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a b s t r a c t

We developed polyethylenimine (PEI) lipopolyplexes with N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
trimethlylammonium chloride (DOTMA) and pDNA to investigate their usefulness for in vitro and
in vivo gene delivery. The charge ratio of the complex to pDNA was calculated with molar values of nitro-
gen of PEI, and nitrogen of DOTMA to phosphate of pDNA. The polyplexes were prepared at charge ratio 2
(polyplex 2P) and 8 (polyplex 8P). DOTMA solution was added to polyplex 2P to prepare lipopolyplexes at
charge ratio 1 (lipopolyplex 2P-1D), 2 (lipopolyplex 2P-2D), and 4 (lipopolyplex 2P-4D). The particle size
of the complex was significantly reduced by the addition of DOTMA and settled to 74–114 nm, indicating
pDNA compaction. The addition of DOTMA to polyplex 2P decreased pDNA dissociation from the complex
and degradation in serum. The addition of DOTMA to polyplex 2P remarkably increased gene expression
Luciferase
Polyethylenimine
C

in HepG2 cells in the absence or presence of FBS. These lipopolyplexes showed little cytotoxicity in the
presence of FBS. After intravenous injection of the lipopolyplexes into mice, high-gene expression in the
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. Introduction

Gene therapy is expected to be an effective method to treat
ancer, infection, innate immunodeficiency, and cardiovascular dis-
ases (Verma and Somia, 1997). The success of gene therapy highly
epends on the development of effective and secure delivery vec-
ors. The gene delivery vector is categorized into viral and non-viral
ectors. The viral vector is highly effective and has been used in
linical trials, although some severe adverse events were of great
oncern for its safety (Edelstein et al., 2007). On the other hand, non-
iral vectors have safety advantages: much lower immunotoxicity,
clear structure, and easy modeling; therefore, much attention has
een paid to non-viral vectors (Tang and Szoka, 1997; Fillion and
hillips, 1998).

The conformation of the pDNA-vector complex is an important
actor that influences transgene efficiency. Two major forms of non-
iral vectors are polyplex (complex of pDNA and cationic polymer)

nd lipoplex (complex of pDNA and cationic liposomes). These are
ndependently effective for gene delivery in several cell lines and
n vivo experiments (Gao and Huang, 1995; Goldman et al., 1997;
orgi et al., 1997). Recently, a ternary complex of cationic polymer,
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erved with lipopolyplex 2P-2D, lipopolyplex 2P-4D, and polyplex 8P. In
howed the highest gene expression.

© 2008 Elsevier B.V. All rights reserved.

ationic liposomes, and pDNA, named lipopolyplex, has been devel-
ped as a second-generation non-viral vector. Lipopolyplexes have
een reported to show extremely high-gene expression by syn-
rgism of cationic polymers and liposomes (Li and Huang, 1997;
ampela et al., 2003; Lee et al., 2003).

Polyethylenimine (PEI) is a popular cationic polymer for poly-
lex and has shown high-gene expression in in vitro and in vivo
ene delivery studies (Godbey et al., 1999; Kircheis et al., 2001).
everal advantages of PEI in the process of gene transfection
ave been reported; condensing pDNA by electrostatic interac-
ion, binding to the cell surface and taken up by the endocytotic
athway, and releasing pDNA into the cytoplasm, via the so-
alled ‘proton-sponge mechanism’ (Boussif et al., 1995; Kichler
t al., 2001; Itaka et al., 2004). It was also able to accelerate
ene entry into the nucleus from the cytoplasm (Pollard et al.,
998). Furthermore, lipopolyplexes of PEI with DOCSPER, DOSPER,
nd DOTAP demonstrated high-gene expression in in vitro experi-
ents (Lampela et al., 2003; Pelisek et al., 2006); however, there

ave been few reports about the usefulness of PEI lipopolyplex
n in vivo experiments. In the preliminary experiment, we found

hat a lipopolyplex of PEI with N-[1-(2,3-dioleyloxy)propyl]-N,N,N-
rimethlylammonium chloride (DOTMA) showed higher gene
xpression than polyplex of PEI in in vivo experiments; therefore,
e investigated the usefulness of PEI lipopolyplex with DOTMA and
DNA in in vitro and in vivo gene delivery.

