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Background: Non-small cell lung cancer (NSCLC) is one of the most lethal types of cancer
with highly infiltrating. Chemotherapy is far from satisfactory, vasculogenic mimicry (VM)
and angiogenesis results in invasion, migration and relapse.

Purpose: The objective of this study was to construct a novel CPP () modified vinor-
elbine and dioscin liposomes by two new functional materials, DSPE-PEG,000-MAL and
CPP-PVGLIG-PEGsqgg, to destroy VM channels, angiogenesis, EMT and inhibit invasion
and migration.

Methods and Results: The targeting liposomes could be enriched in tumor sites through
passive targeting, and the positively charged CPP was exposed and enhanced active targeting
via electrostatic adsorption after being hydrolyzed by MMP2 enzymes overexpressed in the
tumor microenvironment. We found that CPP ;) modified vinorelbine and dioscin lipo-
somes with the ideal physicochemical properties and exhibited enhanced cellular uptake. In
vitro and in vivo results showed that CPP ;) modified vinorelbine and dioscin liposomes
could inhibit migration and invasion of A549 cells, destroy VM channels formation and
angiogenesis, and block the EMT process. Pharmacodynamic studies showed that the
targeting liposomes had obvious accumulations in tumor sites and magnificent antitumor
efficiency.

Conclusion: CPP ;) modified vinorelbine plus dioscin liposomes could provide a new
strategy for NSCLC.

Keywords: vinorelbine, dioscin, non-small cell lung cancer, multi-functional liposomes,
tumor microenvironment, MMP2 enzymes

Introduction

Lung cancer can be categorized into non-small-cell lung cancer (NSCLC) and
small-cell lung cancer (SCLC) according to pathological classification. About
85% of all lung cancers are NSCLC, and their morbidity and mortality are still
rising rapidly worldwide.! Although conventional therapeutics have achieved mod-
est improvements, it is frustrating that the 5-year survival rate for NSCLC patients
is still only 14-16%. In fact, cancer-related deaths always occur because of distant
metastasis mainly caused by the migration and invasion of tumor cells, which
indicates that the spread of primary tumor cells to distant places is the main
obstacle to successful treatment of NSCLC.” Therefore, the development of new
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treatments to inhibit the migration and invasion of cancer
cells has become an important topic in the fight against
NSCLC.

Invasion and migration occur through a multi-step pro-
cess, and approximately 90% of cancer deaths arise from
the invasive and metastatic spread. Usually, tumor cells
shift through the vasculature, stagnate in distant capil-
laries, penetrate into surrounding tissues, and eventually
spread into distant organs into tumors.” In order to prevent
NSCLC metastasis to prolong the survival of patients,
several approaches have been proposed, such as traditional
Chinese medicine therapy, the development of new com-
pounds, chemo-immunotherapy, etc.*® Among them, the
chemo-immunotherapy combinations will become the
first-line treatment for NSCLC, which significantly
improved the progression-free survival (PFS) and overall
survival (OS) rates of these patients. First-line chemo-
immunotherapy combinations are starting to and will cer-
tainly revolutionize the current paradigm of metastatic
NSCLC treatment because of their superior performance
in PFS and OS, compared to the based chemotherapy.’
However, there are problems with these associations, and
the chemo-immunotherapy combinations will obviously
lead to an increase in treatment-related toxicity and
a higher discontinuation rate. Therefore, these treatments
should be administered carefully.® In recent years, the
rapid development of nanotechnology has shown unprece-
dented effects in the treatment of NSCLC and prevention
of metastasis by enhancing the permeability and retention
(EPR) effects of primary tumors or metastatic sites.”

As a nanoscale drug carrier, liposomes are promising
drug encapsulation system that can encapsulate hydrophi-
lic and hydrophobic drugs. Liposomes have many advan-
tages, including targeting capability, long-term efficacy,
improved drug stability, reduced drug toxicity, and
increased circulation time.'® However, conventional lipo-
somes are easily swallowed by the RES system in vivo and
lose their active targeting effect. In order to improve the
stability of liposomes in vivo, it is usually necessary to
modify some hydrophilic groups on the liposomal
surface.!! However, the close contact between liposomes
and tumor cells was greatly hindered by the hydrophilic
modification, thereby reducing the active targeting to
tumor cells. Therefore, it is an urgent problem to ensure
the stability of liposomes and improve the active targeting
of liposomes in vivo.'? Conventional targeted liposomes
could only passively accumulate near leaky site of tumor
vessels, but they cannot reach the deep region of tumor. To

further improve the tumor penetration efficiency, we
developed a novel strategy of co-administering cell-
penetration peptides with size-shrinkable and tumor-
microenvironment-responsive multistage system to over-
come these barriers. In response to the differences in
physiological internal environment and tumor microenvir-
onment in vivo, targeted liposomes can change their phy-
sical and chemical properties to achieve deeper tumor
penetration, enhance cell uptake and timely release of
drugs.

As we knew that tumor microenvironment plays a key
role in tumor proliferation, invasion and metastasis,
including hypoxia, acidic pH, high pressure, and abnormal
expression of related cytokines and inflammatory
response, etc.'>'* Based on extensive research on tumor
microenvironment and drug targeting, there is still room
“dual”

drug carriers have been proposed and

for further improvement, and even “multi-
functional”
developed.'> Matrix metalloproteases (MMPs) contain
a family of zinc-dependent secreted endopeptidases that
are of interest due to their ability to degrade extracellular
matrices (ECMs). It is reported that MMP2 and MMP2
enzymes are frequently overexpressed in the majority of
solid tumors, such as NSCLC, breast cancer, colon cancer,
and its important role in promoting cancer progression
makes it a significant target for tumor therapy.''® On
the basis of these findings, we designed an enzymatically
cleavable targeting molecule whose hydrophilic long-
chain PEGsgoo can be enzymatically removed in a tumor
microenvironment with high expression of MMP2
enzymes.

