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Abstract

Stearic acid (SA) grafted chitosan oligosaccharide (CSO) (CSO–SA), which was synthesized by an 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide (EDC)-mediated coupling reaction, was demonstrated to form micelle like structure by self-aggregation in aqueous solution. The critical
micelle concentration (CMC) of CSO–SA with 15.4% amino substituted degree of CSO was about 0.035 mg/ml. The micelles with 1 mg/ml
CSO–SA concentration had 70.6 nm volume average hydrodynamic diameter with a narrow size distribution and 46.4 ± 0.1 mV surface potential.
Due to the cationic property, the micelles could compact the plasmid DNA to form micelle/DNA complexes nanoparticles, which can efficiently
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rotect the condensed DNA from enzymatic degradation by DNase I. The volume average hydrodynamic diameter of CSO–SA micelle/DNA
omplex increased from 203 nm to 318 nm and decreased to 102 nm due to the variation of zeta potential when the N/P ratio increased from
.25 to 3.6 and from 3.6 to 58. The IC50 value of the CSO–SA micelle against A549 cells was 543.16 �g/ml, while the IC50 of LipofectamineTM

000 was about 6 �g/ml. The in vitro transfection efficiency of CSO–SA micelles was investigated by using plasmid DNA (pEGFP-C1). The
ransfection efficiency with CSO–SA/DNA (N/P ratio is 29) was increased with the post-transfection time (in 76 h), while the optimal transfection
f LipofectamineTM 2000/DNA was obtained at 24 h. The transfection of CSO–SA was not interfered in the presence of 10% fetal bovine serum,
hich showed remarkable enhancement effect. The optimal transfection efficiency of CSO–SA micelles in A549 cells was about 15%, which
as higher than that of CSO (about 2%) and approach to that of LipofectamineTM 2000 (about 20%). The low cytotoxic biodegradable CSO–SA
icelles could be used as an effective DNA condensation carrier for gene delivery system.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Efficient gene transfer is a key factor in gene therapy. Two
ain types of vectors that are used in gene therapy are based on

iral or non-viral gene delivery systems. Non-viral gene deliv-
ry systems have recently received increasing interest due to
afety concerns with viral vectors (Kong et al., 2005; Salem et
l., 2003). A number of non-viral gene delivery vectors includ-
ng cationic liposome (Sellins et al., 2005; Pringle et al., 2005),
ature and synthetic polymers (Son et al., 2004; Neu et al., 2005;
avic et al., 2003; Kang et al., 2005) have been introduced as
lternatives against viral vectors due to their potential advan-
ages of low immunogenicity and ease to preparation. Although
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the cationic liposomes have higher transfection efficiency com-
paring with cationic polymer, but the higher toxicity restrict their
application for gene delivery system. On the other hand, cationic
polymers are more stable than cationic lipids. However, com-
pared to cationic liposome, the efficiency of gene delivery by
cationic polymers is still relatively low.

As biodegradable, biocompatible, low immunogenicity and
non-toxic material, chitosan and its derivatives have been widely
accepted as a non-viral vector for gene delivery (Borchard, 2001;
Mansouri et al., 2004). Chitosan is a cationic natural polysac-
charide, it can be complexed with negatively charged DNA by
ionic interactions, and protects DNA against DNase degradation
and leads to its condensation (Cui and Mumper, 2001; Illum
et al., 2001). However, its low transfection efficiency problem
remains to be solved. For this target, various modifications of
side chain of the chitosan and the optimizations of formulation
have been performed (Kean et al., 2005; Yoo et al., 2005; Mao
et al., 2005). Recent reports indicated that chitosan exhibited
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dose-dependent blood compatibility and cell viability (Kojima
et al., 2001). Such drawbacks of chitosan seem to relate with
chemical and physical characteristics such as the deacetylation
degree and molecular weight of chitosan (Lee et al., 1995). The
chitosan with low molecular weight, namely chitosan oligosac-
charide (CSO), has been focused for the gene delivery system
(Richardson et al., 1999). As reported by other groups (Jeon
and Kim, 2000; Chae et al., 2005), CSO is soluble in water and
can be easily obtained by enzymatic degradation of chitosan and
ultrafiltration separation. Moreover, CSO has reactive amino and
hydroxyl groups, thus many CSO derivatives for pharmaceutical
application can be obtained by chemically altering its properties
under mild reaction conditions (Kim et al., 2005; Yokasan et
al., 2004; Kwon et al., 2003). In particular, stearic acid (SA), an
endogenous long-chain saturated fatty acid, was widely accepted
for pharmaceutical use (Qiang et al., 2000; Hu et al., 2005). As a
main composition of fat, stearic acid is biocompatible with low
cytoxicity.

