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bstract

We previously developed complexes of lipoplexes containing 3�-(N-(N′,N′-dimethylaminoethane)carbamoyl)cholesterol (DC-chol) and suc-
inylated poly(glycidol)-modified liposome, which becomes fusogenic under weakly acidic condition, for use as a novel gene delivery system.
his study explored the effect of lipoplex structures – the type of cationic lipid and cationic lipid/DNA charge ratio – on the transfection activity
f those complexes. Three types of cationic lipid with different polar groups were used for the preparation of lipoplexes: DC-chol, N-[1-(2,3-
ioleoyloxy)propyl]-N,N,N-trimethylammonium methylsulfate (DOTAP), and 3,5-dipentadecyloxybenzamidine (TRX-20) with dimethylamino
roup, trimethylammonium group, and benzamidine group, respectively. Complexation with the SucPG-modified transferrin-bearing liposomes
ffected transfection activity of these lipoplexes differently. The TRX-20 lipoplexes exhibited the most marked enhancement of transfection activity

pon complexation with the SucPG-modified liposomes among these lipoplexes. The cationic lipid/DNA charge ratio of the lipoplex and the amount
f the transferrin-bearing SucPG-modified liposomes associated to the lipoplex also affected the transfection activity of the resultant complexes.
ighly potent gene vectors were obtained by adjusting these factors.
2006 Elsevier B.V. All rights reserved.
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Numerous efforts have been made to develop efficient non-
iral vectors for gene therapy (Brown et al., 2001; Niidome
nd Huang, 2002). Lipoplexes and polyplexes are respective
omplexes of cationic liposomes and cationic polymers with
NA. They are currently viewed as promising systems, but their

ctivity can be improved. These systems bind to the cell sur-
ace through electrostatic interactions and are taken up by cells
ainly via endocytosis. Subsequently, some parts of the gene

ontained in the complexes reach the nucleus, where gene tran-
cription occurs. However, most of the complexes are likely to
e trapped in the endosome, to be degraded eventually in the

ysosome (Friend et al., 1996, Mönkkönen and Urtti, 1998).
herefore, to achieve efficient transfection of cells, gene vec-

ors must possess an ability to promote gene transferral from
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he endosome to the cytosol before degradation in the lysosome
Zabner et al., 1995; Pouton and Seymour, 1998). Various meth-
ds have been used to enhance the endosomal escape of the
ntrapped gene, such as the use of membrane active molecules
Wagner, 1999, Kamata et al., 1994, Simoes et al., 1998, Kichler
t al., 1997) and proton sponge effect (Sonawane et al., 2003;
oussif et al., 1995; Takahashi et al., 2003, 2005). Especially for

ipoplexes, induction of fusion with endosome is one of the most
fficient approaches to promote transfer of gene into cytosol and
ncrease transfection efficiency (Farhood et al., 1995; Mok and
ullis, 1997).

In a previous study (Kono et al., 2001), we prepared com-
lexes of lipoplexes and liposomes modified with transferrin-
earing succinylated poly(glycidol) (SucPG), which generate

usogenic activity at mildly acidic pH (Fig. 1) (Kono et al., 1994,
997). These complexes, which are termed SucPG complexes,
ere designed to achieve cell transfection through efficient

nternalization into cells through transferrin receptor-mediated

mailto:kono@chem.osakafu-u.ac.jp
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Fig. 1. Structure of SucPG having n-decyl groups

ndocytosis and subsequent release of DNA into the cyto-
lasm by fusion with endosomal membrane. These complexes
ave a structure in which negatively charged SucPG-modified
iposomes are associated with positively charged lipoplexes
hrough electrostatic interaction. Transfection activity of DC-
hol lipoplexes was actually enhanced by complexation with
ucPG-modified liposomes. However, it remains unknown how

he structure and properties of lipoplexes affect their trans-
ection activity upon complexation with the SucPG-modified
ransferrin-bearing liposomes. To elucidate those questions, this

tudy prepared lipoplexes from cationic lipids having differ-
nt types of head groups: DC-chol with dimethylamino group,
OTAP with trimethylammonium group, and TRX-20 with ben-

amidine group (Fig. 2) (Harigai et al., 2001). Using them, we

Fig. 2. Structures of DC-chol (A), DOTAP (B) and TRX-20 (C).
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reparation of SucPG-complex bearing transferrin.

xamined the effect of complexation of these lipoplexes with
he transferrin-bearing SucPG liposomes on their transfection
ctivity. Here, we report the influence of lipoplexes’ structural
roperties – the type of cationic lipids and charges – on the fuso-
enic liposome-mediated enhancement of transfection activity
f the lipoplexes.

