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Foreword 

Neural stem cells (NSCs) are located in restricted neurogenic areas of the central nervous 

system, called niches, where they can undergo self-renewal and differentiate into specialized 

neuronal cells (astrocytes, oligodendrocytes and neurons). NSC differentiation plays a crucial 

role in the neurogenesis process, both during the development and the maintenance of the 

mammalian central nervous system (CNS). Several studies have demonstrated that 

neurogenesis stimulation resulted in the partial recovery of injured neuronal networks and in 

increased behavioral performances (e.g., learning and memory). Consequently, due to their 

impact on neurogenesis, NSCs are a potential tool to treat CNS diseases characterized by 

progressive lesion of neuronal tissue and deterioration of neurological functions. 

NSCs have been investigated to replace injured cells and to restore neurological functions by 

their differentiation into specialized neuronal cells. Different strategies have been developed 

which are mostly based on NSC transplantation after in vitro manipulation of exogenous 

NSCs (isolated from their niches or induced from other somatic cells). Thirty-seven NSC-

based clinical trials are currently on going for gliomas, ischemic stroke, amyotrophic lateral 

sclerosis, spinal cord injury and Parkinson’s disease, but none have reached phase III yet. The 

limited translation is probably due to transplantation-associated issues such as access to cell 

source and post-grafting cell survival. 

In situ differentiation of endogenous NSCs is a promising strategy to avoid transplantation-

associated issues. Nevertheless, no work based on in situ differentiation of endogenous NSCs 

has reached the clinical phase yet and the lack of NSC-targeting systems mostly promoted the 

development of non-selective therapies.  

Endogenous NSC targeting would increase the efficacy and the safety of in situ NSC 

differentiation treatments by enhancing drug bioavailability at the targeted site and limiting 

drug counter effects. Thus, the development of drug delivery systems that selectively reach 

NSC niches and induce NSC differentiation in situ would greatly improve the current NSC-

based therapies. 
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AIM AND SCOPE OF THE WORK 

The aim of this work was to contribute to the development of NSC-based therapies by 

providing a drug delivery system able both to target endogenous NSCs and to induce their 

differentiation in situ by bioactive molecule stimulation.  

The goals of this project were i) to develop and characterize a drug delivery system targeting 

NSCs ii) to investigate the mechanisms behind the selective interaction NSCs-drug delivery 

system and iii) to induce endogenous NSC differentiation in situ by delivering a bioactive 

molecule. 

 

ORGANIZATION OF THE MANUSCRIPT 

Chapter 1 – Introduction establishes the context of NSC differentiation, from the general 

field of NSC biology to the current NSC-based therapies aiming at the treatment of CNS 

diseases. Secondly, it explores the contribution of nanomedicine to improve NSC-based 

therapies with a particular emphasis on the potential role of the lipid nanocapsules. 

Chapter 2 – NFL-lipid nanocapsules for brain neural stem cell targeting in vitro and in 

vivo shows the study we made to produce a NSC-targeting drug delivery system by adsorbing 

the peptide NFL-TBS.40-63 (NFL) on the surface of lipid nanocapsules (LNCs). NFL-LNCs 

were physicochemically characterized and their NSC-targeting efficiency was evaluated in 

vitro and in vivo on NSCs of both brain and spinal cord. NFL-LNCs selectively interact with 

NSCs of the brain while they do not with NSCs of the spinal cord.  

Chapter 3 – The characteristics of neural stem cell plasma membrane affect their 

interaction with NFL-lipid nanocapsules shows the study we made to investigate the reasons 

behind the selective interactions between NFL-LNCs and NSCs of the brain. We 

characterized the plasma membrane lipid compositions of NSCs from the brain and from the 

spinal cord highlighting significant differences between the two types of cells. The lipid 

composition modulates plasma membrane properties, such as fluidity and permeability, which 

are involved in the interactions nanoparticle-cell. Consequently, we measured their variation 

before and after NSC incubation with NFL, LNCs and NFL-LNCs. We finally identified some 

of the factors modulating NFL-LNC preferential interaction by comparing the results between 

NSCs from the brain and from the spinal cord. 
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Chapter 4 – Retinoic acid-loaded NFL-lipid nanocapsules induce neural stem cell 

differentiation towards the oligodendrocyte lineage shows the study we made to induce the 

differentiation of NSCs from the brain via bioactive molecule stimulation. Retinoic acid (RA) 

was selected among several drugs for its neurogenic potential as well as compatibility with 

LNCs. We encapsulated RA into NFL-LNCs and we evaluate the NSC differentiation efficacy 

in vitro and in vivo. In vitro, the incubation with RA-loaded NFL-LNCs induces a significant 

NSC differentiation in oligodendrocytes, while in vivo, focal demyelinated rats have been 

treated with RA-loaded NFL-LNCs but the evaluation of the therapeutic effect is ongoing. 

Chapter 5 – Discussion highlights the main achievements of the thesis, describes the 

implications of the new findings and explores the possible improvements which can be made. 

NFL-LNC represents a great novelty in the field of NSC-based therapy due to the versatility 

of the LNCs (e.g. encapsulation of different types of bioactive molecules) which makes NFL-

LNC potentially suitable for many therapeutic applications, even though a few points remain 

to be improved (e.g., the way of administration). 
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1. PREFACE 

 

The dogma of a static brain was destroyed when Smart and Leblond showed for the first time 

that glial cells are dividing throughout the mouse brain parenchyma 
[1]

. A few years later, 

Altman and Das reported the migration of postnatally born neuroblasts from the 

subventricular zone to the olfactory bulb, providing the first strong evidence of neurogenesis 

in the adult brain 
[2]

. Important discoveries were made in the following decades, such as the 

presence of adult-born neurons in the dentate gyrus of rats 
[3]

 and in the vocal control nucleus 

of birds 
[4]

, but the perception of neurogenesis has drastically changed only since the 1990s. 

One of the most important discoveries was the observation that the proliferation of progenitor 

cells, and the subsequent number of newborn neurons, was dynamic. Several factors such as 

hormonal stress 
[5]

, age 
[6]

, or alcohol 
[7]

 could modulate this process. The improvement of 

immunohistological techniques represented another step forward in the description of 

neurogenesis by providing more sensitive analyses 
[8,9]

. Moreover, the ability to isolate, 

cultivate, and differentiate neural precursor cells in vitro provided crucial data on the cellular 

and biomolecular mechanisms involved in adult neurogenesis 
[10,11]

.  

Meanwhile, the discovery of adult neurogenesis also showed the limits of this physiologic 

process. Indeed, neurogenesis is restricted to small neurogenic areas of the central nervous 

system and its impact on the adult organism is very limited. Neural cells can migrate, from the 

neurogenic regions to the injured areas of the brain, and differentiate into the damaged cell 

phenotype but a very little percentage (around 0.2%) is functionally replaced 
[12,13]

. 

The identification of neural stem cells and their important role in adult neurogenesis 

motivated researchers to explore the regenerative potential of these cells. 

  



Chapter 1 - Introduction 

 
 

4 
 

2. NEURAL STEM CELLS 

 

2.1 Definition 

Neural stem cells (NSCs) are defined as “stem cell derived from any part of the nervous 

system and which primarily make cells expressing neural markers (those of astrocytes, 

oligodendrocytes and neurons) in in vitro culture” 
[14]

.  This definition is based on 

retrospective in vitro studies 
[11,15,16]

 which highlighted NSC peculiar biological properties: 

self-renewal and differentiation into specialized neural cells (neurons, astrocytes and 

oligodendrocytes) 
[17,18]

. 

2.2 Biological functions 

NSCs are located in restricted areas of the central nervous system (CNS), called niches, such 

as the central canal (CC), in the spinal cord, and the subventricular zone (SVZ) and the 

subgranular zone (SGZ), in the brain (Figure 1). Here, NSCs play a crucial role in the 

neurogenesis process both in the development and in the adulthood of the organism by 

generating, maintaining and regenerating the CNS via their differentiation into specialized 

neural cells. 

 

Figure 1. NSC niches in the CNS. Brain. Localization of the subgranular (SGZ) and subventricular (SVZ) 

zones in adult human brain. A, lateral section of the brain. B, frontal section of the brain. C, subventricular zone, 

highlighted in red. D, subgranular zone, highlighted in red. Spinal cord. Localization of central canal (CC) in 

spinal cord. E, spinal cord left lateral view. F, spinal cord cross section. G, central canal, highlighted in red. 
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Direct and indirect mechanisms were described to regulate the behavior of NSCs 
[19]

. 

Extrinsic signals can bind to NSC plasma membrane receptors or penetrate via specific 

channels and trigger intracellular cascades inducing modifications in gene expression. The 

secretions of the choroid plexus such as insulin-like growth factor 1 (IGF1) 
[20,21]

 or ions such 

as calcium 
[22]

 are examples of extrinsic signals that can modulate NSC differentiation by their 

interaction with IGF1 receptor and Ca
+2

 channels, respectively. Intrinsic regulatory processes 

can also direct gene expression in NSCs by affecting transcriptional factors. Sonic hedgehog 

is the major activating ligand to initiate Hedgehog signalling in the brain and has been shown 

to play an important role in NSC proliferation and differentiation 
[23]

. Both the extrinsic and 

intrinsic pathways are interconnected. Consequently, the identification of the origin of the 

niche signals is challenging. 

Although NSCs are multipotent in vitro, recent genetic fate-mapping and clonal lineage-

tracing of NSCs have highlighted the lack of similarities between NSC differentiation in vitro 

and in vivo 
[24]

. The niche environment seems to limit adult NSC differentiation. In the adult 

SGZ, NSCs can generate dentate gyrus granular cells while in the adult SVZ, NSCs produce 

neuroblasts which migrate to the olfactory bulb where they differentiate into interneurons 
[25]

. 

Moreover, localization in the niches would determine the type of cells derived from NSCs. In 

the SVZ, ventral NSCs mostly develop into calbindin-expressing cells, whereas dorsal NSCs 

develop into tyrosine-hydroxylase-expressing cells 
[26]

 (long-axon and dopaminergic neuron 

markers, respectively). In the SGZ, the adult NSC population reacts differently to 

environmental stimuli depending on their lineage 
[27]

. Learning and memory processes are 

strictly related to adult neurogenesis in the SVZ 
[28-30]

, while SGZ-NSC-derived granule cells 

of the dentate gyrus have been implicated in long-term spatial memory and pattern separation 

[31,32]
. Transplanted NSCs are also able to release immunomodulatory and neurotrophic factors 

(bystander effect) such as nerve growth factor, brain-derived growth factor, and leukemia 

inhibiting factor 
[33]

. 

2.3 Neurogenesis 

Adult neurogenesis was described both in the SGZ and in the SVZ (Figure 2) of the brain 

while it does not occur in adult spinal cord 
[34]

. Neurogenesis consists of several 

developmental stages (proliferation, migration, differentiation and integration) that are 

characterized by distinct cell phenotypes. SGZ and SVZ do not have the same precursors; 
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consequently, there is not a unique nomenclature to identify cells involved in the adult 

neurogenesis 
[27,35,36]

. 

 
 

Figure 2. Neurogenesis in the SVZ. A, Cellular organization of the SVZ: lateral ventricle, ependymal layer 

(composed by type E cells or ependymal cells), subependymal layer (composed by type B, type C and type A 

cells) and brain parenchyma (composed by astrocytes, oligodendrocytes and blood vessels). B, NSC 

differentiation in the SVZ: type B cells undergo self-renewal or differentiate in type C cells which become type 

A cells.  C, neurogenesis steps in the SVZ: neuroblasts proliferate in the SVZ and then migrate to the olfactory 

bulb where they differentiate in neurons and integrate with the existing cellular network. 

 

Nevertheless, several markers are used to detect the different cell phenotypes involved in the 

neurogenic process 
[37,38]

 (Table 1). Nestin was the first marker described to identify stem-

like/precursor cells and is the most widely used 
[39]

. Nestin is a specific class of intermediate 

filament proteins that are expressed in non-differentiated cells. Class III β tubulin (Tuj1) 
[40]

, a 

protein expressed in post-mitotic neuron cytoskeleton, doublecortin (DCX) 
[41]

, which 

encodes a microtubule-associated protein present in migrating neuroblasts, and the 

polysialylated-neural cell adhesion molecule (PSA-NCAM), which is a product of post-

translational modification of NCAM, are the most accepted markers for early neurons 
[42]

. 
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Mature neurons are identified by the microtubule-associated protein (MAP-2), the neuron-

specific enolase (NSE) and the neural-specific nuclear protein (NeuN) 
[43,44]

. Some non-neural 

cells can also be positive for the markers mentioned above. To avoid ambiguous interpretation 

of the results, it is recommended to perform multiple staining including non-neural markers 

such as glial fibrillary acidic protein (GFAP) 
[45]

 or calcium binding proteins (S100 and 

S100b) 
[46]

 for astrocytes, and 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP) or myelin 

basic protein (MBP) for oligodendrocytes 
[47]

. 

Table 1. Markers for adult neurogenesis. 

Type of cells Markers 

Neural stem cells/Progenitors Nestin 
[39]

  

SRY-related HMG-box gene (Sox2) 
[48]

  

Musashi-1 (Msi1) 
[49]

  

Paired box gene 6 (Pax6) 
[50]

  

Prominin (CD133) 
[51]

  

Glial fibrillary acid protein (GFAP) 
[45]

  

NG2-glia positive cells Chondroitin sulfate proteoglycan neuron/glia antigen 2 (NG2) 
[52]

  

Neuronal lineage (early) III β tubulin (TUJ1) 
[40] 

 

Doublecortin (DCX, C-18) 
[41]

  

Polysialylated-neural cell adhesion molecule (PSA-NCAM) 
[42]

  

Neurogenetic Differentiation (NeuroD) 
[42]

  

Neuronal lineage (mature) Neuronal nuclear epitope (NeuN) 
[44]

  

Microtubule-associated protein 2 (MAP2) 
[43]

  

Neuron-specific enolase (NSE) 
[43]

  

Calbindin 
[53]

  

Thyrosine-hydroxylase (TH) 
[54]

  

Calretinin 
[53]

  

Neurofilaments (NF) 
[53]

  

Astrocytic lineage Glial fibrillary acid protein (GFAP) 
[45]

  

Calcium binding proteins (S100/S100b) 
[46]

  

Glutammate-aspartate transporter (EAAT1) 
[55]

  

Glial lineage Galactocerebroside (GalC) 
[56]

  

2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP) 
[47]

  

Myelin basic protein (MBP) 
[47]

  

 

2.4 Therapeutic significance in CNS diseases  

The therapeutic relevance of NSCs was investigated after several studies clearly demonstrated 

that the inhibition of neurogenesis decreased neurological functions 
[57,58]

, while its 

stimulation resulted in behavioural performance recovery (e.g., learning and memory tasks) 

[59,60]
. Consequently, adult neurogenesis modulation could have a positive impact on the 

patients affected by CNS diseases, which are mostly characterized by neurological function 

deterioration, such as Alzheimer’s (memory impairment) and Parkinson’s (motor impairment) 

diseases. In this regard, strategies that are effectively able to restore distinct aspects of adult 
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neurogenesis are of specific interest for future treatments. Although the differentiation of 

NSCs is regulated by many physiological stimuli, these cells are considered to be key 

determinants in neurogenesis. Consequently, NSCs have been investigated to replace injured 

cells and to restore neurological functions by their differentiation into specialized neural cells. 

The discovery of adult neurogenesis had a significant impact on regenerative medicine by 

overturning the long-held dogma that mammalian CNS cannot regenerate and renew itself. 

The stimulation of the neurogenesis process can result in the partial recovery of injured neural 

networks and in the enhancement of behavioural performances. The identification of NSCs 

and their role in adult neurogenesis motivated researchers to explore the regenerative potential 

of these cells for the treatment of the CNS diseases characterized by progressive lesion/loss of 

neural tissue and deterioration of neurological functions. 

 

3. NEURAL STEM CELL DIFFERENTIATION 

 

3.1 Exogenous and endogenous NSC-based strategies 

In the last 20 years, several protocols have been developed to cultivate and differentiate NSCs 

in vitro after their isolation from CNS niches (isolated NSCs) or after derivation from 

pluripotent restored adult somatic cells (induced pluripotent stem cell-derived NSCs, iPSC-

derived NSCs) 
[61]

. However, the development of standard procedures to induce NSC 

differentiation in vivo or in situ has not yet been established. CNS repair via NSC 

differentiation can be achieved by following different strategies, which essentially depend on 

whether NSCs are exogenous or endogenous (Figure 3). iPSC-derived and isolated NSCs are 

considered exogenous NSCs when stimulated in vitro and transplanted in vivo. NSCs are 

considered endogenous when their differentiation is stimulated in situ.  
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Figure 3. NSC differentiation for CNS repair. Strategies developed to achieve CNS repair with the use of 

exogenous or endogenous NSCs (in green). Left, exogenous NSCs can be obtained by the induction of other 

somatic cells (e.g., fibroblasts) or by isolation from neurogenic niches (e.g., the SVZ and SGZ). Exogenous 

NSCs are cultivated in vitro for in vivo transplantation and their differentiation can be designed to occur during 

cell cultivation or after cell transplantation. Right, endogenous NSCs are stimulated directly in the neurogenic 

niches and their differentiation can occur exclusively in situ. 

 

3.2 Stimulation of NSC differentiation 

Several methods have been developed to induce NSC differentiation in vitro, in vivo and in 

situ (Table 2). 

iPSC-derived and isolated NSCs can preserve their multipotent profile in the presence of 

repressor-type bHLH genes 
[62,63]

, hypoxia 
[64]

, serum-free media 
[65]

, and media enriched with 

growth factors. Epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) are 

the most used growth factors to maintain NSCs in an undifferentiated state 
[66]

. Exposure to 

specific compounds and conditions can induce NSC differentiation (Table 2). Recent 

evidences suggest that a combination of extracellular signals and niche environmental 

conditions, hardly reproducible in vitro, affect NSC behaviour in the organism 
[67]

.  

Consequently, most of the strategies which provided promising results in vitro did not fully 

translated in vivo and in situ (or vice versa).
 

Numerous mechanisms controlling the behavior of NSCs were elucidated by deciphering the 

role of intrinsic and extrinsic signals in NSC circuits. Consequently, some of the strategies to 

induce NSC differentiation were based on the targeted modulation of these signals. 

Experimental evidence has highlighted the importance of the regulatory feedback loop 

between micro RNA (miR) and transcription factors, which can differentially influence NSC 
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behaviour 
[68]

. miR upregulation via miR-9 transfection 
[69]

 or miR-195 downregulation via 

MBD1 gene-expressing lentivirus 
[70]

 can increase embryonic mouse NSC differentiation into 

neurons and astrocytes. The signals from cell-cell contact were also identified as modulators 

of NSC differentiation: co-cultures of NSCs and protoplasmic astrocytes or amniotic cells 

promote embryonic rat NSC differentiation into neurons 
[71]

. The alteration of epigenetic 

marks is an important NSC lineage modulator as well. The overexpression of activator-type 

bHLH genes such as Mash1, neurogenin2, and NeuroD promotes neuronal-specific gene 

expression while it inhibits glia-specific gene expression 
[63]

. Deciphering cell circuits and 

their regulatory signal network provides crucial information for NSC differentiation strategies 

[72]
. 

In addition to endogenous modulators, pharmacological agents were found to impact NSC 

behaviour. Incubation with 4-aminothiazoles (e.g., neuropathiazol) or oleanoic acid led to 

TuJ1 (neuronal marker) expression in 90% of cells in treated primary neural progenitor cells 

isolated from adult rat hippocampus and NSCs isolated from the embryonic striatum of mice 

respectively 
[73]

. Valproic acid 
[74,75]

 stimulates NSC differentiation by the inhibition of 

histone deacetylase and its combination with other active molecules (e.g., retinoids) 

significantly increased the percentage of MAP-2 (neuronal marker) positive cells in vitro 
[76]

. 

The impact of addictive drugs on NSC differentiation and neurogenesis was also 

demonstrated 
[77]

. Morphine promotes astrocyte differentiation 
[78]

 while D-amphetamine 
[79]

 

and opioid peptides 
[80]

 increase neuron differentiation in vitro and in situ, in the hippocampus 

of adult mice. 

NSC differentiation can also be stimulated by extremely low-frequency electromagnetic fields 

(ELFEFs) which affect several biological parameters such as the intracellular calcium level. 

ELFEFs upregulate the Ca
2+

 channels and increase the Ca
2+

 influx which induces the 

signalling cascade associated with the promoter of specific bHLH that control NSC 

differentiation 
[22,81]

.  NSCs isolated from the brain cortex of new-born mice and exposed to 

ELFEFs showed more cells positive for neuronal markers (+11.8% of MAP-2 and +11.9% of 

beta III tubulin) compared to the controls 
[82]

. 

Strategies aiming at in situ differentiation of endogenous NSCs would bypass issues related to 

exogenous NSC transplantation, such as supply of exogenous NSCs (e.g., ethical concerns), 

immune response against allogeneic transplantation and post-grafting cell viability. 

Consequently, the administration of active compounds that would stimulate NSC 
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differentiation in situ is the current most common approach (instead of NSC transplantation) 

to enhance neurological function in neurodegenerative disease animal models (Table 2).  

Table 2. NSC differentiation in vitro and in vivo (from exogenous or endogenous NSCs)  

Study 

design 
Molecule/Condition Type of cells/area Outcomes Year 

in 

vitro 

neuropathiazol 

primary neural progenitor 

cells isolated from adult rat 

hippocampus 

+ neurons 2006 
[74]

  

ELFEFs 
NSCs isolated from the 

brain cortex of nb mice 
+ neurons 2008 

[82]
 

NSC co-culture with 

astrocytes or amniotic cells 

NSCs isolated from 

embryonic rates 
+ neurons 2012 

[71]
  

miR-9 transfection 
NSCs isolated from 

embryonic mice 

+ neurons 

+ astrocytes 
2013 

[69]
  

MBD1-expressing lentivirus 
NSCs isolated from 

embryonic mice 

+ neurons 

+ astrocytes 
2013 

[70]
  

BDNF 
NSCs isolated from the 

forebrain cortex of nb mice 

+ neurons 

+ oligodendrocytes 
2013 

[100]
  

oleanolic acid 
NSCs isolated from the 

embryonic mouse striatum 
+ neurons 2015 

[73]
  

valproic acid 
NSCs isolated from 

embryonic rat forebrains 
+ neurons 

2015 
[76]

; 

2008 
[75]

  

all-trans-retinoic acid 
NSCs isolated from 

embryonic rat forebrains 
+ neurons 

2015 
[76]

; 

1998 
[92]

  

1,25-Dihydroxyvitamin D3 
NSCs isolated from adult 

mouse brain 
+ oligodendrocytes 2015 

[79]
  

opioid peptides 
NSCs isolated from 

embryonic rat striatum 
+ neurons 2015 

[80]
  

NSC transplantation human NSCs 
prevention of further 

cognitive deterioration 
2015 

[101]
  

Exo 

NSCs 

growth factor-

overexpressing NSC 

transplantation 

NSCs isolated from 

transgenic nb mouse  

hippocampus 

AD deficit and synaptic 

density recovery 
2016 

[102] 
 

Endo 

NSCs 

morphine adult mouse hippocampus + astrocytes 2015 
[78]

  

D-amphetamine adult mouse hippocampus + neurons 2013 
[79] 

 

ELFEFs adult mouse hippocampus + neurons 2010 
[98]

  

retroviral Zfp488 
adult mouse corpus 

callosum 

motor function 

restoration 
2011 

[84]
  

perfluorooctane sulfonate 
cortical tissues of neonatal 

mice 

+ neurons 

+ oligodendrocytes 
2013

 [85] 
 

PCDHIIx shRNA/siRNA lateral ventricle of mice + neurons 2014 
[103]

  

simvastatin 
injured areas of adult rat 

brain 

neurological function 

enanchement 
2015 

[83] 
 

ketamine nb rat SVZ + neurons 2015 
[104]

  

nicotine adult rat hippocampus + neurons 2015 
[105]

  

long noncoding RNA Pnky 
embryonic and postnatal 

mouse brain 
+ neurons 2015 

[106]
  

oxygen supply modulation 
developing cerebral cortex 

of mice 
+ radial glia 2016 

[97] 
 

 ELFEFs, extremely low-frequency electromagnetic fields; Exo, exogenous; endo, endogenous; nb, new-born; SVZ, subventricular zone. 
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Simvastatin increased the percentage of MAP-2 (neuronal marker) and GFAP (astrocytic 

marker) positive cells in a rat traumatic brain injury model 
[83]

. Its administration enhanced 

neurological functions such as sensory functions, motor functions, beam balance performance, 

and reflexes. The corpus callosum in mice exhibiting cuprizone-induced demyelination 

showed a significant increase in Olig2 (oligodendrocytic marker) positive cells after treatment 

with retroviral Zfp488 
[84]

. The overexpression of Zfp488 protein (activator of 

oligodendrocyte differentiation) induced a significant motor function restoration in 

demyelination-injured mice.  

Perfluorooctane sulfonate induced neuronal and oligodendrocytic NSC differentiation in 

healthy mice, probably via PPARγ nuclear receptor activation, a pathway also involved in the 

retinoid-induced cascade for NSC differentiation 
[85]

.  

Retinoic acid (RA) has an important role in neurogenesis by inducing neurite outgrowth and 

neural differentiation from various cell sources such as embryonic stem cells 
[86,87]

 and 

mesenchymal stem cells 
[88,89]

. Several studies demonstrated that RA increases the expression 

of neural markers after its incubation with NSCs 
[76, 90]

. RA signalling is transduced by two 

families of nuclear receptors, the retinoic acid receptors (RARs) and the retinoid X receptors 

(RXRs) 
[91,92]

. RAR and RXR work as the heterodimer complex RAR/RXR and have 3 

different isotypes (α, β and γ). While RARs are activated by all-trans and 9-cis RA, RXR is 

activated only by 9-cis RA. Unbound retinoid receptors repress transcription through the 

recruitment of corepressors such as NCoR and SMRT 
[91]

. Those corepressors recruit in turn 

histone deacetylase protein complexes and Polycomb repressive complex 2, resulting in 

chromatin condensation and gene silencing. The interaction between RA and RAR/RXR 

induces receptor conformational changes which cause the dissociation of the corepressors and 

recruitment of transcriptional coactivators such as SRC/p160 family, p300/CBP and CARM-1 

[92]
. Coactivators induce histone acetylation and recruitment of ATP-dependent remodelling 

complexes which leads to the displacement of impeding nucleosomes within the proximal 

promoter region. The displacement facilitates the access to the general transcription 

machinery by promoters including RNA polymerase II 
[91,92]

. Since RXR is able to form 

heterodimers with other nuclear receptors, including other peroxisome proliferator-activated 

receptors (PPARs), cross-talk with other signalling pathways mediated by PPAR can also 

occur. Additionally, ROS can induce NSC differentiation in a RA-independent way by RARα 

stabilization.  
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In vitro, the dissolution in aqueous solutions (e.g., cell media) increases RA susceptibility to 

the oxidative damage of light, air, and temperature (>90°C). Moreover, retinoids are adsorbed 

by many of the glass and plastic wares commonly used in cell culture, impacting control of 

the administrated doses and reproducibility of the experiments 
[94]

. In vivo, chronic 

administration of RA showed progressive decline of its plasmatic concentrations (probably 

due to a progressive impairment of gastrointestinal uptake) as well as poor bioavailability 

(associated with acquired mutations either of RAR or CRABP) and stability (pH sensitivity) 

[95]
. One successful strategy to overcome these issues is to incorporate RA into nanoparticles. 

