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a b s t r a c t

The transfection efficiency of cationic polymers decreases dramatically in the presence of serum, which
hampers the in vivo application of these polymers for gene delivery. Due to its shielding effect of poly(�-
glutamic acid) (PGA) from negatively charged serum proteins, it was introduced into DNA polyplexes to
overcome the serum inhibitory effect. In the present studies, the transfection efficiency of DNA/PEI/PGA
terplex system was compared to PEI 25 kDa and Lipofectamine 2000 in the presence of serum. The success-
ful formation of DNA/PEI/PGA terplexes was confirmed by their near-neutral surface charge. Interaction
between components in the terplex system demonstrated that PGA was competing with DNA to combine
with PEI. PEI/PGA combined carriers were not cytotoxic at a C/N ratio higher than 0.3. The in vitro transfec-
tion efficiency of DNA/PEI/PGA terplexes was not significantly different from those of DNA/PEI25 kDa in

serum-free medium. Importantly, in serum-containing medium, the DNA terplexes at their optimal C/N
ratios maintained the same level of transfection efficiency as that of serum-free medium, even though the
transfection efficiency of PEI 25 kDa and Lipofectamine 2000 was significantly decreased under serum-
containing conditions. CLSM results confirmed that the cellular import of pDNA delivered by PEI/PGA
combined carriers was more efficient than PEI 25 kDa alone under serum-containing conditions. There-
fore, PGA could be used as a versatile serum-resistant reagent to overcome the serum inhibitory effect

liver
of polycations for gene de

. Introduction

The success of clinical gene therapy highly depends on the devel-
pment of safe and efficient gene delivery carriers (Park et al.,
006). Cationic polymers are promising gene transfer carriers since
hey diminish the risk of pathogenic and immunological complica-
ions induced by viral carriers (Pfeifer and Verma, 2001). In many
ases these cationic polymeric carriers show high gene transfection
fficiency in serum-free medium. However, the in vivo efficiency of
hese carriers is decreased dramatically (Yang and Huang, 1997;

uo and Lee, 2001). One of the main reasons for the inactivation of

hese carriers is that negatively charged serum proteins bind to the
ationic polymers preventing the carriers from binding to the host
ells (Haberland et al., 2000).
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To overcome serum inhibition of polymer-mediated systemic
gene delivery, several strategies have been reported. The most com-
monly used approach was the chemical modification of polycation
using hydrophilic non-ionic poly(ethylene glycol) (PEG) (Kircheis
et al., 2001; Shen et al., 2009). Serum was shown to have a relatively
weak inhibitory effect on the transfection activity of PEG-modified
polyplexes (Tang et al., 2003). It is thought that PEG’s bristle like
shells surround the DNA polyplexes, reducing non-specific interac-
tions with blood components and surmounts the instability of DNA
polyplexes under physiological conditions. However, a high degree
of PEGylation was found to significantly reduce the cellular uptake
of the polycation and the biological activity of the DNA polyplexes
(Petersen et al., 2002).

Poly(�-glutamic acid) (PGA) is a hydrophilic, biodegradable,
anionic polymer. Its biological properties such as nontoxicity,
biocompatibility, and nonimmunogenicity qualify it for use as a

biomaterial in drug delivery and tissue engineering applications
(Auzenne et al., 2002; Manocha and Margaritis, 2008). Addition-
ally, PGA is also applied in gene delivery and the results show
�-PGA can improve the intracellular uptake by �-PGA-specific
receptor-mediated energy-dependent process, but �-PGA has no

dx.doi.org/10.1016/j.ijpharm.2010.07.048
http://www.sciencedirect.com/science/journal/03785173
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ffect (Kurosaki et al., 2009). In our study, we found that PGA was
ble to significantly improve the transfection efficiency of DNA
olyplexes in the presence of serum compared to DNA polyplexes

acking PGA. This is of particular importance for their application
s gene carriers in vivo.

The purpose of this study was to develop an optimized
DNA/PEI/PGA terplexes which could overcome the serum

nhibitory effect on the transfection efficiency of cationic poly-
eric carriers. Various pDNA/PEI/PGA terplexes with different
olecular weights and content of PGA were prepared and char-

cterized. The cytotoxicity of PEI/PGA combined carriers and
he interaction between components in their terplexes were
lso investigated. Transfection efficiencies and cellular entry of
DNA/polycation/PGA terplexes were specifically evaluated by the
ercentage of cells transfected by the green fluorescent protein
GFP) gene and the fluorescent signal level in host cells under
erum-containing conditions.

