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A B S T R A C T

Application of liposomes-based drug delivery in treatment of glioma has been hampered by the poor perme-
ability of blood-brain barrier and the low uptake efficiency by glioma tissues. Moreover, many chemotherapy
drugs promote the activation of the NF-κB, which plays a role in the development and progression of cancer and
chemoresistance. In this report, CB5005 peptide, designed for its dual function in cell membrane penetration and
NF-κB inhibition, was conjugated to PEGylated liposomes loaded with doxorubicin (CB5005-LS/DOX) or a
fluorescent dye (CB5005-LS/dye). These CB5005-modified liposomes were utilized for targeting and penetrating
glioma. Both qualitative and quantitative evaluations of CB5005-LS/dye showed that modification by CB5005
significantly increased cellular uptake of the liposomes by glioma cells, and substantially improved permeability
of the liposomes into tumor spheroids. Intracellular localization studies demonstrated that CB5005-modified
liposomes could not only penetrate into glioma cells but also deliver DOX into the nucleus. Cytotoxicity assay
indicated that compared with the unmodified DOX liposomes (LS/DOX), CB5005-LS/DOX increased the effi-
ciency of killing glioma cells by more than fivefold. In vivo imaging illustrated that CB5005-modified liposomes,
via intravenous injection, distributed fluorescence into the brain and accumulated at tumor xenograft and in-
tracranial glioblastoma in different animal models. More importantly, CB5005-LS/DOX treatment significantly
prolonged the survival time of nude mice bearing intracranial glioblastoma. In summary, CB5005-modified
liposomes represent a promising drug delivery system for cancer treatment attributing to its unique ability not
only to transfer drugs to the tumor sites but also to function as a synergist for chemotherapy of glioma and other
human tumors.

1. Introduction

Glioma is one of the major tumors that threaten people's lives for the
rapid progression and poor prognosis though the dramatic development
of medical technology in the last decade [1]. The current treatments of
glioma include surgical resection, radiotherapy and chemotherapy [2].
However, it is almost impossible for surgical resection and/or radio-
therapy to remove tumor tissue completely without affecting normal
brain functions due to lack of sharp border of glioma [3–5]. Reasonable
chemotherapy remains a primary tool for glioma treatment [6,7]. Un-
fortunately, poor site-specific delivery, incapable deep-penetration into
tumor, and the formidable challenge of delivering therapeutic agents to
brain due to existence of blood-brain barrier (BBB) and blood-brain

tumor barrier (BBTB) are the intrinsic limitations to successful che-
motherapy [8,9]. One promising solution for delivering therapeutic
molecules across the BBB, BBTB and even penetrating into tumor is to
use cell-penetrating peptides (CPPs) [9–11], which showed the poten-
tial in developing drug delivery technologies for brain disorders, such
as brain glioma [12].

CPPs have been utilized as a powerful tool for intracellular delivery
of various therapeutic molecules and have received extensive attention
in recent decades [13–15]. Most of these CPPs were defined as short
cationic peptides consisting of< 30 amino acids with attractive cap-
ability of cellular uptake without causing severe cytotoxicity [16–19].
CPPs and their conjugated cargoes translocate through cell membrane
via direct penetration, formation of inverted micelles or transient pores,
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macropinocytosis, endocytosis mediated by clathrin or caveolae [20].
The typical examples of CPPs are naturally originated Tat (48–60 re-
sidues derived from human immunodeficiency virus) [21] and cationic
peptide oligoarginine [22]. However, these kinds of CPPs are deficient
in accumulation at tumor site due to lack of tissue selectivity and
tumor-targeting ability [23,24]. CPPs and their conjugated cargoes are
readily to be internalized by nearly all kinds of cells and are prone to
accumulate at the organs with abundance of blood capillaries, such as
liver and kidney [25,26]. Moreover, most of CPPs are readily to be
eliminated by the reticuloendothelial system due to high electro-posi-
tivity, which makes CPPs easy to interact with those negatively charged
components in plasma. Therefore, the clinical application of CPPs in
tumor therapy has been greatly restricted [27–29].

Many artificially designed and synthesized CPPs were emerged to
improve the delivery efficiency and tumor-targeting ability of ther-
apeutic agents [30–32]. CB5005, developed by Celtek Bioscience [33],
is a peptide with excellent cell and nucleus permeability. It is composed
of 21 amino acid residues, which can be divided into two cascaded
segments: an 11-residue membrane-permeable sequence and a 10-re-
sidue nuclear localization sequence [34,35]. There are only two basic
lysine residues in the membrane-permeable sequence of CB5005 pep-
tide, which differs from the traditional CPPs for its weak electro-posi-
tivity. As a result of this design, CB5005 has displayed its unique cap-
abilities of BBB penetration and tumor accumulation, as we reported
recently [33].

Nuclear factor-κB (NF-κB), a family of transcription factors, regulate
multiple processes in cells, which involve cell survival, proliferation,
differentiation and cytokine production. NF-κB family consists of five
proteins, including p50, p52, p65 (Rel A), c-Rel and RelB [36,37]. In the
state of inactivation, NF-κB is combined with IκB proteins in cytoplasm.
Once being stimulated, IκB is phosphorylated by IκB kinase, leading to
ubiquitination and proteasomal degradation. This triggers the forma-
tion of NF-κB dimmers, which actively shuttle between the nucleus and
cytosol, then stay in nucleus and induce gene expression [38]. Activa-
tion of NFκB is rapidly and transiently induced by many factors, such as
viral and bacterial infections, DNA damage and proinflammatory cy-
tokines. Notably, it was found that NFκB was constitutively activated in
most malignant cells and in the tumor microenvironment [37,39]. The
nuclear localization sequence of CB5005 is derived from p50 subunit,
which can competitively prevent the translocation of NF-κB into nu-
cleus and act as a blocking agent of NF-κB [40]. We previously de-
monstrated that when applied with doxorubicin, CB5005 showed a
synergistically antagonistic effect on glioma [33].

