that free CBD is readily available to exert 

its cytotoxic effect on by glioma cells, whereas encapsulated CBD must be released 

from the oily core of LNCs firstly, a process that can be prolonged over longer periods. 

Other authors have recently observed analogous trends for other combinations of drug 

substances and carriers [32-34]. 

In particular, we report herein that the size of LNCs plays a pivotal role in the 

extent of CBD release. In this regard, based on a 48 h treatment period, 20 nm-sized 

LNCs (F4) outperformed the IC50 value of 50-nm sized LNCs (F5): 202.6 μM vs 615.4 

μM, respectively (Figure 5, Table 3). This finding highlights the distinct release patterns 

according to particle size. Moreover, we further evaluated the cytotoxic effect of these 

formulations over 96 hours to demonstrate if LNCs could serve as efficient prolonged-

release carriers. Effectively, both formulations continued to release CBD from their oily 

cores and the IC50 values were consequently reduced with a longer treatment period 

(129.1 μM vs 202.6 μM for F4 and 375.4 μM vs 615.4 μM for F5). As occurred on the 

48 h treatment period, the IC50 values were lower for the smaller LNCs (129.1 μM vs 
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375.4 μM). Noticeably, regardless the incubation period, 20 nm-sized CBD-loaded 

LNCs (F4) achieved a 3-fold reduction in IC50 in comparison with 50-nm sized CBD-

loaded LNCs (F5) (Table 3). 

Table 3.2.3: IC50 values of free CBD and the different CBD-loaded LNCs 

against the U373MG cell line. 

Formulation and time IC50 (μM) 

Free CBD 48h 29.1 

F4 48h 202.6 

F4 96h 129.1 

F5 48h 615.4 

F5 96h 375.4 

F17 48h 158.6 

F18 48h 513.2 

Figure 3.2.5: Cytotoxicity of free CBD and undecorated CBD-loaded LNCs 

against the U373MG cell line. 
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So as to determine their in vitro glioma targeting ability, different formulations of 

fluorescently-labeled LNCs at an equivalent dye concentration of 1.65 µg DiO/mL of 

suspension were tested on the human glioblastoma U373MG cell line by flow 

cytometry (Figure 6). In uptake experiments, the role played by particle size in the 

glioma targeting properties will be assessed separately in non-modified and in CBD-

decorated dye-loaded LNCs (namely, F13 vs F14 and F15 vs F16) and, on the other 

hand, the influence of CBD-decoration in glioma targeting will be evaluated for equally-

sized LNCs (namely, F14 vs F15). 

Overall, all tested formulations were efficiently internalized by the human 

malignant glioma cells with more than 99% of positive cells in all cases. On the one 

hand, the influence of particle size on the extent of cellular uptake by the human 

glioblastoma cell line was evaluated with the purpose of determining the most 
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auspicious features that the ideal carrier should accomplish to move forward to in vivo 

studies. This influence was evaluated both in the absence (F13 vs F14) and in the 

presence of the cannabinoid on the surface of the LNCs (F15 vs F16). In this regard, 

the measured fluorescence intensities allowed us to draw a consistent comparison of 

the role played by particle size for both unmodified LNCs (Figure 6a, p<0.05) and CBD-

functionalized LNCs (Figure 6b, p<0.001): a decrease in volume diameter yielded an 

increase in in vitro uptake by malignant glioma cells.  

On the other hand, the role played by the functionalization with CBD in the 

extent of in vitro cellular uptake was also quantitatively evaluated. The modification with 

CBD significantly enhanced the in vitro glioma targeting properties of LNCs, as it was 

concluded from a comparison of equally sized unmodified and CBD-functionalized 

LNCs (F14 vs F15, Figure 6c, p<0.001). Altogether, the highest glioma targeting ability 

was achieved with the smallest cannabinoid-modified LNC formulation (F15 in Table 1). 

Figure 3.2.6: Evaluation of the in vitro cellular uptake of LNCs into the human 

glioblastoma U373MG cell line by flow cytometry expressed as folds increase in mean 

fluorescence intensity versus control. (a) Evaluation of the role played by particle size 

on the in vitro cellular uptake of unmodified LNCs (p<0.05). (b) Evaluation of the role 

played by particle size on the in vitro cellular uptake of CBD-functionalized LNCs 

(p<0.001). (c) Evaluation of the influence of CBD-functionalization on the in vitro glioma 

targeting efficiency for equally-sized LNCs (p<0.001). 
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We have reported herein that the modification of LNCs with CBD enhanced the in vitro 

glioma targeting properties by 3.4-fold in comparison with their equally-sized 

unmodified counterparts. These auspicious in vitro glioma-targeting properties 
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demonstrated for the CBD-functionalization strategy are in the same order of 

magnitude than those observed with other glioma targeting moieties [35, 36]. For 

instance, the aptamer AS1411 that binds to nucleolin, a protein overexpressed in highly 

proliferative cells yielded a 3-fold increase in in vitro glioma-targeting properties of poly 

glutamylglutamine nanoconjugates when tested in the human glioblastoma U87MG cell 

line [35]. With this same cell line, angiopep-2 (a targeting moiety currently in clinical 

trials for different brain tumor conditions that promotes receptor-mediated transcytosis 

across the low density lipoprotein receptor LRP1) enhanced the cellular uptake of poly 

(lactic-co-glycolic) acid nanoparticles by 3.6-fold [36]. Unlike angiopep-2, the non-

peptide nature of CBD makes it less prone to cause immunogenicity.  

Interestingly, CBD performed better than other tested glioma-targeting moieties. 

In this regard, two different ligands of the transferrin receptor highly expressed in 

glioma cells yielded a 1.73-fold and 2.28-fold increase (for transferrin [37] and T7 

peptide [38], respectively) in cellular uptake of liposomes and core-shell nanoparticles 

into the C6 and U87MG cell lines. Analogously, mannose as ligand targeting the 

glucose transporter only achieved a 1.18-fold increase in cellular uptake of liposomes 

into the rat glioma C6 cell line [37]. 

Concomitantly, we have reported herein that a reduction in particle size of LNCs 

enhanced the cellular uptake by 3.0-fold for unmodified LNCs and 3.5-fold for CBD-

modified LNCs. In this regard, it is worth mentioning that none of the aforementioned 

studies evaluated the role played by particle size on the internalization extent of 

nanocarriers by glioma cells. 

Moreover, the in vitro glioma targeting ability of LNCs was further analyzed 

qualitatively by confocal microscopy. As shown in Figure 7, both unmodified and CBD-

functionalized LNCs were efficiently internalized by U373MG cells. The images taken 

by confocal microscopy consistently demonstrated a significantly higher glioma 

targeting effect for CBD-functionalized LNCs. Furthermore, intracellularly LNCs seem 

to exhibit a perinuclear location, as the images from the DiO channel perfectly serves 

to delimit the nuclear region. 

Given the enhancement in in vitro glioma targeting properties of the CBD-

decorated LNCs evidenced by flow cytometry and confocal microscopy, we tested if the 

functionalization of CBD-loaded LNCs with CBD, with the ensuing enhanced 

internalization extent, could further reduce the IC50 values achieved for their 

undecorated counterparts. As shown in Figure 8, CBD-functionalized CBD-loaded 

LNCs outperformed the cytotoxicity of CBD-loaded LNCs following 48 hours treatment 

(namely, 158.6 μM vs 202.6 μM for F17 and F4; and 513.2 μM vs 615.4 μM for F18 and 

F5, respectively, Table 3). These results can be accounted for by the differences in the 

drug release rate as a function of the distinct location of the CBD in each formulation. 

Whereas CBD-decorated LNCs exhibit part of the cannabinoid on their surface, and 

hence more prone to faster release within glioma cells, undecorated CBD-loaded LNCs 

have the totality of the drug encapsulated within the oily core, wherein CBD has higher 

solubility and calls for a longer distance for diffusion. 
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Figure 3.2.7: Evaluation of the in vitro cellular uptake of LNCs into the human 

glioblastoma U373MG cell line by confocal microscopy: DAPI (left), DiO (center), 

merged (right). (a) Blank LNCs. (b) unmodified fluorescently-labeled LNCs. (c) CBD-

decorated fluorescently-labeled LNCs. Scale bar = 25 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Altogether, results from cytotoxicity and uptake experiments are highly 

interrelated. On the one hand, a decrease in volume diameter yields a reduction in the 

IC50 values in cytotoxicity experiments due to the faster CBD release and an increase 

in the in vitro uptake by glioblastoma cells. Hence, the cellular uptake and the drug 

release rate that ultimately leads to greater cytotoxicity against glioma cells can be 

tailored by varying the particle size of LNCs. On the other hand, the functionalization of 

with CBD further reduced the IC50 values of CBD-loaded LNCs and enhanced the in 

vitro glioma targeting properties of LNCs. 

4. Conclusions 

Although cannabinoids show auspicious pharmacological properties, their 

therapeutic potential has not yet been widely explored due to two main issues: their 

strong psychoactive effects and their high lipophilicity. Hence, precisely due to their 

lack of psychoactive properties, cannabidiol (CBD) can take great advantage of 

a 

c 

b 
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nanomedicine-based formulation strategies for the treatment of various pathologies. In 

particular, CBD has been reported to not only palliate cancer-related symptoms (such 

as nausea, pain or anorexia) but also promote apoptotic cancer cell death through the 

production of reactive oxygen species, impair tumor angiogenesis and reduce cell 

migration. Therefore, CBD could serve to widen the therapeutic armamentarium for the 

treatment of malignant brain tumors thanks to its synergistic effects with the currently 

available treatments and to this end, we have encapsulated CBD into the oily core of 

LNCs at high drug loading and evaluated their in vitro efficacy as prolonged-release 

carriers against the human glioblastoma cell line U373MG. The in vitro antitumor effect 

of CBD against human glioblastoma has been confirmed and the size of LNCs has 

been evidenced to play a pivotal role in the extent of CBD release: 20 nm-sized LNCs 

reduced by 3.0-fold the IC50 value of 50-nm sized LNCs. 

Figure 3.2.8: Comparison of the cytotoxicity of undecorated CBD-loaded LNCs 

(F4 and F5) with CBD-functionalized CBD-loaded LNCs (F17 and F18) against the 

U373MG cell line following 48 hours treatment. 
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Moreover, since the expression of different receptors to which the cannabinoids 

bind is increased in glioma, CBD could actively target glioma cells. Therefore, we have 

functionalized LNCs with CBD and evaluated their in vitro glioma targeting ability with 

the same human glioblastoma cell line. The functionalization of LNCs with CBD 

enhanced the in vitro glioma targeting properties by 3.4-fold in comparison with their 

equally-sized unmodified counterparts. These glioma-targeting properties equal the 

enhancements obtained with some other targeting moieties such as the AS1411 and 

angiopep-2 (the latter has already reached the clinical trials stage) and even 

outperform those achieved with transferrin and mannose.  

Lastly, provided that the functionalization with CBD enhances the in vitro glioma 

targeting, we further evaluated if the functionalization of CBD-loaded LNCs with CBD 

could further reduced the IC50 values achieved for their undecorated counterparts. In all 
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cases, CBD-functionalized CBD-loaded LNCs outperformed the cytotoxicity of CBD-

loaded LNCs following 48 hours treatment. 

Taken together, our results offer great promise for subsequent in vivo 

evaluation of LNCs loaded and decorated with CBD. 
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Introduction 

Given the extremely heterogeneous nature of malignant brain tumors, the 

assumption that a single therapy could be beneficial for all patients is no longer 

plausible. At best, each treatment would only be effective for certain target populations 

at certain stages of disease. In this context, the advent of theranostics, defined as the 

combination of imaging and therapeutic agents for their simultaneous delivery, holds 

tremendous promise for the individualized management of malignant brain tumors at 

distinct levels [1]. 

Firstly, simultaneous imaging and therapy could provide non-invasive 

monitoring of drug distribution and accumulation at the tumor site together with early 

feedback on disease progression to speed up triage of those patients most likely to 

respond to the treatment and to avoid overdosing non-responders [2]. In particular, 

theranostics can serve to evaluate the extent of vasculature disruption and eventually 

predict the outcome of the EPR effect. Similarly, theranostics can evidence the 

effectiveness of a particular active targeting strategy in a given patient and ultimately 

predict its failure or success [3]. 

Secondly, theranostics can provide a valuable platform for image-guided cancer 

therapy with unprecedented spatiotemporal control. In novel physical stimulus-

responsive therapies, an external stimulus must be applied locally to selectively 

activate the therapeutic agents in the tumorigenic area, thereby greatly reducing 

toxicity in healthy tissues [4, 5]. Hence, precise monitoring of the delivery of the 

therapeutic agent would accurately locate the target site and determine when the 

physical stimulus should be applied, namely, when maximum levels of stimulus-

responsive agent are achieved at the tumor site [6, 7]. 

Thirdly, theranostics could also be beneficial in the intraoperative setting [8]. 

The imaging function of theranostics could help identify the boundaries between 

neoplastic and healthy tissue to improve the intraoperative delineation of tumor 

margins for complete surgical resection [9]. The therapeutic function of theranostics 

would serve to eradicate inoperable tumor margins. 
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Nanomedicines are promising platforms for brain theranostics [3, 10]. 

Nanotheranostics would prevent the differences in biodistribution that occur when 

imaging and therapeutic agents are administered separately [11]. Hence, this fourth 

chapter is devoted to the possibilities that nanocarriers offer to achieve a personalized 

follow-up of brain tumors by means of theranostics. 

This chapter consists of a review article entitled “Towards tailored management 

of malignant brain tumors with nanotheranostics” (Acta Biomaterialia 73 (2018) 52-63), 

where the barriers to the clinical implementation of theranostic nanomedicine for 

tracking tumor responses to treatment and for guiding stimulus-activated therapies and 

surgical resection of malignant brain tumors are discussed. Likewise, the criteria that 

nanotheranostic systems need to fulfil to become clinically relevant formulations are 

analyzed in depth, focusing on theranostic agents already tested in vivo. 
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Abstract 

Malignant brain tumors still represent an unmet medical need given their rapid 

progression and often fatal outcome within months of diagnosis. Given their extremely 

heterogeneous nature, the assumption that a single therapy could be beneficial for all 

patients is no longer plausible. Hence, early feedback on drug accumulation at the 

tumor site and on tumor response to treatment would help tailor therapies to each 

patient’s individual needs for personalized medicine. In this context, at the intersection 

between imaging and therapy, theranostic nanomedicine is a promising new technique 

for individualized management of malignant brain tumors. Although brain 

nanotheranostics has yet to be translated into clinical practice, this field is now a 

research hotspot due to the growing demand for personalized therapies. In this review, 

the barriers to the clinical implementation of theranostic nanomedicine for tracking 

tumor responses to treatment and for guiding stimulus-activated therapies and surgical 

resection of malignant brain tumors are discussed. Likewise, the criteria that 

nanotheranostic systems need to fulfil to become clinically relevant formulations are 

analyzed in depth, focusing on theranostic agents already tested in vivo. Currently, 

magnetic nanoparticles exploiting brain targeting strategies represent the first 

generation of preclinical theranostic nanomedicines for the management of malignant 

brain tumors. 

Statement of significance 

The development of nanocarriers that can be used both in imaging studies and 

the treatment of brain tumors could help identify which patients are most and least 

likely to respond to a given treatment. This will enable clinicians to adapt the therapy to 

the needs of the patient and avoid overdosing non-responders. Given the many 

different approaches to non-invasive techniques for imaging and treating brain tumors, 

it is important to focus on the strategies most likely to be implemented and to design 

the most feasible theranostic biomaterials that will bring nanotheranostics one step 

closer to clinical practice. 

Keywords 

Brain theranostics, brain targeting, blood-brain barrier, nanoimaging, 

nanomedicine 
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1. Introduction 

Central nervous system (CNS) tumors are stratified by the World Health 

Organization according to their proliferative potential, to their likelihood of 

dissemination and to their overall clinical prognosis [1]. Since around 95% of malignant 

CNS tumors occur in the brain, the focus henceforth will be on malignant brain tumors.  