. Materials and methods

.1. Materials

Glutamic acid was obtained from Sinopharm Chemical Reagent
o., Ltd. Polyethylenimine with average molecular weight of 25 kDa
as purchased from Sigma–Aldrich. Poly-�-benzyl-l-glutamate

PBLG) was synthesized by using the molar ratio of monomer
o initiator of 100:1 in our laboratory and the detailed synthe-
is can be found in Pan et al. (2007) and Wen et al. (2009).
he pEGFP-C1 plasmid was a gift from West China University
f Medical Sciences. EndoFree Plasmid Kit was purchased from
iangen. The HeLa cell line was obtained from the American
ype Culture Collection (ATCC). Lipofectamine 2000 was obtained
rom the Invitrogen Corporation. Fluorescein isothiocyanate (FITC)
nd paraformaldehyde were obtained from Sigma. Label IT®TM-
hodamine Labeling Kit was purchased from Mirus. RPMI-1640
edium, fetal bovine serum (FBS) and penicillin–streptomycin
ere purchased from Gibco. Agarose was purchased from Biow-

st. Ethidium bromide was purchased from Invitrogen. Dimethyl
ulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
etrazolium bromide (MTT) were obtained from Sigma–Aldrich. All
ther reagents were analytical grade.

.2. Synthesis of PGA anionic polymer

The PGA was synthesized via the removal of benzyl groups
rom poly-�-benzyl-l-glutamate (PBLG) by hydrogenation as pre-
iously described in the literature (Scheme 2) (Lin et al., 2009). In
rief, PBLG was first synthesized by the ring-opening polymeriza-
ion of �-benzyl-l-glutamic-N-carboxyanhydride (BLG-NCA) using
thylenediamine as the initiator as described in detail in our pre-
ious report (Pan et al., 2007; Wen et al., 2009). Then PBLG was
issolved in 40 mL of tetrahydrofuran (THF). 0.8 g/mL of KOH in
HF (3× mol ratio to the benzyl groups of PBLG) was added, and
he solution was stirred at room temperature for 12, 18 and 24 h.
he product PGA was obtained after neutralization by 1.0N HCl, fol-
owed by dialysis against water for 48 h using a dialysis bag with

3.5 kDa molecular weight cut off (MWCO), and finally freeze-
rying. The PGA was characterized by 1H NMR, 13C NMR and GPC.

.3. Preparation of plasmid pEGFP-C1
The plasmid pEGFP-C1 (4.8 kbp) encoding the enhanced
reen fluorescent protein gene under the control of the human
ytomegalovirus (CMV) was replicated in competent high-copy
H5-� Escherichia coli strain grown in kanamycin (50 �g/mL)
uria–Bertani medium. Endotoxin-free pDNA was purified by the
harmaceutics 398 (2010) 237–245

EndoFree Plasmid Kit according to the manufacturer’s protocol.
The concentration of pDNA was determined by UV absorbance at
260 nm using an extinction coefficient of 0.02 (mg−1 cm−1 mL).
Additionally, the purity was evaluated by UV spectroscopy (E
260/280 nm ratio). pDNA size and homogeneity were assayed by
1.0% agarose gel electrophoresis.

2.4. Preparation of pEGFP-C1/polycation/PGA terplexes

The pDNA/PEI/PGA terplexes were prepared as shown in
Scheme 2. Briefly, 50 �g/mL of pEGFP-C1 was mixed with various
amounts of 200 �g/mL of PGA in PBS buffer based on C/N ratio (the
molar ratio of carboxyl groups of PGA to amino groups of PEI) by
gentle vortexing. Then 200 �g/mL of PEI 25 kDa at the optimal N/P
ratio of 10 was added to pEGFP-C1/PGA mixture and rapidly mixed
by pipetting. The resulting mixture was incubated for 15 min at
ambient temperature to yield the pEGFP-C1/PEI/PGA terplexes.

2.5. Size and zeta potential measurements

The particle size and size distribution of pDNA/PEI/PGA ter-
plexes were measured by using a photon correlation spectroscopy
(PCS) on a Malvern Zetasizer NS90 (Malvern Instruments, Malvern,
UK). The instrument was equipped with a 10-mW helium neon
laser producing light at a wavelength of 633 nm and the Malvern
PCS version 2.41 software. pDNA complexes were dispersed in 5%
glucose solution. Measurements were done in cuvettes at 25 ◦C with
a fixed scattering angle of 90◦ through a 400 �m pinhole. Each data
point is comprised of at least 3 independent experiments.

