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Abstract
The in vivo gene silencing potencies of lipid nanoparticle (LNP)-siRNA systems containing the ionizable cationic lipids DLinDAP,
DLinDMA, DLinKDMA, or DLinKC2-DMA can differ by three orders of magnitude. In this study, we examine the uptake and intracellular
processing of LNP-siRNA systems containing these cationic lipids in a macrophage cell-line in an attempt to understand the reasons for different
potencies. Although uptake of LNP is not dramatically influenced by cationic lipid composition, subsequent processing events can be strongly
dependent on cationic lipid species. In particular, the low potency of LNP containing DLinDAP can be attributed to hydrolysis by endogenous
lipases following uptake. LNP containing DLinKC2-DMA, DLinKDMA, or DLinDMA, which lack ester linkages, are not vulnerable to lipase
digestion and facilitate much more potent gene silencing. The superior potency of DLinKC2-DMA compared with DLinKDMA or DLinDMA
can be attributed to higher uptake and improved ability to stimulate siRNA release from endosomes subsequent to uptake.
© 2012 Elsevier Inc. All rights reserved.
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The ability of small interfering double stranded RNA
(siRNA) oligonucleotides to silence speciﬁc genes has signiﬁcant potential for the development of new therapeutics.
Sophisticated delivery technologies are required to realize this
potential, however, because “naked” siRNA molecules are
rapidly broken down in biologic ﬂuids, are rapidly cleared
from the circulation, do not accumulate at disease sites and
cannot penetrate target cell membranes to reach their intracellular
site of action. As a result, considerable efforts have been made to
develop appropriate delivery vehicles. 1,2
Lipid nanoparticles (LNP) represent the most clinically
advanced systemic drug delivery system available with six
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LNP drugs having received regulatory approval for delivery of
conventional “small molecule” pharmaceuticals. 3 Signiﬁcant
progress has also been made toward developing LNP systems
for nucleic acid-based drugs such as immunostimulatory
oligonucleotides, 4,5 plasmid DNA containing therapeutic
genes, 6,7 and antisense oligonucleotides. 8,9
LNP systems are also of increasing utility for the in vivo
delivery of siRNA. 10,11 The most promising LNP-siRNA
systems contain ionizable cationic lipids with pKa values
below 7 that allow the LNP to exhibit little positive charge at
physiological pH. 12 LNP with low surface charge exhibit
reduced toxicity as compared with charged systems, and enable
long circulation lifetimes following intravenous (iv) injection,
resulting in access to tissues other than the liver. 8,9 Recent
work 12 has shown that the in vivo gene silencing potency of
these LNP-siRNA systems for hepatocyte targets is sensitive to
relatively small molecular differences in the ionizable cationic
lipid. Speciﬁcally, it was found that for LNP systems containing
1,2-dilinoleoyl-3-dimethylaminopropane (DLinDAP), 1,2-dilinoleyloxy-3-dimethylaminopropane (DLinDMA), 2,2-dilinoleyl-4-dimethylaminomethyl-[1,3]-dioxolane (DLinKDMA), or
2,2-dilinoleyl-4-(2-dimethylaminoethyl)-[1,3]-dioxolane
(DLinKC2-DMA) (Figure 1) the in vivo activity varied over
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Figure 1. Ionizable cationic lipids.

three orders of magnitude according to DLinKC2-DMA N
DLinKDMA N DLinDMA N N DLinDAP. Similar potency trends
have been observed in in vivo gene silencing studies in prostate
tumor tissue 13 and antigen-presenting cells (APC) of the immune
system. 14 LNP systems, like other foreign particles, are largely
cleared from the blood by the ﬁxed and free macrophages and
dendritic cells of the reticuloendothelial system, 15,16 leading to
potentially efﬁcient delivery of genetic material to modulate
APC function. Potential target genes in APCs include inhibition
of TNFα for alleviating inﬂammatory disease 17-19 to modulation
of CD40, CD80, and CD86, which are implicated in rheumatoid
arthritis 20-22 and act on costimulatory pathways in transplant
rejection. 23-25
To improve current LNP systems for gene silencing, it is
necessary to understand the mechanisms whereby one species of
cationic lipid could give rise to superior gene silencing
capabilities as compared with another, we investigate in this
study the uptake, siRNA distribution and intracellular processing,
and gene silencing activities of LNP containing DLinKC2-DMA,
DLinKDMA, DLinDMA, and DLinDAP using a macrophage
cell line. It is shown that the relative potency of the LNP systems
correlates with uptake, intracellular processing, and cytoplasmic
delivery of LNP contents. The sensitivity of cationic lipid to
degradation by endogenous lipases following uptake can have
particularly marked effects on gene silencing potency.

