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Abstract  Purpose: Chitosan has a high potential for
transferring DNA molecules into mammalian cells
because of its cationic properties. In the present study,
we have investigated DNA encapsulation efficiency
and loading capacity of chitosan microparticles pre-
pared in different conditions, as well as in vitro DNA
release from microparticles, and transfection of differ-
ent cell lines with chitosan-DNA microparticles,
which may be employed in future in vivo studies.
Methods: Plasmid DNAs were amplified in Escherichia
coli DH5α and isolated by the alkali SDS-lysis method.
Chitosan-DNA microparticles were prepared by the
coacervation method by using different concentrations
of chitosan and plasmid DNAs. In vitro release experi-
ments were performed in PBS at 37°C and DNA
release was monitored spectrophotometrically. Trans-
fection efficiency of chitosan-DNA microparticles into
mammalian cells was determined by measuring the β-
galactosidase activity in cell lysates. Results: DNA
encapsulation efficiency and loading capacity of micro-
particles was altered depending on the chitosan and
DNA concentrations. Approximately 75-85% of DNA
was encapsulated into the chitosan-DNA microparti-
cles. The average size of microparticles was found to be
~2 µm. In vitro studies revealed that the release of
DNA from chitosan microparticles could be con-
trolled by changing the formulation conditions.
Although the transfection efficiency of chitosan-DNA
microparticles was typically lower than that of DNA
complexed with lipid-based reagents, in vitro transfec-
tion results indicated that HEK293 cells take up chito-
san-DNA microparticles more efficiently compared to
HeLa and mouse fibroblastic 3T3 cell lines. Conclu-
sion: Chitosan microparticles provide a sustained
release of plasmid DNA for a long period and they
have a potential for DNA transfer into the mammalian
cells. However, transfection efficiency of chitosan-

DNA microparticles is low and dependent on the cell
type. 

INTRODUCTION

Chitosan is a deacetylated derivative of chitin, which is
one of the naturally most abundant mucopolysaccha-
rides and supporting materials of crustaceans and
insects. It is a non-toxic and easily biodegradable poly-
mer (1-3). Polymeric controlled delivery systems based
on chitosan are now being used for a wide range of
drugs (4-6). Chitosan as a non-viral vehicle for transfer-
ring DNA molecules into the cells has recently
attracted much attention because of its unique proper-
ties (7, 8). 