http://www.sciencedirect.com/science/journal/03785173
mailto:sasaki@net.nagasaki-u.ac.jp
dx.doi.org/10.1016/j.ijpharm.2008.07.010
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ments. Lipopolyplexes were prepared before each experiment. The
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. Materials and methods

.1. Chemicals

PEI (branched form, average molecular weight of 25,000)
as purchased from Aldrich Chemical Co. (Milwaukee, WI, USA).
OTMA was purchased from Tokyo Chemical Industry Co. Ltd.

Tokyo, Japan). Fetal bovine serum (FBS) was obtained from
iological Industries Ltd. (Kibbutz Beit Haemek, Israel). Bovine
erum albumin (BSA, minimum 98%, lyophilized powder and low
ndotoxin) was obtained from Sigma Chemical Co. (St. Louis,
O, USA). Dulbecco’s modified Eagle’s medium (DMEM), antibi-

tics (penicillin 100 U/ml; streptomycin 100 �g/ml) and other
ulture reagents were obtained from Invitrogen Corp. (Carls-
ad, CA, USA). Phosphate-buffered saline (PBS) was prepared
y mixing isotonic phosphate buffer (pH 7.4) with an equal
olume of saline. WST-1 (2-(4-lodophenyl)-3-(4-nitrophenyl)-2H-
etrazolium, monosodium salt) and 1-methoxy PMS (1-methoxy-
-methylphenazinium methylsulfate) were obtained from Dojindo
aboratories (Kumamoto, Japan). Lissamine rhodamine B 1,2-
ihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
onium salt (Rh-DHPE) and Hoechst 33342 were purchased from
olecular Probes (Leiden, The Netherlands). Rhodamine-PEI (Rh-

EI) was prepared in our laboratory. Briefly, PEI and rhodamine B
sothiocyanate (Aldrich Chemical Co., Milwaukee, WI, USA) were
issolved in dimethyl sulfoxide (DMSO) and stirred overnight at
oom temperature in the dark. Rh-PEI was purified by gel filtra-
ion. Almost 1.5% of PEI nitrogen was labeled with rhodamine B.
ll other chemicals were of reagent grade and used as obtained
ommercially.

.2. Construction of pDNA

pCMV-luciferase was constructed by subcloning the
indIII/Xbal firefly luciferase cDNA fragment from the pGL3-
ontrol vector (Promega, Madison, WI, USA) into the polylinker
f the pcDNA3 vector (Invitrogen, Carlsbad, CA, USA). Green
uorescence protein (GFP) encoding the plasmid (pEGFP-C1) was
urchased from Clontech (Palo Alto, CA, USA). pDNA was ampli-
ed using a EndoFree® Plasmid Giga Kit (Qiagen GmbH, Hilden,
ermany). pDNA was dissolved in 5% dextrose solution and stored
t −80 ◦C until analysis. The pDNA concentration was measured at
bsorbance of 260 nm and adjusted to 1 mg/ml.

.3. Preparation of polyplex and lipopolyplex

The theoretical charge ratio of pDNA/PEI complexes was calcu-
ated as the molar ratio of nitrogen of PEI to phosphate of DNA. An
ppropriate amount of stock PEI solution (pH 7.4) was mixed with
he diluted solution of pDNA (1 mg/ml) by pipetting thoroughly to
repare polyplexes at charge ratio 2 (polyplex 2P) and 8 (polyplex
P). For preparation of lipopolyplexes, the theoretical charge ratio
f DOTMA to pDNA was calculated as the molar ratio of the nitro-
en of DOTMA to the phosphate of pDNA. DOTMA ethanol solution
as added to polyplex 2P after 10 min, and left for a further 20 min

t room temperature to prepare lipopolyplexes at a charge ratio of
OTMA/pDNA 1 (lipopolyplex 2P-1D), 2 (lipopolyplex 2P-2D), and
(lipopolyplex 2P-4D).

