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Short  interfering  RNA  (siRNA)  drugs  have  entered  clinical  trials  in various  disease  areas.  However,  sys-
temic use  of  siRNA  drugs  faces  a challenge  of  tissue  in-specificity  and  membrane  impenetrability.  In  this
study,  we  hypothesized  that  the  combined  of lipidic  molecules  with  a  pegylated  cationic  polymer  through
random  polymerization  of  Micheal  reaction  could  enhance  the  hepatocyte’s  preferential  uptake  and
improve  membrane  penetrability.  We  reported  the  efficacy  of  in  vitro  knockdown  of  apoB  mRNA  in HepG2
cell  line  and  in  vivo  knockdown  of  the  liver  apoB  mRNA  using  a pegylated  lipopolymer–siapoB  complex.
eywords:
ipopolymer
ystemic delivery
n vivo delivery
iRNA delivery
poB

Results  show  that  apoB  mRNA  in the  nu/nu  and  C57BL/6  black  mice  was  knockdown  to  ∼60–80%,  up to
2  weeks,  at  low  doses  of  1.0–2.5  mg/kg  of siRNA.  The  finding  sets  a new  stage  for  further  developments
for apoB  siRNA  therapeutics.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

RNA interference (RNAi) is a specific, natural process of inhibit-
ng endogenous gene expression that was first introduced in
998 by Andrew Fire and Craig Mello in the nematode worm
aenorhabditis elegans (Fire et al., 1998). The discovery was  later
xploited for developing a new class of pharmaceutical drugs
Bumcrot et al., 2006). In 2006, Andrew Fire and Craig Mello both
hared the Nobel Prize in physiology or medicine for that discov-
ry (Daneholt, 2006). Short interfering RNA (siRNA) is one of the
wo vital molecules in RNAi process that binds to a specific mes-
enger RNA (mRNA) and prevents the mRNA from producing a
rotein. The other vital molecule in RNAi process is micro-RNA.
reclinical studies of siRNA delivery have shown some success by
nhalation (Aronin, 2006). A number of polycation-based nanopar-
icles complexed with siRNA have demonstrated the feasibility and
apability of gene silencing in tumour, inflammatory, and other
isease animal models (Howard, 2009). However, due to instabil-

ty of siRNA molecules and their membrane impenetrability, it is
 great challenge to successfully develop an efficient systemic car-
ier for a systemic application (Bumcrot et al., 2006; Vaishnaw et al.,
010).
In a previous study, we reported synthesis of a library of the
ater soluble pegylated lipopolymers that were the products of

andom cross-linking polymerization of low molecular weight

∗ Corresponding author. Tel.: +1 760 435 7026; fax: +1 760 435 7050.
E-mail address: yu lei@gg.nitto.co.jp (L. Yu).

378-5173/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.11.006
branched poly(ethylenimine) (PEI, average molecular weight of
1200 Da), diacrylate lipid (lipid), and mono-acrylate poly(ethylene
glycol) (PEG) (Liu et al., 2009). A library of 18 lipopolymers
was  generated with various ratios of lipid:PEI. From that library,
lipopolymers with various lipid:PEI ratios from 11:1 to 16:1, formed
a complex with anti-luciferase siRNA, and the complexes silenced
in vitro luciferase gene expression. In addition, a number of the
lipopolymer–siRNA complexes were able to knockdown siMDR1
mRNA and improved the chemosensitivity of human colon cancer
stem cells to paclitaxel synergistically (Liu et al., 2009).

Two  groups reported success of silencing of endogenous gene
encoding apoB in mice using lipophilic compounds attached to
siRNA (siRNA conjugated) to target hepatocytes (Soutschek et al.,
2004; Nishina et al., 2008). Their approach to siRNA hepatocyte-
targeted was  focused on utilization of the hepatocyte’s preferential
uptake of lipophilic compounds. Since their siRNAs were covalently
attached to lipophilic compounds, their siRNAs selectively ended
up in hepatocytes. However, in order to achieve 60% knockdown of
the apoB mRNA in mice, Soutschek et al. (2004) had to use a high
dose of siRNA (50 mg/kg). In the present study, we hypothesized
that lipopolymers could be utilized for siRNA hepatocytes-targeted
delivery since the lipopolymers featured lipophilic properties and
were able to efficiently deliver siRNA into a cell (Liu et al., 2009). We
reported a pegylated lipopolymer–siRNA complex that efficiently
targeted and silenced hepatocyte-apoB mRNA in mice at doses of

