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ABSTRUCT- Purpose. In this study, we developed various ternary complexes of encapsulated polyplexes
and lipoplexes using chondroitin sulfate (CS) and investigated their universal usefulness for gene delivery.
Methods. To prepare the cationic complexes, pDNA was mixed with some cationic vectors such as
poly-L-arginine, poly-L-lysine, N-[1-(2, 3-dioleyloxy) propyl]-N, N, N-trimethylammonium chloride
(DOTMA)-cholesterol liposomes, and DOTMA-dioleylphosphatidylethanolamine (DOPE) liposomes. CS
was added to the cationic complexes for constructions of ternary complexes. We examined in vitro
transfection efficiency, cytotoxicity, hematotoxicity, and in vivo transfection efficiency of the ternary
complexes. Result. The cationic polymers and cationic liposomes bound to pDNA and formed stable
cationic polyplexes and lipoplexes, respectively. Those cationic complexes showed high transgene efficiency
in B16-F10 cells; however, they also had high cytotoxicity and strong agglutination with erythrocytes. CS
could encapsulate the polyplexes and lipoplexes and form stable anionic particles without disrupting their
structures. The ternary complexes encapsulated by CS showed high transgene efficiency in B16-F10 cells
with low cytotoxicity and agglutination. As the result of animal experiments, the polyplexes had little
transgene efficiency after intravenous administration in mice, whereas polyplexes encapsulated by CS
showed specifically high transgene efficiency in the spleen. The capsulation of CS, however, reduced the
high transgene efficiency of the lipoplexes. Conclusion. These results indicate that CS can contribute to
polyplex-mediated gene delivery systems for effective and safe gene therapy.

INTRODUCTION embolization, and inflammatory reactions (8-10).
One promising approach for overcoming the
Non-viral gene delivery has been drawn keen disadvantages of cationic vectors is capsulation of

attention as a promising vector with very low the cationic vector with anionic polymer
immunotoxicity, a clear structure, and easy electrostatically (11, 12). In the previous study, we
modeling (1-3). As non-viral vectors, various discovered a capsule, chondroitin sulfate (CS),
cationic polymers and cationic lipids have been which could encapsulate plasmid
developed in previous reports (3-7). Cationic DNA/polyethylenimine  (pDNA/PEI)  polyplex
polymers and cationic lipids can electrostatically electrostatically, and the pDNA/PEI/CS complex
bind to DNA to form polyplexes and lipoplexes, showed not only high gene expression but also
and show high transgene efficiency under in vitro extremely low toxicity (13). CS is known to be a
and in vivo conditions; however, cationic vectors highly biocompatible polymer for tablets, eye drops,
bind non-specifically to negatively charged cosmetics, and medical applications (14-17).

proteoglycans on cell membranes and agglutinate
with blood components, such as erythrocytes and
serum albumin, and these agglutinations often lead
to adverse events, such as rapid elimination,
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CS capsulations of cationic systems should
therefore be useful to develop novel biocompatible
vectors with high effectivity and safety.

In the present study, we investigated the
universal utility of CS capsulation for efficient and
secure gene delivery. Cationic vectors were
constructed with pDNA and cationic polymers:
poly-L-arginine (PLA) and poly-L-lysine (PLL) or

cationic  liposomes:  N-[1-(2, 3-dioleyloxy)
propyl]-N, N, N-trimethylammonium chloride
(DOTMA)-cholesterol  (Chol) liposomes and

DOTMA-dioleylphosphatidylethanolamine
(DOPE) liposomes. CS capsulation markedly
decreased the toxicity of those cationic vectors and
significantly increased the in vivo transgene
efficiency of polyplexes in the spleen.

MATERIALS AND METHODS

Chemicals

DOTMA was purchased from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan). Chol was
obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
DOPE was purchased from Nippon Oil and Fats Co.
(Tokyo, Japan). PLA (average molecular weight
22,500), PLL (average molecular weight 10,000),
chondroitin sulfate A, and bovine serum albumin
(BSA) were obtained from Sigma Chemical Co. (St.
Louis, MO, USA). Fetal bovine serum (FBS) was
obtained from Biosource International Inc.
(Camarillo, CA, USA). RPMI 1640, Opti-MEM 1,
antibiotics (penicillin 100 U/mL and streptomycin
100 pg/mL), and other culture reagents were
obtained from GIBCO BRL (Grand Island, NY,
USA). The 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,
4-disulfophenyl)-2H-tetrazolium, monosodium salt
(WST-1) and 1-methoxy-5-methylphenazinium
methylsulfate (1-methoxy PMS) were obtained
from Dojindo Laboratories (Kumamoto, Japan). All
other chemicals were of the highest purity
available.

