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Can Ultrasound Solve the Transport Barrier of the Neural Retina?
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Purpose. Intravitreal injection of nonviral gene complexes may be promising in the treatment of retinal
diseases. This study investigates the permeation of lipoplexes and polystyrene nanospheres through the
neural retina and their uptake by the retinal pigment epithelium (RPE) either with or without ultrasound
application.
Materials and Methods. Anterior parts and vitreous of bovine eyes were removed. The neural retina was
left intact or peeled away from the RPE. (Non)pegylated lipoplexes and pegylated nanospheres were
applied. After 2 h incubation, the RPE cells were detached and analyzed for particle uptake by flow
cytometry and confocal microscopy.
Results. The neural retina is a significant transport barrier for pegylated nanospheres and (non)pegylated
lipoplexes. Applying ultrasound improved the permeation of the nanoparticles up to 130 nm.
Conclusions. Delivery of liposomal DNA complexes to the RPE cells is strongly limited by the neural
retina. Ultrasound energy may be a useful tool to improve the neural retina permeability, given the
nucleic acid carriers are small enough. Our results underline the importance to design and develop very
small carriers for the delivery of nucleic acids to the neural retina and the RPE after intravitreal injection.
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INTRODUCTION

The eye is an excellent candidate for gene therapy as it is
easily accessible and immune-privileged. Moreover, many
disease-causing mutations and their contribution to the patho-
genesis of ocular diseases including cataracts, glaucoma and
retinitis pigmentosa have been well characterized (1–5). In
many cases, these ocular diseases are caused by a gene defect
in the neural retina and/or the retinal pigment epithelium
(RPE) cell layer (6,7). Since RPE integrity and function are (a)
essential for neural retina homeostasis and (b) play a major
role in both ocular diseases associated senescence [e.g. age
related macular degeneration (AMD)] and in diseases associ-
ated with distrophies of the photoreceptors, the RPE is a
promising target tissue for gene delivery (8).

Considerable progress has been made in the treatment of
genetical ocular disorders using viral vectors, like recombi-
nant-associated vectors (rAAV) and lentivirus-based vectors
(9–11), as gene carriers. Perhaps the most spectacular result
has been reported by Acland et al. (9) in the canine model of
Leber Congenital Amaurosis. A single subretinal injection of
rAAV vectors containing the healthy gene RPE65 was
sufficient to restore retinal function and vision. Although
viral gene therapy is very promising, the use of viral vectors
has some important disadvantages like the limited size of the

expression cassette, difficult large scale production and
several safety issues like e.g. host immunity and oncogenesis
(12–15). Therefore, nonviral gene carriers, based on lipids or
polymers, remain interesting for ocular gene therapy.

Topical application and systemic administration are less
suitable for the delivery of (non)viral gene particles to the
retina and RPE. Indeed, the limited diffusion of nanoscopic
particles through the sclera (16) after topical administration
and the lack of extravasation into the eye after intraveneous
administration [due to the tight blood-retina barrier (17)] do
not allow an efficient delivery of drug loaded nanoparticles
into the retina and the RPE. Therefore, in many cases,
genetic vectors are administered through subretinal or intra-
vitreal injection (18–23). Although subretinal injections are
very efficient, this invasive and technical demanding technique
is not always the first choice for treating ocular diseases, which
are in general not life threatening (24). Intravitreal injections
may form a clinically acceptable alternative. However, a
major drawback is that the intravitreally injected vectors have
to diffuse through the vitreous before they reach the retina.
Moreover, if the gene carriers have to reach the RPE they
also have to cross the neural retina.

Vitreous is a gel-like material that is built up of collagen
fibrils bridged by proteoglycan filaments that contain nega-
tively charged glycosaminoglycans (GAGs) (25). The interfi-
brillar spaces of this network are filled up by a dense network
of hyaluronan (26). We and others showed that the biopoly-
mer network in vitreous immobilizes nonviral gene complexes
like lipoplexes (being nanoparticles composed of plasmid
DNA and (cationic) lipids). Especially, the negatively charged
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GAGs bind to the (positively charged) complexes which
results in severe aggregation of the lipoplexes (27,28). We
showed that aggregation of nanoparticles in vitreous can be
circumvented by shielding their surface with polyethylenegly-
col (PEG; named ‘pegylation’) (27,29).

