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iRNA delivery by stabilized
D-peptide-based lipid nanoparticles†

Tsogzolmaa Ganbold,‡ Gerile Gerile,‡ Hai Xiao‡ and Huricha Baigude*

RNA interference (RNAi) has shown great potential for clinical treatment of a variety of diseases. As an

effective post-transcriptional regulation, RNAi induces degradation of specific target mRNA, leading to

a decreased level of disease related gene product, which could be resistant to conventional small

molecule therapeutics. Because of the relatively small size of short interfering RNA (siRNA) as well as it's

robustness in the design of efficient 20–22 nucleotide sequences targeting any known gene, delivery of

siRNA in vitro and in vivo has achieved tremendous success by the design and fabrication of various

carrier materials including peptides, lipids, and polymers. While siRNA delivery efficiency of these

materials proved to be appreciable, their tissue specificity, biocompatibility and cytotoxicity still need

much improvement. We report a novel siRNA delivery material designed by optimization of our

previously reported peptidomimetic based lipoplex. The novel lipoplex, which bears a D-amino acid

based dipeptide head group, possesses an ideal balance of increased stability in a tissue environment,

and enhanced efficiency of tissue specific delivery as well as minimized cytotoxicity. The novel lipoplex

carrying siRNA efficiently targeted mouse liver, initiated RNAi and knocked down the apoB dose

dependently, which is confirmed by both RT-qPCR and Western blotting. Moreover, the novel lipoplex

does not induce any apparent cytotoxicity, as confirmed by the measurement of liver enzyme levels in

serum.
1. Introduction

RNA interference (RNAi) has shown great potential for the
clinical treatment of a variety of diseases. Since the rst proof of
RNAi activity triggered by synthetic short RNA mimicking
naturally occurring short interference RNA (siRNA) in the
cells,1–3 tremendous effort has been made to realize the clinical
potential of RNAi, especially for targeting therapeutic pathways
that have little to no application for conventional small mole-
cule based drug screening.4,5 The development of RNAi based
therapeutics has shown enormous progress, with genetic
diseases, cancer6–10 and virus infection11,12 as the major focus in
clinical trials. Although promising outcomes have been re-
ported for RNAi based clinical trials of diseases such as ATTR
amyloidosis,13,14 no siRNA drug has been approved by the FDA
so far. One of the main obstacles for the application of RNAi in
clinical trials is the lack of an efficient and safe delivery
system.15 Therefore, development of the siRNA delivery system
is one of the most urgent tasks for the clinical application of
RNAi.
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Clinically evaluated non-viral siRNA delivery systems
comprise of small molecule conjugated siRNA, as well as poly-
mers covalently or non-covalently complexed siRNA,16 and lipid
nanoparticles.17 For example, previous studies have shown that
cholesterol conjugated siRNA targeting liver apoB efficiently
accumulated in mouse liver and induced a 60% reduction.5

More recently, multivalent N-acetyl galactosamine (GalNAc)
conjugated siRNA has been reported.18–20 Combined with
enhanced stabilization chemistry on the siRNA sequence, Gal-
NAc conjugated siRNA efficiently targeted hepatocyte through
binding to asialoglycoprotein receptors (ASGPR) on the hepa-
tocytes. Although small molecule conjugated siRNA could
eliminate cellular interference of heavily loaded carrier mate-
rials, the requirement for the high dosage of siRNA may affect
the clinical feasibility, especially for cost efficiency of a heavily
modied siRNA sequence. The higher dosage of siRNAmay also
raise the possibility of increased immune responses.

Polymeric nanoparticles, either based on a naturally occur-
ring polymer such as chitosan and curdlan, or chemically
synthesized polymers, have been tested for their efficiency as
well as biocompatibility as siRNA delivery materials.16,21,22 Non-
covalent approach for polymeric siRNA delivery depends on
protonated amine groups, which could facilitate the endosomal
escape of siRNA/polymer complex through proton sponge
activity that breaks endosomal membrane through increased
compartmental pH value. Tissue targeting features could be
RSC Adv., 2017, 7, 8823–8831 | 8823
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obtained by coupling targeted ligands such as galactose,23 Gal-
NAc,24 transferrin,7 and siRNA which can also be covalently
conjugated to the polymer backbone, through cleavable bonds
such as disulde bonds. The rst conrmation of RNAi in a human
was achieved by using a polymeric nanoparticle based on cyclo-
dextrin containing a cationic polymer.7 A dynamic poly conjugate
(PDC) bearing covalently conjugated siRNA as well as hydrolysable
GalNAc ligands showed remarkable liver targeted siRNA delivery
efficiency.25 A recent study demonstrated that a pH-responsive
polymer based nanoplatform efficiently targeted a xenogra
tumor and induced RNAi activity.21 Nonetheless, uncertainty of
cytotoxicity as well as cellular clearance pathway raise concerns
about the clinical safety of cationic polymer based nanoparticles.