Zeta potential values were also obtained using a Zetasizer NS90
with a He–Ne laser beam. All measurements were done at a wave-
length of 633 nm at 25 ◦C with a scattering angle of 90◦. Samples
were dispersed in 10 mM NaCl solution and zeta potentials were
calculated from the mean electrophoretic mobility by applying the
Smoluchowski equation. The results were the mean of five deter-
minations ±standard deviation.

2.6. Circular dichroism studies

Circular dichroic (CD) spectroscopy was used to investigate
the structural interaction between pDNA, PEI and PGA in the ter-
plexes. CD spectra were acquired at 25 ◦C on a ChirascanTM Circular
Dichroism Spectrometer (Applied Photophysics Ltd.). Complexes
consisting of PEI and pDNA were formulated at their optimal N/P
ratio of 10, and the final pDNA concentration of the complex for-
mulation was 80 �g/mL. To form the terplexes, PEI was added to
the pDNA and PGA mixture solution at the N/P ratio of 10 and
varying C/N ratios. Samples were equilibrated at 25 ◦C for 30 min
prior to data collection. The equilibration of the samples was indi-
cated by the absence of further changes in the CD signal at longer
equilibration time. All CD spectra were taken in a quartz cell of
0.1 cm path length, at wavelengths from 200 to 350 nm. Data
points were recorded at every nanometer with a 3.0 s response
time.

2.7. Agarose gel electrophoresis experiments

To determine whether the anionic polymer PGA weakens the
interaction between DNA and PEI, a series of gel retardation assays
was performed by electrophoresis. The pDNA/PEI/PGA terplexes
were formulated at the optimal N/P ratio of 10 and varying C/N

ratio of PGA to PEI. Each complex sample was loaded into wells
of a 1.0% agarose gel prepared in Tris–acetate–EDTA (TAE) buffer
containing 0.5 �g/mL ethidium bromide. Samples were subse-
quently electrophoresed in an electric field of 110 V for 60 min.
Bands corresponding to pDNA were visualized on a UV transil-
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carboxylic acid at 178.0 ppm (COOH) and the main-chain amide
at 173.5 ppm (C–O). The most upfield resonance peak at 23.5 ppm
was assigned to the � carbon of PGA. The resonance peak for the
� carbon of PGA appeared at 31.0 ppm. The resonance peak at
53.5 ppm was attributed to the � carbon of PGA. These five peaks
C. Wang et al. / International Journ

uminator (Benchtop UV Transilluminator GDS 8000, USA) and
hotographed.

.8. Cell viability test

To evaluate whether biocompatible PGA reduces cytotoxicity
f DNA/PEI complexes, MTT colorimetric assays were performed.
riefly, HeLa cells were seeded in 96-well plates at a density of
000 cells/well. After 24 h culture medium was replaced with serial
ilutions of samples in full medium and cells were incubated for
nother 24 h. Then 20 �L of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
iphenyl tetrazolium bromide) in 5 mg/mL in phosphate buffered
aline solution was added to each sample. After the samples were
ncubated for 4 h, the supernatant was aspirated and the formazan
rystals were dissolved in 150 �L DMSO. Absorption was measured
hotometrically at 570 nm with a background correction using a
io-Tek ELX800 ELISA reader. Values of 8 measurements were nor-
alized to 100% for the control group (exposure to full medium).

ells without addition of MTT were used as a blank for calibra-
ion of the spectrophotometer to zero absorbance. The turnover
f the substrate relative to control cells was expressed as relative
ell viability (%), and was calculated by the A(test)/A(control) × 100
ormula.

