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The treatment of glioma is a great challenge because of the existence of the blood-brain barrier (BBB). In
order to reduce toxicity to the normal brain tissue and achieve efficient treatment, it is also important for
drugs to specifically accumulate in the glioma foci and penetrate into the tumor core after entering into
the brain. In this study, a specific ligand cyclic RGD peptide was conjugated to a cell penetrating peptide
R8 to develop a multifunctional peptide R8-RGD. R8-RGD increased the cellular uptake of liposomes by
2-fold and nearly 30-fold compared to separate R8 and RGD respectively, and displayed effective
penetration of three-dimensional glioma spheroids and BBB model in vitro. In vivo studies showed that
R8-RGD-lipo could be efficiently delivered into the brain and selectively accumulated in the glioma foci
after systemic administration in C6 glioma bearing mice. When paclitaxel (PTX) was loaded in liposomes,
R8-RGD-lipo could induce the strongest inhibition and apoptosis against C6 cells and finally achieved the
longest survival in intracranial C6 glioma bearing mice. In conclusion, all the results indicated that the
tandem peptide R8-RGD was a promising ligand possessing multi functions including BBB transporting,
glioma targeting and tumor penetrating. And R8-RGD-lipo was proved to be a potential anti-glioma drug
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1. Introduction

Glioma is considered as the most aggressive primary malignant
tumor of the brain. The treatment of glioma with lower side effects
remains a great challenge because of the existence of several bar-
riers. The first obstacle for a brain drug delivery system to conquer
is the blood—brain barrier (BBB), which prevents nearly all large-
molecule and 98% of small-molecule drugs entering the central
nervous system [1—4]. Secondly, at the later stage of glioma, the
blood—brain tumor barrier (BBTB) starts to form [5—7]. As most
anti-tumor drugs are highly toxic to normal brain tissue, it is more
important for drugs to accumulate in the glioma foci specifically
after being transported across the blood—brain barrier. Finally,
when drug delivery systems reach the glioma regions, most of the
drugs are prevented from entering the brain tumor core due to
several physiologic barriers such as high cell density and increased
interstitial pressure, which also influences the therapeutic efficacy
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[8,9]. Thus, researchers utilized various methods to conquer these
barriers described above and achieved efficient glioma treatment.
Since brain capillary endothelial cells express numerous different
receptors, receptor-mediated transcytosis (RMT) is considered as
one of the most common strategies among all the methods [10,11].
RMT provides a selective means for active BBB transporting and has
been extensively studied for brain targeting [12—16]. However,
specific ligands only have high affinity for targeted receptors and
are usually not efficient enough to enhance endocytosis or solid
tumor penetration [10,17,18]. On the other hand, cell penetrating
peptides (CPP), a class of diverse short peptides widely used for
siRNA, proteins and small molecular drugs delivery, also have the
ability to carry drugs to penetrate BBB efficiently [19,20]. Never-
theless, because of their non-specific affinity to different cells, CPP-
mediated brain delivery systems showed high drug distribution in
the whole brain in vivo after systemic administration [21,22], and
this property would lead to unwanted toxicity to normal brain
tissues.

Thus, to overcome the impediments of both CPP and specific
ligands, it is important to add a selective domain to CPP or enhance
the penetrating capability of specific ligands. On this basis, a
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tandem peptide with multi functions was designed here. This kind
of tandem peptide was consisted of a specific peptide in the front
position and a cell penetrating peptide in the backend so that it
could possess both specific targeting and high penetrating ability.
Recently these multifunctional ligands have been drawing great
attention [23—26]. Ren et al. [23] designed and screened a library of
tandem peptides by linking LyP-1, a constant tumor penetrating
domain, to a series of CPPs as vectors for siRNA delivery in vitro.
However, current researches mainly focused on studying the
structure—activity relationship of different kinds of CPP-linked
tandem peptides and are lack of in vivo results. These tandem
peptides have not been reported being used as a targeting ligand to
modify nano carriers neither. In this study, cyclic RGD [c(RGDfK)]
and octa-arginine (R8) were chosen as the specific and CPP domain
of the tandem peptide respectively. RGD peptide is widely used as a
specific ligand for integrin a3 family, which is over expressed on
angiogenic endothelial cells and most malignant tumor cells
including glioma cells, melanoma cells, oophoroma cells and so on
[27—29]. It is also reported that cyclic RGD peptide has 1000 times
greater binding affinity compared to linear RGD peptide. The ad-
vantages of cyclic RGD peptide in glioma targeting drug delivery
systems were already confirmed [9,30,31]. Here cyclic RGD peptide
was conjugated to R8 through amide bond to obtain a tandem
peptide R8-RGD [RRRRRRRR-c(RGDfK), the branch of lysine is
conjugated to octa-arginine]. We used liposomes as drug carriers
and paclitaxel as a model drug. Since a3 integrin receptor is over
expressed on both brain capillary endothelial cells and glioma cells
[32], R8-RGD can be used as a promising multifunctional ligand for
BBB transporting, glioma targeting and tumor penetrating. When
RGD in the front position recognize a,f3 integrin receptor on brain
capillary endothelial cells, R8 in the backend can exert the high
penetrating capability to mediate drug delivery systems to trans-
port across BBB. Then R8-RGD modified liposomes can also be
specifically targeted to the brain tumor region and finally delivered
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into the glioma core on the synergetic effect of R8 and RGD (as
illustrated in Fig. 1). We evaluated the cellular uptake efficiency, the
BBB penetrating and brain tumor penetrating capability of R8-RGD
peptide in vitro, studied the brain targeting properties in vivo sys-
temically, and investigated the therapeutic efficacy of paclitaxel
loaded R8-RGD modified liposomes.

