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A B S T R A C T

To direct stem cell fate, a delicate control of gene expression through small interference RNA (siRNA) is
emerging as a new and safe promising strategy. In this way, the expression of proteins hindering neuronal
commitment may be transiently inhibited thus driving differentiation. Mesenchymal stem cells (MSC),
which secrete tissue repair factors, possess immunomodulatory properties and may differentiate
towards the neuronal lineage, are a promising cell source for cell therapy studies in the central nervous
system. To better drive their neuronal commitment the repressor Element-1 silencing transcription
(REST) factor, may be inhibited by siRNA technology. The design of novel nanoparticles (NP) capable of
safely delivering nucleic acids is crucial in order to successfully develop this strategy. In this study we
developed and characterized two different siRNA NP. On one hand, sorbitan monooleate (Span180) based
NP incorporating the cationic components poly-L-arginine or cationized pullulan, thus allowing the
association of siRNA were designed. These NP presented a small size (205 nm) and a negative surface
charge (�38 mV). On the other hand, lipid nanocapsules (LNC) associating polymers with lipids and
allowing encapsulation of siRNA complexed with lipoplexes were also developed. Their size was of 82 nm
with a positive surface charge of +7 mV. Both NP could be frozen with appropriate cryoprotectors.
Cytotoxicity and transfection efficiency at different siRNA doses were monitored by evaluating REST
expression. An inhibition of around 60% of REST expression was observed with both NP when associating
250 ng/mL of siRNA–REST, as recommended for commercial reagents. Span NP were less toxic for human
MSCs than LNCs, but although both NP showed a similar inhibition of REST over time and the induction of
neuronal commitment, LNC–siREST induced a higher expression of neuronal markers. Therefore, two
different tailored siRNA NP offering great potential for human stem cell differentiation have been
developed, encouraging the pursuit of further in vitro and in vivo in studies.
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1. Introduction

Mesenchymal stem cells (MSC) are multipotent stromal cells,
capable of self-renewal and able to differentiate into a diverse set
of cells within the mesoderm lineage (Zomer et al., 2015). They can
also be an interesting source of cells for brain regenerative
medicine because they secrete tissue repair factors, possess
immunomodulatory properties and, in some conditions, may
differentiate towards the neuronal lineage (Augello and De Bari,
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2010; Delcroix et al., 2011; Roche et al., 2013). In order to safely
implant them in the brain parenchyma they should be pre-
committed to a neuronal phenotype. However, protocols only
using external growth factors to drive MSCs into specific lineages
seem to be insufficient to obtain high percentages of differentiated
cells (Zhang et al., 2012; Tantrawatpan et al., 2013). A lentiviral-
mediated RNA interference vector that down-regulates the
expression of REST/NRSF (Repressor Element-1 silencing tran-
scription factor/Neuronal restrictive silencer factor) has been
recently used to promote MSC differentiation into neuronal cells,
which exhibited neuron-like morphology and function (Yang et al.,
2008). Indeed, REST/NRSF is a repressor transcription factor
functioning as a master negative regulator of neurogenesis by
binding to a specific DNA domain named RE1 motif (Ballas et al.,
2005; Ballas and Mandel, 2005). In non-neural cells and in
pluripotent stem cells, REST is abundant and represses neuronal
genes (Ballas et al., 2001) Consequently, the loss of REST in neural
progenitors resulted in an acceleration of neuronal and oligoden-
drocyte differentiation (Covey et al., 2012).

Nowadays, a transitory inhibition of targeted gene expression in
cells may be obtained by small interference RNA (siRNA) without
affecting the genome. These siRNA are able to produce a partial or
total extinction of targeted messenger RNA (mRNA) and protein
levels by degrading the mRNA. This epigenetic modification is
quite simple, does not need genetic manipulation, is transitory and
is now quite well understood. Although current applications in
stem cells remain largely restricted to studies on molecular
pathways and signaling, siRNA can be also used as a biomedical
strategy to improve survival, direct lineage-specific differentiation
of stem cells or help maintain a desired phenotype (Cheema et al.,
2007; Chen et al., 2013). Within this line, the inhibition of Noggin
with siRNA was capable to induce new bone formation in vivo
(Manaka et al., 2011). But the mode of delivery of these novel
therapeutic agents is of crucial importance for an efficient ex vivo
or in vivo therapeutic strategy.

In the last decade, two different approaches for siRNA delivery
have been developed: viral and non-viral vectors. Non-viral vectors
(also named nanoparticles (NP) or nanocarriers) have been
formulated to associate and to efficiently and safely deliver nucleic
acids both in vitro and in vivo, opening many possible applications.
In addition, they have many advantages and potentialities,
including large-scale manufacture, low toxicity and low immuno-
genicity, and the possibility to customize them to target specific
cell types (Yang et al., 2008; Ballas et al., 2005). Initially, NPs were
designed to have a positive surface charge, in order to improve the
interaction with the cell membrane that has a negative surface, and
to avoid electrostatic repulsion (Ballas and Mandel, 2005).
However, recent evidence proves that anionic NPs can also be
effectively internalized (Resina et al., 2009), and that the
transfection efficiency is not only dependent on the surface charge
but also on the particle size and composition (Thierry et al., 1997;
Migliore et al., 2015). In this frame, our research group has reported
a novel NP based on sorbitan monooleate (Span1 80) (SP) that can
be prepared using a simple, one-step and easily scalable procedure
(Sanchez et al., 2013). SP is a component widely used in the
pharmaceutical industry (generally recognized as safe (GRAS)) due
to its non-ionic surfactant properties at low concentrations (Zhan
et al., 2013). These NPs are able to transfect in vivo the retinal
pigment epithelial cells with a similar efficiency as adeno-
associated viral vectors (Pensado et al., 2014a)

Transfection techniques currently use packaging particles such
as liposomes to facilitate the cellular uptake of RNAi. They have
shown high biocompatibility and are available in the market such
as lipofectamine1, oligofectamine1, ready to be used. However,
they exhibit some disadvantages such as high positive zeta
potentials destabilising cell membrane, low transfection
efficiencies in human stem cells, and instability immediately after
complexation (Santos et al., 2011). Moreover, transitional action
reported with these liposomal carriers is not sufficient on their
own to have an effect over-time. In vitro liposome transfection
efficiency is also affected by the type of culture media and cell
plating density, and does not provide an efficient protection
against lysosomal nucleic acid degradation (Sioud, 2005). Lipid
nanocapsules (LNCs) consisting of a lipid liquid core of trigly-
cerides and a rigid shell of lecithin and polyethylene glycol
hydroxystearate, are formulated by a simple and easily industrial-
ized solvent-free process based on the phase inversion of an
emulsion (Heurtault et al., 2002; Morille et al., 2010). They allow
entrapping the liposomes within their core and were thus recently
modified to encapsulate the siRNA complexed with DOTAP (1,2-
dioleyl-3-trimethylammoniumpropane) and DOPE (1,2-dioleyl-
sn-glycero-3-phosphoethanolamine), protecting the siRNA from
degradation (ur Rehman et al., 2013). DOTAP lipids presenting a
cationic charge, allow the fixation of siRNA by electrostatic force
and the interaction with the cell membrane improving the cellular
uptake (Morille et al., 2008; David et al., 2010, 2012). Moreover,
DOTAP and DOPE are able to destabilize lysosome’s membranes by
a proton sponge effect (Wattiaux et al., 1997). However, the
stability of these LNCs should be improved.