For the preparation of lipoplexes, cationic liposomes with
hree kinds of cationic lipids: DC-chol, DOTAP, and TRX-
0 were used. These cationic liposomes contained phospho-
ipids, such as DOPE and DLPC, in addition to cationic lipids.
ompositions of these cationic liposomes were optimized to
xhibit high transfection activity and determined as follows: DC-
hol/DOPE (45:55, mol/mol); DOTAP/DOPE (1:1, mol/mol);
RX-20/DOPE/DLPC (1:2:1, mol/mol/mol).

Lipoplexes and SucPG complexes were prepared as reported
reviously (Kono et al., 2001). SucPG with the composition
x:y:z, Fig. 1) of 18:74:8 (mol/mol/mol) and the number-average
olecular weight of 23,500 was used. These cationic liposomes
ere incubated with plasmid p10[18,23], which contains a firefly

uciferase coding sequence derived from pGL3-basic (Promega)
etween Raus sarcoma virus LTR and polyadenylation signal
n phosphate-buffered saline (PBS) for 10 min. Also, SucPG-

odified liposomes were prepared by suspending a mixture
f SucPG and egg yolk phosphatidylcholine in PBS and sub-
equent extrusion through a polycarbonate membrane with a
ore size of 50 nm and conjugation of transferrin using 1-ethyl-
-(3-dimethylaminopropyl)carbodiimide as previously reported
Kono et al., 2001).

Table 1 lists the zeta potential and diameter of liposomes used

n this study. The diameter of SucPG-modified liposomes was
5 nm, which was approximately the pore size of the polycarbon-
te membrane used for liposome extrusion. The zeta potential
f the SucPG-modified liposomes indicates that these liposomes
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Table 1
Diameter and zeta potential of liposomes

Liposome Diameter (nm) Zeta potential (mV)

TRX-20 146 ± 29 35.6 ± 3.5
DC-chol 201 ± 40 27.3 ± 2.3
DOTAP 141 ± 35 27.1 ± 2.4
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Fig. 4. Transfection activity of SucPG complexes prepared by incubating DC-
chol, DOTAP and TRX-20 lipoplexes with varying amounts of SucPG-modified
liposomes bearing transferrin. Luciferase activities of HeLa cells treated with
SucPG complexes and their parent lipoplexes (open bars) are shown. The
lipid/DNA (+/−) charge ratio of the lipoplexes was 6. The compositions of
SucPG complexes are expressed as succinylated unit/cationic lipid (mol/mol)
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ucPG 65 ± 13 −25.1 ± 2.9

easurements were performed at 25 ◦C at pH 7.

ossess negatively charged surfaces because of their negatively
harged carboxylate groups on the SucPG chains. On the other
and, diameters and zeta potentials of these cationic liposomes
ere, respectively, between 140 and 200 nm and between 27 and
6 mV. Thus, irrespective of cationic lipid types, these liposomes
ossess similar sizes and surface charge densities.

The SucPG complexes were prepared by incubating the
ipoplexes with varying amounts of the SucPG-modified lipo-
ome bearing transferrin for 5 min in an ice bath according to
he method previously reported (Kono et al., 2001). Fig. 3A
epresents zeta potentials of various lipoplexes and their com-
lexes with varying amounts of SucPG-modified liposomes.
hese lipoplexes exhibited zeta potentials around 20–27 mV.
owever, their zeta potentials decreased with increasing amount
f SucPG-modified liposomes added to the lipoplexes, indi-
ating that these lipoplexes formed complexes with SucPG-
odified liposomes with similar efficiency. Their zeta potentials

eached a constant value of about −20 mV at the succinylated
nit/nucleotide unit ratio above 10, implying that the lipoplexes
ere covered with the SucPG-modified liposomes.
Diameters of the complexes of the lipoplexes–SucPG-

odified liposomes were evaluated using dynamic light scat-
ering (Fig. 3B). Their diameters changed depending on
heir composition and exhibited maximum at the succinylated
nit/nucleotide unit ratio around four to seven, where the com-
lexes became electrically neutral (Fig. 3A). Complex for-

ation between the lipoplex and SucPG-modified liposomes
as further confirmed from their morphology using atomic

orce microscopy. The TRX-20 lipoplex had a smooth sur-
ace, but a highly rough surface with many projections of about

T
t
i
T

ig. 3. Zeta potentials (A) and diameters (B) of SucPG-complexes prepared by incub
ith varying amounts of SucPG-modified liposomes. The lipid/DNA (+/−) charge rati

s succinylated unit/DNA nucleotide unit ratio in the figure.
atio in the figure. Each bar is the mean ± S.D. (n = 3). The cells (5 × 104) were
reated with vectors containing 1 �g DNA in the presence of 10% FCS.

