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a b s t r a c t

The main objective of this study was to prepare two types of nanoparticles with poly(d,l-lactide-co-
glycolide) (PLGA) and polyethylenimine (PEI) polymers. Plasmid DNA (pDNA) was adsorbed either on
PLGA/PEI nanoparticles, or as PEI/DNA complex onto the surface of PLGA nanoparticles. Both types of
nanoparticles were prepared by the double emulsion method. The nanoparticles were characterized by
their size, zeta potential and pDNA or PEI/DNA complex adsorption. The PEI/DNA complex adsorption was
confirmed with ethidium bromide assay. pDNA adsorption onto PLGA/PEI nanoparticles (PLGA/PEI–DNA)
was studied by electrophoresis on agarose gel. Cytotoxicity and transfection efficiency of both types of
nanoparticle and PEI/DNA complexes formulations were studied in head and neck squamous carcinoma
hotochemical internalization
oly(d,l-lactide-co-glycolide)
olyethylenimine

cell line (FaDu). To improve endosomal release, photochemical internalization (PCI) was used. The zeta
potential increased when the PEI/DNA complex adsorbed onto PLGA nanoparticles (PLGA–PEI/DNA). Opti-
mal pDNA adsorption efficiency was achieved for nitrogen/phosphorous ratio ≥ 20/1. In vitro transfection
and cells viability on FaDu cells with or without PCI were found to be variable depending on the type
and concentration of nanoparticles. The results showed that transfection efficiency for PLGA/PEI–DNA or

cles r
y for
PLGA–PEI/DNA nanoparti
the transfection efficienc

. Introduction

Gene therapy is a promising technology for the treatment of
enetic diseases. Most studies used viral vectors due to their high
ransfection efficiency (Liu et al., 2010; Wang et al., 2010; Wolfe
t al., 2010). However toxicity, immunogenicity, including muta-
enesis issues may limit the use of viral vectors. Recently, the use
f non-viral vectors such as cationic polymers (O’Rorke et al., 2010),
iposomes (Oliveira et al., 2009; Xiao et al., 2010) and nanoparticles
Fay et al., 2010; Yang et al., 2010) to deliver plasmid DNA (pDNA)
as been developed as an alternative strategy with less immuno-

enicity. In addition non-viral vectors are much easier to produce
n large quantities (Niven et al., 1997). Among non-viral vectors,
anoparticles have been developed for their multiple advantages in
rug delivery. When coating or ligand materials are attached at the
urface of biodegradable nanoparticles, higher stability, and easier

∗ Corresponding author at: Nancy University, Faculty of Pharmacy, Department of
harmaceutical Technology and Biopharmacy, 5 rue A. Lebrun, BP 80403, F-54001
ancy, France. Tel.: +33 3 83 68 22 96; fax: +33 3 83 68 23 01.

E-mail address: philippe.maincent@pharma.uhp-nancy.fr (P. Maincent).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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anged between 2 and 80%, respectively. PCI was found to slightly improve
all formulations.

© 2010 Elsevier B.V. All rights reserved.

uptake into cells by endocytosis, and targeting ability to specific
tissues or organs, has been reported.

One of the most popular biodegradable polymer is poly(d,l-
lactide-co-glycolide) (PLGA). PLGA has been approved by the Food
Drug Administration for transfection trials in humans (Budker et al.,
1996; Sahoo et al., 2002). Previous studies have demonstrated
the potential of PLGA nanoparticles to deliver genes into cells
(Fay et al., 2010; Niu et al., 2009; Son and Kim, 2010). Follow-
ing cells endocytosis, PLGA nanoparticles escape rapidly from the
degradative endo-lysosomal compartment to the cytoplasmic com-
partment (Panyam et al., 2002). The degradation time of PLGA can
be altered from several days to years by varying the polymer molec-
ular weight, the lactic acid to glycolic acid ratio in copolymer, or the
nanoparticles structure. pDNA could be encapsulated (Cohen et al.,
2000) or adsorbed onto nanoparticles (Kumar et al., 2004; Rhaese
et al., 2003).

In order to achieve an efficient transfection, the addition of a
cationic polymer, e.g. polyethylenimine (PEI) which is commonly

used for non-viral pDNA delivery systems, to the PLGA nanoparti-
cles was already investigated (Bivas-Benita et al., 2004; Katas et al.,
2009; Park et al., 2008). Adsorption is based on the ionic interac-
tions between the cationic polymers and the anionic pDNA (Singh
et al., 2000). PEIs are polymers available in two forms i.e. linear and

dx.doi.org/10.1016/j.ijpharm.2010.10.040
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:philippe.maincent@pharma.uhp-nancy.fr
dx.doi.org/10.1016/j.ijpharm.2010.10.040
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ratio) also diluted in 5% glucose solution. PEI solution or PLGA/PEI
ig. 1. Photochemical internalization mechanism: a photosensitiser (S) and the
acromolecule of interest (M) are endocytosed and co-localised to endocytic com-

artments. Light exposure of the cells introduces rupture of the membrane of these
esicles and subsequent cytosolic release of macromolecules.

ranched. Compared to linear forms, branched PEI has shown a bet-
er cells rate transfection (Godbey et al., 1999). PEIs exhibit a high
ositive charge density when protonated in aqueous solutions. The
igh positive charge density of PEI causes an electrostatic interac-
ion with anionic charged species such as pDNA to form polyplexes.
urthermore, PEI protected pDNA from the degradation of nuclease
ctivity (Kim et al., 2007).