.4. Evaluation of physicochemical properties of lipopolyplexes
The particle size and zeta potential of polyplexes and
ipopolyplexes were measured with Zetasizer Nano ZS (Malvern
nstruments Ltd., United Kingdom). The number-fractioned mean
iameter is shown. Transmission electron microscopy (JEM-1210;
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EOL, Tokyo, Japan) was also used to evaluate the particle size of
omplexes.

.5. Electrophoresis assay

Five microliter aliquots of complex solution were mixed with
�l of loading buffer (30% glycerol and 0.2% bromophenol blue)
nd loaded onto a 0.6% agarose gel. Electrophoresis (i-Mupid J®;
osmo Bio, Tokyo, Japan) was carried out at 50 V in running buffer
olution (40 mM Tris/HCl, 40 mM acetic acid, and 1 mM EDTA). The
etardation of complexes was visualized with ethidium bromide
taining.

.6. In vitro gene-expression experiments

The human hepatoma cell line HepG2 was obtained from the
ell Resource Center for Biomedical Research, Tohoku University.
epG2 cells were maintained in DMEM supplemented with 10%
BS and antibiotics under a humidified atmosphere of 5% CO2 in
ir at 37 ◦C. The cells were plated on 12-well collagen-containing
lates (Becton-Dickinson, Franklin Lakes, NL, USA) at a density
.0 × 104 cells/well and cultivated in 1.5 ml DMEM supplemented
ith 10% FBS and antibiotics. In the transfection experiment for

omplexes, after 24 h preincubation, the medium was replaced with
.5 ml DMEM with or without FBS. Two micrograms of pDNA com-
lexed with PEI and DOTMA was then added to each well and

ncubated for 2 h. After transfection, the incubation medium was
emoved and cells were cultured for a further 22 h at 37 ◦C with
MEM supplemented with 10% FBS and antibiotics until luciferase
nalysis. For the evaluation of GFP expression, HepG2 cells were
eeded at a density of 1.0 × 105 cells/well and transfected with GFP
ncoding pDNA (pEGFP) polyplexes and lipopolyplexes in the pres-
nce of FBS, as described above. The relative levels of GFP expression
ere characterized using fluorescent microscopy 24 h after trans-

ection.

.7. Evaluation of intracellular distribution of lipopolyplex

To observe the intracellular distribution of lipopolyplexes,
epG2 cells were transfected as described above with pEGFP com-
lexed with PEI and DOTMA, including fluorescent dye such as
h-PEI or Rh-DHPE. At 24 h after transfection, cells were incu-
ated with Hoechst 33342 containing culture medium for 30 min
o visualize nuclei and then medium was replaced, and fluores-
ence distribution of Rh-PEI, Rh-DHPE, Hoechst 33342, and GFP
as observed with fluorescent microscopy. The tone of each image
as adjusted and overlapped to give a merged picture by digital
rocessing.

.8. In vivo gene-expression experiments

Animal care and experimental procedures were performed in
ccordance with the Guidelines for Animal Experimentation of
agasaki University with approval from the Institutional Animal
are and Use Committee. Male ddY mice (5–6 weeks old) were pur-
hased from Japan SLC (Shizuoka, Japan). After shipping, mice were
ice were injected intravenously with complexes at a volume of
00 �l per mouse. At 6 h following the injection, the mice were
acrificed, and the liver, kidney, spleen, heart, and lung were dis-
ected. The activity of luciferase in the tissues was determined as
he gene expression.
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.9. Luciferase assay

