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RNA interference therapeutics afford the potential to 
silence target gene expression specifically, thereby block-
ing production of disease-causing proteins. The devel-
opment of safe and effective systemic small interfering 
RNA (siRNA) delivery systems is of central importance 
to the therapeutic application of siRNA. Lipid and lipid-
like materials are currently the most well-studied siRNA 
delivery systems for liver delivery, having been utilized in 
several animal models, including nonhuman primates. 
Here, we describe the development of a multicompo-
nent, systemic siRNA delivery system, based on the novel 
lipid-like material 98N12-5(1). We show that in vivo deliv-
ery efficacy is affected by many parameters, including 
the formulation composition, nature of  particle PEGyla-
tion, degree of drug loading, and biophysical  parameters 
such as particle size. In particular, small changes in the 
anchor chain length of poly(ethylene glycol) (PEG)  lipids 
can result in significant effects on in vivo efficacy. The 
lead formulation developed is liver targeted (>90% 
injected dose distributes to liver) and can induce fully 
reversible, long-duration gene silencing without loss of 
activity  following repeat administration.
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3 March 2009. doi:10.1038/mt.2009.36

IntroductIon
RNA interference offers a powerful platform for functional 
genomics, in vivo target validation, and gene-specific  medicines.1 
Unlike small molecules, which are generally limited to binding to 
and blocking ion channels, receptors, and enzymes, small inter-
fering RNAs (siRNAs) may be used to modulate the expression 
of nearly any gene transcript—endogenous or exogenous—in 
a  specific manner.2 The emergence of genetic therapies may 
enable   physicians to replace defective genes and to modulate 
their expression specifically.3 A key to the therapeutic applica-
tion of RNA interference is the advancement of efficient and safe 
nucleic acid delivery in vivo.4 Because virus-mediated delivery 

is  associated with safety concerns,5,6 nonviral nucleic acid deliv-
ery has attracted a great deal of interest.7 In addition to chemi-
cal modification of naked nucleic acids,8 synthetic vectors have 
been created to improve biostability9 and to facilitate delivery. 
Polycationic lipids can electrostatically bind and condense nucleic 
acids to form nanometer-sized complexes,10 enabling enhanced 
cellular uptake.11

Several delivery systems for systemic siRNA delivery have 
been recently described.2,12–23 Of all the carriers, cationic, lip-
id-based formulations are currently the most widely validated 
means for systemic delivery of siRNA to the liver.24 The liver is an 
important organ with a number of potential therapeutic siRNA 
targets—including cholesterol biosynthesis, fibrosis, hepatitis, and 
hepatocellularcarcinoma—whose parenchymal cells are accessible 
through fenestrated endothelium (100–150 nm).25

In general, lipid-based nanoparticles are thought to enter 
cells by endocytosis,26,27 and it has been hypothesized that certain 
 cationic lipids can mediate endosomal escape by destabilizing the 
endosomal membrane28 or by causing endosomal rupture via the 
“proton sponge” mechanism.29 Excessive charge is, however, asso-
ciated with certain negative consequences in vivo, including non-
specific interactions with biological surfaces, increased protein 
binding, opsonization, rapid clearance by the reticuloendothelial 
system, hemolysis, and cytotoxicity.30

The synthesis and screening of a novel combinatorial cationic 
lipidoid library has led to the identification of a number of effective 
novel, systemic siRNA delivery vehicles.31 The library was gener-
ated by the conjugated addition of primary or secondary amines 
to alkyl-acrylates or alkyl-acrylamides. In vitro activity of the lipi-
doids was demonstrated in multiple cell types, and in vivo efficacy 
was demonstrated against multiple gene targets in multiple animal 
species, including nonhuman primates. In this study, we extended 
our prior work by investigating the impact of various formula-
tion parameters on in vivo pharmacodynamics. In vivo efficacy of 
the lipidoid–siRNA formulations were evaluated using a mouse 
hepatic gene silencing model, and tolerability was assessed by 
observation of animals at the cage side and by monitoring of ani-
mal body weights. We used this data to develop a lipidoid-based 
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formulation for the delivery of systemically  administered siRNA 
to liver. Specific parameters that we investigated included formula-
tion composition, nature of particle PEGylation, degree of siRNA 
loading, and particle size. We then investigated key attributes—
biophysical characteristics, formulation stability, pharmacokinet-
ics, biodistribution, and ability to maintain activity upon repeat 
administration—of the optimized formulation to assess pharma-
ceutical suitability of the formulation.

