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Background: Chitosan and chitosan derivatives have been proposed as alternative and biocom-

patible cationic polymers for nonviral gene delivery. However, the low transfection efficiency 

and low specificity of chitosan is an aspect of this approach that must be addressed prior to 

any clinical application. In the present study, folated poly(ethylene glycol)-chitosan-graft-

polyethylenimine (FPCP) was investigated as a potential folate receptor-overexpressed cancer 

cell targeting gene carrier.

Methods: The FPCP copolymer was synthesized in two steps. In the first step, folate-PEG was 

synthesized by an amide formation reaction between the activated carboxyl groups of folic acid 

and the amine groups of bifunctional poly(ethylene glycol) (PEG). In the second step, FPCP 

was synthesized by an amide formation reaction between the activated carboxyl groups of 

folate-PEG and amine groups of CHI-g-polyethyleneimine (PEI). The composition of FPCP 

was characterized by 1H nuclear magnetic resonance.

Results: FPCP showed low cytotoxicity in various cell lines, and FPCP-DNA complexes showed 

good cancer cell specificity as well as good transfection efficiency in the presence of serum. 

Further, FPCP-Pdcd4 complexes reduced tumor numbers and progression more effectively than 

PEI 25 kDa in H-ras12V liver cancer mice after intravenous administration.

Conclusion: Our data suggest that FPCP, which has improved transfection efficiency and cancer 

cell specificity, may be useful in gene therapy for liver cancer.

Keywords: liver cancer, targeted gene therapy, folated poly(ethylene glycol)-chitosan-graft-

polyethylenimine, safety, efficiency

Introduction
Liver gene therapy is being developed as an alternative to orthotopic liver transplan-

tation, which is an effective therapy for many liver diseases, including liver cancer.1 

The naked genetic therapeutic method is vulnerable to enzymatic degradation, rapid 

clearance by renal filtration, and poor cellular uptake, as well as nontargeting, and 

successful gene therapy relies mainly on the development of safe and effective gene 

vector systems. Two key vectors, both viral and nonviral, have been utilized in gene 

therapy. While viral vectors have high transfection efficiency over a wide range of cell 

targets, they have major limitations, including inflammatory responses and oncogenic 

effects.2,3 Hence, there is a need for development of safe and efficient nonviral vectors 

as an alternative to viral vectors.

Of the nonviral vectors studied to date, chitosan and chitosan derivatives have 

been proposed as being suitable because of their cationic charge, biodegradability, and 

biocompatible properties.4,5 However, this system is significantly limited by the low  
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transfection efficiency and low cell specificity of chitosans.6 

To address these limitations, several ligands, such as chitosan 

modified by folate,6,7 transferrin,8 mannose,9,10 and galac-

tose,11,12 have been designed and evaluated for receptor-

mediated endocytotic gene delivery. Of these, folate chitosans 

have been reported as cancer cell-targeting gene carriers 

because of specific ligand-receptor interactions between 

folate moieties and the folate receptor, which are absent in 

most normal tissues at a high frequency, but are amplified in 

a variety of human cancers, including liver cancer.13,14

In a previous study, we prepared chitosan-graft-

polyethyleneimine (CHI-g-PEI) as a gene carrier,15 which 

showed low cytotoxicity and high transfection efficiency, but 

also had limited cell specificity. Therefore, in this study, we 

prepared folate-PEG-chitosan-graft-low molecular weight 

PEI (FPCP) to achieve better cancer cell specificity. In gen-

eral, PEG (poly[ethylene glycol]) facilitates the formation of 

polyplexes with improved solubility, diminished aggregation, 

lower cytotoxicity, and possibly decreased opsonization with 

serum proteins in the bloodstream.16 Therefore, we expected 

that surface modification of the polymer by PEG would 

enhance interactions the between polyplexes and target organs 

because of its hydrophilic properties. The physicochemical 

properties of FPCP-DNA complexes were analyzed, and their 

cytotoxicity, cancer cell specificity, and serum stability were 

also characterized. In vivo green fluorescent protein (GFP) 

gene expression and therapeutic efficiency using programmed 

cell death protein 4, a protein translation inhibitor that 

prevents tumorigenesis and tumor progression,17 were also 

investigated in liver tumor-bearing H-ras12V mice.

