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S
everal biomolecules have the capac-
ity to differentiate stem cells’ prog-
eny toward desired lineage-specific

precursors.1�4 However, the administration

of some of these bioactive factors presents

a significant challenge because of their poor

water solubility, short half-life, and poten-

tially undesired side effects. One example is

retinoic acid (RA) which interacts with mem-

bers of the hormone receptor superfamily,

including the RA receptor (RAR) and the re-

tinoid X receptor (RXR), located in the cell

nuclei.5 These receptors heterodimerize and

bind to a DNA sequence called retinoic acid-

response element (RARE), activating gene

transcription involved in cell proliferation,

differentiation, and apoptosis. Many factors

regulate neurogenesis, and several studies

have demonstrated that RA is able to in-

duce the differentiation of progenitor cells

into neuronal cells,5�7 suggesting that this

molecule is a good candidate for enhancing

postinjury neurogenesis. However, RA is

rapidly metabolized by cells and has low

solubility in aqueous solutions.8 In addition,

the use of this biomolecule in an in vivo set-

ting for the differentiation of resident stem/

progenitor cells remains elusive.

Nanoparticles can be an excellent plat-

form to ensure intracellular transport and

controlled release of RA.9�11 Several nano-

particle formulations have been developed

for the release of this molecule.9�11 How-

ever, until now, none of the reported formu-

lations was designed to deliver RA within

cells and particularly for the differentiation

of stem/progenitor cells. Nanoparticles can

be internalized via endocytosis, macropi-

nocytosis, or phagocytosis, but these pro-
cesses confine the compounds to closed
vesicles (endosomes or phagosomes),
where the pH is progressively lowered to
5.5�6.5.12,13 Polycations, such as polyethyl-
enimine, that absorb protons in response to
the acidification of endosomes (i.e., cat-
ionic polymers with a pK around or slightly
below physiological pH) can disrupt these
vesicles via the “proton sponge” effect that
promotes the swelling of the endosome in
situ.14,15 Once the polymeric nanoparticles
reach the cytosol, the bioactive molecule
may be released by desorption, diffusion
through the nanoparticle, or nanoparticle
erosion.

Herein, we present a novel strategy to
differentiate the progeny of stem cells into
neurons using nanoparticles able to intrac-
ellularly release RA. We demonstrate that
the internalization of the RA-loaded nano-
particles has a minimal effect on cell viabil-
ity and proliferation but a large impact on
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ABSTRACT The manipulation of endogenous stem cell populations from the subventricular zone (SVZ), a

neurogenic niche, creates an opportunity to induce neurogenesis and influence brain regenerative capacities in

the adult brain. Herein, we demonstrate the ability of polyelectrolyte nanoparticles to induce neurogenesis

exclusively after being internalized by SVZ stem cells. The nanoparticles are not cytotoxic for concentrations

equal or below 10 �g/mL. The internalization process is rapid, and nanoparticles escape endosomal fate in a few

hours. Retinoic acid-loaded nanoparticles increase the number of neuronal nuclear protein (NeuN)-positive

neurons and functional neurons responding to depolarization with KCl and expressing NMDA receptor subunit

type 1 (NR1). These nanoparticles offer an opportunity for in vivo delivery of proneurogenic factors and

neurodegenerative disease treatment.
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differentiation. Importantly, nanoparticle-conditioned

medium is unable to promote the differentiation of

stem/progenitor cells, indicating that neuronal differen-

tiation is only mediated by internalization of the

nanoparticles.

RESULTS AND DISCUSSION
Nanoparticles were prepared by complex coacerva-

tion, that is, through the electrostatic interaction of

polyethylenimine (PEI, polycation) and dextran sulfate

(DS, polyanion) (Figure 1A). Initially, complexes of RA

with PEI were formed by the electrostatic interactions

of the carboxyl groups of RA with the amine groups of

PEI. Maximum loading is obtained for a ratio of amino

groups to carboxylic acid groups of about 2:1.9 In this

work, we used a ratio between 4:1 (for the NP formula-

tion DS/PEI with weight ratio of 5.0) and 17:1 (for the NP

formulation DS/PEI with weight ratio of 0.2), only con-

sidering the primary amines present in PEI. The electro-

static interaction between RA and PEI is confirmed by

a shift in the RA peak from 350 to 300 nm, as confirmed

by spectrophotometry (Supporting Information

Figure 1). These complexes formed nanoparticles with

100 to 250 nm in diameter, although they tend to stick

together and are not easy to resuspend. To stabilize the

nanoparticle formulation, DS and zinc sulfate were

added in successive steps.16 The physical cross-linking

of DS with PEI has been confirmed previously by Fou-

rier transform infrared (FTIR) analysis.16 Nanoparticles

without zinc sulfate tend to aggregate and form large

particles. Mannitol was added to the NP suspension

during centrifugation steps and lyophilization to pre-

vent their aggregation.

Three different weight ratios of DS relative to PEI

were selected for our initial screening: 5.0 (large excess

of DS), 1.0 (similar weight of both polymers), and 0.2

(large excess of PEI). In each formulation, we deter-

mined particle size, zeta-potential, and RA loading effi-

ciency. A Brookhaven ZetaPALS analyzer was used to

evaluate NP zeta-potential and size distribution (deion-

ized water). The number-weighting profile of all formu-

lations tested was usually unimodal (�99%) (Support-

ing Information Figure 2). The formulation DS/PEI

weight ratio of 5 yielded nanoparticles with an aver-

age diameter between 40 and 120 nm and a negative

net charge, while the formulation DS/PEI weight ratio of

1 yielded large aggregates of nanoparticles (diameter

�500 nm) with a positive net charge (Table 1). This is in

line with other results previously reported, indicating

that an excess of one of the NP components is needed

to act as a colloidal protective agent and preventing the

coalescence of the NPs.16 Nanoparticles prepared from

the formulation DS/PEI weight ratio of 0.2 had an aver-

age diameter between 80 and 90 nm; however, present-

ing a significantly higher RA loading efficiency (48 ver-

sus 2%) and positive net charge (15 versus 2 mV) than

the other formulations tested. The high loading effi-

ciency is explained by the high content of PEI able to in-

teract with RA. On the basis of the loading capacity

and net charge results, nanoparticles obtained from

the formulation 0.2 were selected for subsequent ex-

periments. The morphology of these nanoparticles was

then characterized by transmission electron micros-

copy (TEM). TEM micrographs (Figure 1B) show a simi-

lar range of sizes as observed by DLS.

