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S
mall interferingRNA (siRNA) has emerged
as a potent therapeutic agent for
numerous diseases because of its

ability to silence specific genes rapidly and
efficiently.1�5 However, the clinical success
of RNA interference (RNAi) therapy is still
uncertain,6 and the in vivo delivery of
siRNA to target sites remains the biggest
challenge.7 Up to now, a variety of systems
have been identified and assessed for sys-
temic siRNA delivery and have shown pro-
mising efficacy in specific gene silencing
and the treatment of various diseases.8�13

Among these, several are currently under-
going human clinical investigations,14 in-
cluding cationic polymer and lipid-based
nanoformulations. In general, lipid-based
nanoformulations have high efficiency in
silencing gene expression and are easy to
scale up due to established construction
protocols,15 but their clinical uses are lim-
ited due to their instability and toxicity.16�18

For example, a phase I clinical trial of the first
cationic liposome for systemic siRNAdelivery
sponsored by Tekmira Pharmaceutics
(Canada) was terminated due to the poten-
tial immune stimulation caused by the lipo-
somes. Cationic polymers, with the proper
design, in contrast, have improved stability
andbiocompatibility over lipids. For instance,
no obvious immune response has been ob-
served during the systemic administration of
polyplexes from a cyclodextrin-containing
polymer and siRNA in a phase I clinical trial.9,19

However, it still remains challenging to
synthesize cationic polymers that can
efficiently carry siRNA to cells and silence
gene expression because the synthesis of
efficient cationic polymer has low reprodu-
cibility with high batch-to-batch variation.
It is speculated that cationic lipid�

polymer hybrid nanoparticles may take
advantage of both polymeric nanoparticles

and liposomes in potential clinical applica-
tions. Previously, lipid�polymer hybrid
nanoparticles were formed by mixing poly-
meric nanoparticles and lipid-based parti-
cles (e.g., liposomes), where the lipid bilayer
or lipid multilayer was fused to the sur-
face of polymeric nanoparticles.20�22 Such
preparations usually require a two-step for-
mulation process: (i) the development of
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ABSTRACT

The clinical success of therapeutics of small interfering RNA (siRNA) is still hindered by its

delivery systems. Cationic polymer or lipid-based vehicles as the major delivery systems of

siRNA cannot sufficiently satisfy siRNA therapeutic applications. It is hypothesized that cationic

lipid�polymer hybrid nanoparticles may take advantage of both polymeric and lipid-based

nanoparticles for siRNA delivery, while diminishing the shortcomings of both. In this study,

cationic lipid�polymer hybrid nanoparticles were prepared by a single-step nanoprecipitation

of a cationic lipid (N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholesteryloxycarbonyl aminoethyl)

ammonium bromide, BHEM-Chol) and amphiphilic polymers for systemic delivery of siRNA.

The formed hybrid nanoparticles comprised a hydrophobic polylactide core, a hydrophilic

poly(ethylene glycol) shell, and a cationic lipid monolayer at the interface of the core and the

shell. Such hybrid nanoparticles exhibited excellent stability in serum and showed significantly

improved biocompatibility compared to that of pure BHEM-Chol particles. The hybrid

nanoparticles were capable of delivering siRNA into BT474 cells and facilitated the escape

of loaded siRNA from the endosome into the cytoplasm. The hybrid nanoparticles carrying

polo-like kinase 1 (Plk1)-specific siRNA (siPlk1) remarkably and specifically downregulated

expression of the oncogene Plk1 and induced cancer cell apoptosis both in vitro and in vivo and

significantly suppressed tumor growth following systemic administration. We demonstrate

that this system is stable, nontoxic, highly efficient, and easy to scale up, bringing the clinical

application of siRNA therapy one important step closer to reality.

KEYWORDS: cationic lipid�polymer hybrid nanoparticles . single-step
assembly . siRNA delivery . cancer therapy . polo-like kinase 1
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polymeric nanoparticles and (ii) their subsequent en-
capsulation by liposomes, resulting in poor control
over the final physicochemical structure of nanoparti-
cles, thus hindering their clinical translation. Zhang
et al. have recently reported a potent method for the
fabrication of lipid�polymer nanoparticles through a
single-step nanoprecipitation, which can be used to
deliver hydrophobic drugs.23�25 The hybrid nano-
particles are formed from three components:
poly(D,L-lactide-co-glycolide) for the hydrophobic core;
the neutral lipid DSPE (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine) for the monolayer surround-
ing the hydrophobic core; and DSPE-PEG forms the
outer shell of the hybrid structure and provides elec-
trostatic and steric stabilization.
In this study, to develop a hybrid nanoparticular

system that integrates the desirable characteristics of
biodegradable polymer nanoparticles and cationic
liposomes for systemic delivery of siRNA, we prepared
cationic lipid�polymer hybrid nanoparticles by a sin-
gle-step nanoprecipitation of a cationic lipid with
either amphiphilic poly(ethylene glycol)-block-polylac-
tide (mPEG-PLA) or a mixture of mPEG-PLA and poly-
lactide (PLA) (Scheme 1). mPEG-PLA and PLA have
already been employed in a variety of clinical applica-
tions and havebeendemonstrated to be safe in vivo for
several decades.26,27 The as-formed core�shell hybrid
nanoparticles comprised a hydrophobic PLA core, a
hydrophilic PEG shell, and a cationic lipid monolayer at
the interface of the core and the shell. The hydrophobic
PLA core allows the nanoparticle formation first, then
siRNA can be efficiently loaded via electrostatic inter-
actions with the cationic lipid. The size of the nano-
particles did not show significant change after loading
siRNA, which is favorable for the construction of size-
controllable siRNA-loaded nanoparticles. This method
to form size-controlled siRNA-loaded nanoparticles
may display a unique advantage for in vivo applications
and will be convenient for scaling-up to meet the
large quantities required for clinical applications. The
formed complex of hybrid nanoparticles and siRNA
exhibited excellent serum stability, biocompatibility,
efficient carriage of siPlk1 into cancer cells, and re-
markably specific downregulation of Plk1 expres-
sion to induce cancer cell apoptosis. The hybrid

nanoparticle formulations significantly suppressed tu-
mor growth following systemic administration.

