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ABSTRACT: The blood−brain barrier (BBB) prevents most drugs from
reaching the site of central nervous system (CNS) diseases, intensively
conﬁning the therapeutic eﬃciency. Angiopep-2 (here termed LAngiopep),
which is a 19-mer peptide derived from human Kunitz domain, can trigger
transcytosis and traverse the BBB by recognizing low density lipoproteinrelated protein 1 (LRP-1) expressed on the brain capillary endothelial cells.
Various enzymes in the blood and the BBB, however, present multiple
metabolic barriers to peptide-inspired brain-targeted drug delivery. Here we
designed a retro-inverso isomer of LAngiopep, termed DAngiopep, to inspire
brain-targeted drug delivery. Both DAngiopep and LAngiopep displayed high
uptake capacity in LRP-1 overexpressed cells, including bEnd.3 and U87
cells. DAngiopep demonstrated lower uptake eﬃciency in both cell lines
than did LAngiopep, suggestive of lower binding aﬃnity to LRP-1 of the Dpeptide. DAngiopep was resistant to proteolysis in fresh rat blood serum,
while more than 85% of LAngiopep disappeared within 2 h. Endocytosed DAngiopep and LAngiopep were found to be
colocalized with lysosomal compartments of bEnd.3 cells, indicating that susceptibility to proteolysis of LAngiopep in the BBB
may further attenuate its transcytosis eﬃciency. In vivo, DAngiopep modiﬁed PEG-DSPE micelles displayed high distribution in
normal brain and intracranial glioblastoma. Due to the expression of LRP-1 on the BBB and glioblastoma cells, proteolytically
stable DAngiopep holds much potential for designing two-order brain tumor targeted delivery systems.
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1. INTRODUCTION

used to facilitate brain-targeted drug delivery for the ease of
functionalization.
Angiopep-2, which is a 19-mer peptide derived from human
Kunitz domain, possesses high potential for inspiring braintargeted drug delivery.13 When conjugated with paclitaxel14,15
or modiﬁed on the surface of nanocarriers,16−19 Angiopep-2
can signiﬁcantly increase the brain distribution of conjugates.
Angiopep-2 transport and accumulation in brain endothelial
cells can be blocked by α2-macroglobulin, a speciﬁc ligand for
LRP-1, indicating that Angiopep-2 facilitates the brain-targeted
drug delivery through LRP-1-mediated transcytosis.10 In
addition, Angiopep-2 is promising for targeting glioblastoma
due to overexpression of LRP-1 in glioblastoma cells.
Angiopep-2 modiﬁed nanoparticles have been proposed to
realize dual targeting for the chemotherapy of glioblastoma,

The blood−brain barrier (BBB) is a key challenge in the
development of drugs for diseases of the central nervous system
(CNS). It prevents drugs and drug delivery systems from
reaching the site of disease due to tight junction and lack of
fenestration.1,2 The design of brain-targeted drug delivery
system has attracted extensive attention. Receptor-mediated
transcytosis has been emerging as a successful method to
traverse the BBB and increase brain transport.3 A variety of
receptors expressed on the BBB, including transferrin
receptors,4 low density lipoprotein-related protein 1 (LRP1),5,6 and nicotine acetylcholine receptors,7−9 have been
utilized to facilitate receptor-mediated transcytosis. Bloodborne ligands target luminal receptors and trigger receptormediated transcytosis. When modiﬁed on the surface of
nanocarriers, those ligands inspire brain-targeted drug delivery
and possess high potential for the diagnosis and therapy of
CNS diseases. Peptide-based ligands identiﬁed by using
structure-based design10 and phage display11,12 are capable of
targeting the corresponding receptors with high aﬃnity and
speciﬁcity. In addition, peptide-based ligands have been widely
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Figure 1. Cellular uptake of DAngiopep and LAngiopep by bEnd.3 cells. Cells were incubated with 5 μM ﬂuorescein labeled peptide at 37 °C for 4 h,
followed by DAPI staining and rinse with phosphate buﬀered saline. Intracellular ﬂuorescence was detected by confocal laser scanning microscope
(A) and ﬂow cytometer (B). (Scale bar = 10 μm.)