Lipid nanoparticles (LNP) are the most widely investigated
siRNA delivery material. In most cases, cationic lipid materials
were used for the formulation of siRNA. Various cationic lipid
molecules have been designed, formulated and tested for their
siRNA delivery efficiency. With appropriate formulation with the
fusogenic lipids and other ingredients, cationic lipids provided
LNP with much higher siRNA delivery efficiency compared to
other delivery materials. For example, stable nucleic acid lipid
particles (SNALP) containing three siRNA sequences targeting viral
genes protected rhesus macaques that were exposed to a lethal
dose of the ebola virus.26 Parisina, a LNP targeting TTR has shown
promising delivery efficiency in phase III clinical trials.13 A SNALP
containing CSN5 siRNA efficiently targeted the orthotopic xeno-
gramodel of liver cancer, remarkably inhibiting tumor growth.27

However, articial cationic head groups in the lipid
components of LNP may potentially induce adverse effects for
siRNA delivery. Therefore, cytotoxicity of LNP needs to be
thoroughly investigated for assurance in clinical applications.
On the other hand, lipid molecules containing natural amino
acids may have enhanced feasibility for a biocompatible siRNA
delivery system. Previously, we reported peptidomimetic based
lipid nanoparticles for successful siRNA delivery in vivo.28

DoGo3 lipids showed enhanced biocompatibility while exhib-
iting high potential for liver targeted siRNA delivery at higher
doses. In this study, in order to increase the siRNA delivery
efficacy of DoGo lipids, we synthesized novel D-amino acid
incorporated peptidomimetics, and evaluated their siRNA
delivery efficiency in vitro and in vivo.
2. Experimental section
Chemicals and general methods

N-(3-Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochlo-
rides (EDCI), Boc-D-Orn-OH, Boc-D-Glu-OH, Boc-D-Asp-OH and
oleylamine were purchased from Aladdin (Pudong, Shanghai,
China). Dichloromethane (DCM) was distilled aer drying over
4 Å molecular sieve. 1H NMR and 13C NMR were recorded on
a Brucker Avance III 500 NMR spectrometer. MS was recorded
on Finnigan LCQ Advantage MAX.
Synthesis of D-DoGo1

D-DoGo1 was synthesized according to the previously reported
method.28 Briey, Boc-D-Glu-OH (1.0 g, 4.0 mmol) and
8824 | RSC Adv., 2017, 7, 8823–8831
oleylamine (2.1 g, 8.1 mmol) were dissolved in DCM (10 mL).
Then EDCI reagent (1.7 g, 8.9 mmol) was added, and the
mixture was stirred for 24 h under nitrogen atmosphere at room
temperature. The solvent was removed under reduced pressure
and the resulting syrup was dissolved in dichloromethane, fol-
lowed by washing sequentially with 5% critic acid, distilled
water, saturated sodium chloride and drying over anhydrous
sodium sulfate. The product was puried by silica gel chroma-
tography using dichloromethane and methanol (15 : 1) as
eluent to give D-DoGo1 (2.3 g). Yield: 61%. 1H NMR (DMSO-d6,
ppm): 0.838–0.851 (t, 6H, –CH3), 1.235–1.550 (m, 48H, –CH2–),
1.971–1.980 (t, 4H, –NHCOCH2–, –NHCOCH2CH2–), 2.066–
2.084 (m, 8H, –CH2CH]CHCH2–), 2.982–3.058 (m, 4H, –CH2–

NH–), 3.092 (t, 1H, –OCCH(NH–)CH2–), 5.319–5.350 (m, 4H,
–CH]CH–), 7.738–7.807 (m, 4H, –CONH–, –NH2). MS (ESI) calc.
746.20; found: 769.32 (M + Na+). Anal. calcd. for C46H87N3O4: C,
74.04; H, 11.75; N, 5.63. Found: C, 73.94; H, 11.05; N, 5.99.