In this study, CSO was obtained by enzymatic degradation
of chitosan and subsequently separation using ultrafiltration.
SA was then chosen as hydrophobic segments to synthesize an
amphiphilic grafted copolymer based on CSO. The properties of
micelles formed by CSO–SA were investigated. The CSO–SA
micelles were further used as plasimd DNA condensation agent.
The properties of CSO–SA/DNA complex nanoparticles, DNA
stability in CSO–SA/DNA complex nanoparticles, cytotoxicity
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5% CO2 and under fully humidified conditions. The culture
medium was DMEM supplemented with 10% FBS, 100 units/ml
penicillin, and 100 �g/ml streptomycin.

2.3. Plasmid DNA

Plasmid DNA (pEGFP-C1) encoding the enhanced GFP was
used to assess transfection as well as expression efficiency. The
plasmid DNA was donated from the first Affiliated Hospital,
College of Medicine, ZheJiang University (Hangzhou, China).
The plasmid DNA was amplified using Escherichia coli DH5a
and purified using the Endo Free Qiagen kit (Qiagen, Valencia,
CA, USA) to remove the bacterial endotoxins.

2.4. Preparation of CSO by enzymatic degradation of
chitosan

A 3% chitosan solution was prepared by dispersing 15 g of
chitosan in 500 ml of distilled water. After adding 6.25 ml of
36.5% (w/v) hydrochloric acid, the temperature of the mix-
ture was raised up to 50 ◦C in a batch reactor, and 1 unit/ml
chitosanase was added. The reaction time of hydrolysis was
controlled by molecular weight measurement of chitosan, which
performed by viscosity method. The reaction mixture was then
centrifugated for 10 min at 4000 rpm. The obtained supernatant
was filtered by filter with 0.45 �m pole size, and then ultrafil-
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nd in vitro transfection efficiency of CSO–SA micelles were
valuated.

. Materials and methods

.1. Materials

Randomly 95% deacetylated chitosan (Mw = 450.0 K) was
upplied by Yuhuan Marine Biochemistry Co., Ltd. (Zhe-
iang, China) and chitosanase was purchased from Chem-
cal Industries Co., Ltd. (Japan). Stearic acid was pur-
hased from Shanghai Chemical Reagent Co. Ltd. (China).
-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), 2,4,6-
rinitrobenzene sulfonic acid (TNBS), and 3-(4,5-dimethyl-
hiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) were
urchased from Sigma (St. Louis, MO, USA). Polysaccharide
Part Number: 2090-0100) was purchased from Polymer Labo-
atories Co., Ltd. (USA) and pyrene was purchased from Aldrich
hemical Co., Ltd. (USA). LipofectamineTM 2000 was supplied

rom Invitrogen Corporation (CA, USA). DNase I, Dulbecco’s
odified eagle’s medium (DMEM) and trypsin-EDTA were pur-

hased from Gibco BRL (Gaithersberg, MD, USA). Fetal bovine
erum (FBS) was purchased from Sijiqing Biologic Co., Ltd.
Zhejiang, China). Ethanol and other chemicals were analytical
rade and used without further purification.

.2. Cell lines

A549 cells, human cell line derived from the respiratory
pithelium cells, were obtained from Cell Resource Center of
hina Science Academe. The cells were cultured at 37 ◦C with
ered by various molecular weight cut off (NMWCO) ultrafiltra-
ion membrane (Millipore Labscale TFF system, Millipore Co.,
SA). The low molecular weight chitosan, chitosan oligosac-

haride (CSO) were obtained by lyophilization.
The molecular weight of final chitosan oligosaccharide

CSO) was determined by gel permeation chromatography
GPC) with TSK-gel column (G3000SW, 7.5 mm × 30 cm I.D.)
t 25 ◦C. The weighted lyophilized powder of CSO was dis-
olved in acetate buffer solution (pH 6.0) and the final concen-
ration was adjusted to 1.0 mg/ml. Then, 10 �l of the sample was
hromatographed using acetate buffer solution (pH 6.0) as the
lution buffer and a flow rate of 0.8 ml/min.