For instance, RA encapsulation into nanovectors showed an enhanced therapeutic effect in the 

treatment of cancer or ischemia compared to its free form, highlighting the interest of RA-

based systems 
[96]

. 

 

 

Figure 4. Cell regulation via retinoic acid (RA).  
More than 95% of circulating retinoic acid is bound to the retinoid bounding protein 4 (RBP4) which allows the 

penetration into the cell via the transmembrane protein stimulated by retinoic acid 6 (STRA6). The complex RA-

RBP4-STRA6 dissociates in the cytoplasm and RA binds to the cellular retinoic acid-binding protein (CRABP) 

which carry RA into the nucleus. However, free retinoic acid can cross the phospholipid bilayer of the plasmatic 

membrane and of the nucleus also without any transporter. Once in the nucleus, RA binds to heterodimer 

complex of retinoic acid receptor–retinoic x receptor (RAR/RXR) and recruits the transcriptional co-activators 

cAMP-response-element-binding protein (CBP) and protein 300 (p300). RAR/RXR in combination with CBP 

and p300 act with other factors to regulate signal transduction pathways and cell-differentiation. 
 

Another approach to induce NSC differentiation is the oxygen supply modulation at the site of 

neurogenic niches. It was recently showed by Lange et al. that angiogenesis is linked to 

neurogenesis during cortical development 
[97]

. They demonstrated that selective perturbation 
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of brain angiogenesis in embryos increased NSC expansion by hypoxia while exposure to 

increased oxygen levels stimulated NSC differentiation.  

The in vivo application of ELFEFs on C57b1/6 mice promoted proliferation and 

differentiation of hippocampal NSCs 
[98]

. NSC differentiated into neurons, which were 

functionally integrated in the dentate gyrus network 30 days after the ELFEF treatment. 

Spatial learning and memory were enhanced, highlighting the important therapeutic 

implications of ELFEFs for the treatment of neurodegenerative diseases. Moreover, it was 

demonstrated that ELFEFs increased the survival of hippocampal newborn cells 
[99]

. 

Altogether, there is concurrent information demonstrating that NSC differentiation is a valid 

approach to enhance neurological functions during neurodegenerative diseases. The 

therapeutic effect achieved in neurologically compromised animal models (e.g., restoration of 

cognitive functions), together with the stimulation of the neurogenic process and 

neuroprotection in healthy animal models via NSC differentiation, provide precious insight 

for the clinical translation of NSC-based therapeutic strategy. 

3.3 Clinical trials  

Depending on the results obtained during pre-clinical studies, NSC differentiation-based 

therapies have been recently translated into the clinic 
[107]

. Thirty-seven NSC-based clinical 

trials are currently on going, involving patients affected by gliomas, ischemic stroke (IS), 

amyotrophic lateral sclerosis (ALS), spinal cord injury (SCI) and Parkinson’s disease (PD) 

[108]
. Surprisingly, most of these therapies aimed at in vivo differentiation of transplanted 

exogenous NSCs (Table 3), while most of the pre-clinical studies focused on in situ 

differentiation of endogenous NSCs (Table 2). In the clinical trial NCT02117635, CTX0E03 

cells (a human neuronal stem cell line) were stereotaxically injected by in the striatum of IS 

patients (site of lesion) (Phase I). The treatment promoted a partial recovery of neurologic 

functions 
[109]

 but no anatomical modifications. This would suggest that NSCs do not directly 

differentiate into neurons but rather act as cellular mediators by secreting paracrine factors. 

The aim of the clinical trial NCT01640067 (Phase I) was to assess the safety of NSCs and 

their efficacy. The transplantation of foetal NSCs in the spinal cord of ALS patients stopped 

the progression of the disease for up to 18 months and did not cause side effect 
[110]

. No 

mechanistic study was performed in vivo to explain this result, but the preservation of NSC 



Chapter 1 - Introduction 

 
 

15 
 

multipotency was demonstrated in vitro after the recovery of remaining NSCs in the syringe 

used for the injection, and culture of transplanted NSCs.  

Transplantation of genetically modified NSCs has also been used for the treatment of gliomas 

and is being evaluated in clinical trials 
[111]

. The strategies consisted by using genetically 

modified NSCs as vehicles to target tumor cells without harming healthy brain tissue. Very 

promising pre-clinical studies showed that NSC-based oncolytic virus delivery 
[112]

 and iPSC-

derived NSCs engineered with therapeutic/diagnostic transgenes 
[113]

 were able to suppress 

tumour growth and to significantly extend the survival of glioblastoma-bearing mice. In 

another study (NCT01172964), E.Coli cytosine deaminase-expressing NSCs were co-injected 

with 5-fluorocytosine (5-FU) intra-cerebrally. The objective was to facilitate the conversion 

of 5-FU into its active form (fluorouracil) directly in the tumor. Another approach was to 

perform an intracranial injection at the tumor site of carboxylesterase-expressing NSCs to 

increase glioblastoma cell sensitivity to irinotecan hydrochloride, an anti-cancer drug 

(Camptosar) (NCT02192359).  

Unfortunately, more detailed information regarding the results and efficiency of these clinical 

trials are not available. It seems that none of the described clinical treatments caused severe 

adverse events. To the extent of our knowledge, no NSC-based therapy aiming at treating 

neurodegenerative diseases reached phase III yet. Focusing on strategies based on in situ 

stimulation of endogenous NSC differentiation could provide promising alternatives that 

might be easier to translate into therapy for the treatment of neurodegenerative diseases. 

Table 3. NSC-based clinical trials 

Targeted disease Cell type Approach Identification Phase 

ALS exo NSC transplantation NCT01640067 I (finished 2015) 

SCI exo  NSC transplantation NCT02326662 I/II (ongoing 2017) 

SCI exo NSC transplantation NCT01772810 I (recruiting 2017) 

IS exo NSC transplantation NCT02117635 II (ongoing 2017) 

PD exo NSC transplantation NCT02452723 I (recruiting 2017) 

ALS endo NSC in situ stimulation NCT00397423 II (completed 2007) 

gliomas g. m. NSC transplantation NCT01172964 I (completed 2015) 

gliomas g. m. NSC transplantation NCT02192359 I (recruiting 2017) 

ALS, amyotrophic lateral sclerosis; SCI, spinal cord injury; IS, ischemic stroke; PD, Parkinson’s disease; exo, exogenous; endo, 
endogenous; g. m., genetically modified. Resource: https://clinicaltrials.gov. 
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3.4 Challenges  

Despite important and encouraging progress, the intrinsic complexity of the CNS still 

precludes the potential of many NSC-based therapeutic approaches. The structural fragility of 

the CNS limits invasive approaches whereas the stage, the area, and the type of the pathology 

strongly influence the impact and the effect of the treatments 
[114,115]

.  

One limiting factor is the lack of correlation between in vitro and in vivo NSC behavior. The 

ability of NSCs to differentiate into specialized cellular lineages depends on their 

microenvironment. Understanding the chemical and physical signals as well as the cell-cell 

interactions represents the most important challenge to dynamically modulate NSC 

differentiation in vivo 
[67]

.  

Another challenge is the control of the biological activity of these cells following their 

transplantation or stimulation. In many clinical trials involving NSCs, little is known about 

the mechanisms, the location, and the extent of the modulation of neurogenesis. The 

development of methods able both to induce NSC differentiation and to track NSC 

differentiating progeny would represent a promising strategy to understand NSC behavior and 

to design the most appropriate NSC-based therapy.  

Additional problems are associated to exogenous NSC therapies, which are based on in vitro 

NSC cultivation followed by in vivo NSC transplantation. The incidence of tumors is one of 

the most important concerns in NSC transplantation. Tumor development has been rarely 

reported in the majority of the described stem cell-transplantation-based clinical trials 
[116]

 but 

it is not unheard of 
[117]

. Moreover, the strict procedures of the cell culture (e.g., xeno-free 

environment) and the risk of adaptive genetic changes during the passages 
[118]

, in vitro, 

together with cell survival, graft rejection and cell source issues 
[119]

, in vivo, make the clinical 

translation more difficult.  

The current inability of medical science and fundamental research to provide information and 

solutions to these problems represents a significant risk for the patients, and thus impairs the 

clinical translation of NSC research.  

At the same time, under the pressure of the public and the media, the population has 

overestimated expectations about the ability of NSC transplantation to cure neurodegenerative 

diseases. Patients have been exposed to severe risks due to clinical trials with incomplete 

scientific knowledge, e.g., in 2013 with the “Caso Stamina” 
[120]

. Cattaneo and Bonfanti 
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highlighted the importance of a constructive dialogue between science and society, which 

should bypass the media 
[121]

.  

3.5 Conclusion 

NSC differentiation, and consequently neurogenesis, can be stimulated either by endogenous 

modulators or pharmacological agents. Several methods have been developed to induce NSC 

differentiation which resulted in therapeutic effects in the treatment of CNS diseases and, 

some of them were included in clinical trials. Despite the rapid clinical translation, several 

issues are still challenging with this therapeutic approach. The intrinsic complexity of the 

CNS, the lack of in vitro-in vivo correlation, transplantation-associated issues, and the 

biological activity control remain difficult obstacles to overcome by conventional medicine. 

Considering those issues, nanomedicines provide promising solutions to solve some of these 

problems. 

 

4. NANOMEDICINE FOR NSC DIFFERENTIATION 

 

4.1 Definition of nanomedicine 

Nanomedicine is the medical and pharmaceutical application of nanotechnology and its main 

objective is the improvement of conventional therapies by providing new skills and/or 

overcoming the limitations associated with conventional pharmaceutical forms. 

While several regulatory authorities and medical agencies worldwide (e.g., European 

Medicines Agency 
[122]

 and European Science Foundation 
[123]

  ) converge on this definition of 

nanomedicine, the term “nanotechnology” is still a matter of discussion. One of the main 

reasons of the disagreement is that “the term “nano” is, however, somewhat confusing since it 

does not designate the same reality for the physicist, the chemist and the biologist” 
[124]

.  

The National Science and Technology Council defines nanotechnology as the “science, 

engineering, and technology conducted at the nanoscale, which is about 1 to 100 

nanometers.” 
[125]

 while the European Commission defines it as the “study of phenomena and 

fine-tuning of materials at atomic, molecular and macromolecular scales, where properties 

differ significantly from those at a larger scale” 
[126]

. 
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According to our bibliographic research and scientific experience, the term “nanotechnology” 

would define those areas of science and engineering where both particular phenomena (e.g., 

plasmon resonance) and specific properties (e.g., high surface area) are present when 

materials, structures and devices are at nanometre scale dimensions exclusively (generally 

smaller than 500 nm). 

4.2 Classification of the nanomedicines 

Nanomedicine can use either miniaturized medical devices for imaging/clinical evaluation, 

called nanodevices 
[127]

, or nanoscale systems for therapy/theranostic, called nanomedicines. 

The classification of the nanomedicines (Figure 5) depends on whether they are biological 

carriers, such as virus and bacteria 
[128,129]

, or they are made of nanomaterials.  While a 

nanocrystalline material produces nanoscale crystals 
[130]

 which are entirely composed by the 

drug, nanostructured materials are engineered polymeric or non-polymeric compounds that 

provide drug nanocarriers 
[131]

 with specific shapes and functionalities.  

 

Figure 5. Different types of nanomedicines. 
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Among those nanostructured carriers, the lipid-based nanoparticles have attracted increasing 

interest due to their high degree of biocompatibility and versatility 
[132]

. In fact, most of the 

excipients used to produce lipid-based nanoparticles are phospholipids, triglycerides and 

cholesterol which are already used in FDA-approved therapeutics. Moreover, the presence of 

both oily and aqueous compartments made those nanoparticles suitable for hydrophilic, 

lipophilic and amphiphilic drug delivery. 

Lipid micelles, nanoemulsions, liposomes, solid lipid nanoparticles and lipid nanocapsules 

(LNCs) are some of the most studied lipid-based nanoparticles for therapeutic applications. 

They are produced by different methods and show different properties (Table 4). 

Table 4. Main advantages/disadvantages of lipid-based nanoparticles 

Type  Method of production Advantages Disadvantages 

Nanoemulsions 

high pressure 

homogenization 

low energy 

emulsification method at 

constant temperature 

phase inversion 

temperature method 

spontaneous 

solvent free 

Ostwald ripening 

risks of erythrocyte lysis 

Micelles 

concentration of 

surfactant above the 

critical micelle 

concentration 

spontaneous 

solvent free 

small size 

low stability 

low drug-loading 

Liposomes 

Bengham’s method (dry 

film hydration with 

aqueous media) 

dry film hydration with 

organic solvent 

highly biomimetic 

semi-spontaneous 

solvents 

low stability 

big size 

short half-life 

Solid-lipid nanoparticles 

high pressure 

homogenization 

microemulsion 

double emulsification 

easy to scale-up 

highly stable 

solvent free 

controlled release 

not for fragile drugs 

multi-steps  

LNCs 
phase inversion 

temperature method 

solvent free 

highly stable 

easy to scale-up 

multi-steps 

high temperatures 

 

Liposomes 
[133]

  are the first nanomedicine successfully translated to clinic applications 
[134]

. 

They are 50 nm-5 µm vesicles which can be composed by one (monolamellar) or more 

(multilamellar) aqueous compartments delimited by a phospholipid bilayer. Due to their 

highly biomimetic composition and structure, liposomes are also used in cellular membrane-

modelling to study the interactions between compounds and cells 
[135]

.  

Micelles 
[136]

 are colloidal solutions consisting in a mixture of water, oil and surfactant. 

Depending on whether the dispersant phase is aqueous or oily, micelles can be classic or 
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reverse, respectively. The most important characteristic of these formulations is that lipid 

micelles form spontaneously when the surfactant reaches the critic micellar concentration.  

Moreover, there is a dynamic equilibrium with a constant exchange of monomers between 

dispersant phase and lipid micelles. 

Nanoemulsions 
[137]

  are 50-200 nm globular droplets either of oil in water (O/W) or of water 

in oil (W/O). Nanoemulsions have been included into different pharmaceutical forms, such as 

spray, creams and foams which have been administered by different routes as well (e.g., oral, 

intravenous and pulmonary) 
[138]

.  

Both nanoemulsions and liposomes can form semi-spontaneously by mixing the components 

at specific ratios and by defining the final size with one or more additional steps (e.g., 

sonication or extrusion). 

Solid-lipid nanoparticles 
[139]

 are 50 nm-1 µm colloidal carriers composed by lipids that are in 

a solid state both at body and room temperatures, making these nanoparticles very stable as 

well as suitable for lyophilisation. Moreover, solid lipids allow a better control of drug release 

because the diffusion of a molecule through a solid instead of liquid phase should be 

considerably lower.  

Lipid nanocapsules (LNCs) 
[140] 

are 20 to 200 nm negatively charged nanocarriers presenting 

a hybrid structure between polymeric nanoparticles and liposomes. LNCs typically have an 

oily core composed of Labrafac® WL 1349 (a triglyceride mixture of capric and caprylic 

acids, liquid at room and body temperatures), surrounded by a surfactant shell of Solutol HS® 

(a PEG derivative mixture of PEG 660 and PEG 660 hydroxystearate) and, by Lipoid® S75-3 

(a lecithin composed of 70% phosphatidylcholine soya bean lecithin and 30% stearic, oleic, 

linoleic and linolenic acids). LNC composition and structure are extremely versatile and they 

can be modified according to their application without affecting the main properties of the 

system. Depending on whether the drug to be encapsulated and delivered has a low solubility 

in Labrafac® or is hydrophilic, LNCs’ core can be produced by using different triglyceride 

mixtures (e.g., Captex 8000® 
[141]

) or replaced by an aqueous core (e.g., via polyurea 

bidimensional network 
[142] 

or micelles encapsulation 
[143]

),
 
respectively. LNCs are also 

suitable for shell functionalization and modification. The utilisation of longer chain of PEG 

(e.g., PEG1500 
[144]

) significantly increases LNC stealth properties and blood half-life while the 

insertion of lipopolysaccharides 
[145]

 shifts the surface charge from negative to positive values.  

LNCs’ ligand functionalization (e.g., via peptide adsorption 
[146]

 or grafting 
[147]

) enhances 
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LNC-cells interactions and provides targeting properties to the system. Those nanoparticles 

have been used to encapsulate several type of bioactive molecules (e.g., cytotoxic 
[148]

, nucleic 

acids 
[149]

, food complements 
[150]

) as well as tracking compounds (e.g., fluorescent dyes 
[151]

 

and radioactive molecules 
[152]

). These nanocarriers have been administered in animal models 

and showed different biodistributions depending on the route of administration (e.g., 

intravenous 
[152]

, intracranial 
[146]

, oral 
[153]

) and on their shell structure.  

LNCs are produced by a solvent-free method named the phase inversion temperature (PIT) 

method (Figure 6). The PIT is a range of temperature, affected by the saline concentration of 

the aqueous solution, in which the surfactant of the emulsion shows the  hydrophilic lipophilic 

balance (HLB)in equilibrium. Solutol HS® solubility changes with the temperature: at high 

temperatures (>80°C) it is lipophilic (dehydration of the polyoxyethylene chains) while at low 

temperatures (<60°C), Solutol HS® is hydrophilic. A fast cooling and dilution of the initial 

mixture of Labrafac®, Solutol HS® and Lipoid® during the PIT results in a final nanoscale 

carrier formulation which is kinetically more stable than the initial emulsion. 

 

Figure 6. The phase-inversion temperature method to produce LNCs.  
The phase inversion temperature (PIT) method is a solvent free and low energy process. Solutol HS®, Lipoid® 

and Labrafac® are mixed together. Then, the emulsion is heated and cooled between 60 °C and 90 °C. Higher 

temperatures lead to water in oil emulsions (dehydration of the polar surfactant heads) while lower temperatures 

lead to oil in water emulsions (hydration of the polar surfactant heads). After 3 temperature cycles, rapid dilution 

with cold water (4 °C) is performed at temperature corresponding to the PIT (between 72 °C and 76 °C). The 

final LNCs show a lipophilic core (Labrafac®) and an hydrophilic surface (Solutol HS® + Lipoid®). 
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4.3 Advantages of nanomedicines in NSC differentiation-based therapies  

Nanomedicines have emerged to overcome some of the limitations cited above that are 

showed by conventional medicines.  

Nanostructured scaffolds are promising candidates to mimic the in vivo extracellular 

conditions by selecting appropriate nanoscale material and architecture; thus they can be used 

to increase the correlation between in vitro and in vivo NSC behaviour. They could increase 

the viability of the transplanted NSCs and ensure their differentiation. Moreover, 

nanostructured scaffold could boost neurogenesis in non-neurogenetic regions (e.g., the 

striatum of PD patients 
[154]

) and be associated to active drugs (e.g. chemotrophic proteins 

[155]
) which can guide and maintain the migration and integration of NSC-differentiated cells 

via sustained drug release. 

Some of the molecules used to stimulate NSC differentiation listed in Table 2 can be poorly 

soluble in water (vitamins) or highly sensitive (proteins). The nanoscale size reduction of low 

soluble drugs (e.g., simvastatin 
[156]

) improves the dissolution rate of the molecules in aqueous 

media, facilitating their administration. The nanoencapsulation protects growth factors from 

the environment 
[157]

 and increases their levels in the CNS, preserving their activity 
[158]

. 

Another critical factor is the capacity of a molecule to reach the dose in the required 

timeframe to allow a therapeutic NSC differentiation. Drug release can be controlled by 

different nanoparticulate systems (e.g., nanospheres or nanocapsules), the structure (e.g., 

monolayer or multilayers) and composition of the system (e.g., chitosan or hyaluronic acid-

based polymers) 
[159]

. Drug association with nanoparticulate systems led to an increased half-

life and bioavailability compared to the free forms (e.g., for retinoic acid 
[160]

). Furthermore, 

the nanoscale size can enhance the cellular uptake of the drug 
[161]

.  

Nanotechnology-based real-time imaging can be used to develop non-invasive tools for the 

monitoring of NSC differentiation dynamics after in vivo transplantation. The real-time 

traceability of NSCs offers spatial and temporal information of the processes involved in 

differentiation, as well as the interactions between exogenous NSCs and endogenous cells. 

Consequently, it would improve the knowledge about the mechanisms of NSC differentiation. 

The development of systems able to specifically target and stimulate endogenous NSC 

differentiation is a promising solution to overcome the previously described transplantation-

associated issues (3.4 Challenges). Nanomedicines are suitable for surface modifications by 
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covalent or non-covalent grafting. Nanomedicine-associated drugs could cross the blood-brain 

barrier e.g. via OX26 
[162]

 or lipoprotein 
[163]

 functionalization and reach endogenous NSCs 

via a NSC-targeting molecule. Moreover, selective targeting would allow the administration 

of smaller doses by increasing the efficacy of the drug and decreasing its side effects. 

However, it has been clearly established that size, shape and composition of nanomedicines 

play an important role on the safety of human health by directly impacting their biological 

reactivity and accumulation/clearance in the body 
[164]

. Size reduction and increase of surface 

area can induce an inflammatory response and genotoxicity for a same dose of medicine 
[165]

. 

Indeed, one of the critical point is the potential activation of the immune system. It could 

nullify the expected therapeutic effect of nanomedicines (e.g., by macrophage sequestration) 

or induce acute immunotoxicity (e.g., anaphylactic and hypersensitivity reactions) 
[166]

. 

Nevertheless, strategies can be used to limit the negative impact of nanoparticles on the 

immune system by modifying their size, by using less-immunogenic materials and by 

modifying their surface. For instance, the PEGylation of nanoparticle surface is widely used 

to reduce opsonisation and thus to “hide” nanoparticles from the immune system recognition 

[167]
. 

4.4 Current nanomedicine-based studies aiming at NSC differentiation for therapeutic 

purposes 

Nanostructured scaffolds have been developed for in vivo transplantation of NSCs. The first 

carbon-nanotube structured PLGA matrix made by Landers et al. induced the differentiation 

of iPSC-derived NSCs into neuronal cells after electric stimuli in vitro 
[168]

. This 

nanostructured scaffold is a promising candidate to improve cell survival and functional 

integration in patients with neurodegenerative diseases who are receiving NSC transplantation 

(e.g., PD). Recently, Hoveizi et al. produced PLA/gelatin nanofibers seeded with iPSC-

derived NSCs to investigate the influence of the nanostructured scaffold on NSC 

differentiation 
[169]

. The authors demonstrated that iPSC-derived NSC were able to attach, 

proliferate, and differentiate on the PLA/gelatin fibers and that the system was a potential cell 

carrier for transplantation. In another work, Raspa et al. used self-assembling peptides (Ac-

FAQ) in association with poly(ε-caprolactone)- poly(D,L-lactide-co-glycolide) (PCL–PLGA) 

to produce electrospun fibers 
[170]

. The nanofibrous systems were highly biocompatible in vivo 

when implanted in rats and they promoted NSC differentiation in vitro after NSCs were 

seeded onto flat electrospun covered coverslips.  
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Bernardino and Ferreira were the first to produce retinoic acid-loaded nanoparticles 
[171,172]

. 

Pro-neurogenic gene expression was increased after the intracranial injection of nanoparticles 

into the mouse SVZ due to the activation of nuclear retinoic acid receptors. Recently, a 

neuroprotective effect and an enhanced vascular regulation induced by their formulation was 

reported in PD 
[173]

 and IS 
[96]

 mouse models, respectively. Moreover, they also showed the 

advantage of the synergy between blue light exposure and light-reactive RA-loaded 

nanoparticles which potentiates neurogenesis in the SVZ 
[174]

. Curcumin-loaded nanoparticles 

can also modulate NSC differentiation and are associated with the recovery of functional 

deficits in an AD rat model 
[175]

. The administration of these nanoparticles via intraperitoneal 

injection increased the expression of genes involved in neuronal differentiation (neurogenin, 

neuroD1, etc.) and reversed learning and memory impairments probably via the activation of 

the Wnt/β-catenin pathway. Papadimitriou et al. developed two different types of polymeric 

nanoparticles, crosslinked to form a nanogel or self-assembled to form a block micelle 

system, which were loaded with retinoic acid and tested in vitro on NSCs of the SVZ of mice 

[176]
. The authors demonstrated that both the nanogel and the block micelle system reached the 

cytoplasm and ensured a higher bioavailability of the retinoic acid, which increased the NSC 

differentiation into MAP-2 (neuronal marker) positive cells.   

Fe3O4 magnetic nanoparticles in association with ELFEFs enhanced neural 
[177]

 and 

osteogenic 
[178]

 differentiation of bone marrow-derived mesenchymal stem cells. Since 

ELFEFs already showed the efficacy of inducing NSC neural differentiation, its association 

with magnetic nanoparticles could potentially be even more efficient at stimulating NSC 

differentiation. Genome editing of iPSCs via nanoparticle-based drug delivery systems has 

also been developed as a promising reprogramming strategy for personalized medicine 

[179,180]
.  

Direct delivery of mRNA or microRNA into human iPSCs have provided human models for 

specific disease phenotypes, including neurodegenerative diseases, which are useful to design 

the most appropriate therapy by understanding their mechanisms and pathogenesis 
[181]

. 

Moreover, genome editing of iPSC-derived NSCs using nanomedicines would supply an 

unlimited source of any human cell type, avoiding the cross-species issues of animal-derived 

models, and most of the ethical concerns related to stem cells (e.g., the utilization of human 

embryos) 
[182]

. Direct delivery of nucleic acids to the CNS increased neuron regeneration 

and/or slow the progression of neurological impairments. Although transfection methods 
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mediated by viral vectors are efficiently applied to induce NSC differentiation (as shown in 

3.2 
[69,70,85]

), from a clinical point of view, non-viral vectors are preferred 
[183]

. 

Nanomedicines provide non-viral vectors, such as nanoparticle-based systems, which are 

suitable for cell reprogramming. Li et al. induced mature neuron differentiation via a 

biodegradable nanoparticle-mediated transfection method 
[184]

. They delivered neurogenin 2 

(bHLH transcription factor) to transplanted human fetal tissue-derived NSCs in the lesion site 

of a rat brain and generated a significantly larger number of neurofilament (neuronal marker) 

positive cells.  

