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Abstract

The rate of lung cancer incidence is alarmingly
mounting, despite the decline of smoking and tobacco
consumption. Recent reports indicate a very high cor-
relation between the growing fast food culture and lung
cancer incidence. Benzo[a]pyrene (B[a]P) is a potent
carcinogen abundantly present in grilled and deep-fried
food and in tobacco smoke. Our previous studies have
proved the efficacy of curcumin in curbing B[a]P-
induced lung carcinogenesis. However, the poor phar-
macokinetic profile of the compound considerably
hampers its potential as an effective chemopreventive.
This study was intended to evaluate whether encapsu-
lation of curcumin in chitosan nanoparticles can
improve the cellular uptake and prolong the tissue
retentionof curcumin yieldingbetter chemoprevention.
The curcumin-loaded chitosan nanoparticles (chitosan
nanocurcumin) exhibited a size of 170–200 nm in
transmission electron microscopy. In vitro drug release

studies showed sustained release of curcumin over a
period of approximately 180 hours and excellent intra-
cellular uptake and cytotoxicity in lung cancer cells.
Bioavailability studies using healthy Swiss albino mice
demonstrated drastic enhancement in lung localization
of chitosan nanocurcumin compared with free curcu-
min. Toxicologic evaluationusing chronic toxicitymod-
el in Swiss albino mice confirmed the pharmacologic
safety of the formulation. Moreover, the formulation,
even at a dose equivalent to one fourth that of free
curcumin, exhibits better efficacy in reducing tumor
incidence and multiplicity than free curcumin, thereby
hampering development of B[a]P-induced lung adeno-
carcinomas in Swiss albino mice. Hence, our study
underscores the supremacy of the formulation over
free curcumin and establishes it as a potential chemo-
preventive and oral supplement against environmental
carcinogenesis.

Introduction
Lung cancer is the leading cause of cancer-associated

mortality world-wide (1). The incidence of lung cancer has
always been attributed to the consumption of tobacco and

cigarette smoking (2) and hence, the awareness programs
were only focusing on cessation of smoking and consump-
tion of tobacco (3). However, the epidemiologic data
indicate that the rate of incidence of lung cancer is increas-
ing despite the low prevalence of smoking or tobacco
consumption (4). Several population studies have shown
that the recently evolving fast food culture has a very high
correlation with cancer incidence, especially that of colon
and lung (5).
Benzo[a]pyrene or B[a]P is a polycyclic aromatic hydro-

carbonpresent in deep fried and grilled food (6, 7). It is one
of the most potent carcinogens present in tobacco smoke
and is a potent embryotoxin and teratogen (8). Studies
over the past several years indicate that the amount of B[a]P
is dangerously high in deep-fried food, a major attraction
in the growing fast food culture. A recent study shows that
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deep-frying methods can generate 10.9 times more B[a]P
comparedwith normal cooking (9). Being both a local and
a systemic carcinogen, exposure toB[a]Phas been shown to
induce cancer, irrespective of the route of administra-
tion (10, 11). It increases generation of mitochondrial
superoxide and expression of genes such as Nrf2, UCP2,
and TNF-a, which are directly associated to oxidative stress
and inflammation (12).
B[a]P, being a potent carcinogen associated with food,

chemoprevention of lung cancer using dietary phytochem-
icals will be an interesting attempt to curtail the prevalence
of lung cancer in susceptible population. Chemopreven-
tion is the process of preventing thedevelopment of cancer,
by blocking one or more stages of carcinogenesis using
nontoxic, natural, or chemical compounds (13, 14).
Curcumin is a chemopreventive agent, which possesses
multifaceted potentials to prevent cancer progression (15).
There are several studies demonstrating the efficacy of
curcumin in preventing cancer progression induced by
protumorigenic agents and environmental muta-
gens (16, 17). Several reports, including those from our
laboratory, have shown the chemopreventive efficacy of
curcumin against lung cancer (17, 18). Although there are
ample reports highlighting the anticancer potential of
curcumin, the major hindrance in employing it for cancer
therapy and prevention, stems from its poor aqueous
solubility and bioavailability (19).
Nanoparticle-mediated delivery of curcumin has been

shown to improve its pharmacokinetic profile, thereby
improving its chemotherapeutic potential (19–22). Vari-
ous nanodrug delivery vehicles being employed for curcu-
min delivery include: poly(lactic-co-glycolic acid) (PLGA;
ref. 22), poly (lactide)-vitamin ETPGS copolymer, alginate
nanoparticles (23), soy protein nanoparticles (24),
poly (vinyl pyrrolidone) conjugate micelle (25), and
a-cyclodextrin derivatives (26). Besides the nature of the
drug, the choice of material relies largely on its physico-
chemical properties and route of administration (27).
Recent studies from our group have shown that encapsu-
lation of curcumin in PLGA-PEG nanoparticles can greatly
improve its aqueous dispersion andbioavailability leading
to tremendous augmentation of its therapeutic and che-
mosensitizing efficacy (22, 28). However, PLGA being very
costly, usage of this particle as a drug delivery vehicle for
long time use, as in the case of chemoprevention, is not
economically feasible. Hence, in this study, we selected
chitosan, a more economic and biocompatible nanocar-
rier, which can also be administered orally in a susceptible
population.Moreover, being amucoadhesive, chitosan is a
better nanocarrier of curcumin for chemoprevention, com-
paredwith other types of nanocarriers (29, 30). Chitosan is
a linear polysaccharide produced by the deacetylation of
chitin, which is the structural element in the exoskeleton of
crustaceans (such as crabs and shrimp). Chitosan and its
chemically modified variations such as carboxymethyl

chitosan are well-explored nanocarriers (31–34) because
of their biodegradable and biocompatible nature, and
ability to encapsulate hydrophobic drugs (35).
In this study, we synthesized and characterized chitosan

nanoparticles loaded with curcumin by ionic gelation
method using tripolyphosphate (TPP) as a cross-linker.
We hypothesized that curcumin encapsulated in chitosan
nanoparticles may exhibit better bioavailability and tissue
retention than free curcumin, so that it may act as a better
chemopreventive. To validate this hypothesis, we
employed B[a]P-induced lung carcinogenesis model using
Swiss albinomice.Our study demonstrated that curcumin-
loaded chitosan nanoparticles (chitosan nanocurcumin)
exhibited better chemopreventing efficacy compared with
that of free curcumin.

