
1466

Korean J. Chem. Eng., 36(9), 1466-1473 (2019)
DOI: 10.1007/s11814-019-0333-8

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: jinkim@kangwon.ac.kr
Copyright by The Korean Institute of Chemical Engineers.

Monoolein cubosomes for enhancement of in vitro anti-oxidative efficacy
of Bambusae Caulis in Taeniam extract toward carcinogenic

fine dust-stimulated RAW 264.7 cells

Seok Ho Park and Jin-Chul Kim†

Department of Medical Biomaterials Engineering, College of Biomedical Science and Institute of Bioscience and Biotechnology, 
Kangwon National University, 192-1, Hyoja 2 dong, Chunchon, Kangwon-do 24341, Korea

(Received 14 February 2019 • accepted July 3, 2019)

Abstract−Monoolein cubosomes was prepared for enhancement of in vitro anti-oxidative efficacy of Bambusae Cau-
lis in Taeniam extract (BCT) toward carcinogenic fine dust-stimulated RAW 264.7 cells. Hydrophobicized alginate
(HpAlg) and gelatin (HpGel) were included as potential actuators for controlled release. The loading of additives (i.e.,
BCT, HpAlg, and HpGel) led to a decrease in the phase transition temperature of the cubic phase, evidenced by polar-
ized optical microscopy. The hydrodynamic diameter of cubosomes was 148 to 187 nm, and it seemed not to be
affected by the additives. Cubosome promoted the in vitro skin permeation of BCT more effectively than hydroxypro-
pyl-β-cyclodextrin, a skin permeation enhancer. Cubosomal BCT was more efficacious than free BCT in scavenging
2,2-diphenyl-1-picrylhydrazyl free radical and the intracellular reactive oxygen species of RAW 264.7 cells stimulated
by carcinogenic fine dust. The internalization of cubosomes into cells, confirmed by fluorescence-activated cell sorting
and super sensitive high resolution confocal laser scanning microscopy, could account for the higher radical-scaveng-
ing efficacy.
Keywords: Extract of Bambusae Caulis in Taeniam, Cubic Phase, Carcinogenic Fine Dust, RAW 264.7 Cell, ROS-scav-

enging Efficacy, Cellular Internalization

INTRODUCTION

The monoolein (MO) cubic phase has been one of the attrac-
tive drug carriers owing to its various beneficial characteristics for
drug delivery [1-6]. MO is an amphiphilic molecule that can be
assembled into cubic phase when hydrated with a sufficient amount
of aqueous phase [1,7-11]. A cube is the crystallographic unit of the
cubic phase and it has intercrossing water channels (about 5 nm in
diameter) surrounded by MO bilayers (about 3.5 nm in thickness).
MO cubic phase can imbibe water as much as 28 to 40% (w/w,
based on the weight of the cubic phase), and it can hardly be formed
if the water content is less than the lower limit [1,12,13]. Both hy-
drophilic compounds and lipophilic ones can be loaded in the cubic
phase because the water channel is the polar compartment and
the lipid bilayer is the non-polar one. In this study, MO cubosome
was prepared to promote the skin permeation of Bambusae Cau-
lis in Taeniam extract (BCT) and enhance the in vitro anti-oxida-
tive efficacy of BCT toward carcinogenic fine dust-stimulated RAW
264.7 cells. Hydrophobicized alginate (HpAlg) and gelatin (HpGel)
were included in the cubosomes as potential actuators for con-
trolled release. HpAlg is a negatively charged polysaccharide and
HpGel is a amphoteric protein. Accordingly, HpAlg and HpGel
can form a complex coacervate in the water channel of MO cubic
phase in the present experimental pH condition (pH 4.5), and the

coacervate is be able to hinder the diffusion of a diffusate [14]. The
coacervate is capable of preventing a burst and fast release of the
cubosomal payload before the cubosomes are internalized into cells
[15]; thus it would help the cubosomes to exhibit a high anti-oxi-
dation efficacy. The effect of cubosome on the skin permeation of
BCT was investigated using an artificial skin-mounted diffusion
cell. Particulate drug carriers can be taken up by the cells by phago-
cytosis [16-21]. Thus, the cubosome was thought to be internalized
into the cells and enhanced the transport of its payload (BCT) to
the cells, leading to an increase in the biological efficacy of BCT
(Fig. 1). The cells were stimulated by a carcinogenic fine dust to
cause an inflammatory response and to promote the intracellular
reactive oxygen species (ROS) production. The anti-oxidative effi-
cacy of cubosomal BCT and free BCT was examined by observ-
ing the 2,2-diphenyl-1-picrylhydrazyl radical-scavenging and the
intracellular ROS-scavenging capability. The transport of fluorescent-
labelled cubosomes into the cells was investigated by fluorescence-
activated cell sorting and super sensitive high resolution confocal
laser scanning microscopy using calcein as a fluorescent dye.

