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The integration of therapeutic and imaging functions in a nanoscale structure is gaining increasing

attention to monitor drug and gene delivery in a non-invasive real-time manner. Here we introduce radio-

opaque nanoemulsions incorporating paclitaxel and Bcl-2 small interfering RNA (siRNA) for synergistic

anti-cancer theranostics. Water-insoluble paclitaxel is readily dissolved in iodinated poppy seed oil

(Lipiodol) and emulsified in an aqueous solution using a mixture of PEGylated phospholipids, cholesterols,

and linear polyethylenimine grafted with cholesterols. The prepared cationic nanoemulsions were

electrostatically complexed with Bcl-2 siRNA for the co-delivery of paclitaxel and siRNA, inducing a

dramatically higher level of apoptosis and cytotoxic activity in breast adenocarcinoma compared to

individual treatments. The feasibility of the nanoemulsions for bio-imaging applications is preliminarily

investigated using micro-computed tomography with a mouse model. This study suggests that the

Lipiodol nanoemulsions can be used as a multifunctional nanocarrier platform for the co-delivery of anti-

cancer drugs and siRNA with bio-imaging functionality to efficiently increase the modality of anti-cancer

theranostics.

Introduction

There has been much attention on a variety of polymeric and
lipid nanoparticulate systems for the delivery of drugs, genes,
and other functional materials.1,2 Polymeric nanoparticles
exhibit relatively better structural stability than lipid-based
ones, but their biodegradability and biocompatibility need to
be carefully considered for practical applications. Various lipid
nanoparticles, including liposomes, solid lipid nanoparticles,
and lipid nanoemulsions, have been widely investigated for
clinical applications because they can improve the efficacy of
drugs without showing significant cytotoxicity. Excellent
biocompatibility is the most important reason why lipid-based
systems have been studied despite relatively poor physical
stability. The most appropriate type of lipid-based nanoparti-

cles for specific applications is determined by the physico-
chemical properties of payloads. For example, SLNs and
nanoemulsions have been used for the delivery of water-
insoluble and poorly-soluble molecules because of the
presence of a hydrophobic core. Liposomes can be used to
encapsulate hydrophilic biomacromolecules (e.g., proteins,
carbohydrates, genes).

Recently, a variety of nanostructures have been employed
for the co-delivery of therapeutic drugs and genes with the aim
to achieve their synergistic effects. In particular, the combina-
tion of therapeutic siRNA with anti-cancer drugs was proved to
be very effective for improving their therapeutic efficacy. For
instance, the co-delivery of paclitaxel with B-cell lymphoma-2
(Bcl-2) siRNA using a cationic amphiphilic polymer or solid
lipid nanoparticles significantly increased the cytotoxicity of
human breast cancer cells.3,4 Liposomes co-encapsulating Bcl-
2 or multidrug resistance-associated protein-1 (MRP-1) siRNA
with doxorubicin increased the efficacy of anti-cancer treat-
ments.5 Nanoemulsions have been also investigated as a
nanocarrier for drug and gene delivery, bio-imaging, and
personal care, although their use for the co-delivery of anti-
cancer drugs and siRNA has not yet been reported.6–9 For anti-
cancer therapy, nanoemulsions can be very effective to
solubilize water-insoluble drugs and reduce the severe side
effects of anti-cancer drugs through passive and active
targeting to tumor sites. Nanoemulsions can also be prepared
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only using biocompatible amphiphilic molecules, including
phospholipids, cholesterols, and their derivatives.

Besides efficient drug and gene delivery to target sites, the
ability to monitor the fate of nanocarriers in systemic and
subcellular levels is highly required to achieve effective anti-
cancer therapy. Nanocarrier systems co-encapsulating imaging
and therapeutic agents have shown great potential for
theranostic applications.4,8,10,11 Multiple imaging techniques
have been used to non-invasively monitor the bio-distribution
and efficacy of drugs in a real-time manner.12 They include
computed tomography (CT), magnetic resonance imaging
(MRI), positron emission tomography (PET), single-photon
emission tomography (SPECT), and optical imaging (biolumi-
nescence and fluorescence).13

In this study, we introduce radio-opaque nanoemulsions
for the co-delivery of anti-cancer drugs and therapeutic siRNA
for efficient theranostic applications. Lipiodol, an iodinated
derivative of poppy seed oil having a high content of iodine
(38–40 wt%), was employed as a radio-opaque contrast agent
that can be used to monitor the in vivo fate of delivery
carriers.14–16 The important advantage of our system is that
Lipiodol can effectively solubilize water-insoluble drugs as well
as working as a contrast agent.17–19 The use of nanoemulsions
for theranostic applications has been reported by incorporat-
ing both the imaging agents (e.g., iron oxide nanocrystals and
fluorescent dyes) and water-soluble drugs into the nanoemul-
sions.5 The novelty of our proposed nanoemulsion platform is
that a well-known CT contrast agent, Lipiodol, was employed
as an oil component, for the first time, to solubilize lipophilic
drugs. Triglycerides and soybean oil are generally used for
nanoemulsions. Note that Lipiodol has been proved to be an
effective radio-opaque contrast agent for CT imaging in clinics,
although it has never been studied in nanoemulsion systems.
We believe that our radio-opaque Lipiodol nanoemulsions can
be utilized as a unique theranostic platform for a wide range of
different drugs. In our work, paclitaxel was solubilized and
loaded into the Lipiodol core of nanoemulsions while Bcl-2
siRNA was also incorporated onto the surface of nanoemul-
sions for synergistic anti-cancer effects.20–22 Paclitaxel is a
chemotherapeutic agent widely used for the treatment of
various cancers, including lung, ovarian, breast, head and
neck cancer, and Kaposi’s sarcoma.23 Paclitaxel destabilizes
microtubules during cell cycles and inhibits cell divi-
sion.20,24,25 However, its anti-cancer effects can be reduced
by the defence mechanism of cancer cells against cell death
mainly through the activation of an anti-apoptotic defence
mechanism, in which Bcl-2 proteins are involved.26–28 The
selective knockdown of the Bcl-2 gene can make cancer cells
more susceptible to apoptosis induced by anti-cancer
drugs.20,29 Here, the co-delivery and synergistic anti-cancer
effect of paclitaxel and Bcl-2 siRNA were evaluated using breast
adenocarcinoma cells, and the potential bio-imaging capabil-
ity of Lipiodol nanoemulsions was preliminarily investigated
using micro-CT with a mouse model.