Materials and methods
Materials
Folic acid, chitosan (low molecular weight, deacetylation 

85%), and branched PEI 25 kDa were obtained from Sigma-

Aldrich (St Louis, MO, USA). A heterobifunctional PEG 

derivative (NH
2
-PEG-COOH, molecular weight 5000 Da, 

PA-050HC) was purchased from NOF Cooperation (Tokyo, 

Japan). Branched PEI 1800 Da was purchased from Wako 

(Osaka, Japan). A pGL3 expression vector (5.3 kb) contain-

ing a luciferase gene and driven by an SV40 promoter and 

enhancer was obtained from Promega (Madison, WI, USA). 

A pcDNA3.1/CT-GFP (6.1 kb) plasmid was purchased from 

Invitrogen (Carlsbad, CA, USA). Plasmids were propa-

gated in Escherichia coli, extracted using the alkali lysis 

technique and purified using a QIAGEN kit (Chatsworth, 

CA, USA). All other chemicals were at least reagent grade. 

The programmed cell death protein 4 antibody was obtained 

from Cell Signaling Technology (Beverly, MA, USA). BAX, 

BAD, vascular endothelial growth factor, and actin antibod-

ies were purchased from Santa Cruz Biotechnology (Santa 

Cruz, CA, USA).

Preparation and characterization  
of FPCP copolymer
The FPCP copolymer was synthesized in two steps. In the 

first step, folate-PEG was synthesized by an amide formation 

reaction between the activated carboxyl groups of folic acid 

and the amine groups of bifunctional PEG.18 Briefly, folic 

acid (1.6 mmol) dissolved in 25 mL of dimethylsulfoxide 

was activated with a mixture of N-hydroxysuccinimide 

(3.2  mmol) and dicyclohexylcarbodiimide (3.2  mmol). 

Overnight activation of folic acid using excess dicyclohexyl-

carbodiimide and N-hydroxysuccinimide in dimethylsulfox-

ide yielded dicyclohexyl urea. After activating the carboxyl 

groups, 0.2 mmol of PEG was added. The reaction was run 

for 24 hours at room temperature. The resulting product was 

purified by dialysis (molecular weight 3500) against dimeth-

ylsulfoxide for two days and distilled water for three days, 

followed by lyophilization. CHI-g-PEI was synthesized as 

previously described.15

In the second step, FPCP was synthesized via an 

amide formation reaction between the activated car-

boxyl groups of folate-PEG and the amine groups of 

CHI-g-PEI. Folate-PEG (0.1  mmol) dissolved in 10  mL 

of MES buffer solution (0.2 M, pH 5.5) was activated 

with a mixture of N-hydroxysuccinimide (0.2 mmol) and 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydro-

chloride (EDC, 0.2  mmol). After activating the carboxyl 

groups for 15 minutes, 1 mmol of CHI-g-PEI was added. The 

reaction was allowed to run 12 hours at 4°C, followed by an 

additional 12 hours at room temperature. The resulting product 

was purified by dialysis (molecular weight 12,000) against 

distilled water for two days at 4°C. The copolymer was then 

lyophilized. The reaction scheme is shown in Figure 1A. The 

composition of the prepared FPCP copolymer was estimated 

by measuring 1H nuclear magnetic resonance (1H NMR, 

AVANCE™ 600 FT-NMR, Bruker, Ettlingen, Germany).

Preparation and characterization  
of FPCP-DNA complexes
The FPCP-DNA complexes were freshly prepared before 

use by combining equal volumes of a DNA solution and 

a FPCP copolymer solution, gently vortexing the solu-

tion, and incubating at room temperature for 30 minutes. 

The N/P of the FPCP-DNA complexes was expressed as the 
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ratio of moles of amine groups in the copolymer to moles of 

phosphate groups in DNA.

Characterization of the FPCP-DNA complexes was per-

formed using methods previously reported.15 Briefly, the DNA 

condensation and protection ability of the copolymer was con-

firmed by electrophoresis. DNA retardation was observed by 

irradiation with ultraviolet light and analyzed with Cam2com 

software. The morphology of the FPCP-DNA complexes 

was observed using energy-filtering transmission electron 

microscopy (LIBRA 120, Carl Zeiss, Oberkochen, Germany). 

A dynamic light scattering spectrophotometer (ELS8000, 

Otsuka Electronics, Osaka, Japan) at 90° and 20° scattering 

angles was used to measure the particle size and surface 

charge of the polyplexes at various weight ratios.