2. Materials and methods
2.1. Materials

Cyclic RGD peptide with a terminal cysteine [Cys-c(RGDfK), cysteine conjugated
to the branch of lysine] and R8-RGD peptide with a terminal cysteine [Cys-
RRRRRRRR-¢(RGDfK), cysteine modified octa-arginine conjugated to the branch of
lysine] were synthesized according to the standard solid phase peptide synthesis by
Chinapeptides Co. Ltd. (Shanghai, China). R8 peptide with a terminal cysteine (Cys-
RRRRRRRR) was synthesized according to the standard solid phase peptide synthesis
by Chengdu Kai Jie Bio-pharmaceutical Co. Ltd. (Chengdu, China). Soybean phos-
pholipids (SPC) were purchased from Shanghai Taiwei Chemical Company
(Shanghai, China). Cholesterol was purchased from Chengdu Kelong Chemical
Company (Chengdu, China). DSPE-PEGy009, DSPE-PEG2000-Mal and 1, 2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(carboxyfluorescein) (CFPE) were purchased
from Avanti Polar Lipids (USA). Paclitaxel (PTX) was purchased from AP Pharma-
ceutical Co. Ltd. (Chongqing, China). 4’-6-diamidino-2-pheylindole (DAPI) and 3-(4,
5-Dimethylthiazol- 2-yl)-2, 5-diphenyltetrazolium bromide (MTT) were purchased
from Beyotime Institute Biotechnology (Haimen, China). Rabbit anti-mouse B-actin
and B3 integrin primary antibodies were purchased from Epitomics, Abcam (Cali-
fornia, USA). Horseradish peroxidase (HRP) -labeled goat anti-rabbit secondary
antibodies was purchased from ZSGB-BIO (Beijing, China). Poly-lysine, sodium azide,
amiloride, chlorpromazine and filipin were obtained from Sigma—Aldrich (St. Louis,
MO, USA). Lyso-tracker™ was purchased from Invitrogen (Carlsbad, CA, USA). 1, 10-
Dioctadecyl-3, 3, 30, 30-tetramethylindotricarb-ocya-nine iodide (DiR) and 1, 10-
dioctadecyl-3, 3, 30, 30-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate
salt (DiD) were purchased from Biotium (USA). Annexin V-FITC/PI apoptosis
detection kit was obtained from KeyGEN Biotech (China). Millicell Hanging Cell
Culture Inserts were purchased from Millipore (USA). Plastic cell culture dishes and
plates were purchased from Wuxi NEST Biotechnology Co. (Wuxi, China). The other
chemicals were obtained from commercial sources.

Balb/c mice were purchased from West China animal center of Sichuan Uni-
versity (Sichuan, China). All animal procedures for this study were approved by the
Experiment Animal Administrative Committee of Sichuan University.
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Fig. 1. Schematic illustration of PTX-loaded R8-RGD muodified liposomes (PTX-R8-RGD-lipo). Liposomes could specifically bind to integrin a3 receptors expressed on the brain
capillary endothelial cells and transport across the BBB through a synergetic effect. Then the liposomes could accumulate in the glioma tissue selectively, penetrate into the core

region of tumor and release drugs.
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2.2. Synthesis of different materials

DSPE-PEG2000-R8-RGD, DSPE-PEG3000-R8 and DSPE-PEG,000-RGD were syn-
thesized by conjugating the cysteine residue of these three peptides to DSPE-
PEGz000-Mal, respectively. Briefly, DSPE-PEG;000o-Mal and Cys-R8-RGD (molar
ratio 1: 1.5) were mixed in chloroform/methanol (v/v = 2: 1), and triethylamine
was employed as a catalyst. Then the mixture was gently stirring for 24h in
darkness at room temperature. After thin layer chromatography showed the
disappearance of DSPE-PEGppo-Mal, the mixture was evaporated by rotary
evaporation under vacuum. The residue was redissolved by chloroform and the
solution was filtered to purify production. Then the filtrate was evaporated again
by rotary evaporation and the production DSPE-PEG000-R8-RGD was stored
under —20 °C. DSPE-PEGy000-R8 and DSPE-PEGy0p0-RGD were synthesized by
similar methods with the Cys-R8-RGD being replaced by Cys-R8 or Cys-RGD. The
existence of these three products was confirmed by MALDI-TOF mass spec-
trometry (MALDI-TOF MS).

2.3. Preparation and characterization of liposomes

Liposomes were prepared by thin film hydration method. Lipid compositions of
the prepared liposomes were as follows: (1) conventional PEGylated liposomes
(PEG-lipo), SPC/cholesterol/DSPE-PEG;00p (molar ratio = 62: 33: 5); (2) R8-RGD
modified liposomes (R8-RGD-lipo), SPC/cholesterol/DSPE-PEG2000/DSPE-PEG2000-
R8-RGD (molar ratio = 62: 33: 4.2: 0.8); (3) R8 modified liposomes (R8-lipo), SPC/
cholesterol/DSPE-PEG,000/DSPE-PEG2000-R8 (molar ratio = 62: 33: 4.2: 0.8); (4) RGD
modified liposomes (RGD-lipo), SPC/cholesterol/DSPE-PEG,000/DSPE-PEG2000-RGD
(molar ratio = 62: 33: 4.2: 0.8). All lipid materials were dissolved in chloroform, and
then the organic solvent was removed by rotary evaporation to form a lipid film.
After kept in vacuum overnight, the obtained film was hydrated in PBS (pH 7.4) for
20 min at 37 °C. Then it was further intermittently sonicated by a probe sonicator at
80 W for 80 s to form liposomes.

CFPE-labeled, DiD-loaded, DiR-loaded, and PTX-loaded liposomes were pre-
pared with appropriate amount of CFPE, DiD, DiR and PTX added to the lipid organic
solution, respectively. The entrapment efficiency of PTX was determined by high
performance liquid chromatography (Agilent 1200, USA). The mean size and zeta-
potential of PEG-lipo, R8-RGD-lipo, R8-lipo and RGD-lipo were detected by Mal-
vern Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK). Transmission electron
microscope (TEM) (JEM-100CX, JEOL, Japan) was used for the morphological ex-
amination of R8-RGD-lipo following negative staining with sodium phosphotung-
state solution.

Turbidity variations of liposomes were monitored in 50% fetal bovine serum
(FBS) to evaluate the serum stability of liposomes. In brief, liposomes were mixed
with FBS (v/v = 1: 1), and the mixture was then incubated at 37 °C for 48 h. The
transmittance of the mixture was measured at predetermined time points (0 h, 1 h,
2h,4h,8h,12 h,24 h and 48 h) at 750 nm by a microplate reader (Thermo Scientific
Varioskan Flash, USA).

