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Therapeutic effect of glioma is often limited due to low permeability of delivery systems across the
Blood-Brain Barrier (BBB) and poor penetration into the tumor tissue. In order to overcome the two
barriers, we proposed Angiopep-conjugated PEG-PCL nanoparticles (ANG-PEG-NP) as a dual targeting
drug delivery system for glioma treatment basing on low density lipoprotein receptor related protein
(LRP) receptor not only over-expressed on BBB but also on glioma cells. This system could transport
across BBB through LRP-mediated transcytosis and then targeted glioma via LRP-mediated endocytosis.
In this study, we evaluated the preliminary availability and safety of ANG-PEG-NP for glioma treatment.
The penetration, distribution, and accumulation into 3D glioma spheroid and in vivo glioma region of
ANG-PEG-NP were obviously higher than that of plain PEG-PCL nanoparticles (PEG-NP). The anti-
glioblastoma efficacy of paclitaxel (PTX) loading ANG-PEG-NP was significantly enhanced as compared
to that of Taxol and PEG-NP. Preliminary safety results showed that no acute toxicity to hematological
system, liver, kidney and brain tissue was observed after intravenous administration with a dose of
100 mg/kg blank ANG-PEG-NP per day for a week. Results indicate that Angiopep-conjugated dual tar-
geting PEG-PCL nanoparticle is a potential brain targeting drug delivery system for glioma treatment.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

At present, glioblastomamultiforme (GBM) is the most frequent
primary central nervous system tumor in human. Although the
advances in other solid tumor therapy have improved the survival
of patients, GBM prognosis is still poor, with a 14-month median
survival time despite interventions [1]. Because GBM is different
from other cancers by its diffuse invasion of the surrounding
normal brain tissue, it is impossible to make the complete removal
of glioma by conventional surgery and the chances of glioma
recurrence from residual tumors are very high [2]. Therefore,
chemotherapy is indispensable for glioma treatment after the
surgery [3]. Unfortunately, the GMB treatment by chemotherapy is
very limited due to the rare blood brain barrier (BBB) penetration
and poor glioma targeting of the chemotherapeutics [4]. Although
compromised endothelial barrier which facilitates molecular
transport under glioma condition exists [5,6], BBB still plays
important role in the infiltrating margin of glioma and should be
considered for glioma treatment and diagnosis [7]. Paclitaxel (PTX)
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is a new class of microtubule stabilizing agents with perfect anti-
glioma activity [8,9]. However, the activity of commercial PTX
preparation against glioblastoma has been disappointing in clinical
study because of drug-resistance and poor penetration across the
BBB [10,11]. Accordingly, it is impending to develop a targeted drug
delivery system with high BBB penetration and glioma targeting
abilities.

To overcome BBB and blood tumor barrier (BTB) [12,13], dual
targeting drug delivery systems based on receptor-mediated
endocytosis were developed to deliver chemotherapeutic agent
across BBB and simultaneously target brain tumor [14]. The
most common dual targeting strategy is based on modification
of nanocarriers with two kinds of ligands, one of which can
target to BBB, the other can target to glioma cancerous cells
[15,16]. It has been reported that low density lipoprotein
receptor related protein (LRP) is not only over-expressed on BBB
but also on glioma cancerous cells. Thus, another dual targeting
strategy was developed to decorate the surface of nanocarriers
with one single ligand [17]. In our previous study, Angiopep-2,
a specific ligand of LRP receptor, was used to modify poly(-
ethylene glycol)-co-poly(ε-caprolactone) (PEG-PCL) copolymer
nanoparticles to develop a dual targeting drug delivery system
(ANG-PEG-NP) for PTX delivery [17]. The glioma dual targeting
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strategy of PTX loading Angiopep-conjugated PEG-PCL nano-
particles (ANG-PEG-NP-PTX) was shown as Fig. 1, which denoted
that Angiopep-2 mediated transcytosis of ANG-PEG-NP-PTX
across BBB through LRP as grade _ targeting, followed by
endocytosis of ANG-PEG-NP-PTX via recognition of LRP on the
surface of glioma cells as grade __ targeting. The in vitro and
in vivo brain targeting mechanism [18] and enhancement of
cytotoxicity to U87 MG glioma cells [17] of ANG-PEG-NP were
also confirmed in our previous studies. However, there are still
several challenges need to be addressed: firstly, since the
solid tumor microenvironment which contains clusters of
tumor cells, nonuniform leaky vasculature and a dense inter-
stitial structure differs from in vitro cancerous cells by its
structural heterogeneity [19], so can ANG-PEG-NP enhance the
penetration, distribution, and accumulation of chemothera-
peutic agent in the solid tumor in vivo? Secondly, what
will be the difference between targeted and non-targeted
nanoparticles in anti-glioblastoma efficacy assessment using
intracranial glioma mice model? Thirdly, considering part of
ANG-PEG-NP will accumulate in the brain parenchyma
and other organ tissues, can this accumulation of dual
targeting nanoparticles induce functional disorder and other
toxicities?