Nanoscale drug delivery systems have exhibited distinct advantages
over traditional formulations in tumor treatment [41–43]. Among these
delivery systems, liposomes have gained more and more attention over
the past three decades for their unique characteristics, including bio-
compatibility, biodegradability, low toxicity, lack of immune system
activation and capability to incorporate both hydrophilic and hydro-
phobic drugs [44]. Moreover, surface-functionalized liposomes have
been widely applied to target specific cancer cells and transfer cargoes
to cytoplasm efficiently [45,46].

In the present study, CB5005 was conjugated to a PEGylated lipo-
somal carrier to facilitate the glioma treatment of antineoplastic agent
doxorubicin (DOX) (CB5005-LS/DOX). The permeability of CB5005-LS/
X (here X represents DOX or a fluorescence probe) at cellular and tumor
spheroid level was going to be evaluated and compared with un-
modified liposomes (LS/X). Intracellular localization of the liposomes
would also be observed to illustrate their potential in nuclear delivery
of DOX. The in vitro cytotoxicity of CB5005-LS/DOX would be in-
vestigated and compared with LS/DOX in glioma cells. Then, the in vivo
distribution of CB5005-LS/X would be assayed after intravenous in-
jection in normal mice, xenografts-bearing mice, and intracranial
glioblastoma-bearing mice, respectively. Finally, the therapeutic effi-
cacy of CB5005-LS/DOX to intracranial glioblastoma-bearing mice
would be investigated.

2. Materials and methods

2.1. Materials

CB5005-Cys, which amino acid sequence is KLKLALALALAVQRKRQ-
KLMPC, was synthesized by China Peptides Co., Ltd. (Shanghai, China).
The purity and molecular mass of the peptide were verified by high per-
formance liquid chromatography (HPLC) and electro-spray ionization
mass spectrometry (ESI-MS), respectively. Maleimide-derivatized poly-
ethylene glycol 3400-distearyl phosphatidylethanolamine (Mal-PEG3400-
DSPE) was purchased from Laysan Bio Co., (Arab, USA). Hydrogenated
soybean phosphatidylcholine (HSPC) and methoxyl-PEG 2000-DSPE
(mPEG2000-DSPE) were purchased from Lipoid GmbH (Ludwigshafen,
Germany). Cholesterol was purchased from Sinopharm Chemical Reagent
Co., Ltd., (Shanghai, China). Sephadex G-50 and 5-carboxyfluorescein
(FAM) was purchased from Sigma (St. Louis, USA). 1,1′-dioctadecyl-
3,3,3′,3′-tetramethyl indotricarbocyanine iodide (DiR) was purchased
from Invitrogen (Carlsbad, USA). Doxorubicin (DOX) was obtained from
Huafeng United Technology Co., Ltd. (Beijing, China). 4′,6-diamidino-2-
phenylindole (DAPI) was supplied by Roche (Switzerland). 1,1′- diocta-
decyl-3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD) was pur-
chased from Meilune (Dalian, China).

Human glioma cells U87 were purchased from Cell Bank, Chinese
Academy of Sciences (Shanghai, China). Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), 0.25% trypsin-EDTA,
agarose and penicillin-streptomycin were purchased from Gibco
(Carlsbad, USA). 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide (MTT) was obtained from Amresco (Solon, USA). Cell
culture plate and flask were purchased from Coring (Oneonta, USA). All
chemicals were analytic reagent grade.

Male nude mice, weighing 20 g, were purchased from Shanghai
SLAC Laboratory Animal Co., Ltd. (Shanghai, China) and kept under
specified pathogen free conditions. All animal experiments were per-
formed in accordance with guidelines evaluated and approved by the
Ethics Committee of Fudan University.

2.2. Western blot analysis

Western blot analysis was performed to evaluate the effect of
CB5005 on the NF-κB pathway in glioma cells. Briefly, U87 cells were
incubated with CB5005 at different concentrations ranging from 5 μM
to 50 μM for 48 h. Whole cytoplasmic proteins and nuclear proteins
were extracted using Nuclear and Cytoplasmic Protein Extraction Kit
(Beyotime, Shanghai, China). Quantified nuclear protein lysates were
separated by 10% polyacrylamide SDS-PAGE gels and then transferred
to PVDF membranes (Millipore, Billerica, USA). The membranes were
probed with p50 and Histone 3 antibodies, which were purchased from
Cell Signaling Technology (Danvers, USA). The proteins were visualized
using an enhanced chemiluminescence Western blot detection system
(Bio-Rad, Hercules USA).

