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Background: Gene therapy can be an intriguing therapeutic option in wide-ranging neurological
disorders. Though nonviral gene carriers represent a safer delivery system to their viral counter-
parts, a thorough design of such vehicles is crucial to enhance their transfection properties.
Purpose: This study evaluated the effects of combined use of two nonionic surfactants, polox-
amer 188 (P) and polysorbate 80 (P80) into nanovesicles —based on 2,3-di(tetradecyloxy)propan-
1-amine cationic lipid (D) — destined for gene delivery to central nervous system cells.
Methods: Niosome formulations without and with poloxamer 188 (DP80 and DPP80, respec-
tively) were prepared by the reverse-phase evaporation technique and characterized in terms of
size, surface charge, and morphology. After the addition of pPCMS-EGFP plasmid, the binding
efficiency to the niosomes was evaluated in agarose gel electrophoresis assays. Additionally,
transfection efficiency of complexes was also evaluated in in vitro and in vivo conditions.
Results: In vitro experiments on NT2 cells revealed that the complexes based on a surfactant
combination (DPP80) enhanced cellular uptake and viability when compared with the DP80
counterparts. Interestingly, DPP80 complexes showed protein expression in glial cells after
administration into the cerebral cortices of rats.

Conclusion: These data provide new insights for glia-centered approach for gene therapy of ner-
vous system disorders using cationic nanovesicles, where nonionic surfactants play a pivotal role.
Keywords: gene therapy, nonviral gene vectors, poloxamer 188, niosomes, cationic lipids

Background

The genetic base of many central nervous system (CNS) diseases along with the recent
advances in the nanotechnology fields makes gene therapy an attractive therapeutic
option.! Gene therapy can improve the quality of life in patients with major brain
diseases, including Parkinson, Alzheimer, or epilepsy.** Successful delivery of DNA—
vector hybrids that can correct such CNS disorders was probed.>”’ Although many
phase-I clinical trials of CNS gene therapy are documented, only a few have reached
phase-I1.> Such modest improvement is due mainly to the lack of optimal vehicles
able to deliver the genetic material in an efficient way.?

Being easier in large-scale production with lower production cost, non-immunogenic
and non-oncogenic, nonviral approach offers several advantages in delivering pDNA and
siRNA.>!® However, their main drawback is the lower transfection efficiency compared
with virus-based vectors.!! Therefore, further research in the design of such formulations
is necessary before they become a realistic medical option to treat CNS disorders.

Among the different available gene delivery systems such as liposomes or micelles,
niosomes have attracted a great amount of attention.'?
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Nonionic surfactant lipid vesicles, such as niosomes, are
synthetic vesicles with high drug-delivery potential.'* Nio-
somes can deliver both water- and lipid-soluble molecules.
In addition, and depending on their chemical structure, they
can also control the release of such molecules.'* However,
niosomes are more stable and cheaper systems, compared
with liposomes."”> Among several factors, the nonionic
surfactants are known to provide stability to the formulation.
Other components, such as cationic lipids, can interact with
negatively charged genetic material to form niocomplexes,
in gene delivery context.!'6!”

Recently, some encouraging results have been obtained
with niosomes based on the hydrochloride salt of the cationic
lipid 2,3-di(tetradecyloxy)propan-1-amine (DTPA-CI) and
polysorbate 80 (P80) nonionic surfactant to transfect retinal
cells.' DTPA-Cl is a fairly water-soluble lipid that can effi-
ciently condense DNA. In addition, other cationic niosome
formulations have been able to transfect neuronal cells after
intracranial administration in the brain of rats.'® Considering
such results, we explored the impact of adding poloxamer
188 nonionic surfactant (P) to niosomes that contained the
hydrochloride salt of cationic lipid DTPA (D) and P80 to
obtain two kind of niosomes, with only one surfactant (DP80
formulation) or with a mixture of them (DPP80 formulation).
Previous studies showed that poloxamer 188, a biocompat-
ible copolymer, could be well tolerated by cells.!* Moreover,
P has been successfully used in several gene-delivery studies

wHx+y+z=20

when combined with different lipid components.?*?' In addi-
tion, other reports in the literature highlight the advantage
of combining two surfactants in the same formulation.??%
Particle size, polydispersity index (PDI), and zeta potential
(ZP) of both niosomes were analyzed for comparison pur-
poses. When the pCMS-EGFP plasmid was added at different
cationic lipid/DNA ratios (w/w), the resulted nioplexes were
physicochemically analyzed. In vitro experiments were per-
formed to evaluate the behavior of both vectors in NT2 cells
regarding their cellular uptake, protein expression efficiency,
and cell viability. Afterwards, the formulation that showed
better results was administered to primary neuronal culture,
and then, into rat cerebral cortex in order to evaluate protein
expression in in vivo conditions.

