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Niosomes represent a recent promising approach for gene delivery purposes. We elaborated on a novel niosome
formulation based on the2,3-di(tetradecyloxy)propan-1-amine cationic lipid, combinedwith squalene and poly-
sorbate 80 to evaluate the transfection efficiency in rat retinas. Niosomes prepared by the solvent emulsification–
evaporation technique were mixed with the pCMSEGFP plasmid to form lipoplexes which were characterized in
terms of morphology, size, surface charge, and DNA condensation, protection and release. In vitro studies were
conducted to evaluate transfection efficiency, viability and internalization mechanism in HEK-293 and ARPE-
19 cells. The efficacy of the most promising formulation was evaluated in rat eyes by monitoring the expression
of the EGFP after intravitreal and subretinal injections. Lipoplexes at 15/1 ratio were 200 nm in size, 25 mV in
zeta potential and exhibited spherical morphology. At this ratio, niosomes condensed and protected the DNA
from enzymatic digestion. Lipoplexes successfully transfected HEK-293 and specially ARPE-19 cells, without
affecting the viability. Whereas lipoplexes entered mainly retinal cells by clathrin-mediated endocytosis, HEK-
293 cells showed a higher caveolae-dependent entry. After ocular administration, the expression of EGFP was
detected in different cells of the retina depending on the administration route. This novel niosome formulation
represents a promising approach to deliver genetic material into the retina to treat inherited retinal diseases.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Many devastating blinding disorders that affect the retina in the de-
veloped world have a well-known genetic background [1]. Despite the
fact that gene therapy strategies have made major advances in recent
years [2], many of the patients affected by inherited retinal diseases
must live under impaired vision, even with the best medical treatment.
Therefore, the development of effective gene carriers represents amajor
challenge for the scientific community [3]. At present, viral and non-
viral vectors are the most employed approaches to deliver genetic ma-
terial to the retina [4,5]. First promising clinical trial results with viral
vectors in patients suffering from Leber's congenital amaurosis offered
reasonable hope [6,7]. However, important concerns related to the
risk of oncogenesis, immunogenicity, inflammatory responses, and the
persistence of viral vectors in the brain after intravitreal injection [8]
have garnered the interest to invest on non-viral gene transfermethods.
Compared with their counterparts, non-viral vectors offer many impor-
tant advantages, since they are less limited by the size of the gene to
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transfect, do not raise major safety concerns, are easier and cheaper to
produce, and are classified as drugs rather than as biologist by the reg-
ulatory authorities. Among the challenges to face by non-viral vectors,
the most important include transient gene expression duration and
low transfection efficiency. However, tangible successes have been re-
ported in retinal gene delivery application with some polymers [9,10],
peptides [11] or liposomes [12,13]. Niosomes are non-ionic surfactant
vesicles with a bilayer structure that have been widely applied in
pharmaceutics since the 1980s as a demanding tool to improve the de-
livery of many drugs, such as chemotherapy drugs, peptides, antigens,
hormones and other bioactive agents [14]. Basically, niosomes represent
a drug delivery alternative to liposomes, in which phospholipids have
been substituted by non-ionic surfactants. Compared with liposomes,
niosomes are recognized for their low cost and superior chemical and
storage stabilities. Nevertheless, few reports have focused on their ap-
plication for gene delivery purposes [14], and according to our knowl-
edge, there is no evidence related to the efficiency of niosomes as
gene carriers for the retinal cells. In light of the excellent physico-
chemical properties for drug delivery, and the absence of literature re-
ported on the use of niosome for gene delivery applications to the reti-
na, we elaborated a novel cationic niosome formulation based on the
2,3-di(tetradecyloxy)propan-1-amine cationic lipid, combined with
squalene and polysorbate 80. We hypothesized that this formulation
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could function as a safe and effective non-viral vector for retinal gene
delivery. Recently, it has been reported that the aforementioned cation-
ic lipid was able to silence gene expression upon covalent conjugation
with RNAmolecules [15]; therefore, it could be an interesting positively
charged lipid in the niosome formulation. Squalene is a natural lipid be-
longing to the terpenoid family that could be used instead of the classi-
cal cholesterol to enhance the rigidity and stability of the niosome
formulation. Although it has been extensively used as excipient in phar-
maceutical formulations for diseasemanagement and therapy, very few
reports for gene delivery applications have been published [16]. Never-
theless, some authors have attributed flattering properties to squalene
for gene therapy applications in vitro and in vivowith minimal cytotox-
icity [17,18]. Polysorbate 80 is one of the most non-ionic surfactants
employed in the niosome formulations that offers flattering properties
for gene delivery purposes in terms of formulation and transfection ef-
ficiency, due to the presence of polyethylene glycol (PEG) chains in its
structure [19,20]. To validate our speculations, we elaborated by the sol-
vent emulsification-evaporation technique, cationic niosomes based on
the 2,3-di(tetradecyloxy)propan-1-amine cationic lipid, in combination
with different proportions of squalene and polysorbate 80. Particle size,
polydispersity index (PDI) and zeta potential were measured, and the
most promising formulation was used to form lipoplexes under gentle
agitation with the pCMS-EGFP plasmid. Lipoplexes were elaborated at
different cationic lipid/DNA ratios (w/w) and characterized by size,
PDI, morphology, and the ability to condense and protect the DNA
from enzymatic digestion. In vitro experiments were performed to eval-
uate the transfection efficiency, viability and internalizationmechanism
in HEK-293 and ARPE-19 cells. Following in vitro characterization, the
best formulation was administered to rat eyes in order to evaluate the
efficiency of the vectors to deliver genetic material into the retina after
subretinal and intravitreal injections.

