PO Box 2345, Beijing 100023, China
www.wjgnet.com
wjg@wijgnet.com

ELSEVIER

World J Gastroenterol 2005;11(33):5136-5141
World Journal of Gastroenterology ISSN 1007-9327
© 2005 The WIJG Press and Elsevier Inc. All rights reserved.

s

e GASTRIC CANCERe

In vitro effects of chitosan nanoparticles on proliferation of human
gastric carcinoma cell line MGC803 cells

Li-Feng Qi, Zi-Rong Xu, Yan Li, Xia Jiang, Xin-Yan Han

Li-Feng Qi, Zi-Rong Xu, Yan Li, Xia Jiang, Xin-Yan Han, Nano-
biology Laboratory of Animal Science College, Zhgjiang University,
Hangzhou 310029, Zhejiang Province, China

Co-first-authors: Li-Feng Qi and Zi-Rong Xu

Correspondence to: Dr. Li-Feng Qi, Nano-biology L aboratory of
Animal Science College, Zhejiang University, Hangzhou 310029,
Zhejiang Province, China. lifenggi0Ol@hotmail.com

Telephone: +86-571-86971075 Fax: +86-571-86994963
Received: 2004-12-06 Accepted: 2005-01-26

Abstiract

AIM: To investigate the effects of chitosan nanoparticles
on proliferation of human gastric carcinoma cell line
MGC803 /n vitro and the possible mechanisms involved.

METHODS: Chitosan nanoparticles were characterized
by particle size, zeta potential, and morphology. After
treatment with various concentrations of chitosan
nanoparticles (25, 50, 75, 100 pug/mL) at various time
intervals, cell proliferation, ultrastructural changes, DNA
fragmentation, mitochondrial membrane potential (MMP),
cell cycle phase distribution and apoptotic peaks of MGC803
cells were analyzed by MTT assay, electron microscopy,
DNA agarose gel electrophoresis, and flow cytometry.

RESULTS: Chitosan nanoparticles exhibited a small particle
size as 65 nm and a high surface charge as 52 mV.
Chitosan nanoparticles markedly inhibited cell proliferation
of MGC803 cells with an ICs, value of 5.3 ug/mL 48 h after
treatment. After treatment with chitosan nanoparticles,
the typical necrotic cell morphology was observed by electron
microscopy, a typical DNA degradation associated with
necrosis was determined by DNA agarose electrophoresis.
Flow cytometry showed the loss of MMP and occurrence
of apoptosis in chitosan nanoparticles-treated cells.

CONCLUSION: Chitosan nanoparticles effectively inhibit
the proliferation of human gastric carcinoma cell line
MGC803 /n vitro through multiple mechanisms, and may
be a beneficial agent against human carcinoma.

© 2005 The WIG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION

Chitosan, the deacetylated derivative of chitin, is one of the
abundant, renewable, nontoxic and biodegradable carbohydrate
polymers, and available largely in the exoskeletons of shellfish
and insects. Chitosan has been widely applied as a functional
biopolymer in food and pharmaceutics. Chitosan is known
to have various biological activities including immuno-
enhancing effects, antitumoral, antifungal, and antimicrobial
activities!"?. Chitosan nanoparticles have been previously
synthesized as drug carriers™. In our previous reportts,
chitosan nanoparticles are prepared and characterized to
investigate their heavy metal sorption, antibacterial, and
antitumor activities””. The unique charactetistics of chitosan
nanoparticles could provide a higher affinity for negatively
charged biological membranes and site-specific targeting
in vivo"”. Chitosan nanoparticles could elicit dose-dependent
inhibitory effects on the proliferation of various tumor cell
lines, while low toxicity against normal human liver cells".

In this paper, in vitro effects of chitosan nanoparticles
on the proliferation of human gastric carcinoma (MGC803)
cells were studied to illustrate the possible mechanisms involved.
Cell viability was determined by MTT assay, necrotic cell
morphology and DNA fragmentation were observed by
electron microscopy and DNA agarose electrophoresis.
Changes of mitochondrial membrane potential (MMP), cell
cycle, and apoptotic peaks wete analyzed by flow cytometry.

