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Dual-targeting nanoparticle drug delivery system was developed by conjugating Angiopep with PEG—PCL
nanoparticles (ANG-NP) through bifunctional PEG to overcome the limitations of low transport of
chemotherapeutics across the Blood—brain barrier (BBB) and poor penetration into tumor tissue. ANG-NP
can target the low-density lipoprotein receptor-related protein (LRP) which is over-expressed on the BBB
and glioma cells. Compared with non-targeting nanoparticles, a significantly higher amount of rhodamine
isothiocyanate-labeled dual-targeting nanoparticles were endocytosed by U87 MG cells. The anti-
proliferative and cell apoptosis assay of paclitaxel-loaded ANG-NP (ANG-NP-PTX) demonstrated that
ANG-NP-PTX resulted in enhanced inhibitory effects to U87 MG glioma cells. The transport ratios across the
BBB model in vitro were significantly increased and the cell viability of U87 MG glioma cells after crossing
the BBB was obviously decreased by ANG-NP-PTX. Enhanced accumulation of ANG-NP in the glioma bed
and infiltrating margin of intracranial U87 MG glioma tumor-bearing in vivo model were observed by real
time fluorescence image. In conclusion, Angiopep-conjugated PEG—PCL nanoparticles were prospective in
dual-targeting drug delivery system for targeting therapy of brain glioma.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM) is the most frequent primary
central nervous system tumor, which represents the second cause
of cancer death in adults less than 35 years of age [1]. Since GBM
differs from other cancers by its diffuse invasion of the surrounding
normal tissue, it is impossible to make the complete removal of
tumor by the conventional surgical method and tumor recurrence
from residual tumors is very possible [2]. Consequently, it is critical
to deliver the therapeutic agent effectively to the tumor as well as
to infiltrating cells that are not located in the tumor bed for GBM
treatment. However, the therapeutic effects of present chemo-
therapy are very limited, but often causing systemic side effects,
because almost all large molecule drugs and more than 98% small
molecule candidate drugs are unable to reach the brain tissue due
to their poor permeability across the Blood-brain Barrier (BBB)
[3—5]. Another obstacle in chemotherapy is maintaining a higher
concentration of therapeutic agents at the tumor site and then
preventing their spread into healthy tissue [6]. To overcome the
limitations of the conventional drug delivery methods, there is
a need for a multifunctional carrier that can be engineered into
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a single nano-platform such that it can carry drugs cross the BBB
and then target the tumor [7]. With this in mind, polymer nano-
particles merit attention to serve as a versatile targeting platform
due to their unique structural and functional surface groups that
can be used for conjugating multifunctional ligands. Nanoparticles
can be designed to carry therapeutic agents that avoid interference
with the immune system [8]. Furthermore, due to their small size,
nanoparticles can easily flow through blood capillaries and enter
the target cancer cells [9,10]. Our lab developed poly(ethylene
glycol)-co-poly(e-caprolactone) (PEG—PCL) nanoparticles as drug
delivery system to achieve improved accumulation in the glioma
tumor-bearing barin and enhanced anti-glioblastoma efficacy of
model drug [11].

Receptor-mediated endocytosis is one of the mechanisms
through which drug carriers cross the BBB. It is reported that
various receptors are present on the luminal endothelial plasma
membranes, including the transferring receptor, the insulin
receptor, endothelial growth factors receptor, and low-density
lipoprotein receptor [12,13]. Drug delivery systems which based on
these receptors have been explored to deliver drugs across the BBB
[14—16]. Low-density lipoprotein receptor-related protein (LRP),
a member of the low-density lipoprotein receptor family, is highly
expressed on BBB [17] and mediated the transcytosis of multiple
ligands across the BBB such as lactoferrin [18], melanotransferrin
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[19] and receptor associated protein [20]. More importantly, LRP
was also over-expressed on human glioma cells [21—-23]. This
indicates that LRP is a potential targeted moiety for drug delivery
systems, not only targeting the BBB, but also targeting the glioma.

Angiopep-2, a ligand of LRP, possesses a high brain penetration
capability in both in vitro model of the BBB and in situ brain
perfusion in mice [24,25]. It has been demonstrated that Angiopep-
2 modified drug delivery system could enhance delivery gene drug
[26] and near infrared fluorescent probe [27] across the BBB.
However, it has not been reported that Angiopep-2 conjugation to
the drug delivery system confers glioma targeting property through
LRP-mediated endocytosis in the glioma cells. Based on LRP over-
expression on the BBB and glioma cells, Angiopep-2 can be used not
only for enhancing delivery across the BBB but also for targeting to
the brain tumors. Considering the advantage of dual-targeting
using the same ligand and synthetic simplicity of conjugating
a single ligand, Angiopep-2 was used as a targeting moiety in the
present work.

Paclitaxel (PTX), one of the most successful anticancer drugs, is
the first of a new class of microtubule stabilizing agents and has
demonstrable antitumor activity in glioma cell lines and animal
model system of brain tumor [28,29]. However, because of the poor
aqueous solubility and low therapeutic index of PTX, its clinical
application is extremely limited. Furthermore, it is reported that
the activity of PTX against brain tumor has been disappointing in
a phase 1I study because of drug-resistance and poor penetration
across the blood—brain barrier (BBB) [30,31].

The objective of this study was to determine the potential of
Angiopep-conjugated PEG—PCL nanoparticles loaded with PTX as
a dual-targeting drug delivery system in the treatment of glioma.
Nanoparticles were conjugated to Angiopep for enhanced delivery
across the BBB as well as for targeting the tumor via LRP-mediated
endocytosis. The dual-targeting effect of PTX-loaded or fluo-
rescently labeled nanoparticles was investigated using in vitro
model and in vivo mice model.