In vitro PTX release study was performed with a dialysis method. PBS (pH
7.4) containing 0.1% (v/v) Tween 80 was used as the release media. PTX-loaded
liposomes or free PTX were placed into dialysis tubes (MWCO = 8000 Da) and
tightly sealed. The dialysis tubes were added into 50 ml release media and
incubated at 37 °C with gently oscillating for 48 h. At predetermined time
points, 0.1 ml release media was sampled and replaced with equal volume of
fresh release media. The samples were then analyzed by HPLC to determine the
concentrations of PTX.

2.4. Cell culture

Murine glioma cells (C6) and murine melanoma cells (B16) were cultured in
RPMI-1640 medium at 37 °C in a 5% CO, humidified environment incubator
(Thermo Scientific, USA), human cervical carcinoma cells (Hela) and murine brain
endothelial cells (bEnd.3) were cultured in DMEM medium under the same con-
dition. Both medium contained 10% FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin.

2.5. Integrin a,(3 expression level

The expression level of integrin o3 on murine B16 cells, bEnd.3 cells and
C6 cells was measured by western blot studies. Approximately 3 x 10° cells were
homogenized with cell lysis buffer containing protease inhibitors. Then appro-
priate total protein samples of different cells were resolved on 10% SDS-PAGE.
The gels were transferred to polyvinylidene difluoride membranes, and incu-
bated with Rabbit anti-mouse B-actin or B3 integrin primary antibodies. Then
the membranes were incubated with HRP-labeled goat anti-rabbit secondary
antibodies and detected by Immobilon Western HRP Substrate (Millipore, USA)
on a Bio-Rad ChemiDoc MP System (Bio-Rad Laboratories, USA). As for the hu-
man cells, the expression level of integrin ayf3 was measured by a flow cy-
tometer. Briefly, Hela cells were incubated with FITC labeled anti-human
integrin a,f3 antibody for 20 min at 4 °C, and then the fluorescent intensity of
antibody treated Hela cells was measured by a flow cytometer (Cytomics FC 500,
Beckman Coulter, USA).

2.6. Cellular uptake study

2.6.1. Cellular uptake on different cells

C6 cells, bEnd.3 cells and Hela cells were plated in six-well plates at a density
of 5 x 10° cells per well and cultured for 24 h. CFPE-labeled liposomes were
prepared as described above. Different formulations of liposomes were added into
the plates at a final CFPE concentration of 1.5 pug/ml. After incubation for 4 h at
37 °C, the cells were washed three times with cold PBS, trypsinized, and finally
resuspended in 0.5 ml PBS. The fluorescent intensity of cells treated with different
liposomes was measured by a flow cytometer (Cytomics FC 500, Beckman Coulter,
USA).

For qualitative experiments, C6 cells, bEnd.3 cells and Hela cells were plated at a
density of 1 x 10 cells per well on gelatin-coated cover slips in six-well plates and
cultured for 24 h. CFPE-labeled liposomes were added into the plates as described in
the quantitative studies. After 4 h incubation, the cells were washed with cold PBS
for three times and fixed with 4% paraformaldehyde for 30 min at room tempera-
ture. Then DAPI was added for 5 min for nuclei staining. Finally, the cells were
imaged by a confocal microscope (FV1000, Olympus, USA).

2.6.2. Uptake mechanism study

In order to study the uptake mechanism of R8-RGD-lipo, C6 cells were pre-
incubated with various endocytosis inhibitors including poly-lysine (400 pg/ml),
sodium azide (6.51 mg/ml), amiloride (1.48 mg/ml), chlorpromazine (10 pg/ml) and
filipin (10 pg/ml), meanwhile the inhibition of free RGD peptide (100 pg/ml) and the
effect of temperature were also studied. After 30 min pre-incubation with the in-
hibitors above, CFPE-labeled R8-RGD modified liposomes were added for further 4 h
incubation. Then the cells were treated as described in 2.6.1 and the fluorescent
intensity was determined by a flow cytometer (Cytomics FC 500, Beckman Coulter,
USA).

2.6.3. Co-localization of liposomes and lysosome

For the intracellular location studies of different liposomes, lysosomes were
staining to co-localize liposomes. Briefly, after 4 h incubation of CFPE-labeled lipo-
somes, C6 cells were washed with serum free medium and treated with Lyso-Tracker
(50 nM) for 1 h. Then the cells were treated as described in 2.6.1, and a confocal
microscope (FV1000, Olympus, USA) was used to observe the cells.

2.7. C6 tumor spheroid uptake

Avascular C6 tumor spheroids were established as follows: first, a 96-well plate
was coated with 2% (w/v) low melting point agarose to prevent cell adhesion, then
5 x 10° C6 cells were plated on the pre-coated 96-well plate and incubated for 7
days. The uniform and compact spheroids were selected and incubated with CFPE-
labeled liposomes for 4 h, then the spheroids were washed with cold PBS for three
times and subjected to confocal microscopy analysis (TCS SP5 AOBS confocal mi-
croscopy system, Leica, Germany).

2.8. BBB model study in vitro

2.8.1. BBB model permeability study

Millicell Hanging Cell Culture Inserts were used to establish BBB model
in vitro. In brief, bEnd.3 cells were plated into the 6-well cell culture inserts at a
density of 1 x 10° cells per well, and cultured for about one week. Then the
transendothelial electric resistance (TEER) of the BBB model was measured by
Millicell ERS (Millipore, USA). Only the bEnd.3 monolayers with TEER over 200 Q
were used for further studies. On the other hand, C6 cells were plated in another
6-well plate. Then the cell culture inserts with bEnd.3 monolayers were trans-
ferred to the plates containing C6 cells and co-cultured for another day. CFPE-
labeled liposomes were added in the cell culture inserts (donor chamber). After
8 h incubation, bEnd.3 cells on the cell culture inserts and C6 cells on the plates of
the substratum (acceptor chamber) were washed with cold PBS for three times,
trypsinized, and finally resuspended in 0.5 ml PBS, respectively. Then the fluo-
rescent intensity of both cells was measured by a flow cytometer (Cytomics FC
500, Beckman Coulter, USA). On the other hand, C6 cells on the plates of the
substratum were also treated as described in 2.6.1 and a confocal microscope was
used to observe the cells.