The transfection efficiency of the siRNA delivered by NP is often
affected by the proliferative activity of human stem cells, and
varies widely depending on the type of target cells (Wang et al.,
2014). To ameliorate the transfection of human stem cells and
efficiently induce a neuronal-like differentiation, we have designed
a novel SP-based NP conveying REST and further developed LNCs
incorporating siREST with a good stability over time. (Pensado
et al., 2014a). First, we have modified SP NPs with cationized
pullulan (AP) as a strategy to easily associate siRNA by electrostatic
interaction thus obtaining a novel NP. Pullulan is a non-toxic
natural polysaccharide presenting non-immunogenic properties
(Singh et al., 2008). This FDA approved component possesses a
wide range of industrial applications including health care and
pharmacy (Singh et al., 2008). Secondly, we further developed
LNCs, and evaluated different formulations of LNCs incorporating
siREST in order to obtain a better stability. The siREST-NPs were
characterized by dynamic light scattering, UV spectrophotometry
and electron microscopic methods in order to improve the
understanding of their organization and structure. After evaluation
of the long-term storage and stability of siRNA-NPs over time, we
tested the cytotoxicity of both systems on human (h)MSCs and,
finally, we evaluated their ability to transfect hMSCs and drive the
commitment of hMSCs towards a neuronal phenotype determined
by expression of neuronal genes.

2. Materials and methods

2.1. Formulation

2.1.1. Synthesis of pullulan derivate
Pullulan was chemically modified in order to obtain a positively

charged derivative (ammonium pullulan, AP) by alkylation of the
original polymer. Synthesis was performed based on a previously
described methodology (Dionísio et al., 2013): an aqueous solution
(5 mL) of KOH (0.504 g, 9 eq), was prepared in a round bottom flask,
under stirring, at 60 �C, to which pullulan (500 mg) and 3.62 mL
(4.09 g, 27 eq) of GTMAC were added. After 5 h, an equal amount of
GTMAC was added to the mixture, which was allowed to react until
the completion of 24 h. It was then diluted with 10 mL of Mili-Q
water, allowed to cool down to room temperature, and neutralized
with HCl (2 M). The resulting solution was dialyzed for 3 days, the
water being replaced every 24 h, and the modified polymer
recovered by freeze drying.
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2.1.2. SP–PA and SP–AP nanoparticles associated with siRNA
To produce the SP nanoparticles, a solution of 6.6 mg/ml of

sorbitan monooleate (Span1 80) (Sigma, Saint-Quentin Fallavier,
France) in ethanol (organic phase) was prepared and it was
subsequently added under magnetic stirring to an aqueous phase,
leading to the spontaneous nanoparticle formation (Sanchez et al.,
2013). To produce SP–PA and SP–AP nanoparticles, Poly-L-arginine
(PA) or ammonium pullulan (AP) were dissolved in Mili-Q water at
0.16 mg/ml. Finally, ethanol was removed under reduced pressure
on a rotary evaporator and the nanoparticles were concentrated to
a final volume of 10 mL. Nanoparticles were isolated by filtration–
centrifugation (Amicon1Ultra-0.5 centrifugal filter Devices, Merck
Millipore, Ireland). The genetic materials (siRNA REST and
Scramble) were associated to the nanoparticles’ surface at different
concentrations (from 0.1 mg/ml to 0.5 mg/ml) by incubation with
nanoparticles at a 1:1 (v:v) ratio (100–100 ml) under magnetic
starring at room temperature during 2 h in order to obtain siRNA–
SP–AP and siRNA–SP–PA nanoparticles.

2.1.3. Liposomes and lipoplexes
For liposome preparation, a cationic lipid DOTAP (1,2-dioleyl-3-

trimethylammoniumpropane) (Avanti1 Polar Lipids Inc., Alabas-
ter, AL, USA), solubilized in chloroform, was weighted at a 1/
1 molar ratio with the neutral lipid DOPE (1,2-dioleyl-sn-glycero-
3-phosphoethanolamine) (Avanti1 Polar Lipids Inc., Alabaster, AL,
USA) to obtain a final concentration of 30 mM of cationic lipid,
(considering the number of charges per lipid molecule), i.e 1 for
DOTAP. After chloroform evaporation under vacuum, deionized
water was added to rehydrate the lipid film overnight at 4 �C which
was sonicated the day after during 30 min.

Lipoplexes were formulated by simple equivolumar mix of
siRNA and liposomes. This complex is characterized by the charge
ratio (David et al., 2010) corresponding to the ratio between
positive charge of lipids and negative charge of nucleic acids at 5.

2.1.4. siRNA–LNCs
LNCs were formulated, as described previously (Heurtault et al.,

2002) by mixing 20% w/w Labrafac1WL 1349 (caprylic-capric acid
triglycerides, Gatefossé S.A. Saint-Priest, France), 1.5% w/w Lipoid
S75-31 (Lecithin, Ludwigshafen, Germany), 17% w/w Kolliphor1

HS 15 (Polyethylene glycol-15-Hydroxystearate HSPEG BASF,
Ludwigshafen, Germany), 1.8% w/w NaCl (Prolabo, Fontenay-
sous-Bois, France) and 59.8% w/w water (obtained from a Milli-
Q system, Millipore, Paris, France) together under magnetic
stirring. Briefly, three temperature cycles between 60 and 95 �C
were performed to obtain phase inversions of the emulsion. A
subsequent rapid cooling and dilution with ice cooled water (1:1.4)
at the last phase inversion temperature (PIT) led to blank LNC
formation.

To obtain siRNA LNCs, the water introduced at the last PIT was
replaced by lipoplexes, i.e. REST siRNA: (sense sequence: 50- CAG-
AGU-UCA-CAG-UGC-UAA-GAA -30; Eurogentec, Seraing, Belgium)
and control (scrambled) siRNA (sense sequence: 50- UCUACGAGG-
CACGAGACUU-30; Eurogentec, Seraing, Belgium) complexed with
cationic liposomes in a defined charge ratio as described above.

To avoid the possible denaturation of siRNA by the high
temperatures, the addition of lipoplexes at 75 �C or 40 �C was
tested within the classical formulation. Two other formulations
were performed, one with reduce PIT by increasing the NaCl
concentration to 8% in the formulation and the last one without
lipoid1.
2.2. Characterization of both nanoparticles

2.2.1. Size, zeta potential, transmission electron microscopy and cryo-
transmission electron microscopy

Size and zeta potential of LNCs and SP were measured by
Dynamic Light Scattering (DLS) method using a Malvern
Zetasizer1 apparatus (Nano Series ZS, Malvern Instruments S.A.,
Worcestershire, UK) at 25 �C, in triplicate, after dilution in a ratio of
1:100 with deionized water. These parameters were followed daily
during one month.