In this study, we used ex vivo 3D glioma tumor spheroids and
intracranial glioma mice model to evaluate the penetration,
distribution, and accumulation of ANG-PEG-NP into brain tumor.
The in vivo anti-glioblastoma efficacy of ANG-PEG-NP was investi-
gated by intracranial gliomamice model as well. The safety of ANG-
PEG-NP following intravenous injection was carried out using
healthy mice.
Fig. 1. Design of PTX loading Angiopep-conjugated polymer nanoparticles as du
2. Materials and methonds

2.1. Materials

Methoxyl poly(ethylene glycol)-co-poly(ε-caprolactone) copolymer (Me-
PEGePCL, 12 KDa) and Maleimidyl-poly(ethylene glycol)-co-poly(ε-caprolactone)
copolymer (Maleimide-PEG-PCL, 14 KDa) were synthesized by the ring opening
polymerization as described before [17]. Rhodamine B isothiocyanate (RBITC), Pro-
pidium Iodide (PI), MTT were purchased from Sigma (St. Louis, MO, USA). Low
melting-point agarose was obtained from Yixin Biotechnology Co., Ltd. (Shanghai,
China). Angiopep (TFFYGGSRGKRNNFKTEEYC) was synthesized by Shanghai Gene-
Pharma Co., Ltd Company (Shanghai, China). Penicillin-streptomycin, DMEM, fetal
bovine serum (FBS) and 0.25% (w/v) trypsin solutionwere purchased fromGibco BRL
(Gaithersberg, MD, USA). BCA kit and TritonX-100 were purchased from Beyotime
Biotechnology Co., Ltd. (Nantong, China). All the other solvents were analytical
grade.

2.2. Cell line

The U87 MG cell line was obtained from Institute of Biochemistry and Cell
Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences
(Shanghai, China). Brain capillary endothelial cells (BCECs) were kindly provided by
Prof. X. G. Jiang (School of Pharmacy, Fudan University). Both cell lines were cultured
in DMEM medium, supplemented with 10% FBS, 1% nonessential amino acids, 100
IU/mL penicillin and 100 mg/mL streptomycin sulfate. Cells were cultured in incu-
bators maintained at 37 �C with 5% CO2 under fully humidified conditions. All
experiments were performed in the logarithmic phase of cell growth.

2.3. Animals

Male BALB/c nude mice and ICR mice, aging 4e5 weeks and weighing 20 � 2 g,
were supplied by Department of Experimental Animals, Fudan University (Shanghai,
China). Mice were acclimated at 25 �C and 55% of humidity under natural light/dark
conditions for 1 week before animal study. All animal experiments were carried out
in accordance with the guidelines approved by the ethics committee of Fudan
University (Shanghai, China).
al targeting drug delivery system for glioma via LRP mediated endocytosis.
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2.4. Preparation and characterization of ANG-PEG-NP

ANG-PEG-NP-PTX and RBITC labeled ANG-PEG-NP were prepared as previously
reported [17,18]. The particle size distribution of the dual targeting nanoparticles
was measured by the light scattering method using a Nicomp Zeta Potential/Particle
Size (model 380XLS, NicompTM, Santa Barbara, CA, USA). The PTX loading coeffi-
cient (DL%) and encapsulation ratio (ER%) were measured by HPLC as previously
described [20].

