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Background: Glioma is the most common primary malignant brain tumor with a dreadful 
overall survival and high mortality. One of the most difficult challenges in clinical treatment 
is that most drugs hardly pass through the blood–brain barrier (BBB) and achieve efficient 
accumulation at tumor sites. Thus, to circumvent this hurdle, developing an effectively 
traversing BBB drug delivery nanovehicle is of significant clinical importance. Rabies 
virus glycoprotein (RVG) is a derivative peptide that can specifically bind to nicotinic 
acetylcholine receptor (nAChR) widely overexpressed on BBB and glioma cells for the 
invasion of rabies virus into the brain. Inspired by this, RVG has been demonstrated to 
potentiate drugs across the BBB, promote the permeability, and further enhance drug tumor- 
specific selectivity and penetration.
Methods: Here, we used the RVG15, rescreened from the well-known RVG29, to develop 
a brain-targeted liposome (RVG15-Lipo) for enhanced BBB permeability and tumor-specific 
delivery of paclitaxel (PTX). The paclitaxel-cholesterol complex (PTX-CHO) was prepared 
and then actively loaded into liposomes to acquire high entrapment efficiency (EE) and fine 
stability. Meanwhile, physicochemical properties, in vitro and in vivo delivery efficiency and 
therapeutic effect were investigated thoroughly.
Results: The particle size and zeta potential of PTX-CHO-RVG15-Lipo were 128.15 ± 1.63 
nm and −15.55 ± 0.78 mV, respectively. Compared with free PTX, PTX-CHO-RVG15-Lipo 
exhibited excellent targeting efficiency and safety in HBMEC and C6 cells, and better 
transport efficiency across the BBB in vitro model. Furthermore, PTX-CHO-RVG15-Lipo 
could noticeably improve the accumulation of PTX in the brain, and then promote the 
chemotherapeutic drugs penetration in C6luc orthotopic glioma based on in vivo imaging 
assays. The in vivo antitumor results indicated that PTX-CHO-RVG15-Lipo significantly 
inhibited glioma growth and metabasis, therefore improved survival rate of tumor-bearing 
mice with little adverse effect.
Conclusion: Our study demonstrated that the RVG15 was a promising brain-targeted 
specific ligands owing to the superior BBB penetration and tumor targeting ability. Based 
on the outstanding therapeutic effect both in vitro and in vivo, PTX-CHO-RVG15-Lipo was 
proved to be a potential delivery system for PTX to treat glioma in clinic.
Keywords: glioma, blood–brain barrier, RVG15, liposome, paclitaxel

Introduction
The incidence of brain tumors has increased over time with glioma being one of the 
most common primary malignants, accounting for more than 30% of central 
nervous system tumors.1,2 The main treatment of glioma is traditional surgery, 
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but generally glioma cannot be completely removed with 
high relapse rate, poor prognosis and the median survival 
length <15 months after surgery.3–5 It has become 
a serious threat to human health. To restrain and effec-
tively eradicate glioma, chemotherapy becomes the most 
common choice. However, current chemotherapy cannot 
achieve the desired effect due to the presence of the 
blood–brain barrier (BBB) and severe side effects.6

BBB is a complex protective barrier between the 
central nervous system and peripheral blood circula-
tion. It is a tight structure composed of brain capillary 
endothelial cells (BCECs), astrocyte terminal foot, per-
ipheral cells and vascular basement membrane. 
Compared with other tissues, BBB has almost no inter-
cellular space, which effectively limits the extracellular 
diffusion of solutes or drugs. Generally, more than 98% 
of small molecule drugs and almost all large molecules 
cannot penetrate BBB.7–10 Brain targeted drug delivery 
systems are designed to address these problems, which 
traverse the BBB and selectively improve drug concen-
tration in brain tissues. So far, there are three main 
types of drug delivery systems in the brain: (1) absorp-
tive-mediated transcytosis (AMT); (2) carrier-mediated 
transport (CMT) systems; and (3) receptor-mediated 
transcytosis (RMT). Due to the fact that BCECs over-
express many different receptors, RMT has emerged as 
one of the most commonly used strategies for brain 
targeted drug delivery. As expected, RMT demon-
strated the enhanced BBB penetration of chemothera-
peutic drugs and improved treatment efficacy of 
glioma. RMT, as a selective active transport method, 
has been widely used in brain targeting research.11–13

The nicotinic acetylcholine receptor (nAChR) is an 
ion gated channel receptor, which is mainly expressed in 
neuronal cells.14–16 Furthermore, there also have been 
many studies of nAChR expression in brain endothelial 
cells as well as other tumor cells,17,18 especially 
glioma.19 Thus, targeting nAChR can propel the drug 
across BBB and achieve tumor-specific accumulation 
based on the RMT effect. The rabies virus glycoprotein 
peptide (RVG) is a kind of glycoprotein with a 29- 
amino acid sequence expressed on the surface of rabies 
virus, which is able to bind specifically to nAChR 
expressed in neuronal cells for virus entry.20–22 

Especially, the α7 subunit of the nAChR is widely 
expressed in the brain including capillary endothelial 
cells.23 Although the tight junctions formed by brain 
endothelial cells prevent many drugs from passing 

through the BBB, studies have shown that the RVG29 
peptide can bring therapeutic agents across the BBB and 
rapidly reach the brain tumor site by binding to 
nAChR.19 In summary, the RVG29 peptide can be 
used as a ligand for brain targeted drug delivery system. 
However, given that the high molecular weight of 
RVG29, the cost and particle size of the nanocarriers 
using RVG29 as ligands are dissatisfied. In addition, the 
large size nanocarriers hardly penetrate the tumor par-
enchyma more effectively and lead to most drugs dis-
tribution around tumor blood vessels. In view of the 
above facts, our lab previously rescreened the RVG29 
sequence and obtained RVG15 with only 15 amino 
acids, of which the brain targeting efficiency was 
equivalent to that of RVG29 (our CN patent No. 
ZL201810317197.X). Then our lab constructed brain- 
targeting micelles employing RVG15 as ligands and 
the results indicated that the prepared nanocarriers dis-
played good drug-carrying capacity across the BBB.24 

RVG15 was firstly reported by our lab and employing 
RVG15 as a ligand to prepare small size and economic 
nanocarriers was conducive for achieving effective brain 
targeting.

Paclitaxel (PTX), as a natural broad-spectrum anti-
neoplastic drug, is recommended as a first-line strategy 
against various types of cancers.25–27 However, due to 
the low solubility, poor BBB penetration ability and 
several side effects, the clinical efficacy of PTX in 
glioma is limited. PTX is expected to achieve better 
anti-tumor effects if it is able to reach glioma tumor 
sites at sufficient concentration. Therefore, the devel-
opment of a drug delivery system that can significantly 
improve the BBB permeability and glioma aggregation 
of PTX has high clinical application value.

