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Abstract

Background: The encapsulation of curcumin (Cur) in polylactic-co-glycolic acid (PLGA) nanoparticles (Cur-
NPs) was designed to improve its solubility and stability. Conjugation of the Cur-NPs with anti-P-glycoprotein
(P-gp) antibody (Cur-NPs-APgp) may increase their targeting to P-gp, which is highly expressed in multidrug-
resistance (MDR) cancer cells. This study determined whether Cur-NPs-APgp could overcome MDR in a human
cervical cancer model (KB-V1 cells) in vitro and in vivo. Materials and Methods: First, we determined the MDR-
reversing property of Cur in P-gp-overexpressing KB-V1 cells in vitro and in vivo. Cur-NPs and Cur-NPs-APgp,
in the range 150-180 nm, were constructed and subjected to an in vivo pharmacokinetic study compared with
Cur. The in vitro and in vivo MDR-reversing properties of Cur-NPs and Cur-NPs-APgp were then investigated.
Moreover, the stability of the NPs was determined in various solutions. Results: The combined treatment of
paclitaxel (PTX) with Cur dramatically decreased cell viability and tumor growth compared to PTX treatment
alone. After intravenous injection, Cur-NPs-APgp and Cur-NPs could be detected in the serum up to 60 and 120
min later, respectively, whereas Cur was not detected after 30 min. Pretreatment with Cur-NPs-APgp, but not
with NPs or Cur-NPs, could enhance PTX sensitivity both in vitro and in vivo. The constructed NPs remained
a consistent size, proving their stability in various solutions. Conclusions: Our functional Cur-NPs-APgp may
be a suitable candidate for application in a drug delivery system for overcoming drug resistance. The further
development of Cur-NPs-APgp may be beneficial to cancer patients by leading to its use as either as a MDR
modulator or as an anticancer drug.
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Introduction

Multidrug resistance (MDR) is a major problem for the
success of cancer chemotherapy and is closely associated
with treatment failure in the most common forms of
cancer, including lung, colon, breast, and cervical cancer
(Chang,2003). Overexpression of P-glycoprotein (P-gp), a
170-kDa plasma membrane transporter, has been identified
as one of the major causes of drug resistance in several
cancers. P-gp belongs to the superfamily of ATP-binding
cassette (ABC) transporters (Chang, 2003) that act as an
ATP-dependent efflux pump and has a broad substrate
specificity that includes xenobiotics (Bain et al., 1997),
etoposide (Burgio et al., 1998), doxorubicin (Shen et al.,
2008), vinblastine (Cisternino et al., 2004), and paclitaxel
(PTX) (Jang et al., 2001; Gallo et al., 2003). Increased
expression of P-gp, the product of the human MDR1 gene,
is a well-characterized mechanism used by cancer cells
to avoid the cytotoxic action of anticancer drugs. Based
on decreases in intracellular drug accumulation by P-gp,

studies of the MDR gene promoter sequence suggest that
modulation of P-gp expression at the genetic level may
be a possible way to overcome MDR (Hu et al., 1996).
Curcumin (Cur), a phenolic compound purified from
the rhizome of Curcuma longa, has along history of being
used in traditional medicine (Oyagbemi et al., 2009; Dai
et al., 2013). Recently, Cur has been reported to reduce
both the expression and function of P-gp (Anuchapreeda et
al., 2002; Limtrakul et al., 2004). The safety of Curcuma
longa and its derivatives has been demonstrated in various
animal models (Qureshi et al., 1992), and it is clear that
turmeric is not toxic in humans even at high doses (12 g/
day) (Anand et al.,2007). Thus, Cur could be considered a
promising lead compound in the design of more effective
MDR chemosensitizers by inhibiting P-gp function and/or
expression (Qureshi et al., 1992). Previous studies have
reported that a combined treatment of vincristine with
Cur reduced tumor growth in a colon cancer xenograft
model. However, an in vivo study using a combination
treatment of PTX with Cur against human MDR cervical
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carcinoma cells (KB-V1) has never been reported. This
study has therefore evaluated the combined treatment of
PTX and Cur in vivo.

Because the efficacy of Cur is limited due to the low
level of oral bioavailability, poor absorption ability, a high
metabolic rate, inactivity of metabolic products together
with rapid elimination and clearance from the body
(Anand et al., 2007), poor pharmacokinetics (Shehzad et
al.,2010) and solubility, and degradation under natural to
basic pH conditions, the development of Cur in clinical
applications using nanoparticles (NPs) as drug delivery
systems (DDS) has been suggested to address these issues.
To overcome the challenges of targeting tumors with
nanotechnology, it is important to combine the rational
design of nanocarriers or nanoparticles (Yin et al., 2013;
Yadav et al., 2014) with a fundamental understanding of
tumor biology by considering the general characteristics
of tumors, which include poor lymphatic drainage, the
overexpression of vascular endothelial growth factors,
and leaky blood vessels. Recently, passive-targeting
nanocarriers have been developed that can extravasate
into tumor tissues via leaky vessels by the enhanced
permeability and retention (EPR) effect. However, free
drugs that diffuse non-specifically are traditionally those
that have been studied and of interest (Maeda et al., 2000).

However, the passive targeting process still has many
limitations. Targeting cells within a tumor is not always
possible because some drugs do not diffuse efficiently,
and the random nature of the approach makes it difficult
to control the process. One approach to overcome these
limitations is to program the NPs to actively bind to
specific cells after extravasation. This binding may be
achieved by attaching targeting agents, such as ligands,
antibodies or peptides to the surface of the NPs by a
variety of conjugation chemistries (Torchilin, 2005).
The NPs will therefore recognize and bind to the target
cells through ligand-receptor interactions, and the bound
carriers are then internalized before the drug is released
inside the cells.