2.3. Synthesis and characterization of functionalized membrane material

CB5005-PEG3400-DSPE was synthesized by conjugating the cy-
steine residue at the C-end of CB5005 to Mal-PEG3400-DSPE. Briefly,
one aliquot of CB5005-Cys buffer solution was mixed with two ali-
quots of Mal-PEG3400-DSPE dimethyl formamide (DMF) solution at a
molar ratio of 1.2:1. Then the mixture was gently stirred for 2 h at
room temperature. The product was purified by dialysis (MWCO
3.5 kDa, Millipore, USA) against ultrapure water at the endpoint of
the reaction. The dialysate containing CB5005-PEG3400-DSPE was
analyzed by HPLC (Agilent 1100 series, USA) and nuclear magnetic
resonance (NMR, Varian, USA), and finally was freeze-dried
(Alpha2–4, Martin Christ, Germany).
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2.4. Preparation of liposomes

Liposomes loading with DOX, fluorescent probe FAM or DiR were
prepared by the thin-film hydration and extrusion method as reported
procedure [47,48]. A mixture of HSPC/Cholesterol/mPEG2000-DSPE/
CB5005-PEG3400-DSPE (liposomes with the modification of CB5005,
52:43:3:2, molar ratio) or HSPC/Cholesterol/mPEG2000-DSPE (lipo-
somes without modification, 52:43:5, molar ratio) in 5mL CHCl3 was
rotary evaporated to form thin film, which was then vacuum desiccated
overnight. For DOX-loaded liposomes, an ammonium sulfate gradient
method was adopted to load DOX into the liposomes [49,50]. That is,
the thin film was hydrated using 0.32M ammonium sulfate solution
with oscillator at 60 °C water bath for 2 h. The resulting solution was
extruded through a series of polycarbonate membranes (Whatman,
USA) with the pore size ranging from 200 nm down to 50 nm using a
mini-extruder (Avanti, USA). The external ammonium sulfate was re-
placed by normal saline solution through a Sephadex G-50 column. The
ammonium sulfate liposomes were mixed with 5mg/mL DOX in normal
saline solution at the weight ratio of 1:10 and shaken for 30min under
60 °C. Then, the liposomes were separated from free DOX on a Se-
phadex G-50 column which was equilibrated with normal saline. DOX
concentrations in the liposomal samples were measured with the ul-
traviolet spectrophotometer at 480 nm following dissolution in 5%
Triton solution (UV-2401PC, Shimadzu, Japan). The morphology of
liposomes was characterized by a transmission electron microscopy
(TEM). In the meantime, the size of liposomes was determined at 25 °C
by the dynamic light scattering method (Malvern Zetasizer 3000).

FAM-loaded liposomes were prepared with the similar procedure as
mentioned above, except that the hydration medium was FAM solution
instead of ammonium sulfate solution. DiR-loaded liposomes were
prepared with the similar method of FAM-loaded liposomes, except that
DiR was mixed with the membrane materials in the chloroform solution
at the beginning, and the thin film was hydrated using normal saline.
All the procedures were proceeded in darkness.

2.5. In vitro leakage of DOX

The in vitro leakage of DOX from the liposomes was investigated by
dialysis method in phosphate buffer (pH 7.4) or serum at 37 °C as pre-
viously reported [51]. The concentrations of DOX were determined by a
fluorescence spectrophotometer (Cary Eclipse, Agilent, Australia) at
Ex/Em 494/522 nm.

2.6. Cellular uptake

The human glioma cells U87 harvested at the logarithmic growth
phase were seeded in confocal dishes with a density of 5000 cells/well
and incubated for 24 h with 5% CO2 at 37 °C in a Heraueus incubator
(Kendro, USA). The cells were incubated with CB5005-LS/FAM, LS/
FAM or FAM solution in the culture medium with 10% FBS for 4 h at a
concentration of 1 μM FAM, then rinsed with phosphate buffered saline
(PBS, pH 7.4) thrice, fixed with 4% paraformaldehyde (m/v) for
15min, stained with 1 μg/mL DAPI for 10min and moisturized with
50% glycerol (v/v). After that, the treated cells were observed with a
laser scanning confocal microscope (LSCM, SP5, Leica, Germany). FAM
fluorescence was excited with 488 nm wavelength of an argon laser and
the emission was detected in a range of 500–540 nm.

For quantitative analysis of the cellular uptake of the liposomes, the U87
cells were harvested and seeded on 12 well plates at a density of 5×104

cells/well and incubated for 24 h. Then, the cells were respectively in-
cubated with CB5005-LS/FAM, LS/FAM or FAM solution for 4 h at the
concentrations of 1 μM, 0.1 μM and 0.01 μM FAM in the culture medium
with 10% FBS. Afterwards, the cells were rinsed with PBS thrice, trypsinized
with EDTA-trypsin, collected in the Eppendorf tubes and centrifuged at
1000 rpm for 5min. The precipitated cells were subsequently re-suspended
in 200 μL PBS and analyzed using a flow cytometer (FACSAria, BD, USA).

2.7. Tumor spheroid penetration

For further evaluation of the tumor-penetrating ability of the
CB5005-LS/FAM, U87 cells at the logarithmic growth phase were
seeded in 48-well plates (2000 cells/400 μL per well) which were pre-
coated with 150 μL of 2% (w/v) low-melting-temperature agarose to
prepare the three-dimensional tumor spheroids. After that, the plates
were shaken gently to make the U87 cells gather together to form tumor
spheroids and incubated for a week. Afterwards, the tumor spheroids
with good morphology were incubated with CB5005-LS/FAM, LS/FAM
and FAM solution for 4 h at a concentration of 1 μM FAM. The spheroids
were then rinsed with PBS thrice before being fixed with 4% (m/v)
paraformaldehyde for 15min and observed with a LSCM as described
above.

