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O R I G I N A L  R E S E A R C H

A Dual Receptor Targeting- and BBB Penetrating- 
Peptide Functionalized Polyethyleneimine 
Nanocomplex for Secretory Endostatin Gene 
Delivery to Malignant Glioma

This article was published in the following Dove Press journal: 
International Journal of Nanomedicine
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Purpose: Vascular endothelial growth factor receptor 2 (VEGFR-2) and neuropilin-1 
(NRP-1) are two prominent synergistic receptors overexpressed on new blood vessels in 
glioma and may be promising targets for antiglioma therapy. The aim of this study was to 
design a dual receptor targeting and blood-brain barrier (BBB) penetrating peptide- 
modified polyethyleneimine (PEI) nanocomplex that can efficiently deliver the angiogen-
esis-inhibiting secretory endostatin gene (pVAXI-En) to treat glioma.
Materials and Methods: We first constructed the tandem peptide TAT-AT7 by conjugat-
ing AT7 to TAT and evaluated its binding affinity to VEGFR-2 and NRP-1, vasculature- 
targeting ability and BBB crossing capacity. Then, TAT-AT7-modified PEI polymer (PPTA) 
was synthesized, and a pVAXI-En-loaded PPTA nanocomplex (PPTA/pVAXI-En) was 
prepared. The physicochemical properties, cytotoxicity, transfection efficiency, capacities 
to cross the BBB and BTB (blood-tumor barrier) and glioma-targeting properties of PPTA/ 
pVAXI-En were investigated. Moreover, the in vivo anti-angiogenic behaviors and anti- 
glioma effects of PPTA/pVAXI-En were evaluated in nude mice.
Results: The binding affinity of TAT-AT7 to VEGFR-2 and NRP-1 was approximately 3 to 
10 times greater than that of AT7 or TAT. The cellular uptake of TAT-AT7 in endothelial cells 
was 5-fold and 119-fold greater than that of TAT and AT7 alone, respectively. TAT-AT7 also 
displayed remarkable efficiency in penetrating the BBB and glioma tissue in vivo. PPTA/ 
pVAXI-En exhibited lower cytotoxicity, stronger BBB and BTB traversing abilities, higher 
selective glioma targeting and better gene transfection efficiency than PEI/pVAXI-En. More 
importantly, PPTA/pVAXI-En significantly suppressed the tube formation and migration of 
endothelial cells, inhibited glioma growth, and reduced the microvasculature in orthotopic 
U87 glioma-bearing nude mice.
Conclusion: Our study demonstrates that PPTA/pVAXI-En can be exploited as an efficient 
dual-targeting nanocomplex to cross the BBB and BTB, and hence it represents a feasible 
and promising nonviral gene delivery system for effective glioma therapy.
Keywords: VEGFR-2 and NRP-1 targeting, glioma penetration, multifunctional peptide, 
anti-angiogenesis, gene delivery system

Introduction
Malignant glioma is one of the most common intracranial tumors. However, it is 
difficult to accurately remove glioma completely by traditional surgery due to its 
infiltration into normal brain tissue.1 The side effects of postoperative 
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radiotherapy and chemotherapy are serious, decreasing 
patient quality of life.2,3 Therefore, it is urgent to 
develop more effective therapeutic strategies. The neo-
vascularization of glioma is quite rich, and high vascu-
larity is a major physiological tissue feature of glioma. 
In addition, abnormal angiogenesis can cause high inter-
stitial fluid pressure and hypoxia inside the tumor tissue, 
which hinder the delivery of therapeutic drugs from 
blood vessels to tumor tissues.4,5 Therefore, neovascu-
larization may be an attractive therapeutic target for the 
treatment of malignant glioma.

Gene therapy for glioma has been extensively stu-
died in related clinical research.6 Endostatin is a potent 
antiangiogenic protein that was first identified in 1997.7 

Researchers have confirmed that endostatin can effec-
tively inhibit angiogenesis, tumor growth and 
metastasis.8–10 In 2005, endostatin was approved by 
the FDA in China to treat non-small-cell lung cancer. 
Later, researchers found that the endostatin protein or 
gene could be used to treat colon carcinoma and 
melanoma.11,12 Importantly, some studies indicated that 
glioma could express a certain level of endostatin, and 
the increased endostatin expression suppressed glioma 
angiogenesis.13,14 Hence, in this study, we proposed that 
the endostatin gene could be used as an effective ther-
apeutic agent to treat glioma angiogenesis. We first 
constructed a pVAXI-En plasmid to express endostatin. 
The human cytomegalovirus (CMV) immediate-early 
enhancer-containing promoter in the pVAXI plasmid 
could increase the protein expression level in eukaryotic 
cells. Even more importantly, the addition of a human 
IgGγ signal sequence to the endostatin DNA sequence 
could achieve secretory expression of the endostatin 
gene.15,16

To administer gene drugs with therapeutic potency, 
safe and efficient gene delivery carriers are needed.17 

PEI, a cationic polymer, has been considered one of the 
most efficient nonviral gene vectors. PEI has excellent 
properties of DNA condensation, high transfection effi-
ciency, and lysosome escape via the “proton-sponge” 
effect.18 However, its inherent toxicity and low targeting 
ability limit its potential use. Recently, many studies 
have revealed that PEI modified with specific ligands 
(such as antibodies, peptides or glycoproteins) could 
notably improve gene delivery efficiency and active 
targeting.19,20 VEGFR-2 is a tyrosine kinase receptor 
that is highly expressed on endothelial cells.21 NRP-1 
is a cell-surface glycoprotein receptor that has been 

proven to be a vascular endothelial growth factor 165 
(VEGF165) coreceptor that promotes VEGF165- 
VEGFR-2 intracellular trafficking, facilitating 
angiogenesis.22 In addition, NRP-1 can induce vascular 
permeability by interacting with VEGF165 and sema-
phorin 3A, contributing to blood vessel growth and 
tissue edema.23,24 Therefore, VEGFR-2 and NRP-1 are 
two ideal targets because of their synergistic effect on 
angiogenesis. ATWLPPR (AT7), which was identified 
by a phage display peptide library,25 showed high affi-
nity to VEGFR-2 and NRP-1 simultaneously.26,27 Drug 
delivery systems modified with AT7 have been proven 
to possess efficient active targeting ability for glioma 
therapy.28,29 These results show that AT7 has potential 
as a targeting ligand for new glioma vessels.