Cell lines, cell culture, and cell  
viability assays
HepG2 (human hepatoblastoma cells, ATCC, Manassas, VA, 

USA), A549 (human lung carcinoma, ATCC), and HeLa 

(human cervix epithelial carcinoma, ATCC) cells were cul-

tured in Dulbecco’s modified Eagle’s medium  (Gibco-BRL, 

Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal 

+

N

N

N

N

O

H2N
H
N

H
N

O COOH

COOH

COOH

Folic acid

H2N-PEG-COOH

O
O

OH

O

nH2N

O n
O

OH

ON

N

N

N

O

H2N

H
N

H
N

O

COHN

Fol-PEG

NHNH

O

CH2OH

H

H

H

O

O

OH

NH2

CH2OH

H

H

H

O

O

PEI PEI

+
NHNH

O
CH2OH

H
H

H

O
O

OH

NH

CH2OH

H

H

H

H

O
O

COPEIPEI

PEG PEG
PEG

Fol Fol Fol

FPCP

DCC

NHS

A

O
O

OH

O

n

N

N

N

N

O

H2N

H
N

H
N

O COOH

COHN

Fol-PEG

EDC

NHS

Step 1

Step 2

Chitosan-graft-PEI
(CHI-g-PEI)

H

Figure 1 (A) Proposed reaction scheme for synthesis of FPCP. (B) Representative 1H nuclear magnetic resonance spectra for FPCP in D2O: δ = 6.8 ppm (=CH−, folic acid), 
δ = 3.6–3.1 ppm (−CH2CH2O−, PEG ethylene), δ = 2.8–2.2 ppm (−NHCH2CH2−, PEI ethylene), and δ = 2.0–1.9 ppm (−CH3, chitosan methylene).
Abbreviations: NHS, N-hydroxysuccinimide; DCC, dicyclohexylcarbodiimide; EDC, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride; PEI, polyethyl
enimine; FPCP, folated poly(ethylene glycol)-chitosan-graft-polyethylenimine; Fol, folate; PEG, polyethylene glycol.

CHI-g-PEI

Fol-PEG
O

O
OH

O

n

N

N

N

N

O

H2N

H
N

H
N

O COOH

COHN

NHNH

O

CH2OH

H

H

H

O

O

OH

NH2

CH2OHC

H

H

H

H

O
O

PEI PEI

PEI ethylene

* 

FPCP

PEI ethylene

PEG ethylene

*

NHNH

O
CH2OH

H
H

H

O
O

OH

NH

CH2OH

H

H

H

H

O
O

COPEIPEI

PEG PEG
PEG

FolFol Fol

PEG ethylene

B

Chitosan methylene

Chitosan methylene

Folate (=CH−)

*

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1491

FPCP-Pdcd4 complexes suppress liver tumorigenesis

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2013:8

bovine serum, streptomycin 100 µg/mL, and penicillin 100 U/

mL. KB (human epidermal carcinoma cells, ATCC) and 

WI-38 (human lung fibroblast cells, ATCC) were cultured in 

RPMI 1640 (Gibco-BRL, Invitrogen). KB cells overexpress-

ing the folate receptor (KB/F) culture media were exchanged 

with RPMI 1640 without folate (Gibco BRL, 27016) for 

two weeks before transfection to induce overexpression of 

the folate receptor.18,19 Cells were incubated at 37°C in a 

humidified 5% CO
2
 atmosphere, and split using Trypsin/

EDTA medium prior to reaching confluence.

In vitro cytotoxicity tests were performed using the 

Cell Titer 96® AQueous One Solution Cell Proliferation 

Assay (Promega).15 Briefly, HepG2, A549, HeLa, KB, 

and WI-38 cells were seeded in 96-well plates at an initial 

density of 1 × 104 cells/well in 0.2 mL of growth medium 

and incubated for 18 hours prior to addition of the filtered 

polymers. Growth medium was replaced by fresh serum-

free medium containing various amounts of polymers. 

After incubation for a further 24 hours, the medium was 

exchanged for growth medium containing 20 µL of Cell 

Titer 96 AQueous One Solution Reagent. After further 

incubation for three hours, absorbance was measured at 

570  nm using an enzyme-linked immunosorbent assay 

plate reader (GLR 1000, Genelabs Diagnostics, Singapore 

Science Park, Singapore).