2.8. Intracellular localization analysis

Human glioma cells U87 were harvested at the logarithmic growth
phase and seeded in confocal dishes with a density of 5000 cells/well
and incubated for 24 h. Then U87 cells were incubated with CB5005-
LS/DOX, LS/DOX or DOX solution at a concentration of 1 μM DOX for
4 h. After that, U87 cells were treated and observed with a LSCM at
480 nm.

2.9. Cell livability assay

The in vitro anti-tumor activity of DOX-loaded liposomes was de-
termined by MTT assay. U87 cells at the logarithmic growth phase were
seeded in 96-well plates at a density of 5000 cells/200 μL culture
medium per well. Following attachment for 24 h, the culture medium in
each well was replaced with 200 μL of fresh medium containing serial
dilutions of CB5005-LS/DOX or LS/DOX ranging from 0.025 μM to
409.6 μM DOX. Each concentration was performed with triple wells.
The cells were incubated with CB5005-LS/DOX or LS/DOX for 4 h and
subsequently rinsed with PBS and incubated with culture medium for a
total of 72 h before assessing cell livability. After that, 20 μL of 5mg/mL
MTT dissolved in PBS was added to each well directly. The plates were
incubated for an additional 4 h and then the medium was discarded.
Thereafter, 200 μL of dimethyl sulfoxide (DMSO) was added to each
well to dissolve the formazan crystals while vigorously shaking the
plates with an automated shaker for about 10min. The absorbance of
each well was measured on a micro-plate reader (Bio-Rad 680, USA) at
a detection wavelength of 490 nm and the percentage of cell livability
was calculated.

2.10. In vivo distribution in normal nude mice

In order to assess whether the liposomes modified with CB5005 are
able to distribute in brain or not, nude mice were injected with 100 μL
CB5005-LS/DiR or LS/DiR at a concentration of 0.01 μM DiR through
tail vein, and normal saline was designated as negative control (n=3).
The mice were anesthetized with isoflurane and observed by a Xenogen
in vivo imaging system (IVIS) coupled with Living Image software
(Alameda, CA). At 4 h post administration when the intensity of fluor-
escence reached the peak value in brain, the mice were perfused with
normal saline to remove the blood and fixed with 4% paraformaldehyde
(m/v). Distribution of the liposomes in organs including heart, liver,
spleen, lung, kidney and brain was immediately observed using the
Xenogen IVIS spectrum.

2.11. In vivo distribution in xenografts-bearing nude mice

Nude mouse model bearing U87 xenografts was built by sub-
cutaneous injection of approximate 2×106 U87 cells suspended in
100 μL of serum-free medium at right armpit to evaluate the in vivo
tumor accumulation of CB5005-LS/DiR. Two weeks later, the tumor
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volume was checked, and then the mice were treated with the DiR-
containing liposomal formulations (3 mice in each group) and ex-
amined as the method mentioned above.

2.12. In vivo distribution in intracranial glioblastoma-bearing nude mice

Intracranial glioblastoma model was established in nude mice.
Approximate 8× 105 U87 cells were implanted into the right striatum
(1.8 mm lateral to the bregma and 3mm in depth) using a stereotactic
fixation device equipped with a mouse adaptor (Stoteling, USA). After
surgery, the mice were further maintained under standard housing
condition for two weeks. Afterwards, the intracranial glioblastoma-
bearing nude mice were treated with the DiR-containing liposomal
formulations (3 mice in each group) and examined as mentioned above.

2.13. In vivo anti-glioblastoma efficacy

The survival time of intracranial glioblastoma-bearing nude mice
treated with CB5005-LS/DOX was evaluated. The animal model was es-
tablished as described above, and the glioblastoma-bearing mice were
randomly divided into five groups (10 mice in each group) and separately
treated with 100 μL of CB5005-LS/DOX, LS/DOX, DOX solution, blank
CB5005-LS or normal saline at 10, 13, 16, 19, 22 days after implantation.
The total dose of DOX to an individual mouse was 10mg/kg body weight.
The survival times of the mice were recorded and analyzed.

2.14. Statistical analysis

The IC50 values were calculated by nonlinear regression analysis
with the software of GraphPad Prism. Differences between the treated
groups in cellular uptake and the biodistribution were assessed using an
unpaired Student's t-test. A p value< .05 was considered significant.

3. Results

3.1. Effect of CB5005 on NF-κB pathway in glioma cells

The expression level of NF-κB related protein p50 in the nuclei of
human glioma cells and the effect of CB5005 on the NF-κB pathway
were evaluated. According to the Western blot bands (Fig. 1A), we
confirmed that NF-κB pathway was constitutively activated in U87
cells, which is consistent with the results recently reported by Pfeffer's
group [52]. When incubated with CB5005 at the concentration above
40 μM, the quantified p50 protein level in the nuclei of U87 cells was
significantly reduced (p < .01) compared with that in the untreated
cells (Fig. 1B). This result manifested that CB5005 could competitively
prevent NF-κB related protein from translocating into the nucleus and
therefore block this intracellular pathway.

