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Abstract: Anti-angiogenesis has been proposed as an effective therapeutic strategy for cancer 

treatment. Pigment epithelium-derived factor (PEDF) is one of the most powerful endogenous 

anti-angiogenic reagents discovered to date and PEDF gene therapy has been recognized as a 

promising treatment option for various tumors. There is an urgent need to develop a safe and 

valid vector for its systemic delivery. Herein, a novel gene delivery system based on the newly 

synthesized copolymer COOH-PEG-PLGA-COOH (CPPC) was developed in this study, which 

was probably capable of overcoming the disadvantages of viral vectors and cationic lipids/

polymers-based nonviral carriers. PEDF gene loaded CPPC nanoparticles (D-NPs) were fabri-

cated by a modified double-emulsion water-in-oil-in-water (W/O/W) solvent evaporation method. 

D-NPs with uniform spherical shape had relatively high drug loading (~1.6%), probably because 

the introduced carboxyl group in poly (d,l-lactide-co-glycolide) terminal enhanced the interac-

tion of copolymer with the PEDF gene complexes. An excellent in vitro antitumor effect was 

found in both C26 and A549 cells treated by D-NPs, in which PEDF levels were dramatically 

elevated due to the successful transfection of PEDF gene. D-NPs also showed a strong inhibi-

tory effect on proliferation of human umbilical vein endothelial cells in vitro and inhibited the 

tumor-induced angiogenesis in vivo by an alginate-encapsulated tumor cell assay. Further in vivo 

antitumor investigation, carried out in a C26 subcutaneous tumor model by intravenous injection, 

demonstrated that D-NPs could achieve a significant antitumor activity with sharply reduced 

microvessel density and significantly promoted tumor cell apoptosis. Additionally, the in vitro 

hemolysis analysis and in vivo serological and biochemical analysis revealed that D-NPs had no 

obvious toxicity. All the data indicated that the novel CPPC nanoparticles were ideal vectors for 

the systemic delivery of PEDF gene and might be widely used as systemic gene vectors.

Keywords: pigment epithelium-derived factor gene, nanoparticles based on PLGA derivative, 

gene delivery, systemic delivery, tumor

Introduction
Angiogenesis is a physiological process for formation of new blood vessels from pre-

existing ones and has played a critical role in the development, growth, and metastatic 

potential of tumors.1 Anti-angiogenic therapy is now considered to be one of the most 

promising approaches for cancer treatment.2–5 Pigment epithelium-derived factor (PEDF), 

as a member of the serine protease inhibitor (serpin) superfamily, has been reported 

to be one of the most potent inhibitors of angiogenesis.6–8 PEDF is a 50 kDa secreted 

glycoprotein that belongs to a group of proteins having a common three-dimensional 

structure.7 Compared with the direct protein administration, PEDF gene might be cheaper 

and achieve higher antitumor efficacy due to easier access to tumor tissue.
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Gene therapy, transferring therapeutic genes to tumor 

cells using diverse delivery vehicles, has been developed 

as a potential treatment modality for cancers.9–11 Viral 

vectors and nonviral vectors have been developed for this 

purpose. Viral vectors can mediate gene transfer with high 

efficiency, but the disadvantages such as immunogenic/

inflammatory responses, low loading capacity, difficult 

large-scale manufacturing, and quality control limit their 

applications.12 Consequently, more attention has been paid 

on nonviral gene vectors due to their low toxicity, relatively 

easy production, and great versatility.13 Among nonviral 

vectors, biodegradable and biocompatible polymer-based 

nanoparticles have shown their advantages over other 

carriers by their increased stability and their controlled-

release efficacy.14,15 Nanoparticles made from poly (d,l-

lactide-co-glycolide) (PLGA) have been the focus of 

extensive researches in gene delivery due to their capability 

of overcoming the disadvantages of polyethylenimine- or 

cationic lipids/polymers-based gene carriers, such as cyto-

toxicity induced by excess positive charge and aggregation 

on the cell surface.16 PLGA, which has been approved by 

the US Food and Drug Administration for certain human 

clinical uses,17 has many advantages including nontoxic-

ity, biodegradable and biocompatible, controlled- and 

sustained-release efficacy,17,18 long-term stability, and rapid 

evasion of the endolysosomal pathway.6,19 Thus, PLGA has 

been widely used to design nanoparticles as the promising 

gene delivery system in many studies.6,17,20

In our previous study, PLGA nanoparticles loaded with 

PEDF gene were successfully prepared and had shown great 

therapeutic efficacy in a C26 xenograft tumor model.6 How-

ever, the mice were treated by intratumoral injection, which 

was invasive and could not cover tumors adequately and treat 

small metastatic tumors efficiently.21 Thus, this administra-

tion route was not used widely like intravenous injection in 

routine clinical practice.22 Bare PLGA nanoparticles admin-

istered intravenously are rapidly removed from circulation in 

the blood due to opsonization.23 Therefore, versatile strategies 

are being adopted to overcome the limitations of bare PLGA 

nanoparticles. Polyethylene glycol (PEG) is a biocompat-

ible, strongly hydrophilic, and nonhazardous polymer. It 

is known to shield nanoparticles from the immune surveil-

lance and improve the enhanced permeability and retention 

effect.17,24,25 PEG-functionalized PLGA nanoparticles have 

been considerably more effective against systemic clearance 

than similar particles without PEG.26 Hence, a novel COOH-

PEG-PLGA-COOH (CPPC), one of PEG-PLGA copolymers, 

was designed to develop nanoparticles encapsulating PEDF 

gene (D-NPs) in this study. The carboxyl group in PEG 

terminus could be used for functional modification such as 

the conjugation of targeting ligands, and it was hypothesized 

that the one carboxyl group in PLGA terminus would enhance 

the interaction of copolymer with gene and thereby improve 

the drug loading.

