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a b s t r a c t

Gene delivery using cationic polymers such as chitosan shows good biocompatibility, but reveals low
transfection efficiency. Fibronectin Attachment Protein of Mycobacterium bovis (FAP-B) which is respon-
sible for the attachment of many Mycobacteria on the Fibronectin molecule of epithelial cell membrane
can be considered as a new targeting ligand and can improve transfection rates in epithelial cells. In
this study, chitosan–DNA nanoparticles were prepared using coacervation process. The effect of stirring
speed and charge ratio (N/P) on the size and zeta potential of nanoparticles were evaluated. FAP-B lig-
and was added to nanoparticles at the specific condition to form chitosan–DNA–FAP-B nanoparticles
via electrostatic attraction. Transfection efficiency of the final nanoparticles was investigated in A549
(alveolar epithelial cells). Cell viability was investigated using MTT assay. The optimum speed of stirring
ung epithelial cells
anoparticles

which was yielded the smallest chitosan–DNA nanoparticles with a narrow distribution (227 ± 43 nm),
was 500 rpm with the corresponding N/P ratio of 20. Chitosan–DNA–FAP-B nanoparticles presented the
size of 279 ± 27 nm with transfection efficiency about 10-fold higher than chitosan–DNA nanoparticles
and resulted in 97.3% cell viability compared to 71.7% using Turbofect controls.

Chitosan–DNA–FAP-B nanoparticles showed good transfection efficiency without cell toxicity. They
have small particle size around 279 nm which make them a promising candidate as a novel non-viral

ery t
gene vector for gene deliv

. Introduction

The respiratory system is an excellent target for noninvasive
ocalized drug delivery due to its large surface area and its accessi-
ility. The airway and the alveolar epithelium are the sites where
enetic disorders such as cystic fibrosis or inherited surfactant pro-
ein B deficiency and lung cancer have their major fatal impacts. For
hese reasons, the lung has been considered as an attractive target
or gene therapy interventions (Vadolas et al., 2002; Okamoto et al.,
003; Mao et al., 2001).

The success in gene therapeutic strategies depends on an effi-
ient system for the delivery of nucleic acid into the target cells.

oth viral and non-viral gene delivery systems have been used

n clinical trials to treat maladies such as cystic fibrosis and sev-
ral forms of cancer (Vadolas et al., 2002; Okamoto et al., 2003).
on-viral delivery systems have been increasingly proposed as

∗ Corresponding author. Tel.: +98 2188009440; fax: +98 2188026734.
E-mail address: rafitehr@ams.ac.ir (M.R. Tehrani).

378-5173/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2011.02.043
o lung epithelial cells.
© 2011 Elsevier B.V. All rights reserved.

safer alternatives to viral vectors as they could be synthesized with
higher purity and quality degree and less immunogenic response,
are targetable, stable in storage, and easy to produce in large quanti-
ties. These advantages have provided the impetus to continue their
development (Mao et al., 2001).

Cationic polymers have been shown as promising carriers
among the non-viral gene delivery systems. Many cationic poly-
mers, such as chitosan, polylysine, polyethyleneimine, dendrimers,
poly (a-(4-aminobutyl)-L-glycolic acid) as well as cationic lipo-
somes have been investigated for gene delivery. Nevertheless, an
ideal polymeric gene carrier with high efficacy of gene transfer, tar-
geting ability, good biocompatibility and stability has yet to emerge
(Mao et al., 2001; Desmedt et al., 2000; Liu et al., 2002).

In recent years, the potential of chitosan as a polycationic gene
carrier has been explored (Roy et al., 1999; Leong et al., 1998;

Maclaughlin et al., 1998; Mao et al., 1996; Richardson et al., 1999).
Chitosan is a polysaccharide copolymer of N-acetyl-D-glucosamine
and D-glucosamine. Its cationic polyelectrolyte nature provides a
strong electrostatic interaction with negatively charged DNA and
protects it from nuclease degradation (Mao et al., 2001; Liu et al.,

dx.doi.org/10.1016/j.ijpharm.2011.02.043
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:rafitehr@ams.ac.ir
dx.doi.org/10.1016/j.ijpharm.2011.02.043
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002; Borchard, 2001). Chitosan has good biocompatibility and tox-
city profile and has been widely used in pharmaceutical research
Dodane and Vilivalam, 1998) however; its application in vivo has
een limited due to its low transfection efficiency.

