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a b s t r a c t

Carboxymethyl chitosan derivatives are widely used for biomedical applications because of their non-
toxic and biodegradable properties. Curcumin is a phytochemical with immense biological properties.
But its hydrophobicity and poor oral bioavailability limits its application as a chemotherapeutic agent. To
increase the oral bioavailability, we developed curcumin loaded O-CMC nanoparticles (curcumin-O-CMC
Nps). The prepared nanoparticles were characterized by DLS, AFM, SEM, FT-IR, XRD and TG/DTA. Size
eywords:
arboxymethyl chitosan
urcumin
anoformulation

analysis studies revealed spherical particles with mean diameter of about 150 ± 30 nm. Curcumin was
entrapped in O-CMC with an efficiency of 87%. In vitro drug release profile was studied at 37 ◦C under
different pHs (7.4 and 4.5) with and without lysozyme. Cytotoxicity studies by MTT assay indicated that
curcumin-O-CMC Nps were toxic to cancer and non-toxic to normal cells. Cellular uptake of the curcumin-

by fl
ix for
rug delivery
ytotoxicity
ellular uptake

O-CMC Nps was analyzed
as a promising nanomatr

. Introduction

Nanotherapeutics, a hot-spot in the field of medicine, especially
anoparticle based drug delivery for cancer therapy is spread-

ng rapidly which can overcome the limitations of conventional
rug delivery systems. Nanometric drug carriers of optimum size
nd surface characteristics are highly stable and possess high car-
ying capacity. Moreover the feasibility of incorporation of both
ydrophilic and hydrophobic substances and feasibility of vari-
ble routes of administration allow controlled drug release from
he matrix and improved drug bioavailability (Gelperina, Kisich,
seman, & Heifets, 2005; Jung et al., 2000).

Chitosan is a natural polysaccharide obtained from crustacean
hells and is composed of 2-amino-2-deoxy-�-d-glucan combined
ith glycosidic linkages. The primary amine groups render spe-

ial properties that make chitosan very useful in pharmaceutical
pplications. The non-toxicity, biodegradability and biocompati-
ility makes chitosan suitable for various biomedical applications
uch as drug delivery (Dev et al., 2010; Khan, Peh, & Chng,

000; Mathew et al., 2010; Rabea, Badawy, Stevens, Smagghe, &
teubaut, 2003), gene delivery (Csaba, Koping-Hoggard, & Alonso,
009; Jayakumar et al., 2010), wound dressing (Jayakumar, Nair,

Tamura, 2009; Madhumathi et al., 2010; Sudheesh Kumar et

∗ Corresponding author. Tel.: +91 484 2801234; fax: +91 484 2802020.
E-mail addresses: rjayakumar@aims.amrita.edu, jayakumar77@yahoo.com

R. Jayakumar).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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uorescence microscopy and FACS. Overall these studies indicated O-CMC
drug delivery applications.

© 2010 Elsevier Ltd. All rights reserved.

al., 2010; Wang, Du, Fan, Liu, & Hu, 2005) and tissue engineering
(Khor and Lim, 2003; Peter et al., 2010). The potential applica-
tion of chitosan is hindered by its limited solubility in aqueous
media. Thus, chitosan is chemically modified so as to improve
the polymer processability, solubility, antimicrobial activity and
the ability to interact with other substances (Jayakumar et al.,
2010). Introducing a carboxymethyl group is the most advanta-
geous method of increasing the solubility of chitosan at neutral
and alkaline pH without affecting other important characteristics.
The reaction carried out at room temperature favors O-substitution
and higher temperature favors N-substitution which is indica-
tive that temperature is a critical factor in carboxymethylation
of chitosan (Fernando & Sergio, 2004). O-CMC is an amphipro-
tic ether derivative of chitosan, containing –COOH and –NH2
groups in the molecule and exhibit non-toxicity, biodegradabil-
ity, biocompatibility, antibacterial, and antifungal activity and has
therefore received considerable attention in biomedical applica-
tions (Muzzarelli et al., 1998; Jayakumar et al., 2010). O-CMC can
be prepared by reacting chitosan with monochloroacetic acid in iso-
propyl alcohol as a solvent at room temperature (Anitha et al., 2009;
Chen & Park, 2003; Liu, Guan, Yang, Li, & Yao, 2001). Many phar-
maceutical companies are increasingly interested in developing
multi-targeted therapies. Plant-based products, however, accom-

plish multi-targeting naturally and, in addition, are inexpensive and
safe compared to synthetic agents.