Taking into account the above information, CPPC was 

first synthesized and characterized. D-NPs were subsequently 

developed to investigate the pharmaceutical properties, 

in vitro and in vivo antitumor efficacy. The safety of D-NPs 

was also assessed synchronously.

Materials and methods
Materials
PLGA (molecular weight [MW] =15 kDa; lactic acid:glycolic 

acid =75:25) was purchased from Jinan Daigang Biomaterial Co., 

Ltd. (Jinan, People’s Republic of China). PEDF plasmid pAAV2-

PEDF (PEDF gene) and null plasmid pAAV2 were constructed 

according to our previous report.6 PEG (MW =2 kDa), polyvi-

nyl alcohol (PVA, MW =30–70 kDa; high density: 80%), 3- 

(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide 

(MTT), Hoechst 33258, and poly-l-lysine (PLL, MW =15–30 

kDa) were procured from Sigma-Aldrich (St Louis, MO, 

USA). All other reagents were of analytical grade and were 

used as supplied.

Cell culture and animals
Murine colon adenocarcinoma cells (C26) and adenocar-

cinomic human alveolar basal epithelial cells (A549) were 

purchased from American Type Culture Collection (Manassas, 

VA, USA) and cultured in Roswell Park Memorial Institute 

1640 medium with 10% calf serum and 10% fetal bovine 

serum, respectively. Primary human umbilical vein endothe-

lial cells (HUVECs) were isolated from human umbilical cord 

veins by a standard procedure,27 and were grown in endothelial 

basal medium-2 medium with SingleQuots (Lonza, Allendale, 

NJ, USA) containing vascular endothelial growth factor and 

other growth factors. All above cells were maintained at 37°C 

in a humidified incubator containing 5% CO
2
. This research 

followed the principles of the Declaration of Helsinki. All 

samples were obtained after patients provided informed 

consent. Both this study and the consent were approved by 

the Institutional Ethics Committee of West China Hospital 

of Sichuan University.

Balb/c mice (18±2 g) were used for in vivo tests and 

purchased from the Laboratory Animal Center of Sichuan 

University (Sichuan University, Chengdu, Sichuan, People’s 

Republic of China). The mice were housed and maintained 

under specific pathogen-free conditions in facilities. All 

studies were approved and supervised by the State Key 
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Laboratory of Biotherapy Animal Care and Use Committee 

(Sichuan University).

Synthesis of CPPC
COOH-PEG-COOH (CPC) was synthesized according 

to the scheme shown in Figure 1A. The mixture contain-

ing PEG, 4-dimethylaminopyridine (DMAP), and suc-

cinic anhydride (1:0.1:2, molar ratio) in dichloromethane 

solution was stirred over 24 hours at room temperature 

(RT). Thereafter, the solvent was removed using rotary 

evaporator and then the crude product CPC was purified 

using recrystallization in isopropyl alcohol and collected 

with vacuum filtration. CPPC was then synthesized by a 

standard 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride/DMAP-mediated chemistry. CPC, DMAP, 

and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-

chloride (0.6:0.12:3, molar ratio) were dissolved in anhydrous 

dichloromethane and stirred for 2 hours at RT to activate the 

carboxylic groups of CPC. A solution of PLGA in anhydrous 

dichloromethane was then added dropwise into the reaction 

mixture. After being continuously stirred for 48 hours, the 

resultant solution was dried, dissolved in dimethyl sulfoxide, 

and dialyzed (Regenerated Cellulose Membrane Dialysis 

Tubing, MW cutoff 7 kDa) against deionized (DI) water for 

3 days to remove excess unreacted CPC and by-products. 

The conjugate CPPC was then lyophilized and stored at RT 

Figure 1 Synthesis and verification of COOH-PEG-PLGA-COOH (CPPC) copolymer.
Notes: (A) CPC was synthesized by esterification of PEG and succinic anhydride (a), and CPPC was synthesized by a standard EDCI/DMAP-mediated chemical reaction (b);  
(B) The 1H-NMR spectra of PEG, CPPC, PLGA, and CPPC in CDCl3. CPPC was proved to be successfully synthesized according to the 1H-NMR spectrum because it 
contained the principal proton peaks of CPC moiety (a) (b) and PLGA moiety (c) (d) (e).
Abbreviations: CPC, COOH-PEG-COOH; DCM, dichloromethane; DMAP, 4-dimethylaminopyridine; EDCI, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; 
1H-NMR, proton nuclear magnetic resonance.
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until further use. The obtained polymer was confirmed by 

proton nuclear magnetic resonance (1H-NMR).

Preparation of D-NPs
D-NPs were prepared by a modified double-emulsion 

(W/O/W) solvent evaporation method. First, PEDF gene was 

incubated with equivalent PLL to form the inner aqueous 

phase. Then the organic phase (dichloromethane/acetone, 

4/1,  v/v) containing 10 mg CPPC was emulsified with 

the inner aqueous phase by probe sonication at 20 W for 

20 seconds in ice bath to produce the primary W/O emul-

sion. Six mL 1% PVA solution was added to the primary 

emulsion and the mixture was further sonicated at 40 W 

for 40 seconds in ice bath to obtain the multiple emulsion 

(W/O/W). Finally, the resulting emulsion was treated under 

vacuum to remove the organic solvent at 37°C. The obtained 

colloidal solution was then centrifuged (13,300× g) at 4°C for 

40 minutes and was washed three times with Milli-Q water 

to remove PVA and unencapsulated PEDF gene. The sedi-

ment was redispersed to obtain D-NPs. Null plasmid loaded 

PEG-PLGA nanoparticles (Dv-NPs) were also prepared 

using a similar procedure. Both nanoparticles were stored 

at 4°C before use.

