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a b s t r a c t

We have synthesized novel cationic poly(butyl) cyanoacrylate (PBCA) nanoparticles coated with chitosan,
formulation of curcumin nanoparticles. The size and zeta potential of prepared curcumin nanoparticles
were about 200 nm and +29.11 mV, respectively with 90.04% encapsulation efficiency. The transmis-
sion electron microscopy (TEM) study revealed the spherical nature of the prepared nanoparticles along
eywords:
urcumin
hitosan-coated poly(butyl) cyanoacrylate
anoparticles
epatocellular carcinoma cells

with confirmation of particle size. Curcumin nanoparticles demonstrate comparable in vitro therapeu-
tic efficacy to free curcumin against a panel of human hepatocellular cancer cell lines, as assessed
by cell viability (3-[4,5-dimethylthiazol-2-yl]2,5-diphenyltetrazolium bromide assay [MTT assay]) and
proapoptotic effects (annexin V/propidium iodide staining). In vivo, curcumin nanoparticles suppressed
hepatocellular carcinoma growth in murine xenograft models and inhibited tumor angiogenesis. The
curcumin nanoparticles’ mechanism of action on hepatocellular cancinoma cells is a mirror that of free
epatocarcinoma tumor xenografts curcumin.

. Introduction

Curcumin, a yellow polyphenol extracted from the rhizome of
urmeric (Curcuma longa), is been extensively used in China, India
nd southeast tropical Asia as a spice and colouring material, and a
reatment for a wide variety of ailments including biliary disorders,
epatic disorders, diabetic wounds, anorexia, rheumatism, and
inusitis (Goel et al., 2008; Aggarwal and Harikumar, 2009; Anand
t al., 2007). Recent studies have shown that curcumin, either
lone or in combination with other anticancer agents, has potent
nticancer effects. This was evidenced by its inhibitory effects on
he growth of a number of tumor cell lines in vitro and in vivo,
ncluding melanoma, mantle cell lymphoma (MCL), hepatic, pro-
tatic, ovarian, and pancreatic carcinomas (Aggarwal et al., 2003;
iwak et al., 2005; Gururaj et al., 2002; Belakavadi and Salimath,

005; Shishodia et al., 2005; Zheng et al., 2004). Curcumin has
een reported to have diverse effects on signaling molecules, such
s downregulation of the expression of angiogenesis-associated
enes, activation of the apoptotic mechanisms, and induction of

∗ Corresponding author. Tel.: +86 731 84327971; fax: +86 731 84327987.
E-mail address: zhaojinfeng@hotmail.com (J. Zhao).

1 These authors contributed equally to this work.
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© 2010 Elsevier B.V. All rights reserved.

the cell cycle arrest (Gururaj et al., 2002; Belakavadi and Salimath,
2005; Shishodia et al., 2005).

Despite great therapeutic potential for curcumin utilization in
a variety of diseases, its clinical development has been hindered
due to its fast metabolism and poor water solubility (Wang et al.,
1997; Tonnesen et al., 2002; Cheng et al., 2001; Shoba et al., 1998).
The main shortcomings of curcumin are its lipophilicity hence, low
bioavailability, degradation at alkaline pH and photodegradation.
Lipophilic nature of curcumin makes it vulnerable to RES uptake
and hence it can’t reach the therapeutic target with therapeutic
concentration.

To increase its aqueous solubility and bioavailability, attempts
have been made through encapsulation in liposome, polymeric
nanoparticle, lipid-based nanoparticle, biodegradable micro-
sphere, cyclodextrin and hydrogel (Bisht et al., 2007; Tiyaboonchai
et al., 2007; Kunwar et al., 2006; Sou et al., 2008; Salmaso et
al., 2007; Vemula et al., 2006). Interest in nanocarriers for can-
cer chemotherapy is growing. Nanoparticle-based drug delivery
approaches have the potential for rendering hydrophobic agents

like curcumin dispersible in aqueous media, thus circumventing
the pitfalls of poor solubility.

Design and development of biodegradable controlled drug
delivery of therapeutic entities with improved bioavailability is
the main research aspect on which extensive work is been done

dx.doi.org/10.1016/j.ijpharm.2010.08.033
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:zhaojinfeng@hotmail.com
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ticles were performed using a Zetasizer 1000HSA (Malvern
Instruments Ltd., Worcestershire, UK). The colloidal suspension of
the nanoparticles was diluted with deionized distilled water, and
the intensity of scattered light was detected at a scattering angle of
90◦ to an incident beam at a temperature of 25 ◦C.

Table 1
Experimental study design using 32 factorial methods.

Batch Volume of BCA monomer (�L) Amount of chitosan (mg)

Nanocurcumin 1 50 5
Nanocurcumin 2 50 10
Nanocurcumin 3 50 20
Nanocurcumin 4 100 5
12 J. Duan et al. / International Journa

n the past few decades. One of the promising and exciting drug
elivery system which can meet the above mentioned require-
ents is polymeric nanoparticles. Among the various promising

olymers like PLA, PLGA, polycaprolactone, polymethylidene mal-
nate, poly(butyl) cyanoacrylate (PBCA) nanoparticles meet ideal
equirements for controlled drug delivery and passive targeting
uch as biodegradability, low toxicity, ability to alter the biodis-
ribution of drugs and easy to synthesize and purify (Behan et al.,
001; Juan et al., 2006; Maksimenko et al., 2008; Reddy et al., 2004).

