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Safe  and  efficient  systems  capable  of  specifically  targeting  brain  tumour  cells  represent  a  promising
approach  for  the  treatment  glioblastoma  multiforme.  Neuropilin-1  (NRP-1)  is  over-expressed  in U87
glioma cells.  In the current  study,  the  tumour  specific  peptide  RGERPPR,  which  binds  specifically  to NRP-
1, was  used  as  a targeting  ligand  in  a gene  delivery  strategy  for  glioblastoma.  The  RGERPPR  peptide  was
coupled  to branched  polyethylenimine  (PEI,  25  kDa)  using  heterobifunctional  Mal–PEG–NHS,  resulting
in  a novel  gene  delivery  polymer.  Polymer/plasmid  DNA  (pDNA)  complexes  were  formed  and  their  sizes
and zeta  potentials  were  measured.  Compared  with  the  unmodified  mPEG–PEI/pDNA  complexes,  the
RGERPPR–PEG–PEI/pDNA  complex  led to  a  significant  enhancement  in  intracellular  gene  uptake  and
tumour  spheroid  penetration.  Furthermore,  the  RGERPPR–PEG–PEI/pDNA  complex  facilitated  enhanced
olyethylenimine transfection  efficiency  levels,  as well  as  a reduction  in cytotoxicity  when  tested  in  U87  glioma  cells in
vitro. Most  significantly  of  all,  when  complexes  formed  with  pDsRED-N1  were  injected  into  the  tail
vein of  intracranial  U87  tumour-bearing  nude  mice,  the RGERPPR–PEG–PEI  complexes  led  to  improved
levels  of  red  fluorescence  protein  expression  in  the  brain  tissue.  Taken  together,  the  results  show  that
RGERPPR–PEG–PEI  could  be  used  as  a safe  and  efficient  gene  delivery  vehicle  with  potential  applications
in  glioblastoma  gene  delivery.
. Introduction

Glioblastoma multiforme (GBM) is the most common and
ggressive malignant brain tumour, and accounts for approxi-
ately 40% of all brain tumour cases (Lopes, 2003; Meyer, 2008).
BM has been shown to be highly proliferative, infiltrative and

nvasive (Gladson et al., 2010), and these properties of the disease
ake it difficult for treatment strategies involving clinical surgery,

hemotherapy or radiotherapy to be used effectively to provide sig-
ificant improvements in survival. The use of gene therapy for the
reatment of brain tumours has therefore become the subject of
onsiderable interest from research working in this particular area
f cancer (Zhan et al., 2012; Bai et al., 2013; Murphy and Rabkin,
013). Several factors are known to make the treatment of brain
umours particularly challenging, including the blood–brain barrier

BBB), and the lesser known blood–tumour barrier (BTB), which can
oth limit or even prevent the accumulation and uptake of drugs in
he areas that they are needed for the treatment of brain tumours

∗ Corresponding author. Tel.: +86 21 51980092; fax: +86 21 51980090.
E-mail addresses: liumin@shmu.edu.cn, liumin1996@gmail.com (M. Liu).

378-5173/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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© 2013 Elsevier B.V. All rights reserved.

(Groothuis, 2000; Pardridge, 2002). Brain tumour cell-specific tar-
geting systems represent a promising strategy to address the issues
imposed by the BTB. Researchers have reported a variety of dif-
ferent targeting ligands, including the GMT8 aptamer (Gao et al.,
2012a,b), AS1411 aptamer (Gao et al., 2012a,b), cyclic RGD (Merkel
et al., 2009; Mickler et al., 2011), MT1-AF7p peptide (Gu et al., 2013),
and F3 peptide (Hu et al., 2013), which can bind specifically and effi-
ciently to brain tumour cells to establish the brain glioma delivery
systems.