Construction of pDNA

pCMV-luciferase (pCMV-Luc) was constructed by
subcloning the Hind I11I/Xba 1 firefly luciferase
cDNA fragment from the pGL3-control vector
(Promega, Madison, WI, USA) into the polylinker
of the pcDNA3 vector (Invitrogen, Carlsbad, CA,

USA). Enhanced green fluorescence protein (GFP)
encoding pDNA (pEGFP-C1) was purchased from
Clontech (Palo Alto, CA, USA). pDNA was
amplified using an EndoFree” Plasmid Giga Kit
(QTAGEN GmbH, Hilden, Germany), dissolved in
5% dextrose solution to 1 mg/mL and stored at -80
°C until analysis.

Preparation of Cationic Liposomes
DOTMA-Chol (1: 1 molar ratio) and
DOTMA-DOPE (1: 1 molar ratio) liposomes were
prepared according to a previous report (18). Lipids
were dissolved in chloroform. Mixtures of each
lipid were dried as a thin film in a test tube using an
evaporator at 25 °C, and then vacuum-desiccated
for approximately 4 h. The film was resuspended in
5% sterile dextrose. After hydration, dispersions
were sonicated at 100 W for 3 min on ice. The
resulting liposomes were extruded 11 times through
doublestacked 100 nm polycarbonate membrane
filters.

Preparation of Complexes

The theoretical charge ratio of cationic polymers
and liposomes to pDNA was calculated as the
molar ratio of their nitrogen to pDNA phosphate.
To prepare binary complexes, an appropriate
amount of stock polymer solution or liposomes
solution was mixed with a diluted solution of
pDNA by pipetting thoroughly at a charge ratio of 8
for polyplexes (pDNA/PLA and pDNA/PLL) and 2
for lipoplexes (pDNA/DOTMA-Chol  and
pDNA/DOTMA-DOPE), and left for 15 min at
room temperature. To prepare ternary complexes,
CS solution was added to each binary complex at a
charge ratio of 6 (pDNA/PLA/CS, pDNA/PLL/CS,
pDNA/DOTMA-Chol/CS, and pDNA/
DOTMA-DOPE/CS), and left for another 15 min at
room temperature. The theoretical charge ratio of
CS to pDNA was calculated as the molar ratio of
CS sulfate to pDNA phosphate.

Physicochemical Property and Gel Retardation
The particle size and {-potential of the complexes
were measured with a Zetasizer Nano ZS (Malvern
Instruments, Ltd., United Kingdom). The
number-fractioned mean diameter is shown.
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To determine complex formations, 10 pL
aliquots of the complex solution containing 1 ug
pDNA were mixed with 2 pL loading buffer (30%
glycerol and 0.2% bromophenol blue) and loaded
onto a 0.8% agarose gel containing 0.1 pg/mL
ethidium bromide. Electrophoresis (i-Mupid J%;
Cosmo Bio, Tokyo, Japan) was carried out at 50 V
in running buffer solution (40 mM Tris/HCI, 40
mM acetic acid, and 1 mM EDTA) for 60 min. The
retardation of the pDNA was visualized using a
FluorChem Imaging System (Alpha Innotech, CA,
USA).

Transfection Experiments

The mouse melanoma cell line, B16-F10 cells, was
obtained from the Cell Resource Center for
Biomedical Research Institute of Development,
Aging and Cancer Tohoku University. B16-F10
cells were maintained in culture medium (RPMI
1640 supplemented with 10% FBS and antibiotics)
under a humidified atmosphere of 5% CO; in air at
37 °C. B16-F10 cells were plated on 24-well
collagen-containing  plates (Becton-Dickinson,
Franklin Lakes, NJ, USA) at a density of 1.5 X 10*
cells/well and cultivated in 1.0 mL culture medium.

In the transfection experiment, after 24 h
pre-incubation, the medium was replaced with 1
mL Opti-MEM I medium and each complex
containing 1 pg pEGFP-C1 was added to the cells
and incubated for 2 h. After transfection, the
medium was replaced with culture medium and
cells were cultured for a further 22 h at 37 °C. After
incubation, the relative levels of GFP expression
were characterized using fluorescent microscopy
(200 magnifications).