20–50 times less compared to that of Soutschek et al. (2004).  Our
results show that apoB mRNA was  silenced in a range of ∼60–80%,
up to 2 weeks in the nu/nu and C57BL/6 mice, using a pegy-
lated lipopolymer–siRNA complex at low doses of 1.0–2.5 mg/kg

dx.doi.org/10.1016/j.ijpharm.2011.11.006
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:yu_lei@gg.nitto.co.jp
dx.doi.org/10.1016/j.ijpharm.2011.11.006
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Fig. 1. Struct

f siRNA. This finding shows that our pegylated lipopolymer–siRNA
omplex can deliver a substantial knockdown in vivo on apoB mRNA
n mice at low siRNA doses.

. Results and discussion

.1. Pegylated lipopolymer

In this study, we utilized a mechanism of hepatocyte-uptake
f lipidic molecules for their target-specific. We  envisioned that
ipopolymers had high lipid density and should be explored
or hepatocyte-targeted siRNA delivery. Previously, we reported

 synthesis of series of lipopolymers (Liu et al., 2009). In the
resent study, polymer 15 was selected from the series of the

ipopolymers to explore in vivo hepatocyte-targeted siRNA deliv-
ry because of its high lipid content and might be preferentially
ptaken by hepatocytes. Its average molecular weight was about
2,000 Da, determined by gel permeation chromatography (GPC)
ith Wyatt multi-angle light scattering detection. The proposed

tructure of polymer 15 is shown in Fig. 1, consisting of product
f random polymerization of the lipid:PEI:PEG ratios of 16:1:2,

espectively (Liu et al., 2009). Its polymerization chemistry was
ased on a random Michael addition reaction of amino groups
f PEI 1200 Da, reacting with acrylate groups of the lipid moi-
ty and PEG component. The Michael addition chemistry has
 polymer 15.

been widely used for making amino-lipidic molecules (Akinc
et al., 2008) and poly(beta-amino ester) polymers (Vandenbroucke
et al., 2008; Jere et al., 2008) for siRNA delivery. Hybridizing
a lipidic moiety with a cationic polymer and pegylated moi-
ety using the versatile Michael addition chemistry can create a
novel pegylated lipopolymer for siRNA delivery and hepatocyte-
targeted.

2.2. Activity of in vitro siRNA knockdown in tissue culture

The goal was  to assess siRNA delivery efficiency of polymer 15;
we chose a known anti-luciferase siRNA sequence (Liu et al., 2009)
(siLuc) with a negative control anti-enhanced green fluorescence
protein siRNA sequence (siegfp) and a known anti-apoB siRNA
sequence (Soutschek et al., 2004) (siapoB) to evaluate reporter
gene expression and endogeneous gene expression, respectively.
The siapoB sequence was  used with a modification of remov-
ing a cholesterol moiety from the siRNA–cholesterol conjugate
(Soutschek et al., 2004). All the siRNA sequences were obtained
from a commercial vendor.

We explored in vitro silencing activity of gene reporter luciferase

in PC-3M-Luc-C6 cell line and of endogeneous apoB mRNA in
HepG2 cell line using pegylated lipopolymer–siRNA complex. Fig. 2
shows results of luciferase reporter gene expression knock-down
using Lipofectamine 2000 (L2K)/siLuc complexes instructed by
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Fig. 2. In vitro siRNA transfection of pegylated lipopolymer–siRNA complexes in PC-
3M-Luc-C6 cell line. The ratios of polymer 15/siLuciferase (siLuc) were expressed in
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eight to weight ratios. Lipofectamine 2000 (L2K)/siLuc complexes were used as a
ositive control. Their ratios were expressed in volume to volume. Polymer 15/siegfp
10:1, weight to weight) was  used a negative control. Data are shown as mean ± SD.

