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In recent years, RNA interference (RNAi) therapeutics, 
most notably with lipid nanoparticle-based delivery 
systems, have advanced into human clinical trials. The 
results from these early clinical trials suggest that lipid 
nanoparticles (LNPs), and the novel ionizable lipids 
that comprise them, will be important materials in this 
emerging field of medicine. A persistent theme in the 
use of materials for biomedical applications has been the 
incorporation of biodegradability as a means to improve 
biocompatibility and/or to facilitate elimination. There-
fore, the aim of this work was to further advance the LNP 
platform through the development of novel, next-gen-
eration lipids that combine the excellent potency of the 
most advanced lipids currently available with biodegrad-
able functionality. As a representative example of this 
novel class of biodegradable lipids, the lipid evaluated 
in this work displays rapid elimination from plasma and 
tissues, substantially improved tolerability in preclinical 
studies, while maintaining in vivo potency on par with 
that of the most advanced lipids currently available.
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IntroductIon
The key to enabling therapeutics based on RNA interference (RNAi) 
is the safe and efficacious delivery of short interfering RNAs (siR-
NAs), the mediators of RNAi, to the appropriate tissues, cells, and 
ultimately, intracellular compartments where the natural RNAi 
machinery may be engaged for target mRNA silencing result-
ing in protein knockdown. Currently, lipid nanoparticles (LNPs) 
represent the most advanced platform for the systemic delivery 
of siRNAs, and recent clinical data suggest that LNP-mediated 
RNAi therapeutics may soon be a reality. Clinical trials in liver 
cancer1,2 and transthyretin (TTR) amyloidosis,3,4 utilizing LNPs 
based on the lipid 1,2-dilinoleyloxy-3-dimethylaminopropane 

(DLin-DMA), have demonstrated initial proof of concept in 
humans. Even more recently, LNPs based on a more advanced 
novel lipid, DLin-MC3-DMA,5 demonstrated efficacy at even 
lower doses and were found to be well tolerated in two clinical 
trials, one in hypercholesterolemia6,7 and a second in TTR amy-
loidosis.8,9 These promising clinical developments have been 
enabled by a significant research effort in recent years focusing 
on both the elucidation of the mechanisms involved in LNP-
mediated siRNA delivery,10 and the development of LNPs with 
improved potency.5,11,12 These potency improvements have been 
mainly attributable to the development of more efficacious deliv-
ery materials, utilizing both empirical combinatorial chemistry 
and screening approaches13,14 as well as rational design efforts 
to elucidate and utilize lipid structure-activity relationships.5,12 
Particularly encouraging has been the finding that the potency 
improvements associated with more advanced LNPs have trans-
lated in humans, as evidenced by the recent hypercholesterolemia7 
and TTR amyloidosis9 clinical trial results.

The results from these early clinical trials suggest that LNPs, 
and the novel ionizable lipids that comprise them, will be impor-
tant materials in the field of medicine. A persistent theme in the 
development of biomaterials for therapeutic applications has been 
the incorporation of biodegradable design features as a means to 
improve biocompatibility and/or as a means to eliminate mate-
rials once they are no longer necessary.15 Common examples in 
routine medical use today include controlled release drug carri-
ers, biodegradable coatings, tissue engineering scaffolds, as well 
as reabsorbable materials such as sutures, staples, screws, and 
pins. These considerations are similarly applicable to the ioniz-
able lipids used in LNPs. Introducing biodegradability into these 
lipids may improve their biocompatibility and may facilitate 
their elimination once they have served their purpose to deliver 
siRNA to the appropriate intracellular compartments in vivo. In 
particular, unlike many biomaterial applications that may have 
a required service lifetime of weeks or months, functional LNP-
mediated delivery of siRNA occurs within hours,16 obviating the 
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need for persistent lipids. Therefore, the aim of this work was to 
further advance the LNP platform through the development of 
novel, next-generation lipids that combine the excellent potency 
of the most advanced lipids currently available with biodegrad-
able functionality leading to rapid elimination in vivo. The strat-
egy employed here was to build upon the extensive knowledge of 
lipid structure-activity relationships gained in recent years and 
to judiciously introduce biodegradability while maintaining the 
structural features required for lipid potency.