In particular, malignant primary brain tumors account for 2% of all cancers and typically 

originate from glial cells (being thus referred to as gliomas) [2]. Brain metastases occur 

in 10%-30% of all cancer patients, of whom 70%-80% develop multiple lesions. The 

high incidence of intracranial metastases is primarily due to the fact that whereas new 

chemotherapeutic agents have improved prognosis for many cancers, they have failed 

to prevent the spread of neoplasms into the brain due to their low blood–brain barrier 

(BBB) penetration. This is a major obstacle to brain delivery [3]. 

The standard of care in malignant brain tumors consists of maximal surgical 

resection (if eligible) combined with radiotherapy, chemotherapy and symptomatic 

treatment [4]. Even so, malignant brain tumors (with a median survival of 8 months for 

brain metastases and 14.2 months for malignant primary brain tumors) still constitute 

an unmet clinical challenge, since recurrence within a few months is common [3, 5].  

In fact, given the extremely heterogeneous nature of malignant brain tumors, it 

is no longer plausible to assume that a single therapy could be effective in all patients. 

At best, each treatment would only be effective for certain target populations at certain 

stages of disease. In this context, the advent of theranostics, defined as the 

combination of imaging and therapeutic agents for their simultaneous delivery [6], holds 

tremendous promise for the management of malignant brain tumors at various levels. 

Firstly, simultaneous imaging and therapy could provide non-invasive 

monitoring of drug distribution and accumulation at the tumor site together with early 

feedback on disease progression to speed up triage of those patients most likely to 

respond to the treatment. This will ultimately validate or rule out the therapeutic 

approaches to tailored clinical management of malignant brain tumors with maximal 

therapeutic indexes [7-9]. In addition, non-invasive imaging may serve to identify 

potential recurrences, which could prompt further changes in therapy [10]. Alternative 

protocols should be evaluated for potential non-responders [7, 8]: if the lack of 

response is due to the fact that one of the targets has become unavailable, 

theranostics could devise alternate targets [11]. 

Secondly, theranostics can provide a valuable platform for image-guided cancer 

therapy with unprecedented spatiotemporal control [12], because in novel physical 

stimulus-responsive therapies, an external stimulus must be applied locally to 

selectively activate the therapeutic agents in the tumorigenic area, thereby greatly 

reducing toxicity in healthy tissues [13]. Hence, precise monitoring of the delivery of the 

therapeutic agent would accurately locate the target site and determine when the 

physical stimulus should be applied, namely, when maximum levels of stimulus-

responsive agent are achieved at the tumor site [14]. 
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Thirdly, theranostics could also be beneficial in the intraoperative setting [15]. 

The imaging function of theranostics could help identify the boundaries between 

neoplastic and healthy tissue and thus improve the intraoperative delineation of tumor 

margins for surgical resection [16]. The therapeutic function of theranostics would 

serve to eradicate inoperable tumor margins. Therefore, theranostics would not only 

improve intraoperative brain tumor boundary delineation to increase the chances of 

complete surgical resection but could also help in the resection of marginal tumor cells 

[17]. 

 

Figure 4.1.2. Scheme of a targeted theranostic nanocarrier. 

In this regard, nanomedicines are promising platforms for brain theranostics 

(Figure 1). Theranostic nanomedicine consists of colloid carriers in which imaging and 

therapeutic agents are adsorbed, conjugated, entrapped or encapsulated [18-20]. 

Interestingly, nanocarriers could be targeted to enhance the availability of both contrast 

and therapeutic agents in the entire diseased brain area [21, 22]. On the one hand, the 

use of targeted nanoimaging could improve contrast by increasing the amount of 

imaging agent at the tumor site and minimizing imaging background signals with less 

systemic exposure. This improved resolution would enable disease progression to be 

monitored in real time, and also identify previously undetectable lesions for complete 

surgical resection [23-25]. On the other hand, the use of targeted nanotherapy could 

improve therapeutic outcomes by enhancing the amount of therapeutic agent delivered 

to the tumor site and reduce toxicity by preventing distribution to peripheral tissues [26-

28]. The therapeutic field that could most benefit from nanotheranostics is 

chemotherapy, where dose availability at the target site cannot be counterbalanced 

with higher doses for fear of severe side effects.  Nanotheranostics would prevent the 

differences in biodistribution that occur when imaging and therapeutic agents are 

administered separately [29]. 
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Nanotheranostics for the management of brain tumors is compatible with 

localized and systemic administration. Localized delivery can be used to bypass the 

BBB [30-32]. However, the mechanical breach of this barrier might also allow 

neurotoxic compounds to enter the brain or, in the case of gliomas, even promote 

tumor dissemination. Moreover, localized delivery involves neurosurgical procedures, 

and is therefore incompatible with multiple dose regimens. 

Intravenous administration, in contrast, is a less invasive and more suitable for 

multiple dosing regimens. However, the development of nanocarriers that can 

effectively cross the brain endothelium and accurately target brain cancer cells remains 

a major challenge [11, 24]. With nanotheranostics, malignant brain tumor targeting can 

be accomplished by passive, active or external physical stimuli-responsive targeting 

(Figure 2) [33-35]. 

 

Figure 4.1.2. Potential targeting strategies for malignant brain tumor 

theranostics following intravascular administration: passive targeting (upper left), active 

targeting (upper right) and external physical stimuli-responsive targeting (bottom). 

In the case of malignant brain tumors, the rationale for passive targeting is 

based on the diffusion of intravascularly administered nanotheranostics through the 

interendothelial gaps of the tumor’s “leaky” neovasculature (the blood-brain tumor 

barrier [BBTB]), a singularity termed the enhanced permeability and retention (EPR) 

effect [36]. For optimal passive targeting of malignant gliomas, the nanocarriers should 

fulfil two criteria: they should be less than 100 nm and “stealth” (namely, provided with 

hydrophilic coating [37]) to prevent removal by the reticuloendothelial system and 

ensure enough circulation time to enable extravasation; and, they should remain above 

the endothelial pore threshold of healthy tissue (typically 10 nm) to achieve selective 
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extravasation at the tumor site [38]. The efficiency of the EPR effect relies on the stage 

of the disease, since the BBTB closely resembles the non-fenestrated endothelium of 

healthy brain capillaries in the infiltrative areas of malignant brain tumors [39]. 

Therefore, theranostics can evaluate the extent of vasculature disruption and 

eventually predict the outcome of this targeting strategy. 

Active targeting with ligands that bind to receptors overexpressed on the brain 

endothelium and/or tumor cell membranes could further improve the selective 

distribution of the therapy across the BBB/BBTB and eventually to the tumor cells [40, 

41]. Different receptors in the brain could be used for this purpose (Table 1). 

Receptor 
localization 

Receptor name Targeting moiety Ref. 

Receptors 
overexpressed on 
the fully functional 

endothelium of 
infiltrative areas 

Transferrin receptor 

Physiological ligands 
(lactoferrin, transferrin) 

[42, 43] 

Monoclonal antibodies 
(8D3; OX26) 

[44, 45] 

Nicotinic receptor 
Peptides derived from 

neurotoxins 
[46, 47] 

Low-density lipoprotein 
receptor 

Angiopep-2 [48, 49] 

GLUT1 transporter 
Monosaccharides 

(mannose, glucose) 
[50, 51] 

GM1 ganglioside G23 peptide [52] 

Receptors expressed 
on endothelial cells 
of neovasculature 

αVβ3 integrin RGD peptide [47, 53, 54] 

Aminopeptidase N  NGR peptide [55] 

Nucleolin 
F3 peptide  [56, 57] 

AS1411 aptamer [58, 59] 

Neuropilin-1 
Tumor vasculature-

homing peptide 
[60] 

Receptors 
overexpressed on 

tumor cells 

Low-density lipoprotein 
receptor 

Angiopep-2 [48, 49] 

αVβ3 integrin RGD peptide [47, 53, 54] 

EGFRvIII 
Monoclonal antibody 

against EGFRvIII 
[31] 

IL-13 receptor α2 PEP-1 peptide  [61] 

IL-4 receptor AP-1 peptide [62] 

Insulin receptor 
Monoclonal antibody (83-

14) 
[44] 

MMP-2 Chlorotoxin [45, 63] 

Table 4.1.1: Different receptors exploited for active targeting of brain tumors, 

classified by location. EGFRvIII: malignant isoform of the epidermal growth factor 

(EGFR), IL-13, Il-4: interleukins 13 and 4; MMP-2: membrane-bound matrix 

metalloproteinase-2.  

However, active targeting depends on the type of receptors expressed in each 

case [64]. The assessment of the nanotheranostic accumulation at the tumor site could 
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show the tumor targeting effectiveness and ultimately predict the failure or success of a 

particular active targeting strategy in a given patient [18]. 

Finally, nanocarriers can also be guided to the malignant brain tumor site by 

external stimuli-responsive targeting. Being a physical phenomenon, this targeting 

does not rely on the idiosyncrasy of the tumor but can be controlled on-demand in a 

spatial and temporal manner [13]. Magnetic targeting is a noninvasive strategy that has 

been used to deliver magnetic nanotheranostics to the tumor area via a locally applied 

external magnetic field [65, 66]. Alternatively, low-frequency focused ultrasound can be 

used to cause a local, reversible disruption of the tumor vasculature and thus facilitate 

broader distribution of nanocarriers to the brain tumor site [67]. However, the transient 

disruption of the BBTB might also lead to tumor dissemination. 

Several combinations of therapy and imaging techniques can be envisaged in 

malignant brain tumor theranostics (Table 2). 

 Advantages Disadvantages 

Potential for 
clinical 

translation as 
glioma 

theranostics 

Ref. 

Imaging 
techniques 

MRI 
Unlimited 

tissue 
penetration 

High 
resolution 

Relatively low 
sensitivity 

Gold 
standard 

method for 
clinical 

diagnosis of 
malignant 

brain tumors 

[68, 
69] 

Radionuclide-
based imaging 

Unlimited 
tissue 

penetration 

High 
resolution 

Exposure to 
radioactive 

agents 

High for 
functional 
imaging 

[70, 
71] 

CT 
Unlimited 

tissue 
penetration 

 
Limited soft-

tissue 
resolution 

High for 
anatomical 

imaging 
[72] 

Optical 
imaging 

High 
sensitivity 

Multicolor 
imaging 

Poor tissue 
penetration 

Limited to the 
intraoperative 

setting 
[69] 

Therapeutic 
approaches 

Chemotherapy 
High 

potency 
 

Severe side 
effects 

Currently 
included in 

the standard 
of care of 
malignant 
gliomas 

[73, 
74] 

Internal 
radiotherapy 

High 
potency 

 
Severe side 

effects 
Moderate [75] 

External 
stimulus-

responsive 
therapy 

Reduced 
toxicity 

until 
activation 

by external 
stimuli 

 
Moderate 
potency 

Currently 
limited to the 
intraoperative 

setting 

[76] 

Table 4.1.2. An overview of imaging and therapeutic possibilities for theranostic 

nanomedicine of malignant gliomas. MRI: magnetic resonance imaging; CT: computed 

tomography. 
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Magnetic resonance imaging (MRI), computed tomography (CT), and positron-

emission tomography (PET) are widely used non-invasive anatomical and functional 

imaging techniques for brain tumor diagnosis [77]. Specifically, MRI is the gold 

standard for brain tumor diagnosis. MRI uses non-ionizing radiation to provide high 

spatial resolution with no tissue-penetrating limitations. The main drawback of this 

technique is its relatively low sensitivity. This, however, be overcome by using targeted 

nanotheranostics to enhance image contrast by depositing a greater amount of 

contrast agent at the tumor site. Furthermore, since MRI scanners are widely available 

in hospitals, they could be used in clinical practice to monitor the biodistribution and 

therapeutic efficacy of nanotheranostics in brain tumor patients [78]. 

In contrast, optical imaging techniques have poor spatial resolution and tissue 

penetration due to light scattering by soft tissues and the physical barrier created by 

the skull. This would limit the clinical usefulness of optical imaging to delineate tumor 

margins for intraoperative-guidance during tumor resection [69, 79]. 

Likewise, the therapeutic uses of nanotheranostics are not limited to 

chemotherapy: adjuvant therapies, including stimulus-responsive therapies driven by 

external physical stimuli, are another tool in the therapeutic armamentarium for 

malignant brain tumors. 

Photothermal therapy (PTT) and photodynamic therapy (PDT) are the most 

promising light-activated techniques for brain nanotheranostics. PTT is a phototherapy 

method in which near infrared (NIR) absorbing agents under light exposure effectively 

transform the energy of incident light into heat for the ablation of adjacent cancerous 

cells [80], which are more sensitive to hyperthermia than healthy tissue. PDT, 

meanwhile, is a phototherapy strategy in which photosensitizers under light exposure 

transfer the energy from the incident light to surrounding oxygen molecules to generate 

reactive oxygen species that ultimately induce local tissue apoptosis and necrosis [81]. 

Most widely utilized photosensitizers are triggered by visible light. Nevertheless, given 

the poor NIR-visible light penetration depth in tissues and through the skull, the realistic 

clinical value of phototherapies may be limited to intraoperative treatment of inoperable 

tumor margins, after bulk resection of the malignant brain tumor. Indeed, PDT is 

already being clinically tested as an intraoperative adjuvant therapy for brain tumors 

(clinicaltrials.gov identifiers: NCT01682746, NCT01966809, NCT01148966). 

Magnetic hyperthermia, a magnetic field-responsive therapy, is based on 

selective ablation of tumor tissue by the heat generated from the displacement of 

magnetic nanocarriers under the action of a magnetic field [82].  Magnetic 

hyperthermia offers greater tissue penetration than light-activated therapies. Because 

high levels of magnetic nanocarriers at the tumor site are required to generate heat, 

magnetic agents are mostly administered intratumorally beforehand. Nanotherm® is a 

commercially available system for treating malignant gliomas intracranially using 

magnetic hyperthermia [83]. However, for systemic administration nanocarriers should 

exhibit higher magnetic heating susceptibility and tumor targeting properties. 
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In view of the many different approaches available, we have determined the 

features that nanotheranostics should fulfil to improve management of malignant brain 

tumors in the clinical setting. We describe in detail the most suitable brain 

nanotheranostics for clinical use, focusing on those candidates already tested in vivo. 

Although many studies in theranostics deal exclusively with imaging properties (leaving 

the therapeutic effect unexplored), we will only discuss those studies that evaluate both 

the imaging and therapeutic functions of nanocarriers on orthotopic malignant brain 

tumor models. 

2. Brain tumor nanotheranostics 

2.1. MRI 

2.1.1. T1-weighted MRI for image-guided therapy of malignant brain tumors 

Gadolinium chelates are typically used for imaging malignant brain tumors by 

contrast-enhanced T1-weighted MRI to distinguish between white and gray matter. 

However, these contrast agents do not leak into healthy regions of the brain and 

accurate delineation of tumor boundaries greatly relies on the extent of BBB disruption 

in the entire tumor area. Targeted gadolinium-loaded nanocarriers are being developed 

to potentially enhance the sensitivity and effectiveness of this contrast agent [84, 85]. 

As a result, brain nanotheranostics that include paramagnetic gadolinium in chelated 

form in amphiphilic complexes as a T1-weighted MRI contrast agent have been 

developed. 

