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Although many potent conventional therapies are available
to cancer patients, the spontaneous reappearance of tumors in
the long term remains a significant concern with these
therapies.[1] This unfortunate phenomenon of therapeutic
relapse may be caused by the lack of efficiency in eliminating
the cancer stem cell (CSC) population in the tumor mass. For
example, lung cancer accounts for the majority of cancer-
related deaths worldwide.[2] Currently, chemotherapy and
radiotherapy remain the basis of treatment against lung
cancer because of their capability to reduce the whole tumor
bulk. However, such reduction is nonspecific with regard to
CSCs, resulting in development of relapse and resistance to
treatment. Thus, use of conventional therapies for the treat-
ment of lung cancer is limited. CSC-specific targeting has
been introduced as an alternative, because of its potential to
kill tumor-initiating cancer cells.[3] The identification of CSC
markers and their exploitation in targeted chemotherapy is an
ultimate goal for CSC-based therapy.[4] Recently, CD44 has
been demonstrated to serve as an important marker of
a subset population of CSCs in many tumors, including lung
cancer.[3] However, specific therapeutic targeting of CD44 in
CSCs is still in its infancy.

MicroRNA-34a (miR-34a), which is one of the most
prominent endogenous miRNAs involved in the genesis and
progression of human cancers, functions as a tumor suppres-
sor and is commonly down-regulated in many human cancers.
Enhanced expression of miR-34a in the lung inhibits tumor
growth, owing to the down-regulation of the protein survivin
in the tumor.[5] Recently, miR-34a was reported to be an
important regulator, inhibiting both CSC differentiation and
metastasis by directly repressing the CSC marker CD44,
suggesting that CD44 is a direct and functional target of miR-
34a.[6] Thus, the involvement of miR-34a in suppressing CSC
proliferation makes it a promising candidate for lung cancer
therapy.

Nevertheless, the therapeutic effect of nuclease-labile and
hydrophilic molecules such as miRNAs is hampered by poor
delivery systems.[7] Therefore, it is important to develop an

effective and functional drug-delivery system for miRNAs,
which should have the two following key characteristics:[8]

1) it protects encapsulated miRNAs from degradation by
nucleases when the nucleic acids circulate in the blood; 2) it
includes a cationic component that facilitates association with
anionic miRNAs. Additional properties that are more gen-
erally applicable to delivery systems would include, but are
not necessarily limited to: outstanding cellular-uptake effi-
ciency both in vitro and in vivo, and accumulation of the drug
at the correct tumor site. To date, use of viral vectors for gene
delivery may be accompanied by an immune response,[9] and
direct evidence for the clinical applicability of polymer-based
nanoparticles is still limited. To address these issues, solid
lipid nanoparticles (SLNs) with the required properties
(mentioned above) are beginning to emerge for delivery of
many drugs, including gene-based drugs.[10] Additionally, it
remains unclear how to properly and efficiently deliver CSC-
modulating macromolecules, such as miR-34a, into the lung
for CSC therapy.

In an effort to find an appropriate delivery method, we
employed SLNs that contain dimethyldioctadecylammonium
bromide (DDAB) to condense miRNAs in order to enhance
cellular uptake and increase the localization of the drug in the
cancerous lung, followed by repressing the CSC properties.
The miSLNs-34a formulation (miR-34a-loaded DDAB-
SLNs) was characterized, followed by in vitro and in vivo
assessment of its enhanced stability and antitumor properties.
Furthermore, the CD44 (CSC-like) phenotype was evaluated
after intravenous injection of miSLNs-34a into B16F10-
CD44+-bearing tumors in mouse lungs. Taken together,
miR-34a is considered a new functional regulator of
CD44,[6] and to our knowledge, this is the first miR-34a
delivery system to achieve efficient CSC therapy.

Herein, DDAB-containing solid lipid nanoparticles were
prepared by a film-ultrasonic method (see Experimental
Section in the Supporting Information). MiRNA-loaded
SLNs (miSLNs) were then prepared by coincubation of
SLNs with miRNA at different ratios (DDAB/RNA, w/w).
Figure 1 and Figure S1 in the Supporting Information show
the size distributions and morphology of SLNs and miSLNs.
The average size of miSLNs, having spherical morphology,
was approximately 200 nm, which is within the injectable
range for intravenous administration (� 200 nm).[11] The
entrapment efficiency of miSLNs was (96.44� 0.17)%, and
the RNA loading yield in miSLNs was (2.57� 0.10) nmol per
mg of lipids. In addition, Table S1 shows that SLNs can
protect miRNA from degradation, and this protection ability
was better than that of lipofectamine.