Saravia et al. reported for the first time the ability of a nanoparticle-based formulation to 

deliver miR-124 and to modulate the endogenous neurogenic niche in PD animal model 
[185]

. 

They demonstrated not only neurogenesis at the SVZ-olfactory bulb axis but also the 

migration and maturation of new neurons into the lesioned striatum and the enhancement of 

the motor functions in PD-like mice. Fernandez and Chari recently achieved the highest 

transfection level (54%) reported so far on NSCs 
[186]

. They demonstrated that the association 

between DNA microcircles, which are small DNA vectors without a bacterial backbone, and 

magnetic nanoparticles resulted in a sustained gene expression for 4 weeks. These results are 

really promising and bide well for a clinical translation of their system. 

Recently, gold nanoparticles with deoxythymidine oligonucleotides Gd(III) and Cy3 have 

been shown to be useful for MRI imaging of transplanted NSCs 
[187]

. A majority of 

transplanted NSCs (71%) was detectable in the brain over 2 weeks post-transplantation. In 

another work, the differentiation peak time (12 days post-transplantation) and the 

migration/apoptosis phases of the transplanted NSCs were identified 
[188]

. The authors 

developed a polymeric nanovehicle that induced NSC differentiation (loaded with retinoic 

acid) and was detectable in real-time imaging (bicistronic vector TUPIS) 
[188]

. Umashankar et 

al. proposed a live-imaging method to monitor superparamagnetic iron oxide/ Molday ION 

Rhodamine B (USPIO/MIRB)-labelled NSCs after transplantation 
[189]

. NSCs were incubated 

with USPIO/MIRB nanoparticles and then identified by dual magnetic resonance and optical 

imaging. Although USPIO/MIRB may have advantageous labelling and detection features for 

NSC tracking, the immunoresponse produced in vivo needs further examinations before their 

utilization in the clinic. Jiráková et al. demonstrated that poly-L-lysine-γFe2O3 coated 

nanoparticles are a potential tool for the detection and monitoring of transplanted iPSC-

derived NSCs 
[190]

. Contrarily to cobalt zinc ferrite coated nanoparticles, poly-L-lysine-
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γFe2O3 coated nanoparticles did not affect cell proliferation and differentiation. By making 

NSCs detectable by magnetic resonance without affecting the cellular behaviour, they provide 

a suitable non-invasive tool for cell tracking in NSC-based therapies. 

 

Table 5. Nanomedicine-based approaches for the modulation of NSC differentiation 

Strategy System Study design Outcomes Reference 

nanostructure

d scaffold 
DNA-peptide nanotubes in vitro 

NSC differentiation in 

neurons 
[193]

 2014 

carbon nanotubes in vivo 
actuation of NSC 

differentiation 
[168]

 2014  

graphene nanofibers in vitro 
NSC differentiation in 

oligodendrocytes 
[194]

 2014  

PLA/gelatin nanofibers in vitro 
iPSC differentiation in 

neuronal-like cells 
[169]

 2016  

rolled graphene oxide foams 

and electric stimuli 
in vitro 

NSC proliferation and 

differentiation 
[195]

 2016 

patterned porous silicon 

photonic crystals 
in vitro NSC differentiation [196]

 2016 

self-assembling peptide -PCL–

PLGA nanofibers 
in vivo 

implantation 

NSC proliferation and 

differentiation in neurons 

and oligodendrocytes 

[170]
 2016 

self-assembling 
peptide nanofibers 

in vivo 

implantation 
robust survival and neurite 

outgrowth 
[197]

 2016 

salmon fibrin fibers 
in vivo 

implantation 

NSC proliferation and 

differentiation, vessel 

growth 

[198]
 2016 

collagen scaffold tethered with 

a collagen-binding epidermal 

growth factor receptor 

antibody 

in vivo 

implantation 

retain NSCs at the injury 

sites and promote neuronal 

differentiation 

[202]
 2017 

aligned nanofibrous PLGA 

scaffolds 
in vitro 

NSC proliferation and 

differentiation 
[203]

 2017 

nanoparticula

te drug 

delivery 

system 

nilo1-titanium dioxide 

nanoparticles 
in vitro 

NSC recognition in co-

culture 
[191]

 2011 

neurogenin2-loaded 

biodegradable nanoparticles 
in vitro 

increased neurofilamnet 

expression 
[184]

 2016 

polymeric nanoparticle-based 

nanogel loaded in retinoic acid 
in vitro 

increased number of  MAP-

2 positive cells 
[176]

 2016 

polymeric nanoparticle-based 

bloc micelle system loaded in 

retinoic acid 
in vitro 

increased number of  MAP-

2 positive cells 
[176]

 2016 

DNA microcircle magnetic 

nanoparticles 
in vitro sustained gene expression [186]

 2016 

retinoic-acid loaded polymeric 

nanoparticles 
in vivo 

(intracranial) 

NSC differentiation, 

neuroprotection, AD deficit 

recovery 

[174]
 2016; 
[173]

 

2015; 
[172]

 

2012  

miR-124-nanoparticles 
in vivo 

(intracerebral) 

neurogenic niche 

modulation, PD deficit 

recovery 

[185]
 2016 
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curcumin-loaded nanoparticles 

in vivo 
(intraperitonea

l and 

intracranial) 

NSC differentiation in 

neurons, AD deficit 

recovery 

[175]
 2013 

Nurr1 plasmid DNA/Rex1 

siRNA-silica nanoparticles 
in vitro 

iPSC differentiation in 

dopaminergic neurons 
[204]

 2017 

SDF-1 PLGA nanoparticles 

in vivo 

(intracranial 

injections) 

NSC recruitment at brain 

lesioned site 
[205]

 2017 

nanotechnolo

gy-based real-

time imaging 

bicistronic vector TUPIS 

functionalized nanovehicle 
in vivo NSC differentiation imaging [188]

 2015  

deoxythymidine 

oligonucleotides Gd(III)/Cy3 

functionalized gold 

nanoparticles 

in vivo NSC differentiation imaging [187]
 2016  

USPIO/MIRB nanoparticle in vivo 
tracking of NSC behavior 

after neuronal 

transplantation 

[189]
 2016 

DNA–gadolinium–gold 

nanoparticles 
in vivo 

in vivo T1 magnetic 

resonance imaging of 

transplanted NSC 

[199]
 2016 

poly-L-lysine-γFe2O3 coated 

nanoparticles 
in vivo 

in vivo magnetic resonance 

imaging of iPSC-derived 

NSC 

[190]
 2016 

poly(aspartic acid-

dimethylethanediamine) 

SPION-loaded micelles 

in vivo MRI tracking of NSCs 
[206]

 2017 

mixed 3D graphene oxide-

encapsulated gold nanoparticle 
in vitro 

NSC differentiation 

monitoring 
[200]

 2013  

nanotopographical siRNA 

delivery 
in vitro 

NSC differentiation in 

neurons 
[192]

 2013 

gold nanoparticle-decorated 

scaffold 
in vitro 

NSC differentiation in 

neurons 
[201]

 2015  

hybrid polyacrilammide-

chitosan scaffolds grafted with 

PLGA nanoparticles grafted 

with transactivator of 

transcription von Hippel-

Lindau peptide 

in vitro 
iPSC differentiation in 

neurons 
[207]

 2017 

PLA, polylactic acid; PCL, polycaprolactone; PLGA, poly(lactic-co-glycolic acid); USPIO, ultrasmall superparamagnetic iron oxide ; 

MIRB, Molday ION Rhodamine B; SPION, Superparamagnetic iron oxide nanoparticles. 

 

4.5 Conclusion 

The field of nanomedicines offers many tools to overcome the limitations of the conventional 

NSC differentiation-based treatments, as well as the comprehension of the biological 

mechanisms behind NSC differentiation. Nanostructured scaffolds, nanoparticulate drug 

delivery systems, and nanotechnology-based real-time imaging have successfully improved 

NSC-based therapies. Nevertheless, the design of NSC-targeting systems could significantly 

increase the safety and the efficacy of those therapies.  
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5. IN SITU NSC DIFFERENTIATION VIA ENDOGENOUS NSC TARGETING 

5.1 Endogenous NSC targeting 

The development of systems able to target endogenous NSCs and to induce their 

differentiation in situ represents a promising strategy to overcome conventional medicine-

associated limits as well as transplantation-associated issues. In particular, the risk of death or 

rejection of transplanted NSCs would be totally excluded. Also, the procedural limitations 

derived from in vitro manipulation of NSCs before their transplantation (e.g., the cultivation 

in restricted conditions or the risk of genetic modifications) would be avoided. Moreover, 

endogenous NSC targeting would increase the efficacy of the treatments by enhancing the 

highly efficient localized delivery and, consequently, limiting off target effects. Considering 

that people affected by neurodegenerative diseases are often physically debilitated, the 

development of less invasive strategies, such as in situ NSC differentiation via targeting 

nanomedicines, could be a successful approach.  

 

 

 

Figure 6. In situ NSC differentiation in the brain.  

Endogenous NSCs of the subventricular zone of the brain (in green) could be stimulated to differentiate in 

specialized neuronal cells (neurons, astrocytes and oligodendrocytes) and, consequently, they could replace (in 

light blue) the damaged cells present in the surrounding lesioned areas (in red).  
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Endogenous NSC differentiation is considered one of the most promising approaches for the 

treatment of neurodegenerative diseases. However, not one system based on this approach has 

yet reached the clinical phase. The lack of NSC-targeting molecules is the primarily limitation 

toward the development of selective systems. Only one nanoparticle-based system has been 

designed to target endogenous NSCs and to deliver active molecules directly to the 

neurogenic niches: titanium dioxide nanoparticles coupled to Nilo1 
[208]

. Although these 

nanoparticles selectively interacted with NSCs in vitro 
[208]

, no further information is available 

on the in vivo efficacy of such system. Thus, significant results have been achieved in vitro 

for several nanoparticulate drug delivery systems, but the in vivo proof-of-principle is lacking. 

Recently, for the first time, a new peptide, NFL-TBS.40-63, has been identified as selectively 

targeting endogenous NSCs of the brain in vitro and in vivo 
[209]

. It represents an alternative 

and promising molecule to design nanomedicines targeting endogenous NSCs. 

5.2 The NFL-TBS.40-63 peptide 

The NFL-TBS.40-63 (NFL) peptide is a positively charged (+2) 24-aminoacid peptide 

corresponding to the tubulin-binding site located on the light subunit of neurofilaments 
[210]

 

which are the major component of the neural cytoskeleton. The peptide, in its free form or 

associated with nanoparticles, can massively enter glioblastoma cells via active pathways (in 

vitro 
[211]

) and reduces the tumor size in animal bearing glioblastoma (in vivo 
[212]

) by 

disrupting the microtubule network of the tumor cells. NFL uptake by healthy cells 

(astrocytes and neurons) is not significant and shows no major toxicity on these cells. Recent 

works have also shown that NFL penetrates oligodendrocytes by clathrin-dependent 

endocytosis promoting their cellular growth, differentiation and survival in vitro 
[213,214]

. 

Physicochemical studies carried on NFL indicated a strong correlation structure – activity (by 

alanine-scanning assay) and a dependency of the ratio alpha helix/beta sheet to the 

environmental conditions (by circular dichroism) 
[209]

. 

Interestingly, NFL penetrates massively into NSCs of the subventricular zone (SVZ-NSCs) of 

the brain by direct translocation, increasing their adhesion and differentiation (in vitro, Figure 

6A). It also localises in the NSC niche of the SVZ of the brain after intra-lateral ventricle 

injection (in vivo, Figure 6B) 
[209]

. Although NFL has a high affinity for SVZ-NSCs, it does 

not induce yet an identified therapeutic effect in vivo.  In addition, the strong correlation 

structure – activity limits chemical coupling between NFL and bioactive molecules that would 

be able to induce SVZ-NSC differentiation. 
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Figure 7. NSC targeting by the peptide NFL in vitro and in vivo.  

A) Confocal microscopy of neurospheres incubated with 20 µmol/l 5-FAM-labeled NFL (green) immunostained 

with anti-α-tubulin (red) to reveal the microtubule network. The nuclei were stained with DAPI (blue). Scale 

bars = 20 µm. B) Confocal microscope localization of the 5-FAM-labeled NFL (green) in the subventricular 

zone of adult rats 1 hour after its injection in the right lateral ventricle. Immunofluorescence analysis of nestin 

(red; neural stem cells), and DAPI (blue). LV, lateral ventricle. CP, caudoputamen. Scale bars = 10 µm. 
[209] 

 

Although the direct therapeutic application of the peptide is still not excluded for NSC 

differentiation, its association with a drug delivery system could potentially be a useful 

strategy for selective delivery of bioactive molecules and differentiation of NSCs. Moreover, 

NFL was recently related to the cell-penetrating peptides (CPPs) such as TAT 
[215]

 and VIM 

[216]
 (due to the characteristics it shares with them such as the positive charge, the low 

molecular weight and the balance between endocytosis and direct translocation in cell 

penetration 
[217]

) which have been successfully used to enhance the cellular delivery of a large 

variety of cargos including nanoparticles 
[218]

. 

 

6. AIM OF THE THESIS 

The safety and the efficacy of the current NSC-based therapies would be greatly increased by 

the development of endogenous NSC-targeting drug delivery systems. 

According to the information present in the scientific literature and summarized in this 

chapter, on one hand, NFL would represent a promising NSC-targeting ligand to functionalize 

drug delivery systems aiming at NSC targeting and differentiation. On the other hand, LNCs 

are a versatile drug delivery system suitable for targeting compound functionalization that 

does not necessarily requires covalent cross-linking.  

LV 

CP 
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Consequently, our hypothesis is that a NSC-targeting drug delivery system, able to target 

endogenous NSCs and induce NSC differentiation via bioactive molecule delivery could 

be produced by the combination of both NFL and LNCs. Retinoic acid would be a potent 

candidate to induce NSC differentiation as well as a compatible drug (lipophilic) to be 

encapsulated and delivered by LNCs. 

 

7. PLAN OF THE PHD 

The objective of this work is to provide a drug delivery system able both to target and to 

induce NSC differentiation for therapeutic purposes. 

1) To produce a NSC-targeting nanovector. We adsorbed the NSC-targeting peptide NFL-

TBS.40-63 (NFL) on the surface of the lipid nanocapsules (LNCs) by simple incubation. 

NFL-LNCs has been physicochemically characterize in size, PDI and zeta-potential. The 

stability of the system as well as of the binding between NFL and LNCs have been evaluated 

at different physiologic-mimicking conditions. 

 

2) To evaluate NFL-LNC targeting efficiency in vitro and in vivo. NFL-LNC have been 

labelled with DiD to trace the nanoparticles during our tests. In vitro, NFL-LNC has been 

incubated with primary neural stem cells (NSCs) isolated from the subventricular zone of the 

brain (SVZ-NSCs) and from the central canal of the spinal cord (CC-NSCs). The targeting 

efficiency has been evaluated both by flow cytometry and by confocal imaging. In vivo, NFL-

LNC has been injected either in the right lateral ventricle of the brain or at T10 of the spinal 

cord of adult rats.  

NFL-LNC 
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3) To evaluate the therapeutic potential of NFL-LNCs by encapsulating and delivering 

retinoic acid to endogenous NSCs. Retinoic acid (RA) was selected among several active 

molecules for its neurogenic potentials as well as compatibility with LNCs. RA was loaded 

into NFL-LNCs and tested in vitro on primary SVZ-NSCs. The differentiation efficiency has 

been evaluated by microscopic morphologic observation and immunocytochemistry. In vivo, 

RA-loaded NFL-LNCs have been injected in the demyelinated brain of adult rats. The 

differentiation efficiency is under evaluation by immunohistochemistry. 
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1. PREFACE 

Although endogenous NSC differentiation is considered one of the most promising strategies 

for the treatment of neurodegenerative diseases, the lack of NSC-targeting molecules 

primarily promotes the development of non-selective systems. 

Thus, the aim of this work was to produce a pharmaceutical system able to target endogenous 

neural stem cells (NSCs) and to potentially deliver a wide choice of bioactive compounds.  

Lipid nanocapsules (LNCs) were selected as drug delivery system due to their high 

biocompatibility and versatility while cell-penetrating peptides (TAT and VIM), known to 

increase nanoparticle-uptake, and the peptide NFL-TBS.40-63 (NFL), known for its NSCs-

targeting property, were used to functionalize the system. The evaluation of the targeting 

efficiency of the different combinations LNCs-peptides was performed in vitro and only the 

most efficient was tested in vivo. Primary NSCs from the brain (subventricular zone) or from 

the spinal cord (central canal) were used for the in vitro tests while injections in the lateral 

ventricle of the brain or in the T10 of the spinal cord were performed for the in vivo 

evaluations. 

We showed that only LNCs on which NFL was stably adsorbed, NFL-LNCs, were able to 

interact in vitro and in vivo with NSCs of the brain while the other peptides did not show such 

a unique functionalization of the nanoparticles. Surprisingly, when the NFL-LNCs were tested 

on NSCs of the spinal cord, they failed to penetrate in these cells. 

This study indicates for the first time the possibility to selectively interact with NSCs of the 

brain in vitro and in vivo with a versatile drug delivery system. Moreover, the preferential 

interaction towards NSCs of the brain over NSCs of the spinal cord suggests interesting 

differences between the two types of cells which would worth to investigate. 
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2. ABSTRACT 

The replacement of injured neurons by the selective stimulation of neural stem cells in situ 

represents a potential therapeutic strategy in the treatment of neurodegenerative diseases. The 

peptide NFL-TBS.40-63 showed specific interactions towards neural stem cells of the 

subventricular zone. The aim of our work was to produce a NFL-based drug delivery system 

able to target neural stem cells through the selective affinity between the peptide and these 

cells. NFL-TBS.40-63 (NFL) was adsorbed on lipid nanocapsules (LNCs) whom targeting 

efficiency was evaluated on neural stem cells from the subventricular zone (brain) and from 

the central canal (spinal cord). NFL-LNC were incubated with primary neural stem cells in 

vitro and injected either in adult rat’s brain (right lateral ventricle) or spinal cord (T10) in 

vivo. NFL-LNC interactions with neural stem cells were different depending on the origin of 

the cells.  NFL-LNC showed a preferential uptake by neural stem cells of the brain while they 

did not interact with neural stem cells of the spinal cord. The results obtained in vivo 

correlated with the results observed in vitro. NFL-LNCs are thus a promising therapeutic tool 

to selectively deliver bioactive molecules to brain neural stem cells. 
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3. INTRODUCTION 

Stem cells are characterized by self-renewal [1] and differentiation into specialized cells [2]. 

Stem cell classification can be related to their developmental stage (embryonic, fetal or adult) 

[3], plasticity (totipotent, pluripotent, multipotent or unipotent) [4] and anatomical 

localization [5]. In an adult mammalian organism, neural stem cells (NSC) are multipotent 

self-renewing cells, localized in the central nervous system, that are able to differentiate into 

neurons, astrocytes and oligodendrocytes [6]. NSC are confined in places called niches such 

as the subventricular (SVZ) and the subgranular zones in the brain [7], and central canal (CC) 

in the spinal cord [8]. Neurogenesis can occur during the adulthood in these niches [9]. NSC 

can be isolated and cultivated as floating aggregates named neurospheres [10]. The absence of 

growing factors (EGF and FGF) as well as the presence of serum induces NSC to differentiate 

into specialized neuronal cells [11]. The regenerative potential of these cells [12], due to their 

differentiation property, makes them a suitable tool for the treatment of neurodegenerative 

diseases [13]. NSC can potentially replace and repair injured neurons [14]. The most common 

NSC-based therapeutic approach consists in allogenic NSC transplantation at the site of 

interest [15-18]. Unfortunately this method is strongly limited by the dangers their 

transplantation represents (development of metastases, immune-mediated rejections, death of 

the transplanted cells [19]) and by their availability as well [20]. Thus, new strategies have 

emerged aiming at the in situ stimulation of endogenous NSC to induce their differentiation 

[21, 22]. Although this approach would solve most of the issues associated with NSC 

transplantation, the lack of selective NSC targeting greatly slows the progresses in that 

direction.  

Recently NFL-TBS.40-63 (NFL), a synthetic 24-aminoacid peptide corresponding to the 

tubulin-binding site of the neurofilament light subunit [23], shows a strong specificity for 

NSC of the SVZ (SVZ-NSC) [24]. In vitro, NFL penetrated massively in SVZ-NSC by direct 

translocation increasing their adhesion and differentiation whereas it did not enter in 

astrocytes and neurons. In vivo, after intra-lateral ventricle injection (in rat brain), it localized 

specifically in the SVZ-NSC niche. NFL induced no toxicity both in vitro and in vivo. NFL 

was also tested as anti-glioblastoma drug, alone [25, 26] or associated with nanoparticulate 

systems [27]. The active uptake of the peptide by cancerous cells induced the inhibition of the 

tumor growth because of the disruption of microtubule and mitochondrial networks [28]. The 

cytotoxic effect was not observed on healthy cells. The peptide also showed in vitro affinity 

for oligodendrocytes, in which it penetrated by clathrin-dependent endocytosis promoting the 
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cellular growth and survival [29, 30]. The reason of the affinity between NFL and these three 

kinds of cells (SVZ-NSC, glioblastoma cells and oligodendrocytes) is not well understood 

yet, neither the reason of the different mechanisms of penetration (passive in the first case and 

active in the second and third case). Physicochemical studies carried on NFL indicated a 

strong correlation structure – activity (by alanine-scanning assay) and a dependency of the 

ratio alpha helix/beta sheet to the environmental conditions (by circular dichroism) [31]. 

Although NFL has high affinity for SVZ-NSC, it did not induce yet an identified therapeutic 

effect. Moreover, the strong correlation structure – activity [31] limits chemical coupling 

between NFL and bioactive molecules that would be able to induce SVZ-NSC differentiation. 

While a direct therapeutic application of the peptide is still not excluded, its association with a 

drug delivery system could potentially be a useful strategy for selective delivery of bioactive 

molecules to NSC. 

Lipid nanocapsules (LNC) are the drug delivery system that has been selected for this 

purpose. The excipients used to produce LNC are approved by the FDA (for oral, topical and 

parenteral administration).  The formulation is highly stable and the process of production is 

organic solvent-free and follows a phase inversion temperature method [32-35]. LNC are a 

versatile vector promoting a nanoencapsulation or a nanoassociation of a wide range of 

therapeutics (hydrophilic, lipophilic or amphiphilic [36]). Furthermore this nanoparticulate 

system can be easily made traceable by fluorescent labelling. DiD is one of the most used 

fluorescent dye for LNC tracking [37] and its compatibility with in vivo experiment (e.g. for 

intra-lateral ventricle injection in the brain) is well known [38]. NFL was recently related to 

the cell-penetrating peptides (CPP) [26] due the characteristics it shares with them: the 

positive charge, the low molecular weight and the balance between endocytosis and direct 

translocation in cell penetration [39]. CPP have been successfully used to enhance the cellular 

delivery of a large variety of cargos including nanoparticles [40]. Hence we decided to 

compare LNC presenting NFL at their surface (NFL-LNC) with LNC decorated with other 

described CPP such as TAT [41] and VIM [42].  

Thus, the objective of this work was to evaluate whether the LNC-based drug delivery system 

is able to selectively interact with NSC. NFL-LNC targeting efficiency was tested on NSC 

from the SVZ (brain) and from the CC (spinal cord) in vitro. The mechanism of interaction 

between NFL-LNC and NSC was characterized in vitro. Then, NFL-LNC were injected in 

adult rat brain (right lateral ventricle) and spinal cord (T10) to determine if they specifically 

target endogenous NSC. 
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4. MATERIALS AND METHODS 

4.1 Materials 

Biotinylated NFL-TBS.40-63 (NFL), biotinylated VIM-TBS.58-81 (VIM), biotinylated TAT 

(TAT), 5-FAM-labeled scramble NFL (SCR NFL), 5-FAM-labeled TAT (fluoTAT), 5-FAM-

labeled NFL-TBS.40-63 (fluoNFL) and 5-FAM-labeled VIM-TBS.58-81 (fluoVIM) were 

purchased from GeneCust (Luxembourg, Luxembourg). Labrafac® was purchased from 

Gattefosse SA (Saint-Priest, France). Lipoïd® was purchased from Lipoid Gmbh 

(Ludwigshafen, Germany). Solutol HS was purchased from BASF (Ludwigshafen, Germany). 

Sodium chloride (NaCl) was purchased from Prolabo (Fontenay-sous-bois, France). D-

glucose, Phalloidin-Rhodamine and primary antibodies mouse anti-alpha tubulin, anti-nestin, 

anti-GFAP and anti-vimentin were purchased from Sigma (Saint-Louis, Missouri). DiD' solid; 

DiIC18(5) solid (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindodicarbocyanine, 4-

Chlorobenzenesulfonate Salt) (DiD), secondary antibodies anti-mouse Alexa Fluor 488, Alexa 

Fluor 568 and DAPI, HEPES, Pen/Strept, Na Pyruvate, B27, MEM alpha (no nucleosides), 

0.05 % Trypsin-EDTA (1x), DNAse and ProLong Gold antifade were purchased from 

Thermo Fisher Scientific (Waltham, Massachusetts). EGF and bFGF were purchased from 

Tebu-Bio (Le Perray en Yvelines, France). BD CellTak was purchased from Corning Inc 

(New York, New York). BCA Uptima was purchased from Interchim (Montluçon, France). 

CellTiter 96® AQueous One Solution Cell Proliferation Assay was purchased from Promega 

(Fitchburg, Wisconsin). Amicon Ultra-0.5 ml 100K filters were purchased from Merck 

Millipore (Billerica, Massachusetts). The isolation of NSC and in vivo experiments were 

performed according to Directive 2010/63/EU, to guidelines of the French and Belgian 

Government following the approval by the local committee of Pays de la Loire for Ethic on 

Animal Experiments or by the ethical committee for animal care of the faculty of medicine of 

the Université catholique de Louvain. 

4.2 Preparation and characterization of LNC presenting CPP at their surface 

Preparation of DiD-labeled lipid nanocapsule stock solution (stock-LNC). Stock-LNC was 

prepared according to the protocol developed by Heurtault et al. [32]. Briefly, 0.846 g Solutol 

HS15, 0.075 g Lipoïd®, 0.089 g NaCl, 1.028 g Labrafac® and 2.962 ml of water were mixed 

under magnetic stirring for 5 min at 30 °C. Temperature cycles (a minimum of 3) of 

progressive heating/cooling were done between 60 °C and 90 °C. During the cooling of the 

last cycle, at 80 °C 27.5 µl of DiD solution (1 mg/ml in absolute ethanol) and at 74 °C 12.5 ml 
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of cold water were added, under high speed stirring, respectively. The nanoparticles were 

filtered by 0.2 µm filter and stored at 4 °C. 