PBCA nanoparticles have been proved to be an effective
rug delivery system for the controlled drug delivery of var-

ous pharmacologically active moieties, like anticancer agents,
nalgesics, antibiotics and peptide (Huang et al., 2007; Miyazaki
t al., 2003; Page-Clisson et al., 1998; Tasset et al., 1995).
he PBCA nanoparticles are generally prepared by emulsion or
ispersion polymerization in an acidic aqueous solutions of sur-
actants forming a porous structure with high specific area on
hich various quantities of drugs, dissolved in the medium dur-

ng or after polymerization, can be loaded (Petri et al., 2007).
urface characteristics like zeta potential and the solubility prop-
rty can be modulated to meet the prerequisites of intravenous
dministration.

Curcumin has been conjugated with numerous carriers includ-
ng phospholipids (Maiti et al., 2007), cyclodextrin (Salmaso et al.,
007), phosphatidyl choline (Marczylo et al., 2007), and liposomes
Kunwar et al., 2006), but very little information is available about
ts biological activities.

In this study, we describe a simple method of synthesis and
haracterization of a novel cationic poly(butyl) cyanoacrylate
anoparticles coated with chitosan encapsulated formulation of
urcumin that can improve the solubility of curcumin and prevents
ES uptake. In various kinds of poly(alkyl) cyanoacrylates (PACAs),
BCA was the most used drug carrier because it can interact with
ifferent kind of drugs which will aid in increased curcumin entrap-
ent efficiency. The development of a delivery system that can

nable parenteral administration of curcumin in an aqueous phase
edium will significantly harness the potential of this promis-

ng anti-cancer agent in the clinical arena. We investigated the in
itro and in vivo antitumor activity of curcumin-PBCA nanoparticles
gainst human hepatocellular carcinoma cells. In vivo, curcumin
anoparticles inhibited hepatic carcinoma growth and demon-
trated antiangiogenic effects.

. Materials and methods

.1. Materials

Antibodies used for immunoblotting included polyclonal �-
ctin antibody (Abgent, USA), anti-cyclooxygenase-2 (COX-2)
abbit polyclonal antibody and anti-vascular endothelial growth
actor (VEGF) rabbit polyclonal antibody, which were obtained from
oster Biological Technology, Ltd., Wuhan, China. Donkey anti-
abbit IgG-HRP was purchased from Santa Cruze Biotechnology,
SA. The Bicinchoninic acid protein assay kit was from Beyotime

nstitute of Biotechnology, China and the enhanced chemilumi-
escence kit was from Pierce, USA. 3-[4,5-Dimethylthiazol-2-yl]
,5-diphenyltetrazolium bromide (MTT reagent) was purchased
rom Trevigen, Inc., USA. Annexin V/PI apoptosis detection kit was
rom Jingmei Biotech Co., Ltd., Beijing, China. Dulbecco’s modifica-
ion of eagle’s medium (DMEM) was obtained from Beijing Solarbio
cience & Technology Co., Ltd., China. UltraSensitiveTM S-P detec-

ion kit of immunohistochemistry was purchased from Maixin Bio
o., Ltd., Fuzhou, China.

Chitosan (degree of deacetylation ≥85%) was purchased from
igma corporation. Butyl cyanoacrylate (BCA) monomer was syn-
hesized by Guangzhou Baiyun Medical Adhensive Co., Ltd., China.
armaceutics 400 (2010) 211–220

Curcumin was obtained from Sinopharm Chemical Reagent Co.,
Ltd., China.

Gradient grade methanol were purchased from Merck (Ger-
many) and used as received. 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. Cell lines

The human hepatocellular carcinoma cell lines HepG2, Huh7
and Bel7402 cell lines were provided by ourselves. All kinds of cells
were cultured in DMEM with 10% fetal bovine serum (FBS) and
100 U/mL penicillin–streptomycin.

2.3. Preparation of curcumin-PBCA nanoparticles

PBCA nanoparticles were prepared by emulsion polymerization
as described in detail elsewhere (Allemann et al., 1993; Couvreur
and Vauthier, 1991; Douglas et al., 1984; Lescure et al., 1992;
Douglas et al., 1985; Huang et al., 2007). Briefly, chitosan (0.1%,
w/v) was dissolved in the polymerization medium containing HCl.
Curcumin powder (0.01%, w/v) was then added by first dissolv-
ing it separately in a small quantity of ethanol. Finally, the desired
amount (100 �L) of BCA monomer was dropped into the acidic
solution at room temperature under continuous magnetic stirring,
stirring was maintained for at least 6 h until the polymerization was
complete. The colloidal suspension obtained was brought to pH
value of 6.0 ± 0.5 by adding 0.5 mol/L NaOH to end the polymer-
ization. The nanoparticles were separated by ultracentrifugation
at 16,000 rpm (Sigma 3K-18 refrigerated centrifuge, Germany) for
60 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 (Dai et al., 2004), we use
32 factorial design to investigate the parameters like the amount of
stabilizer and monomer on zeta potential and percentage of drug
entrapment of PBCA nanoparticles. Amount of curcumin was kept
constant. The design of all the nine batches taken using 32 factorial
level is shown in Table 1.

