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bstract

Polyethyleneimine nanogels (named as M-PEIs) with different sizes were prepared by photo-Fenton reaction in aqueous solution from which
amples of 38, 75, 87, 121, 132 and 167 nm were selected for in vitro transfection. The homogeneous structure and the same component made it
ossible to study the size effect of M-PEIs nanogels on gene transfection efficiency when loading the same quantity of plasmid DNA (pLEGFP-C1)
nto A549, Bel7402, BGC-823 and Hela cells. M-PEIs and its DNA complexes were characterized by photo correlation spectroscopy and atomic
orce microscopy. The protein expression was observed by flow cytometry and fluorescence microscopy. All of the DNA complexes had no obvious

ytotoxicity and the surface charges were positive charged at the optimum weight ratio. Therefore, the expressed protein was affected by the size
f M-PEIs when the same quantity of DNA was used to transfect cells. In addition, the samples of 75 and 87 nm yielded the highest transfection
fficiency about 30% in all of the four cell lines which were also cell line independent.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Cationic liposomes and polycations of nanometer-dimension
ad been accepted as effective non-viral gene delivery vectors
ith low immunogenicity. They could be prepared more easily

han viral vectors. The subcellular size facilitated the process
n which nanoparticles were endocytosed by the cells, and this
ould increase cellular uptake of the protected gene (Davda and
abhasetwar, 2002). It was found that cationic polymers of dif-

erent structural elements could self-assemble with DNA via
lectrostatic interaction to form complexes of different proper-
ies. The transfection efficiency of polycations were affected by

any factors, such as particle size (Rudolph et al., 2003), mor-
hology (Boffi et al., 2002), surface charge (Pang et al., 2002;

eecharangsan et al., 2006), ability to condense DNA (Nimesh

t al., 2006), stability of DNA complexes (Rudolph et al., 2004),
ytotoxicity (Florea et al., 2002) and transfected cell lines (cell
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ine-dependent), etc. The particle size also affected the other
actors significantly.

Nano-sized particles would be taken up easily by the
ell via endocytosis, resulting in very high transfection effi-
iency. It was thought that particles smaller than 150 nm in
ize were more suitable for gene delivery because of greater
umbers of smaller-sized nanoparticles taken up by the cells
Cherng et al., 1998; Nimesh et al., 2006). Poly(d,l-lactide-
o-glycolide) nanoparticles of 148.7 nm were found to have
igher transfection than those of 298.2 nm in HEK-293 and
OS-7 cell lines under almost the same conditions of sur-

ace charge, cellular uptake and DNA release (Prabha, 2002).
n addition, gene delivery vectors below size of 150 nm were
sually of lower cytotoxicity, which was very important to
he transfection efficiency (Cherng et al., 1998; Nimesh et al.,
006).

In contrast with much smaller nano-particles, sediment onto

ell surface of the suitably large nano-particles would be more
apid which made the membrane favor to take up nano-particles
nto cells (Ogris et al., 1999; Tang and Szoka, 1997; Godbey et
l., 1999). On the other hand, the suitably large nano-particles

mailto:yaoside@sinap.ac.cn
dx.doi.org/10.1016/j.ijpharm.2007.01.050
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ffered more protection to the plasmid DNA carried by them
Godbey et al., 1999).

Polyethyleneimine (PEI), as a nonviral gene delivery vectors,
iffers from the others in that every third atom in its backbone
s a protonable nitrogen atom, which makes it easier to buffer
ndosomes. It was suggested that PEI might be a potential gene
elivery vector as “proton-spone”, with higher transfection effi-
iency than PLL and naked DNA (Boussif et al., 1995). Since
hen, many efforts had been made in studying PEI as gene deliv-
ry vectors and its size effects on the transfection efficiency.
odbey found that PEI molecules of Mw = 70,000 produced
igher transfection efficiency than 10,000 (Godbey et al., 1999).
n order to improve transfection efficiency, some groups also
odified PEI and studied the size effect. It was found that the
odified PEI had improved biocompatibility and hydrophilicity.
or example, the protein expression levels of DNA loaded by
lycosylated PEI were related more likely to the particle sizes
ut less to the surface charges (Bettinger et al., 1999).

