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Abstract

Delivery of oligonucleotide to specific cells and maintenance of its biological function are important for nucleic acid therapy. The

objective of this paper is to demonstrate that galactosylated low molecular weight chitosan (gal-LMWC) is a safe and effective vector of

antisense oligonucleotide (ASO) and plasmid DNA for the hepatocyte targeting delivery. Gal-LMWC has been successfully prepared and

MTT cytotoxic assay shows that cytotoxicity of gal-LMWC is lower than that of high molecular weight chitosan (HMWC) and low

molecular weight chitosan (LMWC) in HepG2 cells. Using a complex coacervation process, gal-LMWC can form stable nano-complexes

with plasmid DNA or with ASO by the electrostatic interaction. The morphometrics, particle size, and the zeta potential of gal-LMWC/ASO

complexes and gal-LMWC/plasmid DNA complexes are very similar. The transfection efficiency by using gal-LMWC vector is significantly

higher than that of naked DNA or naked ASO in HepG2 cells. Transfection efficiency of gal-LMWC/ASO complexes and gal-

LMWC/plasmid DNA complexes depends on the molar ratio of the positive chitosan amino group and the negative DNA phosphate group

(N/P ratio) strongly. Inhibition experiments confirm that the enhanced transfection efficiency is due to the ASGR mediated endocytosis of the

gal-LMWC/ASO complexes or gal-LMWC/DNA complexes. These results suggest that gal-LMWC can be used in gene therapy to improve

the transfection efficiency in vitro and in vivo.
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1. Introduction

Antisense oligonucleotides are a promising therapeutic

strategy that has been successfully applied in oncology,

inflammatory and viral infective diseases. The possible

mechanisms by which antisense molecules result in

decreased protein expression include the modulation of

protein translation by disrupting ribosome assembly, RNase

H mediated cleavage of targeted mRNA, and pre-modifi-

cation of splicing [1]. However, because of the poor stability

in biological medium and the weak intracellular penetration

of antisense oligonucleotides, the major problem of
0939-6411/$ - see front matter q 2005 Published by Elsevier B.V.

doi:10.1016/j.ejpb.2005.02.011

* Corresponding author. Department of Biochemistry, State Key

Laboratory of Pharmaceutical Biotechnology, Nanjing University, Nanjing

210093, China. Tel.: C86 25 83594220; fax: C86 25 83324605.

E-mail address: jfzhang@nju.edu.cn (J. Zhang).
antisense therapy lies on the development of safe and

efficient systems for the delivery of oligonucleotides. The

two main types of vectors that are used in oligonucleotide

delivery are based on viral or non-viral gene delivery

systems. The viral gene delivery system shows a high

transfection yield but it has many disadvantages, such as

oncogenic effects and immunogenicity [2,3]. Considering

the properties of safety and ease of manufacturing, non-viral

gene transfer vectors based on nucleic acid complexes with

polycations have recently been used for gene delivery

applications [4–8].

Among the large number of cationic polymers described,

chitosan is shown to be an effective vector that is able to

condense and deliver DNA in vitro and in vivo [9]. Chitosan

is a naturally occurring linear polysaccharide consisting of

b-(1,4) linked monomers of D-glucosamine and N-acetyl-D-

glucosamine. It is a positively charged biodegradable and

biocompatible polymer. There are numerous reports high-

lighting the low toxicity and biocompatibility of chitosan
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[10–14]. Chitosan has been extensively examined in the

pharmaceutical industry for its potential in the development

of controlled release drug delivery system due to its unique

polymeric cationic character and its gel and film forming

properties [15,16].

Chitosan is a good candidate for gene delivery system

because it is able to spontaneously form interpolyelectrolyte

complexes with DNA as a result of cooperative electrostatic

interactions between the positive amino groups of chitosan

and the negative phosphate groups of DNA [17,18].