Materials and Methods
Cells
Lung cancer cell line, H1299 was a kind gift from

Dr. Bharat Aggarwal (MD Anderson Cancer Centre,
Huston, TX) and was cultured under standard culture
conditions.

Materials
Chitosan, TPP, DMSO, acetone, curcumin, diami-

nobenzidine, and horseradish peroxidase (HRP)-
conjugated secondary antibodies were purchased from
Sigma-Aldrich. MTT ([3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide]) was purchased from
Calbiochem. DAPI (40, 6-Diamidino-2-phenylindole
dihydrochloride) and antibodies against p65, PCNA,
and pERK were purchased from Santa Cruz Biotechnol-
ogy. Super Sensitive Polymer-HRP IHC Detection
System and Mouse-on-Mouse Iso-IHC Kit were pur-
chased from Biogenex. DMEM and streptomycin sul-
phate were purchased from Invitrogen Corporation. All
other reagents were procured from Sigma-Aldrich,
unless otherwise mentioned. All solvents used in this
study were of analytical grade.

Preparation and characterization of curcumin-loaded
chitosan nanoparticles
Chitosan nanocurcumin and blank chitosan nanoparti-

cles were formulated as reported earlier (36). Chitosan
(500 mg) was dissolved in 2% v/v acetic acid solution (50
mL) and mixed with curcumin in ethanol (1 mg/mL). TPP
solution (15 mL, 1% w/v) was added to it drop by drop,
under constant magnetic stirring. The solution was then
stirred for further 1 hour and centrifuged at 10,000 rpm for
30 minutes. The pellet obtained was resuspended in water
and further lyophilized to obtain curcumin-entrapped
chitosan nanoparticles. The same protocol was followed
for blank nanoparticles with no addition of curcumin.
The size and morphology of nanoparticles formed were
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analyzed using transmission electron microscopy (TEM).
The nanoparticle suspension was diluted in Milli-Q
(Millipore Corporation) water at 25�C and drop-casted
onto formvar-coated grids and analyzed using TEM
(JEOL 1011).

Administration of curcumin
For all in vitro studies, chitosan nanocurcumin was

dispersed in aqueous media and free curcumin was
dissolved in DMSO. For in vivo studies, both chitosan
nanocurcumin and free curcuminwere administered orally
in autoclaved water and corn oil, respectively.

Differential scanning calorimetry analysis of chitosan
nanoparticles
Differential scanning calorimetry (DSC) was done to

analyze the thermal behavior of the blank chitosan nano-
particles and chitosan nanocurcumin. DSC thermograms
obtained were analyzed using an automatic Thermal
Analyzer System (Pyres 6 DSC, PerkinElmer). Samples
were placed in standard aluminum pans and heated from
20�C to 250�C at a rate of 10�C/minute under constant
purging of N2 at 10 mL/minute. An empty pan, sealed in
the sameway as that of the sample, was used as a reference.

In vitro release kinetics of curcumin from chitosan
nanoparticles
A known amount of chitosan nanocurcumin was

dispersed in 10 mL PBS (pH 7.4) and kept in a shaking
incubator at 37 � 0.5�C. A constant volume of PBS was
withdrawn at different time intervals, which was later
replaced with the same volume of fresh buffer, tomaintain
total volume. The amount of curcumin released from
the nanoparticles was measured using ultra violet spectro-
photometer (PerkinElmer) at 420 nm.

Cell uptake studies
Cellular uptake of free curcumin and chitosan nanocur-

cumin in H1299 cells was assessed using confocal micros-
copy. Briefly, 2�104 cells were grownon cover slips placed
in 24-well plates and treated with free curcumin dissolved
in DMSO (25 mM) or chitosan nanocurcumin (25 mM),
or their corresponding blanks. After 2 hours, the cells were
washed with PBS and fixed using 4% paraformaldehyde.
The nuclei were stained using DAPI for 5 minutes and
mounted using DPX to detect intracellular fluorescence of
curcumin using confocal laser-scanning microscope in the
FITC channel (488 nm).

MTT assay
MTT assay was used for assessing the viability of cells

treated with chitosan nanocurcumin. Briefly, 3 � 103 cells
were treated with different concentrations of curcumin
dissolved in DMSO (5–50 mM) or chitosan nanocurcumin
(5–50mM), or their corresponding blanks for 72hours. The
media was then removed and MTT working solution was

added and incubated for 2 hours. The formazan crystals
were lysed by adding lysis buffer for 1 hour, and the optical
densities were measured at 570 nm. The relative cell
viabilities in percentage were calculated as mentioned
elsewhere (37).

Clonogenic assay
Clonogenic assay was performed to compare the antic-

lonogenic potential of free curcumin or chitosan nanocur-
cumin, or blank chitosan nanoparticles. Briefly, approxi-
mately 3 � 103 cells were seeded in 12-well plates, and
treated with the respective samples for 72 hours. Later,
fresh medium was added and incubated for 1 week. The
clones developed were fixed with glutaraldehyde and
stained using crystal violet. The clones were then
viewed under microscope (Leica DM 1000) and were
photographed.

Toxicity studies
Because the biological safety of curcumin has already

been established by several groups (17), we focused on
evaluating whether chitosan nanoparticles cause any
chronic toxicity on long term use. For toxicity evaluation,
we selected the dose, which we used for the chemopreven-
tive study (0.5% diet). Chronic toxicity of chitosan
nanoparticles was conducted in healthy Swiss albino mice
after obtaining the approval from Institutional Animal
Ethics Committee (Reference number: IAEC/224/RUBY/
2013). The animalswere divided in to twogroupsof 5 each.
Animals of group I were given corn oil before normal diet
on alternative days and group II mice were fed with 0.5%
dosage of void nanoparticles on alternative days for
4 months. All the mice were sacrificed at the end of
the experiment and serum was isolated for biochemical
analysis of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), and alkaline phosphatase
(ALP), and liver was isolated for histopathologic verifi-
cation. After sacrificing the animals using CO2 euthana-
sia, the liver tissues, which were isolated from mice
(toxicity model) were fixed in 4% paraformaldehyde
and were transferred to 30% sucrose solution, until the
tissues sank. The tissues were then cryo-sectioned after
embedding in optimum cutting temperature formula-
tion (OCT). Sections of 7 mm thickness were obtained
using Leica CM 1850 UV cryostat on to a gelatin-coated
micro-slide and were kept in �80�C until further anal-
yses. The tissue sections were then used for hematoxylin
and eosin (H&E) staining.

