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a b s t r a c t

By taking advantage of the excessively upregulated expression of neuropilin (NRP) on the surface of both
glioma cells and endothelial cells of angiogenic blood vessels, the ligand of NRP with high affinity e tLyp-
1 peptide, which also contains a CendR motif ((R/K)XX(R/K)), was functionalized to the surface of PEG
ePLA nanoparticles (tLyp-1-NP) to mediate its tumor homing, vascular extravasation and deep pene-
tration into the glioma parenchyma. The tLyp-1-NP was prepared via a maleimide-thiol coupling reaction
with uniformly spherical shape under TEM and particle size of 111.30 � 15.64 nm. tLyp-1-NP exhibited
enhanced cellular uptake in both human umbilical vein endothelial cells and Rat C6 glioma cells,
increased cytotoxicity of the loaded PTX, and improved penetration and growth inhibition in avascular
C6 glioma spheroids. Selective accumulation and deep penetration of tLyp-1-NP at the glioma site was
confirmed by in vivo imaging and glioma distribution analysis. The longest survival was achieved by
those mice bearing intracranial C6 glioma treated with PTX-loaded tLyp-1-NP. The findings here strongly
indicate that tLyp-1 peptide-functionalized nanoparticulate DDS could significantly improve the efficacy
of paclitaxel glioma therapy.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Treatment for glioblastoma multiforme (GBM), a primary malig-
nant tumor of the brain (approximately accounts for 40%), is one of
themost challenging problems as no currently available treatment is
curative [1,2]. Patients diagnosedwith glioma have amedian survival
of less than 2 years [3]. Surgery remains the main treatment for
glioma inwhich the bulk of the tumor is removed but the peripheral
infiltrating part can not be completely eradicated due to the poor
cellular differentiation of glioma [4]. Chemotherapy seems essential
in the auxiliary treatment of glioma, while the efficiency is far from
satisfaction mainly owing to the drug delivery problems, including
exclusion by bloodebrain barrier (BBB) and bloodebrain tumor
barrier (BBTB) [5,6].

As access to the brain is a considerable impediment to the
application of standard chemotherapeutics for glioma, active
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targeting nanoparticulate drug delivery systems (DDS), especially
biodegradable nanoparticles [7,8], has achieved great development
in recent years with expectation of the ease of drug administration,
enhancing drug accumulation at glioma site, minimizing side
effects and optimizing efficacy of therapies [9,10]. Among which
those DDS overcoming BBB [11], targeting glioma cells [12] or dual-
targeting BBB and glioma cells [13,14] have attracted increasing
interest as they show enhanced drug delivery to glioma. However,
the potential disadvantage of the BBB-overcoming DDS is their
non-specific distribution in the central nervous system (CNS)
which could cause severe adverse effects; the drawback of the DDS
targeting glioma cells is their lack of BBB-overcoming property and
also remained resistant by BBTB (the formation of angiogenesis
blood vessel with the gradual impairment of BBB), which also result
in poor drug accumulation in glioma. The lack of precise targeting
and low drug enrichment at glioma site highly limited the appli-
cation of these active targeting DDS. An alternative approach to
overcome these obstacles is to target the glioma vasculatures
[15,16]. However, anti-angiogenic therapy has the risk of eliciting
malignant progression of tumors to increase local invasion and
distant metastasis [17]. Therefore, so far, tumor angiogenesis blood

mailto:chenjun@fudan.edu.cn
mailto:chenjun_1974@yahoo.com.cn
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.biomaterials.2013.04.025&domain=pdf
www.sciencedirect.com/science/journal/01429612
http://www.elsevier.com/locate/biomaterials
http://dx.doi.org/10.1016/j.biomaterials.2013.04.025
http://dx.doi.org/10.1016/j.biomaterials.2013.04.025
http://dx.doi.org/10.1016/j.biomaterials.2013.04.025


Q. Hu et al. / Biomaterials 34 (2013) 5640e5650 5641
vessels and glioma cells dual targeting represented one of the best
option to improve the therapeutic efficacy of anti-glioma drug
delivery and reduce unwanted side effect.

Neuropilin (NRP), amodular transmembrane protein identified as
a receptor for various forms and isoforms of VEGF and members of
the class 3 semaphorin family, is highly overexpressed on the surface
of both glioma cells [18,19] and endothelial cells of angiogenic blood
vessels [20,21], and might serve as a promising target for dual-tar-
geting anti-glioma drug delivery. tLyp-1 peptide, a truncated form of
LyP-1 with 7 amino acid (CGNKRTR), was reported as a ligand tar-
geted to the NRP receptor with high affinity and specificity [22].
Moreover, tLyp-1 peptide contains both a tumor-homing motif and a
cryptic CendR motif ((R/K)XX(R/K)) which is responsible for cell
internalization and tissue penetration [23]. Here we speculated that
tLyp-1 peptide could be utilized as an effective dual-targeting ligand
for facilitating the tumor homing, vascular extravasation and deep
penetration of a PEGePLA nanoparticulate drug delivery system
(DDS) into the glioma parenchyma (Fig. 1).

In this study, tLyp-1 peptide was functionalized to PEGePLA
nanoparticles aiming at obtaining precise dual-targeting efficacy and
extensive penetration into glioma parenchyma. Using coumarin-6 as
the fluorescence probe, cellular uptake of the functionalized nano-
particles and the mechanism of cellular internalization were inves-
tigated in both HUVEC cells and C6 glioma cells, the penetration
ability was determined on avascular C6 glioma spheroids. Using
paclitaxel (PTX) as the model drug, the efficacy of tLyp-1-
functionalized nanoparticulate DDS was evaluated both in vitro
and in vivo.