Preparation of CPP DiD-labeled lipid nanocapsules (CPP-LNC). TAT-, VIM- and NFL-

LNC were produced by incubating 369 µl of 1 mM peptide solution (in water) overnight with 

1 ml of stock-LNC under gentle stirring. LNC without peptide (negative control) were 

produced incubating 369 µl of water overnight with 1 ml of DiD-labelled lipid nanocapsule 

stock solution under gentle stirring.  

CPP-LNC physicochemical properties. Size, z-potential and PDI of CPP-LNC were 

characterized using a Malvern Zetasizer Nano Serie DTS 1060 (Malvern Instruments). For the 

measurement of size and PDI, nanoparticles were diluted 1/100 (v/v) in water. For the 

measurement of z-potential, nanoparticles were diluted 1/100 (v/v) in NaCl 10 mM. Peptide 

concentration at LNC surface was indirectly measured by BCA Uptima quantification [27]. 

Briefly, CPP-LNC were filtered by centrifugation at 4000 g during 30 min using an Amicon 

Ultra-0.5 ml 100K filter. The water phase containing the unbound peptide was collected. The 

positive control consisted of free peptide (NFL, TAT or VIM).  

Characterization of NFL interactions with LNC. NFL-LNC size was measured after dilution 

1/100 (v/v) in water or in NaCl 1 M. Neutral LNC (nLNC) and NFL-nLNC were prepared 

following the same protocol as described above but without Lipoïd®. Size and PDI were 

measured in different concentrations of Tris or NaCl (0, 0.005, 0.05, 0.15, 0.25, 0.5 and 1 M). 

4.3  Impact of CPP on LNC interactions with NSC primary cultures 

Isolation of SVZ-NSC. SVZ-NSC were isolated according to a protocol developed by Guo et 

al. [43]. Briefly, new-born rats (from 1 to 5 day-old) were sacrificed by decapitation. The 

brain was removed and put in dissection buffer (1.25 ml of D-glucose 1 M, 750 µl of HEPES 

and 500 µl Pen/Strept in 50 ml of HBSS medium). It was then cut into 400 µm coronal 

sections and the SVZ was dissected and placed in 1 ml of dissection buffer. The tissue was 

vortexed and centrifuged for 5 min at 344 g. The supernatant was removed and 1 ml of stem 

cell culture medium (1.25 ml of D-glucose 1 M, 750 µl of HEPES, 500 µl Pen/Strept, 500 µl 

Na Pyruvate, 500 µl of B27 and 10 ng/ml of EGF in 50 ml of MEM alpha no nucleosides 

medium) was added. The pellet was mechanically triturated using a 26 G needle. The cells 

were seeded at 2.10
5
 to 3.10

5
 cells/Petri 60 mm in 5 ml of cell culture medium. SVZ-NSC 
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were cultivated as floating neurospheres which appeared after 5 days. The percentage of NSC 

(Nestin positive cells) was between 71 and 76 % (Supplementary data 1). 

Isolation of CC-NSC. CC-NSC were isolated according to a protocol developed by Hugnot 

[44]. Briefly new-born rats were sacrificed by decapitation. The spinal cords were removed 

and put in a 1.5 ml tube with 500 µl of HBSS (two spinal cords/tube). In each tube, 130 µl of 

hyaluronidase, 130 µl of trypsin and 25 µl of DNAse were added. The samples were 

incubated at 37 °C for 30 min, transferred in a 15 ml tube containing 12 ml of HBSS and 

centrifuged at 380 g for 5 min. The supernatant was eliminated and the pellet was suspended 

in 600 µl of HBSS and mechanically dissociated. A 40 µm filter was used to filter the 

suspension which was then centrifuged at 380 g for 5 min.  The supernatant was eliminated 

and the pellet was suspended in 2 ml of 25 % sucrose solution. The suspension was 

centrifuged at 780 g for 30 min. The supernatant was removed and 1 ml of stem cell culture 

medium (with 10 ng of bFGF) was added. The cells were seeded at 2.10
5
 to 3.10

5
 cells/T25 

flask and floating neurospheres appeared after 5 days. The percentage of NSC was between 

75 and 82 % (Supplementary data 1). 

Cell viability. SVZ-NSC and CC-NSC viability was measured following incubation during 24 

hours with NFL, LNC and NFL-LNC at different concentrations (0.63, 1.26 and 2.52 mg/ml) 

and with 10 mM sodium azide in the presence of 6 mM 2-deoxy-D-glucose to deplete cellular 

ATP (ATP depl solution) using CellTiter 96® AQueous One Solution Cell Proliferation 

assay. 

FACS analyses. BD FACSCalibur™ flow cytometer (BD Biosciences) was used to measure 

the percentage of 5-FAM positive NSC (after incubation with fluorescent CPP) or DiD 

positive NSC (after their incubation with nanoparticle formulations).  The fluorescent CPP 

and the nanoparticles were used at a final concentration of 10 µM and of 1.26 mg/ml in cell 

culture medium respectively. All the in vitro experiments were done using 6 to 7-day old 

neurospheres with a concentration of +/- 2900 neurospheres/ml (corresponding to +/- 

4.10
5
cells/ml). Before FACS analyses, neurospheres were washed 3 times with PBS, 

dissociated with a 26 G needle and re-suspended in 50 μg/mL propidium iodide. 

Characterization of the interactions between the CPP or CPP-LNC and SVZ-NSC. 5-FAM-

labeled CPP (NFL, SCR NFL, VIM or TAT) were incubated 1 h with SVZ-NSC. FACS was 

used to measure the percentage of 5-FAM positive cells. CPP-LNC (TAT-LNC or NFL-LNC) 

were incubated 1 h with SVZ-NSC. FACS was used to measure the percentage of DiD 
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positive NSC. FluoNFL or NFL-LNC were incubated during 5, 20 and 60 min with SVZ-NSC 

or CC-NSC to evaluate the kinetic of interaction with the cells. To study the mechanism of 

interactions between NFL or NFL-LNC and NSC, SVZ-NSC and CC-NSC were pre-

incubated at 4 °C or pre-treated to deplete cellular ATP for 30 min before to be incubated for 

1 h with fluoNFL or NFL-LNC. To study the effect of NFL pre-treatment on SVZ-NSC 

affinity towards CPP and nanoparticles, SVZ-NSC were pre-treated for 5 min with NFL 

solution before to be incubated for 5 min with 5-FAM-labeled CPP (NFL or VIM) or 

nanoparticle formulations (LNC and NFL-LNC). Pre-treatment was also performed with VIM 

as control. FACS was used to measure the percentage of 5-FAM and DiD positive NSC 

respectively.  

Confocal microscopy evaluation of NFL-LNC association to NSC. Neurospheres from SVZ-

NSC or CC-NSC were incubated 1 h with NFL-LNC. Neurospheres were washed 3 times 

with cell medium and fixed with 4 % PFA for 15 min. They were then incubated 2 h with 100 

nM rhodamine-phalloidin, and mounted with VECTASHIELD® antifade mounting medium. 

The visualization of NFL-LNC association with NSC was also performed on adherent SVZ-

NSC which were seeded on lamellae coated with BD CellTak. Pictures were taken with a 

Zeiss Cell Observer Spinning Disk microscope (Carl Zeiss). Two pictures/condition were 

taken randomly. 

4.4 Impact of NFL on LNC specific interactions with NSC in vivo 

Injection of NFL-LNC in the brain right ventricle. Six week-old Sprague Dawley female rats 

were anesthetized using 1 µl/g of ketamine:xylazine (50:50) by intraperitoneal injection. The 

rat head was stabilized in a stereotactic frame. Twenty µl of LNC or NFL-LNC (126 mg/ml) 

were injected at -0.8 mm anteroposterior, 1.5 mm mediolateral and 4 mm dorsoventral respect 

to bregma using a convection-enhanced delivery (CED) microinjector (Harvard Apparatus) at 

0.5 µl/min (32 G needle). Brains were retrieved 1 h or 6 h after injection and cryopreserved. 

Twelve µm sections were collected and fixed in methanol for 10 min. Samples were stained 

against nestin (mouse anti-nestin, 1/50), vimentin (mouse anti-vimentin, 1/200) or glial 

fibrillary acid protein (GFAP) (mouse anti-GFAP, 1/200). Antigen detection was performed 

with Alexa Fluor 488 anti-mouse IgG (1/200) at 4 °C. DAPI (1/300 in PBS) was used to stain 

cell nuclei. Sections were mounted with ProLong Gold antifade and pictures were acquired by 

TCS-SP8 Leica (Leica Microsystems) confocal microscopy. A minimum of 5 

pictures/condition were taken. 
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Injections of NFL-LNC in the spinal cord. Six week-old Sprague Dawley female rats were 

anesthetized with 80 µl of Temgesic® (0.03 mg/ml) by intraperitoneal injection. Isoflurane 

(2.5 %) was administered during the whole operation by aerosol. Vertebral laminectomy was 

performed at T10. Five µl of LNC or NFL LNC (126 mg/ml) were injected at 0.5 mm 

mediolateral and 1.2 mm dorsoventral respect to T10 midline using a CED microinjector 

(Harvard Apparatus) at 0.8 µl/min (33 G). Twelve µm sections were collected and fixed in 

methanol for 10 min. Samples were stained against nestin, vimentin and GFAP. Sections were 

finally covered with VECTASHIELD® and fixed on microscope slides. Pictures were taken 

with a Zeiss Cell Observer Spinning Disk microscope (Carl Zeiss). Two pictures/condition 

were taken randomly. 

4.5 Statistical analyses 

All the experiments were repeated at least 3 times. Error bars represent standard error of the 

mean (SEM). p* < 0.05, p** < 0.01 and p*** < 0.001 were calculated with Mann-Whitney 

test by using Prism 5.00 (GraphPad software, San Diego, CA). 

 

5. RESULTS AND DISCUSSION 

To selectively target endogenous NSC, NFL was selected among several cell-penetrating 

peptides (CPP) and was adsorbed at the surface of LNC.  

5.1 Enhancement of LNC interactions with NSC 

We compared different CPP to select the best peptide to functionalize LNC and to efficiently 

interact with NSC. NFL was tested because of its specificity towards SVZ-NSC [24], TAT for 

its detailed description in the literature [45], VIM for its ability to target the cell nucleus [42] 

and SCR NFL for its amino-acid composition, which is the same as NFL but in a random 

sequence [31]. The selection of the most appropriate CPP was done in three steps: evaluating 

i) its ability to interact with SVZ-NSC, ii) its capacity to interact with LNC surface and iii) 

CPP-LNC efficiency to interact with SVZ-NSC. NFL, VIM and TAT, but not SCR NFL, 

interacted with SVZ-NSC in vitro (Figure 1A). As already demonstrated for glioblastoma 

cells [31], SCR NFL showed a lower cellular uptake compared to NFL. The interaction with 

SVZ-NSC seems to be influenced also by the amino-acid organization of the peptides. 

Seventy to 93 % of the cells were positive for 5-FAM after 1 h of incubation with NFL, VIM 

and TAT and no significant differences were observed among them. Then, NFL, VIM and 
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TAT were incubated with LNC. NFL and TAT significantly increased LNC size and z-

potential (+4 to +9 nm and +2 to +3 mV respectively) but not VIM (Figure 1B). After 

centrifugation of the nanoparticles, 54.1 % of NFL, 100 % of VIM and 61.7 % of TAT were 

recovered (Figure 1B). NFL and TAT interacted with LNC surface but not VIM. VIM could 

present specific folds [46], which hide its positively charged residues and prevent its 

interaction with the LNC surface. The percentage of non-bound NFL we observed is similar 

to the one reported by Balzeau et al. (54.1% versus 51.7 %, respectively) [27]. While less 

TAT was adsorbed at LNC surface, the LNC size increase was higher in presence of TAT 

than when incubated with NFL. We hypothesized that the size increase of LNC in presence of 

TAT or NFL is not necessarily linked to the absolute amount of peptide adsorbed at the LNC 

surface. Indeed, a different conformation of TAT at the surface of the LNC and a higher 

hydration of the peptide due to its more positive profile (+8 for TAT and +2 for NFL) could 

increase the hydrodynamic size of the LNC in a higher extent compared to NFL. Moreover, 

the spatial accumulation of the peptide and water molecules could hide the active sites of TAT 

from the NSC membrane preventing the interaction between TAT-LNC and SVZ-NSC. 

NFL-LNC and TAT-LNC were incubated with primary cultures of SVZ-NSC. Significantly 

more cells were positive for DiD when LNC were decorated with NFL (60 %) than with TAT 

(10 %) (Figure 1C). Thus, TAT did not provide LNC the affinity for SVZ-NSC observed with 

TAT alone.  

SCR NFL, VIM and TAT were sequentially eliminated because of their low affinity for SVZ-

NSC, inability to interact with LNC surface and lack of interaction of the final CPP-based 

system with SVZ-NSC, respectively. We confirmed the ability of NFL to interact with SVZ-

NSC [24] and to adsorb on LNC surface [27]. Moreover we showed that this peptide 

conferred to LNC the ability to interact with SVZ-NSC.  
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Figure 1: Enhancement of LNC interactions with NSC via CPP functionalization. A: 5-FAM-labelled NFL, 

scramble NFL, VIM and TAT were incubated at 37 °C for 1 h with SVZ-NSC. B: NFL, VIM and TAT were 

incubated overnight with LNC and the resulting CPP-LNC were physicochemical characterized (p* < 0.05, p** 

< 0.01 and p*** < 0.001 compared to LNC, n=12). C: NFL-LNC and TAT-LNC were incubated at 37 °C for 1 h 

with SVZ-NSC (p*** < 0.001 compared to LNC, n=7).  

 

5.2 Characterization of NFL interaction with LNC 

LNC have a size of 60 nm ± 4, a PDI of 0.01 and a z- potential of -8.5 mV ± 1.5 (Table 1). 

Adsorption of NFL significantly increased LNC size (+ 6 nm) and PDI as well as z-potential 

(+ 2.5 mV). The experimental conditions are comparable (particle concentrations, continuous 

phase viscosity, electrolyte concentrations, temperature) and the accuracy of the apparatus is 

+/- 2% of the size of the nanoparticle (www.malvern.com). Thus, a difference of 6 nm (10 % 

of LNC size) is significant and it is a reliable indication of NFL adsorption on LNC surface. 

NFL did not change neutral LNC (nLNC) physicochemical properties (Table 1).   

The influence of NFL on DiD-labelling was evaluated as well as the stability of the system in 

different conditions. Whatever the incubation time and the lipidic phase, no significant 

amount of DiD leaked from the nanocapsules (Supplementary Data 2), confirming the 

correspondence DiD – LNC in FACS and confocal evaluations. No variation was observed in 

the physicochemical properties of NFL-LNC when incubated in cell culture medium and 

artificial cerebrospinal fluid (aCSF[47]) (Supplementary Data 3).  

http://www.malvern.com/
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Table 1. Physiochemical characteristics of the nanoparticles  

 

Size and PDI were characterized by DLS diluting the nanoparticles 1/100 (v/v) in water. The z-potential was 

measured by diluting the nanoparticles 1/100 (v/v) in NaCl 10 mM (p* < 0.05, p** < 0.01 and p*** < 0.001 

compared to LNC, n=12). 

 

 

The adsorption of NFL on LNC surface is due to the interaction between the peptide and the 

polar PEG groups of the Solutol®, as previously shown by tensiometry studies [27]. Since the 

peptide is positively charged and the LNC is slightly negatively charged, we hypothesized 

that ionic interactions drove NFL adsorption at LNC surface. To study the importance of 

electrostatic interactions in NFL – LNC association, NFL-LNC were incubated in 1 M NaCl. 

NFL-LNC size (66 nm) significantly decreased to the LNC size (60 nm) (Figure 2A). We can 

suppose that the hydration of the peptide is significantly modified by the electrolytes leading 

to a modification of its secondary structure (the hydrodynamic diameter of the whole particle 

is lower). It can be also hypothesized that the peptide was removed from the nanoparticle 

surface by the high ionic strength of the solution. We tested then the ability of the peptide to 

interact with LNC presenting a neutral surface (nLNC). The resulting formulation did not 

show any significant physicochemical variation compared to nLNC alone, suggesting that no 

peptide adsorbed on LNC surface. These results underlined the critical role played by 

electrostatic interactions between NFL and LNC. As a consequence, NFL could be washed 

away from the surface or replaced by other molecules/ions [48], so NFL-LNC were incubated 

at different salt concentrations. The size of NFL-LNC was unaffected by an increase of ionic 

strength up to 0.25 M of NaCl and 0.005 M of Tris buffer (Figure 2B). Higher concentrations 

of these salts affected the size of the system decreasing it. Tris and NaCl have the same ionic 

strength (1 M) at pH 7 but Tris impacted NFL-LNC more than NaCl. This could be an 

indication that the interactions between NFL and LNC do not depend only on electrostatic 

interactions. So-called “weak interactions” (e.g. Wan der Waals forces) could also be 

involved in NFL and LNC interactions and cannot be neglected. Importantly, in the 

experimental settings used in this study, NFL-LNC interactions were preserved. 

    size (nm) PDI 

 

z-potential (mV) 

LNC 

 

60 ± 4 0.01 

 

-8.5 ± 1.5 

NFL-LNC   66 ± 4* 0.18-0.21*** 

 

-6.0 ± 1.5** 

nLNC  65 ± 1.6 0.136  -1.5 ± 1.5 

NFL-nLNC  67 ± 0.6 0.112  -1.5± 2 
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Figure 2: Impact of salt concentration on NFL interaction with LNC. A: LNC and NFL-LNC size was 

measured before and after incubation with 1 M NaCl (p* < 0.05, n=18). B: LNC and NFL-LNC size was 

measured in different salts (NaCl and Tris) and at different salt concentrations (p* < 0.05 compared to LNC, 

n=3).  

5.3 Interactions between NFL-LNC and NSC in vitro 

First, the impact of NFL, LNC and NFL-LNC at different concentrations on NSC viability 

was evaluated for 24h of incubation. Whatever the condition, viability of SVZ-NSC was at 

least 100 % (Figure 3A). Viability of CC-NSC (Figure 3B) was generally lower than the one 

observed for SVZ-NSC but stayed above 70%. Incubation of CC-NSC with NFL-LNC at the 

highest concentration (2.52 mg/ml) decreased NSC viability (70 %), while for the other 

conditions, it remained above 80 %. Moreover, no significant difference was observed 

between the percentage of propidium iodide positive NSC treated cells and the control in 

FACS analyses (data not shown). So, NFL, LNC and NFL-LNC showed no significant 
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toxicity on SVZ-NSC at any concentrations while NFL-LNC significantly decreased the 

viability of CC-NSC only at the highest concentration.  

 

Figure 3: Impact of NFL, LNC and NFL-LNC on NSC viability. A: viability of SVZ-NSC evaluated by MTS 

assay after 24-h incubation with different compounds (NFL, LNC, NFL-LNC, and ATP depl solution) at 

different concentrations. B: viability of CC-NSC evaluated by MTS assay after 24-hour incubation with different 

compounds (NFL, LNC, NFL-LNC, and ATP depl solution) at different concentrations (p* < 0.05 compared to 

CTRL, n=3). NFL concentrations in 0.63, 1.26, and 2.52 mg/ml of NFL-LNC correspond to 1.35, 2.7, and 5.4 

µM respectively. 

 

Then, the kinetic of NFL, LNC and NFL-LNC interactions with NSC was analysed and the 

impact of energy deprivation on their interaction was evaluated. NFL interacted very quickly 

with SVZ-NSC (after 5 min 43 % of SVZ-NSC were positive to 5-FAM) while it was slower 

with CC-NSC (less than 5 % were positive to 5-FAM) (Figure 4A top). After 20 min, the 

percentage of 5-FAM positive CC-NSC was similar to the percentage of 5-FAM positive 

SVZ-NSC (54 %). From 20 min to 1 h, the percentage of 5-FAM positive cells steadily 

increased and no difference were observed between CC- and SVZ-NSC, to reach 80 % of 

positive cells. The percentage of 5-FAM positive SVZ-NSC was not affected by the energetic 

conditions (Figure 4A bottom): 37 °C (normal condition, n.c.), ATP depletion (ATP depl) and 

4 °C. The interaction between NFL and CC-NSC were significantly decreased (more than 50 

%) when the incubation was performed at 4 °C (30 % of 5-FAM positive cells). Thus, the 

kinetic of interactions between NFL and NSC was influenced by cell origin and energetic 

conditions for CC-NSC. CPP can penetrate plasmatic membranes by different pathways, 
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mostly by energy-independent mechanisms [39, 40] but the mechanisms are cell type-

dependent. For instance, NFL penetrates passively in SVZ-NSC but actively in 

oligodendrocytes and glioblastoma cells [24, 26, 29]. We hypothesized that plasma membrane 

composition could change depending on cell type and consequently, impact cell-CPP 

interactions. Up to now, only the plasma membrane of SVZ-NSC has been partially 

characterized [49]. Thus, so far, it is not possible to compare the membrane composition of 

both types of cells and to draw conclusions about its influence.   

 

Figure 4: Interaction between NFL, LNC, and NFL-LNC and NSC. A, top: kinetic of peptide internalization 

by SVZ-NSC and CC-NSC over time (p** < 0.01 compared to CC-NSC, n=3). A, bottom: peptide 

internalization by SVZ-NSC and CC-NSC at different energetic conditions (p** < 0.01, n=3). B, top: kinetic of 

LNC internalization by SVZ-NSC and CC-NSC over time. B, bottom: LNC internalization by SVZ-NSC and 

CC-NSC at different energetic conditions. C, top: kinetic of NFL-LNC internalization by SVZ-NSC and CC-

NSC over time (p* < 0.05 and p** < 0.01 compared to CC-NSC, n=3). C, bottom: NFL-LNC internalization by 

SVZ-NSC and CC-NSC at different energetic conditions (p* < 0.05 and p** < 0.01, n=3). 

LNC did not interact with NSC, whatever the cell type and the incubation time (Figure 4B). 

Only 12 % of SVZ-NSC were positive for DiD after 1 h of incubation with LNC. LNC were 

reported to interact with cancer cells [50] and mesenchymal stem cells [51] while they did not 

with NSC. NSC could have different proteins/lipids involved in specific pathways of 

internalization compared to these cells. It has already been demonstrated that nanoparticle 

uptake can be affected also by the cell type [52]: e.g. HepG2 cells have no endogenous 

caveolin, so they are unable to uptake nanoparticles by caveolae mediated endocytosis [53].  

NFL-LNC showed an affinity only for SVZ-NSC (Figure 4C). The kinetic of interaction 

between NFL-LNC and SVZ-NSC was similar to the one observed for NFL (Figure 4C, top). 
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After 5 min, more than 35 % of SVZ-NSC were positive for DiD. The percentage of positive 

cells increased over time from 47 % after 20 min, to 60 % after 1 h. The interaction between 

NFL-LNC and SVZ-NSC were not significantly affected by the energetic conditions of the 

incubation (Figure 4C, bottom). The percentage of the cells positive to DiD remained around 

50 %. Thus, only NFL conferred LNC targeting toward SVZ-NSC. NFL adsorption at LNC 

surface allowed LNC to interact with SVZ-NSC via energetic-independent mechanisms, but 

no interaction of LNC was observed with CC-NSC despite the presence of NFL. As 

hypothesized for NFL alone, SVZ-NSC and CC-NSC could have a different lipid/protein 

membrane composition that could account for these results. 

We hypothesized that the presence of NFL-specific receptors at the SVZ-NSC surface may be 

responsible for the rapid association of NFL or NFL-LNC with SVZ-NSC. To test this 

hypothesis, we evaluated the effect of cell pre-incubation with NFL to determine if it would 

be possible to saturate those potential receptors or interaction sites. SVZ-NSC were first pre-

treated with NFL for 5 min and then incubated with VIM, NFL, LNC or NFL-LNC. The 

effect of the pre-treatment with NFL was measured comparing the percentage of 5-FAM 

(NFL and VIM) or DiD (LNC and NFL-LNC) positive SVZ-NSC between pre-treated and not 

pre-treated cells. The percentage of cells that interacted with NFL or VIM significantly 

increased (Figure 5A) when they were pre-treated with NFL (from 50% to more than 80%) 

but not after VIM pre-treatment (Figure 5A). If NFL and NSC interactions were receptor-

mediated, we expected that peptide internalization would have been lower after NFL pre-

treatment. Since it was not the case, NFL did not penetrate NSC via receptor-mediated 

pathways. NFL and VIM could have different mechanisms of interaction with NSC. The 

percentage of 5-FAM positive cells was similar after 1-hour incubation with NFL or VIM 

while it was differently affected by 5-min incubation with these peptides (47 % for NFL and 

15 % for VIM). We hypothesize that NFL pre-treatment could modify the cell membrane 

structure and thus increase peptide penetration while VIM pre-treatment could not. As for the 

adsorption on LNC surface, VIM could present specific folds that hide its positively charged 

residues and consequently affect its interaction with the plasmatic membrane. 

To the contrary of NFL and VIM, LNC and NFL-LNC interactions with SVZ-NSC were not 

affected by pre-incubation with NFL or VIM (Figure 5B). NFL and VIM have a mean 

diameter of 2 nm (2.7 kDa) while nanoparticle size was around 65 nm. The effect of CPP on 

the plasma membrane (e.g. the production of pores already reported for antimicrobial peptides 

[51]) might only affect the penetration of small molecules. The same experiment was 
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performed also on CC-NSC and no significant effect was observed at any condition (data not 

shown). 

 

Figure 5: Effect of NFL pre-treatment on SVZ-NSC affinity for NFL and NFL-LNC. A: percentage of 5-

FAM positive SVZ-NSC after 5-min incubation with NFL or VIM following pre-treatment with NFL or VIM 

(p* < 0.05, n=3). B: percentage of DiD positive SVZ-NSC after their incubation with LNC or NFL-LNC 

following pre-treatment with NFL or VIM. 

 

To localize NFL-LNC after incubation with NSC, NSC treated with NFL-LNC were observed 

by confocal microscopy. No DiD signal was detected in SVZ-NSC neurospheres (Figure 6A) 

when they were incubated with LNC, while DiD was clearly visible when the incubation was 

performed with NFL-LNC. The same observations were made on adherent SVZ-NSC (Figure 

6B). Both floating and adherent NSC cultures were tested to evaluate the influence of the 

spatial organization of the cells on the interaction with NFL-LNC. No significant difference 

was observed between the three-dimensional (floating) and the bi-dimensional (adherent) 

organisation of SVZ-NSC. Moreover, culture of adherent NSC is an in vitro model widely 

used that can be employed to assess the potential of bioactive molecule-loaded NFL-LNC on 

NSC differentiation. NFL-LNC can be seen around NSC (Figure 6C) and in the cells (Figure 

6D). It is crucial to know where the NFL-LNCs are localized in the cells to choose 

appropriate active biomolecules for the design of future NFL-LNC-based therapeutic systems.  