In this study, we designed and developed a novel multi-
functional liposome that responds to overexpressed MMP2
enzymes, resulting in the enhanced tumor targeting and
internalization. In our design, the MMP2-cleavable peptide
(Pro-Val-Gly-Leu-lle) was used as a sensitive linker
between a liposomal lipid and its long-chain PEG block,
acting as a steric barriers for the nanoparticle and surface-
attached cell-penetrating peptide (CPP) in the blood. When
being exposed to tumor microenvironment, the peptide is
cleaved by the highly expressed extracellular MMP2
enzymes, leading to the exposure of CPP for enhancing
intracellular penetration. In addition, vinorelbine and dios-
cin were encapsulated into the liposomes as a cytotoxic
drug and a regulator that inhibited tumor metastasis, neo-
vascularization, and VM channels formation, respectively
(Figure 1). We expect microenvironmental responsive
multifunctional targeted

liposomes can provide an
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Figure | Schematic illustration of strategy for treating NSCLC by CPP () modified vinorelbine plus dioscin liposomes. (A) A schematic representation of enzymatic
hydrolysis of CPP (mp) modified vinorelbine plus dioscin liposomes. (B) The enhanced transport drug carrier to tumors and enzymatic hydrolysis to expose CPP. (C) Anti-
apoptosis and the inhibition of VM channels formation mediated by vinorelbine and dioscin, respectively.

innovative strategy for the treatment and facilitate the
clinical treatment of NSCLC.

Materials and Methods

Materials and Cells

Egg yolk phosphatidylcholine (EPC), cholesterol (Chol),
and 1.2-distearoyl-sn-glycero-3-phosphoethanolamine-N
[carboxy (polyethylene glycol)-2000] (DSPE-PEG;q00-
MAL) were purchased from the Avanti Polar Lipids, Inc.
(Alabaster, AL, USA). Polyethylene glycol-distearoyl
phosphatidylethanolamine (DSPE-PEG,(,) was obtained
from the NOF Corporation (Tokyo, Japan). Vinorelbine,
hematoxylin and eosin (HE) staining kit, alcian blue per-
iodic acid schiff (AB-PAS) stain kit and terminal deoxy-
nucleotidyl transferase-mediated dUTP-biotin nick end

labeling (TUNEL) kit were obtained from the Meilun
Biotechnology Co., Ltd. (Dalian, China). Dioscin was
supplied by the Chengdu Derick Biotechnology Co., Ltd.
(Chengdu, China). mPEGs000-PVGLIG-RKKRRQRRRC
(CPP-PVGLIG-PEGs09) was synthesized by the GL
Biochem Co., Ltd. (Shanghai, China). Ki67, CD-31 anti-
body and HRP-labelled secondary antibody were ordered
from Biosynthesis Biotechnology Co., Ltd. (Beijing,
China). 4', 6-diamidino —2-phenylindole (DAPI) and
1.1-dioctadecyl-3,3,3,3-
iodide (DiR) were
Technology Development Co., Ltd. (Nanjing, China).
Human NSCLC AS549 cells were purchased from the
Institute of Basic Medical Science, Chinese Academy of

tetramethylindotricarbocyanine

supplied by Kaiji Biological

Medical Science (Beijing, China). Cells were cultured in
RPMI-1640 culture medium supplemented with 10% fetal
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bovine serum (FBS) (EallBio, Beijing, China), 100 U/mL
penicillin and 100 pg/mL streptomycin at 37°C in
a humidified atmosphere of 95% air and 5% CO,. Male
BALB/c nude mice of 20 + 2 g were obtained from the
Peking University Experimental Animal Center (Beijing,
China). This research was approved by the Institutional
Authority for
University. The guidelines followed for animal welfare

Laboratory Animal Care of Peking
were based on the Interim Measures for the Control of
Experimental Animals of Peking University No. 166
[2010].

Synthesis of DSPE-PEG,0o-CPP-PVGLI-

PEGs000

At pH 6.8, the maleimide group of DSPE-PEG;y-MAL
efficiently reacted with the sulfhydryl group of CPP-
PVGLI-PEGsgg, peptide (1:1, a molar ratio), and then
adjusted pH of the reaction solution to 9.0 with
N-methylmorpholine. The reaction solution was stirred
overnight at room temperature (RT), and dialyzed over-
night (MWCO. 8000 Da) to remove unbound material.
Subsequently, the solution was lyophilized and stored at
—20°C. Then, it was characterized by matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS, Shimadzu, Japan).

Preparation of Liposomes

MMP2-responsive liposomes were prepared using thin-
film hydration according to a previous method."” In
short, EPC, Chol, DSPE-PEG000, DSPE-PEG.000-CPP-
PVGLI-PEGsgg9, and dioscin were dissolved in methyl
alcohol at a molar ratio of 100:30:1:1:5 in a pear-shaped
bottle, dried by rotary evaporator at 37°C to obtain a thin
film, and the thin film was hydrated with 5 mL ammonium
sulfate by sonication in a water bath. The suspensions
were then sonicated in an ice bath with a probe sonicator
for 10 minutes at 200 W. Subsequently, the samples were
extruded through the polycarbonate membranes for 3
times with 200 nm pores. Then, the above liposomes
were transferred to a cellulose ester membrane (MWCO
1.2-1.4 kDa) for dialysis 3 times with PBS. After dialysis,
vinorelbine was encapsulated (EPC: vinorelbine = 1000:1,
molar ratio) in a water bath at 40°C with shaking for 20
min, thus preparing CPP () modified vinorelbine plus
dioscin liposomes. All the other liposomes were prepared
as above, and the raw materials are shown in Table 1. In
order to measure the distribution of liposomes in vitro and

Table 1 The Composition of the Varying Liposomal Formulations

Raw Materials Molar Ratio
Blank control EPC: Chol: DSPE- 100:30:1
liposomes PEGy000
Vinorelbine EPC: Chol: DSPE- 100:30:1:0.1
liposomes PEG,000: Vinorelbine
Dioscin liposomes EPC: Chol: DSPE- 100:30:1:5
PEG,000: dioscin
Vinorelbine plus EPC: Chol: DSPE-PEG,gqo: | 100:30:1:0.1:5
dioscin liposomes vinorelbine: dioscin
CPP (mmp) modified EPC: Chol: DSPE- 100:30:1:1:0.1:5
vinorelbine plus PEG,000: DSPE-PEG;¢00-
dioscin liposomes CPP-PVGLI-PEGsgo:
vinorelbine: dioscin

in vivo, epirubicin and DiR were entrapped into liposomes
to replace vinorelbine, the lipids/epirubicin and lipids/DiR
were set at 20:1 and 200:1 (w/w), respectively.