Results and discussion

To prepare nanoemulsions, a mixture of paclitaxel, choles-
terol, linear polyethylenimine grafted with cholesterols
(denoted ‘LPEI-g-chol’), and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine–polyethylene glycol (DSPE–PEG, molecular
weight = 2 kDa) was dissolved in a mixture of chloroform and
methanol. Lipiodol was added to the above organic solution,
and then emulsified into water to generate oil-in-water
emulsions. After emulsification, the organic solvents were
removed by evaporation in vacuum, and Lipiodol remained
within the nanoemulsions while solubilizing paclitaxel.
Besides paclitaxel, Lipiodol can be used to solubilize a wide
range of lipophilic anti-cancer drugs, including, doxorubicin
and poly(styrene–maleic acid) copolymer conjugated with
neocarzinostatin (SMANCS).17,30,31 In particular, SMANCS
dissolved in Lipiodol is a well-known tumor targeted che-
motherapy to treat hepatocellular carcinoma and renal cell
carcinoma.30,32 Our previous study also demonstrated that
Pluronic/PEG cross-linked nanoemulsions with Lipiodol as a
hydrophobic core oil effectively solubilized paclitaxel.19

Therefore, our Lipiodol-based nanoemulsions are not limited
to the selection of materials for the current study, but can be
readily extended to a wide range of other active and carrier
materials.

Cholesterol was added as an emulsion stabilizer to the
formulation containing paclitaxel-solubilized Lipiodol.
Cholesterol has been widely used for lipid-based nanoparticles
because it can mediate membrane fusion and cellular
internalization of lipid-based nanoparticles and improve their
dispersion stability in a serum-containing medium by increas-
ing the structural rigidity of nanoparticles.33–36 In our work, all
of the formulations prepared without cholesterol exhibited
very poor dispersion stability. Apparent phase separation
appeared in 72 h when the samples were incubated at an
ambient temperature. DSPE–PEG was incorporated to inhibit
the adsorption of serum proteins to nanoemulsions. The anti-
fouling effect of the PEG chain is well established as it can
reduce in vivo clearance via the reticuloendothelial or mono-
nuclear phagocytic systems.37 LPEI-g-chol was used as a
positively-charged shell stabilizer, making the surface of the
prepared nanoemulsions positively charged. LPEI-g-chol
enables the electrostatic complexation of negatively charged
siRNA with the nanoemulsions. It can also facilitate the
endosomal escape of the nanoemulsions via a proton sponge
effect, as previously demonstrated by PEI based complexs.38

Although both branched and linear PEIs have been reported as
effective gene delivery carriers, PEI having a high molecular
weight is highly cytotoxic. Linear PEI with a low molecular
weight is much less toxic and less efficient for endosomal
escape. It has been reported that the endosomal release of
therapeutic genes can be enhanced when a low molecular
weight PEI conjugated with cholesteryl chloroformate was
used because the secondary and tertiary amines of PEI
provided an efficient buffering capacity.39 Hence, we employed
LPEI-g-chol, in which linear PEI of 2.5 kDa was conjugated
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with cholesterols, to enable the electrostatic complexation of
siRNA with LPEI-g-chol and facilitate the endosomal release of
siRNA with no significant toxicity.

LPEI-g-chol was synthesized by chemically grafting choles-
teryl acrylates to the secondary amines of LPEI and used as a
positively charged shell stabilizer to attract negatively charged
siRNA to the surface of the prepared nanoemulsions (Fig. 1).
The grafting percentage of cholesterol to LPEI was 3.8%, as
calculated from the ratio of the number of the grafted
cholesterol to the number of the LPEI monomer units. It was
determined by 1H NMR analysis, indicating that about three to
four cholesterols were attached to each LPEI chain (Fig. S1,
ESI3). The nanoemulsion formulations with different amounts
of LPEI-g-chol were prepared as listed in Table S1, ESI3. The
smallest hydrodynamic diameter of the prepared Lipiodol
nanoemulsions was about 130 nm when 10 mg of LPEI-g-chol
per 37.55 mg of the total amount of the oil phase was used in
the total formulation described in Formula 4 of Table S1, ESI3,
as determined by dynamic light scattering (DLS) (Fig. S2, ESI3).
In this condition, no significant loss of Lipiodol and paclitaxel
was found during the fabrication process. The loading
efficiencies of Lipiodol and paclitaxel within the resulting
nanoemulsions were 97.8% and 98.5%, respectively.

The incorporation of paclitaxel into the nanoemulsions
slightly increased their hydrodynamic size. The hydrodynamic
diameters of Lipiodol nanoemulsions (denoted ‘b-NE’) and
paclitaxel-loaded Lipiodol nanoemulsions (denoted ‘ptx-NE’)
were 132.3 ¡ 0.6 nm and 140.7 ¡ 0.9 nm, respectively, in
phosphate buffered saline (PBS) at pH 7.4. Despite the high
solubility of paclitaxel in Lipiodol, some paclitaxel molecules
might interact with the shell materials, altering the interfacial
properties and structure of the outer shell layer. The prepared
b-NE and ptx-NE were electrostatically complexed with Bcl-2-
targeted siRNA and denoted ‘sr-NE’ and ‘sr-ptx-NE’, respec-

tively. The complexation of the nanoemulsions with siRNA
increased the hydrodynamic diameters to 162.1 ¡ 0.8 nm for
sr-NE and 178.8 ¡ 1.5 nm for sr-ptx-NE (Fig. 2A and S3, ESI3).
No significant change in the size of sr-ptx-NE was observed
during the incubation in PBS at pH 7.4 at 37 uC for 48 h (179.4
¡ 2.3 nm), indicating excellent dispersion stability (Fig. 2B).
The presence of the PEG chains in the shell is likely to
effectively prevent coalescence via steric stabilization. The
complexation of ptx-NE with siRNA decreased the zeta
potential from +59.7 ¡ 0.7 mV to +43.0 ¡ 0.3 mV in PBS
because the binding of siRNA to the nanoemulsions was
driven by electrostatic complexation (Fig. 2A). The spherical
morphology of the nanoemulsions having a core–shell
structure was observed using transmission electron micro-
scopy (TEM) without staining (Fig. 2C and D). The average
diameters of ptx-NE and sr-ptx-NE determined from the TEM
images were 87.9 ¡ 18.7 nm and 100.1 ¡ 13.9 nm,
respectively. Both of the values were much smaller than the
hydrodynamic diameters obtained by DLS. The difference
might be caused by the shrinkage of the nanoemulsion
structure during the drying process.22 In addition, the
difference could originate from the differences between the
techniques. TEM only shows the size of the condensed solid
part. On the contrary, DLS determines the hydrodynamic
diameter of particles from the intensity of light scattered from
a particle suspension. The hydrodynamic size includes the
core size, the thickness of any additional layers of particles,
and the thickness of diffuse layers of counter-ions moving

Fig. 1 Schematic illustration of the formation of core-shell type Lipiodol
nanoemulsions. Paclitaxel is entrapped within the hydrophobic Lipiodol core,
while siRNA is electrostatically complexed with the positively charged outer
shell.

Fig. 2 Characterization of the prepared Lipiodol nanoemulsions. (A)
Hydrodynamic diameter and zeta potential of b-NE, ptx-NE, and their complexes
with siRNA. (B) Time-course change of the hydrodynamic diameter of sr-ptx-NE
in PBS. TEM images of ptx-NE (C) and sr-ptx-NE (D).

