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ABSTRACT: Targeting delivery of chemotherapeutics to
neovasculature represents a promising means for tumor
therapy since angiogenesis has been a featured hallmark of
glioblastma. However, anti-angiogenic therapy would induce
the occurrence of metastatic tumor and even neoplasm
recurrence. Simultaneous targeting of tumor cells and
neovasculature perfectly overcome such defects and has been
proven to be an efficacious strategy for suppressing tumor
growth. In the present study, a tumor homing peptide CooP
selective binding to mammary-derived growth inhibitor that
overexpressed in glioma cells and blood vessel endothelial cells
was decorated on the surface of paclitaxel-loading PEG—PLA
nanoparticles (NP-PTX) to obtain the dual targeting nano-
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vector CooP-NP-PTX. In vitro antiproliferation study showed that HUVEC cells and U87MG cells were much more sensitive to
CooP-NP-PTX than NP-PTX. In vivo imaging demonstrated that CooP-NP accumulated more selectively and penetrated deeper
into the tumor site. In addition, the glioma-bearing mice treated with CooP-NP-PTX achieved the longest survival time
compared to NP-PTX and Taxol. The findings observed above indicated that CooP peptide-functionalized anti-neoplastic agent-
loaded nanoparticles might possess promising potential for glioblastoma therapy.

B INTRODUCTION

Malignant astrocytic gliomas such as glioblastoma are the most
common and lethal intracranial tumors, accounting for ~40%
of all primary brain tumors and 70% of all malignant gliomas.
Glioblastoma is also one of the most vascularized and deadly
cancers with a very low $-year survival rate of 5%." > Although
numerous strategies and improved methods have been
developed for glioma therapy, the therapeutic effect was
modest mainly due to the existing roadblocks such as the
nonspecific, nontargeted nature of most of the drugs currently
in use and the inadequate delivery of many drugs across the
blood-brain barrier (BBB) and blood-tumor barrier (BTB).*
Therefore, an effective glioma therapy is required for local,
controlled, and precise delivery of chemotherapeutics.®
Controlling tumor-associated angiogenesis has been proven
to be a promising tactic in limiting cancer progression, as
angiogenesis plays a critical role in tumor growth and
metastasis.’ It has been reported that various strategies of
anti-angiogenesis have a prominent effect of tumor inhibition.”*
Glioblastoma has been characterized with high degree of neo-
angiogenesis,9 and angiogenesis together with tumor cell
invasion are essential for glioma development and growth,

-4 ACS Publications  © 2015 American Chemical Society

1850

even in the earliest phases.'” Anti-angiogenic therapy for glioma
hence may be an efficient way because of several advantages
when compared to conventional chemotherapy such as
enhancing the “bystander effect”,'" directly exposing tumor
vascular endothelial cells (EC) to the blood circulation, and
evading the multidrug resistance of tumor cells.'”

Although multiple strategies of inhibiting neo-angiogenesis
have been confirmed to effectively suppress glioma to a larger
extent in many preclinical studies, research recently has shown
that antivascular therapy would increase the risk of local glioma
invasion, evasive resistance, and distant metastasis through
various mechanisms.'*”'® The main reason lies in increased
vascular remodeling after anti-angiogenesis treatment leading to
a more hypoxic tumor microenvironment, which consequently
enhances tumor cell invasion.'” Simultaneous targeting of neo-
angiogenesis and tumor cells might represent an improved
method since it not only severs the microcirculation paths
which are indispensable for the tumor to obtain nutrients and
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Figure 1. Characterization of NP and CooP-NP. Particle size distribution and TEM image of NP (A,B) and CooP-NP (C,D). PTX release profiles
from Taxol, NP-PTX, and CooP-NP-PTX in PBS (pH 7.4) with 0.5% Tween-80 and PBS (pH 7.4) containing 10% rat plasma at 37 °C (E). The bar

is 200 nm.

oxygen, but also penetrates into the tumor site to directly kill
tumor cells."® Hence, dual-targeting therapy perfectly compen-
sated for anti-angiogenic therapy only.