We first determined the properties of B16F10-CD44+ cells
by sphere-formation assays in in vitro cellular studies and
found that the B16F10-CD44+ cells were CSC-like (Fig-
ure S2). An investigation of the cytotoxicity of the excipients
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showed that SLNs were well tolerated (low toxicity) by
B16F10-CD44+ cells at lower concentrations (from 9–
19 mgmL�1) of DDAB in the nanoparticles (Figure S3). The
cellular uptake of miSLNs-34a was then evaluated by flow
cytometry and quantitative real-time PCR (qRT-PCR).
Increasing the DDAB/RNA ratio to 8:1
(DDAB/RNA, w/w) resulted in enhanced cel-
lular uptake of nanoparticles (Figure S4a), thus
indicating that the positive charge of miSLNs
could contribute to the cellular uptake of the
particles.[12] However, a further increase of the
ratio beyond 8:1 did not result in further
enhanced cellular uptake. Therefore, in the
following studies, the DDAB/RNA ratio was
set at 8:1 (w/w), which showed the highest
cellular-uptake efficiency. Then, expression of
mature miR-34a was quantified at 24 h after
transfection. Compared with untreated and
miR-34a-treated groups, B16F10-CD44+ cells
transfected with miSLNs-34a had 297.1-fold and
90.7-fold higher miR-34a levels, respectively
(Figure S4b). Additionally, compared to lipo-
RNA, the uptake of miSLNs was slightly lower
because of the blocking activity of polyoxyeth-
ylene 50 stearate (Myrj53) coated on the surface
of nanoparticles.

The wound-healing assay provides a valuable
in vitro tool for studying the combined process-
es of cell migration, cell motility, and prolifer-
ation.[13] B16F10-CD44+ cells migrate faster into
the scratch, and the recovery of the wound area
was nearly completed within one day in groups
treated with PBS, mock (all reagents except for
miR-34a), free miR-34a, miSLNs-NC, and lipo-
NC (NC: negative control oligonucleotide of
miR-34a), while miSLNs-34a and lipo-miR-34a
inhibited the wound closure of all scratches (see
Figure 2a, and Figure S5 in the Supporting
Information). These results also illustrate that
miSLNs-34a-treated and lipo-miR-34a-treated
tumor cells were attenuated in cell motility and
migration, but other groups did not show this
attenuation.

To investigate the influence of the miR-34a
formulations on cell apoptosis, cell morphology
changes were evaluated by DAPI staining and

the number of apoptotic cells was quantified by annexin V-
FITC and propidium iodide (PI) double-staining. Compared
with the negative control groups, extreme chromatin con-
densation, nuclear fragmentation, and apoptotic body for-
mation occurred in a substantially greater number of cells in
both miSLNs-34a and lipo-miR-34a groups (see Figure 2b,
and Figure S5b in the Supporting Information). Accordingly,
miSLNs-34a and lipo-miR-34a could induce the death of
B16F10-CD44+ cells (Figure S6). Histograms in Figure 2c
show that the lipo-miR-34a group had the highest fraction of
cells (55.3%) in the annexin V+/PI� (apoptotic) quadrant,
while miSLNs-34a showed a slightly decreased fraction of
apoptotic cell (47.6 %), but displayed a greater percentage of
cells in the annexin V+/PI+ (apoptotic and necrotic) quadrant
(22.4 %). This observation might be attributed to the exci-
pient DDAB that was used, which is toxic to cells and can
induce necrosis. In addition, the subpopulation of miSLNs-
34a-induced apoptotic cells was a significantly greater frac-

Figure 1. Blank SLNs (a) and miSLNs (b) visualized by transmission
electron microscopy (TEM). Scale bar: 200 nm.

Figure 2. In vitro cellular evaluation of miSLNs. a) Effects of miSLNs-34a on B16F10-
CD44+ cell motility and migration: representative images of wound-healing assay. Scale
bar: 30 mm. b) DAPI staining of fragmented chromatin or apoptotic bodies in B16F10-
CD44+ cells after transfection with miSLNs. Scale bar: 30 mm. c) Necrosis and
apoptosis assays conducted by flow cytometry using Annexin V in combination with
propidium iodide. d) Proportion of apoptotic cells after treating with miR-34a (n = 3).
e) Sphere-formation assays. Images were taken at 72 h after miSLN administration and
representative spheres are shown.
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tion than that of both mock and miR-34a groups (P< 0.05;
Figure 2d).

Spheroid-colony formation, which is an in vitro cell-
culture model to identify CSCs, is considered an indication
of self-renewal ability and would be consistent with a CSC-
like phenotype or property.[14] Untreated B16F10-CD44+ cells
successfully produced spheroid colonies (Figure 2e). Spheres
treated with miR-34a delivered by miSLNs and lipofectamine
showed a suppressive effect on the formation of sphere
colonies. As expected, the other groups containing untreated,
mock, and free miR-34a did not exhibit this effect (Fig-
ure 2e). These findings suggest that miSLNs-34a could greatly
impact the ability of B16F10-CD44+ cells to form CSC-like
spheroids in vitro.