results
General lipid design principles
Based on prior studies, we have correlated certain structural fea-
tures with activity and arrived at structure-activity relationships 
that guide the design of lipids with good in vivo efficacy.5,12 Namely, 
the lipid should comprise an amphipathic structure with a hydro-
philic headgroup region containing an ionizable amine and long 
hydrophobic dialkyl chains capable of promoting the self-assem-
bly of formulation components into stable nanoparticles encap-
sulating the siRNA. We found that the acid dissociation constant 
(pKa) of the ionizable amino group strongly correlated with in vivo 
efficacy, with a pKa optimum between 6.2 and 6.5.5 Furthermore, 
the lipid should adopt an overall “cone” shape in acidic environ-
ments when paired with anionic endosomal membrane lipids 
such as phosphatidylserine. Lipids that adopt such a “cone” shape 
ion pair are hypothesized to promote the formation of non-bilayer 
phases, such as the hexagonal HII phase, that are associated with 
membrane disruption events.12,17 The structure-activity data indi-
cate that modifications, such as double bonds, which alter the rela-
tive orientation of the alkyl chains from cylindrical to cone shape, 
increase the spacing between the alkyl chains, thereby enhancing 
the ability of the lipid to induce non-bilayer structures. The highly 
potent lipid DLin-MC3-DMA5 (Figure 1) appears to fulfill these 
criteria and was therefore used as a basis in the design of novel, 
highly potent, rapidly eliminated lipids.

We then turned our attention to define certain desirable fea-
tures in order to further guide the lipid design. First, for ultimate 
therapeutic use in an LNP product, an ideal lipid would be rap-
idly metabolized in vivo, yet demonstrate good chemical stability 
in order to provide for sufficient shelf-life. Second, the resulting 
metabolites should be nontoxic and readily eliminated or further 
metabolized. Finally, in this respect, it may be particularly advan-
tageous for the lipid to be rapidly metabolized into hydrophilic, 
water-soluble products with substantially reduced partitioning 
into biological membranes.

Earlier studies have shown that the ability of LNPs to effec-
tively deliver siRNA is strongly influenced by the nature of the 
ionizable lipids that comprise them, with particular sensitivity 
to structural changes in the headgroup-linker region that affect 
the ionization behavior of the headgroup or the orientation of the 
lipid chains.5,12 Taken together, these design criteria pointed us 
toward the incorporation of ester linkages into the hydrocarbon 
chain region of the amino lipid, thereby preserving a headgroup-
linker structure with demonstrated efficacy. Ester linkages were 
selected as biocleavable functionalities as they generally display 
good chemical stability at physiologic pH but can be hydrolyzed 
enzymatically by esterase or lipase activity present in tissues and 

intracellular compartments.18,19 Cleavage of an ester linkage within 
the hydrocarbon chain will result in products that are significantly 
more hydrophilic, liberating a carboxylic acid and an alcohol. We 
preferred the orientation of the ester linkage such that hydro-
lysis would generate a dimethylamino-dicarboxylic acid frag-
ment and two relatively short and hydrophilic primary alcohols. 
The negatively charged carboxylates can thus neutralize or even 
reverse any positive charge associated with the amino headgroup 
and might therefore support the dissociation of the lipid–siRNA 
complex and the release of the siRNA from the carrier.20 We also 
hypothesized that the resulting hydrolysis products, in addition 
to being more readily eliminated directly, may be substrates for 
further metabolism by β-oxidation, the natural mechanism for the 
metabolism of free fatty acids.

When considering the placement of the ester groups, we made 
note of the fact that the presence of the sp2-carbon of the ester 
would introduce a kink in the alkyl chain, similar to a double 
bond, thereby maintaining the spacing between the alkyl chains, 
which has been shown to be important for efficacy.21 Therefore, 
we rationalized that one of the double bonds of the linoleyl chain 
could be replaced with an ester group. For instance, replacing the 
9,10-cis double bond with an ester (L319) places the degradable 
functionality centrally within the hydrocarbon chain, yielding 
hydrolysis products that would be predicted to be significantly 
more hydrophilic than the parent lipid (Figure 1). To gain further 

Figure 1 design of lipids incorporating biocleavable ester func-
tions within hydrophobic alkyl chains. Positional variations of the 
ester  linkage are indicated by numbers along the alkyl chain (see also 
Table 1).
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insight into the positional effect of the ester linkage, additional 
lipids containing esters at various positions along the alkyl chains 
(C4, C6, C10, and C18) were made and evaluated (Table 1). We 
rationalized that L343 containing sterically hindered tert-butyl 
esters should be substantially more stable against enzymatic deg-
radation and may serve as a “non-degradable” control. The novel 
lipids were synthesized as summarized Supplementary Figures 
S1–S6 and described in Supplementary Materials and Methods.

