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ABSTRACT

Purpose Understanding mechanisms of cellular uptake and in-
tracellular release would enable better design of nanocarriers for
delivery of nudleic acids such as siRNA and microRNA (miRNA).
Method In this study, we investigated cellular pharmacokinetics of
siRNA by co-encapsulating fluorescently labeled siRNA and molecular
beacon (MB) in four different formulations of cationic lipid nanoparti-
des (LNPs). AmiRNA mimic was also used as a probe for investigating
cellular pharmacokinetics, which correlated well with RNAI activities.

Results We tried to find the best LNP formulation based on the
combination of DOTMA and DODMA. When the DOTMA/
DODMA ratio was at 5/40, the LNP containing a luciferase siRNA
produced the highest gene silencing activity. The superior potency
of DOTMA/DODMA could be attributed to higher uptake and
improved ability to facilitate siRNA release from endosomes
subsequent to uptake.

Conclusions Our findings may provide new insights into RNAi
transfection pathways and have implications on cationic LNP design.

Bo Yu and Xinmei Wang contributed equally to this work.

KEY WORDS intracellular trafficking - lipid nanoparticles -
miRNA - molecular beacon - siRNA

INTRODUCTION

RNA-based therapeutics such as small interfering RNA (siRNA)
and microRNA (miRNA) hold great promise to treat a variety
of human diseases by silencing target genes in a specific manner
(1—4). Delivery is the key to their clinical translation. In designing
a delivery system, degradation avoidance, efficient cellular up-
take, timely endosomal escape and efficient loading into the
RNA-induced silencing complex (RISC) are all critical for the
successful induction of gene silencing by small RNAs.
Tremendous progress has been made in the development of
safe and efficient delivery systems for the clinical application of
RNAI therapeutics (2,5-7). Lipid nanoparticles (LNPs) are rec-
ognized as one of the most promising delivery systems for RNA1
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because of their relative safety and simplicity. Both permanently
and conditionally 1onized cationic lipids have been extensively
utilized in LNP formulations for siRNA or miRINA delivery
(5-10). However, these formulations are still far from optimal.

The potency of an LNP formulation depends on both their
cellular uptake and intracellular trafficking processes (2,10-13).
Fundamental understanding of these mechanisms and their
correlations are very important for improving formulation
design. Despite extensive research, few general conclusions
can be drawn on cellular uptake kinetics, uptake mechanism,
and intracellular trafficking pathways of the LNPs. Although
fluorescently-labeled stRNAs have been widely used to investi-
gate their intracellular trafficking (5,7-10,14-21), only limited
quantitative information on the kinetics of intracellular traffick-
ing of stIRNA is available. Therefore, an accurate and quanti-
tative methodology is needed to better understand the intra-
cellular trafficking of siRNA or miRNA containing
nanocomplexes. Fluorescence resonance energy transfer
(FRET) can discern spatial separation and has been used to
measure lipid/DNA or lipid/siRNA condensation and dissoci-
ation processes by many researchers (17,19,22-25). As dual-
labeled oligonucleotide probes with a reporter fluorophore at
one end and a quencher at the other, molecular beacons (MB)
can be used as probes for intracellular mRINA targets (19). MB
has been used as a probe to track endosomal release in our
recent publication (21). qRT-PCR based methods are also
available for the analysis of intracellular nucleic acids. For
example, Hayashi et al. (26) reported that there is good corre-
lation between intracellular siRNA molecules and their RNAi
activities both in cultured cells and in mouse liver.

Cellular delivery of siIRNA and miRNA mediated by LNPs
1s a dynamic and complicated multi-step process that includes
highly inter-connected cellular uptake, intracellular processing,
and gene silencing activities. Currently, there lacks a suitable
method to decouple the cellular uptake and the endosomal
escape processes. In this study, we demonstrate a simple and
non-invasive method that can easily and reliably track cellular
uptake and endosomal release events by combining fluores-
cently labeled siRNA with MB or miRNA mimics. We used
this method to compare four commercially available cationic
lipids formulated as LINPs for siRNA delivery, and found that
potent gene silencing could be achieved through the combina-
tion of permanently and conditionally ionized cationic lipids.
Our work provides new insight into the mechanisms of cellular
uptake and intracellular release of LNPs.

