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Abstract CD133? cell subpopulation in U87 MG cells
displays glioblastoma stem cell (GSC) like properties.
Notch, a key regulator of stem cells, is also over-activated
in GSCs. It was previously reported that c-secretase
inhibitors inhibit the Notch pathway by targeting the csecretase complex. To examine the GSCs, CD133? cells
were separated from the U87 MG cells by magnetic activated cell sorting and only cell populations with nearly
90 % CD133? cells were used as GSCs. The sorted U87CD133? cells indeed display enhanced chemoresistance
and high Notch activity. For targeting studies, Angiopep-2
(An2)-conjugated YO-01027 (YO) encapsulating liposomes (PEG-lipo-YO-An2) were prepared by lipid film
hydration method. An2 is an effective ligand of low density
lipoprotein receptor-related protein which is over-expressed in the blood–brain barrier and GSCs. The mean
diameter, zeta potential and encapsulation efficiency of
PEG-lipo-YO-An2 was around 180 nm, -10.0 mV and
56.6 %, respectively. In in vitro studies, we confirmed that
PEG-lipo-YO-An2 showed enhanced anti-GSC properties
such as enhanced stability, anti-proliferation and antitumor sphere formation abilities towards than free drug.
This study demonstrates that An2 conjugation and liposomal encapsulation of YO enhance the cytotoxicity of YO
against GSCs, and this formulation could be used as a
promising candidate for the treatment of glioblastoma
multiforme by targeting GSCs.
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Introduction
Glioblastoma multiforme (GBM) is the most common
malignant tumor of the central nervous system, it is also a
devastating brain tumor with an average survival time from
the initial diagnosis of about 1 year (Maher et al. 2001;
Ohgaki and Kleihues 2005; Wen and Kesari 2008). Despite
modern advances in surgery, radiation and chemotherapy,
treatment of GBM is often palliative and gradually results
in therapy-resistance (Hu et al. 2011). Recently, a small
subpopulation of stem cell-like properties is thought to be
critical for the engraftment and long-term propagation of
malignant tumors, including GBM (Reya et al. 2001; Singh
et al. 2004; Sanai et al. 2005). This subpopulation of GBM
cells have been referred to as glioblastoma stem cells
(GSCs) (Park and Rich 2009). There is an accumulating
evidence that GSCs with potential for self-renewal and
multi-lineage differentiation, plays an important role in
glioma initiation, growth, and recurrence (Hemmati et al.
2003; Galli et al. 2004; Singh et al. 2004; Yuan et al.
2004). CD133, also known as prominin-1 (PROM-1), is
transmembrane glycoprotein family member which
expressed as several isoforms with unknown physiological
or pathological function (Miraglia et al. 1997; Yu et al.
2002; Singh et al. 2004). GSCs have been prospectively
enriched by selection of the CD133 cell surface marker,
and only CD133? cells from brain tumor biopsy specimens
were capable of initiating brain tumor in an immunodeficient mouse model (Hemmati et al. 2003; Singh et al. 2003,
2004).
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A number of signal pathways are involved in the formation and maintenance of stem cells, including the
Notch signaling pathway. Notch signaling is a well-conserved cell–cell communication that plays a pivotal role
in the maintenance of neural stem cells (NSCs) (Louvi
and Artavanis-Tsakonas 2006; Wang et al. 2010; Hu et al.
2011). Aberrant Notch signaling and mutations in the
components of the pathway contributed to cancer formation have been gradually established T cell leukemia (TALL) and various cancers including in breast, colon,
prostate, melanoma (Radtke and Raj 2003; Rizzo et al.
2008). Moreover, many studies have implicated a role for
Notch signaling in GSCs (Fan et al. 2006; Hu et al. 2011,
2014; Garner et al. 2013; Guichet et al. 2014; Saito et al.
2014). Notch signaling is initiated when transmembrane
ligands on one cell bind Notch receptors on a neighboring
cell, the c-secretase-mediated sequential proteolytic
cleavages that eventually lead to release of the Notch
intracellular domain (NICD), then the NICD translocates
into the nucleus where it interacts with transcriptional
cofactor (CBF1) leading to activation of target genes such
as the Hey, Hes and c-Myc genes, which are associated
with cell proliferation, differentiation and apoptosis (Iso
et al. 2003; Ehebauer et al. 2006). Furthermore, Notch
also plays a significant role in tumor angiogenesis, which
is essential for tumor growth and metastasis (Ridgway
et al. 2006; Li et al. 2007). Thus, Notch is a promising
target for cancer treatment. Several preclinical and clinical studies have been launched to test efficacy and safety
of Notch inhibitors in cancer therapy (Sahebjam et al.
