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Introduction

The skin is an attractive organ for the development and 
clinical administration of both therapeutic and prophy-
lactic gene medicines. Recently skin gene therapy has 
been extensively studied at the cellular and molecular 
levels, allowing increased gene expression (Hengge et al., 
1996; 1998).

Non-viral skin gene therapy is an effective method to 
deliver and transiently express genes in the skin (Vogel, 
2000). Non-viral therapies for skin diseases require an 
increased level and duration of gene expression in skin 
cells. Although various approaches have been developed 
to deliver pDNA to the skin, most studies have focused on 
ex vivo approaches.

Liposomes-DNA complexes and free DNA were used 
for the topical gene delivery (Alexander & Akhurst, 

1995; Fan et  al., 1999; Domashenko et  al., 2000). Cui 
and Mumper (2002) reported limited success of deliv-
ery of DNA vaccines to epidermal dendritic cells (DC) 
by administering the nanoparticle-based DNA delivery 
system using a needle-free jet injection device. Genetic 
vaccine targeted to DC. Yu et al. (1999) topically applied 
naked plasmid DNA onto mouse skin. Fan et  al. (1999) 
topically applied both naked and liposome entrapped 
plasmid encoding HBsAg for cellular immune response. 
Li and Hoffman (1995) detected Lac Z gene protein in 
hair follicles after application of DNA:liposome complex 
onto mouse skin. Meykadeh et al. (2005) applied topical 
spray form of pEGFP-N

1
 DNA-liposome to the skin for 

vaccination.
Among non-viral gene delivery systems, chitosan is 

a biodegradable, biocompatible natural polysaccharide 
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that has shown potential for gene delivery (Koping-
Hoggard et  al., 2001; 2003;2004; Gan et  al., 2005; Issa 
et al., 2006). Cationic chitosan can effectively bind (Cui 
& Mumper, 2001; Mansouri et  al., 2004) or encapsulate 
DNA (Aral et al., 2000; Akbuğa et al., 2003; 2004; Özbaş 
-Turan et al., 2003), and protect it from nuclease degrada-
tion. However, most of these previous experiments were 
limited by low gene transfection efficiency. Although 
chitosan has been studied as a potential gene delivery 
carrier, there is limited information on skin gene deliv-
ery application of chitosan (Cui & Mumper, 2001; 2002; 
Jayakumar et al., 2010a; b).

We previously studied different chitosan-based dosage 
forms such as hydrogel and chitosan-coated liposomes 
as a skin gene delivery system (Akbuğa & Özbaş-Turan, 
2006).

The aims of this study are to evaluate chitosan nano-
particles for a skin gene delivery system and to investi-
gate in vitro and in vivo skin gene transfer transfection 
efficiency of DNA loaded-chitosan nanoparticles. pSV-β-
Gal was used as a reporter gene.

Methods

Chemicals
Chitosan (Medium; mol. wt: ca. 400kDa, viscosity: ca. 
200 mPa in 1.0% acetic acid at 20°C) with a deacetylation 
grade of ~ 87% were purchased from Fluka (Steinheim, 
Switzerland). Cell culture media, fetal bovine serum, and 
cell culture supplements were purchased from Gibco-
BRL (Grand Island, N.Y., USA). Tripolyphosphate (TPP), 
o-nitrophenyl-β-D-galactopyranoside (ONPG), and 
5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside 
(X-Gal) were purchased from Sigma (St. Louis, USA). All 
other chemicals were of cell culture and molecular biol-
ogy grade.

Plasmid
The plasmid DNA, pSV-β-Gal (Promega, Madison, WI) 
containing β-galactosidase gene under the control of SV

40
 

promoter was 6820 bp.