In this study, we have developed a brain-targeted 
drug delivery system based on RVG15 modified lipo-
some (RVG15-Lipo). To acquire high drug loading and 
encapsulation rate, paclitaxel-cholesterol complex 
(PTX-CHO) was firstly prepared and then loaded into 
the phospholipid bilayer of liposome. Due to the high 
binding affinity to nAChR, the modified RVG15 
improve the BBB penetrating capability of drug and 
the anti-glioma efficacy (as illustrated in Figure 1). We 
synthesized the targeted materials, prepared and char-
acterized the liposomes and evaluated the BBB cross-
ing and anti-glioma potential of RVG15-modified 
liposomes both in vitro and in vivo.
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Figure 1 Schematic illustration of PTX-CHO-RVG15-Lipo for highly effective and specific anti-glioma chemotherapy. 
Notes: (A) Assembly processes of PTX-CHO and PTX-CHO-RVG15-Lipo. (B) PTX-CHO-RVG15-Lipo could penetrate the blood–brain barrier and deliver paclitaxel into 
glioma tissue in vivo selectively though specifically binding to nicotinic acetylcholine receptors expressed on the brain capillary endothelial cells and the glioma cells. 
Abbreviations: PTX-CHO, paclitaxel-cholesterol complex; PTX-CHO-RVG15-Lipo, PTX-CHO-loaded RVG15-modified liposomes.
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Materials and Methods
Materials
PTX was bought from Dalian Meilun Biotechnology 
Co., Ltd. (Dalian, P.R. China). The peptide RVG15- 
Cys (YTIWCDIFTNSRGKRC) was synthesized by 
GL Biochem (Shanghai) Ltd. (Shanghai, P.R. China). 
Soybean phosphatidylcholine (SPC), cholesterol, 
DSPE-mPEG2000 (Mw 2794.07 Da) and DSPE- 
PEG2000-maleimide (DSPE-PEG2000-Mal, Mw 2875 
Da) were commercially obtained from AVT 
(Shanghai) Pharmaceutical Co., Ltd (Shanghai, P.R. 
China). Sephadex G-50 was supplied by Solarbio 
(Shanghai, P.R. China). Anhydrous ethanol, acetoni-
trile, and methanol (HPLC grade) were purchased 
from Sigma-Aldrich Co. (St Louis, MO, USA).

Fetal bovine serum (FBS) and 0.25% trypsin 0.53 mM 
ethylenediaminetetraacetic acid solution were obtained 
from Thermo Fisher Scientific Co., Ltd. (Beijing, P.R. 
China). Dulbecco modified Eagle medium (DMEM), 
Roswell Park Memorial Institute-1640 (RPMI-1640) med-
ium, and phosphate-buffered saline (PBS) were purchased 
from GE Healthcare (Boston, MA, USA). Fluorescein 
isothiocyanate/propidium iodide (FITC/PI) apoptosis 
detection kit and Cell Counting Kit-8 (CCK-8) were 
bought from Dojindo Laboratories (Kumamoto, Japan). 
DNA content quantitation assay (cell cycle) was supplied 
by Solarbio (Shanghai, P.R. China). 1.1-dioctadecyltetra-
methyl indotricarbocyanine iodide (DiR) was commer-
cially obtained from Biotium Inc. (Hayward, CA, USA). 
Coumarin-6 and Hoechst 33258 were obtained from 
Sigma-Aldrich Co. (St Louis, MO, USA). All of the 
other chemicals were of analytical purity and used without 
further purification.

Synthesis and Characterization of RVG15- 
PEG2000-DSPE
RVG15-PEG2000-DSPE was synthesized by conjugating 
the cysteine residue of RVG15-Cys to DSPE-PEG2000- 
Mal using a previously reported method.28 Briefly, 
RVG15-Cys and DSPE-PEG2000-Mal (at a molar ratio of 
1.5:1) were dissolved in pH 8.0 HEPEs buffer, and then 
filled with nitrogen for protection. The reaction was car-
ried out for 16 h at ambient temperature under moderate 
stirring. The resulting reaction mixture was isolated 
through dialysis (MWCO 12000) for 24 h against free 

RVG15. The final product was obtained via cryodesicca-
tion. Synthesis of RVG15-PEG2000-DSPE was confirmed 
by 1H NMR spectroscopy (400 MHz, Varian Medical 
Systems, Inc., Palo Alto, CA, USA) and further verified 
by matrix-assisted laser desorption/ionization time of flight 
mass spectrometry (MALDI-TOF-MS) (4800 Plus, 
Applied Biosystems Inc., Waltham, MA, USA). For 
MALDI-TOF-MS analysis, the detection matrix was 
3-indoleacetic acid.

Preparation of Paclitaxel-Cholesterol 
Complex
Paclitaxel-cholesterol complex (PTX-CHO complex) was 
prepared by solvent evaporation method.29 Briefly, PTX 
and cholesterol (molar ratio 1:1) were dissolved in appro-
priate amount of acetone and gently stirred for 2 h at 50 
°C. Acetone was removed by rotary evaporation and 
vacuum drying to obtain PTX-CHO complex. Compared 
with PTX, cholesterol and physical mixture of PTX and 
cholesterol, the structure of PTX-CHO complex was con-
firmed using a differential scanning calorimetry (DSC) 
Analysis (TA Instruments Inc., Sherman, TX, USA).

Preparation of PTX-CHO Complex 
Loaded Liposomes with or without 
RVG15 Modification
Liposomes for this study were prepared using thin film 
hydration method as previously reported by our 
laboratory.30 Lipid compositions of different liposomes 
were as follows: (a) PTX-CHO-loaded PEGylated lipo-
somes (PTX-CHO-Lipo), SPC/cholesterol/DSPE- 
mPEG2000 (molar ratio = 40:4:2), drug-lipid ratio was 
1:50; (b) PTX-CHO-loaded liposomes with RVG15 modifi-
cation (PTX-CHO-RVG15-Lipo), SPC/cholesterol/DSPE- 
mPEG2000/RVG15-PEG-DSPE (molar ratio = 40:4: 1:1), 
drug-lipid ratio was 1:50. Prescribed amount of PTX-CHO 
complex was added directly in chloroform containing all 
lipid materials and dissolved completely by ultrasound. 
A lipid film was formed after chloroform removed by rotary 
evaporation at 40°C for 40 min and further drying in 
vacuum. Finally, the film was hydrated with 5% glucose 
solution, and subjected to sonicated for 15 min (power: 50 
W, ultrasonic 2 seconds, intermittent 1 second) under an 
ultrasonic cell pulverizer (Scientz 950E; Ningbo Scientz 
Biotechnology Co., Ltd., Zhejiang, P.R. China).
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Coumarin-6-labeled and DiR-labeled liposomes were 
prepared by respectively adding appropriate amount of 
coumarin-6 or DiR to the lipid solution, replacing PTX- 
CHO complex. The blank liposome was prepared in the 
same method without the drug.

Characterization
The mean particle size, polydispersity index (PDI), and 
zeta potential of PTX-CHO-RVG15-Lipo were measured 
by dynamic light scattering (DLS) and electrophoretic 
light scattering (Zetasizer Nano ZS90; Malvern 
Instruments Ltd., UK). The morphology of PTX-CHO- 
RVG15-Lipo was characterized by negative staining 
method using a transmission electron microscope (TEM, 
JEM-1400PLUS, JEOL Ltd., Tokyo, Japan).

