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ABSTRACT: Hedgehog (Hh) and epidermal growth factor
receptor (EGFR) signaling are involved in pancreatic cancer
progression. Targeting these pathways simultaneously with
cyclopamine (Hh inhibitor) and gefitinib (EGFR inhibitor) is
a promising approach for treating pancreatic cancer. However,
the major limitation for effective clinical translation of these
molecules is their low aqueous solubility. We have previously
demonstrated that methoxy polyethyleneglycol-b-poly-
(carbonate-co-lactic acid) {mPEG-b-P(CB-co-LA)} copolymer
solubilizes hydrophobic anticancer drugs and has the potential to deliver to tumors by an enhanced permeability and retention
(EPR) effect. In this study, using the nanoprecipitation method, cyclopamine and gefitinib were efficiently loaded into mPEG-b-
P(CB-co-LA) micelles with encapsulation efficiencies of 94.4 and 88.6%, respectively. These micelles had a narrow particle size
distribution with a mean particle size of 54.3 nm and a PDI of 0.14. Combination therapy showed a synergistic effect against
L3.6pl cells but an additive effect against MIA PaCa-2cells. Caspase 3/7 activity was also increased when this combination
therapy was used, indicating apoptotic cell death. Gene and protein expression analysis indicated cross-talk between Hh and
EGFR signaling. Furthermore, the combination decreased tumor growth rate in L3.6pl-derived xenograft mouse tumors. These
data suggest the applicability of our micellar system to effectively load and deliver cyclopamine and gefitinib for combination
chemotherapy.
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1. INTRODUCTION

Pancreatic cancer is the fourth leading cause of cancer-related
deaths in the United States with less than 5% 5 year survival.1

The major concern in pancreatic cancer is metastasis to other
organs due to late diagnosis.2,3 At the time of diagnosis, 52%
patients have distant disease, and 26% have regional spread,
which decreases overall survival. Current treatment strategies
for pancreatic cancer employ either surgery and/or chemo-
therapy using gemcitabine in combination with other anticancer
agents. Chemotherapy has been shown to have only modest
results due to the generation of multidrug resistance (MDR),
and relapse is significant. Several lines of evidence have
indicated that aberrant activation of Hedgehog (Hh)4,5 and
epidermal growth factor receptor (EGFR)6 cascades plays a
major role in pancreatic carcinogenesis, disease progression,
metastasis, and their contribution to chemoresistance and
subsequent relapse.
Binding of Hh ligands to patched (Ptch) receptor initiates a

cascade of downstream signaling by relieving inhibition of
smoothened (Smo) protein. Activated Smo in turn transduces
downstream signals leading to translocation of active forms of
glioma-associated oncogene (GLI) transcriptional effectors to
the nucleus resulting in the increased expression of target
genes.7,8 In addition, EGFR and its ligands, EGF and

transforming growth factor-α (TGF-α), can regulate key
cellular events involved in cell proliferation and are normally
overexpressed in pancreatic carcinomas. Ligand binding to
EGFR induces dimerization of the receptor leading to
autophosphorylation of intracellular tyrosine kinase, thereby
resulting in activation of the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase (PI3-k) pathways.9

Several studies have shown that there is a cross-talk between
Hh and EGFR pathways,10 which can increase chemoresistance
and metastasis. Palma et al. have shown that sonic hedgehog
(Shh) and EGFR cooperatively stimulated the cell proliferation
in neocortical stem cells.11,12 Furthermore, Shh overexpression
in human keratinocyte cell line activates EGFR signaling.13

Therefore, targeting these pathways simultaneously is a
promising approach to improve the therapeutic outcome of
pancreatic cancer treatment.
Cyclopamine (CYA), a steroidal alkaloid derived from