In vivo efficacy evaluation in mouse FVII model
LNPs were prepared using a spontaneous vesicle formation for-
mulation procedure. The formulation resulted in small, uniform 
LNPs with a mean particle diameter of ~60 nm and greater than 
90% siRNA encapsulation efficiency indicating that the presence of 
the ester group within the hydrophobic alkyl chains did not com-
promise the siRNA formulation properties of the lipids. Generally, 
the structural changes did not negatively impact the ionization 
behavior of the lipids as indicated by their apparent pKa values, 
which were determined by TNS (2-(p-toluidino)-6- naphthalene 
sulfonic acid) titration (Table 1). With the exception of L354 and 
L356 with ester positions shifted toward the headgroup-linker 
region (C4 and C6), the values were found to lie within the range 
of 6.2–6.5 reported as being optimal for in vivo activity.5

The in vivo activity of novel lipid-containing LNPs was deter-
mined using the mouse factor VII (FVII) gene silencing model.13 
LNPs containing FVII-targeting siRNA (siFVII) were administered 
to mice at 0.01, 0.03, and 0.1 mg/kg via tail vein injection. In case of 

L319, this led to potent, dose-dependent knockdown of serum FVII 
protein, with ~75% silencing at the lowest dose tested (Figure 2). 
L319-containing LNPs were similarly efficacious in rats, with ~90% 
FVII silencing observed at 0.1 mg/kg (Supplementary Figure S7). 
Shifting the ester toward the headgroup-linker region led to a sub-
stantial decrease in potency as indicated in the more than tenfold 
and 30-fold higher median effective dose (ED50) levels for L356 
and 354, respectively (Table 1). On the other hand, a shift in the 
opposite direction had only little effect on in vivo potency, with ED50 
levels of L357, L322, and L343-containing LNPs found to be com-
parable with L319-LNPs. Potency for these more active lipids was 
found to be on par with that of the most potent lipids yet described 
in the literature, such as DLin-KC2-DMA12 and DLin-MC3-DMA.5 
The in vivo activity data, as well as a preference for central place-
ment of the degradable ester groups within alkyl chains to facilitate 
the generation of a smaller dimethylamino-dicarboxylic acid frag-
ment, led us to focus the subsequent efforts on the novel lipid L319.

Pharmacokinetics results demonstrate rapid 
elimination from plasma and tissues and confirm 
biodegradability
Having met two important criteria for siRNA delivery, good 
formulation characteristics and excellent in vivo activity, L319 
was further evaluated to determine whether the lipid struc-
ture supports rapid metabolism and elimination from tissue. A 
pharmacokinetics (PK) study was performed in mice with an 
L319-based LNP formulation. The LNP was administered via tail 

table 1 structures and properties of novel lipids

lipid Id structure pKa ed50 in mFVII model (mg/kg)
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O
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6.34 0.018

Abbreviations: ED50, median effective dose; pKa, acid dissociation constant.
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vein injection and lipid levels were measured in blood, liver and 
spleen at various timepoints up to 168 hours postdose using liquid 
chromatography-mass spectrometry (LC-MS/MS) for lipid analy-
sis and quantification. As additional controls, LNPs prepared with 
L343, containing a metabolically more stable, sterically hindered 
tert-butyl ester, as well as L322, its unhindered methyl ester ana-
log, were also included in the PK study.

