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a b s t r a c t

Combinations of drugs promoting anti-angiogenesis and apoptosis effects are meaningful for cancer
therapy. In the present study, dual peptides-modified liposomes were designed by attaching two
receptor-specific peptides, specifically low-density lipoprotein receptor-related protein receptor
(Angiopep-2) and neuropilin-1 receptor (tLyP-1) for brain tumor targeting and tumor penetration.
Vascular endothelial growth factor (VEGF) siRNA and chemotherapeutic docetaxel (DTX) were chosen as
the two payloads because VEGF is closely associated with angiogenesis, and DTX can kill tumor cells
efficiently. Binding to glioma cells, co-delivery of siRNA and DTX in human glioblastoma cells (U87 MG)
and murine brain microvascular endothelial cells (BMVEC), VEGF gene silencing, antiproliferation and
anti-tumor effects of the dual peptides-modified liposomes were evaluated in vitro and in vivo. The dual
peptides-modified liposomes persisted the binding ability to glioma cells, enhanced the internalization
via specific receptor mediated endocytosis and tissue penetration, thus the dual peptides-modified li-
posomes loading VEGF siRNA and DTX possessed stimulative gene silencing and antiproliferation activity
compared with non-modified and single peptide-modified liposomes. The co-delivery research revealed
different intracellular behavior of hydrophilic large molecular and lipophilic small molecule, the former
involves endocytosis and subsequent escape of endosome/lysosomes, while the latter experiences pas-
sive diffusion of lipophilic small drugs after its release. Furthermore, the dual peptides-modified lipo-
somes showed superiority in anti-tumor efficacy, combination of anti-angiogenesis by VEGF siRNA and
apoptosis effects by DTX, after both intratumor and system application against mice with U87 MG tu-
mors, and the treatment did not activate system-associated toxicity or the innate immune response.
Combination with the dual peptides-guided tumor homing and penetration, the dual peptides-modified
liposomes provide a strategy for effective targeting delivery of siRNA and DTX into the glioma cell and
inhibition of tumor growth in a synergistic manner.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Glioblastoma multiforme (GBM), the most frequent and
aggressive form of malignant primary brain tumors, is universally
fatal due to its highly diffuse infiltration and striking angiogenic
potential surrounding the brain. Clinically, the median prognosis
for patients with GBM is approximately 15 months even with the
recent advances in diagnosis and therapy [1,2]. Cell invasion,
angiogenesis and tumor growth are intricatemechanisms involving
a variety of biochemical and cellular processes [3]. To inhibit these
processes cooperatively, innovative procedures are indispensable
.
3.com (X.-R. Qi).
and could arrest the aggressive growth of GBM. Recently, consid-
erable efforts have been devoted to advanced therapeutics based on
using multifunctional delivery systems with a combination of
traditional chemotherapeutic drug and sequence-specific small
interfering RNAs (siRNA), and these systems appear to be quite
promising in the effective treatment of cancer [4e6].

The combination of several types of therapeutic approaches
with distinct mechanisms is considered to be a potential strategy
for the effective treatment of cancers [7]. Chemotherapy is one of
the most common therapies employed in oncology. Docetaxel
(DTX), a microtubule-stabilizing taxane, be used for the treatment
of several malignancies [8]. Angiogenesis, which plays a critical role
in tumor growth and metastasis [9], is driven by vascular endo-
thelial growth factor (VEGF). VEGF is highly expressed in brain
tumors [10,11]. VEGF-targeted therapies has been developed to
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inhibit new blood vessel growth and starve tumors of necessary
oxygen and nutrients. Thus, VEGF siRNA and DTX were selected as
combination therapy of GBM by inhibit angiogenesis, starve and kill
tumor cells synergistically.

Nevertheless, therapeutic application of siRNA still faces
considerable obstacles due to its lability, poor membrane perme-
ability and short serum half-life [12]. DTX often cause severe side
effects because they produce a similar cytotoxicity in both
cancerous and healthy cells [13]. Promising approaches, including
lipid based delivery systems, polycationic polymers, nanoparticles
and conjugates, have been developed to achieve efficient delivery
of therapeutic agents to target cells. To date, liposomes represent
one of the most widely used strategies for systemic delivery of
therapeutic agents and have been verified to efficiently protect
siRNA from RNase degradation and to accumulate in tumor by
enhance permeability and retention (EPR) effects [14,15].

To ensure maximal deposition of siRNA and chemotherapeutic
drug in the target tissue, the delivery systems should deliver
therapeutic agents not only into the targeting tumor but also deep
inside the tumor tissue. Considering the heterogeneity of tumor
and its particular microenvironment, the strategy can possibly rely
on the development of specific affinity ligands to carry payloads to
the tumor. As shown in Scheme 1, two kinds of peptides, Angiopep-
2 and tLyP-1, were used in the study. As we know, the low-density
lipoprotein receptor-related protein (LRP) receptor, overexpressed
in both the bloodebrain barrier (BBB) [16] and human glioblastoma
cells [17,18], is a potential targeted moiety for glioma therapy.
Angiopep-2, which is derived from the Kunitz domain, has been
reported as a ligand that target to the LRP receptor and exhibits a
higher brain penetration capability than other proteins, such as
transferrin and lactoferrin [19,20]. TLyP-1, a new tumor homing
peptide containing the sequence motif (R/K)XX(R/K), has also been
demonstrated to be able to mediate tissue penetration through
neuropilin-1 dependent C-end Rule internalization [21], and the C-
end Rule peptides can facilitate tissue penetration to overcome the
problem caused by dysfunctional tumor vessels and high intersti-
tial pressure [22]. Thus, angiopep-2 and tLyP-1 were chosen as the
glioma-targeting, BBB and tumor-permeable peptides on the
liposomes.

Therefore, we designed tLyP-1 and Angiopep-2 dual peptides-
modified liposomes to efficiently co-delivery VEGF siRNA and DTX
to GBM tumors. Angiopep-2 and tLyP-1 were supposed to be con-
jugated with polyethylene glycol (PEG) and were modified onto the
liposomal surface to achieve the desirable GBM targeting and ther-
apy effect. The dual peptides-modified liposomes were expected to
accumulate into gliomas via EPR effects and active targeting to
mediate anti-angiogenesis and apoptotic effects simultaneously.
Efficient glioma access of co-deliver gene-specific VEGF siRNA and
DTX were expected. Moreover, the in vivo targeting efficiency, syn-
ergistic tumor suppression effect and toxicities of the liposomes
were evaluated on the U87 MG xenografted tumor mice model.

