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R NA interference (RNAi), an evolu-
tionarily conserved process whereby
double-stranded RNA (dsRNA) in-

duces the sequence-specific degradation of
homologous messenger (mRNA) (1), has
been widely used to identify gene functions
and holds great potential to provide a new
class of therapeutics (2). During RNAi, long
dsRNA is processed by Dicer into short inter-
fering RNAs (siRNAs) and incorporated into
the RNA-induced silencing complex (RISC)
(3), a multiturnover enzyme complex that
cleaves the target mRNA. The RNAi machin-
ery can also be programmed in cells by in-
troducing duplexes of siRNAs (4, 5) that are
assembled into siRISC containing Dicer, Ar-
gonautes, and other proteins (6). Therefore,
new siRNA-based therapeutic agents could
be designed to treat diseases by lowering
concentrations of disease-causing gene
products.

However, development of siRNA-based
therapies faces two challenges: (i) identifi-
cation of chemically stable and effective
siRNA sequences and (ii) efficient delivery
of these sequences to tissue-specific targets
in vivo with siRNA amounts that can be
translated to clinically feasible doses for hu-
mans. Recent advances in understanding
the rules for chemically modifying siRNA se-
quences without compromising their gene-
silencing efficiency (6–9) have allowed the
design and synthesis of therapeutically ef-
fective siRNA molecules that can silence tar-
get genes in vivo (10, 11). Furthermore, the
in vivo delivery of siRNAs and inhibition of

various gene functions have recently been
achieved by conjugating cholesterol to
siRNA (11) or to oligonucleotide inhibitors
of micro RNA (12), by forming stable nucleic
acid-lipid particles (SNALP) of siRNA (10,
13), and by assembling lipid–siRNA com-
plexes (14, 15). In addition, a protamine–
antibody fusion protein has been used to
deliver siRNAs to HIV-infected cells (16).

Despite much recent progress, new
chemistry and delivery approaches are
greatly needed to systematically silence
disease-causing genes in a tissue-specific
manner with high efficiencies and at clini-
cally achievable doses. Here we describe
the design and synthesis of new well-
defined nanoparticles functionalized with
lipids. We used these nanoparticle–siRNA
assemblies to systemically silence a target
gene in mice at siRNA doses of �1 mg kg–1.
Furthermore, this treatment did not induce
an immune response and showed favorable
pharmacokinetics.

We reasoned that an ideal delivery ve-
hicle for siRNA should have at least three
functions: (i) to efficiently assemble siRNA,
(ii) to be non-immunogenic, and (iii) to pro-
vide functional groups for covalent attach-
ment of tissue-specific moieties and for
modulation of pharmacological properties
for future investigations. Thus, we decided
to construct natural amino acid-based nan-
oparticles that fulfilled all of the three crite-
ria outlined above. Here, we report the de-
sign and synthesis of interfering nano-
particles (iNOPs) as new siRNA delivery
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ABSTRACT RNA interference is an evolution-
arily conserved gene-silencing phenomenon that
shows great promise for developing new thera-
pies. However, the development of small inter-
fering RNA (siRNA)-based therapies needs to
overcome two barriers and be able to (i) identify
chemically stable and effective siRNA sequences
and (ii) efficiently silence target genes with
siRNA doses that will be clinically feasible in hu-
mans. Here, we report the design and creation
of interfering nanoparticles (iNOPs) as new sys-
temic gene-silencing agents. iNOPs have two
subunits: (i) a well-defined functionalized lipid
nanoparticle as a delivery agent and (ii) a chemi-
cally modified siRNA for sustained silencing
in vivo. When we injected iNOPs containing only
1�5 mg kg–1 siRNA into mice, an endogenous
gene for apolipoprotein B (apoB) was silenced in
liver, plasma levels of apoB decreased, and to-
tal plasma cholesterol was lowered. iNOP treat-
ment was nontoxic and did not induce an im-
mune response. Our results show that these
iNOPs can silence disease-related endogenous
genes in clinically acceptable and therapeuti-
cally affordable doses.
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agents containing a chemically modified
siRNA that therapeutically silences an endo-
genous gene in mice, apolipoprotein B
(apoB). ApoB is a large protein that exists
in two forms, apoB100 and apoB48 (17), is
a ligand for the low-density lipoprotein re-
ceptor, and is involved in cholesterol me-
tabolism. Mouse apoB contains 4515
amino acids and is predominantly ex-
pressed in the liver and intestine. In mice,
both apoB100 and apoB48 are expressed
in the liver, whereas apoB48 is predomi-
nantly expressed in the intestine. Previous
studies showed that heterozygous knockout
mouse models for apoB had a 20% de-
crease in serum cholesterol levels and a re-
sistance to diet-induced hypercholesterol-
emia (18). Serum levels of apoB in humans
have also been strongly correlated with in-
creased risk of coronary artery disease (17,
19). Because apoB is a large protein for
which no 3D structural data are available, it
is not a suitable target for small-molecule
drug development. As an alternative therapy
for hypercholesterolemia, apoB silencing
by RNAi has recently been explored in a
mouse model treated with siRNA chemi-
cally modified by conjugation to cholesterol
(11, 20). These studies were very encourag-
ing in providing proof of the concept for de-
veloping RNAi-based therapeutics (11), but