Methods

Elaboration of cationic niosomes

The hydrochloride salt of the cationic lipid DTPA-CI was
synthesized as indicated in previous work.?* Once the cationic
lipid (D) was produced, it was used to elaborate niosomes
that were elaborated by modified reverse-phase evaporation
technique.” An amount of 5 mg of D was dissolved in 1 mL
of dichloromethane organic solvent, and sonicated in 5 mL
of surfactant (either P80 alone or equal weights of both P and
P80). The details of chemical structure of each component
of the niosome formulations are represented in Figure 1. The
emulsions were obtained after a sonication process (Branson
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Figure | Chemical structure of: (A) polysorbate 80, (B) poloxamer 188, and (C) cationic lipid DTPA.

Abbreviation: DTPA, 2,3-di(tetradecyloxy)propan- | -amine.
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Sonifier 250%; Branson Ultrasonics Corporation, Danbury,
CT, USA) at 45 W for 30 seconds. When dichloromethane
was evaporated, dispersions of niosome vesicles were
obtained in the aqueous phase. Then, niosome formulations
were named as DP80 and DPP80 both of them containing
DTPA-CI (D) cationic lipid and P80 or P+P80 as nonionic
surfactants at a cationic lipid/nonionic surfactant ratio of
1/5 (Table 1).

Plasmid propagation and elaboration

of complexes

The pCMS-EGFP plasmid (5,541 bp; PlasmidFactory,
Bielefeld, Germany), was propagated, as previously
described.'* Nioplexes were obtained after mixing a stock
solution of pCMS-EGFP plasmids (0.5 mg/mL) with differ-
ent volumes of suspensions where niosomes were dispersed
(1 mg cationic lipid/mL) to obtain nioplexes at different
cationic lipid/DNA ratios (w/w).

Physicochemical analysis of niosomes and

complexes

The particle size, superficial charge (ZP), and morphology of
lipid formulations were analyzed as described previously.?*%
To evaluate the interactions between the niosomes and the
genetic material, an agarose gel electrophoresis assay was
performed.*

In vitro transfection in NT2 cells

NT2 cells (ATCC®CRL, 1973) were cultivated and pro-
cessed as previously described.?” Cells were exposed to
complexes (1.25 ug of pPCMS-EGFP/well). After 4 hours of
incubation, transfection medium was removed and refreshed
with complete medium. Cells were allowed to grow for
24 hours until being analyzed by fluorescence microscopy
(EclipseTE2000-S; Nikon Instruments, Melville, NY, USA)
and flow cytometry (FACSCalibur; BD, San Jose, CA, USA)
as described previously.'* Positive control (Lipofectamine®
2000 [L2K], Gibco®; Life Technologies S.A., Madrid, Spain)
was prepared following the manufacturer’s protocol.

Cellular uptake and intracellular

disposition of complexes
NT2 cells were cultured as previously mentioned in Section
“In vitro transfection in NT2 cells.” After 4 hours of incuba-
tion with complexes, the transfection medium was removed
and cells were washed thoroughly with PBS, trypsinized, and
analyzed by FACSCalibur flow cytometer to evaluate cellular
uptake. In total, 10,000 events were collected and analyzed
for each sample. Each sample was analyzed in triplicate.
The intracellular distributions of the complexes were ana-
lyzed by confocal laser scanning microscopy (CLSM, Olym-
pus Fluoview 500). Specific fluorescence-labeled commercial
reagents were used to evaluate co-localization with Fluorescein
isothiocyanate (FITC)-pCMS-EGFP plasmid by Mander’s co-
localization coefficient (M) as previously reported.”’