The L319 plasma PK profile indicated a very rapid distribu-
tion and/or elimination from plasma within the first few hours, 
with plasma levels decreasing more than 1,000-fold within the 
first 4 hours and dropping below the limit of quantification (= 0.8 
pmol/ml) at 8 hours postdose (Figure 3a). The estimated plasma 
half-life was <30 minutes. A very rapid elimination rate was also 
observed for L319 in tissues. L319 accumulated in liver to a maxi-
mum level (Cmax) of ~4,600 pmol/g and levels rapidly decreased 
~1,000-fold within the first 24 hours postdose (Figure 3b). At 48 
hours, the lipid levels were below the limit of quantification (= 
6 pmol/g). Similar observations were made in spleen with a Cmax 
of ~6,500 pmol/g and levels dropping ~100-fold within the first 
24 hours postdose and below the limit of quantitation within 96 
hours postdose (Supplementary Figure S8). L322, with its unhin-
dered terminal methyl esters, displayed rapid elimination simi-
lar to L319, whereas L343, with its sterically hindered tert-butyl 
esters, exhibited slower elimination from plasma and higher and 
more persistent levels in liver (Figure 3a,b).

In addition to parent L319, the expected mono- as well as 
di-acid metabolites (Figure 1) could be detected in both plasma 

Figure 3 lipid pharmacokinetic profiles after single intravenous administration of lipid nanoparticle (0.3 mg/kg short interfering rnA) in 
mice. Concentration–time profiles of lipids L319, L343 and L322 in (a) plasma and (b) liver; concentration–time profiles of expected metabolites of 
L319 in (c) plasma and (d) liver; data points represent group mean ± SD (n = 2).
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(Figure 3c) as well as tissues (Figure 3d and Supplementary 
Figure S8) confirming that the ester linkages were readily cleaved 
in vivo. Importantly, the metabolites were rapidly eliminated with 
rates similar to the parent compound and did not accumulate in 
plasma or tissues.

l319 is eliminated from intracellular compartments 
and is readily excreted in vivo
Considering the dramatic lipid elimination observed in vivo, we 
were interested to investigate the effect of biodegradability on 
intracellular LNP trafficking using fluorescently-labeled lipids. 
Previous studies have shown that LNPs enter cells via endocytosis 
with ionizable lipids accumulating in late endosome and lysosome 
compartments.16,22,23 To explore the intracellular trafficking and 
persistence in endo/lysosomal compartments, L319 was labeled 
with a fluorescent BODIPY dye (the details of the preparation 
are described in Supplementary Materials and Methods and 
Supplementary Figure S9). The labeled lipid was then incorpo-
rated into LNPs by replacing 10% of unlabeled lipid with labeled 
lipid. The 10% exchange with labeled lipid did not significantly 
impact in vitro or in vivo activity (Supplementary Figure S10). 
After 5-hour incubation with cells in vitro, the labeled formulation 
accumulated in LysoTracker Red positive compartments, i.e., pri-
marily late endosomes and lysosomes (Figure 4a). Interestingly, 
however, 24 hours after the 5-hour incubation period, greater than 
eightfold decrease in vesicular fluorescent signal was observed in 
L319-BOD-treated cells (Figure 4b), indicative of rapid cellular 
clearance or degradation of L319-BOD.

To determine whether the rapid elimination of L319 from 
cells and tissues would translate into rapid and quantitative 
excretion, a 14C-label was introduced in the headgroup-linker 
region of L319 using 14C-labeled dimethylamino butyric acid 
(the details of the preparation are described in Supplementary 
Materials and Methods). Rats were dosed with LNPs containing 
14C-labeled lipid and urine and feces were collected from each 
animal over 0–12, 12–24, 24–48, and 48–72-hour time periods. 
Blood and tissue were collected at 72 hours postdose. Consistent 
with the results of the lipid PK studies, L319 was rapidly elimi-
nated with 30% of the injected dose detectable in the urine over 
the first 12 hours and 40% in the feces within 12–24 hours after 
administration (Figure 4c). Nearly, the entire injected dose 
of L319 was eliminated within 72 hours following intravenous 
administration. The vast majority was excreted within the first 
24 hours with approximately half detected in each of the urine 
and the feces.

safety studies in rat demonstrate that l319-lnP is 
well tolerated
One of the motivations for using biodegradable materials in 
medicine is to enhance biocompatibility; therefore, we evalu-
ated the tolerability of L319-LNP in a dose escalation study in 
male Sprague-Dawley rats (n = 5/group). The formulation was 
administered as a single intravenous bolus injection at dose lev-
els of 1, 3, 5, and 10 mg/kg. Potential test article-related effects 
were evaluated by clinical signs, body weight, serum chemistry 
(24 and 72 hours) and histopathology on select tissues (liver and 

