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a b s t r a c t

Low permeability across the bloodebrain tumor barrier (BTB) and poor penetration into the glioma
parenchyma represent key obstacles for anti-glioblastoma drug delivery. In this study, MT1-AF7p pep-
tide, which presents high binding affinity to membrane type-1 matrix metalloproteinase (MT1-MMP)
that over-expressed on both angiogenic blood vessels and glioma cells, was employed to decorate the
paclitaxel-loaded PEG-PLA nanoparticles (MT1-NP-PTX) to mediate glioblastoma targeting. Tumor-
homing and penetrating peptide iRGD was co-administrated to further facilitate nanoparticles extrava-
sation from the tumor vessels and penetration into the glioma parenchyma. MT1-NP-PTX showed
satisfactory encapsulated efficiency, loading capacity and size distribution. In C6 glioma cells, MT1-NP
was found to exhibit significantly enhanced cellular accumulation than that of unmodified NP via both
energy-dependent macropinocytosis and lipid raft-mediated endocytosis. The anti-proliferative and
apoptosis-induction activity of PTX was significantly enhanced following its encapsulation in MT1-NP.
In vivo imaging and glioma distribution together confirmed that MT1-AF7p functionalization and iRGD
co-administration significantly improved the nanoparticles extravasation across BTB and accumulation in
glioma parenchyma. Furthermore, in vitro C6 glioma spheroid assays evidenced that MT1-NP effectively
penetrated into the glioma spheroids and significantly improved the growth inhibitory effects of loaded
PTX on glioma spheroids. More importantly, the median survival time of those nude mice bearing
intracranial C6 glioma received MT1-NP-PTX and iRGD combination regimen was 60 days, significantly
longer than that of other groups. The findings suggested that the BTB/glioma cells dual-targeting DDS co-
administrated with iRGD peptide might provide a both practical and feasible solution to highly efficient
anti-glioblastoma drug delivery.

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

Glioblastomamultiforme (GBM) is the most commonmalignant
primary brain tumor in adults and among the most lethal of all
cancers. Despite surgical and medical advancements, the prognosis
for patients with glioblastoma still remains dismal, with a median
survival of only 14.6 months [1]. Glioma cells have a remarkable
capacity to disperse widely throughout the brain, making complete
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surgical resection impossible, and are responsible for tumor
recurrence and ultimate patient demise [2]. Chemotherapy is
indispensable for glioblastoma treatment after surgery [3], but only
achieves very limit benefits due to the insufficient drug accumu-
lation in the glioma and the serious side effects induced by
nonspecific biodistribution [4,5]. Although in most cases of glio-
blastomas, the bloodebrain barrier (BBB) is compromised by
angiogenesis and tumor growth, the thereafter formed bloode
brain tumor barrier (BTB) which resides between the brain tumor
cells and microvessels, still poses a major hurdle to the delivery of
anticancer drug into the glioma sites [6e8]. Moreover, the multiple
layers of tumor cells also pose a major obstacle that prevents
anticancer drugs from reaching cells that reside away from the
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blood vessel, leading to drug resistance and failure in chemo-
therapy [9e11]. Accordingly, development of an effective drug de-
livery system (DDS) possessing the ability to obtain extensive
extravasation and specific accumulation at the glioblastoma foci
but not the peripheral tissues and healthy brain tissue is of ever-
increasing importance for anti-glioblastoma drug delivery.

Nanoparticulate carriers, especially biodegradable polymeric
nanoparticles are playing an increasingly important role in devel-
oping more effective brain tumor treatments [12]. Active targeting
DDS, generally mediated by the presence of specific molecules on
the outer surfaces of the nanoparticles, have been widely exploited
to elevate drug delivery to glioblastoma [13,14]. Since BTB consti-
tutes the main barrier in glioblastoma, BTB/glioma cells dual-
targeting drug delivery is desirable for anti-glioblastoma therapy
[15,16]. Membrane type-1 matrix metalloproteinase (MT1-MMP),
also referred to as MMP-14, was of central importance in glioma
invasion and angiogenesis [17e19]. It is predominantly expressed
in angiogenic blood vessels and glioma cells [20,21], and increased
with the elevation of glioma grade. It can activate MMP-2, up-
regulate vascular endothelial growth factor (VEGF), and also pos-
sesses proteolytic activity towards extracellular matrix (ECM)
molecules, independent of MMP-2 [19,22]. These backgrounds
made MT1-MMP an ideal target for anti-glioblastoma drug delivery
[23]. MT1-AF7p peptide (HWKHLHNTKTFL), identified via phage
display, possesses high specificity to MT1-MMP [24]. More impor-
tantly, MT1-AF7p exhibits a fairly high affinity to MT1-MMP
(apparent Kd ¼ 47.41 nM), suggesting MT1-AF7p as an attractive
ligand for MT1-MMP targeting. Here we speculated that MT1-AF7p
might serve as a dual-targeting ligand to be conjugated to nano-
particles for mediating their BTB penetration and glioma cells-
targeting.