The efficient delivery of functional therapeutic genes
into target cells in vitro and in vivo is an important
problem in gene therapy approaches for the treatment
of hereditary diseases and cancer (9, 10). Various meth-
ods have been developed to accomplish gene transfer
into eukaryotic cells. These methods involve the use of
genetically modified viruses to deliver the genetic
material (11, 12), non-viral gene transfers including the
direct physical introduction of the genetic material
into cells (13-15) and formation of DNA complexes
with inorganic salts, polycations, or lipids to transfer
the DNA into the cells (16-18). One of the major gene
transfer vehicles, genetically modified viruses such as
retrovirus, adenovirus, etc., have been utilized for
approximately 80% of approved phase I clinical trials
because of ease of transfer of their genome into the
cells (19). However, they have some disadvantages in
their usage in vivo such as immunogenicity, insertional
mutations, and potential pathogenicity (20). In con-
trast, a non-viral delivery system has several advantages
including low cost, non-infectivity, absence of immu-
nogenicity, and the possibility of repeated clinical
administration (21). Therefore, the research and devel-
opment of non-viral vectors is a very important alter-
native approach in gene therapy. 
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In recent years, the potential of chitosan as a non-viral
gene carrier has been extensively considered by several
research groups. Chitosan effectively binds to negative
surfaces because of its positive charge (22). At acidic
pH, the amine groups of chitosan become positively
charged, bind to DNA and condense it as nano/micro-
particles (23-26). The size and shape of particles can be
changed depending on the conditions of the formula-
tion process (26, 27). Chitosan microparticles contain-
ing reporter genes are being used for the transfection of
mammalian cells both in vitro and in vivo conditions
(28-30). However, the transfection efficiency of micro-
particles is quite low. On the other hand, extensive
efforts are being expended for improving new non-
viral vehicles by using chitosan polymers (31). Differ-
ent approaches including the modification of chitosan
by adding some groups (32-34), conjugation of some
specific ligands to chitosan nano/microparticles (27),
and formulation of DNA by using the combination of
chitosan and other polymers like poly-L-lysine (35-37)
are being applied for enhancing the transfection effi-
ciency and targeting DNA as chitosan nano/micropar-
ticles. Several derivatives of chitosan have been
prepared based on the reaction with the free amine
groups (38, 39). Kim et al. (32) have recently prepared a
galactosylated chitosan to formulate plasmid DNA as
nanoparticles in order to improve the transfection effi-
ciency and targeting chitosan-DNA nanoparticles and,
they showed that HepG2 (human hepatoblastoma cell
line) having asialoglycoprotein receptors binding galac-
tose-containing ligands was more efficiently transfected
than HeLa without asialoglycoprotein receptors. On
the other hand, it was reported that lactosylated-chito-
san/DNA complexes efficiently transfected HeLa cells,
but not HepG2 (40). Viruses have excellent strategies
for transferring their genome into the host cells. Viral
infection process is a very useful model for improved
non-viral vectors. Mao et al. (27) have conjugated
KNOB (C-terminal domain of the fiber protein of ade-
noviruses) to chitosan-DNA nanoparticles and
reported a 130-fold increase in transfection efficiency
in HeLa cells. In contrast, a low level of transfection
efficiency was observed with chitosan-DNA nanoparti-
cles conjugated with transferrin (a ligand having a role
in the transfer of small molecular weight drugs and
bioactive macromolecules into mammalian cells, 41) in
HEK293 and HeLa cells (27). Although there are sev-
eral reports supporting the use of chitosan as a non-
viral vector, studies regarding improvements in trans-

fection efficiency and controlled expression of related
gene remain insufficient. In this respect, we have for-
mulated plasmid DNAs as chitosan-DNA microparti-
cles and investigated in vitro release profiles of DNA
from these microparticles. We have also assayed the
transfection capability of chitosan-DNA microparti-
cles into different mammalian cells.

MATERIALS AND METHODS

Materials

Chitosan, 400 kD MW and 87% deacetylated, was pur-
chased from Fluka Co. Ltd., Germany. The cell cul-
ture media and reagents were purchased from Gibco,
USA. All other chemicals used were molecular biology
and pharmaceutical grade.

Plasmids

Three different sizes of plasmids were used. pSVβ-Gal
(Promega, USA) containing bacterial β-galactosidase
gene under the control of SV40 promotor is 6820 bp.
pEGFP-N1 (Clontech, USA) containing jelly fish
green fluorescent protein gene under the control of
CMV immediate early promoter and  pBluescript Π
SK+ (MBI Fermentas, Litvanya) are 4733 bp and 2961
bp, respectively. Escherichia coli DH5α was used as host
cell for amplification of plasmids. Plasmid DNAs were
isolated with alkali-lysis method and purified with
CsCl-EtBr banding.

Encapsulation of plasmid DNA in chitosan micropar-
ticles

Chitosan microparticles were prepared by the coacer-
vation method (42). Chitosan was dissolved in 2% ace-
tic acid solution at 0.25%, 0.50% or 0.75% (w/v) final
concentrations. DNA samples were dissolved in 20%
sodium sulfate solution at 5-40 µg/ml final concentra-
tions. For the formation of chitosan-DNA microparti-
cles, an equal volume of sodium sulfate solution
containing DNA was added dropwise to the chitosan
solutions and mixed on a magnetic stirrer for 1 hour.
Chitosan-DNA microparticles were recovered by cen-
trifugation and after washing with distilled water,
freeze-dried or dialyzed against distilled water. The
loading degree was determined by quantifying the non-
bound DNA in supernatant with a spectrophotometer.
Both loading capacity (LC) and loading efficiency (LE)
were calculated by using the following equations: LC
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(%) = [(total amount of DNA) - (non-bound DNA) /
weight of chitosan-DNA microparticles] x 100; LE (%)
= [(total amount of DNA) - (non-bound DNA) / total
amount of DNA] x 100.

