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ABSTRACT

Studies have shown that insertion of oleic acid into lipid bilayers can modulate the membrane proper-
ties of liposomes so as to improve their function as drug carriers. Considering that 2-hydroxyoleic acid
(20HOA), a potential antitumor agent currently undergoing clinical trials, is a derivative of oleic acid,
we explored the possibility of developing 20HOA-inserted liposomes as a multifunctional carrier of
antitumor drugs in the present study. The insertion of 20HOA into lipid bilayers was confirmed by sur-
face charge determination and differential scanning calorimetry. 20HOA insertion greatly decreased
the order of dimyristoylphosphatidylcholine packing, produced a nanosized (<100 nm) dispersion, and
improved the colloidal stability of liposomes during storage. Moreover, 20HOA-inserted liposome forms
exhibited greater growth inhibitory activity against cancer cells compared with free 20HOA, and the
growth-inhibitory activity of liposomal 20HOA was selective for tumor cells. 20HOA insertion greatly
increased the liposome-incorporated concentration of hydrophobic model drugs, including
mitoxantrone, paclitaxel, and all-trans retinoic acid (ATRA). The in vitro anticancer activity of ATRA-
incorporated/20HOA-inserted liposomes was significantly higher than that of ATRA-incorporated
conventional liposomes. In a B16-F10 melanoma syngeneic mouse model, the tumor growth rate was
significantly delayed in mice treated with ATRA-incorporated/20HOA-inserted liposomes compared
with that in the control group. Immunohistochemical analyses revealed that the enhanced antitumor
activity of ATRA-incorporated/20HOA-inserted liposomes was due, at least in part, to increased induc-
tion of apoptosis. Collectively, our findings indicate that 20HOA-inserted liposomes exhibit multiple
advantages as antitumor drug carriers, including the ability to simultaneously deliver two anticancer
drugs - 20HOA and incorporated drug - to the tumor tissue.

ARTICLE HISTORY
Received 22 August 2017
Revised 2 October 2017
Accepted 2 October 2017

KEYWORDS
2-Hydroxyoleic acid;
liposome; multifunctional;
carrier; hydrophobic drug

Introduction 20HOA treatment activates sphingomyelin synthase (SMS),
an enzyme that catalyzes the formation of SM, restoring
membrane SM levels in cancer cells to those found in normal
cells (Barcelo-Coblijn et al., 2011). In addition, 20HOA itself is
inserted into membrane phospholipids, causing alterations in
membrane lipid composition and structure that change
membrane protein-associated signaling and promote cell
death (Martin et al., 2013). Collectively, the molecular and
cellular mechanisms underlying the anticancer effects of
20HOA appear to involve 20HOA-induced membrane lipid
remodeling in cancer cells, but not in normal cells (Escriba
et al, 2015).

2-Hydroxyoleic acid (20HOA), a synthetic derivative of oleic
acid containing a hydroxyl group on the a-carbon, induces
cell cycle arrest, cellular differentiation, apoptosis, and
autophagy in a wide range of human cancer cells, including
colon, glioma, leukemia, and breast cancer cells (Llado et al.,
2010; Teres et al., 2012; Escriba et al., 2015). Based on its
potent anticancer activity and low toxicity, 20HOA has been
recently designated an orphan drug for the treatment of gli-
oma by the European Medicines Agency (Martin et al., 2013).

Cancer cells, with their uncontrolled proliferation, have
very low levels of membrane sphingomyelin (SM) compared

with normal cells, and this difference in SM levels, in turn, ini-
tiates a switch that triggers binding of several proliferation-
promoting proteins to the membrane, thereby propagating
intracellular signals that promotes the growth of cancer
cells (Megha & London, 2004; Ibarguren et al., 2014).

Liposomes have attracted research attention as drug car-
riers owing to their versatile ability to encapsulate hydro-
philic drugs within their interior aqueous compartment and
incorporate hydrophobic drugs within the hydrophobic
region of the bilayer (Kim et al., 2017). Incorporation of drugs
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into liposomes can improve their poor aqueous solubility,
limited cellular entry, and in vivo pharmacokinetics and tissue
distribution. These favorable properties, together with the
biocompatibility of phospholipids, make liposomal incorpor-
ation a promising approach for providing an administrable
dosage form that improves clinical performance of drugs
(Park et al., 2016).

Liposomes consist of phospholipid bilayer membranes sur-
rounding an aqueous interior compartment. Inserting other
components between phospholipid molecules is an effective
approach for modulating the various properties of liposomes
as drug carriers. Insertion of cholesterol inhibits the leakage
of incorporated drugs from liposomes and extends the
circulation time of liposomes in the blood (Senior &
Gregoriadis, 1982; Deniz et al.,, 2010). Charged lipids improve
dispersion stability by providing an electrostatic repulsion
that inhibits particle aggregation. Triglyceride incorporation
increases the membrane fluidity and lamellarity of liposomes
composed of saturated phosphatidylcholine (PC), thereby
improving their hydrophobic drug-incorporation capacity
(Hong et al.,, 2015). Insertion of short-chain sphingolipids in
the liposomal bilayer improves intracellular drug delivery to
tumor cells through membrane permeabilization (Cordeiro
Pedrosa et al, 2015). Bile salt enrichment in liposomal
bilayers increases liposomal stability in the gastrointestinal
tract and enhances the oral absorption of incorporated drugs
(Niu et al., 2014). Fatty acid oleic acid incorporation decreases
the order and increases the fluidity of liposomal membranes
through intercalation between PC molecules; the kinked
structure of oleic acid’s hydrocarbon residue intensifies this
effect (Notman et al., 2007). It also increases the deformabil-
ity and elasticity of liposomes, thereby enhancing the trans-
dermal delivery of incorporated drugs (Srisuk et al., 2012).