Photochemical internalization (PCI) is a promising technology
or site-specific release of macromolecules within cells. The mech-
nism of PCI is based on the breakdown of the endosomal/lysosomal
embranes by photoactivation of photosensitizers that localize in

he membranes of the endosomes (Berg et al., 1999) as shown in
ig. 1. This technology has been used to release several macro-
olecules such as bleomycin (Berg et al., 2005), gelonin (Dietze

t al., 2003), DNA as a complex with cationic polymers (Ndoye
t al., 2004b) or incorporated in adenovirus (Bonsted et al., 2004)
nd nucleic acid (Folini et al., 2003), from endocytic vesicles to the
ytosol. PCI can significantly increase the transfection efficiency of
EI/DNA complex in vitro (Ndoye et al., 2004a), and in vivo (Ndoye
t al., 2006).

In this study, two types of nanoparticles were evaluated to
eliver pDNA into human head and neck squamous carcinoma cell

ine (FaDu). An optimisation of photochemical internalization con-
itions was made in a previous study onto this cell line (Ndoye
t al., 2004b). PLGA nanoparticles incorporating PEI were prepared
sing a double emulsion method and the resulting nanoparti-
les were used to adsorb pDNA for the cell transfection study.
n addition, unloaded PLGA nanoparticles were prepared, and
EI/DNA complexes were adsorbed onto their surface. Both types
f nanoparticles were characterized with regards to their size, zeta
otential, adsorption as well as evaluation of transfection efficiency
nd cytotoxicity into FaDu cells. Furthermore, the effects of PCI
n pDNA transfer in human cancer cells were evaluated using
LGA/PEI or PLGA nanoparticles.

. Materials and methods

.1. Materials
pEGFP-C3 plasmid DNA coding for Green Fluorescent Pro-
ein (GFP) was obtained from Clontech (Montigny le Bretonneux,
rance). The following polymers were used as received: poly(d,l-
actide-co-glycolide) (PLGA 50:50; Resomer RG® 503H, viscosity
Pharmaceutics 403 (2011) 276–284 277

0.42 dl/g, uncapped; Boehringer Ingelheim, Ingelheim, Germany)
and polyethylenimine (PEI 25 kDa, branched; Sigma–Aldrich, Saint-
Quentin Fallavier, France). The poly(vinyl alcohol) (PVA, Mw 30,000,
99% hydrolyzed) was obtained from Sigma Aldrich (Saint-Quentin
Fallavier, France). The human head and neck squamous car-
cinoma cell line (FaDu) was kindly provided by Professor A.
Hanauske (Munich University, Germany) (ATCC number HTB-
43TM). Roswell Park Memorial Institute 1640 (RPMI 1640) cell
culture medium and LipofectamineTM 2000 (transfection reagent,
a cationic lipid), were purchased from Invitrogen Life Technology
(Cergy-Pontoise, France). Disulfonated meso-tetraphenylporphine
(TPPS2a) (LumiTrans®) was used as photosensitizer and was kindly
provided by PCI Biotech (Oslo, Norway). Lumisource® was used as
light source.

2.2. Preparation of PLGA/PEI and PLGA nanoparticles

The preparation method of PLGA/PEI or PLGA nanoparticles was
a modification of the double emulsion method described by Park
et al. (2008). Briefly, 4 ml of an organic phase containing PLGA
(50 mg/ml in methylene chloride) were magnetically stirred during
15 s with 1 ml of an aqueous solution of PEI at different concen-
trations (5, 10, 20, 50, 100 or 200 mg/ml) or plain water (1 ml).
This emulsion was poured into 16 ml of PVA aqueous solution (5%,
w/v), and sonicated (80 W for 30 s) using an ultrasonic homoge-
nizer (Vibracell 75022, Bioblock, Illkirch, France). The solvent was
then evaporated under vacuum using a rotary evaporator at 40 ◦C
for 1 min (Heidolph 94200, Bioblock, Illkirch, France). The resulting
nanoparticles were obtained by centrifugation (42,000 × g, 20 min,
20 ◦C). The pellet was washed three times with purified water and
was re-suspended in 2 ml of purified water. The obtained nanopar-
ticles suspensions were stored at 4 ◦C.

2.3. pDNA preparation

pDNA, pEGFP-C3 encoding the green fluorescent protein (GFP)
was propagated into E. coli bacterial strain. Transformed cells were
grown in Lysogeny Broth (LB) medium (Tryptone, yeast extract and
NaCl). Plasmid was purified using Marligen maxiprepTM high purity
plasmid purification columns (Clinisciences, Montrouge, France).
The pDNA concentration was determined by UV spectrophotom-
etry (Uvikon 922, Kontron, Eching, Germany) at 260 nm and the
purity was confirmed by using 0.8% agarose gel electrophoresis
(Bio-Rad, Marnes-la-Coquette, France) in the presence of ethidium
bromide (EtBr).

