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Abstract: Invasion and metastasis are the main causes leading to the death of patients with
hepatocellular carcinoma (HCC). Multivesicular liposomes loaded with oleanolic acid (OA-
MVLs) have been well demonstrated to suppress survival, growth and angiogenesis of HCC
cells. Emerging evidence demonstrates that OA was able to suppress the invasion of HCC
cells by down-regulating myocyte enhancer factor-2. We hypothesized that the optimized
OA-MVLs could inhibit the migration and invasion of HCC cells. In this study, we utilized
central composite design and response surface methodology to assess the influence of some
parameters on particle size and encapsulation efficiency and obtain the optimized formulation
of OA-MVLs. Subsequently, the human HCC cell lines SMMC-7721 and HepG2 were treated
with different doses of OA-MVLs and OA, respectively. Cellular survival, adhesion, migration
and invasion in vitro were evaluated. We found that the optimized OA-MVLs significantly
decreased the ability of HCC cells to adhere, migrate and invade in vitro. Furthermore, OA-
MVLs significantly inhibited the survival of HCC cells at 160 pumol/L but showed no obvious
inhibition effect on the cell vitality of normal liver cells. Our findings indicate that OA-MVLs
did inhibit the cell survival, adhesion, invasion and metastasis of HCC cells in vitro. Although
the involved mechanisms are still unclear, our findings can contribute to a better development
of a preventive and therapeutic strategy for human HCC.

Keywords: oleanolic acid, multivesicular liposomes, central composite design, adhesion,
invasion, migration

Introduction

Hepatocellular carcinoma (HCC), a highly aggressive malignant liver tumor, is one of
the most prevalent types of cancers worldwide and one of the most common causes
of cancer-associated mortality.'? Currently, surgical resection and transplantation
are the most effective treatment approaches for HCC.? However, patients with HCC
usually have a poor prognosis. Postoperative metastasis and recurrence are common,
and the recurrence rate within 2 years in patients who have undergone tumor resection
remains >50%.* Uncontrolled tumor metastasis, frequent intrahepatic spread and
extrahepatic metastases are the primary causes for the poor prognosis in HCC.?
Therefore, preventing invasion and metastasis is critical for effective clinical treat-
ment against HCC.

Oleanolic acid (OA), a pentacyclic triterpenoid found in a variety of plant species,
exhibits antitumor capacity on a variety of cancer types,®® including HCC, through mul-
tiple mechanisms. Moreover, OA displayed no significant cytotoxicity to normal tissue-
derived cells, ensuring its application in clinical treatment. More importantly, OA also
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possessed anti-metastasis capacity on some types of cancers.
A group found that OA treatment inhibited lung metastasis
of BI6F10 melanoma cells in a mice model.” Osteosarcoma
cells also showed a reduced incidence of lung metastasis when
exposed to an OA derivative.!® Others have reported that
OA can also suppress the invasiveness and the process from
epithelial-to-mesenchymal transition (EMT) of HCC cells."!
Thus, OA is worth being developed for anti-invasion drugs in
HCC treatment. But it has been known that OA possesses sig-
nificant first-pass effect of liver and undergoes low dissolution
in gastrointestinal tract because of the poor water solubility.'>!?
Therefore, it is essential to develop a novel dosage form for
OA to improve the treatment efficiency for HCC.

In a previous study, we have developed a novel dosage
form of multivesicular liposomes (MVLs) for OA to over-
come its poor solubility, prolong therapeutic drug levels in
the blood and enhance the antitumor effect on HCC. All the
results showed that OA-MVLs significantly enhanced cell
growth inhibition against human HCC HepG2 cells in vitro
and potentiated the antitumor efficacy in mice bearing HCC
in vivo.'* However, the action of OA-MVLs on HCC adhe-
sion, invasion and metastasis has not been investigated yet.
Moreover, as we know, the formation of OA-MVLs will
be affected by many variable factors, such as characteris-
tics of solution, lipid composition and process parameters,
and other factors also have an impact on drug release from
OA-MVLs. Response surface methodology (RSM) is a col-
lection of statistical and mathematical methods that is useful
for modeling and analyzing engineering problems.'s The main
objective of RSM is to optimize the response surface that is
influenced by various process parameters. RSM also quanti-
fies the relationship between the controllable input parameters
and the obtained response surfaces.'>!¢ Therefore, in this
study, we used a central composite design (CCD) and RSM
to examine the main and/or interactive effects of a factorial
combination of ratio of cholesterol and soybean lecithin,
total lipids and drug and triolein and soybean lecithin on the
particle size and encapsulation efficiency of OA-MVLs.

With these backgrounds mentioned earlier, we hypoth-
esized that the optimized formulation of OA-MVLs could
suppress the metastatic process of HCC, which, in turn,
would underscore the therapeutic potential of OA-MVLs
in HCC prevention and cure. Accordingly, this study was
designed to optimize the formulation of OA-MVLs and test
the hypothesis by examining the cell survivability of L-02,
HepG2 and SMMC-7721 cells and investigating the cell
adhesion, migration and invasion inhibition against HepG2
and SMMC-7721 cells.

