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ABSTRACT: The chemotherapy of aggressive glioma is usually accom-
panied by a poor prognosis because of the formation of vasculogenic mimicry
(VM) and brain cancer stem cells (BCSCs). VM provided a transporting
pathway for nutrients and blood to the extravascular regions of the tumor,
and BCSCs were always related to drug resistance and the relapse of glioma.
Thus, it is important to evaluate the inhibition effect of antiglioma drug
delivery systems on both VM and BCSCs. In this study, paclitaxel-loaded
liposomes modified with a multifunctional tandem peptide R8-c(RGD) (RS-
c(RGD)-Lip) were used for the treatment of glioma. An in vitro cellular

R8-c(RGD)

uptake study proved the strongest targeting ability to be that of R8-c(RGD)-

Lip to glioma stem cells. Drug loaded R8-c(RGD)-Lip exhibited an efficient antiproliferation effect on BCSCs and could induce
the destruction of VM channels in vitro. The following pharmacodynamics study demonstrated that R8-c(RGD)-modified drug-
loaded liposomes achieved both anti-VM and anti-BCSC effects in vivo. Finally, no significant cytotoxicity of the blood system or
major organs of the drug-loaded liposomes was observed under treatment dosage in the safety evaluation. In conclusion, all of the
results proved that R8-c(RGD)-Lip was a safe and efficient antiglioma drug delivery system.
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1. INTRODUCTION

Glioma is considered as one of the most aggressive and
devastating diseases of the central nervous system, with a
median survival of 14.6 months."”” Among all of the therapeutic
methods, chemotherapy remains the most commonly used
means of glioma treatment.”* However, the chemotherapeutic
effect of glioma is often compromised due to several
physiologic obstacles. The blood—brain barrier, also known as
BBB, represents the first insurmountable barrier for most
drugs.” As a sanctuary of the central nervous system against
invading organisms and unwanted substances, the BBB
prevents the intracerebral delivery of almost all exogenous
macromolecules and 98% of small-molecule drugs.”” Poor drug
penetration thus reduces the potential for antiglioma efficacy.
Meanwhile, the existence of vasculogenic mimicry (VM) and
brain cancer stem cells (BCSCs) would inevitably lead to a
poor prognosis and relapse of glioma. VM was first introduced
as a tubular structure to transport erythrocytes and plasma in
melanoma.® Recent research has confirmed the formation and
clinical significance of VM in medulloblastoma and glioblasto-
ma.’” Unlike the endothelium-lined blood vessels, VM channels
were vessel-like structures, formed by malignant tumor cells,
which displayed a high degree of plasticity and provided an
alternative pathway for nutrient transportation to tumor cells in
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hypoxic and ischemic areas.®'%™!3 Cancer stem cells, however,
were commonly thought to be able to self-renew and
differentiate into the heterogeneous cell types that constitute
a tumor.'* BSCSs were one of the first identified cancer stem
cells in solid tumors'>'® and were considered to be responsible
for the maintenance and relapse of brain tumors after
conventional treatment.'” Therefore, a superior antiglioma
drug delivery system should transport drugs across the BBB,
target the tumor foci efficiently, and then undergo combined
treatment against both vasculogenic mimicry and brain cancer
stem cells.

Up until now, numerous studies had proved that ligand-
modified drug-loaded nanocarriers could successfully penetrate
the BBB and reach the glioma foci via transport proteins,
receptor-mediated transcytosis (RMT), or adsorptive-mediated
transcytosis (AMT).”"*™*° Among all of the ligands, cell-
penetrating peptides (CPPs) have recently gained significant
importance for drug delivery into the brain.”*~>’ These
positively charged peptides are capable of penetrating lipidic
membranes rapidly via AMT and have been successfully used
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for bypassing the P-glycoprotein (P-gp) in the BBB.”**
However, the nonspecific penetrating ability greatly limited the
application of of CPPs in the systemic administration. In our
previous study, we have identified a specific ligand-modified
cell-penetrating peptide to overcome this bottleneck.”® By
conjugating cyclic RGD [c(RGD)] to octa-arginine (R8), the
cell-penetrating peptide R8 was endowed with the integrin o, f;
binding affinity. Thus, the tandem peptide R8-c(RGD)
possessed both selective binding and efficient penetrating
capabilities and was proven to be a potential ligand for BBB and
glioma targeting. The previous study mainly focused on
investigating the improved targeting and penetrating properties
of the modified liposome itself. However, the detailed
pharmacodynamic study in the previous work is not enough.
Therefore, the main point of this study is to further evaluate the
antiglioma therapeutic effects and mechanism. By carrying out
the pharmacodynamics evaluation against vasculogenic mimicry
and brain cancer stem cells, which are both involved in the
glioma, we have given a comprehensive understanding of R8-
c(RGD)-modified liposomes and proved the synthesized
antiglioma therapeutic effects of PTX-loaded R8-c(RGD)-Lip.
We studied the targeting efficacy on BCSCs, investigated the
inhibition effect of R8-c(RGD)-modified liposomes on VM
channels and BCSCs both in vitro and in vivo, and finally
carried out a safety evaluation of the modified drug-loaded
liposomes.