Neuropilin-1 (NRP-1) is a type I transmembrane glycoprotein
and a coreceptor for class semaphorin-3A (He and TessierLavigne,
1997; Kolodkin et al., 1997; Takahashi et al., 1999) and vascu-
lar endothelial growth factor (Soker et al., 1998; Oh  et al., 2002;
Soker et al., 2002), and mediates a variety of critical functions
during angiogenesis, the regulation of vascular permeability, and
the development of the nervous system. NRP-1 has been reported
to be over-expressed in several tumour cells, including glioblas-
toma cells (Osada et al., 2004; Nasarre et al., 2010; Li et al., 2011),

and therefore represents an attractive candidate to be used for
the development of a delivery system for the treatment of GBM.
Peptides containing the C-terminal motif R/KXXR/K (R, arginine; K,
lysine; X, any amino acid), which are otherwise known as C-end rule
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CendR) peptides, were discovered using phage-displayed libraries,
nd show a high level of binding affinity to the NRP-1 receptor.
mportantly, CendR peptides can also induce extravasation and
issue penetration, and this can help to overcome high levels of
nterstitial pressure in tumours (Teesalu et al., 2009). Researchers
ave designed the novel tumour-penetrating peptides iRGD and
LyP-1 using a conventional �v integrin-binding RGD peptide and a
32-binding LyP-1 peptide, respectively, as well as a CendR peptide
hat had been proteolytically cleaved. The iRGD and tLyP-1 peptides
ave both been reported to exhibit tumour-homing and tissue-
enetrating properties, as well as being able to efficiently deliver
rugs and nanoparticles into the tumour parenchyma (Sugahara
t al., 2009; Roth et al., 2012). It has also been reported that the
o-administration of iRGD or tLyP-1 enhanced the treatment effi-
iency of cancer drugs and particles (Sugahara et al., 2010; Hu et al.,
013). There have been no reports, however, concerning the use of
endR peptides in gene delivery to improve the transfection effi-
iency of different vectors. Furthermore, there have not been any
eports concerning the use of CendR peptides for the treatment of
BM. Herein, we report the use of the CendR peptide RGERPPR as

 tumour homing and penetrating peptide to mediate site-specific
ccumulation and enhance transfection efficiency in the gene ther-
py of GBM.

The availability of a safe and efficient delivery vehicle is an
mportant requirement for gene therapy. Polyethylenimine (PEI)
s considered to be one of the most successful and efficient non-
iral vectors, and also has a high gene transfection efficiency. PEI
as a high cationic charge that facilitates the efficient condensa-
ion of DNA. Furthermore, PEI can trigger the endosomal release of
he complexes into the cytoplasm via the ‘proton sponge’ effect
Boussif et al., 1995; Godbey et al., 1999). Unfortunately, how-
ver, PEI still suffers from inherent toxicity because of its high
ositive charge and non-selective delivery, and these factors have
ltimately limited its application in vivo. It has been reported that
he attachment of polyethylene glycol (PEG) could reduce the toxic-
ty of PEI, as well reducing its plasma protein binding, improving its
iocompatibility, and prolonging its circulation in the blood (Ogris
t al., 1999; Nguyen et al., 2000; Kleemann et al., 2005).

In the current work, we have synthesised an RGERPPR modified
EG–PEI glioblastoma-targeted gene delivery system, and the for-
ation of the resulting polymer was confirmed by 1H NMR  analysis.

ollowing the formation of the polymer/pDNA complexes, dynamic
ight scattering was used to evaluate their size and zeta potential
roperties. The U87 glioma cell uptake, tumour spheroid penetra-
ion, in vitro cytotoxicity and transfection efficiency properties of
he complexes were also evaluated. An intracranial U87 tumour-
earing nude mice model was established and used in conjunction
ith a red fluorescence protein assay to confirm the targeting effi-

acy of the RGERPPR–PEG–PEI gene delivery system in vivo.

. Materials and methods

.1. Materials

High molecular weight PEI (branched, MW: 25,000) was pur-
hased from Sigma–Aldrich (Munich, Germany). CH3O–PEG–Mal
mPEG–Mal, MW: 2000) and Mal–PEG–NHS (MW: 2000) were
btained from Jenkem Technology (Beijing, China). RGERPPR
ere purchased from ChinaPeptides Co. Ltd. (Shanghai, China).

issue-tek optimal cutting temperature (OCT) embedding medium
as supplied by Sakura Finetek (Torrance, CA, USA). A luciferase
ssay kit was purchased from Promega (Beijing, China). A
CA (bicinchoninic acid) protein assay kit was from Beyotime
Shanghai, China). TOTO®-3 dye was purchased from Life Tech-
ologies (Shanghai, China). The plasmid DNA encoding EGFP
harmaceutics 458 (2013) 48– 56 49