Master samples of polysaccharide with different molecular
eight (Mw = 5.9, 11.8, 22.8, 47.3, 112, 212 K) were dissolved

n acetate buffer solution (pH 6.0), and their final concentra-
ion were set to 0.5 mg/ml. Calibration was performed by means
f polysaccharide samples using the integral molecular weight
istribution method.

.5. Synthesis of CSO–SA

SA grafted CSO copolymer (CSO–SA) was synthesized
ia the reaction of carboxyl group of SA with amine group
f CSO in the presence of 1-ethyl-3-(3-dimethylaminopropyl)
arbodiimide (EDC). Briefly, CSO (0.4 g) was dissolved in 30 ml
istilled water and stearic acid (0.5 g) was dissolved in 20 ml
thanol by sonicate treatment (Sonic Purger CQ250, Academy
f Shanghai Shipping Electric Instrument) in water bath at room
emperature for 30 s, respectively. EDC (2 g) was added to the
SO solution, under mechanic stirring with 400 rpm at room

emperature. The mixture of CSO solution containing EDC was
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heated up to 90 ◦C under vigorous stirring accompanied by drop-
wise addition of 20 ml of stearic acid solution. The reaction
mixture was stirred at 90 ◦C for 5 h, then the reaction mixture
was cooled to room temperature and the reaction was continued
for further 24 h under stirring. After the reaction, the reaction
mixture was dried in a vacuum oven at 50 ◦C. The dried prod-
uct was dispersed in 20 ml ethanol. The suspension was then
filtered with 0.22 �m millipore filter to collect the precipitate
and the precipitate was further washed with 10 ml ethanol twice
to remove the unreacted SA. After this process, the precipi-
tate was dissolved in 20 ml distilled water, and then dialyzed by
using dialysis membranes (MWCO: 8 kDa, Spectrum Labora-
tories, Laguna Hills, CA) against distilled water for 24 h with
successive exchange of fresh distilled water in order to remove
other water-soluble by-products. The dialyzed product was
lyophilized.

IR spectra of resulted products were measured by a 460-type
spectrometer (Shimudza Co., Japan) to determine the chemical
interaction between CSO and SA.

The degree of substitution, defined as the number of stearic
acid groups per 100 amino groups of CSO, was determined by
TNBS method (Andres and Martina, 1998).

2.6. Characterization of CSO–SA micelle

The CMC of synthesized CSO–SA was determined by fluore-
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dynamic light scattering using a Zetasizer (3000HS, Malvern
Instruments Ltd., UK).

The morphological examinations of Plasmid DNA, CSO–SA
micelle and CSO–SA/DNA complex nanoparticles were per-
formed by atomic force microscopy (AFM) (SPA 3800N,
SEIKO, Japan) using tapping mode and high resonant frequency
(F0 = 129 kHz) pyramidal cantilevers with silicon probes hav-
ing force constants of 20 N/m. Scan speeds were set at 2 Hz.
The samples were diluted with distilled water, and then dropped
onto freshly cleaved mica plates, followed by vacuum drying
during 24 h at 25 ◦C.

2.8. Gel retardation assay

Varying amounts of CSO–SA micelles and 1 �g of plasmid
DNA (pEGFP-C1) were combined in different N/P ratios, and
mixed with gentle vortexing. The mixtures were stand for 30 min
at room temperature prior to analysis. Electrophoresis was then
carried out with a current of 100 V for 20 min in TAE buffer
solution (40 mM Tris–HCl, 1% (v/v) acetic acid, 1 mM EDTA).
The retardations of the CSO–SA/DNA complexes with various
N/P ratios were visualized by the staining of ethidium bromide.

2.9. DNase I protection assay

The DNase I protection assay of CSO–SA/DNA complexes
w
T
w
N
T
f
S

2

s
c
1
f
w
w
o
e
a
r
t
L
i
c
p
f
a
f

v

cence measurement using pyrene as a probe (Kalyanasundaram
nd Thomas, 1977). The fluorescence emission spectrums of
yrene were measured at varying concentration of CSO–SA
olution with the range from 2.5 × 10−4 mg/ml to 2.5 mg/ml
y using fluorometer (F-4000, HITACHI Co., Japan). The con-
entration of pyrene was controlled at 6 × 10−7 M. The slit
penings were set at 5 nm (excitation) and 5 nm (emission).
he excitation wavelength (λex) was 336 nm and the spec-

ra were accumulated with an integration time of 5 s/nm. The
ntensity ratio was calculated from the first (377 nm) and the
hird (395 nm) highest energy bands in the pyrene emission
pectra.

