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a b s t r a c t

Non-viral gene delivery carriers were prepared by using DNA/polyethylenimine/polymethacrylic acid
(DPP) polyplexes and its extravasation from tumor blood vessel was evaluated with mouse dorsal skin
fold window chamber model. The DNA/PEI (DP) complex with a ratio of N to P (10/1) was coated with
polymethacrylic acid, and the ratio of PMA to DNA complex in DNA/PEI/PMA (DPP) polyplex was fixed
0.03 (w/w). The surface charges of the DP and DPP polyplex were positive 26 and 15, respectively. The size
eywords:
NA delivery
olymethacrylic acid
orsal skin fold window chamber
ancer cells

of DP and DPP polyplex were 161 nm and 195 nm. The transfection efficiencies in HepG2 cells were about
30-fold and 20-fold higher than that in HeLa and L/C cells in the presence of 50% serum, respectively. The
DPP polyplex showed a reduced erythrocyte aggregation activity and a decreased cytotoxicity in cancer
cells. After being incubated 30 min, Fluorescently labelled DPP polyplex uptaken by cancer cells decreased,
compared with DP by measuring flowcytometry. DPP polyplex penetrating through tumor blood vessel
appeared fast and stayed longer in tumour interstitial, this fact was observed from mouse dorsal skin fold
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window chamber model.

. Introduction

Efficient delivery of DNA into mammalian cells is critical for gene
herapy and gene regulation studies. Substantial efforts have been
ocused on the development of non-viral vectors such as cationic
iposomes and polymers due to the severe side effect of using viral
ector. Since polyethylenimine (PEI) is stable, economic, easy to
anipulate, it has gained much attention as a gene delivery vehicle

t. The main use of PEI in DNA delivery is for condensing linear
tructure of DNA to tiny sphere structure via negative and pos-
tive electrostatic reaction to payload into gene delivery carrier.
lthough PEI is one of the most efficient non-viral vectors, its use for
ene delivery has been limited by cytotoxicity and lower efficiency
n the presence of serum. It is reported that the PEI is inherent cyto-

oxicity with the endosomolytic activity via buffering capacity at
he acidic endosomal pH (Boussif et al., 1995, 1996) and interaction
etween the polymer and serum proteins in the blood components
Chollet et al., 2002). Ahn (Ahn et al., 2002), Tseng and Jong (2003)
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eported that the PMA could reduce the cytotoxicity of PEI and
mprove its solubility. Oupicky (Oupicky et al., 2002) and Trubet-
koy’s group (Trubetskoy et al., 2003) developed a PMA coated gene
elivery carrier for preventing undesirable interaction via binding
o serum protein and lower cytotoxicity in vivo. Therefore, PMA as a
ynthetic hydrophilic polyanions could reduce the PEI reaction with
lood serum in vivo and is expected to increase the transfection
fficiency in the presence of serum.

It is also reported that the synthetic anionic PMA possesses
ntiviral activity and is less cytotoxic (Ormai and Palkovits, 1975).
n addition, the carboxyl anion of PMA has been reported to con-
ect with highly charged polycations (Izumrudov et al., 2005), and
he driving forces and the interaction between the building blocks
ave been studied (Sukhishvili and Granick, 2002; Xie and Granick,
002; Kharlampieva and Sukhishvili, 2003; Yang et al., 2003). PMA
as several unique properties that have enabled it to be used as a
atrix for the entrapment and/or delivery of a variety of biologi-

al agents including nucleic acid (Jones et al., 2003). Nevertheless,
nionic polymers based on PMA have not previously been studied
or grafting on DNA/PEI (DP) complex for gene delivery to mam-
alian cells in vitro and in vivo.
In this study, we explored the gene delivery efficiency of PMA

oated DNA/PEI polyplex to cancer cells in terms of cytotoxicity,
ransfection in the presence of serum protein, and extravasation
rom tumor blood vessel. The results showed that DNA/PEI/PMA

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:zggao@imm.ac.cn
dx.doi.org/10.1016/j.ijpharm.2008.10.022
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DPP) significantly increased transfection efficiency, reduced the
nteraction with erythrocytes, and preferentially accumulated on
he tumor site.