In vivo bioavailability studies
In vivo bioavailability of curcumin loaded in chitosan

nanoparticles in mouse lung tissues was analyzed using
confocal microscopy. Aqueous suspension of chitosan
nanocurcumin or free curcumin dissolved in corn oil
(both 25 mg/kg) was administered orally to Swiss albino
mice. Control group was given blank nanoparticles.
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The animals were euthanized using CO2 after the desired
time interval and lung tissues were collected. The tissue
sections were stained using DAPI and mounted using
fluoromount. The fluorescence of curcumin was visualized
and images were captured using Nikon A1R confocal
microscope at FITC channel (488 nm) and images were
analyzed using NIS elements software.

Evaluation of the chemopreventive efficacy of chitosan
nanocurcumin or free curcumin formulations in
B[a]P-induced lung carcinogenesis
The efficacy of different formulations of curcumin in

downregulating B[a]P-induced lung carcinogenesis was
assessed in male Swiss albino mice after obtaining the
approval from Institutional Animal Ethics Committee
(IAEC/171/RUBY/2012). Briefly, the animals were divided
into five groups (n ¼ 15). The control animals (group I)
received corn oil. Group II animals were given void chit-
osan nanoparticles (0.5% of diet) dissolved in aqueous
media, for 16 weeks. Group III animals received B[a]P
(50mg/kg) dissolved in corn oil, twice weekly, for a period
of 4 weeks as oral gavage. Group IV animals were given
B[a]P (50 mg/kg) dissolved in corn oil, twice weekly, for a
period of 4 weeks along with free curcumin (2.0% of diet),
on alternate days for a periodof 16weeks.GroupVanimals
were given B[a]P (50 mg/kg) dissolved in corn oil, twice
weekly, for a period of 4 weeks along with chitosan
nanocurcumin (0.5% of diet; one fourth the dose of free
curcumin) onalternate days for a periodof 16weeks. As the
experiment was intended to study the chemopreventive
efficacy of curcumin, both free curcumin and chitosan
nanocurcumin administration was started 1 week prior to
B[a]P treatment. Tumor samples were taken andwashed in
ice cold PBS, and were fixed using 4% paraformaldehyde.
After processing with 30% sucrose, the tissues were cryo-
sectioned using Leica CM 1850 UV cryostat. The tissue
sections were used for histopathology using H&E staining
and IHC using standard protocols.

IHC of lung tissue sections
Immuno-localization of specific proteins in the lung

tissue sections was done using the Mouse-on-Mouse
Iso-IHC Kit (Biogenex). Paraformaldehyde-fixed OCT-
embedded tissue sections that were kept at �80�C were
brought to room temperature. They were then kept in PBS
or PBS-T (PBS with 0.1% Tween-20) for 15 minutes.
Antigen retrieval was done using heat-induced antigen
retrieval method using citrate buffer. Nonspecific anti-
body-binding sites on tissue sections were blocked by
appropriate reagents supplied with the kit. The primary
antibody prediluted in 5%BSAwas added enough to cover
the sections and were incubated for 12 hours at 4�C. The
unbound primary antibody was washed off with PBS-T.
The sections were then covered with streptavidin–horse-
radish peroxidase conjugate, incubated for 20 minutes at

room temperature, and rinsed with PBS-T. Immunostain-
ing was visualized using diaminobenzidine chromogen,
counterstained with Mayer hematoxylin, and the sections
were mounted using SuperMount mounting medium.
Photomicrographs were captured using a Leica DM 1000
microscope.

Results
Synthesis and characterization of chitosan
nanocurcumin
Chitosan nanocurcumin was prepared by ionic gela-

tion method using TPP as a cross-linker. TEM analysis
revealed that the size of the particles ranges between
170 nm and 200 nm (Fig. 1A). The thermal stability of
nanoparticles was assessed by DSC analysis, the result of
which is shown in Fig. 1B. Cross-linked chitosan shows
an endothermic peak at 68�C and curcumin-entrapped
chitosan nanoparticles shows the disappearance of endo-
thermic peak of curcumin indicating that the drug is
uniformly dispersed at the molecular level in the poly-
meric matrix. The in vitro release kinetics had shown a
sustained and controlled release of curcumin from the
nanoparticles (Fig. 1C). An initial release of approxi-
mately 12% was shown within 4 hours and approxi-
mately 29% within 24 hours, which is indicative of slow
and sustained release of curcumin. After 5 days, curcu-
min release from the nanoparticles became stable and
attained a plateau phase.

Curcumin loaded in chitosan nanoparticles exhibited
better intracellular uptake of curcumin and cytotoxicity
compared with that of free curcumin
Intracellular uptake of aqueous dispersible, chitosan

nanocurcumin was compared with that of free curcumin
dissolved in DMSO, in the lung cancer cell line, H1299. As
clearly visible in the confocal images (Fig. 2A), the aqueous
dispersible, chitosan nanocurcumin (25 mM) was readily
taken up by the cells and the intracellular fluorescence was
much higher comparedwith that of free curcumin (25 mM)
for a period of 2 hours. The enhanced fluorescence can be
attributed to the positive charge of chitosan nanoparticles,
which aids in better cell interaction with the negatively
charged cell membrane and hence better cellular uptake
and curcumin localization (31).
We analyzed the cytotoxic effect of chitosan nanocur-

cumin with that of free curcumin in H1299 cells using
MTT assay (Fig. 2B). Void nanoparticles of chitosan were
kept as control. Although both free curcumin and chit-
osan nanocurcumin caused significant cytotoxicity in a
concentration-dependent manner, the effect produced
by that of chitosan nanocurcumin was slightly better.
However, it should be noted that chitosan nanocurcu-
min was administered as aqueous suspension, whereas
free curcumin was dissolved in DMSO, which is not an
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advisable solvent for in vivo studies. Furthermore, chit-
osan nanocurcumin also inhibited the clonogenic poten-
tial of H1299 cells in a dose-dependent manner
(Fig. 2C). Here we noted a significant difference in
the anticlonogenic potential of free curcumin and chit-
osan nanocurcumin, although the cytotoxicity results
of both were just comparable at 25 mM (44% and
57%). The inhibition in clonogenicity produced by
10 mM nanocurcumin (83%) is considerably higher than
that produced by the same amount of free curcumin
(55%; Fig. 2D) and the percentage difference in cytotox-
icity produced by both forms of curcumin, as assessed by
MTT assay (72 hours exposure) is much less compared
with that assessed by clonogenic assay, although the
incubation time with the drug is 72 hours in both the
experiments, indicating that chitosan nanoparticles,
which were internalized by the cells release the encap-
sulated curcumin very slowly, so that curcumin is avail-
able to the cells for 7 more days to produce better
efficacy.