2.5. Avascular human glioma tumor spheroids

The ex vitro 3D glioma tumor spheroids of U87 MG cells were developed using
liquid overlay system [21,22]. Agarose solution was prepared in serum free DMEM
(2% w/v) by heating it at 80 �C for 30 min. Each well of 96-cell culture plates was
coated with a thin layer (80 mL) of sterilized agarose-based DMEM. Tumor cells were
seeded into each well at the density of 2000 cells/well (in complete medium).
Subsequently, plates were gently agitated for 5 min on the first day of seeding and
tumor spheroids were allowed to grow for 7 days at 37 �C in the presence of 5% CO2.
Cell culture medium was changed every 2 days. The uniform and compact tumor
spheroids were selected for the follow-up studies.

2.6. Diffusion of dual targeting nanoparticles into the glioma spheroids

Tumor spheroids were incubated with RBITC labeled nanoparticles (500 mg/mL)
for 24 h. After incubation, tumor spheroids were washed four times with ice cold
PBS, fixed with formaldehyde (10% w/v in PBS) for 30 min, and placed in cavity
microscope slides. The center of the spheroids microscope images were acquired by
tomoscan using confocal laser scanning microscopy (Leica TCS SP5, Germany).

2.7. Determination of cell viability in the glioma spheroids

Propidium iodide was used as fluorescent probe to distinguish the dead cells in
the glioma spheroids after treatment with PTX formulations. Therefore, the U87 MG
glioma spheroids were incubated with DMEM, Taxol, PEG-NP-PTX and ANG-PEG-
NP-PTX for 7 days, respectively. Subsequently, the glioma spheroids were incu-
bated with propidium iodide (50 mg/mL) for 30 min at 4 �C. After incubation, the
glioma spheroids were washed four times with ice cold PBS and lysed with 0.5%
Triton-X. Fluorescence in the cell lysate was measured by using Safire plate reader
(TECAN M1000, Switzerland). Protein content of tumor spheroids was measured
using micro BCA kit.

2.8. Growth inhibition of the glioma spheroids

The U87 MG glioma spheroids were incubated with DMEM, Taxol, PEG-NP-PTX
and ANG-PEG-NP-PTX, respectively. Samples were added per well to obtain
a concentration of 0.5e1 mg/mL. Growth inhibitionwas monitored by measuring the
size of the U87MG glioma spheroids using an inverted phase microscope fitted with
an ocular micrometer each day. The major (dmax) and minor (dmin) diameter of each
spheroid was determined and spheroid volume was calculated as previously
mentioned [23,24] by using the following formula: V¼ (p� dmax � dmin)/6. The U87
MG glioma spheroids volume ratio was calculated with the formula: R ¼ (Vday i/Vday

0) � 100%, where Vday i is the U87 MG glioma spheroids volume at the ith day after
treatment, and Vday 0 is the U87 MG glioma spheroids volume prior to
administration.

2.9. In vivo glioma distribution

The orthotope glioma tumor bearing mice model was established as reported
[17]. Briefly, U87 MG cells (1.0 � 105 cells suspended in 5 mL PBS) were implanted
into the right striatum (1.8 mm lateral to the bregma and 3 mm of depth) of nude
mice using a stereotactic fixation device with mouse adapter. Ten days after
implantation, the mice were administered with RBITC labeled PEG-NP and ANG-
PEG-NP via the tail vein at a dose of 100 mg/kg, respectively. Animals were anes-
thetized with diethyl ether 2 h post administration. Then, ventricular perfusion was
conducted with saline and 4% paraformaldehyde for 30 min, respectively. Subse-
quently, the brain tissues were harvested, fixed in 4% paraformaldehyde for 24 h,
placed in 15% sucrose PB solution for 24 h until subsidence, then in 30% sucrose for
24 h until subsidence. Afterwards, brain tissues were frozen in O.C.T. embedding
medium at �80 �C. Frozen sections with 20 mm thickness were prepared with
a cryotome Cryostat (Leica, CM 1900, Wetzlar, Germany) and stained with 1 mg/mL
DAPI for 10 min at room temperature. After washing twice with PBS (pH 7.4), the
sections were immediately examined under the fluorescence microscope (Leica DMI
4000B, Germany).