The tumor spheroid penetration ability of liposomes after permeating BBB
model in vitro was studied as well. BBB model was established as above with 6-
well inserts being replaced by 24-well inserts and C6 spheroids were prepared
as described in 2.7. Then C6 spheroids were transferred into a 24-well plate and
cell culture inserts with bEnd.3 monolayer were placed above the spheroids.
CFPE-labeled liposomes were added into the donor chamber for 8 h incubation,
then C6 spheroids were washed with cold PBS for three times and subjected to
confocal microscopy analysis (TCS SP5 AOBS confocal microscopy system, Leica,
Germany).

2.8.2. Confocal microscope study of bEnd.3 monolayer

To obtain images of bEnd.3 cells monolayer grown on Millicell Hanging Cell
Culture Inserts, the poly-carbonate membranes with bEnd.3 cells monolayers on
them was cut off from the inserts after 8 h incubation with CFPE-labeled liposomes.
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The membranes were then washed with cold PBS for three times, fixed with 4%
paraformaldehyde and stained with DAPIL. The samples were imaged using a
confocal microscope (FV1000, Olympus, USA). Serial pictures along the x—z axis
were captured and the bEnd.3 monolayers were observed from both x—y plane and
x—z plane.

2.9. Cytotoxicity study in vitro

The cytotoxicity of PTX-loaded liposomes was measured with MTT assay. C6 cells
were plated in 96-well plates at a density of 2 x 10° cells per well and cultured for
24 h. PTX-loaded liposomes and free-PTX were diluted to predetermined concen-
trations with PBS, and added into each well for 24 h incubation. The final concen-
trations of PTX were in the range of 0.1-20 pg/ml. Blank liposomes and the solvent
of free PTX (ethanol-cremophor ELP 35 mixture, v/v = 1: 1) were added at the same
concentration of PTX-loaded liposomes as well. Then 20 ul MTT (5 mg/ml in PBS)
was added into each well and incubated for 4 h under 37 °C. Finally the medium was
removed and replaced by 150 pl dimethyl sulfoxide. Then the absorbance was
measured by a microplate reader (Thrmo Scientific Varioskan Flash, USA) at 570 nm.
The cells treated with medium were evaluated as controls. Cell viability was
calculated by the following formula: cell viability (%) = Atreated/Acontrol x 100, in
which Agreated and Acontrol Fepresented the absorbance of treated cells and control
cells, respectively.

2.10. Apoptosis study in vitro

To evaluate the cell apoptosis induced by PTX-loaded liposomes, C6 cells were
treated with PTX-loaded liposomes (PTX concentration of 0.5 pg/ml) for 24 h under
37 °C. Free PTX group was used as control. Cells were harvested, washed three times
with cold PBS and resuspended in 500 ul binding buffer. Then 5 ul Annexin V-FITC
and 5 pl PI were added and incubated with the cells for 15 min in the dark. Finally,
the stained cells were analyzed by a flow cytometer (Cytomics FC 500, Beckman
Coulter, USA).

2.11. In vivo experiments

2.11.1. Glioma model establishment

Balb/c mice were anesthetized with 5% chloral hydrate and placed on a ste-
reotaxic apparatus. C6 cells (1 x 10° cells/5 pl) were injected into the right brain of
each Balb/c mouse. These mice were raised under standard condition for 1 week and
used for subsequent experiments.

2.11.2. In vivo imaging

DiR-loaded liposomes were prepared as described above and were intrave-
nously injected to the glioma bearing mice at a dose of 200 pg DiR/kg. The mice were
imaged with IVI Spectrum system (Caliper, Hopkington, MA, USA) at 1 h,4 h, 8 hand
24 h after injection. Then the mice were sacrificed after heart perfusion with PBS at
these pre-determined time points. Brains, hearts, livers, spleens, lungs and kidneys
were collected. All the organs were imaged with IVI Spectrum system (Caliper,
Hopkington, MA, USA) as well.

2.11.3. Glioma distribution

Glioma bearing mice were intravenously injected with DiD-loaded liposomes at
a dose of 500 pg DiD/kg. Eight hours later, the mice were sacrificed after heart
perfusion with saline and 4% paraformaldehyde. Brains were collected and the gli-
oma domains were sectioned at a thickness of 10 um. Then the sections were
incubated with DAPI to stain nuclei. Finally, the sections were imaged by a laser
scanning confocal microscope (FV1000, Olympus, USA).

2.114. Anti-glioma efficacy

Sixty intracranial C6 glioma bearing Balb/c mice were divided into 6 groups
randomly (n = 10). The mice were intravenously injected with free PTX, PTX-PEG-
lipo, PTX-R8-RGD-lipo, PTX-R8-lipo and PTX-RGD-lipo (PTX dose of 3 mg/kg) at 4,
6,8,10,12 and 14 days after implantation. Saline group was used as negative control.
The survival time of each group was recorded and analyzed.

2.12. Statistical analysis

All the data were presented as mean =+ standard deviation. Statistical compar-
isons were performed by analysis of variance (ANOVA) for multiple groups, and p
value < 0.05 and <0.01 were considered indications of statistical difference and
statistically significant difference respectively.

3. Results and discussions
3.1. Synthesis of materials
We conjugated the tandem peptide R8-RGD to the distal end of

DSPE-PEG;gg0-Mal by the Michael addition of cysteine residue and
maleimide. In order to verify the synergistic effect of the tandem

peptide, the cell penetrating peptide R8 and the specific ligand
peptide RGD were used as control groups, and conjugated to
DSPE-PEG;0p0-Mal by the same method. The results of mass spec-
trometry confirmed the formation of all the three products,
which were DSPE-PEG;00-R8-RGD (MW observed = 4892 Da, MW
calculated = 4898 Da), DSPE-PEG3(00-R8 (MW observed = 4295 Da,
MW calculated = 4312 Da) and DSPE-PEGygpo-RGD (MW
observed = 3759 Da, MW calculated = 3748 Da) (See Supplementary
Information Fig. S1).

