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Abstract:  Objective: To construct a novel kind of nonviral gene delivery vector based on polyethylenimine (PEI) conjugated
with polypeptides derived from ligand FGF with high transfection efficiency and according to tumor targeting ability. Methods:
The synthetic polypeptides CR16 for binding FGF receptors was conjugated to PEI and the characters of the polypeptides in-
cluding DNA condensing and particle size were determined. Enhanced efficiency and the targeting specificity of the synthesized
vector were investigated in vitro and in vivo. Results: The polypeptides were successfully coupled to PEI. The new vectors
PEI-CR16 could efficiently condense pDNA into particles with around 200 nm diameter. The PEI-CR16/pDNA polyplexes
showed significantly greater transgene activity than PEI/pDNA in FGF receptors positive tumor cells in vitro and in vivo gene
transfer, while no difference was observed in FGF receptors negative tumor cells. The enhanced transfection efficiency of
PEI-CR16 could be blocked by excess free polypeptides. Conclusion: The synthesized vector could improve the efficiency of gene
transfer and targeting specificity in FGF receptors positive cells. The vector had good prospect for use in cancer gene therapy.
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INTRODUCTION

At present, the choice of gene delivery vectors is
the bottleneck in gene therapy (El-Aneed, 2004).
Great concern on the safety and immunogenecity of
viral vectors make nonviral vectors more attractive.
Among kinds of nonviral vectors, polyethylenimine
(PEI) has shown high transfection efficiency both in
vitro and in vivo and attracted great attention (Boussif
et al., 1995; Neu et al., 2005). But compared with
viral vectors, PEI shows lower gene delivery effi-
ciency, higher toxicity and lack of tumor cells tar-
geting ability.

There are several strategies to modify PEI such
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as PEGylation, link to ligands and so on (Wagner,
2004; Read et al., 2005a). Among these strategies,
linking ligands which bind specific receptor on cell
membrane to PEI appear most attractive. Ligand-
receptor mediated gene delivery enhances the tar-
geting ability and transfection efficiency of PEI/
pDNA polyplexes. There are researches on the link-
age of ligands such as EGF, NGF, mannose, galactose,
transferrin, folate, monoclonal antibody, etc. (Wagner,
2004). But to our knowledge, there is little attention
on the linkage of FGF onto PEIL

In this study, the FGF receptor-targeting poly-
peptide CR16 (CYRSRKYTSWYVALKR) was
linked to the sequence of FGF molecules (Plotnikov
et al., 2000) onto PEI to form PEI-CR16 polymer.
Chemical characterization, gene transfection effi-
ciency and the tumor targeting ability of PEI-CR16
polymers in vitro and in vivo were investigated.
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MATERIALS AND METHODS

Materials

Polyethylenimine (PEI, 25 kDa), SPDP ((N-
Succinimidyl-3-(2-pyridyldithio))pro-pionate), DMF
and DMSO were obtained from Sigma-Aldrich (St.
Louis, MO, USA). The polypeptides CRI16
(CYRSRKYTSWYVALKR, MW=2080) were syn-
thesized by GL Biochem (Shanghai) Ltd. Plasmid
pCAG-Luc encoding luciferase was bought from
Promega. HepG2 (FGF receptors positive), a human
hepatocellular carcinoma cell line and PC-3 (FGF
receptors negative), a human prostate adenocarci-
noma cell line, were obtained from American Type
Culture Collection ATCC (Rockville, MD). Female
BALB/C athymic nude mice (4~6 weeks old) were

purchased from Shanghai Slac Laboratory Animal Co.

Ltd. (Shanghai, China).

Synthesis of PEI-CR16

PEI (4.5 mg/ml, 5.6 ml) was reacted with SPDP
(1.25 mg) in a mixture of NS and DMSO at room
temperature for 1 h under the protection of nitrogen in
the dark. When the reaction was finished, CR16 (1.56
mg) was mixed with the product of the first reaction at
room temperature for 4 h under the protection of
nitrogen gas. The product was dialyzed with the di-
alysis membrane (MW cutoff 10000) for 24 h and
lyophilized for 48 h. The product was preserved at
—20 °C.