2. Materials and methods

2.1. Materials

HEK-293 cells, ARPE-19 cells, Eagle's Minimal Essential medium
with Earle's BSS and 2 mM L-glutamine (EMEM) were obtained from
the American Type Culture Collection (ATCC). Dulbecco's Modified
Eagle's medium Han's Nutrient Mixture F-12 (1:1) was purchased
from Gibco (San Diego, California, US). The plasmid pCMS-EGFP was
purchased from PlasmidFactory (Bielefeld, Germany). The gel electro-
phoresis materials and gel red solution were acquired from Bio-Rad
(Madrid, Spain). DNase I, sodium dodecyl sulfate (SDS), squalene, Nile
Red and PBS were purchased from Sigma-Aldrich (Madrid, Spain), and
dichloromethane was purchased from Panreac (Barcelona, Spain).
AlexaFluor488-Cholera toxin and AlexaFluor488-Transferrin were pro-
vided by Molecular Probes (Barcelona, Spain), and Fluoromont G from
SouthernBiotech (Coultek, Spain). Opti-MEM® reduced medium, anti-
biotic/antimicotic solution and Lipofectamine™ 2000 were acquired
from Invitrogen (San Diego, California, US). Polysorbate 80 (Tween
80) was provided by Vencaser (Bilbao, Spain). The BD Viaprobe kit
was obtained from BD Biosciences (Belgium).

2.2. Production of cationic niosomes

The cationic lipid was synthesized by modifying slightly the experi-
mental protocol described previously [21]. Once the cationic lipid was
synthesized, we elaborated the niosomes by the solvent emulsifica-
tion–evaporation technique. Resulted cationic lipid was dissolved in
1 ml of the organic solvent dichloromethane (0.5%, w/v) containing
squalene, and then emulsified in 5 ml of an aqueous phase with poly-
sorbate 80. Different concentrations of squalene (v/v, in the organic
phase) and polysorbate 80 (w/v, in the aqueous phase) were used.
The emulsion was obtained by sonication (Branson Sonifier 250,
Danbury) for 30 s at 50 W. The organic solvent was removed from
the emulsion by evaporation under magnetic agitation for 4 h. Upon di-
chloromethane evaporation a dispersion containing the nanoparticles
was formed by precipitation of the cationic nanoparticles in the aqueous
medium.
2.3. Size, PDI and zeta potential measurements

The hydrodynamic diameter and the PDI were determined by dy-
namic light scattering (DLS), and the superficial charge by laser Doppler
velocimetry (LDV) on a Zetasizer Nano ZS (Malvern Instruments, UK).
Samples were diluted in NaCl 0.1 mM Milli-Q water, and the particle
size, reported as hydrodynamic diameter, was obtained by cumulative
analysis. All measurements were carried out in triplicate.
2.4. Preparation of cationic niosome/DNA lipoplexes

An appropriate volume of a pCMS-EGFP plasmid 0.5 mg/ml stock
solution was added under gentle vortexing to different volumes of the
cationic niosome suspension to get different cationic lipid/DNA ratios
(w/w). Lipoplexes were incubated for 30 min at room temperature be-
fore use to enhance electrostatic interactions.
2.5. Morphology of cationic niosome/DNA lipoplexes

The morphology of the resulted lipoplexes was assessed by Trans-
mission ElectronMicroscopy (TEM). Briefly, 5 μl of each samplewas ad-
hered onto glow discharged carbon coated grids for 60 s. Remaining
liquid was removed by blotting on paper filter and stained with 2% ura-
nyl acetate for 60 s. Samples were visualized under the microscope,
Tecnai G2 20 Twin (FEI, Eindhoven, The Netherlands), operating at an
accelerating voltage of 200 keV in a bright-field imagemode. Digital im-
ages were acquired with an Olympus SIS Morada digital camera.
2.6. DNase I protection and SDS-induced release of DNA from lipoplexes

Naked DNA or lipoplexes samples (20 μl, containing 200 ng of the
plasmid) were subjected to electrophoresis on an agarose gel (0.8%w/v)
containing gel red staining. The gel was immersed in a Tris–acetate–
EDTA buffer and exposed for 30 min to 120 V. Bands were observed
under a digital, ChemiDoc MP Imaging System (Bio-Rad, Madrid,
Spain). To analyze the release of DNA from the formulation, 20 μl of a
2% SDS solution was added to the samples. Protection capacity of the
lipoplexes against enzymatic digestion was studied after adding DNase
I (final concentration 1 U DNase I/2.5 μg DNA). Afterwards, the mixtures
were incubated at 37 °C for 30 min. Finally, 2% SDS solutionwas added to
releaseDNA from lipoplexes. The integrity of theDNA in each samplewas
compared with untreated DNA.
2.7. Cell culture and transfection protocol

HEK-293 and ARPE-19 cells were seeded in 24-well plates at an ini-
tial density of 15 × 104 and 7.5 × 104 cells/well, with 1 ml EMEM con-
taining 10% horse serum and with 1 ml D-MEM/F-12 containing 10%
fetal bovine serum, respectively. Then, at a confluence level of 70–80%,
the media was removed and cells were exposed to different cationic
lipid/DNA ratio (w/w) lipoplexes (1.25 μg DNA) diluted in serum-free
Opti-MEM® solution for 4 h at 37 °C. Following the incubation time,
the medium was refreshed with 1 ml of complete medium and cells
were allowed to grow for further 72 h until fluorescence microscopy
and flow cytometry analysis to determine transfection efficiency and
cell viability [10]. Experiments with Lipofectamine™ 2000 (positive
control) were prepared following the manufacturer's protocol.



