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In this experiment, we developed anionic ternary complexes for effective and safe ocular gene delivery. 
Ternary complexes were constructed by coating plasmid DNA (pDNA)/polyethylenimine (PEI) complex with 
anionic polymers such as γ-polyglutamic acid (γ-PGA) and chondroitin sulfate (CS). The cationic pDNA/PEI 
complex showed high gene expression on the human retinal pigment epithelial cell line, ARPE-19 cells. The 
pDNA/PEI complexes, however, also showed high cytotoxicity on the cells and aggregated strongly in the vit-
reous body. On the other hand, the anionic ternary complexes showed high gene expression on ARPE-19 cells 
without such cytotoxicity and aggregation. After intravitreous administration of the complexes, the anionic 
ternary complexes showed high gene expression in the retina. These results strongly indicate that anionic 
ternary complexes are suitable for effective and safe ocular gene therapy.
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Gene therapy is expected to be an effective method for 
intractable ocular diseases such as retinitis pigmentosa, age-
related macular degeneration (AMD), proliferative vitreo-
retinopathy, and glaucoma.1–3) The eyes are suitable for topical 
gene therapy because of their accessibility, ease of monitoring, 
and their enclosed structure.2,4,5)

Viral vectors such as adenoviral, lentiviral, and adeno-asso-
ciated virals are commonly used for ocular gene transfer6–9); 
however, these viral vectors have some crucial problems such 
as toxicity, immunogenicity, possible genomic integration, 
limited size of inserted DNA, and difficult preparative proce-
dures.10,11) Therefore, non-viral vectors such as cationic poly-
mers and cationic liposomes have been focused on because of 
their non-immunogenicity, low toxicity, well-defined structure, 
and chemical properties to yield mass production.5,12,13) The 
cationic complexes of plasmid DNA (pDNA) with an excess of 
cationic polymers or cationic liposomes have been reported to 
show high transgene efficiency in ocular tissues after intraoc-
ular injection.14,15) The cationic complexes, however, cause se-
vere cytotoxicity in retinal pigment epithelial cells and aggre-
gation with the vitreous body in case of intravitreal injection 
because of their strong cationic surface charge.16–19) These side 
effects could decrease visual acuity and even cause blindness.

In the previous study, we investigated the ternary com-
plexes pDNA/polyethylenimine (PEI) coated by polyanions, 
such as polyadenylic acid, polyinosinic–polycytidylic acid, 
α-polyaspartic acid, α-polyglutamic acid, γ-polyglutamic acid 
(γ-PGA), fucoidan, λ-carrageenan, xanthan gum, alginic acid, 
hyaluronic acid, and chondroitin sulfate (CS).20,21) Among 
them, we newly discovered that only the ternary complex 
coated by γ-PGA or CS showed high gene expression without 
cytotoxicity after intravenous administration into mice.

In this experiment, we constructed anionic gene delivery 

vectors, ternary complexes, with pDNA, PEI, and anionic 
polymers such as γ-PGA and CS and confirmed their useful-
ness for ocular gene delivery. The ternary complexes showed 
high transgene efficiencies under in vitro and in vivo condi-
tions and did not show cytotoxicity or aggregation with the 
vitreous body.

Materials and Methods

Chemicals ​ PEI (branched form, average molecular weight 
of 25,000) and rhodamine B isothiocyanate were purchased 
from Aldrich Chemical Co. (Milwaukee, WI, U.S.A.). Chon-
droitin sulfate A sodium salt was obtained from Sigma (St. 
Louis, MO, U.S.A.). The γ-PGA was provided by Yakult Phar-
maceutical Industry Co., Ltd. (Tokyo, Japan). Fetal bovine 
serum (FBS) was obtained from Biosource International Inc. 
(Camarillo, CA, U.S.A.). DMEM-F10, Opti-MEM Ι, antibiotics 
(penicillin 100 U/mL and streptomycin 100 µg/mL), and other 
culture reagents were obtained from GIBCO BRL (Grand 
Island, NY, U.S.A.). 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)- 2H-tetrazolium, monosodium salt (WST-1) and 
1-methoxy-5-methylphenazinium methylsulfate (1-methoxy 
PMS) were obtained from Dojindo Laboratories (Kumamoto, 
Japan). Rhodamine-PEI (Rh-PEI) was prepared in our labora-
tory. Briefly, PEI and rhodamine B isothiocyanate were dis-
solved in dimethyl sulfoxide (DMSO) and stirred overnight 
at room temperature in the dark. Rh-PEI was purified by 
gel filtration. Almost 1.5% of PEI nitrogen was labeled with 
rhodamine B. All other chemicals were of the highest purity 
available.