The morphological examination of siRNA–SP–AP was con-
ducted by transmission electron microscopy (TEM) (CM 12 Philips,
Eindhoven, The Netherlands). Samples were placed on copper
grids with carbon films (400 mesh) (Ted Pella, USA) and stained
with 2% (w/v) phosphotungstic acid solution for TEM observation.

The morphological examination of siRNA-LNC for cryo-TEM
imaging were prepared using a cryo-plunge cryo-fixation device
(Gatan, Pleasanton USA) in which a drop of the aqueous suspension
was deposited on a carbon-coated grid (Ted Pella Inc., Redding,
USA). The TEM grid was then prepared by blotting the drop
containing the specimen so that a thin liquid layer remained across
the holes of the carbon support film. The liquid film was vitrified by
rapidly plunging the grid into liquid ethane cooled by liquid
nitrogen. The vitrified specimens were mounted in a Gatan
910 specimen holder (Gatan, Pleasanton, USA), which was inserted
into the microscope using a CT-3500-cryotransfer system (Gatan,
Pleasanton, USA), and cooled with liquid nitrogen. TEM images
were obtained from specimens preserved in vitreous ice and
suspended across a hole in the supporting carbon substrate

2.2.2. Encapsulation efficiency (EE)

2.2.2.1. Qualitative BET electrophoresis detection. The EE and the
integrity of siRNA molecules after the process of nanoparticle
formulation were evaluated by agarose gel electrophoresis. A
volume of nanoparticle suspension equivalent to 2.5 mg of siRNA
before and after treatment with Triton1 X100 (Sigma, Saint-
Quentin Fallavier, France) was mixed with gel-loading solution
(Sigma, Saint-Quentin Fallavier, France) and disposed in each well
of 1% agarose gel containing ethidium bromide (Sigma, Saint-
Quentin Fallavier, France). Free siRNA in solution corresponding to
2.5 mg constituted the controls. Samples were let to migrate 40 min
at 50 V and 10 min at 90 V in a Tris–EDTA buffer (Sigma, Saint-
Quentin Fallavier, France).

2.2.2.2. Quantitative UV detection. A spectrophotometric method
based on the study recently reported by (David et al., 2012), was
used to evaluate the EE for LNC. Briefly, siRNA LNCs were mixed
with chloroform and water to separate respectively hydrophilic
and lipophilic components, sodium hydroxide was added to
destabilize lipoplexes and finally absolute ethanol to destroy
LNCs (David et al., 2012). After multiple centrifugations, four
compartments were obtained: free siRNA, free lipoplexes (i.e.
siRNA associated with liposomes), encapsulated siRNA and
encapsulated lipoplexes within LNCs.

siRNA and SP–AP were separated from supernatant using
Nanosep1 Omega 30 kD microcentrifuge filters (Pall Corporation,
Ann Arbor, USA) and siRNA was measured in the supernatant. To
determine the concentration of siRNA, optical density of each
sample was determined at 260 nm by UV spectrophotometer (UV-
2600, Shimadzu, Noisiel, France) in triplicate conditions. The EE
was determined by dividing the experimental drug loading by the
theoretical drug loading. EE was followed every week during one
month by these two methods.
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2.2.3. Encapsulated siRNA stability
In order to determine the stability of the encapsulated siRNA

during the transfection, a spectrophotometric method based on
the study recently reported by (David et al., 2012), was used to
evaluate the encapsulated siRNA of LNCs. Briefly, siRNA LNCs were
dissolved at a ratio of 1:10 in Opti-MEM1media (Life technologies,
France) to mimic the transfection condition at two temperatures:
4 �C (to mimic the storage condition) and 37 �C (to mimic
transfection condition in the incubator). Methods used to separate
the different phases were described earlier. The encapsulated
siRNA was determined by dividing the experimental drug loading
by the theoretical drug loading and taking into account the
dilution. It was followed at different times: 0, 4, 8, and 12 h after
formulation. To confirm results, the integrity of siRNA was
evaluated by agarose gel electrophoresis in the same conditions.

2.2.4. Freezing
The long-term storage assessment of siRNA–LNCs and siRNA–

SP–AP was carried out by freezing at �20 �C. The siRNA–LNCs and
siRNA–SP–AP were frozen with phosphate buffered saline (PBS)
(control solution) or with an aqueous solution of trehalose or of
glucose as cryoprotectants in a 1:1 (v/v) ratio nanoparticles:
cryoprotectants with a range from 1% to 15%. They were then
analyzed after 1 month storage at �20 �C by evaluating size and
zeta potential measures by Dynamic Light Scattering (DLS)
method using a Malvern Zetasizer1 apparatus (Nano Series ZS,
Malvern Instruments S.A., Worcestershire, UK) at 25 �C, in
triplicate, after dilution in a ratio of 1:100 with deionized water.
The integrity of siRNA molecules after storage at �20 �C of
nanoparticle formulations was evaluated by agarose gel electro-
phoresis.

2.3. Mensenchymal stem cell (MSC) isolation and expansion:

Whole bone marrow was obtained from the iliac crest of 15-yr-
old (#34984) living male donor (Lonza, Walkersville, MD). Cells
were seeded with a-MEM: BE 12169F (LONZA) supplemented with
10% FBS, L-Glutamine 2 mM (Sigma–Aldrich, France, G7513) FGF
1 ng/ml, Heparin 5 mg/ml, 1% penicillin–streptomycin (Sigma,
Saint-Quentin Fallavier, France). The cells were maintained at
37 �C with 5% CO2 humidified atmosphere. Passage numbers
between 5 and 7 were used for the following experiments.

2.4. MSC transfection

Experiments were performed in 1 mL of MSC Opti-MEM1

media (Life technologies, France). Oligofectamine1 (Life technolo-
gies, France), which served as a positive control, was used with
100 ng or 250 ng of siRNA. SiRNA–LNCs were filtered with a 0.2 mm
filter (Acrodisc PALL GHP, VWR, Radnor, USA). siRNA–LNCs and
Table 1
Sequence of primers validated in RT-qPCR.

Gene Full name 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

ACTB Actin 

B3-TUB Tubulin beta 3 class III 

REST RE1-silencing transcription factor 

SCG10 Stathmin 2 

NFM Neurofilament, medium polypeptide 
siRNA–SP–AP were incubated with cells at 37 �C in a humidified
atmosphere with 5% CO2 for 4 h before serum addition, following
Oligofectamine–siRNA protocol. Cells were harvested after appro-
priate time and assayed for mRNA expression levels by RT-qPCR
and protein expression levels by western blot.

2.5. In vitro viability

Cytotoxicity assays were performed using MTS (3-(4,5-dime-
thylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H tetrazolium) (Promega, Madison, USA). and
AlamarBlueR (resazurin) (Invitrogen). Twenty-five thousand cells,
cells were transfected in a 24-well plate with the siRNA-REST and
siRNA scramble with increasing concentrations of siRNA (0.05, 0.1,
0.25, 0.5 and 1 mg/mL). To determine the IC50, cells were
subsequently cultured during two days and 20 mL of MTS/well
was added and plates incubated 2.5 h at 37 �C in a humidified
atmosphere with 5% CO2. The OD was evaluated by Mutliskan
Ascent (Labsystems, Fisher Scientific, Wilmington, USA) at 492 nm.
For the AlamarBlue assay,10% AlamarBlue assay was added in RPMI
media without serum and phenol red. After 4 h of incubation, the
fluorescence was read using a SpectraMax fluorescence multi-well
plate reader (Molecular Devices, Sunnyvale, CA) at 530/590 excita-
tion/emission wavelengths. Three replicates were used for each
treatment.