Several cell-specific ligands, such as galactose, folic acid, trans-
errin or epidermal growth factor have been shown to improve
ransfection efficiency by receptor-specific interaction and endo-
ytosis into target cells (Liu et al., 2002; Chan et al., 2007; Ogris
t al., 2003; Mansouria et al., 2006). FAP-B (Fibronectin Attachment
rotein of BCG) is one of the most expressed surface proteins of
ycobacterium bovis (BCG) and is reported to be responsible for the

ttachment of mycobacteria on the Fibronectin molecule of epithe-
ial cells membranes. It is known that Fibronectin (FAP-B receptor)
s expressed on lung, intestinal and bladder human epithelial cells

embranes. The molecular weight of FAP-B is about 45–47 kDa and
ts structure is full of Proline and Alanine. By this reason, it is called
pa (Alanin–Prolin-rich antigen) (Laqueyrerie et al., 1995; Romain
t al., 1993; Zhao et al., 2000). Abolhassani et al., 2006 have shown
hat BCG cannot be translocated through the epithelial cell line
ultures from apical side to the basolateral compartment without
AP-B interactions. FAP-B is not detectable in HK-BCG (Heat-killed
CG) extracts and, as expected, HK-BCG was not able to translo-
ate through epithelial cells. In addition, a mutant strain of BCG
eleted from the FAP-B gene (BCG Apa−) could not translocate the

ntestinal or lung epithelial cells. On the other hand, the inert latex
eads coated with the FAP-B translocated through this monolayer
ells whereas those coated with ovalbumin protein or non-coated
eads failed to do so (Abolhassani et al., 2006). Therefore, it was
ecided to investigate the novel concept of using FAP-B in gene
elivery and evaluate its potential in improving the transfection
fficiency of complex DNA nanoparticles.

In this study, a non-viral gene vector with improved trans-
ection efficiency to epithelial cells was prepared via interaction
f chitosan–DNA nanoparticles with FAP-B ligand. Its transfec-
ion ability and cell viability were evaluated in alveolar epithelial
ells (A549). Based on our findings, it seems chitosan–DNA–FAP-B
anoparticles may be a promising carrier for targeted gene deliv-
ry to Fibronectin molecules (FAP-B receptors) of epithelial cell
embrane.

. Materials and methods

.1. Materials

Chitosan Chitoclear (Mw = 126,000 Da/mol, deacetylation
egree 98%) was purchased from Primex (Iceland). The plas-
id pGL3-control vector encoding firefly lucifrase driven by

n SV40 promoter was purchased from Bioneer (South Korea).
AP-B (Fibronectin Attachment Protein of BCG) (Mw = 45 kDa)
as kindly provided by Prof G. Marchal (Institut Pasteur, Paris,

rance) (Romain et al., 1993). Turbofect reagent was obtained
rom Fermentas (Thermo Fisher Scientific, Canada). Cell cul-
ure media, Dulbecco’s modified Eagle’s medium (DMEM) and
enicillin–Streptomycin mixture (PS) were obtained from Gibco
Invitrogen, Singapore). Fetal Bovine Serum (FBS) was purchased
rom Hyclone (Research Instrument, Singapore). Sodium acetate,
odium sulfate, Sodium hydroxide and other chemicals were
urchased from Merck (Germany).

.2. Methods
.2.1. Amplification and purification of DNA plasmid
The plasmid pGL3-control vector encoding firefly lucifrase

riven by an SV40 promoter was amplified in E. coli JM107 bacte-
ia and purified using the endo free Maxi prep plasmid extraction
f Pharmaceutics 409 (2011) 307–313

kit according to the manufacturer’s instruction. The plasmid was
quantified and qualified by spectrophotometer and electrophore-
sis in 1% agarose gel, respectively (Sato et al., 2001; Boyle et al.,
2001).