2.4. PEI/DNA complexes preparation and adsorption of pDNA or
PEI/DNA complexes onto nanoparticle surface

PEI/DNA complexes were prepared according to various nitro-
gen/phosphorous (N/P) ratios. The PEI polymer concentrations
were calculated from the desired N/P ratio and the amount of plas-
mid assuming that 43.1 g/mol−1 corresponds to each repeating unit
of PEI containing one nitrogen atom, and 330 g/mol−1 corresponds
to each repeating unit of pDNA containing one phosphorous atom.
The resulting charge ratio is expressed as PEI nitrogen/DNA phos-
phorous (Ho et al., 2008).

Different N/P ratios (from 5 to 20; PEI or PLGA/PEI nanoparti-
cles) were adsorbed with a fixed amount of pDNA. Briefly, 4 �g of
DNA in 5% glucose solution were mixed with different amounts
of PEI or PLGA/PEI nanoparticles (according to the tested N/P
nanoparticles suspension (50 �l) was added to the pDNA solution
(50 �l), mixed by vortexing for 10 s and incubated for 30 min at
room temperature. Attention has to be taken to the nomencla-
ture used in this manuscript: Blank PLGA nanoparticles adsorbed
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ith the PEI/DNA complexes are called PLGA–PEI/DNA nanoparti-
les whereas PLGA/PEI nanoparticles adsorbing the naked pDNA are
alled PLGA/PEI–DNA nanoparticles. For PLGA–PEI/DNA nanopar-
icles, the PEI/DNA complexes (N/P = 20), prepared in advance as

entioned above, were added to different concentrations of blank
LGA nanoparticles suspensions (from 1.3 to 29.8 mg/ml) and were
ncubated for 1 h at room temperature.

The adsorption efficiency of pDNA (alone or complexed with
EI) adsorbed onto PLGA nanoparticles was obtained by mea-
uring the extinction fluorescence with ethidium bromide (EtBr).
fter adsorption, nanoparticles were centrifuged at 42,000 × g and
00 �l of supernatant was collected. Tris–HCl (80 �l) and 20 �l of
tBr (100 �g/ml) were added into each well of a black plate. Fluores-
ence studies were performed using a fluorescence spectrometer
ynergy 2 (Biotek Instruments GmbH, Colmar, France) at an exci-
ation wavelength of 524 nm and emission wavelength of 582 nm.

.5. Particle size and zeta potential

The size of the nanoparticles and zeta potential were measured
ith a Zetasizer 3000E (Malvern Instruments, Worcestershire, UK).
ll the analyses were conducted in triplicate and the results are
xpressed as means of the three measurements.

.6. Agarose gel electrophoresis of pDNA

The amount of pDNA bound onto PLGA/PEI nanoparticles or
omplexed with PEI was determined by the electric mobility of
DNA into a 0.8% agarose gel. Different N/P ratios (1/1; 3/1; 5/1;
0/1; 40/1; 50/1 ratios between PLGA/PEI nanoparticles and pDNA)
ere tested with a fixed amount of pDNA (4 �g). Electrophoresis
as carried out at a constant voltage of 90 V (Bio-Rad®, Marnes-la-

oquette, France) for 30 min in TBE buffer (4.45 mM Tris-base, 1 mM
odium EDTA, 4.45 mM boric acid, pH 8.3) containing 0.5 �g/ml
tBr. The gels were visualised under a UV transluminator (Geldoc
000, Bio-Rad®, Marnes-la-Coquette, France).

.7. In vitro release

Release study of either PEI/DNA complexes or pDNA adsorbed
nto nanoparticles was determined. Both types of nanoparticles
uspension (200 �l) were incubated in 200 �l of Tris–HCl buffer (pH
.4), in a shaking incubator at 37 ◦C. Nanoparticles were centrifuged
or 20 min at 42,000 × g and supernatants were taken periodically.
hen, nanoparticles were resuspended and reincubated in fresh
ris–HCl buffer (pH 7.4) (400 �l) till the next sampling time. Super-
atants were analysed using EtBr assay as previously described in
ection 2.4.

.8. In vitro photochemical transfection

105 cells per well, were seeded in 24-well culture plates at
7 ◦C in a 5% CO2 in humidified atmosphere for 24 h to reach
0% confluence at the time of transfection. Then, for the photo-
hemical transfection study the cells were incubated for 18 h with
.3 �g/ml of TPPS2a and kept in the dark until the end of the proto-
ol. LumiTrans® was dissolved in dimethylsulfoxide (Sigma Aldrich,
aint-Quentin Fallavier, France) as a 350 �g/ml stock solution.