Synthesis of D-DoGo2

Deproteced D-DoGo1 (1.2 g, 1.9 mmol), Di-Boc-D-Orn-OSu (0.8 g,
1.9 mmol) and triethylamine (0.26 mL, 1.9 mmol) was stirred in
dichloromethane (6 mL) at room temperature for 24 h. The
resulting compound, D-DoGo2, was puried in identical method
described above. Yield: 1.5 g, 83%. 1H NMR (DMSO-d6, ppm):
0.838–0.852 (t, 6H, –CH3), 1.232–1.371 (m, 48H, –CH2–), 1.581–
1.594 (m, 2H, NH2–CH2–CH2–), 1.692–1.719 (m, 2H, NH2–C(CO)
H–CH2–), 1.786–2.062 (m, 4H, –NHCOCH2–, –NHCOCH2CH2–),
2.076–2.183 (m, 8H, –CH2CH]CHCH2–), 2.797 (t, 2H, NH2–

CH2–), 2.994–3.133 (m, 4H, NHCOCH2–), 3.849 (m, 1H,
–NHCOC(NH2)H–), 4.202–4.257 (m, 1H, OCCH(NH–)CH2–),
5.319–5.350 (m, 4H, –CH]CH–), 7.795–8.596 (m, 7H, –CONH–,
–NH2). MS (ESI) calc. 959.80; found: 960.87 (M + H+). Anal.
calcd. for C56H105N5O7: C, 70.03; H, 11.02; N, 7.29. Found: C,
70.83; H, 10.92; N, 7.09.

Synthesis of D-DoAo1

D-DoAo1 was synthesized according to the previously reported
method. Briey, a mixture of Boc-D-Asp-OH (1.0 g, 4.3 mmol)
and oleylamine (2.3 g, 8.6 mmol) was stirred in DCM (10 mL)
under nitrogen atmosphere. Then EDCI reagent (1.6 g, 8.6
mmol) was added, and the mixture was stirred at room
temperature for 24 h. The solvent was removed and the result-
ing syrup was dissolved in dichloromethane, followed by
washing sequentially with 5% critic acid, distilled water, satu-
rated sodium chloride and drying over anhydrous sodium
sulfate. The product was puried by silica gel chromatography
using dichloromethane and methanol (15 : 1) as eluent to give
D-DoAo1 (1.9 g). Yield: 61%. 1H NMR (DMSO-d6, ppm): 0.852–
0.865 (t, 6H, –CH3), 1.290–1.368 (m, 44H, –CH2–), 1.938–1.995
(m, 8H, –CH2CH]CHCH2–), 2.141–2.187 (m, 2H, –CH2CH2-
CH]CHCH2–), 2.338–2.376 (m, 2H, –CH2CH2CH]CHCH2–),
2.978–3.055 (m, 6H, NH2–C(CO)H–CH2–, –NHCOCH2–), 3.410–
3.489 (t, 1H, –OCCH(NH2)CH2–), 5.290–5.353 (m, 4H, –CH]

CH–), 7.807–7.856 (m, 4H, –CONH–, –NH2). MS (ESI): calc.:
731.65; found: 754.75 (M + Na+). Anal. calcd. for C45H85N3O4: C,
73.82; H, 11.70; N, 5.74. Found: C, 72.80; H, 11.45; N, 5.24.
This journal is © The Royal Society of Chemistry 2017
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Synthesis of D-DoAo2

D-DoAo1 (1.9 g, 2.9 mmol), Di-Boc-D-Orn-OSu (1.2 g, 2.9 mmol)
and triethylamine (0.4 g, 2.9 mmol) was stirred in dichloro-
methane (6 mL) at room temperature for 24 h. The resulting
compound, D-DoAo2, was puried in identical method
described above. Yield: 2.4 g, 84%. 1H NMR (DMSO-d6, ppm):
0.876–0.890 (t, 6H, –CH3), 1.087–1.486 (m, 44H, –CH2–), 1.582–
1.627 (m, 6H, H2NCH2CH2–, –OCNHCH2CH2–), 1.693–1.740 (m,
2H, H2NCH2CH2CH2–), 1.938–1.994 (m, 8H, –CH2CH]CHCH2–

), 2.425–2.474 (t, 4H, NH2–CH2–, –OC(NH)CHCH2–), 2.790–
2.802 (m, 2H, –CH2CONHCH2–), 2.899–2.956 (m, 2H,
–OCNHCH2–), 3.068 (m, 1H, –NHCOC(NH2)H–), 4.572–4.586
(m, 1H, OCCH(NH–)CH2–), 5.311–5.359 (m, 4H, –CH]CH–),
7.861–8.622 (m, 7H, –CONH–, –NH2). MS (ESI): calc.: 945.79;
found: 946.78 (M + H+). Anal. calcd. for C55H103N5O7: C, 69.80;
H, 10.97; N, 7.40. Found: C, 69.89; H, 11.12; N, 7.66.
Design of apoB siRNA