The average hydrodynamic diameter and zeta potential of the
icelles with 1 mg/ml of CSO–SA concentration were measured

y dynamic light scattering using a Zetasizer (3000HS, Malvern
nstruments Ltd., UK).

.7. Preparation and Characterization of CSO–SA /DNA
omplex nanoparticles

Micelle solutions of CSO–SA with different concentration
25 mM sodium acetate buffer, pH 5.5) were firstly purified
y 0.22 �m millipore filter. The stable CSO–SA/DNA complex
anoparticles with various N/P ratios (The N/P ratio was cal-
ulated from the number of unreacted free primary amines of
SO–SA and the number of phosphate groups of DNA) were
repared by mixing the appropriate volume of CSO–SA micelle
olution and DNA solution (500 �g/ml) vortically for 30 s, and
hen standing for 30 min.

The average hydrodynamic diameter and zeta potential
f CSO–SA/DNA complex nanoparticles were measured by
as performed according to the report (Jeong and Park, 2002).
he CSO–SA/DNA complexes with 3.6 and 29 of N/P ratios
ere incubated in a buffer solution (10 mM Tris–HCl, 150 mM
aCl, 1 mM MgCl2, pH 7.4) containing 25 units of DNase I.
he UV absorbance change at 260 nm was measured at dif-

erent intervals by using a UV spectrophotometer (UV-1601,
himadzu, Japan).

.10. In vitro transfection of A549 cells

A549 Cells were seeded 24 h into 24-well plates at a den-
ity of 2 × 105 cells/well in 1 ml of complete medium (DMEM
ontaining 10% FBS, supplemented with 2 mM l-glutamate,
00 U/ml penicillin and 100 �g/ml streptomycin) prior to trans-
ection. Before transfection experiments, the medium in each
ell was replaced with 0.5 ml fresh culture medium with or
ithout FBS at pH 6.5, 7.0, 7.2 or 7.5. The different amount
f complexes (CSO–SA/DNA (N/P ratio is 29) or CSO/DNA)
quivalent to 1 �g of DNA(pEGFP-C1) were added to each well,
nd incubated with cells for initial 6 h. The medium was then
eplaced with 1 ml of fresh complete medium, and the incuba-
ion was continued for further 7–76 h at 37 ◦C. Transfection with
ipofectamineTM 2000/DNA complexes was performed as pos-

tive controls according to the manufacture’s protocol. Briefly,
ells were incubated with LipofectamineTM 2000/DNA com-
lexes (1 �g DNA) in 0.5 ml of serum-free medium for 6 h, and
urther incubated with 1 ml of fresh complete medium for 7–76 h
t 37 ◦C before the analysis for transfection efficiency. All trans-
ection experiments were performed in triplicate.

For the fluorescence assay of transfection, the cells were har-
ested at different time by removing the media then adding
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200 �l 1 × lysis buffer (Promega, Madison, IL, USA), leaving
for 5–10 min and gently scraping off the plate. The cell lysate
was centrifuged at 12,000 rpm for 5 min and the supernatant
removed. A sample was assayed for fluorescence by using flu-
orometer (F-4000, HITACHI Co., Japan) (excitation: 488 nm;
emission: 520 nm).

The optimal transfection efficiency was evaluated by using
FACScan analysis. After 24–72 h incubation, cells were washed
with cold PBS (Dulbecco’s Phosphate buffered saline) and har-
vested by the addition of trypsin-EDTA solution. Finally, 1 ml of
PBS was added and cells were centrifuged at 3000 × g for 4 min.
The pellet was then resuspended in PBS containing 2% formalin
and analyzed on a FACScan flow cytometer (BD Biosciences,
USA). Determination of GFP positive events was performed by
a standard gating technique. On the other hand, cells were also
directly viewed under a fluorescence microscope (OLYMPUS
America, Melville, NY).

2.11. In vitro toxicity assay

A549 cells were seeded in a 96-well plate at a seeding
density of 10,000 cells per well in 0.2 ml of growth medium
consisting of DMEM with 10% FBS and antibiotics. Cells
were cultured at 37 ◦C for 24 h. The growth medium was then
removed and growth medium containing the desired amount of
CSO, CSO–SA micelles or LipofectamineTM 2000 was added.
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EDC is called ‘zero-length’ cross-linker because the amide link-
ages are formed without leaving a spacer molecule (Pieper et
al., 2000). EDC reacts with the carboxyl group of stearic acid to
form an active ester intermediate, which can further react with
a primary amine of CSO to form an amide bond. The remained
EDC and by-product (isourea) can easily remove by dialysis
with water (Lee et al., 1998).