2. Materials and methods
2.1. Materials

Methoxyl poly(ethylene glycol) (MePEG, MW 2.0 KDa), e-caprolactone (e-CL),
RNase A, propidium iodide (PI), rhodamine B isothiocyanate (RBITC), Aprotinin,
Hoechst 33342 and Stannous octoate were purchased from Sigma (St. Louis, MO,
USA). Maleimidyl-poly(ethylene glycol) (Male-PEG, MW 3.5 KDa) was obtained from
JenKem technology Co., Ltd (Beijing, China). Angiopep-2 (TFFYGGSRGKRNNFKTEEY)
and Angiope (TFFYGGSRGKRNNFKTEEYC) were synthesized by Shanghai Gene-
Pharma Co., Ltd Company (Shanghai, China). Paclitaxel was purchased from Fujian
south Bio-Engineering Co. Ltd. (Fujian, China). Taxol injection (Anzatax Injection
Concentrate, 30 mg/5 ml) was produced by FH Faulding & Co. Ltd. trading as David
Bull Lab (Melbourne, Australia). Cremophor EL was kindly supplied by BASF Ltd.
(Shanghai, China). 3-(4, 5-Dimethyl-thiazol-2-yl)-2, 5-diphenyl-tetrazolium
bromide (MTT) was purchased from Sigma (St. Louis, MO, USA). Pen-
icillin—streptomycin, DMEM, fetal bovine serum (FBS) and 0.25% (w/v) trypsin
solution were purchased from Gibco BRL (Gaithersberg, MD, USA). 1, 1’-dioctadecyl-
3, 3, 3, 3'-tetramethylindotricarbocyanine lodide (Dir) was purchased from Biotium
(Invitrogen, USA). Annexin V-FITC Apoptosis Detection kit and Triton X-100 were
purchased from Beyotime Biotechnology Co., Ltd. (Nantong, China). All the other
solvents were analytical or chromatographic grade.

2.2. Cell line

The U87 MG cell line was obtained from the 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).The both kinds of cells were
cultured in DMEM medium, supplemented with 10% FBS, 1% nonessential amino
acids, 100 IU/ml penicillin and 100 pg/ml streptomycin sulfate. All the cells were
cultured in incubators maintained at 37 °C with 5% CO, under fully humidified
conditions. All experiments were performed on cells in the logarithmic phase of
growth.

2.3. Animals

Male BALB/c nude mice, aging 4—5 weeks and weighing 20 + 2 g, were supplied
by Department of Experimental Animals, Fudan University (Shanghai, China), were
acclimated at 25 °C and 55% of humidity under natural light/dark conditions for 1
week before experiment. All animal experiments were carried out in accordance
with guidelines evaluated and approved by the ethics committee of Fudan Univer-
sity (Shanghai, China).

2.4. Synthesis of dual-targeting drug delivery system

2.4.1. Synthesis of MePEG—PCL and Maleimide—PEG—PCL

The MePEG—PCL and Maleimide—PEG—PCL block copolymers were synthesized
by ring-opening polymerization of e-CL in dry toluene under moisture-free high
purity nitrogen atmosphere, using MePEG or Maleimide—PEG as the initiator in the
presence of stannous octoate as a catalyst [32]. The molecular weight of MePEG—PCL
and Maleimide—PEG—PCL were determined by 'H-NMR, respectively.

2.4.2. Synthesis of activated PEG—PCL nanoparticles

Activated PEG—PCL nanoparticles (NP) were prepared with a blend of
MePEG—PCL and Maleimide—PEG—PCL as previously described [33]. Briefly, 22.5 mg
MePEG—PCL copolymer and 2.5 mg Maleimide—PEG—PCL were dissolved in 1 ml
dichlormethane (DCM). Next, 2 ml of 1% (w/v) sodium cholate solution was slowly
poured into the solution and then sonicated at 200 w for 50 s (Xin zhi Biotechnology
Co. Ltd., China). The resulted O/W emulsion was further diluted into 60 ml of a 0.5%
aqueous sodium cholate solution and then stirred for 5 min at room temperature by
a magnetic stirrer to solidify the nanoparticles. After that, the organic solvent was
evaporated by rotary vacuum. The formed NP suspension was centrifuged at
12,000 rpm for 60 min at 4 °C and washed twice with deionized water. The pellets
were re-suspended in 2 ml HEPES buffer (pH 7.0) and kept at 4 °C for further use.

Rhodamine isothiocyanate (RBITC) labeled nanoparticles were prepared as the
same way, except that MePEG—PCL was replaced by RBITC-labeled MePEG—PCL
which was synthesized as previously reported [34].

The preparation of nanoparticles loaded with PTX was the same as that of blank
nanoparticles, except that about 2.5 mg of PTX was added to the copolymer solution.
Dir-labeled nanoparticles were prepared by adding Dir in DCM during nanoparticle
preparation.

2.4.3. Synthesis of angiopep-conjugated dual-targeting nanoparticles

For preparation of Angiopep-conjugated nanoparticles (ANG-NP), activated
nanoparticles were reacted with Angiopep in HEPES buffer (pH 7.0) for 8 h under
nitrogen flow at room temperature. The outer Maleimide groups of activated
nanoparticles were specifically reacted with the thiol groups of Angiopep and the
molar ratio of Angiopep to maleimide was 1:3 [35] The reaction mixture was then
centrifuged at 12,000 rpm for 60 min at 4 °C and washed twice by PBS buffer
(pH 7.4). The pellets were re-suspended in PBS (pH 7.4) and kept at 4 °C for further
use. The nanoparticle concentration was determined by turbidimetry using UV2401
spectrophotometer at 600 nm (Shimadzu, Japan).

2.5. HPLC analysis

The concentration of PTX in samples was determined via HPLC on a system
equipped with a LC-10ATVP pump, a SPD-10AVP UV detector (Shimadzu, Kyoto,
Japan) and a HS2000 interface (Hangzhou Empire Science & Tech, Hangzhou, China).
The mobile phase consisted of acetonitrile and ammonium acetate buffer solution
(10 mM, pH 5.0) (50:45, v/v) was freshly prepared for each run and degassed before
use. The reversed-phase column (Gemini 5 pm C18, 150 x 4.6 mm, Phenomenex,
California, USA) was used at room temperature. The flow rate was set at 1.0 ml/min
and the detection wavelength was 230 nm. Sample solution was injected at a volume
of 20 pl. The HPLC was calibrated with standard solutions of 0.5—50 pg/ml of PTX
dissolved in acetonitrile (correlation coefficient of R* = 0.9995). The limit of quan-
tification was 0.5 ng/ml. The coefficients of variation (CV) were all within 3.5%.