'H nuclear magnetic resonance (lH NMR) assay

Five milligrams of the product was subjected to
8 scans 'H NMR analysis with Bruker 400 MHz
NMR spectrometer at room temperature.

Fourier transformed infrared spectroscopy (FT-
IR) assay

FT-IR spectra were examined on an FT-IR
spectrometer (Spectrum 2000, PERKIN ELMER).

Cell viability assay

HepG2 and PC-3 cells were grown in DMEM
supplemented with 10% FCS at 37 °C, 5% CO; in
96-well plates (Falcon, Becton Dickison, USA) at an
initial density of 5000 cells/well; 24 h later, the
growth medium was replaced by 200 pl serum-free
DMEM containing PEI or PEI-CR16 with different

concentrations (0, 1,2,4, 5, 10, 20, 50 and 100 pg/ml).
After 36 h incubation, the cells viability was meas-
ured by MTT assay. The relative cell growth (%) of
control cells cultured in media without PEI or PEI-
CR16 was calculated by ([A] test/[A] control)x100.

Agarose gel electrophoresis assay

Varying amounts of polymers were mixed with
0.2 pg of pDNA in 5% glucose solution. Gel elec-
trophoresis was carried out at room temperature in
TAE buffer in 1% (w/w) agarose gel at 100 V for 30
min. pDNA bands were visualized by a UV illumi-
nator.

Particle size test

Polyplexes of PEI/pDNA and PEI-CR16/pDNA
were prepared at DNA concentration of 0.333 pg/ml,
N/P ratio was 5, 10, 20 and 30, respectively for sam-
ples. Sizes were measured with 90 Plus Particle Size
Analyzer (Brookhaven Instruments Corporation,
USA) at 25 °C temperature. Scattering light was de-
tected at 90° angle.

In vitro gene transfer

HepG2 cells were cultured in 48-well plates
(Falcon, Becton Dickison, USA) at a density of
2.5x10*well with 0.8 ml DMEM containing 10%
FCS. Twenty-four hours later, the culture medium
was replaced with 0.8 ml serum-free DMEM and the
polyplexes of PEI/pCAG-Luc or PEI-CR16/pCAG-
Luc with different N/P ratios (5, 10, 20 and 30) and
containing 1 ug pCAG-Luc was added to each well.
The polyplexes were incubated with the cells for 36
h at 37 °C. After removing the incubation medium,
cells of each well were rinsed with PBS and frozen
thawing in 200 pl PBS at —80 °C. The luciferase
activity in cells extracts was measured using a
luciferase assay kit (Promega). Measurements were
made in a single-well luminometer (Berthold Lumat
LB 9507, Germany) for 10 s. The relative light units
(RLUs) were normalized by determining the total
protein of the extracts. PC-3 cells which express no
FGF receptors on the cell membrane were used as
negative control. Different concentrations of CR16
(0, 10, 50 and 100 nmol/L) were employed to in-
vestigate the free oligopeptide competitive inhibi-
tion effect by 3 h co-incubation before the procedure
of gene transfer.
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In vivo gene transfer

Female BALB/C athymic nude mice (4~6 weeks
of age) were used to in vivo gene transfer. Two mil-
lion HepG2 or PC-3 cells (in 100 pl saline) were
locally injected into the dorsal site of the mice. When
the size of tumor reached to 8 mm, the polyplexes of
PEI/pDNA or PEI-CR16/pDNA containing 50 ug
pCAG-Luc with N/P ratio of 20 (in a volume of
100~150 pl) were injected into the tumors. After 36 h,
the mice were sacrificed and the tumors tissue sam-
ples were taken out and homogenized with 1 ml PBS
and then subjected to three freeze-thaw cycles. The
RLUs of the luciferase in the lysate were determined
as the methods in in vitro experiments.

