
Brain Angiogenesis Induced by Nonviral Gene Therapy with
Potential Therapeutic Benefits for Central Nervous System Diseases
Idoia Gallego,∇ Ilia Villate-Beitia,∇ Cristina Soto-Sańchez, Margarita Meneńdez, Santiago Grijalvo,
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ABSTRACT: Gene therapy employing nanocarriers represents a
promising strategy to treat central nervous system (CNS) diseases,
where brain microvasculature is frequently compromised. Vascular
endothelial growth factor (VEGF) is a key angiogenic molecule;
however, its in vivo administration to the CNS by nonviral gene
therapy has not been conducted. Hence, we prepared and
physicochemically characterized four cationic niosome formulations
(1−4), which were combined with pVEGF-GFP to explore their
capacity to transfer the VEGF gene to CNS cells and achieve
angiogenesis in the brain. Experiments in primary neuronal cells
showed successful and safe transfection with niosome 4, producing
double levels of biologically active VEGF in comparison to the rest
of the formulations. Intracortical administration of niosome 4 based
nioplexes in mouse brain validated the ability of this nonviral vector
to deliver the VEGF gene to CNS cells, inducing brain angiogenesis and emerging as a promising therapeutic approach for the
treatment of CNS diseases.

KEYWORDS: nonviral vector, niosomes, VEGF, gene therapy, angiogenesis, central nervous system

1. INTRODUCTION

Therapies based on gene therapy approaches have emerged as
potential tools for the treatment of many congenital, acquired,
and age-related diseases. Among the aforementioned ones, the
prevalence of neurodegenerative disorders, in particular
Alzheimer’s disease (AD), is worryingly on the rise in first
world countries along with the increase in life expectancy.1

Nowadays there is no curative pharmacological treatment for
these illnesses and the existing conventional ones can only slow
down the progression of the disease. In this regard, recent
advances in the field of nanotechnology and gene therapy
represent a promising approach to face these diseases by the
use of nanocarriers able to deliver therapeutic genetic material
into target cells.2

The underlying cause of CNS maladies such as neuro-
degenerative diseases and stroke, among others, is still not fully
understood as many factors are involved in the progression of
their physiopathology. Nevertheless, it is becoming increas-
ingly evident that the dysfunction and loss of cerebral
microvasculature strongly contribute to the pathogenesis.3−5

In this context, the vascular endothelial growth factor (VEGF)
is a neuroprotective cytokine that regulates angiogenesis,
blood−brain barrier (BBB) integrity, and neurogenesis in the
CNS.6,7 Therefore, VEGF represents a key molecule for

neuroprotection against neurological disorders by the ther-
apeutic induction of vascular growth.8−10 However, its healing
use in a safe and controlled manner, along with the
implementation of a proper gene therapy strategy, is a major
hurdle to overcome in order to reach clinical use.11 In this
regard, nonviral vectors and in particular niosomes, represent a
safe, low immunogenic, and low cytotoxic approach, easy to
manufacture.12,13 Basically, niosomes are composed of a
cationic lipid, a “helper” component, and nonionic surfactants,
which in combination confer to niosomes suitable character-
istics for gene delivery, such as the capacity to bind DNA
(forming the named nioplexes), proper physicochemical
properties, and long-term stability.14−18 Moreover, unlike
viral vectors, no additional genes are inserted into target cells
leading to a shift in preference to nonviral based products in
preclinical trials.19−21 In the last years, niosomes have achieved
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encouraging results as gene delivery tools,18,22−25 and focusing
on the CNS, some works have demonstrated their capacity to
transfer genetic material to CNS cells.26−28 Regarding VEGF-
encoding DNA transfection, even though some studies have
employed nonviral strategies to achieve its delivery,29−31 the in
vivo gene therapy application of niosomes and VEGF in the
CNS has not been explored.
Accordingly, the aim of the present work is to assess and

select a niosome formulation able to efficiently transfer to the
CNS the therapeutic VEGF genetic material to promote
angiogenesis. For that purpose, we based our study on
previously explored components for the development of
niosome formulations23,24,32,33 and analyzed their capacity to
transfect a plasmid encoding VEGF (pVEGF-GFP) into
primary neuronal cells extracted from rat embryo brains. The
most efficient niosome was physicochemically characterized in
terms of size, dispersity (Đ), ζ potential, morphology, and
molecular interactions with the genetic material. Transfection
of pVEGF-GFP into primary neuronal cells employing this
niosome was analyzed qualitatively and quantitatively, as well

as the cytotoxicity caused by the process. The biological
activity of the VEGF protein secreted by transfected cells was
evaluated by a proliferation assay in human umbilical vein cells
(HUVEC), exposing them to the supernatant of transfected
cells. Afterward, in vivo assays were performed in mouse brains
injecting niosomes complexed to pVEGF-GFP at the intra-
cortical level to analyze blood vessel genesis.