Furthermore cell numbers were also counted after each
transfection performed. Forty-eight hours after transfection
200,000 cells were resuspended by trypsin (0.5 g porcin trypsin,
0.2 g EDTA; Sigma, Saint Louis, USA), washed twice with PBS and
trypan blue staining was used to count the number of cells per
well.

2.6. RNA extraction, RT-qPCR

These experiments were performed following the guidelines of
the PACEM core facility (“Plate-forme d’Analyse Cellulaire et
Moléculaire”, Angers, France). Sense and antisense desalted primer
pairs (Eurofins MWG Operon, Ebersberg, Germany) were mixed in
RNAse free water at a final concentration of 5 mM (Table 1). Total
RNA of cells were extracted and purified using RNeasyMicrokit
(Qiagen, Courtaboeuf, France), and treated with DNase (10 U DNase
I/mg total RNA). RNA concentrations were determined using a ND-
2000 NanoDrop (Thermo Fisher Scientific, Wilmington, Delaware
USA) and used for normalization of the input RNA in the RT. First
strand complementary DNA (cDNA) synthesis was performed with
a SuperScriptTM II Reverse Transcriptase (Invitrogen), in combi-
nation with random hexamers, according to the manufacturer’s
instructions. Following first-strand cDNA synthesis, cDNAs were
purified (Qiaquick PCR purification kit, Qiagen, Courtaboeuf,
France) and eluted in 40 mL RNAse free water (Gibco). 2.5 ng of
NM accession number Sequences

NM_001289745.1 Fwd: CAAAAGGGTCATCATCTCTGC
Rev: AGTTGTCATGGATGACCTTGG

NM_001101.3 Fwd: CCAGATCATGTTTGAGACCT
Rev: GGCATACCCCTCGTAGAT

NM_006086 Fwd: CCAGTATGAGGGAGATCG
Rev: CACGTACTTGTGAGAAGAGG

NM_001193508.1 Fwd: ACTCATACAGGAGAACGCC
Rev: GTGAACCTGTCTTGCATGG

NM_001199214.1 Fwd: TGTCACTGATCTGCTCTTGC
Rev: AGAAGCTAAAGTTCGTGGGG

NM_005382.2 Fwd: GACCTCAGCAGCTACCAG
Rev: TAGTCTCTTCACCCTCCAG
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cDNA was mixed with MaximaTM SYBR Green qPCR Master Mix
(Fermentas) and primer mix (0.3 mM) in a final volume of 10 mL.
Amplification was carried out on a Chromo4 thermocycler (Biorad)
or LightCycler 480 (Roche) with a first denaturation step at 95 �C
for 10 min and 40 cycles of 95 �C for 15 s, 60 �C for 30 s. After
amplification, a melting curve of the products determined the
specificity of the primers for the targeted genes. Several
housekeeping genes, Glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), Beta-2-microglobulin (B2 M), Beta actin (Actb), and Heat
shock 90 kDa protein 1 beta (Hspcb) were tested for normalization.
The GeNormTM freeware (http://medgen.ugent.be/-jvdesomp/
genorm/) was used to determine that GAPDH and ACTB were
the two most stable housekeeping genes. The relative transcript
quantity (Q) was determined by the delta Cqmethod Q = E(Cq min
in all the samples tested—Cq of the sample), where E is related to
the primer efficiency (E = 2 if the primer efficiency = 100%). Relative
quantities (Q) were normalized using the multiple normalization
Fig. 1. Characterization of SP nanoparticles with different surface composition and siRNA
and cationized pullulan (SP–AP), siRNA–SP–PA and siRNA–SP–AP at days 0 and 30 after s
zeta-potentials of nanoparticles associating siRNA doses ranging from 0.1 to 0.5 mg/ml; (D
associating different siRNA at different concentrations, such as (2): 0.1 mg/mL of siRNA; (
lines 4 and 5 illustrating the saturation on the association efficiency of the nanocarri
demonstrated on stability of siRNA–SP–AP using ANOVA 1W, post-hoc Tukey.
method described in Vandesompele et al. (2002). Q normalized =
Q/(geometric mean of the three most stable housekeeping genes
Q). The 2�DDCtmethod was retained, using the housekeeping genes
and gene of interest tested on control sample and treated sample
(Livak and Schmittgen, 2001).

2.7 Western blot
Total proteins were isolated by sonication of cells in lysis buffer

composed of 50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM EDTA, pH
8, 2.5 mM EGTA, pH 7.4, 0.1% Tween 20, 10% glycerol, 0.1 mM
sodium orthovanadate, 1 mM sodium fluoride, 10 mM b-glycer-
ophosphate, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), and
complete protease inhibitor cocktail (Roche). The quantification of
protein used was performed according to Bradford method
(Morille et al., 2008).

20 mg of protein extracts were separated by SDS-10% PAGE
and transferred to PVDF membranes (GE Healthcare, VWR, Milan,
Italy). The membranes were incubated overnight with rabbit
 dose: (A) Size of blank nanoparticles based on SP, SP and poly-arginine (SP-PA) or SP
torage (D0 and D30): (B) zeta-potentials at days 0 and 30 after storage; (C) Size and
) Electrophoresis experiments performed with free siRNA (Line 1) and siRNA–SP–AP
3): 0.3 mg/mL; (4): 0.4 mg/mL and (5): 0.5 mg/mL. Free siRNA can be observed in the
er. Results are expressed as mean � standard deviation (n = 3). No difference was

http://medgen.ugent.be/-jvdesomp/genorm/
http://medgen.ugent.be/-jvdesomp/genorm/
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anti-REST antibody (1/200) (Abcam, Cambridge, UK), washed
with Tris–buffered Saline and incubated with anti-rabbit (1/5000)
(32460, Thermo scientific) for 6 h. Immunostaining was revealed
by the Immuno-Star HRP substrate (BioRad, Segrate (MI), Italy)
according to manufacturer’s instructions and quantified by
Kodak Image Station 440CF. The image analysis was performed
using the Kodak 1D 3.5 software (David et al., 2010). To confirm
that equal amounts of protein were loaded membranes were
incubated with anti-b actin (Sigma–Aldrich, Italy) and revealed in
the same way.