The minicolumn centrifugation technique as previously 
reported31 was used to separate free PTX from prepared 
liposomes, and the entrapment efficiency (EE%) and drug 
loading capacity (DL%) of PTX-CHO-RVG15-Lipo were 
determined by high performance liquid chromatography 
(HPLC, Agilent 1260 infinity; Agilent Technologies, 
Santa Clara, CA, USA). The EE% and DL% of PTX in 
the liposomes were calculated as follows:

EE% ¼
Weight of encapsulated drug

Weight of total drug
� 100%

DL% ¼
Weight of encapsulated drug

Weight of total drug and lipid
� 100%

The in vitro PTX release from PTX-CHO-RVG15- 
Lipo and free PTX in a simulated physiological environ-
ment were evaluated using the dialysis method. In brief, 
PBS (pH 7.4) containing 0.5% (v/v) Tween 80 was used 
as the release media. About 0.5 mL of PTX-CHO-RVG15 
-Lipo solution and PTX solution were placed into dialysis 
bags (MW cutoff: 12000 Da), and then immersed in 
30 mL release media and incubated at 37 °C with gently 
shaking at 100 rpm for 72 h. At the predetermined time 
points, 0.5 mL of release media was sampled and 
replaced with equal volume of fresh release media. The 
obtained samples were analyzed by HPLC to measure 
PTX concentration and further calculate the accumulative 
release of PTX.

Cell Line and Cell Culture
Rat C6 glioma cell line and Human brain microvascular 
endothelial cell line HBMEC were purchased from the 

Cell Culture Center of Institute of Basic Medical 
Sciences in Chinese Academy of Medical Sciences 
(CAMS, P.R. China). Another rat glioma cell line C6luc 

was self-constructed by our lab and could stably 
expressed the firefly luciferase. The C6 and C6luc cell 
lines were cultured in Roswell Park Memorial Institute- 
1640 (RPMI-1640) medium supplemented with 10% (v/ 
v) fetal bovine serum (FBS) and 1% (v/v) penicillin- 
streptomycin (Pen-Strep) in a humidified 5% CO2 atmo-
sphere at 37 °C. The HBMEC cell line was cultured in 
Dulbecco modified Eagle medium (DMEM) with 10% 
FBS and 1% Pen-Strep under the same condition. The 
cells for the following cell experiments were in the loga-
rithmic growth phase.

Cellular Uptake Analysis
Cellular Uptake on Different Cells
Coumarin-6-labeled liposomes with or without modified 
RVG15 (Cou-6-RVG15-Lipo and Cou-6-Lipo) were pre-
pared to visualize and evaluate cellular uptake and localiza-
tion of liposomes. HBMEC cells and C6 cells were plated on 
round glass coverslips at the bottom of twelve-well plates at 
a density of 15×104 cells/well and cultured under 37°C for 
24 h. Different liposomes and free Cou-6 were added into 
the plates at a Cou-6 concentration of 5 µg/mL. After 
incubation for 15, 60, 120, and 240 min at 37 °C, the cells 
were washed three times with cold PBS buffer and fixed 
with 4% paraformaldehyde. Then DAPI was added for 
nuclei staining. Finally, the cells were imaged by 
a confocal laser scanning microscope (CLSM, Carl Zeiss 
LSM 710; Carl Zeiss Microscopy, Jena, Germany).

The uptake efficiency of HBMEC cells and C6 cells 
treated with free Cou-6, Cou-6-RVG15-Lipo and Cou- 
6-Lipo quantitatively were analyzed using FACSCalibur 
flow cytometer (Becton Dickinson, Franklin Lakes, NJ, 
USA). Briefly, HBMEC cells and C6 cells were seeded 
in 12-well plates at a density of 15×104 cells/well and 
cultured for 24 h. Subsequently, the cells were incubated 
with free Cou-6, Cou-6-RVG15-Lipo or Cou-6-Lipo (1 µg/ 
mL) in serum-free medium for 15, 60, 120, and 240 min at 
37°C. Then the cells were washed three times with cold 
PBS buffer, digested with 0.25% trypsin, centrifuged and 
resuspended in 0.5 mL PBS. The fluorescent intensity of 
cells was finally determined by aFACSCalibur flow 
cytometer.
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Uptake Mechanism Study
To study the uptake pathways of Cou-6-RVG15-Lipo for 
C6 cells, several membrane entry inhibitors were mea-
sured. The cells were seeded in 12-well plates with 
15×104 cells/well. Subsequently, the cells were cultured 
with various endocytosis inhibitors, including RPMI 
1640 (control), chlorpromazine hydrochloride (CPZ, 10 
µg/mL), colchicine (Col, 4 µg/mL), methyl-β- 
cyclodextrin (M-β-CD, 5 mg/mL) for 1 h, respectively. 
Then the cells were exposed to serum-free medium con-
taining 1 µg/mL Cou-6-RVG15-Lipo. After 2 
h incubation, the cells were washed three times with 
cold PBS, trypsinized, collected and analyzed by 
a FACSCalibur flow cytometer.

Cell Viability Assay
CCK-8 assays were performed to evaluate the cytotoxicity 
of blank liposomes on HBMEC cells and C6 cells. In brief, 
HBMEC cells and C6 cells were respectively seeded into 
96-well plates at a density of 3×103 cells/well and incu-
bated for 24 h at 37 °C. Then the cells were treated and 
cultured in fresh medium containing serial concentrations 
of blank RVG15-Lipo for 24 or 48 h. The blank group was 
cultured with medium alone as control. According to 
CCK-8 kit instructions, CCK-8 reagent was added to 
each well and the plates were incubated for another 2 
h. Finally, the plates were measured at 450 nm using 
a Synergy H1 Microplate Reader (BioTek, Dallas, 
TX, USA).

CCK-8 assay was used to determine cell cytotoxicity of 
PTX-CHO-RVG15-Lipo, PTX-CHO-Lipo and free PTX 
(ethanol-cremophor ELP mixture, v/v = 1:1) on C6 cells. 
Cells of the same concentration were plated. PTX-CHO- 
RVG15-Lipo, PTX-CHO-Lipo and free PTX were added 
at concentrations ranging from 0.01 μg/mL-50 μg/mL, and 
the cells were cultured for 24 or 48 h at 37 °C. After being 
treated with CCK-8 reagent, the OD values were detected. 
The cells treated with medium were served as controls. 
Cell viability was calculated as follows.

Cell viability %ð Þ ¼
OD test � OD blank

OD control � OD blank
� 100 

BBB Model Permeability Study
The in vitro BBB model was built using previously 
reported methods to evaluate the penetrating and targeting 
effects of free PTX, PTX-CHO-Lipo and PTX-CHO- 
RVG15-Lipo. First, HBMEC cells were seeded on the 

upper side of 12-well Transwell inserts (0.4 μm pore 
size, Corning Co., Corning, NY, USA) at a density of 
1×106 cells/insert in 0.5 mL 10% FBS DMEM 
medium.32 Meanwhile, the lower side of the inserts was 
filled with 1.5 mL of the medium. The culture medium 
was refreshed every 2 days. The integrity of the HBMEC 
monolayers was monitored by measuring the transepithe-
lial electrical resistance (TEER) using a TEER instrument 
(Millicell-ERS-2, Millipore). When the TEER value 
exceeded 200 Ω·cm2, the monolayers were selected for 
the transport studies.33

The quantitative transport of the PTX-CHO-RVG15- 
Lipo in the BBB model was measured on the monolayers 
described above. In Brief, FBS-free DMEM containing 
free PTX, PTX-CHO-Lipo and PTX-CHO-RVG15-Lipo 
at a PTX concentration of 100 μg/mL were added into 
the upper sides of the inserts, followed by incubation at 37 
°C and 5% CO2. Then 300 μL of medium in the lower side 
was removed at 60, 90, 120, 150 and 180 min, and 
replaced with an equal volume of fresh medium. The 
transport ratios (%) of different agents were calculated 
using the above established HPLC method.