2.10. In vivo anti-glioma efficacy

The in-vivo anti-glioma efficacy of PTX loading dual targeting nanoparticles was
evaluated by orthotope glioma bearing mice model. Three days after glioma inoc-
ulation, the glioma bearing nude mice were randomly divided into four groups (10
mice per group). Three groups of the mice were treated with 100 mL of Taxol, PEG-
NP-PTX and ANG-PEG-NP-PTX at a dose of 10 mg/kg PTX every three days with total
3 doses, respectively. Another group was administrated with physiological saline as
blank control. At day 14, three mice of each group were sacrificed for measuring the
tumor size, and other seven mice were used for monitoring the survival curves [25].
The brain tissue was collected and fixed in formalin, glioma volumewas determined
with a vernier caliper. The tumor volume was estimated using the formula: Vol-
ume¼ length �width � height, and the inhibition ratio of tumor (%) was calculated
with the formula: IRT ¼ [(Vcontrol � Vdrug)/Vcontrol] � 100%, where Vdrug is the glioma
volume after treatment, and Vcontrol is the glioma volume of physiological saline
group. The glioma was fixed with paraformaldehyde for 48 h and embedded in
paraffin. Each section was cut into 5 mm, processed for routine hematoxylin and
eosin (H&E) staining, and then visualized under fluorescent microscope (Leica DMI
4000B, Germany). The survival time was calculated from day 0 since tumor inocu-
lation to the day of death. KaplaneMeier survival curves were plotted for each
group.

2.11. Cytotoxicity assay

The cytotoxicity of the ANG-PEG-NP was evaluated in BCECs and U87 MG.
Following three days of continuous exposure to the ANG-PEG-NP, cell viability was
measured using MTT assay. The absorbance was measured using a microplate reader
(Thermo Multiskan MK3, USA), with a test wavelength of 570 nm and a reference
wavelength of 630 nm. The percentage of viable cells at each concentration relative
to that of non-treated cells was plotted as a function of PTX concentration. Blank
PEG-NP and Angiopep were used as controls, respectively.

2.12. In vivo safety evaluation

Sixteenmale ICRmicewere randomlydivided into twogroups (n¼8). Each group
received an intravenous injection of blank ANG-PEG-NP (100 mg/kg) or saline at one
dose per day for aweek. The bodyweightwasmonitored each day. Blood sample and
brain tissue were collected at 24 h after the last administration for hematologic and
histochemistry analysis. White blood cell (WBC), red blood cell (RBC) and platelet
(PLT) were measured by Advia 120 Automated Hematology Analyzer (Bayer Ltd.,
Germen). The serum aspartate transanimase (AST), alanine transaminase (ALT), total
bilirubin (TBIL), ureanitrogen (BUN) and creatinine levels were assayed using Hitachi
7080 Chemistry Analyzer (Hitachi Ltd., Japan). The brain tissue was fixed with
paraformaldehyde for 48 h and embedded inparaffin. Each sectionwas cut into 5 mm,
processed for routine hematoxylin and eosin (H&E) staining, and then visualized
under fluorescent microscope (Leica DMI 4000B, Germany).

3. Results and discussion

3.1. Preparation and characterization of ANG-PEG-NP

In the process of nanoparticle fabrication, about 10% Me-PEG-
PCL copolymer was replaced by Maleimide-PEG-PCL copolymer
which can specifically react with the thiol group of Angiopep. The
average particle size of ANG-PEG-NP was about 90 nm, which may
accumulate more readily in tumor due to the Enhanced Perme-
ability and Retention (EPR) effect [26,27]. The PTX loading coeffi-
cient and encapsulation ratio of ANG-PEG-NP were about 7% and
86%, respectively. To trace the nanoparticles qualitatively, RBITC
was used as fluorescent probe to label nanoparticles through
conjugation with PEG-PCL copolymer via covalent coupling [18].