2.8. Statistical analysis

Three independent biological replicates were performed for all
experiments described in this paper. Comparisons between all
groups, supposed with normal distribution, were performed using
a classical analysis of variance (one-way ANOVA) followed by a
Tukey’s post-hoc analysis. The encapsulation efficiencies for
modified LNCs and non-modified LNC were compared using a t-
test. Statistical significance was ascribed to a threshold p-value of
0.05 (*p � 0.05; **p � 0.01; ***p � 0.001).
Fig. 2. Optimization of different siRNA–LNCs. Size (A) and zeta potential (B) at different 

40 �C. EE evaluation by UV spectrophotometry of siRNA in LNCs in the Opti-MEM1 at
electrophoresis experiments (D). Results (n = 3) are expressed as mean measure � stand
3. Results

3.1. SP nanoparticles: selection of surface composition and siRNA dose

Using SP we can spontaneously form negatively charged
nanoparticles with a size of about 140 nm and a zeta-potential
of �17 mV, being these nanoparticles stable during at least
1 month (Fig. 1A and B). However, the negative surface charge
of this nanocarrier renders a stable interaction with the negatively
charged siRNA difficult to accomplish. In order to modify the
surface charge of these SP nanoparticles and to easily associate the
siRNA to the nanoparticle surface we evaluated the effect of
incorporating on their composition two different cationic mole-
cules, poly-L-ariginine (PA) and ammonium pullulan (AP) to the SP
formulation. The developed SP–PA and SP–AP blank nanoparticles
(no siRNA associated) showed a nanoparticle size of 180 nm and
140 nm, respectively, which did not vary much from the SP
nanoparticles. They also presented appropriate positive surface
charges of +40 mV and +38 mV, respectively (Fig. 1B). No change in
terms of size or zeta potential were observed when NPs were
conserved for 1 month at 4 �C (Fig. 1A and B). Once developed, we
complexed each system with the siRNA-scramble and the siRNA
storage times (D0, D15, D30 and D60) showing a long-term stability for siRNA LNCs
 4 and 37 �C, showing no release during the first 4 h (C), further confirmed in the
ard deviation and the encapsulation efficiencies were compared using a t-test.
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REST by simply mixing them together. Similar sizes and zeta-
potentials were observed with both siRNAs. At day zero, the
increase in size and the decrease on surface charge for siRNA–SP–
PA NPs (280 nm and �37 mV) and siRNA–SP–AP NPs (205 nm and
�38 mV) (Fig. 1A and B) indicated an effective electrostatic
interaction between siRNA and the nanoparticles. On the contrary,
when combining AP and siRNA to form AP–siRNA complexes as a
control formulation a broad-range particle size distribution was
observed, being characterized by the presence of aggregates rather
than nanosystems. We also performed a stability study with
siRNA–SP–PA and siRNA–SP–AP during 30 days. siRNA–SP–AP and
siRNA–SP–PA were both perfectly stable in terms of size and in
surface charge (Fig. 1A and B). We selected SP–AP for the rest of
experiments because pullulan is a non-toxic FDA approved natural
polysaccharide presenting non-immunogenic properties with very
interesting characteristics. Indeed, pullulan may be chemically
modified in order to afford either hydrophobized or cationized
derivatives, the former with the ability to carry hydrophobic
molecules, and the latter showing high affinity towards DNA and
RNA (Singh et al., 2015).

To determine the most favorable siRNA concentration capable
of interacting with these NPs, we have tested different concen-
trations of siRNA ranging from 0.1 mg/ml to 0.5 mg/ml and checked
the size and zeta-potential for each one. Similar particle sizes were
obtained in this concentration range (around 190 nm). However,
the surface charge decreased when the siRNA concentration
increased, demonstrating the high capacity of AP to complex siRNA
on the surface. In this case, we therefore speak of association
efficiency. Above 0.3 mg/ml of siRNA, we observed a stagnation of
the surface charge (�45 mV) (Fig. 1C) revealing a saturation of the
system. This observation was confirmed by electrophoresis
experiments performed to further assess the siRNA association
ability of the developed SP–AP NPs. The absence of the typical
bands of free siRNA in the formulations of NPs incubated with
0.1 and 0.3 mg/ml siRNA corroborated the effective association to
the nanosystems in this concentration range (Fig.1D). At 0.3 mg/ml
Fig. 3. Morphological comparison between SP–AP and LNC observed by transmission el
transmission electronic microscopy (cryo-TEM) for Blank-LNC (C) and siRNA–LNC (D) sho
based nanosystems) or 80 nm (LNC nanosystems).
of siRNA the efficiency of association with the SP–AP was
33% � 6 and we selected this dose for the subsequent studies.

3.2. Optimisation of siRNA–LNC

Initially, during siRNA–LNC formulation lipoplexes were added
at the beginning of the last phase inversion temperature (PIT)
(75 �C), but an instability of the system has been observed (Resnier
et al., 2014). To improve the stability and to avoid the possible
denaturation of siRNA by the high temperatures this initial
formulation was further modified. First, we increased the NaCl
concentration to 8% thus obtaining a PIT at 60 �C. In a second
experiment, a novel formulation (modification of some compo-
nents recently patented -ref: FR 4185991, 24.09.2014) was
developed and the lipoplexes were also introduced at lower
temperatures (40 �C). Blank LNCs were used as control because
their size and zeta potential were perfectly stable for 2 months
(Fig. 2A and B). We first noticed a difference in size (increased size)
and zeta potential (increased surface charge) when comparing
blank-LNC and the siRNA–LNCs formulations developed under the
different experimental conditions (75 �C, 60 �C and 40 �C), which
suggest an effective encapsulation of lipoplexes in LNCs. The initial
size (D0) of the siRNA–LNCs prepared at 75 �C progressively
decreased during a 2 months storage period from an initial value of
102 nm, whereas an increase of zeta-potential can be observed.
These results suggest and instability and a rearrangement of the
system (Fig. 2A and B). The same behavior was observed with the
formulation having a PIT at 60 �C. There was an increase in size
followed by a sharp decrease at D60, as well as a slight decrease in
zeta potential. The last formulation at 40 �C had a size of 85 nm
with a positive surface charge of +7 mV which was perfectly stable
over-time (Fig. 2A and B). To evaluate the encapsulation efficiency
of siRNA in LNCs electrophoresis experiments were performed. A
low fluorescence band may be visible, indicating an incomplete
encapsulation. The encapsulation yield determined by UV spec-
trophotometry was 43% � 7%, confirming that approximately half
ectronic microscopy (TEM) for Blank-SP–AP (A) and siRNA–SP–AP (B). and by cryo-
wing homogeneous populations of spherical nanocarriers of around 200 nm (SP–AP
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of the siRNA is stably incorporated within the LNCs. As in the case
of SP–AP nanoparticles, generally no siRNA was visible probably
due to free liposomes outside LNC able to complex and protect the
siRNA.

The encapsulation efficiency was also evaluated after storage at
4 �C under the conditions subsequently used in the transfection
studies (37 �C, 4 h of incubation in Opti-MEM), in order to
determine the stability of the encapsulated siRNA. No differences
were observed in both conditions at 0 h and at 4 h and no
significant release was observed at 37 �C in the 4 h and 12 h period.

3.3. Morphological comparison between both nanocarriers

The morphology of SP–AP and LNCs was observed by
transmission electronic microscopy (TEM) and cryo-TEM, respec-
tively. The images illustrate the homogeneity of each nanocarrier
population (Fig. 3) and are in accordance with the sizes obtained by
the light scattering technique for both siRNA–SP–AP (200 nm) and
siRNA–LNC (80 nm) (Fig. 3B and D).

