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Background: Epithelial ovarian cancer (EOC) is a fatal gynecologic malignancy that is
usually treated with chemotherapy after surgery. However, patients who receive chemother-
apy experience severe side effects because of the inherent toxicity and high dose of
chemotherapeutics. To overcome these issues, we suggest a combination therapeutic strategy
using liposomes encapsulating linalool nanoemulsions (LN-NEs) and doxorubicin (DOX),
a chemotherapeutic drug, to increase their synergistic antitumor efficacy and reduce the
incidence of side effects from chemotherapeutics for EOC.

Methods: The physical properties of LN-NE-DOX-liposomes were characterized by light
scattering with a particle size analyzer. Cell viability was determined by MTT assay.
Therapeutic efficacy was evaluated in a mouse HeyA8 EOC tumor model of ovarian
carcinoma. Additionally, biochemical toxicity was analyzed for levels of aspartate amino-
transferase (AST), alanine aminotransferase (ALT), and blood urea nitrogen (BUN) using
BALB/c nude mice.

Results: The size of the liposomes encapsulating LN-NEs and DOX (LN-NE-DOX-
liposomes) was 267.0 + 4.6 nm, with a loading efficiency of 55.1 + 3.1% and 27.2 £ 0.9%
for linalool and DOX, respectively. Cell viability after treatment with LN-NE-DOX-
liposomes was significantly decreased compared to that of cells treated with DOX liposomes,
and apoptosis was significantly increased. Additionally, LN-NE-DOX-liposomes signifi-
cantly inhibited HeyA8 EOC tumor growth compared to that of the control (p < 0.01) and
DOX-liposome-treated groups (p < 0.05), while decreasing cell proliferation (Ki67) and
microvessel density (CD31), and promoting apoptosis (caspase-3) compared to the control
(» < 0.05). Moreover, the liposomal formulations induced no significant differences in
biochemical toxicity (AST, ALT, and BUN) compared to healthy control mice, indicating
that the liposomal formulations showed no overt toxicity in mice.

Conclusion: This study demonstrates that the production of LN-NE-DOX-liposomes is
a pivotal approach for EOC treatment, suggesting a novel combination therapeutic strategy.
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Introduction

Epithelial ovarian cancer (EOC) is a common gynecologic malignancy and a major
cause of cancer-related deaths, with more than 200,000 new cases and 150,000
deaths worldwide annually.' Ovarian cancer originates from the epithelial, stromal,
and germ cells, and EOC makes up more than 90% of all ovarian cancer cases.'
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Generally, patients with EOC receive paclitaxel and plati-
num-based chemotherapy (cisplatin) in a cocktail form
after primary surgery, but a number of patients experience
side effects after chemotherapy.? After primary chemother-
apy fails in patients with EOC, doxorubicin (DOX) is used
as a secondary chemotherapy. However, in secondary che-
motherapy, EOC patients still feel side effects due to
DOX. Therefore, an effective strategy that would reduce
the incidence of these side effects and increase therapeutic
efficacy is needed.

Therapeutic ~ strategies, including chemotherapy,’
immunotherapy,® and radiotherapy” have recently been
developed for the treatment of EOC. Although chemother-
apy is still commonly used as a treatment method, the side
effects of anticancer drugs associated with toxicity in nor-
mal cells and organs have caused severe problems such as
nausea, vomiting, and cardiotoxicity.("7 To overcome these
concerns, effective carrier systems for the delivery of che-
motherapeutics are being actively developed to increase
delivery efficiency in the tumor microenvironment.
Among these systems, liposomes are highly attractive car-
riers that not only transport anticancer drugs safely to tumor
cells but they also increase blood circulation time, thereby
enhancing drug delivery efficiency in the tumor
microenvironment.® Moreover, the unique properties of
liposomes, such as their ability to encapsulate various
drugs and their tunable surface modification, offer many
advantages over their counterparts. Notably, several lipo-
some formulation-based therapeutic nanomedicine agents
have already been approved by the Food and Drug
Administration (FDA) for clinical use, and the potential
use of natural compounds as anticancer drugs has also
been vigorously studied.”'* Among anticancer drugs, we
used DOX because of its hydrophilic characteristics, mak-
ing it attractive for the development of liposomal formula-
tions. Here, we utilized a remote loading method, which
could load DOX into liposomes through the driving force of
a transmembrane ammonium gradient.'®> Linalool (LN),
a natural compound, exhibits antitumor effects by increas-
ing the production of reactive oxygen species (ROS), pro-
moting cell apoptosis due to oxidative stress.'* LN is
composed of a monoterpene tertiary alcohol and can be
obtained from certain plants as an essential oil."
However, LN is highly insoluble in water due to the non-
polar nature of hydrocarbons, leading to low bioavailability,
limiting the use of LN as a chemotherapeutic agent.'>'® To
overcome this limitation, we developed an LN-incorporated
nanoemulsion (LN-NE) system as a therapeutic agent.'’