To investigate the binding between SA and CSO, IR spectra
(data not shown) of CSO, SA and CSO–SA were investigated.
It is clear that the peaks of amide bands I and II of CSO are
appeared at 1620 cm−1 and 1510 cm−1, respectively. The new
peaks of amide bands I and II were observed at 1640 cm−1 and
1560 cm−1 in the spectra of CSO–SA, respectively. The shifted
peaks of amide bands I and II were caused by the amide band
between CSO and SA. On the other hand, no absorption peak
of the carboxyl groups of SA (1700 cm−1) was found in the IR
spectra of CSO–SA.

The degree of amino substitution of prepared CSO–SA was
about 15.4% from the determination by 2,4,6-trinitrobenzene
sulfonic acid method.

3.2. Characteristics of CSO–SA micelle

CSO–SA micelles were easily prepared by dispersing
CSO–SA in distilled water with ultrasonic due to its inher-
ent self-aggregation in aqueous environment. In general, the
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he cells were further incubated for 48 h. After incubation, the
etabolic activities of the cells were measured. A 100 �l of

resh growth medium containing 50 mg MTT was added to each
ell, and cells were incubated for 4 h. After the unreduced MTT

nd medium were removed, each well was washed with 100 �l
f PBS and 180 �l of DMSO were then added to each well
o dissolve the MTT formazan crystals. Plates were shaken for
0 min and the absorbance of formazan product was measured
t 570 nm in a microplate reader (BioRad, Model 680, USA).
urvival percentage was calculated as compared to mock-treated
ells (100% survival) (Mosmann, 1983).

. Results and discussion

.1. Synthesis of CSO–SA

CSO was firstly prepared by hydrolysis of chitosan in the
resence of chitosanase at 50 ◦C under the acid condition, and
he CSO with narrow molecular weight distribution was obtained
y ultrafiltrating with various molecular weight cut off ultra-
ltration membrane. The final molecular weight of CSO was
easured by gel permeation chromatography. The Mn (num-

er average molecular weight), Mw (weight average molecular
eight) and Mw/Mn (the polydispersity) of CSO used in this

esearch were 9.95, 18.7 and 1.88 K. It was confirmed that the
btained CSO was easily dissolved in the distilled water at the
H below 7.4.

CSO–SA grafted copolymer was then synthesized via
he reaction of carboxyl group of SA with amine group
f CSO in the presence of water-soluble 1-ethyl-3-(3-
imethylaminopropyl)carbodiimide (EDC). The water-soluble
ydrophobic SA segments of CSO–SA molecular were self-
ssociated into a hydrophobic core, while the hydrophilic
SO segments were pushed into water phase surrounding the
ore. The aggregation behavior of CSO–SA in aqueous media
as investigated by fluorometry with pyrene as a fluorescent
robe (Kalyanasundaram and Thomas, 1977). The CMC value
f CSO–SA in distilled water was determined to be about
.035 mg/ml, which is lower than that of low molecular weight
urfactants in water (Riess, 2003).

Fig. 1 shows the distributions of hydrodynamic diame-
er and zeta potential of CSO–SA micelle with 1 mg/ml of
SO–SA concentration. The CSO–SA micelle with 1 mg/ml
f CSO–SA concentration had about 70.6 nm of volume aver-
ge hydrodynamic diameter and 46.4 mV of average of zeta
otential.

.3. Characteristics of CSO–SA/DNA complexes

Due to the positive charge, the CSO–SA micelle was used to
ondense the DNA forming CSO–SA/DNA complex nanoparti-
les. The CSO–SA/DNA complex nanoparticles with N/P ratio
rom 0.25 to 58 were prepared by mixing the appropriate volume
f CSO–SA micelle solution and DNA solution. The variations
f volume average hydrodynamic diameter and zeta potential
f CSO–SA/DNA complex nanoparticles against N/P ratio are
hown in Fig. 2. It is clear that the volume average hydrodynamic
iameter of CSO–SA/DNA complex nanoparticles increased
rom 203 nm to 318 nm as the N/P ratio of CSO–SA/DNA com-
lexes increased from 0.25 to 3.6. The increase of hydrodynamic
iameter of the complexes was due to the decrease of complex
tability caused by the decrease in absolute value of zeta
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Fig. 1. The size distribution (a) and zeta potential (b) distribution of CSO–SA
micelle with 1 mg/ml CSO–SA concentration.

potential. Notice the zeta potential was increased from −10 mV
to 0 mV as the N/P ratio increased from 0.25 to 3.6 (Fig. 2).
On the other hand, the hydrodynamic diameter decreased from
318 nm to 102 nm when the N/P ratio further increased to 58.