CooP was identified as a tumor-homing peptide, binding
specifically to mammary-derived growth inhibitor (MDGI),
also known as heart fatty acid-binding protein-(H-FABP/
FABP3), through the technology of in vivo phage display.'’
MDGI is a member of the fatty acid-binding protein family of
lipophilic intracellular proteins, which include retinoic acid
binding proteins and related molecules.”””" In addition, MDGI
has been considered to be the only FABP that affects cell
proliferation and differentiation; however, this function is
separate from its ligand binding function for its own mimicked
C-terminal peptide to obstruct the binding with fatty acids.”>**
Importantly, it has been reported that MDGI is overexpressed
in some malignant tumors such as U87MG and BT4C
tumors,”* and its expression in glioma plays an important
role in tumor progression and exhibits a grade-dependent
manner.” As reported, MDGI is expressed in both glioma cells
and blood vascular endothelium but not in normal brain,"
which therefore provides an ideal target for delivering
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antitumor therapeutics to glioma through tumor cells and
angiogenesis dual targeting.

In this study, PEG—PLA nanoparticles were prepared and
functionalized with CooP peptide through a maleimide—thiol
coupling reaction to deliver paclitaxel (PTX) to both glioma
cells and vascular endotherial cells for enhanced antitumor
efficacy. For in vitro assay, primary human umbilical vein
endothelial cells (HUVEC) and U87 glioma cells were used as
neovascular endothelial and malignant tumor cell models,
respectively, to study the cellular association of nanoparticles.
U87 MG tumor-bearing nude mice were applied to evaluate the
biodistribution of CooP-NPs and the antitumor effect of CooP-
NP-PTX.

B RESULTS

Characterization of Nanoparticles. The sizes of NP-PTX
were 109.76 + 4.89 nm and slightly increased to 118.95 + 7.36
nm after the modification with CooP peptide (Figure 1A,C and
Table 1). A spherical morphology of both NP-PTX and CooP-
NP-PTX was observed under TEM with no significant
difference observed between NP-PTX and CooP-NP-PTX
(Figure 1B,D). More importantly, the encapsulation of PTX
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Table 1. Characterization of NP and CooP-NP (Data
Represent Mean + SD, n = 3)

particle size (mean + polydispersity zeta potential
nanoparticles SD, nm) index (P.I.) mV)
NP-PTX 109.76 + 4.89 0.092 + 0.023 —33.35 + 3.46
CooP-NP- 11895 + 7.36 0.157 + 0.048 —27.59 + 5.50
PTX

had no significant influence on particle size or morphology. The
zeta potential of NP and CooP-NP was —33.35 + 3.46 mv and
—27.59 + 5.50 mV, respectively.

As shown by XPS analysis, the percentage of nitrogen on the
surface of CooP conjugated NP was 0.63% while that on the
surface of unmodified NP was undetectable.

The EE of the optimized NP-PTX and CooP-NP-PTX was
47.07 + 2.67% and 44 + 3.15%, respectively, with the LC 1.49
+ 0.17% and 1.31 + 0.26%, respectively.

In Vitro PTX Release. The release behavior of NP-PTX and
CooP-NP-PTX was analyzed by HPLC. A similar release
pattern was obtained for NP-PTX and CooP-NP-PTX (Figure
1E). After incubation for 96 h, 69.25% of PTX in NP-PTX and
73.52% of PTX in CooP-NP-PTX were released in the media of
PBS (pH 7.4) containing 0.5% Tween 80. In the meanwhile,
82.91% of PTX in NP-PTX and 84.53% of PTX in CooP-NP-
PTX were released in 10% rat plasma.

Expression of MDGI. Overexpression of MDGI in glioma
was confirmed by staining with rabbit anti-MDGI antibodies.
As shown in Figure 2, high expression of MDGI was detected
in glioma, while an undetectable signal of MDGI was observed
in normal brain tissue. The results indicated that MDGI as
active targeting receptor might provide a promising way for
glioma therapy.

Cellular Association of Nanoparticles in Cells. As
shown in Figure 3A,B, cellular association of CooP-NP was
significantly higher than unmodified NP at each determined
concentration of nanoparticles (50 ug/mL, 100 ug/mL, 200
ug/mL, and 400 pg/mL).

To further assess cellular association of NP and CooP-NP,
quantitative high content analysis system analysis was
performed and the results confirmed the concentration and
temperature dependent manner of nanoparticle uptake in
HUVEC cells and U87MG cells (Figure 4A,C). In addition,
time of incubation also played a pivotal role in the
internalization of nanoparticles (Figure 4B,D). More impor-
tantly, no matter what kind of premise, cells treated with CooP-
NP exhibited much stronger fluorescence intensity when
compared with those treated with unmodified ones.

