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RNA interference (RNAi) triggered by short interference
RNA (siRNA) can suppress expression of a specific gene and
is considered a potential therapeutic tool for many condi-
tions, including cancer, infection and hypercholesteremia.1,2)

To obtain efficient knockdown of the target gene, siRNA
must be delivered to the cytosol of target cells. Therefore, a
successful siRNA delivery system requires a rational strategy
that can overcome many biological barriers by controlling
both biodistribution and intracellular trafficking. To address
these issues, many groups have developed various types of
carrier systems for siRNA delivery, such as lipoplexes and
polyplexes.3—5) We recently proposed a novel packaging ap-
proach for the assembly of multiple devices in a single deliv-
ery system, a multifunctional envelope-type nano device
(MEND), in which nucleic acid is condensed using a polyca-
tion to form a core particle, followed by encapsulation in a
lipid envelope.6,7) When the MEND was modified with
stearylated octaarginine (STR-R8) on the lipid envelope (R8-
MEND), it was efficiently taken up by cells via a unique
pathway called macropinocytosis, which allowed escape
from lysosomal degradation and led to transfection activity
as high as that of adenovirus.6,8) The R8-MEND is also appli-
cable to siRNA delivery. Using STR-R8 as a polycation,
siRNA can form a complex 60—80 nm and be efficiently 
encapsulated into the MEND.9) As a result, the R8-MEND
results in a greater silencing effect than does a commercially
available reagent, TransIT-TKO.9) To further improve silenc-
ing activity, an additional modification was developed that 
allows the cytoplasmic delivery of encapsulated siRNA. We
recently established that R8-modified liposomes prepared
with dioleoylphosphatidyl ethanolamine (DOPE) and phospa-

tidic acid (PA) (molar ratio�9 : 2) have high fusogenic activ-
ity with the endosome, and efficiently release functional
siRNA into the cytosol.10) Additionally, we used a pH-sensi-
tive fusogenic peptide GALA (WEAALAEALAEALAEHL-
AEALAEALEALAA) in the form of cholesteryl-GALA
(Chol-GALA)11) to modify the MEND lipid envelope, which
improved transfection activity of an encapsulating plasmid
DNA due to an enhanced endosomal release.12) Therefore,
we postulated that an R8-MEND, prepared with a lipid com-
position of DOPE/PA plus Chol-GALA (R8/GALA-MEND)
would be ideal for the promotion of the cytoplasmic release
of functional siRNA.

For in vivo tumor targeting, PEGylation of the gene carri-
ers is useful strategy due to enhancement of the permeability
and retention (EPR) effect.13) However, PEGylation hampers
the cellular association of gene carriers with cell membrane
and lowers subsequent cellular uptake and endosomal
escape.14,15) To overcome this polyethylene glycol (PEG)-
associated dilemma, we previously constructed a novel,
cleavable, PEG-peptide-DOPE conjugate named PPD, that is
cleaved in response to matrix metalloproteinase (MMP),
which is specifically secreted from tumor cells.16)

In the present study, we developed an R8/GALA-MEND
modified with PPD for siRNA delivery. We first examined
the optimal concentration of STR-R8 and Chol-GALA on
the lipid envelope to exert sufficient gene silencing, as as-
sessed by in vitro luciferase activity. Finally, we introduced a
non-cleavable PEG-lipid or PPD into the R8/GALA-MEND,
and the silencing effect of PEGylated R8/GALA-MEND was
evaluated by comparison with a conventional MEND that
had been prepared using 1,2-dioleoyl-3-trimethylammonium-
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We recently developed a multifunctional envelope-type nano device (MEND) for efficient nucleic acid deliv-
ery. Here, we report on the development of an octaarigine (R8)-modified MEND encapsulating small interfering
RNA (siRNA) with a tumor-specific, cleavable, polyethylene glycol (PEG)-lipid (PPD). We first determined the
optimal concentration of R8 and pH-sensitive fusogenic peptide (GALA) on the lipid envelope of MEND
(R8/GALA-MEND). Then, we examined the combination of optimized R8/GALA-MEND with a PEG-lipid.
When a conventional PEG-lipid was used, the R8/GALA-MEND failed to knockdown expression of the target
gene. On the other hand, PPD-modified R8/GALA-MEND exhibited efficient silencing activity to the level of the
PEG-unmodified R8/GALA-MEND. In addition, we compared a R8/GALA-MEND with a MEND composed of
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) that is a conventional cationic lipid used as a lipoplex
component. The knockdown ability of the R8/GALA-MEND was much higher than that of the DOTAP-based
MEND at the dose that is commonly employed in in vitro siRNA transfection. These results demonstrate that the
R8/GALA-MEND is a promising delivery system for the transfer of siRNA to tumor cells.
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propane (DOTAP), DOPE and cholesterol (molar ratio�
3 : 4 : 3).