Chitosan nanoparticles was found to be
pharmacologically safe as assessed by in vivo toxicologic
studies
To evaluate the biological safety of chitosan nanopar-

ticles, chronic toxicity study was conducted in Swiss
albino mice. Briefly, the animals were divided into two
groups of 5 each. Animals of group I were given corn oil
in normal diet on alternative days and those of group II
were fed with 0.5% dosage of void nanoparticles in water
on alternative days for 4 months. All the mice were
sacrificed at the end of the experiment, and serum and
liver were isolated for biochemical and histopathologic
analysis, respectively. The serum levels of the enzymes,
ALT, AST, and ALP, elevation which are indicative of
drug-induced liver damage, were well within the normal
range, in the animals treated with chitosan nanoparti-
cles, confirming the pharmacologic safety of the particles
(Fig. 3A). Histopathologic verification of the liver sec-
tions also illustrated the biocompatibility of chitosan
nanoparticles (Fig. 3B).

Figure 1.

Physicochemical characterization of chitosan nanocurcumin. A, TEM image of chitosan nanocurcumin. B, DSC analysis of chitosan nanocurcumin and chitosan
nanoparticles. C, In vitro release of curcumin from chitosan nanocurcumin.
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Chitosan nanocurcumin exhibited enhanced lung
localization compared with free curcumin
We evaluated and compared the lung localization

capacity of curcumin when administered orally as aque-
ous suspension of chitosan nanocurcumin and as free
curcumin in corn oil (equivalent to 25 mg/kg curcumin),
by collecting the lungs after 1 or 2 hours. The lung
sections were stained with DAPI and observed under
confocal laser-scanning microscope. It was interesting to

see that, curcumin retention in the lungs of mice fed with
chitosan nanocurcumin was much better than that fed
with free curcumin. Moreover, the fluorescence of cur-
cumin in the lung tissues of mice fed with chitosan
nanocurcumin increased from 1 to 2 hours, while in
mice fed with free curcumin, only feeble fluorescence of
curcumin could be recorded, which decreased over a
period of time, and almost completely faded by 2 hours
(Fig. 4A and B).

Figure 2.

Intracellular uptake and cytotoxicity of chitosan nanocurcumin. A, H1299 cells were incubated with free curcumin and chitosan nanocurcumin (equivalent to
25 mmol/L curcumin) for 4 hours and images were captured using confocal laser scanning microscopy. B, Cell viability of H1299 cells treated with varying
concentrations of free curcumin/chitosan nanocurcumin/blank formulations for 72 hours and MTT assay was performed. ODwas measured at 570 nm and
relative cell viabilities were plotted. C, Chitosan nanocurcumin inhibits the clonogenic potential of H1299 cells more efficiently than free curcumin. H1299 cells
were treated with different formulations of curcumin as indicated, for 72 hours and clonogenic assay was performed. D,Graph comparing the efficacy of chitosan
nanocurcumin and free curcumin using MTT and clonogenic assays.
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Chitosan nanocurcumin is more potent than free
curcumin in reducing B[a]P-induced lung
carcinogenesis in Swiss albino mice
The chemopreventive potential of chitosan nanocurcu-

min against B[a]P-induced lung carcinogenesis was eval-
uated in Swiss albino mice. The schematic representation
of the experimental pattern is given in Fig. 5A. Because the

study was intended to evaluate the chemopreventive
potential of chitosan nanocurcumin/curcumin, both
forms of curcuminwere administered 1week prior to B[a]P
treatment, on alternative days, and continued for up to 4
months. Free curcumin was administered as 2.0% of diet
and chitosan nanocurcumin was administered as 0.5% of
diet orally as gavage. B[a]P was dissolved in corn oil and
administered orally as gavage, twice weekly for a period of
1month. After the treatment period, the lungswere excised
to visualize the nodules formed. There were no nodules
developed in the control and blank groups, as expected.
Thenumber of nodules in the lungs of B[a]P-treated groups
were compared with that of groups treated with B[a]P and
free curcumin or chitosan nanocurcumin. While 73% of
mice, whichwere given only B[a]P-developed lung tumors,
57% of mice treated with free curcumin and 35% of mice
treated with chitosan nanocurcumin, along with B[a]P,
developed lung tumors. As indicated by the arrows, the
number of nodules in the B[a]P-treated group (29.4) were
significantly high compared with that of treatment groups.
Interestingly, the average number of nodules per mice in
chitosan nanocurcumin–treated group (8.4) was found to
be significantly less compared with that of free curcumin–
treated group (15.6; Table 1). While free curcumin pro-
duced 22% reduction in tumor incidence and 46.8%
reduction in tumor multiplicity, one fourth the dose of
chitosan nanocurcumin produced 52% reduction in
tumor incidence and 71.4% reduction in tumor multiplic-
ity compared with the group administered with B[a]P
only (Table 1.) This reduction in number of nodules in
chitosan nanocurcumin–treated group may be attributed
to the increased bioavailability of curcumin to the lungs.
It was really exciting to note that even one fourth the
dose of chitosan nanocurcumin exhibited better efficacy
than free curcumin in inhibiting B[a]P-induced lung

Figure 3.

Chitosan nanoparticles do not induce liver toxicity in mice. Biochemical and
histopathologic analyses of serum and liver sections of mice injected with
chitosan nanoparticles biochemical analysis (A) and histopathology (B).

Figure 4.

Bioavailability of curcumin/chitosan nanocurcumin in lungs. Confocal microscopy images showing curcumin fluorescence in the lung tissue sections of mice,
which were orally administered with free curcumin or chitosan nanocurcumin for different time durations 1 hours (A) and 2 hours (B).
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carcinogenesis. Figure 5B shows the representative images
of lungs of animals from various treatment groups. The
nodules developed on the lungs were confirmed as ade-
nocarcinomas histopathologically, by H&E staining. The
nodules show typical features of adenocarcinoma; size
larger than 5 mm, atypia in cells and occasional mitoses

with infiltrative borders. Histopathologic comparison of
the lung tissue sections from different groups illustrates
better reduction in the number of mitoses, size of nodules,
and better differentiation of tumor cells in the group
treated with chitosan nanocurcumin confirming the
enhancement in chemoprevention, compared with free
curcumin (Fig. 5C), which may be further attributed to
the enhanced tissue retention and lung localization of
chitosan nanocurcumin (Fig. 4), which in turn may be
responsible for its enhanced bioavailability.