.9. In vitro transfection in serum-containing medium

HeLa cells were seeded 24 h prior to transfection into 24-
ell plates at a density of 1.5 × 104 cells/well in 1.0 mL of culture
edium. Prior to the experiment, the cells were rinsed twice
ith warm phosphate buffered saline (PBS, pH 7.4). 0.1 mL of
DNA/PEI/PGA terplexes and 0.4 mL of serum-free or serum-
ontaining (10%, 20% and 30% FBS) medium were added. The final
DNA concentration was 1.0 �g/well. After transfection for 4 h at
7 ◦C in 90% humidified atmosphere and 5% CO2, the cells were
insed with warm PBS and supplied with 0.4 mL culture medium.
fter 48 h of incubation allowed for enhanced green fluorescent
rotein expression, the cells were rinsed twice with PBS. The green
uorescence was observed by fluorescence spectroscopy (Olympus
X51 Fluorescence Spectroscopy, Japan). Subsequently cells were
reated with trypsin/EDTA for 2 min, collected by centrifugation,
uspended in 0.5 mL PBS and kept on ice until analysis. The percent-
ge of GFP-expressing cells was employed to quantify transfection
fficiency via flow cytometry using the Beckman Coulter ESP ELITE
ystem (Beckman Coulter, USA) equipped with an argon laser with
n excitation wavelength of 488 nm. The filter setting for emission
as 530/30 nm bandpass. Data was acquired in linear mode and

isualized in linear mode.

.10. Confocal laser scanning microscopy study

The cellular entry of Rhodamine-labeled pDNA/FITC-labeled
EI/PGA terplexes under serum-containing conditions was mon-
tored by confocal laser scan microscopy (CLSM) (Zeiss, LSM710).
irst, the nuclei of the cells were stained with 4′,6-diamidino-2-
henylindole (DAPI). The cells were fixed with 4% paraformalde-
yde in PBS for 15 min at room temperature. After washing
ith PBS, the coverslips were mounted on glass microscope

lides by using a drop of antifade solution, diazabicyclooctan
2.5%, w/v). Then samples were observed under CLSM with a
e–Ne laser (568 nm excitation) to induce the red fluorescence
f Rhodamine and their emission was observed using a band fil-

er (575–640 nm). The FITC fluorescence was observed using a
and filter (515–565 nm) with an argon laser (488 nm excitation)
o induce green fluorescence. Blue fluorescence from DAPI was
nduced by the 350 nm excitation with a UV laser and detected at
30 nm.
Scheme 1. Synthesis of PGA by hydrogenation via removing the benzyl group from
PBLG.

3. Results and discussion

3.1. Synthesis and characterization of PGA

PBLG was first synthesized by ring-opening polymerization
of BLG-NCA using ethylenediamine as the initiator as previously
described (Pan et al., 2007; Wen et al., 2009). PGA having a car-
boxyl group was obtained by hydrogenation via removing the
benzyl group from PBLG using the strong base KOH, as shown
in Scheme 1. The complete removal of benzyl groups was con-
firmed by the absence of benzyl protons at ı5.07 in the 1H NMR
spectrum of the obtained PGA polymer (Fig. 1A and B). The PGA
peaks in 13C NMR spectrum were quite simple as shown in Fig. 1C.
These carbonyl carbon signals were assigned as the side chain �-
Fig. 1. NMR spectra of PBLG and PGA: (A) 1H NMR spectrum of PBLG; (B) 1H NMR
spectrum of PGA; (C) 13C NMR Spectrum of PGA.
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Table 1
Characterization of PGA polymers.

Sample Mwa (g/moL) Mna (g/moL) Polydispersityb

PGA-8K 8329 7516 1.11
PGA-10K 10,060 8481 1.19
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PGAI-13K 13,355 10,889 1.23

a Mw and Mn as determined by GPC.
b PDI as calculated by the Mw divided by the Mn.

ere detected in 13C NMR spectra, indicating that the synthesis of
GA was successful. The molecular weight of PGA was measured
y GPC. From GPC analysis, the peak had a unimodal distribution,
uggesting that the obtained polymer was free of starting material
nd the purification was performed sufficiently. Three samples of
GA with the molecular weight in the range of 8329–13355 g/moL
ere prepared to investigate their serum-resistant properties for

ene transfer as shown in Table 1. The polydispersity index (PDI)
f the three samples was approximately 1.0. The PDI values
uggest that the three samples were nearly a homogeneous poly-
er with a narrow molecular weight distribution (Rogošić et al.,

996).