ts manufacturer as positive controls, polymer 15/siegfp com-
lex as a negative control, and polymer 15/siLuc complexes at

 concentration of siRNA of 17.8 nM (0.25 �g/mL). The positive
ontrol (L2K/siLuc) complexes clearly demonstrated knock-down
f luciferase reporter gene expression with statistical signifi-
ance (p < 0.01, L2K/siLuc vs PBS). As expected, a negative control
polymer 15/siegfp) complex (10:1) did not show any signifi-
ant knock-down of luciferase gene expression. Polymer 15/siLuc
omplex at the weight to weight (wt./wt.) ratio of 2:1, did not
emonstrate any significant gene silencing of Luciferase reporter
ene expression. However, with the ratios of 5:1, 10:1, and 20:1,
olymer 15/siLuc complexes clearly and significantly inhibited

uciferase mRNA (p < 0.01, polymer:siRNA vs PBS).
To assess silencing activity of endogeneous apoB mRNA, com-

lexes of polymer 15/siapoB were used for transfection of HepG2
ell line. Fig. 3 shows RT-qPCR results of apoB mRNA knockdown
n the HepG2 cell line using the polymer 15/siapoB complexes,
ith polymer 15 alone and siapoB alone as negative controls. The
onditions for siRNA silencing assessment were optimized from
revious report (Soutschek et al., 2004). The cells were transfected
ith the ratio of 2:1 of polymer 15 to the siapoB (weight to weight),

ig. 3. In vitro siRNA transfection of pegylated lipopolymer–siRNA complexes in
epG2 cell line. Data are shown as mean ± SD.
armaceutics 427 (2012) 58– 63

at concentrations of the 0.5 �g/mL, 1.25 �g/mL, and 2.5 �g/mL of
siapo≡ in a 6-well plate, in duplicate. After 48-h transfection, rel-
ative apoB mRNA levels were measured versus �-actin mRNA and
then normalized to the values with untreated cells (cells alone).
As expected, neither siapoB alone nor the lipopolymer (polymer
15) alone had any significant impact on expression of apoB in
the HepG2 cell line. At the concentration of 0.5 �g/mL of siRNA,
apoB mRNA expression of the HepG2 cell line did not seem to be
silenced. This result was consistent with that of result of previous
report of polymer in their HepG2 cell line (Nie et al., 2011). They
had to use a concentration of 5 �g/mL of siRNA to silence in vitro
mRNA with optimal ratios of polymer to siRNA. Using polymer
15, as the concentrations of siRNA increased from 1.25 �g/mL to
2.5 �g/mL, the apoB mRNA levels in the HepG2 cells decreased to
60%, that was statistically significant compared of that of cell alone
(p < 0.05), showing that the pegylated lipopolymer transfection
agent was effective for delivery of siRNA to HepG2 cell line.

