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ABSTRACT - Purpose. Interleukin-12 (Il-12) as a cytokine has been proved to possess antitumor effects via 
stimulating the immune system. Non-viral gene delivery systems exhibit low toxicity and are easier to prepare 
compared to their viral counterparts. In this study, we aimed to prepare plasmid DNA loaded chitosan 
nanoparticles for expression of Il-12 and to evaluate their physicochemical characteristics, cytotoxicity and 
transfection efficiency in Murine CT-26 colon carcinoma cells. Methods.  Nanoparticles were prepared using a 
complex coacervation process at different N/P ratios and characterized in terms of size, zeta potential, 
polydispersity index, morphology, encapsulation efficiency and polyplex formation. The cytotoxicities and 
transfection efficiencies of the prepared polyplexes were evaluated by MTT assay and ELISA (for hIL-12, p70), 
respectively. Results. Size and zeta potential varied from 76.73 to 867.03 nm and between 5.68 and 16.77 mV, 
respectively. Strong attachment of the DNA to chitosan was observed after polyplex preparation. Encapsulation 
efficiencies were high (72.97–94.87%). The transfection efficiencies of the prepared complexes were obviously 
higher than those of naked pDNA when N/P ratios were between 16 and 60. Maximum level of phIL-12 
expression was obtained at (N/P = 16) with mean particle size of 381.83±82.77 nm (polydispersity 
index=0.44±0.066) indicating the improved transfection of pUMVC3-hIL12 about 2.80 times compared to that 
of the naked pUMVC3-hIL12. Prepared polyplexes were nontoxic to CT-26 cells. Conclusions. Chitosan-DNA 
nanoparticles at N/P = 16 with minimal cytotoxicity, can be used as suitable candidate for Il-12gene delivery. 
 
This article is open to POST-PUBLICATION REVIEW. Registered readers (see “For 
Readers”) may comment by clicking on ABSTRACT on the issue’s contents page. 
__________________________________________________________________________________________ 
 
INTRODUCTION  
 
It has been at least a century that the immune 
system has been utilized for tumor treatment, 
namely a treatment modality referred to as cancer 
immunotherapy (1). It has been proved that the host 
immune system has a main role in recognition as 
well as destruction of cancer cells (2). Cytokine 
genes delivery to cancerous cell as cancer gene 
immunotherapy alters the local tumor environment 
in order to induce an anti-tumor immune response 
to facilitate its eradication (3, 4). 

Gene transfer of cytokines or other 
immunotherapeutic agents for host immune 
response enhancement, in comparison with 
therapeutic protein therapy, avoids the need for 
production and purification of large amounts of 

recombinant proteins. Furthermore, genetic 
immunotherapy has the ability to deliver immune 
mediators in a more efficient and safe manner; as 
transfer of genes encoding therapeutic proteins can 
give rise to more “natural” sustained protein levels 
in vivo, and also decrease problems with 
immunotherapeutic agents being toxic at high doses 
while demonstrate short circulating half-lives (1). 

IL-12 is a heterodimeric cytokine composed of 
two subunits  of α-chain (35 kD as p35) and β-chain 
(40 kD as p40) covalently linked by a disulfide 
bridge (5). Primarily produced by activated 
macrophages, monocytes, and dendritic cells (DCs),  
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IL-12 has a pivotal role in proinflammatory and 
immunoregulatory functions (6). Investigations 
demonstrated that IL-12 possesses superior 
antitumor activity in comparison with the different 
cytokines. IL-12 has been shown to be efficacious 
in prevention of primary tumor growth (7-9). 

IL-12 possesses potent anti-angiogenic activity 
produced by neutrophils, macrophages and 
dendritic cells (10-12). Since antitumor effect of IL-
12 is related to the promotion of antitumor 
immunity and the inhibition of angiogenesis, this 
cytokine have no direct effect on tumor cells in 
vitro (13). 

In general, the application of recombinant Il-12 
in humans has been very restricted. Preclinical 
toxicity evaluations in several animal species have 
documented adverse IL-12-induced hematopoietic, 
intestinal, hepatic, and pulmonary effects (14). On 
the other hand, delivery of IL-12 protein 
necessitates frequent injections due to its instability 
and short half-life subsequent to bolus 
administration (15, 16). Thus, the local 
administration of gene encoding IL-12 may be less 
toxic than systemic delivery of this cytokine as 
recombinant protein. 