Enzymatic Hydrolysis of Targeting

Molecule and Targeting Liposomes

The lyophilized DSPE-PEG;¢po-CPP-PVGLIG-PEGs000
was dissolved in distilled water, and quantitative MMP2
enzymes were subsequently added with a mole ratio of
1:1. Then the solution was gently stirred at room tempera-
ture for 2 h. After being dialyzed 3 times with PBS solution
(MWCO. 5000 Da), the PBS solution was lyophilized and
characterized by MALDI-TOF-MS.? In order to elaborate
the degradation process of CPP (;ymp) modified vinorelbine
plus dioscin liposomes, the changes of physicochemical
properties were measured after the addition of MMP2
enzymes. In brief, 4 mL CPP (4, modified vinorelbine
plus dioscin liposomes and 1 mL MMP2 enzymes were
simultaneously added into a centrifuge tube; then, the tube
was continuously shaken at 37°C for 2 h. Then, particle
size, polydispersity index (PDI) and zeta potential of CPP
(mmp) Modified vinorelbine plus dioscin liposomes before
and after addition of MMP2 enzymes were measured by
a Nano Series Zen 4003 Zetasizer (Malvern Instruments
Ltd., Malvern, UK). Both vinorelbine and dioscin contents
were measured using a high-performance liquid chromato-
graphy system (HPLC) with an ultraviolet detector
(Shimadzu LC-2010AHT) and the un-encapsulated drugs
were separated by elution against a Sephadex G-50 column.
The encapsulation efficiencies (EE) were calculated using
the following equation: EE %=(Wencapsulated drug/ Wiotal drug)
x100%.>' The morphology of CPP modified

(mmp)
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vinorelbine plus dioscin liposomes was examined by
a transmission electron microscopy (TEM, JEM-1200EX;
JEOL, Tokyo, Japan) and an atomic force microscopy
(Cypher AFM, Asylum Research Inc, Santa Barbara,
CA, USA).

Cellular Uptake and Distribution

A549 cells were seed (2x10° cells) in 6-well plates and
cultured for 24 h at 37°C. Epirubicin was entrapped into
liposomes and used as the fluorescent probe for observing
the cellular uptake and distribution.”® The varying formu-
lations were added at an equivalent epirubicin concentra-
tion of 10 uM, the cells were incubated in culture medium
for 2 h and cells treated with CPP () modified epirubi-
cin plus dioscin liposomes were added with different con-
centrations of MMP2 enzyme (0.2 uM for L, 0.5 uM for
M, and 1 uM for H) and incubated for 2 h. The culture
medium was used as blank control. Then, cells were
washed with PBS, harvested by trypsinization and centri-
fuged at 1500 rpm for 3 min. The precipitate was resus-
pended in 300 pL PBS and the samples were quantitative
evaluated by a flow cytometry (BD Biosciences, Franklin
Lakes, NJ).

Fluorescence confocal microscope was used to further
observe the cellular uptake of the varying formulations in
A549 cells. The cells were incubated with the varying
formulations at 10 uM concentration of epirubicin for 2
h, the medium was removed and cells were washed with
PBS, fixed with 4% paraformaldehyde in PBS for 15 min
at RT, and then the nuclei of cells were counterstained with
DAPI for 10 min. Finally, the cellular uptake and distribu-
tion were analyzed by a fluorescence confocal microscope
(Nikon Cl-si TE2000, Tokyo, Japan).'?**

Destructing Effects in A549 Cells
Spheroids

In order to evaluate the destructing effects of CPP (pymp)
modified vinorelbine plus dioscin liposomes on the spher-
oids, A549 spheroids were prepared according to our pre-
vious reports.®* After culturing for 48 h, A549 cell
spheroids were collected into 6-well plates, and then trea-
ted with the varying formulations at a concentration of
0.2 uM vinorelbine. Blank control was treated with culture
medium. After 48 h of incubation, the spheroids were
fixed by 2.5% glutaraldehyde for 60 min, washed with
cold PBS, dehydrated and embedded. The spheroids were

observed under a scanning electron microscope (SEM,
JSM-5600 LV, JEOL, Japan).

Cytotoxicity Assay

A549 cells were seed into 96-well plates (1.5x10% cells)
and cultured for 24 h, the culture medium was replaced
with fresh culture media containing varying concentrations
of free vinorelbine, free dioscin, and free vinorelbine plus
dioscin for the free drugs treatment groups, respectively.
The concentration of vinorelbine ranged from 0 to 0.1 pM.
In liposomal groups, the cells were treated with blank
liposomes and the varying drug-loaded liposomes. The
concentration range of vinorelbine was 0 to 0.2 uM.
After incubation for 48 h, cell viability was determined
by Cell Counting Kit-8 (CCK-8) assay based on measure-
ment of absorbance at 540 nm using a microplate reader
(HBS-1096A, DeTie, Nanjing, China). The survival rate
was calculated using the following equation: survival %=
(As540 nm for treated cells/A540 nm for untreated celis)*100%.
Finally, dose—effect curves were plotted according to the
assay data. The half inhibitory concentration of cells (ICsg)

calculated,
23,25

was and each assay was repeated in

triplicate.

VM Channel Formation Assay

A Matrigel-based tube formation assay was used to assess
the activity of the varying liposomes against the VM
channels of A549 cells. Matrigel was added into a 96-
well plate (50 pL/well) and incubated at 37°C for 30 min
until solidified. A549 cells (4x10* cells) were resuspended
with serum-free medium containing the varying liposomal
formulations (the concentration of 0.2 pM vinorelbine and
10 uM dioscin), and culture medium was used as blank
control. After incubation for 5 h, VM channels were
observed and photographed using an inverted microscope
(Nikon Eclipse E800, Nikon, Tokyo).?

Angiogenesis Assay in Chick

Chorioallantoic Membranes

To establish the experimental model of chick chorioallan-
toic membranes (CAM), fertilized hen eggs were selected.
Eggs were sterilized and incubated for 7 days at 37°C,
a window was opened on the fertilized egg shell to expose
the CAM, and the window was closed with sterile tape.
The eggs were sequentially cultured at 37°C for
24 h. Then, sterile silicone rings were placed on the

vascular-rich site, and the varying liposomal formulations
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were added to the silicone ring at a final concentration of
0.2 uM vinorelbine and 10uM dioscin, and the windows
were then closed.”” After 48 h of incubation, the CAM
was captured with a digital camera and the blood vessel
area was analyzed using image pro plus 5.0 software.

Cell Migration Assay

A549 cells’ migration was evaluated using a Transwell
assay. Briefly, A549 cells suspended in 100 pL serum-
free media were seeded into the upper compartment of
each chamber of a 24-well plate. FBS-containing medium
(600 uL) was added into the lower chambers. Then, the
cells in upper chamber were treated with varying liposo-
mal formulations at a final concentration of 0.2 uM vinor-
elbine and 10uM dioscin. After incubation for 24 h, cells
in the upper chambers were removed with a cotton swab,
and the invasive cells in the lower chambers were fixed
with 4% paraformaldehyde for 15 min, and stained using
a 0.5% crystal violet solution or 30 min and were then
counted under a microscope. This experiment was per-
formed in triplicate.