Cell Apoptosis Assay
Hoechst staining assay was used to analyze cell apoptosis 
qualitatively. C6 cells were seeded into 12-well plates and 
cultured for 24 h. Then the culture medium was replaced 
with fresh medium containing 1 μg/mL PTX-CHO- 
RVG15-Lipo, PTX-CHO-Lipo or free PTX. After 24 
h incubation, the cells were washed with cold PBS, fixed 
with 4% paraformaldehyde for 20 min, and stained with 
Hoechst 33258 at a concentration of 5 μg/mL for 15 min. 
The apoptotic cells were observed and photographed under 
CLSM.

The apoptosis of C6 cells was quantitatively analyzed 
by Annexin V-FITC/PI double staining assay. The C6 cells 
were seeded in 6-well plates (15×104/well), cultured for 24 
h, and then treated with free PTX, PTX-CHO-Lipo or 
PTX-CHO-RVG15-Lipo for additional 24 
h. Subsequently, the cells were digested with 0.25% tryp-
sin without EDTA, washed twice with cold PBS, centri-
fuged, resuspended in binding buffer, and treated per the 
protocol of Annexin V-fluorescein isothiocyanate (FITC)/ 
propidium iodide (PI) apoptosis detection kit. The percen-
tage of apoptotic cells was analyzed by a FACSCalibur 
flow cytometer within 30 min.
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Wound-Healing Assay
Wound-healing assay was conducted to assess the motility 
and migration ability of the tumor cells with treatment of 
different formulations.34 After proliferation for 24 h of C6 
cells in 6-well plates, a wound field was produced in the 
middle of the well and the plates were washed with PBS to 
remove the floating cells. Then the cells were exposed to 
free PTX or PTX-CHO-RVG15-Lipo at a PTX concentra-
tion of 1 μg/mL. Fresh medium was used as control. The 
healing status of scratch wound were observed and imaged 
at 0, 12, 24, and 48 h using an inverted light microscope 
(Olympus, Hamburg, Germany).

Glioma Model Establishment
Male ICR mice (initially weighing 18–20 g) were com-
mercially obtained from Vital River Laboratory Animal 
Technology Co., Ltd. (Beijing, P.R. China). All animal 
experiments were performed following the protocol 
approved by the Laboratory Animal Ethics Committee of 
the Institute of Materia Medica in CAMS and PUMC. The 
operational procedures abided by national and institutional 
principles and protocols for the care and use of experi-
mental animals.

The orthotopic glioma bearing mouse model was 
developed according to a previously reported method.32 

Briefly, C6luc cells (approximately 2×105 cells sus-
pended in 4 μL of PBS) were slowly implanted into 
the striatum (1.8 mm right-lateral to the bregma and 
3.0 mm in depth) of anesthetized ICR mice. 
Subsequently, the burr hole was sealed with bone wax 
and the scalp incision was sutured. The glioma-bearing 
mice were raised under standard condition for 1 week 
and used for following experiments.

In vivo Imaging
Glioma-bearing ICR mice were randomly divided into 
three groups (n = 3). DiR-Lip and DiR-RVG15-Lip was 
injected into the mice at a DiR dose of 10 μg/kg via tail 
vein. Normal saline was used as control. At 1, 4, 8 and 24 
h post injection, the mice were anesthetized and then 
bioluminescence signals of the mice were acquired using 
an IVIS Spectrum CT in vivo imaging system (Caliper 
Life Sciences Inc., Mountain View, CA, USA). To further 
analyze the distribution of different formulations in the 
major organs, the main organs (liver, heart, spleen, lung 
and kidney) and tumor-bearing brains from the mice were 
separated for obtaining fluorescence images at 1, 8, 24 

h after administration. The images were integrated using 
Living Image software (version 4.3.1; Caliper Life 
Sciences Inc.).

Distribution of Targeted Liposomes in 
Glioma
To explore the BBB penetration and the distribution in 
glioma of different liposomes, glioma-bearing ICR mice 
were intravenously injected with Cou-6-Lipo or Cou- 
6-RVG15-Lipo at a dose of 1.5 mg Cou-6/kg. At 3 
h after injection, the mice were anesthetized and con-
ducted heart perfusion with saline and 4% 
paraformaldehyde.19 Then the brains were removed and 
the glioma domains were frozen sectioned at a thickness of 
10 mm. Sections were stained with DAPI and washed with 
PBS. Finally, the sections were observed and imaged by 
CLSM.

Anti-Glioma Efficacy
The orthotopic glioma model was established as described 
in section 2.12 to perform tumor growth inhibition experi-
ment. Seven days after tumor implantation, glioma-bearing 
ICR mice were randomly divided into four groups (six 
mice per group) and treated with free PTX, PTX-CHO- 
Lipo and PTX-CHO-RVG15-Lipo respectively at a PTX 
dose of 7.5 mg/kg via tail vein injection. Mice treated with 
saline were used as negative control. The treatments were 
repeated every 3 days for 5 times. Bioluminescence sig-
nals of the mice brain were monitored at 7, 13, 16, 19 and 
22 d post-implantation by an IVIS Spectrum CT in vivo 
imaging system. In addition, the body weight of mice was 
observed to assess the safety of different preparations. The 
mice were sacrificed by cervical dislocation at 22 d post- 
implantation. The brains were removed for terminal- 
deoxynucleotidyl transferase mediated nick end labeling 
(TUNEL) assays to assess tumor cell apoptosis. For eval-
uating the postoperative antimetastatic efficacy, the main 
organs (heart, liver, spleen, lungs, and kidneys) were col-
lected and embedded in paraffin, sectioned, and then 
stained by hematoxylin and eosin (H&E) for histopatholo-
gical analysis.

The other mice (10 per group) were used to monitor 
survival times. Survival curves were plotted using 
GraphPad Prism software (version 5.0.0.0; GraphPad 
Software Inc., La Jolla, CA, USA).
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Statistical Analysis
The representative data are presented as mean ± standard 
deviation (SD) calculated on Microsoft Excel. Statistical 
comparisons were analyzed to determine group differences 
through ANOVA by SPSS 24. Student’s t-test was used to 
evaluate significant difference between two groups, indi-
cated as follows: *P < 0.05, **P < 0.01, ***P < 0.001.

Results and Discussion
Synthesis and characterization of RVG15- 
PEG2000-DSPE
The RVG15-PEG2000-DSPE were successfully prepared as 
illustrated in Figure 2A, in which the RVG15 peptide was 
conjugated to DSPE-PEG2000-Mal through an addition reac-
tion. In detail, the maleimide on DSPE-PEG2000-Mal reacted 
with the sulfhydryl group of the RVG15 peptide under the 
protection of nitrogen to obtain RVG15-PEG2000-DSPE. 
Figure 2B shows the 1H NMR spectra of DSPE-PEG2000- 
Mal and RVG15-PEG-DSPE in CDCl3 respectively. 