The general vectors used in gene delivery 
systems consist of viral and non-viral delivery 
systems.  Although viral gene delivery systems 
possess high efficiency in various human tissues, 
there are concerns in relation to immunogenicity, 
toxicity and possible viral gene integration into the 
human genome. On the other hand, non-viral 
vectors have low toxicity and are easy to prepare. In 
addition, non-viral delivery systems induce no 
specific immune response and can carry higher 
amounts of genetic materials without limitation on 
the size of the gene to be delivered (17, 18). 

In fact, nanosized  particles are able to interact 
with and cross mucosal surfaces (19), cross blood-
brain barrier, enhance cellular uptake, escape endo-
lysosomal compartments and release genes 
continuously within the cell (20). Indeed, there is 
less interaction between the cationic polymers and 
serum components. Furthermore, it has been 
demonstrated that naked plasmid DNA is quickly 
taken up by sinusoidal cells such as Kupffer and 
liver sinusoidal endothelial cells. Since it seems to 
be as a result of the high anionic charge of plasmid 
DNA (21); thus, use of cationic polymers will lead 
to decrease in clearance of polyplex and control of 
tissue distribution due to elimination of negative 

charge of DNA. Of the cationic polymers 
investigated so far, chitosan has been introduced as 
a potential gene carrier (22-25). Chitosan is a linear 
biodegradable, biocompatible and non-allergenic 
polysaccharide. This polymer, with high ability of 
binding to nucleic acids, is composed of randomly 
distributed N-acetyl-D-glucosamine and β-(1,4)-
linked D-glucosamine (26). Chitosan as a weak 
base with an apparent pKa of 6.5 possesses a high 
density of amino groups and is soluble in pH values 
below 6 where most of the amino groups are 
protonated (22, 27). Chitosan generates a positively 
charged complex in interaction with DNA leading 
to its cellular interaction and uptake (28). More 
interestingly, chitosan as a mucoadhesive polymer, 
is able to enhance drug absorption by re-arranging 
the tight junction proteins (24). Chitosan can swirl 
across the membrane bilayer and facilitate the 
cellular uptake of the polyplex (26). Moreover, 
chitosan nanoparticles were found to have the 
ability of entering the nuclear membrane and 
delivering the therapeutic agent directly into the 
nucleus (24). Chitosan-DNA complexes have been 
shown to protect DNA from digestion by DNase I 
in vitro (24, 27). 

To date, several investigations have been done in 
order to deliver Il-12 gene via viral vectors (29-31) 
as well as some non-viral carriers including gene 
gun (19), liposomes (32, 33) and electroporation 
(34). However, there are very restricted reports (15, 
35-38) indicating the application of polyplexes to 
this end. Thus, considering the advantages of 
chitosan, we aimed to prepare the plasmid DNA 
loaded chitosan nanoparticles for expression of Il-
12, and to evaluate the physicochemical 
characteristics, cytotoxicity and transfection 
efficiency of the prepared complexes in Murine CT-
26 colon carcinoma cells. 
 
MATERIALS AND METHODS: 
 
Materials 
Chitosan(MW 190000-310000 kDa, 75-85% degree 
of deacetylation), 3-(4,5-dimethylthiazol-2-yl)-2,5 -
diphenyl tetrazolium bromide (MTT),  potassium 
dihydrogen phosphate, disodium hydrogen 
phosphate,  kanamycin, glycin, trypan blue solution 
were purchased from Sigma-Aldrich (Munich, 
Germany), sodium hydroxide, ethylene diamine 
tetraacetic acid (EDTA), tris base, ethidium 
bromide, dimethyl sulfoxide, Luria-Bertani broth, 
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sodium chloride, calcium chloride, glycerol, agar, 
isopropyl alcohol, sodium bicarbonate, acetic acid, 
sodium acetate, sodium sulphate were purchased 
from Merck (Darmstadt, Germany), 
Lipofectamine™ 2000 Transfection Reagent was 
obtained from Invitrogen (Carlsbad, CA, USA), 
endotoxin-free plasmid megaprep Kit was obtained 
from Qiagen (Santa Clarita, CA, USA), agarose, 
Escherichia coli K12 were obtained from Cinnagen 
(Tehran, Iran), fetal bovine serum, trypsin-EDTA, 
peniciIlin-streptomycin, RPMI-1640 were 
purchased from Gibco (Invitrogen Inc., Burlington, 
Ontario, Canada), murine CT-26 colon carcinoma 
cells was obtained from National Cell Bank of Iran 
(Pasteur Institute, Iran), pUMVC3-hIL12 was 
purchased from Aldevron (Fargo, ND, USA), DNA 
ladder 1 kb, Xho I and Sal I were  obtained from 
Fermentas (St. Leon-Rot, Germany), 96 well cell 
culture plate, 24 well cell culture plate, cell culture 
flask were purchased from SPL (Life Sciences Inc., 
Gyeonggi-do, Korea), cryotube was purchased from 
Nunc (Denmark), tryptone, yeast extract were 
purchased from Quelab (Montreal, Quebec, 
Canada),  syringe-driven filter, vacuum-driven filter 
were obtained from JetBiofil (Guangzhou, China), 
and human IL-12p70 ELISA kit  was obtained from 
Utrecht (The Netherlands). 
 