As observed by FACS, no NFL-LNCs were associated with CC-NSC (Supplementary data 4). 
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Figure 6: Visualization of interactions between NFL-LNC and SVZ-NSC. A: SVZ-NSC neurospheres were 

incubated 1 h with LNC and with NFL-LNC (blue is DAPI, cell nucleus; green is Rh-Ph, F-actin, cytoskeleton; 

red is DiD, LNC). Barr = 50 µm. B: SVZ-NSC adherent cells were incubated 1 h with LNC and NFL-LNC (blue 

is DAPI, cell nucleus; green is alpha-tubulin, cytoskeleton; red is DiD, LNC). Scale Bar = 50 µm for A and B. C 

and D: Orthogonal sections of SVZ-NSC neurospheres incubated 1 h with NFL-LNC (blue is DAPI, cell 

nucleus; green is Rh-Ph, F-actin, cytoskeleton; red is DiD, LNC). C: NFL-LNC localization on SVZ NSC 

surface. D: NFL-LNC localization into SVZ-NSC cytoplasm. Scale Bar = 10 µm for C-D. 

 

 

5.4 In vivo targeting of SVZ-NSC by NFL-LNC 

We demonstrated that NFL-LNC targeted SVZ-NSC in vitro but this result had to be 

confirmed in vivo. Thus, we injected LNC and NFL-LNC in rat brain right ventricle (Figure 

7). One and 6 h post-injection, brains were retrieved and LNC and NFL-LNC localization was 

analysed by confocal microscopy. In our work we used different markers (GFAP, vimentin 

and nestin) to identify cellular components of the SVZ (astrocytes, ependymal cells and NSC, 

respectively). According to the cell architecture of the SVZ [54], cells expressing nestin 

correspond to a subpopulation of astrocytes (type B1), which reside adjacent to the ependymal 

cells (type E). In rodents, type B1 cells proliferate and give rise to progenitor cells (type C), 
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which in turn generate neuroblasts (type A) that afterwards differentiate into neurons [55]. For 

that reason they are considered bona fide NSC. 

LNCs were still visible in the ventricle 1 h post-injection only when LNC were decorated with 

NFL (Figure 7B). The preferential localization of NFL-LNC on nestin positive cells was also 

visible 6 h after the injection (Figure 7C). NFL-LNCs were co-localized with nestin-positive 

cells (NSC) but not with GFAP- or vimentin-positive cells (astrocytes and ependymal cells, 

respectively) (Figure 7D). These observations confirmed the specificity of NFL-LNC 

interactions with SVZ-NSC observed in vitro. The initial accumulation of NFL-LNC in the 

ventricle, as observed 1 h post-injection (Figure 7B), might be due to a spatial obstruction in 

the ventricle resulted from the first interactions nanoparticles-cells. Over time, cerebrospinal 

fluid flow probably washed away unbound NFL-LNC. Thus, only NFL-LNC that interacted 

with SVZ-NSCs were visible (Figure 7C). NFL-LNCs were not observed in the left ventricle 

6 h after their injection in the brain (Supplementary data 5). NFL-LNCs were not able to 

diffuse in the ventricular cavity at the doses we tested. DiD signal was limited to the 

ependymal and sub-ependymal layer and no diffusion was observed in the parenchyma while 

opposite results were obtained testing DiD alone [38] suggesting the integrity of our system. 

In vitro results were also confirmed for CC-NSC: no NFL-LNCs were visible in the spinal 

cord (Supplementary data 6). 

In situ NSC differentiation stimulated by nanoparticle drug delivery systems is a relatively 

new strategy. One article described nanoparticle-driven NSC differentiation in situ [56] and 

only one study, to the best of our knowledge, reported nanoparticles targeting endogenous 

NSC [57]. Titanium dioxide nanoparticles decorated with Nilo1 (monoclonal antibody 

specifically targeting NSC) successfully targeted NSC in vitro but no further information was 

available regarding in vivo targeting. In this work we demonstrated for the first time according 

to our knowledge that NFL-LNC are able to target SVZ-NSC in vitro and in vivo.  

The objective of this work was to demonstrate in vivo the specific affinity of NFL-LNC 

towards SVZ-NSC. In that perspective, nanoparticles were administered by intracranial 

injection. Nevertheless, for an easier translation to clinical applications, less invasive routes of 

administration, e.g. nasal [58], should be explored. NFL-LNC biodistribution and crossing of 

the blood-brain barrier were not investigated. But we believe that mucosal delivery might be 

more promising than systemic administration for LNC delivery into the brain. Thus, NFL-

LNC represents a versatile drug delivery system able to carry a wide range of therapeutics 
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(hydrophilic, lipophilic and amphiphilic) in one of the most neurogenic region of the 

organism, the SVZ. NFL-LNC could be a useful tool in the development of SVZ-NSC-based 

therapeutic approaches for the treatment of several neurodegenerative diseases. 

 

Figure 7: In vivo targeting of SVZ-NSC by NFL-LNC. A: right lateral ventricle (blue is DAPI, cell nucleus). 

Scale Bar = 200 µm. B e C: section of the right lateral ventricle 1 h (B) or 6 h (C) after LNC or NFL-LNC 

injection. (blue is DAPI, cell nucleus; green is Alexa 488, nestin, bona fide NSC; red is DiD, LNC). Scale Bar = 

20 µm. D: co-localisation of NFL-LNC with different cell populations present in the right lateral ventricle 6 h 

after NFL-LNC injection (blue is DAPI, nucleus; green is Alexa 488, nestin/GFAP/vimentin; red is DiD, LNC). 

The pictures were taken in different areas of the SVZ. Scale Bar = 10 µm. CP, caudoputamen; LV, lateral 

ventricle; LS, lateral septal nucleus. 

 

6. CONCLUSION 

We developed a drug delivery system that selectively targets endogenous SVZ NSC in vitro 

and in vivo. NFL was selected among several cell-penetrating peptides. NFL interacted with 

LNC by electrostatic interactions and entered NSC via an energy-independent mechanism. A 
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sustained interaction of NFL-LNC with the NSC of the SVZ was observed. For therapeutic 

applications this system can be loaded with active biomolecules that could induce in situ 

differentiation of endogenous NSC. NFL-LNC is thus a promising drug delivery system for 

stem cell-based therapy for the treatment of neurodegenerative diseases. 
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8. SUPPLEMENTARY DATA 

Supplementary data 1: Qualitative analysis of NSC cultures. SVZ-NSC and CC-NSC (2900 

neurospheres/ml corresponding to 4*10
5
cells/ml) were fixed in PFA 4 % and incubated 30 

min in Triton 0.05 %. NSC were treated 1 h in BSA 1 % and subsequently NSC were 

incubated 2 hours with anti-nestin primary antibody (1/50 in BSA 1 %) and 2 hours with 

Alexa fluor 488 secondary antibody (1/200 in BSA 1 %). BD FACSverse™ flow cytometer 

was used to measure the % of Alexa fluor 488
 +

 NSC. 

Supplementary data 1: Percentage of NSC in primary NSC cultures. SVZ-NSC and CC-

NSC positive to nestin. 

Supplementary Data 2: DiD-labelling stability. The stability of the labelling was evaluated 

following the protocol developed by Bastiat et al. [37]. Briefly, 1 ml of NFL-LNC suspension 

was mixed with 1 ml of a lipidic solution (Labrafac® WL 1349, Captex® 200 or ethyl oleate). 

The mixture was incubated 6 h and centrifuged (4800 g, 30 min) until the separation of the 

phases was obtained. DiD fluorescence intensity was measured in the nanoparticle solution at 

644/665 nm by Spectramax M2 (Molecular Devices). 

Supplementary data 2: Stability of DiD-labeling of LNC. Fluorescence intensity of LNC 

and NFL-LNC was measured at 644/665 nm before and after incubation in lipidic solutions 

(Labrafac®, Captex 200® or EO). 

 

- - 
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Supplementary Data 3: NFL-LNC physicochemical property stability at different conditions. 

The size, z-potential and PDI of NFL-LNC were measured over the time at 4 °C, at room 

temperature (not diluted), in cell culture media, and in artificial cerebrospinal fluid (aCSF) at 

37 °C (diluted 1/100). 

 

Supplementary data 3: NFL-LNC stability at different conditions. A: NFL-LNC stability 

over time. The size was measured after incubation at 4 °C or room temperature over time (p* 

< 0.05 compared to day 1, n=3). B: Stability of NFL-LNC in cell culture medium. Size of 

LNC and NFL-LNC were measured over time after dilution in cell culture medium (1/100) at 

37 °C. C: Stability of NFL-LNC in aCSF. Size of LNC and NFL-LNC were measured over 

time after dilution in cell aCSF (1/100) at 37 °C. 

 

 

Supplementary data 4: Interactions between NFL-LNC and CC-NSC by confocal 

imaging. CC-NSC neurospheres incubated 1 h with LNC and with NFL-LNC (blue is DAPI, 

cell nucleus; green is Rh-Ph, F-actin, cytoskeleton; red is DiD, LNC). Scale bar = 50 µm. 
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Supplementary data 5: Sections of the left lateral ventricle. Section of the left lateral 

ventricle 6 h after the injection of NFL-LNC in the right lateral ventricle (blue is DAPI, cell 

nucleus; red is DiD, LNC). Scale bar = 50 µm. LV, lateral ventricle; CP, caudoputament; LS, 

lateral septal nucleus. 
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Supplementary data 6:  Spinal cord central canal 1 hour after NFL-LNC injection. A: 

site of the injection performed with Harvard Apparatus. B: coronal sections of the spinal cord. 

C: central canal of the spinal cord 1 h after NFL-LNC injection (blue is DAPI, cell nucleus). 

Scale bar = 200 µm. D: high magnification of the central canal (CC) of the spinal 1 h after 

NFL-LNC injection (blue is DAPI, cell nucleus; red is DiD, LNC). Scale bar = 50 µm. 

 

Supplementary Data 7: composition of LNC. LNC are classically composed of 3 principal 

components: the oily phase (Labrafac®), the aqueous phase (distilled water) and the nonionic 

surfactant (Solutol® HS). Labrafac® is composed of triglycerides of capric and caprylic 

acids. Solutol® HS is a mixture of free PEG 660 and PEG 660 hydroxystearate. The aqueous 

phase consists of distilled water plus NaCl. In this study, another surfactant, Lipoid®, 

composed of 69% phosphatidylcholine soya bean lecithin, is used in small proportions. Each 

component has different roles on LNC formulation (see Table s1). 

Table s1. Role of the compounds in the formulation of LNCs. 

 

Compounds Effects 

Solutol
®
 Major influence on LNC formation and stability 

Labrafac
®

 Increase of LNC size 

NaCl Decrease of phase-inversion temperature 

Lipoid
®

 Stabilizing the LNC rigid shell and slight decrease of the z-potential 
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Supplementary Data 8: peptide properties. 

Table s2. NFL, SCR NFL, VIM, and TAT properties 

Peptide Sequence 
Molecular 

weight 

Iso-

electric 

point 

Net charge 

at pH 7 

NFL YSSYSAPVSSSLSVRRSYSSSSGS 
2488.58 

g/mo 
9.87 pH +2 

SCR NFL SLGSPSSSVRASYSSSRSYVYSSS 
2488.58 

g/mo 
9.87 pH +2 

VIM GGAYVT RSSAVRLRSSVPGVRLLQ 
2529.9 

g/mol 
12.11 pH +4 

TAT GRKKRRQRRRPPG 
1647.94 

g/mol 
12.81 pH +8 
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1. PREFACE 

In our previous work (Chapter 2), we produced a neural stem cell (NSC)-targeting drug 

delivery system by adsorbing the peptide NFL-TBS.40-63 (NFL) on the surface of lipid 

nanocapsules (LNCs). NFL-LNCs interact with NSCs of the subventricular zone (SVZ-NSCs) 

in vitro and in vivo while they do not interact with NSCs of the central canal (CC-NSCs). This 

result was surprising as no data were found in the literature that could explain this difference. 

To understand how the characteristics of each NSC type could impact so dramatically their 

interactions with NFL-LNC, we compared the plasma membrane of SVZ-NSCs and CC-

NSCs.  

Although many plasma membrane characteristics could play a crucial role in the interaction 

between compounds and cells (such as membrane protein, lateral/transversal asymmetry), 

passive internalization is mostly related to the lipidic composition and organisation of the cell 

membrane. 

As NFL and NFL-LNC showed passive translocation and energetic-independent interactions 

with SVZ-NSCs respectively, our hypothesis was that the lipidic composition of the two types 

of NSCs was different and would thus modulate the interaction with NFL-LNC by impacting 

the fluidity and rigidity of their membrane. 

The aim of this work was to characterize the plasma membrane of both type of cells and to 

identify the factor(s) modulating the selective interaction between NFL-LNC and SVZ-NSCs. 
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2. ABSTRACT 

NFL-LNC is a drug delivery system penetrating NSCs of the subventricular zone (SVZ-

NSCs) of the brain, in vitro and in vivo, but not NSCs of the central canal (CC-NSCs) of the 

spinal cord. The objective of the present work was to investigate the reason(s) of the selective 

interaction between NFL-LNCs and SVZ-NSCs, focusing on their lipid plasma membrane 

characterization. A significantly higher proportion of ceramides and a lower content in 

phosphatidylcholines were detected in SVZ-NSCs compared to CC-NSCs while no significant 

differences in the amount of phospholipids and cholesterol were observed. Lipid composition 

is known to influence plasma membrane characteristics modulating the interactions 

nanoparticle-cell. Consequently, we measured physical state and permeability (by generalized 

polarization of laurdan and permeability to fluorescent dextran respectively) and their 

variation after NSC incubation with NFL, LNCs and NFL-LNCs. The study showed a 

significantly different generalized polarization of laurdan between the two types of cells and a 

cell-dependent impact of LNCs on the physical state. While the steady state of the 

permeability between SVZ-NSCs and CC-NSCs was similar, SVZ-NSCs showed a significant 

increase of the permeability after incubation with NFL. We concluded that the different 

amount of phosphatidylcholines and ceramides detected in CC-NSCs and SVZ-NSCs could 

play a role in the interaction towards NFL-LNCs by impacting the physical state and the 

permeability of the plasma membranes.  
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3. INTRODUCTION 

Neural stem cells (NSCs) are located in restricted neurogenic areas of the central nervous 

system (CNS) such as the central canal (CC), in the spinal cord, and the subventricular zone 

(SVZ), in the brain. NSCs can undergo self-renewal and differentiate into specialized neural 

cells (astrocytes, oligodendrocytes and neurons) [1]. NSC differentiation plays a crucial role 

in the neurogenesis process during both the development and the maintenance of the 

mammalian CNS [2]. The therapeutic relevance of NSCs rose when many studies clearly 

demonstrated that the stimulation of the neurogenesis resulted in the partial recovery of 

injured neuronal networks [3] and in the enhancement of behavioral performances (e.g., 

learning and memory) [4]. Their impact on neurogenesis made NSCs an attractive tool for the 

treatment of CNS diseases characterized by progressive lesion/loss of neural tissue and 

deterioration of neurological functions [5]. Consequently, NSCs have been investigated to 

replace injured cells and to restore neurological functions. Different strategies have been 

developed which essentially depend on whether NSCs are exogenous (induced from other 

somatic cells or isolated from neurogenic niches) or endogenous (niche-localized) [6]. 

Exogenous NSC differentiation occurs after transplantation of in vitro expanded/stimulated 

cells while endogenous NSC differentiation occurs in situ after local stimulation. In situ 

differentiation of endogenous NSCs remains one of the most promising strategies for the 

treatment of neurodegenerative diseases since it avoids both the transplantation-associated 

issues (e.g., cell sources and cell viability) [7] and the procedural limitations derived from the 

in vitro manipulation of exogenous NSCs (e.g., the cultivation in restricted conditions or the 

risk of genetic modifications) [8]. Although many drugs and drug delivery systems have been 

tested in CNS disease animal models to induce in situ differentiation of endogenous NSCs 

[9,10], no treatment based on this strategy has reached the clinical phase yet [11]. The lack of 

NSC-targeting molecules mostly promoted non-selective systems that might present off-target 

associated side-effect or inefficiency. 

Recently, the 24-aminoacid peptide NFL-TBS.40-63 (NFL), corresponding to the tubulin-

binding site of the neurofilament light subunit [12], showed a strong interaction with NSCs of 

the SVZ (SVZ-NSCs) of the brain [13]. In vitro, NFL massively penetrated SVZ-NSCs by 

direct translocation and induced NSC differentiation while in vivo, it localized in SVZ-NSC 

niches after intra-lateral ventricle injection in rat brain. NFL was not detected in astrocytes 

and neurons and it showed no significant toxicity both in vitro and in vivo. NFL was also 

tested as anti-glioblastoma drug, alone [14,15] or in association with lipid nanocapsules [16]. 
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Interestingly, the peptide showed a different mechanism of internalization in the glioblastoma 

cells compared to SVZ-NSCs. NFL was actively taken up and induced tumour growth 

inhibition via microtubule and mitochondrial network disruption [17] while no major toxicity 

was observed on healthy cells (rat astrocytes and neurons). NFL actively penetrates in 

oligodendrocytes by clathrin-dependent endocytosis and induces their differentiation in vitro 

[18]. The reason behind the selective interactions between NFL and these three types of cells 

(SVZ-NSCs, glioblastoma cells and oligodendrocytes) or the different mechanisms of 

penetration (passive for SVZ-NSCs and active for glioblastoma and oligodendrocytes) is not 

well understood yet.  

NFL can be associated to cell-penetrating peptides due to the positive charge, low molecular 

weight and balance between endocytosis and direct translocation in cell penetration 

mechanisms [19].  Physicochemical analysis performed by alanine-scanning assay and 

circular dichroism indicated a strong structure-activity correlation and a dependency to the 

environmental conditions of the ratio alpha helix/beta sheet, respectively [20]. Although NFL 

massively penetrates SVZ-NSCs, it did not show yet an identified therapeutic effect in vivo on 

these cells. Moreover, the strong structure-activity correlation limits chemical coupling 

between NFL and bioactive molecules. A direct therapeutic application of the peptide is still 

not excluded but its association with a drug delivery system represents a potential strategy for 

the selective delivery of bioactive molecules to NSCs. 

Lipid nanocapsules (LNCs) are a versatile drug delivery system due to their long stability 

(more than 18 months), ability to deliver both lipophilic and hydrophilic drugs, and 

biocompatibility [21]. They are produced by a solvent-free method, called phase-inversion 

temperature method, and they have a lipid core of caprylic/capric triglycerides (Labrafac®) 

and a shell of lecithin (Lipoid®) and PEG600/PEG stearate derivatives (Kolliphor®).  

In our previous work [22], we adsorbed the peptide NFL on LNC surface producing a drug 

delivery system, NFL-LNC, able to target SVZ-NSCs in vitro and in vivo. Interestingly, NFL-

LNCs did not interact with NSCs from the central canal (CC-NSCs) of the spinal cord. In 

vitro, the analysis of the association between NFL/LNCs/NFL-LNCs and SVZ-NSCs/CC-

NSCs highlighted significant differences in the kinetic and in the mechanism of interaction. 

NFL interacted faster with SVZ-NSCs (5 min, 43% cells) than with CC-NSCs (5 min, < 5% 

cells) but from 20 min to 1 h the values were similar for both types of cells (from 54% to 

80%). LNCs were not detected in significant amounts whatever the cell type and incubation 
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time while NFL-LNCs interacted only with SVZ-NSCs, following the same kinetic than NFL 

alone. The mechanistic study of the association process showed that the interactions of NFL 

and NFL-LNCs with SVZ-NSCs did not shown any significant variation when incubated at 

37 °C, 4 °C or in ATP depletion while NFL interaction with CC-NSCs significantly decreased 

at 4 °C exclusively.  Moreover, pre-incubations with NFL increased the penetration of the 

peptide itself in SVZ-NSCs but not in CC-NSCs. 

These results highlight the differences between SVZ-NSC and CC-NSC interactions with 

NFL and NFL-LNCs.  We hypothesized that they could be related to different plasma 

membrane characteristics. Unfortunately, it was not possible to find information in the 

literature to support this hypothesis. Up to now, only the lipids and the proteins of brain NSCs 

have been characterized but no distinction was made between SVZ-NSCs and the other brain 

NSCs (e.g., from the subgranular zone) [23].  

Thus, the objective of this work was to characterize and compare the plasma membranes of 

SVZ-NSCs and CC-NSCs to identify the possible factor(s) modulating the interactions with 

NFL-LNCs. 

 

4. MATERIALS AND METHODS 

4.1 Materials 

Biotinylated NFL-TBS.40-63 (NFL) was purchased from GeneCust (Luxembourg, 

Luxembourg). Labrafac® was purchased from Gattefosse SA (Saint-Priest, France). Lipoïd® 

was purchased from Lipoid Gmbh (Ludwigshafen, Germany). Kolliphor HS® was purchased 

from Sigma (Saint-Louis, Missouri, USA). Sodium chloride (NaCl) was purchased from 

Prolabo (Fontenay-sous-bois, France). Egg sphingomyelin (eSM), 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphocholine (POPC), and cholesterol (Chol) were purchased from Avanti Polar 

Lipids (Birmingham, Alabama, USA). 6-dodecanoyl-2-dimethyl-aminonaphthalene (Laurdan) 

was purchased from Molecular Probes (Carlsbad, California, USA). 3137-0050 oak ridge 

tubes were purchased from Thermo Fisher Scientific (Waltham, Massachusetts, USA). DAPI, 

HEPES, Pen/Strept, Na Pyruvate, B27, MEM alpha (no nucleosides), 0.05 % Trypsin-EDTA 

(1x), DNAse and ProLong Gold antifade were purchased from Thermo Fisher Scientific 

(Waltham, Massachusetts, USA). Fluorescein isothiocyanate–dextran 4 kDa (FD4), 10KDa 

(FD10) and 40 kDa (FD40) were purchased from Sigma (Saint-Louis, Missouri, USA). EGF 
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and bFGF were purchased from Tebu-Bio (Le Perray en Yvelines, France). BD CellTak was 

purchased from Corning Inc (New York, New York, USA). BCA Uptima was purchased from 

Interchim (Montluçon, France). CellTiter 96® AQueous One Solution Cell Proliferation 

Assay was purchased from Promega (Fitchburg, Wisconsin, USA). Amicon Ultra-0.5 ml 

100K filters were purchased from Merck Millipore (Billerica, Massachusetts, USA). The 

isolation of NSCs were performed according to Directive 2010/63/EU, to guidelines of the 

French and Belgian Government following the approval by the ethical committee for animal 

care of the faculty of medicine of the University catholique de Louvain. 

4.2 Preparation of lipidic nanocapsules 

LNC-stock was prepared according to the protocol developed by Heurtault et al. [24]. Briefly, 

0.846 g Kolliphor HS®, 0.075 g Lipoïd®, 0.089 g NaCl, 1.028 g Labrafac® and 2.962 ml of 

water were mixed under magnetic stirring for 5 min at 40°C. Temperature cycles (a minimum 

of 3) of progressive heating/cooling were done between 60°C and 90°C. During the cooling of 

the last cycle, 12.5 ml of water (4°C) were added at 74°C under high speed stirring. The 

nanoparticles were filtered on 0.2 µm filter and stored at 4°C. NFL-LNCs were produced by 

incubating 369 µl of 1 mM NFL solution (in water) overnight with 1 ml of stock-LNC under 

gently stirring. LNCs without peptide (control) were produced by incubating 369 µl of water 

overnight with 1 ml of LNC-stock solution under gently stirring.  

4.3 Preparation of liposomes 

Liposomes were made according to the protocol described by Hope et al. [25]. The amount of 

lipids and Laurdan required to reach a final concentration of 10 mM and 0.01 mM, 

respectively, was dissolved in 1 ml of chloroform. After drying the lipid mixture with 

nitrogen, the lipid film was placed overnight in a vacuum desiccator to remove remaining 

solvent traces. The lipid film was hydrated with 1 ml of phosphate-free buffer (10 mM Tris, 

0.1 M NaCl, pH 7) and incubated at 50°C for 30 min. The suspension was subjected to five 

cycles of freezing/thawing to obtain multilamellar vesicles. Liposomes were obtained by 

extrusion through polycarbonate filters (Nucleopore Track-Etch Membrane Whatman®, 

Brentford, UK) with a pore diameter of 0.1 µm. Phospholipid concentrations were determined 

according to the protocol developed by Bartlett G.R. [26]. Liposomes were stored at 4°C and 

used within 2 days after their preparation. Different lipid molar ratios of POPC/eSM/Chol 

were used (Table 1). 
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Table 1. Lipid composition of the liposomes 

Liposomes POPC (%) eSM (%) Chol (%) 

1 33 33 33 

2 15 75 15 

3 70 15 15 

4 15 15 70 

5 0 50 50 

6 50 50 0 

7 50 0 50 

8 50 25 25 

9 25 50 25 

10 25 25 50 

Egg sphingomyelin (eSM), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), and cholesterol (Chol). 

 

4.4 LNC and liposome physicochemical characterization. 

Size, -potential and PDI of LNCs and liposomes were characterized using a Malvern 

Zetasizer Nano Serie DTS 1060 (Malvern Instruments). For the measurement of size and PDI, 

samples were diluted 1/100 (v/v) in water. For the measurement of -potential, samples were 

diluted 1/100 (v/v) in NaCl 10 mM. 

4.5 Isolation of NSCs 

SVZ-NSC isolation. SVZ-NSCs were isolated according to a protocol presented by Guo et al. 

[27]. Briefly, new-born rats (from 1 to 5 day-old) were sacrificed by decapitation and the 

brain was removed and put in the dissection buffer (1.25 ml of D-glucose 1 M, 750 µl of 

HEPES and 500 µl Pen/Strept in 50 ml of HBSS medium). Brains were cut into 400 µm 

coronal sections and the SVZ was dissected and placed in 1.5 ml tubes with 0.5 ml of 

dissection buffer. The tubes were centrifuged for 5 min at 400 g. The supernatant was 

removed and 1 ml of stem cell culture medium (1.25 ml of D-glucose 1 M, 750 µl of HEPES, 

500 µl Pen/Strept, 500 µl Na Pyruvate, 500 µl of B27 and 10 ng/ml of EGF in 50 ml of MEM 

alpha no nucleosides medium) was added. The pellet was mechanically triturated using a 26 G 

needle and the cells were seeded at 2*10
5
 to 3*10

5
 cells/T75 flask in 12 ml of cell culture 

medium. 
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CC-NSC isolation. CC-NSCs were isolated according to a protocol described by Hugnot [28]. 

