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Cancer  chemotherapy  is  often  limited,  since  more  than  one  molecule  is  usually  involved  with  the  can-
cer  pathogenesis.  A combination  of  therapeutic  drugs  would  be  a  promising  approach  to  overcome  the
complexity  of  tumors.  In  this  study,  a  conjugate  (DA3)  of  deoxycholic  acid and  low  molecular  weight
polyethylenimine  (PEI  1.8  kDa),  which  has a property  that  mimics  that  of  cell  penetrating  peptides  (CPPs),
was  used  for  simultaneous  delivery  of an anticancer  drug  and  siRNA.  When  complexed  with  siRNA,  DA3
showed  significantly  higher  target  gene  silencing  efficiency  than  PEI  25 kDa.  The  gene  silencing  efficiency
of  DA3  was  maintained  even  in  the  presence  of  endocytosis  inhibitors,  suggesting  that  the  polymeric
ombined delivery
iRNA
nticancer drug
ombination cancer therapy

carrier  can  mediate  an endocytosis-independent  macromolecular  transduction  similar  to  CPPs.  The  capa-
bility of  forming  a  micelle-like  core–shell  structure  enables  the  conjugates  to encapsulate  and  dissolve
paclitaxel  (PTX),  a  water-insoluble  drug.  The  drug-loaded  cationic  micelles  can  then  interact  with  siRNA  to
form  stable  complexes  (PTX/DA3/siRNA).  The  PTX/DA3/siRNA  showed  significantly  enhanced  inhibition
of  cancer  cell  growth.  When  administered  into  tumor-bearing  animals,  the  PTX/DA3/siRNA  demonstrated
significant  suppression  of  tumor  growth,  providing  potential  usefulness  in  clinical  settings.
. Introduction

Although various strategies for cancer treatment have been
eveloped for last decades, cancer is still a leading cause of death.
his may  be due to the inherent complexity of cancer pathogen-
sis, in which more than one causes are usually involved. Among
he approaches, chemotherapy is the most widely used approaches
or cancer treatment. Majority of anticancer drugs depend mainly
n the induction of apoptotic cell death. However, chemotherapy
ften turns out to be suboptimal at a given dose due to the elevated
xpression of anti-apoptotic proteins such as inhibitors of apopto-
is families (IAPs) and Bcl-2 in many types of cancers (Altieri, 2003;
aCasse et al., 1998).

RNA interference (RNAi) is a powerful endogenous gene silenc-
ng phenomenon that induces sequence-specific suppression of

arget gene expression (Caplen, 2004; Hannon, 2002; Tuschl, 2001).
NAi-based technology has been widely utilized, not only as an
xperimental tool, but also as a potential therapeutic to treat
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hard-to-cure diseases, including cancer, genetic disorders, and
infectious diseases (Kim and Kim, 2009; Leung and Whittaker,
2005; Stevenson, 2004). Small interfering RNA (siRNA), an RNAi-
inducing short double-stranded RNA composed of 19–23 base pairs,
has been studied as a potential candidate for cancer treatment
by suppressing expression of angiogenic factors such as VEGF and
FGF that are closely related to tumor growth or by inducing apo-
ptosis by silencing anti-apoptotic genes such as a survivin (Kim
et al., 2006a,b, 2007, 2008; Urban-Klein et al., 2005). However, in
addition to its inherent problems with poor intracellular uptake
efficiency and a short in vivo half-life, suppression of single gene
expression by siRNA seems not to be enough to achieve a desirable
therapeutic effect (Sjoblom et al., 2006). Therefore, approaches to
simultaneous treatment of the tumor site with at least two  active
anti-cancer therapies were introduced and showed improved ther-
apeutic effect in various cancers (Lake and Robinson, 2005; Rose
et al., 1999; Walsh et al., 1996). Recently, the systems designed to
deliver an anticancer drug that induces apoptosis in tumor cells
and siRNA or an antisense oligonucleotide that interferes with the

expression of either drug efflux protein or anti-apoptotic proteins
at a molecular level demonstrated promising results for cancer
therapy (Kaneshiro and Lu, 2009; Wang et al., 2006; Zhu et al.,
2010).
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In our previous study, we introduced polymeric conju-
ates of an amphiphilic bile acid and low-molecular-weighted
olyethylenimine (PEI), which mimic  macromolecular trans-
uction phenomenon of cell penetrating peptides (CPPs). The
olymeric conjugate forms cationic micelles in an aqueous medium
nd mediates highly efficient gene delivery via a characteristic
ndocytosis-independent mechanism (Chae et al., 2011). In this
tudy, we used the micelle-forming property of the conjugate
deoxycholic acid-PEI, DA3) as a platform for the combined delivery
f a water-insoluble anticancer drug and siRNA in a single vehi-
le. The anti-cancer effect of the combined delivery system was
valuated.