Materials and methods

Materials

OA was purchased from Keyang (Luzhou, China). The stan-
dard of OA was provided by Must BioTechnology Company
(Chengdu, China; purity >98%). Triolein was supplied by
Aladdin Chemistry Company (Shanghai, China). Soybean
lecithin was obtained from Tywei Pharmaceutical Company
(Shanghai, China; purity >90%). Cholesterol, Tween-80
and polyvinyl alcohol were supplied by Kelong Chemical
Reagent Factory (Chengdu, China). Stearic acid was acquired
from National Medicine Group Chemical Company (Beijing,
China). Matrigel matrix was purchased from BD Biosciences
(San Jose, CA, USA).

Roswell Park Memorial Institute (RPMI) 1640 culture
medium, Dulbecco’s Modified Eagle’s Medium (DMEM),
penicillin and streptomycin were purchased from Hammer
Flew Biochemical Company (Beijing, China). Fetal bovine
serum (FBS) was obtained from TianHang Biotechnology
Company (Huzhou, China). 3-(4,5 dimethylthiozol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT) and dimethyl sulfoxide
(DMSO) were purchased from Sigma. Paraformaldehyde was
provided by Jinshan Chemical Company (Chengdu, China).

Cell lines and cell culture

HCC cell lines SMMC-7721 and HepG2 and human normal
liver cell line L-02 were obtained from Shanghai Cell
Institute, China Academy of Sciences, and preserved in our
laboratory. SMMC-7721 and HepG2 cells were cultured in
DMEM supplemented with 10% FBS and L-02 cells in RPMI
1640 with 10% FBS at 37°C and 5% CO,. All procedures of
human cells were conducted in accordance with the principles
and protocol approved by the Human Cell Ethics Committee
of Southwest Medical University.

Preparation of OA-MVLs

OA (molecular weight [MW] 456.7) was dissolved to a
concentration of 10 mmol/L by DMSO, stored at —20°C
and diluted in culture medium that was prepared with saline
to the required concentration, then filtered using 0.22 um
filter and stored at 4°C for further use. The solvent, the same
concentration of DMSO (0.25%) with OA solution, was used
as control, which was proved to be toxicity free by a series
of preliminary experiments.

OA-MVLs were prepared by a double-emulsion method.
The first step is to prepare the water-in-oil (W/O) solution by
emulsifying sucrose solution (7%) with mixture of soybean
lecithin, cholesterol, triolein, stearic acid and OA dissolved
in chloroform/diethyl ether (1:1, v/v), in which the shearing

submit your manuscript

956

Dove

Drug Design, Development and Therapy 2017:1 |


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Optimized formulation of OA-MVLs enhanced anticancer effect

was at 33.75 m/s for 2 min. Next, the preformed W/O solution
was further emulsified with an aqueous solution containing
glucose (4%), Tween-80 (2%) and polyvinyl alcohol (0.3%)
to get a water-in-oil-in-water (W/O/W) double emulsion.
Finally, the W/O/W solution was subjected to a rotary
evaporation to remove chloroform and diethyl ether, which
resulted in the formation of OA-MVLs. The final products
were stored at 4°C for further use.

Formulation optimization of OA-MVLs
CCD is an experimental design for the optimization of phar-
maceutical dosage forms. It was developed by Box and Wilson
using RSM."" It is the most commonly used optimization
method with the multi-advantages of fewer test, high precision
and predictability. It can be used in the nonlinear fitting of the
mathematical model. RSM guides the plan of the experiments
and the parsimonious analysis of data to gain a maximum
amount of information most efficiently.'® Therefore, in this
study based on the preliminary experiments, three variables
that significantly influenced the encapsulation efficiency (Y )
and particle size (Y,) were taken as the main factors, ie, ratio
of cholesterol and soybean lecithin (X, w/w), total lipids and
drug (X,, w/w) and triolein and soybean lecithin (X, w/w).
In general, the total number of CCD points is N=2X+2k +1,
in which k represents the number of factors to be studied. In this
study, three variables were considered. Thus, the design points
are N=2*+2x3+1=135. Accordingly, a three-factor CCD requires
15 experimental points, each of which being a result of differ-
ent formulations. In order to estimate the pure experimental
uncertainty of CCD, it is important to measure repeatedly the
response function to the conditions determined by the central
points. In this case, five repeated experiments were performed.
The nonlinear quadratic model generated by the design is of the
form: Y =b +b X +b,X +b.X,+b,X X +bX X ,+b X X +
b X ?+b X *+b X 2, where Y is the measured response associ-

9773

ated with each factor-level combination; b, is the free term of
the regression equation; b —b are the regression coefficients and
X, X, and X, are the coded independent factors. The constant
and the regression coefficients were calculated using the statis-
tical package Statistica (vision 10.0; Statsoft Inc., Tulsa, OK,
USA). In order to check the validity of the model, correlation
coefficients were taken as the criteria for validation.