Equipments   
Zetasizer 3000 (Malvern Instruments, 
Southborough, MA, USA), CO2 Incubator 
(Memmert, Schwabach, Germany), incubator 
shaker (Akhtaryan, Tehran, Iran), microplate reader 
(Biotek, Winooski, USA), transmission electron 
microscope (LEO 906, Germany), UV 
spectrophotometer (Shimadzu, Japan), centrifuge 
(Beckman, Brea, USA), and inverted microscopes 
(EUROMEX, Suarlée, Belgium) were used. 
 
Plasmid isolation  
PUMVC3-hIL12 plasmid DNA encoding human 
IL-12 was used. The plasmid DNA is 6115 bp in 
size and contains CMV IE promoter. The plasmid 
DNA was amplified in Escherichia coli K12, 
extracted and purified by the alkaline lysis method 
using mega DNA preparation kit (Qiagen). The 
quality of the purified plasmid DNA was evaluated 
by electrophoresis in agarose gels after enzymatic 
digestion by Xho I and Sal I. The quantity of the 
purified plasmid DNA was assessed 
spectrophotometrically at 260 nm. 

Preparation of chitosan-DNA nanoparticles 
Chitosan-DNA nanoparticles were prepared using a 
complex coacervation process nearly according to 
earlier reports of Chew et al. and Gao et al. (39, 40). 
Briefly, Chitosan was dissolved in 1% acetic acid 
with gentle heating and pH of the solution was 
adjusted to 5.5–5.7. The solution was diluted to 
concentrations ranging from 0.01 to 1.0% of 
chitosan (w/v). The chitosan solution was 
readjusted to pH 5.5 and sterile-filtered through a 
0.45 μm filter. Equal volumes of different chitosan 
solutions and DNA solutions of 100 -200 µg/ml in 
25 mM of sodium sulfate solution at 55°C were 
rapidly mixed and vortexed at maximum speed for 
45 seconds. The resulting polyplexes were allowed 
to sit at room temperature for 30 min for 
stabilization.  
 
Measurement of particle sizes, polydispersity 
index and zeta-potential of the pUMVC3-hIL12 
loaded chitosan nanoparticles 
Evaluation of particle size, polydispersity index, 
and zeta potential of the pUMVC3-hIL12 loaded 
chitosan nanoparticles were performed by zetasizer 
nano particle analyzer (Nano ZS, Red badge, 
ZEN3600).   
 
Transmission electron microscopy 
Particle morphology of the selected pUMVC3-
hIL12loaded chitosan nanoparticles was determined 
by transmission electron microscopy (TEM). One 
drop of the selected DNA/chitosan nanoparticles 
was placed on a copper grid and stained with 1% 
uranyl acetate solution for 5 s. The grid was 
allowed to dry further for 10 min and was then 
examined with the electron microscope. 
 
Polyplex formation of the pUMVC3-hIL12 
loaded chitosan nanoparticles  
A widely used technique to study the DNA 
condensation is gel electrophoresis (41). Free 
plasmid DNA and prepared chitosan-DNA 
nanoparticles were applied into a 0.9% agarose gel 
containing Tris–acetate/EDTA buffer (TAE, pH 8) 
at constant voltage (100 V). Then, the gel was 
stained with ethidium bromide and was visualized 
under UV-light and the association of pDNA was 
checked using the gel documentation system.  
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Evaluation of encapsulation efficiency  
The amount of plasmid DNA encapsulated in the 
chitosan nanoparticles was calculated by 
considering the difference between the total amount 
of DNA added in the preparation medium through 
the coacervation process and the amount of non-
entrapped DNA remaining in the supernatant after 
centrifugation (40000 g, 15 min) of prepared 
nanoparticles. For this purpose, the supernatant was 
spectrophotometrically analyzed at 260 nm for 
DNA concentration (42). 
 
Cell line and cell culture  
Murine CT-26 colon carcinoma cells were 
incubated in RPMI-1640 (Gibco, Invitrogen Inc., 
Burlington, Ontario, Canada) supplemented with 
10% FBS, streptomycine at 100 mg/ml, and 
penicillin at 100 U/ml. The cells were maintained at 
37°C in a humidified 5% CO2-containing 
atmosphere. 
 