MATERIALS AND METHODS

Materials Anti-luciferase siRNA (21-mer, 5�-GCGCU-
GCUGGUGCCAACCCTT-3�, 5�-GGGUUGGCACCAGCA-
GCAGCGCTT-3�) and anti-green fluorescent protein (GFP)
siRNA (5�-GCUGACCCUGAAGUUCAUCTT-3�, GAUGA-
ACUUCAGGGUCAGCTT-3�) were obtained from Thermo
Electron GmbH (Ulm, Germany). STR-R8 was synthesized
as described previously.17) DOPE, DOTAP, cholesterol and
distearoyl-sn-glycero-3-phoshoethanolamine-N-[methoxy
(polyethylene glycol)-2000] (PEG-DSPE) were purchased
from AVANTI Polar Lipids (Alabaster, AL, U.S.A.). PA was
purchased from Sigma (St. Louis, MO, U.S.A.). PPD and
Chol-GALA were synthesized as described previously.16,18)

Dulbecco’s modified Eagle medium (DMEM) and fetal
bovine serum (FBS) were purchased from Invitrogen (Carls-
bad, CA, U.S.A.). Diethyl pyrocarbonate (DEPC)-treated
water and G418 were obtained from Nacalai Tesque (Kyoto,
Japan). Luciferase assay reagents and reporter lysis buffer
were obtained from Promega (Madison, WI, U.S.A.). HeLa
human cervical carcinoma cells were obtained from RIKEN
Cell Bank (Tsukuba, Japan). All other chemicals were com-
mercially available reagent-grade products.

Cell Culture HeLa cells stably expressing luciferase
(HeLa-luc) were prepared as described previously,19) and cul-
tured in cell-culture dishes (Coring) containing DMEM 
supplemented with 10% FBS, penicillin (100 U/ml), strepto-
mycin (100 mg/ml), G418 (0.4 mg/ml) at 37 °C in an atmos-
phere of 5% CO2 and 95% humidity. Matrix metallopro-
teinase-2 (MMP-2) in the supernatant of HeLa-luc was quan-
tified using a commercially available enzyme-linked im-
munosorbent assay (ELISA) specific for human MMP-2
(Biotrak ELISA System; Amersham Biosciences, Uppsala,
Sweden). Samples were prepared according to the manufac-
turer’s protocol.

Preparation of R8/GALA-MEND To prepare the
siRNA/STR-R8 complex, the siRNA solution (0.1 mg/ml in
DEPC-treated water) was added to the STR-R8 solution
(0.1 mg/ml in DEPC-treated water) under vortexing at room
temperature, at a nitrogen/phosphate (N/P) ratio of 3.2. A
lipid film was formed by evaporating a chloroform solution
(125 nmol total lipids), composed of DOPE, PA, STR-R8 and
Chol-GALA (molar ratio of DOPE/PA was fixed at 7 : 2). For
modification of the MEND with PEG-DSPE or PPD, the
lipid film was prepared by evaporation with a known amount
of PEG-DSPE or PPD. The siRNA/STR-R8 complex was 
applied to the lipid film, followed by incubation for 10 min 
at room temperature to hydrate the lipids. To coat the
siRNA/STR-R8 complex with the lipid, the lipid film was
sonicated for approximately 1 min in a bath-type sonicator
(AU-25, AIWA Co., Tokyo, Japan).