2013; Schott et al. 2013). Inhibition of Notch signaling
directly caused cell cycle exit, apoptosis, differentiation,
and impaired tumorigenic capacity of the CD133-positive
cells in GBM cells, while increased Notch activity
enhances Nestin expression, promotes the cell proliferation, survival and the formation of NSC-like colonies and
plays an important role in the brain tumor stem cells
(Shih and Holland 2006; Zhang et al. 2008; Hovinga et al.
2010). Despite the availability of efficient Notch inhibitors such as c-secretase inhibitors (GSI), peptides (Moellering et al. 2009) or antibodies (Wu et al. 2010; Yan
et al. 2010), the GSIs are the only form of Notch inhibitors in clinical trials (Purow 2012). GSIs were originally
developed as potential therapies to treat Alzheimer’s
disease, as they block the c-secretase complex, cleave the
Ab precursor protein (APP) to yield of Ab peptides
(Zhang et al. 2013). Recently GSIs have gained more
attention as novel anti-cancer drugs due to their ability to
block the Notch signaling pathway (Wang et al. 2008).
YO-01027 (YO), also known as dibenzazepine, is a dipeptidic GSI which blocks the Notch signaling pathway
and inhibits epithelial cell proliferation and induces differentiation (van Es et al. 2005; Telerman and Amson
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2009). However, due to the demand for Notch signaling in
most of normal tissues, GSIs treatment give rise to potential risks including gastrointestinal toxicity and suppression
of lymphopoiesis (Wong et al. 2004; van Es et al. 2005).
So, Notch inhibition as cancer therapy may be problematic
for their use in human due to their lack of specificity
(Purow 2012). It is also hard to deliver the GSIs effectively
to the GBM as well as infiltrating GSCs that are located in
the tumor bed. Because the most GSIs are small and have
poor water solubility, they require vehicles to be able to
carry adequate amounts of hydrophobic drugs (Mamaeva
et al. 2011). Therefore, more efficient targeted delivery
system which specifically suppresses the Notch activity in
GSCs is required.
Almost 100 % large-molecule drugs and more than
98 % small molecule candidate agents are unable to reach
the brain tumor tissue due to their rare blood–brain barrier
(BBB) penetration and poor glioma targeting (Pardridge
2005, 2007; Xin et al. 2012a). The permeability of the BBB
is regulated by the brain capillary endothelial cells
(BCECs) which are tightly connected by tight junctions
(Pardridge 1999). It has been reported that a series of
receptors are presented at the BBB, including the transferrin receptor, insulin receptor and low-density lipoproteins (Huang et al. 2011). Among them, the low density
lipoprotein receptor-related protein (LRP) has been reported that it could mediate transport of ligands across endothelial cells of the BBB, and LRP1 is over-expressed on
glial cells, compared with the normal tissue (Lopes et al.
1994). Angiopep-2 (An2), as a ligand of the LRP1 and one
of the novel family peptides that derived from the Kunitz
domain, exhibits a higher brain penetration capability than
other proteins, transferring and aprotinin (Demeule et al.
2008). It is also reported that An2 modified drug delivery
system possess an excellent ability to cross the BBB (Ren
et al. 2012; Shao et al. 2012; Sun et al. 2012; Xin et al.
2012b). All these results highly demonstrate that An2 may
be a potential ligand that can be used not only for enhanced
delivery across the BBB but also for further targeting the
glial cells. Therefore, take account into the advantage of
dual-targeting using the same ligand, An2 was used as a
potential targeting moiety in the present work.
It is well known that liposomes are spherical shape made
from naturally-derived phospholipids, which are biocompatible carriers using in drug delivery system (Akbarzadeh
et al. 2013). YO, as a hydrophobic drug, could be dissolved
into the membrane of liposomes. And conjugation of
polyethylene glycol (PEG) which is widely used as polymeric steric stabilizer, reduce degradation of liposomal
formulation of YO in reticular endothelial system (RES)
(Gref et al. 2000). Thus, PEGylation of liposome increase
their blood circulation time and tumor accumulation after
intravenous administration (Chow et al. 2009).
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In this work, we have developed a therapeutic liposomal
YO formulation against GSCs by targeting Notch activity.
To overcome the rapid clearance by RES, the surface of
liposomes were modified with flexible hydrophilic polymers such as PEG. And to establish a dual-targeting drug
delivery, the PEGylated liposomes modified with An2.
Then, YO loaded PEGylated liposomes modified with An2
(PEG-lipo-YO-An2) was evaluated for their physical
characterization and in vitro study using GSCs.