2.2.2. Preparation of chitosan–DNA nanoparticles
Solutions of chitosan at different concentrations were prepared

in 5 mM sodium acetate buffer pH 5.5 in order to achieve N/P ratios
of 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 15, 20 and 40 (an amino group to a
phosphate group ratio hereafter is defined as charge or N/P ratio).
A DNA solution of 50 �g/mL in 25 mM of sodium sulfate was pre-
pared. Solutions were preheated to 50–55 ◦C separately. An equal
volume of chitosan solution (from each concentration) and DNA
solution were added (by dropping slowly) together while stirred
at various speed (100–2000 rpm). The final volume of the mixture
in each preparation was limited to below 500 �l in order to yield
uniform nanoparticles.

2.2.3. Preparation of chitosan–DNA–FAP-B nanoparticles
The pH of chitosan–DNA nanoparticles solutions prepared

above was adjusted to 8.0 using NaOH 1.0 N. A solution of FAP-B
at 120 �g/100 �l concentration was prepared in sterile deion-
ized water. FAP-B solution (varying amounts) and chitosan–DNA
nanoparticles solution (equal to 1 mole chitosan) were added
together in order to achieve chitosan–DNA–FAP-B solutions with
different chitosan/FAP-B molar ratios (sample C = 1/0.5, sample
D = 1/1 and sample E = 1/2). The mixtures were then incubated at
room temperature while stirred (500 rpm) for 24 h. The resulting
solutions were centrifuged at 2000, 7000 or 16,000 rpm for 6 min
at room temperature. The supernatant was then poured off and
the pellets were re-suspended in 500 �l sterile deionized water.
These stages were repeated 3 times to purify the nanoparticles
completely. For removal of possible aggregates during high speed
centrifugation, a soft stirring process (speed of 500 rpm for 24 h)
was also performed.

2.2.4. Characterization of chitosan–DNA and
chitosan–DNA–FAP-B nanoparticles

The size of the nanoparticles was determined by photon cor-
relation spectroscopy (PCS) and zeta potential by laser doppler
velocimetry (LDV), using Zetasizer Nano ZS ZEN 3600 (Malvern
Instruments, Malvern, UK). The size measurement was performed
at 25 ◦C, using 633 nm red laser and it was recorded for 180 s
for each measurement. The viscosity of samples was 0.88 cP and
refractive index of the solvent was 1.33. The mean hydrodynamic
diameter was generated by cumulative analysis using Malvern soft-
ware. The results were acceptable if they had polydispersity indices
below 0.5 (PdI < 0.5). The Zeta potential measurements were per-
formed using an aqueous dip cell in the automatic mode. Zeta
potential of chitosan–DNA nanoparticles were measured at pH 5.5,
6, 7.4 and 8 while chitosan–DNA–FAP-B nanoparticles measure-
ments were performed at pH 7.4 and 8. Chitosan solutions in 5 mM
sodium acetate buffer at various pH (pH 4, 5.5, 6, 7.4, 8) and FAP-B
solutions at pH 3, 4, 6, 7.4, 8 were also measured separately.

The surface morphology of nanoparticles was examined by
atomic force microscopy (AFM) (Dualscope C26, DME, Denmark)
using tapping mode and high resonant frequency (F0 = 150 kHz)
pyramidal cantilevers with silicon probes having force constants
of 25 N/m. Scan speeds were set at 2 Hz. The samples were diluted
with distilled water, and then dropped onto freshly cleaved mica
plates followed by vacuum drying for 24 h at 25 ◦C.
2.2.5. Agarose gel electrophoresis
The DNA binding ability of chitosan was evaluated by agarose gel

electrophoresis. The complexes containing 0.5 mg of DNA at various
N/P ratios were loaded into individual wells of 1.0% agarose gel in
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negatively charged, and enter the cell more easily (Mansouria et al.,
2006; Park et al., 2005), care should be taken as nanoparticles with
high positive zeta potential can become cytotoxic (Park et al., 2005).

The formation of nanoparticles between plasmid and chitosan
was observed by agarose gel electrophoresis (Fig. 4). It showed
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-Tris–boric acid–EDTA buffer, electrophoresed at 80 V for 45 min,
nd stained with 0.5 mg/ml ethidium bromide. The resulting DNA
igration pattern was revealed under UV irradiation (Chan et al.,

007).