To enhance their therapeutic efficacy against EOC,
combination strategies have focused on the use of two or
more therapeutic agents.'® As a novel strategy to eradicate
cancer, combination therapies have shown greater thera-
peutic benefit compared to monotherapies because of the
different biological mechanisms of anticancer drugs that
can show synergistic effects.'®*° Based on this study, we
propose a combination strategy using a liposomal platform
that incorporates both LN and DOX, which exerted pro-
mising synergistic effects for treatment of EOC.

Materials and Methods

Materials

Hydrogenated soy phosphatidylcholine (HSPC), cholesterol
(CHOL), and 1,2-distearoyl-sn-glyecero-3-phosphoethanol-
amine-N-[methoxy(polyethylene  glycol)-2000] (DSPE-
mPEG-2000) were purchased from Avanti Polar Lipids Inc.
(Alabaster, AL, USA). Linalool (LN) and doxorubicin
hydrochloride (DOX) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). RPMI 1640 and fetal bovine serum
(FBS) were purchased from Welgene (Gyeonsan, Korea).
The other materials were of analytical grade and used with-
out further purification.

Cell Culture Conditions

The derivation and source of human epithelial ovarian
cancer cell lines HeyA8 have been received from Dr. A.
K. Sood (MD Anderson Cancer Center, USA, 2014) and
previously described.?'** The use of the HeyAS cells was
approved by the committee of Konkuk University (South
Korea, Ref. No: KU18200). Cells were maintained in
RPMI 1640 medium supplemented with 0.1% gentamycin
(Sigma-Aldrich, St. Louis, MO, USA) and 10% FBS
(Biowest, Nuaille, France).?""** The cells were tested for
mycoplasma, hepatitis, and Sendai virus infection at the
Korea Research Institute of Bioscience and Biotechnology
(Ref. NO. M16442, South Korea). The cells were free of
Mycoplasma and inspected at 2016. All in vitro and
in vivo experiments were conducted when cells reached
70% and 80% confluency at passage 5.

Preparation of LN-NEs and LN-NE-DOX

-Liposomes

LN-NEs were prepared by the self-nano-emulsifying drug
delivery system (SNEDDS) method in a 4% Tween 80
solution.'” Briefly, LN (0.87 g/mL) was added to the 4%
Tween 80 solution and stirred for 10 min at 24 °C. LN-NEs
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were obtained by removing unreacted Tween 80 and LN
using a dialysis membrane (Spectrum Labs, Rancho
Dominguez, CA, USA) at 4 °C for 24 h.

DOX-liposomes were prepared by a thin lipid film
hydration method.** HSPC, CHOL, and DSPE-mPEG
-2000 (3:1:1,
a solution of chloroform and methanol (8:2, v/v). The

w/w) were mixed and dissolved in

organic solvent was removed using a rotary evaporator
(WiseVaporTMEv-1001, ScilLab, South Korea) under
vacuum at 41 °C to obtain a thin lipid film. The lipid
film was hydrated using an aqueous solution of 250 mM
ammonium sulfate. The liposomal solution was sonicated
using a probe-type sonicator (20% amplitude, 5 s pulses on
and 3 s pulses off, 5 min, VCX 500, Sonics, USA), and
free ammonium sulfate was removed using a Sephadex
G-50 column. DOX was encapsulated into liposomes
using a remote loading method."® Briefly, the DOX solu-
tion (2 mg/mL) was mixed with liposomes and incubated
at 60 °C for 24 h.'> Free DOX was removed using
a Sephadex G-50 column.

