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a b s t r a c t

Tumor neovasculature and tumor cells dual-targeting chemotherapy can not only destroy the tumor
neovasculature, cut off the supply of nutrition and starve the tumor cells, but also directly kill tumor cells,
holding great potential in overcoming the drawbacks of anti-angiogenic therapy only and improving the
anti-glioma efficacy. In the present study, by taking advantage of the specific expression of fibronectin
extra domain B (EDB) on both glioma neovasculature endothelial cells and glioma cells, we constructed
EDB-targeted peptide APTEDB-modified PEG-PLA nanoparticles (APT-NP) for paclitaxel (PTX) loading to
enable tumor neovasculature and tumor cells dual-targeting chemotherapy. PTX-loaded APT-NP showed
satisfactory encapsulated efficiency, loading capacity and size distribution. In human umbilical vein
endothelial cells, APT-NP exhibited significantly elevated cellular accumulation via energy-dependent,
caveolae and lipid raft-involved endocytosis, and improved PTX-induced apoptosis therein. Both
in vitro tube formation assay and in vivo matrigel angiogenesis analysis confirmed that APT-NP signifi-
cantly improved the antiangiogenic ability of PTX. In U87MG cells, APT-NP showed elevated cellular
internalization and also enhanced the cytotoxicity of the loaded PTX. Following intravenous adminis-
tration, as shown by both in vivo live animal imaging and tissue distribution analysis, APT-NP achieved a
much higher and specific accumulation within the glioma. As a result, APT-NP-PTX exhibited improved
anti-glioma efficacy over unmodified nanoparticles and Taxol® in both subcutaneous and intracranial
U87MG xenograft models. These findings collectively indicated that APTEDB-modified nanoparticles
might serve as a promising nanocarrier for tumor cells and neovasculature dual-targeting chemotherapy
and hold great potential in improving the efficacy anti-glioma therapy.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Glioma stands out as one of the world's most devastating dis-
eases, with a 5-year survival rate of less than 10% [1]. Although the
combination of surgery, radiotherapy and chemotherapy are
capable of treating glioma in clinic now, improvements in treat-
ment outcomes are modest [2,3]. Chemotherapy has been consid-
ered as the most common auxiliary treatment for glioma, while the
poor efficiency of drug delivery to glioma significantly restrict its
_1974@aliyun.com (J. Chen).
application due to non-targeted nature of anti-cancer drugs and
several physiologic barriers including bloodebrain barrier (BBB)
and blood-tumor barrier (BTB) [4].

Angiogenesis, the sprouting of new blood vessels from existing
parent ones, is a crucial event for tumor growth, evasion and
metastasis [5]. Gliomas are highly vascular and rich in VEGF, which
promotes angiogenesis [6]. Anti-angiogenesis therapy has come to
the forefront as an alternative to other glioma treatment strategies
including bypassing the BBB/BTB and targeting drugs directly to the
glioma tissue not only because endothelial cells are more easily
accessible [7,8], but also because endothelial cells have an intrinsic
amplification mechanism which means damaging a single vessel
can potentially have an impact on the growth of a large number of
tumor cells [9].
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However, current evidences indicates that anti-angiogenic
therapy only also associates with a series of adverse effects, such
as intrinsic/acquired anti-angiogenic drug resistance and increased
local invasion or distant metastasis, and even tumor recurrence
[10]. Tumor neovasculature and tumor cells dual-targeting
chemotherapy offers an alternative option and might provide a
more promising therapeutic strategy as it can not only destroy the
tumor neovasculature, cut off the supply of nutrition and starve the
tumor cells, but also directly kill tumor cells [11,12], holding great
potential in reducing the unwanted side effect after anti-angiogenic
therapy only.

Effective tumor neovasculature and tumor cells dual-targeting
relies on the identification of high-quality biomarkers of pathol-
ogy [13]. One well-characterized marker is fibronectin extra
domain B (EDB), a 91-amino-acid type III homology domain iden-
tical in mice, rats, rabbit, dog, monkey, and humans, which can be
inserted into the fibronectin molecule by a mechanism of alterna-
tive splicing [14]. EDB-containing fibronectin is abundant in many
aggressive solid tumors [15,16]. More importantly, EDB is selec-
tively expressed in tumor-associated blood vessels and tumor
extracellular matrix but virtually undetectable in normal adult
tissues (except in regenerating endometrium), and its expression
level is very often positively correlated with the grade of tumor
malignancy [17,18]. Therefore, targeting the EDB may provide an
opportunity to selective and effective delivery of
chemotherapeutics-loaded nanoparticles to tumor site without
causing harmful effects on normal tissue.

APTEDB, a small aptamer-like peptide (aptide) with 26 amino
acids, is identified via phage display and possesses high affinity and
specificity to EDB at nanomolar level [19]. It was showed that
APTEDB specifically stained EDB protein in the ex vivo tumor tissue
in a manner similar to anti-EDB antibody. As high binding affinity is
desirable for achieving an efficient tumor neovasculature and tu-
mor cells dual-targeting [20,21], we believe that APTEDB holds great
potential for being utilized as a promising ligand for anti-
angiogenic and anti-glioma therapy.