Transfected cells were washed with PBS and then lysed in
00 �l of lysis buffer (pH 7.8 and 0.1 M Tris/HCl buffer contain-

ng 0.05% Triton X-100 and 2 mM EDTA); the lysates were used for
uciferase assay. For in vivo experiments, the tissues were homoge-
ized in lysis buffer. The lysis buffer was added in a weight ratio of
�l/mg for liver samples, 5 �l/mg for kidney samples, and 10 �l/mg

or other organ samples. The homogenates were centrifuged at
1,880 × g for 5 min and the supernatants were used for luciferase
ssays. Ten microliters of lysate samples were mixed with 50 �l of
uciferase assay buffer (Picagene, Toyo Ink MFG. CO., LTD., Tokyo,
apan) and the light produced was immediately measured using
luminometer (Lumat LB 9507, EG&G Berthold, Bad Wildbad, Ger-
any). Luciferase activity was indicated as relative light units (RLU)

er mg protein for in vitro experiments and RLU per gram of tissue
or in vivo experiments.

.10. WST-1 assay

Cytotoxicity tests of polyplexes and lipopolyplexes on HepG2
ells were carried out using a WST-1 commercially available cell
roliferation reagent. The assay is based on cleavage of the tetra-
olium salt WST-1 by active mitochondria to produce a soluble
olored formazan salt. Since the conversion occurs only with viable
ells, it directly correlates with the cell number. The stock solu-
ion of WST-1 (5.5 mM) and 1-methoxy PMS (2 mM) was prepared
n sterilized PBS and a mixture was prepared by mixing 4.5 ml of

ST-1 solution and 0.5 ml of 1-methoxy PMS solution just before
he experiments. HepG2 cells were plated at 2.5 × 104 cells/well in
4-well collagen-coated plates (Becton-Dickinson, Franklin Lakes,
L, USA). The transfection procedure was performed as described
bove. At 24 h after transfection, the medium was removed and 1 ml
resh growth medium and 100 �l of WST-1 mixture solution were
dded to each well. The cells were incubated for 2 h at 37 ◦C and
bsorbance was measured at a wavelength of 450 nm with a ref-
rence wavelength of 630 nm, using a microplate reader (Thermo
isher Scientific Inc., USA). The results are shown as a percentage
f untreated cells.

.11. Statistical analysis

The results are reported as the mean with S.D. of at least three
xperiments. Statistical analysis was performed using ANOVA and
unnett’s test with Bonferroni’s correction for multiple compari-

on. p < 0.05 was considered to indicate significance.

. Results

.1. Physicochemical properties of polyplexes and lipopolyplexes
The particle size and zeta potential of polyplex and lipopolyplex
ere measured and are shown in Table 1. Polyplex 2P had 262.7 nm
ean particle size and 23.7 mV mean zeta potential. The addition of
OTMA decreased the particle size and increased the zeta poten-

able 1
he particle size and zeta potential of polyplexes and lipopolyplexes

omplex Particle size (nm) Zeta potential (mV)

olyplex 2P 262.7 ± 86.0 23.7 ± 0.6
ipopolyplex 2P-1D 114.1 ± 21.5 49.1 ± 0.6
ipopolyplex 2P-2D 73.9 ± 26.8 54.8 ± 0.8
ipopolyplex 2P-4D 110.5 ± 28.8 57.1 ± 1.3
olyplex 8P 24.8 ± 1.7 40.8 ± 2.5

ach value is the mean ± S.D. (n = 3).
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ig. 1. Transmission electron microscopy (TEM) image of lipopolyplex 2P-2D. Bar
epresents 200 nm. Magnification 25,000×.

ial. The particle size of lipopolyplex 2P-1D was 114.1 nm, which
as 0.4-fold that of polyplex 2P. Further addition of DOTMA did
ot change the particle size. The zeta potential of lipopolyplex 2P-
D was 49.1 mV, which was 2.1-fold that of polypex 2P. An increase
f DOTMA gradually increased the zeta potential and it reached
7.1 mV with lipopolyplex 2P-4D. Lipopolyplex 2P-2D was observed
ith transmission electron microscopy (TEM) and the image is

hown in Fig. 1. Particles having a diameter of 24–130 nm were
bserved with low polydispersity on a TEM picture. The liposomal
hape of DOTMA was not observed by TEM.