MATERIAL AND METHODS

1. Materials
Hydrophobicized alginate (HpAlg) and gelatin (HpGel) were

those prepared in a previous work [22]. Bambusae Caulis in Tae-
niam (BCT) extract was provided by UAT (Gimpo, Korea). MO
Monomuls 90-O18 (monoolein, MO) was donated by ATEC CO.,
LTD. (Daejeon, Korea). 4-Hydroxybenzaldehyde (HBA), 4',6-diamid-
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ino-2-phenylindole (DAPI), calcein, Pluronic F127, (2-hydroxypro-
pyl)-β-cyclodextrin (HP-β-CD), 2-(N-morpholino)ethanesulfonic
acid (MES), sodium citrate, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
ascorbic acid, dichloro-dihydro-fluorescein diacetate (DCFH-DA),
Hank’s balanced salt solution (HBSS) were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Acetonitrile (AN), acetic acid
(AA) were purchased from Daejung Chemicals & Metals Co.
(Siheung, Korea). Phosphate-buffered saline (PBS), trypsin/EDTA,
Dulbecco’s modification of Eagle medium (DMEM) were purchased
from Thermo Fisher Scientific (Massachusetts, USA). Triton X-
100, Trolox were purchased from Tokyo Chemical Industry Co.,
Ltd. (Tokyo, Japan).
2. Preparation of Cubic Phase

MO cubic phases were prepared by a melt hydration method
[15,23,24]. BCT solution (4% (w/v), in sodium citrate buffer (10
mM, pH 4.5)) was used as an aqueous phase for the preparation
of cubic phases. When required, HpAlg and/or HpGel were dis-
solved in BCT solution so that each concentration was 1% (w/v).
2 g of MO contained in a 20 ml vial was melted in a water bath
(48-53 oC). 0.857 ml of BCT aqueous solution was warmed at the
same temperature and slowly added over MO melt. The vial was
tightly sealed and the aqueous solution/MO melt mixture stood at
room temperature for ten days under dark condition for the for-
mation of a homogeneous clear gel (i.e., cubic phase). Empty cubic
phase, cubic phase containing BCT, BCT/HpAlg, BCT/HpGel, and
BCT/HpAlg/HpGel were termed as CP(NO), CP(BCT), CP(BCT/
HpAlg), CP(BCT/HpGel), and CP(BCT/HpAlg/HpGel), respec-
tively. When the cubic phase was necessary to be fluorescently
labelled for fluorescence-activated cell sorting (FACS) and super
sensitive high resolution confocal laser scanning microscopy (SR-
CLSM), calcein (a water-soluble fluorescence dye) was dissolved in

the aqueous solution prepared for the hydration of MO melt so
that the concentration was 60 mg/ml.
3. Observation of Phase Transition by Polarized Optical Mi-
croscopy

The phase transition temperature of cubic phases was observed
by a method described elsewhere [25-27]. Each of cubic phases
was put in a cell comprising two parallel cover glasses, spaced by
an O ring (6 mm in inner diameter and 0.1 mm in thickness), and
the cell was placed in a heating block (HS81, Mettler Toledo, USA).
While being heated from 25-80 oC, the texture of each cubic phase
was observed on a polarized optical microscope.
4. Preparation of Cubic Phase Nanoparticles

Cubic phase nanoparticles (cubosomes) were prepared via the
micronization of cubic phase using a sonicator. 25 mg of cubic
phase lump was put in 5 ml of Pluronic F127 solution (0.1% (w/v))
contained in a 10 ml glass vial then it was micronized for 1 hr on a
tip type sonicator (VC 505, Sonic & Materials, USA, pulse on: 30 s,
off: 40 s). Micronized cubic phases, cubosomes, were abbreviated
to CS(NO), CS(BCT), CS(BCT/HpAlg), CS(BCT/HpGel), and CS
(BCT/HpAlg/HpGel).
5. Measurement of Hydrodynamic Diameter of Cubosomes