2. MATERIALS AND METHODS

2.1. Materials and Animals. Peptides with terminal
cysteines including R8-c(RGD) peptide [Cys-RRRRRRRR-
c(RGDfK), cysteine-modified octa-arginine conjugated to the
branch of lysine], cyclic RGD peptide [Cys-c(RGDfK),
cysteine conjugated to the branch of lysine], and R8 peptide
(Cys-RRRRRRRR) were synthesized according to the standard
solid-phase peptide synthesis by ChinaPeptides Co. Ltd.
(Shanghai, China). Soybean phospholipids (SPC) and
cholesterol were obtained from Shanghai Taiwei Chemical
Company (Shanghai, China) and Chengdu Kelong Chemical
Company (Chengdu, China), respectively. DSPE-PEG,q, and
DSPE-PEG,yp-Mal were purchased from Shanghai Advanced
Vehicle Technology (AVT) LTD Company (Shanghai, China).
Paclitaxel (PTX) was purchased from AP Pharmaceutical Co.
Ltd. (Chongging, China). Rabbit anti-integrin a,, anti-CD133,
and anti-GAPDH primary antibodies were purchased from
Boster. Horseradish peroxidase (HRP)-labeled goat antirabbit
secondary antibody was purchased from ZSGB-BIO (Beijing,
China). The 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-(carboxyfluorescein) (CFPE) used was purchased from
Avanti Polar Lipids. The 4’-6-diamidino-2-pheylindole
(DAPI) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) used were purchased from Beyotime
Institute Biotechnology (Haimen, China). BD Matrigel Base-
ment Membrane Matrix was purchased from BD Biosciences
(Franklin Lakes, NJ). B27 supplement was purchased from Life
Technologies, Thermo Fisher Scientific Inc.. Basic fibroblast
growth factor (bFGF) and epidermal growth factor (EGF)
were purchased from Shanghai PrimeGene BIO-Tech Co., Ltd.
(China). The Annexin V-FITC/propidium iodide (PI)
apoptosis detection kit was obtained from KeyGEN Biotech
(China). All other chemicals were obtained from commercial
sources.

Murine glioma C6 cells was cultured in RPMI-1640 medium
(Gibco) supplement with 10% fetal bovine serum (FBS), 100

U/mL penicillin, and 100 pg/mL streptomycin at 37 °C in a
humidified 5% CO, atmosphere.

BALB/c mice were purchased from West China animal
center of Sichuan University (Sichuan, China). All animal
experiments were approved by the Experiment Animal
Administrative Committee of Sichuan University.

2.2. Preparation of Liposomes. DSPE-PEG,,-R8-c-
(RGD), DSPE-PEG,,-RGD, and DSPE-PEG,q-R8 were
synthesized as reported before.”® PEGylated liposomes (PEG-
Lip), R8-c(RGD)-modified liposomes [R8-c(RGD)-Lip], R8-
modified liposomes (R8-Lip) and RGD-modified liposomes
(RGD-Lip) were all prepared through the thin-film hydration
method. Briefly, PTX and all of the lipid materials (SPC,
cholesterol, DSPE-PEG,q, and differently peptide-modified
DSPE-PEG,,) were dissolved in chloroform, and the organic
solvent was evaporated to form a lipid film. After being kept in
a vacuum overnight, the film was hydrated in phosphate-
buffered saline (PBS) at pH 7.4 for 20 min, and the solution
was sonicated by a probe sonicator at 80 W for 80 s to form
different PTX-loaded liposomes. CFPE-labeled liposomes were
prepared by PTX being replaced by the appropriate amount of
CFPE. The mean size and { potential of different drug-loaded
liposomes were measured by Malvern Zetasizer Nano ZS90
(Malvern Instruments Ltd.). The entrapment efficiency (EE%)
of PTX was determined by HPLC (Agilent).

2.3. The Culture of C6 Stem Cells. C6 stem cells were
cultured through a described protocol.27 In brief, C6 cells were
trypsinized and resuspended with serum-free DMEM culture
medium containing 2% B27 supplement, 20 ng/mL bFGF, and
20 ng/mL EGF. The cells were then continuously cultured for
3 weeks until the tumor stem cell spheres were formed. The
induced C6 stem cells could then be suspended with serum-
containing culture medium again and used for phenotypical
identification and further study.