In this experiment, we used high-performance liquid chro-
matography (HPLC) analysis method to detect the encapsula-
tion efficiency (Y). Briefly, chromatographic separation was
performed on a reverse-phase C18 column (4.6x250 mm, 5 um
particle size, made in China) with a guard column (Phenom-
enex C18, 4.0x3.0 mm) maintained at 30°C. The mobile phase

was a mixture of methanol, water, acetic acid and triethylamine
(90:10:0.04:0.02, v/v) at a flow rate of 0.8 mL/min. It was
monitored at 210 nm, and the injection volume was 20 uL.
Moreover, the chromatographic conditions were validated
through specificity, linearity, limit of detection, precision,
accuracy and extraction recovery. Meanwhile, to determine
the particle size (Y,), we took high-resolution photographs by
the microscope and analyzed the average size, using Image-pro
plus 6.0 professional image processing software.

Cytotoxicity assay

To evaluate whether the optimized formulation of OA-MVLs
would show in vitro toxicity to normal cells and anticancer
efficacy to cancer cells, MTT assay was conducted in
HCC cell lines SMMC-7721 and HepG2 and human normal
liver cell line L-02. The cells in logarithmic growth phase
were seeded onto 96-well plates at a density of 5x10* cells
per well. After reaching ~80% confluence, the cells were,
respectively, treated for 24 h with 100 uL of OA solution
or OA-MVLs at different concentrations of 40, 80, 120,
160, 200, 240, 280, 300, 320 and 350 umol/L, taking the
solvent of DMSO (0.25%) as control. After incubation,
MTT (5 mg/mL) was added into each well, and the cells
were incubated for 4 h at 37°C in the dark. Then, the culture
medium was discarded and 150 uL of DMSO was loaded
in each well. The optical density (OD) was measured in an
ELISA reader (BenchMark; Bio-Rad, CA, USA) at 490 nm
(reference filter 570 nm). Five reduplicate wells were mea-
sured at each concentration (n=>5), and every experiment was
performed at least three times. The cell viability was assessed
as follows: cell viability (%) = (4 A,y sekgromn L
A ) % 100, in which the control cells were not subjected

backgroun

treatment

to treatment and the background well had no cells in it.

Cell adhesion assay

Cell matrix adhesion assay was performed with both
HepG2 and SMMC-7721 cells. Briefly, the 96-well plates
were pre-coated with 40 uL Matrigel at 4°C overnight and
blocked for 2 h at 37°C with 2% bovine serum albumin
(BSA) before seeding cells. Both HepG2 and SMMC-7721
cells were pre-treated separately with OA and OA-MVLs
(80, 160 and 240 umol/L) for 24 h at 37°C. A cell suspen-
sion containing 5x10° cells/mL was prepared in serum-free
medium, and 100 puL of it was added to the inside of each
well, in which the untreated cells were taken as control. Cells
were allowed to attach for 2 h at 37°C. Subsequently, the
non-adherent cells were removed by gentle washing three
times with phosphate-buffered saline (PBS). For qualitative
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observation, the cells were fixed in 4% paraformaldehyde for
30 min and stained with 0.1% crystal violet dye for 25 min.
For quantitative detection, 20 UL of MTT was added and
the plates were cultured for another 4 h. The supernatant
was replaced by 150 uL. DMSO. The plates were shaken
for 10 min to ensure the purple crystals were completely
dissolved. Then, absorbance of each well was measured
on an ELISA reader at the wavelength of 490 nm. All the
experiments were repeated three times (n=>5). Percentage of
adhesion was calculated by using the equation: Adhesion
rate (%) = (4 ) x 100.

treatment group control group:

Wound-healing assay

Scratch test (wound-healing) assays were performed to
evaluate the wound-healing (repair) capability of cells treated
with the solvent of DMSO (0.25%) as control, OA and OA-
MVLs, respectively. Before experiment, three marked lines
were drawn on the outer side of the bottom surface of the
6-well plates in order to take pictures at the same position.
Both HepG2 and SMMC-7721 cells were separately collected
from culture flasks by trypsinization and centrifugation. The
cells were re-suspended in complete medium and adjusted
to 5x10° cells/mL. Two milliliters of cell suspension was
added to each well of 6-well plates and incubated for 24 h at
37°C and 5% CO,. When the cells reached 90% confluence,
the supernatant was removed and cells were wounded by
10 puL pipette tip, followed by washing with PBS for three
times to remove cellular debris. The cells were maintained in
starvation media containing different concentrations of OA
and OA-MVLs (80, 160 and 240 umol/L), and the wound
closure was monitored. The scratch width (SW), distance
between the cell fronts on either side of the wound at the same
position, was measured and photographed at 0, 24 and 48 h
using an inverted microscope and camera (Nikon, Tokyo,
Japan). Wound-healing rate or repair rate was estimated
according to the formula as: Wound-healing rates (%) =
(SW,, - SW24hor48h)/SW x100.