accordance with guidelines evaluated and approved by the
ethics committee of Fudan University.
2.2. Peptide Stability in Blood and Liver Lysosome
Homogenate. 100 μL of DAngiopep or LAngiopep (1 mg/
mL) was incubated with 0.9 mL of 25% fresh rat serum. After
0.25, 0.5, 1, 2, 4, and 8 h incubation at 37 °C, 20 μL of 15%
trichloroacetic acid (TCA) was added into 100 μL of reaction
mixture, followed by storage at 4 °C for 20 min and
centrifugation at 12000 rpm for 10 min. 20 μL of supernatant
was analyzed by RP-HPLC to monitor and quantify peptide
hydrolysis. The degradation of peptides in rat liver lysosomal
homogenate was determined as follows: 100 μL of 1 mg/mL
lysosomal homogenate and 100 μL of 1 mg/mL angiopep were
added into 800 μL of 0.2 M sodium acetate buﬀer (pH 5.0).
After 2 and 15 min incubation at 37 °C, an aliquot of 100 μL
was withdrawn and quenched with 20 μL of 15% TCA. The
mixture was centrifuged at 12000 rpm for 10 min, and 20 μL of
supernatant was subject to HPLC analysis.
2.3. Cell Uptake. bEnd.3 cells and U87 cells were seeded
into confocal dishes or 12-well plates at a density of 105 cells
per well. After 24 h incubation, the culture medium was
changed with 5 μM DAngiopep-ﬂuorescein or LAngiopepﬂuorescein in DMEM supplemented with 10% FBS and the
cells were incubated at 37 °C for 4 h. The ﬂuorescent intensity
was captured by laser scanning confocal microscope or ﬂow
cytometry after staining of nuclei by DAPI and three rinses with
phosphate buﬀered saline (PBS). For the study of intracellular
distribution, cells were ﬁxed by formaldehyde and the
immunoﬂuorescence staining was carried out before imaging
capture.
2.4. Preparation and Characterization of Peptide
Modiﬁed PEG-DSPE. DAngiopep-PEG-DSPE and LAngiopep-PEG-DSPE were synthesized through covalent conjugation
between thiolated peptide and mal-PEG-DSPE.24 In brief, malPEG-DSPE dissolved in DMF was added into DAngiopep or
L
Angiopep dissolved in PBS (pH = 7.2) and the reaction was
monitored by HPLC. The excessive peptide was removed by
dialysis (MWCO 3.5 kDa) against distilled water and conﬁrmed
by disappearance of the peak in the HPLC chromatogram. For
the preparation of micelles, mPEG2000-DSPE or a mixture of
mPEG2000-DSPE/DAngiopep-PEG-DSPE (95/5, by mol) or
mPEG2000-DSPE/LAngiopep-PEG-DSPE (95/5, by mol) in
chloroform was rotary evaporated to form a thin ﬁlm, which

wherein Angiopep-2 traversed the BBB and further targeted
tumor cells.20,21 However, the presence of multiple metabolic
barriers may restrict the application of such peptide-based
ligand for targeted drug delivery in vivo. Peptide ligand in
conjugates or on the surface of nanocarriers is subject to
proteolysis in the blood after systemic administration.22 In
addition, the BBB has been reported as a metabolic barrier due
to the presence of various enzymes in brain capillary endothelial
cells.23 If the transcytosis of Angiopep-2 involves enzymatic
organelles, degradation in the BBB may further deactivate the
ligand.
In this study, we designed a stable D-peptide isomer of
Angiopep-2 by using retro-inverso isomerization. We investigated brain targeting eﬃciency of the D-peptide in vitro and in
vivo. We also constructed peptide modiﬁed micelles to evaluate
the potential of D-peptide for inspiring brain targeted drug
delivery and to discuss potential applications for the therapy of
CNS diseases.