Subsequently, cells were washed twice with phosphate buffered
aline (PBS) and supplemented with 0.5 ml of fresh serum-free
PMI medium. The formulations and LipofectamineTM 2000 were

dded to the cells and homogenized. FaDu cells were incubated at
7 ◦C in a 5% CO2 atmosphere for 2 h. Cells were submitted 30 s to
lue light emitted by Lumisource® and fresh medium composed of
0% FBS (500 �l) was added. Lumisource® is a bank of 4 fluores-
ent tubes designed to provide homogeneous illumination of the
Pharmaceutics 403 (2011) 276–284

treatment area, emitting mainly blue light with a peak at 420 nm.
The light emission from the illumination area was measured and
showed a high homogeneity with a fluence rate of 10 ± 0.1 mW/cm2

over the light field. After 24 h, the cells were washed with PBS and
incubated with 200 �l of trypsin/EDTA (0.05%) for 5 min at 37 ◦C.
The cells were obtained in 2 ml of complete fresh medium and cen-
trifuged at 430 g for 10 min at 20 ◦C. In a final step, pellets were
dispersed in PBS and cells were analysed for GFP expression using
flow cytometery (FACS Calibur, BD FACS CaliburTM, Becton Dick-
inson, Le Pont-De-Claix, France) (488 nm excitation, 510–520 nm
band-pass filter emission). Fluorescence parameters from 104 cells
were acquired and analyzed using Cell Quest® software program
(Becton Dickinson, Le Pont-De-Claix, France).

2.9. Cytotoxicity assay

The cytotoxicity of both types of nanoparticles (PLGA–PEI/DNA
or PLGA/PEI–DNA), the PEI/DNA complexes and the
LipofectamineTM 2000 was evaluated using the (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) MTT
colorimetric test. The test is based on the ability of living cells
to reduce the water-soluble yellow dye, MTT, to purple water-
insoluble formazan product by mitochondrial enzyme succinate
dehydrogenase. FaDu cells, seeded in 24-well culture plates (105

cells/well), were washed twice with PBS at 37 ◦C. For the photo-
chemical cytotoxicity study, TPPS2a photosensitizer was added
(0.3 �g/ml) 18 h before adding the nanoparticles suspensions.
Increasing concentrations of nanoparticles or PEI/DNA complexes
were added to the cells in FBS free medium and homogenized.
FaDu cells were further incubated at 37 ◦C in a 5% CO2 atmosphere
for 2 h. PCI was performed and cells were reincubated for 2 h. Then,
500 �l of 20% FBS complete medium was added in each well for
24 h. Thereafter, cell viability was determined by the MTT assay
according to the procedure described by (Ndoye et al., 2004a).
Briefly, 250 �l of MTT solution (2.5 mg/ml in PBS) was added in
each well and plates were incubated at 37 ◦C for 4 h. The formed
formazan crystals were dissolved using a 25% aqueous solution
of sodium dodecyl sulfate (250 �l/per well). The absorbance was
measured at 570 nm using a multiwell-scanning spectrophotome-
ter EL 800 universal microplate reader (Biotek Instruments GmbH,
Colmar, France). Cell viability was determined as a percentage of
absorbance relative to untreated cell.

2.10. Statistical analyses

Statistical analyses were performed using a Mann–Whitney
U-test. Data are presented as means ± standard deviation (SD).
p < 0.05 was considered as statistically different.

3. Results

3.1. Particle size and zeta potential of nanoparticles

Blank PLGA nanoparticles diameter was around 380 nm
(±10 nm). When prepared with PEI the PLGA/PEI nanoparticles size
decreased slightly 322 nm (±14 nm) as the amount of PEI increased.
Different concentrations of PEI were tested, and the nanoparti-
cles size decreased only slightly: 377 (±11 nm), 369 (±8 nm), 360
(±9 nm), 335 (±9 nm), 350 (±13 nm), 322 (±14 nm), for 5, 10, 20, 50,
100, 200 mg/ml PEI concentrations, respectively. Zeta potential of
PLGA/PEI nanoparticles was determined according to the quantity

of PEI added at the beginning of preparation. As shown in Fig. 2a,
zeta potentials of PLGA/PEI nanoparticles were positive, ranging
from +40 (±2 mV) to +42 (±3 mV) for 5 mg/ml and 200 mg/ml of
PEI, respectively whereas negative values were observed for blank
PLGA nanoparticles (−26 ± 2 mV) and for PLGA/PEI nanoparticles
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nanoparticles were incubated with a constant amount of pDNA in
order to determine the optimal N/P ratio. Optimal pDNA adsorption
efficiency was achieved for N/P ratios ≥20/1. Contrary, for N/P 1/1,
3/1 and 5/1 ratios, pDNA was not totally bound onto nanoparticles.
anoparticles (n = 3 ± SD). (b) PLGA nanoparticles binding efficiency and adsorption
apacity to adsorb PEI/DNA N/P = 20 complex. PEI/DNA complex (N/P = 20) were pre-
ared, then incubated with PLGA nanoparticles and zeta potential was measured
n = 3 ± SD).

ith PEI concentrations from 0.5 to 2 mg/ml. For the follow-
ng studies, we decided to formulate nanoparticles with a PEI
oncentration of 5 mg/ml. The particles size of PLGA/PEI–DNA
anoparticles (5 mg/ml of PEI) prepared with 5, 10, 20 N/P ratios
ere 380 nm ± 17 nm, 368 ± 20 nm and 370 ± 12 nm, respectively.