Materials and methods
Materials
YO-01027 was purchased from Selleckchem (Houton,
USA) and cysteine-An2 (TFFYGGSRGKRNNFKTEEYC,
MW = 2,404.6) was synthesized by Peptron Inc. (Daejeon,
Korea). L-a-phosphatidylcholine (EPC) and 1,2-distearoylsn-glycero-3-phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (ammonium salt) (DSPE-PEG (2000)
Maleimide) were purchased from Avanti Polar-Lipids Inc.
(Alabaster, USA). The anti-CD133 monoclonal antibody
and b-actin antibody were purchased from Abnova Co.
(Taipei, Taiwan). Temozolomide (TMZ), trifluoroacetic
acid, isopropanol, hexane–sulfonic acid sodium salt,
3-(4,5-dimethylthiaYO-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), Methanol (MeOH), chloroform (CHCl3),
dimethyl sulfoxide (DMSO), accutase, human epidermal
growth factor (hEGF), fibroblast growth factor-basic
(bFGF), cholesterol (Chol) and Sephadex G-75 were purchased from Sigma Chemical Co. (St. Louis, USA). GIBCOÒ Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM/F12) and B-27 supplement (B27)
were purchased from CureBio (Seoul, Korea). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), trypsin–EDTA, Dulbecco’s phosphate-buffered
saline (DPBS) and penicillin/streptomycin were purchased
from Welgene Inc. (Daegu, Korea). BCA protein assay kit
was purchased from Bio-Rad Laboratories, Inc. (Hercules,
USA). Forward and reverse primers of Hey1, c-Myc and
GAPDH were purchase from Bioneer Inc. (Daejeon,
Korea). TRIYOÒ reagent was purchased from Invitrogen
(Carlsbad, USA). RNA to cDNA EcoDryTM Premix (Oligo
dT) was purchased from Takara Bio Inc. (Shiga, Japan).
All reagents and solvents were of analytical grade or better.
Sorting of CD133 subpopulations by magneticactivated cell sorting (MACS) technology
U87 MG, a human GBM cell line was purchased from the
American Type Culture Collection (ATCC; Manassas,
USA) and maintained as monolayer in DMEM containing