.2. Formation of DNA/PEI/PGA terplexes

PEI 25 kDa is considered the most potent non-viral carrier for
ene delivery in vitro (Demeneix and Behr, 2005) for its efficient
ntracellular entry and endosomal release of DNA carried in serum-
ree medium. However, DNA/PEI 25 kDa polyplexes are inefficient
n vivo possibly due to the non-specific interactions between the
olycation and some negatively charged proteins in blood com-
onents (Merdan et al., 2005). In the present study, we found
hat adding the polyanion PGA to the DNA/PEI 25 kDa polyplexes
hereby forming the DNA/PEI/PGA terplexes could overcome the
erum inhibitory effect. PGA contains a carboxyl group in the
ide chain of every repeat unit. These negatively charged carboxyl
roups in PGA could interact with the positively charged amines
f PEI. In the same way, PEI could also interact with the negatively
harged phosphate pDNA backbone via electrostatic interactions.
erplexes using the optimal N/P ratio of 10 and a varying C/N ratio
f PGA to PEI, as portrayed in Scheme 2, to optimize their serum-
esistant properties. This self-assembled approach to prepare the
DNA/PEI/PGA terplexes circumvented the need for aggressive and
eagent-wasteful chemical reactions. Additionally, it was conve-
ient to formulate the different proportions of components in the
NA terplexes.

.3. The effect of varying the PGA proportion on particle size and
urface charge

The slightly positive charge of the DNA complexes is thought to
e necessary for the attachment of the complexes to the anionic cell
urfaces, facilitating endocytosis as well as low cytotoxicity (Fischer
t al., 2003). The surface charge of these terplexes was measured
t the N/P ratios of 10 and varying the content of PGA. As indi-
ated in Fig. 2A, the zeta potential of pDNA/PEI polyplexes was
pproximately 23 mV. After introducing PGA into the complexes,
he zeta potential of pDNA/PEI/PGA terplexes was in the range of
2.6 to −17.4 mV. The lower surface charge might be beneficial to
alance the cellular uptake and cytotoxic effect. Furthermore, the
eta potential of these DNA terplexes decreased as the C/N ratio

f PGA to PEI increased. It also confirmed that pDNA/PEI/PGA ter-
lexes were successfully formed and the formation was simple
hrough complex coacervation induced by charge neutralization.
ig. 2B shows that the particle size of pDNA/PEI/PGA terplexes
ith varying amount of PGA at the N/P ratio of 10 was approx-
Scheme 2. Formation of self-assemble DNA/PEI/PGA terplexes.

imately 170–800 nm. The size was significantly larger than that
of pDNA/PEI polyplexes. These results might be explained that
surface charge on the pDNA terplexes was not high enough to sta-
bilize the small particles, resulting in the recombination to bigger
particles.

3.4. Interaction of the components in the terplexes

The near-neutral surface charge of DNA terplexes implied that
PGA combined with pDNA/PEI polyplexes was via electrostatic
interaction with PEI. Here the interaction between pDNA, PEI and
PGA was studied using gel retardation assay and circular dichro-
ism (CD) spectroscopy. Fig. 3 shows the retardation assay images
of pEGFP-C1/PEI/PGA terplexes at the N/P ratio of 10 and vary-
ing C/N ratio of PGA to PEI. When PGA was added to the DNA/PEI
polyplexes at the C/N ratio of more than 0.8, a free DNA band was
detected. This showed that PGA caused decomposition of the DNA
complexes by competitive dissociation of the DNA molecule at the
N/P ratio of more than 0.8. However, no DNA band was detected
at the C/N ratio of less than 0.8. These results suggested that the
PGA combined with PEI by electrostatic interactions as pDNA/PEI
polyplexes and pEGFP-C1/PEI/PGA terplexes should be prepared at
the N/P ratio of less than 0.8. The released pDNA bands in the gel
images seemed brighter in the case of smaller molecular weight
PGA-8K and grew fainter as the molecular weight of PGA increased.
These results might be due to the fact that the PGA-8K molecules
having the smallest bulk volume in the three samples were easier

to combine with PEI.

CD spectra are very sensitive to the microenvironment around
the probe. Here CD was used to observe the formation of terplexes
between pDNA, PEI and PGA, and their conformational changes.
Fig. 4 presents the typical CD spectra of the PGA, PEI/PGA complex
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ig. 2. Zeta potential (A) and particle size (B) of pDNA/PEI/PGA terplexes at N/P 10
nd varying C/N ratios of PGA to PEI.