2.3. In vivo knockdown of target gene expression in livers of
nu/nu mice

We and others (Chapman, 2006; Liszewski, 2008) believe that a
general siRNA carrier that is one-size-fits-all in vitro delivery would
be unsuitable for an in vivo specific application. Each siRNA drug
aims at one particular mRNA target, and that target is uniquely
located in a particular tissue that shields with distinct physical tis-
sue barriers. It must accompany with a designed siRNA carrier for
that target tissue in order to reach its destination and transform
itself into a potential drug candidate. Apolipoprotein B (apoB) is a
primary lipoprotein for the formation and secretion of low-density
proteins. It is expressed in hepatocytes and may be responsible
to transporting cholesterol to tissues. It is also a diagnosis marker
for monitoring a risk of vascular disease (Sniderman et al., 2004).
Inhibition of apoB expression may  reduce risk of heart disease.
ApoB is a promising target for siRNA drugs due to therapeutic
value and hepatocyte-targeted carrier efficiency (Watanabe et al.,
2009). A number of groups utilized inhibition of apoB to eluci-
date their siRNA delivery systems. In a mouse model, Soutschek
et al. (2004) demonstrated that they could target hepatocytes
using siRNA–cholesterol conjugate with resultant of ∼60% knock-
down of apoB mRNA in the mouse liver. Polymer–siRNA conjugate
attaching N-acetyl-galactosamine ligand (Dynamic PolyConjugate)
(Rozema et al., 2007) and siRNA–�-tocopherol (vitamin E) con-
jugate (Nishina et al., 2008) for hepatocytes-targeting were also
shown, independently, a ∼80% knockdown of apoB mRNA in the
mouse liver. Watanabe et al. (2009) showed that non-conjugated
siRNA complexed with dendritic poly(l-lysine) could be used to
target hepatocytes with ∼50% reduction in apoB mRNA. The most
advanced stable acid lipid particle (SNALP) siRNA delivery system
to target apoB mRNA in terms of drug developments was reported
by Zimmerman et al. (2006).  Using SNALP to encapsulate siRNA,
Zimmerman et al. were able to deliver maximal silencing of >90%
after 48 h intravenous administration in monkey at 1–2.5 mg/kg
of siRNA. However, a therapeutic dose of 2.5 mg/kg of siRNA in
monkeys caused an increase in liver enzymes (Zimmerman et al.,
2006).

Knockdown of target gene expression in livers of nu/nu mice
was  demonstrated via intravenous administration of a pegylated
lipopolymer–siRNA complex. To obtain the maximum effect of the
lipopolymer–siRNA complex to silence apoB mRNA, experiments
were first designed to find an optimal ratio of transfection agent to
siRNA in nu/nu mice. The complexes with a volume of 0.2 mL  were

injected intravenously via tail vein of the mice using 5/1, 7.5/1, and
10/1 (by weight to weight) lipopolymer:siRNA ratios. The amount
of the siRNA injected was maintained at 1.0 mg/kg for three dif-
ferent experimental groups (n = 3). RT-qPCR analyses of the liver
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3. Materials and methods

Polymer 15 was synthesized in our laboratory, as described
previously (Liu et al., 2009). Polymer 15 is a crosslinked pegylated
ig. 4. In vivo knockdown of apoB mRNA in the liver of nu/nu mice with 1 mg/kg of
iapoB in different polymer/siRNA ratios after 48 h post injection. Data are shown
s  mean ± SD.

poB mRNA levels versus �-actin mRNA levels were performed
8 h after the siRNA administrations, which were normalized to the
roup of PBS as a control. Results are shown in Fig. 4, that all the
atios inhibited expression of apoB mRNA. The strongest inhibition
as observed at the ratios of 5/1 and 7.5/1, which was  statistically

ignificant compared with that of PBS control. The polymer:siRNA
atio of 10:1 did not provide maximal inhibition, even though it
as the highest ratio of polymer:siRNA. The low inhibition might

e due to side-effects of excess of the polymer. The polymer:siRNA
atio of 5:1 was chosen for further in vivo experiments.

In a next set of experiment, an optimal dose of siRNA and dura-
ion for siRNA efficacy were determined. With the polymer:siRNA
atio of 5:1, different doses of 1.0 mg/kg and 2.5 mg/kg of the siRNA
ere investigated with the duration of 2 days, 1 week, and two
eeks, along with the controls of PBS, the siRNA alone (2.5 mg/kg)

or 2-week duration, polymer 15 alone (12.5 mg/kg) for 2-week
uration, and a scrambled siRNA with polymer at the ratio of 5:1,
eight to weight of polymer:siRNA, for 2-day duration. As seen

n Fig. 5, administrations of 1.0 mg/kg of the siRNA with 2-day post
njection showed significant knockdown of apoB mRNA level, com-
ared of that of the PBS in nu/nu mice. Similar inhibition of apoB
RNA was observed with 2.5 mg/kg of the siRNA for 1-week and

-week post injections, whereas all the controls did not show any
ignificant inhibition of apoB gene expression. The inhibitory effect
f the pegylated lipopolymer–siRNA complex in the mice persisted
or 2 weeks showing that the lipopolymer may  be viable siRNA
arrier for further developments.