Primary cortical neuron culture

Experimental procedures for in vitro isolation and culture
of primary cortex cells were carried out according to the
directive 2010/63/EU of the European Parliament and of
the Council, and the RD 53/2013 Spanish regulation on the
protection of animals use for scientific purposes. Addition-
ally, all procedures were approved by the Miguel Hernandez
University Committee for Animal Use in Laboratory. Dis-
sociated cultures of primary cortical neurons were obtained
from E17-E18 rat embryos (Sprague—Dawley) and preserved
in Hanks’ Balanced Salt Solution during extraction. Then,
trypsin was added to the medium and incubated at 37°C for
chemical dissociation. Subsequently, the tissue was dis-
sociated in neurobasal medium/FBS and cell density was
determined using a hemocytometer. Cells were seeded on
glass coverslips following the same transfection protocol
previously described for cellular uptake and trafficking stud-
ies. Then, the samples were incubated overnight at 4°C with
the primary antibodies and rabbit anti-glial fibrillary acidic
protein (GFAP) (1:300), as a marker of glial cells and mouse
anti-GFP (1:100) diluted in PBS containing TritonX100
(0.5%). Later, coverslips were washed in PBS and incubated
for 1 hour with specific Alexa Fluor 555 and Alexa Fluor 488
conjugated secondary antibodies (Thermo Fisher Scientific,

Table I Components (in mg) and physical characterization of niosome formulations regarding particle size (nm), PDI, and zeta

potential (mV)

Niosomes Components (mg) Characterization
DTPA Poloxamer 188 Polysorbate 80 Size PDI Zeta potential
(D) (P) (P80) (nm) (mV)
DP80 5 - 25 54.02+0.94 0.5240.10 41.917.10
DPP80 5 12.5 12.5 90.41+0.65 0.424+0.01 44.1+4.39

Note: Data represent meantSD (n=3).

Abbreviations: DTPA, 2,3-di(tetradecyloxy)propan- | -amine; PDI, polydispersity index.
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Madrid, Spain). Hoechst 33342 was used to label the nuclei.
Finally, coverslips were mounted for imaging and analyzed
with a Leica TCS SPE fluorescence microscope.

In vivo studies in rat brain

Adult male Sprague—Dawley rats were used for in vivo
experiments. All procedures were carried out in accordance
with the Spanish and European Union regulations for the
use of animals in research and supervised by the Miguel
Hernandez University Standing Committee for Animal Use
in Laboratory. Pretreatment of rats and injection of the com-
plexes were performed as previously reported.'

Analysis of protein expression in brain
About 72 hours after surgery, animals were sacrificed and
perfusion with PBS followed by paraformaldehyde (4%) was
performed for fixation. Then, rat brains were preserved in
paraformaldehyde (4%) and cryoprotected in sucrose solution
(30%) with PBS before slicing. A cryostat (HM 550; Microm
International GmbH, Walldorf, Germany) was used to obtain
slices of 20 um from coronal frozen sections close to the
area of injection. Next, slices were mounted for immunohis-
tochemistry analysis with rabbit anti-NeuN (1:100) to label
neurons and with mouse anti-GFP (1:100) diluted in PBS
containing TritonX100 (0.5%) and incubated at 4°C over-
night. Thereafter, slices were washed in PBS and incubated
for 1 hour in dark with specific Alexa Fluor 555 and Alexa
Fluor 488 conjugated secondary antibodies for visualization.
Nuclei were counterstained with Hoechst 3334218

Statistical analysis

Statistical differences between groups at significance
levels of >95% were calculated by ANOVA and Student’s
t-test. In all cases, P-values <0.05 were regarded as sig-
nificant. Normal distribution of samples was assessed by
the Kolmogorov—Smirnov test and the homogeneity of the
variance by the Levene test. Numerical data were presented
as meantSD.

Results
Physicochemical characterization of

niosomes/complexes

Table 1 shows the characterization of both DP80 and DPP80
niosome formulations. The niosomes prepared only with P80
(DP80) had sizes around 54 nm. Interestingly, when equal
weights of both tensioactives, P and P80, were incorporated,
the size obtained was significantly larger (90.4 nm) with a
slight decrease in PDI (0.42, instead of 0.52). Regarding the

surface charge, all niosomes were in the positive territory
ranging from 42 to 44 mV.