In general, when using a targeting agent to deliver NPs
to the cancer cells, it is imperative that the agent binds
with high selectivity to the molecules that are uniquely
expressed on the cell surface. A previous study showed
that combined products that are associated with PTX
should be encapsulated into the polymeric NPs to avoid
a solubility issue with the surface coating. In addition,
the use of anti-HER2 antibody as a recognition ligand for
ovarian cancer cells resulted in a significant improvement
of anticancer activity in a disseminated xenograft ovarian
cancer model (Cirstoiu-Hapca et al., 2010).

In our previous study, we generated Cur entrapped in
polymeric NPs consisting of poly (DL-lactide-co-glycolic
acid) (PLGA) (Tabatabaei Mirakabad et al., 2014); these
biodegradable and biocompatible polymers are therapeutic
devices approved by the Food and Drug Administration
(FDA) (Makadia and Siegel, 2011). We observed that the
cellular uptake and cytotoxicity of Cur were increased
in KB-V1 cells using NP-loading. Interestingly (Punfa
et al., 2012), the conjugation of Cur-loaded NPs with
anti-P-gp antibody (APgp) (Cur-NPs-APgp) induced a
higher cytotoxicity rate than Cur-loaded NPs (Cur-NPs) in
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KB-V1 cells in vitro (Punfa et al., 2012). Therefore, P-gp
should be considered a target molecule in MDR cancers.

In the present study, we considered the additive effects
of Cur-NPs-APgp on treatments using PTX, one of the
drugs of choice for cervical cancer chemotherapy (Qiao
et al.,2011). First, we determined the in vitro and in vivo
MDR-reversing properties of Cur in P-gp-overexpressing
human cervical cancer cells (KB-V1). Cur-NPs and Cur-
NPs-APgp were constructed and subjected to in vivo
pharmacokinetic analysis to determine the Cur remaining
in the serum after an intravenous (i.v.) injection of Cur,
Cur-NPs and Cur-NPs-APgp. Finally, the in vitro and in
vivo MDR-reversing properties of Cur, Cur-NPs and Cur-
NPs-APgp were then determined in KB-V1 (drug-resistant
cervical cancer) cells, KB-3-1 (drug-sensitive cervical
cancer) cells and a KB-V1 xenograft model.

Materials and Methods

Mouse monoclonal anti-P-glycoprotein (P-gp)
antibody (APgp; clone F4), Poly (DL-lactide-co-
glycolide) (PLGA; lactide to glycolide ratio 50:50),
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide
(NHS) and Pluronic F-127 (Poloxamer 407) were
purchased from Sigma-Aldrich (St. Louis, MO, USA),
4-Dimethylaminopyridine (DMAP) and succinic
anhydride were purchased from Fluka Chemie GmbH
(Buchs, Switzerland). Dulbecco’s modified Eagle’s
medium, penicillin-streptomycin, fetal bovine serum
(FBS) and 0.05% trypsin-EDTA were purchased from Life
Technologies Corp. (Carlsbad, CA, USA). Triethylamine
and Amicon Ultra-4 centrifugal Filter Devices (30K)
were supplied by Merck KGaA (Darmstadt, Germany).
Acetone, tetrahydrofuran (THF), chloroform, dimethyl
sulfoxide (DMSO), methanol (HPLC grade), acetonitrile
(HPLC grade) and diethyl ether were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Ki-67 antibody (clone SP6) was purchased from Acris
Antibodies GmbH (Herford, Germany). Terminal
deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay was performed using an In Situ
Apoptosis Detection Kit from Takara (Otsu, Japan).

Cell cultures

The multidrug resistant (KB-V1) and drug sensitive
(KB-3-1) cervical carcinoma cell (Anuchapreeda et
al., 2002; Chearwae et al., 2004) lines were generous
gifts from Dr. Michael M. Gottesman (National Cancer
Institute, Bethesda, MD). Both cell lines were cultured
in DMEM with 10% FBS, 2 mM L-glutamine, 50 U/
mL penicillin, and 50 pg/mL streptomycin, and 1 pg/
mL of vinblastine was added only to the KB-V1 culture
medium. The cells were maintained in a humidified
incubator at 37°C with an atmosphere containing 5%
CO,. The expression of P-gp in KB-V1 and KB-3-1 cells
was confirmed by western blot analysis, as described
previously (Chearwae et al., 2004; Limtrakul et al., 2004).

Animals
All animal experiments were performed under
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protocols approved by the Institutional Animal Care and
Use Committee of Nagoya City University Graduate
School of Medical Sciences, which were based on the
International Guiding Principles for Biomedical Research
Involving Animals published in 1985 CIOMS (1985).

Seven-week-old female BALB/c mice and 9-week-old
female BALB/c-nu/nu mice were purchased from Charles
River Japan Inc. (Atsugi, Japan) and housed in plastic
cages with hardwood chip bedding in an air-conditioned
room at 23+2°C, and 55+5% humidity with a 12 h light/
dark cycle. An Oriental MF diet (Oriental MF, Oriental
Yeast Co., Tokyo, Japan) and distilled water were available
ad libitum.

Effect of Cur on PTX sensitivity in KB-V1I cells

The effect of Cur on PTX sensitivity in KB-V1 cells
was performed to determine the MDR-reversing property
of Cur. The cells (1,000 cells/well) were seeded in 96-well
plates for 24 h. Next, DMEM medium with fetal bovine
serum containing Cur (5 or 7.5 uM each well) and various
doses of PTX (0-2.5 pM) were added and incubated for 48
h. After the treatment, MTT dye (15 pL, 5 mg/mL) was
added and incubated for an additional 4 h. The absorbance
of each well was measured using a microplate reader at
540 nm with a reference wavelength of 630 nm.