In the case of mechanism of cellular internalization of CooP-
NP, results showed that the cellular uptake of CooP-NP was
significantly inhibited by BFA (P < 0.001), filipin (P < 0.01),
genistein (P < 0.001), NaNj (P < 0.001), M-5-CD (p < 0.01),
and moneisin (p < 0.01) in HUVEC cells and colchicines (P <
0.01), cyto-D (P < 0.001), BFA (P < 0.001), filipin (P < 0.001),
genistein (P < 0.01), M-$-CD (P < 0.01), and nocodazole (p <
0.001) in US7MG cells (Figure S). In those cells pretreated
with 100 pug CooP peptide, the association of CooP-NP was
dramatically decreased by 70.57% (P < 0.001) and 71.83% (P <
0.001) on HUVEC cells and U87MG cells, respectively.

Cell Viability. Results of MTT assay revealed that CooP-
NP-PTX exhibited higher antiproliferative ability compared
with Taxol and NP-PTX (Figure 6). The ICs, value of Taxol,
NP-PTX, and CooP-NP-PTX were 183.0, 149.1, and 71.47 ng/
mL for HUVEC cells and 142.4, 119.3, and 54.45 ng/mL for
U87MG cells, respectively. For the control group, cells treated
with NP and CooP-NP exhibited an unconspicuous antiprolif-
eration effect, indicating that the blank NP and Coop-NP
possessed excellent cytocompatibility.

Cell Apoptosis Assay. For qualitative experiments, as
shown in Figure 7A, no characteristic of nuclei apoptosis such
as segmentation and fragmentation was observed in PTX free
cells. In contrast, nuclei of those cells exposed to PTX
formulations exhibited irregular shape and segmentation to
varying degrees, with the group treated with CooP-NP-PTX
exhibiting the greatest distribution of apoptotic bodies.

Annexin-V/PI double staining assay showed that CooP-NP-
PTX induced the highest cellular apoptosis rate. The
percentages of early and late apoptosis in the HUVEC cells
treated with Taxol, NP-PTX, and CooP-NP-PTX were 6.43 +
0.97% and 5.13 + 1.44%, 7.47 + 1.37% and 7.94 + 2.10%, and
15.29 + 1.79% and 7.51 + 1.29%, respectively.

In Vivo Targeting of CooP-NP-DiR. Noninvasive NIR
fluorescence imaging was performed to evaluate the targeting
effect of CooP-NP-DiR in tumor-bearing nude mice. As
displayed in Figure 8A,B, much stronger tumor-associated
fluorescence intensity of CooP-NP-DiR was detected at the
tumor site. The images of the main organs obtained from mice
mentioned above further confirmed the tumor targeting of
CooP-NP-DiR (Figure 8C,D).

In Vivo Tumor Distribution. Co-localization of tumor
blood vessels, nuclei, and coumarin-6-labeled CooP-NP showed
that CooP-NP exhibited not only a higher accumulation within
the vascular but also a deeper penetration in the tumor
parenchyma. In contrast, only weak fluorescence signals from
NP were observed around blood vessel within tumor (Figure

9).

A

B

Figure 2. Expression of MDGI in normal brain section (A) and brain tumor section (B). Blue: DAPI stained cell nuclei. Red: Anti-goat Alexa 5SS5.

1852

DOI: 10.1021/acs.bioconjchem.5b00379
Bioconjugate Chem. 2015, 26, 18501861



Bioconjugate Chemistry

A

NP 9 CooP-NP NP

CooP-NP

50 pg/mli 100 pg/mi

Figure 3. Qualitative measurement of cellular association of coumarin-6-labeled NP and CooP-NP in HUVEC cells (A) and U87 cells (B) after 1 h
incubation at 37 °C at the detected concentrations: 50 ug/mL, 100 yug/mL, 200 ug/mL, and 400 ug/mL, respectively. Green: Coumarin-6-labeled
nanoparticles. Original magnification: 20X.
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Antitumor Effect of CooP-NP in Vivo. The analysis of
PTX-induced apoptosis in tumor neovasculature showed that a
greater extent of vascular damage was induced by CooP-NP-
PTX compared with that induced by Taxol and NP-PTX
(Figure 10), manifesting that CooP-NP-PTX led to much
greater apoptosis in endothelial cells.
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For the evaluation of in vivo antitumor activity, various PTX
formulations were injected into tumor bearing mice and the
survival time of each was recorded. As shown in Figure 11B, the
mice treated with CooP-NP-PTX exhibited the longest medium
survival time (47.5 days), while those treated with saline, Taxol,
and NP-PTX achieved the median survival time of 20, 25.5, and
29 days, respectively. The histopathologic changes of the PTX
formulations treated mice were determined via an H&E
staining assay. As shown in Figure 11C, CooP-NP-PTX
induced much more apoptosis and necrosis in glioma cells
than Taxol and NP-PTX.