2.6. Characterization of angiopep-conjugated dual-targeting nanoparticles

The morphology of the ANG-NP was studied by transmission electron micros-
copy (Joel JEM-1230, Japan) after negative staining with phosphotungstic acid
solution (2%, w/v).

The particle size distribution and Zeta Potential were measured by the light
scattering method using a Nicomp Zeta Potential/Particle Size (model 380XLS,
NicompTM, Santa Barbara, CA, USA). The analyses were performed with 5 mW He-
Ne laser (632.8 nm) at a scattering angle of 90°at 25 °C.

2.7. Drug-loading coefficient, encapsulation ratio and in vitro release

The drug loading coefficient (DL%) and encapsulation ratio (ER%) of PTX-loaded
PEG—PCL nanoparticles (NP-PTX) and PTX-loaded PEG—PCL nanoparticles modified
with Angiopep (ANG-NP-PTX) were investigated as previously described [11].
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The in vitro release behavior of PTX from ANG-NP-PTX was monitored in an
aqueous medium containing 1 M sodium salicylate by dialysis method [36,37].1 ml
of PTX-loaded nanoparticle solution (containing 0.1 mg PTX) was introduced into
a dialysis bag (MWCO = 14000 Da, Greenbird Inc., m containing 1 M sodium
salicylate by dialysis method [36,37]. Shanghai, China) and the end sealed dialysis
bag was submerged fully into 50 ml of 1 M sodium salicylate solution at 37 °C with
stirring at 100 rpm for 96 h. At appropriate time intervals, 0.2 ml aliquots were
withdrawn and replaced with an equal volume of fresh medium. The concentration
of PTX in samples was determined by HPLC as described above with correction for
the volume replacement.

The in vitro release kinetics of Dir was also investigated by dialysis method.
Briefly, Dir-loaded nanoparticles solution after being removed free Dir via CL-4B
column (Hanhong Chemical Co. LTD, China) was introduced into a dialysis bag
(MWCO = 14000 Da, Greenbird Inc., Shanghai, China) and submerged fully into PBS
(pH 7.4) solution at 37 °C with stirring at 100 rpm for 48 h. At appropriate time
intervals, 0.4 ml aliquots were withdrawn and replaced with an equal volume of
fresh medium. The concentration of Dir in samples was determined by fluoro-
spectrophotometer (F-1000, Hitachi, Tokyo, Japan).

2.8. U87 MG glioma cellular uptake and competition assay

U87 MG cells were seeded at a density of 5 x 10* cells/well in 24-well plates
(Corning Coaster, Tokyo, Japan) and incubated for 24 h. Then U87 MG cells were
incubated with RBITC-labeled ANG-NP and NP at the concentration of 500 pg/ml for
30, 60 and 120 min at 37 °C. The solution was removed and the cells were washed
three times with ice-cold PBS (pH 7.4) then visualized under fluorescent microscope
(Leica DMI 4000B, Germany).

For the competition assay, Angiopep-2 or Aprotinin was added to the wells in
advance at a concentration of 200 pg/ml. After 30 min incubation at 37 °C, the
compounds were withdrawn from the wells, and 500 pg/ml RBITC-labeled ANG-NP
along with Angiopep-2 or Aprotinin (each compound at a concentration of
200 pg/ml) were added and incubated for 120 min, followed by abovementioned
steps. For RBITC-labeled ANG-NP at the concentration of 500 pug/ml, study was also
carried out at 4 °C.

2.9. U87 MG glioma cellular uptake mechanism of ANG-NP

U87 MG cells were seeded at a density of 1 x 10° cells/well in 24-well plates and
incubated for 24 h. After checking the confluency and morphology, Chlorpromazine
hydrochloride (CPZ, 10 pg/mL), Sucrose (0.45 M), Filipin (5 pg/mL), Cytochalasin D
(3 uM), 5—(N, N-Dimethyl) amiloride hydrochloride, (DMA, 10 uM), NaN3 (1 mg/mL),
Angiopep-2 (200 pg/mL) or Aprotinin (200 pg/mL) was added into each well and
incubated for 30 min. Then the compounds were withdrawn from the wells, and
RBITC-labeled ANG-NP along with different compounds (concentration of each
compound was equal to that described above) was added. After 60 min incubation,
the treatment solution was discarded and the cells were washed three times with
ice-cold PBS. Then cells were lysed with PBS containing 1% Triton X-100 and
centrifuged at 6000 g for 10 min. Fluorescence intensity of RBITC (Aex = 547 nm,
Aem = 572 nm) in supernatants were measured using a fluorescence microplate
reader (Tecan Safire2, Switzerland). Fluorescence intensity was normalized with
respect to total protein content. The protein content was determined using the BCA
protein assay kit in accordance with the method specified by the manufacturer.

2.10. Confocal microscopy

U87 MG cells were seeded on 14-mm? glass coverslips that were placed in
6-well plates. After 24 h, cells were incubated with RBITC-labeled ANG-NP as
described above for 60 min or 120 min at 37 °C followed by treatment with
organelle-selective dyes. Cells were incubated with 10 uM Hoechst 33342 for 10 min
and 75 nM Lysotracker Green for 30 min, respectively. Then, the loading solution
was removed and the cell monolayers were washed three times with ice-cold PBS
and examined by confocal laser scanning microscopy (Leica TCS SP2, Germany).

2.11. Antiproliferative activity against U87 MG glioma cells

U87 MG cells were seeded in 96-well plates at the density of 1 x 10* cells/well.
After 24 h of culture at 37 °C with 5% CO;, the medium was removed, and the cells
were incubated for 72 h in the media containing PTX formulations, including Taxol
injection, NP-PTX and ANG-NP-PTX of various concentrations. Cell survival was
measured using tetrazolium salt MTT assay. Briefly, 180 ul of fresh growth medium
and 20 pl of MTT (5 mg/ml) solution were added to each well. The plate was incu-
bated for an additional 4 h, and then 200 pl DMSO was added to each well to dissolve
any purple formazan crystals formed. The plates were vigorously shaken before
taking measurement of relative color intensity. The absorbance at 570 nm of each
well was measured by a microplate reader (Thermo Multiskan MK3, USA).