SiRNA (targeting mouse apoB) was custom synthesized by
Takara Biotechnology Co. Ltd. (Dalian, Liaoning, China)
according to the previous reports.29 The sequences are: apoB
sense strand: 50-GUCAUCACACUGAAUACCAAU-30, apoB anti-
sense strand: 50-AUUGGUAUUCAGUGUGAUGACAC-30. For bio-
distribution study, a 30-biotin conjugated antisense strand was
custom synthesized by the same company. The sequence is: 50-
AUUGGUAUUCAGUGUGAUGACAC-biotin-30.
Enzyme stability test

SiRNA (1 mL, 50 mM) and D- or L-DoAo2 (3 mL, 2 mg mL�1) were
mixed at a N/P ratio of 3. Trypsin (6 mL, 5% solution) was added
and the mixture was incubated at 37 �C for 2 h. The resulting
complexes were subjected to agarose gel (1%) electrophoresis
analysis.
Cell culture, cytotoxicity measurement and in vitro siRNA
transfection

Human cancer cell lines (HepG2, HeLa, A549, ATCC, Manassas,
VA, USA) were maintained at 37 �C (with 5% CO2) in DMEM
supplemented (10% fetal bovine serum), 100 mg mL�1 strepto-
mycin and 100 UmL�1 penicillin. For cytotoxicity assay, cells were
plated onto 96-well plates at 5000 cells per well in 100 mL of culture
medium. Twenty-four hours aer plating, lipoplex stock solutions
were added to the cells in triplicate and incubated as described
above. Aer a 24 h of incubation, cell viability was assayed using
theMTT test. For in vitro transfection experiment, siGenome Non-
Targeting siRNA Control, siGenome Human GAPDH siRNA
(Dharmacon, Lafayette, CO, USA) were used. Cells (2.5� 105 cells
per well) were seeded into 12-well plates at the day before trans-
fection. Cells were transfected with 0.5 mL per well of siRNA (25
nM) complexed to D-DoAo2 for 24 h. To determinemRNA levels in
cell culture aer siRNA treatment, total RNA was extracted with
TRIZOL (Invitrogen, Carlsbad, CA, USA). The expression of mRNA
was measured using iScriptTM Reverse Transcription Supermix
for RT-qPCR and iTaqTM Universal SYBR Green Supermix (Bio-
Rad, Hercules, CA, USA) for quantitative PCR. The sequences of
This journal is © The Royal Society of Chemistry 2017
primers used for RT-qPCR were as following: human b-actin,
forward: 50-ccaaccgcgagaagatga-30, reverse: 50-ccagaggcgtacaggga-
tag-30, human GAPDH, forward: 50-agccacatcgctcagacac-30,
reverse: 50-gcccaatacgaccaaatcc-30.

Preparation and characterization of D-DoAo2 lipoplex

Stock solutions of D-DoAo2, cholesterol andmPEG-OLA (Nanocs
Inc., New York, NY, USA) were prepared in chloroform and
mixed in 39%, 60% and 1% respectively. The dry lm was then
hydrated by adding 278 mM sucrose, followed by extruding
through a membrane with 100 nm pore size for 20 times by
using Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster,
Alabama, USA). The resulting lipoplex stock solution had total
lipid concentration of 4.34 mg mL�1. The size distribution of D-
DoAo2 lipoplex was measured on Malvern Zetasizer Nano S
instrument. Zeta potential was measured on Malvern ZEN 1690
instrument. To generate siRNA–D-DoAo2 complex, the obtained
lipoplex solution (200 mL) was mixed with an equal volume of
a solution of siRNA in 278 mM sterile sucrose. Aer incubating
at room temperature for 15 min, the siRNA–lipoplex formula-
tions were administered intravenously through tail vein injec-
tion at the indicated doses.

Organ distribution of siRNA/D-DoAo2 lipoplex

C57BL/6 mice (Vital River Laboratories, Beijing, China) were
housed in plastic cages under controlled conditions and main-
tained according to the Guide for the Care Use of Laboratory
Animals established by Inner Mongolia University (IMU, Hohhot,
China). All animal experiments were performed in compliance
with Institutional Guidelines for the Care and Use of Laboratory
Animals established by InnerMongolia University (Hohhot, Inner
Mongolia Autonomous Region, China) aer approval from Inner
Mongolia University Animal Care and Use Committee.