(pEGFP-N2) and RFP (pDsRED-N1) were purchased from Genechem
Co. (Shanghai, China) and the pGL4.2 luciferase reporter gene plas-
mid  were purchased from Promega. All of the plasmid DNAs
used in the current study was used following their purifica-
tion with a QIAGEN Plasmid Mega Kit (Qiagen GmbH, Hilden,
Germany). Phosphate-buffered saline (PBS), Dulbecco’s modified
Eagle’s medium (DMEM), foetal bovine serum (FBS), trypsin–EDTA
(0.25%), penicillin–streptomycin and agarose were purchased from
Gibco (Invitrogen, USA). The U87 glioma cells were obtained from
the Shanghai Institute of Cell Biology, and cultured in DMEM con-
taining 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin
under a humidified atmosphere of 5% CO2/air at 37 ◦C.

2.2. Synthesis of methoxy poly(ethylene
glycol)–polyethylenimine (mPEG–PEI)

A solution of mPEG–Mal (10 �mol) in dimethyl sulfoxide
(DMSO; 100 �L) was  added to a solution of PEI (2 �mol) in
PBS (2 mL,  0.2 M,  pH 7.4), and the resulting mixture was stirred
overnight at ambient temperature. The mixture was then added to
an Amicon Ultra filter tube (MWCO: 10,000 Millipore) and washed
five times with distilled water (dH2O). The mPEG–PEI product was
then lyophilised for further use.

2.3. Synthesis of RGERPPR–polyethylenimine–poly(ethylene
glycol) (RGERPPR–PEG–PEI)

The amino group of RGERPPR was  initially coupled to the NHS
group of Mal–PEG–NHS to give RGERPPR–PEG–Mal, which was
then conjugated with PEI using the maleimide-amino reaction to
obtain the final conjugate.

The RGERPPR peptide was  synthesised using solid phase peptide
synthesis and purified by HPLC. A solution of triethylamine (3 �L,
TEA) in dimethyl formamide (300 �L, DMF) was added to a solution
of Mal–PEG–NHS (10 �mol) and RGERPPR (13 �mol) in DMF  (1 mL)
in a drop-wise manner, and the resulting mixture was stirred at
ambient temperature for 1 h to give the desired product, which was
purified using an ÄKTA explorer 100 system (GE, Fairfield, CT, USA)
on a SephadexG-15 column (GE). The RGERPPR–PEG–Mal product
was  subsequently obtained through lyophilisation.

The RGERPPR–PEG–PEI was  synthesised as follows. A 5-fold
molar excess of RGERPPR–PEG–Mal was added to a solution of PEI
(1.2 �mol) in PBS (1.5 mL,  0.2 M,  pH 7.4), and the resulting mixture
was  stirred overnight before being purified by dialysis against dH2O
in an Amicon Ultra filter tube five times. The resulting product was
then collected and lyophilised.

2.4. Polymer characterisation

The mPEG–PEI and RGERPPR–PEG–PEI polymers synthesised in
the current study were characterised by 1H NMR  analysis using D2O
as the solvent on a 500 MHz  NMR  spectrometer (Varian, Palo Alto,
CA, USA).

2.5. Polymer/pDNA complex preparation

The polymer/pDNA complexes were formed via the drop-wise
addition of equal volumes of varying concentrations of the polymer
solution to a pDNA solution (80 �g/mL) dissolved in PBS (pH 7.4).

The concentrations of the polymer solutions were dependent on
the N/P ratios (i.e., the polymer amine to DNA phosphate ratios).
The resulting complexes were immediately vortexed for 30 s before
being incubated at 37 ◦C for 30 min.
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.6. Size and zeta potential measurements

The sizes and zeta potentials of the polymer/pGL4.2 complexes
ith different N/P ratios were monitored using dynamic light scat-

ering (Zetasizer Nano ZS, Malvern Instruments, Worcestershire,
K). Three measurements were performed on each sample, and

he results are presented as the mean value ± SD.