0h

Cell migration and invasion assays in

transwell chamber

Transwell plates with 6.5 mm polycarbonate filters and
8.0 um pore size (Corning Costar, MD, USA) were used in
both migration and invasion assays.

For the invasion assay, the transwell insert membranes
were pre-coated with 50 UL diluted Matrigel and incubated
for at least 4 h at 37°C in a 5% CO,-humidified atmosphere.
Both HepG2 and SMMC-7721 cells were treated with
the solvent of DMSO (0.25%) as control, OA and OA-
MVLs (80, 160 and 240 umol/L), respectively. After 24 h

incubation, the cells were re-suspended in DMEM with a
density of 5x10° cells/mL. A total of 200 uL of the cell
suspension was added to each upper chamber of a 24-well
transwell plate, and 600 UL complete DMEM medium con-
taining 2% FBS as chemo attractant was placed in the lower
chamber. The plates were incubated in a 37°C incubator with
5% CO, for 24 h. Subsequently, the upper chamber was
washed with PBS twice. Then, the cells were fixed in 4%
paraformaldehyde for 30 min and stained with 0.1% crystal
violet dye for 25 min. After that, the upper chamber was
gently washed by PBS three times and the surfaces of the tran-
swell membranes were wiped using cotton swab to remove
non-migratory cells. For quantification, the stained cells were
counted under a light microscope in five different fields, and
the mean number of cells per field was taken to represent the
invasive tumor cells. The invasion rate (considering control
as 100%) was calculated as (Cells Number,, gmup/Cells
)% 100%. At least three chambers from three
different experiments were analyzed statistically.

Number control group

For migration assay, the clear transwell inserts, which
were not pre-coated with Matrigel, were used in this experi-
ment. The other procedures were conducted as same as that
mentioned in the invasion study.

Statistical analysis

All experiments were repeated at least three times. Values
were shown as mean = standard deviation (SD) and analyzed
using GraphPad Prism 5.0 (GraphPad Software, La Jolla,
CA, USA). Statistical comparisons between different groups
were performed using Student’s -test, one-way analysis of
variance (ANOVA) or two-way ANOVA. A difference of
P<0.05 was considered statistically significant.

Results
The optimization and determination for
the formulation of OA-MVLs

CCD was performed to optimize the effective factors on the
particle size and encapsulation efficiency within a minimum
number of experiments. We determined the encapsulation
efficiency by HPLC analysis, and the chromatograms of blank
MVLs, OA standards and OA-MVLs are shown in Figure 1.
The retention time of OA peak in OA-MVLs was consis-
tent with that of standard OA. No interference peaks were
observed in the near location of OA peak. The result indicated
that this HPLC method developed in this study was sensitive
enough to determine OA. In terms of the linearity, the result
demonstrated that the standard curve was linear over the
range of 5-200 pg/mL with an excellent correlation between
peak area and concentration of the drug. The results of the
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Figure | Representative HPLC chromatograms obtained for (A) blank MVLs,
(B) standard OA and (C) OA-MVLs.
Abbreviations: HPLC, high-performance liquid chromatography; MVLs, multive-
sicular liposomes; OA, oleanolic acid.

accuracy and precision demonstrated that the analysis method
established in this study showed the intra- and inter-day
relative standard deviation (RSD) <10% for these samples.
The extraction recoveries of OA at low, medium and high
concentration levels were 100.74% (RSD, 0.77%), 100.40%
(RSD, 0.79%) and 100.02% (RSD, 0.87%), respectively. All
the results suggested that the encapsulation efficiency was
reliable under the established analysis method.

Based on the preliminary experiments, the experimental
values for individual points (axial star, factor and center)
were determined as shown in Table 1. The experimental

Table | Independent variables and their levels in coded and
physical units

Independent variables Levels

-1.732 -1 0 +1 +1.732
Cholesterol:soybean lecithin (X)) 0.25 036 05 064 075
Total lipids:drug (X,) 10.00 11.27 13.00 14.73 16.00
Triolein:soybean lecithin (X,) 0.13 025 041 057 0.69

runs and the observed responses for the 15 formulations are
given in Table 2.

The regression equations for the responses obtained
through the analysis of Statistica 10.0 were as follows:

Y, = 67.07+69.36X, +1.20X, +22.82X,
—1.10X, X, +24.89X X, +2.10X X, —60.84X>
—0.053X2 —92.44X2 (P<0.0001, R =0.93);

Y, =+0.58—7.50X, +1.28X , +63.98X
—81.86X X, —5.06X,X, +22.12X?
+58X2 (P<0.0003, R? =0.85)

These two regression equations represented the quanti-
tative effect of process variables (X, X, and X,) and their
interactions on their responses Y, and Y,, respectively.