10 % FBS and antibiotics (100 U/ml penicillin, 100 U/ml
streptomycin) at 37 °C in a humidified atmosphere of 5 %
CO2. In order to form neurospheres, U87 MG cells were
cultivated in serum-free DMEM/F12 medium supplemented with hEGF (20 ng/ml), bFGF (20 ng/ml), B27
(1:50), and penicillin–streptomycin (100 U/ml). Neurospheres were collected after 7 days and disaggregated with
accutase solution. The CD133? cells (GSCs) were separated by a MACS separation kit (Miltenyi Biotec Ltd.,
Teterow, Germany). Briefly, 1 9 108 cells per 300 ll
MACS buffer (PBS, 2 mM EDTA, 0.5 % BSA) were
incubated with 100 ll FcR blocking reagent and added
100 ll CD133 microbeads solution for 30 min on ice.
Then, the CD133? and CD133- cells were separated using
the magnetic column following the manufacturer’s
instructions. The efficiency of sorting was verified by
fluorescence-activated cell sorting (FACS), Western blot,
and quantitative real-time reverse transcription PCR (qRTPCR) analysis. Cells containing nearly 90 % CD133? cell
fraction were used as GSCs for experimentation.
Characterization of GSCs
To estimate the expression of GSC marker CD133 in the
sorted cells (CD133? and CD133-), FACS, Western blotting and qRT-PCR analysis were performed. The efficiency
of sorting was verified by FACS, labeled with a phycoerythrin (PE)-conjugated-CD133/2 antibody (CD133-PE;
Miltenyi). In Western blot analysis, cells were lysed by
extracting proteins with lysis buffer (50 mM Tris–HCl pH
7.4, 150 mM NaCl, 0.1 % Triton X-100) supplemented with
protease inhibitors on ice. Protein concentrations were
determined with BCA protein assay kit. Proteins in each cell
lysate are subjected to SDS-PAGE, and transferred onto
PVDF membranes, then probed with primary CD133-Ab
overnight at 4 °C, followed by horseradish peroxidaselabeled antibodies (Kierkegaard & Perry Laboratories, Inc.,
Gaithersburg, USA). CD133 band was detected by enhanced
chemiluminescence (SupersignalÒ West pico chemiluminescent substrate; ThermoScientic, Rockford, USA)
according to the manufacturer’s protocol. b-actin antibody
was used as the internal protein control. In separate experiment for analysis of Notch activity, the expression of Notch
target gene (Hey1 and c-Myc) mRNA in sorted cells was
determined by qRT-PCR. Briefly, total RNA in sorted cells
was extracted using TRIYOÒ reagent according to the
manufacture’s protocol. The concentration and purity of
isolated RNA were detected by NanoDrop spectrometer
(Epoch; BioTeck, Arcugnano, Italy). cDNA synthesis was
performed by PCR thermal cycler Dice (Takara, Shiga,
Japan) using RNA to cDNA EcodryTM (Takara). The synthesized cDNA was subjected to real time-PCR amplification with power SYBRÒ Green (Applied Biosystems,
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Warrington, UK) using ABI PRISM 7500 sequence detector
(Applied Biosystems). All samples were amplified in triplicates. The relative mRNA expression of Hey1 and c-Myc
was normalized with GAPDH mRNA. Primer sequences are
listed as follows:
Hey1 (forward):
(reverse):
c-Myc (forward):
(reverse):
GAPDH (forward):
(reverse):