Wound-Healing Assay

A549 cells were seeded into 6-well plates and cultured at
37°C until 90% confluent. Then, cells were scratched with
a 20 uL sterile pipette tip to create a wound that was run
along the dish bottom. The plates were washed 3 times to
remove cell debris and then the varying liposomal formu-
lations were added into the medium at a final concentra-
tion of 0.2 uM vinorelbine and 10uM dioscin. The cells
were observed at different time points (0 and 24 h) and the
wound closure was determined by a microscope. Each
experiment was performed in triplicate. Calculation for-
mula of wound-healing rate: wound-healing rate (%) =
(wound area ( - wound area ,4 p)/wound area ¢ X
100%.%%

Epithelial-Mesenchymal Transition

The inhibitory effect of epithelial-mesenchymal transition
(EMT) was evaluated by cell heating analysis. A549 cells
were seeded (7x10°) in a 6-well plate for 24 h, and then
the cells were treated with the varying formulations for 6
h at final concentration of 0.2 uM vinorelbine and 10uM
dioscin. The cells were then washed 3 times with PBS and
trypsinized. After suspension with the medium, the cells
were bathed at 47°C for 10 min, and then re-cultured in
a 6-well plate for 12 h. The blank control group received
no treatment. The cells were observed and photographed

under a microscope. The ratio of EMT in cells was calcu-
lated by the following formula: EMT ratio (%) = NS/NN x
100%, where “NS” represents the number of spindle cells
in a random field of view, and “NN” is the number of
normal A549 cells in a random field of view.*’

In vivo Imaging and Specificity to Tumor

Sites in Tumor-Bearing Mice

BALB/c nude mice bearing subcutancous A549 xenograft
tumors were used for liposomal targeting evaluation.
Tumor-bearing mice models were prepared according to
our previous reports. DiR-loaded liposomes (2 pg DiR
each mouse) were injected into these model mice via tail
vein. Subsequently, the mice were anesthetized with iso-
flurane, and fluorescent images and X-ray images of the
mice were captured at 1, 2, 6, 12, 24, and 48 h using an
in vivo fluorescence imaging system (Carestream, FX Pro,
USA). The mice were sacrificed at 48 h, the tumor masses,
hearts, livers, spleens, lungs, and kidneys were dissected
for ex vivo fluorescence imaging.

Antitumor Efficacy in vivo

To evaluate the antitumor effects of the varying drug for-
mulations in vivo, lung cancer cell xenograft mice model
was established. When the average tumor volume reached
about 70 mm®, the mice were randomly divided into 5
groups (8 mice per group), and the varying drug formula-
tions (7.5 mg/kg dioscin and 0.4 mg/kg vinorelbine), and
saline were injected into mice via tail vein at day 14, 16, 18
and 20. Body weights and tumor volumes were monitored
every 2 days, Tumor volume was measured using the for-
mula: tumor volume = 0.5 (a x b%), where “a” and “b” refer
to the largest and smallest diameter, respectively. Mice were
sacrificed on the 24th day, tumors were isolated, and paraffin
sections were prepared for HE staining, TUNEL and immu-
nocytochemistry analysis.

Statistical Analysis

All data were expressed as the mean + SD and were
analyzed using GraphPad Prism 6.0. Differences between
groups were assessed by one-way ANOVA. Individual
t-test was used for comparison between the two groups.
P < 0.05 was considered statistically significant.

Results and Discussion
The incorporation of responsive moieties into the targeted
drug delivery systems may achieve precise targeting
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ability and controlled release of drug, thereby improving
their therapeutic effect and reducing toxicity. The altered
production of certain extracellular proteins in the tumor
microenvironment may be important for tumorigenesis and
development.** MMPs, especially MMP2 and MMP9, are
involved in the invasion and metastasis of most human
tumors due to the degradation of surrounding connective
extracellular matrix (ECM). It is reported that MMP2 and
MMP2 enzymes are highly expressed in most solid
tumors, including NSCLC, breast cancer, colorectal can-
cer, liver cancer, prostate cancer, pancreatic cancer and
ovarian cancer, etc.’'? Herein, the extracellular MMP2
enzymes sensitive bond (PVGLI) is used as a stimulus to
trigger the enhanced tumor targeting in our newly
designed nano-liposomes.

Characterization and Enzymatic

Hydrolysis of the Targeting Molecules

We characterized the targeting molecules using MALDI-
TOF-MS, and results are shown in Figure 2A—C. The
average masses of DSPE-PEG,pp-MAL and DSPE-
PEGj000-CPP-PVGLIG-PEGsgog were 3018.66 (Figure
2A) and 9705.34 (Figure 2B), respectively. According to
the MALDI-TOF-MS spectrum, the mass difference
between the molecules of DSPE-PEG,q00-MAL and
DSPE-PEG;(o-CPP-PVGLIG-PEG5g corresponded to
the mass of the CPP-PVGLIG-PEGs(, peptide, confirm-
ing the successful synthesis of the targeting molecules.
When DSPE-PEG;q0o-CPP-PVGLIG-PEGsqo9 Was incu-
bated with MMP2 enzymes for 2 h, the average mass
was changed to 4168.86 (Figure 2C). Compared with
DSPE-PEG»(4o-CPP-PVGLIG-PEGs5, and the mass dif-
ference was mainly due to the leaving of hydrophilic
group of PEGsggp hydrolyzed by MMP2 enzymes, thus
exposing the positively charged CPP to enhance the active
targeting via electrostatic adsorption.

Characterization and Enzymatic
Hydrolysis of the Targeting Liposomes

Characteristics of CPP () modified vinorelbine plus
dioscin liposomes can be observed in Figure 2D-F. TEM
(Figure 2D) and AFM (Figure 2E and F) images showed
that CPP (mpy modified vinorelbine plus dioscin lipo-
somes had a smooth surface, and approximately 100 nm
in diameter with a narrow size distribution (<0.20). The
particle size of liposomes is an important factor for their
physical and biological properties, such as stability,

cellular uptake pathway, and metabolism in vivo.>® In
this study, results suggested that the mean particle size of
CPP (umpy modified vinorelbine plus dioscin liposomes
was 107.64+8.96 nm (Figure 2G), which was in accor-
dance with the TEM observations. However, after treat-
ment with MMP2 enzymes, the hydrophilic group of
PEGs000 was liberated from the liposomal surface due to
the cleavage of MMP2-cleavable linker, and the particle
size was shrunk to about 87.86+5.53 nm (Figure 2H). It
was reported that the size-shrinkable ability of nanocar-
riers could lead to tumor deep penetration.>* The zeta
potential value of CPP () modified vinorelbine plus
dioscin liposomes was close to neutral state (Figure 2I),
and the positively charged CPP was exposed to the lipo-
somal surface, causing an obvious increase of the zeta
potential value after the addition of MMP2 enzymes
(Figure 2J). Hence, the modification of CPP-PVGLIG-
PEGs5go on the liposomal surface could improve physical
stability in vivo, avoid the clearance by RES, prolong
circulation time, and enhance the active targeting. In addi-
tion, both drugs could be successfully loaded into lipo-
somes with high entrapment efficiencies (EE%) of above
90% (Table 2).