Preparation of pDNA and Gene Vector ​ pCMV-Luc was 
constructed by subcloning the Hind III/Xba I firefly lucifer-
ase cDNA fragment from the pGL3-control vector (Promega, 
Madison, WI, U.S.A.) into the polylinker of the pcDNA3 
vector (Invitrogen, Carlsbad, CA, U.S.A.). Enhanced green 
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fluorescence protein (GFP) encoding the pDNA (pEGFP-C1) 
was purchased from Clontech (Palo Alto, CA, U.S.A.). The 
pDNA was amplified using an EndoFree Plasmid Giga Kit 
(QIAGEN GmbH, Hilden, Germany). The pDNA was dis-
solved in 5% dextrose solution and stored at −80°C until 
analysis.

For the preparation of ternary complexes, pDNA solution 
and PEI solution (pH 7.4) were mixed by pipetting thoroughly 
and left for 15 min at room temperature, and then each anionic 
polymer was mixed with pDNA/PEI complexes by pipetting 
and left for another 15 min at room temperature. In this study, 
we constructed ternary complexes at a theoretical charge ratio: 
phosphate of pDNA : nitrogen of PEI : carboxylate of γ-PGA or 
sulfate of CS=​1 : 8 : 6.

Physicochemical Property of Ternary Complexes ​ The 
particle sizes and ζ-potentials of various complexes were mea-
sured using a Zetasizer Nano ZS (Malvern Instruments, Ltd., 
United Kingdom). The number-fractioned mean diameter is 
shown.

To determine complex formations, 10 µL aliquots of various 
complex solutions containing 1 µg pDNA were mixed with 
2 µL loading buffer (30% glycerol and 0.2% bromophenol 
blue) and loaded onto a 0.8% agarose gel. Electrophoresis (i-
Mupid J; Cosmo Bio, Tokyo, Japan) was carried out at 100 V 
in running buffer solution (40 mm Tris/HCl, 40 mm acetic acid, 
and 1 mm ethylenediaminetetraacetic acid (EDTA)). The retar-
dation of the pDNA was visualized with ethidium bromide, 
using a FluorChem Imaging System (Alpha Innotech, CA, 
U.S.A.).

In Vitro Gene Expression Experiment ​ The human 
retinal pigment epithelial cell line, ARPE-19 cells, were main-
tained in DMEM-F10 supplemented with 10% FBS and anti-
biotics (culture medium) under a humidified atmosphere of 5% 
CO2 in air at 37°C. The cells were plated onto 24-well plates 
(Becton-Dickinson, Franklin Lakes, NL, U.S.A.) at a density 
2.5×104 cells/well and cultivated in 0.5 mL culture medium. 
In the transfection experiment for complexes, after 24 h pre-
incubation, the medium was replaced with 0.5 mL Opti-MEM 
Ι medium and various complexes containing 1 µg pDNA were 
then added to each well and incubated for 2 h. After transfec-
tion, the medium was replaced with culture medium and cells 
were cultured for a further 22 h at 37°C.

To determine the uptake of ternary complexes, ARPE-19 
cells were transfected by various complexes constructed with 
pEGFP-C1, Rh-PEI, and anionic polymers as described above. 
After 22 h incubation, the relative levels of Rh-PEI and GFP 
expression were characterized using fluorescent microscopy 
(200× magnification, ECLPSE TE 200; Nikon, Tokyo, Japan).