Dynamic light scattering was employed to determine the hydro-
dynamic diameter of cubosomes. The light scattering intensity of
cubosomal suspensions was made to be 200-400 Kcps by diluting
the suspension with distilled water. The size distribution and the
mean diameter were determined on light scattering equipment
(Plus 90, Brookhaven Instrument, USA).
6. Evaluation of Skin Permeation of 4-HBA

Skin permeation of 4-HBA (a hydrophobic ingredient of BCT)
was investigated using Franz diffusion cells (0.636 cm2 surface area).
An artificial skin (Strat-M® Membrane, EMD millipore corpora-

Fig. 1. Scheme of BCT loaded-cubosome (CS(BCT/HpAlg/HpGel)). The cubosome can be internalized into RAW 264.7 cells by phagocyto-
sis and expedite the transfer of its cargo (i.e., BCT) to cells. As a result, the cubosome would be able to enhance the biological activity
of BCT (i.e., efficacy in scavenging the intracellular ROS of the cells stimulated by carcinogenic fine dust).
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tion, USA) was mounted between the donor chamber and recep-
tor one of the diffusion cell. The receptor chamber was filled with
5 ml of HP-β-CD solution (50 mg/ml, in MES buffer (10 mM, pH
5.5)), then 1.2 ml each of samples was applied on the skin exposed
to the donor chamber. BCT solution (2.88 mg BCT/ml, in sodium
citrate buffer (10 mM, pH 4.5)), BCT solution (2.88 mg BCT/ml,
in HP-β-CD solution (50 mg/ml, in sodium citrate buffer (10 mM,
pH 4.5))), and CS(BCT/HpAlg/HpGel) suspension (2.88 mg BCT/
ml, in sodium citrate buffer (10 mM, pH 4.5)) were used as test
samples. 100µl was taken from the receptor chamber through a
sampling port at a given time and assayed for 4-HBA by high per-
formance liquid chromatography analysis. The amount of 4-HBA
was determined using the peak area on elution profile and a cali-
bration curve. A column (C18, 5µm, 250×4.6 mm, Phenomenex)
was eluted with AN/AA solution (1%, v/v) (1/9, v/v) flowing at rate
of 0.8 ml/min, and 10µl of the receptor solution was injected into
the column. A gradient elution was applied to the column using
AN/AA (2/8, v/v) in 0-15 min, AN/AA (4/6, v/v) in 15-40 min,
and AN/AA (5/5, v/v) in 40-60 min. A diode-array detector could
detect 4-HBA quantitatively at 330 nm [22,28,29].
7. DPPH Radical Scavenging Efficacy

BCT solution (in PBS (135 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4, pH 7.4)) and CS(BCT/HpAlg/HpGel)
suspension (in PBS (135mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4,
1.4 mM KH2PO4, pH 7.4)) were used as test samples, ascorbic acid
solution as a positive control, and blank distilled water as a nega-
tive control. DPPH was dissolved in ethanol so that the concentra-
tion was 0.2 mM. 100µl of DPPH solution was mixed with the
same amount of each of test samples and controls, and the mix-
ture stood at 30 oC for 1 h under dark condition for the reduction
of DPPH radical. The absorbance at 517 nm of each mixture was
measured on a UV spectrophotometer (6505 UV/Vis. Spectropho-
tometer, JENWAY, UK). The wavelength of 517 nm is the charac-
teristic wavelength of reduced form of DPPH. DPPH radical
scavenging efficacy was calculated by an equation, RCE (%)=(1−
Abs/Abc)×100, where RC (%) was DPPH radical scavenging effi-
cacy in %, Abs was the absorbance of DPPH solution containing a
test sample or a positive control, and Abc was the absorbance of
DPPH solution containing a negative control [30-32].
8. Intracellular ROS Scavenging Efficacy