MiR-34a has been shown to influence the expression of
CD44 on CSC-like cells[6] by functioning as a CSC mar-
ker,[6,14b] thus playing a role in tumor cell adhesion. Therefore,
CD44-positive B16F10 cells were used as the CSC-like cell
population to evaluate the function of miR-34a (against
CD44) in different formulations. Using an anti-CD44 anti-
body for flow cytometry, relatively low CD44 expression was
detected on the cell surface in miSLNs-34a and lipo-miR-34a
treatment groups, as compared with the expression of CD44
in the control groups (Figure 3). The decrease in CD44 was
miR-34a-dependent and was not observed with free miR-34a
alone, indicating that lipo-miR-34a and miSLNs-34a were
efficiently internalized into cells, but free miR-34a was not.
These results demonstrated that miSLNs-34a could reduce
expression of CD44, inhibit cell migration, and induce cell
apoptosis (Figure 2). These observations are consistent with
CD44 being a direct and functional target of miR-34a in
CSCs,[6] and with CD44 possibly playing a role in mediating
CSC migration, homing, and metastasis.[6, 15] In those reports,
all of these anti-CSC activities were well correlated with the
high miR-34a expression levels in the cells. Thus, miR-34a
delivery mediated by miSLNs is a promising strategy to
attenuate CD44-positive CSC growth and migration.

The in vivo biodistribution characteristics of miSLNs were
monitored using fluorescence imaging and qRT-PCR. Car-
boxyfluorescein-labeled SLNs accumulated in the lung, and
a gradual increase in fluorescence signals was observed in the

lungs from 1–2 h after intravenous injection, followed by
a plateau in the signal intensity at 3 h (Figure 4 a). Addition-
ally, use of SLNs resulted in the intracellular and cytosolic
delivery of the drug (fluorescence signals; Figure 4b). Then,
in order to verify whether SLNs could deliver the model drug
miR-34a into the lung, Cy3-miR-34a was loaded into nano-

particles for intravenous administration to the mice. The
ex vivo tissues were collected for image monitoring (Fig-
ure 4c), showing that miSLNs could efficiently mediate miR-
34a delivery into the lung, while lipofectamine was relatively
inefficient. These results suggest that lipo-miR-34a was
mainly taken up by reticuloendothelial system (RES)
organs, such as the liver. However, DDAB-containing SLNs
(zeta potential) and Myrj53 could induce the accumulation of
SLNs in the lung (Figure S7). Accordingly, it is plausible that
miSLNs-34a avoids unwanted liver capture because of the
PEG-like structure of Myrj53 in the SLN shell, which
considerably reduces the adsorption between nanoparticle
and protein,[16] thereby prolonging its circulation time (t1/2 =

8.16 h, Figure S8) and decreasing the uptake of SLNs by
Kupffer cells. The qRT-PCR results (Figure 4d) show that the
lungs treated with miSLNs-34a exhibited the highest miR-34a
expression and a 5.9-fold greater miR-34a level relative to
that of lipo-miR-34a-treated lung tissues. Taken together,
these findings indicate that miSLNs enhance miR-34a uptake
into the lung, primarily owing to the ability of the delivery
vehicle to avoid liver capture and be physically entrapped in
the capillary bed of the lungs.[17] Therefore, this observation
indicates the feasibility of developing this strategy for lung

Figure 3. Flow cytometric evaluation of CD44 expression in the
B16F10-CD44+ cells after miR-34a treatments.

Figure 4. In vivo fluorescence images of miSLNs in mice and mature
miR-34a levels in the lungs. a) Time-dependent intensity images of
fluorescence distribution in mice. b) Fluorescence microscopy images
of lung tissue sections at 2 h after intravenous injection of fluores-
cence-labeled SLNs (Blue fluorescence shows nuclear staining with
DAPI, and green fluorescence shows the location of SLNs). c) In vivo
fluorescence images of major organs at 2 h after injection of miSLNs.
d) Mature miR-34a levels in lung tissues 24 h after mice were given
intravenous injections with miSLNs (n = 5).
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cancer therapy by using the miSLNs
approach to deliver miR-34a. In addi-
tion, based on the biodistribution of the
lipofectamine group, the lipo-miR-34a
preparation was not further investi-
gated in the remaining in vivo studies.