.7. Cytotoxicity assay

U87 glioma cells were seeded in 96-well plates at a den-
ity of 5, 000 cells/well in 200 �L of DMEM containing 10% FBS,
nd incubated overnight. Twenty microliters of freshly prepared
EI/pGL4.2, mPEG–PEI/pGL4.2 and RGERPPR–PEG–PEI/pGL4.2 com-
lexes with different N/P ratios were then added to each well
0.8 �g pGL4.2/well). After 12 h of incubation, the medium was
xchanged with fresh DMEM,  and the cells were incubated for 48 h.
wenty microliters of an MTT  solution (5 mg/mL) was then added
o each well, and the resulting mixtures were incubated for 4 h. The

edium was then removed, and 150 �L of DMSO was  added to dis-
olve the formazan crystals. After 15 min  of incubation with DMSO,
easurements were performed at a wavelength of 490 nm using

 microplate reader (PowerWave XS, Bio-TEK, Winooski, VT, USA).
he resulting data are expressed as the mean values ± SD of three
easurements.

.8. Cellular uptake

The plasmid DNA (pGL4.2) was labelled with TOTO®-3 dye as
escribed in a protocol provided by the manufacturer (Life Tech-
ologies, Shanghai, China). Briefly, 1 �L of the TOTO®-3 stock
olution was diluted in 9 �L of dH2O, and 125 �L (50 �g) of pDNA
as added to the resulting dye solution. The mixture was  then vor-

exed for 2 min  before being incubated in the absence of light for
 min. PBS (490 �L) was then added to a final concentration of 50 �g
f pDNA in 625 �L of PBS.

U87 glioma cells were seeded in 48-well plates
20,000 cells/well) in 0.5 mL  of DMEM with 10% FBS and incu-
ated overnight. Freshly prepared RGERPPR–PEG–PEI/pGL4.2 and
PEG–PEI/pGL4.2 complexes with an N/P ratio of 12 were added

nto the 48-well plate with 2 �g of TOTO®-3 labelled pDNA per
ell, and the resulting mixtures were incubated with FBS for 4 h.

he U87 glioma cells were then washed twice with PBS before
eing fixed with 4% formaldehyde for 15 min, and then stained
ith DAPI solution for 10 min. The fluorescence images were

cquired and photographed using a fluorescence microscope.

.9. Tumour spheroid penetration

The plasmid DNA (pGL4.2) was labelled with TOTO®-3 dye, as
escribed above. For further evaluation of the tumour-penetrating
bility of the RGERPPR–PEG–PEI/pGL4.2 complex, U87 cells were
eeded in 48-well plates (2000 cells/400 �L per well) precoated
ith 150 �L of 2% low-melting-temperature agarose to prepare the

hree-dimensional tumour spheroids. Seven days later, 50 �L (con-
aining 2 �g) of freshly prepared RGERPPR–PEG–PEI/pGL4.2 and

PEG–PEI/pGL4.2 complexes with an N/P ratio of 12 were incubated
ith the tumour spheroids for 12 h. The spheroids were then rinsed
ith ice-cold PBS before being fixed with 4% paraformaldehyde for

.5 h and observed with a laser scanning confocal microscope (SP5,
eica, Germany).

.10. In vitro transfection efficiency
.10.1. Enhanced green fluorescence protein assay
U87 glioma cells were seeded in 48-well plates

20,000 cells/well) in 0.5 mL  of DMEM containing 10% FBS 24 h
harmaceutics 458 (2013) 48– 56

prior to the experiment. The medium was then replaced with fresh
DMEM (containing 10% FBS), and 50 �L of the polymer/pEGFP-N2
complexes (containing 2 �g pEGFP-N2, with an N/P of 12) were
added to each well. Following a 12 h period of incubated at 37 ◦C,
the medium was changed and the cells were incubated for a
further 48 h. The fluorescence images were then visualised with
a fluorescence microscope (Leica, DMI4000B, Wetzlar, Germany)
and quantified by Flow Cytometry on a FACS CantoTM � (BD
Biosciences, San Jose, CA, USA).

2.10.2. Luciferase assay
Freshly prepared polymer/pGL4.2 complexes with a variety of

different N/P ratios were added to the U87 glioma cells according
to the procedure described above and the resulting gene expres-
sion levels were quantified using a luciferase assay. Following the
incubation, the luciferase activity was  measured using a luciferase
assay kit, and the relative light units (RLUs) were evaluated using
an ultra-weak luminescence analyser (Chuanghe, Beijing, China).
The amount of protein was measured with a BCA Protein Assay
Kit. Three measurements were performed on each sample and data
were expressed in RLU/mg protein (±SD).

