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ABSTRACT

PEI and chitosan are considered to be promising non-viral gene delivery vectors. To improve the
transfection efficiency of chitosan, we linked chitosan with polyethylenimine (PEl, Mw = 1.8 kDa) by 1,1'-
carbonyldiimidazole to form a complex. The composition, particle size, as well as the zeta potential of
this chitosan-linked-PEI (CP) complex were measured. And the DNA binding ability, cytotoxicity, and
gene transfection efficiency of CP complex were also investigated in cancer cells. In HepG2, A549 and
HeLa cells, CP complex exhibited lower cytotoxicity as compared with PEI25KDa (Mw =25 kDa), a posi-
tive control proved to be an efficient gene transfection polymer. Likewise, it showed good transfection
efficiency in these cancer cell lines. Specifically, the long-term transfection efficiency of CP was higher
than PEI25KDa as demonstrated by the in vitro cancer cell model. The confocal laser scanning microscopy
data showed the time for CP to enter the nucleus was 4 h, which was longer than that of PEI25KDa but
shorter than that of chitosan. Furthermore, CP complexes were used as a gene carrier to deliver the CCL22
gene into H22 cells. When these gene-altered cells were inoculated in mice, the tumor growth rate was
significantly decreased, indicating the CP copolymer was a promising vector for the therapeutic gene

delivery.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Gene therapy can be defined as the transfer of a therapeutic
gene of interest into the targeted cells or organs with the conse-
quent expression of the transgene. In the past several years, the
gene therapy has received significant attention due to its poten-
tial application to replace dysfunctional genes for the treatment of
acquired diseases (Huang, 1999; Marxhall et al., 1999). The success
of gene transfection is largely dependent on the development of
vectors that could efficiently deliver a gene to cells with minimum
toxicity. In this regard, two kinds of vectors, viral vectors and non-
viral vectors have been developed. Viral vectors have been proved
to be the most efficient carrier in gene delivery, but its clinical appli-
cation has been limited due to safety issues. Therefore, non-viral
vectors, such as chitosans and PEI, have been increasingly proposed
as safer alternatives to viral vectors for their potential advantages
such as the ease of synthesis, cell/tissue targeting properties, low
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immune response, as well as the unrestricted plasmid size (Leong
et al., 1998).

Chitosans, a family of linear binary polysaccharides, comprised
of beta (Huang, 1999; Koping-Hoggard et al., 2004; Leong et al.,
1998; Marxhall et al., 1999) linked 2-amino-2-deoxy-[3-D-glucose
(GIcN; D-unit) and the N-acetylated analogue (GIcNAc; A-unit),
have been proposed as biocompatible alternative cationic polymers
that are suitable for non-viral gene delivery (Koping-Hoggard et al.,
2004). However, this system has a significant limitation owing to
its low transfection efficiency (Kim et al., 2005). One of the primary
causes of poor gene delivery efficiency is the insufficient release of
chitosans from endosomes into the cytoplasm (Kim et al., 2005).
Another non-viral vector, PE], is regarded to be the most effective
cationic polymer for gene delivery (Densmore et al., 2000). Its high
proton-buffering capacity results in rapid osmolysis of the endo-
somes, and the PEI-DNA complexes escape into the cytosol and
are subsequently transported into the nucleus (Kichler et al., 2005).
However, PEl is also associated with dose-dependent toxicity, espe-
cially at high molecular weight, and its long-term safety has been a
main concern because it is non-biodegradable. It has therefore not
yet been used in human studies (Fischer et al., 1999; Kunath et al.,
2003). In our previous studies (Zhao et al., 2008, 2009), we obtained
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a chitosan/DNA/PEI complex simply using incubation method. By
adjusting the N/P ratio, defined as the ratio of moles of the amine
groups of copolymer to moles of phosphates of DNA, the com-
plex showed high transfection efficiency and low toxicity. However,
some problems still exist. For example, we could not remove the
slight PEI/DNA complex in our previous experiments. The PEI which
had been used in the incubation was 25kDa. At this molecular
weight, it is not biodegradable and may cause safety issues. To
resolve these problems, a new complex, chitosan-linked-PEI (CP),
was synthesized in the present study by using the low molecule
weight of PEI (Mw = 1200 Da). It was reported that linking the low
molecular weight PEI with the high molecular one using degradable
linkers would form new PEIs with suitable molecular weights. It is
desired that the toxicity will be greatly reduced for those new PEIs
as it could be degraded into low molecular weight PEI with much
less toxicity after delivering DNA into cells. Furthermore, those new
PEIs could have good transfection efficiency for gene delivery (Ahn
et al., 2002; Forrest et al., 2003; Gosselin et al., 2001; Petersen et
al., 2002). However, during the reactions of the multifunctional low
molecular weight PEIs with the degradable linkers, gelation might
occur easily (Flory, 1953). Even though soluble products could be
obtained through carefully adjusting the reaction conditions, it was
difficult to control the structures, molecular weights, and consti-
tutions of the products. Also, the reproducibility was poor. So we
proposed to link chitosan with low molecule weight PEIL. And the
PEl length could be well controlled by adjusting the feed molar ratio
of aziridine to amine of chitosan.