Pegylation can thus avoid the aggregation of the vectors
in the vitreous which also keeps them mobile in the vitreous.
This is important as the vectors should finally reach the RPE.
However, before they can reach the RPE they still have to
cross the neural retina. Previous research by the Urtti group
showed that the retina is poorly permeable for nonpegylated
liposomal and polymeric gene complexes (28). The strongest
barriers in the neuroretina seem to be the inner limiting
membrane (ILM; Fig. 1A) and the interphotoreceptor matrix
(IPRM; Fig. 1A). The ILM is the boundary region between
the vitreous humor in the posterior chamber and the retina. It
contains laminin, collagen and several proteoglycans (30).
The ILM may be a sterical barrier for gene complexes while
also interactions between the positively charged vectors and
the negatively charged GAGs may take place which may
immobilize the complexes and/or even release the nucleic
acids prematurely (31). The IPRM, located between the outer
limiting membrane of the retina and apical border of the
RPE, also contains GAGs (32) and may thus also form a
barrier for the penetrating gene complexes. Previously
Pitkänen et al. (33) demonstrated that the passage of
polyethyleneimine polyplexes, poly-L-lysine polyplexes and
DOTAP liposomes through the neural retina was restricted
by the ILM.

Application of ultrasound has been shown to enhance
the transport of various drugs including macromolecules
through tissues like the skin (34). A medium exposed to
ultrasound experiences periodic pressure oscillations at a
frequency and amplitude determined by the ultrasound
source (35). Besides these pressure oscillations, the most
significant secondary effect of ultrasound application, namely
cavitation, can induce fluid velocities, shear forces and shock
waves in the surrounding tissues (36,37). All the above

mentioned effects transiently compromise the integrity of cell
membranes or tissues, thereby achieving an enhanced uptake
of applied molecules (35). Mesiwala et al. (38) reported that
focused ultrasound can even induce reversible and non-
destructive disruptions of the blood-brain barrier which may
facilitate drug delivery to the brain. Ultrasound has also been
used to enhance solute transport into the eye. Application of
880 kHz ultrasound significantly improved drug delivery
through the cornea while causing only minor changes in the
corneal eptithelium (39). Enhanced ocular drug delivery was
also reported for glaucoma drugs using lower ultrasound
frequencies (40).

In this work we used a bovine eye model to investigate to
which extent the neural retina restricts the delivery of
nonviral gene nanoparticles to the RPE. Firstly, as previous
work showed that nonpegylated liposomal gene complexes do
not penetrate the neural retina (28), we studied whether
pegylation of lipoplexes improves their transport through the
neural retina. Secondly, we investigated whether the size of
the particles influences their mobility in the retinal tissue.
Finally, as ultrasonic waves can enhance the penetration of
drugs into the eye, we studied whether ultrasound energy
may improve the transport of gene nanoparticles through the
neural retina.

MATERIALS AND METHODS

Preparation of Cationic Lipoplexes

Preparation and Purification of Plasmid DNA

The pDNA used in this study was the pGL3-Control
vector, consisting of 5,256 base pairs and containing as a
reporter gene firefly luciferase under the control of a simian
virus 40 promoter. The pDNA was amplified in Escherichia
coli and purified as previously described (41). The pDNA
concentration was set at 1.0 mg/ml in HEPES buffer (20 mM
HEPES, pH 7.4) assuming that the absorption of 50 µg DNA/

Fig. 1. A Microscopic image of the bovine retina shows the intact different layers of the retina after ultrasound exposure. B Overview of
experimental setup with ultrasound device.
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ml at 260 nm equals one. The pDNA solution showed a high
purity as the 260/280 nm absorption ratio was between 1.8
and 2.0.