. Materials and methods

.1. Materials

Paclitaxel (PTX) was obtained from Samyang Genex
Seoul, Korea). A human XIAP siRNA (sense: 5′-AAGUGGUAG-
CCUGUUUCAGC-3′, antisense: 5′-GCUGAAACAGGACUAC-
AC-UU-3′) was synthesized from Bioneer (Daejeon, Korea).
olyethylenimine (Mw  1800, PEI 1.8 kDa) was purchased from
olysciences (Warrington, PA). Deoxycholic acid (DA), dicyclo-
exylcarbodiimide (DCC), and N-hydroxysuccinimide (NHS) were

rom Sigma (St. Louis, MO). Fetal bovine serum (FBS), Dulbecco’s
hosphate buffered saline (PBS), and Dulbecco’s Modified Eagle’s
edium (DMEM) were from Invitrogen (Carlsbad, CA).

.2. Synthesis of polymer conjugate

A conjugate of DA and PEI was synthesized as previously
escribed (Chae et al., 2011). Briefly, the carboxyl group of DA
issolved was activated in methylenchloride by DCC/NHS chem-

stry. The reaction stoichiometry was 1:3:3. The activated DA was
urified by precipitating it in hexane and dried under vacuum. The
A–PEI conjugate was synthesized by slowly adding the activated
A to PEI in dichloromethane. The molar feed ratio or DA to PEI
as 3:1. The product was dried, re-hydrated in 0.1 M HCl, and pre-

ipitated in cold acetone. The precipitate was dried under reduced
ressure, dissolved in water, filtered, and freeze dried. The degree
f substitution of the resulting conjugate (DA3) was  2.5, as deter-
ined by 1H NMR.

.3. Preparation of drug-loaded micelles

PTX-loaded DA3 micelles (PTX/DA3) were prepared by slowly
dding the mixture of DA3 and PTX dissolved in methanol to deion-
zed water while sonicated. The resulting solution was dialyzed
gainst deionized water (MWCO  10,000), filtered through 0.45 �m
lter unit to remove unincorporated paclitaxel, and lyophilized. The
rug loading content and loading efficiency were 15.6% and 78%,
espectively, as determined by HPLC.

.4. Cell culture and drug delivery

Human colorectal cancer cells (HCT-116) were cultured in
MEM supplemented with 15% FBS and maintained at 37 ◦C in a
umidified 5% CO2 atmosphere. For transfection, the cells (5 × 104)
ere plated in a 35 mm culture dish. The cells were plated in

-well plates at a density of 5.0 × 105 cells/well and incubated
or 24 h at 37 ◦C. To prepare the PTX/DA3/siRNA complex, the
TX/DA3 was dissolved in deionized water, and siRNA were sepa-

ately diluted in Opti-MEM (Invitrogen, Carlsbad, CA). The solutions
ere then mixed at desired polymer/siRNA weight ratios and

tored at ambient temperature for 20 min  before transfection.
he cells were treated with the pre-determined formulations and
harmaceutics 434 (2012) 488– 493 489

incubated for 4 h, after which the medium was  removed and
supplemented with fresh DMEM containing 10% FBS. After addi-
tional incubation for 24 h, the protein expression profiles were
observed by Western blot analysis using a desired antibodies,
including anti-XIAP (BD-Biosciences, San Jose, CA), anti-caspase-
3 (Cell signaling, Beverly, MA), and anti-�-actin (Sigma, St. Louis,
MO).

2.5. MTT assays

The cytotoxicity effect of PTX/DA3/siRNA on cancer cells was
evaluated in HCT-116 cells. HCT116 cells were plated in a 96 well
plate at a seeding density of 5 × 103/well in a growth medium
consisting of DMEM with 10% FBS and grown for 24 h at 37 ◦C.
Desired formulations diluted in Opti-MEM were added to the cells
and incubated for 5 h, after which the medium was  replaced with
fresh DMEM containing 10% FBS. After an additional 48 h incuba-
tion, 100 �l of fresh growth medium containing 50 �g MTT  were
added to each well, and the cells were incubated at 37 ◦C for 2 h.
The insoluble formazan crystal was dissolved in DMSO. Absorbance
was  measured at 450 nm in a microplate reader (EL 808, Bio-tek
instrument, VT). Survival percentage was  calculated as compared
to mock-treated cells (100% survival).