Statistical analysis

Unless noted otherwise, results from in vitro
experiments represented at least two independent
experiments whereas in vivo experiments utilized six
animals per group. All results are expressed as
means+SD. A mean with P<0.05 was considered
statistically significant. The analysis method was one
way ANOVA (SPSS, Version 12.0).

RESULTS

Synthesis and characterization of PEI-CR16

The polymer of PEI-CR16 was synthesized by
linking CR16 to the primary amino groups of branch
PEI (25 kDa). The molar ratio of PEI to CR16 was
1:0.75. The peaks in the 6 range of 3.2~3.5 were as-
signed to CR16 and the peaks in the & range of
2.5~3.2 were assigned to PEI in 'H-NMR assay. All
of these demonstrated that CR16 was linked to PEI
(Fig.1).

The PEI-CR16 was then determined by FT-IR.
The absorbance peak of C=0 at 1730 cm ' showed
that CR16 had conjugated to PEI (Fig.2).

Toxicity of PEI-CR16

The cytotoxicity of PEI-CR16 was investigated
in HepG2 and PC-3 cells by MTT assay. Fig.3 shows
that the cytotoxicity of PEI-CR16 was similar to that
of PEL. When the concentration increased up to 10
pg/ml or more, the viability of cells was less than 50%

(Fig.3).
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Fig.2 FT-IR analysis of PEI and PEI-CR16

Gel retardation and particle size assay of PEI-
CR16

The plasmid DNA condensing ability of PEI-
CR16 was detected by gel retardation assay. DNA
was fully retarded at N/P ratio of 3 for PEI, and for
PEI-CR16, it was at N/P ratio of 4 (Fig.4).

The particle size is shown in Fig.5. At N/P ratio
of 10, the particle size was about 200 nm. At the same
N/P ratio, the particle size of the polyplexes formed
by PEI/pDNA was less than that of PEI-CR16
(P<0.05, n=10).

PEI-CR16 mediated gene transfer in vitro

Fig.6 shows the transgene efficiency of PEI and
PEI-CR16 in HepG2 cells. It was twice that of PEI at
N/P ratio of 10, and when the N/P ratio was 20, the
efficiency was at least 6 times, but in PC-3 cells, it
was lower than PEL.

The results of free CR16 competitive inhibition
(Fig.7) indicated that free CR16 showed the inhibition
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Fig.3 Toxicity of PEI and PEI-CR16 in (a) HepG2 cells and (b) PC-3 cells
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Fig.4 Gel retardation assay of PEI and PEI-CR16
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Fig.5 Particle size of the polyplexes complexed with
pDNA by PEI and PEI-CR16
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Fig.6 Transfection efficiency of PEI and PEI-CR16 in (a) HepG2 cells and (b) PC-3 cells

effect on the transgene activity of PEI-CR16 de-
pendent on the concentration of free peptides, while
no inhibition effect was observed on the transgene
activity of uncoupled PEI.

PEI-CR16 mediated gene transfer in vivo

In the HepG2 tumor model, which highly ex-
pressed FGF receptors, the luciferase activity in the
tumor tissues after intratumoral injection of the
PEI-CR16/pCAG-luc complexes was significantly

higher than that in PEI/pCAG-luc (P=0.003, n=6). On
the contrary, in PC-3 tumor model which expressed
FGF receptors weakly, no significant difference of
luciferase activity was observed between the
PEI-CR16 group and the PEI control group (Fig.8).

DISCUSSION

Since Boussif et al.(1995) developed PEI as the
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Fig.8 Transfection efficiency of PEI and PEI-CR16 in
vivo with tumor model with HepG2 cells or PC-3 cells

hope for non-viral vector in gene delivery, PEI has
become the golden criteria in the field of non-viral
gene transfer vectors (Read et al., 2005b). To make
PEI more suitable for gene therapy, modifying PEI
with ligands is one of the useful strategies, targeting
specially to the receptors on cell membrane to im-
prove the targeting ability of PEIL. It is the most pro-
spective future in gene therapy (Jeong et al., 2005).