In this study, encapsulating paclitaxel (PTX) as the model drug,
tumor vasculature and tumor cells dual-targeted PEG-PLA nano-
particles were constructed by conjugating APTEDB ligand on the
particle surface, aiming at improving the drug's anti-angiogenic
and anti-glioma efficacy. Cellular uptake of the functionalized
nanoparticles and the mechanism of cellular internalization were
investigated in both HUVEC and U87MG cells. In vitro tube forma-
tion assay and in vivo matrigel angiogenesis assay were performed
to confirm the anti-angiogenic activity of APT-NP-PTX. The in vivo
tumor targeting and anti-glioma efficacy of APT-NP-PTX were
evaluated in U87MG tumor xenograft model.
2. Materials and methods

2.1. Materials

APTEDB (SSSPIQGSWTWENGKCWTWKGIIRLEQ) was synthesized by ChinaPep-
tides Co., Ltd (Shanghai, China). Methoxy poly (ethylene glycol) 3000-poly (lactic
acid) 34000 (MePEG-PLA) andmaleimide-poly (ethylene glycol) 3400-poly (lactic acid)
34000 (Male-PEG-PLA) were kindly provided by East China University of Science and
Technology. Paclitaxel was purchased from Xi'an Sanjiang Bio-Engineering Co. Ltd.
(Xi'an, China) and Taxol® from Bristol-Myers Squibb Company. Recombinant human
basic fibroblast growth factor (bFGF), growth factor-reduced Matrigel matrix and
Annexin V-FITC Apoptosis Detection Kit I were purchased from BD Biosciences (San
Diego, CA, USA). Cell counting kit-8 (CCK-8) was provided Dojindo (Kumamoto,
Japan) and Alexa Fluor® 647 anti-mouse CD31 Antibody was obtained from Bio-
legend (San Diego, CA, USA). Hoechst 33258 and Coumarin-6 were obtained from
SigmaeAldrich (St. Louis, MO, USA), and 4,6-diamidino-2-phenylindole (DAPI) from
Molecular Probes (Eugene, OR, USA). 1, 10-dioctadecyl-3, 3, 30 , 30-tetramethyl indo-
tricarbocyanine Iodide (DiR) was purchased from Biotium (Hayward, CA). All the
other solvents were analytical or chromatographic grade.

Primary human umbilical vein endothelial cells (HUVEC) were purchased from
Cascade Biologics (USA) and grown in Medium 200 (M200, Cascade Biologics, USA)
supplemented with low serum growth supplement (LSGS) at 37 �C in a humidified
atmosphere containing 5% CO2. U87MG glioblastoma cell was obtained from Cell
Institute of Chinese Academy of Sciences (Shanghai, China) and maintained in
DMEM supplemented with containing 10% FBS, 100 U/ml penicillin and 100 mg/ml
streptomycin at 37 �C in a humidified atmosphere containing 5% CO2.

Male BALB/c nude mice (20 ± 2 g) were purchased from the BK Lab Animal Ltd
(Shanghai, China) andmaintained at 25 ± 1 �C with free access to food and water. All
the animal experiments were carried out in accordance with guidelines evaluated
and approved by the ethics committee of Fudan University (Shanghai, China).

2.2. Preparation of nanoparticles

PEG-PLA nanoparticles (NP) loaded with PTX were prepared with a blend of
MePEG-PLA and Male-PEG-PLA using the emulsion/solvent evaporation technique
according to the procedure described elsewhere [22]. In brief, MePEG-PLA (22.5mg),
Male-PEG-PLA (2.5 mg) and PTX (0.5 mg) were dissolved in 1 mL of dichloro-
methane, followed by the addition of 2 ml of 1% sodium cholate, emulsified by
sonication (280 w, 30 s) on ice using probe sonicator (Ningbo Scientz Biotechnology
Co. Ltd., China). The resulted O/W emulsion was further diluted into a 10 ml of 0.5%
sodium cholate aqueous solution under rapid magnetic stirring for 5 min and
dichloromethane was rapidly eliminated by evaporation under vacuum. The formed
NP was collected by centrifugation at 14,500 rpm using a TJ-25 centrifuge (Beckman
Counter, USA) at 4 �C for 1 h and resuspended in 1 ml 0.01 M HEPES buffer (pH 7.0).

The preparation of fluorescein-labeled nanoparticles was prepared with the
same procedure except 25 mg coumarin-6 or 0.25 mg DiR were dissolved in the
dichloromethane solution.

Nanoparticles modified with APTEDB (APT-NP) were prepared via a maleimide-
thiol coupling reaction at room temperature for 8 h as described previously
[23,24]. The products were then eluted with 0.01 M HEPES buffer (pH 7.0) through a
1.5 � 20 cm sepharose CL-4B column to remove the unconjugated peptide.

2.3. Characterization of nanoparticles

2.3.1. Particle size distribution, zeta potential and morphology
Particle size and zeta potential of PTX-loaded PEG-PLA nanoparticles (NP-PTX)

and APTEDB peptide-conjugated PTX-loaded PEG-PLA nanoparticles (APT-NP-PTX)
were determined using a Malvern Zeta Sizer Nano series (Malvern Instruments,
Worcestershire, UK). The morphological examination of nanoparticles was carried
out by transmission electron microscope (H-600, Hitachi, Japan).

2.3.2. X-ray photo electron spectroscopy (XPS)
To verify the modification with APTEDB peptide, the nanoparticle samples were

lyophilized using an ALPHA 2-4 Freeze Dryer (0.070 Mbar Vakuum, �80 �C, Martin
Christ, Germany) and subjected to XPS analysis on a RBD upgraded PHI-5000C ESCA
system (Perkin Elmer) to determine the surface composition of C, O and N.

2.3.3. Encapsulation efficiency (EE) and loading capacity (LC)
The encapsulation efficiency (EE) and loading capacity (LC) of PTX in NP-PTX and

APT-NP-PTX were determined by high performance liquid chromatography (HPLC)
as described previously [25].