3.2. Characterizations of liposomes

Proper sizes and uniform distribution of nanoparticles were
required for both BBB permeation and brain tumor targeting [33].
The particle sizes and zeta potentials of different liposomes in this
study were listed in Table 1. For all the liposomes with different
modifications, with or without PTX, the average particle sizes were
less than 110 nm and PDI were about 0.2, implying uniform dis-
tribution of all groups of liposomes. The sizes of PTX-loaded lipo-
somes increased a little compared to the blank liposomes. The zeta
potentials of PEG-lipo and RGD-lipo were about —7 mV. When
modified with R8, the liposomes became less negative charged
(approximately —4 mV) because of the electropositivity of arginine.
And the zeta potential of R8-RGD modified liposomes was between
PEG-lipo and R8-lipo, which implied that the positive charge of R8
was partly shielded by the RGD domain. The entrapment effi-
ciencies of all different kinds of PTX-loaded liposomes were about
90%.

Fig. 2A showed the schematic diagram of the PTX-R8-RGD-lipo.
The size and zeta potential distribution graphs of PTX-R8-RGD-lipo
were shown in Fig. 2B and C, and PTX-R8-RGD-lipo exhibited
spherical shape under TEM (Fig. 2D).

Transmittance of different liposomes were monitored in the
presence of 50% FBS. As shown in Fig. 2E, the transmittance of all
the liposomes were above 90% and hardly changed after 48 h in-
cubation with 50% FBS. This stability study of liposomes also laid
foundation for the further in vivo experiments.

3.3. In vitro PTX release study

PTX release properties were evaluated in PBS containing 0.1%
Tween 80. As shown in Fig. 3, free PTX exhibited a rapid release,
with over 80% of the drug released into the media within 6 h in-
cubation. On the other hand, PTX-loaded liposomes achieved sus-
tained release behaviors that the cumulative PTX release of drug
loaded liposomes was less than 60% after 48 h incubation in PBS. No
significant difference on release properties was observed among
PEG-lipo, R8-RGD-lipo, R8-lipo and RGD-lipo, and none of these
four kinds of PTX-loaded liposomes displayed burst initial release
patterns.

Table 1
Particle sizes and zeta potentials of different liposomes and the PTX entrapment
efficiency of PTX-loaded liposomes (n = 3, mean =+ SD).

Size (nm) PDI Zeta potential Entrapment

(mV) efficiency (%)

PEG-lipo 98.12+ 1.2 0.186 +0.013 -6.86+0.71 —
R8-RGD-lipo 1024 + 1.8 0211 £0.015 -597 £045 —
R8-lipo 100.1 £2.5 0212 +£0.016 -3.78 £0.34 —
RGD-lipo 1019+ 29 0224 +£0.038 -754+025 —
PTX-PEG-lipo 106.2 +£2.6 0.198 +£0.022 -7.79 +£0.33 90.94 + 6.92
PTX-R8-RGD-lipo 1059 + 0.7 0.186 + 0.027 —4.95+0.59 92.50 + 5.06
PTX-R8-lipo 1055+ 2.5 0.197 +£0.011 -4.07 +£0.20 89.58 + 3.86
PTX-RGD-lipo 1052+ 14 0.187 £ 0.007 -7.14 +£0.19 94.87 +£1.20
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Fig. 2. Characterization of liposomes. (A) Schematic of PTX-R8-RGD-lipo. (B) Size distribution graph of PTX-R8-RGD-lipo. (C) Zeta potential distribution graph of PTX-R8-RGD-lipo.
(D) Transmission electron microscopy images of PTX-R8-RGD-lipo. (E) The variations of transmittance of different modified liposomes in 50% FBS (n = 3, mean =+ SD).

3.4. Integrin «,(3 expression level

High expression of integrin a,f3 on both brain capillary endo-
thelial cells and glioma cells is a prerequisite of this system. In this
section, receptor expression levels on the targeted cells were
monitored by western blot studies. Anti-mouse integrin B3 anti-
bodies were used to immunoblot the cells. The results showed that
both bEnd.3 cells and C6 cells demonstrated high expression levels
of integrin a,,f3 (Fig. 4E), which confirmed that the tandem peptide
modified liposomes might have the ability to target both blood—
brain barrier and glioma as we assumed initially. The receptor
expression levels were also tested on B16 cells (murine melanoma
cells), a kind of reported integrin-overexpressed cells [34,35].
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Fig. 3. The PTX release profiles of free PTX, PEG-lipo, R8-RGD-lipo, R8-lipo and RGD-
lipo in PBS (pH 7.4) containing 0.1% Tween 80 over 48 h (n = 3, mean + SD).

Integrin ayP3 receptors were also found highly expressed on
B16 cells. On the other hand, a flow cytometer was used to detect
the expression level of integrin ayf3; receptors on Hela cells (See
Supplementary Information Fig. S2), which were reported
expressing fewer integrin receptors [36], results showed that the
fluorescence intensity of Hela cells treated with FITC-labeled anti-
human integrin o, B3 antibody hardly increased compared to the
non-treated cells, indicating a low integrin o, 33 expression level of
Hela cells.

3.5. Cellular uptake study

The bEnd.3 cells were murine brain endothelial cells exhibiting
endothelial properties. Thus this cell line was widely used as a
model for mimicking brain capillary endothelial cells and evalu-
ating the BBB penetrating capability in vitro [37,38]. As the Integrin
ayP3 receptors were certified to be expressed on both bEnd.3 cells
and C6 cells, the cellular uptake of different modified liposomes
was studied. Unmodified PEGylated liposomes were used as
negative control. As flow cytometry results showed (Fig. 4C), lipo-
somes modified with RGD peptide increased the cellular uptake on
both cells compared to the negative control. However, the fluo-
rescence intensity of RGD-lipo treated cells was far lower than R8-
lipo group and R8-RGD-lipo group. This was because specific re-
ceptor targeting peptides like RGD, also called homing peptides
(HP), had high affinity to their homologous receptors but relatively
lower internalization properties [39]. Therefore specific ligands
mainly delivered their cargo to the cell surface instead of pene-
trating the cell membranes. R8-modified liposomes unsurprisingly
displayed higher uptake level than PEG-lipo, as CPP had already
proved their ability to deliver cargo into cells in many reports [40—
43]. However, as for the tandem peptide, R8-RGD modified
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liposomes showed the highest cellular uptake level on both
bEnd.3 cells and C6 cells, about 2 times higher than R8-lipo and
nearly 30 times higher than RGD-lipo. Similar results were ob-
tained from confocal images (Fig. 4A and B). These data demon-
strated that the tandem peptide R8-RGD not only combined the
transcytosis capabilities of R8 and RGD themselves, but also exerted
a synergetic effect. On the other hand, cellular uptake of these four
kinds of liposomes was also measured on Hela cells, which were
proved to possess a lower integrin expression level. No significant
increase was observed compared R8-RGD-lipo to R8-lipo (See
Supplementary Information Fig. S2), confirming the specific tar-
geting ability of R8-RGD peptide. In addition, as shown in the
confocal images (Fig. 4A and B), R8 modified liposomes mostly
accumulated on the cell membranes instead of in the cytoplasm on
both cells, which was owing to the adsorption of positive charged
R8 and negative charged cell membranes. However, when RGD was
conjugated to R8, the positive charge of arginine was partially
shielded and stronger green fluorescence was observed in the
cytoplasm. This phenomenon also signified the superiority of the
tandem peptide.