Evaluation of Cytotoxicity 
Cytotoxicity of the pUMVC3-hIL12 loaded 
chitosan nanoparticles was evaluated by the MTT-
based cytotoxicity assay in murine CT-26 colon 
carcinoma cells. MTT assay is based on the ability 
of living cells to reduce a water-soluble yellow dye 
(MTT) to a purple colored formazan precipitates 
product by mitochondrial reductase enzymes. The 
cells were seeded in a 96-well plate at a density of 
5×l04 cells/cm2 in 100 μl of RPMI-1640 medium 
supplemented with 10% fetal bovine serum (FBS) 
and incubated for 24 hours at 37°C under 5% CO2. 
Afterward, the medium was removed and supplied 
with 200 μl of fresh culture medium. Subsequently, 
pDNA loaded chitosan nanoparticles were added to 
the cells at a dose of 2.5 μg pUMVC3-hIL12/well. 
Non-treated cells and cells treated with naked 
plasmid DNA and lipofectamine TM were used as 
controls and incubated for the same duration of 
time. Following 48 hours of incubation at 37 °C 
under 5% CO2, the medium was removed and fresh 
cell culture medium was added, then the cells were 
incubated with 20 μl MTT (0.5 mg/ml MTT in 
medium) for 4 hours. Subsequently the medium was 
removed, and the formazan precipitates formed in 
living cells were dissolved in  200 μl DMSO and 
25μl glycine buffer per well. Relative viability (%) 
was calculated based on absorbance at 570 nm 
using an ELISA plate reader. Viability of non-
treated control cells was arbitrarily defined as 

100%. The relative cell viability was calculated as 
[Abs] sample/ [Abs] control × 100.  Data are presented 
as mean±SD (n=4).  
 
In vitro transfection studies 
Murine CT-26 colon carcinoma cells were seeded 
into 24-well plates at a density of 80000 cells/well 
in 1 ml of RPMI-1640 medium supplemented with 
10% FBS and incubated for 24 hours at 37°C under 
5% CO2. Prior to transfection, the medium was 
removed and the cells were rinsed with PBS (pH 
7.4), then supplied with 900 μl of RPMI-1640 
medium without FBS. The cells were incubated 
with chitosan/DNA nanoparticles at concentration 
of 5 μg pUMVC3-hIL12/well for 6 hours at 37 °C 
under 5% CO2 atmosphere. Serum-free medium 
was replaced with RPMI-1640 medium 
supplemented with 10% FBS and incubated for 
another 48 hours at 37°C under 5% CO2. Non-
treated cells and cells transfected with naked 
plasmid (as negative controls) as well as 
Lipofectamine TM 2000/DNA complexes (as 
positive controls) were used and incubated for the 
same duration of time.  Lipofectamine TM 2000 is a 
cationic liposome based reagent that provides high 
transfection efficiency in vitro but its high toxicity 
and instability in the presence of serum confines its 
in vivo applications (43, 44). 
LipofectamineTM/pDNA complexes were prepared 
with a 1:2.5 ratio of pDNA:Lipofectamine TM 
according to manufacturer's protocol in RPMI 1640 
medium devoid of FBS. All experiments were done 
in triplicates, with two separate experiments to 
demonstrate reproducibility.  
 
Determination of transfection efficiencies 
For quantitative analysis of the pUMVC3-hIL12 
expression, the human IL-12p70 enzyme-linked 
immunosorbent assay (ELISA) Kit was used 
according to the manufacturer’s instructions. For 
this purpose, the collected culture supernatants were 
analyzed for the measurement of hIL-12 p70. The 
amount of the protein was determined as picogram 
per ml.  
 
STATISTICAL ANALYSIS 
 
Statistical testing was carried out using GraphPad 
Prism software. The student t-test was performed to 
assess the difference between treatment and control 
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groups and P < 0.05 considered as a statistically 
significant difference. 
 
RESULTS   
 
The pUMVC3-hIL12 loaded chitosan 
nanoparticles formation and measurement of 
particle size, polydispersity index, and zeta-
potential   
Chitosan coacervation formed in consequence of 
Na2SO4 induced desolvation of the local water 
environment. The size of chitosan–DNA 
nanoparticles is given in Table.1 and depicted in 
Figure 1 and 2 as well. Particle size increased with 
the increasing N/P ratio (Nitrogen of 
chitosan/Phosphate of pDNA) confirming that the 
particle size of chitosan –DNA complexes were 
dependent on the N/P ratio. At N/P of 2, the particle 
size of the complexes was not monodispersed. 
However, practically uniform particles were 
obtained using 100–200 μg/ml DNA and 0.02% - 
0.1% (w/v) chitosan with particle size ranging from 
76.73 to 867.03 nm. Particle size distribution profile 
of F6 containing 0.08 % of chitosan is shown in 
Figure 3 for instance. Furthermore, polydispersity 
index increased with the increasing of N/P ratio 
(Table 1). 