Figure 2 summarizes some parameters of DP80 and
DPP80 complexes in terms of size, superficial charge (ZP),
morphology, and plasmid-binding capacity. DPP80 com-
plexes depicted sizes larger than DP80 (P<<0.05), except for
12/1 ratio (where no true difference was noticed, P>0.05). For
both formulations, complexes gradually tended to decrease in
size while ratio increased. In general, values of size/charge
were significantly affected by the DNA incorporated into
these complexes. Starting with the mass ratio of 2/1, the
sizes of DP80 and DPP80 complexes were around 168 and
219 nm, respectively. A gradual reduction was discerned to
become almost 106 and 111 nm at 12/1 ratio. The PDI values
of both nioplexes were around 0.2 (as depicted in Table S1).
Regarding ZP of DP80 complexes (Figure 2A, lines), it started
with negative values at 2/1 and 4/1 ratios (—29 and —14 mV,
respectively) which gradually increased towards the positive
territory to remain around +20 mV. The behavior of DPP80
complexes was different. In this case, all ZP values were posi-
tive. In addition, ZP values increased from 20 mV at 2/1 ratio
to 32.5 mV at 8/1 ratio, then decreased in the last two ratios
(10/1 and 12/1) (Figure 2A). When assessed by cryo-TEM
(Figure 2B), both DP80 and DPP80 complexes at 6/1 (w/w)
ratio appeared as electron-dense particles with a discrete dis-
tribution. Interestingly, DPP80 (Figure 2B3) depicted less ten-
dency to form aggregates compared with DP80 (Figure 2B1).
At a higher magnification (Figure 2B2 and B4), complexes
were mostly elongated with a lamellar morphology (arrows).
Agarose gel electrophoresis assays (Figure 2C) revealed the
capacity of DP80 niosomes to bind efficiently to DNA (lanes
4,7, 10, and 13 that corresponded to 2/1, 4/1, 6/1, and &/1
ratios, respectively). On the other hand, the ability of DPP80
niosomes to capture DNA increased proportionally with the
increase in the ratio (Figure 2C). Upon addition of sodium
dodecyl sulphate (SDS) the DNA bound to the niosomes was
released from all studied complexes. The absence of white
bands in wells 5, 8, 11, and 14 (2/1, 4/1, 6/1, and 8/1 ratios)
confirmed this fact. Interestingly, the supercoiled (SC) bands
observed in lanes 6, 9, 12, and 15 (Figure 2C, lower panel)
confirmed that the plasmid DNA released from the DPP80
niosome formulation was protected from degradation at all
ratios tested. However, DP80-released DNA was not protected
at ratios of 2/1 and 4/1 (Figure 2C, upper panel).

Protein expression and viability studies
Figure 3A shows a peak of 28.8% of transfected cells
when DP80 was used at 6/1 mass ratio. Regarding DPP80
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Figure 2 Characterization of DP80 and DPP80 complexes.

Notes: (A) Particle size (nm) and ZP (mV). The data represent meantSD (n=3). (B 1-B4) Cryo-TEM pictures of nioplexes. Arrows in B2 and B4 point to the multi-lamellar
pattern. (C) Agarose gel electrophoresis assay at different cationic lipid/DNA ratios of DP80 and DPP80 complexes (upper and lower panels, respectively), based on both
formulations. Lanes are shown as: 1-3, uncomplexed DNA; 4-6, mass ratio 2/1; 7-9, mass ratio 4/1; 10—12, mass ratio 6/1; and 1315, mass ratio 8/1. Lanes 2, 5, 8, |1, and
14 depict niocomplexes treated with SDS, while lanes 3, 6, 9, 12, and |5 were treated with DNase +SDS. OC and SC (open circular and supercoiled forms, respectively).