Methods

SPDiOC18 (3,3′-dioctadecyl-5,5′-di[4-sulfophenyl] oxacarbocyanine) and DiIC18 (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate) were obtained from Invitrogen (Carlsbad,
California). All lipid stocks were dissolved and maintained in
100% ethanol. Lipids were mixed together at a molar % ratio of
40% cationic lipid, 2.5% PEG-s-DMG, 39.8% cholesterol, 17.5%
DSPC, and 0.2% SPDiOC18 or DiIC18. The lipid mixture was
added drop-wise to the formulation buffer (50 mM acetate, pH 4.0)
to form multilamellar vesicles (MLV), which were processed to
large unilamellar vesicles (LUVs) by extrusion through two
stacked 80 nm Nuclepore polycarbonate ﬁlters using an Extruder
(Northern Lipids, Vancouver, British Columbia, Canada) at ~300
psi. The preformed vesicles in 30% ethanol/70% 50 mM acetate,
pH 4.0 were used for siRNA encapsulation.
Encapsulation of siRNA was achieved by drop-wise addition
of the siRNA solution at 2.35 mg/mL in 30% ethanol/70% 50
mM acetate, pH 4.0 to preformed vesicles and incubated at 31°C
for 30 minutes with constant stirring, followed by dialysis in PBS
for 16 hours to remove the ethanol and neutralize the buffer. LNP
size was determined by dynamic light scattering using a
NICOMP370 particle sizer (Nicomp Particle Sizing Inc, Santa
Barbara, California). Encapsulation efﬁciency was determined
by quantifying siRNA by measuring absorbance at 260 nm in
samples collected before and after dialysis following removal of
free siRNA using VivaPureD MiniH columns (Sartorius Stedim
Biotech, Aubagne, France). Lipid concentration was determined
by measurement of cholesterol content by using a Cholesterol E
enzymatic assay (Wako Chemicals USA, Richmond, Virginia).

Formulation of LNP-siRNA systems

Cell and reagents

DLinDAP, DLinDMA, DLinKDMA, DLinKC2-DMA, and
PEG-s-DMG were either obtained from Tekmira Pharamceuticals
or Alnylam Pharmaceuticals or synthesized according to established methods. DSPC and cholesterol were obtained from Avanti
(Alabaster, Alabama) and Sigma-Aldrich Co (St. Louis, Missouri).
Lipophilic carbocyanine dyes to monitor LNP-siRNA uptake

Raw 264.7 cells were maintained in DMEM (Invitrogen)
supplemented with 10% FBS at 37°C/5% CO2. Cy3-siRNAs
(sequence AD1991 and AD18560) were kindly provided by
Alnylam Pharmaceuticals (Boston, Massachusetts) 10 and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) siRNA (sense
strand 5′-UGGCCAAGGUCAUCCAUGAdTdT-3′ and
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Table 1
LNP-siRNA properties
LNP-siRNA

Size
(nm)

SD

Measured siRNA/
lipid (wt/wt)

DLinDAP
DLinDMA
DLinKDMA
DLinKC2-DMA

85.4
80.7
82.5
75.2

20.9
17.3
26.6
29.3

0.085
0.087
0.086
0.091

LNPs (LNP-siRNA) for 72 hours in complete growth media.
Protein was extracted with lysis buffer (0.5% deoxycholic acid,
1.0% Igepal CA630 in 1 × PBS, pH 7.4) supplemented with
protease inhibitors for 30 minutes on ice. Protein (2.5 μg) was
immunoblotted with 1° anti-GAPDH or –actin rabbit polyclonal,
and goat anti-rabbit HRP-conjugated 2° antibodies, followed by
detection with Millipore Immobilon Western Chemiluminescent
HRP substrate (Billerica, Massachusetts).
Fluorescence microscopy

Figure 2. LNP-siRNA systems containing DLinKC2-DMA exhibit improved
gene silencing in vitro as compared with other ionizable cationic lipids. (A)
GAPDH siRNA or loGC siRNA (negative control siRNA) was formulated into
LNP systems containing DLinDAP, DLinDMA, DLinKDMA, or DLinKC2DMA in the molar ratios cationic lipid/DSPC/cholesterol/PEG-lipid 40/17.5/
40/2.5. Raw 264.7 cells (9.5 × 104) were incubated with LNP-siRNA (1 mL; 10
μg/mL or 700 nM of siRNA) for 72 h. GAPDH protein expression was
assessed by Western blotting. (B) Relative GAPDH expression was measured
from three independent experiments; ± values indicate standard deviations.
ANOVA analysis/Tukey-Kramer Multiple comparisons test was performed.
DLinDAP versus DLinDMA *P b 0.05, DLinDAP versus DLinKDMA NS
(not signiﬁcant), DLinDAP versus DLinKC2-DMA **P b 0.01.

antisense strand 5′-UCAUGGAUGCCUUGGCCAdTdT-3′) 26
was purchased from Thermo Scientiﬁc (Waltham, Massachusetts). LoGC siRNA (negative control siRNA), Alexa 594conjugated Transferrin, and Alexa 488-conjugated Escherichia
coli BioParticles were purchased from Invitrogen. Rabbit
polyclonal anti-GAPDH and anti-actin antibodies were purchased from Abcam (Cambridge, Masachusetts), and HRPconjugated goat anti-rabbit IgG was purchased from Jackson
ImmunoResearch Laboratories (West Grove, Pennsylvania).
Porcine pancreatic lipase, genistein, nystatin, chlorpromazine,
and amiloride were purchased from Sigma-Aldrich Co.
Gene silencing
Raw 264.7 cells (9.5 × 10 4) were treated with 1 mL of 10 μg/
mL (~700 nM) GAPDH siRNA or loGC siRNA encapsulated in