Chitosan encapsulation enhances the efficacy of
curcumin in preventing B[a]P-induced upregulation of
survival signals in lung cancer tissues
The improved efficacy of chitosan nanocurcumin inhi-

biting the cell proliferation in B[a]P-induced lung cancer,
was examined by comparing the expression level of pro-
liferating cell nuclear antigen (PCNA) in the lung tissue
sections from different groups of mice. PCNA is a crucial
player in DNA replication of eukaryotes and it's overex-
pression is a marker of tumor progression (38). IHC

Figure 5.

In vivo chemoprevention studies. A, Schematic representation of chemoprevention study using curcumin chitosan nanoparticles in B[a]P-induced lung
carcinogenesis model. B, Curcumin or chitosan nanocurcumin inhibits B[a]P-induced lung carcinogenesis. Representative images of lungs from different
treatment groups. C, H&E staining of lung tissue sections from various treatment groups.

Table 1. Comparative analysis of tumor incidence in various treatment groups

Tumor incidence
Tumor multiplicity

Group (N ¼ 15)
%
Incidence

%
Reduction

Average
number of
tumors/mice

%
Reduction

Control NA NA NA NA
Chitosan blank NA NA NA NA
B[a]P 73.3 NA 29.36 � 3.4 NA
B[a]Pþ Free curcumin
(2% diet)

57% 22% 15.62 � 3.6 46.8%

B[a]Pþ Chitosan
nanocurcumin (0.5%
diet)

37.5% 52% 8.4 � 1.5 71.4%

NOTE: Table showing tumor incidence and tumor multiplicity. The percentage
reduction was calculated taking B[a]P group as positive control. One fourth the
dose of chitosan nanocurcumin downregulates B[a]P-induced lung tumorigen-
esis more efficiently than free curcumin.
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analysis revealed that, B[a]P induces overexpression of
PCNA in the lung tissue. Treatment of both free and
chitosan nanocurcumin efficiently reduced B[a]P-induced
overexpression of PCNA, where chitosan nanocurcumin
produced considerably better reduction compared with
free curcumin (Fig. 6A). It is a well-known fact that curcu-
min can considerably downregulate the activation of the
transcription factor, NFkB (39). Intracellular localization
of the NFkB subunit, p65, is an indicator of NFkB activa-
tion. As expected, IHC analysis of the normal lung tissue
sections from control group and void blank group showed
p65 positivity in the cytoplasm whereas, the group treated
with B[a]P alone exhibited strong expression of p65 in the
nuclei. It is very evident from Fig. 6B that chitosan nano-
curcumin is more efficient in inhibiting B[a]P-induced
nuclear translocation of p65, than free curcumin. The
phosphorylation of ERK, which belongs to MAPKs family
of proteins offers immense survival advantage to the cancer
cells, and has been reported as a critical player in lung
carcinogenesis and progression (39). As observed in the
case of NFkB, B[a]P-induced phosphorylation of ERK in
the lung tissues is efficiently downregulated by curcumin
and the extent of downregulation brought about by chit-
osannanocurcumin is extensively high comparedwith that
by free curcumin (Fig. 6C).Taken together, the results of
this study clearly demonstrate that, encapsulation of cur-
cumin in chitosan nanoparticles extensively enhances its
efficacy as a chemopreventive, probably due to the
enhanced cellular uptake and tissue retention of curcumin
in vivo, thereby enhancing its availability at the target site,
for chemopreventive action.

Discussion
Studies indicate that despite the decline of tobacco use,

lung cancer incidence is alarmingly rising world-wide,
presumably due to the consumption of deep-fried food,
which contains B[a]P, one of themajor carcinogens present
in cigarette smoke. Ample evidences are available regarding
the carcinogenic potential of B[a]P (8). B[a]P can cause
oxidative stress due to reactive oxygen species generation,
which can further generate DNA mutations and genome
instability (12). Oxidative stress can also induce cell sur-
vival, proliferation, angiogenesis, and metastasis (40).
Several studies have shown that the consumption of poly-
phenol-rich fruits and vegetables can prevent cancer (41,
42) due to their antioxidant and anti-inflammatory prop-
erties (43). We have published a review, which has com-
piled several studies on the mechanistic evaluation of the
therapeutic efficacy of various phytochemicals (44). There
are ample evidences regarding the in vitro antitumor effi-
cacy of curcumin, a dietary polyphenol isolated from
Curcuma longa (45, 46). Being a pharmacologically non-
toxic molecule, the chemotherapeutic potential of curcu-
min seems attractive. However, the efficacy of this mole-
cule is hindered by its poor solubility in water, rapid
intestinal metabolism, and short half-life in the circulation
making its bioavailability below the threshold level. Com-
mendable efforts have been made to overcome these
limitations of curcumin, to exploit its anticancer benefits,
among which, nanoencapsulation is one of the most
promising approaches (47–49). Even though, nanoencap-
sulation of curcumin is found very effective, its translation

Figure 6.

Downregulation of B[a]P-induced survival and proliferative signals by curcumin/chitosan nanocurcumin: IHC staining of the proliferation marker PCNA (A),
NFkB subunit p65 (B), and phosphorylated ERK (p-ERK; C) in the lung tissues of mice in different treatment groups.
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into clinics is largely affected by the cost-associated burden
involved in the large scale production. It is against this back-
drop of issues that the properties of chitosan nanoparticle
assume significance, with its enhanced cost effectiveness,
low toxicity, and enhanced biodegradability (50). More-
over, it can be well suited for oral administration due to its
mucoadhesive property, which renders a higher resident
time, which in turn enables a better cellular uptake (51).
Similarly, the positive charge of chitosan causes its