2.4. Western Blot Study. Conventional C6 glioma cells
and the induced C6 stem cells were homogenized with cell lysis
buffer containing protease inhibitors. The total protein of C6
cells and C6 stem cells was then collected and resolved on 10%
SDS-PAGE, and the gels were transferred to polyvinylidene
difluoride membranes. The membranes were incubated with
rabbit anti-integrin «,, anti-CD133, or anti-GAPDH primary
antibodies, followed by incubation with HRP-labeled goat
antirabbit secondary antibodies, and finally detected by
Immobilon Western HRP Substrate (Millipore) on a Bio-Rad
ChemiDoc MP System (Bio-Rad Laboratories).

2.5. Cellular Uptake Study on BCSCs. C6 stem cells were
suspended with serum-containing culture medium, plated in the
six-well plates at a density of S X 10° cells per well, and allowed
to culture for 24 h. CFPE-labeled liposomes were added into
the wells at a final CFPE concentration of 1.5 yg/mL for 4 h of
cellular uptake. The cells were then washed with cold PBS
twice, trypsinized, resuspended, and detected using a flow
cytometer (Cytomics FC 500, Beckman Coulter). For
qualitative study, gelatin-coated coverslips were preset in the
six-well plates, and the C6 stem cells were seeded at a density of
1 X 10° cells per well. After 4 h of incubation with CFPE-
labeled liposomes, cells were washed with cold PBS three times,
fixed in 4% paraformaldehyde for 30 min, and stained with
DAPI for 5 min. The cells were finally imaged by confocal
microscope (FV1000, Olympus).

2.6. Destruction of VM Channels. Matrigel-based tube
formation assay was carried out to evaluate the formation and
destruction of VM channels. A sample of 200 yL of Matrigel
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Table 1. Particle Sizes, { Potentials, and PTX Entrapment Efficiency of Different PTX-Loaded Liposomes (n = 3, mean + SD)

R8-c(RGD)

size (nm) PDI ¢ potential (mV) entrapment efficiency (%)
PTX—PEG-Lip 106.3 + 1.1 0.212 + 0.031 —6.80 + 0.66 93.65 + 2.13
PTX-R8-c(RGD)-Lip 107.6 + 1.9 0.226 + 0.022 —2.96 + 0.80 92.81 + 5.38
PTX-R8-Lip 102.5 + 2.3 0.204 + 0.015 —2.33 £ 0.27 90.94 + 3.66
PTX-RGD-Lip 100.8 + 1.5 0.201 + 0.018 —7.36 + 0.32 92.37 £ 491
A B 12 .
10.. Size Dist;ibution by Intensity
Ks
;95/ 26
Dbs\ a
8 4
£ 2
D a3~ ol 0
1 10 100 10000
Size (d. nm)
C
400000 : :
> | Zeta Potential Distribution
\ £ 300000
° |
) < 200000!
2 I
= 100000

0
-200

-100 0 100 200
Zeta Potential (mV)

Figure 1. (A) Schematic of R8-c(RGD)-Lip. (B) Size distribution graph of PTX-R8-c(RGD)-Lip. (C) { potential distribution graph of PTX-R8-

c(RGD)-Lip.

was added into 24-well plates and allowed to solidify under 37
°C for 1 h. C6 cells were plated in the Matrigel-coated wells at a
density of 2.5 X 10° cells per well. The formation of VM
channels was detected and photographed using a Carl Zeiss
40CFL Axiovert 40 inverted microscope (Germany) after 6 and
24 h of incubation.

2.7. Cytotoxicity Study on BCSCs. The cytotoxicity study
was evaluated using an MTT assay. Briefly, C6 stem cells were
suspended with serum-containing culture medium and plated in
the 96-well plates at a density of 2 X 10* cells per well. After
being cultured for 24 h, different PTX formulations or blank
liposomes were added to the wells for another 24 h of
incubation. A 20 L sample of MTT solution (S mg/mL) was
added in the wells. A total of 4 h later, the medium was
replaced by 150 uL of dimethyl sulfoxide, and the absorbance
was determined at 490 nm with a microplate reader (Thermo
Scientific Varioskan Flash).

2.8. Apoptosis Study on BCSCs. For the apoptosis study,
C6 stem cells were treated with PTX-loaded liposomes or free
PTX at a drug concentration of 1 yg/mL for 24 h. The cells
were then collected, washed three times with cold PBS, and
incubated with 5§ uL of Annexin V-FITC and 5 uL of PI for 15
min in the dark. Finally, the stained cells were analyzed by a
flow cytometer (Cytomics FC 500, Beckman Coulter).