2.4. Characterization of curcumin-PBCA nanoparticles

2.4.1. Particle size and zeta potential
PBCA nanoparticle suspensions were diluted with deionized

water to ensure that the signal intensity is suitable for the instru-
ment. Values are presented as mean ± SD from three replicate
samples.

Dynamic light scattering measurements for determining the
average size and size distribution of the curcumin-PBCA nanopar-
Nanocurcumin 5 100 10
Nanocurcumin 6 100 20
Nanocurcumin 7 200 5
Nanocurcumin 8 200 10
Nanocurcumin 9 200 20
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The zeta potential was measured on Zetasizer Nano system
Malvern Instruments Ltd., Worcestershire, UK). The measurement
as done in ultrapure distilled water using disposable zeta cells
sing the general purpose protocol at 25 ◦C. The instrument was
alibrated routinely with a −50 mV latex standard. The mean zeta
otential was determined using phase analysis light scattering
echnique.

.4.2. Transmission electron microscopy observation
The surface appearance and shape of curcumin-PBCA nanopar-

icles was observed by transmission electron microscopy (TEM)
sing a JEOL-1230 at 100 kV. 1 mL dispersion was diluted with 1 mL
emineralized water and a drop of it was placed onto a collodion
upport on copper grids (200 mesh). About 2 min of deposition, the
rid 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 loaded in the microscope.

.5. Encapulation of curcumin in PBCA nanoparticles

HPLC system (P680 series, DIONEX, USA) was used for the
nalysis of the amount of curcumin incorporated in the nanoparti-
les, with column Hypersil BDS C18 (4.6 × 250 mm, 5 �m) and the
obile phase consisted of methanol and 5% (w/v) of acetic acid at

he volume ratio of 70:30. The flow rate was set at 1.0 mL/min and
he analysis wavelength was at 420 nm.

The encapsulation efficiency of the drug was calculated as the
ass ratio of the amount of the drug entrapped in nanoparticles to

hat used in the nanoparticle preparation.
The PBCA nanoparticles loaded curcumin was characterized by

uorescence spectra.

.6. Cell culture assay

.6.1. In vitro cell viability assays in hepatic cancer cells lines
The cytotoxicity of the free and encapsulated curcumin was

etermined in HepG2, Huh7 and Bel7402 cell lines using MTT dye
ssay. Control experiments were carried out using the complete
rowth culture medium only (serving as non-toxic control). Three
inds of cells (100 �L) at a density of 6 × 104 cells/well were seeded
nto a 96-well plate in the complete growth culture medium. After
ulturing for 12 h, the medium was exchanged with 200 �L medium
ontaining a series of different concentration of free curcumin,
urcumin-PBCA nanoparticles and empty PBCA nanoparticles (5,
0, 20, 30, 40, 50 �g/mL). After a specified period of time, the culture
edium from each well was removed and the cells were washed

wice with 1 × PBS. About 200 �L of the complete growth culture
edium and 20 �L MTT solution (5 mg/mL in PBS, pH 7.4) were

hen added to each well. After 4 h of incubation at 37 ◦C and 5% CO2,
he media were removed and the formazan crystals were solubi-
ized with 150 �L DMSO for 10 min. The amount of formazan was
hen determined from the optical density at 570 nm by a microscan
pectrum (Electro Thermo, Milford, MA, USA). The results were
xpressed as percentages relative to the result obtained with the
on-toxic control.

.6.2. Curcumin-PBCA nanoparticles uptake in HepG2 cells by
uorescence method

Curcumin is naturally fluorescent in the visible green spectrum.
o visualize the cellular uptake of curcumin-PBCA nanoparticles.

epG2 cells were plated in 6 well plate up to 80% confluency. Cells
ere treated with 30 �g/mL free and curcumin-PBCA nanopar-

icles. As curcumin is insoluble in aqueous solution, the free
urcumin was dissolved with the aid of dimethylsulfoxide (DMSO).
he final concentration of DMSO in the culture medium was always
armaceutics 400 (2010) 211–220 213

<0.1%. After culturing in a 5% CO2 incubator for prescribed time
periods, the cells were washed with 1× PBS three times to remove
the nanoparticles in the medium. Cells were examined under a
Leica DM LB2 fluorescent microscope (Leica Microsystems Wetzlar
GmbH, Germany) for intracellular curcumin fluorescence.