Curcumin is a hydrophobic polyphenol derived from turmeric,
the rhizome of the herb Curcuma longa. Chemically, it is a bis-�, �-
unsaturated �-diketone (commonly called diferuloylmethane) that

dx.doi.org/10.1016/j.carbpol.2010.08.008
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:rjayakumar@aims.amrita.edu
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calculated with respect to the weight of the Nps obtained after
centrifugation (Kim et al., 2006; Das, Kasoju, & Bora, 2010).

Entrapment efficiency (%)
A. Anitha et al. / Carbohydr

xhibits keto-enol tautomerism, having a predominant keto form
n acidic and neutral solutions and a stable enol form in alkaline

edia (Anand et al., 2008).
Curcumin exhibit immense biological properties like antioxi-

ant, anti-inflammatory, antimicrobial and anticarcinogenic activ-
ties, hepato and nephro protective, regulates various immune cells
ike T lymphocytes (CD4 and CD8), B lymphocytes, natural killer
ells, macrophages, dendritic cells and other immune cells, regu-
ates multiple targets (multi-targeted therapy), which is needed for
he treatment of most diseases, and it is inexpensive and has been
ound to be safe in human clinical trials (Lao, Demierre, & Sondak,
006; Qureshi, Shah, & Ageel, 1992; Shankar, Shantha, Ramesh,
urthy, & Murthy, 1980; Li, Ahmed, Mehta, & Kurzrock, 2007).
Despite these promising features a major drawback with cur-

umin is its extremely low solubility in aqueous solutions, which
imits its bioavailability and clinical efficacy. It degrades by acidic
nd alkaline hydrolysis, oxidation and photodegradation. The
ecomposition occurs in a pH dependant manner, with faster reac-
ions at neutral to basic conditions. They are known to be stable
t a pH < 6.5 (Pfeiffer, Hohle, Solyom, & Metzler, 2003; Wang, Pan,
heng, Lin, & Lin, 1997). Different studies of curcumin have shown
oor absorption, rapid metabolism, and elimination of curcumin as
he major reasons for poor bioavailability of this extremely bene-
cial polyphenolic compound to mankind (Mishra, Mohammada,
Mishra, 2008). To increase its aqueous solubility and bioavail-

bility, attempts have been made to encapsulate the drug in
olymeric micelles (Muller & Keck, 2004), solid lipid nanoparticles
Tiyaboonchai, Tungpradit, & Plianbangchang, 2007), polymeric
anoparticles (Karikar et al., 2007), biodegradable microspheres
Kumar et al., 2002), phospholipids (Sou, Inenaga, Takeoka, &
suchida, 2007) cyclodextrin (Salmaso, Bersani, Semenzato, &
aliceti, 2007), hydrogel (Vemula, Li, & John, 2006) and liposomes
Li et al., 2007).

The present study aims in evaluating the ability of O-CMC as a
arrier for hydrophobic drugs in cancer drug delivery applications.

e report a simple method of solvent evaporation followed by
onic gelation to develop a nanoformulation based on O-CMC into

hich the hydrophobic anticancer drug, curcumin was loaded. This
pproach has tried to solubilize curcumin and there after to stabi-
ize curcumin in O-CMC Nps. Drug loaded Nps were obtained easily
nder mild conditions. The Nps were non-toxic and compatible
owards normal cells whereas enhanced cellular uptake resulted
n comparable anticancer effects similar to that of free curcumin
owards cancer cell. Overall, O-CMC Nps proved to be an efficient
arrier for the controlled delivery of anticancer drugs like curcumin
o cancer cells.

. Materials and methods

.1. Materials

O-CMC (degree of deacetylation 61.8% and degree of substi-
ution 0.54) was purchased from Koyo chemical Co. Ltd., Japan,
alcium chloride (CaCl2), cell culture media like minimum essen-
ial medium (MEM) and Dulbecco’s modified eagle medium
DMEM) and MTT [3-(4,5-Dimethylthiazole-2-yl)-2,5-diphenyl
etrazolium] was purchased from Sigma–Aldrich, curcumin was
urchased from Merck, mouse fibroblast cells (L929), human breast
ancer cell line (MCF-7) and human prostate cancer cell line (PC-3)
or cell culture experiments was purchased from NCCS, Pune. All
ther chemicals used were of analytical grade.
.2. Methods