Preparation of DOTAP-MEND To prepare the
siRNA/STR-R8 complex for the DOTAP-MEND, a STR-R8
solution (0.1 mg/ml in N-(2-hydoxyethyl)piperazine-N�-2-
ethanesulfonic acid (Hepes) buffer, pH 7.4) was added to a
siRNA solution (0.1 mg/ml in Hepes buffer, pH 7.4) under
vortexing at room temperature, at a N/P ratio of 1.2. A lipid
film was formed by the evaporation of a chloroform solution

(125 nmol total lipids), composed of DOTAP, DOPE and
cholesterol (3 : 4 : 3 molar ratio). In the case of PEG-DSPE
and PPD modification, the lipid film was prepared by evapo-
ration with a certain amount of PEG-DSPE or PPD. The
siRNA/STR-R8 complex was applied to the lipid film, fol-
lowed by incubation for 10 min at room temperature to hy-
drate the lipids. To coat the siRNA/STR-R8 complex with
the lipid, the hydrated lipid film was then sonicated for ap-
proximately 1 min in a bath-type sonicator.

Measurement of Diameter and zz-Potential for Pre-
pared MENDs The average diameter and the z-potential
of the condensed siRNA core and the MENDs were deter-
mined using a Zetasizer Nano ZS ZEN3600 (MALVERN In-
strument, Worchestershire, U.K.).

Gene Silencing Effect of MENDs To examine the si-
lencing effect of the MEND, 4�104 HeLa-luc cells were
seeded in a 24-well dish 1 d prior to transfection. The
MEND, containing the indicated dose of siRNA, was added
to 0.25 ml of DMEM containing 10% FBS, followed by incu-
bation at 37 °C for 3 h. Then, 0.75 ml of DMEM containing
10% FBS was added to the cells, followed by incubation for
an additional 21 h. The cells were then washed with 0.5 ml of
PBS and lysed with reporter lysis buffer. Luciferase activity
in the cell lysate was then measured using a luminometer
(Luminescencer-PSN, ATTO, Japan). The protein concentra-
tion was determined with a BCA Protein Assay Kit (Pierce,
Rockford, IL, U.S.A.). Luciferase activity was expressed as
relative light units (RLU) per mg of protein. The silencing
effect was calculated as a percentage using the following
equation:

where TEanti-luc and TEanti-GFP represent luciferase gene ex-
pression after transfection with either anti-luciferase siRNA
or anti-GFP siRNA, respectively.

Statistic Analysis Comparisons between multiple treat-
ments were made using one-way analysis of variance
(ANOVA), followed by the Student–Newman–Keuls test.
Pair-wise comparisons between treatments were made using
a two-tail Student t-test. A p-value of �0.05 was considered
significant.

RESULTS AND DISCUSSION

Optimization of Chol-GALA Concentration of
R8/GALA-MEND Initially, we optimized the density of
Chol-GALA on the R8/GALA-MEND. R8/GALA-MENDs
with 10 mol% of STR-R8 were prepared containing various
densities of Chol-GALA (0—4 mol%). The average diameter
and z-potential of prepared R8/GALA-MENDs were compa-
rable at each density, as shown in Table 1. On the other hand,
the knockdown activity of the R8/GALA-MEND at a dose of
0.2 mg siRNA was dependent on the Chol-GALA density up
to 2 mol%, as shown in Fig. 1, which was presumably due to
an increase in endosomal escape by virtue of the function of
GALA after the R8/GALA-MEND was taken up via endocy-
tosis.11,12) No further enhancement in activity was observed
�2 mol%, because the ability of GALA to accelerate the en-
dosomal escape might reach the limit in this formulation.

silencing effect (%)
TE

TE
anti-luc

anti-GFP

� � �1 100
⎛

⎝⎜
⎞

⎠⎟
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Furthermore, in the case of 4 mol% of Chol-GALA, the ag-
gregation occurred occasionally in R8/GALA-MEND formu-
lation, which could have been caused by fusion between the
lipid envelope of the MEND due to an excess amount of
GALA. Based on these results, it was concluded that the op-
timal density of Chol-GALA on the R8/GALA-MEND was
2 mol%.

