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Onpattro, the ﬁrst RNAi-based therapeutic to receive FDA
approval, is enabled by a lipid nanoparticle (LNP) system that facilitates siRNA delivery into the cytoplasm of target cells (hepatocytes) following intravenous (i.v.) administration. These LNP-siRNA
systems consist of four lipid components (ionizable cationic lipid,
distearolyphosphatidycholine or DSPC, cholesterol, and PEG-lipid)
and siRNA. The ionizable cationic lipid has been optimised for RNA
encapsulation and intracellular delivery, and the PEG-lipids have
been engineered to regulate LNP size and transfection potency.
The roles of the other “helper” lipids, DSPC and cholesterol,
remain less clear. Here we show that in empty LNP systems that do
not contain siRNA, DSPC–cholesterol resides in outer layers,
whereas in loaded systems a portion of the DSPC–cholesterol is
internalised together with siRNA. It is concluded that the presence
of internalised helper lipid is vital to the stable encapsulation of
siRNA in the LNP and thus to LNP-siRNA function.

The lipid nanoparticle (LNP) system employed by Onpattro,
the first RNAi drug approved by the FDA, contains ionizable
cationic lipid, distearolyphosphatidycholine (DSPC), cholesterol and PEG-lipid and facilitates delivery of encapsulated
siRNA into hepatocytes following systemic administration.1–3
The ionizable cationic lipid has been optimized for maximum
gene silencing employing an in vivo FVII model,4,5 and the
PEG-lipids have been designed to regulate LNP size without
compromising transfection properties.6,7 In this study we
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investigate the roles of the “helper” lipids, DSPC and cholesterol. We show that the presence of helper lipid is vital to the
stable encapsulation of siRNA in the LNP by participating in
the formation of internalized siRNA-lipid complexes.
Initial studies focused on the distribution of DSPC–cholesterol in empty LNP systems. Previous studies8,9 indicate that
DSPC is primarily located in the outer monolayer surrounding
the hydrophobic core of the LNP and that cholesterol has
limited solubility in the ionizable lipid oil at pH 7.4;9 therefore, it must reside primarily either in combination with DSPC
or in the form of cholesterol crystals. Such crystals have been
observed experimentally for the “clinical” LNP composition
consisting of MC3/Chol/DSPC/PEG-lipid (50/39/10/1 mol%),8
suggesting that the amount of cholesterol exceeds the amount
that can be stably dissolved in the LNP. Numerous studies
have shown that cholesterol forms a stable “liquid-ordered”
structure10 with DSPC at levels up to ∼1 : 1 (mol : mol).11–13 In
order to avoid ambiguities resulting from the presence of
excess cholesterol, it was decided to maintain the DSPC–cholesterol ratio at 1 : 1 (mol : mol) and to investigate the morphology of the LNP as the proportion of DSPC/cholesterol was
increased in relation to the amount of ionizable cationic lipid.
LNP systems were generated containing 5 to 80 mol%
DSPC–cholesterol (1 : 1 mol) where the amount of ionizable
cationic lipid was reduced from 94 mol% to 19 mol% as the
DSPC–cholesterol content was raised. The PEG-lipid was maintained at 1 mol%. The ionizable cationic lipid employed was
2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane (KC2).5
As noted in Fig. 1, the LNP showed typical “solid-core” structures that decreased in size as the DSPC–cholesterol content
was increased from 5 mol% to 60 mol% and then exhibited a
remarkable hybrid solid core within a lipid bilayer morphology
for LNP containing 80 mol% DSPC–cholesterol (Fig. 1E).
Assuming that the inner solid core of the hybrid structure
(average diameter ∼30 nm) consists solely of KC2 surrounded
first by a monolayer of DSPC–cholesterol and then by an outer
bilayer consisting entirely of DSPC–cholesterol, the theoretical
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Fig. 1 The DSPC–cholesterol content dramatically modulates LNP morphology. LNP formulations composed of KC2/DSPC/Chol/PEG-lipid were
prepared in pH4 buﬀer and dialyzed into PBS, pH 7.4. The resulting particles were imaged by cryo-TEM (A–E). All formulations contained DSPC–
chol at a 1 : 1 mol ratio and 1 mol% PEG-lipid. The combined DSPC–chol (1 : 1 mol) content was 5% (A), 20% (B), 40% (C), 60% (D) and 80% (E). Scale
bar = 100 nm. (F) Particle sizes were obtained by manual sizing from cryo-TEM micrographs of LNP formulations (n = 200). Results represent mean
± standard deviation. For the formulation containing 19 mol% KC2, the size of the dense inner core was also measured.