RESULTS AND DISCUSSION

Preparation and Characterization of Hybrid Nanoparticles.
In this study, a single-step nanoprecipitation method
by addition of amphiphilic polymer solution in acet-
onitrile to the lipid solution in 10% aqueous ethanol
was used to form the hybrid nanoparticles. The hybrid
nanoparticles were self-assembled from the mixture
of cationic lipid BHEM-Chol, block polymer mPEG5k-
PLA25k, and homopolymer PLA30k (the subscript num-
ber represents the molecular weight, and these mol-
ecules are subsequently denoted as mPEG-PLA and
PLA, respectively). The mixture of mPEG-PLA and PLA
precipitates to form nanoparticles with a core�shell
structure, and the cationic lipid self-assembles around
the PLA core, as illustrated in Scheme 1.

To investigate the effect of the degree of PEGylation
on the structure of formed nanoparticles by this single-
step nanoprecipitation method, the nanoparticles
were prepared at different PLA/mPEG-PLA weight
ratios in the absence of cationic lipid BHEM-Chol. The
polymer or polymer mixture in acetonitrile was added
dropwise to 10% aqueous ethanol solution under
stirring. Nanoparticles from pure PLA easily aggre-
gated and precipitated, while the nanoparticles pro-
duced from pure mPEG-PLA or a mixture of mPEG-PLA
and PLA polymers (1:1, w/w) were stable with dia-
meters of 100 nm or less, suggesting that PEGylation
is required to stabilize such formations. Therefore,
PLA/mPEG-PLA with a weight ratio of 1:1 and pure
mPEG-PLAwere used to fabricate hybrid nanoparticles.

We then produced the hybrid nanoparticles with a
similar procedure except that BHEM-Cholwas added to
the 10% aqueous ethanol solution. The effect of the
cationic lipid/polymer weight ratio on the size, poly-
dispersity index (PDI), and zeta-potential of hybrid
nanoparticles was investigated. As shown in Figure
1A, nanoparticles from PLA/mPEG-PLA (weight ratio of
1:1) were slightly larger than nanoparticles frommPEG-
PLA at a fixed lipid/polymer weight ratio. Incorporating
the cationic lipid slightly increased the size of the
hybrid nanoparticles. Meanwhile, the PDIs of nanopar-
ticles were not strongly associated with the weight

Scheme 1. Schematic illustration of the hybrid nanoparticles prepared through a single-step method and the binding of
siRNA. The hybrid nanoparticles comprise a hydrophobic PLA core, a hydrophilic PEG shell, and a cationic lipid (BHEM-Chol)
monolayer at the interface of the core and the shell. mPEG-PLA represents poly(ethylene glycol)-block-polylactide;
PLA represents polylactide, and BHEM-Chol represents N,N-bis(2-hydroxyethyl)-N-methyl-N-(2-cholesteryloxycarbo-
nylaminoethyl) ammonium bromide.
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ratio of the cationic lipid/polymer (Figure 1B). However,
the cationic lipid/polymer weight ratio greatly affec-
ted the zeta-potential of the hybrid nanoparticles
(Figure 1C); zeta-potential increased as the cationic
lipid/polymer weight ratio increased due to the catio-
nic nature of BHEM-Chol. Formulations prepared at
higher lipid/polymer weight ratios were also studied.
Two populations of particles were detected as the ratio
of BHEM-Chol to mPEG-PLA was 2.5:10 (Supporting
Information Figure S1). The bigger particles with a
diameter of 200 nmwere similar to the size of particles
prepared with the pure lipid (the typical size was about
60�400 nm). In contrast, particles with a 10% BHEM-
Chol/mPEG-PLA weight ratio were similar in size to
pure mPEG-PLA nanoparticles. It is believed that, at a
10% BHEM-Chol/mPEG-PLA weight ratio or less, the
amount of lipids is in the range to able to cover the
surface of the hydrophobic PLA core. However, when the
ratio of lipid to polymer was too high, the excess lipids
may assemble into liposomes. Therefore, in the following
studies, a lipid/polymer weight ratio of 1:10 was used to
prepare the hybrid nanoparticles. The hybrid nanoparti-
cles were further denoted as NPlipid/mPEG‑PLA, where
NP represents hybrid nanoparticles and the subscript
indicates that the particles were fabricated by BHEM-
Chol andmPEG-PLA. Similarly, NPlipid/mPEG‑PLAþPLA repre-
sents the particles that were fabricated by BHEM-Chol
and a mixture of mPEG-PLA and PLA at 1:1 weight ratio.

The morphologies of the obtained nanoparticles
were analyzed by transmission electronic microscopy
(TEM) (Figure 1D�F). NPlipid/mPEG‑PLA exhibited a com-
pact and spherical morphology with a diameter of
65.3 ( 13.5 nm, similar to that of pure mPEG-PLA
particles (57.2 ( 12.7 nm). In addition, particles pre-
pared with pure BHEM-Chol were irregular in shape

and had a broad size distribution (from 60 to 400 nm).
This demonstrates that hybrid nanoparticles were
obtained rather than a mixture of distinct liposomes
and mPEG-PLA nanoparticles.

Positively charged lipid�polymer hybrid nanopar-
ticles encompass the unique strengths of polymeric
nanoparticles and liposomes. The cationic nature of
the hybrid nanoparticles allows for the binding of
siRNA. As demonstrated by a gel retardation assay,
efficient siRNA binding to NPlipid/mPEG‑PLA (Figure 2A)
and NPlipid/mPEG‑PLAþPLA (Figure 2B) occurred at amolar
ratio of the BHEM-Chol nitrogen to the siRNA phos-
phate (N:P) of 5:1. Using a method described in the
literature,28 high-performance liquid chromatography
analyses of siRNA concentration in the supernatant
after centrifuging the nanoparticles at 300 000g for 1 h
indicated that the siRNA loading efficiency for NPlipid/
mPEG‑PLA and NPlipid/mPEG‑PLAþPLA was ∼95% at the N:P
ratio of 5:1 or more.