2.12. Cell apoptosis activity against U87 MG glioma cells

The cell apoptosis was first detected by assessment of nuclear morphology
staining with Hoechst 33342. Briefly, U87 MG cells were seeded in 6-well plates
containing a coverslip with 5 x 10° cells per well and cultured at 37 °C for 24 h. Cells
were then incubated for another 24 h with Taxol, NP-PTX and ANG-NP-PTX (PTX
concentration of 100 ng/ml) and culture medium as control. Samples were then
fixed with 4% paraformaldehyde in PBS (pH 7.4) at room temperature for 15 min,
stained for 15 min with 10 pg/ml Hoechst 33342 in PBS at room temperature and
washed twice with ice-cold PBS. Cover-slips were mounted onto glass slide which
were then examined under the fluorescent microscope (Leica DMI 4000B,
Germany). For the quantitative analysis of apoptosis, cells were left untreated or
were treated with Taxol, NP-PTX and ANG-NP-PTX (PTX concentration of 100 ng/ml)
for 24 h. Then, non-adherent and adherent cells were trypsinized, centrifuged at
1000 g for 5 min, washed three times with ice-cold PBS and re-suspended in 200 pl
of binding buffer. Thereafter, 5 ul of Annexin V-FITC and 10 pl of PI were added and
mixed for 15 min in the dark. The stained cells were analyzed using a flow cytometer
(FACSCalibur, BD, USA). Data analysis was performed using Cell-Quest software
(Becton Dickinson, USA).

2.13. Transport across the BCECs monolayer and competition assay

BCECs were seeded on polycarbonate 24-well Transwell membrance of 1.0 pm
mean pore size, 0.33 cm? surface areas (FALCON Cell Culture Insert, Becton Dickinson
Labware, USA) at a density of 5 x 10* cells/well. After 4 days, the cell monolayer
integrity was monitored using an epithelial voltohmmeter (Millicell-RES, Millipore,
USA) to measure the transendothelial electrical resistance (TEER). Only cell mono-
layers with TEER above 200 Q cm? were selected for experiment [26,38].

Transport ratio (%) was measured by using DMEM as a transport medium.
Formulations were added into the donor chamber at a concentration of 10 pg/ml
PTX, including Taxol, NP-PTX and ANG-NP-PTX, respectively. Cells then were incu-
bated on a platform, shaking at 50 rpm at 37 °C. A volume of 600 pl sample medium
was taken from the basolateral compartment at 1, 2, 4, 8 and 24 h, and replaced with
an equal volume of fresh medium. The samples were freeze dried and determined by
HPLC.

For the competition assay, Angiopep-2 or Aprotinin was added to the donor
chamber in advanced at a concentration of 200 pg/ml. After 30 min incubation at
37 °C, the compounds withdraw from the Transwell, and ANG-NP-PTX along with
Angiopep-2 or Aprotinin (concentration of each compound was equal to 200 pg/ml)
was added, followed by abovementioned steps.

In another parallel experiment, “C-sucrose was added into the formulation
solution to monitor the integrity of BCECs monolayers. TEER was also measured
during experiment to monitor the integrity of BCECs monolayers.

2.14. Dual-targeting effects in vitro

For evaluating the dual-targeting effect of Angiopep-2 modified nanoparticles in
vitro, the BCECs-U87 MG cells co-culture model was established. The BCECs incu-
bated in the transwell for 4 days, and then the transwell was inserted into another
24-well culture plate where U87 MG cells had been cultured at a density of 1 x 10%
cells/well for 1 day. The two kinds of cells in the transwell-chambers were co-
cultured for 1 day to establish the co-cultured model in vitro [39]. The co-cultured
model was incubated for 30 min with serum-free DMEM, Angiopep-2 (200 pg/ml)
and Aprotinin (200 pg/ml), respectively. After removing the solution, different PTX
formulations were applied to the apical chamber of these transwells, including
Taxol, NP-PTX, ANG-NP-PTX, ANG-NP-PTX + Angiopep-2 (200 pg/ml) and ANG-NP-
PTX + Aprotinin (200 pg/ml), respectively. The final concentration of PTX was 10 pg/
ml. All the co-cultured cells after drug treatment were incubated for 8 h. After
removal of the transwells, U87 MG further cultured for another 64 h and cell survival
was then measured using MTT assay.

2.15. Dual-targeting effects in vivo

Real-time fluorescence imaging analysis was used to evaluate the dual-targeting
in vivo of Angiopep-modified nanoparticles. U87 MG cells (5.0 x 10° cells suspended
in 5 ul PBS) were implanted into the right striatum (1.8 mm lateral to the bregma and
3 mm of depth) of male Balb/c nude mice by using a stereotactic fixation device with
mouse adaptor. ANG-NP and NP were labeled by Dir (Invitrogen, USA). In brief, Dir
was co-dissolved with copolymer in DCM during nanoparticle preparation. Then,
the free Dir was removed via CL-4B column (Hanhong Chemical Co. LTD, China). The
intracranial U87 MG glioma bearing mice were injected with 100 ul of Dir-labeled
ANG-NP or NP via tail vein 18 days after implantation. The mice were anesthetized
with i.p. administered 10% chloral hydrate and placed on an animal plate heated to
37 °C. The fluorescent scans (from 620 nm to 900 nm) were performed at 2, 6,12 and
24 h post i.v. using an in-vivo image system (CRi, Woburn, MA, USA).

To compare tissue and tumor distributions of ANG-NP, the mice were sacrificed
at 24 h post-injection. Tumor-bearing brain and major organs, including livers,
lungs, spleens, kidneys, and hearts, were dissected, washed with saline, and sub-
jected to Maestro In Vivo imaging system to obtain the fluorescence images.
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3. Result
3.1. Characterization of MePEG—PCL and Maleimide—PEG—PCL

In 'H-NMR spectrum, the solvent peak of CDCl; was found at
7.25 ppm. There was a characteristic peak of the Maleimide group
in PEG at 6.86 ppm (Fig. 1B). The peak at 3.63 ppm and 2.31 ppm
were attributed to methylene units in PEG segments and e-CL
segments, respectively (Fig. 1A and B). From the 'H integrity ratio of
their methylene groups, the average molecular weight ratio of
MePEG to e-CL was 2000:10000 and Maleimide—PEG to e—CL was
3500:10500, suggesting that the number molecular weight of
MePEG—PCL and Maleimide—PEG—PCL was 12,000 and 14,000,
respectively.