However, the BBB and BTB are two obstacles that 
rigorously prevent therapeutic drugs from crossing from 
the peripheral blood circulation to the brain and glioma 
tissue.30,31 Cationic cell-penetrating peptides (CPPs) 
have been studied extensively for their efficient ability 
to break through various biological barriers, including 
cell membranes, nuclear membranes, the BBB and eye 
barriers. They can also facilitate the tissue penetration 
and internalization of modified drug carriers.32 TAT 
(RKKRRQRRR), one of the most promising CPPs, has 
been studied extensively for its efficient biological barrier 
penetration and high cargo (antibodies, nucleic acids and 
nanoparticles) delivery efficiency.33,34 Nevertheless, the 
disadvantages of nonselectivity and low specificity limit 
the further application of TAT in vivo. Interestingly, in 
our study, we discovered that TAT could interact with the 
NRP-1 in addition to penetrating the BBB. Considering 
the high expression of NRP-1 in brain glioma tissue and 
new blood vessels, we hypothesized that the new tandem 
peptide TAT-AT7 (constructed by connecting the TAT to 
AT7) might possess a stronger affinity for the NRP-1 than 
AT7. TAT-AT7 was expected to retain the BBB penetra-
tion property of TAT and the VEGFR-2-targeting ability 
of AT7 simultaneously. Accordingly, TAT-AT7 was con-
jugated to PEI via a heterobifunctional PEG linker to 
obtain PEI-PEG-TAT-AT7 (PPTA). After loading the 
antiangiogenic pVAXI-En plasmid, the novel nanocom-
plex PPTA/pVAXI-En was prepared. As illustrated in 
Figure 1, this multifunctional gene delivery system is 
expected to possess the following features: (i) high 
glioma angiogenesis-targeting ability because of the 
overexpression of VEGFR-2 and NRP-1 on vasculature 
endothelial cells or glioma cells; (ii) increased vascular 
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permeability caused by the interaction of the R/KXXR/K 
sequence of TAT-AT7 with NRP-1; (iii) strong BBB and 
BTB penetration capacities mediated by TAT-AT7; and 
(iv) enhanced transfection efficiency induced by PPTA. 

From the above, the aim of our study was to investigate 
whether PPTA/pVAXI-En could achieve dual-targeted 
gene delivery to glioma neovascularization and suppress 
the growth of glioma.

Figure 1 Schematic illustration of the TAT-AT7-modified PEI polymer delivery system encapsulating the angiogenesis-inhibiting secretory endostatin gene (PPTA/pVAXI-En) 
as an antiglioma therapy. PPTA/pVAXI-En could efficiently penetrate the BBB and BTB, showed high level of accumulation in glioma tissue and specifically bound VEGFR-2 and 
NRP-1 expressed on endothelial cells and glioma cells.
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Materials and Methods
Materials
The purified recombinant human receptor proteins VEGFR-2 
and NRP-1 were purchased from R&D Systems (MN, USA). 
A CM5 sensor chip was obtained from GE Healthcare Life 
Sciences (Uppsala, Sweden). Rabbit anti-VEGFR-2 antibody 
was purchased from Abcam (USA). Rabbit anti-NRP-1 anti-
body and secondary antibody (anti-rabbit) were purchased 
from Cell Signaling Technology (MA, USA). MAL-PEG- 
NHS (MW=2 kDa) was purchased from Jenkem Technology 
(Beijing, China). RKKRRQRRRC (TAT), ATWLPPRC (AT7) 
and RKKRRQRRRCATWLPPR (TAT-AT7) were synthesized 
from China Peptide Co., Ltd. (Shanghai, China). The pVAXI- 
En and pEGFP-N1 plasmids were purified with an EndoFree 
Plasmid Maxi Kit (Hilden, Germany). Branched PEI (MW=25 
kDa), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and indocyanine green (ICG) were purchased 
from Sigma-Aldrich (MO, USA). Hoechst 33342 was obtained 
from Aladdin (Shanghai, China). LysoTracker Red and bovine 
serum albumin (BSA) were purchased from Solarbio 
Bioscience and Technology (Shanghai, China). Matrigel was 
obtained from BD Biosciences (MA, USA). GoldView II was 
supplied by BioTeke Corporation (Beijing, China). Label IT® 

Nucleic Acid Labeling Kits were purchased from Mirus Bio 
(WI, USA). F-12K medium, heparin and endothelial cell 
growth supplement (ECGS) were obtained from MacGene 
(Beijing, China). DMEM and fetal bovine serum (FBS) were 
obtained from Gibco®, Life Technologies (CA, USA). All 
other chemicals and reagents were of the highest commercial 
grade available.

Cell Culture and Animal Studies
Human umbilical vein endothelial cells (HUVECs) were 
obtained from ATCC (Manassas, VA). The cells were cul-
tured in F-12K medium supplemented with 100 μg/mL 
heparin, 50 μg/mL ECGS, and 10% FBS under a 5% CO2 

atmosphere at 37°C. U87-mCherry-luc cells (human glioma 
cells) were obtained from Shanghai Sciencelight Biology 
Science & Technology Co. (Shanghai, China). bEnd.3 cells 
(mouse brain microvascular endothelial cells) were pur-
chased from Procell Life Science & Technology Co., Ltd. 
(Wuhan, China). U87-mCherry-luc cells and bEnd.3 cells 
were cultured in DMEM supplemented with 10% FBS and 
1% penicillin and streptomycin.

Female nude mice 4–6 weeks of age were purchased from 
the Jinan Pengyue Experimental Animal Breeding Co., Ltd. 
(Jinan, China). The mice were raised under specific pathogen- 
free (SPF) conditions. All animal procedures were approved 
by the Ethics Committee of Shandong University and per-
formed in accordance with the Shandong Council on Animal 
Care.

Binding Affinity of TAT-AT7 to VEGFR-2 
and NRP-1
The binding affinity of TAT-AT7 to VEGFR-2 and NRP-1 was 
evaluated by surface plasmon resonance (SPR) analysis using 
Biacore S200 instrument (GE Healthcare). Recombinant 
VEGFR-2 and NRP-1 proteins were immobilized on the 
CM5 sensor chip according to the operating instructions for 
amine coupling. Different peptides at a series of concentra-
tions diluted in HBS-EP buffer were injected and flowed over 
the chip surface to detect resonance unit changes. The 
response curves were analyzed with 1:1 Langmuir binding 
mode with Biacore S200 evaluation software to obtain the 
dynamic parameter KD (equilibrium dissociation constant).

Vasculature-Targeting Ability of the 
TAT-AT7 in vitro
Expression of VEGFR-2 and NRP-1 in HUVECs was first 
evaluated by an immunostaining assay using anti-VEGFR-2 
and anti-NRP-1 antibodies. Then, HUVECs were seeded in 
6-well plates and cultured overnight. FITC-TAT, FITC-AT7, 
and FITC-TAT-AT7 (20μM) were added to HUVECs and 
incubated at 37°C for 1 h. Fluorescent images were captured 
with an inverted microscope (Olympus, Japan). After trypsi-
nization, the cells were collected and suspended in PBS, and 
the fluorescence intensity was analyzed by flow cytometry 
(CytomicsTM FC500, Beckman Coulter, USA).