.4. In vivo knockdown of target gene expression in livers of
57BL/6 mice

To demonstrate the versatility and applicability of the
ipopolymer–siRNA complex in a number of different mice, C57/BL
lack mice were chosen. Knock-down of apoB mRNA in the black
ice was demonstrated. With the optimal dose of 1.0 mg/kg of the

iRNA and 5:1 (weight by weight) polymer:siRNA ratio, the pegy-
ated lipopolymer–siRNA complex was administered intravenously
ia tail vein of the black mice. The efficacy of apoB mRNA inhibi-
ion was determined after 2-day, 1-week, 2-week, and 3-week post
njections. Fig. 6 shows that inhibition of apoB mRNA in the black
ice was statistically significant. Inhibition of ∼80% of liver apoB
RNA in the black mice was observed for up to 2 weeks. However,

n the third week, the levels of apoB mRNA returned to control
evels.
Fig. 5. In vivo knockdown of apoB mRNA in the liver of nu/nu mice with different
siapoB doses in the ratio of 5:1 (by weight to weight) of polymer:siRNA after an
indicated period of post-injection time. Data are shown as mean ± SD.

Taking together of all the data of inhibition of apoB mRNA in
vivo in mice, the hybrid of lipid and pegylated cationic polymer
(pegylated lipopolymer) for siRNA apoB hepatocyte-targeted deliv-
ery at very low doses of 1.0–2.5 mg/kg of siRNA to achieve 60–80%
silencing of apoB mRNA in mice was  comparable to silencing of
apoB mRNA at 50 mg/kg of siRNA of the gold standards for SNALP
siRNA delivery. Further studies of different siRNA doses, lipopoly-
mer:siRNA ratios, and toxicology in different animal models would
be required for the future development of systemic siRNA delivery
to achieve more potency and effectiveness. Nonetheless, the finding
sets a new stage for further developments for siRNA therapeutics
of apoB targeting.
Fig. 6. In vivo knockdown of apoB mRNA in the liver of C57BL/6 mice with 1 mg/kg
of  siapoB doses at 5:1 polymer:siRNA by weight to weight ratio after an indicated
period of post-injection time. Data are shown as mean ± SD.
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ipopolymer with molar ratios of 1:16:2, corresponding to PEI
200 Da:diacrylate lipid crosslinker:PEG454 acrylate, respec-
ively. An average molecular weight of polymer 15 was  42 kDa,
etermined by gel permeation chromatography with Wyatt
ulti-angle light scattering detection. The sequences of siapoB

sense: 5′-GUCAUCACACUGAAUACCAAUUU-3′ and antisense:
′-AUUGGUAUUCAGUGUGAUGACUU-3′) and the scrambled siRNA
as a negative a control) used in this in vivo study were reported
reviously elsewhere (Soutschek et al., 2004). All the siRNA
equences were purchased from Dharmacon (Lafayette, CO).

.1. In vitro siRNA transfection

.1.1. Luciferase reporter gene knock-down
Polymer 15/siRNA complex was evaluated in firefly luciferase

table transfected cell line PC-3M-Luc-C6 (Xenogen Corp, now part
f Taconic). The transfection was conducted in a 96-well plate at ini-
ial seeding density at 1 × 105/mL  in the medium that was advised
ccordingly to manufacturer’s instructions. Different weight to
eight ratios of polymer 15:anti-luciferase siRNA (siLuc) (2:1, 5:1,

0:1, 20:1) with a concentration of siLuc at 17.8 nM (0.25 �g/mL)
ere used. Lipofectamine 2000 (L2K) (Invitrogen, Carlsbad, CA) was
sed as positive control. Anti-enhanced green fluorescence protein
iRNA (siegfp) sequence was employed as unrelated negative siRNA
ontrol. Luciferase knockdown efficiency was measured with lumi-
escent spectrometer after 48 h of transfection. Data are expressed
s mean with a standard deviation of luciferase activity (RLU/mg
rotein).