2. Materials and methods

2.1. Materials

Methoxypoly(ethylene glycol)3000-poly(lactic acid)34,000 (MePEGePLA) and
maleimide-poly(ethylene glycol)3400-poly(lactic acid)34,000 (Male-PEGePLA) were
kindly provided by East China University of Science and Technology. Coumarin-6,
Fig. 1. Design of PTX loading tLyp-1-conjugated PEGePLA nanoparticles as dual-targetin
penetration.
DiR (1,10-dioctadecyl-3,3,30 ,30-tetramethyl indotricarbocyanine Iodide) and
Hoechst 33258 were provided by SigmaeAldrich (St. Louis, MO, USA). DAPI (4,6-
diamidino-2-phenylindole) was purchased from Molecular Probes (Eugene, OR,
USA). PTX were purchased from Xi’an Sanjiang Biological Engineering Co. Ltd (Xi’an,
China), Taxol� from Bristol-Myers Squibb Company, and cell counting kit-8 (CCK-8)
from Dojindo Laboratories (Kumamoto, Japan). Annexin V-FITC Apoptosis Detection
kit and Apoptosis analysis Kit were purchased from Beyotime� Biotechnology Co.,
Ltd (Nantong, China). All other chemicals used in this study were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) unless specified otherwise.

Dulbecco’sModified Eagle’sMedium (DMEM) and fetal bovine serum (FBS) were
purchased from Gibco BRL (Carlsbad, CA, USA). Penicillinestreptomycin, 0.25%
trypsin-EDTA and non-essential amino acid were obtained from Invitrogen Co., USA.

tLyp-1 peptide (CGNKRTR) was synthesized by ChinaPeptides Co., Ltd (Shanghai,
China). Primary human umbilical vein endothelial cells (HUVEC cells) were pur-
chased from Cascade Biologics (USA) and Rat C6 glioma cell lines were provided by
Cell Institute of Chinese Academy of Sciences (Shanghai, China).

Balb/c nude mice (male, 4e5 weeks, 20� 2 g) were obtained from Experimental
Animal Center of Fudan University and housed at 25 � 1 �C with access to food and
water ad libitum. The protocol of animal experiments was approved by the Animal
Experimentation Ethics Committee of Fudan University.

2.2. Preparation of tLyp-1-NP

PEGePLA nanoparticle loaded with PTX was prepared through the emulsion/
solvent evaporation technique according to the procedure reported previously [24].
Briefly, 22.5 mg MePEGePLA, 2.5 mg Male-PEGePLA and 50 mg PTX were dissolved
in 1 ml dichloromethane, to which 2 ml of 1% sodium cholate aqueous solution was
added, and the mixture was subjected to a probe sonicator (Ningbo Scientz
Biotechnology Co. Ltd., China), emulsified by sonication (280 W, 2.4 min) under ice
bath. Then the emulsion formed was added into 8 ml of 0.5% sodium cholate
aqueous solution under rapid magnetic stirring for 5 min. After that, the emulsion
was subjected to a rotary evaporator (Shanghai Institute of Organic Chemistry,
China) to remove the dichloromethane and subsequently centrifuged at 21,000g for
45 min using TJ-25 centrifuge (Beckman Counter, USA). Followed by discarding the
supernatant, the obtained nanoparticles were re-suspended by 0.01 M HEPES buffer
(pH 7.0) and stored at 4 �C until further use.

tLyp-1-NP was prepared via a maleimide-thiol coupling reaction at room tem-
perature for 8 h as described previously [25]. The products were then eluted with
distilled water through the 1.5 � 20 cm sepharose CL-4B column (Pharmacia
Biotech, Inc., Sweden) to remove the unconjugated peptides. Coumarin-6-labeled
and DiR-labeled nanoparticles were prepared with the same procedure except for
containing coumarin-6 and DiR.
g drug delivery system for anti-glioma therapy via NRP mediated endocytosis and



Q. Hu et al. / Biomaterials 34 (2013) 5640e56505642
2.3. Characterization of the nanoparticles

Particle size and zeta potential of PTX-6-labeled NP (NP-PTX) and PTX-labeled
tLyp-1-NP (tLyp-1-NP-PTX) were determined by dynamic light scattering detector
(Zetasizer, Nano-ZS, Malvern, UK). A transmission electron microscope (TEM)
(H-600, Hitachi, Japan) was used for the morphological examination of NPs
following negative staining with sodium phosphotungstate solution.

To verify the conjugation of tLyp-1 peptide on the surface of NP, the NP samples
were lyophilized via an ALPHA 2e4 Freeze Dryer (0.070 Mbar Vakuum, �80 �C,
Martin Christ, Germany) and then subjected to X-ray photoelectron spectroscopy
(XPS) analysis on a RBD upgraded PHI-5000C ESCA system (Perkin Elmer) to
determine the surface composition.

2.4. Encapsulation efficiency (EE) and drug loading capacity (LC)

The encapsulation efficiency (EE) and loading capacity (LC) of PTX in NP-PTX and
tLyp-1-NP-PTX were determined by high performance liquid chromatography
(HPLC) as described previously [26] and calculated as indicated below (n ¼ 3).