The Brain-Targeting Ability of TAT-AT7 
in vivo
Nude mice were anesthetized with isoflurane and fixed on 
a ventricle stereotaxic instrument. Then, U87-mCherry-luc 
cells (2.5×105 cells in 5 µL) were injected into the right 
striatum of the brain. After 4 days, the bioluminescence of 
the glioma tissue in the brains of the mice was detected with 
an IVIS kinetic imaging system (Lumina II; Caliper, MA, 
USA) to verify successful establishment of an orthotopic 
U87 glioma-bearing nude mice model. The mice were ran-
domly divided into four groups according to biolumines-
cence intensity (n=3). Different FITC-labeled peptides were 
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injected via the tail vein (30 mg/kg). Mice injected with 
physiological saline were used as a control group. The mice 
were sacrificed 1 h later, and the brains were fixed with 4% 
paraformaldehyde and cut into slices. Then, the brain slices 
were further stained with DAPI and visualized using a digital 
fluorescent scanning microscope (Pannoramic 250 Flash III, 
Budapest, Hungary). The detailed fluorescence parameters 
were as follows. Blue channel: exposure times: 2ms; digital 
gain: 1; bit depth: 8. Green channel: exposure times: 80ms; 
digital gain: 1; bit depth: 8. Red channel: exposure times: 
40ms; digital gain: 1; bit depth: 8.

Synthesis of PPTA
First, TAT-AT7 and MAL-PEG-NHS were dissolved in 
dimethyl sulfoxide (DMSO) at a molar ratio of 4:3, after 
which the mixture was stirred for 12 h at room temperature 
in an atmosphere of nitrogen. Second, the PEI solution 
was solubilized in PBS (0.1 mM; pH 7.0), after which 
a 4-fold molar excess of PEG-TAT-AT7 dissolved in 
DMSO was added to the above PEI solution. The resulting 
mixed solution was stirred overnight in an atmosphere of 
nitrogen. The resulting product, PPTA, was dialyzed 
against H2O (MWCO=10 kDa) and then lyophilized. PEI- 
PEG-TAT (PPT) and PEI-PEG-AT7 (PPA) were synthe-
sized and obtained with the protocol described above. The 
chemical structures of all products in D2O were character-
ized by 1H NMR spectrometry (300 MHz).

Cytotoxicity Evaluation of PPTA
The cytotoxicity of PPTA against endothelial cells was eval-
uated by MTT assay. HUVECs were seeded into 96-well 
plates at a density of 5×103 cells/well. After incubation over-
night, the HUVECs were treated with PEI, PPA, PPT and 
PPTA at a series of concentrations for 24 h. Then, 20 µL of 
MTT solution (5 mg/mL) was added to each well, and the cells 
were further cultured for 4 h under dark conditions. Then, the 
resulting formazan crystals were dissolved in 150 µL of 
DMSO after the medium had been removed. After incubation 
for 15 min, the absorbance at 490 nm was measured using 
a microplate reader (Bio-Rad 680, Hercules, CA, USA).

In vivo Imaging and Distribution of PPTA 
in Glioma
Orthotopic U87-mCherry-luc glioma-bearing nude mice 
were randomly divided into 6 groups (n=3). ICG was used 
as a NIR dye for fluorescence imaging in vivo. Different 
polymers loaded with ICG (100 µL) were injected into the 

mouse body via the tail vein. A saline group was used as 
a negative control group. The mice were anesthetized with 
isoflurane and assessed with an IVIS kinetic imaging system 
at 1 h, 2 h, and 4 h after injection. At 4 h after injection, the 
mice were sacrificed, and the heart, liver, spleen, lung, kidney 
and brain were removed and observed with an IVIS kinetic 
imaging system.

Preparation and Characterization of 
PPTA/pVAXI-En
The pVAXI-En plasmid was added dropwise to an equal 
volume of a PPTA solution under slow vortexing, followed 
by incubation for 30min at room temperature to obtain 
PPTA/pVAXI-En. In addition, PEI/pVAXI-En, PPA/ 
pVAXI-En and PPT/pVAXI-En were prepared using the 
same method. The particle size and zeta potential of dif-
ferent nanocomplexes were monitored with a nano particle 
analyzer (DelsaNano S, Beckman Coulter, USA). The 
morphology of nanocomplexes was observed by transmis-
sion electronic microscopy (TEM; JEM-1200EX; JEOL, 
Tokyo, Japan). The ability of the nanocomplexes to con-
dense the pVAXI-En plasmid was determined by agarose 
gel retardation assay, in which the retardation and position 
of nanocomplexes were visualized with a UV transillumi-
nator and digital imaging system (IS-2200, Alpha 
Innotech, USA).

Intracellular Trafficking and Lysosomal 
Escape of PPTA/pVAXI-En
First, the pVAXI-En plasmid was labeled with FITC using 
Label IT® Nucleic Acid Labeling Kits according to the 
instructions. HUVECs were seeded into a laser confocal 
dish and cultured overnight. Freshly prepared PEI/FITC- 
pVAXI-En, PPA/FITC-pVAXI-En, PPT/FITC-pVAXI-En 
and PPTA/FITC-pVAXI-En were individually added to 
each dish. The nanocomplexes were incubated with cells 
at 37°C for 2 h and 4 h in the dark, followed by incubation 
with LysoTracker Red for 30 min. Nuclear staining was 
performed by Hoechst 33342 staining. Fluorescence 
images of the cells were taken under a laser scanning 
confocal microscope (Carl Zeiss, Jena, Germany).

In vitro BBB and BTB Penetration Assays
An in vitro BBB model was established according to pre-
vious reports.35,36 bEnd.3 cells were seeded into the apical 
chambers of 12-well transwell plates. After 7 days, the 
transendothelial electrical resistance (TEER) of the 
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bEnd.3 cells monolayer was measured with an epithelial 
voltammeter (Millipore, Bedford, USA). Monolayers with a 
TEER over 200 Ω were used for subsequent experiments. 
The pVAXI-En plasmid labeled with FITC was the same as 
previous method. Then, freshly prepared PEI/FITC-pVAX 
I-En, PPA/FITC-pVAXI-En, PPT/FITC-pVAXI-En and 
PPTA/FITC-pVAXI-En were individually added into the 
apical chambers. After 4 h incubation at 37°C, the fluores-
cence intensities of the solutions from the lower chamber 
were measured with a fluorescence microplate reader.