The EE% and LC% were calculated as indicated below:

EEð%Þ ¼ Amount of PTX in the nanoparticles
Total amount of PTX added

� 100%

LCð%Þ ¼ Amount of PTX in nanoparticles
Weight of nanoparticles

� 100%

2.3.4. In vitro PTX release
In vitro PTX release from both NP-PTX and APT-NP-PTX was performed as

described previously using phosphate buffer solution (PBS, pH 7.4) containing 0.5%
(V/V) Tween-80 and 10% rat plasma as the media, respectively [26]. Briefly, 1 ml of
the PTX formulation (containing 80 mg PTX) was introduced into a dialysis bag
(MWCO ¼ 8000 Da, Greenbird Inc., Shanghai, China), which was then immersed in
39 ml release medium and incubated at 37 �C at the shaking speed of 120 rpm for
96 h. At predetermined time points, 200 ml of sample was withdrawn and the
concentration of PTX was analyzed by HPLC as described previously [27].

2.4. Cellular association of coumarin-6-labeled nanoparticles in HUVEC and U87MG
cells

HUVEC cells and U87MG cells were seeded in 96-well plates at the density of
5000 cells/well. For qualitative experiment, on the second day, the cells were
incubated with coumarin-6-labeled NP and APT-NP in serum-free media for 1 h at
different concentrations ranging from 50 to 400 mg/ml, respectively, at 37 �C. After
that, the cells were washed three times with PBS, fixed with 4% paraformaldehyde
for 15 min and then subjected to fluorescent microscopy analysis (Leica DMI4000 B,
Germany).
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For quantitative experiment, HUVEC cells and U87MG were incubated with NP
and APT-NP (50e400 mg/ml) for 1 h at 4 �C and 37 �C, respectively. In order to study
the effects of incubation time on nanoparticle uptake, HUVEC cells and U87MG cells
were incubated with 200 mg/ml nanoparticles for 30 min, 1 h, 2 h and 4 h at 37 �C,
respectively, in a separate experiment. Thereafter, the cells were washed with PBS
and fixed with 4% paraformaldehyde solution for 15 min. After stained with 2 mg/ml
Hochest 33258 at room temperature for 10 min, away from light, the cells were
finally washed with PBS for three times and detected under a KineticScan® HCS
Reader (version 3.1, Cellomics Inc., Pittsburgh, PA, USA).

2.5. Mechanism of cellular internalization of APT-NP

Endocytosis inhibition experiments were performed to investigate the cellular
internalization mechanism for APT-NP in HUVEC cells. HUVEC cells were seeded in a
96-well plate at the density of 5000 cells/well and cultured for 24 h. Prior to incu-
bation with APT-NP (200 mg/ml, 1 h, 37 �C), the cells were preincubated with
endocytic inhibitors including 10 mg/ml chlorpromazine, 4 mg/ml colchicines, 10 mg/
ml cyto-D, 5 mg/ml BFA, 5 mg/ml filipin, 2.5 mg/ml genistein, 10 mM NaN3 þ 50 mM

deoxyglucose, 2.5 mM methyl-b-cyclodextrin (M-b-CD), 200 nM monensin, 20 mM
nocodazole and 200 mg/ml APTEDB peptide were incubated with the cells for 1 h.
After that, quantitative analysis was performed as described above.

2.6. Cell apoptosis assay

HUVEC cells were seeded in 6-well plates at the density of 5 � 105 cells per well
and cultured at 37 �C for 24 h. Cells were then incubated for another 24 h with
Taxol®, NP-PTX and APT-NP-PTX (PTX concentration of 100 ng/ml) and culture
medium as control. Thereafter, the cells were fixed with 4% paraformaldehyde for
15 min, stained with 10 mg/ml Hoechst 33528 at room temperature for 15 min,
washed twice with ice-cold PBS. Finally, the nuclear morphology was checked using
a fluorescent microscope (Leica DMI4000 B, Germany).

For quantitative analysis, cells were left untreated or were treated with Taxol®,
NP-PTX and APT-NP-PTX (PTX concentration of 100 ng/ml) for 24 h. Then, non-
adherent and adherent cells were trypsinized with trypsin and centrifuged with
the pellet re-suspended in 200 ml of binding buffer for double staining with Annexin
V-FITC (5 ml) and PI (10 ml) according to the manufacturer's protocol. The stained
cells were analyzed using a flowcytometer (FACSCalibur, BD, USA). Data analysis was
performed using Cell-Quest software (Becton Dickinson, USA).

2.7. In vitro tube formation assay

Prechilled 96-well plate were coated with 50 ml growth factor-reduced Matrigel
and incubated at 37 �C for 1 h to allow the Matrigel to polymerize [28]. HUVEC cells
were trypsinized, resuspended in M200 medium supplemented with LSGS con-
taining different concentrations of paclitaxel (1, 5 and 10 nM) and then seeded onto
the Matrigel at a density of 2 � 104 cells/well. The medium containing no paclitaxel
was set as controls. After being shaken for 15 s with orbital shaker, the plate was
kept in the cell incubator for 8 h. Then, branches of capillary-like tube were
Fig. 1. Characterization of NP-PTX and APT-NP-PTX. Particle size distribution and TEM image
PTX in PBS (pH 7.4) with 0.5% Tween-80 and PBS (pH 7.4) containing 10% rat plasma at 37
examined and photographed using a phase-contrast microscopy (�40 magnifica-
tion) and counted for statistical analysis (n ¼ 3).