B DISCUSSION

Despite the emergence of various treatment modalities, gliomas
still represent the most common and discouraging brain
tumors.”® As the highly aggressive and angiogenic form of
glioma, glioblastoma multiform (GBM) might be the most
difficult ones; individuals with it have a particularly poor
prognosis and an average survival of less than two years.”” Since
angiogenesis plays a critical role in glioma development and
growth, the formation of abnormal tumor vasculature is
proposed to be one of the primary causes of glioma.'”** In
addition, endothelial cells lining tumor blood vessels are
directly accessible to drugs via the system circulation; anti-
angiogenic therapy therefore has been recognized as a safe and
effective method for tumor inhibition.”

A firm entry into oncology practice has been made by anti-
angiogenic therapy in recent years, such as developed
chemotherapeutics or therapeutic schedules including anti-
body-based anti—an3%i0§genic agents, anti-angiogenic drugs, and
targeted therapies.”’ > This seems mainly due to the rapid
adaptation of tumors to antivascular therapy which will finally
lead to tumor progression, metastasis, and increased vascular
cooperation.”*"*° For the purpose of overcoming such
difficulty, the ligand-based tumor cell and endothelial cell
dual-targeting strategy has been recommended to suppress
tumors more effectively.””** However, such strategies rely on
the identification of good-quality marks of pathology and on
the isolation of high-affinity ligands with suitable pharmacoki-
netics.””

CooP peptide, with a highly selective specificity as a tumor
homing peptide, was identified by in vivo phage technology as
reported previously.'” MDGI/FABP3, overexpressed in both
glioma cells and vascular endotherial cells, has been recognized
as the receptor that interacted with CooP. In this study,
therefore, PEG—PLA nanoparticle-based drug delivery systems
were prepared and modified with CooP peptide for targeting
both glioma cells and vascular endotherial cells.

Since the physicochemical properties of nanoparticles have
an important effect on its pharmacokinetics and bioavail-
ability,™ controlling the factors such as size and surface
chemistry is of significance. The obtained unmodified nano-
particles in this study exhibited an average particle size of
105.76 + 4.89 nm, which was in the optimal range for
leveraging the EPR effect.’' After the modification with CooP
peptide, the size of the obtained nanoparticles slightly increased
to 116.95 + 7.36 nm. In addition, the fully hydrophilic PEG on
the surface of CooP-NP could significantly reduce serum
protein binding and greatly prolong the circulation times of the
nanoparticles.”

The dual-targeting effect of CooP-NP depended on the
specific interaction between CooP and MDGI; hence, the
pivotal role of high expression of MDGI in tumor was
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highlighted. As shown in Figure 2, overexpression of MDGI
was observed in glioma, while negligible signal was detected in
the normal brain. Cellular uptake experiments were performed
on U87MG cells and HUVEC cells to examine the dual-
targeting efficiency of CooP-NP in vitro. Results indicated that
the fluorescence intensity of CooP-NP was significantly higher
than that of NP (Figures 3 and 4), and the enhanced cellular
association of nanoparticles led to higher antiproliferation
activity and enhanced ability of PTX-induced cell apoptosis in
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HUVEC cells and U87MG cells as demonstrated by MTT
assay and Annexin-V/PI double staining assay.

Various endocytosis inhibitors were introduced to study the
mechanism of cellular uptake of CooP-NP in HUVEC cells and
US7MG cells.*’ Results shown in Figure SA indicated that the
association of CooP-NP in HUVEC cells and U87MG cells was
both energy-dependent and caveolae-mediated. Besides, Golgi
apparatus and lipid rafts were also involved in the endocytosis
process. As manifested in this study, lysosome inhibitor

DOI: 10.1021/acs.bioconjchem.5b00379
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A

Figure 9. Distribution of coumarin-6 labeled NP and CooP-NP in the brains of glioma-bearing mice 3 h after injection. Red: anti-CD31 stained
blood vessels. Blue: DAPI stained cell nuclei. Green: coumarin-6 labeled NP.

monensin significantly restricted the CooP-NP uptake in
HUVEC cells but exhibited no effect in U87MG cells. In
addition, the cellular uptake of CooP-NP in U87MG cells was
inhibited by microtubule depolymerization agent nocodazole
and colchicines, indicating microtubules were indispensable in
the endocytosis pathway. Importantly, the association of CooP-
NP in both cells significantly decreased once the cells were
pretreated with CooP peptide, which further confirmed that
interaction between CooP and MDGI facilitated the cellular
uptake of CooP-NP in both HUVEC cells and U87MG cells.