3.2. Diffusion of dual targeting nanoparticles into the glioma
spheroids

It was reported that therapeutic drug accessing inside the solid
tumors is limited because of the poor permeation of drug delivery
systems into the hypoxic and necrotic tumor regions distant from
the vascular bed [28,29]. Therefore, the chemotherapeutic efficacy
of drug is compromised, inducing the recurrence of cancer. The
poor permeation of drug delivery system is particularly serious in
malignant glioma which is one of the most refractory tumors [30].
Enhancement of the drug delivery system to penetrate deeper into
the glioma tissues can significantly reduce the further glioma
growth and augment the therapeutic effect of the treatment [24].
The ex vivo 3D tumor spheroids generated by liquid overlay tech-
nique are not only aggregates of cells in close contact but contain an



Fig. 3. Accumulation of PI in U 87 MG tumor spheroids subjected to different treat-
ments. PI stains the DNA of dead cells, and thus, its fluorescence intensity relates to
dead cell population. Data are mean values þ SD. a, Statistically significant difference
with respect to blank DMEM (p < 0.05, one-way ANOVA); b, Statistically significant
difference with respect to Taxol (p < 0.05, one-way ANOVA); c, Statistically significant
difference with respect to PEG-NP-PTX (p < 0.05, one-way ANOVA).
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organized extracellular matrix consisting of fibronectin, laminin,
collagen, and GAG, suggestive of the extracellular matrix of tumors
in vivo [31]. Thereby 3D multicellular model has become the most
commonly used tool to evaluate the effect of drug delivery system
on the penetration into tumor tissues [32,33]. In this study, we
constructed the U87 MG glioma ex vivo 3D tumor spheroids by
liquid overlay technique. After 7 days culture, the glioma spheroids
became compact and homogeneous (Fig. 2A and B). Confocal laser
scanning microscopic imaging of glioma spheroids showed that
PEG-NP was present only in the periphery after 24 h of incubation;
however, the rate and extent of diffusionwere greater in ANG-PEG-
NP group (Fig. 2C and D). It suggested that the permeation ability
into glioma of ANG-PEG-NP was obviously greater than that of
unmodified nanoparticles, which might due to LRP mediated
endocytosis.

3.3. Cell viability in the glioma spheroids

Propidium iodide can stain the DNA of dead cells selectively, and
thus, its fluorescence intensity relates to dead cell population [34].
Thereby we used propidium iodide as a fluorescent probe for
determining the dead cells in the glioma spheroids after treatment
with PTX formulations. As presented in Fig. 3, the fluorescence
intensity of propidium iodide in the glioma spheroids treated with
DMEM, Taxol, PEG-NP-PTX and ANG-PEG-NP-PTX was 3.4 � 105/
(mg protein), 1.2 � 106/(mg protein), 1.4 � 106/(mg protein) and
2.4 � 106/(mg protein), respectively, suggesting that ANG-PEG-NP
can induce a statistically significant increase in cell death of the
glioma spheroids as compared to the Taxol and plain nanoparticles
Fig. 2. The U87 MG tumor spheroids at day 3 (A) and day 7 (B) after cells seeded, images we
with RBITC labeled PEG-NP (C) and ANG-PEG-NP (D) for 24 h. Bar: 20 mm.
(p < 0.05, one-way ANOVA), which maybe due to the active tar-
geting of ANG-PEG-NP via LRP mediated endocytosis.

3.4. Growth inhibition of the glioma spheroids

The influence of various treatments on the growth of glioma
spheroids was also investigated in this study. Fig. 4 represented
re acquired at 10�. Confocal microscope images of U87 MG tumor spheroids incubated



