
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
27

/2
02

5 
5:

41
:4

9 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Sialyl LewisX mim
aGraduate School of Pharmaceutical

Yoshidashimoadachi-cho, Sakyo-ku, Kyoto

kyoto-u.ac.jp
bInstitute for Advanced Study, Kyoto Unive

Kyoto 606-8501, Japan
cCenter for Highly Advanced Integration of

University, 1-1 Yanagido, Gifu-shi, Gifu 501

† Electronic supplementary informa
10.1039/c9ra01943j

Cite this: RSC Adv., 2019, 9, 20518

Received 14th March 2019
Accepted 25th June 2019

DOI: 10.1039/c9ra01943j

rsc.li/rsc-advances

20518 | RSC Adv., 2019, 9, 20518–2052
ic-decorated liposomes for anti-
angiogenic everolimus delivery to E-selectin
expressing endothelial cells†

Chanikarn Chantarasrivong, a Yuriko Higuchi,a Masahiro Tsuda,a Yuuki Yamane,a

Mitsuru Hashida,b Miku Konishi,c Naoko Komura,c Hiromune Ando c

and Fumiyoshi Yamashita*a

In this study, we developed novel E-selectin-targeting liposomes, i.e., 30-(1-carboxy)ethyl sialyl LewisX (30-
CE sLeX) mimic liposomes, for targeted delivery of everolimus (EVE) in anti-angiogenic therapy. We

investigated the uptake and efficacy of these E-selectin targeting liposomes in inflammatory cytokine-

treated human umbilical vein endothelial cells (HUVECs). The uptake of EVE in 30-CE sLeX mimic

liposomes increased steadily and almost caught up with the uptake of plain EVE at 3 h, which was higher

than that in PEGylated liposomes (PEG-liposomes). Inhibition of uptake by anti-E-selectin antibody

suggested involvement of E-selectin-mediated endocytotic processes. Migration in cells treated with

EVE/30-CE sLeX mimic liposomes was suppressed by more than half when compared to the control. This

treatment was also seen to significantly inhibit the formation of capillary tubes and networks. In addition,

Thr389 phosphorylation of pS6 kinase, as a marker of mTOR activity, was remarkably suppressed to less

than endogenous levels by EVE/30-CE sLeX mimic liposomes. In conclusion, the present study

demonstrated that EVE/30-CE sLeX mimic liposomes were intracellularly taken up by E-selectin and

prompted anti-angiogenic effects of EVE involved in the mTOR signaling pathway. However, moderate

retention of EVE in the liposomes might limit the targeting ability of 30-CE sLeX mimic liposomes.
Introduction

Anti-angiogenic therapy is one of the most effective approaches
for the treatment of various types of cancers; this therapy causes
damage to the surrounding endothelial cells, which limits
oxygen/nutrient supply to tumor cells and results in tumor
necrosis. This advantage has led to many studies on anti-
angiogenic drugs and their subsequent approval by the FDA
for cancer therapy.1–3 However, anti-angiogenic therapy may
induce adaptive tumor microenvironmental defense mecha-
nisms, leading to drug resistance or invasion.4,5 While combi-
natorial therapies using different drug targets are suggested to
overcome this resistance,4,5 attention has also been paid to
targeted drug delivery to improve the efficacy of drugs in anti-
angiogenic therapy.6 For example, nanoparticles coated with
collagen IV-binding peptides7 or cyclic RGD peptides8 were
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delivered to tumor endothelial cells, thereby improving the anti-
tumorigenic and anti-metastatic activity of cytotoxic drugs in
tumor-bearing mice. It has also been demonstrated that pacli-
taxel conjugated with factor VIIa, which binds to tissue factors
expressed aberrantly in the tumor endothelium, suppresses
tumor growth in paclitaxel-resistant cancer and inhibits its
metastasis.9