2.9. Antiglioma Efficacy. Intracranial glioma models were
established on BALB/c mice. Briefly, the mice were
anesthetized with 5% chloral hydrate and immobilized on a
stereotaxic apparatus. C6 cells (1 X 10° cells/S yL in PBS) were
slowly injected into the right brain of each mouse. The mice
were then randomly divided into 6 groups including saline, free
PTX, PTX—PEG-Lip, PTX-R8-c(RGD)-Lip, PTX-R8-Lip, and
PTX-RGD-Lip (n = 11). Saline or PTX formulations were
intravenously injected into these glioma-bearing mice via the
tail vein at 4, 6, 8, 10, 12, and 14 days after glioma inoculation
(PTX dosage of 3 mg/kg). On the 1S5th day of glioma
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implantation, one mouse of each group was sacrificed by heart
perfusion with PBS and 4% paraformaldehyde, and then the
brains were collected for paraffin sections. Hematoxylin and
eosin (HE) staining was performed for tumor tissue
observation. CD34 and periodic acid—Schiff (PAS) dual
staining was used for VM monitoring, and the CD133-based
immunoperoxidase method was carried out for BCSCs
observation. The survival time of the rest of the mice was
recorded and Kaplan—Meier survival curves were plotted for
each group.

2.10. In Vivo Safety Evaluation. The safety evaluation of
drug-loaded liposomes was carried out using healthy BALB/c
mice. A total of 30 mice were divided into 6 groups randomly
(n = S) and were intravenously injected with saline, free PTX,
PTX—PEG-Lip, PTX-R8-c(RGD)-Lip, PTX-R8-Lip, or PTX-
RGD-Lip at a PTX dosage of 3 mg/kg. The injections were
performed every other day for a total of six injections. A total of
24 h after the last injection, the mice were sacrificed, and blood
samples were obtained for hematological and biochemistry
analysis. For hematological analysis, red blood cells (RBC),
white blood cells (WBC), and platelets (PLT) were counted by
a MEK-6318K automated hematology analyzer (Nihonkohden,
Shinjuku-ku, Japan). As for the biochemical analysis, creatine
kinase (CK), aspartate transaminase (AST), alanine amino-
transferase (ALT), urea nitrogen (BUN), and creatinine
(CREA) levels were measured by a Hitachi 7020 automatic
biochemical analyzer (Hitachi Ltd., Hyogo, Japan). Meanwhile,
the major organs including heart, liver, spleen, lung, kidney, and
brain were also collected for histologic study. HE staining was
performed for tissue observation.

2.11. Statistical Analysis. All of the data were presented as
mean =+ standard deviation. Statistical comparisons were
performed by one-way ANOVA for multiple groups, and p
values of <0.05 and <0.01 were considered indications of
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Figure 2. (A) Expression level of integrin @, and CD133 on C6 cells and C6 stem cells. (B) Results from 4 h of cellular uptake of CFPE-labeled
liposomes on C6 stem cells determined by a flow cytometer (n = 3, mean + SD); *** indicates p < 0.001. (C) Confocal images of 4 h of cellular

uptake of CFPE-labeled liposomes on C6 stem cells.

statistical difference and statistically significant difference,
respectively.

3. RESULTS

3.1. Characterization of Liposomes. Paclitaxel-loaded
liposomes (PTX-Lip) with average sizes of less than 110 nm
were successfully prepared (Table 1). The polydispersity index
(PDI) of all of the liposomes was between 0.2 and 0.3,
indicating a uniform distribution of the drug-loaded liposomes.
Panels B and C of Figure 1, respectively, exhibited the size and
{ potential distribution graphs of PTX-R8-c(RGD)-Lip. As for
the surface charge of different liposomes, it could be seen that
the modification of positively charged arginine-containing
peptide (R8 and R8-c(RGD)) increased the ¢ potential of
liposomes from approximately —7 mV to about —3 mV (Table
1). The entrapment efficiency of PTX was higher than 90% in
all of the liposome groups.

3.2. Receptor Expression Level. The expression level of
CD133 was detected for the phenotypical identification of the
in vitro cultured C6 stem cells. Compared to the expression on
normal C6 glioma cells, the expression of CD133 on C6 stem
cells was significantly increased (Figure 2A), implying the
successful induction of brain cancer stem cells in vitro.
Meanwhile, as we utilized cyclic RGDIK as the specific binding
motif of the tandem peptide (which was widely used for
targeting the integrin «, family overexpressed on different
cancer cells including gliomas, melanomas and ovarian
carcinomas),”**’ the expression level of integrin @, was also
measured. C6 cells and C6 stem cells were both integrin a,-
positive expressed cells, and no significant difference of the
integrin expression level was observed between them (Figure
2A). However, we have taken a morphological image of C6
stem cells to provide a more sufficient characterization (see
Figure SI in the Supporting Information). The stem cells were
shown as monospheres uniformly at diameters of approximately
50—100 pm.