Table 1
Composition and physicochemical characterization of niosome formulations. Mean (SD:
standard deviation) (n = 3). The cationic lipid 2,3-di(tetradecyloxy)propan-1-amine
was dissolved in the organic phase (0.5%, w/v) in all formulations. Lipoplexes
characterization: Size, zeta potential and morphology.

Squalene
(%, v/v)

Polysorbate 80
(%, w/v)

Size
(nm)

Polydispersity
index

Zeta potential
(mV)

1 1 151.33 ± 4.41 0.565 ± 0.06 42.46 ± 2.23
1 0.5 280.61 ± 6.53 0.656 ± 0.02 53.60 ± 6.33
2 1 161.70 ± 0.43 0.321 ± 0.02 51.26 ± 4.18
2 0.5 257.83 ± 0.70 0.230 ± 0.01 53.53 ± 0.83
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2.8. Internalization mechanism

The endocytosis mechanisms were evaluated qualitatively
by colocalization studies with Nile Red-labeled lipoplexes and
AlexaFluor488-Cholera Toxin (10 μg/ml) or AlexaFluor488-Transferrin
(50 μg/ml), which are markers of caveolae raft-mediated endocytosis
and clathrin-mediated endocytosis, respectively. To elaborate on Nile
Red-labeled niosomes, the Nile Red dye (0.25%, w/v) incorporated into
the dichloromethane phase employed to prepare the niosomes by the
previously described emulsification–evaporation technique. Briefly,
cells at the appropriate density were seeded in 24-well coverslips con-
taining plates and co-incubated with Nile Red-labeled lipoplexes and
either AlexaFluor488-Cholera Toxin or AlexaFluor488-Transferrin for
2 h. Next, the medium containing lipoplexes was removed and cells
were washed twice with PBS, fixed with a 4% paraformaldehyde solu-
tion and nuclei were labeled with Hoechst 33342. Preparations were
mounted on Fluormount G and visualized with an Olympus Fluoview
500 confocal microscopy under sequential acquisition to avoid overlap
of fluorescent emission spectra.

2.9. In vivo studies in rats

Adult male Sprague–Dawley rats (6–7 weeks old, 150–200 g
weight) were used as experimental animals. All experimental proce-
dures were carried out in accordance with the Spanish and European
Union regulations for the use of animals in research and the Association
for Research in Vision andOphthalmology (ARVO) statement for the use
of animals in ophthalmic and vision research and supervised by the
Miguel Hernandez University Standing Committee for Animal Use in
Laboratory. The surgical procedures used for the administration of the
vectors in the retina have been described elsewhere [9,10].

2.10. Intravitreal and subretinal injections

The animals (n = 3) received through intravitreal or subretinal
route a 4 μl suspension based on cationic niosomes/DNA lipoplexes con-
taining 100 ng of the plasmid. Injections were performed under an
Fig. 1. Lipoplexes characterization. A) Effect of cationic lipid/DNA ratio (w/w) on zeta potential
original magnification 31.000× and 88.000× respectively.
operating microscope (Zeiss OPMI® pico; Carl Zeiss Meditec GmbH,
Jena, Germany) with the aid of a Hamilton microsyringe (Hamilton
Co., Reno, NV). A bent 34-gauge needle was used to inject into the vitre-
ous of the left eye, immediately adjacent to the ora serrata without
touching the lens. To deliver the lipoplexes into the subretinal space
the needle was passed through the sclerotomy 2 mm posterior to ora
serrata and in a tangential direction toward the posterior retinal pole
along the subretinal space. Successful administration was confirmed
by the appearance of a partial retinal detachment by direct ophthalmos-
copy of the eye fundus. The untreated right eye served as a control.
Three days post-injection, the rats were sacrificed and perfused with
0.9% saline followed by 4% paraformaldehyde in 0.1 Mphosphate buffer
(pH 7.2–7.4) at 4 °C.

2.11. EGFP immunostaining

Protein expression was evaluated in sagittal sections of the retina.
Briefly, both eyeswere enucleated, and the anterior segments, including
the lens, were removed. Posterior eyecups were fixed as described
above. Samples were then immersed in a graded series of sucrose solu-
tions, 15%, 20% and 30% in PBS overnight at 4 °C for cryoprotection. Eye-
cups were embedded and oriented in optimal cutting temperature
(O.C.T.™) compound (Tissue-Tek®; Sakura Finetek Europe B.V., Alphen
and den Rijn, The Netherlands) and frozen in 2-methylbutane cooled in
liquid nitrogen at −60 °C. Radial sections (16 μm) were cut with a
cryostat (HM 550; Microm International GmbH, Walldorf, Germany),
mounted on SuperFrost® Plus microscope slides (VWR International
BVBA, Leuven, Belgium). Prior to immunostaining, the frozen sections
were blocked through non-specific staining with 10% normal donkey
serum for 1 h with 0.5% Triton X-100 and then incubated overnight at
room temperature with combinations of the primary antibodies:
Chicken anti-GFP (Invitrogen), mouse anti-PKC (Santa Cruz Biotechnol-
ogy), rabbit anti-NeuN (Millipore), goat anti-Vimentin (Santa Cruz Bio-
technology), and rabbit anti-Parvalbumin (Calbiochem). The primary
antibody was visualized using Alexa Fluor 488, Alexa Fluor 555, and
Alexa Fluor 633-conjugated secondary antibodies (Molecular Probes).
Immunofluorescence and EGFP expression were evaluated using a
Leica TCS SPE spectral confocal microscope (Leica Microsystems
GmbH, Wetzlar, Germany). Images were processed, montaged and
composed digitally using ImageJ (National Institutes of Health, Bethesda,
MD) and Adobe® Photoshop® CS5.1 (Adobe Systems Inc., San Jose, CA)
software.

