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The roles of microRNAs (miRNAs) in the regulation of metastasis have been widely recognized in the recent
years. Mir-10b antagomir (antagomir-10b) was shown to impede metastasis through the down-regulation of
mir-10b; however, it could not stunt the growth of primary tumors. In this study we showed that the co-
delivery of antagomir-10b with paclitaxel (PTX) by a novel liposomal delivery system modified with an anti-
microbial peptide [D]-H6L9 (D-Lip) could significantly both hinder the migration of 4 T1 cells and induce evident
cellular apoptosis and cell death in themeantime. The histidines in the sequence of [D]-H6L9 allowed the peptide
to get protonated under pH 5.0 (mimicking the lysosome/endosome environment), and strong membrane lytic
effect could thus be activated, leading to the escape of liposomes from the lysosomes and the decrease of of mir-
10b expression. The in vivo and ex vivo fluorescence imaging showed that D-Lip could reach 4 T1 tumors effica-
ciously. Incorporation of PTX did not influence the antagomir-10b delivery effect of D-Lip; for the in vivo tumor
inhibition assay, comparedwith all the other groups, the combination of antagomir-10b and PTX delivered by D-
Lip could prominently delay the growth of 4 T1 tumors and reduce the lungmetastases at the same time, and the
expression of Hoxd10 in tumors was also significantly up-regulated. Taken together, these results demonstrated
that D-Lip could act as a sufficient tool in co-delivering antagomir-10b and PTX.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are a class of non-coding RNAs operating
mainly on post-transcriptional gene silencing, and are responsible for
the modulation of cell growth, proliferation, differentiation, motility
and apoptosis [1]. Therefore, miRNAs received substantive attention
and have been broadly investigated as a novel class of RNA therapeutics
for cancer [2–4]. Metastasis of cancer has been considered as a major
process in cancer progression, and several miRNAs have been identified
to be involved in the metastatic progression process [5,6]. MicroRNA-
10b (mir-10b), as discovered byMa et al. [7], could initiate the tumor in-
vasion and metastasis in breast cancer. Mir-10b was up-regulated in
metastatic breast cancer cells rather than non-metastatic cells [7], and
inhibition of Mir-10b could result in decreased incidence of metastases
of tumor cells [8].

For the inhibition of corresponding miRNAs, antagomirs (also
known as anti-miRs) have emerged as a kind of single-stranded RNA
analogues with chemical modification and cholesterol conjugation to
guarantee their stability [9], and functioned by hybridizing and
repressing the activity of a mature miRNA [10]. Ma et al. have silenced
Mir-10b with antagomir-10b in a murine breast cancer metastatic can-
cer, and found that metastases of tumors could be significantly reduced
[11]. However, high dose of antagomir-10b (as much as 50 mg/kg) was
required for a sufficient inhibition over tumormetastasis [11]. Although
the toxicity was minimal according to the researcher, due to the nature
of antagomirs, extensive distribution of free antagomir-10b in vivo
could still cause slight abnormity on liver and spleen size and levels of
several serum proteins and metabolites [11]. And also, as antagomir-
10b was reported to show little influence on tumor cell growth and vi-
ability [8,11], how to impede the growth of primary tumor seemed to be
a tricky problem. In this sense, drug delivery systems loaded with both
metastasis-inhibitor antagomir-10b and another cytotoxic reagent that
could lead to increased accumulation in tumor and reduced accumula-
tion in non-targeted organs were highly desirable. Liposome-based
drug delivery system has earned notable renown over the past years
[12]. Due to the excellent delivery capacities of liposomes, the co-
delivery of genes as well as cytotoxic reagents (such as doxorubicin
and paclitaxel) by liposomal delivery system has been adopted to
achieve combined or synergistic effect [13–15]. Thus it was envisaged
that the co-delivery of antagomir-10bwould be feasiblewhenmediated
by liposomes.

Successful cytoplasmic delivery of genes (endosome/lysosome es-
cape) after the internalization of vectors ensured the efficiency of gene
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delivery, as the pH could drop to 5.5–6.0 in endosomes and 4.5–5.0 in
lysosomes [16], leading to degradation of genes and resulting in low
transfection efficacy. Many researchers have concentrated on this phe-
nomenon, and have “turned waste into wealth”, which means utilizing
the acidification of endosome and lysosome environment to fabricate
pH-responsive gene carriers [17–19]. Histidine, with a pKa around 6.5
[20], came to people's attention as it could remain slightly negatively
charged under physiological condition and protonate into positive
charge in acidic environment, and histidine-rich cell penetrating pep-
tides and drug delivery system mediated by them have been explored
accordingly [21–24]. Other than cell penetrating peptides, antimicrobial
peptides (AMPs, also known as host defense peptides) containing histi-
dines have also come into view for tumor delivery [25–27]. These pep-
tides were designed by replacing the lysines in the peptide sequence
into histidine, thus neutralizing their charge under pH 7.4, and hopeful-
ly their activity could only be set off in environment with lowered pH.
Most of the cases, these peptides were directly applied to tumor cells
for cell lysis and tumor inhibition [25–27], showing high membrane-
lytic activity under acidified environment. Antimicrobial peptides
have also been used to deliver different cargoes for cancer treatment
[28]. However, very few of them have been discussed as the possible
candidates of mediating drug delivery vehicles. We made a bold as-
sumption that drug delivery system modified with histidine-rich anti-
microbial peptides could yield considerable transfection efficiency. In
this work, we utilized peptide [D]-H6L9, a pH-dependent antimicrobial
peptide reported by Makovitzki et al. [27], and tethered it onto the
Fig. 1. Schematic illustration of the intracellular fate of D-Lip co-delivering antagomir-10b and P
tential of antagomir-10b and PTX co-loaded D-Lip increased due to the histidines in the peptid
someswas also activatedunder the acidified compartment, triggering strongmembrane-destab
and impair the cellular invasion capacity as well as mediate strong cellular apoptosis and cell d
surface of liposomes (Fig. 1). Liposome was consequently loaded with
antagomir-10b (metastasis inhibitor) and paclitaxel (PTX, cytotoxic re-
agent) for the treatment ofmurinemetastaticmammary tumormodels.