Fig. 4. Inhibition in the growth of U87 MG tumor spheroids on treatment with Taxol or PTX-loading nanoparticles at different concentration of PTX. The diameter of tumor
spheroids was measured using a microscope fitted with an ocular micrometer, and the volume of the spheroids was calculated. Data are mean values � SD. a, Statistically significant
difference with respect to Taxol (p < 0.01), b, Statistically significant difference with respect to PEG-NP-PTX (p < 0.01).
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that the U87 MG glioma spheroid volume ratios after treatment
of Taxol, PEG-NP-PTX and ANG-PEG-NP-PTX at different PTX
concentration, respectively. It was observed that glioma spher-
oids continued to grow in volume in the absence of any drug
(174% of the control after 7 days). The obvious reduction in
volume of U87 MG glioma spheroids was observed for all PTX
preparations after 7 days treatment, indicating that U87 MG
Fig. 5. In vivo glioma distribution of RBITC labeled nanoparticles in the brains of orthotope
(DeF) 120 min after intravenous administration. Image C is the combination of A and B; ima
examined by fluorescent microscopy. Red: RBITC. Blue: cell nuclei. Yellow line: border of the
references to colour in this figure legend, the reader is referred to the web version of this
glioma spheroids were sensitive to PTX. The U87 MG glioma
spheroid volume ratio was 91.3%, 80.4% and 66.4% at 0.5 mg/mL
and 58.1%, 64.9% and 35.2% at 1.0 mg/mL for Taxol, PEG-NP-PTX
and ANG-PEG-NP-PTX, respectively. Results showed that ANG-
PEG-NP significantly improves the inhibitory effects on the 3D
glioma spheroids. Since the tumor spheroid mimics the micro-
environment of in vivo glioma solid tumor, the higher inhibitory
glioma mice treated with RBITC labeled ANG-PEG-NP (AeC) and RBITC labeled PEG-NP
ge F is the combination of D and E; frozen sections (20 mm of thickness) of glioma were
glioma. Yellow arrow: direction of the glioma. Bar: 200 mm. (For interpretation of the

article.)
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effect suggests that ANG-PEG-NP-PTX may improve therapeutic
effect in vivo.

3.5. In vivo glioma distribution

The in vivo glioma distribution and targeting capability of
RBITC labeled ANG-PEG-NP was studied qualitatively by fluo-
rescence microscopic observation of coronal sections of the
orthotope glioma bearing mouse brain. Results showed that
there was only a slight red particles of RBITC labeled PEG-NP
distributed in glioma region due to EPR effect (Fig. 5DeF), but
a significantly higher distribution of the RBITC labeled ANG-PEG-
NP in the glioma was observed (Fig. 5AeC). Because of the equal
contribution of EPR effect for PEG-NP group and ANG-PEG-NP
group, the enhancement of penetration and distribution in
glioma region of ANG-PEG-NP might result from the BBB
Fig. 6. The glioma tumor volume of each treatment group at the time of sacrifice. IRT: inhib
Taxol; c, p< 0.05, compared with PEG-NP-PTX (n ¼ 3) (A); tumor sections (thickness of 20 mm
for histopathological analysis, red arrow: position of the apoptotic nuclei, original magnificat
the reader is referred to the web version of this article.)
penetration improvement via LRP-mediated transcytosis.
Meanwhile, the fluorescence of RBITC labeled ANG-PEG-NP was
almost undetectable in the normal brain tissue, which suggested
Angiopep-2 modification could facilitate enrichment of nano-
particles in glioma selectively. It was found that ANG-PEG-NP
could facilitate the transportation across the BBB and then
enhance the penetration, distribution, and accumulation of
chemotherapeutic agent in the solid glioma.

3.6. In vivo anti-glioma efficacy

The in vivo antitumor efficiency of Taxol, PEG-NP-PTX and ANG-
PEG-NP-PTX was validated in the orthotope U87 MG glioma-
bearing mice. As shown in Fig. 6A, after treated with saline, Taxol,
PEG-NP-PTX and ANG-PEG-NP-PTX, the glioma tumor volume was
55.72 mm3, 44.29 mm3, 35.59 mm3 and 19.35 mm3 at day 14,
ition ratio of tumor (%) a, p < 0.05, compared with saline; b, p < 0.05, compared with
) were examined by fluorescence microscopy after stained with hematoxylin and eosin
ion: �20 or �40 (B). (For interpretation of the references to colour in this figure legend,



Fig. 7. KaplaneMeier survival curves of U87 MG glioma-bearing mice treated with different PTX formulations (each dosing 10 mg/kg PTX) at day 3, 6, 9, 12 post implantation
(n ¼ 7).