Several groups have reported the pilot research in this area.
Park et al. (2001, 2000) prepared modified galactosylated chitosan
(GC)/DNA complexes, and these systems could efficiently transfect
liver cells, express asialoglycoprotein receptors, which specifically
recognize the galactose ligands on chitosan. However, the trans-
fection efficiency of these complexes was still low. Also, Kim et
al. (2005) and Park et al. (2003) reported that chitosan coupled
to urocanic acid (UA), which bears an imidazole ring, could play a
crucial role in endosomal rupture through a proton-sponge mech-
anism. This group also demonstrated that when PEI (Mw = 10 kDa)
was combined with a water-soluble chitosan (WSC)/DNA complex,
the transfection efficiency was enhanced via the proton-sponge
effect, while cell survival was not markedly decreased. Another
group (Wong et al., 2006) designed a chitosan-graft-PEI (CHI-g-
PEI) copolymer which has shown good results by using an imine
reaction between peroxidate oxidized chitosan and low molecular
weight PEIL

In this study, we designed and developed a novel CP (CHI-1-PEI)
copolymer by an imine reaction between chitosan and low molecu-
lar weight PEI to reduce cytotoxicity of the complex and enhance its
transfection efficiency. The physicochemical properties, cytotoxic-
ity, transfection efficiency, as well as the long-term gene expression
of this CP/DNA complex were investigated in vitro. The therapeu-
tic gene CCL22 was used in the ex vivo study and its anti-tumor
effects were evaluated in the murine model. It was first report that
atherapeutic gene was delivered by the novel non-viral vectors and
notable anti-tumor effects were observed in the murine model.

2. Materials and methods
2.1. Materials

Chitosan (Mw =100 kDa) was purchased from Yuhuan Biochem-
istry Co., Ltd. (Yuhuan, China). Polyethylenimine (PEI, Mw =25 kDa,
1200 Da) was purchased from Aldrich Chemical Co., Ltd. (Milwau-
kee, WI, USA). 1,1’-Carbonyldiimidazole (CDI) was from Pierce
(Rockford, IL, USA). Luciferase activity assay kits and the protein
assay kit were obtained from Biyuntian Biologic Co., Ltd. (Nan-

jing, China). Dulbecco’s modified eagle’s medium (DMEM) and
trypsin were obtained from Gibco BRL (Gaithersberg, MD, USA).
Fetal bovine serum (FBS) was purchased from Sijiging Biologic
Co., Ltd. (Hangzhou, China). Lipofectmine2000 was purchased from
Invitrogen. All other chemical were analytical grade.

Plasmids DNA (pGL3 and pEGFP-N1) were kindly provided by
the Institute of Infectious Diseases, Zhejiang University (Hangzhou,
China). The plasmids DNA were amplified using Escherichia coli
DH5a and purified using AxyPrep Maxi Plasmid Kit (Axygene
Biotechnology Limited, Hangzhou, China). The purity of the plas-
mids consisting of supercoiled and open circular forms was checked
by electrophoresis on a 1.0% agarose gel and the concentration
of DNA was determined by measuring UV absorbance at 260 and
280nm. DNA from protamine was used for the measurement of
particle sizes.

2.2. Cell line

Human cervical adenocarcinoma cell line (HeLa) cells, A549
human lung carcinoma cells, HepG2 (human hepatoblastoma cells)
cells and H22 (peripheral hepatoma cells) cells were obtained from
the Institute of Biochemistry and Cell Biology, Shanghai Institutes
for Biological Sciences, Chinese Academy of Sciences. The cells were
cultured in DMEM medium containing 10% FBS at 37 °C and humid-
ified 5% CO,.

2.3. Synthesis of copolymer

0.5 g chitosan powder (100 kDa) was dissolved in 20 m1 0.5% HAc
solution with a pH of 7.0 and the mixture was stirred over night.
CDI was then added at a molar ratio of CDI: amine of chitosan=2:1,
followed by stirring for 1 h. The PEI (1200 Da) was added dropwise
into the solution under stirring at a molar ratio of PEl:amine of
2:1. The polymerization was performed at room temperature over
night. The resulting crude product was purified by dialysis in water
for 48 h. Finally, the light white powder was yielded by lyophilizing.