Molecular dynamics simulation studies by Cerezo et al,
undertaken to identify the interaction of PC bilayers with oleic
acid or 20HOA, showed that the interaction of these two com-
pounds with bilayers is similar (Cerezo et al., 2011). Other
experimental studies have also shown that 20HOA, like oleic
acid, interacts with and increases the fluidity of model mem-
branes (Piotto et al., 2014). With this in mind, we hypothesized
that the use of 20HOA as a component of liposomal bilayers
would modify membrane properties similar to oleic acid, lead-
ing to improved drug carrier properties of liposomes.

Research on co-treatment with two or more different anti-
cancer agents has received considerable recent attention
(Choi et al.,, 2017). Combination treatment may enhance the
therapeutic efficacy of each agent alone and/or enable the
use of reduced doses of each agent, either of which may be
toxic at its usual dose. Furthermore, research indicates that
by permitting simultaneous tissue and/or cellular accumula-
tion through the enhanced permeability and retention (EPR)
effect, co-delivery of two or more drugs simultaneously incor-
porated in nanosized carriers may offer better therapeutic
efficacy than simple co-administration therapy in cancer
patients (Hu et al., 2016). These observations suggest that co-
delivery of 20HOA and other chemotherapeutic drug may be
a promising approach for treating cancer effectively.

High-efficiency drug incorporation is a critical factor
for accelerating the clinical development of liposomal

formulation; it is particularly challenging when two or more
drugs are incorporated simultaneously since they may com-
pete for the same space within liposomes. The fact that
20HOA can be incorporated in liposomes at ~100% effi-
ciency by virtue of the fact that it is a constituent of liposo-
mal membranes alleviates this difficulty. Given these many
possible advantages of 20HOA incorporation into liposomes,
we undertook the present study to explore the potential use-
fulness of 20HOA-inserted liposomes as multifunctional anti-
cancer drug carriers. Here, we demonstrate that 20HOA
insertion increased membrane fluidity, hydrophobic-drug-in-
corporation capacity and dispersion stability of liposomes,
and enhanced the antitumor efficacy of 20HOA itself. In
addition, a proof-of-concept study using 20HOA-inserted
liposomes as carriers that simultaneously deliver two drugs —
all-trans retinoic acid (ATRA) and 20HOA - demonstrates the
great potential of 20HOA-inserted liposomes as an effective
antitumor platform formulation.

Materials and methods
Materials

2-Hydroxyoleic acid (sodium salt, 20HOA), 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine (DPPC), and 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) were purchased from Avanti Polar Lipid
Inc. (Alabaster, AL). Oleic acid and ATRA were purchased
from Sigma-Aldrich Inc. (St. Louis, MO). Mitoxantrone
dihydrochloride was bought from Tocris Bioscience Inc.
(Bristol, UK). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) was obtained from Amresco (Solon, OH).
Paclitaxel was purchased from LC Laboratories (Boston, MA).
All other chemicals were of reagent grade and used without
further purification.

Cell line and culture

UM-SCC-1 human head and neck cancer cells were kindly
provided from Dr. Jeffrey N. Myers in MD Anderson Cancer
Center (Zhao et al., 2011). MRC5 human fibroblast cells were
purchased from the American Type Culture Collection (ATCC,
Manassas, VA). Mouse B16-F10 melanoma cells were pur-
chased from the Korea Cell Line Bank (Seoul, Republic of
Korea). All cells were maintained in Dulbecco’s Modified
Eagle’s Medium (Welgene, Daegu, Korea) supplemented with
10% heat-inactivated fetal bovine serum (Gibco, NY) and
100 units/ml of each of penicillin and streptomycin. Cells
were grown in incubators in a humid atmosphere of 95% air
and 5% CO, at 37°C.

Preparation of liposomes

Liposomes were prepared as described in our earlier studies
(Hong et al., 2016). Briefly, appropriate amounts of phosphat-
idylcholine and 20HOA were first dissolved and mixed in ter-
tiary butyl alcohol. When drug incorporation is required,
drugs were dissolved together with the lipid mixture



(for paclitaxel and ATRA) or first dissolved in a small volume
of distilled water and then added to the tertiary butyl alcohol
solution containing lipid mixture (for mitoxantrone). Mixtures
were frozen at —70°C in a deep freezer for 2h, followed by
freeze-drying in a freeze dryer (EYELA FDU-1200, Tokyo,
Japan). Obtained lipid cakes were hydrated with 1 ml of 5%
dextrose, briefly vortexed and then subjected to bath sonic-
ation for 30 min at temperature above the known phase tran-
sition temperature by using an ultrasonic cleaning bath
(3510 R-DTH, Bransonic, Danbury, CT). To obtain a liposomal
dispersion with improved homogeneity, additional sonication
for 7-min was performed by using a cell disruptor
(Bioruptor®, UCD-200T, Cosmo Bio, Tokyo, Japan) set a 250
watts. The resulting liposomes were stored at 4°C until use.

Determination of drug concentration incorporated in
liposomes

Unincorporated drugs were separated from liposomes prior
to measuring the incorporated drug concentration.
Unincorporated/free mitoxantrone was separated from lipo-
somes by dialysis against 5% dextrose solution. Since our
preliminary experiments showed that either paclitaxel or
ATRA was practically insoluble in 5% dextrose solution, unin-
corporated/precipitated paclitaxel or ATRA was separated
from liposomes by immediate filtering of liposomal disper-
sions through 0.8 um syringe membrane filter as shown in
our earlier studies (Hong et al., 2015, 2016).