Chitosan can effectively bind DNA and protect it from

nuclease degradation [19,20]. High efficiency of transfec-

tion has been observed in the case of chitosan/DNA

complexes both in vitro and in vivo and chitosan has been

one of the candidates for practical gene vector. The

molecular weight of chitosan and the amino content of

chitosan, i.e. the charge of the polymer, are two important

factors that influence particle size, stability and transfection

efficiency of chitosan/DNA complexes [8,9,21,22].

Hepatocyte possesses asialoglycoprotein receptors

(ASGR) that binds and internalizes galactose-terminal

(asialo) glycoproteins [23]. Recently, Kim et al. described

galactosylated chitosan/DNA nanoparticles as a gene carrier

which gave a higher transfection efficiency into ASGR

beared cells HepG2 than that into Hela without ASGR [24].

We also coupled lactobionic acid (LA) bearing galactose

group to LMWC to improve hepatocytes specificity of

plasmid DNA in our previous works [25].

Though chitosan has been evaluated as a carrier for

plasmid DNA into various cell types and experimental

animals, there was little report on its use for the delivery of

ASO. ASO are typically 10–25 nucleotides long and the

difference of length and other properties between plasmid

DNA and ASO make their quite different requirements on

the vectors in transfection. Unfortunately, most important

cationic polymers being studied now are too large, and their

surface charge densities are too high for ASO delivery.

Their complexation with ASO is a difficult problem because

of the large difference between the sizes of the two

macromolecules. Due to their high surface charge densities,

the complexes of cationic polymers with ASO are so stable

that they are taken up by the cells without release the ASO,

which therefore are not able to show antisense activity [26].

However, gal-LMWC has low molecular weight and low

surface charge densities and it is probably feasible for the

specific delivery of ASO in vitro and in vivo.

In this study, we report that gal-LMWC can be used not

only as the vector of plasmid DNA, but also as the vector of

ASO. Gal-LMWC can form stable nano-complexes with

plasmid DNA or with antisense oligonucleotide by the

electrostatic interaction. The morphometrics, the particle

size, and the zeta potential of gal-LMWC/ASO complexes

and gal-LMWC/plasmid DNA complexes are very similar.

When gal-LMWC is used as vector transfection efficiency is

significantly higher than that of naked plasmid DNA or

naked ASO in HepG2 cells. Transfection efficiency of
gal-LMWC/ASO complexes or gal-LMWC/plasmid DNA

complexes largely depends on the N/P ratio. The results of

inhibition experiments further confirmed that the enhanced

transfection efficiency was due to the ASGR mediated

endocytosis of the gal-LMWC/ASO complexes or gal-

LMWC/plasmid DNA complexes. The study suggests that

gal-LMWC is an effective and safe vector of ASO and

plasmid DNA for hepatocyte targeting.
2. Materials and methods

2.1. Materials

Chitosan (minimum 85% deacetylated), 3-(4,5-

dimethylthiazd-2-yl)-2,5-diphenyltentrazolium bromide

(MTT), O-nitrophenyl-b-D-galactopyranoside (ONPG), 5-

bromo-4-chloro-3-indolyl-b-D-galactoside (X-gal), lacto-

bionic acid (LA) and b-galactosidase were obtained from

Sigma Chemical Company (St Louis, MO). 1-Ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC) was obtained

from Dojindo (Japan). The pSV-b-galactosidase control

vector containing SV40 early promoter, enhancer and LacZ

gene is supplied by Promega Corporation (Madison, WI).

The phosphorothioate-modified ASO used in this study,

TJU-2755, was synthesized by Genset (La Jolla, CA). For

cell treatment, the ASO was sterilized by filtration through

0.22 mm filter and stored at K70 8C prior to use. The

sequence of TJU-2755 is: 5 0-TGATCCACTCCCCCCTC

CACT-3 0. It was designed to target the 3 0-UTR of the

primary RNA transcript of TNF-a and was found to strongly

inhibit the TNF-a production [27]. The sequence of the

sense strain is 5 0-AGTGGAGGGGGGAGTGGATCA-3 0.