Figure 4 l319 is eliminated from intracellular compartments and is readily excreted in vivo. (a) Lipid nanoparticles (LNPs) containing BODIPY-
labeled L319 were added at 20 nmol/l to HeLa cells co-stained with LysoTracker Red for 5 hours, green: BODIPY lipid, red: LysoTracker Red, blue: 
Hoechst. (b) Comparison of L319 lipid content per cell at 5 and 24 hours following a 5-hour pulse. (c) Excretion of L319 in urine and feces of rats 
after single intravenous administration of LNP-siRNA containing 14C-labeled cationic lipid. Urine and feces were collected 0–12, 12–24, 24–48, and 
48–72 hours postadministration and analyzed for levels of 14C-label over each time period. Data show the cumulative amount of label detected over 
time and is expressed as % of injected dose and each data point indicates group mean ± SD (n = 4). RFU, relative fluorescence unit; siRNA, short 
interfering RNA.
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spleen; 72 hours). L319-LNP was well tolerated up to 10 mg/kg. 
There were no adverse clinical signs or toxicologically significant 
alterations to body weight or serum chemistry parameters (Figure 
5). Microscopic findings of single cell hepatocellular necrosis and/
or vacuolation were observed in three of five animals at 10 mg/
kg. Both findings were minimal to mild in severity and lacked 
any correlates to clinical chemistry parameters (Supplementary 
Table S1). There were no microscopic findings in the spleen of 
any dose group. These data represent a relative improvement in 
tolerability over the slowly eliminated control L343-LNP, which 
demonstrated signs of serum chemistry elevations (alanine trans-
aminase, aspartate transaminase) at ≥3 mg/kg (Figure 5).

efficacy and rapid elimination properties translate to 
higher species
Species-related differences in enzymatic activity could potentially 
impact the kinetics of lipid hydrolysis and metabolism, and there-
fore, diminish the benefits of this class of biodegradable lipids. 
Thus, it was important to confirm the translation of the favor-
able efficacy and elimination attributes of L319 in higher species. 
To address this issue, we conducted an exploratory efficacy and 
plasma PK study in nonhuman primates (NHPs). For this study, 

we chose to TTR, a hepatic gene of high therapeutic interest.24 
Cynomolgus monkeys were treated with a single 15-minute intra-
venous infusion of TTR-targeting siRNA formulated in L319-
based LNPs at a dose of 0.3 mg/kg. A liver biopsy was obtained 
from each animal at 48 hours postadministration and TTR liver 
mRNA levels were determined. Relative to control samples, ~70% 
silencing of TTR mRNA was observed in the treated animals 
(Figure 6a). In addition, plasma samples were collected from each 
animal at 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, and 168 hours after 
end-of-infusion. L319 levels were determined in plasma samples 
using LC-MS/MS analysis. Rapid elimination of lipid from plasma 
was observed, with plasma levels reduced nearly 100-fold within 4 
hours, nearly 30,000-fold with 24 hours, and to undetectable lev-
els by 48 hours (Figure 6b).

dIscussIon
Recent clinical trials have demonstrated the potential of RNAi 
as a therapeutic modality and LNPs as an RNAi delivery plat-
form, in humans. In the present work, we have sought to further 
advance this platform by incorporating biodegradable design fea-
tures into novel ionizable lipids used in LNPs. The key challenge 
was to introduce biodegradable functionality in such a way as to 

Figure 5 dose-dependent effect on rat serum chemistry  (alanine 
transaminase (Alt) and aspartate transaminase (Ast)) after 
 intravenous infusion of l319-lipid nanoparticle (lnP) at 1, 3, 5, and 
10 mg/kg dose and l343-lnP at 1, 3, and 5 mg/kg (based on short 
interfering rnA weight). Bars represent group mean ± SD (n = 5).
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promote rapid in vivo metabolism into more hydrophilic, water-
soluble products, while maintaining the excellent potency of the 
most advanced lipids currently available. This led us to design the 
lipid structure such that the biocleavable groups were positioned 
within the hydrophobic lipid tails. Further, while there are many 
available options for biodegradable linkers, ester linkages were 
selected due to their simple structure, good chemical stability and 
potential for rapid enzymatic cleavage in vivo. We rationalized 
that replacing one of the double bonds with the ester functional-
ity, as in L319, would preserve the structural features of the lipid 
critical for in vivo activity. The loss of potency observed for L356 
and L354-containing LNPs with the esters placed closer to the 
headgroup-linker region may at least in part be explained by an 
increase in apparent lipid pKa, found to be outside of the optimal 
range of 6.2–6.5. In contrast, moving the ester linkage toward the 
terminal ends of the alkyl chains had little effect on the lipid pKa 
and did not compromise the in vivo potency of the corresponding 
LNPs.