2.6.3. Annexin V/Propidium Iodide staining for apoptotic cells
To determine the effects of curcumin-PBCA nanoparticles on

apoptosis, HepG2 cells were stained with annexin V and propidium
iodide for fluorescence activated cell sorting (FACS) analysis. Cells
were seeded at 2.5–5.0 × 105 cells per 60 mm plate and incubated
until 80% confluency. Cells were treated with various concentra-
tions of curcumin-PBCA nanoparticles. As controls, cells were also
incubated with complete growth culture medium only. After 24 h
incubation, cells were harvested by quick trypsinization to min-
imize potentially high annexin V background levels in adherent
cells, washed twice with cold PBS, and stained with annexin V-
fluorescein 5(6)-isothiocyanate (FITC) and propidium iodide (PI) in
binding buffer. Stained cells were placed on ice and protected from
light until read via flow cytometry. Processed single cell suspen-
sions were analyzed on a FACS Calibur flow cytometer (BD, Franklin
Lakes, NJ, USA) with the laser excitation wavelength set at 488 nm.
The green signal from FITC/annexin V was measured at 525 nm and
the red signal from PI was measured at 620 nm. Cells staining neg-
ative for both annexin V and PI are viable. Cells that are annexin
V+/PI− are in early apoptosis, whereas cells that are necrotic or in
late apoptosis are annexin V+/PI+.

2.7. In vivo studies with curcumin-PBCA nanoparticles

2.7.1. Studies on pharmacokinetics in mice
Sprague–Dawley male rats with body weights ranging from 250

to 300 g were used to study the pharmacokinetics of free cur-
cumin and curcumin-PBCA nanoparticles. All animal experiments
complied with the requirements of the National Act on the use of
experimental animals (People’s Republic of China). Curcumin and
its nanoparticles formulation were injected intravenously to the
rat at doses of 10 and 5 mg/kg, respectively. Each formulation was
tested on three rats. After dosing, serial blood samples (0.1–0.2 mL)
were obtained at predetermined time intervals after drug admin-
istration.

After collection, each blood sample was immediately sepa-
rated by centrifugation at 3000 rpm for 10 min. Then curcumin in
the resulting samples was extracted twice with acetic ether from
plasma. The mixture was vortexed for 3 min and centrifuged for
10 min at 3000 rpm. The supernatant was withdrawn and evapo-
rated to remove the organic solvent under dry nitrogen atmosphere
in water bath at 50 ◦C. The dry samples were re-dissolved in 100 �L
methanol and centrifuged at 10,000 rpm for 10 min. 20 �L of super-
natant was injected into HPLC system for determining curcumin in
plasma samples.

2.7.2. In vivo antitumor efficacy studies
2.7.2.1. Animals and the establishment of tumor xenograft. Male
athymic mice (BALB/c-nude mice, Nu/Nu strain), 4–6 weeks old,
weighing 18–22 g were purchased from SLRC Laboratory Animal
Ltd., Shanghai, China and were housed under controlled laboratory
conditions in polycarbonate cages having free access to sterilized
rodent pellet diet and acidified drinking water. All procedures were
performed under sterile conditions in a laminar flow hood. This ani-
mal experiment was approved by the Institutional Animal Care and

Use Committee and was in compliance with all regulatory guide-
lines.

Approximately, one million HepG2 cells, suspended in 200 �L
of serum free medium were injected subcutaneously into one side
of mice. Palpable solid tumors developed within 7–10 days post
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umor cell inoculation and once tumor masses became established
as soon as tumor volume reached ∼125 mm3), the animals were
hen randomized to receive either physiological saline, empty PBCA
anoparticles in aqueous solution (at a dose of 290 mg/kg) and
urcumin-PBCA nanoparticles in aqueous solution (at a dose of
90 mg/kg) in 100 �L volumes for 4 weeks via intravenous injection
3 times weekly).

.7.2.2. Evaluation of tumor growth suppression. Tumor size and
ody weight were measured with calipers once a week. The
umor volume was calculated using the following formula:
olume = (length × width2)/2, in which width was the shortest
easurement in millimeters. Growth curves for groups of tumors

re presented as the mean volume relative to the values on the
rst day of the treatment. At the end of the experiments, the ani-
als were sacrificed by cervical dislocation and xenograft tumor

issues were harvested and preserved in 10% formalin solution for
mmunohistochemical studies.

.8. Evaluation of in vivo VEGF and COX-2 levels in tumor tissues

We studied VEGF and COX-2 expression in the tumor tissue
y immunohistochemical staining. Immunohistochemistry stud-

es were performed by using formalin-fixed, paraffin embedded
ections. Immunohistochemical analysis was carried out with the
vidin-biotin complex immunoperoxidase technique as described
reviously (Allemann et al., 1993). Tumor sections were deparaf-
naged in xylene. After blocking endogenous peroxidase and
onspecific antibody binding, rabbit polyclonal anti-COX-2 anti-
ody or rabbit polyclonal anti-VEGF antibody was diluted at a ratio
f 1:200 in 1% bovine albumin-containing PBS and the tumor sec-
ions were incubated for 1 h at room temperature. Staining was
erformed using avidin-biotin reagents, 3,3′-diaminobenzidine,
nd hydrogen peroxide. A secondary biotinylated antimouse anti-
ody was added, followed by diaminobenzidine as a chromogen.
he sections were lightly counterstained with hematoxylin and
xamined under light microscopy at ×200 magnifications.