Table 1
In vivo effects of PTX formulations on intracranial U87 MG glioma mice model
(n ¼ 7).

Groups Dose
(mg/kg)

MSTa

(days)
Meidan
(days)

Compare
with
salineb

Compare
with
Taxolb

Compare with
PEG-NP-PTXb

Saline e 21.7 � 1.0 22 e e e

Taxol 10 24.1 � 1.4 25 p > 0.05 e e

PEG-NP-
PTX

10 29.7 � 1.9 30 ** * e

ANG-PEG-
NP-PTX

10 35.8 � 2.4 37 ** ** *

a MST: mean survive time.
b **p < 0.01, *p < 0.05 of log-rank analysis.
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respectively. Compared with saline group, the glioma inhibitory
ratios of Taxol, PEG-NP-PTX and ANG-PEG-NP-PTX were 20.5%,
36.1% and 65.6%, respectively. Results showed that ANG-PEG-NP-
PTX exhibited the strongest inhibitory effect to the glioma tumor
volume. As presented in Fig. 6B, it was demonstrated that apoptosis
occurred in glioma slices treated with various PTX formulations. It
was clear that cell nuclei apoptosis of ANG-PEG-NP-PTX group was
more severe as compared to those of Taxol injection and PEG-NP-
PTX, suggesting that ANG-PEG-NP could deliver more PTX into
glioma tissue and enhance the cellular uptake via LRP mediated
endocytosis.

The KaplaneMeier survival curve of intracranial U87 MG
glioma-bearing mice was further investigated to evaluate the
in vivo anti-glioma efficacy of different PTX formulations. As
Fig. 7 and Table 1 presented, the median survival time of ANG-
PEG-NP-PTX treatment was 37 days, which was significantly
longer than that of mice treated with saline (22 days, p < 0.01),
Taxol injection (25 days, p < 0.01) and PEG-NP-PTX (30 days,
p < 0.05).

These in vivo anti-glioma effects verified that ANG-PEG-NP
could improve the chemotherapeutic efficacy of intracranial U87
MG glioma treatment, which was consistent well with the ex vitro
3D glioma spheroids experiment. Those findings offered the robust
evidence for the Angiopep-2 mediated dual targeting therapeutic
benefits of glioma.
3.7. Toxicity evaluation of ANG-PEG-NP

The viability of BCECs and U87 MG cells following 3 days of
continuous exposure to Angiopep, blank PEG-NP or blank ANG-
PEG-NP at different concentration was measured by MTT assay.
As shown in Fig. 8, the Angiopep, blank PEG-NP and blank ANG-
PEG-NP preparations were not toxic at concentrations up to
2 mg/mL. The results suggest that ANG-PEG-NP is not inherently
toxic to brain capillary endothelial cells and glioma cells probably



Fig. 8. Viability of BCEC (A) and U87 MG (B) cells as a function of varying concen-
trations of Angiopep and blank nanoparticles (n ¼ 3).

Table 2
Mice blood cell counts after intravenous treatment with ANG-PEG-NP at concen-
tration of 100 mg/kg for 7 days (n ¼ 4).

Groups WBC (109/L) RBC (1012/L) Platelets (109/L)

Saline 4.70 � 0.90 8.12 � 0.30 1077 � 133
ANG-PEG-NP 3.29 � 1.26 8.10 � 0.16 954 � 176

Values are the means � SD, there was no significant difference of the above
parameters between ANG-PEG-NP group and saline control (p > 0.05). WBC: white
blood cell count; RBC: red blood cell count.
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due to the non-toxicity of the peptide and biocompatibility of the
block polymers.