MATERIALS AND METHODS

Characterization of chitosan nanoparticles

Chitosan nanoparticles were prepared as described previou-
sly™¥. Particle size distribution and zeta potential of chitosan
nanoparticles were determined using Zetasizer Nano-2590
(Malvern Instruments). The analysis was performed at a
scattering angle of 90° at 25 “C using samples diluted to
different intensity concentrations with de-ionized distilled
water. Transmission electron microscopy (TEM, JEM-1200EX)
was used to determine the morphology of chitosan nanoparticles.

Cell line and cell culture

Human gastric carcinoma MGC803 cell line was obtained
from the Cell Bank of the Chinese Academy of Sciences,
Shanghai, China. The cell line was cultured in RPMI-1640
supplemented with 10% heat-inactivated fetal bovine serum
(GIBCO). The cell cultures were maintained at 37 'C in a
humidified incubator in an atmosphere of 95% air and

50 mL/L CO,.

Cell viability assay
In the case of floating MGC803 cells, 100 UL aliquot of
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cell suspension containing 10° cells was added to each well
of a 96-well plate (Corning, USA). After being cultured for
24 h, the cells were immediately treated with various doses
(25, 50, 75, 100 pg/mL) of chitosan nanopatticles for another
24 or 48 h. The effect of different treatments on cell viability
was assessed by the tetrazolium dye assay!'’.

Scanning electron microscopy (SEM)

MGC803 cells grown on glass coverslips were incubated
with 100 pg/mL chitosan nanoparticles at intervals from
30 min to 4 h. The appropriate solvent was added to the
control. Chitosan nanoparticles-treated and untreated cells
were fixed in glutaraldehyde/paraformaldehyde solution and
prepared for SEM by the triple-fixation GTGO methods.
Briefly, the glutaraldehyde/paraformaldehyde-fixed cell
monolayer was post-fixed by 2% osmium tetraoxide (OsOy)
and the final fixation step was performed by 2% tannic
acid/guanidine hydrochloride. Thereafter, the cells were
dehydrated in graded ethanol solutions, ethanol was exchanged
by graded solutions of Freon 113, and the cells were air-
dried and gold-coated using a Polaron sputter coater. The
sutface morphology of cells was examined by a XL.30-ESEM
scanning electron microscope.

Transmission electron microscopy (TEM)

MGC803 cells grown on glass coverslips were incubated with
100 pg/mL chitosan nanopatticles for 24 h. The appropriate
solvent was added to the controls. Chitosan nanopatticles-
treated and untreated cells were fixed in glutaraldehyde/
paraformaldehyde solution and prepared for TEM as
previously described™"l. Observations and micrographs were
made under a JEM-1200EX TEM.

DNA fragmentation

After treatment with 100 plg/mL chitosan nanoparticles for
6 ot 24 h, cells were collected, washed with PBS, and lysed
with a solution containing 10 mmol/L Tris-HCI pH 7.4,
10 mmol/L EDTA and 0.5% Triton X-100. The lysates
were incubated with 200 mg/mL RNase A (Sigma) for 1 h
followed by 200 mg/mL proteinase K (GIBCO) for 1 h at
37 C. These samples wete then extracted with phenol/
chloroform/isoamyl alcohol (25:24:1, v/v/v) followed by
chloroform. DNA was precipitated in two volumes of ethanol
in the presence of 0.3 mol/L sodium acetate. The DNA
samples thus obtained were run on 1.5% agarose gel at 50 V
and visualized by ethidium bromide staining under UV light.

Determination of mitochondrial membrane potential

To study the MMP, MGC803 cells were treated with
various concentrations of chitosan nanoparticles (25, 50,
75, 100 pg/mlL) for 4 h, and then stained with 10 pug/mL
rhodamine 123 (Sigma) for 30 min, which is easily
sequestered by the mitochondrial membrane!™. Once the
MMP was lost, thodamine 123 was subsequently washed out
of the cells. The MMP was determined using a FACSCalibur
flow cytometer (Becton Dickinson, San Jose, CA) and
analyzed by a CellQuest software program (BD PharMingen,
Franklin Lakes, USA).