2.12. Statistical analysis

Statistical analysis was completed with the InStat program
(GraphPad Software, San Diego, CA, USA). Differences between groups
at significance levels of 95% were calculated by the Student's t test.
In all cases, P values b 0.05 were regarded as significant. Normal
and size (mean ± SD, n = 3). B, C and D) TEM images of lipoplexes at 15/1 charge ratio,



Fig. 2. Binding, protection, and SDS-induced release of DNA from niosomes at different cationic lipid/DNA ratios (w/w) visualized by agarose electrophoresis. Lanes 1–3 correspond to free
DNA; lanes 4–6, cationic lipid/DNA 5/1; lanes 7–9, cationic lipid/DNA 10/1; lanes 10–12, cationic lipid/DNA 15/1; lanes 13–15, cationic lipid/DNA 20/1. Lipoplexes were treated with SDS
(lanes 2, 5, 8, 11 and 14) and DNase I + SDS (lanes 3, 6, 9, and 15). OC: open circular form, SC: supercoiled form.
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distribution of samples was assessed by the Kolmogorov–Smirnov test,
and the homogeneity of the variance by the Levene test. Data were pre-
sented as mean ± SD, unless stated otherwise.

3. Results

3.1. Composition and physicochemical characterization of
cationic niosomes

Table 1 summarizes particle size, PDI and zeta potential of niosomes
composed of cationic lipid 2,3-di(tetradecyloxy)propan-1-amine (0.5%,
w/v), combinedwith different amounts of squalene and polysorbate 80.
All formulation varied in size, PDI and zeta potential depending on the
Fig. 3. Transfection efficiency and cell viability of lipoplexes in ARPE-19 and HEK-293 culture c
positive cells (bars) and the viability (lines) at different cationic lipid/DNA ratios (w/w). Transfe
n = 3 (#P b 0.05 relative to Lipofectamine™ transfection) (⁎P b 0.05 relative to Lipofectamin
channel) of ARPE-19 and HEK-293 cells transfected with niosomes at different cationic lipid/D
percentage of squalene and polysorbate 80. Squalene percentage in
the formulation did not affect particle size as much as polysorbate 80.
Niosome size only varied from 280 to 257 nm at low polysorbate 80
percentages, and from 151 to 161 nm at high polysorbate 80 percent-
ages, whereas size clearly decreased from 280 to 151 nm and from
257 to 161 at low andhigh polysorbate 80 percentages, respectively. Re-
garding PDI, a clear decrease from 0.65 to 0.23, and from 0.56 to 0.32
was observed when squalene percentage in the formulation increased
at both low and high levels of polysorbate 80 respectively, whereas
only a slight decrease in the PDI value from 0.65 to 0.56 and from 0.32
to 0.23 was observed when polysorbate 80 percentage increased at
low and high values of squalene. The effect of squalene on zeta potential
depended on the polysorbate 80 percentage. At low polysorbate 80
ells at 72 h-post transfection. A) Evaluation by flow cytometry of the percentage of EGFP
ction percentageswere normalized to Lipofectamine™ 2000. Values representmean ± SD,
e™ viability). B) Overlay phase-contrast micrographs with fluorescent illumination (GFP
NA ratios (w/w) and with Lipofectamine™ 2000. Scale bar = 100 μm.

image of Fig.�2
image of Fig.�3
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percentages, zeta potential remains constant at 53 mV, whereas at high
polysorbate 80 percentages, zeta potential increases from 42 to 51 mV
when squalene percentage in the formulation increases.

Cationic niosome–DNA lipoplexes were prepared with niosomes
composed of 2,3-di(tetradecyloxy)propan-1-amine cationic lipid, com-
bined with 2% of squalene and 0.5% of polysorbate 80. As can be ob-
served form Fig. 1A, size and zeta potential values of lipoplexes were
affected by the cationic lipid/DNA ratio (w/w). Particle size ranged
from 215 nm at 1/1 ratio to 310 nm at 2/1 ratio. In all cases, PDI was
below 0.3 (data not shown). Regarding zeta potential, negative values
were obtained at 1/1 and 2/1 ratios (−27 and −12 mV respectively).
The first positive zeta potential value, 1.6, was reached at 5/1 ratio and
Fig. 4.Confocalmicroscopy images showing the intracellular distribution of ARPE-19 andHEK-2
Blue coloring shows cell nuclei stainedwith Hoechst 33258 (A1, B1, C1 and D1), green coloring sh
(B2, C2), and red coloring shows cells incubatedwith Nile Red-labeled niosome–DNA lipoplexes
DNA vectors, Hoechst 33342 and AlexaFluor488-Cholera toxin (A4, C4) or AlexaFluor488-Trans
it increased gradually with the mass ratio until a maximum value of
24 mV, at 20/1 ratio. The morphology of lipoplexes at 15/1 ratio
was assessed by TEM as illustrated in Fig. 1B and C (original magnifica-
tion 31.000× and 88.000× respectively). Under our experimental con-
ditions cationic niosome/DNA lipoplexes exhibited a discrete spherical
morphology.

3.2. Binding, DNaseI protection and SDS-induced release of DNA

Fig. 2 shows the results obtained in the agarose gel electrophoresis
assay. All cationic lipid/DNA ratios were able to bind the DNA, since
intensive bands were observed on wells 4, 7, 10 and 13 which
93 cells. Each image shown on the optical sectionwas representative of the cell population.
ows cells stainedwith AlexaFluor488-Cholera toxin (A2, C2) or AlexaFluor488-Transferrin
(A3, B3, C3 andD3).Merged images show cells coincubatedwith Nile Red-labeled niosome–
ferrin (B4, C4).

image of Fig.�4
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corresponded to 5/1, 10/1, 15/1 and 20/1 ratios respectively. Upon the
addition of SDS, the DNA was successfully released from all formula-
tions, since clear SC (supercoiled) bands were observed on lanes 5, 8,
11 and 14 (5/1, 10/1, 15/1 and 20/1 ratios). SC bands on lanes 6, 9 and
12 revealed that the DNA was protected from enzymatic digestion and
released after the addition of SDS at 5/1, 10/1 and 15/1 ratios. However,
at 20/1 ratio (lane 15), part of the DNA remained on the well and was
not successfully released from the formulation after the treatment
with SDS. No band on lane 3 suggested that free DNA was completely
digested by the enzyme.