Abbreviations: SDS, sodium dodecyl sulphate; ZP, zeta potential.

formulation, the best transfection percentage (30.1%) was
observed again at 6/1 mass ratio, followed by a gradual
decline. No protein expression was observed on cells when
free “uncomplexed” DNA was analyzed (data not shown).
The viability of transfected cells (Figure 3 A, lines) depicted
a clear negative relationship with the cationic lipid/DNA
mass ratio. DPP80 (dashed line) showed higher cell viability
results compared with DP80 formulation (continuous line) at
all ratios studied, unless at 2/1 ratio, where cell viability was
around 100% in both formulations. At 6/1 ratio, cell viability
value was 85.4%, significantly higher (P<<0.05) than that of
DPS80 at the same 6/1 ratio and Lipofectamine 2000 posi-
tive control (80.4% and 80%, respectively). Figure 3B2-B4
revealed fluorescence overlay and phase-contrast micrographs
of NT2 cells at 24 hours post-transfection of both formula-
tions at 6/1 ratios as well as L2K positive control. In all cases,
NT2 cells retained their normal morphology compared with
the untransfected (control [Ctrl]) cells (Figure 3B1). Mean
fluorescence intensity (MFI) of cells transfected by com-
plexes based on DPP80 niosomes at a ratio of 6/1 had mark-

edly higher values (P<<0.05) compared with those obtained
by complexes based on DP80 niosomes (Figure 3C).

Trafficking studies

Both FITC-labeled complexes were applied at the cationic
lipid/DNA (w/w) mass ratio that depicted the best transfec-
tion percentage (6/1; as shown in Figure 3A). With an uptake
percentage of about 95%, DPP80 complexes exceeded the
other two formulations (DP80 and L2K of 84% and 85%,
respectively). Control cells transfected with DNA alone did
not show any uptake (Figure 4A and B1). However, when
FITC-labeled DP80 and DPP80 complexes were used, some
fluorescence signal within the cytoplasm of most of the cells
in the field was observed, as shown in Figure 4B2 and B3. The
internalization studies of FITC-labeled DPP80 complexes at
6/1 ratio are represented in Figure 4. At 4 hours after incuba-
tion of FITC-labeled complexes with fluorescence markers
of CME ([clathrin mediated endocytosis]; AlexaFluor 546-
Transferrin; Figure 4C1), CvME ([caveolae mediated endo-
cytosis]; AlexaFluor 555-Cholera Toxin; Figure 4C2), MPC
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Figure 3 Transfection studies in NT2 culture cells.
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Notes: (A) Flow cytometry analysis of percentage of cells that express EGFP (bars) and percentage of live cells (lines) at different cationic lipid/DNA ratios (w/w). Values
represent meantSD (n=3). *P<<0.05 compared with DP80 at 6/| and L2K at 2/1. Overlay of fluorescence and DIC pictures of control cells (B1), DP80 at 6/1 (B2), DPP80
at 6/1 (B3), and L2K at 2/| mass ratios (B4). Scale bars=100 um. (C) Mean fluorescence intensity (a.u.).

Abbreviations: a.u., arbitrary unit; Ctrl, control; DIC, digital image correlation; L2K, Lipofectamine® 2000.

([macropinocytosis]; AlexaFluor 594-Dextran; Figure 4C3),
and late endosome/lysosome (LysoTracker Red DND-99;
Figure 4C4), Mander’s M, co-localization coefficient was
0.39, 0.88, 0.75, and 0.81, respectively.

Protein expression in primary cortical
neuron and rat brain

Protein expression was observed in primary cortical cul-
tures of cells transfected with DPP80 complexes at 6/1
ratio (w/w), and is shown in Figure 5A1. In any case, none
of those cells were GFAP** (Figure 5A2). Interestingly,
72 hours after intracortical administration of complexes,
NeuN™¢ (nonneuronal) positive cells with glial morphol-
ogy were observed expressing EGFP in their dendrites

(Figure 5B). Other pictures of brain experimented with
different injections and the corresponding contralateral sec-
tions are shown in Figure S1.

Discussion
Considering the recently shown promising results of cationic
niosomes to transfect stem cells'” and neurons in both brain and
retina,'®?® and the reports on literature that highlights the ben-
efits of combining two surfactants in the same formulation,?>*
we explored in the present manuscript, the impact of combin-
ing P and P80 nonionic surfactants in the same niosome gene-
delivery system based on the cationic lipid DTPA.

