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a  b  s  t  r  a  c  t

Co-encapsulated  doxorubicin  (DOX)  and  curcumin  (CUR)  in poly(butyl  cyanoacrylate)  nanoparti-
cles  (PBCA-NPs)  were  prepared  with  emulsion  polymerization  and  interfacial  polymerization.  The
mean  particle  size  and mean  zeta  potential  of  CUR–DOX–PBCA-NPs  were  133  ±  5.34  nm  in  diam-
eter  and  +32.23  ± 4.56  mV,  respectively.  The  entrapment  efficiencies  of  doxorubicin  and  curcumin
were  49.98  ± 3.32%  and  94.52  ±  3.14%,  respectively.  Anticancer  activities  and  reversal  efficacy  of  the
formulations  and various  combination  approaches  were  assessed  using  3-[4,5-dimethylthiazol-2-yl]  2,5-
diphenyltetrazolium  bromide  assay  and western  blotting.  The  results  showed  that  the  dual-agent  loaded
PBCA-NPs  system  had  the  similar  cytotoxicity  to co-administration  of  two  single-agent  loaded  PBCA-NPs
oxorubicin
oly(butyl cyanoacrylate) nanoparticles
ultidrug resistance

(DOX–PBCA-NPs  +  CUR–PBCA-NPs),  which  was  slightly  higher  than  that  of  the  free  drug  combination
(DOX  + CUR)  and  one  free  drug/another  agent  loaded  PBCA-NPs  combination  (DOX  +  CUR–PBCA-NPs  or
CUR +  DOX–PBCA-NPs).  The  simultaneous  administration  of doxorubicin  and  curcumin  achieved  the
highest  reversal  efficacy  and  down-regulation  of P-glycoprotein  in  MCF-7/ADR  cell  lines,  an  MCF-7  breast
carcer cell  line  resistant  to  adriamycin.  Multidrug  resistance  can  be  enhanced  by  combination  delivery
of encapsulated  cytotoxic  drugs  and  reversal  agents.
. Introduction

Multidrug resistance (MDR), whereby cancer cells become
esistant to the cytotoxic effects of various structurally and mech-
nistically unrelated chemotherapeutic agents, is a major problem
n the clinical treatment of cancer. Doxorubicin (DOX) is an effec-
ive chemotherapeutic agent, which has been used extensively for
reatment of various cancers, particular for breast cancer, lym-
homa and hematological cancers. Unfortunately, many tumor
ells are not sensitive to DOX because of efflux from the tumor
ells mediated by P-glycoprotein (P-gp), multidrug resistance-
ssociated protein 1 (MRP1), topoisomerase II (Topo II) and
lutathione transferase (GST-�) (Lage, 2003). Meanwhile, DOX
lso has severe cardiovascular toxicity when administered sys-
emically (Gu et al., 2007), which can limit therapeutic efficacy in
ancer patients. Nanomedicines and nanoparticles for nanophar-

aceutical delivery have demonstrated advantages in enhancing

hemotherapeutic delivery in drug-resistant cancers (Chen et al.,

∗ Corresponding author. Tel.: +86 731 84327971; fax: +86 731 84327987.
E-mail addresses: zhaojinfeng@hotmail.com, bax 2007@126.com (J. Zhao).
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2008; Song et al., 2009; Kang et al., 2010; Dong et al., 2009; Wu
et al., 2007; Tang et al., 2010; Dong and Mumper, 2010).

Curcumin (CUR), a naturally occurring polyphenol extracted
from the rhizome Curcuma longa, has a long history of use as an
Asian spice as well as in traditional therapies. Exciting recent stud-
ies have shown that curcumin, either alone or in combination with
other anticancer agents, has a pleiotropic therapeutic effect in can-
cer (Notarbartolo et al., 2005). Additionally, CUR is also known to
downregulate the intracellular levels of three major ATP-binding
cassette (ABC) drug transporters, P-gp, MRP-1 and mitoxantrone
resistance protein (ABCG2), that are important in MDR  (Antonio
et al., 2008; Hou et al., 2008; Ebert et al., 2007; Andjelkovic et al.,
2008). This pleiotropic effect of CUR is especially advantageous
when administered with a delivery system that enhances bioavail-
ability at the tumor mass and promote intracellular availability
of the combination drugs upon systemic administration. Previ-
ous research (Notarbartolo et al., 2005) also demonstrated that
curcumin in combination with doxorubicin could result in bet-
ter treatment efficacy. Amiij found that the co-administering of

an antitumor agent and a reversion agent affected the efficacy
of resistance reversion and also demonstrated that simultaneous
administration of curcumin and paclitaxel could result in better
treatment efficacy (Ganta and Amiji, 2009). Curcumin has been

dx.doi.org/10.1016/j.ijpharm.2012.01.020
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:zhaojinfeng@hotmail.com
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1 l of Ph

f
a
c
a
i
2

c
a
a
h
o
C
i
R
2
w
b
h
e
P
t
c
i
p
e
t
s

i
c
w
e
a
t
e
t
c
o
r
a
n
c
t
a
1
c
t
v

2

2

f
w
C
S
o
f
j
(
d
T
M

94 J. Duan et al. / International Journa

ound to be safe, with no dose-limiting toxicity, when administered
t doses up to 10 g/day in humans (Cheng et al., 2001). However,
urcumin undergoes rapid and extensive metabolism in the liver
nd intestine and demonstrates poor bioavailability; thereby lim-
ting its usefulness as a potent chemopreventive agent (Anand et al.,
007).