Cellular Uptake and Targeting Effects

in vitro

To study cell penetration ability of CPP (1, modified
vinorelbine plus dioscin liposomes, cellular uptake and
targeting effects were carried out. However, because of
vinorelbine and dioscin have no fluorescence character-
istics, we selected epirubicin with fluorescence as the
fluorescent probe to evaluate the cellular uptake of
liposomes.** A549 cells were used for NSCLC therapy
researches in this study. In Figure 3, quantitative evalua-
tion by flow cytometry showed that the order of fluores-
cence intensity was in the following sequence: free
epirubicin > CPP (1) modified epirubicin plus dioscin
liposomes +MMP2 enzymes > epirubicin liposomes >
epirubicin plus dioscin liposomes > CPP () modified
epirubicin plus dioscin liposomes (Figure 3A and B). We
found that when free epirubicin was administered, it had
the highest uptake for direct drug-cell contact. For lipo-
somal formulations, the particle size of liposomes
(approximately 100 nm) blocked the intracellular uptake
by A549 cells. Compared with epirubicin plus dioscin
liposomes, CPP (ympy modified epirubicin plus dioscin
liposomes showed little fluorescence signal in tumor
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Figure 2 Characterization of CPP () modified vinorelbine plus dioscin liposomes. (A) MALDI-TOF-MS spectrum of DSPE-PEG;000-MAL; (B) MALDI-TOF-MS spectrum
of DSPE-PEG2000-CPP-PVGLIG-PEGs000; (C) MALDI-TOF-MS spectrum of DSPE-PEG;000-CPP; (D) TEM image of CPP () modified vinorelbine plus dioscin liposomes,
scalar bar=100 nm; (E) AFM image of CPP (., modified vinorelbine plus dioscin liposomes, scale bar=1 pm; (F) the amplified structure of (E), scale bar=500 nm; (G)
particle size of CPP (,,;) modified vinorelbine plus dioscin liposomes; (H) particle size of CPP (ymp) modified vinorelbine plus dioscin liposomes incubated with MMP-2
enzymes; (I) Zeta potential of CPP () modified vinorelbine plus dioscin liposomes; (J) Zeta potential of CPP (ymp) modified vinorelbine plus dioscin liposomes incubated

with MMP-2 enzymes.

cells for the protection of hydrophilic group of PEGsggp.
When such formulations were incubated with MMP2
enzymes, the cleavable linker of PVGLI was degraded
and the blockage of PEGsggo on the liposomal surface
was eliminated. The exposed positively charged CPP
significantly enhanced the intracellular uptake by A549
cells via electrostatic adsorption. Therefore, there are two
key functions in the targeting delivery system, one is
PEG-mediated CPP shielding effect which can minimize
non-specific uptake, and the other is MMP2 enzyme

sensitivity which can increase the penetration of

antitumor drugs in tumor microenvironment with over-
expressed MMP2 enzyme activity.

As shown in Figure 3C and D, it was revealed that
cellular uptake of fluorescent probe slightly enhanced after
CPP (;ymp) modified epirubicin plus dioscin liposomes were
treated with the increasing concentration of MMP2 enzymes.
Furthermore, in order to more clearly observe the liposome
localization in the A549 cells, laser scanning confocal micro-
scopy was used. A strong fluorescence signal could be
observed in the cellular membrane and the nuclei of A549
cells after incubation with CPP (;,mp) modified epirubicin
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Table 2 Characterization of All the Liposomes

Encapsulation Efficiency | Particle Size PDI Zeta

(%) (nm) Potential

Vinorelbine | Dioscin (mV)
Vinorelbine liposomes 93.65+4.65 — 88.37+2.65 0.19+0.01 | 1.63+0.15
Dioscin liposomes — 90.64+5.42 | 90.66+3.65 0.20+0.02 | 2.75+0.55
Vinorelbine plus dioscin liposomes 97.64+5.32 91.37+2.53 | 92.64+7.32 0.19£0.01 | 2.32+0.53
CPP (mmp) modified vinorelbine plus dioscin liposomes 94.72+6.31 90.43+5.64 | 107.64+8.96 0.19+0.02 | 6.31+0.35
CPP (mmp) modified vinorelbine plus dioscin liposomes + MMP2 | 93.72+6.52 92.54+3.65 | 87.86+5.53 0.17+£0.01 | 17.54£0.43
enzymes

plus dioscin liposomes + MMP2 enzymes (Figure 3E). CPP () modified vinorelbine plus dioscin liposomes +
Figure 3F represents the destructive effects on A549 spher- MMP2 enzymes. For the varying liposomal formulations,
oids. Results showed that the tightly organized spheroids the rank of destructive effects on the spheroids was CPP
became disintegrated and shrunken after treatment with  (ump) modified vinorelbine plus dioscin liposomes + MMP2
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Figure 3 Cellular uptake and localization after incubation with varying formulations. (A) Cellular uptake of A549 cells treated with the varying liposomal formulations or
free vinorelbine; (B) quantitative analysis of fluorescence intensity; I. Blank control; 2. Epirubicin liposomes; 3. Epirubicin plus dioscin liposomes; 4. CPP (,mp) modified
epirubicin plus dioscin liposomes; 5. CPP (1) modified epirubicin plus dioscin liposomes + MMP2 enzymes; 6. Free epirubicin; Data are presented as mean * SD (n=3). |, vs
151, vs 2 1, vs 3; IV, vs 4; V, vs 5. P<0.05; (C) cellular uptake of A549 cells treated with CPP () modified epirubicin plus dioscin liposomes incubated with different
concentrations of MMP2 enzymes; (D) quantitative analysis of fluorescence intensity; a. Blank control; b. CPP () modified epirubicin plus dioscin liposomes without MMP2
enzymes; c. CPP (;,mp) modified epirubicin plus dioscin liposomes incubated with MMP2 enzymes (0.2 uM); d. CPP (,mp) modified epirubicin plus dioscin liposomes incubated
with MMP2 enzymes (0.5 uM); e. CPP () modified epirubicin plus dioscin liposomes incubated with MMP2 enzymes (I uM); Data are presented as mean * SD (n=3). i, vs
a; i, vs by iii, vs ¢; iv, vs d; P<0.05; (E) analysis of localization of A549 cells incubated with the varying formulations by laser scanning confocal microscopy, scale bar=100 pm
(n=3). (F) SEM photographs of A549 spheroids. a". Blank control; b’. Dioscin liposomes; c’. Vinorelbine liposomes; d'. Vinorelbine plus dioscin liposomes; e'. CPP (5,
modified vinorelbine plus dioscin liposomes; f’. CPP (,mp) modified vinorelbine plus dioscin liposomes incubated with MMP2 enzymes.
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enzymes > CPP (nn, modified vinorelbine plus dioscin
liposomes > vinorelbine plus dioscin liposomes > vinorel-
bine liposomes > dioscin liposomes.