Effect of Cur on PTX sensitivity in a KB-VI xenograft
model

To examine the MDR-reversing property of Cur on
PTX sensitivity in a KB-V1 xenograft model, 10-week
old female BALB/c-nu/nu mice were administered KB-V1
cells (1x107 cells) subcutaneously in the rear area of mice.
As soon as the tumor volume reached approximately 100
mm? in sizes, the mice were divided into 2 groups (PTX
and PTX+Cur), each containing 10 mice per group. For
the pretreatment, mice were i.v. injected with the vehicle
control (3% DMSO and 1% Tween-20 in saline) and Cur
at a dose of 10 mg/kg body weight. Thirty minutes after
the injection, mice were administered paclitaxel (3 mg/
kg body weight) by intraperitoneal (i.p.) injection. These
treatments were administered once per week for 3 weeks.

The body weight was measured three times a week.
Mice were euthanized at experimental week 4 and then
primary tumors, liver, lungs, kidneys, spleen and lymph
nodes were removed. Primary tumors were measured
and the tumor volume was calculated using the following
formula: 0.52 (axis 1 xaxis 2 xaxis 3). The tumor and other
organs were fixed in 10% buffered formalin. A minimum
of 1 section of each tissue and the largest section from
each lobe of the lung were processed for hematoxylin and
eosin (H&E) staining. The tumor sections were subjected
to a TUNEL assay and immunostaining.

TUNEL assays

Paraffin-embedded specimens were sectioned and
apoptotic cells in the tumor tissue were detected using
a TUNEL assay. The TUNEL assay was performed
using an in situ Apoptosis Detection Kit according to
the manufacturer’s instructions. The number of TUNEL-
labeled cells in a minimum of 1000 cells was counted to
determine the labeling index.
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Immunohistochemistry for Ki-67 staining

Paraffin-embedded specimens were sectioned and
stained with antibodies against Ki-67, a marker of cell
proliferation. The sections were then stained sequentially
with secondary antibodies and an avidin—biotin complex.
The binding sites were visualized with diaminobenzidine.
The sections were counterstained lightly with hematoxylin
and eosin for microscopic examination. The number of
Ki-67-labeled cells in a minimum of 1000 tumor cells was
counted to determine a labeling index.

Preparation of Cur-encapsulated PLGA nanoparticles
(Cur-NPs) for in vivo study

Cur-NPs were prepared using the nanoprecipitation
technique (Iangcharoen et al., 2011; Punfa et al., 2012).
Briefly, PLGA (700 mg) was dissolved in 75 mL acetone
containing 7 mg of Cur. Poloxamer-COOH (1,400 mg)
was dissolved in 100 mL of deionized (DI) water. Then, the
PLGA solution was drop-wise added into the poloxamer
solution under overnight stirring. The NPs were then
washed twice with DI water by centrifugation using the
Amicon filtration device with a 30 kDa molecular weight
cutoff membrane at 4,500 rpm for 50 min at 4°C to obtain
Cur-NPs. The resulting nanoparticles were resuspended
in DI water.

Preparation of APgp-conjugated Cur-NPs (Cur-NPs-
APgp) for in vivo study

Cur-NPs were conjugated to APgp through the
carbodiimide reaction (Punfa et al., 2012). Briefly, the
Cur-NPs were adjusted to pH 5.8, then incubated with
the appropriate amount of NHS (50 mM) and EDC (100
mM) for 30 min. One milliliter of PBS was added to the
NPs at a pH of 7.4 and 50 L of APgp was added under
gentle stirring. The solution was then incubated overnight.
Cur-NPs-APgp was collected by centrifugation at 12,000
rpm for 15 min at 4°C and resuspended with DI water.

Characterization of the NPs and determination of %
entrapment efficiency and loading content of Cur

Mean diameter, zeta potential, and particle distribution
(polydispersity index) of the NPs were characterized
by photon correlation spectroscopy (PCS) (Zetasizer,
Malvern Instrument, UK). The entrapment efficiency and
loading content of Cur were determined by direct method
using a UV-visible spectrophotometer. Fifty microliters
of the NPs was dissolved with acetonitrile: DMSO (1:1)
and measured using a UV-visible spectrophotometer at
425 nm for a determination of the Cur concentration. The
concentration of Cur was calculated using the standard
curve of Cur (1-10 pg/mL) in acetonitrile:DMSO (1:1).
The Cur loading content and % entrapment efficiency
were calculated as follows:

% Entrapment efficiency=[Amounth of Curcumin in
nanoparticlessAmounth of Curcumin added during

nanoparticles preparation]X100 )

Loading content=Amounth of Cur in nanoparticles+1 mg of
nanoparticles ()
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Quantification of APgp on the surface of the NPs

The quantification of APgp on the surface of the NPs
was evaluated by an indirect quantitation with a Bradford
assay (langcharoen et al., 2011). The amount of APgp
on the surface of the nanoparticles was calculated by
subtracting the free amount of the sampling supernatant at
the end of the centrifugation from the amount of sampling
at the beginning before centrifugation took place. The
standard curve was prepared from a 2 mg/mL stock of
globulin over a concentration range of 0-25 ug/mL and
was calculated as follows: %Ab conjugation=[(Protein
in NP suspension-Protein in supernatant)=-Protein in NP
suspension] X100

In vivo pharmacokinetic study

The pharmacokinetic test of the NPs was evaluated
using 8-week-old female BALB/c mice. The 48 mice were
divided into 3 groups (Cur, Cur-NPs, and Cur-NPs-APgp).
Mice were i.v. injected with Cur dissolved in 3% DMSO,
1% Tween-20 in saline, Cur-NPs or Cur-NPs-APgp, which
were dissolved in DI water. The Cur concentration used
in this experiment was adjusted to 10 mg/kg body weight
of each mouse. After injection, mice were euthanized,
and blood from each mouse was collected at 30, 60, 120
and 240 min (4 mice in each group). Liver and kidneys
were removed and weighed. Part of the tissue was
frozen for the determination of Cur concentration. The
remaining tissue was fixed with 10% buffered formalin
for histopathological examination.

