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Effect of the combination of cationic lipid and phospholipid on
gene-knockdown using siRNA lipoplexes in
breast tumor cells and mouse lungs
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Abstract. Previously, using three types of cationic lipids,
the effect of phospholipids in liposomal formulations on
gene-knockdown efficacy was determined after in vitro
and in vivo transfection with small interfering RNA
(siRNA)/cationic liposome complexes (siRNA lipoplexes)
containing various cationic lipids and phospholipids. In
the present study, six other types of cationic lipids, namely
N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide,
N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide
(DC-1-16), 2-[bis{2-(tetradecanoyloxy)ethyl}amino]-N,N,N-
trimethyl-2-oxoethan-1-aminium chloride (DC-6-14),
1,2-di-O-octadecenyl-3-trimethylammonium propane chloride
(DOTMA), 1,2-distearoyl-3-trimethylammonium-propane
chloride (DSTAP) and 1,2-dioleoyl-3-dimethylammonium-
propane were selected, and the effect of phospholipids in
liposomal formulations containing each cationic lipid on
gene-knockdown was evaluated. A total of 30 types of
cationic liposomes composed of each cationic lipid with
phosphatidylethanolamine containing unsaturated or saturated
diacyl chains (C14, C16 or C18) were prepared. Regardless of
the type of cationic lipid, the inclusion of 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) in the liposomal
formulations resulted in injectable size of siRNA lipoplexes
after mixing of siRNA and cationic liposomes. Transfection of
their lipoplexes with luciferase (Luc) siRNA into human breast
cancer MCF-7-Luc cells stably expressing Luc led to a strong
knockdown of Luc. Furthermore, the systemic injection of
siRNA lipoplexes composed of DC-1-16, DC-6-14, DOTMA
or DSTAP with DOPE resulted in siRNA accumulation in the
lungs. Significant gene-knockdown was observed in the lungs
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of mice following the systemic injection of siRNA lipoplexes
containing DC-1-16 and DOPE. Cationic liposomes composed
of DC-1-16 and DOPE serve as potential carriers for in vitro
and in vivo siRNA transfection.

Introduction

Small interfering RNA (siRNA) therapeutics are a novel class
of drugs that inhibit gene expression by cleaving mRNA with
a sequence complementary to the siRNA (1). However, a major
limitation of siRNA therapeutics is the delivery of siRNAs to
the target cells. siRNA is not readily taken up by cells because
of membrane impermeability due to the hydrophilicity of
negatively charged siRNA and the enzymatic degradation
of siRNA by serum endonucleases (2). Therefore, an siRNA
delivery system is essential to protect the siRNA molecules
until they reach the target cell and efficiently introduce them
into the cells through the cell membrane (2-5).

Among the available delivery systems, siRNA/cationic
liposome complexes (siRNA lipoplexes) are attractive
carriers (6,7). Cationic lipids and phospholipids are commonly
used as components of cationic liposomal formulations to
control transfection efficiency and stability (8,9). In particular,
cationic lipids in liposomes are essential for interaction with
negatively charged siRNAs (10). In addition, the structures of
cationic lipids and phospholipids, such as the head group, alkyl
or acyl chain length and saturation and the linker between the
head group and the lipid anchor, affect the transfection effi-
ciency of siRNA lipoplexes (8,9,11). Therefore, for achieving
efficient siRNA transfection using siRNA lipoplexes, the
optimal combination of cationic lipids and phospholipids in
liposomal formulations must be determined.

Previously, three types of cationic lipid, 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP), dimeth-
yldioctadecylammonium bromide (DDAB) and
11-[{1,3-bis(dodecanoyloxy)-2-((dodecanoyloxy)methyl)propan-2-yl}
amino]-N,N,N-trimethyl-11-oxoundecan-1-aminium bromide
(TC-1-12) were selected, and the effect of phospholipids
in cationic liposome formulations on the gene-knockdown
efficacy of siRNA lipoplexes was examined (9). DOTAP
and DDAB are cationic diacyl (C18) and dialkyl (C18) lipids,
respectively, and TC-1-12 is a cationic triacyl (C12) lipid.
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Among them, siRNA lipoplexes composed of DDAB/1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
TC-1-12/DOPE and TC-1-12/1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE) result in significant
suppression of targeted mRNA both in vitro and in vivo, indi-
cating that the optimal phospholipids in cationic liposomes for
siRNA transfection are notably affected by the type of cationic
lipid used. In the present study, to examine whether alkyl or
acyl chain length and saturation and the linker between the
head group and lipid anchor in cationic lipids affect optimal
combination with phospholipid for gene-knockdown by
siRNA lipoplexes, six other types of cationic lipid, namely
N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide
(DC-1-14), N-hexadecyl-N,N-dimethylhexadecan-1-aminium
bromide (DC-1-16), 2-[bis{2-(tetradecanoyloxy)ethyl}amino]-
N,N,N-trimethyl-2-oxoethan-1-aminium chloride (DC-6-14),
1,2-di-O-octadecenyl-3-trimethylammonium propane chloride
(DOTMA), 1,2-distearoyl-3-trimethylammonium-propane
chloride (DSTAP) and 1,2-dioleoyl-3-dimethylammonium-
propane (DODAP) were selected, and the effect of cationic
lipids and phospholipids in liposomal formulations on in vitro
and in vivo gene-knockdown after transfection with siRNA
lipoplexes were evaluated.