2. Materials and methods

2.1. Materials

[D]-H6L9 peptide with a terminal cysteine (LHLLHHLLHHLLHLL-Cys,
the underlined letters were D-amino acids) was synthesized according
to the standard solid phase peptide synthesis by ChinaPeptides Co.
Ltd. (Shanghai, China). Antagomir-10b and Cy5-labeled antagomir-
10b were ordered from RiboBio (Guangzhou,China) as ready-made
products, and the sequence of antagomir-10b was complementary to
the mature mmu-mir-10b-5p, which was as following: 5′-CACAAAUU
CGGUUCUACAGGGUA-Chol-3′, in which all the nucleotides were all
2′-O-Me-modified. Cholesterol was linked onto the 3′ end, and phos-
phorothioate linkage modification was performed on both the 5′ end
and 3′ end. Bulge-loop ™ miRNA qRT-PCR primer sets for Mir-10b and
U6 small nuclear RNA were purchased from RiboBio (Guangzhou,
China). FITC-conjugated Hoxd10 antibody was purchased from Biorbyt
Ltd. (Cambridge, UK). Soybean phosphatidylcholine (SPC) was pur-
chased from Shanghai Taiwei Chemical Company. DSPE-PEG2000 and
DSPE-PEG2000-Mal were purchased from Avanti Polar Lipids (Alabaster,
AL, USA).1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) was
obtained from Shanghai Advanced Vehicle Technology (AVT) L.T.D.
TX. Upon internalization into the cells and got integrated into the lysosomes, the zeta po-
e sequence of [D]-H6L9, and the membrane-lytic activity of [D]-H6L9 modified on the lipo-
ilization effect. Antagomir-10b andpaclitaxel could be successfully released into the cytosol
eath.
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Company (Shanghai, China). Amiloride, chlorpromazine and genistein
were obtained from Sigma-aldrich ((St. Louis, MO, USA). 40, 6-
diamidino-2-pheylindole (DAPI) and Triton X-100 were purchased
from Beyotime Institute Biotechnology (Haimen, China). Lipofectamine
2000 was obtained from Life Technologies (Carlsbad, CA, USA). Lyso-
tracker™ green was purchased from Invitrogen (Carlsbad, CA, USA). 1,
10- Dioctadecyl- 3, 3, 3, 3 – tetramethyl indotricarbocyanine iodide
(DiR) was purchased from Biotium (Hayward, CA, USA). Plastic cell cul-
ture dishes and plates were purchased from Wuxi NEST Biotechnology
Co. (Wuxi, China).Other chemicals and reagents were of analytical
grade.

2.2. Cell lines and tumor models

4 T1 cells (murine breast cancer cells) were cultured in RPMI-1640
medium (GIBCO) supplemented with 10% FBS at 37 °C in a humidified
5% CO2 atmosphere.

BALB/c mice were purchased from experiment animal center of Si-
chuan University (P.R. China). All animal experiments were performed
in accordance with the principles of care and use of laboratory animals
and were approved by the experimental animal administrative commit-
tee of SichuanUniversity. For the establishment of tumormodels, 1 × 106

4 T1 cells were orthotopically implanted into themammary fat pad of 8-
week old female BALB/c mice. Primary tumor growth was calculated
from caliper measurements with the following formula, (L × W2)/2
(L, length; W, width) [29].

2.3. Synthesis of DSPE-PEG2000-[D]-H6L9

DSPE-PEG2000-Mal (1 eq) was dissolved in chloroform, and then
Cys-[D]-H6L9 (1.2 eq) dissolved in methanol was added into the DSPE-
PEG2000-Mal solution. The above mixed solution was allowed to react
in the presence of nitrogen for about 48 h in darkness under room tem-
perature. After thin layer chromatography confirmed the disappearance
of DSPE-PEG2000-Mal, the organic solvent was filtered and the filtrate
was evaporated by rotary evaporation. The residue was redissolved by
chloroform and filtered again for purification. The supernatant was
evaporated by rotary evaporation and stored under -20 °C until used.

2.4. Preparation and characterization of liposomes

Liposomes were prepared by the thin film hydration method. SPC,
DOTAP, DSPE-PEG2000 and DSPE-PEG2000-[D]-H6L9 (molar ratio = 45:
45: 2: 8) were dissolved in the mixture of chloroform and methanol
(v/v = 4:1). Then the organic solvent was removed by rotary evapora-
tion, and the filmwas further dried and stored in vacuumovernight. The
thin film was hydrated in DEPC-treated water under 37 °C for 30 min.
Then it was further intermittently sonicated by a probe sonicator at
80 W for 100 s to form the [D]-H6L9 modified cationic liposome (D-
Lip). PEGylated cationic liposome (PEG-Lip) was prepared with SPC,
DOTAP and DSPE-PEG2000 (molar ratio = 45: 45: 10). PTX-loaded lipo-
someswere prepared with PTX added to the lipid organic solution prior
to the solvent evaporation. The entrapment efficiency (EE%) of PTX was
determined by HPLC. The EE% of antagomir-10b was determined after
loading liposomeswithCy5-labeled antagomir-10b. Liposomeswere pi-
petted into ultra-filtration tubes (30 K, Pall Corporation, Michigan,
USA), and centrifuged at 4000 rpm for 30 min. Liposomes and filtered
solution were both lysed with 1% triton X-100 and measured by a mi-
croplate reader (Thermo Scientific Varioskan Flash) with an excitation
wavelength of 570 nm and emission wavelength of 630 nm. Lipofecta-
mine incubated with antagomir-10b (Lipofectamine/Antagomir-10b)
was prepared by incubating Lipofectamine 2000 with antagomir-10b
for 15min under room temperature andwas considered as the positive
control in some in vitro assays. Appropriate amount of DiR were also
added to the solution before the solvent evaporation to prepare DiR-
loaded liposomes.
Liposomes were all sterilized by passing through 0.22 μm sterile fil-
ter. For the liposomes loaded with antagomir-10b, 0.5 mL liposomes
(containing 2 μmol lipids) was incubated with 6 nmol antagomir-10b
or Cy5-labeled antagomir-10b in darkness under room temperature
for 30 min. This loading procedure was performed immediately before
use.