The sense strain was 5 0 end labeled with [32P]-g-ATP using

T4 polynucleotide kinase (Promega).

Human hepatocellular carcinoma cell line (HepG2) was

obtained from American Type Culture Collection (ATCC)

and was grown in RPMI Medium1640 containing 10% born

bovine serum, 100 U/ml penicillin and 100 mg/ml strepto-

mycin. Cells were maintained at 37 8C in a 5% CO2

humidified atmosphere.

2.2. Preparation and characterization of gal-LMWC

HMWC (minimum 85% deacetylated) was chemically

treated with sodium nitrite in 0.1 mol/l acetic acid at 25 8C

for 10 h to produce LMWC according to a method described

by Peniston et al. [28]. LMWC was coupled with LA via an

active ester intermediate using EDC. LMWC of about

100 mg was dissolved in 2 ml of 10 mM N,N,N 0,N 0-

tetramethylethylenediamine (TEMED)/HCl buffer solution

(pH 4.7). EDC of about 180 mg was added to this solution

and stirred at 25 8C for 24 h. Then, different amounts of LA

were added into tubes, respectively, and stirred for another

72 h at 25 8C. The resulting gal-LMWCs were dialyzed for 4

days against Milli Q water and lyophilized.
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The molecular weights of HMWC, LMWC and gal-

LMWC were determined by HPLC (TL-9800, Shimadzu).

The mobile phase was Milli Q water with flow-rate of

0.5 ml/min. PEGs of different molecular weight were used

as molecular weight standards. Amino group content of

each sample was determined by metachromatic titration

using Xylidine Tonceau 2R (C.I. Acid Red 26) according to

the modified method of Roberts et al. [29].
2.3. Cytotoxicity assay of gal-LMWC

Cytotoxicity of gal-LMWC was measured using the

MTT dye reduction assay and compared with other regents

in HepG2 cells. Cells were seeded in a 96-well plate at a

density of 2.0!104 cells/well and incubated overnight.

Then the cells were incubated in 100 ml serum free medium

containing selected amount of Lipofectin, calcium phos-

phate (CaP), HMWC, LMWC and gal-LMWC. After 16 h,

the medium was removed and the cells were rinsed twice

with 1! PBS. The wells were refilled with complete

medium and cells were cultured for another 24 h. Next,

10 ml of MTT (5 mg/ml) solution was added into each well

and was allowed to react for 4 h at 37 8C. The solution was

removed and 150 ml of dimethylsulfoxide (DMSO) was

added to each well. Then the plate was incubated for 30 min

at room temperature. Absorption at 490 nm was measured

with an ELISA plate reader (Bio-RAD, Microplate

Reader 3550).
2.4. Preparation and characterization

of gal-LMWC/DNA complexes

Gal-LMWC was dissolved in 0.5% acetic acid with a

gentle stirring; pH of the solution was adjusted to 7.0 with

0.1 mol/l NaOH solution. The final concentration was

1 mg/ml. The solution was sterile filtered through a

0.22 mm filter and diluted to 0.2 mg/ml by RPMI 1640.

The required volume of 0.2 mg/ml gal-LMWC solution

was added to 50 ml of 0.2 mg/ml ASO solution (diluted from

1 mg/ml by RPMI Medium1640) to form complexes of a

selected N/P ratio by gentle pipetting. The mixture was

vortexed rapidly for 3–5 s and left for 1 h in room

temperature for the gal-LMWC/ASO complexes to com-

pletely form. For the atomic force microscope (AFM)