Successful conjugation of RVG15-PEG-DSPE was verified 
by the disappearance of the double bond of maleimide at 
6.74 ppm compared to DSPE-PEG2000-Mal. The MALDI- 
TOF-MS spectrum (Figure 2C) showed the average MW of 
RVG15-PEG2000-DSPE was approximately 4800 Da, in line 
with its calculated MW, which indicated that the target 
molecule was successfully synthesized.

Preparation of PTX-CHO Complex
Given that PTX is extremely low solubility and poor stabi-
lity alone in liposomes, PTX-CHO complex was prepared to 
improve entrapment efficiency and stability of PTX in the 
liposomes through the traditional solvent evaporation 
method.35 DSC analysis is a fast and reliable approach to 
readily analyze interactions between PTX and cholesterol in 
the PTX-CHO complex. The DSC thermograms of PTX, 
cholesterol, physical mixture of PTX and cholesterol and 
PTX-CHO complex were demonstrated in Figure 3. PTX 
(A) and cholesterol (B) exhibited endothermal peaks of 
227.0 °C and 148.2 °C, respectively. The physical mixture 

Figure 2 (A) Synthesis route of RVG15-PEG-DSPE. (B) 1H NMR spectra of DSPE-PEG2000-Mal (B1); RVG15-PEG-DSPE (B2). (C) MALDI-TOF-MS spectra of RVG15-PEG- 
DSPE. 
Abbreviations: 1H NMR spectra, proton nuclear magnetic resonance spectroscopy; MALDI-TOF-MS spectra, matrix-assisted laser desorption/ionization time of flight mass 
spectrometry.
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of PTX and cholesterol (C) showed two separate endother-
mal peaks of PTX at 196.0 °C and cholesterol at 149.2 °C. 
Compared with DSC thermograms of PTX and cholesterol, 

the endothermal peaks of PTX and cholesterol disappeared 
in the thermogram of PTX-CHO complex (D), replaced by 
a broad peak at 138.0 °C. The above results indicated the 
successful preparation of PTX-CHO complex.

Characterization of Liposomes
Proper sizes of nanoparticles were important for BBB pene-
trating and tumor targeting.36 DLS measurements demon-
strated PTX-CHO encapsulated into RVG15-Lipo were able 
to readily form stable nanoparticles with the average particle 
size around 128.15±1.63 nm and PDI around 0.29±0.01 
(Figure 4A), demonstrating that the size distribution was 
homogeneous. PTX-CHO-RVG15-Lipo were negatively 
charged with zeta potential of −15.55±0.78 mV (Figure 4B). 
Studies had shown that NPs with surfaces containing a slightly 
negative charge might avoid nonspecific organ uptake and 
easily accumulate in tumor. The morphology of PTX-CHO- 
RVG15-Lipo was observed under TEM, and revealed that the 
desired nanoparticles were spherical structure with a smooth 
surface (Figure 4C). The minicolumn centrifugation technique 
was used to measure EE and DL, and the results showed that 
the EE% and DL% of PTX-CHO-RVG15-Lipo were (98.76 
±0.08) % and (1.52±0.12) %, respectively.

In vitro Paclitaxel Release Assay
The in vitro release profiles of PTX-CHO-RVG15-Lipo 
and free PTX were characterized at 37 °C for 72 h in 
PBS (pH 7.4) containing 0.5% Tween 80. As shown in 
Figure 5, free PTX exhibited a relatively rapid and com-
plete release, with nearly 80% of the drug released into the 
media within 48 h incubation. Meanwhile, PTX-CHO- 
RVG15-Lipo had sustained release behavior in the 72 h, 
and the cumulative PTX release of drug loaded liposomes 
was only 40% after 48 h incubation in PBS.

Figure 3 DSC curves of PTX (A), cholesterol (B), physical mixture of PTX and 
cholesterol (C), and PTX-CHO complex (D). 
Abbreviations: DSC, differential scanning calorimetry; PTX, paclitaxel; PTX-CHO 
complex, paclitaxel-cholesterol complex.

Figure 4 Characterizations of PTX-CHO-RVG15-Lipo. 
Notes: (A) Size distribution of PTX-CHO-RVG15-Lipo. (B) Zeta potential distribution of PTX-CHO-RVG15-Lipo. (C) TEM image of PTX-CHO-RVG15-Lipo (scale bar: 
100 nm). 
Abbreviations: PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded RVG15-modified liposomes; TEM, transmission electron microscopy.
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Cellular Uptake Studies
Cellular Uptake on Different Cells
The fluorescent probe coumarin-6 replaced PTX to prepare 
Cou-6-RVG15-Lipo and Cou-6-Lipo for evaluating the 
cellular uptake of different formulations in HBMEC and 
C6 cells which could respectively represent the BBB and 
glioma tumor. Then, the cellular uptake was investigated 
by both qualitative (CLSM) and quantitative (flow cyto-
metry) methods. Figures 6A and 7A show the CLSM 
results in HBMEC cells and C6 cells, respectively. The 
blue and green fluorescence signals represented the DAPI- 
stained cells nuclei and Cou-6, respectively. It was indi-
cated that the green fluorescence signals could be evi-
dently observed in both HBMEC and C6 cells after 
incubation with Cou-6-RVG15-Lipo for 15 min and the 
strength of signals at 15, 60, 120, and 240 min had almost 
no changes. In comparison, the fluorescence signals of free 
Cou-6 and Cou-6-Lipo were weak which could not be 
clearly observed. Furthermore, at each time point, the 
uptake amount of RVG15-modified liposomes was greater 
than that of the unmodified groups into HBMEC and C6 
cells.

Flow cytometry assay exhibited similar results with 
that obtained with CLSM. Cou-6-RVG15-Lipo showed 
the highest cellular uptake level on both HBMEC and C6 
cells, with about 1.8-fold higher than Cou-6-Lipo and 
nearly 2.7-fold higher than free Cou-6 on HBMEC cells, 
and 1.7-fold and 3.4-fold on C6 cells (Figures 6B–E and 

7B–E). RVG15-modified liposomes showed a significant 
improvement of cellular uptake, possibly attributing to the 
enhanced cell surface binding ability to nAChR of RVG15.

Uptake Mechanism Study
Possible cellular uptake mechanism of RVG15-modified 
liposomes was explored in C6 glioma cells via different 
endocytosis inhibitors, including clathrin-mediated endocy-
tosis inhibitor (chlorpromazine hydrochloride, CPZ), micro-
tubule protein inhibitor (colchicine, Col), and caveolae- 
mediated endocytosis inhibitor (methyl-beta-cyclodextrin, 
M-β-CD).37 As depicted in Figure 7F, cellular uptake of 
Cou-6-RVG15-Lipo was significantly suppressed by CPZ 
with the relative reduced fluorescence intensity of about 
58.55%, indicating that the endocytosis of RVG15- 
modified liposomes was more mediated by grid proteins. 
Compared with the control group, the cellular uptake of 
Cou-6-RVG15-Lipo after treatment with Col and M-β-CD 
barely decreased with fluorescence intensity of 83% and 
73% respectively, suggesting that both microtubule protein 
and lipid rafts might not involve in the cellular uptake of 
RVG15-modified liposomes. Collectively, these results sug-
gested that Cou-6-RVG15-Lipo entered cells via the endo-
cytic pathways of clathrin-mediated endocytosis.