Figure 1. Physico-chemical properties of the nanoparticles. (A) Chemi-
cal structures of retinoic acid (RA), polyethylenimine (PEI), and dextran
sulfate (DS). (B) Transmission electron microscopy (TEM) images of
RA�-NPs. Scale bar: 200 nm. (C) Mass loss on nanoparticles suspended
in buffered solutions at pH 5.0, 6.0, and 7.4 for 7 days at 37 °C. Nano-
particles with or without RA were used in these degradation studies.
Results are shown as mean � SD, n � 6. ** and *** denote statistical
significance P � 0.01 and P � 0.001, respectively.

TABLE 1. Physico-Chemical Characteristics of DS/PEI Nanoparticles Either with or without RA

formulation ratioa w/w charge ratiob �c % �d mV emulsione nm RVf NPg Nm RVf LEh % RA payloadi �g/mg

DS/PEI 5 7.1 1 �34.7 � 3.0 43.4 0.074 74 0.311
DS/PEI � RA 5 7.4 6.2 �42.6 � 8.1 115 0.283 67 0.557 2.2 � 1.2 18.6 � 9.2
DS/PEI 1 1.4 n.a. n.a. 541j 0.510j n.a. n.a.
DS/PEI � RA 1 1.5 7.3 �1.9 � 0.5 711j 0.228j n.a. n.a. 0.4 � 0.2 2.5 � 1.5
DS/PEI 0.2 0.3 22.5 �14.9 � 2.8 91 0.044 61 0.078
DS/PEI � RA 0.2 0.4 34.12 �15.6 � 1.4 80 0.074 224 0.503 48.3 � 15.9 86.1 � 28.4

aPolyelectrolyte initial weight ratio. The experimental ratio for the 0.2 and 0.2RA formulations was 0.585 and 0.599, respectively. bCharge ratio (�). cYield (without mannitol).
dZeta-potential in mV. ePeak diameter after the emulsion. fRelative variance. gNanoparticle size after freeze-drying and resuspended in aqueous buffer. hLoading efficiency. iA-
mount of RA per mass of nanoparticle (without mannitol). jFormation of aggregates; values after removing the formed agglomerates.
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The dissolution profile of nanoparticles is affected

by pH. The dissolution of the nanoparticles (�10 mg/

mL) was evaluated at pH 7.4, 6.0, and 5.0 under agita-

tion at 37 °C. This pH range is typically found at the cy-

toplasm and intracellular organelles.13 After 7 days, the

suspensions were centrifuged, lyophilized, and finally

weighed. Interestingly, the disassembly of RA-

containing nanoparticles (RA�-NPs) at pH 6.0 and 7.4

was lower than blank nanoparticles (RA�-NPs) (Figure

1C). This might reflect differences in the cross-linking of

both preparations. RA might act as a cross-linker agent,

where the carboxyl group interacts electrostatically

with the amine groups of PEI, and the aromatic group

interacts hydrophobically with the aromatic group of

another RA molecule. RA�-NPs showed a mass loss of

15.4 � 5.9, 42 � 3.8, and 54.5 � 6.3% at pH 7.4, 5.0, and

6.0, respectively, over 7 days (Figure 1C). Our results in-

dicate that acidic pH enhanced the degradation of the

nanoparticles likely due to the protonation of PEI amine

groups (in excess relative to the sulfate groups in DS)

and the concomitant repulsion between positive

charges.17

The release of RA from nanoparticles is dependent

on the external pH. Polyelectrolyte complexes change

their three-dimensional conformation according to the

pH, affecting the release of RA. To evaluate this effect,

nanoparticles were incubated at pH 7.4, 6.0, or 5.0 at 37

°C under agitation. At determined times, the nanoparti-

cle suspensions were centrifuged and the supernatant

was evaluated by spectrophotometry at 350 nm. The

nanoparticle diameter was also evaluated at each time

point (Figure 2A). At pH 7.4, the initial diameter (�100

nm) is roughly maintained over 15 days, decreasing af-

terward to approximately 60 nm. At pH 6.0 and 5.0,

higher aggregation was observed for all of the time

points; however, the population with diameters be-

tween 100 and 1000 nm (number-weighting average)

accounted for most (�95%) of the nanoparticles in sus-

pension (Figure 2A).

Taking into account that RA solubility is approxi-

mately 63 ng per mL at physiological pH,8 most of the

RA released at pH 7.4 is complexed with PEI (Figure 2B).

Indeed, the complexation of RA to PEI is confirmed by

a shift in the RA peak at 350 nm, which is not affected

by the subsequent addition of DS (Supporting Informa-

tion Figure 1). Interestingly, the release of RA at pH 5.0

or 6.0 is much lower than pH 7.4 over the same period

of time. This can be due to the crystallization of the RA

and the aggregation of the nanoparticles at acidic pH

values, which decreases RA diffusion from the

nanoparticles.18,19 Alternatively, RA is released by the

nanoparticles at higher percentages than the values as-

sessed, and the low values observed by us is because

Figure 2. Diameter and release profile of RA�-NPs. Diameter
variation (A) and release profile (B) of RA�-NPs suspended in
buffered solutions at pH 5.0, 6.0, and 7.4 over 21 days at 37
°C.

Figure 3. Cellular nanoparticle uptake. (A) Confocal live imaging of
SVZ cells after exposure for 5 h to FITC-labeled RA�-NPs (50 �g/mL).
Hoechst-33342 staining (blue) was used to visualize cell nuclei. Crop
images show both transmission and FITC channel or FITC channel
alone. (B) Confocal microscopy photomicrographs of untreated or
FITC-labeled RA�-NP-treated (10 �g/mL) SVZ cells for 18 h, imun-
ostained with anti-FITC antibody and Hoechst-33342. Scale bars are
10 �m.
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RA precipitates at acidic pH, circumventing its real

quantification.