Cell cycle analysis
Flow cytometry was employed to determine the DNA

content and the apoptotic peaks of the cells. MGC803 cells
were seeded on 100-mm dishes and grown in RPMI-1640
supplemented with 10% fetal bovine serum. After being
treated with various concentrations of chitosan nanoparticles
(25, 50, 75, 100 nug/mlL) for 24 h, the cells were harvested,
trypsinized, washed with PBS, fixed by adding slowly 2 mL
of cold 70% ethanol into the tube and then stored at 4 C.
After fixation, the cells were washed, centrifuged, and
resuspended in 0.05 mg/mL propidium iodide (Sigma, USA),
100 U/mL RNase (Sigma, USA) in PBS. The sample was
incubated for 30 min at room temperature in the dark, and
analyzed on a FACSCalibur flow cytometer. Cell cycle data
originally obtained with CellQuest software were re-analyzed
using ModFit software (Verity Software House, Topsham,
USA). At the same time negative controls were constructed.

RESULTS

Size, zeta potential, and morphology of chitosan nanoparticles
The average particle size of chitosan nanoparticles was
65 nm and the size distribution ranged from 46 to 83 nm
(Figure 1). Zeta potential, i.c., surface charge greatly influenced
the particle stability in suspension through the electrostatic
repulsion between the particles. It could also determine the
interaction of nanoparticles iz vivo with the tumor cell
membrane, which was usually negatively charged. Chitosan
nanoparticles had a positive charge about 52 mV (Figure 2A),
much higher than that of chitosan in 0.25% acetic acid
solution (Figure 2B). A solid dense structure and a round
shape of chitosan nanoparticles were shown under TEM

(Figure 3).
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Figure 1 Size distribution of chitosan nanopatrticles.

Cell viability assay

In this study, the exponentially grown gastric carcinoma
MGC803 cells were treated with various concentrations of
chitosan nanoparticles ranging from 25 to 100 pg/mlL., and
the cell viability was measured by the MTT assay. The
inhibition of cell viability by chitosan nanopatticles was cleatly
observed in a dose- and time-dependent manner (Figure 4).
The median lethal concentration of chitosan nanoparticles
was 16.2 and 5.3 pg/mL for MGCB803 cells at 24 and 48 h,
respectively.

Necrotic cell morphology
Necrosis is known to occur due to the disruption of cellular
and nuclear membranes under extreme physiological stimuli.
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Figure 2 Zeta potential distribution of chitosan nanoparticles (A) and chitosan (B) in 0.25% acetic acid solution.
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Figure 4 Inhibition of chitosan nanoparticles on MGC803 cell proliferation.

Rupture of the cellular membrane is one of the crucial
criteria used to distinguish necrosis from apoptosis!'?. The
ultrastructural alterations of MGC803 cells treated with
chitosan nanoparticles were observed under scanning
electron microscope and transmission electron microscope.
MGC803 cells treated with chitosan nanoparticles displayed
typical morphological features of necrosis. Control MGC803
cells showed their normal shape and surface morphology
under SEM (Figure 5). The cell surface showed the presence
of numerous, randomly distributed microvilli. Cell death
induced by chitosan nanoparticles showed the features of
necrosis as evidenced by an early membrane leakage and
the microvilli reduction after 30-min treatment. Microvilli
disappeared and irregular tiny holes appeared on the cells’
surface when treated for 2 h, with fracturing membrane

solubilization. MGC803 cells appeared extensively damaged.
The cells that broke into pieces were observed as honeycomb
shape after 4-h treatment. The loss of membrane integrity
and pore forming surface morphology suggested a necrotic
type of cell death and the unique mechanism of interaction
between chitosan nanoparticles and plasma membrane.

Necrotic morphological features of MGC803 cells
treated with chitosan nanoparticles such as disruption of
the cytoplasm and appearance of remnants of swollen
organelles were also revealed under TEM (Figure 0).
Untreated cells showed integral membrane distributed with
microvilli and normal organelle. While treated with chitosan
nanoparticles for 24 h, cells became vacuolated, the plasma
membrane was disrupted completely, and the content in
the cells leaked out.