3.4. SiRNA-nanoparticle frozen storage

Table 2 summarizes the NPs size, zeta potential and polydis-
persity of the LNC and SP–AP formulations after 1 month storage at
�20 �C. The frozen NPs can be easily resuspended by gentle
shaking. However, in order to standardize the redispersion
conditions, the particle size was determined after redispersing
the frozen samples by vortex stirring. siRNA–LNCs were perfectly
conserved with 1% of glucose without size or zeta-potential
modification and siRNA–AP could be frozen independently with 5%
of glucose or trehalose, allowing integrity conservation of siRNA.
The EE decreased of around 10% (from 43% to 33%) but the integrity
of the siRNAs was still conserved for each nanocarrier as the siRNAs
were still visible by electrophoresis after freezing and both NPs
were able to transfect efficiently (data not show). 3.6. Evaluation of
nanocarriers’ toxicity and selection of the siRNA dose for MSC
transfection: In order to study the toxicity of LNCs and SP–AP we
evaluated the cell viability after 48 h exposure to different NPs
concentrations expressed in terms of siRNA concentrations,
ranging from 1 mg/mL to 50ng/mL, that corresponds to a range
of 60 mg/mL to 1000 mg/mL in the case of LNC nanosystems or
1 mg/mL to 20 mg/mL in the case of the SP–AP ones. A decrease in
cell viability correlated to an increase in concentration of NPs was
observed for both nanocarriers. No difference between both
formulations was observed for 100 ng/ml of siRNA. However, such
differences can be appreciated at higher concentrations. Thus, in
the case of LNCs, the most prominent decrease in cell viability was
observed at 500 mg/mL (corresponding to 500 ng/mL siRNA). At
250 ng/mL and 500 ng/mL of siRNA, SP–AP are significantly less
toxic than LNCs (Fig. 4A). On the basis of these results we selected
siRNA doses of 100 and 250 ng for the initial transfection studies in
Table 2
Physicochemical characterization of siRNA–SP–AP and siRNA–LNC after storage at �20 �C
glucose (cryoprotectors). Size and zeta-potential were determined using DLS (Zetasizer, M
(n = 3) are expressed as mean measure � standard deviation.

Simples Size (nm) before freezing Zeta-potential (mV) be

siRNA–LNC PBS 81.7 � 2.45 4.929 � 0.82 

siRNA–LNC 1% trehalose 83.9 � 3.15 5.35 � 1.56 

siRNA–LNC 1% glucose 82.34 � 1.87 7.23 � 2.27 

siRNA–SP–AP PBS 195.64 � 3.90 �36.3 � 1.22 

siRNA–SP–AP 5% trehalose 202.65 � 2.39 �41.2 � 0.74 

siRNA–SP–AP 5% glucose 202.12 � 2.83 �36.7 � 3.2 
human MSCs with siCtl and siREST (Fig. 4B). The RT-qPCR analysis
revealed that the down-regulation of REST seems to be dose-
dependent for SP–AP in contrast to the LNCs, which showed an
important effect at the lower concentrations assayed. Concretely,
for LNC NPs a 77% decrease of REST expression was observed using
a siREST dose of only 100 ng, providing higher REST inhibition
levels than the Oligofectamine1 reagent that served as a positive
control. A similar inhibition of REST expression of around 60% was
observed with all the nanosystems when a concentration of
250 ng/mL of siRNA was evaluated. So, we selected this siRNA dose
for further experiments. These experiments include the quantifi-
cation of the SCG10 or, in other words, the expression of one direct
target of REST. As we can appreciate in Fig. 4C, a slight increase of
SCG10 expression can be observed at 48 h after transfection when
using both nanosystems at 250 ng. The comparison of cell number
48 h after transfection with SP–AP, LNC and the Oligofectamine1

reagent revealed the same profile with the LNCs and Oligofect-
amine (53% of cell death) (Fig. 4D), while with SP–AP we observed
only a 25% of cell death. These results confirmed that SP–AP NPs
are less toxic for hMSC.

To confirm the down regulation of gene expression provided by
the different NPs we determined the protein knock-down by
western blot analysis 36 h after transfection at a siRNA dose of
250 ng. In Fig. 4E we can appreciate that REST protein was strongly
inhibited with Oligofectamine1 and LNC confirming the RT-qPCR
data.

3.5. Mesenchymal stem cell differentiation

In order to determine the efficacy of siREST associated to the
different formulations to drive neuronal differentiation over time,
we quantified the mRNA expression for REST, his direct target
(SCG10) and two neuronal markers: b3-Tubulin (b3-TUB) an early
neuronal marker and a more mature neuronal marker, neurofila-
ment medium polypeptide (NFM). MSCs were maintained in
expansion media and not in differentiation media to exclusively
evaluate the effect of REST inhibition.

The inhibition of REST was maximal at 48 h increasing
progressively until day 9 for all nanocarriers (Fig. 5). siREST–
LNC was slightly more efficient compared to SP–AP over time and
quite comparable to Oligofectamine1 reagent used as positive
control (Fig. 5A), even when no statistically significant differences
can be found.

On the other hand, although no real change was observed in
SCG10 expression over-time (data not shown), the expression of
b3-TUB, which was already slightly expressed without treatment
increased with both nanocarriers conveying siREST, particularly at
D9 after transfection (until 160% with siREST–LNC vs sictrl-LNC),
demonstrating the neuronal commitment induced by siREST. More
interestingly, NFM expression appeared at day 4 and was four
times more expressed with siREST–LNC than with siCtl–LNC. Its
. Formulations were stored at �20 �C during 1 month with PBS (control), trehalose or
alvern) before and after storage. Most relevant results were presented here. Results

fore freezing Size (nm) after freezing Zeta-potential (mV) after freezing

6000 ND
95 � 4.72 17.2 � 6.18

80.6 � 0.59 6 � 0.25
275 � 7.40 �14.56 � 5.3
199 � 1.98 �27.1 � 1.04
179 � 2.57 �27.4 � 0.88



Fig. 4. Nanosystems cytotoxicity and siRNA dose selection for transfection studies: cell survival for the SP–AP and LNC formulations assayed in human mesenchymal stem
cells at increasing nanosystem concentrations (100% survival corresponded to 200,000 cells) (A), showing that SP–AP nanoparticles are the formulation with a lower toxicity
at 250 ng/ml of siRNA. Quantification of REST inhibition by RT-qPCR 48 h after transfection with SP–AP and LNC, using the Oligofectamine reagent as positive control and si-
Control (siCtrl) as negative control with each nanocarriers (REST expression was normalized to REST expression in MSC with siCtrl) (B), showing that REST was equally
inhibited by both nanocarriers at a siREST dose of 250 ng/ml. Quantification of the overexpression of a direct target of REST (SCG10) (The SCG10 expression was normalized to
SCG10 expression in MSC with siCtrl) (C). Cell counting 48 h after transfection with the different formulations at a siRNA dose of 250 ng/ml (D). Quantification of REST protein
by western blot 56 h after transfection with the different formulations (250 ng/mL of siRNAs) to confirm the efficacy of REST knock-down (siCtrl was used as negative control
and actin served as protein loading control) (mean REST expression � standard error of mean SEM (n = 3)) (E). Statistical analysis performed with ANOVA 1 W, post-hoc Tukey,
* p = 0.05 **p = 0.005.
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expression was also higher in comparison with siREST SP–AP and
oligofectamine at D9 (Fig. 5C).