14644 | RSC Adv., 2013, 3, 14642–14651 This journal is � The Royal Society of Chemistry 2013

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 N
ew

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

05
/0

2/
20

14
 1

4:
11

:2
2.

 
View Article Online

http://dx.doi.org/10.1039/c3ra40883c


around the particles. Therefore, the particle size determined
from DLS is generally larger than that observed in TEM
analysis. The successful incorporation of Lipiodol into the core
of the nanoemulsions was indicated by the dark spot in the
interior of spherical nanoemulsions, which was attributed to
the high electron density of Lipiodol, as observed in previous
studies.19,40 Note that the TEM images of conventional
nanoemulsions without staining have very low contrast, often
making it impossible to obtain recognizable images. The
siRNA-nanoemulsion complexation also caused a morpholo-
gical change to the surface of the nanoemulsions. A new shell-
like structure, which was not observed in the absence of
siRNA, was formed around the surface of nanoemulsions as a
result of complexation with siRNA (Fig. 2D). The siRNA–
nanoemulsion condensation could be sterically restricted by
the rigid structure of siRNA, generating a relatively thick but
loose layer-like structure on the nanoemulsions. Note that the
persistence length (lp) of double stranded RNA is 65–80 nm,
corresponding to about 150 base pairs, which is relatively large
compared to that of DNA (lp = about 45–50 nm).41

The chemical stability of Bcl-2 siRNA in sr-ptx-NE against
hydrolysis was examined in the presence of 50% FBS at 37 uC.
At pre-determined time intervals, the samples were collected
and analyzed using 1% agarose gel electrophoresis. Naked
siRNA degraded completely in 4 h, while sr-ptx-NE showed
excellent chemical stability of siRNA for 48 h with a marginally
decreased amount of intact siRNA (Fig. 3A). It is very likely that
the hydrophilic PEG chain of DSPE–PEG is exposed to the
outer shell layer of the nanoemulsions and acts as a steric
barrier that interrupts nuclease attack to siRNA. Our previous
work also showed that cationic SLNs formed polyelectrolyte
complexes with siRNA–PEG conjugates, where the PEG chain
was exposed outwards, and stabilized the bound siRNA in a
serum-containing medium.6,42 The cytotoxic test of b-NE was
examined in MCF7 and MDA-MB-435 cells before cellular
experiments. Different concentrations of b-NE were treated

into two cell lines. After 48 h incubation, cell viability was
determined using CCK8. It did not show any significant cell
deaths, indicating that b-NE did not have a cytotoxic effect on
the cells (Fig. 3B).

We determined the weight ratio of the nanoemulsions to
siRNA effective for complexation and gene silencing. Agarose
gel analysis showed that the retardation of siRNA, which
represents the complexation of siRNA with the nanoemul-
sions, increased with the increased weight ratio of the
nanoemulsions to siRNA. At a weight ratio of 20, practically
all of the siRNA molecules were complexed with the
nanoemulsions as no detectable amount of free siRNA was
found (Fig. 3C). In this condition, on average, about 3857
siRNA molecules were loaded on each nanoemulsion (see
Supplementary Information3). Gene silencing efficiency of sr-
NE was determined by using green fluorescent protein (GFP)-
targeted siRNA, which has a molecular structure similar to Bcl-
2-targeted siRNA. The intracellular gene expression level was
visualized by using MDA-MB-435 human breast carcinoma
cells, which express a high level of GFP from a GFP-encoding
transgene integrated to the genomic DNA of the cell. The cells
are denoted ‘MDA-MB-GFP’ cells. The nanoemulsions com-
plexed with GFP-targeted siRNA induced dose-dependent gene
silencing in MDA-MB-GFP cells, whereas the total expression
level of cellular proteins, determined by the bicinchoninic acid
(BCA) assay, was not significantly altered (Fig. 3D). These
results indicate that the gene silencing effect was derived from
the effective cellular uptake of the nanoemulsions complexed
with siRNA rather than other side effects (e.g., the cytotoxicity
of carriers).

The co-delivery of paclitaxel and Bcl-2 siRNA incorporated
in the nanoemulsions was examined using confocal laser
scanning microscopy (CLSM) and fluorescence-activated cell
sorting (FACS). Bcl-2 siRNA and paclitaxel were labeled with
fluorescein and BODIPY1564/570, respectively. Breast adeno-
carcinoma MCF7 cells were treated with either sr-NE, ptx-NE,
or sr-ptx-NE, and then the intracellular distributions of
fluorescently-labeled paclitaxel and siRNA were visualized
after 3 h incubation. It is shown that paclitaxel (red) and
siRNA (green) were highly co-localized in the cytoplasm
(Fig. 4A). It has been well known that the physicochemical
properties of nanocarriers influence the cellular uptake
mechanism. In particular, the surface charge of nanocarriers
plays a key role in their cellular uptake and internalization
pathway.43 The cationic nanoparticles can bind to sulfated
proteoglycan of cell surfaces through electrostatic interactions
and subsequently be internalized by pinocytosis and endocy-
tosis.38,43 In addition, it has been reported that the mechan-
ism of cellular uptake of polyplex with PEI-cholesterol
conjugates may include pinocytosis and adsorptive endocyto-
sis.44 Our results showed that sr-NE and sr-ptx-NE were found
in the cytoplasm by efficient cellular uptake and endosomal
escape. FACS analysis was used to confirm the simultaneous
intracellular translocation of paclitaxel and Bcl-2 siRNA. The
cells incubated with either sr-NE or ptx-NE for 3 h were only
localized in the one-positive quadrant of the FACS diagram

Fig. 3 Stability and gene silencing effect of NE. (A) dispersion stability of naked
siRNA (a) and Bcl-2 sr-ptx-NE (b) incubated in 50% serum solution at 37 uC for
48 h. (B) Cytotoxic effect of b-NE against two cell lines. (C) Binding affinity of NE
to siRNA at different weight ratios. (D) GFP gene silencing efficiency and relative
total protein level in MDA-MB-GFP cells post-incubation with GFP sr-NE.
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(Fig. 4B). Only the cells treated with sr-ptx-NE were observed in
the double-positive quadrant, indicating that the nanoemul-
sions effectively co-delivered siRNA and paclitaxel into the
cells.

The efficacy of chemotherapy is often limited by the bypass
mechanism of cancer cells to escape the apoptosis. Highly
invasive cancer cells have survival mechanisms that overcome
apoptosis through the up-regulation of various anti-apoptotic
genes. For instance, Bcl-2 proteins are over-expressed and play
a key role in apoptotic activity in several types of cancer cells
(e.g., colon, breast, and prostate).45,46 They can protect invasive
cancer cells from apoptosis by inhibiting the efflux of
cytochrome c that triggers the cascade of caspase-activation
events.47,48 Bcl-2 gene silencing in cancer cells makes them
more susceptible to apoptosis induced by anti-cancer
agents.20,29 Therefore, in this work, we evaluated the relevant
biological effects of the co-delivery of Bcl-2 siRNA and
paclitaxel by the nanoemulsions.