E-selectin is one of the most attractive targets expressed on
the tumor endothelium,10–12 whose expression is strongly
induced by cytokines and angiogenic growth factors secreted
from tumors to facilitate angiogenesis and subsequent tumor
growth/penetration.13–16 So far, E-selectin-directed drug delivery
systems have mostly utilized sialyl LewisX (sLeX), a natural
ligand of E-selectin,17–20 although there are a few exceptions
such as anti-E-selectin antibodies,21 E-selectin-binding
peptides,22 and aptamers.23 Previously, we synthesized novel
sLeX analogs and conjugated them with 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-polyethylene glycol-2000 (DSPE-
PEG2000) for targeted liposomal delivery. Despite being
a structurally simplied trisaccharide analog, the 30-(1-carboxy)
ethyl sLeX (30-CE sLeX) mimic exhibited higher potency than
native sLeX in terms of enhancement of liposome uptake in E-
selectin-expressing endothelial cells.24 The 30-CE sLeX mimic
liposomes appeared promising for the delivery of anti-
angiogenic drugs to tumor endothelial cells.
This journal is © The Royal Society of Chemistry 2019
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Everolimus (EVE) is an mTOR (mammalian target of rapa-
mycin) inhibitor, which inhibits complex formation of serine/
threonine kinase (mTOR) to raptor and mLST8 by binding to
the cyclophilin FK binding protein-12. mTOR is generally acti-
vated in cancers and plays important roles in multiple cellular
processes, especially tumor-relevant angiogenesis, endothelial
cell proliferation, survival, and migration.25–29 While several
studies showed that EVE inhibits angiogenesis and tumor
growth in tumor models,30,31 the low bioavailability and low
water solubility of the drug have limited its use. There have been
attempts to overcome these drawbacks through the use of
liposomes or nanocarriers.32–34 In this study, we used human
umbilical vein endothelial cells (HUVECs) activated with
inammatory cytokines as E-selectin-expressing models that
imitate the mechanisms promoting tumorigenesis in the tumor
microenvironment.35–39 The everolimus-encapsulated 30-CE
sLeX mimic liposomes were prepared and the physicochemical
properties, cellular uptake, and pharmacological effects were
then investigated.

Experimental
Materials

1,2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) was
purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Cholesterol, ethanol, and dimethyl sulfoxide (DMSO) were
purchased from Nacalai Tesque (Kyoto, Japan). N-(methyl-
polyoxyethylene oxycarbonyl)-1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine (DSPE-PEG2000) was purchased from NOF
Corporation (Tokyo, Japan). 30-CE sLeX-DSPE-PEG (Fig. 1) were
synthesized by the method reported previously.24 EVE was
purchased from Chem Scene (South Brunswick Township, NJ,
USA). Phosphate-buffered saline (PBS) was purchased from
Nissui Pharmaceutical (Tokyo, Japan). TNF-a was purchased
from Life Technologies (Carlsbad, CA, USA) and IL-1b was from
Sigma-Aldrich (St. Louis, MO, USA).

Preparation of EVE-loaded liposomes

EVE-loaded liposomes were prepared by ethanol injection
method.32 DSPC (5.5 mmol), cholesterol (4 mmol), and DSPE-PEG
or 30-CE sLeX-DSPE-PEG (0.5 mmol) were dissolved in 1 mL
ethanol heated to 70 �C in a glass tube. Twenty-four microliters
of DMSO containing 0.5 mmol EVE was added to the lipid
solution and incubated for 3 min at 70 �C. The mixture was
rapidly added to 2 mL PBS in a glass vial and stirred at 70 �C for
30 s. The ethanol in the mixture was removed under reduced
pressure using a centrifugal evaporator (SpeedVac Concentrator
Fig. 1 Chemical structure of 30-CE sLeX mimic-DSPE-PEG (IUPAC name:
N-{N-[3-({2-aza-5,7,11-trioxa-6-oxido-1,6,12-trioxo-9-[(1-oxo-octadecyl)
oxy]-6-phospha-nonacosyl}polyethyleneglycol)propyl]-5-amino-1,5-diox-
opentyl}-3-aminopropyl(a-L-fucopyranosyl)-(1/3)-[3-O-(1S-1-carbox-
yethyl)-b-D-galactopyranosyl-(1/4)]-b-D-glucopyranoside, sodium salt).

This journal is © The Royal Society of Chemistry 2019
SPD131DDA, Thermo Fisher Scientic, Waltham,MA, USA). The
suspension was sonicated in a bath-type sonicator (ASU-3M, AS
ONE, Osaka, Japan) at 70 �C for 10 min and then with a tip-type
sonicator (Ultrasonic generator US 300, Nissei, Tokyo, Japan) at
an intensity of 200 W for 4 min. The liposome solution was
ltered through a 0.45 mm membrane lter (Cosmonice Fil-
ter W, Nacalai Tesque, Kyoto, Japan) and was puried using
a PD-10 gel ltration column (GE Healthcare, Buck-
inghamshire, UK) equilibrated with PBS.
Characterization of EVE-loaded liposomes