Cytotoxic Effects

The cytotoxicity of the varying free drug and liposomal
formulations for A549 cells were measured by CCK-8
assay in Figure 4. Results showed that vinorelbine exhibited
strong cytotoxicity against A549 cells. When the concentra-
tion of free vinorelbine was 0.1 puM, the survival rates of
A549 cells were nearly 30%. Furthermore, the cytotoxic
effect of free vinorelbine was further enhanced by the addi-
of different with
a concentration-dependent manner (molar ratios of 1:10,
1:20, and 1:50). At a 1:50 molar ratio between the drugs, the
ICso value was (0.0023 + 0.002 puM), considerably lower

tion concentrations of dioscin

@ Free vinorelbine

than that of free vinorelbine (0.038 + 0.002 uM) (Figure
4A). Figure 4B exhibits the inhibitory effects of varying
liposomal formulations on A549 cells. Results showed that
blank liposomes exhibited negligible cytotoxicity against
A549 cells for 48 h, which indicated the good biocompat-
ibility of nanocarriers, and dioscin liposomes showed little
cytotoxicity within the range of 0—10 uM. For the varying
liposomal formulations, the ranks of cytotoxicity to A549
cells were CPP (ymyp,) modified vinorelbine plus dioscin lipo-
somes + MMP2 enzymes > CPP (y,mp) modified vinorelbine
plus dioscin liposomes > vinorelbine plus dioscin liposomes
> vinorelbine liposomes > dioscin liposomes. And the ICs,
values for vinorelbine liposomes, vinorelbine plus dioscin
liposomes, CPP () modified vinorelbine plus dioscin lipo-
somes, and CPP () modified vinorelbine plus dioscin
liposomes + MMP2 enzymes were 0.050 £ 0.011 pM,

A1 Free dioscin A2 1. Free vinorelbine
Vinorelbine plus dioscin (1:20) 2. Vinorelbine plus dioscin (1:10)
—o— Vinorelbine plus dioscin (1:50) 3. Vinorelbine plus dioscin (1:20)
—#— Vinorelbine plus dioscin (1:10) 005 - 4. Vinorelbine plus dioscin (1:50)
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Figure 4 Cytotoxic effects on A549 cells after treatments with varying formulations. (A) Cytotoxic effects of free drugs; I, vs Free vinorelbine; Il, vs Free dioscin; lll, vs Free
vinorelbine plus dioscin (1:10); IV, vs Free vinorelbine plus dioscin (1:20); (B) cytotoxic effects of the liposomal formulations. a, vs Blank control liposomes; b, vs Dioscin
liposomes; ¢, vs Vinorelbine liposomes; d, vs Vinorelbine plus dioscin liposomes; e, vs CPP (ymp) modified vinorelbine plus dioscin liposomes. Data are presented as mean

+SD (n=6). P<0.05.
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0.031+0.005 uM, 0.014 + 0.001 pM, and 0.006 + 0.002 pM,
respectively. Among all the liposomal formulations, CPP
(mmp) Modified vinorelbine plus dioscin liposomes + MMP2
enzymes showed the most obvious cytotoxicity on A549
cells. The phenomenon was due to the exposure of CPP on
the liposomal surface after incubation with MMP2 enzymes.

Inhibition of Tumor Cells Invasion and
Migration

Cell migration is a normal physiological process, required
for chemotaxis of white blood cells and directional move-
ment of cells from other tissues. However, in tumor tissue,
the invasion and migration of malignant tumor cells are
significantly associated with the likelihood of patient
death. Usually, tumor cell invasion and migration mainly
include a series of processes as follows: (i) during the
early stages of metastasis, VM is formed by tumor cells
to provide nutrition and a chance for subsequently invad-
ing to other site; (ii) tumor cells detach from the primary
tumor sites and transfer into nearby tissues through the
basement membrane; (iii) epigenetic tumor cells transform
into mesenchymal cells (EMT), and the intercellular con-
nections are loose, leading to decreased adhesion,
enhanced migration and diffusion of tumor cells, and the
formation of invasive tumor cells (iv) invasive tumor cells
enter the blood vessels and survive in the blood circula-
tion; (v) invasive tumor cells arrive at the metastatic site,
colonize and grow at the new environment and form
a metastatic tumor.>>*® Invasion and metastasis are two
barriers in treatment of NSCLC. Therefore, it is necessary
to investigate whether drug-loaded liposomes could
obviously inhibit tumor cell invasion and migration.>’
Results of the Transwell invasion assay are shown in
Figure 5A and D. We found that the transmembrane
migratory capability of A549 cells was inhibited to vary-
ing degrees following treatments with the varying liposo-
mal formulations. Among all the groups, CPP (ymp
modified vinorelbine plus dioscin liposomes + MMP2
enzymes showed the strongest invasive inhibitory effect
on A549 cell invasion.

Figure 5B shows the inhibitory of migration after treat-
ments with the varying liposomal formulations. The wound-
healing results suggested that all drug-loaded liposomal
formulations inhibited the migration of AS549 cells.
A quantitative evaluation by Image] software analysis
showed that the rank of relative migration inhibitory effect
was: CPP (mp) modified vinorelbine plus dioscin liposomes

+ MMP2 enzymes > vinorelbine plus dioscin liposomes >
CPP (nmpy modified vinorelbine plus dioscin liposomes >
dioscin liposomes > vinorelbine liposomes (Figure SE).
Dioscin is a natural product isolated from certain medicinal
plants, such as Dioscorea Nipponica and Paridis rhizome.
The potential anti-tumor effect of dioscin has been con-
firmed in various cancer cells including NSCLC A549
cells, which is shown to inhibit the invasion and metastasis
of tumor cells.*® Our previous research results also showed
that the dioscin as a regulator encapsulated in liposomes can
play an ideal anti-tumor effect, which is manifested as
inhibition of tumor cell invasion and migration, anti-
angiogenesis and VM formation.'*** Based on the above,
we chose dioscin as a regulator, encapsulated inside the
liposomes, and played a helpful anti-tumor effect in this
study. Our results also indicated that the addition of dioscin
could significantly inhibit the tumor cells’ invasion and
migration.