To quantify gene expressions of CS ternary
complexes, B16-F10 cells were transfected with
complexes containing 1 pg pCMV-Luc as described
above. After 22 h incubation, the cells were washed
with PBS and then lysed in 100 pL lysis buffer (pH
7.8 and 0.1 M Tris/HCI buffer containing 0.05%
Triton X-100 and 2 mM EDTA). Ten microliters of
lysate samples were mixed with 50 pL luciferase
assay buffer (Picagene; Toyo Ink, Tokyo, Japan)
and the light produced was immediately measured
using a luminometer (Lumat LB 9507; EG & G
Berthold, Bad Wildbad, Germany). The protein
content of the lysate was determined by the

Bradford assay using BSA as a standard.
Absorbance was measured using a microplate
reader (Multiskan Spectrum; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at 570 nm.
Luciferase activity was indicated as relative light
units (RLU) per mg protein.

WST-1 Assay

Cytotoxicity tests of the complex on B16-F10 cells
were carried out using a WST-1 commercially
available cell proliferation reagent. B16-F10 cells
were plated on 96-well plates (Becton-Dickinson,
Franklin Lakes, NJ, USA) at a density of 3.0 x 10°
cells/well in the culture medium. Complexes
containing 1 pg pDNA in 100 pL Opti-MEM 1
medium were added to each well and incubated for
2 h. After incubation, the medium was replaced
with 100 pL culture medium and incubated for
another 22 h. Then, medium was replaced with 100
pL culture medium and 10 pL WST-1 reagent (4.95
mM WST-1 and 0.2 mM 1-methoxy PMS) was
added to each well. The cells were incubated for an
additional 2 h at 37 °C, and absorbance was
measured at a wavelength of 450 nm with a
reference wavelength of 630 nm, using a microplate
reader. The results are shown as a percentage of
untreated cells.

Animals

Animal care and experimental procedures were
performed in accordance with the Guidelines for
Animal Experimentation of Nagasaki University
with approval from the Institutional Animal Care
and Use Committee. Male ddY mice (5-6 weeks
old) were purchased from Japan SLC (Shizuoka,
Japan). After shipping, mice were acclimatized to
the environment for at least one week before the
experiments.

Interaction with Erythrocytes

Erythrocytes from mice were washed three times at
4 °C by centrifugation at 5000 rpm (Kubota 3700;
Kubota, Tokyo, Japan) for 5 min and resuspended
in PBS. A 2% (v/v) stock suspension of
erythrocytes was prepared for agglutination study.
The complexes were added to the erythrocyte
suspension and incubated for 15 min at room
temperature. A 10 pL. sample was placed on a glass
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plate and agglutination was observed by
microscopy (400x magnification). For hemolysis
study, 5% stock suspensions of erythrocytes were
prepared. The complexes were added to
erythrocytes and incubated for 1 h at room
temperature. After incubation, the suspensions were
centrifuged at 5000 rpm for 5 min, and supernatants
were taken. Hemolysis was quantified by
measuring the absorbance of hemoglobin at a
wavelength of 545 nm using a microplate reader.
Lysis buffer was added to erythrocytes and used as
the 100% hemolysis sample.

In Vivo Gene Expression Experiment

Each complex, including 40 pg pCMV-Luc, was
prepared for in vivo gene expression experiments. A
300 uL aliquot of complexes was injected into mice
via the tail vein. The liver, kidney, spleen, heart,
and lung of mice were dissected 6 h after the
injection. The tissues were washed twice with cold
saline and homogenized with lysis buffer,
homogenates were centrifuged at 15000 rpm for 5
min, and the supernatants were used for luciferase
assays. Luciferase activity is indicated as RLU per
gram of tissues.

Statistical Analysis

Statistical analyses were performed by unpaired
Student #-test following the F-test for in vitro
studies and the Mann-Whitney U test for in vivo
studies. Multiple comparisons were carried out by
Scheffe’s test with ANOVA. P value <0.05 was
considered significant.

RESULTS

Physicochemical Properties and Electrophoresis
Assay
The particle sizes and (-potentials of various
complexes are shown in Table 1. The polyplexes
and lipoplexes had 50.3—133.7 nm particle size and
+34.6-50.8 mV {(-potential. On the other hand,
ternary complexes encapsulated by CS had
significantly lower (-potentials than each binary
complexes (P < 0.01), although CS did not greatly
affect the size of the complexes.

To assess complex formations, the gel
retardation assay was employed (Fig. 1). Naked

pDNA was detected as a band on agarose gel. At
the same time, bands of pDNA were not detected in
any complexes.

Tablel. Particle size and z-potential of various complexes.