2.4. Characterization of copolymer

The composition of the prepared CP copolymer was estimated
by measuring 'H nuclear magnetic resonance ('H NMR) (Avance™
600, Bruker, Germany)

2.5. Cell viability assays

The CP solution and PEI solution were filtering through 0.22 pm
aseptic filter membranes before there were incubated with cells.
For cell viability assay, HeLa, HepG2 and A549 cells were seeded
into 96-well plates at a density of 5 x 103 cells/well, After 24 h, dif-
ferent concentrations of CP and PEI were added with 100 .1 fresh
serum-free DMEM medium to replace the culture medium. And
cells were incubated at 37°C in a humidified 5% CO,-containing
atmosphere for 6 h. Then it was replaced by fresh DMEM medium
with 10% fetal bovine serum. After being incubated for 42 h, 20 .1 of
MTT solution (5 mg/ml) was added to each well and the absorbance
was measured according to the manufacture’s instruction. The cell
viability was calculated as following:

OD595 (sample)

~ 0D595 (control) x 100

cell viability (%)
where OD595 (sample) represents a measurement from the group
treated with vectors and OD595 (control) represents the group
treated with PBS buffer only. All the experiments were carried out
in triplicate to ascertain the reproducibility.
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2.6. Preparation of CP/DNA complex

All chitosan-1-PEI/DNA complexes were freshly prepared before
use. The charge ratio (N/P) of the chitosan-1-PEI/DNA complexes
are defined as the molar relation of amine groups in the cationic
molecule, which represent the positive charges, to phosphate
groups in the DNA, which represent the negative charges. For calcu-
lation of N/P ratios, 330 Da was used as an average mass per charge
for DNA. Complexes were prepared by adding copolymer solution
to equal volumes of calf thymus DNA (Sigma) (for size and zeta
potential measurements), to pGL3-control solution (for luciferase
assay), or to pEGFP-N2 (for in vitro GFP transfection) with gentle
vortexing and incubation at room temperature for 30 min.

2.7. Gel retardation assay

Different amounts of CP (charge ratio from 2 to 10) were com-
bined to DNA (0.5 p.g of pGL3) and the effect of CP on condensation
of DNA was investigated by electrophoresis on a 1% agarose gel
with Tris-acetate (TAE) running buffer at 100V for 30 min. DNA
was visualized with ethidium bromide (0.2 g/ml).

2.8. Measurement of particle sizes and zeta potential

The particle sizes and surface charge (represented by the surface
zeta potential) of the synthesized CP/DNA complexes with different

charge ratios were measured using a laser diffraction spectrome-
try (Malvern Zetasizer 3000HS, Malvern, UK). The volume of the
samples was 1 ml containing a final DNA concentration of 50 pg/ml.

2.9. GFP transfection

HeLa cells were seeded into the 24-well plate at a density of
1 x 105 cells/well, cultured for 18 h before transfection. CP/DNA
complex was prepared by mixing 1 g of EGFP plasmid with appro-
priate amounts of mass ratios from 2:1 to 10:1 and incubated for
30 min at room temperature. The Lipofectmine2000 was used as
the positive control. The final volumes were adjusted to 500 .l by
serum-free DMEM medium. All the solutions were filtered through
a 0.22 pm aseptic filter before mixing. The vector/DNA complex
were added to the 24-well plate and incubated for 6h at 37°C
under 5% CO, atmosphere. Then the DMEM was replaced with the
fresh DMEM with 10% serum. After 48 h, fluorescence signal was
observed by the fluorescence-inverted microscope.

2.10. Assay of luciferase activity

To evaluate the transfection efficiency, CP/DNA complexes (1 g
pGL3 plasmid with mass ratio=10:1) were prepared to trans-
fect in HelLa cells, A549 cells and HepG2 cells. PEI/DNA complex
(N/P=10, 1 g DNA) was also prepared using the similar meth-
ods. The transfect procedure was the same as mentioned in Section
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Fig. 1. (A) Reaction scheme for synthesis of chitosan-linked-PEI (B) 'H NMR spectra of water-soluble oligo-chitosan. (C) 'H NMR spectra of chitosan-linked-PEIL
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Fig. 2. (A) Gel retardation assay of CP/DNA (w/w) nanoparticles. Lane 1: marker; 2: naked DNA; 3: (w/w)=0.5; 4: (w/w)=1; 5: (w/w)=2; 6: (w/w)=3; 7: (Ww/w)=4; (B)
particle sizes and surface charges of copolymer/DNA complexes at various (w/w) ratios.

2.9. After 24 and 96 h, the luciferase assay was carried out accord- 2.11. Confocal laser scanning microscopy
ing to the manufacture’s instruction (Promega, USA). Light units
(LUs) due to luciferase activity were measured with chemilumi- The HepG2 cells were plated on glass coverslips in 24-well
nometer (Autolumat LB953, EG&G Derthold, Germany). All the plates at 5x 10%cells/well. The cells were incubated for 18h.
experiments were carried out in triplicate to ascertain the repro- Then the media were replaced with serum-free media, contain-
ducibility. ing polymer/DNA-FITC (1 g) complex at (w/w) ratio of 10. After
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Fig. 3. Cytotoxicity of CP and PEI at various concentrations in different cell lines. (A) HepG2, (B) A549 and (C) HeLa. (D) Cytotoxicity of complex in three cell lines, CP/DNA
(mass ratio) =10, PEI/DNA (N/P)=10 (n =3, error bars represent standard deviation). Data are expressed as mean + standard deviations.
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incubation for 0.5, 2, 4, and 6 h, cells were washed in PBS, and fixed
with 4% paraform. The nucleus was stained with PI for 30 min in
room temperature and washed for three times. The coverslips were
mounted on microslides. Cells were observed with a confocal laser
scanning microscope (MRC-1024, Bio-Rad, UK).