nd the pEGFP-C1/PEI/PGA terplexes in aqueous solution. CD spec-
ra of PGA (Fig. 4A) in the far-UV region showed a typical inflected
urve with a gradual positive band at 210–220 nm and a strong
egative band at 198 nm, which was characteristic of a random
oil conformation (Wang and Chang, 2003). When PEI 25 kDa was
dded to PGA-8K at the C/N ratio of 1.0, the CD spectra also showed
he same bands at 198 and 218 nm, but a reduction in the molar
llipticity at 198 nm was observed. This indicated that the confor-
ation of the PGA/PEI complex was not different from PGA. The

egative band at 198 nm was assigned to the � → �* transition of
eptide (Zubkov et al., 1971). The reduction of this band of PGA/PEI
omplex suggested that the microenvironment produced by the
resence of PEI affected the rotatory strength of � → �* transition
f PGA. This should be due to the electrostatic attraction between
nionic PGA and cationic PEI. We further investigated the effect
f PGA on the conformation of pDNA in the terplexes. As PGA
ad no bands in middle-UV region ranging from 230 to 330 nm,
he bands of pDNA in the terplexes were analyzed in this region
Fig. 4B). The CD spectrum of naked pDNA presented a typical B-
ype secondary conformation, which possessed the symmetrical
egative band around 245 nm and positive band around 270 nm.
pon pDNA/PGA mixture, the CD spectra did not show any signif-

cant change between 240 and 300 nm. However, after PEI 25 kDa

as added in the pDNA/PGA mixture at the N/P ratio of 10, the

alue of the molar ellipticity of the positive band significantly
ecreased, concomitant with a red shift from 270 to 300 nm and the
ross-over around 260 nm shifts more than 30 nm towards longer
Fig. 3. Agarose gel electrophoresis to assay the formation of pEGFP-C1/PEI/PGA
terplexes at the N/P ratio of 10 and varying C/N ratio of PGA to PEI.

wavelengths. This suggested that the pDNA was condensed in ter-
plexes, resulting in the collapse of the B-type helical conformation
of pDNA and eventually transformating into a C-type geometric
conformation with fewer bases per turn (Mahato, 2005). The nega-
tive band at 250 nm also shifted in position to higher wavelengths
and the molar ellipticity values increased with increasing molec-
ular weight of PGA. This negative band was known to be related
to the helicity of DNA (Jaganathan et al., 2008). Thus, it is possible
that these CD spectra reflected pDNA condensed by the PEI/PGA-
13K combined carrier have stronger helicity with fewer bases per
turn than that condensed by the PEI/PGA-8K. We also found that
there was a certain trend in changes of CD spectra for different
C/N ratio of PGA to PEI. The positive band at 300 nm increased
with the increase in C/N ratios in terplexes (Fig. 4C). As the loss
of intensity of this pDNA band was attributed to pDNA conden-
sation (Choosakoonkriang et al., 2003), these results might imply
that a large amount of PGA loosed DNA condensation in the ter-
plexes. This result was consistent with the result of gel retention
assay.

3.5. Cytotoxicity of PEI/PGA complexes

It has been observed that PEI gene transfer activity increased
with an increase in molecular weight, whereas their cytotoxicity
appeared to increase with increasing polymer size (Kunath et al.,
2003). Therefore, PEI 25 kDa showed high gene transfer activity,
but also high cytotoxicity that hampered its further biomedical

applications. Modified PEI 25 kDa with PEG in order to reduce the
PEI’s cytotoxicity has been widely investigated. However, these
results did not show significant reduction in the cytotoxicity of
the PEG grafted PEI under the premise of maintaining the efficient
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ig. 4. Circular dichroism spectra of pDNA/PEI/PGA terplexes for the structure of
GA (A); pDNA (80 �g/mL) with PEI at N/P ratio of 10 and PGA with varying molecular
eight of at C/N ratio of 0.2 (B); pDNA (80 �g/mL) with PEI at N/P ratio of 10 and

GA at varying C/N ratio (C).

ransfection (Zhan et al., 2008). Here, biocompatible PGA was intro-
uced into pDNA complexes to reduce their cytotoxicity as well
s overcoming the serum inhibitory effect. To determine whether
he PEI/PGA combined carriers provide low cytotoxicity, cell via-
ility of the combined carriers at varying C/N ratios of PGA and PEI
as assayed by measuring conversion of the MTT tetrazolium com-
ound to formazan. A commercial PEI 25 kDa was used as a positive
ontrol to compare the relative toxicity of these combined carriers.
ig. 5 reveals that all of the PEI/PGA combined carriers at the C/N
atio from 0.1 to 3.0 were found to be much less toxic than PEI
5 kDa. The viability of HeLa cells incubated with PEI/PGA-8K com-

ined carriers in the absence of serum was more than 79 ± 3.4% and
0 ± 6.1% at the C/N ratio of 0.20 and 0.30, respectively. In contrast,
nly 12.5 ± 3.0% of cells incubated with PEI 25 kDa remained viable
t the same concentration. Similar results were found in PEI/PGA-
0K and PEI/PGA-13K. The cytotoxicity of the three samples with
Fig. 5. Cytotoxicity of PEI/PGA combined carriers with the concentration of PEI
at 50 �g/mL on HeLa cells (A) in serum-free medium or (B) in serum-containing
medium.