LN-NE-DOX-liposomes were prepared by adding LN-
NEs in the hydration procedure for the DOX-liposome pre-
paration as described above. The loading efficiency of LN
and DOX in the liposomes were measured by a UV-vis
spectrophotometer (UV-mini, Shimadzu, Japan) at 295 nm
and 490 nm, respectively.?” The loading efficiency of LN was
calculated according to the formula: Loading efficiency of
LN (%) = (F-F¢/Fy-Fo) x 100, where F; is the LN into LN-
NE after dissolution with 70% ethanol, F is background of
the 70% ethanol, and Fy is the LN of initial amount of LN.
Additionally, the loading efficiency of DOX was calculated
according to the formula: Loading efficiency of DOX (%) =
(F4-Fo/F-Fo) x 100, where F is the DOX of liposome after
dissolution with 0.1% Triton X-100, F, is the background of
detergent solution, and F4 is the DOX of initial DOX. The
size and zeta potential of the liposomes were measured by
dynamic light scattering using an electrophoretic light scat-
tering photometer (SZ-100, Horiba, Kyoto, Japan). The mor-
phology of the LN-NE-DOX-liposomes was observed by
cryogenic transmission electron microscopy (Tecnai T12
Bio-TWIN, FEI Company, Hillsboro, OR, USA).26

In vitro Cytotoxicity Assay

The cytotoxicity of LN-NEs, DOX-liposomes, and LN-NE-
DOX-liposomes was determined by the MTT assay.'’
HeyAS cells were seeded at a density of 3000 cells/well in
96-well plates in triplicate and cultured overnight at 37 °C
in an incubator containing 5% CO,. After the addition of

LN-NE, DOX-liposomes, or LN-NE-DOX-liposomes in
the cell culture medium, the cells were further incubated
for 24 h, 48 h, and 72 h. Absorbance was measured using
a microplate reader (EL808, Bio-Tek, Winooski, VT, USA)
at 560 nm.

Apoptosis Assay

HeyAS cells were seeded in a 6-well plate at a density of 1 x
10° cells/well and cultured overnight at 37 °C in an incu-
bator containing 5% CO,. LN-NEs, DOX-liposomes, or
LN-NE-DOX-liposomes were added to the cells and further
incubated for 72 h (DOX: 0.5 uM, LN: 0.3 mM). Cells were
then stained with FITC-annexin V (Biolegend, San Diego,
CA, USA) and 7-Amino-Actinomycin D (7-AAD) (BD
Biosciences, Franklin Lakes, NJ, USA)."” Apoptotic cells
were analyzed by flow cytometry (BD FACSCalibur with
CELLQuest software, BD Biosciences, Franklin Lakes,
NJ, USA).

Therapeutic Efficacy of LN-NE-DOX-

Liposomes

Female BALB/c nude mice (5-6 weeks old, 20 g) were
purchased from ORIENT (Gapyeong, South Korea). The
protocol was approved by the Institutional Animal Care
and Use Committee of Konkuk University (South Korea,
Ref No: KUI18200). All procedures were performed
according to approved protocols and recommendations
for the proper care and use of animals at the specific-
pathogen-free housing facility at Konkuk University.