Adsorption of PEI/DNA complexes onto PLGA nanoparticles was
valuated by zeta potential measurements. As shown in Fig. 2b, zeta
otential increased in presence of PEI/DNA complexes (N/P = 20).
eta potential of blank PLGA nanoparticles was around −25
±5 mV); after PEI/DNA complexes adsorption and increased to +40
±3 mV) for 29.8 mg/ml nanoparticle concentration. At the concen-
ration of 1.3 mg/ml of PLGA nanoparticles (lowest nanoparticles
oncentration), zeta potential was +25 (±7 mV). For 10.9 mg/ml
anoparticles concentration, the zeta potential was already +40
±3 mV) meaning that a plateau was obtained. This result was con-
rmed with the following ethidium bromide assay.

.2. Ethidium bromide assay
Analysis of PEI/DNA complex (N/P = 20) efficiency adsorbed onto
LGA nanoparticles was performed with ethidium bromide exclu-
ion assay (Fig. 3). PEI/DNA complexes were adsorbed onto the
anoparticles for different concentrations of PLGA nanoparticles,
anging from 1.3 mg/ml to 29.8 mg/ml. The results showed a sig-
Fig. 3. Characterisation of the binding interaction between PLGA nanoparticles and
PEI/DNA (N/P = 20) complex. Free PEI/DNA complexes were incubated with ethidium
bromide (100% fluorescence), then incubated with PLGA. Data present the means of
triplicate samples ± SD.

nificant decrease in percentage of relative fluorescence for all PLGA
nanoparticle concentration (p < 0.05). It showed that PEI/DNA com-
plexes were efficiently adsorbed onto PLGA nanoparticles starting
at 1.3 mg/ml of nanoparticle concentration. These results were con-
sistent with those advanced in measuring the zeta potential.

3.3. Agarose gel electrophoresis of pDNA

The agarose gel electrophoresis was carried out to confirm
whether the pDNA was associated to the PLGA/PEI nanoparticles
(Fig. 4). PLGA/PEI nanoparticles, with or without pDNA, are too large
to diffuse through the agarose matrix. Therefore, only pDNA which
is not bound onto the surface of nanoparticles is able to migrate
to the positive electrode in the same manner as the naked pDNA
(Elfinger et al., 2009). Thus, different concentrations of PLGA/PEI
Fig. 4. Agarose gel of DNA (4 �g) adsorbed onto different amount of PLGA/PEI
nanoparticles with different N/P ratios (NP PLGA/PEI–DNA). The samples from the
left to the right were as follows: (lane 1) naked DNA; (lane 2), ratio N/P = 1/1, (lane
3) ratio N/P = 3/1, (lane 4) ratio N/P = 5/1, (lane 5) ratio N/P = 20/1, (lane 6) ratio
N/P = 40/1, (lane 7) ratio N/P = 50/1.
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.4. In vitro release

An initial increase in release was observed for each type of
anoparticles either with pDNA or PEI/DNA complexes (Fig. 5).
he initial release was higher with the nanoparticles adsorb-
ng the PEI/DNA complexes. The initial and overall release for
he PLGA–PEI/DNA nanoparticles concentration of 10.9 mg/ml
as found to be statistically higher than that observed for

he 1.3 and 29.8 mg/ml concentration (p < 0.05). The release of
EI/DNA was between 30% and 80% after 24 h for the 29.8 and
0.9 mg/ml nanoparticles concentration, respectively. As for the
LGA/PEI–DNA nanoparticles, the release of pDNA reached almost
5% after 24 h for all N/P ratios. The incorporation of PEI into
he PLGA nanoparticles significantly influenced the release rate of
DNA when compared with the nanoparticles adsorption of the
EI/DNA complex (p < 0.05).

.5. In vitro photochemical transfection and cytotoxicity assay

Gene transfection efficiency was compared between PEI/DNA

omplexes (N/P ratio from 5 to 20), PLGA/PEI–DNA nanoparti-
les, and PLGA–PEI/DNA nanoparticles (Fig. 6a–d). In the case of
EI/DNA complexes (Fig. 6b), it was observed that the GFP expres-
ion increased when the N/P ratio was increased. However, the
ifferences were not statistically different between the lowest (5)

PLGA-PEI/DNA nanoparticles 
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ig. 6. GFP expressing cell fraction (%) in FaDu cells measured by flow cytometry 24 h a
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and PLGA–PEI/DNA nanoparticles into PBS at 37 ◦C. Data are shown as mean ± SD
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and the highest (20) N/P ratios (p > 0.05). Binding the PEI/DNA
complexes (only for N/P ratio of 20) onto PLGA nanoparticles, did
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ignificantly improve the transfection efficiency (p < 0.05, Fig. 6c).
n the contrary, the transfection efficiency was decreased for 10.9
nd 29.8 mg/ml of nanoparticle concentrations whereas it was sim-
lar for 1.3 mg/ml of the concentration. Surprisingly, in the case of
DNA adsorbed onto the PLGA/PEI nanoparticles (Fig. 6d), there was
ery low transfection efficiency (>3%). When compared with a well-
nown commercial standard (i.e. LipofectamineTM 2000), it was
bserved that the PEI/DNA complexes either alone or bound onto
he PLGA nanoparticles (for the 1.3 and 10.9 mg/ml concentration)
mproved dramatically the transfection efficiency (>60%).