In order to study the uptake mechanism of R8-RGD-lipo, a series
of endocytosis inhibitors were pre-incubated with C6 cells and the
inhibition rate was calculated to analyze the uptake mechanism
[44,45]. Firstly, as shown in Fig. 4D, the cellular uptake of R8-RGD-
lipo was significantly decreased in the presence of free RGD pep-
tide. This further proved that the RGD domain of R8-RGD increased

the cellular internalization by specifically binding to integrin re-
ceptors expressed on C6 cells. When targeting sites were compet-
itively bound by free RGD, the cellular uptake of R8-RGD-lipo
decreased. But the receptor sites might not be occupied completely,
so the cellular uptake level of free RGD added group was still a little
higher than R8 modified liposomes. In addition, other inhibitors
were used to study the uptake mechanism. Poly-lysine was used as
positive charge inhibitor; 4 °C and sodium amide were selected to
study the effect of energy; amiloride, chlorpromazine and filipin
were chosen to block macropinocytosis, clathrin-mediated and
caveolin-mediated endocytosis respectively. As the results showed,
every inhibitor showed different levels of inhibition effects
(Fig. 4D). Poly-lysine showed a significant inhibition of liposomal
cellular uptake down to 22.2%, indicating that octa-arginine
domain of R8-RGD enhanced cellular internalizing through posi-
tive charged mediated adsorption. 4 °C and sodium amide also
displayed strong impact on cellular uptake (down to 5.6% and 29.6%
respectively), showing energy-dependent properties of integrin
receptor mediated endocytosis. Meanwhile, amiloride, chlor-
promazine and filipin inhibited the cellular uptake of R8-RGD-lipo
down to 48.2%, 27.5% and 49.1%, respectively. Specific internaliza-
tion is commonly considered to be clathrin-mediated endocytosis
pathway [46,47], but our system had a specific ligand domain and a
CPP domain at the same time. Therefore the tandem peptide R8-
RGD might enhance the cellular uptake through a comprehensive
pathway.
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Receptor-mediated endocytosis usually led to endosome for-
mation [10,48], and therapeutic agents could possibly turn inac-
tivated under the acid environment in endosomes. Therefore it is
necessary for a drug delivery system to escape endosomes in order
for the drug to be therapeutically active in the cytoplasm. On the
other hand, researches proved that arginine-rich cell penetrating
peptides could lead to endosome escape [49,50]. In this study we
colocalized liposomes with late endosomes and lysosomes in or-
der to estimate the endosome escaping ability of the tandem
peptide R8-RGD. As Fig. 5 showed, late endosomes and lysosomes
were dyed red in the presence of Lyso-Tracker while green fluo-
rescence represented CFPE-liposomes. Only a few RGD modified
liposomes entered the cells and almost entirely localized in lyso-
somes (pointed by white arrows). R8-lipo mostly adsorbed on the
cell membrane (consistent with the cellular uptake images), but
the majority of R8-lipo escaped from lysosomes successfully. In the
R8-RGD-lipo group, only a small amount of liposomes were
trapped in lysosomes, and large area of green fluorescence
was seen diffusing in the cytoplasm. The results demonstrated
that R8-RGD had the ability to escape endosomes, which exhibited
the potential of R8-RGD to be further used in gene delivery
systems.

3.6. C6 tumor spheroid uptake

For solid tumor, several physiologic barriers such as high cell
density, increased interstitial pressure and absence of vascular
existed [51], and cells in the core region of solid tumor were hyp-
oxic and necrotic. Traditional drugs could hardly be delivered
deeper into the necrotic regions and as a result these so-called
“blind areas” would inevitably lead to tumor relapse [9,52,53].

PEG-lipo

Thus the capability of a drug delivery system to penetrate deeper
into the core region of solid tumor was necessary. Three-
dimensional tumor spheroids were prepared here to evaluate the
solid tumor penetration ability of liposomes. Fig. 6 showed confocal
laser scanning microscope images of C6 tumor spheroids 4 h after
incubating with CFPE-labeled liposomes. R8-RGD-lipo displayed
stronger green fluorescence at different depths of C6 tumor
spheroids compared to other groups. It is confirmed that R8-RGD
possessed stronger penetration ability through the synergetic ef-
fect of R8 and RGD, as we hypothesized.

3.7. BBB model study in vitro

The bEnd.3 cells were used to establish a BBB model in vitro
[54]. In this study, bEnd.3 cells were plated in the Millicell
Hanging Cell Culture Inserts to construct a monolayer. Both
bEnd.3 cells on the transwell membrane from the donor chamber
and C6 cells on the plate substratum from the acceptor chamber
were collected, and the fluorescence intensity was measured by a
flow cytometer. As shown in Fig. 7A, the cellular uptake results on
bEnd.3 monolayer were similar to the uptake data on bEnd.3 cells
in Fig. 4C, indicating that bEnd.3 monolayer on the Transwell
membrane could internalize liposomes normally. However, as for
the liposomal uptake on C6 cells after penetrating bEnd.3 mono-
layer, only R8-RGD-lipo displayed extremely higher fluorescence
intensity on C6 cells than any other groups. Confocal images of C6
cells also confirmed these results (Fig. 7B). Green fluorescence
signal of CFPE-labeled liposomes could hardly be observed except
the R8-RGD-lipo group. As we proved in the cellular uptake study
part, R8 modified liposomes mostly adsorbed on the cell mem-
brane (Fig. 4A and B), thus R8-lipo might mainly stay on the