.2.1. Preparation of O-CMC nanoparticles
O-CMC Nps were prepared by the ionic cross-linking reaction

f O-CMC with CaCl2 as described in literature (Anitha et al., 2009;
lymers 83 (2011) 452–461 453

Shi, Du, Yang, Zhang, & Sun, 2006). 0.05 wt% O-CMC solution was
prepared in distilled water. To 10 ml of this solution, 1 ml of 1 wt%
CaCl2 solution was added under constant stirring. As a result the
clear solution changed into an opalescent suspension. The resulting
Nps were purified by centrifugation at 20,000 rpm for 45 min. The
pellet was washed, redispersed in distilled water and lyophilized.
The lyophilized sample was used for further characterization and
studies.

2.2.2. Preparation of curcumin loaded O-CMC nanoparticles
A stock solution of curcumin was prepared in ethanol at a

concentration of 2 mg/ml. 10 mg O-CMC was dissolved in 20 ml
millipore water under stirring. Curcumin was loaded into O-CMC
solution by adding required volume of curcumin solution drop wise
under continuous stirring for 30 min. 1 wt% CaCl2 was added to the
polymer solution and stirred for an hour resulting in the formation
of curcumin-O-CMC Nps.

2.2.3. Nanoparticle size analysis and stability studies
The size distribution of O-CMC Nps before and after drug

loading was analyzed by dynamic light scattering (DLS using DLS-
ZP/Particle Sizer Nicomp TM380 ZLS). The average size and surface
morphology of the Nps were further analyzed by atomic force
microscopy (AFM) using JEOL JSPM-5200 and scanning electron
microscopy (SEM) using JEOLJSM-6490LA. For SEM and AFM the
Np suspension was diluted 10-fold with millipore water and a drop
was placed on a metallic stub and freshly prepared mica sheet
pasted AFM stub, then the sample was air dried and scanned. Sur-
face charge and thereby the stability of Np system was obtained by
zeta potential measurements (DLS-ZP/Particle Sizer Nicomp TM380
ZLS).

2.2.4. Nanoparticle characterizations
The potential interaction between the constituents within the

Np system was analyzed by Fourier transform infrared (FT-IR)
spectroscopy. FT-IR spectra of O-CMC, curcumin, O-CMC Nps
and curcumin-O-CMC Nps were recorded on Perklin Elmer Spec-
trum RXI Fourier Transform Infrared spectrophotometer using
KBr method. To understand the physical nature of curcumin in
the curcumin-O-CMC Nps, X-ray diffraction (XRD) analysis was
done by PAN analytical X’Pert PRO X-ray diffractometer. Thermal
behavior of O-CMC, curcumin and curcumin-O-CMC Nps were stud-
ied through thermogravimetry and differential thermal analysis
(TG/DTA) using SII TG/DTA 6200 EXSTAR.

2.2.5. Entrapment efficiency and loading efficiency
To determine the entrapment efficiency of curcumin within

O-CMC Nps, it was first separated by ultra-centrifugation at
20,000 rpm at 4 ◦C for 45 min from the aqueous medium contain-
ing free curcumin. The pellet was washed twice with distilled water
and then redispersed in ethanol, vortexed well and centrifuged. The
yellowish supernatant was collected and quantified spectropho-
tometrically at 429 nm. Loading efficiency of the system was also
= Total amount of curcumin − free curcumin
Total amount of curcumin

× 100

Loading efficiency (%) = Total amount of curcumin
Total amount of nanoparticles

× 100
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.2.6. In vitro drug release studies
In vitro curcumin release profiles from O-CMC Nps were deter-

ined at pH 7.4 and 4.5. The Np suspension was centrifuged at
0,000 rpm for 45 min and the collected pellet was redispersed in
0 ml of phosphate-buffered saline solution (pH 7.4 and 4.5) at a
nal concentration of 0.2 mg/ml. Release was also studied in the
resence of lysozyme at a concentration of 1 mg/ml. Total volume
as divided into 20 eppendorf tubes with 0.5 ml each for a period

f one week. The tubes were incubated at 37 ◦C under gentle shak-
ng. At proper time intervals, curcumin in Nps was first extracted in
thanol and quantified spectrophotometrically. Release was quan-
ified as follows (Das et al., 2010).

elease (%) = Released curcumin
Total curcumin

× 100

.2.7. Cell culture
For cell culture experiments L929, MCF-7 and PC-3 cell lines

ere used. L929 and MCF-7 were maintained in MEM and PC-3 was
aintained in DMEM supplemented with 10% fetal bovine serum

FBS). The cells were incubated in CO2 incubator at 37 ◦C with 5%
O2. After reaching confluency, the cells were detached from the
ask with Trypsin-EDTA. The cell suspension was centrifuged at
000 rpm for 3 min and then resuspended in the growth medium
or further experiments.