After separating unincorporated drugs from liposomes,
the concentration of mitoxantrone and ATRA incorporated in
liposomes were determined by measuring absorbance at
660 nm (for mitoxantrone) and 340nm (for ATRA) using a
UV/VIS spectrophotometer (DU730, Beckman Coulter, FL)
after disrupting the separated liposomes with 50-250-fold
volume of ethanol. Standard curves pre-constructed with
serial dilutions of drugs were used for the conversion of
absorbance to drug concentration. For determining the incor-
porated paclitaxel concentration, HPLC analysis was per-
formed as described in our earlier studies (Lee et al., 2014).
Briefly, 20l of liposome dispersions containing paclitaxel
were freeze-dried and dissolved in 200 ul of methanol and
centrifuged at 13,200 rpm for 10 min. The supernatant pacli-
taxel samples were determined by using Nanospace SI-2
HPLC system (Shiseido Co., Ltd, Tokyo, Japan) that comprised
a mobile phase delivery pump (SP 3201) and UV-visible
detector (SP 3002). An Capcellpak C18 column (UG120,
Shiseido, Tokyo, Japan) was used to perform the isocratic elu-
tion with a mobile phase consisting of acetonitrile and dis-
tilled water (65:35, v/v), the flow rate of 1ml/min, and
column temperature of 40°C. A 20-pl sample was injected
for each analysis, and the UV absorbance was measured at a
wavelength of 227 nm.

Physicochemical characterization of liposomes

The mean particle size and polydispersity index of liposome
dispersions were measured by the dynamic light scattering
method using a fiber-optic droplet analyzer (FRAP-1000,
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Otsuka Electronics, Osaka, Japan). Prior to measurement, lipo-
somes were appropriately diluted with 5% dextrose solution.
System was used in the auto-measuring mode. Zeta poten-
tials, the electrical potential at the shear plane of the liposo-
mal droplet, were determined using zetasizer (Zetasizer Nano
ZSP, Malvern Instruments, Northampton, MA). Prior to meas-
urement, liposomes were appropriately diluted with deion-
ized water. Default instrument settings and automatic
analysis were used for all measurements. Each measurement
was carried out in triplicate.

The thermal behavior of the liposomal membrane was
determined with Differential Scanning Calorimetry (DSC;
Q2000 differential scanning calorimeter, TA Instruments, New
Castle, DE). About 5mg of the samples was taken in a stand-
ard aluminum pan and heated from 10°C to 70°C at a con-
stant rate of 10°C per minute under nitrogen atmosphere.

The size and the morphology of liposomes were also
examined by negative stain transmission electron microscopy
(TEM). About 5pul of liposomal dispersions were applied to
carbon-coated grids that had been glow-discharged for 3 min
in air, and immediately (~5s) negatively stained using 1%
uranyl acetate. Excess stain was removed, samples were
allowed to air-dry completely, and micrographs were taken
using a Tecnai G2 Spirit (FEI, Boston, MA).

The stability of the liposomes was assessed as changes in
the mean particle sizes and the concentration of drugs
retained in liposomes during storage at 27 °C. The concentra-
tion of drugs (ATRA) retained in liposomes was determined
after separating the leaked/precipitated drugs by filtration
through a membrane filter.

Cell growth and viability assay

The growth and viability of cells was tested using an 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Cells (5000 cells/well for UM-SCC-1 cells, 7000 cells/
well for MRC5 cells, and 1500 cells/well for B16-F10 cells)
were seeded into 96-well plates. Starting from the next day,
cells were incubated with varying treatments for a predeter-
mined period of time. After incubation, the growth and via-
bility of cells were determined by using MTT. The ability of
cells to form formazan crystals by active mitochondrial respir-
ation was determined by measuring the absorbance at
570nm using a microplate reader (Bio-TEK, Winooski, VT)
after dissolving the crystals in DMSO.

In vivo anticancer efficacy study

Female C57BL/6 mouse, aged 5-weeks, were obtained from
Orient Bio (Seongnam, Korea). All animal studies were per-
formed following the guidelines approved by the
Institutional Animal Care and Use Committee (IACUC) of
National Cancer Center Research Institute.

B16-F10 cells (2><106cells/100pl) were inoculated sub-
cutaneously in the dorsal area of mouse. When the tumors
were palpable, the tumor mass was harvested, washed with
PBS containing 1% penicillin/streptomycin and chopped into
small pieces. Tumor pieces were incubated with serum-free
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media supplemented with 0.075% collagenase (Type IA,
Sigma-Aldrich Inc. , St. Louis, MO) at 37°C for 1h to induce
single cell suspension. After collecting the dissociated tumor
cells by centrifugation, cells were seeded in collagen-coated
plate in fresh DMEM media supplemented with 10% serum.
When the cells reached the exponential growth phase, they
were harvested and 2 x 10°cells were injected subcutane-
ously in the dorsal area of each mice. Tumor formation in
mice was monitored and when the tumor volume reached
around 15-20 mm?, mice were randomly divided into four
treatment groups: group 1 for the empty conventional lipo-
some control, group 2 for 20HOA solution (200 mg/kg based
on 20HOA concentration), group 3 for ATRA-incorporated
conventional liposome (10 mg/kg based on ATRA concentra-
tion), ad group 4 for ATRA-incorporated/20HOA-inserted lipo-
some (10mg/kg based on ATRA concentration). Each
treatment was given to mice intraperitoneally to a total of
three administrations (days 0, 2, and 5). Tumor volume and
body weight were measured at the scheduled time points.
Tumor volume was determined using the equation (L x W?)/2,
where L represents the longest diameter and W represents the
shortest diameter perpendicular to length.