Veratrum californicum, is a selective Hh pathway inhibitor and
binds to c-terminal of the Smo receptor leading to blockade of
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the downstream signaling cascade. A combination of CYA with
EGF-EGFR pathway inhibitor, gefitinib (GEF), has been
demonstrated to be effective for treating the solid organ
tumors. Mimeault et al. have demonstrated that cytotoxic
effects of this combination in prostate cancer resulted from a
growth arrest and massive apoptotic cell death.14 Combining
CYA and GEF improved the outcome of docetaxel-based
therapies in locally advanced prostate cancer.15,16 Hu et al. have
demonstrated the enhanced inhibitory effect and greater
apoptotic death of pancreatic cancer cell lines using the
combination therapy with CYA and GEF versus monother-
apy.17 However, systemic administration of these molecules is
challenging due to their low water solubility. The current
formulation strategies involve the use of either organic solvents
and/or suspensions. For CYA, while β-cyclodextrin can
effectively solubilize it, the pH of the resulting solution is
extremely acidic, which decreases drug stability due to
isomerization into less potent forms.18 Polymeric micelles are
an attractive alternative since they can enhance the solubility
and stability of hydrophobic drugs and deliver them to the
target tumors by enhanced permeability and retention (EPR)
effect. We have previously used methoxypolyethyleneglycol-b-
poly(carbonate-co-lactic acid) [mPEG-co-P(CB-co-LA)] for
micellar drug delivery.19 These micelles form nanosized (<100
nm) spherical assemblies with a hydrophobic core and PEG
shell. Hydrophobic drugs can be efficiently loaded into the core,
while the PEG shell provides the stealth effect and prevents
recognition by the reticulo-endothelial system (RES), thereby
further increasing the efficacy of the system.
The present work aims at developing multiple drug-loaded

micelles and their in vitro and in vivo evaluation for treating
pancreatic cancer. Drug-loaded micelles were characterized for
particle size, drug loading, in vitro drug release, and
antiproliferative effects in pancreatic cancer cell lines. The
effect of combination therapy on gene and protein expression
was assessed followed by evaluation in a xenograft nude mouse
tumor model.

2. MATERIALS AND METHODS
2.1. Materials. CYA (free base, >99%) and GEF (free base,

>99%) were purchased from LC Laboratories (Woburn, MA).
Caspase GLO 3/7 assay kit was purchased from Promega
(Madison, WI), and Gli1 (V812) antibody was from Cell
Signaling Technology (Danvers, MA). EGFR antibody and
Phospho-EGFR (pY1068) antibody were purchased from
Epitomics, Inc. (Burlingame, CA), and ECM gel was from
Sigma (St. Louis, MO). All other reagents were of analytical
grade.
2.2. Cell Lines. The MIA PaCa-2 pancreatic cancer cell line

was purchased from ATCC, while the L3.6pl cell line was a
kind gift from Dr. Fazlul H. Sarkar of Wayne State University
(Detroit, MI). Both cell lines were maintained in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum (FBS) in
an incubator maintained at 37 °C/5%CO2.
2.3. Synthesis and Characterization of mPEG-b-P(CB-

co-LA). mPEG-b-P(CB-co-LA) was synthesized as reported by
Danquah et al.19 Briefly, benzyl 2,2-bis(methylol)propionate
was first synthesized from 2,2-bis(hydroxymethyl)propionic
acid by reaction with benzyl bromide at 100 °C for 15 h. The
product formed was used to synthesize 5-methyl-5-benzylox-
ycarbonyl-1,3-dioxane-2-one by reacting with triphosgene at
−78 °C in pyridine and dichloromethane. mPEG-poly-

(carbonate-co-lactide) copolymer was finally synthesized by
ring-opening polymerization of mPEG, L-lactide, and 5-methyl-
5-benzyloxycarbonyl-1,3-dioxane-2-one in the presence of
stannous 2-ethylhexanoateas as a catalyst at 130 °C for 24 h.
The copolymer was purified and characterized using 1H NMR.

2.4. Preparation of Drug-Loaded Micelles. Drug-loaded
micelles were prepared by nanoprecipitation using acetone as a
water-miscible organic phase. Briefly, weighed amounts of
mPEG-b-P(CB-co-LA) copolymer and drug(s) were dissolved
in 1 mL of acetone. The drug solution was added to 5 mL of
purified water while stirring at 1000 rpm. Nanoprecipitation
occurred rapidly leading to self-assembly of copolymer to form
drug-loaded micelles. Acetone was then evaporated under
vacuum, and micelles were centrifuged at 5000 rpm for 5 min
and filtered through 0.22 μm filter paper to remove the
unentrapped drug followed by lyophilization using trehalose
(2.5% w/v) as a lyoprotectant. Micelles were prepared at three
different drug loadings of 2.5, 5, and 7.5% w/w for CYA and
GEF to determine the effect of initial drug loading on particle
size and encapsulation efficiency. Combination formulation was
prepared by codissolving the drugs in acetone at a ratio of 1:1
and 1:4 of CYA:GEF with 5% total initial drug loading.

