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a b s t r a c t

A brush-shaped polymer PHEMA-g-(PEI-b-PEG) with poly(2-hydroxyethyl methacrylate) (PHEMA) back-
bone and linear poly(ethylenimine)-b-poly(ethylene glycol) (PEI-b-PEG) side chains was synthesized and
evaluated as a vector for potential cancer gene therapy. The characterizations by 1H NMR and laser light
scattering demonstrated the brush structure of the polymer. PHEMA-g-(PEI-b-PEG) was much less cyto-
toxic when compared with branched poly(ethylenimine) with Mw of 25 kDa. The capacity of plasmid
DNA condensation by PHEMA-g-(PEI-b-PEG) was demonstrated by gel retardation assay, and they formed
nanosized complexes with surface zeta potential around 20 mV at N/P ratios higher than 5:1. The com-
oly(ethylenimine)
rush polymer
ene therapy
53 gene
oxorubicin

plexes of PHEMA-g-(PEI-b-PEG) with plasmid DNA were more efficiently internalized by BT474 cells in
comparison with the complexes of PEI25K, leading to higher gene transfection in cells. Further investiga-
tion using complexes of PHEMA-g-(PEI-b-PEG) with plasmid DNA encoding wild-type p53 gene showed
its potential as a carrier for cancer gene therapy. The complexes of PHEMA-g-(PEI-b-PEG) successfully
induced elevated wild-type p53 expression in BT474 cells and led to enhanced apoptosis of BT474 cells.
Transfection of wild-type p53 using the complexes also significantly increased the sensitivity of BT474

othe
cells to doxorubicin chem

. Introduction

The success in designing and preparing efficient gene vectors
rovides strong support for gene therapy. As a typical non-viral
ector, cationic polyethyleneimine (PEI) is effective in gene delivery
ue to its proton sponge effect which can buffer the environment
f endosome and cause the release of DNA to cytoplasm (Boussif
t al., 1995; Akinc et al., 2005). It has been reported that the trans-
ection efficiency and cytotoxicity of PEI are highly dependent on
he molecular weight and structure (Dunlap et al., 1997; Godbey
t al., 1999; Mintzer and Simanek, 2009). High molecular weight
EIs exhibit better transfection activity but also show higher cyto-
oxicity (Fischer et al., 1999; Godbey et al., 1999). On the contrast,
EI with molecular weight lower than 2 kDa is much less toxic but
as almost no transfection activity (Baker et al., 1997; Fischer et al.,
999; Godbey et al., 1999). In view of this, great attention has been

aid to develop gene vectors with high transfection efficiency and

ow cytotoxicity using low molecular weight PEI. A rational way is
onnecting low molecular weight PEI with biodegradable linkages
Gosselin et al., 2001; Petersen et al., 2002; Forrest et al., 2003;

∗ Corresponding author Tel.: +86 551 3600335; fax: +86 551 3600402.
E-mail address: jwang699@ustc.edu.cn (J. Wang).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.03.043
rapy, suggesting the potential of this carrier in cancer gene therapy.
© 2010 Elsevier B.V. All rights reserved.

Kim et al., 2005; Peng et al., 2008). For example, Peng et al. syn-
thesized a disulfide cross-linked PEI via thiolation of low molecular
weight PEI and which was proved to be an efficient and non-toxic
gene delivery system (Peng et al., 2008). An alternative strategy is
to conjugate low molecular weight PEI to a polymeric backbone
such as polysaccharide or polypeptide (Xiong et al., 2007; Lu et al.,
2008; Sun et al., 2008; Wen et al., 2009). For example, Xiong et
al. developed grafted PEI analogue to polyaspartate and demon-
strated its low toxicity and high transfection efficiency for gene
delivery (Xiong et al., 2007). The transfection efficiencies of those
low molecular weight PEI-based carriers were generally compara-
ble to that of branched PEI with Mw of 25 kDa (PEI25K) or even
higher, while the cytotoxicity was significantly reduced (Tang et
al., 2006; Wong et al., 2006; Jiang et al., 2007; Wen et al., 2009).

p53 is an important tumor suppressor, and in certain conditions
such as DNA damage or deregulation of mitogenic oncogenes p53
can inhibit cell proliferation by leading to the induction of various
cell checkpoints, apoptosis or cellular senescence (Prives, 1998;
Sherr, 2004; Harris and Levine, 2005). p53 mutations increase

cell survival and proliferation and can promote resistance to
chemotherapies in some settings (Eastham et al., 2000; Giuliano
et al., 2000; Harris and Levine, 2005; Bouchet et al., 2006). As loss
of p53 function is a common feature of human cancer cells, it has
been demonstrated that restoring p53 function with a functional

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:jwang699@ustc.edu.cn
dx.doi.org/10.1016/j.ijpharm.2010.03.043
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ild-type copy can treat cancer (Fuster et al., 2007). It is also
elieved that restoring of p53 function in tumor cells may block
umor development and sensitize cells to cytotoxic therapeutics
Putzer et al., 1998).