2. EXPERIMENTAL SECTION

2.1. Elaboration of Cationic Niosomes and Nioplexes.
All niosome formulations were elaborated by the oil-in-water
emulsification technique following the same procedure
described previously in the literature, with slight modifications.
More specifically, in the case of niosome 1, 5 mg of cationic
lipid DOTMA and 26 mg of polysorbate 60 (0.5%, w/v) mixed
with 1 mg of lycopene were dissolved in 1 mL of
dichloromethane as organic solvent and then emulsified with
5 mL of Milli-Q water.23 For niosome 2, 5 mg of the 2,3-
di(tetradecyloxy)propan-1-amine cationic lipid were dissolved
in 1 mL of organic solvent dichloromethane (0.5%, w/v)

Figure 1. Scheme of the (A) chemical structures of the components and (B) composition of the niosome formulations.
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containing 20 μL of squalene as “helper component” and then
emulsified in 5 mL of an aqueous phase with polysorbate 80 as
nonionic surfactant (0.5%, w/v).24 In the case of niosome 3, 5
mg of the hydrochloride salt of the cationic lipid 2,3-
di(tetradecyloxy)propan-1-amine with 12.5 mg of both
poloxamer 407 and polysorbate 80 nonionic surfactants were
dissolved in 1 mL of dichloromethane organic solvent and then
sonicated in 5 mL of Milli-Q water.32 Finally, niosome 4, was
elaborated as niosome 3, but in this case, chloroquine (0.05%,
w/v) was incorporated into the aqueous phase as a “helper”
component.33 A schematic representation of both the chemical
structure of the components and the composition of each
niosome formulation is shown in Figure 1. Briefly, emulsions
were obtained by sonication (Branson Sonifier 250, Danbury)
for 30 s at 50 W. Next, the dichloromethane organic solvent
was removed from the emulsion by evaporation under
magnetic agitation for 3 h at room temperature, obtaining
the niosome colloidal suspensions.
Nioplexes were obtained incubating each niosome colloidal

suspension with human VEGF-GFP plasmid (Sino Biological
Inc., Beijing, China). The plasmid was expanded and purified
using the Qiagen endotoxin-free plasmid purification Maxi-
prep kit (Qiagen, California, USA) according to the
manufacturer’s instructions. The concentration of the purified
plasmid was quantified in a SimpliNano spectrophotometer
device (GE Healthcare, Buckinghamshire, UK). Then, an
appropriate volume of pVEGF-GFP was mixed and incubated
for 30 min at room temperature with the corresponding
volume of each niosome suspension (1 mg/mL cationic lipid)
to obtain the respective nioplexes at cationic lipid/DNA ratios
(w/w) of 18/1 for niosome 1, 15/1 for niosome 2, 10/1 for
niosome 3, and 10/1 for niosome 4.
2.2. Physicochemical Characterization of Niosomes

and Nioplexes. Both the intensity mean diameter (Z-
average) and the dispersity (Đ) were determined by dynamic
light scattering, while the zeta potential was measured by laser
Doppler velocimetry in a Zetasizer Nano ZS (Malvern
Instruments, UK) after resuspension of the samples into
NaCl 0.1 mM solution. The particle size, reported as
hydrodynamic diameter, was achieved by cumulative analysis.
The zeta potential was calculated from the electrophoretic
mobility by the Smoluchowski approximation. All measure-
ments were carried out in triplicate.
The shape and appearance of niosomes was assessed by

transmission electron microscopy (TEM) as previously
described.23 The ability of niosomes to bind, release, and
protect from enzymatic digestion the genetic material was
analyzed by a gel retardation assay as previously described.18

Naked DNA was used as control for each condition, the
amount of DNA per well being 200 ng in all cases. Images were
obtained with a ChemiDocTM MP Imaging System and
analyzed by Image Lab Software (BioRad, USA).
The interaction of niosomes and CQ with pVEGF-GFP was

monitored by isothermal titration calorimetry (ITC) using a
MicroCal PEAQ-ITC microcalorimeter (Malvern Instruments,
UK). The assay was carried out at 25 °C by stepwise injection
of niosomes (1 mg/mL cationic lipid) or chloroquine (CQ, 0.5
mg/mL) into the reaction cell loaded with an aqueous solution
of pVEGF-GFP (0.0166 mg/mL). Typically, 1 × 0.4 μL
injection followed by 3 × 2 μL and 11 × 3 μL injections were
carried out automatically under 750 rpm stirring. The heat
contributed by niosome or CQ dilution was measured in

separate runs and subtracted from the total heat produced
following each injection prior to the data analysis.

