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ABSTRACT: Gliomas are hard to treat because of the two barriers involved: the blood−brain barrier and blood−tumor barrier.
In this study, a dual-targeting ligand, angiopep-2, and an activatable cell-penetrating peptide (ACP) were functionalized onto
nanoparticles for glioma-targeting delivery. The ACP was constructed by conjugating RRRRRRRR (R8) with EEEEEEEE
through a matrix metalloproteinase-2 (MMP-2)-sensitive linker. ACP modiﬁcation eﬀectively enhanced the C6 cellular uptake
because of the high expression of MMP-2 on C6 cells. The uptake was inhibited by batimastat, an MMP-2 inhibitor, suggesting
that the cell-penetrating property of the ACP was activated by MMP-2. By combining the dual-targeting delivery eﬀect of
angiopep-2 and activatable cell-penetrating property of the ACP, the dual-modiﬁed nanoparticles (AnACNPs) displayed higher
glioma localization than that of single ligand-modiﬁed nanoparticles. After loading with docetaxel, a common chemotherapeutic,
AnACNPs showed the most favorable antiglioma eﬀect both in vitro and in vivo. In conclusion, a novel drug delivery system was
developed for glioma dual targeting and glioma penetrating. The results demonstrated that the system eﬀectively targeted gliomas
and provided the most favorable antiglioma eﬀect.
KEYWORDS: glioma, systemic targeted delivery, activatable cell-penetrating peptide, angiopep-2
from the tumor bed.14 Another barrier is the blood−tumor
barrier (BTB), which restricts the distribution of drugs from
blood to tumor because of the high internal pressure of the
tumor.15,16 The BTB of brain tumors is tighter than the BTB of
peripheral tumors regarding the transendothelial fenestrations,
transporter expression, and interendothelial cell gaps.17,18
Dual-targeting delivery systems have eﬀectively circumvented
the BBB and BTB and speciﬁcally delivered drugs to glioma
sites.19,20 However, the poor penetration ability still hampered
the treatment outcome. In this study, we combined the beneﬁt
of a dual-targeting delivery system and CPPs to eﬀectively
deliver cargoes to glioma cells and to further improve the
glioma treatment (Figure 1).
To enable the delivery system to target both the BBB and
glioma, the ligand needs to be recognized by both. Low-density
lipoprotein receptor-related protein-1 (LRP1) has been
observed to express on both the BBB and glioma cells.21−23

1. INTRODUCTION
Cancer is one of the leading threats for human health.
Nanoparticles (NPs) are widely used to increase drug delivery
to tumors because of the heightened permeability and retention
(EPR) eﬀect.1,2 However, because of the lack of vessels,
reaching tumor cells is diﬃcult for NPs or drugs as a result of
their poor penetration ability. Cell-penetrating peptides (CPPs)
could be anchored onto the surface of NPs to enhance their
tissue permeability.3,4 However, applying CPPs is hampered by
the poor selectivity between neoplastic and nonneoplastic
cells.5,6 To circumvent this problem, CPPs could be shielded by
poly(ethylene glycol) (PEG) or anionic peptides in the
blood,7−9 which could detach in the tumor under certain
circumstances, boosting the penetration ability of CPPs.
Gliomas are diﬃcult to treat because of the complex
microenvironment. The blood−brain barrier (BBB) is considered as the ﬁrst barrier that restricts the distribution of drugs
from blood to brain, owing to the tight junction of endothelial
cells and various eﬄux transporters on the BBB.10−12 Although
the BBB is compromised in brain tumors,13 the compromise is
restricted to the tumor bed. The BBB is integrated in the
invasive part of brain tumors, particularly in the part distanced
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Figure 1. Elucidation of the study. The cell penetrating property could be activated by MMP-2. AnACNPs could transport through BBB and target
to glioma because of angiopep-2 could bind with LRP1 that expressed on BBB and glioma cells. ACP could be activated in glioma site owing to the
high expression level of MMP-2, which led to improved cell penetrating property.