.2. Gel retardation assay

Complex formations of polyplexes and lipopolyplexes were
xamined by a gel retardation assay (Fig. 2i). Naked pDNA was
etected as two bands on agarose gel (A). Polyplex 2P showed two
ands of pDNA on the gel (B). A slight amount of naked pDNA
as detected for lipopolyplex 2P-1D (C). Bands of pDNA were not
etected in lipopolyplex 2P-2D and lipopolyplex 2P-4D (D and E).
olyplex 8P also showed no detection of pDNA bands. When an
qual volume of heparin calcium was added to each complex and
oaded onto agarose gel, bands of naked pDNA were detected in all
omplexes (data are not shown).

In order to study the effect of serum on the stability of polyplexes
nd lipopolyplexes, the complexes were incubated with serum for
5 min at 37 ◦C and thereafter an equal volume of heparin cal-
ium was added to each complex and electrophoresis performed
Fig. 2ii). After serum treatment, naked pDNA was detected as bands
nd fragmentations on the agarose gel (A′). The polyplex 2P showed
ands of pDNA and fragmentations on the gel (B′). Bands of pDNA
nd fragmentations were also detected in lipopolyplex 2P-1D (C′).
ands of pDNA with no fragmentations were detected in lipopoly-
lex 2P-2D and lipopolyplex 2P-4D (D′ and E′). Polyplex 8P showed
DNA bands with no fragmentation (F′).
.3. In vitro transgene efficiency of polyplexes and lipopolyplexes

In vitro gene expression efficiencies of polyplexes and lipopoly-
lexes were determined with HepG2 cells in the absence or
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ig. 2. Gel retardation assay (i) and serum protection assay (ii) were performed wi
nd polyplex 8P (F). Naked pDNA (A) was used as a control. For the serum-stability
nto an agarose gel with an equal volume of heparin calcium to separate pDNA from

resence of FBS. Luciferase activity at 24 h after transfection was
easured as the gene expression in the absence of FBS (Fig. 3A).

he lipopolyplexes and polyplex 8P expressed high-luciferase activ-
ty although polyplex 2P did not show the gene expression. When
ransfection was performed in the presence of FBS, the lipopoly-
lexes and polyplex 8P still expressed high-luciferase activity,
lthough polyplex 2P did not show the gene expression. The com-
ercial transfection reagent, lipofectin, showed 1.65 × 109 RLU/mg

rotein in the absence of FBS and 1.38 × 109 RLU/mg protein in the
resence of FBS.

Gene expressions mediated by polyplexes and lipopolyplexes
ere visualized using pEGFP. GFP expression was observed with
uorescent microscopy (Fig. 4). No fluorescence was found in cells
reated with naked pDNA (A), polyplex 2P (B), and lipopolyplex
P-1D (C). Lipopolyplex 2P-2D showed visible GFP expression in
everal cells (D). Many GFP-positive cells were observed in lipopoly-
lex 2P-4D (E) and polyplex 8P (F).