3.3. Cellular Uptake on BCSCs. Cellular uptake on C6
stem cells was measured using CFPE-labeled liposomes to
evaluate the targeting efficiency of R8-c(RGD)-Lip to brain
cancer stem cells in vitro. As shown in Figure 2B, R8 increased

the uptake degree almost 20-fold compared to the results for
conventional PEGylated liposomes, while cyclic RGDfK only
increased 1.3-fold. The tandem peptide R8-c(RGD) signifi-
cantly improved the internalization of liposomes on C6 stem
cells (by 1.7-fold) compared to the levels in R8-Lip. The
qualitative observation of the confocal images showed the same
results (Figure 2C). The strongest green fluorescence was
observed in the R8-c(RGD)-Lip group. Meanwhile, it could be
seen from the staining of DAPI that cancer stem cells exhibited
the trend of gathering into clusters during the culture process,
which showed the motility and plasticity of cancer stem
cells.’>*' According to the cellular uptake results, the tandem
peptide R8-c(RGD) proved the superior brain cancer stem cell
targeting ability.

3.4. Cytotoxicity and Apoptosis Study on BCSCs. The
cytotoxicity study against brain cancer stem cells was carried
out using MTT assay. Given that liposomal drug-delivery
systems are known to be biocompatible, the blank liposome
vehicles did not show significant cytotoxicity on C6 stem cells
as we expected (Figure 3B). The solvent of paclitaxel (ethanol—
cremophor ELP 3S mixture, v/v = 1:1) displayed somewhat of
an inhibition effect as the concentration increased. However, all
of the PTX-loaded liposomes and free PTX exhibited
concentration-dependent inhibition effects on C6 stem cells
(Figure 3A). Among all of the drug-loaded liposome groups,
PTX-R8-c(RGD)-Lip induced the strongest antiproliferation
effect on C6 stem cells, indicating that more drug was delivered
into the cells. Annexin V—PI dual staining was utilized for the
apoptosis study on C6 stem cells. According to the cellular
apoptosis dot diagrams (Figure 4 A1—AS), compared to the
results for other groups, the distribution of the PTX-R8-
c(RGD)-Lip-treated BCSCs displayed a significant upward
movement, implying an increased number of late apoptosis and
necrotic cells. After 24 h of treatment with PTX—PEG-Lip,
PTX-R8-c(RGD)-Lip, PTX-R8-Lip, PTX-RGD-Lip and free
PTX, the apoptosis and necrotic rates were 14.00 + 1.41%,
64.45 + 4.60%, 2545 + 3.04%, 1645 + 6.43%, and 20.75 +
0.77%, respectively (Figure 4B). All of the cytotoxicity and
apoptosis studies proved the enhanced inhibition effect of the
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Figure 3. (A) The cytotoxicity study of different PTX formulations on
C6 stem cells (1 = 3, mean + SD). *, ** and *** represent p < 0.0S, p
< 001, and p < 0.001 versus the PTX-R8-c(RGD)-Lip group,
respectively. (B) The cytotoxicity study of blank liposomes and free
PTX solvent on C6 stem cells (n = 3, mean + SD). The horizontal
coordinate represents the corresponding PTX concentrations of blank
vehicles.

R8-c(RGD)-modified PTX-loaded liposomes on brain cancer
stem cells in vitro.

3.5. Destruction of VM Channels in Vitro. To carry out
the in vitro evaluation of the anti-VM effect of PTX-loaded
liposomes, we utilized a reported Matrigel-based tube
formation model.**”** As shown in Figure SA, the C6 cells
without any treatment formed an obvious tube web only 6 h

Figure S. Destruction of C6 VM channels in vitro after 6 h (A) and 24
h (B) of treatment with free PTX or PTX-loaded liposomes; the
untreated group was used as the negative control.

after being seeded onto the Matrigel. The cells then began to
gather together, twisted, and finally formed thick tubular
structures within 24 h of incubation (Figure SB). However,
when the glioma cells were co-cultured with PTX formulations,
the cells only turned into tiny and thin tube analogues, and the
formation of these tubelike channels was significantly inhibited.
What is more, among all of the PTX-treated groups, only the
cells from the PTX-R8-c(RGD)-Lip group failed to aggregate
or form connecting nodes, indicating the strongest destruction
effect on VM channels of the tandem-peptide-modified drug-
loaded liposomes.