Briefly new-born rats were sacrificed by decapitation. The spinal cords were removed and put 

in a 1.5 ml tube with 500 µl of HBSS (two spinal cords/tube). In each tube, 130 µl of 

hyaluronidase, 130 µl of trypsin and 25 µl of DNAse were added. The samples were 

incubated at 37 °C for 30 min, transferred in a 15 ml tube containing 12 ml of HBSS and 

centrifuged at 380 g for 5 min. The supernatant was eliminated and the pellet was suspended 

in 600 µl of HBSS and mechanically dissociated. A 40 µm filter was used to filter the 

suspension which was then centrifuged at 380 g for 5 min.  The supernatant was eliminated 

and the pellet was suspended in 2 ml of 25 % sucrose solution. The suspension was 

centrifuged at 780 g for 30 min. The supernatant was removed and 1 ml of stem cell culture 

medium (with 10 ng of bFGF) was added. The cells were seeded at 2*10
5
 to 3*10

5
 cells/T75 

flask in 12 ml of cell culture medium. 

The isolation of SVZ-NSCs and CC-NSCs has been performed on the same animals. NSCs 

were cultivated as floating neurospheres, which appeared after 5 days, and used 7 days after 

their isolation. 

4.6 Isolation of NSC plasma membranes  

The isolation of NSC plasma membrane was performed following the protocol presented by 

Susky et al. [29]. Briefly, 3*10
7 

SVZ-NSCs or CC-NSCs were collected in a 50 ml falcon and 

centrifuged (5804R centrifuge, Eppendorf) for 5 min at 500 g. Supernatants were eliminated 

and 200 µl of lysis buffer (730 mM sucrose, 20 mM Tris-HCl, 100 µM EDTA) were added. 

The cells were left on ice during 30 min. Then, 30 ml of distilled water were added, keeping 

the tube on ice for another 30 min. Samples were centrifuged for 5 min at 800 g; supernatants 

were recovered and centrifuged again for 5 min at 800 g. Supernatants were transferred in a 

3137-0050 oak ridge tube and centrifuged (Avanti J-E, Beckman) for 10 min at 10000 g (rotor 

JA-20, Beckman). Supernatants were recovered and centrifuged again for 10 min at 10000 g 

before to be recovered and centrifuged for 20 min at 25000 g. The pellets were suspended in 

15 ml of ice-cold starting buffer (SB) (225 mM mannitol, 75 mM sucrose, and 30 mM Tris-

HCl) and centrifuged for 20 min at 25000 g. The pellets were recovered in 0.5 ml of plasma 

membrane resuspension buffer (5mM Bis-Tris and 0.2 mM EDTA, pH6), placed on the top of 

a sucrose gradient (from the bottom: 3 ml of sucrose 53%, 4 ml of sucrose 43%, and 4 ml of 

sucrose 38%) in a Ultra-Clear centrifuge tube (ref 344059) and centrifuged (Optima XL-

100K, Beckman) 2 h and 30 min at 95000 g (rotor SW40, Beckman). Centrifugation in 
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sucrose gradient resulted in three bands (from the bottom: plasma membrane, mitochondria 

and plasma-membrane associated microdomains). Top and bottom bands were recovered 

using a pipette. The bands were diluted up to 1 ml in SB. 

4.7 Lipidic composition of NSC plasma membranes  

Phospholipid concentration in NSC PMs was determined by phosphorus assay following the 

protocol described by Bartlett G.R. [26] while the cholesterol concentration was determined 

by Amplex® Red Cholesterol Assay Kit (Thermo Fisher Scientific) following supplier 

instructions. HPLC-MS preliminary data have been obtained by extracting the lipids from the 

PM and analyzing them as described by Mutemberezi et al. [30]. The lipid fraction was 

analyzed by a LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific) coupled to an 

Accela HPLC system (ThermoFisher Scientific). Analyte separation was achieved using a C-

18 Supelguard pre-column and a kinetex LC-18 column (5μm, 4.6 × 150 mm) (Phenomenex) 

and a gradient of acidified methanol and water. 

4.8 Fluidity characterization of NSC plasma membranes 

NSC plasma membrane fluidity was studied by measuring the generalized polarization (GP) 

of Laurdan, a lipophilic fluorescent probe, according to the method presented by Parasassi et 

al. [31]. Briefly, 1*10
6
/ml of SVZ-NSCs or CC-NSCs were incubated with 1% BSA for 1 h 

and then centrifuged at 500 g for 5 min. Pellets were suspended in 2.5 µM Laurdan in HBSS 

and incubated for 45 min at room temperature. NSCs were centrifuged again at 500 g for 5 

min and suspended in HBSS at 1*10
6
/ml. The cell suspension was placed into a fluorometric 

cuvette with a 10 mm optical path length. Laurdan emission spectra were recorded at 4°C or 

at 37°C using λex = 360 nm, and λem = 440 nm (emission in blue, IB) and 490 nm (emission 

in red, IR), where IB and IR are the fluorescence intensities emitted by Laurdan in the gel phase 

and liquid crystalline phase, respectively. GP was calculated using the following formula:  

GP = (IB-IR)/(IB+IR). 

The risk of interferences between the lipid nanoparticles and Laurdan was avoided with the 

elimination of the excess of the probe by NSC centrifugation and resuspension in fresh buffer 

after plasma membrane labelling. The concentrations of the compounds were fixed below the 

limit of toxicity previously evaluated [13,22]. 
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4.9 Impact of NFL, LNCs and NFL-LNCs on membrane fluidity 

On cells. SVZ-NSCs and CC-NSCs were treated as described in 5.8. The impact of NFL, 

LNCs and NFL-LNCs on NSC plasma membrane fluidity was studied by measuring the 

variation of GP before and after incubations (5 min) with different concentration of NFL, 

LNCs and NFL-LNCs. Laurdan emission spectra were recorded as previously described. 

On liposomes. Liposomes (Table 1) were diluted 1/10 in 1 ml HBSS (final volume, 1 ml; final 

lipid concentration, 1 mM) and were incubated (5 min) with NFL, LNCs and NFL-LNCs. 

Laurdan emission spectra were recorded as previously described. 

4.10 Permeability characterization of NSC plasma membranes 

NSC plasma membrane permeability was analysed by measuring the penetration of 

fluorescein isothiocyanate–dextrans (FD) into NSCs according to the method developed by 

Jia et al. [32]. Briefly, SVZ-NSCs and CC-NSCs were seeded at 2900 neurospheres/ml 

(corresponding to 2.5*10
5 

cells/ml) in NSC medium with FD 4 kDa, FD10 kDa or FD 40 kDa 

at 20 µM for 10 min. The neurospheres were centrifuged at 500 g for 5 min and the pellets 

resuspended in FD-free NSC medium. Before BD FACSCalibur™ flow cytometer (BD 

Biosciences) analysis, neurospheres were washed 3 times with PBS and dissociated with a 26 

G needle.  

4.11 Impact of NFL, LNCs and NFL-LNCs on plasma membrane permeability 

SVZ-NSCs and CC-NSCs were treated as described in 4.10. Impact of NFL, LNCs and NFL-

LNCs on NSC plasma membrane permeability was analyzed by measuring the variation of 

fluorescence before and after 5 min incubation with different concentrations of NFL, LNCs 

and NFL-LNCs. SVZ-NSCs incubated with NFL at 20 µM in NSC medium supplemented 

with FD4 at 20 µM were analyzed by confocal microscopy (Zeiss Cell Observer Spinning 

Disk microscope, Carl Zeiss). Neurospheres were washed 3 times with PBS and fixed with 4 

% PFA for 15 min. They were mounted with VECTASHIELD® antifade mounting medium 

and 2 pictures/condition were taken randomly. To evaluate NSC permeability recovery, SVZ-

NSCs were seeded at 2900 neurospheres/ml (corresponding to 2.5*10
5 

cells/ml) in FD-free 

NSC medium and incubated at 37°C during 5 min with NFL at 20 µM. Neurospheres were 

centrifuged at 500 g for 5 min, the pellet was resuspended in FD-free NSC medium and 

incubated at 37°C for 6 h. Then, neurospheres were centrifuged at 500 g for 5 min, 

resuspended in FD4 (20 µM)-supplemented NSC medium and incubated at 37°C for 5 min. 
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Neurospheres were finally centrifuged at 500 g for 5 min and the pellet was suspended in FD-

free NSC medium. Before BD FACSCalibur™ flow cytometer (BD Biosciences) analysis, 

neurospheres were washed 3 times with PBS and dissociated with a 26 G needle. 

4.12 Statistical analyses 

All the experiments were repeated at least 3 times. Error bars represent standard error of the 

mean (SEM). p* < 0.05, p** < 0.01 and p*** < 0.001 were calculated with Mann-Whitney 

test or with ANOVA one-way (with a Bonferroni correction to adapt the first order risk) by 

using Prism 5.00 (GraphPad software, San Diego, CA).  
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5 RESULTS AND DISCUSSION 

5.1 Characterization of LNCs and liposomes 

LNCs had a size of 59 nm ± 4 , a PDI of 0.08 and a zeta-potential of -9.0 mV ± 1.5 while the 

adsorption of NFL increased LNC size (+ 6 nm) and PDI as well as -potential (+ 2 mV) 

(Table 1), as previously observed [22]. Liposomes showed a size of 140 nm ± 10, a PDI of 

0.15 and a -potential of -15.0 mV ± 6 (Table 2), as previously observed [33,34]. 

 

Table 2. Physiochemical characteristics of the nanoparticles  

 

Size and PDI were characterized by DLS diluting the nanoparticles and liposomes 1/100 (v/v) in water. The -

potential was measured by diluting the nanoparticles and liposomes 1/100 (v/v) in NaCl 10 mM  

 

 

5.2 Plasma membrane lipidic composition depends of NSC origin 

Although many plasma membrane characteristics could play a crucial role in the interaction 

between compounds and cells (such as lipid/protein composition, lipid rafts and transversal 

asymmetry), passive internalization is mostly related to the lipidic composition of the cell 

membrane [40]. As NFL and NFL-LNC showed passive translocation and interactions with 

SVZ-NSCs, respectively [13,22], to decipher why NFL-LNCs would target SVZ-NSCs and 

not CC-NSCs, we studied NSC plasma membrane lipid composition. 

Plasma membranes from SVZ-NSCs and CC-NSCs have been isolated and collected from the 

same new born rats to limit variabilities. The purity of NSC cultures was evaluated before 

plasma membrane isolation by counting the percentage of Nestin
+
 cells (73.5 and 78.5 % for 

SVZ-NSCs and CC-NSCs respectively). To the best of our knowledge, no NSC isolation 

protocol provides cultures 100% Nestin
+
, consequently, the possible influence of non-NSCs 

must be always taken into account.
 
The amount of phospholipids detected after plasma 

membrane isolation was similar and constant between SVZ- and CC-NSCs (Figure 1A). 

    size (nm) PDI 

 

-potential (mV) 

LNCs 

 

59 ± 4 0.08 

 

-9.0 ± 1.5 

NFL-LNCs   65 ± 4 0.18-0.2 

 

-7.0 ± 1.5 

Liposomes  140 ± 10 0.15  -15 ± 6 
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Cholesterol is a key component of animal cell membranes, present at different proportions, 

depending on cell type. It can affect membrane mechanical properties (e.g., fluidity) as well 

as permeability to water and small molecules [35]. Cholesterol concentrations were not 

statistically different between SVZ-NSC and CC-NSC plasma membranes despite the higher 

amount detected in SVZ-NSCs (Figure 1B), excluding a major role of this lipid in the 

interactions between NFL-LNCs and NSCs. 

 
Figure 1. Phospholipid and cholesterol quantification in SVZ-NSC and CC-NSC plasma membranes. A, 

phospholipid quantification in SVZ-NSC and CC-NSC plasma membranes. B, cholesterol quantification in SVZ-

NSC and CC-NSC plasma membrane. p > 0.05. One way ANOVA test (Bonferroni comparison between SVZ-

NSCs and CC-NSCs). N=5, n=2 and n=3 for phospholipid and cholesterol quantification respectively. 
 

The comparison of the lipidic composition of SVZ- and CC-NSC plasma membrane 

highlighted differences in the ceramide and phosphatidylcholine content between the two 

types of cells. On the one hand, a significantly higher amount of C18:0 ceramide was detected 

in SVZ-NSCs as well as a higher content of other ceramides (C16:0, C18:1, C20:0, C22:0 and 

C24:1) compared to CC-NSC plasma membrane (Figure 2A). On the other hand, a 

significantly higher amount of C36:0, C38:1, C38:3, C38:4, C40:4 and C40:6 

phosphatidylcholines were detected in CC-NSCs (Figure 2B) as well as a higher amount of 

other phosphatidylcholines (C32:0, C34:0, C34:1, C36:2, C36:3, C36:4, C36:5, C38:2, C38:5 

and C40:5) (Figure S1) compared to SVZ-NSCs. The quantification of sphingomyelins did 

not show any significant difference between the two types of cells (Figure S2). 
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Figure 2.  Ceramides and phosphatidylcholines quantification in SVZ-NSC and CC-NSC plasma 

membrane by HPLC-MS. A, ceramides. B, phosphatidylcholines. p* < 0.05. One way ANOVA test 

(Bonferroni comparison between SVZ-NSCs and CC-NSCs). N=5, n=5. 
 

Ceramides are a family of lipids composed by sphingosine and a fatty acid while 

phosphatidylcholines are a class of phospholipids that incorporate choline as a head group. 

Both of those lipids significantly affect membrane properties, such as fluidity and 

permeability [36-38] in a dose-dependent form [39] which are critical for nanoparticle-cell 

interactions [40]. Ceramide and phosphatidylcholine proportion in NSC membrane could thus 

impact the ability of NFL-LNCs to target NSCs via its influence on NSC fluidity and 

permeability. 
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5.3 NSC plasma membrane fluidity impacts interactions between NSCs and both LNCs 

and NFL-LNCs 

We then evaluated and compared SVZ- and CC-NSC membrane fluidity and permeability 

before and after incubations with NFL, LNCs and NFL-LNCs. 

The fluidity of both SVZ- and CC-NSC plasma membranes is related to the GP of laurdan 

whose maximal emission depends on the polarity of the environment [41]. GP is sensitive to 

the water content of cellular membranes. Consequently, it can be used to quantitatively 

determine the relative amount of solid and liquid phases in plasma membranes [42]. CC-NSC 

GP was significantly higher (p*<0.05)  than the GP value of SVZ whatever the temperature 

(Figure 3), suggesting that SVZ-NSC plasma membrane was significantly more fluid than 

CC-NSC plasma membrane and both were significantly more rigid at 4 °C (GP 0.53-0.65) 

than at 37 °C (GP 0.32-0.40). This result showed that the physical state of NSCs was different 

depending on the temperature and the cell type.  

 

Figure 3. Fluidity characterization of SVZ-NSC and CC-NSC plasma membranes by the generalized 

polarization (GP) of Laurdan. Fluidity of both SVZ-NSCs and CC-NSCs was measured at 37 °C or at 4 °C.  

p* < 0.05, p** <0.01,  p*** < 0.001. Mann-Whitney test. N=3, n=2. 
 

Catapano et al. observed that ceramides increase the rigidity of lipid membranes [43] while 

Pinto et al. showed that laurdan is excluded from the rigid ceramide-rich domains, resulting in 

a higher fraction of the probe in the fluid phase [44]. We could thus hypothesize that the low 

GP of SVZ-NSC membrane, despite the higher amount of ceramides, could be due to the 

exclusion of laurdan from the rigid domains.  
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The different fluidity of NSCs could be one of the factors regulating the selective targeting of 

NFL-LNCs toward SVZ-NSCs. Variations of GP (ΔGP) provide information on the 

interactions compound-cell [45]. So, SVZ-NSC and CC-NSC GPs were measured at 4° and 

37 °C, before and after incubation with NFL, LNCs and NFL-LNCs at different 

concentrations. The increase of ΔGP is usually associated with a lower bilayer packing and 

higher polarity (increase of membrane fluidity) whereas a decrease of ΔGP corresponds to the 

opposite [42]. 

NFL had no significant impact on NSC ΔGP whatever the condition (Figure 4) despite the 

demonstration of the peptide penetration into SVZ-NSCs [13]. The dissociation of the 

neurospheres in single cells, necessary to measure NSC GPs, could impact the integrity of the 

plasma membranes. Consequently, we hypothesized that the effect on the fluidity induced by 

the dissociation would hinder the effect of the peptide. Therefore, the action of NFL on SVZ-

NSC and CC-NSC membrane fluidity might be no detectable following this method. 

LNCs and NFL-LNCs (≥ 1.26 mg/ml of nanoparticles) significantly decreased the ΔGP of 

SVZ-NSC and CC-NSC membrane at 37 °C, while no major variation was measured at 4 °C 

(Figure 4). Even if LNCs and NFL-LNCs increased the rigidity of both membranes, the effect 

of the nanoparticles on SVZ-NSC GP (+ 40%) (Figure 4A) was significantly higher (p* 

<0.05) than the effect on CC-NSC GP (+ 26%) (Figure 4B). When looking at the GP values 

pre-incubation (Figure 3), it seemed that the lowest the GP value, the highest the impact of 

LNCs and NFL-LNCs.  

Thus, we propose that nanoparticles could preferentially interact with SVZ-NSCs compared 

to CC-NSCs due to the higher ceramide content and lower phosphatidylcholine amount 

resulting in different membrane fluidity. 
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Figure 4. Impact of NFL, LNCs and NFL-LNCs on ΔGP of SVZ-NSC and CC-NSC lipid fluidity. The 

impact on the plasma membrane fluidity was measured incubating SVZ-NSCs (A) and CC-NSCs (B)  with NFL 

(2.7, 10, and 20 µM), LNCs (0.63, 1.26 and 2.52 mg/ml) and NFL-LNCs (1.35 +0.63, 2.7+1.26, 5.4 +2.52, NFL 

+ mg/ml LNCs) at 4 °C and 37 °C (ΔGP = GP before incubation – GP after incubation).  P** < 0.01,  p*** < 

0.001. Mann-Whitney test. N=3, n=2. 
 

On the one hand, we demonstrated that plasma membrane fluidity was significantly more 

affected by LNCs and NFL-LNCs for SVZ-NSCs than for CC-NSCs. On the other hand, NFL 

presence in the formulation did not show any major effect on the membrane fluidity, despite 

the selective targeting brought by the peptide [22].  
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To confirm the role of plasma membrane fluidity on NSC interaction with LNCs and NFL-

LNCs, we performed membrane-modelling using liposomes. Liposomes can mimic many 

aspects of cellular membranes [46] and for that reason, they have already been used as models 

to investigate the interactions between molecules/nanoparticles and cells [47,48]. Different 

ratios of POPC, eSM and Chol were used to produce liposomes with different GPs (from 0.15 

to 0.62) [49] (Figure 5A). The lipid mixture required to produce liposome 4 did not produce 

the phospholipid bilayer, therefore liposome 4 was not used.  

Liposome ΔGPs were measured to evaluate the role of membrane fluidity on the interactions 

with NFL, LNCs and NFL-LNCs (Figure 5B). No trend related to the liposome composition 

was observed. NFL did not show major effects on the ΔGP of the liposomes at this 

concentration (2.7 µM) while LNCs and NFL-LNCs significantly increased the rigidity of 

liposomes with GP lower than 0.448 (Figure 5B), as already shown in NSCs. Moreover, the 

impact on the fluidity of NFL-LNCs was higher compared to LNCs as the liposome GPs were 

low (liposome 6 and 3). NFL-LNCs decreased GP values of liposome 1 while LNCs and 

NFL-LNCs decreased GP values of liposome 5. Also in this case, the effect depended on the 

initial liposome fluidity but with an opposite impact on the GP: the higher the initial GP (≥ 

0.506), the higher the fluidizing effect of LNCs. 

Liposomes with GPs between 0.33 and 0.4 did not show any significant ΔGPs after incubation 

with the treatments. Interestingly, liposome GPs close to the SVZ-NSC GP were more 

impacted compared to liposome GPs close to CC-NSC GP. 

Using liposomes with different GPs as models for cell membranes highlighted the relation 

between membrane fluidity and interaction with LNC. The lower the GP, the higher the 

rigidity induced by LNCs, while the higher the GP, the higher the fluidity. The use of 

liposomes with different ceramide and phosphatidylcholine content could be used to highlight 

the relation between LNC impact on ΔGP and the variation of ceramide/phosphatidylcholine 

ratios. 
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Figure 5. Impact of NFL, LNCs and NFL-LNCs on liposome lipid fluidity. A, table of liposomes made at 

different ratios of POPC, eSM and Cho, with their respective GPs. N = 4. B, impact of NFL (2.7 µM), LNCs 

(1.26mg/ml) and NFL-LNCs (2.7 µM NFL + 1.26 mg/ml LNCs) on liposome lipid fluidity at 25 °C. p* < 0.05, 

p** <0.01, p***<0.001. One way ANOVA test (Bonferroni comparison between compounds and CTRL of each 

liposome). N=4.  

 

 

SVZ-NSCs have a significantly different GP compared to CC-NSCs, probably due to the 

higher amount of ceramides and lower content of phosphatidylcholines. NFL impact on the 

membrane fluidity was not detectable while LNCs and NFL-LNCs showed a GP-dependent 

impact on both NSCs and liposomes. Thus, we conclude that physical state of the membrane 

is a factor impacting the interactions between NFL-LNCs and NSCs. 
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5.4 NFL affects NSC plasma membrane permeability  

Molecule internalization into cells is regulated, in part, by plasma membrane permeability 

which, in turn, depends on its lipid composition [50]. Ceramides can increase plasma 

membrane permeability by detergent solubilization effects, induction of nonlamellar 

structures and generation of structural defects between rigid and fluid lipid phases [51]. 

Consequently, we hypothesized that SVZ-NSCs and CC-NSCs could have different plasma 

membrane permeability due to the different amount of ceramides detected in those cells.  

Plasma membrane permeability to FD4, FD10 and FD40 did not show any significant 

difference between the two types of NSCs. The percentage of positive cells was close to the 

baseline of the instrument (below 13%) for all conditions (Figure 6). Thus, the different 

amount of ceramides detected in SVZ-NSCs and CC-NSCs would not be directly related to 

the cell steady state permeability for those compounds. However, we cannot exclude different 

NSC permeability for lower molecular weight molecules (< 4kDa).   

 

Figure 6. Permeability of SVZ-NSCs and CC-NSCs to fluorescent dextrans. Percentage of positive NSCs to 

different molecular weight fluorescent dextrans (FD4, FD10 and FD40) obtained by flux cytometry. N=4. 

 

Hence, we measured the variation of NSC permeability before and after incubation with NFL, 

LNCs and NFL-LNCs. While membrane permeability of both cell types to FD4, FD10 and 

FD 40 did not show any major difference after incubation with LNCs and NFL-NCs (data not 

shown), the treatment with NFL at 20 µM significantly increased the penetration of FD4 in 

29% of SVZ-NSCs (Figure 7A). This result was also confirmed by confocal imaging (Figure 

7B).  

Cell penetrating peptides can produce pores of different sizes on the plasma membrane of the 

cells, depending on the condition of incubation (e.g., concentration) [52]. Only 20 µM of NFL 



Chapter 3 – The characteristics of neural stem cell plasma membrane affect their interaction with NFL-lipid nanocapsules 

 
 

100 
 

allowed the penetration of FD4 (4 kDa), suggesting the ability of the peptide to make pores 

but only above this concentration. However, in our previous work we showed that pre-

incubations with 10 µM NFL allowed the penetration of 1.6-2.7 kDa molecules [22]. 

Consequently, we hypothesized that NFL could modulate SVZ-NSC plasma membrane 

permeability by producing pores with concentration-depending sizes. Unfortunately it was not 

possible to perform NSCs incubation with higher concentrations of NFL due to its toxicity 

[13].  The modification of SVZ-NSC permeability by NFL was totally recovered after 6 hours 

(Figure 7C), indicating that the effect of the peptide was transient.  

  

Figure 7. Impact of NFL on NSC permeability. A, percentage of positive NSCs to fluorescent dextran (FD) of 

different molecular weights (4, 10 and 40 kDa) after incubation with increasing concentration of NFL (2.7, 10, 
20 µM). p* < 0.05. One way ANOVA test (Bonferroni comparison between all the columns with the respective 

CTRL). N=4. B, confocal imaging of SVZ-NSCs treated with NFL 20 µM. Blue is DAPI, nucleus. Yellow is 

fluorescein isothiocyanate, FD4. Scale barr = 50 µm. C, permeability recovery 6 hours after the treatment with 

NFL 20 µM in presence of FD4. p* < 0.05, p** <0.01. Mann-Whitney test.  N=3. 

 

Although ceramides are associated with higher membrane permeability [51], no significant 

difference was observed between the SVZ-NSC and CC-NSC steady state permeability for 

FD4, FD10 and FD40. Despite LNCs and NFL-LNCs did not show any major effect, NFL 

significantly increased the permeability of SVZ-NSCs, suggesting a preferential 

permeabilizant effect of the peptide on those cells compared to CC-NSCs. Interestingly, the 

higher (but not significant) presence of Chol observed in SVZ-NSC did not hinder the 

permeabilizant effect of the peptide NFL despite the fact that this lipid usually decreases the 

permeability of the plasma membranes [35]. Pae et al. showed that ceramides increase the 
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uptake of arginine-rich CPPs while prevent the internalization of amphipathic CPPs [53]. Due 

to the presence of arginines in the structure of NFL, we can hypothesize that the higher 

amount of ceramides detected in SVZ-NSCs could enhances NFL penetration and thus impact 

the permeability of those cells. 

 

6. CONCLUSIONS 

NFL-LNCs selectively interact with SVZ-NSCs and not with CC-NSCs. The characterization 

of the plasma membrane of both cell types highlighted interesting differences in the lipid 

compositions which, in turn, have an impact on the physical state and permeability of the 

cells. Higher ceramide content as well as lower phosphatidylcholine amount were observed in 

SVZ-NSC plasma membrane compared to CC-NSCs. The interaction between NSCs and 

nanoparticles depends on the initial physical state of the plasma membrane while NFL 

preferentially increases the permeability of SVZ-NSC plasma membrane. The implementation 

of plasma membrane characterization (e.g., by proteomic) or the comparison with other cells 

(e.g., glioblastoma cells) would provide additional information to understand and explain 

NFL-LNC interaction towards SVZ-NSCs.  
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8. SUPPLEMENTARY DATA 

 

Figure S1. Lipid characterization of SVZ-NSC and CC-NSC plasma membranes by HPLC-MS. 
Quantification of different phosphatidylcholines in the plasma membrane of SVZ-NSCs and CC-NSCs. N=5, 

n=5. 