2.12. Tumor regression for ex vivo experiment

Five weeks old ICR mice were inoculated intradermally with
1.5 x 108 H22 cells that had been transfected with CP/CCL22 (mass
ratio 10:1), PEI/CCL22 (N/P=4), and chitosan/CCL22 (N/P=4)for4 h.
The dose of CCL22 is 20 g per mouse. All cells are in serum-free
DMEM before injection. Tumor volume was calculated by measur-
ing the length and width of the tumor three times a week. Mice
weights were also measured. Each group included at least 6 mice.
Meanwhile the MTT of H22 cells were also conducted to deplete
the false positive.

3. Results and discussion
3.1. Synthesis and characterization of copolymer

PEI-I-chitosan was synthesized by reaction between chitosan
and PEI with the presence of CDI (Fig. 1). In the reaction, CDI played
an important role as a linking agent. The amino group of chitosan
was firstly reacted with one imidazolyl of CDI, and then another
imidazolyl of CDI linked with PEI's amino group. The molar ratio of
CDI to the amine of chitosan was kept to be 2:1.The feed molar ratio
of PEI to amine of chitosan was 5:1. Composition of synthesized

copolymer was analyzed by 'H NMR. As shown in Fig. 1, the proton
peaks area appeared at 3.0-2.5 ppm were increased after synthe-
sis, which indicated that PEI was grafted to the chitosan chain. It
could be calculated from the proton peak area that every two chi-
tosan monomers grafted one PEl monomer to form the complex.
After PEI was grafted, CHI-I-PEI was completely water-soluble at
physiological pH conditions due to the hydrophilic property of PEI,
although chitosan itself is only soluble in acidic conditions.

3.2. Characterization of chitosan-linked-PEI/DNA complexes

The formation of the chitosan-1-PEI/DNA (CP/DNA) complexes
was confirmed using agarose gel electrophoresis and their particle
size and zeta potential were evaluated. Fig. 2(A) demonstrates that
the migration of DNA was completely retarded when the CP/DNA
ratio (w/w) of complex was around four, indicating DNA bound
tightly and completely with CP so there is little free DNA to escape.
Generally, small particle size and positive surface charge would
lead to higher internalization rates of complexes. As shown in
Fig. 2(B), the particle size was determined to be 2500 nm when the
CP:DNA (w/w) ratio was 1. However, at a ratio higher than 2, the
sizes of the complexes were less than 250 nm. It could be explained
by the facts that the combining of polymer complexes with DNA is
through ionic interactions (Kubota et al., 2000). Thus, at high CP to
DNA ratios, there are net electrostatic repulsive forces to prevent
aggregation among complexes. Fig. 2(B) showed the zeta potential
assay results of the CP/DNA complexes with increased (w/w) ratios.
It was shown that the zeta potential was negative when the ratio of
CP:DNA (w/w) complex was 1, where the complex could not form

Fig. 4. Transfection efficiency of CP/DNA (EGFP-control) complex at various (w/w) ratios in HeLa cells after 48 h. (A) (w/w)=1, (B) (w/w)=2, (C) (w/w)=4, (D) (w/w)=5, (E)

(w/w)=10 and (F) Lipofectamine2000.
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completely. With the increasing of CP:DNA (w/w) ratio, the zeta
potential of the complex rapidly increased to positive values. These
results, together with the results obtained from particles size assay
and gel retardation experiments, suggested that the CP/DNA could
form positive potential nanoparticles when the CP:DNA (w/w) was
up to 4.

3.3. Cytotoxicity of CP copolymer

Cytotoxicity was one of the main concerns for the copolymer,
particularly for in vivo delivery. Fig. 3(A-C) showed the results of
in vitro cytotoxicity of the copolymer analyzed by MTT assay in
three cell lines (HepG2, A549 and Hela cells). As shown in Fig. 3,
the cytotoxicity of CP copolymer was much lower than that of PEI
(25kDa). The cytotoxicity of PEI is probably caused by polymer
aggregation on cell surfaces, impairing important membrane func-
tions. The high positive charge of polymer can cause cell membrane
damage. The examined zeta potential of PEI/DNA is nearly 40 (Zhao
et al.,, 2009), which is much higher than CP/DNA complex. Also, the
cationic polymers may interfere with critical intracellular processes
of cells. Particularly, the primary amine was reported to disrupt PKC
function through disturbance of protein kinase activity(Farhood et
al,, 1992; Zhang et al., 2005). It has been reported that high molecu-
lar weight PEI is significantly more toxic than low molecular weight
PEI (Fischer et al., 1999; Kunath et al., 2003). Therefore we choose
low molecular weight PEI (Mw=1200Da) and chitosan, both of
which are degradable, to synthesis co-polymers. The biocompati-
bility and long-term safety of CP could be improved significantly
as compared with PEI (25kDa). These results are in agreement
with the findings by Jiang et al. (2007). Moreover, CP/DNA com-
plexes were also evaluated for the cytotoxicity. No cytotoxicity
was detected in three types of cells treated with CP/DNA complex.
In contrast, the PEI/DNA-treated group was shown to have a high
cytotoxicity (Fig. 3(D)).