size of the high DSPC–cholesterol hybrid systems can be calculated to be 50 nm, assuming a combined DSPC–cholesterol
area per molecule3 of 0.85 nm2 and that the inner core inside
the monolayer of DSPC–cholesterol consists solely of KC2 oil at
a density of 0.9 g mL−1. This is close to the observed size of
49 nm (Fig. 1F). These results support the proposal that at low
levels DSPC–cholesterol forms a monolayer around the neutral
ionizable lipid oil core of the empty LNP system and, when the
amount of DSPC–cholesterol present exceeds the amount
required to coat the hydrophobic core, forms bilayer blebs that
eventually form complete bilayers around the central core lipid
and an entrapped aqueous volume.
The results shown in Fig. 1 also demonstrate that as the
proportion of DSPC–cholesterol is increased, the “solid core”
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LNP produced become considerably smaller until a limiting
size of ∼40 nm is reached, at which point the bilayer blebs
begin to appear. This finding indicates that the DSPC–cholesterol content also modulates LNP size, as would be expected
if it resides primarily in the surface monolayer. Previous work
has assumed that the primary determinant of LNP-siRNA size
is the PEG-lipid content which can dramatically modulate LNP
size as the amount of PEG-lipid is varied from 1–5 mol%.14,15
It is of interest to determine whether there is suﬃcient DSPC
in clinical LNP-siRNA formulations to form a monolayer into
which the PEG-lipid is embedded, around the core structure.
The lipid mixture used clinically contains 1.5 mol% PEG-lipid
and 10 mol% DSPC and exhibits a net size of ∼45 nm diameter
by cryo-TEM.15 Assuming that the DSPC is all located in the
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outer monolayer and is associated with maximum possible
levels of cholesterol (2 : 1 cholesterol : DSPC; mol/mol)10 with
limiting area per molecule of 0.6 nm2 for DSPC and 0.25 nm2
for cholesterol16 and that the remaining cholesterol and KC2 is
present in the hydrophobic core at a density of 0.9 g mL−1, the
diameter of an LNP composed of KC2/DSPC/Chol/PEG-lipid
(50/10/39/1 mol%) can be calculated to be ∼50 nm, suggesting
that the DSPC content is close to the equilibrium value
required to form a surface monolayer around the empty LNP.
In order to further demonstrate that LNP structure reflects
the relative surface lipid content (PEG-lipid and DSPC–cholesterol), LNP morphology was monitored for the ionizable lipid/
DSPC/Chol/PEG-lipid composition used clinically (50/10/38.5/
1.5; mol%) where the PEG-lipid content was varied over the
range 0.5–2.5 mol%. As expected, the LNP become smaller as
the PEG-lipid content is increased (Fig. 2). However, the LNP
containing low (0.5 mol%) levels of PEG-lipid display pronounced bilayer protrusions. These LNP are larger (58 nm diameter) than the equilibrium value of ∼50 nm if all the DSPC is
present in the outer monolayer. Thus, the results suggest that
the amount of DSPC–cholesterol for the LNP containing
0.5 mol% PEG-lipid is in excess of the amount required to
form a surface monolayer, leading to the bilayer blebs. As the
amount of PEG-lipid is increased and the size decreases this
imbalance is reduced, leading to the reduced occurrence of
blebs at higher PEG contents, as observed.
The next question concerns the influence of the siRNA
payload on the intraparticle distribution of helper lipids. In
order to investigate this, we chose to study LNP siRNA systems
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with high contents of siRNA where the eﬀects of siRNA on LNP
structure and the distribution of lipids within that structure
would be most apparent. As noted previously,9 at high siRNA
contents (lipid amine-to-oligonucleotide phosphate (N/P)
ratios of one), LNP siRNA systems with the “clinical” lipid
composition appear as a series of concentric bilayers as visualized by cryo-TEM, consistent with sequestration of siRNA
between closely apposed lipid bilayers.17–19 While optimized
LNP siRNA activity requires excess ionizable cationic lipid (N/P
values >3),14,20 the LNP siRNA complexes observed at both
N/P = 1 and N/P = 3 exhibit the same bilayer signature as
detected by small angle X-ray techniques,9 indicating they
reflect the same structure.