ACGAGACCGGATCAATAACA
ATCCCAAACTCCGATAGTCC
GGA ACG AGC TAA AAC GGA
GCT
GGC CTT TTC ATT GTT TTC
CAA CT
AAC GTG TCA GTG GTG GAC
CTG
AGT GGG TGT CGC TGT TGA
AGT

Chemotherapeutic resistance of GSCs and non-GSCs
cells
To compare the chemoresistance of sorted CD133? and
CD133- cells, we tested TMZ, first-line treatment in primary GBM, using a MTT assay. The cells were seeded
onto 96-well plates (3 9 103 cells per well) and treated
with different concentrations of TMZ. After incubating for
48 h, the culture medium was removed and MTT solution
(1 mg/ml) was added. The cells were incubated for 4 h,
and then the medium was removed and replaced 100 ll
DMSO to dissolve the formazan crystals. The absorbance
of each well was measured at 570 nm wavelength using an
ELISA reader (EL 800; BioTek, Winooski, USA). Measurements were made in triplicate, and values are presented
as mean ± SD. The 50 % inhibitory concentration (IC50)
value was calculated using Sigmaplot version 10.0
software.

Preparation of PEGylated liposomes encapsulating YO
PEGylated liposomes were prepared with phospholipids
and cholesterol by film hydration method. The 25 mM lipid
mixture composed of EPC:Chol: DSPE-mPEG2000maleimide (60:40:1 molar ratio) with 1 mg YO were dissolved in 1 ml of chloroform. The organic solvent was
evaporated under nitrogen gas flow by a rotary evaporator
(Laborota 4000, Heidolph, Italy) at room temperature. The
dry lipid film was hydrated in 1 ml of PBS with vortexing
and 30 s for sonication (Laboratory Supplies Co., Inc, NY,
USA). The liposomes were downsized by extrusion
through 0.45 and 0.2 lm cellulose membrane filter
(Whatman Int. Ltd., Pittsburg, USA) for 5 times, respectively, using a LipexTM extrusion device (Northern Lipids
Inc., Vancouver, Canada). The unencapsulated YO was

123

removed from liposomes suspension by gel chromatography using Sephadex G-75 column (Sigma).
Conjugation of An2 to liposomes
The PEGylated liposome-maleimide was conjugated with
cysteine-An2 (1:1, mol/mol) and carried out in PBS for
24 h at a room temperature with stirring. The reacted
mixture was dialyzed in distilled water at room temperature
for 24 h to remove unconjugated cysteine-An2.
Size distribution and zeta potential analysis
The size distribution and zeta potential of liposomes were
measured by dynamic laser-light scattering system (NICOMP 380ZLS, Inc., Santa Clara, USA) using a He–Ne
laser light source. All measurements were performed at
room temperature with 90° scattering angle.
Encapsulation efficiency of YO into liposomes
The concentration of YO in the liposomes was calculated
by high performance liquid chromatography (HPLC).
Briefly, 100 ll samples were diluted by adequate acetonitrile and mixed thoroughly on a vortex mixer. After centrifugation (13,300 rpm, 20 min), the acetonitrile extract
was removed and the supernatant was evaporated under the
nitrogen gas. The residue was resuspended in 100 ll of
MeOH with vortexing, and 50 ll of sample was injected
into the HPLC system. Conditions of HPLC system were
shown in Table 1. Mobile phase was prepared with filtered
and degassed acetonitrile and isopropanol (45:52) and its
pH adjusted to 4.7 by addition of hexane–sulfonic acid
sodium salt solution with 20 % trifluoroacetic acid. The
amount of YO encapsulated in liposomes sample was
determined from calibration curve of free YO. In encapsulation efficiency of YO (%) was calculated using the
following formula;
Encapsulation efficiency of YO ð%Þ
Amount of YO from liposomes
¼
Initial loading amount of YO in preparing process
 100
Serum protein adsorption assay
The adsorption of serum proteins onto liposomes was
evaluated by measuring the amount of bovine serum
albumen (BSA) bound to liposomes in vitro. When liposomes are unstable and aggregated, the amount of protein
adsorption will be increased. Briefly, non-PEGylated liposomes without the drug (non-PEG-lipo-empty), PEGylated liposomes without the drug (PEG-lipo-empty),
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Table 1 HPLC analytical conditions for YO
Factors

Analytical conditions

Mobile phase

0.1 % hexane sulfonic acid (pH adjusted to 4.7 with
20 % trifluoroacetic acid),
acetonitrile and isopropanol (45:52:3)

Flow rate

1.0 ml/min

Detector
Column

UV/VIS detector (wavelength: 227 nm)
CapcellpakÒ C18 (4.6 9 150 mm, 5 lm,
SHISEIDO)

Injection
volume

50 ll

Statistical analysis
Data are presented as a mean value ± standard deviation
(SD). Statistical analyses were performed using Student’s
t test. Statistical significance was assigned for P values
\0.05 (95 % confidence level) or \0.01 (99 % confidence
level).