Biodegradable and biocompatible polymers are often used for
ontrolled release of drugs, in advanced drug delivery systems, and
pproved pharmaceutical products that are commercially avail-
ble. In the past two decades, poly(butyl cyanoacrylate) (PBCA)
as been extensively used in drug delivery systems for a variety
f drugs due to its excellent biocompatibility and biodegradability.
urrent literature is replete with studies investigating single-agent

ncorporation into PBCA nanoparticles (Ambruosi et al., 2006;
eddy et al., 2004; Sullivan and Birkinshaw, 2004; Behan et al.,
001; Wohlgemuth et al., 2000), while PBCA nanoparticles loaded
ith dual agents were reported scarcely. In this study, doxoru-

icin hydrochloride (DOX·HCl) and curcumin are hydrophilic and
ydrophobic molecules, respectively. Owing to the very differ-
nt properties of the two drugs, preparing the dual drug-loaded
BCA nanoparticles with high drug entrapment efficiency using
he adapted preparation method presents a real challenge. The
ommonly reported preparation methods of PACA nanoparticles
nclude emulsion polymerization, interfacial polymerization, nano-
recipitation and emulsification-solvent evaporation (Vauthier
t al., 2003). Taking into account the properties of CUR and DOX,
he emulsion polymerization and interfacial polymerization were
elected for this study.

In this study, it may  be preferable to prepare nanoparticles
ncorporated with both CUR and DOX so that the two substances
ould be delivered simultaneously. The formulation parameters
ere systematically investigated. Thus, nanoparticles with some

xpectable properties such as high drug entrapment efficiency
nd small size can be produced through the optimized formula-
ion. Subsequently, the physicochemical characteristics were also
valuated, which can provide some useful and essential informa-
ion for in vitro cell experiments and in vivo studies. Thus, the
o-encapsulation of DOX and CUR should diminish side effects
f both drugs while increasing efficacy. Furthermore, it should
educe the amount of the polymer needed for a single formulation
s compared to the amount of polymer required in two  separate
anoparticle dosage forms, allowing for a better safety profile of the
ombined formulation. Recently published studies demonstrated
hat poly(alkyl cyanoacrylate) nanoparticles can overcome MDR
t both the cellular and the non-cellular level (De Verdiere et al.,
997). Thus, co-encapsulating CUR and DOX in PBCA nanoparti-
les might overcome MDR  through the chemosensitizer CUR and
he carrier PBCA nanoparticles. In addition, their cytotoxicity was
erified on MCF-7 doxorubicin resistant cell line.

. Materials and methods

.1. Materials

Chitosan (degree of deacetylation ≥85%) was purchased
rom Sigma corporation. Butyl cyanoacrylate (BCA) monomer
as synthesized by Guangzhou Baiyun Medical Adhensive
o., Ltd. (Guangzhou, China). Curcumin was obtained from
inopharm Chemical Reagent Co., Ltd. (Shanghai, China). Dox-
rubicin Hydrochloride was purchased from National Institute
or the control of Pharmaceutical and Biological Products (Bei-
ing, China). Gradient-grade methanol were purchased from Merck

Germany) and used as received. 3-[4,5-Dimethylthiazol-2-yl] 2,5-
iphenyltetrazolium bromide (MTT reagent) was purchased from
revigen, Inc. (USA). Anti-MDR1 rabbit polyclonal antibody, anti-
RP1 rabbit polyclonal antibody and anti-ABCG2 rabbit polyclonal
armaceutics 426 (2012) 193– 201

antibody, which were obtained from Boster Biological Technology,
Ltd. (Wuhan, China). All other chemicals used were of analytical
reagent grade and without further purification. Ultrapure water
was used for the preparation of all solutions.

2.2. Tumor cell lines and culture

A human breast carcinoma cell line, MCF-7, and its adriamycin-
resistant variant, MCF-7/ADR, induced by doxorubicin and
expresses a high level of P-gp, were purchased from Nanjing Key-
Gen Biotech. Co. Ltd. (China). RPMI-1640 medium, newborn calf
serum (NBCS), penicillin/streptomycin and 0.25% trypsin were
obtained from Gibco, Invitrogen Corporation (Canada). Cells were
grown in RPMI 1640 medium, supplemented with 10% newborn
calf serum and 1% penicillin/streptomycin.

2.3. Preparation and optimization of drug loaded chitosan–PBCA
nanoparticles

PBCA nanoparticles loaded with CUR and DOX were prepared
using emulsion polymerization and interfacial polymerization as
previously reported, obtained by anionic polymerization at pH
below 3 (Vauthier et al., 2003; Duan et al., 2010). Since BCA is
an extremely active monomer, even the presence of a weak basic
substance is capable of initiating the anionic polymerization. Here,
we used chitosan as a stabilizing agent. Chitosan-containing amino
and hydroxyl groups might act as nucleophilic agents to initi-
ate the butyl cyanoacrylate monomer. In this case, DOX was  first
added in the aqueous polymerization medium, then at different
time intervals (15, 30, 60 and 120 min) after the polymeriza-
tion process was initiated, 1 mL  of alcohol solution of curcumin
(1 mg/mL) was  injected after the monomer BCA was introduced.
Butyl cyanoacrylate monomer was added to a solution of chi-
tosan in the polymerization medium containing HCl. The overall
polymerization process lasted over 6 h. After 6 h the nanoparticle
suspension is neutralized with 0.5 mol/L NaOH. The nanoparticles
were separated by ultracentrifugation at 16,000 rpm (Sigma 3K-
18 refrigerated centrifuge, Germany) for 30 min  and washed with
distilled water at least three times.

Because the temperature and stirring speed have little effect on
the formation of poly(butyl cyanoacrylate) (Vauthier et al., 2003).
In this study, the effect of various processing parameters and poly-
mer characteristics on nanoparticles mean diameter, zeta potential,
drug loading and entrapment efficiencies were assessed, including
the chitosan concentration in the aqueous phase, the amount of
butyl cyanoacrylate monomer in polymerization phase, initial CUR
and DOX content. Unless otherwise mentioned, all the experiments
were conducted by varying one of the parameters while keeping
all the other process parameters at a set of standard conditions:
Briefly, 1% (w/v) BCA was added under mechanical stirring to an
aqueous polymerization medium (0.01% (w/v) chitosan, 50 �L HCl).
1 mL  of 1 mg/mL  DOX was added in the polymerization medium at
the beginning of the process. Then, 1 mL  alcohol solution of CUR
(1 mg/mL) was introduced 1 h after the polymerization process was
initiated.