CS(BCT/HpAlg/HpGel) suspension was diluted with PBS (135
mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH
7.4) so that the concentration of BCT was 0.048, 0.24, 0.48, 0.98,
and 1.92µg/ml. Prepared was BCT solution (in PBS (135mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4)) whose
concentration was the same as that of the cubosomal suspension.
RAW 264.7 cell (1×105 cells/mL, in FBS-free DMEM), 200µl, was
allocated to the each well of a 96-well plate, and cultured for 12 h
in a CO2 incubator (37 oC). Following culture medium (DMEM)
was removed, 100µl of the culture medium, 50µl of a carcinogenic
fine dust suspension (600µg/ml), and 50µl of a sample (a test sam-
ple: free BCT solution or CS(BCT/HpAlg/HpGel) suspension, a con-
trol: Trolox solution or PBS (135 mM NaCl, 2.7 mM KCl, 4.3 mM
Na2HPO4, 1.4 mM KH2PO4, pH 7.4) was added to the each well
and incubated for 24 h in a CO2 incubator (37 oC). Trolox solution
(250µg/ml, in PBS (135mM NaCl, 2.7mM KCl, 4.3mM Na2HPO4,

1.4 mM KH2PO4, pH 7.4)) and blank PBS (135 mM NaCl, 2.7
mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4) were used
as a positive and a native control, respectively. In parallel, the cells
were not treated with the fine dust, then they were compared with
the cells treated with only the fine dust (a negative control) in terms
of ROS production to confirm that the fine dust could stimulate
RAW 264.7 cell to produce more ROS. After the DMEM was de-
canted, the cells were washed with HBSS. 100µl of DCFH-DA
solution (20µM, in HBSS) was added to the each well and they
were incubated at 37 oC for 30 min to dye intracellular ROS to be
fluorescent. The supernatant was discarded, 100µl of Triton X-100
solution (1% (v/v), in HBSS) was added to the each well, and they
stood at 37 oC for 30 min. The fluorescence intensity of solution
contained in the each well was measured at 504 nm on a fluores-
cence plate reader (Synergy H1, Biotek, USA) using the excitation
wavelength of 529 nm. ROS scavenging efficacy (ROS SE) was cal-
culated by an equation, ROS SE (%)=(1−Fs/Fc)×100, where Fs is
the florescence intensity of cells treated with the fine dust plus a
test sample or the fine dust plus a positive control, and Fc is the
fluorescence intensity of cells treated with only fine dust (a nega-
tive control).
9. Cellular Uptake of Cubosomes

RAW 264.7 cell suspended in DMEM with FBS, 1 ml, was dis-
pensed in a 12-well plate so that the each well contained 3×106

cells, then cultured for 12h in a CO2 incubator thermostated at 37 oC.
Cells were cleaned by washing them with PBS (135 mM NaCl,
2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4) after
removing the DMEM. 0.1 ml of DMEM free of FBS, together with
the same amount of a test sample (cubosomal calcein suspension
or free calcein solution), were put in the each well and they were
incubated for 0-6 h for the interaction of the cells and the test
samples. The cells were washed with the buffer solution to remove
free and cubosomal calcein. The cells were detached from the well
wall by trypsin/EDTA treatment and suspended in PBS (135 mM
NaClf, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4,
4 oC). The fluorescence intensity of calcein was determined at
515 nm on a flow cytometer (FACS Calibur, Becton Dickinson,
USA, in the Central Laboratory of Kangwon National University)
using the excitation wave length of 495 nm. The interaction of free
or cubosomal calcein with the cells was also investigated by SR-
CLSM. The culture conditions for SR-CLSM were the same as
those for the flow cytometry. After the cells were incubated with
free or cubosomal calcein, they were treated with 200µl of formal-
dehyde solution (2.5% (v/v)) for 30 min for the structural fixation.
The cells were washed with the buffer solution and they were treated
with DAPI to dye the nuclei. Free dye was removed by washing
the dyed cells with the buffer solution and the fluorescence images
were taken on a SR-CLSM (LSM880, Carl Zeiss, Germany, in the
Central Laboratory of Kangwon National University).