Aiming to verify whether miSLNs-
34a had antitumor efficacy in the CSC-
bearing mice, their survival rates, along
with the weight and histological stain-
ing of lungs and CD44 expression, were
analyzed. As expected, the mice in the
control groups, which were treated
with PBS, mock, and miR-34a, died
relatively quickly, while miSLNs-34a
significantly prolonged the survival
time of mice (Figure 5a). Histological
analysis of the tumor by hematoxylin
and eosin (H&E) staining as well as the
lung morphology showed that the
growth of the tumor nodules in the
lung was significantly inhibited by
miSLNs-34a, as compared with other
control groups (Figure 5b,c). Notably,
significant decreases in the weights of
CSC-like B16F10-bearing lungs were
found in the miSLNs-34a group com-
pared with the groups that were treated
differently (P< 0.05; Figure 5d), sug-
gesting a high therapeutic efficacy. To
further assess the changes in CSC
phenotype in B16F10-CD44+-bearing
mice, the expression of miR-34a-tar-
geted CD44 was examined. A FITC-
labeled anti-mouse CD44 antibody was
used for immunofluorescence staining
of normal and tumoral cells detached
from the B16F10-CD44+-bearing lungs.
Flow cytometry analysis of CD44 phe-
notype on the cell surface showed that
38% of cells were CD44-positive in
miSLNs-34a-treated lungs, compared
to the control groups (PBS: 56 %;
mock: 71%; miR-34a: 64 %; P< 0.05;
Figure 5e). In an immunohistoche-
misty test, the vast majority of cells in
the tumor-bearing lungs were strongly CD44 positive when
treated with PBS, mock, and miR-34a, while CD44 immuno-
histochemical patterns in the miSLNs-34a group were oppo-
site (low CD44 level; Figure 5 f), thus indicating that miSLNs-
34a could inhibit CSC growth by attenuating CD44 expres-
sion.

In general, the therapeutic efficacy of miR-34a depends
on its inherent characteristics as well as accessibility of the
target site. In this study, we have validated that CSC-like
B16F10-bearing lung tumors were significantly inhibited by
the miSLNs-34a delivery system, which increases the drug
concentration at the target sites because of the enhanced
permeability and retention (EPR) effect,[18] while the tumors

showed greater resistance to PBS, blank SLNs, and free miR-
34a because of the fairly low local concentration of miR-34a
in the tumor sites. We also demonstrated that miSLNs-34a
effectively delivered miR-34a into the tumor tissue to induce
the apoptosis of tumor cells by regulating CD44 expression
and the migratory, invasive, and metastatic properties of CSC-
like cells. Thus, suppression of CD44 in B16F10-CD44+ cells
inhibited tumor development and tumorigenicity (Figure 5),
consistent with CD44 possibly playing a role in mediating
CSC migration and homing and metastasis.[6]

Toxicity is one of the crucial factors to consider in
evaluating the application potential of therapeutic agents.[5]

Morphological assessments and tissue histology from H&E

Figure 5. miSLNs-34a inhibition of growth and metastasis of tumors originating from CSCs.
a) Survival analysis of B16F10-CD44+-bearing mice (n = 8). b) Images of the B16F10-CD44+-
bearing lungs on the day 21 after three consecutive intravenous injections of miSLNs-34a (n = 5–
6; arrow: tumor nodules). c) Histological staining of the CSC-bearing lungs after miR-34a
treatment (arrow: tumor nodules). d) Enhanced antitumor effects of miSLNs-34a evaluated by
CSC-bearing lung weight (n = 5–6). e) Flow cytometric evaluation of CD44 expression in the
B16F10-CD44+-bearing lungs after miR-34a treatment. f) Representative CD44 immunohisto-
chemistry images of B16F10-CD44+-bearing lungs after miR-34a treatment.
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staining of lungs and brains revealed no inflammation and no
cellular damage induced by SLNs (Figure S9). We also
examined IL-6 concentration in the serum to assess whether
inflammatory responses were induced by the nanoparticles.
Figure S9b shows that there were no significant changes in IL-
6 values detected between untreated and miSLNs-treated
groups. These results indicated that miSLNs-34a accumula-
tion occurred in the lung without inducing inflammation, thus
suggesting that miSLNs are not toxic under these conditions.

In summary, we have successfully developed a lipid
nanoparticle system to carry a microRNA relevant for CSC
therapy. MiSLNs protect the integrity of miR-34a from
degradation in the serum and increase its cellular-transfection
efficiency in vitro. Consequently, this formulation could
induce B16F10-CD44+ cell apoptosis and inhibit cell migra-
tion by negatively regulating the cell surface protein CD44.
Additionally, miSLNs enable miR-34a accumulation in lungs
in vivo, extending the persistence of drug in the tumor sites
based on the EPR effect. MiSLNs-34a was also effective in
inhibiting B16F10-CD44+ tumor development and tumor-
igenicity with an adequate margin of safety in vivo. Taken
together, the potency of miSLNs-34a against CSC-like cells
both in vitro and in vivo highlights that we have achieved
a viable nanoparticulate delivery system for miR-34a for lung
CSC therapy.
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