2.3. Animal Models. E17−E18 rat embryos (Sprague−
Dawley) were employed for the extraction of primary neuronal
cells for in vitro experiments. ICR (CD-1, Envigo, Nether-
lands) mice were employed as the experimental animal model
for in vivo assays. All experimental procedures were carried out
in accordance with the RD 53/2013 Spanish and 2010/63/EU
European Union regulations for the use of animals in scientific
research. Procedures were approved and supervised by the
Miguel Hernańdez University Standing Committee for Animal
Use in the Laboratory, with code UMH.IB.EFJ.03.19/02.18.

2.4. Primary Neuronal Cell Extraction and Culture.
Primary neuronal cells were extracted from the cortical tissue
of E17−E18 rat embryos (Sprague−Dawley)29 and maintained
in DMEM (GIBCO, Thermofisher Scientific, MA, USA) with
10% fetal bovine serum (FBS, Biowest, Nuaille,́ France) during
extraction. Afterward, chemical dissociation was carried out in
FBS-free DMEM adding trypsin and incubating the mixture at
37 °C. Once the cell density was quantified in a
hemocytometer, cells were resuspended in Neurobasal/FBS
(GIBCO) medium supplemented with B27, GlutaMAX, and
penicillin−streptomycin (GIBCO) and seeded at 3 × 105 cells
per well in 12 well plates on glass coverslips. Cell culture was
then maintained in an incubator at 37 °C and 5% CO2.

2.5. In Vitro Transfection in Primary Neuronal Cell
Culture. Cells were seeded in the medium and incubated to
achieve 70% of confluence at the time of transfection (11−13
days in vitro). Nioplexes, composed of niosomes and 1.25 μg of
pVEGF-GFP per well at their respective cationic lipid/DNA
ratio (w/w), were formed by electrostatic interactions during
30 min at room temperature in serum-free OptiMEM solution
(GIBCO). Transfection was carried out by exposing cells to
nioplexes for 4 h at 37 °C in the incubator, followed by
removal of the transfection medium and replacement with
fresh medium. Lipofectamine 2000 (Invitrogen, California,
USA) at 2/1 ratio was employed as positive control, while
baseline cells incubated with OptiMEM for 4 h were used as
negative control. Each condition was performed in triplicate.
VEGF-GFP expression was analyzed 48 h after the exposure

of cells to nioplexes in order to qualitatively evaluate the
transfection efficiency by immunocytochemistry.29 Hoechst
33342 (Thermofisher Scientific) was employed to label the cell
nuclei. Coverslips were mounted and fluorescence images were
taken with laser-confocal microscopy (Leica TCS SPE
Microsystems GmbH, Germany).

2.6. VEGF Production Evaluation. The quantity of
VEGF (ng/mL) released by primary neuronal transfected
cells to the supernatant was analyzed 48 h post-transfection
using a Human VEGF165 Standard ABTS ELISA Development
kit (PeproTech EC Ltd., London, UK)29,34 according to the
manufacturer’s instructions. The absorbance was read at 450
nm, with the reference wavelength set at 650 nm, in an Infinite
M200 microplate reader (TECAN Trading AG. Man̈nedorf,
Switzerland) using the Tecan i-Control 1.7 software. All
measurements were carried out in triplicate.