After siRNA binding, the zeta-potential of NPlipid/
mPEG‑PLA/siRNA and NPlipid/mPEG‑PLAþPLA/siRNA de-
creased in water (Figure S2A,B), demonstrating that
the positive charge of nanoparticles can be shielded
to some extent. Furthermore, the zeta-potentials of
NPlipid/mPEG‑PLA/siRNA andNPlipid/mPEG‑PLAþPLA/siRNA at
the N:P ratio of 10:1 in the Dulbecco's modified Eagle
medium (DMEM) were slightly negative (Figure S2C,D).
Similar phenomena have been observed by other
studies,29,30 which may be due to the effect of ionic
strength.

The cytotoxicities of NPlipid/mPEG‑PLA, NPlipid/mPEG‑-

PLAþPLA, and pure BHEM-Chol nanoparticles were eval-
uated using the MTT (3-{4,5-dimethylthiazol-2-yl}-2,5-
diphenyltetrazolium bromide) assay. As shown in
Figure 2C, BHEM-Chol particles exhibited significant

Figure 1. (A�C) Effect of the lipid/polymerweight ratio on size (A), PDI (B), and zeta-potential (C) of formednanoparticles. NPs
of lipidþmPEG-PLAþPLAwere prepared using cationic lipid BHEM-Chol and a 1:1 ratio (w/w) ofmPEG-PLA and PLApolymers.
NPs of lipidþmPEG-PLA were prepared using cationic lipid BHEM-Chol and mPEG-PLA. (D�F) Transmission electronic
microscopic images of hybrid NPlipid/mPEG‑PLA nanoparticles (D), pure mPEG-PLA nanoparticles (E), and pure BHEM-Chol
nanoparticles (F).
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cytotoxicity to BT474 cells, particularly at high lipid
concentrations. In contrast, even when the total
amounts of BHEM-Chol reached up to 0.1 mg mL�1

in NPlipid/mPEG‑PLA and NPlipid/mPEG‑PLAþPLA, cells treated
with these particles showed 90% viability relative to
untreated cells. This can be attributed to the masking
of cationic charges by the long PEG chains, which
can reduce the interaction of BHEM-Chol with cell
membranes.

Clinical use of cationic liposomes as systemic deliv-
ery vehicles is limited due to their instability, especially
when exposed to plasma proteins;18 we therefore
investigated if the hybrid nanoparticles developed
in this study can overcome this drawback. Hybrid
nanoparticle complexes (NPlipid/mPEG‑PLA/siRNA and
NPlipid/mPEG‑PLAþPLA/siRNA) at a 10:1 N:P ratio were
incubated with DMEM containing 10% FBS (fetal
bovine serum), and the changes in the size of the
complexes at various incubation times were analyzed
by dynamic light scattering (DLS) measurements. As
shown in Figure 2D, both hybrid nanoparticle types
exhibited excellent colloidal stability in medium as
demonstrated by consistent diameters after incuba-
tion for 7 days. We speculate that the PEG present
on the surface of hybrid nanoparticles prevented non-
specific protein adsorption and aggregation of the
nanoparticles.

Cellular Internalization and Endosomal Escape of Hybrid
Nanoparticles Carrying siRNA. BT474 cells were incubated
with either NPlipid/mPEG‑PLA/siRNA or NPlipid/mPEG‑PLAþPLA/
siRNA complexes at an N:P ratio of 10:1 to evaluate their

cellular uptake. Fluorescent FAM-labeled siRNA was
used to track the nanoparticles. As shown in Figure 3,
FAM-siRNA was observed within the BT474 cells
after 1 h of incubation, indicating the internalization of
NPlipid/mPEG‑PLA and NPlipid/mPEG‑PLAþPLA.

To more precisely understand how the composi-
tion of formulations affected cell internalization of
siRNA, we incubated NPlipid/mPEG‑PLA/FAM-siRNA or
NPlipid/mPEG‑PLAþPLA/FAM-siRNA with BT474 cells for
1 h and subsequently analyzed the cells by flow
cytometry after quenching the extracellular fluores-
cence with trypan blue. As shown in Figure 3B,C, cells
incubated with NPlipid/mPEG‑PLAþPLA/FAM-siRNA com-
plexes exhibited stronger intracellular fluorescence
than those incubated with NPlipid/mPEG‑PLA/FAM-siRNA
complexes at N:P ratios of 5:1 and 10:1. This occurred
because NPlipid/mPEG‑PLA has a higher degree of PEGyla-
tion than NPlipid/mPEG‑PLAþPLA, which inhibits cellular
uptake. In addition, it should be noted that, for both
complexes, the fluorescence intensities of BT474 cells
incubated with both FAM-siRNA-loaded hybrid nano-
particles were improved with an increase in the N:P
ratio.

Lysosomal escape of siRNA after entering the cell
is important for subsequent post-transcriptional gene
silencing in the cytoplasm.7 To investigate whether
siRNA loaded into the hybrid nanoparticles could
escape from the endosome/lysosome, BT474 cells
were treated with NPlipid/mPEG‑PLAþPLA/FAM-siRNA at
N:P ratio of 10:1 for different periods of time, and the
localization of nanoparticles in cells was observed by

Figure 2. (A,B) Binding ability of hybrid nanoparticles NPlipid/mPEG‑PLA (A) and NPlipid/mPEG‑PLAþPLA (B) to siRNA at different
ratios of nitrogen in the carrier to phosphate in the siRNA (N:P ratio) demonstrated by the gel retardation assay.
(C) Cytotoxicity of hybrid nanoparticles (NPlipid/mPEG‑PLA and NPlipid/mPEG‑PLAþPLA) and particles prepared with only cationic
lipidBHEM-Chol (NPof lipid) toBT474 cells byMTTassay. (D) Changes inparticle sizeof thehybridnanoparticles (NPlipid/mPEG‑PLA
and NPlipid/mPEG‑PLAþPLA) carrying siRNA at an N:P ratio of 10:1 following incubation with DMEM containing 10% FBS.
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staining the acidic organelles (including endosomes
and early lysosomes) with LysoTracker Red. The cell
nuclei were counterstained with DAPI. As shown in
Figure 4, both NPlipid/mPEG‑PLAþPLA and NPlipid/mPEG‑PLA

carrying FAM-siRNA (green) were mainly colocalized
with the LysoTracker Red stained organelles after 2 h of
incubation, indicating that these hybrid nanoparticles
resided in endosomes or early lysosomes. However,
after 4 and 8 h of incubation, the separation of the
green and red fluorescence wasmore significant when
the cells were incubated with NPlipid/mPEG‑PLAþPLA/
FAM-siRNA, suggesting that FAM-siRNA more effi-
ciently escaped from the lysosomal vesicles following
the delivery of NPlipid/mPEG‑PLAþPLA; this is likely due
to the fact that PEGylation inhibits the endosomal/
lysosomal escape of nanoparticles.31

