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Ultrapure oligochitosans have recently been evaluated as a promising tool for corneal gene therapy; how-
ever, there are no reports regarding the potential use of this polymer in other ocular tissues. We have
prepared and characterized at pH 7.1 oligochitosan/pCMS-EGFP polyplexes to evaluate the transfection
efficiency in rat retinas after subretinal and intravitreal administration. Polyplexes were characterized
in terms of shape, size, surface charge, DNA condensation, and transfection efficiency in HEK-293 and
ARPE-19 culture cells. Polyplexes were positively charged, around 10 mV, and size oscillated between
256.5 +56 and 67.3 + 0.44 nm, depending on the nitrogenous/phosphate ratio. Polyplexes efficiently pro-
tected the plasmid against enzymatic digestion. A drastic increase in transfection efficiency was observed
when pH slightly decreased from 7.4 to 7.1 in both HEK-293 (from 19.1% to 51.5%) and ARPE-19 (from
2.0% to 36.5%) cells (data normalized to Lipofectamine™ 2000). In rat retinas, subretinal administrations
transfected cells mainly in the RPE layer, whereas intravitreal injections transfected cells in the inner
nuclear and plexiform layers of the retina and mainly in the ganglion cell layer. This study establishes
the base for future treatments of genetic retinal disorders with low molecular weight oligochitosan
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polyplexes.
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1. Introduction

Gene therapy represents an attractive approach to treat many
inborn or acquired diseases by producing bioactive agents, replac-
ing defective genes or silencing unwanted gene expression. The
therapeutic application of genes demands appropriate safe carriers
to mammalian cells, since naked therapeutic genes need to be pro-
tected mainly from Deoxyribonuclease (DNase) degradation to
avoid low transfection efficiency [1]. Therefore, one of the essential
prerequisites for successful gene therapy relies on the develop-
ment of safe and effective carriers [1,2]. At present, the vectors
used today can be classified in two main groups: viral and non-
viral vectors. Viral-based carriers are the most effective; however,
their application to human body is limited by potential infectivity,
inflammation, immunogenicity, and the small size of the DNA they
can transport [3-5]. On the other hand, non-viral vector-based
formulations are being extensively studied mainly due to some
important advantages such as the absence of DNA size limit,
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non-infectivity, less immunogenicity, low cost, and easy produc-
tion [6]. Among non-viral vectors, chitosan-based formulations
have gained increasing attention as safe gene carrier candidates
[7-10]; however, the low transfection efficiency of chitosans repre-
sents an important handicap for clinical applications. Many studies
conducted on chitosan/DNA systems indicate that transfection effi-
ciency depends on several factors such as the degree of deacetyla-
tion (DDA) and molecular weight (MW) of the chitosan, the pH and
the serum concentration of the transfection medium, the charge
ratio of chitosan to DNA (N/P ratio) and the cell type [11-17]. In
this study, we designed polyplexes based on NOVAFECT 015, an
ultrapure oligochitosan that easily form polyplexes with DNA
through electrostatic interactions [18] and characterized their
physicochemical properties in terms of shape, size, surface charge
and DNA condensation, protection, and release capacity. The most
biotechnologically suitable formulations were selected for in vitro
transfection studies at pH 7.4 (following the standard conditions
of the manufacturer’s protocol) and at pH 7.1, because has been
widely reported that chitosan-mediated transfection strongly
depends on slight changes in the pH value of the transfection
medium [11,15]. Transfection efficiency of polyplexes was evalu-
ated in Human Embryonic Kidney (HEK-293) culture cells, one of
the most employed models for transfection studies, and in a more
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Table 1

Oligochitosan/DNA polyplexes formulations with a DNA concentration of 13.2 pg/ml at different N/P ratios.?

N/P charge ratio

10:1 (ul) 20:1 (ul) 30:1 () 40:1 (pl) 50:1 (ul) 60:1 (ul)
Plasmid (0.5 mg/ml) 13.2 13.2 13.2 13.2 13.2 13.2
NOVAFECT (2 mg/ml) 221 44.2 66.5 88.4 1105 133
Ultrapure water 464.7 442.6 420.3 3984 376.3 353.8
Total volume (pl) 500 500 500 500 500 500

2 If a concentration of plasmid DNA higher than 13.2 pg/ml is required, manufacturefs protocol recommends mixing the reagent and the plasmid DNA at approximately 1:1

(v/v) ratio to avoid aggregation.

difficult cell line to be transfected, as the Human Retinal Pigmented
Epithelial Cells (ARPE-19).

Because of the mucoadhesive and the low cytotoxicity proper-
ties of the oligochitosans, polyplexes based on these formulations
have been successfully used for in vivo delivery of genes to mucosal
tissues [19,20]. Regarding the ocular system, a privileged organ for
local gene therapy [21], non-viral carriers such as peptides [22],
liposomes [23,24], solid lipid nanoparticles [24], and polymers
[25] gained increasing attention since the 1990s. Among polymers,
chitosan-based formulations have been extensively studied for
ocular therapy purposes [26,27]; however, ultrapure oligochito-
sans as NOVAFECT 015 have been only studied for corneal gene
delivery after intraestromal injection [18,28]. Therefore, in order
to elucidate the potential application of ultrapure oligochitosans
as DNA carriers in other ocular tissues such as the retina, we
administered these polyplexes by subretinal and intravitreal injec-
tions to the posterior segment of the rat eye, where the pH 7.1 is
slightly more acidic than either plasma or aqueous humor [29],
and evaluated the expression of the EGFP after 72 h in different
cells and layers of the retina by confocal microscopy.