Preparation and Characterization of Cationic Liposomes

The phospholipids DOTAP (N-(1-(2,3-dioleoyloxy)
propyl)-N ,N ,N-trimethylammoniumchloride), DOPE
(dioleoyl-fosfatidylethanolamine) and DSPE-PEG (distearoyl-
fosfatidylethanolamine-polyethyleneglycol) were purchased from
Avanti Polar Lipids (Alabaster, AL,USA). To fluorescently label
the liposomes cholesteryl Bodipy FLC12 (cholesteryl 4,4-
difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-dodeca-
noate) was used (Molecular Probes, Eugene, OR, USA).

Cationic liposomes containing the cationic lipid DOTAP
and the neutral lipid DOPE in a 1:1 molar ratio with 0.1 mol
% cholesteryl Bodipy FLC12 and 0, 4 and 17 mol% DSPE-
PEG were prepared as previously described (40,41).

The weight-average hydrodynamic diameter of the
cationic liposomes was determined by dynamic light scatter-
ing (DLS), using an Autosizer 4700 (Malvern, Worcester-
shire, UK). The zeta potential (ζ) was measured by
determining the electrophoretic mobility using a Malvern
Zeta-sizer 2000 (Malvern). For size and ζ measurements the
cationic liposomes were dispersed in HEPES buffer (20 mM
HEPES, pH 7.4). The average hydrodynamic diameter of the
DOTAP/DOPE liposomes was 134±2 nm, 131±1 nm and
98±1 nm (mean±SD) for liposomes containing 0, 4, and
17 mol% DSPE-PEG respectively, while the zetapotential
was 52±2, 23±3, and 15±1 mV respectively.

Preparation of Lipoplexes

Lipoplexes were prepared by mixing pDNAwith cationic
liposomes, containing 0 to 17 mol% DSPE-PEG, as described
previously (41). Briefly, diluted pDNA (0.41 mg/ml) was
added to an equal volume of cationic pegylated liposomes
(5 mM DOTAP) resulting in a final +/− charge ratio of 4.
Immediately after the addition of pDNA to the cationic
pegylated liposomes, HEPES buffer was added until the final
concentration of pDNA was 0.126 mg/ml. This mixture was
then vortexed and incubated at room temperature for 30 min.
The hydrodynamic diameter of the DOTAP/DOPE
lipoplexes was 228±2, 203±5 and 115±1 nm for lipoplexes
containing 0, 4, and 17 mol% DSPE-PEG, respectively. The
zeta potential was 46±3, 15±2 and 1±1 mV, respectively.

Fluorescent Nanospheres

Fluorescent (yellow-green) polystyrene nanospheres
(NS) of different sizes, bearing carboxyl groups at their
surface, were purchased from Molecular Probes. The diam-
eter and zeta potential of the nanospheres were measured as
described above. The average hydrodynamic diameter of the
nanospheres was 38±2, 122±5 and 190±7 nm respectively.
The zeta potential of the nanospheres was −51±3, −42±2 and
−46±3 mV, respectively.

The fluorescent polystyrene nanospheres described
above were further coated with Pluronic F-127 (Sigma-
Aldrich), a block-copolymer of polyethyleneglycol (PEG)
and polypropylene oxide, as described before (41,42). Briefly,

150 µl of polystyrene nanospheres (sonificated during 10 min)
were mixed with 850 µl distilled water and 2 ml of a Pluronic
F-127 solution (10 mg/ml in distilled water). After vortexing,
the nanospheres were incubated during 1 h at room
temperature. Subsequently, 500 µl of the nanosphere suspen-
sion was transferred into a Microcon YM-100 centrifugal
filter device (MWCO 100,000) (Millipore, Billerica, USA)
and centrifuged during 12 min at 14,000×g. After centrifuga-
tion the concentrate with the Pluronic coated nanospheres
was collected by placing the sample reservoir upside down in
a new vial and spinning again 3 min at 1,000×g. The volume
of the collected nanospheres was adjusted to 500 µl with
HEPES buffer and the size and the zeta potential of the
pluronic coated nanospheres were determined. The hydrody-
namic diameter of the Pluronic coated nanospheres was 53±
5, 131±4 and 218±7 nm (mean±SD) respectively. The zeta
potential of the spheres was −15±8, −14±2, and −10±3 mV
respectively. The nanospheres with diameter of 53, 131 and
218 nm are further referred to as NS53, NS131 and NS218,
respectively.