Complex Particle size (nm) (-Potential (mV)
pDNA/PLA 50.3+11.5 +42.5+0.5
pDNA/PLA/CS 69.0 £ 16.0 -26.4 £0.3**
pDNA/PLL 67.4+49 +34.6+ 1.5
pDNA/PLL/CS 93.1 £ 1.4%* 2224 £0.1%*
PDNA/DOTMA- 08 14225 +50.8+0.8
Chol

pDNA/DOTMA- ) s
Chol/CS 1240+ 17.6 412+0.3
pDNA/DOTMA-

DOPE 133.7+4.1 +42.5+0.4
pDNA/DOTMA- 4 g 417w a
DOPE/CS 90.4 + 14.8 41.7+0.4

Each value represents the mean with S.E. (n=3).
*: P<0.05, **: P<0.01 vs. each binary complex.
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Figure 1. Gel retardation assay of the various complexes.
(A): Naked DNA, (B): pDNA/DOTMA-Chol, (C):
pDNA/DOTMA-Chol/CS, (D): pPDNA/DOTMA-DOPE,
(E): pDNA/DOTMA-DOPE/CS, (F): pDNA/PLA, (G):
pDNA/PLA/CS, (H): pDNA/PLL, (I): pDNA/PLL/CS.

Evaluation of Transfection Efficiencies

B16-F10 cells were transfected with complexes
containing pEGFP-C1, and GFP expression was
observed with fluorescent microscopy (Fig. 2). Not
only polyplexes and lipoplexes with cationic
charges but also ternary complexes encapsulated by
CS with anionic charges showed GFP expression.
To quantify the gene expression of each complex,
luciferase activity was determined by a sensitive
chemiluminescent technique after transfection of
B16-F10 cells with complexes containing
pCMV-Luc (Fig. 3).
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Figure 2. Fluorescent microscopy images of B16-F10
cells transfected with polyplexes, lipoplexes, and ternary
complexes containing pEGFP-CI1. Cells were
transfected with each complex for 2 h and the expression
of GFP was monitored at 22 h after transfection (200x
magnification). (a): pDNA/PLA, (b): pDNA/PLL, (c):
pDNA/DOTMA-Chol, (d): pDNA/DOTMA-DOPE, (e):

pDNA/PLA/CS,  (f):  pDNA/PLL/CS,  (g):
pDNA/DOTMA-Chol/CS, (h):
pDNA/DOTMA-DOPE/CS.

pDNA/PLA, pDNA/DOTMA-Chol, and

pDNA/DOTMA-DOPE had a high gene expression
but pDNA/PLL gene expression was lower. CS
capsulation did not have much effect on the
transgene  efficiency  of  polyplexes  and
pDNA/DOTMA-DOPE lipoplex, whereas in
pDNA/DOTMA-Chol lipoplexes, CS capsulation
decreased transgene efficiency.
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Figure 3. Gene expression of B16-F10 cells transfected
with polyplexes, lipoplexes, and ternary complexes
containing pCMV-Luc. Cells were transfected with
each complex for 2 h and luciferase activity was
evaluated at 22 h after transfection. Each value
represents the mean with S.E. (n =3-6). *: P<0.05.
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Cytotoxicity

The complexes were added to B16-F10 cells and
cell viability was evaluated by WST-1 assay (Fig.
4). The polyplexes and lipoplexes showed
significantly higher cytotoxicity than the control (P

< 0.01). The ternary complexes encapsulated by CS,

however, had significantly lower cytotoxicity than
each binary complex (P < 0. 01)
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Figure 4. Cytotoxicity of polyplexes, lipoplexes, and
ternary complexes on B16-F10 cells. Cell viability of
cells treated with each complex was measured by WST-1
assay. Cells were incubated with the complexes for 2 h
and cell viability was measured at 22 h after treatment.
Data represents the percentage to the untreated cells.
Each value represents the mean with S.E. (n = 12). ##:
P <0.01 vs. Control, **: P <0.01.

Interaction with Erythrocytes

Figure 5 shows a photomicrograph of erythrocytes
after addition of the complexes. Erythrocyte
agglutination was observed in polyplexes and
lipoplexes, which showed not only agglutination
but also hemolysis. CS capsulation markedly
decreased the agglutination activity of each binary
complex, and no agglutination was observed.

Figure 6 shows hemolysis activities of the
complexes. High hemolysis was recognized in
lipoplexes. By forming a ternary complex

encapsulated by CS, hemolysis activities were
significantly decreased (P < 0.05). The polyplexes
and their ternary complexes encapsulated by CS did
not show hemolysis of erythrocytes.