.9. Western blot analysis

Immunoblotting using standard procedures was performed to
ssess steady-state levels of COX-2 and VEGF protein.
Cells were washed with phosphate buffered saline and resus-
ended in ice-cold EBC buffer (0.5% Nonidet P-40, 50 mM Tris, pH
.6, 120 mM NaCl, 1 mM EDTA, and 1 mM �-mercaptoethanol) with
rotease inhibitor mixture and lysed by sonication. The lysates
ere cleared of insoluble material by centrifugation at 14,000 rpm

ig. 1. The size distribution with dynamic light scattering (A) and the transmission ele
pherical and an average diameter of <250 nm.
armaceutics 400 (2010) 211–220

for 10 min at 4 ◦C. The supernatant was collected and aliquot into
sterile microcentrifuge tubes, kept at −80 ◦C until it was used. A
protein assay to measure protein content was performed by using
the bicihonimic acid protein assay kit.

Samples containing 100 �g of protein were added into 4–14%
SDS-PAGE. Aliquots of protein corresponding to 100 �g was mixed
with SDS-PAGE sample buffer and heated on hot water bath for
5 min. The samples were resolved on a SDS-PAGE. The proteins
were transferred on blotting grade nitrocellulose membrane. The
membrane was treated with 5% non-fat dry milk and 0.1% PBS-
Tween 20(milk-PBST) for 2 h at room temperature in order to block
the non-specific sites on the membrane. Blots were probed with
primary antibodies in anti-COX-2 antibody (1:200) and anti-VEGF
antibody (1:200) for overnight at 4 ◦C. The membrane was then
washed in 1× PBST three times for 5 min each followed by incuba-
tion with secondary antibody horseradish peroxidase conjugated
donkey anti-rabbit IgG (1:5000) for 1 h at room temperature. The
membrane was washed in 1× PBST four times for 10 min each;
visualization of hybridization was carried out using chemilumines-
cence’s reagent. The blots were exposed to autoradiography films
12.7 × 17.8 cm (Kodak X-OMAT BT) and developed.

2.10. Statistical analysis

Each experiment was conducted in triplicate and values were
expressed as the mean SD. Comparison between the difference of
means was performed by one-way ANOVA with the Tukey test
applied post hoc for paired comparisons (SPSS 17.0) where p values
of 0.05 or less were considered significant.

3. Results and discussion

3.1. Effect on particle size, surface properties and encapsulation
efficiency

Particle size is an important parameter for drug delivery carriers.
It has been suggested that particles smaller than 1 �m can undergo
capillary distribution and uniform perfusion at the desired target
site (Arias et al., 2001). Most solid tumors have elevated levels of
vascular permeability. Particles less than 400 nm can cross vascu-
lar endothelia and accumulate at the tumor site via the EPR effect
(Maeda et al., 2000; Monsky et al., 1999; Nomura et al., 1998).
The mean particle size for this type of nanoparticles as deter-
mined by dynamic light scattering was found to be about 200 nm
with a narrow size distribution (Fig. 1(A)). TEM also show that the
nanoparticles are spherical and well-separated, and most of them
are smaller than 250 nm (Fig. 1(B)).

ctron microscopy (B) show that the curcumin-PBCA nanoparticles are completely
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Fig. 2. Fluorescent images of the prepared curcumin-PBCA nanoparticles accord-
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empty PBCA nanoparticles imparts low cytotoxic effects to cells
ng to 32 factorial methods. 1–9 from left to right represent nanocurcumin 1 to
anocurcumin 9 respectively.

The surface charge of the nanoparticles is of interest since it
nfluences the stability of the nanoparticle suspension and interac-
ions of the nanoparticles with cell membrane. From zeta potential
nalysis, the empty PBCA nanoparticles have a little positive
harge of 1.46 ± 0.03 mV on the surface. While the curcumin-
BCA nanoparticles have strong positive charge, even arrived
t 29.11 ± 1.69 mV. The amounts of BCA monomer and stability
hitosan have an effect on the zeta potential and encapsula-
ion efficiency of curcumin-PBCA nanoparticles. The optimization
atch 100 �L BCA and 10 mg chitosan to prepare curcumin-PBCA
anoparticles, that is the nanocurcumin 5 in Table 1. Its zeta poten-
ial and encapsulation efficiency are higher than others (data not
hown). While the encapsulation efficiency is also be tested with
he fluorescent images (Fig. 2) of different batches of curcumin-
BCA nanoparticles. The fluorescent intensity of nanocurcumin 5
s the strongest, which is coincidence with the highest encap-
ulation efficiency. It is reported that the higher zeta potential,
he higher encapsulation efficiency (Zhang et al., 1994). This
esult is the same as the optimization batch in our experimental
esign.

While positively charged nanoparticles may have improved sta-
ility in the presence of biological cations and may be favorable
or some drugs due to their interaction with negatively charged
iological membranes and site-specific targeting in vivo. Chitosan
as been used in the preparation and stabilization of polyester
anocapsules. It has been reported that polymerization of alkyl
yanoacrylates might occur via an anionic mechanism, a zwitte-
ionic mechanism or both of them (Vauthier et al., 2003; Graf et al.,
009). Chitosan-containing amino and hydroxyl groups might act
s nucleophilic agents to initiate the butyl cyanoacrylate monomer
nd is therefore present in the final polymer as end group according
o the zwitterionic mechanism, resulting in characteristic change
f this PBCA nanoparticle.