2. EXPERIMENTAL SECTION
2.1. Materials. mPEG2000-DSPE was purchased from Lipoid
GmbH (Germany). Mal-PEG3400-DSPE was from Laysan Bio
Co. (Arab, AL). Coumarin-6 and Sephadex G50 were
purchased from Sigma (St. Louis, MO). Fluorescein-5maleimide was acquired from Fanbo Biochemicals (Beijing,
China). Near infrared dye DiR (1,1′-dioctadecyl-3,3,3′,3′tetramethyl indotricarbocyanine iodide) and LysoTracker Red
DND-99 were from Invitrogen (Grand Island, NY). 4′,6Diamidino-2-phenylindole (DAPI) was purchased from Roche
(Switzerland). Anti-EEA1 antibody, Anti-Mannose 6 Phosphate
Receptor (Anti-M6PR) antibody, and Goat Anti-Rabbit IgG
H&L (Alexa Fluor 594) were from Abcam (Cambridge, MA).
U87 cells were obtained from Shanghai Institute of Cell
Biology, and brain capillary endothelial cells (bEnd.3) were
acquired from ATCC (Manassas, VA). Both cell lines were
maintained in Dulbecco’s modiﬁed Eagle medium (Gibco)
supplemented with 10% FBS (Gibco), 100 U/mL penicillin,
and 100 μg/mL streptomycin at 37 °C under a humidiﬁed
atmosphere containing 5% CO2. ICR mice and BALB/c nude
mice of 4−6 weeks age were purchased from Shanghai SLAC
Laboratory Animal Co. LTD (Shanghai, China) and kept under
SPF conditions. All animal experiments were carried out in
B
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Figure 2. Intracellular distribution of endocytosed DAngiopep and LAngiopep in bEnd.3 cells. 5 μM ﬂuorescein labeled DAngiopep or LAngiopep was
incubated with cells at 37 °C for 4 h, followed by lysosome staining and confocal laser microscopy imaging. (Scale bar = 10 μm.)

was subsequently hydrated with HEPES buﬀer (pH 7.4) after
the removal of residual chloroform under vacuum. For the
loading of coumarin-6 or DiR, ﬂuorophores were dissolved in
methanol or acetonitrile before the formation of thin ﬁlm and
the free dyes were removed by gel ﬁltration over a Sephadex G50 column eluting with HEPES buﬀer.25
2.5. Cell Uptake of Micelles Loading Coumarin-6.
bEnd.3 cells and U87 cells were seeded into 12-well plates at a
density of 105 cells per well. After 24 h incubation, cells were
incubated with micelles loading coumarin-6 (60 ng/mL) in
DMEM supplemented with 10% FBS for one hour.
Fluorescence intensity was captured by microscope after nuclei
staining with DAPI and three rinses with PBS.
2.6. Biodistribution of Micelles in Vivo. DiR loaded
micelles were injected into ICR mice through the tail vein (ﬁve
rats for each group). At 1 and 4 h postinjection, the mice were
sacriﬁced and organs were harvested for imaging by using an
animal imaging system (IVIS Spectrum, PerkinElmer, Waltham,
MA).
2.7. Intracranial Glioblastoma Model. The orthotropic
glioblastoma model was established as described previously
with slight modiﬁcation.26 In brief, BALB/c nude mice were
anesthetized with chloral hydrate and U87 cells (8 × 105 cells
suspended in 5 μL PBS) were implanted into the right brain
(1.8 mm lateral, 0.6 mm anterior to the bregma with 3 mm
depth) with the help of a stereotactic apparatus.

Figure 3. Stability of DAngiopep and LAngiopep in rat serum. Fresh rat
serum was diluted with phosphate buﬀered saline and incubated with
D
Angiopep and LAngiopep at a concentration of 0.1 mg/mL. After
0.25, 0.5, 1, 2, 4, and 8 h incubation at 37 °C, 20 μL of 15% TCA was
added into 100 μL of reaction mixture. The mixture was stored at 4 °C
for 20 min and then centrifuged at 12000 rpm for 10 min. 20 μL of
supernatant was analyzed by RP-HPLC to monitor and quantify
peptide hydrolysis.