The particles were nano-sized when 100 μg/ml 
DNA and below 0.3% of chitosan were used. Also 
in the case of the particles prepared using 200 μg/ml 
DNA and below 0.5% of chitosan, the particles 
were found to be nano-sized. These results indicate 
that at N/P ratios above 4, the complexes were 
nano-sized.. The increase in particle size of 
chitosan-DNA complexes with increasing N/P ratio 
was also reported by Ishil and coworkers (45) and 
Ozgel and Akbuga (46). 

Zeta potential of pUMVC3-hIL12 loaded 
chitosan nanoparticles is given in Table 1. At N/P 
ratio of 2, the zeta potential was approximately 
neutral. The zeta potential was positive and 
increased by increasing the chitosan concentration 
in the constant DNA concentration. Zeta potential 
of F1-F10 found to be higher than those of F11-
F20, due to the lower amount of DNA used .This 
fact can also be clearly noted in Figure 4 and Figure 
5. 
 
Transmission electron microscopy 
A typical transmission electron microscopy (TEM) 
image of pUMVC3-hIL12 loaded chitosan 

nanoparticles using 100μg/ml DNA and 0.08% 
chitosan (F6) is shown in Figure 6. As it can be 
seen from this figure, the particles were about 400 
nm in size and spherical in shape.  
 
Polyplex formation of the pUMVC3-hIL12 
loaded chitosan nanoparticles  
The ability of the chitosan nanoparticles to entrap 
pDNA was studied using the agarose gel 
electrophoresis technique and the obtained results 
were compared to that of untreated control DNA.  
The results are shown in Figure 7: the intact DNA is 
seen in lane 2, while complexes of chitosan-DNA 
were loaded in lanes 3-22, respectively. As it can be 
seen from this figure, most of the DNA in lanes 3-
22 remains in the wells and no additional or clear 
unbound DNA band was seen which demonstrates a 
strong attachment of the DNA to chitosan.  
  
Study of encapsulation efficiency 
The amount of DNA loaded in the nanoparticles 
was calculated as encapsulation efficiency (%).  As 
it can be seen from table 1 and Figures 8 and 9, 
encapsulation efficiencies showed a decreasing 
trend with increasing of the chitosan concentration. 
For instance, encapsulation efficiency of the 
formulation containing 0.02% (F1) chitosan was 
85.42% whereas that of the formulation containing 
1% (F11) chitosan was 68.83%. Also for the 
formulations of F11 and F20, encapsulation 
efficiencies are found to be 87.33 and 72.97 
respectively.  
 
Evaluation of Cytotoxicity 
The cell toxicity of chitosan–DNA nanoparticles 
was investigated by MTT-based cytotoxicity assay 
in murine CT-26 colon carcinoma cells. As shown 
in Figure 10, all prepared polyplexes showed no 
acute cell toxicity in murine CT-26 colon 
carcinoma cells at concentrations higher than those 
used for transfection studies. The average cell 
viabilities were almost over 90%. The least cell 
viability was found to be 80.2% for F3. In contrast, 
Lipofectamine/phIL-12 complex-based transfection 
resulted in less than 70% cell viability. These 
results suggest that chitosan is biocompatible and 
low toxic gene transfer vector. It is feasible to use 
repeated administrations or increase the dose of the 
DNA/chitosan complex owing to low cytotoxicity 
of chitosan.  
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In vitro transfection studies 
Figure 11 compares the transfection efficiencies of 
the different DNA/chitosan formulations in CT-26 
carcinoma cells. At N/P ratios of 4 -12, the 
transfection efficiencies of chitosan polyplexes 
were not remarkably different from that of the 
naked DNA. At N/P ratios between 16 and 60, the 
transfection abilities for all DNA/chitosan 
formulations were obviously higher than for the 
naked DNA. DNA/chitosan formulations showed 
maximum transfection efficiency at N/P ratio of 16. 
Thus, DNA/chitosan nanoparticles could improve 
transfection of pUMVC3-hIL12 about 2.80 orders 
of magnitude compared to the naked plasmid DNA. 
However, its transfection ability was less effective 
than that of the lipofectamineTM formulation in the 
studied gene-cell combination (Figure 12). 
Transfection with all formulations prepared using 
200 μg/ml  pDNA (F11-F20) produced low gene 
expression compared to naked plasmid DNA (data 
not shown). 
 