MATERIALS AND METHODS
Materials

1,2- Dioleyloxy-3-trimethylammonium propane (DOTMA),
2-dioleoyl-3-trimethylammonium-propane (DOTAP), and

@ Springer

N-palmitoyl-sphingosine-1-succinyl [methoxy(polyethylene
glycol) 2000] (Ceramide-PEG2000) were obtained from
Avanti Polar Lipids, Inc (Alabaster, AL, USA). 1,2-
Dioleyloxy-N,N-dimethyl-3-aminopropane (DODMA) was
purchased from Genzyme Pharmaceuticals (Cambridge,
MA, USA). Egg phosphatidylcholine (egg PC) was obtained
from Lipoid (Newark, NJ, USA). a-(3p)-Cholest-5-en-3-yl-
hydroxy [methoxy (polyethylene glycol)] (Chol-PEG) was
from NOF America Corporation (White Plains, NY). Other
chemicals and reagents were obtained from Sigma-Aldrich
Chemical Co. (St. Louis, MO, USA) and were of analytical
grade. All tissue culture media and supplies were obtained
from Invitrogen (Carlsbad, CA, USA). All other reagents were
of analytical grade. Luciferase-targeted and negative control
siRNA as well as FAM-siRNA scramble were obtained from
Applied Biosystems (Austin, TX, USA). The silencer® GL2 +
GL3 luciferase siRNA (siLuc, AM4629), control #1 siRNA
(sINC, AM4611), FAM™-labeled negative control #1 siRNA
(FAM-siRNA, AM4620), Cy3-labeled negative control #1
siRNA (Cy3-siRNA, AM4621), Quant-1'T™ RiboGreen®
RNA reagent, and Quant-iT™ OliGreen® ssDNA reagent
were supplied by Applied Biosystems (Austin, TX, USA).
Cy3-labeled GAPDH molecular beacon (Cy3-MB) was
custom-synthesized by Eurofins MWG Operon (Huntsville,
AL, USA). The sequence was 5'- Cy3-CGACGGAGTCCT
TCCACGATACCACGTCG-BHQ2-3". miRNA-122 mim-
ic (Cat. No. C-300591-05) was purchased from Dharmacon
(Pittsburgh, PA). TagMan MicroRNA reverse transcription
kit was provided by Applied Biosystems (Cat. No. 4366596).

Preparation of siRNA or miRNA Loaded LNPs

An ethanol dilution method was modified for the synthesis of
LNPs containing siRNA or miRNA (27). Briefly, an ethanolic
lipid solution composed of various cationic lipids/eggPC/
Cholesterol/Chol-PEG at 45:35:48:2 (molar ratio) was mixed
with si/miRNA in citrate buffer (20 mM, pH=4) at an RNA/
lipid ratio of 1/10 (w/w) (7,28). The resulting complexes
contained 30% ethanol, which was removed by dialysis using
a MWCO 20,000 Dalton Float-A-Lyzer (Spectrum
Laboratories Inc., Ranco Dominguez, CA, USA) against
HEPES buffer (20 mM HEPES, pH 7.4) for 2 h at room
temperature.

Measurement of Size, Zeta Potential and siRNA
Incorporation Efficiency

The particle size of siRNA loaded LNPs was determined by
dynamic light scattering using a particle sizer BI-200SM
(Brookhaven Instruments Corp., Holtsville, NY, USA) in an
intensity-weighted mode. Following dilution in water, the zeta
potentials (€) of siRNA-LNPs was measured on a ZetaPALS
zeta potential analyzer (Brookhaven Instrument Corp.,
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Holtsville, NY). The siRNA incorporation efficiencies of
the formulations were measured using the Quant-1T™
RiboGreen® RNA Kit, following manufacturer’s instruction
(7,21).

Cell Culture and In Vitro Transfection

SK-HEP-1 cells with stable luciferase expression (SK Hep-1
Luc) were grown in MEM culture medium supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin,
and 100 pg/mL streptomycin, at 37°C in a humidified atmo-
sphere containing 5% COq. SK-HEP-1 cells were plated at a
density of 1x 10" cells per well in 96-well plates and grown to
60-70% confluent prior to transfection. Luciferase specific
siRNA (Luci-siRNA) and negative control (NC siRNA) were
formulated into various cationic lipids based LNPs. In all
transfection studies, cells were treated with various siRINA-
LNPs at the concentration of 100 nM in the medium with
10% FBS. The SK-HEP-1 cells were incubated for another
24 h at 37°C and 5% COy and then washed with PBS and
lysed. The luciferase activity for each well was determined
using Luciferase Reagent (Promega) on a Berthold
MicroLumatPlus LB96V plate luminometer. The resulting
luciferase activity was then normalized to the amount of
protein determined by the Micro BCA assay kit (Pierce,
Rockford, IL). Luciferase down-regulation relative to controls
was then determined for each condition. Lipofectamine 2000
(Invitrogen, CA, USA) was used as a positive control.
Untreated cells were used as a negative control.