3.3. Transfection efficiency and viability in HEK-293 and ARPE-19
culture cells

Fig. 3 represents the transfection efficiency and viability of cationic
niosome/DNA lipoplexes in ARPE-19 and HEK-293 culture cells. As ob-
served on Fig. 3A, the number of transected cells increased gradually
with the mass ratio, both in HEK-293 (white bars) and in ARPE-19
cells (black bars). At all ratios tested, the percentage of transfection
was higher in ARPE-19 cells, which ranged from 40% at 5/1 ratio to a
maximum of 88% at 15/1 ratio (data normalized to Lipofectamine™
2000, 57% of absolute transfection). At this point, we did not find statis-
tical differences in transfection efficiency when compared with
Lipofectamine™ 2000. The percentages of transfection in HEK-293
Fig. 5. In vivo gene expression of EGFP after intravitreal injection of niosome–DNA lipoplexes at 1
Distribution of EGFP-positive cells and partial double-staining colocalization of EGFP. Images sh
kinase C (PKC) (C),withNeuN-positive ganglion cells in theGCL (D) andwith VimentinMüller c
ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner nuclear layer), IPL (Inner p
ranged from 18% to 41% at 5/1 and 15/1 ratios respectively (data nor-
malized to Lipofectamine™ 2000, 68% of absolute transfection). Free
DNA did not transfect neither HEK-293 nor ARPE-19 cells. Regarding
cell viability, Lipofectamine™ 2000 was significantly more toxic
(P b 0.05) to HEK-293 (70% viability) and ARPE-19 (84% viability)
cells than the cationic niosome/DNA lipoplexes at all ratios tested
(Fig. 3A, lines). In ARPE-19 cells, viability was always over 90%, whereas
viability in HEK-293 cells ranged from 84 to 87% at all ratios tested.
Fig. 3B shows pictures of ARPE-19 and HEK-293 cells transfected
with cationic niosome/DNA lipoplexes at different ratios. Under micro-
scopic examination, ARPE-19 and HEK-293 cells revealed a healthy
morphology at all formulations tested.

3.4. Internalization mechanism of Nile Red-labeled lipoplexes

Internalization mechanism in ARPE-19 and HEK-293 cells was stud-
ied by CLSM (Fig. 4). In HEK-293 cells, colocalization of Nile Red
lipoplexes with cholera toxin was higher than with transferrin (merged
pictures in HEK-293 cells); however, in ARPE-19 cells, colocalization of
Nile Red niosomes with transferrin was higher than with cholera toxin
(merged pictures in ARPE-19 cells). These findings indicate that in
ARPE-19 cells, lipoplexes mainly entered by clathrin-mediated endocy-
tosis, whereas HEK-293 cells showed a higher caveolae-dependent
entry.
5/1 cationic lipid/DNA ratio. (A) Schematic drawing of the intravitreal injection. (B, C, D, E)
ow the GFP expression with Parvalbumin in the INL (B), with bipolar cell marker protein
ellmarkers (E). Cell nucleiwere counterstainedwithHoechst 33342 (pseudocolored blue).
lexiform layer), GCL (Ganglion cell layer). Scale bars = 40 μm.

image of Fig.�5
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3.5. In vivo transfection experiments

Significant EGFP expression was detected only in the eyes treat-
ed with cationic niosome–DNA lipoplexes at 15/1 cationic lipid/
DNA ratio after both intravitreal and subretinal administrations
(Figs. 5A, 6A). No gene expression was detected after administra-
tion of the DNA solution (data not shown). The level of protein ex-
pression varied depending on the location of the injection. Thus,
after intravitreal injection (Fig. 5), EGFP expression was found
mainly at the ganglion cell layer (GCL), inner plexiform layer
(IPL) and inner nuclear layer (INL). Some EGFP-positive neurons
in the INL are labeled for Parvalbumin (Fig. 5B) whereas other
Fig. 6. In vivo gene expression of EGFP after subretinal injection of niosome–DNA lipoplexes at 15
fluorescencemicrographsof retinal cross sections showing intense labeling inRPE cells (arrows)
shows some partial coexpressionwith NeuN (C), PKC (D) and Vimentin (E) in the retina. Cell nu
epithelium), ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner nuclear layer)
EGFP cells co-label with PKC-positive bipolar cells (Fig. 5C). We
also found NeuN-positive cells that were EGFP-positive in the
ganglion cell layer (GCL) (Fig. 5D). Double labeling with Vimentin,
a Müller glial cell marker, indicates that many of the EGFP-positive
cells express this glial marker (Fig. 5E).