Knowshine (Shanghai, China). Methoxy poly(ethylene glycol)−poly(ε-caprolactone) (MPEG−PCL; Mw: 3k−15k), maleimide poly(ethylene glycol)−poly(ε-caprolactone) (MAL−
PEG−PCL; Mw: 3.4k−15k), and carboxyl poly(ethylene
glycol)−poly(ε-caprolactone) (HOOC−PEG−PCL; M w :
3.4k−15k) were synthesized as previously described.32
Coumarin-6, N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) were obtained from Sigma (Saint Louis, MO, U. S.
A.). DiR was obtained from Biotium (Hayward, CA, U. S. A.).
Reagents for Western blot were purchased from Beyotime
(Haimen, China). DTX was purchased from Knowshine
(Shanghai, China). U-87 MG (from human), C6 (from rat),
brain microvessel endothelial cells (BMEC, from rat), and A549
(from human) cell lines, as well as human umbilical vein
endothelial cells (HUVEC) were obtained from the Institute of
Biochemistry and Cell Biology, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences (Shanghai,
China). A bEnd.3 cell line (from mouse) was obtained from the
American Type Culture Collection (ATCC; Manassas, VA, U.
S. A.). Plastic cell culture dishes and plates were purchased
from Wuxi NEST Biotechnology Co. Ltd. (Wuxi, China).
Dulbecco’s modiﬁed Eagle’s (high glucose) cell culture medium
and fetal bovine serum were obtained from Life Technologies
(Grand Island, NY, U. S. A.). 4,6-Diamidino-2-phenylindole
(DAPI) was purchased from Beyotime (Haimen, China).
Rabbit anti-MMP-2 antibody and rabbit anti-MMP-2 antibody
were purchased from Abcam Ltd. (Hong Kong, China). Rabbit
antiactin antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, U. S. A.). Peroxidase-conjugated
goat antirabbit secondary antibody was purchased from Jackson
Immunoresearch Laboratories, Inc. (West Grove, PA, U. S. A.).
All other chemicals were purchased from Sinopharm Chemical
Reagent (Shanghai, China).
BALB/c mice and BALB/c nude mice (male, 4−5 weeks,
18−22 g) were obtained from the Shanghai Laboratory Animal

Thus, the corresponding ligand could be used for dual-targeting
delivery to the BBB and glioma cells. Angiopep-2, which is
derived from the Kunitz domain of aprotinin, exhibits high
LRP1 binding eﬃciency and has been used for glioma-targeting
delivery by several research groups.24−26 Thus, we used
angiopep-2 in this study to enable the NPs to penetrate
through the BBB and actively target glioma.
To improve the tissue penetration eﬃciency, NPs were
functionalized with activatable CPP (ACP): EEEEEEEE(E8)-6aminohexanoyl-PLGLAG-RRRRRRRR(R8). In the blood,
cationic R8 is covered by E8 through electrostatic forces, and
the penetration ability of R8 is shielded.7 The expression level
of matrix metalloproteinase (MMP)-2 is high in the glioma site,
whereas PLGLAG is the substrate of MMP-2.8,27 Thus, E8
could be detached from R8 at the glioma site, leading to a
recovery of penetration ability of R8.
Docetaxel (DTX) is a taxane derivate that has been
extensively applied for treating several malignant cancers
including lung cancer, breast cancer, and ovarian cancer.28,29
Although DTX inhibited the proliferation of glioma cells in
vitro, it failed to show any beneﬁt in the treatment of glioma
patients, which was ascribed to the poor glioma-targeting ability
and restriction provided by the BBB.30,31 Therefore, we used
DTX as a model drug to evaluate the glioma-targeting ability
and treatment eﬃciency of the constructed delivery system.
In this study, in vitro and in vivo experiments were
performed to explore the targeting delivery eﬀect of
angiopep-2 and ACP dual-modiﬁed NPs (AnACNPs). To
monitor the in vitro and in vivo behaviors, coumarin-6 and DiR,
two commonly used dyes, were loaded into the NPs. DTX was
also loaded into the particles to evaluate the antiglioma eﬀect of
AnACNPs.