We design a well-defined brush-shaped cationic polymer bear-
ng low molecular weight PEI as a non-viral gene vector for gene
herapy. The polymer consists of poly(2-hydroxylethyl methacry-
ate) (PHEMA) backbone and poly(ethylenimine)-b-poly(ethylene
lycol) side chains, which is denoted as PHEMA-g-(PEI-b-PEG). PEI
egment is expected to condense DNA while PEG is expected to
ncrease the stability of complexes and potentially extends blood
irculation in systemic administration (Woodle and Lasic, 1992;
orchilin, 2001). We investigate the in vitro cytotoxicity and trans-
ection efficiency, and further use it to deliver wild-type p53 gene to
ancer cells for restoring p53 activity. The combination of p53 gene
herapy with doxorubicin chemotherapy for enhanced efficiency in
nhibiting the growth of cancer cells is also studied.

. Materials and methods

.1. Materials

2-Hydroxyethyl methacrylate (HEMA, Acros Organics) was
urified according to the literature (Beers et al., 1999). Ethyl
-bromoisobutyrate (EBiB, Aldrich) was distilled just before
se. Pentamethyldiethylenetriamine (PMDETA, Acros Organics),
-methyl-2-oxazoline (MeOZO, Aldrich), acetonitrile, pyridine
nd ethanol were purified with CaH2, followed by distilla-
ions. CuBr was purified in acetic acid, followed by washing
ith methanol and drying under vacuum. The macroinitiator
-methoxy-�-4-toluene-sulfonate poly(ethylene glycol) (mPEG-
Ts) was synthesized using monomethoxy poly(ethylene glycol)

Mn = 2000) according to the literature (Brissault et al., 2002;
hong et al., 2005). Other reagents were used without further
urification.

.2. Synthesis of the polymer (Scheme 1)

.2.1. Synthesis of the linear poly(ethylenimine)-b-poly(ethylene
lycol) with hydroxyl end group (mPEG-b-PEI-OH)

mPEG-b-PEI-OH was synthesized by cationic polymerization of
eOZO under the initiation of mPEG-OTs, followed by the hydroly-

is under acidic condition according to a reported procedure (Zhong
t al., 2005). In a glove box under nitrogen atmosphere, a reac-
ion vessel with mPEG-OTs (3.10 g, 1.44 mmol), MeOZO (6.11 g,
1.9 mmol), and CH3CN (18 mL) was placed in an oil bath. The
ixture was stirred for 48 h at 70 ◦C and then cooled to room

emperature. To this mixture, was introduced 2 mL of methanolic
OH solution (0.1 N) to transfer the polymer chain end to hydroxyl
roup. The mixture was then passed through silica gel and con-
entrated under reduced pressure. The residue was precipitated in
xcess diethyl ether and mPEG-b-PMeOZO-OH was obtained after
rying under vacuum. Yield: 5.40 g (58.7%). 1H NMR (CDCl3, ppm):
.63 (–CH2CH2O–), 3.45 (–CH2CH2N–), 3.37 (–OCH3), 2.07–2.13
–C(O)CH3).

mPEG-b-PMeOZO-OH (1.7 g) was dissolved in 12 mL of aque-
us HCl solution (10 wt %) and the mixture was refluxed overnight
nder a nitrogen atmosphere. The pH of the reaction mixture
as then adjusted to 10 with NaOH pellet, which led to precip-
tation of the resulted polymer. The precipitate was collected by
entrifugation and it was washed twice with deionized water.
PEG-b-PEI-OH was obtained by subsequent lyophilization. Yield:

.80 g (67.8%). 1H NMR (DMSO-d6, ppm): 3.50 (–CH2CH2O–), 2.57
–CH2CH2NH–). The degree of polymerization (DP) of PMeOZO
lock was determined to be 40 according to 1H NMR analysis.
harmaceutics 392 (2010) 118–126 119

2.2.2. Synthesis of PHEMA with side carboxyl groups
(PHEMA-COOH)

A mixture of freshly purified HEMA (6.5 g, 0.05 mol), PMDETA
(21 �L, 0.1 mmol) and ethanol (12.2 mL) in a dry glass tube was
degassed via three freeze–thaw cycles, followed by addition of
CuBr (14.4 mg, 0.1 mmol). The tube was further freezed for a
moment and subsequently sealed under vacuum. The polymer-
ization was carried out at 70 ◦C for 24 h. After cooling to room
temperature, the tube was opened to air and stirred overnight.
The crud product was diluted with ethanol and purified by passing
the mixture through an Al2O3 column to remove copper cata-
lyst. After concentration by a rotary evaporator under vacuum,
the mixture was precipitated twice in water. The precipitate was
collected and dried under vacuum to a constant weight to obtain
PHEMA.

PHEMA (0.13 g, 1.0 mmol hydroxyl groups) was dissolved in
anhydrous pyridine (5 mL) in a fresh dried round-bottomed flask
and succinic anhydride (0.2 g, 2.0 mmol) was added. The mix-
ture was stirred at 25 ◦C for 48 h. Thereafter, methanol (0.5 mL)
was added to the flask to consume unreacted succinic anhydride.
The resulted mixture was subjected to dialysis against water for
48 h to remove small molecule impurities, and PHEMA-COOH was
obtained by lyophilization.