2.8. In vivo matrigel angiogenesis assay

Two-month-old BALB/c nude mice were injected in the abdominal region with
200 ml growth factor-reduced Matrigel containing 200 ng of human recombinant
bFGF as an angiogenesis stimulant [29]. The mice were treated with daily i.v. in-
jections of 200 ml Taxol®, NP-PTX and APT-NP-PTX (at a dose of 5 mg/kg PTX), or
physiological saline as a control for 7 days. Each treatment group consisted of a
minimum of threemice. At the end of treatment, Matrigel plugs were removed, fixed
in 4% paraformaldehyde, cryoprotected in sucrose solution, and subjected to OCT
embedding and frozen section. Thereafter, the slides were stained by immunoflu-
orescence with anti-CD31 to show the blood vessels: the frozen slices firstly blocked
with 20% goat serum for 1 h at room temperature, and then incubated with Alexa
Fluor® 647 anti-mouse CD31 antibody (1 � 100 dilution) overnight at 4 �C. Finally,
the slides were treated with DAPI for nuclear counterstain, and visualized under a
Zeiss LSM 510 confocal microscope.

2.9. Anti-proliferation assay

U87MG cells were seeded into 96-well plates at the density of 5000 cells/well
and incubated for 24 h at 37 �C in a 5% CO2 atmosphere to allow cell attachment.
After that, the medium was refreshed with 200 ml serum-free medium containing
Taxol®, NP-PTX and APT-NP-PTX, respectively, at the PTX concentrations ranging
from 1 ng to 10 mg. Cells without exposure to the PTX formulations were used as
control. After 72 h incubation, cell viability was evaluated via Cell Counting Kit-8
(CCK-8) assay according to the manufacturer's instruction.

2.10. In vivo imaging

The subcutaneous tumor xenograft model was established by inoculation of
5 � 106 U87MG cells (in 200 ml cell culture medium) into the subcutaneous tissue of
the armpit of right anterior limb [30]. When the size of tumors reached 0.6e0.8 cm
in diameter, the tumor-bearing mice were injected with 200 ml DiR-loaded NP or
APT-NP (1 mg/kg). The fluorescent images were acquired at 2, 6, 12 and 24 h after
injection using a CRi in vivo imaging system (CRi, MA, USA). After 24 h post-injection,
the mice were sacrificed with the tumor and principle organs (including heart, liver,
spleen, lung and kidney) harvested and visualized under the CRi in vitro imaging
system.

2.11. In vivo tumor distribution

The subcutaneous U87MG tumor-bearing mice were injected intravenously
with coumarin-6-loaded NP and APT-NP, respectively, at the equal dose of
coumarin-6. After 3 h of circulation, the mice were anesthetized, and heart perfused
with saline and 4% paraformaldehyde, followed by preparation of 10 mm sections
from the tumors. Following the same procedure described in 2.8, the sections were
stained by immunofluorescence with anti-CD31 for tumor blood vessel and DAPI
of NP-PTX (A, B) and APT-NP-PTX (C, D). PTX release profiles from NP-PTX and APT-NP-
�C (E). The bar is 200 nm.



Table 1
Physical characterization of NP-PTX and APT-NP-PTX (Data represent mean ± SD,
n ¼ 3).

Nanoparticles Mean size
(mean ± SD, nm)

Polydispersity
index (P.I.)

Zeta potential
(mV)

NP-PTX 112.80 ± 5.05 0.11 ± 0.04 �35.50 ± 1.11
APT-NP-PTX 125.93 ± 9.84 0.19 ± 0.03 �30.87 ± 2.46
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was used for nuclei staining. Finally, the sections were examined under a Zeiss LSM
510 confocal microscope.
2.12. In vivo antitumor activity evaluation

The subcutaneous tumor xenograft model was established as demonstrated in
2.9 and used for tumor growth inhibition experiment. The dose schedule started
when the tumor volume reached about 50e70 mm3. The mice were randomly
assigned to four groups (n¼ 6) to receive 200 ml of Taxol®, NP-PTX, APT-NP-PTX (PTX
dose of 5 mg/kg) and physiological saline via tail vein injection. The treatment was
repeated every three days for five consecutive injections. Tumor size was monitored
every other day via serial caliper measurement and the tumor volume was esti-
mated using the formula: Volume ¼ p/6� larger diameter � (smaller diameter)2. At
the end of the experiment, mice were sacrificed by cervical dislocation, and the
tumor masses were harvested and then weighed.
2.13. Anti-glioma effect

Twenty-four nude mice bearing intracranial U87MG glioma were divided into
four groups randomly (n ¼ 6), intravenously treated with Taxol®, NP-PTX and APT-
Fig. 2. (A) In vitro cellular association coumarin-6-labeled NP and APT-NP after 1 h incuba
respectively. Original magnification: 20�. (B) Quantitative cellular association of NP and AP
labeled nanoparticles (from 50 mg/ml to 400 mg/ml) at 37 �C and 4 �C. (C) Quantitative cellula
concentration of 200 mg/ml. Data presented as mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01, ***p
#p < 0.05, ##p < 0.01, ###p < 0.001 significantly higher than the cellular association of u
NP-PTX (PTX concentration of 5 mg/kg) and saline, respectively, at every three days
in two weeks. The survival time of each group was recorded and analyzed.

2.14. Statistical analysis

All the data were presented as mean ± SD unless otherwise indicated. Com-
parison among the different groups was performed by one-way ANOVA followed by
Bonferroni tests. And p < 0.05 was considered significant.