PCI improved the transfection efficiency in PEI/DNA complexes
nd PLGA–PEI/DNA nanoparticles. However a statistical enhance-
ent of about 2 fold in GFP expression was noticed for the N/P ratio

f 5 for the PEI/DNA complexes (Fig. 6b). In the case of the PEI/DNA
omplexes bound onto PLGA nanoparticles (Fig. 6c), a significant
ncrease was also observed for the 1.3 and 10.9 mg/ml nanoparticle
oncentrations (p < 0.05).

The cytotoxicity of PEI/DNA complexes, PLGA–PEI/DNA and

LGA/PEI–DNA nanoparticles, and LipofectamineTM 2000 was
nvestigated in FaDu cell line, with or without PCI (Fig. 7a–d).
he results revealed that all systems, with or without PCI, were
oxic to some extent when compared to untreated cells. Using
ipofectamineTM 2000, approximately 20% loss of cell viability was
Ratio (N/P)

NA nanoparticles and (d) PLGA/PEI–DNA nanoparticles in FaDu cell lines with or
to untreated cells without photoirradiation (n = 9 ± SD).

found, and no significant increase was observed when PCI was used
(p > 0.05, Fig. 7a). In the case of the PEI/DNA complexes (Fig. 7b), the
higher the N/P ratio, the more toxic the system was. When the com-
plex was bound onto the PLGA nanoparticles, toxicity was found to
decrease with increasing concentration of nanoparticles (Fig. 7c).
PLGA/PEI nanoparticles adsorbing pDNA, toxicity was also observed
from 30% to approximately 20% for N/P = 5 and the N/P = 20 ratio,
respectively. A slight decrease in toxicity was observed when N/P
ratio was increased (Fig. 7d). When PCI was used, cells viability
decreased approximately between 10 and 20% for both types of
nanoparticles and PEI/DNA complexes.

4. Discussion

In recent years, biodegradable nanoparticles, based on PLGA
and/or PEI polymers (Bivas-Benita et al., 2004; Kim et al., 2005;
Park et al., 2008; Son and Kim, 2010; Takashima et al., 2007) have

been developed for gene delivery.

In the present study, the transfection ability and cytotoxicity of
PLGA/PEI nanoparticles adsorbing pDNA and PLGA nanoparticles
adsorbing PEI/DNA complexes were evaluated. Furthermore, since
PCI has been reported to enhance gene delivery (Bonsted et al.,
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008; Nishiyama et al., 2005; Shieh et al., 2008), the impact of
CI onto pDNA delivery from both types of nanoparticles was also
valuated.

Since pDNA is a hydrophilic macromolecule, nanoparticles were
repared by the well-known double emulsion evaporation method
Park et al., 2008). PLGA nanoparticles are neutral or slightly
lectro-negatively charged particles. PLGA is a biodegradable poly-
er with two functional end groups i.e. hydroxyl and carboxylic

roup. The carboxylic functions can interact with the amine groups
f PEI via an electrostatic interaction. Since cationic particles are
nown to improve oligonucleotides delivery, PEI was selected
s the cationic polymer designed to be either incorporated or
dsorbed in nanoparticles (Katas et al., 2009). However, PEI had
everal drawbacks: it is generally cytotoxic for cell lines (Neu et al.,
005), the positive charge of PEI/DNA polyplexes engenders inter-
ctions with blood components (Rudolph et al., 2002; Zou et al.,
000) and active the complement system which results in rapid
learance of the complex from the bloodstream (Godbey and Mikos,
001). Thus, the strategy was to use PLGA polymer to decrease
ytotoxicity and to avoid these problems.

It is well known that particle size significantly affects the cellu-
ar uptake of nanoparticles and, in some cell lines only submicron
ize particles have been reported to efficient yield in gene transfer
Panyam and Labhasetwar, 2003). The mean diameter of nanopar-
icles incorporating PEI (PLGA/PEI nanoparticles) depends on the
eight ratio of PLGA used during the formulation (Katas et al.,

009). The nanoparticles diameter was slightly decreased when PEI
as incorporated into the matrix, and ranged from 380 to 320 nm

or PLGA nanoparticles and PLGA/PEI nanoparticles (200 mg/ml
f PEI), respectively. In previous study it was observed that the
se of PEI in PLGA nanoparticles decreased the particle size with

ncreasing the amount of PEI added (Takashima et al., 2007). When
EI/DNA complex was adsorbed onto the blank PLGA nanoparticles,
here was also a slight trend in size reduction since the diameter
as around 350 nm. Nevertheless, in both cases, the size difference
as not statistically different (p > 0.05). Therefore, it was possi-

le to compare transfection and toxicity results with nanoparticles
f similar size allowing the size parameter not to influence the
bserved results.