.2.8. Cytotoxicity studies
For cytotoxicity experiments, cells were seeded at a density of

0,000 cells/well into a 96 well plate. MTT assay was performed to
valuate cytotoxicity of the prepared Nps and this is a colorimetric
est based on the selective ability of viable cells to reduce the tetra-
olium component of MTT in to purple colored formazan crystals.
ive different concentrations of the curcumin-O-CMC Nps (1, 2, 3,
and 5 mg/ml) were prepared by dilution with the media. After

eaching 90% confluency, the cells were incubated with different
oncentrations of the Nps (100 �l) for a period of 24 h. Cells in media
lone devoid of Nps acted as negative control and wells treated
ith Triton X-100 as positive control. The cells were incubated
ith MTT solution for 4 h followed by 1 h incubation with solu-

ilization buffer. The optical density of the solution was measured
t a wavelength of 570 nm using a Beckmann Coulter Elisa plate
eader (BioTek Power Wave XS). Triplicate samples were analyzed
or each experiment. Cell viability was expressed as the percentage
f the negative control calculated as

iability (%) = Nt
Nc

× 100

t is the optical density of cells treated with sample and Nc is the
bsorbance of the untreated cells.

.2.9. Cell uptake studies
Cell uptake studies of the prepared O-CMC Nps and curcumin-O-

MC Nps were studied by fluorescent imaging. For this acid etched
over slips were kept in 24 well plates and were seeded with 10,000
ells per cover slip and incubated for 24 h for the cells to attach on
he cover slips. After 24 h incubation, the media was removed and
he wells were carefully washed with PBS buffer. Then the drug
oaded O-CMC Nps suspension at a concentration of 1 and 5 mg/ml

as added along with the media to triplicate wells and incubated

or 24 h. Thereafter the cover slips were processed for imaging using
uorescent microscopy. The processing involved washing the cover
lips with PBS and thereafter fixing the cells in 5% para formalde-
yde followed by a final PBS wash. The cover slips were air dried
nd mounted on to glass slides with DPX as the mountant medium.
he slides were then viewed under the fluorescence microscope.
lymers 83 (2011) 452–461

2.2.10. Cell uptake measurements by UV quantification
The absorption spectrum of curcumin in the cell lysate gives a

comparative account of the amount taken up by normal cells and
cancer cells. Cells (L929 and MCF-7) were seeded into a 24 well
plate with a density of 10,000 cells per well and after the cells
reached 90% confluency, curcumin-O-CMC Nps of 1 mg/ml concen-
tration in media was added to the cells. After 1, 6, 12, 24 and 48 h
incubation, the cells were washed with PBS and trypsinized. The
cells were lysed with ethanol under sonication and the internal-
ized particles were extracted. The lysate was centrifuged for 10 min
at 10,000 rpm and supernatant containing ethanolic curcumin was
quantified spectrophotometrically at 429 nm (Kunwar et al., 2008).

2.2.11. Cellular uptake by flow cytometry
The cellular uptake of curcumin-O-CMC Nps by the normal and

cancer cells were confirmed by Fluorescence Activated Cell Sorting
(FACS) analysis. Cells were seeded in a 24 well plate at a density
of 50,000 cells/well. After reaching 90% confluency, different con-
centrations of the Nps (1 and 5 mg/ml) were added and incubated
at 37 ◦C for 24 h. Intra cellular curcumin fluorescence was analyzed
flow cytometrically after excitation with a 488 nm argon laser using
FACS Aria II (Beckton and Dickinson, Sanjose, CA). Fluorescence
emission above 530 nm from 10,000 cells were collected, amplified
and scaled to generate single parameter histogram.