3. Results

3.1. Characterization of nanoparticles

The mean diameter of NP-PTX was 112.80 ± 5.05 nm, while a
slight increase in diameter was observed following its modification
with APTEDB peptide (125.93 ± 9.84 nm) (Fig. 1A, B). Representative
TEM photographs illustrated that NP-PTX and APT-NP-PTX were
both generally spherical (Fig. 1C, D). After modification, the zeta
potential of NP-PTX (�35.50 ± 1.11mV)was slightly lower than that
of APT-NP-PTX (�30.87 ± 2.46 mV) (Table 1). The existence of
APTEDB on the surface of APT-NP-PTX was confirmed by XPS anal-
ysis which showed that the elemental composition percentage of
nitrogen on the surface of unmodified NP was undetectable, while
that on the surface of APT-NP was 0.87%.

From our experiments, the EE of the optimized NP-PTX and APT-
NP-PTX was 43.07 ± 3.97% and 41.53 ± 2.15%, respectively, with the
LC 1.33 ± 0.16% and 1.27 ± 0.12%, respectively.

In vitro release experiment showed that NP-PTX and APT-NP-
PTX exhibited similar release patterns in both release media
tion at 37 �C at different concentrations: 50 mg/ml, 100 mg/ml, 200 mg/ml, 400 mg/ml,
T-NP in HUVEC cells after 1 h incubation with different concentrations of coumarin-6-
r association of NP and APT-NP in HUVEC cells after incubation for 0.5 he4 h at the NPs
< 0.001 significantly higher than the cellular association of unmodified NP at 37 �C, and
nmodified NP at 4 �C.



Fig. 3. (A) In vitro cellular association of coumarin-6-labeled NP and APT-NP in U87MG cells after 1 h incubation at 37 �C at different concentrations: 50 mg/ml, 100 mg/ml, 200 mg/ml,
400 mg/ml, respectively. Original magnification: 20�. (B) Quantitative cellular association of NP and APT-NP in U87MG cells after 1 h incubation with different concentrations of
coumarin-6-labeled nanoparticles (from 50 mg/ml to 400 mg/ml) at 37 �C and 4 �C. (C) Quantitative cellular association of NP and APT-NP in U87MG cells after incubation for
0.5 he4 h at the NPs concentration of 200 mg/ml. Data presented as mean ± SD (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 significantly higher than the cellular association of
unmodified NP at 37 �C, and #p < 0.05, ##p < 0.01, ###p < 0.001 significantly higher than the cellular association of unmodified NP at 4 �C.
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(Fig. 1E). It was found that 76.43% of PTX in NP-PTX and 75.12% of
PTX in APT-NP-PTX were released after 96 h incubation in PBS (pH
7.4), while 84.21% of PTX in NP-PTX and 85.75% of PTX in APT-NP-
PTX were released in PBS (pH 7.4) containing 10% rat plasma, after
96 h incubation. A faster release pattern of nanoparticles in PBS (pH
7.4) containing 10% rat plasma was observed when compared with
that in PBS (pH 7.4).
3.2. Cellular association in HUVEC cells and U87MG cells

Qualitative fluorescent microscopy analysis showed that HUVEC
cells and U87MG treated with either coumarin-6-labeled NP or
APT-NP exhibited fluorescent intensity corresponding to nano-
particle concentration. The cellular associated fluorescence in-
tensity for APT-NP was significantly higher than that of NP at all the
detected concentrations (Figs. 2A and 3A).

Quantitative high content analysis system analysis revealed the
time-dependent, temperature-dependent and concentration-
dependent mode of cellular uptake of APT-NP in HUVEC cells and
U87MG cells (Fig. 2B, C, Fig. 3B, C). The cellular association of APT-
NP was significantly higher than that of unmodified NP at the
concentrations ranged from 50 mg/ml to 400 mg/ml and after the
incubation time ranged from 0.5 h to 4 h. Furthermore, both NP and
APT-NP exhibited much higher cellular associations at 37 �C than
4 �C.
3.3. Mechanism of cellular internalization of APT-NP

Inhibition experiment showed that the cellular uptake of APT-
NP was significantly inhibited by Golgi apparatus destroyer e

BFA, energy-depletion agent e NaN3 and lipid raft inhibitor eM-b-
CD (p < 0.05, p < 0.01, p < 0.001, respectively). In addition, caveolae-
mediated endocytosis pathway inhibitor e filipin and genistein
were observed to decrease the internalization of APT-NP by 80%
and 63% (p < 0.01). Furthermore, pre-added APTEDB peptide also
competitively and significantly inhibited the cellular association of
APT-NP (p < 0.01).
3.4. Cell apoptosis assay

To examine whether the encapsulation of PTX in APTEDB-conju-
gated nanoparticles facilitate cell apoptosis, the Hoechst 33528
staining method was used for charactering the PTX-induced
apoptotic cell death. As shown in Fig. 5A, the nuclei of untreated
HUVEC cells showed no evidence of segmentation and fragmenta-
tion after Hoechst 33258 staining. In contrast, the cell nuclei dis-
played unsharp borders and fragmentation after treated with the
PTX formulations for 24 h. Compared with Taxol® and NP-PTX, APT-
NP-PTX did induce more severe fragmentation of the cell nuclei.

For quantitative analysis, the Annexin-V/PI double staining
assay was performed to determine the percentage of cell apoptosis.