Since the current standard of care in malignant brain tumors entails 

radiotherapy, this therapeutic approach has been combined with the T1-weighted MRI 

imaging function for theranostic purposes [86, 87]. Miladi et al. [88] used 2-2.5 nm-

sized gold nanoparticles coated with gadolinium chelates (zeta potential: -30 mV) for 

image-guided radiotherapy in rats orthotopically implanted  with a 9L gliosarcoma, 

under the assumption that gold is able to absorb high-energy ionizing radiation to 

cause thermal ablation of tumors, thereby acting as a radio-sensitizing agent. The 

inclusion of gadolinium allowed the distribution of gold nanoparticles to be monitored by 

T1-weighted MRI following intravenous injection and this determined the optimal timing 

of x-ray irradiation. As a result, survival increased 473% with the nanotheranostics 

radiosensitizing therapy plus concomitant micro beam radiation therapy (median 

survival time: 129 days after tumor implantation) in comparison with non-treated rats 

(median survival time: 22.5 days after tumor implantation). Importantly, this thermal 

therapy shows realistic clinical potential for brain tumor theranostics due to the deeper 

tissue penetration of x-rays compared with visible light. Subsequently, these authors 

exploited the potential of gadolinium itself as a radiosensitizer in the same orthotopic 

model with polysiloxane nanoparticles doped with gadolinium chelates (particle size: 2 

nm) [89]. They applied the MRI-guided microbeam radiotherapy when gadolinium 

content was simultaneously high in the tumor bed and negligible in the surrounding 

healthy tissue to achieve an impressive increase in survival of gliosarcoma-bearing 

rats: the median survival time was 5-fold extended in comparison with the group 
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radiated at the non-optimal time and half of the rats were still alive 100 days after tumor 

implantation. 

Since functionalization with active targeting moieties could further enhance the 

distribution of gadolinium-containing nanotheranostics to malignant brain tumors, 

Bechet et al. [60] developed 3 nm-sized silica-based nanoparticles (zeta potential: 22 

mV) functionalized with a tumor-homing heptapeptide (ATWLPPR) that targets 

neuropilin-1, a receptor specifically located on angiogenic endothelial cells. These 

particles encapsulated both gadolinium oxide as MRI contrast agent along with chlorin 

as photosensitizer for PDT of brain tumors guided by interventional MRI. Following 

intravenous injection of neovasculature-targeted nanocarriers in rats bearing the 

orthotopic glioblastoma model U87, the MRI function of the system guided the 

stereotactic implantation of the optical fiber to perform the PDT. Notably, an 80% 

reduction in intratumoral blood perfusion was observed in those rats treated with the 

targeted nanotheranostics. Moreover, histological examination of brain sections 

indicated vascular disruption and edema following MRI-guided PDT with targeted 

carriers. 

2.1.2. T2-weighted MRI 

Superparamagnetic iron oxide nanoparticles are also widely used as T2 agents 

to provide contrast enhancement to identify watery tissue thanks to their high magnetic 

susceptibility [90]. As with T1-agents, the extent of tissue contrast enhancement relies 

on vascular extravasation. Consequently, brain-targeted iron oxide nanoparticles have 

been developed for glioma theranostic purposes. 

Superparamagnetic iron oxide nanoparticles show great potential for clinical 

translation of brain theranostics since they are already used as MRI contrast agents 

and can be easily upgraded to nanotheranostics by encapsulating different therapeutic 

agents. Different anticancer agents (drug substances, genes, antibodies) or 

photosensitizers can be loaded into iron oxide nanoparticles for theranostic purposes, 

namely a combination of MRI with chemotherapy [66, 91, 92] or with photodynamic 

therapy [56, 60, 93] for localized treatment. Moreover, iron oxide nanoparticles 

themselves simultaneously exhibit therapeutic properties, since they generate heat 

under alternating magnetic fields for thermal ablation of tumors; hence they can 

function as brain nanotheranostics on their own. 

Iron oxide nanoparticles usually consist of a magnetite (Fe3O4) or maghemite 

(γ-Fe2O3) core with a polymer coating to improve biocompatibility and water solubility 

and further surface modification for targeted delivery [94]. Besides acting as theranostic 

agents by themselves, iron oxide nanoparticles can be loaded into other nanoplatforms 

along with different anticancer drugs. 

As a result of such versatility, numerous iron-oxide-based nanocarriers have 

been tested in rodent models for brain theranostics following both systemic 

administration (summarized in Table 3) and localized delivery (summarized in Table 4). 
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Therapeutic 
agent 

Targeting 
strategy 

Tumor 
model 

Imaging 
evaluation 

Therapeutic 
evaluation 

Nanocarrier Ref. 

Carmustine 
Magnetic 

field 
e
 

C6-
bearing 

rats 

Measurement of tumor size 
by MRI 

Polyaniline-
coated Fe3O4 

cores 
[66] 

Carmustine 
Magnetic 

field + 
Ultrasound 

e
 

C6-
bearing 

rats 

Measurement of tumor size 
by MRI 

Polyaniline-
coated Fe3O4 

cores 
[95] 

 
Survival 

monitoring 

Epirubicin 
Magnetic 

field + 
Ultrasound 

e
 

C6-
bearing 

rats 

Measurement of tumor size 
by MRI 

Polyaniline-
coated Fe3O4 

cores 
[91] 

Doxorubicin 

p
 + 

Magnetic 
field 

e 

C6-
bearing 

rats 

Measurement of tumor size 
by MRI PEG-coated  

Fe3O4 cores 
[96] 

 
Survival 

monitoring 

Doxorubicin 
Magnetic 

field + 
Ultrasound 

e
 

C6-
bearing 

rats 
MRI - Microbubbles 

[92, 
97] 

Doxorubicin 
G23 peptide 

a
 

U87-luc2-
bearing 

mice 
MRI 

Measurement 
of tumor size 

by endogenous 
fluorescence 

imaging 

Alginate-
coated iron 
oxide core 

[52] 

D[KLAKLAK]2 CGKRK 
a* 

005, U87-
bearing 

mice 
MRI 

Survival 
monitoring 

Iron oxide 
nanoworms 

[98] 

Photophrin 
(PDT) 

p 
9L-

bearing 
rats 

Measurement of tumor size 
by diffusion MRI 

Polymeric 
nanoparticles  

[93] 

Photophrin 
(PDT) 

F3 peptide 
a
 

9L-
bearing 

rats 

Measurement of tumor size 
by diffusion MRI Polymeric 

nanoparticles  
[56] 

 
Survival 

monitoring 

Table 4.1.3. Intravenously-administered iron-oxide-based nanocarriers for 

malignant brain tumor nanotheranostics in tumor-bearing rodent models. p: passive 

targeting; a: active targeting; e:external physical stimuli-responsive targeting. *: active 

targeting with tumor vasculature homing peptides; PDT: photodynamic therapy. 

2.1.2.1. T2-weighted MRI for evaluation of malignant brain tumor response to 

chemotherapy 

- Intravenously administered 

Many studies that simultaneously evaluate MRI contrast enhancement with the 

efficacy of chemotherapeutics in brain tumors use an external magnetic field to improve 

the delivery of magnetic nanoparticles across the BBB [66, 96]. Some further potentiate 

this external physical stimulus-responsive targeting with focused ultrasound for local 

disruption of the BBB at the tumor site [91, 92, 95, 97]. 

Hua et al. [66, 95] loaded polyaniline-coated magnetite nanoparticles with 

carmustine (particle size: 80 nm, zeta potential: -30 mV). This nanotheranostic system 

was administered intravenously in rats with brain tumors induced by intracranial 
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injection of C6 glioma cells. The aim was to monitor the therapeutic effect of 

carmustine by measuring the tumor size by MRI. As shown in Figure 3, prominent 

glioma shrinkage was evidenced by MRI after 1 week of treatment with carmustine-

loaded carriers at the highest dose tested (5mg/kg) [66]. Notably, the carmustine dose 

required for effective tumor suppression was significantly reduced when synergistically 

combining magnetic targeting with focused ultrasound-transient BBB disruption (1 

mg/kg) [95]. As shown in Figure 4, an effective dose of 1 mg of carmustine/kg 

significantly suppressed tumor growth when magnetic/ultrasound focusing was applied, 

but was unable to induce tumor shrinkage in the absence of external targeting. 

 

Figure 4.1.3. (a) MR images and corresponding 3-D reconstructions of rat 

brains with tumors induced by intracranial injection of C6 cells. Animals were treated 

with intravenous free-BCNU, or two different doses of bound-BCNU-3 and application 

of an external magnetic field. Images were taken on the day of treatment (Day 0) and 1 

week later (Day 7). (b) Quantitative analysis of the effect of the various treatments on 

tumor size. Values are the means ± S.D. (n = 6). (c) Section stained with Prussian Blue 

(100x) shows uptake of iron in brain tumor tissue (arrows); (inset) TEM image of a 

tumor cell in the brain tissue. Reprinted from Biomaterials, 32, Hua; Liu; Yang; Chen; 

Tsai; Huang; Tseng; Lyu; Mab; Tang; Yen; Wei, The effectiveness of a magnetic 

nanoparticle-based delivery system for BCNU in the treatment of gliomas, 516-527, 

Copyright (2011), with permission from Elsevier. 
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Figure 4.1.4. (A) Ratios of average tumor volume changes in the first week after 

treatment. M/U, magnetic/ultrasound focusing treatment only; high dose, 5 mg 

immobilized BCNU/kg; medium dose, 1 mg immobilized BCNU/kg; low dose, 0.5 mg 

immobilized BCNU/kg; dose controls, without M/U treatment; dose exp, with M/U 

treatment. (B) Representative examples of longitudinal brain tumor monitoring using 

T2-weighted MRI of each group (Days 0 and 7 posttreatment). (C) Kaplan–Meier 

survival curves. Survival improvement at high and medium doses is statistically 

significant. Reprinted from Novel magnetic/ultrasound focusing system enhances 

nanoparticle drug delivery for glioma treatment, Chen; Liu; Hua; Yang; Huang; Chu; 

Lyu; Tseng; Feng; Tsai; Chen; Lu; Wang; Yen; Ma; Wu, , Neuro-Oncology, 2010, 12 

(10), 1050-1060 with permission from Oxford University Press. 

The same authors tested iron oxide nanoparticles conjugated with epirubicin 

(particle size: 75 nm) in the same rodent model of glioma following focused ultrasound 

and magnetic targeting [91]. MRI monitoring of the therapeutic response revealed a 

2.6-fold increase in relaxation rate after focused ultrasound/magnetic targeted 

treatment in comparison with non-treated controls. Moreover, epirubicin-loaded iron 

oxide nanoparticles in combination with focused ultrasound and magnetic targeting 

provided the most effective control of tumor progression in the murine glioma model, 

with a 66% improvement in median survival times relative to untreated controls [91]. 

Xu et al. [96] also potentiated passive targeting of doxorubicin-loaded 

polyethylene glycol-coated iron oxide nanoparticles (particle size: 58 nm, zeta potential: 
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28 mV) with magnetic targeting to overcome to a greater extent the BBB. They tested 

therapeutic efficacy following intravenous administration in rats implanted orthotopically 

with C6 glioma cells by measuring the tumor size using real-time MRI monitoring and 

recording median survival times. As shown in Figure 5, brain MRI studies of glioma-

bearing rats at different monitoring times and glioma animal survival rates were highly 

correlated: magnetically-targeted doxorubicin-loaded iron oxide nanoparticles achieved 

complete suppression of tumor growth at day 28 after treatment and significantly 

prolonged median survival in comparison with the control group, the free doxorubicin 

solution group, and the magnetically untargeted doxorubicin-loaded iron oxide 

nanoparticles group. 

 

Figure 4.1.5. Tumor volumes monitored by MRI (A) and glioma animal survival 

were analyzed by the median survival days (B). DOX@Ps 80-SPIONs + MF treatment 

completely suppressed the growth of brain tumor and significantly prolonged animal 

survival (C) (#p < 0.01 vs. DOX@Ps 80-SPIONs; ***p < 0.001 vs. other groups). 

Reproduced from Nanoscale, 8 (2016), Xu; Mao; Yang; Huang; Yang; Lyu; Xu; Chen; 

Fan; Zou; Gao; Yin; Xiao; Lu; Zhang; Zhao, Glioma-targeted superparamagnetic iron 

oxide nanoparticles as drug-carrying vehicles for theranostic effects, 14222-14236,  

with permission of The Royal Society of Chemistry 

Fan et al. [92] developed an alternative nanotheranostic system by loading 

doxorubicin and iron oxide nanoparticles into microbubbles (1-3 μm) to open the BBB 

of rats bearing the C6 glioma model by cavitation on focused ultrasound exposure. 

External magnetic guidance was also performed to significantly increase the 

accumulation of iron oxide nanoparticles at the tumor site. As evidenced by MRI, 

external magnetic guidance increased iron oxide nanoparticles accumulation in the 

glioma area by 22.4% in comparison with 12% achieved without magnetic targeting. In 

a subsequent study, these authors validated the high correlation between changes in 

the relaxation rates within tumors caused by iron oxide nanoparticles and doxorubicin 
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levels (quantified by inductively coupled plasma-atomic emission spectroscopy and 

high performance liquid chromatography, respectively) [97]. Significantly, these results 

confirm the non-invasive traceability of brain nanotheranostics by MRI. 

Various active targeting strategies towards receptors overexpressed on 

endothelial cells within tumor vasculature have also been used for brain 

nanotheranostics combining MRI contrast enhancement and chemotherapy. For 

instance, Su et al. [52] loaded doxorubicin into alginate-coated magnetite nanoparticles 

and tagged them with G23 peptides on their surface (particle size: 140 nm, zeta 

potential: -15 mV) to preferentially target ganglioside GM1. When intravenously 

administered to mice bearing the U87MG-luc2 (human glioblastoma cell line) tumor, 

contrast-enhanced T2-weighted MRI images of the brain confirmed that the 

nanotheranostic system had crossed the BBTB. Moreover, the monitoring of the tumor 

size evidenced a significant shrinkage of the tumors 7 days after treatment with the 

targeted doxorubicin-loaded carrier. 

Agemy et al. [98] developed a nanotheranostic system targeted to tumor 

endothelium by incorporating a peptide that binds to tumor endothelial cells (CGKRK). 

Another peptide with proapoptotic activity (D[KLAKLAK]2) was loaded as the therapeutic 

agent on iron oxide nanoworms (length: 80–100 nm, width: 30 nm). Systemic treatment 

of glioblastoma-bearing mice with this system revealed predilection of the nanocarriers 

for tumor vasculature as evidenced by MRI. Furthermore, this carrier showed 

impressive efficacy in three glioblastoma mice models (one model induced by injection 

of a lentiviral vector expressing both an oncogene and a p53 silencing RNA, and two 

transplanted glioblastoma models: 005 and U87): in the first glioblastoma model, 

targeted nanoworms cured all but 1 of 10 mice; and in the transplanted ones, they 

increased median survival from 32 to 52 and 60 days, respectively. 

- Local delivery 

These iron-oxide-based nanoplatforms have not only been evaluated following 

systemic administration. Localized delivery of brain nanotheranostics has also been 

assayed in various rodent models (as outlined in Table 4). 

Bernal et al. [30] developed polymeric nanoparticles loaded with both iron oxide 

particles and temozolomide (particle size: 80 nm; zeta potential: -8 mV) and 

administered them to mice bearing the glioblastoma U87MG model by convection-

enhanced delivery (CED). The distribution of the nanoparticles within the brain was 

evidenced by MRI. The CED delivery of nanocarriers significantly prolonged median 

survival of the mice implanted with the intracranial glioblastoma model in comparison 

with the treatment with their blank counterparts. 

Additionally, some locally administered nanotheranostic agents have been 

actively targeted against receptors overexpressed on glioma cells [31, 63, 99]. 