EEð%Þ ¼ PTX in the nanoparticles
Total amount of PTX in dispersion

� 100%

LCð%Þ ¼ Amount of PTX in nanoparticles
nanoparticles weight

� 100%

2.5. In vitro PTX release

In vitro PTX release from both NP and tLyp-1-NP was performed with an equi-
librium dialysis method using phosphate buffer solution (PBS, pH 7.4) containing
0.5% (v/v) Tween-80 and 10% rat plasma as the release media, respectively. One
milliliter freshly prepared NP and tLyp-1-NP loaded with 0.1 mg PTX were added
into a dialysis bag (MWCO ¼ 8000 Da, Greenbird Inc., Shanghai, China). Following
the addition of 30 ml release medium, the mixture was incubated at 37 �C at the
shaking speed of 100 rpm. Then 0.2ml aliquots were taken out and replenishedwith
0.2 ml fresh release media at designed time points (1e4, 6, 8, 12, 24, 48, 72, 96 h).
After that, the aliquots were subjected to HPLC analysis as described previously [27].

2.6. Cell experiments

2.6.1. Cell culture
Both HUVEC cells and C6 cells were cultured in DMEM containing 10% fetal

bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin at 37 �C in a 5%
CO2/95% air humidified environment incubator (Thermo HERAcell�, USA).

2.6.2. Cellular association of the nanoparticles
Both HUVEC cells and C6 cells were seeded into 96-well plates at the density of

5�103 cells/well and allowed to attach for 24 h. After that, the cells were exposed to
a series of concentrations of NPs loaded with coumarin-6 as fluorescence probe.

For qualitative experiment, the concentrations were ranged from 25 mg/ml to
200 mg/ml. The cells were washed twice with cold PBS buffer, fixed with 4% form-
aldehyde for 15 min after 1 h incubation, and then subjected to fluorescent micro-
scopy analysis (Leica DMI4000 B, Germany).
Fig. 2. Characterization of NP and tLyp-1-NP. Particle size distributions and TEM images of N
PBS (pH 7.4) with 0.5% Tween-80 and PBS (pH 7.4) containing 10% rat plasma (C). The bar
For quantitative analysis, the cells were incubated with 200 mg/ml coumarin-6-
labeled NPs for 0.5, 1e4 h, respectively. After fixation, the cells were treated with
Hoechst 33258 for 15 min away from light and then subjected to a KineticScan HCS
Reader (Thermo scientific, USA) for quantitative analysis. For temperature-related
experiment, the plates were incubated at 37 �C, and 4 �C, respectively, at the
nanoparticle concentration from 25 mg/ml to 600 mg/ml.

In order to study the mechanism of cellular uptake of tLyp-1-NP in both HUVEC
cells and C6 cells, cellular association of the nanoparticles was determined in the
presence of various endocytosis inhibitors including 10 mg/ml chlorpromazine, 4 mg/
ml colchicines, 10 mg/ml cyto-D, 5 mg/ml BFA, 5 mg/ml filipin, 10 mM NaN3, 50 mM

deoxyglucose, 2.5 mM methyl-b-cyclodextrin (M-b-CD), 200 nM monensin, 20 mM

nocodazole, and 200 mg tLyp-1 peptide. The cells were incubated in the presence of
100 ml of these inhibitors together with 100 ml 200 mg/ml coumarine-6-labeled tLyp-
1-NP, respectively. The quantitative analysis was performed as described above.

2.6.3. Cell apoptosis assay
To evaluate the cell apoptosis induced by the PTX formulations, C6 glioma cells

were seeded into a 6-well plate at a density of 1�105 cells/well. After incubation for
24 h, the cells was treated with Taxol�, NP-PTX and tLyp-1-NP-PTX (PTX concen-
tration of 100 ng/ml), respectively, using untreated cells as the negative control.
Twenty-four hours later, the cells were trypsinized, centrifuged at 1000g for 5 min,
washed three times with ice-cold PBS and re-suspended in 200 ml of binding buffer.
Thereafter, 5 ml of Annexin V-FITC and 10 ml of PI were added and incubated with
the cells for 15 min away from light. The stained cells were analyzed using a flow
cytometer (FACSCalibur, BD, USA). Data analysis was performed using Cell-Quest
software (Becton Dickinson, USA).

2.6.4. Anti-proliferation assay
In vitro cytotoxicity of tLyp-1-NP on C6 cells was determined using a CCK-8

assay. Briefly, C6 cells were seeded in a 96-well plate at the density of 5 � 103

cells/well, and allowed to attach for 24 h. After that, the medium was substituted
with different concentration of nanoparticles (0.001, 0.01, 0.05, 0.1, 0.8, 1 and
10 mg/ml) for 72 h. For cell viability assay, 10 ml CCK-8 was added into each well and
incubated for 1 h. Then the plate was subjected to a microplate reader (Thermo
Multiskan MK3, USA) for cell viability analysis at the wavelength of 450 nm.

2.7. Avascular C6 glioma spheroids experiments

2.7.1. Avascular C6 glioma spheroids formation
Avascular C6 glioma spheroids were prepared by a lipid overlay method as re-

ported previously [28]. Briefly, a 48-well plate was initially coated with 2% (w/v)
agarose gel to prevent cell adhesion. After that, C6 cells were seeded into each well
at the density of 2 � 103 cells/well, gently agitated for 5 min, and incubated at 37 �C
for 7 days. The uniform and compact multicellular spheroids were used for the
follow-up studies.