. Materials and methods

.1. Materials

PMA (MW 9500), fetal bovine serum (FBS) and trypsin EDTA
0.25%) were purchased from Hyclone (Logan, UT). Dulbecco’s

odified Engle medium (DMEM), RPMI 1640 and Dulbecco’s
hosphate-buffered saline (PBS) were obtained from Gibco BRL
Gaithersburg, MD) and polyethylenimine (branched, Mr = 25,000)
rom Aldrich (Milwaukee, WI). Luciferase assay reagent was
btained from Promega (Madison, WI). All the reagents includ-
ng the reporter plasmids of pCMV-LUC were used without further
urification.

.2. Cancer cell culture

HeLa (human uterine cervical carcinoma), C/L (Chang liver,
pithelial human hepatocellular carcinoma) cell, HepG2 (human
epatocellular carcinoma) cell and Normal human hepatic cell line
02 (Shanghai, China) were cultured at 37 ◦C in a humidified incu-
ator containing 5% CO2. DMEM was supplemented with 10% FBS
nd 10 IU/mL of antibiotics (penicillin). MCF-7 (human breast carci-
oma) cell was cultured in RPMI 1640 medium supplemented with
0% FBS and 10 IU/mL of antibiotics (penicillin).

.3. Preparation of DP complex and DPP polyplex

DP complexes were prepared by mixing 1 �g of plasmid DNA
ith the desired amount of PEI (1 �g of plasmid DNA contains
nmol of phosphate, and 1 �g of 20 mM PEI has 20 nmol of amine
itrogen), and then incubated for 10 min at room temperature.
repared DP complexes (N/P ratio of 10) were mixed with vari-
us amounts of PMA solution (PMA/DNA weight ratio ranged from
.003 to 0.3) and incubated for 10 min at room temperature. The
esulting complexes or polyplexes were followed by the addition of
iluting water to give a final NaCl concentration of 150 mM before
se.

.4. Fluorescent labeling of PEI

PEI was fluorescently labeled with the amine reactive probe,
regon Green 488 carboxylic acid succinimidyl ester (Godbey et
l., 1999). Briefly, PEI was dissolved in 0.2N sodium bicarbonate
olution with the final concentration of 20 �g/L in pH 8.5. A 1-mL
liquot of PEI solution was transferred into a microcentrifuge tube,
nd 0.5 mL of the prepared probe (dissolved in DMSO to a final
oncentration of 1 mg/mL) was added. The solution, protected from
ight, was incubated at room temperature on an orbital plate shaker
or 4 h, and subsequently stored at 4 ◦C.
.5. Measurement of particle size and zeta potential of DPP
olyplexes

The particle size and the surface charge of the DP or DPP polyplex
ere determined by dynamic light scattering (ELS-8000, Otsuka

lectronics, Japan). Samples were prepared at a DNA concentration
f 10 �g/mL in a volume of 500 �L, and each sample was measured
n duplicates for 2 min at room temperature.

(
o
s
p
c
t
a
(

armaceutics 369 (2009) 155–161

.6. Cytotoxicity assay

The cytotoxicity of the DP complex and DPP polyplex was deter-
ined by MTT assay. HepG2 cells were seeded in 96-well plates
ith 5 × 103 cells/well density and incubated for 24 h. Twenty
icroliters of DP or DPP polyplex containing 0.2 �g of DNA was

dded to cells in the absence of FBS. After 24 h transfection, 20 �L
f MTT solution (2 mg/mL in PBS buffer) was added and the plates
ere incubated for additional 4 h at 37 ◦C. MTT-containing medium
as removed and 100 �L of DMSO was added to dissolve the for-
azan crystal formed by cells. The absorbance was measured at

70 nm and the cell viability (%) was calculated according to the
ollowing equation:

ell viability(%) = OD570(sample)

OD570(control)
× 100

here OD570(sample) and OD570(control) represent the absorbance
alue for the wells treated with sample and PBS buffer only, respec-
ively.