The novel lipids generally exhibited good formulation charac-
teristics and, with the exception of L354 and L356, excellent activ-
ity in rodents, confirming that the presence of the ester linkage 
within the lipid tails was suitable for promoting siRNA encapsula-
tion and for maintaining functional activity required for in vivo 
efficacy.

It has been demonstrated that LNPs enter cells via endocy-
tosis and accumulate in endolysosomal compartments. The dra-
matic decrease in plasma and tissue levels observed for L319 as 
well as L322, together with the appearance of the expected mono- 
and di-acid metabolites, suggests that the lipids are susceptible to 
rapid enzymatic hydrolysis, conceivably mediated by lysosomal 
lipases with broad substrate specificity. The comparison with 
L343 indicates that the observed differences in elimination rates 
are mainly due to greater metabolic stability of the tert-butyl 
esters and further supports the role of enzymatic hydrolysis for 
the observed rapid elimination of L319 and L322. We rational-
ized that the polar structure of the primary hydrolysis products 
would support further metabolic processing and/or rapid excre-
tion. In fact, PK profiles of the mono- and di-acid fragments indi-
cated rapid elimination of these metabolites similar to that of the 
parent lipid.

Studies with labeled lipid confirmed the enhanced elimi-
nation of L319 from intracellular compartments in vitro and, 
importantly, the rapid and essentially quantitative excretion of 
radiolabel in vivo via both urine and feces. Collectively, these 
data highlight that the lipid structure supports rapid conver-
sion into metabolites that can easily and quantitatively be 
removed from the body via excretion through urine and feces. 
Furthermore, the rapid elimination of L319 from target tissues 
and subsequent excretion translated into a favorable safety pro-
file. L319-LNP was well tolerated up to 10 mg/kg in rats, repre-
senting a 100- to 1,000-fold multiple over efficacious dose levels 
and thereby demonstrating a substantial therapeutic index. 
Interestingly, these data are consistent with a proposed mecha-
nism of action whereby functional LNP-mediated delivery of 
siRNA to the cytoplasm occurs rapidly, from early endosomal 
compartments, prior to transport to degradative late endo-
somes and lysosomes.

Finally, it was important to determine whether the favorable 
attributes of the novel L319-based LNPs translate into higher spe-
cies. To address this, we conducted an exploratory efficacy and 
lipid PK study in NHPs, which confirmed the efficacy of L319-
based LNPs with ~70% silencing of TTR mRNA after a single 
administration. It should be noted that the level of TTR gene 
silencing observed in the NHPs was less than the level of FVII 
gene silencing observed in mice (Figure 2). This difference may be 
in part attributable to the difference in siRNA and gene target, but 
the difference in activity may also be due in part to the fact that a 
composition optimized for mouse activity was used in the NHP 
study. Further optimization of the L319-LNP formulation compo-
sition will likely be required for optimal activity in the NHP. The 
rapid elimination of L319 observed in rodents was also confirmed 
in NHPs, with L319 in plasma reduced to undetectable levels by 
48 hours postadministration.

In summary, we have described the development of a novel 
lipid that incorporates biodegradability into design principles 
elucidated in prior structure-activity relationship studies, result-
ing in rapid elimination and excretion, substantial tolerability 
and excellent potency in rodents and NHPs. To our knowledge, 
this is the first demonstration of a biodegradable lipid with an 
efficacy profile on par with that of the most advanced lipids cur-
rently available for siRNA delivery. With L319 as an exemplar, 
and with the possibility of further optimization, the class of bio-
degradable lipids described in this work shows great promise for 
use in future RNAi therapeutic programs.