The concentration of phospholipids in the eluate was deter-
mined using a Phospholipids C-test Wako (Wako Pure Chem-
ical Industry, Osaka, Japan). An aliquot of the stock solution was
diluted in distilled water to a concentration of 0.2 mg total
lipids per mL, and the particle size and zeta potential of the
liposomes were measured in a Zetasizer Nano ZS (Malvern,
Worcester, UK). On the other hand, another aliquot of the stock
solution was diluted 40 times with methanol and vortexed for
3 min to disrupt liposomes. Following ltration of the samples
using 0.45 mm lter, EVE entrapment efficiency of each lipo-
some was determined using an HPLC system (Prominence
UFLC, Shimadzu Corporation, Kyoto, Japan) equipped with
a ZORBAX column (SB-C8 4.6 I.D. � 75 mm, 3.5 mm, Agilent
Technologies, Santa Clara, CA, USA), which was maintained at
60 �C. The mobile phase comprised distilled water with 0.1%
triuoroacetic acid and acetonitrile with 20 mM triethylamine
and 0.156% triuoroacetic acid (40 : 60 v/v) and was maintained
at a ow rate of 1 mLmin�1. The wavelength of detection of EVE
was set to 278 nm.
Cell culture

Primary HUVECs were cultured in HuMedia-EG2 culture
medium, according to the protocol supplied by the manufac-
turer (Kurabo Industry, Osaka, Japan). When the cells reached
70–80% conuence, they were harvested using trypsin–EDTA,
suspended in the culture medium, and plated on a dish. The
rest of the cells was maintained in a ask for up to 3 genera-
tions. On day 1 aer plating, the cells were pretreated with 100
ng mL�1 TNF-a and 10 ng mL�1 IL-1b for 5 h, to induce E-
selectin expression.
Cellular toxicity

HUVECs were plated at a density of 10 000 cells/100 mL (equiv-
alent to 30 000 cells per cm2) in a 96-well plate. The seeding
density was lower than that in other experiments (�50 000 cells
per cm2), to make the cells more sensitive in toxicity detection.40

On day 1, following a 5 h cytokine treatment, the cells were
treated with EVE or EVE-loaded liposomes at the indicated
concentration. Aer incubating for 3 h, 10 mL of Cell Count
Reagent SF (Nacalai Tesque, Kyoto, Japan) was added to the
culture medium and the cells were incubated for 2 h. The cell
viability was detected colorimetrically using BioTek Eon
Microplate Spectrophotometer (Biotek, Winooski, VT, USA) at
a wavelength of 450 nm.
RSC Adv., 2019, 9, 20518–20527 | 20519
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Cellular uptake and inhibition by anti E-selectin antibody

HUVECs were plated at a density of 200 000 cells/1 mL (50 000
cells per cm2) in a 12-well plate. On day 1, the cells were 80–90%
conuent and used for uptake experiment. Aer cytokine
treatment, EVE or EVE-loaded liposomes were added to the
plates at a concentration equivalent to 1 mM EVE. Following
incubation for the indicated time periods, the cells were washed
with ice cold PBS, scraped off in 100 mL of 10 mM ammonium
acetate buffer, and transferred to 1.5 mL tubes. One-hundred
microliters of acetonitrile was added to the cell suspension
and vortexed for 1 min. Aer centrifugation at 10 000 � g for
5 min, the supernatant was collected and ltered with 0.45 mm
membrane lter. EVE concentration was determined using an
LC-MS/MS system (LC-MS-8030, Shimadzu Corporation, Kyoto,
Japan). Separation of EVE was achieved on a COSMOSIL 5C18-
MS-II column (4.6 mm I.D. � 150 mm, Nacalai Tesque, Kyoto,
Japan), which was maintained at 40 �C, using 10 mM ammo-
nium acetate and acetonitrile (20 : 80, v/v) at a ow of 1.0
mL min�1. A post column splitter 1 : 4 was installed before the
MS interface. EVE was detected using the mass transition m/z
976.45 � 909.60. In contrast, the pellet from the cell lysate was
dissolved in 50 mL RIPA buffer (20 mM Tris HCl, 150 mM NaCl,
1 mM EDTA, 1% Triton-X 100, 0.1% SDS, 0.1% Na-
deoxycholate), and the protein concentration was measured
using Pierce BCA protein assay kit (Thermo Scientic, Rockford,
IL, USA) for normalization of cellular uptake.
Inhibition of cell migration