Particle size analysis

The size of chitosan-DNA microparticles and its poly-
dispersity were analyzed from light microscopy images
of microparticles by using Kodak 1D 3.5 software. The
microparticles were also examined with transmission
electron microscopy (TEM) (Zeiss EM9A). For TEM
examination, the sample was placed on a formvar
coated copper grid and negatively stained by an aque-
ous solution of ammonium molibdate (1% w/v).  

In vitro release of plasmid DNA 

Chitosan-DNA microparticles (20 mg) were suspended
in 4 ml of phosphate buffered saline (pH 7.4). The sus-
pension was shaken in a water bath at 37ºC. At
defined time intervals, the supernatant was collected
by centrifugation and microparticles were re-sus-
pended in fresh buffer. Plasmid DNA released into the
supernatant was quantified by measuring with a spec-
trophotometer.

Analysis of plasmid DNA released from chitosan 
microparticles

For the determination of integrity of plasmid DNA
encapsulated in chitosan microparticles, DNA samples
released from microparticles were analyzed with agar-
ose gel electrophoresis. Before loading onto the gel,
DNA samples were concentrated by precipitating with
ethanol and passed through Sephadex G-25 gel filtra-
tion and DEAE-Sepharose CL-6B cationic-exchange
columns. Column fractions were collected in 500 µl vol-
ume and 20 µl from each fraction were loaded onto the
1% agarose gel. 

Cell lines

Human embryonic kidney (HEK293), Swiss3T3, and
HeLa cell lines were used for transient transfection
experiments. HEK293 cells were maintained at 37ºC
under 5% CO2 in Dulbecco's modified Eagle's
medium-high glucose (D’MEM-HG) (Gibco) supple-
mented with 10% (v/v) fetal calf serum (Gibco), penicil-
lin (100 U/ml) and streptomycin (100 µg/ml).

The other cell lines were maintained in the same condi-
tions as HEK293 cells except Dulbecco's modified
Eagle's medium containing low glucose.

Transfection of cells and β-galactosidase assay

Cells were seeded in 24-well plates (5 x 104 cells/well)
and grown at standard culture conditions for 24 hours.
Culture media were changed with fresh complete
media containing the defined concentration of chito-
san-DNA microparticles.

After 48 hours incubation, cells were harvested for β-
galactosidase assay. Briefly, culture media were dis-
carded and the cells were washed with PBS.

The cells were detached with trypsin, suspended in
PBS, and collected by centrifugation. The cells were
lysed in 200 µl of lyses buffer containing 100 mM
KH2PO4 / K2HPO4 (pH 7.5), 0.2% Triton X-100, 1
mM DTT by freezing and thawing. The β-galactosi-
dase assay was performed in a microtiter dish. Twenty-
five µl of cell lysate was added to 135 µl of buffer A
containing 100 mM KH2PO4 / K2HPO4 (pH 7.5), 10
mM KCl, 1 mM MgSO4, and 50 mM 2-mercaptoetha-
nol, and incubated for 5 minutes at 37ºC. Then, 50 µl
ONPG (O-nitrophenyl-β-D-galactopyranoside) sub-
strate solution (4 mg/ml ONPG in 100 mM phosphate
buffer, pH 7.5) was added to the reaction mixture and
incubated for 1-16 h at 37ºC. After the incubation
period, the reaction was terminated by addition of 90
µl stop solution (1 M Na2CO3) and the absorbance of
samples was measured with a microtiter dish reader set
at 420 nm. Protein concentration of cell lysate was
determined with Bradford method. 

The β-galactosidase activity was calculated by using the
following equations and units of enzyme were
expressed as nmoles of β-galactose formed per minute
(modified from ref. 43). β-galactosidase activity (U/
mg of total protein in lysate) = [OD420/0.0045 x assay
volume (ml)].min-1.mg-1.