Despite active targeting, nanoparticulate DDS that can extrava-
sate from tumor vessels and accumulate in the glioma sites is still
highly restricted by high interstitial fluid pressure and binding-site
barrier [25]. Interstitial fluid pressure, which is much higher in
tumor than that in normal tissue, forms a barrier to transcapillary
transport [26]. Binding-site barrier, which was induced by the
strong interaction between active targeting nanoparticles and their
targets, also greatly inhibited the extravascular transport of the
nanoparticles and blocked the penetration of nanoparticles into the
tumor interstitium [27]. Recent findings witnessed the tumor-
specific vascular extravasation and tissue penetration activity of
iRGD that contains an RGD motif with a protease site and a cryptic
Cend Rule (CendR) motif (R/KXXR/K). The RGD motif of iRGD firstly
binds to av integrins that specific expressed in tumor vascular
endothelium, and then is subjected to a proteolytic cleavage,
exposing the CendR motif (RGDK/R) that binds to neuropilin-1
(NRP-1) and triggers extravasation and tissue penetration [28].
Co-administration of iRGD was more effective in delivering thera-
peutic agents into tumor parenchyma than conjugation [29]. This
denied additional demands on chemical conjugation and greatly
simplifies the path to clinical application, thereby providing a ver-
satile way to enhance the anti-glioma delivery of currently inves-
tigated DDS. Considering that av integrins and NRP-1 are both over-
expressed on tumor vessels and glioma cells [30,31], we proposed
that iRGD may provide a promising solution to overcome high
interstitial fluid pressure and binding-site barrier and help in
improving specific extravasation and penetration of active target-
ing nanoparticles into the glioblastoma.

In the present study, encapsulating paclitaxel (PTX) as the
model drug, an active targeting DDS was constructed by conju-
gating MT1-AF7p to poly (ethyleneglycol)-poly (lactic acid) nano-
particles, and iRGD was co-administrated to enhance glioblastoma-
specific drug accumulation and penetration. In vitro C6 glioma cell
model and in vivo the orthotropic C6 glioma-bearing nude mice
model were used to evaluate the glioblastoma targeting effect
of MT1-NP and the extravasation and penetration improvement
of iRGD.

2. Materials and methods

2.1. Materials

Methoxy poly (ethylene glycol) 3000-poly (lactic acid) 34,000 (MePEG-PLA) and
maleimide-poly (ethylene glycol) 3400-poly (lactic acid) 34,000 (Male-PEG-PLA) were
kindly provided by East China University of Science and Technology. MT1-AF7p
(HWKHLHNTKTFLC) and iRGD (CRGDKGPDC) were synthesized by ChinaPeptides
Co., Ltd (Shanghai, China). Paclitaxel was purchased from Xi’an Sanjiang Bio-
Engineering Co. Ltd. (Xi’an, China) and Taxol� from Bristol-Myers Squibb Com-
pany. Annexin V-FITC Apoptosis Detection kit was purchased from Beyotime�

Biotechnology Co. Ltd (Nantong, China), cell counting kit-8 (CCK-8) was provided by
Dojindo (Kumamoto, Japan) and BCA protein assay kit by Pierce (Rockford, IL, USA).
Alexa Fluor� 647 anti-mouse CD31 Antibody was obtained from Biolegend
(San Diego, CA, USA). Hoechst 33258 and Coumarin-6 were obtained from Sigmae
Aldrich (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). Dulbecco’s
modified Eagle’s medium (high glucose) (DMEM), fetal bovine serum (FBS),
Trypsine-EDTA (0.25%), penicillin-streptomycin and agarose were purchased from
Gibco (Invitrogen, USA). All the other solvents were of analytical or chromatographic
grade.

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 NP and MT1-NP

PEG-PLA nanoparticles (NP) were prepared via the emulsion/solvent evapora-
tion technique as described elsewhere [32]. Briefly, 22.5 mg of MePEG-PLA and
2.5 mg of Maleimide-PEG-PLA were dissolved in 1 ml of dichloromethane, added
into 2ml of 1% sodium cholate and applied to ultrasonication for 30 s at 280Won ice
using probe sonicator (Ningbo Scientz Biotechnology Co. Ltd., China). Then the
emulsion was diluted into 10 ml of 0.5% sodium cholate aqueous solution under
magnetic stirring for 5 min before evaporating dichloromethane with a rotary
evaporator (Shanghai Institute of Organic Chemistry, China). 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).
Nanoparticles modified with MT1-AF7p (MT1-NP) were prepared via a maleimide-
thiol coupling reaction at room temperature for 8 h. 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.

PTX-, coumarin-6- and DiR-loaded nanoparticles were prepared with the same
procedure except 0.5 mg PTX, 25 mg coumarin-6 or 0.25 mg DiR were dissolved in
the dichloromethane solution.

2.3. Characterization of nanoparticles

2.3.1Particle size distribution, zeta potential and morphology
Particle size and zeta potential of the nanoparticles were determined with a

dynamic light scattering detector (Zetasizer, Nano-ZS, Malvern, UK). The morpho-
logical examination of nanoparticles was performed by transmission electron mi-
croscope (TEM) (H-600, Hitachi, Japan) following negative staining with 2% sodium
phosphotungstate solution.

2.3.2Encapsulation efficiency (EE) and loading capacity (LC)
The encapsulation efficiency (EE) and loading capacity (LC) of PTX-loaded PEG-

PLA nanoparticles (NP-PTX) and PTX-loaded PEG-PLA nanoparticles modified with
MT1-AF7p (MT1-NP-PTX) were investigated as previously described [33].

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
nanoparticles weight

� 100%

2.3.3In vitro PTX release
The in vitro release behaviors of PTX from the nanoparticles were investigated by

dialysis method [34]. PTX-loaded nanoparticles were purified via a 1.5 � 20 cm
sepharose CL-4B column to remove unentrapped PTX. A volume of 1 ml PTX
formulation (containing 80 mg PTX) was pipetted into a dialysis bag
(MWCO ¼ 8000 Da) and dialyzed against 40 ml of PBS (pH 7.4) with 0.5% Tween-80
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at 37 �C with shaking at 120 rpm/min. At predetermined time points, 200 ml of
sample was withdrawn and the concentration of PTX was analyzed by HPLC as
described previously [33].

