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a b s t r a c t

Chemotherapy for brain glioma has been of limited benefit due to the inability of drugs to penetrate the
bloodebrain barrier (BBB) and non-selective drug accumulation in the entire brain. To obviate these
limitations, dual-targeting paclitaxel-loaded nanoparticles were developed by decoration with peptide-
22 (PNPePTX), a peptide with special affinity for low-density lipoprotein receptor (LDLR), to transport
the drug across the BBB, and then target brain tumour cells. Enzyme-linked immune sorbent assay
(ELISA) revealed that LDLR was over-expressed in C6 cells and brain capillary endothelial cells (BCECs),
but low LDLR expression was observed in H92c(2-1) cells. Nanoparticle uptake demonstrated that
peptide-22-decorated nanoparticles significantly increased the cellular uptake of nanoparticles by C6
cells and BCECs but not by H92c(2-1) cells, and excess free peptide-22 significantly inhibited the cellular
uptake of PNP by C6 cells and BCECs. Cellular uptake mechanism experiments showed that PNP uptake
by both BCECs and C6 cells was energy-dependant and caveolae- and clathrin-mediated endocytosis
pathway other than macropinocytosis were involved. Dual-targeting effects in an in vitro BBB model
showed that peptide-22 decoration on nanoparticles loaded with paclitaxel significantly increased the
transport ratio of PTX across the BBB and induced apoptosis of C6 glioma cells below the BBB, and these
effects were significantly inhibited by excess free peptide-22. Ex vivo and in vivo fluorescence imaging
indicated that PNP labelled with a near-infrared dye could permeate the BBB and accumulate more in the
glioma site than unmodified NP. Glioma section observed by fluorescence microscopy further demon-
strated PNP distributed more extensively in both glioma bulk and infiltrative region around than un-
modified NP. Pharmacodynamics results revealed that the median survival time of glioma-bearing mice
administered with dual-targeting PNPePTX was significantly prolonged compared with that of any other
group. TUNEL assay and H&E staining showed that PNPePTX treatment induced significantly more cell
apoptosis and tumour necrosis compared with other treatments. Taken together, these promising results
suggested that the dual-targeting drug delivery system might have great potential for glioma therapy in
clinical applications.

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

Glioblastoma multiforme (GBM), the most frequent primary
central nervous system tumour, has an extremely poor prognosis
due to its highly infiltrating nature [1,2]. Those invasive glioma cells
are far from the primary tumour or are even in the contralateral
.
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hemisphere and hide in areas of the brain that are protected by an
intact bloodebrain barrier (BBB) [3,4]. Conventional surgical
methods cannot completely remove the tumour cell [5,6], and an
inevitable relapse always follows. Consequently, a crucial challenge
is to deliver therapeutic agents effectively to the tumour core and
migratory cells in the infiltration zone [4]. However, existing
chemotherapy drugs fail to elicit the desired benefit and are asso-
ciated with serious adverse effects, largely due to their inability to
cross the BBB and untargeted accumulation in healthy tissues [7].
The key point in chemotherapy is to maintain a high concentration
of therapeutic agents at the tumour site and prevent their spread
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into the surrounding normal tissues [8]. With this in mind, polymer
nanoparticles functioning as a versatile targeting platform are
emerging as a good option to address specific existing limitations of
conventional chemotherapy [9e11]. Furthermore, dual-targeting
nanoparticles targeting both the BBB and glioma tissues func-
tioned better than those targeting each region alone because they
could specially deposit in the glioma regionwhether or not the BBB
is compromised [12], and varying degrees of success have been
obtained based on the dual-targeting system for glioma therapy
[10,13e15].

Low-density lipoprotein receptor (LDLR), a member of the LDLR
family, is highly expressed at the BBB [16e18] andhas been exploited
to transport protein therapeutics across the BBB to reach the CNS
[19,20]. Furthermore, LDLR is also over-expressed in a variety of
tumour cells, including glioma cells [21e23] but is sub-expressed in
normal brain tissues [24,25], making LDLR a potential targeted re-
ceptor for brain tumour drug delivery systems, with dual-targeting
capability for both the BBB and glioma cells. Although many
studies have exploited LDLR as a target for tumour diagnosis [26e28]
and treatment [21,29e31], few have extensively explored LDLR as a
potential receptor for dual-targeting therapy of brain glioma.

Some targeting moieties such as Apo-B [23], Apo-E [21] and
peptides derived from the LDLR binding site of Apo-B [20] or Apo-E
[19,32] have been used and have been proven to be effective in
LDLR targeted therapy of neurodegenerative disease in CNS or
neoplastic diseases. However, they are less than ideal as targeting
moieties because of some inherent disadvantages such as protein
instability, competition with endogenous LDL as well as the po-
tential risk of disturbing cholesterol homoeostasis in the brain.
Recently, phage display biopanning performed by Jean-Daniel
Malcor generated a series of peptides, from which peptide-22
(Ace[cMPRLRGC]ceNH2) was optimised to show special affinity
for LDLR without competition with endogenous LDL and could be
efficiently and quickly transferred to the CNS [30]. Therefore, we
proposed that the peptide-22eLDLR interaction could be utilised to
promote drug delivery across the BBB and simultaneously target
brain tumours. Compared with those LDLR-targeting moieties
mentioned above, peptide-22 harbours several advantages such as
a low molecular weight, good stability, easy synthesis at a relative
low cost, lack of immunogenicity [29,31] and even with no
competition with endogenous LDL, and may function better in
targeting drug delivery [30]. Thus, in the present work, peptide-22
was utilised as a dual-targeting moiety to modify nanoparticles for
brain glioma drug delivery.

Paclitaxel (PTX), a major anticancer drug isolated from the bark
of Taxus brevifolia, showed antitumour activity against various solid
tumours such as ovarian cancer, lung cancer [33,34] and glioma
[13,35]. However, the therapeutic index of PTX is extremely limited
due to its poor aqueous solubility, non-targeted tumouricidal ef-
fects and serious side effects associated with its solvent Cremophor
ELeethanol [36]. The therapeutic benefit of PTX against brain tu-
mours could also be compromised by tumour drug-resistance and
the inability to readily penetrate the BBB to reach the tumour cells
[37,38]. Therefore, a new glioma drug delivery system encapsu-
lating PTX is urgently needed to improve its efficacy and decrease
its adverse toxicity.