2.7.2. Penetration in avascular C6 glioma spheroids
To evaluate the penetration ability of tLyp-1-NP, the selected spheroids were

treated with 400 mg/ml NP and tLyp-1-NP loaded with coumarin-6 at 37 �C for 4 h.
After that, the tumor spheroids were rinsed with cold PBS for three times, fixed with
4% formaldehyde and then subjected to laser scanning confocal microscopy analysis
(LSM510, Leica, Germany).
P (A, C) and tLyp-1-NP (B, D). PTX release profiles from NP-PTX and tLyp-1-NP-PTX in
is 200 nm.



Table 1
Characterization of NP and tLyp-1-NP. Data represented mean � SD (n ¼ 3).

Nanoparticles Particle size (nm) Polydispersity
index (PI)

Zeta potential (mV)

NP 105.32 � 10.32 0.077 � 0.012 �28.6 � 4.67
tLyp-1-NP 111.30 � 15.64 0.140 � 0.08 �24.3 � 3.36

Fig. 3. Cellular association of NP and tLyp-1-NP at the nanoparticles concentration 200 m
magnification: �20. Cellular association of coumarin-6-labeled unmodified NP and tLyp-1-N
concentrations from 25 mg/ml to 600 mg/ml in HUVEC cells (E) and C6 cells (F). Cellular assoc
ranged from 0.5 to 4 h in HUVEC cells (G) and C6 cells (H) at nanoparticles concentration o
uptake of unmodified NP at 37 �C, and #p < 0.05, ##p < 0.01, ###p < 0.001 higher than t
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2.7.3. Growth inhibition of avascular C6 glioma spheroids
For studying the growth inhibition effect of tLyp-1-NP on glioma spheroids, the

spheroids (incubated for 4 days) were exposed to different PTX formulations
(PTX concentration 500 ng/ml), including Taxol�, NP-PTX and tLyp-1-NP-PTX with
those incubated with drug-free DMEM medium as the blank control. The growth
inhibition of the avascular C6 glioma spheroids was evaluated by measuring the size
of C6 glioma spheroid under an invert microscope (Chongqing Optical & Electrical
Instrument, Co., Ltd., Chongqing, China) every 2 days.
g/ml at 37 �C in HUVEC cells (A, B) and C6 cells (C, D) after 1 h incubation. Original
P at different temperatures (4 �C and 37 �C) after incubation for 1 h at the nanoparticle
iation of coumarin-6-labeled unmodified NP and tLyp-1-NP at different incubation time
f 200 mg/ml. *p < 0.05, **p < 0.01, ***p < 0.001 significantly higher than the cellular
he cellular uptake of unmodified NP at 4 �C.



Fig. 4. Cellular association of coumarin-6-labeled tLyp-1-NP in the presence of
different endocytosis inhibitors in HUVEC cells (A) and C6 cells (B). Fluorescence in-
tensity in the non-inhibited cells, representing the maximum internalized amount of
coumarin-6-labeled tLyp-1-NP, was taken as control. Data represented mean � SD
(n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 significantly different with that of control.
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2.8. In vivo experiments

2.8.1. Mice model establishment
In order to reveal the performance of tLyp-1-NP in vivo, the nude mice model

bearing intracranial C6 glioma was prepared by slowly injected C6 cells (5 � 105

cells/5 ml in pH 7.4 PBS) into right corpus striata of nude mice with the help of a
stereotaxic apparatus. These mice were cultured under standard condition for 2
weeks and used for subsequent experiments.

2.8.2. In vivo imaging
Six nude mice bearing intracranial C6 glioma were divided into two groups

randomly, and intravenously administrated with 200 ml DiR-labeled NP and tLyp-1-
NP (1 mg/kg) via the tail vein. The fluorescent images were observed at pre-
determined time points (2, 6, 12, 24 h) via a CRi in vivo imaging system (CRi, MA,
USA). Twenty-four hours after administration, the mice were sacrificed with the
brains and other organs harvested and imaged.

2.8.3. Glioma distribution
Nude mice bearing intracranial C6 glioma (n ¼ 3) were intravenously adminis-

tered with coumarin-6-loaded NP and tLyp-1-NP, respectively, at the equal dose of
coumarin-6. Three hours later, the mice were anesthetized, and heart perfused with
saline and 4% paraformaldehyde. Then the brains were collected, fixed in 4% para-
formaldehyde and then dehydrated in 10%, 30% sucrose solution. Afterward, the
brains were imbedded in OCT (Sakura, Torrance, CA, USA), frozen at �80 �C and
sectioned at 10 mm. Finally, the slides were subjected to confocal microscopy analysis
(LSM710, Leica, Germany) after stained with DAPI for 10 min and rinsed with PBS.

2.8.4. Anti-glioma effect
Twenty-four nude mice bearing intracranial C6 glioma were divided into four

groups randomly (n¼ 6), intravenously administered with Taxol�, NP-PTX and tLyp-
1-NP-PTX (PTX concentration of 5 mg/kg) and saline, respectively, every three days
in two weeks. The survival time of each group was recorded and analyzed.

2.9. Statistical analysis

All the data were presented as mean � standard deviation. Unpaired student’s t
test was used for between two-group comparison and one-way ANOVA with Bon-
ferroni tests for multiple-group analysis. Statistical significance was defined as
p < 0.05.