Cellular Uptake and Endosomal Release of siRNA
Measured by Flow Cytometry

Cy3 or FAM-siRNA was used to study cellular uptake of
LNPs. A total of 6x10* cells/well were seeded in 24-well
plates prior to treatment. At 4 h post transfection with the
Cy3 or FAM-siRNA loaded Lipofectamine 2000, LNPs-Cy3
or FAM-siRNA, the cells were rinsed three times with 500 pl
phosphate buffered saline (PBS, pH=7.4) and fixed in 4%
para-formaldehyde solution. The cell suspension was directly
introduced into a Beckman Coulter EPICS XL (Beckman
Coulter Inc., CA, USA) to determine the fluorescence inten-
sity of Cy3 (550 nm exCitation, 570 nm emission) or FAM
(492 nm exCitation, 518 nm emission). For each cell sample, a
minimum of 10,000 events were collected under the LIST
mode.

For the endosomal release study, Cy3-MB was complexed
with various cationic LNPs following the same method of
preparing siRNA loaded LNPs. For transfection, 6X 10" SK
Hep-1 cells were seeded in a 24-well plate one day before
treatment. Cells were treated with the LNPs containing Cy3-
MB (100 nM) at 37°C. At indicated time points, the cells were
collected, washed three times with PBS, and fixed in 4% para-

formaldehyde. The mean fluorescence intensities (MFI) of
Cy3-MB were measured by flow cytometry on a Becton
Dickinson FACS Calibur cytometer. For each cell sample, a
minimum of 10,000 events were collected under the LIST
mode.

Laser-Scanning Confocal Microscopy Analysis

For confocal analysis of the trafficking of LNPs, FAM-siRNA
and Cy3-MB at a molar ratio of 50/50 were first complexed
with DOTAP or DODMA based LNPs following the same
method of preparing siRNA loaded LNPs. The seeded SK-
HEP-1 cells were treated with FAM-siRNA (50 nM) and Cy3-
MB (50 nM) for 2 h. The nuclei were stained with 5 mg/ml of
Hoechst 33342 for 10 min at room temperature. After wash-
ing twice with PBS, the cells were fixed with 4% para-
formaldehyde prior to confocal analysis.

To determine the endocytic pathways that may be involved
in siRNA delivery by DOTAP or DODMA based LNPs, co-
localization experiments of Ciy3-labeled stRNA with common
endocytic pathway markers were performed by confocal mi-
croscopy. Briefly, 4x 10" cells were sceded on a glass-bottom
dish (Fisher Scientific, 12-545-82) in 24-well plates overnight
and then incubated with various LNPs formulated with Cy3-
siRNA (100 nM) and markers for macropinocytosis (dextran-
FITC (490 nm exCitation, 525 nm emission), 2.5 mg/ml,
Sigma), clathrin-mediated endocytosis (Transferrin-
AlexaFluor 488 (499 nm exCitation, 519 nm emission),
100 mg/ml, Invitrogen), or caveolac-mediated endocytosis
(cholera toxin subunit B-AlexaFluor 488, 1 mg/ml,
Invitrogen). After incubation of 30 min at 37°C,, the cells were
washed twice with PBS followed by fixation with 4% para-
formaldehyde for 20 min. Nuclei were stained with Hoechst
33342 (Invitrogen) for 5 min at room temperature. Red
fluorescence of Cy3-siRNA and blue fluorescence of
Hoechst were observed on an Olympus FV1000 Filter
Confocal Microscope (Olympus Optical Co., Tokyo, Japan).

Quantitative Real-Time PCR Analysis of miR-122
in Cells

The cells were washed with cold 1X PBS twice and then
treated with TRIzol reagent (Invitrogen, 15596-018). Total
RNA was extracted according to manufacturer’s instructions.
To measure mature miR-122 level, the total RNA was first
reverse transcribed into cDNA using the TagMan MicroRNA
reverse transcription kit (Applied Biosystems, 4366596). qR'T-
PCR amplification of ¢cDNA was then performed using
TagMan MicroRNA assay (Applied Biosystems, Assay ID
002247). miR-122 level was determined by the AACT meth-
od and normalized to RNU6B (Applied Biosystems), which
was an endogenous control (28).

@ Springer
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Statistical Analysis

The results were presented as the mean * standard deviation
(SD) of three repeat studies unless otherwise indicated.
Statistical significance of the differences in fluorescent intensity
data obtained by flow cytometry was examined using the
Student’s t-Test.

RESULTS

Cellular Uptake of LNPs Does not Closely Correlate
with the Efficacy of Gene Down-Regulation

To achieve successful target gene silencing, exogenous syn-
thetic siRNAs should be efficiently encapsulated in LNP that
have high cellular uptake and efficient endosomal escape,
along with timely intracellular disassemble and effective load-
ing into the RNA-induced silencing complex (RISC) (Fig. 1).
Therefore, cellular uptake of siRNA encapsulated LNPs
(LNP-siRNA) is a critical step for delivery. It is generally
accepted that higher cellular uptake generates better efficacy
of nanocarrier mediated nucleic acid delivery (8,9,21,26,29).
To identify the correlation between cellular uptake and final
siRNA gene silencing, we first evaluated the gene silencing
efficiency of four LNP formulations differing in cationic lipids
on SK-HEP-1 cells that stably express luciferase gene.