2.3.4. MT1-AF7p density on nanoparticle surface
MT1-AF7p level on the nanoparticle surface was determined via a BCA

Protein Assay using unmodified nanoparticles at the same concentration as the
blank [35]. NP and MT1-NP resuspended in PBS (pH 7.4) were added into a 96-well
plate (20 ml/well) and incubated with 160 ml of BCA Protein Assay Reagent at 37 �C
for 1 h, respectively. After that, the absorptionwas measured via a microplate reader
(Thermo Multiskan MK3, USA) at 562 nm.

MT1-AF7p conjugation efficiency (CE%) was calculated to determine the per-
centage of MT1-AF7p peptide conjugated to the nanoparticles surface with the
formula as follows:

CEð%Þ ¼ Amount of MT1� AF7p on the surface of nanoparticle
Total amount of MT1� AF7p added

� 100%

MT1-AF7p peptide surface density (S) was calculated by dividing the number of
MT1-AF7pmolecules by the calculated average number (n) of nanoparticles with the
formula: n ¼ 6 * m/(p* D3 *r), in which m is the nanoparticle weight, D is the
number-based mean nanoparticle diameter, and r is the nanoparticle weight per
volume unit (density), estimated to be 1.1 g/cm3 [36].

2.4. Cellular association of coumarin-6-labeled nanoparticles in C6 cells

2.4.1Cell culture
C6 glioma cells were cultured in DMEM supplemented with 10% FBS, penicillin

(100 U/ml) and streptomycin (100 mg/ml) under standardized conditions (95%
relative humidity, 5% CO2, 37 �C).

2.4.2Fluorescent microscopy analysis of nanoparticles association in C6 cells
Qualitative analysis of cellular association of NP and MT1-NP was performed via

fluorescent microscopy, using coumarin-6 as the fluorescent probe. C6 cells were
seeded into 24-well plates at the density of 4 � 104 cells per well, and allowed to
grow for 24 h. Then the cells were incubated with the nanoparticles in serum-free
DMEM for 1 h at the concentrations ranging from 50 to 400 mg/ml at 37 �C. At the
end of the experiment, the cells were washed three times with PBS, fixed with 4%
formaldehyde for 15 min and then subjected to fluorescent microscopy analysis
(Leica DMI4000 B, Germany).

2.4.3Quantitative analysis of nanoparticles association in C6 cells
Quantitative analysis of cellular association of coumarin-6-loaded NP and MT1-

NP was evaluated with a High Content Cell Analysis System (HCS). Briefly, C6 cells
were seeded in 96-well plates at the density of 5000 cells/well. After 24 h incubation,
the cells were incubated with the nanoparticles in DMEM for 1 h at the concentra-
tions ranging from 50 to 400 mg/ml, at 4 �C and 37 �C, respectively. In order to study
the effects of incubation time on nanoparticle association, C6 cells were incubated
with 200 mg/ml nanoparticles for 30min,1, 2 and 4h at 37 �C, respectively. Thereafter,
the cells were washed with PBS and fixed with 4% formaldehyde solution for 15 min
and stained with 2 mg/ml Hochest 33258 at room temperature for 10 min away from
light. After that, the cells was washed for three times and detected under a Kinet-
icScan� HCS Reader (version 3.1, Cellomics Inc., Pittsburgh, PA, USA).

2.5. Mechanism of cellular internalization of MT1-NP

In order to elucidate the mechanism of cellular internalization of MT1-NP in C6
cells, endocytosis inhibition experiments were performed in the presence of various
endocytosis inhibitors. C6 cells were seeded in a 96-well plate at the density of 5000
cells/well and cultured for 24 h. After checking the confluency and morphology,
chlorpromazine (10 mg/ml), colchicines (4 mg/ml), Cytochalasin D (cyto-D, 10 mg/ml),
BFA (5 mg/ml), filipin (5 mg/ml), NaN3 (10 mM) plus deoxyglucose (50 mM), methyl-
b-cyclodextrin (M-b-CD, 2.5 mM), monensin (200 nM), nocodazole (20 mM) or MT1-
AF7p peptide (200 mg/ml) was added into each well and incubated for 1 h. After
that, the cells were incubated with coumarin-6-labeled MT1-NP (200 mg/ml) for 1 h
at 37 �C. Quantitative analysis of the cellular association of nanoparticles following
the inhibitor treatments was performed as abovementioned and compared with
that of the non-inhibited control.

2.6. Anti-proliferation assay

C6 cells in the logarithmic growth phase were seeded into 96-well plates at the
density of 5000 cells/well and cultured at 37 �C in a humidified atmosphere with 5%
CO2 for 24 h. Thereafter, the medium was removed, and the cells were exposed to
serum-free medium containing PTX formulations, including Taxol�, NP-PTX and
MT1-NP-PTX with various concentrations. After 72 h incubation, cell viability was
evaluated via a Cell Counting Kit-8 (CCK-8) assay according to the manufacturer’s
instruction. The IC50 values were calculated by nonlinear regression analysis using
GraphPad Prism� 5.0 software.
2.7. Cell apoptosis assay

C6 cells were seeded in 6-well plates at the density of 5 � 105 cells per well,
cultured for 24 h, and then incubated for 24 hwith Taxol�, NP-PTX andMT1-NP-PTX,
respectively, at the PTX concentration of 100 ng/ml using drug-free culture medium
as the negative control. After that, the cells were fixedwith 4% paraformaldehyde for
15 min, stained with 10 mg/ml Hoechst 33528 at room temperature for 15 min, and
washed twice with ice-cold PBS. Finally, the nuclear morphology was checked using
a fluorescent microscope (Leica DMI4000 B, Germany).