RESULTS AND DISCUSSION

The chitosan-DNA microparticles formed by coacer-
vation method were examined in terms of their size,
DNA loading efficiency and DNA loading capacity
(Table 1).
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Table 1: The properties of chitosan-DNA microparticles
made with different concentration/size of plasmid DNA
and different concentration of chitosan. Data are
expressed as mean ± SD (n=5 for LE and LC, n=500 for
microparticles sizes).

The loading efficiency of chitosan-DNA microparti-
cles increased depending on the concentration of chito-
san solution. Approximately 75-85% of total DNA was
encapsulated into the microparticles. In contrast, the
loading capacity of microparticles decreased depending
on the concentration of chitosan solution. 

The size distribution of microparticles was found to be
between 1.3-3.3 µm (Fig 1).

Figure 1: Particle size distributions of chitosan-DNA
microparticles. 

The average particle size of different chitosan-DNA
formulations was found to be ~2 µm. There were no
significant differences in size and polydispersity among
the chitosan microparticles prepared by using different
concentration of chitosan solutions. 

Individual microparticles with a sphere-like shape or
clustered groups were observed by light microscopy
and TEM (Fig 2). 

Figure 2: Light microscopy (A) and TEM (B) images of
chitosan-DNA microparticles.

The chitosan-DNA microparticles described in this
study were smaller than 5 µm, being a suitable size for
mammalian cells uptake. 

The in vitro plasmid DNA release from chitosan
microparticles formed by using different concentration
of chitosan solutions is illustrated in Fig 3.
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Figure 3: The effect of chitosan concentration on the
release of pSVβ-Gal plasmid DNA. Chitosan-DNA
microparticles were prepared by mixing equal volume of
0.25% (ο), 0.50% ( ) or 0.75% (∆) of chitosan
solutions and 20% of sodium sulfate solution containing
5 µg/ml pSVβ-Gal plasmid DNA. Small figure shows
the amount of DNA released in percentage values that
are calculated from the loading capacity of chitosan-DNA
microparticles. 

About 10-15% of total loaded DNA into the chitosan
microparticles was initially released within the first
one hour followed by very slow release over 40-50
days. 

The highest amount of DNA was released from chito-
san-DNA microparticles formed with 0.25% chitosan
solution. 

In contrast, the highest DNA release percentage was
observed in microparticles formed with 0.75% chito-
san solution (Fig 3, small figure). 

About 95% of the loaded DNA was released from chi-
tosan microparticles prepared with 0.75% of solution
at the end of 100 days experiment period, while the
ratio was realized as ~80% for chitosan microparticles
prepared with 0.25% and 0.50% chitosan solutions.

The effect of plasmid DNA concentration on release
rate from chitosan microparticles was examined as
shown in Fig 4. 

Figure 4: The effect of DNA concentration on the release
of pSVβ-Gal plasmid DNA. Chitosan-DNA microparticles
were prepared by mixing equal volume of 0.50% of
chitosan solution and 20% of sodium sulfate solutions
containing 5 µg/ml (ο), 10 µg/ml ( ) or 40 µg/ml
(∆) of pSVβ-Gal plasmid DNA. Small figure shows the
amount of DNA released in percentage values. 

It was shown that the DNA release rate from micro-
particles was increased depending on the concentration
of plasmid DNA used for the formation of chitosan
microparticles. 

In contrast, the percentage release of the loaded DNA
decreased depending on the DNA concentration. 

About 60% of the loaded DNA was released from chito-
san microparticles prepared by using 40 µg/ml DNA
solution (Fig 4, small figure). 

These results suggest that the ratio of chitosan and
DNA used for the formation of chitosan-DNA micro-
particles is highly effective on DNA release profiles. 

Another factor affecting the DNA release from micro-
particles is the size of DNA molecules encapsulated in
the chitosan microparticles. 