2.2.3. Synthesis of PHEMA-g-(PEI-b-PEG)
PHEMA-g-(PEI-b-PEG) was synthesized by the coupling reaction

between PHEMA-COOH and mPEG-b-PEI-OH. PHEMA-COOH (8 mg,
3.45 × 10−2 mmol –COOH), mPEG-b-PEI-OH (0.13 g, 1 equiv to car-
boxyl groups), DCC (14.2 mg, 2 equiv) and DMAP (2.1 mg, 0.5 equiv)
were dissolved in 20 mL of DMF/DMSO (50/50, v/v). The reaction
was performed at room temperature for 48 h under N2 atmosphere.
Then, the solvents were evaporated under vacuum, followed by
addition of 5 mL of deionized water. The solution was acidified
with 1 N HCl. After centrifugation to remove the insoluble byprod-
uct, the supernatant was dialyzed against deionized water using a
membrane tubing (MWCO 15 000 Da) to remove unreacted mPEG-
b-PEI-OH. The final product PHEMA-g-(PEI-b-PEG) was obtained by
lyophilization.

2.3. Characterization of the polymer

1H NMR spectra were recorded on a Bruker AV300 NMR
spectrometer. Molecular weight of PHEMA-g-(PEI-b-PEG) was
determined by laser light scattering (LLS) using a modified com-
mercial LLS spectrometer (ALV/SP-125), which is equipped with an
ALV-5000 multi-� digital time correlator and a cylindrical 22 mW
UNIPHASE He–Ne laser (�0 = 632 nm) as the light source. Detailed
procedure for the measurement was following the previous report
(Siu et al., 2002).

2.4. Cell lines and cell culture

HEK293 human embryonic kidney cells and BT474 breast can-
cer cells from ATCC were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Gibco) supplemented with 10% fetal bovine
serum (FBS, HyClone), streptomycin at 100 �g mL−1, penicillin
at 100 U mL−1, and 4 mM l-glutamine at 37 ◦C in a humidified
5% CO2-containing atmosphere. Mouse osteoblast cells were iso-
lated from calvarias of 4-day-old neonatal Sprague–Dawley rats

according to a standard procedure (Ishaug et al., 1994; Bakker
and Klein-Nulend, 2003) and maintained in DMEM supplemented
with 10% fetal bovine serum, penicillin (100 U mL−1), strepto-
mycin sulfate (100 U mL−1), gentamycin (50 mg mL−1), fungizone
(1.25 mg mL−1), ascorbate (100 mg mL−1) at 37 ◦C in a humidified
5% CO2-containing atmosphere.



120 X.-Q. Liu et al. / International Journal of Pharmaceutics 392 (2010) 118–126

EI-OH

2

i
e
t
m
p
t
(
u

2

b
w
o
w
o
t
5
f
i
i
m
c
m

2

a
o
P
w
N
u
o

2

p
I

Scheme 1. Synthesis of mPEG-b-P

.5. Amplification and purification of plasmid DNA (pDNA)

pGL3-Luc plasmid encoding firefly luciferase, pEGFP-N2 encod-
ng enhanced green fluorescence protein and pcDNA3-p53 plasmid
ncoding wild-type p53 (a gift from Prof. M. Wu of USTC) were
ransformed in Escherichia coli DH5� and amplified in Terrific Broth

edia at 37 ◦C overnight with 250 rpm. The amplified pDNA was
urified by a QIAGEN Giga plasmid purification kit according to
he supplied protocol. Purified pDNA was dissolved in Tris–EDTA
TE) buffer, and its purity and concentration were determined by
ltraviolet absorbance at 260 and 280 nm.

.6. Cytotoxicity assay

The cytotoxicity of the brush-shaped polymer PHEMA-g-(PEI-
-PEG) to HEK293 cells was evaluated by MTT assay. HEK293 cells
ere seeded in a 96-well Plate 24 h before the assay at a density

f 15 000 cells per well. The cells were then incubated for 24 h
ith 100 �L of complete DMEM containing PHEMA-g-(PEI-b-PEG)

r PEI25K (Sigma, branched PEI with Mw 25 K) at different concen-
rations ranging from 0 to 125 �g mL−1. MTT stock solution (25 �L,
mg mL−1 in PBS) was then added to each well and the cells were

urther incubated for 2 h. The extraction buffer (100 �L, 20% SDS
n 50% DMF, pH 4.7, prepared at 37 ◦C) was added to the wells and
ncubated overnight at 37 ◦C. The absorbance of the solution was

easured at 570 nm using a Bio-Rad 680 microplate reader and
ell viability was normalized to that of HEK293 cells cultured in
edium without polymer.