Preparation of CS-NPs
CS-NPs were prepared according to Fernandez-Urrusano 
et al. (1999) and Calvo et al. (1997). Aqueous acidic solu-
tions of CS (~ pH 4.35, 1% acetic acid) at different con-
centrations (0.25–0.5%, w/v, 50 ml) were prepared. TPP 
solution (0.125–0.5%, w/v, 50 ml) containing pDNA (250, 
500, and 1000 μg) was dropped into the aqueous acidic 
solution of CS in the equal volume while mixing at 900–
1000 rpm/min at room temperature (RT). The number of 
drops was adjusted to 10 drops/min. The NP suspension 
was gently stirred for 30 min at RT for gelation. Formed 
NPs were separated by centrifugation at 16.000 xg at 
20 min and washed three times with bi-distilled water. 
Freeze-dried (Leybold-Lyovac, Cologne, Germany) NPs 
were stored at 4°C until use. The supernatant was spec-
trophotometrically analyzed at 260 and 280 nm for DNA 
content (Mao et al., 2001; Akbuğa & Özbaş-Turan, 2006). 
Encapsulation efficiency was calculated by measuring 
the difference between the total amount of DNA added 
in the preparation medium and the amount of non-
entrapped DNA remaining in the aqueous supernatant 
after processing. Different parameters such as chitosan 
and TPP concentrations, DNA amount and formulation 
codes are given in Table 1.

Characterization of CS-NPs
Size and zeta potential (surface charge) of NPs were 
measured at least in triplicate using a Malvern 3000 HS

A
 

(Malvern, Worcestershire, UK). For both of the above mea-
surements, NPs were suspended in 10 mM acetate buffer at 
pH 5.5 and in phosphate buffered saline (PBS) at pH 7.4.

The morphological examination of NPs were made 
by Scanning Electron Microscopy (SEM, Jeol, JSM 5200, 
Tokyo, Japan).

DNase I and serum stability of CS-NPs
Stability of CS-NPs formulations against DNase I and 
serum was analyzed. For DNase I stability study, NPs 
containing 10 µg pDNA were reacted with 10 μl DNase I 
(10 U, 1 U/μg). Reaction was carried out at 37°C and ali-
quots were taken at 48 h. For the inhibition of reaction, 

Table 1.    Composition of CS-NPs and their particle size, encapsulation efficiency, and zeta potential (n = 3).

Codes
Chitosan  
(%)

TPP* 
(%)

pDNA 
(µg)

Encapsulation efficiency  
(% ± SD) Particle size (nm ± SD)

Zeta potential (mV ± SD)
pH5.5 pH7.4

L
1

0.25 0.125 250 90.228 ± 0.487 200.096 ± 10.001 27.411 ± 0.743 20.828 ± 0.725
L

2
0.25 0.25 250 89.749 ± 0.644 201.413 ± 10.184 25.282 ± 0.968 17.005 ± 0.755

L
3

0.25 0.375 250 89.377 ± 0.244 203.111 ± 10.840 20.787 ± 0.571 13.514 ± 0.832

L
4

0.25 0.5 250 88.793 ± 0.644 212.115 ± 11.491 18.156 ± 1.008 10.913 ± 0.977

L
6

0.25 0.25 500 90.067 ± 0.243 197.637 ± 11.049 21.588 ± 0.918 15.513 ± 0.491

L
10

0.25 0.25 1000 90.345 ± 0.227 190.510 ± 19.053 17.091 ± 0.712 11.537 ± 0.718

M
1

0.375 0.125 250 91.129 ± 0.243 260.787 ± 15.580 37.271 ± 0.584 29.287 ± 0.621

M
2

0.375 0.25 250 90.492 ± 0.332 265.457 ± 12.722 34.418 ± 0.901 25.721 ± 0.891
H

1
0.5 0.125 250 91.979 ± 0.401 274.691 ± 20.341 41.447 ± 0.431 32.048 ± 0.393

H2
0.5 0.25 250 91.288 ± 0.560 287.247 ± 14.118 36.488 ± 0.715 28.213 ± 0.698
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0.5 M EDTA was used. DNA degradation was analyzed 
with agarose gel electrophoresis.

Stability of CS-NPs formulations against serum was 
studied by incubating the samples in 10% fetal calf serum 
at 37°C. Samples were taken at 48 h and analyzed with 
agarose gel electrophoresis.

In vitro release studies
Plasmid DNA release was determined by incubating the 
NPs (20 μg pDNA) in PBS at 37°C ± 0.5°C. At appropriate 
time intervals, samples were centrifuged and the super-
natant was replaced with fresh medium, and the amount 
of DNA released in the supernatant was measured spec-
trophotometrically (Biospec UV 1601-Shimadzu, Kyoto, 
Japan) at 260 nm.