RESULTS AND DISCUSSION

1. Observation of Phase Transition by Polarized Optical Mi-
croscopy

Fig. 2 shows the polarized optical micrographs of CP(NO),
CP(BCT), CP(BCT/HpAlg), CP(BCT/HpGel), and CP(BCT/HpAlg/
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HpGel). CP(NO) exhibited clean textures when the temperature
was less than 65.3 oC, but showed birefringence when the tempera-
ture reached that temperature. The temperature where birefrin-
gence began to take place can be considered as a cubic-to-hexagonal
phase transition because cubic phase is optically isotropic but hex-
agonal one is non-isotropic [26,33]. The phase transition tempera-
ture of CP(BCT) was about 60.5 oC, about 5 oC lower than that of
CP(NO). An oil-soluble ingredient of BCT (e.g., 4-HBA) would be
solubilized in the bilayer of cubic phase and increase its fluidity,
leading to a decrease in the phase transition temperature. Inclu-
sion of hydrophobicized polymers (HpAlg and HpGel) resulted in
further decrease in the phase transition temperature. For example,
the phase transition temperature of CP(BCT/HpAlg), CP(BCT/
HpGel), and CP(BCT/HpAlg/HpGel) was 59.1 oC, 59.2 oC, and
58.9 oC, respectively, lower than that of CP(BCT). The hydropho-
bic anchor (decanoyl group) was thought to be incorporated into
the bilayer and to fluidize it, giving a rise to decrease in the phase
transition temperature.
2. Measurement of Hydrodynamic Diameter of Cubosomes

The size distribution of all the cubosomes prepare in present
study was unimodal and narrow (distribution span was less than
200 nm, supplementary Fig. 1). Thus, it could be said that all the
cubosomes were somewhat homogeneous in terms of size. The
determinant factors affecting the size would be the concentration
of dispersant (Pluronic F127), the MO/dispersant ratio, the micron-
ization intensity, and the micronization duration. Since the cubo-
somes were small and homogeneous, the preparation conditions
used in present study were thought to be worth being adopted in
preparing MO cubosomes.

3. Evaluation of Skin Permeation of 4-HBA
Fig. 3 shows the cumulative amount of 4-HBA permeated through

a skin for 24 h when BCT solution (in sodium citrate buffer (10
mM, pH 4.5)), BCT solution (in HP-β-CD solution (50 mg/ml, in
sodium citrate buffer (10 mM, pH 4.5))), and CS(BCT/HpAlg/
HpGel) suspension (in sodium citrate buffer (10 mM, pH 4.5))
were applied on the skin. When BCT solution (in sodium citrate

Fig. 2. Polarized optical micrographs of CP(NO) (a), CP(BCT) (b), CP(BCT/HpAlg) (c), CP(BCT/HpGel) (d), and CP(BCT/HpAlg/HpGel) (e).

Fig. 3. Cumulative amount of 4-HBA permeated through a skin for
24 h when BCT solution (in sodium citrate buffer (10 mM,
pH 4.5)) (●), BCT solution (in HP-β-CD solution (50mg/ml,
in sodium citrate buffer (10mM, pH 4.5))) (○), and CS(BCT/
HpAlg/HpGel) suspension (in sodium citrate buffer (10 mM,
pH 4.5)) (▼) were applied on the skin.
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buffer (10 mM, pH 4.5)) was used, the permeation amount did not
appreciably increase for the first 6 h, then slightly increased to about
7µg/cm2 during the remaining period. When BCT solution (in
HP-β-CD solution (50 mg/ml, in sodium citrate buffer (10 mM,
pH 4.5))) was applied, the permeation amount markedly increased
to 26µg/cm2 for the first 3 h, followed by a slow increase during
the remaining period. HP-β-CD would hydrophobically interact
with the lipidic components of skin owing to its hydrophobic cav-
ity; thus it would be able to promote the skin permeation of 4-
HBA. In fact, HP-β-CD is being used as a skin permeation enhancer
[34-38]. When CS(BCT/HpAlg/HpGel) suspension was applied
on skin, the permeation amount steadily increased to 120µg/cm2

during the whole period, and it was much more than the perme-
ation amount obtained using BCT solutions. Cubosome has an
affinity with skin because MO can hydrophobically interact with
the lipidic components of skin [39-41]. In addition, cubosome is
flexible and is able to penetrate into skin by adapting their shape
to the tortuous transdermal pathway [42,43]. As a result, the skin
permeation of a compound can be promoted, once it is loaded in
MO cubosome.
4. DPPH Radical Scavenging Efficacy