The morphology of D-Lip was observed under transmission elec-
tronic microscope (TEM) (JEM 100CX, JEOL, Japan). The hydrodynamic
diameters and zeta potentials of the D-Lip and PEG-Lip were measured
by Malvern Zetasizer Nano ZS90 instrument (Malvern instruments Ltd.
U. K.).

2.5. Turbidity variation in serum

Turbidity variations of liposomes incubated with fetal bovine serum
(FBS) were monitored. Briefly, liposomes were mixed with equal vol-
ume of FBS under 37 °Cwith gentle shaking. At each pre-set timepoints,
200 μl of the sample was pipetted out and onto a 96-well plate to
measure the transmittance at 750 nm by a microplate reader (Thermo
Scientific Varioskan Flash).

2.6. Hemolysis assay

For the hemolysis study, fresh rat bloodwas collected, and red blood
cells (RBCs) were obtained after centrifugation and washed with PBS.
The RBC suspension (2%, v/v)wasmixedwith liposomesunder different
pH conditions at 37 °C for 2 h, 4 h and 6 h respectively. After the incuba-
tion, the supernatant was separated after centrifugation and subjected
to measurement for hemoglobin release by microplate reader (Thermo
Scientific Varioskan Flash) at 545 nm. Samples incubatedwith 1% Triton
X-100 served as the positive control (100% hemolysis) and samples in-
cubated with PBS as the negative control (0% hemolysis) respectively.
The degree of hemolysis was calculated by the following equation:

Hemolysis %ð Þ ¼ A‐A0%
� �

= A100%‐A0%
� �

Where A, A0% and A100% represented the absorbance of samples incu-
bated with liposomes, samples with 100% hemolysis and samples with
0% hemolysis respectively.

2.7. MTT assay and in vitro cellular apoptosis assay

4 T1 cells were seeded onto a 96-well plate at a density of 2 × 103

cells/well. After 24 h the cell culture media was replaced with
liposome-containing culture medium and the incubation continued
for another 48 h. By the end of the incubation, 20 μL MTT solution
(5mg/mL in PBS) was added into eachwell and cells were further incu-
bated for 4 h under 37 °C. Then the media was removed and cells were
dissolved by 150 μL dimethyl sulfoxide. The absorbance was measured
by a microplate reader (Thermo Scientific Varioskan Flash) at 490 nm.

The analysis of apoptosis induced by different preparations was de-
termined after annexin V-FITC/PI double staining according to the
manufacturer's protocols (Annexin V-FITC Apoptosis Detection Kit,
KeyGen biotech, China). Briefly, by the end of the treatment, cells
were harvested, washed with cold PBS, suspended in 500 μL binding
buffer and stained by 5 μL Annexin V-FITC and 5 μL PI. The cells were in-
cubated in the dark for 15 minutes and then measured by flow
cytometer (Cytomics™ FC 500, Beckman Coulter, Miami, FL, USA).

2.8. Wound-healing assay

2 × 105 cells/well of 4 T1 cells were planted onto 12-well plate and
were allowed to grow to achieve 90% confluence as a monolayer. A ver-
tical wound was scratched with a 200 μL pipette tip. Wounded cells
were gently washed PBS for 3 times to remove the detached cells, and
fresh medium without serum containing liposomes was replenished



Table 1
The particle sizes and zeta potentials of D-Lip and PEG-Lip under different pH.

Size(nm) PDI Zeta potential(mV)

D-Lip(pH 7.4) 145.2 ± 4.3 0.257 ± 0.072 20.6 ± 1.2
D-Lip(pH 5.0) 139.2 ± 9.1 0.215 ± 0.087 38.9 ± 2.1
PEG-Lip(pH 7.4) 130.2 ± 8.9 0.199 ± 0.062 19.9 ± 7.2
PEG-Lip(pH 5.0) 126.1 ± 1.9 0.221 ± 0.033 17.9 ± 8.3
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and cells were cultured for an additional 48 h. Cells were observed and
photographed under Carl Zeiss 40CFL Axiovert 40 inverted microscope
(Germany).

2.9. Cellular uptake of liposomes and the subcellular localization

For cells analyzed by cytometry, 4 T1 cells were seeded onto 6-well
plate at a density of 5 × 105 cells/well and allowed for attachment over-
night. Cy5-labeled antagomir-10b-loaded liposomes were then added
to each well, and the incubation lasted for another 2 h. Cells were
washed with cold PBS for three times, and were trypsinized and resus-
pended in 0.4 mL PBS. The fluorescent intensity of cells was measured
by a flow cytometer (Cytomics™ FC 500, Beckman Coulter, Miami, FL,
USA)with the excitationwavelength at 630 nmand the emissionwave-
length at 680 nm. The evaluation of different inhibitors on the cellular
uptake was performed as previously described [24]. Ten thousand
events were recorded for each sample.