2. Materials and methods
2.1. Materials

NOVAFECT 015 with a molecular weight of 5.7 kDa, a DDA
>97%, acetate salt and endotoxin levels <0.05 EU/mg, was pur-
chased from NovaMatrix/FMC (Sandvika, Norway). HEK-293 and
ARPE-19 were obtained from the American Type Culture Collection
(ATCC). The plasmid pCMS-EGFP, which encodes the enhanced
green fluorescent protein (EGFP), was purchased from BD Biosci-
ences Clontech (Palo Alto, California, USA) and amplified by Dro
Biosystems S.L. (San Sebastian, Spain). The gel electrophoresis
materials and ethidium bromide solution were acquired from
Bio-Rad (Madrid, Spain). DNase I, lauryl sulfate sodium (SDS),
phosphate buffer solution (PBS), HEPES MES, and sodium bicarbon-
ate reagent were purchased from Sigma-Aldrich (Madrid, Spain).
Cell culture reagents were purchased from LGC Promochem
(Barcelona, Spain), Opti-MEM® 1 reduced medium, antibiotic/
antimicotic solution, and Lipofectamine™ 2000 transfection
reagents were acquired from Invitrogen (San Diego, California,
USA). The BD-via Probe kit was provided by BD Biosciences
(Belgium). Adult Sprague-Dawley rats were purchased from
Harlan Laboratories (Barcelona, Spain).

2.2. Preparation of oligochitosan/DNA polyplexes

Oligochitosan/DNA polyplexes having a DNA concentration of
13.2 pg/ml with different N/P ratios were prepared by the self-
assembly method according with the instructions of the manufac-
turer and adapted to a final volume of 500 pl. Briefly, the DNA
stock solution was diluted in ultrapure water, and the oligochito-
san stock solution was added to the plasmid DNA water mixture

under vortex mixing (1200 rpm) for at least 10 s and subsequently
equilibrated at room temperature for 30 min before performing
transfection experiments. An example of a series of formulations
of oligochitosan/DNA polyplexes is shown in Table 1.

2.3. Cryo-Transmission Electron Microscopy (Cryo-TEM)

Oligochitosan/DNA polyplexes at a fixed N/P ratio of 20 were
observed by Cryo-TEM microscopy. Briefly, one drop of the sample
solution was vitrified by rapid freezing in liquid ethane using a
Vitrobot Markt IV (FEI). This vitrified sample grid was transferred
through 655 Turbo Pumping Station (Gatan) to a 626 DH Single Tilt
Liquid Nitrogen Cryo-holder (Gatan), where was maintained about
—180 °C. Copper grid (300 mesh Quantifoils) was hydrophilized by
glow-discharge treatment. The sample was examined in a TEM,
TECNAI G2 20 TWIN (FEI), operating at an accelerating voltage of
200 keV in a bright-field and low-dose image mode.

2.4. Measurements of size and zeta potential

The hydrodynamic diameter of the polyplexes was determined
by dynamic light scattering (DLS) based on backscatter detection
optics at 173°. Briefly, polyplexes (100 pl) were resuspended into
HEPES medium (1400 pl, 10 mM, pH 7.1), and size was determined
using Zetasizer NanoZS (Malvern Instruments, UK). All measure-
ments were carried out in triplicate. The particle size reported as
hydrodynamic diameter was obtained by cumulative analysis.

Zeta potential measurements were obtained by laser doppler
velocimetry (LDV) after resuspending the polyplexes (100 pl) into
the same HEPES medium (1400 pl, 10 mM, pH 7.1) in disposable
folded capillary cells for zeta analysis. The Smoluchowski approx-
imation was used to support the calculation of the zeta potential
from the electrophoretic mobility. Zeta potential measurements
were run in triplicate. Only data that met the quality criteria
according with the software program (DTS 5.0, Zetasizer Nanosys-
tem) were included in the study.

2.5. Agarose gel electrophoresis assay

The capacity of the oligochitosans to complex, release, and pro-
tect DNA from DNase I enzymatic digestion was estimated by a gel
retardation assay based on agarose gel electrophoresis. Naked DNA
or samples of polyplexes at different N/P ratio (20 pl, containing
200 ng of the plasmid) were loaded to an agarose gel (0.8%) that
contained 1% of ethidium bromide for visualization. The gel was
immersed in a Tris-acetate-EDTA buffer and exposed for 30 min
to 120 V. Bands were observed with a model TFX-20 M transillumi-
nator (Vilber-Lourmat), and the images were captured using a
DigiDoc digital camera from BioRad. To estimate the capacity of
oligochitosans to release DNA from polyplexes, 20 pl of a 2% SDS
solution was added to the samples resulting in a final concentra-
tion of 1%. Protection capacity against enzymatic digestion was
studied after adding DNase I (final concentration of 1 U DNase I/
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2.5 ng DNA) to polyplexes. The mixtures were incubated at 37 °C
for 30 min. Afterward, 2% SDS solution was added to release DNA
from polyplexes. The integrity of the DNA in each sample was com-
pared with untreated DNA.