DNA fragmentation

DNA was extracted from cultured MGCB803 cells treated with
100 g/ mlL. chitosan nanoparticles for 6 or 24 h, the occurrence
of necrosis was detected by agarose gel electrophoresis.
Specific DNA degradative smearing typical of necrotic
degeneration!"? was prominent in cells incubated with
chitosan nanoparticles for 6 h, and the fragmented DNA
increased greatly in cells treated for 24 h (Figure 7).

Alterations of mitochondrial membrane potential (MMP)
One possible mechanism involved in the necrosis of
MGCS803 cells induced by chitosan nanoparticles is
mitochondrial damage. In this study, chitosan nanoparticles
caused a dose-dependent decrease of MMP in MGC803
cells treated for 4 h (Figure 8). The percentage of cells with
the loss of MMP increased significantly with the increase
of chitosan nanoparticles concentration, and reached 74%
when treated with 100 plg/mlL chitosan nanoparticles. The
strong dissipation in MMP suggested a possible disruption
of cell mitochondrial membrane after chitosan nanoparticle
treatment.

Cell cycle effects

The effects of chitosan nanoparticles on cell cycle progression,
population distribution and apoptotic incidence in MGC803
cells were determined by flow cytometry. Chitosan nanoparticles-
induced effects were detected by comparing the cell cycle
profiles between nanoparticles-treated and untreated cells.
Results demonstrated a significant decrease of cells in the

Go/G; phase (Table 1). Apoptotic peaks wetre observed
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Figure 6 Transmission electron microscopic photographs of MGC803 cells
cultured for 24 h in the absence (A) or presence of 100 ug/mL chitosan
nanoparticles (B) in vitro (TEM, x5 000).

and cell apoptotic incidence increased in a dose-dependent
manner after chitosan nanoparticle treatment. The apoptotic
incidence increased to 9.9% after being treated with
100 pg/mL chitosan nanoparticles (Figure 9).

DISCUSSION

Due to its reported biocompatibility and biodegradability!™¥,
chitosan has been applied in drug delivery systems to prepare
microspheres or nanospheres for encapsulation of drugs,
enzymes, proteins, and DNA!"'". Chitosans could be developed
as sole drugs for its biological activities. Soluble chitosan
and chitosan microspheres are reported to show some degree
of toxicity towards a murine melanoma cell line, B16F10,
chitosan hydrochloride is most toxic having an ICs, of
0.21£0.04 mg/mLI". Amino-derivatized cationic chitosan
derivatives show dose-dependent inhibitory effects on the
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Figure 7 Agarose gel electrophoretic analysis of DNA isolated from MGC803
cells incubated with 100 pg/mL chitosan nanoparticles for 6 h (lane 2) and 24 h
(lane 3) or without treatment (lane 1). M: a DNA marker.

proliferation of several tumor cell lines, with a lowest I1Cs,
of 2244 pg/ml towards liver cancer!™.

Positively charged chitosan nanoparticles prepared by
our laboratory exhibit a higher cytotoxicity than other
chitosan derivatives against various tumor cell lines, and a
low toxicity against normal human liver cells”). The present
study demonstrated that chitosan nanoparticles could exert
a high cytotoxicity against human gastric carcinoma
MGC803 cell line. The gastric carcinoma cell line has been
proved to be sensitive to chitosan nanoparticles with an
ICs value of 5.3 pg/mL after 48-h treatment, suggesting
that chitosan nanoparticles may be a good candidate for
antitumoral drugs. Particle size of nanopatticles plays a crucial
role in their antitumor activity and ## vive distribution**!,
Smaller nanoparticles show a higher accumulation at tumor
sites and prolong z vivo half-life due to their avoidable capture
by the reticuloendothelial system™?*). Here, the patticle size
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Figure 8 Chitosan nanoparticles-induced changes of MMP. A: Loss of MMP; B: histogram of untreated cells; C: histogram of cells treated with 100 pg/mL chitosan