For cells observed by confocal laser scanning microscopy, 1 × 105

cells/well of 4 T1 cells were seeded on gelatin coated cover slip in a
six-well plate. After 2 h of incubation with Cy5-labeled antagomir-10b
loaded liposomes, cells were washed with cold PBS for three times
and fixed with 4% paraformaldehyde at room temperature for 15 min,
following by nuclei staining with DAPI for 5 min. As for cells for subcel-
lular localization assay, at the end of incubation with Cy5-labeled
antagomir-10b-loaded liposomes, lyso-tracker green was applied to
each well (200 nM) and incubated for 30 min. After washing with
cold PBS for 3 times, cells were fixed with 4% paraformaldehyde at
room temperature and stained with DAPI, and then was subjected to
observation under confocal microscope (FV1000, Olympus, USA).

2.10. In vitro evaluation on the effect of antagomir-10b loaded liposomes on
mir-10b silencing and Hoxd10 expression

2.10.1. In vitro quantification of mir-10b
4 T1 cells were firstly incubated with different antagomir-10b-

loaded preparations for 48 hours. Then total RNA in cells were isolated
with miRcute miRNA Isolation kit (Tiangen biotech, Beijing, China),
and were transcribed into cDNA with the sequence-specific stem-loop
RT primers for mir-10b according to the manufacturer's instructions
(RiboBio, Guangzhou, China). Quantitative PCR was then performed
using Ssofast™ Evagreen® Supermixkit (Bio-rad, CA, USA) in triplicates.
Data were normalized to an internal control U6 small nuclear RNA and
were analyzed with the iQ™5 Real Time PCR detection system (Bio-rad,
CA, USA).

2.10.2. In vitro Hoxd10 nuclear protein staining
For cells observed by confocal laser scanning microscopy, 1 × 105

cells/well of 4 T1 cells were seeded on gelatin coated cover slip in a
six-well plate. Antagomir-10b loaded liposomes were then added to
eachwell, and the incubation lasted for another 48 h. Cells werewashed
with cold PBS for three times, and were trypsinized and resuspended in
4% paraformaldehyde at room temperature for fixation. Then cells were
treated with 0.1% Triton X-100 for 20 min for permeation. Cells were
later washed and collected and blocked in 1% BSA for 120 min, and
FITC-conjugated Hoxd10 antibody was applied in 1% BSA for intracellu-
lar staining for 30min. Cells were then observed by confocalmicroscope
through the FITC fluorescence channel (FV1000, Olympus, USA).

2.11. In vivo bio-distribution study

Bio-distribution study was carried out when volumes of the 4 T1 tu-
mors reached around50mm3.Micewere injectedwith free Cy5-labeled
antagomir-10b or Cy5-labeled antagomir-10b-loaded liposomes.
Twenty-four hours later, micewere imagedwith IVI® Spectrum system
(Caliper, Hopkington, MA, USA), and immediately executed with cervi-
cal dislocation. Hearts, livers, spleens, lungs, kidneys and tumors were
collected. All the organs were imaged with IVI® Spectrum system (Cal-
iper, Hopkington, MA).

2.12. In vivo therapeutic experiment

Treatment started on the 5th day of tumor inoculation, and mice
were assigned into 6 groups (n = 6) and administered with the
following six preparations respectively: PBS, Free antagomir-10b, PEG-
Lip/Antagomir-10b (PEG-Lip loaded with antagomir-10b), D-Lip/
Antagomir-10b (D-Lip loaded with antagomir-10b), D-Lip/Antagomir-
10b + PTX (D-Lip co-loaded with antagomir-10b and PTX) and D-Lip/
PTX (D-Lip loaded with PTX). All the preparations were injected
through tail veins every 3 days for 6 times, and tumor volumes and an-
imal body weights were monitored. Antagomir-10b was administered
at a dose of 2 mg/kg, and PTX was administered at a dose of 2 mg/kg.
On the 28th day mice were sacrificed, and lungs and tumors were col-
lected. The expression of Hoxd10 protein in tumors was measured
with mouse Hoxd10 Elisa kit (Cusabio, Wuhan, China). Ki67 and
TUNEL staining of the paraffin-embedded tumors were performed ac-
cording to the standard protocols provided by the manufacturers.

2.13. Statistical analysis

Statistical comparisons were based on Student t-test, and p
value b 0.05 and b0.01 were considered indications of statistical
difference and statistically significant difference respectively.

3. Results and discussions

3.1. Characterization of liposomes

The successful synthesis of DSPE-PEG2000-[D]-H6L9 was confirmed
by mass spectrometry (as shown in Fig. S1). The observed molecular
weight of thefinal productwas 4908Da,whichwas close to the theoret-
icalmolecularweight of 4903 Da. D-Lip exhibited uniform and spherical
appearance under TEM observation (Fig. S2). Particle sizes and zeta po-
tentials of liposomes were measured (Table 1). It could be seen that D-
Lip underwent drastic zeta potential variation under different pH condi-
tions. The zeta potential went from 20.6 ± 1.2 mV under pH 7.4 (very
close to PEG-Lip) to 38.9 ± 2.1 mV under pH 5.0 (mimicking endo-
some/lysosome environment, from ref. [30]), while there was no signif-
icant change in sizes. By comparison, there was no obvious change in
both zeta potentials and sizes under different pH conditions for PEG-
Lip. Characteristics of liposomes could be greatly influenced by its sur-
face modification of pH-responsive peptide as we have reported before
[24]. The variation of zeta potentials of D-Lip was attributed to the exis-
tence of histidines in [D]-H6L9, and it could respond quickly to different
pH conditions. From the results it could be concluded that D-Lip has
been imparted with a rather high positive charge under pH 5.0
(48.9 ± 2.1mV), andmembrane lytic activity of [D]-H6L9 might be acti-
vated in this endosome/lysosome-mimicking environment.