To produce tumor, HeyA8 cells (1 x 10°) were
injected intraperitoneally (i.p.). The mice were grouped
as follows (n = 5 mice per group): (1) PBS as a placebo
negative control, (2) LN-NEs (LN; 100 mg/kg, i.v., twice
a week), (3) DOX-liposomes (DOX; 5 mg/kg, i.v., once
a week), and (4) LN-NE-DOX-liposomes (both LN;
100 mg/kg and DOX; 5 mg/kg, i.v., once a week, and
LN; 100 mg/kg, i.v., 3 days after LN-NE-DOX-liposome
injection) to adjust the therapeutic dose of LN. Treatment
continued until the mice became moribund (typically 3 to
4 weeks). Tumor weight, number of tumor nodules, and
mouse weight were recorded. The individuals who per-
formed the necropsies, tumor collections, and tissue pro-
cessing were blinded to the treatment group assignments.
Tissue specimens were fixed with optimum cutting tem-
perature (OCT, Scigen Scientific, Gardena, CA, USA)
and 4% formaldehyde.
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Immunohistochemistry

Immunohistochemistry (IHC) analysis was performed by
staining tumor tissues for markers of cell proliferation
(anti-Ki67, Abcam, Cambridge, UK), microvessel density
(anti-CD31, Abcam, Cambridge, UK), and apoptosis (anti-
caspase-3, Abcam, Cambridge, UK).23 Five random fields
were imaged from each slide and quantified by two inves-
tigators in a blinded manner.

Biochemical Toxicity of Liposomal

Formulations

Female BALB/c nude mice (5—6 weeks old, 20 g) were
purchased from ORIENT (Gapyeong, South Korea). The
mice were grouped as follows (n = 3 mice per group):
(1) PBS as a negative control, (2) NEs, (3) liposomes,
and (4) NE-liposomes. The liposomal formulations were
injected intravenously (i.v.) by a single treatment, the
same as the therapeutic dose. To determine the biochem-
ical toxicity of the liposomal formulations, the levels of
aspartate aminotransferase (AST), alanine aminotransfer-
ase (ALT), and blood urea nitrogen (BUN) were ana-
lyzed using diagnostic kits (Roche, Berlin, Germany).?’
Blood samples were collected from the mice through the

+’>-<,»@:§

retro-orbital sinus on days 1 and 7 after the injection of
liposomes. Serum was obtained from the blood by cen-
trifugation at 3000 rpm at 4 °C for 10 min (Smart R17
Plus, Hanil Scientific Inc., Seoul, South Korea).

Statistical Analysis

Differences in continuous variables were analyzed using
Student’s #-test to compare two groups. Analysis of var-
iance (ANOVA) was carried out to compare the differ-
ences between multiple groups. A p-value of < 0.05 was
considered statistically significant.

Results
Characteristics of LN-NE-DOX-

Liposomes

LN-NEs were prepared with the aim to overcome the inso-
lubility of LN, as previously reported.'” We next prepared
LN-NE-DOX-liposomes that encapsulated LN-NEs and
DOX (Figure 1). The size of LN-NEs, liposomes, DOX-
liposomes, and LN-NE-DOX-liposomes was 50.6 = 0.2
nm, 118.5 £ 3.2 nm, 129.8 £ 6.1 nm and 267.0 + 4.6 nm,
respectively, and their zeta potentials were —31.4 + 1.2 mV,
=70.0 £ 1.6 mV, —=76.6 = 3.2 mV, and —75.0 £ 5.1 mV,

Linalool  Tween 80 Linalool
(LN) nanoemulsion
(LN-NE)
e® :
... - LN-NE-DOX-liposome
Doxorubicin *2 DOX 2% NNE
(DOX) .- A
HSPC [ e T S N VN
O\}‘\,O\n/\/\/\/\/\/\/\/
CHOL