3.2. Characterization of functionalized membrane material

The HPLC spectra and NMR spectra of Mal-PEG3400-DSPE and
CB5005-PEG3400-DSPE were shown in Fig. 2A. The retention time of
Mal-PEG3400-DSPE was 17.39min when determined by HPLC. By con-
trast, the retention time of the synthetic product was 12.65min, which
was nearly 4min ahead of Mal-PEG3400-DSPE due to the increased
hydrophilicity of CB5005-PEG3400-DSPE. In the NMR spectrum of Mal-
PEG3400-DSPE, the maleimide had a characteristic peak at 6.7 ppm.
However, this peak disappeared in the NMR spectrum of CB5005-
PEG3400-DSPE. Taken together, these results indicated that CB5005-
PEG3400-DSPE was synthesized successfully.

3.3. Characterization of liposomes

Characterizations of the DOX-loaded liposomes were summarized in
Table 1. Modification by CB5005 slightly increased the particle size of

the PEGylated liposome, which was about 110 nm with a polydispersity
index< 0.2, as seen from the illustrated particle size distribution in
Fig. 2B. TEM photographs showed that the liposomes LS/DOX and
CB5005-LS/DOX were generally spherical and of regular shape
(Fig. 2C). When CB5005 was modified on the liposomes surface, the
zeta potential of CB5005-LS/DOX increased slightly from -8mV to
-5mV due to the weakly positive charge of CB5005. Note that the zeta
potential of CB5005-LS/DOX was still negative, which would benefit
longer circulation time and therefore targeting distribution of the an-
tineoplastic agent in vivo.

3.4. In vitro leakage of DOX

The liposomes with or without CB5005 modification exhibited si-
milar release kinetics within 72 h against different media, as shown in
Fig. 2D. Both of the liposomes were stable in PBS (pH 7.4), and
only< 15% DOX was released in 72 h. By comparison, the release rate
was significantly accelerated in serum, resulting in 50% DOX released
from the liposomes during the same period. It seemed that introducing
CB5005 on the outer surface of the liposomes had no influence on the in
vitro DOX release.

3.5. Cellular uptake

Cellular uptake of CB5005-LS/FAM was qualitatively evaluated by
confocal images of glioma cells U87, as shown in Fig. 3A. It was obvious
that CB5005-LS/FAM could be efficiently internalized by U87 cells due
to the cell-penetrating property of CB5005. Additionally, CB5005-LS/
FAM could even deliver FAM into the nucleus of U87 cells due to the
nuclear localization function of CB5005. In sharp contrast, LS/FAM and
free FAM almost could not be internalized by U87 cells under the same
circumstance.

Quantitative cellular uptake of CB5005-LS/FAM was subsequently
confirmed by flow cytometry assay, as shown in Fig. 3B. The percen-
tages of FAM-positive cells and mean value of cellular uptake displayed

Fig. 1. Effect of CB5005 on nuclear protein p50 level in U87 cells. (A) Western
blot bands. (B) Half-quantification of the p50 protein level. Data were presented
as mean ± SD (n=3). ** denotes statistical significance at a level of p < .01.
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a tendency of increasing with incubation concentrations of the lipo-
somes. Both of these two parameters were significantly higher
(p < .001) when the cells were exposed to CB5005-LS/FAM under the
concentrations ranging from 0.01 μM to 1 μM, compared with those
cells exposed to LS/FAM or free FAM alone. Particularly, the FAM-po-
sitive percentage achieved> 99% for CB5005-LS/FAM treated cells
even at the lowest incubation concentration of 0.01 μM, but was
only<1% for LS/FAM or free FAM treated cells under the same con-
centration.

3.6. Tumor spheroid penetration

Tumor spheroids were used to imitate the in vivo status of solid
tumors and evaluate the permeability of CB5005-LS/FAM by confocal
microscopy. As shown in Fig. 3C, the fluorescence intensity produced
by CB5005-LS/FAM in the tumor spheroids was substantially higher
than that in the other groups and almost no fluorescence could be ob-
served in the tumor spheroids incubated with LS/FAM and free FAM.
This result indicates that surface modification by CB5005 could effec-
tively increase the tumor permeability of liposomes, which would play
an important role in improving drug delivery.

Fig. 2. Characterization of liposomes. (A) The HPLC spectra (upper) and NMR spectra (lower) of Mal-PEG3400-DSPE (1) and CB5005-PEG3400-DSPE (2). The
characteristic peak of the maleimide in Mal-PEG3400-DSPE was pointed out by the arrow. Size distribution (B) and TEM photographs (C) of LS/DOX and CB5005-LS/
DOX. (D) Accumulative release of DOX from LS/DOX and CB5005-LS/DOX in PBS and serum.

Table 1
Characterization of the DOX-loaded liposomes without or with CB5005 modification (n=3).

Formulation Particle size (nm) Polydispersity index Zeta potential (mV) Encapsulated efficiency (%)

LS/DOX 105.7 ± 0.35 0.054 ± 0.018 −7.97 ± 0.73 90.8 ± 2.0
CB5005-LS/DOX 111.7 ± 0.23 0.150 ± 0.034 −4.94 ± 0.99 70.0 ± 1.7
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3.7. Intracellular localization analysis

DOX is a potent antitumor drug, which acts in the cell nucleus.
Intracellular localization of DOX was visualized to elucidate if CB5005

modified liposomes could deliver DOX into the cell nucleus. As shown
in Fig. 4A, CB5005-LS/DOX localized in the nucleus of U87 cells due to
the nuclear localization sequence of CB5005. A similar distribution in
the nucleus could be observed after free DOX was incubated with the