2.7. VEGF Bioactivity Assay. The bioactivity of VEGF
protein was evaluated by exposing human umbilical vein
endothelial cells (HUVEC), considered as the in vitro cell
model for angiogenesis, to an equal volume of the supernatant
of transfected primary neuronal cells containing the secreted
VEGF. For that purpose, HUVEC cells at early passages were
seeded into 96-well poly(L-lysine)-coated culture plates at a
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density of 5 × 103 cells/well with nonsupplemented
Endothelial Cell Growth Basal Medium (EBM-2, Lonza) and
incubated for 24 h in a 5% CO2 incubator. Once the culture
medium was removed, the cells were incubated with 100 μL of
fresh EBM-2 medium and 200 μL of the aforementioned
supernatant per well for 72 h in the incubator. Afterward, cell
proliferation was determined using the Cell Counting Kit-8
(Sigma-Aldrich, Spain) following the manufacturer’s recom-
mendations. The absorbance was read as described above. All
measurements were carried out in triplicate. The supernatant
of primary neuronal cells transfected with Lipofectamine 2000
(Invitrogen, California, USA) was employed as positive
control. The supernatant of nontransfected primary neuronal
cells was used as a negative control. Each condition was
performed in triplicate. Data were normalized related to the
negative control.
2.8. Cell Viability. The cell viability of primary neuronal

cell cultures after their exposure to nioplexes was analyzed 48 h
post-transfection by the tetrazolium salt 3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Sigma-
Aldrich, Spain) colorimetric assay, and the absorbance was
read in a Bio-Rad iMarkMicroplate Reader according to the
manufacturer’s instructions. All measurements were carried out
in triplicate.
2.9. In Vivo Administration of Nioplexes at Intra-

cortical Level. During the surgery, the animals’ bodies were
kept warm with a water thermal pad. Mice were pretreated
with dexamethasone (1 mg/kg ip) 24 h prior to surgery. A new
dosage was administrated 20 min prior to and 24 h after
surgery. We drilled a small craniotomy to expose the dura
mater and arachnoids and performed a minimally invasive
incision to introduce a Hamilton 33-gauge needle.
A volume of 0.8 μL of nioplexes, containing 100 ng of

pVEGF-GFP (10/1 ratio), was injected into the brain of ICR
(CD-1) mice (n = 3) at the cortex level with a microsyringe
33-gauge needle (Hamilton Co., Reno, NV). Niosomes alone,
with no plasmid, were injected at the same level of mouse brain
as a control (n = 3). After the injection, the needle remained in
situ for 5 min before being withdrawn slowly. The contralateral
brain hemisphere of mice with no injection was also employed
as a negative control. The anesthesia was induced with
ketamine (80 mg/kg, ip) and sedation with diazepam (5 mg/
kg, ip) maintaining the anesthesia with a mix of oxygen and 2%
of isoflurane during the surgery. The depth of the anesthesia
was evaluated continuously by monitoring heart rate and
blinking and toe pinch reflexes. Mice were pretreated with
dexamethasone (1 mg/kg ip) 24 h prior to surgery. A new
dosage was administrated 20 min prior surgery. Antibiotic
(enrofloxacine 25 mg/kg, sc), anti-inflammatory, and analgesic
drugs (meloxicam 2 mg/kg, buprenorphine 0.1 mg/kg sc) were
administrated to animals postsurgery. Once the procedure was
finished, the animals were housed in their own cages for 7 days
in a temperature- and light-controlled animal room with a 12 h
light/darkness cycle. All the animals survived and behaved
normally, and no loss of weight was detected after the surgery
or during the treatment.
2.10. Evaluation of Angiogenesis in Mouse Brain. One

week after the injection of nioplexes at the cerebral cortex,
animals were sacrificed and brain samples were processed35 to
evaluate the expression of endoglin/CD105 qualitatively and
quantitatively by immunohistochemistry.
Brain slices were blocked with a mixture containing 10%

normal bovine serum (Sigma-Aldrich, Spain) and 0.5% Triton

X-100 and then incubated overnight at 4 °C with rat anti-
mouse endoglin/CD105 monoclonal antibody (MA5-23894,
Thermofisher) at 16 μL/mL. After washing with PBS, they
were incubated with a secondary antibody, AlexaFluor 488
rabbit anti-rat (1:100 dilution, Invitrogen, Themofisher), and
the cell nuclei were counterstained with Hoechst 33342
(Sigma-Aldrich, Spain). Immunohistochemistry images were
acquired with a Leica TCS SPE laser-confocal microscope
(Leica, Microsystems GmbH, Wetzlar, Germany).
Vessel density was quantified on two brain sections from

each animal located close to the intracortical injection of
niosome 4 nioplexes and controls. Five regions of interest were
analyzed from each section. Vessels were identified using anti-
endoglin/CD105 immunostaining, and the vascular density
(ratio of vasculature area to total area) was quantified using
Fiji, an open source image processing application,36 and the
Vessel Analysis plugin, which allows automatic calculation of
the vascular density.