different molecular weights of PGA was not significantly differ-
ent at all the N/P ratio. The PEI/PGA combined carriers, at the C/N
ratio higher than 0.3 and 0.4, incubated with or without serum-
containing media, respectively, did not show any cytotoxicity (the
cell viability was more than 90%). The surface charge results showed
that the zeta potential of PEI/PGA combined carriers at the C/N ratio
of 0.3 was neutral. The results demonstrated that the low cytotox-
icity of PEI/PGA combined carriers might be attributed to the ionic
neutralizing and steric shielding effect of PGA. It also suggested
their potential as a gene delivery carrier for further biomedical
applications.

3.6. Effect of PGA on the transfection efficiency in
serum-containing medium

To investigate whether PGA can overcome the serum inhibitory
effect of polycations, the pDNA/PEI/PGA terplexes were assessed for
their transfection efficiency in serum-free and serum-containing
medium by green fluorescent protein (GFP) assay using pEGFP-
C1 at an optimal N/P ratio of 10 and varying C/N (PGA to PEI)

ratios (0.1–0.4) as shown in Fig. 6. In parallel, the transfec-
tion efficiency of polyplexes consisting of pDNA and PEI 25 kDa
was prepared having the same N/P ratio and were compared
to pDNA/PEI/PGA terplexes. Commercial Lipofectamine 2000 was
also used as a positive control, as it has shown high transfection
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ig. 6. pEGFP-C1/PEI/PGA terplexes mediated gene delivery in serum-free and seru
t varying C/N ratios (left); HeLa cells were transfected with these terplexes at C/N
ransfected was assessed 48 h post-transfection. (B) HeLa cells transfected were ana
fficiency. The percentage of cells transfected with pEGFP-C1, as
etermined by FACS analysis, showed that the transfection effi-
iency of pDNA mediated by PEI/PGA combined carriers was not
ignificantly different from those by Lipofectamine 2000. Impor-
taining medium. (A) HeLa cells were transfected with pEGFP-C1/PEI/PGA terplexes
of 0.2 in 20% and 30% serum-containing medium (right). The percentage of cells

for GFP expression using a fluorescent microscope. (C) FACS analysis.
tantly, in 10% FBS containing medium, DNA/PEI/PGA terplexes at
their optimal C/N ratios (0.2 and 0.3) showed the same level of
transfection efficiency as in serum-free medium. However, the
transfection efficiency of PEI 25 kDa and Lipofectamine 2000 sig-
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ig. 7. Confocal micrograph images of intracellular importation under serum-cont
abeled pDNA/FITC-labeled PEI polyplexes, and (C) Rhodamine-labeled pDNA/Lipofe
et on the middle of nuclei. Nuclei were stained blue with DAPI, Rhodamine-pDNA
nterpretation of the references to color in this figure legend, the reader is referred

ificantly decreased under serum-containing conditions. The most
ffective combined carriers in 10% FBS containing medium was
he PEI/PGA-8K combined carrier at the C/N ratios of 0.3, which
as 3.4 and 6.0 times more effective than the commercial Lipofec-

amine 2000 and PEI 25 kDa under the same conditions (Fig. 6A
eft). Furthermore, all the PEI/PGA samples also showed higher
ransfection efficiency than those of PEI 25 kDa or Lipofectamine
000 in 20% and 30% FBS containing medium (Fig. 6A right). This

mprovement in transfection over PEI 25 kDa or Lipofectamine
000 under serum-containing conditions could also be seen by
omparing the fluorescent micrographs and FACS histogram of
FP-expressing cells produced using PEI/PGA-8K combined carri-
rs with PEI 25 kDa and Lipofectamine 2000, as shown in Fig. 6B and
. In serum-containing medium pEGFP-C1 mediated by PEI/PGA-
K showed a much higher level of GFP fluorescence in HeLa cells
han PEI 25 kDa or Lipofectamine 2000. The higher level of fluores-
ence should be due to the fact that PGA neutralized and shielded

ighly positively charged PEI and prevented PEI from non-specially

nteracting with negatively charged serum proteins. Therefore,
GA could be useful as a versatile serum-resistant reagent to
vercome the serum inhibitory effect of polycations for gene
elivery.
condition by (A) Rhodamine-labeled pDNA/FITC-labeled PEI/PGA, (B) Rhodamine-
ne 2000 lipoplexes after post-transfection for 3 h. The focal plane of the sample was
FITC-PEI was shown as red fluorescence and green fluorescence, respectively. (For
web version of the article.)