3.2. Characterization of the nanoparticles

PTX-loaded Angiopep-conjugated PEG—PCL nanoparticles were
prepared through the outer Maleimide groups of nanoparticles
specifically reacting with the thiol groups of Angiopep (Fig. 1C). The
mean diameter of ANG-NP as well as NP was less than 100 nm, with
an acceptably good polydispersity index (PDI < 0.16). Such nano-
particles may accumulate more readily in tumor due to the
Enhanced Permeability and Retention (EPR) effect [34]. The nano-
particles exhibited spherical shape of moderate uniform particle
size and the particle size measured from the TEM images was in
good agreement with that measured by the laser scattering tech-
nique (Fig. 2A,B).

The charge values were close to a neutral state with slight nega-
tive charges distributed around the nanoparticles (—3.08 + 0.94 mV
for NP-PTX and —3.28 & 0.75 mV for ANG-NP-PTX).

Compared with NP-PTX, the drug loading coefficient and
encapsulation ratio of ANG-NP-PTX decreased to some extent. It
may due to PTX releasing from nanoparticles during the reaction
between Angiopep and NP-PTX.

The in vitro cumulative release profiles of PTX from nano-
particles are shown in Fig. 2C. Similar to NP-PTX, ANG-NP-PTX
presented biphases release behavior. After the initial burst release
for about 12 h, the release rate of PTX slowed down and became an
almost zero-order release. The release rate during 96 h was
77.9 & 2.5% for NP-PTX, 78.4 + 1.8% for ANG-NP-PTX, respectively. It
is obvious that Angiopep-modified nanoparticles did not change
PTX release behavior.

3.3. Uptake characteristic of nanoparticles by U87 MG cells in vitro

RBITC-labeled nanoparticles were used to investigate cellular
uptake characteristic, the results of which were shown qualitatively
using fluorescent images. U87 MG cells treated with either RBITC-
labeled NP or RBITC-labeled ANG-NP exhibited fluorescent inten-
sity corresponding to incubation time (Fig. 3). The cellular uptake of
RBITC-labeled ANG-NP exhibited a time-dependent mode and
significantly higher than RBITC-labeled NP when the incubation
time ranged from 30 min to 120 min at a concentration of 500 ug/
ml nanoparticles.
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Fig. 2. Particle size distribution and TEM image of PEG—PCL nanoparticles (A) and Angiopep-modified PEG—PCL nanoparticles (B). PTX release profiles in vitro (C). The bar is 100 nm.
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Fig. 3. Cell uptake of RBITC-labeled NP (A, C, E) and ANG-NP (B, D, F) after incubating of 30 min (A, B), 60 min (C, D) and 120 min (E, F) was examined by fluorescent microscopy.
Concentration of nanoparticles of all samples was adjusted to 500 pg/ml. Red: RBITC. Original magnification: x20. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

In the competition assay, after adding different ligands of LRP,
such as Angiopep-2 (Fig. 4A,C), Aprotinin (Fig. 4A,D), uptake of
RBITC-labeled ANG-NP was evidently reduced. In addition, cellular
uptake of RBITC-labeled ANG-NP at 4 °C was inhibited compared
with that at 37 °C (Fig. 4A,B).

Therefore, the cellular uptake of ANG-NP exhibited a time-
dependent and energy-dependent mode, and could be competi-
tively inhibited by ligands of LRP.

3.4. Mechanism of cellular uptake of ANG-NP in U87 MG cells

In order to elucidate the internalization mechanism of ANG-NP,
the effects of ATP depletion and endocytosis inhibitors on cellular
uptake were evaluated quantitatively in U87 MG cells. Pretreat-
ment of sodium azide (1 mg/ml) depleted cellular ATP, and
decreased the cellular uptake of ANG-NP to 60.21% of the control
(Fig. 5). It indicated that internalization of the ANG-NP by U87 MG
cells occurred through energy-dependent endocytosis, which was
consistent with above results (Fig. 4A,B).

Endocytosis, which occurs in most cells as pinocytosis, represents
at least four basic mechanisms: clathrin-mediated endocytosis,
caveolae-mediated endocytosis, macropinocytosis and clathrin and
caveolae-independent endocytosis [40]. Filipin and Genistein were
reported to inhibit caveolae-mediated endocytosis by disrupting

caveolae [41—43]. Incubation with Filipin and Genistein reduced the
cellular uptake of ANG-NP to 84.3% and 74.5%, respectively. It indi-
cated the involvement of caveolae-mediated endocytosis in the
cellular uptake of ANG-NP.

The effects of clathrin-mediated endocytosis on the internali-
zation of the ANG-NP were evaluated using CPZ and sucrose, a kind
of clathrin-coated pits formation-blocking agent [44—46]. Cyto-
chalasin D and DMA, microtubule-disrupting agents [47,48], were
used to evaluate the effects of macropinocytosis on the internali-
zation of the ANG-NP. Neither of the two kinds of agents was found
to influence the cellular uptake of ANG-NP (P > 0.05) (Fig. 5). These
results suggested the minimal contribution of clathrin-mediated
endocytosis and macropinocytosis on the internalization of ANG-
NP by U87 MG glioma cells.

Furthermore, effect of ligands of LRP was also investigated.
Ligands including Angiopep-2 and Aprotinin could significantly
reduce the cellular uptake of ANG-NP by U87 MG glioma cells (Fig. 5).

3.5. Intracellular localization of ANG-NP

The intracellular localization of RBITC-labeled ANG-NP in U87
MG cells was evaluated by confocal laser scanning microscopy.
Some ANG-NP were found to localize in the lysosome of U87 MG
cells after 60 min incubation, showing a co-localization with the
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Fig. 4. Cell uptake of RBITC-labeled ANG-NP (A), ANG-NP at 4 °C (B

), ANG-NP with 200 mg/ml free Angiopep-2 (C

) and Aprotinin (D). Concentration of nanoparticles of all samples

was adjusted to 500 pg/ml. Cell uptake was exammed by ﬂuorescent microscopy after 120 min incubation. Red RBITC. Original magmﬁcatlon x20. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

green fluorescence of Lyso-tracker green (Fig. 6A—D), a specific
marker for lysosome. At 120 min, almost all red dots and green dots
localized on the same field (Fig. 6E—H), indicating that ANG-NP
taken up by the cells were delivered to lysosomes.