2.4. Particle size and zeta potential

CUR–DOX–PBCA nanoparticle suspensions were diluted with
deionized water to ensure that the signal intensity was suitable
for the instrument. Values are presented as mean ± SD from three
replicate samples.
Particle size was determined by photon correlation spec-
troscopy (PCS) using Zetasizer Nano ZS (Malvern Instruments
Ltd., Malvern, UK). The colloidal suspension of the nanoparticles
was diluted with deionized distilled water, and the intensity
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f scattered light was detected at a scattering angle of 173◦ to
n incident beam at a temperature of 25 ◦C. The polydispersity
ndex range was comprised between 0 and 1. Zeta potential was

easured using the same instrument at 25 ◦C following the same
ilution in a 10 mmol/L NaCl solution. The mean zeta potential
as determined using phase analysis light scattering technique.

.5. Transmission electron microscopy

The surface appearance and shape of CUR–DOX–PBCA nanopar-
icles were observed by transmission electron microscopy (TEM)
sing a JEOL-1230 (Japan) at 100 kV. 1 mL  dispersion was  diluted
ith 1 mL  deionized water and a drop of it was placed onto a collo-
ion support on copper grids (200 mesh). About 2 min  of deposition,
he grid was tapped with a filter paper to remove surface water and
egatively stained by using a sodium phosphotungstate for 2 min.
fter 1 min, excess fluid was removed and the grid surface was  air-
ried at room temperature before being loaded in the microscope.

.6. Drug loading and encapsulation efficiencies

An HPLC system (P680 series, DIONEX, USA) was used to sepa-
ate doxorubicin and curcumin incorporated in the nanoparticles,
ith column Hypersil BDS C18 (4.6 mm × 250 mm,  5 �m)  and the
obile phase consisted of methanol and 5% (w/v) of acetic acid at

he volume ratio of 80:20. The flow rate was set at 1.0 mL/min and
he analysis wavelength was at 420 nm.  All the analysis was  per-
ormed at 30 ◦C. Nonencapsulated doxorubicin and curcumin were
eparated by ultracentrifugation of the suspension at 16,000 rpm
or 30 min. The supernatant was decanted and 20 �L of sample
as injected into a DIONEX P680 liquid chromatograph to deter-
ine the actual amounts of CUR and DOX incorporated within the

anoparticles.
The drug encapsulation capacity of doxorubicin and curcumin

as defined as the ratio of the mass of the encapsulated drug to
he mass of the drug used for nanoparticles preparation using the
ollowing equation:

ncapsulation capacity (EC%) = the amount of loade
total amount of doxorubicin or cur

The loading doxorubicin and curcumin content in the nanopar-
icles was calculated using the following equation:

rug loading (DL%)

= the amount of loaded doxorubicin or curcumin
totoal amount of the preparation DOX–CUR-PBCA NPs

× 100.

.7. Fourier transform infrared spectrometer

The nanoparticle functionalization was examined by Fourier
ransform infrared (FTIR) spectroscopy. The FTIR spectra of
ree doxorubicin, free curcumin, blank PBCA nanoparticles,
UR–DOX–PBCA nanoparticles and the physical mixture of dox-
rubicin, curcumin and blank PBCA nanoparticles were recorded
n a TENSOR 27 FTIR spectrometer (Bruker, Billerica, MA,  USA) at

 cm−1 resolution in the transmission mode. Nanoparticle powders
2 mg)  were gently mixed with KBr and the mixture was  pressed
nto a pellet for analysis. The FTIR spectrum was measured in the
00–4000 cm−1 region for sample dispersed in KBr pellets.

.8. Determination of the molecular weight of the nanoparticles
Molecular weights for the various kinds of PBCA nanoparti-
les was determined by gel permeation chromatography (Waters
515, USA) with refractive index detector (Waters 2414) and
armaceutics 426 (2012) 193– 201 195

xorubicin or curcumin
in used for nanoparticles preparation

× 100.

using THF as the mobile phase. The flow rate and temperature
was maintained at 1 mL/min and 30 ◦C respectively. Freeze-dried
drug-loaded nanoparticles were dissolved in THF at a polymer con-
centration of 1% and filtered through a membrane filter of 0.45 �m
pore size. 20 �L of this solution was  injected into the chromato-
graph. Polystyrene standards of 462,000, 186,000, 114,000, 43,700,
18,600, 9650, 6520, 2950 and 461 Da were used for column cali-
bration. Results were quoted as average number molecular weight
(Mn) and mean weight average molecular weight (Mw).

2.9. Differential scanning calorimetry (DSC) of nanoparticles

Thermal analysis of CUR–DOX–PBCA nanoparticles were used
to provide additional information on the polymer–drug relation-
ship and the nature of formed nanoparticles investigated by a
differential scanning calorimeter (DSC 200 F3, NETZSCH, Germany)
under nitrogen gas at a flow rate of 20 mL/min. Approximately one
milligram of samples were sealed into aluminum pans with DSC
sample press and heated from 30 ◦C to 300 ◦C at a heating rate of
10 ◦C/min. A blank aluminum cell was  used as a reference. The DSC
thermograms were also obtained for �-BCA, blank PBCA nanopar-
ticles, pure curcumin and doxorubicin drugs.