Downregulation of Gene Expression and Induction of Cell
Apoptosis in Vitro. Before the gene silencing application,

the cytotoxicities of NPlipid/mPEG‑PLAþPLA/siRNA and
NPlipid/mPEG‑PLA/siRNA were evaluated in B7474 cells
using the MTT assay. As shown in Figure S3, both
NPlipid/mPEG‑PLAþPLA/siRNA and NPlipid/mPEG‑PLA/siRNA
at N:P ratios of 5:1 and 10:1 showed nearly 100%
viability relative to untreated cells at a siN.C. dose of
200 nM. Next, we evaluated the downregulation of the
therapeutic target gene by siRNA-loaded nanoparti-
cles. The Plk1 genewas selected since it is awell-known
key regulator of mitotic progression in mammalian
cells that shows elevated activity in many cancers.32,33

BT474 cells were incubated with hybrid nanoparticles
carrying siPlk1 (200 nM) at N:P ratios of 5:1 and 10:1,
and gene expression was analyzed after 24 h by
quantitative real-time polymerase chain reaction
(qRT-PCR). As shown in Figure 5A, the negative
control siRNA (siN.C.)-loaded nanoparticles did not
downregulate Plk1 expression. In contrast, both

Figure 3. (A) CLSM (confocal laser scanning microscope) images of cell internalization of NPlipid/mPEG‑PLA/FAM-siRNA and
NPlipid/mPEG‑PLAþPLA/FAM-siRNA complexes (N:P = 10:1) in BT474 cells after 1 h of incubation. Cell cytoskeleton F-actin and cell
nuclei were counterstained with Alexa Fluor 568 phalloidin and DAPI, respectively. (B,C) Flow cytometric analyses of BT474
cells after 1 h of incubationwith NPlipid/mPEG‑PLA/FAM-siRNA andNPlipid/mPEG‑PLAþPLA/FAM-siRNA complexes at N:P ratios of 5:1
(B) and 10:1 (C), respectively. The negative control was incubated with PBS. The final concentration of FAM-siRNA in the
culture medium was 200 nM.
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NPlipid/mPEG‑PLAþPLA/siPlk1 and NPlipid/mPEG‑PLA/siPlk1
downregulatedPlk1gene expression in cells after cultur-
ing with the nanoparticles. Notably, NPlipid/mPEG‑PLAþPLA/
siPlk1 was more effective than NPlipid/mPEG‑PLA/siPlk1
in the case of gene silencing at both N:P ratios, due to
the greater amount of siRNA internalization by the cells
andmore efficient escape of siRNA from the endosome
and lysosome, as demonstrated in Figure 3B,C and
Figure 4. Moreover, we observed that the gene
silencing efficiency of both hybrid nanoparticles
was N:P ratio-dependent; increasing the N:P
ratio from 5:1 to 10:1 enhanced the inhibition of

gene expression. For example, NPlipid/mPEG‑PLAþPLA/
siPlk1 at the 10:1 N:P ratio significantly decreased
Plk1 expression (35.3% of the PBS control, p < 0.01)
in cells compared to that at an N:P ratio of 5:1 (71.0%
of the PBS control), reaching a similar level to that of
Lipofectamine 2000 (36.6% of the PBS control). This
phenomenon was consistent with the improved
siRNA internalization as a result of the increased N:
P ratio (Figure 3B,C).

The reduction in Plk1 mRNA decreased Plk1 protein
expression in the cells. Western blot analyses were
used to detect Plk1 protein expression levels after the

Figure 4. Assessment by CLSM of endosomal escape of NPlipid/mPEG‑PLAþPLA/FAM-siRNA and NPlipid/mPEG‑PLA/FAM-siRNA at an
N:P ratio of 10:1 in BT474 cells after incubation with cells for different times. The final concentration of FAM-siRNA in the
culture medium was 200 nM. Cell nuclei and endosomes/lysosomes were counterstained with DAPI (blue) and LysoTracker
Red (red).

Figure 5. (A) Plk1 mRNA expression determined by quantitative real-time PCR. (B) Plk1 protein expression determined by
Western blot analysis. (C) Cell apoptosis following transfection with different formulations. Early apoptotic cells are shown in
the lower right quadrant, and late apoptotic cells are shown in the upper right quadrant. NPlipid/mPEG‑PLAþPLA/siN.C. (or NPlipid/
mPEG‑PLA/siN.C.) and NPlipid/mPEG‑PLAþPLA/siPlk1 (or NPlipid/mPEG‑PLA/siPlk1) represent cells that were transfected with hybrid
nanoparticles NPlipid/mPEG‑PLAþPLA (or NPlipid/mPEG‑PLA) carrying siN.C. (200 nM) and siPlk1 (200 nM), respectively. Lipo/siPlk1
represents cells that were transfected with complexes of Lipofectamine 2000 with siPlk1 (50 nM).
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cells were incubated for 48 h with NPlipid/mPEG‑PLAþPLA/
siPlk1 at N:P ratios of 5:1 and 10:1. As shown in
Figure 5B, delivery of siPlk1 by NPlipid/mPEG‑PLAþPLA

decreased Plk1 protein expression at both N:P
ratios. Furthermore, siPlk1-loaded NPlipid/mPEG‑PLAþPLA

exhibited significantly improved silencing of Plk1 pro-
tein expression at the N:P ratio of 10:1 compared
to at the N:P ratio of 5:1. In addition, siN.C.-loaded
NPlipid/mPEG‑PLAþPLA at N:P ratios of 5:1 and 10:1 did not
downregulate Plk1 protein expression in BT474 cells,
indicating that no nonspecific gene silencing occurred.