3.2. Cellular Uptake. We hypothesize in this study that
Angiopep possesses comparable bioactivity as the parent Lpeptide along with exceptional stability against proteolysis. To
investigate whether or not DAngiopep is capable of interacting
with brain capillary endothelial cells, uptake of DAngiopep by
bEnd.3 cells has been conducted. DAngiopep was labeled with
ﬂuorescein (DAngiopep-ﬂuorescein) by Michael addition
between the thiol group in peptide and maleimide group in
ﬂuoresein (ﬂuorescein-5-maleimide). bEnd.3 cells were incubated with 5 μM of DAngiopep-ﬂuorescein for 4 h at 37 °C,
followed by confocal laser microscopy imaging and ﬂow
cytometry. As shown in Figure 1A, signiﬁcant DAngiopep and
L
Angiopep were taken up by bEnd.3 cells and distributed in
cytoplasm. The result of ﬂow cytometry (Figure 1B) indicated
that 46% bEnd.3 cells were ﬂuorescence-positive with the
treatment of DAngiopep-ﬂuorescein, while the treatment of
L
Angiopep-ﬂuorescein resulted in 81% ﬂuorescence-positive
cells. LRP-1 is overexpressed in brain capillary endothelial
cells.10 The uptake of DAngiopep by bEnd.3 may be explained
by the speciﬁc interaction between D-peptide and LRP-1 on cell
membrane. When compared with LAngiopep, less uptake of
D
Angiopep may have been related to its lower binding aﬃnity
with LRP-1.
D

3. RESULTS
3.1. Retro-Inverso Isomerization of Angiopep. Angiopep-2 (here termed LAngiopep), which is a 19-residue peptide
derived from human Kunitz domain, has been used as a ligand
of LRP-1 to inspire receptor-mediated transcytosis. When
modiﬁed on the surface of micelle27 or nanoparticle,28
L
Angiopep eﬃciently facilitates brain-targeted drug delivery.
The retro-inverso isomer of LAngiopep, termed DAngiopep
(cyeetkfnnrkGrsGGyﬀt), is made up of D-amino acids in a
reversed sequence of LAngiopep and assumes a side chain
topology similar to that of the parent molecule.29−31 A cysteine
was added into N-terminal of the sequence for further
conjugation with maleimide group. DAngiopep and LAngiopep
were synthesized by solid phase peptide synthesis with Fmocprotected amino acids and puriﬁed by prep reverse-phase
HPLC to homogeneity. Peptide purity and molecular weight
have been ascertained by analytic HPLC and ESI-MS
spectrometry, respectively.
C
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Figure 4. NMR spectra of mal-PEG-DSPE, DAngiopep-PEG-DSPE, and LAngiopep-PEG-DSPE in CDCl3. The red circle highlights the characteristic
peak of maleimide at 6.7 ppm in mal-PEG-DSPE, which disappeared in the spectra of DAngiopep-PEG-DSPE and LAngiopep-PEG-DSPE.