Raw 264.7 cells (2 × 10 5) were grown on glass coverslips
overnight and then treated with 1 mL of 10 μg siRNA/mL (700
nM) LNP Cy3-siRNA. The uptake of LNPs was monitored using
SPDiO and overall distribution of siRNA was monitored using
Cy3-labelled siRNA. Cells were ﬁxed with 3% paraformaldehyde in PBS in the presence of Hoechst stain (Invitrogen) for
nuclear staining for 15 minutes. Glass coverslips were mounted
onto slides and analyzed by confocal microscopy (Olympus
FV1000). Fluorochromes were excited at 405 nm (Hoechst
stain), 488 nm (DiO), and 550 nm (Cy3 or DiI) and images were
collected sequentially with 60 × oil immersion objective lens.
LNP uptake
Raw 264.7 cells (1 × 10 4) were seeded and treated with 100
μL of 10 μg siRNA/mL (700 nM) of LNP Cy3-siRNA for 24
hours. Cells were ﬁxed with 3% paraformaldehyde in PBS in the
presence of Hoechst stain for 15 minutes. Cells were rinsed and
stored in PBS supplemented with calcium chloride and
magnesium sulfate. Plates were scanned and analyzed with the
Cellomics ArrayScan VTI (Thermo Scientiﬁc) and the average
intensity of Cy3 and DiO were measured.
Acid inhibition of clathrin mediated endocytosis
Raw 264.7 (2 × 10 5) cells were rinsed and incubated with
DMEM supplemented with 10 mM Hepes pH 5.0 for 30 minutes
at 37°C/5% CO2. Cells were then rinsed with DMEM (10 mM
Hepes and 10 mM acetic acid pH 5.0) for 10 minutes at 37°C/5%
CO2 and incubated with 1 mL of 10 μg siRNA/mL (700 nM) of
LNP Cy3-siRNA or 1 μg/mL of Alexa 594-conjugated
Transferrin in DMEM (10 mM Hepes and 10 mM acetic acid
pH 5.0) for 6 hours.
Inhibitors of endocytosis
Raw 264.7 (2 × 10 5) cells were seeded onto a 12-well plate
for 16 hours and then treated with 200 μM genistein, 25 μg/mL
nystatin, 10 μg/mL chlorpromazine, or 2.5 mM amiloride for 30
minutes, followed by addition of 1 mL of 10 μg siRNA/mL (700
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Figure 3. LNP-siRNA systems containing ionizable cationic lipids enter cells through clathrin-mediated endocytosis and macropinocytosis. (A) Raw 264.7 cells
(2 × 10 5) were incubated with LNP Cy3-siRNA (1 mL; 10 μg siRNA/mL or 700 nM) containing DLinKC2-DMA (all LNP formulations at same lipid molar ratios
as in Figure 2) for 4 h at 37°C or at 4°C. A lipophilic dye, SPDiO, was incorporated into the LNP to monitor uptake. The green color represents SPDiO, the red
color represents Cy3-siRNA, and the blue color indicates nuclear staining. (B), Raw 264.7 cells (2 × 10 5) were incubated with 1 μg/mL Alexa 488-conjugated
BioParticle, phagocytosis marker, and DLinKC2-DMA LNP-siRNA (1 mL; 10 μg siRNA/mL or 700 nM) for 2 h at 37°C. LNPs were formulated with DiI,
lipophilic dye, to monitor LNP uptake. (C) Raw 264.7 cells (2 × 10 5) were incubated with complete growth media or with complete growth media supplemented
with 10 mM acetic acid at pH 5.0 for 30 min before treatment with Alexa 594-conjugated Transferrin for 6 h. (D) Raw 264.7 cells (2 × 10 5) were treated as in (C);
however, cells were treated with LNP Cy3-siRNA containing DLinDAP, DLinDMA, DLinKDMA, or DLinKC2-DMA (1 mL; 10 μg siRNA/mL or 700 nM). (E)
Raw 264.7 cells (2 × 10 5) were pretreated with 200 μM genistein, 25 μg/mL nystatin, 10 μg/mL chlorpromazine, or 2.5 mM amiloride for 30 min followed by
treatment of cells with DLinKC2-DMA LNP-siRNA system (1 mL; 10 μg siRNA/mL or 700 nM) for 2 h in the presence of indicated inhibitor. LNP uptake (DiI)
was monitored by ﬂuorescence microscopy. (F) Same as (E) with LNP-siRNA containing of DLinDAP, DLinDMA, DLinKDMA, or DLinKC2-DMA (1 mL; 10
μg siRNA/mL or 700 nM). DiI uptake was assessed by ﬂow cytometry.
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Figure 3. (continued)

nM) LNP-siRNA for 2 hours. Cells were then harvested and
washed with PBS supplemented with 2% FBS. DiI-labeled LNPsiRNA uptake in 5 × 10 4 Raw 264.7 cells was monitored by ﬂow
cytometry using a Becton Dickinson LSRII ﬂow cytometer (San
Jose, California). For microscopy, 2 × 10 5 cells were treated with
inhibitors and DLinKC2-DMA LNP-siRNA systems and ﬁxed
with the protocol described above. DiI was monitored at 550 nm
and images were collected sequentially using a 60 × oil
immersion objective lens.
Fluorometric studies
Fluorometric measurements were carried out using the
Luminescence Spectrometer LS50 (Perkin Elmer, Waltham,
Massachusetts). The slit was maintained at 2.5 nm. Fluorometric
buffer consists of 130 mM NaCl and 20 mM Hepes maintained at