Fig. 3. Cellular uptake by U87 cells and permeability in U87 tumor spheroids. (A) Qualitative cellular uptake of CB5005-LS/FAM, LS/FAM and free FAM (equal FAM
concentration at 1 μM) observed by confocal microscopy following incubation for 4 h. Scale bars= 30 μm. (B) Quantitative analysis on the percentage of FAM-
positive cells (1) and the mean value of cellular uptake (2) determined by flow cytometry following incubation for 4 h. Data were presented as mean ± SD (n=3).
***denotes statistical significance at a level of p < .001. (C) Penetration of CB5005-LS/FAM, LS/FAM and free FAM in U87 tumor spheroids at a concentration of
1 μM FAM. Images were taken by a confocal microscopy following incubation for 4 h. Pictures showed the fluorescent images of tumor spheroids from the bottom
every 20 μm for 120 μm, bar represents 200 μm.
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U87 cells. However, LS/DOX induced little uptake of DOX into the
cytoplasm and nucleus of U87 cells after 4 h incubation. From the
confocal imaging under higher magnification (Fig. S1), it could be
clearly seen that DOX distributed in both cytoplasm and nucleus when
the cells were treated with CB5005-modified liposomes. This result
demonstrates that CB5005-LS/DOX could deliver DOX into the nucleus
of glioma cells as effectively as free DOX.

3.8. Cell viability assay

The cytotoxicity of CB5005-LS/DOX and LS/DOX was detected on
U87 cells. The IC50 (concentration leading to 50% cell-killing) of

CB5005-LS/DOX and LS/DOX was determined from the concentration-
dependent cell viability curves, as shown in Fig. 4B. The calculated IC50
of CB5005-LS/DOX was 0.342 μM. However, the calculated IC50 of LS/
DOX was 2.006 μM, which was nearly six times higher than that of
CB5005-LS/DOX. This result indicates that CB5005 modification could
significantly increase the cytotoxicity of DOX liposomes.

3.9. In vivo distribution in normal nude mice

IVIS spectrum was used to study the distribution of CB5005-LS/DiR
and LS/DiR in nude mice at 4 h post injection and normal saline was
used as control. It was evident that CB5005 modification on the lipo-
somal surface induced the highest in vivo brain distribution after in-
travenous injection when compared with LS/DiR and normal saline
(Fig. 5A). Ex vivo images of dissected tissues including heart, liver,
spleen, lung and kidney were also recorded with IVIS spectrum and the
result showed that CB5005-LS/DiR and LS/DiR were widely distributed
in the liver of the nude mice which is the major metabolic organ. The
fluorescence intensity of brain was further quantified with the software
of Living Image and the result showed that the fluorescence intensity of
CB5005-LS/DiR-treated brain was significantly higher than that of LS/
DiR (p < .05) and normal saline (p < .001) (Fig. 5B). This result in-
dicates that CB5005 modified liposomes was distributed in the brain
efficiently.

3.10. In vivo distribution in xenografts-bearing nude mice

Distribution of CB5005-LS/DiR and LS/DiR was examined in the
U87 xenografts-bearing nude mice and normal saline was used as
control. Fluorescence images of nude mice at 4 h after intravenous in-
jection demonstrated that CB5005-LS/DiR accumulated most at tumor
sites and the fluorescence images of ex vivo xenografts were consistent
with the in vivo result. Distribution of each formulation in the organs of
the sacrificed mice including heart, liver, spleen, lung and kidney was
further analyzed and the result showed relatively high accumulation of
CB5005-LS/DiR and LS/DiR in liver (Fig. 5C). The quantification of
fluorescence intensity in the xenografts was further conducted as shown
in Fig. 5D. The fluorescence intensity of CB5005-LS/DiR-treated xeno-
grafts was significantly higher than that of LS/DiR (p < .05) and
normal saline (p < .001). This result demonstrates that CB5005-LS/
DiR could accumulate at tumor site after intravenous injection.

3.11. In vivo distribution in intracranial glioblastoma-bearing nude mice

Since the CB5005-modified liposome could not only penetrate into
brain but also accumulate at xenograft, we are further interested
whether it could accumulate in intracranial glioblastoma. Fig. 6A
showed the in vivo images of intracranial glioblastoma-bearing nude
mice at 4 h after intravenous injection of CB5005-LS/DiR, LS/DiR and
normal saline, and the ex vivo images of dissected brains, gliomas and
other organs including heart, liver, spleen, lung, and kidney. It was
perspicuously observed that the fluorescence signal of CB5005-LS/DiR
in the brain and glioma was much stronger than that of other groups,
displaying the remarkable BBB transporting and tumor accumulating
capabilities of CB5005. Undoubtedly, liver also had relatively high
accumulation of liposomes as shown in Fig. 6A. Quantified fluorescence
intensity of CB5005-LS/DiR-treated glioma was significantly higher
than that of LS/DiR (p < .05) and normal saline (p < .01) (Fig. 6B).
Furthermore, the fluorescence imaging of the brain sections showed
that compared with the unmodified liposomes, fluorescence probe
distributed much more in the intracranial glioblastoma when the mice
were subjected to CB5005-modified liposomes administered by caudal
vein injection (Fig. S2). These results indicated that CB5005 endowed
the liposomes with capability of traversing BBB and accumulating in
intracranial glioblastoma.