2.6. Cell culture and transfection protocols

“In vitro” assays were performed with two different cell lines:
HEK-293 and ARPE-19. HEK-293 cells were maintained as mono-
layer culture in Eagle’s Minimal Essential medium (EMEM) with
Earle’s BSS and 2 mM L-glutamine supplemented with 10% heat-
inactivated horse serum and 1% antibiotic/antimycotic. Cells were
incubated at 37°C under 5% CO, atmosphere and subcultured
every 2-3 days. ARPE-19 cells were maintained in Dulbecco’s Mod-
ified Eagle’s Medium-Han’s Nutrient Mixture F-12 (1:1) medium
(D-MEM/F-12) supplemented with 10% heat-inactivated fetal calf
serum and 1% antibiotic/antimycotic solution. Cells were incubated
at 37° Cunder 5% CO, atmosphere and subcultured every 4-5 days.
For transfection studies, HEK-293 and ARPE-19 cells were seeded
without any antibiotic on 24 well plates at a density of 150,000
and 100,000 cells per well, respectively, and allowed to adhere
overnight to reach 70-90% of confluence at the time of transfec-
tion. Then, the regular growth media was removed and the cells
were exposed to polyplexes containing 1.65 pig of the EGFP pDNA
and adequate amounts of oligochitosans (see Table 1). Formula-
tions for transfection were prepared after mixing 1:1 polyplexes
and hypertonic (580 mM) serum-free transfection medium
(Opti-MEM® 1, pH 7.4 containing 270 mM mannitol), so that the
final formulation is isotonic. Cells were then carefully washed with
PBS, and 250 pu of the transfection formula was added to each well.
Each formulation was used in triplicate for statistical analysis.
After 4h of incubation at 37 °C, the transfection medium was
replaced by 500 pl of regular growth medium, pH 7.4. Cells were
allowed to grow for 72 h until fluorescent microscopy and flow
cytometry analyses. Transfection experiments at pH 7.1 were per-
formed as previously described, but adding 10 mM HEPES to the
hypertonic serum-free Opti-MEM® I transfection medium. The
pH value of the transfection medium was adjusted with 1 N HCl
the same day of the transfection and filtered with Millipore
0.22 um PVC filters (Madrid, Spain). After 4 h of incubation at
37 °C, the transfection medium (pH 7.1) was replaced by 500 pl
of regular growth medium, pH 7.4, and cells were allowed to grow
until fluorescent microscopy and flow cytometry analyses (72 h).
Experiments with Lipofectamine™ 2000/pDNA complexes were
prepared at a 2/1 ratio (pg) according to the manufacturer’s
protocol.

2.7. Transfection efficiency and cell viability measurement

Qualitative expression of EGFP was examined 72 h post-trans-
fection using an inverted microscope with simultaneous epi-fluo-
rescence and phase contrast observation (Eclipse TE200-S, Nikon
Instruments Europe B.V., Amstelveen, The Netherlands). Images
were captured with a 20x objective. Flow cytometry analysis
was conducted on a FACSCalibur system flow cytometer (Becton
Dickinson Biosciences, San Jose, USA). Briefly, cells were washed
twice with PBS and detached with 300 pl of 0.05% trypsin/EDTA.
Then, cells were centrifuged and the supernatant was discarded.
The pellet was resuspended in PBS, diluted in FACSFlow liquid,
and directly introduced in the flow cytometer. Transfection effi-
ciency was expressed as the percentage of EGFP positive live cells
at 525 nm (FL,). For cell viability measurements, the BD-via Probe
reagent (5 pL) was added to each sample to exclude dead cells
from the analysis. The fluorescence corresponding to dead cells
was measured at 650 nm (FL3). Control samples (non-transfected
cells) were displayed on a forward scatter (FSC) versus side scatter

(SSC) dot-plot to establish a collection gate and exclude cells deb-
ris. Other samples containing Lipofectamine transfected cells with-
out BD-via Probe and non-transfected cells with BD-via Probe were
used as controls to compensate the FL; signal in FL; and FL3 chan-
nels. For each sample, 10,000 events were collected.