Our data showed that a particle was affected depending
on the type of surfactant used (Table 1). The difference in
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Figure 4 Trafficking studies in NT2 culture cells.
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Notes: (A) Flow cytometry measurement of the percentage of cells that captured plasmid labeled with FITC. Error bars represent SD (n=3). *P<<0.05 compared with other
groups. (B1-B3) Fluorescence micrographs with FITC-labeled naked plasmids, and DP80 and DPP80 niocomplexes (at 6/1 mass ratios), respectively (scale bar=25 um).
(C) Confocal micrographs showing intracellular distribution of DPP80 complexes, where plasmid is labeled in green color, and AlexaFluor 546-Transferrin (CI), AlexaFluor
555-Cholera Toxin (C2), AlexaFluor 594-Dextran (C3), and LysoTracker Red DND-99 markers (C4), all in red. Nuclei of cells were stained with DAPI-fluoromount G

(blue) (scale bar=25 pm).

Abbreviations: CME, clathrin mediated endocytosis; CvME, caveolae mediated endocytosis; FITC, fluorescein isothiocyanate; M, Mander’s co-localization coefficient;

MPC, macropinocytosis.

size could be due to the different hydrophilic-lipophilic
balance (HLB) value of surfactant used. P80 (lower HLB
value) gave rise to nanovesicles of smaller sizes.?” However,
the interaction between surfactant(s) and cationic lipid in
niosomes should not be excluded as another influential factor
that could also affect the vesicle size.*

Prior to performing transfection experiments, we char-
acterized complexes at different mass ratios of cationic lipid
and DNA content (Figure 2). There is no general rule in the
scientific community about the optimal size of nonviral vector
particles for gene-delivery applications. In any case, it is clear
that this parameter affects their transfection efficiency,* and
in the case of niosome vesicles, it strongly depends on the
mass ratio between both the cationic lipid and the DNA. As
can be observed in Figure 2A, when DNA was bound to
obtain both DP80 and DPP80 nioplexes at 2/1 ratio, the size

exceeded 150 and 200 nm, respectively. In any case, when
the ratio increased, the size of nioplexes decreased, probably
due to the condensation of DNA plasmid on the surface of
niosome vesicles in a more efficient multi-lamellar pattern
by interaction between opposite charges, as discerned in
the cryo-TEM examination (Figure 2B2 and B4, arrows).
The shape of complexes has a marked effect on their final
performance as a gene-delivery carrier.>” Interestingly, the
lamellar pattern discerned in several complexes is believed
to occur during the process of complex formation. The
complete topological transformation of both lipid and DNA
into complex particles would form string-like aggregates, in
which complexes have a multi-lamellar pattern. The discrete
morphology of complexes at 6/1 mass ratio (Figure 2B)
could be attributed to the moderately positive surface charge
(>20 mV)."* DPP80 complexes had a higher ZP (>30 mV),
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Figure 5 EGFP gene expression in primary neuronal cell cultures (Al and A2). GFAP"* neuroglia (red) and nuclei were stained in blue color with Hoechst 33342 (scale
bars=40 and 20 pm, respectively). (B) In vivo expression green protein (scale bar=40 um).

Note: Nuclei are shown in blue color (Hoechst), while neurons in red (NeuN"™¢).

and thus depicted less aggregates as they tend to repel
each other.*® Another crucial parameter that influences the
transfection process is the electrostatic interactions between
the negatively charged phosphate groups of DNA and the
positively charged amine groups of the cationic niosomes.>
Such parameter was analyzed in agarose gel electrophoresis
assays (Figure 2C). For DPP80 niosomes, all ratios analyzed
released and protected plasmid DNA against degradation.
However, complexes based on DP80 niosomes (Figure 2C,
upper panel) failed clearly to protect the DNA at low cat-
ionic lipid/DNA rates. Despite the fact that DP80 niosomes
condensed and released properly the DNA after the addition
of SDS at all analyzed mass ratios, the protective capacity of
DNA against enzymatic digestion is a mandatory issue for
efficient gene-delivery vectors. We hypothesize that electro-
static interactions between the DP80 niosomes and DNA at
low cationic lipid/DNA ratios (2/1 and 4/1) were efficient to
condense the DNA, but were not strong enough to protect the
DNA,* that might be attributed to the net negative surface
charge of the complexes at the aforementioned ratios.
Afterward, both complexes were evaluated in in vitro
conditions to analyze protein expression and cytotoxic effect
of formulations in NT2 culture cells. This cell line has been