.4. Intracellular distribution of lipopolyplex

Intracellular distribution of lipopolyplex 2P-4D was visualized

sing pEGFP, Rh-PEI, and Hoechist 33342 (Fig. 5i). Fig. 5iA shows a
hase contrast picture 24 h after transfection. Fluorescent pictures
re for Hoechst 33342 in Fig. 5iB, for Rh-PEI in Fig. 5iC, and for GFP
n Fig. 5iD, respectively. The tone of each image was adjusted and
verlapped to a merged picture by digital processing (Fig. 5iE). In

c
l
o
a
2

ig. 3. Transfection efficiencies of polyplexes and lipopolyplexes in the absence (A) or p
ith PEI and DOTMA at various ratios. Twenty-four hours after transfection, cells were ly

ctivity (RLU/mg protein) with S.D. (n = 3). ** p < 0.001 vs. polyplex 8P; ## p < 0.001.
ctrophoresis for polyplexes 2P (B), lipopolyplexes 2P-1D (C), 2P-2D (D), 2P-4D (E),
complexes were incubated with fresh mouse serum for 15 min at 37 ◦C and loaded
omplex (A′–F′).

ig. 5iE, red dots of Rh-PEI were located mainly in the cytoplasm of
ost cells but were not observed in nuclei. Among them, strong GFP

xpression was observed in a few cells. We observed same intra-
ellular distribution of fluorescent-labeled lipid, Rh-DHPE, which
s loaded onto the complex (Fig. 5ii).

.5. Cytotoxicity of polyplexes and lipopolyplexes

Cytotoxicity of polyplexes and lipopolyplexes was determined
y WST-1 assay (Fig. 6). When cytotoxicity assay was performed
n the absence of FBS, the lipopolyplexes and polyplex 8P exhib-
ted significantly lower cell viability compared with untreated cells
Fig. 6A), although polyplex 2P did not show cytotoxicity. In the
resence of FBS, all polyplexes and lipopolyplexes showed compa-
able cell viability to untreated cells (Fig. 6B).

.6. In vivo transgene efficiency of polyplexes and lipopolyplexes

In vivo gene-expression efficiencies of polyplexes and lipopoly-
lexes were examined in ddY male mice. Luciferase activity in
omplexes (Fig. 7). Polyplex 2P and lipopolyplex 2P-1D showed
ittle-luciferase activity in any tissues. High-gene expressions were
bserved in the liver, spleen, and lung with lipopolyplex 2P-2D
nd lipopolyplex 2P-4D and polyplex 8P. In particular, lipopolyplex
P-4D showed highest gene-expression efficiency.

resence (B) of FBS. HepG2 cells were incubated for 2 h with pCMV-Luc complexed
sed for quantification of luciferase activity. The values are the means of luciferase
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ig. 4. Fluorescent microscopy images of HepG2 cells transfected with pEGFP/PEI/
ipopolyplexes 2P-1D (C), 2P-2D (D), 2P-4D (E) and polyplex 8P (F) for 2 h and the e

. Discussion

PEI is one of the most efficient non-viral vectors and is widely
sed for in vitro and in vivo gene delivery studies. The transfection
fficiency of PEI depends on its molecular weight and structure.
n this report, we used branched PEI of molecular weight 25 kDa
nd compared the transgene efficiency of pDNA/PEI polyplexes to
hat of pDNA/PEI/DOTMA lipopolyplexes. The transgene efficiency
f PEI was also reported to depend on the nitrogen to phosphate
N/P) ratio of pDNA/PEI (Goula et al., 1998; Choosakoonkriang et
l., 2003). Polyplex 2P showed little-gene expression in in vitro and
n vivo experiments (Figs. 3, 4 and 7). Polyplex 2P was found to
ave large particles with a slightly positive surface charge (+25 mV),
s shown in Table 1. A small amount of PEI may be not enough
o compact pDNA. The gel retardation assay indicated that poly-
lex 2P was insufficient to bind with pDNA and to protect pDNA
rom enzymatic degradation in serum. The instability of polyplex
P should cause low-gene expression. On the other hand, a large
mount of PEI (polyplex 8P) could form a stable complex with

DNA (Table 1 and Fig. 2) and showed high-gene expression in in
itro and in vivo experiments (Figs. 3, 4 and 7). A large amount of
EI, however, was reported to damage the liver and other tissues
fter its administration to mice (Kawakami et al., 2006; Xiong et al.,
007).

s
p
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a

A complexes. HepG2 cells were treated with naked pDNA (A), polyplex 2P (B) and
ion of GFP was monitored at 24 h. Magnification 10×.