chased after 4 h uptake. A signiﬁcant number of endocytosed
D
Angiopep and LAngiopep colocalized with lysosome (Figure
2), suggestive of the involvement of lysosomal compartment
during endocytosis. We have prepared rat liver lysosomal
homogenate to verify the stability of both peptides in lysosome.
100% of LAngiopep disappeared within 15 min while DAngiopep displayed no perceptible degradation. Lysosome is an
intracellular reservoir of enzymes and capable of digesting Lpeptide based ligand; intercellular susceptibility to lysosomal
degradation may conﬁne the eﬃciency of LAngiopep for braintargeted transport.
3.4. Stability of D-Peptide in the Blood. Peptide-based
ligands have attracted extensive attention for designing targeted
drug delivery due to their high binding aﬃnity and speciﬁcity to
targets. The presence of fancy techniques for peptide
identiﬁcation, including structure-guided peptide design and
phage display, further accelerates the extensive application of
peptide ligand in the research ﬁeld of molecular pharmaceutics.
The main obstacle to such applications, however, is the
instability of ligands due to their general susceptibility to
proteolysis in the blood. Herein, we investigated the stability of
D
Angiopep and LAngiopep during blood circulation. Both
D
Angiopep and LAngiopep were incubated at body temperature
with fresh rat serum. Based on reverse-phase HPLC analyses
(Figure 3), it was evident that 50% of LAngiopep was degraded
after 30 min incubation and more than 85% intact peptide
disappeared after 2 h incubation. In conspicuous contrast,
D
Angiopep displayed nearly no degradation after 8 h incubation
under the same conditions. When conjugated with drug or
decorated on the surface of drug delivery system, LAngiopep, at
least in part, will be degraded and deactivated by plasma
proteases, thus attenuating brain targeting eﬃciency to some
extent. DAngiopep holds the potential for extending brain
targeting eﬃciency due to its resistance to proteolysis.
3.5. Preparation and Characterization of Micelles.
D
Angiopep-PEG-DSPE and LAngiopep-PEG-DSPE were syn-

Figure 5. Cellular uptake of micelles loading coumarin-6 by bEnd.3
cells. bEnd.3 cells were incubated with mPEG-DSPE, DAngiopepPEG-DSPE, or LAngiopep-PEG-DSPE micelles containing 60 ng/mL
coumarin-6 at 37 °C for 1 h, followed by DAPI staining and rinses
with phosphate buﬀered saline. Fluorescence microscopy imaging was
conducted to detect cellular uptake of micelles. (Scale bar = 100 μm.)

3.3. Intracellular Pathway. Mixed pathways have been
proposed to illustrate the process of receptor-mediated
transcytosis.32 It was postulated that transferrin 33 and
lactoferrin5 bypassed lysosomal compartment via receptor
mediation and were exocytosed without degradation; however,
anti-TfR antibody (OX-26) modiﬁed immunoliposome was
reported to traverse in vitro BBB monolayer through lysosomal
pathway.34 Albeit LAngiopep has been applied to facilitating
brain-targeted transport of prodrug conjugates or nanocarriers,
intracellular pathway of the endocytosed peptide has been
unknown. If the enzymatic intracellular organelles (such as
lysosomal compartment) are involved in this process,
susceptibility to proteolytic degradation of LAngiopep may
attenuate transcytosis eﬃciency. To assess the traﬃcking route
of DAngiopep and LAngiopep upon internalization, we studied
the intracellular distribution of endocytosed peptides. bEnd.3
cells were incubated with ﬂuorescein labeled peptides and were
D
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Figure 6. Biodistribution of micelles in vivo. mPEG-DSPE, DAngiopep-PEG-DSPE, or LAngiopep-PEG-DSPE micelles labeled with DiR were
injected into the tail vein of ICR mice. At 1 and 4 h postinjection, all mice were sacriﬁced (n = 5) and the brain was dissected for ex vivo ﬂuorescence
imaging (A). Fluorescence intensity of ﬁve brains in each group was normalized (B). Other main organs, including heart, liver, spleen, lung, and
kidney, were also dissected at 1 (C) and 4 (D) hours postinjection. In panels C and D, organs from top to bottom belong to mice treated with
mPEG-DSPE, LAngiopep-PEG-DSPE, and DAngiopep-PEG-DSPE micelles, respectively. * p < 0.05. (The diﬀerence of brain distribution was not
statistically signiﬁcant between LAngiopep-PEG-DSPE and DAngiopep-PEG-DSPE groups at 4 h postinjection.)