The objective of the present study was to prepare a dual-tar-
geting drug delivery system, peptide-22-decorated nanoparticles
(PNPs). Strongly liposoluble fluorescent probes, courmarin-6 and
DiR are used to label PNPs to trace the behaviour of PNPs for their
inertia to be released from the polymer nanoparticles [10,39e41].
Dual-targeting delivery properties of PTX-loaded or fluorescence-
labelled PNP were evaluated in vitro and in vivo. The in vivo anti-
glioma efficacy of PNPePTX was also investigated using an intra-
cranial glioma mice model.
2. Materials and methods

2.1. Materials and animals

Peptide-22 (NH2eC6e[cMPRLRGC]ceNH2) was synthesised by the Chinese
Peptide Company (China). Methoxy-poly(ethylene glycol) (MPEG, Mw 3000 Da) was
supplied by NOF Corporation (Japan) and R-carboxyl-poly(ethylene glycol) (COOH-
PEG, Mw 3400 Da) was obtained from Laysan Bio (AL, USA). D,L-Lactide (purity:
99.5%) was purchased from PURAC (Holland). Methoxy-poly(ethylene glycol)epol-
y(lactic acid) (MPEGePLA, Mw 33,000 Da) and R-carboxyl-poly(ethylene glycol)e
poly(lactic acid) (COOH-PEGePLA, Mw 33,400 Da) block copolymers were
synthesised by ring-opening polymerisation of lactide using MPEG and HOOC-PEG
as the initiator as described elsewhere [42]. Sodium cholate was from Shanghai
Chemical Reagent Company. Rat LDLR Elisa Kit was purchased from Shanghai Jian-
glai Biotechnology Co., Ltd. Courmarin-6, 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC$HCl) and N-hydroxy-succinimide (NHS)
were purchased from Sigma (USA). 1,10-Dioctadecyl-3,3,30,30-tetramethylindo-
tricarbocyanine iodide (DiR), a near-infrared dye, was obtained from Biotium
(Invitrogen, USA). The annexin V-FITC apoptosis detection kit, micro-BCA protein
assay kit, 4,6-diamidino-2-phenylindole dihydrochloride (DAPI), radio-immuno-
precipitation assay (RIPA) and Hoechst 33342 were purchased from Beyotime�

Biotechnology Co., Ltd. (Nantong, China). Cellulose ester membranes (dialysis bags)
with a molecular weight cut-off value (MWCO) of 8000 Da (Green Bird Inc.,
Shanghai, China) were used in dialysis experiments. Plastic cell culture dishes and
plates were purchased from Corning Incorporation (USA). Dulbecco’s modified Ea-
gle’s medium (high glucose) (DMEM), foetal bovine serum (FBS), trypsineEDTA
(0.25%) and penicillinestreptomycin were purchased from Gibco (CA). Purified
deionised water (Millipore, Bedford, MA) was used throughout the entire study. All
other reagents and chemicals were of analytical grade and were purchased from
Sinopharm Chemical Reagent (Shanghai, China). Brain capillary endothelial cells
(BCECs), C6 cell lines and H9c2(2-1) cells were obtained from the Chinese Academy
of Sciences Cell Bank (Shanghai, China). The cells were routinely cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) supplemented with 10% FBS,
100 IU/ml penicillin and 100 mg/ml streptomycin.

Male BALB/c nude mice and BALB/c mice (20 � 2 g) were purchased from the
Shanghai SLAC Lab Animal Ltd. (Shanghai, China) and maintained under standard
housing conditions. All animal experiments were performed in accordance with
protocols evaluated and approved by the ethics committee of Fudan University.

2.2. Preparation of unmodified nanoparticles and PNP

Unmodified PEGePLA nanoparticles (NPs) were prepared using an emulsion/
solvent evaporation technique [11] with few modifications. In brief, MPEGePLA
(28mg) and COOH-PEGePLA (2 mg) were dissolved in 1 ml of dichloromethane, and
then were added into 5 ml of 0.6% sodium cholate aqueous solution. The mixture
was intensively emulsified by sonication (200 w, 5 s) fifteen times in ice water using
a probe sonicator (Scientz Biotechnology Co., Ltd., China). After evaporating
dichloromethane with a ZX-98 rotary evaporator (Shanghai Institute of Organic
Chemistry, China) at 37 �C, the obtained nanoparticles were concentrated by
centrifugation at 14,500 rpm for 45 min using a TJ-25 centrifuge (Beckman Counter,
USA). After discarding the supernatant, the nanoparticles were resuspended in
0.5 ml of deionised water. PTX-loaded, coumarin-6- or DiR-labelled NPs were pre-
pared using the same procedure except that 2 mg PTX, 30 mg of coumarin-6 or
200 mg of DiR were dissolved in 1 ml of dichloromethane in advance.

Peptide-22 was conjugated to the surface of NPs using an EDC/NHS technique
[9]. In brief, NP was suspended in deionised water and incubated with excess EDC
(200 mM) and NHS (100 mM) at room temperature for 30 min. The resulting N-
hydroxysuccinimide-activated NP was then centrifuged at 14,500 rpm for 45 min to
remove the residual EDC and NHS. The activated NP was allowed to react with 20 mg
of peptide-22 under magnetic stirring for 4 h. Thereafter, the covalently linked PNP
was concentrated by centrifugation at 14,500 rpm for 45 min to remove free
peptide-22. PTX-loaded, coumarin-6- and DiR-labelled PNPwere prepared using the
same procedure.

2.3. Characterisation of PNP

Particle size and zeta potential of nanoparticles were determined by dynamic
light scattering using a zeta plus analyser (Zeta-sizer, Malvern nano zs, U.K.). The
morphology of nanoparticles was observed using a transmission electron micro-
scope (H-600; Hitachi, Japan) after negative staining with 2% sodium phospho-
tungstate solution.