The process was optimized for the responses Y, and
Y, after the polynomial equations relating the dependent
and independent variables were generated. The relation-
ship between the dependent and independent variables was
further elucidated using response surface and contour plots.
The response model was mapped against two experimental
factors, while the third was held constant at its middle level
(Figure 2). Figure 2A—C and D-F showed the effects of
factors (X, X,, and X.) on the responses Y, (encapsulation
efficiency) and Y, (particle size), respectively. As shown
in Figure 2, an optimized formulation (X ,=0.57, X =10,

Table 2 Experimental design for three factors and experimental
values of objective variables

Run X, X, X, Y, Y,
| 0.75 13 0.41 93.13 13.43
2 0.64 14.73 0.57 91.67 .13
3 0.64 14.73 0.25 94.75 9.31

4 0.64 1.27 0.57 90.51 19.40
5 0.64 .27 0.25 96.10 12.29
6 0.5 16 0.41 95.41 16.45
7 05 13 0.69 86.01 26.18
8 05 13 0.13 90.61 17.22
9 05 10 0.41 94.72 15.45
10 0.36 14.73 0.57 90.00 2141
I 0.36 14.73 0.25 95.49 12.57
12 0.36 .27 0.57 87.95 29.29
13 0.36 1.27 0.25 95.59 14.53
14 0.25 13 0.41 90.42 20.40
5 0.5 13 0.41 94.51 11.99
16 05 13 0.41 96.99 15.30
17 05 13 0.41 96.96 14.90
8 0.5 13 0.41 96.16 14.98
19 05 13 0.41 95.72 16.50
20 0.5 13 0.41 96.06 13.21

Notes: X, weight ratio of cholesterol/soybean lecithin; X, weight ratio of total lipids/
drug; X,, weight ratio of triolein/soybean lecithin; Y|, encapsulation efficiency (%);
Y,, mean particle size (Lm).
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Figure 2 Response surface plot and contour map of the combined effect of (A, D) X, and X,, (B, F) X, and X,, and (C, E) X, and X on the encapsulation efficiency (%)

and the particle size (um).

Notes: X, weight ratio of cholesterol/soybean lecithin; X,, weight ratio of total lipids/drug; X,, weight ratio of triolein/soybean lecithin.

X,=0.38) was obtained for preparing OA-MVLs with a mean
particle size of <20 um and high encapsulation efficiency. To
verify the optimized formulation, OA-MVLs were prepared
according to the predicted levels of X , X, and X,. As shown

in Table 3, obtained Y, and Y, were in a close agreement with
the predicted value. This result demonstrated the reliability
of the optimization procedure in predicting the particle size
of OA-MVLs and the encapsulation efficiency. Therefore,
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Table 3 Comparison of the observed and expected values obtained by constraints applied on Y, and Y,

Variables Optimized values Response Mean values Mean values Bias™ (%)
expected observed

Cholesterol:soybean lecithin (X|) 0.57 Y, 95.96 93.19 2.89

Total lipids:drug (X,) 10

Triolein:soybean lecithin (X)) 0.38 Y, 12.02 11.57 3.75

Notes: Y, encapsulation efficiency (%); Y,, mean particle size (um). *Bias (%) was calculated as: (predicted value — observed value)/predicted value x100 (n=3).

we obtained the optimized formulation from the CCD and
RSM, ie, when the amount of OA is 16 mg, the total lipids
is in an amount of 156.6 mg (=160 mg) including soybean
lecithin (80 mg), cholesterol (45.6 mg), triolein (30 mg) and
stearic acid (1 mg).

OA-MVLs induced cell anti-proliferation

We performed MTT assay to test the effect of OA-MVLs
on cell growth inhibition against HepG2, SMMC-7721 and
L-02 cells after 24 h treatment. The results shown in Figure 3
indicate that both OA and OA-MVLs show cell proliferation

inhibition on the tested cells in a dose-dependent manner
within a certain range of concentration. The inhibitory effect
of OA and OA-MVLs on L-02 cells was much less than that
on the HepG2 and SMMC-7721 cells (Figure 3A), with a
half maximal inhibitory concentration (IC, ) of 319.45 and
336.09 umol/L, respectively. At the same concentration
of 160 umol/L, the cell viability of HepG2 and SMMC-
7721 cells treated with OA-MVLs is 47.51% and 48.09%,
whereas that resulting from OA is 57.08% and 54.95%,
respectively (Figure 3B and C). With the treatment of OA
and OA-MVLs, the IC, value for HepG2 cells is 198.56

L-02 SMMC-7721
A 120- B
— 100 1 -
S S
E, 80 b % E‘
e i 3
= 404 =
S S
20
0 r . . r . 0 T r r r )
0 80 160 240 320 400 0 80 160 240 320 400
Concentration (umol/L) Concentration (umol/L)
HepG2
C 120- P
__ 100 4
s
> 80+
2
E *
% 60 i kk
z 40 1
3 ek
© 2. *
0 r r . . ,
0 80 160 240 320 400

Concentration (umol/L)

[-= 0A = OA-MVLs]

Figure 3 The in vitro cell growth inhibition effect resulted from MTT assay on (A) L-02, (B) SMMC-7721 and (C) HepG2 cells, after being treated separately for 24 h with
various concentrations of OA and OA-MVLs.