3.6. Antiproliferative activity against U87 MG glioma cells

The antiproliferative effect of different PTX formulations on U87
MG cells was evaluated MTT assay (Fig. 7). The results showed that
ANG-NP-PTX at various concentrations exhibited the strongest
inhibitory effect to the proliferation of U87 MG cells among various
formulations.

The ICsqg values of Taxol and ANG-NP-PTX toward U87 MG cells
were 0.225 + 0.024 ug/ml and 0.066 4 0.008 ug/ml, respectively.
The IC5g value of PTX nanoparticles modified with Angiopep was
3.4 times lower than that of Taxol. Comparisons between the drug-

120
100 |
80
60 |
40
20 ¢

% of control

Fig. 5. Effects of inhibitors on cellular uptake of RBITC-labeled ANG-NP in U87 MG
cells. Fluorescence intensity of RBITC in untreated cells, representing the maximum
internalized amount of RBITC-labeled ANG-NP, was taken as control. *p<0.05, **p<0.01,
compared with Control (n = 3).

loaded nanoparticles showed that the ICsy value of ANG-NP-PTX
was 3.8 folds lower than that of NP-PTX (0.248 + 0.017 pg/ml),
indicating that the antiproliferative effect of the drug-loaded
nanoparticles was markedly elevated by modifying with Angiopep.

3.7. Cell apoptosis of U87 MG glioma cells

To examine whether the encapsulation of PTX in Angiopep-
conjugated nanoparticles modifies cell apoptosis, the Hoechst
33342 staining method was used to provide evidence for PTX-
induced apoptotic cell death. The nuclei of untreated U87 MG
glioma cells showed homogenous fluorescence with no evidence of
segmentation and fragmentation after Hoechst 33342 staining
(Fig. 8A). In contrast, the cell nuclei became severely fragmented
when the cells were treated with PTX formulations for 24 h
(Fig. 8C,E,G), suggesting the nuclei were segmentated into dense
nuclear parts and further distributed into apoptotic bodies.

For quantitative analysis, Annexin V-FITC Apoptosis Detection
kit was used to stain the cells and the percentage of cell apoptosis
was determined by flow cytometer (Fig. 8B,D,F,H). The percentage
of early and late apoptosis of Taxol-treated U87 MG glioma cells
was 5.46 + 1.28% and 18.27 + 2.24%, respectively, while ANG-NP-
PTX caused 10.28 4 2.09% and 23.6 + 0.14% of early and late cell
apoptosis. In comparisons between the drug-loaded nanoparticles,
the percentage of early and late apoptosis of ANG-NP-PTX treated
U87 MG glioma cells was evidently higher than that of NP-PTX
(5.55 4+ 1.53% and 16.04 + 1.34%). This was consistent with in vitro
cytotoxicity, indicating that ANG-NP-PTX induced more early and
late apoptosis, due to higher uptake of PTX via LRP receptor-
mediated endocytosis, and produced higher cytotoxicity than NP-
PTX.

3.8. Transport across the BCECs monolayer and competition assay

The transport ratios across the BCECs monolayer in vitro over
a period of 24 h are shown in Fig. 9A. The transport ratio was
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RBITC-NP Hoechst 33342

Lyso Tracker

Fig. 6. Cellular location of ANG-NP, photos were taken after cells incubated with ANG-NP for 60 min (A—D) or 120 min (E—H). Red: RBITC-labeled ANG-NP (A, E). Blue: Hoechst
33342 (B, F). Green: Lysotracker Green (C, G). Yellow: Lysotracker Green co-localized with RBITC-labeled ANG-NP (D, H). Bar: 20 pum. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

4.57 + 0.85% for Taxol, 7.67 + 1.30% for NP-PTX and 13.29 + 1.09%
for ANG-NP-PTX, respectively. The results indicated that the
transport of PTX across the BCECs monolayer was significantly
increased when PTX nanoparticles were coupled with Angiopep.

In the competition assay (Fig. 9B), Angiopep-2 or Aprotinin, was
added in advance. The transport ratio of ANG-NP-PTX was signifi-
cantly decreased (P < 0.01) due to free Angiopep-2 or Aprotinin
competitively binding with LRP on BCECs, demonstrating that the
transport of ANG-NP-PTX across the BBB could be significantly
increased through LRP receptor-mediated endocytosis.

The integrity of the BCECs monolayer in vitro was monitored by
TEER and permeability of 'C-sucrose during experiment. TEER
value of BCECs monolayer remained higher than 200 Q cm? and the
permeability of “C-sucrose was not significantly different from
that of control.
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—8— NP-PTX
—a— ANG-NP-PTX
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Fig. 7. In vitro cytotoxicity of various formulations of PTX against U87 MG cells (n = 3).

3.9. Dual-targeting effects in vitro

In order to analyze the potential dual-targeting effect of ANG-
NP-PTX in mimicking the Blood-Brain-Tumor-Barrier (BBTB) in vivo,
a BCECs-U87 MG glioma cells co-culture model was established and
used for evaluation. The cell viability (%) of U87 MG cells for ANG-
NP-PTX after crossing the BCECs monolayer was less than that of
NP-PTX and Taxol (p < 0.01)(Fig. 10). The cell inhibitory effect of
ANG-NP-PTX was significantly reduced by addition Angiopep-2 or
Aprotinin to incubation solution (p < 0.01) (Fig. 10). It demon-
strated that PTX-loaded nanoparticles modified with Angiopep
exhibited a significant potency of transporting across the BBB and
targeting the U87 MG cells, which called “dual-targeting effect”.

3.10. Dual-targeting effects in vivo

The in vivo potential dual-targeting effect of ANG-NP was
determined non-invasively in intracranial U87 MG glioma tumor-
bearing nude mice, based on the fluorescence of Dir-labeled
nanoparticles. After given through the tail vein, time-dependent
biodistribution was observed using non-invasive NIRF imaging in
live animals. Compared with NP group, the fluorescence signal in
the tumor-bearing brain of ANG-NP group was much stronger at
any time post-injection ranged from 2 h to 24 h (Fig. 11A).