.7. Preparation of complexes and DNA gel retardation assay

Complexes were prepared in 5% glucose by mixing different
mount of PHEMA-g-(PEI-b-PEG) with pDNA to achieve vari-
us N/P ratios, and the resulting solution was vortexed for 30 s.
EI25K/pDNA complexes were prepared similarly. The complexes
ere incubated at room temperature for 30 min. Complexes with
/P ratios from 1:1 to 4:1 were analyzed by gel electrophoresis
sing 1% agarose gel, stained with ethidium bromide and visualized
n a UV illuminator.
.8. Particle size and zeta-potential measurements

Measurements of particle size and zeta potential of com-
lexes were performed using a Zetasizer Nano ZS90 (Malvern

nstruments, UK). Complexes were freshly prepared before mea-
(1) and PHEMA-g-(PEG-b-PEI) (2).

surements according to the procedure described above. The size
measurement was performed at 25 ◦C at a 90◦ scattering angle. The
mean hydrodynamic diameter was determined by cumulative anal-
ysis. The zeta-potential measurements were performed using an
aqueous dip cell in an automatic mode.

2.9. Cellular uptake of complexes

Cellular uptake of complexes by BT474 cells was determined
according to the literature (Remy-Kristensen et al., 2001). BT474
cells were seeded in a 24-well plate with 0.5 mL of complete
DMEM medium and incubated for 24 h, yielding about 70% con-
fluence. pDNA was fluorescently labeled by YOYO-1 at a ratio of
one dye for 300 bases for 1 h at room temperature in the dark.
Complexes were then prepared with YOYO-1 labeled pDNA and
incubated at 37 ◦C with cells at 2.0 �g DNA/well for 4 h. Subse-
quently, cells were rinsed with phosphate buffered saline (PBS,
0.01 M, pH 7.4) to remove the cell surface-bound complexes. The
cells were trypsinized, pelleted and resuspended in PBS. The resid-
ual fluorescence out of the cell membrane was quenched with 0.4%
trypan blue for 2 min. Then cells were centrifugated and washed
three times with PBS and subjected to flow cytometric analyses
using a Becton Dickinson FACSCalibur flow cytometer.

2.10. In vitro transfection

In vitro transfection efficiency of complexes was evaluated in
HEK293, BT474, and mouse osteoblast cells using both luciferase
and EGFP as marker genes. Cells were seeded in 24-well plates at
appropriate densities (7 × 104 for HEK293 cells, 1 × 105 for BT474
cells, and 5 × 104 for mouse osteoblast cells) with 1 mL of com-
plete DMEM to achieve 70% confluence after 24 h incubation. At the
time of transfection, the medium in each well was replaced with
400 �L of complete DMEM medium without antibiotics, followed
by addition of various polymer/pDNA complexes containing 2 �g
pEFGP-N2 or pGL3-Luc. Transfection with Lipofectamine 2000TM

(Invitrogen) was performed by incubating the complexes with cells
according to the manufacture’s protocol. All of the transfections
were performed in duplicate. After 48 h incubation, cells trans-
fected with pEGFP-N2 were observed under a Nikon TE2000-U

fluorescence microscope. Cells transfected with pGL3-Luc were
washed with PBS and treated with 200 �L of cell lysis buffer
(Promega). The luciferase activity in cell extracts was measured
using a luciferase assay kit (Promega) on a luminometer (VERITAS
microplate luminometer, Turner Biosystems) for 10 s. The relative
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ight units (RLU) were normalized against protein concentrations
n the cell extracts, which were measured using a BCA protein assay
it (Pierce). Luciferase activity was expressed as relative light units
RLU/mg of protein in the cell lysate).

.11. Western blotting

BT474 cells were transfected with complexes containing
cDNA3-p53 (10 �g per well in 6-well plates) for 48 h in a simi-

ar way as described above. Cells were lysed and proteins (50 �g)
f whole cell lysate were treated with an electrophoresis loading
uffer containing 5% (w/v) 2-mercaptoethanol, following analyses
y SDS-PAGE. After electrophoresis, proteins were electrophoret-

cally transferred to ImmobilonTM transfer membrane (Millipore)
nd pre-incubated with a blocking reagent (5% skim milk) at room
emperature for 1 h. Subsequently, the membrane was divided
nto two parts and incubated separately with primary antibod-
es for �-actin and p53 (1:5000 and 1:1000 dilution, respectively,
anta Cruz Biotechnology) overnight at 4 ◦C. They were labeled
ith horseradish peroxidase conjugated-antibody to mouse IgG

1:5000 dilution, Santa Cruz Biotechnology) at room tempera-
ure for 1 h. The chemiluminescence detection was then per-
ormed with SuperSignal West Pico Chemiluminescent Substrate
Pierce).

.12. In situ cell death detection

BT474 cells (5 × 105) were seeded on the coverslip coated with
oly-l-lysine (Sigma) in a 6-well tissue culture plate and trans-
ected 24 h later with various complexes containing pcDNA3-p53
ccording to a procedure described above. The dose of pDNA was
0 �g per well. After 48 h, cells were fixed with 4% paraformalde-
yde in PBS for 1 h at room temperature and rinsed with PBS. The
ells were further incubated in 0.1% sodium citrate containing 0.1%
riton X-100 for 2 min on ice. After being rinsed twice with PBS,
0 �L of TUNEL reaction mixture (Roche) was added on the cover-
lips and the samples were incubated in a humidified atmosphere
or 60 min at 37 ◦C in the dark. Samples were directly analyzed
nder a fluorescence microscope using an excitation wavelength in
he range of 450–500 nm and detection in the range of 515–565 nm.