In vitro transfection studies
Two different cell lines (NIH 3T3 and HDF) were used. All 
cell lines were cultured in DMEM supplemented with 10% 
FBS, L-glutamine, and antibiotic solution, and incubated 
at 37°C and at 5.0% CO

2
. Cells were seeded in 24-well 

plates (5.0 × 104 cells/well) and grown in standard culture 
conditions for 24 h. CS-NPs (0.1 µg pDNA for each well) 
were added to in 24-well plates and incubated for 1–6 
days post-transfection. The cells were washed twice with 
ice-cold PBS and lysed in 100 µl of lysis buffer by freezing 
and thawing. The β-galactosidase assay was performed 
in a microtiter dish using ONPG as substrate solution. 
The absorbance of samples was measured spectropho-
tometrically at 420 nm. Purified recombinant β-Gal was 
used as standard (Aral et  al., 2000; Akbuğa et  al., 2003; 
Özbaş-Turan et al., 2003).

In vivo studies
The animal experiments were approved by The Animal 
Ethical Committee of Marmara University. One week-
old baby (18–20 g) and 7 weeks-old adult (175–200 g) 
Sprague-Dawley rats were used.

Rats were kept in individual plastic cages in a 12:12 
light–dark cycle (light-on period, 6:00 am–6:00 pm) in a 
controlled temperature chamber on sawdust bedding. 
They were fed a standard diet and had access to tap water. 
Body weight was recorded at regular intervals.

The hairs on the back of adults were shaved. Animals 
were anesthetized with atropine and ketamin (0.05 mg/
kg, 100 mg/kg) and the back area of rats was swabbed with 
povidone before alcohol application. CS-NPs containing 
100 µg pDNA in 250 µl PBS were topically applied to an area 
of 2 cm2 on the back of rats. PBS and empty NPs were used 
as control. The animals were sacrified 1, 2, 3, 4, 5, 6, and 
7 days after pDNA treatment to evaluate gene expression. 
Full thickness skin samples were taken and β-galactosidase 
expression was measured as mentioned below.

β-galactosidase assay
Full thickness skin samples were homogenized after lysis 
solution addition and centrifuged at 12,000 xg at 15 min. 
β-gal activity was determined using ONPG according to 

the guidance leaflet of of Promega (2006). The ONPG 
solution was added to cell lysate and incubated at 
37°C. The activity was assayed spectrophotometrically 
at 420 nm. Total protein contents of skin samples were 
assayed according to Bradford’s (1976) method.

Histological studies
Skin samples were histologically examined after 
X-Gal staining by a light microscope (Olympus BX-20, 
Tokyo, Japan) (Bancroft & Gamble, 2003). Skin sec-
tions were cut at 40  μm on a cryostat and washed in 
0.1 M phosphate-buffered saline (PBS) for 10 min twice. 
Sections were stained in X-Gal reaction buffer (0.8% 
NaCl, 8 mM Na

2
HPO

4
, 2.7 mM KCl, 1.5 mM KH

2
PO

4
, 2 mM 

MgCl
2
, 35 mM K

4
[Fe(CN)

6
].3H

2
O, 35 mM K

3
[Fe(CN)

6
], 

0.02% Nonidet P-40, 0.01% deoxycholic acid) containing 
1 mg/ml of X-gal to visualize β-gal activity. The reaction 
was performed for 20 h at 37°C in darkness. Subsequent 
to X-Gal staining, sections were washed in 0.1 M phos-
phate buffer for 10 min twice. Sections were mounted on 
gelatin-coated slides and cover slipped.

Statistics
All data were compared using Mann Whitney Rank Sum 
Test and Student’s t-test. A probability (p < 0.05) was con-
sidered significant.