A six-week-old male C57BL/6 mouse was injected via tail vein
with DdoAo2 lipoplex complexed with a 30-biotin labeled siRNA.
12 h aer the injection, total RNAs from liver, heart, lung,
spleen, kidney, muscle, and brain were extracted. 300 ng of total
RNAs were run on 14% denaturing gel, and the RNAs were
transferred to a membrane, which was subsequently detected
for biotin using Biotin Chromogenic Detection Kit (Thermo
scientic, MA, USA) following the manufacturer's instruction.

In vivo siRNA delivery by D-DoAo2 lipoplex

Eight-week-old male C57BL/6 mice were maintained under
a 12 h dark cycle. Mice were injected via the lateral tail vein with
sucrose or D-DoAo2 complexes of apoB siRNA or its mm siRNA.
Dosage either of 2.0 mg kg�1 or 4.0 mg kg�1 siRNA was delivered
in a nal volume of 0.15 mL. For analysis of target mRNA level,
liver was dissected immediately aer sacrice of the mice and
homogenized in a mortar. The total RNA was prepared with
Trizol reagent and used for quantitative RT-PCR.

Measurement of apoB mRNA and protein level

To determine apoB mRNA level in liver tissue aer siRNA
treatment, tissue samples were collected from three regions of
RSC Adv., 2017, 7, 8823–8831 | 8825
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the liver. Total RNA was extracted with Trizol and treated with
DNase I before quantication. apoB mRNA levels were deter-
mined by qPCR. Mouse apoB primers were: forward, 50-
ttccagccatgggcaactttacct-30; reverse, 50-tactgcagggcgtcagtga-
caaat-30. Mouse b-actin primers were: forward, 50-ctaaggc-
caaccgtgaaaag-30, reverse, 50-accagaggcatacagggaca-30. The mice
plasma was used for analysis of apoB protein level. Anti-
apolipoprotein B antibody and anti-bronectin antibody
(Abcam, Cambridge, MA, USA) were used for analysis of serum
apoB protein levels by Western blot. Liver enzyme levels (AST/
ALT) were analyzed using an ELISA kit (R&D systems, Minne-
apolis, MN, USA).
3. Results and discussion
Synthesis of lipid conjugated D-dipeptides

We synthesized 2 lipid conjugated dipeptides using D-aspartic
acid and D-glutamic acid as well as D-ornithine coupled to
oleylamine, respectively (Scheme 1). The rationales for such
design are (1) to simplify the chemical process for lipid
synthesis, and (2) to enhance in vivo siRNA delivery efficacy by
stabilizing the head group of amphipathic lipids. The resulting
lipids are denoted as D-DoAo2 and D-DoGo2. The goal of such
design is to investigate the bio-stability, biocompatibility as well
as siRNA delivery efficiency of D-peptide containing lipids aer
further formulation. The synthesis applied conventional liquid
phase peptide coupling method, using EDCI as coupling
reagent, which facilitated smooth reaction and gave appreciable
yields for all 4 reactions (Tables 1 and 2). D-Amino acids showed
equal reactivity as L-amino acids. Thus, lipid functionalized
dipeptides bearing free alpha amine and free delta amine were
successfully synthesized. Both D-DoAo2 and D-DoGo2 showed
excellent solubility in aqueous medium, facilitating further
formulation.
Scheme 1 Synthesis of D-DoAo2 and D-DoGo2.

8826 | RSC Adv., 2017, 7, 8823–8831
SiRNA binding efficiency and enzyme resistance assay

