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Abstract

The use of non-viral delivery systems has numerous advantages in the area of gene therapy as this approach could circumvent the safety

issues that may occur when using viral vectors. Hydrophobically modified chitosan containing five deoxycholic acid groups per 100

anhydroglucose units was synthesized to prepare self-aggregated nanoparticles in aqueous media and utilized to form complexes with

plasmid DNA. Formation and various characteristics of DNA/chitosan self-aggregate complexes were investigated by electrophoresis, zeta

potential measurement, and dynamic light scattering method. It was hypothesized that complex formation between DNA and chitosan self-

aggregates can be strongly dependent on the charge ratio, pH, and incubation time. Migration of DNA on an agarose gel was completely

retarded over a charge ratio (C/K) of 4/1 at pH 7.2, and the mean diameter of the complexes was determined to be 350 nm with unimodal

size distribution (C/KZ4/1; pH 7.2; incubation time, 30 min). The complex formation behavior was also regulated by pH of the media. The

incubation time was unlikely to be the critical factor affecting the complex formation behavior due to the instant electrostatic interactions

between negatively charged DNA and positively charged chitosan self-aggregates. This approach to controlling the characteristics of

DNA/self-aggregate complexes could be critical in the design and tailoring of novel gene delivery systems using non-viral vectors.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Gene therapy is a recent and exciting approach designed

to introduce genetic materials into appropriate cells, to

alleviate symptoms and/or to prevent the occurrence of

particular diseases [1,2]. In this approach, genes are

transferred into cells, typically mediated by either viral or

non-viral vectors. Several viral vectors such as retroviruses

and adenoviruses have been extensively employed in this

approach [3]. However, their safety in many clinical uses

has been an issue due to their toxicity, immunogenicity, and

inflammatory responses in the body [4,5]. Regardless of
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their low transfection efficiency, non-viral vectors have

been extensively investigated as an alternative delivery

vehicle of genes. Critical design parameters of a new non-

viral gene delivery system include the stability, binding

capability to DNA, transfection efficiency, and low

immunogenic and biohazardous activity [6,7].

Non-viral delivery systems include direct DNA injection

[8], microencapsulation [9], cationic liposomes [10–14],

and cationic polymers [15–19]. Liposomes are one of the

most frequently used delivery systems to introduce DNA

into cells [20,21]. In particular, cationic liposomes have

shown potential as a gene delivery vehicle. They can reduce

the net negative surface charge of DNA, resulting in the

reduction of electrostatic repulsion at the surface of cell

membranes, which can facilitate DNA transfer across rather

impermeable cell membranes [10–14]. However, their

in vivo applications are limited to local delivery due to

their low stability and rapid degradation in the body [22].

An alternative approach to the development of non-viral

vectors is using soluble cationic polymers designed to form
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complexes with DNA. Simple mixing of DNA with poly-L-

lysine or DEAE-dextran results in the formation of

polyelectrolyte complexes that can transfer DNA into

cells. These systems still show low transfection efficiency,

cytotoxicity, and limited efficacy for systemic adminis-

tration due to the rapid clearance in the body following

intravenous injection [16,23]. Therefore, new types of

polymers such as poly(ethylene glycol)-b-poly-L-lysine,

poly-N-(2-hydroxypropyl) methylacrylamide-b-poly(tri-

methylammonioethyl methacrylate chloride), poly(ethylene

imine), and cationic cascade polymers have been syn-

thesized and their efficacy has been tested as novel gene

delivery carriers [24–28].

Chitosan is the second most abundant natural polymer

and has many useful applications in the area of biomedical

engineering, including gene delivery, due to its cationic

character at physiological conditions. Chitosan shows

limited solubility at neutral pH, and forms polyelectrolyte

complexes with polyanions, often resulting in precipitation.

Deoxycholic acid is the main component of bile acids,

which are biologically the most detergent-like molecules in

the body and can self-associate in water and form micelles.

It was hypothesized that chitosan modified with deoxy-

cholic acid can also form stable colloidal nanoparticles at

physiological conditions which could be useful for the

delivery of DNA. We have previously reported that

deoxycholic acid-modified chitosan can form self-aggre-

gated nanoparticles in a physiological buffer solution, and

their various physicochemical characteristics have been

investigated by using a fluorometer and light scattering

method [29,30]. We have also reported preliminary data

on potential applications of the chitosan self-aggregates as

a gene delivery carrier [31]. In this study we hypothesized

that the complex formation behavior between chitosan

self-aggregates and plasmid DNA can be controlled by

the charge ratio, pH, and incubation time. Various

physicochemical characteristics of DNA/chitosan self-

aggregate complexes were investigated by gel electro-

phoresis, dynamic light scattering, and zeta potential

measurements.
2. Experimental section
2.1. Materials

Biomedical grade chitosan (MvZ7!104, degree of

deacetylationZ80%) was supplied from Samchully

Pharm. Co. (Seoul, Korea). Deoxycholic acid (O99%

purity) and 1-ethyl-3-(3-dimethylaminopropyl) carbodii-

mide (EDC) were purchased from Sigma (St Louis, MO).