2.5. Characterization of Drug-Loaded Micelles.
2.5.1. Particle Size and Size Distribution. The size and size
distribution (PDI) of micelles was determined by dynamic light
scattering using Zetasizer (Malvern Instruments, United
Kingdom) at 2 mg/mL polymer concentration. All measure-
ments were taken at a scattering angle of 173° at room
temperature, and a Z-average size of 11 measurements was
reported as the mean ± SD of triplicate samples.

2.5.2. Drug Loading and Encapsulation Efficiency. To
determine the drug loading and encapsulation efficiency, 9 mL
of acetonitrile was added to 1 mL of micellar formulation, and
drug concentrations were analyzed by HPLC-UV for GEF and
LC-MS for CYA. For GEF, chromatography was performed
using Inertsil ODS 3 column (5 μm, 4.6 mm × 250 mm) with
acetonitrile:sodium acetate buffer (pH 4.5, 20 mM) (60:40) as
the mobile phase run at a flow rate of 1 mL/min and analytical
wavelength of 330 nm. CYA was analyzed using LC-MS with
acetonitrile:water (containing 0.1% formic acid) (80:20) as the
mobile phase run at a flow rate of 0.35 mL/min. Chromato-
graphic separation was performed on XterraMS C18 column
(2.5 μm, 4.6 mm × 50 mm). A mass transition of 412.3 →
394.2 was taken for analysis. Drug loading and encapsulation
efficiency were calculated using the following formulas:

= ×

encapsulation efficiency (%)
weight of drug encapsulated
initial weight of drug taken

100

= ×drug loading (% w/w)
weight of drug encapsulated
total weight of formulation

100

2.5.3. Drug Release Study. Drug-loaded micelles containing
0.5 mg each of CYA and GEF were placed in a dialysis bag with
a molecular weight cutoff of 2000 Da (Spectrum Laboratories
Inc., Rancho Dominguez, CA) and suspended in 50 mL of drug
release media consisting of PBS (pH 7.4) containing 50%
ethanol as a cosolvent to maintain the sink conditions. A drug
release study was performed in a thermocontrolled shaker
maintained at 37 °C with a stirring speed of 100 rpm. Samples
(1 mL) were taken at regular time intervals and replaced with
the fresh media. The drug content in the samples was analyzed
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by HPLC-UV for GEF and LC-MS for CYA as described
above. The cumulative drug released into the media was
determined after correction for the volume and drug losses
during sampling and plotted against time. Release profiles were
fitted into different kinetic models such as zero order, first
order, Higuchi, Weibull, Baker Londsdale, and Hixon-Crowell,
and regression analysis was performed to determine the best fit.
2.5.4. In Vitro Cytotoxicity Assay. For cytotoxicity assays,

MIA PaCa-2 and metastatic L3.6pl cell lines (5000 cells/well)
were seeded in a 96-well cell culture plate and incubated at 37
°C/5%CO2 for 24 h. Cells were then treated with different
concentrations of CYA, GEF, and their combination for 72 h.
Because DMSO was used to solubilize free drugs, DMSO
controls were also included in the study. The media were
replaced with the fresh one containing 3-(4,5-dimethyl-thiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT;100 μL, 0.5 mg/
mL) with further incubation for 4 h at 37 °C/5%CO2. Media
were removed, formed formazan crystals were dissolved in
DMSO, and the absorbance was measured at 560 nm after
subtraction for cell debris at 655 nm. The cell viability was
calculated using the following equation:

= ×cell viability (%)
absorbance of test sample

absorbance of control
100

Mean inhibitory concentration (IC50) values (i.e., drug
concentrations required to reduce the cell viability to 50%)
were calculated graphically from the plots of cell viability versus
drug concentration. To assess the synergistic, additive, or
antagonistic interaction between CYA and GEF, isobologram
analysis was used.20,21 Combination indexes (CIs) were
determined using the following formula:

= +d
D

d
D

CI
1

1
2

250 50

where d1 and d2 are doses of drug 1 and drug 2 required to
produce a 50% effect when used in combination and D501 and
D502 are doses of drug 1 and drug 2 required to produce a 50%
effect when used alone. CI values <0.9, =0.9−1.1, and >1.1
indicate synergistic, additive, and antagonistic effects, respec-
tively.
2.5.5. Caspase GLO 3/7 Assay. Cells (5000 cells/well) were

seeded in a 96-well cell culture plates for 24 h at 37 °C/5%CO2.
The media were replaced with the fresh media containing drug
(CYA, GEF, or their combination)-loaded micelles, and the
cells were incubated for 24 h at 37 °C/5%CO2. Caspase GLO
3/7 assay was then performed as per the manufacturer's

instructions, and luminescence was measured by a Lumin-
ometer (Berthold Detection Systems, Huntsville, AL).

2.5.6. mRNA Levels of Gli1 and EGFR by Real-Time
Reverse-Transcribed Polymerase Chain Reaction (RT-PCR).
The total RNA was extracted from cultured pancreatic cancer
cells using a RNeasy RNA isolation kit (Qiagen, MD), and its
quality was determined using Nanodrop 2000 instrument and
reverse transcribed into cDNA template as previously
described.20 A total of 100 ng of cDNA was then amplified
by real-time PCR using SYBR Green dye universal master mix
on a Light Cycler 480 instrument (Roche, Indianapolis) using
the primers for Gli-1 (5′-AGTTTCCAGCCTGGACCACG
and 5′-GAGGTCCGGATTACGGTTT) and EGFR (5′-
GGCACTTTTGAAGATCATTTTCTC an d 5 ′ -
CTGTGTTGAGGGCAATGAG) for 40 cycles. Crossing
point (Cp) values were used for calculating the relative amount
of mRNA as compared to the S19 (housekeeping gene) level
and scaled relative to control samples set at a value of 1. Results
for gene expression in experimental samples were plotted as
compared with the control.

2.5.7. Protein Expression of Gli1, EGFR, and Phospho-
EGFR (pEGFR) by Western Blot. L3.6pl cancer cells were
seeded into six-well cell culture plates (3 × 105 cells/well) and
treated with drug-loaded micelles for 48 h. Cells were then
lysed with RIPA buffer containing a protease inhibitor cocktail
and phosphatase inhibitor cocktail 2 and 3 (Sigma, St. Louis,
MO). The total protein concentration was determined using
the bicinchoninic acid (BCA) method. Proteins were resolved
on sodium dodecyl sulfate−polyacrylamide gel electrophoresis
and transferred to an Immobilonpolyvinylidene fluoride
(PVDF) membrane using an iBlot dry blotting system
(Invitrogen, Carlsbad, CA) followed by blocking with Odyssey
blocking buffer for 1 h at room temperature with shaking.
Membranes were then incubated with an appropriate dilution
of the primary antibody for 16 h at 4 °C. β-Actin was used as
the loading control, and target proteins (Gli1, EGFR, and
pEGFR) were detected by LI-COR secondary antibodies using
Odyssey infrared imaging system (LI-COR Biosciences,
Lincoln, NE).

2.5.8. In Vivo Efficacy of Drug-Loaded Micelles in
Xenograft Model. All animal experiments were performed in
accordance with the NIH animal use guidelines and protocol
approved by the Institutional Animal Care and Use Committee
at the University of Tennessee Health Science Center
(UTHSC, Memphis, TN). Heterotopic xenograft flank tumors
were established in 6 week old male athymic nude mice

Table 1. Particle Size and Encapsulation Efficiency of CYA and GEF in Micellesa

Single Drug-Loaded Micelles

CYA-loaded micelles GEF-loaded micelles

initial loading (% w/w) particle size (PDI) (nm) EEc (%) drug loading (% w/w) particle size (PDI) (nm) EEc (%) drug loading (% w/w)

2.5 56.7 ± 1.01 (0.13) 94.7 ± 0.99 2.45 ± 0.05 56.8 ± 7.22 (0.14) 96.7 ± 0.98 2.41 ± 0.10
5 54.3 ± 1.97 (0.15) 92.9 ± 4.67 4.71 ± 0.22 59.8 ± 2.82 (0.18) 87.1 ± 5.0 4.36 ± 0.25
7.5 57.6 ± 4.11 (0.12) 85.2 ± 3.42 6.35 ± 0.45 57.0 ± 8.92 (0.15) 81.2 ± 3.62 5.79 ± 0.63