Transfection efficiency, buffering capacity, 
competition, and serum effect
The in vitro transfection efficiency of FPCP was evaluated in 

KB/F cells. Cells were seeded in 24-well plates at an initial 

density of 1.5 × 105 cells/well in 1 mL of growth medium. 

After 18 hours of incubation (to reach 70% confluence at the 

time of transfection), the medium was replaced with serum-

free (or containing 10% fetal bovine serum) medium plus 

polymer/pGL3 (1 µg) complexes at various N/P ratios (or 

at a functional N/P ratio), and the cultures were incubated 

for a further four hours. The medium was then exchanged 

for fresh medium containing 10% fetal bovine serum, and 

the cultures were incubated for a further 24 hours at 37°C. 

Luciferase assays were performed according to the protocol 

suggested by the manufacturer. Each transfection was per-

formed in triplicate, and transfection efficiency was expressed 

in relative light units.

To determine the buffering capacity of FPCP, the cells 

were treated with bafilomycin A1, a specific inhibitor of 

vacuolar type H+ ATPase, during transfection. Next, 200 nM 

of bafilomycin A1 diluted in dimethylsulfoxide were put into 

24-well plates. After 10 minutes of incubation, transfection 

solutions were added to the wells for four hours. The cells 

were then incubated in growth medium for 24 hours, and 

then checked by luciferase assay.

The competition studies were cross-checked by compari-

son of the transfection efficiencies for KB/F (cells overex-

pressing the folate receptor) and KB cells and by pretreatment 

with free folate (600 µM)20 as a competitor for 10 minutes 

before treatment with the polyplex.

In vivo transfection efficiency studies
The in vivo experiments were approved by the Animal Care 

and Use Committee at Seoul National University. Twenty-

week-old male H-ras12V transgenic mice21 were maintained 

at 23°C ± 2°C and a relative humidity of 50% ± 20% on a 

12-hour light-dark cycle.

FPCP transfection efficiency was determined by intra-

venous injection of 30 µg of GFP plasmid in 200 µL. The 

animals were sacrificed 48 hours after injection, and their 

livers were isolated and fixed in ice-cold 4% paraform-

aldehyde and sucrose solution. Tissue was fixed at room 

temperature and embedded in Tissue-Tek OCT (Sakura, 

Torrance, CA, USA). Tissue cryosections (10 µm) were cut 

with a microtome (Leica, Nussloch, Germany) and mounted 

on slides for analysis. The slides were evaluated for the 

GFP signal using a Zeiss LSM510 confocal microscope. 

The livers were collected and fixed in 10% neutral buffered 

formalin for histopathological examination. For histologi-

cal analysis, liver sections were stained with hematoxylin 

and eosin.

In vivo therapeutic efficiency studies
The H-ras12V mice with liver cancer were randomly 

divided into four treatment groups containing four mice 

each, ie, control, Pdcd4, FPCP-Pdcd4, and PEI 25  kDa-

Pdcd4. The mice were intravenously injected with 30 µg 

of the therapeutic Pdcd4 gene twice per week for four 

weeks with or without the carrier. The same volume of 

phosphate-buffered solution was intravenously injected 

into mice in the control group. At the end of the experi-

ment, the mice were sacrificed, the livers were collected, 

and the numbers and sizes of tumors on the surface were 

evaluated. The livers were homogenized using 2.5 × Passive 

Lysis Buffer (Promega), then centrifuged at 13,000 rpm 

and 4°C. The protein concentration from the homogenized 

liver samples was evaluated using the Bio-Rad Protein 

Assay reagent (Bio-Rad, Hercules, CA, USA). Western 

blotting was performed following a procedure described 

previously.22 Bands were detected using a luminescent image 

analyzer LAS-3000 (Fujifilm, Tokyo, Japan) and quantified 

using Multi Gauge version 2.02 software (Fujifilm).
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Statistical analysis
All values are presented as the mean ± standard deviation. 

The statistical significance of differences between the groups 

was determined using the unpaired t-test. P values , 0.05 

were considered to be statistically significant, P , 0.01 was 

highly significant, and P , 0.001 was more significant when 

compared with corresponding values.