DSPE-PEG-2000

Figure | Schematic illustration of the preparation of LN-NE-DOX-liposomes.
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respectively (Figure 2A and B). The size of the LN-NE-DOX
-liposomes increased slightly with decreasing zeta potential
compared to those of liposomes and DOX-liposomes.
A histogram of the size distribution of liposomal formula-
tions is shown in Supplementary Figure S1 and the morphol-

ogies as observed by cryo-TEM are shown in Figure 2C. The
loading efficiency of LN into LN-NE-DOX-liposomes was
55.1 + 3.1%, and that of DOX into DOX-liposomes and LN-
NE-DOX-liposomes was 80.2 + 2.8% and 27.2 + 0.9%,
respectively (Figure 2D and E). LN-NE-DOX-liposomes
showed a relatively lower DOX loading efficiency than
DOX-liposomes. As shown in Figure 2C, LN-NEs were
loaded into LN-NE-DOX-liposomes in the first step, which
may have resulted to the inner space of the LN-NE-DOX-
liposome being reduced. Therefore, LN-NE-DOX-liposomes
showed lower loading efficiency than DOX-liposomes
(Figure 2E). In addition, the encapsulation of LN and DOX
into LN-NE-DOX-liposomes was confirmed by UV-vis
spectroscopy at 295 nm and 490 nm for LN and DOX,
respectively, indicating that both LN and DOX were com-
pletely encapsulated in the LN-NE-DOX-liposomes (Figure
2F). Moreover, we confirmed the stability of LN-NE-DOX-
liposomes in a 10% FBS solution and the drug
release behavior from LN-NE-DOX-liposomes in PBS
(Supplementary Figure S2). Liposomal formulations showed

a small size change, indicating their stability in 10% FBS
(Supplementary Figure S2A). The release of LN or DOX
from LN-NE-DOX-liposomes was increased with respect to
time in PBS at 37 °C (Supplementary Figure S2B).

Cytotoxicity of LN-NE-DOX-Liposomes
We next assessed the in vitro cytotoxicity of LN-NE-DOX
-liposomes in HeyA8 EOC cells via the MTT assay.'” The
cytotoxicity of LN-NEs increased with increasing concen-
tration, but there was no significant difference with respect
to incubation time (Figure 3A). Notably, the cytotoxicity
of LN-NE-DOX-liposomes (ICsy: 0.25 uM) significantly
increased with increasing DOX concentration compared to
those of DOX alone (ICsp: 1.18 uM) and DOX-liposomes
(ICs0: 2.81 uM) at 24 h (Figure 3B, *p < 0.001). This
result indicates that the combination of LN and DOX
significantly increased cell cytotoxicity. In addition, we
evaluated the apoptotic effect of the combination treatment
against HeyA8 EOC cells (Figure 3C). LN-NE-DOX-
liposomes induced a significant increase in apoptosis at
72 h compared to LN-NE and DOX-liposomes (*p <
0.001). This result was in agreement with the MTT assay
and indicated that the combination of LN and DOX
showed a greatly increased therapeutic effect.
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Figure 2 Physical properties of the liposomal formulations. (A) Size and (B) zeta potential of liposomes were measured by laser light scattering using a particle size analyzer.
(€) Morphologies of liposomes were evaluated by cryo-TEM. The arrow denotes encapsulation of DOX and LN-NE (scale bar: 100 nm). The loading efficiency of (D) LN
and (E) DOX was measured by UV-vis spectrophotometry. (F) Encapsulation of LN and DOX into LN-NE-DOX liposomes was confirmed by UV-vis spectrophotometry.

The data are presented as the mean * S.D. (n = 3).

International Journal of Nanomedicine 2020:15

submit your manuscript

8431

Dove


https://www.dovepress.com/get_supplementary_file.php?f=272319.docx
https://www.dovepress.com/get_supplementary_file.php?f=272319.docx
https://www.dovepress.com/get_supplementary_file.php?f=272319.docx
https://www.dovepress.com/get_supplementary_file.php?f=272319.docx
http://www.dovepress.com
http://www.dovepress.com

Wi et al

Dove

A B
—_ €24 h < 9 DOX alone
2120 =48h <120 = DOX-liposome
> 90 *72h £ 90 4 | N-NE-DOX-liposome
% 60 S 60
s 30 2 30 *
3 00— L
S 0 2 4 6 8 © 012345
LN-NE (mM) Doxorubicin (uM)
C DOX- LN-NE-
Control LN-NE liposome DOX-Liposome