Hadjipanayis et al. [31] developed iron oxide nanoparticles (particle size: 10 nm) 

conjugated to the anti-EGFRvIII antibody that selectively binds to the epidermal growth 

factor receptor constitutively expressed by human glioblastoma tumors (EGFRvIII). The 

administration of these nanocarriers by CED to mice implanted with EGFRvIII-
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expressing glioblastoma xenografts revealed MRI contrast enhancement within the 

tumor tissue and a significant increase in median survival times, with one long-term 

survivor (120 days after treatment). Similarly, chlorotoxin has also been explored as a 

glioma-targeting moiety for nanotheranostics aimed at overcoming the acquired 

resistance mechanism to glioma chemotherapy related to the expression of O6 

methylguanine‐DNA methyltransferase (MGMT), a repair gene that counteracts the 

mechanism of action of alkylating agents such as temozolomide [100]. Yoo et al. [63] 

stereotactically injected chlorotoxin-targeted theranostic nanoparticles (particle size: 35 

nm) containing both dextran-coated iron oxide nanoparticles and small interference 

RNA (siRNA) to silence O6 methylguanine-methyltransferase (MGMT), thereby 

sensitizing glioblastoma rodent models to temozolomide. Importantly, the combined 

treatment of mice exhibiting the orthotopic human glioblastoma xenograft T98G with 

locally administered nanotheranostics and intraperitoneal temozolomide led to 

significant delay in tumor growth monitored on T2-weighted MRI. Stephen et al. [99], 

loaded the MGMT inhibitor O6-benzylguanine into iron oxide nanoparticles provided 

with a chitosan-polyethylene glycol coating and actively targeted by chlorotoxin 

(particle size: 75 nm; zeta potential: 4 mV). The concurrent CED administration of 

these nanoparticles with oral temozolomide in mice implanted with a glioblastoma 

xenograft (GBM6) doubled survival times compared to mice treated without the MGMT 

inhibitor. Importantly, these particles significantly reduced the severe myelosuppression 

caused by systemic administration of free O6-benzylguanine. This could be explained 

by their confinement to the tumor region, as evidenced on simultaneous T2-weighted 

MRI. 

Therapeutic 
agent 

Targeting 
strategy 

Tumor 
model 

Imaging 
evaluation 

Therapeutic 
evaluation 

Nanocarrier Ref. 

Temozolomide 
p U87-bearing 

mice 
MRI 

Survival 
monitoring 

Polymeric 
nanoparticles 

[30] 

EGFRvIII EGFRvIII 
a
 

U87ΔEFGRvIII-
bearing mice 

MRI 
Survival 

monitoring 
Fe3O4 

nanoparticles 
[31] 

siRNA  
(+ 

intraperitoneal 
temozolomide) 

Chlorotoxin 
a
 

T98G-bearing 
mice 

Measurement of tumor 
size by MRI 

Dextran 
coated Fe3O4 
nanoparticles 

[63] 

O
6
‐

Benzylguanine 
(+ oral 

temozolomide) 
 

Chlorotoxin 
a 

GBM6‐bearing 
mice 

MRI 
Survival 

monitoring 

Chitosan-
coated iron 
oxide cores 

[99] 

Table 4.1.4. Locally-administered iron-oxide-based nanocarriers for malignant 

brain tumor nanotheranostics in tumor-bearing rodent models. p: passive targeting; a: 

active targeting; e:external physical stimuli-responsive targeting. 
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2.1.2.2. T2-weighted MRI for image-guided therapy 

Other authors have investigated the combination of MRI contrast enhancement 

with PDT for malignant brain tumor theranostics [56, 60, 93]. In this regard, some 

porphyrin-loaded nanocarriers have been designed for brain theranostics and have 

already provided promising results in vivo. 

Kopelman et al. [93] incorporated a photosensitizer (Photofrin®) into a 

polyethylene glycol-coated polyacrylamide (PAA) matrix along with iron oxide 

nanoparticles as MRI contrast agents.  This nanocarrier (particle size: 40 nm) was 

intravenously administered in rats bearing the orthotopic 9L gliosarcoma xenograft. The 

efficacy of this therapeutic approach was monitored by non-invasive diffusional MRI to 

evaluate changes in tumor water diffusion properties. A significant enhancement in the 

diffusion coefficient of the water surrounding neoplastic cells was evidenced, indicating 

a decrease in tumor growth and shrinkage of tumor mass. In a subsequent study [56], 

this system was further functionalized with the F3 peptide for active targeting of the 

nucleolin receptor on the tumor neovasculature. Compared with their untargeted 

counterparts, in vivo administration of the targeted nanocarriers (particle size: 40 nm) 

to the aforesaid gliosarcoma murine model showed a 2-fold increase in T2-weighted 

image contrast at the tumor site. The authors also evidenced a significant improvement 

in PDT efficacy with targeted theranostics, both in terms of water diffusion by MRI (with 

an increase of 40% in mean tumor apparent diffusion coefficient 8 days after treatment) 

and median survival time. Indeed, 40% of the rats treated with F3-targeted Photofrin® 

nanoparticles were tumor-free 60 days after treatment. More importantly for theranostic 

purposes, survival times were highly correlated with diffusion MRI results, which 

confirms the reliability of MRI as an early predictor of treatment outcome. Nonetheless, 

in both studies, the laser exposure was accomplished through the burr hole that had 

initially been made to inject the 9L gliosarcoma cells, which, as mentioned before, 

would limit this approach to the intraoperative setting. 

2.2. Other imaging techniques  

Although other imaging techniques show high potential for brain imaging, their 

role for brain theranostics has not been studied yet. 

Unfortunately, most studies describing the in vivo performance of brain 

theranostic nanomedicines evaluate either the therapeutic or imaging function, but 

rarely both [18]. Typically, for a given nanocarrier, imaging and therapeutic agents are 

loaded separately, and tested in different biodistribution and efficacy studies. In this 

separate experiments, wider armamentarium of both imaging techniques (radionuclide-

based imaging [70] and optical imaging [101-104]) and nanocarrier structures 

(liposomes [102, 104], polymer nanospheres [101, 103] and solid lipid nanoparticles 

[70]) have been utilized. 

Another promising future line of research is the design of theranostic 

nanomedicines with multiple imaging functions to improve sensitivity in monitoring 

tumor response to treatment, and to guide stimulus-responsive therapies and surgical 

resection of malignant brain tumors. Although some nanocarriers with multiple imaging 
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functions have already been developed and evaluated in orthotopic malignant brain 

tumor models [17, 105, 106], their combination with a therapeutic approach remains 

untested in vivo. 

3. Conclusions and perspectives 

In this review, in vivo preclinical advances in theranostic nanomedicine for the 

management of malignant brain tumors have been discussed. 

Although numerous therapeutic and imaging modalities can be combined for 

theranostic purposes, preclinical studies of nanotheranostics on orthotopic malignant 

brain tumor models have been mostly limited to MRI. This could be because some 

nanoplatformss, due to their composition, are inherently active MRI agents [83, 85, 

107]; hence these nanocarriers can be easily upgraded to nanotheranostics by loading 

them with pharmaceutics. Magnetic nanoparticles [83] are therefore the most widely 

explored nanocarriers for use as theranostic agents for malignant brain tumors, and 

constitute the first generation of brain nanotheranostics, whereas other “traditional” 

colloidal systems (such as liposomes) lag far behind [108].   

Chemotherapy is potentially the therapeutic approach that could most benefit 

from nanotheranostics. In fact, the incorporation of MRI and chemotherapeutic 

functions into nanoplatforms has produced multimodal structures with significant 

clinical potential [30, 52, 66, 91, 92, 95-97]. Stimulus-responsive strategies, that 

respond to external stimuli with no tissue-penetrating limitations, specifically magnetic 

field and focused ultrasound, show the highest potential for clinical applications [65, 

97]. Moreover, since these nanotheranostics respond to external physical processes, 

they would be suitable for the management of any type of brain tumor. Apart from 

inherently enhancing MRI contrast, iron oxide nanoparticles can also act as therapeutic 

agents themselves for magnetic hyperthermia [90, 109]. Indeed, NanoTherm® therapy, 

which consists of the intratumoral administration of magnetic nanoparticles and their 

subsequent exposure to an alternating magnetic field, is already available for magnetic 

hyperthermia of malignant gliomas [83]. Interestingly, their iron oxide core could be 

used as an MRI contrast agent to focus the magnetic field on the tumor and 

consequently restrict the magnetic hyperthermia to the diseased area. 

Nonetheless, despite the conceptual sophistication of the latest nanotheranostic 

systems, some challenges need to be overcome before brain nanotheranostics can be 

broadly translated to clinical practice. For instance, solid evidence is needed to support 

the benefit of this combined approach over separate administration of imaging and 

therapeutic agents. In this regard, theranostic dose optimization needs to be studied, 

since both imaging and therapeutic functions have different dosage requirements. In 

contrast to nanotheranostics designed to simultaneously treat and monitoring disease 

status, nanoformulations intended for imaging should be administered in a single shot, 

or at least in less frequent dosage regimens [10]. An additional concern in the 

management of brain tumors with intravascular administration of nanotheranostic 

systems intended is the need for strategies to enhance distribution across the cerebral 

vasculature, which has traditionally been regarded as a bottleneck in drug delivery [32].  
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Moreover, the safety of most brain nanotheranostics systems in humans has 

not yet been evaluated. Whereas nanomedicines derived chiefly from biocompatible 

and biodegradable excipients with proven clinical safety might present fewer obstacles 

for clinical translation [110, 111], the brain tumor nanotheranostics that have proved 

more successful due to their intrinsic imaging capabilities are mostly metal-based 

nanomedicines. These have been made more biocompatible and water-soluble with a 

polymer coating.  Importantly, unlike their gadolinium counterparts, iron oxide 

nanoparticles appear to be processed by the cellular iron metabolism pathway [11].  

However, the long-term effects of their accumulation in the brain are not entirely clear. 

Deeper insight into the clearance mechanisms of these particles would prompt 

regulatory agencies to authorize for clinical trials of brain nanotheranostics [112]. 

In conclusion, recent advances in nanomedicines intended for nanoimaging or 

nanotherapy separately have led to the creation of nanotheranostics. However, 

nanocarriers with separate functions are still struggling to advance to the clinical trial 

stage for brain tumor conditions [27, 111], and brain nanotheranostics, as a 

combination of both, lags far behind. Nonetheless, nanotheranostics is now a research 

hotspot thanks to advances made in nanotechnology and the demand for individualized 

therapy. Studies on biomarkers for tumor targeting or for monitoring response to 

therapy will shape the future direction of research into brain nanotheranostics to tailor 

treatments to the individual needs of patients. Given the growing incidence of rapidly 

progressing and so far untreatable malignant brain tumors, brain nanotheranostics is 

here to stay. 
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This thesis project focuses on the design, development and pre-clinical 

evaluation of a targeted lipid nanocarrier for brain delivery following intravenous 

administration. It is presented as a compendium of research articles with stand-alone 

entity for publication. The dissertation is structured in chapters, each of which deals 

with a specific aim of the thesis project. 

Diseases affecting the central nervous system (CNS) should be regarded as a 

major health challenge of the twenty-first century due to their steadily rising incidences 

and to the current lack of effective treatments in most cases, since brain drug delivery 

is truly hindered by the presence of the blood-brain barrier (BBB) [1, 2]. The BBB 

consists of the endothelial cell monolayer of the brain capillaries closely associated 

with pericytes and astrocytes and is physiologically responsible for the maintenance of 

CNS homeostasis. The key features of the brain endothelium that account for the 

severe restriction to brain drug delivery are both the lack of fenestrations and the 

presence of tight intercellular junctions. Therefore, there is a dire need for developing 

effective brain drug delivery strategies that overcome the biodistribution and 

pharmacokinetic limitations that account for treatment failure [3]. 

Some of the described delivery strategies to circumvent the BBB such as the 

direct intracerebral administration and the artificial disruption of the tight junctions by 

chemical or physical stimuli involve high risk of neurological damage and even of 

widespread tumor dissemination in the case of brain tumors. Hence, every effort is 

currently being devoted to achieving efficient transport across the brain endothelium 

with targeted drug carriers following minimally-invasive intravenous injection. In this 

regard, the use of nanocarriers arises as an alternative to enhance the passage across 

the BBB [4-6].  

Intravenously-administered nanomedicines have already reached clinical trials 

for the treatment of different CNS diseases (with a focus on brain tumors, but also 

including neurodegenerative diseases such as multiple sclerosis). Noticeably, given 

their non-toxic, biocompatible and biodegradable nature, most of the launched clinical 

trials evaluate lipid-based carriers and, particularly, liposomes, as their potential was 

acknowledged much earlier than any other alternative (ClinicalTrials.gov Identifiers: 
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NCT00734682, NCT02861222, NCT00019630, NCT00944801, NCT01222780, 

NCT01386580, NCT02048358 and NCT02340156 as detailed in Table 1.0.1)[7]. 

On account of the aforementioned context, in the first chapter entitled 

“Nanomedicine and central nervous system: on-demand development of lipid 

nanocapsules”, we have analyzed the possibilities and technological challenges ahead 

to improve the chances of success in the development of nanomedicines for CNS 

pathologies. The focus has been put on three major aspects as discussed hereunder. 

Firstly, whereas the empirical development of delivery systems and later 

assignment to a specific disease has led to high attrition rates in clinical trials, the 

transition towards a rational disease-driven approach, whereby the nanomedicine 

features are thoroughly defined beforehand on the basis of the pathophysiology of a 

specific disease is introduced as a novel therapeutic strategy more likely to succeed.  

As discussed in the first chapter, one of the major features that certainly 

influence the in vivo behavior of nanomedicines is particle size since their effect mainly 

relies on the unique interactions of materials at the nanoscale with biological structures. 

For instance, the plasma circulation time of nanomedicines depends on the extent of 

recognition by the reticuloendothelial system and of renal clearance, both of them size-

dependent phenomena. Furthermore, the size of nanomedicines can account for the 

release rate of their payloads.  Remarkably, a size-driven extravasation at tumor and/or 

inflammatory sites based on their pathophysiological features (namely, the enhanced 

permeation and retention (EPR) effect) has been sought. However, the EPR effect in 

CNS disorders is relatively weak due to the presence of the BBB, with a cut-off size of 

only 10-100 nm. In these cases, a much finer control on particle size will certainly 

improve the potential therapeutic benefits. Moreover, the mechanisms that mediate the 

internalization of nanocarriers in target cells often follow a size-dependent pattern 

within this size range [8] and particle size reversely correlates with the attained 

extravasation distance and interstitial diffusion. Hence, rational disease-driven design 

of nanocarriers can only be achieved with the ascertainment of the parameters that 

accurately control their size distribution. 

Under this assumption, in the research article of the first chapter we have 

thoroughly revisited the parameters controlling the size distribution of lipid 

nanocapsules (LNCs) prepared by the phase inversion temperature (PIT) method. The 

PIT method is a low-energy nanoemulsification method wherein the physicochemical 

properties of surfactants are exploited to lower the interfacial tension between the 

aqueous and oily phases so that the required energy input for nanoemulsification can 

be achieved by simple stirring. To this end, the PIT method profits from the negligible 

interfacial tension achieved when the surfactant curvature is inverted by changes in 

temperature. Therefore, surfactants whose hydrophilic-lipophilic balance (HLB) follows 

a temperature-dependent pattern must be utilized (namely, non-ionic ethoxylated 

surfactants). Certainly, increasing temperatures reduce the extent of hydration of the 

poly (oxyethylene) moieties of non-ionic ethoxylated surfactants, which ultimately leads 

to an inversion in the surfactant curvature. At the “phase inversion temperature”, the 

affinity for both phases is balanced, the surfactant curvature is negligible and a 
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minimum in interfacial tension is achieved [9]. The final formulation is obtained then 

following a thermal quench below the surfactant melting point as schemed in Figure 

1.2.1. Hence, being stabilized by the rigid surfactant shell, nanoemulsion droplets 

eventually adopt the form of nanocapsules with a liquid oily core. 

The parameters that determine the properties of nanocarriers can be divided 

into formulation or preparation variables. In particular, for low-energy methods, the 

formulation variables, and particularly the relative proportion of excipients, are the most 

influencing parameters, as these methods do not rely either on physical energy input or 

on shear forces.  

Since Morales et al [10] evidenced that the size of O/W nanoemulsions is 

independent on the water concentration because water only acts as a dilution medium 

for the dispersed phase, we hypothesized that surfactant and oil should be regarded as 

the key formulation-driving parameters. On the one hand, the particle size is expected 

to be reduced with increasing amounts of surfactant due to the decrease in interfacial 

tension. On the other hand, the particle size is expected to grow with increasing 

amounts of oil, as it represents the liquid core of the colloid capsules. Hence, the mass 

ratio of oily phase to surfactant seems a suitable variable for prediction of the particle 

size of nanocapsules prepared by the PIT method.  