2. Materials and methods

2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy(polyethylene-
glycol) (DSPE-PEG2000) was purchased from NOF Corporation (Tokyo, Japan).
Angiopep-2 (TFFYGGSRGKRNNFKTEEYC, MW 2404.66) and tLyP-1 (CGNKRTR, MW
833.97) were synthesized by GL Biochem (Shanghai, China). 1,2-Dioleoyl-3-
trimethylammonium-propane (DOTAP) and N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)-1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (16:0 NBD-PE) were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). Soybean phosphatidylcholine
(SPC) was from Lipoid (Ludwigshafen, Germany). Cholesterol (Chol) was fromWako
Ltd. (Tokyo, Japan). Docetaxel (DTX) was purchased fromNorzer Pharmaceutical Co.,
Ltd. Taxotere� was commercially available from the local hospital of Bejing (Aventis
Pharma S.A., France). The scrambled siRNAs (siN.C.) and the FAM-labeled
negative siRNA (FAM-siRNA) (antisense strand, 50-ACGUGACACGUUCGGAGAATT-
30), as well as siRNA targeting VEGF (siVEGF, antisense strand, 50-
GAUCUCAUCAGGGUACUCCdTdT-30) were purchased from Genepharma (Shanghai,
China). The siRNAs are double-stranded RNA oligos containing 21 nt. All primers
were synthesized by AuGCT Biotechnology (Beijing, China). RPMI-1640 medium,
modified eagle medium (MEM), DMEM, penicillin-streptomycin, trypsin and
Hoechst 33258 were obtained from Macgene Technology (Beijing, China). Lyso-
Tracker Red and Green was purchased from Invitrogen (Carlsbad, CA, USA).
Coumarin-6 (Cou), Nile Red and sulforhodamine B (SRB) were from Sigma (St. Louis,
MO, USA). The DSPE-PEG2000-Angiopep and DSPE-PEG2000-tLyP-1 was synthetized
and confirmed by matrix-assisted laser desorption-ionization time of flight mass
spectrometer (MALDI-TOFMS, Bruker Daltonics, Germany). All other chemicals were
analytical or high performance liquid chromatography (HPLC) grade.

2.2. Cells culture

C6 cells (rat glioma cells) were grown in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS, Sijiqing, China), 100 IU/mL penicillin and 100 mg/
mL streptomycin. U87 MG cells (human glioblastoma cells) were cultured in MEM
supplemented with 1% non-essential amino acids, 10% FBS (GIBCO, USA), 100 IU/mL
penicillin and 100 mg/mL streptomycin. BMVEC (murine brain microvascular endo-
thelial cells) were cultured in DMEM supplemented with 20% FBS (GIBCO, USA),
100 IU/mL penicillin, 100 mg/mL streptomycin, 40 U/ml heparin and 100 mg/mL
endothelial cell growth factor. U251 MG cells (human glioblastoma cells) were
cultured inMEM supplementedwith 10% FBS (GIBCO, USA),100 IU/mL penicillin and
100 mg/mL streptomycin. All cells were maintained in a 37 �C humidified incubator
with a 5% CO2 atmosphere.

2.3. Preparation and characterization of liposomes

The normal cationic liposomes (Lp) with composition of DOTAP:SPC:Chol:DSPE-
PEG2000 (25:40:30:4, mol/mol), were prepared by direct hydration of a lipid film as
described previously [23]. Briefly, DTX or hydrophobic probe (Cou and Nile Red) and
all lipids were dissolved with chloroform-methanol (3:1, v/v) in a pear-shaped flask
and were subsequently evaporated to form dry film using a rotary evaporator under
vacuum at 40 �C. The lipid film was then hydrated using siRNA (FAM-siRNA, siN.C.
and VEGF siRNA, respectively) solution in sterilized 5% glucose (w/v), pretreated
with DEPC and sonicated for 5 min at 40 �C. Finally, the dispersion was filtered
through a 0.22 mmmembrane. The Angiopep-2-modified liposomes (A-Lp) and tLyP-
1-modified liposomes (t-Lp) were prepared followed the same procedures, except
the DSPE-PEG2000 was partially substituted by DSPE-PEG2000-Angiopep and DSPE-
PEG2000-tLyP-1 conjugates (0.5%, 1% and 3%, molar ratio), respectively. For
Angiopep-2/tLyP-1 dual peptides-modified liposomes (At-Lp), the content of both
conjugates was 3%.

To determine the binding of liposomes with C6 cells, NBD-PE was added to the
initial chloroform-methanol solution at a concentration of 1 mol% of all lipids. Then
identical procedures as above were conducted to prepare the liposomes.

Size, polydispersity index (PDI) and zeta potential of liposomes were deter-
mined by dynamic light scattering (DLS) using the Malvern Zetasizer Nano ZS
(Malvern, UK). The amount of DTX in the liposomes was determined by HPLC (LC-
20AT Pump, SPD-20AUV detector, Shimadzu, Japan). Themobile phase, composed of
acetonitrile: distilled water (60:40, v/v) at flow rate of 1 mL/min and with a wave-
length of 230 nm, was loaded onto an RP-18 column (4.6 mm � 250 mm, pore size
5 mm, Diamonsil). After filtration through a 220 nm membrane, the liposomes were
diluted with methanol and disrupted. The entrapment efficiency (EE%) of DTX was
calculated using the following equation:

EE% ¼
�
Wencapsulate=Wtotal

�
� 100%;

whereWencapsulate andWtotal represent the amount of DTX in liposomes and the total
amount of DTX in the system, respectively.

Agarose gel electrophoresis was carried out to determine the siRNA loading
abilities with liposomes at N/P ratios ranging from 0 to 20. The complexes were
electrophoresed for 15 min at 100 V in TBE buffer (40 mM Tris, 1 mM EDTA) on a 1%
(w/v) agarose gel containing 0.5 mg/mL ethidium bromide. The electrophoretic
mobility of the liposomes was visualized on a UV illuminator.

2.4. Effect of peptide density on cellular uptake

To investigate the effect of Angiopep-2 and tLyP-1 peptides density on cellular
uptake, Cou-labeled single peptide-modified liposomes (A-Lp and t-Lp) were pre-
pared at different peptide densities (0%, 0.5%, 1% and 3% molar ratio). C6 cells were
seeded at a concentration of 5 � 105 cells/well in six-well plates for 24 h. Then, the
cells were incubated with different liposomal formulations for 2 h at 37 �C and the
cells were rinsed with cold PBS, trypsinized and washed three times with cold PBS.
The samples were then centrifuged and resuspended with PBS. Approximately
104 cells were applied immediately using a FACSCalibur flow cytometer (Becton
Dickinson, CA, USA). The concentration of Cou was 150 ng/mL.