3.4. Transfection efficiency of CB/DNA complex

To optimize the transfection efficiency of CP by carefully con-
trolling the mass ratio of CP and DNA (w/w), we transfer complex
into HeLa cells and the Lipofectamine2000 was used as the pos-
itive control. The mass ratio varied from 2:1 to 10:1. Plasmid
PEGFP-N1 encoding green fluorescence protein (GFP) was used to
examine the GFP expression in cells. Fig. 4 showed the transfec-
tion efficiency of the copolymer increased with the increasing of
mass ratios. When the mass ratio reaches 5, the transfection effi-
ciency of the complex is similar with that of the Lipofectamine2000.
When it reaches 10, the transfection efficiency is greater than
that of Lipofectamine2000. With the increasing amount of CP,
the content of grafted PEI (1.2kDa) helped complex to escape
from endosome more easily, so that it will not cause cytotoxic-
ity to the cells. Other than the results obtained after 48 h, we also
get a result after 7 days. Fluorescence signal could be observed
when transfections were mediated by CP after 7 days. However,
at the same time, the GFP expression could not be detected when
the transfection was mediated by Lipofectamine2000 (data not
shown).

To further investigate the transfection efficiency of CP copoly-
mer, we also performed an in vitro luciferase activity assay to
investigate the transfection efficiency of CP copolymer in three cell
lines (HeLa, HepG2 and A549). The highest transfection efficiency
was observed in the HepG2 cell line (Fig. 5). Furthermore, we evalu-
ated the long-term transfection efficiency of copolymer and PEI by
measuring the luciferase activity at 24 and 96 h. It was found that
the transfection efficiency of the copolymer increased or at least
maintained at certain level with the increasing of time, whereas the
transfection efficiency of PEI25KDa was decreased. It is known that
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Fig. 5. Transfection efficiency of CP/DNA (pGL3-control) complex at various (w/w)
ratios in various cell lines. (A) HeLa, (B) HepG2 and (C) A549 (n =3, error bars repre-
sent standard deviation). Data are expressed as mean =+ standard deviations.

a key cellular barrier impeding the transfection efficiency of non-
viral gene vectors is the inefficient release of endosomally trapped
DNA into the cell cytosol. It was generally believed that PEI could
escape from endosome through the proton-sponge mechanism and
thus facilitate gene entry into the nucleus (Kichler et al., 2005). And
the proton-sponge ability of the polymer may be caused by the
high amine content in PEI, which also results in high cytotoxicity
of the polymer, so that the transfection of DNA delivered by PEI
could not last for long-term. The PEI-I-chitosan is synthesized by
linking the low molecular weight of PEI with chitosan. The total
amount of amine content in complex is similar with PEI25KDa,
which allows the complex to escape the endosome easily due to
a higher buffering capacity. And moreover, the release rate of DNA
from the complex could be decreased by retardant effect of the
chitosan. Thus the gene expression could be lasted for long time.
Additionally, the copolymer may have a weaker condensation capa-
bility than PEI25KDa, which would result in an easy release of DNA
from the complexes after escape from the endosome, so that it could
increase the transfection efficiency of DNA.

3.5. Cellular internalization of CP/DNA complex

Cellular internalization of CP/DNA complex was observed
under confocal laser scanning microscopy. Fig. 6 shows the time-
dependent changes of CP/DNA complex internalization. It was
observed that the complexes were internalized in 0.5h and they
were distributed mostly into the endochylema. The complexes
entered into the nucleus in 4h and more DNA could be detected
in nucleus after 6 h. In contrast, PEI25KDa could escape from endo-
some and enter the nucleus more quickly and the DNA carried
by the chitosan is difficult to enter the nucleus (Feng et al., 2006;
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81 C1

Fig. 6. Intracellular distribution of FITC-plasmid/CP complexes was observed with a confocal fluorescence microscope in HepG2 cells. (A) 0.5h Post-incubation; (B) 2h
post-incubation; (C) 4 h post-incubation; (D) 6 h post-incubation. The upper panel shows the nucleus (red) and the middle panel shows the FITC-plasmid (green). The lower
panel shows the over-laid of 1 and 2.