For quantitative analysis, the cells treatedwith the PTX formulations (100 ng/ml)
were stained with an Annexin V-FITC Apoptosis Detection kit according to
the manufacture’s instructions and analyzed under a flow cytometer (FACSCalibur,
BD, USA).

2.8. Penetration in tumor spheroid

Three-dimensional (3 D) multicellular tumor spheroids of C6 cells were estab-
lished to mimick the solid tumors in vivo using a lipid overlay system as reported
previously [37]. Firstly, the cells were seeded in 48-well plateswhichwas pre-coated
with 150 ml of a 2% low-melting-temperature agarose at a density of 2 � 103 cells/
well. Subsequently, the culture plates were allowed to agitate gently for 5 min and
cultured at 37 �C for 7 days. After that, those spheroids with temperate size and tight
cell interaction were treated with 400 mg/ml coumarin-6-loaded NP or MT1-NP for
4 h, rinsed three times with ice-cold PBS and fixed in 4% paraformaldehyde for
30 min before subjection to laser scanning confocal microscopy analysis (LSM510,
Leica, Germany).

2.9. Inhibition of tumor spheroid growth

C6 glioma spheroids were prepared as described above. Seven days after seed-
ing, the spheroids were incubated with 200 ml of serum-free DMEM containing
Taxol�, NP-PTX and MT1-NP-PTX, respectively at the PTX concentration of 0.5 mg/ml
with those treated with drug-free DMEM as the blank controls. Growth inhibition
following drug treatment was evaluated by measuring the size of the C6 glioma
spheroids using an inverted phase microscope fitted with an ocular micrometer on
days 0, 1, 3, 5 and 7. Spheroid volume was calculated as previously mentioned by
using the following formula: V ¼ (p � dmax � dmin)/6 where dmax is the maximum
and dmin the minimum diameter of the spheroid. The change in tumor spheroid
volume was reflected by the formula: ratio% ¼ (Vdayi/Vday0) � 100, where Vdayi is the
volume of the tumor spheroid on the ith day (day 1, 3, 5, 7) after drug application,
and Vday0 is the volume of tumor spheroid prior to treatment [38].

2.10. In vivo imaging

Nude mice bearing orthotropic C6 glioma was prepared as reported previously
[33]. Briefly, 5.0 � 105 C6 cells suspended in 5 ml PBS were implanted into the right
striatum (1.8 mm lateral to the bregma at 3 mm depth) of male BALB/c nude mice
using a stereotactic fixation device with a mouse adapter. Fourteen days after im-
plantation, themicewere divided into four groups. DiR-loaded NP andMT1-NPwere
intravenous injected into mice at the dose of 1 mg/kg DiR, and the co-adminstration
peptide iRGD was given at the dose of 4 mmol/kg 5 min after the NPs injection. The
fluorescent distribution was captured under a CRi in vivo imaging system (CRi, MA,
USA) at 2, 6, 12 and 24 h following administration. After that, the mice were sacri-
ficed with tumor-bearing brains and other major organs, including hearts, livers,
spleens, lungs and kidneys collected and imaged.

2.11. In vivo glioma distribution

Mice bearing intracranial C6 glioma were established as described above and
housed at standard condition for 2 weeks. After that, the micewere divided into four
groups and injected intravenously with coumarin-6-loaded NP, coumarin-6-loaded
NP þ iRGD, coumarin-6-loaded MT1-NP, coumarin-6-loaded MT1-NP þ iRGD,
respectively, at the dose of iRGD 4 mmol/kg and an equal dose of coumarin-6. Three
hours later, the mice were anesthetized and heart perfused with saline and 4%
paraformaldehyde with the brains harvested. The brains were the fixed in 4%
paraformaldehyde, dehydrated in 15% sucrose and 30% sucrose sequentially before
OCT (Sakura, Torrance, CA, USA) embedding and frozen section (10 mm thickness).
For immunostaining, the slides were 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 subjected to
DAPI for nuclear counterstain and visualized under a Zeiss LSM 510 confocal
microscope.

2.12. Anti-glioma activity

To evaluate the anti-glioma activity, BALB/c nude mice (20 � 2 g) bearing
intracranial C6 glioma were established as described above and randomly divided
into six groups. At 7, 10, 13, 16, 19 and 22 days after implantation, the mice received
an intravenous injection of physiological saline, Taxol�, NP-PTX, NP-PTX with



Table 1
Physical characterization of NP-PTX and MT1-NP-PTX (Data represent mean � SD,
n ¼ 3).

Nanoparticles Mean size
(mean � SD, nm)

Polydispersity
index (P.I.)

Zeta potential
(mV)

NP-PTX 115.67 � 9.83 0.15 � 0.02 �36.67 � 2.72
MT1-NP-PTX 131.33 � 4.94 0.20 � 0.03 �31.43 � 3.78
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co-administration of iRGD peptide, MT1-NP-PTX, MT1-NP-PTX with co-
administration of iRGD peptide, respectively, at the dose of PTX 5 mg/kg and iRGD
4 mmol/kg. The survival of the animals was recorded, presented by KaplaneMeier
plots and analyzed with log-rank test.

2.13. 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. A value of p < 0.05 was considered significant.