pH 7.47 or 4.88. Samples were stirred in buffer during
measurement. Cy3 was excited at 540 nm and emission was
detected at 570 nm. For Cy3-siRNA degradation assay 6 μg of
Cy3-siRNA (AD1991 or AD18560) was incubated in 20 mM Tris
buffer pH 6.8 and RNaseA was added at indicated time points.
In vitro stability of Cy3-siRNA
Cy3-siRNA (1 μg) was incubated in 5 μg/mL RNaseA at
37°C for 0.5, 1, 5, 10, 20, or 30 minutes and reactions were
quenched with deionized formamide. Cy3-siRNA (0.25 μg) was
resolved in a 12% denaturing urea/polyacrylamide gel and the
gel was stained with 1 × SybrSafe (Invitrogen) in TBE buffer for
30 minutes before visualization using a Typhoon scanner. For
lipase studies, LNP Cy3-siRNA (1 μg siRNA) was incubated for
5 minutes at 37°C in the presence or absence of either 5 μg/mL
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RNaseA and 12 units of porcine pancreatic lipase, and
ﬂuorescence was detected with Synergy HT Multi detection
plate reader (BioTek Instruments, Winooski, Vermont) or the
reaction was quenched with deionized formamide and 0.25 μg of
total RNA was analyzed as described above.
Statistical analyses
One-way ANOVA analysis was performed with GraphPad,
followed by posttest using Tukey-Kramer Multiple Comparisons
Test to evaluate signiﬁcance in which probability (P) values
must be less than 0.05.