2.8. Animals and anesthetics

Adult male Sprague-Dawley rats (6-7 weeks old and 150-200 g
body weight) were used as experimental animals in this study.
Rats were housed in temperature and light controlled rooms with
a 12 h light/dark cycle and had food and water ad libitum. All
experimental procedures 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 and Ophthal-
mology (ARVO) statement for the use of animals in ophthalmic
and vision research and supervised by the Miguel Hernandez Uni-
versity Standing Committee for Animal Use in Laboratory. Ade-
quate measures were taken to minimize pain or discomfort. All
the experimental manipulations were carried under general anes-
thesia induced with an intraperitoneal (i.p.) injection of a mixture
of ketamine (70 mg/kg, Ketolar®, Parke-Davies, S.L., Barcelona,
Spain) and xylazine (10 mg/kg, Rompidn®, Bayer, S.A., Barcelona,
Spain). For recovery from anesthesia, rats were placed in their
cages and an ointment containing tobramycin (Tobrex® pomada
oftalmica, Alcon S.A., Barcelona, Spain) was applied on the cornea
to prevent corneal desiccation. Animals were randomly divided
into three groups (n = 4 each) and received by intravitreal or sub-
retinal route a sterile suspension of naked plasmid (100 ng) or a
sterile suspension based on NOVAFECT O15 polyplexes with a
N/P ratio of 10 or 30 containing 100 ng of the plasmid. Polyplexes
and plasmid were resuspended in a total volume of 5 pl of 10 mM
HEPES medium, and the pH was adjusted to 7.1 in sterile condi-
tions before injections.

2.9. Subretinal and intravitreal administrations

Under an operating microscope (Zeiss OPMI® pico; Carl Zeiss
Meditec GmbH, Jena, Germany) and after piercing the conjunctiva
and sclera on the left eye superotemporal region with a 30-gauge
needle, a single 4 pl administration of the suspensions was per-
formed with the aid of a 5 pul Hamilton microsyringe (Hamilton
Co., Reno, NV) using a bent 34-gauge needle to inject into the vit-
reous of the left eye, immediately adjacent to the ora serrata with-
out touching the lens, the right advancement of the needle was
directly observed. To deliver the suspension into the subretinal
space, the needle was passed through the sclerotomy 2 mm poster-
ior to ora serrata and in a tangential direction toward the posterior
retinal pole along the subretinal space. Successful administration
of suspensions into the subretinal space was confirmed by the
appearance of a partial retinal detachment by direct ophthalmos-
copy of the eye fundus through the operating microscope. For all
the rats, the untreated right eye, which had not been manipulated,
served as a normal counterpart or control. Seventy-two hours post-
injection, the rats from each experimental group (DNA treated
group, and groups treated with NOVAFECT 015 polyplexes at N/P
ratio 10 or 30) were sacrificed by an i.p. injection of an overdose
of a 20% sodium pentobarbital solution (Dolethal Vetoquinol®;
Especialidades Veterinarias, S.A., Alcobendas, Madrid, Spain) and
perfused transcardially with 0.9% saline followed by 4% parafor-
maldehyde in 0.1 M phosphate-buffered (PBS; pH 7.2-7.4) at 4 °C.

2.10. Evaluation of EGFP expression in rat retinas

For whole-mount preparations, both eyes from two rats of each
group were enucleated and immersed for 1 h in a solution of 4%
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paraformaldehyde in PBS. Later, the retinas were dissected as
wholemounts by making four radial cuts in the superior, inferior,
nasal, and temporal retinal poles. Retinal orientation was main-
tained by making the deepest radial cut in the superior retina.
The retinas were postfixed for 1 h in the same fixative, rinsed in
PBS, and mounted vitreal side up on poly-L-lysine coated micro-
scope slides, covered with anti-fading mounting media containing
50% glycerol and 0.04% p-phenylenediamine in 0.1 M sodium car-
bonate buffer (pH 9.0).

For sagital section preparations, both eyes from two rats of each
group were enucleated, and the anterior segments, including the
lens, were removed. Posterior eyecups were fixed for 1 h with 4%
paraformaldehyde in 0.1 M PBS, followed by several washes in
PBS. Samples were then immersed in 30% sucrose in PBS overnight
at 4 °C for cryoprotection. Eyecups 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 (15 pm) were cut with a cryostat (HM 550; Microm
International GmbH, Walldorf, Germany), mounted on SuperFrost®
Plus microscope slides (VWR International bvba, Leuven, Belgium).
To counterstain, all retinal nuclei sections were stained with 5 pg/
ml Hoechst 33342 dye (Sigma Aldrich) for 5 min and then thor-
oughly washed with PBS 0.1 M and covered with anti-fading
mounting media. GFP expression and DAPI staining were evaluated
by spectral confocal microscopy (Leica TCS SPE).

2.11. Statistical analysis

Statistical analysis was performed using the InStat program
(GraphPad Software, San Diego, CA, USA). Differences between
groups at significance levels of 95% were calculated by the stu-
dent’s t test. In all cases, P values <0.05 were considered as statis-
tically significant. Normal distribution of samples was assessed by
the Kolmogorov-Smirnov test and the homogeneity of the variance
by the Levene test. Data were presented as mean + SD, unless sta-
ted otherwise.

3. Results
3.1. Cryo-TEM

Cryo-TEM is frequently used for the visual characterization of
biocomplexes such as chitosan/DNA polyplexes. Fig. 1 shows a
heterogeneous population polyplexes with most of them having
a particle size less than 200 nm, in agreement with the DLS charac-
terization shown in Fig. 2.