 

Figure S2. Lipid characterization of SVZ-NSC and CC-NSC plasma membranes by HPLC-MS. 
Quantification of different sphingomyelins in the plasma membrane of SVZ-NSCs and CC-NSCs. N=5, n=5. 
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1. PREFACE 

Central nervous system (CNS) diseases are mostly characterized by the chronic loss and 

lesion of specialized neural cells such as neurons, astrocytes and oligodendrocytes. In this 

case, neural stem cells (NSCs) are of great interest due to their differentiation property by 

which they could replace those lesioned cells. The therapeutic strategy based on the 

stimulation of endogenous NSCs is one of the most promising because it would avoid some of 

the limiting issues associated to exogenous NSC-based approaches (e.g., source of cells, 

viability post-transplantation). 

The production of a system able to target endogenous NSCs and to stimulate their 

differentiation via the delivery of a bioactive molecule would represent an important step 

forward in NSC-based therapy. 

In our previous work, we developed and characterized a NSC-interacting drug delivery 

system by adsorbing the peptide NFL-TBS.40-63 (NFL) on the surface of lipid nanocapsules 

(LNCs). When injected in the brain, NFL-LNCs specifically co-localize with Nestin
+
 cells 

which are considered the bona fide neural stem cells of the subventricular zone (SVZ-NSCs). 

The SVZ is one of the most neurogenic regions of the CNS. It is thus an interesting target for 

the modulation of NSC differentiation and NFL-LNC represents a promising way to deliver 

bioactive drugs in this area. 

The aim of this work was to provide the proof of concept of this hypothesis by loading 

retinoic acid, a molecule active on NSC differentiation, into NFL-LNCs and inducing SVZ-

NSC differentiation towards specialized neural cells. 
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2. ABSTRACT 

Neural stem cells (NSCs) are located in restricted areas of the central nervous system such as 

the subventricular zone (SVZ) of the brain where they undergo self-renew or differentiate into 

specialized neural cells (neurons, astrocytes and oligodendrocytes). The stimulation of 

endogenous NSCs is one of the most promising NSC-based therapeutic approaches to restore 

neurological functions in patients affected by neurodegenerative diseases. Unfortunately, the 

lack of drugs/systems able both to target and to induce NSC differentiation limits the clinical 

translation of this strategy. Recently, the combination between the peptide NFL-TBS.40-63 

(NFL) and lipid nanocapsules (LNCs) produced a nanoscale vector able to co-localize with 

the NSCs of the SVZ (SVZ-NSCs). The aim of this work was to induce NSC differentiation 

by delivering retinoic acid (RA) to SVZ-NSCs via NFL-LNCs. RA was successfully 

encapsulated into NFL-LNC and RA-loaded NFL-LNCs were incubated with primary 

newborn or adult rat SVZ-NSCs. The impact on NSC self-renewal and differentiation was 

investigated, either by light microscopy or by immunocytochemistry (2 and 7 days post-

incubation). Treatment with RA-loaded NFL-LNCs significantly increased the number of 

GalC
+
 (oligodendrocytic marker) cells while it decreased the number of Nestin

+
 (neural stem 

cell marker) cells. Then, RA-loaded NFL-LNCs were injected in an in vivo rat model of white 

matter demyelination (lysolecithin injection in the caudoputamen) to evaluate the efficacy of 

our system on remyelination stimulation. The analysis of brain tissues is ongoing. 
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3. INTRODUCTION 

CNS degenerative diseases are a heterogeneous group of disorders characterized by the 

progressive development of lesions and loss of specialized neural cells such as neurons, 

astrocytes and oligodendrocytes [1,2]. Oligodendrocytes are myelinating cells which 

modulate the axonal conduction and provide trophic support to neurons [3]. Myelin 

dysfunction and oligodendrocitic failure are primarily involved in the etiology of many 

demyelinating CNS diseases (e.g., multiple sclerosis and multiple system atrophy) which have 

high economic and social costs worldwide [4].  

Neural stem cells (NSCs) have been investigated to treat such diseases since many studies 

demonstrated partial neurological function recovery after their transplantation in animal 

models [5]. NSCs are located in restricted neurogenic niches of the CNS (e.g., the central 

canal (CC) in the spinal cord and the subventricular zone (SVZ) and the subgranular zone 

(SGZ) in the brain). The therapeutic effect of NSCs is mostly related to their differentiation 

and proliferation, properties by which they can replace damaged cells and enhance the 

recovery of the affected areas [6]. Several NSC-based strategies have been developed to treat 

CNS diseases which especially depend on whether NSCs are exogenous (induced from other 

somatic cells or isolated from neurogenic niches) or endogenous (niche-localized) [7]. 

Basically, NSC differentiation is designed to occur either in vivo after transplantation of in 

vitro expanded/stimulated exogenous NSCs or in situ after endogenous NSC stimulation 

respectively.  

In situ differentiation of endogenous NSCs is one of the most promising strategies to treat 

demyelinating diseases because it would avoid both the issues associated to the 

transplantation (e.g., cell sources and cell viability) [8] and the in vitro manipulations (e.g., 

risk of contamination and genetic modifications) of NSCs [9]. Nevertheless, the lack of drugs 

and systems combining endogenous NSCs targeting and differentiation strongly slows down 

the development of this therapeutic approach. 

The peptide NFL-TBS.40-63 (NFL) is a 24-aminoacid peptide which corresponds to the 

tubulin-binding site of the neurofilament light subunit [10]. It selectively penetrates SVZ-

NSCs by direct translocation in vitro while it localizes in SVZ-NSC niches after intra-lateral 

ventricle injection in rat brain in vivo [11]. Although NFL targets SVZ-NSCs and induces 

their differentiation into neurons and oligodendrocytes in vitro, it did not show yet an 

identified therapeutic effect in vivo. Moreover, the strong structure-activity correlation 
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evaluated by alanine-scanning assay and circular dichroism [12] limits chemical coupling 

between NFL and bioactive molecules. While the direct therapeutic application of the peptide 

to target and differentiate NSCs is still not excluded, its association with a drug delivery 

system represents a potential strategy for the selective delivery of bioactive molecules to 

SVZ-NSCs.  

In a previous work [13], NFL was adsorbed on the surface of lipid nanocapsules (LNCs) 

which are a nanoscale vector characterized by long stability (more than 18 month), FDA-

approved excipients, easy scale-up,  versatility (compatible with lipophilic as well as 

hydrophilic drugs) [14], and suitable surface functionalization (e.g. with targeting ligands) 

[15]. The adsorption of NFL on the LNCs did not modify the NSC-targeting property of the 

peptide which, on the contrary, was extended to the whole system. NFL-LNC interacts with 

primary SVZ-NSCs, in vitro, and localizes on the NSCs of the SVZ after injection in the 

lateral ventricle of rat, in vivo. The SVZ is one of the most important neurogenic regions of 

the CNS that is involved in the origin/development of many CNS diseases [16-18]. Thus, the 

targeting of this area via NFL-LNC would be a good opportunity to induce NSC 

differentiation by delivering a bioactive molecule to SVZ-NSCs. 

Retinoic acid (RA) is a lipophilic molecule that modulates neurogenesis by inducing neurite 

outgrowth and differentiation into specialized neural cells from different cell sources, such as 

embryonic stem cells [19-21] and mesenchymal stem cells [22-24]. In particular, RA has been 

shown to induce the differentiation of pluripotent stem cells [25] and neural progenitor cells 

[26] in myelinating oligodendrocytes. Although RA represents a promising bioactive drug to 

stimulate NSC differentiation and treat demyelinating diseases [27], many factors limit its 

utilisation as a free molecule in vitro, (e.g., its low solubility in aqueous media) and in vivo 

(e.g., the progressive decline of its plasmatic concentrations). One strategy to overcome these 

issues is to incorporate RA into nanoparticles. For instance, RA encapsulation in nanovectors 

showed an enhanced therapeutic effect in the treatment of cancer [28] or ischemia [29], 

highlighting the interest of RA-based systems. 

Thus, the objectives of this work were (i) to encapsulate RA into NFL-LNCs and (ii) to 

evaluate their efficacy to stimulate NSC differentiation, first in vitro, on primary SVZ-NSCs, 

and then in vivo, and in a rat model of brain demyelinated lesions. 
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4. MATERIALS AND METHODS 

4.1 Materials 

Biotinylated NFL-TBS.40-63 (NFL) was purchased from GeneCust (Luxembourg, 

Luxembourg). Labrafac® provided by Gattefosse SA (Saint-Priest, France). Lipoïd® was 

provided by Lipoid Gmbh (Ludwigshafen, Germany). Kolliphor HS®, L-α-Lysolecithin, 

poly-D-Lysine hydrobromide, retinoic acid and Rhodamine B were purchased from Sigma 

(Saint-Louis, Missouri). Sodium chloride (NaCl) was purchased from Prolabo (Fontenay-

sous-bois, France). Primary antibody mouse anti-GalC was purchased from Merck Millipore 

(Billerica, Massachusetts, USA). Primary antibodies mouse anti-PAN neurofilament and 

mouse anti-bIII tubulin were purchased from Biolegend (San Diego, California, USA). 

Primary antibodyes rabbit anti-Nestin and rabbit anti-GFAP were purchased from Abcam 

(Cambridge, United Kingdom). Secondary antibodyes Alexa 488 anti-mouse, Alexa 488 anti-

rabbit, Alexa 594 anti-mouse and Alexa 594 anti-rabbit were purchased from ThermoFisher 

Scientific (Waltham, Massachusetts, USA). DiD' solid; DiIC18(5) solid (1,1'-Dioctadecyl-

3,3,3',3'-Tetramethylindodicarbocyanine, 4-Chlorobenzenesulfonate Salt) (DiD), DAPI, 

HEPES, Pen/Strept, Na Pyruvate, B27, MEM alpha (no nucleosides), 0.05 % Trypsin-EDTA 

(1x), DNAse and ProLong Gold antifade were purchased from Thermo Fisher Scientific. EGF 

was purchased from Tebu-Bio (Le Perray en Yvelines, France). CellTiter 96® AQueous One 

Solution Cell Proliferation Assay was purchased from Promega (Fitchburg, Wisconsin, USA). 

Formaldeyde solution 37% was purchased from Carl Roth (Karlsruhe, Germany). Amicon 

Ultra-0.5 ml 100K filters were purchased from Merck Millipore (Billerica, Massachusetts, 

USA). The isolation of NSC and in vivo experiments were performed according to Directive 

2010/63/EU, to guidelines of the Belgian Government following the approval by the ethical 

committee for animal care of the faculty of medicine of the Université catholique de Louvain. 

4.2 Preparation of RA-loaded NFL-LNCs 

NFL-LNCs. Stok-LNCs were prepared following the protocol developed by Heurtault et al. 

[30]. Briefly, Kolliphor HS15® (0.846 g), Lipoïd® (0.075 g), NaCl (0.089 g), Labrafac® 

(1.028 g) and water (2.962 g) were mixed under gentle magnetic stirring at 30°C for 5 min. 

The solution was progressively heated (90 °C) and cooled (60 °) three times. During the last 

cooling, cold water (12.5 g at 4 °C) was added at 72-74 °C under high speed stirring. The 

nanoparticles were filtered by 0.2 µm filter and stored at 4°C. NFL-LNCs were produced by 

incubating 369 µl of 1 mM peptide solution (in water) overnight with 1 ml of stock-LNC 
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under gently stirring while LNCs without peptide were produced incubating 369 µl of water. 

LNC concentration: 126 mg/ml of nanoparticles. NFL-LNC concentration: 270 µM NFL + 

126 mg/ml of nanoparticles. 

RA-loaded NFL-LNCs. RA was loaded into LNCs by adding 50 µl of RA stock solution (20 

mg/ml in DMSO) at 75 °C during the last cooling of LNC preparation. RA-loaded NFL-LNCs 

were produced by following the same protocol as for NFL-LNCs. The concentration of RA-

loaded LNC stock solution was 400 µM RA + 126 mg/ml of nanoparticles and of RA-loaded 

NFL-LNC stock solution was 400 µM RA + 270 µM NFL + 126 mg/ml of nanoparticles. 

4.3 Characterization of LNC 

Size, -potential and PDI of nanoparticles were characterized using a Malvern Zetasizer Nano 

ZS (Malvern Instruments). For the measurement of size and PDI, samples were diluted 1/100 

(v/v) in water. For the measurement of -potential, samples were diluted 1/100 (v/v) in NaCl 

10 mM. 

4.4 Isolation of SVZ-NSCs 

SVZ-NSCs were isolated according to a protocol described by Guo et al. [31]. Briefly rats 

from 5 day-old or 2 month-old were sacrificed by decapitation. The brain was removed and 

put in dissection buffer (1.25 ml of D-glucose 1 M, 750 µl of HEPES and 500 µl Pen/Strept in 

50 ml of HBSS medium). The brain was cut into coronal sections of 400 µm and the SVZ was 

dissected and placed in 1 ml of dissection buffer. The tissue was centrifuged for 5 min at 344 

g. The supernatant was removed to add 1 ml of stem cell culture medium (1.25 ml of D-

glucose 1 M, 750 µl of HEPES, 500 µl Pen/Strept, 500 µl Na Pyruvate, 500 µl of B27 and 10 

ng/ml of EGF in 50 ml of MEM alpha no nucleosides medium). The pellet was vortexed and 

mechanically triturated using a 26 G needle. The cells were seeded at 2*10
5
 cells/Petri 60 mm 

in 5 ml of cell culture medium. Either neurospheres or dissociated cells have been used during 

this study, depending on the aim of the experiment. 

4.5 Impact of RA-loaded NFL-LNCs on SVZ-NSC viability  

Five days after isolation, neurospheres corresponding to 3*10
5
 SVZ-NSCs/ml were incubated 

for 1 h at 37 °C with RA-loaded NFL-LNCs or their controls (PBS, NFL, LNCs, NFL-LNCs, 

RA and RA-LNCs) diluted 1/100 from stock solutions (final concentrations RA 4 µM, NFL 

2.7 µM, LNCs 1.26 mg/ml, NFL-LNCs NFL 2.7 µM+ 1.26 mg/ml LNCs, RA-loaded LNCs 
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RA 4 µM + 1.26 mg/ml LNCs, RA-loaded NFL-LNCs RA 4 µM + 2.7 µM NFL + 1.26 

mg/ml LNCs). Then, the neurospheres were washed, dissociated by using a 26 G needle, and 

seeded at 3*10
5
 cells/ml on poly-D-Lysine hydrobromide (0.1 mg/ml in water) coated 96-well 

plates. Cell viability was measured after 1h, 2 days and 7 days using the CellTiter 96® 

AQueous One Solution Cell Proliferation assay as per supplier instructions.  

4.6 Effect of RA-loaded NFL-LNCs on SVZ-NSC self-renewal  

Five days after isolation, neurospheres were treated as described in 4.5. Then, the 

neurospheres were seeded in 24-well plates at 3*10
5
 cells/ml or dissociated using a 26 G 

needle and seeded either at 3*10
5
 cells/ml (1

st
 observation) or 1.5*10

5 
(2

nd
 observation) on 

poly-L-Lysine coated 24-well plates. Evaluation of SVZ-NSC self-renewal was performed 2 

and 7 days after the treatment.  

Un-dissociated neurospheres were counted manually using bright-filter microscopy (Evos XL 

Core, Thermo Fisher Scientific). At least, 3 pictures/condition were taken.  

Dissociated SVZ-NSCs were fixed with 4 % PFA for 10 min, treated 1 h with Triton 0.05% in 

BSA 1% and incubated overnight with mouse anti-Nestin (1/250) primary antibody in BSA 

1%. The cells were incubated 2 h with Alexa 488 (1/400) anti-mouse secondary antibody in 

PBS and mounted with VECTASHIELD® antifade mounting medium (Vector Laboratories, 

Burlingame, California, USA). An EVOS fluorescent microscope was used to take at least 3 

pictures/conditions. Nestin
+
 cells were counted manually. 

 

4.7 Influence of RA-loaded NFL-LNCs on SVZ-NSC differentiation  

Five days after isolation, neurospheres were treated as described in 4.5. Then, the 

neurospheres were dissociated by using a 26 G needle and seeded either at 3*10
5
 cells/ml (1

st
 

observation) or 1.5*10
5 

(2
nd

 observation)on poly-D-Lysine hydrobromide coated 24-well 

plates.  

Two days after treatment, SVZ-NSCs were fixed with 4 % PFA for 10 min, treated 1 h with 

Triton 0.05% in BSA 1% and incubated overnight with rabbit anti-GFAP (1/1000) and mouse 

anti-βIII tubulin (1/1000) primary antibodies in BSA 1%. The cells were incubated 2 h with 

Alexa 488 (1/400) anti-mouse and Alexa 594 (1/400) anti-rabbit secondary antibodies in PBS. 

Seven days after the treatment, SVZ-NSCs were fixed with 4 % PFA for 10 min, treated 1 h 

with Triton 0.05% in BSA 1% for 30 and incubated overnight with (separately) mouse anti-

pan-neurofilament (panNF) (1/500) and mouse anti-GalC (1/500) primary antibodies in BSA 
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1%. The cells were incubated 2 h with Alexa 488 anti-mouse (1/400) and Alexa 594 (1/400) 

anti-mouse secondary antibodies in PBS. 

Samples were then mounted with VECTASHIELD® antifade mounting medium and pictures 

were acquired with an EVOS fluorescent microscope (at least 3 pictures/conditions). PanNF
+
 

and GalC
+
 cells were counted manually. 

 

4.8 Impact of RA-loaded NFL-LNCs on a focal brain white matter demyelinated lesion 

Demyelinating lesion was induced in the caudoputamen of 2 month-old female Wistar rats by 

stereotaxic injection in the right caudate putamen (ML: +2.1; AP: -0.8; DV: +4) of 2 μl of 1% 

lysolecithin (0.5 µl/min) in PBS using a Harvard apparatus (Holliston, Massachusetts). Three 

days after the lesion, the rats received 20 μl of RA-loaded NFL-LNCs (400 µM RA + 270 µM 

NFL + 126 mg/ml LNCs) (0.5 µl/min) or their controls by a second stereotaxic injection in 

the right lateral ventricle (ML: +1.5; AP: -0.8; DV: +4).  Five days after the treatment (7 days 

after the lesion), the animals were sacrified by overdose of isoflurane and intracardially 

perfused with 4% paraformaldehyde in NaCl buffer. Brains were recovered, post-fixed 6 

hours and cryoprotected in 30% sucrose before storage at −80 °C in OCT.  

The impact of RA-loaded NFL-LNCs on focal brain white matter demyelinated lesion will be 

evaluated on 20-µm brain section by comparing  the number of oligodendrocytes (Olig1 and 

Olig2
+
 cells) and the amount of myelin (MAG and MBP

+
 cells) in brains treated with  the 

controls and with RA-loaded NFL-LNCs. This is currently ongoing.  

4.9 Statistical analyses 

All experiments were repeated at least 3 times. Error bars represent standard error of the mean 

(SEM). p* < 0.05, p** < 0.01 and p*** < 0.001 were calculated with Mann-Whitney test or 

with ANOVA one-way (Bonferroni correction to take into account the test multiplicity) by 

using Prism 5.00 (GraphPad software, San Diego, CA). 
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5. RESULTS AND DISCUSSION 

5.1 Characterization of LNCs 

Table 1. Physiochemical characteristics of the nanoparticles  

 

Size and PDI were characterized by DLS diluting the nanoparticles 1/100 (v/v) in water. The -potential was 

measured by diluting the nanoparticles 1/100 (v/v) in NaCl 10 mM. N=3, n=3  

 

LNCs had a size of 57 nm ± 4 , a PDI of 0.027 and a -potential of -8.5 mV ± 1.5 while the 

adsorption of NFL increased LNC size (+ 8 nm) and PDI as well as -potential (+ 4 mV) 

(Table 1), as previously observed [22]. RA encapsulation did not influence LNC size and PDI 

but slightly decreased -potential values (p > 0.05).  

5.2 Impact of RA-loaded NFL-LNCs on SVZ-NSC viability 

Cell viability was evaluated 1 hour, 2 days and 7 days after SVZ-NSCs incubation. These 

time points were chosen to investigate acute (1 h) and chronic (2 d and 7 d) effect during the 

evaluation of NSC self-renewal and differentiation. LNC concentrations were selected below 

the threshold of toxicity [13].  

None of the treatments had major effects on NSC viability (Figure 1A) as well as RA-loaded 

NFL-LNCs at higher concentration (1/50) (Figure 1B). 

Figure 1: Impact of RA-loaded NFL-LNCs or their controls on NSC viability. A: viability of SVZ-NSCs 

incubated 1 hour with different treatments: RA (4 µM), NFL (2.7 µM), LNCs (1.26 mg/ml), NFL-LNCs ( 2.7 

    size (nm) PDI 

 

-potential (mV) 

LNCs 

 

57 ± 4 0.027 

 

-8.5 ± 1.5 

NFL-LNCs  65 ± 4 0.175  -4.2 ± 0.5 

RA-loaded LNCs   55 ± 3 0.093 

 

-11.0 ± 2.5 

RA-loaded NFL-LNCs  63 ± 4 0.2  -15 ± 6 
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µM NFL + 1.26 mg/ml LNCs), RA-loaded LNCs (4 µM RA + 1.26 mg/ml LNCs) and RA-loaded NFL-LNCs (4 

µM RA + 2.7 µM NFL and 1.26 mg/ml LNCs). The evaluation was performed 1 hour, 2 days and 7 days after 

the incubation by MTS. B: viability of SVZ-NSCs incubated 1 hour with RA-loaded NFL-LNCs (400 µM RA + 

270 µM NFL + 126 mg/ml LNCs) at different dilutions (1/50, 1/100, 1/500 and 1/1000). The evaluation was 

performed 1 hour, 2 days and 7 days after the incubation by MTS assay. N=3, n=3. (p > 0.05). 

 

5.3 RA-loaded NFL-LNCs modulate SVZ-NSC self-renewal  

RA, NFL, NFL-LNCs and RA-loaded NFL-LNCs significantly decreased the number of 

neurospheres after 2 days (Figure 2A). After 7 days, NFL, NFL-LNCs and RA-loaded NFL-

LNCs but not RA anymore significantly reduced the percentage of neurospheres (Figure 2B). 

The highest decrease was observed for NFL-LNCs at 2 days post-treatment but the percentage 

of neurospheres was not significantly lower anymore for this condition after 7 days.  

Self-renewal is the ability of stem cells to proliferate by maintaining an undifferentiated state 

and its loss typically accompanies stem cell differentiation into specialized cells [32]. The 

negative impact of NFL on the neurosphere-forming property was already observed in SVZ-

NSCs [11] while the effect of RA on those cells was not described before, to the extent of our 

knowledge. The reduction of self-renewal was higher 2 days than 7 days after the treatments, 

suggesting the capacity of NSCs to partially recover their property. Only NFL, NFL-LNCs 

and RA-loaded NFL-LNCs kept their negative modulation on SVZ-NSC self-renewal 

probably due to the presence of the peptide either as free molecule or associated to LNCs 

(NFL-LNCs and RA-loaded NFL-LNCs). 

Another indication of NSC differentiation was the decrease of the percentage of Nestin
+
 cells 

(Figure 2C-D, Figure 1S). NFL-LNCs and RA-loaded NFL-LNCs significantly decreased the 

number of Nestin
+ 

cells after 2 (Figure 2C) and 7 days (Figure 2D), while the other treatments 

showed no major effect.  

The absolute number of neurospheres and Nestin
+ 

cells decreased from the 1
st
 to the 2

nd
 (-20% 

and -15% respectively) observation due to the percentage of NSCs that differentiate during 

cultivation [33]. 
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Important in vitro NSC characteristics such as the capacity to form neurospheres [34] and to 

express Nestin [35] are indicators of the balance proliferation-differentiation. The reduction of 

those characteristics was an indication of SVZ-NSC transition from the undifferentiated state 

to the differentiating state. Thus, NFL-LNCs and RA-loaded NFL-LNCs would induce NSC 

differentiation. 

 

Figure 2: Impact of RA-loaded NFL-LNCs on SVZ-NSC self-renewal. SVZ-NSCs have been incubated 1 

hour with different treatments: RA (4 µM), NFL (2.7 µM), LNCs (1.26 mg/ml), NFL-LNCs ( 2.7 µM NFL + 

1.26 mg/ml LNCs), RA-loaded LNCs (4 µM RA + 1.26 mg/ml LNCs) and RA-loaded NFL-LNCs (4 µM RA + 

2.7 µM NFL and 1.26 mg/ml LNCs). A: number of neurospheres 2 day after the treatment. B: number of 

neurospheres 7 days after the treatment. C: percentage of Nestin
+
 cells 2 days after the treatment. D: percentage 

of Nestin
+
 cells 7 days after the treatment. .  p* < 0.05, p** < 0.01,  p*** < 0.001 compared to CTRL. One-way 

ANOVA test. N=4. n=2 for A and B. N=4, n=3 for C and D. 

 

5.4 RA-loaded NFL-LNCs affect SVZ-NSC differentiation  

β III Tubulin is a marker associated to early neuronal developmental stages while 

neurofilaments (NF) and galactocerebroside (GalC) are expressed by mature neurons and 
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oligodendrocytes, respectively [36,37]. The glial fibrillary acid protein (GFAP) is commonly 

used to identify mature astrocytes [38] but it is also an early marker for astroglia and 

oligodendroglia due to their phenotype overlap at their early stage [39].  

2 day time point (1
st
 observation). The impact of RA-loaded NFL-LNCs on NSC 

differentiation was evaluated by βIII Tubulin and GFAP immunostaining 2 days after 

treatment. NFL and RA-loaded NFL-LNCs significantly increased the percentage of both β 

III Tubulin
+
 and GFAP

+
 cells (Figure 3).  

We hypothesized that RA encapsulation in LNCs would allow SVZ-NSC differentiation in 

GFAP
+
 and βIII Tubulin

+ 
cells.  Indeed, RA as a free drug shows many limitations in vitro 

such as precipitation in aqueous media and adsorption on glass and plastic wares.  

RA-loaded NFL-LNC significantly increased the percentage of GFAP
+
 cells compared to free 

RA but not to RA-loaded LNCs. GFAP
+
 cells induced by RA-loaded LNCs could be due to 

the RA carried into the cells via the small amount of un-functionalized LNCs (10%) able to 

penetrate SVZ-NSCs [13]. An increase of βIII Tubulin
+ 

cells was observed when NSCs were 

treated with NFL and RA-loaded NFL-LNC. We propose that the highest percentage of 

GFAP
+
 and βIII Tubulin

+ 
cells observed when NSCs were treated with RA-loaded NFL-LNCs 

could be due to a synergetic effect between NFL and RA. The ability of NFL to induce NSC 

differentiation towards oligodendrocyte and neuronal phenotypes has already been reported 

[11]. Consequently, the effect on both markers is not surprising as well as the low percentage 

of GFAP
+
 cells induced by NFL-LNC could be due to the presence of the peptide on LNC 

surface. 