measurements, 20 ml of the complexes was deposited on to

silicon, and remained in a place for 90 s to make the silicon

surface dry. The images were observed by tapping mode in

air using SPI3800 (Seiko Instruments, Inc., Japan) AFM

microscope. The diameters and the zeta potential of the

complexes were determined by light scattering by using

90Plus Particle Sizer (Brookhaven Instruments, Holtsville,

NY). The preparation and characterization of gal-LMWC/

plasmid DNA complexes are similar to those of gal-

LMWC/ASO complexes.
2.5. Transfection with complexes in vitro

In a typical transfection experiment, HepG2 cells were

seeded at the density of 5.0!105 cells/dish in 60 mm

culture dishes with 5 ml of complete medium (RPMI 1640

containing 10% serum) and incubated for 24 h prior to

transfection. Transfections were performed on cells that

were approximately 70% confluence. Before transfection,

the complete medium was removed and cells were rinsed

once with 1! PBS. The naked ASO and gal-LMWC/ASO

complexes (containing 20 mg of ASO) were diluted in 2 ml

RPMI 1640 medium, and then were used to refill the dishes.

After incubated at 37 8C for 6 h, added serum and RPMI

1640 medium to the dishes so that the final volume of

medium was 5 ml and containing 10% serum. After another

18 h, the medium containing complexes was removed. The

cells were rinsed twice with 1! PBS, harvested, and

resuspended in 1! PBS. The transfection of naked

plasmid DNA and gal-LMWC/plasmid DNA complexes

were carried out according to the same protocol as

mentioned above.

In order to investigate the inhibition of cell uptake of

ASO, different amount of potential competitor (LA or

LMWC) in 2 ml RPMI 1640 medium were pre-incubated

with HepG2 cells for 60 min at 37 8C. After pretreatment,

gal-LMWC/ASO complexes (containing 20 mg of ASO,

N/PZ3) were added into the dishes. The latter procedures

were same as the transfection experiment. The inhibition of

gal-LMWC to the transfection efficiency of gal-

LMWC/plasmid DNA complexes was measured by the

same method.

2.6. Determination of transfection efficiency

To determine the transfection efficiency, the b-galacto-

sidase activity was measured through ONPG assay with UV

spectrophotometer (Shimadzu UV-2201) [30].

For histochemical staining [31], cells were washed three

times with ice-cold Dulbecco’s phosphate buffered saline

(D-PBS) and fixed for 5 min in fixation solution (2%

formaldehyde, 0.05% glutaraldehyde in D-PBS) at 4 8C.

After removal of fixation solution, cells were washed three

times with D-PBS and then stained with X-gal solution

(5 mM K3Fe3(CN)6, 5 mM K4Fe2(CN)6, 2 mM MgCl2 and

1 mg/ml X-gal in 1!PBS (pH 8.0)) at 37 8C overnight.

Then the cells were washed three times with D-PBS.

In order to prevent expression of endogenous mammalian

b-galactosidase, histochemical staining was carried out at

pH 8.0. Under these conditions, only bacterial b-galactosi-

dase was shown to be active. Blue cells were counted per

each well by light microscopy.

2.7. Quantification of the ASO in cells

The ASO was extracted from transfected cells and the

extracted ASO was separated by electrophoresis in 20%



0

40

80

120

Control

CaP

Lipofectin

HMWC

LMWC

gal-LMWC

ce
ll 

V
ia

b
ili

ty
 (

%
)

Concentration (µg/ml)
0           20          250        600       1400

Fig. 1. MTT assay for cytotoxicity of CaP, Lipofectin, HMWC, LMWC,

and gal-LMWC in HepG2 cell line.

S. Gao et al. / European Journal of Pharmaceutics and Biopharmaceutics 60 (2005) 327–334330
polyacrylamide denaturing gel containing 7 M urea. The

separated ASO in gel were transferred to Hybond nylon

membrane (Amersham Pharmacia Biotech) and then cross-

linked by UV irradiation. The membrane was prehybridized

in tube for 2 h at 40 8C in prehybridization buffer and

hybridized for 4 h at 40 8C in fresh hybridization buffer

containing 32P-labeled sense oligonucleotides. Following

hybridization, the membrane was sequentially washed in

5! standard saline citrate (SSC) buffer, and 5!
SSC/0.05% SDS buffer for 20 min at 40 8C, respectively.