Results
LNP-siRNA systems containing DLinKC2-DMA exhibit
maximum gene silencing in a macrophage cell line
The ﬁrst objective was to investigate whether LNP-siRNA
systems containing ionizable cationic lipids can silence genes in
a macrophage cell line and to determine which ionizable lipids
were most effective. LNP systems containing DLinKC2-DMA,
DLinKDMA, DLinDMA, and DLinDAP (Figure 1) and siRNA
directed against GAPDH were formulated as described in
Methods. Raw 264.7 cells were incubated with LNP GAPDH
siRNA at levels corresponding to 10 μg siRNA/mL (700 nM) for
up to 72 hours and analyzed for GAPDH protein levels by
immunoblotting. Little or no silencing was observed at 24 hours
or 48 hours (data not shown); however, pronounced GAPDH
speciﬁc gene silencing was observed at 72 hours (Figure 2, A).
This behavior is consistent with the long half-life of GAPDH of
approximately 38 hours. 27 GAPDH expression was assessed
from three independent experiments and a densitometric analysis
of the gels was performed to provide the quantitative estimates of
protein expression shown in Figure 2, B.
The results presented in Figure 2 indicate that LNP systems
containing ionizable cationic lipids can silence genes in the
Raw 264.7 macrophage cell line and that the relative potency of
the cationic lipids varies according to DLinKC2-DMANDLinDMANDLinKDMA N DLinDAP. To compare the relative
potency of LNP-siRNA systems consisting of different cationic
lipids the LNP systems were formulated with the same size and
siRNA:lipid ratio. The LNP sizes were maintained between 75–
85 nm in size and the measured siRNA:lipid range was 0.0850.091 (Table 1). Factors that can inﬂuence potency imposed by
the differences of the chemical nature of the ionizable cationic
lipids include the route of entry, relative levels of uptake of the
LNP systems into the Raw 264.7 cells, the biodegradability of
the LNP components, as well as the ability of encapsulated
siRNA to escape the endosome following uptake. Experiments
were conducted to investigate each of these possibilities as
indicated below.
LNP-siRNA systems are accumulated into Raw 264.7 cells by
clathrin mediated endocytosis and macropinocytosis
Previous work has shown that cationic lipid-based delivery
systems containing plasmid 28,29 and oligonucleotide 30,31 accumulate in cells by endocytosis. However, recent work using
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LNP-siRNA delivery systems containing “lipidoid” cationic
lipids has suggested entry by macropinocytosis. 32 We therefore
investigated the mechanism whereby the LNP used in this
study are accumulated into the macrophage cell line as
differences in uptake routes could inﬂuence LNP-siRNA
potency. Intracellular accumulation of LNP-siRNA systems
containing DLinKC2-DMA proceeded readily at 37°C as
detected by the lipid label SPDiO to monitor LNP uptake
and Cy3-siRNA (Figure 3, A, left); however, when the same
experiment was conducted at 4°C (Figure 3, A, right) SPDiO
and Cy3-siRNA were not internalized. Similar results were
observed for LNP systems containing DLinKDMA,
DLinDMA, and DLinDAP. This behavior is consistent with
an ATP-dependent uptake process.
Raw 264.7 is a murine macrophage cell line that can
internalize by phagocytosis in addition to other endocytic
pathways such as clathrin-mediated endocytosis, clathrinindependent endocytosis/cholesterol-dependent endocytosis,
and macropinocytosis. 33-35 To determine whether LNP-siRNA
systems are phagocytosed, colocalization studies were performed using BioParticles-Alexa 488, phagocytosis marker. 36,37
DLinKC2-DMA LNP-siRNA systems were formulated with the
lipophilic dye, DiI, to monitor LNP uptake. When Raw 264.7
cells were treated (2 hours) with the phagocytosis marker and the
labeled DLinKC2-DMA LNP-siRNA system little colocalization
was observed (Figure 3, B).
To determine whether LNPs entered cells through clathrinmediated endocytosis, the cytosol of Raw 264.7 cells was
ﬁrst acidiﬁed by incubation with acetate, a process that
interferes with budding of clathrin-coated 38 vesicles from the
plasma membrane and trans-golgi network (TGN). In contrast
to normal growth conditions where transferrin uptake, a
marker for clathrin-mediated endocytosis, was readily observed (Figure 3, C, left), acidiﬁcation of the cytosol blocked
Alexa-594-conjugated transferrin (Tf-594) uptake resulting in
the predominant cell surface distribution of Tf-594 (Figure 3,
C, right). When cells were incubated with LNP Cy3-siRNA,
acidiﬁcation of the cytosol led to accumulation of Cy3siRNA around the plasma membrane and little to no
intracellular Cy3 ﬂuorescence (Figure 3, D, Acidiﬁcation of
the cytosol) in comparison to cells treated with LNPs in
complete growth media (Figure 3, D, Control–no acidiﬁcation
of the cytosol).
Although acidiﬁcation of the cytosol directly interferes with
budding of clathrin-coated pits, other endocytic pathways could
be inﬂuenced by the acidic cytosolic environment. To
investigate other endocytotic mechanisms, Raw 264.7 cells
were pretreated with genistein (an inhibitor of caveolaedependent and other clathrin-independent endocytosis processes), nystatin (an inhibitor of cholesterol-dependent endocytosis),
chlorpromazine (an inhibitor of clathrin-mediated endocytosis),
or amiloride (an inhibitor of macropinocytosis) 39,40 as indicated
under Methods. Genistein and nystatin did not inhibit the
internalization of DLinKC2-DMA LNP-siRNA systems (Figure 3, E, b,c) as compared with control (Figure 3, E, a). Uptake
was reduced when treated with chlorpromazine (Figure 3, E, d)
and amiloride (Figure 3, E, e). To determine whether the
species of cationic lipid inﬂuenced the internalization, the
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Figure 4. Inﬂuence of cationic lipid species on LNP uptake and intracellular distribution of siRNA. (A) Raw 264.7 cells (2 × 10 5) on glass cover-slips were
treated for 24 h with LNP Cy3-siRNA (1 mL; 10 μg siRNA/mL or 700 nM). LNP uptake (DiO) was visualized by confocal microscopy. (B) Raw 264.7 cells
(10 4) were treated for 24 h with LNP Cy3-siRNA (100 μL; 10 μg siRNA/mL or 700 nM) and assessed for SPDiO ﬂuorescence using the Cellomics ArrayScan
VTI. ANOVA analysis/Tukey-Kramer multiple comparisons test was performed. Only DLinDAP versus DLinKC2-DMA showed signiﬁcance *P b 0.05. (C)
Raw 264.7 cells (2 × 10 5) were treated for 24 h with LNP Cy3-siRNA (1 mL; 10 μg siRNA/mL or 700 nM). Cy3-siRNA accumulation was visualized by
confocal microscopy. (D) Raw 264.7 cells (10 4) were treated for 24 h with LNP Cy3-siRNA (100 μL; 10 μg siRNA/mL or 700 nM) and assessed for Cy3
ﬂuorescence using the Cellomics ArrayScan VTI. ANOVA analysis/Tukey-Kramer Multiple comparisons test was performed. *DLinDAP versus DLinDMA,
DLinKDMA, or DLinKC2-DMA P b 0.001, **DLinDMA versus DLinKDMA P b 0.05, DLinDMA versus DLinKC2-DMA NS, ***DLinKDMA versus
DLinKC2-DMA P b 0.01. (E) The distribution of Cy3-siRNA was further analyzed by confocal microscopy. Micrographs a-d show Cy3-siRNA distribution at
60× oil immersion with 2× magniﬁcation. Micrographs e-h show 180% magniﬁcation of selected cells in a-d. Scale bar: 20 μm.

uptake of DLinDAP, DLinDMA, and DLinKDMA LNP-siRNA
systems were monitored by ﬂow cytometry in the presence of
endocytic inhibitors. Again, internalization was predominantly
driven by clathrin-mediated endocytosis and macropinocytosis
(Figure 3, F).
Delivery of intact siRNA to the cell cytoplasm is significantly
improved for LNP-siRNA systems containing DLinKC2-DMA
The next factor investigated concerned LNP uptake and
cytoplasmic delivery of siRNA. The intracellular accumulation

of SPDiO was similar for cells treated with DLinDAP,
DLinDMA, and DLinKDMA LNP systems and slightly higher
for cells treated with LNP containing DLinKC2-DMA (Figure 4,
A). Similar results were obtained by measuring the average
ﬂuorescent intensity per cell using the Cellomics ArrayScan
(Figure 4, B).
The next set of experiments was designed to monitor uptake
of LNP-siRNA using ﬂuorescently labeled siRNA (Cy3-siRNA)
as opposed to ﬂuorescently labeled lipid. In contrast to the
results obtained using SPDiO, the accumulation of Cy3-siRNA
was signiﬁcantly dependent on the species of ionizable cationic
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Figure 4. (continued)

lipid present in the LNP. Accumulation of Cy3-siRNA was
readily detected for DLinDMA and DLinKC2-DMA LNP
systems, was somewhat reduced for LNP containing
DLinKDMA, and was much reduced for LNP containing
DLinDAP (Figure 4, C and D). In addition, inspection of the
intracellular distribution of accumulated Cy3-siRNA revealed a
dependence on the cationic lipid used (Figure 4, E, a-d). In
particular, Cy3-siRNA presented in DLinDAP LNPs exhibited
primarily punctate intracellular features (Figure 4, E, e), whereas
Cy3-siRNA delivered in DLinDMA, DLinKDMA, and