Figure 7. Cellular uptake of DAngiopep and LAngiopep by glioblastoma cells. U87 cells were incubated with 5 μM ﬂuorescein labeled peptide at 37
°C for 4 h, followed by DAPI staining and rinses with phosphate buﬀered saline. Intracellular ﬂuorescence was detected by confocal laser scanning
microscope (A) and ﬂow cytometer (B). (Scale bar = 10 μm.)

PEG3400-DSPE) were dissolved in chloroform and rotary
evaporated under vacuum at 40 °C. After removal of residue
organic solvent, thin ﬁlms were hydrated with HEPES buﬀer at
37 °C. All micelles were with mean diameters of 12−16 nm and
narrow size distributions as analyzed by dynamic light
scattering (DLS).
3.6. Cellular Uptake of Micelles. To investigate whether
or not DAngiopep can enhance cellular uptake of PEG-DSPE
micelles, we labeled mPEG-DSPE, DAngiopep-PEG-DSPE, and
L
Angiopep-PEG-DSPE micelles with coumarin-6 and studied
cellular uptake by incubating micelles with bEnd.3 cells at 37

thesized through covalent conjugation between thiol group of
peptide and maleimide group of mal-PEG3400-DSPE. After
removal of excessive peptide by dialysis, DAngiopep-PEG-DSPE
and LAngiopep-PEG-DSPE were lyophilized and subjected to
NMR spectrometry. As shown in Figure 4, the characteristic
peak of maleimide group at 6.7 ppm disappeared in NMR
spectra of DAngiopep-PEG-DSPE and LAngiopep-PEG-DSPE,
suggestive of the occurrence of Michael addition between thiol
group and maleimide group. Plain micelle and peptide modiﬁed
micelles were prepared by using thin-ﬁlm method.35,36
mPEG2000-DSPE (or mixed with 5% of peptide modiﬁed
E
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°C for one hour. As shown in Figure 5, both DAngiopep and
L
Angiopep modiﬁcation improved uptake eﬃciency of micelles.
The cellular uptake of D Angiopep-PEG-DSPE micelles
displayed less eﬃciency than that of LAngiopep-PEG-DSPE
micelles, consistent with the result of peptide uptake in bEnd.3
cells.
3.7. Brain-Targeted Delivery of Micelles in Vivo. To
study in vivo brain targeting eﬃciency of DAngiopep-PEGDSPE micelle, we compared brain distributions by using ex vivo
ﬂuorescence imaging technique. DAngiopep-PEG-DSPE and
L
Angiopep-PEG-DSPE micelles, as well as mPEG-DSPE
micelles, were ﬂuorescently labeled with a near-infrared dye
(DiR). 100 μL of each labeled micelle was injected via mouse
tail vein; and all organs were harvested and subjected to ex vivo
ﬂuorescent imaging at 1 and 4 h after injection (Figure 6). Both
D
Angiopep and LAngiopep modiﬁcation signiﬁcantly increased
the distribution of dye in the brain. No perceptive diﬀerence of
dye distribution has been recognized in other organs (Figures
6C and 6D). It was evident that DAngiopep-PEG-DSPE
micelles generated the highest brain distribution at 1 and 4 h
postinjection. In this study, DAngiopep displayed less cellular
uptake eﬃciency than LAngiopep but was fully resistant to
proteolysis in the blood and lysosomal homogenate. High brain
distribution of DAngiopep-PEG-DSPE micelles may have been
related to the unique stability of D-peptide in vivo.