The membrane was exposed to phosphor screen overnight at

room temperature. The autradiogram were scanned and the

densities associated with bands were compared using the

Packard Cyclonee Storage Phosphor System (Parkard

Instrument Company, Inc., USA). In each hybridization

another membrane containing different amount of the

standard ASO was also included. The amount of the

unknown was extrapolated from the standard curve.
3. Results and discussion
3.1. Characterization of chitosan

Table 1 summarizes the molecular weight results from

the HPLC measurements, and the –NH2 group content

results from the metachromatic titration experiment for

HMWC, LMWC and gal-LMWC samples. The molecular

weight of gal-HMWC is 21 kDa, the –NH2 group content is

52% and the galactosylation degree is 8.1%.
3.2. Cytotoxicity study

MTT assay was performed to determine the cytotoxicity

of the pure transfection reagents, including: CaP, lipofectin,

HMWC, LMWC, and gal-LMWC in HepG2 cells and the

results are shown in Fig. 1. CaP is the most cytotoxic and

cells almost die when CaP concentration reaches 20 mg/ml.

The cytotoxicity of lipofectin increases with a concentration

dependent manner and cells almost die at concentration of

250 mg/ml. However, HMWC, LMWC and gal-LMWC are

found to be less cytotoxic. Cells grow well even at the

concentration as high as 400 mg/ml. Cells almost die when

the concentration of HMWC reaches 600 mg/ml. Both

LMWC and gal-LMWC are found to improve viability of

HepG2 cells at low concentrations. More then 60% cells die

when the concentration of LMWC reaches 1400 mg/ml.
Table 1

Physicochemical characteristics of HMWC, LMWC and gal-LMWC

Types Molecular weight

(kDa)

Experimental NH2

(%)

HMWC 145 71

LMWC 21 58

Gal-LMWC 25 50
On the contrary, gal-LMWC does not show any cytotoxicity

at the same concentration. These results indicate that

modification might alleviate the cytotoxicity of HMWC,

probably because of the decrease of the positive charge

density. The results demonstrate clearly that gal-LMWC is

non-cytotoxic, biocompatible, and safe gene vector.

3.3. Characterization of complexes

Preliminary studies were performed to identify the

experimental conditions for the formation of gal-

LMWC/plasmid DNA complexes or gal-LMWC/ASO

complexes. Results show that gal-LMWC can condense

both ASO and plasmid DNA effectively and form stable

complexes.

The particle images of the gal-LMWC/ASO complexes

(N/PZ3) and the gal-LMWC/plasmid DNA complexes

(N/PZ6) were examined by AFM as shown in Fig. 2. From

the AFM observation, the gal-LMWC/ASO complexes

(N/PZ3) are found to be near spherical of 80 nm in

diameter with homogeneous structure and smooth surface

(Fig. 2b). The morphometrics of gal-LMWC/ plasmid DNA

complexes (N/PZ6) measured by AFM are very similar to

that of gal-LMWC/ASO complexes (Fig. 2a).

Effective diameters of gal-LMWC/plasmid DNA com-

plexes and gal-LMWC/ASO complexes were determined by

laser light scattering (LLS). When the N/P ratio of gal-

LMWC and plasmid DNA increases from 1 to 6, the

effective diameter of complexes decreases from 384.2 to

288.2 nm, and the zeta potential increases from K15.2 to

12.2 mV. In the case of gal-LMWC/ASO complexes, the

changes in particle size and zeta potential follow the same

trend as that of gal-LMWC/plasmid DNA complexes. When

the N/P ratio of gal-LMWC and ASO increases from 1 to 6,

the zeta potential increases from K7.6 to 13.7 mV, and the

effective diameter of complexes decreases from 325.8 to

253.8 nm, slightly smaller than that of gal-LMWC/plasmid

DNA complexes. This can be associated with the fact that



Fig. 2. Atomic force microscopic images of gal-LMWC/plasmid DNA

complexes (N/PZ6) (a) and gal-LMWC/ASO complexes (N/PZ3) (b).

The panels shown are typical of the results of multiple evaluations.