Electrostatic interaction between the carrier and the nucleic acid
therapeutic is one of the pre-requirements for non-viral cationic
molecule-based nucleic acid delivery systems. As demonstrated
in our previous study, lipid conjugated short peptidomimetics
can efficiently bind and encapsulate short nucleic acids such as
siRNA. To test whether or not di-oleyl functionalized D-dipeptides
electrostatically interact and bind with siRNA, we complexed L-
and D-DoGo2 with siRNA at different amine (N) to phosphate (P)
ratio and performed electrophoresis analysis. All lipids (D-DoGo2
and D-DoAo2) readily bind to siRNA at N/P ratio above 2 (Fig. 1A).
D-Peptides are well known for their remarkable stability in bio-
environment such as serum and extracellular matrix, which is
a preferable characteristic for drug delivery agents, especially for
the systemic drug delivery systems. Therefore, incorporation of D-
amino acids in lipid conjugated dipeptides may strengthen their
stability by enhancing their resistance to enzymatic hydrolysis in
the biosystem. To test this, we complexed siRNA with L- and D-
DoAo2, respectively, and examined their stability by incubation
with trypsin at 37 �C, followed by an electrophoresis mobility
shi analysis. At N/P ratios above 2 which gave complete binding
and retardation of siRNA mobility, D-DoAo2 complexed siRNA
showed apparently less electrophoresis mobility, while L-DoAo2
complexed siRNA appeared as bright band, indicating that D-
DoAo2 ismore resistant to enzymatic hydrolysis by trypsin, hence
it may bear higher stability in bio-environment (Fig. 1B). D-DoGo2
also showed similar protease resistance (data not shown). Based
on these results, we focused on in vitro and in vivo evaluation of D-
DoAo2 in the following studies.
Cell penetrating and in vitro siRNA delivery

Next we investigated the cell penetrating ability of D-DoAo2
based lipoplexes by complexing them with an FITC-labeled
This journal is © The Royal Society of Chemistry 2017
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Table 1 Synthesis of lipid conjugated D-amino acids

Lipids
Boc-D-Asp-OH g
(mmol)

Boc-D-Glu-OH g
(mmol)

Oleylamine g
(mmol)

EDC g
(mmol)

Yield g
(%)

D-DoAo1 1.0 (4.3) — 2.3 (8.6) 1.6 (8.6) 1.9 (61%)
D-DoGo1 — 1.0 (4.0) 2.1 (8.1) 1.7 (8.9) 2.3 (79%)

Table 2 Synthesis of lipid conjugated D-dipeptides

Lipids
D-DoAo1 g
(mmol)

D-DoGo1 g
(mmol)

Boc-D-Orn(Boc)-OSu g
(mmol)

TEA g
(mmol)

Yield g
(%)

D-DoAo2 1.9 (2.9) — 1.2 (2.9) 0.4 (2.9) 2.4 (84%)
D-DoGo2 — 1.2 (1.9) 0.8 (1.9) 0.26 (1.9) 1.5 (83%)

Fig. 2 Transfection efficiency of D-DoAo2 and L-DoAo2. HepG2 cells
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siRNA, respectively. To do this, we treated HepG2 cells with either
FITC-siRNA only or FITC-siRNA/D-DoAo2 complexes for 4 hours.
Confocal images of HepG2 cells treated with D-DoAo2 based lip-
oplex carrying FITC-siRNA showed intense uorescence signal
scattered in the cytosol, while L-DoAo2 based lipoplex treated cells
showed less uorescence signal aggregated in cytosol, indicating
that D-DoAo2 based lipoplex delivered siRNA into cells in high
efficiency (Fig. 2). This is consistent with the observation that D-
DoAo2 binds with siRNA more efficiently than L-DoAo2 does
(Fig. 1A), which may contribute to the enhanced intracellular
delivery of siRNA. D-DoAo2 based lipoplex not only delivered
siRNA into the cells, but also induced efficient RNAi activity, as
conrmed by a subsequent RT-qPCR measurement on the
endogenous target gene GAPDH in HepG2 cells, which exhibited
90% knock down of GAPDH mRNA, while showing no apparent
cytotoxicity (Fig. 3).
were transfected with FITC-siRNA complexed to D-DoAo2 and L-
DoAo2. After 24 h, localization of siRNA was observed by confocal
microscopy. Overlay images of FITC-siRNA and nuclear DNA (40,6-
diamidino-2-phenylindole [DAPI]) are shown. Green, FITC-siRNA;
blue, DAPI stained nucleus.
Formulation and characterization of D-DoAo2 lipoplex