RA�-NPs could potentially be used to induce neuro-

genesis and influence the brain regenerative capaci-

ties. In adult mammalian brain, neurogenesis persists

in restricted neurogenic niches. These resources play a

central role in the generation and integration of new

neurons into pre-existing neural circuitry and are cru-

cial for the maintenance of brain integrity and

plasticity.20�22 The SVZ is the main neurogenic niche of

the adult rodent brain20�22 and contains a population of

neural stem cells that can give rise to neurons, astro-

cytes, and oligodendrocytes. Therefore, SVZ cells have

a huge potential for stem-cell-based brain repair strate-

gies. Previous studies have shown that nanoparticles

(typically below 100 nm) formed by PEI (polycation)

complexed with DNA (polyanion) can be internalized

by adult mammalian brain cells.23�25 However, in spite

of the importance of SVZ neural stem cells for brain

physiology and repair, there is no consistent informa-

tion concerning nanoparticle uptake and intracellular
drug release in SVZ cells.

To evaluate the kinetics of nanoparticle uptake by
SVZ cells, they were exposed to fluorescein isothiocyan-
ate (FITC)-conjugated nanoparticles, and their uptake
was assessed by confocal live cell imaging (video in the
Supporting Information) and immunocytochemistry.
RA�NPs suspended in cell medium showed a diameter
of 250 nm and a zeta-potential of �22.4 � 4.4 mV. The
negative zeta-potential indicates a rapid electrostatic
interaction with proteins and other elements from the
culture medium. One hour after cell treatment, nano-
particles accumulate rapidly in cell cytoplasm (data not
shown). This accumulation becomes even more expres-
sive at 5 h (Figure 3A). This is in line with other studies,
showing that PEI-based nanoparticles can rapidly es-
cape endosomal fate due to their buffering capacity,
leading to osmotic swelling and rupture of endo-
somes.15 At 18 h after cell treatment, the FITC-
conjugated nanoparticles are distributed over all of
the cell cytoplasm (Figure 3B).

To determine the cytotoxicity of these nanoparti-
cles, SVZ neurospheres were exposed to RA�-NPs or
RA�-NPs for 2 days and cell death, presumably involv-
ing apoptosis or necrosis, was then evaluated by termi-
nal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) and propidium iodide (PI) stain-
ing, respectively. No significant effect on cell apoptosis
was observed for all the experimental groups tested
with nanoparticle concentrations up to 100 �g/mL (Fig-
ure 4A). In contrast, cell necrosis increases significantly
for nanoparticle concentrations of 100 �g/mL (�4-
fold) (77.3 � 9.1%; n � 4 coverslips; 2938 cells counted;
P � 0.0001), relative to the control (17.8 � 1.3%; n � 9
coverslips; 8618 cells counted) (Figure 4B). The toxic ef-
fects of 100 �g/mL RA�-NPs was not due to RA since
the void formulation RA�-NPs was equally toxic at the
same concentration (Figure 4B). On the basis of these
results, RA�-NPs are not cytotoxic for concentrations
equal or below 10 �g/mL. Moreover, at these concen-
trations, the internalization of the nanoparticles did not
affect significantly the morphology of the cells. Un-
treated cells or cells treated with RA�-NPs (1 �g/mL)
for 7 days were characterized by immunocytochemis-
try against neuron-specific class III 	-tubulin (Tuj1) and
glial fibrillary acidic protein (GFAP). RA�-NP-treated cells
present a healthy morphology undistinguishable from
untreated cells (Figure 4C).

To investigate the effect of RA�-NPs on cell prolifera-
tion, SVZ neurospheres were exposed to a wide range
of nanoparticle concentrations (0.001 to 10 �g/mL) for
2 days and then exposed to bromodeoxyuridine (BrdU)
in the last 4 h of the treatment. BrdU is a synthetic nu-
cleoside that can be incorporated into newly synthe-
sized DNA substituting for thymidine during cell repli-
cation. SVZ cells either when grown under proliferative
(in serum-free medium with growth factors as free float-

Figure 4. Cell viability after RA�-NPs uptake. (A) Percentage of
TUNEL-positive cells in control cultures and in cultures exposed to
RA�-NPs for 2 days. Data are expressed as mean � SEM (n � 4�8 cov-
erslips). (B) Percentage of PI-positive cells in control cultures and in cul-
tures exposed to RA�-NPs or RA�-NPs for 2 days. Data are expressed
as mean � SEM (n � 4�9 coverslips). ***P � 0.001 using Dunnett’s
multiple comparison test. (C) Representative confocal microscopy pho-
tomicrographs showing a typical morphology of Tuj1-positive neu-
rons (red), GFAP-positive glia (green), and Hoechst-33342 staining
(blue nuclei) in SVZ cells maintained for 7 days in the absence (con-
trol) or in the presence of RA�-NPs (1 �g/mL). Scale bars are 10 �m.
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ing neurospheres) or differentiation (after adherence
on poly-D-lysine and in the absence of growth factors)
conditions exposed to RA�-NPs had similar proliferation
rates as control cells not exposed to nanoparticles (Sup-
porting Information Figure 3).

SVZ cell cultures are mixed cultures of immature
cells, neurons, astrocytes, oligodendrocytes, neuronal
and glial progenitors in different stages of
differentiation.26�28 In untreated SVZ cultures, we de-
tected about 5�15% of new neurons (detected by SCCI
and NeuN immunocytochemistry; Figure 5), which is in
accordance with the percentage of neurons obtained
from standard methods of isolating neural stem cells in
vitro.28,29 To evaluate the effect of RA�-NPs on neu-
ronal differentiation of SVZ cells, the cells were cul-
tured in differentiation conditions for 7 days in media
containing the nanoparticles (Supporting Information
Figure 4) and then immunolabeled for NeuN, a
neuronal-specific nuclear protein present on mature
neurons.30�32 In the presence of RA�-NPs at concentra-
tions of 0.1 �g/mL (19.6 � 2.3%; n � 5 coverslips; 3460
cells counted; P � 0.001) and 1 �g/mL (19.2 � 2.2%;
n � 7 coverslips; 4954 cells counted; P � 0.001), a sig-
nificant increase in the percentage of NeuN-positive
cells was observed relative to the untreated cells (11.8
� 0.6%; n � 13 coverslips; 7306 cells counted) (Figure
5A). The proneurogenic effect mediated by RA�-NPs
was absent in cell cultures treated with void nanoparti-
cles (RA�-NPs), suggesting that this effect was due to
the RA and not due to the nanoparticle formulation per
se (Figure 5B). Importantly, the neuronal differentiation
effect was absent for high concentrations (�1 �g/mL)
of nanoparticles, indicating that an optimal concentra-
tion window of RA exists to drive the neuronal commit-
ment of SVZ cells. Most in vitro studies, using embry-
onic stem cells and neural stem cell cultures isolated
from the SVZ and hippocampus, suggest that RA expo-
sure stimulates neurogenesis and neuronal