We further investigated the systemic toxicity of ANG-PEG-NP
in mice. Compared with the saline group, following i.v. injection
Fig. 9. Change in body weight of mice as a function of time. Mice were injected i.v.
with 100 mg/kg blank ANG-PEG-NP or negative control (saline) for 7 days, one dose
per day (n ¼ 8).
of 100 mg/kg blank ANG-PEG-NP one dose per day for 7 days, no
deaths and serious body weight loss were observed in all test
groups during the study period (Fig. 9). There was no significant
difference in any tested hematological parameters and serum
biochemical parameters between the ANG-PEG-NP group and
the saline group 24 h after the last administration (Table 2 and
Table 3). These results indicated that multiple dosing of ANG-
PEG-NP had minimal impact on the function of liver and
kidney. To evaluate the acute toxicity of brain caused by ANG-
PEG-NP, the tissue sections of cortex, hippocampus, striatum
and cerebellum collected 24 h after the last administration were
stained with hematoxylin and eosin (H&E). As presented in
Fig. 10, the architecture showed no any apparent change in
cellular structure and no necrosis, congestion or hydropic
degeneration was observed in the cortex, hippocampus, striatum
and cerebellum sections as compared to the control group.
Results indicated that none visible lesions were observed in the
brain of ANG-PEG-NP treatment.

It is well known that most of the intravenously injected
nanoparticles are taken up and eliminated by mononuclear
phagocyte system (MPS), including liver and kidney tissue [35].
Thus, acute inflammation in liver and kidney caused by ANG-
PEG-NP can be characterized by an increase in biochemical
parameters including AST, ALT, total bilirubin, blood urea
nitrogen and Creatinine, if a non-specific immunoresponse takes
place. In our study, no such inflammatory reactions occurred in
these tissues. In our previous study, ANG-PEG-NP could enhance
penetration into the brain parenchyma through LRP receptor
mediated transcytosis process [17]. Therefore, immunohisto-
chemistry of cortex, hippocampus, striatum and cerebellum
tissue sections were conducted. Results showed that the toxic
effects of ANG-PEG-NP on brain parenchyma were negligible,
which was consistent well with the results of in vitro cytotoxicity
studies. Taken together, our results showed that intravenous
successive administration of 100 mg/kg ANG-PEG-NP one dose
per day for a week did not cause acute toxicity to the hemato-
logical system, liver, kidney and brain parenchyma in mice.
Clearly, further work is needed to elucidate the doseeresponse
relationship to acute toxicity. Moreover, the long-term toxic
effects of the ANG-PEG-NP are required to investigate in the
future study.
Table 3
Mice serum level of biochemical variables after intravenous treatment with ANG-
PEG-NP at concentration of 100 mg/kg for 7 days (n ¼ 4).

Groups BUN
(mmol/L)

Creatinine
(mmol/L)

Total
bilirubin
(mmol/L)

ALT (U/L) AST (U/L)

Saline 8.8 � 1.1 9.3 � 3.8 1.1 � 0.12 50.3 � 14.1 92.8 � 32.2
ANG-PEG-NP 10.0 � 1.4 8.8 � 1.3 1.2 � 0.42 62.5 � 18.1 101.6 � 33.0

Values are the means � SD, there was no significant difference of the above
parameters between ANG-PEG-NP group and saline control (p > 0.05). BUN: blood
urea nitrogen; ALT, serum alanine aminotransferase; AST: aspartate
aminotransferase.



Fig. 10. Histochemistry analysis of cortex (A, B), hippocampus (C, D), striatum (E, F), cerebellum (G, H) section stained with hematoxylin eosin of ICR mice 24 h after i.v.
administration of 100 mg/kg ANG-PEG-NP (A, C, E and G) and saline control (B, D, F and H) for 7 days, one dose per day. Bar: 200 mm.
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4. Conclusion

We proposed ANG-PEG-NP as a dual targeting drug delivery
system for glioma treatment. In this study, we evaluated the
availability and safety of ANG-PEG-NP for glioma treatment. The
penetration, distribution, and accumulation into 3D glioma tumor
spheroid and in vivo glioma region of ANG-PEG-NP were much
higher than those of plain PEG-NP. The anti-glioblastoma efficacy of
ANG-PEG-NP was significantly enhanced in comparison with that
of Taxol and PEG-NP. Preliminary safety tests showed no acute
toxicity to hematological system, liver, kidney and brain paren-
chyma in mice after intravenous administration at a dose of
100 mg/kg blank ANG-PEG-NP per day for a week. Our results
indicate that Angiopep-conjugated dual targeting PEG-PCL
nanoparticle is a potential brain targeting drug delivery system for
glioma treatment.
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