3.2. Measurements of size and zeta potential

The average size and zeta potential of polyplexes are shown in
Fig. 2. Size clearly decreased as the N/P ratio increased (from
256.5+56 nm at N/P 10 to 67.3 +0.44 nm at N/P 60), indicating
that size of polyplexes is strongly affected by the charge ratio. In
contrast, the zeta potential was not substantially affected by the
N/P ratio. Zeta potential values oscillated from 6.3 mV at N/P 10
to 10.5 mV at N/P 60. The most evident change observed in zeta po-
tential value was observed when N/P ratio raised from 10 to 20. In
all cases, polydispersity index was below 0.3 (data not shown).

3.3. Gel retardation assays

Fig. 3 shows the results obtained in the agarose electrophoresis
gel at different N/P ratios to study the binding efficiency and
protection capacity against DNase I enzymatic digestion of

Fig. 1. Cryo-TEM micrograph of oligochitosan/DNA polyplexes at N/P 20, suspended
on HEPES medium 10 mM, pH 7.1.
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Fig. 2. Effect of N/P ratio on size and zeta potential of oligochitosan/DNA polyplexes
suspended in HEPES medium 10 mM, pH 7.1 (mean + SD, n = 3). (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

oligochitosans. Lanes 1, 2, and 3 correspond to free DNA (untreated
DNA, DNA treated with SDS 1% and DNA incubated with DNase |
and treated with SDS 1%, respectively). On lanes 4, 7, 10 and 13,
polyplexes were formulated at 5, 10, 20 and 30 N/P ratios, respec-
tively. Lanes 5, 8, 11 and 14 represent the bands of those N/P ratios
treated with SDS 1% to release the DNA from oligochitosans, and in
lanes 6, 9, 12 and 15, polyplexes were incubated with DNase I and
then treated with SDS 1%. The absence of signal in lane 3 suggests
that the enzyme worked properly. From Fig. 3 can be observed that
our formulations were able to complex, release and protect the
plasmid, depending on the N/P ratio.
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Fig. 3. Binding efficiency between oligochitosans and DNA at different N/P ratios
and protection capacity from DNase I enzymatic digestion visualized by agarose gel
electrophoresis. OC: open circular form, SC: supercoloid form. Lanes 1-3 correspond
to free DNA; lanes 4-6, N/P=5; lanes 7-9, N/P = 10; lanes 10-12, N/P = 20; lanes
13-15, N/P = 30. Polyplexes were treated with SDS (lanes 2, 5, 8, 11, and 14) and
DNase I (lanes 3, 6, 9, and 15).
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Fig. 4. Transfection efficiency of oligochitosan/DNA polyplexes in HEK-293 cells. (A) Influence of N/P ratio and pH on EGFP expression and viability in HEK-293 cells.
Transfection data were normalized to Lipofectamine™ 2000 (mean + SD; n = 3). At all N/P ratio tested, statistical differences were reached when compared the GFP expression
at pH 7.4 and 7.1. *p < 0.05 at N/P 10, and ***p < 0.001 at N/P 20 and 30. (B;) Contrast phase image, (B,) fluorescent image, and (B3) flow cytometry dot-plot (FL;/FL3) of HEK-
293 cells transfected with polyplexes at pH 7.4 and a N/P ratio of 30. (C;) Contrast phase image, (C,) fluorescent image, and (Cs) flow cytometry dot-plot (FL;/FL;) of HEK-293
cells transfected with polyplexes at pH 7.1 and a N/P ratio of 30. (D,) Contrast phase image, (D) fluorescent image, and (D3) flow cytometry dot-plot (FL;/FL3) of HEK-293 cells

transfected with Lipofectamine™ 2000. Images were acquired at 3 days post-transfection, original magnification 20x.

3.4. Transfection efficiency in HEK-293 cells

HEK-293 cells depended on both the N/P ratio and the pH of the

transfection medium (data normalized to Lipofectamine™ 2000).

Prior to the evaluation of the polyplexes in animal studies, we At each one of the N/P ratio tested, transfection efficiency was sig-
studied the influence of the pH on the transfection efficiency in nificantly higher at pH 7.1 than at pH 7.4 (*p<0.05 at N/P 10,
HEK-293 cells. As observed in Fig. 4A (bars), transfection levels in “p<0.001 at N/P 20 and 30). Maximum EGFP expression was
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Fig. 5. Transfection efficiency of oligochitosan/DNA polyplexes in ARPE-19 cells. (A) Influence of N/P ratio and pH on GFP expression and viability in ARPE-19 cells.
Transfection data were normalized to Lipofectamine™ 2000 (mean + SD; n = 3). At all N/P ratio tested, statistical differences were reached when compared the GFP expression
at pH 7.4 and 7.1 ***p < 0.001. (B;) Contrast phase image, (B,) fluorescent image, and (B3) flow cytometry dot-plot (FL;/FL3) of ARPE-19 cells transfected with polyplexes at pH
7.4 and a N/P ratio of 10. (C;) Contrast phase image, (C,) fluorescent image, and (Cs) flow cytometry dot-plot (FL;/FL;) of ARPE-19 cells transfected with polyplexes at pH 7.1
and a N/P ratio of 10. (D) Contrast phase image, (D) fluorescent image, and (D3) flow cytometry dot-plot (FL;/FL3) of ARPE-19 cells transfected with Lipofectamine™ 2000.
Images were acquired at 72 h post-transfection, original magnification 20x.