DLinKC2-DMA LNP systems also showed a diffuse background Cy3-siRNA signal consistent with an enhanced cytosolic
distribution (Figure 4, E, f,g,h, arrows).
Fluorescent intensity measurements indicate Cy3-labeled siRNA
is more readily degraded when delivered by DLinDAP systems
In the course of the experiments detailed in the previous
section, it was consistently observed that the intracellular
ﬂuorescent intensity for Cy3-siRNA delivered in LNP

10

P.J.C. Lin et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2012) xxx–xxx

P.J.C. Lin et al / Nanomedicine: Nanotechnology, Biology, and Medicine xx (2012) xxx–xxx

11

Figure 5. The ﬂuorescence intensity arising from Cy3-siRNA AD1991 is dependent on the integrity of the siRNA oligonucleotide. (A) Cy3-siRNA intensity at
pH 7.47. (B) Cy3-siRNA intensity at pH 4.88. (C) The ﬂuorescence of Cy3-siRNA (6 μg) monitored for 20 min in the presence of RNaseA (AD1991 dotted
line; 18560 dashed line) or in the absence of RNaseA (AD1991 - RNAseA solid line). (D) Raw 264.7 cells (2 × 10 5) were treated with LNP AD18560 Cy3siRNA for 24 h (1 mL; 10 μg siRNA/mL or 700 nM). Cy3-siRNA accumulation was visualized by confocal microscopy. (E) Raw 264.7 cells (10 4) were treated
with LNP AD18560 Cy3-siRNA for 24 h (100 μL; 10 μg siRNA/mL or 700 nM). Cy3 ﬂuorescence was assessed with the Cellomics ArrayScan VTI. ANOVA
analysis/Tukey-Kramer Multiple comparisons test was performed. *DLinDAP versus DLinDMA and DLinKDMA NS (not signiﬁcant), DLinDAP versus
DLinKC2-DMA P b 0.01, **DLinDMA versus DLinKDMA NS, DLinDMA versus DLinKC2-DMA P b 0.05, ***DLinKDMA versus DLinKC2-DMA NS.
(F), Cy3-siRNA (AD1991) ± RNaseA was incubated at 37°C and analyzed with the Typhoon scanner at 488 nm (Sybr Safe staining) and 564 nm (Cy3).

containing DLinDAP was signiﬁcantly lower than observed for
LNP containing DLinDMA, DLinKDMA, or DLinKC2-DMA
(Figure 4, D). This contrasted with uptake monitored by SPDiO
ﬂuorescence, which was relatively independent of cationic lipid
composition (Figure 4, B). The ﬂuorescent intensity of the Cy3labeled siRNA emission spectra was also pH independent over
the range pH 4.9 and pH 7.5 (Figure 5, A and B), indicating that
changes in endosomal pH were not causing the change in
ﬂuorescence.
As discussed in Sanborn et al 41 the ﬂuorescence lifetime of
Cy3 when conjugated to an oligonucleotide (2 ns) is 10 times
longer than free Cy3 (0.18 ns). 41 The siRNA used in Figure 4
consists of siRNA-Cy3 AD1991. The Cy3 label in the AD1991
sequence is conjugated to an unmodiﬁed uracil residue therefore
susceptible to nuclease digestion (Table 2). As shown in
Figure 5, C, when the Cy3-siRNA AD1991 was incubated with
RNaseA, the ﬂuorescence signal from AD1991 was reduced
over time, whereas no ﬂuorescence decrease was observed in
the absence of nuclease. As a control, a second Cy3-siRNA was
generated (sequence AD18560, Table 2) where the Cy3-label is
conjugated to a 2′O-methylated uracil residue, which confers

Table 2
Cy3-siRNA sequences
Designation Strand

Sequence

AD1991

5′ - cuuAcGcuGAGuAcuucGAdTsdT - 3′
5′ - Cy3-UCGAAGuACUcAGCGuAAGdTsdT - 3′
5′ - GGAAUCuuAuAuuuGAUCcAsA - 3′
5′ - Cy3-uuGGAUcAAAuAuAAGAuUCcscsU - 3′

AD18560

Sense
Antisense
Sense
Antisense

Non-capitalized bold residues (u, c, s) indicate 2′O-methyl modiﬁcation.

nuclease resistance. In the presence of RNAseA AD18560
showed no loss of Cy3 ﬂuorescence (Figure 5, C). These
observations indicate that loss of Cy3 ﬂuorescence for the
AD1991 sequence is associated with nuclease-induced breakdown of the oligonucleotide.
If the loss in ﬂuorescence of Cy3-siRNA (sequence AD1991)
is due to degradation following uptake, it would be expected that
there would be no loss of ﬂuorescence if the non-degradable
sequence (sequence AD18560) was delivered in the LNP-siRNA
systems containing DLinDAP. To demonstrate that this is the
case Cy3-siRNA AD18560 was encapsulated in DLinDAP LNP
and incubated (24 hours) with Raw 264.7 cells. As shown in
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Table 3
Gene silencing activities of LNP-siRNA systems normalized to uptake levels
Residual GAPDH