MAterIAls And Methods
General. PEG-DMG13 was synthesized as described previously, cholesterol 
was obtained from Sigma-Aldrich (St. Louis, MO), and DSPC was obtained 
from Avanti Polar Lipids (Alabaster, AL). All siRNAs were synthesized at 
Alnylam (Cambridge, MA) as described previously and characterized by 
electrospray MS and anion exchange high-performance liquid chromatog-
raphy.25 The sequences for the sense and antisense strands of the siRNAs 
targeting FVII, TTR and the control siRNA targeting luciferase are as fol-
lows: siFVII sense: 5′-GGAUCAUCUCAAGUCUUACdTsdT, antisense: 
5′-GUAAGACUUGAGAUGAUCCdTsdT; siTTR sense: 5′-GuAAcc 
AAGAGuAuuccAudTdT-3′, antisense: 5′-AUGGAAuACUCUUGGUuAC 
dTdT-3′; siLuc sense: 5′-cuuAcGcuGAGuAcuucGAdTsdT, antisense: 
5′-UCGAAGuACUcAGCGuAAGdTsdT. 2′-O-methyl modified nucleo-
tides are in lower case, 2′-fluoro modified nucleotides are underlined and 
phosphorothioate linkages are indicated as “s”. siRNAs were generated 
by annealing equimolar amounts of complementary sense and antisense 
strands. All animal studies were conducted in accordance with local, state 
and federal regulations as applicable and approved by the Institutional 
Animal Care and Use Committee and all study protocols were approved by 
the Institutional Animal Care and Use Committee.

Formulation and particle characterization. LNPs were prepared using ion-
izable lipid L319, distearoylphosphatidylcholine (DSPC), cholesterol and 
PEG-DMG at a molar ratio of 55:10:32.5:2.5 (L319:DSPC:cholesterol:PEG-
DMG). The siRNA was introduced at a lipid nitrogen to siRNA phosphate 
ratio of 3, corresponding to a total lipid to siRNA weight ratio of ~10:1. A 
spontaneous vesicle formation process was used to prepare the LNPs. siRNA 
was diluted to ~1 mg/ml in 10 mmol/l citrate buffer, pH 4. The lipids were 
solubilized and mixed in the appropriate ratios in ethanol. Syringe pumps 
were utilized to deliver the siRNA solution and lipid solution at 15 and 5 ml/
min, respectively. The syringes containing siRNA solution and lipid solu-
tion were connected to a union connector (0.05 in thru hole, #P-728; IDEX 
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Health & Science, Oak Harbor, WA) with PEEK high-performance liquid 
chromatography tubing (0.02 in ID for siRNA solution and 0.01 in ID for 
lipid solution). A length of PEEK high-performance liquid chromatography 
tubing (0.04 in ID) was connected to the outlet of the union connector and 
led to a collection tube. The ethanol was then removed and the external 
buffer replaced with phosphate-buffered saline (155 mmol/l NaCl, 3 mmol/l 
Na2HPO4, 1 mmol/l KH2PO4, pH 7.5) by either dialysis or tangential flow 
diafiltration. Finally, the LNPs were filtered through a 0.2 μm sterile filter. 
Particle size was determined using a Malvern Zetasizer Nano ZS (Malvern, 
UK). siRNA content was determined by ultraviolet absorption at 260 nm 
and siRNA entrapment efficiency was determined by Quant-IT Ribogreen 
(Invitrogen, Carlsbad, CA) assay.21

Lipid PK in mice. Six to 8 weeks old male C57Bl/6 mice were obtained from 
Charles River Laboratories (Wilmington, MA). Mice were administered 
with LNP-siRNA systems containing nontargeting (luciferase) control 
siRNA (siLuc). Mice (n = 2/timepoint/group) were administered at 0.3 mg/
kg by intravenous bolus injection via the lateral tail vein. Blood, liver, and 
spleen were collected at 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, and 168 hours 
postdose. Mice were perfused with saline before tissues collection. Blood 
samples were processed to obtain plasma. All samples were processed and 
analyzed by liquid chromatography with tandem LC-MS/MS as described 
in the Supplementary Materials and Methods.