Considering that the process of nanoparticle-mediated drug
delivery to tumor through blood circulation is complicated and
the resultant effect might be modestly ascribed to many factors
in the blood such as macrophages,™ in vivo targeting efficacy
and glioma accumulation capacity of CooP-NP were evaluated
here. It was found that compared with unmodified NPS, CooP-
NP exhibited a higher accumulation in tumor but a lower
aggregation in normal tissues (Figure 8A and B). Such selective
accumulation of CooP-NP in tumor was further confirmed by
the ex vivo imaging (Figure 8C and D), indicating that the
interaction between CooP and MDGI contributed to a
significant superiority in tumor targeting. The therapeutic
effect of CooP-NP-PTX on glioma-bearing mice was further
evaluated, in which in vivo anti-angiogenesis revealed that
CooP peptide-mediated dual-targeting drug delivery destroyed
the blood vessels to the greatest extent. As a result, the median
survival time of those mice treated with CooP-NP-PTX was
significantly prolonged (2.38-, 1.86-, and 1.64-fold longer than
that following the treatment of saline, Taxol, and NP-PTX). In
conclusion, the CooP peptide functionalized nanoparticles
prepared in the present study could efficiently and precisely
deliver chemotherapeutics to tumor, and might therefore
provide an efficient method for tumor therapy.

B CONCLUSION

A CooP peptide surface-modified PEG—PLA-based nano-
particulate drug delivery system was developed in this study.
In vitro cellular experiments justified the dual targeting effect of
CooP-NP in HUVEC cells and U87MG cells. In vivo imaging
assay found that, compared with unmodified NP, CooP-NP
displayed a significantly stronger fluorescence intensity at the
tumor site. More importantly, pharmacodynamics analysis
showed that the mice treated with CooP-NP-PTX achieved
the longest median survival time. These findings together
indicated that CooP-NP, an effective tumor angiogenic blood
vessel and glioma cell dual-targeting nanocarrier, holds great

1856

potential to improve anticancer activity and avoid the
drawbacks of anti-angiogenic therapy alone.

B MATERIALS AND METHODS

Materials. Methoxy poly(ethylene glycol) 3pp-poly(lactic
acid) 34000 (MePEG—PLA) and maleimide-poly(ethylene
glycol) s400-poly(lactic acid) 34090 (Male—PEG-PLA) were
kindly provided by East China University of Science and
Technology. Coumarin-6, DiR (1,1’-dioctadecyl-3,3,3',3"-tetra-
methyl indotricarbocyanine Iodide) and Hoechst 33258 were
provided by Biotium (Hayward, CA). DAPI (4,6-diamidino-2-
phenylindole) was purchased from Molecular Probes (Eugene,
OR, USA), Hoechst 33258, and 3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyl tetrazolium bromide (MTT) were all purchased
from Sigma-Aldrich (St. Louis, MO, USA). PTX was obtained
from Xi'an Sanjiang Biological Engineering Co. Ltd. (Xi'an,
China) and Taxol was from Bristol-Myers Squibb Company.
Alexa Fluor 555 goat anti-rabbit antibody and rabbit anti-
MDGI antibody were purchased from Life Technology and
Santa Cruz Biotechnology, respectively (USA). Alexa Fluor 594
anti-mouse CD31 Antibody was purchased from Biolegend.
Growth factor-reduced Matrigel matrix and Annexin V-FITC
Apoptosis Detection Kit I were purchased from BD Bioscience
(San Diego, CA, USA). All the other solvents were purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
and were of analytical or chromatographic grade.

CooP peptide (ACGLSGLGVA) was synthesized by
Shanghai GL Biotech Co, Ltd. (Shanghai, China). Dulbecco’s
Modified Eagle Medium (DMEM) (high glucose) cell culture
medium, certified fetal bovine serum (FBS), penicillin/
streptomycin stock solutions, and 0.25% Trypsin-EDTA were
all obtained from Invitrogen Co, USA.