2.2.12. Apoptosis assay by flow cytometry
The Phosphatidyl serine (PS) exposure in both L929 and MCF-7

cells were detected using an Annexin V-FITC/PI Vybrant apoptosis
assay kit (Molecular probes, Eugene, OR). After reaching 90% conflu-
ency the cells were treated with 1 and 5 mg/ml of curcumin-O-CMC
Nps as described previously and incubated for 24 h. Cells were
trypsinized and washed with ice-cold PBS for 5 min at 500 g at 4 ◦C.
The supernatant was discarded and the pellet was resuspended in
ice-cold 1X Annexin binding buffer (5 × 105 to 5 × 106 cells/ml). 5 �l
of Annexin V-FITC solution and 1 �l of PI (100 �g/ml) were added to
100 �l of the cell suspensions. The samples were mixed gently and
incubated at room temperature for 15 min in the dark. After incu-
bation, 400 �l of ice-cold 1X binding buffer was added and mixed
gently, and analyzed by flow cytometry. Cells in media alone devoid
of Nps (negative control) and cells treated with O-CMC Nps were
also analyzed in the same way.

3. Results and discussion

3.1. Preparation of O-CMC and curcumin loaded O-CMC
nanoparticles

O-CMC Nps were prepared by the ionic cross linking between
carboxyl group of O-CMC with Ca2+ ions of CaCl2 (Anitha et al.,
2009; Shi et al., 2006). The major factors that had critical effects on
nanoparticle formation include concentration of the polymer and
cross linker and stirring speed. Nanoformulation also enhanced the
solubility of curcumin. From Fig. 1C it can be clearly observed that
curcumin as such is insoluble in water whereas Np suspension with
loaded curcumin enhances drug solubility.

3.2. Nanoparticle size and morphology

The size distribution of O-CMC and curcumin-O-CMC Nps were
obtained using DLS (Fig. 2(A and B)) which showed that O-CMC Nps
lies within a size range of 70–100 nm and curucmin-O-CMC Nps lies

within 120–180 nm.

The size and morphology of the Nps were reconfirmed by AFM
and SEM. Fig. 2(C and D) displays the AFM images of O-CMC and
curcumin-O-CMC Nps, showing uniformly sized spherical particles
with a mean size of 100 ± 20 and 150 ± 30 nm, respectively. Fig. 2(E)
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Fig. 1. (A) Chemical structure of O-CMC (B) Chemical structure of curcumin (C) S

isplays the SEM images of curcumin-O-CMC Nps indicating spher-
cal particles within a size range of 200 nm. For delivering the drug
ia Nps, their size should be tuned in such a way that the Nps should
e large enough to prevent rapid leakage into blood capillaries but

scape the capture by macrophages lodged in the reticuloendothe-
ial system (Cho, Wang, Nie, Chen, & Shin, 2008). Curcumin-O-CMC
ps lies in the optimal size range (below 200 nm) suitable for drug
elivery applications.

ig. 2. (A) and (B) Particle size distribution of O-CMC and curcumin-O-CMC Nps by DL
urcumin-O-CMC Nps.
lity of curcumin (a) curcumin in water (b) O-CMC Nps (c) curcumin-O-CMC Nps.

3.3. Zeta potential measurements

From zeta potential measurements, the stability of the Nps sys-
tem was evaluated. For O-CMC and curcumin-O-CMC Nps, the zeta

potential value was found to be −35.12 and −30 mV that lies in
the stable range indicating that the prepared Nps systems were
stable. The negative surface charge of both O-CMC and curcumin-
O-CMC Nps can be attributed to the presence of COO− groups and

S (C) and (D) AFM image of O-CMC and curcumin-O-CMC Nps (E) SEM image of
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ig. 3. (A) FT-IR spectrum showing O-CMC, O-CMC Nps, curcumin and curcumin-O
urcumin-O-CMC Nps.

he reduction in surface charge after loading of curcumin can be
xplained based on hydrogen bonding between the carboxyl group
f O-CMC and hydroxyl group of curcumin.