DNA molecular weight marker II (lDNA/Hind III digested)
was purchased from Boehringer Mannheim GmbH

(Germany).
2.2. Preparation of chitosan self-aggregates

Chitosan was hydrophobically modified with deoxy-

cholic acid in the presence of EDC as previously reported

[29]. Chitosan was dissolved in 1% acetic acid solution and

the same volume of methanol was added to the solution.

Deoxycholic acid (0.34 mol/mol chitosan) in methanol was

then added to the 1% chitosan solution, followed by the

drop-wise addition of EDC (0.18 mol/mol deoxycholic

acid) while stirring at room temperature. Phase separation

did not occur during the reaction. After 24 h, the reaction

mixture was poured into the methanol/ammonia solution

(7/3, v/v). The precipitates were filtered off, washed

thoroughly with distilled water, methanol, and ether, and

then followed by vacuum drying at room temperature. The

degree of substitution, defined as the number of deoxycholic

acid groups per 100 anhydroglucose units of chitosan, was

determined from the C/N ratio obtained by elemental

analysis. The deoxycholic acid-modified chitosan was then

suspended in phosphate buffered saline (PBS) solution (pH

7.2) at 37 8C for 48 h, followed by ultrasonication (30 W,

three times for 2 min) using a pulse function (pulse on, 5.0 s;

pulse off, 1.0 s).

2.3. Plasmid

The plasmid pCMV-CAT encoding chloramphenicol

acetyltransferase (5.8 kb) was grown in E. coli, extracted by

the alkali lysis technique, and purified by using a QIAGENw

Plasmid Midi kit. The purity of the plasmid 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 the ratio of the UV

absorbance at 260–280 nm.

2.4. Complex formation between chitosan self-aggregates

and plasmid DNA

Chitosan self-aggregate/DNA complexes were prepared

at various charge ratios, pH, and incubation times by the

addition of a DNA solution (1 mg/mL) to a solution of

chitosan self-aggregates (20 mg/mL) at room temperature.

Complex formation was confirmed by electrophoresis on a

1.0% agarose gel with tris-acetate (TAE) running buffer at

100 V for 30 min. UV transillumination of the gel was

employed with ethidium bromide to visualize DNA. Zeta

potential of DNA/self-aggregate complexes was measured

using Malvern Zetasizer 4 (Malvern Instruments, UK).

2.5. Measurements

Dynamic light scattering (DLS) experiments were

carried out with an argon ion laser system (Lexel Laser

Model 95) tuned at 488 nm. The scattering angle (q) was

varied from 30 to 1358. The intensity autocorrelation

was measured at a scattering angle of 908with a Brookhaven



Fig. 1. Chemical structure of deoxycholic acid-modified chitosan (xZ20,

yZ75, and zZ5 mol%).

Fig. 3. Intensity autocorrelation function (g(2)(t)) of DNA/self-aggregate

complexes in PBS solution (pH 7.2; [self-aggregate]Z2.0 mg/mL; charge

ratio (C/K)Z4/1; qZ908; TZ25 8C).
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BI-9000AT digital autocorrelator at 25G0.1 8C. When the

difference between the measured and the calculated base-

lines was less than 0.1%, the correlation function was

accepted. A non-linear regularized inverse Laplace trans-

formation technique (CONTIN) was used to obtain the

distribution of decay function [32]. Mean diameter (d) was

evaluated by the Stokes–Einstein equation. Steady-state

fluorescence spectra were recorded on an ISS K2 multi-

frequency phase and modulation fluorometer (ISS, Cham-

paign, IL). Samples were excited using a 300 W Xenon arc

lamp (ILC Technology, Sunnyvale, CA). For the measure-

ment of the emission intensity of pyrene, the slit openings

for excitation and emission were set at 1.0 and 0.5 mm,

respectively. The excitation wavelength (lex) was 336 nm,

and the spectra were accumulated with an integration time

of 5 s/1 nm and used to determine the critical aggregation

concentration (CAC) of chitosan self-aggregates.
3. Results and discussion

3.1. Characteristics of chitosan self-aggregates

Deoxycholic acid was covalently coupled to an amino

group of chitosan using water-soluble carbodiimide (Fig. 1).