Results
Isolation and characterization of GSCs

PEGylated liposomes with YO (PEG-lipo-YO) and PEGlipo-YO-An2 were incubated with 1 % (w/v) BSA dissolved in PBS (pH 7.4) at 37 °C. After incubation for 0.5,
3, 10, 24 and 48 h, samples were centrifuged at 14,000 rpm
for 15 min. The free BSA in the supernatant was removed,
and the liposomes were washed three times with PBS
followed by centrifugation at 14,000 rpm for 15 min. The
amount of proteins adsorbed onto the liposomes was
measured with a BCA Protein Assay Kit using BSA as a
standard. The absorbance was measured at 570 nm using
an ELISA reader (BioTek).
In vitro anti-proliferation assay
GSCs which were dissociated and seeded onto 96-well
tissue culture plates (3 9 103 cells/well) and incubated for
24 h at 37 °C, were treated with DPBS, 0.1 % DMSO,
PEG-lipo-empty, Naked YO, PEG-lipo-YO and PEG-lipoYO-An2 for 48 h. After incubation, cell growth was
measured by MTT assay, as described above.
An2-mediated internalization was further supported by
the competition assay (Mamaeva et al. 2011; Xin et al.
2011) with naked An2. An2 was added to the wells containing 3 9 103 of GSCs in advance at a concentration of
200 lg/ml. After 30 min incubation at 37 °C, the An2
medium was withdrawn from the wells and PEG-lipo-YOAn2 was treated. After 48 h incubation, cell growth was
measured by MTT assay as described above.
Tumor spheres formation assay
GSCs were dissociated and seeded on 96-well plate (1–2
cells/well) with serum-free DMEM/F12 and incubated for
2 weeks to form tumor sphere (Shi et al. 2013). The wells
containing only one sphere were treated with various YO
formulations (10 lM). After 48 h incubation, the images of
sphere colonies were observed using a light microscope
(IX71IX51; Olympus, Tokyo, Japan).

It has been reported CD133? population in GBM was
thought to be GSCs (Singh et al. 2003, 2004). GSCs can be
cultured in suspension in serum-free medium with specific
growth factors such as B27, bFGF and hEGF, generating
neurospheres (Zhu et al. 2010). Under these special circumstances, expansion and growth of GSCs was improved
(Yuan et al. 2004). The GSCs population in U87 MG cells
was collected by disaggregating the neurospheres and
separating the CD133? cells population using MACS
technology employing CD133-Ab magnetic beads. As
shown in Fig. 1a, CD133-Ab-sorted cells (GSCs) indeed
formed spheroid bodies, exhibiting an ability to form
neurospheres. As shown in Fig. 1b, the percentages of
CD133-expressing cells determined by FACS analysis
were 5.55 % in CD133- cells and 88.8 % in CD133-Ab
sorted GSCs. Western blotting analysis also revealed that
CD133 expression levels were significantly higher in GSCs
than in CD133- cells (Fig. 1c). In chemoresistance
experimentation, the IC50 values for TMZ were about 50
times higher in GSCs than CD133- cells (50 lM)
(Fig. 2a). Thus, compared to CD133- cells, CD133? cells
maintained a higher survival fraction and thereby possessed higher clinical chemoresistance. We also determined mRNA expression of Notch target gene by qRTPCR, revealing that GSCs expressed higher Hey1 (Fig. 2b)
and c-Myc (Fig. 2c) mRNA levels than CD133- cells.
Physicochemical characterization of liposomes
The liposomal formulation containing YO (Fig. 3a) used in
this study is summarized in Table 2. The average diameter
of non-PEG-lipo-empty, PEG-lipo-empty, PEG-lipo-YO
and PEG-lipo-YO-An2 was approximately 197 ± 16,
185 ± 20, 189 ± 29 and 178 ± 29 nm, respectively. All
of the liposomes tested maintained a negative zeta-potential (-6.93 to -10.09 mV).
The encapsulation efficiency of YO was measured by
HPLC analysis, with the retention time being 4.73 min
(Fig. 3b). The encapsulation efficiency of YO encapsulated
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Fig. 1 Isolation and characterization of GSCs. a Images of CD133- cells and CD133? cells morphology after magnetic cell sorting under the
light microscopy (scale bar 100 lm). CD133 expression in subpopulations of U87 MG cells analysis by FACS (b) and Western blotting (c)

Fig. 2 Higher chemoresistance and Notch activation in GSCs. a Both
CD133- cells and CD133? cells were treated with various concentration of Temozolomide for 48 h, growth rates were determined by

MTT assay. mRNA expression of Notch target gene Hey1 (b) and
c-Myc (c) in CD133- cells and CD133? cells were measured by qRTPCR. Data shown represent the mean ± SD of three experiments

in the PEG-lipo-YO and PEG-lipo-YO-An2 was about 63.2
and 56.6 %, respectively (Table 2).
The amount of An2 attached to the liposomes was
determined by the Bradford assay (Bradford 1976), and the
concentration of phospholipids in liposomes was measured
by phosphorus assay (Bartlett 1959). According to these
measurements and the assumptions that the thickness of the
lipid bilayer of the liposomes was 40 Å and the area
occupied by each phospholipid was 70–75 Å2 (Israelachvili and Mitchell 1975), the actual number of An2 attached
to one liposome was 18–20 (Kirpotin et al. 1997).