Notes: The solvent of DMSO (0.25%) was used as vehicle controls. A490 was measured after the MTT incubation. Each data point represents mean + SD based on five
repetitive determinations in three independent experiments. The significance of the differences was evaluated using Student’s t-test (*P<<0.05, **P<<0.01), and the asterisk
marks represent the difference of OA vs control and OA-MVLs vs control, respectively.

Abbreviations: MTT, 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; OA, oleanolic acid; MVLs, multivesicular liposomes; DMSO, dimethyl sulfoxide;
SD, standard deviation.
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and 160.27 umol/L, respectively, and the result for SMMC-
7721 is 187.36 and 162.50 umol/L, respectively. This result
means that compared to OA, OA-MVLs enhanced the cell
proliferation inhibition on both HepG2 and SMMC-7721
cells. Furthermore, the cell viability of blank MVLs on L-02
cells was 95.61%, which implied that blank carrier has no
toxic effect on normal liver cells.

OA-MVLs reduce adhesion of HCC cells

With matrix adhesion assay, we found that treatment with
both OA and OA-MVLs could significantly inhibit the matrix
adhesion of HepG2 and SMMC-7721 cells in Matrigel in a
dose-dependent manner (Figure 4), eg, after treatment with
OA-MVLs with the concentration increasing from 80 to

A SMMC-7721

Control

240 pumol/L, the number of HepG2 cells adhered to the
matrix decreased from 64.48+3.46 to 47.6%%3.12% and
that of SMMC-7721 cells also decreased from 67.98+3.98
to 48.95%26.76% (Figure 4A and B). Meanwhile, Figure 4
showed that with the different concentration treatment
at 80, 160 and 240 umol/L, the adhesion rate of SMMC-
7721 cells resulted from OA is 72%6.15, 69.71£3.57 and
68.65%17.44%, respectively, and that resulted from OA-
MVLs is 67.98+3.98, 63.29£5.35 and 48.95%%6.76%,
respectively.

For SMMC-7721 cells, there was a significant difference
between control group and all OA groups (P<<0.05), control
group and OA-MVLs 160 umol/L (P<<0.01), OA 160 umol/L
and OA-MVLs 160 umol/L (P<<0.01) and OA 240 umol/L

HepG2

OA (umol/L)
160 80

240

OA-MVLs (umol/L)
160

240

Figure 4 (Continued)
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Figure 4 Results of cell-matrix adhesion assays on both SMMC-7721 and HepG2 cells in vitro.

Notes: (A) Representative images of SMMC-7721 and HepG2 cells adhered with the Matrigel matrix after treatment with various concentrations of OA and OA-MVLs;
(B) quantitative analysis of adhesion rate of HepG2 and SMMC-7721 cells detected by MTT assays. Independent experiments were measured in triplicate and repeated at
least three times for each cell type. Results are presented as mean £ SD with *P<<0.05, **P<<0.01, scale bar 20 pm and magnification (200x).

Abbreviations: OA, oleanolic acid; MVLs, multivesicular liposomes; MTT, 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide; SD, standard deviation.

and OA-MVLs 240 pumol/L (P<<0.01). On the other hand,
for HepG2 cells, there were similar results in difference
between control group and each OA group (P<<0.05), control
group and OA-MVLs 80 umol/L (P<<0.01), OA 80 umol/L
and OA-MVLs 80 umol/L (P<<0.01), OA 160 umol/L and
OA-MVLs 160 umol/L (P<<0.01) and OA 240 umol/L
and OA-MVLs 240 umol/L (P<<0.01). This result suggested
that with a same concentration treatment, OA-MVLs tend to
show stronger inhibition effect than OA on matrix adhesion
of cancer cells. Moreover, the inhibition effects of OA-MVLs
on matrix adhesion of HepG2 and SMMC-7721 cells were
similar, indicating that OA-MVLs were able to inhibit dif-
ferent HCC cells.

OA-MVLs suppressed HCC cells

migration and invasion in vitro

To explore whether OA-MVLs affect the migratory and inva-
sive capabilities of HCC cells, we performed wound-healing,
transwell migration and invasion assays in SMMC-7721 and
HepG?2 cells that were treated with OA-MVLs and OA at
doses of 80, 160 and 240 umol/L, respectively.

In the result of wound-healing assay (Figure 5), both
HepG2 and SMMC-7721 cells treated by control almost
fused together at the time point 48 h, but after treatment with
OA-MVLs at 80, 160, 240 umol/L, the repair rate of SMMC-
7721cells is 50.08+1.64, 47.41+3.84, and 37.87%+3.97%,
respectively, and that of HepG2 cells is 61.89+3.97,
46.6915.08, and 34.56%16.45%, respectively. Compared to

OA treatment, at the same concentration, OA-MVLs showed
stronger inhibition than OA on wound healing of HepG2 and
SMMC-7721 cells. This result is consistent with that from
the cell growth inhibition analysis by MTT assay.