.2.6. In vitro transfection of A549 cells with
hitosan–DNA–FAP-B nanoparticles
.2.6.1. Cell culture. The cells (A549:alveolar epithelial cells) were
eeded, 48 h prior to transfection, in 24-well plates at a den-
ity of 40,000 cells/well in 1 ml of DMEM supplemented with
0% FBS and 1% PS (Elfinger et al., 2009). On the day of trans-
ection, the culture medium in each well was replaced with
ml of complete medium or medium without PS, containing
aked DNA (1 �g) or chitosan–DNA nanoparticles (negative con-
rols) or chitosan–DNA–FAP-B nanoparticles (tests). The amount of
anoparticles added to each well was equivalent to 1 �g of DNA. If
he medium was without any PS, after 4 h from transfection, 1% PS
as added to each well. For inhibition experiments, free FAP-B was

dded to fresh complete media with a concentration of 100 mg/ml
0 min before the addition of the complexes (Elfinger et al., 2007).
he cells were then incubated until 48 h post transfection. Turbofect
as used as positive control according to the manufacturer’s pro-

edures. Each well received 2 �l of Turbofect that was complexed
ith 1 �g of DNA.

.2.6.2. Luminometric assay for luciferase. After 48 h incubation,
ells were rinsed with sterile phosphate buffer (pH 7.4) and per-
eablized with 80 �l of cell lysis buffer purchased from Promega

while the plate was placed in ice). Plate was shaken for 15 min
fter which the cells were centrifuged for 2 min at 12000 rpm. The
ellete was sonicated for 2 s while the tube was in ice. Sonication
as repeated for 4 times. The luciferase activity in cell extracts was
easured using luminometer (Berthold systems GMBH, Germany)

or 10 s per well. Luciferase activity in cell lysates was expressed
s relative light units (RLU/10Sec) (Hofland et al., 2002; Zaric et al.,
004; Reynolds et al., 2000).

.2.6.3. Cytotoxicity assay. Cytotoxicity of nanoparticles was deter-
ined in triplicate by MTT assay. A549 cells were seeded into

6-well plates at a density of 5 × 104 cells/well. After 24 h, cell cul-
ure medium was aspirated and replaced by 200 �l fresh complete

edium containing transfection solution (equal to 1 �g DNA). Cyto-
oxicity studies were performed 48 h after transfection. The cells
eceived 100 �l culture medium per well containing 10 �l MTT
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide.
fter 4 h incubation at 37 ◦C in the dark, medium was aspirated
nd formazan crystals were dissolved in 200 �l dimethylsulfoxide
er well. Measurement was performed using an ELISA reader at
avelengths of 570 nm and 690 nm. Relative viability was calcu-

ated using 0% (wells without cells) and 100% (wells with untreated
ells) controls.

.2.6.4. Statistical analysis. All experiments were repeated at least
hree times, and measurements were collected in triplicate. Data
re expressed as mean ± standard deviations. Statistical analysis
as performed using Student’s t-test with p < 0.05 considered as a

tatistically significant difference.

. Results and discussion

.1. Preparation and characterization of chitosan–DNA

anoparticles

The chitosan–DNA nanoparticles were formed as a result of
omplex coacervation between chitosan and DNA (Mao et al., 2001;
lfinger et al., 2009; Schmitz et al., 2007; Issa et al., 2006). The
Fig. 1. Effect of speed of stirring on nanoparticles size during coaservation (at
N/P = 8) (PdI < 0.5).

cationic characteristic of chitosan is a crucial parameter for the
complex formation with DNA bearing negative charges. The size of
nanoparticles is important for cellular uptake and can be affected
by the speed of stirring during the formation of coacervates. To
investigate such an effect, nanoparticles were prepared under var-
ious speeds of stirring (at N/P = 8). The optimum speed of stirring
was found to be 500 rpm (Fig. 1) which resulted in the smallest
nanoparticles (357 ± 78 nm). The nanoparticles size was increased
by further increasing the speed of stirring due to aggregation. At the
speeds below 500 rpm, the nanoparticles size was also increased.
This was due to the insufficient stirring power to generate small
nanoparticles.