Fig. I Schematic diagram of the
intracellular trafficking of SIRNA
loaded in lipid nanoparticles (LNPs).
siRNA loaded LNPs are internalized
by cells via endocytosis. A fraction of
the siRNA escape from the
endosomes into the cytosol,
whereas the rest are transported
into lysosomes and undergo
degradation. The condensed siRNA
was released from LNPs into the
cytosol. The released siRNA engage
with RNA-induced silencing
complex (RISC), leading to target
mRNA cleavage.

@ Springer

Luciferase specific and negative control siRNA were delivered
with various LNPs and luciferase expression was determined
24 h after transfection.

Four cationic lipids were classified into two groups: perma-
nently ionized cationic lipids (DOTAP and DOTMA) and
conditionally ionized (ionizable) cationic lipids (DODAP, and
DODMA), which contain a quarternary amine and a tertiary
amine head-group, respectively (Fig. 2a). Since the LNPs were
designed for i vivo applications, other components such as
EggPC, Chol (helper lipids) and Chol-PEG (PEG-lipid)
were included in LNPs besides cationic lipids. The
particle size and zeta potential of the four resulting
LNP-siRNAs are listed in Table I. The siRNA encap-
sulation efficiencies of all LNPs were higher than 90%
(data not shown). Among all tested LNPs, DOTMA and
DODMA based LNPs demonstrated better luciferase si-
lencing at 100 nM after 24 h transfection (Fig. 2b).
Compared to Lipofectamine 2000, DODMA based formula-
tion, when used to transfect cells, resulted in 15% lower
luciferase expression.

The cellular uptake studies were carried out using Cy3 as
the fluorophore for siRNA labeling because its fluorescence is
relatively insensitive to pH changes that occur in the endo-
some or lysosome. The percentage of positive cells in the flow
experiments was more than 90%. As shown in Fig. 2c, the
mean fluorescence intensity (MFI) values of permanently ion-

ized cationic lipids (DOTAP and DOTMA) based LNPs were

o

LNP-siRNAs

RISC-siRNA
complex
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Fig. 2 Poor correlation between siRNA down-regulation and cellular uptake. (@) Chemical structures of four tested cationic lipids; (b) Evaluation of luciferase
gene silencing efficacies of four cationic lipids based LNPs. SK-HEP-1 cells were transfected with 100 nM luciferase siRNA. After 24 h incubation, the luciferase gene
silencing was determined. (c) Cellular uptake determined by flow cytometry. Cy3-labeled nonspecific SIRNA (control siRNA) was complexed with various LNPs
or with Lipofectamine 2000. The mean fluorescence intensity (MFI) of Cy3-siRNA was determined by flow cytometry to study the cellular uptake of Cy3-siRNA

in LNPs after 4 h treatment. Data are represented the mean += S.D. (n=3).

relatively higher than those of conditionally ionized cationic
lipids (DODAP, and DODMA) based LNPs. For example,
the MFI of 56 for DODMA LNPs was much lower than the
MET of 153 for DOTMA LNPs (Fig. 2¢) though their gene
silencing activities were comparable (Fig. 2b). The MIT for
Lipofectamine 2000 mediated Cy3-siRNA delivery was sig-
nificantly higher than those of four cationic LNPs mediated
Cy3-siRNA. However, its luciferase gene silencing eflicacy
was lower than that of DODMA based LNPs.

Keeping the remaining components the same in the
LNP formulation, the efficiency of luciferase gene silenc-
ing for the four cationic lipids decreased in the following
order: DODMA > DOTMA > DOTAP > DODAP
(Fig. 2b). However, the oligonucleotide cellular uptake deter-
mined by Cy3-siRNA reveals the following trend: DOTMA >
DOTAP > DODMA > DODAP (Fig. 2¢). Thus, we can
conclude that higher cellular uptake of siIRNA does not directly
translate into better stRINA gene silencing eflicacy.