Simultaneously Loaded Micellesb

ratio particle size (PDI) (nm) EEc (%) drug loading (% w/w)

1:1 54.3 ± 2.08 (0.14)
CYA: 94.4 ± 3.13 CYA: 2.33 ± 0.08
GEF: 88.6 ± 3.09 GEF: 2.22 ± 0.15

1:4 55.03 ± 4.05 (0.17)
CYA: 92.3 ± 3.7 CYA: 0.99 ± 0.08
GEF: 85.9 ± 4.3 GEF: 3.82 ± 0.18

aData are means ± SDs (n = 3). bMicelles were prepared at total initial loading of 5% w/w. cEE, encapsulation efficiency.
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(Jackson Laboratory, Bar Harbor, ME) by subcutaneous
injection of 1 million L3.6pl pancreatic cancer cells suspended
in 1:1 serum-free media and ECM gel. When tumors reached
∼150 mm3, mice were randomized and assigned to different
groups (N = 5). These tumor-bearing mice were treated with
drug-loaded micelles containing CYA (20 mg/kg), GEF (20
mg/kg), or their combination (10 mg/kg each) given
intratumorally for 5 days a week for 2 weeks. Tumors were
measured with a caliper before each injection, and their
volumes were calculated using the formula (length × width2)/2.

3. STATISTICS

Statistical analyses were done using Student's t test with a p
value <0.05 considered to be a statistically significant difference.

4. RESULTS

4.1. Preparation and Characterization of Drug-
Loaded Micelles. The synthesized mPEG-b-(CB-co-LA)
copolymer had an average molecular weight of 9800 Da with
carbonate and lactic acid contents of 10 and 29 mol,
respectively, and a mPEG content of 51.02% as determined
by 1H NMR. On nanoprecipitation, the copolymer self-
assembled into nanosized micelles resulting in a clear
homogeneous suspension in contrast to a turbid drug
suspension when no copolymer was used. Micelles loaded
with CYA and GEF alone were prepared at three initial drug
loadings, that is, 2.5, 5, and 7.5% w/w. Table 1 shows the
particle size, encapsulation efficiency, and drug loading in the
micelles. A mean particle size of 50−60 nm with a low
polydispersity of <0.2 was obtained, which did not significantly
change on altering the initial drug loading. However, on
increasing the initial drug loading from 2.5 to 7.5%, the
encapsulation efficiency decreased from 94.7 to 85.2% for CYA
and from 86.7 to 81.2% for GEF. The multiple drug-loaded
micelles were prepared at 1:1 and 1:4 ratios of CYA:GEF with
5% total initial drug loading showing encapsulation efficiencies
>90% for CYA and >85% for GEF with a particle size of ∼55
nm, indicating the suitability of the micellar system to
encapsulate and carry the payload. CYA and GEF release
from micelles followed the Higuchi model with 85% cumulative
release in 4 days for GEF and 80% cumulative release for CYA
in 7 days (Figure 1).
4.2. In Vitro Cytotoxicity Assays. Cytotoxic effects of

CYA, GEF, and their combination on the pancreatic cancer cell

lines, MIA PaCa-2, and L3.6pl are shown in Figure 2. CYA and
GEF were effective in reducing the viability of both cell lines in

a concentration-dependent manner. In L3.6pl cells, IC50 values
of 17.8 and 62.09 μM were obtained for CYA and GEF,
respectively, while IC50 values of 9.33 and 49.2 μM were
obtained in MIA PaCa-2 cells (Table 2). Furthermore, GEF-

loaded micelles were more effective than free GEF in both cell
lines, while the CYA-loaded formulation was more effective in
MIA PaCa-2 cells and showed an equivalent effect in L3.6pl
cells to that of free CYA. Empty micelles were nontoxic to the
cells.

Figure 1. Release profile of CYA and GEF from PEG-b-P(CB-co-LA)
micelles coloaded with these two drugs.

Figure 2. Antiproliferative effect of drugs and their micellar
formulation on L3.6pl and MIA PaCa-2 pancreatic cancer cells. (A
and B) Cytotoxicity assay of GEF and CYA on L3.6pl cells,
respectively. (C and D) Cytotoxicity assay on GEF and CYA,
respectively, on MIA PaCa-2 cells. Data represent means ± SDs (N =
4); *p < 0.05, and #p < 0.01.