3.6. Antiglioma Efficacy. The pharmacodynamics study
was carried out to evaluate the antiglioma effects of PTX-loaded
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Figure 4. Apoptosis study on C6 stem cells after incubation with free PTX (Al), PTX—PEG-Lip (A2), PTX-R8-c(RGD)-Lip (A3), PTX-R8-Lip
(A4), and PTX-RGD-Lip (AS). (B) The percentage of apoptosis and necrotic cells after treatment with different PTX formulations (n = 3, mean +
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Figure 6. Antiglioma study of PTX-loaded liposomes on intracranial-C6-bearing mice. (A) Kaplan—Meier survival curve of intracranial-C6-glioma-
bearing mice treated with different PTX formulations (n = 10). The saline group was used as the negative control. Red arrows indicate the times of
treatment. (B) HE staining of brain glioma tissues. Scale bars represent 400 ym. (C) CD34-PAS dual staining of brain glioma tissues. Scale bars
represent 200 ym. Black arrows indicate pink vasculogenic mimicry in vivo. (D) CD133 staining of brain glioma tissues. Scale bars represent S0 ym.
Brain cancer stem cells with CD133 positive expression were shown in brown.

liposomes. As shown in the Kaplan—Meier survival curves
(Figure 6A), the median survival time of the intracranial-
glioma-bearing mice was significantly prolonged after six rounds
of treatment compared to that of the untreated saline group (24
days). Among all of the PTX-treated groups, the PTX-R8-
c(RGD)-Lip group exhibited the most efficient antiglioma
effect by prolonging the medium survival time to 43 days,
significantly longer than that of the free PTX group (30 days),
the PTX—PEG-Lip group (32 days), the PTX-R8-Lip group
(35 days), and the PTX-RGD-Lip group (35 days) (Table 2).
Several histological analyses at the glioma foci were then
utilized to investigate the therapeutic effect of PTX
formulations. Figure 6B displayed the hematoxylin—eosin
(HE) staining photos. Compared to that of the other groups,
a significantly decreased tumor area was observed in the PTX-

Table 2. Median Survival Time of the Glioma-Bearing Mice
Treated with Different PTX Formulations”

95% increased
median  standard  confidence  significant survival
group (day) error interval results time
saline 24 2.0 18.5-26.3 - -
free PTX 30 2.1 24.7-32.7 a 25%
PTX-PEG- 32 22 26.1-34.7 a 33%
Lip
PTX-R8- 43 1.9 38.3—45.9 ab,cde 79%
<(RGD)-
Lip
PTX-R8- 35 2.7 28.6—39.2 a 46%
Lip
PTX-RGD- 35 2.3 31.5-40.5 a 46%
Lip

“a, p < 0.05 versus saline; b, p < 0.0S versus free PTX; ¢, p < 0.05
versus PTX—PEG-Lip; d, p < 0.05 versus PTX-R8-Lip; ¢, p < 0.05
versus PTX-RGD-Lip).

16797

R8-c(RGD)-Lip group, indicating the enhanced antiprolifera-
tion effect induced by the tandem peptide R8-c(RGD) in vivo.
CD34 periodic acid—Schiff dual staining was used for the
observation of VM channels in vivo. As shown in Figure 6C,
pink tubular structures displayed a scattered distribution at the
glioma foci, and an obvious reduction of these pink channels
could be observed in the PTX-R8-c(RGD)-Lip group.
Immunohistochemical CD133 staining was utilized for the
identification of brain cancer stem cells. CD133-positive cells
were stained in brown, and negative cells were shown in blue.
Figure 6D demonstrated a host of BCSCs in the untreated
group, and the number of BCSCs greatly decreased after the
treatment of PTX-R8-c(RGD)-Lip. Therefore, the tandem
peptide R8-c(RGD)-modified paclitaxel-loaded liposomes
displayed antiglioma, anti-VM, and anti-BCSCs effects, which
would lead to an efficient glioma treatment including tumor
inhibition, cutting off the nutrient-transporting channels, and
preventing the relapse of glioma.