Results and discussion
Synthesis and characterization  
of FPCP copolymer
We were successful in synthesizing the FPCP copolymer, 

as shown in Figure 1A. The composition of the synthesized 

copolymer was analyzed by 1H NMR (Figure 1B). The chemi-

cal composition of the folate groups in FPCP was determined 

to be 5.3 mol% by assigning the protons of ethylene in PEG, 

PEI, and folic acid, respectively. The proton peaks of folate 

(=CH−) appeared at 6.8 ppm, PEG (−CH
2
−) at 3.6–3.1 ppm, 

PEI (−NHCH
2
CH

2
−) at 3.3–2.5 ppm, and chitosan (−CH

3
−) 

at 2.0–1.8 ppm in the FPCP, indicating that folate-PEG was 

grafted to the CHI-g-PEI chain.

In a similar fashion, synthesis of non-folate targeted PEG-

CHI-g-PEI was performed using N-hydroxysuccinimide and 

EDC as activating agents. Methoxy-PEG-sulfosuccinimide 

was activated using N-hydroxysuccinimide and EDC at 

room temperature and conjugated to CHI-g-PEI through 

amide linkage. The successful synthesis of PEG-CHI-g-PEI 

was also confirmed by 1H NMR for its composition (data 

not shown).

Characterization of FPCP-DNA 
complexes
DNA condensation is one of the prerequisites for a successful 

polymeric gene carrier. Cationic polymers with high positive 

charge densities can bind negatively charged DNA effec-

tively via electrostatic interactions.23 The ability of FPCP 

to condense with DNA was evaluated using an agarose gel 

electrophoresis shift assay. As shown in Figure 2A, migra-

tion of DNA was completely retarded when the N/P ratio 

was one. DNA bands disappeared as the N/P ratio increased, 

indicating that more stable DNA complexes were formed 

with increasing amounts of polymer. Figure  2B shows 

morphology representative of the FPCP-DNA complexes, 

indicating well formed spherical shapes with a compact 

structure. Particle size is a particularly important factor that 

influences the access and passage of complexes at the targeted 

site.12,15 As shown in Figure 2C, all complexes measured less 

than 75 nm, and the particle sizes tended to decrease with 

an increase in the N/P ratio (from 7 to 35). The relatively 

homogenous size distributions of the complexes, as measured 

by dynamic light scattering, were unimodal (Figure  2D). 

A positive surface charge is necessary for binding to anionic 
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cell surfaces, which in turn facilitates uptake into the cell.24 

As shown in Figure 2C, the zeta potentials of the FPCP-DNA 

complexes rapidly increased to positive values with increas-

ing N/P ratios. FPCP also protected DNA from degradation 

by the DNase I enzyme (Figure 2E). Together, these results 

suggest that FPCP can efficiently transfer DNA to cells after 

complexation.

Cytotoxicity of FPCP
The optimal polycationic polymer for a gene delivery car-

rier should combine high transfection efficiency with low 

cytotoxicity. To investigate the cytotoxicity of the FPCP 

copolymer, cell viability was assayed at various concentra-

tions of the copolymer using KB, A549, HepG2, HeLa, and 

WI-38 cell lines (Figure 3A–E). It has already been reported 

that free polymers are more toxic to cells compared with the 

polyplexes prepared from them.25 The viability of control 

cells decreased dramatically with increasing concentrations 

of PEI 25  kDa, and their relative viability was less than 

20% at a polymer concentration of 50 µg/mL. Further, the 

FPCP copolymer exhibited low levels of cytotoxicity, with 

approximately 80% of cells being viable up to a polymer 

concentration of 50 µg/mL in the five different cell lines, 

indicating that the FPCP polymer is minimally toxic in gene 

delivery.

Although PEI is one of the most widely used gene car-

riers because of its efficient proton sponge effect within 

endosomes, its use has been limited because of its in vitro 

as well as in vivo cytotoxicity.26 The cytotoxicity of PEI is 

dependent on its molecular weight, with a lower molecular 

weight PEI having less cytotoxicity.24 On the other hand, the 

lower cytotoxicity of CHI-g-PEI compared with PEI 25 kDa 

has already been demonstrated in a previous study.15 PEG 

is known to help reduce the cytotoxicity of PEI by reducing 

the number of PEI amino groups.27 Cationic polymers with 

high charge densities have strong lytic and toxic properties, 

and a reduction in charge density is reported to result in less 

cytotoxicity.28 The grafted PEG reduces the surface charge of 

the polyplexes as a result of the brush effect, and diminished 

aggregation results in reduce cytotoxicity. Further, Luo et al 

recently reported that PEGylation succeeded in reducing 

the zeta potential of the complexes, leading to reduced 

cytotoxicity.29 Finally, it is reasonable to assume that FPCP 

was less cytotoxic than PEI 25 kDa because of the hydrophilic 

PEG groups and the minimal cytotoxicity of the CHI-g-PEI 

groups. In our study, we confirmed that cell viability was 

not affected by the folate moiety after covalent linkage with 

PEG (Figure 3A–E).