Results

Characterization study
In this study we investigated whether simple CS-NPs 
could be used to deliver DNA to skin cells after topi-
cal application and also we studied the properties of in 
vitro and in vivo transfection efficiencies of CS-NPs. CS 
in different concentrations was used for the formulation 
of NPs. The size of NPs ranged from 190.51 ± 19.05 to 
287.25 ± 14.12 nm (Table 1). Formulation variables such 
as DNA amount, CS, and TPP concentrations affected the 
particle size of NPs (p < 0.05). SEM photograph of CS-NPs 
are given in Figure 1. This data shows similarity with the 
earlier reports (Calvo et  al., 1997; Fernandez-Urrusuno 
et al., 1990). By use of the ionotropic gelation method, cat-
ionic NPs were obtained. Zeta potential values of CS-NPs 
changed pH 5.5 between 17.09 ± 0.71 and 41.45 ± 0.43 
mV and pH 7.4 between 10.91 ± 0.98 and 32.05 ± 0.39mV 

Figure 1.  Scanning electron microscopy (SEM) micrograph of 
CS-NPs.
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(Table 1). As expected, zeta potential values decreased as 
the amount of DNA increased. High DNA encapsulation 
was obtained, as seen in Table 1. The DNA encapsulation 
ranged from 88.79 ± 0.64 to 91.98 ± 0.40%.

pDNA release from NPs was observed during the 60 
days that pDNA release was completed (Figures 2–4). 
Burst DNA release was not seen in the first day; 10–20% 
of pDNA was released from NPs within the first 10 
days. pDNA remained intact during the release studies 
(Figure 5). The concentration of released DNA changed 
with the formulation variables examined. On the other 
hand, serum and enzyme stabilities of encapsulated 
pDNA were investigated and DNA degradation was not 
observed during this study (Figure 5). Stability results 
showed similarity with the previous studies (Aral et  al., 
2000; Akbuğa et al., 2003; Özbaş-Turan et al., 2003).

In vitro transfection studies
NIH 3T3 cells and HDF were used in in vitro transfection 
studies. CS-NPs prepared with different CS concentra-
tions (0.25, 0.375, and 0.5%) were applied to cell lines 
and expression was observed during 6 days (Figure 6). In 
two cell lines, β-gal expression peaked on the 6th day after 
the transfection in both cell types (p < 0.05). Expression 
level of β-gal changed with CS concentration used in the 
NP formulations. Highest expressions were determined 
when the CS was used in low concentration.

Similar β-gal expression profiles were obtained in 
HDF (Figure 6); however, lower β-gal production was 
measured in HDF than 3T3 cell lines (p < 0.05).

Animal studies
Following the preliminary in vitro studies, the best for-
mulation (L

2
) was selected and used in animal studies 

CS-NPs were topically applied to the back of rats. Adult 
and baby rats were used in experiments, and the results 
were compared.

As seen in Figure 7, topical treatment with CS-NPs 
resulted in significantly higher levels of β-gal expression 
compared to the control (day 3) (p < 0.05).

After 24 h of NPs application, β-gal gene expression 
was measured in the skin samples of baby and adult 
rats. During the study, β-gal expression had continued. 
In baby samples, rapid β-gal expression was measured 
after the 2nd day and a peak was observed at the 3rd day 
(Figure 7). Higher β-gal expression was measured in 
the baby rats than adults (p < 0.05). Four-fold increases 
in transgene expression was determined in baby rats. 
On the other hand, during the topical treatment, skin 
irritation and redness in the application area were not 
observed.

Skin specimens were histologically investigated after 
X-gal staining. As an indicator of DNA expression, blue 
color was observed with X-Gal staining according to 
Bancroft and Gamble’s (2003) method. No staining was 
observed in control cells after X-gal staining of skin speci-
mens (Figure 8).

However, blue color stained cells were seen in CS-NP 
applied specimens. β-gal expression was mainly local-
ized in the dermis and hypodermis, especially, staining 
cells were determined close to the hair follicles.

Discussion

Recently skin has been investigated for pDNA delivery as 
an alternative to i.m. administration of pDNA; however, 
the commercial availability of gun technology or the 
needle-free devices is not clear (Cui & Mumper, 2001). 
pDNA-CS nanocomplexes, pDNA-coated CS-CMC NPs 
were used for topical genetic immunization (Cui & 
Mumper, 2001). Reports are limited to immunization 
efficiency of cutaneous application of NPs. However, 
a detailed study is not present in the literature on 
CS-NPs.