In Vivo Transgene Efficiency

In vivo transgene efficiencies of the complexes
were examined in ddY male mice (Fig. 7).
Luciferase activities in several tissues were
evaluated 6 h after intravenous administration of
the complexes. In polyplexes, transgene efficiency
was significantly increased in the spleen by
capsulation of CS (P < 0.05), whereas only
significant low levels of transgene efficiency with
ternary complex pDNA/PLL/CS were shown in the
lung. On the other hand, in lipoplexes, decreased
transgene efficiency was observed by capsulation
of CS, especially in the spleen and lung (P < 0.05).

DISCUSSION

Gene delivery utilizing non-viral approaches has
been widely developed as a basic tool for
intracellular gene entry and gene therapy (1, 2). As
non-viral vectors, many cationic polymers and
liposomes have been developed (3, 19-24). Among
cationic polymers, PLA and PLL are known to be
biodegradable peptides with high transgene
efficiency (25-28). In previous studies, cationic

liposomes DOTMA-DOPE and DOTMA-Chol
were widely used (29-32). DOTMA-DOPE
liposomes are commercially supplied as a

transfection reagent “lipofectin” which is reported
to have high potential for in vitro and in vivo gene
transfection.
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Figure 5. Agglutinations of polyplexes, lipoplexes, and
ternary complexes with erythrocytes. Each complex
was added to erythrocytes and agglutination was
observed by phase microscopy (400x magnification).

(a): pDNA/PLA, (b): pDNA/PLL, (c):
pDNA/DOTMA-Chol, (d): pPDNA/DOTMA-DOPE, (e):
pDNA/PLA/CS, ®: pDNA/PLL/CS, (g):
pDNA/DOTMA-Chol/CS, (h):
pDNA/DOTMA-DOPE/CS.

DOTMA-Chol liposomes have often been used for
in vivo studies because of their higher stability and
transgene efficiency than lipofectin in in vivo
conditions. In this experiment, we prepared two
polyplexes, pDNA/PLA and pDNA/PLL, and two

lipoplexes, pDNA/DOTMA-Chol and
pDNA/DOTMA-DOPE, for the core ternary
complexes.
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Figure 6. Hemolysis activities of polyplexes, lipoplexes,
and ternary complexes with erythrocytes. Each
complex was added to erythrocytes and hemolysis
activities were determined by measuring hemoglobin
release at 545 nm. Each value represents mean with
S.E.(n=3). ##: P<0.01 vs. Lysis buffer, **: P <0.01.
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Figure 7. In vivo transgene efficiency of polyplexes,
lipoplexes, and ternary complexes. Each complex was
injected intravenously in mice (40 pg DNA per mouse).
At 6 h after administration, mice were sacrificed and
each organ was dissected for quantification of luciferase
activity. Each value represents the mean with S.E. (n =
3-6). *: P <0.05 **: P <0.01. o: binary complex
and m: ternary complex capsulated by CS.

As shown in Table 1 and Fig. 1, the cationic
polymers and liposomes bound to pDNA and could
form stable particles charged positively. The
capsulation of CS changed the positive {-potential
of polyplexes and lipoplexes to negative without
much effect on the particle size. Furthermore,
capsulations of CS did not release pDNA from
cationic complexes, suggesting that the anionic
capsule of CS was concentrated on the complex
surface. We then confirmed the CS could
encapsulate the cationic complex without
disrupting the complexes and formed stable anionic
nano-particles.

In cationic gene delivery systems, the positive
charge on the particle surface ensures their binding
to the negatively charged cellular membrane; the
polyplexes and lipoplexes showed high transgene
efficiency in B16-F10 cells (Figs. 2 and 3). The
ternary complexes, such as pDNA/PLA/CS,
pDNA/PLL/CS, and pDNA/DOTMA-DOPE/CS,
also showed high transgene efficiency, regardless of

their anionic surface charges.
pDNA/DOTMA-Chol/CS, however, showed
significantly lower transgene efficiency than

pDNA/DOTMA-Chol. Capsulation of CS may
affect the intracellular distribution and dissociation
of pPDNA/DOTMA-Chol.

Cationic vectors often lead to the cytotoxicity
and agglutination of erythrocytes by the strong
affinity of positively charged particles to the
cellular membrane (8, 9). In the present study,
cationic complexes showed high cytotoxicity and
agglutination, as shown in Figs. 4 and 5.
Furthermore, the lipoplexes showed not only
agglutination but also hemolysis, and it suggests
that lipid components interact with the cellular
membrane (Fig. 6). In the previous study, we
revealed that the ternary complexes of pDNA/PEI
encapsulated by biocompatible anionic
polysaccharides showed low cytotoxicity and
inhibited agglutination of erythrocytes (13).
Anionic CS capsulation successfully reduced the
cytotoxicity of polyplexes and lipoplexes, and
inhibited their agglutination of erythrocytes and
hemolysis, as shown in Figs. 4, 5, and 6. These
results must be due to the negatively charged
surface of ternary complexes, indicating that CS
may overcome some of the problems associated
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with the use of positively charged complexes in
Vivo.
We evaluated the in vivo transgene efficiency of

ternary complexes encapsulated by CS in mice (Fig.