It has been reported that Plk1 inhibition increases
cancer cell apoptosis.34 Apoptosis in BT474 cells was
evaluated after transfection with various nanoparticle
and siRNA loading formulations by staining with An-
nexin V-FITC and propidium iodide (PI) (Figure 5C).
Incubation with NPlipid/mPEG‑PLAþPLA/siPlk1 (200 nM) at
an N:P ratio of 10:1 induced apoptosis in 39.94% of
BT474 cells, while incubation with NPlipid/mPEG‑PLAþPLA/
siPlk1 at an N:P ratio of 5:1 (same total siPlk1 dosage)
induced apoptosis in only 18.62% of BT474 cells. More-
over, NPlipid/mPEG‑PLAþPLA/siN.C. (at the same siRNA
dose as with siPlk1) did not induce apoptosis, demon-
strating that apoptosis was due to Plk1 down-
regulation.

In Vivo Tumor Growth Suppression. To reveal the poten-
tial of such hybrid nanoparticles as an siRNA delivery
system in vivo, fluorescent coumarin-6 was incorpo-
rated into the nanoparticles, and the blood concentra-
tions of coumarin-6 were determined with an HPLC
fluorescence detection method. As shown in Figure
S4A, NPlipid/mPEG‑PLAþPLA/siPlk1 and nanoparticles of

mPEG-PLA and PLA (NPmPEG‑PLAþPLA) exhibited similar
concentration�time profiles, and the half-life of
NPlipid/mPEG‑PLAþPLA/siPlk1 and NPmPEG‑PLAþPLA was
222.2 and 308.1 min, respectively. Furthermore, the
biodistribution of NPlipid/mPEG‑PLAþPLA/siPlk1 and
NPmPEG‑PLAþPLA was examined 24 h after the intrave-
nous injection in amouse bearing the BT474 xenograft.
The strongest fluorescence was detected at the tumor
site (Figure S4B), demonstrating the accumulation of
NPlipid/mPEG‑PLAþPLA/siPlk1 in tumor tissue. It is specu-
lated that the PEG shell prevented nonspecific protein
adsorption and aggregation of the nanoparticles
in vivo, thus NPlipid/mPEG‑PLAþPLA/siPlk1 accumulated
at the tumor site through the “enhanced permeation
and retention” (EPR) effect.35

Next, we examined the antitumor growth effect
of NPlipid/mPEG‑PLAþPLA/siPlk1 after accumulation in
the tumor site. Athymic mice bearing BT474 xeno-
grafts each received a daily intravenous injection of
NPlipid/mPEG‑PLAþPLA/siPlk1 at an siRNAdose of 10μgper
injection. Unloaded NPlipid/mPEG‑PLAþPLA and NPlipid/
mPEG‑PLAþPLA/siN.C. at the same polymer weights
were used as negative controls. As shown in Figure
6A, intravenous injection of NPlipid/mPEG‑PLAþPLA/
siPlk1 inhibited tumor growth, whereas neither
NPlipid/mPEG‑PLAþPLA/siN.C.norunloadedNPlipid/mPEG‑PLAþPLA

slowed tumor growth. This shows that siPlk1, the
delivery of which was mediated by NP

lipid/mPEG‑PLAþPLA
, was

responsible for tumor suppression.
To demonstrate that retarded tumor growth by

NPlipid/mPEG‑PLAþPLA/siPlk1 was related to Plk1 down-
regulation in tumor cells, the tumors were excised 24 h

Figure 6. (A) Inhibition of tumor growth in a murinemodel with BT474 xenografts after treatment with various formulations
(n= 6). (B,C) Expression of Plk1mRNA (B) and protein (C) in tumorswas analyzed 24 h after the final injection. BT474 xenograft
tumor-bearingmice received one intravenous injection everyday from the 10th day post-xenograft implantation in all of the
experiments. NPlipid/mPEG‑PLAþPLA, NPlipid/mPEG‑PLAþPLA/siN.C., and NPlipid/mPEG‑PLAþPLA/siPlk1 represent that the mice were
administered with empty hybrid nanoparticles NPlipid/mPEG‑PLAþPLA, NPlipid/mPEG‑PLAþPLA carrying siN.C., and siPlk1 at the same
weight of hybrid nanoparticles (3.05 mg per injection), respectively. The N:P ratios were all 10:1 in the experiments, and
the dose of siRNA was 10 μg per mouse per injection; * p < 0.005 (n = 6). Days after the first injection.
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after the last injection. Tumoral Plk1 mRNA and protein
expression were analyzed by qRT-PCR and Western blot
analyses, respectively. Plk1 mRNA levels showed a 65%
reduction after treatment with NPlipid/mPEG‑PLAþPLA/siPlk1
when compared to the level in tumors following treat-
ments with PBS (p < 0.005, Figure 6B). Treatments with
the negative controls did not show reductions in Plk1
mRNA levels in the tumor when compared to the PBS
control. Western blot analyses of Plk1 protein levels in
each tumor mass (Figure 6C) revealed a significant
reduction in Plk1 protein levels when the mice were
treated with NPlipid/mPEG‑PLAþPLA/siPlk1. In contrast, there
was no significant decrease in Plk1 protein levels after
treatments with either unloaded NPlipid/mPEG‑PLAþPLA

or NPlipid/mPEG‑PLAþPLA/siN.C. when compared with
the treatment with the PBS control. These results de-
monstrate that tumor growth suppression was due
to downregulation of the Plk1 gene after treatment with
NPlipid/mPEG‑PLAþPLA/siPlk1.

Cell proliferation and apoptosis in the tumors after
treatment with various formulations were analyzed
by immunohistochemical staining of proliferating cell
nuclear antigen (PCNA) and the terminal deoxynucleo-
tidyl transferase-mediated dUTP nick end-labeling
(TUNEL) assay, respectively. As shown in Figure 7,
treatment with NPlipid/mPEG‑PLAþPLA/siPlk1 resulted in
a remarkable decrease in PCNA-positive tumor cells
(brown), indicating the inhibition of cell proliferation

in breast tumor tissue. The administration of siPlk1-
loaded nanoparticles also increased cell apoptosis, as
shown by TUNEL-positive tumor cells (brown). In con-
trast, blankNPlipid/mPEG‑PLAþPLA andNPlipid/mPEG‑PLAþPLA/
siN.C. did not significantly inhibit cell proliferation as
demonstrated by the insignificant change in the num-
ber of proliferating PCNA-positive tumor cells and
TUNEL-positive tumor cells when compared with the
PBS treatments.