Manipulation of Bovine Eyes

Fresh bovine eyes were obtained from a local abattoir
and enucleated within half an hour after the animals had been
slaughtered. The eyes were kept at +9°C. The eyes were
treated as previously described by Pitkänen et al. (33) Briefly,
after the eyes were cleaned of extra-ocular tissue and dipped
in a 0.9% NaCl solution containing 1% penicillin/streptomy-
cin (Gibco, Merelbeke, Belgium), they were opened circum-
ferentially ±8 mm behind the limbus. The anterior tissues and
the vitreous were separated gently from the neural retina.
The neural retina was either left in its place or gently peeled
and collected at the optic disc and cut with scissors near the
optic nerve head. The optic nerve head was swept with a
cotton swab to avoid blood cell contamination from cut
vessels.

Transport of Lipoplexes and Polystyrene Nanospheres
Through the Retina and Their Uptake by RPE Cells

The eyecups obtained as described above were set in the
wells of a six-well-plate. Five hundred microliters of fluores-
cently labelled lipoplexes (containing 50 µg/ml pDNA) or
nanospheres (1.5×1014 nanospheres per milliliter) were
applied on the RPE or on the neural retina in the eye cups.
After incubation of the eye cups (at 37°C during 2 to 4 h) with
the lipoplexes/polystyrene nanospheres, the dispersion was
removed and the surface was gently washed with 500 µl
phosphate-buffered saline (PBS) (Gibco). The neural retina
was subsequently carefully removed as described above. To
collect the RPE cells, 500 µl of a 0.5% trypsine-EDTA solution
(Gibco) was pipetted on the RPE surface, as described by
Pitkänen et al. (33) After 1 to 2 min of incubation at room
temperature, the RPE cells were brushed from the Bruch’s
membrane. Only the cells incubated under the surface of the
trypsine solution were brushed.

To study the influence of ultrasound on the transport of
the lipoplexes or nanospheres a sonitron 2000 (RichMar,
Inola, OK, USA) equipped with a 22 mm probe was used.
The probe made contact with the surface of the lipoplex/
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nanosphere dispersion as illustrated in Fig. 1B. The following
ultrasound settings were applied: (a) a frequency of 1 MHz
was used in all experiments, (b) a 50% or 100% duty cycle
was applied, (c) the ultrasound intensity was 0.5 or 1 W/cm2

while (d) the radiation times were 30, 60 or 120 s.

Confocal Microscopy on the RPE Cells

For imaging the RPE cells by confocal microscopy, the
RPE cells collected as described above were immediately
diluted with 500 µl of Dulbecco’s modified Eagle’s medium
(DMEM) containing 2 mM glutamine, 10% heat deactivated
fetal bovine serum (FBS), penicillin (100 U/ml) and strepto-
mycin (100 µg/ml). All the culture reagents were obtained
from Gibco. The cells were centrifuged during 10 min at
6000 rpm (Beckman Coulter Microfuge 18) and subsequently
the cell pellet was resuspended in DMEM. 200 µl of this
dispersion was seeded on a glass-bottomed cover slip
(MatTek Corporation, Ashland, USA) and incubated during
2 to 3 h at 37°C in a humified atmosphere containing 5%
CO2. After the incubation, the cell membranes were labeled
with Concanavalin A Alexa Fluor 647 as described by the
manufacturer (Molecular Probes). The samples were visual-
ized on a Nikon C1si confocal laser scanning module attached
to a motorized Nikon TE2000-E inverted microscope (Nikon
Benelux, Brussels, Belgium) with a 60× water immersion
objective using the 561 and 647 nm laser line for excitation. A
non-confocal diascopic DIC (differential interference con-
trast) image was collected simultaneously with the confocal
images.