HPLC (high-performance liquid chromatography)
was performed for the determination of Cur concentration
(Tsai et al., 2011) (Song et al., 2011). Fifty microliters of
serum was mixed with trichloroacetic acid (1.5 mg/mL)
in acetonitrile 100 pL and centrifuged at 12,000 rpm at
4°C for 20 minutes. Fifty microliters of the supernatant
was collected and subjected to HPLC using a reversed-
phase C18 column (WATER, MA, USA). The mobile
phase was composed of 52% acetonitrile and 48% citric
buffer (1% w/v citric acid solution adjusted to pH 3.0).
The detection wavelength was 425 nm and the flow rate
was set at 1.0 mL/min. The Cur concentration in the serum
was calculated and compared to the standard curve of Cur
(0-80 ng/mL).

Effect of Cur-NPs and Cur-NPs-APgp on PTX sensitivity
in a KB-V1 xenograft model

To examine the MDR-reversing property of Cur-NPs
and Cur-NPs-APgp on paclitaxel sensitivity using a KB-
V1 xenograft model, 10-week old female BALB/c-nu/
nu mice were administered KB-V1 cells (1X107 cells)
subcutaneously in the rear area of the mice. As soon as
the tumor volume reached approximately 100 mm? in
size, the mice were divided into 3 groups (PTX+NPs,
PTX+Cur-NPs, and PTX+Cur-NPs-APgp), containing
10 mice per group. For the pretreatment, mice were i.v.
injected with empty-NPs, Cur-NPs or Cur-NPs-APgp.
The concentration of Cur was adjusted to 10 mg/kg body
weight for each group. Thirty minutes after the injection,
paclitaxel (3 mg/kg body weight) was administered to the
mice by i.p. injection. These treatments were administered
once per week for 3 weeks.
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The body weight of each mouse was measured every
week. Mice were euthanized at experimental week 4,
and then primary tumors, liver, lungs, kidneys and lymph
nodes were removed. Primary tumors were measured and
the tumor volume was calculated using the following
formula: 0.52 (axis 1 xaxis 2 xaxis 3). Sections of the
primary tumor and other organs were fixed in 10%
buffered formalin. A minimum of 1 section of each
tissue, and the largest section from each lobe of the lung,
were processed for H&E staining, immunostaining and a
TUNEL assay.

Immunohistochemistry for F4/80 staining

Because we could detect macrophage accumulation
in liver sinusoid sections stained with H&E, the tissue
samples were subjected to immunohistochemistry using
a specific antibody against the F4/80 antigen, a 160-
kDa glycoprotein expressed by murine macrophages.
Macrophages were counted under a microscope in 5
randomly selected areas (0.0625 mm? each) of the liver
sections at a magnification of 400X (Yamate et al., 1993).

Effect of Cur-NPs and Cur-NPs-APgp on PTX sensitivity
in KB-V1 and KB-3-1 cells

The pretreatment of Cur, Cur-NPs and Cur-NPs-
APgp in KB-V1 and KB-3-1 cells followed by PTX was
performed to study the effect of the NPs as a reversing
agent of P-gp. The cells (1,000 cells/well) were seeded
in 96-well plates for 24 h. Next, DMEM without fetal
bovine serum containing Cur, Cur-NPs or Cur-NPs-APgp
(the final concentration of Cur was 7.5 uM per well) was
added and incubated for 6 h. The culture supernatant was
subsequently removed and new media containing various
concentrations of PTX (0-1 uM for KB-V1 cells and 0-1
nM for KB-3-1 cells) was added and incubated for another
42 h. NPs and NPs-APgp were used as vehicle controls.
After the treatments, MTT dye (15 pL, 5 mg/mL) was
added and incubated for 4 h. The absorbance of each well
was measured using a microplate reader at 540 nm with a
reference wavelength of 630 nm.

Stability testing of Cur-NPs and Cur-NPs-APgp

Testing of Cur-NPs and Cur-NPs-APgp was performed
to investigate the stability of the mean diameter of the NPs
over time (Lazzari et al., 2012). The NPs were diluted
1:10 (v/v) in various solutions including DI water, normal
saline, phosphate buffer saline (PBS) pH 7.4 and pH 4.5
and incubated at 4°C for different times over a 5-day
period. The mean diameter of the NPs was determined
by photon correlation spectroscopy (PCS) every day for
5 days.

Statistical analysis

In the in vivo experiment, the data are presented as
the meanz=standard error of the mean (S.E.) values, and
the data from the in vitro experiment are presented as the
meanzstandard deviation (S.D.) values. Statistical analysis
was performed with Prism version 6.0 software using a
t-test and one-way ANOVA, Dunnett’s test or Tukey’s
multiple comparisons test, significance being determined
at *p<0.05, **p<0.01, ***p<0.001 or ****p<0.0001.
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Results

MDR modulation effect of Cur on PTX sensitivity in KB-
VI cells

The MDR-reversing property of Cur on PTX sensitivity
in KB-V1 cells following a 48 h co-treatment of Cur (5
or 7.5 uM) and PTX significantly enhanced PTX-induced
cell death compared with a single PTX treatment at each
indicated concentration in KB-V1 cells (Figure 1). The
IC, value of the single PTX treatment was approximately
2 uM, while the IC, value of the co-treatment with PTX
(5 uM) and Cur (7.5 uM) was approximately 0.8 and 0.06
UM, respectively. Cur at concentrations of 5 and 7.5 pM
could enhance the sensitivity of KB-V1 MDR cancer cells
to PTX approximately 2.5- and 33.3-fold, respectively,
compared to the single PTX treatment.