Characterization of D-NPs
Entrapment efficiency and drug loading
During the preparation of D-NPs, the supernatant obtained 

by centrifuging the colloidal solution was stored to determine 

the entrapment efficiency (EE%) and drug loading (DL%) 

of PEDF gene. The supernatant was first incubated with 

0.15 μg/mL Hoechst 33258 for a few minutes in the dark. 

Then the fluorescence intensity of the mixture was measured 

by LS55 Luminescence Spectrometer (PerkinElmer Inc., 

Waltham, MA, USA) at an excitation wavelength of 358 nm 

and an emission wavelength of 457 nm, which was further 

used to calculate the amount of PEDF gene unentrapped into 

D-NPs by a one-point external standard method. EE% and 

DL% of PEDF gene were determined as follows:

EE%

Total PEDF gene amount

Amount of PEDF gene in supernata=

−
nnt

Total PEDF gene amount
100



















×

�

(1)

DL%

Total PEDF gene amount

Amount of PEDF gene in supernata=

−
nnt

Weight of nanoparticles
100




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
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








×

�

(2)

Particle size and zeta potential
The mean particle size was measured by dynamic laser scat-

tering using a Zetasizer (Zetasizer Nano-ZS 90; Malvern 

Instruments Ltd., Malvern, UK) at 25°C. The zeta potential 

was automatically calculated from the electrophoretic mobil-

ity using the same instrument. All results were the mean of 

three different samples and all the data were expressed as 

the mean ± standard deviation.

Appearance
The morphology of the D-NPs was examined by transmission 

electronic microscopy (TEM). Before analysis, the prepared 

nanoparticles were diluted with DI water, and then placed on 

a copper electron microscopy grid. The sample was nega-

tively stained with a 2% (w/v) phosphotungstic acid solution 

and dried at RT. Then the TEM image was obtained.

Stability
D-NPs were stored at 4°C for 1 month to investigate the 

preliminary stability. The changes in particle size, zeta 

potential, and EE% of PEDF gene were examined by the 

methods described in the “Entrapment efficiency and drug 

loading’’ section.

In vitro release
The release profiles of PEDF gene from D-NPs were inves-

tigated in different phosphate-buffered saline at pH 5.5, 6.8, 

and 7.4, respectively. The nanoparticles were first dispersed 

in phosphate-buffered saline and then divided into nine tubes, 

which were shaken at 37°C with a gentle rate of 100× g. At 

a definite time interval, one tube was taken out and treated 

with centrifugation. The amount of the PEDF gene released 

in the supernatant was calculated by the same method as 

described in the “Entrapment efficiency and drug loading” 

section. Experiments were performed in triplicate.

Hemolysis
The hemolysis test was performed to determine whether the 

D-NPs were safe for intravenous administration. Briefly, the 

red blood cells of healthy rabbit were collected by centrifug-

ing the diluted whole blood in normal saline (NS) at 1,000× g 

for 5 minutes. The supernatant was removed and the pellet 

was washed with NS at least three times. Finally, the red 

blood cells pellet was resuspended in NS to obtain a standard 

2% erythrocyte dispersion. For the hemolysis experiment, 

2% erythrocyte dispersion (2.5 mL) was treated with D-NPs, 

which had been preliminarily diluted with 2 mL NS. DI 

water and NS were employed as the positive and negative 

control, respectively. All the samples were centrifuged after 
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incubation at 37°C for 3 hours. The absorbance (A) of the 

obtained supernatant was monitored at 545 nm by ultraviolet-

visible spectrophotometer (Perkin-Elmer Lambda  35; 

PerkinElmer Inc.). The percentage of the sample-induced 

hemolysis was calculated as follows:

	

Hemolysis %

A of sample

A of negative control
A of posi

( )
−

=
ttive control

A of negative control

100
−

×

�

(3)

In vitro experiments
Growth inhibition of tumor cells and HUVECs
Growth inhibition assay of D-NPs was performed on C26, 

A549, and HUVECs by contrast with Dv-NPs. Cells were 

plated in 96-well plates at a density of 3×103 cells/well and cul-

tured in a humidified atmosphere of 5% CO
2
 in air at 37°C for 

24 hours. Then, cells were exposed to different concentrations 

of D-NPs or Dv-NPs for 48 hours. The cell growth inhibition 

or cell viability was subsequently assessed using the modified 

MTT assay as previously described.28 In brief, 20 μL of MTT 

stock solution (5 mg/mL in saline) was added to each well. 

After incubation for 4 hours at 37°C, the culture medium was 

removed by aspiration and then 150 μL of dimethyl sulfoxide 

was added to dissolve formazan crystals by shaking at RT. 

The solubilized formazan product was quantified using an 

enzyme-linked immunosorbent assay (ELISA) plate reader 

(Thermo Scientific Multiskan MK3; Thermo Fisher Scien-

tific, Waltham, MA, USA) at the wavelength of 570 nm. The 

absorbance value (optical density (OD) 570) of each well was 

proportional to the number of viable cells. Untreated cells were 

used as controls. The inhibition rate and the cell viability were 

calculated by the following formulae, respectively:

	
Inhibition rate (%)

OD570 (control group)

OD570 (treated gro=

–

uup)

OD570 (control group)
100×

�
(4)

	
Cell viability (%)

OD570 (treated group)

OD570 (control group
=

))
100×

�
(5)

The cytotoxicity test of CPPC was conducted on all the 

three cell lines by the same method. All data were expressed 

as the mean ± standard deviation.