HUVECs were plated at a density of 200 000 cells/500 mL in a 4-
well, 35 mm dish (Cellvis, Sunnyvale, CA). In this experiment,
the cells were seeded at the higher density to become fully
conuent on day 1. On day 1, aer cytokine treatment, the cell
layer was scratched with a 200 mL pipette tip and the culture
medium was replaced with medium containing EVE or EVE-
loaded liposomes at a concentration equivalent to 1 mM EVE.
Live cell imaging was performed every hour for 3 h at 10�
magnication using TD (transmitted image) scanning by
a confocal microscope (Nikon A1RMP/Ti-E/PFS, Nikon Instru-
ments Inc., Melville, NY, USA) equipped with NIS-elements AR
4.13.00 soware. The scratch wound area was determined using
Fiji package implemented in ImageJ soware. All images were
converted to grayscale, and the edges were enhanced and
sharpened by the Sobel method. Aer the threshold was set to
obtain a binary image, the edges of wound area were detected
with ImageJ's wand tool. The enclosed area was calculated and
expressed as a percentage of initial scratch wound area.
Inhibition of capillary tube formation

Prior to cell seeding, 450 mL of Matrigel (Corning, Bedford, MA,
USA) was added to each well in a 2-well chamber slide glass
(Matsunami glass Industry, Osaka, Japan) and incubated at
37 �C for 30 min. HUVECs were seeded at a density of 240 000
cells/0.8 mL and incubated at 37 �C. Thirty minutes later,
0.8 mL of culture medium supplemented with 200 ng mL�1

TNF-a and 20 ng mL�1 IL-1b, and 10% Matrigel was added to
20520 | RSC Adv., 2019, 9, 20518–20527
the chamber well. Five hours later, the EVE or EVE-loaded
liposomes at a concentration equivalent to 1 mM EVE were
added and incubated for 5 h. The morphology of the cell culture
was investigated under a microscope (Biozero, BZ-8100, Key-
ence Corporation, Osaka, Japan).

Inhibition of mTOR signaling pathway

HUVECs were plated at a density of 500 000 cells/2 mL in a 6-
well plate. On day 1, aer cytokine treatment, the cells were
treated with EVE or EVE-loaded liposomes at a concentration
equivalent to 1 mM EVE and incubated at 37 �C for 4 h. To
stimulate mTOR signaling, 50 ng mL�1 human epidermal
growth factor (hEGF, Cell Signaling Technology, Denver, MA,
USA) was added 15 min before the end of incubation, and the
cells were washed with ice cold PBS. Eighty microliters of RIPA
buffer with Halt phosphatase and protease inhibitor (Thermo
Fisher Scientic, Waltham, MA, USA) was added to lyse the cells
and the cells lysate was collected with a cell scraper. Aer
centrifugation at 18 000 � g at 4 �C for 20 min, the supernatant
was aliquoted and heat-treated at 95 �C for 5 min. The protein
concentration was measured using the Pierce BCA protein assay
kit. A 15 mg protein aliquot of each sample was subjected to SDS-
PAGE on a 12.5% Precast gel (SuperSep Ace, Wako Pure
Chemical Industry, Osaka, Japan) and transferred to a PVDF
membrane (Immobilon, Merck Millipore, County Cork, Ire-
land). The membrane was blocked using Tris-buffered saline
containing 3% bovine serum albumin (BSA, Sigma Life Science,
St. Louis, MO, USA) at 25 �C for 1 h and stained with Phospho-
p70 S6 kinase (Thr389) antibody (Cell Signaling Technology,
Denver, MA, USA) at a concentration of 1 : 1000 at 4 �C for 14 h
as the primary antibody, followed by treatment with horse-
radish peroxidase (HRP)-conjugated goat anti-rabbit immuno-
globulin G at a concentration of 1 : 10 000 at 25 �C for 1 h
(Abcam, Cambridge, U.K.) as the secondary antibody. A b-actin
antibody (Santa Cruz Biotechnology, Dallas, TX, USA) was used
as loading control at a concentration of 1 : 10 000 at 25 �C for
1 h. All antibodies were diluted in Tris-buffered saline con-
taining 1% BSA. The protein was detected using chemilumi-
nescent HRP substrate (Merck, Billerica, MA) and imaged using
ImageQuant LAS 4000 (GE Life Sciences, Buckinghamshire,
UK).

Intracellular distribution

Cy5.5-labeled 30-CE sLeX mimic liposomes were prepared
according to the hydration method reported previously.24