2.11. Animal model establishment

Male BALB/c nude mice of 4–6 weeks of age were obtained
from Shanghai SLAC Laboratory Animal Co. Ltd. (Shanghai, China)
and kept under SPF conditions. All of the animal experiments con-
ducted in the current study were evaluated and approved by the
Ethics Committee of Fudan University. Nude mice (4–6 weeks of
age) were used to establish the intracranial glioblastoma model.
Briefly, 5 �L of U87 glioma cells in PBS (containing 600,000 cells)
were implanted into the right striatum (1.8 mm  lateral, 0.6 mm
anterior to the bregma and 3.0 mm in depth) of nude mice using
a stereotactic fixation device with a mouse adaptor. For confir-
mation of the establishment of the animal model, the brains were
hydrated in 20% and 30% sucrose solutions until subsidence after
they had been fixed in 4% paraformaldehyde for 1 day. The frozen
brains prepared in OCT embedding medium at −80 ◦C were cut into
20 �m thick slices with a cryotome Cryostat (Leica, CM 1900, Wet-
zlar, Germany) and stained with haematoxylin–eosin for 10 min  at
ambient temperature. The sections were then measured using the
fluorescence microscope after being washed twice with PBS.

2.12. In vivo transfection efficiency

The polymer/pDsRED-N1 complexes with an N/P ratio of 12
were prepared to evaluate the gene expression in the brains of
intracranial U87 glioblastoma-bearing nude mice. The randomly
assigned mice were anaesthetised and sequentially injected with
40 �g of pDsRED-N1 in 200 �L of PBS via the tail vein (n = 3). This
process was repeated 3 times at 13, 15, and 17 days after the
implantation. On the second day after the last administration, the
mice were anaesthetised with 10% chloral hydrate, exsanguinated
with a saline solution and fixed with 4% paraformaldehyde. Their
brains were then excised and the amount of red fluorescence
protein was  measured using a Kodak FX Pro fluorescent imaging
system (Rochester, NY, USA).

3. Results

3.1. Synthesis and characterisation of mPEG–PEI and
RGERPPR–PEG–PEI
The RGERPPR–PEG–PEI was  constructed using a two-step syn-
thesis based on a heterobifunctional PEG linker (Mal–PEG–NHS),
as shown in Scheme 1. The results of the 1H-NMR spectra (Fig. 1)
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Table  1
Molecular compositions of mPEG–PEI and RGERPPR–PEG–PEI.

Polymer SDa of PEG Mw (kDa)

Theoretical Calculated Theoretical Calculated

mPEG–PEI 5.0 4.3 35.0 33.6
4.4 38.8 37.1
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Table 2
Sizes and zeta potentials of the polymer/pGL4.2 complexes with different N/P ratios.

Sample N/P Size (nm) Zeta potential (mV)

PEI 4 1496.3 ± 88.0 26.43 ± 0.62
8  905.6 ± 119.3 35.47 ± 0.50

12  527.2 ± 48.1 40.87 ± 0.57
16  304.4 ± 24.9 43.73 ± 0.41

mPEG–PEI 4 1910.7 ± 47.3 4.23 ± 0.56
8  260.0 ± 2.3 7.42 ± 0.23

12  214.8 ± 0.3 10.43 ± 0.12
16  207.9 ± 0.2 11.40 ± 0.08

RGERPPR–PEG–PEI 4 1755.7 ± 79.7 3.96 ± 0.38
8  219.4 ± 2.8 4.40 ± 0.47

12  179.4 ± 0.1 5.84 ± 0.49
RGERPPR–PEG–PEI 5.0 

a SD, substituted degree.

ere as follows: 2.5–3.2 ppm (m,  CH2CH2NH ) for PEI, 3.6–3.9
m,  OCH2CH2) for PEG and 3.95 (d, 2H, CH) and 4.15 (s, H, CH) for
GERPPR. The peaks at 3.95 and 4.15 ppm were present in the NMR
pectrum of RGERPPR–PEG–PEI, suggesting that the targeted poly-
er  had been synthesised successfully. Based on the ratios of the

ntegrals for the characteristic peaks of the PEI and PEG backbones,
e were able to calculate the degrees of substitution and molecular
eights of mPEG–PEI and RGERPPR–PEG–PEI (Table 1).