Table | Characterization of Parti-

cle Size and Zeta Potential for Formulation Components Particle size (nm) Zeta potential (mV)
SIRNA Loaded LNPs
DOTAP-LNP DOTAP/eggPC/Chol/Chol-PEG=45/18/35/2 106.1 [532+1.24
DOTMA-LNP DOTMA/eggPC/Chol/Chol-PEG=45/18/35/2 99.7 1705+ 1.06
DODAP-LNP DODAP/eggPC/Chol/Chol-PEG=45/18/35/2 1322 222+022
DODMA-LNP DODMA/eggPC/Chol/Chol-PEG=45/18/35/2 85.2 2.07+0.85
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Probing Mechanisms of Cellular Uptake and Endosomal
Escape Using a Combination of FAM-siRNA
and Cy3-MB

MBs become fluorescent only when they enter into the cyto-
plasm and bind to target mRNAs. Because of the comparable
physiochemical properties of siRNA and MB molecules, we
can use the MB as a mimic of siRNA to measure the amount
of siRINA delivered into the cytoplasm. A quantitative analysis
of the nanocarrier-mediated disposition of siRNA through a
combination of FAM-siRNA and Cy3-MB (21) was used to
investigate the influence of cellular pharmacokinetics (uptake
and endosomal release) on transfection efficiency of siRNA
mediated by ionized or permanently conditionally ionized
cationic lipids. DOTAP and DODMA were selected as the
representative cationic lipids because they are the most com-
monly cationic lipids used in previous studies. As illustrated in
Fig. 3, cellular uptake and cytoplasmic release of siRNA over
an 8 h-period were quantified by measuring the fluorescence
intensity of FAM-siRNA and Cy3-MB using flow cytometry,
respectively. DOTAP based LNPs showed continuous in-
crease of cellular uptake (measured by MFI of FAM) and
endosomal release (measured by MFI of Cy3) over a 4 h-
period (Fig. 3a). For DODMA based LNPs, the highest uptake
(FAM signal) was also observed at 4 h, whereas the Cy3 signal
for endosomal release increased continuously over the 8 h
period (Fig. 3b). Thus, the majority of intracellular cellu-
lar uptake took place within the first 4 h. In comparison
to DODMA based LNPs, the overall MFI for DOTAP
based LNPs was much higher indicating that the cellu-
lar uptake capacity for DOTAP LNPs was greater than
that for DODMA LNPs. This result was in good agree-
ment with the observation shown in Fig. 2b. Although the
cellular uptake signal of DOTAP LNPs was stronger, the
endosomal release signal of DOTAP LNPs was lower than
that of DODMA LNPs during the period of 8 h. Hence,
DODMA was better than DOTAP with respect to the
endosomal release capacity. The time frame for intracellular
trafficking events shown in Fig. 3 can explain the gene
silencing activity difference between DOTAP and
DODMA LNPs shown in Fig. 2b.

To further investigate intracellular trafficking of DOTAP
and DODMA based LNPs, we performed the co-localization
study on LNPs loaded with FAM-siRNA and Cy3-MB at the
time point of 4 h. As seen in Fig. 3c, cells treated with
DOTAP-LNPs exhibited a higher green signal (cellular up-
take) but a comparable red signal (endosomal escape) relative
to SK-HEP-1 cells treated with DODMA-LNPs, which was
consistent with the results shown in Fig. 3a and b. However,
we also observed some yellow dots (indicated by white arrows
in Fig. 3c), suggesting the separation of the reporter
fluorophore (Cy3) probes from the quencher on MB in the
absence of endosomal release. In other words, there existed
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Fig. 3 Cellular uptake and endosomal escape studied by a combination of P>
FAM-siRNA and Cy3-MB. (a) Time-dependent measurement of FAM and
Cy3 signals for DOTAP based LNPs; (b) Time-dependent measurement of
FAM and Cy3 signals for DODMA based LNPs; (c) Co-localization study of
LNP-FAM-siRNA (green) with Cy3-MB (red). White arrows indicate the co-
localization. Scale bar =20 um. (d) Endocytoic uptake mechanism of siRNA
delivery by DODMA or DOTAP based LNPs. SK-HEP-1 cells were treated
with 100 nM Cy3-labeled siRNA (red) in the presence of various labeled
markers for | h. Markers for macropinosomes (70 kDa dextran), clathrin-
coated pits (transferrin), and caveosomes (CT-B) were used. Scale
bar =10 um.

some non-specific biodegradation of Cy3-MB and FAM-
siRINA associated with the LNPs.

Nanocarriers such as LNPs were generally internalized
through endocytosis and the specific endocytoic pathway uti-
lized may determine the final delivery efficacy (11-13).
Endocytic mechanisms of siRNA delivery for DOTAP and
DODMA based LNPs were investigated using co-localization
approaches in SK-HEP-1 cells. SK-HEP-1 cells were
transfected with the Cy3-siRNA-LNPs (Red) and were co-
labeled with specific markers of endocytic pathways (Green):
clathrin-mediated endocytosis (A488-Tf), caveolae-mediated
endocytosis (A488-CT-B), and macropinocytosis (FITC-
dextran) (7,21). The yellow clusters in Fig. 3d show that
siRNAs in DODMA and DOTAP based LNPs strongly co-
localized with A488-Tf, a common pathway marker for the
classical clathrin mediated endocytosis. The red LNPs did not
show detectable co-localization with either FITC-dextran or
A488-CT-B. So both DOTAP and DODMA based LNPs
entered the SK-HEP-1 cells through the clathrin-mediated
endocytic pathway.