.4. Nanoparticle characterizations

.4.1. FT-IR
FT-IR spectroscopy was performed to ascertain the formation

f curcumin-O-CMC Nps. Fig. 3A shows the FT-IR spectrum of O-
MC, O-CMC Nps, curcumin and curcumin-O-CMC Nps. The FT-IR
pectrum of O-CMC, showed broad band at 3420 cm−1 due to the
tretching vibrations of amine and hydroxyl groups. Peaks at 1740
nd 1629 cm−1 corresponds to the stretching vibrations of carbonyl
nd protonated amino groups and a strong peak at 1320 cm−1 is due
o C–O stretching. In nanoparticles formulation, no absorption band
as found in the region of 1740 cm−1 and the presence of strong

and appeared at 1639 cm−1 and less intense peak at 1320 cm−1

hich can be attributed to the stretching vibrations of calcium
ross-linked carboxyl groups of O-CMC (Anitha et al., 2009; Zhuang
Liu, 2006).
The FT-IR spectrum of curcumin exhibited an absorption band

t 3510 cm−1 attributed to the phenolic O–H stretching vibra-
ion. Additionally, sharp absorption bands at 1605 cm−1 (stretching
ibrations of benzene ring), 1502 cm−1 (C O and C–C vibrations),
435 cm−1 (olefinic C–H bending vibration) and 1285 cm−1 (aro-
atic C–O stretching vibration) (Yallapua, Jaggi, & Chauhana, 2010).

ecause of the complexation of curcumin with the O-CMC Nps,

he wave numbers corresponding to the characteristic peaks of O-
MC was shifted. Comparing O-CMC and drug loaded O-CMC Nps
eak shifts were observed from 3429 to 3284 cm−1 and 1639 to
627 cm−1. This data confirmed the presence of curucmin in the
-CMC Np matrices.
Nps (B) XRD pattern (C) TGA curve (D) DTA curve showing curcumin, O-CMC and

3.4.2. XRD
To understand the physical nature of curcumin with in the Nps,

XRD pattern (Fig. 3B) of pure curcumin, O-CMC Nps and curcumin-
O-CMC Nps were compared. Curcumin displayed the characteristic
crystalline peaks of 2� between 20◦ and 30◦. O-CMC being amor-
phous did not show any peaks. However, curcumin-O-CMC Nps
exhibited no such crystalline peaks, possibly due to the formation of
an amorphous complex which can be attributed to the intermolecu-
lar interaction between O-CMC and curcumin within the Np matrix
(Shaikh, Ankola, Beniwal, Singh, & Ravikumar, 2009; Yallapua et al.,
2010).

3.4.3. Thermal studies
TGA studies of curcumin, O-CMC and curcumin-O-CMC Nps

were done to study their thermal behavior. Fig. 3C shows the
degradation of curcumin, O-CMC and curcumin-O-CMC Nps with
temperature. Within 100 ◦C weight reduction can be due to
moisture loss. TG curve clearly indicates curcumin degrades in
a slower rate and at 450 ◦C, curcumin is degraded only 50%,
whereas the O-CMC is degraded to 20% at this temperature.
This data shows that curcumin-O-CMC Nps showed an improved
thermal stability compared to O-CMC due to the presence of
curcumin. In particular, complexation of a drug and a polymer
results in the absence/shifting of endothermic peaks, indicating
a change in the crystal lattice, melting, boiling, or sublimation
points (Yallapua et al., 2010). The amorphous nature of cur-

cumin, loaded in the Nps was reconfirmed by DTA (Fig. 3D).
The DTA curve shows an endothermic peak at 200 ◦C for crys-
talline curcumin which disappeared in curcumin-O-CMC Nps. This
behavior confirms amorphous nature of curcumin with in O-CMC
Nps.
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3.9. Cell uptake measurements by UV quantification

The cellular uptake of curcumin-O-CMC Nps by normal and can-
cer cells was quantified using ethanol extraction method where the
released drug within the cells was measured spectrophotometri-

Table 1
Percentage release of curcumin from O-CMC nanoparticles at different time
intervals.

Time (h) Drug released (%) without
lysozyme

Drug released (%)
with lysozyme

pH 7.4 pH 4.5 pH 7.4 pH 4.5

1 3 6 5 10
6 17 22 20 22

12 26 24 29 32
24 33 28 33 40
Fig. 4. Drug release profile of curcumin from O-CMC Nps (A) w

.5. Determination of entrapment efficiency and loading
fficiency

The main focus of the study was to develop a better carrier
or curcumin and the technique followed here facilitate the load-
ng and entrapment of different amounts of curcumin into O-CMC
ps. Entrapment and loading efficiency of curcumin in O-CMC Nps
as found to be 87% and 48%, respectively. Experimental results

ndicated that the concentration of the O-CMC and curcumin had
ritical effects on the drug loading. Higher amount of O-CMC allows
ore loading and entrapment, but resulted in large sized particles.
t higher drug concentration entrapment efficiency was reduced
here the drug tends to precipitate. Considering all these factors,

oncentration of O-CMC and curcumin was optimized so as to give
etter entrapment, loading efficiency and desired size.