Different gene delivery vectors of PEI had been synthesized
sing different methods, such as jet PEI, linear PEI (22 kDa),
lock PEI (800 Da and 25 kDa), and much more. However, lit-
le has been reported on spherical PEI nanogels. And because
he difference existing in these PEI products, size effect of PEI
articles on transfection efficiency were still ambiguous.

We had prepared a series of spherical PEI nanogels (named
s M-PEIs) with size ranging from 38 to 168 nm and studied the
ize effect on transfection efficiency. Morphologies and sizes of
he M-PEIs before and after DNA condensing were character-
zed by atomic force microscopy (AFM) and photo correlation
pectroscopy (PCS), respectively. The samples used in this study
ad the same chemical structure and physical morphology. Bio-
ogical tests were against four cell lines, i.e. human lung cancer
549, human liver cancer Bel7402, human cervix cancer Hela

nd human gastric cancer BGC-823 cell lines. Expressed protein
as investigated by flow cytometry and fluorescence microscopy

fter plasmid DNA was transferred into the four kinds of cancer
ell lines.

. Materials and methods
.1. Materials

PEI prepolymer (CAS 9002-98-6, as a mixture the molec-
lar weight was not available) was purchased from Tokyo

i
a
3
T

able 1
ean particle size and zeta potential of M-PEIs nanogels

ample no. PEI prepolymer (weight ratio) H2O2 (volume ratio)

6.30% 1.36%
5.90% 1.25%
3.33% 0.22%
5.90% 1.25%
6.00% 0.36%
4.55% 1.36%

ata are presented as the mean value of three measurement. Poly·Index is the polydi
a Z average value by PCS.
harmaceutics 338 (2007) 291–296

hemical Industry. Roswell Park Memorial Institute (RPMI)
640 (Giboco) medium was used as cell culture medium.
hosphate buffer solution (PBS) was prepared with 137 mM
aCl, 5 mM KCl, 0.4 mM Na2HPO4, 0.4 mM KH2PO4 and
.7 mM NaHCO3. Ethylenediamine tetraacetic acid (EDTA)
nd tris(hydroxymethyl)aminomethane (Tris) was supplied by
hanghai Yito Enterprise Co., Ltd. Fetal bovine serum (FBS)
as bought from Gibco BRL Co., Ltd. MTT, i.e. 3-(4, 5-
imethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide was
urchased from Sino-American Biotechnology Co., Ltd. The
eporter gene for determining gene transfection efficiency was
LEGFP-C1 (6.9 kb). The plasmid DNA was amplified in
. coli DH5� competent cells, isolated and purified with
IA filter Mega Kits (Qiagen, Hilden, Germany) accord-

ng to the manufacturer’s protocol. The concentration and
urity of the resulted DNA in a buffer (pH 7.5) was deter-
ined by measuring the absorbance at 260 and 280 nm

espectively with a ratio of OD260 nm/OD280 nm = 1.63. Other
eagents were of analytical grade. Double distilled water was
sed.

.2. Preparation of M-PEIs with different sizes

In a three-necked quartz flask, PEI prepolymer was diluted
n water with pH value being adjusted by 1 mol/l HCl. The solu-
ion was added with aqueous solution of FeCl2 and bubbled with
ure N2 for 30 min to exclude O2. H2O2 was added to the mix-
ure under vigorous stirring before being irradiated by 253.7 nm
V light of 18 mW/cm2 from low-pressure Hg lamps. The M-
EIs products were filtrated with membrane filters of 0.45 �m
nd treated further by dialysis bags with size exclusion below
0 kDa. The pH values of the solutions were adjusted to seven
y 0.5 mol/l HCl before the size distributions and zeta potentials
f M-PEIs nanogels were characterized by photo correlation
pectroscopy (PCS, Zetasizer Nano ZS, Malvern Instruments,
K).
Changing the reaction conditions, spherical M-PEIs of differ-