selective attachment on tumor surfaces (52). The ob-
served slow release kinetics of curcumin from curcumin-
entrapped chitosan nanoparticles suggests that, it can be
used as an effective drug delivery system for sustained
and controlled release of curcumin. According to the
cell viability data obtained in this study, void chitosan
nanoparticles used for delivering even double the
amount of IC50 concentration of curcumin did not
exhibit any antiproliferative effect authenticating its non-
toxic nature. Moreover, chronic toxicity studies con-
ducted in mouse model attest the pharmacologically
safety of these nanoparticles. Results of cytotoxicity and
clonogenicity assays conducted in lung cancer cells con-
firmed the supremacy of chitosan encapsulation. This
may be due to the enhanced uptake of chitosan nano-
curcumin enabled by the positive charge of chitosan.
Corroborating this hypothesis, significant amount of
chitosan nanocurcumin was localized in the lungs upon
oral administration. The significance of using B[a]P to
induce carcinogenesis in Swiss albino mice is worth
mentioning. B[a]P has a strong ability to induce tumor-
igenesis in animal models. As reported earlier, a concen-
tration of 50 mg/kg body weight could induce lung
tumor in Swiss albino mice (53). Moreover, B[a]P, is a
poly aromatic hydrocarbon present in cigarette smoke,
grilled food, and fuel combust and is considered as an
environmental factor causing lung cancer. B[a]P-induced
carcinogenesis model may, to a certain extent, mimic
the actual scenario of lung carcinogenesis. The chemo-
preventive efficacy of curcumin against B[a]P is attribut-
ed to its ability to induce antioxidant and phase II–
metabolizing enzymes, which have key protective roles
against chemical carcinogenesis and the associated
toxicity (54).
Khan and colleagues, have demonstrated that B[a]P

administration induces NFkB activation in mice (55). At
the molecular level, chitosan nanocurcumin caused signif-
icant inhibition of B[a]P-induced upregulation and acti-
vation of various prosurvival signals such as PCNA,
ERK1/2, and NF-kB in the lung tissues of Swiss albino
mice. Chitosan encapsulation, as shown in the results,
permits only a slow release of curcumin, which might
cause its prolonged retention in tissues. It is safe to assume
that chitosan, with such appropriate releasing kinetics,
along with its above-mentioned mucoadhesive and
charge-based tumor affinity properties, renders the curcu-

min encapsulated in it efficacious in inhibiting the
prosurvival signals induced by B[a]P, eventually blocking
tumorigenesis. Moreover, it was very exciting to see that,
even one fourth of chitosan nanocurcumin (0.5% of
diet) exhibited better efficacy than free curcumin (2.0%
of diet) in inhibiting the B[a]P-induced lung carcinogen-
esis. Free curcumin might have undergone fast clearance
from circulation as indicated by less curcumin fluorescence
in lung tissue sections. Even though this study has selected
B[a]P-induced lung carcinogenesis as the model system,
curcumin being a universal chemopreventive against can-
cers induced by various carcinogens, administration of
chitosan nanocurcumin as a food supplementmay prevent
almost all types of environmental carcinogenesis. Taken
together, the results of this study demonstrate that chitosan
nanocurcumin as an oral chemopreventive against envi-
ronmental carcinogenesis.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: V. Vijayakurup, V.B. Liju, R.J. Anto
Development of methodology: A.T. Thulasidasan, R.J. Anto
Acquisition of data (provided animals, acquired and managed
patients, provided facilities, etc.): V. Vijayakurup, A.T. Thulasidasan,
M. Shankar G, A.P. Retnakumari, C.D. Nandan, J. Somaraj, J. Antony,
B.S. Vinod
Analysis and interpretation of data (e.g., statistical analysis,
biostatistics, computational analysis): V. Vijayakurup, V.V. Alex,
V.B. Liju, R.J. Anto
Writing, review, and/or revision of the manuscript: V. Vijayakurup,
A.P. Retnakumari, V.V. Alex, V.B. Liju, R.J. Anto
Administrative, technical, or material support (i.e., reporting
or organizing data, constructing databases): A.T. Thulasidasan,
J. Antony, V.B. Liju
Study supervision: R.J. Anto
Other (synthesis of chitosan nanocurcumin): J. Somaraj, G.S.V. Kumar
Other (performed histopathology): S. Sundaram

Acknowledgments
Thisworkwas supported byDepartment of Science and Technology,

Governmentof India (grantno: SR/SO/HS–0098/2012), dated30/05/
2013 ("Comparison of the chemopreventive efficacy of free curcumin
and biodegradable polymer based nanocurcumin in Benzo[a] pyrene–
induced lung carcinogenesis"). J. Antony acknowledges Department
of Science and Technology for providing Senior Research Fellowship.
V. Vijayakurup and A.T. Thulasidasan acknowledges Council of
Scientific and Industrial Research, Government of India for providing
Research Associateship and Senior Research Fellowship, respectively.
A.P. Retnakumari acknowledges SERB-NPDF (SERB-NPDF PDF/2016/
000076) for providing financial support.

The costs of publication of this article were defrayed in part by the
payment of page charges. This articlemust therefore be herebymarked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

Received November 9, 2018; revised January 8, 2019; accepted
February 8, 2019; published first February 13, 2019.

Vijayakurup et al.

Cancer Prev Res; 12(4) April 2019 Cancer Prevention Research234

Research. 
on April 2, 2019. © 2019 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2019; DOI: 10.1158/1940-6207.CAPR-18-0437 

http://cancerpreventionresearch.aacrjournals.org/


References
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A.

Global cancer statistics 2018: GLOBOCAN estimates of incidence
and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin 2018;68:394–424.

2. Cruz CSD, Tanoue LT, Matthay RA. Lung cancer: epidemiology,
etiology, and prevention. Clin Chest Med 2011;32:605–44.

3. Greenberg A, Tsay J-C, Tchou-Wong K-M, Jorgensen A,
Rom W. Chemoprevention of lung cancer: prospects and
disappointments in human clinical trials. Cancers 2013;5:
131–48.

4. Khan N, Afaq F, Mukhtar H. Lifestyle as risk factor for cancer:
evidence from human studies. Cancer Lett 2010;293:133–43.

5. Phillips DH. Polycyclic aromatic hydrocarbons in the diet.
Mutat Res 1999;443:139–47.

6. Kazerouni N, Sinha R, Hsu C-H, Greenberg A, Rothman N.
Analysis of 200 food items for benzo[a]pyrene and estimation
of its intake in an epidemiologic study. FoodChemToxicol 2001;
39:423–36.

7. Smith C, Perfetti T, Rumple M, Rodgman A, Doolittle D. "IARC
group 2A carcinogens" reported in cigarette mainstream smoke.
Food Chem Toxicol 2000;38:371–83.

8. Anwer J, Mehrotra N. Teratogenic effects of benzo[a]pyrene in
developing chick embryo. Toxicol Lett 1988;40:195–201.

9. Yao Z, Li J, Wu B, Hao X, Yin Y, Jiang X. Characteristics of PAHs
from deep-frying and frying cooking fumes. Environ Sci Pollut
Res Int 2015;22:16110–20.