Hashimoto et al., 2006). It is supposed that the ability and the time 3.6. Tumor-suppressive activity induced by therapeutic

to escape from the endosome and enter nucleus of vectors are very gene-carried CP
important for both the transfection efficiency and the cytotoxicity.

The CP complex can escape from endosomes at a proper rate which The efficiency of the CP copolymer in delivering the DNA
increased the transfection efficiency while the cytotoxicity was not is demonstrated using the transfection system by combining
increased. the copolymer and a therapeutical gene, chemokine CCL22, and
(A) 2000 (B)
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Fig. 7. (A) Growth of H22 tumor cells in ICR mice. H22 cells were transfected with CCL22 chemokine gene by CP, PEI, chitosan in vitro for 4h.Then the cells were gathered
and were intradermally injected into the flank of mice at 1 x 10° cells. Tumor volume was calculated after measuring the length and width of the tumor at indicated periods
of time, and data are expressed as the mean + SE of results obtained from six mice. (B) The cells survival before inject into mice (c)% of mice bearing tumor.
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assessed by its abilities in suppressing the growth of tumor cells.
Chemokines consist of a superfamily of small secreted proteins
that attract their target cells by interacting with G protein-coupled
receptors expressed on these cells (Gao et al., 2003). Researchers
have paid attention to chemotactic activity of chemokines for
immune cells, and have expected that they may be able to play
a pivotal role in cancer treatment, because the basis and premise of
immunotherapy is the accumulation of immune cells in tumor tis-
sues. More than 40 chemokines have been identified so far, but only
a few have been demonstrated to be candidates for cancer ther-
apy as sole agents or with adjuvant (Gao et al., 2003; Okada et al.,
2004; Yoshie et al., 2001). Macrophage-derived chemokine/CCL22
are chemotactic for memory CD4* T cells via CCR4 (Campbell et
al., 1999). In our previous study, the anti-tumor effect of CCL22-
encoding adenovirus vector has also been demonstrated (Gao et
al., 2004). It was supposed that tumor cells, genetically altered to
secrete chemokines by an efficient gene transfer system in vitro,
would generate the anti-tumor immune response in the murine
models. The in vivo interaction of T cells with the tumor cells
should induce anti-tumor immunity, resulting in suppression of
tumor growth. The gene transfection and expression were achieved
by incubating H22 cells with the copolymer in vitro. The tumor
sizes of mice were greatly reduced after injection of the geneti-
cally altered cells (Fig. 7). CP showed similar transfection efficiency
as PEL In all of the six mice examined, only two and three mice
bared tumors in CP group and PEI group respectively. This is a lit-
tle different from the in vitro results where PEI showed the highest
transfection efficiency in 24-h incubation. However, the increased
gene expression was observed in the group treated by CP with
the increasing of the cultivation time. And the fluorescence sig-
nal induced by CP was higher than that of PEI25KDa after 96 h.
We supposed that DNA encapsulated in the CP nanoparticle may
result in the sustained release of protein and prolonged the dura-
tion of gene expression due to the retardant effect of chitosan,
therefore induced the stronger tumor-suppressive activity. On the
other hand, the immune process is a long-term procedure and it
takes time for the tumor to reach a certain volume. In the pre-
vious experiments, we have already demonstrated that CP could
express gene which lasted for at least 7 days while the gene trans-
fection efficiency of PEI was decreased dramatically at the same
time. At the initial stage of tumor growth, the immune response
would be more important to determine whether the tumor would
grow or not. It was demonstrated that when the tumor cells were
transfected with PEI/DNA complex at the N/P ratio of 4:1 and inoc-
ulated into the mice, the mice survived. Thus, the PEI/DNA complex
with an N/P ratio of 4:1 was proved to be a safe complex as com-
pared with that with the N/P ratio of 10:1, which could cause a
high cytotoxicity in vitro, while the transfection efficiency was a
little lower.

4. Conclusions

In this study, a novel gene carrier, CP copolymer, was suc-
cessfully synthesized and investigated for its physicochemical
properties, cytotoxicity and gene transfection efficacy. The results
showed that CP could form a complex with DNA and showed com-
patible physicochemical properties for a gene delivery system.
This copolymer had low cytotoxicity and high gene transfec-
tion efficiency in HepG2, A549 and Hela cells when compared
with PEI25KDa in the long-term transfection efficiency. Particu-
larly, when CCL22 gene-altered H22 cells were inoculated into
mice, the tumor growth rate was significant inhibited. Therefore,
CHI-I-PEI could be a promising vector for the therapeutic gene
delivery.

Acknowledgements

This work was supported in part by the National Natural Science
Foundation of China (30873173, 30973648), Zhejiang Provin-
cial Natural Science Foundation for Distinguished Young Scholar
(R2090176) and the National Basic Research Program of China
(2009CB930300).