The effect of charge ratio on the particle size and surface charge
was examined within the stirring conditions stated above. Plas-
mid was used with a fixed concentration of 50 �g/ml in 25 mM of
sodium sulfate, while the concentration of chitosan was varied to
yield different N/P ratios. At N/P ratios of 1–10, nanoparticles had
large sizes. Large aggregates were formed at N/P ratio around 4
(559 nm approximately) (Fig. 2). N/P ratios below 1 and above 10
resulted in similarly small nanoparticles. Nanoparticles prepared
with an N/P ratio between 15 and 40 were small and had low
standard deviation. These nanoparticles are likely to have higher
thermal dynamic stability (Mao et al., 2001) with an average size
of 227–267 nm.

At N/P ratio below 1, the chitosan concentration was lower
than plasmid concentration and was unable to condense DNA
which resulted in negative zeta potential. The zeta potential of
chitosan–DNA nanoparticles increased slightly with the N/P ratio
(ranging from +9.3 to +21.8 mV) (Fig. 3). Although positively
charged nanoparticles can attach to the cell membrane, which is
0.0

0 0.5 1 2 3 4 5 6 8 10 15 20 40

N/P ratio

Fig. 2. Effect of N/P ratio on the mean size of the nanoparticles (PdI < 0.5).
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Fig. 6. (A) Effect of complexation conditions on size of nanoparticles (PdI < 0.5). (a)
ig. 4. Gel retarding analysis of chitosan–DNA nanoparticles. Lane 1, naked plas-
id. Lanes 2–8, nanoparticles prepared at N/P ratios of 0.5, 1, 2, 4, 8, 15, and 20,

espectively.

hen the N/P ratio was above 1, the plasmid was totally retained
ithin the gel loading well, which illustrated the complete coalesce

f plasmid with chitosan.
The optimum nanoparticles (smallest and more positively

harged nanoparticles) with a mean size of 227 ± 43 nm were pre-
ared at the N/P ratio of 20. This could be explained by the presence
f sufficient chitosan to make small and condense nanoparticles.
anoparticles obtained under these conditions showed a spheri-
al and polydisperse nature as revealed by their AFM image. The
anoparticles size measurement was performed using AFM imag-
ng and Zetasizer Nano (Fig. 5). The two techniques gave different
esults which could be explained by different sample preparation
ethods. PCS was performed on nanoparticles in a fully hydrated

tate in solution, whereas, AFM studies were performed on sam-
les dried on a mica surface. In addition, the PCS measurement

ig. 5. . Physical characterization of chitosan–DNA nanoparticles by AFM imaging.
Nanoparticles without complexation, (b) nanoparticles immediately after complex-
ation by FAP-B, (c) nanoparticles after centrifugation at 7000 rpm, (d) nanoparticles
after additional stirring at 500 rpm. (B) AFM image of nanoparticles after additional
stirring at 500 rpm.

presents an average size range whereas; AFM allows visualization
of the subpopulations. However, the use of different but comple-
mentary methods allows an overall evaluation to be made of both
size and morphology (Liu et al., 2007). Effect of speed of stirring on
nanoparticles size during coacervation was also evaluated at N/P
ratio of 20. The results were in line with the ones obtained at N/P
ratio of 8 with the optimum speed of stirring being 500 rpm (data
not shown).

3.2. Preparation and characterization of chitosan–DNA–FAP-B
nanoparticles

FAP-B is an important protein on the surface of Mycobacterium
bovis which makes this bacterium capable of entering the epithelial
cells via interaction with its specific receptor on the membrane of
the epithelial cells (Laqueyrerie et al., 1995; Romain et al., 1993;
Zhao et al., 2000; Abolhassani et al., 2006). In the present study,
this protein was chosen as a ligand for delivery of chitosan–DNA
nanoparticles to epithelial cells via receptor mediated procedure
and also to improve the transfection efficiency of these nanoparti-
cles.