3.7. Safety Evaluation of Drug-Loaded Liposomes.
Paclitaxel is known for the myelosuppression effect on
organisms,” and thus the systemic toxicity of drug-loaded
liposomes was evaluated here in healthy mice. As shown in
Table 3, the free PTX drug-treated mice displayed a significant
decrease in WBC compared to the results from the saline
group, but none of the liposomal groups showed significant
cytotoxicity on the blood system. As for the biomarkers, CK
was used as an indicator for the diagnosis of cardiac diseases,*
AST and ALT were used for the evaluation of liver functions,*
and the change in BUN and CREA usually indicated kidney
injury.36 According to the data shown in Table 4, the level of
AST and ALT exhibited a significant increase in the free PTX
group, indicating the potential hepatotoxicity of paclitaxel.
However, no obvious influence on any of the serum biomarkers
was observed among all of the liposomal treatment groups. The
HE staining also demonstrated that all of the main organs

DOI: 10.1021/acsami.5b04596
ACS Appl. Mater. Interfaces 2015, 7, 16792—16801


http://dx.doi.org/10.1021/acsami.5b04596

ACS Applied Materials & Interfaces

Research Article

Table 3. Blood Cell Levels in BALB/c Mice after Treatment
with Different PTX Formulations (n = 5)

groups WBC x 10°/L* RBC X 10'*/L  PLT X 10°/L
saline 3.98 £ 0.19 7.72 = 0.99 401 + 60
free PTX 267 + 059" 7.22 + 0.73 404 + 87
PTX-PEG-Lip 3.70 + 1.01 846 + 0.51 410 + 40
PTX-R8-c(RGD)-Lip 375 + 023 7.75 + 043 419 + 49
PTX-R8-Lip 332 + 0.68 7.25 + 1.36 399 + 69
PTX-RGD-Lip 3.88 + 191 7.31 + 0.62 416 + 71

“WBC; white blood cells. RBC: red blood cells. PLT: platelets. bp <
0.05 versus saline.

(including the heart, liver, spleen, lung, kidney, and brain) were
normal and without obvious histopathological lesions (Figure
7). Thus, all of these results proved the safety and
biocompatibility of a liposomal drug delivery system at the
treatment dose.

4. DISCUSSION

In this study, we successfully prepared paclitaxel-loaded
liposomes decorated with a tandem peptide, R8-c(RGD).
The chemical and physical properties including size, surface
charge, and surface chemistry are important factors that
determine the pharmacokinetics and biodistribution of nano-
particles.37 Herein, all of these different modified liposomes
were uniformly distributed with high PTX-entrapment
efficiency. All of the lipid materials were negatively charged,
and the modification amount of peptides in this study was
relatively low. Thus, although polyarginine is known to be a
positively charged peptide, the { potential of R8-containing
liposomes was still around —3 mV (Table 1). The weak
negatively charged property would benefit the behavior of
liposomes in vivo and could avoid the interaction of liposomes
with plasma proteins at some degree.”

Cell-penetrating peptides, also termed as “Trojan Horses”
recently,” were famous for their power to break through
biobarriers for the mediation of drug delivery into cells and
tissues.””~** Thus, R8 greatly improved the liposomal uptake
on brain cancer stem cells (Figure 2B). In contrast, the
modification of cyclic RGD only slightly increased the cellular
uptake because these so-called “homing peptides” could just
selectively bind to cell surface receptors but exhibited relatively
weak internalization properties.43 Thus, cyclic RGD could not
mediate efficient cellular uptake even if the C6 stem cells also
overexpress integrin o, However, when cyclic RGD was
conjugated to acta-arginine to form the tandem peptide R8-
c(RGD), the liposomal uptake was further elevated 1.7-fold
compared to the results from R8-Lip (Figure 2B). The
significant increase demonstrated a synergistic internalization
effect of the tandem peptide. When the RGD motif specifically

idne: Brain
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Figure 7. Histological analysis of the different organs of BALB/c mice
after treatment with different PTX formulations. Scale bars represent
200 pm.

recognized integrin @, f; on the cancer stem cells, the liposomes
were drawn into closer contact with the cell surface, which
enhanced the possibility of the R8 domain exerting the
penetrating effect.”®** The enhanced internalization into
brain cancer stem cells would contribute to improve the
therapeutic effects both in vitro and in vivo.

Because this study was mainly focused on the treatment of
brain cancer stem cells in malignant glioma, a series of
pharmacodynamics evaluations in vitro were carried out using
the serum-free cultured C6 stem cells; thus, it is necessary to
certify the phenotype of the cultured glioma stem cells. The
five-transmembrane glycoprotein CD133 (also known as
prominin-1) is commonly designated as a marker for
identifying cancer stem cells in different tumor types."* The
increased expression of CD133 on glioma cells is always related
with tumoriégenic, motility, drug resistance, and poor
prognosis.'>'®* Figure 2A proved the significantly increased
expression level of CD133 on the cultured C6 stem cells in this
study, indicating the successful induction of brain cancer stem
cells in vitro. When the C6 stem cells were used for cytotoxicity
study, we had identified an interesting phenomenon. In the
previous research, we have reported the cytotoxicity study of
the same PTX-loaded liposomes as used herein on C6 glioma
cells.”® By comparing the antiproliferation effect on conven-
tional glioma cells (in the previously published data) with that
on brain cancer stem cells (Figure 3A), it could be observed
that the cell viability of C6 stem cells was significant higher than
that of C6 cells at the same dosage of the same PTX
formulation. This difference resulted from the drug resistance
of cancer stem cells. Cancer stem cells were thought to have an
important mechanism of multiple drug resistance (MDR Jo7