References

Ahn, CH,, Chae, S.Y,, Bae, Y.H., Kim, S.W., 2002. Biodegradable poly(ethylenimine)
for plasmid DNA delivery. ]. Control. Release 80, 273-282.

Campbell, J.J., Haraldsen, G., Pan, J., Rottman, J., Qin, S., Ponath, P., Andrew, D.P.,
Warnke, R., Ruffing, N., Kassam, N., Wu, L., Butcher, E.C., 1999. The chemokine
receptor CCR4 in vascular recognition by cutaneous but not intestinal memory
T cells. Nature 400, 776-780.

Densmore, C.L,, Orson, F.M., Xu, B., Kinsey, B.M., Waldrep, ].C., Hua, P., Bhogal, B.,
Knight, V., 2000. Aerosol delivery of robust polyethylenimine-DNA complexes
for gene therapy and genetic immunization. Mol. Ther. 1, 180-188.

Farhood, H., Bottega, R., Epand, R.M., Huang, L., 1992. Effect of cationic cholesterol
derivatives on gene transfer and protein kinase C activity. Biochim. Biophys. Acta
1111, 239-246.

Feng, M., Lee, D., Li, P., 2006. Intracellular uptake and release of poly(ethylenimine)-
co-poly(methyl methacrylate) nanoparticle/pDNA complexes for gene delivery.
Int. J. Pharm. 311, 209-214.

Fischer, D., Bieber, T., Li, Y., Elsasser, H.P., Kissel, T., 1999. A novel non-viral vector
for DNA delivery based on low molecular weight, branched polyethylenimine:
effect of molecular weight on transfection efficiency and cytotoxicity. Pharm.
Res. 16, 1273-1279.

Flory, PJ., 1953. Principles of Polymer Chemistry, New York.

Forrest, M.L., Koerber, J.T., Pack, D.W., 2003. A degradable polyethylenimine deriva-
tive with low toxicity for highly efficient gene delivery. Bioconjug. Chem. 14,
934-940.

Gao, ].Q., Tsuda, Y., Katayama, K., Nakayama, T., Hatanaka, Y., Tani, Y., Mizuguchi, H.,
Hayakawa, T., Yoshie, O., Tsutsumi, Y., Mayumi, T., Nakagawa, S., 2003. Antitu-
mor effect by interleukin-11 receptor alpha-locus chemokine/CCL27, introduced
into tumor cells through a recombinant adenovirus vector. Cancer Res. 63,
4420-4425.

Gao, J.Q., Alexandre, L.S., Tsuda, Y., Katayama, K., Eto, Y., Sekiguchi, F., Mizuguchi,
H., Hayakawa, T., Nakayama, T., Yoshie, O., Tsutsumi, Y., Mayumi, T., Naka-
gawa, S., 2004. Tumor-suppressive activities by chemokines introduced into
OV-HM cells using fiber-mutant adenovirus vectors. Pharmazie 59, 238-
239.

Gosselin, M.A., Guo, W., Lee, R]., 2001. Efficient gene transfer using reversibly cross-
linked low molecular weight polyethylenimine. Bioconjug. Chem. 12, 989-994.

Hashimoto, M., Morimoto, M., Saimoto, H., Shigemasa, Y., Sato, T., 2006. Lactosy-
lated chitosan for DNA delivery into hepatocytes: the effect of lactosylation on
the physicochemical properties and intracellular trafficking of pDNA/chitosan
complexes. Bioconjug. Chem. 17, 309-316.

Huang, L.V.E., 1999. Academic Press, New York.

Jiang, H.L,, Kim, Y.K,, Arote, R., Nah, J.W., Cho, M.H., Choi, Y.J., Akaike, T., Cho, C.S.,
2007. Chitosan-graft-polyethylenimine as a gene carrier. J. Control. Release 117,
273-280.

Kichler, A., Leborgne, C., Danos, O., 2005. Dilution of reporter gene with stuffer DNA
does not alter the transfection efficiency of polyethylenimines. J. Gene Med. 7,
1459-1467.

Kim, T.H., Kim, S.I., Akaike, T., Cho, C.S., 2005. Synergistic effect of poly(ethylenimine)
on the transfection efficiency of galactosylated chitosan/DNA complexes. J. Con-
trol. Release 105, 354-366.

Koping-Hoggard, M., Varum, K.M,, Issa, M., Danielsen, S., Christensen, B.E., Stokke,
B.T., Artursson, P., 2004. Improved chitosan-mediated gene delivery based on
easily dissociated chitosan polyplexes of highly defined chitosan oligomers.
Gene Ther. 11, 1441-1452.

Kubota, N., Tatsumoto, N., Sano, T., Toya, K., 2000. A simple preparation of half
N-acetylated chitosan highly soluble in water and aqueous organic solvents.
Carbohydr. Res. 324, 268-274.