2.5. Binding of Angiopep-2 and tLyP-1 modified liposomes to cells

In order to assess the binding affinity of the Angiopep-2 and tLyP-1 modified
liposomes to cells, the NBD-PE labeled liposomes in various concentrations (from



Scheme 1. Two receptor-specific peptides, Angiopep-2 and tLyP-1, mediated liposomes and their tumor-targeting delivery strategy. The dual peptides-modified liposomes are
delivered and penetrated into the tumor via EPR effect and targeting efficacy of peptides. The therapy was based on a combination strategy involving the anti-angiogenesis gene
(VEGF siRNA) and apoptosis-inducing chemotherapy (DTX). With the endosome escape of siRNA and the release of DTX from liposomes, the exposure of siRNA and DTX could be
increased to cancer cells synchronously and would achieve optimal therapeutic efficacy.
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0.001 to 1 mM) were incubated with C6 cells (1 �106 cells/mL) for 1 h at 4 �C under
gentle agitation. Cells were trypsinized, counted and resuspended in complete
growth medium in advance. The cells were washed three times with cold PBS, then
centrifuged and resuspendedwith PBS. Themean fluorescence intensity (MFI) of the
resulting cell population was characterized via flow cytometry. The MFI versus
liposome concentration were plotted to generate a saturation binding curves. The
GraphPad Prism Software was used as previously described [24] to subtract the
contribution of non-specific binding (binding of unmodified liposomes) from total
binding (binding of Angiopep-2 or tLyP-1 modified liposomes) and calculate equi-
librium dissociation constants (Kd). Kd values are inversely related to affinity and
represent specific surface binding.

2.6. Cellular uptake in different cell lines

The enhancement of cellular uptake of the modified liposomes loaded with
FAM-siRNA was confirmed by fluorescence detection. Four types cells (U87 MG,
BMVEC, C6 and U251MG) were seeded in six-well plates at a density of 5�105 cells/
well (3�105 cells/well for U251MG) in 2mL of completeMEMmedium for 24 h. The
cells were rinsed with PBS and incubated with different liposomal formulations in
serum-free medium. After incubation for 4 h at 37 �C, the cells were rinsed with cold
PBS, trypsinized and washed three times with cold PBS containing heparin (125 U/
mL). The samples were centrifuged, resuspended and determined immediately by
flow cytometry.

In the competitive receptor experiment, excess free Angiopep-2 and tLyP-1
(1 mM) was added to the serum-free culture medium and incubated for 0.5 h
prior to the addition of At-Lp/siRNA, respectively. Then, cells were incubated at 37 �C
for an additional 4 h and fluorescence was detected using the same procedures
described above. The concentration of FAM-siRNA was 100 nM.

2.7. Intracellular trafficking and endosomal escape

A confocal fluorescent microscope was used to compare the intracellular dis-
tribution of the modified liposomes. FAM-siRNA and Nile Red double-labeled lipo-
somes were prepared as described above. Typically, U87 MG, BMVEC and U251 MG
cells (2 � 105) were seeded on glass-bottom dishes containing complete MEM
medium and incubated for 24 h. Following two washes with PBS, the double
peptides-labeled liposomes were treated in serum-free medium for 4 h at 37 �C. The
final concentrations of FAM-siRNA and Nile Red in the culture mediumwere 100 nM

and 1.25 mM, respectively. Subsequently, the cells were rinsed with cold PBS con-
taining heparin (125 U/mL) three times and fixed with 4% formaldehyde for 15 min
at room temperature. After another three rinses with cold PBS, the cell nuclei were
stained with Hoechst 33258 (5 mg/mL) for an additional 20 min at 37 �C. Then the
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cells were imaged using a confocal laser scanning microscope (CLSM, Leica, Hei-
delberg, Germany). FAM-siRNA, Nile Red and Hoechst were excited using 488 nm,
561 nm and 345 nm lasers, respectively.

To track the internalization and endosomal release of liposomal FAM-siRNA and
the intracellular distribution of Nile Red, U87 MG cells were incubated for 0.5 h or
2 h with At-Lp/FAM-siRNA and At-Lp/Nile Red, respectively. Then, endosome/lyso-
some labeling was performed by LysoTracker Red (250 nM) or Green (1 mM) for
30 min. After nuclear staining, the cells were observed by a CLSM. The LysoTracker
Red and Green were excited by 561 nm and 488 nm lasers, respectively.

2.8. In vitro siRNA transfection and gene expression

For VEGF protein assessment, U87 MG cells (2 � 105) were seeded into six-well
plates and allowed to attach for 24 h. Prior to transfection, the growth mediumwas
replaced with a serum-free medium. Various formulations were added to the cells.
After incubation for 4 h at 37 �C, the transfection medium was replaced with
complete medium and incubated for a further 6 h to gain the maximum inhibitory
effect of VEGF expression. Themediumwas then replacedwith fresh completeMEM.
Finally, the conditioned medium was collected after another 38 h incubation, and
the amount of secreted VEGF in the supernatant mediumwas quantified by a human
VEGF immunoassay kit (RayBiotech, USA) following themanufacturer’s instructions.
All experiments were performed in triplicate.

The cellular level of VEGF mRNA was evaluated using qRT-PCR (quantitative
real-time polymerase chain reaction). U87 MG cells (1 � 106) were seeded into
25 cm2 culture flasks and incubated in a humidified atmosphere of 5% CO2 at 37 �C
for 24 h. Then, the medium was exchanged with fresh serum-free medium con-
taining the desired siRNA-loaded samples and treated using the same procedures
described above. The final concentration of siRNA (VEGF siRNA or siN.C.) utilized in
the experiment was 100 nM. Subsequently, transfected cells were collected and total
RNA was isolated using TRNzol Aþ reagent (Tiangen, China) according to the pro-
tocol of manufacturer. Reverse transcription system (Promega, Wisconsin, USA) was
performed to transcribe 2.5 mg of total RNA into the first strand cDNA. After cDNA
synthesis, 4 mL of cDNA was subjected to qRT-PCR analysis targeting VEGF and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using GoTaq� qPCR Master
Mix of Promega. Analysis was performed on the IQ5 real-time PCR detection system
(Bio-Rad, USA) and the relative gene expressionwas quantified by the DDCt method
using the IQ5 Optical System Software version 2.0 (Bio-Rad, USA). Data are
expressed as the fold changes in VEGF expression relative to the untreated control
cells and normalized with the housekeeping gene GAPDH as the endogenous
reference. The primers used for PCR amplificationwere as follows: VEGF forward: 50-
GAGGGCAGAATCATCACGAAGT-30 and VEGF reverse: 50-GGTGAGGTTTGATCCGCA-
TAA-30; GAPDH forward: 50-GGGTGTGAACCATGAGAAGT-30 and GAPDH reverse: 50-
GACTGTGGTCAT GAGTCCT-30 . The cycling procedure was as follows: 1 cycle at 95 �C
for 2 min followed by 40 cycles at 95 �C for 15 s, 57 �C for 30 s and 72 �C for 30 s. The
lengths of the PCR products for VEGF and GAPDH were 240 bp and 136 bp,
respectively. Specificity was verified by melt curve analysis and agarose gel
electrophoresis.

2.9. Antiproliferation study

The antiproliferation effect of liposomes against U87 MG cells was assessed by
the SRB assay. In brief, cells in exponential growth were seeded at a density of
4000 cells/well in 96-well plates. After incubation for 24 h, cells were exposed to
various formulations in a range of concentrations for 48 h and 72 h. The cells were
then fixed with 10% trichloroacetic acid, washed and stained with SRB. The absor-
bance of each well was recorded at 540 nm using an iMark microplated reader (Bio-
Rad, USA).