2.4. Determination of peptide-22 conjugation efficiency and peptide-22 density on
the nanoparticle surface

The concentration of peptide-22 in the supernatant was determined using an
HPLC system (Agilent 1200 series; USA) with an analytical column
(150 mm � 4.6 mm; pore size 5 mm; ZORBAX 300SB-C18; Agilent). The mobile phase
contained a mixture of solvent A (0.1% trifluoroacetic acid in water) and solvent B
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(80% acetonitrile solution containing 0.09% trifluoroacetic acid) (A:B ¼ 75:25, v/v) at
a flow rate of 1.0 ml/min. The sample injection volume was 20 ml, and the detector
wavelength was 220 nm. The peptide-22 conjugation efficiency was calculated as
follows: Conjugation efficiency ¼ (total amount � the amount in supernatant)/total
amount � 100%. The peptide-22 density on the nanoparticle surface was calculated
as previously described [39,43].
2.5. Drug encapsulation efficiency and loading capacity

The drug encapsulation efficiency (EE) and loading capacity (LC) of PTX-loaded
NP (NPePTX) and PTX-loaded PNP (PNPePTX) were investigated as previously
described [29]. Briefly, NPePTX or PNPePTX was dissolved in acetonitrile, vortexed
for 1 min and subjected to centrifugation at 10,000 rpm for 10 min using a 5418-R
centrifuge (Eppendorf, Germany) to thoroughly remove the polymer materials.
The PTX concentration in the supernatant was determined by the HPLC system
(Agilent 1200, USA) equipped with an analytical column (150 mm � 4.6 mm, pore
size 5 mm, Diamonsil�, Dikma). The mobile phase was a mixture of acetonitrile and
water (CH3CN:H2O ¼ 55:45, v/v) at a flow rate of 1.0 ml/min. The sample injection
volume was 20 ml, and the detector wavelength was 227 nm. The encapsulation
efficiency was calculated as EE ¼ PTXencapsulated/PTXtotal � 100% and drug loading
capacity was calculated as LC ¼ PTXencapsulated/materials � 100%.
2.6. In vitro release profiles

The in vitro release behaviours of PTX from NPePTX and PNPePTX were eval-
uated by a dialysis method using PBS (0.01 M, pH 7.4) with 0.5% Tween-80 as the
release medium [44]. For the experiment, 1 ml of the PTX formulation (containing
60 mg of PTX) was introduced into a dialysis bag (MWCO 8000 Da; Green Bird Inc.,
Shanghai, China) and incubated in 10 ml of release medium at 37 �C at the shaking
speed of 120 rpm for 48 h. At each setting time point, 0.3 ml of aliquot was with-
drawn and, immediately, an equal volume of fresh release medium was added. The
amount of PTX was determined by the same method mentioned above.
2.7. LDLR expression level in targeted cells

C6 cells were seeded at a density of 5 � 105 cells per dish in 5.5-cm2 dishes, and
then were incubated for 48 h. When the cell confluency reached 80%, the cells were
washed three times with cold PBS, harvested with a scraper, centrifuged at
3000 rpm for 3 min, and then subjected to lysis in 100 ml of RIPA buffer. The total
protein content and LDLR content in the cell lysates were measured using a micro
BCA kit and LDLR Elisa kit, respectively. The LDLR expression level was defined by the
proportion of LDLR content in the total protein content. The LDLR expression level in
BCECs and H9c2(2-1) cells was determined using the same method as described
above.
2.8. In vitro cellular uptake of coumarin-6-labelled PNP

For cellular uptake examination, H9c2(2-1) cells, BCECs and C6 cells were
seeded at a density of 2� 104 cells per well in 24-well plates, incubated for 24 h, and
checked under the microscope for cell confluency and morphology. When the cells
reached about 80% confluency, the medium was replaced with 500 ml of culture
medium containing coumarin-6-labelled NP or PNP, and the cells were incubated for
45min at 37 �C. The concentration of coumarin-6 in eachwell was adjusted to 20 ng/
ml. For qualitative analysis, the cells were washed three times with cold PBS,
mounted in Dako fluorescent mounting medium, and then observed under a fluo-
rescent microscope (Leica, Germany). For quantitative analysis, the cells were har-
vested, suspended in 0.5 ml PBS and subjected to flow cytometry using a FACS Aria
Cell Sorter (BD, USA) as described previously [11]. To further confirm the potential of
peptide-22 in mediating the uptake of PNP, BCECs and C6 cells were incubated with
excess peptide-22 (200 mg/ml) for 30 min in advance, followed by the same steps
mentioned above.
2.9. Cellular uptake mechanism of PNP

C6 cells and BCECs were seeded in 12-well plates at the density of 1 �105 cells/
well and cultured for 24 h. After a 30-min incubation in DMEM, the cells were
treated with coumarin-6-labelled PNP (20 ng/ml of coumarin-6) and with various
endocytic inhibitors including DMEM (control), NaN3 (0.1%), filipin (10 mg/ml),
chlorpromazine hydrochloride (CPZ, 20 mg/ml), cytochalasin B (Cyto-B, 40 mM),
monensin (100 nM) and brefeldin A (BFA, 20 mg/ml). After 60-min incubation, the
nanoparticles suspension was removed, and the cells were washed three times with
ice-cold PBS, subsequently with acid buffer (consisting of 120 mM NaCl, 20 mM so-
dium barbital, and 20mM sodium acetate, pH 3) at 4 �C for 5min, and againwith ice-
cold PBS [45]. Afterward, the cells were harvested by trypsinization and analysed by
flow cytometry using a FACS Aria Cell Sorter (BD, USA). PNP uptakewas presented as
the relative fluorescence intensity (%) of the control.
2.10. Transport across the BCEC monolayer of PNP

BCECs were seeded at a density of 5 �104 cells/well onto polycarbonate 24-well
Transwell membranes with a 1.0-mm mean pore size and 0.33-cm2 surface area
(FALCON Cell Culture Insert, Becton Dickinson Labware, USA). Before starting the
experiment, the tightness of the cell monolayer was monitored by measuring the
trans-endothelial electrical resistance (TEER) using an epithelial volt ohmmeter
(Millicel-RES, Millipore, USA). Only cell monolayers with TEER above 200 U cm2

were used for further experiments [46]. To evaluate the ability of the carriers across
the BBB, the transport ratio (%) was measured using 10% FBS-containing DMEM as
the transport medium. Different PTX formulations, including Taxol, NPePTX and
PNPePTX, were added into the donor chamber at a PTX concentration of 10 mg/ml
and incubated at 37 �C. A volume of 300 ml of the sample was taken from the
acceptor compartment at 2 h, 4 h, 8 h,12 h and 24 h, and 300 ml of freshmediumwas
supplemented immediately after each sampling. For PTX concentration determi-
nation, the samples were added in 3-fold volumes of acetonitrile to precipitate
protein and extract PTX. The mixture was vortexed for 1 min, and subsequently
centrifuged at 12,000 rpm for 10 min. The supernatant was subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis (Agilent 1100
series LC/MSD, America). Ion detection was conducted in the single ions monitoring
(SIM) mode, monitoring them/z 876.2 for paclitaxel (M þ Naþ). For the competition
assay, an excess of peptide-22 (200 mg/ml) was added to the donor chamber and
incubated at 37 �C for 30 min in advance. The compounds were then replaced with
the PNPePTX suspension at a PTX concentration of 10 mg/ml followed by the above
mentioned steps. TEER was measured to monitor the integrity of the BCEC mono-
layer during the experiment.