Comparison of siRNA Delivery Mediated by Four
Different Cationic Lipids

Based on the above findings, a comparison of four different
cationic LNPs was performed, via the combination of FAM-
siRNA and Cy3-MB at the time point of 8 h. The mean
fluorescence intensity was quantified by flow cytometry and
summarized in Fig. 4. The efficiency of overall cellular uptake
(determined by FAM signal) for the tested four cationic lipids
decreased in the following order: DOTMA > DOTAP >
DODMA > DODAP, which is consistent with the observation
in Fig. 2c. The efliciency of endosomal release determined by
Cy3-siRNA reveals the following trend: DOTMA =
DODMA > DOTAP > DODAP, which correlates with the
efficacy of gene silencing trend (DODMA > DOTMA >
DOTAP > DODAP) observed in Fig. 2b. Overall, LNPs
based on permanently ionized cationic lipids (DOTAP and
DOTMA) showed much stronger cellular uptake than those
based on conditionally ionized cationic lipids, including
DODAP, and DODMA.
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Fig. 4 Comparison of siRNA delivery mediated by four different cationic
lipids. The analysis of four different cationic LNPs mediated siRNA delivery in
SK-HEP-1 cells were performed via the combination of FAM-siRNA and Cy3-
MB at the time point of 8 h. Mean fluorescence intensity was quantified by
flow cytometry. Data are represented the mean = S.D. (n=3).

Compared with Lipofectamine 2000, both FAM and Cy3
signals for four cationic lipids were lower. However, the lucif-
erase gene silencing of Lipofectamine 2000 in Fig. 2b did not
match with the observation in Fig. 4. In other words, the Cy3
signal reflecting endosomal release efficiency did not closely
correlate with the efficacy of siRNA-mediated gene silencing.
We noted an inconsistency in the relationships between
endosomal release and gene silencing comparing DOTMA
and DODMA. A possible reason for this inconsistency may be
the non-specific bio-degradation of MB in endosome prior to
the escape (Iig. 3¢). Hence, we need a more precise approach
or probe to better describe the intracellular trafficking process
in order to explain the gene silencing activities of various
cationic LNPs.

Comparison of Cellular Pharmacokinetics
Using microRNA Mimics as Probe

To precisely determine the cellular pharmacokinetics, we used
miRNA mimics as a probe. miRINA mimics are structurally
similar to siRNAs and both of them function through an
RNAI mechanism. The kits for measuring microRNA mimics
are commercially available. It has to be noted that this PCR
quantification method can determine cell-internalized
miRNA but cannot discriminate endosomal/vesicular
(inactive) miRINA from cytosolic (active) miRINA. We chose
the liver specific miR-122 in this study because it is drastically
reduced in human HCC cells and holds great promise for
miRNA based cancer therapy (30-32). DOTAP and
DODMA were selected as the representatives for permanently
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ionized and ionizable cationic lipids, respectively. miR-122
level was evaluated over a 8 h-period in SK-HEP-1 cells after
transfection with miR-122 mimics containing DOTAP or
DODMA based LNPs (Fig. 5a). The miR-122 level of
DOTAP-LNPs mediated delivery increased during the period
of 0~2 h but decreased after 2 h. The level of miR-122 in SK-
HEP-1 cells treated with DODMA based LNPs reached the
maximum at the time point of 4 h and then decreased to 67%
at 8 h. In addition, the overall level of miR-122 in DODMA
based LNPs was higher than that of DOTAP based LNPs at
the same time point, suggesting that the delivery of siRNA or
miRNA mediated by DODMA containing LNPs can lead to
better cellular uptake and endosomal escape, followed by
higher target gene silencing.

Next, we examined miRNA-122 delivery by various cat-
1onic LNPs at the time point of 8 h (Fig. 5b). Among all tested
groups, cells treated DODMA based LNPs showed the
highest level of miR-122. The trend of miR-122 delivery by
various LNPs and Lipofectamine 2000 was consistent with the
gene down-regulatory efficacy shown in Fig. 2b. These sets of
experiments successfully demonstrated the utility of the
miRNA mimic probes for characterizing the cellular uptake
and endosomal release processes.