3.2. Turbidity variation and hemolysis of liposomes

As displayed in (Fig. 2), there was no obvious change in the serum
turbidity for D-Lip as well as PEG-Lip,meaning that no aggregation of li-
posomes was formed, emphasizing their stability in serum which was



Fig. 2. (A) The turbidity variation (represented by transmittance) of PEG-Lip and D-Lip in
50% FBS. (B) Hemolytic activity of PEG-Lip and D-Lip on red blood cells under pH 7.4 and
pH 5.0. (n = 3, mean ± SD).
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mainly due to the PEG corona on the liposome surface. As for the hemo-
lysis property of liposomes under different pH conditions, surprisingly
we found that under pH 5.0, the percentages of hemolysis of D-Lip
were 12.5±2.6% at 2 h, 16.6±1.8% at 4 h and 16.2±3.2% at 6 h respec-
tively; on the contrary, the hemolytic ratio of D-Lip under pH 7.4 and
PEG-Lip under both pH 7.4 and pH 5.0 all remained below 4% at each
time point. Hemolytic activity of NPs on RBCs has been regarded as an
indication to evaluate the ability of NPs to rupture endolysosomes [30,
31]. This pH-dependent membrane-lytic activity was clearly brought
Fig. 3. (A) The cytotoxicity of D-Lip, D-Lip loaded with antagomir-10b (D-Lip/Antagomir-10b),
loaded with PTX (D-Lip/PTX). (n= 3, mean± SD) ** indicated p b 0.01, and N.S. indicated ther
assay of D-Lip loaded with paclitaxel and co-delivered with antagomir-10b or not.
by [D]-H6L9. Combined with results from zeta potential measurement,
it could be pointed out that under pH 5.0, the zeta potential of D-Lip
was remarkably elevated, and the membrane-disruptive nature of [D]-
H6L9 was triggered. [D]-H6L9 was derived from [D]-K6L9, which can
cause cancer cell lysis when injected intratumorally [32]. The replace-
ment of lysines with histidines would decrease the net positive charge
of the original peptide [D]-K6L9. The electrostatic attraction between
negatively charged components of cells and the positively charged pep-
tides played a major role in its ability to disrupt the membrane of cells
[33], thus the comparatively decreased net charge of [D]-H6L9 could re-
sult in decreased cell lytic activity under normal pH and increased cell
permeation in acid environment. Makovitzki [27] mentioned that
under pH 6.0, [D]-H6L9 could induce more calcein leakage compared
with pH 7.4, all because the membrane-lytic activity was restored
under acidified environment. In our work, [D]-H6L9 modified liposome
could disrupt more red blood cell membrane under pH 5.0, signifying
that it could incite effective endosome/lysosome membrane lysis in
endosome/lysosome compartment while remaining quite blood-
compatible in systemic circulation (under normal pH of 7.4).
3.3. MTT assay and in vitro cellular apoptosis assay

As could be observed from (Fig. 3A), the MTT assay suggested that
the inhibition by D-Lip/Antagomir-10b + PTX and D-Lip/PTX was PTX
concentration-dependent. Meanwhile, loading with antagomir-10b
did not significantly influence the cytotoxicity on cells, which was con-
sistentwith the report that antagomir-10b exertedminimal cytotoxicity
on cells [8,11]. The apoptosis assay also suggested similar results
(Fig. 3B). The cytotoxicity of PTX-loaded PEG-Lip and D-Lip (loaded
with antagomir-10b or not)was similar to each other under all the con-
centrations selected (Fig. S3), suggesting that D-Lip did not promote cel-
lular delivery of liposomal PTX compared to PEG-Lip under pH 7.4.
Paclitaxel at 2 μg/mL was opted for most of the in vitro cellular assay;
and distinctive cell viability inhibition rate could be attained under
this concentration (49.46 ± 1.12% for D-Lip/Antagomir-10b + PTX
and 45.44 ± 12.46% for D-Lip/PTX respectively). It was noteworthy
that D-Lip alone did not show any evident inhibition on cell growth
D-Lip loadedwith antagomir-10b as well as PTX (D-Lip/Antagomir-10b+ PTX) and D-Lip
e was no significance in difference between each other. (B) The diagrams of the apoptosis

image of Fig.�2
image of Fig.�3
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(Fig. 3), implying that D-Lip could be deemed as a rather safe agent for
antagomirs delivery in this regard.
3.4. Wound healing assay

Wound healing assay could allow the researchers to directly visual-
ize the impact of different formulations on cell migration. D-Lip/
Antagomir-10b could hinder the migration of 4 T1 cells as much as
Lipofectamine/Antagomir-10b, signifying the potential of D-Lip as a
gene vector (Fig. 4). By comparison, it could be clearly observed from
the images that compared to all the other groups, D-Lip/Antagomir-
10b + PTX exerted the most significant inhibition on cell migration of
4 T1 cells. Although it was reported that free antagomir-10b could also
inhibit cellular migration at a much higher concentration (50 μg/mL,
about 6.2 μM [11]), the migration inhibition effect of free antagomir-
10b under the concentrationwe applied here (200 nM)was not obvious
at all, highlighting the introduction of appropriate gene vectors could
enhance the performance of gene delivery. Also, it could be observed
from Fig. 4 that both paclitaxel-loaded D-Lip and PEG-Lip could stunt
the cellular migration to a similar degree to each other. In fact, nab-
paclitaxel (albumin-bound 130 nm formulation of paclitaxel) has al-
ready been applied to clinical trials for metastatic breast cancer [34],
showing that paclitaxel formulation holds great potential in its treat-
ment. Paclitaxel could inhibit cellmigration by suppressingmicrotubule
dynamics [35], therefore the co-delivery of paclitaxel and antagomir-
10b could impede the migration of metastatic tumor cells further
more. Meanwhile, D-Lip/antagomir-10b + PTX showed superior capa-
bility in migration hindrance than PEG-Lip/antagomir-10b + PTX. This
was perhaps because that D-Lip could deliver antagomir-10b more
efficiently compared with PEG-Lip, since the migration inhibition was
contributed by the successful delivery of both PTX and antagomir-10b,
and both D-Lip/PTX and PEG-Lip/PTX displayed similar inhibition effi-
ciency over cellular migration. This point will be further addressed in
the following work.
Fig. 4. Representative images showing the inhibition of different preparations on 4 T1 cellmigra
48 h after treatment. The dark and straight lines in these pictures designated the rough margin
3.5. Cellular uptake of liposomes and subcellular localization