4. Discussion

For brain regenerative medicine, embryonic stem cells (ESC)
and induced pluripotent stem cells (iPS) have been proposed for
transplantation therapy in human neuronal diseases. But the use of
ESC or iPS present the risk of over-proliferation in the brain, in
addition to the numerous ethical problems (Aubry et al., 2008;
Delli Carri et al., 2013). Research studies need to focus on resolving
the choice of cell type. In order to preserve brain function in
neuronal disorders, the graft of MSC is considered as an alternative
therapeutic strategy. In this study we used. MSCs as they are easily
accessible, allow autologous grafting and present neuroprotective
and tissue repair properties due to their paracrine activity



Fig. 5. Mesenchymal stem cells differentiation: Transfection of hMSC was
performed with 250 ng/ml of siControl and siREST. The expression of genes REST
(A), b3 Tubulin (B), NFM (C) was quantified at D0, D2, D4 and D9 after transfection
with SP–AP, LNC and Oligofectamine1. Results were normalized with the
expression of each gene with siControl. Results (n = 3) are expressed as mean
measure � standard deviation. Statistical analysis performed with ANOVA 1 W,
post-hoc Tukey, *p = 0.05 **p = 0.005.
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(Delcroix et al., 2010). Moreover, many clinical trials have been
engaged worldwide in the last few years demonstrating their
safety (Trounson et al., 2011). The versatile differentiation
potentialities of MSCs have been demonstrated not only for
various cells of mesodermal origin, but also for ectodermal origin
such as neural/neuronal cells under defined culture conditions
(Delcroix et al., 2010, 2011; Chen et al., 2006). For brain protection
and repair it is not necessary to obtain a mature neuronal
phenotype establishing functional synapses with the surrounding
cells, as the grafted cells will mainly function via a paracrine effect.
However, they should present a neuronal-like phenotype to avoid
any potential proliferation or non-desired mesodermal phenotype.
In this study we demonstrated that a transitory inhibition of
siREST, without altering their genome, is enough to induce
neuronal commitment in vitro of MSCs. These pre-committed
cells may thus be safely transplanted in the brain parenchyma and
exert their tissue repair function (Heo et al., 2013).

Classically, growth factors and cytokines are added in the media
to drive the differentiation of stem cells to neuronal-like
progenitors (Delcroix et al., 2010; Nandy et al., 2014). The
incorporation of a RNA interference approach to existing bio-
chemical based differentiation protocols may provide an alterna-
tive synergistic approach to enhance the efficiency of directing
stem cell fate. REST, a major negative regulator of several neuronal
genes, thus repressing neuronal differentiation, is a target of choice
for this approach (Ballas et al., 2001). Moreover, REST is
differentially regulated throughout neuronal differentiation:
highly expressed in embryonic stem cells, reduced in neural stem
cells and neural progenitors (Sun et al., 2005) and largely absent in
mature neurons (Ballas et al., 2005). The inhibition of REST to
improve neuronal differentiation has been previously evaluated by
a permanent expression of siREST in mouse MSCs using a lentivirus
carrying siREST (Yang et al., 2008), or by combining its inhibition
with a cocktail of growth factors inducing neuronal differentiation
in MSCs (Trzaska et al., 2008; Low et al., 2012). Our results are in
agreement with these studies showing that the knock-down of
REST induced a neuronal differentiation of MSCs (Ballas et al.,
2005). However, in our hands, the sole inhibition of REST, without
any other differentiation media, induced the neuronal commit-
ment of hMSCs. Moreover, these NPs effectively delivered siREST to
human stem cells which are not easily transfected and which
generally show a high mortality rate (Wang et al., 2014; Park et al.,
2015). The development of these biocompatible, large-scale
manufactured NP (SP–AP and LNC) delivering siREST to hMSCs
and inducing their neuronal commitment allow us to envisage this
approach in human neuroregenerative medicine.

In this work, we have selected SP based nanocarriers on the
basis of their demonstrated high in vivo transfection efficacy, being
even higher than that provided by adeno associated viruses (AAV2)
vectors (Pensado et al., 2014a). For effective association between
SP NP and siRNA we incorporated to these nanocarriers’ two
different cationic moietes: poly-L-arginine (PA)–a synthetic poly-
amino acid—and ammonium pullulan (AP)—a cationised polysac-
charide. Although PA was initially selected for its extensive use as a
tool for gene delivery and due to its capacity for binding siRNA, we
rejected PA based SP NP due to the resulting large particle size. We
chose pullulan, due to its non-immunogenic, non-toxic, non-
carcinogenic and non-mutagenic nature. Moreover, pullulan has
been proposed for regenerative medicine and as a nanocarrier
component, on the basis of its potential in the fields of
immunization, gene delivery, and also in the design of imaging
tools (Nochi et al., 2010). Although, pullulan is a promising
polysaccharide for biomedical applications, the inherent neutral
charge of this sugar does not allow its association with genetic
materials (Nochi et al., 2010). To avoid this limitation we modified
this polysaccharide and cationised pullulan (AP) was used as a
component to be incorporated in SP nanocarriers (Dionísio et al.,
2013) to efficiently transfect hMSC. Our results show that using AP
we can develop homogeneous populations of SP–AP, which can be
easily chemically modified in order to afford either hydrophobized
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or cationized derivatives, the former with the ability to carry
hydrophobic molecules, and the latter showing high affinity
towards DNA and RNA. SP–AP NP effectively associated with the
siRNA showing a spherical morphology that seemed more compact
than that corresponding to LNCs (Singh et al., 2015; Resnier et al.,
2014; Aubry et al., 2008). We have now managed to ameliorate the
EE by optimizing the formulation of SP–AP thus obtaining 70% of
siRNA complexation.

Concerning LNCs, these NPs were previously used for the
encapsulation of lipophilic compounds, such as paclitaxel (Roger
et al., 2010a) and with MSCs as vehicles to deliver drugs into the
brain (Roger et al., 2012). LNCs were more recently adapted to the
encapsulation of hydrophilic compounds (DNA, siRNA) (David
et al., 2010; Morille et al., 2010; David et al., 2012). However,
stability over time for siRNA–LNC was not satisfying, especially in
terms of size. In addition, due to their preparation requirements
(phase inversion process at 75 �C) the siRNA could be denatured
during the association to these nanocarriers. However, recent
experiments confirm the possibility to optimize these parameters.
The optimization of the process (patent ref: FR 4185991,
24.09.2014) and the diminution of the temperature down to
40 �C led to LNCs with a long stable profile. Furthermore, the
addition of siRNA after the phase inversion at 40 �C avoids their
denaturation, while preserving the characteristic positive charge
on the surface of these nanocarriers. Recently, a new method of
detection has been developed allowing the measure of the EE of
siRNA–LNC which is now of 75%.