2.10. In vivo tumor growth inhibition study

The anti-tumor efficacy was investigated using the xenograft tumormodel. Male
BALB/c nude mice (20e22 g) were purchased from Vital River (Beijing, China), and
all of the animals were kept in standard housing conditions with free access to
standard food and water. All care and handling of animals was performed with the
approval of the Institutional Animal Care and Use Committee at Peking University
Health Science Center.

U87 MG cells (6.0 � 106) were implanted subcutaneously in the right armpit of
nude mice. Intratumoral and intravenous injections, were adopted as two routes for
tumor treatments. When the tumor volume reached approximately 100 mm3, the
micewere randomly divided into four groups (n¼ 5) and treated with 50 ml of At-Lp/
siN.C., At-Lp/siRNA, At-Lp/DTX and At-Lp/siRNA/DTX via intratumoral injection. The
doses of VEGF siRNA and DTX in each injection were 0.67 mg/kg and 1 mg/kg,
respectively. When the tumor volume was approximately 50 mm3, the mice were
randomly divided into three groups (n ¼ 5) and treated with 5% glucose (control),
Lp/siRNA/DTX or At-Lp/siRNA/DTX intravenously. The doses of VEGF siRNA and DTX
in each injection were 1.33 mg/kg and 2 mg/kg, respectively. Two routes of injection
were both performed three times every three days. The anti-tumor activity was
evaluated in terms of the tumor volume which was calculated using the formula:

Volume
�
mm3

�
¼

�
a� b2

�.
2;
where a and b are the major axis and minor axis of the tumor, respectively, as re-
ported previously [25]. After 10 days, the mice were sacrificed and the tumor tissues
were removed, weighed and photographed.

2.11. Detection of VEGF expression and vasculature in tumor tissues

To determine the VEGF expression in vivo, tumor tissues (approximately 100mg)
were processed for total protein or mRNA extraction followed by enzyme-linked
immunosorbent assay (ELISA) and qRT-PCR, respectively. To assess the VEGF pro-
tein expression, the selected tumor tissues were homogenized in 600 ml RIPA tissue
lysis buffer (1% 100 mM PMSF) on ice. The lysates were incubated and centrifuged for
10 min at 12,000 � g and the protein concentration was determined using a BCA
Protein Assay Kit. The levels of VEGF protein were determined by a human VEGF
immunoassay kit (RayBiotech, USA) following the manufacturer’s instructions. To
analyze the VEGFmRNA, the extracted mRNA samples were individually normalized
to the same 260 nm absorbance value and detected by qRT-PCR as described above.
Furthermore, to analyze tumor vasculature, microvessel staining was performed
using a CD31 antibody (Abcam, Cambridge, UK).

2.12. TUNEL Assay

Apoptosis of tumor tissue was determined by the terminal deoxynucleotide
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay. Tumors were
excised, frozen in OCT embedding medium and cut into 5 mm thick sections. All
frozen sections were detected by the TUNEL assay using an in situ cell death
detection kit (KeyGEN, Nanjing, China) following the manufacturer’s protocol. The
samples were analyzed using CLSM (Leica SP5, Heidelberg, Germany). The density of
apoptotic cells was evaluated by the apoptotic index (AI), which was defined as
follows: AI (%) ¼ apoptotic cells/total tumor cells � 100%.

2.13. Toxicity study in vivo

2.13.1. Body weight change
Mice were treated according to the procedure described above for the in vivo

anti-tumor growth experiment. The body weight of each mouse was monitored
every day.

2.13.2. Inflammatory cytokine and interferon response
On the last day of treatment, serum was collected and assayed for mice

interleukin-6 (IL-6) and a-interferon (IFN-a) using a quantitative ELISA supplied by
R&D systems according to the manufacturer’s instructions. Absorbance was read
using a Bio-Rad microplate reader at 450 nm.

2.13.3. Hematologic toxicity and analysis of the organ index
The hematologic toxicity wasmonitored using peripheral blood and bonemarrow

cells (BMCs) [26,27]. Mice were treated according to the above-described procedure.
On day 9, blood samples were drawn from the ophthalmic vein and subjected to a
routine blood examinationwith a hemocytometer. After the micewere euthanized on
day 10, a thigh bonewas dissected from eachmouse, and the cavum ossis was washed
with 1 mL of PBS. The rinse solution was collected, and the BMCs were acquired by
centrifugation. The BMCs were counted using a white blood cell counting chamber.
Additionally, the brain, heart, liver, spleen, lung and kidney were removed and
weighed at the end of the animal experiment. The organ index was calculated by
measuring the percent of the organ weight to the body weight of each mouse.

2.14. Statistical analysis

All data are presented as the means � standard deviation (SD) of three or more
samples. The student’s t-test or one-way analyses of variance (ANOVA) was per-
formed in statistical evaluation. A P-value of less than 0.05 was considered to be
statistically significant (*P < 0.05, **P < 0.01, ***P < 0.005).

3. Results and discussion

3.1. Preparation and characterization of the liposomes

Four types of liposomes that simultaneously encapsulated siRNA
and DTX, including Lp, A-Lp, t-Lp and At-Lp, were formed. The size
and surface property are important physiochemical parameters in
designing cancer-targeting delivery system. The liposomes dis-
played uniform size distribution and positive zeta potential. The
average diameter for all liposomes was similar in a range of 110e
150 nmwith a PDI of less than 0.250. The positive zeta-potential of
all liposomes was provided by DOTAP, which has one positive
charge head group. In addition, the zeta-potentials of peptides-
modified liposomes (28.4 � 3.1 mV for A-Lp, 29.2 � 2.1 mV for t-
Lp, 25.1 � 3.6 mV for At-Lp, respectively) were smaller than that of
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Lp (32.9 � 4.4 mV) corresponded with the liposomes components,
indicating the shielding effect of PEG and the modifications of the
peptides on the liposomal surface. Nanoparticles with a diameter of
less than 200 nm and surface coating with hydrophilic PEG have a
significantly longer circulation time due to slowing down lipo-
somes recognition by opsonins and therefore subsequent clearance
by the reticuloendothelial system [28,29].

When the weight ratio of DTX/lipids reached 1:20 (w/w), the
entrapment efficiency of DTX in At-Lp was 91.6% � 4.3%. A gel
retardation assay demonstrated that siRNA could be efficiently
packaged in the liposomes at an N/P ratio of 8/1 or greater, indi-
cating siRNA complexed on the inner leaflet of the liposomal
bilayer, where it is protected from premature release in blood
[30,31]. Based on the data, the N/P ratios of the siRNA-loaded li-
posomes in the present study were all set at 8/1.