2.11. Dual-targeting effects of PNPePTX in vitro

The BCECs-C6 cells co-culture model was established to analyse the potential
dual-targeting effects of PNP in vitro [10,13]. In brief, the BCECs monolayer model
was established as described above. After the TEERs of the BCECs monolayer reached
above 200 U cm2, the transwells were transferred to another 24-well culture plate
with confluent C6 cells. After co-culture for 24 h, the co-cultured model was incu-
bated with different PTX formulations including Taxol, NPePTX, and PNPePTX at a
PTX concentration of 10 mg/ml in donor chambers. For the competition assay, the co-
culturedmodel was incubated with excess peptide-22 (200 mg/ml) for 30min before
incubation with PNPePTX. After 8-h incubation, the inserts were removed, and C6
cells were further cultured for another 24 h. Cell apoptosis activity was then eval-
uated. For qualitative assays, cells were fixed with 4% paraformaldehyde followed by
Hoechst 33342 staining (2 mg/ml), and then were observed using a fluorescent mi-
croscope (Leica, Germany). For quantitative assays, cells were stained using the
Annexin V-FITC Apoptosis Detection kit and analysed by a FACS Aria Cell Sorter (BD,
USA).

2.12. Ex vivo imaging of PNP in normal mice

BALB/c mice were randomly divided into two groups: the NP and PNP groups.
Each mouse was injected with DiR-labelled NP or PNP (containing 10 mg of DiR) via
the tail vein. At 1 h, 2 h, 4 h, 7 h and 10 h post-injection, the mice from each group
were sacrificed to harvest the brains. Ex vivo fluorescence imaging and the fluo-
rescence intensity of these brains were obtained using a Maestro in vivo imaging
system (Cri, USA) [47].

2.13. In vivo imaging of PNP in glioma-bearing mice

The C6 orthotopic glioma model was established by injection of C6 cells
(5 � 105 cells in 5 ml of PBS (0.01 M, pH 7.4)) into the right brain of each nude mouse
(2 mm lateral to the bregma and 5.0 mm deep from the dura) at a rate of 3.0 ml/min
using a stereotaxic apparatus. Ten days after implantation, DiR-labelled PNP and NP
were injected into the tail vein of mice at a dose of 10 mg of DiR. The in vivo imaging
was performed at different time points (2 h, 6 h, 12 h and 24 h) post-injection using
the In Vivo IVIS spectrum imaging system (PerkinElmer, USA). At 24 h post-injection,
the mice were sacrificed and the brains and other major organs were harvested and
the ex vivo imaging of the organs was also captured.

2.14. In vivo glioma distribution of PNP

The glioma-bearing mice were established as described above. Eight hours after
administration with DiR-labelled PNP and NP, the mice were anesthetised with i.p.
administered 5% chloral hydrate followed by heart perfusion with saline and 4%
paraformaldehyde. Subsequently, the brains were removed, fixed in 4% para-
formaldehyde for 24 h, and dehydrated with 15% sucrose solution until subsidence
and 30% sucrose solution until subsidence. Thereafter, the brains were frozen in OCT
(Sakura, Torrance, CA, USA) at �80 �C and cut into 20-mm sections. After counter-
staining with 1 mg/ml DAPI for 10 min at room temperature, slides were observed
using a fluorescence microscope (Leica, Germany).



B. Zhang et al. / Biomaterials 34 (2013) 9171e91829174
2.15. In vivo anti-glioblastoma effect of PNPePTX

BALB/c mice bearing intracranial C6 gliomawere established as described above.
The mice were randomly divided into four groups (16 mice per group) and injected
with 100 ml of PNPePTX, NPePTX, Taxol (PTX dose of 6 mg/kg) and saline via the tail
vein at 5, 8, 11 and 14 days after C6 cells implantation. At days 10 and 13, three mice
from each group were sacrificed, and the brains were harvested. The brains were
fixed with 10% neutral formalin for 48 h, embedded in paraffin and cut into 5-mm
sections, followed by haematoxylin and eosin (H&E) staining using routine protocols
and Tdt-mediated dUTP nick-end labelling (TUNEL) using the protocol of the Neu-
roTACS II in situ apoptosis detection kit. Ten tumour-bearing mice from each group
were followed by survival monitoring, and the survival datawere analysed using the
log-rank test.

3. Results

3.1. Characterisation of the nanoparticles

As shown in Table 1, the particle sizes were 110.8 nm and
129.6 nm for NP and PNP, respectively. Conjugation with peptide-
22 slightly increased the particle size and decreased the zeta po-
tential. However, encapsulation of coumarin-6, DiR or PTX did not
significantly influence the particle size. TEM photograph showed
that the PNP was spherical in shape and had a smooth surface with
a uniform distribution (Fig. 1A). The particle size observed by TEM
was similar but slightly smaller than that obtained from the DLS
method (Fig.1B). Under our experimental conditions (molar ratio of
COOH-PEGePLA to peptide-22 ¼ 3:1, reaction time ¼ 4 h), the
peptide-22 conjugation efficiency was approximately 35.8%, and
the peptide-22 density on the nanoparticle surface was approxi-
mately 248 molecules per nanoparticle. The LC values of NPePTX
and PNPePTX were 2.61 � 0.045% (n ¼ 3) and 2.0 � 0.049% (n ¼ 3),
respectively. Additionally, the EE values of PTX were 33.1 � 0.57%
(n ¼ 3) and 29.1 � 0.67% (n ¼ 3) for NPePTX and PNPePTX,
respectively. The in vitro release profiles of NPePTX and PNPePTX
displayed a similar biphasic pattern (Fig. 1C), suggesting that
modification of peptide-22 did not evidently influence the in vitro
release behaviour of nanoparticles.