An in vitro BTB model was established as previously 
reported.37 Briefly, U87 cells were seeded into the baso-
lateral chambers, and HUVECs were seeded into the api-
cal chambers at a 1:5 HUVEC/U87 cell ratio. After 4 days, 
freshly prepared PEI/FITC-pVAXI-En, PPA/FITC-pVAXI- 
En, PPT/FITC-pVAXI-En and PPTA/FITC-pVAXI-En 
were individually added to the corresponding apical cham-
ber. After 4 h of incubation at 37°C, the fluorescence 
intensities of the solutions from the lower chamber were 
determined with a fluorescence microplate reader. The 
penetration ratios of the nanocomplexes are expressed as 
the relative fluorescence intensity compared with the total 
fluorescence intensity measured before the experiment.

Gene Transfection Studies
HUVECs were seeded into 6-well plates at a density of 
2×105 cells/well and incubated overnight. PEI/pEGFP- 
N1, PPA/pEGFP-N1, PPT/pEGFP-N1 and PPTA/ 
pEGFP-N1 (containing 4 µg of the pEGFP-N1 plasmid) 
were added to the HUVECs and incubated with the cells 
for 4 h. The cells were then incubated with freshly 
prepared F-12K complete medium for another 48 h at 
37°C. The expression of EGFP was observed by fluor-
escence microscopy. The cells were digested and sus-
pended in PBS, and the transfection efficiency was 
quantified by flow cytometry.

Orthotopic U87-mCherry-luc glioma-bearing nude 
mice were randomly divided into 4 groups (n=3). Two 
hundred microliters of PEI/pEGFP-N1, PPA/pEGFP-N1, 
PPT/pEGFP-N1 or PPTA/pEGFP-N1 (containing 40 μg 
of the pEGFP-N1 plasmid) or physiological saline was 
injected into the mice six times on days 6, 8, 10, 12, 14 
and 16 via the tail vein. On day 18, the mice were sacri-
ficed, and their glioma-bearing brains were fixed with 
4.0% paraformaldehyde, embedded in paraffin and cut 
into slices. The brain slices were further stained with anti- 
EGFP antibody for the study of transfection efficiency 
in vivo.

Effect on Angiogenesis in vitro
The transfection process was carried out as previously 
described. The supernatant was harvested, and secretory 
endostatin protein expression was detected with a human 
endostatin ELISA kit according to the operating instruction. 
The antiangiogenic effect of PPTA/pVAXI-En was deter-
mined by tube formation assay. Briefly, Matrigel was coated 
onto 96-well plates at 37°C for solidification. HUVECs 
transfected with the different nanocomplexes were seeded 
into the Matrigel-coated plates (3×104 cells/well). After 
incubation at 37°C for 6 h, tube formation was observed 
with an inverted microscope, and the number of branch 
points was calculated with ImageJ software. A wound-heal-
ing assay was used to evaluate the effect of PPTA/pVAXI- 
En on endothelial cell migration. Briefly, HUVECs were 
seeded into 6-well culture plates (3×105 cells/well). After 
overnight incubation, the HUVECs monolayer was scraped 
with 200-µL pipette tips. Different nanocomplexes (con-
taining 4 µg of the pVAXI-En plasmid) were added to each 
well. After 4 h of incubation at 37°C, the cells were then 
incubated with freshly prepared F-12K complete medium 
for another 48 h at 37°C. Images were captured after 0 h, 24 
h and 48 h using an inverted microscope. The cell migration 
rate was measured with ImageJ software.

Pharmacodynamics in vivo
Orthotopic U87-mCherry-luc glioma-bearing nude mice 
were randomly divided into 6 groups (n=6). Two hundred 
microliters of freshly prepared PEI/pVAXI-En, PPA/ 
pVAXI-En, PPT/pVAXI-En and PPTA/pVAXI-En (contain-
ing 40 µg of the pVAXI-En plasmid) was injected into the 
mice six times on days 6, 8, 10, 12, 14 and 16 via the tail 
vein. A saline group was used as a negative control group. 
Bioluminescence was measured on days 4, 9, 14 and 20. 
On day 21, the mice were sacrificed, and their glioma- 
bearing brains were fixed with 4.0% paraformaldehyde, 
embedded in paraffin and cut into slices. CD31 staining 
was conducted to detect the microvessels in glioma.

Statistical Analysis
The data are presented as the mean ± standard devia-
tion (SD). Multiple group comparisons were conducted 
by one-way ANOVA, followed by Tukey’s multiple 
comparison test using GraphPad Prism 6 software. 
A value of p < 0.05 was used to indicate statistical 
significance.
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Results
Binding Affinity of TAT-AT7 to VEGFR-2 
and NRP-1
SPR analysis was conducted to evaluate the binding 
affinity of TAT-AT7 to VEGFR-2 and NRP-1. The SPR 
analysis was performed using a Biacore S200 instru-
ment. Recombinant VEGFR-2 and NRP-1 proteins 
were first immobilized on a CM5 chip. Different pep-
tides, as analytes, were then flowed over the surface of 
the chip. The KD value calculated by SPR analysis 
reflects the binding level of the analytes to the ligand 
proteins. The smaller the KD value is, the stronger the 
binding ability. As shown in Figure 2A, TAT-AT7 
showed the strongest binding affinity to NRP-1 with 
a KD value of 2.740×10−8 M compared to the TAT and 
AT7 with KD values of 6.052×10−8 M and 6.770×10−8 

M, respectively. TAT-AT7 showed high affinity to 
VEGFR-2 with a KD value of 2.276×10−8 M, whereas 
the binding affinity of AT7 to VEGFR-2 was weaker 
with a KD value of 2.830×10−7 M, and the binding 
between TAT and VEGFR-2 was nonspecific with an 
unmeasurable KD value (Figure 2B). The above SPR 
results indicated that TAT-AT7 exhibited higher affinity 
to NRP-1 than to TAT or AT7 alone, and the binding 
ability of TAT to the NRP-1 verified our initial 
hypothesis.

Vasculature-Targeting Ability of the 
TAT-AT7 in vitro
HUVECs expressing VEGFR2 and NRP-1 were used as 
models of tumor vascular endothelial cells. As expected, 
we first verified by an immunostaining assay that both 
VEGFR-2 and NRP-1 showed significant positive expression 
on the surface of HUVECs (Supplementary Figure S1). 
A cellular uptake experiment was conducted to explore the 
vascular targeting ability of the TAT-AT7 in vitro. 
Fluorescent micrographs of HUVECs after exposure to 
FITC-labeled peptides were shown in Figure 3A. The fluor-
escence intensity in HUVECs exposed to FITC-TAT-AT7 
increased notably. Quantitative analysis by flow cytometry 
(Figure 3B) indicated that the mean fluorescence intensity of 
the FITC-TAT-AT7 group was approximately 5-fold and 119- 
fold that of FITC-TAT and FITC-AT7, respectively, which 
revealed that TAT-AT7 exhibited higher uptake efficiency 
and penetration capability into HUVECs than TAT or AT7 
did. We supposed that the improved internalization of TAT- 
AT7 might depend not only on the strong penetration of TAT 
into HUVECs but also on the binding ability to VEGFR-2 
and NRP-1 expressed on the surface of HUVECs.