At 8-d post-treatment, the mice were sacrificed and tumor
tissues were processed for immunohistochemical analysis.
Tumors were fixed in 4% paraformaldehyde in PBS,
embedded in paraffin and cut into 4 um sections. Sections
were dried for 1h at 56°C and immunohistochemical stain-
ing was performed with the automated instrument Discovery
XT (Ventana Medical Systems, Tucson, AZ) as follows: sections
were deparaffinized, rehydrated with EZ prep (Ventana
Medical Systems, Tucson, AZ), and washed with reaction buf-
fer (Ventana Medical Systems, Tucson, AZ). The antigens
were retrieved with heat treatment in Tris-EDTA buffer (CC1,
Ventana Medical Systems, Tucson, AZ) at 90°C for 30 min
with anti-cleaved caspase 3 antibodies (Cell Signaling
Technology, Danverse, MA).

Statistical analysis

Statistically significant differences between values obtained
in different compositions of liposomes or under different
experimental conditions were determined using two-tailed
unpaired Student’s t-tests or one-way analysis of variance
(ANOVA).

Results and discussion

Effects of 20HOA incorporation on the physicochemical
properties of liposomes

Alterations in the packing of PC molecules within the bilayer
are known to affect the thermodynamics of the lipid phase
transition. To investigate whether the packing of PC within
the liposomal bilayer was altered when liposomes were pre-
pared in the presence of 20HOA, we performed DSC studies
with DMPC liposomes prepared with or without 20HOA sup-
plementation. Heating thermograms shown in Figure 1 indi-
cate the presence of two transition peaks, a smaller one at
14.95°C and a more intense one at 24.3°C, in liposomes

DMPC 16

g/k DMPC:20HOA (16:2)

.

0 10 20 30 40 50 60

Cp (kcal/mol/°C)

DMPC:20HOA (16:8)

Temperature (°C)

Figure 1. Effect of 20HOA content on DSC thermograms of DMPC liposomes.
Liposomes were prepared with the indicated molar ratio of DMPC and 20HOA.

prepared with DMPC alone. These two peaks correspond to
the known pre-transition and major transition temperature
(Tm) of DMPC, respectively (Needham et al, 1988; Wrobel
et al,, 2011). Pre-transition is a low-enthalpy transition reflect-
ing the membrane’s change from the gel phase to the
rippled gel phase, and the main phase transition is associ-
ated with the change of membranes from the rigid gel phase
to the fluid liquid crystalline phase. The preparation of DMPC
liposomes by supplementation with 11% 20HOA had a major
influence on both transition peaks: the pre-transition peak
completely disappeared and the main transition peak was
shifted to a lower temperature (21.9°C) and broadened with
a decreased enthalpy. Elimination of the pre-transition peak
implies that the added compound, 20HOA, interacts with the
head group of DMPC (Barry et al., 2009). Our data are in
agreement with the assumption made by molecular simula-
tions that the polar heads of 20HOA locate slightly below
the polar head group of the phospholipid (Cerezo et al.,
2011). The T,, shift to a lower temperature indicates that
20HOA was successfully inserted into the PC bilayers of lipo-
somes, thereby bringing the bilayer from an ordered gel to a
disordered fluid state. Studies by others have demonstrated
a similar decrease in the lateral forces between PC head
groups (Notman et al, 2007) and disruption of the ordered
packing of the phospholipid molecules by oleic acid. The cis
double bond of oleic acid molecules causes a kinked lipid
tail, disrupting membrane order and lowering the T,, (Srisuk
et al.,, 2012). Taken together, these data suggest that 20HOA
is intercalated between PC molecules when added together
with PC during the preparation of liposomes and thus
increases the fluidity of the membrane.

Further increases in the 20HOA content up to 33% caused
greater broadening and splitting of the main transition peak
(Figure 1). This effect may be attributable to the heteroge-
neous distribution of 20HOA when present at high content
in the lipid bilayer, as reported in the case of a high content
of oleic acid, which causes phase separation with possible
pooling of oleic acid within the bilayer (Cerezo et al.,, 2011;
Prades et al., 2012).
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Figure 2. Effects of 20HOA insertion on the physicochemical characteristics of liposomes. (A) Effects of 20HOA content on the mean particle size and zeta potential
of liposomes. Liposomes were prepared with the indicated molar ratio of DMPC and 20HOA. For comparison, oleic acid-inserted liposomes were prepared with a
16:8 molar ratio of DMPC and oleic acid. (B) Effect of 20HOA insertion on the mean size of liposomes prepared with DOPC or DPPC. Liposomes were prepared with
a 16:8 molar ratio of PC and 20HOA. (C) Representative TEM image of 20HOA-inserted liposomes. Liposomes were prepared with a 16:8 molar ratio of
DMPC:20HOA. (D) Time-dependent changes in the mean particle size of liposomes with varying 20HOA content. Liposomes prepared with the indicated ratio of
DMPC and 20HOA were stored at room temperature for up to 28 days. Data are expressed as means+SD (n=3; *p < .05, **p <.005 compared with the initial

condition).