Table 2. IC50 Values and Isobologram Analysis of CYA and
GEF in L3.6pl and MIA PaCa-2 Cell Lines

IC50
a (μM)

L3.6pl MIA PaCa-2

treatment CYA GEF CIb CYA GEF CIb

CYA 17.83 9.33
GEF 62.09 49.22
CYA-loaded micelles 12.70 4.60
GEF-loaded micelles 14.80 11.00
CYA−GEF-loaded
micelles (1:1 ratio)

3.73 3.73 0.55 3.65 3.65 1.1

CYA−GEF-loaded
micelles (1:4 ratio)

1.60 6.50 0.57 1.70 6.70 0.9

aInhibitory concentration 50 (IC50) denotes the drug concentration
required to reduce the cell viability by 50% of control. It is determined
graphically from the plots of cell viability and drug concentrations.
bThe CI was determined from the IC50 value using the formula, CI =
d1/D501 + d2/D502, where d1 and d2 are the IC50 values of CYA and
GEF when used in combination and D501 and D502 are IC50 values of
CYA and GEF when used alone. CI < 1 indicates synergism.
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There was a significant decrease in the IC50 values in both
cell lines when treated with a CYA and GEF combination
(Figure 3 and Table 2). The CI, which is indicative of an

interaction in drug activity, was determined from the IC50
values, and it was >0.9 for the treatment in the L3.6pl cell line,
indicating the synergism, while it was between 0.9 and 1.1 in
MIA PaCa-2 cells, indicating an additive effect (Table 2).
4.3. Caspase 3/7 Activity. Incubation with CYA, GEF, and

their combination resulted in a significant increase in caspase 3/
7 activity, indicating apoptosis (Figure 4). Furthermore, the
combination of these drugs showed significantly higher
apoptosis in the L3.6pl cell line and an equivalent effect in
the MIA PaCa-2 cell line at a reduced dose.

4.4. Effect of Drug Treatment on GLI-1 and EGFR
Gene Expression. Expression of GLI-1 and EGFR after drug
treatments of L3.6pl and MIA PaCa-2 cells was assessed using
real-time RT-PCR and calculating the fold changes with respect
to the Cp values for S19 (housekeeping gene) (Figure 5).

Treatment with CYA or its combination with GEF significantly
reduced GLI-1 expression in L3.6pl cells. In contrast, neither
CYA nor GEF alone significantly reduced GLI-1 in MIA PaCa-
2 cells. However, a combination treatment significantly
decreased GLI-1 levels. Furthermore, drug treatments did not
significantly affect EGFR expression levels in both cell lines
(data not shown).

4.5. Effect of Drug Treatment on Protein Expression
of GLI-1, EGFR, and pEGFR. Treatment with GEF at 10 μM
dose resulted in a significant decrease in phosphorylation of
EGFR protein, while CYA treatment at 10 μM did not affect
EGFR phosphorylation. Combination therapy with CYA and
GEF at a half dose of 5 μM was effective in knocking down
EGFR phosphorylation. Furthermore, both GEF and CYA
reduced overall protein expression of GLI-1, and combination
therapy resulted in higher activity.

4.6. In Vivo Efficacy Study in Xenograft Model. We
tested the combination formulation in comparison to
monotherapy given intratumorally in xenograft tumor-bearing
nude mouse model. Tumors were generated by subcutaneous
injection of L3.6pl pancreatic cancer cells. Treatment with the
formulations (CYA, GEF, and combination) was started when a
tumor size of 150 mm3 was reached. Figure 7 shows the
changes in tumor volume when treated with the formulation.
The tumor growth rate was significantly lower for the group
treated with the combination therapy at half dose levels (10
mg/kg each) in contrast to the groups treated with GEF (20
mg/kg) or CYA (20 mg/kg) alone. The group treated with the
combination formulation showed a mean tumor weight of 0.22
g as compared to 0.54 g in the GEF-treated group and 0.70 g in
the CYA-treated group, while in vehicle-treated animals, a mean
tumor weight of 1.27 g was observed at 21 day post-tumor
implantation.