7); polyplexes showed little transgene efficiency
after intravenous administration. Biodegradable
polymers may be unstable and release pDNA into
the bloodstream. It was reported that serum proteins
such as albumin are able to release DNA from
polyplexes containing polylysine (10); however, CS
capsulation significantly enhanced the transgene
efficiency of polyplexes in the spleen. Kaplan et al.
reported that pneumococcal polysaccharide types 2
and 3 were localized in splenic macrophages,
Kupffer cells in the liver, and inguinal lymph node
macrophages (33). Hill et al. also demonstrated that
Haemophilius  influenzae type b  capsular
polysaccharide was accumulated in Kupffer cells of
liver sinusoids, in macrophages of the red pulp of
the spleen, and the sinuses of lymph nodes (34). CS
capsulation may increase the intensity of these
polyplexes and be mainly recognized by the spleen
as a polysaccharide. On the other hand, CS
decreased the transgene efficiency of pDNA/PLL in
the lung. This result might be explained by
agglutination with the complexes and blood
components, because the large particles are known
to be embolized in the first capillary vascular bed of
the lung (8-10). The high agglutination activity of
pDNA/PLL was reduced by CS and should
decrease the high transgene efficiency in the lung.
Lipoplexes showed high transgene efficiency in
the spleen and lung. Stable lipoplexes with a
positive charge may be able to reach the spleen and

high transgene efficiency is present non-specifically.

In contrast, the ternary complexes of lipoplexes
encapsulated by CS showed decreased transgene
efficiency in the spleen. Specific delivery of ternary
complexes to the spleen may be lower than the

non-specific delivery of positively charged lipoplex.

The slight transgene efficiency of
pDNA/DOTMA-Chol/CS in the spleen must be
reflected by its low in vitro transgene efficiency in
B16-F10 cells. The high transgene efficiency of
lipoplexes in the lung was reduced by CS
capsulation. These results may be explained by
decreased agglutination.

The process of gene transfection has been

reported to be influenced by condensing pDNA by
electrostatic interaction, binding to the cell surface,
being taken up by the endocytotic pathway, and
releasing pDNA into the cytoplasm (35). CS
capsulation must be predominantly related to
particle stability in the blood and its uptake by cells.
The differences between polyplexes and lipoplexes
encapsulated by CS may be caused by different
intracellular trafficking. In particular, in the process
of endosomal escape, there is a big difference
between polyplexes and lipoplexes; therefore,
modification of the core must be important for
developing useful ternary complexes encapsulated
by CS.

In this experiment, we investigated the
universal utility of CS capsulation for efficient and
secure gene delivery. CS capsulation decreased the
toxicity of polyplexes and lipoplexes. At the same
time, ternary complexes encapsulated by CS
showed high transgene efficiency in B16-F10 cells
regardless of their anionic surface charges. In the in
vivo study, ternary complexes encapsulating
polyplexes by CS led to high transgene efficiency
in the spleen after intravenous administration.
These results indicated that CS capsulation of
polyplexes is an outstanding method for effective
and safe gene delivery. Further study should be
performed to examine the detailed mechanisms and
further applications.

ACKNOWLEDGEMENT

This study was supported in part by the Global
COE Program, Nagasaki University, Japan and a
Grant-in-Aid for Scientific Research from the
Ministry of Education, Culture, Sports, Science and
Technology, Japan.

REFERENCES

1. Gao X, Kim KS, Liu D. Nonviral gene delivery:
what we know and what is next. AAPS J, 2007,
9:E92-104.

2. Edelstein ML, Abedi MR, Wixon J. Gene therapy
clinical trials worldwide to 2007-- an update. J Gene
Med, 2007; 9:833-842.

3. Kodama K, Katayama Y, Shoji Y, Nakashima H.
The features and shortcomings for gene delivery of
current non-viral carriers. Curr Med Chem, 2006;
13:2155-2161.

4. Farrell LL, Pepin J, Kucharski C, Lin X, Xu Z,




J Pharm Pharmaceut Sci (www.cspsCanada.org) 13(3) 351 - 361, 2010

10.

11.

12.

13.

14.

15.

Uludag H. A comparison of the effectiveness of
cationic polymers poly-L-lysine (PLL) and
polyethylenimine (PEI) for non-viral delivery of

plasmid DNA to bone marrow stromal cells (BMSC).