The Brain-Targeting Efficacy of TAT-AT7 
in vivo
To investigate the BBB penetration and glioma targeting 
ability of TAT-AT7 in vivo, fluorescence imaging analysis 

Figure 2 Binding affinity of TAT-AT7 to VEGFR-2 and NRP-1. The binding curves for AT7, TAT, and TAT-AT7 with the recombinant proteins VEGFR-2 (A) and NRP-1 (B) 
were assessed by SPR analysis. Different peptides at a series of concentrations (increasing from 0.0156 μM to 0.03125 μM, 0.0625 μM, 0.125 μM, and 0.25 μM) were flowed 
over the surface of chip-immobilized VEGFR-2 or NRP-1 proteins. The KD value reflects the level of analyte binding to ligand proteins.
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of brain tissue from orthotopic U87 glioma-bearing nude 
mice was conducted. As shown in a representative micro-
graph (Figure 3C), red fluorescence represented the loca-
tion of brain glioma tissue, FITC-TAT and FITC-TAT-AT7 
displayed strong green fluorescence signals in the glioma 
region after intravenous injection, while FITC-AT7 was 
unable to achieve obvious accumulation in glioma tissue 
due to its weak BBB penetration. Furthermore, the fluor-
escence intensity after injection with FITC-TAT-AT7 was 
much higher than that after injection with FITC-TAT. 
From the above results, we could conclude that TAT-AT7 
retained the BBB and BTB penetration ability of TAT and 
showed significant targeting accumulation in VEGFR-2- 
and NRP-1-overexpressing glioma tissue in vivo.

Synthesis and Cytotoxicity Evaluation of 
PPTA
The overall synthesis of PPTA was divided into two steps, 
as presented in Figure 4A. Heterobifunctional MAL-PEG- 
NHS (PEG linker) was selected as a connecting arm, PEG- 
TAT-AT7 was synthesized through the reaction of the 
sulfhydryl groups of TAT-AT7 with the MAL groups of 

the PEG linker, and then PEG-TAT-AT7 was connected to 
the amino groups of PEI to obtain PPTA. The details of the 
1H-NMR spectra were as follows (Figure 4BE): the sol-
vent peak of D2O was found at 4.7 ppm. The characteristic 
peaks of PEG appeared at 3.5–3.7 ppm. The repeating 
units of the PEI polymer appeared at 2.5–3.2 ppm. The 
successful coupling of TAT-AT7 to the PEI polymer was 
confirmed by the appearance of the peaks for the aromatic 
protons of TAT-AT7 at 7.0–7.8 ppm. The PPA and PPT 
polymers were synthesized by the same method, and their 
1H-NMR spectra were shown in Supplementary Figure S2. 
The major problem with PEI polymer as a nonviral gene 
vector is the correlation of toxicity and transfection effi-
ciency. Consequently, current studies on PEI focus on 
achieving high efficiency and low toxicity.38 As shown 
in Figure 5C, the in vitro MTT assay revealed that as the 
concentrations of PEI, PPA, PPT and PPTA increased from 
2 μg/mL to 32 μg/mL, the viability of HUVECs gradually 
decreased to varying degrees. However, PPA, PPT and 
PPTA showed significantly lower cell toxicity than PEI 
at any concentration, especially over 8 μg/mL. These 
results suggested that PPTA had better biocompatibility 
and applicability as a vehicle for gene transfection.

Figure 3 In vitro and in vivo targeting abilities of TAT-AT7. (A) Fluorescence images of HUVECs after incubation with FITC-AT7, FITC-TAT or FITC-TAT-AT7 for 1 h. Bars 
represent 50 μm. (B) Flow cytometric histograms and quantitative fluorescence intensities of HUVECs after incubation with FITC-AT7, FITC-TAT or FITC-TAT-AT7 for 1 h. The 
mean fluorescence intensity of HUVECs was measured by flow cytometry. * indicates p<0.05 when compared with the control group. # indicates p<0.05 when compared with 
the AT7 group and & indicates p<0.05 when compared with the TAT group. (C) Distribution of TAT-AT7 in the glioma tissue of intracranial U87 glioma-bearing mice. Frozen 
sections were photographed with a digital fluorescent scanning microscope. Green, different FITC-labeled peptides; blue, DAPI-stained cell nuclei; red, glioma tissue labeled 
with the red fluorescent protein mCherry. Bars represent 200 μm.
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Characterization of PPTA/pVAXI-En
PPTA/pVAXI-En was prepared by the electrostatic 
adsorption principle between electropositive PPTA and 
electronegative pVAXI-En plasmid. As shown in 
Supplementary Table S1, polymers/pVAXI-En with dif-
ferent N/P ratios (nitrogen in PEI to phosphates in 
plasmid DNA) showed different sizes (between 40 and 
300 nm). It has been confirmed that nanoparticles of 
approximately 100 nm maintain the best passive tar-
geted therapeutic effects, such as prolonged blood 

circulation and reduced mononuclear phagocyte system 
(MPS) capture.39 Consequently, PPTA/pVAXI-En (N/ 
P=12), with a size of 101.6 ± 4.35 nm and ζ potential 
change of 17.7 ± 1.39 mV, was selected for subsequent 
experiments. The TEM image revealed that PPTA/ 
pVAXI-En (N/P=12) had a homogeneous spheroid mor-
phology (Figure 5A). The results of the agarose gel 
retardation assay (Figure 5B) also showed that PPTA/ 
pVAXI-En (N/P=12) had good DNA condensing and 
neutralizing properties.

Figure 4 The synthetic mechanism and 1H-NMR spectrum of PEI-PEG-TAT-AT7 (PPTA). (A) The whole process of PPTA synthesis was divided into two steps as presented. 
(B–E) 1H NMR spectra of PEI, TAT-AT7, NHS-PEG-MAL, and PPTA.
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Cellular Uptake and Lysosomal Escape of 
PPTA/pVAXI-En
The process of gene transfection includes cell uptake and 
the successful expression of DNA. The important steps in 
the process and indispensable factors for transfection effi-
ciency are DNA internalization and escape from lyso-
somes. pVAXI-En plasmid was first labeled by FITC to 
track the intracellular location of PPTA/FITC-pVAXI-En. 

As shown in Figure 5D, PPTA/FITC-pVAXI-En (green 
fluorescence) and the other groups all colocalized with 
lysosomes (red fluorescence) after 2 hours (left). When 
the incubation time reached 4 hours, the green and red 
fluorescence were separated to different degrees (right). 
These results clearly demonstrated that PPTA/pVAXI-En 
had good lysosomal uptake and escape abilities at a com-
parable level to PEI/pVAXI-En.