reported to be a promising human cell source for in vivo thera-
peutic application in many CNS disorders.**3¢ Their thera-
peutic importance lies in the fact that, following retinoic acid
treatment, NT2 cells undergo an irreversible commitment to
terminally differentiate into stable post-mitotic neurons, even
long time after transplantation in animal brain.>” Moreover,
NT2-mediated functional recovery in preclinical stroke
models has endorsed their application in clinical trials.*® NT2
cells are stable, easy to cultivate, amenable to scale-up for
cell production, and represent a CNS-like delivery vehicle for
glioblastoma therapy.**** NT2 cells can be differentiated into
both neuronal and glial cells.*! Therefore, these cells represent
an appealing model to evaluate transfection efficiency by
nonviral vectors based on cationic niosomes.

The data of transfection efficiency (Figure 3A) revealed
the impact of the surfactant included in the formulation.
When DP80 was used, the values of transfection started to
increase at the 6/1 mass. Complexes at the lower ratios (2/1
and 4/1) had previously shown an inability to protect DNA
against enzymatic digestion (Figure 2C), which could justify
low transfection efficiencies at these ratios. However, the
incorporation of P in DPP80 formulation markedly enhanced
transfection at the lower ratios (2/1 and 4/1) and maintained
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sufficient transfection at the higher ratios. The addition of P in
DPP80 complexes shifted the ZP (Figure 2A) from negative
to positive values at small mass ratios (2/1 and 4/1), which
would enhance uptake, and thus transfection (Figure 3A).%
Interestingly, DPP80 depicted higher MFI compared with
DP80 at the cationic lipid/DNA mass ratio of 6/1 (maximum
transfection). Actually, one of the most relevant concerns of
gene therapy is to attain enough expression of the protein
to reach physiological levels. Thus, the amount of protein
expression by the transfected cells needs to be also considered
along with the percentage of transfected cells when designing
nonviral vectors for gene-delivery purposes.?

Regarding cell viability, DPP80 niosomes showed less
toxic effect on NT2 cells than DP80 counterpart at all mass
ratios analyzed, being cell viability at 6/1 mass ratio sig-
nificantly superior to that reported by liposome-based L2K
transfection reagent. These promising data encouraged us to
perform further in vivo studies, where not only gene-delivery
efficiency but also cytotoxicity needs to be considered. The
higher cationic lipid/DNA mass ratios resulted in a clear toxic
effect on cells which were more accused in the case of DP80
niosomes, without the increase of transfection efficiency.

The fact that both the type of surfactant and the amount
of such surfactant influence the biological function of nano-
vesicles® could explain the low percentage of transfected
cells and viability results observed when only P (Figure S2)
or P80 (Figure 3A) surfactant was used in niosome formu-
lations (DP and DPS8O0, respectively). Additionally, when
liposome vesicles were elaborated in the absence of any kind
of surfactant (referred to as D; Figure S2), both transfection
efficiency and cell viability values were also lower than the
values obtained with DPP80 niosomes. To analyze more
deeply the complex transfection mechanism of DPP80 com-
plexes in NT2 culture cells, we performed some trafficking
studies to investigate both the cellular uptake of complexes
and the posterior cytoplasmic disposition inside the cells,
since it has been previously reported on the literature that
those parameters could markedly influence the gene-delivery
properties of vectors.!* Cellular uptake values were compared
with DP80 niosomes as well as L2K transfection reagent.
As can be observed in Figure 4A, the uptake of DPP80
complexes exceeded that of their DP80 counterparts that
could be due to their higher surface charge (Figure 2A) or to
more specific interactions of such nioplexes with some lipid
components present on the cell membrane.* Additionally, it
has been reported that variations in the length of surfactant
carbon chains and/or in the number of unsaturated bonds

(inside their carbon chains) can affect the permeability of
nanovesicles across membranes.?’ However, the great differ-
ence observed on DPP80 complexes between cellular uptake
(95%; Figure 4A) and percentage of transfected cells (30%;
Figure 3A) suggests that other biological processes involved
on the transfection process should also be evaluated.*
Therefore, we analyzed as well the endocytosis mechanism
and the co-localization with the late endosome. Despite
the absence of consensus on the most efficient endocytosis
pathway, we analyzed the endocytosis processes mediated
by clathrin, caveolae, and macropinocytosis, which could
affect the fate of internalized complexes.*®

The observed results in Figure 4C suggested that inter-
nalization of DPP80 complexes was mediated, mainly by
caveolae and macropinocytosis. Such endocytosis pathways,
normally, are connected with the lysosomes. In such com-
partments, the acid pH value, normally, degrades the genetic
material, which in turn could reduce the percentage of trans-
fected cells.* Therefore, the co-localization of complexes
with the late endosome/lysosome (Figure 4C4) could explain
why out of 95% of NT2 that captured DPP80 complexes
(Figure 4A), only around 30% of them were successful to
eventually express EGFP (Figure 3).