To determine transgene efficiency, ARPE-19 cells were 
transfected by various complexes containing pCMV-Luc, 
PEI, and anionic polymers as described above. After 22 h 
incubation, the cells were washed with PBS and then lysed in 
100 µL lysis buffer (pH 7.8 and 0.1 m Tris–HCl buffer contain-
ing 0.05% Triton X-100 and 2 mm EDTA). Ten microliters of 
lysate samples were mixed with 50 µL luciferase assay buffer 
(Picagene; Toyo Ink, Tokyo, Japan) and the light produced 
was immediately measured using a luminometer (Lumat LB 
9507; EG & G Berthold, Bad Wildbad, Germany). The pro-
tein content of the lysate was determined by a Bradford assay 
using BSA as a standard. Absorbance was measured using a 
microplate reader at 595 nm (Multiskan Spectrum; Thermo 

Fisher Scientific Inc., Waltham, MA, U.S.A.). Luciferase activ-
ity was indicated as relative light units (RLU) per mg protein.

WST-1 Assay ​ Cytotoxicity tests were carried out on 
ARPE-19 cells using a commercially available WST-1 cell 
proliferation reagent. ARPE-19 cells were plated onto 96-well 
plate (Becton-Dickinson, Franklin Lakes, NJ, U.S.A.) at a 
density of 1.0×104 cells/well and cultivated in 100 µL culture 
medium. Complexes containing 1 µg pDNA in 100 µL Opti-
MEM I were added to each well and incubated for 2 h. After 
transfection, the medium was removed and the cells were 
cultured for a further 22 h at 37°C with culture medium. After 
incubation, the medium was replaced with 100 µL culture 
medium, and 10 µL WST-1 mixture solution (4.95 mm WST-1 
and 0.2 mm 1-methoxy PMS) was added to each well and in-
cubated for an additional 2 h at 37°C. The absorbance in each 
well was measured using a microplate reader at 450 nm with a 
reference of 630 nm. The results are shown as a percentage of 
untreated cells (control).

Interaction with Vitreous Body ​ Vitreous body from 
pigs (Sasebo MeatCenter, Nagasaki, Japan) was centrifuged at 
2500 rpm (Kubota 3700; Kubota, Tokyo, Japan) for 10 min and 
filter through a 0.22 µm filter (Millex-GP; Millipore Co., Bed-
ford, MA, U.S.A.). Various complexes were added at an equal 
volume to the vitreous body. The solutions were incubated 
for 15 min at room temperature. For microscopy, the solution 
was placed on a glass plate and aggregation was monitored 
(400× magnification). Turbidity was quantified using a micro-
plate reader by measuring the absorbance at a wavelength of 
630 nm. The results are shown as a percentage of pDNA/PEI 
complexes.

In Vivo Gene Expression Experiment ​ Male white Japa-
nese rabbits (KBT Oriental, Tosu, Japan) weighing 2.5–3.0 kg 
were individually housed in cages under controlled tempera-
ture (21°C) and humidity (50±​5%) and a 12 : 12 h light/dark 
cycle at the Laboratory Animal Center for Biomedical Re-
search, Nagasaki University. Each complex containing 20 µg 
pDNA was injected into the vitreous body of rabbits (100 µL 
per eye). The rabbits were sacrificed 24 h after the injection. 
The retina was dissected and homogenized with lysis buffer 
using a homogenizer (Omni TH-115; Yamato Scientific Co., 
Ltd., Tokyo, Japan). After the centrifugation of homogenates 
at 15000 rpm for 5 min, 10 µL supernatant samples were mixed 
with 50 µL luciferase assay buffer and the light produced was 
immediately measured using a luminometer. Luciferase activ-
ity was indicated as relative light units (RLU) per g tissue.

Animal care and experimental procedures were performed 
in accordance with the Guidelines for Animal Experimenta-
tion of Nagasaki University with approval from the Institu-
tional Animal Care and Use Committee.

Statistical Analysis ​ Statistical significance among groups 
was identified by Dunnett’s pairwise multiple comparison t-
test.