Meanwhile, the results from the transwell migration and
invasion assays were shown in Figure 6. It indicated that the
number of migrated and invaded cells significantly decreased
in both SMMC-7721 and HepG2 cells treated with OA and
OA-MVLs in comparison with that in the control group. For
SMMC-7721 cells (Figure 6A and B), after the respective
treatment with OA 80, 160 and 240 umol/L, the migration
rate is 81.5917.68, 60.27+4.59 and 44.17%%6.19%, respec-
tively, and that resulting from OA-MVLs is 63.3217.74,
41.2249.63 and 22.43%16.51%, respectively. Compared
with control treatment, OA 160 wmol/L and OA-MVLs
80 umol/L showed obvious difference (P<<0.05) and OA
240 umol/L and OA-MVLs 160 and 240 umol/L showed
significant difference (P<<0.01). The result of invasion assay
is consistent with that of migration test. For HepG2 cells,
similar results were shown in Figure 6C and D, in which
the migration and invasion rate resulted from OA-MVLs
240 umol/L is 29.87+2.49 and 21.22%=+3.37%, respectively.
Meanwhile, both OA and OA-MVLs showed the ability to
inhibit cancer cell migration and invasion in a concentration-
dependent manner. Moreover, OA-MVLs showed stronger
inhibition on both cell migration and invasion than OA at
the same concentration. This result is also in agreement with
the results from scratch test.
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Figure 5 Results from wound-healing assays on SMMC-7721 cells and HepG2 cells.

Notes: Cells were seeded in 6-well plates and incubated overnight. A linear area of attached cells was removed by a pipette tip before treatment with different concentrations
of OA and OA-MVLs. (A) The SMMC-7721 cells and (B) HepG2 cells were photographed at different time points of 0, 24 and 48 h (100x). Meanwhile, the SWV, distance
between the cell fronts on either side of the wound, was measured. Wound-healing rate of (C) SMMC-7721 cells and (D) HepG2 cells was estimated according to the formula

as: Wound-healing rates (%) = (SW,, — SW,,, ..,
**P<0.01 and ¥**P<0.001.

)ISW,, x100. Each experiment was performed at least three times; results are presented as mean + SD with *P<C0.05,

Abbreviations: OA, oleanolic acid; MVLs, multivesicular liposomes; SW, scratch width; SD, standard deviation.

In summary, all the earlier results demonstrated that OA
and OA-MVLs were able to suppress the migration and inva-
sion abilities of SMMC-7721 and HepG2 cells in a dose- and
time-dependent manner in vitro. But OA-MVLs showed a
more prominent inhibitory effect than that of OA, indicating
that after OA was formulated into MVLs, it could play a better

role to inhibit the migration and invasion of cancer cells,
which is consistent with our previous research result.'*

Discussion
As we know, uncontrolled cell proliferation and metastasis
are the primordial events of cancer progression. The presence
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Figure 6 Results from cell migration and invasion assays conducted in transwell chambers.
Notes: After separate treatment with different concentrations of OA and OA-MVLs, the migrated and invaded (A) SMMC-7721 cells and (C) HepG2 cells stained by crystal
violet dye were observed under the light field of microscope. For quantitative analysis, the percent rates of migration and invasion of (B) SMMC-7721 cells and (D) HepG2

cells were calculated as: (Cells Number. /Cells Number

treatment group’ control group

) x100%. At least three chambers from three different experiments were analyzed statistically. Data were

shown as mean £ SD with *P<<0.05 and **P<<0.01 compared with the control group, magnification (200x) and scale bar (20 pum).
Abbreviations: OA, oleanolic acid; MVLs, multivesicular liposomes; SD, standard deviation.

of metastasis is the main cause of morbidity and mortality in
millions of patients with cancer. HCC, like other cancers, is
characterized by a multistage process of tumor progression,'”
including invasion of the surrounding tissues, migration and
colonization of distant sites in the body, which is a serious
public health burden due to poor prognosis and limited

therapeutic options. A novel dosage form of MVLs for OA
that could effectively retard the growth, migration and inva-
sion of HCC cells would be a potential candidate to suppress
cancer progression and metastasis.