Fig. 4. Co-localization and cytotoxicity of liposomes loaded with DOX in U87
cells. (A) Intracellular localization of CB5005-LS/DOX, LS/DOX and free DOX
in glioma cells U87 at the concentration of 1 μM. Images were taken on a
confocal microscopy following a 4 h period of incubation. The nuclei were
stained with DAPI (blue). Scale bar= 100 μm. (B) Concentration-dependent
U87 cell viability curves after co-incubation with CB5005-LS/DOX and LS/DOX
for 4 h determined in vitro by MTT assay (n=3). (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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Fig. 5. In vivo distribution of liposomes in normal and xenografts-bearing nude mice. (A) In vivo distribution of CB5005-LS/DiR and LS/DiR in normal nude mice (a),
and ex vivo distribution in brains (b) and other organs (top to bottom were heart, liver, spleen, lung and kidney) (c). From left to right, the mice were treated with
CB5005-LS/DiR, LS/DiR and normal saline, respectively. The formulations were injected via caudal vein at a dose of 100 μL with a concentration of 0.01 μM DiR.
Dissected tissues were immediately observed at 4 h post injection. (B) Quantification of fluorescence intensity in brain. Data were presented as mean ± SD (n=3). *
denotes statistical significance, *p < .05, and ***p < .001. (C) In vivo distribution of CB5005-LS/DiR and LS/DiR in xenografts-bearing nude mice (a), and ex vivo
distribution in xenografts (b) and other organs (top to bottom were heart, liver, spleen, lung and kidney) (c). From left to right, the mice were treated with CB5005-
LS/DiR, LS/DiR and normal saline, respectively. The formulations were injected via caudal vein at a dose of 100 μL with a concentration of 0.01 μM DiR. Dissected
tissues were immediately observed at 4 h post injection. (D) Quantification of fluorescence intensity in xenografts. Data were presented as mean ± SD (n=3).
*denotes statistical significance, *p < .05, and ***p < .001.
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3.12. Anti-glioblastoma efficacy

The anti-glioblastoma effect of CB5005-LS/DOX was demonstrated
by the survival time of intracranial glioblastoma-bearing mice and the
result was shown in Fig. 6C. The median survival time of CB5005-LS/
DOX, LS/DOX, DOX, CB5005-LS and normal saline groups were 33.5,
28.5, 27.5, 27 and 25 days, respectively. Compared to physiological
saline, CB5005-LS/DOX significantly prolonged the survival time of
intracranial glioblastoma-bearing mice (p < .001). Also, CB5005-LS/
DOX significantly prolonged the survival time when compared with LS/
DOX (p < .01). This result indicates that CB5005-modified liposomes
could enhance the inhibition efficacy of intracranial glioblastoma.

4. Discussion

Gliomas are the most primary malignant brain tumors and may

occur in the brain and arise in the glial tissue [53]. Chemotherapy is
considered to play an increasing important role in the treatment of
gliomas. However, only about 2% of therapeutic agents can reach into
the brain and much less of them can further come into contact with
glioma [54]. This is because of the BBB, which acts as a physical barrier
inhibiting delivery of therapeutic agents to the central nervous system
and imposing obstruction for delivery of large number of drugs to pass
through the endothelial capillaries to brain [55]. Tumor cell membrane
is another biological barrier for delivery of therapeutic agents and their
carriers [56]. Successful employment of efficient ligands, which pro-
mote accumulation of attached cargos in brain and uptake of attached
cargos in glioma cells, is a point of focus in glioma chemotherapy.

Another critical problem in cancer treatment arises from drug re-
sistance. It has been known that NF-κB could activate various genes that
were involved in the development and progression of tumors, anti-
apoptosis, and resistance to chemotherapy treatments [57]. High NF-κB

Fig. 6. In vivo distribution and antitumor effects of liposomes in intracranial glioblastoma-bearing nude mice. (A) The in vivo distribution of CB5005-LS/DiR and LS/
DiR in intracranial glioblastoma-bearing nude mice (a) and the ex vivo distribution in brains (b), intracranial glioblastoma (c) and other organs (top to bottom were
heart, liver, spleen, lung and kidney) (d). From left to right, the mice were treated with CB5005-LS/DiR, LS/DiR and normal saline, respectively. The formulations
were injected via caudal vein at a dose of 100 μL with a concentration of 0.01 μM DiR. Dissected tissues, brain and intracranial glioblastoma were immediately
observed at 4 h post injection. (B) Fluorescence intensity in intracranial glioblastoma. Data were presented as mean ± SD (n=3). (C) Kaplan–Meier survival curves
of nude mice bearing intracranial glioblastoma. * denotes statistical significance, **p < .01, and ***p < .001.
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activity has been observed in many tumor cells including gliomas cells
[58–60], which has also been confirmed in this work. Therefore, the
NF-κB pathway have been targeted for treatment in both preclinical
studies and clinical trials [61].

In the present study, we employed a rationally designed peptide
(CB5005), which possesses dual function in cell membrane penetration
and NF-κB inhibition for glioma therapy. A CB5005-conjugated lipo-
some delivery system (CB5005-LS) was established and its cell-pene-
trating ability, tumor-targeting property and glioma-inhibiting efficacy
were systemically investigated. Our results revealed that CB5005-con-
jugated liposomes could penetrate into glioma cells and tumor spher-
oids (Fig. 3).