MDR modulation effect of Cur on PTX sensitivity using
KB-V1 xenograft model

To determine the in vivo MDR-reversing property
of Cur on PTX treatment, BALB/c-nu/nu mice were
administered KB-V1 cells subcutaneously. After the tumor
reached approximately 100 mm?® in size, the mice were
given the combined treatment of PTX with Cur (dissolved
in 3% DMSO and 1% Tween-20 in saline) or PTX alone.
The combined treatment of PTX with Cur markedly
reduced the tumor size compared to the treatment of PTX
alone, but did not reach statistical significance (p=0.3621),
which may be due to the large margin of error (Figure 2A).
To determine the anti-tumor effects of PTX combined with
Cur, cell proliferation and apoptotic cells were calculated
in the tumor sections (Figure 2B). The results showed that
the number of apoptotic cells was dramatically increased
in the combined treatment of PTX and Cur compared to
the treatment of PTX alone, but was not significant (p =
0.1252) (Figure 2C). However, there was no difference in
the number of Ki-67-positive cells (Figure 2D).

Preparation and characterization of Cur-NPs and Cur-
NPs-APgp

Cur-NPs and Cur-NPs-APgp were prepared using
a modified nanoprecipitation technique as previously
described (Punfa et al., 2012). For the in vivo study, the
NPs were prepared in large quantity, 10 times more than
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Figure 1. MDR Modulation Effect of Cur on PTX
Sensitivity in KB-V1 Cells by Combined Treatment
of PTX with Cur was Determined for 48 h. All assays
were performed in triplicate and the meanzstandard deviations
are shown as *p<0.05, **p<0.01 or ***p<0.001 versus PTX
alone at each indicated concentration
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Figure 2. MDR Modulation Effect of Cur on PTX
Sensitivity in a KB-V1 Xenograft Model was Examined.
For the combination treatment with PTX (3 mg/kg body weight)
and Cur (10 mg/kg body weight), injections were performed
once a week for 3 weeks. The tumors were weighed and the size
was calculated at end of the study (A). TUNEL assay and Ki-67
were determined by immunohistochemistry (B) to detect the %
TUNEL-positive cells (C) and % Ki-67 positive cells (D). All
assays are represented as the mean+S.E
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Figure 3. The Structure of Cur-NPs-APgp Composed
of PLGA as a Carrier for the Entrapment of Cur, and
Poloxamer-COOH as a Linker for Conjugation with
APgp for the Specific Purpose of Targeting Tumor
Cells (A). The in vivo pharmacokinetic study showed the profile
of Cur concentration in serum at the indicated times after i.v.
injection with Cur, Cur-NPs or Cur-NPs-APgp (Cur 10 mg/kg
body weight). The Cur concentration was determined by HPLC
analysis (B)

for the in vitro study. Cur-NPs and Cur-NPs-APgp were
completely dissolved in water. The structure of Cur-
NPs-APgp was composed of PLGA as a carrier for the
entrapment of Cur, and a poloxamer-COOH conjugated
with APgp for active targeting to the P-gp on the surface
of the cancer cells (Figure 3A). The mean diameter,
polydispersity index (PDI), and zeta potential were
calculated using PCS. The mean diameters of Cur-NPs and
Cur-NPs-APgp were 162.3 and 165.4 nm, respectively.
Moreover, both Cur-NPs and Cur-NP-APgp showed low
polydispersity index, suggesting a narrow size distribution
of the NPs. The zeta potential of Cur-NPs and Cur-NPs-
APgp were -19.6 and -37.2 mV, respectively. The percent
entrapment efficiency and loading content of Cur-NPs
(60%, 11.9 pg Cur/mg NPs) were higher than for Cur-
NPs-APgp (48%, 8.1 pg Cur/mg NPs). The percentage of
anti-P-gp conjugation determined by the indirect method
was 55.5% (Table 1).

In vivo pharmacokinetic study of Cur-NPs and Cur-NPs-
APgp
The concentration of Cur in the serum at the indicated
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Table 1. Physical Property of Cur-NPs and Cur-
NPs-APgp Including Size, Polydispersity Index, Zeta
Potential, % Entrapment Efficiency, Actual Loading
and % Ab Conjugation

Characterization of NPs Cur-NPs Cur-NPs-APgp
Mean diameter (nm) 162.3+6.2 165.4+4.8
Polydispersity index (PDI) 0.096+0.032 0.093+0.017
Zeta potential (mV) -19.6£2.3 -37.2+1.1
Entrapment efficiency (%) 60.0+£5.0 48.0+1.7
Actual loading (xg of Cur/mg NPs) 11.9+0.8 8.1+0.7

% Ab conjugation - 55.5+¢3.7

*The data are presented as mean=standard deviation (S.D.) values
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Figure 4. MDR Modulation Effect of Cur-NPs and Cur-
NPs-APgp on PTX Sensitivity in a KB-V1 Xenograft
Model was Examined. For the combined treatment of PTX
(3 mg/kg body weight) and Cur-NPs or Cur-NPs-APgp (Cur 10
mg/kg body weight), injections were performed once a week for
3 weeks. The tumors were weighed and the size was calculated at
end of the study (A). TUNEL assay and Ki-67 were determined
by immunohistochemistry (B) to detect the % TUNEL-positive
cells (C) and the %Ki-67-positive cells (D). All assays are
represented as the mean+S.E (***p<0.001 versus PTX+NPs)

(Mean + S.E.)

orkk
Aknk

h 1

Number of macrophages/mm?

e

-
HE F480 PTX
PTX+NPs + Cur-NPs-APgp PTX PTX +NPs

PTX 4+ Cur-NPs PTX + Cur-NPs-APgp

(Mean £ S.E.)