.7. In vitro transfection test

In vitro gene transfection tests were carried out with HeLa, C/L
nd HepG2 cells. Cells were seeded in a 24-well plate contain-
ng 0.4 mL of DMEM with a 1 × 104 cells/well, 5 × 104 cells/well and
× 104 cells/well density, respectively. Medium was replaced with
.4 mL of fresh medium containing various concentrations of FBS
fter 24 h incubation. The maximum FBS concentration is up to 50%
n the medium. Then, each well received 100 �L of freshly prepared
P complex or DPP polyplex containing 1 �g of DNA (pCMV-Luc
ene). Cells were incubated in a 5% CO2 incubator at 37 ◦C for 48 h.
he cells were washed twice with PBS and re-suspended in 100 �L
f cell lysis reagent. The cell debris was pelleted by centrifugation at
2,000 rpm and 4 ◦C for 20 min. The supernatant (5 �L) was mixed
ith 25 �L of luciferase assay solution. Finally, the luciferase activ-

ty was measured with a luminomate (Biolumat LB 9500, Berthold,
ermany).

.8. Erythrocyte aggregation assay

Fresh blood was collected from C57/BL6 mice and immediately
ixed with sodium citrate (25 mM). Erythrocytes were washed 3

imes with cold Ringer solution on ice. The washed erythrocyte
uspension (200 �L) was mixed with DP complex or DPP polyplex
n 24-well plate (Nunc, Rochester, NY) and incubated at 37 ◦C for
h. The erythrocyte aggregation was observed with a microscope

Nikon TS100, Tokyo, Japan).

.9. Flow cytometry

HepG2 and MCF-7 cells were cultured in 75 mm2 cell
ulture flasks using DMEM and RPMI 1640 medium supple-
ented with 10% FBS, 0.4% nystatin, 1.2% insulin, and 1.2%

enicillin–streptomycin. Medium was replaced every other day.
ncubator was maintained at 5.0% CO2 and 36.5 ◦C. The cells
1 × 106 cells/well) were seeded in a 6-well plate, incubated

vernight and harvested by 0.2% (w/v) trypsin–0.1% (w/v) EDTA
olution. Two milliliters of fluorescently labeled DP complex or DPP
olyplex was introduced to each well and incubated for 30 min. The
ells were trypsinized and washed 3 times with PBS solution and
hen fixed with 2.5% glutaradehyde. After being filtered through
nylon mesh, cell fluorescence was measured by flow cytometry

FACScan, Becton Dickinson, NJ) (Gao et al., 2004, 2005).
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the polycationic proton-sponge polymer, PEI, were at least 10-fold
greater than polylysine alone (Hunter, 2006). Therefore, the PMA
coated PEI could directly prevent PEI from interacting with cells,
and resulted in a significant decrease in cytotoxicity. Anionic PMA
Fig. 1. The procedure of preparing DNA/PEI complex

.10. Dorsal skin fold window chamber

In order to evaluate DPP polyplexes how to overcome serum
inding in blood stream, a titanium window chamber frame was

mplanted in the mice (Wu et al., 1993, 1997; Hobbs et al., 1998;
ichtenbeld et al., 1996; Monsky et al., 1999), animals were anes-
hetized with i.p. ketamine/xylazine at a dose of 100 mg/kg and
0 mg/kg of body weight. About 1 cm diameter in circle skin was
emoved on the left side of the flap, leaving the skin and underly-
ng fascia tissue on the right side intact. A pair of titanium windows
as mounted with an alignment of the circular wound to the win-
ow, which was covered with a glass cover slip and a retaining
ing after MCF-7 (about 500 cells in 5 �L) was implanted onto the
ascia. Following recovery from anesthesia and surgery, the ani-

als were housed in an environmental chamber at 35 ◦C and 50%
umidity, with 12 h light/12 h dark cycle and access to rodent chow
nd water ad libitum. These conditions are necessary to maintain
iability of the chamber and provide a high enough temperature
o facilitate tumor growth. The fluorescent light intensities of the
ntire selected region and representative vascular regions were
easured at each serial time point. Microcirculatory parameters
ere analyzed by intravital fluorescence microscopy (Tozer et al.,
001; Dewhirst et al., 2002) using specially designed animal exper-

ment Olympus microscope (Olympus BX51WI Microscope, Leeds
recision Instruments, Inc., MN).