MCF7 cells were incubated with sr-NE for 24 h, and the
mRNA expression level of Bcl-2 was measured using quanti-
tative reverse transcription polymerase chain reaction (RT-
PCR). It is shown that mRNA expression of Bcl-2 gene
significantly decreased in MCF7 cells transfected with sr-NE
(Fig. 5A). In particular, sr-NE showed the most efficient
knockdown of Bcl-2 (47.9%) compared to Lipofectamine
(61.3%), which is a widely used positive control, as determined
by the ratio of the intensities of Bcl-2 to b-actin mRNAs
(Fig. 5B). The similar effects of gene silencing were also
observed in GFP-expressing cell lines through transfection of
sr-NE loaded with GFP-targeted siRNA (Fig. S4, ESI3). It has
been reported that the cationic lipid emulsion system contain-
ing Lipiodol increased the contact time with the adherent cells

due to forming a high density complex with DNA, thereby
enhancing the transfection efficiency in vitro.49 Moreover,
Lipiodol itself could function as a transfection agent to
enhance the uptake of siRNA into dendritic cells, and
effectively deliver caspase-related therapeutic siRNA to the
liver in mice.50–52

The cytotoxicity and apoptotic effects of the co-delivered
paclitaxel and Bcl-2 siRNA in MCF7 cells were determined
using the CCK8 and Annexin V-FITC apoptosis assays. The
viability of the cells treated with sr-ptx-NE was 42.8%, which
was much lower than that with sr-NE (80.6%) and ptx-NE
(62.4%). Note that the siRNA concentration was 0.5 mg mL21

(38 nM) for sr-NE and sr-ptx-NE, and the paclitaxel concentra-
tion encapsulated in 10 mg mL21 of the nanoemulsion was 140
nM for ptx-NE and sr-ptx-NE. When the paclitaxel concentra-
tion increased to 560 nM, which was equal to 40 mg mL21 of
the nanoemulsions, the viability of the cells treated with sr-ptx-
NE decreased to 14.7% (Fig. 6A). These results indicate that
the cytotoxic effect can be effectively increased by the
synergistic combination of Bcl-2 siRNA and paclitaxel. The
high cytotoxicity of sr-ptx-NE was derived from the enhanced
apoptotic activity of paclitaxel. A relatively high level of
apoptosis (about 60.1%) was induced by sr-ptx-NE in MCF7
cells, while sr-NE and ptx-NE led to only about 12.8% and
33.8% of apoptosis, respectively (Fig. 6B). In vitro release
profiles of paclitaxel from ptx-NE and sr-ptx-NE are shown in
Fig. S5, ESI3, indicating that there was no significant effect of
the siRNA complexation on the drug release. This result
suggests that the increased apoptosis by sr-ptx-NE was not
caused by the facilitated release of paclitaxel from sr-ptx-NE.
Our results are comparable with the previous findings

Fig. 5 Inhibition of therapeutic target gene expression in MCF7 cells. (A)
Representative Bcl-2 mRNA expression determined by RT-PCR. (B) Analysis of
light intensities of Bcl-2 mRNA expression as the ratio of Bcl-2 to b-actin from
RT-PCR results (*p , 0.01, **p , 0.5).

Fig. 4 CLSM images and FACS diagrams of cellular uptake of sr-ptx-NE in MCF7
cells. (A) Confocal images for the intracellular distributions of sr-NE, ptx-NE, and
sr-ptx-NE. For fluorescence imaging, fluorescein-conjugated siRNA (green) and
BODIPY1564/570-labeled paclitaxel (red) were used. Cell nuclei were stained
with DAPI (blue). (B) FACS diagrams of cellular uptake of sr-NE, ptx-NE, and sr-
ptx-NE.
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reported by Yang and her colleagues, who developed
poly(N-methyldietheneamine sebacate) grafted with cholester-
ols for the simultaneous delivery of paclitaxel and Bcl-2 siRNA
to MDA-MB-231 human breast cancer cells.3 They showed that
the cell viability decreased from 78% to 59% by the co-delivery
of 100 nM paclitaxel with 20 nM siRNA. When they used 400
nM paclitaxel, the cell viability further decreased to 39%. Our
results showed a similar cytotoxic effect (about 40% cell
viability with 38 nM siRNA and 140 nM paclitaxel) presumably
because both of the studies employed breast cancer cell lines,
where paclitaxel can effectively cause endoplasmic reticulum
stress through the mitochondrial apoptotic pathway in various
breast cancer cell lines, including MCF7, MDA-MB, T47D, and
BT20.20,53 For further investigation, it will be still very

interesting to determine how the molar ratio of paclitaxel to
siRNA affects their cytotoxic activity, though one may need to
carefully consider the change in the structural and chemical
properties of the nanoemulsions. The synergistic effects of
siRNA–drug combination were also reported for other delivery
systems. For instance, the co-delivery of doxorubicin and Bcl-2
siRNA by diblock co-polymer micelles, comprising poly(e-ca-
prolactone) (PCL) and linear PEI conjugated with folic acid,
exhibited an enhanced cytotoxic effect in human hepatic
cancer cells Bel-7402. The cell apoptosis dramatically
increased to 84.2% by using the doxorubicin–Bcl-2 siRNA co-
delivery.21 We believe that our Lipiodol nanoemulsions can be
easily extended to other combinations of anti-cancer drugs
and siRNA and serves as a versatile platform for synergistic
anti-cancer therapy applications.

In recent years, various nanoscale carriers have been
employed for theranostic applications, where therapeutic
agents are combined with imaging agents for non-invasive
monitoring of bio-distribution and efficacy of drugs by using
CT, MRI, PET, and other imaging techniques.8,10–12 Although
nuclear imaging tools provide higher sensitivity compared to
other imaging tools, CT has a unique advantage in terms of
high resolution and contrast in soft tissues.54 The most
important advantage of our nanoemulsion system is that
Lipiodol, which solubilizes paclitaxel within the nanoemul-
sions, can be used as a good contrast agent for CT because of a
high iodine content.14 In addition, Lipiodol has been clinically
used as a chemo-embolizing agent for hepatocellular carci-
noma.55 In this work, the diagnostic capability of the radio-
opaque Lipiodol nanoemulsions was studied by using micro-
CT analysis. MCF7 cells were treated with PBS, Lipiodol-free
nanoparticles (denoted ‘sr-NP’), and sr-NE, followed by the
fixation in an agarose gel phantom. The Lipiodol content was
1.39 mg per 2 mg nanoemulsions. The CT number of the cells
(5 6 106) treated with sr-NE was 206.1 HU (Hounsfield Unit),
which was a much higher value than that of untreated cells
(82.2 HU) and sr-NP treated cells (132.6 HU) (Fig. 7A). This
feasibility study suggests that Lipiodol nanoemulsions can be
used as a useful CT contrast material as well as the
hydrophobic oil core that solubilizes water-insoluble pacli-
taxel.