3. Results

3.1. Characterization of NP and MT1-NP

Representative TEM photographs illustrated that NP-PTX and
MT1-NP-PTX were both generally spherical (Fig. 1A, B). Dynamic
light scattering analysis showed that NP-PTX exhibited an average
diameter of about 115.67 � 9.83 nm, which was slightly increased
to around 131.33� 4.94 nm afterMT1-AF7p conjugation, with quite
narrow size distribution (Table 1). The zeta potential of NP-PTX
(�36.67 � 2.72 mV) was slightly lower than that of MT1-NP-PTX
(�31.43 � 3.78 mV).

The MT1-AF7p peptide conjugation efficiency was 27.2 � 3.1%
and the MT1-AF7p peptide density on the nanoparticle surface was
317 � 23 under our experiment conditions (weight ratio of Male-
PEG-PLA to MPEG-PLA 1:9, molar ratio of mal-PEG-PLA to MT1-
AF7p peptide 1:2 and incubation time for conjugation reaction 8 h).

The EE of the optimized NP-PTX and MT1-NP-PTX was
42.60 � 3.63% and 41.03 � 3.03%, respectively, with the LC
1.31 � 0.14% and 1.21 � 0.05%, respectively.
Fig. 1. Transmission electron micrograph of NP-PTX (A) and MT1-NP-PTX (B). PTX release
37 �C (C). The bar is 200 nm.
In vitro release experiment showed that NP-PTX and MT1-NP-
PTX displayed a similar sustained-release profile in which the total
PTX release from nanoparticles were about 52% in the first 24 h and
80% in 96 h. In contrast, in the case of Taxol�, complete release was
obtained in 12 h.

3.2. Cellular association in C6 glioma cells

Fluorescent microscopy analysis showed that after 1 h exposure
to coumarin-6-loaded MT1-NP and NP, the cellular associated
fluorescent signal in C6 cells correlated with the increase of
nanoparticle concentration (Fig. 2A). A higher accumulation of
MT1-NP in the cells was observed compared with that of NP.

Quantitative analysis confirmed the concentration-dependent
cellular association of NP and MT1-NP in C6 cells (Fig. 2B). Be-
sides, the association of both coumarin-6-loaded NP and MT1-NP
under 37 �C was much greater than that under 4 �C, suggesting
that the internalization of both nanoparticles was temperature-
dependent. Furthermore, the association of NP and MT1-NP by C6
cells was dependent on the incubation time within 4 h (Fig. 2C).
profiles from Taxol�, NP-PTX and MT1-NP-PTX in PBS (pH 7.4) with 0.5% Tween-80 at



Fig. 2. (A) In vitro cellular association coumarin-6-labeled NP and MT1-NP after 1 h incubation at 37 �C at the concentrations of 50 mg/ml, 100 mg/ml, 200 mg/ml, 400 mg/ml,
respectively. Original magnification: 20�. (B) Quantitative cellular association of NP and MT1-NP in C6 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 MT1-NP in C6 cells after incubation for 0.5 he4 h at the NPs con-
centration 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.

G. Gu et al. / Biomaterials 34 (2013) 5138e51485142
3.3. Mechanism of cellular internalization of MT1-NP

Endocytosis inhibition experiment showed that the cellular as-
sociation of MT1-NP was significantly inhibited by actin-disrupting
agent e cyto-D and Golgi apparatus destroyer e BFA (p < 0.001,
p < 0.01, respectively) (Fig. 3). Besides, energy-depletion agent e
NaN3 and lipid raft inhibitor e M-b-CD significantly reduced the
cellular internalization of MT1-NP (p < 0.001, p < 0.05,
Fig. 3. Effects of inhibitors on the cellular internalization of coumarin-6-labeled MT1-
NP in C6 glioma cells. Fluorescence intensity of coumarin-6 in the non-inhibited cells,
representing the maximum internalized amount of coumarin-6-labeled MT1-NP, was
taken as control. *p < 0.05, **p < 0.01, ***p < 0.001 compared with control (n ¼ 3).
respectively). Furthermore, pre-added MT1-AF7p peptide also
significantly inhibited the cellular association of MT1-NP (p< 0.01).

3.4. Anti-proliferation assay

The anti-proliferation activity of Taxol�, NP-PTX and MT1-NP-
PTX on C6 glioma cells was evaluated via a CCK-8 assay (Fig. 4). The
IC50 were 87.11 nM for Taxol�, 76.34 nM for NP-PTX and 31.03 nM for
MT1-NP-PTX, respectively. The IC50 value of MT1-NP-PTX was 2.81
and 2.47 folds lower than that of Taxol� and NP-PTX, respectively.

3.5. Cell apoptosis assay

The nuclei of untreated C6 cells were spherical and integrated
(Fig. 5A), but became severely fragmented after treated with the
PTX formulations for 24 h (Fig. 5C, E, G). Compared with Taxol� and
NP-PTX, MT1-NP-PTX induced more severe fragmentation of the
cell nuclei.

For quantitative analysis, Annexin V-FITC Apoptosis Detection
kit was used to stain the cells and the percentage of cell apoptosis
was determined via a flow cytometer (Fig. 5B, D, F, H). The per-
centage of early and late apoptosis of those cells treatedwith Taxol�

was 7.31 � 1.18% and 4.94 � 0.82%, respectively, while those with
NP-PTX was 10.74 � 2.22% and 8.48 � 0.88%, respectively. In
contrast, the percentage of early and late apoptosis of the cells
treated with MT1-NP-PTX was 15.51 � 1.13% and 12.08 � 1.49%,
respectively, the highest among the three treatments.