Nanoparticles containing plasmids at N/P ratio of 20 as described
in Section 3.1 were selected for electrostatic interaction with FAP-B.
The complex of chitosan–DNA–FAP-B nanoparticles was prepared
as described above. To separate the free FAP-B from the nanopar-
ticle solutions, the solutions were centrifuged at 7000 rpm which
was found to be the optimum speed as the separation was done
successfully and the formed aggregates were not very strong (data
not shown). A final soft stirring process (500 rpm) was performed
for removal of possible aggregates upon which the size of nanopar-

ticles became almost as it was initially (279 ± 27 nm) (Fig. 6A). AFM
imaging of these complexes showed a spherical and polydisperse
nanoparticles (Fig. 6B).

The complexation did not affect the size of nanoparticles sig-
nificantly (before complexation: 227 ± 43 nm, after complexation:



Z. Mohammadi et al. / International Journal of Pharmaceutics 409 (2011) 307–313 311

Table 1
The zeta potential of FAP-B, chitosan, chitosan–DNA nanoparticles and chitosan–DNA–FAP-B nanoparticles at various pHs.

pH FAP-B (mv) Chitosan (mv) Chitosan–DNA
nanoparticles (mv)

Chitosan–DNA–FAP-B
nanoparticles (mv)

3 +5.6 ± 0.5 –a – –
4 +0.97 ± 0.7 +26.6 ± 1.5 – –
5.5 – +19.7 ± 1.3 +12.9 ± 1.4 –
6 −10.5 ± 1.0 +14.2 ± 0.8 +10.0 ± 1.1 –

+9 ± 1.0 −2 ± 0.9
+7.5 ± 0.3 −2.3 ± 1.5

experiment; [–] show that zeta potential not measured at that pH.

2
t
w
w
d
i
a
a
D
A
e
n
s
p
d
w
c
e
p
p
t
n

3

n
u
a
i
l
l
t

F
8
c
n

0.0

1.0

2.0

3.0

4.0

5.0

6.0

7.0

A B C D E F

0.53
1.06

1.03

4.6

0.093
0.017

M
il
li
o

n
s

lu
c

if
ra

s
e

 a
c

ti
iv

it
y

 (
R

L
U

/1
0

S
e

c
)

Fig. 8. In vitro transfection efficiency. (A) Naked DNA, (B) chitosan–DNA
nanoparticles, (C) chitosan–DNA–FAP-B nanoparticles (chitosan/FAP-B = 1/0.5), (D)

B = 1/1 is suitable for interaction with most of the receptors
7.4 −12.3 ± 1.0 +10.0 ± 0.5
8 −14.1 ± 1.2 +8.3 ± 0.5

a Zeta potential measurements were performed at specific pH necessary for each

79 ± 27 nm) but it had a significant effect on their zeta poten-
ial. The zeta potential of chitosan–DNA nanoparticles (at pH 8)
as altered from +7.5 ± 1 mV to −2.3 ± 1.5 mV after complexation
ith FAP-B (Table 1) (Fig. 7). This showed that complexation was
one efficiently as FAP-B is negatively charged at the pH above

ts isoelectric point (pH ∼4.5). The zeta potential of FAP-B was
ltered from +5.6 at pH 3 (below its isoelectric point) to −14.1
t pH 8 (above its isoelectric point) (Table 1). Thus, FAP-B and
NA together shifted the electrokinetic behavior of the complex.
lthough the zeta potential of chitosan at pH 5.5 (the pH of coac-
rvation medium) was +19.7, the zeta potential of chitosan–DNA
anoparticles became +12.9 at the same pH as a result of electro-
tatic complexation between chitosan and DNA (Table 1). The zeta
otential of chitosan–DNA nanoparticles at pH 8 (pH of medium
uring complexation process) was +7.6 which after complexation
ith FAP-B was reduced to −2.3 (Table 1). Therefore, it can be

oncluded that negative charge of these nanoparticles is due to
lectrostatic interaction between negatively charged FAP-B and
ositively charged chitosan–DNA nanoparticles. At physiological
H (pH = 7.4) the zeta potential of chitosan–DNA–FAP-B nanopar-
icles were negative, which indicates that these nanoparticles did
ot degrade and were stable at such pH (Table 1).