Analysis of the RPE Cells by Flow Cytometry

For flow cytometry (FACS) analysis, the RPE cells,
collected as described above, were immediately fixed with 1%
paraformaldehyde and centrifuged at 6,000 rpm for 10 min
(Beckman Coulter Microfuge 18). For removal of the
contaminants the cells were suspended in 2 ml of 0.32 M
sucrose/50 mM phosphate buffer (pH 7.2) and centrifuged
during 10 min at 2,000 rpm (Beckman Coulter Microfuge 18).
The supernatant was carefully removed and the centrifuga-
tion in buffered sucrose was repeated twice. Microscopy
images revealed that after centrifugation in sucrose the
samples contained mainly RPE cells, but occasionally some
outer segment fragments, erythrocytes, and pigment granules
were still present. After the last centrifugation in sucrose, the
pellet was washed with 1% paraformaldehyde, centrifuged
during 10 min at 6,000 rpm (Beckman Coulter Microfuge 18)
and diluted to 500 µl with 1% paraformaldehyde.

A Beckman Coulter Cytomics FC 500 5 colour flow
cytometer, equipped with a 488 nm argon ion laser, was used.
For each sample, a minimum of 10,000 events was collected.
The cells were visualized on an FSC (forward scattering)
versus SSC (side scattering at 90°) display. The RPE cells that
were living before fixation were selected for analysis by
gating. The dead RPE cells and the possible remaining
erythrocytes, photoreceptor outer segments and pigment
granules were excluded on the basis of their size and other
scattering properties.

In evaluating the FACS data obtained from the RPE
cells from the left eye of a cow (which was treated with

lipoplexes/nanospheres) the FACS results obtained from the
RPE cells from the right eye of the same cow (which was not
treated with lipoplexes/nanospheres) were used as ‘blanco’.
The gate for each blanc sample was adjusted so that the
percentage of fluorescent RPE cells (positive events) was
around 2%.

To evaluate the influence of ultrasound on the perme-
ation of the fluorescent polystyrene nanospheres through the
retina, the FACS results obtained from RPE cells isolated
from the left eye of a cow (which received nanospheres and
ultrasound energy) were compared with the FACS results
obtained from the RPE cells isolated from the right eye of the
same cow which also received polystyrene nanospheres but
no ultrasound energy (blanco). The gate for each blanc
sample was again set so that the percentage of fluorescent
RPE cells (positive events) was around 2%.

All FACS experiments were repeated three times at
least, which means the analysis of at least three pairs of
bovine eyes per tested particle.

Statistical Analysis

The Mann–Whitney U test was used for statistical
analysis of the FACS results. A value of P<0.05 was
considered significant.

Histological Analysis

After incubation of the eye cups (at 37°C during 2 h)
with the lipoplexes/polystyrene nanospheres, the dispersion
was removed and the surface was gently washed with
500 µl phosphate-buffered saline. The samples were frozen
in Tissue-Tek O.C.T compound (Sakura, Torrance, CA,
USA) and cryostat cuts of 5 µm were prepared. The
samples were visualized on a TS100F Nikon fluorescence
inverted microscope.

Fig. 2. Percentage of fluorescent RPE cells after application of non-
pegylated and pegylated DOTAP DOPE lipoplexes respectively on
the RPE cells (‘without retina’) or on the neural retina covering the
RPE (‘with retina’). Means±SD are shown (n=3). The uptake of DD
0% DSPE-PEG and DD 4% DSPE-PEG by the RPE cells decreased
significantly (P<0.05) when the lipoplexes were applied on the neural
retina compared with the situation were the lipoplexes were applied
directly on the RPE cell layer.
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RESULTS

Influence of the Neural Retina on the Uptake of Lipoplexes
and Polystyrene Nanospheres by RPE Cells

The FACS analysis revealed that, in case the neural
retina was removed from the RPE cells in the eye cups, 78%
of the RPE cells took up nonpegylated lipoplexes (DD 0%
DSPE-PEG). When these lipoplexes were delivered on the
neural retina covering the RPE, only 1% of the RPE cells
seemed to contain lipoplexes (Fig. 2). We observed similar
findings for the lowly pegylated lipolexes (4% DSPE-PEG;
Fig. 2). The uptake of highly pegylated lipoplexes (17%
DSPE-PEG) by the RPE cells not covered with neural retina
was substantionally lower when compared to the non-
pegylated and the 4% pegylated lipoplexes (Fig. 2). The

retina also seemed to lower the uptake of these highly
pegylated lipoplexes by RPE cells, though the decrease was
not significant.