HUVEC tube-formation assay
The HUVEC tube-formation assay was carried out as previ-

ously described.8 Briefly, 50 μL of Matrigel (BD Biosciences, 

Bedford, MA, USA) was pipetted into the prechilled 

96-well plate on ice and the plate was incubated at 37°C for 

30 minutes; 100 μL of trypsinized HUVECs (3×104 cells/well) 

with 8 μg/mL D-NPs or Dv-NPs were then seeded to Matri-

gel-coated wells. Untreated cells were used as control. After  

6 hours incubation at 37°C, images of capillary-like structure 

were obtained using a light microscope (Olympus, Tokyo, 

Japan). Tubular structures were quantified by manually 

counting the numbers of connected cells in randomly selected 

fields at 200× magnification and the total tube number in the 

control group was designated as 100%.

Western blot and ELISA analysis
C26 and A549 cells were plated in 96-well plates at a density 

of 3×103 cells/well and cultured in a humidified atmosphere of 

5% CO
2
 in air at 37°C for 24 hours. Then both cell lines were 

treated with D-NPs and Dv-NPs, respectively. Cells without 

treatment were used as control. After incubation for another 

48 hours, cells and media were collected, respectively. The 

former were lysed with radioimmunoprecipitation assay 

solution (Beyotime, Jiangsu, People’s Republic of China), 

and the supernatants obtained through centrifugation were 

subjected to Western blot analysis. The protein was separated 

by sodium dodecyl sulfate-polyacrylamide gel electrophore-

sis and transferred to a polyvinylidene difluoride membrane. 

The membrane was blocked with 5% skimmed milk. Then, 

the expressed PEDF protein was probed with a primary anti-

PEDF antibody (1:1,000; R&D Systems, Boston, MA, USA) 

and a horseradish peroxidase-conjugated secondary antibody 

(1:5,000; ZSGB-BIO, Beijing, People’s Republic of China). 

The binds were observed using an enhanced chemilumines-

cence detection kit (Pierce, Rockford, IL, USA). A membrane 

was tested for β-actin to confirm equal loading.

Meanwhile, the concentrations of the secreted PEDF in 

media were measured using a sandwich ELISA kit (R&D 

Systems) following the manufacturer’s instructions. Briefly, 

the collected media were added to the wells which had been 

precoated with a monoclonal antibody specific for PEDF. 

After a series of reactions, absorbance of the suspension 

was measured at the wavelength of 450 nm with an ELISA 

reader (Thermo Scientific Multiskan MK3). A standard curve 

was plotted and the protein concentration in each group was 

interpolated from the standard curve.

Alginate-encapsulated tumor cell assay
Alginate-encapsulated tumor cell assay was performed to 

evaluate the anti-angiogenesis activity of D-NPs in vivo. 

Briefly, alginate beads entrapping 5×104 C26 cells/bead 
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were prepared and subcutaneously implanted into both 

dorsal sides of mice. The mice were injected intravenously 

every 2 days with NS (control), D-NPs (PEDF gene at dose 

of 250 μg/kg), and Dv-NPs for 12 days. At the end of the 

experiment, 0.1 mL of 2% fluorescein isothiocyanate-dextran 

solution was injected into mice intravenously. Alginate 

beads were photographed and removed within 20 minutes 

after being exposed surgically. The beads were transferred 

to tubes containing 2 mL NS, vortexed, and centrifuged. The 

fluorescence of the supernatant was measured with a fluo-

rescence spectrophotometer (Thermo Scientific Varioskan 

Flash) by excitation at 492 nm and emission at 515 nm as 

described.29

In vivo therapeutic experiment
Animal experiment
Antitumor activity of D-NPs was investigated in subcuta-

neous C26 tumor-bearing mice model. Briefly, mice were 

injected subcutaneously on the right flank with 100 μL of 

cell suspension containing 5×105 viable C26 cells. When the 

tumor reached ~50 mm3 in volume, mice were randomized 

into three groups (five mice per group) and were respectively 

treated with NS (control), D-NPs, and Dv-NPs (PEDF gene 

at dose of 250 μg/kg) via tail vein every 2 days for 2 weeks. 

In tumor growth inhibition assay, mice were weighed and 

tumor sizes were measured every 2 days. Tumor volumes 

were calculated by the equation: volume =0.5× L × W2, where 

L and W represented the length and the width of the tumors, 

respectively. After the mice were sacrificed, tumors in each 

group were immediately harvested and weighed. To further 

investigate the antitumor activity of D-NPs, survival times 

of the mice were also evaluated (ten mice per group).

Serological and biochemical analysis
Blood samples were collected from the mice for serologi-

cal and biochemical analysis before they were sacrificed on 

day 14. Serum was obtained by centrifugation at 13,300× g 

for 10 minutes and was used for biochemical analysis with 

an automatic analyzer (Hitachi High-Technologies Corp., 

Minato-ku, Tokyo, Japan) immediately.

CD31 immunohistochemistry
Anti-angiogenesis activity of D-NPs was determined by 

immunohistochemistry analysis of neovascularization in 

tumor tissue. After fixation with cold acetone for 15 minutes, 

the frozen sections of tumors were incubated with anti-CD31 

antibody (1:200; Abcam, Cambridge, MA, USA) for the 

identification of endothelial cells. The vessels were revealed 

with streptavidin-peroxidase followed by chromogenic 

substrate diaminobenzidine (ZSGB-BIO). Then the sections 

were counterstained with hematoxylin. Immunostaining 

images were observed under a light microscope (Olympus) 

and microvessel density (MVD) was determined according 

to the previously reported method.30

Terminal deoxynucleotidyl transferase-mediated 
nick-end labeling assay
To explore the role of D-NPs on apoptosis of tumor cells, 

terminal deoxynucleotidyl transferase-mediated nick-end 

labeling (TUNEL) staining was performed on paraffin sec-

tions using an in situ cell death detection kit (Beyotime). 