The negative zeta potential of blank PLGA nanoparticles
as attributed to the terminal carboxyl groups of PLGA. For

LGA/PEI nanoparticles, the zeta-potential of PLGA/PEI nanoparti-
les dramatically changed increasing PEI amounts in the PLGA/PEI
ormulations. The zeta-potential of the PLGA/PEI nanoparticles
5 mg/ml of PEI) was +40 ± 2 mV. Zeta potential is the result of pos-
tive charges present on the surface of nanoparticles. Since the zeta
otential is stable at +40 mV, it can be concluded that the same
mount of positive charges is present on the nanoparticles surface.
o two hypotheses can be dawn: (1) PEI molecules are released in
he outer aqueous phase meaning that the particles are already sat-
rated with the lowest PEI concentration. (2) Major part of PEI is
istributed in the matrix of the particles and do not have any action
n the zeta potential since charge are hidden inside the nanopar-
icles. In the literature, similar results were obtained for PLGA–PEI
anoparticles using PVA (5%, w/v). The particle surface charge was
37.4 ± 1.0 mV (Katas et al., 2009). The positive charge was a result
f the adsorption of PEI onto the surface of nanoparticles. The
ositively charged particle surface can facilitate adherence to neg-
tively charged cellular membranes, thus inducing and increasing
ntracellular uptake (Mansouri et al., 2006).

In the case of PLGA–PEI/DNA nanoparticles, a constant amount

f PEI/DNA complex (N/P = 20) was added. For the lowest con-
entration of PLGA nanoparticles (1.3 mg/ml), zeta potential
as around +25 ± 7 mV. However, a constant value of around

40 ± 3 mV was obtained for 5.0–29.8 mg/ml of PLGA nanoparticles
oncentrations.
Pharmaceutics 403 (2011) 276–284

In the PLGA–PEI/DNA complex nanoparticle solution, the zeta
potential was positive and comparable to that of PEI/DNA due to
possible attachment of PEI/DNA particles on the surface of PLGA
nanoparticles (Chumakova et al., 2008).

EtBr assay was used to evaluate the zeta potential of PEI/DNA
complex onto PLGA nanoparticles. According to EtBr assay, when
PLGA nanoparticle concentration increased the percentage of the
relative fluorescence decreased. This result might be explained due
to the PEI/DNA complexes adsorption onto the PLGA nanoparti-
cles. Incubation of plasmid with polylysine gave similar results by
the reduction EtBr fluorescence (Chaszczewska-Markowska et al.,
2004). For both type of nanoparticles, the system was very rapidly
saturated with PEI/DNA complexes and the zeta potential reached
the same value i.e. around +40 ± 2 mV.

For PLGA/PEI nanoparticles, pDNA adsorption was determined
by an agarose gel technique. For a 20/1 ratio, pDNA is totally
adsorbed onto PLGA/PEI nanoparticles. This result suggests that the
negatively charged pDNA gradually interacted with the cationic
surface of PLGA/PEI nanoparticles up to this ratio. Following this
ratio, the charge interactions achieved saturation conditions.

The release kinetic of the nanoparticles formulations was per-
formed in a PBS buffer (pH 7.4). Indeed, the release kinetics and
the transfection efficiency of pDNA might be influenced by the
presence of PEI in the PLGA/PEI–DNA nanoparticles. In the case
of PLGA–PEI/DNA nanoparticles, more than 35% of PEI/DNA com-
plex was released within 4 h, which means that transfection was
due to the PEI/DNA complexes. In this case, it can be consid-
ered that nanoparticles target PEI/DNA complex to cells. For the
PLGA/PEI–DNA nanoparticles, not more than 25% of pDNA was
released after 4 h and for up to 24 h. This slow release may explain
the lower transfection results observed with this type of nanopar-
ticles. This result can be explained (i) by the cationic nature of
PEI that may retard pDNA release due to the electrostatic attrac-
tions between them (Son and Kim, 2010) or (ii) by the type of
nanoparticles and the efficiency of the pDNA complexation with
PEI.

These results are somehow contradictory between the gel retar-
dation assay and the in vitro release test but could be explained.
In the gel retardation assay, nanoparticles are sampled in a well
and submitted to an electrophoretic field. There is no dilution of
the nanoparticles and only the free pDNA can move showing that
there was free pDNA for the 5 and 10 N/P ratios but not for the 20
N/P ratio. The situation is totally different in an in-vitro release test.
Indeed, nanoparticles were diluted with PBS (200 �l of nanoparti-
cles in 200 �l of PBS buffer so a dilution of 1/2). Dilution is always
responsible for “drug” release unless the “drug” is covalently bound,
which was not the case in our experiment. This explains why the 20
N/P ratio nanoparticles were still able to transfect (although poorly)
the FADU cells. In addition, there were no statistical differences in
the transfection efficiency of the 3 N/P ratios. As a conclusion, the
gel retardation assay and the in vitro dissolution test do not show
the same thing and the dissolution test reflect more the possibility
for the pDNA to be at least partially released and therefore display
a transfection efficacy.