 
 
 
 

DISCUSSION  
 
Noteworthy progress towards the development of 
nonviral gene carriers has been made to date in 
overcoming the current problems related to viral 
vectors in safety, immunogenicity and mutagenesis 
(47, 48). Chitosan/DNA complexes have been 
taken into consideration as candidate for gene 
delivery. Immunotherapy-based strategies for 
treating cancer, such as IL-12, try to increase the 
local and systemic immune response against the 
cancer cells and possibly provide a less toxic 
approach for cancer treatment. IL-12 has been 
shown to have superior antitumor activity 
compared to other cytokines. To get optimal 
results, cytokines are required to be available over 
an extended period of time, which is not possible 
with recombinant IL-12 protein owing to its short 
half-life (16). Hence, gene therapy using 
Chitosan/DNA nanoparticles possibly provide 
noteworthy advantages over recombinant protein 
therapy due to the ability to produce sustained 
levels of IL-12 in the tumor location with 
therapeutic effect devoid of dose-limiting systemic 
toxicities. 

 
Table 1. Formulations, particle sizes, polydispersities, zeta potentials, and encapsulation efficiencies of pUMVC3-
hIL12 loaded chitosan nanoparticles 

Formulation 
pDNA 
(µg/ml) 

Chitosan 
Concentration 
(W/V %) 

Average 
Polydispersity 

Average Particle 
Size (nm) ± 
STD 

Average Zeta 
Potential (mV) 
± STD 

Average 
Encapsulation 
Efficiency (%) 
±STD 

F1 100 0.02 0.24±0.006 89.07±9.05 5.90±0.92 85.42±13.48 
F2 100 0.03 0.35±0.014 76.73±43.55 6.26±0.84 88.83±3.31 
F3 100 0.04 0.32±0.038 84.16±13.16 7.16±1.32 84.33±9.02 
F4 100 0.05 0.96±0.068 144.17±25.65 11.33±1.93 82.30±3.82 
F5 100 0.06 0.33±0.034 295.60±30.70 12.30±2.07 82.37±2.51 
F6 100 0.08 0.44±0.066 381.83±82.77 14.77±2.35 82.17±5.61 
F7 100 0.1 0.27±0.034 867.03±61.48 14.37±1.86 75.73±6.38 
F8 100 0.3 0.27±0.009 1181.57±259.28 18.23±3.39 73.17±4.10 
F9 100 0.5 0.36±0.011 1244.33±192.54 18.67±4.06 77.27±4.31 
F10 100 1 0.23±0.027 1466.67±210.97 30.50±5.11 68.83±5.39 
F11 200 0.02 0.22±0.136 94.78±9.55 7.74±0.71 87.33±6.43 
F12 200 0.03 0.37±0.014 88.23±1.63 10.93±0.59 87.80±8.16 
F13 200 0.04 0.39±0.001 105.26±19.23 11.57±0.50 89.90±1.44 
F14 200 0.05 0.41±0.011 103.65±12.15 11.70±1.23 91.53±3.44 
F15 200 0.06 0.44±0.006 94.78±17.71 12.17±1.63 89.50±2.44 
F16 200 0.08 0.60±0.091 110.05±14.64 11.27±1.07 81.33±3.37 
F17 200 0.1 1.00±0.000 145.93±35.15 13.37±0.98 79.38±3.10 
F18 200 0.3 1.00±0.000 267.43±14.84 13.60±1.59 79.07±4.18 
F19 200 0.5 0.25±0.003 198.77±87.39 16.77±2.72 76.90±6.15 
F20 200 1 0.27±0.028 1065.00±69.16 24.37±1.05 72.97±6.15 
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Figure 1. Mean particle sizes±SD (n=3) of pUMVC3-hIL12 loaded chitosan nanoparticles (F1-F10). 

 
 
 
 
 
 

 
Figure 2. Mean particle sizes±SD (n=3) of pUMVC3-hIL12 loaded chitosan nanoparticles (F11-F20). 
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Figure 3. Particle size distribution profiles of pUMVC3-hIL12 loaded chitosan nanoparticles (F6). 
 

 
 
 
 

 
Figure 4. Mean zeta potential±SD (n=3) of pUMVC3-hIL12 loaded chitosan nanoparticles (F1-F10). 
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Figure 5. Mean zeta potential±SD (n=3) of pUMVC3-hIL12 loaded chitosan nanoparticles (F11-F20). 