Cells and Animals. Primary human umbilical vein
endothelial cells (HUVEC) were purchased from Cascade
Biologics (USA); U87MG glioblastoma cell was obtained from
Cell Institute of Chinese Academy of Sciences (Shanghai,
China). Both of those cells were cultured in DMEM containing
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in a 5% CO,/95% air humidified
environment incubator (Thermo HERAcell, USA).

Balb/c nude mice (male, 20 + 2 g) were obtained from
Experimental Animal Center of Fudan University and housed at
25 + 1 °C with access to food and water. The protocol of
animal experiments was approved by the Animal Experimenta-
tion Ethics Committee of Fudan University.

Preparation of Nanoparticles. PEG—PLA nanoparticles
loaded with PTX were prepared through the technique of
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mice administrated with saline server as the control (A). Quantitative data represented as percentages of the control group (E), ***p < 0.001. Red:

anti-CD31 antibody stained blood vessel. Blue: DAPI stained nuclei.

emulsion/solvent evaporation as described elsewhere.* Briefly,
MePEG—PLA (22.5 mg), Male—PEG-PLA (2.5 mg), and PTX
(0.5 mg) were dissolved in 1 mL of dichloromethane, 2 mL of
1% sodium cholate was then added and emulsified by
sonication (280 w, 30 s) under the condition of ice bath
using probe sonicator (Ningbo Scientz Biotechnology Co. Ltd.,
China). The emulsion was further diluted into 8 mL of 0.5%
sodium cholate aqueous solution and stirred for 5 min with
uniform velocity under rapid magnetic stirring. After that, a
rotary evaporator (Shanghai Institute of Organic Chemistry,
China) was applied to rapidly eliminate the dichloromethane.
The unmodified NP-PTX was obtained by discarding the
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supematant by centrifugation at 14 500 rpm using a TJ-25
centrifuge (Beckman Counter, USA) at 4 °C for 1 h and was
kept at 4 °C for further use.

Fluorescein-labeled nanoparticles were prepared with the
same procedure as mentioned above except that PTX was
replaced with Coumarin-6 and DiR. CooP modified nano-
particles were prepared via a maleimide—thiol coupling reaction
at room temperature for 6 h. The products were then eluted
with 0.01 M HEPES buffer (pH 7.0) and through a 1.5 X 20 cm
Sepharose CL-4B column to remove the unconjugated peptide.

Characterization of Nanoparticles. Particle size and zeta
potential of PTX-loaded NP (NP-PTX) and PTX-loaded
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Figure 11. Antitumor efficacy of Taxol, NP-PTX, CooP-NP-PTX (PTX dose of S mg/kg) and saline, respectively. (A) Changes in body weights of
mice after treatment. (B) Kaplan—Meier survival curve of tumor bearing mice. (C) H&E staining of glioma tissue sections. Data represents mean =+

SD, n = 6.

CooP-NP (CooP-NP-PTX) were determined by dynamic light
scattering detector (Zetasizer, Nano-ZS, Malvern, UK). The
morphological examination of NPs was performed via a
transmission electron microscope (TEM) (H-600, Hitachi,
Japan).

To verify the modification of CooP peptide on the surface of
nanoparticles, the NP samples were lyophilized via an ALPHA
2—4 Freeze-Dryer (0.070 Mbar Vacuum, —80 °C, Martin
Christ, Germany) and then subjected to X-ray photoelectron
spectroscopy (XPS) analysis via a RBD upgraded PHI-S000C
ESCA system (PerkinElmer) to determine the surface
composition.

To determine the encapsulation efficiency (EE) and loading
capacity (LC) of PTX in NP-PTX and CooP-NP-PTX, the NP
samples were dissolved in acetonitrile and subsequently
analyzed on an Agilent 1100 HPLC system (Agilent
Technologies, CA, USA) with the detection wavelength of
227 nm.* The encapsulation efficiency (EE) and loading
capacity (LC) were calculated as indicated below (n = 3).