the amounts of siRNA used (50 mg kg�1)
would translate to unfeasible doses for clini-
cal application in humans (20). Further-
more, the delivery of siRNA required choles-
terol conjugation, which might increase risk
factors in patients who cannot tolerate
higher levels of cholesterol. Recently, lower
doses of siRNAs have been used with
SNALP encapsulation to efficiently silence
apoB in nonhuman primates (13), but this
approach requires a sophisticated SNALP
assembly. We planned to develop new
nanomaterial that can be used to easily as-
semble siRNA for systemic delivery. To test
our strategy for siRNA delivery and to
achieve apoB silencing with siRNA doses in
animals that are clinically relevant for RNAi-
based therapy in humans, we chose apoB
silencing in mice as an animal model sys-
tem to investigate the efficacy of our siRNA
chemical modifications and iNOPs.

To deliver functional siRNA to cells, we
recently tested a generation-four poly-
amidoamine dendrimer-based nanoparticle
(NP-45) (21) with 64 surface groups and a
diameter of 45 Å (22). Interestingly, the effi-
ciency of siRNA uptake using 20–40 �g/ml
NP-45 was almost equal to that for 20 �g
mL–1 Lipofectamine (21). However, only a
narrow range of nontoxic NP-45 concentra-
tions had efficient RNAi activities in cells.

Therefore, we rea-
soned that nano-
particles com-
posed of natural
amino acids would
be less toxic and
non-immunogenic
to cells, thus pro-
viding the molecu-
lar architecture to
develop new nano-
medicines. In addi-
tion, amino acid-
based synthesis
of nanoparticles
allows better con-
trol over specific

synthetic steps to modulate physical and
pharmacological properties of the nano-
materials. To enhance in vivo uptake, we
synthesized lysine-containing nanoparticles
and modified the surface functional groups
with lipid chains (Figure 1). The stability of
the siRNA component of the iNOPs was en-
hanced by using chemically modified siRNA
sequences targeting apoB according to mod-
ification rules established in our previous
studies (6, 8, 9).

To determine whether iNOP-7 could de-
liver active siRNA to its target and silence
apoB mRNA levels in FL83B cells, we treated
cells with iNOP-7 and analyzed the de-
crease in apoB mRNA levels by quantitative
polymerase chain reaction (qPCR). iNOP-7
containing unmodified apoB siRNA almost
completely silenced apoB mRNA expression
(�90%) in FL83B cells when compared to
controls or cells treated with iNOP-7 contain-
ing mismatched siRNA (Figure 2, panel a).
Notably, the efficiency of apoB mRNA silenc-
ing using iNOP-7 as an siRNA transporter
was similar to that of cells transfected with
Lipofectamine 2000 complexed to unmodi-
fied siRNA (data not shown). More impor-
tantly, iNOP-7 containing our chemically
modified siRNA directed against apoB was
more efficient in silencing apoB mRNA than
iNOP-7 containing unmodified apoB siRNA
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Figure 1. Structure of iNOP-7. a) Schematic illustration of nanoparticle–siRNA complex (iNOP-7) initiating contacts with
cellular membrane for entry. b) Chemical structure of the nanoparticle used to construct iNOP-7.
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(Figure 2, panel a). These results therefore
show that our modifications to siRNA did
not negatively influence its RNAi activity
(Figure 2, panel a). These reduced levels of
apoB mRNA levels in FL83B cells were not
due to iNOP-7-induced cell toxicity, as con-
firmed by phase contrast microscopy (re-
sults not shown) and by a modified MTS cell
viability assay (Figure 2, panel b). Taken to-
gether, these results demonstrate that our
nanoparticle (iNOP-7, Figure 1) is nontoxic
and efficiently transports siRNA into cells.