We examined the morphology and encapsulation eﬃciencies of LNP loaded with siRNA at N/P = 1 for the range of lipid
compositions used for the empty preparations of Fig. 1. As
shown in Fig. 3, the LNP-siRNA systems produced exhibit dramatically diﬀerent morphologies compared to the “empty”
systems. At low DSPC–cholesterol levels (5 mol% DSPC–cholesterol and 20 mol% DSPC–cholesterol) low encapsulation
eﬃciencies and large systems with some internal concentric or
stacked bilayer structures are observed. For systems containing
40 and 60 mol% DSPC–cholesterol high encapsulation eﬃciencies are achieved and tightly packed concentric multilamellar
systems are observed. Finally, at very high DSPC–cholesterol
levels (80 mol%) larger systems with less tightly packed lamellae are observed, however high trapping eﬃciencies are maintained. The corresponding particle sizes are presented in ESI
Fig. 1.†

Fig. 2 Inﬂuence of PEG-lipid content on LNP morphology and size (A) Cryo-TEM micrographs of LNP composed of KC2/DSPC/Chol/PEG-lipid at
molar ratios of 50/10/37.5–39.5/0.5–2.5 (respectively). These LNP were prepared in pH 4 buﬀer through rapid-mixing and dialyzed into PBS pH 7.4
to remove solvent and neutralize the pH. Scale bar = 100 nm. (B) Particle sizes of LNP at pH 7.4 as determined by manual measurement of 200 particles as visualized by cryo-TEM. Results indicate mean ± standard deviation.
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Fig. 3 High siRNA contents induce dramatic changes in LNP morphology consistent with the formation of lipid-siRNA structures that contain
helper lipid. LNP siRNA formulations were generated through rapid mixing of an aqueous medium (sodium acetate pH 4) containing luciferase siRNA
with an ethanol medium containing KC2, DSPC, Chol and PEG-lipid. The ionizable amino lipid to oligonucleotide phosphate N/P ratio was 1. The
formulations contained DSPC–chol at a 1 : 1 mol ratio and 1 mol% PEG-lipid where the DSPC–chol content was increased at the expense of the
KC2 content. The lipid composition (KC2/DSPC/Chol/PEG-lipid; mol%) of the LNP visualized in the cryo-TEM micrographs was (A) 94/2.5/2.5/1,
(B) 79/10/10/1, (C) 59/20/20/1, (D) 39/30/30/1 and (E) 19/40/40/1. Scale bar = 100 nm. (F) DSPC–cholesterol is required for eﬀective siRNA encapsulation. siRNA entrapment was measured as a function of the amounts of DSPC–cholesterol present using an RNA-binding dye-exclusion assay
detailed in the Methods section. Results indicate mean ± standard deviation (n = 3).

The data presented in Fig. 3 support three conclusions.
First, the presence of siRNA clearly converts associated ionizable lipid into a form that prefers bilayer structure even at
neutral pH values. This is indicated by the absence of the
amorphous solid core as well as the clear lamellar structures
observed in all cryo-TEM images. Second, the loaded LNP
systems are considerably larger than the unloaded systems,
suggesting that a proportion of the DSPC–cholesterol is
located inside the LNP and is not available as surface lipid.
Third, at low DSPC–cholesterol contents (lower than
∼40 mol%) the siRNA encapsulation eﬃciency is progressively
reduced (Fig. 3F), indicating that the relative lack of DSPC–
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cholesterol limits the amount of siRNA that can be encapsulated, again indicating an association between internalized
siRNA and DSPC–cholesterol. The overall conclusion is therefore that a proportion of the DSPC–cholesterol is contained in
the lipid complex with siRNA.