Preliminary CT imaging studies were also performed using
a mouse model to evaluate the Lipiodol nanoemulsions as a
potential in vivo contrast agent. MCF7 cells were treated with
PBS, sr-NP, and sr-NE, and then subcutaneously injected into
the dorsal side of nude mice. The whole mouse body was then
visualized on a micro-CT scanner. The cells transfected with
PBS and sr-NP were not found in the subcutaneous region of
nude mice, whereas a bright spot (indicated by a red circle)
was clearly detected in the mouse injected with the sr-NE
transfected cells (Fig. 7B). The 3D-rendered CT image of the
mouse treated with sr-NE transfected cells also confirmed the
visualization of the Lipiodol nanoemulsions (Fig. 7C). It
showed that Lipiodol nanoemulsions can be a promising
radio-opaque nanocarrier that can be used to trace and image
the delivery of drugs. More extensive in vivo CT imaging

Fig. 6 Effect of the co-delivery of paclitaxel and Bcl-2 siRNA. (A) Cytotoxic effect
of co-delivery by Bcl-2 sr-ptx-NE in MCF7 cells. (B) Induction of apoptosis on
MCF7 cells by Bcl-2 sr-ptx-NE (*p , 0.05, **p , 0.01).
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studies via systemic administration are currently underway
with the introduction of a tumor cell-targeting moiety to the
surface of the nanoemulsions, facilitating the accumulation of
the Lipiodol nanoemulsions in a localized tumor tissue.

Conclusions

This study has demonstrated that the radio-opaque Lipiodol
nanoemulsions can be an effective, biocompatible carrier for
the intracellular co-delivery of paclitaxel and Bcl-2 siRNA.
Water-insoluble paclitaxel was readily solubilized into the
Lipiodol core of the nanoemulsions, while negatively charged
siRNA was electrostatically complexed with the cationic
nanoemulsions. The surface modification of the nanoemul-
sions with PEG was effective for maintaining the dispersion
stability in the presence of serum proteins. In addition,
Lipiodol was shown to work as an imaging contrast agent for
micro-CT. These results suggest that the Lipiodol nanoemul-
sions can be a versatile, multifunctional nanocarrier for drugs
and genes. We expect that further surface modification for
cell-specific targeting makes the nanoemulsions effective for
in vivo theranostic applications.

Experimental

Materials

Cholesterol, acryloyl chloride, triethylamine, and DAPI were
obtained from Sigma-Aldrich (St. Louis, MO), linear polyethy-
lenimine (LPEI, molecular weight = 2.5 kDa) from
Polysciences, Inc. (Warrington, PA), DSPE–PEG from Avanti
Polar Lipids (Alabaster, AL), and Lipiodol1 (Lipiodol Ultra
fluid) from Guerbet (Aulnay-sous-Bois, France). Rosewell Park
Memorial Institute medium 1640 (RPMI-1640), Dulbecco’s
modified Eagle’s medium (DMEM), Phosphate Buffered Saline
(PBS), BODIPY1 564/570-paclitaxel conjugates, and fetal
bovine serum (FBS) were purchased from Invitrogen
(Carlsbad, CA). GFP-expressing MDA-MB-435 cell line was
kindly donated by Samyang Co. (Seoul, Republic of Korea), and
MCF7 cell line was obtained from Korean Cell Line Bank
(Seoul, Republic of Korea). TRI Reagent1, reverse transcrip-
tase, and Taq DNA polymerase were purchased from Ambion,
Inc. (Austin, Texas), Promega (Madison, WI), and Takara
(Tokyo, Japan), respectively. ApoScanTM Annexin V-FITC
Apoptosis Detection Kit and Cell-Counting Kit-8 (CCK-8) were
obtained from BioBud (Seoul, Republic of Korea) and Dojindo
laboratories (Kumamoto, Japan), respectively. Paclitaxel
(.97%) was purchased from Wako (Osaka, Japan). GFP
siRNA and Bcl-2 siRNA were obtained from Genolution
Pharmaceuticals, Inc. (Seoul, Republic of Korea): GFP siRNA
sense, 59-GCAAGCUGACCCUGAAGUUdTdT-39; GFP siRNA
anti-sense, 39-dTdTCGUUCGACUGGGACUUCAA-59; Bcl-2
siRNA sense, 59-CCGGGAGAUAGUGAUGAAGdTdT-39; and Bcl-
2 siRNA anti-sense, 39-dTdTGGCCCUCUAUCACUACUUC-59.
Bcl-2 siRNA modified with fluorescein at 39 end of sense and
antisense, and primers for reverse transcription-polymerase
chain reaction (RT-PCR) were purchased from Bioneer Co.
(Daejeon, Republic of Korea): Bcl-2 primer forward,
59-GTCCAAGAATGCAAAGCACA-39; Bcl-2 primer reverse,
59-ACATCTCCCGCATCCCACT-39; b-actin primer forward,
59-GTGGGGCGCCCCAGGCACCAGGGC-39; and b-actin primer
reverse, 59-CTCCTTAATGTCACGCACGATTTC-39. BALB/c nude
mice were purchased from Orient Bio Inc. (Seongnam,
Republic of Korea). Mice were raised in a pathogen-free
environment at Korea Research Institute of Bioscience and
Biotechnology (KRIBB) according to the KRIBB’s Animal
Experiment Guidelines.

Synthesis of LPEI grafted with cholesterols

Cholesteryl acrylate was synthesized and grafted to the
backbone chain of LPEI, producing LPEI-g-chol. Briefly,
cholesterol (580 mg, 1.5 mmol) was dissolved in chloroform
(5 mL), and then triethylamine (209 mL, 1 mmol) and acryloyl
chloride (81 mL, 1 mmol) were added. The reaction mixture
was stirred for 3 h at ambient temperature, and then the
organic solvent was removed in vacuo. The oily yellow crude
product was washed with cold ethanol and recrystallized to
give a pale yellow solid. LPEI (62.5 mg) was dispersed in 1 mL
deionized water, and its pH was adjusted to 7.2 using 0.1 M
HCl. Water was removed under reduced pressure, and then the
dried LPEI was dissolved in a 4 : 1 mixture of methanol and
chloroform (5 mL) with argon purging for 5 min. The prepared
cholesteryl acrylate was added to the solution (as pre-

Fig. 7 (A) Feasibility test of NE as a CT contrast agent. CT images were obtained
from the cells by treating with PBS (a), sr-NP (b), and sr-NE (c). (B) In vivo CT
imaging by subcutaneous injection of the cells treated with each formulation.
(C) 3D-rendered CT image of the mouse treated with sr-NE.
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determined equivalent) and reacted for 48 h at 50 uC. The
reaction mixture was evaporated under reduced pressure to
obtain a yellow sticky crude product, which was further
purified by recrystallization in cold diethyl ether.