2.10. Cytotoxicity study of various formulations

In vitro cytotoxity assays were performed by MTT  assay.
The following were assessed for their ability to inhibit cell
growth: free curcumin solution (CUR), free doxorubicin solu-
tion (DOX), nanoparticles containing only doxorubicin or
curcumin (DOX–PBCA-NPs, CUR–PBCA-NPs), combinations of
two of these formulations (i.e. DOX + CUR, CUR + DOX–PBCA-NPs,
DOX + CUR–PBCA-NPs, DOX–PBCA-NPs + CUR–PBCA-NPs), and
CUR–DOX–PBCA-NPs. Blank PBCA-NPs suspensions without CUR
and DOX equivalent to the drug-loaded PBCA nanoparticles were
also tested for comparison. Briefly, MCF-7/ADR cells (100 �L) at a
density of 3 × 103 cells/well were seeded into a 96-well plate in
the complete growth culture medium. After culturing for 12 h, the

medium was exchanged with 200 �L medium containing a series
of different concentration of various formulations. After a speci-
fied period of time (48 h), the culture medium from each well was
removed and the cells were washed twice with phosphate buffered
saline (PBS). About 200 �L of the complete growth culture medium
and 20 �L MTT  solution (5 mg/mL  in PBS, pH 7.4) were then added
to each well. After 4 h of incubation at 37 ◦C and 5% CO2, the media
were removed and the formazan crystals were solubilized with
150 �L DMSO for 10 min. The amount of formazan was then deter-
mined from the optical density at 570 nm by a microscan spectrum
(Electro Thermo, Milford, MA,  USA). The results were expressed
as percentages relative to the result obtained with the non-toxic
control. Experiments were performed in triplicate.

2.11. Determination of multidrug resistant proteins

MCF-7/ADR cells were seeded into 100 mm plates in the pres-
ence of DOX + CUR, CUR + DOX–PBCA-NPs, DOX + CUR–PBCA-NPs,
DOX–PBCA-NPs + CUR–PBCA-NPs, and CUR–DOX–PBCA-NPs at
curcumin 0.2 �g/mL and doxorubicin 0.12 �g/mL for 2 days. Cells
were washed with PBS and resuspended in ice-cold EBC buffer
(0.5% Nonidet P-40, 50 mmol/L Tris, pH 7.6, 120 mmol/L NaCl,

1 mmol/L EDTA, and 1 mmol/L �-mercaptoethanol) with protease
inhibitor mixture and lysed by sonication. The lysates were cleared
of insoluble material by centrifugation at 14,000 rpm for 10 min
at 4 ◦C. The supernatant was collected and aliquot into sterile
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icrocentrifuge tubes, kept at −80 ◦C until it was used. A protein
ssay to measure protein content was performed by using the
icihonimic acid protein assay kit.

Samples containing 100 �g of protein were added into 4–14%
DS-PAGE. Aliquots of protein corresponding to 100 �g was mixed
ith SDS-PAGE sample buffer and heated on hot water bath for

 min. The samples were resolved on a SDS-PAGE. The proteins
ere transferred on blotting grade nitrocellulose membrane. The
embrane was treated with 5% non-fat dry milk and 0.1% PBS-

ween 20 (milk-PBST) for 2 h at room temperature in order to
lock the non-specific sites on the membrane. Blots were probed
ith primary antibodies in rabbit polyclonal anti-MDR1 antibody

1:200), rabbit polyclonal anti-MPR1 antibody (1: 200) and rab-
it polyclonal anti-ABCG2 antibody (1:100) for overnight at 4 ◦C.
he membrane was then washed in 1 × PBST three times for 5 min
ach followed by incubation with secondary antibody horseradish
eroxidase conjugated donkey anti-rabbit IgG (1: 5000) for 1 h at
oom temperature. The membrane was washed in 1 × PBST four
imes for 10 min  each; visualization of hybridization was  carried
ut using chemiluminescence’s reagent. The blots were exposed to
utoradiography films 12.7 cm × 17.8 cm (Kodak X-OMAT BT) and
eveloped.

.12. Statistical analysis

Each experiment was conducted in triplicate and values were
xpressed as the mean SD. Comparison between the difference of
eans was performed by one-way analysis of variance (ANOVA)
ith the Tukey test applied post hoc for paired comparisons (SPSS

7.0) where p values of 0.05 or less were considered significant.

. Results and discussion

.1. Effect of preparation variables on formulation characteristics

.1.1. Effect of the time interval of curcumin added on
rug-loaded nanoparticles

In this study, the effect of five preparation variables on the mean
iameter, zeta potential, loading efficiency and entrapment effi-
iency of CUR–DOX–PBCA-NPs was investigated. The results are
hown in Table 1.

This work was undertaken to investigate the ability for PBCA
anoparticles to incorporate DOX and CUR in one single formula-
ion. In contrast to DOX, when CUR was added immediately prior to
he polymerization reaction a marked precipitation was observed.
hus, CUR was added at least 10 min  from the beginning of the
olymerization process to prevent drug precipitation and polymer
ggregation while allowing drug incorporation within the poly-
eric matrix. Table 1 shows that the encapsulation efficiency of

UR was always close to 95% regardless of the time intervals from
he initiation of the polymerization reaction (15, 30, 60 or 120 min)
nd the particle size decreased and remained unchanged for 60 min.
hile the encapsulation efficiency of DOX had a little change and

rrived at the maximum value 49.98% when added the CUR solution
 h later the polymerization reaction began.

.1.2. Effect of the content of chitosan and ˛-BCA on drug-loaded
anoparticles

The effects of the concentration of chitosan on various param-
ters of CUR–DOX–PBCA nanoparticles prepared by an emulsion
rocess are shown in Table 1. The zeta potential increased from
2.87 to 40.7 mV,  the encapsulation efficiency of CUR increased

rom 87.38% to 97.3%, and the encapsulation efficiency of DOX
ncreased from 8.35% to 65.22% as the concentration of chitosan
n aqueous solution was varied from 0.05% to 0.2% (w/v). The size
nd loading efficiency of CUR decreases as the concentration of the
armaceutics 426 (2012) 193– 201

surfactant increases. While the loading efficiency of DOX arrived
at the maximum 0.619% at the chitosan concentration of 0.1%. At
low surfactant concentration, the PBCA nanoparticles with porous
surfaces would loss drugs from the surface into the suspension
medium by diffusion. As the surfactant concentration increased,
the porous surfaces of the PBCA nanoparticles gradually became
smooth (Mitra and Lin, 2003), and therefore minimized the loss of
drug during synthesis. Meanwhile, the particle size decreased as
the surfactant concentration increased, resulting in an increase in
the total particulate surface area, which promoted the total drug
loss from the particles.