nt sizes and narrow size distributions were prepared. Detailed
reparation of M-PEIs could be referred elsewhere (Yao et al.,
006a,b). As the vector’s size should be below 150 nm to ensure

deal transfection efficiency (Cherng et al., 1998; Prabha et
l., 2002; Nimesh et al., 2006), six samples in mean sizes of
8–168 nm (Z average size detected by PCS in aqueous solution,
able 1) were used for in vitro gene transfection.

pH Sizesa (nm) Poly·Index Zeta potentials (mV)

8.23 38 0.272 2.12
8.71 75 0.346 8.29
8.45 87 0.269 10.90
8.12 121 0.526 48.28
8.52 132 0.441 33.30
8.65 168 0.206 24.20

spersity value.
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.3. Preparation of M-PEIs/DNA complexes

M-PEIs samples were diluted with H2O to appropriate con-
entrations, and the DNA solutions were diluted to 40 �g/ml.
ccording to different weight ratios, 50 �l of PEI dilutions were
ixed with 50 �l of DNA in Eppendorf tubes. The mixtures
ere then incubated for 10 min at room temperature before

ransfection. AFM and PCS were used respectively for mea-
uring morphologies and sizes of M-PEIs and M-PEIs/DNA
omplexes.

.4. In vitro cytotoxicity assay

A549, Bel7402, Hela and BGC-823 cells were obtained from
nstitute of Materia Medica, Chinese Academy of Medical Sci-
nces and Peking Union Medical College. Cytotoxicity of the
-PEIs/DNA complexes was evaluated by means of MTT assay.
ells were seeded in 96-well plates (1 × 105 cells/well) with
00 �l RPMI-1640 in each well and incubated at 37 ◦C in a
umidified atmosphere (5% CO2) for 24 h. After removing cul-
ure medium, the control groups were treated with 100 �l normal
aline while the experimental groups were treated with 100 �l

-PEIs/DNA complexes. Each treatment was done three times.
ll the cell samples were incubated again for another 24 h before
0 �l of 5 mg/ml MTT solution in PBS was added to each well.
he plates were incubated once more for 4 h. Then, the MTT
ontaining medium was removed and 150 �l dimethyl sulfoxide
DMSO) was added to dissolve the formazan crystals produced
rom the reduction of MTT by viable cells. The optical density
as measured by ELISA reader (Microplate Reader, Model 550,
io Rad, USA) at 570 nm. The cell viability was calculated by

he following equation:

ell viability = ODexperiment

ODcontrol
× 100% (1)

.5. In vitro transfection assay
Prior to transfection, the cells were seeded in 24-well plates at
density of 5 × 104 cells/well and cultured in RPMI-1640 con-

aining 10% FBS at 37 ◦C in humidified 5% CO2 atmosphere
ntil 50–80% confluent was reached. Then the cells were washed

P
p
p
c

Fig. 1. AFM images of (a) M-PEIs an
harmaceutics 338 (2007) 291–296 293

nce with PBS after RPMI-1640 was removed. After adding
00 �l of complex solutions to corresponding wells, the cells
ere cultured for 2 h at 37 ◦C in 5% CO2 incubator. The cells
ere washed twice by PBS, and then the media was replaced by

resh RPMI-1640 containing 10% FBS and antibiotics PS before
hey were incubated again for 24 h at 37 ◦C. The proportion of
ositive cells was measured by fluorescence microscope to deter-
ine the transfection efficiency. At the same time, cells were

arvested, washed twice with PBS, and resuspended in 300 �l
BS. The fluorescence intensities of 10,000 cells were exam-

ned by flow cytometry with a FACStar Plus cytometer (Becton
ickinson, San Jose, CA, USA) using 400 mW of 488 nm light

rom an argon ion laser. Sort windows were used on forward
nd side scatter to eliminate debris. Size and fluorescence emis-
ion at 507 nm were recorded at a rate of 800 cells/s. The data
ere analyzed using Cells Quest software (Becton Dickinson)
lotting forward scatter versus GFP fluorescence.