Materials and methods

Materials. N,N-Dimethyl-N-tetradecyltetradecan-1-aminium
bromide (cat. no. DC-1-14), N-hexadecyl-N,N-
dimethylhexadecan-1-aminium bromide (cat. no. DC-1-16)
and 2-[bis{2-(tetradecanoyloxy)ethyl}amino]-N,N,N-trimethyl-
2-oxoethan-1-aminium chloride (cat. no. DC-6-14) were
obtained from Sogo Pharmaceutical Co., Ltd. 1,2-Di-O-
octadecenyl-3-trimethylammonium propane chloride
(DOTMA;cat.no. 14476) and 1,2-distearoyl-3-trimethylammo-
nium-propane chloride (DSTAP; cat. no. 14486) were obtained
from Polysciences, Inc. 1,2-Dioleoyl-3-dimethylammonium-
propane (DODAP; cat. no. TRC-D483000) was
obtained from Toronto Research Chemicals, Inc (LGC
Group). 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine
(DSPE; cat. no. ME-8080), 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine (DPPE; cat. no. ME-6060),
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine (DMPE;
cat.no.ME-4040),1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE; cat. no. ME-8181) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE; cat. no. ME-6081)
were obtained from NOF Co., Ltd. All other chemicals used
were of the highest grade available.

siRNAs. Firefly luciferase siRNA (Luc siRNA), non-silencing
siRNA (Control #1 siRNA) and cyanine 5-conjugated Control
#1 siRNA (Cy5-siRNA) were designed as previously reported
(hLuc sequence: GenBank accession no. AY535007.1) (9) and
synthesized by Sigma-Aldrich Japan K.K. (Merck KGaA).
siRNA sequences were as follows: Luc siRNA passenger
strand, 5'-CCGUGGUGUUCGUGUCUA AGA-3', and guide
strand, 5'-UUAGACACGAACACCACGGUA-3"; Control
#1 siRNA passenger strand, 5'-GUACCGCACGUCAUU
CGUAUC-3, and guide strand, 5'-UACGAAUGACGUGCG
GUACGU-3'". For Cy5-siRNA, Cy5 dye was conjugated at
the 5'-end of the passenger strand of Control #1 siRNA.

siRNAs for mouse Tie2 and firefly Luc (Control #2 siRNA)
were designed as previously reported (pGL2 Luc sequence:
GenBank accession no. X65323.2; Tie2 sequence: GenBank
accession no. NM_013690.3) (9) and synthesized by Japan
Bio Services Co., Ltd. The siRNA sequences were as follows:
Tie2 passenger strand, 5'-CcAuCaUuUgCcCaGaUaU-3', and
guide strand, 5'-aUaUcUgGgCaAaUgAuGg-3'; and Control
#2 siRNA passenger strand, 5'-AuCaCgUaCgCgGaAuAc
UuCgA-3', and guide strand, 5'-uCgAaGuAuUcCgCgUaC
gUgAu-3'. Lowercase letters represent 2'-O-methyl-modified
nucleotides. Control #2 siRNA was used as a negative control
for Tie2 siRNA.

Preparation of cationic liposomes and siRNA lipoplexes.
Cationic liposomes were prepared using cationic lipids and
phospholipids at a molar ratio of 1:1 as described previ-
ously (9). To prepare siRNA lipoplexes, a cationic liposome
suspension was added to 50 pmol siRNA at a charge ratio (+:-)
of 4:1, vortexed for 10 sec and left at room temperature for
15 min, as previously described (9).

Particle size and distribution [polydispersity index (PDI)]
of cationic liposomes and siRNA lipoplexes were measured
using a light-scattering photometer (cat. no. ELS-Z2; Otsuka
Electronics Co., Ltd.), as previously described (9).

Cell culture. Human breast cancer MCF-7 cells stably
expressing firefly Luc (MCF-7-Luc) were donated by Dr.
Kenji Yamato (University of Tsukuba, Tsukuba, Japan) (12).
Using STR DNA profile analysis, it was confirmed that the
MCF-7-Luc cells used in the present study were identical to the
MCEF-7 cells registered in the database of Japanese Collection
of Research Bioresources Cell Bank (JCRB, National Institute
of Biomedical Innovation). MCF-7-Luc cells were cultured
in RPMI-1640 medium (FUJIFILM Wako Pure Chemical
Corporation) supplemented with 10% heat-inactivated fetal
bovine serum (FBS; Thermo Fisher Scientific) and 1.2 mg/ml
G418 sulfate (geneticin; FUJIFILM Wako Pure Chemical
Corporation) at 37°C in a humidified atmosphere with 5% CO,.

Gene-knockdown in MCF-7 cells using siRNA lipoplexes.
MCF-7-Luc cells were seeded in six-well culture plates at a
density of 3x10° cells/well at 37°C. After 24 h, each siRNA
lipoplex containing 50 pmol Control #1 siRNA or Luc siRNA
was diluted in 1 ml of RPMI-1640 medium supplemented with
10% FBS (final concentration, 50 nM siRNA) and added to
the cells. MCF-7-Luc cells without the addition of cationic
liposomes or siRNA lipoplexes were used as untreated cells.
Following 48 h of incubation at 37°C, the cells were lysed by
the addition of 250 pl of cell lysis buffer (Pierce™ Luciferase
Cell Lysis Buffer; Pierce; Thermo Fisher Scientific, Inc.) after
washing with PBS, and subjected to one cycle of freezing
(-80°C) and thawing at 37°C, followed by centrifugation at
13,000 x g for 10 sec at 4°C. Aliquots of 10 ul of the super-
natants of cell lysates were mixed with 50 ul of PicaGene
MelioraStar-LT Luminescence Reagent (Toyo Ink Mfg. Co.,
Ltd.) and the luminescence was measured as counts per sec
(cps) with a chemoluminometer (ARVO X2; PerkinElmer,
Inc.). Protein concentrations of the supernatants were deter-
mined with bicinchoninic acid (BCA) reagent (Pierce™ BCA
Protein Assay Kit; Pierce; Thermo Fisher Scientific, Inc.),
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using bovine serum albumin (Thermo Fisher Scientific, Inc.)
as a standard, and the luciferase activity (cps/ug protein) was
calculated. Luc activity (%) was calculated relative to that of
untreated cells according to the formula below. Luc activity
(%)=(Luc activity (cps/ug protein) in siRNA transfected
cells/Luc activity (cps/ug protein) in untreated cells) x100.