TUNEL-positive nuclei with dark green fluorescence were 

monitored using a fluorescence microscope (Olympus). Four 

equal-sized fields were randomly chosen and analyzed. The 

apoptotic index was defined as follows: apoptotic index 

(%) = apoptotic cells/total tumor cells ×100. The samples 

in NS and Dv-NPs groups were recorded and processed by 

the same procedure.

Hematoxylin and eosin staining
The heart, liver, spleen, lung, and kidney were immediately 

collected after the mice were sacrificed and fixed in a 4% 

paraformaldehyde solution overnight. Then, the organs were 

embedded in paraffin, sectioned, and processed for hema-

toxylin and eosin (H&E) staining. The images for the H&E 

staining were acquired on a light microscope (Olympus).

Statistical analysis
The statistical analysis was performed using the Statistical 

Product and Service Solutions software (SPSS V19.0, IBM 

Corp., New York, USA). Data were analyzed by one-way 

analysis of variance. Survival curves were generated based 

on the Kaplan–Meier method and statistical significance 

was determined by Mann–Whitney U-tests. P,0.05 and 

0.01 were considered indications of statistical difference and 

statistically significant difference, respectively.

Results
Synthesis of CPPC copolymer
The CPPC copolymer was successfully prepared using the 

synthetic route as shown in Figure 1A. CPC obtained in the 

first reaction step provided active carboxylic terminal to 

further synthesize CPPC in the second reaction step. The prin-

cipal peaks related to CPC moiety (b) and PLGA moiety (c), 

(d), (e) in the 1H-NMR spectrum of the final product indicated 

successful synthesis of CPPC (Figure 1B). The degree of 
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substitution (0.7) of the CPC moiety to PLGA was calculated 

by comparing the integrations of shift “b” (3.64 ppm; methyl-

ene hydrogen of the PEG) and shift “d” (5.21 ppm; methine 

hydrogen of the lactide units in PLGA).

Characterization of D-NPs
D-NPs were successfully produced by the W/O/W solvent 

evaporation method (Figure 2A). The colloidal solution 

presented slightly blue opalescence (Figure 2B). The 

dynamic laser scattering results showed that D-NPs had 

an average particle size of 176.9±1.3 nm (Figure 2C) and 

a narrow distribution with a small polydispersity index of 

0.085±0.01. TEM image further revealed that D-NPs were 

spherical and homogeneous in aqueous solution, which was 

in good accordance with the narrow particle size distribution 

(Figure 2D). Besides, D-NPs, with a negative surface charge 

of -23.04±1.03 mV, exhibited a high entrapment efficiency 

(89.5%±2.6%) and drug loading (1.6%±0.3%). Moreover, the 

stability study showed that D-NPs remained stable without 

change of size, zeta potential, and EE% for at least 2 weeks 

(Figure 2E and F).

In vitro PEDF gene release
As presented in Figure 3, D-NPs exhibited a sustained release 

without a burst-release effect in all the release media (pH 5.5, 

6.8, and 7.4) simulating various physiological conditions 

and showed a typical pH-dependent release behavior. The 

cumulative PEDF gene release within 48 hours at pH 5.5 

was ~100%, while only about 80% and 55% of PEDF gene 

released at pH 6.8 and pH 7.4, respectively.

Growth inhibition of tumor cells 
and HUVECs
As shown in Figure 4A and B, D-NPs presented concentration-

dependent cell growth inhibition activities on C26 and A549 

cells, while no inhibition effects of Dv-NPs on both cell lines 

were found (P,0.01). D-NPs also significantly inhibited 

the proliferation of HUVECs in a dose-dependent manner 

(P,0.01, vs Dv-NPs) (Figure 4C). In addition, CPPC was 

found to be nontoxic to all the three investigated cell lines 

even if its concentration was up to 2 mg/mL (Figure 4D).

The functional inhibition of HUVECs
As presented in Figure 5A, HUVECs formed capillary-like 

structure on the surface of Matrigel within 6 hours in control 

and Dv-NPs groups, while D-NPs dramatically disrupted 

the tube formation. The tube formation rates of Dv-NPs and 

D-NPs were 96.9% and 60.1%, respectively (Figure 5B).

In vitro expression of PEDF
The Western blot analysis showed that C26 cells treated with 

D-NPs expressed PEDF, but no PEDF was found in C26 

cells treated by Dv-NPs or untreated cells. Meanwhile, A549 

cells treated with D-NPs also had higher PEDF expression 

than the cells untreated or treated by Dv-NPs (Figure 6A). 

In addition, the ELISA analysis displayed that the D-NPs-

treated C26 and A549 cells secreted PEDF in the culture 

media at a higher concentration (178 and 186 ng/mL, respec-

tively) compared with the untreated or Dv-NPs-treated cells 

(P,0.01) (Figure 6B). These results confirmed that PEDF 

indeed expressed in C26 and A549 tumor cells and success-

fully secreted into the extracellular environment.

Alginate-encapsulated tumor cell assay
As presented in Figure 7A, new blood vessels in alginate 

beads from D-NPs-treated mice were remarkably sparse, as 

compared with the NS- and Dv-NPs-treated ones. Besides, 

the fluorescein isothiocyanate-dextran uptake in D-NPs 

group was only 1.14±0.16 μg/bead, which was much lower 

than that in NS (2.25±0.24 μg/bead) (P,0.01) and Dv-NPs 

(2.16±0.20 μg/bead) groups (P,0.01) (Figure 7B). These 

data demonstrated that CPPC-mediated PEDF gene transfer 

and expression was responsible for the inhibition of tumor 

angiogenesis.