R8-RGD-lipo

Fig. 5. Colocalization of CFPE-labeled liposomes (green) and lysosomes (red). Nuclei were stained with DAPI (blue). White arrow pointed to the colocalized yellow sites of liposomes
and lysosomes. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. CLSM images of C6 tumor spheroids uptake of CFPE-labeled liposomes within different depth.

monolayers instead of penetrating them. But R8-RGD-lipo could
successfully transport across the bEnd.3 monolayer and be deliv-
ered to the C6 cells. Then we cut the transwell membranes and
captured pictures along the x-z axis. As shown in Fig. 7C, x-y plane
of the monolayer was shown in the top, and pictures in the bottom
demonstrated the x-z plane, which showed the longitudinal sec-
tion of the yellow line position in the homolog x—y plane. White
arrows pointed to the transwell membrane. Strongest green
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fluorescence was clearly observed transporting across the bEnd.3
monolayer in the R8-RGD-lipo group. On the other hand, the
bEnd.3 monolayers were also co-cultured with C6 spheroids. The
confocal images of C6 spheroids uptake in the presence of a
bEnd.3 monolayer were shown in Fig. 8. R8-RGD-lipo group still
exhibited the strongest fluorescence. To sum up, R8-RGD peptide
displayed superior BBB transporting and tumor penetrating ca-
pabilities in the BBB model study.

DAPI CFPE

B
PEG-lipo

R8-lipo

RGD-lipo

RGD-lipo

[
20pm

Fig. 7. The BBB model study. (A) Uptake of CFPE-labeled liposomes on C6 cells in the presence of BBB model and uptake on bEnd.3 cells on the transwell membrane measured by a

*kok

flow cytometer (n = 3, mean & SD),

indicates statistically significant difference (p < 0.001). (B) Confocal images of the uptake of CFPE-labeled liposomes on C6 cells in the

presence of bEnd.3 monolayers. (C) CLSM images of bEnd.3 cell monolayers grown on transwell membranes. Images were taken along the z-axis and shown in both x—y plane and

x—z plane. The membranes were pointed by white arrows.
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Fig. 8. CLSM images of C6 tumor spheroids uptake of CFPE-labeled liposomes in the presence of bEnd.3 monolayers within different depth.
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Fig. 9. (A) The cytotoxicity study of PTX-loaded liposomes and free PTX on C6 cells
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R8-RGD-lipo group, respectively. (B) The cytotoxicity study of blank liposomes and free
PTX solvent on C6 cells (n = 3, mean 4 SD). Horizontal coordinate represents corre-
sponding PTX concentrations of blank vehicles.

3.8. Cytotoxicity study in vitro

The cytotoxicity of different liposomes on C6 cells was evalu-
ated using MTT assay. As shown in Fig. 9A, free PTX showed higher
inhibition rate than PTX-PEG-lipo and PTX-RGD-lipo, because free
drugs could be transported into the cells directly without a drug
release process. Nevertheless, PTX-loaded R8-RGD-lipo and R8-
lipo both exhibited stronger anti-proliferation effect than free
PTX on C6 cells owing to their enhanced cellular uptake. The data
showed that when the concentration of paclitaxel reached 5 pg/ml
or higher, the cell viabilities of PTX-R8-RGD-lipo and PTX-R8-lipo
were too low to be measured accurately (lower than 5%) while
nearly 20% of the cells in free PTX group still remained viable.
Meanwhile, R8-RGD-lipo showed significant higher inhibition rate
than R8-lipo under low PTX concentrations (lower than 1 pg/ml).
Only 37.2% of the C6 cells stayed viable in the PTX-R8-RGD-lipo
added group when the PTX concentration was as low as 0.1 pg/ml
while the cell viability rates of PTX-R8-lipo and free PTX were
47.5% and 46.6% respectively under the same PTX concentration,
demonstrating that R8-RGD could notably enhance the cytotox-
icity of drug loaded liposomes against C6 cells. On the other hand,
the cytotoxicity of blank liposomes was also measured, and all
these four kinds of blank liposomes exhibited no significant
cytotoxicity (Fig. 9B) while free PTX solvent (ethanol-cremophor
ELP 35 mixture, v/v = 1: 1) displayed an anti-proliferation effect as
the concentration increased. Therefore our liposomal drug de-
livery systems were safe and nonvenomous to be further used
in vivo.

3.9. Apoptosis study in vitro

Annexin V-FITC/PI apoptosis detection kit was used to study the
cell apoptosis induced by PTX-loaded liposomes. Fig. 10B showed
the percentage of apoptosis and necrotic cells treated with
different PTX formulations. The percentage of apoptosis and
necrotic cells was 18.85 + 0.49% for free PTX, 13.70 + 0.71% for
PTX-PEG-lipo, 38.30 + 3.11% for PTX-R8-RGD-lipo, 20.5 + 0.57%
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Fig. 10. The apoptosis study of C6 cells after incubation with free PTX (A1), PTX-PEG-lipo (A2), PTX-R8-RGD-lipo (A3); PTX-R8-lipo (A4) and PTX-RGD-lipo (A5). (B) The percentage
of apoptosis and necrotic cells after free PTX and PTX-loaded liposomes treatment (n = 3, mean + SD), *represents p < 0.05 versus other groups.

for R8-lipo and 15.05 + 71.20% for RGD-lipo, respectively. R8-RGD
modified PTX loaded liposomes induced significant stronger cell
apoptosis effect. The cytotoxicity and apoptosis study of PTX for-
mations confirmed that R8-RGD could remarkably improve the
cellular internalization of drug delivery systems, release more
therapeutic agents into the cytoplasm and achieve stronger inhi-
bition effect in vitro.