Since the physicochemical properties are important parameters
for in vivo application of lipoplex, especially for the lipoplex as
Fig. 1 D-DoAo2 binds to siRNA more efficiently and resists protease hydrolysis. (A) Electrophoretic mobility shift assay. D-DoAo2 and L-DoAo2
were complexed with siRNA at the indicated N/P (amine : phosphate) ratio for 20 minutes, respectively, and the siRNA binding ability was
compared by running the complexes on agarose gel; lanes: 0, N/P 0, i.e. siRNA only; 1, N/P ratio 1; 2, N/P ratio 2; 3, N/P ratio 3. (B) Enzyme stability
of siRNA/DoAo2 complexes. D-DoAo2 and L-DoAo2 were complexed with siRNA at the N/P (amine : phosphate) ratio of 3 and subsequently
incubated with 0.5% trypsin for 2 h at 37 �C before subjected to electrophoresis analysis. Lane 1, siRNA only; lane 2, siRNA/D-DoGo2 complex;
lane 3, siRNA/D-DoGo2/trypsin; lane 4, siRNA only; lane 5, siRNA/L-DoGo2 complex; lane 6, siRNA/D-DoGo2/trypsin; (C) Serum stability of
siRNA/DoAo2 complexes. D-DoAo2 and L-DoAo2 were complexed with siRNA at the N/P (amine : phosphate) ratio of 3 and subsequently
incubatedwith 10% serum for 2 h at 37 �C before subjected to electrophoresis analysis. Lane 1, siRNA only; lane 2, siRNA/D-DoGo2 complex; lane
3, siRNA/D-DoGo2/serum; lane 4, siRNA only; lane 5, siRNA/L-DoGo2 complex; lane 6, siRNA/D-DoGo2/serum.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 8823–8831 | 8827
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Fig. 3 (A) D-DoAo2 efficiently delivers siRNAHepG2 cells. Cells were treatedwith nontargeting siRNA (siCtrl) complexed to D-DoAo2 or targeting
siRNA (GAPDH) complexed to D-DoAo2. mRNA levels are expressed as percent of control (no transfection). Each value represents the mean �
standard deviation (SD) of duplicate cultures from three representative experiments. L2K, lipofectamine 2000. (B) HepG2 cells remain viable 24 h
after treatment with D-DoAo2. Cells were treated with increasing concentration of D-DoAo2 (0.5–10 mM). Cell toxicity levels are expressed as
percent of control (nontreated). Each value represents the mean � SD of duplicate cultures from two representative experiments.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 3

:2
3:

37
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
carriers for siRNA, we next performed formulation of the D-
DoAo2 based lipoplex by incorporating cholesterol and PEGy-
lated lipids (mPEG-OLA) at different ratios, followed by the
measurement of particle size and zeta potential. Particle size of
the lipoplexes measured by DLS showed little difference
between particles containing 60%, 49.5% and 39% cholesterol,
with about 150 nm being the average size (Fig. 4A). Addition of
siRNA increased particle size by about 50 nm. However, zeta
potential of three different formulations showed signicantly
different values: incorporation of 60% cholesterol in the lip-
oplex showed +57 mV; complexing of siRNA with the lipoplex
decreased the zeta potential to +45mV, which is the lowest in all
three formulations hence represents a more closely bound
Fig. 4 Characterization of D-DOAo2 nanoparticles. (A) Measurement
measurement of zeta potentials of the D-DoAo2 lipoplexes formulated
observation of D-DOAo2 lipoplexes.

8828 | RSC Adv., 2017, 7, 8823–8831
nanoparticle with an increased stability (Fig. 4B).30 Based on
these observations, we further investigated the in vivo siRNA
delivery efficiency of the lipoplex formulated with 60% choles-
terol, 39% D-DoAo2 and 1% mPEG-OLA.
Tissue distribution of D-DoAo2 lipoplex

Since the D-DoAo2 based lipoplex formulation has a particle size
of a preferable for sustained blood circulation and organ
uptake, we next investigated the biodistribution of D-DoAo2/
siRNA lipoplex. To do this, we labeled a siRNA by conjugating
biotin at the 30 end of the antisense strand of apoB siRNA. Since
siRNA conjugated biotin can be detected on the membrane, we
analyzed total RNA from different organs of mouse
of particle sizes of D-DoAo2 with or without siRNA complex; (B)
with 60%, 49.5% and 39% cholesterol, respectively; (C) and (D) TEM

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Organ distribution of D-DoAo2 complexed biotin-labeled
siRNA in C57/BL6 mouse. Mouse was i.v. injected with apoB siRNA-
biotin complexed to D-DoAo2 lipoplex. Twelve hours after adminis-
tration, total RNA from different organs was extracted and siRNA was
separated by using 14% denaturing polyacrylamide gel electropho-
resis. The biotin-labeled siRNA was detected using a Biotin Chromo-
genic Detection Kit (Thermo Scientific, Waltham, MA, USA). Biotin-
labeled duplex siRNA was separately loaded as a maker (rightmost
lane).
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systematically administered biotin-siRNA/D-DoAo2 lipoplex 12 h
aer the intravenous (i.v.) injection. Although biotin molecule
exists in the cells, there are no reports of naturally occurring
biotin containing small RNAs. Furthermore, a positive control
siRNA coupled with biotin clearly indicated the existence of
antisense strand of injected siRNA in the organs, including
liver, heart, lung and spleen (Fig. 5).
In vivo siRNA delivery of D-DoAo2 lipoplex