3.2. Effect of peptide density on the cellular uptake of liposomes

To initially investigate the effect of Angiopep-2 and tLyP-1
density on cellular uptake of liposomes, Cou-labeled liposomes
withmodifications of different densities of peptidewere used on C6
cells which express LRP receptor and neuropilin-1 receptor and
have rapid grow rate and high cell density. As shown in Fig. 1A and
Fig. 1. Cellular uptake of coumarin-6-labeled liposomes with different densities of Angiopep
the cells was applied as the control. (C) NBD-PE labeled Angiopep-2 or tLyP-1 modified lipo
0.001 to 1 mM) of Lp, A-Lp and t-Lp for 1 h at 4 �C. The mean fluorescence intensity versus lip
plot of A-Lp and t-Lp binding to cells.
Fig. 1B, when the peptide/lipid molar ratio was 0.5%, A-Lp and t-Lp
both showed no significant increase of uptake compared with Lp
(P > 0.05). A significant increase of uptake was achieved at a pep-
tide/lipid molar ratio of 1%. With the further increase of the ratio to
3%, there was no remarkable difference in uptake compared with
the liposomes with a 1% ratio. This was possibly caused by both the
saturation of Angiopep-2 and tLyP-1 receptors on cells and the
increase of the molar ratio. Considering the above results and the
synthesis process of two conjugates, the molar ratio of 3% for both
Angiopep-2 and tLyP-1 was selected in next experiments.

3.3. Binding of Angiopep-2 and tLyP-1 modified liposomes with
cells

To determine whether the affinity of liposomes to cells exhibits
a difference after modification, various concentrations (from 0.001
to 1 mM) of NBD-PE-labeled unmodified (treated as non-specific
binding to cells) and modified liposomes were incubated with C6
cells for 1 h at 4 �C. As shown in Fig. 1C, the mean fluorescence
intensity (MFI) vs. liposome concentrationwere plotted to generate
a saturation binding curve. The binding curves of A-Lp and t-Lp
were linearized by a Schatcard plot analysis (Fig. 1D) using
GraphPad Prism Software, and the calculated Kd of A-Lp and t-Lp for
-2 (A) and tLyP-1 (B) in C6 cells after incubation for 2 h at 37 �C. The autofluorescence of
somes binding to C6 cells. The cells were incubated with various concentrations (from
osome concentration were plotted to generate saturation binding curves. (D) Scatchard
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C6 cells was 0.10 mM and 0.20 mM, respectively. The results indi-
cated that the saturation concentration of A-Lp was higher than
that of t-Lp, thus the smaller Kd of A-Lp suggesting higher affinity
to cells than t-Lp, and both of them higher than the non-modified
cationic liposomes (Lp).

It is worth noting that Lp also had non-specific binding with C6
cells because liposomes which composed of phospholipids and
cholesterol justhave interactionwithcells, suggesting liposomesbind
to more than one type of receptor on cells [32]. Additional, cationic
carriers have been well-known to undergo a quick binding process
onto thenegatively charged cellmembranes. Thus, the high affinity of
the two target peptide-modified liposomes to cells must also be
dependent upon the receptor types and expression levels on the cells.

3.4. Cellular uptake of modified liposomes in four types cells

Therapeutic application of siRNA still faces considerable obsta-
cles due to its poor membrane permeability [12]. To ascertain
whether liposomes can provide effective uptake of siRNA to brain
concerned cells, we individually incubated free FAM-siRNA and
various FAM-siRNA-loaded liposomes (Lp, A-Lp, t-Lp, At-Lp) with
four cells (U87 MG, BMVEC, C6 and U251 MG cells). As indicated in
Fig. 2, no translocation of free siRNA into the four cells was
observed, likely because the large MW (about 13.3 kDa) and the
hydrophilic nature of the siRNA prevents its entrance into cells by
passive diffusion mechanisms [33]. All liposomes presented sig-
nificant uptake than that of control and free siRNA. The higher
uptake of FAM-siRNA occurred with the single peptide-modified A-
Lp and t-Lp treatment than that of non-modified Lp, indicating
Angiopep-2 or tLyP-1 peptides-assisted translocation into the cell.
The highest uptake was observed with the dual peptides-modified
liposomes (At-Lp), implying a collaboration of the two peptides-
assisted translocation. Additionally, the MFI in U87 MG cells was
higher than that of other three cells after incubation with the same
liposomes, and these results may be due to the variable expression
of the two peptides-specific receptors in different cells [18]. A
previous study reported that low-density lipoprotein is abundant
in the glioblastoma cell lines, while considerable variation in
binding affinity of low-density lipoprotein receptor to different
glioblastoma cells was found and the relative amount of LRP was
higher in U87 MG than that of in U251 MG cells [18].

The uptake of peptides-modified liposomes was also evaluated
after pre-incubation with Angiopep-2 and tLyP-1 to saturate the
cell surface receptors. The MFI of At-Lp decreased dramatically in
the presence of excess free peptides in four cells. These results
confirmed the role of Angiopep-2 and tLyP-1 peptide in the cellular
uptake of liposomes and indicated that the enhancement of uptake
result from the involvement of receptor-mediated endocytosis,
namely by the interaction between the peptides and their receptors
on tumor cells. Consequently, one could deduce that Angiopep-2
and tLyP-1 facilitated the binding and internalization of lipo-
somes. The combination of two forms of targeting peptides com-
plemented and improved accumulation in tumor cells as expected
in the design strategy for the dual peptides-modified liposomes.

3.5. Co-delivery of siRNA and chemotherapeutic agent

To demonstrate that the delivery was simultaneous, the double-
labeled liposomes (FAM-siRNA and Nile Red to represent siRNA and
DTX respectively) were used to investigate the intracellular distri-
bution of liposomes in three cell lines (U87 MG, BMVEC and U251
MG cells) after 4 h by CLSM. As indicated in Figs. 3A, B and C, siRNA
and Nile Red could be delivered simultaneously into three cells by
liposomes. Compared with Lp, single peptide-modified liposomes
(A-Lp and t-Lp) and dual peptides-modified liposomes (At-Lp)
significantly increased the cellular uptake of FAM-siRNA (green
fluorescence) and Nile Red (red fluorescence), and a high degree of
colocalization (yellow) of the green and red fluorescence was
distributed in the cytoplasm after incubation for 4 h. Among them,
the At-Lp showed the strongest fluorescence. This observation was
also in line with our previous findings of flow cytometry analysis
(Fig. 2) and again elucidated the targeting efficacy of Angiopep-2
and tLyP-1 mediated internalization.

Additionally, some distinct fluorescence spots of siRNA (green)
were also observed in the cytoplasm, while the red fluorescence of
Nile Red appeared relatively uniformity, suggesting the different
intracellular behavior of siRNA and Nile Red. Nile Red was used to
represent DTX due to its lipophilicity and small molecular weight
[34]. The homogeneous distribution of Nile Red in cytoplasm
implied the passive diffusion of small lipophilic drugs after its
release (data not shown). While the large gene molecule involve
access and escape of endosome/lysosomes will expound in next
section.