Fig 5 shows the release profiles of different size of plas-
mid DNAs from chitosan microparticles prepared in
the same conditions.
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Figure 5: The profiles of DNA released from chitosan
microparticles loaded with different size of plasmids.
Chitosan-DNA microparticles were prepared by mixing
equal volume of 0.50% of chitosan solution and 20% of
sodium sulfate solutions containing 40 µg/ml of pSVβ-Gal
(ο), pEGFP-N1 ( ) or pBluescript Π SK+ (∆). Small
figure shows the amount of released DNA in percentage
values.

The results showed that the higher molecular weight
plasmids were released slower than that of smaller.
Electrophoretic analysis of the released DNA showed
that DNA molecules encapsulated in chitosan micro-
particles were kept intact against degradation (Fig 6). 

Before loading onto the agarose gel, released DNA
samples were concentrated and passed through column
chromatograph. The elution profiles of DNA samples
are given in Fig 6, panel A. Sephadex G-25 gel filtration
column was found to be inefficient for the separation
of DNA from chitosan contaminants. It is known that
cationic chitosan polymers form complex with DNA
molecules and affect the electrophoretic mobility of
DNA by changing the net electrical charge (26). A sim-
ilar result was observed in our experiments. Plasmid
DNA in fractions eluted from Sephadex G-25 column
immigrated on agarose gel (Fig 6, panel B). In contrast,
released plasmid DNA was sufficiently purified with
DEAE-Sepharose cationic-exchange column for elec-
trophoretic analysis (Fig 6, panel C). Electrophoretic
profiles of DNA purified with DEAE-Sepharose indi-
cated that the encapsulation and release processes were
not detrimental on the integrity of plasmid DNA. 

Figure 6: Electrophoretic analysis of pSVβ-Gal DNA
released from chitosan-DNA microparticles. Panel A:
Elution profiles of released plasmid DNA after
concentrating with ethanol precipitation. DNA samples
were eluted with deionized distilled water from Sephadex
G-25 column. DNA samples were loaded on DEAE-
Sepharose ion-exchange column with 0.1 M NaCl and
eluted with 1 M NaCl solutions; Panel B: Electrophoretic
profiles of plasmid DNA eluted from Sephadex G-25 gel
filtration column. Lane M: molecular weight marker
(Lambda phage DNA/HindIII and EcoRI digested), Lane
K: intact pSVβ-Gal, Lanes 2-8: column fractions. Panel
C: Electrophoretic profiles of the plasmid DNA eluted
from DEAE-Sepharose ion exchange column. Lanes 3-9:
column fractions. 

Transfection of mammalian cells with chitosan-DNA
microparticles was established by using β-galactosidase
expressing plasmid, pSVβ-Gal. 
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Although Swiss3T3 and HeLa cell lines were found
resistant to transfection with chitosan microparticles,
HEK293 cells were transfected more efficiently (Fig 7). 

Figure 7: Transfection of mammalian cells with pSVβ-
Gal as naked DNA, formulated in chitosan microparticles
or complexed with a commercial transfection reagent.
Chitosan-DNA microparticles were dialyzed in deionized
distilled water after formation by coacervation method.
The cells were grown in 24-well plate and transfected
with 0.25 µg of pSVβ-Gal DNA or 0.25 µg of pSVβ-Gal
equivalent chitosan-DNA microparticles. Naked plasmid
DNA was added into the cultures without any processing.
Transfection with Trans IT-LT1 was carried out according
to manufacturer’s instructions. Error bars represent
standard deviation (n = 3). 

However, transfection efficiency of HEK293 cells with
chitosan-DNA was very low compared to the lipid-
based commercial transfection reagent Trans IT-LT1
(Mirus). The presence or absence of serum in the trans-
fection medium did not affect the transfection effi-
ciency (data not shown). This result indicated that
different cell lines show different transfection efficien-
cies with chitosan-DNA microparticles.      