maturation.7,33�37 However, the range of RA concentra-
tions used in these studies was from 0.1 to 1 �M. These
concentrations are 100- to 1000-fold higher than the
payload of RA from nanoparticles that induces neuro-
genesis in our studies. Considering the RA payload per
milligram of NPs, we found that concentrations of RA
payload below 4 nM RA (corresponding to 0.1 �g/mL
nanoparticles) and above 40 nM RA (corresponding to
1 �g/mL nanoparticles) did not promote neuronal dif-
ferentiation (Figure 5C). This is consistent with the effect
of RA in animal studies.38,39 The acute administration of
RA (0.15 mg/kg) helped to reverse an age-related deficit
in long-term potentiation amplitude and improved the
ability of the mice to perform relational learning tasks.38

In contrast, the long-term systemic administration (1
mg/kg, for 42 days) of RA in mice led to a decrease in
both proliferation and neuronal production in the hip-
pocampus, which were accompanied by a significant
reduction in the ability to perform a learning task.39 In
this case, one of the RA effects was to suppress SVZ neu-
rogenesis.39

Because the differentiation process could be due to
RA release either in the medium or within the cell, nano-
particles were left in serum-free media (SFM) devoid of
growth factors for 7 days at 37 °C, then centrifuged and
the resultant supernatant was collected and used to
treat SVZ neurospheres (7 days treatment protocol). In-
terestingly, no significant proneurogenic effect was ob-
served when the nanoparticle conditioned medium
(CM) was added to SVZ cells (Figure 5B). This shows
that the differentiation of SVZ cells was only mediated
by the internalization of the RA�-NPs and concomitant
intracellular release of RA. We speculate that the spatial
gradient of RA within the cell is likely the cause of this
biological response; however, future studies are needed
to completely address this issue.

We also found that free RA solubilized in medium,
applying the same treatment protocol as for the NP,

Figure 5. RA�-NPs have a proneurogenic effect. (A) Representative fluorescence photomicrographs of NeuN immunostain-
ing (red) in control cultures and cultures exposed to RA�-NPs (0.1 �g/mL) for 7 days. Hoechst-33342 was used for nuclear
staining (blue). (B) Percentage of NeuN-immunostained neurons in SVZ cultures after being exposed for 7 days to RA�-NPs,
RA�-NPs, or conditioned medium (CM) obtained from the centrifugation of a nanoparticle suspension left in culture for 7
days. Data are expressed as mean � SEM (n � 5�15 coverslips). ***P � 0.001 using unpaired Student’s t test for compari-
son with SVZ control cultures. (C) Percentage of NeuN-immunostained neurons in SVZ cultures after being exposed for 7 days
to RA�-NPs or free-RA (solubilized in DMSO and added to the culture medium at different concentrations). Data are ex-
pressed as mean � SEM (n � 6�15 coverslips).
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has only achieved a proneurogenic effect with a con-
centration of 10 �M (1000-fold higher concentration
than RA released from nanoparticles; 148.6 � 22.9%
percentage relative to control; n � 6 coverslips from 3
independent cell cultures) (Figure 5C). Similarly to what
was observed with RA�-NPs, this neuronal differentia-
tion effect was also absent for higher concentrations of
free RA (50 �M) (81.3 � 17.8% percentage relative to
control; n � 6 coverslips from 3 independent cell cul-
tures). Therefore, RA signaling really depends on an op-
timal concentration window to drive the neuronal com-
mitment. Importantly, results also stress that neuronal
differentiation induced by RA�-NPs requires lower RA
concentrations as compared with free RA. Therefore,
our formulation is advantageous as comparing to the
direct incubation with RA.

To assess functional neuronal differentiation, we
measured intracellular calcium ([Ca2�]i) variations in
single SVZ cells, following KCl depolarization and hista-
mine stimulation29 (Supporting Information Figure 4).
KCl depolarization leads to the massive entry of Ca2�

through voltage-dependent calcium channels in differ-
entiated neurons and is used as a functional marker of
neuronal differentiation.40 Histamine stimulation in-
creases [Ca2�]i in SVZ immature cells but not in neu-
rons or in glial cells.29 Therefore, mature neurons have
low Hist/KCl ratios (below 0.8).29 To evaluate [Ca2�]i

variations, SVZ cells were loaded with the Fura-2AM cal-
cium probe, perfused continuously for 15 min with
Krebs solution, and subsequently stimulated for 2 min
with 50 mM KCl followed by 2 min stimulation with 100
mM histamine (Figure 6A). In control cultures, most of
the cells showed a predominant immature-like profile,
characterized by an increase in [Ca2�]i in response to
histamine but a negligible response to KCl depolariza-
tion. In contrast, SVZ cells treated with RA�-NPs at con-
centration of 0.1 �g/mL displayed an increase in the
[Ca2�]i in response to KCl but not to histamine stimula-
tion, indicating their neuronal-like state (Ctrl: 4.8 �

1.9%, 9 coverslips, 838 cells; 0.1 �g/mL: 28.2 � 5.2%, 8
coverslips, 1117 cells; P � 0.001) (Figure 6A). Moreover,
these cells were characterized for the expression of
NMDA subunit type 1 (NR1) by Western blot analysis.
Functional NMDA receptors form the molecular basis of
synaptic plasticity and depend on the presence of the
channel-forming NR1 subunit.41 In line with the previ-
ous results, SVZ cultures that presented a neuronal-like
profile (treated with 0.1 �g/mL of RA�-NPs) also show a
higher expression of NR1 (�150% compared to con-
trol cultures) (Figure 6B).