Eur J Pharm Biopharm, 2007; 65:388-397.

Yang JP, Huang L. Overcoming the inhibitory effect
of serum on lipofection by increasing the charge
ratio of cationic liposome to DNA. Gene Ther,
1997; 4:950-960.

Liu F, Qi H, Huang L, Liu D. Factors controlling the
efficiency of cationic lipid-mediated transfection in
vivo via intravenous administration. Gene Ther,
1997; 4:517-523.

Goula D, Benoist C, Mantero S, Merlo G, Levi G,
Demeneix BA. Polyethylenimine-based intravenous
delivery of transgenes to mouse lung. Gene Ther,
1998; 5:1291-1295.

Sakurai F, Nishioka T, Yamashita F, Takakura Y,
Hashida M. Effects of erythrocytes and serum
proteins on lung accumulation of lipoplexes
containing cholesterol or DOPE as a helper lipid in
the single-pass rat lung perfusion system. Eur J
Pharm Biopharm, 2001; 52:165-172.

Li S, Rizzo MA, Bhattacharya S, Huang L.
Characterization of cationic lipid-protamine-DNA
(LPD) complexes for intravenous gene delivery.
Gene Ther, 1998; 5:930-937.

Dash PR, Read ML, Barrett LB, Wolfert MA,
Seymour LW. Factors affecting blood clearance and
in vivo distribution of polyelectrolyte complexes for
gene delivery. Gene Ther, 1999; 6:643-650.
Trubetskoy, VS, Wong, SC, Subbotin, V, Budker,
VG, Loomis, A, Hagstrom, JE, Wolff, JA.
Recharging cationic DNA complexes with highly
charged polyanions for in vitro and in vivo gene
delivery. Gene Ther, 2003; 10:261-271.

Ito T, lida-Tanaka N, Niidome T, Kawano T, Kubo
K, Yoshikawa K, Sato T, Yang Z, Koyama Y.
Hyaluronic acid and its derivative as a
multi-functional ~ gene  expression  enhancer:
protection from non-specific interactions, adhesion
to targeted cells, and transcriptional activation. J
Control Release, 2006; 112:382-388.

Kurosaki, T, Kitahara, T, Kawakami, S, Nishida, K,
Nakamura, J, Teshima, M, Nakagawa, H, Kodama,
Y, To, H, Sasaki, H. The development of a gene
vector  electrostatically assembled with a
polysaccharide  capsule.  Biomaterials, 2009;
30:4427-4434.

Sakai, S, Otake, E, Toida, T, Goda, Y. Identification
of the origin of chondroitin sulfate in "health foods".
Chem Pharm Bull (Tokyo), 2007; 55:299-303.
Cohen, M, Wolfe, R, Mai, T, Lewis, D. A
randomized, double blind, placebo controlled trial of
a topical cream containing glucosamine sulfate,
chondroitin sulfate, and camphor for osteoarthritis

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

of the knee. J] Rheumatol, 2003; 30:523-528.
Kamata, K, Takahashi, M, Terajima, K, Nishijima,
M. Spectrophotometric determination of sodium
chondroitin sulfate in eye drops after derivatization
with 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole.
Analyst, 1995; 120:2755-2758.

Oshika, T, Okamoto, F, Kaji, Y, Hiraoka, T, Kiuchi,
T, Sato, M, Kawana, K. Retention and removal of a
new viscous dispersive ophthalmic viscosurgical
device during cataract surgery in animal eyes. Br J
Ophthalmol, 2006; 90:485-487.

Kurosaki T, Kitahara T, Teshima M, Nishida K,
Nakamura J, Nakashima M, To H, Fukuchi H,
Hamamoto T, Sasaki H. Exploitation of De Novo
helper-lipids for effective gene delivery. J Pharm
Pharm Sci, 2008; 11:56-67.

Tang MX, Szoka FC. The influence of polymer
structure on the interactions of cationic polymers
with  DNA and morphology of the resulting
complexes. Gene Ther, 1997; 4:823-832.

Simoes S, Slepushkin V, Pires P, Gaspar R, Pedroso
de Lima MC, Diizgiines N. Simdes S, Slepushkin V,
Pires P, Gaspar R, Pedroso de Lima MC, Diizgiines
N. Human serum albumin enhances DNA
transfection by lipoplexes and confers resistance to
inhibition by serum. Biochim Biophys Acta, 2000;
1463:459-469.