Figure 6. Incubation of LNP-siRNA systems containing DLinDAP with
lipase renders the encapsulated siRNA susceptible to nuclease attack. (A)
LNP encapsulated Cy3-siRNA (1 μg siRNA) was incubated at 37°C in the
presence or absence of RNaseA and/or pancreatic lipase for 5 min and Cy3
ﬂuorescence was measured. Relative Cy3 ﬂuorescence was measured from
three independent experiments ± standard deviations. ANOVA analysis/
Tukey-Kramer Multiple comparisons test was performed. DLinDAP versus
DLinDMA *P b 0.01, DLinDAP versus DLinKDMA **P b 0.001,
DLinDAP versus DLinKC2-DMA ***P b 0.05. (B) Encapsulated Cy3siRNA (1 μg) was treated with RNaseA or RNaseA + lipase for 5 min and
analyzed at 564 nm with the Typhoon scanner.

Figure 5, D and E, Cy3-siRNA accumulated at similar levels for
all LNP systems, with the exception that LNP containing
DLinKC2-DMA showed higher accumulation, in agreement
with uptake levels monitored by the ﬂuorescent lipid SPDiO
(Figure 4, B).
To deﬁnitively demonstrate that a reduction of the Cy3
ﬂuorescent intensity for sequence AD1991 is a direct consequence of siRNA breakdown, it was observed that within 5
minutes of incubation in the presence of RNaseA the AD1991
band was completely eliminated (Figure 5, F, top), correlating
with the loss of Cy3 signal (Figure 5, F, bottom).
Degradation of Cy3-labeled siRNA by RNaseA in LNP systems
containing DLinDAP is enabled by exposure to lipase
The next question concerns why Cy3-siRNA (AD1991) in the
LNP-siRNA system containing DLinDAP was susceptible to
degradation following uptake into the macrophage cell line,
whereas Cy3-siRNA (AD1991) encapsulated in LNP systems
containing DLinDMA, DLinKDMA, or DLinKC2-DMA was
not. A distinguishing feature of DLinDAP is the presence of ester
linkages between the head group and the acyl chains, which
could be susceptible to degradation by endogenous esterases and
lipases present in endosomes. 42-44
As shown in Figure 6, A, signiﬁcant RNaseA degradation of
Cy3-siRNA (AD1991) encapsulated in DLinDAP LNPs was
observed when lipase was present, whereas Cy3-siRNA (AD1991)
in LNP systems composed of DLinDMA, DLKDMA, and

Cationic lipid

Normalized to
uptake (DiO)

Normalized to
Cy3 (AD18560)