results
Preliminary formulation design
Liposomes and lipid-based formulations have been used clinically 
to enhance the pharmacokinetic and pharmacodynamic prop-
erties of drugs.32,33 Ideally, formulation of drug in lipids results 
in the specific delivery of the drug to the target tissue, which in 
our case was liver parenchyma. However, cationic lipid formula-
tions often accumulate in lungs and spleen, in addition to liver.34 
Furthermore, in many cases, it is the reticuloendothelial system 
(Kupffer cells) of the liver and not the parenchyma (hepatocytes) 
that take up the majority of the liver-associated material. Other 
considerations specific to nucleic acid delivery include protection 
against nuclease degradation in the blood and the requirement of 
intracellular delivery for activity. With these principles in mind, 
we developed a lipidoid-based formulation for the delivery of 
siRNA to hepatocytes in vivo.

The three-component delivery system was based on the 
novel  lipidoid 98N12-5(1) and also included cholesterol and 
the poly(ethylene glycol) (PEG) lipid mPEG2000-C14  glyceride 
(Figure 1). We selected these additional excipients as they 
have a  history of use in the formation of stable nanoscale lipid 
particles.15,34–37 Cholesterol is found naturally in lipid membranes 
and can provide structure to bilayers by occupying the space 
between lipid tails. PEGylation, in the form of a PEG lipid inserted 
into the lipid particles, helps to prevent aggregation and promotes 
the stability of nanometer-sized particles, as well as facilitating 
increased circulation time. As our goal was to achieve delivery to 
hepatocytes accessible via 100–150-nm-sized endothelial fenes-
trae, inclusion of a PEG lipid in the formulation was critical to the 
formation of small, nonaggregated particles. With typical litera-
ture values for molar ratios of cholesterol (30–50%) and PEG lipid 
(5–10%) as a starting point, we optimized the lipid composition to 

achieve a robust formulation with good in vivo activity. The final 
lipid composition was 98N12-5(1):cholesterol:PEG-lipid = 42:48:10 
(mol:mol:mol).

Maximizing sirnA loading
We hypothesized that siRNA loading would be an important 
parameter affecting the in vivo activity of lipidoid–siRNA formu-
lations. For a given dose of siRNA, a higher siRNA loading results 
in a lower dose of administered lipid. Decreasing the dose of lipid 
in vivo could decrease toxicity; however, it could also decrease 
 efficacy. Efficacy may be impaired as a result of reduced charge on 
the particles, which could decrease cellular uptake, or by  reducing 
the ability of the particles to destabilize cellular membranes. The 
balance between efficacy and toxicity is not uncommon with 
 lipid-based transfection reagents. We first sought to determine the 
maximal loading ratio by progressively decreasing the initial lipid 
(98N12-5(1), cholesterol, and PEG lipid):siRNA weight ratio and 
measuring the resultant percent entrapment of the siRNA in the 
final formulation (Figure 2a). Entrapment of siRNA was deter-
mined using the Quant-iT RiboGreen RNA assay. At higher initial 
lipid:siRNA ratios, the lipids are in excess such that siRNA bind-
ing capacity has not been reached and the final percent entrap-
ment is >95%. When the initial lipid:siRNA ratio is decreased to 
the point where the siRNA is in excess and the binding capacity 
of the lipid nanoparticles has been saturated, the excess siRNA 
remains as free, unentrapped siRNA, and the final percent entrap-
ment of the formulation decreases. Using this approach, we deter-
mined that maximal siRNA loading occurs at a lipid:siRNA of 
~7.5:1 (wt:wt). Furthermore, if desired, loading can be done at 
lower lipid:siRNA ratios, and the excess siRNA can be removed by 
tangential flow filtration using a 100,000 molecular weight cutoff 
membrane (Figure 2b).