.13. Cell viability assay of doxorubicin chemotherapy with
ild-type p53 induction

For quantifying sensitization of the breast tumor cells to dox-
rubicin by wild-type p53 induction, BT474 cells were seeded
t a density of 5 × 103 cells/well in a 96-well plate and after
4 h transfected with PHEMA-g-(PEI-b-PEG)/pcDNA3-p53 com-
lexes (0.25 �g pDNA per well, N/P = 25). After 24 h incubation,
he culture medium was replaced with 100 �L of fresh medium
ontaining doxorubicin at various concentrations. After 24 h incu-
ation, the cell viability was determined by MTT assay as described
bove.

To further confirm the combined effect of p53 gene therapy and
oxorubicin chemotherapy, BT474 cells were treated with PHEMA-
-(PEI-b-PEG)/pcDNA3-p53 complexes (0.25 �g pDNA per well in
6-well plate, N/P = 25) with or without 1 �g mL−1 doxorubicin
dded. After incubation for 48 h, the cell viability was determined
y MTT assay as described above.
.14. Statistical analysis

All data were expressed as mean ± SD and compared between
roups using the Student’s t-test. Differences were considered sta-
istically significant at P < 0.05.
harmaceutics 392 (2010) 118–126 121

3. Results and discussion

3.1. Synthesis and characterization of PHEMA-g-(PEI-b-PEG)

PHEMA-g-(PEI-b-PEG) was obtained by coupling mPEG-b-PEI-
OH with PHEMA-COOH as shown in Scheme 1. In the first
step, the hydroxyl-terminated mPEG-PMeOZO-OH was synthe-
sized by cationic polymerization of 2-oxazoline monomer using
mPEG-OTs as the initiator, followed by hydrolysis according
to reported procedures after minor modification (Wang and
Hsiue, 2003; Zhong et al., 2005). Characterization of mPEG-
b-PMeOZO-OH by 1H NMR showed resonances at 2.07–2.13,
3.45 and 3.63 ppm, assigned to methyl and ethylene protons
of PMeOZO block and ethylene protons from poly(ethylene gly-
col) block. The degree of polymerization (DP) of PMeOZO block
was determined to be 40, on the basis of the integral ratio
of resonances at 2.07–2.13 and 3.63 ppm. mPEG-b-PMeOZO-OH
was hydrolyzed in 12 wt% aqueous HCl solution and 1H NMR of
resulted polymer was analyzed in DMSO-d6 to verify the struc-
ture. The proton resonance at 2.07-2.13 ppm of the acetyl group
disappeared; meanwhile resonance assigned to ethylene protons
of PEI backbone shifted to 2.57 ppm, indicating the successful
deprotection.

On the other hand, PHEMA-COOH was synthesized by con-
verting hydroxyl groups of PHEMA to carboxyl groups. PHEMA
was firstly synthesized by atom transfer radical polymerization of
HEMA in the presence of CuBr/PMDETA as the catalyst and EBiB as
the initiator. The conversion of HEMA monomer was 38%, which
was estimated by in situ 1H NMR measurement. Therefore, the DP
of HEMA was 152, based on the equation of [HEMA]0/[EBiB]0 × 38%,
where [HEMA]0 and [EBiB]0 were the initial concentration of HEMA
and EBiB, respectively. The 1H NMR spectrum of PHEMA dis-
played in Fig. 1A demonstrated the correct structure. Conversion
of hydroxyl groups of PHEMA to carboxyl groups was fulfilled by a
reaction of PHEMA with excess succinic anhydride. The efficiency
of such a method is very close to 100% according to the litera-
ture (Cai and Armes, 2005). 1H NMR spectrum of PHEMA-COOH
shown in Fig. 1B showed complete disappearance of hydroxyl pro-
tons at 4.80 ppm, and resonances of the methylene protons shifted
to 4.05 and 4.20 ppm from 3.55 and 3.90 ppm, demonstrating the
successful formation of ester linkages. It should be noted that the
methylene protons of succinic anhydride segment were overlayed
with the solvent signals at 2.50 ppm. This was confirmed when D2O
was used as solvent (data not shown).

The coupling of PHEMA-COOH and mPEG-b-PEI-OH was
performed in the presence of DCC and DMAP. Unreacted mPEG-
b-PEI-OH was removed by dialysis. The 1H NMR spectrum of
PHEMA-g-(PEI-b-mPEG) showed (Fig. 1C) clear signals at 2.73 and
3.50 ppm, assigned to methylene protons of PEI and PEG, respec-
tively. Noteworthily, proton signals from PHEMA backbone were
not detected due to unclear reason, which has also happened in
other PHEMA-based brush polymers (Lee et al., 2006; Yuan et al.,
2007).