In addition, accumulating evidences have suggested
that EMT is critical to the invasion and migration of
cancer cells, during which cancer cells acquire the ability
to invade and resist apoptosis.’*** Figure 5C denotes the
inhibition of EMT processes by the varying liposomal
formulations. Results showed that the cell morphology of
the heated A549 cells was significantly different from that
of the unheated cells. A549 cells under normal conditions
were cuboidal with rounded edges, high intercellular
fusion and a similar morphology. After being heated for
10 min, the cells’ morphology changed to a long spindle
shape and the degree of intercellular fusion was decreased.
Results showed that the capacity of CPP (;mp) modified
vinorelbine plus dioscin liposomes + MMP2 enzymes to
suppress EMT of A549 cells was significantly stronger
than that all of other liposomes (Figure 5F).

Inhibition of VM Formation in vitro

Vasculogenic mimicry (VM) was firstly reported in mela-
noma by Maniotis et al, and it had been identified in
a variety of solid tumors, including NSCLC, ovarian can-
cer, breast cancer, glioma and liver cancer.*! The existence
of VM was associated with enhanced metastasis and
reduced survival in cancer patients.*> VM is the ability
of invasive cancer cells to acquire altered phenotypes and
to form the vascular system without relying on endothelial
cells, and it is an entirely new model of tumor blood
supply. In the VM, vascular channels consist of periodic
acid-schiff (PAS)-positive basement membrane and CD31-
negative epithelial colorectal cell.** These vessels allow
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Figure 5 Inhibitory effects on invasion, migration and EMT in A549 cells after treatment with varying liposomal formulations. (A) Representative images of A549 cells
invasion after treatment with the varying liposomal formulations, scale bar=50 um; (B) representative images of A549 cells wound closure following treatment with the
varying liposomal formulations after 24 h, scale bar=50 pm; (C) representative images of inhibition of A549 cells EMT by the varying liposomal formulations, scale bar=50
um; (D) semi-quantitative analysis of relative invasion rate of A549 cells after treatment with the varying liposomal formulations. Data are presented as mean+SD (n=6); (E)
quantitative analysis of wound-healing rate of A549 cells after treatment with the varying liposomal formulations. Data are presented as mean+SD (n=6); (F) quantitative
analysis of spindle cells proportion of A549 cells after treatment with the varying liposomal formulations. Data are presented as mean+SD (n=6). |. Blank control; 2. Dioscin
liposomes; 3. Vinorelbine liposomes; 4. Vinorelbine plus dioscin liposomes; 5. CPP (mp) modified vinorelbine plus dioscin liposomes; 6. CPP (1) modified vinorelbine plus
dioscin liposomes incubated with MMP2 enzymes; a, vs |; b, vs 2; ¢, vs 3; d, vs 4; e, vs 5; P<0.05.

red blood cells to pass through, exposing tumor cells modified vinorelbine plus dioscin liposomes + MMP2

directly to the blood supply and greatly increasing the enzymes exhibited the strongest inhibitory effect on VM
probability of metastasis. The mechanism of VM genera-  (Figure 6A and B).
tion was associated with hypoxia, which may promote the

transmit phenotypes of tumor cells with VM capability.**  Inhibition of Angiogenesis

In this study, Figure 6 depicts the destructive effects on  More and more studies suggest that angiogenesis is one of

VM channels after treatments with the varying liposomal
formulations. We found that vascular-like structures were
observed near A549 cells on the Matrigel in the blank
control group. However, dioscin-loaded liposomal formu-
lations exhibited obvious destructive effects on VM chan-
nels. Among all the liposomal formulations, CPP (pmp)

the hallmarks of malignant cancer.*> When the tumors grow
to a certain size, they need angiogenesis to maintain their
nutritional ~ supply  for  sustainable  development.
Angiogenesis has been identified as a complex process,
such as the degradation of the basement membrane near

the original vessels and endothelial cell (EC) proliferation,
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Figure 6 Inhibitory effects on VM channels formation and angiogenesis after treatment with varying liposomal formulations. (A) Inhibition of VM channels formation in vitro,
scale bar=50 pm; (B) quantitative analysis of the number of VM channels; (C) inhibition of angiogenesis on CAM after treatment with the varying liposomal formulations,
scale bar=5 mm; (D) analysis of relative area vessels after treatment with the varying liposomal formulations. Data are presented as mean+SD (n=6). a. Blank control;
b. Dioscin liposomes; c. Vinorelbine liposomes; d. Vinorelbine plus dioscin liposomes; e. CPP () modified vinorelbine plus dioscin liposomes; f. CPP () modified
vinorelbine plus dioscin liposomes incubated with MMP2 enzymes; I, vs a; 2, vs b; 3, vs ¢; 4, vs d; 5, vs e. P<0.05.

migration, aggregation and new tube formation, resulting in
the formation of a new vascular system.*® To date, anti-
angiogenic therapy has become to be one of the antitumor
strategies. A considerable number of anti-angiogenic drugs
have been approved by the US Food and Drug
Administration (FDA) and have been used in cancer treat-
ment. However, the antitumor effect of antiangiogenic ther-
apy alone is not ideal.*’ In this study, the chorioallantoic
membrane (CAM) assay was used to evaluate the antian-
giogenic effect after treatments with the various liposomal
formulations (Figure 6C and D). Results showed that the
blood vessels grew vigorously and the density of new
vessels increased in blank control group. In contrast, new
vessels’ density was significantly decreased after treatment
with the various liposomal formulations, and CPP (ymp
modified vinorelbine plus dioscin liposomes + MMP2
enzymes showed the strongest inhibitory effect on CAM
angiogenesis. The results showed that CPP () modified
vinorelbine plus dioscin liposomes + MMP2 enzymes had
the effect of inhibiting the VM channels and angiogenesis,
thereby limiting the nutrient supply required for tumor cell

proliferation, invasion and migration.