Similar results were obtained for subretinal injections (Fig. 6)
although in this case EGFP expression was also found in the retinal
pigment epithelium layer (RPE, Fig. 6B). Likewise we observed
EGFP expression in the GCL (Fig. 6C) and there were also EGFP cells
in the INL. Furthermore we also found partial colocalization of
EGFP with the bipolar cell marker PKC (Fig. 6D) and with Vimentin
(Fig. 6E).
/1 cationic lipid/DNA ratio. (A) Schematic drawing of the subretinal injection. (B) Confocal
. (C, D, E)Most EGFP-positive cellswere located in the INL andGCL. Double labeling of EGFP
clei were counterstainedwith Hoechst 33342 (pseudocolored blue). RPE (Retinal pigment
, IPL (Inner plexiform layer), GCL (Ganglion cell layer). Scale bars = 40 μm.
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4. Discussion

Despite the fact that viral vectors have beenwidely used as gene car-
riers for inherited retinopathies [5], relevant safety concerns have gar-
nered the interest of the scientific community to invest on non-viral
gene transfer strategies. However, additional work, including the syn-
thesis of newvectors, is required to improve their transfection efficiency
and viability. Therefore,we elaborated a novel non-viral vector based on
the 2,3-di(tetradecyloxy)propan-1-amine cationic lipid, squalene and
polysorbate 80 for gene delivery to the retina.

The chemical structure of the 2,3-di(tetradecyloxy)propan-1-amine
cationic lipid (see Supplementary data) offers hope for gene delivery
applications [15], since it contains four domains (polar head, non-
polar hydrophobic chains, linker and backbone) that rule the transfec-
tion processes. However, the ether bond of the linker domain is more
toxic to the cells than the counterpart ester bond [22]. To circumvent
this problem, we combined the non ionic surfactant polysorbate 80
with the cationic lipid to form niosomes, since it has been reported
that the presence of polysorbate 80 decreases the proportion of the cat-
ionic lipid in the formulation, which enhances the tolerance of the cells
[23]. In addition, polysorbate 80 acts as an emulsifier creating a steric
barrier that avoids aggregation [19], and the presence of polyethylene
glycol (PEG) chains in its structure improves transfection efficiency of li-
posome formulations [20]. Therefore, polysorbate 80 shows flattering
properties for gene therapy in terms of formulation and transfection ef-
ficiency. In order to enhance the stability and rigidity of the vesicles, we
incorporated squalene into the niosome formulation, insteadof the clas-
sical cholesterol. Squalene, a natural lipid belonging to the terpenoid
family, is a biochemical precursor of cholesterol and other steroids. Un-
like cholesterol, squalene lacks a hydroxyl group. Therefore, we hypoth-
esize that squalene is located in the hydrophobic core of the niosome
bilayer. Although squalene has been extensively used as excipient in
pharmaceutical formulations for disease management and therapy,
very few reports in gene delivery have been published [17].

Since gene transfection mediated by cationic niosomes can be
affected by the concentration of its components, we analyzed the effect
of squalene and polysorbate 80 on the size, PDI and zeta potential of
niosomes. As summarized in Table 1, polysorbate 80 clearly decreased
the particle size, probably due to its intrinsic viscosity [24], while squa-
lene clearly affected the PDI. Squalene has a high interfacial tension
against water, which could explain the decrease of the PDI values ob-
served when used at high concentrations. Regarding zeta potential,
values decreased when the niosomes were formulated at low percent-
ages of squalene and high polysorbate 80 percentages, probably due
to neutral PEG chains of the polysorbate 80 in the bilayer surface. Ac-
cording to the results obtained on Fig. 1, we elaborated on cationic
niosomes based on the 2,3-di(tetradecyloxy)propan-1-amine cationic
lipid (0.5% w/v) polysorbate 80 (0.5%, w/v) and squalene (2%, w/v),
obtaining particles of appropriate size for gene therapy purposes,
257 nm, with low PDI, 0.23, and high zeta potential, 53 mV, to interact
electrostatically whit the negatively charged phosphate groups of the
DNA (Table 1). Once the niosome formulation was characterized in
terms of size, PDI and zeta potential, we formulated lipoplexes with
the pCMS-EGFP plasmid varying the mass ratio between the cationic
lipid and the DNA (w/w ratio).

Lipoplexes characterization data are represented on Fig. 1. It has
been widely reported that uptake and transfection efficiency of
lipoplexes strongly depend on the size of the vectors. Although there
is not a general rule about the optimum particle size of lipoplexes for
gene therapy, it is generally accepted that themass ratio affects the par-
ticle size. In our experimental conditions, particle sizes ranged from
215 nmat 1/1 ratio to 310 nmat 2/1 ratio (Fig. 1A, bars). This increment
in the particle size can be explained by the greater space demanded by
the lipid in the formulation; however, as the proportion of the lipid in-
creases, the DNA is more condensed in the formulation, due to the elec-
trostatic interactions, which could explain the minimal oscillations
observed in the particle size at the rest of the ratio tested. Therefore,
particle size can depend on a delicate balance between the ability of
the cationic lipid to precondense the DNA and the greater space
demanded by itself. Regarding zeta potential, we found a clear relation-
ship between the cationic lipid/DNA ratio and the superficial charge
(Fig. 1A, lines). The positive correlation demonstrates that the cationic
niosomes were able to bind and neutralize the negative charges of the
DNA [25]. Therefore, lipoplexes at ratios above 5/1 may be able to func-
tion as carriers in gene therapy, since it has been widely postulated that
the positively charged lipoplexes can interact electrostatically with the
negatively charged cell surface, inducing early steps of the endocytosis
process [26]. To get a direct evidence of the lipoplexes formation,we ex-
amined lipoplexes at 15/1mass ratio under a TEMmicroscope at differ-
ent magnifications. According to the pictures (Fig. 1C), particle size was
around 370 nm, slightly bigger than the reported by dynamic light scat-
tering (220 nm, Fig. 1A, bars). Such differences in the size of the parti-
cles could be explained by the sample manipulation required to
perform TEM analysis. The well-defined vesicle shapes observed exhib-
ited discrete spherical morphology, indicating that the strategy of
substituting cholesterol with squalene worked reasonably well, pre-
sumably due to the similar parent structure.