.1.2. Endogeneous mRNA knock down
Hepatoma (HepaG2) cells were purchased from ATCC (Manas-

as, VA) and were grown in Dulbecco’s modified Eagle’s medium
DMEM) containing 10% (v/v) heat-inactivated fetal bovine serum
FBS), 100 U/mL penicillin and 100 (g/mL streptomycin, and incu-
ated at 37 ◦C at 100% humidity atmosphere containing 7.5%
O2. Hep G2 cells were seeded in 6-well plate at a density of

 × 105 cells/2 mL/well in MEM  medium containing 10% FBS, 1%
EAA, 1% Na pyruvate and were cultured overnight. Polymer 15
as dissolved in Milli-Q water at a concentration of 5 �g/�L as

 stock solution. The polymer stock solution of 0.4 �L, 1 �L, and
 �L, was further diluted with Opti-MEM buffer of 119.6 �L, 119 �L,
nd 118 �L, respectively. The siapoB was dissolved in RNase-free
ater at a concentration of 0.25 �g/�L,  as a stock solution. The

iapoB stock solution of 4 �L, 10 �L, and 20 �L, was further diluted
ith Opti-MEM buffer of 116 �L, 110 �L, 100 �L, to yield 1 �g

iapoB/well, 2.5 �g siapoB/well, and 5 �g siapoB/well, respectively,
hen combined with the polymer diluted solutions at the ratio

f 2:1 of the polymer to the siapoB. The mixture of the siapoB
nd the polymer solutions was incubated at room temperature for
5 min  before applied them onto the designated well. The control
reatments were (1) buffer (cells alone), (2) siapoB (5 �g) alone as

 negative control, and (3) polymer 15 (10 �g) alone as another
egative control.

After 48 h incubation, mRNA expression was  determined
y quantitative RT-PCR with the primer for apoB mRNA,
orwarded as 5′-TTTGCCCTCAACCTACCAAC-3′ and reversed as 5′-
GCGATCTTGTTGGCTACTG-3′, as previously reported (Watanabe

t al., 2009). The relative apoB mRNA levels were measured versus
-actin mRNA, in duplicate, and then normalized to the values in
ntreated cells (cells alone). The data are shown as mean with a
tandard deviation.
armaceutics 427 (2012) 58– 63

3.2. In vivo knockdown of target gene expression in the liver of
mice

BALB/C (nu/nu)  mice and C57BL/6 (black) mice were purchased
from Charles River (Wilmington, MA)  and were housed in the
approved animal care facility. All the mice were acclimated for
at least 1 week before experimentation. All the studies were per-
formed in accordance with the approved animal protocol. RNA
extraction from siapoB treated the mouse liver was carried out
using RNeasy Mini Kit (Qiagen). qRT-PCR of apoB mRNA from
siapoB treated mouse liver samples was  carried out accordingly as
described in a manufacture’s protocols (SuperScript III First-Strand
Synthesis System for RT-PCR (Invitrogen) and Brilliant SYBR Green
QPCR Master Mix  Kit (Stratagen)).

3.2.1. Knock-down of apoB mRNA in the liver of nu/nu mice
3.2.1.1. Optimization of lipopolymer:siRNA ratios. Prior to injection,
formulations were diluted in PBS at siRNA concentration such that
each group of the nu/nu mice was administered a dose of 1 mg/kg
with the lipopolymer concentrations of 5 mg/kg, 7.5 mg/kg, and
10 mg/kg in PBS as a control. 3 groups (n = 3) of the mice were
injected with the indicated lipopolymer–siRNA complexes and 1
group (n = 3) of the mice was injected with PBS as a control group.
The mice were administered intravenously approximately 0.2 mL
via tail vein injection. After 48 h, the mice were sacrificed, and their
liver was harvested and frozen. Measurements of apoB mRNA were
performed by qRT-PCR.

3.2.1.2. Optimization of siRNA doses and duration of efficacy. Prior
to injection, formulations were diluted in PBS of the ratio of 5:1
(weight to weight) of the lipopolymer:siRNA and siRNA concentra-
tions of 1.0 mg/kg for 2 days post injection, 2.5 mg/kg for 1 week
post injection, 2.5 mg/kg mg/kg for 2 weeks post inject, and 3 groups
(PBS, the siRNA (2.5 mg/kg), and polymer 15 (12.5 mg/kg) of the
controls for 2 weeks post injection). The mice (n = 3, each group)
were administered intravenously approximately 0.2 mL via tail vein
injection. After the indicated period of time, the mice were sacri-
ficed, and their liver was harvested and frozen. Measurements of
apoB mRNA were performed by qRT-PCR.