0–100 nm was observed after the complexation with SucPG-
odified liposomes, suggesting that SucPG-modified liposomes
ere adsorbed onto the lipoplexes (results not shown).
The effect of complexation with SucPG-modified liposomes

n transfection activity of these lipoplexes was examined.
ig. 4 presents expression of luciferase gene in HeLa cells

reated with various complexes prepared by mixing, at vary-
ng ratios, lipoplexes of various types and the SucPG-modified
ransferrin-bearing liposomes. That figure shows that the effect
f the fusogenic liposome complexation varies depending on the
ipoplex type, even though these lipoplexes have equal cationic
ipid/DNA phosphate (mol/mol) ratios. The transfection activ-
ty of the DOTAP lipoplex hardly changed, irrespective of the
mount of the SucPG-modified liposomes mixed. In contrast, the

RX-20 lipoplex activity was markedly enhanced by addition of

he fusogenic liposomes. The produced SucPG-complex exhib-
ted a remarkably higher transfection activity than the parent
RX lipoplex when an appropriate amount of SucPG-modified

ating DC-chol (circles), DOTAP (triangles) and TRX-20 (diamonds) lipoplexes
o of the lipoplexes was 6. The compositions of SucPG complexes are expressed
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Fig. 5. Transfection activity of SucPG complexes prepared by complexation of TRX-20 lipoplexes and varying amounts of transferrin-bearing SucPG-modified
liposomes. TRX-20 lipoplexes with the lipid/DNA (+/−) charge ratios of 2 (squares), 4 (diamonds), and 6 (triangles) were used as the starting lipoplexes. (A) Effect
of composition on transfection activity of the complexes. The composition of the complex was expressed as the molar ratio of succinylated unit of SucPG-modified
l ction
b ratio
( % FC

l
s
o
l
S
T

(
t
s
c
l
c
t
l
l
S
i
a
t
a
f
T
c
r
S
o
2
i
0
r
i
w

c
l
a
t

t
T
n
c
c
c
a
t
t

w
e
g
t
o
s
l
S
s
w
S
o
D
p
t
t
v

R

B

iposomes to DNA nucleotide units of the lipoplex. (B) Comparison of transfe
ars) and their parent lipoplexes (closed bars) with the lipid/DNA (+/−) charge
5 × 104) were treated with vectors containing 1 �g DNA in the presence of 10

iposomes was mixed to these lipoplexes. A similar tendency was
hown for the DC-chol lipoplex. However, transfection activity
f the DC-chol lipoplex was lower than that of the TRX-20
ipoplex and promotion of activity by complexation with the
ucPG-modified liposomes was less marked than in the case of
RX-20 lipoplex.

Next we examined the influence of the cationic lipid/DNA
+/−) charge ratio of the TRX-20 lipoplexes on activity of
he resultant SucPG-complexes because the TRX-20 lipoplex
howed remarkable enhancement of transfection activity by
omplexation with SucPG-modified liposomes. The TRX-20
ipoplexes with the +/− charge ratios of 2, 4 and 6 were used for
omplexation with SucPG-modified liposomes. Fig. 5A shows
hat, irrespective of charge ratios, the transfection activity of the
ipoplexes rose with increasing amount of the SucPG-modified
iposomes added. However, complexation using too much
ucPG-modified liposome degraded the activity. Fusion abil-

ty of the complexes increases concomitant with an increasing
mount of the associated SucPG-modified liposomes, whereas
he addition of too much SucPG-modified liposome might cause
ppearance of unassociated SucPG-modified liposome. These
ree SucPG-modified liposomes bear transferrin on the surface.
herefore, they might inhibit binding of the liposome–lipoplex
omplex to the cells because of interaction between the transfer-
in and its receptor. Consequently, appropriate amounts of the
ucPG-modified liposomes were mixed with the lipoplexes to
btain maximum activity. The lipoplexes with charge ratios of
, 4, and 6, respectively, produced SucPG complexes with max-
mum activity at the succinylated unit/phosphate unit ratios of
.5, 1.0 and 4.0. Though the lipoplex with a high +/− charge
atio requires more SucPG-modified liposomes to achieve max-
mum activity, stronger activity is obtainable using lipoplexes
ith a higher +/− charge ratio.
Fig. 5B depicts transfection activities of the SucPG-
omplexes with the optimum composition and their parent
ipoplexes. The SucPG complexes’ activity increased remark-
bly with increasing +/− charge ratio of the lipoplexes used for
heir preparation. However, the activity of the parent lipoplexes

B

F

activities between the SucPG complexes with optimum composition (hatched
s of 2, 4, and 6. Each point (A) or bar (B) is the mean ± S.D. (n = 3). The cells
S.

ends to decrease concomitant with an increased charge ratio.
his result indicates that activity of the SucPG complexes does
ot correlate with the activity of the parent lipoplex. The SucPG-
omplex made from the lipoplex with a high +/− charge ratio
ontained more SucPG-modified liposomes in the optimized
omposition. This complex might therefore have higher fusion
bility and stronger affinity to the cell surface because of the
ransferrin–transferrin receptor interaction, implying stronger
ransfection activity.