1
0.373
0.539
0.189

1
0.389
0.544
0.161

DLinDAP
DLinDMA
DLinKDMA
DLinKC2-DMA

DLinKC2-DMA was protected. Released Cy3 following degradation can still contribute to overall ﬂuorescence, leading to high
background levels. The effects of RNaseA on encapsulated Cy3siRNA (AD1991) were therefore visualized by gel electrophoresis
as shown in Figure 6, B. In the absence of lipase, all the LNP
systems protected encapsulated Cy3-siRNA against RNaseA
digestion. However, following incubation of LNP with pancreatic
lipase and RNaseA, only 25% of intact Cy3-siRNA was observed
for LNP containing DLinDAP after 5 minutes (Figure 6, B). This
contrasts with the behavior of LNP containing DLinDMA,
DLinKDMA, or DLinKC2-DMA, which protected their siRNA
payloads under similar conditions (Figure 6, B).
Discussion
This work demonstrates that LNP-siRNA systems containing
ionizable cationic lipids can silence target genes in the
macrophage cell line Raw 264.7 and that differences in
transfection potency can be attributed to differing levels of
uptake, differing stabilities of the cationic lipid following uptake
as well as differing abilities to escape the endocytotic pathway.
There are three areas that deserve further discussion including
the reasons for the different gene silencing potencies of LNP
containing different species of cationic lipid, the use of the assay
described in this study to detect siRNA breakdown following
uptake into cells and the implications of this work for the
development of improved LNP-siRNA delivery systems.
It is clear from the results presented in this study that the
relative impotency of the LNP systems containing DLinDAP can
be attributed, at least in part, to the degradation of DLinDAP by
endogenous lipases. This will reduce the availability of
DLinDAP for promoting endosomal escape as well as render
encapsulated siRNA sensitive to degradation by nucleases. It is
most probable that LNP systems are degraded subsequent to
cellular uptake because nucleases and lipases (esterases) are
absent from growth media but are present in endocytic and
lysosomal compartments. 43,45 The surprising feature is how
rapidly the DLinDAP must be degraded following uptake, before
sufﬁcient acidiﬁcation takes place for the cationic lipid to effect
endosomal escape. It would be expected that accumulated LNP
will be exposed to pH environments below pH 5.5 within an hour
or much less. 46 In such an environment the DLinDAP, which
exhibits a pKa of 6.2, 12 would be fully protonated and show
comparable membrane destabilization activity as DLinKC2DMA in the presence of endogenous acidic lipids. As noted in
Figure 6, A and B, LNP-siRNA systems containing DLinDMA,
DLinKDMA, and DLinKC2-DMA are not susceptible to lipase
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attack, consistent with increased stability of encapsulated siRNA
following uptake into the Raw 264.7 cells and increased gene
silencing potency.
The differences in gene silencing potencies observed between
DLinDMA, DLinKDMA, and DLinKC2-DMA clearly arise, at
least in part, from the enhanced accumulation of LNP-siRNA
systems containing DLinDMA and DLinKC2-DMA as compared with LNP containing DLinKDMA. As shown in Figure 4,
D, DLinKDMA LNPs exhibited 25-30% lower uptake levels, as
indicated by Cy3-siRNA, in comparison to DLinDMA and
DLinKC2-DMA LNPs. The reason why DLinKC2-DMA
exhibits enhanced gene silencing properties as compared with
DLinDMA is not obvious from inspection of the distribution of
Cy3-siRNA delivered by LNP containing DLinKC2-DMA as
compared with LNP containing DLinDMA (Figure 4, E, f and
h). There is no clear indication of enhanced intracellular delivery
(as evidenced by a diffuse ﬂuorescent background) by
DLinKC2-DMA as compared with DLinDMA. However, if
the gene silencing potencies are normalized to uptake of either of
the non-degradable ﬂuorescent markers (DiO and Cy3-siRNA
AD18560) as shown in Table 3, it is clear that DLinKC2-DMA
has enhanced gene silencing potency as compared with
DLinDMA that cannot be accounted for solely by uptake levels.
It is probable that this arises from enhanced endosomolytic
properties as indicated by the enhanced ability of DLinKC2DMA to destabilize bilayer structure in mixtures with anionic
lipids as compared with DLinDMA in vitro. 12 As noted
elsewhere, 47 cationic lipids combine with endogenous anionic
lipids to produce ion pairs that are very potent bilayer
destabilizing agents.
The assay described in this study to follow degradation of
siRNA following uptake into cells by following the loss in
ﬂuorescence of Cy3-labeled siRNA clearly has use for
characterizing the fate of siRNA delivered by nanoparticulate
carriers into cells as a function of carrier composition,
particularly the susceptibility of components, such as cationic
lipids, to degradation. In general, it should be noted that the
results presented in this study suggest considerable use for in
vitro assays of LNP-siRNA gene silencing potency as being
predictive of in vivo behavior. The relative potency of LNPsiRNA systems in the macrophage cell line used in this study
followed the series DLinKC2-DMAN DLinDMANDLinKDMANN
DLinDAP, similar to the behavior observed in vivo where
DLinKC2-DMANDLinKDMANDLinDMANNDLinDAP for
LNP-siRNA-induced silencing in the liver (hepatocytes) following iv administration. The reason why DLinDMA is somewhat
more potent than DLinKDMA in vitro but less potent in vivo
could arise because of the higher pKa of DLinDMA as compared
with DLinKDMA (6.8 versus 5.9 12). The higher pKa will result
in a higher surface charge for LNP containing DLinDMA, which
would be expected to encourage association with the negatively
charged membrane of the macrophage cell line in vitro and thus
enhance uptake, but would also engender increased association of
serum proteins in vivo, leading to faster clearance by the RES and
reducing delivery to target hepatocyte cells.
The implications of the work described in this study for the
design of LNP-siRNA systems that give improved gene
silencing properties in vivo are twofold. First, the gene silencing
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properties of LNP-siRNA systems may be usefully screened
using in vitro systems where gene silencing properties are
normalized to uptake levels to reveal endosomal escape/
cytoplasmic delivery features. Second, macrophage cell lines
such as used in this study may be usefully used to screen for
LNP-siRNA systems with improved potency for silencing genes
in macrophages and possibly other APCs following iv injection.
Studies have shown that silencing can be achieved in
macrophages and dendritic cells in vivo following iv administration of LNP-siRNA systems containing DLinKC2-DMA. 14
However, the dose levels required (5 mg siRNA/kg body weight)
are much higher than those required to silence genes in
hepatocytes following iv administration, where only 0.01 mg
siRNA/kg body weight is required. 12 The high potency of LNPsiRNA systems for hepatocyte gene silencing has been attributed
to association with apolipoprotein E, which leads to uptake
through the scavenging receptor. 48 This suggests that screening
for targeting ligands that encourage uptake of LNP-siRNA
systems into macrophages and other APCs in vitro should have
direct application to the in vivo situation.
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processing of lipid nanoparticle formulations of siRNA
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Uptake of lipid nanoparticle (LNP) formulations of siRNA into cells. (1) LNP-siRNA associates with cell
membrane followed by (2) internalization. As the pH decreases in the endosomes the ionizable cationic lipids
associate with endogenous anionic lipids to destabilize the endosomal membrane of LNP-siRNA. For LNPsiRNA systems containing DLinDMA, DLinKDMA and DLinKC2-DMA siRNA is then released to the
cytosol (3) leading to gene silencing. (4) LNP-siRNA systems containing DLinDAP exhibit poor gene
silencing potency due to degradation of DLinDAP by endogenous lipases thus inhibiting membrane
destabilization and the ability of siRNA to escape the endosome.