3.6. Intracellular trafficking and endosomal escape

The liposomal formulation entered U87 MG cells partially via
caveolae-mediated endocytosis, which led to the delivery of the
transported cargo to the endosomes. Efficient uptake of siRNA does
not necessarily result in efficient gene silencing effect because
endocytosed siRNA needs to escape from the endosome to produce
its effects in the cellular cytoplasm. Thus, the intracellular distri-
bution after trafficking into the cells and lysosome escape of siRNA
was evaluated. The endosome/lysosome was stained with Lyso-
tracker Red and Lysotracker Green after transfection with At-Lp/
FAM-siRNA and At-Lp/Nile Red for 0.5 h or 2 h, respectively.

For FAM-siRNA loaded liposomes (At-Lp/FAM-siRNA), a rela-
tively high colocalization spots (yellow) of the green (FAM-siRNA)
and red (Lysotracker Red) fluorescence in the cytoplasmwas found
after incubation for 0.5 h, indicating the majority of liposomal
siRNA was within endolysosomes in the early phase of uptake
(0.5 h). However, the green fluorescence was partially separated
from the red fluorescence over time (2 h), pointing the successful
escape of liposomal FAM-siRNA (Fig. 3D). This triggered escape is
because cationic lipids can form ion pairs with the anionic lipids in
the endosome membrane and thus destabilize the endosomal
membrane by excluding the surface bound water [35]. The pros-
perous internalization of siRNA signified a sturdy conjunction of
negative siRNA and positive DOTAP in the liposomes.

For Nile Red loaded liposomes (At-Lp/Nile Red), a different
phenomenon was demonstrated. The red fluorescence was
dispersed uniformly in the cytoplasm, and the presence of coloc-
alization of the red and green increased over time after incubation
for 0.5 h and 2 h. This may attribute to the characteristics and the
release and diffusion course of Nile Red (small lipophilic molecule)
from liposomes [36,37], thus, the intracellular intensity increased
with time as more liposomes were internalized (Fig. 3E).

3.7. In vitro gene silencing of liposomes

Angiogenesis, which plays a critical role in tumor growth and
metastasis [9], is driven by vascular endothelial growth factor
(VEGF). VEGF-targeted therapies were thus developed to inhibit
new blood vessel growth and starve tumors of necessary oxygen
and nutrients. We treated U87 MG cells with VEGF targeting siRNA
to verify gene suppression activity by the developed double
peptides-modified delivery system. As exhibited in Fig. 4A, lipo-
somal formulations loaded with VEGF siRNA (100 nM) were all
found to knockdown VEGF protein expression, whereas free VEGF
siRNA and siN.C.-loaded At-Lp (At-Lp/siN.C.) did not down-



Fig. 2. Cellular uptake of liposomal formulations loaded with FAM-siRNA in (A) U87 MG, (B) BMVEC, (C) C6 and (D) U251 MG cells after incubation for 4 h at 37 �C. The auto-
fluorescence of the cells was applied as the control. In the competition experiment, cells were pretreated with excess free Angiopep-2 and tLyP-1 at 1 mM for 0.5 h, followed by
incubation with At-Lp for 4 h. The data are presented as the mean � SD (n ¼ 3). *P < 0.05, **P < 0.01, ***P < 0.005.
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regulate VEGF protein expression. Dual peptides-modified lipo-
somes (At-Lp) remarkably reduced VEGF protein expression
compared with Lp. Moreover, the VEGF siRNA acted in a dose-
dependent manner (25, 50 and 100 nM) and a higher VEGF
siRNA concentration resulted in more significant inhibition of
VEGF expression (Fig. 4B).

To investigate whether the suppression of VEGF expression was
indeed caused by the reduced amount of VEGF mRNA, which is
directly involved in RNA interference (RNAi) activity, the tran-
scriptional VEGFmRNA level was detected by qRT-PCR (Fig. 4C). The
results were in accordance with that of VEGF protein expression.
Treatment with At-Lp resulted in a greater down-regulation of
VEGF mRNA (63.5%) compared with Lp (30.0%), A-Lp (45.2%) and t-
Lp (44.7%), while there was no apparent knockdown efficiency on
free VEGF siRNA and At-Lp/siN.C. groups. These results were
consistent with the cellular uptake and endosomal escape assays,
indicating efficient delivery of bioactive siRNA into the cytosol and
higher cellular uptake could produce higher levels of gene
silencing.
Moreover, there was no significant difference of VEGF protein
and mRNA expression between At-Lp/siRNA group and At-Lp/
siRNA/DTX group, demonstrating that the Angiopep-2 and tLyP-1
dual peptides-modified liposomes can facilitate the RNAi-
mediated gene silencing effect in tumor cells and this effect was
mainly as a result of VEGF siRNA rather than of the DTX.

3.8. Antiproliferation study of liposomes

In vitro antiproliferation of blank Lp, Taxotere� (commercial
formulation of DTX), Lp, A-Lp, t-Lp and At-Lp with various con-
centrations of DTX were evaluated after incubation with U87 MG
cells for 48 h and 72 h (Fig. 4D). As expected, a higher DTX dose led
to an improved antiproliferation effect in the presence of endocy-
totic mechanism. Moreover, it is worthy to note that At-Lp/DTX
exhibited the strongest antiproliferation effects among all formu-
lations on U87 MG cells. The IC50 of At-Lp/DTX (17.82 � 2.24 mg/mL
and 8.96 � 0.30 mg/mL) was much lower than Lp/DTX
(32.65 � 6.27 mg/mL and 18.61 � 2.41 mg/mL), A-Lp/DTX



Fig. 3. Confocal microscope images of intracellular distribution of liposomal formulations loaded with FAM-siRNA and Nile Red simultaneously in (A) U87 MG cells, (B) BMVEC cells
and (C) U251 MG cells after incubation for 4 h. Intracellular behavior of (D) At-Lp/FAM-siRNA and (E) At-Lp/Nile Red in U87 MG cells undergoing incubation for 0.5 h or 2 h. The
concentration of FAM-siRNA and Nile Red was 100 nM and 1.25 mM, respectively. Cell nuclei were stained with Hoechst 33258 (blue) and endosomes/lysosomes were stained by
LysoTracker Red (red in D) and Lysotracker Green (green in E), respectively. (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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(21.10 � 3.47 mg/mL, 10.29 � 0.72 mg/mL) and t-Lp/DTX
(25.47 � 4.88 mg/mL, 13.90 � 2.36 mg/mL) after incubation for 48 h
and 72 h, respectively. The enhanced antiproliferation can be
attributed to Angiopep-2 and tLyP-1 targeting and penetrate effects
on the cancer cells.