Hattori Y, Suzuki S, Kawakami S, Yamashita F,
Hashida M. The role of
dioleoylphosphatidylethanolamine =~ (DOPE) in
targeted gene delivery with mannosylated cationic
liposomes via intravenous route. J Control Release,
2005; 108:484-495.

Shigeta K, Kawakami S, Higuchi Y, Okuda T, Yagi
H, Yamashita F, Hashida M. Novel
histidine-conjugated galactosylated cationic
liposomes for efficient hepatocyte-selective gene
transfer in human hepatoma HepG2 cells. J Control
Release, 2007; 118:262-270.

Tang GP, Zeng JM, Gao SJ, Ma YX, Shi L, Li Y,
Too HP, Wang S. Polyethylene glycol modified
polyethylenimine for improved CNS gene transfer:
effects of PEGylation extent. Biomaterials, 2003;
24:2351-2362.

Song YK, Liu F, Chu S, Liu D. Characterization of
cationic liposome-mediated gene transfer in vivo by
intravenous administration. Hum Gene Ther, 1997;
8:1585-1594.

Chowdhury NR, Wu CH, Wu GY, Yerneni PC,
Bommineni VR, Chowdhury JR. Fate of DNA
targeted to the liver by asialoglycoprotein
receptor-mediated endocytosis in vivo. Prolonged
persistence in cytoplasmic vesicles after partial
hepatectomy. J Biol Chem, 1993; 268:11265-11271.
Minnistd M, Vanderkerken S, Toncheva V, Elomaa
M, Ruponen M, Schacht E, Urtti A.

360



J Pharm Pharmaceut Sci (www.cspsCanada.org) 13(3) 351 - 361, 2010

27.

28.

29.

30.

Structure-activity relationships of poly(L-lysines):
effects of pegylation and molecular shape on
physicochemical and biological properties in gene
delivery. J Control Release, 2002; 83:169-182.
Kwoh DY, Coffin CC, Lollo CP, Jovenal J,
Banaszczyk MG, Mullen P, Phillips A, Amini A,
Fabrycki J, Bartholomew RM, Brostoff SW, Carlo
DJ. Stabilization of poly-L-lysine/DNA polyplexes
for in vivo gene delivery to the liver. Biochim
Biophys Acta, 1999; 1444:171-190.

Kim HH, Lee WS, Yang JM, Shin S. Basic peptide
system for efficient delivery of foreign genes.
Biochim Biophys Acta, 2003; 1640:129-136.
Felgner PL, Gadek TR, Holm M, Roman R, Chan
HW, Wenz M, Northrop JP, Ringold GM, Danielsen
M. Lipofection: a highly efficient, lipid-mediated
DNA-transfection procedure. Proc Natl Acad Sci
USA, 1987; 84:7413-7417.

Hedman M, Hartikainen J, Syvidnne M, Stjernvall J,
Hedman A, Kiveld A, Vanninen E, Mussalo H,
Kauppila E, Simula S, Nirvinen O, Rantala A,

Peuhkurinen K, Nieminen MS, Laakso M,
Yli-Herttuala S. Safety and feasibility of
catheter-based  local  intracoronary  vascular

endothelial growth factor gene transfer in the
prevention of postangioplasty and in-stent restenosis

31.

32.

33.

34.

3s.

and in the treatment of chronic myocardial ischemia:
phase II results of the Kuopio Angiogenesis Trial
(KAT). Circulation, 2003; 107:2677-2683.

Sakurai F, Nishioka T, Saito H, Baba T, Okuda A,
Matsumoto O, Taga T, Yamashita F, Takakura Y,
Hashida M. Interaction between DNA-cationic
liposome complexes and erythrocytes is an
important factor in systemic gene transfer via the
intravenous route in mice: the role of the neutral
helper lipid. Gene Ther, 2001; 8:677-686.
Kawakami S, Fumoto S, Nishikawa M, Yamashita F,
Hashida M. In vivo gene delivery to the liver using
novel galactosylated cationic liposomes. Pharm Res,
2000; 17:306-313.

Kaplan ME, Coons AH, Deane HW. Localization of
antigen in tissue cells; cellular distribution of
pneumococcal polysaccharides types II and III in the
mouse. J Exp Med, 1950; 91:15-30.

Hill AG, Deane HW, Coons AH. Localization of
antigen in tissue cells; V. Capsular polysaccharide of
Friedlédnder bacillus, type B, in the mouse. J Exp
Med, 1950; 92:35-44.

Morille M, Passirani C, Vonarbourg A, Clavreul A,
Benoit JP. Progress in developing cationic vectors
for non-viral systemic gene therapy against cancer.
Biomaterials, 2008; 29:3477-3496.

361