Recently, various CPPs, known for their penetrating capability to
brain endothelial capillaries and tumor cell membrane, have been ex-
plored for possible improvement of the efficacy of glioma therapy
[12,13,62]. However, the clinical application of these cationic amino
acid-based CPPs has been greatly restricted due to lack of tissue se-
lectivity, tumor targeting ability, and in vivo stability as a result of high
electro-positivity [63]. CPPs-conjugated cargoes would deliver the an-
tineoplastic agents to non-target organs, which would cause adverse
effects. In addition, most CPPs and their conjugated cargos distributed
only in cell cytoplasm and few fluorescence-labeled cargos could be
observed in cell nucleus [64].

In this study, we investigated the in vivo distribution of CB5005-
conjugated liposomes loaded with fluorescence dye in nude mice, and
our results demonstrated that they could accumulate in the brain, xe-
nograft and even intracranial glioblastoma (Figs. 5, 6A, and Fig. S2).
These interesting findings provided a solid proof that covalent con-
jugation of CB5005 to the liposomal surface has significantly improved
BBB permeability and tumor-targeting ability of liposomes.

These results also suggested that the CB5005-LS delivery system was
stable in vivo, which could be due to the unique hydrophobic mem-
brane-permeable sequence of CB5005. This type of membrane trans-
locating sequences has been utilized successfully to deliver various
functional peptides and proteins into living cells [65]. In this study, the
newly designed CB5005-modified liposome has shown an improved cell
membrane translocating activity.

Although modification with CPP is one of the approaches to im-
prove distribution in the brain [66,67], the mechanism of how CPP-
modified nanoparticles translocate through BBB has not been fully
elucidated at present. A reasonable hypothesis is CPPs might transfer
across BBB via absorptive-mediated endocytosis (AMT) [68]. The lu-
minal surface of cerebral endothelial cells presents an overall negative
charge [69]. The positively charged CPPs are capable of penetrating
lipid membranes rapidly via AMT and have been successfully used to
bypass the P-glycoprotein in the BBB [70]. Based on this hypothesis,
transport of the CB5005-modified liposomes across BBB might be also
ascribed to AMT, which is triggered by electrostatic interactions be-
tween the positively charged peptide and negatively charged mem-
brane surface regions on the brain capillary endothelial cells. The re-
lative high concentration of negative charges on the BBB would
produce a selective environment for the positively charged peptide to
implement AMT [71]. Although the overall positive charge of CB5005
is not very strong under physiological conditions, it may be still suffi-
cient to facilitate and assist the liposomes in contacting with the en-
dothelial cells of BBB, and then the hydrophobicity of CB5005 would
play a crucial role in facilitating drug delivery into the brain.

We also demonstrated that CB5005-conjugated liposomes could
deliver DOX into cell nucleus (Fig. 4A and Fig. S1), which was con-
sistent with the result from FAM-containing liposomes as shown in
Fig. 3A. By contrast, liposomes without CB5005 could hardly deliver
DOX into tumor cells and their nucleus. The nuclear import capability
of CB5005-LS is due to the nuclear localization sequence in CB5005,
which has been demonstrated by us to be effective to mediate nuclear
translocation of the peptide. It was reported that nanoparticles com-
posed of nucleolin-specific aptamers and gold nanostars could be

actively transported into the nuclei of cancer cells via nuclear envelope
invaginations. Internalization into the nuclei would not be limited by
the size or shape of the nanoparticles, because it was induced by the
nanoparticles outside the nuclei [72]. We suppose the CB5005-modified
liposomes could also be transported into the nuclei of U87 cells by this
pathway. DOX is a cytotoxic drug which acts on DNA to play its role
[73,74]. Therefore, delivering DOX into cell nucleus is expected to
improve the tumor-killing efficacy of DOX. We indeed demonstrated
that conjugation with CB5005 could significantly improve the killing
efficacy of DOX-loaded liposomes against brain tumor cells (Fig. 4B).
Therefore, CB5005-conjugated liposome was an effective delivery
system in the treatment of glioma.

Since CB5005-conjugated liposomes could not only distribute
themselves into intracranial glioblastoma (Fig. 6A) but also deliver
DOX into cell nucleus (Fig. 4A), they significantly prolonged the sur-
vival time of the mice bearing intracranial glioblastoma, compared with
LS/DOX and DOX solution (Fig. 6C). The results suggested that CB5005-
LS/DOX functioned through its BBB permeability, tumor targeting
ability, and nuclear translocation capability. Once translocated into the
tumors, CB5005 can further act as a NF-κB inhibitor to display a sy-
nergistic anti-tumor effect with DOX [33]. Therefore, CB5005-con-
jugated liposomes achieved the goal of overcoming sequential biolo-
gical barriers and improving anti-glioma efficacy in vivo.

5. Conclusion

In this study, CB5005 peptide, designed as both a cell-penetrating
peptide and a NF-κB inhibitor, was conjugated to PEGylated liposome
for improving treatment of glioma. We demonstrated in a number of in
vitro experiments that CB5005 modification significantly increased
cellular and nuclear uptake of the liposomes by glioma cells and vastly
enhance the efficacy of DOX liposomes (LS/DOX) in killing U87 tumor
cells. In vivo imaging displayed that intravenously injected CB5005-LS
distributed fluorescence dye into the brain and accumulated at xeno-
graft and intracranial glioblastoma. As a result, dual-functional
CB5005-LS/DOX significantly prolonged the survival time of nude mice
bearing intracranial glioblastoma. It is anticipated that CB5005-mod-
ified liposomes would be a useful drug delivery system for che-
motherapy of glioma and other human tumors.
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