.6. In vitro drug release

Fig. 4 shows the release profile of curcumin from O-CMC Nps at
wo different pHs (4.5 and 7.4) and also with and without lysozyme.
nitially the drug is released in a very slow controlled manner and
nally becomes sustained.

From the drug release curve it is clear that at the 12th h there was
24% and 26% curcumin release from O-CMC matrix which reaches
3% and 59% at pH 7.4 and 4.5 respectively after 6 days (Fig. 4A). The
H dependant release can be attributed to the swelling property of
he polymer matrix. At lower pH the residual amine groups is pro-
onated and creates a repulsive force between the adjacent positive
harge thereby causing the polymer to swell and more amount of
rug will be diffused out. Basic medium, unlike acidic medium lim-

ts swelling which inhibits the diffusion of drugs at a faster rate
Prabaharan, Reis, & Mano, 2007).

In the presence of lysozyme (Fig. 4B) release of the drug from
he nanoparticle matrix was enhanced as a result of which 59%
pH 7.4) and 68% (pH 4.5) curcumin was released after 6 days.
ysozyme acts on chitosan and its derivatives by hydrolyzing
lucosamine-glucosamine, glucosamine-N-acetyl glucosamine and
-acetyl glucosamine-N-acetyl glucosamine linkages. Thus in the
resence of lysozyme release of the drug takes place by diffusion
ollowed by enzymatic degradation of the polymer matrix (Kean &
hanou, 2010; Kim et al., 2006). Table 1 shows the percentage of
urcumin released from O-CMC matrix at different time periods.

.7. Cytotoxicity assay
Cytotoxicity of O-CMC Nps, curcumin and curcumin-O-CMC Nps
n L929, MCF-7 and PC-3 were studied using MTT assay as shown
n Fig. 5. L929 (Fig. 5A) exposed to O-CMC Nps showed high cell
iability whereas the viability reduced when exposed to curcumin
t lysozyme (B) with lysozyme at two different pHs 4.5 and 7.4.

and curcumin-O-CMC Nps in the concentration range 1–5 mg/ml.
However, 80% of the cells were viable indicating the non-toxicity of
curcumin, O-CMC Nps and curcumin-O-CMC Nps towards normal
cells. For MCF-7 (Fig. 5B) O-CMC Nps showed no toxicity whereas
curcumin and curcumin-O-CMC Nps showed considerable toxicity.
Similarly in PC-3 (Fig. 5C) curcumin-O-CMC Nps showed toxicity
as a result of which cell viability reduced to 30% at 5 mg/ml con-
firming its anticancer effects. Curcumin-O-CMC Nps and curucmin
showed comparable effect on cancer cells which indicate that cur-
cumin retains its anticancer activity even after being loaded into
polymer matrix.

3.8. Cell uptake studies

Cellular uptake studies of curcumin-O-CMC Nps were studied
by visualizing the intrinsic fluorescence of curcumin using fluores-
cence microscopy (Fig. 6A). Control cells without any exposure to
curcumin and cells incubated with O-CMC Nps showed no fluores-
cence (Fig. 6A (i and j)). Cells incubated with curcumin-O-CMC Nps
shows green fluorescence confirming the internalization of the par-
ticles in the cells. L929 (Fig. 6A (c and d)) treated with 1 and 5 mg/ml
and MCF-7 treated with 1 mg/ml curcumin-O-CMC Nps (Fig. 6A
(g)) have retained its stretched morphology where as MCF-7 cells
(Fig. 6A (h)) exposed to 5 mg/ml curcumin-O-CMC Nps appeared to
be rounded off so as to undergo apoptosis. This confirms the release
of curucumin from the Np matrix within the cells and showing its
anticancer effects.
48 35 38 40 43
72 43 47 52 56
96 51 58 54 60

102 52 59 54 63
126 53 59 59 68
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Fig. 5. Cell viability of (a) normal cells (L929) (b) breast cancer cells (MCF-7) and (c) prostate cancer cells (PC-3) treated with O-CMC Nps, curcumin and curcumin-O-CMC
Nps.