Serum protein adsorption of PEGylated liposomes
in vitro
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The amount of serum protein adsorbed onto liposomal
surface is related with the stability of liposomes in the
blood (Cullis et al. 1998). Thus, the amount of protein (1 %
BSA solution) adsorbed onto the surface of liposomes was
measured by BCA protein assay. As shown in Fig. 4, the
amount of protein adsorbed onto non-PEG-lipo-empty was
increased significantly during incubation for 48 h, whereas
PEGylated liposomes with or without YO showed only a
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Fig. 4 Protein adsorption in 1 % BSA solution. Data shown represent
the mean ± SD of four experiments

Fig. 3 Design of drug delivery system for targeting Notch activity of
GSCs. a structure of PEG-lipo-YO-An2. b representative chromatogram of YO in HPLC analysis

small amount of protein adsorption. Specifically, PEGylated liposomes (PEG-lipo-empty, PEG-lipo-YO and PEGlipo-YO-An2) adsorbed about fourfold less protein than
non-PEG-lipo-empty liposomes during 48 h. The adsorption capacity of protein was significantly different in the
presence and absence of PEG in liposome. This phenomenon presumably reflects the fact that PEG coating of the
surface of liposomes contributes to the steric repulsion
effect on serum proteins, thereby enhanced the stability of
PEG-lipo-YO-An2.
Inhibition of proliferation of GSCs
The anti-proliferative effect of YO in various formulations
toward GSCs was evaluated by MTT assay (Fig. 5), with
PBS (control), PEG-lipo-empty, naked YO, PEG-lipo-YO

and PEG-lipo-YO-An2 for 48 h. The results showed that
the anti-proliferative effect of PEG-lipo-YO was greater
than that of the naked drug (P \ 0.01); this effect was
further enhanced when An2-conjugated liposomes were
used. Specifically, the anti-proliferative effect of PEG-lipoYO-An2 was more than 2 times higher than that of PEGlipo-YO (P \ 0.01), presumably reflecting the specific
targeting of LPR1 of the GSCs by An2 and enhanced
stability of the PEGylated liposomes formulation. Neither
PBS nor 0.1 % DMSO control or PEG-lipo-empty affected
the proliferation of GSCs.
In the competition assay (Fig. 6), the anti-proliferative
effect of PEG-lipo-YO-An2 was significantly decreased
(P \ 0.01) due to the competitively binding of naked An2
with LRP on GSCs, demonstrating that the anti-proliferative effect of PEG-lipo-YO-An2 could be significantly
increased through LPR receptor-mediated targeting.
Tumor spheres formation assay
The stem cell property of spheroid-colony formation is
considered as an indication of self-renewal ability (Takaishi et al. 2009). Figure 7 showed that untreated GSCs
successfully produced spheroid colonies. Spheres treatment
with naked YO, PEG-lipo-YO or PEG-lipo-YO-An2 had a
suppressive effect on the formation of sphere colonies. As
expected, other groups of PBS, 0.1 % DMSO and PEGlipo-empty did not exhibit this effect. These findings

Table 2 Characterization of YO-containing liposomes
Sample

Particle size (nm)

Zeta potential (mV)

Encapsulation efficiency (%)

Non-PEG-lipo-empty

197 ± 16

-6.93 ± 2.48

–

PEG-lipo-empty

185 ± 20

-7.51 ± 7.11

–

PEG-lipo-YO
PEG-lipo-YO-An2

189 ± 29
178 ± 29

-7.79 ± 4.60
-10.1 ± 3.18

63.2 ± 10.5
56.6 ± 8.20

Data are expressed as the mean ± SD (n = 3)
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Fig. 5 In vitro cytotoxicity effect of various YO formulations
towards GSCs. GSCs growth was measured by MTT assay. The data
was calculated as percentage of control (DPBS) and represent the
mean ± SD of six experiments (*P \ 0.05, **P \ 0.01)

Fig. 6 Competition assay. In vitro cytotoxicity effect (%) of GSCs
was decreased when GSCs was preconditioned An2 for 30 min, and
followed by applying PEG-lipo-YO-An2. Data shown represent the
mean ± SD of six experiments (**P \ 0.01)

suggest that PEG-lipo-YO-An2 could greatly inhibit the
ability of GSCs to form CSC-like spheroids in vitro.