Cell Viability Assay
The cytotoxicity of blank liposomes was detected by CCK- 
8 assay. The blank liposomes exhibited no significant cyto-
toxicity in both HBMEC cells (Figure 8A) and C6 cells 
(Figure 8B) with viabilities all higher than 85% after 24h or 
48 h incubation, suggesting that blank liposomes were safe 
and biocompatible for further use in vivo. Subsequently, 
CCK-8 assay was also used to assess the inhibitory capacity 
of the various PTX formulations against C6 cell prolifera-
tion after incubation for 24 h or 48 h. As exhibited in 
Figure 8C, free PTX, PTX-CHO-Lipo and PTX-CHO- 
RVG15-Lipo exhibited dose-dependent inhibition for C6 
cell proliferation. PTX-CHO-RVG15-Lipo could inhibit 
cell proliferation more effectively at concentrations of 
PTX ranging from 0.01 µg/mL to 50 µg/mL after 24 or 
48 h incubation compared with free PTX and PTX-CHO- 
Lipo. Furthermore, the IC50 value for free PTX, PTX-CHO- 
Lipo and PTX-CHO-RVG15-Lipo were 8.009 µg/mL, 
4.587 µg/mL and 0.091 µg/mL after 24 h incubation, 
respectively. The IC50 of PTX-CHO-RVG15-Lipo was 
markedly lower than free PTX and PTX-CHO-Lipo. The 
significantly enhanced anti-proliferative effect of PTX-CHO 
-RVG15-Lipo was related to higher cellular internalization 

Figure 5 The PTX release profiles of free PTX and PTX-CHO-RVG15-Lipo in PBS 
(pH 7.4) containing 0.5% Tween 80 (n=3, mean ± SD). 
Abbreviations: PTX, paclitaxel; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol 
complex-loaded RVG15-modified liposomes.
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of RVG15-modified liposomes than free PTX and unmodi-
fied liposomes, as demonstrated in cellular uptake evalua-
tion. Taking together, the above results suggested that 
PTX-CHO-RVG15-Lipo displayed stronger cytotoxicity 
than free PTX and PTX-CHO-Lipo, which may have better 
curative effect on tumor in vivo.

Drug Penetration in the BBB Model
With TEER of the tight monolayer above 200 Ω·cm2, 
in vitro BBB model was successfully established to mea-
sure the transport efficiency of the different PTX formula-
tions. Figure 9 shows that the transport efficiency 
increased with the prolongation of incubation time. After 
180 min incubation, the cumulative transport efficiency 

was 16.82%, 8.31% and 13.12% for PTX-CHO-RVG15- 
Lipo, free PTX and PTX-CHO-Lipo, respectively. PTX- 
CHO-RVG15-Lipo showed the highest transport ratio, 
which was 2.0 and 1.3-fold higher than that for free PTX 
and PTX-CHO-Lipo, demonstrating that RVG15-modified 
liposomes exerted a significant ability to penetrate the 
BBB. The high BBB permeation of RVG15-modified lipo-
somes might probably be attributed to high cellular uptake 
in HBMEC cells via nAChR-mediated transcytosis.

Cell Apoptosis Study in vitro
Hoechst staining assay showed that nuclear morphology 
changed including nuclear fragmentation, chromatin con-
densation and chromosome abnormality after treatment 

Figure 6 Cellular uptake of liposomes on HBMEC cells. 
Notes: (A) Confocal images of cellular uptake after treatment with free Cou-6, Cou-6-Lipo or Cou-6-RVG15-Lipo for 15, 60, 120 and 240 min, respectively. Analysis of 
cellular uptake of the control, free Cou-6, Cou-6-Lipo and Cou-6-RVG15-Lipo by flow cytometry (B) and mean fluorescence intensity (C). Analysis of cellular uptake of 
Cou-6-RVG15-Lipo incubation for 15, 60, 120 and 240 min by flow cytometry (D) and mean fluorescence intensity (E). Means ± SD, n = 3; ***P < 0.001. Green: coumarin-6, 
blue: DAPI (nuclei). 
Abbreviations: Cou-6, coumarin-6; Cou-6-RVG15-Lipo, coumarin-6-loaded RVG15-modified liposomes.
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with free PTX, PTX-CHO-Lipo and PTX-CHO-RVG15- 
Lipo (Figure 10A). The images displayed that the amount 
of perinuclear apoptotic bodies and multinucleated cells in 
PTX-CHO-RVG15-Lipo treated group was more than that 
with free PTX and PTX-CHO-Lipo.

The quantification of the cell apoptosis was further 
detected using the Annexin-V/PI double staining 
method by flow cytometry. As shown in 10B and C, 

the cell apoptosis percentage of PTX-CHO-RVG15- 
Lipo group was (34.70% ± 0.43%), significantly higher 
than that of free PTX group (14.88% ± 0.80%) 
(***P<0.001) and PTX-CHO-Lipo group (18.57% ± 
3.95%) (**P<0.01). Generally, the significant cell 
apoptosis of PTX-CHO-RVG15-Lipo arose from the 
effective cellular uptake and sequentially enhanced 
anti-proliferative effect.

Figure 7 Cellular uptake of liposomes on C6 cells. 
Notes: (A) Confocal images of cellular uptake after treatment with free Cou-6, Cou-6-Lipo or Cou-6-RVG15-Lipo for 15, 60, 120 and 240 min, respectively. Analysis of 
cellular uptake of the control, free Cou-6, Cou-6-Lipo and Cou-6-RVG15-Lipo by flow cytometry (B) and mean fluorescence intensity (C). Analysis of cellular uptake of 
Cou-6-RVG15-Lipo incubation for 15, 60, 120 and 240 min by flow cytometry (D) and mean fluorescence intensity (E). (F) Cellular uptake analysis of Cou-6-RVG15-Lipo 
after incubation with different endocytic inhibitors by flow cytometry. Means ± SD, n = 3; ***P < 0.001. Green: coumarin-6, blue: DAPI (nuclei). 
Abbreviations: Cou-6, coumarin-6; Cou-6-RVG15-Lipo, coumarin-6-loaded RVG15-modified liposomes; CPZ, chlorpromazine; Col, colchicine; M-β-CD, methyl-β- 
cyclodextrin.
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Wound-Healing Assay
Wound-healing assay was carried out to intuitively evalu-
ate random cell migration and invasion. As shown in 
Figure 11, the scratches in the control group gradually 
healed. In contrast, the cell density near the scratch 
decreased followed by a large number of apoptotic or 
dead cells, the cell morphology became irregular, and the 

scratches remained clearly visible after treatment with free 
PTX, PTX-CHO-Lipo and PTX-CHO-RVG15-Lipo. The 
results indicated that PTX significantly inhibited C6 cell 
migration, thus distinctly reducing the degree of wound 
healing. Importantly, PTX-CHO-RVG15-Lipo exhibited 
stronger anti-migration effect than free PTX and PTX- 
CHO-Lipo.