conﬁnes the targeting eﬃciency of peptide ligands. As to braintargeted delivery, intracellular metabolic environment of the
brain capillary endothelial cells may further challenge the
transcytosis eﬃciency. We hypothesize that a stable D-peptide
harboring high binding aﬃnity to LRP-1 may generate
enhanced brain targeting eﬃciency.
Herein, DAngiopep has been developed by using a retroinverso isomerization technique. LAngiopep has demonstrated
high binding aﬃnity to LRP-1 and targets brain capillary
endothelial cells via LRP-1-mediated endocytosis. D-Peptide
displayed high cellular uptake eﬃciency, suggesting that the
retro-inverso isomer may bind LRP-1 with high aﬃnity.
L
Angiopep not only displayed high instability in fresh rat
serum but also was colocalized after endocytosis with lysosomal
compartment of bEnd.3 cells. We speculated that the
proteolysis of LAngiopep in lysosome may further attenuate
the transcytosis eﬃciency. When modiﬁed on the surface of
micelles, both DAngiopep and LAngiopep could eﬃciently
inspire the brain-targeted delivery in vivo. DAngiopep-PEGDSPE micelles displayed relatively higher brain targeting
eﬃciency in comparison to LAngiopep-PEG-DSPE micelles.
Since DAngiopep demonstrated lower cellular uptake eﬃciency
than did LAngiopep, we deduce that lower brain targeting
eﬃciency of LAngiopep in vivo may have been related to its
instability in the blood and lysosomal compartment of brain
capillary endothelial cells.
U87 cells also displayed high uptake capacity toward
D
Angiopep and LAngiopep owing to the overexpression of
LRP-1 on cell membrane (Figure 7A). As shown in Figure 7B,
D
Angiopep demonstrated lower eﬃciency than did LAngiopep,
consistent with the results of bEnd.3 cellular uptake. Due to the
stability and targeting eﬃcacy to LRP-1, we envision that
D
Angiopep may be promising for designing a glioblastomatargeted delivery system. In the early stage of glioblastoma,
D
Angiopep can facilitate brain-targeted drug delivery with
higher eﬃciency than LAngiopep due to resistance to
proteolysis in the blood and the BBB. With the tumor
progression, the blood−brain barrier may be compromised in
the tumor area with angiogenesis.37,38 Both DAngiopep-PEGDSPE and LAngiopep-PEG-DSPE micelles targeted glioblastoma, resulting in much higher distribution in tumor than plain
micelles (Figure 8). Since both peptides could directly target
glioblastoma without the presence of metabolic barriers in the
BBB, DAngiopep and LAngiopep modiﬁcation led to similar
targeting capacity of micelles in intracranial glioblastoma.

4. DISCUSSION
L
Angiopep is a peptide ligand of LRP-1 and capable of initiating
receptor-mediated transcytosis. LAngiopep modiﬁed paclitaxel

Figure 8. Glioblastoma targeting of micelles in vivo. mPEG-DSPE (A),
D
Angiopep-PEG-DSPE (B), and LAngiopep-PEG-DSPE (C) micelles
labeled with DiR were injected into the tail vein of nude mice with
intracranial glioblastoma (indicated by arrow) at 16 days post tumor
implantation. After 12 h, mice were sacriﬁced and the brain, heart,
liver, spleen, lung, and kidney were dissected (from left to right) for ex
vivo imaging.

5. CONCLUSION
In the present study, we designed a D-peptide ligand of LRP-1
by using retro-inverso isomerization. The resultant peptide,
D
Angiopep, displayed high uptake eﬃciency within LRP-1
expressed cells, including bEnd.3 cells and U87 cells. DAngiopep demonstrated high stability in the blood and lysosomal
homogenate. When modiﬁed on the surface of PEG-DSPE
micelles, DAngiopep eﬃciently inspired brain- and tumortargeted drug delivery, suggestive of its promising in the
treatment of brain cancers and other central nervous system
diseases.

prodrug has demonstrated a signiﬁcant antiglioblastoma eﬀect
in vivo. When modiﬁed on the surface of nanocarriers,
L
Angiopep has been proposed to facilitate dual targeting of
gliomas, wherein LAngiopep targets LRP-1 expressed on brain
capillary endothelial cells and triggers receptor-mediated
transcytosis, and the exocytosed LAngiopep can further target
brain tumor due to the overexpression of LRP-1 in gliomas.
Susceptibility to proteolysis of LAngiopep, however, has given
birth to the present study. The presence of multiple metabolic
barriers in vivo, including various enzymes in the blood,
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