A Combinational Strategy for LNP Mediated Delivery

Given that permanently ionized cationic lipids are better for
cellular uptake, while ionizable cationic lipids are better for
endosomal release, we hypothesize that a combination of
permanently and conditionally ionized cationic lipids for
siRNA delivery may achieve the most potent gene silencing.
From the gene silencing data shown in Fig. 2a, we selected
DOTMA and DODMA to verify this hypothesis. In this
experiment, DOTMA and DODMA were mixed at various
molar ratios to form different DOTMA/DODMA based
LNPs, where the total cationic lipid amount was kept as
45% for all lipids. Luciferase silencing by siRINA was deter-
mined in SK-HEP-1 cells to assess the effect of combination
on the delivery efficacy of various DOTMA/DODMA based
LNPs. Figure 6 shows that the luciferase level was significantly
reduced with the increase of DOTMA/DODMA ratio from
5740 to 40/5. The luciferase expression could be inhibited up
to 90% when the DOTMA/DODMA ratio was at 5/40.
These results indicated that the combination of DOTMA/
DODMA can significantly improve the gene silencing effi-
ciency of siRNA.

DISCUSSION

Cationic lipids based LNPs are attractive delivery systems
for small RNAs (siRNA and miRNA) based therapy
because a wide variety of LNPs can be produced easily and



Mechanisms of Lipid Nanoparticles Uptake and Small RNAs Release

2693

1000

900 |- —&— DODMA based LNP
—@— DOTAP based LNP

800 |-
700 |
600 |-
500 |-
400 |
300 |

200 -

Relative Expression of miR-122

100 -

L 1 L 1 Il

Time (min)

0
0 100 200 300 400 500 600

700

600 - %

500 |-
400 %
300 |

200 -

Relative Expression of miR-122

100 -

0

o0 \4 > \4
OO(P“ W S oo?*

S
\;@&“ 00‘ o

o°

Fig. 5 Comparison of endosomal release using microRNA mimics as probe. (a) Time-dependent release of mMiRNA-122 mediated by DODMA or DOTAP based
LNPs; (b) Comparison of endosomal release for four LNPs with different cationic lipids using miRNA- 122 as probe. Data are represented the mean = S.D. (n=3).

the safety and effectiveness of this class of nanocarriers have
been demonstrated in clinical trials. A large number of cat-
1onic lipids have been synthesized for nucleic acid delivery
(5-9,19,21,26,33). However, the selection of cationic lipids is
still largely based on trial-and-error. A better understanding of
cellular uptake and intracellular release mechanisms would
enable improved design of LNP formulation for siRNA and
miRNA delivery.

Generally, LNP-mediated siRNA delivery can be divided
into three steps: (1) binding to the cell surface, (1) entry of LNP-
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Fig. 6 Enhanced gene silencing by combination of DOTMA and DODMA in
LNPs. The gene silencing activities were examined in SK-HEP-1 cells after
transfection of 100 nM luciferase siRNA. After 24 h incubation, luciferase gene
silencing was determined. Data are represented the mean = S.D. (n=3, **:
P<0.01).

siRINA into the cells via endocytosts, and (ii1) stRNA release
from endosome into the cytosol (Fig. 1). To date, the efficiency
of RNAI based therapeutic agents delivered by these
nanocarriers still remains low, mainly because of our limited
understanding of the mechanisms involved and the lack of
reliable methods to study the cellular events. Recently, the
FRET technology has been used to provide information on
the complexation status, uptake, release and degradation of
LNPs mediated nucleic acid delivery (17,19,22,24,25,29). For
example, the design of FRET systems incorporating quantum
dots as energy donors has led to improved signal stability,
allowing prolonged measurements and increased sensitivity
(24,29). Two different siRNA-based FRET probes have been
used to investigate the disassembly behavior of various LNPs
containing lipidoids (19). These new probes can measure the
disassembly properties without significantly perturbing the
structure of the LNPs because it does not require the labeling
on LNP themselves.

Cationic lipid based LNPs have a positive surface charge,
which can improve their interactions with the cell membrane
and subsequently facilitate endocytosis mediated cellular up-
take. Typically, cationic lipids are classified into two groups
according to the amine moiety on the head group (Fig. 2a).
Conditionally ionized cationic lipids (DODAP, and DODMA)
have a tertiary amine group with a moderate pKa value that
shows a positive charge at low pH and are able to efficiently
encapsulate nucleic acids during LNP synthesis through tem-
porary reduction of pH, and yield LNPs with neutral or low
zeta potential at pH 7.4, 1.e., the physiological pH (6-9). The
permanently ionized cationic lipids (DOTAP and DOTMA)
are not able to change their charge by varying the pH because
of the quarternary amine head-group, which has a high pKa
value. Besides the cationic lipids, our LNP formulations also
included helper lipids and PEG-lipid. PEGylation can increase
the stability of siRNA against RNase and prolong the residence
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time of LNPs in the blood circulation by avoidance of
opsonization. Overall, the cellular uptake by permanently
1onized cationic lipid based LNPs was stronger than that by
the LINPs containing ionizable cationic lipids because of the
higher net positive charge (Table I). However, the gene silenc-
ing efficacy results did not agree with cellular uptake findings
(Fig. 2).