Figure 3 shows that, in case the RPE cells were not
covered by the neural retina, about 55%, 78%, and 52% of
the RPE cells took up NS53 (53 nm), NS131 (131 nm) and
NS218 (218 nm) pegylated polystyrene nanospheres, respec-
tively. When the nanospheres were applied on the neural
retina, the uptake lowered to 17%, 3% and 11% for NS53,
NS131 and NS218 nanospheres, respectively.

To confirm the outcome of the FACS experiments the
RPE cells were investigated by confocal microscopy. The
confocal images confirmed the presence of fluorescent
polystyrene nanospheres in the RPE cells only when the
nanospheres were directly applied on the RPE cell layer
(Fig. 4C). RPE cells that were covered by the neural retina
did not take up nanospheres (Fig. 4B).

Fluorescence microscopy on the neural retina (Fig. 5)
also confirmed that only few of the pegylated nanospheres
penetrated into the retina. They could be seen in the layer of
the optic nerve fibres. We should note, however, that
localization of the pegylated polystyrene nanospheres in the
retinal tissues by microscopy was not straightforward due to
both the small size/low number of the penetrating particles
and the autofluorescence of the retinal tissue.

Influence of Ultrasound on the Uptake of Fluorescent
Nanospheres by RPE Cells Covered with a Neural Retina

With the aim to improve the penetration of the
fluorescent nanospheres through the neural retina, and thus
to enhance the uptake by RPE cells, ultrasound energy was
applied as illustrated in Fig. 1B.

Figure 6 shows that ultrasound energy significantly
improves the uptake of fluorescent NS53 nanospheres by
RPE cells covered with neural retina which is, most probable,
attributed to a better penetration through the neural retina.
Even the mildest ultrasound condition (DC100%, 0.5 W/cm2,
30 s) increased the percentage of NS53 positive RPE cells up to

Fig. 3. Percentage of fluorescent RPE cells after application of
pegylated polystyrene nanospheres respectively on the RPE cells
(‘without retina’) or on the neural retina covering the RPE (‘with
retina’). Means±SD are shown (n=4 to 5). The RPE cell uptake of all
tested nanospheres decreased significantly (P<0.05) when the nano-
spheres were applied on the neural retina compared with the
situation were the nanospheres were applied directly on the RPE
cell layer.

Fig. 4. Confocal images of RPE cells. The cellular membranes are coloured in red, while the pegylated polystyrene nanospheres are green.
When pegylated polystyrene nanospheres were applied on the neural retina covering the RPE, nanospheres were not detected in the RPE cells
(B). In contrast, RPE cells containing pegylated polystyrene spheres were seen in case the nanospheres were directly applied on the RPE cells
(C). Panel A shows isolated RPE cells of a blanc sample.
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17 times, when compared to the outcome of the experiments
without use of ultrasound. Applying ultrasound for longer
times (60 s instead of 30 s) did not further increase the
percentage of NS53 positive RPE cells (data not shown).

Applying ultrasound during 30 s did not increase the
uptake of the larger NS131 fluorescent nanospheres by the
RPE cells. Only after 2 min of ultrasound irradiation a
statistically significant increase in NS131 positive RPE cells
was observed (Fig. 6).

Applying ultrasound, even during 2 min, did not increase
the uptake of the NS218 fluorescent nanospheres by the RPE
cells, being the largest polystyrene nanospheres used in this
study. Applying ultrasound for longer than 2 min was not an
option as the retina became (even visibly) damaged.