In this regard, we have evidenced herein that the oily phase: surfactant ratio is 

effectively the major parameter that drives the nanocapsule formation for different oil-

surfactant combinations (namely, Labrafac WL1349®-Kolliphor HS15®, Labrafac 

WL1349®-Kolliphor ELP®, Labrafil MS 1944 CS®-Kolliphor HS15®). These 

combinations exhibited distinct oil: surfactant affinities as summarized in Table 1.2.2 in 

terms of HLB. Biocompatible excipients have been chosen in order to envisage the 

nanocapsules for parenteral administration. As shown in Figure 1.2.6, the plot of the 

average volume diameters versus the oil: surfactant ratio was linear within the ratio 

range between 0.08 and 3. Hence, the global linear trend between particle size and oil: 

surfactant ratio is consistent through distinct surfactant-oil affinities. According to the 

high coefficient of determination observed for the different combinations tested 

(R2>0.99), these univariate linear mathematical models are well-suited to predict the 

particle size of the nanocapsules prepared by the PIT method (Table D1). As 

hypothesized, the particle size increased along with the oil:surfactant ratio: higher 

ratios represent a decrease in surfactant relative concentration, and ultimately lead to 

bigger capsules. For ratios above 3-4, the linearity is lost, although monodisperse 

LNCs are still obtained. The estimation of particle size with a univariate mathematical 

model is of the utmost significance as it will enlighten formulators on how to tailor 

particle size of LNCs prepared by the PIT method to the therapeutic needs imposed by 

a specific disease. 

Importantly, highly monodisperse LNCs were obtained: for the Labrafac 

WL1349®-Kolliphor HS15® and Labrafac WL1349®-Kolliphor ELP® tandems, the 

polydispersity indexes (PdI) were not statistically modified among the different ratios 

tested (p>0.05, as shown in Figures 1.2.4b and 1.2.S1a, respectively); whereas for the 

Labrafil MS1944 CS®-Kolliphor HS15® some statistically significant differences among 
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the PdIs along the linear region were observed, but the indexes were maintained below 

0.06 in all cases regardless the particle size (as shown in Figure 1.2.S1b). It is worth 

mentioning that the most broadly utilized upper limit for monodisperse criteria is a PdI = 

0.1. 

To validate the linear univariate model that predicts the average volume 

diameter as a function of the oily phase: surfactant mass ratio, we utilized the Labrafac 

WL1349®-Kolliphor HS15® tandem. In particular, we prepared formulations with the 

same oil: surfactant ratio but different total amount of both excipients as detailed in 

Table 1.2.S3. To compare the size distribution profiles of the test and reference 

formulations, the similarity factor f2, defined by Equation 1.2.2 and traditionally used for 

dissolution testing, is utilized herein. This parameter was chosen on the grounds of 

simultaneously evaluating the contribution of average volume diameter and 

polydispersity index, as for f2 calculation not only the mean values but also the different 

percentiles must be considered. This ultimately enables a more detailed comparison of 

size distribution profiles. Size distributions were considered identical for f2-values above 

50. As shown in Figure 1.2.5, the calculated f2 factor was above this 50% similarity 

threshold for both oil: surfactant ratios tested (namely, 65.34% for the ratio 0.4374 and 

70.25% for the ratio 1.2151). These results validated that the oil: surfactant weight ratio 

is the leading parameter that controls size distribution of the final suspension.  More 

precisely, and taking into account the results of Anton and Saulnier [11], who described 

that it was the water:surfactant ratio which determined the particle size of W/O 

nanocapsules, the key driving parameter seems to be the dispersed phase:surfactant 

weight ratio. 

Importantly, as shown in Figure 1.2.6, a comparison among the linear plots for 

the different oil-surfactant tandems can be drawn. On the one hand, there are not 

statistically significant differences in the Y-intercept (Table D1), which means that there 

exists a lower limit of particle size to be obtained with the PIT method and this limit 

equals 10 nm. On the other hand, we observe significant differences in the slopes (***: 

p<0.001). As shown in Table D1, the steepest slope was achieved for the Labrafac®-

Kolliphor HS15® tandem (b = 28.16), whereas the lowest value corresponded to the 

Labrafil®-Kolliphor HS15® (b = 11.11). This difference in the slopes of the linear plots 

can be attributed to the difference between the HLB values of the poly-ethoxylated 

surfactants and the triglycerides utilized as oily phase (shown in Table 1.2.2 as 

provided by supplier). The slopes follow the pattern: the closer the HLB affinity between 

the surfactant and the oily phase, the lower the slope of the linear plot. 

Moreover, this linearization strategy accounts for the variation of particle size 

from a wide variety of experimental data available in the literature and originally 

evaluated following other parameters. Remarkably, this linearization does not only 

serve to predict the particle size of nanocapsules prepared by the PIT method [12, 13], 

but also by other phase inversion methods [14, 15], which emphasizes the link between 

the governing phenomena of all these techniques. The results from the first chapter 

seem to indicate that there is no need for establishing the complex phase diagrams 

traditionally utilized to define the suitable conditions for the formulation of nanocarriers. 
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Table D1: Parameters of the univariate linear regression between the average 

volume diameter and the oil: surfactant ratio for the different combinations tested.  

Oil :surfactant 
tandem 

Y-intercept (a) Slope (b) 
Coefficient of 

determination (R2) 

Labrafac lipophile 
WL1349®- 

Kolliphor® HS15 
8.83 28.16 0.9983 

Labrafac lipophile 
WL1349®- 

Kolliphor® ELP 
9.59 22.13 0.9996 

Labrafil M1944 
CS®- Kolliphor® 

HS15 
11.23 11.11 0.9939 

Figure D1: Analysis of the formulation possibilities from the mathematical 

univariate linear models obtained in the first chapter. 
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As a result, the size of nanocapsules can be accurately tailored to each 

particular therapeutic purpose within the range 10-100 nm. Importantly, since the 

univariate linear model has been established for surfactants and oily phases with 

different affinities, this tailoring can also be made in terms of adjusting the excipients to 

the therapeutic needs. For instance, solubility issues imposed by the drug substance 

could be addressed presumably by changing the oily phase to another one that fully 

solubilizes the drug substance. Alternatively, toxicological concerns associated with 

some surfactants could be overcome as nanocarriers of the same size can be obtained 

at lower surfactant concentration by switching to an emulsifier with lower HLB or by 

switching to an oily phase with higher HLB. This can eventually contribute to increasing 

the maximum tolerated dose. These latter cases are illustrated in Figure D1. For a 

given volume diameter, fixed in 30 nm, a formulation with a 0.752 ratio for the Labrafac 

WL1349®-Kolliphor HS15® tandem can be utilized. However, according to the results 

from the first chapter, there are other alternatives. On the one hand, the Kolliphor 
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HS15® with a HLB of 15 can be switched to another poly ethoxylated surfactant with 

lower HLB (namely, Kolliphor ELP® with a HLB of 13 and this change will imply a 

reduction in the surfactant amount, as it will require a higher oil: surfactant ratio 0.922. 

On the other hand, the oily phase can likewise be modified to ultimately reduce the 

amount of surfactants. The replacement of Labrafac WL1349® with a HLB of 1 to 

Labrafil MS1944 CS® with a HLB of 9 will enable 30-nm sized nanocapsules to be 

obtained at an oil: surfactant ratio of 1.689, which halves the required amount of 

surfactant. 

This finding refutes the broadly-agreed requirement of a surfactant with an 

optimum HLB number for a given oily phase. The reason may lie in the fact that the 

HLB number concept, defined at 25ºC, only considers the surfactant molecule itself 

and overlooks the interactions with the aqueous and oily phases under the influence of 

external parameters. 

Another aspect worthy of mention is that by varying the oil-surfactant affinity, 

the PIT can be modulated. The tuning of the PIT is relevant for industrial applications 

where optimal PIT is required, especially in the case of thermo-sensitive components. 

Additionally, if the PIT can be modulated to temperatures slightly above the 

physiological body temperature, the application of local hyperthermia can be envisaged 

as a strategy to promote the release of the cargo at the target site, as mentioned in the 

review articles of the first and fourth chapters. 

Secondly, despite holding great promise for improving the efficacy of many drug 

substances, manufacturing of nanomedicines on a large scale is still a major obstacle 

for their market access [16]. This technical challenge for scale-up is greatly due to the 

lack of comprehensive understanding of the role played by the critical factors involved 

in the formulation of nanomedicines. Hence, investment in the fundamental principles 

of nanoscience will help provide clearer guidance for rational scale-up. Currently, 

nanocarriers are mostly manufactured using high-pressure homogenization, a high-

energy nanoemulsification method wherein the required energy input is achieved by 

agitation of the dispersion medium with a mechanical device. As a result, from an 

industrial point of view, there is much room for improvement in terms of energetic yield, 

especially for small-sized nanocarriers, as the energy requirement for 

nanoemulsification negatively correlates with droplet size in accordance with the 

Laplace equation (Equation 1.2.1). In this regard, low-energy methods, with improved 

formulation yields, are energetically more efficient and suitable for large-scale 

production because they utilize the physicochemical properties of surfactants to lower 

the interfacial tension and consequently the energy requirement for nanoemulsification. 

Interestingly, the gentle emulsification conditions also help prevent the potential 

degradation of drug substances. 

Specifically concerning the nanocapsules prepared by the PIT method, there 

seems to be some controversy on the relevance of the number of temperature cycles 

around the phase inversion region. Anton et al. [17] have reported that the number of 

temperature cycles is associated with a decrease in both particle size and 

polydispersity index. In a subsequent study, when Malzert-Fréon et al. replaced one of 
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the excipients by Labrasol®, they evidenced that the number of temperature cycles 

does not improve the size distribution [18]. However, they exclusively attributed this 

temperature cycle-independence to the presence of Labrasol®. More recently, Klassen 

et al. switched the nature of both the oily phase and the surfactant to test the role of 

temperature cycles [19]. This time, they concluded that the contribution of the 

temperature cycle was only significant at low surfactant concentrations, but had no 

influence at higher surfactant concentrations. Given these misleading results, we have 

comprehensively addressed this phenomenon in the first chapter. Indeed, this is not a 

trivial issue, since as long as the technical complexity of formulation procedures is kept 

to a minimum; the manufacturing criteria are more likely to be fulfilled. 

From the rationale of the mechanism behind the PIT method, we hypothesized 

that the surfactant concentration at the interface is constant throughout the process 

and the curvature inversion responsible for driving the emulsification is the same 

regardless of the number of temperature cycles applied. Hence, there seems not to be 

scientific support for expecting an improvement in size distribution with the number of 

cycles for any potential combination of excipients. In this line, we have evaluated the 

influence of the number of temperature cycles (up to five) on the size distribution of the 

Labrafac WL1349®-Kolliphor HS15® system. In particular, we have tested three 

different sizes that could be categorized into high, medium and low-surfactant 

formulations (Table 1.2.1). 

Noticeably, as shown in Figure 1.2.2, monodisperse LNCs were obtained in all 

cases. Notably, we have demonstrated that, as hypothesized, neither the average 

volume diameter (Figure 1.2.2a) nor the polydispersity index (Figure 1.2.2b) were 

significantly modified with the number of temperature cycles for any of the formulations 

tested (p>0.05). These results evidence that, contrary to the traditionally postulated 

three temperature cycles necessary to achieve monodisperse populations, LNCs have 

been obtained in a single-step process, as a single temperature cycle around the 

phase inversion region is required for their formation as evidenced both by dynamic 

light scattering and transmission electron microscopy (Figure 1.2.3). These results 

show great interest for the industrial relevance of the PIT method: the simplification of 

the formulation procedure paves the way for the encapsulation of thermosensitive 

cargos thanks to the reduced exposure to heating conditions, increases its energetic 

yield and greatly shortens preparation times. 

Thirdly, the stability upon storage has been traditionally another flaw of many 

nanocarriers (such as liposomes) to achieve global translational impact. In this regard, 

as thermodynamically unstable systems, nanoemulsions eventually tend to separate 

into the constituent phases to achieve the minimal interfacial area. Nonetheless, given 

their inherent features, nanoemulsions, and nanocarriers from them derived, can be 

kinetically stable over several months [20]. The potential breakdown mechanisms are 

discussed in the first chapter to rule out their contribution in the case of the LNCs. 

In the first instance, their size on the nanoscale provides stability against 

sedimentation and creaming as the Brownian motion wherein nanocarriers are involved 

outweighs the gravity force [21]. Other breakdown mechanisms that can be precluded 



 

326 
 

are flocculation and coalescence thanks to the steric stabilization provided by the 

surfactant layer [22]. This steric stabilization is particularly relevant in nanocarriers, 

where the thickness of the surfactant layer is significantly high in comparison with the 

particle size. Importantly, around the PIT, given the minimal interfacial tension, 

coalescence is favored unless the temperature is rapidly removed from the PIT. For 

this reason, we applied a thermal quench to obtain monodisperse LNCs. 

In this context, Ostwald ripening represents the potential major source of 

instability for nanocarriers [23, 24]. Ostwald ripening consists of the diffusion of the 

liquid core through the dispersion medium from the smaller to the larger particles due 

to their different Laplace pressures. As shown in Equation 1.2.3, the contribution of 

Ostwald ripening as breakdown mechanism can be inferred from linear plots of the 

cube of particle radius versus time since the slope of this linear plot is the Ostwald 

ripening rate (⍵0), which is dependent on temperature since both solubility and 

diffusivity follows an Arrhenius behavior. Hence, we have studied herein the kinetic 

stability of three differently-sized formulations of LNCs (20 nm, 40 nm and 80nm, Table 

1.2.1) stored in suspension over 6 months by monitoring the changes in size 

distribution with time. 

Interestingly, as shown in Figure 1.2.7, in no case could Ostwald ripening be 

inferred as a source of instability because the slopes (⍵0) were not statistically different 

from zero (p>0.05). Consequently, it can be concluded that LNCs prepared by the PIT 

method are kinetically stable in suspension over 6 months regardless of the oily core: 

surfactant mass ratio. Unlike Malzert-Fréon et al. [18],  we have observed high kinetic 

stability both at 25ºC (Figure 1.2.7a) and at 4ºC (Figure 1.2.7b), which further serves to 

rule out Ostwald ripening rate as breakdown mechanism of LNCs as it does not follow 

an Arrhenius pattern. This is highly relevant, especially if taking into account that our 

results are evaluated over a much longer period of time than other results reported in 

the literature (6 months versus 2-4 weeks) [19, 23] . 

This high kinetic stability is likely to lie, on the one hand, in the presence of a 

solid thick surfactant layer that noticeably precludes the passage of the liquid oily core 

through the interface, and on the other hand, in the low polydispersity indexes that 

prevent significant differences in Laplace pressures that ultimately account for the 

occurrence of Ostwald ripening. Moreover, as deduced from Equation 1.2.3, low 

ripening rates should be expected for oily phases such as Labrafac lipophile WL1349® 

with negligible solubility in the aqueous dispersion medium. 

Alternatively, we have tested if the size distribution of three formulations 

categorized into high, medium and low-surfactant LNCs (Table 1.2.1) is kept unaltered 

after water removal by freeze-drying and subsequent extemporaneous reconstitution. 

As shown in Figure 1.2.8, only the 20 nm-sized nanocapsules with the highest 

surfactant content were kept unaltered after freeze-drying, exhibiting a similarity factor 

between their size distributions before and after freeze-drying above 50% (f2 = 72.72). 