Figure 5. H&E Staining of the Liver Tissue Obtained
from Mice that Received the Combined Treatment
of PTX with Empty NPs, Cur-NPs or Cur-NPs-APgp
Compared with PTX Alone, was Observed Under a
Microscope (A). Macrophages were counted in the liver
sinusoid, and the number of macrophages was calculated
per square millimeter (B). All assays are represented as the
mean+S .E (¥***%p<0.0001 versus PTX)

times was determined by HPLC analysis (Figure 3B).
Cur was detected in the serum of all groups (Cur, Cur-
NPs, and Cur-NPs-APgp) 30 min after injection. The
Cur concentration in groups treated with Cur, Cur-NPs,
and Cur-NPs-APgp 30 min after injection was 23.3+9.6,
23.7£13.2 and 12.9+8.7 ng/ml, respectively. At 60 min
after injection, Cur still remained in Cur-NP-treated
(4.4£9.6 ng/ml) and the Cur-NP-APgp-treated (8.1+7.7
ng/ml) groups, but not in the Cur-treated group. While
Cur was only detected in the Cur-NP-treated (4.5+4.2
ng/ml) group at 120 min, it was not detected at 240 min.
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Cur was not detected in the liver and kidneys of all groups
(data not shown).

MDR modulation effect of Cur-NPs and Cur-NPs-APgp
on PTX sensitivity in a KB-V1 xenograft model

To determine the in vivo MDR-reversing property
of Cur-NPs or Cur-NPs-APgp in the PTX treatment,
BALB/c-nu/nu mice were administered KB-V1 cells
subcutaneously. After the tumor reached approximately
100 mm? in size, the mice were treated with the combined
treatment of PTX with: 1) empty NPs; 2) Cur-NPs; or
3) Cur-NPs-APgp. No difference in body weight was
observed among the groups during the experiment and at
the time of euthanasia (data not shown). There were also
no differences in organ weights among the groups (data
not shown). The combined treatment of PTX and Cur-
NPs-APgp decreased the tumor size by approximately
one-fold when compared with the other groups, but this
difference was not statistically significant due to the large
margin of error (p =0.3863) (Figure 4A). ATUNEL assay
was used to determine a significant induction of apoptosis
in the combined treatment of PTX with Cur-NPs-APgp
compared to the combined treatment of PTX with empty
NPs or with Cur-NPs (Figure 4 B&C), whereas the number
of Ki-67-positive cells was not different among all the
groups (Figure 4B&D).

Macrophage detection in liver sinusoid

From microscopic observation of the H&E stained
sections, macrophages were detected in the liver sinusoid
of the PTX treatment with empty-NPs and Cur-NPs-
treated groups (Figure SA). To confirm the macrophages
accumulation, immunostaining was performed using F4/80
antibodies that are specific for a 160-kDa glycoprotein
expressed in murine macrophages (Figure 5A). The
number of macrophages significantly increased in the PTX
treatment with empty-NPs or Cur-NPs compared to the
groups treated with Cur-NPs-APgp or PTX alone (Figure
5B). The treatment with NPs may induce macrophage
accumulation, which may be involved in the elimination
of the NPs remaining in the blood.

MDR modulation effect of Cur-NPs and Cur-NPs-APgp
on the PTX sensitivity in KB-VI and KB-3-1 cells

The modulation effect of Cur, Cur-NPs, Cur-NPs-
APgp, NPs, and NPs-APgp on PTX sensitivity was
determined in KB-V1 and KB-3-1 cells. Pretreatment
with Cur-NPs-APgp, but not Cur, Cur-NPs or NPs (6
h), followed by PTX treatment (0.1-1 pM) in KB-V1
cells significantly enhanced the PTX-induced cell death
compared to PTX alone. The pretreatment of NPs-APgp,
followed by PTX treatment (1 M) in KB-V1 cells
did not enhance PTX-induced cell death, but a lower
concentration (0.1-0.5 uM) of the NPs-APgp pretreatment
showed a significant difference from the control group
(PTX alone). However, the pretreatment of Cur-NPs-
APgp increased the efficacy and significantly increased
the sensitivity of KB-V1 to PTX (p <0.05) when compared
to the NPs-APgp pretreatment (Figure 6A). In addition,
there were no differences among the treatment groups in
KB-3-1 cells (Figure 6B).
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Figure 6.MDR ModulatFi.on Effect of Cur-NPs and Cur-
NPs-APgp on PTX Sensitivity in KB-V1 and KB-3-1
Cells was Determined. The combined treatment of PTX
with or without Cur, Cur-NPs, Cur-NPs-APgp, NPs or
NPs-APgp was performed by pretreating the samples with
Cur, Cur-NPs, Cur-NPs-APgp, NPs or NPs-APgp for 6 h,
then treating them with various concentrations of PTX for
an additional 42 hin KB-V1 (A) and KB-3-1 (B) cells. All
assays were performed in triplicate and the mean+standard
deviations are shown as ***p<0.001 or ****p<0.0001
versus PTX alone at each indicated concentration
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Figure 7. The Stability Testing of Cur-NPs (A-D) and
Cur-NPs-APgp (E-H) was Performed to Investigate
the Stability in the Mean Diameter of the NPs Over
Time. The mean diameter of Cur-NPs and Cur-NPs-APgp in
various solutions including DI water (A, E), normal saline (B,
F), phosphate buffer saline (PBS) pH 7.4 (C,G) and pH 4.5 (D,
H) at the indicated times were determined using PCS
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Stability test of Cur-NPs and Cur-NPs-APgp