Discussion
Despite recent advances in cancer therapy, the treatment of
GBM remains elusive (Maher et al. 2001; Ohgaki and
Kleihues 2005). GSIs are widely used to block the Notch
signaling in vitro and in vivo and Notch pathway blockade
by GSIs depletes CD133? glioblastoma cells and inhibits
growth of tumor neurospheres and xenografts (Fan et al.
2006, 2010). Moreover, GSI-mediated inhibition of Notch
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signaling renders GSCs more sensitive to radiation at
clinically relevant dose (Wang et al. 2010). But clinical use
of GSIs, such as YO, is limited by adverse effect due to the
requirement of Notch in maintaining homeostasis in most
normal tissues. Besides, crossing the BBB still remains a
key obstacle in delivering the most therapeutic drugs for
brain disease. To overcome these limitations and enhance
the anti-GSC effect of GSI, we used PEGylated liposomes
as vehicles for targeted delivery of YO to block Notch
signaling. On this basis, YO-loaded PEGylated liposomes
were conjugated to dual-targeting ligand, An2, which targets the LRP to mediate transcytosis across the BBB and
further target the GSCs. For targeting studies, we separated
GSCs from the U87 MG neurosphere forming cells using
an anti-CD133 antibody-based magnetic cell sorting and
confirmed their properties (Fig. 1). As shown in Fig. 2,
CD133? cells displayed higher Notch activity and
enhanced chemoresistance. The physicochemical properties of various liposomes containing YO (Fig. 3) were also
determined using particle size analyses and zeta potential
measurements (Table 1). The mean diameter of liposomes
for GSCs targeting was around 180 nm and zeta potential
was -10.0 mV. There is a proper particle size ranging
from 100 to 200 nm to improve biodistribution by accumulating in tumor tissues due to the enhanced permeability
and retention (EPR) effect (Maeda et al. 2000). And negative charge on liposomes is less prone to aggregation and
relatively more stable in suspension (Lian and Ho 2001).
We also confirmed the stability of liposomes in the presence of serum (Fig. 4) and the amount of protein
adsorption onto YO-encapsulating PEGylated liposomes
was significantly decreased compared to that of nonPEGylated liposomes owing to the polymeric steric stabilizer, PEG, which results in repulsive interactions between
the PEG chain and serum proteins. The actual number of
An2 attached to a liposome was calculated as 18–20, and
this numbers seem to be ideal as a drug targeting moiety.
The anti-proliferative effect (Fig. 5) of PEG-lipo-YO-An2
showed 25.7 % of the lowest cell growth toward GSCs,
compared to naked YO (80.3 %) and PEG-lipo-YO
(62.0 %). Proliferation of GSCs treated with PEG-lipoYO-An2 was significantly reduced by the addition of naked
An2 in advance (Fig. 6) as LRP competitively binds with
naked An2. It was also proved that liposomal delivery
system showed no toxicity, as the growth inhibition of cells
treated with PEG-lipo-empty was similar to the control
group (Fig. 5). The above result is consistent with the
results of tumor spheres formation assay (Fig. 7).
In conclusion, we developed successfully a PEG-lipoYO-An2 formulation as a targeted delivery system for
GSCs to improve therapeutic effect. PEG-lipo-YO-An2
enhanced the stability of drug delivery system, also
effectively inhibited GSC proliferation and sphere

Targeting glioblastoma stem cells
Fig. 7 Tumor spheres
formation assay. Images were
taken at 48 h after treating the
cells with various formulations
of YO (scale bar 100 lm)

formation. Therefore, PEG-lipo-YO-An2 is expected to be
a potential agent to effectively eradicate GSCs with the
in vivo anti-cancer experiment.
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