For VEGF siRNA formulations, the results (Fig. 4E) demonstrated
that neither negative siRNA (At-Lp/siN.C) nor VEGF siRNA formu-
lation (At-Lp/siRNA) showed any cytotoxicity at the determined
concentration, while the cell viability of DTX formulations (At-Lp/
DTX, At-Lp/siRNA/DTX, Lp/siRNA/DTX) were significantly
decreased. Thus, the antiproliferation effect was mainly owing to
the chemotherapeutic drug DTX rather than siRNA. Additionally,
treatment with the blank cationic liposome exhibited negligible
toxicity on cell proliferation (over 90% survival rate) indicating the
safety of the vectors.
3.9. Antitumor efficacy after intratumor administration of
co-delivery liposomes

The developed dual peptides-modified siRNA and DTX co-
delivery system has been shown to work as expected in vitro. Thus
the co-delivery systemwas tested further in vivo to observe the RNAi
ability and anti-tumor efficacy. First, intratumor administration of
the co-delivery liposomes (At-Lp/siRNA/DTX) was performed and
comparedwith VEGF siRNA or DTX-loaded liposomes (At-Lp/siRNA,
At-Lp/DTX) against nudemice bearing a U87MGxenografted tumor
at lower doses (0.67mg/kgVEGF siRNA and1mg/kgDTX). As shown
in Fig. 5A and B, At-Lp/siRNA and At-Lp/DTX both showed inhibition
of tumor growth andmuch smaller tumor size andweight of excised
tumors compared with At-Lp/siN.C. group. The co-delivery system
(At-Lp/siRNA/DTX) showed the most effective anti-tumor growth



Fig. 4. (A) VEGF protein expression determined by ELISA after culturing with various formulations in U87 MG cells. (B) VEGF protein expression determined after treating with
different dose of At-Lp/siRNA. (C) VEGF mRNA determined by qRT-PCR after culturing with various formulations in U87 MG cells. The data are presented as the mean � SD (n ¼ 3),
*P < 0.05, **P < 0.01, ***P < 0.005. (D) The cell viability of U87 MG cells cultured with various DTX-loaded liposomes and Taxotere� at the same DTX dose and the corresponding
blank liposome after 48 h (a) and 72 h (b), respectively. The data are presented as the mean � SD (n ¼ 6). a, P < 0.05 versus Taxotere�; b, P < 0.05 versus Lp; c, P < 0.05 versus A-Lp;
d, P < 0.05 versus t-Lp. (E) The cell viability of U87 MG cells cultured with various formulations after 48 h (a) and 72 h (b), respectively. The concentration of siRNA and DTX was
100 nM and 2 mg/mL. The data are presented as the means � SD (n ¼ 6). *P < 0.05, **P < 0.01.
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effect compared with either At-Lp/siRNA or At-Lp/DTX at the same
dose, pointing the advantage of the synergistic effect. Of noteworthy
importance, the doses of siRNA and DTX for injection were much
lower than the usual doses in other reports [38,39], and a higher
VEGF siRNA dose and DTX dose led to an improved gene silencing
(Fig. 4B) and antiproliferation effect (Fig. 4D), respectively. Although
the tumor growth was not total inhibited after treatment by At-Lp/
siRNA/DTX, comparable significantly differences (2-fold decrease in



Fig. 5. In vivo anti-tumor study of liposomes in U87 MG tumor-bearing nude mice after intratumor injection with At-Lp/siN.C., At-Lp/siRNA, At-Lp/DTX and At-Lp/siRNA/DTX. The
doses of siRNA and DTX were 0.67 mg/kg and 1 mg/kg, respectively. Arrow represents the time of drug administration. The results are presented as the means � SD. (A) Relative
tumor volumeetime curve (n ¼ 5), *P < 0.05, **P < 0.01, ***P < 0.001. (B) Photograph of the solid tumors removed from different treatment groups at the study termination (a) and
the weights of the removed tumors (n ¼ 5), *P < 0.05, ***P < 0.001. (C) VEGF protein and mRNA expression levels in tumors (n ¼ 3), **P < 0.01. (D) Immunohistochemistry images of
representative tumor tissues stained with CD31 antibody. (E) Tumor apoptosis cells were detected by TUNEL (a) and apoptotic indexes (b) for tumors in each group (n ¼ 5). The scale
bar represents 100 mm, *P < 0.05, **P < 0.01, ***P < 0.001. Apoptotic cells and nuclei were stained by TUNEL (red) and Hoechst 33258 (blue), respectively. (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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tumor volume andweight) can be found between At-Lp/siRNA/DTX
and At-Lp/siN.C. groups after using the low doses.

VEGF expression at both the protein andmRNA levels within the
tumorswas assayed to evaluatewhether the reduced tumor growth
was associated with VEGF gene silencing in vivo. The results
showed that significant inhibition at both the protein and mRNA
levels was noted in the mice treated with intratumor injections of
the At-Lp/VEGF siRNA group compared with the At-Lp/siN.C group
(Fig. 5C). In addition, there was no remarkable inhibition of VEGF
expression in At-Lp/DTX-treated mice, corresponding with the re-
sults in vitro studies (Figs. 4A and C). The results demonstrated the
specific gene-silencing effect of VEGF siRNA.

Since the intratumoral VEGF content was associated with neo-
vascularization, inhibition of VEGF expression should reduce tumor
angiogenesis. To verify the speculation, immunostaining of tumor
sections for the analysis of tumor vasculature was performed. CD31
antibody, a specific marker of endothelial cells [40], was used to
highlight intratumoral vessels in the study. As indicated in Fig. 5D,
CD31-positive tumor vessels were abundant around tumor pe-
riphery and inside the tumor in the At-Lp/siN.C group. In contrast,
the CD31-positive tumor vessels were significantly reduced in
VEGF siRNA treatment groups (At-Lp/siRNA and At-Lp/siRNA/DTX).
All of the results revealed that VEGF siRNA could play its RNAi role
in vivo as co-delivery with DTX in the liposomes.

In response to DTX chemotherapy, apoptosis has generally been
accepted to be the predominantmechanism of cell death [25,41]. To
verify this effect, the TUNEL assay was employed in the assessment.
Fig. 5E clearly revealed that At-Lp/siN.C. group showed almost no
apoptosis, while all DTX-treated groups (At-Lp/DTX and At-Lp/
siRNA/DTX) exhibited positive TUNEL staining. The apoptotic in-
dex of the At-Lp/siRNA, At-Lp/DTX and At-Lp/siRNA/DTX groups
were 2.5, 7.8 and 8.5-fold increase than that of At-Lp/siN.C. group,
respectively. DTX played a clear primary role in inducing tumor
apoptosis, although a few apoptotic cells were also found in At-Lp/
siRNA group. These results may further elucidate the mechanism
why VEGF siRNA resulted in little cytotoxicity to tumor cells.

3.10. Antitumor efficacy after system administration of co-delivery
liposomes

As the intratumoral administration was shown to work effi-
ciently, supporting the combination of tumor inhibition and gene
silencing, the behavior of the dual peptides-modified liposomes
after systemic application was analyzed to evaluate the targeting
and long circulation of the liposomes. A comparative study was
performed among the co-delivery groups (At-Lp/siRNA/DTX vs Lp/
siRNA/DTX) because the co-delivery system was superior to sepa-
rate delivery. In addition, the doses of VEGF siRNA and DTX were
doubled for intravenous administration considering that higher
doses are needed for intravenous delivery to enter systemic circu-
lation and mimic the efficacy of intratumor delivery.