The simplest hypothesis for the mechanism of formation of
the concentric bilayer structures noted for DSPC–cholesterol
contents of 40 and 60 mol% (Fig. 3C and D) consists first of
production of an initial positively charged nucleating bilayer
vesicle at pH 4 (note these lipid compositions form small vesicular structures at pH 4)9 followed by deposition of siRNA on
the vesicle surface by charge association to result in a net
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negative surface charge, followed by deposition of a subsequent positively charged bilayer vesicle and so on until
essentially all the siRNA has been segregated into the LNP
structure. The surface charge density on the siRNA can be
calculated as approximately −0.9 q nm−2 for a 21-mer duplex
(diameter 2 nm, length 7.5 nm).21 The surface charge density
on the lipid membrane obviously depends on the proportion
of positively charged KC2 present. Interestingly, the encapsulation eﬃciency starts to decrease at DSPC–cholesterol contents
below 40 mol% corresponding to KC2 concentrations above
60 mol%, suggesting a maximum membrane surface charge
density for eﬃcient encapsulation that is just above ∼+0.8
q nm−2. This calculation assumes an area per molecule of
0.85 nm2 for the DSPC–cholesterol complex and 0.7 nm2 for
the positively charged KC2. The area per molecule of KC2 has
not been determined, however the area per molecule of dilinoleoyl phosphatidylcholine is 0.7 nm2.22 A logical interpretation
of the data is therefore that productive encapsulation of siRNA
at pH 4 that is maintained at pH 7.4 requires formation of a
structure where the negatively charged siRNA is sandwiched
between two positively charged bilayers where the surface
charge density on the lipid bilayers is equal and opposite to
the surface charge density exhibited by the siRNA. Using the
assumptions noted above, it can be calculated that in order for
the lipid bilayer to exhibit a surface charge equal and opposite
to the surface charge on the siRNA (−0.9 q nm−2) the lipid
composition associated with the siRNA would consist of
33 mol% DSPC–cholesterol and 66 mol% KC2. If the positive
surface charge on the membrane is higher than +0.9 q nm−2 it
may be hypothesized that the “zippering” eﬀect between two
bilayers triggered by siRNA that results in stable encapsulation
is less eﬀective due to residual inter-bilayer electrostatic repulsion eﬀects.
It is likely that a variety of polar “helper” lipids can satisfy
the need for diluting the cationic lipid content to the point
where productive encapsulation can occur. In order to test this
the encapsulation properties of LNP-siRNA systems containing
the polar lipids dioleoyl phosphatidylethanolamine (DOPE),
dioleoylphosphatidylcholine (DOPC), egg sphingomyelin
(ESM) and cholesterol were compared to LNP containing nonpolar triglyceride lipids (triolein, and trilinolein). As shown in
ESI Fig. 2,† incorporation of DOPE, DOPC, ESM and cholesterol allow eﬀective entrapment of siRNA, but triolein and trilinolein are ineﬀective. It is often suggested that helper lipids
such as DOPE enhance intracellular delivery by promoting
non-bilayer structures, however the results presented here
would argue that their role in achieving stable oligonucleotide
encapsulation could be of primary importance.
It is of interest to consider the implications of these results
for the structure and function of LNP-siRNA delivery systems
used clinically, for which the siRNA/lipid weight ratio is 0.098
(ref. 23) corresponding to an N/P ratio of three. This implies
that ∼30% of the ionizable lipid is complexed with siRNA and
is present in an internalized bilayer form. Assuming that this
complex consists of DSPC–cholesterol and ionizable lipid at a
1 : 2 ratio to achieve charge neutralization, it may be calculated
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that nearly 50% of the DSPC in the LNP-siRNA system is
present in internalized complexes rather than residing on the
LNP surface. It is probable that this distribution contributes to
the surface properties of the LNP as well as particle instability.
In summary, the results of this study indicate that helper
lipids such as DSPC–cholesterol play essential roles in LNPsiRNA systems by participating in the formation of siRNA-lipid
complexes that remain stable at neutral pH, thus enabling
encapsulation of siRNA. Such complexes appear essential to
the function of clinically approved LNP-siRNA systems.