The molecular weight of PHEMA-g-(PEI-b-PEG) was determined
by light laser scattering in aqueous solution at pH 7.0, and the result
indicated that the apparent Mw was 509 000 g/mol, whereas PEI-
b-PEG diblock copolymer could not be detected under the same
conditions due to the week scattering intensity. The calculated
grafting efficiency of side chains was around 74%. Besides, Rg/Rh
determined by LLS measurements indicated that the Rg/Rh was 1.1
and 1.7 at pH 7.0 and 5.0, respectively, implying that it adopted

cylindrical brush topology at pH 5.0 (Storkle et al., 2007). This
was not surprising due to the repulsion of the dense PEI-b-PEG
side chains, which were stretched at acid condition owing to the
protonation (Benns et al., 2000; Lee et al., 2006; Storkle et al.,
2007).
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could be an appropriate gene carrier, we analyzed cellular internal-
ization of PHEMA-g-(PEI-b-PEG)/pDNA complexes by BT474 cells.
Fig. 4 showed the cellular accumulation of fluorescence-labeled
pDNA analyzed by flow cytometer. The cell fluorescence intensities
ig. 1. 1H NMR spectra of PHEMA (A), PHEMA-COOH (B), and PHEMA-g-(PEG-b-PEI)
C) in DMSO-d6 (ppm).

.2. Cytotoxicity of PHEMA-g-(PEI-b-PEG)

The cytotoxicity of PHEMA-g-(PEI-b-PEG) was assessed in a cell
ulture assay using HEK293 cells, which was performed in com-
arison with branched PEI25K. Cell viability was analyzed after
he culture with polymer for 24 h using a standard MTT method.
he results in Fig. 2 showed that PEI25K exhibited high toxicity to
EK293 cells with a LD50 (median lethal dose) below 20 �g mL−1.
owever, PHEMA-g-(PEI-b-PEG) was tolerated by the cells up to a
ose of 125 �g mL−1. It has been demonstrated that PEI with lower
olecular weights are less cytotoxic than that with higher molecu-

ar weights (Fischer et al., 2003), and linear PEI with low molecular
eights exhibits even better cytocompatibility (Lee et al., 2007).

he brush-shaped cationic polymer with grafted linear PEI-b-PEG
ide chains in this study led to a minimal toxicity to cells, which
ould be advantageous as a carrier for gene delivery.

.3. Characterization of PHEMA-g-(PEI-b-PEG)/pDNA complexes

Gel retardation assay was performed to investigate whether the
HEMA-g-(PEI-b-PEG) could bind pDNA. As shown in Fig. 3A, pDNA
as completely retarded by the brush-shaped polymer as the N/P
atio increased to 2:1, which was almost comparable to PEI25K.
Effective transfection efficiency of a gene carrier depends on its

bility to condense negatively charged pDNA to nanosized parti-
les so as to easily enter into the cells (Arote et al., 2007). To better
Fig. 2. Cytotoxicity of PHEMA-g-(PEI-b-PEG) and PEI25K to HEK293 cells.

understand the DNA condensation properties of the brush-shaped
polymer, dynamic light scattering was used to measure the parti-
cle sizes of PHEMA-g-(PEI-b-PEG)/pDNA complexes at various N/P
ratios. At the N/P ratio around 2.5:1, the average diameters of com-
plexes suddenly increased from 139 to 432 nm (Fig. 3B) and it may
be because particles began to aggregate while the zeta potential
was close to 0 mV (Fig. 3C). At elevated N/P ratios above 10:1,
PHEMA-g-(PEI-b-PEG) condensed pDNA into small particles in the
range of 100–150 nm (Fig. 3B) with a positive zeta potential of
20 mV (Fig. 3C), which was suitable for endocytotic cellular uptake
(Mislick and Baldeschwieler, 1996).

3.4. Cell internalization of PHEMA-g-(PEI-b-PEG)/pDNA
complexes

As a first step to investigate whether PHEMA-g-(PEI-b-PEG)
Fig. 3. Analyses of DNA binding properties of PHEMA-g-(PEI-b-PEG) and the com-
plexes: (A) Agarose gel electrophoresis retardation assay; (B) particle size of
PHEMA-g-(PEI-b-PEG)/pDNA complexes at various N/P ratios; (C) zeta potential of
PHEMA-g-(PEI-b-PEG)/pDNA complexes at various N/P ratios.
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Fig. 4. Internalization of fluorescent labeled pDNA by BT474 cells: red, cells with-
out any treatment; blue, cells incubated with PEI25K/pDNA complexes; black, cells
incubated with PHEMA-g-(PEI-b-PEG)/pDNA complexes at N/P ratio of 10:1; green,
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Fig. 5. In vitro transfection efficiency of PHEMA-g-(PEI-b-PEG)/pGL3-Luc complexes
ells incubated with PHEMA-g-(PEI-b-PEG)/pDNA complexes at N/P ratio of 25:1.
olymer stands for PHEMA-g-(PEI-b-PEG). (For interpretation of the references to
olor in this figure legend, the reader is referred to the web version of the article.)

fter 4 h treatment with PHEMA-g-(PEI-b-PEG)/pDNA complexes at
/P ratios of 10:1 and 25:1 were significantly higher than those

reated with PEI25K/pDNA complexes at N/P ratio of 10:1. This
emonstrated that more PHEMA-g-(PEI-b-PEG)/pDNA complexes
ere accumulated in the cells, which implied that PHEMA-g-(PEI-

-PEG) might be able to induce higher transfection efficiency than
EI25K.