Next, and before proceeding for in vivo studies in rat
brain, we analyzed the transfection efficiency of DPP80
complexes in primary cortical cultures of rat embryos, where
different kinds of neurons and glial cells are interconnected
to set up complex neuronal—glial networks. Results showed
some positive EGFP cells (Figure 5A1). Next, the lack of
GFAP™* reactivity in immunohistochemical assays confirmed
that such EGFP-positive cells could be neurons (Figure SA2).
After observing these promising results obtained in neurons,
we proceeded to evaluate in rat brain the protein expression
of DPP80 complexes after intracranial injection. We did not
observe any sign of toxicity in the cortical tissue after injec-
tion (data not shown). Unlike the primary culture observa-
tions, the NeuN cells (neuroglia) were the only transfected
cells (Figure 5B). The discrepancies between in vitro and in
vivo assays are widely recognized and could be probably
due to the fundamental difference in the mechanism of gene
delivery in both biological contexts.*

The preference of DPP80 complexes to transfect mainly
glial cells instead of neurons could be explained by the fact
that glial cells have a higher mitotic and phagocytic activity.*
Therefore, transfection process could be enhanced in such
circumstances. By contrast, the lack of protein expres-
sion observed in neurons of rat cortex exposed to DPP80
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complexes could be explained by the particular biological
processes of these kind of cells where both endocytosis and
posterior intracellular disposition are severely hampered.*
Considering these encouraging in vivo results, DPP80 com-
plexes could be used as nonviral vectors to deliver genetic
material into glial cells in the CNS, in order to tackle neuro-
logical disorders that affect these kind of cells.’! Alterations
of glial cells are commonly found in many devastating
neurological disorders such as Alzheimer and Parkinson, to
name just the most relevant ones.’'?

Conclusion

Our results showed that physicochemically character-
ized DPP80 niosomes elaborated with a mixture of both
P and P80 nonionic surfactants were able to transfect
efficiently NT2 cells without compromising their viabil-
ity after cellular uptake mainly mediated by CME and
MPC. Such novel biocompatible nanocarriers were able
to induce in vivo transfection into glial cells of rats
after intracortical administration. Interestingly, DPP80
gene carriers not only represent a promising tool for
direct in vivo transfection, but also for cell-based gene-
delivery applications, since transfected NT2 cells or
their derived neurons could be used as a delivery tool of
therapeutic genes for different neurologic disorders.>**
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Table S| Polydispersity index (PDI) of DP80 and DPP80 niocomplexes at different cationic lipid/DNA mass ratios

Nioplexes 2/1 4/1 6/1 8/1 10/1 12/1
DP80 0.296+0.016 0.222+0.014 0.211+0.013 0.193£0.020 0.229+0.009 0.234+0.012
DPP80 0.208+0.03 | 0.211+0.017 0.230+0.014 0.217+0.003 0.258+0.032 0.202+0.005

Note: Data represent meanSD (n=3).

Figure S1 (A) EGFP expression in rat cortex. Nuclei are shown in blue (Hoechst); scale bar=40 um. (B) Contralateral picture. Nuclei are shown in blue (Hoechst), and
neurons in red (NeuN*™¢); scale bar=40 um.
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Figure S2 (A) Transfection efficiency of D liposomes and DP niosomes in NT2 cells. Percentages of cells that express green protein (bars) and live cells (lines). Values
represent meantSD (n=3). (Bl and B2) Overlay of fluorescence and DIC pictures of NT2 cells with D liposomes (6/1) and DP niosomes (2/1), respectively (scale
bar=100 pum).

Abbreviations: DIC, digital image correlation; T, transfection; V, viability.
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