Overall, the inclusion of trehalose as cryoprotectant did not significantly improve the 

maintenance of the size distribution after freeze-drying. These results outline that the 

prevention of leakage of the oily phase during freeze-drying is closely related to the 
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thickness of the surfactant layer relative to the diameter of the colloid capsules as 

indicated in Equation 1.2.4. Accordingly, an estimation of the thickness of the 

surfactant shell relative to the capsule diameter represents a 33% for the smallest 

capsules, with the other two lagging far behind (19.2% and 11.9%, respectively). This 

conclusion supports that the surfactant crystallization following the temperature quench 

of the PIT method below its melting point confers rigidity to the shell of the LNCs. 

Notably, the size distribution features of the lyophilisate of the LNCs that had been kept 

unaltered after freeze-drying were maintained over 12 months (p > 0.05, Figure 1.2.S2) 

under storage at 25ºC and 75% relative humidity. However, the alteration of the size 

distribution of some LNCs after freeze-drying does not represent a relevant constraint 

as they were kinetically stable in suspension. 

Altogether, the results presented serve to envisage LNCs prepared by the PIT 

method as auspicious candidates for further research as drug carriers for the treatment 

of CNS diseases with potential for energetically-efficient industrial manufacturing to 

ultimately achieve broad market access. This delivery system overcomes some 

drawbacks inherent to other colloid systems such as liposomes (namely, the low drug 

payloads and the reduced stability on storage). On the one hand, thanks to its liquid 

lipid core of triglyceride oils, an increase in loading of hydrophobic drugs can be 

achieved.  On the other hand, the formation of a solid shell formed by poly 

(ethoxylated) surfactants that confers rigidity to the system extends the stability of the 

carrier upon storage.  Moreover, the linear univariate mathematical model validated 

herein will ultimately enable monodisperse LNCs to be obtained “on-demand” to meet 

the disease-driven criteria in terms of particle size for specific therapeutic purposes and 

ultimately increase their chances of success. 

With around a quarter of a million new cases of brain and other CNS tumors 

being diagnosed every year, these pathologies illustrate the best archetype of brain 

disorders that could take great advantage of LNCs. Since around 95% of malignant 

CNS tumors occur in the brain, the focus henceforth will be on malignant brain tumors.  

In particular, malignant primary brain tumors typically originate from glial cells (being 

thus referred to as gliomas). Brain tumors are stratified according to a ‘malignancy 

scale’ closely related to clinical prognosis [25]. The current standard approach in high 

grade brain tumors combines maximal surgical resection (if eligible) with radiotherapy 

and chemotherapy; as well as symptomatic treatment. Unfortunately, the efficacy of 

this treatment remains questionable, since recurrence happens within months after 

diagnosis, with a poor median survival of 14.6 months and 2-year survival rate of 

26.5% [26]. Brain targeting of nanocarriers would be chiefly germane to the field of 

brain chemotherapy wherein dose availability at the target site cannot be enhanced by 

dose increase for fear of severe side effects [27, 28]. Moreover, whereas most 

anticancer drugs are hydrophobic and often require to be solubilized in organic 

solvents for administration, LNCs provide alternative formulations to administer 

chemotherapy without the need to use toxic solvents.  

In the search for novel antitumor agents, the therapeutic potential of several 

cannabinoids has become a research hotspot as cannabinoids have been reported to 
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not only palliate cancer-related symptoms (such as nausea, pain or anorexia) but also 

promote apoptotic cancer cell death through the production of reactive oxygen species, 

impair tumor angiogenesis and reduce cell migration [29, 30]. Cannabinoids are 

pharmacologically-active terpenophenols that interact with cannabinoid receptors 

among others and that can be ascribed to three distinct categories: phytocannabinoids 

(produced by the glandular trichomes of the herbaceous plant Cannabis sativa [31]), 

endocannabinoids (produced naturally by animals and humans) and synthetic 

cannabidomimetics [32]. However, the therapeutic potential of cannabinoids has been 

truly constrained heretofore due to two main issues: their strong psychoactive effects 

and their high lipophilicity. 

Precisely due to this lack of psychoactive effects, CBD arises as the 

phytocannabinoid with the most auspicious therapeutic potential for the treatment of 

various pathologies, namely inflammatory and neurodegenerative diseases, mental 

disorders, neuropathic pain, epilepsy and cancer [33]. CBD can serve to widen the 

therapeutic armamentarium for the treatment of malignant brain tumors thanks to its 

synergistic effects with the currently available drugs and radiotherapy [30]. As a proof 

of it, CBD has already reached the clinical trials stage in combination with chemo 

and/or radiotherapy for patients with glioblastoma (NCT01812616, NCT01812603, 

NCT03246113 and NCT03529448). 

Herein, we have evaluated the monodisperse LNCs developed in the first 

chapter as biocompatible and biodegradable carriers for CBD. In particular, in the third 

chapter hereof, we have encapsulated CBD into the oily core of LNCs at a 

concentration of 15 % CBD/Labrafac lipophile WL1349® (w/w) under the assumption 

that it contributes to overcome classical formulation problems associated with 

cannabinoids [34] and attain a prolonged-release platform for this drug. The choice of 

the oily phase was made on the grounds of the solubility of CBD to achieve both high 

encapsulation efficiencies and drug loading (as shown in Table 3.2.2). 

CBD-loaded LNCs in three different sizes have been prepared and for all of 

them there was a statistically significant increase in particle size that progressively 

augmented with the initial size of blank LNCs (Figure 3.2.1 a, p<0.05). These results 

positively correlated with the respective percentage of CBD loading, which ranged from 

4.30% for the smallest LNCs to 9.78% for the biggest ones. So as to evidence if the 

oily phase: surfactant mass ratio is also the major parameter that drives the formation 

of CBD-loaded LNCs, we have plotted their average volume diameters versus the oil: 

surfactant ratio, including in this case the drug content as part of the oily phase. As 

shown in Figure D2, there was a linear correlation between both variables and 

according to the high coefficient of determination (R2=0.9991) this novel univariate 

linear mathematical model is well-suited to predict the particle size of the CBD-loaded 

LNCs prepared by the PIT method. 

Importantly, as occurred with unloaded LNCs with different surfactants an oily 

phases, a comparison between the linear plots for the drug-loaded and blank LNCs can 

be drawn (Figure D2). On the one hand, there are not statistically significant 

differences in the Y-intercept, which means that the lower limit in particle size is 
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maintained after drug loading. On the other hand, we observe significant differences in 

the slopes (p<0.01): a steeper slope was achieved for the drug-loaded LNCs (b = 

33.37), whereas the lower value corresponded to the blank LNCs (b = 28.16). This 

difference in the slopes of the linear plots can be attributed to shifts in the HLB value of 

the oily phase upon CBD addition that were also observed in terms of changes in the 

“phase inversion temperature” towards lower values (as evidenced from the shift in the 

point of inflection in the plot of conductivity against temperature shown in Figure D3). 

As a consequence, the size of CBD-loaded LNCs can likewise be accurately tailored. 

Figure D2: Univariate linear regression between the volume diameter and the 

oil:surfactant ratio for CBD-loaded and blank LNCs (Labrafac WL1349®-Kolliphor 

HS15® tandem). 
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Interestingly, the encapsulation of CBD did not significantly alter the PdI of the 

LNCs in comparison with their blank counterparts (Figure 3.2.1 b, p>0.05). Moreover, 

in agreement with the hypothesized encapsulation within the oily core, no changes in 

the zeta potential profiles were evidenced (Figure 3.2.1 c-h): values close to neutrality 

with high profile width were obtained in all cases, as it might be expected from a shell 

made of a complex mixture of poly (ethoxylated) surfactants (namely, Kolliphor 

HS15®). Consistently, the width of the zeta potential distribution was progressively 

reduced with a decrease in the surfactant percentage (from the smallest (Figure 3.2.1 

c-d) to the biggest LNCs (Fig. 3.2.1 g-h)). 

The in vitro efficacy of CBD-loaded LNCs as extended-release carriers against 

the human glioblastoma cell line U373MG (the most prevalent and aggressive type of 

glioma) has been tested, along with the role played by the size of LNCs in CBD release 

and cytotoxicity. Blank LNCs have been used as controls for their CBD-loaded 

counterparts. As shown in Figure D4, none of the blank LNCs showed significant 

cytotoxicity against the U373MG cell line within the concentration range tested (cell 
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viability above 70% versus untreated cells according to the ISO 10993-5 Biological 

evaluation of medical devices, Part 5: Tests for in vitro cytotoxicity). Hence, all changes 

observed in the percentage of cell viability following treatment with CBD-loaded LNCs 

were attributed to the extent of CBD released from the LNCs at each time point.  

Figure D3: Comparison of the conductivity against temperature for CBD-loaded 

and blank LNCs throughout the PIT method. 
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Figure D4: Cytotoxicity of blank LNCs against the U373MG cell line. (a) 

Cytotoxicity of 20 nm-sized blank LNCs after 48 (orange) and 96 hours (blue). (b) 

Cytotoxicity of 40 nm-sized blank LNCs after 48 (orange) and 96 hours (blue). 
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As shown in Figure 3.2.5, both free CBD and CBD-loaded LNCs reduced the 

viability of U373MG cells in a concentration-dependent manner, confirming thereby the 

in vitro antitumor effect of CBD against human glioblastoma.  
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Free CBD exhibited the strongest antiproliferative effect against the U373MG 

cells (Table 3.2.3), since free CBD, as a small molecule is readily available to be 

internalized by glioma cells, whereas encapsulated CBD must be first released from 

the oily core of LNCs to exert its cytotoxicity. Similar trends have recently been 

observed by other authors for other combinations of drug substances and carriers [35-

37]. 

In particular, the size of LNCs played a pivotal role in the extent of CBD release: 

20 nm-sized CBD-loaded LNCs reduced by 3.0-fold the IC50 value achieved with 50-nm 

sized CBD-loaded LNCs both after 48 (202.6 μM versus 615.4 μM) and 96 hours 

(129.1 μM versus 375.4 μM). Moreover, as deduced from the reduction in the IC50 

values from 48 to 96 hours, both formulations continued to release CBD from their oily 

cores; accordingly, LNCs could serve as efficient prolonged-release carriers of CBD. 

Hence, CBD-loaded LNCs are extended-release carriers with potential for the 

treatment of glioma. However, to be efficacious following intravenous administration, 

these carriers must be able to passage across the BBB to ultimately reach the tumor 

cells. Unfortunately, although the paracellular permeability of the brain endothelium is 

altered in most CNS diseases, this alteration only occurs substantially in advanced 

stages of disease and in the most affected areas [38, 39] .Therefore, efficient brain 

targeting of nanomedicines should not solely rely on passive targeting. To remedy this 

shortcoming, brain active targeting is being explored with the purpose of boosting 

transcellularly the delivery efficiency across the BBB [40].  

Brain active targeting is based on the modification of nanocarriers with moieties 

capable of triggering receptor-mediated transcytosis into the CNS through specific 

binding with endogenous transporters overexpressed on the brain endothelium.  

Various receptors highly expressed on the cerebral endothelial cells have been utilized 

to develop brain active targeting strategies with the purpose of effectively improving the 

selective distribution across the BBB. However, the translational impact of brain active 

targeting in clinical trials remains modest, as only three actively-targeted liposomes 

have made their way to clinical trials for distinct brain conditions following intravenous 

administration (ClinicalTrials.gov identifiers: NCT01386580, NCT02048358 and 

NCT02340156). This is greatly due to the flaws that currently available targeting 

moieties have: on the one hand, the use of physiological ligands as targeting moieties 

can develop competitive phenomena with their endogenous counterparts and 

consequently dysregulate brain homeostasis; whereas on the other hand, the use of 

targeting peptides must ensure non-immunogenicity [41, 42]. Hence, research on novel 

exogenous non-immunogenic ligands for brain targeting has become a research 

hotspot. 

Since any ligand for which a receptor exists on the cerebral endothelial cells 

may be potentially used for brain targeting, research on innovative exogenous non-

immunogenic ligands are likely to thrive in the near future. In this regard, CBD has 

been postulated to bind to various receptors located on the brain endothelium 

environment, as detailed in Table D2. Hence, we hypothesized that this cannabinoid 

holds great promise for brain active targeting (Figure 2.0.1). 
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Table D2: Summary of the distinct receptors in the CNS environment to which 

CBD has been postulated to bind. CB1: cannabinoid receptor type 1, CB2: cannabinoid 

receptor type 2, 5-HT1A: serotoninergic receptor, TRPV1–2: transient potential vanilloid 

receptors, A2A: adenosine receptor, GPR55: G-protein-coupled receptor 55, D2: 

dopamine receptor.  

Receptor Activity Ref. 

CB1 Negative allosteric modulator [43] 

CB2 Negative allosteric modulator [44] 

5-HT1A  Agonist [45] 

TRPV receptors Agonist [46] 

Glycine receptor Agonist [47] 

A2A Agonist [48] 

GPR55 Antagonist [49] 

D2 Partial agonist [50] 

In particular, in the case of gliomas, the blood-brain tumor barrier (BBTB) 

closely resembles the non-fenestrated endothelium of healthy brain capillaries in low 

grade and along the infiltrative areas of high grade gliomas [51, 52]. As detailed in 

Table 2.0.1, some other receptors apart from those normally overexpressed on the 

brain endothelium can be used for active targeting of brain tumors. For instance, 

receptors that are overexpressed on tumor cells can be used to promote the selective 

distribution to glioma cells. 

In this regard, the expression of some of the receptors to which the 

cannabinoids bind has been reported to be increased in glioma (namely, cannabinoid 

receptors 1 and 2 (CB1 and CB2) [53], transient potential vanilloid receptor type 2 

(TRPV2) [46] and G-protein-coupled receptor 55 (GPR55 [54]). Therefore, we 

hypothesized that CBD can likewise act as a glioma-targeting molecule for 

nanocarriers. 

Hence, we have introduced herein a pioneering strategy for brain tumor 

targeting with CBD under the assumption that, if existing, this double BBB- and glioma-

targeting effect will ultimately enable a dual-targeting strategy for intravenous treatment 

of glioma to be designed. Dual-actively-targeted nanomedicines have already been 

designed to target simultaneously the BBB, the BBTB and the brain tumor cells by 

either attaching multiple targeting moieties [35, 36, 55, 56], or by conjugating a single 

ligand that targets both the brain endothelia and the brain tumor cells [57-59]. In broad 

terms, the preclinical studies with these dual-targeted nanomedicines have shown 

more extended survival times over their mono-targeted counterparts [35, 36, 56, 59]. 

The functionalization of LNCs with CBD is technologically described and characterized 

in detail in the third chapter of this dissertation due to formatting reasons. The 

evaluation of the potential of this active targeting strategy is addressed both in the 

second and third chapters: whereas the second chapter is devoted to exploring in vitro 

and in vivo its BBB-targeting efficiency, the third chapter focuses on the potential of this 

phytocannabinoid to target any of the cannabinoid receptors overexpressed in glioma 

cells. Since the transcytosis mechanisms that drive the distinct active targeting 
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strategies may follow a size-dependent pattern, the role played by the particle size of 

LNCs in the extent of targeting has concomitantly been evaluated in both chapters. 

As detailed in the third chapter, preformed LNCs were functionalized with CBD 

at two different concentrations (2.5 and 5 mg/mL, respectively) following incubation 

with a CBD solution in methanol. As shown in Figure 2.2.S1, the incubation of LNCs 

with pure solvent did not contribute to any increase in particle size. Hence, all changes 

observed in the characterization of LNCs were attributed to the cannabinoid itself. 

As enumerated in Table 3.2.2, we have achieved high binding efficiencies with 

this strategy of functionalization, which nearly doubled those achieved by [Balzeau13] 

with a targeting peptide following an analogous procedure. These results could be 

explained by the lower aqueous solubility of CBD than peptides, which ultimately favors 

its adsorption at the amphiphilic surfactant interface. The functionalization with CBD 

increased the particle size of blank LNCs (Figure 3.2.2a, p<0.05). This increase in the 

average volume diameter followed an inverse size-related pattern: the greatest 

percentage of size increase was observed with the smallest LNCs (75%) and vice 

versa (33% increase for medium-sized LNCs and 16% increase for the biggest LNCs). 