2.11. Statistical Analysis. Differences between two groups
were evaluated using a Student’s t test or a Mann−Whitney U
test, as appropriate after evaluating normality with a Shapiro−
Wilks test. For multiple comparison, a 1-way ANOVA followed
by an HSD Tukey test was performed in normality conditions
or a Kruskal−Wallis test followed by a Mann−Whitney U test
in nonparametric conditions. Data are expressed as mean ±
SD. A P value <0.05 was considered statistically significant.
Analyses were performed with the SPSS 15.0 statistical
package.

3. RESULTS

3.1. Physicochemical Characterization of Niosomes.
The physicochemical characteristics of niosomes 1−4 are
summarized in Figure 2. Niosomes presented mean diameter
sizes ranging from 45.6 nm (niosome 3) to 129.7 nm (niosome

Figure 2. Physicochemical characterization of niosomes 1−4. (A)
Size and zeta potential values. (B) Mean dispersity values. Each value
represents the mean ± SD from three measurements. Đ, dispersity.
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2) and ζ potentials over +30 mV. All Đ were below 0.5 the
most monodisperse formulations being those of niosomes 2
and 4 with values less than 0.2.
3.2. VEGF Release in Primary Neuronal Culture Cells.

The transfection of primary neuronal cells with nioplexes
composed of niosomes 1−4 and pVEGF-GFP achieved VEGF
release to supernatants. The analysis of VEGF concentration in
these supernatants demonstrated that niosome 4 was the best
formulation to efficiently transfect the genetic material into
primary neuronal cells (P < 0.05), releasing 0.9 ng/mL of
VEGF within 48 h of the transfection (Figure 3) and doubling
that of the rest of formulations.

In fact, regarding niosome 4, it was later confirmed that 10/1
was the most effective cationic lipid/DNA ratio (w/w) for
gene delivery in primary neuronal cells since VEGF levels
found in their supernatants were 5-fold higher (P < 0.001)
than those obtained at lower ratios (2/1, 5/1) and there were
no significant differences with those observed at higher ratios
(15/1, 20/1, 30/1) (Supplementary Figure S1).
3.3. Characterization of Plasmid Binding to Niosome

4 Formulation. Focusing on niosome 4 (Figure 4), when
bound to pVEGF-GFP at 10/1 cationic lipid/DNA ratio (w/
w), the mean diameter size increased by 77%, the Đ increased
slightly from 0.15 to 0.23, and zeta potential values decreased
from +43.5 to +25.3 mV (Figure 4A). TEM capture (Figure
4B) showed a clear spherical morphology of these niosomes
with no aggregates among them. The gel retardation assay
(Figure 4C) showed that DNA complexed to niosome 4 at
cationic lipid/DNA mass ratios 5/1, 10/1, and 15/1 was
retained in the wells (lanes 3, 5, 7), while naked DNA
completely migrated (lane 1). After the addition of DNase I
and SDS to nioplexes (lanes 4, 6, 8), DNA migrated and
intensive OC and SC bands were observed, contrary to lane 1,
where the absence of visible bands indicated that naked DNA
was totally degraded. The ITC profiles of complex formation
between niosome 4 and pVEGF-GFP showed first an
endothermic process, which dominates the thermal response
at very low cationic lipid/pVEGF-GFP (w/w) ratios, and an
exothermic component visible at ratios of 3 and above. This
second process likely reflects the interaction of pVEGF-GFP
with CQ, as inferred from the dose-dependent exothermic
signal obtained upon direct titration of CQ into pVEGF-GFP
(Figure 4C).

3.4. Gene Delivery, Cell Viability, and VEGF Bio-
activity. The qualitative analysis of transfection assays showed
GFP signal in primary neuronal cells exposed to niosome 4
based nioplexes (Figure 5A) pointing to VEGF-GFP delivery
into cells. The percentage of cell viability of primary neuronal
cells upon transfection with these nioplexes was close to 100%
of baseline and showed a higher rate (P < 0.01) of living cells
than Lipofectamine 2000 transfected cells (Figure 5B).
HUVEC cells proliferated after their exposure to the VEGF
present in the supernatant of transfected primary neuronal cells
(Figure 5C). In particular, cell proliferation generated by
VEGF was 25-fold more (P < 0.001) compared with HUVEC
negative control cells, and no significant differences in cell
proliferation were found upon the exposure of HUVEC cells to
the supernatant from cells transfected with niosome 4 based
nioplexes and from Lipofectamine 2000 transfected cells
(positive control).