 
 
 
 
 

 
 

Figure 6.  Transmission electron microscopy (TEM) photograph of pUMVC3-hIL12 loaded chitosan nanoparticles (F6). 
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Figure 7. Electrophoretic analysis of the free and the prepared plasmid DNA nanoparticles: lane1: DNA ladder, lane2: 
plasmid DNA, lane3-22: chitosan-DNA nanoparticles (F1-F20 respectively). 
 
 

 
Figure 8. Mean average of encapsulation efficiency (%)±SD (n=3) of pUMVC3-hIL12 loaded chitosan nanoparticles (F1-
F11). 
 
 

 
Figure 9. Mean average of encapsulation efficiency (%)±SD (n=3) of pUMVC3-hIL12 loaded chitosan nanoparticles (F12-
F22). 
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Figure 10. Mean Viability ± SD (n=4) of CT-26 colon adenocarcinoma cells after treatment with chitosan-DNA complexes 
(F1-F10). Naked plasmid DNA, and Lipofectamin, were used for comparison. Relative cell viabilities were approximately 
90% for almost all chitosan-DNA complexes. In contrast, Lipofectamine/phIL-12 complex-based treatment resulted in less 
than 70% cell viability, (□ = nanoparticles; ■ = vector alone). 
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Figure 11. CT-26 colon adenocarcinoma cells were treated with chitosan-DNA complexes (F1-F10) and naked plasmid 
DNA for 4 hours and ELISA was performed at 48 hours post treatment. The bars and error bars represent the hIl-12 
concentration (n=6) and the corresponding standard deviations. DNA/chitosan formulations showed maximum transfection 
efficiency at N/P ratios of 16 (F6). *** p<0.05, significantly different compared with the naked plasmid DNA. 
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Figure 12.  1) Mean IL-12 expression of naked plasmid DNA± SD (n=6) which is arbitrarily considered as 1,  2) Mean IL-
12 expression of F6± SD (n=6)/mean IL-12 expression of naked plasmid DNA± SD (n=6), 3) Mean IL-12 expression of 
Lipofectamine± SD (n=6)/mean IL-12 expression of naked plasmid DNA ± SD (n=6). DNA/chitosan nanoparticles could 
improve transfection of pUMVC3-hIL12 about 2.80 orders of magnitude compared to the naked plasmid DNA. The 
transfection ability of F6 was less effective than that of the lipofectamine formulation in the studied gene-cell combination.  
 
 
There are different methods to prepare chitosan 
nanoparticles which include chemical cross-
linking, the emulsification solvent diffusion 
method, complex coacervation and ionotropic 
gelation; which have been reviewed by Tan et al. 
(24). Among those methods, complex coacervation 
is simple, quick, economical, and requires no toxic 
solvents compared to the other approaches. Thus, 
pUMVC3-hIL12 loaded chitosan nanoparticles 
were prepared via this method. Following the 
preparation of the nanoparticles, they were 
characterized in terms of size, zeta potential, 
morphology, encapsulation efficiency, 
cytotoxicity, and finally in vitro transfection 
ability. The size of pDNA-loaded chitosan 

particles was found to be dependent on the N/P 
ratio and increased with the increasing of N/P 
ratio. According to the results, at N/P ratios above 
6, the complexes were nanosized and complete 
complexes were formed. Also, the shape of the 
polyplexes according to TEM was found to be 
spherical (Figure 6). 

Moreover, chitosan/DNA nanopartcles prepared 
using 200 μg/ml pDNA at higher N/P ratios (F11-
F18) exhibited higher polydispersity index which 
indicates that while overall particle sizes of these 
nanoparticles were reasonable, polyplexes 
prepared using 200 μg/ml pDNA at higher N/P 
ratios showed more heterogeneous distribution of 
the particle size. This indicates that the amount of 
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polymer and DNA, each of which as well as the 
N/P ratio had noticeable influence on the 
uniformity of the particle size (Table 1). 

In general, zeta potential is one of the important 
particle characteristics. Firstly, in view of the fact 
that more pronounced zeta potential values lead to 
stabilization of the particle suspension due to the 
electrostatic repulsion between particles with the 
same electric charges which prevents aggregation 
(38). Secondly, the positively charged particles can 
facilitate adherence to negatively charged cellular 
membranes which will induce and increase 
intracellular uptake. The positive zeta potential 
increased by increasing the chitosan concentrations 
in constant DNA levels (Figure 4 and 5) indicating 
that the N/P ratio influence the zeta potential. 