3. Results

3.1. Characterization of the nanoparticles

The particle sizes of NP and tLyp-1-NP were 105.32 � 10.32 nm
and 111.30 � 15.64 nm, respectively. The polydispersity index, zeta
potential and size distribution were shown in Fig. 2A and B and
Table 1. NP and tLyp-1-NP exhibited the same spherical shape un-
der TEM (Fig. 2C and D). Encapsulation of PTX, coumarin-6 and DiR
did not significantly change the particle size.

The existence of tLyp-1 peptide on the surface of nanoparticles
was confirmed by XPS analysis with 0.53% nitrogen on the surface
of tLyp-1-NP but undetectable on that of NP.

The LC of NP and tLyp-1-NP was 1.65 � 0.07% and 1.43 � 0.10%,
respectively, with the EE 49.6 � 3.2% and 47.5 � 2.4%, respectively.

3.2. In vitro PTX release

NP-PTX and tLyp-1-NP-PTX presented almost the same release
behavior, achieving cumulative PTX release 75.67 � 5.1% and
77.91 � 4.2%, respectively, after 96 h incubation in PBS (pH 7.4).
A faster release pattern was obtained for both NP-PTX and tLyp-
1-NP-PTX in PBS (pH 7.4) containing 10% rat plasma (84.50 � 6.2%
for NP-PTX, 85.86� 6.8% for tLyp-1-NP-PTX, respectively, after 96 h
incubation) (Fig. 2E).

3.3. Cell experiments

3.3.1. Cellular association of the nanoparticles
Coumarin-6 was used as the fluorescent probe to study the

cellular uptake characteristics of tLyp-1-NP. Qualitative fluorescent
images showed that both HUVEC cells and C6 cells treated with
tLyp-1-NP exhibited much higher fluorescence intensity than that
treated with unmodified NP at the same nanoparticle concentra-
tion (200 mg/ml) (Fig. 3AeD).

Quantitatively, cellular association of coumarin-6-labeled tLyp-
1-NP in both HUVEC and C6 cells displayed a concentration- and
time-dependent behavior. The cellular associated fluorescence in-
tensity of tLyp-1-NP in both cells was significantly higher than that
of unmodified NP at the concentrations ranged from 25 mg/ml to
600 mg/ml and after the incubation time ranged from 0.5 h to 4 h
(Fig. 3EeH). When compared with that of unmodified NP, the
cellular uptake of tLyp-1-NP was 2.12, 2.37 folds higher at nano-
particles concentration of 600 mg/ml at 37 �C and 2.13, 2.17 folds
higher at 4 h in HUVEC and C6 cells, respectively. In addition, both
tLyp-1-NP and NP exhibited much higher cellular associations at
37 �C than 4 �C in both cells.

In HUVEC, cellular association mechanism assay showed that
the uptake of tLyp-1-NP was restricted by BFA (p < 0.01), filipin
(p < 0.001), NaN3 þ dg (p < 0.001), M-b-CD (p < 0.001), monensin
(p < 0.001), nocodazole (p < 0.001) when compared with the non-
inhibited control (Fig. 4A). Additionally, pre-addition of 200 mg
tLyp-1 peptides significantly inhibited the uptake of tLyp-1-NP.



Fig. 6. Cell viability of C6 cells after treatment with Taxol�, NP-PTX and tLyp-1-NP-PTX
for 72 h at 37 �C.
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In contrast, in C6 cell, incubation with cyto-D, BFA, NaN3 þ dg and
M-b-CD significantly decreased the internalization of tLyp-1-NP by
63.5% (p < 0.001), 82.5% (p < 0.05), 75.5% (p < 0.001) and 85.8%
(p < 0.05), respectively. Similarly, pre-incubationwith 200 mg tLyp-
1 peptides reduced the uptake of tLyp-1-NP by 66.3% (p < 0.001).

3.3.2. Cell apoptosis assay
C6 glioma cells were used to study cell apoptosis induced by

various PTX formulations. As shown in Fig. 5A, the nuclei of un-
treated C6 cells showed no evidence of segmentation and frag-
mentation after Hoechst 33258 staining. In contrast, unsharp
borders and fragmentation were observed in C6 cells treated with
the PTX formulations, among which the nuclei of C6 cells exposed
to tLyp-1-NP-PTX became severely fragmented.

Quantitative flow cytometry data showed that the percentage of
early and late apoptosis of untreated C6 cells was 2.53 � 0.45% and
0.87 � 0.11%, respectively. After treated with the PTX formulations
for 24 h, the percentage of early and late apoptosis was enhanced to
7.03 � 1.67%, 2.18 � 0.87% for Taxol�, 7.38 � 1.35%, 1.47 � 0.69% for
NP-PTX, and 17.76 � 3.32%, 2.84 � 1.01% for tLyp-1-NP-PTX,
respectively.

3.3.3. Anti-proliferation assay
The anti-proliferative effect of Taxol�, NP-PTX and tLyp-1-NP-

PTX on C6 cells was evaluated using CCK-8 method. As shown in
Fig. 6, the tLyp-1-NP-PTX formulations showed the highest anti-
proliferation ability with IC50 0.087 mg/ml, while that for NP-PTX
and Taxol� were 0.22 mg/ml and 0.31 mg/ml, respectively.