As shown in Fig. 5A, although not as much as Lipofectamine/
Antagomir-10b, the cellular uptake of D-Lip/Antagomir-10b and D-
Lip/Antagomir-10b + PTX was close to PEG/Antagomir-10b after 2 h.
The cellular uptake of free antagomir-10b was the lowest; which
conformed to previous report that without delivery vectors, the cellular
uptake of RNA could be quite low [36]. The result could explain in part
the rather low migration inhibition efficiency of free antagomir-10b in
wound healing assay. The subcellular localization of antagomirs was of
great account, for the localization of RNA could have great impact on
the transfection outcome [37], and the successful escape of antagomir-
10b from endosome/lysosome compartment or the avoidance of endo-
some/lysosome engulfment would be of utmost importance. According
to the results from Fig. 5B, it could be observed that only a small fraction
of the fluorescence signal of Cy5-labeled antagomir-10b co-localized
with lysosomes. Paclitaxel seemed to exert very little influence on this
process (Fig. 5B). Also, it could be concluded from Fig. S4 that the endo-
cytosis of D-Lip was influenced bymultiple pathways (with chlorprom-
azine, amiloride and genistein inhibiting the cellular uptake efficiencies
to 72.32 ± 6.23%, 76.23 ± 5.39% and 61.30 ± 3.24% respectively), im-
plying that some of the cellular uptake of D-Lip might have avoided
the endosome upon internalization [38,39]. In addition, according to
the results of hemolytic assay, in which under pH 5.0 D-Lip caused
more hemolysis than pH 7.4, it implied that D-Lip could break the con-
straint of endosome/lysosomemore effectively than PEG-Lip. Neverthe-
less, the breaking-down of red blood cells (with the hemolysis rate of
16.2 ± 3.2% at 6 h) was not as high as some other reports for gene de-
livery [18,30,40]. Therefore, it was rational to infer that D-Lip might
have avoided the lysosome degradation by at least two mechanisms:
one was to avoid the internalization and processing by endosome/lyso-
some and the otherwas to escape the endosomes/lysosomes after inter-
nalization with the aid of the peptide [D]-H6L9. By contrast, PEG-Lip/
Antagomir-10b showed almost complete overlay of lysosomes and
antagomir-10b, indicating that antagomir-10b could hardly escape
tion inwound healing assay. Except for “before treatment”, all the other imageswere taken
s of the 4 T1 cells.
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Fig. 5. (A) Cellular uptake of Cy5-labeled antagomir-10b loaded liposomes on 4 T1 cells after 2 h (measured by flow cytometry). (B) Lysosome staining and the intracellular distribution of
Cy5-labeled antagomir-10b loaded liposomes on 4 T1 cells after 2 h. Scar bar represents 10 μm. The color yellow in line Overlay denoted the overlay of fluorescence from liposomes (read)
and lysosome staining (green). Scale bars represent 10 μm.
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from the lysosome, which could negatively influence the gene delivery
efficacy.

3.6. In vitro evaluation on the effect of antagomir-10b loaded liposomes on
mir-10b silencing and Hoxd10 expression

Mir-10b functioned as metastasis driver thought suppressing the
downstream mediator Hoxd10, and was always elevated in
metastasis-positive tumor tissues [7,41,42]. Suppression of Hoxd10
could lead to the activation of RhoC, a pro-metastatic gene [7,43].
Therefore the application of antagomir-10b could ultimately lead to
the decrease of RhoC and prevent tumor metastasis. The silencing
of mir-10b as well as the elevated expression level of Hoxd10 were
both regarded as the indexes for the estimation of gene knockdown
efficacy of antagomir-10b [7,11]. Through the results in Fig. 6 we
can see that both quantitative measurement of RT-PCR on mir-10b
and the immunostaining of FITC-conjugated Hoxd10 antibody im-
plied that D-Lip could effectively decreasemir-10b (Fig. 6A) and pro-
mote the level of Hoxd10 after loading with antagomir-10b (Fig. 6B).
Besides some nucleus abnormity which was mainly caused by its
cytotoxicity (Fig. 6B), the delivery of paclitaxel did not significantly
influence the expression of Hoxd10 (whether co-delivered with
antagomir-10b or not), suggesting that although paclitaxel could ob-
viously inhibit themigration of 4 T1 cells in the wound healing assay,
it did not take effect through the suppression of mir-10b; it should be
working under a different mechanism, which was directly suppress-
ing microtubule dynamics [35], and impairing cellular motility.