2.6. Animal experiment

Male nude mice (BALB/c nu/nu) were purchased from Japan SLC
(Hamamatsu, Japan) and used at seven weeks of age. The animal
tumor model was generated by subcutaneous injection of HCT-116
cells (1.5 × 106 cells) into one of the flank regions of the mouse.
When the volume of the tumor xenograft reached 100 mm3, the
indicated formulations were intratumorally administered on days
0, 3, 7, and 10. The dose amounts for PTX and XIAP siRNA were
400 �g/kg and 100 nmole/kg, respectively. The tumor growth was
monitored by measuring perpendicular diameters using a caliper.
The tumor volume was calculated using the following equation:
tumor volume (mm3) = [length × (width)2]/2.

3. Results and discussion

Previously, conjugates of low molecular weight PEI (PEI 1.8 kDa)
and bile acid (BA), having different degree of hydrophobic-
ity, were synthesized (Chae et al., 2011). The hydrophobicity
of the conjugates was varied by selecting different bile acid,
cholic acid (CA), deoxycholic acid (DA), and lithocholic acid
(LA) as a hydrophobic moiety and the degree of substitution.
The conjugates are self-assembled to form cationic micelles,
which can interact with a negatively charged nucleic acid drug,
generating nano-sized polyelectrolyte complexes. Among the con-
jugates, one of the deoxycholic acid conjugates, DA3, could
mediate highly efficient intracellular gene delivery via both endo-
cytic and non-endocytic pathways. This interesting phenomenon,
polymer-induced macromolecular transduction, may  be due to the
amphiphilic characteristics of the bile acid. When the conjugate
formed the complexes with nucleic acid, the hydrophilic face of
the deoxycholic acid moieties can be exposed on the surface of the
complex, while hydrophobic steroid rings are oriented toward the
core of the complex. The exposure of the bile acid moieties was
evidenced by observing receptor-mediated endocytosis of the com-
plexes in bile acid receptor-positive cells. Although the detailed
mechanism is not clear, the bile acid moieties may  interact with
the plasma membrane to trigger the intracellular uptake in a way

that can be observed with the macromolecular transduction phe-
nomenon of cell penetrating peptides (CPPs). In this study, DA3
was  used as a combined delivery platform for a water-insoluble
anticancer drug, paclitaxel, and siRNA.
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Fig. 1. (A) Formation of DA3/siRNA complexes. Polycation-mediated elec-
trophoretic band mobility shift of siRNA (60 nM)  in 8% acrylamide gel. (B)
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Fig. 2. (A) Gene silencing efficiency of DA3/siRNA complexes in GFP-expressing
MDA-MB-435-GFP cells (*P < 0.01). (B) Effects of endocytosis inhibitors (10 �g/ml
chlorpromazine, 100 nM wortmannin, 200 �M genistein and a combination of the
three endocytosis inhibitors (C + W + G)) on cellular transfection of PEI 25 kDa and
DA3 (w/w = 2). Note that gene silencing efficiency was expressed as percent of
ydrodynamic diameter and transmission electron microscope (TEM) image of
A3/siRNA complex (inset, scale bar = 50 nm).

The capability of DA3 to condense siRNA was  first observed.
lthough the low molecular weight PEI (Mw  1.8 kDa) was used
s a backbone for the conjugates, DA3 successfully condensed
iRNA at a weight ratio of higher than 1 (Fig. 1A). It should
e noticed that the unmodified PEI 1.8 kDa failed to condense
iRNA even at high weight ratios. Due to its structural rigidity,
ouble-stranded siRNA may  not easily form a compact polyelec-
rolyte complex with the short polycation. This result agrees well
ith a previous observation (Lee et al., 2010). The complexes

howed 88.4 ± 16 nm in diameter and a spherical morphology
Fig. 1B). The transfection efficiency of DA3 was evaluated in green
uorescence protein (GFP)-expressing breast cancer cells, MDA-
B-435-GFP, using siRNA targeting GFP. As shown in Fig. 2A, DA3

xhibited significantly higher GFP-gene silencing activity, com-
ared to PEI 25 kDa. The polymer maintained its gene silencing
ctivity even in the presence of several endocytosis inhibitors,
ncluding 10 �g/ml chlorpromazine (inhibitor of clathrin-mediated
ndocytosis), 100 nM wortmannin (inhibitor of macropinocytosis)
nd 200 �M genistein (inhibitor of caveolae-mediated endocyto-
is) (Fig. 2B). In addition, combination of the three endocytosis
nhibitors did not seriously affect transfection ability of DA3,
uggesting that DA3 may  be able to use an alternative cellular

ptake pathway that is endocytosis-independent, suggesting that
he polymer can mimic  the endocytosis-independent macromolec-
lar transduction phenomenon of CPP. Similar phenomenon was
remaining GFP fluorescence (GFP fluorescence of mock-treated cells = 100%). Values
are  given as the mean ± SD of triplicates.

also observed in our previous report with plasmid DNA (Chae et al.,
2011).