We next determined the ability of iNOP-7
to deliver siRNA to its target and silence
apoB expression in mice. Consistent with a
previous report (11), we did not observe a
significant knockdown of apoB expression
in mice injected with cholesterol-conjugated
unmodified siRNA (data not shown). There-
fore, our in vivo experiments focused on
iNOP-7 containing chemically modified
siRNA. Mice were injected via tail vein
with iNOP-7 complexed to either chemi-
cally modified siRNA or its mismatch, and
samples of liver and plasma were analyzed.
To quantify mRNA silencing throughout the
liver tissue, three separate regions were
analyzed for apoB mRNA levels. ApoB mRNA
was significantly lower in liver tissue from
mice treated with 1.25, 2.5, or 5 mg kg�1

iNOP-7 containing chemically modified
siRNA (51 � 3%, 51 � 3%, and 47 � 3%,
respectively, n � 3–4 animals) than in
livers from control mice and mice treated
with iNOP-7 containing mismatched siRNA
(Figure 3, panel a). The maximum silencing
effect of iNOP-7 was reached at 1 mg kg�1,

and increasing the
siRNA dose did not
enhance the in vivo
RNAi efficiency
(Figure 3, panel a;
Supplementary
Figure 1). It was not
clear why higher
concentrations of
siRNA did not in-
crease RNAi effi-

ciency. Nonetheless, these observations
show a clear correlation between in vivo
RNAi efficiency and the dose of siRNA
(0.25–1 mg kg�1) used in these
experiments.

We next determined the presence of the
guide strand of ApoB siRNA in mice liver by
performing Northern blot analysis of total
RNA isolated from mice liver treated with
iNOP-7. Our results showed that the guide
strand was still present in the liver of ani-
mals after 24 h of final iNOP-7 injections
(Figure 3, panel b). Interestingly, a strong
signal for the guide strand was observed
when iNOP-7 contained the chemically
modified siRNA as compared with iNOP-7
assembled with unmodified siRNA (Figure 3,
panel b). These results correlate with the
findings that unmodified siRNA did not effi-
ciently silence apoB mRNA in vivo (11). No
detectable amount of siRNA was found in
mice liver when unmodified or chemically
modified siRNA duplexes were injected
without the nanoparticle (NOP-7). Consis-
tent with the siRNA guide strand Northern
blot results, we did not obtain significant
knockdown of apoB mRNA in mice liver
when unmodified or chemically modified
siRNAs were injected without nanoparticles
(Supplementary Figure 2). These results col-
lectively indicate that chemically stabilized
RNA and the nanoparticle were essential for
efficient delivery of siRNA in vivo. Tissue dis-
tribution analysis of the guide strand
showed that iNOP-7 delivered the siRNA to
mainly liver and spleen, and a minor

amount of the guide strand was detected
in lung (Supplementary Figure 3).

To determine if silencing of apoB mRNA
correlated with reduced plasma levels of
apoB protein, we measured apoB100 and
apoB48 levels by immunoblot. We found
that injecting 1.25-5 mg kg�1 iNOP-7 con-
taining chemically modified siRNA de-
creased both apoB100 and apoB48 serum

levels to �70% of control (Figure 3, panels c
and d), whereas fibronectin levels were un-
affected. These results show that iNOP-7
complexed to chemically modified siRNA ef-
ficiently silenced apoB expression in vivo.
Remarkably, these iNOP-7-mediated silenc-
ing activities required only 1.25 mg kg�1

siRNA, a clinically feasible dose for RNAi
therapeutic applications.

To investigate the physiological effects
of apoB mRNA silencing on cholesterol me-

tabolism, we measured total plasma choles-
terol levels in mice 24 h after the final injec-
tion of iNOP-7. As shown in Figure 4,
panel a, iNOP-7-mediated silencing of apoB
expression in liver and plasma samples
was correlated with a reduction of total cho-
lesterol (34.4 � 7%). Cholesterol levels
were unchanged in mice receiving control
treatments or treated with iNOP-7 contain-
ing chemically modified, mismatched siRNA
(Figure 4, panel a). Together, these findings
demonstrate that iNOP-7-mediated target-
ing of apoB could provide a clinically signifi-
cant new approach to reducing cholesterol
levels in patients with hypercholesterolemia.