3.5. Analysis of Angiogenesis In Vivo. Endoglin/CD105
expression was found in mouse brain 1 week after intracortical
injection of niosome 4 nioplexes vectoring pVEGF-GFP
(Figure 6A, left), while only a slight signal was observed in
niosome 4 alone injected control brains (Figure 6A, right).
Interestingly, photomontages of immunohistochemistry sec-
tions showed that endoglin/CD105 signal was expressed in an
extensive area in the vicinity of the injection point
(Supplementary Figure S2). Quantitative data confirmed an
increase of 76% (P < 0.001) in vascular density in the brain of
mice treated with niosome 4 and pVEGF-GFP (15.64 ± 2.47)
compared with that of control ones (8.89 ± 1.14).

4. DISCUSSION
The high prevalence of neurodegenerative diseases, in which
brain microvasculature is normally compromised, and the lack
of conventional curative pharmacological treatments constitute
an increasing worry worldwide. Approaches under research for
the therapeutic treatment of neurological disorders include
drug delivery employing poly(lactic-co-glycolic) acid nano-
particles that release the VEGF cytokine37 or cell delivery by
encapsulated VEGF-secreting cells.38 However, they offer
quick liberation kinetics with transient effects that might be
interesting in acute pathological processes but not in the
chronic ones. Since neurological maladies often involve a
chronic status, a therapeutic treatment with sustained effects
and preferably administered in a single dose is desirable. These
features are provided by gene therapy strategies and, in fact,
some of them consisting of viral vectors are currently
commercialized for the treatment of other pathologies, such
as Luxturna for Leber’s congenital amaurosis.39 Nevertheless,
preclinical and clinical trials with viral vectors have evidenced
severe symptoms associated with the high and uncontrolled
expression of exogenous VEGF.40 Therefore, nonviral
approaches vectoring the gene of interest into the CNS
represent a promising solution to all these hurdles. In the
absence of research works about the in vivo implementation of
nonviral gene therapy with VEGF in CNS, in this study
cationic lipid based niosomes were employed to deliver VEGF-
encoding DNA into CNS and, thus, promote angiogenesis as a
therapeutic remedy for neurodegenerative disorders.
The formulations evaluated to this end, here named niosome

1, 2, 3, and 4, were elaborated by the oil-in-water
emulsification technique, and the chemical composition of
each niosome, along with the cationic lipid/DNA ratios (w/
w), were based on optimization processes studied to deliver

Figure 3. VEGF production (ng/mL) values by neuronal primary cell
cultures 48 h post-transfection with nioplexes based on different
niosomes (1−4) at fixed cationic lipid/pVEGF-GFP (w/w) ratios.
Negative control cells (C−) were not treated with nioplexes. Positive
control cells (C+) were transfected with Lipofectamine 2000. Each
value represents the mean ± SD, n = 3. #, P < 0.05 compared with all
conditions.
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fluorescence and luminescence reporter plasmids.23,24,32,33 The
physicochemical characterization of these niosomes was
consistent with the data of the aforementioned studies and
confirmed their suitability for gene therapy purposes, with
mean diameters smaller than 200 nm, positive ζ potentials to
promote electrostatic interactions with the negatively charged
genetic material, and low Đ pointing to monodisperse niosome
populations (Figure 2). However, the VEGF content in the
supernatant of transfected primary neuronal cells showed that,
among the four explored formulations, only niosome 4 was
able to efficiently deliver the genetic material to CNS cells
(Figure 3). This fact is consistent with literature asserting that
niosome composition has a direct influence in its ability for
transfection, depending on the cell type and the specific
cellular internalization pathways.16,18,28,41 In this particular
case, the CQ content present in niosome 4 seems to play a key
role, since it is the only difference in the composition
compared with niosome 3 (Figure 1B), which showed a low
transfection rate. In this concern, CQ could be promoting
VEGF plasmid delivery in two ways. On the one hand, CQ has
the ability to intercalate in the DNA and, therefore, protects
the genetic material.42,43 In fact, ITC data (Figure 4D,
triangles) upholds this hypothesis of CQ interaction with the
DNA, as the injection of CQ into pVEGF-GFP samples (upper

scale) produced an exothermic reaction (right-hand side scale)
that compared to the exothermic component displayed by
niosome 4 titration. On the other hand, once the genetic
material is delivered to target cells, CQ can promote
endosomal and lysosomal escape of the gene by the
protonation of CQ at the low pH of these vesicles, avoiding
their acidification and enzymatic function.44 Therefore, the CQ
component of niosome 4 might be promoting gene trans-
fection in agreement with data obtained from other works,
both in vitro and in vivo.45