To check the condition of the neural retina after
application of ultrasound, cryocoupes were prepared and

studied by microscopy. Figure 1A suggests that the ultrasound
energy did not influence the integrity of the retinal tissue.

DISCUSSION

Since genetic defects in RPE cells can drastically impair
the normal visual function, RPE cells are interesting target
cells for ocular gene therapy. A major difficulty in the genetic
treatment of RPE cells is their limited accessibility. Due to
the blood-retina barrier, systemical application of gene
therapy complexes is excluded (17). Subretinal or intravitreal
injection are possible routes of administration for gene
complexes. Subretinal injection, however, is a very invasive
technique (24), so intravitreal injection is probably the best
alternative method. However, after intravitreal injection, the
administered vectors must permeate through the vitreous and
neural retina to reach the RPE. Understanding these
biological barriers should provide us with background infor-
mation necessary to design efficient nonviral vectors for
retinal gene therapy by intravitreal injection. However, there
is very sparse information available on both the biological
barriers nonviral gene complexes have to overcome after
intravitreal injection and the biological mechanisms in the
RPE which determine the fate, and thus the transfection
efficiency, of nonviral gene complexes in RPE cells.

Figure 2 shows that primary RPE cells efficiently
internalize non-pegylated and lowly pegylated lipoplexes
(4% DSPE-PEG), provided they are directly administered
to the surface of the PRE cells. Clearly, the uptake of highly
pegylated lipoplexes (17% DSPE-PEG) occurs to a much
lesser extent. This result is in agreement with our previous
studies in which we used an in vitro RPE cell line (D407 RPE
cells), which showed that highly pegylated lipoplexes were
poorly transfecting the RPE cells. Confocal images showed
that these lipoplexes became entrapped in the endosomal
pathway and eventually were degradated in the lysosomes,
which explains their low transfection efficiency (29).

Previous research of our group showed that in vitreous
nonpegylated and lowly pegylated lipoplexes seriously aggre-
gate which immobilizes them in the vitreous gel (28,42). The

Fig. 5. A Localisation of 100 nm polystyrene spheres in the optic nerve layer. B Overview picture of the
retina.

Fig. 6. Fold increase in fluorescent RPE cells by using ultrasound
energy. The pegylated polystyrene nanospheres were applied on the
neural retina covering the RPE.The x-axis indicates both which
nanospheres were used and the duration of ultrasound exposure.
Means±SD are shown (n=3). The RPE cell uptake of the NS53 and
NS131 increased significantly (P<0.05) when ultrasound energy was
applied. This indicates an increased permeation through the neural
retina.
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aggregation is due to interactions between the positively
charged nonpegylated and lowly pegylated lipoplexes and the
negatively charged GAGs present in the vitreous. Only by
covering the surface of the lipoplexes with sufficient amounts
of PEG, which renders the lipoplexes less positive, we could
avoid this aggregation. Unfortunately, in contrast to the
situation in vitreous, we show in this study that a high
pegylation degree of DOTAP DOPE lipoplexes does not
improve their permeation through the neural retina. Our
results confirm previous experiments by Pitkänen et al. (33)
who found that neural retina completely blocks nonpegylated
lipoplexes. Their data indicated that the cationic charge of the
penetrating substance is even more important than its size. As
an example, FITC-dextrans (20,000 g/mol) permeated the
retina well, while positively charged FITC-PLL chains of a
similar size became practically blocked.