CONCLUSION

We have developed cationic lipid�polymer hybrid
nanoparticles that can be created by single-step nano-
precipitation, which can efficiently load siRNA. The
composition of formulation affected cellular uptake
of the nanoparticles and gene silencing efficacy both
in vitro and in vivo. The hybrid nanoparticles were
highly stable, capable of delivering siRNA into BT474
cells, and facilitated the escape of loaded siRNA from
the endosome into the cytoplasm, causing remarkable
and specific downregulation of targeted Plk1 onco-
gene and consequent cancer cell apoptosis. Moreover,
the hybrid nanoparticles, by delivering siPlk1, were
able to inhibit tumor growth in a BT474 xenograft
murine model by silencing the Plk1 gene in tumor
cells. All of these findings show that this hybrid nano-
particle formulation has remarkable potential as an
siRNA delivery carrier for cancer therapy.

MATERIALS AND METHODS

Materials and Characterization. Dulbecco's modified Eagle
medium (DMEM) and MTT were purchased from Gibco BRL
(Eggenstein, Germany). The Lipofectamine 2000 transfection kit
from Invitrogen (Carlsbad, USA) was used as suggested by
the supplier. Fluorescently labeled FAM-siRNA and negative
control siRNA with a scrambled sequence (siN.C., antisense

strand, 50-AACCACTCAACTTTTTCCCAAdTdT-30) and siRNA tar-
geting Plk1 mRNA (siPlk1, antisense strand, 50-UAAGGAGGGU-
GAUCUUCUUCAdTdT-30) were synthesized by Suzhou Ribo
Life Science Co. (Kunshan, China). Other organic solvents or
reagents were analytical grade and used as received.

BHEM-Chol and block polymer mPEG5k-PLA25k were synthe-
sized according to our previously reported procedure.28 Homo-
polymer PLA30k was synthesized using a procedure reported in

Figure 7. PCNA and TUNEL analyses of tumor tissues after treatment with various formulations. The tumor tissues were
collected 24 h after the last injection. NPlipid/mPEG‑PLAþPLA, NPlipid/mPEG‑PLAþPLA/siN.C., and NPlipid/mPEG‑PLAþPLA/siPlk1 represent
that themicewere administeredwith empty hybrid nanoparticles NPlipid/mPEG‑PLAþPLA, NPlipid/mPEG‑PLAþPLA carrying siN.C., and
siPlk1 at the same weight of hybrid nanoparticles (3.05 mg per injection), respectively. The N:P ratios were 10:1 in all of the
experiments, and the dose of siRNA was 10 μg per mouse per injection.
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the literature,36 and the molecular weights were determined by
1H NMR (data not shown).

Preparation of Hybrid Nanoparticles. Cationic lipid�polymer
hybrid nanoparticles were prepared by amodified nanoprecipita-
tion method. Briefly, mPEG5k-PLA25k or its mixture with PLA30k

(10 mg) was dissolved in acetonitrile at a concentration of
2 mg/mL. The cationic lipid BHEM-Chol was dissolved in 10%
aqueous ethanol solution, which was preheated at 70 �C for
10 min. The polymer solution was added dropwise to the lipid
solution under vigorous stirring. Afterward, the mixed solution
was gently stirred for 2 h at room temperature. The nanopar-
ticles were washed three times with ultrapurified water and
collected by centrifugation at 300 rpm (Sorvall, Biofuge Stratos,
Germany) with an Amicon Ultra-4 centrifuge filter (molecular
weight cutoff of 10 kDa, Millipore, Billerica, MA).

Characterization of Cationic Lipid�Polymer Hybrid Nanoparticles.
The diameters, PDIs, and zeta-potential of the nanoparticles in
water were analyzed by a Malvern Zetasizer Nano ZS90 appa-
ratus at 25 �C, illuminating the sample with 633 nmwavelength
radiation from a solid-state He�Ne laser and collecting the
scattered light at an angle of 90�. The nanoparticles were
analyzed in triplicate at a concentration of 1.0 mg/mL.
The intensity-average hydrodynamic particle size and PDI
were obtained with Malvern's Zetasizer Nano 4.2 software.37

Zeta-potential measurements were obtained in a disposable
capillary (DTS1060). The Smoluchowski approximation was used
to convert mobilities into zeta-potentials.38

The morphology of the hybrid nanoparticles was examined
by JEOL-2010 transmission electron microscopy (TEM) at an
accelerating voltage of 200 kV.

Preparation of Hybrid Nanoparticles/siRNA Complexes and Gel Retarda-
tion Assay. For siRNA loading, the nanoparticles were diluted to
different concentrations for desiredN:P ratios using eitherwater
or medium and added to siRNA solution (20 mM). The N:P ratio
was defined as the residual molar ratio of amine units in the
cationic lipid to phosphate units in the siRNA. The mixture was
mixed by pipetting and allowed to stand for 20 min before use.

Various complexes were prepared at different N:P ratios
ranging from 1:1 to 10:1 as described above. The complexes
were electrophoresed on a 1.5% agarose gel at a constant
voltage of 120 V for 5 min in Tris/borate/EDTA buffer (TBE
buffer; 89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3). The
siRNA bands were visualized with ethidium bromide staining
under a UV transilluminator at a wavelength of 365 nm. Free
siRNA was used as the control.

Colloidal Stability of Hybrid Nanoparticles Carrying siRNA. The ca-
tionic hybrid nanoparticle/siRNA complexes at a concentration
of 1 mg/mL were incubated in DMEM containing 10% FBS
(Hyclone, Waltham, MA) at 37 �C under gentle stirring. At each
time point, the mean diameters of nanoparticles were mon-
itored as described above using a Malvern Zetasizer Nano ZS90
apparatus as described above.