Fig. 6A demonstrated that both At-Lp/siRNA/DTX and Lp/siRNA/
DTXwere effective in inhibiting tumor growth. As expected, the At-
Lp/siRNA/DTX was more effective in inhibiting tumor growth than
Lp/siRNA/DTX despite the control group showing the fastest tumor
growth. The excised tumors exhibited the corresponding size and
weight as shown in Fig. 6B. It was also found significant inhibition
at both the VEGF protein and mRNA levels of the two liposomes
after intravenous administration compared with the control group
(Fig. 6C). As indicated in Fig. 6D, the liposomal treatment groups,
especially At-Lp/siRNA/DTX group, exhibited significantly less
CD31-positive tumor vessels than that of the control group which
showed a vast infiltration of CD31-positive tumor vessels both
around tumor periphery or inside tumor. For the TUNEL assay,
liposomal treatment groups all exhibited positive TUNEL staining
and the apoptotic index of Lp/siRNA/DTX and At-Lp/siRNA/DTX
group were 4.8- and 8.3-fold increased over that of the control
group (Fig. 6E). The superior anti-tumor efficacy of At-Lp is related
to the prolonged circulation of PEGylation. The results further
confirmed the synergistic processes of Angiopep-2 and tLyP-1
mediation. Although poor drug penetration in solid tumors is an
intrinsic limitation in cancer therapy, the observed anti-tumor ef-
ficacy indicated the dual peptides-modified system may be able to
solve this problem and this may be because tLyP-1 can facilitate
drug penetration into the tumor [21,42]. Overall, the above results
strongly support our hypothesis as illustrated in Scheme 1. The
combination of two receptor-specific peptides-mediated liposomes
was an ideal platform for tumor therapy. Gene silencing of VEGF,
anti-angiogenesis and apoptosis of tumor cells occurred simulta-
neously in the course.

3.11. Toxicity studies

In clinical cancer therapy, many of chemotherapeutic agents
often cause severe side effects because they can produce similar
cytotoxicity in both cancerous and healthy cells. One purpose of
synergistic combinations of siRNA and chemotherapeutic agents is
to overcome the toxicity and other side effects associated with high
doses of a single drug by countering biological compensation
mechanisms, which allows the dosage of each compound to be
reduced and interferes with context-specific multi-targeting
mechanisms [7,43]. On account of above considerations, the body
weight change, immune factor level, hematologic indicators and
organ index after different treatments were evaluated. As shown in
Fig. 7A, no significant change was noted of mouse body weight in
intratumoral and intravenous dosing groups over the duration of
the whole period.

It has been shown that siRNA in delivery vehicles which facili-
tate cellular uptake can induce inflammatory cytokines such as IL-6
and interferons after administration. The activation of the innate
immune response is predominantly mediated by immune cells via
RNA-sensing Toll-like receptors [44]. Although lipid based delivery
systems showed considerable promise for siRNA delivery, they have
also been observed as potent inducers of a strong cytokine response
both in vivo in mice and in vitro in human blood [45]. Therefore, the
immune response of siRNA delivery systems should be investigated
when applied in vivo. The results (Fig. 7B) displayed the levels of IL-
6 and IFN-a in mouse serum did not increase significantly
compared with each control group (P > 0.05), indicating that
neither VEGF siRNA nor the cationic liposome delivery system that
we used in the study evoke an immune response, due to the good
matching with the target sequence and the tumor site-specific
delivery of the VEGF siRNA [44].

There was no pronounced difference in the counts of red blood
cells (RBC) and white blood cells (WBC) or in any other routine
peripheral blood tests (Figs. 7C and D). The BMC counts, an indi-
cator of myelosuppression effect, showed no apparent difference
(Fig. 7E) among all groups. In addition, the percent of organ weight
did not show a significant difference between any groups (Fig. 7F).
We concluded that the Angiopep-2 and tLyP-1 dual peptides-
mediated co-delivery liposomal system, at the test dose for
in vivo administration, was relatively safe from negligible loss of
weight, activation of the innate immune response, hematologic
indicators and organ index.

4. Conclusions

In summary, Angiopep-2 and tLyP-1 modified liposomes was
successfully prepared for co-delivery siRNA and DTX synchro-
nously. The dual peptides-modified liposomes persisted the



Fig. 6. In vivo anti-tumor study of liposomes in U87 MG tumor-bearing nude mice after intravenous injection with Lp/siRNA/DTX and At-Lp/siRNA/DTX. The doses of siRNA and DTX
were 1.33 mg/kg and 2 mg/kg, respectively. Arrow represents the time of drug administration. The results are presented as the means � SD. (A) Relative tumor volumeetime curve
(n ¼ 5), *P < 0.05, **P < 0.01. (B) Photograph of the solid tumors removed from different treatment groups at the study termination (a) and the weights of the removed tumors (b)
(n ¼ 5), *P < 0.05, **P < 0.01. (C) VEGF protein and mRNA expression in tumor (n ¼ 3), *P < 0.05. (D) Immunohistochemistry images of representative tumor tissues stained with
CD31 antibody. (E) Tumor apoptosis cells were detected by TUNEL (a) and apoptotic indexes (b) for tumors in each group (n ¼ 5). The scale bar represents 100 mm, *P < 0.05,
**P < 0.01. Apoptotic cells and nuclei were stained by TUNEL (red) and Hoechst 33,258 (blue), respectively. (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. 7. (A) Body weight variation of intravenous (IV) (a) and intratumor (IT) (b) injection in BALB/c nude mice implanted with U87 MG cells (n ¼ 5). (B) Mouse IL-6 and IFN-a levels
in the serum of U87 MG tumor-bearing mice at the end time point of the animal experiment (n ¼ 5). Hematological indicators of RBC (C) and WBC (D) count on day 9 after first
administration. (E) BMC counts and (F) percent of relative organ weight at the study termination (n ¼ 4). All data are presented as the means � SD. There were no significant
differences (P > 0.05).
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enhanced binding ability to glioma cells, specific receptor mediated
endocytosis and tissue penetration, thus the dual peptides-
modified liposomes loading VEGF siRNA and DTX possessed stim-
ulative gene silencing and antiproliferation. The dual peptides-
modified liposomes showed great superiority in targeting to U87
MG xenografted tumors and strong anti-tumor efficacy based on
anti-angiogenesis and apoptosis effects in vivo. The improved anti-
tumor of the dual peptides-mediated co-delivery liposomal system
are mainly due to the PEG and Angiopep-2 and tLyP-1 on the li-
posomes surface, which prevent serum opsonization and abolish
the non-specific RES uptake, combine with the dual peptides-
guided homing and penetration. Additionally, the co-delivery
research revealed different intracellular behavior of hydrophilic
large molecular (i.e. siRNA) and lipophilic small molecule (i.e. DTX),
the former involves endocytosis and subsequent escape of endo-
some/lysosomes, while the latter experiences passive diffusion of
small lipophilic drugs after its release. These data indicated that the
dual peptides-modified liposomes provide a strategy for effective
targeting delivery of siRNA and DTX into the glioma cell and inhi-
bition of tumor growth in a synergistic manner.
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