Table 4. Serum Biomarkers in BALB/c Mice after Treatment with Different PTX Formulations (n = §)

groups CK (UL) AST (IU/L)
saline 724.3 + 104.1 190.3 + 42.8
free PTX 869.3 £ 116.5 253.6 + 51.7¢
PTX-PEG-Lip 611.7 + 160.7 147.6 + 36.5
PTX-R8-c(RGD)-Lip 648.5 + 160.8 183.3 + 55.9
PTX-R8-Lip 783.5 + 2543 190.5 + 394
PTX-RGD-Lip 751.7 £ 155.6 160.0 + 36.4

“p < 0.0S versus saline group.
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ALT (IU/L) BUN (mM) CREA (uM)
27.6 + 104 71+ 0.7 SS =+ 11
54.0 + 9.6 7.9 £08 6.2 + 0.5
36.1 £ S.1 73 £ 0.5 S5+ 13
423 £ 68 8.7 £ 04 6.5+ 19
455 £ 7.8 7.7 £ 1.1 S3+ 1S
30.7 £ 7.6 8.6+ 0.8 5.7 09
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Many researchers had identified that the ATP-binding cassette
(ABC) drug transporters (for example, the most well known
ABC transporter P-glycoprotein (P-gp)) have been shown to
protect cancer stem cells from chemotherapeutic agents.”’~*" A
recent study has confirmed that integrin a,f; expressed on the
cancer stem cells also contributed to the therapeutic
resistance.”’

Another important point of this study was the antiprolifera-
tion effect against the vasculogenic mimicry in glioma.
Malignant glioma cells exhibited a high degree of plasticity,
such that they were easy to differentiate and formed tubelike
structures for nutrient transporting to tumor cells in vivo, which
was termed as vasculogenic mimicry.'”'>"? Figure 5 demon-
strated the tubular structure formation property of glioma cells
on the Matrigel. The R8-c(RGD)-modified drug-loaded
liposomes indeed induced the strongest destruction effect on
VM channels in vitro. The next in vivo evaluation also certified
the efficient anti-VM capability of PTX-R8-c(RGD)-Lip.
CD34-PAS dual staining was a commonly used method for
VM identification. CD34 was used for the staining of
endothelium cells and endothelial vascular tissue, and PAS
could identify vascular basement membranes."> Thus, as
alternative nutrient-transporting channels formed by tumor
cells instead of endothelial cells, the VM would act like CD34-
negative and PAS-positive channels.'”"* The amount of VM
channels in the glioma foci was significantly decreased after the
treatment of PTX-R8-c(RGD)-Lip (Figure 6C). The destruc-
tion of vasulogenic mimicry would interrupt the nutrient and
blood transporting to the extravascular core region of the
tumor, thus leading to the improved antiglioma therapeutic
effect.”™>

In this study, we have carried out a long-term toxicity
evaluation of different PTX formulations. The mice were
treated with a therapeutic dose of the drug every other day for a
total of six injections. The hematological and biochemical
analysis and the histological study then proved the safety of the
liposomal formulations. As for the acute toxicity evaluation, we
have increased the dose to 15 mg/kg (5-fold compared to the
treatment dose) and tried to detect the median lethal dose
(LDSO0) of different PTX formulations. However, as liposomes
are known to be biocompatible, no mice died after a single
systemic administration within 24 h (data not shown). Due to
the relatively low drug-loading rate of liposomes, we are not
able to further increase the dose of PTX. Therefore, through
both acute and long-term toxicity evaluation, we concluded that
the PTX-loaded liposomes were safe and biocompatible, at least
at the treatment dose.

5. CONCLUSIONS

In this study, we have investigated the antiglioma effect of
paclitaxel-loaded liposomes modified with a multifunctional
tandem peptide R8-c(RGD). PTX-R8-c(RGD)-Lip displayed a
strong targeting ability to brain cancer stem cells and exhibited
an efficient inhibition effect on vasculogenic mimicry and
cancer stem cells of glioma, both in vitro and in vivo. In
conclusion, all of the results indicated that the R8-c(RGD)-
modified liposomes could serve as a potential drug delivery
system for antiglioma treatment.
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