achieved at N/P ratio 30, pH 7.1 (51.49%). There was no significant plots (FL;/FL3) of HEK-293 cells transfected with polyplexes based
difference in cell viability at the two pH values tested. Fig. 4B and C on NOVAFECT 015 chitosan at a fixed N/P ratio of 30 and a pH
represents the microscope photographs and flow cytometry dot- value of 7.4 (Fig. 4B) and 7.1 (Fig. 4C), respectively. Fig. 4D
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Fig. 6. In vivo gene expression of EGFP after subretinal administration of oligochitosan/DNA polyplexes at N/P ratio of 10 to rats. (A) Hematoxylin-eosin rat retina cross-
section, showing the different layers of the retina. RPE (Retinal Pigment Epithelium layer), ONL (Outer nuclear layer), OPL (Outer plexiform layer), INL (Inner nuclear layer), IPL
(Inner plexiform layer), GCL (Ganglion cell layer). (B) Fluorescent microscopy image of a 5-pum treated retina cross-section. EGFP expression with Hoechst 33342 staining of
cell nuclei. (C-E) Whole-mount views of several retinas focused at the RPE. (F) Vertical section showing transfection in some horizontal and ganglion cells. (G) High EGFP
expression in Miiller cells. Scale bar = 50 pm.

corresponds to Lipofectamine™ 2000. A statistically significant 3.5. Transfection efficiency and cell viability in ARPE-19 cells
enhancement in transfection efficiency, without affecting cell via-

bility, was achieved when the pH of the transfection medium chan- As observed in Fig. 5A (bars), transfection in ARPE-19 cells was
ged from 7.4 to 7.1. practically non-existent at pH 7.4; however, transfection efficiency
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drastically increased to 36.5% (data normalized to Lipofectamine™
2000) when pH of the transfection medium changed from 7.4 to
7.1 at a N/P ratio of 10 (***p <0.001). In contrast to HEK-293 cells,
viability decreased as the N/P ratio increased. At N/P 10, cell
viability at pH 7.1 (93.19%) was higher than at pH 7.4 (70.8%),
“**p <0.001. No significant differences were observed in viability
at N/P ratios of 20 and 30. Fig. 5B and C represents the microscope
photographs and flow cytometry dot-plots (FL;/FL3) of ARPE-19
cells transfected with polyplexes based on NOVAFECT 015 oligoch-
itosans at a fixed N/P ratio of 10 and a pH value of 7.4 (Fig. 5B) and
7.1 (Fig. 5C), respectively. Fig. 5D corresponds to Lipofectamine™
2000. A statistically significant enhancement in transfection effi-
ciency was achieved when the pH of the transfection medium
changed from 7.4 to 7.1 ("*p < 0.001).

3.6. EGFP expression after subretinal injection of oligochitosan/DNA
polyplexes

Two formulations of polyplexes at N/P 10 and 30, and one naked
plasmid DNA suspension as control, were administered by the sub-
retinal route in order to evaluate the transfection efficiency in dif-
ferent layers of the rat retina. 72 h post-injection, significant EGFP
expression was detected only in the group treated with oligochito-
san/DNA polyplexes at N/P 10 (Fig. 6). No gene expression was
observed after the administration of naked plasmid DNA, and
little-to-no transfection was detected with polyplexes at N/P 30
(data not shown).

High levels of EGFP expression were found mainly in the RPE
layer. Fig. 6 shows EGFP expression in the RPE in vertical sections
(Fig. 6B) as well as in whole-mount processed retinas (Fig. 6C-E). A
modest expression was found in the remaining layers of the retina,
particularly in the outer plexiform layer (Fig. 6B and F) and in the
ganglion cells layer (Fig. 6F and G). As show in Fig. 6G, high levels
of EGFP expression were also found in some Miiller cells after sub-
retinal injections at N/P 10.

3.7. EGFP expression after intravitreal injection of oligochitosan/DNA
polyplexes

Following the same protocol as performed for subretinal admin-
istrations, two formulations of polyplexes at N/P 10 and 30 and one
naked plasmid DNA suspension were injected intravitreally to
evaluate the transfection efficiency in different layers of the rat ret-
ina. 72 h post-injection, only significant EGFP expression was de-
tected in the group treated with N/P 10 ratio.

After intravitreal injection, the EGFP expression was found
mainly in the retinal ganglion cells as observed in Fig. 7. We also
found some positive expression at the outer nuclear layer, suggest-
ing positive expression of horizontal cells and/or Miiller cell pro-
cesses. When Hoechst 33342 was used to label cell nuclei, we
observed an important percentage of ganglion cells transfected
on a wide surface of the injected retinas (Fig. 7C). Very little
expression was detected in the RPE.