Fig. 4(a) shows the DPPH radical-scavenging efficacy (RSE) of
CS(BCT/HpAlg/HpGel). The RSE of ascorbic acid was about 56%.
Ascorbic acid is vitamin C and it is well known to be an anti-oxi-

dative agent [44-46]. CS(BCT/HpAlg/HpGel) exhibited a signifi-
cant RSE at all the concentrations tested (p<0.001) and RSE was
proportional to the concentration. For example, RSE was 32.5%,
37.9%, 41.2%, 45.1%, 49.2%, and 58.1%, respectively, when the
concentration of BCT was 0.0024, 0.0048, 0.006, 0.012, 0.024, and
0.048 mg/ml. RSE obtained at the BCT concentration of 0.048 mg/
ml was almost the same as RSE at the ascorbic concentration of
0.1 mg/ml. That is, even when the concentration of BCT was less
than half of that of ascorbic acid, BCT loaded in cubosome
(CS(BCT/HpAlg/HpGel)) seemed to be as potent as the vitamin
in terms of scavenging DPPH free radical. Fig. 4(b) shows the RSE
of free BCT. BCT also showed a significant RSE at all the concen-
trations tested (p<0.001) and RSE increased with increasing the
concentration. For example, RSE was 25%, 30.8%, 34.8%, 38.7%,
42%, and 50.4%, respectively, when the concentration of BCT was
0.0024, 0.0048, 0.006, 0.012, 0.024, and 0.048 mg/ml. RSE obtained
at the concentration of 0.048 mg/ml was about 90% of RSE at the
ascorbic acid concentration of 0.1 mg/ml. That is, even when the
concentration of BCT was less than half of that of ascorbic acid,
the RSE of BCT was close to that of the vitamin. Thus, it could be
said that BCT was efficacious in terms of scavenging DPPH free
radical. The RSE of BCT loaded in CS(BCT/HpAlg/HpGel) was
higher than that of free BCT at all concentrations tested (Fig. 4(a)
and (b)). MO was the major component of the cubosome. Due to
the double bond in its tail, it would be readily oxidized while reduc-
ing DPPH radical. This might account for why BCT loaded in CS
(BCT/HpAlg/HpGel) exhibited higher RSE, but it was not clear yet.
5. Intracellular ROS Scavenging Efficacy

The fluorescence intensity of cells untreated with the fine dust
was 9815 and that of cells treated with the fine dust was 30985.
Thus, it could be said that the carcinogenic fine dust could stimu-
late RAW 264.7 cell to produce more ROS. Fig. 5(a) shows the
ROS SE of CS(BCT/HpAlg/HpGel). Trolox solution (250µM) exhib-
ited the ROS SE of about 31.7%. Trolox is known to be an anti-
oxidative agent and scavenge ROS effectively [47,48]. CS(BCT/
HpAlg/HpGel) exhibited relatively low ROS SE when BCT con-
centration was 0.012 to 0.24. The ROS SE was about 9.3%, 10.4%,
12.1%, and 14.5%, respectively, when BCT concentration was 0.012,
0.06, 0.12, and 0.24µg/ml. CS(BCT/HpAlg/HpGel) showed rela-
tively high ROS SE (about 31.7%) when BCT concentration was
0.48µg/ml. The ROS SE of the CS(BCT/HpAlg/HpGel) suspen-
sion (0.48µg/ml in BCT concentration) was close to that of Trolox
solution (250µM). Fig. 5(b) shows the ROS SE of free BCT solu-
tion. No significant ROS SE was observed when BCT concentra-
tion was 0.012 and 0.06µg/ml. ROS SE was about 10.7, 12.9, and
21.4%, respectively, when BCT concentration was 0.12, 0.24, and
0.48µg/ml. At all the concentrations tested, the ROS SE of BCT
loaded in CS(BCT/HpAlg/HpGel) was higher than that of free
BCT. The cubosome was thought to have an affinity with cellular
membrane because MO, the major component of the cubosome,
is amphiphilic and miscible with phospholipid, the major compo-
nent of the cellular membrane. In addition, RAW 264.7 cell is mac-
rophage-like and it can uptake particulate matters via endocytosis.
The affinity with cells and/or the cellular internalization would expe-
dite the transfer of cargo loaded in cubosome to cells, resulting in
a higher ROS SE.