Preparation of paclitaxel-loaded Lipiodol nanoemulsions

Lipiodol nanoemulsions were prepared to encapsulate pacli-
taxel by an emulsification/solvent evaporation method.
Paclitaxel (0.5 mg) was dissolved in a 2 : 1 (v/v) mixture of
chloroform and methanol (1 mL) and mixed with Lipiodol
(22.5 mg). The mixture was added into a mixture of
cholesterol, LPEI-g-chol and DSPE–PEG in the same solvent
(1 mL). Deionized water (8.0 mL) was then added and vortexed
for 1 min. The solution was sonicated in a bath-type sonicator
for 5 min with an output control of 3.5 at 20 kHz (Branson
Sonifier1 450). The emulsified solution was quickly trans-
ferred to a rotary evaporator (R-200, Büchi, Flawil,
Switzerland), and the solvent was removed under reduced
pressure around 50 uC. The prepared solution was dialyzed
using a Spectra/Por dialysis membrane (molecular weight
cutoff = 10 kDa) against deionized water, and then filtered
through a 1.2 mm cellulose filter. Bcl-2 siRNA was electro-
statically complexed with the nanoemulsions. The complexa-
tion of siRNA with the nanoemulsions was performed with
various weight ratios (5/1, 10/1, 15/1, 20/1, and 40/1) of the
nanoemulsions to siRNA. The concentration of siRNA was
fixed to 20 mg mL21.

Quantification of paclitaxel and Lipiodol within
nanoemulsions

To determine the loading amount of paclitaxel, the prepared
ptx-NE were lyophilized and re-suspended in acetonitrile with
orbital shaking at about 60 rpm for 4 h. The solution was
filtered through a 0.45 mm filter and analyzed using reversed
phase high performance liquid chromatography (RP-HPLC).
The HPLC system HP 1100 series (Agilent 1100 series, Agilent
Technologies, Palo Alto, USA) was used with a Waters
Spherisorb ODS2 column (5 mm, 4.6 mm 6 250 mm).
Acetonitrile was used as an isocratic mobile phase at a rate
of 1.0 mL min21. The eluate was monitored by light
absorbance measured at 227 nm. To determine the amount
of Lipiodol loaded within the nanoemulsions, the nanoemul-
sions were lyophilized, dissolved in dichloromethane (100 mL)
with vigorous shaking, and diluted with ethanol. The Lipiodol
concentration was measured using the standard curve of
Lipiodol in ethanol by UV-visible spectrophotometry (UV-1601,
SHIMADZU, Japan) at a wavelength of 260 nm.56

Characterization of Lipiodol nanoemulsions

The hydrodynamic diameters and zeta potentials of the
prepared nanoemulsions in PBS (10 mM Na2HPO4, 2 mM
KH2PO4, and 156 mM NaCl) were measured using a Zetasizer
Nano ZS (Malvern Instruments Ltd., UK) equipped with a
vertically polarized He–Ne laser at a wavelength of 632.8 nm.
The scattering angle was fixed at 173u, and the temperature
was maintained at 25 uC. Size distribution was also calculated
using the CONTIN routine, which gives access to the
distribution of relaxation times in the experimental time
correlation functions. The morphology and size of ptx-NE and

sr-ptx-NE were also observed using transmission electron
microscopy (TEM, Omega912, Carl Zeiss, Germany). A drop
of the sample solution (20 mL) was deposited three times on a
300-mesh carbon-coated copper grid and dried in air at
ambient temperature. The TEM images were taken without
staining.

Gene silencing by GFP-targeted siRNA complexed with
nanoemulsions

The effect of the weight ratio of the nanoemulsions to siRNA
on gene silencing was determined from GFP-targeted siRNA
transfection with MDA-MB-GFP cells. The cells were seeded
onto a 24-well plate at a density of 1.0 6 105 cells per well and
incubated for 24 h before transfection. The nanoemulsions
complexed with GFP siRNA formulated with different weight
ratios of the nanoemulsions to siRNA at a fixed weight of 0.5
mg siRNA were transfected into MDA-MB-GFP cells for 5 h
using a serum-free medium. The medium was replaced with
DMEM containing 10% FBS, and the cells were incubated for
48 h. The cells were then lysed using 1% Triton X-100 solution
and centrifuged to separate GFP-containing supernatants from
cell debris. The supernatants were then carefully isolated and
measured using a spectrofluorometer (SLM-AMINCO 8100,
SLM Instruments Inc., IL) at excitation and emission
wavelengths of 480 nm and 520 nm, respectively.

Stability of siRNA in serum

To determine the structural stability of siRNA complexed with
ptx-NE in serum, samples were prepared as previously
reported.57 Naked siRNA and ptx-NE complexed with siRNA
were incubated using DMEM containing 50% FBS at 37 uC.
The final siRNA concentration was 10 mg mL21. The samples
were collected at a pre-determined time interval (1, 2, 4, 8, 16,
24, and 48 h) and analyzed by 1% agarose gel electrophoresis.
Before gel electrophoresis, sr-ptx-NE were treated with 50 mg
mL21 heparin for 30 min to dissociate siRNA from the cationic
nanoemulsions. After ethidium bromide staining, gel images
were visualized on a UV transilluminator (GelDoc-It TSTM

Imaging system, CA, USA).

Targeting effect by Bcl-2-targeted siRNA complexed with
nanoemulsions

To demonstrate the inhibition of an endogenous target gene,
the expression level of target mRNA was examined using RT-
PCR. MCF7 cells were seeded onto a 6-well plate at a density of
2.0 6 105 cells per well for 24 h prior to transfection. Cells
were transfected with the nanoemulsions electrostatically
complexed with Bcl-2 siRNA for 5 h using a serum-free
medium, and then the medium was replaced with a fresh
medium containing 10% FBS. The concentration of siRNA in
the transfection experiment was 38 nM (0.5 mg mL21). After 24
h incubation, the total RNA was isolated from the cells using
TRI Reagent1. The extracted RNA (2 mg) was reversely
transcribed and amplified with reverse transcriptase and Taq
DNA polymerase. The PCR products were examined using 1%
agarose gel electrophoresis. The gel images were obtained by a
UV transilluminator and then analyzed to measure the light
intensity using Image J software (NIH, Bethesda, MD).
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Cellular uptake of paclitaxel and Bcl-2 siRNA loaded
nanoemulsions

Simultaneous cellular uptake of paclitaxel and Bcl-2 siRNA was
examined using confocal microscopy and flow cytometry. For
confocal images, fluorescent BODIPY1 564/570-paclitaxel
conjugates and FITC conjugated Bcl-2 siRNA were incorpo-
rated into NE. MCF7 cells seeded in a chamber slide (4-well
CultureSlides, BD Falcon, MA) at a density of 1.0 6 105 cells
per well were cultured in RPMI 1640 at 37 uC for 24 h. The cells
were transfected with the nanoemulsions containing the
fluorescently-labeled paclitaxel (1 mg mL21) and FITC con-
jugated Bcl-2 siRNA (2 mg mL21) at 37 uC for 3 h using a serum-
free medium. The cells were washed with PBS and fixed by
using 1 wt-% formaldehyde. The cell nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI, 1.5 mg mL21) for 10 min.
The specimens were visualized on a CLSM (LSM510, Carl
Zeiss, Germany). For fluorescence activated cell sorting (FACS)
analysis, the cells were cultured in a 6-well plate at a density of
2.0 6 105 cells per well and treated with the nanoemulsions
loaded with fluorescently-labeled paclitaxel and/or Bcl-2 siRNA
at 37 uC for 3 h using a serum-free medium. The cells were
harvested and analyzed using a flow cytometer (FACSCalibur,
BD Biosciences).