In vivo antitumor activity
The ability of D-NPs to inhibit the growth of the C26 colon 

carcinoma by intravenous administration was further evalu-

ated in a xenograft mouse model. As shown in Figure 8A 

and B, D-NPs exhibited significantly suppressed efficacy on 

tumors (P,0.01, vs NS and Dv-NPs). The average weight of 

tumors in D-NPs group (1.49 g) was much lower compared 

with that in the NS (3.48 g) (P,0.01) and Dv-NPs (3.27 g) 

groups (P,0.01) (Figure 8C). In addition, a slight increase 

in the body weight of the mice was found during the treat-

ment (Figure 8D). NS- and Dv-NPs-treated groups had 

higher body weight than D-NPs-treated group. D-NPs were 

efficient in prolonging survival time of C26 tumor-bearing 

mice (Figure 8E). The median survival of mice was 55 days 

in D-NPs group but only 42 days in Dv-NPs group.

Effect of D-NPs on tumor angiogenesis 
and apoptosis
The potential mechanism underlying the efficacy of D-NPs-

based therapy was investigated by CD31 staining and 

TUNEL assay. As seen in Figure 9A, significantly fewer 

immunoreactive microvessels were observed in tumor 
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tissue after D-NPs treatment. D-NPs significantly decreased 

the MVD (14.57%±3.05%) compared with that of NS 

(49.5%±4.03%) (P,0.01) and Dv-NPs (47.6%±2.10%) 

(P,0.01) (Figure 9B).

The apoptosis of tumor cells was examined by immu-

nofluorescent TUNEL assay in this study. As shown in 

Figure 9A, more apoptotic tumor cells were found in 

D-NPs group. Apoptotic index in D-NPs-treated group was 

5.87%±2%, which was much higher than NS (0.1%±0.05%) 

(P,0.01) and Dv-NPs (0.2%±0.1%) (P,0.01) treated groups 

(Figure 9C).

Preliminary safety evaluation of D-NPs
The hemolysis analysis was performed to evaluate the blood 

compatibility of D-NPs. No visible hemolytic effect was 

Figure 3 In vitro PEDF gene release behaviors of D-NPs in different phosphate 
buffers (pH 5.5, 6.8, and 7.4) simulating various physiological conditions. D-NPs 
exhibited a sustained release without a burst-release effect in all the release media 
and showed a typical pH-dependent release behavior.
Abbreviations: D-NPs, PEDF gene loaded CPPC nanoparticles; PEDF, pigment 
epithelium-derived factor; h, hours; CPPC, COOH-PEG-PLGA-COOH.

Figure 4 Growth inhibition of (A) C26, (B) A549, and (C) HUVECs after treatment with D-NPs, Dv-NPs, and (D) the cell viability of CPPC copolymer for 48 hours in the 
above three cell lines. The inhibition rate of NPs and the cell viability were measured by MTT assay.
Notes: Data are shown as mean ± standard deviation. Asterisk (*) represents the statistically significant difference versus Dv-NPs (P,0.01).
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; PEDF, pigment epithelium-derived factor; HUVECs, human umbilical 
vein endothelial cells; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide; NPs, nanoparticles; Dv-NPs, null plasmid loaded PEG-PLGA nanoparticles.
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β

Figure 6 In vitro expression of PEDF in C26 and A549 cells treated by D-NPs and Dv-NPs for 48 hours, respectively.
Notes: (A) Western blot analysis for the detection of PEDF expressed in tumor cells. (B) ELISA analysis for the measurement of PEDF secreted into the extracellular 
environment. # and *represent the statistically significant difference versus respective control and Dv-NPs in C26 and A549 cells (P,0.01).
Abbreviations: Cppc, cooh-peg-plga-cooh; d-nps, pedf gene loaded cppc nanoparticles; pedf, pigment epithelium-derived factor; dv-nps, null plasmid loaded 
peg-plga nanoparticles.

Figure 5 HUVEC tube-formation assay after incubation with Dv-NPs or D-NPs for 6 hours at 37°C. The capillary networks were photographed and quantified (×200).
Notes: (A) Representative images of tube formation. (B) Statistical data of tubes. Untreated cells were used as control and set as 100%. *Represents the statistically 
significant difference versus control and Dv-NPs (P,0.01).
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; HUVECs, human umbilical vein endothelial cells; Dv-NPs, null plasmid 
loaded PEG-PLGA nanoparticles; PEDF, pigment epithelium-derived factor.

observed in D-NPs-treated group as shown in Figure 10A. 

The percentage of the D-NPs-induced hemolysis was below 

5% (Figure 10B).

The in vivo therapeutic experiment showed that a slight 

increase in the body weight of the mice was found during 

the treatment (Figure 8D) and no apparent toxicities such as 

depressed hair quality were observed.

The serological and biochemical analyses were further 

carried out to study the effects of D-NPs on mice physiology. 

As presented in Figure 11, D-NPs-treated mice had no obvious 

side effects compared with the group treated by NS, and 

meaningfully, several biochemical indicators of these mice 

including aspartate transaminas, creatine kinase, glucose, and 

total cholesterol approached the normal ranges.
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Figure 7 Alginate-encapsulated tumor cells assay for the angiogenesis inhibition of C26 tumor after treatment with D-NPs.
Notes: (A) Representative images of alginate bead in saline (NS), Dv-NPs, and D-NPs groups, respectively. (B) FITC-dextran uptake in each group. The fluorescence of FITC 
was measured by excitation at 492 nm and emission at 515 nm. *Represents the statistical significant difference versus NS and Dv-NPs (P,0.01).
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; PEDF, pigment epithelium-derived factor; FITC, fluorescein 
isothiocyanate; NS, normal saline; Dv-NPs, null plasmid loaded PEG-PLGA nanoparticles.