To examine the impact of maximizing siRNA loading on in vivo 
efficacy and tolerability, we dosed mice at a constant siRNA dose 
of 1.5, 2, and 10 mg/kg using formulations of differing lipid:siRNA 
ratios. Consequently, animals dosed with formulations with higher 
lipid:siRNA ratios received higher doses of the lipid components. 
Animals were observed, body weights were recorded, and serum 
was collected for analysis of Factor VII gene silencing 2 days after 
administration. At the two lower doses, all formulations were well 
tolerated and normal weight gain was observed. However, at the 
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Figure 1 the structures of 98n12-5(1), the five-tailed isomer of triethylenetetramine–laurylaminopropionate with a free internal amine, 
cholesterol, and mPeG2000-c14 Glyceride.
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10 mg/kg dose, only the formulation with lipid:siRNA ratio of 
7.5:1 was associated with normal weight gain. At the highest dose 
level we observed a dose-dependent trend in decreased tolerabil-
ity as lipid:siRNA ratio increased from 7.5:1 to 30:1 as evidenced 
by a trend in weight loss and death of the animals in the 30:1 for-
mulation group (Figure 2c). All formulations mediated effective 
silencing of Factor VII in vivo, with a slight trend in decreased 
efficacy as lipid:siRNA ratio is lowered (Figure 2d). Although we 
recognized the slight decrease in efficacy at lower lipid:siRNA 
ratios, we felt that the increase in tolerability outweighed this 
effect; thus, we confirmed our initial choice of using the minimum 
amount of lipid required to encapsulate siRNA and settled on a 
final lipid:siRNA ratio of 7.5:1 (wt:wt).

PeG lipid alkyl chain length dramatically affects 
in vivo activity
PEG influences particle interaction with cells, biological matrices, 
and blood components, which in turn affect efficacy and toxicity.38 
The extent of particle PEGylation and the rates at which particles 
lose PEG shielding are known to have significant effects on formu-
lation pharmacokinetics.39 Because the lipid portion of the PEG–
lipid conjugate enables PEG to be hydrophobically, rather than 
covalently, incorporated into the particles, the PEG exchange, and 
thus, deshielding rate, can be controlled by changing the hydro-
phobicity of the PEG lipid. This can be accomplished by varying 
the length of the alkyl chain lipid anchor.40 Initially, we explored 
the use of lipid anchor lengths of 14, 16, and 18 carbons (C14, 
C16, and C18) and found that this parameter had a significant 
effect on in vivo activity, with the shortest anchor length result-
ing in the greatest efficacy. Therefore, we sought to determine the 
optimal length of the hydrophobic lipid tail. A glycerol backbone 

was derivatized with one PEG chain (MW 2000) and two alkyl 
chains of various lengths, ranging from C10 to C16.

The PEG lipids were incorporated into the formulation, result-
ing in particles 50–60 nm in diameter in all cases, and activity 
was assessed at two dose levels, 2.5 and 20 mg/kg (Figure 3a,b). 
Formulations containing tail lengths of C13, C14, and C15 
 displayed similar activities, demonstrating superior efficacy to 
 formulations with both shorter tail length, C10–C12, and longer 
tail length, C16. We also noted a general trend toward improved 
tolerability with increasing tail length. Overall, we found that 
C14- and C15-based PEG lipids yielded formulations with good 
activity. As the starting materials for synthesis of even-tailed PEG-
lipids are more readily available than odd-tailed PEG-lipids, we 
selected the C14 lipid anchor length.

optimization of particle size
In order to access hepatocytes via the systemic circulation, mate-
rial must pass through the fenestrations of the liver endothelium. 
The size of the fenestrae (100–150 nm), therefore, places a limit 
on the size of particles that can effectively access hepatocytes. We 
hypothesized that formulations with a smaller particle size distri-
bution would more effectively deliver siRNA to hepatocytes and 
thus mediate greater gene silencing. To test this hypothesis, we 
prepared siRNA-loaded lipidoid nanoparticles of the exact same 
composition but with mean particle sizes ranging from 150 to 
50 nm, which were created by extruding through membranes 
with different-sized pores. We used the standard composition of 
98N12-5(1):cholesterol:mPEG2000-C14 = 42:48:10 (mol:mol:mol) 
with total lipid:siRNA = 7.5:1 (wt:wt). With this composition, 
we were unable to make stable liposomes with a mean diameter 
of <50 nm. The formulations were administered to mice at a dose 
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Figure 2 Maximization of sirnA loading into 98n12-5(1)-based formulation. (a) siRNA entrapment at various initial lipid:siRNA (wt:wt) ratios. 
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of 3 mg/kg, and silencing of Factor VII was measured at 48 hours 
postadministration. Consistent with our hypothesis, we found 
that in vivo efficacy increased as mean particle size decreased 
(Figure 3c).