A series of curcumin-PBCA nanoparticles formulated with dif-
erent amounts of curcumin in the ethanol phase were prepared
o study the curcumin encapsulation efficiency. The encapsulation
fficacy of curcumin in curcumin-PBCA nanoparticles is more than
0% when less than 0.02% (w/v) of curcumin was added to the solu-
ion (data not shown). An encapsulation efficiency of 90.4% can be
chieved when the drug content is 0.01% (w/w) in the solution.

.2. Cell culture assay

.2.1. Curcumin-PBCA nanoparticles inhibits
roliferation/survival of human hepatocellular carcinoma cell
ines in vitro
We performed a series of in vitro functional assays to bet-

er characterize the anti-cancer properties of curcumin-PBCA
anoparticles, using human hepatocarcinoma cancer cells as a
Fig. 3. Cytotoxicity of free curcumin and curcumin-PBCA nanoparticles against
HepG2, Bel7402 and Huh7 cells. Data are presented as mean ± SD (n = 6). (A) Dose-
dependent inhibition. (B) Time-dependent inhibition.

model system, and directly comparing its efficacy to free curcumin.
Exposure to free and curcumin nanoparticles inhibited prolifera-
tion of tumor cells HepG2, Bel7402 and Huh7 cancer cells growth
tested in a concentration and time-dependent manner (Fig. 3). Pro-
liferation/survival was assessed by MTT assay.

The results in Fig. 3(A) show that curcumin-PBCA nanoparticles
suppressed cell proliferation dose-dependently at least as potently
as native curcumin. The MTT assay shows that the viability of the
cells incubated with empty PBCA nanoparticles remained at about
90% relative to the non-toxic control during the period of incubation
(Fig. 3(A)). This indicates that within a concentration of 1 mg/mL
(Duan et al., 2009).
The effects of increasing curcumin-PBCA nanoparticles concen-

tration in the medium from 5 to 50 �g/mL on the HepG2, Bel7402
and Huh7 cell viability are also shown in Fig. 3(A). The cell via-
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ility decreases from 87.35% to 8.5%, 92.47% to 4.84% and 94.57%
o 0.99%, respectively, as the curcurmin nanoparticles concentra-
ion increases from 5 to 50 �g/mL after 24 h incubation at 37 ◦C.
he cytotoxic activity of curcumin-PBCA nanoparticles was also
ompared with that of free curcumin. Both free and curcumin
anoparticles inhibited the growth of human hepatocarcinoma
ells. The results of cytotoxicity assay for free and encapsulated
urcumin against HepG2 cells is shown in Fig. 3(A). After 24 h
ncubation with free curcumin at 5, 10, 20, 30, 40 and 50 �g/mL con-
entration, 77.32%, 53.9%, 32%, 22.36%, 18.98% and 14.01% of cells
emained viable, respectively, while after cell treatment with cur-
umin nanoparticles at identical conditions 87.35%, 66.89%, 56.55%,
3%, 22.21% and 8.5% of cells remained viable, respectively. Similar
esults were observed in Bel7402 and Huh7 cells. After 24 h incu-
ation, a significant difference in cell viability between free and
olymeric encapsulated drug was observed at low and high cur-
umin concentration. Curcumin-PBCA nanoparticles demonstrated
ifferent cytotoxicity profile in comparison to free curcumin in
ifferent HCC cells under the study. In Bel7402 cells, polymeric
urcumin nanoparticles were shown to be more effective than free
urcumin at high concentrations (30, 40 and 50 �g/mL). While in
epG2 cells, curcumin nanoparticles were equally effective or less

han free curcumin except at 50 �g/mL. In Huh7 cells, however, cur-
umin nanoparticles were always less effective than free curcumin
t all tested concentrations.
Fig. 3(B) showed that after exposure to curcumin-PBCA
anoparticles for 24, 48 and 72 h, HepG2, Bel7402 and Huh7 cells
ere efficiently inhibited by curcumin nanoparticles (The concen-

rations of nanocurcumin were approximately 15 �g/mL for each
ell line).

Fig. 5. Differential interference contrast (DIC) and fluorescence images o
Fig. 4. Fluorescence emission spectra of curcumin in different solutions when
excited at 285 nm. (a) Ethanolic solution of curcumin; (b) Curcumin in aqueous solu-
tion and ethanol (1:1, v/v); (c) Curcumin-PBCA nanoparticles in aqueous solution.

3.2.2. Cell uptake of curcumin-PBCA nanoparticles
The curcumin-PBCA nanoparticles show distinct photophysical

properties (Fig. 4). Curcumin in aqueous solution and ethanol (1:1,
v/v)(ethanol solution was used to solubilize curcumin, which was
insoluble in pure water) has a broad fluorescent peak at 550 nm,

the same wavelength as curcumin in absolute ethanol, whereas the
curcumin-PBCA nanoparticles shows a well-defined blue-shifted
fluorescent peak at 500 nm.