Determination of cytotoxicity and induced apoptosis

MCF7 cells were maintained in RPMI 1640 medium containing
10% FBS at 37 uC for 24 h prior to transfection. The cells were
seeded onto a 96-well plate at a density of 1.0 6 104 cells per
well to determine the cytotoxic activity against the tumor cells.
The concentration of siRNA in the transfection experiment was
0.5 mg mL21. sr-ptx-NE was formulated at various concentra-
tions of the nanoemulsions (10, 20, and 40 mg mL21). The cells
were incubated for 72 h in 10% serum medium. The cells were
then treated with the CCK8 assay solution, and the absorbance
was monitored at 450 nm using a microplate reader (Bio-Rad,
Model 550, Hercules, CA). The percentage of apoptotic cells
was measured using the Annexin V-FITC Apoptosis Detection
Kit. MCF7 cells were seeded onto a 6-well plate at a density of
2.0 6 105 cells per well 24 h prior to transfection. The
nanoemulsions loaded with both paclitaxel and Bcl-2 siRNA
(sr-ptx-NE) were incubated for 72 h in 10% serum medium.
The cells were stained with Annexin V-FITC and propidium
iodide (PI). Induced apoptotic cells were analyzed using a flow
cytometer (FACSCalibur, BD Biosciences) with the CELLQUEST
software (PharMingen).

Lipiodol determination inside cells by micro-CT

The feasibility of Lipiodol as a contrast agent was investigated
by using micro-CT, following the protocol previously described
elsewhere.58 Briefly, MCF7 cells were cultured in a 100 mm
culture dish at a density of 1.0 6 106 cells per dish for 24 h.
The cells were then transfected with either Bcl-2 sr-NE or sr-NP
at 37 uC for 5 h in a serum-free medium, washed with PBS, and
harvested by centrifugation. The harvested cells were fixed
with 4 wt-% formaldehyde at 4 uC overnight. The cell pellets
were embedded into 1% agarose gel in a 0.2 mL tube and
visualized on a micro-CT (NFR-Polaris G90, NanoFocusRay,
Republic of Korea) owned by KRIBB. CT images were analyzed

to determine CT numbers in the ROI (region of interest) of 10
mm2 using Image J software (NIH, Bethesda, MD). For mouse
CT imaging, cells were treated with PBS, sr-NP, or sr-NE at 37
uC for 5 h in a serum-free medium. The cells were harvested
and injected subcutaneously into the dorsal part of nude mice
and CT images were obtained using a micro-CT scanner with
the following parameters: voltage = 60 kVp, current = 60 mA,
exposure time = 500 ms, field of view (FOV) = 80 mm, matrix =
512 6 512, and slice thickness = 0.16 mm.

Statistical analysis

Statistical analysis was determined by a two-tailed Student’s
t-test. Statistical significance was determined using a con-
fidence level of 95%.

Acknowledgements

This study was supported by a grant of the Korea Healthcare
Technology R&D Project, Ministry of Health and Welfare,
Republic of Korea (A111552). This work was also supported by
CJ Pharmaceutical Institute (Icheon, Republic of Korea). We
thank Hye-youn Jung and Dr Yoonkyung Kim at Korea
Research Institute of Bioscience and Biotechnology (KRIBB)
for technical assistance and analysis for micro-CT imaging.

Notes and references

1 N. Kolishetti, S. Dhar, P. M. Valencia, L. Q. Lin, R. Karnik,
S. J. Lippard, R. Langer and O. C. Farokhzad, Proc. Natl.
Acad. Sci. U. S. A., 2010, 107, 17939–17944.

2 J. Kim, Y. Piao and T. Hyeon, Chem. Soc. Rev., 2009, 38,
372–390.

3 Y. Wang, S. Gao, W. H. Ye, H. S. Yoon and Y. Y. Yang, Nat.
Mater., 2006, 5, 791–796.

4 K. H. Bae, J. Y. Lee, S. H. Lee, T. G. Park and Y. S. Nam, Adv.
Healthcare Mater., 2013, 2, 576–584.

5 M. Saad, O. B. Garbuzenko and T. Minko, Nanomedicine,
2008, 3, 761–776.

6 Y. S. Nam, J. W. Kim, J. Shim, S. H. Han and H. K. Kim,
Langmuir, 2010, 26, 13038–13043.

7 P. Rajpoot, K. Pathak and V. Bali, Recent Pat. Drug Delivery
Formulation, 2011, 5, 163–172.

8 A. Gianella, P. A. Jarzyna, V. Mani, S. Ramachandran,
C. Calcagno, J. Tang, B. Kann, W. J. Dijk, V. L. Thijssen, A.
W. Griffioen, G. Storm, Z. A. Fayad and W. J. Mulder, ACS
Nano, 2011, 5, 4422–4433.

9 Y. S. Nam, J. W. Kim, J. Park, J. Shim, J. S. Lee and S.
H. Han, Colloids Surf., B, 2012, 94, 51–57.

10 K. K. Ng, J. F. Lovell and G. Zheng, Acc. Chem. Res., 2011,
44, 1105–1113.

11 J. Xie, S. Lee and X. Chen, Adv. Drug Delivery Rev., 2010, 62,
1064–1079.

12 M. Ferrari, Nat. Rev. Cancer, 2005, 5, 161–171.
13 J. Cheon and J. H. Lee, Acc. Chem. Res., 2008, 41,

1630–1640.
14 R. A. Al-Mufti, R. B. Pedley, D. Marshall, R. H. Begent,

A. Hilson, M. C. Winslet and K. E. Hobbs, Br. J. Cancer,
1999, 79, 1665–1671.

14650 | RSC Adv., 2013, 3, 14642–14651 This journal is � The Royal Society of Chemistry 2013

Paper RSC Advances

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 N
ew

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

05
/0

2/
20

14
 1

4:
11

:2
2.