Kunath, K., von Harpe, A., Fischer, D., Kissel, T., 2003. Galactose-PEI-DNA com-
plexes for targeted gene delivery: degree of substitution affects complex size
and transfection efficiency. ]. Control. Release 88, 159-172.

Leong, KW., Mao, H.Q., Truong-Le, V.L, Roy, K., Walsh, S.M., August, J.T., 1998.
DNA-polycation nanospheres as non-viral gene delivery vehicles. ]J. Control.
Release 53, 183-193.

Marxhall, J.Y.N., Eastman, S]., Jiang, C., Scheule, RK., Cheng, S.H., 1999. Academic
Press, New York.

Okada, N., Gao, J.Q., Sasaki, A., Niwa, M., Okada, Y., Nakayama, T., Yoshie, O.,
Mizuguchi, H., Hayakawa, T., Fujita, T., Yamamoto, A., Tsutsumi, Y., Mayumi, T.,
Nakagawa, S., 2004. Anti-tumor activity of chemokine is affected by both kinds
of tumors and the activation state of the host’s immune system: implications
for chemokine-based cancer immunotherapy. Biochem. Biophys. Res. Commun.
317, 68-76.

Park, LK., Park, Y.H., Shin, B.A., Choi, E.S., Kim, Y.R., Akaike, T., Cho, C.S., 2000. Galacto-
sylated chitosan-graft-dextran as hepatocyte-targeting DNA carrier. J. Control.
Release 69, 97-108.



294

Park, L.K., Kim, T.H., Park, Y.H., Shin, B.A., Choi, E.S., Chowdhury, E.H., Akaike, T., Cho,
C.S., 2001. Galactosylated chitosan-graft-poly(ethylene glycol) as hepatocyte-
targeting DNA carrier. ]. Control. Release 76, 349-362.

Park, LK., IThm, J.E., Park, Y.H., Choi, Y.J., Kim, S.L., Kim, W.]., Akaike, T., Cho, C.S., 2003.
Galactosylated chitosan (GC)-graft-poly(vinyl pyrrolidone) (PVP) as hepatocyte-
targeting DNA carrier. Preparation and physicochemical characterization of GC-
graft-PVP/DNA complex (1). J. Control. Release 86, 349-359.

Petersen, H., Merdan, T., Kunath, K., Fischer, D., Kissel, T., 2002. Poly(ethylenimine-
co-L-lactamide-co-succinamide): a biodegradable polyethylenimine derivative
with an advantageous pH-dependent hydrolytic degradation for gene delivery.
Bioconjug. Chem. 13, 812-821.

Wong, K., Sun, G., Zhang, X., Dai, H., Liu, Y., He, C.,, Leong, KW., 2006. PEI-g-
chitosan, a novel gene delivery system with transfection efficiency comparable

J.-Q. Gao et al. / International Journal of Pharmaceutics 387 (2010) 286-294

to polyethylenimine in vitro and after liver administration in vivo. Bioconjug.
Chem. 17, 152-158.

Yoshie, 0., Imai, T., Nomiyama, H., 2001. Chemokines in immunity. Adv. Immunol.
78,57-110.

Zhang, X.Q., Wang, X.L.,, Zhang, P.C., Liu, Z.L., Zhuo, R.X., Mao, H.Q., Leong, K.W., 2005.
Galactosylated ternary DNA/polyphosphoramidate nanoparticles mediate high
gene transfection efficiency in hepatocytes. J. Control. Release 102, 749-763.

Zhao, Q.Q., Chen, J.L., Han, M., Liang, W.Q,, Tabata, Y., Gao, J.Q., 2008. Combination of
poly(ethylenimine) and chitosan induces high gene transfection efficiency and
low cytotoxicity. ]. Biosci. Bioeng. 105, 65-68.

Zhao, Q.Q.,Chen,].L., Lv, T.F.,He, C.X., Tang, G.P., Liang, W.Q., Tabata, Y., Gao, ].Q., 2009.
N/P ratio significantly influences the transfection efficiency and cytotoxicity of
a polyethylenimine/chitosan/DNA complex. Biol. Pharm. Bull. 32, 706-710.



	Gene-carried chitosan-linked-PEI induced high gene transfection efficiency with low toxicity and significant tumor-suppres...
	Introduction
	Materials and methods
	Materials
	Cell line
	Synthesis of copolymer
	Characterization of copolymer
	Cell viability assays
	Preparation of CP/DNA complex
	Gel retardation assay
	Measurement of particle sizes and zeta potential
	GFP transfection
	Assay of luciferase activity
	Confocal laser scanning microscopy
	Tumor regression for ex vivo experiment

	Results and discussion
	Synthesis and characterization of copolymer
	Characterization of chitosan-linked-PEI/DNA complexes
	Cytotoxicity of CP copolymer
	Transfection efficiency of CP/DNA complex
	Cellular internalization of CP/DNA complex
	Tumor-suppressive activity induced by therapeutic gene-carried CP

	Conclusions
	Acknowledgements
	References