We next investigated the effect of 20HOA content on the
mean particle size and surface charge of liposomes. The
mean size of DMPC liposomes tended to decrease in a
20HOA content-dependent manner; the mean size of lipo-
somes composed of DMPC alone was the largest (~300nm)
and was reduced to <100nm when liposomes were pre-
pared with >20.8% 20HOA (Figure 2(A)). These data indicate
that, in terms of particle size, 20HOA incorporation would
enable increased tumor accumulation of DMPC liposomes
through the EPR effect, which allows particles in the range of
10-100nm to accumulate relatively easily in tumor sites
through vascular fenestrations (Maeda et al., 2000). In accord
with our data, a significant decrease in liposome size to
below 100 nm by oleic acid incorporation has been reported
in other studies (Huang et al,, 2011; Srisuk et al., 2012). The
polydispersity index of 20HOA-inserted liposomes ranged
between 0.2 and 0.35, indicating a size homogeneity of
20HOA-inserted liposomes (data not shown). 20HOA incorp-
oration into liposomes prepared with either DOPC or DPPC
also greatly reduced the mean size of liposomes, implying
that 20HOA increased the colloidal stability of liposomes
regardless of PC type (Figure 2(B)).

Zeta potential is a measure of the surface charge of col-
loidal particles. Liposomes composed of DMPC alone

exhibited zeta potential values close to zero. In contrast, the
surface charge of 20HOA-inserted liposomes showed a ten-
dency toward increased negativity with increases in 20HOA
content (Figure 2(A)). It seems likely that the sodium salt
form of 20HOA used in the present study was present in the
liposomal bilayer as a charged form, thereby contributing to
the negativity of the liposome surface charge. In general, lip-
osomes with high zeta potential (>50mV negative or posi-
tive) are considered physically stable owing to the electric
repulsion between particles; thus, our data indicate that
DMPC liposomes can be stabilized electrostatically by incorp-
oration of >20.8% 20HOA. Compared with liposomes com-
posed of DMPC alone, the surface charge of liposomes
containing 33% oleic acid became more negative, but the
negativity was much less than that for liposomes containing
the same 20HOA content. Part of oleic acid is probably pre-
sent as a deprotonated form (oleate) under these experimen-
tal conditions, and thus the surface charge of liposomal oleic
acid becomes negative, as reported in earlier studies (Huang
et al., 2011).

A representative TEM image of 20HOA-inserted liposomes
revealed mostly spherical vehicles in the size range of
10-100 nm (Figure 2(Q)). It is well known that the mean par-
ticle diameter estimated by TEM analysis tends to be smaller
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than the hydrodynamic diameter determined by the dynamic
light scattering (DLS) method. To assess the 20HOA effect on
the stability of DMPC liposomes, we compared time-depend-
ent changes in the mean particle size during storage among
liposomes containing varying 20HOA content. During storage
at 27°C, liposomes composed of DMPC alone exhibited a
gradual increase in mean particle size up to 3 weeks, and
then showed a sharp increase (>5-fold compared with the
initial size), implying aggregation of electrically neutral DMPC
liposomes during storage. In contrast, no significant changes
in the mean size of 20HOA-inserted liposomes were
observed regardless of 20HOA content during 4-week stor-
age at 27°C (Figure 2(D)). Collectively, these data indicate
that 20HOA is inserted into the lipid bilayer and increases its
fluidity in a manner similar to that of oleic acid, and this
incorporation of 20HOA improves the stability of liposomes.

Effect of 20HOA incorporation on the antitumor activity
of 20HOA

Treatment of UM-SCC-1 tumor cells with 20HOA inhibited
the growth of tumor cells in a concentration-dependent
manner. Of the free and liposome-inserted form of 20HOA,
the liposome-inserted form exhibited more potent growth
inhibitory activity: 120uM 20HOA inserted into liposomes
inhibited cellular proliferation by 81.7% + 3.6%, whereas the
same concentration of free 20HOA inhibited proliferation by
only 25.2% +2.9%. The 50% inhibitory concentration (ICsq) of
free 20HOA was approximately 1.5-fold higher than that of
liposomal 20HOA, indicating that incorporation of 20HOA
increased the antitumor activity of liposomes (Figure 3(A)).
Liposomes composed of DMPC alone did not significantly
inhibit the growth of cells within the concentration range
used in this study, indicating that the antitumor effect of
liposome treatment was mediated by the 20HOA inserted
into the liposomal bilayer.

20HOA has been shown to exert growth inhibitory effects
in tumor cells, but not in normal cells (Martin et al., 2013).
Since liposomal incorporation enhanced the growth-inhibi-
tory effect of 20HOA on tumor cells, it was of interest to
determine whether liposomal incorporation affected the
selectivity of 20HOA for inhibiting growth of tumor cells. As
shown in Figure 3(B), incubation with liposomal 20HOA for
72 h slightly inhibited the proliferation of non-tumor MRC5
cells only at the >200 uM concentration of 20HOA, implying
that the selectivity of 20HOA for tumor cells is retained after
liposomal incorporation.