. Results and discussion

Although non-viral gene delivery systems have shown signifi-
ant transfection efficiency in vitro, their applications have been
ampered by limited trafficking to the target site in vivo, substantial
ecreased transfection efficiency caused by non-specific interac-
ions with serum components (Boussif et al., 1995). We designed a
ovel ternary polyplex comprised of DPP in which positive charge
as decreased via neutralization of positive charges of PEI with neg-

tive charges of PMA. Fig. 1 shows schematic representations for the
reparation of the DP complex and the DPP polyplex. The negatively
harged PMA can form a charge-mediated polyplex with the posi-
ive charged DP complex. The PMA coated DP polyplex reduced the
ositive charge on the surface of the DP complex and prevented its
inding from blood components.

.1. Characterization of DPP polyplex
The particle size and zeta potential of the DPP polyplexe in
erms of various ratio of PMA to DP complex were summarized
n Table 1. With increasing the ratio of PMA to DNA from 0.003 to
.03 in the DPP mixture, the polyplex size decreased from 190 nm

able 1
haracterization of the DNA/PEI/PMA polyplexes contained various PMA to DNA
eight ratios. The N/P ratio of PEI to DNA was fixed at 10 and the DNA concentration
as 1 �g/mL (n = 5).

MA/DNA (w/w) 0 0.003 0.03 0.3
article size (nm) 190 ± 7.67 175 ± 5.76 150 ± 6.72 161 ± 3.42
eta potential (mV) 26 ± 2.34 21 ± 1.56 17 ± 0.723 15 ± 1.23

F
t
c
P
d
a

NA/PEI/PMA polyplex was schematically presented.

o 150 nm because neutralization of surface charge subsequently
ecreases the nanoparticle surface intensity. However, when the
atio of PMA to DNA was increased from 0.03 to 0.3, the polyplex
ize was expanded from 150 nm to 161 nm due to over distribution
f negative charges on the nanoparticle surface. With increasing
he ratio of PMA to DNA from 0.003 to 0.3 in the DPP mixture,
he zeta potential gradually decreased due to increasing negative
harges of the PMA on the nanoparticle surface. The cytotoxicity
f the DPP polyplex was dramatically reduced by the coating of
MA as shown in Fig. 2. With increasing N/P ratios from 2/1 to 10/1
ia increasing PEI in the DP complexes, Cytotoxicities were signifi-
antly increased because of PEI toxicity as presented in Fig. 2A. The
ell viability of DPP (N/P, 10) was significantly increased (p < 0.05,
.6-fold), when compared with DP (N/P, 10). The severe cytotoxicity
f DP come from PEI buffering capacities between pH 7.2 and 5.0 in
cidic tumor tissue, which could buffer the endosome and poten-
ially induce its rupture (Boussif et al., 1995; Midoux and Monsigny,
999). It is reported that the protein-expression levels mediated by
ig. 2. Cell viabilities determined by MTT assay of Hep G2 hepatic carcinoma cells
reated with various ratio of positive charge to negative charge (N/P = 10/1, 5/1, 2/1)
oated with PMA (PMA to DNA ratios were from 0.003 to 0.3) (A) and treated with
MA only (B). Each experiment takes four samples (n = 4), and the data between
ifferent formulations were compared for statistical significance by the one-way
nalysis of variance (ANOVA).
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Fig. 3. Effect of PMA on the transfection efficiency of DNA/PEI (DP) complex in
HepG2 hepatic carcinoma cells was presented. DP complex containing 1 �g of
luciferase reporter DNA and 1.5 �L of 20 mM PEI (N/P = 10) was mixed with the indi-
cated amount of PMA and the mixtures were transfected into HepG2 cells in the
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much more pronounce with the polyethylenimine/polymethacrylic
acid based polyplexes compared with HeLa cells. It was indicated
that the PMA coated DPP polyplex could efficiently target Hep G2
and L/C hepatic tumor in vivo with high transfection efficiency.

Fig. 4. The transfection efficiency of DNA/PEI/PMA (DPP) complex in HeLa, C/L and
HepG2 cells were presented. DP complex containing 1 �g of luciferase reporter DNA
resence of 10% serum (A) and 50% serum (B). The cells were then incubated for
8 h, and the luciferase activity was measured from cell lysates (mean ± S.D., n = 5).
he data between different formulations were compared for statistical significance
y the one-way analysis of variance (ANOVA).

tself did not show any detectable cytotoxicity in the cell culture
xperiments as shown in Fig. 2B.