Fig. 3. The histochemical staining of transfection by gal-LMWC/plasmid

DNA complexes (N/PZ6) (a) and naked plasmid DNA (b) in HepG2 cell

line.
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the interaction between gal-LMWC and DNA is electro-

static. ASO and plasmid DNA have the same charge density,

but segment length of ASO is great shorter than that of

plasmid DNA, so it is able to contact with gal-LMWC more

easily and form complexes more compactly.

The particle size obtained from the AFM is smaller than

that measured by laser light scattering, and this might be due

to the fact that AFM measurements were performed in a

dried state, while the light scattering measurements were

conducted in aqueous solution and the particles were

hydrated.

3.4. Transfection with complexes in vitro

To verify the ability of gal-LMWC to increase transfec-

tion efficiency, HepG2 cells were transfected with the naked

plasmid DNA and gal-LMWC/plasmid DNA complexes at

different N/P ratios, respectively. Cells were stained with
X-gal solution for presence of active b-galactosidase

expression 48 h after transfection. When cells are

transfected with naked plasmid DNA, a complete absence

of b-galactosidase enzymatic activity is observed (Fig. 3b).

However, the staining cells are observed in HepG2 cells

transfected with gal-LMWC/plasmid DNA complexes, and

the number of blue cells increases with the N/P ratio of the

complexes. The frequency of active b-galactosidase

expression is over 20% in the total cells transfected with

gal-LMWC/plasmid DNA complexes at N/PZ6 as shown

in Fig. 3a.

To determine the optimal N/P ratio for transfection,

HepG2 cells were transfected, respectively, with the

complexes at different N/P ratios and the results are shown

in Fig. 4. Using the gal-LMWC/plasmid DNA complexes, it

can be found that the b-galactosidase activity increases as

the N/P ratio goes up from 1 to 6. The maximal activity of

gene expression occurs at N/P ratio of 6. When the N/P ratio

extends to 7, a slight decrease is observed (Fig. 4a). Similar

to gal-LMWC/plasmid DNA complexes, the transfection

efficiency of gal-LMWC/ASO complexes is dependent on

the N/P ratio. The most effective transfection is obtained at

the N/P ratio of 3 (Fig. 4b). The different optimum N/P ratios

in transfection of the two kinds of complexes may also be

associated with the fact that the segment length of ASO is

much smaller than that of plasmid DNA, and thus it can

contact with gal-LMWC completely and form complexes

compactly at a lower N/P ratio.
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Next, naked DNA, lipofectin/DNA complexes,

HMWC/DNA complexes (N/PZ6), LMWC/DNA com-

plexes (N/PZ6) and gal-LMWC/DNA complexes (N/PZ6)

were used to transfect HepG2 cells. Fig. 5a shows the

transfection efficiency of the five complexes. It can be

observed that active b-galactosidase expression of gal-

LMWC/DNA complexes is higher than those of naked

DNA, HMWC/DNA, and LMWC/DNA complexes and

only lower than that of lipofectin/DNA complexes. The

similar results are observed in the experiments of ASO.

The transfection efficiency of gal-LMWC/ASO complexes

with N/PZ3 is a little lower than that of lipofectin/ASO

complexes, and greatly higher than those of naked ASO,

HMWC/ASO complexes, and LMWC/ASO complexes in

HepG2 cells (Fig. 5b). These results suggest that the gal-

LMWC have the capability to increase the transfection

efficiency of plasmid DNA and ASO in the HepG2 cells that

have ASGR on their membrane.