3.6. Penetration in tumor spheroid

In vitro avascular C6 glioma spheroid was used for evaluating the
tumor penetration activity of MT1-NP. As showed by confocal



Fig. 4. In vitro cytotoxicity of Taxol�, NP-PTX and MT1-NP-PTX on C6 glioma cells. The
C6 cells were plated at 5000 cells per well in the 96-well plate and cultured in growth
medium for 24 h prior to exposure to Taxol�, NP-PTX and MT1-NP-PTX for 72 h at
37 �C.

Fig. 5. Induction of apoptosis on C6 glioma cells by Taxol� (C, D), NP-PTX (E, F)
and MT1-NP-PTX (G, H) after incubation for 24 h at equivalent PTX concentration
(100 ng/ml). Normal C6 glioma cells without any treatment served as the control (A, B).
Fluorescence micrographs of C6 glioma cell nuclei labeled by Hoechst 33258 (A, C, E
and G). Flow cytometry used staining of Annexin V-FITC and PI (B, D, F and H). Original
magnification: �20.

G. Gu et al. / Biomaterials 34 (2013) 5138e5148 5143
microscopy analysis (Fig. 6B, C), surface conjugation with MT1-
AF7p peptide led to a higher association of nanoparticles with the
C6 glioma spheroid. What’s more, compared with NP, MT1-NP
penetrated deeper into the tumor spheroids.

3.7. Inhibition of tumor spheroid growth

Inhibition of tumor spheroid growth was evaluated following
the treatment with Taxol�, NP-PTX and MT1-NP-PTX, respectively.
C6 glioma spheroids treated with serum-free DMEM grew fast and
became more compact, whereas those treated with Taxol�, NP-PTX
and MT1-NP-PTX stopped to grow and even became smaller
(Fig. 7A). After the treatment with MT1-NP-PTX, the tumor spher-
oids were distorted and shrunken, and almost lost their three-
dimensional structure. After treated for 7 days, the C6 glioma
spheroid volume ratios were 288.7 � 24.5% for serum-free DMEM,
108.3� 6.5% for Taxol�, 76.7� 10.9% for NP-PTX and 31.0� 5.6% for
MT1-NP-PTX, respectively (Fig. 7B).

3.8. In vivo imaging

The fluorescence signal of MT1-NP detected in the tumor-
bearing brain was much stronger than that of NP, and slightly
higher than that of NP co-administrated with iRGD (Fig. 8A, B, C).
Co-administration with iRGD apparently increased the accumula-
tion of DiR in the glioma-bearing brain of nude mice treated NP or
MT1-NP, respectively (Fig. 8B, D). MT1-NP co-administrated with
iRGD demonstrated the highest fluorescence intensity at the tumor
site at all the time points post-injection (Fig. 8D). Semi-quantitative
analysis of region of interest (ROI) revealed that the intensity of
MT1-NP co-administrated with iRGD in the glioma was 4.86, 2.01,
1.90-fold over that of NP, NP co-administrated with iRGD and MT1-
NP, respectively (Fig. 8E).

3.9. In vivo glioma distribution

When injected alone, NP was found mainly entrapped in the
tumor blood vessles (Fig. 9). Whereas, after co-administrated with
iRGD, an appropriate amount of NP was observed to extravasate
and accumulate in the glioma. MT1-NP displayed a glioma distri-
bution profile comparable to that of NP co-administrated with
iRGD. MT1-NP co-administrated with iRGD showed a significantly
wider and higher distribution than the other three formulations 3 h
after i.v. administration (Fig. 9).
3.10. Anti-glioma activity

The anti-glioma effect was evaluated in nude mice bearing
intracranial C6 glioma. As shown in Fig. 10, the median survival of
mice treated with MT1-NP-PTX þ iRGD (60 days) was significantly
longer than those ofmice treatedwith physiological saline (21 days,
p< 0.001), Taxol� (24 days, p< 0.001), NP-PTX (32 days, p< 0.001),
NP-PTX þ iRGD (40 days, p < 0.01) and MT1-NP-PTX (48 days,
p < 0.05) (Table 2). Additionally, MT1-NP-PTX significantly pro-
longed animal survival when compared with NP-PTX with co-
administration of iRGD peptide (p < 0.05).



Fig. 6. The C6 tumor spheroid at day 7 after cells seeded, images were acquired at 10�. Confocal microscope images of C6 tumor spheroids incubated with (B) coumarin-6-labeled
NP and (C) coumarin-6-labeled MT1-NP for 4 h. The bar is 200 mm.

Fig. 7. (A) Inhibition of tumor spheroid growth was evaluated following the treatment with Taxol�, NP-PTX and MT1-NP-PTX, respectively, at the PTX concentration of 0.5 mg/ml
with those treated with drug-free DMEM as the blank control. The images were taken on day 1, 3, 5, 7 under invert microscope fitted with an ocular micrometer. (B) Change of
glioma spheroids volume (%) after the treatment of various PTX formulations (Taxol�, NP-PTX and MT1-NP-PTX) and drug-free DMEM (Control) (n ¼ 3). *p < 0.05, **p < 0.01,
***p < 0.001 statistically significant difference with respect to MT1-NP-PTX. All error bars reflect SD.

G. Gu et al. / Biomaterials 34 (2013) 5138e51485144



Fig. 8. In vivo fluorescence imaging of intracranial C6 glioma-bearing nude mice and the dissected organs after intravenous injection with DiR-labeled NP (A), NP in combination
with iRGD (B), MT1-NP (C) and MT1-NP in combination with iRGD (D). Semi-quantitative analysis of the fluorescent intensity of the formulations in different organs and glioma (E).
The data presented mean � SD (n ¼ 3), *p < 0.05; **p < 0.01; ***p < 0.001.
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4. Discussion

Glioblastoma represents the second cause of cancer death in
adults less than 35 years of age [39]. More than 70% of patients with
glioblastoma succumb to the disease in two years, and less than 10%
survive 5 years post diagnosis [40]. Improvements in chemotherapy
against glioblastomas have not been translated into a meaningful
improvement in patient outcome due to the therapeutics’ low
permeability across the BTB and poor penetration into the glioma
parenchyma. The growing awareness of this fact underscores the
importance of pursuing more rational drug delivery strategies.