The better gene delivery efficiency of D-Lip was due to the presence
of peptide [D]-H6L9.The gene delivery capacity of its original peptide
[D]-K6L9 has already been investigated after stearylation [44]. Although
quite effective, only in vitro transfection results have been provided [44]
; as a matter of fact, the strong and indiscriminative cell penetration
brought by [D]-K6L9 (according to our unpublished results) might ren-
der it inapposite for in vivo gene delivery. The cellular permeation of
peptide [D]-H6L9, on the other hand, was weakened under pH 7.4 com-
pared to [D]-K6L9; however, once in the endosomes/lysosomes (pH 5.0),
its membrane lytic capacity was incited, inducing remarkable endo-
some/lysosome membrane destabilization, facilitating the endosome/
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Fig. 6. (A) qRT-PCRmeasurement of mir-10b in 4 T1 cells after treatingwith different preparations for 48 h (n=3,mean± SD). (B) Representative CLSM images of 4 T1 cells treatedwith
different preparations for 48 h and immunostained with FTIC-conjugated Hoxd10 antibody (green fluorescence). Scale bars represent 10 μm.
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lysosome escape of the vesicle it has been attached to and improving
gene delivery efficiency. There was also another saying that the
hisidine-rich molecules displayed buffering effect upon protonation of
the imidazole ring of histidine and could thereby disrupt endosomal
membrane by proton sponge effect [45]. So the efficient gene delivery
of D-Lip might be attributed to more than just one factor.

3.7. In vivo delivery of antagomir-10b loaded liposomes

As displayed in Fig. 7 (both A and B), 24 h later, PEG-Lip and D-Lip
could both achieve efficient accumulation at tumors, showing that the
PEGylation was of great significance to the passive tumor accumulation
of liposomes, and the decoration of [D]-H6L9 did not obviously jeopar-
dize the long circulation effect of PEGylated liposomes. In comparison,
free antagomir-10b showed very little retention in almost all the organs,
demonstrating that free antagomir-10b might have undergone quick
elimination from the systemic circulation. The threshold of glomerular
filtration is within the range of 30–50 kDa [46]; since the molecular
weight for antagomir-10b was around 8 kDa, it was easy for it to get
cleared from systemic circulation through kidney. In the meantime,
PEGylated liposomes facilitated the preferential accumulation of lipo-
somes in tumors by EPR effect [47], so the tumor accumulation of
antagomir-10b-loaded D-Lip was significantly elevated.

We then evaluated the therapeutic efficacy of different liposomes. In
accordance with our in vitro cytotoxic assays, D-Lip and PEG-Lip loaded
with PTX successfully delayed the primary tumor development
(Fig. 8A). Intriguingly, we found that although both PEG-Lip/PTX and
PEG-Lip/antagomir-10b + PTX could inhibit the tumor growth to
some extent, D-Lip/PTX and D-Lip/antagomir-10b + PTX could induce
more tumor volume reduction when compared with them (Fig. 8A).
This might seem eccentric now that D-Lip and PEG-Lip showed very
similar in vitro cytotoxicity (Fig. S3). Actually, the peptide D-H6L9 that
we have chosen in our study was a pH-responsive peptide; according
to our unpublished results, D-Lip could be delivered to cells in acidic
tumor-mimicking environment (in our set, pH 6.3) more efficiently
than cells in normal environment (pH 7.4) in vitro, and its cytotoxicity
against cells significantly increased under pH 6.3 compared with
pH 7.4, when as for PEG-Lip it remained almost the same. This is due to
the histidines in D-H6L9 which own a pKa around 6.5, and its membrane
permeation could be potentiated in tumor environment (with acidic pH,
which could be as low as 6.0, according to ref. [48]). That is to say, we
found that D-H6L9 could not only mediate effective endosomal escape
but also help deliver more liposomes in acidic environment. Hence, it
seemedmore andmore convincing for us to conclude that the improved
therapeutic efficacy of D-Lip/antagomir-10b + PTX in vivo might be
owing to both the enhanced delivery of D-Lip's cargo under acidic envi-
ronment in tumors (as it could be seen from the confocal images of
tumor slices in Fig. 5S that the antagomir-10b delivered by D-Lip was
greatly increased compared with PEG-Lip) and D-Lip's augmented
antagomir-10b delivery efficiency. Although D-Lip and PEG-Lip reached
tumors with almost the same efficacy (Fig. 7), their cellular internaliza-
tion within tumors might be different due to their discrepancy in drug
delivery capacity under acidified tumor micro-environment. This phe-
nomenon has been reported in our previous work [24]. As to the better
cellular delivery of D-Lip under acidic environment than PEG-Lip, the re-
sultswe have obtained so far have only been preliminary studies and ap-
parently systematic and massive study should be conducted on the pH-
sensitivity of D-Lip in tumor micro-environment in the future. On the
other hand, antagomir-10b exerted almost no influence on the growth
of primary tumors. Ki67 staining and TUNEL staining of the tumor slices
indicated again that among all the groups, only PTX-loaded liposomes
could induce more necrosis and apoptosis (Fig. 8E). Body weights in-
creased gradually during the treatment and little difference was ob-
served for different groups, indicating the safety for the in vivo
application of different formulations (Fig. 8B). Lungmetastasis inhibition
of D-Lip/Angatomir-10b + PTX was significantly higher than the rest of
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Fig. 7. Representative in vivo (A) and ex vivo (B) images of 4 T1 tumor-bearing BALB/Cmice 24 hours after injection of Cy5 labeled antagomir-10b-loaded liposomes. The black arrows in
(A) indicated the location of tumors.
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other groups (Fig. 8C). It could be inferred from the ELISA assay of
Hoxd10 protein that D-Lip exhibited prominent potential in delivering
antagomir-10b in vivo (Fig. 8D). By contrast, the lung metastasis inhibi-
tion (Fig. 8C) and Hoxd10 up-regulation (Fig. 8D) brought by PEG-Lip/
antagomir-10b + PTX were all inferior to D-Lip/antagomir-10b + PTX.
It was noteworthy that the dose of antagomir-10b we applied to 4 T1
tumor-bearing mice was only 2 mg/kg, which was distinctively lower
than the dose reported before [which was 50 mg/kg, in ref. 11].
Antagomirs were originally considered as efficient and specific silencers
of endogenous miRNAs in mice for the loss-of function studies, and was
applied usually in the free form [9]. Loading bio-active molecules into
nanoparticles could lower the dose required for pharmacological re-
sponse or to improve the delivery efficiency to certain locations, there-
fore some antagomir-loaded nano-particulate drug delivery systems
have emerged lately [49–52]. Hatakeyama et al. reported that after
enveloping antagomir-122 into a multi-functional envelop-type nano
devise, the dose for antagomir-122 could be as low as 1 mg/kg, which
was much lower than previously required [49]. In our case, the lowered
dose for antagomir-10b should be attributed to the altered pharmacoki-
netic behaviors of PEGylated D-Lip compared to free antagomir-10b, as
more antagomir-10b loaded liposomes could be retained within tumors
(as shown in Fig. 7) to give play to adequate function in vivo. Thereby it
would be cost-efficient to deliver genes in proper vectors.