2. MATERIALS AND METHODS
Materials. Angiopep-2, ACP, and R8 were synthesized by
Sangon Biotech (Shanghai, China). DTX was purchased from
2756
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seeded wells and incubated for 1 h. The ﬂuorescence intensity
of the cells was determined as previously described.
Antiproliferation Study. The cytotoxicity of various
formulations was evaluated using a CCK-8 kit. C6 cells (2 ×
104 cells/mL) were seeded in 96-well plates. Twenty-four hours
later, DTX, DTX-loaded NPs, AnNPs, CNPs, ACNPs, or
AnACNPs were added with serial concentrations from 10 μg of
DTX/mL to 0.01 pg of DTX/mL. After 72 h, 10 μL of CCK-8
was added into each well. After 1 h, the absorption at 450 nm
was detected using a microplate reader (Multiskan MK3,
Thermo, U. S. A.).
Cell Apoptosis. Two days after being seeded in 6-well
plates at a density of 105 cells/mL, C6 cells were treated with
0.5 μg/mL of DTX, DTX-loaded NPs, AnNPs, CNPs, ACNPs,
or AnACNPs. Untreated cells were used as controls. After 24 h,
cells were analyzed. For quantitative assays, cells were harvested
by trypsinization, centrifuged at 1000 rpm for 3 min, and
resuspended in a binding buﬀer. After adding 5 μL of both
annexin V-FITC and propidium iodide (50 μg/mL), cells were
incubated at room temperature for 5 min in the dark. Cell
apoptosis was analyzed using a ﬂow cytometer (BD, U. S. A.).
For qualitative assays, cells were stained with Hoechst 33342
before observation with a ﬂuorescence microscope (Leica,
Germany). To further demonstrate the dual-targeting eﬀect,
BMEC were seeded in transwells at a density of 1 × 105 cells/
well. The transendothelial electrical resistance (TEER) was
recorded daily. When the TEER was sustained over 150 Ω,
transwells were cocultured with C6-containing plates for 24 h.
Subsequently, 0.5 μg/mL of diﬀerent formulations were added
into the transwells. After 24 h of incubation, the apoptosis of
C6 cells was analyzed as previously described.
In Vivo Imaging. Glioma-bearing mice were established as
previously described.35 Mice were anesthetized and ﬁxed on a
stereotaxic apparatus. A 5-μL suspension containing 5 × 105 C6
cells was slowly injected into the right corpus striatum of the
nude mice. Ten days later, 2 mg/kg of DiR-loaded NPs, CNPs,
ACNPs, AnNPs, or AnACNPs were injected into the gliomabearing mice. The distribution of ﬂuorescence was observed
using a spectrum in vivo imaging system (Caliper, MA, U. S.
A.), 2 and 24 h after injection. Mice were sacriﬁced at 24 h, and
the ex vivo images of the brains were also captured at that time.
Glioma Distribution. Glioma-bearing mice were established as previously described, except that C6 cells were
replaced with RFP-C6 cells. Twelve days after tumor
implantation, the coumarin-6-loaded NPs, AnNPs, ACNPs,
CNPs, or AnACNPs were intravenously (iv) administered to
the mice. After 2 h, the mice were anesthetized, and the hearts
were perfused with saline, followed by 4% paraformaldehyde.
The brains were removed for consecutively preparing 5-μmthick frozen sections. Nuclei were stained with 1 μg/mL of
DAPI for 5 min. The distribution of ﬂuorescence was observed
using a confocal microscope (TCS SP5, Leica, Germany).
Antiglioma Eﬀect. The orthotopic glioma-bearing mice
were established as previously described. Eight days after cell
injections, the nude mice were randomly divided into the
following six groups (10 mice per group): a saline group, DTXNP group, DTX-CNP group, DTX-ACNP group, DTX-AnNP
group, and DTX-AnACNP group. Each mouse received a dose
of 6 mg/kg four times every 3 days. Survival time was recorded
and analyzed using SPSS 10.0 (IBM, U. S. A.).
Statistical Analysis. Data were presented as means ± SD.
Statistical diﬀerences in cellular uptake, cellular apoptosis, and
in vivo imaging were determined using the Student’s t test. The