Transfection efficiency in vitro
Luciferase activity was measured in a transfected KB/F cell 

line to investigate the transduction efficiency of the FPCP 

copolymer. To determine the optimal N/P ratio of FPCP-

DNA complexes for transfection, KB/F cells were transfected 
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Figure 3 Cytotoxicity of the FPCP copolymer at various concentrations in different cell lines. (A) KB, (B) A549, (C) HepG2, (D) HeLa, and (E) WI-38. 
Note: n = 3, error bars represent standard deviation.
Abbreviations: PEI, polyethylenimine; FPCP, folated poly(ethylene glycol)-chitosan-graft-polyethylenimine; PCP, poly(ethylene glycol)-chitosan-graft-polyethylenimine; kDa, 
kilodalton.
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(overexpressing folate receptors), KB cells (not overexpressing folate receptors) and normal WI-38 (human lung fibroblast) cells using the luciferase assay. (D) Competitive 
assay for FPCP-DNA complexes prepared at a charge ratio of 21 in the presence of folate (600 µM) and the functional folate group of FPCP for folate receptor sites (n = 3, 
error bars represent standard deviation). (E) Effect of serum on gene transfection efficiency.
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with complexes prepared at different N/P ratios, as shown 

in Figure 4A. The transfection efficiency of the copolymer 

increased with an increasing N/P ratio, whereas the transfec-

tion efficiency of PEI 25 kDa alone was decreased because 

of the enhanced cytotoxicity. The maximal transfection 

efficiency of FPCP-DNA was observed at an N/P ratio of 21, 

and tended to decrease with further increases of the N/P 

ratio. As shown in Figure 4B, the transfection efficiency of 

the FPCP-DNA complexes was markedly decreased after 

treatment with bafilomycin A1, likewise with PEI 25 kDa, 

suggesting involvement of the proton sponge effect in PEI-

mediated transfection. The transfection efficiency of the 

FPCP-DNA complexes in KB/F, KB, and WI-38 cells was 

also compared in order to demonstrate the effect of folate on 

receptor-mediated gene transfer, as shown in Figure 4C. The 

FPCP-DNA complexes showed significantly greater transfec-

tion efficiency compared with KB/F (overexpressing folate 

receptors), but not KB (not overexpressing folate receptors) 

cells as well as normal WI-38 (human lung fibroblast) cells, 

indicating that the folate ligand on FPCP plays a significant 
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Figure 5 In vivo transfection efficiency studies(A and B): (A) In vivo green fluorescent protein expression analysis in H-ras12V mice following intravenous administration 
(scale bar = 50 µm). FPCP/GFP could target to tumor tissue in vivo and highly expressed green fluorescent protein in liver tumor. (B) Observation of tumor tissue by liver 
histopathology study(hematoxylin and eosin staining; scale bar = 20 µm). Forming the tumor tissue was confirmed by H&E staining in every groups. In vivo therapeautic ef-
ficiency studies(C–F): (C) Tumor size over 1 mm, tumor numbers (n = 4, *P , 0.05; **P , 0.01; ***P , 0.001). Intravenous injection of FPCP-Pdcd4 significantly inhibited 
the number of liver tumors. (D) Western blot analysis of programmed cell death protein 4 protein expression in the liver (left). Bands of interest were further analyzed by 
densitometry (right). (E) Western blot analysis of apoptosis-regulating proteins, Apaf-1, BAX, and BAD (left), and bands of interest were further analyzed by densitometry 
(right). (F) Western blot analysis of VEGF (left), and bands of interest were further analyzed by densitometry (right, n = 4, *P , 0.05).
Abbreviations: PEI, polyethylenimine; FPCP, folated poly(ethylene glycol)-chitosan-graft-polyethylenimine; Con, controls; GFP, green fluorescent protein; VEGF, vascular 
endothelial growth factor; BAX, Bcl-2-associated X protein; BAD, Bcl-2-associated death promoter; Apaf-1, apoptotic peptidase activating factor 1; Pdcd4, programmed cell 
death 4; kDa, kilodalton.
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role in folate receptor recognition and enhanced transfec-

tion efficiency in KB/F cells. The transfection efficiency of 

FPCP/DNA complexes was greatly reduced in the presence 

of an excess of free folate (600 µM), indicating that the 

FPCP-DNA complexes were absorbed via receptor-mediated 

endocytosis (Figure 4D).