.2. Transfection efficiency of DPP

Luciferase gene transfection efficiencies of the DPP polyplex
ith various ratio of PMA to DNA in HepG2 cells were shown

n Fig. 3. The transfection efficiency of DPP polyplex showed
–7-fold higher than the DPI complex in the presence of 10%
erum as shown in Fig. 3A. However, the transfection efficiency
f DPP polyplex was increased up to 10–15-fold compared with
P complex in the presence of 50% serum as presented in
ig. 3B. The high transfection efficiency of DPP polyplex in high
erum concentration might be ascribed to the ability of the
MA providing an electrostatic stabilization to the polyplex, as

revious workers demonstrated with hydrophilic polymers for
xample poly(acrylic acid), poly(propyl acrylic acid) and poly(N-2-
ydroxypropyl methacrylamide) (Oupicky et al., 2002; Trubetskoy
t al., 2003; Ormai and Palkovits, 1975). At the point of the ratio
f PMA to DNA 0.03 in the DPP polypex regardless of serum con-
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entration as shown in Fig. 3A and B, trasfection efficiency of DPP
olyplex became maximum due to minimum particle size with
uitable surface charges. The transfection efficiency of DPP (N/P, 10)
as significantly increased (p < 0.001; n = 3), when compared with
P (N/P, 10) in the presence of 50% FBS as shown in Fig. 3B. In addi-

ion, the polymethacrylic nanoparticle was effectively deposited in
epatic tumor site from bloodstream (Rolland et al., 1989).

Fig. 4 shows the transfection efficiency of the DPP polyplex with
ifferent hepatic cells (HepG2, C/L cells) and HeLa cells in the pres-
nce of 10% and 50% serum. Transfection efficiencies of DP and DPP
ith two different hepatic cells and HeLa cells in the presence of 10%

erum were similar as shown in Fig. 4A. However, transfection effi-
iencies of DPP with Hep G2 and L/C hepatic cells in the presence of
0% serum were 20–30-fold higher (p < 0.001; n = 3) compared with
P complex as presented in Fig. 4B. The transfection efficiency of

wo hepatic cells Hep G2 and L/C in the presence of 50% serum were
ignificantly increased (p < 0.001; n = 3), when compared with HeLa
ells. Fig. 4 indicates the variety of cellular pathways and processes
hat may be affected by the variations in gene expression. HeLa cells
how low gene expression compared with Hep G2 and C/L hepatic
ells, probably those hepatic cells possess high affinity protein such
s apolipoprotein B which is produced primarily in human liver is
nd 1.5 �L of 20 mM PEI (N/P = 10) were mixed with the indicated 0.03 �g of PMA
nd the mixtures were added into total volume 1 mL in the presence of 10% (A) and
0% (B) serum medium, respectively. The cells were then incubated for 48 h, and
he luciferase activity was measured from cell lysates (mean ± S.D., n = 5). The data
etween different formulations were compared for statistical significance by the
ne-way analysis of variance (ANOVA).
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up to 750 nm in size (Hobbs et al., 1998; Campbell, 2006). This per-
meability allows for accumulation of DPP particles in the tumor
interstitium via the enhanced permeability and retention effect
(Gao et al., 2002; Shan et al., 2006; Bartlett et al., 2007).
ig. 5. The effects of PMA on the interaction of DP (PEI/DNA, N/P 10) complexes w
reated with DP (DNA/PEI, N/P 10) (B); treated with DPP (PMA coated PD, N/P 10) (C

.3. DPP interaction with erythrocytes

In order to investigate the interaction of the DPP polyplex with
rythrocytes, an erythrocyte aggregation assay was performed as
escribed in previous work (Jones et al., 2003). Fresh mouse ery-
hrocytes were incubated with either DP complex, or DPP polyplex,
r PBS alone as a control as shown in Fig. 5. There was no aggrega-
ion between the erythrocyte cells in the control (Fig. 5A). However,
severe aggregation of the erythrocytes occurred by addition of
P complex because electrostatic interaction takes place between
rythrocytes, as indicated by the arrows in Fig. 5B. Furthermore,
hen cells were incubated in the presence of a DPP polyplex with
PMA to DNA weight ratio of 0.03, the aggregation level was dras-

ically reduced as presented in Fig. 5C. The anionic and hydrophilic
ature of PMA appeared to prevent the non-specific interaction of
he DP complex with erythrocytes, resulting in reducing erythro-
yte aggregation, which may eventually contribute DPP polyplex
o accessing the targeting site in the presence of blood serum
n vivo.