The positively charged nanoparticles may  have improved sta-
bility in the presence of biological cations and may  be favorable
for some drugs due to their interaction with negatively charged
biological membranes and site-specific targeting in vivo. Chitosan
has been used in the preparation and stabilization of polyester
nanocapsules. It has been reported that polymerization of alkyl
cyanoacrylates might occur via an anionic mechanism, a zwitte-
rionic mechanism or both of them (Vauthier et al., 2003; Graf et al.,
2009). Chitosan-containing amino and hydroxyl groups might act
as nucleophilic agents to initiate the butyl cyanoacrylate monomer
and is therefore present in the final polymer as end group according
to the zwitterionic mechanism, resulting in characteristic change
of this PBCA nanoparticle. It was  observed that an increase in
monomer concentration led to an increased percent drug entrap-
ment of curcumin and doxorubicin, but decreased the drug loading
percent. It was also observed that an increase in the amount of
monomer led to an increase in particle size, while an increase
in the amount of stabilizer resulted in a decrease in particle
size of CUR–DOX–PBCA NPs. This effect can be attributed to the
mechanism of particle formation mentioned above (Sullivan and
Birkinshaw, 2004; Behan et al., 2001).

3.1.3. Content of curcumin and doxorubicin in DOX–CUR–PBCA
nanoparticles

Table 1 shows that the content of CUR and DOX in the
CUR–DOX–PBCA nanoparticles considerably affect the particle size,
the zeta potential, the encapsulation capacity and drug loading in
nanoparticles.

In the conventional emulsion method, in order to have high
loading efficiency, large amount of feed drug is required. As shown
in Table 1, the encapsulation capacity and drug loading of cur-
cumin in CUR–DOX–PBCA nanoparticles were increased from 87.8%
to 96.56%, 0.216% to 1.49% respectively, as the curcumin con-
tent increased from 0.005% to 0.02%. While the incorporation of
curcumin in the polymerization medium, the encapsulation capac-
ity of doxorubicin into the nanoparticles decreased from 53.32%
to 42.15%. This observation suggests that during the prepara-
tion of CUR–DOX–PBCA-NPs, the incorporation of curcumin in the
polymerization medium hindered doxorubicin to take part in the
polymerization process.

The encapsulation capacity and drug loading of doxorubicin in
CUR–DOX–PBCA-NPs were increased as the doxorubicin content
increased, according to the conventional emulsion method. While
the incorporation of doxorubicin in the polymerization medium did
not significantly affect curcumin encapsulation efficiency into the
nanoparticles: CUR (EC%) changed only from 95.14% to 93.97%.

Moreover, the combined formulation of CUR–DOX–PBCA-NPs
presented encapsulation contents close to those of each individ-
ual drug loaded formulation, which is in good agreement with the
previous report (Duan et al., 2010).
3.2. Morphological characterization

Transmission electron micrographs of CUR–DOX–PBCA-NPs are
shown in Fig. 1. The nanoparticles are spherical in shape with a
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Table 1
Effect of various processing parameters on the particle size, zeta potential, drug encapsulate capacity and drug loading of CUR–DOX–PBCA nanoparticles.

Processing parameters Characterization

DOX (EC%) DOX (DL%) CUR (EC%) CUR (DL%) Zeta potential (mV) Particle size (nm)

Time interval of
curcumin added

0 min  43 ± 3.21 0.517 ± 0.05 94.65 ± 2.12 1.138 ± 0.04 +37.93 ± 2.43 172 ± 8.56
15  min  40.12 ± 2.54 0.466 ± 0.02 94.39 ± 2.34 1.049 ± 0.03 +33.4 ± 3.41 160 ± 5.23
30  min  41.72 ± 2.64 0.29 ± 0.02 93.26 ± 2.67 0.648 ± 0.02 +37.4 ± 4.25 154 ± 6.12
60  min 49.98 ± 3.32 0.619 ± 0.05 94.52 ± 3.14 1.17 ± 0.04 +32.23 ± 4.56 133 ± 5.34
120  min 48.12 ± 3.56 0.564 ± 0.02 95.21 ± 3.98 1.013 ± 0.04 +26.13 ± 2.31 130 ± 5.45

Content of �-BCA
0.5% 42.47 ± 2.13 0.694 ± 0.04 94.99 ± 2.98 1.552 ± 0.06 +27.1 ± 2.09 132 ± 4.29
1.0%  49.98 ± 3.32 0.619 ± 0.05 94.52 ± 3.14 1.17 ± 0.04 +32.23 ± 4.56 133 ± 5.34
2.0%  53.78 ± 3.24 0.42 ± 0.02 95.44 ± 1.89 0.746 ± 0.02 +32.4 ± 2.16 156 ± 6.34

Content of chitosan
0.05% 8.35 ± 1.12 0.117 ± 0.01 87.38 ± 1.63 1.227 ± 0.02 +32.87 ± 3.18 143 ± 5.49
0.1% 49.98 ±  3.32 0.619 ± 0.05 94.52 ± 3.14 1.17 ± 0.04 +36.23 ± 4.56 138 ± 5.34
0.2% 65.22 ± 4.56 0.257 ± 0.02 97.3 ± 2.45 0.384 ± 0.01 +40.7 ± 4.01 133 ± 7.26

Content of curcumin
0.005% 53.32 ± 3.42 0.262 ± 0.02 87.8 ± 2.13 0.216 ± 0.01 +39.47 ± 3.81 138 ± 6.13
0.01%  49.98 ± 3.32 0.619 ± 0.05 94.52 ± 3.14 1.17 ± 0.04 +32.23 ± 4.56 133 ± 5.34
0.02%  42.15 ± 3.87 0.402 ± 0.03 96.56 ± 3.01 1.49 ± 0.02 +34.17 ± 2.98 128 ± 7.09