Cytotoxicity of siRNA lipoplexes. Each siRNA lipoplex sample
with 5 pmol Control #1 siRNA was diluted in 100 yl of RPMI-
1640 medium supplemented with 10% FBS (final concentration,
50 nM siRNA) and added to MCF-7-Luc cells at 50% conflu-
ency in 96-well plates. MCF-7-Luc cells without the addition of
cationic liposomes or siRNA lipoplexes were used as untreated
cells. At 24 h post-transfection, cell viability was measured
using a Cell Counting Kit-8 (Dojindo Laboratories, Inc.), as
previously reported (9). WST-8 substrate was incubated with
cells at 37°C for 60 min. The cell viability (%) was calculated
relative to that of untreated cells according to the formula below.
Cell viability (%)=(absorbance at 450 nm in siRNA transfected
cells/absorbance at 450 nm in untreated cells) x100.

Biodistribution of siRNA following intravenous injection of
siRNA lipoplexes into mice. Ethical approval was obtained
from the Institutional Animal Care and Use Committee
of Hoshi University (approval no. P22-016). A total of six
female BALB/c mice (weight, 18-20 g; age, 8 weeks; Sankyo
Labo Service Corporation, Inc.) were housed at 24°C and
55% humidity under a 12/12-h light/dark cycle (lights on at
8:00 a.m.) with ad libitum access to food and water. siRNA
lipoplexes with 20 ug of Cy5-siRNA were systemically admin-
istered to mice via the lateral tail vein (n=1/siRNA lipoplex).
At 1 h after injecting the siRNA lipoplexes, the mice were
euthanized by cervical dislocation, and death was confirmed
by cessation of the heartbeat. Tissues (lungs, heart, liver,
spleen and kidneys) were analyzed through Cy5 fluorescence
imaging using the NightOWL LB981 NC100 system (Berthold
Technologies GmbH & Co. KG) as previously described (9,13).
Thereafter, the tissue samples were frozen on dry ice and sliced
into 16-um sections. The localization of the Cy5-siRNA was
examined using a fluorescence microscope (Eclipse TS100-F;
Nikon Corporation).

Hemolysis and agglutination assay. Blood (0.2 ml) was
collected from the jugular vein of one female BALB/c mouse
(age, 8 weeks; Sankyo Labo Service Corp., Inc.) under anes-
thesia induced by isoflurane inhalation (1.5% gas-air mixture;
FUJIFILM Wako Pure Chemical Corporation). After the
blood collection, the mice were euthanized by cervical dislo-
cation. Erythrocytes were collected from the blood at 4°C by
centrifugation at 300 x g for 3 min and resuspended in PBS
as a 2% (v/v) suspension of erythrocytes. siRNA lipoplexes
with 2 ug of siRNA were added to 100 ul of a 2% (v/v) eryth-
rocyte suspension. Following incubation for 15 min at 37°C,
the sample was placed on a glass plate and agglutination was
observed using a light microscope (Eclipse TS100-F; Nikon
Corporation). For hemolysis of erythrocytes, 100 pl of the
2% (v/v) erythrocyte suspension was centrifugated at 200 x g
for 3 min after incubation with 2 ug of siRNA lipoplexes for
15 min at 37°C and hemolysis of erythrocytes was observed.
Hemolysis (%) was calculated as described previously (14).

Expression of Tie2 mRNA in the lung following systemic
injection of siRNA lipoplexes. siRNA lipoplexes with 20 ug
of Control #2 or Tie2 siRNA were administered systemically
to 8-week-old female BALB/c mice via the lateral tail veins
(n=3-4/siRNA lipoplex). All mice were euthanized by cervical
dislocation 48 h after injection of siRNA lipoplexes and then
the lungs were excised. The lungs from mouse without the
injection of siRNA lipoplexes were used as untreated lungs
(n=4). Total RNA was isolated from the lungs (a total of 31
mice) using Isogen II (Nippon Gene Co., Ltd.). cDNA was
synthesized from total RNA using PrimeScript™ RT Master
Mix (Takara Bio, Inc.) according to the manufacturer's protocol
and quantitative PCR was performed using a Roche Light
Cycler 96 system with FastStart Essential DNA Probes Master
(Roche Diagnostics GmbH) and TagMan™ Gene expression
assays (cat. no. 4331182; Applied Biosystems; Thermo Fisher
Scientific, Inc.) [FAM™ dye-labeled TagMan® MGB probe and
PCR primers: Tie2, cat. no. Mm00443243_m1; phosphatase and
tensin homolog (PTEN); cat. no. Mm00477208_m1; Applied
Biosystems; Thermo Fisher Scientific, Inc.; primer sequences
not available]. The thermocycling conditions were as follows:
Initial denaturation at 95°C for 600 sec, followed by 45 cycles of
denaturation at 95°C for 10 sec and primer annealing and exten-
sion at 60°C for 30 sec (two-step amplification). Tie2 and PTEN
are expressed in normal endothelial cells (15,16), and PTEN
has been used as a reference gene of endothelial cells (9,17,18).
Therefore, the expression levels of Tie2 mRNA (threshold cycle
(Cq) value, ~23-24) were normalized to those of PTEN mRNA
(Cq value, ~22-23) in each sample and analyzed using the
comparative Cq (2"22°9) method (19).