Fig. 6. (A) Fluorescence Images of curcumin-O-CMC Nps (a) and (b) bright field and fluorescent image of L929 at 20× (c) and (d) L929 with 1 and 5 mg/ml sample at 100×
(e) and (f) bright field and fluorescent image of MCF-7 at 20× (g) and (h) MCF-7 with 1 and 5 mg/ml sample at 100× (i) O-CMC Nps (j) control cells alone. (B) Absorbance
spectrum of ethanolic curcumin extracted from (a) L929 (b) MCF-7 at different time intervals.



A. Anitha et al. / Carbohydrate Polymers 83 (2011) 452–461 459

Fig. 7. (A) Cellular uptake of curcumin-O-CMC Nps by FACS (a) control L929 cells alone (b) and (c) L929 exposed to 1 and 5 mg/ml curcumin-O-CMC Nps (d) control MCF-7
c s assa
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n

ells alone (e) and (f) exposed to 1 and 5 mg/ml curcumin-O-CMC Nps (B) Apoptosi
and 5 mg/ml curcumin-O-CMC Nps (d) control MCF-7 cells exposed to O-CMC Np

ally. Fig. 6B (a and b) shows the absorption spectra of ethanolic
urcumin extracted from L929 and MCF-7 respectively. It is clear
hat there was an increased release of drug within MCF-7 compared
o L929 with increased in time intervals which can be due to more
ellular internalization of curcumin-O-CMC Nps or due to increased
elease of curcumin within cancer cells.

.10. Cellular uptake by FACS analysis

The cellular uptake of curcumin-O-CMC Nps by normal and can-
er cells were investigated using flow cytometry. Fig. 7A shows the

ptake profile indicating that both the cell lines shows an increased
ptake with increasing concentrations of curcumin-O-CMC Nps.
omparing normal and cancer cell lines there is not much signifi-
ant difference in the uptake of particles which can be due to the
egative charge of curcumin-O-CMC Nps. This result indicated that
y by FACS (a) control L929 cells exposed to O-CMC Nps (b) and (c) L929 exposed to
nd (f) exposed to 1 and 5 mg/ml curcumin-O-CMC Nps.

the cellular uptake of these nanoparticles by the cells is nonspecific
and concentration dependant.

3.11. Apoptosis assay by FACS analysis

Fig. 7B shows the apoptotic profile of O-CMC Nps and curcumin-
O-CMC Nps. Cells exposed to O-CMC Nps did not show any
apoptosis in both cancer cells as well as normal cells. It is evident
that the percentages of apoptotic cells observed in case of MCF-7
were more compared to that of L929. Percentage of cells show-
ing apoptosis when exposed to higher concentration (5 mg/ml)

of curcumin-O-CMC Nps were more than to lower concentration
(1 mg/ml). From the data it can be speculated that cancer cells
exposed to higher concentration of curcumin-O-CMC Nps showed
enhanced toxicity due to higher uptake at higher concentration.
Even though there is no considerable difference in the uptake of



4 ate Po

p
c
a
d
a
w
p

4

w
w
t
s
s
p
g
f
fi
o
T
c
s

A

(
u
(
t
T
P
S
R
f
t
a
M
s

R

A

A

C

C

C

D

D

F

G

J

60 A. Anitha et al. / Carbohydr

articles between normal and cancer cells, more apoptosis in can-
er cells indicates the release of curcumin within the cancer cells
nd showing the specific anticancer activity of the drug. This can be
ue to the fact that curcumin targets the signaling molecules that
re highly expressed in cancer cells. In normal cells, these pathways
ill be regulated and curcumin will arrest the cell division in G0
hase without inducing apoptosis (Sa & Das, 2008).

. Conclusions

O-CMC Nps were prepared by a simple method and curcumin
as effectively loaded into them. Curcumin-O-CMC Nps were tuned
ithin the optimum size range suitable for drug delivery applica-

ion. In vitro drug release profile indicated slow, controlled and
ustained release of drug from the Np matrix and also demon-
trated enzyme triggered degradation and release of the drug in the
resence of lysozyme. Fluorescence microscopic image showing
reen fluorescence confirmed the successful delivery of curcumin
rom the nanoparticle matrix and its anticancer effect was con-
rmed by MTT assay. FACS analysis confirmed the cellular uptake
f curcumin-O-CMC Nps and apoptosis within the cancer cells.
hese preliminary studies show that O-CMC Nps can be a promising
andidate for carrying hydrophobic drugs like curcumin making it
uitable for cancer drug delivery applications.
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