Cell Culture. The human breast cancer cell BT474 from the
American Type Culture Collection (ATCC) was maintained in
DMEM supplemented with 10% FBS and 4 mM L-glutamine
(Sigma-Aldrich, St. Louis, MO). Cells were incubated at 37 �C in a
5% CO2 atmosphere.

Cytotoxicity Measurement. The cytotoxicity of the nanoparti-
cles was assessed by an MTT viability assay against BT474 cells.
Cells were seeded in 96-well plates at 10 000 cells per well in
100 μL of complete DMEM supplemented with 10% FBS
and incubated at 37 �C in a 5% CO2 atmosphere for 24 h. To
determine the cytotoxicity of nanoparticles, 100 μL of various
nanoparticles in complete DMEM at different concentrations
was used to replace the culture medium, and cells were further
cultured for 24 h. MTT stock solution was then added to each
well to achieve a final concentration of 1 g/L, with the exception
of the wells used as a blank, to which the same volume of
phosphate buffered saline (PBS, 0.01M, pH 7.4)was added. After
incubation for an additional 2 h, 125 μL of the extraction buffer
(20% SDS in 50% DMF, pH 4.7, prepared at 37 �C) was added to
thewells and incubated overnight at 37 �C. The absorbance was
measured at 570 nm using a Bio-Rad 680microplate reader. Cell
viability was normalized to that of BT474 cells cultured in the
culture medium with PBS treatment.

The cytotoxicities of NPlipid/mPEG‑PLAþPLA/siRNA and
NPlipid/mPEG‑PLA/siRNA to BT474 cells were also evaluated
using the MTT assay. BT474 cells were seeded in 96-well
plates at 10 000 cells per well. After 24 h of incubation, 100 μL
of NPlipid/mPEG‑PLAþPLA/siRNA and NPlipid/mPEG‑PLA/siRNA in com-
plete DMEM at N:P ratios of 5:1 and 10:1 was used to replace the
culture medium. siN.C. was used in the assay, and the final
concentration of siN.C. in the culturemediumwas 200 nM. After
48 h of incubation, an MTT assay was performed as described
above to determine the percentage of viable cells remaining
after treatment with different complexes.

Cellular Uptake of Hybrid Nanoparticles and Intracellular Trafficking.
For microscopic observation, BT474 cells (5 � 104 cells/well)
were seeded on coverslips in a 24-well plate and incubated for
24 h. Hybrid nanoparticles carrying FAM-siRNA were added and
incubated with the cells. The final concentration of FAM-siRNA
in the culture mediumwas 200 nM. After 1 h of incubation, cells
were washed twice with PBS and fixed with 4% formaldehyde
for 15 min at room temperature. The cells were stained with
Alexa Fluor 568 phalloidin (Invitrogen, Carlsbad, CA) to indicate
the cytoskeleton and counterstained with DAPI to indicate cell
nuclei according to the standard protocol provided by the
suppliers. Coverslips were mounted on glass microscope slides
with a drop of antifade mounting media (Sigma-Aldrich) to
reduce fluorescent photobleaching. The cellular uptake of
nanoparticles was visualized by CLSM (LSM 710, Carl Zeiss
Inc., Jena, Germany).

For flow cytometric analysis, BT474 cells were seeded into
24-well plates at 5 � 104 cells per well in 0.5 mL of complete
DMEM and cultured at 37 �C in a 5% CO2 humidified atmo-
sphere for 24 h. The original medium was replaced with
FAM-siRNA-formulated hybrid nanoparticles. The FAM-siRNA
concentration was 200 nM. The cells were incubated 1 h at
37 �C and were then rinsed twice with cold PBS. The cells were
trypsinized, washed with cold PBS, and treated for 5 min with
trypan blue (0.2 mg/mL in PBS) to quench the extracellular
fluorescence. The cells were further washed with cold PBS,
filtered through 35 μm nylon mesh, and subjected to flow
cytometric analysis using a BD FACSCalibur flow cytometer.

To follow the endosomal release of nanoparticles, after
different incubation times with hybrid nanoparticles containing
FAM-siRNA (200 nM siRNA), BT474 cells were washed with PBS
and stained with LysoTracker Red (Molecular Probe, Eugene,
OR) following the manufacturer's instructions. The cells were
then washed twice with PBS, fixed with 4% formaldehyde for
15min, and counterstainedwith DAPI. The cells were imaged by
CLSM to determine the localization of siRNA inside the cells.

In Vitro Gene Silencing. To assess the silencing capability of
hybrid nanoparticles, BT474 cells were seeded into 6-well plates
(2 � 105 per well) and incubated for 24 h. The cells were
transfected with various formulations at a final siRNA dose of
200 nM. Lipofectamine 2000 carrying 50 nM of siPlk1 was used
as the positive control. After further incubation for 24 h (for
mRNA isolation) or 48 h (for protein extraction) at 37 �C, the
cellular levels of Plk1 mRNA and protein were assessed using
qRT-PCR and Western blot, respectively.

For qRT-PCR analysis, the cells were collected and total RNA
from transfected cells was isolated using an RNeasy mini kit
(Qiagen, Valencia, CA) according to themanufacturer's protocol.
Two micrograms of total RNA was transcribed into cDNA using
the PrimeScript First Strand cDNA Synthesis Kit (Takara, Dalian,
China). Thereafter, 2 μL of cDNA was subjected to qRT-PCR
analysis targeting Plk1 and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) using the SYBR Premix Ex Taq (Perfect Real
Time) (Takara, Dalian, China). Analysis was performed using the
Applied Biosystems StepOne Real-Time PCR Systems. Relative
gene expression values were determined by theΔΔCTmethod
using StepOne software v2.1 (Applied Biosystems). Data are
presented as the fold difference in Plk1 expression normalized
to the housekeeping gene GAPDH as the endogenous ref-
erence and relative to the untreated control cells. The
primers used in the quantitative real-time PCR for Plk1
and GAPDH were 50-AGCCTGAGGCCCGATACTACCTAC-30

(Plk1-forward), 50-ATTAGGAGTCCCACACAGGGTCTTC-30 (Plk1-
reverse), and 50-TTCACCACCATGGAGAAGGC-30 (GAPDH-forward),
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50-GGCATGGACTGTGGTCATGA-30 (GAPDH-reverse). PCR param-
eters consisted of 30 s of Taq activation at 95 �C, followed by
40 cycles of PCR at 95 �C� 5 s, 60 �C� 30 s, and 1 cycle of 95 �C�
15 s, 60 �C � 60 s, and 95 �C � 15 s. Standard curves were
generated, and the relative amount of target gene mRNA was
normalized toGAPDHmRNA. Specificitywas verifiedbymelt curve
analysis.