4. Discussion

The present study was designed to investigate the potential use
of polyplexes based on oligochitosans for retinal gene therapy pur-
poses. A selected formulation with a N/P ratio of 10 led to signifi-
cant EGFP expression in different layers and cells of the retina
when administered to rats by both subretinal and intravitreal
injections.

We prepared polyplexes based on NOVAFECT O15 oligochito-
sans by the self-assembly method and visualized them by Cryo-
TEM (Fig. 1). DNA compaction with chitosan may exhibit different

Fig. 7. In vivo gene expression of EGFP after intravitreal administration of
oligochitosan/DNA polyplexes at a N/P ratio of 10 to rats. (A) Fluorescent
microscopy image of a 5-um treated retina cross-section. EGFP expression is
localized mainly at the retinal ganglion cells. Sometimes, as in this example, high
EGFP expression can be observed at the OPL. Scale bar = 50 um. (B) EGFP expression
and (C) colocalization of GFP expression with Hoechst 33342 staining of cell nuclei
in a treated retina, whole-mounted vitreous side up. An extensive expression can be
observed in many retinal ganglion cells through the whole retina. Scale
bar =100 pm.

structures depending basically on the characteristics of the plas-
mid, the chitosan, the N/P ratio, and the solution properties like io-
nic strength and pH [30,31]. In our hands, a selected formulation
based on N/P =20 suspended in HEPES medium 10 mM at pH 7.1
was seen as a heterogeneous population of polyplexes. Most of
the polyplexes had a particle size inferior to 200 nm, which is in
agreement with particle size studies at different N/P ratios
(Fig. 2). For all formulations studied, the zeta potential value was
positive, due to the presence of residual protonated amino groups
of chitosan that did not take part in the neutralization with nega-
tively charged DNA, although clearly inferior to that reported by
other authors [18,28] with the same NOVAFECT 015 oligochito-
sans. Such differences may be explained in part, by the fact that
the zeta potential value strongly depends on the pH and on the io-
nic strength of the measurement medium [15]. In addition, the
approximation model employed to calculate the zeta potential is
another important factor to be considered [32]. Our data revealed
an increase in the value of the zeta potential as the charge ratio in-
creased, especially when the N/P ratio increased from 10 to 20. At
this point, the zeta potential appears to reach a maximum value as
observed in previous studies [16,33]. Regarding particle size, many
factors have been found that influence on the size of polyplexes
based on chitosans, such as MW and DDA of the chitosan, the pH
and the ionic strength of the measurement medium, the prepara-
tion method, or the characteristic of the plasmid accomplished
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[15,16,30,34]. Particle sizes were indirectly proportional to the
charge ratio, with values oscillating from 256.5 + 56 nm at N/P 10
to 67.3 £ 0.44 nm at N/P 60. Based on these observations, we sug-
gest that an increase in the amount of oligochitosan results in a
more efficient condensation of the plasmid, which finally generates
more positively charged polyplexes and smaller particles sizes.

As expected from the agarose gel electrophoresis assays, DNA
condensation, protection, and release from the polyplexes de-
pended on the N/P charge (Fig. 3). From lanes 4, 7, 10 and 13, we
observe that the binding efficiency increased proportionally with
the charge ratios as stated by the intensity of the white band. At
all charge ratios studied, SDS 1% treatment (lanes 5, 8, 11 and
14) was able to release the plasmid from the oligochitosan; how-
ever, the lower intensity of the white band at 30 charge ratio (lane
14) suggests that at this point, the plasmid was more efficiently
complexed with the chitosan and therefore was more difficult to
be released, probably due to the fact that polyplexes were more
positively charged. Interestingly, all ratios protected the plasmid
from enzymatic digestion (lanes 6, 9, 12, and 15), although the
most intensive signal of the supercoloid form (SC), the most bioac-
tive form ([35,36], was detected at lane 12 (N/P 20). Lanes 6 and 9
had intensive signals on the open circular form (OC), which indi-
cates enzymatic digestion. The polyplexes loaded in lane 15 (N/P
30), protected against enzymatic digestion, however most of the
plasmid was retained in the well; therefore, we did not check
charge ratios over 30, since an optimum balance between DNA
complexation and release is required to increase transfection effi-
ciency [37].

Once we studied that our formulations were biotechnologically
suitable for gene therapy purposes, we evaluated in vitro the trans-
fection efficiency and cell viability at 72 h in HEK-293 and ARPE-19
cells at pH 7.4 and pH 7.1, because this pH value is similar to that
found in the vitreous humor of the rat [29] and has been widely re-
ported that chitosan-mediated transfection efficiency strongly de-
pends on slight changes in the pH value of the transfection
medium [11,12,15]. Previously, it has been reported that EGFP
expression is maximum at 72 h in these two cell lines [38].