3.4. Avascular C6 glioma spheroids experiments

3.4.1. Penetration in avascular C6 glioma spheroids
Penetration experiment in avascular C6 glioma spheroids was

performed to determine the penetrating efficacy of tLyp-1-NP. As
shown by confocal microscopy analysis, tLyp-1-NP penetrated
deeper and distributed more extensive in the C6 glioma spheroids
than NP (Fig. 7A and C). The penetrating depth of tLyp-1-NP was
Fig. 5. Induction of apoptosis in C6 cells following 24 h incubationwith various PTX formulat
33258. (B) Flow cytometry analysis of apoptosis. The cells were stained with Annexin V-FITC
magnification: �20.
1.32 folds deeper than that of NP (121.69 mm for tLyp-1-NP,
92.02 mm for NP) (Fig. 7B and D).

3.4.2. Growth inhibition to avascular C6 glioma spheroids
In order to evaluate the inhibitory effect of different PTX for-

mulations on tumor growth, avascular C6 glioma spheroids were
treated with serum-free DMEM, Taxol�, NP-PTX and tLyp-1-NP-
PTX, respectively. As shown in Fig. 8, the size of C6 glioma spheroids
at the end of the experiment (Day 12) followed the order: drug-free
control> Taxol� > NP-PTX> tLyp-1-NP-PTX. The glioma spheroids
exposed to DMEM continued to grow along the experimental
period and became tightly organized (Fig. 8A), while those incu-
bated with tLyp-1-NP-PTX became distorted with many cells
dissociated from sphere and the growth of the whole spheroids
significantly inhibited (Fig. 8D).
ions (PTX concentration 100 ng/ml). (A) The nuclei of C6 cells was stained with Hoechst
and PI. C6 glioma cells incubated with drug-free DMEM served as the control. Original



Fig. 7. Penetration of coumarin-6-labeled NP and tLyp-1-NP in avascular C6 glioma spheroids. Multi-level scan started at the top of the spheroid in 5 mm intervals of the penetration
of NP (A) and tLyp-1-NP (C). Quantitative analysis of the penetration depth of NP (B) and tLyp-1-NP (D).
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3.5. In vivo experiments

3.5.1. In vivo imaging
The glioma-targeting efficiency of NP and tLyp-1-NP was also

investigated in nude mice bearing intracranial C6 glioma. Non-
invasive NIR fluorescence imaging showed that much stronger
fluorescence intensity of tLyp-1-NP was observed in the glioma site
than that of NP at all the time points from 2 to 24 h following
administration (Fig. 9A and B). This result was confirmed by im-
aging those brains collected from mice bearing intracranial glioma
24 h post-injection (Fig. 9C).

3.5.2. Glioma distribution
In vivo glioma permeation and targeting capability of tLyp-1-NP

were studied by confocal microscopy analysis. As shown in Fig. 10,
only a low accumulation of NP was observed in the glioma site and
mostly at the edge of the glioma (Fig.10A). But in the case of tLyp-1-
NP, an obvious stronger fluorescent signal was detected and much
deeper permeation was observed at the glioma foci (Fig. 10B).

3.5.3. Anti-glioma effect
The anti-glioma effect was evaluated by measuring the survival

time ofmice bearing intracranial C6 glioma following the treatment
with different PTX formulations every three days for twoweeks. As
shown in Fig. 11, the medium survival time for mice treated with
saline, Taxol�, NP-PTX and tLyp-1-NP-PTX was 18, 23, 28, 37 days,
respectively. tLyp-1-NP-PTX significantly prolonged animal sur-
vival time when compared with NP-PTX (**p < 0.01), Taxol�

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

4. Discussion

Glioblastoma multiforme (GBM), the most malignant and most
frequent primary brain tumor, is currently incurable, with a median
survival of less than 2 years after diagnosis and treatment [29,30].
Even after gross total resection, glioma often recurs because of
infiltration outside the main mass. Although chemotherapy has
been demonstrated to provide a supplementary treatment after
surgery, the application is largely limited by the issue of inadequate
drug delivery [31,32]. Nanobiotechnology, especially nanoparticles,
has made a significant contribution in chemotherapeutics for gli-
oma by enabling passage of anti-tumor drugs across the physio-
logical barrier and targeted therapy [33,34]. Active targeting
nanoparticulate delivery system has achieved great development
and provides hope for GBM therapy in recent years, in which the
specificity and affinity of ligands to their receptors are crucial
[35,36].

In this contribution, we utilized tLyp-1 peptide as the targeting
ligand to functionalize a PEGePLA nanoparticulate DDS for tumor
angiogenic vessels and glioma cells dual-targeting drug delivery.
tLyp-1 peptide, which can specifically bind to neuropilin that
overexpressed on the surface of both glioma cells and endothelial
cells of angiogenic blood vessels, contains a cryptic CendR motif to
facilitate the nanoparticulate DDS to extravasate from tumor blood
vessels and accumulate at glioma foci [37,38]. It was speculated that
this tLyp-1eneuropilin interaction could mediate tumor homing,
vascular extravasation and deep intra-tumor penetration of PEGe
PLA nanoparticulate DDS for enhancing anti-glioma therapy.