0.4 %

1& ? 2%

<
N

£l

11% [1.6% 11.6%|11.5% 11.2%

5.1% | (T

-
o
o

1250% 17.2%

[3)]
o

o

T 1.7 % ‘32T 125%
1# |

Time (h)
48

, 02%5~' 1.9%

7.5 % 19.8 % 100,

0.3 % 0.6% 33.3% 8.6 %

7-AAD

FITC-Annexin V

-
o
o

A
o

Sk

Apoptosis (%) Apoptosis (%) Apoptosis (%)
(3]
o

o

N
<

[e)

,é(/o@g O+
K ’é ‘_oo

S

o) OO’)
/
OJc//z/
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NEs, DOX-liposomes, or LN-NE-DOX-liposomes (*p < 0.001). The concentration of DOX or LN used was 0.5 M or 0.3 mM, respectively. The data are presented as the mean + S.D.

(n=3).

Therapeutic Efficacy of LN-NE-DOX-

Liposomes

To confirm the therapeutic efficacy of LN-NE-DOX-
liposomes in the HeyA8 EOC tumor model, mice were
injected with HeyAS8 cells intraperitoneally. The mice
were grouped as follows (n = 5 mice per group): (1)
control, (2) LN-NEs, (3) DOX-liposomes, and (4) LN-
NE-DOX-liposomes. LN (twice a week) and DOX
(once a week) were injected intravenously at a dose
of 100 mg/kg and 5 mg/kg, respectively (Figure 4A).
LN-NE-DOX-liposomes inhibited tumor
growth compared to that of the control (75% reduction,
**%*p < 0.001), LN-NEs (68% reduction, **p < 0.01), or

significantly

DOX-liposomes (55.5% reduction, *p < 0.05) (Figure
4B). LN-NE-DOX-liposomes
decreased the number of tumor nodules compared to
that found in the control (***p < 0.01), LN-NE (**p <
0.03), or DOX-liposomes (*p < 0.05, Figure 4C). There
was no significant difference in the mean body weight of

Moreover, significantly

the mice, suggesting that there was no overt therapy-
related toxicity (*p > 0.05, Figure 4D). In addition,
LN-NE-DOX-liposomes significantly reduced cell prolif-
eration (Ki67) and microvessel density (MVD, CD31)
and promoted apoptosis compared to those of the control
group (*¥**p < 0.001), LN-NEs (**p < 0.01, *p < 0.05),
or DOX-liposomes (*p < 0.05) (Figure 4E).
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Figure 4 Therapeutic efficacy of LN-NE-DOX-liposomes in a HeyA8 tumor model. Liposomal formulations were injected intravenously at a dose of 100 mg/kg LN (twice
a week) or 5 mg/kg DOX (once a week) based on body weight. (A) Experimental timeline. (B) Tumor weight, (C) tumor nodules, and (D) body weight. (E)
Immunohistochemical analyses for cell proliferation (Kié7), microvessel density (CD31), and apoptosis (caspase-3) were performed in HeyA8 tumor tissue (scale bar:
50 um). (*p < 0.05, ¥*p < 0.01, and ***p < 0.001). The data are presented as the mean * S.D. (n = 5).

Biochemical Toxicity of Liposomal

Formulations

To evaluate the biochemical toxicity of liposomal formula-
tions on liver function (ALT and AST) and renal function
(BUN), we analyzed the levels of relevant biomarkers in the
serum of mice after they were injected with these liposomal
formulations. AST, ALT, and BUN levels showed no

significant differences between the liposomal formulations
and the control (p > 0.05, Figure 5A) following the guide-
lines for toxicity (normal range of 54-298 IU/L for AST,
17-77 TU/L for ALT, and 8-33 mg/dL for BUN).*®
Moreover, H&E staining for vital organs was also per-
formed to evaluate liposomal formulation-induced toxicity.