Fig. 3(a)–(c) shows the image of atomic force microscopy for
CSO–SA micelles, plasmid DNA, and CSO–SA/DNA complex
nanoparticles, respectively. From Fig. 3(a) the quasi-spherical
shape of CSO–SA micelle was observed, and the linear DNA
structures were observed in Fig. 3(b). Furthermore, Fig. 3(c)
showed ball or elliptical spherical shape of CSO–SA/DNA com-

Fig. 2. The variations of volume average hydrodynamic diameter and zeta poten-
tial of CSO–SA/DNA complex nanoparticles against N/P ratio.

plexes, which indicated the linear DNA molecules were com-
pacted by CSO–SA micelles to form complex nanoparticles.

The DNA condensation capacity of CSO–SA micelles was
also analyzed at different N/P ratios of CSO–SA/DNA by a gel
retardation assay using an agarose gel electrophoresis. Fig. 4
shows the gel retardation results of the complexes with N/P ratio
from 0.25 to 58. The complete retardation of the complexes can
be seen when the N/P ratio was above 3.6, which suggested
CSO–SA micelles and plasmid DNA started to form tight com-
plexes.

3.4. DNase I protection assay

Protection of plasmid DNA from nucleases is one of the
crucial factors for efficient gene delivery in vivo as well as in
vitro (Katayose and Kataoka, 1998). The effect of protection to
plasmid DNA in CSO–SA/DNA complexes from DNase I degra-
dation was examined using DNase I as a model enzyme. Increas-
ing the UV absorbance value at 260 nm with incubation time
reveals the degradation of DNA backbone. Fig. 5 shows naked
plasmid DNA was significantly degraded in 5 min, whereas the
complexed with CSO–SA polymeric micelles, the condensed
plasmid DNA was efficiently protected from the attack of DNase

es; (b
Fig. 3. Images of atomic force microscopy: (a) CSO–SA micell
 ) free plasmid DNA; (c) CSO–SA/DNA complexes (N/P = 29).
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Fig. 4. Gel retarding analysis of CSO–SA/DNA complex nanoparticles. Lane 1
is naked DNA; lanes 2–9 are CSO–SA/DNA complex nanoparticles with N/P
ratio of 0.25, 0.5, 1.0, 1.8, 3.6, 7.2, 14.5, 29 and 58, respectively.

Fig. 5. Variation of UV absorbances at 260 nm against reaction time in DNase
degradation experiments with or without CSO–SA micelles.

I (N/P ratio of 29). Some extent of degradation could be observed
at the N/P ratio of 3.6, at which the complexes having a less com-
pact structure was fail to give a full protection of DNA from the
enzymatic attack. This result is consistent with the gel retarda-
tion result of Fig. 4, in which the DNA was not fully condensed
with the polymeric micelles at the N/P ratio of 3.6.

3.5. Cell viability

Some studies showed that cytotoxicity was originated from
the structural destabilization of lipid membranes by polycations,

but the process of cationic polymer-mediated cytotoxicity is
still unclear. Herein the effects of CSO, CSO–SA micelles and
LipofectamineTM 2000 on cell viability were investigated by
using A549 cells and MTT assay. The results showed slightly
decreasing in viability when the cells were cultured with either
CSO or CSO–SA containing 1 �g DNA; while cells demon-
strate reduced cell viability following their incubation with the
LipofectamineTM 2000. The IC50 of CSO and CSO–SA were
measured to be 844.36 �g/ml and 543.16 �g/ml, respectively,
while IC50 of LipofectamineTM 2000 was about 6 �g/ml.