 
View Article Online

http://dx.doi.org/10.1039/c3ra40883c


15 K. Iwai, H. Maeda and T. Konno, Cancer Res., 1984, 44,
2115–2121.

16 S. Kweon, H. J. Lee, W. J. Hyung, J. Suh, J. S. Lim and S.
J. Lim, Pharm. Res., 2010, 27, 1408–1415.

17 T. Konno, Cancer, 1990, 66, 1897–1903.
18 A. Nagamitsu, T. Konno, T. Oda, K. Tabaru, Y. Ishimaru

and N. Kitamura, Eur. J. Cancer, 1998, 34, 1764–1769.
19 K. H. Bae, Y. Lee and T. G. Park, Biomacromolecules, 2007,

8, 650–656.
20 J. George, N. L. Banik and S. K. Ray, Neurochem. Res., 2008,

34, 66–78.
21 N. Cao, D. Cheng, S. Zou, H. Ai, J. Gao and X. Shuai,

Biomaterials, 2011, 32, 2222–2232.
22 J. Y. Lee, K. H. Bae, J. S. Kim, Y. S. Nam and T. G. Park,

Biomaterials, 2011, 32, 8635–8644.
23 E. K. Rowinsky and R. C. Donehower, N. Engl. J. Med., 1995,

332, 1004–1014.
24 T. Ganesh, C. Yang, A. Norris, T. Glass, S. Bane, R. Ravindra,

A. Banerjee, B. Metaferia, S. L. Thomas, P. Giannakakou, A.
A. Alcaraz, A. S. Lakdawala, J. P. Snyder and D. G. Kingston, J.
Med. Chem., 2007, 50, 713–725.

25 D. E. McCloskey, D. K. Armstrong, C. Jackisch and N.
E. Davidson, Recent Prog. Horm. Res., 1996, 51, 493–508.

26 R. C. Taylor, S. P. Cullen and S. J. Martin, Nat. Rev. Mol. Cell
Biol., 2008, 9, 231–241.

27 T. G. Cotter, Nat. Rev. Cancer, 2009, 9, 501–507.
28 R. J. Youle and A. Strasser, Nat. Rev. Mol. Cell Biol., 2008, 9,

47–59.
29 J. C. Reed, C. Stein, C. Subasinghe, S. Haldar, C. M. Croce,

S. Yum and J. Cohen, Cancer Res., 1990, 50, 6565–6570.
30 K. Yamasaki, T. Konno, Y. Miyauchi and H. Maeda, Cancer

Res, 1987, 47, 852–855.
31 W. Daocheng and W. Mingxi, Biomed. Pharmacother., 2010,

64, 615–623.
32 K. Tsuchiya, T. Uchida, M. Kobayashi, H. Maeda, T. Konno

and H. Yamanaka, Urology, 2000, 55, 495–500.
33 J. J. Lu, R. Langer and J. Chen, Mol. Pharmaceutics, 2009, 6,

763–771.
34 A. Schroeder, C. G. Levins, C. Cortez, R. Langer and D.

G. Anderson, J. Intern. Med., 2010, 267, 9–21.
35 Y. Liu, L. C. Mounkes, H. D. Liggitt, C. S. Brown, I. Solodin,

T. D. Heath and R. J. Debs, Nat. Biotechnol., 1997, 15,
167–173.

36 S. E. Han, H. Kang, G. Y. Shim, M. S. Suh, S. J. Kim, J.
S. Kim and Y. K. Oh, Int. J. Pharm., 2008, 353, 260–269.

37 H. Song, J. Zhang, Z. Han, X. Zhang, Z. Li, L. Zhang, M. Fu,
C. Lin and J. Ma, Cancer Chemother. Pharmacol., 2006, 57,
591–598.

38 R. Kircheis, L. Wightman and E. Wagner, Adv. Drug Delivery
Rev., 2001, 53, 341–358.

39 D. Y. Furgeson, R. N. Cohen, R. I. Mahato and S. W. Kim,
Pharm. Res., 2002, 19, 382–390.

40 W. H. Kong, W. J. Lee, Z. Y. Cui, K. H. Bae, T. G. Park, J.
H. Kim, K. Park and S. W. Seo, Biomaterials, 2007, 28,
5555–5561.

41 P. Kebbekus, D. E. Draper and P. Hagerman, Biochemistry,
1995, 34, 4354–4357.

42 H. R. Kim, I. K. Kim, K. H. Bae, S. H. Lee, Y. Lee and T.
G. Park, Mol. Pharmaceutics, 2008, 5, 622–631.

43 H. Hillaireau and P. Couvreur, Cell. Mol. Life Sci., 2009, 66,
2873–2896.

44 D. Y. Furgeson, W. S. Chan, J. W. Yockman and S. W. Kim,
Bioconjugate Chem., 2003, 14, 840–847.

45 M. Hanada, C. Aime-Sempe, T. Sato and J. C. Reed, J. Biol.
Chem., 1995, 270, 11962–11969.

46 B. N. Fahy, M. G. Schlieman, M. M. Mortenson, S. Virudachalam
and R. J. Bold, Cancer Chemother. Pharmacol., 2005, 56, 46–54.

47 D. L. Vaux, S. Cory and J. M. Adams, Nature, 1988, 335,
440–442.

48 G. T. Williams, C. A. Smith, E. Spooncer, T. M. Dexter and
D. R. Taylor, Nature, 1990, 343, 76–79.

49 H. S. Yoo, S. M. Kwon, Y. J. Kim, H. Chung, I. C. Kwon,
J. Kim and S. Y. Jeong, J. Controlled Release, 2004, 98,
179–188.

50 T. E. Ichim, I. A. Popov, N. H. Riordan, H. Izadi, Z. Zhong,
L. Yijian, S. Sher and E. K. Oleinik, J. Transl. Med., 2006, 4,
2.

51 L. Zender, S. Hutker, C. Liedtke, H. L. Tillmann, S. Zender,
B. Mundt, M. Waltemathe, T. Gosling, P. Flemming, N. P. Malek,
C. Trautwein, M. P. Manns, F. Kuhnel and S. Kubicka, Proc. Natl.
Acad. Sci. U. S. A., 2003, 100, 7797–7802.

52 J. L. Contreras, M. Vilatoba, C. Eckstein, G. Bilbao,
J. Anthony Thompson and D. E. Eckhoff, Surgery, 2004,
136, 390–400.

53 O. Kutuk and A. Letai, Cell Death Differ., 2010, 17,
1624–1635.

54 B. Sumer and J. Gao, Nanomedicine, 2008, 3, 137–140.
55 P. Kan, X. Z. Lin, M. F. Hsieh and K. Y. Chang, J. Biomed.

Mater. Res. Part B, 2005, 75, 185–192.
56 K. V. Sharma, M. R. Dreher, Y. Tang, W. Pritchard, O.

A. Chiesa, J. Karanian, J. Peregoy, B. Orandi, D. Woods,
D. Donahue, J. Esparza, G. Jones, S. L. Willis, A. L. Lewis
and B. J. Wood, J. Vasc. Interventional Radiol., 2010, 21,
865–876.

57 S. H. Kim, J. H. Jeong, S. H. Lee, S. W. Kim and T. G. Park, J.
Controlled Release, 2006, 116, 123–129.

58 W. H. Kong, K. H. Bae, S. D. Jo, J. S. Kim and T. G. Park,
Pharm. Res., 2012, 29, 362–374.

This journal is � The Royal Society of Chemistry 2013 RSC Adv., 2013, 3, 14642–14651 | 14651

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
4 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 N
ew

 Y
or

k 
U

ni
ve

rs
ity

 o
n 

05
/0

2/
20

14
 1

4:
11

:2
2.

 
View Article Online

http://dx.doi.org/10.1039/c3ra40883c
Joseph George
Rectangle