Ex vivo evaluation of excised tissues (heart, liver, spleen, lung,
and kidney) and tumor-bearing brain at 24 h post-injection showed
an obvious tumor-bearing brain accumulation of the nanoparticles
(Fig. 11B). The fluorescence located on the tumor position of brain
for NP group, indicating that PEG—PCL nanoparticles could accu-
mulate in glioma tissue via the EPR effect. However, the fluores-
cence distributed all over the brain including glioma bed and
infiltrating margin for ANG-NP group, suggesting that PEG—PCL
nanoparticles modified with Angiopep not only accumulated in
glioma bed via EPR effect but also transported across the BBB and
then targeted glioma infiltrating margin via LRP receptor-mediated
endocytosis on the BBB and glioma cells. Hence, ANG-NP exhibit
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Fig. 8. Induction of apoptosis on U87 MG glioma cells by Taxol (C, D), NP-PTX (E, F) and ANG-NP-PTX (G, H) after incubation for 24 h at equivalent PTX concentration (100 ng/ml).
Normal U87 MG glioma cells without any treatment served as the control (A, B). Fluorescence micrographs of U87 MG glioma cell nuclei labeled by Hoechst 33342 (A, C, E and H).
Flow cytometry used staining of Annexin V-FITC and PI (B, D, F and H). Original magnification: x20.
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Fig. 9. The transport ratios (%) across the BCECs monolayer in vitro of ANG-NP-PTX
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competition assay that the BCECs monolayer was preconditioned Angiopep-2 or
Aprotinin for 30 min, and followed by applying ANG-NP-PTX at designated time points,
respectively(B). Data are present as the mean + SD. a, p<0.05, compared with Taxol; b,
p<0.05, compared with NP-PTX; *p<0.05, **p<0.01, compared with ANG-NP-PTX.

potential dual-targeting effect in vivo in intracranial U87 MG glioma
tumor-bearing model. However, accumulation of the injected
nanoparticles in the reticuloendothelial system (RES) was detected
in either group treated with NP or ANG-NP.
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Fig. 10. The dual-targeting effect: cell viability of Taxol, NP-PTX, ANG-NP-PTX, ANG-

NP-PTX+Angiopep-2, ANG-NP-PTX+Aprotinin against U87 MG cells after crossing the
BBB in vitro (n = 3).

4. Discussion

In spite of decades of research, the quality of life and prognosis
of GMB patients are very disappointing since it is too difficult to
treat due to the aggressive growth and islets of cells remaining after
surgical excision of the glioma, which lead to recurrence of the
tumor. Conventional drug delivery methods cannot deliver
adequate amounts of chemotherapeutic agents into brain to kill
glioma cells because of the existence of BBB and tumor barrier. In
recent years, the emphasis for treatment of glioma has been the
identification of receptors targets on the BBB and glioma cells for
the delivery of drug into brain and tumor. Such receptors target
could maximize chemotherapeutic agents into brain and tumor and
minimize the systemic toxic effects [7].

Among these receptors, LRP is not only over-expressed on BBB
[49] but up-regulated on human glioma cells such as U87 MG and
SF-539 [18]. It has been demonstrated that LRP could bind
numerous ligands including lipoproteins, protease/protease inhib-
itor complexes and lipoprotein lipase-enriched lipoproteins [50]
and mediate transport of ligands across endothelial cells of the
BBB [17]. Among the ligands of LRP, Angiopep-2, a novel peptide of
19 amino acids derived from the Kunitz domain, possesses a higher
in vitro and in vivo LRP-mediated brain penetration capability than
other proteins, such as transferrin and aprotinin [24,25]. An
Angiopep-2/PTX conjugate, named ANG1005, could improve
delivery of PTX to brain and entered the clinical phase I in 2007 to
treat patients with advanced solid tumors and brain metastases
tumors [28,51]. In the present study, we developed a novel dual-
targeting nanoparticles system by conjugating with Angiopep-2,
which transported drug across the BBB and then targeted brain
glioma. The Angiopep-conjugated PEG—PCL nanoparticles exhibi-
ted enhanced uptake of U87 MG glioma cells in vitro and accu-
mulation in tumor-bearing brain in vivo. The Angiopep-conjugated
PTX-loaded PEG—PCL nanoparticles exhibited stronger inhibition
and apoptosis toward U87 MG glioma cells in monolayer model and
co-culture model.

Similar to ANG1005, ANG-NP-PTX system was also designed to
deliver PTX into brain via LRP-mediated endocytosis. More impor-
tantly, ANG-NP-PTX system offers a number of advantages over
ANG1005. First, Solutol HS15/Ringer’s HEPES (25/75, v/v), a non-
ionic surfactant, was used as a solubilizer for ANG1005. The safety of
the injected solubilizer is not very clear. It is known that 50: 50 (v/v)
mixture of Cremophor EL (polyoxyl 35 castor oil) and dehydrated
alcohol, a solubilizer for Taxol, is associated with serious side effects,
such as hypersensitivity, nephrotoxicity and neurotoxicity as well as
effects on endothelial and vascular muscles, causing vasodilatation,
labored breathing, lethargy and hypotension [52], and may interfere
with taxane pharmacokinetics and antitumor activity [53]. ANG-NP-
PTX system greatly improved the solubility of PTX and avoided
organic solvent. Second, the surfaces of ANG-NP-PTX system were
modified by hydrophilic PEG chains which extended the circulation
time of PTX in the blood system. Third, in terms of selective delivery,
ANG-NP-PTX nanoparticles have a potential inherent advantage
over ANG1005 as free drug molecules can diffuse into normal brain
as well as tumor tissue but nanoparticles have a more selective
delivery via the EPR effect within solid tumors [54].