Statistical analysis. Data are presented as the mean + SD of
triplicate measurements. Statistical significance was deter-
mined using an unpaired Student's t-test or one-way ANOVA
followed by Tukey's post-hoc test using GraphPad Prism
(version 4.0; GraphPad Software, Inc.). P<0.05 was considered
to indicate a statistically significant difference.

Results

Size of cationic liposomes and siRNA lipoplexes. To examine
the effects of cationic lipids and phospholipids in liposomal
formulations on gene-knockdown efficacy after treatment with
siRNA lipoplexes, DC-1-14, DC-1-16, DC-6-14, DOTMA,
DSTAP and DODAP were used as cationic lipids for the
preparation of cationic liposomes (Fig. 1). In our previous
study on cationic liposomes containing cationic lipids DDAB
and DOTAP, compared with phosphatidylcholines, the inclu-
sion of phosphatidylethanolamines in liposomal formulations
results in high gene-knockdown activity in cells (9); therefore,
in the present study, DSPE, DPPE, DMPE, POPE and DOPE
were used as phospholipids (Fig. 1). Cationic liposomes were
prepared from cationic lipid and phosphatidylethanolamine at
a molar ratio of 1:1 (Table I).

The size of cationic liposomes was 80-293 nm (PDI,
0.19-0.31) (Table I) although both LP-DC-1-14/DSPE and
LP-DODAP/DSPE aggregated during preparation (>1 ym
in size) (Table I). Our previous study determined that the
optimal charge ratio (+:-) for the preparation of siRNA lipo-
plexes was 4:1 for LP-DC-1-14/DOPE, LP-DC-1-16/DOPE
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Figure 1. Structure of cationic lipids and phospholipids. DC-1-14, N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecy
1-N,N-dimethylhexadecan-1-aminium bromide; DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl }amino]-N,N,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP,
1,2-distearoyl-3-trimethylammonium-propane chloride; DOTMA, 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride; DODAP, 1,2-dioleoyl-
3-dimethylammonium-propane; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine;
DMEPE, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; POPE, 1-palmitoyl-2-oleoyl-sn-

glycero-3-phosphoethanolamine.

and LP-DC-6-14/DOPE (8,11). Therefore, the present
study employed a charge ratio (+:-) of 4:1 to prepare
the siRNA lipoplexes. LP-DC-1-16/DSPE, LP-DC-
6-14/DSPE, LP-DSTAP/DSPE, LP-DODAP/DPPE and
LP-DODAP/DMPE lipoplexes aggregated (>1 pm in
size) when the liposomes were mixed with the siRNA
solution (Table I). The size of LP-DC-1-14/DPPE, LP-DC-
1-14/POPE, LP-DC-1-16/DPPE, LP-DC-1-16/POPE,
LP-DC-6-14/DPPE,LP-DOTMA/DSPE,LP-DOTMA/DPPE,
LP-DOTMA/DMPE, LP-DOTMA/POPE, LP-DSTAP/DPPE
and LP-DODAP/POPE lipoplexes increased to 428-937 nm
(PDI, 0.20-0.39). However, the sizes of the other lipoplexes
were 181-339 nm (PDI, 0.15-0.22). Overall, the inclusion of
DSPE or DPPE in the liposomal formulation increased the
size of the siRNA lipoplexes after preparation.

Effect of phosphatidylethanolamines in cationic liposomes on
gene-knockdown efficacy in MCF-7 cells. To determine the
effect of phosphatidylethanolamine in liposomal formulations
on gene-knockdown efficacy using siRNA lipoplexes, each Luc

siRNA lipoplex was transfected into MCF-7-Luc cells and gene-
knockdown efficacy was evaluated by measuring Luc activity.
LP-DC-1-16/DOPE, LP-DC-6-14/DOPE, LP-DOTMA/DPPE,
LP-DOTMA/DMPE, LP-DOTMA/DOPE, LP-DOTMA/
POPE, LP-DSTAP/DOPE and LP-DODAP/DOPE lipoplexes
with Luc siRNA strongly suppressed Luc activity (>70% knock-
down) compared with Control #1 siRNA (Fig. 2 and Table II).
LP-DC-1-14/DOPE, LP-DC-1-16/DSPE, LP-DOTMA/DSPE,
LP-DODAP/DPPE and LP-DODAP/POPE lipoplexes with
Luc siRNA moderately suppressed Luc activity (50-70%
knockdown) compared with Control #1 siRNA (Fig. 2
and Table II). Furthermore, LP-DC-1-14/DMPE, LP-DC-
1-14/POPE, LP-DC-1-16/DPPE, LP-DC-1-16/POPE and
LP-DODAP/DMPE lipoplexes with Luc siRNA slightly
suppressed Luc activity (30-50% knockdown) compared with
Control #1 siRNA (Fig. 2 and Table II).

Cytotoxicity after treatment with siRNA lipoplexes. The
toxicity of phosphatidylethanolamines in the liposomal
formulations on MCF-7-Luc cells was evaluated 24 h
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Table I. Particle size of cationic liposomes and siRNA lipoplexes.