Fig. 4. DPPH radical-scavenging efficacy of CS(BCT/HpAlg/HpGel)
(a) and free BCT (b).
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6. Cellular Uptake of Cubosomes
Fig. 6(a) shows the flow cytometric profile of Raw 264.7 cells

treated with free calcein. As the incubation time increased, the flu-
orescence geometric mean intensity increased but not markedly.
When the incubation period was 0 h, 1 h, 2 h, 4 h, and 6 h, the flu-
orescence geometric mean intensity was 3.76, 4.06, 4.16, 5.01, and
5.09, respectively. Since calcein is a water-soluble dye, it would hardly
be partitioned into the lipidic cellular membrane and internalized
into cells. Fig. 6(b) shows the flow cytometric profile of Raw 264.7
cells treated with cubosomal calcein (i.e., calcein loaded in CS(BCT/
HpAlg/HpGel)). The fluorescence geometric mean intensity of cells
markedly increased with increasing the incubation time. When
the incubation period was 0 h, 1 h, 2 h, 4 h, and 6 h, the fluores-
cence geometric mean intensity was 3.65, 14.49, 18.74, 34.56, and
49.19, respectively. The fluorescence of cells treated with cubo-
somal calcein was more intensive than that of cells treated with
free calcein, suggesting that cubosomal calcein was more bound to
and/or internalized into cells than free calcein. It was reported that
particulate matters could be taken up by RAW 264.7 cells through
phagocytosis [49-52]. The cubosome was thought to be internal-
ized into the cells probably by the endocytosis mechanism, giving
a rise to higher fluorescence intensity. Fig. 7(a) shows the SR-CLSM
images of Raw 264.7 cell treated with free calcein. The nucleus dyed
with DAPI was found as blue circles. Calcein fluorescence was hardly

found through the whole period of incubation. As described in
FACS, calcein is a water-soluble dye, thus it would hardly be parti-
tioned into the lipidic cellular membrane and transported into the
cells. Fig. 7(b) shows the SR-CLSM images of Raw 264.7 cell treated
with cubosomal calcein (calcein loaded in CS(BCT/HpAlg/HpGel)).
Calcein fluorescein began to appear as light green around nucleus
after 1hr-incubation, and the intensity became stronger as the incu-
bation time increased. This was possibly because the cubosome
was internalized into the cells via phagocytosis. Particulate matters
are known to be taken up by RAW 264.6 cells via the endocytosis
mechanism [53-55]. FACS and SR-CLMS disclosed that the cubo-
some could facilitate the transfer of its payload (i.e., calcein) to the
cells. Thus, the transfer of BCT to the cells would also expedited
by the cubosome. This could be a reason why cubosomal BCT
was more efficacious than free BCT in scavenging intracellular
ROS produced by the cells stimulated by carcinogenic fine dust.

CONCLUSIONS

In vitro anti-oxidative efficacy of BCT loaded in a cubosome
(CS(BCT/HpAlg/HpGel) was investigated using carcinogenic fine
dust-stimulated RAW 264.7 cells. Polarized optical microscopy
revealed that the phase transition temperature of MO cubic phase

Fig. 6. Flow cytometric profile of Raw 264.7 cells treated with free
calcein (a) and cubosomal calcein (calcein loaded in CS(BCT/
HpAlg/HpGel)) (b).

Fig. 5. ROS-scavenging efficacy of CS(BCT/HpAlg/HpGel) (a) and
free BCT (b).
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was lowered by additives (BCT, HpAlg, and HpGel). The size dis-
tribution of cubosome was unimodal, the hydrodynamic mean
diameter was 148 to 187 nm, and the additive seemed to have lit-
tle effect on the size. The cubosome markedly enhanced the in
vitro skin permeation of BCT more than HP-β-CD, a skin perme-
ation enhancer. Cubosomal BCT was more efficacious than free
BCT in scavenging DPPH free radical and the intracellular ROS
of RAW 264.7 cells stimulated by carcinogenic fine dust. FACS
and SR-CLSM disclosed that the cubosome could readily be inter-
nalized into the cells, elucidating the reason for the higher radical-
scavenging efficacy. Considering the skin permeation-enhancing

capability, the cellular internalization property, and the radical scav-
enging efficacy, the cubosome could be used a carrier for the der-
mal delivery of BCT to protect skins from oxidative stress caused
by carcinogenic fine dust.
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Fig. S1. Size distribution of all the cubosomes.
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