To better understand why liposomal 20HOA exhibits
more potent antitumor activity than free 20HOA, we per-
formed separate experiments in which UM-SCC-1 cells were
treated with a fixed concentration of free 20HOA in the pres-
ence of varying concentrations of free DMPC. The growth-
inhibitory effect of 20HOA towards UM-SCC-1 cells increased
with increasing supplemented DMPC concentration, implying
that combined treatment with DMPC enhances the effect of
20HOA on tumor cell growth (Figure 3(C)). Considering that
20HOA-activated SMase activated catalyzes the synthesis of
SM through transfer of the phosphatidyl head group of PC
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Figure 3. Effects of liposomal insertion on the anticancer activity of 20HOA. (A)
Comparison of the anticancer efficacy of free and liposome-inserted 20HOA.
Cell growth and viability were determined by MTT assays after incubating UM-
SCC-1 tumor cells with different formulations for 72 h. The free 20HOA solution
was prepared by dissolving 20HOA in DMSO, and liposomes were prepared
with DMPC alone or a 16:8 molar ratio of DMPC:20HOA. Liposomes composed
of DMPC alone were added to cells after preparing dilutions corresponding to
the dilution of DMPC:20HOA liposomes. (B) Effects of liposome-inserted 20HOA
on the growth and viability of cancer cells and normal cells. Cancer cells (UM-
SCC-1) and normal cells (MRC5) were incubated with different dilutions of
DMPC:20HOA (molar ratio, 16:8) liposomes for 72h, after which MTT assays
were performed. (C) Effect of DMPC supplementation on the anticancer activity
of 20HOA. UM-SCC1 cells were incubated with 120 uM 20HOA (DMSO solution)
in the presence of the indicated concentration of DMPC (DMSO solution) for
48 h, after which MTT assays were performed. Results are expressed as percent-
age growth (means+S.D. of triplicate wells) relative to control cells (*p < .05,
**p <.005 compared with 20HOA treatment alone).

onto the primary hydroxyl of ceramide, DMPC supplementa-
tion may increase the available concentration of substrate
(PQ) in the vicinity of SMase, thereby facilitating SM synthesis.
Differences in the mechanism of free and liposomal 20HOA
interactions with the cell membrane may be another reason
causing the differences in the antitumor potency: liposomal
20HOA fuses with the membrane, whereas free 20HOA
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Figure 4. Effects of 20HOA insertion on the drug-incorporation capacity of liposomes. Effects of 20HOA insertion on the liposome-incorporated concentration of
(A) mitoxantrone, (B) paclitaxel, and (C) ATRA. (A and B) Liposomes were prepared with DMPC alone (24 umole/ml) or DMPC:20HOA (molar ratio, 16:8; total, 24
pumole/ml) together with 0.25 mg of mitoxantrone or 1.5 mg of paclitaxel. (C) Liposomes were prepared with DMPC:CHOL (molar ratio, 24:2; total, 26 umole/ml) or
DMPC:20HOA:CHOL (molar ratio, 12:12:2; total, 26 pmole/ml) containing 2mg of ATRA. Data are expressed as means +SD (n=3; **p <.005, ***p <.0001 com-
pared with 20HOA-free liposomes). (D) Schematic depiction of the structure of 20HOA-inserted liposomes. (E) Effect of 20HOA insertion on the time-dependent
leakage of ATRA incorporated in liposomes. Liposomes were prepared as described in (C) and stored at 27 °C up to 48 h.

diffuses into the membranes on an individual molecule basis.
In this context, Huang et al. demonstrated that liposomal
oleic acid kills bacteria more potently than free OA, because
liposomal oleic acid fuses with the bacterial membrane more
rapidly than free OA (Huang et al., 2011).

Effects of 20HOA insertion on the hydrophobic-
drug-incorporation capacity of liposomes

Incorporation of hydrophobic drugs through embedding
within the lipid bilayer has been shown to overcome the
solubility limitations of drugs, offering an effective means for
providing injectable formulations. High drug-incorporation
capacity, however, is required for the clinical development of
liposomes in a cost-effective dosage form. To investigate
20HOA effects on the drug-incorporation capacity of lipo-
somes, we chose three hydrophobic anticancer drugs in clin-
ical use: mitoxantrone, paclitaxel, and ATRA (Shapira et al,
2010; Hong et al,, 2016; Silva et al.,, 2016). Incorporation of
33% 20HOA improved the incorporation of all three drugs,
increasing the concentrations of mitoxantrone, paclitaxel, and

ATRA by 10.7-, 13.5- and 1.5-folds, respectively (Figure
4(A-Q)). It is conceivable that the intercalation of 20HOA
between DMPC molecules decreased the ordering of lipid
acyl chains and thus facilitated the incorporation of drugs
during the preparation of liposomes. In addition, the kinked
structure of 20HOA may also contribute to providing wider
spaces for accommodating hydrophobic drugs, as depicted
in Figure 4(D).

Among the three drugs, the effect of 20HOA on drug-
incorporation capacity was greater for paclitaxel and mitox-
antrone than ATRA, possibly reflecting differences in the
molecular structures of these drugs. Literatures have shown
that incorporation of paclitaxel into liposomal membranes
composed of saturated PC is particularly challenging, owing
to the bulky and asymmetrical paclitaxel structure (Hong
et al, 2016); thus, it seems likely that paclitaxel gains the
most benefit from gap widening between PC molecules by
20HOA. Earlier studies have demonstrated that incorporation
of the cationic drug mitoxantrone into liposomes is greatly
enhanced by incorporation of anionic phospholipids owing
to the resulting electrostatic interactions (Li et al., 2008). In
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this context, it is plausible that mitoxantrone-20HOA electro-
static interactions in our formulation, in addition to drug-PC
hydrophobic interactions, contributed to the effectiveness of
mitoxantrone incorporation. Indeed, the zeta potential values
of mitoxantrone-incorporated liposomes indicate positive
(+13.8mV) and negative (-33.9mV) surface charges of plain
and 20HOA-inserted liposomes, respectively (Figure 4(A)).
Compared with the highly negative zeta potential value for
drug-free/20HOA-incoporated liposomes, the change in
negativity of mitoxantrone-incorporated/20HOA-inserted lip-
osomes was much less (from-58.1 to —33.9mV), supporting
this assumption.