Amount of PTX in the nanoparticles

EE(%) =
(%) Total amount of PTX added

X 100%
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Amount of PTX in nanoparticles

LC(%) = X 100%

nanoparticles weight

In Vitro PTX Release. The release of PTX from NP-PTX
and CooP-NP-PTX was measured in vitro via the equilibrium
dialysis method described previously. PBS (pH 7.4) with
0.5% (v/v) Tween-80 and 10% rat plasma were used as release
media, respectively, under a pseudosink condition. One
milliliter of the freshly prepared NP-PTX and CooP-NP-PTX
(containing 0.1 mg PTX) was added into the dialysis bag
(MWCO = 8000 Da, Greenbird Inc., Shanghai, China) with the
end sealed and incubated in 30 mL release medium at 37 °C at
a shaking speed of 120 rpm for 96 h. Then, 0.2 mL aliquots of
sample were withdrawn at predetermined time points and the
concentration of PTX was analyzed through HPLC as
described elsewhere.*’

Detection of MDGI Expression. The U87MG tumor-
bearing nude mice model was established as described
elsewhere.” In brief, trypsinized U87MG cells were suspended
in PBS (pH 7.4, 5 X 10° cells/S yL) and the cell suspension
was injected into right corpus striata of nude mice using a
stereotaxic apparatus, with these mice cultured for 2 weeks
under the standard condition.
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The expression of MDGI in glioma cells and normal tissues
was identified through an immunofluoresent assay.”* Briefly,
the U87 MG tumor-bearing mice and normal mice were
perfused with saline and 4% paraformaldehyde, then the brains
harvested and fixed by 4% paraformaldehyde and dehydrated
with sucrose solutions (10% and 30% sucrose solution). To
visualize MDGI, sections were stained with rabbit anti-MDGI
antibodies followed by AlexaS55-conjugated second antibodies
and then subjected to DAPI staining for nuclear positioning.
Finally, sections were examined under a Zeiss LSM 510
confocal microscope.

Cellular Association of Nanoparticles. Both US7MG
cells and HUVEC cells were seeded in 96-well plates at the
density of 5000 cells per well. On the second day, the cells have
attached tightly within the plates. Then, fresh serum-free
DMEM containing coumarin-6-labeled NP and CooP-NP was
added into those wells at the concentrations of nanoparticles
ranging from 50 to 400 ug/mL. One hour later, nanoparticle
suspension was removed and washed with ice-cold PBS.
Subsequently, cells were fixed with 4% paraformaldehyde and
preserved by 200 uL PBS for qualitative imaging under a
fluorescent microscopy (Leica DMI4000 B, Germany).

For quantitative analysis, U87MG cells and HUVEC cells
were incubated with coumarin-6-labeled NP and CooP-NP
(50—600 pug/mL) for 1 h at 4 and 37 °C, respectively. After
that, the cells were washed twice with PBS and fixed with 4%
paraformaldehyde solution for 15 min. After staining with 2 g/
mL Hochest 33258 at room temperature for 10 min, the cells
were then subjected to detection under a KineticScan HCS
Reader (version 3.1, Cellomics Inc., Pittsburgh, PA, USA). To
evaluate the role of incubation time in CooP-NP uptake by
HUVEC cells and U87MG cells, both cells were coincubated
with 200 pg/mL nanoparticles for 0.5, 1, 2, and 4 h at 37 °C,
respectively.

To explore the mechanism of cellular internalization of
CooP-NP, endocytosis inhibition experiments were performed.
U87MG cells and HUVEC cells were seeded in 96-well plates
at the density of 5000 cells per well. Twenty-four hours later,
the cells were incubated with endocytic inhibitors including 10
pug/mL chlorpromazine, 4 ug/mL colchicines, 10 pg/mL cyto-
D, S ug/mL BFA, 5 ug/mL filipin, 2.5 pg/mL genistein, 10 mM
NaN;, 2.5 mM methyl-f-cyclodextrin (M-4-CD), 200 nM
monensin, 20 M nocodazole, and 200 ug/mL CooP peptide
for 1 h, respectively, and then incubated with coumarin-6-
labeled CooP-NP at the concentration of 200 yg/mL for 1 h at
37 °C. After that, quantitative analysis of cellular association of
the nanoparticles was performed as described above.