Materials and methods
Materials
The lipids 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), egg
sphingomyelin (ESM), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamineN-[methoxy( polyethylene glycol)-2000] (ammonium salt)
(PEG-DSPE) were purchased from Avanti Polar Lipids
(Alabaster, AL). The ionizable amino-lipid 2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane (KC2) was synthesized by
Biofine International (Vancouver, BC). Cholesterol, triolein,
and trilinolein were purchased from Sigma-Aldrich (St Louis,
MO). (R)-2,3-Bis(tetradecyloxy)propyl-1-(methoxy polyethylene
glycol 2000) carbamate (PEG-DMG) was synthesized as previously described.24 TEM grids were purchased from Ted Pella,
Inc. (Redding, CA). siRNA against firefly luciferase25 (as a
control, non-target siRNA) was purchased from IDT (Coralville,
IA) with the sequence S: cuuAcGcuGAGuAcuucGAdTsdT, AS:
UCGAAGuACUcAGCGuAAGdTsdT. The modifications are phosphorothioate linkages (indicated as the letter “s”) between the
3′-deoxythymidine (dT) overhangs and includes multiple 2′OMe modifications (indicated by lower-case letters). In previous work,15,17,20 replacing this siRNA with alternative
sequences had no eﬀect on particle morphology.
Preparation of empty LNP
LNP were prepared as previously described.9,26,27 Briefly, lipid
components (KC2, Chol, DSPC, and PEG-lipid) at appropriate
ratios were dissolved in ethanol to a concentration of
10–15 mM total lipid. The aqueous phase consisted of 25 mM
sodium acetate pH 4 buﬀer. The two solutions were mixed
through a T-junction mixer28,29 at a total flow rate of 20 mL
min−1, and a flow rate ratio of 3 : 1 v/v (corresponding to
15 : 5 mL min−1 aqueous : organic phase). Unless otherwise
specified, the resulting suspension was subsequently dialysed
against 1000-fold volume of the same sodium acetate pH 4
buﬀer or against phosphate buﬀered saline (PBS pH 7.4).
Preparation of LNP containing nucleic acid
LNP-nucleic acid were prepared as previously described.9,26,27
Briefly, lipid components (KC2, Chol, DSPC, and PEG-lipid) at
appropriate ratios were dissolved in ethanol to a concentration
of 10 mM total lipid. Purified nucleic acid polymers were dis-
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solved in 25 mM sodium acetate pH 4 buﬀer to achieve the
desired N/P ratio. The two solutions were mixed through a
T-junction mixer28,29 at a total flow rate of 20 mL min−1, and a
flow rate ratio of 3 : 1 v/v (aqueous : organic phase). The resulting suspension was subsequently dialyzed against the acetate
pH 4 buﬀer or directly against PBS pH 7.4.
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Cryogenic transmission electron microscopy (cryo-TEM)
Cryo-TEM was performed as previously described.9 LNP suspensions were concentrated to a final concentration of
20–25 mg mL−1 of total lipid and added to glow-discharged
copper grids (3–5 µL), and plunge-frozen using a FEI Mark IV
Vitrobot (FEI, Hillsboro, OR) to generate vitreous ice. Grids
were stored in liquid nitrogen until imaged. An FEI LaB6 G2
TEM (FEI, Hillsboro, OR) was used to image all samples. The
instrument was operating at 200 kV under low-dose conditions. A bottom-mount FEI Eagle 4K CCD camera was used
to capture all images. All samples (unless otherwise stated)
were imaged at a 55 000× magnification with a nominal underfocus of 1–2 µm to enhance contrast. Sample preparation and
imaging was performed at the UBC Bioimaging Facility
(Vancouver, BC).
Analysis of LNPs
Cryo-TEM micrographs obtained for each sample were characterized for particle size (as compared by length to the scale
bar), performed by manual counting of at least 150 LNPs to
account for scattering interference from diﬀerent morphology.
In some cases, dynamic light scattering was performed on a
Malvern Zetasizer Nano ZS. This technique has been shown to
closely correlate with the number-weighted average produced
by dynamic light scattering.15 Similarly, the proportion of
LNPs in the dumbbell or bilamellar morphology was determined manually. Lipid concentrations were measured using
the Cholesterol E Total-Cholesterol assay (Wako Diagnostics,
Richmond, VA). RNA entrapment was measured using the procedure described elsewhere.17
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