Transfection efficiency in HEK-293 cells drastically increased at
all N/P ratios when pH slightly decreased from 7.4 to 7.1 (Fig. 4).
Such an increase in transfection efficiency has been widely attrib-
uted to the highly protonated amino groups in the chitosan at low
pH [11,12,15], which enhances the binding to the negatively
charged plasmid, and therefore, smaller and more stable polyplex-
es are obtained [39].

In HEK-293 cells, we observed that at pH 7.1, transfection effi-
ciency was correlated with the N/P charge ratio. Maximum trans-
fection efficiency was reached at N/P 30. However, in ARPE-19
cells, transfection efficiency at pH 7.1 decreased as the charge ratio
increased (Fig. 5). In this case, the highest transfection efficiency
was obtained at N/P 10. These results suggest that chitosan-medi-
ated transfection efficiency depends on the cell type, and therefore,
it is necessary to test different conditions for each cell line [40,41].

Once oligochitosan polyplexes were able to transfect in vitro
ARPE-19 cells at pH 7.1, we administered these polyplexes to Spra-
gue-Dawley rats by subretinal and intravitreal injections. Based on
the assumption that each cell line requires different conditions to
be efficiently transfected [40,41] and that polyplexes uptake and
intracellular trafficking may differ between in vitro and in vivo con-
ditions [42], we administered polyplexes at two N/P ratios, 10 and
30, in order to evaluate the transfection efficiency in different lay-
ers of the rat retina. Best EGFP expression were obtained when
polyplexes where administered at N/P ratio 10 by both subretinal
and intravitreal injections. Little-to-no transfection was detected
with the polyplexes at N/P 30, and no gene expression at all was
observed after naked plasmid DNA administration (data not
shown), as reported by other authors [43,44].

We selected the intravitreal and subretinal administration
routes because both are clinically viable delivery options and are
considered the two most effective ways to deliver material to the
back of the eye [42]. In addition, each route can target different
cells of the retina [24,45,46].

Subretinal injections of our polyplexes at N/P 10 substantially
transfected RPE cells and some photoreceptors in the proximity
of the injection site, but no significant expression was detected
in other areas of the retina distal to the injection site (Fig. 6). How-
ever, we observed some expression of our reported gene in some
cells of the inner nuclear and plexiform layers (Fig. 6) close to
the injection site, suggesting that subretinal administration has a
localized effect and can partially diffuse from the subretinal space
of the injection site to the inner layers of the retina. Therefore, sub-
retinal injections demonstrated a significant utility to transfect RPE
cells, which is a very interesting target tissue for gene delivery, as it
may serve as a platform for secretion of transgene products to the
neuronal retina or chorioretinal vasculature and plays a major role
in ocular diseases associated with senescence and dystrophies of
the photoreceptors [25,47].

Intravitreally injected polyplexes at N/P 10 expressed our re-
ported gene mainly in the retinal ganglion cell layer and in some
cells of the inner nuclear and plexiform layers of the retina. Upon
examination of fluorescence from retinal sections vitreous side
up mounted, intravitreally injected polyplexes produced a more
uniform distribution of the EGFP expression through the whole
surface of the retina, as can be observed in Fig. 7. Therefore, vitre-
ous humor does not represent a barrier that hampers the diffusion
of our polyplexes through electrostatic interactions between the
positively charged polyplexes and the negatively charged glycos-
aminoglycans (GAGs) of the vitreous, which would generate aggre-
gates that hamper the transport of the polyplexes [48]. The
significant expression of our reported gene found in the inner nu-
clear and plexiform layers of the retina suggest that this mode of
therapy could be applicable to treat some pathologies of the retina
such us X linked juvenile retinoschisis disease [24].

Taken together, our in vivo data suggest that polyplexes based
on low molecular weight ultrapure oligochitosans can transfect
different non-dividing cells of the retina depending on the admin-
istration route. We did not find evidence of inflammation in the
histological sections of the retina, which suggest that this method-
ology does not have any overtly damaging consequences to retinal
cells.

5. Conclusion

We elaborated and characterized polyplexes based on low
molecular weight and highly deacetylated ultrapure oligochitosans
and studied their capacity to deliver nucleic acids in the rat retina.
Resulted polyplexes were biotechnologically suitable for gene
therapy purposes, as they were able to retain, protect, and release
the plasmid. In addition, polyplexes were positively charged and
size oscillated in the nanometric range, depending on the N/P ratio.
In vitro studies revealed a drastic increase in the transfection effi-
ciency when the pH of the transfection medium changed from
7.4 to 7.1 in both HEK-293 and ARPE-19 cells.

Subretinal injections transfected cells mainly in the RPE layer,
whereas intravitreal injections transfected cells mainly in the gan-
glion cell layer and in the inner nuclear and plexiform layers of
the retina. This treatment strategy appears to be a safely and clin-
ically viable novel approach to deliver DNA to retinal cells; how-
ever, additional studies may be required to explore the properties
of this promising material as gene carrier for retinal therapy pur-
poses. Classically, oligochitosans have been considered as a build-
ing block for the design of more sophisticated biomaterials;
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therefore, smart chemical modifications of the main block with
appropriate ligands could result in more specific and more effi-
cient materials.
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