.5. In vitro transfection efficiency

The transfection efficiency of PHEMA-g-(PEI-b-PEG)/pDNA com-
lexes was then evaluated in HEK293 cells, BT474 cells, and mouse
rimary osteoblast cells in the presence of serum. Cells were

ncubated with 2 �g of pGL3-Luc complexed with PHEMA-g-(PEI-
-PEG) at N/P ratios from 10:1 to 50:1, while the concentrations of
HEMA-g-(PEI-b-PEG) were from 11.4 to 57 �g mL−1.

The luciferase enzyme activity was measured and normal-
zed to the total cellular protein. As shown in Fig. 5, when the
/P ratios were 25:1 and 50:1, luciferase expression level in
EK293 cells transfected with PHEMA-g-(PEI-b-PEG)/pDNA com-
lexes was 5.5 to 7.0-fold higher than that transfected with
EI25K/pDNA ones. Meanwhile, luciferase expression in BT474
nd mouse osteoblast cells after transfection with PHEMA-g-
PEI-b-PEG)/pDNA complexes was notably higher than that after
ransfection with PEI25K/pDNA ones, even when the N/P ratio was
owered to 10:1.

GFP expression in the transfected cells also revealed the
emarkable transfection ability of PHEMA-g-(PEI-b-PEG) (Fig. 6).
n HEK293 cells, there were comparable percentages of GFP-
xpressed cells in the treatments with PHEMA-g-(PEI-b-PEG) (at
/P ratio of 25:1), Lipofectamine 2000TM and PEI25K as carriers. In
T474 cells, remarkably higher transfection efficiency of PHEMA-
-(PEI-b-PEG) complexes was observed when compared with that
f PEI25K complexes.

Combined the above results, it can be concluded that PHEMA-g-
PEI-b-PEG) is superior to PEI25K in various cell lines with much
igher transfection efficiency and lower cytotoxicity. In agree-
ent with the uptake result described above, the transfection

fficiency increased from the enhanced ability of PHEMA-g-(PEI-
-PEG)/pDNA complexes to be internalized by cells.
.6. p53 gene therapy using PHEMA-g-(PEI-b-PEG) as the carrier

Improved marker gene transfection ability of PHEMA-g-(PEI-b-
EG) over PEI25K indicated that it may be a good candidate for p53
in HEK293 cells (A), BT474 cells (B) and mouse osteoblast cells (C) at various N/P
ratios. Polymer stands for PHEMA-g-(PEI-b-PEG).

gene therapy. p53 is an important tumor suppressor that acts to
restrict proliferation (Levine et al., 1991; Miyashita and Reed, 1995).
Mutations of p53 increase cell proliferation and resistance to cer-
tain chemotherapies (Lowe et al., 2004), while loss of p53 function
is a common feature of human cancers (Sherr, 2004). BT474 breast
cancer cells carry the p53 gene in the mutant conformation at 37 ◦C
(Muller et al., 2005).

The PHEMA-g-(PEI-b-PEG) polymer was used to form complexes
with pcDNA3-p53 and incubated with BT474 cells using PEI25K
and Lipofectamine 2000TM as controls. Western blotting analyses
was used to evaluate the expression levels of wild-type p53 protein
after transfection with different complexes. The results were dis-
played in Fig. 7A. Because the p53 antibody could detect both wild
type protein and mutant one, there was mutant p53 protein in all
of experimental groups which was carried by BT474 cells them-
selves. It could be seen that although PEI25K is one of the most
powerful cationic polymers in gene delivery, there was low wild-
type p53 expression in BT474 cells, which was in accordance with
GFP and luciferase gene transfection results as described above.
However, a remarkable expression of wild-type p53 was observed

after transfection with PHEMA-g-(PEI-b-PEG)/pcDNA3-p53 com-
plexes at N/P ratio of 25:1, and the band optical density ratio of
wild type/mutant p53 was even slightly higher than that of Lipo-
fectamine 2000TM/pcDNA3-p53 complexes as shown in Fig. 7B.
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Fig. 6. Green fluorescent protein expression in HEK293 and BT474 cells after transfection with PHEMA-g-(PEI-b-PEG)/pEGFP-N2 complexes at N/P ratio of 10:1 (a and e)
and 25:1 (b and f), Lipofectamine 2000TM/pEGFP-N2 (c and g), PEI25K/pEGFP-N2 complexes at N/P ratio of 10:1 (d and h). (a1–h1) Differential interference contrast images;
(a2–h2) fluorescence images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 7. (A and B) Western blotting determined p53 expression in BT474 cells after transfection with different complexes (A) and the band optical density ratio of wild-
type p53/mutant type p53 (B); (C) TUNEL assay for apoptosis after transfection with different complexes in BT474 cells: (a) without any treatment; (b) transfected with
Lipofectamine 2000TM/pcDNA-p53; (c) transfected with PEI25K/pcDNA-p53; (d) transfected with PHEMA-g-(PEI-b-PEG)/pcDNA-p53, N/P = 25:1; (e) transfected with PHEMA-
g-(PEI-b-PEG)/pcDNA-p53, N/P = 10:1; (f) incubated with PHEMA-g-(PEI-b-PEG). Polymer stands for PHEMA-g-(PEI-b-PEG).
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eanwhile, no wild-type p53 was detected in the cells treated
ith PHEMA-g-(PEI-b-PEG) alone, which demonstrated that the

rush-shaped polymer itself would not disrupt original mutant p53
xpression in BT474 cells.