Figure 8 In vitro cytotoxicity of blank liposome at equivalent concentration to PTX-CHO-RVG15-Lipo ranging from 0.0001 μg/mL to 50 μg/mL for 24 or 48 h on HBMEC 
cells (A) or C6 cells (B) (n=3, Means ± SD). (C) Inhibitory capacity of PTX-CHO-RVG15-Lipo, PTX-CHO-Lipo and free PTX against C6 cell proliferation after incubation of 
24 or 48 h. Means ± SD, n = 3; *P < 0.05, **P < 0.01, ***P < 0.001 versus the PTX-CHO-RVG15-Lipo group. 
Abbreviations: PTX, paclitaxel; PTX-CHO-Lipo, paclitaxel-cholesterol complex-loaded liposomes; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded RVG15- 
modified liposomes.
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Biodistribution in vivo
The orthotopic glioma mouse model was developed to evaluate 
the BBB penetration ability and the glioma targeting efficiency 
of different liposomes in vivo. Figure 12A and B depicted the 
real-time in vivo images and the corresponding quantitative 
fluorescence results of glioma-bearing mice at different time 
points after DiR-loaded liposome injection. It was perspicu-
ously observed that DiR-RVG15-Lipo group exhibited stron-
ger fluorescent signals than that of the DiR-Lipo group in 
glioma site at any time point after systemic administration, 
consistent with the quantitative results. Moreover, Figure 12A 
shows DiR-RVG15-Lipo and DiR-Lipo both achieved max-
imum deposition in the brains at 1 h post injection, and the 
strong fluorescence signals of DiR-RVG15-Lipo in the brains 
could maintain for 24 h while the signals of DiR-Lipo 
obviously weakened. The mice were sacrificed at 1, 8, 24 
h after injection, then the brains, hearts, livers, spleens, lungs 
and kidneys were harvested and pictured. As illustrated in 
Figure 12C, the brain fluorescence intensity of the mice in 
the DiR-RVG15-Lipo group was obviously higher than that 
in the DiR-Lipo group. Both DiR-Lipo and DiR-RVG15-Lipo 
were mainly distributed in macrophage-related organs, such as 
the liver and the spleen, and presented less in other organs.38–41

Collectively, these results indicated that RVG15- 
modified liposomes enhanced the BBB penetration effi-
ciency and prolonged the residence time of the drug in 
brain after intravenous injection, and the same outcomes 

were observed in the prior cellular uptake assay (Figures 6 
and 7) and BBB permeability study (Figure 9). Moreover, 
the presence of PEG in the structure prolonged the circula-
tion time of liposomes in vivo, and the fluorescence inten-
sity did not rapidly decline within 24 h, thereby improving 
the efficacy of permeability and delivery.

Distribution of Targeted Liposomes in 
Glioma
To further illustrate the targeting effect of RVG15- 
modified liposomes in vivo, we compared biological 
distribution in tumor tissues of glioma-bearing mice 
treated with Cou-6-Lipo and Cou-6-RVG15-Lipo, with 
Cou-6 as a tracer. The brain tissue was harvested after 
3 h treatment, and then frozen sections were prepared 
to observe the distribution of liposomes in tumor tissue 
by confocal laser scanning microscopy. As shown in 
Figure 13, Cou-6-Lipo group had little distribution in 
glioma region, probably due to the poor cellular uptake 
and the low BBB permeation. By contrast, the Cou- 
6-RVG15-Lipo group showed better BBB penetration 
and higher distribution in the glioma as a result of 
nAChR-mediated transcytosis. These results confirmed 
that RVG15-modified liposomes could significantly 
cross the BBB, accumulate within the tumor and pene-
trate deeply in tumor parenchyma.

In vivo Anti-Glioma Efficacy
The anti-glioma activities of different PTX formulations 
were evaluated on orthotopic C6luc glioma-bearing mice. 
At 7, 10, 13, 16, 19 and 22 d post-implantation, the 
mice were injected with saline, free PTX, PTX-CHO- 
Lipo and PTX-CHO-RVG15-Lipo via tail vein, respec-
tively. Meanwhile, an IVIS Spectrum CT 
in vivo imaging system was used to monitor glioma 
growth through bioluminescence signals of the mice 
brain. As shown in Figure 14A, PTX-CHO-RVG15- 
Lipo had the strongest glioma inhibition effect. By con-
trast, the anti-glioma effect of free PTX and 
PTX-CHO-Lipo was evidently weak. The quantitative 
fluorescence results were shown in Figure 14B, which 
further confirmed the above tendency. At the third day 
after the final treatment, the mice were sacrificed to 
remove the brain tissues, and then the brain tissues 
were observed and photographed to evaluate the anti- 

Figure 9 The transport ratios of PTX across the BBB model at predetermined 
times. Means ± SD, n = 3; *P < 0.05, **P < 0.01 and ***P < 0.001 versus the PTX- 
CHO-RVG15-Lipo group. 
Abbreviations: PTX, paclitaxel; PTX-CHO-Lipo, paclitaxel-cholesterol complex- 
loaded liposomes; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded 
RVG15-modified liposomes.
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glioma effect (Figure 14C). In consistent with the pre-
vious results, the anti-glioma effect of the PTX-CHO 
-RVG15-Lipo was evidently superior than that of free 
PTX and PTX-CHO-Lipo with the relatively small 
tumor volume, less hemorrhaging and necrosis (red cir-
cle). Therefore, PTX-CHO-RVG15-Lipo exhibited sig-
nificantly potent glioma-suppressing activity probably 
due to stronger BBB permeation, deeper glioma pene-
tration and higher cellular uptake.

The body weight of the mice was measured every 3 
days to evaluate the progress of glioma proliferation 
and the systemic toxicity of different formulations. No 
noticeable body weight change of mice was observed 
during treatment with PTX-CHO-RVG15-Lipo, free 
PTX and PTX-CHO-Lipo treated groups showed appar-
ent body weight loss (Figure 14D). The results indi-
cated that PTX-CHO-RVG15-Lipo could suppress the 
rapid growth of the glioma more effectively with little 

Figure 10 Cell apoptosis on C6 cells. 
Notes: (A) Hoechst staining (magnification ×200). Scale bar: 20 μm. (B) The apoptosis study of C6 cells after 24 h incubation with control (B1); blank liposome (B2); free 
PTX (B3); PTX-CHO-Lipo (B4) and PTX-CHO-RVG15-Lipo (B5). (C) The percentage of apoptosis after free PTX, PTX-CHO-Lipo and PTX-CHO-RVG15-Lipo treatment 
(n=3, Means ± SD), **P < 0.01, ***P < 0.001. 
Abbreviations: PTX, paclitaxel; PTX-CHO-Lipo, paclitaxel-cholesterol complex-loaded liposomes; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded RVG15- 
modified liposomes.
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side effect for glioma-bearing mice at the tested dose 
level.

Figure 15A shows the results of TUNEL assay that the 
PTX-CHO-RVG15-Lipo group revealed extensive necro-
sis and apoptosis in the tumor of mice with large quantity 
of brown TUNEL-positive cells, suggesting that PTX- 
CHO-RVG15-Lipo could penetrate deeply into the glioma 
tissues and kill tumor cells. By comparison, the rate of 
apoptosis cells was lower in the PTX-CHO-Lipo group. 
What’s more, the free PTX group showed much less drug 
activity in the tumor site owing to poor solubility and 
incapable of reaching the interior of tumor tissue. Hence, 
PTX-CHO-RVG15-Lipo exhibited the best anti-glioma 
activity among all groups.