In this work we decided to evaluate the potential of transfection
of the above described two types of nanosystems, which differ in
the main properties affecting interaction with the biological media
in general and with cells in particular (composition, particle size
and surface charge). Surface charges play an important role in the
internalisation within the cell (Kafshgari et al., 2015). Classically,
NPs have been designed with a positive surface charge to interact
favourably with the negatively charged phospholipid components
of the cell membrane, but this interaction causes membrane cell
damages and can be toxic (Liu et al., 2012). This has been confirmed
by this study, as the negatively charged span nanocarriers were
only slightly toxic, whereas the higher toxicity of LNCs can be
explained by a better cell interaction, internalisation and low cell
density. Previous studies using LNCs and cancer cells did not show
a high toxicity (David et al., 2012; Resnier et al., 2014) because cell
lines are more resistant than hMSCs and the density of cancer cells
was ten times more concentrated than in this study. Moreover, in a
previous publication, we showed that MSCs can be internalized
with higher doses of LNCs without any toxicity in 1 h (Verma and
Stellacci, 2010) and not in 4 h as recommended in Oligofectamine’s
protocol. Indeed, in order to compare these NPs with a commercial
reagent, we used the same protocol recommended in the
Oligofectamine1 guidelines. In addition, it is noticeable that the
negatively charged SP–AP nanocarriers were able to transfect
hMSCs with the same efficacy than the positively charged
commercial reagent but avoiding cytotoxic events. Until recently,
the internalisation of negatively charged NPs was controversial.
Indeed, the internalisation of negatively charged NPs is believed to
occur through nonspecific binding and clustering of the particles
on cationic sites on the plasma membrane (Pensado et al., 2014b).
We here confirm the transfection ability of the negatively charged
nanocarriers previously reported and discussed by our group
(Harush-Frenkel et al., 2008). Based on the literature we can
suppose that SP–AP have the ability to undergo internalization via
caveolae pathways, whereas cationic NPs such as LNC, commonly
use the clathrin pathways (Zhang and Monteiro-Riviere, 2009;
Murugan et al., 2015; Kasper et al., 2013).

The ability of a nanoparticulate system to stabilize various
cargos from degradation and aggregation during storage
represents a major advantage for its application. It is quite well
known that aqueous suspension of NPs have a tendency to
aggregate during long term storage (Anchordoquy et al., 1997). In
order to avoid this, we showed that the proposed NPs (LNC and SP–
AP) could be frozen and stored while preserving the integrity of the
associated siRNA. Nonetheless the NPs stability and genetic
material association can be negatively influenced during freezing
due to the ice crystals formed (Abdelwahed et al., 2006). A suitable
stabilizer, usually sugars (glucose, trehalose, mannitol . . . ) can be
used in the formulation protecting the physico-chemical proper-
ties of NPs and genetic materials (Felgner et al., 1995). On this
respect, we initially thought that the pullulan-based nanocarrier
might be frozen without cryoprotectant, due to its natural
polysaccharidic nature, but we found that the cationization
treatment seems to modify the cryoprotecter capacity of pullulan.
In any case, the siRNA–SP–AP were easily frozen with different
sugars (glucose and trehalose), conserving intact the associated
siRNA. On the contrary, siRNA–LNCs conserved their size and zeta-
potential only with glucose. Moreover, the loading efficiency after
freezing and storage in glucose decreased less than 10% allowing
using practically the same concentration of NPs. The observed
increase of the zeta-potential with trehalose was probably due to
the loss of a fraction of the siRNA. Such features represent an
advantage of LNC and SP–AP as compared to commercial
transfection reagents. Indeed, several studies have demonstrated
that lipoplexes (oligofectamine1) are not stable in liquid suspen-
sion for long-term storage (Caplen et al., 1995; Abdelwahed et al.,
2006), requiring their preparation immediately before use
(Grenningloh et al., 2004).

The two NPs effectively delivered siREST in a transient manner
in hMSCs inducing a marked inhibition of REST resulting in a
significant increase of neuronal markers (NFM and B3-TUB), which
was maximal at day 9. This induced commitment of hMSCs to a
neuronal phenotype in expansion media by an epigenetic approach
using only synthetic Np is very encouraging. One other study
reported the transfection of mouse neural progenitors with siREST
and showed comparable levels of B3TUB expression at day 5 which
was further increased at 2 weeks when a second transfection was
performed to maintain REST inhibition (Low et al., 2012). However,
in the cited study they added retinoic acid to better induce a neural
differentiation. In our study we also observed with LNC-siREST a
high increase of neurofilament levels, a mature neuronal marker,
which was previously described for MSCs, but with a stable
inhibition of REST using viral vectors (Yang et al., 2008). The cell
differentiation process occurs throughout time and requires a
number of sequential events that lead from one cell differentiation
state to another. Each new step is facilitated by the previous one,
and our results show that only a transient inhibition of REST is
necessary to engage the cells towards a neuronal-like phenotype.
However, we did not observe any significant change of
SCG10 expression which is a direct target of REST and correlates
with neurite out-growth (Roger et al., 2010b). Studies showing
neurite out-growth and morphological changes use a stable
inhibition of REST with lentivirus or shREST (Yang et al., 2008;
Trzaska et al., 2008) which is not our case. The high level of NFM
and B3-TUB observed in this work with LNCs, could be explained by
a slow release of siRNA from these NPs. Indeed, LNCs remain at
least 7 days in MSCs (Verma and Stellacci, 2010) compared to
commercial reagents which are able to release siRNA during only
3–5 days (Bochicchio et al., 2015). A very fast siRNA delivery could
saturate the endogenous microRNA (miRs) processing mecha-
nisms or enter in competition with them. For example for the
incorporation and retention in RNA-Induced Silencing Complex
(RISC), which is essential for the silencing mechanism of both
interfering RNAs (Svoboda, 2007). An over-expression of miR-
124 increases neuronal (early and mature) markers in MSCs
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(Zou et al., 2014). Furthermore, several miRs, such as miR-124,
miR-132, miR-9, are essential for the neuronal differentiation and
are direct targets of REST (Gao, 2010). In our study, we can suppose
that the slow release of siREST allows the cooperation with miRs to
enhance the neuronal commitment. However, more experiments
are necessarily to confirm this hypothesis.

For regenerative medicine studies, we can envisage the
possibility to elicit a synergistic effect on neuronal commitment
of stem cells by the combined delivery of a morphogen with a REST
knock-down. This approach may be applied to SP–AP where siRNA
is in the surface letting the core free. It could also be envisaged with
LNCs, which have the capacity to associate different morphogens,
such as retinoic acid (Gonnet, 2010). It could be a useful strategy for
generating functional neurons for therapeutic purposes and drive
differentiation directly into the brain in vivo.

5. Conclusion

In this study we designed and optimized two novel nano-
carriers capable of safely associating and delivering nucleic acids:
LNC and SP–AP. These systems were perfectly reproducible and
could stand long time storage. We have demonstrated the capacity
of both systems to knock-down REST and differentiate human stem
cells towards a neuronal phenotype at least with the same efficacy
of a commercial reagent. Therefore, these nanocarriers can be
considered as promising platforms for the development of
effective and safe gene based regenerative approaches.
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