Briey, DSPC, cholesterol, 30-CE sLeX mimic-linked DSPE-PEG,
and DSPE-PEG-Cy5.5 were mixed in chloroform-methanol (1 : 1)
at the molar ratio of 55 : 39 : 5 : 1 and then dried under reduced
pressure using a rotary evaporator and vacuum desiccator. The
lipid lm was swollen and was suspended in PBS at 65 �C. The
suspension was sonicated in a bath-type sonicator at 65 �C for
10 min and with a tip-type sonicator for 3 min, and then
extruded through a 100 nm pore membrane equipped in an
extruder (Avanti Mini-Extruder, Avanti Polar Lipids, Alabaster,
AL, USA) maintained at 65 �C. The liposome solution was
puried using a PD-10 gel ltration column. To evaluate the
This journal is © The Royal Society of Chemistry 2019
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intracellular distribution of 30-CE sLeX mimic liposomes,
HUVECs were plated at a density of 40 000 cells/250 mL in an 8-
well chamber slide. On day 1, aer cytokine treatment of the
cells, 30-CE sLeX mimic liposomes were added and incubated
for 1–4 h. At 2 h before the end of each incubation period,
LysoTracker Green DND-26 (Thermo Fisher Scientic, Wal-
tham, MA) was added to yield a nal concentration of 75 nM. At
the end of incubation, the medium was replaced with fresh
culture medium and the cells were observed using a confocal
microscope. A Golgi-ID green assay kit (Enzo Life Sciences,
Farmingdale, NY, USA) was also used to stain the Golgi bodies.
The Golgi Green Detection Reagent at concentration of 0.25
nmol mL�1 was co-incubated with 30-CE sLeX mimic liposomes
in the last 30 min. The cells were washed once with assay
solution and once with fresh medium before observation under
a confocal microscope (Nikon A1RMP/Ti-E/PFS, Nikon Instru-
ments Inc., Melville, NY, USA) equipped with NIS-elements AR
4.13.00 soware. The excitation wavelength was set at 488.5 and
637.3 nm, and the emission wavelengths were scanned in the
range of 500–550 nm and 663–738 nm for FITC and Cy5.5,
respectively.
Statistical analysis

Statistical signicance was evaluated by one-way or two-way
ANOVA followed by the Tukey–Kramer's post hoc test. The type
of ANOVAs adopted was indicated in each gure caption. A
value of p < 0.05 was considered statistically signicant.
Fig. 2 WST-8 assay for cellular toxicity of EVE or EVE-loaded lipo-
somes in HUVECs treated with TNF-a and IL-1b. Following 5 h cyto-
kine pretreatment, the cells were incubated with plain or liposomal
EVE for 3 h and with WST-8 reagent for an additional 2 h. Symbols:,,
plain EVE; O, EVE/PEG-liposomes; B, EVE/30-CE sLeX mimic lipo-
somes. Results are expressed as mean � SD of three samples.
Results and discussion
Preparation and characterization of EVE-loaded liposomes

The ethanol injection method has been used to prepare EVE- or
rapamycin-loaded liposomes.32,41,42 The EVE-loaded liposomes
prepared in this study were comparable in size and drug-to-lipid
molar ratio to those in past reports.32,43 Table 1 summarizes
characteristics of the prepared liposomes. The average diameter
was approximately 80 nm for both EVE/PEG- and EVE/30-CE
sLeX mimic liposomes. Their polydispersity indices were 0.11
and 0.14, indicating that both liposomes have an acceptably
uniform size distribution. The EVE/30-CE sLeX mimic liposome
was highly negative with a zeta potential of �26.7 mV, whereas
EVE/PEG-liposomes was slightly negative indicating a weaker
surface charge. Total lipid recovery of both liposomes was more
than 80% conrming no signicant loss during preparation. On
the other hand, the amount of EVE recovered was 17.97 and
Table 1 Liposomes characteristicsa

Liposomes
Average
diameter (nm)

Polydispersity
index

EVE/PEG 80.90 � 8.17 0.11 � 0.06
EVE/30-CE sLeX mimic 80.28 � 11.93 0.14 � 0.06
Cy5.5-labeled 30-CE sLeX mimic 87.58 � 7.00 0.08 � 0.02

a Results are expressed as mean � SD of three samples.

This journal is © The Royal Society of Chemistry 2019
19.90% for EVE/PEG-liposomes and EVE/30-CE sLeX mimic
liposomes, respectively. The low recoveries were associated with
recrystallization of overloaded EVE during the ethanol-injection
preparation. The drug-to-lipid molar ratio for both liposomes
was comparable with the liposomes reported previously.32 The
uorescent labelled 30-CE sLeX mimic liposomes were prepared
by the same method as reported previously.24 Regardless of lm
hydration or ethanol injection methods, 30-CE sLeX mimic
liposomes prepared possessed basically the same
characteristics.
Cellular toxicity