Thedegreeof substitution ofdeoxycholic acidwas determined

to be 5 per 100 anhydroglucose units of chitosan.Deoxycholic

acid-modified chitosan formed self-aggregates in aqueous
Fig. 2. Migration of DNA/self-aggregate complexes on an agarose gel.

pCMV-CAT was mixed with an increasing amount of self-aggregates

([self-aggregates]Z2 mg/mL; incubation time, 30 min; pH 7.2). Lane 1,

DNA molecular weight marker II; lane 2, DNA only; lane 3, charge ratio

(C/K)Z1/1; lane 4, 2/1; lane 5, 4/1; lane 6, 8/1.
mediawith amean diameter of less than 200 nm,which can be

controlled by the degree of substitution of hydrophobic groups

to the chitosan backbone and pH and ionic strength of the

media [29]. Fluorescence spectroscopy provided a method to

determine the critical aggregation concentration (CAC),

which was 1.3!10K2 mg/mL for the chitosan self-aggre-

gates used in this study, which was lower than the critical

micelle concentration (CMC) of typical surfactants (e.g.

2.3 mg/mL for sodium dodecyl sulfate in water and 1.0 mg/

mL for deoxycholic acid in water). The lower CAC value of

the deoxycholic acid-modified chitosan as compared with

those of low molecular weight surfactants may indicate that

a small amount of the chitosan derivative can form self-

aggregates and maintain their stability in dilute conditions.

The increased amount of hydrophobic groups attached to

chitosan further reduced the CAC values [29].

3.2. Complex formation between chitosan self-aggregates

and plasmid DNA

We first confirmed the complex formation between
Fig. 4. G vs. q2 for the diffusive mode of DNA/self-aggregates in PBS

solution (pH 7.2; [self-aggregate]Z2.0 mg/mL; TZ25 8C).



Fig. 5. The change of size distribution (a) before and (b) after complex formation between chitosan self-aggregates and DNA ([self-aggregate]Z2 mg/mL;

charge ratio (C/K)Z4/1; pH 7.2).
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plasmid DNA and chitosan self-aggregates by electrophor-

esis on an agarose gel. When DNA is mixed with self-

aggregates, electrostatic interactions mainly drive the

formation of complexes. The migration of DNA on the

agarose gel was retarded because of the charge neutraliz-

ation and/or an increase in the molecular size of the

complexes (Fig. 2). The charge ratio (C/K) was defined as

a ratio between the number of amino groups in the chitosan

self-aggregates and the number of phosphate groups in

DNA.When the charge ratio was greater than 4/1, migration

of DNA was completely retarded.

We next measured the size of the complexes by the

dynamic light scattering method. A typical intensity

autocorrelation function (g(2)(t)) of DNA/self-aggregate

complexes in PBS solution (pH 7.2) at qZ908 and TZ25 8C

is shown in Fig. 3. Under the assumption of the polydisperse

system, CONTIN algorithm was adopted to calculate the

mean diameter and size distribution of the complexes. A

plot of G vs. q2 for DNA/self-aggregate complexes in PBS

solution (pH 7.2) is shown in Fig. 4. The q is a scattering

vector [Z(4pn/l0)sin(q/2)], where n is the refractive index

of the scattering medium and l0 is the wavelength of the

incident light in a vacuum. Since a linear relationship is

obtained, the measured G can be predominantly attributed to

a diffusive mode. The DNA/self-aggregate complexes in

PBS solution (pH 7.2) had the mean diameter of 350 nm
Fig. 6. Effect of charge ratio (C/K) on (a) size and (b) zeta potential of self-a

30 min; pH 7.2; nZ3; meanGSD).
with unimodal size distribution, which was greater than that

of chitosan self-aggregates only (dZ160 nm). Interestingly

no significant change in the size distribution of the complex

particles was observed (Fig. 5).