Optimization of STR-R8 Concentration of R8/GALA-
MEND We next determined the optimal density of STR-
R8 in the R8/GALA-MEND. The density of Chol-GALA
was fixed at 2 mol%, and the STR-R8 density was varied be-
tween 0 mol% and 20 mol% of total lipid. The average diam-
eter of the R8/GALA-MEND remained unchanged, regard-
less of the STR-R8 concentration. In contrast, modification
of STR-R8 resulted in a gradual increase in z-potential by as
much as 10 mol% and reached a plateau at 20 mol% as
shown in Table 1. At 5 mol% of STR-R8, the z-potential was
nearly neutral. The knockdown activity of the R8/GALA-
MEND was slightly enhanced at 5 mol% of STR-R8 com-
pared with the MEND with no STR-R8 (0 mol%). However,
additional modification of STR-R8 had a minor effect on
gene knockdown activity (Fig. 2). Since positively or nega-
tively charged particles strongly interact with serum proteins
and biomolecules,20,21) a neutral surface is desirable for in
vivo application. Collectively, 5 mol% of STR-R8 seemed to
be the optimal density.

Effect of Modification of MENDs with PEG Lipid on
Gene Silencing Then, we evaluated the effect of PEGyla-
tion on silencing activity. PEG-DSPE or PPD was used to
modify the R8/GALA-MEND at 5 mol% of total lipid. PEG-
DSPE modification reduced the average diameter of R8/
GALA-MEND compared with the PEG-unmodified R8/
GALA-MEND (Table 2). On the other hand, PPD modified
R8/GALA-MEND showed a slightly smaller diameter than
the PEG-unmodified R8/GALA-MEND. Because hydro-
phobic amino acids accounted for most of the peptide se-
quence of PPD, the PEG layer might not have exhibited an
appropriate formation on the surface of the lipid envelope.
To the contrary, the z-potential of both PEG- and PPD-modi-
fied MEND showed no significant difference. The prepared
MENDs were transfected at a dose of 0.4 mg siRNA. PEG-
DSPE modification inhibited the silencing activity of an
R8/GALA-MEND by reducing both cellular uptake and en-
dosomal escape (Fig. 3). This is presumably due to the block-
age of the interaction of R8 by the cellular membrane and
GALA with the endosomal membrane via the steric hin-
drance of PEG.12) Then, PEG-DSPE was partially or fully re-
placed with PPD at 2.5 or 5.0 mol%. The knockdown effect
of the R8/GALA-MEND was increased depending on the
amount of PPD (Fig. 3). Of note, gene knockdown activity 
of the R8/GALA-MEND modified with 5 mol% PPD was
nearly equal to that of the PEG-unmodified R8/GALA-
MEND. The expression of MMP-2 in the supernatant of
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Fig. 1. Effect of Chol-GALA Modification on Silence Activity of an R8-
MEND

HeLa-luc (4�104 cells/well) were transfected with R8-MEND (0.2 mg siRNA/well)
modified with Chol-GALA at various densities (0—4 mol%). Luciferase activity was
measured 24 h after transfection. The RNAi effect was calculated by normalization to
cells treated with non-specific (anti-GFP) siRNA. The RNAi effect is expressed as the
mean�S.D. (n�3). ∗ p�0.05. ∗∗ p�0.01 vs. R8-MEND without Chol-GALA (open
bar).