Since DA3 forms cationic micelles in an aqueous medium, DA3
was  used as a vehicle for a hydrophobic anticancer drug, pacli-
taxel, and siRNA targeting XIAP gene. Paclitaxel belongs to a class
of mitotic inhibitors that inhibit tubulin polymerization and micro-
tubule formation, leading to apoptotic cell death. Paclitaxel exhibits
cytotoxicity, antimetastatic, and antiagiogenic activities in a dose
dependent manner. The X-linked inhibitor of apoptosis (XIAP),
one of the members of inhibitors of apoptosis (IAP), is known as
the most potent molecule that inhibits caspase 3, 7, and 9. Ele-
vated level of XIAP expression was  detected in clinical samples
from colorectal, prostate, and lung cancers (Krajewska et al., 2003,
2005; Tamm et al., 2000). In addition, most of the National Can-
cer Institute-60 (NCI-60), a panel of 60 diverse human cancer cell
lines, showed higher XIAP expression than normal cells, suggest-
ing its significant role in neoplastic activities (Holcik et al., 2001;
Schimmer et al., 2004; Zhang et al., 2007). Therefore, XIAP would
be a reasonable target for siRNA/paclitaxel combination therapy to

inhibit tumor progression as well as increase drug sensitivity.

The intracellular amount of XIAP was measured after transfec-
tion of the complexes to human colorectal cancer cells (HCT-116)
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Fig. 4. Suppression of target gene-specific XIAP expression at protein level (A, West-
ern  blot) and XIAP mRNA level (B, quantitative RT-PCR) by combined formulation of
PTX  and XIAP siRNA. (C) Enhanced anticancer effect on HCT-116 by combined deliv-
ig. 3. Effect of the amount of polymer (A) and XIAP siRNA on the suppression of
uman XIAP expression at a fixed amount of siRNA (60 nM)  and DA3/siRNA weight
atio (w/w = 2) (B).

sing Western blot analysis. The DA3-based formulation was fur-
her optimized by varying the amount of polymer to form the
omplexes and siRNA concentration. As shown in Fig. 3A, an
ppropriate suppression level of XIAP expression was achieved at
he weight ratio of higher than 2, at which the formulation also
emonstrated dose-dependent gene silencing according to siRNA
oncentration (Fig. 3B).

To achieve combined delivery of paclitaxel and siRNA in a sin-
le vehicle, paclitaxel-loaded DA3 micelles were formed using a
olvent diffusion method, dialyzed against deionized water, and
reeze dried. The drug loading content was 15.6%, as determined by
PLC. The dried cationic micelles can be readily hydrated to form a
lear solution upon the addition of water or PBS. The micelles were
hen used as a carrier for XIAP siRNA. The drug-loaded carrier can
ondense siRNA as efficiently as drug-free DA3 (data not shown).
he resulting combined delivery vehicle (PTX/DA3/siRNA) demon-
trated a significant level of XIAP-specific gene silencing, which was
imilar extent as that of DA3/siRNA complexes. The RNAi-mediated
IAP suppression effect was also confirmed by comparing the rel-
tive mRNA level with the protein expression level. Since RNAi is a
ost-transcriptional process that regulates the protein level by the
pecific cleavage of a target mRNA, it was expected that XIAP mRNA
evel would be consistent with XIAP protein suppression level. The
uantitatively measured XIAP mRNA level was consistent with the
IAP protein expression level (Fig. 4A and B). The results indi-
ate that XIAP siRNA could mediate gene-specific silencing of XIAP
xpression regardless of the presence of paclitaxel. The increased
IAP mRNA level after the paclitaxel treatment may  be due to the
ctivation of nuclear factor-kappa B (NF�B) induced by paclitaxel
ince NF�B regulates the expression of a series of antiapoptotic
roteins such as XIAP, IAP1, IAP2, Bcl-2, and Bcl-xL (Aggarwal et al.,
005). The cytotoxic effect of the PTX/DA3/siRNA formulation was
valuated in human colorectal cancer cells (HCT-116). The PTX/DA3
xhibited a similar cytotoxicity profile to free PTX dissolved in
MSO at the concentration range from 0.01 to 1000 nM (data not