Once the suitability of niosome 4 for gene delivery purposes
in CNS cells was corroborated, this niosome was complexed to
pVEGF-GFP at the optimal cationic lipid/DNA mass ratio 10/
1 (Supplementary Figure S1) for further physicochemical and
biological analysis. As predictable, the mean diameter increased
and the positive ζeta potential decreased after complexing to
pVEGF-GFP (Figure 4A) because of the partial neutralization
of the positive amines of the niosomes by the phosphate
groups of the genetic material. Đ data and TEM captures
(Figure 4B) revealed a narrow distribution and spherical shape
of niosomes with no aggregates. All these factors contribute to
create an adequate microenvironment that favors the stability,
homogeneity, and interactions with DNA for gene therapy
applications.41 Interaction assays between the genetic material

Figure 4. Physicochemical characterization of niosome 4 and of the corresponding nioplexes at 10/1 cationic lipid/pVEGF-GFP (w/w) ratio. (A)
Size and zeta potential values. Each value represents the mean ± SD from three measurements. (B) TEM image of niosome 4. Scale bar 200 nm.
(C) Binding, protection, and SDS-induced release of DNA from nioplexes visualized by agarose gel electrophoresis. Lanes 1 and 2, free DNA; lanes
3 and 4, nioplexes at cationic lipid/DNA mass ratio 5/1; lanes 5 and 6, nioplexes at cationic lipid/DNA mass ratio 10/1; lanes 7 and 8, nioplexes at
cationic lipid/DNA mass ratio 15/1. Free DNA and nioplexes were treated with DNase I + SDS (lanes 2, 4, 6, and 8). OC, open circular form; SC,
supercoiled form. (D) ITC profile of niosome 4 titration into pVEGF-GFP. Circles show the heat evolved per gram of cationic lipid injected (left-
hand side scale) versus the ratio of cationic lipid/DNA concentrations (bottom scale) after correcting for the contribution of niosome dilution.
Triangles show the dependence of the heat evolved by gram of chloroquine (CQ) injected into pVEGF-GFP at 0.0166 mg/mL (right-hand side
scale) with CQ/DNA concentration ratio (upper scale), at the concentrations used in nioplex formation. Bottom and top scales were matched to
align the heats derived from CQ injection to those of niosome 4 injections. Solid lines illustrate the tendency of the ITC profiles.
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and niosome 4 showed that, on the one hand, this vector has
the capacity to condense and protect pVEGF-GFP from
enzymatic digestion, as well as maintain a suitable balance
between DNA binding and releasing abilities at all cationic
lipid/DNA mass ratios tested (Figure 4C). On the other hand,
ITC assays also demonstrated that interactions between
niosome 4 and pVEGF-GFP (Figure 4D, circles) reached
saturation at 12/1 (w/w) ratio (bottom scale vs left-hand side
scale), thereby explaining why transfection assays in primary
neuronal cells exhibited maximal efficiency at niosome to DNA
ratios of around 10/1 with no perceptible differences with
higher ratios of 15/1, 20/1, and 30/1, as can be observed in
Supplementary Figure S1. Since the use of higher ratios
involves decreasing the amount of plasmid that can be
administered by cortex injection into mouse brain, which is
limited by the volume of the complexes, and because there was
not significant increase in VEGF production at higher ratios,
10/1 cationic lipid/DNA ratio was selected for further
experiments.
Additional biological studies were performed with niosome

4 at 10/1 cationic lipid/DNA ratio (w/w) in order to analyze
the gene delivery capacity of the transfection process, the
possible harmfulness of nioplex exposure to cells, and the
bioactivity of the VEGF secreted by primary neuronal cells
after transfection. VEGF-GFP expression in primary neuronal
cell cultures revealed the ability of nioplexes to successfully
deliver the genetic material to this cell type (Figure 5A). The
commercial liposome Lipofectamine 2000 was employed as a
positive control of transfection; however, cell viability data