WST-8 assay was carried out to evaluate the cellular toxicity of
plain and liposomal EVE and determine the dose used for
cellular uptake and anti-angiogenic studies. Fig. 2 shows
percent viability of cytokine-treated HUVECs following treat-
ment at different concentrations of the drugs for 3 h. Regardless
of treatment with plain or liposomal EVE, the cell viability was
more than 80% at concentrations of up to 1 mM. Therefore, 1 mM
EVE was chosen for further studies to ensure minimal cell death
during the experiment. The designated concentration was
consistent with past studies30,34 that had investigated an
inhibitory effect of EVE on angiogenesis-related endothelial
functions in HUVECs.
Cellular uptake

The uptake of plain or liposomal EVE in HUVECs treated with
proinammatory cytokines was investigated. As shown in Fig. 3,
cellular uptake of EVE was the highest with plain EVE, followed
Zeta
potential (mV)

Drug
recovery (%)

Total lipid
recovery (%)

Drug-to-lipid
molar ratio

�11.62 � 2.09 17.97 � 2.43 84.01 � 6.04 0.015 � 0.003
�26.70 � 2.66 19.90 � 5.48 85.68 � 4.32 0.016 � 0.001
�25.21 � 2.95 — 91.62 � 2.90 —

RSC Adv., 2019, 9, 20518–20527 | 20521

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra01943j


Fig. 3 Time-courses of the uptake of EVE or EVE-loaded liposomes in
HUVECs treated with TNF-a and IL-1b. Following 5 h cytokine
pretreatment, the cells were incubated with plain or liposomal EVE for
1–3 h. The amount of EVE associated with the cells was determined by
LC-MS/MS and normalized with cellular protein content. Symbols: ,,
plain EVE; O, EVE/PEG-liposomes; B, EVE/30-CE sLeX mimic lipo-
somes. Results are expressed as mean � SD of three samples. Statis-
tical significancewas observed between any two of the time courses (P
< 0.01), using two-way ANOVA followed by the Tukey–Kramer's post
hoc intergroup comparison test.

Fig. 4 Inhibition of the uptake of EVE-loaded liposomes by anti-E-
selectin antibody in HUVECs treated with TNF-a and IL-1b. Following
pretreatment with cytokines for 5 h, anti-E-selectin antibody was
added in some groups to block E-selectin to yield a final concentration
of 10 mg mL�1. After 30 min, plain or liposomal EVE were added, and
the cells were incubated for 1 h. The amount of EVE associated with
the cells was determined by LC-MS/MS and normalized with cellular
protein content. Results are expressed as mean + SD of three samples.
Statistical significance was evaluated by two-way ANOVA followed by
the Tukey–Kramer's post hoc multiple comparison test. Keys: open
bar, control; shaded bar, presence of anti-E-selectin antibody.
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by EVE/30-CE sLeX mimic liposomes, and then EVE/PEG-
liposomes. When plain EVE was administered, the uptake
appeared to reach a plateau within almost 1 h. The relatively
rapid equilibrium achieved with plain EVE is associated with
the mechanism of simple diffusion across the plasma
membrane in accordance with the lipophilic nature of EVE. In
contrast, the uptake of EVE/30-CE sLeX mimic liposomes
increased steadily over 3 h and almost caught up with plain
EVE. We have previously reported that uorescein-labeled 30-CE
sLeX mimic liposomes have been taken up by E-selectin-
mediated endocytotic processes.24 The specialized process
involving cytotic membrane transport could be slower than
simple diffusion of small lipophilic molecules. The uptake of
EVE/30-CE sLeX mimic liposomes was signicantly higher than
that of EVE/PEG-liposomes, but the difference between the two
liposome formulations was not so large as that seen with
uorescein-labeled liposomes in the previous study. Leakage of
EVE from liposomes could not be ruled out (see ESI†). Although
a dialysis release experiment might be hampered by adsorption
onto membranes, it appeared that the release of EVE from the
liposome formulations was biphasic with an initial burst fol-
lowed by a slow release. The convex-shaped prole for the
uptake of EVE/PEG-liposomes similar to that of plain EVE
(Fig. 3) might result from the uptake of EVE liberated during the
burst phase. The initial-burst release appeared more remark-
able with EVE/30-CE sLeX mimic liposomes (Fig. S1†), but
nevertheless the uptake of EVE from the liposomes lasted more
than 1 h (Fig. 3). It suggests that drug molecules remaining in
30-CE sLeX mimic liposomes might be taken up efficiently via
the receptor-mediated endocytosis pathway.