Physical properties of lnP01
The final optimized formulation, which we termed “LNP01,” had 
a lipid composition of 98N12-5(1):cholesterol:PEG-lipid = 42:48:10 
(mol:mol:mol), total lipid:siRNA = ~7.5:1 (wt:wt), C14 alkyl 
chain length on the PEG lipid, and a mean particle size of roughly 
50–60 nm. Having established LNP01, we characterized some of its 
important physical properties. The volume-averaged particle size 

distribution of LNP01 was determined by dynamic light- scattering 
measurements (Figure 4a). In addition, the formulation, which has 
maximally loaded siRNA, was found to have nearly neutral surface 
charge (+2–4 mV) as determined by zeta potential  measurements 
(Figure 4b). Another critical  physical property of a formulation 
designed for systemic nucleic acid delivery is the ability to protect 
the payload from nuclease  degradation. The LNP01 formulation dra-
matically increases the nuclease resistance of a minimally chemically 
modified siRNA, increasing the t1/2 in serum from ~15 minutes to >24 
hours (Figure 4c). This enhanced stability is likely a consequence of 
the entrapment of the siRNA, which limits its accessibility to serum 
nucleases. Finally, another parameter critical to the pharmaceutical 

table 1 Particle size distribution and small interfering rnA entrapment following storage

time  
(days)

4 °c 25 °c 37 °c

diameter 
(nm)

Width  
(nm)

entrapment  
(%)

diameter 
(nm)

Width  
(nm)

entrapment  
(%)

diameter 
(nm)

Width  
(nm)

entrapment  
(%)

0 61 20 97
1 60 20 98 59 19 98 61 20 97
6 61 19 97 59 21 96 59 20 96
10 61 19 97 61 20 97 60 20 98

17 61 20 96 60 20 97 61 20 95
37 62 21 98 63 19 98 59 21 99
59 58 21 98 57 21 98 59 20 98
80 61 19 98 58 21 98 60 20 98
115 66 20 97 63 23 96 57 10 97
164 66 19 97 61 24 96 66 21 97
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Figure 4 Key physical attributes of lnP01. (a) Volume-averaged particle size distribution by dynamic light scattering. Data shown as an overlay 
of three independent measurements. (b) Zeta potential measurement in 0.1× PBS. Data shown as an overlay of three independent measurements. 
(c) Serum stability of unformulated and LNP01-formulated siRNA. Samples were incubated in human serum at 37 °C for various times, and integrity 
of siRNA was measured using high-performance liquid chromatography. PBS, phosphate-buffered saline; siRNA, small interfering RNA.
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viability of a formulation is its stability during storage conditions. 
We typically store the LNP01 formulation in liquid solution under 
refrigerated  conditions (2–8 °C). We explored the physical stability 
of the formulation by storing LNP01-formulated siRNA at 4, 25, and 
37 °C for up to 5 months with regular sampling for measurements 
of particle size distribution and siRNA entrapment. Remarkably, 
over the entire duration of the study, we did not detect any evidence 
of aggregation or decreased entrapment of siRNA, even at elevated 
storage temperatures (Table 1). Furthermore, we have recently tested 
the in vivo activity of a formulation stored for 20 months at 4 °C and 
found no change in efficacy (data not shown).

Pharmacokinetics and biodistribution of lnP01
We investigated the pharmacokinetics and biodistribution of 
LNP01 administered to rats via single intravenous infusion 
(30-minute duration). LNP01 particles were labeled with 3H- 
cholesteryl hexadecyl ether, and radioactivity in plasma and 

 tissues was measured by liquid scintillation spectroscopy. Animals 
were dosed at 3 mg/kg siRNA, which corresponded to a dose of 
0.0020 mg/kg of 3H-cholesteryl hexadecyl ether. The mean con-
centrations of plasma radioactivity are displayed in Table 2. 
Interestingly, LNP01 redistributes from the plasma into tissues 
remarkably quickly. The plasma tmax occurs at 1 hour, the first 
time point collected, and 30 minutes after the end of infusion. 
Furthermore, the 2.187 ng Eq/ml level at tmax corresponds to <4% 
of the injected dose. The tissue distribution and pharmacokinet-
ics are displayed in Table 3. The data clearly indicate that the 
 administered particles rapidly distribute primarily to liver. In fact, 
more than 90% of the administered dose is found in liver at the 
1-hour time point, and the liver and spleen collectively account 
for more than 95% of the administered dose. In stark contrast to 
many cationic lipid formulations that accumulate in lung, only 
~0.5% of LNP01 can be found in lung at 1 hour.