The histological structures of the organs treated with the
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Figure 5 Biochemical toxicity of liposomal formulations. (A) Levels of the biomarkers AST, ALT, and BUN were evaluated using diagnostic kits by analyzing the serum of
mice after injection of liposomes. (B) H&E staining of major organs collected from mice (scale bar: 100 pm). The data are presented as the mean + S.D. (n = 3).

liposomal formulations were similar with the control group,
showing no differences in pathological observations
(Figure 5B). These results indicate that liposomes show
consistent histology comparable to that of the normal

condition.

Discussion

In this study, we demonstrated the therapeutic efficacy of
LN and DOX in a mouse model of EOC. We successfully
developed LN-NE-DOX-liposomes as a two-in-one delivery

system for both LN and DOX. This delivery system improves
their anticancer effect through synergy and can reduce side
effects by decreasing the amount of anticancer agents used.
Consequently, the LN-NE-DOX-liposomes showed synergis-
tic toxicity and apoptosis against EOC tumor cells.
Additionally, the LN-NE-DOX-liposomes significantly inhib-
ited tumor growth (***p < 0.001) in the EOC HeyA8 tumor
model without significant side effects compared to the control.

The two-in-one delivery system proposed here simul-
taneously delivers hydrophobic LN and hydrophilic DOX
into EOC cells. LN-NE-DOX-liposomes can overcome the
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poor water solubility of LN and reduce the side effects of
DOX. Moreover, LN-NE-DOX-liposomes
enhanced therapeutic effect for EOC. This approach has

led to an

broad applications for patient treatment using chemother-
apeutics by reducing the inherent side effects of anticancer
drugs.

As a standard protocol, EOC patients receive che-
motherapy as a secondary treatment after tumor
resection.’” However, they experience side effects caused
by chemotherapeutics. Combination therapy has been pro-
posed to reduce side effects and increase treatment effi-
ciency compared to anticancer monotherapies,”’ and
studies using natural products have also been conducted
in combination therapy research.’* Among these natural
products, LN is a terpene alcohol that exists in various
plants such as lamiaceae and lauraceae and is known to be
cytotoxic against tumor cells.'* However, the bioavailabil-
ity of LN is low because of its insoluble properties, thus
limiting its utility as an anticancer drug.'* To overcome
this problem, we previously developed an LN-NE formu-
lation as a nanoemulsion-based delivery system.'”

Liposomal delivery systems have been studied as car-
rier systems for a variety of drugs. These systems provide
an attractive lipid-based matrix for cargo delivery and are
desirable for biological applications because of their low
toxicity and high biocompatibility, which are important
parameters for medical and pharmaceutical applications.
In particular, liposomes are known to increase the blood
circulation times of drugs, and are attractive carriers that
can concentrate drugs in the tumor microenvironment
through the enhanced permeability and retention effect.’’
Therefore, these liposomal properties are a practicable
application for the systemic delivery of LN-NE-DOX.

The two-in-one delivery system focused on a highly
promising strategy for systemic drug delivery to tumor
cells.*>** In this study, we suggested a novel two-in-one
delivery system to enhance the therapeutic effect of two
molecules by combination. The potential of this system
was optimized for biomedical applications in tumor treat-
ment and can also be a possible one-step delivery system
for chemotherapeutic agents. Hence, we suggest that our
nanomedicine-based platform has great potential as a two-
in-one delivery system. In addition, studies will be needed
to evaluate this application to other tumor types.
Nevertheless, this platform plays an important role in
potential biomedical applications for effective drug deliv-

ery based on a combination therapy for cancer.

Conclusion

In summary, we developed a novel delivery system for the
dual delivery of LN and DOX as a two-in-one carrier
system. This liposomal platform proposes a combination
therapy that could be applied in EOC treatment and pro-
vides effective strategies for cancer therapy. Indeed, the
liposomal formulations significantly enhanced their anti-
tumor efficacy compared to monotherapies in preclinical
EOC models. While the LN-NE can be useful as an anti-
tumor drug, additional approaches may be useful.
Nevertheless, the combination strategy presented here has
broad potential as a nanomedicine platform in human
disease and could be adapted for other cancer models.
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