To clarify the involvement of the E-selectin-mediated uptake
process, the effect of anti-E-selectin antibody on cellular uptake
was investigated. Although sLeX is a ligand of E-selectin, P-
selectin, and L-selectin44,45 only E-selectin blockade was tested,
because our previous study24 concluded that cellular association
of 30-CE sLeXmimic liposomes be not affected by anti-P-selectin
and anti-L-selectin antibodies. Fig. 4 shows that the uptake of
EVE/30-CE sLeX mimic liposomes was signicantly inhibited in
20522 | RSC Adv., 2019, 9, 20518–20527
the presence of anti-E-selectin antibody, whereas it was not
observed with either EVE/PEG-liposomes or plain EVE. Inter-
estingly, the uptake of EVE/30-CE sLeX mimic liposomes under
antibody blockade was comparable to that of EVE/PEG-
liposomes, implying that the release of EVE from liposome
formulations, if any, was not different between the two. There-
fore, the improved uptake of EVE/30-CE sLeX mimic liposomes
would be primarily due to an E-selectin-mediated uptake
process.
Anti-angiogenic effect

The main endothelial functions involved in angiogenesis are
cell migration and capillary tube formation. Cell migration
plays an important role in the initial steps of angiogenesis,
starting with basement membrane break down and followed by
mitosis and migration in response to angiogenic factors
including VEGF. Aer migration, endothelial cells initiate tube
formation and develop new vessels to complete angiogen-
esis.46,47 To investigate the anti-angiogenic effect of plain and
liposomal EVE, a scratch assay and capillary tube formation
were conducted. Moreover, the regulation of the mTOR cascade
was conrmed by the degree of Thr389 phosphorylation of pS6
kinase (Ser235/236).

Migration of cytokine-treated HUVECs in the presence of
EVE or EVE-loaded liposomes was evaluated in a scratch assay.
Fig. 5 shows the percentage of wound closure within 3 h incu-
bation with EVE or EVE-loaded liposomes. The control cells, i.e.,
HUVECs treated with TNF-a and IL-1b, showed 36.2% wound
closure within 3 h. However, treatment with plain EVE and EVE/
30-CE sLeX mimic liposomes suppressed the wound closure by
more than half (12% and 15.5%, respectively). The suppressive
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effect of EVE or EVE-loaded liposomes on migration of
HUVECs treated with TNF-a and IL-1bwithin a time period of 3 h. After
cytokine treatment, the cell layers were scratched with a pipette tip
and incubated with 1 mM plain or liposomal EVE. Live cell imaging was
performed every hour for 3 h under a confocal microscope. The
scratch wound area was computed from digitalized images on ImageJ
platform. The data represent a percentage of wound closure against an
initial scratch wound area. Results are expressed asmean + SD of three
samples. Statistical significance was evaluated by one-way ANOVA
followed by the Tukey–Kramer's post hoc multiple comparison test.

Fig. 6 Effect of EVE or EVE-loaded liposomes on tube formation in
HUVECs treated with TNF-a and IL-1b. HUVECs were plated on Matrigel
and treatedwith proinflammatory cytokines for 5 h. The cells were treated
with 1 mMplain or liposomal EVE for 5 h andobserved under amicroscope.

Fig. 7 Effect of EVE or EVE-loaded liposomes on phosphorylation of
pS6 kinase in HUVECs treated with TNF-a and IL-1b. Following
pretreatment with cytokines for 5 h, the cells were incubated with 1 mM
plain or liposomal EVE for 4 h. The cells were treated with 50 ng mL�1

hEGF for the last 15 min, lysed with RIPA buffer, and subjected to
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effect of EVE/PEG-liposomes was moderate, resulting in 24.3%
wound closure. These trends regarding suppression of cell
migration were in agreement with cellular uptake of EVE from
each formulation. Damiano et al. also found that 1 mM EVE was
effective for suppression of HUVEC migration.30 According to
their results, the degree of suppression was �35% at 24 h
following the onset of treatment and almost zero at 48 h.
However, the longer time of incubation might have reduced the
estimate of the drug effect because of the limitation of available
area for cell migration. Indeed, real-time monitoring of HUVEC
migration has indicated that the index of migration increased
linearly up to 3 h and the rate of migration slowed down
thereaer.34 In this experiment, the incubation time of 3 h gave
the degree of suppression by 1 mM plain EVE of �67%. By
improving the detection sensitivity to the drug effect, we could
more easily evaluate whether the inuence of liposomal
formulations was accelerative or suppressive.