.3. Transfection efficiency of chitosan–DNA–FAP-B nanoparticles

The in vitro transfection ability of chitosan–DNA–FAP-B
anoparticles was first evaluated in alveolar epithelial cells (A549)
sing the luciferase plasmid. The results of the luminescence
ssay to detect the luciferase activity in the transfected cells

ndicated relatively high transfection efficiencies. The expressed
uciferase activity was about 10-fold higher than the background
evel (chitosan–DNA nanoparticles) but, it was still about five to ten
imes lower than that of the Turbofect DNA complex group (Fig. 8).

7.6

-4.1

-2.3

2.4

-8.0

-6.0

-4.0

-2.0

0.0

2.0

4.0

6.0

8.0

10.0

a b c d

z
e
ta

 p
o
te

n
ti
a
l 
 (m

 v
)

ig. 7. Effect of complexation conditions on zeta potential of nanoparticles at pH
. (a) Nanoparticles without complexation, (b) nanoparticles immediately after
omplexation by FAP-B, (c) nanoparticles after centrifugation at 7000 rpm, (d)
anoparticles after additional stirring at 500 rpm.
chitosan–DNA–FAP-B nanoparticles (chitosan/FAP-B = 1/1), (E) chitosan–DNA–FAP-
B nanoparticles (chitosan/FAPB = 1/2), (F) Turbofect. The relative transfection
efficiency was calculated as relative light units (RLU) luminescence during 10 s at
constant number of cells per well. The data are given as mean ± SD (n = 3).

Transfection efficiency of the complexes examined at different
ratio of chitosan/FAP-B showed that at ratio of 1/0.5, the trans-
fection efficacy was about 2 times lower than 1/1 and 1/2 ratios.
This can be due to insufficient amount of FAP-B for interaction
with all of the receptors at the surface of A549 cell line. No signif-
icant difference in transfection efficiency of chitosan–DNA–FAP-B
nanoparticles was observed at chitosan/FAP-B ratios of 1/1 and 1/2.
This result indicates that the amount of FAP-B at chitosan/FAP-
at the surface of A549 cell line. In addition, the presence of
1% antibiotic did not interfere with the transfection ability of
chitosan–DNA–FAP-B nanoparticles (Fig. 9).
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Fig. 9. Effect of presence of 1% antibiotic on transfection ability of chitosan–DNA and
chitosan–DNA–FAP-B nanoparticles. (A) chitosan–DNA nanoparticles with antibi-
otics, (B) chitosan–DNA nanoparticles without antibiotics, (C) chitosan–DNA–FAP-B
nanoparticles with antibiotics, (D) chitosan–DNA–FAP-B nanoparticles without
antibiotics. The relative transfection efficiency was calculated as relative light units
(RLU) luminescence during 10 s at constant number of cells per well. The data are
given as mean ± SD (n = 3).
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Fig. 10. In vitro transfection efficiency of chitosan–DNA nanoparticles (N/P = 20)
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ars) or presence (hatched bars) of excess of free FAP-B. The relative transfection
fficiency was calculated as relative light units (RLU) luminescence during 10 s at
onstant number of cells per well. The data are given as mean ± SD (n = 3).

Since the complex of chitosan–DNA–FAP-B is slightly negatively
harged (−2 mV approximately) and the cell membrane is also neg-
tively charged, it seems overall attraction between this ligand
FAP-B) and receptors on the surface of A549 (alveolar epithelial
ell line) has a dominant attraction energy and can overcome the
epulsion of negatively charged nanoparticles and cells. This can
xplain the transfection of the complex despite having a negative
urface charge. These mechanistic data are in agreement with the
esults obtained by Park et al. who also showed negatively charged
articles can penetrate into the cells by ligand–receptor endocyto-
is (Park et al., 2010). Inhibition experiments with 100 mg/ml free
AP-B showed a significantly 2.5-fold decrease of gene expression
or chitosan–DNA–FAP-B complexes (chitosan/FAP-B ratio of 1/1),
hereas chitosan–DNA nanoparticles were not influenced (Fig. 10).

hese results show that entrance of chitosan–DNA–FAP-B nanopar-
icles to the A549 cell line is via ligand–receptor endocytosis by
ttachment of FAP-B to its receptors at the surface of the epithelial
ells. Chitosan–DNA–FAP-B nanoparticles showed good transfec-
ion efficiency in alveolar epithelial cell line (A549).