.6. Statistical analysis

Statistical analysis was performed using OriginPro. 7.0. A
-value of <0.05 was considered to be significant.

. Results and discussion

.1. Formation of M-PEIs/DNA complexes

All of the six M-PEIs samples were almost spherical in mor-
hology and the AFM image of 75 nm M-PEIs as an example
as revealed in Fig. 1a. Fig. 1b showed the AFM image of
NA complexes formed by 75 nm M-PEIs. It had been thought

hat incorporation of M-PEIs and DNA would be induced by
oth complex formation and physical entrapment (Jang et al.,
006). Fig. 1b showed that some DNA molecules were adhered
o the surface of M-PEIs (due to probably electrostatic interac-
ion) whiles others was embedded into the nanogels owing to
he loose structure. One could be sure that in the surface of M-

EI nanogels there were many PEI branches that embedded and
rotected DNA from enzyme degradation. The branched mor-
hology and the slightly positive surface made M-PEIs/DNA
omplexes dispersed very well in aqueous solution as revealed

d (b) M-PEIs/DNA complexes.
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Table 2
Mean particle size and zeta potential of M-PEIs/DNA complexes

Sample

38 nm 75 nm 87 nm 122 nm 132 nm 168 nm

M-PEIs nanogels
(�g):DNA (�g)

20:2 6:2 4:2 0.4:2 1:2 1:2

Size (nm) 47 86 98 167 171 260
Z
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the size would favor the particle entry into different cell lines.
However, other cell lines, might have different capability to take
eta (mV) 0.519 4.06 3.22 2.12 4.15 6.87

article size (nm) and zeta potential (mV) were detected in water. Twenty
icrograms of DNA was complexed with M-PEIs firstly and diluted to 1 ml.

n Fig. 1b. On the other hand, M-PEIs/DNA complexes could be
ggregated on the negative surface of cell via electrostatic inter-
ction. Nevertheless, it was still difficult for M-PEIs to entrap
ll DNA into their inside.

Usually, plasmid DNA incubated with low molecular weight
ectors formed large complexes (in size of approximately
.0 �m) and high molecular weight polymers were able to con-
ense DNA effectively, hence the formation of smaller complex
articles of 0.17–0.21 �m (Wetering et al., 1997). In this study,
he sizes of M-PEIs/DNA complexes had no obvious difference
omparing with original M-PEIs (data not shown). The reason
ight be that the molecular weight of these six samples was
oderate. The zeta potentials of M-PEIs/DNA complexes were

ositive charged at the optimum weight ratios listed in Table 2.

.2. Cytotoxicity study

Cytotoxicity was always the most important problem for
ene delivery. Polycations could induce cytotoxicity due to
lectrostatic interactions with negatively charged cell mem-
ranes depending on the number, density and arrangement of
ationic charges in the three-dimensional structure of the poly-
er (Fischer et al., 2003). But almost no toxicity was found with

hese slightly positive charged M-PEIs/DNA complexes. The
ell viability of Hela cells treated by M-PEIs/DNA complexes
as shown in Fig. 2. The low toxicity was probably related with

wo aspects. The first was that the M-PEIs could degrade into
mall molecules and excrete after transfecting DNA into nucle-
lus because the C N bonds in the M-PEIs molecules (Yao et
l., 2006a) might be degradable at pH 7.4 (Kim et al., 2005). It

lso might because the size of 30–170 nm was small enough to
e excreted by these four kinds of cancer cells. Secondly, sur-
ace charge of the complexes at these M-PEIs/DNA ratios was
lose to neutrality which caused no obvious damage to the cell

Fig. 2. Cytotoxicity of M-PEIs to cultured Hela cells.
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embranes at the selected ratios. In a word, M-PEIs in sizes of
0–170 nm could be used in in vitro transfection assays safely.