We prepared the lipopolyplex by the addition of cationic lipids,
OTMA, to polyplex 2P. DOTMA is a cationic lipid used as a gene
elivery liposome (Felgner et al., 1987; Wollenberg et al., 1999;
edman et al., 2003). The particle size of the complex was sig-
ificantly reduced by DOTMA addition and settled to 74–114 nm,

ndicating pDNA compaction (Table 1). Compacted particles of
bout 60 ± 20 nm were also observed by TEM (Fig. 1). Most lipopoly-
lex 2P-2D particles had a ball-shaped structure by self-association.

n the present study, we added DOTMA ethanol solution to the poly-
lexes and did not find any liposomal shape by TEM, which was
bserved in previous reports (Gao and Huang, 1996; Lampela et al.,
003). These results suggest that lipopolyplexes have a compacted
ore of pDNA/PEI and a coating layer of DOTMA. The coating layer
ay compact the core more by ionic bonding, hydrogen bonding,

nd hydrophobic bonding, and reduce the particle size. pDNA is a
arge molecule and its compaction is essential for cell internaliza-
ion. The particle size of complexes is an important factor to control
ellular uptake, and small particles should more easily enter cells
ia an endocytosis pathway than larger ones.
The stability of lipopolyplexes was confirmed by electrophore-
is, as shown in Fig. 2. The addition of cationic lipids, DOTMA, to
olyplex 2P decreased the dissociation of pDNA from the complex.
ipopolyplex 2P-2D and lipopolyplex 2P-4D completely associ-
ted with pDNA (Fig. 2i). The complete association of lipopolyplex
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Fig. 5. Intracellular distribution of lipopolyplex 2P-4D labeled with fluorescent dyes including rhodamine-PEI (Rh-PEI, i) and lissamine rhodamine B 1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine, triethylammonium salt (Rh-DHPE, ii). HepG2 cells were treated with lipopolyplexes for 2 h. Intracellular distribution of complexes and GFP
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xpression (green) was observed 24 h after transfection. Nuclei were stained by Ho
ots or Rh-DHPE dots (C), expression of GFP (D) and merged image (E) are indicated
he reader is referred to the web version of the article.)

P-2D and lipopolyplex 2P-4D resulted in protecting pDNA by enzy-
atic degradation in serum (Fig. 2ii). We also found an increase of

eta potential of polyplex with the addition of DOTMA. The zeta
otential of lipopolyplexes reached about 60 mV with lipopolyplex
P-4D, which is similar to the zeta potential of DOTMA, indicat-

ng that the surface of lipopolyplexes is covered with DOTMA
olecules.

The addition of DOTMA to polyplex 2P remarkably increased

he gene expression in HepG2 cells in the absence or presence
f FBS. Especially in the presence of FBS, lipopolyplex 2P-2D and
P-4D had a high-gene expression, comparable with polyplex 8P
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r
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ig. 6. Cell viability of HepG2 cells treated with lipopolyplexes was measured by WST-1
he absence (A) or presence (B) of FBS for 2 h and cell viability was measured at 24 h after t
ith S.D. (n = 3). ** p < 0.001 vs. control; # p < 0.05; ## p < 0.001.
33342 (blue). Phase contrast image (A), nuclei staining (B), distribution of Rh-PEI
nification 200×. (For interpretation of the references to color in this figure legend,

nd a commercial transfection reagent, lipofectin (Fig. 3B). It is
orth noting that FBS did not depress the gene expression of