3.2. Receptor expression level in targeted cells

The LDLR expression level in H9c2(2-1) cells, BCECs and C6 cells
was 1.47, 6.36, and 8.0 ng/mg of protein, respectively (Fig. 2). LDLR
is highly expressed in BCECs and C6 cells, but much less in
myocardial cells, which might serve as a negative control to eval-
uate the function of the targeted receptor LDLR.

3.3. Cellular uptake of coumarin 6-labelled PNP

As shown in Fig. 3, fluorescent microscopy and flow cytometry
results demonstrated that the fluorescence intensities of C6 cells and
BCECs treatedwith coumarin-6-labelled PNPwere significantly higher
than those treated with coumarin-6-labelled NP but significantly
decreased by pre-incubation of C6 cells and BCECs with excess free
peptide-22, suggesting that peptide-22 decoration on nanoparticles
surface could significantly facilitate the uptake of nanoparticles by
LDLR over-expressed C6 cells and BCECs but this facilitation could be
inhibited by excess free peptide-22. However, as to LDLR sub-
expressed H9c2(2-1) cells, there was no significant difference in the
Table 1
Size and zeta potential of nanoparticles (n ¼ 3).

NP NPecou-6 NPeDiR NPeP

Size (nm) 110.8 � 1.8 112.9 � 3.4 123.8 � 6.5 120.
Zeta potential (mv) �10.7 � 0.2 �10.0 � 0.4 �9.7 � 0.5 �10.
fluorescence intensity between the NP group and PNP group, indi-
cating peptide-22 decoration did not change the uptake behaviour of
nanoparticles by LDLR sub-expressed H9c2(2-1) cells. Considering
that peptide-22 could specifically bind to LDLR, these results indicated
that LDLR might involve in the cellular uptake of PNP by LDLR over-
expressed cells and peptide-22 might facilitate PNP to transport
across the BBB and simultaneously target to the glioma cells.

3.4. Cellular uptake mechanism of PNP

In order to elucidate the cellular uptake mechanism of PNP, the
effects of ATP depletion and different endocytosis inhibitors on PNP
uptake were evaluated in BCECs and C6 cells. As shown in Fig. 4, the
uptake of PNP by BCECs was significantly inhibited by NaN3 (energy
depletion agent), filipin (caveolae-mediated endocytosis inhibitor)
and CPZ (clathrin-mediated endocytosis inhibitor), but not by Cyto-
B (macropinocytosis inhibitor), BFA (disrupting the Golgi apparatus
and intracellular trafficking) andmonensin (lysosome inhibitor). As
to C6 cells, the uptake of PNP was significantly suppressed by NaN3,
filipin, CPZ and BFA, but not by Cyto-B and monensin. These results
indicated that PNP uptake by both BCECs and C6 cells was energy-
dependant and caveolae- and clathrin-mediated endocytosis
pathway but not macropinocytosis were involved.

3.5. In vitro BBB transportation of PNPePTX

In vitro BBB model was established and TEER value
(>200 U cm2) was monitored to validate the reliability of this
model. No obvious reduction in the TEER values was seen during
the whole experiment, indicating that the transport of drug did not
compromise the BBB barrier properties. As shown in Fig. 5, the
transport ratios of PTX for all groups increased with time, showing
a time-dependent pattern. In addition, the transport ratio of PTX for
PNPePTX group was significantly higher than that for any other
group at the same time point. After 24-h incubation, the transport
ratio for PNPePTX reached 24.78% which is 1.60-fold higher than
that for NPePTX group (15.51%), and 2.59-fold higher than that for
Taxol group (9.57%), indicating the peptide-22 decoration
enhanced the transport capability of drug-loaded nanoparticles
across the BBB. Moreover, pre-incubationwith excess peptide-22 to
saturate the binding site of LDLR at the BBB significantly decreased
the transport ratio of PTX for the PNPePTX group, suggesting that
LDLR might mediate the transport of PNPePTX across the BBB.

3.6. Dual-targeting effects of PNPePTX in vitro

The dual-targeting effects of PNPePTX was evaluated by the
BCECs-C6 cell co-culture model where different PTX formulations
crossed the BCECs monolayer, and then apoptosis was induced in
C6 cells under the BCECs monolayer. As shown in Fig. 6, the PNPe
PTX group produced the strongest cytotoxicity against C6 cells
among all PTX formulations. The nuclei of the control group were
spherical and integrated with homogeneous fluorescence after
Hoechst 33342 staining. By contrast, PTX formulation treatment led
to segregation of the cell nuclei into segments, indicating the nuclei
were condensed and further distributed into apoptotic bodies.
The result was consistent with that of the quantitative assay by flow
TX PNP PNPecou-6 PNPeDiR PNPePTX

1 � 1.7 129.6 � 2.1 128.4 � 2.6 137.4 � 4.9 124.7 � 2.7
3 � 0.7 �29.6 � 3.6 �28.2 � 0.6 �30.1 � 1.6 �29.2 � 0.8



Fig. 1. (A) The transmission electron microscope image of PNP. (B) The particle size distribution of PNP. (C) The releasing profiles of PTX from NPePTX and PNPePTX in PBS (0.01 M,
pH 7.4) with 0.5% Tween-80 at 37 �C. The bar represents 200 nm.
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cytometry. Compared with the Taxol-treated group with early and
late apoptosis percentages of 0.98 � 0.53% and 2.23 � 0.44%,
respectively, the PNPePTX-treated group caused significantly
higher early and late cell apoptosis, 9.25 � 0.45% (P < 0.001) and
6.06 � 1.41% (P < 0.05), respectively. Regarding the NPePTX group,
the early and late apoptosis percentages were 3.92 � 0.79% and
3.39 � 0.6%, respectively. Compared with the NPePTX group, PNPe
PTX treatment significantly caused early apoptosis (P < 0.01) and
enhanced the late apoptosis to some degree without significance.
However, pre-incubation with excess free peptide-22 caused the
percentage of early apoptosis for PNPePTX to be significantly
inhibited to 4.36 � 1.76% (P < 0.05), and the percentage of late
apoptosis was decreased to 3.70 � 0.54% without significance
(P ¼ 0.087). Concerning total apoptosis, PNPePTX treatment
induced significantly more apoptosis of C6 cells compared with any
other group (P < 0.05).
Fig. 2. LDLR expression in H9c2(2-1) cells, BCECs and C6 cells.
3.7. In vivo evaluation of brain targeting of PNP