The higher specific surface area and the higher surfactant density at the particle 

interface of the smallest LNCs could account for this trend observed upon CBD 

functionalization. This analysis based on DLS data was highly corroborated with the 

particle sizes observed through transmission electron microscopy (TEM) for the 

different formulations (Figure 3.2.3 a, c, d, f, g, i). The PdIs in the smallest and 

medium-sized LNCs were significantly increased in comparison with their blank 

counterparts (Figure 3.2.2b, p<0.01). Furthermore, the zeta potential profiles of CBD-

decorated LNCs were remarkably smoothed in comparison to the ones previously 

obtained both for blank and CBD-loaded LNCs (Figure 3.2.2 c-h versus Figure 3.2.1 c-

h). These profiles are consistent with a shell dominated by a single entity instead of the 

former mixture of poly (ethoxylated) surfactants. Altogether, our results invariably 

support the superficial location of CBD on LNCs. 

The BBB-targeting ability of this functionalization strategy, along with the role 

played by the particle size of LNCs in their BBB-transcytosis efficiency, has been 

evaluated in the second chapter of this thesis wherein cell viability, uptake and 

permeability experiments have been conducted with the human brain endothelial cell 

line hCMEC/D3. The results obtained with the in vitro cell-based BBB model have also 

been validated in the second chapter with in vivo biodistribution data in healthy mice. 

The first cell viability experiment with differently-sized blank LNCs (20, 40 and 

80-nm) at a normalized concentration of 1013 LNCs/mL (see Equation 2.2.4 for 

calculation) to determine the most suitable size of LNCs for conducting the uptake and 

permeability experiments evidenced a size-dependent toxicity pattern on hCMEC/D3 

cells. Whereas none of the formulations of LNCs showed significant cytotoxicity after 1 

hour (Figure 2.2.2a, p>0.05), 40-nm sized LNCs exhibited substantial toxicity at 24 

hours and 80-nm sized started causing significant toxicity already at 4 hours (Figure 

2.2.2a). This correlation between particle size and cytotoxic effect on cerebral 

endothelial cells had not been studied previously. Hence, we ruled out the most 

cytotoxic particle size against the hCMEC/D3 cells (namely, 80-nm sized LNCs). 
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In a subsequent cell viability experiment, we evaluated the cytotoxicity of 20-nm 

and 40-nm sized LNCs at an equivalent concentration of 110 μg of oily phase/mL of 

suspension to ultimately normalize the in vitro studies as a function of the different 

payloads. In particular, this payload for both uptake and permeability experiments has 

been the fluorescent dye 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO). 

Remarkably, in this case no toxicity was observed for any of the LNCs at any time point 

(Figure 2.2.2b, p>0.05). Therefore, these two formulations at these non-toxic 

concentrations (that corresponded to an equivalent concentration of 1.65 μg of DiO/mL 

for the fluorescently-labeled LNCs) have been used for all subsequent in vitro 

experiments. 

Hence, for in vitro particle tracking purposes, we have developed both 

undecorated and CBD-functionalized DiO-labeled LNCs. To prepare the dye-loaded 

LNCs, the fluorescent dye was firstly dissolved in the oily core of the LNCs at a weight 

ratio of 15 mg of dye/ g of Labrafac lipophile WL1349®. As shown in Figure 2.2.1, 

whereas the inclusion of the fluorescent dye did not significantly vary the size 

distribution of their blank counterparts (having obtained monodisperse 20 and 40 nm-

sized DiO-labeled LNCs), the modification of dye-loaded LNCs with CBD increased the 

particle size from 20 to 40 nm and from 40 to 60 nm, respectively. This increase is in 

agreement with the size distribution observed for fluorescently-unlabeled CBD-

decorated LNCs and was solely due to the presence of the cannabinoid. Therefore, on 

the one hand, the role played by particle size in the BBB targeting properties will be 

assessed separately in undecorated and in CBD-decorated fluorescently-labeled 

LNCs, and on the other hand, the influence of CBD-decoration will be evaluated for 

equally-sized LNCs so as to maintain all the variables constant except the one being 

studied in each case. 

The in vitro BBB targeting efficiency of the different fluorescently-labeled LNCs 

has been quantified by flow cytometry. As shown in Figure 2.2.3a, the internalization of 

LNCs by the hCMEC/D3 cells followed a time-dependent pattern. Moreover, results 

consistently demonstrated a significantly higher BBB-targeting effect for smaller LNCs 

(Figures 2.2.3b and c,) and for CBD-decorated LNCs (Figure 2.2.3d). Importantly, the 

differences in the targeting effect achieved with the reduction in particle size and the 

functionalization with CBD were more significantly evidenced at 4 hours than at 24 

hours. The images taken by confocal microscopy further evidenced qualitatively the 

efficient internalization of LNCs (Figure 2.2.4). In particular, the 3D reconstructions of 

the Z-stacks of these images executed with the IMARIS software support a perinuclear 

localization of the LNCs within the hCMEC/D3 cells (Figure D5).  

For permeability experiments, the human brain endothelial cell line hCMEC/D3 

was used as the in vitro BBB model given both their human origin (Table 2.1.5) and 

their better barrier properties in comparison with other commonly used cerebral 

endothelial cell lines [60]. Additionally, to enhance the differentiation of hCMEC/D3 

cells into tighter monolayers, some strategies among those thoroughly discussed in the 

review article of chapter 2 (and summarized in Table 2.1.3) have been implemented to 

establish this in vitro BBB model. First, the filter surface has been coated with rat tail 

type I collagen and fibronectin to mimic the basal lamina, which in vivo contributes to 
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the development of a functional BBB. Secondly, culture media has been supplemented 

with hydrocortisone to upregulate the monolayer tightness. Thirdly, time in culture has 

been prolonged to accomplish a confluent monolayer, since it determines the extent of 

both tight junction formation and cell differentiation. Moreover, for all experiments, cells 

between passage 25 and 30 were used. 

Figure D5: 3D reconstructions of the Z-stacks of confocal images executed with 

the IMARIS software: undecorated (left) and CBD-decorated DiO-labeled LNCs. 

 

The monolayer integrity of the model was assessed by determining the 

permeability coefficient of the hydrophilic tracer tetramethyl-rhodamine-isothiocyanate–

dextran (TRITC-dextran, MW 150 kDa) across the hCMEC/D3 monolayer both in the 

presence and the absence of LNCs to confirm that the nanocapsules themselves do 

not alter the barrier properties. For this experiment, the culture media was switched to 

DMEM without phenol red supplemented with 0.1% (v/v) FBS to avoid signal overlap 

with TRITC-dextran and ultimately enable permeability coefficients to be determined. 

The experiment was conducted in parallel in cell-seeded and non-seeded filters to take 

into account the contribution of the filter itself to the overall resistance to the passage of 

TRITC-dextran. The permeability coefficients have been calculated in each case using 

Equations 2.2.1 and 2.2.2, both of which have been deduced from first principles in the 

first article of chapter 2. The concentrations of TRITC-dextran in the basolateral 

compartment at the different time points have been used to evidence the linear region 

within which the permeability coefficients can be calculated (Figure D6). 

Importantly, we have not observed any statistically significant differences 

between the calculated permeability coefficients of TRITC-dextran across the cell 

monolayer in the presence and the absence of LNCs (Figure 2.2.5b, p>0.05). 

Consequently, during the period evaluated, LNCs do not significantly alter the 

monolayer properties of hCMEC/D3 cells. These results ultimately demonstrated the 

integrity of the BBB model throughout the 24 hours that lasted the permeability 

experiments. As a result, the in vitro BBB model was suitable for evaluating the 

transport ability of the different LNCs. 
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Figure D6: Determination of the linear region in the clearance rate of TRITC-

dextran across cell-seeded and non-seeded inserts both in the presence and the 

absence of blank LNCs. 
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Hence, this in vitro BBB model with the hCMEC/D3 monolayer has been utilized 

to evaluate in vitro the BBB transcytosis ability of the different DiO-labeled LNCs. The 

BBB transcytosis efficiency of each formulation across the in vitro BBB model has been 

quantified with their permeability coefficients, which have been calculated similarly as 

described for TRITC-dextran. Only in those cases wherein less than 90% of the DiO 

dose was recovered between both apical and basolateral chambers, have we replaced 

Equation 2.2.1 by Equation 2.2.3 to take the retention factor (R) into account (as 

deduced from first principles in the first article of chapter 2).  

The results from the permeability experiments are consistent with those 

obtained with uptake studies. On the one hand, the permeability coefficients across the 

endothelial monolayer are significantly higher for smaller LNCs (2.46-fold increase for 

undecorated LNCs and 2.48-fold increase for CBD-decorated LNCs as shown in 

Figures 2.2.6a and b, respectively). On the other hand, the functionalization with CBD 

also enhanced the permeability coefficients of LNCs in comparison with equally-sized 

undecorated LNCs by 4.32 fold (Figure 2.2.6c). 

Importantly, we have calculated herein the permeability coefficient as a robust 

parameter that readily enables the comparison of the different transport efficiencies. 

This is not the case for the transport ratio expressed as percentage of passage across 

the endothelial monolayer. Although this ratio is being broadly utilized to express 

transport efficiencies [35, 36, 61-64], it varies with the different time points and does 

not take into account important experimental parameters such as the filter surface area 

or the volumes of the acceptor and the donor chambers to normalize the data. For this 
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reason, the efficiency of different brain active targeting strategies cannot be readily 

compared with transport ratios calculated as percentage. 

The in vitro BBB-targeting and penetrating properties across the hCMEC/D3 

monolayers have been validated with biodistribution studies in male ICR mice aging 4-

5 weeks following intravenous administration via the tail vein of 150 μL of different 

fluorescently-labeled LNCs (Ref. PROEX 111/14 supplied as annex of this thesis). 

Although brain targeting efficiency has often been evaluated in pathophysiological 

models, given that BBB dysfunction only occurs in the most damaged brain regions, we 

aimed at evidencing targeting properties at earlier stages of the CNS diseases with 

biodistribution studies in healthy mice.  

For in vivo experiments, we switched to the near-infrared dye 1,1′-dioctadecyl-

3,3,3′,3′-tetramethylindodicarbocyanine 4-chlorobenzenesulfonate salt  (DiD), as it is 

excited and emits within the wavelength window of 640−800 nm (namely, the 

wavelength range with the lowest absorption in tissue). Overall, the size distribution 

features of DiD-labeled LNCs were analogous to their DiO-labeled counterparts (Figure 

2.2.1). Hence the same comparisons as those drawn in vitro to evaluate the role played 

by particle size and functionalization with cannabinoids in the extent of passage across 

the BBB have been made in vivo. We have determined the percentage of the injected 

dose of the different DiD-labeled LNCs located in each organ (namely, blood, brain, 

lungs, kidneys, heart, spleen and liver) to be able to draw comparisons with in vivo 

results reported by different authors.  

The in vivo results 90 minutes after their intravenous injection strongly 

confirmed the auspicious results obtained with the in vitro BBB model as, on the one 

hand, a decrease in particle size yielded a higher transcytosis rate to brain (1.6-fold 

increase for unmodified LNCs and 2.5-fold increase for CBD-decorated LNCs, Figure 

2.2.8a and b, respectively) and, on the other hand, the modification of LNCs with CBD 

showed higher brain targeting properties in vivo (2.5-fold increase for equally sized 

LNCs, Figure 2.2.8c). The increase in brain levels highly correlated with the higher 

available plasma concentration and lower recognition by the reticuloendothelial organs 

(liver and spleen) observed for these formulations (Figure 2.2.7).  

The biodistribution of LNCs on a longer term (4 hours after administration) has 

also been assessed for the formulations that achieved the highest levels in plasma 90 

minutes after administration. The percentage of the injected dose in blood and brain 

decreased with time, whereas the levels in the reticuloendothelial organs progressively 

augmented (Figures 2.2.9 and 2.2.10). 

As discussed in the original research article in the second chapter hereof, a 

comparison with those scarce studies that explored the brain targeting properties of 

carriers within the here tested size range and  expressed their results as percentage of 

the injected dose per gram of brain overall revealed brain levels in the same order as 

those obtained herein [65, 66]. In particular, in [65] the maximal percentage of injected 

dose per gram of brain tissue (slightly below 0.3% for the targeted nanocarrier) was 

accomplished at a much later time point (tmax around 24h) than the reported herein 

(0.6% of injected dose per gram of brain tissue at only 90 minutes following 
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intravenous injection). However, all these studies evaluated the biodistribution in 

glioma-bearing rodent models. Hence, whereas in our study only transcellular routes 

can be exploited for brain targeting, in the glioma-bearing models the transcellular 

routes can be supplemented with paracellular pathways across the blood-brain barrier 

to enhance the targeting properties (the extent of this contribution will highly depend on 

the disease stage). As a result, the evaluation of our nanocarrier system in an animal 

model of disease is expected to exhibit values even higher than those reported herein. 

Apart from that, Luo et al. had to utilize a double targeting strategy to achieve higher 

percentage of injected dose per gram of brain tumor [66]. More importantly, the 

enhancement in brain targeting achieved with the conjugation of CBD to LNCs with 

regards to nude nanocapsules outperformed the enhancement observed for the 

gluthatione functionalization strategy (not statistically significant) tested in a seminal 

study with healthy mice that laid the foundations for the G-Technology® (the main brain 

active strategy that have already entered clinical trials for the treatment of CNS 

diseases) [67].  

The most likely mechanism of the observed brain targeting ability of CBD-

decorated LNCs is receptor-mediated transcytosis across the brain endothelium [68]. 

As aforementioned, CBD binds to many receptors preferentially located at the CNS 

level, and among those, dopamine receptor has been postulated to specifically locate 

at the BBB and has recently started being tested as a potential receptor to mediate 

brain targeting of nanomedicines with exogenous ligands [36]. 

Altogether, the consistency between the in vitro and in vivo results served to 

validate our in vitro BBB model with the human brain endothelial cell line hCMEC/D3 as 

a versatile screening method to evaluate the passage of nanocarriers across the BBB 

that meets the high-throughput demands in the early stages of the development of a 

new drug product (Table 2.1.6) and lacks ethical constraints (Table 2.1.4). Noteworthy, 

in vitro BBB models may also serve in the future to verify batch-to-batch variability in 

terms of BBB permeation, a critical attribute for the regulation of nanomedicines to 

promote their translation to the market. 

Analogously, the ability of the CBD functionalization strategy to target in vitro 

any of the cannabinoid receptors overexpressed in glioma cells, along with the role 

played by the particle size of LNCs in their glioma-targeting efficiency, has been 

evaluated in the third chapter wherein uptake experiments have been conducted with 

the human glioblastoma cell line U373MG. To this end, we have utilized the same 

undecorated and CBD-functionalized DiO-labeled LNCs used in chapter 2 (Figure 

3.2.4). 

The in vitro glioma targeting efficiency of the DiO-labeled LNCs has been 

quantified by flow cytometry. As shown in Figure 3.2.6, a decrease in particle size 

consistently yielded an increase in in vitro uptake by human glioblastoma cells (by 

3.02-fold for undecorated LNCs (Figure 3.2.6a, p<0.05) and by 3.53-fold CBD-

functionalized LNCs (Figure 3.2.6b, p<0.001) for CBD-modified LNCs. Moreover, the 

functionalization with CBD also enhanced the in vitro glioma targeting properties of 

LNCs, with a 3.37-fold increase over the fluorescence intensity from their equally-sized 
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undecorated counterparts (Figure 3.2.6c, p<0.001). The images taken by confocal 

microscopy further evidenced qualitatively the more efficient internalization of CBD-

decorated LNCs (Figure 3.2.7). In particular, the Z-stacks from the maximal projections 

that have been shown in chapter 3 support the intracellular localization of the LNCs 

within the U373MG cells (Figure D7). 