Figure 5 Characterization and cytological evaluation of PPTA/pVAXI-En. (A and B) SEM images and agarose gel electrophoresis of PEI/pVAXI-En, PPA/pVAXI-En, PPT/ 
pVAXI-En and PPTA/pVAXI-En. (C) Cytotoxicity of PEI, PPA, PPT and PPTA at various concentrations against HUVECs. ** and *** Indicate p<0.01 and p<0.001 versus the 
PEI group, respectively. (D) Fluorescence images of the intracellular distribution of PEI/FITC-pVAXI-En, PPA/FITC-pVAXI-En, PPT/FITC-pVAXI-En and PPTA/FITC-pVAXI-En 
in HUVECs at 2 h (left) and 4 h (right) after the beginning of transfection. Green, FITC-labeled pVAXI-En plasmid; blue, cell nuclei stained with Hoechst 33342; red, 
lysosomes stained with LysoTracker Red. Bars represent 10 μm.
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Ability of PPTA/pVAXI-En to Penetrate 
the BTB and BTB in vitro
The BBB is the main physiological barrier for drug 
delivery into the brain. To determine the ability of 
PPTA/pVAXI-En to penetrate the BBB, an in vitro BBB 
model was established. A monolayer of bEnd3 cells 
seeded in the apical chamber was used as a biomimetic 
BBB (Figure 6A). Fluorescence intensity passing through 
the apical chamber was detected to evaluate the ability of 
PPTA/pVAXI-En to penetrate the BBB. As shown in 
Figure 6B, the penetration ratios of PPTA/pVAXI-En 
(1.78 ± 0.11%) and PPT/pVAXI-En (1.70 ± 0.06%) 
were clearly increased in comparison to those of PEI/ 
pVAXI-En (0.95 ± 0.07%) and PPA/pVAXI-En (1.14 ± 
0.11%). The BTB is another major physiological barrier 
that restricts the transport of drugs to brain glioma tissue. 
An in vitro HUVEC/U87 cell coculture model was estab-
lished (Figure 6A). In this coculture system, a monolayer 
of HUVECs seeded in the apical chamber can be 
endowed with an angiogenic phenotype after stimulation 

with U87 cells, which can imitate the BTB in vivo under 
physiological conditions.40 The results in Figure 6C 
showed that the penetration ratio of PPTA/pVAXI-En 
(2.72 ± 0.13%) was significantly higher than those of 
PEI/pVAXI-En (1.28 ± 0.08%), PPA/pVAXI-En (1.47 ± 
0.17%) and PPT/pVAXI-En (2.12 ± 0.19%). The above 
results indicated that both PPTA/pVAXI-En and PPT/ 
pVAXI-En displayed a superior ability to traverse the 
BBB and BTB compared with that of PEI/pVAXI-En 
and PPA/pVAXI-En. Furthermore, PPTA/pVAXI-En 
exhibited a greater ability to penetrate the BTB than 
PPT/pVAXI-En.

In vivo Glioma Targeting Property of 
PPTA
To assess the in vivo brain targeting ability of PPTA, 
we chose ICG as the imaging agent. PEI/ICG, PPA/ 
ICG, PPT/ICG and PPTA/ICG complexes were intra-
venously injected into orthotopic U87 glioma-bearing 
nude mice. Free ICG was used as the control group. 

Figure 6 Ability of PPTA/pVAXI-En to penetrate the BBB and BTB in vitro. (A) Schematic illustration of the in vitro BBB and BTB models. The penetration ratios of PEI/ 
pVAXI-En, PPA/pVAXI-En, PPT/pVAXI-En and PPTA/pVAXI-En in the in vitro BBB model (B) and BTB model (C). * Indicates p<0.05 when compared with PEI/pVAXI-En, # 

indicates p<0.05 when compared with PPA/pVAXI-En, and & indicates p<0.05 when compared with PPT/pVAXI-En.
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Fluorescence imaging in nude mice (Figure 7A) 
showed that PPTA significantly prolonged the retention 
time of ICG in the brain. PPTA/ICG showed a stronger 
fluorescence signal than the other groups at 1 h, 2 
h and 4 h. Ex vivo fluorescence imaging of the heart, 
liver, spleen, lung, kidney and brain was further con-
ducted after 4 hours and indicated that the fluorescence 
intensity of PPTA/ICG in isolated brain tissue was 
much higher than that of PEI/ICG, PPA/ICG or PPT/ 
ICG (Figure 7B), which provided compelling evidence 
that PPTA had remarkable BBB penetration and brain 
targeting abilities.

The Gene Transfection Efficiency of the 
PPTA/DNA Nanocomplex in vitro and 
in vivo
We demonstrated the low cytotoxicity of PPTA and favorable 
lysosomal escape ability of PPTA/pVAXI-En, which were 
closely related to DNA transfection efficiency. Next, we 
chose the pEGFP-N1 plasmid as the reporter gene to investi-
gate the transfection efficiency in vitro and in vivo. HUVECs 
were transfected with PEI/pEGFP-N1, PPA/pEGFP-N1, PPT/ 
pEGFP-N1 and PPTA/pEGFP-N1, and the expression of 
enhanced green fluorescent protein (EGFP) was observed by 
fluorescence microscopy and quantified by flow cytometry. 
On the basis of the expression of EGFP (Figure 8AC), we 
could see that the transfection efficiency of PPTA/pEGFP-N1 

(33.02 ± 3.66%) in HUVECs was significantly higher than that 
of PEI/pEGFP-N1 (21.82 ± 3.60%) and PPA/pEGFP-N1 
(26.08 ± 2.23%). PPT/pEGFP-N1 (29.90 ± 3.14%) also 
showed higher transfection efficiency than PEI/pEGFP-N1. 
We confirmed the outstanding BBB penetration and brain 
targeting abilities of PPTA in vivo. Next, we further evaluated 
the transfection efficiency of PPTA/pEGFP-N1 in orthotopic 
U87 glioma-bearing nude mice. As shown in Figure 8D, the 
expression of EGFP in glioma tissue transfected with PPTA/ 
pEGFP-N1 was much higher than that in other groups, which 
further indicated the glioma targeting potency and gene deliv-
ery capacity of PPTA in vivo.