We next investigated changes of the mean diameter and

zeta potential of the complexes at various charge ratios. The

mean diameter of the complexes was slightly increased with

an increase of the charge ratio until 4/1 and then suddenly

increased over 4/1 (Fig. 6(a)). This is likely due to the

intermolecular cross-linking between DNA strands by self-

aggregates, a phenomenon typically observed with either

high DNA concentrations or an excess amount of

polycations [12]. Zeta potential is a function of the surface

charge that develops when any material is placed in a liquid

and is a good index of the magnitude of the electrostatic

properties of colloidal particles. An initial negative value of

the zeta potential was observed at a low charge ratio of the

complexes (Fig. 6(b)). The negative value of zeta potential

at the charge ratio of 1/1 could be due to the low effective

charge density of amino groups in chitosan at the

physiological condition, and the access of DNA to positive

charges on chitosan being sterically hindered by the inherent

rigidity of the chitosan backbone. Complexes between self-

aggregates and DNA showed an increasing zeta potential in

parallel with increasing charge ratios. It was considered that

a positive zeta potential value could benefit the complexes
ggregates/DNA complexes ([self-aggregates]Z2 mg/mL; incubation time,
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as a gene delivery system because the cell membrane has a

net negative zeta potential value.
Fig. 8. Effect of incubation time on the formation of DNA/self-aggregate

complexes at a fixed charge ratio (C/K) of 4/1 and pH 7.2 ([self-

aggregates]Z2 mg/mL). Lane 1, DNA molecular weight marker II; lane 2,

DNA only; lane 3, 1 min; lane 4, 5 min; lane 5, 10 min; lane 6, 30 min; lane

7, 1 h; lane 8, 2 h; lane 9, 3 h; lane 10, 4 h.
3.3. Effect of pH on complex formation

The effect of the pH of the media on the complex

formation was next investigated. Complexes were formed in

PBS solutions at different pH but the charge ratio (C/K)

was kept constant at 4/1. Since chitosan has a pKb value

of 7.7 [33], the amino groups in chitosan have an almost

unionized form above pH 8.0. The free DNA dissociated

from the complex was observed on an agarose gel above pH

8.0 (lanes 6 and 7 in Fig. 7). DNA bands disappeared at

low pH (lanes 3 and 4). Two reasons could cause this

phenomenon. One is the formation of more compact

complexes due to the high charge density of chitosan at

low pH that disrupts the intercalation of ethidium

bromide. The other is the degradation of DNA by

contaminants, such as nucleases in the self-aggregates.

To verify whether the DNA bands disappeared by the

degradation of DNA, DNA was extracted from the

complexes by treatment with phenol/chloroform [34].

An intact form of supercoiled DNA was isolated from

the complexes, indicating a compact complex formation

at low pH (data not shown).
3.4. Effect of incubation time on complex formation

Complex formation behavior between DNA and chitosan

self-aggregates was further studied by varying the incu-

bation time (Fig. 8). DNA/self-aggregate complexes were

formed within a few minutes, and the release of DNA was

not observed during the incubation time periods. Since the

dominating driving force for the complex formation is

electrostatic interactions, the complexes may form rapidly.

Degradation of DNA in the presence of self-aggregates was

not observed during 4 h of incubation. Extracted DNA still

formed the supercoiled structure, indicating no damage

occurred to DNA during the incubation time period used in

this experiment (data not shown). The mean diameter of

DNA/self-aggregate complexes was also measured by using
Fig. 7. Effect of pH on the formation of DNA/self-aggregate complexes at a

fixed charge ratio (C/K) of 4/1 and constant incubation time of 30 min

([self-aggregates]Z2 mg/mL). Lane 1, DNA molecular weight marker II;

lane 2, DNA only; lane 3, pH 5.5; lane 4, pH 6.5; lane 5, pH 7.2; lane 6, pH

8.0; lane 7, pH 9.5.
the dynamic light scattering method as a function of

incubation time (Fig. 9). The mean diameter was kept nearly

constant (350 nm) over the incubation time used in this

experiment, even in the presence of serum. The

complexes remained stable after 48 h of incubation

(data not shown).
4. Conclusions

Colloidally stable self-aggregates in a physiological

buffer solution can be obtained by hydrophobic modifi-

cation of chitosan with deoxycholic acid. These self-

aggregates can form complexes when mixed with plasmid

DNA through electrostatic interactions. The characteristics

of DNA/chitosan self-aggregate complexes varied depend-

ing on the charge ratio and pH of the media. However,

formation and stability of the complexes was not signifi-

cantly influenced by incubation time. This approach to

controlling the physicochemical properties of DNA/chito-

san self-aggregate complexes could be critical in designing

novel non-viral gene delivery systems using water-soluble
Fig. 9. Changes in the mean diameter of DNA/self-aggregates complexes

over incubation time in the presence of 10% serum in PBS solution ([self-

aggregates]Z2 mg/mL; charge ratio (C/K)Z4/1; pH 7.2; nZ3; meanG

SD).
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polymers, which can regulate the transfection efficiency of

DNA delivered into mammalian cells.
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