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Purpose: To investigate the growth inhibition activity of Flammulina velutipes sterol (FVS)
against certain human cancer cell lines (gastric SGC and colon LoVo) and to evaluate the
optimum microemulsion prescription, as well as the pharmacokinetics of encapsulated FVS.
Methods: Molecules present in the FVS isolate were identified by gas chromatography/mass
spectrometry analysis. The cell viability of FVS was assessed with methyl thiazolyl tetrazolium
(MTT) bioassay. Based on the solubility study, phase diagram and stability tests, the optimum
prescription of £ velutipes sterol microemulsions (FVSMs) were determined, followed by
FVSMs characterization, and its in vivo pharmacokinetic study in rats.

Results: The chemical composition of FVS was mainly ergosterol (54.8%) and 22,23-dihy-
droergosterol (27.9%). After 72 hours of treatment, both the FVS (half-maximal inhibitory
concentration [IC, ] = 11.99 ug-mL™") and the standard anticancer drug, 5-fluorouracil
(IC,,=0.88 ug-mL"") exhibited strong in vitro antiproliferative activity against SGC cells, with
IC,, > 30.0 ug- mL™"; but the FVS performed poorly against LoVo cells (IC,; > 40.0 ug-mL™).
The optimal FVSMs prescription consisted of 3.0% medium chain triglycerides, 5.0% ethanol,
21.0% Cremophor EL and 71.0% water (w/w) with associated solubility of FVS being
0.680 mg-mL™" as compared to free FVS (0.67 pug-mL™"). The relative oral bioavailability
(area-under-the-curve values of ergosterol and 22,23-dihydroergosterol showed a 2.56-fold
and 4.50-fold increase, respectively) of FVSMs (mean diameter ~ 22.9 nm) as against free
FVS were greatly enhanced.

Conclusion: These results indicate that the FVS could be a potential candidate for
the development of an anticancer drug and it is readily bioavailable via microemulsion
formulations.
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Introduction

Flammulina velutipes (Curt. ex Fr.) Sing belongs to the genus Flammulina (or Collybia)
of Tricholomataceae of Agaricales of Hymenomycetes of Basidiomycotina of
Eumycota. The mycelia or fruiting body of F velutipes can be used as food or drugs for
mankind. Many studies have long reported the characteristics, nutritional components
and biological activities of F velutipes.'™ F velutipes is rich in macromolecules such
as proteins, polysaccharides, and glycoproteins with its associated medicinal qualities
such as its antivirus, antitumor, and immunomodulatory activity.*!° In recent times
even though some simple biological molecules including sterols, fatty acids, flavonoids,
nucleosides, and polyol have been found in £ velutipes,'' the antitumor activities of
these substances have been scarcely reported.
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Our laboratory has been able to screen out lipid soluble
sterols with an antitumor effect from F velutipes by lipid-
raft chromatography, which was found to be linked to the
tyrosine kinase receptor (data not published). In this study,
our laboratory was interested in performing a preliminary
investigation of the anticancer potential and bioavailability
of F velutipes sterol (FVS) as an in-depth contribution to the
research of F velutipes. FVS is a white powder, which can
easily dissolve in ether, chloroform, hot ethanol, and other
organic solvents, but barely dissolves in water. As a result,
it is necessary to find a method to improve the solubility and
oral bioavailability of this sterol.

Microemulsions are thermodynamically stable nanome-
ter systems with characteristics of easy preparation, small
droplet size, low viscosity, and strong solubilization effect.'?
It is formed spontaneously by water, oil, surfactant and
cosurfactant.'!* According to the structure of a microemul-
sion, it can be divided into water-in-oil (w/0), oil-in-water
(o/w) and bicontinuous microemulsion.'” As a drug carrier, a
microemulsion can increase the solubility and oral bioavail-
ability of poorly soluble drugs, ameliorate the localization,
improve systemic delivery of the drug, and possess the ability
of targeting drug release.'*'® The absolute bioavailability of
a poorly soluble drug cyclosporin A which was loaded into a
microemulsion system was increased to about 3.3- and 1.25-
fold compared with free Sandimmun and Sandimmun Neoral
(Novartis, Basel, Switzerland), which were used as commer-
cial cyclosporin A." In addition, it has been confirmed that
the microemulsion system containing the poorly soluble drug
docetaxel could improve the solubilization property and oral
bioavailability of the drug.?