H&E staining was performed to investigate the 

pathological changes of mice organs. No significantly toxic 

pathological changes in the heart, liver, spleen, lung, and 

kidney were detected as shown in Figure 12.

Discussion
PEDF gene is a promising treatment option for various tumors. 

To develop a safe and valid vector for the systemic delivery of 

PEDF gene, a novel copolymer CPPC, one of PLGA derivatives, 

was synthesized for the first time in this study. CPPC, confirmed 

by 1H-NMR spectrum, was successfully obtained through two 

simple chemical reaction steps. It might be easily synthesized in 

large amounts on an industrial scale and controlled in its quality 

using this simple and inexpensive method.

In the application of PLGA nanoparticles, one of the 

limitations was their low EE% and DL% of plasmids. For 

instance, EE% and DL% of p53 plasmid loaded PLGA 

microparticles were only 40.6% and 0.04%, respectively.31 

In another report, DL% of pVITRO2 loaded PLGA nanopar-

ticles was only 0.8%.32 Therefore, to increase the capacity 

Figure 8 (Continued)
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Figure 8 In vivo therapeutic effect of D-NPs in a xenograft mouse model of C26 colon cancer cells (n=5).
Notes: (A) Photographs of tumors collected from the mice in each group (NS, Dv-NPs, and D-NPs) at the end of the experiment. (B) Tumor growth curves in tumor-
bearing mice after intravenous administration with different formulations. (C) Weight of subcutaneous tumors after the treatments in each group. (D) Body weight of 
tumor-bearing mice in each group. (E) Survival curves of tumor-bearing mice treated with various formulations. *Represents the statistically significant difference versus NS 
and Dv-NPs (P,0.01).
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; NS, normal saline; Dv-NPs, null plasmid loaded PEG-PLGA nanoparticles; 
PEDF, pigment epithelium-derived factor.

of PEDF plasmid, CPPC, a negatively charged terminal 

carboxyl-modified PEG-PLGA polymer, was designed 

and successfully synthesized in our study. According to 

our previous experiments, the preliminary condensed PLL/

PEDF gene complexes exhibited a positive zeta potential 

of +18.5 mV. Hence, due to the presence of terminal car-

boxyl groups on the PLGA-COOH polymer, the positive 

PLL/PEDF gene complexes could be encapsulated into 

the PLGA polymer core through electrostatic interactions 

easily and tightly, leading to a high entrapment efficiency 

(89.5%±2.6%) and drug loading (1.6%±0.3%) of PEDF 

gene. Besides, D-NPs exhibited a typical pH-dependent 

release behavior, which was a result of the diffusion of 

PEDF gene through PLGA matrix as well as the erosion of 

polymer.33 The controllable release profile of PEDF gene 

indicated the potential applicability of CPPC nanoparticles 

as a gene delivery system. Moreover, particles with nano-

scale tend to aggregate because of their high surface/volume 

ratio, but a stable system can be prepared by stereospecific 

blockade and/or electrostatic interactions of the particles.5 

In our work, the presence of the carboxy-modified PEG on 

the nanoparticle surface resulted in a negative surface charge 

(ζ=-23.04±1.03 mV), thus the stability of D-NPs might be 

attributed to both electrostatic repulsions and stereospecific 

blockade formed by the hydrophilic PEG chain. On the 

other hand, the terminal carboxyl groups of PEG could be 

used for functional modification such as the conjugation 

of targeting ligands, which would enhance the antitumor 

activities. Moreover, it has been reported that particles with 

diameter less than 200 nm could easily extravasate to an 

extravascular tumor site through the leaky blood vessels 

and accumulate in tumor tissues.34 Therefore, D-NPs which 

have the average diameter of 177 nm in our work might 

enhance drug accumulation in tumor sites and increase the 

antitumor activity, indicating that D-NPs might have appli-

cations as a potential formulation for cancer therapy. As a 
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Figure 10 Hemolysis assay of D-NPs. Red blood cells of healthy rabbit were collected, and then 2% erythrocyte dispersion was treated with D-NPs. Deionized water and 
NS were employed as the positive and negative control, respectively.
Notes: (A) Images of hemolysis on red blood cells in each group. (B) The percentage of hemolysis (%) in each group.
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; PEDF, pigment epithelium-derived factor; DI, deionized water; NS, 
normal saline.

Figure 9 Effect of D-NPs on angiogenesis and tumor apoptosis determined by CD31 staining and TUNEL analysis, respectively.
Notes: (A) Representative CD31 immunohistochemical and TUNEL immunofluorescent images (×400) of tumors in each group which were treated by NS, Dv-NPs, or 
D-NPs, respectively. (B) Mean microvessel density of tumor tissues in each group. (C) Average apoptotic index of tumor cells in each group. *Represents the statistically 
significant difference versus NS and Dv-NPs (P,0.01).
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; NS, normal saline; PEDF, pigment epithelium-derived factor; TUNEL, 
terminal deoxynucleotidyl transferase-mediated nick-end labeling; Dv-NPs, null plasmid loaded PEG-PLGA nanoparticles.

result, the prepared D-NPs showed excellent properties in 

terms of particle size, EE, DL, stability, and drug release 

behavior, indicating that CPPC might be a promising gene 

delivery carrier.