Based on the results, the nanoparticles 
demonstrated good mean DNA association 
efficiencies of 68.8% to 91.5%. This fact is in 
agreement with the previous results obtained for 
other chitosan nanoparticles, and is due to the high 
affinity of chitosan to DNA. As reported 
previously (49), the bound between chitosan and 
anionic DNA was very stable owing to the strong 
ionic interaction between the plasmid and polymer. 
Also hydrophobic interactions or hydrogen bonds 
between the organic bases of the nucleotide and the 
sugar structure of polymer are very important in 
the stability. These results support the hypothesis 
of multiple interactions between chitosan and 
pDNA. 

In addition, all prepared complexes at 
concentrations higher than those used for 
transfection evaluations, showed no acute cell 
toxicity with average cell viability of almost over 
90% in murine CT-26 colon carcinoma cells 
(Figure 10). Having low toxicity will make it 
possible to increase the dose of the DNA/chitosan 
complexes or to use repeated administrations. 
More to the point, the transfection efficiency of 
polymeric carriers is strongly affected by the 
cytotoxicity of the used cationic polymers, owing 
to the electrostatic interactions with the negatively 
charged cellular membranes (38, 50). Thus, the 
differences in transfection efficiency between the 
formulations cannot be due to the different 
toxicities, as in all formulations, cell viabilities 
were almost similar. 

The N/P ratios which affect the size and the 
overall charge density of the complexes can also 
influences polyplexes’ transfection efficiency.  As 

mentioned in results section (Figure 11), the 
transfection abilities of chitosan/DNA formulations 
at N/P ratios of 4 -12 were not considerably 
different from the naked plasmid DNA. However, 
there are remarkable increase in the transfection 
efficiencies of DNA/chitosan formulations at N/P 
ratios between 16 and 60. The relationship between 
transfection efficiencies and N/P ratios in 
chitosan–DNA complexes has been demonstrated 
in an earlier research done by Lavertu et al. (51). 

DNA/chitosan formulations showed maximum 
transfection efficiency at N/P ratio of 16 with mean 
particle size of 381.83 nm (mean polydispersity 
index=0.406). Therefore, DNA/chitosan 
nanoparticles could improve transfection of 
pUMVC3-hIL12 about 2.80 orders of magnitude in 
murine CT-26 colon carcinoma cells compared to 
the naked pUMVC3-hIL12.  Transfection with all 
formulations prepared using 200 μg/ml pDNA 
(F11-F20) were not considerably different from 
naked plasmid DNA (data not shown) which 
indicated that the N/P ratio and the amount of each 
of polymer and DNA had great influence on the 
gene transfection of chitosan/DNA complexes. 

At low N/P ratios, the transfection efficiencies 
of all chitosan/DNA complexes were not 
considerably different from that of the naked DNA. 
This might be due to low amount of positively 
charged amines of chitosan in the chitosan-DNA 
complexes which could not sufficiently help to 
increase the transfection ability. The chitosan/DNA 
complexes achieved sufficient transfection 
efficiencies at higher N/P ratios (between 16 and 
60). Moreover, it has been reported that the 
positively charged chitosan is able to decrease the 
trans-epithelial electrical resistance (TEER) of cell 
monolayers besides to increase paracellular 
permeability. Positive charges of chitosan  is 
capable of interaction with the tight junction 
proteins occludin and ZO-1, redistribution of F-
actin, and slight destabilization of the plasma 
membrane (52). It can be discussed that an 
optimum N/P ratio could yield most favorable 
positively charged complexes to successfully 
transfect cells. Also, the transfection efficiency of 
the chitosan–DNA complex was correlated 
positively with the incubation time (data not 
shown). 

Based on the above findings, the chitosan/DNA 
complexes prepared at charge ratio 16-60 will be 
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chosen for further in vivo study in combination 
with other systemic chemotherapy in future.  
 
CONCLUSION 
 
On the whole, researches aimed to develop gene 
carrier systems for the expression of human IL-12, 
are very restricted and insufficient. In this 
investigation, we intended to prepare the plasmid 
DNA loaded chitosan nanoparticles for expression 
of Il-12, and to investigate the physicochemical 
characteristics, cytotoxicity and transfection 
efficiency of the prepared complexes in murine 
CT-26 colon carcinoma cells. Basically to perform 
any gene therapy with either viral or non-viral 
vectors, it is critical to develop sufficient gene 
delivery systems and to perform their in vitro 
evaluations. Chitosan nanoparticles (F6) at (N/P = 
16) with mean particle size of 381.83 nm showed 
maximum level of phIL-12 expression in murine 
CT-26 colon carcinoma cells. This research can be 
considered as a basis for complementary studies of 
chitosan-DNA polyplexes both in vitro and in vivo 
which has been recently shown to be potential gene 
carrier. 
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