.2. Sizes and zeta potentials of the polymer/pDNA complexes

The sizes and zeta potentials of the polymer/pGL4.2 complexes
re shown in Table 2. In almost all of the complexes, the sizes
ecreased and the zeta potentials increased as the N/P ratios

ncreased because of the stronger condensation ability of PEI
Lungwitz et al., 2005; Neu et al., 2005). All of the polymers had
ositive zeta potentials over the N/P ratios tested, with PEI exhibit-

ng the highest surface charges. In contrast, the hydrophilic spacer
EG reduced the positive charges of the mPEG–PEI/pGL4.2 and
GERPPR–PEG–PEI/pGL4.2 complexes. Interestingly, when the N/P
atios were greater than 4, the particle sizes of the PEI/pGL4.2 com-
lexes (25 kDa) were in the range of 300–900 nm,  whereas the sizes
f the complexes formed from the PEGylated PEI had been reduced
ignificantly (<265 nm). These observations could be explained by

he small particles aggregating into large particles in the high ionic
trength media. The PEGylation could reduce the surface charge of
he PEI and lead to a reduction in the level of aggregation (Neu et al.,
007; Luo et al., 2010). The modification of the targeting peptide

Scheme 1. Synthesis of R
16  163.2 ± 0.3 8.09 ± 0.01

Data points represent the mean ± SD (n = 3).

RGERPPR led to only minor changes in the zeta potential and size
properties.

3.3. Cytotoxicity assay

Cytotoxicity is an important factor for consideration when
selecting polymeric gene vectors. An in vitro MTT assay was con-
ducted to evaluate the cytotoxicities of the complexes in U87

glioma cells (Fig. 2). When the N/P ratio was  greater than eight,
the PEI/pGL4.2 complexes exhibited an increased cytotoxicity.
These results were attributed to the highly positive charges of
the PEI/pGL4.2 complexes. In contrast, the mPEG–PEI/pGL4.2 and

GERPPR–PEG–PEI.
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Fig. 1. 1H-NMR spectra of (A) mPEG–PEI and (B) RGERPPR–PEG–PEI in D2O.
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GERPPR–PEG–PEI/pGL4.2 complexes showed the lowest cytotox-
cities and the highest cell viabilities (greater than 80%) of the N/P
atios tested in the current study. On the basis of these results, an
/P ratio of 8 was selected for the PEI, whereas an N/P ratio of 12
as selected for the PEGylated PEI.

.4. Cellular uptake

The cellular uptake of the TOTO®-3-labelled pDNA complexed
ith mPEG–PEI and RGERPPR–PEG–PEI by the U87 glioma cells
as evaluated by fluorescence microscopy (Fig. 3). At an N/P

atio of 12 and an incubation time of 4 h, the TOTO®-3-labelled
NA from both groups was distributed in the cytoplasm or the
uclei. Compared with mPEG–PEI/pGL4.2, the red fluorescence

ntensity of the RGERPPR–PEG–PEI/pGL4.2 was much higher and
herefore indicated a more efficient level of internalisation by
he U87 glioma cells. These results indicated that the RGERPPR

eptide performed an active targeting role in the uptake of the
GERPPR–PEG–PEI/pGL4.2 complex by the U87 cells in vitro.

ig. 3. Cellular uptake of the mPEG–PEI/pGL4.2 (A and B) and RGERPPR–PEG–PEI/pGL4.2

icroscope following a 4 h period of incubation. The cell nuclei were stained with DAPI (b
For  interpretation of the references to color in text, the reader is referred to the web ver
harmaceutics 458 (2013) 48– 56 53

3.5. Tumour spheroid penetration

The tumour spheroids were used to imitate the in vivo sta-
tus of solid tumours and evaluate the penetrating ability of the
RGERPPR–PEG–PEI/pGL4.2 complex by confocal microscopy. As
shown in Fig. 4, the penetration of the RGERPPR–PEG–PEI/pGL4.2
complex was much deeper and its distribution and fluores-
cence intensity properties were much higher than those of
PEG–PEI/pGL4.2 in the U87 tumour spheroids. These results indi-
cated that the RGERPPR peptide could be used to effectively
increase the tumour penetration efficacy which could play an
important role in improving gene delivery.