nanoparticles.
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Figure 9 Effect of chitosan nanoparticles on cell cycle (A) and apoptotic incidence (B) of MGC803 cells.
Table 1 Effect of chitosan nanoparticles on cell cycle of MGC803 cells (mean+SD)
Cell cycle phase distribution (%)
Concentration (ug/mL) Al
Go/G, S G,/M
0 71.8+1.3 17.3+0.9 9.5+0.2 1.740.2
25 70.5+0.8° 16.7+1.1 8.3+2.1 3.9+0.6
50 69.4+0.6° 15.9+0.6 7.4+0.3 6.8+0.3"
75 67.3+0.4° 13.2+2.3 12.3+0.5 7.6+0.4°
100 51.5+1.3 23.5+1.1 15.2+3.1 9.9+0.5°

Al: apoptotic incidence; °P<0.01 vs control.

of chitosan nanoparticles could be controlled only to 65 nm,
which is in favor of the antitumor activity and prolongs
efficacy of chitosan nanoparticles. Polymers with high cationic
charge densities have higher cytotoxic effects than those
with low chatge densities®. As a kind of cationic polymerts,
the surface charge of chitosan derivatives is the major factor
affecting its cytotoxic activity due to the electrostatic ionic
interaction between the negatively charged groups of tumor
cells and the positively charged amino groups of chitosans!™!.
Therefore, the high surface charge about 52 mV of chitosan
nanoparticles is responsible for its higher cytotoxic activity.

Morphologically, necrosis is quite different from
apoptosis. During necrosis, cells first swell, then the plasma
membrane collapses and cells are rapidly lysed, while
apoptotic cells disintegrate into well-enclosed apoptotic
bodies without loss of membrane integrity!™!. The
ultrastructural alterations of MGC803 cells observed by

electron microscopy displayed typical morphological features
of necrosis due to the treatment of chitosan nanoparticles,
suggesting that chitosan nanoparticles induce necrotic tumor
cell death and can be used as a membrane-active drug.
Chitosan nanoparticles are positively charged due to the
cationic characteristics of chitosan™. Chitosan nanoparticles
could be first adsorbed onto the negatively charged tumor
cell membrane by electron interaction, then exhibit
antitumoral effects by damaging membrane and disrupting
organelle, and finally lead to cell death with the structure
breakdown.

Fragmented DNA during apoptosis appears as a seties
of bands, which are described as “DNA ladders” on agarose
gels, representing formation of oligonucleosomes with the
characteristics of apoptosis®?. In contrast, fragmented
DNA during necrosis appears as a continuous spectrum of
sizes™\. In this study, chitosan nanopatticles-treated tumor
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cells also yielded a continuous spectrum of DNA fragments
of low molecular mass, indicating that necrosis is induced
by chitosan nanoparticles.

It was reported that mitochondria play a crucial role in
regulation of cell death?. Under extreme conditions (e.g.,
high Ca®*, oxidative stress) mitochondtia undergo drastic
changes, accompanied with decrease of the mitochondrial
potential, de-energization, swelling, and permeabilization of
the inner membraneP!, Furthermore, the occurrence of
mitochondrial dysfunction is rapidly followed by or neatly
coincident with the loss of plasma membrane integrity, thus
leading to necrotic cell death at last. In this study, a drastic
decrease of MMP was observed in chitosan nanoparticles-
treated human gastric carcinoma cells, indicating that the
mitochondrial membrane is damaged.

Cell cycle analysis showed a significant decrease of cells
in the Gy/G; phase and the dose-dependent apoptosis in chitosan
nanoparticles-treated cells, suggesting that apoptosis is also
involved in the cell death induced by chitosan nanopatticles.

In summary, chitosan nanoparticles with a small particle
size of about 65 nm and a positive surface charge of about
50 mV exhibit a high cytotoxicity towards human gastric
carcinoma cell line MGC803 and induce cell death with
predominant necrotic features. The antitumor mechanism
of chitosan nanoparticles is related to their membrane-
disrupting and apoptosis-inducing activities.
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