siRNA-based therapies have two major
side effects: (i) activation of an immune re-
sponse (23, 24) and (ii) toxic effects. To ad-
dress the concern of eliciting a nonspecific
immune response by injecting animals with
iNOP-7 containing chemically modified
siRNA, liver tissue RNA was assessed by
qPCR for the induction of the interferon (IFN)-
inducible genes IFIT-1 and STAT 1, and
plasma IFN-� levels were measured by
ELISA. Our results showed that injecting
mice with iNOP-7 alone or with iNOP-7 con-
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Figure 2. In vitro silencing of apoB by iNOP-7. a) iNOP-7 containing
siRNA specifically silences apoB in FL83B cells. Cells were treated for
2.5 h with iNOP-7 without siRNA (Mock) or with iNOP-7 containing un-
modified (UM) siRNA, chemically modified (CM) siRNA, or their re-
spective mismatches (mm). ApoB mRNA levels are expressed as per-
cent of control (no transfection). Each value represents the mean �
standard deviation (SD) of duplicate cultures from two representative
experiments. b) FL83B cells remain viable 24 h after treatment with
iNOP-7 containing siRNA. Cells were treated with iNOP-7 without
siRNA (Mock) or iNOP-7 with unmodified (UM) or chemically modified
(CM) siRNA. Cell toxicity levels are expressed as percent of control (no
transfection). Each value represents the mean � SD of duplicate cul-
tures from two representative experiments.
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taining chemically modified siRNA did not
alter the expression of IFIT-1 and STAT 1
genes in the liver (data not shown), nor did
it induce the release of IFN-� in plasma rela-
tive to controls (Figure 4, panel b). To ad-
dress concerns about iNOP toxicity, all mice
were monitored daily for overall health,
food intake, and weight changes. At the
end of iNOP-7 treatment, mice were sacri-
ficed and necropsied. Histological sections
of liver, our target tissue for apoB silencing,
were prepared and independently examined
for toxic effects by a board-certified animal
pathologist. No histological differences were
noted between tissues from control (no
treatment or nanoparticle only) mice and
from those treated with iNOP-7 containing
chemically modified siRNA (Supplementary
Figure 4). These results demonstrate that
iNOP-7 treatment did not induce an immune
response in animals and caused no appar-
ent toxic effects.

One concern about applying nanotech-
nology in biology and medicine is its safety.

Nanomaterials used to deliver a drug could
cause undesired effects by inhibiting the
drug’s biodegradation and clearance, thus
prolonging its half-life in vivo. To address
this question, we determined the in vivo
pharmacokinetics of iNOP-7 by injecting
mice with 1 mg kg�1 of iNOP-7–siRNA via
tail vein, isolating liver tissues at various
times after injection, and analyzing differ-
ent regions of liver for ApoB mRNA levels.
The maximum knockdown of ApoB mRNA
was observed 48 h after injecting iNOP-7–
siRNA, and the ApoB mRNA levels increased
to �80% after 72 h and reached 100% af-
ter 120 h (Figure 4, panel c). These results
show that iNOP treatment displays favor-
able pharmacokinetics and suggest that
siRNA was not trapped in iNOP-7 complex
in liver and was cleared quite rapidly from
the body.

In summary, our results show that the
newly designed nanoparticles can be used
to deliver siRNA to silence disease-related
endogenous genes in clinically acceptable

and therapeutically affordable doses. When
we injected iNOPs containing only 1 mg kg�1

siRNA into animals, apoB mRNA and pro-
tein levels were silenced in liver, plasma lev-
els of apoB decreased, and total plasma
cholesterol was lowered. In addition, iNOP
treatment was nontoxic and did not induce
an immune response. The low dose of siRNA
(1 mg kg�1) needed in our studies to
achieve therapeutic effects provides great
hope for developing RNAi-based therapies
in the near future to cure diseases caused
by proteins that cannot be targeted by con-
ventional drugs. Furthermore, these nano-
particles can be modified to target specific
tissues and to modulate pharmacological
properties of the RNAi-based therapeutics.

METHODS
Preparation of iNOP-7. All siRNAs used in these

studies were chemically synthesized using silyl
ethers to protect 5=-hydroxyls and acid-labile or-
thoesters to protect 2=-hydroxyls (2=-ACE) (Dhar-
macon, Lafayette, CO). After deprotection and pu-
rification, siRNA strands were annealed as
described previously (8): apoB siRNA (ORF posi-
tion 10049–10071), UM sense 5=-GUCAUCACACU

GAAUACCAAU-3=, anti-
sense 5=-AUUGGUAU
UCAGUGUGAUGACAC-
3=; CM, sense 5=-GS

UFCFAUFCFACACUGAA
UACFSCFAASUF-propyl-
amine-3=, antisense
5=-PAUFUFGGUAUUCA
GUGUGAU

F
GACFSASC;

UM mm siRNA, sense
5=-GUGAUCAGACUC
AAUACGAAU propyl-
amine-3=, antisense
5-=AUUCGUAUUGAGU
CUGAUCACAC-3=; CM
mm, sense 5=-GSUF