Fig. 2. Comparison of the Silence Activity of an R8/GALA-MEND Con-
taining Various Densities of STR-R8

An R8-MEND (0.2 mg siRNA/well) containing various densities of STR-R8 (0—
20 mol%) and modified with 2 mol% Chol-GALA was transfected to HeLa-luc (4�104

cells/well), and luciferase activity was measured at 24 h after transfection. The RNAi
effect was calculated by normalization to cells treated with non-specific (anti-GFP)
siRNA. The RNAi effect is expressed as the mean�S.D. (n�3).

Table 1. Characteristics of R8/GALA-MEND

STR-R8 Chol-GALA Diameter z-Potential 
(mol%) (mol%) (nm) (mV)

10 0 186�31 58�7
0.1 212�19 60�6
0.5 200�42 60�6
1 183�23 51�23
2 196�31 57�11
4 227�57 62�12

0 2 196�22 �57�6
5 186�22 �3.7�14

10 196�31 52�19
20 204�35 54�34

Each value is represented by the mean�S.D. (n�3).

Table 2. Characteristics of PEGylated R8/GALA-MEND and DOTAP-
MEND

PEG-DSPE PPD Diameter z-Potential 
(mol%) (mol%) (nm) (mV)

R8/GALA-MEND — — 180�7 �3�20
5 0 123�6 3�11
2.5 2.5 115�6 13�6
0 5 168�29 16�8

DOTAP-MEND — — 187�2 51�19
5 0 122�12 �4�3
0 5 171�6 6�10

Each value is represented by the mean�S.D. (n�3).



HeLa-luc was approximately 20 ng/ml, which is sufficient to
trigger the cleavage of PEG.16) Therefore, the PEG moiety
was removed from the surface of the PPD-modified R8/
GALA-MEND in response to MMP in the culture medium.
Then, the R8 of the naked R8/GALA-MEND was able to 
associate with cell-surface components such as heparane 
sulfate proteoglycans,22) which triggered the cellular uptake
of R8/GALA-MEND through endocytosis. Subsequently, 
the interaction of the GALA moiety of the endocytosed
R8/GALA-MEND with the endosomal membrane allowed
efficient cytosolic release of encapsulating siRNA, which re-
sulted in a higher knockdown activity. Collectively, these re-
sults suggest that a high silencing effect can be achieved be-
cause of the synergistic functions of GALA and PPD.

Comparison between R8/GALA-MEND and DOTAP-
MEND Finally, we compared the silencing activity of
R8/GALA-MEND to that of the DOTAP-MEND, which was
composed of the conventional cationic lipid DOTAP,23)

DOPE and cholesterol (molar ratio�3 : 4 : 3), as described
previously.16) The average diameters and z-potentials of the
DOTAP-MEND without and with PEG-lipid are shown in
Table 2. In the PEG-unmodified MEND, the gene knock-
down activity of the R8/GALA-MEND was double that of
the DOTAP-MEND at a dose of 0.4 mg siRNA. In addition,
the R8/GALA-MEND demonstrated a gene-knockdown ef-
fect even when the PEG was modified, whereas that of the
DOTAP-MEND was negligible (Fig. 4). When the PEG was
replaced with PPD in the DOTAP-MEND, the gene-knock-
down effect was increased; however, it remained less than
that of the PEG-unmodified example. By contrast, the
R8/GALA-MEND with PPD exhibited significant gene si-
lencing, which was comparable to that of the PEG-unmodi-
fied MEND. These data collectively indicate that the
R8/GALA-MEND is more compatible with PPD modifica-
tion, relative to the DOTAP-MEND, and is superior to the
DOTAP-MEND from the point of view of gene knockdown
efficiency.

In conclusion, we succeeded in developing siRNA-encap-
sulated R8/GALA-MENDs with optimized STR-R8 and

GALA concentration. The R8/GALA-MEND exhibited a
higher RNAi effect than the conventional DOTAP-based
MEND. Furthermore, even with the PPD modification, the
R8/GALA-MEND provided sufficient in vitro gene silencing.
Collectively, the R8/GALA-MEND combined with PPD is a
promising new carrier of siRNA for silencing of specific
gene in tumor cells.
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