3.2.2. Knock-down of apoB mRNA in the liver of C57BL/6 black
mice

Prior to injection, formulations were diluted in PBS of the ratio of
5:1 (weight to weight) of the lipopolymer:siRNA and siRNA concen-
trations of 1.0 mg/kg and 2 groups (PBS and the siRNA (2.5 mg/kg),
of the controls). The mice (n = 3, each group) were administered
intravenously approximately 0.2 mL  via tail vein injection. After the
indicated period of time, the mice were sacrificed, and their liver
was  harvested and frozen. For the controls, the mice were sacri-
ficed after 3 weeks post injection. Measurements of apoB mRNA
were performed by qRT-PCR as described in the previous section.

3.3. Statistical analysis

The statistical significance of the data was evaluated by Stu-
dent’s t test with p < 0.05 or p < 0.01 was  considered significant.

Competing interests

The authors declare that they have no competing interests.
Acknowledgment

We would like to thank Ms.  Xiaoli Wang for valuable technical
assistance on this research.



l of Ph

R

A

A

B

C
D

F

H

J

L

L

J. Liu et al. / International Journa

eferences

kinc, A., Zumbuehl, A., Goldberg, M.,  Leshchiner, E.S., Busini, V., Hossain, N.,
Bacallado, S.A., Nguyen, D.N., Fuller, J., Alvarez, R., Borodovsky, A., Borland,
T., Constien, R., de Fougerolles, A., Dorkin, J.R., Narayanannair Jayaprakash, K.,
Jayaraman, M.,  John, M.,  Koteliansky, V., Manoharan, M.,  Nechev, L., Qin, J., Racie,
T.,  Raitcheva, D., Rajeev, K.G., Sah, D.W., Soutschek, J., Toudjarska, I., Vornlocher,
H.P., Zimmermann, T.S., Langer, R., Anderson, D.G., 2008. A combinatorial library
of lipid-like materials for delivery of RNAi therapeutics. Nat. Biotechnol. 26,
561–569.

ronin, N., 2006. Target selectivity in mRNA silencing. Gene Ther. 13,
509–516.

umcrot, D., Manoharan, M.,  Koteliansky, V., Sah, D.W.Y., 2006. RNAi thera-
peutics: a potential new class of pharmaceutical drugs. Nat. Chem. Biol. 2,
711–719.

hapman, C.R., 2006. In vivo RNAi silencing. Drug Discov. Dev. 9, 37–42.
aneholt, B., 2006. Advanced Information: RNA Interference. The Nobel Prize in

Physiology or Medicine.
ire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., Mello, C.C., 1998. Potent

and specific genetic interference by double-stranded RNA in Caenorhabditis ele-
gans.  Nature 391, 806–811.

oward, K.A., 2009. Delivery of RNA interference therapeutics using polycation-
based nanoparticles. Adv. Drug Deliv. Rev. 61, 710–720.

ere, D., Xu, C.X., Arote, R., Yun, C.H., Cho, M.H., Cho, C.S., 2008. Poly(beta-amino
ester) as a carrier for si/shRNA delivery in lung cancer cells. Biomaterials 29,
2535–2547.

iszewski, K., 2008. Conquering RNAi delivery challenges. Gen. Eng. Biotechnol.

News 28, 13.

iu, C., Zhao, G., Liu, J., Ma,  N., Chivukula, P., Perelman, L., Okada, K., Chen, Z., Gough,
D.,  Yu, L., 2009. Novel biodegradable lipid nano complex for siRNA delivery sig-
nificantly improving the chemosensitivity of human colon cancer stem cells to
paclitaxel. J. Control. Release 140, 277–283.
armaceutics 427 (2012) 58– 63 63

Nie, C., Liu, C., Chen, G., Dai, J., Li, H., Shuai, X., 2011. Hepatocyte-targeted
psiRNA delivery mediated by galactosylated poly(ethylene glycol)-graft-
polyethylenimine in vitro. J. Biomater. Appl. 26, 255–275.