In order to meet the demand of drug delivery into glioma, the
size of nanoparticulate DDS need to be well controlled below
150 nm [39]. In this study, PEGePLA nanoparticles were prepared
through an emulsion/evaporation method, and tLyp-1 peptide was
functionalized to nanoparticles via a maleimide-thiol coupling
reaction. After conjugation, the size of tLyp-1-NPwas found slightly
increase (111.30 � 15.64) with an average narrow distribution
(0.140 � 0.08). The sizes of NP and tLyp-1-NP were regarded as
favorable for brain delivery via both enhanced permeability and
retention (EPR) effect and receptor-mediated transcytosis. The



Fig. 8. Morphology of avascular C6 glioma spheroids treated with serum-free DMEM
(A), Taxol� (B), NP-PTX (C) and tLyp-1-NP-PTX (D) on day 5, day 7, day 9 and day 12,
respectively, at the PTX concentrations 500 ng/ml.
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existence of tLyp-1 peptide on the surface of tLyp-1-NPwas verified
by XPS analysis with 0.53% nitrogen detected, while that on the
surface of NP was undetectable (the instrumental detection limit is
0.1%). The N signal detected in the tLyp-1-NP sample was therefore
believed to be attributed to tLyp-1 peptide on the nanoparticles
surface.

In vitro PTX release was evaluated in PBS (pH 7.4) and PBS (pH
7.4) containing 10% rat plasma. NP-PTX and tLyp-1-NP-PTX showed
almost the same biphases release pattern in both media with that
in PBS (pH 7.4) slower than that in PBS (pH 7.4) containing 10% rat
plasma. It was speculated that the lipase in plasma could accelerate
the degradation of the polymer nanoparticles.

As the over-expressions of NRP had been note on the surface of
endothelial cells of tumor angiogenic blood vessels and glioma
cells, the nanoparticulate DDS functionalized with the ligand of
NRPetLyp-1 peptide would achieve a significant uptake on both
endothelial cells and glioma cells. To verify this hypothesis, HUVEC
and C6 glioma cells were selected as the model cells to conduct the
cellular association experiments. As shown in Fig. 3, cellular asso-
ciation of PEGePLA nanoparticles in both HUVEC cells and C6 gli-
oma cells was significantly enhanced following surface conjugation
with tLyp-1 peptide qualitatively and quantitatively, indicating that
tLyp-1 peptide functionalization can effectively facilitate the up-
take of NP in both endothelial cells of tumor angiogenic blood
vessels and glioma cells. This high accumulation of tLyp-1-NP in C6
cells resulted in much stronger PTX-induced cell apoptosis and
anti-proliferative effect when compared with unmodified NP.
Nuclei segmentation and fragmentation was observed in C6 cells
treated with PTX-loaded tLyp-1-NP after incubation for 24 h
(Fig. 5A). Quantitative results from flow cytometry analysis were in
good consistent with the observed results of cellular nucleus
staining, indicating that tLyp-1-NP-PTX might induce more early
and late apoptosis due to the high accumulation of PTX in C6 cells
via a tLyp-1 peptide-mediated endocytosis. The enhanced intra-
cellular drug delivery following tLyp-1 peptide conjugation was
further confirmed by anti-proliferation assay, which showed that in
C6 cells, the IC50 value of tLyp-1-NP-PTX was 2.53 folds, 3.56 folds
lower than that of NP-PTX and Taxol�, respectively.

In order to elucidate themechanism of cellular internalization of
tLyp-1-NP, the effects of different endocytosis inhibitors on cellular
uptake were evaluated quantitatively in both HUVEC cells and C6
glioma cells. As shown in Fig. 4A, the uptake of tLyp-1-NP in HUVEC
cells was significantly inhibited by Golgi apparatus destroyere BFA,
caveolae-mediated endocytosis pathway inhibitor e filipin, lyso-
some inhibitor e monensin, lipid raft inhibitor e M-b-CD, micro-
tubules depolymerization agent e nocodazole, and energy-
depletion agent e NaN3 þ dg. The quantitative results indicated
that the cellular uptake of tLyp-1-NP in HUVEC cells was an energy-
dependent, cell skeleton-involved, and lipid raft/caveolae-
mediated endocytosis with the involvement of both Golgi appa-
ratus and lysosome. In the case of C6 cells, the uptake of tLyp-1-NP
was inhibited by NaN3 þ dg and cyto-D, suggesting the participa-
tion of energy-dependent macropinocytosis pathway. In the
meanwhile, the incubation with BFA and M-b-CD significantly
reduced the uptake of tLyp-1-NP, indicating that the endocytosis
process in C6 cells was lipid raft-mediated and Golgi apparatus
involved. In addition, cellular internalization of tLyp-1-NP in both
HUVEC and C6 cells was inhibited by pre-addition of tLyp-1 pep-
tide, confirming the contribution of tLyp-1 modification to
enhanced cellular uptake.

Experiments performed on monolayer tumor cells often resul-
ted in excessively positive results because these conditions are
quite different from the micro-circumstance found in solid tumors
[40,41]. Therefore, 3D tumor spheroids were prepared to
mimic physiologic barriers in solid tumors (heterogeneous tumor
perfusion, high cell density, acidic pH and increased interstitial
pressure) [42,43]. Here we exploited avascular C6 glioma spheroids
to study the penetration ability of tLyp-1-NP. As shown in Fig. 7,
coumarin-6-labeled tLyp-1-NP penetrated into C6 spheroids with a
depth of 121.69 mm, 1.32 folds deeper than that of unmodified NP
(92.02 mm), suggesting tLyp-1 peptide-functionalized nano-
particulate DDS possessed an excellent ability to penetrate deeper
into the inner of solid tumor. The effect of efficient transport of
tLyp-1-NP was also confirmed by the growth inhibition experi-
ment, in which C6 spheroids treated with tLyp-1-NP-PTX exhibited
the smallest volume comparedwith those treated with NP-PTX and
Taxol�. The penetrating capability of tLyp-1-NP provide a prom-
ising approach to enhance the amount of drug accessing the inside
of the solid tumors and prevent the recurrence of cancer due to the
“blind areas” of chemotherapy [44,45].