Fig. 4. Cellular uptake of coumarin-6-labeled APT-NP in HUVEC cells in the presence of
different endocytosis inhibitors. Fluorescence intensity of coumarin-6 in the non-
inhibited cells, representing the maximum internalized amount of coumarin-6-
labeled APT-NP, was taken as control. *p < 0.05, **p < 0.01, ***p < 0.001 compared
with control (n ¼ 3).
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The rate of early and late apoptosis of HUVEC cells incubated 24 h
with APT-NP-PTX were 17.22 ± 1.43% and 10.38 ± 1.58%, respec-
tively. In contrast, Taxol® only caused 7.25 ± 1.23% and 5.23 ± 0.72%
of early and late cell apoptosis, while NP-PTX caused 9.91 ± 1.65%
and 9.13 ± 1.18%, respectively.
3.5. In vitro tube formation assay

We evaluated the effect of various paclitaxel formulations,
Taxol®, NP-PTX and APT-NP-PTX on the formation of functional
Fig. 5. Induction of apoptosis in HUVEC following 24 h incubation with various PTX formulat
labeled by Hoechst 33258. Original magnification: 20�. (B) Flow cytometry analysis after st
served as the control.
tubes by plating HUVEC on Matrigel. As shown in Fig. 6, HUVEC
cells subjected to DMEM treatment (blank control) formed exten-
sive and enclosed tube networks. In contrast, Taxol® and NP-PTX
displayed a relatively low activity in inhibiting tube formation,
while APT-NP-PTX exhibited significant activity at drug concen-
trations of 1, 5 and 10 nM.

3.6. In vivo matrigel angiogenesis assay

In vivomatrigel plaque assay was also utilized to assess the anti-
angiogenic effect of APT-NP-PTX. After the 7-day treatmentwith the
different PTX formulations, Taxol®, NP-PTX and APT-NP-PTX, the
mice were sacrificed and the sectioned matrigel plugs were stained
with blood vessel marker CD31 to indicate the newly formed cap-
illaries. As shown in Fig. 7, saline-treated mice showed substantial
evidence of vascularization in theMatrigel plugs compared to those
treated with PTX formulations. Consistent with the findings from
the in vitro capillary-like network formation experiment, APT-NP-
PTX led to a remarkably decrease in the number of blood vessels
when compared with both Taxol® and NP-PTX.

3.7. Anti-proliferation assay

The anti-proliferative effect of different PTX formulations on
U87MG cells was evaluated by CCK-8 assay. A strong growth inhi-
bition of U87MG cells was found in all the PTX formulations, with
IC50 values for Taxol®, NP-PTX and APT-NP-PTX 90.74 nM, 74.58 nM

and 23.32 nM, respectively (Fig. 8).

3.8. In vivo imaging

The active-tumor-targeting ability of APT-NP was evaluated
non-invasively in subcutaneous U87MG tumor-bearing nude mice
using DiR as the fluorescence probe. It is shown that DiR-labeled
APT-NP accumulated more in the U87MG tumor tissue than DiR-
labeled NP at 2 h after injection, and this pattern maintained for
ions (PTX concentration 100 ng/ml). (A) Fluorescence micrographs of HUVEC cell nuclei
aining with Annexin V-FITC and PI. HUVEC cells incubated with drug-free DMEM was



Fig. 6. Effect of various PTX formulation, Taxol®, NP-PTX and APT-NP-PTX on HUVEC tube formation. HUVEC cells incubated with drug-free DMEM served as the control. (A) The
representative photographs of tube networks after treatment with various PTX formulations at the drug concentration of 10 nM. (B) The quantitative data for the HUVEC tube
formation. Data were presented as the percentages of the control group, which was set at 100%. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different with that following the
treatment with the same concentration of APT-NP-PTX.
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the entire study (24 h after injection, Fig. 9A). Semi-quantitative
analysis of region of interest (ROI) revealed that the tumor accu-
mulation of APT-NP was 2.58-fold over that of NP (Fig. 9B).

3.9. In vivo tumor distribution

Three hours after administration, the APT-NP fluorescence was
found highly accumulated at the tumor site, an appropriate amount
of APT-NP was observed to extravasate and accumulate in the tu-
mor parenchyma. In contrast, unmodified NP did not achieve sig-
nificant accumulation in tumors (Fig. 10).
3.10. In vivo antitumor activity evaluation

Subcutaneous U87MG tumor xenograft model was also used to
compare the antitumor activity of APT-NP-PTX with that of Taxol®

and NP-PTX. Animals received saline was used as the negative
control. Following the treatment, the tumor volume of the animals
received the PTX formulations followed the order: APT-NP-
PTX < NP-PTX < Taxol® < Saline. The final tumor volume of those
mice treated with APT-NP-PTX was notably reduced (Fig. 11A, B).
According to Fig. 11D, tumor weight in APT-NP-PTX group
(0.07 ± 0.03 g) is significant lower that in saline (0.85 ± 0.14 g,



Fig. 7. Inhibition of in vivo Matrigel angiogenesis by PTX formulation, Taxol®, NP-PTX and APT-NP-PTX. Growth factor-reduced Matrigel containing bFGF were s.c. injected into
BALB/c nude mice. The mice were treated with daily i.v. injections of Taxol®, NP-PTX and APT-NP-PTX (at a dose of 5 mg/kg PTX), or physiological saline as a control for 7 days.
Matrigel plugs were removed 7 d later, subjected to frozen section and examined under a confocal microscope. Blood vessels were stained with anti-CD31 antibody (red), and nuclei
were counterstained with DAPI (blue). Bars represent 50 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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P < 0.001), Taxol® (0.41 ± 0.08 g, P < 0.001) and NP-PTX
(0.28 ± 0.06 g, P < 0.01) groups. In addition, the body weight of
the APT-NP-PTX-treated animals was not different from that of the
other groups (Fig. 11D).