Several investigations concerning the antitumor activ-

ity of D-NPs were made in our study. D-NPs showed an 

increased cytotoxicity on C26 and A549 cells when com-

pared with Dv-NPs and control groups, contributing to 
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Figure 11 Serological and biochemical analysis of the mice treated with NS, D-NPs, and Dv-NPs. Blood samples were collected from the mice before they were sacrificed 
on day 14. Serum after centrifugation was used for biochemical analysis.
Abbreviations: ALB, albumin; ALP, alkaline phosphate; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CK, creatine kinase; CPPC, COOH-PEG-PLGA-
COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; NS, normal saline; TC, total 
cholesterol; TP, total protein; UA, urea; Dv-NPs, null plasmid loaded PEG-PLGA nanoparticles; PEDF, pigment epithelium-derived factor; Glu, glucose; TG, triglyceride.

the successful PEDF expression which was confirmed by 

ELISA and Western blot, respectively. It could be inferred 

that D-NPs could be internalized into C26 and A549 tumor 

cells and PEDF gene loaded in CPPC nanoparticles could be 

transferred successfully. In addition, PEDF gene entrapped 

in PLGA or CPPC nanoparticles has shown its inhibitory 

effect on the growth of C26 cells/tumors in our previous6 

and present studies, whereas it has not been used for the 

therapy of A549 tumors to the best of our knowledge. It has 

been reported that PEDF apparently induced apoptosis in 

A549 cells predominantly via the Fas-L/Fas death signal-

ing pathway.35 Thus, our findings of the PEDF gene/CPPC 

delivery system might provide a potential gene therapeu-

tic strategy for human lung cancers. Otherwise, D-NPs 

efficiently inhibited the growth of tumors and prolonged 

the survival of tumor-bearing mice in a subcutaneous C26 

mouse model, which suggested that CPPC nanoparticles 

could transfer PEDF gene to the C26 cells effectively 

through the enhanced permeability and retention effect and 

PEDF gene was successfully expressed.
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Figure 12 Representative H&E images (×200) after treatment with NS, Dv-NPs, and D-NPs. Heart, liver, spleen, lung, and kidney were immediately collected and fixed after 
the mice were sacrificed, and then embedded in paraffin, sectioned, and processed for H&E staining.
Abbreviations: CPPC, COOH-PEG-PLGA-COOH; D-NPs, PEDF gene loaded CPPC nanoparticles; NS, normal saline; Dv-NPs, null plasmid loaded PEG-PLGA nanoparticles; 
PEDF, pigment epithelium-derived factor.

Tumor neovascularization is a highly complicated process 

with multiple steps, which plays a vital role in tumor growth 

and metastasis. Anti-angiogenesis has been a promising 

therapeutic strategy for clinical therapy of tumors.5 PEDF 

is a potent inhibitor of angiogenesis and numerous studies 

have shown its anti-angiogenic effects on tumors. In this 

study, D-NPs displayed a significant in vitro antiprolifera-

tive effect on HUVECs. Besides, results of CD31 staining 

of tumor tissues and alginate-encapsulated tumor cell assay 

showed the improved anti-angiogenesis effect of D-NPs. 

These results indicated that PEDF protein was successfully 

produced by PEDF gene and was highly bioactive. Moreover, 

the tube formation of endothelial cells is one of the key steps 

of angiogenesis.8 It is well established that tube formation of 

endothelial cells on Matrigel recapitulates some angiogenesis 

steps, such as cell migration, alignment, formation of tubes, 

and tube branching and anastomosing with adjacent tubes.36 

The capillary morphogenesis of HUVECs on Matrigel was 

found to be strongly disrupted after treated by D-NPs. Taken 

together, all the results revealed that D-NPs could block 

angiogenesis in vitro and in vivo by inhibiting the prolifera-

tion and tubular formation of endothelial cells.

PEDF is a multifunctional protein with therapeutic effect 

on tumors and has the ability to induce tumor cell apoptosis 

directly.6 TUNEL assay showed a pronounced apoptosis-

inducing activity of D-NPs in this work. The reason might 

be that the PEDF which successfully expressed in the tumor 

tissue increased the levels of p53 and BAX and concomitantly 

inhibited BCL-2.7 This observation indicated that the growth 

inhibitory effect of C26 tumors was also associated with the 

apoptosis of C26 cells in vivo. Considering these results, D-NPs 

could successfully delivery PEDF gene into the tumor cells and 

would be a promising approach for antitumor therapy.

Finally, several experiments in vitro and in vivo were 

explored to investigate the systemic toxicity or potential 

side effects of the treatment. Hemolysis analysis, a simple 

and widely used method to study surfactant-membrane 

interaction,37 was first performed and showed that D-NPs had 
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good blood compatibility and could be used for intravenous 

administration. In the in vivo antitumor experiment, no obvious 

toxicities were observed in the tumor-bearing mice as deter-

mined by appearance, body weight, as well as fecal and urinary 

excretions. Moreover, serological and biochemical analyses 

were carried out and showed that D-NPs had no side effects 

on the physiology of the tumor-bearing mice. H&E staining 

also indicated that no significantly toxic pathological changes 

in the heart, liver, spleen, lung, and kidney were detected. To 

draw a definitive conclusion, D-NPs were evaluated as safe 

formulations for intravenous administration.

Conclusion
The new designed copolymer CPPC was synthesized for the 

first time. D-NPs were successfully prepared and their anti-

cancer effects in vitro and in vivo were systemically inves-

tigated. This novel formulation encapsulating PEDF gene, 

with high EE% and DL%, good stability, and pH-dependent 

release behavior, showed great cytotoxic and antiproliferative 

effect on C26, A549, and HUVEC cells in vitro. Moreover, 

D-NPs were effective in suppressing tumor growth and pro-

longing survival in a C26 subcutaneous tumor model. The 

inhibitory effects of D-NPs on tumors might be associated 

with the induction of apoptosis, the decrease of MVD, and 

the inhibition of angiogenesis. More importantly, no obvious 

toxicities of D-NPs were observed, indicating that D-NPs 

were safe for systemic administration. Altogether, D-NPs 

offered an innovative strategy for delivery of PEDF gene 

by intravenous injection and this delivery system might be a 

potential therapeutic approach for various cancers.
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