hese lipopolyplexes. Lipopolyplexes of PEI with DOTAP were also
eported to show high-transgene efficiencies, even in the presence
f FBS (García et al., 2007). The high-gene expression of lipopoly-
lexes in the presence of FBS indicates their usefulness under in
ivo conditions. Low-gene expression of lipopolyplex 2P-1D can be

xplained by the instability of the complex in serum, as shown
n the results of electrophoresis (Fig. 2ii). These gene-expression
esults were confirmed by the cell numbers visualized by pEGFP
Fig. 4). Lipopolyplex 2P-2D, lipopolyplex 2P-4D, and polyplex 8P

assay. Cells were incubated with various ratios of polyplexes and lipopolyplexes in
reatment. Data represent the percentage to untreated cells. Each value is the mean
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Fig. 7. In vivo transgene efficiencies of polyplexes and lipopolyplexes, expressed as
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n = 3–6). * p < 0.05 vs. polyplex 8P; # p < 0.05; ## p < 0.001.

howed large numbers of gene-expressing cells. Furthermore, we
bserved the intracellular distribution of lipopolyplexes 2P-4D
abeled with Rh-PEI or Rh-DHPE in the presence of FBS. The red
ots of Rh-PEI were located mainly in the cytoplasm of most cells
ut were not observed in nuclei, suggesting that the complexes
ere conveyed into late endosomes, and finally accumulated in

ysosomes (Fig. 5i). We observed the same intracellular distribu-
ion of fluorescent-labeled lipid, Rh-DHPE, which is loaded into the
omplex (Fig. 5ii), indicating that lipopolyplexes were taken up in
he cells by the endocytotic pathway, and both PEI and lipids are
esponsible for the delivery of pDNA into cells. Lipopolyplex must
e able to enhance internalization in many cells. Although many
ells showed red dots of Rh-PEI in the cytoplasm, only a few cells
trongly expressed GFP. These results may indicate the importance
f pDNA release from endosome and pDNA delivery into the nucleus
or successful gene expression. It was reported that only a few
DNA reached the nuclei, although a large amount of pDNA com-
lexes were localized in the cytoplasm after cellular internalization
Lechardeur et al., 2005; Hama et al., 2006). The high-gene expres-
ion of lipopolyplexes may have been caused by both membrane
usion characteristics of DOTMA molecules and the proton-sponge
ffect of PEI (Chen et al., 2007; Hattori and Maitani, 2007).

The cytotoxicity of lipopolyplexes was measured by the WST-1
ssay in HepG2 cells. Lipopolyplexes showed little cytotoxicity in
he presence of FBS (Fig. 6B), although the lipopolyplexes and poly-
lex 8P had significant cytotoxicity in the absence of FBS (Fig. 6A).
he serum-starving condition may influence cell sensitivity to
ighly cationic complexes. The cytotoxicity of lipopolyplex 2P-4D
ust cause its low-gene expression in the absence of FBS (Fig. 3A);

evertheless, gene delivery in the presence of FBS is important for
linical use.

Based on these results, we tested the efficiency of lipopoly-
lexes for in vivo gene delivery. After intravenous injection of

ipopolyplexes into mice, luciferace activity in several tissues was
etermined by luminescent analysis. Gene expression was slight

n all organs with polyplex 2P and lipopolyplex 2P-1D. Instabil-
ty of these complexes in serum might be the reason for their
nsufficient gene expression. In contrast, high-gene expression in
he liver, spleen, and lung was observed in lipopolyplex 2P-2D,
ipopolyplex 2P-4D, and polyplex 8P. In particular, lipopolyplex
P-4D showed the highest gene expression among them. The high-
ene expression of lipopolyplexes may be reflected by the stability
f the complex in the presence of FBS, membrane fusion char-

cteristics of DOTMA molecules, and the proton-sponge effect
f PEI.

Thus, these results confirm the usefulness of PEI lipopolyplex
ith DOTMA and pDNA in in vitro and in vivo gene delivery. Further

xperiments may be necessary to use them clinically.
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