3.10. In vivo imaging and glioma distribution

C6 glioma bearing bab/c mice were used to estimate the glioma
targeting efficiency of different liposomes. Fig. 11A showed the
in vivo images of intracranial C6 glioma bearing mice at different
time points after systemic administration of DiR-loaded liposomes.
The mice were sacrificed at pre-determined time points, then the
brains, hearts, livers, spleens, lungs and kidneys were harvested
and pictured. Ex vivo images of the brains were exhibited in
Fig. 11B and other organs were shown in Supplementary
Information Fig. S3. It was perspicuously observed that the fluo-
rescence signal of R8-RGD-lipo in the brain was stronger than
other groups from 1 h to 24 h after systemic administration
(Fig. 11A), displaying the strongest BBB transporting capability of
R8-RGD. Blood-brain barrier is known to be negative charged, thus
R8-lipo also exhibited a strong BBB penetrating ability as the
positive charge of poly-arginine could induce an adsorptive-
mediated transcytosis [10,40,55]. However, at 1 h and 4 h after
injection, strong fluorescence signal of R8-lipo was also found
distributing in the liver and finally no obvious signal was observed
all over the mice body in the R8-lipo group 24 h after systemic
administration. This was due to the fact that positively charged R8
peptide could be easily bound to proteins in the circulatory system,
recognized by the reticuloendothelial system and finally elimi-
nated quickly [56]. Ex vivo images of harvested organs also

confirmed that more R8-lipo were delivered to the liver compared
to other groups (See Supplementary Information Fig. S3). However,
when R8 was conjugated to a cyclic RGD peptide to form a tandem
peptide, the liver distribution of liposomes decreased a lot.
Moreover, as shown in the ex vivo images of the glioma bearing
brains (Fig. 11B), R8-RGD-lipo and R8-lipo both reached the
maximum distribution in the brains 8 h after injection, but R8-
RGD-lipo could selectively accumulate in the glioma foci instead
of distributing uniformly in the whole brain. This property would
efficiently reduce unwanted side effects to normal brain tissues.
Besides, strong fluorescence signal of R8-RGD-lipo in the glioma
foci could maintain till 24 h after injection while the signal of R8-
lipo decreased a lot.

CPP have been widely investigated as drug delivery vectors or
ligands for nearly 20 years. An important hurdle of CPP-mediated
drug delivery systems is the general lack of cell or tissue speci-
ficity while been used in vivo [57—59]. Thus the therapeutic efficacy
will decrease while the cytotoxicity against normal tissues becomes
a potential threat due to the uncontrollable distribution during the
treatment of CPP-modified cargos [57]. To overcome this impedi-
ment, researches established a dual-ligand system which had a
specific ligand and a CPP decorated on a single drug carrier and had
already proved their synergetic targeting effect to tumor [28]. A
transferrin/poly-arginine dual targeting liposomal system had also
been used for gene delivery into the brain [55]. However, these
systems need to conjugate two kinds of ligands to one single
nanoparticle, which pulls in more factors that may influence the
drug delivery system during the preparation of nanoparticles. Thus,
it is more potential to simplify the modifications of nanoparticles
while the targeting ability is maintained. In this part, by investi-
gating the glioma targeting effect of the tandem peptide R8-RGD
using in vivo images, we proved that the synergetic targeting ef-
fect still existed while R8 and RGD were conjugated to form a single
ligand.
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Fig. 11. (A) In vivo images of intracranial C6 glioma bearing mice at different time points after systemic administration of DiR-loaded liposomes (a = blank, b = PEG-lipo, ¢ = R8-

RGD-lipo, d = R8-lipo, e = RGD-lipo). (B) Ex vivo images of the brains.

In vivo glioma targeting and permeating capability of liposomes
were studied here by confocal microscopy analysis. As shown in
Fig. 12, 8 h after the injection of DiD-loaded liposomes, PEG-lipo
and RGD-lipo could hardly be observed in the glioma tissue. Only
a slight accumulation of R8-lipo was detected while an obvious
strong fluorescence signal colocalized with the tumor cells was
observed in the section of R8-RGD-lipo group. R8-RGD could enrich
liposomes at the glioma foci and achieve wide distribution in the
glioma tissue. These in vivo imaging and glioma distribution results
further proved that R8-RGD possessed a high BBB transporting
ability, a selective glioma targeting ability and a tumor penetrating
ability not only in vitro but also in vivo, and this multifunctional
property could exhibit superiority in the anti-tumor therapy.

3.11. Anti-glioma efficacy

The anti-glioma effects of different PTX formulations were
evaluated on intracranial C6 glioma bearing mice. The enhanced
glioma accumulation and penetration induced by R8-RGD led to a
prolonged survival time. As shown in Fig. 13, PTX-R8-RGD-lipo
group achieved an improved anti-glioma effect by prolonging the
medium survival time to 48 days (Table 2), significantly longer than
the other groups treated with saline (26 days), free PTX (32 days),
PTX-PEG-lipo (39 days), PTX-R8-lipo (36 days) and PTX-RGD-lipo
(38 days). Thus the multifunctional peptide R8-RGD modified
drug loaded liposome was proved to be a potential drug delivery
system for glioma treatment.
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Fig. 13. Kaplan—Meier survival curve of intracranial C6 glioma bearing mice treated
with different PTX formulations (n = 10).

Table 2

The median survival time of the glioma bearing mice treated with different PTX
formulations (*p < 0.05 versus saline, ®p < 0.05 versus free PTX, °p < 0.05 versus
PEG-lipo, 9p < 0.05 versus R8-lipo, ®p < 0.05 versus RGD-lipo).

Group Median Standard 95% confidence Significant Increased
(day) error interval survival time

Saline 26 5.5 14.1-35.8 — —

Free PTX 32 3.9 23.2-38.7 a 23%
PEG-lipo 39 3.6 29.7-44.2 a 50%
R8-RGD-lipo 48 47 35.7-54.3 abcde 85%

R8-lipo 36 23 31.4-40.5 a 38%
RGD-lipo 38 3.9 29.2-44.7 ab 46%

4. Conclusion

We here successfully developed a tandem peptide R8-RGD
modified liposomal drug delivery system for anti-glioma therapy.
R8-RGD, as a multifunctional ligand, displayed high BBB

transporting, selectively glioma targeting and tumor penetrating
capabilities. Based on all the studies in this report, we claimed the
multifunctional tandem peptide R8-RGD as an effective ligand for
BBB and glioma targeting, and R8-RGD modified liposomes as a
potential anti-tumor drug delivery system.
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