The role of the cationic lipid in the LNP formulation
is to enable the formation of complexes with the nega-
tively charged siRNAs by electrostatic interaction. After
the internalization of siRNA-LNP by endocytosis, cat-
ionic lipids can form ion pairs with anionic phospho-
lipids within the endosomal membrane, destabilizing the
membrane by promoting bilayer transition to an
inverted micelle or hexagonal (Hj;) phase. The transfor-
mation to Hj phase is expected to trigger endosomal
escape and cytoplasmic localization of the cargo siRINA.
This has been described as the “flip-flop” mechanism of
endosomal escape. Helper lipids, including Egg PC,
cholesterol, and dioleoyl-phosphatidylethanolamine
(DOPE), are often used to improve the stability of the
LNPs or facilitate endosomal escape. Since DOPE is a
fusogenic lipid, incorporation of DOPE in LNP formu-
lations could facilate the transition from a lamellar phase
into a non-lamellar structure such as the Hyy phase.

Endosomal escape is widely considered a major rate-
limiting step (34). Several strategies have been proposed to
enhance the escape from endosome, including the controlled
lysosomal destabilization (e.g., triggered by the lysosomal pH
value or enzymes) and the incorporation of membrane-
disruptive or fusogenic moieties (e.g., the TAT peptide)
(2,34,35). Since a molecular beacon (MB) only shows fluores-
cence when it combines with the target mRNA, MB can be
used as a readout for endosomal release. In our study, the
FAM-siRNA and Cy3-MB for GAPDH were complexed with
various LNPs. The green signal of FAM-siRNA and the red
signal of Cy3-MB were able to describe the efficiency of
cellular uptake and endosomal release, respectively. Kinetics
of cellular uptake and endosomal release were examined for
DOTAP and DODMA lipids based LNPs. At 4 h post-
transfection, the FAM signal reached the maximum for
both DOTAP and DODMA, and afterwards the FAM
signal started to decrease, presumably by the biodegra-
dation of the oligonucleotide in endosome and excretion
of the fluorophore.

The confocal images (Fig. 3¢) further confirmed the relative
levels of FAM and Cy3 signals at 4 h (Fig. 3a and b).

The co-staining approaches for the endocytoic pathway
study showed that clathrin-mediated endocytosis was used
by both DODMA and DOTAP based LNPs. Although the
FAM signal of DODMA-LNP was much lower than that
of DOTAP-LNP, the Cy3 signal of DODMA-LNP was
significantly higher than that of DOTAP-LNP, which may
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represent a higher available amount of released siRNA
that can be loaded onto RISC. Therefore, the superior
RNAi activity of DODMA delivered siRNA compared
with DOTAP can be attributed to its ability to promote
endosomal release. We compared the siRNA delivery
mediated by four different cationic lipids through the
combination of FAM-siRNA and Cy3-MB (Iig. 4). The
capacities of endomal release determined by Cy3-MB
correlated well with the gene silencing observed in
Fig. 2b.

The miRNA mimics are small, chemically modified
double-stranded RINAs that mimic endogenous miRNAs.
They are usually used to elucidate the functional roles of
individual microRNAs in human, mouse, or rat (36). Due to
its structural similarity with siRNA and availability of kits for
determination of mature miRNA, a miR-122 mimic was used
as a probe to investigate the cellular pharmacokinetics of
LNPs. Upon miR-122 is internalized by cells, the guide strand
should be detected, the passenger strand was degraded and the
guide strand loaded into RISC. Therefore, the guide strand
loaded into RISC should be detected. The cellular pharma-
cokinetics evaluation data based on miR-122 correlated well
with the gene silencing efliciency obtained in Fig. 2b. Our
analysis reveals that the amount of siRNA internalized by cells
is important for efficient gene silencing.

Based on this simple and non-invasive method, which
determines the cellular uptake and endosomal release simul-
tancously, we found that the permanently ionized cationic
lipids are better for cellular uptake, while conditionally ionized
cationic lipids have better cellular endosomal release. A com-
bination of permanently ionized and conditionally ionized
cationic lipids in LNP formulations can achieve more potent
gene silencing compared to the two parent cationic LNPs

(Fig. 6).

CONCLUSIONS

Our work presents a mechanistic view on the transfection
pathway of LNPs by decoupling the steps of cellular uptake
and the endosomal release. This study provides a versatile tool
that enhances our ability to measure the two important as-
pects of cellular trafficking in a non-invasive manner. These
findings would have direct implication on the future design of
LNPs for RNAI therapeutics.
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