Chitosan is a non-toxic and biodegradable polymer
and easily formulated as nano/microparticles, beads or
membranes (1). In this study, we formulated plasmid
DNAs as chitosan-DNA microparticles and revealed
their in vitro release properties. After 10-15% initial
release in the first one hour, a sustained release of plas-
mid DNA was observed. In principle, plasmid DNA

exists in three isoforms including supercoiled, open cir-
cular and linear (44). It has a higher molecular weight
compared to most of the bioactive molecules and it
forms stable complexes with polycationic chitosan. In
the studies carried out with low molecular weight
drugs like ampicillin (45), doxorubicin (46) and
diclofenac sodium (47) formulated as chitosan nano/
microparticles, it was observed that the release of drug
was completed in hours. In contrast, DNA release
from chitosan microparticles continues several
months. In this study we showed that released DNA
from chitosan microparticles do not migrate in agarose
gel without purification with DEAE-Sepharose ion
exchange column (data not shown and Fig 6B). These
results suggest that the DNA molecules are released
from microparticles because of surface erosion rather
than diffusion.

One of the important factors affecting the expression
level of a gene located on transfected DNA is its copy
number. Therefore, chitosan-DNA microparticles
have the potential of intracellular sustained release of
DNA that might be beneficial for a more prolonged
and controlled expression of gene product. On the
other hand, DNA molecules can be formulated with
chitosan polymers under mild conditions. Chitosan
polymers protect DNA molecules from enzymatic
digestion both in vivo and in vitro conditions (36, 37,
48). The results from the electrophoretic studies
showed that encapsulation and release processes are
not destructive to plasmid DNA. This may improve
the bioavailability of plasmid DNA for in vivo applica-
tions. Our in vitro transfection results showed that the
cell type is an important limitation for DNA delivery
with chitosan polymers. HEK293 cells were more effi-
ciently transfected than HeLa and fibroblastic 3T3
cells. Chitosan-DNA microparticles prepared with
0.75% chitosan solution more effectively transfected
HEK293 cells. This result may depend on the relative
excess amount of chitosan microparticles containing
0.25 µg equivalent plasmid DNA. 

Chitosan-DNA nanoparticles have been reported to
transfect various cell types, mainly Hela, HEK293 and
COS-1 cells (23, 49). However, it was shown that the
cell type is important for DNA transfection with chi-
tosan polymers (28, 40). Leong et al (24) reported the
HEK293 cells were more efficiently transfected than
Hela with chitosan-DNA nanoparticles. Whereas, it
211



J Pharm Pharmaceut Sci (www.ualberta.ca/~csps) 7(2):205-214, 2004
was demonstrated that there is a 130-fold increase in
transfection efficiency of HeLa cells by conjugation of
DNA-chitosan nanoparticles with KNOB (27). Corsi
et al. (28) also reported a higher transfection efficiency
of HEK293 than M69 mesenchymal cell line with chi-
tosan nanoparticles. In present study, we showed that
HEK293 cells were transfected with chitosan-DNA
microparticles, while HeLa and Swiss 3T3 cells were
resistant to transfection, being in agreement with pre-
vious reports. All these results suggest that the compo-
sition of cell membrane might be an important factor
in adsorption and internalization of chitosan-DNA
particles. However, the adsorption and internalization
of chitosan-DNA particles are not only limiting factors
in gene expression (10). Ishii at al. (26) showed that chi-
tosan-DNA complexes were internalized into SOJ cell
by endocytosis and accumulated inside the nucleus as
complexes. It was also reported that chitosan-DNA
complexes were internalized by HeLa cells and located
inside endosomes (40). Consequently, the low level of
transfection efficiency of mammalian cells with chito-
san-DNA particles may also be a result of formation of
strong complexes between chitosan polymers and
DNA, which interfere with the transport of genes into
the nucleus or their transcription.  

In conclusion, we formulated DNA molecules as chito-
san-DNA microparticles by using coacervation
method and revealed that DNA molecules release from
microparticles for a long period in vitro condition,
which may provide an intracellular sustained release of
DNA in vivo. Different cell types showed different
transfection efficiency with chitosan-DNA microparti-
cles. Consequently, the cell type used for gene transfer
with chitosan polymers and formulation conditions
should be considered in vivo applications. 
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