We did not find any cytotoxicity of chitosan/DNA and

chitosan/ASO complexes at any ratio in the transfection

experiments mentioned above. These results give another
evidence to verify that gal-LMWC is non-cytotoxic,

biocompatible, and safe gene vector. The viability of the

cells, which were transfected by lipofectin/DNA complexes,

decreased a little in the transfection experiments and data

are not shown here.
3.5. Inhibition to transfection in vitro

To confirm that the enhanced transfection efficiency of

the gal-LMWC/plasmid DNA complexes is due to the

ASGR mediated endocytosis process; we use gal-LMWC

with different concentration as competitors in transfection

experiments. Fig. 6 shows the relationship between the

transfection efficiency of gal-LMWC/plasmid DNA

complexes (N/PZ6) and the gal-LMWC inhibition concen-

tration. The transfection efficiency decreases when the

concentration of gal-LMWC increases. b-Galactosidase

activity is inhibited 50% at gal-LMWC 10-fold (molar
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ratio) excess, and the activity is lower than that of naked

plasmid DNA transfection at gal-LMWC 50-fold excess.

We also carried out control experiments using LMWC as

potential competitor to determine whether specific binding

sites were involved in the uptake of gal-LMWC/ASO

complexes. As shown in Fig. 7, uptake of gal-LMWC/ASO

complexes (N/PZ3) is inhibited by LMWC in a dose-

dependent manner and LMWC can completely inhibit the

uptake of gal-LMWC/ASO complex at 50-fold molar

excess. These results suggest that the uptake of gal-

LMWC/ASO complexes involve specific cell surface
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valuesGSD (nZ4) from one representative experiment of three performed.
binding sites, which are subjected to competition. The

specific cell surface binding site may be ASGR. ASGR can

bind and internalizes galactose-terminal (asialo) glyco-

proteins in high assinity. However, the ASGR can also

recognize, bind and internalize glycoproteins having

glucose residues or glucose derivatives, on their oligosac-

charide chains with low affinity [32]. Skalko et al. used a

N-acetyl-D-glucosamine derivative of BSA conjugated to a

pH-sensitive liposome with FITC-dextran as a mimic of

ASO. The complexes were efficiently taken up by an avian

hepatoma cell line expressing ASGR when compared to

liposomes with no targeting ligand [33]. LMWC is

composed of two subunits: D-glucosamine and N-acetyl-D-

glucosamine, which can be recognized and bound by

ASGR. These facts give us some clues that why excess

LMWC can inhibit the cell uptake of gal-LMWC/ASO

complexes.

We also investigated the inhibition effect of excess LA

on cellular uptake of gal-LMWC/ASO complexes and the

results are also shown in Fig. 7. It can be observed clearly

that uptake of gal-LMWC/ASO complexes (N/PZ3) is also

inhibited by LA in a dose-dependent manner. LA can

completely inhibit the uptake of gal-LMWC/ASO

complexes at 50-fold excess. However, LA inhibits about

70% hepatic uptake at 10-fold excess, whereas LMWC can

only inhibit 50% uptake at the same excess amount. The

results demonstrate that the capability of hepatic targeting

of gal-LMWC/ASO complexes is coming from the

galactosylation of chitosan by coupling with LA.

Gal-LMWC vectors transfect ASO into hepatocyte selec-

tively via the ASGR mediated endocytosis pathway.
4. Conclusion

This work reports that gal-LMWC can be used as vector

of plasmid DNA and ASO for hepatocyte targeting in gene

therapy. MTT assay shows that gal-LMWC is low

cytotoxicity. Gal-LMWC can form stable nano-complexes

with ASO or plasmid DNA by a complex coacervation

process. Both of the two complexes are nearly spherical of

200–300 nm in diameter with homogeneous structure and

smooth surfaces. As a vector, gal-LMWC shows signifi-

cantly higher transfection efficiency than that of naked DNA

or naked ASO in HepG2 cells. Transfection efficiency

depends on the N/P ratio strongly. The results of inhibition

experiments confirm that the enhanced transfection

efficiency is due to the ASGR mediated endocytosis of

gal-LMWC/ASO complexes or gal-LMWC/plasmid DNA

complexes. Our studies suggest that gal-LMWC is an

effective and safe vector of ASO and plasmid DNA for the

hepatocyte targeting delivery in vitro and can be used in

gene therapy to improve the transfection efficiency. The in

vivo delivery investigating will be carried out in further

studies.
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