Endeavors have been attempted for researchers to develop nano-
sized carriers delivering anti-microbial peptides (AMPs) for infection
therapy or oncotherapy [53–55]. However, not enough attention has
been received for AMPs as to their capacity to deliver pharmaceuticals.
In fact, AMPs with strong membrane-activity could also be listed
among the potential candidates for drug delivery [44,56]. In this work,
we have proved that [D]-H6L9, one of the synthetic AMPs, couldmediate
liposomal delivery of antagomir-10b and achieve sufficient gene knock-
down of mir-10b (as evidenced by the reduced amount of mir-10b and
the increased level of Hoxd10 protein). Co-delivery of PTX could retard
the growth of 4 T1 tumors without influencing the up-regulation of
Hoxd10 by antagomir-10b.The combination therapy of cancer with
drugs and RNA interference has been quite appealing, as the advance-
ment of nanotechnology has made it possible to co-deliver different
bio-active therapeutic molecules in a “two-in-one” modality [57–59].
Although antagomir-10b showed remarkable capacity over the inhibi-
tion of metastasis (Fig. 8C), it could not control the growth of primary
tumors (Fig. 8A) for it does not act in a cytotoxic fashion but instead
block the launch of early metastases [11]. Ma suggested that
antagomir-10b could be proposed as a prophylactic treatment for tu-
mors that has not yet metastasized [8]. On the other hand, paclitaxel
could suppress the growth of primary tumors, but its ability in stifling
in vivo metastasis was far from satisfactory. Simultaneous and com-
bined administration of antagomir-10b with paclitaxel by D-Lip could
take the advantage and make up for the deficiency of each other. In
this sense, D-Lip/Antagomir-10b + PTX could be applied to metastatic
breast tumor models of early onset with the inhibitory effect over pri-
mary tumor development and metastasis at the same time for a better
treatment outcome.

4. Conclusion

In summary, in this study we have devised a liposomal delivery sys-
tem mediated by an anti-microbial peptide [D]-H6L9 (D-Lip), and ap-
plied it into the co-delivery of antagomir-10b and PTX. Results
suggested that D-Lip loaded with antagomir-10b could efficiently im-
pede the migration of 4 T1 cells in vitro. D-Lip could escape the entrap-
ment of endosomes/lysosomes with the help of the activated [D]-H6L9
under acidified environment, therefore resulting in the silencing of
mir-10b and up-regulation of Hoxd10 both in vitro and in vivo. Loading
D-Lip with PTX could incite strong tumor cell inhibition without
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Fig. 8. Therapeutic efficacy evaluation of liposomes on 4 T1 tumor-bearing BALB/C mice. (A)Primary tumor growth curves of mice receiving different preparations (n= 6, mean ± SD).
(B) Bodyweight variations ofmice during the treatment (n=6,mean± SD). (C) Numbers of metastatic nodules of each lung for different groups (n=6,mean± SD). (D) ELISA assay of
Hoxd10 protein of tumors at the end of the treatment (n= 3,mean± SD). (E) Ki67 staining (proliferative cells shown in brown) and TUNEL staining (apoptotic and necrotic cells shown
in brownish-red) of tumor tissues. Red arrows in (A) and (B) indicated the days for administration, whichwere Day 5, 8, 11, 14, 17 and 20. Antagomir-10bwas administered at a dose of 2
mg/kg, and PTXwas administered at a dose of 2mg/kg. Bars represented 100 μm. N.S. indicated therewas no significance in difference between each other. * and ** indicated p b 0.05 and
p b 0.01 respectively. In (C), (D) and (E), 1 represented group saline, 2 represented group free antagomir-10b, 3 represented group PEG-Lip/Antagomr-10b, 4 represented group D-Lip/
Antagomir-10b, 5 represented groupD-Lip/Antagomir-10b+PTX, 6 represented groupD-Lip/PTX, 7 represented group PEG-Lip/Antagomir-10b+PTX and 8 represented group PEG-Lip/
PTX.
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influencing the function of antagomir-10b. D-Lip could reach tumors
with effect, and for the therapeutic study, co-delivering antagomir-
10b with PTX by D-Lid could efficiently inhibit tumor growth and re-
duce the incidence of lung metastasis. To our knowledge, there has
been no report on the [D]-H6L9-mediated vehicle delivery so far, and
the co-delivery of antagomir-10b with cytotoxic drugs has not yet
been investigated to date; we hope that this work could provide re-
searchers with some interesting insights in establishing AMPs-
mediated drug delivery systems.
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