hown). The combination of siRNA with the PTX/DA3 formula-
ion demonstrated a significantly enhanced cytotoxic effect on the

ancer cells compared to PTX (PTX only and PTX/DA3) and siRNA
DA3/siRNA) formulations (Fig. 4C). The cell viability was reduced
y 47%, 54%, and 45% after the treatment of DA3/siRNA, 30 nM free
TX, and 30 nM PTX/DA3, respectively. In contrast, 71% reduction in
ery  of XIAP siRNA and paclitaxel (*P < 0.05). The data are presented as mean ± SD
(n  = 8/group).

cancer cell viability was  achieved by 30 nM PTX/DA3/siRNA, which
was even higher than cell growth inhibition by 100 nM PTX. The
results suggest that the suppression of XIAP is sufficient enough to
sensitize the tumor cells to paclitaxel by removing the molecular
block that inhibits the passage of apoptotic signals. This agrees with
a previously published result, in which cancer cells having stable
XIAP-knockout showed enhanced chemosensitization even in the
presence of other anti-apoptotic proteins, including the members
of the IAP and Bcl-2 families (Connolly et al., 2009).

The enhanced chemosensitization effect by the combined ther-
apy (PTX/DA3/siRNA) was further tested in tumor bearing animals.
The combined formulation or various other formulations were
intratumorally injected into the mice with HCT-116 colorectal
cancer. The injection was initiated when tumor size became
100 mm3 (day 0) and repeated on days 3, 7, and 10. In accor-

dance with the in vitro results, simultaneous delivery of PTX
and siRNA in a single vehicle (PTX/DA3/siRNA) exhibited a sig-
nificantly enhanced inhibitory effect on tumor growth in vivo
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Fig. 5. (A) Inhibition of HCT-116 tumor growth by PTX/DA3/siRNA. Fifty microliters
of  the desired formulations were intratumorally administered to tumor bearing mice
on  days 3, 7, and 10. Tumor growth was monitored by measuring tumor volume as
described in Materials and method section and expressed as percent of initial vol-
ume  (100 mm2). The dose amounts for PTX and XIAP siRNA were 400 �g/kg and
100 nmole/kg, respectively. The results represent mean ± SD (n = 6/group). *P < 0.01
v
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ersus controls. (B) Amount of intratumoral XIAP in HCT-116 tumor xenograft.
umor was removed one day after the final injection (day 11). (C) Representative
mages of HCT-116 tumors after 31 days.

Fig. 5A). It should be noticed that the tumor growth was  almost
ompletely impeded by the combined formulation. Significantly
educed expression of XIAP was also observed in the tumor tissues
reated with PTX/DA3/siRNA formulation (Fig. 5B). Representative
nimal images from each group dramatically showed the thera-
eutic effect of the combination therapy (Fig. 5C). In contrast, only
oderate inhibition of tumor growth could be observed with free

TX at the same dose. The PTX/DA3 exhibited higher inhibition

f tumor growth than free PTX, which was similar to PTX/DA3 in
erms of in vitro cell cytotoxicity (Fig. 4C). This result may  be due
o improved drug solubility and enhanced intracellular delivery of
TX by the carrier in the compact tumor tissue. In a previous study,
harmaceutics 434 (2012) 488– 493

DA3 could mediate enhanced intracellular delivery of plasmid DNA
via polymer-induced macromolecular transduction, which mimics
cellular transduction process by cell-penetrating peptides (CPPs).
The hydrophilic face of the amphiphilic bile acid moieties of DA3,
which is localized on the outside the PEI shell, may  play an impor-
tant role in the interactions between the micelles and the plasma
membrane, resulting in improved cellular uptake.

4. Conclusions

In this study, we demonstrated a biomimetic polymer based car-
rier system that mediates simultaneous delivery of siRNA and a
water-insoluble anticancer drug. The biomimetic micelle-forming
PEI–bile acid conjugate, DA3, mediated efficient dissolution of
paclitaxel and condensation of siRNA to form nano-sized com-
plexes. The combined delivery of XIAP siRNA and paclitaxel greatly
enhanced the extent of tumor growth inhibition. Since the recent
advances in modern medical technology make it possible to visu-
alize and access solid tumor in any location of the body using
minimally invasive trans-catheters, the suggested combined deliv-
ery system could be considered as a potential candidate for clinical
combination cancer therapy.
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