Center (SLAC) Co. Ltd. (Shanghai, China) and maintained
under standard housing conditions. All animal experiments
were performed following protocols evaluated and approved by
the ethics committee of Fudan University.
Preparation and Characterization of NPs. PEG−PCL
nanoparticles (NPs) were prepared using a previously described
emulsion/solvent evaporation method.33 In brief, 28 mg of
MPEG−PCL, 1 mg of HOOC−PEG−PCL, and 1 mg of
MAL−PEG−PCL were dissolved in 1 mL of dichloromethane
and then added into 5 mL of a 0.6% sodium cholate hydrate
solution. The mixture was then pulse-sonicated for 75 s at 200
W on ice using a probe sonicator (Scientz Biotechnology Co.
Ltd., China). Subsequently, the emulsion was applied to a
rotary evaporator to remove the dichloromethane, and the NPs
were condensed to a ﬁxed concentration by ultraﬁltration at
4000g.
For the angiopep-2 conjugation (AnNPs), the carboxyl unit
of the NPs was activated by EDC and NHS in a pH 6.0 MES
buﬀer for 0.5 h. The MES buﬀer was then replaced with
phosphate-buﬀered saline (PBS, pH 7.4) using a Hitrap
desalting column. Subsequently, 50 μg of angiopep-2 in 1 mL
of PBS (pH 7.4) was added into the NP suspension and stirred
for 4 h in the dark. For the R8 or ACP conjugation (CNPs,
ACNPs, and AnACNPs), 50 μg of R8 or ACP was added to the
NP or AnNP suspension and stirred for 6 h in the dark. The
product was then applied to a Sepharose CL-4B column to
remove the unconjugated peptides, and the particles were
collected. DTX-, coumarin-6- and DiR-loaded AnACNPs were
prepared using the same procedure, but the materials were
dissolved in 1 mL of dichloromethane, which contained 1 mg of
DTX, 30 μg of coumarin-6, or 300 μg of DiR.
Particle size and zeta potential was determined by dynamic
light scattering (DLS), using a Malvern Zetasizer (Malvern,
NanoZS, U. K.). Particle morphology was detected using a
transmission electron microscope (TEM; H-600, Hitachi,
Japan) after negative staining with a 2% sodium phosphotungstate solution. The concentration of DTX in various NPs was
determined by HPLC using previously established conditions.34
Protein Expression. HUVEC, bEnd.3, BMEC, C6, U-87
MG, and A549 cells were lysed using RIPA buﬀer containing 1
mM PMSF. The protein concentration was determined using
the BCA method. Equivalent amounts of protein were boiled
for 5 min in a loading buﬀer and then separated by 10% SDS
polyacrylamide gel electrophoresis. Proteins were transferred to
nitrocellulose membranes. The membranes were blocked for 1
h in TBS containing 4% low-fat milk. Membranes were then
probed with rabbit anti-MMP-2 antibody (1:500), rabbit antiLRP1 antibody (1:500), and rabbit antiactin antibody (1:1000)
followed by peroxidase-conjugated goat antirabbit secondary
antibody (1:1000) to recognize the target proteins. The
proteins were visualized using an ECL reagent.
Cellular Uptake. To determine the function of the ACP,
BMEC, and C6 cells in the logarithmic growth phase were
seeded on 12-well plates at a density of 1 × 104 cells/mL.
Twenty-four hours later, 100 μg/mL of coumarin-6-loaded
NPs, CNPs, ACNPs, or batimastat (MMP-2/9 inhibitor)containing ACNPs were added into the wells and incubated for
1 h. The adsorptive and free particles were removed by washing
three times with ice-cold PBS. To quantitatively determine the
ﬂuorescence intensity, the cells were digested and detected
using a FACSAria cell sorter (BD, U. S. A.). To determine the
eﬀect of modiﬁcations on cellular uptake, 100 μg/mL of
coumarin-6-loaded formulations were added into C6 cell2757
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consistent with the results of MMP-2 expression experiments.
However, adding batimastat substantially decreased the cellular
uptake of ACNPs. No substantial diﬀerence was observed
between the NP group and ACNP + batimastat group,
suggesting that ACP could not boost the cell-penetrating
property without MMP-2/9, which was useful for decreasing
the normal tissue distribution. C6 cells were used to evaluate
the uptake behavior of diﬀerent formulations (Figure 3 B).
Angiopep-2 modiﬁcation increased the cellular uptake, which
was consistent with the high LRP1 expression on C6 cells. Dual
modiﬁcation with angiopep-2 and ACP further improved the
C6 uptake, demonstrating its superiority in delivering cargoes
to cells.
Antiproliferation Study. DTX was loaded into formulations to evaluate its cytotoxicity on C6 cells (Figure 4). 50%

probability of survival was determined using the Kaplan−Meier
method and compared using the log-rank test.