We thus hypothesised that RA-loaded NFL-LNCs showed higher percentage of GFAP
+
 cells 

compared to NFL probably because of the synergy between NFL and RA. It would be 

interesting to test the effect of RA-loaded LNCs in presence of NFL to confirm this 

hypothesis. 
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Figure 3: Impact of RA-loaded NFL-LNC on SVZ-NSC differentiation in GFAP

+
 and β III

+
 cells 

evaluated at 2 day time point.  SVZ-NSCs have been incubated 1 hour with different treatments: RA (4 µM), 

NFL (2.7 µM), LNCs (1.26 mg/ml), NFL-LNCs (2.7 µM NFL + 1.26 mg/ml LNCs), RA-loaded LNCs (4 µM 

RA + 1.26 mg/ml LNCs) and RA-loaded NFL-LNCs (4 µM RA + 2.7 µM NFL and 1.26 mg/ml LNCs). Cell 

were immunostained for GFAP (green), β III Tubulin (red) and DAPI (blue). The number of positive cells has 

been counted manually.  p* < 0.05, p** < 0.01,  p*** < 0.001. One way ANOVA test (Bonferroni post-test). 

N=4, n=3. 
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7 day time point. The percentage of GFAP
+
 and GalC

+
 cells was evaluated 7 days after 

treatment. The percentage of GalC
+
 cells significantly increased after incubation with RA-

loaded NFL-LNCs (Figure 4A) while no significant effect was observed for the other 

treatments. Moreover, SVZ-NSCs treated with RA-loaded NFL-LNCs presented morphology 

similar to immature oligodendrocytes 7 days after treatment (Figure 4B). The percentage of 

GFAP
+ 

cells was not significantly impacted whatever the condition (p > 0.05), even if 

treatment of NSCs with RA-loaded LNCs and RA-NFL-LNCs tended to reduce the 

percentage of GFAP
+
 cells while treatments with RA, NFL, LNCs and NFL-LNCs tended to 

increase the number of GFAP
+
 cells (Figure 4A). Compared to the observation performed 2 

day after the treatment, the percentage of GFAP
+ 

increased for the CTRL (from 4 to 12%). 

The co-expression of both markers remained below 15% for all conditions. 

 
Figure 4: Impact of RA-loaded NFL-LNC on SVZ-NSC differentiation in GFAP

+
 and GalC

+
 cells 

evaluated at 7 day time point.  SVZ-NSCs have been incubated 1 hour with different treatments: RA (4 µM), 

NFL (2.7 µM), LNCs (1.26 mg/ml), NFL-LNCs (2.7 µM NFL + 1.26 mg/ml LNCs), RA-loaded LNCs (4 µM 

RA + 1.26 mg/ml LNCs) and RA-loaded NFL-LNCs (4 µM RA + 2.7 µM NFL and 1.26 mg/ml LNCs). Cells 

were immunostained for GalC (yellow), GFAP (red) and DAPI (blue). A: the number of GalC
+
, GFAP

+
 and 

GalC/GFAP
+
 cells after treatment.  p* < 0.05, p** < 0.01,  p*** < 0.001 compared to CTRL. One-way ANOVA 

test. N=4, n=3. B: confocal imaging of SVZ-NSCs treated with RA-loaded NFL-LNCs compared to non-treated 

cells. 

 

NF immunostaining was performed to measure the percentage of neuron-like cells 7 days 

after the treatment of SVZ-NSCs but no neuron was detected whatever the condition (Figure 
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2S). Longer treatments and late observations could be necessary to detect the neuronal 

phenotype [40] 

Although self-renewal and differentiation properties were evaluated on 5-day old rat NSCs, 

RA-loaded NFL-LNCs incubated with SVZ-NSCs either from 5-day old or from 2-month old 

rats did not show any significant difference in the percentage of GalC
+
 cells (Figure 3S). 

Moreover, decreasing concentration of RA-loaded NFL-LNCs induced lower NSC 

differentiation into oligodendrocytes (Figure 4S). 

The evaluation of the differentiation has been performed by immunostaining with early and 

mature specialized cell markers to observe the development of the process over time. The “2 

days” time point was chosen because morphological modifications were already visible under 

bright filter light while the “7 days” time point was one of the most frequent used to detect 

NSC differentiation in the literature. RA-loaded NFL-LNCs increased the expression of early 

(GFAP and β III Tub) and mature (GalC) glial markers and, in the same time, decreased the 

number of neurospheres and Nestin
+
 cells. Moreover, it had similar differentiating effect on 

both newborn and adult NSCs in vitro. Hence, RA-loaded NFL-LNCs would represent a 

promising system to induce SVZ-NSC differentiation into oligodendrocytes and treat 

demyelinating diseases. The in vivo proof of concept is ongoing. 

6. CONCLUSION 

Myelin dysfunction and oligodendrocitic loss are primarily involved in the etiology of many 

demyelinating CNS diseases which have high economic and social costs worldwide. The 

encapsulation of RA into NFL-LNCs provides a drug delivery system able to selectively 

interact with SVZ-NSCs and to induce their differentiation into the oligodendrocyte lineage in 

vitro. RA-loaded NFL-LNC represents a promising tool to treat demyelinating disease via 

endogenous NSC differentiation. The impact of RA-loaded NFL-LNCs on focal brain white 

matter demyelinating lesion in under evaluation.  
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8. SUPPLEMENTARY DATA 

 

 

Figure 1S: Impact of RA, NFL, LNCs, NFL-LNCs, RA-loaded LNCs and RA-loaded NFL-LNC on the 

percentage of Nestin+ cells. SVZ-NSC have been incubated 1 hour with different compounds (RA 4 µM, NFL 

2.7 µM, LNCs 1.26 mg/ml, NFL-LNCs NFL 2.7 µM+ 1.26 mg/ml LNCs, RA-loaded LNCs RA 4 µM + 1.26 

mg/ml LNCs, RA-loaded NFL-LNCs RA 4 µM + 2.7 µM NFL + 1.26 mg/ml LNCs). The immunostaining was 

performed 2 days (A) and 7 days (B) after the treatment. Blue: DAPI, nucleus. Yellow, Alexa 488, Nestin. Scale 

barr: 100 µm. 
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Figure2S: representative picture of NF expression in SVZ-NSC 7 days after treatment. SVZ-NSCs have 

been incubated 1 hour with different compounds (RA 4 µM, NFL 2.7 µM, LNCs 1.26 mg/ml, NFL-LNCs NFL 

2.7 µM+ 1.26 mg/ml LNCs, RA-loaded LNCs RA 4 µM + 1.26 mg/ml LNCs, RA-loaded NFL-LNCs RA 4 µM 

+ 2.7 µM NFL + 1.26 mg/ml LNCs) and immunostained for NF (green) and DAPI (blue). 

 

Figure3S: GalC expression in SVZ-NSC isolated from 5-day old and 2-month old rats 7 days after 

treatment. Both types of SVZ-NSCs have been incubated 1 hour with RA-loaded NFL-LNCs (RA 4 µM + 1.26 

mg/ml LNCs, RA-loaded NFL-LNCs RA 4 µM + 2.7 µM NFL + 1.26 mg/ml LNCs) and immunostained for 

GalC. The number of GalC
+
 was evaluated by manual counting. N=3, n=3. 
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Figure4S: GalC expression in SVZ-NSCs treated with RA-loaded NFL-LNCs at different concentrations. 

SVZ-NSCs have been incubated 1 hour with RA-loaded NFL-LNCs (400 µM RA + 270 µM NFL + 126 mg/ml 

LNCs) at different dilutions (1/50, 1/100, 1/500 and 1/1000). Cells were immunostained for GalC. The number 

of GalC
+
 was evaluated by manual counting. N=3.  
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Discussion 
 

As reviewed in the introduction of this manuscript, the discovery of neural stem cells (NSCs) 

and their contribution in the neurogenesis process has represented a step forward in the 

regenerative medicine of the central nervous system (CNS). NSCs can undergo self-renewal 

and differentiate into specialized neural cells such as neurons, astrocytes and 

oligodendrocytes. Consequently, NSCs have been investigated to replace loss or lesioned 

neuronal cells and to treat neurodegenerative diseases via their differentiation property. 

Several NSC-based strategies have been developed which basically depend on whether the 

differentiation is designed to occur after transplantation of in vitro cultivated exogenous NSCs 

or in situ after endogenous NSC stimulation. 

The exogenous NSC-based strategy shows many limitations derived either from the in vitro 

manipulation of the cells (e.g., risk of contaminations and genetic modifications) or from their 

in vivo transplantation (e.g., viability and immunoreactions). Endogenous NSC-based 

approach would avoid all of these issues aiming at directly stimulating the NSCs present in 

the niches of the CNS. Unfortunately, the lack of NSC-targeting molecules primarily 

promoted non-selective drugs/systems which limited the medical translation.  

A system able to target endogenous NSCs and to induce their differentiation in situ would 

represent a promising therapeutic tool for the treatment of neurodegenerative diseases. 

Moreover, it would increase the efficacy and the safety of the treatments by enhancing the 

localized drug delivery and, consequently, by limiting the side effects. 

The aim of this work was to contribute to the development of neural stem cell (NSC)-

based therapy by providing a drug delivery system able both to target endogenous NSCs 

and to induce their differentiation in situ. 

The goals of this thesis were i) to produce and characterize a drug delivery system targeting 

NSCs, ii) to investigate the mechanism behind the selective interaction NSCs-drug delivery 

system and iii) to induce endogenous NSC differentiation in situ by delivering a bioactive 

molecule. 
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1. MAIN ACHIEVEMENTS 

We provided a drug delivery system penetrating neural stem cells of the subventricular 

zone in vitro and co-localizing with Nestin
+
 cells after intra-lateral ventricle injection in 

the brain in vivo. 

Although there is no drug delivery system able to selectively target endogenous NSCs yet, 

several nanoparticle-based therapeutics successfully induced NSC differentiation in vivo (see 

Chapter 1, 4.4) [1-5]. Only one nanoparticle-based system showed efficient NSC targeting in 

vitro but no further information is available in vivo (see Chapter 1, 5.1) [6]. NFL-LNC was 

designed to target endogenous NSCs. Although the in vitro proof of principle must be 

strengthen (e.g. by NSC co-culture with another neural cell type), the co-localization with 

Nestin
+
 cells after intra-lateral ventricle injection in the brain in vivo is a promising result 

concerning the ability of NFL-LNC to selectively interact with endogenous NSCs. 

1) Nanoparticle functionalization with targeting ligands can be obtained following different 

technics. Most of them require complex chemical manipulations of both the nanoparticle and 

the targeting ligand to allow their covalent and stable combination (e.g., via nanoparticle 

DSPE-PEG-maleimide post-insertion and peptide/protein thiolation [7]). NFL-TBS.40-63 

(NFL) can be adsorbed on the surface of lipid nanocapsules (LNCs) by simple incubation. 

The functionalization is due to electrostatic interactions and the binding between NFL and 

LNCs is not significantly affected by the ionic force of the physiologic fluids. The major 

physicochemical properties of NFL-LNC are stable over the time and at different physiologic-

mimicking conditions. All the excipients used for the formulation of LNCs are FDA approved 

for oral, topical and parenteral administration. Hence, NFL-LNCs are easy to produce and 

suitable for in vivo studies.  

2) While it shows no interactions for NSCs of the central canal (CC-NSCs) of the spinal cord, 

NFL-LNC co-localizes with NSCs from the subventricular zone (SVZ-NSCs) of the brain 

which is one of the most neurogenic regions of the nervous system [8]. Most of the 

neurodegenerative diseases induce a substantial downregulation of SVZ cell proliferation. 

Consequently, this area is an important target for therapeutic intervention [9]. The interaction 

with Nestin
+
 cells of the SVZ via NFL-LNC would offer the best opportunity to induce, in an 

adult organism, NSC differentiation into neural cells and to study their migration and 

integration into functional brain circuits. 
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3) Due to the versatility of the carrier, NFL-LNC can deliver a wide range of molecules 

(lipophilic, hydrophilic and amphiphilic compounds). Many drugs have shown different 

impacts on NSC differentiation and most of them would be compatible with NFL-LNC. NSC 

differentiation could be then oriented towards specific neural cell types (neurons, astrocytes or 

oligodendrocytes) depending on the drug encapsulated in NFL-LNC and on the targeted 

disease. 

Thus, NFL-LNC is a versatile tool that could potentially be translated to clinic and treat 

different types of neurodegenerative diseases via endogenous NSC differentiation. 

We characterized the plasma membranes of SVZ-NSCs and CC-NSCs and we identified 

some of the factors regulating the selective interactions between SVZ-NSCs and NFL-

LNC. 

The evaluation of the plasma membrane lipid composition, fluidity and permeability 

represents the first physicochemical characterization of both SVZ-NSCs and CC-NSCs, to the 

best of our knowledge. The comparison between SVZ-NSCs and CC-NSCs, before and after 

incubation with NFL, LNCs and NFL-LNCs, highlighted the role of plasma membrane 

characteristics on the interactions between NSCs and these treatments. 

1) Although there are similarities among all eukaryotic cellular membranes, each cell has 

peculiar plasma membrane characteristics which provide unique features [10]. Significant 

differences in the plasma membrane lipid composition of SVZ-NSCs and CC-NSCs were 

observed. Consequently, the lipid contents differently impacted fluidity and permeability of 

those two types of cells. On the one hand, changes in temperature and osmolarity cause 

plasma membrane fluidity fluctuations which are critical to the initiation of the regulatory 

reactions and environmental acclimation [11]. On the other hand, little variation in ceramide 

content would impact several cellular processes such as peptide translocation, cell 

proliferation, apoptosis and inflammation [12]. Consequently, SVZ-NSCs and CC-NSCs 

could have different regulatory mechanisms as well as sensibility to the action of the 

environmental stimuli. These data improve the general background of NSC biology and 

provide the first physicochemical characterization of SVZ-NSCs and CC-NSCs allowing the 

comprehension/prediction of their behavior at specific conditions.  

2) The differences emerged between SVZ-NSCs and CC-NSCs provide new elements to 

design alternative NSC-targeting strategies. For instance, liposomal formulations have been 
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produced to target cancer cell plasma membranes (whose fluidity is higher than in healthy 

cell) and decrease tumor proliferation [13]. Plasma membrane lipid composition and physical 

state are peculiar characteristics to which a drug delivery system could be selectively directed. 

3) NFL, LNCs and NFL-LNCs would preferentially interact with SVZ-NSCs because their 

plasma membrane has peculiar characteristics. Consequently, other cells with similar 

characteristics could be potentially targeted by NFL-LNCs. The comprehension of the 

interactions nanoparticle-target is required for the safe use of nanomaterials in therapy. In the 

event of a systemic administration of NFL-LNC, the information provided by this study could 

anticipate or exclude eventual out-of-target interactions allowing a safer administration of 

NFL-LNC. 

Hence, this study contributes to the improvement of the NSC biology knowledge, it provides 

crucial information to produce novel NSC-targeting systems and it identifies some of the 

factors regulating SVZ-NSC targeting.  

We induced SVZ-NSC differentiation towards oligodendrocyte lineage after treatment 

with retinoic acid (RA)-loaded NFL-LNCs. 

Most of the nanoparticle-based drug delivery systems induce significant in vitro NSC 

differentiation after treatments longer than 8 hours (see Chapter 1, 4.4) [14,15]. RA-loaded 

NFL-LNC is the first treatment able to induce significant in vitro NSC differentiation after 1 

hour only, to the extent of our knowledge. 

1) RA is a commercial and inexpensive drug which is a promising neurogenesis modulator. It 

is loaded into LNCs by addition of this molecule into the excipient mixture. The high 

lipophilicity of RA assures high drug encapsulation efficiency and retention inside the LNCs. 

The surface functionalization with NFL is not affected by RA loading in LNCs. Thus, RA-

loaded NFL-LNC is low cost and easy to produce. 

2) SVZ-NSCs differentiate into immature oligodendrocytes 1 week after incubation with RA-

loaded NFL-LNCs in vitro. Oligodendrocytes represent around 75% of all glial cells in the 

adult CNS and their main function is the production of myelin [16]. The lesion/loss of 

oligodendrocytes is related to many demyelinating diseases (e.g., multiple sclerosis) which 

have high social and economic costs worldwide. The possibility to replace those damaged 

cells via oligodendrocyte-oriented NSC differentiation would represent a promising 

therapeutic strategy to treat those neurodegenerative diseases.  
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3) The evaluation of the in vivo efficacy of RA-loaded NFL-LNC on lysolecithin 

demyelinated animal model is ongoing. In the event that there will be a 

recovery/remyelination of the affected areas due to NSC differentiation, RA-loaded NFL-

LNCs would represent the first system able both to target endogenous NSCs and to induce 

their differentiation for therapeutic purpose. Thus, the aim of this thesis would have been fully 

addressed. In the event that no biological effect is detected, the reason should be investigated. 

On the one hand it could depend on the lack of correspondence between the in vitro and in 

vivo behavior of NSCs, already observed for many other promising therapeutic approaches. 

On the other hand it could be due to an inappropriate therapeutic schedule. In this case, 

several parameters (such as the dose of RA-loaded NFL-LNC, the number of the injections, 

the time-points of the treatment) could be adapted to induce a therapeutic effect. 

 

2. PERSPECTIVES 

Less invasive administration route would greatly increase the safety of NFL-LNC-based 

therapies.  

Although intracranial injections are currently used in therapy (e.g., brain cancer), less invasive 

ways of administration could be explored. The intravenous administration would be suitable 

in those neurodegenerative diseases presenting increased blood-brain barrier (BBB) 

permeability (e.g., ALS [17]) which would allow NFL-LNC brain accumulation via passive 

targeting. Alternatively, the intranasal administration of lipid-based nanoparticles has been 

successfully performed to target the brain of PD patients [18]. Moreover, NFL-LNC 

targeting/accumulation in SVZ-NSCs could be improved by increasing both the half-life of 

the carrier (e.g., via LNC shell modification with longer chain PEG [19]) and the passage 

through the BBB (e.g., via focused ultrasound permeabilization [20] or BBB-crossing ligand 

surface functionalization [21]).  

The detection of NFL-LNC during the biodistribution studies (e.g., via non-invasive 

tomographic imaging or positron emission tomography) will depend on the type of tracking 

agent used for LNC labelling (e.g., fluorescent [22] or radioactive [23]).  

Further plasma membrane characterization would provide additional information on 

the interactions between NFL-LNC and cells. 
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Proteins have a crucial role in the transport, signaling and cell interactions with the 

environment [24].  Therefore, the proteomic evaluation of SVZ-NSC and CC-NSC plasma 

membranes would enrich the study on the factors modulating the interaction. Mass 

spectroscopy-based methods combined with other technics (e.g., chromatographic or 2-D 

electrophoresis [25]) are powerful tools for plasma membrane proteomic mapping and 

expression before and after incubation with NFL-LNCs. Consequently, the impact of the 

plasma membrane proteins on the interactions towards NFL-LNC, if any, would be revealed. 

The characterization of the plasma membrane could be extended also to glioblastoma cells, 

which are massively penetrated by NFL-LNCs via active mechanisms. In this work we 

compared cells penetrated (SVZ-NSCs) or not (CC-NSCs) by NFL-LNCs, providing 

information about the preferential interaction between NFL-LNCs and SVZ-NSCs. The 

comparison of glioblastoma cells with SVZ-NSCs would provide information on the factor(s) 

regulating the type of the interaction (energetic-dependent and energetic-independent 

respectively). 

The (co)encapsulation of other drugs in NFL-LNC could be used for the treatment of 

many neurodegenerative diseases. 

The versatility of NFL-LNCs allows the encapsulation and the delivery of a wide range of 

active molecules to SVZ-NSCs. Lipophilic drugs are directly dissolved in the lipid phase 

(e.g., Labrafac®) while hydrophilic molecules can be pre-encapsulated into micelles which 

are then encapsulated into LNCs. The adaptation of the drug-encapsulation method to the 

chemical profile of the molecule does not significantly impact LNC major properties. 

The combination of RA and valproic acid increased the rate of NSC differentiation in vitro 

due to their synergic effect [26]; thus, co-delivering those molecules via NFL-LNC could 

result in a more rapid and/or enhanced recovery of the demyelinating disorders compared to 

RA alone. Moreover, RA association to molecules known to promote neurite growth (e.g., 

brain-derived neurotrophic [27]) or neuroprotection (e.g., iron chelators [28]) would allow the 

treatment of both demyelination and demyelination-associated injuries, such as axonal loss in 

MS [29]. Importantly, inflammation often occurs during the development of demyelinating 

disorders as a local response driven by microglia [30]. Co-delivery of RA and anti-

inflammatory molecules (e.g., nonsteroidal drugs [31]) via NFL-LNC could alleviate pain, 

heat, redness, swelling and loss of function during the treatment of the diseases. 
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Although RA-loaded NFL-LNCs show promising results for the treatment of demyelinating 

diseases, it would be worth to investigate the potential of other drugs. The ability to orient 

NSC differentiation towards specific neuronal cell types depending on the encapsulated 

molecule would make NFL-LNC a multivalent tool to treat different neurodegenerative 

diseases. While the combination of pramipexole, bone morphogenetic proteins 7 and growth 

factors induced NSC differentiation into dopaminergic neurons in vitro [32], neurotrophin-3 

promoted NSC differentiation into cholinergic neurons in vitro [33]. The encapsulation and 

delivery of those molecules via NFL-LNC would represent a promising strategy for the 

treatment of PD and AD respectively. 

By providing strengthened pre-clinical studies, RA-loaded NFL-LNCs have the potential 

to be tested in clinical trials. 

RA-loaded NFL-LNCs induce NSC differentiation into GalC
+
 cells in vitro while they restore 

the number of oligodendrocytes after focused white matter demyelination in vivo (preliminary 

results). Thus, inflammatory demyelinating diseases (e.g., multiple sclerosis [34]) could be 

the best target to evaluate the therapeutic effect of RA-loaded NFL-LNCs. However, before to 

reach the clinic, toxicity as well as therapeutic doses of RA-loaded NFL-LNCs should be 

determined in at least two different mammalian species (including one non-rodent species) to 

estimate the safe starting dose in humans [35]. In parallel, RA-loaded NFL-LNCs must be 

scalable and produced under good manufacturing practices (GMP) [36].  

 

3. CONCLUSION 

The safety and the efficacy of the current NSC-based therapies would be greatly increased by 

the development of endogenous NSC-targeting drug delivery systems able both to target 

endogenous NSC and to induce their differentiation in situ.  

Here, we produced a stable and versatile drug delivery system directed towards endogenous 

NSCs by simply adsorbing the NSC-targeting peptide NFL on the surface of LNCs. NFL-

LNC shows high affinity for endogenous SVZ-NSCs, representing the first drug delivery 

system with potential NSC-targeting ability in vivo.  
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We investigated the reasons of the preferential interaction performing a physicochemical 

study of NSC plasma membranes which provided new information in NSC biology as well as 

identified some of the factors modulating the preferential interaction.  

We loaded RA into NFL-LNCs and we induced SVZ-NSC differentiated towards 

oligodendrocyte lineage in vitro 1 week after only 1 hour treatment with RA-loaded NFL-

LNCs. The evaluation of the in vivo efficacy on demyelinated animal models is ongoing and, 

in the case remyelination/recovery will occur, the aim of our work would be totally addressed. 

Nevertheless, independently of the in vivo results, we significantly contributed to the 

development of NSC-based therapy by providing a versatile drug delivery system able to 

interact with endogenous NSCs and, potentially, to deliver a wide range of active drugs for 

the treatment of neurodegenerative diseases.  
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Résumé 
 
Les cellules souches neurales (CSNs) se situent dans des 
régions spécifiques du système nerveux central qui sont 
appelées niches. Ces cellules sont capables de se 
répliquer ou se différentier en cellules neurales 
spécialisées (neurones, astrocytes et oligodendrocytes). 
C’est grâce à cette propriété de différentiation que les 
CSNs sont étudiées comme thérapie chez les patients 
atteints d’une maladie neurodégénérative. En effet, elles 
pourraient remplacer les cellules neurales altérées et ainsi 
restaurer les fonctions neurologiques. De nombreuses 
approches ont été développées afin de stimuler la 
différentiation des CSNs, dont la plus prometteuse est la 
différentiation des cellules endogènes directement au sein 
de leurs niches. Actuellement, il n’existe pas de molécule 
active ou de système thérapeutique qui cible les CSNs 
endogènes et qui induit leur différentiation simultanément. 
Le but de ce travail est de fournir un système de 
délivrance de molécules bioactives capable de cibler les 
CSNs endogènes et d'induire leur différenciation in situ. 
Nous avons développé et caractérisé des nanoparticules 
lipidiques (LNC), un système de délivrance très versatile. 
NFL-TBS.40-63, un peptide ciblant les CSNs, a été 
adsorbé à la surface des LNC afin de les diriger contre les 
CSNs endogènes. Nous avons observé que ces NFL-LNC 
ne ciblaient que les CSNs du cerveau et pas de la moelle. 
Afin d’étudier les interactions spécifiques entre les 
nanoparticules et les CSNs, nous avons caractérisé et 
comparé les propriétés de leur membrane plasmique.  
Enfin, nous avons encapsulé de l’acide rétinoïque, une 
molécule connue pour stimuler la différentiation des 
CSNs, dans les LNC-NFL et étudié leur impact sur la 
différentiation de CSNs in vitro et in vivo. Ce travail 
contribue au développement de thérapies efficaces et 
sures pour le traitement de maladies neurodégénératives 
à travers la différentiation de CSNs endogènes. 
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Abstract 
 
Neural stem cells (NSCs) are located in specific regions 
of the central nervous system called niches. Those cells 
are able to self-renew and to differentiate into 
specialized neuronal cells (neurons, astrocytes and 
oligodendrocytes). Due to this differentiation property, 
NSCs are studied to replace neuronal cells and restore 
neurological functions in patients affected by 
neurodegenerative diseases. Several therapeutic 
approaches have been developed and endogenous 
NSC stimulation is one of the most promising. Currently, 
there is no active molecule or therapeutic system 
targeting endogenous CSNs and inducing their 
differentiation at the same time. The aim of the work 
was to provide a drug delivery system able both to 
target endogenous CSNs and to induce their 
differentiation in situ. Here, we developed and 
characterized lipidic nanoparticles (LNC) targeting 
endogenous NSCs.  A peptide called NFL-TBS.40-63, 
known for its affinity towards NSCs, was adsorbed at 
the surface of LNC. We observed that NFL-LNC 
specifically targeted NSC from the brain and not from 
the spinal cord in vitro and in vivo. To explain this 
specificity, we characterized and compared NFL-LNC 
interactions with the plasmatic membrane of both cell 
types. Finally, we demonstrated that by loading retinoic 
acid in NFL-LNC we were able to induce brain NSC 
differentiation in vitro and in vivo. This work contributes 
to the development of efficient and safe therapies for the 
treatment of neurodegenerative disease via the 
differentiation of endogenous NSCs. 
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