Content of doxorubicin
0.005% 28.18 ± 2.13 0.182 ± 0.01 95.14 ± 3.67 1.226 ± 0.01 +31.07 ± 1.89 120 ± 6.03
0.01%  49.98 ± 3.32 0.619 ± 0.05 94.52 ± 3.14 1.17 ± 0.04 +32.23 ± 4.56 133 ± 5.34
0.02%  48.5 ± 3.09 0.709 ± 0.06 93.97 ± 2.26 0.614 ± 0.02 +34.87 ± 2.06 150 ± 7.19

EC%, encapsulation capacity %; DL%, drug loading %.
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has an IR absorption band at 1621 cm , 1585.10 cm , which can
be seen in the mixture (Fig. 2e) of 1625.44 cm−1 and 1589.92 cm−1

due to the stretching vibration of two carbonyl groups of the
anthracene ring. Meanwhile, the peak at 3414.71 cm−1 which was
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Fig. 1. Transmission electron microscopy (TEM) of CUR–PBCA nanopart

mooth surface. The size of CUR–DOX–PBCA-NPs (133 ± 5.34 nm)
as smaller than that of CUR–PBCA-NPs (190 ± 5.5 nm)  and
OX–PBCA-NPs (174 ± 8.23 nm). This is likely due to the interac-

ion of DOX with the monomer, as it was previously shown that
OX increased the polymerization reaction rate leading to smaller
anoparticle size (Soma et al., 2000). This observation suggested
hat the incorporation of CUR in the polymerization medium dur-
ng the preparation of CUR–DOX–PBCA-NPs, hindered DOX to take
art in the polymerization process, leading to smaller particle size
han that of DOX–PBCA-NPs.

.3. FT-IR study

FTIR spectroscopy is an appropriate technique to understand
hemical adsorption or functionalization of nanoparticles with
olymers. As shown from Fig. 2, the CUR–DOX–PBCA-NPs have
he similar FTIR spectroscopy as the blank PBCA nanoparticles. The
haracteristic C N stretching at about 2250 cm−1 could be read-
ly identified in the spectra of blank PBCA nanoparticles (Fig. 2c,
250.91 cm−1) and CUR–DOX–PBCA-NPs (Fig. 2d, 2251.47 cm−1).

his supported the polymerization mechanism that CN did not
articipate any chemical reaction (Behan et al., 2001). The physical
ixture of DOX, CUR and blank PBCA nanoparticles has simi-

ar spectroscopy to the free doxorubicin and free curcumin, but
a), DOX–PBCA nanoparticles (b), and CUR–DOX–PBCA nanoparticles (c).

different from CUR–DOX–PBCA-NPs. The free doxorubicin (Fig. 2b)
−1 −1
Wavenumber cm-1

Fig. 2. Fourier-Transform IR (FTIR) spectra of curcumin (a), doxorubicin (b), blank
PBCA nanoparticles (c), CUR–DOX–PBCA nanoparticles (d), physical mixture of free
doxorubicin, crude curcumin and blank PBCA nanoparticles (e).
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Table 2
Molecular weight of various kinds of poly(butyl)cyanoacrylate (PBCA) nanoparticles.

Nanoparticles Molecular weights Polydispersity (Mw/Mn)

Mn (Da) Mw (Da)

Blank PBCA-NPs 1612 1988 1.234
CUR–PBCA-NPs 1742 1995 1.145

polydispersity index for various kinds of PBCA nanoparticles. Fig. 4
shows the polymer molecular weight distribution curves for the
different kinds of PBCA nanoparticles.
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ig. 3. Differential scanning calorimetry (DSC) thermograms of free curcumin (a
anoparticles (e).

ound in the spectrum of crude curcumin (Fig. 2a) for phenolic
ydroxyl group, and the C C band of benzene with a stronger
bsorption peak at 1510.01 cm−1 was covered in spectrum of
ixture (1514.45 cm−1). However, these peaks disappeared in

he spectrum of CUR–DOX–PBCA nanoparticles, which could be
 strong evidence for curcumin loaded in nanoparticles. And this
esult illustrated that doxorubicin is not adhere to the surface of
he PBCA nanoparticles, but participate the polymerization of PBCA
anoparticles.

.4. DSC study

Thermal analysis by DSC can be used to ascertain the physico-
hemical status of drug in the preparation (Lv et al., 2009). Fig. 3
hows the DSC thermograms of free curcumin, free doxorubicin, �-
CA, blank PBCA nanoparticles and CUR–DOX–PBCA nanoparticles,
hich can confirm the complete polymerization of monomer and

ntrapment of curcumin and doxorubicin inside the nanoparticles
n molecular dispersion form (Sullivan and Birkinshaw, 2004). From
ig. 3, it is seen that a single sharp endothermic peak was exhib-
ted at about 186.2 ◦C for CUR with the �H value of 504.6 J/g, as the
rude curcumin exists as crystals in natural state (Fig. 3a). There are
lso two endothermic peaks at about 222.26 and 231.66 ◦C with
45.3 J/g �H value for free doxorubicin (Fig. 3b). However, from
he graph of CUR–DOX–PBCA nanoparticles (Fig. 3e), a broadened
ndothermic peak was observed at about 163.6 ◦C with 227.5 J/g
H  value. No endothermic peak for curcumin and doxorubicin
ere obtained, indicating that CUR and DOX loaded in the nanopar-

icles existed as an amorphous state or a solid solution in the
olymeric matrix not a crystalline state. The endothermic peak
f BCA monomer was found to be 218.1 ◦C (Fig. 3c), while that
f blank PBCA nanoparticles and CUR–DOX–PBCA nanoparticles
as 156.9 ◦C (Fig. 3d) and 163.6 ◦C, respectively. The shifting of
eak for PBCA nanoparticles compared to the peak of �-BCA
onomer revealed that the free monomer was not present in the

lank PBCA and CUR–DOX–PBCA nanoparticles suggesting com-
lete polymerization. Moreover, the �H value for �-BCA monomer
as 2425 J/g. From these �H values, it suggests that the pre-

ared blank PBCA nanoparticles and CUR–DOX–PBCA nanoparticles
eeded less energy for melting compared to curcumin, doxorubicin
nd BCA monomer, as expected. This provides thermodynamic evi-
ence that curcumin and doxorubicin must be entrapped inside the
CUR–DOX–PBCA-NPs 1723 1933 1.122
DOX–PBCA-NPs 1888 2122 1.124

PBCA nanoparticles. It was reported in the previous studies (Lv et al.,
2009; Sullivan and Birkinshaw, 2004), if drug was incorporated into
nanoparticles, the value of �H  of drug loaded nanoparticles was
lower than that of pure drug.