3.6. In vitro transfection efficiency

The in vitro transfection efficiencies of the different polymers
towards the U87 glioma cells were evaluated using the pEGFP-N2
and pGL4.2 reporter gene systems. PEI (25 kDa) was  used as control
with the optimal N/P ratio of 8.

An enhanced green fluorescent protein expression assay
was  initially performed with fluorescence microscopy. As
shown in Fig. 5A and B, the mPEG–PEI/pEGFP-N2 and
RGERPPR–PEG–PEI/pEGFP-N2 complexes were both capable
of transferring in U87 glioma cells. Importantly, following the
attachment of the RGERPPR peptide, the EGFP expression was
enhanced from 12.9% to 19.6%, as determined by flow cytome-
try (Fig. 5C). A luciferase assay was conducted to quantify the
transfection efficiency of RGERPPR–PEG–PEI. Fig. 6 clearly shows
that at an N/P ratio of 12, the RGERPPR–PEG–PEI/pGL4.2 complex
exhibited a 1.9-fold increase in luciferase expression relative to
mPEG–PEI/pGL4.2 (P < 0.05), and even had a comparable effect to
that of PEI (N/P = 8).

3.7. Animal model establishment and in vivo transfection
In the images of the frozen brain sections of an intracranial U87
tumour-bearing nude mouse (Fig. 7A), the black arrows indicate the

(C and D), complexes in U87 glioma cells. Images were taken on a fluorescence
lue), and the pDNA was  labelled with TOTO®-3 (red). Original magnification: 400×.
sion of this article.)
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Fig. 4. U87 tumour spheroid penetration analyses of mPEG–PEI/pGL4.2 and RGERPPR–PEG–PEI/pGL4.2. The plasmid DNA (pGL4.2) was  labelled with TOTO®-3. Both figures
are  multi-level scans of the penetration of the complexes. The interval between consecutive slides was 5 �m.  Original magnifications: 200×.
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ig. 5. Fluorescent images of the gene expression of (A) mPEG–PEI/pEGFP-N2 and (B
valuation of the EGFP expression by flow cytometry. Original magnification: 200×

umour tissue area, whereas the yellow arrows are used to indicate
he normal tissue area, and the red line the boundary between the
wo kinds of tissue. Based on these results, it was concluded that the

ntracranial glioblastoma model had been successfully established.

To evaluate the targeting potency of RGERPPR–PEG–PEI in vivo,
 red fluorescence protein assay was conducted in the mice of
he intracranial U87 glioblastoma model. The in vitro transfection
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ig. 6. Luciferase expression levels in U87 glioma cells at different N/P ratios
polymer/pGL4.2); the PEI (25 kDa) control was  used with the optimal N/P ratio of 8.
P  < 0.05, significantly different.
RPPR–PEG–PEI/pEGFP-N2 in U87 glioma cells at an N/P ratio of 12. (C) Quantitative

results revealed that RGERPPR–PEG–PEI attained a maximum level
of transfection efficiency at an N/P ratio of 12. An N/P ratio of 12 was
therefore subsequently selected for in vivo evaluation. As shown in
Fig. 7B and C, the RGERPPR–PEG–PEI/pDsRED-N1 complex led to a
higher relative level of fluorescent intensity than that of mPEG–PEI.
For the RGERPPR–PEG–PEI complex, the sum intensity in brain was
6.26-fold higher than that of the mPEG–PEI. These results there-
fore indicated a significant increase in the levels of red fluorescence
protein expression.

4. Discussion

GBM is the most common and aggressive malignant brain
tumour in humans with an average survival time of about one year
(Jain et al., 2007). Unfortunately, however, the existing treatments
for this disease do not provide significant increases in survival,
despite recent advances in multimodality therapies, and research
in this area towards the development of innovative therapeutic

strategies remains challenging (Lima et al., 2012). To overcome
the problems associated with the blood–tumour barrier (BTB) in
the treatment of brain tumours, a strategy involving the introduc-
tion of ligands that specifically bind to brain tumour cell receptors
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ig. 7. (A) Histological characteristics of the U87 glioblastoma in the brain of a nude
1  and RGERPPR–PEG–PEI/pDsRED-N1 in the brains of nude mice bearing U87 gl
valuation of RFP expression in the brains.

ould be particularly advantageous (Zhan et al., 2010; Gao et al.,
012a,b; Gu et al., 2013), because the BTB becomes the main obsta-
le to anti-glioma drug delivery systems during the development
f brain tumours and the associated gradual impairment of the BBB
Gerstner and Batchelor, 2012).