In the ANG-NP-PTX system, PCL was chosen as drug carrier as it
is a biodegradable polymer approved for human use by U.S. FDA
and widely used in drug delivery applications [55]. Angiopep,
which was synthesized by adding a cysteine to the N-termial of
Angiopep-2 [26], was linked to nanoparticles by bifunctional PEG.
In order to maximize the exposure of maleimide groups of nano-
particles to facilitate conjugation with Angiopep, the chain of
Maleimide—PEG (MW, 3500) was longer than that of MePEG (MW,
2000) (Fig. 1)
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Fig. 11. In vivo fluorescence imaging of intracranial U87 MG glioma tumor-bearing nude mice after intravenous injection of nanoparticles (A). Images of dissected organs of mice
bearing intracranial U87 MG glioma sacrificed 24 h after intravenous injection of nanoparticles (B). Arrow: the position of tumor.

After conjugated with Angiopep, the particle size was a little
bigger than activated nanoparticles (Fig. 2A, B). But they are still
less than 100 nm, which is optional for improving the pharmaco-
kinetics of nanoparticles [56] and advantageous for endocytosis by
brain capillary endothelial cells [57].

The cellular uptake of PEG—PCL nanoparticles in U87 MG cells
was enhanced by conjugating Angiopep (Fig. 3). The internalization
of ANG-NP was time-dependent (Fig. 3) and energy-dependent
(Fig. 4A,B). Precondition with Angiopep-2 (Fig. 4A,C) or Aprotinin
(Fig. 4A,D), ligands of LRP, the cellular uptake of ANG-NP was
significantly reduced as LRP were competitively binding with free

ligands. The same competitive inhibition effects occurred in the
BCECs monolayer model and BCECs-U87 MG cells co-culture model
of ANG-NP-PTX, because LRP is also over-expressed on BCECs.

As for the nanoparticle internalization mechanisms of Angiopep-
conjugated PEG—PCL nanoparticles system, the main mechanism
was caveolae-mediated endocytosis while the minimal contribution
of clathrin-mediated endocytosis and macropinocytosis involved on
the internalization by U87 MG cells (Fig. 5). It was reported that
Angiopep-modified PAMAM—PEG/DNA nanoparticles were inter-
nalized by BCECs through clathrin- and caveolae-mediated endo-
cytosis, and also partly through macropinocytosis [26]. This is not
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paradoxical because charge, shape, material composition, surface
chemistry of nanoparticles and cell type are important parameters
that determine cellular entry of nanoparticles through definitive
endocytic route [58]. Results of cellular localization (Fig. 6) showed
that ANG-NP taken up by the cells were delivered to lysosomes, in
which a great percentage of the drug is trapped in the organelle or
degraded. Fortunately, PTX, a microtubule-stabilizer, would impair
lysosomal integrity [59], which might increase the rate of escape of
ANG-NP-PTX from the lysosome.

The MTT and cell apoptosis assay demonstrated that PTX
formulations resulted in obvious inhibitory effects to U87 MG cells,
suggesting that glioma cells were sensitive to PTX. The results from
the cytotoxicity curves and flow cytometry of cell apoptosis indi-
cated that NP-PTX was comparable effectiveness of Taxol (Figs. 7
and 8). After modifications of PTX-loaded nanoparticles with
Angiopep, the ICs5q value was decreased and the percentage of early
and late apoptosis of U87 MG cells was increased, demonstrating
that the endocytosis by the U87 MG cells was increased by ligand
modification. This could be explained by that the increased endo-
cytosis is mediated by the specific binding between Angiopep and
LRP followed by increased internalization of U87 MG cells.

To imitate the dual barrier (BBB and tumor barrier) of glioma in
vivo, a BCECs-U87 MG glioma cells co-culture model was estab-
lished to evaluate the dual-targeting effects of ANG-NP-PTX in vitro
[60—62]. From the results of the transport ratios across the BCECs
monolayer model in vitro (Fig. 9), it was calculated that the
concentration of PTX in basolateral compartment could reach
median lethal dose (LDsg) against U87 MG cells after 8 h transport
from the donor chamber. As a result, the transwell containing PTX
formulations were incubated for 8 h and then removed in the co-
culture model assay. The inhibitory effects on U87 MG cells were
significantly enhanced by PTX-loaded nanoparticles modified with
Angiopep(Fig. 10), which strongly confirmed the anti-proliferation
effect, cell apoptosis of U87 MG cells and the transport across the
BCECs monolayer model in vitro. It indicated that ANG-NP-PTX
exhibited strong dual-targeting effects in vitro.

To further verify the dual-targeting effects of ANG-NP in vivo,
intracranial U87 MG glioma tumor-bearing nude mice were used to
investigate the distribution of Dir-labeled nanoparticles. The in vitro
release kinetics of Dir-loaded nanoaprticles was investigated by
dialysis method and the results exhibited that less than 1% of Dir
released from the nanoaprticles within 48 h. Therefore, the Dir
combining with nanoparticles together penetrated into brain and
tumor but not free Dir in the imaging analysis [27,63,64]. The results
from in vivo and ex vivo imaging photos of tumor-bearing brain
indicated that Angiopep-modification enhanced nanoparticle accu-
mulation in the glioma bed and infiltrating margin. It suggested that
ANG-NP exhibited strong dual-targeting effects: Angiopep mediated
the transport of the ANG-NP across BBB through LRP as grade I tar-
geting, followed by endocytosis of ANG-NP via recognition of LRP on
the surfaces of U87 MG as grade II targeting. The accumulation of the
nanoparticles in the liver could be interpreted as classical passive
targeting of the nanoparticles. By presenting PEG on the surfaces of
nanopartilces, the rate of RES uptake of the nanoparticles can be
greatly reduced, allowing the nanoparticles to have an increased
chance to distribute to the target tissue. However, the majority of the
injected nanoparticles are still uptake by RES, typically leaving 2—10%
nanoparticles being distributed to the target tissue [56].

5. Conclusion

Angiopep-conjugated PEG—PCL nanoparticles constructed in this
study were proved to increase the transport of the nanoparticles across
the BBB and afterwards target the brain glioma by in vitro co-culture
model and in vivo imaging of brain fluorescence. Angiopep-conjugated

PEG—PCL nanoparticles were internalized by U87 MG glioma cells
through caveolae-mediated endocytosis and displayed higher cell
uptake and stronger inhibition and apoptosis toward glioma cells due
to LRP-mediated endocytosis. We have demonstrated here that
Angiopep-conjugated PEG—PCL nanoparticles are prospective dual-
targeting drug delivery system for therapy of brain glioma.
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