The orthotopic glioma model spontaneously formed 
lung and liver metastases, indicating the progression of 

tumor metastasis. The antimetastatic capacity of PTX- 
CHO-RVG15-Lipo was evaluated by histological analysis 
by H&E staining. The major organs, including heart, liver, 
spleen, lung and kidney, were removed to prepare paraf-
fin-embedded sections after treatment. The pathological 
images of lung and liver tissues are presented in 
Figure 15B. Vascular infiltration was found obviously in 
the saline, free PTX and PTX-CHO-Lipo groups (black 
arrow), whereas no abnormalities were observed in the 
PTX-CHO-RVG15-Lipo group. Unlike the saline, free 
PTX and PTX-CHO-Lipo groups in which tumor metas-
tases were observed in the liver (black dotted circle), the 
PTX-CHO-RVG15-Lipo group showed no distinguishable 
tumor metastasis in the liver tissue. The results indicated 
that PTX-CHO-RVG15-Lipo exhibited a significant abil-
ity to suppress tumor metastasis. As shown in Figure 15C, 

Figure 11 Wound-healing assay on C6 cells; scale bar = 100 μm. 
Abbreviations: PTX, paclitaxel; PTX-CHO-Lipo, paclitaxel-cholesterol complex-loaded liposomes; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded RVG15- 
modified liposomes.
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Figure 12 In vivo distribution. 
Notes: (A) In vivo fluorescence imaging of C6luc orthotopic glioma-bearing mice treated with saline, DiR-Lipo and DiR-RVG15-Lipo at 1 h, 4 h, 8 h and 24 h. (B) Images of 
the brain and other organs at 1 h, 8 h and 24 h. (C) In vivo radiant efficiency of C6luc orthotopic glioma-bearing mice at 1 h, 4 h, 8 h and 24 h. Means ± SD, n = 3; *P < 0.05, 
**P < 0.01. 
Abbreviations: DiR-Lipo, DiR-loaded liposomes; DiR-RVG15-Lipo, DiR-loaded RVG15-modified liposomes.

Figure 13 Tumor penetration behavior of Cou-6-Lipo and Cou-6-RVG15-Lipo by CLSM. Tumor sections from C6luc orthotopic glioma-bearing mice following 3 h tail vein 
injection of Cou-6-Lipo and Cou-6-RVG15-Lipo. Green: coumarin-6, blue: DAPI (nuclei). Scale bar: 100 μm. 
Abbreviations: Cou-6, coumarin-6; Cou-6-Lipo, coumarin-6-loaded liposomes; Cou-6-RVG15-Lipo, coumarin-6-loaded RVG15-modified liposomes; CLSM, confocal laser 
scanning microscope; N, normal brain tissue; T, tumor.
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all groups showed no significant hyperemia, necrosis, or 
inflammation in heart, spleen and kidney, indicating dif-
ferent PTX formulations had no obvious side effects.

Next, the effect of different preparations on survival 
rates was investigated. Figure 16 shows that PTX-CHO- 
RVG15-Lipo-treated group had the best anti-glioma activ-
ity, which prolonged the medium survival time to 50 d, 
much longer than the other groups treated with saline (18.5 
d), free PTX (20 d) and PTX-CHO-Lipo (33.5 d). The 
results demonstrated that the survival time of glioma- 
bearing mice could be effectively prolonged by PTX- 
CHO-RVG15-Lipo.

To sum up, RVG15-modified drug delivery system 
loading PTX displayed an outstanding therapeutic effect 
for brain tumors, including enhanced glioma inhibition, 
greater tumor cell apoptosis induction, less side effects, 
reduced metastasis and prolonged survival time through 
efficient BBB transport and deeper glioma penetration.

Conclusion
In this study, we developed an RVG15-modified liposo-
mal drug delivery system with excellent physicochem-
ical properties and evaluated the anti-glioma effect both 
in vitro and in vivo by constructing an orthotopic mouse 

Figure 14 In vivo anti-glioma efficacy of PTX-CHO-RVG15-Lipo in C6luc orthotopic glioma-bearing mice. PTX-CHO-Lipo, free PTX and saline are used as controls. The 
drug was given on day 7, 10, 13, 16, 19, 22 after tumor implantation (drug dosage: 7.5 mg PTX equiv./kg). 
Notes: (A) Tumor growth in time monitored by bioluminescence imaging (n=6). (B) Bioluminescence intensity changes (n=6, Means ± SD). (C) Body weight changes (n=6). 
(D) Images of brain tissues of the mice. 
Abbreviations: PTX, paclitaxel; PTX-CHO-Lipo, paclitaxel-cholesterol complex-loaded liposomes; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded RVG15- 
modified liposomes.
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glioma model. Firstly, we successfully synthesized 
RVG15-PEG2000-DSPE as a novel brain targeted mate-
rial to improve the BBB penetration ability of nanocar-
rier, and meanwhile prepared the PTX-CHO complex to 
increase encapsulation efficiency and liposomes stabi-
lity. Our designed nanocarrier (PTX-CHO-RVG15- 
Lipo) based on RVG15-PEG2000-DSPE and PTX-CHO 

complex had been exhibited superior BBB transport 
efficiency, brain endothelial and glioma cell selectivity, 
glioma accumulation and deep penetrating capabilities. 
In addition, PTX-CHO-RVG15-Lipo demonstrated 
a considerable impact on the anti-proliferation and 
apoapsis of glioma cells in vitro. More importantly, 
PTX-CHO-RVG15-Lipo significantly inhibited tumor 

Figure 15 (A) TUNEL assay of tumor tissues isolated from mice treated with saline, free PTX, PTX-CHO-Lipo and PTX-CHO-RVG15-Lipo observed by optical microscope 
(magnification ×100). Scale bar: 100 μm. Brown areas showed apoptosis of tumor cells. (B) Lungs and livers of normal and glioma-bearing mice treated with saline, free PTX, 
PTX-CHO-Lipo and PTX-CHO-RVG15-Lipo were stained with H&E and observed by optical microscope (magnification ×100). Scale bar: 200 μm. Black arrows and black 
circles showed the metastatic areas. (C) H&E staining of heart, spleen and kidney after treatment of different PTX formulations observed by optical microscope 
(magnification ×100). Scale bar: 100 μm. 
Abbreviations: PTX, paclitaxel; PTX-CHO-Lipo, paclitaxel-cholesterol complex-loaded liposomes; PTX-CHO-RVG15-Lipo, paclitaxel-cholesterol complex-loaded RVG15- 
modified liposomes.
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growth and metastasis, and thus prolonged the survival 
life time of mouse with orthotopic glioma. Overall, 
these results demonstrated that the RVG15 peptide had 
great potential to be an effective ligand for BBB pene-
tration and glioma targeting, and PTX-CHO-RVG15- 
Lipo could serve as a novel drug delivery system for 
PTX and other chemotherapeutic agents in the field of 
glioma treatment.
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