3. RESULTS
Characterization. The particle size of AnACNPs was
approximately 110 nm, with a narrow distribution (PDI < 0.3,
Figure 2 A, Table 1). The AnACNPs were mostly spherical
according to TEM (Figure 2 B). The zeta potentials of all types
of particles were approximately −5 mV.

Figure 2. (A) Size distribution of AnACNPs determined by DLS. (B)
Morphology of AnACNPs captured by TEM; the bar represents 100
nm.

Table 1. Particle Size and Zeta Potential of Diﬀerent
Nanoparticles
formulations

particle size (nm)

PDI

zeta potential (mV)

NPs
CNPs
ACNPs
AnNPs
AnACNPs

105.4
110.3
112.9
108.4
115.3

0.179
0.217
0.206
0.194
0.228

−6.73
−0.47
−7.41
−6.18
−6.72

Figure 4. Antiproliferation eﬀect of diﬀerent formulations at a serial
concentrations against C6 cells; n = 3.

inhibiting concentration (IC50) values of 7.52 ng/mL, 5.7 ng/
mL, 1.18 ng/mL, 2.17 ng/mL, 1.36 ng/mL, and 1.03 ng/mL
were obtained for DTX, NPs, ACNPs, CNPs, AnNPs, and
AnACNPs, respectively. Although DTX and DTX-NPs
eﬀectively inhibited the proliferation of C6 cells, modiﬁcation
with R8, ACP, angiopep-2, and dual modiﬁcation with ACP and
angiopep-2 further boosted this eﬀect, probably because of the
enhanced cellular uptake, as previously demonstrated.
Cell Apoptosis. To further evaluate the eﬀect of diﬀerent
formulations, cell apoptosis experiments were performed.
Traditionally, formulations were directly added into cancer
cell-seeded plates or dishes. Substantially more apoptotic cells
than control cells were induced by DTX and DTX-NPs at a
concentration of 0.5 μg/mL (Figure 5 A, Supporting

Protein Expression. The expression of LRP1 and MMP-2
was evaluated on several cells (Supporting Information Figure
S1). The LRP1 expression levels on tumor cells, BMEC, and
bEnd.3 cells (normally used as a simple model of the BBB)
were considerably high, suggesting that LRP1 could be used as
a target for dual-targeting delivery in brain tumors. The high
MMP-2 expression on glioma cells (U-87 MG) was consistent
with that reported in other studies.
Cellular Uptake. To evaluate the function of ACP, cellular
uptake experiments were performed on both BMEC and C6
cells, using CNPs as the control and batimastat as the inhibitor
of MMP-2/9 (Figure 3 A). ACP and R8 modiﬁcation increased
the cellular uptake by both BMEC and C6 cells, which was

Figure 3. Cellular uptake manners. (A) BMEC and C6 cells uptake of NPs, CNPs, ACNPs without/with batimastat. (B) C6 cell uptake of diﬀerent
formulations; n = 3, *p < 0.05.
2758
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Figure 5. (A) C6 cell apoptosis induced by 0.5 μg/mL diﬀerent formulations. (B) Cell apoptosis induced by 0.5 μg/mL diﬀerent formulations on C6
cells with or without BMEC monolayers; n = 3, *p < 0.05.