Results

Physicochemical Characteristics and Electrophoresis 
Assay ​ The pDNA/PEI complexes with a charge ratio of 
1 : 8 had high transgene efficiency under in vitro and in vivo 
conditions.22,23) Ternary complexes (pDNA/PEI/anionic poly-
mer) with a charge ratio of 1 : 8 : 6 showed high transgene 
efficiency without toxicity in vitro in previous experiments 
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and were used throughout the present study.20,21) The particle 
sizes and ζ-potentials of these complexes were measured with 
Zetasizer Nano ZS and are shown in Table 1. The pDNA/PEI 
complexes showed 55.8±​13.1 nm particle size and 46.1±​0.1 mV 
ζ-potential. Ternary complexes, however, showed anionic 
charge and significantly lower ζ-potentials than the pDNA/
PEI complexes (p<0.01), although the addition of anionic 
polymers did not greatly affect the size of the complexes. 
Secondary, stability of the complexes was determined by a gel 
retardation assay (Fig. 1). Naked pDNA was detected as bands 
on agarose gel. The pDNA/PEI complexes and the ternary 
complexes did not show any bands of naked pDNA, indicating 
the formation of stable complexes including pDNA.

Evaluation of Uptake and Gene Expression by Fluores-
cent Microscopy ​ The uptake of the complexes and their 
gene expressions were visualized in ARPE-19 cells after 
transfection with complexes containing Rh-PEI and pEGFP-
C1 (Figs. 2A, B). In the pDNA/PEI complexes and pDNA/

PEI/γ-PGA complexes, red dots of Rh-PEI and bright green 
florescence of GFP were highly observed in most cells. On the 
other hands, few cells showed red dots and bright green fluo-
rescence in the pDNA/PEI/CS complexes.

Determination of Transgene Efficiency ​ Transgene ef-
ficiency was quantitatively determined as luciferase activity 
in ARPE-19 cells after transfection with various complexes 

Fig.  1.  Gel Retardation Assay
Various complexes were loaded onto agarose gel and electrophoresis was carried 

out. Retardation of pDNA was visualized using ethidium bromide.

Table  1.  Particle Size and ζ-Potential

Complex Particle size (nm) ζ-Potential (mV)

pDNA/PEI 55.8±13.1 46.1±0.1
pDNA/PEI/γ-PGA 71.2±16.9 −32.8±0.2**
pDNA/PEI/CS 83.2±2.3 −28.3±1.2**
Each value represents the mean±S.E. (n=3). ** p<0.01 vs. pDNA/PEI.

Fig.  2.  Fluorescent Microscopy Images of ARPE-19 Cells Transfected with Various Complexes
Cells were transfected with various complexes containing Rh-PEI and pEGFP-C1. Twenty-four hours after transfection, the uptake of Rh-PEI (A) and GFP expression 

(B) were observed (200× magnification).

Fig.  3.  Transfection Efficiency of Various Complexes
ARPE-19 cells were incubated with the complexes for 2 h. At 22 h after transfec-

tion, cells were lysed for quantification of luciferase activity. Each bar represents 
the mean±S.E. (n=3). ** p<0.01 vs. pDNA/PEI.

Fig.  4.  Cytotoxicity of Various Complexes
Cell viability of ARPE-19 cells was evaluated by WST-1 assay. Cells were incu-

bated with complexes for 2 h and cell viability was measured at 24 h after transfec-
tion. Data are the percentage to untreated cells. Each bar represents the mean±S.E. 
(n=8). ** p<0.01 vs. control.
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containing pCMV-Luc (Fig. 3). The pDNA/PEI complexes 
showed higher transgene efficiency than ternary complexes 
(p<0.01). The pDNA/PEI/γ-PGA complexes, however, exceed-
ed 109 RLU/mg protein in transgene efficiency.

Cytotoxicity Study ​ In order to determine the cytotoxicity 
of the complexes, the viability of ARPE-19 cells was deter-
mined by WST-1 assay after incubation with the complexes 
(Fig. 4). The pDNA/PEI complexes showed significantly high-
er cytotoxicity than the control (p<0.01). On the other hand, 
little cytotoxicity was observed in the ternary complexes.