3.11. Anti-glioma efficacy

The anti-glioma efficacy was also evaluated by measuring the
survival time of those intracranial U87MG glioma bearing mice
treated with the different PTX formulations every three days in two
weeks. As shown in Fig. 12, the medium survival time of the mice
treated with saline, Taxol®, NP-PTX and APT-NP-PTX was 19, 24, 31,
41 days, respectively. APT-NP-PTX significantly prolonged animal
survival time when compared with NP-PTX (**p < 0.01), Taxol®

(***p < 0.001) and saline (***p < 0.001).

4. Discussion

Angiogenesis is now established as one of the hallmarks of gli-
oma, and is an essential prerequisite for glioma growth, progression
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Fig. 8. In vitro cytotoxicy of various PTX formulations on U87MG glioma cells. The
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growth medium for 24 h prior to the treatment with Taxol®, NP-PTX and APT-NP-PTX,
respectively, for 72 h at 37 �C.
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and metastasis [31]. However, the reactive resistance to the pro-
apoptotic effect of chemotherapy as well as the enhanced meta-
static and invasive potential of tumor cells largely limited the
application of anti-angiogenic therapy for glioma treatment
[32e35]. Therefore, tumor neovasculature and tumor cells dual-
targeting chemotherapy is urgently needed to decrease the side
Fig. 9. (A) In vivo fluorescence imaging of subcutaneous U87MG tumor-bearing nude mice an
Semi-quantitative of intensity of different organs and tumor. The data are presented as the
effect of anti-angiogenic therapy and also possesses the potential to
be applied to a wide range of malignant tumors [36].

The identification of neovascular and tumor cellular markers
and the isolation of high-affinity ligands are the most important
issues in dual-targeting strategies [37]. EDB-containing fibronectin,
which is highly expressed on the surface of both endothelial cells of
tumor neovasculature and glioma cells, offers a suitable target for
glioma drug delivery [38]. APTEDB is a small peptide with affinity to
EDB at nanomolar range. Therefore, in this study, we developed a
nanoparticulate DDS, APTEDB peptide-conjugated nanoparticles,
which can target tumor neovasculature and glioma cells, and
improve the anti-glioma efficacy of PTX.

In this study, PTX-loaded PEG-PLA nanoparticles were prepared
through an emulsion/evaporation method, and APTEDB peptide was
decorated to nanoparticles via a maleimide-mediated covalent
binding procedure. The obtained APT-NP-PTX exhibited an average
particle size of 125.93 ± 9.84 nm. The modification of APTEDB on the
surface of NP was verified by XPS analysis, which showed 0.87%
nitrogen on the nanoparticle surface of APT-NP. Furthermore,
in vitro release results showed that the decoration of APTEDB pep-
tide did not change the release profile of the nanoparticles. From
both NP-PTX and APT-NP-PTX, PTX release in plasma was slightly
faster than that in PBS, whichmight be attributed to the presence of
enzymes in the plasma [39].

Over-expression of EDB-containing fibronectin was found on
the surface of endothelial cells of tumor neovasculature and glioma
d the dissected organs after intravenous injection with DiR-labeled NP and APT-NP. (B)
mean ± SD (n ¼ 3). ***P < 0.001, significantly higher than that of NP.



Fig. 10. Distribution of the coumarin-6-labeled NP and APT-NP in tumor tissue of subcutaneous xenografts bearing mice 3 h after i.v. administration. Frozen sections were examined
under a confocal microscope. Blood vessels were visualized with anti-CD31 (red), nuclei were stained with DAPI (blue), while green was represented the NPs. Bars represent 50 mm.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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cells, thus the nanoparticulate DDS functionalizedwith APT peptide
would achieve a significant uptake in both cells. As shown in
Figs. 2A and 3A, cellular uptake of PEG-PLA nanoparticles in HUVEC
cells and U87MG cells was significantly enhanced following the
surface conjugation with APTEDB, at each concentration point. A
Fig. 11. In vivo antitumor activity of Taxol®, NP-PTX, APT-NP-PTX (PTX dose of 5 mg/kg) and
days) at the dose of 5 mg/kg PTX. (A) Changes in tumor volumes from different PTX formu
weights over time. (D) The weights of excised tumor masses. Data represents mean ± SD, n
time-, temperature- and concentration-dependant cellular associ-
ation of APT-NP was observed (Fig. 2B,C, Fig. 3B,C), suggesting a
process of active endocytosis. Taken the qualitative and quantita-
tive results together, we claimed that APT-NP showed significant
dual-targeting efficiency in vitro.
physiological saline, respectively, after five consecutive injections (repeated every three
lations. (B) Photographs of tumors from each tested group. (C) Changes in mice body
¼ 6. **p < 0.01, ***p < 0.001, significantly different from that of the APT-NP-PTX group.



Fig. 12. KaplaneMeier survival curve of mice bearing intracranial U87MG glioma
treated with saline, Taxol®, NP-PTX and APT-NP-PTX every three days in two weeks at
the PTX dose of 5 mg/kg (n ¼ 6).
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To clearly identify the endocytosis pathways that involved in the
cellular internalization of APT-NP, cellular association of the
nanoparticles were performed in the presence of various endocy-
tosis inhibitors [40]. It was found that filipin, genistein and NaN3
significantly reduced the cellular uptake of APT-NP (Fig. 4), indi-
cating that energy-dependent and caveolae-mediated endocytosis
played an important role in the cellular uptake of APT-NP [41,42]. In
the meanwhile, the cellular association of APT-NP was also
inhibited by BFA and M-b-CD, indicating that the endocytosis
process in HUVEC cells was lipid raft-mediated and Golgi apparatus
involved [43,44]. Furthermore, free APTEDB peptide competitively
reduced the cellular association of APT-NP, confirming the contri-
bution of APTEDB modification to the enhanced cellular uptake.