Information Figure S2). NPs modiﬁed with ACP, R8, or
angiopep-2 eﬀectively boosted the apoptosis induction eﬀect,
which induced substantially more apoptotic cells than did
DTX-NPs, owing to the high cellular uptake ability, as
demonstrated by the cellular uptake study. Dual modiﬁcation
with ACP and angiopep-2 further improved the cellular uptake;
thus, DTX-AnACNPs induced the highest percentages of
apoptotic cells among all treatments, which was consistent with
the result of cytotoxicity experiments.
However, to be able to reach cancers in vivo, particularly
brain cancers, formulations need to overcome several barriers.
To mimic this microenvironment, we cocultured C6 cells with a
BMEC cell monolayer. Formulations were added into transwells, and the apoptosis of C6 cells in receiving wells was
detected. Although DTX-ACNPs induced a higher percentage
of apoptotic cells than did DTX-NPs when directly added onto
C6 cells, no diﬀerence between DTX-ACNPs and DTX-NPs
was observed in the cocultured systems (Figure 5 B, Supporting
Information Figure S2), suggesting that ACP modiﬁcation
facilitated the cellular uptake of the C6 cells rather than that of
BMEC, which agreed with the results of cellular uptake
experiments. Because of the high LRP1 expression on both
BMEC and C6 cells, angiopep-2 modiﬁcation induced a
substantially higher percentage of apoptotic cells than did
DTX-NPs in C6 cells, both with and without BMEC
monolayers. Dual modiﬁcation with ACP and angiopep-2
further boosted the apoptotic induction eﬀect, suggesting that
dual modiﬁcation could be useful to overcome barriers for
treating brain glioma.
In Vivo Imaging. Diﬀerent formulations presented diverse
targeting eﬀects (Figure 6). Two hours after administration,
unmodiﬁed NPs and CNPs were rarely distributed in the brain,
whereas ACNPs, AnNPs, and AnACNPs exhibited an obviously
high intensity in the brain. After increasing the period to 24 h,
the distribution of all formulations in the brain also increased.
However, NPs and CNPs still exhibited the lowest intensity in
the brain, compared with other nanoparticles, owing to the
poor targeting eﬀect of NPs and intensive systemic distribution
of CNPs. AnNPs exhibited a higher concentration in the brain
than that of NPs and CNPs, suggesting that angiopep-2 could
be eﬀectively transported through the BBB, and targeted the
brain glioma because of the high expression level of LRP1 on
both the BBB and glioma cells, which agreed with previous
studies. The cell-penetrating property of ACP was hindered in
the blood and recovered in the glioma site because of the high
expression level of MMP-2, resulting in a higher distribution of
ACNPs in the glioma than that of NPs and CNPs. By
combining the speciﬁc targeting eﬀect of angiopep-2 and
activatable cell-penetrating property of ACP, AnACNPs
exhibited the highest concentration in the glioma. The targeting

Figure 6. In vivo imaging of whole body and ex vivo imaging of brain
from mice that treated with diﬀerent DiR-loaded formulations.

eﬀect of diﬀerent formulations was further demonstrated by ex
vivo imaging of brain.
Glioma Distribution. To elucidate the distribution of
particles in glioma-bearing brains, frozen sections were
prepared and nuclei were stained (Figure 7). A low NP
intensity was observed in the glioma site, which was due to the
poor targeting eﬃciency. The ﬂuorescence intensity in the
brains from CNP-treated mice was low, because of the high
distribution in the whole body. AnNPs targeted both the BBB
and glioma cells, resulting in a considerably high localization in
the glioma, which was consistent with other studies. The
ﬂuorescence intensity of cells from ACNP-treated mice was
higher than that of cells from NP- and CNP-treated mice
because of the activatable cell-penetrating property of ACP,
which resulted in a glioma-speciﬁc enhanced cell penetration.
By combining the eﬀect of angiopep-2 and ACP, AnACNPs
exhibited the highest localization in the glioma site, suggesting
that dual modiﬁcation improved the glioma-targeting eﬃciency,
which was useful for treating the glioma.
2759
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Figure 7. Distribution of vary particles in brain tumor. Nuclei were stained by DAPI, particles were marked with coumarin-6, and brain tumor cells
were RFP-C6. The bar was 200 μm.

In Vivo Antiglioma Eﬀect. To evaluate the antiglioma
eﬀect of the dual-targeting delivery systems, DTX was loaded
into diﬀerent types of particle (Figure 8). Although DTX-NPs
expanded the median survival time from 19 days to 20 days, no
statistical diﬀerence was observed between the DTX-NP group
and saline group, which may be explained by the poor gliomatargeting eﬃciency of NPs. Because of the poor gliomatargeting eﬀect and intensive systemic distribution, the median
survival time of the DTX-CNP group was only 16 days, which
was even shorter than that of the saline group. Treatment with
AnNPs and ACNPs signiﬁcantly prolonged the median survival
time because of the glioma-targeting eﬀect of AnNPs and
ACNPs, which was 1.42- and 1.37-fold higher than that of

saline. Dual modiﬁcation with angiopep-2 and ACP further
improved the treatment outcome because of the dual-targeting
eﬀect of AnACNPs, which was demonstrated by in vivo
imaging. The median survival time of mice treated with DTXAnACNPs was 1.68-fold higher than that of mice treated with
saline, which in turn was substantially higher than that of DTXAnNP- and DTX-ACNP-treated mice.