repeat administration of lnP01
The ability to maintain activity upon repeat administration is a criti-
cal property of a viable therapeutic. Sensitization can be a major 
issue limiting the effectiveness of biotherapeutics dosed repeatedly, 
either by stimulation of the innate immune response or by estab-
lishment of an adaptive immune response. Here, we show that 
LNP01 can be administered repeatedly with equal in vivo efficacy 
over extended time periods (Figure 5). To assess comparative effi-
cacy, the repeated doses were administered after  target protein lev-
els had returned to baseline. Silencing with LNP01 has previously 
been shown to persist for >3 weeks after a single-bolus intravenous 
injection in rats and nonhuman primates.31 This timescale is suf-
ficiently long to allow for the establishment of a potential adaptive 
immune response. Mice were dosed with LNP01-formulated siRNA 

table 2 Plasma pharmacokinetics of systemically-administered lnP01 
(3H-labeled) in rats

time point (hours) radioactivity conc. (ng eq/ml) Percent of dosea

1 2.187 ± 0.153 3.499 ± 0.245

3 1.721 ± 0.404 2.754 ± 0.646

5 1.342 ± 0.360 2.147 ± 0.576

7 1.427 ± 0.268 2.283 ± 0.429

24 0.415 ± 0.105 0.664 ± 0.168

96 0.141 ± 0.009 0.226 ± 0.014

168 0.096 ± 0.028 0.154 ± 0.045

Conc., concentration.
aBased on estimated plasma volume of 32 ml/kg.

table 3 tissue biodistribution and pharmacokinetics of systemically-administered lnP01 (3H-labeled) in rats

sample

Percent of dose

1 hour 3 hours 5 hours 7 hours 24 hours 96 hours 168 hours

Adrenal glands 0.14 ± 0.04 0.17 ± 0.08 0.16 ± 0.03 0.20 ± 0.04 0.18 ± 0.03 0.18 ± 0.02 0.21 ± 0.05

Brain 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Carcass 5.53 ± 0.41

Heart 0.14 ± 0.06 0.04 ± 0.02 0.05 ± 0.01 0.05 ± 0.00 0.05 ± 0.01 0.04 ± 0.00 0.03 ± 0.01

Kidneys 0.56 ± 0.12 0.27 ± 0.07 0.20 ± 0.05 0.26 ± 0.01 0.25 ± 0.01 0.21 ± 0.02 0.17 ± 0.02

Liver 90.78 ± 5.86 86.87 ± 21.28 87.85 ± 6.80 91.85 ± 7.06 64.43 ± 32.29 49.06 ± 8.99 37.48 ± 4.31

Lungs 0.52 ± 0.08 0.23 ± 0.06 0.27 ± 0.04 0.25 ± 0.02 0.26 ± 0.04 0.24 ± 0.02 0.17 ± 0.01

Lymph nodes (mesenteric) 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01

Pancreas 0.06 ± 0.02 0.03 ± 0.01 0.04 ± 0.02 0.04 ± 0.01 0.05 ± 0.03 0.05 ± 0.05 0.04 ± 0.01

Spleen 5.20 ± 1.26 4.94 ± 1.14 5.53 ± 0.82 4.82 ± 1.00 5.97 ± 0.57 5.43 ± 0.49 4.23 ± 0.63

Testes 0.03 ± 0.01 0.04 ± 0.01 0.04 ± 0.00 0.05 ± 0.00 0.07 ± 0.01 0.08 ± 0.00 0.08 ± 0.01

Thymus 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Small intestine 0.37 ± 0.03 0.35 ± 0.13 0.32 ± 0.06 0.38 ± 0.07 0.85 ± 0.07 0.55 ± 0.09 0.41 ± 0.08

Small intestine contents 0.45 ± 0.04 0.89 ± 0.24 0.58 ± 0.08 0.62 ± 0.10 3.89 ± 0.89 1.23 ± 0.17 0.59 ± 0.22

Large intestine 0.12 ± 0.00 0.10 ± 0.03 0.11 ± 0.02 0.13 ± 0.02 0.23 ± 0.04 0.14 ± 0.01 0.11 ± 0.01