Taking advantage of the intrinsic green fluorescence of cur-
cumin, we studied its cellular uptake by fluorescent microscopy.

f internalization of free and PBCA-loaded curcumin by HepG2 cells.
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at equimolar concentrations. Therefore, curcumin could be used
as a candidate for the combined drug treatment for HCC in the
future.
ig. 6. Apoptotic cells detected by flow cytometry with annexin V conjugated with
B) 10 �g/mL; (C) 20 �g/mL; (D) 40 �g/mL and (E) 60 �g/mL for 24 h.

ig. 5 displays the microscopic images of fluorescence study. The
icroscopic images of control cells without any drug exposure and

ells incubated with empty PBCA nanoparticles did not show any
uorescence, whereas the images of cells treated with encapsu-

ated and free curcumin exhibited green fluorescence due to the
nternalized curcumin. So, cells can internalize polymeric encap-
ulated curcumin as effectively as free curcumin. However, the
ationic curcumin-PBCA nanoparticles have the added advantage
f enhanced solubility and can therefore be used directly without
ny organic solvent.

.2.3. Curcumin-PBCA nanoparticles induce apoptosis in HepG2
ell lines

Consistent with the MTT assay, FACS analysis revealed a
ose-dependent increase in the proportion of apoptotic cells in
urcumin-PBCA nanoparticles treatments (Fig. 6).

Apoptosis was assessed by annexin V/PI staining (FACS analy-
is) after 24 h of exposure to curcumin nanoparticles. Annexin V
inds to cells that express phosphatidylserine on the outer layer of
he cell membrane, a characteristic feature of cells entering apop-
osis. This allows discrimination of live cells (unstained by either
uorochrome) from apoptotic cells (stained with annexin V). Flow-
ytometric analysis with annexin V/PI staining showed that when
ells were exposed to curcumin nanoparticles for 24 h, the propor-
ion of AV+/PI+ (necrotic cells) was increased from 2.54% of control
ells to 14.25% of the 20 �g/mL curcumin group, and the num-
er of AV+/PI− (apoptotic cells) increased from 1.45% to 19.07%
Fig. 6(C)). After 24 h treatment, the proportion of necrotic cells was
ncreased from 2.54% of control cells to 89.75% of the 40 �g/mL cur-
umin group, and the number of AV−/PI− (viable cells) decreased
rom 95.28% to 5.77% (Fig. 6(D)) after treatment with 40 �g/mL
urcumin nanoparticles. These results suggest that both necrosis
nd apoptosis contribute to the curcumin-induced death of HepG2
ells.

.2.4. Curcumin-PBCA nanoparticles inhibit expression of COX-2

nd VEGF in vitro

VEGF is known to be a specific stimulator of endothelial cell
roliferation in many human cancers, and it is the most potent
ngiogenic factor regulating angiogenesis in HCC. Recent studies
ave highlighted the potential role of COX-2 in angiogenesis. COX-2
ining. HepG2 cells were treated with curcumin-PBCA nanoparticles at (A) control;

is involved in the regulation of VEGF-induced angiogenesis in HCC
(Cheng et al., 2004). Overexpression of COX-2 has been demon-
strated in HCC and HCC cell lines (Cervello and Montalto, 2006;
Zhao et al., 2007). Moreover, a correlation between COX-2 expres-
sion and tumor angiogenesis in HCC has been identified in previous
studies. These results indicated that targeting COX-2 to prevent
HCC development might be a fascinating therapeutic strategy.

Curcumin has been shown to inhibit several angiogenic
biomarkers including, VEGF and COX-2 expression (Aggarwal et
al., 2005; Arbiser et al., 1998). The up-regulations of COX-2 pro-
tein expression in HepG2 groups were suppressed by treatment
of curcumin-PBCA nanoparticles with a dose dependent manner.
COX-2 has been implicated in the growth of tumors and steady
state levels of COX-2 protein were assessed by Western blot-
ting of protein extracts (100 �g per lane) derived from HepG2
Cell lines, both before and after exposure to different levels of
free curcumin and curcumin nanoparticles for 48 hours. In COX-2
expressing lines, a dose-dependent decrease in COX-2 expression.
Moreover, Fig. 7 also showed that the VEGF inhibition effects of
curcumin nanoparticles were dose dependent manner as well.
For both VEGF and COX-2, the suppressive effect of curcumin
nanoparticles was equal to or greater than that of free curcumin
Fig. 7. Effect of curcumin-PBCA nanoparticles on cyclooxygenase-2 and vascular
endothelial growth factor as assessed by western blot analysis. Lane 1: control;
lane 2: empty PBCA nanoparticles; lane 3–5: correspond to 5 �g/mL, 15 �g/mL and
30 �g/mL of free curcumin, respectively; lane 6–8: represent 5 �g/mL, 15 �g/mL,
and 30 �g/mL of curcumin-PBCA nanoparticles.
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Table 2
The pharmacokinetic parameters of free curcumin (10 mg/kg, i.v.) and curcumin-
PBCA nanoparticles (5 mg/kg, i.v.) in rats (n = 3).