Since D-DoAo2 lipoplex can efficiently target mouse liver, we next
examined whether or not it can penetrate the tissue, deliver the
siRNA to hepatocytes and induce in vivo RNAi. To do this, we
complexed an unmodied siRNA targetingmouse liver apoB with
D-DoAo2 lipoplex, and administered the complex to mice through
i.v. injection. Aer 24 h, mice were sacriced, liver total RNA was
extracted, and the level of apoB mRNA in the control group and
test group was analyzed by RT-qPCR. At a siRNA dose of 2.0 mg
kg�1, apoB mRNA level in the D-DoAo2/siRNA treated group
decreased by 60% compared to the control group, indicating that
D-DoAo2 lipoplex complexed apoB siRNA entered the hepatocytes
Fig. 6 D-DoAo2 lipoplex efficiently delivers siRNA and silenced apoB exp
after mice were injected with 4 mg kg�1 of unmodified siRNA complex
perfect match apoB siRNA. (B) Western blot analysis shows that serum lev
after administration of apoB siRNA/D-DoAo2 lipoplex complex at a dose
three liver regions (three or four animals). Data are expressed as percent
Liver enzyme levels did not change after injection of 4 mg kg�1 apoB siRN
tissue samples from three liver regions (three or four animals). Data are e
PM, perfect match apoB siRNA.

This journal is © The Royal Society of Chemistry 2017
and induced RNAi in vivo (Fig. 6A). At an increased dose of 4.0 mg
kg�1 siRNA, 90% knock down of target apoB mRNA was achieved
by a single i.v. injection. Moreover, a three consecutive admin-
istration of D-DoAo2/siRNA lipoplex at a dose of 4.0 mg kg�1

induced signicant decrease of serum apoB protein level
(Fig. 6B). Remarkably, D-DoAo2 carried unmodied siRNA and
triggered RNAi in the target tissue at a clinically feasible dose.
Moreover, the administration of D-DoAo2 lipoplex in themice did
not elevate serum level of liver enzyme (ALT, AST), indicating that
D-DoAo2 lipoplex do not have apparent liver toxicity (Fig. 6C).
4. Conclusions

Lipid functionalized dipeptides containing D-amino acids have
been successfully synthesized. Digestion by trypsin as well as
subsequent electrophoresis analysis revealed that D-DoAo2 has
excellent resistance to enzymic hydrolysis, which may
contribute to enhanced stability and better siRNA protection
during in vivo systemic delivery. Increased enzyme resistance of
D-DoAo2 did not induce elevated cytotoxicity, as demonstrated
by MTT assay on HepG2 cells. D-DoAo2 showed efficient siRNA
delivery to HepG2 cells only, as conrmed by uorescence
microscopic analysis. D-DoAo2 lipoplex delivered siRNA to
HepG2 cells and efficiently knocked down endogenous GAPDH
gene. Formulation of D-DoAo2 with cholesterol resulted in lip-
oplexes with approximate diameters of 150 nm to 200 nm,
which efficiently delivered unmodied siRNA to mouse liver,
lung and spleen. In liver, apoB gene expression was dose
dependently silenced by siapoB delivered by D-DoAo2 lipoplex.
The novel D-amino acids containing lipoplex carrying siRNA
achieved superior RNAi in vivo at a lower dose (4.0 mg kg�1)
compared to the previously reported DoGo3 lipid.28 Our results
collectively demonstrated that D-DoAo2 lipoplex has enhanced
siRNA delivery efficacy, which is a promising in vivo siRNA
delivery agent for systemic siRNA.
ression in livers of mice. (A) apoB mRNA level was reduced by 90% 24 h
ed to D-DoAo2 lipoplex. NT, non-treated, MM, mismatch siRNA, PM,
els of both apoB 100 and apoB 48 proteins were significantly decreased
of 4 mg kg�1. Values represent the mean � SD of tissue samples from
of control. NT, nontreated control; PM, perfect match apoB siRNA. (C)
A complexed to D-DoAo2 lipoplex. Values represent the mean� SD of
xpressed as percent of control. NT, non-treated, MM, mismatch siRNA,
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