The p53 protein plays a central role in eliciting cellular responses
o a variety of stress signals and it results in the transcriptional
egulation of genes that are involved in mediating key cellular
rocesses, such as DNA repair, cell-cycle arrest, senescence and
poptosis (Vazquez et al., 2008). TUNEL assay was used for apop-
osis detection in this study after wild-type p53 transfection. The
uclei of apoptotic cells were stained green by the incorporation
f fluorescein-conjugated dUTP into the 3′OH ends of cleaved DNA.
s shown in Fig. 7C, more TUNEL positive cells were observed after

ransfection with PHEMA-g-(PEI-b-PEG)/pcDNA3-p53. At N/P ratio
f 25:1 the performance of PHEMA-g-(PEI-b-PEG)/pcDNA3-p53
omplexes to induce apoptosis was even better than those of Lipo-
ectamine 2000TM. In contrast, few apoptotic cells was observed
hen cells were treated with PHEMA-g-(PEI-b-PEG) alone, which

lso indicated that the brush-shaped polymer itself would not

nduce cell apoptosis. This was coincided with the result of western
lotting analyses. It should be mentioned that the negative control,
btained by omitting TdT from the TUNEL reaction, did not give
UNEL positive cell (data not shown).

ig. 8. (A) Sensitization of BT474 cells to doxorubicin after transfection with
HEMA-g-(PEI-b-PEG)/pcDNA-p53. (B) Cell viability after treatment with PHEMA-g-
PEI-b-PEG) alone, PHEMA-g-(PEI-b-PEG)/pcDNA-p53, doxorubicin, or combination
f PHEMA-g-(PEI-b-PEG)/pcDNA-p53 and doxorubicin. Polymer stands for PHEMA-
-(PEI-b-PEG).
harmaceutics 392 (2010) 118–126 125

3.7. Sensitization of breast carcinoma cells to doxorubicin by
PHEMA-g-(PEI-b-PEG)/pcDNA3-p53

Expression of p53 plays an important role in modulating drug
sensitivity and p53 mutations have been proved to increase
resistance of cancer cells to certain chemotherapies (Harris and
Levine, 2005). In this study, we examined the effect of wild-type
p53 gene expression in BT474 cells on the sensitivity to dox-
orubicin chemotherapy. The PHEMA-g-(PEI-b-PEG)/pcDNA3-p53
complexes at N/P ratio of 25:1 was selected in this study since opti-
mized wild-type p53 expression was achieved under this condition
as described above.

We first determined whether restoration of wild-type p53
level in BT474 cells could increase their sensitivity to doxoru-
bicin. To address this issue, we first transfected BT474 cells with
PHEMA-g-(PEI-b-PEG)/pcDNA3-p53 complexes and after 24 h incu-
bation the cells were treated with different doses of doxorubicin.
As shown in Fig. 8A, p53 transfection resulted in significantly
enhanced sensitivity of BT474 cells to doxorubicin even at very
low concentrations. For example, when the concentration of dox-
orubicin was 0.0391 �g mL−1, doxorubicin alone did not inhibit
the proliferation of BT474 cells. However, doxorubicin treatment
after p53 transfection significantly increased the cell death of
BT474 to 47%, while p53 transfection only induced about 23% cell
death.

Then we compared the treatments of transfection with PHEMA-
g-(PEI-b-PEG)/pcDNA3-p53 complexes, doxorubicin chemother-
apy at the concentration of 1 �g mL−1 and the combination therapy.
After 48 h incubation, the cell viability determined by MTT assay
was shown in Fig. 8B. The combination therapy resulted in about
31% cell viability while either p53 gene therapy or chemotherapy
alone resulted in 55% or 80% cell viability. There was signifi-
cant difference between the combination therapy and doxorubicin
chemotherapy (p < 0.005). The observation also demonstrated that
wild-type p53 restoration by PHEMA-g-(PEI-b-PEG) could sensitize
BT474 cells to doxorubicin. Taken together, our results indicated
that p53 gene transfer using PHEMA-g-(PEI-b-PEG) as vector could
offer a novel powerful therapeutic approach to improve traditional
chemotherapy.

4. Conclusion

We have constructed a novel brush-shaped hydrophilic polymer
PHEMA-g-(PEI-b-PEG) gene carrier, offering potential for effective
pDNA delivery. PHEMA-g-(PEI-b-PEG)/pDNA complexes possess
nanoscaled particle sizes, and can be effectively internalized by
cells. The brush polymer alone exhibits higher biocompatibility and
better transfection efficiency than PEI25K in various cell lines. Fur-
thermore, transfection of breast carcinoma cells with complexes
of PHEMA-g-(PEI-b-PEG)/pcDNA3-p53 results in obvious apopto-
sis, and notably increased the chemo-sensitivity to DOX at low drug
concentrations. These properties make it very attractive as a gene
carrier for further therapeutic applications.
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