Antiproliferation Assay. U87MG cells and HUVEC cells
were seeded in 96-well plates at the density of 5000 cells per
well and allowed to attach overnight. After removal of the
primary medium, 200 uL fresh serum-free medium containing
Taxol, NP-PTX, and CooP-NP-PTX at the PTX concentration
ranging from 1 ng/mL to 1000 ng/mL were added. Cells
incubated with PTX-free NP and CooP-NP (with concen-
trations from 1 ng/mL to 1 ug/mL) were applied as the
negative control. After 48 h incubation, 20 uL MTT solutions
(5 mg/mL) were added into those wells and coincubated with
cells for another 4 h at 37 °C, and then the formation of
formazan crystals was dissolved through addition of 150 uL
DMSO. After being gently shaken for 10 min away from light,
cells were subjected to microplate reader (Thermo Multiskan
MK3, USA) at wavelength of 570 nm.
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Cell Apoptosis Assay. To evaluate the endothelial cell
apoptosis induced by various PTX formulations, qualitative and
quantitative experiments on HUVEC cells were carried out. For
qualitative analysis, cells were seeded in 24-well plates at the
density of 2 X 10° cells per well. After culturing for 24 h at 37
°C, cells were treated with various PTX formulations including
Taxol, NP-PTX, and CooP-NP-PTX at the PTX concentration
of 100 ng/mL for 48 h. Then, the cells were fixed with 4%
paraformaldehyde solution for 15 min, washed twice with PBS,
stained with DAPI, and then subjected to observation under a
fluorescent microscope (Leica DMI4000 B, Germany).

For quantitative analysis, HUVEC cells were seeded in 6-well
plates at the density of 5 X 105 cells per well. Twenty-four
hours later, the cells were coincubated with Taxol, NP-PTX,
and CooP-NP-PTX at the PTX concentration of 100 ng/mL,
respectively, for 24 h. After that, the cells were trypsinized,
centrifuged at 1000 g for S min, and resuspended in 200 uL
binding buffer for double staining with Annexin V-FITC (S uL)
and PI (10 pL) according to the manufacturer’s protocol. The
stained cells were then analyzed via a flow cytometer
(FACSCalibur, BD, USA). For both qualitative and quantitative
analysis, cells treated with DMEM were served as control.

In Vivo Imaging of CooP-NP-DiR. The tumor bearing
mice were randomly divided into two groups and intravenously
administrated with 200 uL of DiR-loaded NP or CooP-NP (1
mg/ kg). The fluorescent images were acquired using an In Vivo
IVIS spectrum imaging system (PerkinElmer, USA) at
predetermined time point (2, 6, 12, and 24 h) after injection.
After 24 h post-injection, the mice were sacrificed with the
brains and other principle organs (including heart, liver, spleen,
lung, and kidney) harvested and imaged.

Distribution of Coumarin-6-Labeled CooP-NP in
Tumor. Nude mice bearing intracranial glioma were
established as mentioned above and intravenously administered
coumarin-6-loaded NPs or CooP-NP (n = 3). Three hours
post-injection, the mice were anesthetized and hearts perfused
with saline and 4% paraformaldehyde. Then, the collected
brains were sectioned (10 gm) for further measurement after
procedures as described above. For analysis, the sections were
stained with anti-mouse CD31 followed by Alexa 594
conjugated secondary antibodies to visualize the tumor blood
vessel and DAPI was used for nuclei staining. Finally, the
sections were examined under a Zeiss LSM 510 confocal
microscope.

Examining Destruction of Angiogenesis in Tumor
Post-Treated with PTX Formulations. To evaluate the
destruction of angiogenesis induced by PTX formulations,
tumor bearing mice were administered with Taxol, NP-PTX,
and CooP-NP-PTX at PTX dose of S mg/kg. Meanwhile, mice
treated with saline were used as the control. One week later,
tumor brains were removed and cryostat sections were
prepared. Sections were stained with Alexa 594 to visualize
tumor angiogenesis as described above and treated with DAPI
for nuclei staining. Finally, sections were examined by the Zeiss
LSM 510 confocal microscope.

In Vivo Antitumor Efficacy. To study the therapeutic
effect of CooP-NP-PTX, glioma bearing mice were randomly
divided into four groups (n = 6) and treated with saline, Taxol,
NP-PTX, and CooP-NP-PTX (PTX concentration of S mg/
kg), respectively. Every 3 days in 2 weeks mice in each group
were repeatedly treated with various PTX formulations and
saline, and then the survival time of each group was monitored
and analyzed. The relative body weight change at predeter-
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mined times was recorded. After that, the brains were harvested
and fixed by 10% neutral formalin at least for 48 h followed by
H&E staining.**

Statistical Analysis. All the data were presented as mean =+
SD unless otherwise indicated. Comparison among the
different groups was performed by one-way ANOVA followed
by Bonferroni tests. p < 0.05 was considered to be significant.
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