In this study, we have developed a novel drug delivery
system of OA-MVLs, on the basis of previous experiments,
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using CCD with RSM for the performance evaluation of
the parameters affecting the particle size and encapsulation
efficiency of OA-MVLs to get the optimal formulation. Our
laboratory has recently reported that OA-MVLs showed
obvious inhibitory effect on HepG2 cells and in order to
further verify the inhibition on cancer cell metastasis of the
optimized OA-MVLs, we chose both HepG2 and SMMC-
7721 cells as the cancer cell model to conduct cytotoxicity
assays. The results found that OA-MVLs indeed can effec-
tively reduce the cancer cells vitality of both HepG2 and
SMMC-7721 cells and the inhibition effect grew with the
increase of the OA-MVLs concentration. Additionally,
with the same concentration treatment, OA-MVLs showed
similar inhibitory effect on SMMC-7721 cells and HepG2
cells, which implied that OA-MVLs could effectively
inhibit different HCC cells. Importantly, OA-MVLs also
obviously induced better inhibition effect than that of OA
on the liver cancer cells. At the same time, in this study,
we also carried out the vitality test of normal liver cells,
finding that OA-MVLs have inhibition effect on L-02
cells, but the IC,  value in normal cells is much higher than
that in HCC cells. When the concentration of OA-MVLs
is <160 umol/L, at 24 h time point, no obvious inhibition
effect was observed in normal liver cell vitality, but it
could significantly inhibit the growth of liver cancer cells
in vitro. To test whether the blank MVLs could have an
inhibitory effect on the normal liver cells and cancer cells,
we prepared the paralleled formulation of blank MVLs
as comparison in all experiments. It turned out that blank
MVLs have no inhibition effects on normal liver cells and
liver cancer cells.

On the other hand, adhesion is a kind of important
physiological processes of cells; the morphology, growth,
differentiation, migration and even metabolism of cells are
involved with adhesion. However, the most important factor
of cancer cell adhesion is the cell-to-cell and cell-to-epimatrix
adhesion, with the help of endothelial cells and lymphocyte
cells along with the blood and lymph node metastases.
Matrix adhesion would promote cancer cells to invade
through basement membrane and degrade organizational
barriers.?>*! Therefore, it is important to inhibit cell adhe-
sion to restrain cancer metastasis. Moreover, the impaired
cell-to-cell adhesion at the primary site is required for cancer
cells to metastasize.”> Reduced E-cadherin function is the
indicator of the loss of cell-to-cell adhesion. In this study, we
adopted Matrigel matrix to investigate whether OA-MVLs
could suppress the adhesion ability of HCC cells. The results
revealed that OA-MVLs were able to reduce adhesion of both

HepG2 and SMMC-7721 cells. However, the mechanism
about its effect on inhibiting adhesion of HCC cells has not
been explored yet. Western blot and pull-down assay should
be used to detect whether the effect of OA-MVLs on adhe-
sion in HCC cells is related to E-cadherin.

Invasion and metastasis have been postulated as the “sixth
hallmark™ of cancer and represent interrelated processes
characterized by cell growth, cell adhesion, cell migration
and proteolytic degradation of tissue components, including
extracellular matrix and basement membrane. In addition, the
invasion cells also assist cells to invade the blood vessels or
lymphatic and through the circulation of blood to arrive other
parts or organs and form the metastases, which is similar to
the primary tumor.?*?* Overexpressed transforming growth
factor B1 (TGF-B1) has been demonstrated to be closely
relevant to enhanced metastasis in patients with HCC and
migratory property of cultured HCC cells.?>?¢ Inhibition of
TGF-B1 signaling pathway greatly suppressed HCC cell
migration.”” TGF-B1-induced EMT is the key mechanism
by which it promoted migration and invasion in liver cancer.
Akt activation has been well documented to play a key
role in the process of HCC EMT and induced invasion.?
Recently, myocyte enhancer factor-2 (MEF2) have been
verified to act as effectors downstream of Akt pathway
during malignant transformation® and promote the growth
of HCC by accelerating cell cycle progression.*® Yu et al'!
have reported that OA was able to suppress the invasion and
EMT of HCC cells by down-regulating MEF2, showing that
targeting this pathway is an effective therapeutic strategy for
HCC invasion. Accordingly, in this study, we made MVLs
for OA and applied wound-healing, transwell migration and
invasion assays to explore whether OA-MVLs also have
inhibition effect on HCC cells. Fortunately, consistent with
our hypothesis, all the results demonstrated that OA-MVLs
were able to suppress the migration and invasion of HCC
cells even at a low dose in vitro, which even showed a better
effect than OA. However, whether OA-MVLs exhibiting
anti-migration activity on HCC is associated with MEF2
should be further investigated.

Collectively, from our experiments, we can conclude that
OA-MVLs reduced the proliferation, adhesion, migration
and invasion of HCC cells in vitro, which may facilitate the
development of therapeutic strategy targeting HCC invasion
and metastasis. However, further exploration is necessary to
fully understand how OA-MVLs play the role of inhibition,
invasion and migration in HCC cells. Some experiments
such as immunoblotting assay, quantitative polymerase
chain reaction (PCR) and Western blot analysis should be
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conducted in future work. Moreover, OA-MVLs should
also be investigated for its anti-migration and anti-invasion
activity in vivo in further studies.

Conclusion

Taken together, we have applied CCD to optimize the
formulation to successfully prepare a novel drug delivery
system of OA-MVLs. Then, we designed and performed
experiments to prove that OA-MVLs could suppress the ability
of HCC cells to adhere, migrate and invade in vitro. Our data
indicated that OA-MVLs are a promising agent for HCC cancer
therapy and may be used for clinical treatment in the future.
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