GAUFCFAGACUCAA
UACFGAASUF propyl-
amine-3=, antisense
5=-AUFUFCGUAUUGAG
UCUGAUFCACFSASC.
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Figure 3. In vivo silencing of apoB by iNOP-7. a) ApoB is specifically silenced in livers of mice injected with iNOP-7 containing siRNA. ApoB mRNA
levels were reduced in liver 24 h after injecting mice with 1.25, 2.5, or 5 mg kg�1 of iNOP-7 containing either CM siRNA or its mm. Values represent
the mean � SD of tissue samples from 3 liver regions (3 or 4 animals). Data are expressed as percent of control. b) Detection of ApoB siRNA deliv-
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lated and detected by Northern blots. A representative Northern blot shows the presence of the ApoB guide strand siRNA in mice liver 24 h after the
final treatment. Detection of miR-122 and transfer RNA (tRNA) was used as a control. c) ApoB protein levels are reduced in plasma of mice injected
with iNOP-7. ApoB100 and apoB48 protein expression levels were measured by Western blot 24 h after the injection of 5 mg kg�1 of iNOP-7 con-
taining CM siRNA or its mm. Total protein loading was confirmed by assessing plasma fibronectin levels. d) Quantification of reduced ApoB plasma
levels after iNOP-7–siRNA treatment. Western blots for mouse plasma levels of ApoB100 and ApoB48 (panel c) were analyzed by densitometry.
Data are expressed as percent of control (3 or 4 animals).
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The superscript letters F and S represent 2=-O-F
and HS backbone modifications, respectively.
Nanoparticle-7 (Figure 1) was chemically synthe-
sized, labeled with lipids, purified, and character-
ized by NMR and mass spectrometry (25, 26).
iNOPs were prepared by mixing siRNA and nano-
particle-7 at a ratio of 1:2–1:8 (w/w) in HEPES sa-
line or Opti-MEM culture medium (Invitrogen) and
incubating at RT for 20 min (see below).

In Vitro RNAi Activity of iNOP-7. FL83B (mouse
hepatocytes) cells were maintained at 37 oC with
5% CO2 in F12 Khangians modified culture me-
dium (ATCC, Manassas, VA) supplemented with
10% fetal bovine serum, 100 U mL–1 penicillin and
100 �g mL–1 streptomycin. Cells were regularly
passaged and plated in 96- and 6-well culture
plates for 16 h before transfection at 70% conflu-
ency. Cells were transfected with 1 mL well–1 of
complex (siRNA–nanoparticle-7) for 2.5 h at 37 °C.
Efficiency of RNAi and cellular toxicity were deter-
mined as described previously (11, 21).

In Vivo Silencing. Six- to eight-week-old male
C57BL/6 mice (Charles River Laboratories, Wil-
mington, MA) were maintained under a 12 h dark
cycle in a pathogen-free animal facility. Mice were
injected on three consecutive days via the lateral
tail vein with phosphate buffered saline pH 7.4
(PBS) or iNOP-7 complexes of CM apoB siRNA or
its mm siRNA. Daily dosages of 0.25–5 mg kg�1

siRNA were delivered in a final volume of 0.15 mL.
Twenty-four hours after the final injection, liver tis-
sue levels of apoB mRNA, plasma levels of apoB
protein, and total plasma cholesterol were
measured.

Measurement of apoB mRNA and Protein Levels
in Vivo. To determine apoB mRNA levels in liver tis-
sue after siRNA treatment, small uniform tissue
samples were collected from three regions of the
liver. Total RNA was extracted with Trizol and
treated with DNase I before quantification. ApoB
mRNA levels were determined by qPCR as de-
scribed above. ApoB protein levels were deter-
mined by Western blot using a polyclonal goat
anti-apoB100/48 antibody (Santa Cruz Biotech-
nology, Santa Cruz, CA). ApoB protein levels were
then detected by enhanced chemiluminescence
(PerkinElmer Life Sciences, Waltham, MA). As a
control, fibronectin was visualized by immunoblot
using a polyclonal rabbit anti-fibronectin antibody
(Sigma, St. Louis, MO).

Measurement of Total Cholesterol Levels in
Plasma. Plasma cholesterol was measured by a
commercial enzyme assay according to the manu-
facturer’s instructions (Biodesign International,
Saco, ME).

In Vivo Interferon Induction. To assess for any
nonspecific immune response to injected iNOP-
containing siRNA, mouse liver tissue RNA was ana-
lyzed for expression of the IFN-inducible genes by
qPCR and quantification of plasma IFN-� levels (23).
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