In this contribution, we proposed MT1-AF7p-conjugated PEG-
PLA nanoparticles (MT1-NP) as a dual-targeting DDS for glioblas-
toma treatment as the target of MT1-AF7p peptide e MT1-MMP
over-expressed on both BTB and glioma cells. PLA was chosen as
the drug carrier as it possesses the advantages over other polymers
including physical stability, sustained drug release and FDA
approved safety for human use [41]. In order to further increase
extravasation and penetration of the nanoparticles into the glioma
parenchyma, MT1-NP was co-administrated with iRGD peptide,
which mediated tumor homing via binding to av integrins that
specific expressed in tumor endothelium and followed by a pro-
teolytic cleavage, exposing the CendR motif that binded to NRP-1
and triggered tissue penetration [29]. Although other CendR pep-
tides such as tLyp-1 could also be co-administrated for improving
extravasation of nanoparticles, tumor targeting efficiency can not
be guaranteed as the CendR receptors � neuropilins are ubiqui-
tously expressed in vivo, albeit that the expression in tumor tends
to be higher [42]. The prior recognization by integrins confers on
iRGD tumor-specific activity, making iRGD distinguished from
other CendR peptides.

Particle size is one crucial determinant of nanoparticle accu-
mulation and penetration in tumor. In our study, the average
diameter of NP-PTX was increased from 115.67 � 9.83 nm to
131.33 � 4.94 nm following MT1-AF7p modification. As particles
from 5 to 250 nm, in general, exhibit higher transport efficiency
[43], the nanoparticles obtained here met such requirement. In
terms of drug encapsulation, a slightly lower EE was achieved by
MT1-NP-PTX than NP-PTX, most likely due to the drug release
during the peptide conjugation. Furthermore, in vitro release



Fig. 9. Distribution of the coumarin-6-labeled NP, NP co-administrated with iRGD, MT1-NP, MT1-NP co-administrated with iRGD in the brain of nude mice bearing intracranial C6
glioma 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 greenwas 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.)

Fig. 10. KaplaneMeier survival curves of intracranial C6 glioma-bearing mice treated
with Taxol�, NP-PTX, NP-PTX in combination with iRGD, MT1-NP-PTX, MT1-NP-PTX in
combination with iRGD (PTX dose 5 mg/kg, iRGD dose 4 mmol/kg) and saline,
respectively, at day 7, 10, 13, 16, 19 and 22 post implantation (n ¼ 6).
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results showed that the decoration of MT1-AF7p peptide did not
change the release profile of the nanoparticles.

Cellular association of PEG-PLA nanoparticles in C6 cells was
enhanced following the MT1-AF7p functionalization (Fig. 2A). As
shown by HCS analysis, cellular association of nanoparticles was
time-, temperature- and concentration- dependant (Fig. 2B, C),
suggesting that the cellular internalization of MT1-NPwas an active
endocytosis process.

Understanding the internalization mechanism of nanoparticles
is fundamental to their application as delivery vectors. Several
mechanisms for cellular entry of nanoparticles range from direct
cell penetration to clathrin/caveolin-mediated endocytosis and
macropinocytosis. To clearly identify the pathway utilized by MT1-
NP for their internalization into C6 cells, cellular association of the
nanoparticles were performed in the presence of various endocy-
tosis inhibitors [44,45]. It was found that cellular association of
MT1-NP was significantly inhibited by actin-disrupting agent e

cyto-D, energy-depletion agent e NaN3, lipid raft inhibitor e M-b-
CD, and Golgi apparatus destroyer e BFA (Fig. 3). As M-b-CD is
regularly used to determine whether endocytosis is dependent on
the integrity of lipid rafs [46] while cyto-D is mainly used to eval-
uate the contribution of macropinocytosis to endocytosis [47],
therefore, our results suggested that in C6 cells the cellular inter-
nalization pathways utilized by MT1-NP included both energy-



Table 2
In vivo effects of PTX formulations on intracranial C6 glioma mice model (n ¼ 6).

Groups Mean survival time (days) Median (days) Compare with

Saline Taxol� NP-PTX NP-PTX þ iRGD MT1-NP-PTX

Saline 21.7 � 1.7 21 e e e e e

Taxol� 25.5 � 2.1 24 p > 0.05 e e e e

NP-PTX 32.0 � 2.7 32 ** * e e e

NP-PTX þ iRGD 39.2 � 2.9 40 *** ** * e e

MT1-NP-PTX 46.8 � 3.1 48 *** ** ** * e

MT1-NP-PTX þ iRGD 60.8 � 5.3 60 *** *** *** ** *

*p < 0.05, **p < 0.01, ***p < 0.001 of log-rank analysis.
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dependent macropinocytosis and lipid raft-mediated endocytosis,
with Golgi apparatus involved in the intracellular transport.
Furthermore, the internalization of MT1-NP was inhibited by MT1-
AF7p peptide, suggesting that the improved C6 cellular association
was mainly contributed by MT1-AF7p conjugation.