This study has demonstrated that complexation of lipoplexes
ith the transferrin-bearing SucPG-modified liposomes is an

ffective method to obtain potent non-viral vectors that achieve
ene transfection of cells through specific interaction between
ransferrin and its receptor. The effect of their complexation
n transfection activity of the resultant complex depends on
tructural properties of lipoplex, such as the type of cationic
ipid and the lipid/DNA charge ratio, and the amount of the
ucPG-modified liposomes associated to the lipoplex. Because
ome complexes obtained by using TRX-20-based lipoplexes
ith appropriate charge ratios and the amount of the associated
ucPG-modified liposomes achieved more efficient transfection
f HeLa cells than widely used transfection reagents, such as
C-chol and DOTAP, these complexes are considered to be a
romising candidate of non-viral vectors. In addition, complexa-
ion of the ligand-bearing SucPG-modified liposomes with other
ypes of vectors may generate novel types of potent non-viral
ectors.

eferences

oussif, O., Lezoualc’h, F., Zanta, M.A., Mergny, M.D., Scherman, D.,
Demeneix, B., Behr, J.P., 1995. A versatile vector for gene and oligonu-
cleotide transfer into cells in culture and in vivo: polyethylenimine. Proc.
Natl. Acad. Sci. U.S.A. 92, 7297–7301.
rown, M.D., Schätzlein, A.G., Uchegbu, I.F., 2001. Gene delivery with syn-
thetic (non-viral) carriers. Int. J. Pharm. 229, 1–21.

arhood, H., Serbina, N., Huang, L., 1995. The role of dioleoylphos-
phatidylethanolamine in cationic liposome mediated gene transfer. Biochim.
Biophys. Acta 1235, 289–295.



1 rnal o

F

H

K

K

K

K

K

M

M

N

P

S

S

T

T

90 N. Sakaguchi et al. / International Jou

riend, D.S., Papahadjopoulos, D., Debs, R.J., 1996. Endocytosis and intracel-
lular processing accompanying transfection mediated by cationic liposomes.
Biochim. Biophys. Acta 1278, 41–50.

arigai, T., Kondo, M., Isozaki, M., Kasukawa, H., Hagiwara, H., Uchiyama, H.,
Kimura, J., 2001. Preferential binding of polyethylene glycol-coated lipo-
somes containing a novel cationic lipid, TRX-20, to human subendothelial
cells via chondritin sulfate. Pharm. Res. 18, 1284–1290.

amata, H., Yagisawa, H., Takahashi, S., Hirata, H., 1994. Amphiphilic peptides
enhance the efficiency of liposome-mediated DNA transfection. Nucleic
Acids Res. 22, 536–537.

ichler, A., Mechtler, K., Behr, J.P., Wagner, E., 1997. Influence of membrane-
active peptides on lipospermine/DNA complex mediated gene transfer. Bio-
conjugate Chem. 8, 213–221.

ono, K., Zenitani, K., Takagishi, T., 1994. Novel pH-sensitive liposomes: lipo-
somes bearing a poly(ethylene glycol) derivatives. Biochim. Biophys. Acta
1193, 1–9.

ono, K., Igawa, T., Takagishi, T., 1997. Cytoplasmic delivery mediated by
liposomes modified with a pH-sensitive poly(ethylene glycol) derivative.
Biochim. Biophys. Acta 1325, 143–154.
ono, K., Torikoshi, Y., Mitsutomi, M., Itoh, T., Emi, N., Yanagie, H., Takagishi,
T., 2001. Novel gene delivery systems: complexes of fusogenic polymer-
modified liposomes and lipoplexes. Gene Ther. 8, 5–12.

ok, K.W.C., Cullis, P.R., 1997. Structural and fusogenic properties of cationic
liposomes in the presence of plasmid DNA. Biophys. J. 73, 2534–2545.

W

Z

f Pharmaceutics 325 (2006) 186–190

önkkönen, J., Urtti, A., 1998. Lipid fusion in oligonucleotide and gene delivery
with cationic lipids. Adv Drug Delivery Rev. 34, 37–49.

iidome, T., Huang, L., 2002. Gene therapy progress and prospects: non-viral
vectors. Gene Ther. 9, 1647–1652.

outon, C.W., Seymour, L.W., 1998. Key issues in non-viral gene delivery. Adv.
Drug Deliv. Rev. 34, 3–19.

imoes, S., Slepushkin, V., Gaspar, R., de Lima, M.C.P., Düzgünes, N., 1998.
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