The Cur-NPs and Cur-NPs-APgp were stored at 4°C
in various solutions including DI water, normal saline,
phosphate buffer saline (PBS) pH 7.4 and pH 4.5 to study
their short-term stability over time. The mean particle
diameter was determined by PCS every day for 5 days
to evaluate the aggregation of NPs. For the short-term
stability test, the mean particle diameter of Cur-NPs and
Cur-NPs-APgp at different time points and in various
solutions showed a consistent size, proving their stability
at 4°C in various storage solutions (Figure 7).

Discussion

MDR remains a critical reason for therapeutic failure
in patients with various types of cancer, including cervical
cancer. KB-V1 (human cervix carcinoma) cells highly
express P-gp on the cell surface, which may efflux PTX
out of the cells. The cancer cells could therefore survive
due to a decrease in the intracellular concentration of
PTX. We reported previously that Cur is a P-gp reversing
agent, which reduces P-gp expression and function
in KB-V1 cells in vitro (Anuchapreeda et al., 2002).
Cur also enhances the sensitivity of many anti-cancer
drugs, including vinblastine (Anuchapreeda et al., 2002;
Chearwae et al., 2004; Limtrakul et al., 2004). The in
vitro data (Figure 1) confirmed that Cur (5 and 7.5 uM)
could enhance PTX sensitivity approximately 2.5- and
33.3-fold, respectively. Additionally, the present study
is the first to show the in vivo MDR-reversing properties
of Cur in a combined treatment with PTX. The increased
accumulation of PTX following Cur pretreatment resulted
in the induction of cell death, which caused an inhibition
in tumor growth. Due to the poor solubility of Cur
and its insolubility in water or saline (which are more
compatible with humans and animals), the vehicle used
was 3% DMSO and 1% Tween-20 in saline. Although this
solution was not found to be toxic to animals, it may not
be compatible with and applicable to humans. To develop
the use of Cur as an adjuvant for cancer chemotherapy, we
previously modified PLGA-NPs as a drug delivery system
that may enhance Cur solubility (Punfa et al., 2012).

NPs have been associated with improvements in
patient survival and quality of life by simultaneously
increasing intracellular drug concentrations and reducing
dose-limiting toxicity levels (Cho et al., 2008). Moreover,
NPs could increase the solubility of a drug and enhance
its safety and biocompatibility. The next generation
of NP systems may target ligands, such as antibodies,
peptides, or aptamers, which may further increase tumor
specificity and cell internalization and will likely improve
the treatment efficacy and decrease the serious side effects
for many cytotoxic anti-neoplastic drugs (Zhang et al.,
2008). In a previous study, a multifunctional mesoporous
silica NP carrier was used to overcome Dox resistance
in a multidrug-resistant human breast cancer xenograft
by co-delivering Dox and siRNA, which target the
P-glycoprotein drug transporter (Meng et al.,2013). Thus,
the development of a combined treatment with a MDR
reversing agent and conjugated NPs will be evaluated for
its ability to overcome drug resistance in cancer patients.

9255



Wanisa Punfa et al

Cur-NPs and Cur-NPs-APgp, in the range 150-180
nm with a narrow size distribution similar to our previous
preparation (Punfa et al., 2012), were constructed and
subjected to an in vivo pharmacokinetic study. The
concentration of Cur in the serum of Cur-NPs- and Cur-
NPs-APgp-treated mice was more prolonged than with
free Cur. This may be due to the inherent properties
of NPs, which may prevent the rapid metabolism of
Cur, provide a sustained release, and change the drug
pharmacokinetics to improve efficacy (Manjunath and
Venkateswarlu, 2005; Zhang et al., 2008; Wang et al.,
2012). These results were consistent with our previous
ex vivo data from a Cur-releasing assay, which showed a
sustained and prolonged release of Cur in the buffer for
up to 10 days (Punfa et al., 2012).

The NPs also prevented the premature release of
Cur or the chemotherapeutic drug, and thus reduced its
nonspecific toxicity. Under physiological conditions, at an
approximate pH value of 7.4, the release of any compound
loaded in NPs is lower than in the acidic environment of
the endosomes. Endocytosis of the NPs as endosomes
catalyzes the release of the active compound, providing
localized delivery inside the tumor cells (Kiziltepe et al.,
2012). The present study observed that Cur could remain
in circulation longer in the groups treated with Cur-NPs
than in those treated with Cur-NPs-APgp, because the
Cur-NPs were nonspecifically diffused whereas the Cur-
NPs-APgp could directly target the tumor. The tissue
distribution (in the liver and kidneys) of Cur was not
detected, which may be due to the low dose of the Cur
injection and the limited sensitivity of the HPLC method.

In our previous study, the biological effects of Cur-
NPs were reported in terms of improving solubility and
sustaining and prolonging the cumulative release of Cur
when it was entrapped in NPs. Additionally, we have
enhanced the specificity of the NPs to MDR cervical
cancer cells that overexpressed P-gp by conjugation of
the NPs with the APgp, which is known to function as
an active-targeting drug delivery system. We found that
Cur-NPs-APgp could enhance the cellular uptake and
cytotoxicity of Cur in KB-V1 cells in vitro (Punfa et al.,
2012).