Cellular trafficking studies. HeLa cells were cultured in Dulbecco’s modi-
fied Eagle’s medium supplemented with 10% fetal bovine serum. LNPs 
were prepared using a BODIPY-labeled version of L319. Labeled lipid was 
incorporated into LNPs by replacing 10% of unlabeled lipid. Cells were 
exposed to LNPs diluted in regular media containing 1 μg/ml apolipo-
protein E (Fitzgerald Industries, Acton, MA) for 5 hours. In some experi-
ments, cells were counterstained with LysoTracker Red (Invitrogen) for the 
last 30 minutes of incubation, and in others, the media was changed and 
the uptake of the LNPs was allowed to proceed for another 24 hours. Post-
LNP incubation the cells were counterstained with cell permeable Hoechst 
dye (Invitrogen) then imaged live using an Opera spinning disc confocal 
system (PerkinElmer, Waltham, MA). Image quantitation was done using 
Acapella software (PerkinElmer).

Excretion studies using radiolabeled lipid. Six to 8 weeks old Sprague-
Dawley rats were obtained from Charles River Laboratories for the excre-
tion studies. Animals were singly housed in metabolic cages (Techniplast, 
Philadelphia, PA) and provided with food and water ad libitum. LNP 
formulation encapsulating siFVII and containing 14C-labeled L319 was 
diluted to the appropriate concentration in sterile phosphate-buffered 
saline immediately before single intravenous bolus administration via 
the lateral tail vein at a lipid dose of 5.66 μmol/l/kg lipid (equivalent to 
0.37 mg/kg siRNA) in a volume of 5 ml/kg. Urine and feces were collected 
from four animals per group over 0–12, 12–24, 24–48, and 48–72 hours 
time periods postadministration. These animals were then terminated and 
blood and tissues collected for determination of levels of radiolabel at 72 
hours postadministration.

Rat toxicology studies. Male Sprague-Dawley rats were obtained from 
Charles River Laboratories and were 8 weeks old at initiation of dosing. 
L319-based LNP encapsulating a luciferase-targeting siRNA, was admin-
istered at 0, 1, 3, 5, and 10 mg/kg (5 animals/group) via single intravenous 
bolus injection at a dose volume of 5 ml/kg. Approximately, 1.0 ml of blood 
was obtained 24 hours postdose from the jugular vein of conscious ani-
mals using manual restraint and was processed to serum. All groups were 
terminated 72 hours postdose for postmortem evaluation. Potential test 
article-related effects were evaluated by the assessment of clinical signs, 
body weight, serum chemistry (complete panel, Olympus AU400 Serum 
Chemistry Analyzer; Beckman-Coulter, Brea, CA), macroscopic observa-
tions at necropsy, organ weights (liver and spleen) and histopathology on 

liver and spleen. Tissues were processed and evaluated by Experimental 
Pathology Laboratories (Sterling, VA).

NHP study. All procedures using cynomolgus monkeys were conducted 
by a certified contract research organization using protocols consistent 
with local, state and federal regulations, as applicable, and approved by the 
Institutional Animal Care and Use Committee. Cynomolgus monkeys (n = 
3 per group) received 0.3 mg/kg of TTR siRNA formulated in L319-LNP 
as a 15-minute intravenous infusion (5 ml/kg) via the cephalic vein. A liver 
biopsy was obtaining from each animal at 48 hours postadministration 
and TTR liver mRNA levels, relative to GAPDH mRNA levels, were deter-
mined in liver samples using a branched DNA assay (QuantiGene Assay; 
Affymetrix, Santa Clara, CA). Plasma samples were collected from each 
animal at 0.083, 0.25, 0.5, 1, 2, 4, 8, 24, 48, 96, and 168 hours after end-of-
infusion. The samples were processed and analyzed by liquid chromatog-
raphy with tandem LC-MS/MS as described in Supplementary Materials 
and Methods.

suPPleMentArY MAterIAl
Figure S1. Synthesis of lipid L319.
Figure S2. Synthesis of lipid L354.
Figure S3. Synthesis of lipid L356.
Figure S4. Synthesis of lipid L357.
Figure S5. Synthesis of lipid L322.
Figure S6. Synthesis of lipid L343.
Figure S7. Factor VII silencing activity of L319-LNP in rats.
Figure S8. Concentration–time profiles of lipid L319 and its major 
metabolites in spleen after single IV administration of LNP (0.3 mg/kg 
siRNA) in mice.
Figure S9. Synthesis of BODIPY-labeled lipid L319.
Figure S10. Confirmation of silencing activity of LNPs containing 
10% L319-BOD.
Table S1. Histopathology incidence and severity of L319-LNPs in 
rats.
Materials and Methods.
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