Figure D7: Confocal microscopy images of U373Mg after incubation with DiO-

labeled undecorated (left series of images) and CBD-decorated LNCs (right series of 

images). The samples were optically sectioned in the x-y plane at regularly 

spaceddistances along the z-axis. The top images represent sections closest to the 

apical membrane and the bottom images represent the intracellular space toward the 

basolateral side. 
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These auspicious in vitro glioma-targeting properties demonstrated for the CBD-

functionalization strategy are in the same order of magnitude than those observed with 

other glioma targeting moieties [65, 66]. For instance, the aptamer AS1411 that binds 

to nucleolin, a protein overexpressed in highly proliferative cells yielded a 3-fold 

increase in in vitro glioma-targeting properties of poly glutamylglutamine 

nanoconjugates when tested in the human glioblastoma U87MG cell line [65]. With this 

same cell line, angiopep-2 (a targeting moiety currently in clinical trials for different 

brain tumor conditions that promotes receptor-mediated transcytosis across the low 

density lipoprotein receptor LRP1) enhanced the cellular uptake of poly (lactic-co-

glycolic) acid nanoparticles by 3.6-fold [66]. Unlike angiopep-2, the non-peptide nature 

of CBD makes it less prone to cause immunogenicity. Interestingly, CBD performed 

better than other tested glioma-targeting moieties. In this regard, two different ligands 

of the transferrin receptor highly expressed in glioma cells yielded a 1.73-fold and 2.28-

fold increase (for transferrin [69] and T7 peptide [70], respectively) in cellular uptake of 

liposomes and core-shell nanoparticles into the C6 and U87MG cell lines. Analogously, 

mannose as ligand targeting the glucose transporter only achieved a 1.18-fold increase 

in cellular uptake of liposomes into the rat glioma C6 cell line [69]. 

A comparison of the uptake experiments from chapters 2 and 3 with both cell 

lines (namely, hCMEC/D3 and U373MG) after 24 hours reveal that LNCs were 

internalized to a higher extent by the human glioblastoma cells as may be expected 

from the tumorigenic nature. Furthermore, the reduction in particle size was proven to 

be more relevant in glioma-targeting properties than in BBB-targeting properties (3.02 

and 3.53-fold increase versus 1.76 and 2.03-fold increase, respectively; Figure D8). 

More interestingly, the functionalization with CBD was even more efficient as glioma-

targeting than as BBB-targeting strategy (3.37-fold increase for U373MG cells versus 

1.35-fold increase for hCMEC/D3 cells, Figure D8).  

Lastly, given the enhancement in in vitro glioma-targeting properties of the 

CBD-decorated LNCs evidenced by flow cytometry and confocal microscopy, in the 

third chapter hereof, we have tested if the functionalization of CBD-loaded LNCs with 

CBD, with the ensuing enhanced internalization extent, could further reduce the IC50 

values achieved for their undecorated counterparts. Similarly to what had occurred with 

blank and dye-loaded LNCs, the functionalization with CBD significantly increased the 

average volume diameter and the polydispersity index in comparison with their 

untargeted CBD-loaded LNCs counterparts (Figure 3.2.4). This time, the influence of 

CBD-decoration on the enhancement of the in vitro cytotoxicity of CBD-loaded LNCs 

has been tested for LNCs with the same volume of internal oily phase, wherefrom CBD 

is released over an extended timeframe. As shown in Figure 3.2.8, CBD-functionalized 

CBD-loaded LNCs outperformed the cytotoxicity of undecorated CBD-loaded LNCs 

against the U373MG cell line following 48 hours treatment (namely, in terms of IC50 

values, 158.6 μM versus 202.6 μM and 513.2 μM versus 615.4 μM for the decorated 

versus unmodified LNCs for each of the two pairs of formulations tested, Table 3.2.3). 

These results can be accounted for by the differences in the drug release rate as a 

function of the distinct location of the CBD in each formulation. Whereas CBD-

decorated LNCs exhibit part of the cannabinoid on their surface, and hence more prone 

to faster release due to the smaller distances for diffusion, undecorated CBD-loaded 
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LNCs have the totality of the drug encapsulated within the oily core, wherein CBD has 

higher solubility and calls for a longer distance for diffusion. 

Figure D8: Comparison of the efficiency of particle size reduction and 

functionalization with CBD as strategies to enhance the BBB and glioma in vitro 

targeting properties of LNCs. *: p<0.05, **: p<0.01, ***: p<0.001. 
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Altogether, all results from the present thesis are highly interrelated. On the one 

hand, it has been demonstrated that the BBB-transcytosis ability of LNCs follows a 

size-dependent pattern within the range 20-60 nm and so does their in vitro glioma 

targeting ability. Moreover, the size of LNCs plays a pivotal role in the extent of CBD 

release. Hence, both the BBB and glioma targeting ability and the drug release rate 

that ultimately leads to greater cytotoxicity can be tailored by varying the particle size of 

the LNCs. This is ultimately correlated with the fine size-tailoring of LNCs by the PIT 

method described in the first chapter. On the other hand, the functionalization of LNCs 

with CBD enhanced the in vitro glioma targeting properties and the functionalization of 

CBD-loaded LNCs further reduced the IC50 values. These results, added to the 

enhancement in BBB-targeting observed in chapter 2, make of the pioneering active 

targeting strategy with non-immunogenic and non-psychotropic CBD an auspicious 

dual-targeting strategy with great potential for intravenous treatment of glioma that 

deserves subsequent in vivo evaluation. 

To conclude the present dissertation with an outline on future research 

directions within the field of the nanomedicine applied to the treatment of CNS 

neoplasms, in the fourth chapter hereof we have analyzed the possibilities that 

nanocarriers offer to achieve a personalized follow-up of brain tumors by means of 

theranostics, a research hotspot that integrates treatment with imaging diagnosis [71].  
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Firstly, simultaneous imaging and therapy could provide non-invasive 

monitoring of drug distribution and accumulation at the tumor site together with early 

feedback on disease progression to speed up triage of those patients most likely to 

respond to the treatment and to avoid overdosing non-responders[72]. 

Secondly, theranostics can provide a valuable platform for image-guided cancer 

therapy with unprecedented spatiotemporal control, because in novel physical 

stimulus-responsive therapies, an external stimulus must be applied locally to 

selectively activate the therapeutic agents in the tumorigenic area, thereby greatly 

reducing toxicity in healthy tissues [73, 74].  

Thirdly, theranostics could also be beneficial in the intraoperative setting [75]. 

The imaging function of theranostics could help identify the boundaries between 

neoplastic and healthy tissue for complete surgical resection [76] and the therapeutic 

function of theranostics would serve to eradicate inoperable tumor margins. 
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1. Diseases affecting the central nervous system (CNS) are a major health 

challenge due to their steadily rising incidences and to the presence of the blood-brain 

barrier (BBB) that truly hinders brain drug delivery. Therefore, there is a dire need for 

developing effective brain drug delivery strategies. In this context, intravenously-

administered lipid-based nanomedicines have already reached clinical trials for the 

treatment of CNS diseases. However, the empirical development of delivery systems 

and later assignment to an existing clinical challenge has led to high attrition rates in 

clinical trials. Alternatively, a disease-driven rational approach, whereby the 

nanomedicine features are carefully designed on the basis of the pathophysiology of a 

specific disease is more likely to succeed. 

2. Since particle size certainly influences the in vivo behavior, rational disease-

driven design of nanocarriers can only be achieved with the ascertainment of the 

parameters that accurately control their size distribution. Lipid nanocapsules (LNCs) 

are auspicious candidates for disease-driven tailoring as their particle size can be 

accurately predicted by a validated linear univariate mathematical model as a function 

of the oily phase: surfactant ratio for various oily phase-surfactant combinations. In 

particular, there exists a lower limit of particle size to be predicted (10 nm) and the 

slope of the linear model correlates with the affinity between the poly-ethoxylated 

surfactants and the triglycerides utilized as oily phase: the closer the HLB affinity 

between them, the lower the slope. Importantly, this univariate mathematical model 

serves to obtain not only size-tailored blank LNCs but also drug-loaded LNCs. The 

phase inversion temperature (PIT) method whereby LNCs are prepared can be carried 

out in a single-step, as only one temperature cycle is required for their formation, with 

the ensuing potential for industrial manufacturing. Moreover, the LNCs are kinetically 

stable in suspension against the main breakdown mechanisms over six months both at 

25ºC and at 4ºC regardless of the oil: surfactant mass ratio. 

3. Although the paracellular permeability of the brain endothelium is altered in 

most CNS diseases, the BBB disruption is only substantial in advanced stages of 

disease and in the most affected areas. Therefore, brain targeting of nanomedicines 

should not solely rely on passive targeting. Brain active targeting seeks to boost 
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transcellularly the delivery efficiency across the BBB. Hence, the BBB permeability of 

targeted nanomedicines is a key ADME feature and researchers have been 

endeavoring to develop in vitro screening methods that reliably predict the in vivo BBB 

permeability of nanomedicines to early triage the most promising targeting strategies. 

In this regard, the permeability coefficient calculated in in vitro BBB models is a robust 

parameter that enables readily comparisons among different transport strategies. The 

in vitro BBB model with the human cerebral endothelial cell line hCMEC/D3 has been 

designed and validated with in vivo data as a versatile screening method to evaluate 

the passage of nanocarriers across the BBB. This in vitro model meets the high-

throughput demands in the early stages of drug discovery and lacks ethical constraints.  

4. The BBB-transcytosis ability of LNCs follows a size-dependent pattern within 

the range 20-60 nm. Moreover, cannabidiol (CBD), the major non-psychotropic 

phytocannabinoid, represents a pioneering non-immunogenic BBB-targeting molecule 

for LNCs. As a proof of it, the smallest LNCs functionalized with CBD consistently 

exhibit the highest BBB-targeting ability both in permeability experiments across the 

hCMEC/D3 monolayer and in biodistribution experiments in healthy mice. In particular, 

on the one hand, a decrease in the particle size of LNCs yielded a 2.5- and 1.6-2.5--

fold higher transcytosis rate across the BBB in vitro and in vivo, respectively and, on 

the other hand, the functionalization of LNCs with CBD increased the brain targeting 

properties by 4.3- and 2.5-fold in vitro and in vivo, respectively. 

5. Malignant brain tumors are the best archetype of brain disorders that could 

take great advantage of LNCs. In the search for novel antitumor agents, the therapeutic 

potential of several cannabinoids, traditionally constrained due to their strong 

psychoactive properties and their high lipophilicity, has become a research hotspot. 

Hence, precisely due to the lack of psychoactive effects, CBD is the lead cannabinoid 

that can profit from nanomedicine-based formulation strategies for the treatment of 

gliomas. LNCs can encapsulate CBD at high drug loading within their oily core and act 

as extended-release carriers for this cannabinoid with in vitro activity against the 

human glioblastoma cell line U373MG. The size of LNCs plays a pivotal role in the 

extent of CBD release: 20 nm-sized CBD-loaded LNCs reduce by 3.0-fold the IC50 

value achieved with 50-nm sized CBD-loaded LNCs both after 48 and 96 hours. 

6. The in vitro glioma targeting ability of LNCs also follows a size-dependent 

pattern within the range 20-60 nm. Analogously, CBD enhances the active targeting of 

LNCs to glioma cells. As a proof of it, the smallest LNCs functionalized with CBD 

consistently exhibit the highest glioma-targeting ability in uptake experiments with the 

human glioblastoma cell line U373MG, the most prevalent and aggressive type of 

malignant brain tumor. In particular, on the one hand, a decrease in particle size yields 

an increase in in vitro uptake by human glioblastoma cells (by 3.0-fold for undecorated 

LNCs and by 3.5-fold for CBD-decorated LNCs) and on the other hand, the 

functionalization of LNCs with CBD enhances the in vitro glioma targeting properties by 

3.4-fold in comparison with their equally-sized unmodified counterparts. These in vitro 

glioma-targeting properties are in the same order of magnitude of other targeting 

strategies that have already reached the clinical trials stage. 
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7. Given the extremely heterogeneous nature of malignant brain tumors, the 

assumption that a single therapy could be beneficial for all patients is no longer 

plausible. At best, each treatment would only be effective for certain target populations 

at certain stages of disease. In this context, at the intersection between imaging and 

therapy, theranostic nanomedicine holds tremendous promise for tracking tumor 

responses to treatment and for guiding stimulus-activated therapies and surgical 

resection of malignant brain tumors to ultimately help tailor therapies to each patient’s 

individual needs. Currently, magnetic nanoparticles exploiting brain targeting strategies 

represent the first generation of preclinical theranostic nanomedicines for the 

personalized management of malignant brain tumors. 

8. Altogether, the results presented herein serve to envisage LNCs, prepared by 

the PIT method and loaded with CBD in their oily core and functionalized with CBD on 

their surface, as auspicious dually-targeted candidates for intravenous treatment of 

glioma. Consequently, they deserve subsequent in vivo evaluation in an animal model 

of disease. In particular, both the BBB and glioma targeting ability and the drug release 

rate can be tailored by varying the particle size of LNCs. This fine size-tailoring of LNCs 

can be achieved by the PIT method to increase the chances of success in the 

development of nanomedicines for the treatment of CNS diseases. 
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Abbreviation Meaning Abbreviation Meaning 

AMT 
.Adsorptive-mediated 

transcytosis 
IGF Insulin growth factor 

BBB Blood-brain barrier LNC Lipid nanocapsule 

BBTB 
Blood-brain tumor 

barrier 
MGMT 

O6-methylguanine-
DNA 

methyltransferase 

BCNU Carmustine MRI 
Magnetic resonance 

imaging 

CBD Cannabidiol MTT 

3-(4,5-dimethyl-2-
thiazolyl)-2,5-
diphenyl-2H-

tetrazolium bromide 

CCNU Lomustine MWCO 
Molecular weight cut-

off 

CED 
Convection-enhanced 

delivery 
NIR Near-infrared dye 

CNS 
Central nervous 

system 
PAMPA 

Parallel Artificial 
Membrane 

Permeability Assay 

CSF Cerebrospinal fluid PdI Polydispersity index 

DAPI 
4′,6-Diamidino-2-

phenylindole 
dihydrochloride 

PDT 
Photodynamic 

therapy 

DC Drug content PEG Polyethylene glycol 

DiD 

1,1′-dioctadecyl-
3,3,3′,3′-tetramethy-
lindodicarbocyanine 
4-chloro-benzene-

sulfonate salt   

PET 
Positron-emission 

tomography 

DiO 
3,3'-dioctadecyl-oxa-

carbocyanine 
perchlorate 

PIC 
Phase inversion 

composition 

DLS 
Dynamic light 

scattering 
PIT 

Phase inversion 
temperature 

DMEM 
Dulbecco’s Modified 

Eagle Medium 
PTT Photothermal therapy 

DMSO Dimethyl-sulfoxide RES 
Reticulo-endothelial 

system 

EBM 
Endothelial Cell Basal 

Medium 
RMT 

Receptor-mediated 
transcytosis 

EGF 
Epidermal growth 

factor 
SD Standard deviation 
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Abbreviation Meaning Abbreviation Meaning 

EGFR 
Epidermal growth 

factor receptor 
SEM 

Standard error of the 
mean 

EPR 
Enhanced 

permeability and 
retention 

TEER 
Transendothelial 

electrical resistance 

FBS Foetal bovine serum TEM 
Transmission electron 

microscopy 

FDA 
Food and Drug 
Administration 

TRPV 
Transient potential 
vanilloid receptor 

FGF 
Fibroblast growth 

factor 
THC Tetrahydrocannabinol 

GBM 
Glioblastoma 

multiforme 
TRITC 

Tetramethyl-
rhodamine-

isothiocyanate 

GPR55 
G protein-coupled 

receptor 55 
UWL Unstirred water layer 

HBSS 
Hank’s Balanced Salt 

Solution 
VEGF 

Vascular endothelial 
growth factor 

HLB 
Hydrophilic-lipophilic 

balance 
WHO 

World Health 
Organisation 

IE 
Incorporation 

efficiency 
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