In the present in vivo study, although NPs were
prepared on a large scale, the actual loading of Cur was
not different, while the entrapment efficiency slightly
decreased when compared with the previous ex vivo
study (Punfa et al.,2012). The decrease in the entrapment
efficiency may be the result of a washing step that was
administered during the NP preparation. Each new
preparation of the NPs was reproducible. The freeze-dried
NP preparation should be further studied and developed
to improve the long-term stability of NPs and to optimize
convenience for clinical use (Abdelwahed et al., 2006). A
combined treatment of PTX with Cur-NPs-APgp reduced
the tumor size when compared to the other groups, but
was not statistically significant, possibly due to a large
margin of error. However, the combined treatment of
PTX with Cur-NPs had no effect on the tumor growth.
This may be the effect of APgp on the NP surface, which
could rapidly and specifically direct the NPs to target the
MDR tumor cells.
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The number of macrophages that accumulated in the
livers of the combined treatment of PTX with the empty
NPs or Cur-NPs-treated mice is one of the most important
aspects of the data. Intravenous-injected NPs were rapidly
recognized and sequestered by the reticuloendothelial
system (RES), especially by macrophages, which compose
the main population of the RES (Sadauskas et al., 2007;
Ohara et al., 2012). Because only a few macrophages
were detected in the livers of the Cur-NPs-APgp-treated
mice, this suggests that Cur-NPs-APgp may not have
been absorbed into the macrophages, but rather may have
been absorbed by the tumor cells. Moreover, the APgp
itself is a highly specific inhibitor of the P-gp-mediated
MDR, and therefore could inhibit the efflux of PTX from
the MDR cells and increase the cytotoxicity of PTX to
induce cell death. Cur together with APgp might provide
the synergistic effect of inhibiting P-gp function and
enhancing the sensitivity of the MDR cancer cells to PTX.
Therefore, we next confirmed this hypothesis in vitro by
utilizing the MDR-reversing property of the NPs.

According to the data from the in vitro study,
pretreatment with Cur-NPs-APgp was the most effective
way to enhance PTX-induced cell death, while the survival
of cells pretreated with Cur showed no difference when
compared to PTX alone. These results suggested that
APgp could bring Cur-NPs to the targeted KB-V1 cells
and could inhibit P-gp function, resulting in enhanced
PTX toxicity within a short time period. These results
are consistent with the in vivo pharmacokinetic data, in
which Cur was not detected in serum 60 min following an
i.v.injection, as well as with our previous report showing
that the internalization of Cur-NPs-APgp into KB-V1
cells was earlier than for Cur-NPs (Punfa et al., 2012).
NPs-APgp slightly reduced cell survival, which suggests
that APgp itself could inhibit P-gp function, leading to
an enhancement of the cytotoxicity of PTX in the cells,
similar to a previous study that reported the inhibition of
P-gp function by different clones of APgp (Mechetner
and Roninson, 1992). Taken together, Cur contained in
the NPs and APgp on the NPs surface may provide a
synergistic effect to increase PTX accumulation in the
cells by inhibiting P-gp function.

Although Cur shows a high anti-cancer efficiency, it
is limited due to poor solubility, which is an obstacle for
any clinical application. However, the nanotechnology,
especially the “active target drug delivery system,”
may improve the solubility and stability of Cur for its
development as either an anti-cancer agent or an adjuvant
therapy, which may enhance the efficacy of the anticancer
drug in the MDR cancer treatment. A freeze-drying
process was used for preserve the NPs for long-term
stability testing. The stability of a PLGA nanoparticle
prototype (NP and NP-anti-P-gp) that was encapsulated
with coumarin has been studied (Iangcharoen et al.,2011).
The size distribution between the non-freeze-dried-NPs
and the freeze-dried-NPs was narrow, indicating that
uniformity was maintained and aggregation did not occur
after the freeze-drying process. Moreover, the cellular
uptake of the NPs remained intact after the freeze-drying
process (Yamate et al., 1993). Therefore, the freeze-dried
coumarin-NPs and coumarin-encapsulated nanoparticles
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conjugated with an anti-P-gp antibody that have a
similar core structure to Cur-NPs and Cur-NPs-APgp,
respectively, could be stored at 4°C for at least 1 month
without any change in biological activity. In the present
study, the short-term stability of the NPs was determined
by observing the aggregation of NPs through measuring
the mean particle diameter at different times and in various
solutions. We found no difference in the mean diameter
of the NPs in various solutions up to 5 days, indicating
that no aggregations occurred in both Cur-NPs and Cur-
NPs-APgp. These results demonstrated that the stability
of the NPs maintained in various solutions at 4°C was a
minimum of 5 days.

Overall, our study indicated that Cur-NPs-APgp
could be the most effective way to enhance MDR cancer
sensitivity to PTX in vitro and decrease tumor growth in
vivo but not significantly due to the large margin of error.
However, this may be a candidate for further research
and development of Cur in nanotechnology applications
to be used in the treatment of cancer patients, either as an
MDR modulator or as a cancer treatment. Additionally,
NPs-APgp may enhance MDR cancer sensitivity to PTX.
To overcome MDR, NPs-APgp might therefore be one
possible alternative carrier for the entrapment of anticancer
drugs that are substrates of P-gp. For short-term stability,
the NPs can be maintained in various solutions at 4°C for
a minimum of 5 days without aggregation. However, the
freeze-dried NPs preparation should be further studied and
developed to improve the long-term stability of the NPs
and to optimize convenience for clinical use.
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