Large intestine contents 0.00 ± 0.00 0.00 ± 0.00 0.62 ± 0.05 0.84 ± 0.05 9.24 ± 3.18 3.34 ± 0.87 0.98 ± 0.19

Stomach 0.07 ± 0.02 0.03 ± 0.01 0.05 ± 0.04 0.04 ± 0.01 0.07 ± 0.04 0.04 ± 0.01 0.03 ± 0.00

Stomach contents 0.00 ± 0.01 0.00 ± 0.01 0.00 ± 0.00 0.00 ± 0.00 0.06 ± 0.09 0.01 ± 0.01 0.05 ± 0.05
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targeting Factor VII. Serum samples were collected at various time 
points postadministration, and Factor VII levels were quantified 
relative to levels of saline control–treated animals. Upon recovery of 
serum Factor VII levels to baseline, corresponding to approximately 
1 month, animals were redosed. Data were collected for a total of 
three cycles. The silencing profiles were virtually indistinguish-
able, with no observable change in the maximal level of  silencing or 
kinetics of recovery to baseline levels. Furthermore, the  treatment 
did not result in any observable negative effects, and mice in all 
groups gained weight normally during the study.

dIscussIon
The advancement of the promising field of RNA interference 
therapeutics requires the development of safe and effective siRNA 
delivery systems. Formulations based on lipid and lipid-like mate-
rials have been studied and show great promise as siRNA  delivery 
agents. Here, we describe the development of a lipidoid-based 
formulation for the systemic delivery of siRNA to hepatocytes 
in vivo. Although we were guided by certain theoretical consid-
erations (e.g., small particle size, minimal charge, and maximal 
siRNA loading), we generally employed an empirical approach to 
maximize efficacy and minimize toxicity in vivo.

In a prior study, we described the synthesis and screening of 
a combinatorial library of lipid-like compounds to identify novel 
materials for the delivery of siRNA.31 One of the lead compounds 
that emerged from that library, 98N12-5(1), formed the basis for the 
formulation described in this work. The novel compound 98N12-5(1) 
was combined with cholesterol and a PEG lipid to form nanoparticles 
capable of encapsulating siRNA. The molar ratios of 98N12-5(1), cho-
lesterol, and PEG lipid were varied to determine the parameter space 
that led to the formation of stable, siRNA-loaded particles under the 
formulation conditions we employed. Admittedly, different formula-
tion conditions or processes may lead to different compositions that 
are available for formulation and testing. Various compositions were 
tested for in vivo efficacy and the optimal composition of  98N12-5(1):
cholesterol:PEG-lipid = 42:48:10 (mol:mol:mol) was selected.

In this study, we extended our prior work by elucidating 
the impact of various formulation parameters on in vivo phar-
macodynamics. It is known that cationic liposomes and lipid 
 formulations can be associated with toxicity in vivo; therefore, 
we sought to ameliorate this effect by limiting the surface charge 
and by minimizing the total amount of administered lipids. We 
hypothesized that maximizing siRNA loading would lead to a 
better-tolerated formulation, but we were unsure how the ratio 
of lipid to siRNA would affect in vivo efficacy. To address this 
question, we prepared and tested formulations with different 
initial lipid:siRNA weight ratios (Figure 2). We first measured 
entrapment efficiency to determine the point of maximal siRNA 
loading, which occurred at a lipid:siRNA ratio of ~7.5:1 (wt:wt). 
In vivo testing demonstrated that reducing the lipid:siRNA ratio 
had only a slightly negative effect on efficacy, while having a very 
significant positive effect on tolerability. Thus, we found that 
maximizing siRNA loading resulted in an optimized formulation. 
We then turned our attention to optimizing the alkyl chain length 
of the PEG lipid. We expected the alkyl chain length to affect the 
rate of PEG lipid disassociation, and thus, particle unshielding. 
The rate of particle unshielding may in turn affect in vivo phar-
macodynamics. We synthesized PEG lipids with various anchor 
lengths ranging from C10 to C16. We found that increasing the 
anchor length led to improved tolerability, but that efficacy was 
optimized for anchor lengths of C13–C15. Therefore, we con-
cluded that C14- and C15-based PEG-lipids yielded formulations 
with the optimal balance of efficacy and tolerability (Figure 3a,b). 
However, due to the relative availability of synthetic starting 
materials, we ultimately selected the PEG–C14 lipid. Finally, we 
verified our assumption that smaller particles would have more 
efficient access to hepatocytes via the fenestrated endothelium of 
the liver. We prepared formulations of identical composition, but 
with particle sizes ranging from 50 to 150 nm. Consistent with 
our hypothesis, we observed a clear trend of increasing in vivo 
efficacy with decreasing particle size (Figure 3c).