Effect of 20HOA insertion on the stability of drug-loaded
liposomes was evaluated by monitoring the leakage of lipo-
some-incorporated drugs during storage at 27°C. Leakage
test was performed with ATRA-incorporated liposomes since
the initial concentrations of either paclitaxel or mitoxantrone
incorporated into 20HOA-free liposomes were too low to
monitor the time-dependent drug leakage. When liposomes
were stored at 27°C, ATRA was leaked from liposomes in a
time-dependent manner regardless of 20HOA incorporation
but the leakage of ATRA after 48 h was less than 30% of ini-
tial incorporated ATRA in both formulations (Figure 4(E)). It
indicates that the 20HOA insertion does not exaggerate the
drug leakage/precipiation from liposomes despite of higher
incorporated drug concentration.

Effects of 20HOA insertion on the antitumor activity of
ATRA in vitro and in vivo

To explore the therapeutic potential of 20HOA-inserted lipo-
somes as more efficient carriers of antitumor drug, we next
sought to determine whether combined treatment with
20HOA and an antitumor drug enhanced the cytotoxic effects
of the latter in tumor cells. We performed these studies using
B16-F10 murine melanoma cells in culture and a syngeneic
mouse model, reflecting the fact that melanoma, one of the
most aggressive and hardest to treat cancers, requires novel
combination therapeutic strategies (Ugurel et al.,, 2016). ATRA,
the drug of choice for the treatment of acute promyelocytic
leukemia, has been shown to induce cell-growth inhibition,
differentiation, and/or apoptosis in a broad spectrum of can-
cers, including melanoma (Niles, 2003). In addition to over-
coming solubility limitations, liposomal incorporation of ATRA
has been shown to improve the chemical stability and tumor
accumulation of the drug (Siddikuzzaman & Grace, 2012). The
multiple benefits expected to be gained by incorporation
ATRA in liposomes prompted us to select ATRA as a model
anticancer drug for this study.

When cultured B16-F10 cells were incubated with ATRA in
the presence or absence of 20HOA for 72 h, ATRA inhibited
cell growth in a concentration-dependent manner. Compared
with ATRA treatment alone, combination treatment with
20HOA inhibited cell growth to a greater extent: 2.5 and
10puM ATRA alone decreased cell growth by 26.6% and
40.0%, respectively, whereas the corresponding values for
same doses of ATRA together with 150 uM 20HOA were
40.0% and 62.8%. At a concentration of 150 uM, 20HOA
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Figure 5. Effect of 20HOA on the in vitro anticancer activity of ATRA. The
growth-inhibitory effect of ATRA in mouse B16-F10 melanoma cells was eval-
uated by MTT assays after a 72-h incubation. (A) Growth-inhibitory effects of
free ATRA in the presence or absence of free 20HOA (150 uM). (B) Comparison
of the growth-inhibitory effects of ATRA incorporated in conventional liposomes
or 20HOA-inserted liposomes. Liposomes used in the study were composed of
DMPC:CHOL:ATRA (molar ratio, 24:2:0.53) and DMPC:20HOA:CHOL:ATRA (molar
ratio, 12:12:2:0.53). Data are expressed as percentage growth (means+S.D. of
triplicate wells) relative to control cells.

alone decreased cell growth by less than 10% (Figure 5(A)).
These data indicate that when used in combination, ATRA
and 20HOA cooperatively exert anti-proliferative effects
against melanoma cells. As a result, 20HOA cotreatment low-
ered the ATRA concentration that was capable of inducing
cell-growth inhibition, implying potential therapeutic benefits
of combined ATRA and 20HOA treatment in melanoma.

Based on data for combination treatment in vitro, we pre-
pared ATRA-incorporated liposomes with or without 20HOA
insertion. ATRA incorporated into 20HOA-inserted liposomes
inhibited cell growth more effectively than 20HOA-free lipo-
somes at all concentrations used: a DMPC:CHOL:ATRA lipo-
some formulation (10pM ATRA) decreased cell growth by
41.8%, whereas the same concentration of ATRA as a
DMPC:20HOA:CHOL:ATRA liposome formulation decreased
cell growth by 75.2% (Figure 5(B)). These results indicate that
the 1Cso of ATRA was >10uM for the 20HOA-free liposomal
formulation but <10uM for the 20HOA-inserted liposomal
formulation, suggesting that ATRA in a 20HOA-inserted lipo-
some-incorporated form possesses more potent antitumor
activity.
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Figure 6. In vivo antitumor study. (A) Tumor growth and (B) body weight changes were monitored in a B16-F10 syngeneic mouse tumor model after treatment
with free 20HOA, ATRA-incorporated conventional liposomes, ATRA-incorporated/20HOA-inserted liposomes, or empty conventional liposomes. Upward arrows
indicate treatment time points. Data are presented as means + SEM (n=6-7; *p < .05, **p < .005). (C) Representative immunohistochemical images of syngeneic
B16-F10 tumors obtained from each group of mice after treatment. Scale bars: 100 um. The 20HOA solution for treatment was prepared by dissolving 20HOA at
6.4mg/ml in distilled water containing 0.25% hydroxypropylmethylcellulose (Shin-Etsu Co., Tokyo, Japan) and 0.2% Tween-80 (Sigma-Aldrich Inc., St. Louis, MO).
Empty conventional liposomes were composed of a 40:3 molar ratio of DMPC:CHOL. The composition of ATRA-incorporated conventional liposomes and ATRA-incor-
porated/20HOA-inserted liposomes used were DMPC:CHOL:ATRA (molar ratio, 24:1.9:0.85) and DMPC:20HOA:CHOL:ATRA (molar ratio, 12:12:1.9:0.78), respectively.
The arrow indicates the active caspase-3 fragment; the brown-black pigments are melanin.