CONCLUSIONS
We report a novel method to modulate the differen-

tiation of SVZ cells into neurons involving the use of
RA�-NPs. We show that our NP formulation is very effec-
tive in loading RA (86 � 28 �g of RA per mg of NP), a
small molecule with low aqueous solubility, and to re-

lease RA at concentrations higher than its solubility

limit (�63 ng/mL, at physiological pH8) due to its com-

plexation with PEI. We further show that the RA�-NPs

have approximately 200 nm diameter, positive net

charge, and disassemble preferentially at acidic pH val-

ues. These RA�-NPs can be taken up rapidly by SVZ cells

(first 5 h) under the tested conditions and localize in

the overall cell cytoplasm after 18 h. The NPs are not cy-

totoxic and do not interfere with cell morphology and

proliferation for concentrations below 100 �g/mL. Im-

portantly, our results show that the intracellular inter-

nalization of RA�-NPs contributes to neurogenesis and

therefore highlights the importance of drug spatial po-

Figure 6. RA�-NPs induce differentiation of SVZ cells into
functional neurons. (A) Representative SCCI response pro-
files of 20 cells in a control culture and in a culture treated
with RA�-NPs (0.1 �g/mL). Graph shows percentages of
neuronal-like responding cells (Hist/KCl below 0.8) in SVZ
control cultures and in cultures exposed to RA�-NPs (0.01
or 0.1 �g/mL) for 7 days. Data are expressed as mean � SEM
(n � 6�9 coverslips). ***P � 0.001 using Dunnett’s mul-
tiple comparison test. (B) Graph depicts the percentages
relative to control of NR1 protein expression normalized to
GAPDH in cultures exposed to RA�-NPs (0.1 �g/mL) for 7
days. Below the graph, a representative Western blot for 120
kDa NR1 and 37 kDa GAPDH expression is shown. The data
are expressed as percentage of control � SEM (n � 5). *P �
0.05 using paired Student’s t test for comparison with SVZ
control cultures. Scale bars are 10 �m.
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sitioning and concentration in terms of stem cell differ-
entiation. We anticipate that these nanoparticles might
be delivered into the brain via the nasal cavity, as re-
cently demonstrated for the delivery of cells.42 Thus,

nanoparticle-mediated delivery of neurogenic-
inductive factors (proteins, DNA, siRNA, mRNA)43 might
provide a new opportunity for the treatment of various
neurodegenerative disorders.

MATERIALS AND METHODS
Materials. All-trans retinoic acid, polyethylenimine (PEI, aver-

age Mw � 25 kDa by LS, average Mn � 10 kDa by GPC, branched),
zinc sulfate heptahydrate (ZnSO4 · 7H2O), ninhydrin reagent solu-
tion, Azure A, fluorescein isothiocyanate (FITC), and tungstic
acid were purchased from Sigma-Aldrich. Dextran sulfate (DS,
Mw � 500 kDa) was purchased from Fluka. Dimethyl sulfoxide
(DMSO) and ethanol (EtOH) were acquired from Merck. All re-
agents were used without further purification.

Fluorescent Labeling of PEI. PEI (10 g) was dissolved in 90 mL of
borate buffer (pH 8.5), and a 10-fold molar excess of FITC, dis-
solved in 2 mL of dimethylformamide, was added dropwise and
stirred for 1 h. The solution was transferred to a dialysis mem-
brane with 6�8 kDa cutoff and dialyzed against Milli-Q water.
The dialyzed solution was freeze-dried for 2�3 days, protected
from light.

Preparation of Nanoparticles. Nanoparticles with a weight ratio
of DS to PEI of 1 were prepared by adding dropwise 0.6 mL of
RA (2% w/v, in DMSO) into 12 mL of PEI (1% w/v, in pH 8.0 bo-
rate buffer). The formation of complexes between RA�PEI oc-
curred immediately and was allowed to proceed for 30 min with
intense magnetic stirring. Then, 12 mL of DS solution (1% w/v)
was added dropwise and stirred for another 5 min. Finally, 1.2 mL
of ZnSO4 aqueous solution (1 M) was added and stirred for 30
min. Nanoparticles were centrifuged three times in 5% manni-
tol solution at 14 000g for 20 min. Supernatants from each step
were collected to determine PEI and DS amounts in nanoparti-
cles. Resulting nanoparticles were frozen and lyophilized for 4
days to obtain a dry powder. Lyophilized nanoparticles were
stored at 4 °C. Similar protocol was adopted for the preparation
of nanoparticles with a weight ratio of PEI to DS of 5 and 0.2, by
changing the concentration of the polymers accordingly. Blank
nanoparticles were prepared using the same procedure in the
absence of RA.

Characterization of the Nanoparticles. The morphology of the
nanoparticles was evaluated by transmission electron micros-
copy (Hitachi SU-70, with a STEM detector at 30 kV) following
negative staining with tungstic acid solution (1%, w/v; pH 7.5).
Initially, an aliquot of lyophilized NPs (5 mg) was resuspended in
PBS (1 mL), centrifuged for 5 min at 14 000g, resuspended in
PBS, centrifuged again, and finally resuspended in PBS (0.5 mg/
mL). Five microliters of both sample and tungstic acid solution
(1%, w/v; pH 7.5) was placed on a 300 mesh copper grid with a
carbon-coated Formvar membrane and dried overnight before
examination by TEM.

Particle size was determined using light scattering via Zeta
PALS zeta-potential analyzer and ZetaPlus particle sizing soft-
ware, v. 2.27 (Brookhaven Instruments Corporation). Nanoparti-
cles suspended in water and sonicated for short times (�10 min)
were used. Typically, all sizing measurements were performed
at 25 °C, and all data were recorded at 90°, with an equilibration
time of 5 min and individual run times of 60 s (5 runs per mea-
surement). The average diameters described in this work are
number-weighted average diameters. The zeta-potential of
nanoparticles was determined in a 1 mM KCl pH 6 solution at
25 °C. All data were recorded with at least six runs with a rela-
tive residual value (measure of data fit quality) of 0.03.

Determination of Weight Ratio of Cationic to Anionic Polymer in
Nanoparticles (Azure A and Ninhydrin Tests). Anionic-to-cationic poly-
mer (DS/PEI) mass ratios in nanoparticles can be determined by
subtracting the known amount of PEI and DS in the supernatant
of completely centrifuged particles from the initial amount
present.16 The amount of PEI was determined using the ninhy-
drin assay. For that purpose, the supernatant (20 �L) from the
centrifuged nanoparticle suspension was mixed with an acetic
acid solution (380 �L; 0.05% w/v) and finally with the ninhydrin

reagent (1 mL). The mixture was placed into a boiling water
bath for 10 min, cooled to room temperature, and ethanol fi-
nally added (3 mL). The amount of PEI was then determined
spectrophotometrically at 575 nm using a calibration curve from
10 to 30 �g/mL of PEI.