5. DISCUSSION

Cross-talk between Hh and EGFR pathways during cancer cell
proliferation is known to occur, and this establishes the
rationale of combining inhibitors of these pathways for treating
pancreatic cancer.14,16,17 CYA and GEF play an important role
in treating tumors with aberrant activation of Hh and EGFR

Figure 3. Antiproliferative effect of combination formulations on
pancreatic cancer cells. (A and B) Cytotoxicity assay of a combination
of CYA:GEF in 1:4 and 1:1 ratios, respectively, on L3.6pl cells. (C and
D) Cytotoxicity assay of a combination of CYA:GEF in 1:4 and 1:1
ratios, respectively, on MIA PaCa-2 cells. Data represent means ± SDs
(N = 4); #p < 0.01 vs CYA:GEF.

Figure 4. Apoptosis assay of GEF, CYA, and their combination loaded
micelles in L3.6pl and MIA PaCa-2 cells. The activity was expressed as
relative light units per second (RLU/s) and normalized with total
protein concentration. Data represented as the mean ± SD (N = 3);
*p < 0.05.

Figure 5. Effect of treatment of CYA, GEF, and their combination
loaded micelles on gene expression of GLI-1 in (A) L3.6pl cells and
(B) MIA PaCa-2 cells; *p < 0.05.
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pathways. These drugs have been tested individually as well as
in combination for prostate cancer,14−16 and recent studies
have shown their possible synergism in pancreatic cancer as
well.17 However, these drugs are primarily dissolved in either
DMSO or ethanol or given in the form of suspensions. Such
formulations are not viable for clinical translation, and thus,
there is a need to formulate these drugs in a biocompatible
delivery system. Hydroxypropylβ-cyclodextrin(HP-β-CD) also
has been used for CYA delivery; however, effective solubiliza-
tion in HP-β-CD requires an acidic pH of 3.5.22,23 At this pH,
CYA has been shown to degrade and isomerizes to less potent
forms.18

In this study, we have used an amphiphilic mPEG-b-(CB-co-
LA) copolymer synthesized and characterized as reported
earlier by our group.19 This polymer consists of mPEG (5000
Da) block that forms the hydrophilic outer shell, while the
inner core is formed by carbonate and lactic acid-based
hydrophobic block. In our previous report, we have successfully
loaded a hydrophobic anticancer molecule, bicalutamide.19

Furthermore, the polymer showed a low critical micelle
concentration (CMC), which varied on varying the carbonate
to lactide ratio. In the present report, we have simultaneously
loaded GEF and CYA in mPEG-b-(CB-co-LA) copolymer
micelles and tested their efficacy in pancreatic cancer cell lines
and in a xenograft tumor model.
The nanoprecipitation method was employed for the

preparation of drug-loaded micelles since the process occurs
rapidly without needing sonication or homogenization. The
copolymer was able to encapsulate both CYA and GEF with
high efficiency (Table 1), which could be attributed to the
ability of the hydrophobic core to solubilize these drugs. In
addition to the appreciable drug loading, the outer hydrophilic
mPEG shell could prevent the aggregation by steric hindrance
and could possibly provide the stealth properties necessary to
reduce uptake by the RES. We observed that an increase in
initial drug loading decreases the encapsulation efficiency for
both CYA and GEF that could be attributed to the holding
capacity of the hydrophobic core reaching saturation at higher
initial drug loadings with a subsequent decrease in
encapsulation efficiency.24,25 Multiple drug-loaded micelles
were then prepared at 5% w/w initial drug loading at 1:1 and
1:4 ratios of CYA:GEF, and a high encapsulation efficiency was
obtained for both of the molecules (Table 1). Drug-loaded
micelles had a mean particle size of 50−60 nm. A small particle
size with a mPEG outer shell will improve the mean residence
time in the central compartment and hence the EPR effect in
the tumor tissues after systemic administration.
Drug release studies showed a controlled release for 7 and 4

days for CYA and GEF, respectively, from drug-loaded micelles
(Figure 1). From such systems, drug release was mainly
controlled by diffusion and/or degradation of the polymer.
Several factors can influence the drug release pattern, including
the nature of hydrophobic core, physicochemical properties of
incorporated drugs, and the strength of the interaction between
the drug and the hydrophobic core.26 CYA and GEF showed
different release patterns, which were expected since both
molecules have different hydrophobicities. CYA is more
hydrophobic (predicted Log P, 5.439) and released at a slower
rate than GEF (predicted Log P, 2.702). Because both CYA
and GEF have low water solubility (<5 μg/mL), 50% ethanol
was added as a cosolvent in the release media to maintain sink
conditions. Ethanol was added at a concentration where these
drugs have appreciable solubility (>200 μg/mL), thereby

preventing any chances of drug precipitation inside the dialysis
membrane. Because ethanol does not dissolve the polymer,
disruption of micelles is unlikely. This is in line with the
previous reports where PBS containing 50% ethanol was used
as a release media for drug-loaded PLA-PEG micelles for the
Hh pathway inhibitor.27