The final optimized formulation, “LNP01,” had a lipid composi-
tion of 98N12-5(1):cholesterol:PEG lipid = 42:48:10 (mol:mol:mol), 
total lipid:siRNA = ~7.5:1 (wt:wt), C14 alkyl chain length on the 
PEG lipid, and a particle size of roughly 50–60 nm. In this work, 
we report key physical properties of LNP01, such as the  particle 
size distribution of LNP01 (Figure 4a) and its near-neutral 
 surface charge (Figure 4b). Consistent with the stable entrapment 
of siRNA, we demonstrated that formulation in LNP01 imparts 
nuclease stability to an inherently unstable siRNA, increasing t1/2 
from 15 minutes to more than 24 hours (Figure 4c). This charac-
teristic obviates the need to extensively modify the siRNA pay-
load to achieve efficacy in vivo. Many nucleic acid delivery systems 
(e.g., lipoplexes and polyplexes) are unstable and aggregate over 
time. As stability is a critical parameter that affects the suitability 
of a formulation for its pharmaceutical use, we investigated the 
storage stability of LNP01. We were encouraged to find that the 
formulation was stable for many months, even under conditions 
of elevated storage temperature (Table 1). We also examined the 
pharmacokinetics and tissue biodistribution of LNP01 in rats. 
We found that LNP01 distributes from the plasma remarkably 
quickly, with <4% of the injected dose remaining in plasma at 
the 1-hour time point (Table 2). The tissue biodistribution data 
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Figure 5 Activity is maintained upon repeat administration of 
lnP01. C57BL/6 mice (n = 5) received a bolus intravenous (IV) injection 
of either saline, LNP01-formulated control siRNA (siCont) at 5 mg/kg, or 
LNP01-formulated Factor VII targeting siRNA (siFVII) at 5 mg/kg. Serum 
samples were collected at various time points and Factor VII protein 
 levels were determined in the samples. After recovery of Factor VII levels 
to baseline values, animals were redosed on the indicated days. Data 
were collected for three treatment cycles. Data are displayed as relative 
to saline-treated control values for each time point and represent mean 
values ± SD. siRNA, small interfering RNA.
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clearly indicate that the material distributes primarily to liver, 
with more than 90% of the injected dose found in the liver at 1 
hour (Table 3). It is interesting to note that although the formu-
lation was not directly optimized for specific liver delivery, this 
property emerged as a consequence of our efforts to develop and 
optimize LNP01 for highly effective hepatic gene silencing with 
minimal toxicity in vivo. Finally, another key attribute of a viable 
therapeutic is the ability to be repeatedly administered in vivo. 
Sensitization, by stimulation of either the innate or adaptive 
immune responses, can be a concern for biotherapeutics that are 
administered repeatedly. We dosed animals multiple times with 
LNP01, allowing 1 month each time for recovery of target protein 
levels to baseline prior to the next dose. We observed no change in 
silencing activity or silencing kinetics upon repeat administration, 
suggesting that the formulation may be made suitable for applica-
tions requiring repeat dosing (Figure 5). However, it is clear that 
more work is required to establish efficacy and tolerability for 
longer-term, chronic applications.

In summary, we have described the development of a novel 
formulation for the systemic delivery of siRNA to hepatocytes. 
We identified key parameters affecting the pharmacodynamics 
of the formulation, and we optimized these parameters to yield 
an appropriate balance between efficacy and tolerability in vivo. 
This new formulation, termed LNP01, has been used success-
fully to silence multiple (>10) genes in multiple species (mouse, 
rat,  hamster, and monkey), both in our labs and the labs of our 
 collaborators. LNP01 has proven a useful tool for in vivo target 
validation and may also hold promise for therapeutic use.

MAterIAls And MetHods
siRNAs. All siRNAs were synthesized by Alnylam and were characterized 
by ESMS and anion-exchange HPLC. The sequences for the sense and anti-
sense strands of siRNAs are as follows:

 siFVII sense: 5′-GGAucAucucAAGucuuAcT*T-3′, antisense: 
5′-GuAAGAcuuGAGAuGAuccT*T-3′.
 siCont sense: 5′-cuuAcGcuGAGuAcuucGAT*T-3′, antisense: 
5′-UCGAAGuACUcAGCGuAAGT*T-3′.