3.7. Effect of PGA on the cellular uptake of pDNA under
serum-containing condition

To explore the PEI/PGA combined carrier transporting exoge-
nous DNA into cells under serum-containing conditions, we labeled
the pDNA with the fluorescent dye Rhodamine and the PEI/PGA
combined carrier with FITC before allowing them to form DNA ter-
plexes. Then the double-labeled DNA terplexes were administrated
to the HeLa cells with DAPI stained nuclei in 10% FBS medium cul-
ture and monitored by CLSM. In parallel, double-labeled pDNA/PEI
binary polyplexes and Rhodamine-labeled pDNA/Lipofectamine
2000 were also prepared under their optimal conditions and were
compared to pDNA/PEI/PGA terplexes in terms of cellular entry
of pDNA in target cells. The fluorescence signal emitted from the
FITC-labeled PEI/PGA combined carrier was green and emission
from the Rhodamine-labeled pDNA was red. The overall emission
from the pDNA/PEI/PGA terplexes was yellow (the combination

of green overlaid with red fluorescence). By 3 h post-transfection
under serum-containing conditions, red fluorescence from these
three kinds of pDNA complexes and green fluorescence from poly-
plex carriers were all detected in HeLa cells (Fig. 7). The results
suggested that all these pDNA complexes were internalized in
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arget cells. No significant differences of red fluorescence were
ound in intracellular uptake between pDNA/PEI/PGA terplexes
nd pDNA/Lipofectamine 2000 lipoplexes. However, compared to
DNA/PEI binary polyplexes, the pDNA/PEI/PGA terplexes showed
uch more red and green signals in target cells. The signals indi-

ated that cellular entry of pDNA delivered by PEI/PGA combined
arriers was more efficient than pDNA/PEI polyplexes under serum-
ontaining condition. Efficient cell entry of the pDNA/PEI/PGA
erplexes might be due to the fact that PGA combined competi-
ively with the pDNA/PEI polyplex and prevented serum proteins
rom binding the pDNA polyplex. It is thought that PEI non-specially
nteracting with serum proteins results in aggregation and low
ransfection efficiency of polyplex. Considering that only different
omponent in the formation between the pDNA/PEI/PGA terplexes
nd pDNA/PEI binary polyplexes was the PGA, it was reasonable to
ssume that PGA overcame the serum inhibition of the polycation-
ediated gene delivery to some degree.

. Conclusion

The present work developed a simple method to prepare the
DNA/PEI/PGA terplexes to overcome the serum inhibitory effect of
ationic polymers. Biocompatible PGA containing carboxyl groups
ould self-assemble with positively charged PEI. PEI/PGA combined
arriers showed lower cytotoxicity than PEI 25 kDa. The success-
ul formation of pDNA/PEI/PGA terplexes was confirmed by their
ear-neutral particle surface charge. The interaction between the
omponents in terplexes demonstrated that PGA competed with
DNA to bind to PEI and pDNA/PEI/PGA terplexes could be formed
t the C/N ratio of less than 0.8. The transfection efficiency of
DNA/PEI/PGA terplexes was not significantly different from that
f DNA/Lipofectamine 2000 in serum-free medium. Importantly,
n 10% FBS containing medium, pDNA/PEI/PGA terplexes at their
ptimal C/N ratios showed the same level of transfection efficiency
s in serum-free medium. However, the transfection efficiency of
ither PEI 25 kDa or Lipofectamine 2000 significantly decreased
nder serum-containing conditions. CLSM results confirmed that
he cellular import of pDNA delivered by PEI/PGA combined carriers
as more than that by PEI alone under serum-containing condi-

ions. Therefore, PGA could be used as a versatile serum-resistant
eagent to overcome the serum inhibitory effect of polycations for
ene delivery.
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