Figure 5. In vitro transfection experiments. (A) Fluorescence immunohistochemistry showing VEGF-GFP positive signal after transfection in
primary neuronal culture cells with niosome 4 based nioplexes or Lipofectamine 2000 as positive control. Green, anti-GFP; blue, Hoechst. Scale
bar: 20 μm. (B) Cell viability assay of primary neuronal culture cells after transfection. Each value represents the mean ± SD, n = 3. **P < 0.01,
compared with the positive control. (C) Proliferation of HUVEC cells in response to the VEGF secreted by primary neuronal cells after
transfection. Negative (C−) and positive (C+) controls represent HUVEC cells exposed to the supernatant of transfection control cells and of cells
transfected with Lipofectamine 2000, respectively. Each value represents the mean ± SD, n = 3. ***P < 0.001 compared with the negative control.

Figure 6. In vivo assays showing brain angiogenesis after injection of
nioplexes inside the cerebral cortex of ICR (CD-1) mice. (A)
Fluorescence immunohistochemistry in brain sections showing
endoglin/CD105 positive signal after administration of nioplexes
composed by niosome 4 and pVEGF-GFP or niosome 4 alone as
control. Scale bar: 40 μm. White arrows mark the injection point. (B)
Quantification of the vascular density. Each value represents the mean
± SD, ***P < 0.001.
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clearly showed the toxic feature of this vector since the rate of
cell viability was reduced by 15% after transfection as
compared with the one of niosome 4, which maintained cell
viability very close to that of negative control cells (Figure 5B).
This lower toxicity of niosomes is one of their main advantages
over liposomes, as the latter possess phospholipids that confer
a too high positive charge on their surface, contributing to cell
death, both in vitro and in vivo.46,47 Importantly, the VEGF
produced by transfected cells preserved its biological activity
(Figure 5C) as observed in the proliferation assay performed
with the in vitro model for angiogenesis, HUVEC cells, which
have previously been employed to evaluate the biological
function of VEGF upon transfection of CNS cells.29

In vivo administration of nioplexes based on niosome 4 and
pVEGF-GFP was performed in mouse brain by injection at the
intracortical level. The immunohistological analysis of brain
sections showed positive expression of CD105 (Figure 6A),
pointing to new blood vessel formation not only at the
injection point but also in a wide area in its vicinity
(Supplementary Figure 2S). In fact, angiogenesis was
confirmed by the quantification of the vascular density,
showing almost doubling of vessels compared with that
found in control mice (Figure 6B). The slight CD105
expression presented by the negative control mouse brain
sections could be explained as the physiological response to the
injury caused by the injection per se. In this respect, even
though injection is not the first choice for a therapeutic
treatment due to its invasiveness, other approaches such as
intranasal administration could represent a promising alter-
native to current nonviral based strategies for brain targeting,
as demonstrated in studies where these vectors were
administered by the intranasal route in rats.48,49 It is
noteworthy that the administration of nioplexes was conducted
in mouse brain without pathology. Hence, it is quite likely that
the angiogenesis promoted by VEGF gene delivery is balanced
by other antiangiogenic factors to maintain the vasculature in a
quiescent state. In this regard, nonviral VEGF gene therapy
would be particularly interesting for the treatment of AD, since
multiple lines of evidence indicate an important vascular
contribution in the development of this pathology.50 In fact,
several genetic and neuropathological studies have shown that
genes identified as cardiovascular risk factors are also related to
AD risk51 and that around 80% of AD patients present vascular
pathologies such as microinfarcts and atherosclerosis of
cerebral arteries,52,53 respectively. Additionally, morphological
changes at the microvascular level have also been observed in
AD animal models.54 Therefore, considering the specific roles
that VEGF plays in brain angiogenesis, BBB integrity, and
neuroprotection, its upregulation via gene therapy seems a
promising strategy for the treatment of AD.

5. CONCLUSIONS

The nonviral vector niosome 4 presents physicochemical
features suitable for gene therapy purposes in the CNS. In
addition, niosome 4 efficiently transfects VEGF with biological
activity to CNS cells in a safe manner, not only in primary
neuronal cell cultures but also in mouse brain, promoting
angiogenesis after injection. Hence, niosome 4 in combination
with VEGF-encoding DNA is a potential tool for restoring
brain microvasculature, which could ultimately promote BBB
integrity and neuroprotection against neurological disorders.
Hence, this study represents a proof of concept to promote

new blood vessel formation in mouse brain by nonviral gene
therapy, which could have further clinical applications.
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