2′-O-Me modified nucleotides are in lower case, 2′-Fluoro-modified 
nucleotides are in bold lower case, and phosphorothioate linkages are 
represented by asterisks. siRNAs were generated by annealing equimolar 
amounts of complementary sense and antisense strands.

Lipid synthesis. The synthesis of 98N12-5(1) and mPEG2000 lipids was done 
as previously described.31

Lipid–siRNA Formulation. Lipid–siRNA formulations comprised 
 98N12-5(1), cholesterol, PEG-lipid, and siRNA. Formulations were pre-
pared as previously described.31 Briefly, stock solutions of 98N12-5(1), 
mPEG2000-lipid, and cholesterol (Sigma-Aldrich, St Louis, MO) were 
prepared in ethanol and mixed to yield the desired molar ratios. Mixed 
lipids were added to 125 mmol/l sodium acetate buffer (pH 5.2) to yield 
a solution containing 35% ethanol, resulting in spontaneous formation of 
empty  lipidoid  nanoparticles. The resultant nanoparticles were extruded 
through a 0.08 μm membrane (Sterlitech, Kent, WA) using a LIPEX 
Extruder (Northern Lipids, Burnaby, British Columbia, Canada) to form 
particles 50–60 nm in length. To study the effect of particle size on activ-
ity, formulations of larger size were generated by first allowing the initial 
empty lipidoid nanoparticle mixture to incubate for ~24 hours at 4 °C. 
Extrusion was then carried out using 0.4, 0.2, and 0.1 μm membranes 

to yield formulations of larger size. siRNA in 50 mmol/l sodium acetate 
(pH 5.2) and 35% ethanol was added to the nanoparticles at the desired 
total lipid:siRNA ratios and incubated at 37 °C for 30 minutes. Ethanol 
removal and  buffer exchange of siRNA-containing lipidoid nanopar-
ticles was achieved by dialysis against phosphate-buffered saline. Finally, 
the  formulation was filtered through a 0.2 μm sterile filter. Particle size 
and zeta potential were determined using a Malvern Zetasizer NanoZS 
(Malvern, UK). siRNA content was determined by ultraviolet absorp-
tion at 260 nm, and siRNA entrapment efficiency was determined by the 
Quant-iT RiboGreen RNA assay (Invitrogen, Carlsbad, CA).41 Briefly, 
siRNA entrapment is  determined by comparing the signal of the RNA 
binding dye RiboGreen in formulation samples in the absence and pres-
ence of the detergent Triton-X100. In the absence of detergent, signal 
comes from accessible (unentrapped) siRNA only. In the presence of 
detergent, signal comes from total siRNA.

In vivo rodent Factor VII silencing experiments. All procedures used in 
animal studies conducted at Alnylam were approved by the Institutional 
Animal Care and Use Committee and were consistent with local, state, 
and federal regulations, as applicable. C57BL/6 mice (Charles River Labs, 
Wilmington, MA) received either saline or siRNA in lipid formulations via 
tail vein injection at a volume of 0.01 ml/g. Serum levels of Factor VII pro-
tein were determined in samples collected by retroorbital bleed using an 
activity-based chromogenic assay (Biophen FVII; Aniara, Mason, OH).

Pharmacokinetics and biodistribution experiments. All procedures were 
conducted by a certified contract research organization using  protocols con-
sistent with local, state, and federal regulations as applicable and approved 
by the Institutional Animal Care and Use Committee. Male Sprague–
Dawley rats were administered a single intravenous infusion dose, via an 
Abbocath placed in the lateral tail vein (30-minute  duration), of 3 mg/kg 
siRNA formulated in radiolabeled LNP01 (3H-lipidoid nanoparticles). 
3H-cholesteryl hexadecyl ether was incorporated in the particles during 
formulation such that animals received 0.0020 mg/kg of 3H-cholesteryl 
hexadecyl ether. Blood and tissue samples were collected at 1, 3, 5, 7, 24, 
96, and 168 hours poststart of dose from three animals/time point (except 
168-hour time point, where n = 5). The concentration of radioactivity in 
plasma and tissues was determined by liquid scintillation counting.
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