In Western blot analysis, transfected cells were first washed
twice with cold PBS, then resuspended in 50 μL of lysis buffer
(50 mM HEPES, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10%
glycerol, 1.5 mMMgCl2, 1mM EGTA) freshly supplemented with
Roche's Complete Protease Inhibitor Cocktail Tablets. The cell
lysates were incubated on ice for 1 h and vortexed every 5 min.
The lysates were then clarified by centrifugation for 10 min at
12 000g. The protein concentration was determined using the
BCA Protein Assay Kit (lot: 23250, Thermo, Madison, WI). Total
protein (100 μg) was separated on 12% bis-Tris-polyacrylamide
gels and then transferred (at 300mA for 45min) to Immobilon-P
membranes (Millipore, Bedford, MA). After incubation in 5%
bovine serum albumin (BSA, Sigma-Aldrich) in phosphate buf-
fered saline with Tween-20 (PBST, pH 7.2) for 2 h, the mem-
branes were incubated in 1% BSA in PBS with monoclonal
antibodies against Plk1 (1:1000) overnight. The membrane
was incubated in 1% BSA with goat anti-mouse IgG-HRP anti-
body (1:10 000) for 30 min, and bands were visualized using
ImageQuant LAS 4000 mini (GE Healthcare).

Cell Apoptosis Analysis. BT474 cells were seeded into 24-well
plates (1.0� 105 per well) and incubated for 24 h. The cells were
treated with the above-mentioned formulations. Lipofectamine
2000 carrying siPlk1 (50 nM) was used as the positive control.
After 48 h of incubation, the cells were collected and the
apoptotic cells were detected by flow cytometry using the
annexin V-FITC apoptosis detection kit I (BD Biosciences, San
Diego, CA) according to the standard protocol provided by the
suppliers. The results were analyzed usingWinMDI 2.9 software.

Human Breast Cancer Xenograft Tumor Model and Tumor Suppression
Study. BALB/cA-nu nude mice (6 weeks old) were purchased
from the Beijing HFK Bioscience Co., LTD (Beijing, China), and all
animals received care in compliance with the guidelines out-
lined in the Guide for the Care and Use of Laboratory Animals.
The procedures were approved by the University of Science and
Technology of China Animal Care and Use Committee.

The xenograft tumor model was generated by subcuta-
neous injection of BT474 cells (1 � 107 for each mouse) in the
mammary fat pad of the mouse. When the tumor volume was
around 50mm3 at 10 days after cell implantation, themicewere
randomly divided into four groups (six mice per group) and
treated with PBS, blank hybrid nanoparticles, hybrid nanopar-
ticles carrying siPlk1, or control siN.C. by intravenous injection.
Themouse received daily injections at a dose of 10 μg siRNA per
mouse. Tumor growth was monitored by measuring the per-
pendicular diameter of the tumor using calipers. The estimated
volume was calculated according to the following formula:
tumor volume (mm3) = 0.5 � length � width2.

Detection of Plk1 Expression in Tumor Tissues. Tumor tissues were
collected 24 h after the last intravenous injection. Plk1 expres-
sion at mRNA and protein levels in the tumors was analyzed by
qRT-PCR and Western blot analyses.

For Plk1 mRNA analysis, a piece of tumor tissue (∼10 mg)
was lysed using the RNeasy mini kit. The mRNA was collected
and analyzed by qRT-PCR as described above.

For Plk1 protein analysis, a piece of tumor tissues was lysed
in 100 μL tissue lysis buffer (50mMHEPES, pH 7.5, 150mMNaCl,
1 mM EGTA, 2.5 mM EDTA, 10% glycerol, 0.1% Tween 20, 1 mM
dithiothreitol, 10 mM glycerol 2-phosphate, 1 mM NaF, and
0.1 mM Na3VO4) freshly supplemented with Roche's Complete
Protease Inhibitor Cocktail Tablets. The lysates were incubated
on ice for a total of 30min and vortexed every 5min. The lysates
were centrifuged for 10 min at 12 000g. Proteins were then
detected by Western blot analyses as described above.

Immunohistochemical Analysis. Mice were sacrificed, and tumor
tissues were excised 24 h after the last treatment. The tissues
were fixed in 4% formaldehyde and embedded in paraffin for
analysis. Paraffin-embedded 5 μm tumor sections were pre-
pared for immunohistochemical analysis.

The proliferation of tumor cells was detected using an
antibody against PCNA. Deparaffinized slides were boiled for
5 min in 0.01 M sodium citrate buffer (pH 6.0) in a pressure
cooker for antigen retrieval. Subsequently, slides were allowed
to cool for another 5 min in the same buffer. After several rinses
in PBS and pretreatment with blockingmedium for 5min, slides
were incubated with the PCNA antibody (Maxim Biotech.,
Fuzhou, China) diluted to 1:300 in antibody diluent solution
for 20 min at room temperature and then at 4 �C overnight.
After washing slides in Tris-buffered saline, a streptavidin�
biotin system was used according to the manufacturer's in-
structions (BioGenex, San Ramon, CA). The slides were counter-
stained using Aquatex (Merck, Gernsheim, Germany).

The apoptosis of tumor cells following treatments was
determined using the TUNEL method according to the manu-
facturer's instructions (Roche, Basel, Switzerland). All sections
were examined under a Nikon TE2000 microscope (Tokyo
Prefecture, Japan).

Statistical Analysis. The statistical significance of treatment
outcomes was assessed using Student's t test; p < 0.05 was
considered statistically significant in all analyses (95% confi-
dence level).
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