It has been reported that one of the practical problems for 

in vivo gene delivery is that gene expression is inhibited by 

serum; therefore, development of gene delivery systems that 

are stable even in serum is very important for improvement 

of gene therapy using nonviral vectors.30 We investigated the 

effect of serum on the transfection efficiency of the FPCP-

DNA complexes. As shown in Figure 4E, the transfection effi-

ciency of the PEI-DNA complexes was markedly decreased in 

the presence of 10% serum, whereas that of the FPCP-DNA 

complexes did not change substantially. It is well documented 

that PEGylation effectively decreases the polyplex surface 

charge, and that salt-induced or serum-induced aggregation 

extends lifetime in the circulation.31,32 In addition, the trans-

fection efficiency of the chitosan-plasmid complex did not 

change substantially in the presence of serum.33 Therefore, it 

is thought that the minimal change in transfection efficiency 

of the FPCP-DNA complexes in the presence of serum is due 

to the hydrophilic group of PEG and chitosan.

Tumor targeting and therapeutic  
studies in vivo
The liver is an attractive target tissue for gene therapy 

because of its large size and metabolic capacity. The liver 

is also an attractive organ for in vivo gene therapy because 

hepatocytes are readily accessible via the blood stream.1 To 

confirm whether FPCP was a more efficient gene carrier for 

targeting cancer cells in vivo compared with PEI 25 kDa, GFP 

expression in H-ras12V mice with liver cancer was observed 

after intravenous administration of GFP only, PEI-GFP, and 

FPCP-GFP complexes, as shown in Figure 5A. The FPCP-

GFP complexes showed high levels of GFP expression in 

liver cancer tissues compared with GFP only and PEI-GFP, 

indicating that it may be an efficient gene carrier for target-

ing liver cancer. As shown in Figure 5B, the hematoxylin and 

eosin staining data clearly show the tumor regions in liver 

tissue from an H-ras12V mouse liver cancer model.

Programmed cell death 4, also known as apoptosis, plays 

a fundamental role in many biological processes, including 

embryogenesis, normal turnover, and immune homeostasis.34 

Therefore, the Pdcd4 gene was used in this study as a thera-

peutic gene to confirm further the efficiency of FPCP. As 

shown in Figure 5C, tumor numbers in the livers of H-ras12V 

mice showed a significant decrease in FPCP-Pdcd4 compared 

with nontreated controls and groups treated with Pdcd4 only. 

However, there was no significant difference in tumor num-

bers between FPCP-Pdcd4 and PEI 25 kDa-Pdcd4. Protein 

levels in total liver lysates were then evaluated by Western 

blot analysis. Significant overexpression of programmed 

cell death protein 4 in the group injected with FPCP-Pdcd4 

was observed in comparison with that seen in the nontreated 

control group and the group treated with Pdcd4 only, indicat-

ing that FPCP has the potential to be an efficient gene carrier 

for targeting liver cancer (Figure  5D). Also, as shown in 

Figure 5E and F, the apoptosis-regulating proteins, includ-

ing Apaf-1, BAX, and BAD, showed significant increases, 

whereas angiogenesis markers, such as vascular endothelial 

growth factor, showed significant decreases in the FPCP-

Pdcd4 group compared with the group treated with Pdcd4 

only. These results support the likelihood of FPCP-Pdcd4 

having a role in tumor regression.

Conclusion
We successfully prepared and evaluated a novel FPCP 

copolymer as a new liver cancer targeted gene carrier. FPCP 

has an enhanced ability to form complexes with DNA and 

has physicochemical properties suitable for use as a gene 

delivery system. This copolymer had little cytotoxicity and 

showed high tumor cell specificity in vitro as well as in vivo 

when compared with PEI 25 kDa. Therefore, we conclude 

that FPCP has the potential to be a safe and efficient gene 

carrier.
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