The optimal conditions for complex formation were determined
using a gel retardation assay at mass ratios ranging from 5/1 to 20/1
(Fig. 2). The 1/1 and 2/1 ratios were discharged because of the negative
zeta potential (Fig. 1A, lines). The rest of the ratioswere able to complex
and release the DNA, upon the addition of SDS. Regarding the protection
against enzymatic digestion, SC bands observed on lanes 6, 9 and 12 in-
dicate that theDNAwas protected fromenzymatic digestion at 5/1, 10/1
and 15/1 ratios respectively. However, at 20/1 ratio, we did not observe
a clear SC band on lane 15, because part of the DNA was retained in the
well and it was not released from the niosomes upon the addition of
SDS, probably due to the high electrostatic interaction between the cat-
ionic lipid and the DNA. Therefore, we did not check charge ratios over
30, since an optimum balance between DNA complexation and release
from lipoplexes is required for an efficient transfection [25]. Once we
evaluated that our formulations were biotechnologically suitable for
gene therapy purposes, we studied in vitro the transfection efficiency
and cell viability of cationic niosome/DNA lipoplexes at 5/1, 10/1 and
15/1 ratios in a well known model for transfection studies such as the
HEK-293 cells, and in a cell line of the retina more difficult to be
transfected such as the ARPE-19, which plays a major role in retinal dis-
eases associatedwith senescence and dystrophies of the photoreceptors
[27]. The 20/1 ratio was discharged for the in vitro transfection studies
due to the difficulties observed by this formulation to release the DNA
(Fig. 2, lane 15). Data are summarized on Fig. 3. Transfection efficiency
in both cell lines was evaluated at 72 h, since we have observed that
at this time, both cell lines reached the maximum peak of transfection
(data not shown). Transfection efficiency in HEK-293 and ARPE-19
cells increased in proportion to the ratio, reaching the maximum at
15/1. At this point, there were no significant differences in transfection
efficiency between ARPE-19 cells treated with niosomes and with
Lipofectamine™ 2000 (Fig. 3A, bars). Additionally, at all ratios tested,
transfection in ARPE-19 cells was higher than in HEK-293. These prom-
isingdata reveal the suitability of this formulation to transfect efficiently
retinal cells. Therefore, it could be an interesting alternative to Lipofec-
tamine, since some authors have reported damage on the retina associ-
ated to the in vivo administration of Lipofectamine in the eye [28].
However, not always may exits in vitro–in vivo correlation, mainly
due to physical barriers [29]. Therefore, aditional in vivo studies are re-
quired to comfirm in vitro results. Regarding toxicity (commonly asso-
ciated with the induction of apoptosis), cationic lipid/DNA lipoplexes
were well tolerated by the cells at all ratios tested, resulting in viability
percentages higher than Lipofectamine™ 2000 both in ARPE-19 and
HEK-293 cells (Fig. 3, lines). Interestingly, viability in ARPE-19 was su-
perior when compared to HEK-293 cells at all ratios tested. Therefore
our in vitro results reveal that lipoplexes transfected efficiently ARPE-
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19 cells, without compromising the viability of the cells at the doses
evaluated. Based on the in vitro transfection results, we decided to
study the cellular uptake of the lipoplexes in order to explain the differ-
ences observed in the transfection efficiency between both cell lines,
since this process is highly cell-dependent and clearly affects the trans-
fection efficiency [30]. However, we found that lipoplexes entered effi-
ciently in both cell lines since the first hour in contact with the
formulations (data not shown). Probably, the high zeta potential value
of the lipoplexes (22.5 mV) and the lipophilicity of the formulation con-
tributed to the efficient uptake. Considering these results, we hypothe-
sized that transfection differences observed between both cell lines
could not be attributed to differences into the cellular uptake efficiency,
but to the internalization mechanism.

Since transfection efficiency is highly determined by the endocytosis
mechanism [31], which is highly cell line dependent, we performed
CLSM studies in both cell lines with Nile Red-labeled cationic niosome/
DNA lipoplexes andmarkers for two of themost employed pathways in-
volved in the endocytosis processes of lipoplexes, such as the caveolae
and the clathrin-mediated endocytosis [32]. Results are presented in
Fig. 4. According to CLSM images, lipoplexes mainly colocalized with
transferrin marker in ARPE-19 cells, whereas in HEK-293 cells,
colocalization was mainly observed with cholera-toxin. These finding
suggest that clathrin-mediated endocytosis is the main entry mecha-
nism in ARPE-19 cells, whereas in HEK-293 cells, lipoplexes entered as
observed in gene expression between both cell lines. However, other
endocytosis mechanisms such as phagocytosis, macropinocytosis or
clathrin/caveolae-independent endocytosis could be involved in the
entry of the lipoplexes [31].

It is generally accepted that caveolae uptake is advantageous over
clathrin in terms of DNA delivery, since it avoids lysosomal degradation
[33]. However, formulations that enter via caveolae need to escape from
caveosome in order to transfect efficiently. Likewise, the lack of lyso-
somal activity in the caveosome could hamper the release of the DNA
from the niosome formulation, which could explain, in part, the low
transfection efficiency observed in HEK-293 cells [34]. Regarding the
clathrin-mediatedpathway, one of the best characterized types of endo-
cytosis [35], it has been described as the main pathway for cationic
lipid-based systems [36]. Genes that are internalized through clathrin-
mediated endocytosis are usually trapped in endosomes, which fuse
with lysosomes resulting in a degradation of the content [37]. Therefore,
a timely release of theDNA from the endosome is necessary in this path-
way to get efficient gene expression [38]. The incorporation of co-lipids
such as DOPE or cholesterol in lipidic formulation enhances the
endosomal escape, and therefore the gene expression. Upon certain cir-
cumstances these helper lipids promote Lα–HII transition (lamellar to
inverse hexagonal phase transition), which enhances the release of
nucleic acids across endosomes into the cytoplasm, resulting in high
transfection efficiencies [39]. Interestingly, it has been recently shown
that coupling squalene to gemcitabine results in nanoassemblies with
inverse hexagonal structure [40]. Therefore, we hypothesize that
squalene (a precursor of the cholesterol synthesis) could enhance
endosomal escape of the plasmid, resulting in high levels of gene ex-
pression in ARPE-19 cells. Additional cryo-TEM or small-angle X-ray
scattering (SAXS) studieswould be required to determine the supramo-
lecular structures of our lipoplexes, in order to validate our hypothesis.
Since the internalizationmechanism is highly dependent on the compo-
sition of the formulations, knowledge on this topic can be helpful to de-
sign more efficient non-viral vectors for gene therapy purposes.