In the current study, a brain tumour binding and
issue-penetrating CendR peptide RGERPPR was conjugated
ith branched PEI via heterobifunctional PEG to give an
GERPPR–PEG–PEI polymer for intracranial GBM-targeted gene
elivery. The degree of substitution and molecular weight proper-
ies of the resulting mPEG–PEI and RGERPPR–PEG–PEI complexes
ere verified by 1H NMR, and determined to be 4.30 and 33.6 kDa,

nd 4.39 and 37.1 kDa, respectively. Analysis of the sizes and zeta
otentials indicated that the PEGylated complexes were capable
f binding plasmid DNA and condensing DNA into small positive
anoparticles.

An important issue for the systemic delivery of therapeutic
enes in clinical applications is the requirement for high levels of
fficiency in the targeted vectors, as well as minimum side effect.
s shown by the results of the cytotoxicity assay, the PEGylation
f the PEI complexes led to a reduction in their cytotoxicities,
s well as an increase in the cell viability levels because of the
hielding effect of PEG (Nguyen et al., 2000; Petersen et al., 2002),
nd these properties represent important advantages in terms of
otential in vivo applications. In vitro qualitative and quantitative
ssays revealed a significant increase in the transfection efficiency
f RGERPPR–PEG–PEI/pGL4.2 relative to the non-targeted polymer.
he current results were attributed in part to the enhanced U87
lioma cell uptake of RGERPPR–PEG–PEI/pGL4.2 (Fig. 3), which
esulted from the specific binding and internalisation ability of
GERPPR, because RGERPPR (CendR peptide) has been reported
o exhibit a high binding affinity to the NRP-1 receptor, which is
lso over-expressed in U87 glioma cells (Osada et al., 2004; Nasarre
t al., 2010; Li et al., 2011).

Tumour targeted anti-cancer drugs and genes delivery systems
ave become significant strategies for the treatment of cancer,
ecause they can be used to specifically target tumour cells and
mprove drug delivery, respectively. Dysfunctional tumour blood
essels and high levels of interstitial pressure in the tumour
arenchyma, however, can lead to poor penetration efficacy in
rugs, genes and nanoparticles, and overcoming the resulting
e (sections were stained with H&E); (B) Fluorescent imaging of mPEG–PEI/pDsRED-
toma. The images measured using a fluorescent imaging system. (C) Quantitative

reduced levels of treatment efficacy remains a major challenge
(Heldin et al., 2004). CendR peptides have been reported that can
increase vascular permeability and penetrate tumour tissues by
binding to NRP-1, and these properties have provided a way to
overcome high levels of interstitial pressure in tumours (Teesalu
et al., 2009). Based on these current levels of understanding, the
CendR peptide RGERPPR was used in the current study to improve
the penetrating activity of mPEG–PEI. The results revealed that
the RGERPPR–PEG–PEI/pDsRED-N1 complex provided a significant
increase in the levels of red fluorescence protein expression in the
brains of intracranial U87 glioblastoma-bearing nude mice. These
results were attributed to the targeting potency of the complex
towards the U87 glioma cells and the increased level of penetrating
activity into the tumour tissues of RGERPPR (Fig. 4). Both of these
factors played important roles in enhancing the overall accumula-
tion of genes within the tumour, and therefore led to an increase in
the transfection efficiency relative to the non-targeted mPEG–PEI.

5. Conclusions

In conclusion, we  have developed a novel targeted non-viral
gene vector bearing the NRP-1 recognition peptide RGERPPR. The
resulting RGERPPR–PEG–PEI was  characterised by 1H-NMR and
then used to condense a plasmid gene. Compared with PEI/pDNA,
RGERPPR–PEG–PEI/pDNA provided a significant increase in trans-
fection efficiency in glioblastoma U87 glioma cells both in vitro and
in vivo, as well as affording reduced levels of cytotoxicity. Based on
these results, the RGERPPR peptide has been identified as a suitable
candidate ligand for targeting the NRP-1 receptor, with potential
application in the treatment of glioblastoma.
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