After fully characterizing drug-loaded micelles, we tested
these for activity against pancreatic cancer cell lines. A CI value
of <0.9 was obtained in the L3.6pl cell line, indicating
synergism, while an additive effect was seen in MIA PaCa-2
cells (CI between 0.9 and 1.1) (Table 2). The extent of cross-
talk between Hh and EGFR pathways could determine the
effect of selective inhibition. Because these pathways work
constitutively in metastatic cancer, inhibition by selective
inhibitors may be expected to have a synergistic effect.14

Similarly, combination therapy had shown a significant increase
in apoptosis in L3.6pl cells at a half-dose level (Figure 4).
We have tested the CYA and GEF combination at two

different ratios (1:1 and 1:4) for in vitro cytotoxicity assays to
determine the IC50 values and synergism in both L3.6pl and
MIA PaCa-2 cell lines (Table 2). Caspase 3/7 assay was then
performed at concentrations near the calculated IC50 values
(i.e., 5 + 5 and 6.5 + 1.5 μM) of the combination to determine
their effect on apoptotic cell death.
To elucidate the potential interaction between the Hh and

the EGFR pathway and their subsequent inhibition by
treatment, we assessed the mRNA expression levels of GLI-1
and EGFR (Figure 5). Our observation that CYA or its
combination with GEF is able to significantly decrease GLI-1 in
L3.6pl cells is in accordance with previous literature.22,23 In
contrast, CYA did not decrease GLI-1 expression in MIA PaCa-
2 cells, and only its combination with GEF had a significant
impact. Furthermore, both drugs were effective in decreasing
protein levels of transcription factor GLI-1 in L3.6pl cell line
(Figure 6). This downregulation of GLI-1 expression by drug

combination points not only to the extent of cross-talk between
the two signaling cascades in pancreatic cancer progression but
also toward the efficacy of our combination approach over
monotherapy with either CYA or GEF. In neither of the cell
lines was treatment with either drug able to reduce EGFR gene
and protein expression, confirming that the activity of this
signaling cascade is dependent on protein phosphorylation.
EGFR cascades are chiefly regulated at this level, and treatment
with both GEF and CYA was able to decrease phospho-EGFR
levels (Figure 6).
In summary, our in vitro studies have indicated the potential

synergism of CYA and GEF in the L3.6pl cell line. For in vivo
assessment of the formulations, we used the L3.6pl cell line-
derived xenograft nude mice model. We used the ratio of 1:1
(i.e., 10 + 10 mg/kg of each drug) since at this ratio, the
combination had lower CI (and thus demonstrates synergism).

Figure 6. Effect of CYA (10 μM), GEF (10 μM), and their
combination (5 μM each) loaded micelles on protein expression of
Gli1, EGFR, and phospho-EGFR in L3.6pl cells.
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Because other workers have tested the efficacy of GEF and
CYA at doses ranging from 10 to 100 mg/kg,28−30 we decided
to use the dose of 20 mg/kg for monotherapy and half-dose
levels (10 + 10 mg/kg) for testing drug combination. In line
with the in vitro results, our in vivo results too confirmed the
enhanced efficacy of the combination formulation. The growth
rate of tumor was significantly slower in the group treated with
combination therapy when compared to monotherapy (Figure
7). Previous reports have demonstrated efficacy of CYA5,31 and

GEF28,32 as monotherapy in various cancer models. For GEF,
the oral route was more frequently explored, whereas for CYA,
the subcutaneous route was used, and drugs were given as
suspensions.5,31 Our results clearly indicate the use of micelles
for efficient delivery of a Hh pathway and an EGFR pathway
inhibitor for combination chemotherapy for the treatment of
pancreatic cancer.
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