10. von Pressentin MdM, Kosinska W, Guttenplan JB. Mutagenesis
induced by oral carcinogens in lacZ mouse (MutaMouse) tongue
and other oral tissues. Carcinogenesis 1999;20:2167–70.

11. WijnhovenSW,KoolHJ, VanOostromCT, BeemsRB,Mullenders
LH, van Zeeland AA, et al. The relationship between ben-
zo[a]pyrene-induced mutagenesis and carcinogenesis in repair-
deficient cockayne syndrome group B mice. Cancer Res 2000;60:
5681–7.

12. OmidianK,RafieiH, BandyB. Polyphenol inhibitionofbenzo [a]
pyrene-induced oxidative stress and neoplastic transformation in
an in vitro model of carcinogenesis. Food Chem Toxicol 2017;
106:165–74.

13. Puliyappadamba VT, Cheriyan VT, Thulasidasan AKT, Bava SV,
Vinod BS, Prabhu PR, et al. Nicotine-induced survival signaling
in lung cancer cells is dependent on their p53 status while its
down-regulation by curcumin is independent. Mol Cancer
2010;9:220.

14. Pongrakhananon V, Nimmannit U, Luanpitpong S, Rojanasakul
Y, Chanvorachote P. Curcumin sensitizes non-small cell lung
cancer cell anoikis through reactive oxygen species-mediated Bcl-
2 downregulation. Apoptosis 2010;15:574–85.

15. Sintara K, Thong-Ngam D, Patumraj S, Klaikeaw N. Curcumin
attenuates gastric cancer inducedbyN-methyl-N-nitrosourea and
saturated sodium chloride in rats. J Biomed Biotechnol 2012;
2012:915380.

16. Limtrakul P, Anuchapreeda S, Lipigorngoson S, Dunn FW.
Inhibition of carcinogen induced c-Ha-ras and c-fos proto-
oncogenes expression by dietary curcumin. BMC Cancer 2001;
1:1.

17. Puliyappadamba VT, ThulasidasanAKT, Vijayakurup V, Antony J,
Bava SV, Anwar S, et al. Curcumin inhibits B[a]PDEinduced
procarcinogenic signals in lung cancer cells, and curbs
B[a]Pinduced mutagenesis and lung carcinogenesis. Biofactors
2015;41:431–42.

18. Clark CA, McEachernMD, Shah SH, Rong Y, Rong X, Smelley CL,
et al. Curcumin inhibits carcinogen and nicotine-induced

Mammalian target of rapamycin pathway activation in head and
neck squamous cell carcinoma.Cancer Prev Res 2010;3:1586–95.

19. Mukerjee A, Vishwanatha JK. Formulation, characterization and
evaluation of curcumin-loaded PLGA nanospheres for cancer
therapy. Anticancer Res 2009;29:3867–75.

20. Danafar H, Davaran S, Rostamizadeh K, ValizadehH, Hamidi M.
Biodegradable m-PEG/PCL core-shell micelles: preparation and
characterization as a sustained release formulation for curcumin.
Adv Pharm Bull 2014;4:501–10.

21. Yin HT, Zhang DG,Wu XL, Huang XE, Chen G. In vivo evaluation
of curcumin-loaded nanoparticles in a A549 xenograft mice
model. Asian Pac J Cancer Prev 2013;14:409–12.

22. Thulasidasan AKT, Retnakumari AP, Shankar M, Vijayakurup V,
Anwar S, Thankachan S, et al. Folic acid conjugation improves
the bioavailability and chemosensitizing efficacy of curcumin-
encapsulated PLGA-PEG nanoparticles towards paclitaxel che-
motherapy. Oncotarget 2017;8:107374.

23. Ali Raja M, Liu C, Huang Z. Nanoparticles based on oleate
alginate ester as curcumin delivery system. Curr Drug Deliv
2015;12:613–27.

24. Teng Z, Luo Y, Wang T, Zhang B, Wang Q. Development and
application of nanoparticles synthesized with folic acid conju-
gated soy protein. J Agric Food Chem 2013;61:2556–64.

25. Manju S, Sreenivasan K. Synthesis and characterization of a
cytotoxic cationic polyvinylpyrrolidone–curcumin conjugate.
J Pharm Sci 2011;100:504–11.

26. M Yallapu M, Jaggi M, C Chauhan S. Curcumin nanomedicine:
a road to cancer therapeutics. Curr Pharm Des 2013;19:
1994–2010.

27. Groneberg DA, Giersig M, Welte T, Pison U. Nanoparticle-based
diagnosis and therapy. Curr Drug Targets 2006;7:643–8.

28. Pillai JJ, Thulasidasan AKT, Anto RJ, Devika NC, Ashwanikumar
N, Kumar GV. Curcumin entrapped folic acid conjugated PLGA–
PEG nanoparticles exhibit enhanced anticancer activity by site
specific delivery. RSC Advances 2015;5:25518–24.

29. Sogias IA, Williams AC, Khutoryanskiy VV. Why is chitosan
mucoadhesive? Biomacromolecules 2008;9:1837–42.

30. Ramalingam P, Ko YT. Enhanced oral delivery of curcumin from
N-trimethyl chitosan surface-modified solid lipid nanoparticles:
pharmacokinetic and brain distribution evaluations. Pharm Res
2015;32:389–402.

31. Ma Z, Garrido-Maestu A, Jeong KC. Application, mode of action,
and in vivo activity of chitosan and its micro-and nanoparticles as
antimicrobial agents: a review. Carbohydr Polym 2017;176:
257–65.

32. Zhong S, Zhang H, Liu Y, Wang G, Shi C, Li Z, et al. Folic acid
functionalized reduction-responsivemagnetic chitosannanocap-
sules for targeted delivery and triggered release of drugs.
Carbohydr Polym 2017;168:282–9.

33. Jin Z, Li D, Dai C, Cheng G, Wang X, Zhao K. Response of live
Newcastle disease virus encapsulated in N-2-hydroxypropyl
dimethylethyl ammonium chloride chitosan nanoparticles.
Carbohydr Polym 2017;171:267–80.

34. Mansur AA, Ramanery FP, Oliveira LC, Mansur HS. Carboxy-
methyl chitosan functionalization of Bi2S3 quantum dots:
towards eco-friendly fluorescent core-shell nanoprobes.
Carbohydr Polym 2016;146:455–66.

35. Yang J, Han S, Zheng H, Dong H, Liu J. Preparation and appli-
cation of micro/nanoparticles based on natural polysaccharides.
Carbohydr Polym 2015;123:53–66.