Tube formation assay is another popular in vitro method to
evaluate angiogenesis. It utilizes the nature of endothelial
progenitor cells such as HUVECs that form tubes when placed
on a 3D extracellular matrix. One micromolar EVE has been
known to inhibit tube formation of HUVECs in several
reports.30,34 Fig. 6 shows the effect of plain EVE and EVE-loaded
liposomes on tube formation. Formation of tubes and networks
from cytokine-treated HUVECs was signicantly inhibited by
plain EVE and EVE/30-CE sLeX mimic liposomes aer 5 h of
exposure, whereas the EVE/PEG-liposomes did not signicantly
interrupt the formation. Morphology of the tube formation in
this experiment and other studies30,34 are consistent, control
cells formed completed ring, whereas everolimus-treated cells
showed disrupted-branches of tube formation.
This journal is © The Royal Society of Chemistry 2019
Western blot analysis was performed to conrm phosphor-
ylation of pS6 kinase at Thr389 amino acid residues, which is
a downstream target of EVE in the mTOR signaling pathway.48

Phosphorylation of pS6 kinase was induced by EGF according to
the method described by Damiano V., et al.,30 in addition to
TNF-a and IL-1b.49–51 Although Damiano, et al.30 incubated
HUVECs with EVE for 24 h, we shortened the time of incubation
to 4 h to minimize a pharmacological effect due to EVE leaked
from the liposomes. As shown in Fig. 7, treatment with plain
EVE and EVE/30-CE sLeX mimic liposomes remarkably sup-
pressed phosphorylation of pS6 kinase to less than the endog-
enous level. The four-hour incubation appeared to be enough
for EVE to modulate the kinase activity.

EVE/PEG-liposomes suppressed phosphorylation of pS6
kinase (p70) but not that of pS6 kinase (p85). pS6 kinase (p85) is
a splicing variant of pS6 kinase (p70), having 23 extra amino
acids at the amino-terminus. Since the additional peptide
sequence encodes a nuclear localizing signal, pS6 kinase (p85)
is exclusively localized in the nuclei.49,52,53

The difference in subcellular localization or protein struc-
ture between the two S6 kinases might relate to the differential
western blotting using antiphospho-p70 S6 kinase antibody.

RSC Adv., 2019, 9, 20518–20527 | 20523
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suppression of phosphorylation observed with EVE/PEG-
liposomes, which could be emphasized only when the
suppressive effect was mild. Nevertheless, a high correlation
between cellular uptake, cell migration, tube formation, and
phosphorylation of pS6 kinases implied that not only plain EVE
but liposomal EVE are likely to suppress angiogenesis viamTOR
signaling pathway.
Intracellular distribution

Considering the uncertain observation that E-selectin-targeted
liposomes are transported intracellularly via clathrin-
independent pathways followed by transport to the Golgi
bodies and endoplasmic reticulum54 or the endosome/lysosome
pathway followed by release in the cytoplasm,55,56 intracellular
disposition behavior of 30-CE sLeX mimic liposomes was also
investigated.

Confocal uorescence microscopy was employed to clarify
subcellular distribution of uorescence-labeled 30-CE sLeX
mimic liposomes. As shown in Fig. 8, red uorescence signal
associated with 30-CE sLeX mimic liposomes increased over
Fig. 8 Confocal microscopy of subcellular distribution of Cy5.5-
labeled 30-CE sLeX mimic liposomes in HUVECs treated with TNF-
a and IL-1b. Subcellular distribution of 30-CE sLeX mimic liposomes
(red color) was investigated following the staining of lysosomes (A) and
Golgi bodies (B) with LysoTracker Green DND-26 and Golgi-ID green
assay kit, respectively. The images were taken after 1–4 h of treating
the cells with the liposomes.

20524 | RSC Adv., 2019, 9, 20518–20527
time. The images indicating such gradual uptake of 30-CE sLeX
mimic liposomes corresponded to the result of quantication of
EVE by LC-MS/MS (Fig. 3), as well as our previous observation.24

The previous study was not conclusive in terms of subcellular
localization of the liposomes because of low resolution and no
subcellular staining, but Fig. 8 clearly indicates that the lipo-
somes appear to be transported preferentially to lysosomes than
to the Golgi bodies.

Taking all ndings together, it was suggested that EVE/30-CE
sLeX mimic liposomes are taken up and disassembled in an
endosome/lysosome pathway, leading to the release of EVE in
the cytoplasm. Our result that sLeX-liposomes are not directly
transported to the nucleus are in agreement with the conclusion
of Stahn et al.57

Conclusion

The present study demonstrated that EVE/30-CE sLeX mimic
liposomes were intracellularly taken up by E-selectin and
prompted an anti-angiogenic effect of EVE involved in the
mTOR signaling pathway. However, the effectiveness of 30-CE
sLeX mimic liposomes was limited in case of the delivery of
EVE, presumably due to moderate retention of the drug. The
drug delivery potential of 30-CE sLeX mimic liposomes and the
formulations of EVE need to be further investigated and
optimized.
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