Fluorescence Imaging in vivo

To validate the tumor-targeting and tumor-penetrating ability
of the varying formulations, the in vivo and ex vivo imaging
was used. Figure 7A presents the real-time distribution and
accumulation ability of the varying formulations in tumor-
bearing nude mice. The fluorescence signal of CPP (ymp
modified DiR plus dioscin liposomes exhibited the strongest
tumor accumulation in the tumor sites and maintained for up
to 48 h. In contrast, free DiR was mainly distributed in the
liver and gradually weakened or disappeared after
24 h. Figure 7B illustrates the ex vivo optical images of
tumor masses and major organs after the tumor-bearing mice
were sacrificed at 48 h. Results exhibited that the fluores-
cence of the CPP (;,) modified DiR plus dioscin liposomes
was still observed in tumor masses and in major organs
(liver and spleen). In contrast, the fluorescence signal was
invisible in tumor masses after injection of free DiR. The
prolonged circulation time and enhanced accumulation in
tumor sites could be explained by the modification of CPP-
PVGLIG-PEGsgpy on the liposomal surface. On the one
hand, according to Figure 1A, the hydrophilic PEGsyg
formed a hydration film on the liposomal surface to protect
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Figure 7 Real-time imaging observation after intravenous administration of varying liposomal formulations in tumor-bearing mice. (A) Real-time images in vivo; (B) ex vivo

optical images of tumor tissues, heart, liver; spleen, lung, and kidney at 48 h (n=3).

the positively charged CPP and liposomes. On the other, the
enzyme-sensitive molecule PVGLIG on the outermost side
of liposomes will be hydrolyzed by the overexpressed
MMP2 enzymes in tumor microenvironment, thus exposing
the targeting molecule CPP to enhance active targeting via

electrostatic adsorption.'®*®

Antitumor Efficacy in Tumor-Bearing Mice
Figure 8 shows the pharmacodynamics after treatments
with the varying formulations. Compared with the blank
control group, all drug-treated groups showed different
degrees of tumor growth inhibition (Figure 8A). Among
all the liposomal formulations, CPP () modified vinor-
elbine plus dioscin liposomes showed the most significant
tumor growth inhibitory effect on tumor volume from the
4th day after the start of administration, and the mice body
weight was no significant decreased after treatments with
the varying liposomal formulations, indicating that all the
liposomal formulations had ideal biocompatibility (Figure
8B). In addition, administration of the CPP ) modified
vinorelbine plus dioscin liposomes resulted in hematolo-

gical parameters similar to the saline-treated group,

indicating that the CPP ;) modified liposomes are safe
and non-toxic (Results not shown).

H&E staining of tumor tissue sections showed that
CPP (mmp) modified vinorelbine plus dioscin liposomes
significantly increased necrotic cells and disrupted the
structure of tumor tissues (Figure 8C). Moreover, to detect
apoptotic and proliferative cells in tumor tissues, TUNEL
assay and Ki67-antibody staining were performed, respec-
tively. As shown in Figure 8C-E, results showed that
almost no apoptotic cell was in the blank control group.
However, the number of apoptotic cells increased after
treatment with CPP (), modified vinorelbine plus dios-
cin liposomes. According to the results from TUNEL
assay, the rank of the number of apoptotic cells was as
follows: CPP (pymp) modified vinorelbine plus dioscin lipo-
somes > vinorelbine plus dioscin liposomes > vinorelbine
liposomes > free vinorelbine > blank control. Furthermore,
the number of Ki67-positive cells significantly reduced
after treatment with CPP () modified vinorelbine plus
dioscin liposomes, which was opposite to the trend of
apoptosis detected by TUNEL assay.

To assess the inhibitory effects on VM formation after
treatments with the varying formulations in vivo, tumor
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Figure 8 Antitumor efficacy after treatment with the varying formulations in vivo. (A) Tumor volume changes ratio was analysis during the treatment process; (B) body
weight changes ratio was analysis during the treatment process; (C) representative images of HE staining, TUNEL assay, Ki67-antibody staining and CD3 |/PAS staining, scalar
bar=50 pm; (D) quantitative analysis of apoptotic rate; (E) quantitative analysis of proliferation rate; (F) quantitative analysis of the number of VM channels in each group.
Data are presented as mean+SD (n=6). I. Blank control; 2. Free vinorelbine; 3. Vinorelbine liposomes; 4. Vinorelbine plus dioscin liposomes; 5. CPP () modified

vinorelbine plus dioscin liposomes. a, vs |; b, vs 2; ¢, vs 3; d, vs 4. P<0.05.

tissue sections were stained with CD31/PAS double stain-
ing. Results showed CD31-negative and PAS-positive
channels formed in tumor tissues after treatment with
blank control group, thereby revealing NSCLC VM

channels formation. In contrast, fewer VM channels were
observed after treatment with CPP () modified vinor-
elbine plus dioscin liposomes, suggesting the obvious
inhibitory effect on VM formations (Figure 8C and F).
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From the above results, CPP (;,m,) modified vinorelbine
plus dioscin liposomes exhibited the strongest inhibitory
effect on VM formation in vivo.

Based on current data, we suggest the following events
describe the behavior of the targeting delivery system
in vivo. After intravenous administration, CPP (;mp) mod-
ified vinorelbine plus dioscin liposomes exhibited pro-
longed blood circulation time, which was in favor of
being accumulated in tumor sites by EPR effect. After
accumulation in tumor sites, the MMP2 enzymes over-
expressed in tumor microenvironment will cleave the
MMP2-sensitive peptide linker in the liposomal surface.
The breaking of the linker caused the elimination of
hydrophilic PEGs009 and exposed the positively charged
CPP on the liposomal surface, which enhanced cellular
internalization of antitumor drugs by tumor cells via elec-
trostatic adsorption. Therefore, the novel multifunctional
liposomes responding to overexpressed MMP2 enzyme
should provide a potential treatment strategy for NSCLC.

Conclusion

In conclusion, we had demonstrated that CPP () modified
vinorelbine plus dioscin liposomes could enhance antitumor
efficacy in vitro and in vivo. As a kind of multifunctional
liposomal drug carrier, it had the following advantages: (i)
the high encapsulation efficiencies and ideal particle size of
the liposomes are conducive to their enrichment in tumor
sites through passive targeting effects; (ii) the hydrophilic
PEGsq0o formed a hydration film on the liposomal surface to
protect the positively charged CPP, which prevented
non-specific intracellular uptake of CPP; (iii) the MMP2
cleavable linker between the hydrophilic PEGsgy, and the
nanocarrier could be cleaved and exposed the positively
charged CPP, which enhanced the active targeting via elec-
trostatic adsorption; (iv) dioscin encapsulated in the lipo-
somes enhanced the anti-tumor efficacy by inhibiting VM
channel formation, angiogenesis, migration and invasion.
Therefore, CPP (mmp) modified vinorelbine plus dioscin
liposomes offer a potential strategy for treating NSCLC.
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