To investigate the brain-targeting capability of PNP, ex vivo
fluorescence images of the brains were acquired after i.v. admin-
istrationwith DiR-labelled PNP and NP. As shown in Fig. 7, the brain
fluorescence intensity for the PNP group was significantly higher
than that for the NP group at 1 h, 2 h, 4 h, 7 h and 10 h post-in-
jection. In addition, according to the semi-quantitative fluorescence
intensityetime curve, the area under the curve (AUC0et) of PNPwas
2.3 times higher than that of NP. The results confirmed that PNP
could cross the BBB and penetrate the brain more efficiently than
NP, findings that might be attributed to the interaction between
peptide-22 and LDLR over-expressed at the BBB.
3.8. In vivo imaging of PNP in glioma-bearing mice

To investigate the glioma-targeting capability of PNP, in vivo
imaging of glioma-bearing mice treated with DiR-labelled PNP or
NP was performed. As shown in Fig. 8A, the fluorescence intensity
in the brain of PNP-treated mice was significantly higher than that
in NP-treated mice at any time point post-administration. The
ex vivo imaging of the brains at 24 h showed that the fluorescence
intensity in normal brain tissues and glioma tissues for the PNP
group was 1.37-fold and 2.48-fold as that for NP group (Fig. 8A&C),
indicating that PNP accumulated more than NP in glioma related
region. Furthermore, the glioma/brain fluorescence ratios were 2.17
and 3.95 for NP and PNP, respectively, demonstrating that PNP with
the dual-targeting capacity had a higher selectivity for malignant
glioma tissues than NP. As to other major organs, PNP distribution
was almost the same as NP (Fig. 8B&D), mainly distributed in the
mononuclear phagocyte system (MPS)-related organs including
liver and spleen.



Fig. 3. Qualitative and quantitativemeasurement of in vitro uptake of coumarin-6-labelled NP (A, C, E, H, K, N), PNP (B, D, F, I, L, O) and PNP plus 200 mg/ml of free peptide-22 (G, J, M, P)
byH9c2 (2-1) cells, BCECs and C6 cells after 45min of incubation. The concentration of coumarin-6 in all sampleswas adjusted to 20ng/ml. Bright light images forH9c2 (2-1) cells (A, B),
BCECs (E, F, G) andC6 cells (K, L,M). Fluorescent images forH9c2 (2-1) cells (C, D), BCECs (H, I, J) andC6 cells (N,O, P). Flowcytometry results forH9c2 (2-1) cells (Q), BCECs (R) andC6 cells
(S). Green: coumarin-6. Thebar represents 200mm.Statistically significant difference byStudent’s t-testwhen compared to the corresponding value of control. **P< 0.01, ***P<0.001 vs
NP. ###P < 0.001 vs PNP. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.9. In vivo glioma distribution of PNP

The in vivo glioma targeting of DiR-labelled PNP was studied
qualitatively by fluorescence microscopic observation of coronal
Fig. 4. Cellular uptake of coumarin-6-labelled PNP by BCECs and C6 cells in the
presence of NaN3 (0.1%), filipin (10 mg/ml), chlorpromazine (20 mg/ml), cytoB (40 mM),
monensin (100 nM), BFA (20 mg/ml), respectively (n ¼ 3). Statistically significant dif-
ference by Student’s t-test when compared to the corresponding value of control.
*P < 0.05, vs C6 cells control. #P < 0.05 vs BCECs control.
sections of the orthotopic glioma-bearing mouse brain. It was
shown that only a few red particles of DiR-labelled NP were
distributed in the glioma region due to enhanced permeation and
retention effect (EPR effect) (Fig. 9DeF), but a significantly higher
distribution of DiR-labelled PNP at the glioma site was observed
Fig. 5. The transport ratio (%) of PTX across the in vitro BBB model during 24 h. Data
were presented as mean � standard deviation (n ¼ 3). Statistically significant differ-
ences by Student’s t-test when compared to the corresponding value of the control.
aP < 0.05; bP < 0.01; cP < 0.001, vs PNPePTX.



Fig. 6. Dual-targeting effects in vitro. Cell apoptosis induced by Taxol, NPePTX, PNPePTX, PNPePTX and free peptide-22 against C6 cells after crossing the BBB in vitro (n ¼ 3).
Fluorescence micrographs of C6 cell nuclei stained with Hoechst 33342 (A) and flow cytometry results after staining with Annexin V-FITC and PI (B). Arrows indicate cell apoptosis.
The bar represents 100 mm.
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(Fig. 9AeC). Because of the equal contribution of the EPR effect to
the NP and PNP groups in tumour sites, the enhancement of
penetration and distribution in the glioma region of PNP might
result from active targeting via LDLR-mediated endocytosis. In
cancerous brain tissues surrounding the glioma, PNP also showed
better penetration than NP (B and E), a finding that was consistent
with those obtained from NP and PNP distribution in normal mice
(Fig. 7) and glioma-bearing mice (Fig. 8A).



Fig. 7. (A) Ex vivo fluorescence imaging of mouse brains at various time points (from left to right: 1 h, 2 h, 4 h,7 h, 10 h) after i.v. administration of DiR-labelled PNP (upper row) and
NP (lower row) and (B) the corresponding semi-quantitative results.
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3.10. In vivo anti-glioblastoma effect of PNPePTX

To assess the antitumour effects of PNPePTX, the survival time
of intracranial C6 glioblastoma-bearing mice was studied. Life-span
extension treated with a multi-dose of 6 mg/kg PTX on days 5, 8, 11
and 14 after glioma implantation was shown in Fig. 10. Using the
log-rank test, the median survival time for control group, Taxol
Fig. 8. (A) In vivo imaging of DiR-labelled NP (upper row) and PNP (lower row) at different t
of the brains harvested at 24 h. (B) Ex vivo imaging of other major organs at 24 h. (C) Sem
rescence intensity of different organs. The red arrow indicates glioma. Statistically signific
control. ##P < 0.01, #P < 0.05, vs NP. (For interpretation of the references to colour in this
group, NPePTX group and PNPePTX group were 14, 13, 21 and 32
days, respectively. Compared with the control group, PNPePTX
(P < 0.001) and NPePTX treatment (P < 0.05) significantly pro-
longed the survival time, in sharp contrast with Taxol� treatment,
which resulted in no significant prolongation in the survival time
(P > 0.05). However, the increase in survival time (IST) of the PNPe
PTX group was more considerable when compared with NPePTX,
ime points post i.v. injection (from left to right: 2 h, 6 h, 12 h, 24 h) and ex vivo imaging
i-quantitative fluorescence intensity of brain and glioma. (D) Semi-quantitative fluo-
ant differences by Student’s t-test when compared to the corresponding value of the
figure legend, the reader is referred to the web version of this article.)