4. DISCUSSION AND CONCLUSION
To improve the treatment outcome of glioma, dual-targeting
delivery systems were developed to overcome two barriers: the
BBB and BTB.36 Normally, delivery systems are anchored to a
BBB-targeting ligand and a glioma cell-targeting ligand to
2760

dx.doi.org/10.1021/mp500113p | Mol. Pharmaceutics 2014, 11, 2755−2763

Molecular Pharmaceutics

Article

Several studies have used ACPs and a speciﬁc ligand for dualtargeting delivery.42,43,48−52 Most studies have reported an
enhanced tumor-targeting delivery and antitumor eﬀect.
However, most studies have focused on peripheral tumors
rather than brain tumors, and to the best of our knowledge, this
is the ﬁrst time the combination of the dual brain gliomatargeting delivery by a speciﬁc ligand and elevated tumor
penetration by ACP has been reported. Although the current
strategy exhibits an eﬀective glioma-targeting delivery and
antiglioma eﬀect, several aspects could be improved. First, dual
modiﬁcation is complex. Chimeric peptides exhibiting a speciﬁc
targeting sequence and cell-penetrating sequence may be the
future direction of dual-targeting delivery.43 Second, the
proportion of two ligands needs to be optimized. Although a
high ligand concentration can facilitate internalization by
speciﬁc cells, it also tends to activate the immune system or
the recognition by the reticuloendothelial system, resulting in
rapid blood clearance and high liver accumulation.32
In conclusion, a novel drug delivery system was developed
for glioma dual targeting and increased glioma penetration. The
results demonstrated that the system eﬀectively targeted
gliomas, and attained a substantial antiglioma eﬀect.

Figure 8. Survival curve of the brain glioma bearing mice treated with
diﬀerent formulations of the same dose; n = 10.
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mediate the systems speciﬁcally targeted to glioma cells. For
example, TGN peptide- and AS1411 aptamer-modiﬁed NPs
exhibit a precise glioma-targeting property because of the BBBtargeting property of TGN and glioma-targeting property of the
AS1411 aptamer.19 In addition, some receptors, such as the
transferrin receptor and LRP1, are highly expressed on both the
BBB and glioma cells,21,22,37,38 which was also conﬁrmed by the
current study. The corresponding ligands could be used for
dual-targeting delivery. In this study, angiopep-2 was used for
glioma-targeting delivery. Both in vitro cellular uptake and in
vivo imaging demonstrated that conjugating with angiopep-2
boosts the glioma cellular uptake and glioma accumulation of
NPs, agreeing with previous studies.20,25 Some studies have
demonstrated that angiopep-2-modiﬁed NPs or micelles could
target not only glioma-bearing brains but also healthy brains,
thus proving the dual-targeting eﬃciency of angiopep-2.24,39−41
However, penetration ability is crucial for delivery systems
transporting drugs into glioma cells that are distant from
microvessels. Thus, CPP modiﬁcation is essential for improving
the glioma-targeting drug delivery. Furthermore, the saturation
of receptor-mediated endocytosis intensiﬁes the need for CPP
modiﬁcation.42−44 To circumvent their poor selectivity, CPPs
could be covered with PEG or anionic peptides through
environment-sensitive bonds such as acidic-, reductive-, and
protease-sensitive bonds.45−47 In this study, E8 was used to
hinder the cationic property of R8 through an MMP-2/9sensitive linker. The results demonstrated that the cellpenetrating property of ACP was almost the same as that of
CP, suggesting that E8 was almost completely detached. The
cell-penetrating property of ACP was covered because the
uptake of ACNPs in the presence of batimastat was almost the
same as that of NPs, which was consistent with previous
studies.46 Because the cell-penetrating property was improved,
the distribution of ACNPs in normal tissues was lower than
that of CNPs, suggesting that the cell-penetrating property of
ACP was recovered in tumors, enhancing the gliomapenetrating ability of ACNPs and AnACNPs. Thus, DTXloaded AnACNPs exhibited the most favorable antiglioma
eﬀect.

Protein expression on diﬀerent cells and ﬂow cytometry dotplot imaging. This material is available free of charge via the
Internet at http://pubs.acs.org.
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