36. Chuah LH, Billa N, Roberts CJ, Burley JC, Manickam S.
Curcumin-containing chitosan nanoparticles as a potential

Chitosan Nanocurcumin: A Potent Lung Cancer Chemopreventive

www.aacrjournals.org Cancer Prev Res; 12(4) April 2019 235

Research. 
on April 2, 2019. © 2019 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2019; DOI: 10.1158/1940-6207.CAPR-18-0437 

http://cancerpreventionresearch.aacrjournals.org/


mucoadhesive delivery system to the colon. Pharm Dev
Technol 2013;18:591–9.

37. Anto RJ, Venkatraman M, Karunagaran D. Inhibition of NF-kB
sensitizes A431 cells to epidermal growth factor-induced
apoptosis, whereas its activation by ectopic expression of RelA
confers resistance. J Biol Chem 2003;278:25490–8.

38. Stoimenov I, Helleday T. PCNA on the crossroad of cancer.
Biochem Soc Trans 2009;37:605–13.

39. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW,
Chang F, et al. Roles of the Raf/MEK/ERK pathway in cell growth,
malignant transformation and drug resistance. Biochim Biophys
Acta 2007;1773:1263–84.

40. Halliwell B. Oxidative stress and cancer: havewemoved forward?
Biochem J 2007;401:1–11.

41. Yang CS, Wang X, Lu G, Picinich SC. Cancer prevention by tea:
animal studies, molecular mechanisms and human relevance.
Nat Rev Cancer 2009;9:429.

42. Zanini S,MarzottoM,Giovinazzo F, Bassi C, Bellavite P. Effects of
dietary components on cancer of the digestive system. Crit Rev
Food Sci Nutr 2015;55:1870–85.

43. Lee KW, Lee HJ. The roles of polyphenols in cancer chemopre-
vention. Biofactors 2006;26:105–21.

44. Vinod BS, Maliekal TT, Anto RJ. Phytochemicals as chemosensi-
tizers: from molecular mechanism to clinical significance.
Antioxid Redox Signal 2013;18:1307–48.

45. Pisano M, Pagnan G, Dettori MA, Cossu S, Caffa I, Sassu I, et al.
Enhanced anti-tumor activity of a new curcumin-related com-
pound against melanoma and neuroblastoma cells. Mol Cancer
2010;9:137.

46. Sreekanth C, Bava S, Sreekumar E, Anto R. Molecular evidences
for the chemosensitizing efficacy of liposomal curcumin in
paclitaxel chemotherapy in mouse models of cervical cancer.
Oncogene 2011;30:3139.

47. Bisht S, Feldmann G, Soni S, Ravi R, Karikar C, Maitra A, et al.
Polymeric nanoparticle-encapsulated curcumin ("nanocurcu-
min"): a novel strategy for human cancer therapy.
J Nanobiotechnology 2007;5:3.

48. Lv L, Shen Y, Liu J, Wang F, Li M, Li M, et al. Enhancing curcumin
anticancer efficacy through di-block copolymer micelle encapsu-
lation. J Biomed Nanotechnol 2014;10:179–93.

49. Yu Y, Zhang X, Qiu L. The anti-tumor efficacy of curcumin when
delivered by size/charge-changing multistage polymeric micelles
based on amphiphilic poly (b-amino ester) derivates. Biomater-
ials 2014;35:3467–79.

50. Liu Z, Jiao Y, Wang Y, Zhou C, Zhang Z. Polysaccharides-based
nanoparticles as drug delivery systems. AdvDrugDeliv Rev 2008;
60:1650–62.

51. Chuah LH, Roberts CJ, Billa N, Abdullah S, Rosli R. Cellular
uptake and anticancer effects of mucoadhesive curcumin-
containing chitosan nanoparticles. Colloids Surf B Biointerfaces
2014;116:228–36.

52. Ghaz-Jahanian MA, Abbaspour-Aghdam F, Anarjan N, Berenjian
A, Jafarizadeh-Malmiri H. Application of chitosan-based nano-
carriers in tumor-targeted drug delivery.Mol Biotechnol 2015;57:
201–18.

53. Selvendiran K, Banu SM, Sakthisekaran D. Protective effect of
piperine on benzo(a)pyrene-induced lung carcinogenesis in
Swiss albino mice. Clin Chim Acta 2004;350:73–8.

54. Iqbal M, Sharma SD, Okazaki Y, Fujisawa M, Okada S. Dietary
supplementation of curcumin enhances antioxidant and phase II
metabolizing enzymes in ddY male mice: possible role
in protection against chemical carcinogenesis and toxicity.
Pharmacol Toxicol 2003;92:33–8.

55. Khan N, Afaq F, KweonM-H, Kim K, Mukhtar H. Oral consump-
tion of pomegranate fruit extract inhibits growth and progression
of primary lung tumors in mice. Cancer Res 2007;67:3475–82.

Cancer Prev Res; 12(4) April 2019 Cancer Prevention Research236

Vijayakurup et al.

Research. 
on April 2, 2019. © 2019 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2019; DOI: 10.1158/1940-6207.CAPR-18-0437 

http://cancerpreventionresearch.aacrjournals.org/


2019;12:225-236. Published OnlineFirst February 13, 2019.Cancer Prev Res 
  
Vinod Vijayakurup, Arunkumar T. Thulasidasan, Mohan Shankar G, et al. 
  
B[a]P-induced Lung Carcinogenesis
Retention of Curcumin and Improves its Efficacy in Preventing 
Chitosan Encapsulation Enhances the Bioavailability and Tissue

  
Updated version

  
 10.1158/1940-6207.CAPR-18-0437doi:

Access the most recent version of this article at:

  
  

  
  

  
Cited articles

  
 http://cancerpreventionresearch.aacrjournals.org/content/12/4/225.full#ref-list-1

This article cites 55 articles, 7 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerpreventionresearch.aacrjournals.org/content/12/4/225
To request permission to re-use all or part of this article, use this link

Research. 
on April 2, 2019. © 2019 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst February 13, 2019; DOI: 10.1158/1940-6207.CAPR-18-0437 

http://cancerpreventionresearch.aacrjournals.org/lookup/doi/10.1158/1940-6207.CAPR-18-0437
http://cancerpreventionresearch.aacrjournals.org/content/12/4/225.full#ref-list-1
http://cancerpreventionresearch.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerpreventionresearch.aacrjournals.org/content/12/4/225
http://cancerpreventionresearch.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