Fig. 9. Distribution of Dir-labelled nanoparticles in the brains of glioma-bearing nude mice treated with DiR-labelled PNP (AeC) and DiR-labelled NP (DeF) 8 h after intravenous
administration. Figure C is the merged image of A and B, and F is the merged image of D and E. Red: DiR. Blue: cell nuclei. Yellow line: the border of the glioma. Yellow arrow: the
direction of the glioma. The images of the inner boxes of Figures B and E represent PNP and NP distribution in cancerous brain tissues surrounding glioma bulk, respectively. Bar:
50 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which reached nearly 128% and 146% life-span extension compared
with the saline control and Taxol groups, respectively, indicating
that dual-targeting PNPePTX possessed the most powerful anti-
tumour activity.

The histopathologic changes in glioma from mice in all treat-
ment groups were examined by the TUNEL assay and H&E staining.
As shown in Fig. 11D, for mice treated with PNPePTX and NPePTX,
significant apoptotic responses of tumour cells and tumour necrosis
were clearly observed on day 10. However, little cell apoptosis and
negligible necrosis were detected in tumour tissues treated with
Taxol compared with the saline control (Fig. 11B&C). Furthermore,
much more significant cell apoptosis and tumour necrosis in
tumour tissues after day 13 (Fig. 11H) were detected in the PNPe
PTX group compared with any other group. In addition, the extent
of apoptosis was in accordance with the scope of tumour necrosis.
Fig. 10. Survival curve (KaplaneMeier plot) of the glioma-bearing mice treated with
different PTX formulations. (Each was administered 6 mg/kg of PTX at days 5, 8, 11, and
14 post-glioma implantation, n ¼ 10).
These results were well in agreement with the life-span extension
results, indicating that dual-targeting PNPePTX could deliver
anticancer drugs into glioma cells more efficiently and induced
more significant cell apoptosis and tumour necrosis than NPePTX.
4. Discussion

Non-invasive delivery of therapeutics to the CNS is currently a
major challenge, and receptor-mediated transcytosis (RMT) is
suitable to shuttle drugs across the BBB to treat brain-associated
disorders using the ligands of endogenous receptors at the BBB as
potential vectors [48]. Peptide-22 generated by phage display
biopanning is a peptide with special affinity for LDLR but without
competition with endogenous LDL [30] and might improve CNS
targeting and delivery as an LDLR-targeting moiety. However, as a
cyclic peptide, it is difficult to be conjugated with nanoparticles
without disturbing its spatial structure. Thus, a C6eNH2 linker was
added to the N-terminus of peptide-22, and the covalent attach-
ment of peptide-22 and surface COOH on nanoparticles was
accomplished using an EDC/NHS technique [9]. The reduction in
zeta potential of NP following its decoration with this negatively
charged peptide indicated successful attachment. Further HPLC
detection showed that the peptide-22 density on the nanoparticle
surface was approximately 248 molecules per nanoparticle, a
finding that has proven to be favourable to increase both BBB
permeability and intracellular delivery to glioma cells. Considering
that other chemical and physical properties of the nanoparticles,
including particle size and surface charge, are also important fac-
tors that determine the pharmacokinetics (PK) and brain delivery of
the nanoparticles, it was of significance to control the nanoparticle
size below 150 nm (to approximately 100 nm), which is regarded as
most optimal for brain drug delivery [49]. The nanoparticles pre-
pared by blends of Me-PEGePLA and COOH-PEGePLA showed an
average diameter of approximately 110.8 nm, and there was no
significant change in particle size and zeta potential after peptide-
22 decoration or coumarin-6 and DiR incorporation. All these re-
sults suggested that the dual-targeting system in the present study
was suitable for brain delivery.

The success of the dual-targeting delivery system depended on
the ability to penetrate the BBB or selectively accumulate at the
glioma site by the EPR effect, and then target glioma cells whether



Fig. 11. TUNEL staining and HE staining of glioma tissue sections obtained from mouse models 10 days (upper two rows) and 13 days (lower two rows) post C6 implantation. Each
was administered with 6 mg/kg PTX at days 5, 8, 11, and 14 post-C6 cells implantation. Saline control group, (A, E) and (I, M); Taxol treatment, (B, F) and (J, N); NPePTX treatment, (C,
G) and (K, O); PNPePTX treatment, (D, H) and (L, P). Positive signals were developed by DAB. Cell nuclei were counterstained with haematoxylin. Arrows indicate cell apoptosis body
or the scope of necrosis. Bar: 50 mm.
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or not the surrounding BBB was disrupted [10,15]. The targeting
capability to BBB and glioma cells was evidenced on monolayer
cells of BCECs and glioma cells as peptide-22 decoration on the
nanoparticle surface could significantly facilitate the uptake of
nanoparticles by C6 cells and BCECs. However, the positive results
from these experiments might not convincingly represent the BBB
permeability and glioma-targeting capability of PNP because the
conditions are extremely different from the micro-circumstance
found in glioma in vivo. Thus, BCECs were used to construct the
BBB model in vitro to evaluate the transport efficiency of different
PTX formulations. As a result, after 24 h of incubation, the transport
ratio for PNPePTX was 1.60-fold higher than that for the NPePTX
group and 2.59-fold higher than that for the Taxol group. PNP
yielded the most efficient BBB penetration, a finding that might
occur through LDLR-mediated transcytosis. The transport rate of
PNP mediated by LDLR was similar to Angiopep-2-incorporated
nanoparticles mediated by LDLR related protein (LRP) [13], a
result that may be partly explained by the two receptors LDLR and
LRP belonging to the same family [25] likely functioning in a similar
manner. In agreement with the promising results in vitro, the
in vivo BBB crossing superiority was demonstrated by much
stronger fluorescence signals detected in the brains of those ani-
mals administered with DiR-labelled PNP at any time point ranging
from 1 h to 10 h post administration compared with the NP group,
indicating the potential of PNP to cross the BBB. To better imitate
the situation in vivo, a BCECs/C6 glioma co-culture model in vitro
was constructed to evaluate the dual-targeting effect of PNPePTX.
The apoptosis induction effect on C6 glioma cells in vitro indicated
that PNPePTX exhibited the strongest dual-targeting effects prob-
ably due to improved transcytosis across the BBB and afterwards
enhanced endocytosis by glioma cells via active targeting. These
results indicated PNP has good potential to cross the BBB, and then
target the invasive glioma cells.