.3. In vitro transfection

Because the surface charges of all M-PEIs/DNA complexes
ere similar, the cells in every well were incubated with the

ame quantity of DNA containing complexes and the M-PEIs
amples of 30–170 nm in size were noncytotoxic, the differences
n protein expression could be related to the sizes of M-PEIs.
rom Fig. 3, one would agree that the DNA complexes combined
ith M-PEIs of 75 and 87 nm had higher transfection efficiency

han the other samples when loaded DNA into A549, Bel7402,
ela and BGC-823 cells. M-PEIs of 75 and 87 nm made their
NA complexes sedimentate on negative membrane of cancer

ell and licked up by the cancer cell more easily than the others.
n the other hand, the suitable larger-sized nanoparticles might
ave slightly higher extent of DNA release than equal weight of
he smaller-sized nanoparticles (Prabha, 2002). Therefore, the

-PEIs of 75 and 87 nm released greater quantities of DNA than
8 nm M-PEIs. In addition, larger M-PEIs could condense DNA
o form more stable complexes that would delay the expression
Koping et al., 2001; Lavertul et al., 2006) which might be the
ther cause of higher transfection efficiency of 75 and 87 nm than
he larger nanoparticles (121, 132, 167 nm) at 24 h. The critical
hange of GFP expression between 87 and 121 nm should be
ue to the sharp variation in size of their DNA complexes from
8 to 167 nm which indicated that the DNA complexes with size
elow 150 nm were more suitable for transfection.

From Fig. 3, it also could be seen that M-PEIs was cell
ine-independent for cancer cells which was unlike other gene
ransfection mediated by nanoparticles. The most suitable size
ange of M-PEIs for transfection into the four cancer cell lines
as 70–90 nm, with maximum transfection efficiencies being

bout 30% at 24 h. Fig. 4 showed the protein expression for
hich DNA were transfected by 87 nm observed by fluorescence
icroscope at 24 h.
All above results demonstrated that the size of gene delivery

ectors affected the transfection efficiency and a given range of
p nanoparticles and request different size of M-PEIs to achieve
he maximum expression.

ig. 3. Gene transfection efficiency by use of M-PEIs with different sizes trans-
erred pLEGFP-C1 into A549, Bel7402, Hela and BGC-823 cells in method
f flow cytometric assay. The maximum transfection efficiencies were 30.8%,
2.4%, 30.7%, 30.0%, respectively, after 24 h, p < 0.01.
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ig. 4. Protein expressed in (a) A549, (b) Bel7402, (c) Hela, (d) BGC-823 tran
t (a) 10×, (b) 10×, (c) 20× and (d) 10× magnification, respectively.

. Conclusion

In this study, a series of M-PEIs nanogels with different sizes
ere prepared by photo-Fenton reaction to examine the size

ffect on transfection efficiency. M-PEIs had good performance
s vectors to transfer DNA into cancer cell lines. GFP transferred
nto human lung, liver, ovary and esophagus cancer cell lines was
erformed by use of 38, 75, 87, 121, 132 and 167 nm M-PEIs,
espectively. DNA complexes formed by 75 and 87 nm M-PEIs
ere more efficient than the others when the low cytotoxicity,

eta potential and the quantity of DNA used to transfect cells
ere almost same.
Suicide gene hTERT-CD-TK delivered by M-PEIs nano-

tructured hydrogels was practiced for therapy of lung cancer
n the back of lotus mice by injection in abdomen, and encour-
ging results have been obtained (Jin et al., 2005). However,
onsiderable efforts would have to be made before we could
ave a better understanding about gene therapy with M-PEIs.

cknowledgements

This project was supported by Nanometer Project of Sci-
nce of Technology Committee of Shanghai Municipality (No.
243nm027) and National Natural Science Foundation of China
20504010). The authors thank Dr. Yi Zhang and his colleagues
or their helps in the AFM characterizations.
eferences

ettinger, T., Remy, J.S., Erbacher, P., 1999. Size reduction of galactosylated
PEI/DNA complexes improves lectin-mediated gene transfer into hepato-
cytes. Bioconjugate Chem. 10, 558–561.