3.5. Gel permeation chromatography

Molecular weight determination was carried out using gel
permeation chromatography (Behan et al., 2001; Sullivan and
Birkinshaw, 2004). Table 2 shows the mean number average molec-
ular weight and mean weight average molecular weight along with
3.323.373.423.493.67 2.973.083.163.223.27

logMW

Fig. 4. Molecular weight distribution of blank PBCA nanoparticles, DOX–PBCA
nanoparticles, CUR–PBCA nanoparticles and CUR–DOX–PBCA nanoparticles.
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ig. 5. The inhibition activity of cell growth of different formulations containing
oxorubicin and/or curcumin in MCF-7/ADR human breast cancer cells.

CUR–PBCA nanoparticles displayed no significant differences in
olecular weight and molecular weight distribution than that of

lank PBCA nanoparticles, strongly suggesting that curcumin did
ot participate in the polymerization of the BCA monomer (Sullivan
nd Birkinshaw, 2004). In contrast, the presence of DOX into
OX–PBCA nanoparticles led to an increase of blank PBCA molec-
lar weight. It should be noted that DOX–PBCA nanoparticles have

 larger molecular weight fraction (Mn = 1888 Da, Mw = 2122 Da)
hich is illustrated in Fig. 4. The GPC molecular weight profile of
OX–PBCA nanoparticles was already investigated and reported
lsewhere (Vansnick et al., 1985). CUR–DOX–PBCA nanoparticles
isplayed a molecular weight profile similar to that of CUR–PBCA
anoparticles. The profile obtained in our study confirmed the pre-
ious results. Thus, as assumed above from the results of particle
ize data, FTIR and DSC, the GPC results also suggested that cur-
umin might partly prevent the involvement of doxorubicin in the
olymerization process.

.6. Cytotoxicity studies of various formulations

Fig. 5 presented growth inhibition of P-gp overexpressing
CF-7/ADR cells treated with different formulations con-

aining curcumin 0.2 �g/mL and doxorubicin 0.12 �g/mL for
8 h. The inhibition percents of cell growth of four treat-
ents containing nanoparticle formulation (CUR–DOX–PBCA-
Ps, CUR + DOX–PBCA-NPs, DOX + CUR–PBCA-NPs, CUR–PBCA-
Ps + DOX–PBCA-NPs) were higher than the free DOX/CUR–PBCA
Ps and the free drug combination (CUR + DOX). While blank PBCA
anoparticles at the same concentration caused cell death scarcely,
hich indicated that the cytotoxicity of drug carrier PBCA-NPs was

esulted from curcumin and doxorubicin component rather than
he carrier material (PBCA) or surfactant (chitosan). It is clear that
urumin co-encapsulated to enhance the ability of DOX–PBCA-NPs
o inhibit resistant cell MCF-7/ADR growth. They caused the high-
st cell death after treatment for 48 h. The results showed that
he dual-agent loaded PBCA-NPs system had the similar cytotoxic-
ty (inhibition is 96.94%) to co-administration of two  single-agent
oaded PBCA-NPs (DOX–PBCA-NPs + CUR–PBCA-NPs, which inhibi-
ion is 96.78%), which was slightly higher than that of the free
rug nanoparticles (89.43% of DOX–PBCA nanoparticles and 85.15%
f CUR–PBCA nanoparticles) and one free drug/another agent
oaded PBCA-NPs combination (DOX + CUR–PBCA-NPs, 84.94%
r CUR + DOX–PBCA-NPs, 89.72%). Multidrug-resistant can be

nhanced by treated combination of encapsulated cytotoxic drugs
nd reversal agents.

This phenomenon was also possibly relevant to the mechanism
f PBCA nanoparticles. It has been previously shown that the
armaceutics 426 (2012) 193– 201 199

degradation of the PACA carrier was shown to play a key role in
the mechanism of action (Lenaerts et al., 1984; Muller et al., 1990;
Kante et al., 1982). As discussed in the previous paper (Soma et al.,
2000), the enhanced activity of the drug-loaded nanoparticles was
interpreted as a result of a synergistic effect due to the rapid release
of a high amount of curcumin at the surface of the cell membrane,
facilitating intracellular diffusion of doxorubicin, leading to drug
concentrations at the cell surface higher than those obtained with
the same amount of drug diluted in the culture medium, leading
in turn to higher intracellular drug concentration. This explains
why curcumin in solution failed to enhance the growth inhibition
of DOX–PBCA nanoparticles.

The association of curcumin with doxorubicin nanospheres
would also ensure that curcumin reaches the same sites as the anti-
cancer drug at the same time and also reduce its toxic side-effects.
Co-encapsulating of anticancer drug and reversal agent might cause
lower normal tissue drug toxicity and fewer drug-drug interactions.
Therefore, we  speculate that CUR–DOX–PBCA nanoparticles might
be more effective than the other nanoparticle formulations in the
treatment of drug resistant cancers in vivo.