The amount of unreacted DS in the supernatant was de-
tected spectrophotometrically at 630 nm using an azure A dye
binding method in which 400 �L of supernatant from a centri-
fuged nanoparticle suspension was mixed with 1.0 mL of azure
A (10 mg/mL). Again, a calibration curve of 1.0 to 3.5 �g/mL of
DS was used to determine the concentration of unknown
samples.

Loading Efficiency of RA in Nanoparticles. A given amount of nano-
particle powder was dissolved in 1 mL of DMSO/HCl (9:1) solu-
tion and measured the RA absorption at 350 nm. The RA concen-
tration was obtained from a calibration curve from 0.47�0.0023
�g/mL of RA in DMSO/HCl (9:1) solution.

Loading efficiency was calculated using the following
equation:

RA Release from Nanoparticles. Nanoparticles (2.5 mg) were
placed in PBS (0.5 mL) and incubated under mild agitation at
37 °C. At specific intervals of time, the nanoparticle suspension
was centrifuged (at 20 000 rpm for 20 min) and 0.4 mL of the re-
lease medium removed and replaced by a new one. The re-
served supernatant was stored at 5 °C until the RA content in re-
lease samples was assessed by spectrophotometry at 350 nm.
Concentrations of RA were determined by comparison to a stan-
dard curve. All analyses were conducted in triplicate.

In Vitro Degradation of Polymeric Nanoparticles. Nanoparticles with
or without RA were suspended at �10 mg/mL in 10 mM PBS
(pH 7.4) or 0.2 M citrate buffer pH 5 or 6 and incubated at 37 °C
under mild agitation. In one experimental set, the incubation
lasted 7 days, after which the nanoparticle suspension was cen-
trifuged (20 000g for 15 min) and the pellets were lyophilized for
final mass. On the second experimental set, the incubation lasted
for 21 days, and at daily intervals, the nanoparticle suspension
was centrifuged (20 000g for 15 min) and 0.4 mL of the release
medium was removed and replaced by a new one for RA quan-
tification and particles size measurements. At the final day, the
resulting nanoparticle suspensions were lyophilized for 3 days to
obtain a dry powder for mass determination.

SVZ Cell Cultures and Experimental Treatments. All experiments
were performed in accordance with NIH and European (86/609/
EEC) guidelines for the care and use of laboratory animals. SVZ
cells were prepared from 1�3 day old C57BL/6 donor mice as de-
scribed by Agasse et al.44 Briefly, mice were killed by decapita-
tion, and the brains were removed and placed in calcium- and
magnesium-free HBSS solution supplemented with 100 U/mL
penicillin and 100 �g/mL streptomycin (Invitrogen, Carlsbad, CA)
under sterile conditions. Fragments of SVZ were dissected out
of 450 �m thick coronal brain sections using a McIlwain tissue
chopper, and then SVZ was digested in 0.025% trypsin (Invitro-
gen) and 0.265 mM EDTA (Invitrogen) (10 min, 37 °C), following
mechanical dissociation with a P1000 pipet. The cell suspension
was diluted in SFM composed of Dulbecco’s modified eagle me-
dium [(DMEM)/F12 � GlutaMAXTM-I)] supplemented with 100
U/mL penicillin, 100 �g/mL streptomycin, 1% B27 supplement,
10 ng/mL epidermal growth factor (EGF) and 5 ng/mL basic fi-
broblast growth factor (FGF) 2 (all from Invitrogen). Single cells
were then plated on uncoated Petri dishes at a density of 3000
cells/cm2 and were allowed to develop in an incubator with 5%
CO2 and 95% atmospheric air at 37 °C.

loading efficiency ) amount of RA in the nanoparticles
initial amount of RA
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Six day old neurospheres were adhered for 48 h onto 24-
well plate poly-D-lysine (0.1 mg/mL)-coated glass coverslips for
all experiments except Western blots, which were left adherent
onto poly-D-lysine (0.1 mg/mL)-coated 6-well plates, all in SFM
devoid of growth factors. Then, the neurospheres were allowed
to develop for 2 or 7 days at 37 °C in the presence of a broad
range of RA�-NP concentrations. Cell death assays were done af-
ter 2 days of incubation. At the end of the seventh day of treat-
ment, single cell calcium imaging (SCCI) experiments, Western
blots, and immunocytochemistry were performed (Supporting
Information Figure 4).

To determine whether the proneurogenic effect of RA was
due to its release in the cell medium or the nanoparticles inter-
nalized, RA�-NPs were dissolved in SFM devoid of grow factors
and incubated for 7 days at 37 °C. Thereafter, the resulting cell
medium containing the RA�-NPs was centrifuged (14 000 rpm,
15 min), nanoparticles were discarded, and the supernatant was
recovered and used for conditioned medium (CM) on SVZ cells
for 7 days, followed by NeuN immunocytochemistry.

Free all-trans RA (Sigma) was solubilized in DMSO and added
to the culture medium (DMSO was not toxic when diluted 10.000
times from our stock solution). SVZ cells were incubated for 7
days followed by NeuN immunocytochemistry.