.4. DPP uptake by cancer cells

HepG2 and MCF-7 cancer cells were incubated in pH 7.4 DMEM
nd RPMI 1640 media with DP complex and DPP polyplex. The flu-
rescence histogram of the cellular uptake of DP complex and DPP
olyplex was presented in Fig. 6. Although it was not very clear
hether the polyplexes bound to cell surface or internalized by

ells, all cell population-profiles were unimodal and the profiles
ere shifted to higher fluorescence intensity region when the cells
ere treated with fluorescently labeled DP or DPP. The fluores-

ence intensity of the cells treated with DP appeared approximately
.2-fold and 1.5-fold higher than DPP in HepG2 and MCF-7 cells,
espectively, which confirmed the higher positive charges were in
P complex surface, the more uptake by cancer cells in vitro, cause

or severe cytotoxicity. It is demonstrated that PMA coated DP could
educe surface charges of DP nanoparticles and decrease PEI inter-
ction with cells resulting in decreasing cell uptake as shown in
ig. 6. Higher transfection efficiency with lower cellular uptake with
PP compared with DP was mostly due to high cell toxicity from
EI in DP. As shown in Fig. 2, the cell viability was about 40% with
P compared with 80% with DPP. It was demonstrated that the
ell apoptosis occurred before gene transfection with DP and led
o relatively high transfection efficiency with DPP.
.5. DPP extravasation from tumor blood vessel

The extravasation of fluorescently labelled DPP from tumor
lood vessels can be visualized in the window chamber by an

ntravital fluorescent microscope (Wu et al., 1993; Yuan et al.,

F
7
l
c
T
w

throcytes in the plasma were presented: untreated erythrocytes as a control (A);

994). Cancer cells that were implanted into mouse window cham-
er is shown in Fig. 7a. Blood vessel developments on days 15 in
he window chamber after being implanted the cancer cells are
hown in Fig. 7b. The fluorescence was confined to the vessels in
ormal tissue as seen after intravenous injection of DPP nanopar-
icles through the mice tail vein. DPP nanoparticles extravasation
rom normal blood vessels was limited at two initial time points
5–60 min) as shown in Fig. 7c and d. The endothelial cells of the
lood vessels in normal tissue are joined by tight junctions that
revent penetration of nanoparticulates. In contrast, tumors are
haracterized by a defective vasculature with large gaps between
he endothelial cells that allow the extravasation of nanoparticles
ig. 6. Fluorescence histograms of hepatic cells HepG2 (A) and breast cancer MCF-
cells (B) incubated with DP and DPP nanoparticles. Two milliliters fluorescence

abeled DP (DNA/PEI) complex or DPP (DNA/PEI/PMA) polyplex with a 2-�g DNA
oncentration in medium was introduced to each well and incubated for 30 min.
he cells were trypsinized and washed 3 times with PBS solution and then fixed
ith 2.5% glutaradehyde.
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Fig. 7. Mouse dorsal skin fold window chamber made of two symmetrical titanium frames. Cancer cells were inoculated into mouse window chamber (a). After implanting
MCF-7 breast cancer cells, tumor blood vessels were growing in the window chamber for 15 days (b). Normal blood vessel images after i.v. injection of DPP at 5 min and 60 min
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ere shown (c) and (d), respectively. The tumor blood vessels after i.v. injection of D
h) and (i: 5 min; j: 10 min; k: 30 min; l: 1 h). The tight junctions between cells in e
anoparticles. In contrast, tumors are characterized by defective vasculature with la
esulting in their accumulation in the tumor interstitium.

. Conclusion

The DPP nanoparticles showed preferential drug accumulation
n the tumor was most probably by combined effects of a long
irculation time in the blood stream preventing from aggregation
ith erythrocytes. However, the accumulation of DP complex in the

umor site shows much less, compared with the DPP due to bind-
ng with serum in the blood stream. The enhanced bioavailability
f DPP to the tumor cells resulted in improved efficacy.
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