The Inhibitory Effect of PPTA/pVAXI-En 
on Angiogenesis and the Migration of 
Endothelial Cells in vitro
Before we evaluated the in vitro antiangiogenic activity, 
the supernatant of HUVECs was collected and the endo-
statin protein concentration measured by ELISA. The 
endostatin protein level transferred with PPTA/pVAXI- 
En was 1.42-fold and 1.27-fold higher than that of PEI/ 
pVAXI-En and PPA/pVAXI-En, respectively (Figure 
9A), which was consistent with the trend of the EGFP 
transfection experiment. The tube formation assay was 
applied to evaluate the antiangiogenic activity of PPTA/ 
pVAXI-En. The tubular structure was photographed after 
6 hours of incubation (Figure 9B), and the numbers of 

Figure 7 The brain-targeting property of PPTA. (A) In vivo fluorescence images of intracranial U87 glioma-bearing nude mice at different time points after intravenous 
injection with the PEI/ICG, PPA/ICG, PPT/ICG or PPTA/ICG complexes. (B) Ex vivo fluorescence images of the heart, liver, spleen, lung, kidney and brain organs from nude 
mice after 4 h.
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branch points were counted (Figure 9C). Our results 
showed that the numbers of branch points in different 
groups were all reduced to different degrees, but  PPTA/ 
pVAXI-En showed a smaller number of branch points 
than PEI/pVAXI-En  and PPA/pVAXI- 
En. To explore the effect of PPTA/pVAXI-En on 
endothelial cell migration, a wound healing assay was 
adopted. The region between the two vertical lines 
reflected the migration of cells from both sides to the 
middle. The migration rates at 24 hours and 48 hours 
were calculated to show the degree of endothelial cell 
migration. As shown in Figure 9D and E, the migration 
rates of HUVECs treated with different nanocomplexes 
were all lower than those of the control group. The 
above results indicated that the secretory expression of 
the endostatin gene had prominent antiangiogenesis and 
antimigration effects on HUVECs in vitro.

In vivo Antiglioma Efficacy
Nude mice bearing an orthotopic U87-mCherry-luc glioma 
model were used for the antiglioma studies. U87-mCherry- 
luc cells contained the mCherry and luciferase genes. 
Luciferase was able to react with the D-Luciferin potassium 

salt and generate bioluminescence, which could be imaged by 
an IVIS spectrum imaging system. The growth of the glioma 
could be visualized by the bioluminescence intensity of U87- 
mCherry-luc cells at different time points. As illustrated in 
Figure 10A, the growth rate of bioluminescence intensity 
resulting from PPTA/pVAXI-En was lower than that 
observed for PEI/pVAXI-En, PPA/pVAXI-En and PPT/ 
pVAXI-En. The bioluminescence intensity statistics on day 
20 showed that PPTA/pVAXI-En inhibited glioma growth 
more effectively (Figure 10B). CD31 is a typical microvas-
cular marker that can be used to assess microvessel density 
(MVD) and the degree of angiogenesis. CD31 staining results 
showed that PPTA/pVAXI-En significantly reduced CD31 
expression and MVD in glioma tissue (Figure 10C).

Discussion
High vascularity is one of the characteristic features of 
malignant glioma.4 In our study, the endostatin gene was 
chosen to treat glioma because of its outstanding antian-
giogenic ability. However, the BBB and BTB impede the 
transport of exogenous therapeutic genes to glioma 
tissue.30,31 How to enhance the specificity of the endosta-
tin gene for new vessels in glioma and improve gene 

Figure 8 The gene transfection efficiency of PPTA in vitro and vivo. (A) Fluorescent images of HUVECs transfected with PEI/pEGFP-N1, PPA/pEGFP-N1, PPT/pEGFP-N1 or 
PPTA/pEGFP-N1. Bars represent 200 μm. (B) Flow cytometric histogram of the fluorescence intensity of HUVECs. (C) Quantitative evaluation of EGFP expression by flow 
cytometry in HUVECs. * Indicates p<0.05 when compared with the PEI group. # indicates p<0.05 when compared with the PPA group. (D) In vivo transfection efficiency. 
Fluorescence images of brain sections separated from intracranial U87 glioma-bearing nude mice transfected with PEI/pEGFP-N1, PPA/pEGFP-N1, PPT/pEGFP-N1 or PPTA/ 
pEGFP-N1. Green, EGFP protein; blue, cell nuclei stained with DAPI. Bars represent 50 μm.
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transfection efficiency are key points. Active targeted 
delivery systems modified by functional ligands have 
attracted increasing attention owing to their advantages 
of improved targeting ability, increased bioavailability 
and reduced side effects.41 Many researchers have 
designed a variety of dual-ligand-decorated delivery sys-
tems using a CPP and a targeting ligand for brain glioma 
targeting. The CPP ligand plays a role in carrying drugs 
across the BBB, and the targeting ligand shows affinity to 
specific receptors.42,43 However, the conjugation of two 
different functional ligands may weaken the penetrability 
of the CPP, the targeting ability of the ligand, or both. 
Therefore, it is advisable to choose two ligands with 
synergistic effects to maintain their respective activity.

Recently, researchers proposed and demonstrated that 
peptides containing a C-terminal arginine residue or internal 
R/KXXR/K sequence could interact with the NRP-1 and then 
lead to vascular internalization and tissue penetration.44 The 
analysis of amino acid composition indicated that there were 
two sequences in TAT, “RKKR” and “RQRR”, that con-
formed to the R/KXXR/K rules. Motivated by the above 

findings, we hypothesized that TAT might be able to bind 
to the NRP-1. The KD value calculated by SPR analysis 
validated the similar binding properties of TAT and AT7 
with the NRP-1. The higher affinity of TAT-AT7 to the 
NRP-1 revealed that the connection of TAT to AT7 increased 
the receptor binding capacity. In addition, TAT-AT7 and AT7 
showed similar affinity to VEGFR-2, which indicated that 
the TAT sequence did not affect the targeting ability of TAT- 
AT7 to VEGFR-2. Moreover, cellular uptake experiments 
showed that the uptake and permeability of TAT-AT7 into 
HUVECs overexpressing VEGFR-2 and NRP-1 were higher 
than those of either TAT or AT7. Most importantly, a more 
prominent distribution of TAT-AT7 than of TAT or AT7 was 
clearly observed in the brain glioma tissue of nude mice after 
intravenous injection. All of the above results indicated that 
TAT-AT7 could be a multifunctional ligand with high affinity 
to VEGFR-2 and NRP-1, strong BBB and BTB penetration 
capabilities, and glioma targeting ability due to the synergis-
tic roles of TAT and AT7.