In this study, we investigated whether simple CS-NPs 
could be used to enhance pDNA transfection after topi-
cal application. CS-NPs were characterized and their 
potential in skin gene therapy was evaluated. All the 
CS-NPs had positive surface charge and were smaller 
than 300 nm. In this context, the effect of different 
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Figure 2.  Effect of chitosan concentration on release behavior of CS-NPs.
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formulation parameters such as CS, TPP concentration, 
and initial plasmid amount on release properties of 
DNA-loaded CS-NPs was investigated. Three levels of CS 
concentrations and DNA amount, and four levels of TPP 

concentration were studied. DNA release from CS-NPs 
increased proportionally with chitosan (Figure  2) and 
TPP (Figure  4) concentrations, but release conversely 
changed with DNA concentration. As suggested by Csaba 
et al. (2009), pDNA irreversibly bound to CS and released 
from the structure. On the other hand, TPP concentra-
tion and CS/TPP ratio are important factors influencing 
the properties of the CS-TPP NPs. As seen in Figure 4, 
DNA release from NPs increased when the TPP concen-
tration is higher. When the concentration of TPP was 
low and CS/TPP ratio was high, TPP might have cross-
linked dominantly inter- and intra-molecularly with CS 
and formed NPs, and DNA release from this structure 
may be slow. In contrast, when the TPP concentration 
increased, the structure of NP may release DNA more 
rapidly. In vitro transfection studies, in two different 
cell lines (NIH 3T3 and human dermal fibroblast), have 
revealed that CS-NPs are suitable delivery systems for 
DNA, and CS concentration used in this experiment is 
an effective parameter.

In animal studies we tested and compared CS-NPs 
in baby and adult rats because of the differences. In 
baby rats, the hair follicles are virtually in the anagen 
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phase so that the size of the anagen follicles is enlarged 
and the cells are growing in a synchronous manner 
(Raghavachari & Fahl, 2002). Therefore, we tested our 
NPs in adult and baby rats and, as shown in Figures 
7 and 8, higher expression was measured in the baby 
rats than adults. Also, similarity between histological 
and enzymatic results was obtained. Hofmann et  al. 
(1996) noted that early anagen follicular cells were the 
primary cell population that was transformed during 

skin gene transfer. Our data confirmed this earlier 
report.

Contradictory results are present concerning the 
charge of skin applied particles (Shi et  al., 1999; Cui & 
Mumper, 2001; Kohli & Alpar, 2004). Cui and Mumper 
(2001) reported that negative charged NPs resulted 
higher gene expression and immune responses; however 
the reason for these results is not yet understood. Similar 
results were noted by Kohli and Alpar (2004). The studies 
of Shi et al. (1999) and Fan et al. (1999) demonstrated the 
feasibility of topical genetic immunization with cationic 
particles. However, in this study, high β-gal expression 
was measured after skin application of CS-NPs having 
positive surface charge. Our result exhibits similarities 
with Shi et al. (1999) and Badea et al. (2007) data. Badea 
et  al. (2007) evaluated cationic NPs as a topical formu-
lation for interferon gamma (IFN-γ) gene in an IFN-γ 
deficient mouse model and obtained increased gene 
expression in the skin. They reported that higher degree 
of DNA compaction might contribute to better interac-
tion of nanoparticles with the skin and better protection 
of genetic material.

According to histological studies, β-gal expression was 
mainly localized in dermis and hypodermis particularly 
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close to the hair follicles. The stratum corneum (sc) acts 
as the major barrier to penetration of large molecules 
across the skin. Large, negatively-charged, DNA do not 
easily penetration the sc, as they have low lipid solubility 
(Wraight & White, 2001). However, we found extensive 
β-gal expression into dermis; on the other hand Elias et al. 
(1981) noted that epidermis offers much lower resistance 
to polar drugs than sc. Lauer et al. (1997) suggest that hair 
follicles have fewer penetration of polar compound. Our 
results show similarity with previous works which have 
demonstrated that topically-applied DNA can access cel-
lular targets via the hair follicles.

Moreover, whether intercellular or transcellular 
routes of transportation play a role has not been solved, 
as reported by Meykadeh et al. (2005). Brand and Iversen 
(2000) reported that if oligonucleotides pass through the 
keratinocytes or viable cells of the skin then systemic 
delivery should be considered. Therefore, our results may 
be important for systemic DNA delivery also.

Conclusions

TPP-chitosan nanoparticles appeared to be an effective 
and suitable pDNA delivery system for topical gene deliv-
ery. High and sustained gene expression can be obtained 
with skin application of CS-NPs
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