In vivo near-infrared (NIR) imaging experiments were per-
formed to further evaluate the glioma-targeting effects of tLyp-1-
NP in nude mice bearing intracranial C6 glioma. As shown in
Fig. 9, time-dependent accumulation of the nanoparticles at the
glioma foci was observed in the mice treated with NP and tLyp-1-
NP, respectively. The maximum localization of NP at glioma re-
gion was achieved at 12 h post-injection, then decreased at 24 h,
indicating that the accumulation of NP at glioma site was mainly
contributed by EPR effect. Compared with unmodified NP, tLyp-1-
NP exhibited a significant superiority in glioma targeting with
higher fluorescent intensity at all time points, indicating that the
tLyp-1-mediated accumulation make a significant contribution



Fig. 9. In vivo near-infrared imaging of mice bearing intracranial C6 glioma intravenously treated with 200 ml DiR-labeled NP (A) and tLyp-1-NP (B) through the tail vein at 2 h, 6 h,
12 h, 24 h, respectively. In vivo fluorescence imaging of dissected organs after 24 h post-injection (C). Semi-quantitative analysis of the fluorescent intensity of the formulations in
different organs and glioma (D). All the red arrows represented the site of glioma. Data represented mean � SD (n ¼ 3). *p < 0.05, **p < 0.01, ***p < 0.001 significantly different
with that of NP group.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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beyond EPR effect. Imaging the isolated organs showed that much
stronger fluorescent intensity and more extensive distribution of
tLyp-1-NP at the glioma foci, further verifying the targeting effi-
ciency of tLyp-1-NP.

In order to intuitively evaluate the permeation and targeting
efficiency of tLyp-1-NP, the frozen sections of gliomawere observed
under a laser scanning confocal microscopy. In consistent with the
in vivo imaging experiment, it was demonstrated that a low accu-
mulation of NP was achieved and mainly located at the edge of
Fig. 10. In vivo glioma distribution of coumarin-6-labeled NP (A) and tLyp-1-NP (B) 3 h
after administration. Blue: DAPI stained cell nuclei. Green: Coumarin-6-labeled
nanoparticles. Red lines: border of the glioma. All the red arrows represented the
site of glioma.(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
glioma section (Fig. 10A), suggesting EPR effect help unmodified NP
reach the glioma site with only limited penetration [46,47]. In
contrast, tLyp-1-NP showed a more extensive distribution and
deeper penetration selectively in glioma parenchyma compared
with NP. It was believed that the enhanced permeation and
enrichment of tLyp-1-NPwas largely contributed by the specifically
overexpressed NRP receptor on the surface of both glioma cells and
endothelial cells of angiogenic blood vessels as well as the CendR
motif containing in tLyp-1 peptide. The C-terminal R/KXXR/K motif
can specifically bind to NRP-1 receptor (a member of the neuropilin
family), inducing extravasation from tumor blood vessels and
facilitating penetration into tumor parenchyma [38,48].
Fig. 11. KaplaneMeier survival curve of mice bearing intracranial C6 glioma treated
with saline, Taxol�, NP-PTX and tLyp-1-NP-PTX every three days in two weeks at PTX
dose of 5 mg/kg (n ¼ 6).
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The improved accumulation and penetration of tLyp-1-NP-PTX
at the glioma foci led to an anticipated enhanced anti-glioma effi-
cacy in vivo. As shown in KaplaneMeier survival curve (Fig. 11), an
enormous prolonged survival (the medium survival time 37 days)
was achieved in those mice bearing intracranial C6 glioma treated
with tLyp-1-NP-PTX, significantly higher than that of those treated
with NP-PTX (28 days, **p < 0.01), Taxol� (23 days, ***p < 0.001)
and saline (18 days, ***p < 0.001).

5. Conclusion

We here developed a nanoparticulate DDS decorated with a
tumor homing and penetrating peptide, tLyp-1 peptide, as the
dual-targeting ligand for anti-glioma drug delivery. The tLyp-1
peptide was conjugated to the surface of PEGePLA nanoparticles
via a maleimide-thiol coupling reaction. The resulted tLyp-1-NP
showed uniformly spherical in shape under TEM with particle
size of 111.30� 15.64 nm and the peptide conjugation confirmed by
XPS analysis. Enhanced cellular uptake of tLyp-1-NP was achieved
in both HUVEC cells and C6 cells, which thus achieved improved
cytotoxicity of the payload e PTX. More importantly, improved
tumor-selective accumulation and penetration of tLyp-1-NP was
observed in both avascular C6 glioma spheroids and mice bearing
intracranial C6 glioma. Due to these optimal biopharmaceutical
properties, tLyp-1-NP-PTX treatment achieved the longest survival
inmice bearing intracranial C6 glioma. Taken these results together,
we claimed tLyp-1 peptide-functionalized PEGePLA nano-
particulate DDS might serve as an effective nanocarrier for anti-
glioma drug delivery.
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