Nishina, K., Unno, T., Uno, Y., Kubodera, T., Kanouchi, T., Mizusawa, H., Yokota,
T.,  2008. Efficient in vivo delivery of siRNA to the liver by conjugation of �-
tocopherol. Mol. Ther. 16, 734–740.

Rozema, D.B., Lewis, D.L., Wakefield, D.H., Wong, S.C., Klein, J.J., Roesch, P.L., Bertin,
S.L., Reppen, T.W., Chu, Q., Blokhin, A.V., Hagstrom, J.E., Wolff, J.A., 2007. Dynamic
PolyConjugates for targeted in vivo delivery of siRNA to hepatocytes. Proc. Natl.
Acad. Sci. U.S.A. 104, 12982–12987.

Sniderman, A., Williams, K., Haffner, S., Sattar, N., 2004. Insights from apoB: from
better diagnosis & therapy to the Medusa Hypothesis. Atheroscler. Suppl. 5,
19–24.

Soutschek, J., Akinc, A., Bramlage, B., Charisse, K., Constien, R., Donoghue, M.,  Elbashir,
S.,  Geick, A., Hadwiger, P., Harborth, J., John, M.,  Kesavan, V., Lavine, G.,  Pandey,
R.K., Racie, T., Rajeev, K.G., Röhl, I., Toudjarska, I., Wang, G., Wuschko, S., Bumcrot,
D.,  Koteliansky, V., Limmer, S., Manoharan, M.,  Vornlocher, H.P., 2004. Thera-
peutic silencing of an endogenous gene by systemic administration of modified
siRNAs. Nature 432, 173–178.

Vaishnaw, A.K., Gollob, J., Gamba-Vitalo, C., Hutabarat, R., Sah, D., Meyers, R., de
Fougerolles, T., Maraganore, J., 2010. A status report on RNAi therapeutics.
Silence 1, 14.

Vandenbroucke, R.E., de Geest, B.G., Bonné, S., Vinken, M.,  Van Haecke, T., Heimberg,
H.,  Wagner, E., Rogiers, V., de Smedt, S.C., Demeester, J., Sanders, N.N., 2008.
Prolonged gene silencing in hepatoma cells and primary hepatocytes after small
interfering RNA delivery with biodegradable poly(beta-amino esters). J. Gene
Med. 10, 783–794.
Watanabe, K., Harada-Shiba, M.,  Suzuki, A., Gokuden, R., Kurihara, R., Sugao, Y., Mori,
T., Katayama, Y., Niidome, T., 2009. In vivo siRNA delivery with dendritic poly(l-
lysine) for the treatment of hypercholesterolemia. Mol. Biosyst. 5, 1306–1310.

Zimmerman, T.S., Lee, A.C., Akinc, A., et al., 2006. RNAi-mediated gene silencing in
non-human primates. Nature 441, 111–114.


	Efficient systemic delivery of siRNA to the mouse liver by pegylated lipopolymer
	1 Introduction
	2 Results and discussion
	2.1 Pegylated lipopolymer
	2.2 Activity of in vitro siRNA knockdown in tissue culture
	2.3 In vivo knockdown of target gene expression in livers of nu/nu mice
	2.4 In vivo knockdown of target gene expression in livers of C57BL/6 mice

	3 Materials and methods
	3.1 In vitro siRNA transfection
	3.1.1 Luciferase reporter gene knock-down
	3.1.2 Endogeneous mRNA knock down

	3.2 In vivo knockdown of target gene expression in the liver of mice
	3.2.1 Knock-down of apoB mRNA in the liver of nu/nu mice
	3.2.1.1 Optimization of lipopolymer:siRNA ratios
	3.2.1.2 Optimization of siRNA doses and duration of efficacy

	3.2.2 Knock-down of apoB mRNA in the liver of C57BL/6 black mice

	3.3 Statistical analysis

	Competing interests
	Acknowledgment
	References