K

K

d by M-PEIs nanogels (75 nm)/DNA after 24 h and the images were recorded

offi, F., Bonincontro, A., Bordi, F., Bultrini, E., Cametti, C., Castellano, A.C.,
Luca, F.D., Risuleo, G., 2002. Two-step mechanism in cationic lipoplex
formation as observed by dynamic light scattering, dielectric relaxation and
circular dichroism methods. Phys. Chem. Chem. Phys. 4, 2708–2713.

oussif, O., Lezoualc’h, F., Zanta, M.A., Mergny, M.D., Scherman, D.,
Demeneix, B., Behr, J.P., 1995. A versatile vector for gene and oligonu-
cleotide transfer into cells in culture and in vivo: polyethylenimine. Proc.
Natl. Acad. Sci. 92, 7297–7301.

herng, J.Y., Nieuwenbroek, N.M.E.S., Jiskoot, W., Talsma, H., Zuidam,
N.J., Hennink, W.E.D., Crommelin, J.A., 1998. Effect of DNA topol-
ogy on the transfection efficiency of poly((2-dimethylamino)ethyl
methacrylate)–plasmid complexes. J. Control. Release 60, 343–353.

avda, J., Labhasetwar, V., 2002. Characterization of nanoparticle uptake by
endothelial cells. Int. J. Pharm. 233, 51–59.

ischer, D., Li, Y., Ahlemeyer, B., Krieglstein, J., Kisselm, T., 2003. In vitro
cytotoxicity testing of polycations: influence of polymer structure on cell
viability and hemolysis. Biomaterials 24, 1121–1131.

lorea, B.I., Meaney, C., Junginger, H.E., Borchard, G., 2002. Transfection
efficiency and toxicity of polyethylenimine in differentiated Calu-3 and
nondifferentiated COS-1 cell cultures. AAPS PharmSci. 4 (3) (Article 12)
http://www.aapspharmsci.org.

odbey, W.T., Wu, K.K., Mikos, A.G., 1999. Size matters: molecular weight
affects the efficiency of poly(ethyleneimine) as a gene delivery vehicle. J.
Biomed. Mater. Res. 45, 268–275.

ang, J.S., Kim, S.Y., Lee, S.B., Kim, K.O., Han, J.S., Lee, Y.M., 2006.
Poly(ethylene glycol)/poly(�-caprolactone) diblock copolymeric nanopar-
ticles for non-viral gene delivery: the role of charge group and molecular
weight in particle formation, cytotoxicity and transfection. J. Control.
Release 113, 173–182.

in, P., Kong, B.H., Qiu, J., Lu, H.L., Xu, Y.H., 2005. Anti-Tumor study of
pOSP1-HSVtk gene therapy by polyethylenimine mediated transfection in
ovarian cancer. Chin. J. Cancer Biother. 12, 111–115.
im, Y.H., Park, J.H., Lee, M., Kim, Y.H., Park, T.G., Kim, S.W., 2005.
Polyethylenimine with acid-labile linkages as a biodegradable gene carrier.
J. Control. Release 103, 209–219.

oping, H.M., Tubulekas, I., Guan, H., Edwards, K., Nilsson, M., Varum,
K.M., Artursson, P., 2001. Chitosan as a nonviral gene delivery sys-



2 al of P

L

N

O

P

P

R

R

T

W

W

Y

96 D.-M. Xu et al. / International Journ

tem. Structure–property relationships and characteristics compared with
polyethylenimine in vitro and after lung administration in vivo. Gene Ther.
8, 1108–1121.
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