Single Cell Calcium Imaging. To functionally characterize neu-
ronal differentiation in SVZ cells, variations of intracellular cal-
cium concentrations ([Ca2�]i) following stimulation with 50 mM
KCl and 100 �M histamine (Sigma-Aldrich) were analyzed. KCl
depolarization causes the increase of [Ca2�]i in neurons, whereas
stimulation with histamine increases [Ca2�]i in stem/progenitor
cells.29 SVZ cultures were loaded for 40 min at 37 °C with 5 �M
Fura-2 AM (Invitrogen), 0.1% fatty acid-free bovine serum albu-
min (BSA), and 0.02% pluronic acid F-127 in Krebs buffer (132
mM NaCl, 1 mM KCl, 1 mM MgCl2, 2.5 mM CaCl2, 10 mM glu-
cose, 10 mM HEPES, pH 7.4). After a 10 min postloading period
at room temperature (RT), the coverslip was mounted on RC-25
chamber in a PH3 platform (Warner Instruments, Hamden, CT) on
the stage of an inverted Axiovert 200 fluorescence microscope
(Carl Zeiss, Göttingen, Germany). Cells (approximately 100 cells
per field) were continuously perfused with Krebs and stimulated
by applying 100 �M histamine or high-potassium Krebs solu-
tion (containing 50 mM KCl, isosmotic substitution with NaCl)
by the mean of a fast pressurized (95% air, 5% CO2 atmosphere)
system (AutoMate Scientific Inc., Berkeley, CA). [Ca2�]i was evalu-
ated by quantifying the ratio of the fluorescence emitted at 510
nm following alternate excitation (750 ms) at 340 and 380 nm,
using a Lambda DG4 apparatus (Sutter Instrument, Novato, CA)
and a 510 nm long-pass filter (Carl Zeiss) before fluorescence ac-
quisition with a 40
 objective and a CoolSNAP digital camera
(Roper Scientific, Tucson, AZ). Acquired values were processed
using the MetaFluor software (Universal Imaging, Downingtown,
PA). KCl and histamine peaks given by the normalized ratios of
fluorescence at 340/380 nm were used to calculate the Fura-2 ra-
tios of response to histamine/KCl. The percentage of cells dis-
playing a neuronal-like profile was calculated on the basis of the
histamine (Hist)/KCl ratio.

Internalization Studies. In order to visualize the cellular uptake
of RA�-NP by SVZ cells, we performed a live imaging experi-
ment on a confocal microscope (LSM 510 Meta, Carl Zeiss): 50
�g/mL RA�-NPs were administrated to SVZ neurospheres
seeded on glass-bottomed Petri dishes (35 mm, IBIDI, Germany)
and incubated at 37 °C for 60 min. For imaging, cells were then
placed into a special stage (Heating Insert P Lab-Tek and Incuba-
tor S, Pecon) at 37 °C, 5% CO2 on a confocal laser scanning mi-
croscopy (LSM 510 META, Carl Zeiss). This system maintained
normal cell culture and allowed multiple regions of interest to
be imaged regularly throughout the duration of the experiment.
Internalization of NP was followed over a 4 h period (4 frames�1)
by detection of FITC bound to the NPs using a 488 nm argon la-
ser (45 mW) for excitation and a 510�550 nm band-pass emis-
sion filter and a 63
 objective (Plan-ApoChromat, NA 1.4). Differ-
ential interference contrast (DIC) images were simultaneously
acquired in order to visualize alterations on cell morphology dur-
ing the experiment. Finally, Hoechst-33342 (2 �g/mL) (Invitro-
gen) was added in order to visualize nuclei morphology. Images

were acquired using a 405 nm diode laser (30 mW) and a band-
pass emission filter (420�450 nm).

Western Blots. SVZ cells, previously incubated with RA�-NPs
for 7 days in differentiation conditions, were washed with 0.15
M phosphate-buffered saline (PBS) and incubated in a lysis buffer
[0.15 M NaCl, 0.05 M Tris-base, 5 mM EGTA, 1% Triton X-100,
0.5% DOC, 0.1% SDS, 10 mM DTT containing a cocktail of protein-
ase inhibitors (Roche)]. Total protein concentration from the ly-
sates was determined by BCA assay, and samples were treated
with SDS�PAGE buffer [6
 concentrated: 350 mM Tris, 10%
(w/v) SDS, 30% (v/v) glycerol, 0.6 M DTT, 0.06% (w/v) bromophe-
nol blue], boiled for 5 min at 95 °C, and stored at �20 °C until
used for Western blotting. Then, proteins (40 �g of total protein)
were resolved in 15% SDS polyacrylamide gels and then trans-
ferred to PVDF membranes with 0.45 �m pore size in the follow-
ing conditions: 300 mA, 90 min at 4 °C in a solution containing
10 mM CAPS and 20% methanol, pH 11 (protocol adapted from
Pinheiro et al.).45 Membranes were blocked in Tris buffer saline
containing 5% low-fat milk and 0.1% Tween 20 (Sigma) for 1 h
at RT and then incubated overnight at 4 °C with the primary an-
tibody rabbit monoclonal anti-NR1 (1:100) (Chemicon Interna-
tional Inc., Billerica, MA) diluted in 1% TBS-Tween and 0.5% low-
fat milk. After rinsing three times with TBS-T 0.5% low-fat milk,
membranes were incubated for 1 h at RT, with an alkaline
phosphatase-linked secondary antibody antirabbit IgG 1:20 000
in 1% TBS-T and 0.5% low-fat milk (GE Healthcare, Buckingham-
shire, UK). For endogenous control immunolabeling, primary an-
tibody solution consisted of mouse monoclonal anti-GAPDH
(1:10 000) (Millipore, MA). Protein immunoreactive bands were
visualized in a Versa-Doc Imaging System (model 3000, BioRad
Laboratories, CA), following incubation of the membrane with
ECF reagent (GE Healthcare, Buckinghamshire, UK) for 5 min.
Densitometric analyses were performed by using the Im-
ageQuant software.

Immunocytochemistry. Cells were fixed with 4% paraformalde-
hyde (PFA). After washing three times with PBS, unspecific bind-
ing was prevented by incubating cells in a 3% BSA and 0.3% Tri-
ton X-100 solution for 30 min at RT. Cells were kept overnight
at 4 °C in a primary antibody solution, then washed with PBS the
following day, and incubated for 1 h at RT with the correspond-
ing secondary antibody. Antibodies were used as listed: mouse
monoclonal anti-Tuj1 (Covance, Princeton, NJ) (1:100), mouse
monoclonal anti-NeuN (Millipore) (1:100), rabbit polyclonal anti-
GFAP (1:100) (Cell Signaling Tech., Beverly, MA) prepared in 0.1%
Triton X-100, 0.3% BSA solution; Alexa Fluor 594 goat antimouse;
Alexa Fluor 488 goat antirabbit (both at 1:200 in PBS, from Invit-
rogen). For nuclear labeling, cell preparations were stained with
Hoechst-33342 (2 �g/mL) (Invitrogen) in PBS 5 min at RT and
mounted in Dakocytomation fluorescent medium (Dakocytoma-
tion Inc., Carpinteria, CA). Fluorescent images were acquired us-
ing a confocal microscope (LSM 510 Meta, Carl Zeiss).