Liposome

Formulation (mol ratio)

LP-DC-1-14/DSPE
LP-DC-1-14/DPPE
LP-DC-1-14/DMPE
LP-DC-1-14/DOPE
LP-DC-1-14/POPE
LP-DC-1-16/DSPE
LP-DC-1-16/DPPE
LP-DC-1-16/DMPE
LP-DC-1-16/DOPE
LP-DC-1-16/POPE
LP-DC-6-14/DSPE
LP-DC-6-14/DPPE
LP-DC-6-14/DMPE
LP-DC-6-14/DOPE
LP-DC-6-14/POPE
LP-DOTMA/DSPE
LP-DOTMA/DPPE
LP-DOTMA/DMPE
LP-DOTMA/DOPE
LP-DOTMA/POPE
LP-DSTAP/DSPE
LP-DSTAP/DPPE
LP-DSTAP/DMPE
LP-DSTAP/DOPE
LP-DSTAP/POPE
LP-DODAP/DSPE
LP-DODAP/DPPE
LP-DODAP/DMPE
LP-DODAP/DOPE
LP-DODAP/POPE

DC-1-14:DSPE (1:1)
DC-1-14:DPPE (1:1)
DC-1-14:DMPE (1:1)
DC-1-14:DOPE (1:1)
DC-1-14:POPE (1:1)
DC-1-16:DSPE (1:1)
DC-1-16:DPPE (1:1)
DC-1-16:DMPE (1:1)
DC-1-16:DOPE (1:1)
DC-1-16:POPE (1:1)
DC-6-14:DSPE (1:1)
DC-6-14:DPPE (1:1)
DC-6-14:DMPE (1:1)
DC-6-14:DOPE (1:1)
DC-6-14:POPE (1:1)
DOTMA:DSPE (1:1)
DOTMA:DPPE (1:1)
DOTMA:DMPE (1:1)
DOTMA:DOPE (1:1)
DOTMA:POPE (1:1)
DSTAP:DSPE (1:1)
DSTAP:DPPE (1:1)
DSTAP:DMPE (1:1)
DSTAP:DOPE (1:1)
DSTAP:POPE (1:1)
DODAP:DSPE (1:1)
DODAP:DPPE (1:1)
DODAP:DMPE (1:1)
DODAP:DOPE (1:1)
DODAP:POPE (1:1)

5
Liposomes Lipoplex®
Size® (nm) PDI Size® (nm) PDI
Aggregation - N.D. N.D.
123.4+1.5 0.20+0.02 428.1+86.6 0.20+0.03
104.5+6.6 0.25+0.00 240.1+14 .2 0.16+0.06
102.4+2.6 0.23+0.01 290.2+18.2 0.25+0.04
80.4+2.3 0.24+0.01 540.9+87.8 0.24+0.03
134.8+4.7 0.21+£0.01 Aggregation -
195.7+6.7 0.29+0.00 57924850 0.25+0.04
99.3+1.0 0.22+0.01 207.6+38.7 0.15+£0.07
107.1£1.9 0.22+0.01 180.8+7.3 0.19+0.04
116.9+1.4 0.26+0.00 517.6491.8 0.23+0.03
107.6+1.7 0.25+0.00 Aggregation -
157.7+2.3 0.26+0.02 593.1+184 0.26+0.01
92.3+0.5 0.22+0.01 195.1+14.1 0.20+0.03
113.4+2.6 0.26+0.01 260.3+27.6 0.19+0.06
109.3+0.5 0.23+0.01 223.0+22.1 0.16+0.08
124.3+1.1 0.25+0.00 937.3+89.8 0.39+0.04
232.3+10.8 0.29+0.01 650.8+51.2 0.28+0.02
202.6+9.3 0.29+0.01 922.4+96.1 0.37+0.03
199.0+1.6 0.29+0.01 338.7£16.8 0.15+0.01
292.5+4.9 0.31+0.00 631.2+28.4 0.27+0.01
160.6+38.1 0.19+0.01 Aggregation -
133.7£1.5 0.24+0.01 794.0£110.0 0.33+0.04
116.1£1.0 0.23+0.01 261.0£17.9 0.16+0.03
150.8+1.8 0.25+0.01 335.1+11.6 0.15+0.00
148.1£2.8 0.20+£0.01 206.8+0.2 0.22+0.00
Aggregation - N.D. N.D.
182.1+2.2 0.26+0.00 Aggregation -
177.8+2.0 0.22+0.01 Aggregation -
121.1+0.8 0.22+0.01 255.7431.5 0.23+0.03
149.6+0.6 0.21+0.00 528.2+121.7 0.23+0.05

*Chargeratio(+:-)ofcationiclipidtosiRNAphosphate=4:1."Inwater.Aggregationindicates>1y minsize. Eachvaluerepresentsthemean+S.D(n=3).
PDI, polydispersity index; N.D., not determined; LP, liposome; DC-1-14, N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide; DC-1-16,
N-hexadecyl-N ,N-dimethylhexadecan-1-aminium bromide; DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl }amino]-N,N N-trimethyl-2-oxoethan-
l-aminium chloride; DSTAP, 1 2-distearoyl-3-trimethylammonium-propane chloride; DOTMA, 1,2-di-O-octadecenyl-3-trimethylammonium
propane chloride; DODAP, 1,2-dioleoyl-3-dimethylammonium-propane; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DPPE,
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DMPE, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine.

post-transfection with siRNA lipoplexes. LP-DC-1-14/DPPE,
LP-DC-1-14/POPE, LP-DC-1-16/POPE, LP-DOTMA/DSPE,
LP-DSTAP/DMPE and LP-DODAP/DPPE lipoplexes
showed slight cytotoxicity (70-80% cell viability), whereas
the other lipoplexes did not exhibit cytotoxicity (>87% cell
viability compared to untreated cells; Fig. 3). These results
suggest that cationic liposomes composed of DOPE can be
used for efficient gene-knockdown using siRNA lipoplexes
with minimal toxicity.

Biodistribution of siRNA after intravenous injection of
siRNA lipoplexes. The present study investigated the effect of
cationic lipids in liposomal formulations on the biodistribu-
tion of siRNA 1 h after the systemic injection of lipoplexes
with Cy5-siRNA. LP-DC-1-14/DOPE, LP-DC-1-16/DOPE,
LP-DC-6-14/DOPE, LP-DOTMA/DOPE, LP-DSTAP/DOPE
and LP-DODAP/DOPE were selected because their lipoplexes
showed high gene-knockdown efficacy in cells (Table II) and
were relatively small (<340 nm). The LP-DC-1-14/DOPE
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Table II. Summary of in vitro gene knockdown efficacy after treatment with siRNA lipoplexes.