FGF receptors are highly expressed on most
tumor cells and up-regulated in endothelial cells pro-
liferating during angiogenesis and are attractive tar-
gets for cancer gene therapy (Chandler ef al., 1999).
Though some papers reported FGF receptors target-
ing viral vectors with results coinciding with the re-
targeting of the vectors and the improvement of gene
expression (Chandler et al., 2000), there is little re-
search on the modification of PEI with FGF. In this
study, the oligopeptides were designed from the same
sequence of the FGF molecule’s core fragment in
order to diminish the steric hindrance of the whole
FGF molecule.

PEI has abundant amine groups, so in the syn-

thesis system, the reaction was nearly complete be-
tween PEI and CR16. The molar ratio of CR16 to PEI
in PEI-CR16 complexes could be obtained by refer-
ring to the theoretically calculated results (0.75:1).

The particle size of the polyplexes for gene de-
livery was about 200 nm and was affected by the type
of polymer, size, modification of the carrier, and the
protocol of complex formation. Considering the bal-
ance of factors the suitable diameter of polyplexes
with more than 100 nm and less than 300 nm is suit-
able for the transfection (Munier et al., 2005). Our
results indicated the diameter of polyplexes prepared
with PEI-CR16 and pDNA was suitable for transfec-
tion.

HepG2 cells and PC-3 cells were used to verify
the gene transfer ability of PEI-CR16 and explore the
role of the oligopeptide CR16. In our preliminary
experiments, cell immunocytochemistry was used to
screen the FGF receptors expression conditions in
different cells including HepG2, PC-3 cells. The re-
sults showed that the positive expression of FGF
receptors in HepG2 cells and the negative expression
of FGF receptors in PC-3 cells, accorded with the
results of Chandler ef a/.(1999) (data not showed). In
vitro gene delivery experiments, we found that the
most suitable N/P ratio was 10 for PEI and 20 for
PEI-CR16. But even at N/P ratio of 10, the transfec-
tion efficiency of PEI-CR16 was higher than that of
PEIL. The difference between PEI-CR16 and PEI
might have resulted from the relatively looser pPDNA
condensing ability and larger particle size. The rela-
tively lower efficiency of PEI-CR16 on PC-3 cells
was due to the fact that the linkage of CR16 had no
receptor-mediated effect on PC-3 cells. But the effect
of linkage on the steric hindrance of the peptide might
decrease the efficiency. And, the free peptides CR16
added to the cell culture before the transfection
showed efficient inhibition effect on the transgene
ability of PEI-CR16, indicating that the combination
of CR16 and FGF receptors mediated the enhanced
transfection activity of PEI-CR16 in HepG2 cells.
When PEI was modified with ligands, the pathway of
polyplexes binding to cells will be receptor mediated
replacement of simple static electricity process partly
and thus enhances the efficiency (Grosse ef al., 2004).
The mechanism of receptors-mediated gene transfer
is very complex and not elucidated completely, in-
cluding extracellular and intracellular pathways, but
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according to some papers, the extracellular part may
play a more important role (Wagner, 2004).

Preliminary research on gene delivery efficiency
and the targeting ability of PEI-CR16 was investi-
gated in vivo. As we expected, in tumor-bearing nude
mice inoculated with HepG2 cells, the transgene ex-
pression of reporter gene in tumor tissues transfected
by PEI-CR16 was higher than that of PEI mediated
transfection. In the PC-3 tumor model, PEI-CR16
showed no enhanced transgene efficiency. But the
amplitude of the enhanced transgene efficiency of
PEI-CR16 was not so significant compared with the
results of in vitro experiments. The reason may be
imputed to the interaction of polyplexes with negative
charges proteins like matrix proteins and the aggre-
gation of tumors in the parenchyma (Ogris ef al.,
1999). To decrease such interaction effect, some
strategies like PEGylation may be helpful (Tang et al.,
2003).

In conclusion, a novel type of nonviral vectors
based on PEI and modified with CR16 has been
successfully developed which has higher transfection
efficiency and FGF receptors retargeting ability. It
will hopefully be directly used in gene therapy of
cancer whether by local or systemic usage.
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