In vitro cytotoxicity of PTX to C6 glioma cells was effectively
enhanced following its encapsulation in MT1-NP. The results from
the CCK-8 assay (Fig. 4) indicated that MT1-NP-PTX evidently
decreased the IC50 value. Flow cytometry analysis of cell apoptosis
(Fig. 5H) also demonstrated that MT1-NP-PTX increased the in-
duction of both early and late apoptosis in C6 glioma cells. The
improved anti-tumor activity of MT1-PTX-NP was believed to be
attributed to the MT1-AF7p peptide, which facilitated the inter-
nalization of the formulation into the C6 glioma cells.

To evaluate the glioma-targeting efficiency ofMT1-AF7p peptide
co-administrated with iRGD, in vivo imaging experiment was per-
formed in nude mice bearing intracranial C6 glioma using DiR, a
near-infrared fluorescent dye, as an indicator [33]. Accumulation of
MT1-NP in the intracranial tumor sitewas much higher than that of
NP (Fig. 8A, C, E), suggesting that a good glioma-targeting effect
could be achieved by MT1-NP. Co-administration with iRGD resul-
ted in a much higher accumulation of nanoparticles at the tumor
site, indicating that iRGD could effectively and specifically improve
the delivery of nanoparticles to the tumor foci (Fig. 8B, D, E).

To evaluate the extravasation and penetration efficiency of the
developed drug delivery strategy, in vivo glioma distribution was
performed. It was found that NP was mainly entrapped in the tu-
mor blood vessels, supporting the notion that with the develop-
ment of glioblasoma, BBB becomes impaired but BTB remains a
major obstacle to the access of nanoparticles to the tumor site. An
appropriate amount of MT1-NP was found in the glioma paren-
chyma, indicating the BTB/glioma cells dual-targeting DDS might
facilitate extravascular transport of nanoparticles and enhance
penetration of nanoparticles within the tumor via an MT1-MMP-
mediated transcytosis. MT1-NP co-administrated with iRGD
exhibited a significantly wider and higher distribution in tumor
parenchyma than all the other three formulations (Fig. 9), which
was believed to be benefited from the MT1-AF7p-mediated trans-
cytosis and iRGD-facilitated extravasation and tumor penetration.

Extravasation of nanoparticles from blood vessels and accu-
mulation in the tumor site is not the endpoint of the glioma tar-
geted drug delivery, the ultimate step is to penetrate through the
multicellular layers of glioma cells and be internalized by more
tumor cells to achieve higher anti-glioma efficiency [9]. In vitro 3D
tumor spheroids provide an important link betweenmonolayer cell
cultures and animal experiments for evaluating drug delivery effi-
ciency [48,49]. Tumor spheroids generated by liquid overlay tech-
nique not only contain aggregates of cells in close contact but also
an organized extracellular matrix consisting of fibronectin, laminin,
collagen, and GAG, similar with the extracellular matrix of tumors
in vivo [50]. Thereby, C6 glioma spheroid served as an appropriate
model to evaluate the interstitial penetration and diffusion of MT1-
NP. It was found that the glioma penetration ability of MT1-NP was
much higher than that of NP (Fig. 6B, C), indicating that MT1-AF7p
peptide itself could facilitate nanoparticles penetration inside the
glioma spheroids. This efficient transport was also confirmed by the
growth inhibition experiments, in which MT1-NP-PTX exhibited
the most significant inhibition to the growth of glioma spheroids
(Fig. 7A, B).

In the survival study, the MT1-NP-PTX and iRGD combination
regimen resulted in the longest survival of mice (Fig. 10). The likely
reason underlying the observed remarkable prolonged survival is
that MT1-AF7p functionalization and iRGD co-administration
facilitate the accumulation of more nanoparticles in the tumor
site, and the MT1-AF7p functionalization further drive nano-
particles internalization into glioma cells. Although in vivo glioma
distribution showed that MT1-NP displayed a glioma distribution
profile comparable to that of NP with co-administration of iRGD
(Fig. 9), MT1-NP-PTX significantly prolonged animal survival when
compare with NP-PTXwith co-administration of iRGD peptide. This
result was in good consistent with the data of inhibition of tumor
spheroid growth and further confirmed that actively dual-targeted
MT1-NP demonstrated advantage over passive targeting NP in anti-
glioma therapy.

5. Conclusion

Co-administration of MT1-AF7p-conjugated PEG-PLA nano-
prticles with a tumor penetrating peptide iRGD was proposed here
for facilitating efficient anti-glioblastoma drug delivery. After
modification with MT1-AF7p, PEG-PLA nanoparticles displayed a
uniformly spherical shape with particle size of 131.33 � 4.94 nm.
MT1-AF7p-conjugated PEG-PLA nanoparticles displayed higher cell
association in C6 glioma cells, were internalized via energy-
dependent macropinocytosis and lipid raft-mediated endocytosis,
and improved the anti-proliferation and apoptosiseinduction ac-
tivity of the loaded PTX. In vivo imaging and glioma distribution
together confirmed that MT1-AF7p functionalization and iRGD co-
administration significantly increased the extravasation of nano-
particles from the BTB and accumulation in the glioma paren-
chyma. Furthermore, in vitro C6 glioma spheroid assays showed
that MT1-NP effectively penetrated into the glioma spheroids and
significantly improved the inhibitory effects of PTX on the growth
of glioma spheroids. With these outstanding properties, MT1-NP-
PTX co-administrated with iRGD achieved the longest survival in
mice bearing intracranial C6 glioma. These findings indicated that
the BTB/glioma cells dual-targeting DDS co-administrated with
iRGD peptide might provide a feasible solution for efficient anti-
glioblastoma drug delivery.
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