The improved cellular uptake led to the anticipated enhanced
anti-angiogenic activity. The apoptosis analysis demonstrated that
APT-NP-PTX induced more apoptosis in HUVEC cells (Fig. 5), which
could be due to the higher cellular accumulation of PTX via the
APTEDB peptide-mediated endocytosis. To determine whether APT-
NP-PTX could reduce the ability of HUVEC to form tube-like
structures, we performed the tube formation assay in growth
factor-reduced Matrigel in vitro, a widely accepted approach to
measure the reorganization stage of angiogenesis [45]. APT-NP-PTX
exhibited higher activity of inhibiting HUVEC tube formation than
NP-PTX and Taxol® (Fig. 6), suggesting a potential for decreasing
angiogenesis. To further confirm the anti-angiogenic effects of APT-
NP-PTX in vivo, a Matrigel plug assay was performed. Consistent
with the findings from the in vitro assay, a significant decrease in
terms of capillary density and vessels numbers in the Matrigel
plugs of those mice treated with APT-NP-PTX was observed (Fig. 7).
These data together confirmed that the antiangiogenic ability of
PTX was significantly improved following its encapsulation in APT-
NP, which can be ascribed to the active cellular internalization
mediated by the interaction between APTEDB and EDB that specif-
ically and highly expressed on the endothelial cells of
neovasculature.

The improved cellular uptake in U87MG cells also resulted in an
enhanced anti-proliferation effect. Significantly increased cytotox-
icity was achieved for APT-NP-PTX (IC50 3.89 times lower than that
of Taxol®, 3.19 times lower than that of NP-PTX), which we believed
was also contributed by the enhanced cellular association of the
nanoparticles following the modification with APTEDB

In vivo near-infrared (NIR) imaging experiments were per-
formed to evaluate the solid tumor targeting effects of APT-NP in
nude mice bearing subcutaneous U87MG tumor xenografts. Accu-
mulation of APT-NP in the tumor site was much higher than that of
NP (Fig. 9), suggesting that a strong tumor targeting effect could be
achieved by APT-NP. Furthermore, in vivo tumor distribution anal-
ysis revealed that only a small amount of unmodified NP could
reach the tumor site through the EPR effect, but an obviously higher
accumulation and wider distribution was achieved by APT-NP
(Fig. 10). Moreover, an appropriate amount of APT-NP was
observed to extravasate and accumulate in the tumor parenchyma,
suggesting that our tumor neovasculature and tumor cells dual-
targeting DDS might also facilitate extravascular transport of
nanoparticles within the tumor.

To evaluate the antitumor activity of APT-NP-PTX in vivo, tumor-
bearing nude mice were treated with PTX formulations every three
days for five consecutive injections. As shown in Fig. 11, APT-NP-
PTX exhibited the most powerful antitumor activity, which is
believed to be contributed by the increased nanoparticle accumu-
lation in tumor site as well as the enhanced anti-angiogenic and
antitumor activity. Moreover, the enhanced antitumor efficacy of
APT-NP-PTX was achieved without any accompanied toxicity as the
body weight of APT-NP-PTX-treated animals were similar with that
of other groups.

The anti-glioma efficiency of APT-NP-PTX was also evaluated in
male Balb/c nude mice xenografted with U87MG glioma cells
intracranially. As shown in KaplaneMeier survival curve (Fig. 12),
an enormous prolonged survival was achieved bythoseintracranial-
U87MG-glioma-bearing mice treated with APT-NP-PTX (the me-
dium survival time 41 days), significantly longer than those mice
treated with NP-PTX (30 days, **p < 0.01), Taxol® (24 days,
***p < 0.001) and saline (19 days, ***p < 0.001). Such improved anti-
glioma efficiency of APT-NP-PTX could be very likely contributed by
the increased dual-targeting efficiency and promoted anti-cancer
drug accumulation at tumor site due to the APTEDB modification.

5. Conclusion

We here developed a nanoparticulate DDS, PTX-loaded PEG-PLA
nanoparticles conjugated with APTEDB peptide for tumor neo-
vasculature and tumor cells dual-targeting drug delivery. The
resulted APT-NP exhibited significantly elevated cellular accumu-
lation in HUVEC cells and U87MG cells, and improved the
apoptosis-induction activity of PTX. The uptake of APT-NP in
HUVEC cells was enhanced via energy-dependent, caveolae and
lipid raft-mediated endocytosis. Anti-angiogenic activity of APT-
NP-PTX was confirmed by in vitro tube formation assay and
in vivo matrigel angiogenesis assay. In vivo near-infrared (NIR)
imaging and in vivo tumor distribution showed that APT-NP dis-
played a much better tumor targeting and higher accumulation
within the tumor. More importantly, APT-NP-PTX exhibited the
most powerful antitumor activity without observable accompanied
toxicity. Survival experiment further confirmed the improved anti-
glioma efficacy of APT-NP-PTX. These findings indicated that
APTEDB-conjugated nanoparticles hold high potential for improving
the anti-angiogenic and anti-glioma efficacy of the loaded cargoes.
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