3.6. In vitro transfection of complex nanoparticles

The intracellular expression of DNA (pEGFP-C1) genes fol-
lowing in vitro transfection experiment was examined using
a fluorescence microscope and FACScan flow cytometer. The
effect of serum on the transfection was examined by fluo-
rescence intensity assay. It was confirmed that the level of
transfection of CSO–SA/DNA complex was increased in the
presence of 10% serum-containing medium. This may be due
to cell viability being optimal for transfection under this cir-
cumstance. However, LipofectamineTM 2000/DNA complexes
give the lower transfection activity in 10% serum. This indicates
that CSO–SA is more compatible for transfection in vivo than
LipofectamineTM 2000.
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Fig. 6. Effects of post-transfection time (A) and pH of transfection medium (B) on tra
and LipofectamineTM 2000/DNA complexes, and B shows the transfection of CSO–S
The effect of post-transfection time on the transfection was
nvestigated (the pH of culture medium was 7.2) as well. All
xperiments were repeated three times. Fig. 6(A) shows that
sharp increase in LipofectamineTM 2000/DNA expression
as observed in 24 h post-transfection. Maximum fluorescence

ntensity was obtained at 24 h. After 24 h, the transfection
nd DNA (pEGFP-C1) expression decreased rapidly. On the
ther hand, when the CSO–SA was used as a transfection car-
ier (the culture medium containing 10% FBS, N/P ratio is
9), the fluorescence intensity was increased with the post-
ransfection time (until 76 h). After 76 h cellular incubation with
SO–SA/DNA, the cells became multi-layers in the well due

o the cellular growth, and the transfection experiments were
topped. The decrease of transfection after 24 h in the case of
ipofectamineTM 2000 may be due to its higher cytotoxicity.
he increased transfection of CSO–SA in 76 h and the rela-

ively lower transfection may be related to the lower release rate

nsfection (A shows the transfection of CSO–SA/DNA complexes with N/P = 29
A/DNA complexes with N/P = 29).
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Fig. 7. Flow cytometry analysis (A) and fluorescence image observations (B) for DNA (pEGFP-C1) expression in A549 cells cultures using free plasmid DNA
(control), CSO/DNA (a), CSO–SA/DNA (b) and LipofectamineTM 2000/DNA (c).

of DNA from CSO–SA and the lower cytotoxicity than that of
LipofectamineTM 2000.

Fig. 6(B) shows the effect of the pH of culture medium on the
transfection of CSO–SA/DNA. When the pH of culture medium

increased from 6.5 to 7.0, the transfection was increased signif-
icantly. The transfection indicated slightly decrease as the pH
of culture medium increased from 7.0 to 7.5. These results were
agreed with the results reported by Ishii et al. (2001). The amount
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of cell uptake was correlated to the level of transfection activity
except for medium of pH 6.5. The slight decrease of transfec-
tion as the pH of culture medium increased from 7.0 to 7.5 might
be due to the lower zeta potential and consequently the lower
ability of cellular up-taken. When pH was altered from 7.0 to
6.5, an analysis of zeta potential showed increase in the positive
charge of the complexes (data not shown). In the case of lat-
ter, the stronger protonation of amino groups of CSO–SA might
reduce the escape ability of CSO–SA/DNA nanoparticles from
endosome.

From above results, we further analyzed the optimal intracel-
lular expression of DNA (pEGFP-C1) genes following in vitro
transfection experiment by using FACScan flow cytometer and a
fluorescence microscope. Fig. 7(A) shows the transfection effi-
ciency of CSO/DNA (72 h), CSO–SA/DNA (N/P ratio is 29,
post-tranfection time is 72 h) and LipofectamineTM 2000/DNA
complexes (24 h) by using FACScan flow cytometer. At the dose
of 1 �g of DNA/well, cells transfected by the CSO–SA/DNA
complexes reached about 15% which a little lower than that
achieved by LipofectamineTM 2000/DNA (about 20%) com-
plexes at the same dose as control, while it was much higher than
that of CSO/DNA (about 2%). Fig. 7(B) presents the fluores-
cence images of gene expression for CSO/DNA, CSO–SA/DNA
and LipofectamineTM 2000/DNA complexes. Fluorescence was
not detected in A549 cells treated with naked plasmid DNA
alone (data not shown), which means that the plasmid DNA had
n
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On the other hand, the cytotoxicity of CSO–SA was highly lower
than that of LipofectamineTM 2000. The low cytotoxicity of the
present CSO–SA micellar vector, having an unhampered supe-
rior DNA condensation capacity, may be beneficial for non-virus
gene transfer carrier.
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