Cationic lipid

Phospholipid DC-1-14 DC-1-16 DC-6-14 DOTMA DSTAP DODAP
DSPE N.D. ++ - ++ - N.D.
DPPE - + - +++ - ++
DMPE + - - +++ - +
DOPE ++ +++ +++ +++ +++ +++
POPE + + - +++ - ++

+++, >70% knockdown; ++, 50-70% knockdown; +, 30-50% knockdown; -, <30% knockdown, compared with Control #1 siRNA. N.D.,
not determined; DC-1-14, N,N-Dimethyl-N-tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecyl-N,N-dimethylhexadecan-
l-aminium bromide; DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl}amino]-N N ,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP,
1,2-distearoyl-3-trimethylammonium-propane chloride; DOTMA, 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride; DODAP,
1,2-dioleoyl-3-dimethylammonium-propane; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DPPE, 1,2-dipalmitoyl-sn-glycero-
3-phosphoethanolamine; DMPE, 1 ,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine;
POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine.
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Figure 2. Effect of cationic lipids and phosphatidylethanolamines in liposomal formulations on the efficacy of gene-knockdown after transfection of siRNA
lipoplexes into MCF-7-Luc cells. siRNA lipoplexes with Control #1 or Luc siRNA were added to MCF-7-Luc cells at a concentration of 50 nM and Luc
assay was performed 48 h post-transfection. (n=3). "P<0.05, “P<0.01 vs. Control #1 siRNA. Luc, luciferase; si, small interfering; DC-1-14, N,N-dimethyl-N-
tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide; DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl}
amino]-N,N,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP, 1,2-distearoyl-3-trimethylammonium-propane chloride; DOTMA, 1,2-di-O-octadecenyl-
3-trimethylammonium propane chloride; DODAP, 1,2-dioleoyl-3-dimethylammonium-propane; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine;
DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DMPE, 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine.
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Figure 3. Effect of cationic lipids and phosphatidylethanolamines in liposomal formulations on cell viability at 24 h after transfection of siRNA lipoplexes into
MCF-7-Luc cells. siRNA lipoplexes were transfected into MCF-7-Luc cells at a concentration of 50 nM. (n=4-6). "P<0.05, “P<0.01, ““P<0.001 vs. untreated. si,
small interfering; DC-1-14, N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide;
DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl}amino]-N,N,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP, 1,2-distearoyl-3-trimethylammonium-
propane chloride; DOTMA, 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride; DODAP, 1,2-dioleoyl-3-dimethylammonium-propane; DSPE,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine; DPPE, 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; DMPE, 1,2-dimyristoyl-sn-glycero-3-phos-
phoethanolamine; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine.

and LP-DODAP/DOPE lipoplexes caused siRNA accumula-
tion in the liver (Figs. 4 and 5). The LP-DC-1-16/DOPE and
LP-DC-6-14/DOPE lipoplexes caused siRNA accumulation
in the lungs and liver. In particular, the LP-DOTMA/DOPE
and LP-DSTAP/DOPE lipoplexes led to high siRNA accu-
mulation in the lungs. For all lipoplexes, siRNAs were
weakly detected in the spleen but not in the heart. All siRNA
lipoplexes led to a relatively high accumulation of siRNA in
the kidneys.

Aggregation and hemolysis after mixing siRNA lipoplexes
with erythrocytes. The effect of cationic lipids in cationic
liposomes on aggregation and hemolysis was evaluated by
mixing siRNA lipoplexes with an erythrocyte suspension. The
LP-DC-1-14/DOPE, LP-DC-1-16/DOPE, LP-DC-6-14/DOPE,
LP-DOTMA/DOPE and LP-DSTAP/DOPE lipoplexes
exhibited agglutination after mixing with the erythrocyte
suspension (Fig. 6A). In particular, the LP-DC-1-16/DOPE,
LP-DC-6-14/DOPE and LP-DOTMA/DOPE lipoplexes
formed large aggregates after mixing with the erythrocyte
suspension. By contrast, the LP-DODAP/DOPE lipoplexes

did not agglutinate erythrocytes. The LP-DC-1-14/DOPE and
LP-DOTMA/DOPE lipoplexes exhibited moderate levels of
hemolysis (28.6 and 24.1%, respectively) after mixing with the
erythrocyte suspension. However, other lipoplexes exhibited
low levels of hemolysis (<14%).