3.7. CUR–DOX–PBCA nanoparticles affects the multidrug
resistant protein expression

Breast cancer cells are usually sensitive to cytotoxic drugs,
and combination chemotherapy has been the key therapeutic
measure, by which survival rate and quality of life were signifi-
cantly improved in breast cancer patients. However, cancer cells
frequently develop drug resistance after prolonged exposure to
cytotoxic drugs. Now, chemoresistance remains a major obstacle to
solve in the therapy of many cancer types. One of the major mecha-
nisms of MDR  is the enhanced ability of tumor cells to actively efflux
drugs, leading to a decrease in cellular drug accumulation below
toxic levels. Active drug efflux is mediated by several members of
the ATP-binding cassette (ABC) superfamily of membrane trans-
porters, the classical MDR  is attributed to the elevated expression
of P-gp, MRP1, and ABCG2 (Lage, 2003).

A western blotting analysis of Fig. 6a for the level of P-gp, MRP1
and ABCG2 proteins in MCF-7 and MCF-7/ADR cell lines showed
that the drug-resistant MCF-7/ADR cells expressed large amounts
of P-gp compared with the drug-sensitive MCF-7 cells, while MRP1
and ABCG2 proteins have a moderate expression. P-gp protein
expression was undetectable in MCF-7 cells by the method used
in our experiments.

Cancer treatment has led to the investigation of the inhibiting
properties of several compounds on these transporters. Although
these agents are effective, one of the major problems is their severe
toxic side effects. Curcumin has been described as a potent antioxi-
dant, anti-inflammatory agent, and as a significant chemosensitizer
in cancer chemotherapy. The compound has been found to be
pharmacologically safe and all of these studies suggest that cur-
cumin has enormous potential in the prevention and therapy of
cancer (Aggarwal and Harikumar, 2009; Aggarwal et al., 2003;
Kunnumakkara et al., 2008).

Fig. 6b shows that after treatment with nanoparticles
formulation (CUR–DOX–PBCA-NPs, CUR + DOX–PBCA-NPs,
DOX + CUR–PBCA-NPs, CUR–PBCA-NPs + DOX–PBCA-NPs), the
expression levels of P-gp in MCF-7/ADR cells were declined, the
lowest level being treated with CUR–DOX–PBCA-NPs. The expres-
sion of ABCG2 protein has a little declined when MCF-7/ADR cells
were cultured with co-encapsulated CUR–DOX–PBCA-NPs. How-
ever, no change in MRP1 protein expression level was detected

in nanoparticles formulation-treated MCF-7/ADR cells, indicating
that the reversal effect of various kinds of PBCA nanoparticles
on MDR  in MCF-7/ADR cells cannot result from modulating the
expression of MRP1.
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Fig. 6. (a) Expression of MDR1, MRP1 and ABCG2 proteins in MCF-7 cells and
MCF-7/ADR cells. (b) Effects of MCF-7/ADR cells on MDR1, MRP1, ABCG2 expres-
sion of various kinds of nanoparticle formulations. (1) Control; (2) PBCA-NPs; (3)
CUR–DOX–PBCA-NPs; (4) CUR + DOX; (5) CUR–PBCA-NPs + DOX; (6) CUR–PBCA-
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Ps  + DOX–PBCA-NPs; (7) DOX–PBCA-NPs + CUR. (c) Analysis of MDR1 protein in
CF-7/ADR cells.

The overexpression of P-gp in tumor cell membrane is con-
idered to be the major mechanism of MDR. P-gp is able to
ump various anticancer drugs, such as doxorubicin, out of cells,
hus resulting in a low intracellular drug concentration that is
nsufficient to kill tumor cells. While about the reversing MDR

echanism of DOX–PACA nanoparticles, illustrated in the refer-
nce (De Verdiere et al., 1997), that doxorubicin is able to form
on pairs with the degradation product of PACA, which leads to

 modified permeability of the anthracycline across membranes.
his is probably the reason why, to date, only PACA nanoparti-
les fulfill these requirements and overcome the resistance caused
y the P-gp (De Verdiere et al., 1997). To use compounds with

ow or no toxicity to bind P-gp and block its transport func-
ion is the most common method of reversing MDR. Curcumin
as examined here to determine possible interactions with P-

p expression and function. The inhibition of P-gp by curcumin
ight provide a novel approach for reversing MDR  in tumor

ells.
In such a co-culture, the doxorubicin-loaded nanoparticles by

hemselves can only partially overcome the MDR. The enhanced
ctivity of the drug-loaded nanoparticles was also illustrated by

he result of Fig. 6c. The association of curcumin with doxorubicin
anospheres would also ensure that curcumin reaches the same
ites as the anticancer drug at the same time while reducing its
oxic side effects.
armaceutics 426 (2012) 193– 201

4.  Conclusions

In this paper, we  report for the first time that two drugs with dif-
ferent properties (CUR and DOX·HCl, hydrophobic and hydrophilic
molecules, respectively) can be simultaneously entrapped into
chitosan–PBCA nanoparticles with a relatively high-entrapment
efficiency and small size. The influences of various processing
variables on particle size, zeta potential, drug loading and encap-
sulation capacity were systematically assessed.

Using chitosan–PBCA nanoparticles as a novel drug delivery
platform, various strategies for administering DOX/CUR com-
binations were systematically compared. It was found that
the dual-agent loaded CUR–DOX–PBCA-NPs system resulted in
similar cytotoxicity to co-administration of two single-agent
loaded PBCA-NPs (CUR–PBCA-NPs + DOX–PBCA-NPs), and slightly
higher cytotoxicity than that of the free DOX/CUR–PBCA-NPs
and one free drug/another agent loaded PBCA-NPs combina-
tion (CUR + DOX–PBCA-NPs or CUR–PBCA-NPs + DOX). The data
obtained in this study have shown that the simultaneous admin-
istration of an anticancer compound (DOX) and a chemosensitizer
(CUR) could improve the efficacy of doxorubicin nanoparticles in
overcoming MDR  and achieve the highest reversal efficacy. Co-
encapsulation of anticancer drug and chemosensitizer might cause
lower normal tissue drug toxicity and fewer drug–drug interac-
tions. We are currently investigating tissue distribution properties
and in vivo reversal efficacy of dual agent CUR–DOX–PBCA-NPs and
co-administration of two  single-agent loaded PBCA-NPs.
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