Transfection efficiency and cytotoxicity have been shown to be
depending on the N/P ratios (PEI/DNA) (Godbey et al., 1999), and
the photochemical internalization (Berg et al., 1999). In our case, we
have selected 3 ratios (N/P = 5, 10 or 20) where pDNA was totally
complexed with PEI (data not shown).

For PLGA/PEI–DNA nanoparticles, the transfection efficiency
was approximately 3%. The low transfection efficiency could be

attributed to a low nanoparticles endocytosis from the nanopar-
ticles. Similarly, Kim et al. (2005) evaluated �-galactosidase
transfection with the same type of PLGA/PEI nanoparticles and
obtained transfection results of approximately 10%. Bivas-Benita
et al. (2004) also reported that PLGA/PEI–DNA nanoparticles were
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aken up in Calu-3 cells. However, pDNA encoding for the GFP pro-
ein expression signal was rather low.

For PLGA–PEI/DNA nanoparticles, transfection efficiency were
lose to 70% for 1.3 mg/ml of PLGA nanoparticles as observed for
he PEI/DNA complexes (N/P = 20). From the kinetic release result,
e hypothesize that only PEI/DNA complexes are internalized in

ells.
Cytotoxicity is also a critical issue that may affect transfection

fficiency (Choi et al., 2006). Both types of nanoparticles were
lightly less toxic than free PEI/DNA complexes: this result was
ore obvious for the N/P = 20 ratio. Furthermore, higher PEI/DNA

omplexes ratio correlates with higher cytotoxicity. It was previ-
usly reported that cell toxicity can be reduced by using lower
EI/DNA ratio (Florea et al., 2002). In addition, when PEI was
ncorporated in the PLGA nanoparticles, the toxicity of PEI was
ecreased. In the literature, the effect of PEI and siRNA incorpo-
ation in PLGA nanoparticles on cytotoxicity was evaluated (Patil
nd Panyam, 2009): nanoparticle formulations were found to be
on-toxic to the cells whereas free PEI was found to be highly toxic.

In this research, we also evaluated the combination of both type
f nanoparticles with PCI on the transfection efficiency and the
ytotoxicity. For PEI/DNA complexes and PLGA–PEI/DNA nanopar-
icles, PCI increase the efficiency of transfection. The mechanism of
CI is based on photochemical rupture of endocytotic vesicles after
ncubation of the cells with a photosensitizing compound which
ocalizes to these vesicles, and irradiation at a wavelength specific
o the photosensitizer (Ndoye et al., 2004b). We can hypothesize
hat PLGA nanoparticles can stimulate the binding of PEI/DNA to
he cell membrane and the endocytosis. The toxicity of nanoparti-
les was increased by direct interaction with PCI. Cytotoxicity of the
hotosensitizer may be ruled out since the cell viability is almost
00% with TPPS2a. From our experimental results, it can be con-
luded that PCI is more toxic than nanoparticles since, when applied
ogether, there is an important increase of cells death. Neverthe-
ess, the details of the interaction of PCI with the nanoparticles are
till unclear.

In our case, GFP expression was found to be higher when PCI
as applied with PEI/DNA complexes. For PLGA–PEI/DNA nanopar-

icles, PCI improved significantly the transfection efficiency for
he 1.3 and 10.9 mg/ml nanoparticle concentrations (p < 0.05).
hese findings suggest that the combination of the nanoparticle
ith PCI is an efficient tool for gene delivery. However, for the

LGA/PEI–DNA nanoparticles the transfection efficiency decreased
ith PCI. These results might be explained as follows: PCI damage

an explain the decrease in transfection seen after PCI with some
ationic lipid transfection agents. This indicates that photochemical
amage may be more important for some transfection agents than
or others, either because some complexes are located closer to the
ensitiser, or because different complexing agents protect the DNA
rom damage to a different extent. The impact of PCI onto the two
ystems was totally different. First, the PCI efficiency depends on
he photosensitizer, cells lines, and molecule endocytosis. Second,
n order to enhance transfection efficiency with PCI, it is necessary
hat transfection works at least a minimum without PCI in order to
btain a synergistic effect. The importance of photochemical dam-
ge for the overall efficiency of PCI-mediated drug delivery is not
nown and will probably vary substantially with the molecule to be
nternalized, and may be also with the photosensitiser used (Hogset
t al., 2004).
. Conclusion

From this research, PEI has been shown to have the ability to
eliver pDNA into cells. Modification of PLGA nanoparticles by

ncorporating PEI or adsorbing PEI/DNA complexes onto nanopar-
Pharmaceutics 403 (2011) 276–284 283

ticles has led the formation of a delivery system for pDNA.
Cytotoxicity of nanoparticles and complexes were investigated
with MTT test, and the result showed that PCI increased by approx-
imately 20% the cytotoxicity of nanoparticles and the complexes.
PCI was found to slightly improve the transfection efficiency for all
formulations.
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