Pharmacokinetic parameters Free curcumin Curcumin-PBCA
nanoparticles

AUC0–∞ (mg/L h) 1.922 3.302
t 1/2� (h) 0.362 18.661
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an alkylalcohol and poly(cyanoacrylic acid), which are soluble in

F
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MRT0–∞ (h) 0.159 63.787
CL (L/h/kg) 0.005 0.002
Vd (L/kg) 0.002 0.103

.3. In-vivo study of curcumin-PBCA nanoparticles

.3.1. Pharmacokinetic parameters
The data for pharmacokinetics in mice were analyzed with DAS

.1.1(SHUTCM shanghai, China), and pharmacokinetic parameters
ere shown in Table 2. The pharmacokinetic behavior in mice by i.v.

dministration of free curcumin and curcumin-PBCA nanoparticles
ollowed two-compartment model. Encapsulation of curcumin in
he PBCA nanoparticles caused a profound change in the pharma-
okinetics of the drug. The elimination half-life of curcumin was
ncreased 52-fold when it was in the complex form with PBCA
anoparticles and eventually the clearance of the molecule in com-
lex form was also 2.5-fold decreased. A decreased CL is expected if
he circulating drug is sufficiently restricted to the blood compart-

ent as a result of being confined within circulating micelles. The
rea under the curve (AUC0–∞) after i.v. injection of curcumin-PBCA
anoparticles was 3.302 mg/L h, while 1.922 mg/L h for AUC0–∞ of

ree curcumin despite a 2-fold dose being administered compared
ith nanoparticles formulation.

The higher plasma concentration of curcumin for curcumin-
BCA nanoparticles might be a result of the size of nanoparticles
nd chitosan coating on the surface to keep the formulation in the

irculation for an extended period.

Besides, the mean residence time (MRT0–∞) of curcumin-PBCA
anoparticles (63.787 h) was longer than that of free curcumin
0.159 h). These results might be due to accumulation of nanoparti-

ig. 8. In vivo efficacy of curcumin-PBCA nanoparticles and empty PBCA nanoparticles in H
ice treated with curcumin-PBCA nanoparticles, empty PBCA nanoparticles and control

f time in subcutaneous HepG2 xenograft. Straight line: physiological saline; dashed line:
armaceutics 400 (2010) 211–220

cles in RES organs and sustained release of drug from those tissues.
Moreover, the properties of particles (such as shape, size, charge,
and hydrophilicity) can prolong the retention of them in the blood
compartment.

There was a substantial increase in the volume of distri-
bution (51-fold). The increase in Vd was quite unexpected,
however. It was possible that the larger micellar particles, formed
after concentrating micellar population, were sequestered by the
reticuloendothelial system or other tissues, which released the
encapsulated drug as a reservoir, and led to the greatly increased
Vd (Kommareddy et al., 2005).

3.3.2. Curcumin-PBCA nanoparticles inhibit the growth of
hepatocarcinoma tumor xenografts

Curcumin-PBCA nanoparticles were also active in vivo models.
As depicted in Fig. 8(A) and (C), treatment with curcumin nanopar-
ticles resulted in significant growth retardation of HepG2 xenograft
tumors compared with control or empty PBCA nanoparticles-
treated mice. The results of tumor volume changes as a function
of time with curcumin-PBCA nanoparticles are shown in Fig. 8(C).
In HepG2 models, the average tumor volumes at day 24 after
initiation of therapy were as follows: 936 mm3 for physiological
saline, 864 mm3 for empty PBCA nanoparticles in aqueous solution,
407.5 mm3 for curcumin-PBCA nanoparticles in aqueous solution.
Curcumin nanoparticles had significant growth suppressive effects
compared with control vehicles (saline or empty PBCA nanopar-
ticles). No behavioral abnormalities or weight loss was observed
during the course of therapy in any of the mice receiving empty
PBCA nanoparticles (Fig. 8(B)).

Because poly(alkyl)cyanoacrylates (PACAs) are biocompatible
and biodegradable, butylcyanoacrylate has received FDA approval
for human use (Graf et al., 2009). Degradation products consist of
water and be eliminated in vivo via kidney filtration (Zhang et al.,
1994).

Treatment with curcumin nanoparticles resulted in reduced
tumor size and visible blanching of tumors (Fig. 8). In addition,

epG2 hepatocellular cancer xenograft. (A) The images of HepG2 xenograft-bearing
tumor; changes in body weight of animals (B) and tumor volume (C) as a function
empty PBCA nanoparticles; double dot dashed line: curcumin PBCA nanoparticles.
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Fig. 9. Antiangiogenic effect of curcumin-PBCA nanoparticles in vivo.

xpression of VEGF, as well as COX-2, was decreased in HepG2
umor xenografts (by immunohistochemistry analysis), consistent
ith an antiangiogenic effect (Fig. 9).

. Conclusions

This malignancy is highly resistant to chemotherapy. The
ioavailability of curcumin is, however, poor. The prepared chi-
osan stabilized PBCA nanoparticles can entrap the curcumin
ffectively and circumvent this problem by permitting intravenous
dministration. The results presented in the current study demon-
trate that curcumin nanoparticles and free curcumin are both
o suppress COX-2 and VEGF expression, as well as cell pro-
iferation/survival of hepatocarcinoma carcinoma cells. In vivo,
urcumin nanoparticles inhibit hepatocarcinoma cell growth in
urine xenograft models and these effects are accompanied by a

otent antiangiogenic response. Curcumin possesses both direct
nd indirect anti-angiogenic activity both in vitro and in vivo.
herefore, curcumin-PBCA nanoparticles provide an opportunity to
xpand the clinical repertoire of this efficacious agent by enabling
eady aqueous dispersion.
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