We carried out a further preliminary in vivo study based on the low
toxicity and the high percentage of ARPE-19 cells transfected with the
niosome formulation to assess whether the vectors were able to trans-
fect the rat retinas after intravitreal (Fig. 5) and subretinal injections
(Fig. 6). These routes are the most effective ways to deliver material to
the posterior segment of the eye, and are clinically viable options [41].
Our results show that both routes were successful to target cells at the
GCL and INL. In addition, the subretinal injection was also able to
transfect RPE cells. Mutations in genes specific to photoreceptors or
RPE cells can result in many inherited retinal diseases [2]. To date, mu-
tations in over 200 genes have been associatedwith genetic disorders of
the retina such as retinitis pigmentosa or Leber congenital amaurosis
(http://www.sph.uth.tmc.edu/RetNet). Therefore, transfection at this
level of the retina is highly desirable for therapeutic purposes [42].
However, possible complications related with this route, such as retinal
detachment, often dissuade its clinical application. Likewise, the effect
of subretinal injection is generally localized around the injection site, al-
though we found pretty diffusion to the inner layers of the retina
(Fig. 6C, D and E). By contrast, intravitreal injection is a safer technique
and is more widely used in the clinical practice. Generally, intravitreal
injections deliver the genetic material to a larger retinal surface [43].
We found a good and uniformly distributed response in the inner layers
of the retina when intravitreal injection was employed (Fig. 5), which
suggests a partial diffusion of the lipoplexes through the inner layer of
the retina; enhanced probably, by the ability of the PEG chains of the
polysorbate 80 structure to prevent aggregations due to interaction
with fibrillar structures in the vitreous [29]. However, we did not target
the outer retina by intravitreal injections, which is one of the greatest
challenges demanded for non-viral vectors. Transfection at the inner
layers of the retina could be interesting to treat some genetic patholo-
gies of the retina such as glaucoma [44], a progressive optic neuropathy
that affects retinal ganglion cells.

Since long term transgene expression is integral to the success of any
gene therapy intervention, we evaluated the expression of the gene 7
and 28 days after the subretinal and intravitreal injections in rat retinas
(Figs. 7 and 8, see Supplementary data). 7 days after intravitreal injec-
tion, EGFP expression was mainly localized in the ganglion cell layer
(GCL), as observed in Fig. 7A. Regarding subretinal injection (Fig. 7B),
transfection was mainly observed in the retinal pigment epithelium
layer (RPE) 7 days after the injection. Likewise, EGFP was observed in
both the outer and inner nuclear layers and in some retinal ganglion
cells (RGC) close to the site of injection. At 28 days (Fig. 8), we still
found many transfected cells in the RPE after subretinal injection
(Fig. 8A, B). Regarding intravitreal injection, transfection efficiency
was maintained in the internal layers of the retina 28 days after the in-
jection, as observed in Fig. 8C and D.

These preliminary results offer reasonable hope, since long-term ex-
pression is an important handicap that non-viral approaches need to
overcome in order to translate retinal gene therapy approaches from an-
imal research into clinical trials [45]. In addition, differences in anatomy,
physiology, development and biological phenomena between rats and
human should be considered when correlating results of any research
where time is a crucial factor. For instance, it has been estimated that
one lived day for rats is comparable to 30 lived days for humans [46]. As
transgene expression duration depends of many factors, which are relat-
ed not only with the formulation design, but also with the vector design
[1], additional work will be required to address this mandatory issue.

To further determine whether exposure to lipoplexes had any infla-
tion effect on the vitreous after subretinal injection, a more invasive
route than intravitreal, we performed an analysis of the eye fundus
28 days after the subretinal injection, since it has been shown that
this amount of time is sufficient for full functional recovery from any
possible retinal detachment due to injection procedures [47]. As
showed in Fig. 8 (Supplementary data), we did not observe any retinal
detachment nor signs of retinal pathology in the fundus image of the
retina. Therefore, the lack of inflammation in the vitreous along with
the positive gene expression profile suggests that our formulation may
be an interesting approach for targeting inherited retinal diseases.

5. Conclusions

In this study we have elaborated and characterized a safe and
easy way to prepare niosome formulation based on the cationic lipid
2,3-di(tetradecyloxy)propan-1-amine, combined with squalene and

http://www.sph.uth.tmc.edu/RetNet
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polysorbate 80, to transfect efficiently the retina. Targeted cells strongly
depended on the administration route. Whereas subretinal injections
transfected mainly the RPE layer; the intravitreal injection transfected
a broad surface in the inner layers of the retina. Although this prelimi-
nary study offers hope to deliver genetic material to the retina by a
safe non-viral vector formulation, additional work would be required
to target the outer retina by the much safer intravitreal instead of the
subretinal injections, in order to translate preclinical results in animals
to real patients.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2013.11.004.
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