To get a better view on the role of the size of substances
permeating through the neural retina we used polystyrene
nanospheres. We previously showed that negatively charged
carboxylated spheres attach to the vitreous network (42). We
could overcome this by pegylating the nanospheres through
coating with Pluronic F-127. As Fig. 3 shows, such pegylated
polystyrene nanospheres are internalized quite efficiently by
the primary RPE cells when they are in direct contact.
However, the neural retina blocks even the smallest pegy-
lated polystyrene nanospheres (NS53) significantly. We would
like to remark that our experiments were done post mortem
and thus we cannot exclude possible metabolic differences
compared with the in vivo situation. However, in agreement
with our results, Farjo et al. (43) showed that after intravitreal
injection in mice of compacted DNA nanoparticles with an
average minor diameter of 18 nm, EFGP expression was high
in the lens, but the expression levels in the pigment
epithelium cells and retina were a multi-fold lower than those
observed in the lens. These in vivo results also indicate that
the neural retina forms a real barrier even for very small and
neutral gene therapy complexes. Moreover, Jackson et al.
determined the maximum size of molecules capable of freely
diffusing across the retina in vitro and concluded that the
retinal exclusion limit is around 7 nm (44). In contrast, other
research groups reported gene transfer in RPE cells of rats,
albeit at relatively low levels, after intravitreal injection of
lipoplexes suggesting that lipoplexes should be able to move
through retina (45,46).

It has been shown that ultrasound energy enhances tissue
permeability, like e.g. the permeability of the skin (34).
Moreover, low frequency sonophoresis is now widely used
for clinical examinations and therapies and its safety has been
reliably established. Previous research showed that gene
transfer to the ocular surface can be improved by using
ultrasound technology (47,48). Therefore we investigated
whether ultrasound energy may improve the permeability of
the neural retina. Fluorescence microscopy images showed
that the ultrasound waves as applied in the experiments did
not cause visible tissue damage (Fig. 1A). As Fig. 6 shows, the
permeation of the small polystyrene nanoparticles (NS53)
through the retina could be significantly improved by rather
gentle ultrasound conditions (30 s 0.5 W/cm2 1 MHz DC
100%). In contrast, significantly longer radiation times were
necessary to significantly improve the permeation of the

larger polystyrene nanospheres (NS131) through the neural
retina. The permeation of the largest nanospheres used in this
study (NS218) could not be improved by the given ultrasound
conditions. However, one should take into account that the
distance between the ultrasound source and the neural retina
in vivo will be larger than in the experimental set up of our
study. Moreover, other tissues like e.g. cornea and lens may
absorb a part of the ultrasound energy thereby decreasing the
intensity that can act on the neural retina.

In this study, we tried to improve the penetration of
nanoparticles through the neural retina by ultrasound. Other
studies tested the influence of ultrasound on the gene
expression efficiency (49,50). Although they found an ultra-
sound related improvement of the transfection efficiency, our
study on RPE cells (unpublished data) showed no significant
improvement of the transfection efficiency with (pegylated)
DOTAP DOPE lipoplexes. This was in agreement with other
results generated by our group (51,52). Lipoplex mediated
gene transfer could only be improved by coupling the
lipoplexes to ultrasound responsive microbubbles. In our
opinion however, the ocular applicability of these micro-
bubbles is quite insure due to their relative large size
(between 0.5 and 10 µm). Moreover, implosion of these
bubbles during ultrasound exposure generates shock-waves
and microjets causing cell membrane perforations.

One could expect that the main permeation barriers in the
neural retina are the interphotoreceptor matrix (IPRM) and the
inner limiting membrane (ILM). The fluorescence microscopy
images in Fig. 5 suggest that the ILM seems to restrict the
passage of the nanospheres as only few particles could reach
the optic nerve layer just underneath the ILM. This is in
agreement with the results of Pitkänen et al. (33) who suggested
that GAGs present in the ILM may be (a) a mechanical barrier
and (b) the GAGs in the ILM may also interact with the
penetrating particles which may lead to immobilization.

On the one hand our results show that RPE cells are
quite efficient in internalizing (non)pegylated DOTAP DOPE
lipoplexes and polystyrene nanospheres of different sizes.
This is in agreement with the fact that RPE cells are active
phagocyting cells, as they are responsible for the phagocytosis
and subsequent digestion of the photoreceptor outer seg-
ments (53). On the other hand, the neural retina seems to
form an important barrier for lipoplexes and nanospheres.
Ultrasound energy could be a useful tool to improve the
neural retina permeability, though the improvement of the
permeation seems to be restricted to rather small particles.
Our results underline the importance to design and develop
very small carrier for the delivery of nucleic acids to the
neural retina and the RPE.
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