Other researchers have employed and proposed alternative lig-
nds for targeted lung gene delivery. Lactoferrin (Lf) has been
eported to target airway epithelial cells however it is not a good
andidate for gene delivery to alveolar epithelial cells. This is due to
he fact that Lactoferrin receptors are only expressed on the apical
ide of bronchial epithelial cells and not in alveolar epithelial cells
Elfinger et al., 2007) hence it does not offer the same opportunities
s FAP-B. Other ligands which have been used for gene delivery to
he lung are Transferrin (Tf) and transforming growth factor alpha
TGF�) (Kakimoto et al., 2007). None of these ligands are specific for
pithelial cells, because Tf and TGF� receptors are over expressed
t the surface of all tumor cells (Prost et al., 1998; Rusch et al.,
996). Unlike Tf and TGF� receptors, Fibronectin (receptor of FAP-
) is expressed only at the epithelial cells (Laqueyrerie et al., 1995;
omain et al., 1993; Zhao et al., 2000). Therefore, Tf and TGF� can be
tilized for gene delivery only to lung tumor cells while FAP-B can
e used for gene delivery to lung epithelial cells, both tumoral and
on-tumoral. All these point to the promise of FAP-B as a potential

igand for targeted delivery to lung epithelial cells.

.4. Cytotoxicity
For the concerns of efficient gene delivery and biocompatibility,
anoparticles should exhibit minimal cytotoxicity. To investigate
he potential cytotoxic effect of chitosan–DNA complexes after
oating of FAP-B, the viability of A549 cells was tested in the
resence of chitosan–DNA nanoparticles and chitosan–DNA–FAP-
Fig. 11. Cytotoxicity of (1) non-treated control cells, (2) naked DNA, (3)
chitosan–DNA nanoparticle, (4) chitosan–DNA–FAP-B nanoparticles and (5) Turbo-
fect.

B nanoparticles at N/P ratio = 20. Naked DNA, Turbofect–DNA
complex were used as controls. Cells without treatment of DNA
complexes were considered as a positive control with a cell viabil-
ity of 100%. Several studies (Borchard, 2001; Sato et al., 2001; Lee
et al., 2005) reported that no significant decrease in viability was
observed for cells incubated with chitosan–DNA complexes. The
results obtained in this study are in good agreement with those
reported in the literature. Average cell viability of over 97% was
obtained with naked DNA and chitosan–DNA nanoparticles and
chitosan–DNA–FAP-B nanoparticles (Fig. 11).

No significant decrease in viability was found for A549
cells treated with polyplexes when compared to naked DNA.
Chitosan–DNA nanoparticles and chitosan–DNA–FAP-B nanopar-
ticles carried lower cytotoxicity than the commercial carriers such
as Turbofect transfection reagents.

4. Conclusions

Chitosan–DNA nanoparticles were successfully prepared by
complex coacervation process under defined conditions. The opti-
mum speed of stirring during coacervation was found to be 500 rpm
with an ideal N/P ratio of 20 which resulted in the smallest
nanoparticles. FAP-B was added to the chitosan–DNA nanoparti-
cles as a ligand for attachment to its specific receptors present at
the surface of epithelial cells. Chitosan–DNA–FAP-B nanoparticles
had similar and small particle size as chitosan–DNA nanoparti-
cles, however their zeta potential was different (negative). The
transfection efficiency of chitosan–DNA–FAP-B nanoparticles was
10-fold higher than chitosan–DNA nanoparticles; however, it was
still about five times lower than that of the Turbofect DNA complex
group. In addition, the presence of FAP-B did not show any sig-
nificant cytotoxicity against A549 cells. This study suggested that
chitosan–FAP-B nanoparticles can be a promising carrier for tar-
geted gene delivery to Fibronectin molecules (FAP-B receptors) of
epithelial cells membranes.
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