Gene-knockdown in the lungs after systemic injection of
siRNA lipoplexes. Tie2 has previously been used to evaluate
the gene-knockdown efficacy of siRNA lipoplexes in the
vascular endothelium of the lungs (17). The present study
evaluated the effect of liposomal formulations on Tie2
mRNA knockdown in the pulmonary vascular endothe-
lium 48 h after a single systemic injection of Tie2 siRNA
lipoplexes into mice (Fig. 7). LP-DC-1-16/DOPE, LP-DC-
6-14/DOPE, LP-DOTMA/DOPE and LP-DSTAP/DOPE
were selected to evaluate the knockdown efficacy, as their
lipoplexes exhibited siRNA accumulation in the lungs
(Figs. 4 and 5). LP-DC-1-16/DOPE lipoplexes with Tie2
siRNA highly suppressed Tie2 mRNA expression (37.4%
knockdown) compared with Control #2 siRNA. However,
LP-DOTMA/DOPE lipoplexes with Tie2 siRNA slightly
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Figure 4. Effect of cationic lipids in liposomal formulations on the biodistribution of siRNA in mice at 1 h after systemic injection of siRNA lipoplexes.
siRNA lipoplexes with 20 g of Cy5-siRNA were administered systemically to mice. Cy5 fluorescence imaging of tissue was performed 1 h post-injection.
Fluorescence intensity is illustrated using a color-coded scale (red, maximum; purple, minimum). Scale bar, 1 cm. si, small interfering; CyS5, cyanine 5;
DC-1-14, N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide; DC-6-14, 2-[bis{2-
(tetradecanoyloxy)ethyl}amino]-N,N,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP, 1,2-distearoyl-3-trimethylammonium-propane chloride; DOTMA,
1,2-di-O-octadecenyl-3-trimethylammonium propane chloride; DODAP, 1,2-dioleoyl-3-dimethylammonium-propane; DOPE, 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine.
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Figure 5. Effect of cationic lipids in liposomal formulation on the biodistribution of siRNA in mice 1 h following systemic injection of siRNA lipoplexes.
siRNA lipoplexes with 20 pg of Cy5-siRNA were administered intravenously to mice. At 1 h post-injection, tissues were collected, frozen, and sliced to observe
the localization of Cy5-siRNA (green) using a fluorescent microscope. Scale bar, 100 pym. si, small interfering; Cy5, cyanine 5; DC-1-14, N,N-dimethyl-N-
tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide; DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl}
amino]-N,N,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP, 1,2-distearoyl-3-trimethylammonium-propane chloride; DOTMA, 1,2-di-O-octadecenyl-
3-trimethylammonium propane chloride; DODAP, 1,2-dioleoyl-3-dimethylammonium-propane; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.
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suppressed Tie2 mRNA expression in the lungs (14.8%  siRNA did not significantly suppress Tie2 mRNA expres-
knockdown) compared with Control #2 siRNA and LP-DC-  sion. None of the siRNA lipoplexes caused mice mortality
6-14/DOPE, and LP-DSTAP/DOPE lipoplexes with Tie2 after systemic injection.
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Figure 6. Effect of cationic lipids in liposomal formulations on the agglutination and hemolysis of erythrocytes after treatment with siRNA lipoplexes.
Lipoplexes with 2 ug of siRNA were incubated with erythrocyte suspension. (A) Agglutination was observed under a light microscope (scale bar, 200 gm).
(B) Hemolysis of erythrocytes after treatment with siRNA lipoplexes was observed. As a positive control for hemolysis (100% hemolysis), erythrocytes were
suspended in hypotonic solution (water). Hemolysis (%) was calculated relative to the absorbance of treatment with hypotonic solution, and it is presented
as mean (n=4). DC-1-14, N,N-dimethyl-N-tetradecyltetradecan-1-aminium bromide; DC-1-16, N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide;
DC-6-14, 2-[bis{2-(tetradecanoyloxy)ethyl}amino]-N,N,N-trimethyl-2-oxoethan-1-aminium chloride; DSTAP, 1,2-distearoyl-3-trimethylammonium-
propane chloride; DOTMA, 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride; DODAP, 1,2-dioleoyl-3-dimethylammonium-propane; DOPE,

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.

Discussion

Generally, cationic liposomes are prepared by combining
cationic lipids with neutral helper lipids. However, to
achieve efficient siRNA transfection, identifying the
optimal combination of cationic and neutral helper lipids
in the liposomal formulations is important. In the present
study, the effect of phosphatidylethanolamines in cationic
liposomes on the gene-knockdown efficacy of siRNA
lipoplexes was determined using six types of cationic

lipids. In in vitro transfection, LP-DC-1-16/DOPE, LP-DC-
6-14/DOPE, LP-DOTMA/DPPE, LP-DOTMA/DMPE,
LP-DOTMA/DOPE, LP-DOTMA/POPE, LP-DSTAP/DOPE
and LP-DODAP/DOPE lipoplexes containing Luc siRNA
strongly suppressed Luc activity (>70% knockdown) compared
with Control #1 siRNA. Regardless of the type of cationic
lipid, the inclusion of DOPE induced strong Luc knockdown in
MCF-7-Luc cells. DOPE contains two unsaturated acyl chains
and a relatively small head group, which forms a hexagonal
phase at acidic pH (20) and destabilizes the liposomal
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Figure 7. Effect of cationic lipids in liposomal formulations on the knock-
down of Tie2 mRNA in the lung following systemic injection of Tie2 siRNA
lipoplexes into mice. Tie2 mRNA level in the lung was normalized to PTEN
mRNA level at 48 h after systemic administration of siRNA lipoplex with
20 pg of Control #2 or Tie2 siRNA (n=3-4). Tie2 expression (%) was calcu-
lated relative to that in untreated lungs. "P<0.05, “P<0.01 vs. Control #2
siRNA. si, small interfering; PTEN, phosphatase and tensin homolog; DC-1-
16, N-hexadecyl-N,N-dimethylhexadecan-1-aminium bromide; DC-6-14,
2-[bis{2-(tetradecanoyloxy)ethyl}amino]-N,N,N-trimethyl-2-oxoethan-1-aminium
chloride; DSTAP, 1,2-distearoyl-3-trimethylammonium-propane chloride;
DOTMA, 1,2-di-O-octadecenyl-3-trimethylammonium propane chloride;
DOPE, 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine.

structure (21). Therefore, DOPE may improve gene-knock-
down efficiency by destabilizing the endosomal membrane
after cellular uptake of siRNA lipoplexes via endocytosis,
thereby resulting in the release of siRNA into the cytoplasm.
However, in DOTMA-based cationic liposomes, the inclusion
of DMPE, DPPE and POPE resulted in high gene-knockdown
activity in the present study. DOTMA is a stable diether
analog of DOTAP which has hydrolysable ester bonds as a
linker between a quaternary ammonium head group and acyl
chains (22). In our recent study, siRNA lipoplexes composed
of DOTAP and DOPE or DOTAP and POPE demonstrated
strong gene-knockdown efficacy, whereas siRNA lipoplexes
composed of DOTAP and DPPE or DOTAP and DMPE did
not (9). This finding suggests that differences in the linkers in
cationic lipids may affect the transfection efficacy of siRNA
lipoplexes in combination with DMPE and DPPE.