To further confirm the dual-targeting effects of PNP in vivo,
intracranial C6 glioma tumour-bearing mice were utilised to eval-
uate the distribution of DiR-labelled nanoparticles. The in vivo
imaging of glioma-bearing mice showed PNP could combine the
BBB targeting capability and glioma targeting capability and
resulted in stronger fluorescence intensity in the brain than NP
during 24 h (Fig. 8A). In addition, the ex vivo imaging of the brains
harvested at 24 h showed that PNP displayed more intensive
fluorescence than NP in the glioma core and in the glioma rim,
respectively. The result might be due to PNP penetration into gli-
oma infiltrative region characterised of intact BBB, which could
strictly protect the invasive glioma cells from traditional NP.
Furthermore, the dual-targeting PNP displayed more precise
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glioma targeting and relatively less distribution to normal tissues
than NP demonstrated by the glioma/brain fluorescence ratios,
which was 3.95 and 2.17 for PNP and NP, respectively. To more
intuitively observe the dual-targeting effects of DiR-labelled PNP,
the frozen sections of glioma were observed under a fluorescence
microscope and a better penetration by DiR-labelled PNP than DiR-
labelled NP was detected in both the glioma bulk with a compro-
mised BBB and cancerous tissues surrounding the glioma bulk with
an integral BBB (Fig. 9), in consistent with the ex vivo imaging of
brains harvested at 24 h after the in vivo imaging (Fig. 8A). All these
results suggested that the PNP might achieve efficient and precise
brain glioma targeting using two pathways. One pathway involves
penetrating the BBB, and then targeting drug delivery to the inva-
sive glioma cells [10], and the other pathway is to exploit the EPR
effect in the glioma bulk, eventually reaching glioma cells from the
leaky glioma vessels [3,50]. These two pathways maximise glioma
cell targeting andminimise the distribution in normal brain tissues,
which are extremely useful in glioma imaging and therapy. To
further reveal the potential of dual-targeting PNP in glioma ther-
apy, brain tumour-bearing animal models were established and
treated with different PTX formulations via systemic administra-
tion. Dual-targeting PNPePTX exhibited the most significant
improvement in the median survival time of brain tumour-bearing
animals, which reached nearly 128% and 146% life-span extension
compared with the saline control and Taxol groups, respectively. By
contrast, the Taxol-treated group did not improve the survival
significantly compared with the control group. Furthermore, PNPe
PTX could induce significantly more cell apoptosis and tumour
necrosis as visualised by TUNEL and H&E staining compared with
other treatments. In general, these promising results provided
robust evidences for efficient therapy for glioma-bearing mice by
dual-targeting PNP. The outcomes were in good consistence with
in vitro dual-targeting tests and the reasons could be deduced as
follows: PNPePTX is capable of bypassing the BBB without lyso-
some degradation (Fig. 4) [51] and simultaneously targeting the
glioma cell in the site where the BBB is intact or accumulate in the
tumour by the EPR effect and then reach the tumour cells via active
targeting when the BBB is impaired. NPePTX is unable to cross the
BBB with limited access to the glioma cells invaded into the normal
brain tissues and only deposit in the tumour site through the EPR
effect when the BBB is compromised.

In this study, the uptake mechanism of PNP by BCECs and C6
cells and the dual-targeting mechanism were both investigated. It
was shown that similar cellular uptake mechanisms were involved
in PNP uptake into BCECs and C6 cells. PNP uptake by both BCECs
and C6 cells was energy-dependant and caveolae- and clathrin-
mediated endocytosis but not macropinocytosis were involved in
the endocytosis process. The Golgi apparatus and lysosomes have
been shown to play important role in both intracellular cargo
transport and disposition. In the present study, a Golgi apparatus
inhibitor BFA significantly suppressed PNP uptake by C6 cells but
have no effect on that by BCECs, indicating the intercellular trans-
port and disposition of PNP in BCECsmight be different from that in
C6 cells (Fig. 4). A lysosome destroyer monensin did not show
inhibitive effect on PNP uptake by both BCECs and C6 cells, which
might be useful for PNP to transport across the BBB without
degradation and finally to be internalised into glioma cells in vivo.
The dual-targeting mechanism was investigated by saturating the
LDLR binding site with excess free peptide-22. First, PNP uptake by
BCECs and C6 cells could be significantly reduced by pre-incubation
with excess free peptide-22. The competitive inhibition effects also
occurred in the BBB permeability evaluation and dual-targeting
therapy for glioma cells in vitro by the same mechanism. More-
over, the H9c2(2-1) cells with little LDLR expressionwere chosen as
the negative control, and the uptake behaviour of PNP by H9c2(2-1)
cells further confirmed PNP uptake was mainly mediated by the
interaction between peptide-22 and LDLR over-expressed in BCECs
and C6 cells. Considering that peptide-22 was a special ligand for
LDLR, the mechanism involved might be receptor-mediated endo-
cytosis [52,53], which may lead to efficient internalisation of
ligand-modified nanocarriers in receptor-overexpressing cells [21].
The three types of cells functioned well as experiment models
because LDLR expression levels in them consist well with those in
mammalian heart, cerebral microvascular endothelial cells and
glioma tissues in vivo as reported [16e18,22,25]. Investigating the
effect of silencing LDLR expression in LDLR over-expressed cells
with siRNA on cellular uptake and penetrating the BBB of PNP may
further elaborate the molecular mechanism of LDLR involved PNP’s
dual targeting to the BBB and glioma cells.
5. Conclusion

We exploited peptide-22 as a targeting moiety to establish a
dual-targeting drug delivery system that not only improved the
cellular uptake of nanoparticles by C6 cells and BCECs but also
enhanced the BBB permeability of PTX and C6 apoptosis below the
BBB in vitro. In vivo tests showed dual-targeting PNP exhibited
significantly stronger brain permeation, glioma targeting, and
enhanced chemotherapeutic effect of PTX compared with those of
other groups in glioma mouse models. Altogether, these promising
results suggested that the dual-targeting drug delivery system
might have great potential for glioma therapy in clinical
applications.
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