In our study, TAT-AT7 was conjugated to PEI through 
a heterobifunctional PEG crosslinker to form the dual- 

Figure 9 The inhibitory effect of PPTA/pVAXI-En on angiogenesis and the migration of HUVECs in vitro. (A) Expression level of the endostatin protein in the supernatant of 
HUVECs transfected with different nanocomplexes. * indicates p<0.05 when compared with PEI/pVAXI-En. # indicates p<0.05 when compared with PPA/pVAXI-En. (B and 
C) Photographs of tube formation and the quantification of branch points upon treatment with different nanocomplexes. The arrows indicate representative new blood 
vessel branch points. * indicates p<0.05 when compared with PEI/pVAXI-En. # Indicates p<0.05 when compared with PPA/pVAXI-En. Bars represent 50 μm. (D and E) The 
statistical migration rates and photographs showing the migration of HUVECs treated with different nanocomplexes. *, **, *** and **** Represent p<0.05, p<0.01, p<0.001 
and p<0.0001 versus the control group, respectively. Bars represent 200 μm.
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targeting gene delivery vector PPTA. Then, we used the secre-
tory endostatin gene as a therapeutic gene to form a novel gene 
delivery system, PPTA/pVAXI-En, for the treatment of 
glioma. PPTA showed lower cytotoxicity than PEI to 
HUVECs in the MTT assay, largely because PEGylation and 
peptide modification could shield the partial positive charge of 
PEI.45,46 The intracerebral delivery of gene therapeutic agents 
is significantly impaired by shielding from the BBB and BTB. 
In vitro BBB and BTB penetration assays revealed that TAT- 
AT7 modification clearly enhanced the in vitro BBB and BTB 
penetration efficiencies of PPTA/pVAXI-En. In accordance 
with the above in vitro results, in vivo fluorescence distribution 
experiments further confirmed that TAT-AT7- 
modified PPTA could cross the BBB and more efficiently 
accumulated in the intracranial glioma tissue of nude mice. 
Therefore, it was deduced that PPTA/pVAXI-En penetrated the 
BBB and BTB mainly through the biological membrane per-
meability of TAT and adsorption-mediated transcytosis via 
electrostatic interaction of the cationic polymer with the nega-
tively charged BBB and BTB.47,48 Futhermore, PPTA/pVAXI- 
En penetrated the BTB more efficiently via the specific binding 
of TAT-AT7 to VEGFR-2 and NRP-1, both of which were 
overexpressed on the endothelial cells of BTB. The interaction 
of R/KXXR/K sequence of TAT-AT7 with the NRP-1 also 
increased vascular permeability and tissue internalization.44

Successful transfection of PPTA/pVAXI- 
En depends on many factors, mainly including particle size, 
zeta potential, cell uptake and the intracellular stability of 
DNA. First, we explored the particle size and zeta potential 
of PPTA/pVAXI-En at different N/P ratios of the gene delivery 
system. When N/P was 12, pVAXI-En plasmid could be com-
pletely compressed by PPTA into nanoparticles, and PPTA/ 
pVAXI-En presented the best particle size and positive charge 
for gene transfection. After internalization into cells, nanopar-
ticles are usually ingested by acidic lysosomes. Therefore, the 
protection of plasmid DNA from lysosomal degradation is 
a very important factor affecting transfection efficiency. The 
unique “proton-sponge effect” of PEI can cause osmotic swel-
ling of lysosomes, leading to the release nanoparticles from the 
lysosomes, and ultimately protect DNA from degradation.20 

Our study showed that PEI/pVAXI-En, PPA/pVAXI-En, PPT/ 
pVAXI-En and PPTA/pVAXI-En all could escape from lyso-
somes at 4 hours, which confirmed the protective effect of PEI 
on DNA.

We used the pEGFP-N1 plasmid as a reporter gene to 
investigate the transfection efficiency of PPTA in vitro and 
in vivo. The PPT and PPTA groups showed higher transfection 
efficiency than the PEI and PPA groups in HUVECs, which 
suggested that the modification of PEI with TAT-AT7 or TAT 
could improve membrane penetration ability and enhance 

Figure 10 The in vivo antitumor efficacy of PPTA/pVAXI-En was evaluated in orthotopic U87-mCherry-luc glioma-bearing nude mice. (A) The growth of glioma was 
visualized by bioluminescence imaging on days 4, 9, 14 and 20. (B) Changes of glioma bioluminescence intensity in the brains of nude mice. * Indicates p<0.05 when 
compared with PEI/pVAXI-En, # Indicates p<0.05 when compared with PPA/pVAXI-En, and & indicates p<0.05 when compared with PPT/pVAXI-En. (C) 
Immunohistochemical staining for CD31. Bars represent 50 μm.
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gene transfection efficiency. EGFP expression in the glioma 
tissue of nude mice in the PPTA group was significantly higher 
than that in the PPT group, which further proved the heigh-
tened BBB and BTB penetrability and glioma targeting abil-
ities of PPTA. In combination with the gene transfection and 
distribution experiments of PPTA in vivo, modification with 
TAT-AT7 was believed to be the main reason for the high 
transfection efficiency and active glioma targeting of PPTA.

Next, we analyzed the therapeutic effects of PPTA/ 
pVAXI-En in vitro. Endostatin proteins in the supernatant 
of HUVECs were tested by ELISA, which revealed that 
our secretory pVAXI-En plasmid could be successfully 
transfected by PPTA and secreted outside HUVECs. The 
tube formation assay and wound healing assay demon-
strated that PPTA/pVAXI-En could inhibit the tube forma-
tion and migration of HUVECs.  The antiangiogenic 
activity of both PPT/pVAXI-En and PPTA/pVAXI-En 
was remarkable. All groups exhibited obvious antimigra-
tion activity at 48 hours. In principle, the higher the 
transfection efficiency is, the stronger the antimigration 
activity. There was no significant difference in the antimi-
gration activity among the PEI, PPA, PPT and PPTA 
groups. We suspected the reason might be that the antimi-
gration effects on HUVECs could be exhibited clearly 
over a certain concentration expression level. In vivo 
pharmacodynamics analysis revealed that the secretory 
endostatin gene pVAXI-En plasmid could be a promising 
therapeutic agent for the treatment of glioma, and PPTA/ 
pVAXI-En achieved more effective inhibition of glioma 
growth and angiogenesis than the other groups, including 
saline, PEI/pVAXI-En, PPA/pVAXI-En and PPT/pVAXI- 
En, in orthotopic U87 glioma-bearing nude mice.

Conclusion
In summary, we successfully developed a novel dual target-
ing TAT-AT7-modified PPTA/pVAXI- 
En nanocomplex for secretory endostatin gene delivery to 
treat glioma. PPTA/pVAXI-En exhibited enhanced gene 
transfection efficiency, increased BBB and BTB penetration, 
and better glioma targeting ability, as well as superior inhi-
bitory effects on angiogenesis and glioma growth in an 
orthotopic U87-bearing nude mice model. Our results not 
only demonstrate that TAT-AT7 is expected to be a promising 
multifunctional ligand to mediate nanocomplex to overcome 
multiple biological barriers and precisely target glioma tissue 
but also suggest PPTA/pVAXI-En as a potential gene deliv-
ery nanocomplex in glioma therapy. The current findings can 

provide insight into the application of a nonviral targeted 
drug delivery system for noninvasive gene therapy of glioma.
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