DOTMA and DSTAP contain a quaternary ammonium
head group with alkyl and acyl chains (C18), respectively, and
are positively charged irrespective of pH (23). Regarding siRNA
biodistribution, systemic injection of LP-DOTMA/DOPE and
LP-DSTAP/DOPE lipoplexes resulted in high siRNA accumu-
lation in the lungs. Generally, in systemic circulation, positively
charged siRNA lipoplexes form agglutinates with negatively
charged erythrocytes (24), which are entrapped by pulmonary
capillaries soon after systemic injection (25). These findings
indicate that LP-DOTMA/DOPE and LP-DSTAP/DOPE lipo-
plexes may form stable agglutinations with blood components,
resulting in efficient entrapment in lung capillaries. However,
systemic injection of LP-DODAP/DOPE lipoplexes resulted

in high siRNA accumulation in the liver in the present study.
DODAP is an ionizable cationic lipid with a pKa of 6.6 (26)
and contains a ternary ammonium head group with acyl chains
(C18). The LP-DODAP/DOPE lipoplexes did not agglutinate
erythrocytes. Dilliard et al (27) reported that the inclusion of
DODAP in lipid nanoparticles (LNPs) increases apolipoprotein
E (ApoE)-binding to LNPs in the plasma, and then enhances
the uptake by hepatocytes via the low density lipoprotein
(LDL) receptor. This finding suggests that LP-DODAP/DOPE
lipoplexes might interact with ApoE, but not with erythrocytes
in the systemic circulation, resulting in accumulation in the
liver via the LDL receptor. By contrast, the systemic injection
of siRNA lipoplexes containing cationic lipids with shorter
dialkyl chains (C14 or C16) tend to increase siRNA accumula-
tion in the liver. The systemic injection of LP-DC-1-16/DOPE
and LP-DC-6-14/DOPE lipoplexes in the present study caused
siRNA accumulation in both the lungs and liver, whereas
LP-DC-1-14/DOPE lipoplexes caused siRNA accumulation in
the liver. Generally, liposomes composed of lipids with short
dialkyl chains are unstable because lipids with short dialkyl
chains weaken the hydrophobic interactions between the alkyl
chains by decreasing the hydrophobic area in the liposomal
membrane (28). Therefore, the LP-DC-1-14/DOPE lipoplexes
might be lysed soon after systemic injection, followed by their
capture by Kupffer cells in the liver.

Regarding in vivo gene-knockdown, in the present
study, LP-DC-1-16/DOPE lipoplexes with Tie2 siRNA
induced a significant knockdown of Tie2 mRNA (37%
knockdown) compared with Control #2 siRNA. By
contrast, LP-DOTMA/DOPE lipoplexes exhibited a
slight gene-knockdown, whereas LP-DC-6-14/DOPE and
LP-DSTAP/DOPE lipoplexes did not show knockdown
efficacy. Tagami et al (29) reported that some genes are
upregulated or downregulated by treatment with non-specific
siRNA lipoplexes, suggesting that the expression in some
genes might be affected by inflammatory cytokines induced
by a non-specific cellular immune response for siRNA lipo-
plexes via toll-like receptors (30). It has been reported that
Tie2 expression in endothelial cells is stimulated by inflam-
matory cytokines (31). Therefore, the LP-DOTMA/DOPE
lipoplexes with Control #2 siRNA lipoplexes might increase
slightly Tie2 expression in the lungs (120%, compared with
untreated lungs). However, further studies are required
to investigate whether the injection of siRNA lipoplexes
induce immune reactions such as inflammation and
complement activation in mice. In our recent study, siRNA
lipoplexes composed of DDAB and DOPE containing Tie2
siRNA induced significant knockdown of Tie2 mRNA (50%
knockdown) compared with Control #2 siRNA, but those of
DOTAP and DOPE did not (9). It is unclear why cationic
liposomes composed of DC-1-16/DOPE exhibit high gene-
knockdown efficiency in vivo, but the linker between the
hydrophilic and hydrophobic lipid moieties in cationic
lipid might be an important factor in transfecting siRNA
lipoplexes into the lungs (32-34).

In our previous study, inclusion of dialkyl cationic lipid
(DDAB) with a non-biodegradable linker into liposomal
formulation exhibited high in vivo gene-knockdown by siRNA
lipoplexes compared with that of diacyl cationic lipid (DOTAP)
with a biodegradable linker (9). However, it was not clear the
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effect of alkyl or acyl chain length and saturation in cationic
lipid on a gene-knockdown by siRNA lipoplexes. The present
study revealed that cationic lipids with a non-biodegradable
linker and dialkyl saturated chains (C16-C18) are potential
lipids for in vivo gene-knockdown by cationic liposomes.

In conclusion, the present study determined the effect
of phosphatidylethanolamines in liposomal formulations on
gene-knockdown efficacy in breast tumor cells and mouse
lungs using siRNA lipoplexes. Differences in the structures of
alkyl or acyl chains, head groups and linkers in cationic lipids
may affect the optimal combination of phospholipids for gene-
knockdown using siRNA lipoplexes. Overall, the present study
provides insights onto the optimal liposomal formulation for
siRNA delivery using cationic liposomes.
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