In order to visualize the NPs’ internalization, cells were incu-
bated overnight with the RA-releasing NPs (10 �g/mL) and then
fixed in methanol/acetone 1:1 for 20 min at �20 °C. After fixa-
tion, nonspecific binding sites were blocked with 6% BSA (Sigma)
in PBS for 1 h. Cells were subsequently incubated with the pri-
mary antibody mouse monoclonal anti-FITC (1:100, Sigma) in
PBS containing 0.3% BSA (Sigma). Thereafter, coverslips were
rinsed in PBS and incubated for 1 h at RT, with the secondary
goat antimouse Alexa 594 (1:200, Invitrogen). After rinsing with
PBS, cell preparations were incubated with Hoechst-33342 (2 �g/
mL, Invitrogen) in PBS for 5 min at RT. Finally, the preparations
were mounted using Dako fluorescent mounting medium (Dako-
cytomation). Fluorescent images were acquired using a confo-
cal microscope (LSM 510 Meta, Carl Zeiss).

TUNEL Assay. SVZ cultures were fixed with 4% PFA for 30 min,
at RT, rinsed in PBS and permeabilized in 0.25% Triton X-100
(Sigma) for 30 min at RT. Thereafter, coverslips were incubated
for 20 min in 3% H2O2 and reacted for terminal transferase (0.25
U/�L) biotinylated dUTP (6 �M) nick-end labeling of fragmented
DNA in TdT buffer (pH 7.5) (all from Roche, Basel, Switzerland)
for 1 h 30 min at 37 °C in a humidified chamber. The enzymatic
reaction was stopped by 15 min incubation in 300 mM NaCl and
30 mM sodium citrate (both from Sigma) buffer. Following an ad-
ditional rinse in PBS, cultures were incubated for 30 min at RT
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with the avidin�biotin�peroxidase complex (1:100; Vector
Laboratories Inc., Burlingame, CA). Peroxidase activity was re-
vealed by the DAB chromogen (0.025%; Sigma) intensified with
0.08% NiCl2 in 30 mM Tris-HCl (pH 7.6) buffer containing 0.003%
H2O2. The cell preparations were then dehydrated in an ethanol
gradient (70%, 2 min; 80%, 2 min; 90%, 2 min; 95%, 2 min; 100%,
2 min), cleared in xylene (3 min), and mounted using DEPEX
mounting medium (Fluka Chemie AG, Buchs, Switzerland). Phot-
omicrographs of TUNEL labeling were recorded using a digital
camera (Axiocam HRC, Carl Zeiss) adapted to an Axioskop 2 Plus
fluorescent microscope (Carl Zeiss).

PI Incorporation. Propidium iodide (3 �g/mL, Sigma) was added
40 min before the end of the 48 h of incubation with RA�-NPs.
Thereafter, cells were fixed with 4% PAF for 30 min, rinsed in PBS,
stained with Hoechst-33342 (2 �g/mL; Invitrogen) in PBS for 5
min at RT, and mounted in Dakocytomation fluorescent medium
(Dakocytomation Inc.). Photomicrographs of PI uptake labeling
were recorded using a digital camera (Axiocam HRC, Carl Zeiss)
adapted to an Axioskop 2 Plus fluorescent microscope (Carl
Zeiss).

BrdU Incorporation. SVZ cell cultures were treated for 48 h with
NP�-RA with concentrations ranging from 1 ng/mL to 10 �g/mL
for differentiation conditions and 100 ng/mL to 10 �g/mL for
proliferative conditions. BrdU (10 �M; Sigma) was added in the
last 4 h of each NP�-RA treatment. For the differentiation condi-
tions, cells were seeded in glass coverslips (as described previ-
ously). However, for the proliferative conditions, this assay was
performed on primary neurospheres that at the end of 48 h treat-
ment were collected from the Petri dishes into eppendorfs and
adhered to superfrost microscope slides (Thermo Scientific,
Braunschweig, Germany) by cytospin centrifugation (1200 rpm,
5 min; Cellspin I, Tharmac GmbH, Waldsolms, Germany). After-
ward, the protocol was common for both conditions as follows.
Cells were fixated in 4% PFA for 30 min and rinsed in 0.15 M PBS.
BrdU was unmasked following successive passages in 1% Triton
X-100 (Sigma) for 30 min, ice cold 0.1 M HCl for 20 min, and 2 M
HCl for 40 min at 37 °C. Cells were neutralized with sodium bo-
rate buffer (0.1 M Na2B4O7 · 10H2O, pH 8.5; Sigma) for 15 min at
RT, rinsed in PBS, and then incubated in a blocking solution with
3% bovine serum albumin (BSA; Sigma) and 0.3% Triton X-100
in PBS for 30 min at room temperature. SVZ cultures were incu-
bated with mouse anti-BrdU conjugated with Alexa Fluor 594 (1:
100; Invitrogen) in PBS containing 0.3% Triton X-100 and 0.3%
BSA overnight at 4 °C. Cell nuclei were counterstained with 6
�g/mL Hoechst-33342 in PBS for 5 min at RT and mounted in Da-
kocytomation fluorescent medium (Dakocytomation Inc.). Phot-
omicrographs of BrdU-stained cells were recorded using a digi-
tal camera (Axiocam HRC, Carl Zeiss) adapted to an Axioskop 2
Plus fluorescent microscope (Carl Zeiss). The number of prolifer-
ating cells (BrdU-positive) were counted and expressed as per-
centage of total cells stained with Hoechst-33342 (Supporting In-
formation Figure 3).

Statistical Analysis. Data are expressed as means � standard er-
ror of mean (SEM). Statistical significance was determined by us-
ing Student’s t test or one-way ANOVA followed by Dunnett’s
post hoc test for comparison with control or Neuman-Keuls for
multiple comparison test, with P � 0.05 considered to represent
statistical significance. All measurements were performed in the
monolayer of cells surrounding the seeded SVZ neurospheres.
For SCCI experiments, the percentage of neuronal responding
cells (Hist/KCl ratio �0.8) was calculated on the basis of one mi-
croscopic field per coverslip, containing about 100 cells (40

magnification). Percentages of NeuN-, TUNEL-, or PI-positive cells
were calculated from cell counts in five independent micro-
scopic fields in each coverslip with a 40
 objective (approxi-
mately 200 cells per field). Because no significant differences
were found between experiments from different SVZ cell cul-
tures, the corresponding data were pooled.
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