Interaction with Vitreous Body ​ The aggregation of the 
complexes in the vitreous body and the turbidity of vitreous 
body mixed with the complexes were determined to evaluate 
the suitability of the complexes for the intraocular injection. 
Aggregation was observed by microscopy after addition of 
the complexes to the vitreous body (Fig. 5A). The pDNA/PEI 
complexes showed severe aggregation but no aggregation was 
observed in ternary complexes. Figure 5B shows the turbid-
ity of the vitreous body mixed with various complexes. The 
pDNA/PEI complexes increased turbidity; however, ternary 
complexes showed lower turbidity than pDNA/PEI complexes 
(p<0.01).

In Vivo Gene Expression Experiment ​ The transgene 
efficiency of the complexes in the post-vitreous organ, the 
retina, was determined as luciferase activity 24 h after their 
intravitreal injection in white male Japanese rabbits (Fig. 6). 
All complexes showed transgene efficiency over 105 RLU/g 
tissue in the retina. The pDNA/PEI/γ-PGA complexes showed 
higher transgene efficiency than pDNA/PEI complexes. On the 
other hand, pDNA/PEI/CS complexes showed lower transgene 
efficiency than pDNA/PEI complexes.

Discussion

Non-viral vectors such as cationic polymers and cationic 
liposomes hold great promise for ocular diseases. Among 
them, PEI is widely used and shows high transgene efficiency 
in vitro and in vivo because of specific mechanisms such as 

condensing pDNA by electrostatic interaction, binding to the 
cell surface, being taken up by the endocytotic pathway, and 
releasing pDNA into cytoplasm.24–28) On the other hand, it 
is reported that PEI shows high cytotoxicity and binds non-
specifically to blood proteins and extracellular matrix com-
ponents such as proteoglycans.29,30) To reduce these toxicities, 
some reports have developed ternary complexes coated with 
polyethyleneglycol copolymers, human serum, polyacrylic 
acid, and polysaccharides.31–34) Hornof et al. also demonstrated 
that pDNA/PEI complexes coated with hyaluronan reduced 
toxicity in corneal epithelial cells.35)

In our previous studies, we developed ternary complexes, 
pDNA/PEI complex coated with γ-PGA or CS, showing high 
transgene efficiency without cytotoxicity or aggregation with 
erythrocytes.20,21) These safe and effective gene delivery 
vectors were also expected to be applied to intraocular gene 
delivery for posterior segment diseases. In the present study, 
we investigated the usefulness of these ternary complexes as 
ocular gene delivery vectors.

Physicochemical characteristics such as the particle size 
and ζ-potential of pDNA/PEI complexes and ternary com-
plexes were determined and are shown in Table 1. Generally, 
cellular uptake and distribution of complexes depend on the 
size of complexes. Sakurai et al. reported that nanoparticles 

Fig.  5.  Interaction of Complexes with Vitreous Body
Various complexes were added to the vitreous body, and agglutination (A) and turbidity of vitreous body (B) was assessed. Agglutination was observed by phase mi-

croscopy (400× magnification). Turbidity of vitreous body was determined by measuring the absorbance at a wavelength of 630 nm. Each bar represents the mean±S.E. 
(n=3). ** p<0.01 vs. pDNA/PEI.

Fig.  6.  Transfection Efficiency of Various Complexes in Rabbits
The complexes were injected intravitreally into rabbits (20 µg pDNA per rab-