We next assessed the antitumor activity of ATRA incorpo-
rated in conventional or 20HOA-inserted liposomes using a
mouse model of subcutaneously implanted B16-F10 cells.
Mice were divided into the following four treatment groups:
empty conventional liposomes (control), free 20HOA, ATRA-
incorporated conventional liposomes, and ATRA-incorpo-
rated/20HOA-inserted liposomes. Mice in each group were
treated with the indicated formulations three times.
Compared with the tumor growth in the control group
treated with empty vehicle (DMPC:CHOL liposome), the
growth rate of tumors in the other three mouse groups
tended to be delayed. After 8d, tumor mass volumes in mice
treated with free 20HOA, ATRA-incorporated conventional
liposome, or ATRA-incorporated/20HOA-inserted liposome
groups were 18.1%, 14.7%, and 55.6% smaller, respectively,
than those of controls. However, differences compared with
control mice were statistically significant only for groups
treated with ATRA-incorporated/20HOA-inserted liposomes
at 5 and 8d postinjection (p <.05, Figure 6(A)). Tumor
growth in  ATRA-incorporated/20HOA-inserted liposome

groups tended to be retarded compared with that in groups
treated with ATRA-incorporated conventional liposomes, but
the difference fell short of statistical significance (p=.0512
and .0512 on days 5 and 8). Taken together, these results
suggest additive effects of treatment in syngeneic tumor
models, based on an assessment of tumor growth.

Body weight change was also assessed as an indicator of
side effects and treatment toxicities. Tumor-bearing mice in
each group showed slight or no weight gains during the
experiment, but no significant weight loss was observed in
any treatment groups (Figure 6(B)). These data indicate that
no treatments caused severe toxicity leading to body weight
loss at the doses and dosing intervals used, implying that
20HOA-inserted liposomal formulations are safe for treating
melanoma.

Immunohistochemical analyses revealed that immunoreac-
tive cells positive for the apoptotic marker, cleaved caspase-
3, were barely detectable in tumors of control mice, whereas
a few positive cells were found in both 20HOA-treated mice
and DMPC:CHOL:ATRA liposome-treated mice. In contrast,
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tumors of DMPC:20HOA:CHOL:ATRA liposome-treated mice
had a considerably higher proportion of cleaved caspase-3-
expressing cells (Figure 6(C)). These results indicate that
ATRA-incorporated/20HOA-inserted liposomes exerted higher
antitumor activity compared with that of ATRA-incorporated
conventional liposomes, a free 20HOA solution, and empty
conventional liposomes by increasing tumor cell apoptosis.
ATRA is known to exert its antitumor activity, at least in part,
through induction of either intrinsic or extrinsic apoptosis
(Noy, 2010). In this context, literature reports have shown
that the membrane lipid reorganization caused by 20HOA
may cause clustering of the death receptor, Fas, and initiate
the extrinsic apoptosis pathway, leading to apoptotic cell
death (Llado et al., 2010). Taken together, our findings indi-
cate that ATRA-20HOA co-delivered by liposomes to tumors
may converge at some point in the apoptotic pathway lead-
ing to cell death.

Conclusions

In the present study, we explored the potential of 20HOA-
inserted liposomes as versatile antitumor drug carriers, based
on the assumption that 20HOA modulates the membrane
properties of lipid bilayers to further increase their utility as
hydrophobic drug carriers, and that 20HOA inserted into lip-
osomes may cooperate with liposome-incorporated anti-
cancer drugs to exert enhanced antitumor activity, reflecting
the simultaneous delivery of two anticancer drugs (20HOA
and incorporated drug) to the tumor tissue. The data pre-
sented here indicate that 20HOA inserted in liposomes
decreases the packing order of PC bilayers and thus greatly
improves the concentration of hydrophobic drugs incorpo-
rated into liposomes. In addition, 20HOA insertion improved
the colloidal stability of liposomes by providing electrostatic
stabilization. Furthermore, the antitumor activity of 20HOA
was increased by virtue of incorporation into liposomes, and
ATRA-incorporated/20HOA-inserted liposomes exerted
greater antitumor activity against melanoma in vitro and in
vivo. We speculate that the more potent antitumor activity of
ATRA-incorporated/20HOA-inserted  liposomes compared
with ATRA-incorporated conventional liposomes is achieved
through multiple benefits provided by 20HOA insertion in
liposomes, as noted above. While not investigated here,
increased tumor cell uptake of ATRA incorporated in 20HOA-
inserted liposomes, through increased endocytosis and/or
fusion of liposomes, compared with that of ATRA incorpo-
rated into conventional liposomes may be an additional fac-
tor that contributes to the enhanced antitumor activity. In
conclusion, 20HOA-inserted liposomes show promising
potential as an effective ATRA carrier by exhibiting multiple
therapeutic advantages, including the ability to simultan-
eously deliver two anticancer drugs — 20HOA and ATRA - to
the melanoma tissue. The potential effectiveness of 20HOA-
inserted liposomes as anticancer drug carriers may be
expanded to other hydrophobic anticancer drugs.
Considering that the current clinical trials of 20HOA are
aimed at patients with glioma, it would be of interest to

further investigate the therapeutic efficacy of liposomes
codelivering 20HOA and drugs frequently used in glioma
patients.
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