bit). At 24 h after injection, rabbits were sacrificed and the retina was dissected 
for quantification of luciferase activity. Each bar represents the mean±S.E. (n=3).
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smaller than 200 nm were observed in retinal cells other 
than the vitreous cavity and trabecular meshwork where only 
larger diameter particles were distributed after intravitreal 
injection.36) Thus, small particle size is an important factor 
for effective ocular gene delivery. The pDNA/PEI complexes 
showed 55.8±​13.1 nm particle size. Ternary complexes coated 
with anionic polymers were as small as pDNA/PEI complexes 
regardless of the addition of anionic polymer. The addition 
of anionic polymer can possibly destabilize the electrostatic 
formation of pDNA/PEI complexes; therefore, we examined 
the formation of ternary complexes by a gel retardation assay. 
In all complexes, the band of pDNA was not detected when 
naked pDNA was detected as bands on agarose gel, as shown 
in Fig. 1. Furthermore, the ternary complexes had negative 
ζ-potential, as shown in Table 1. These results indicate that 
γ-PGA or CS was adsorbed onto the surface of pDNA/PEI 
complexes, leading to the formation of ternary complexes with 
negative surface charges.

Firstly, the in vitro experiments were carried out with the 
human retinal pigment epithelial cell line, ARPE-19 cells. Cat-
ionic pDNA/PEI complexes have been reported to show high 
transgene efficiency20,21,24); however, they are known to have 
strong cytotoxicity by interaction with the negative surface of 
the cellular membrane.29) In fact, pDNA/PEI complexes were 
taken up highly by the cells and showed high GFP expression 
and luciferase activity in ARPE-19 cells (Figs. 2A, B, 3). At 
the same time, pDNA/PEI complexes also showed high cyto-
toxicity in the cells (Fig. 4).

On the other hand, anionic complexes are generally con-
sidered to have little interaction with negatively charged cell 
surfaces, suggesting low cytotoxicity and low gene expression, 
and the anionic ternary complexes did in fact show low cyto-
toxicity (Fig. 4). The anionic complexes in the present study, 
however, showed high uptake of Rh-PEI and high GFP expres-
sion by fluorescent microscopy of ARPE-19 cells (Figs. 2A, B). 
The high transgene efficiency of these ternary complexes was 
also confirmed by their luciferase activity (Fig. 3). We previ-
ously reported these specific phenomena in a mouse mela-
noma cell line, B16-F10 cells, and demonstrated the specific 
uptake pathways of these ternary complexes.20,21) The process 
of gene transfection was involved in condensing pDNA by 
electrostatic interaction, binding to the cell surface, take up by 
the endocytotic pathway, and release of pDNA into cytoplasm. 
The higher gene expression of γ-PGA complexes compared to 
CS complexes may be explained by functional differences in 
these processes. Further experiment is necessary to clarify the 
mechanism.

For effective and safe retina gene delivery, the complexes 
must diffuse through the vitreous body before they can reach 
the retina without aggregation with the vitreous body. The 
vitreous body is a highly hydrated (98% water) transpar-
ent bio-gel containing anionic polymers such as hyaluronan 
(65–400 µg/mL), chondroitin sulfate, and heparan sulfate.17,37) 
Cationic gene delivery vectors interact with these components 
of the vitreous body, and it was reported that cationic lipo-
somes aggregated with the vitreous body in vitro.16) In this ex-
periment, cationic pDNA/PEI complexes also aggregated with 
the vitreous body and made the vitreous body turbid. Aggre-
gation of the vitreous body might lead to fatal adverse reac-
tions such as visual degradation and blindness. Nevertheless, 
the anionic ternary complexes showed no aggregation and low 

turbidity, indicating their biocompatibility and clinical safety 
in ocular application (Fig. 5).

Based on these results, we examined the in vivo transgene 
efficiency of ternary complexes in the retina as luciferase 
activity after their intravitreal injection into rabbits. High 
luciferase activities of the pDNA/PEI complexes and ternary 
complexes were observed in the retina (Fig. 6). In particular, 
pDNA/PEI/γ-PGA complexes showed the highest transgene ef-
ficiency. Aggregations of pDNA/PEI complexes were immobi-
lized in the vitreous body; consequently, only a small amount 
of pDNA/PEI complexes might have reached the neural retina 
or the retinal pigment epithelial cells.

Thus, we have developed a safe and efficient gene delivery 
vector, ternary complexes, for ocular gene delivery. Ternary 
complexes will be very useful for the treatment of posterior 
segment diseases. Further experiments may be necessary to 
investigate their clinical usefulness.
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