Presently, there are very few in vivo studies on FVS due
to some major difficulties of the material such as its solubil-
ity, bioavailability, and interferences from other endogenous
substances. Nevertheless, for the first time, this study has
been able to overcome these obstacles and to successfully
establish a prescription method for the formulation of
F velutipes sterol microemulsions (FVSMs). Furthermore,
the pharmacokinetic study on the FVSMs in rats also showed
an enhanced bioavailability of the sterol.

Materials and methods

Biological materials, cancer cell lines,

and chemicals

E velutipes was kindly supplied by Zhengdong Ecological
Agriculture Development Center (Jiangsu, China) and air-
dried at 55°C before use. Human gastric cancer cell SGC and
colon carcinoma cell LoVo were obtained from Cell Bank of

Academy of Science (Shanghai, China). MTT and trypsin
were purchased from Beyotime Institute of Biotechnology
(Jiangsu, China). Fetal bovine serum and Dulbecco’s modified
Eagle’s medium (DMEM) were purchased from Gibco (Grand
Island, NY). 5-fluorouracil was supplied by Jin Yao Amino
Acid Co, Ltd (Tianjin, China). Ergosterol of 98% purity was
bought from Acros Organics (Geel, Belgium). Ergine of 98%
purity was purchased from Xili Biotechnology Co, Ltd (Yun-
nan, China). 22,23-dihydroergosterol was prepared in our
laboratory. Since 22,23-dihydroergosterol was not available
in the market, it was prepared by our laboratory from F velu-
tipes. Briefly, the FVS extract was prepared as described in
the following “Extraction of FVS” section. Then 22,23-dihy-
droergosterol was isolated using preparative reversed phase
high-pressure liquid chromatography (HPLC) from the FVS
extract. The 22.23-dihydroergosterol we was evaluated with
IR, 'TH-NMR and 3C-NMR to confirm its structure and suit-
ability for serving as a reference sterol. Tween 80, PEG400,
ethanol, and isopropyl myristate (IPM) were purchased from
Sinopharm Chemical Reagent Co, Ltd (Shanghai, China).
Cremophor RH40 and Cremophor EL were bought from
BASF (Ludwigshafen, Germany). Medium chain triglyc-
erides (MCT) and soybean oil were purchased from Tieling
Beiya Medicinal Oil Co, Ltd (Tieling, China). Pure chro-
matographic methanol was obtained from Hanbon Science
and Technology (Jiangsu, China). Analytical grade ether was
purchased from Kelong Chemical Reagent Factory (Chengdu,
China). All the other chemicals and reagents used in this study
were of analytical grade and obtained commercially.

Extraction of FVS

Dried F velutipes powder (0.7 kg) was extracted two times
with 1 L of 95% ethanol at 85°C for 2 hours. The extract was
concentrated under pressure using a rotary vacuum evapora-
tor to obtain the residue. Water was added to the residue and
stirred thoroughly to form a uniform mixture. The mixture
was then taken through ethyl ether extraction and finally
concentrated to give a residual mass of 10 g. After that, the
resulting product was refluxed with 1 mol-L™' KOH and
95% ethanol under the following conditions which included
heating at 80°C and simultaneous stirring for 3 hours. This
was followed by decompression drying and the dissolution
of the product in water. The ethyl ether extraction procedure
was repeated five times. The mixture obtained was washed
with double distilled water until the pH was 7.0, and further
rewashed with full oscillation using KOH (0.5 mol-L™)
three times. The resulting mixture was once again washed
with double distilled water until the pH was 7.0. The neutral
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solution was dehydrated with anhydrous sodium sulfate and
then filtered through 0.22 um membrane. After the evapora-
tion of ethyl ether, the crude FVS extract was obtained, and
subsequently refined by dissolving it in hot ethanol. This
was then followed by crystallization at 4°C and filtration to
obtain refined FVS.

Chemical composition analysis of FVS

The refined FVS extract was chemically analyzed with gas
chromatography/mass spectrometry (GC-MS; Varian, Wal-
nut Creek, CA). The gas chromatographic condition was
as follows: DB-5 ms (30.0 m X 250 um x 0.25 um), carrier
gas was a high purity helium; flow rate was 1.0 mL - min™';
the injection port temperature was 300°C; the initial column
temperature was 240°C and then the column temperature was
set to 285°C (kept for 30 min) at the rate of 15°C-min’';
the injection volume was 10 pL. In addition, the mass
spectrometer condition was as stated: ionization source was
El+; ionization energy was 70 eV; temperature of ionization
source was 200°C; transfer line temperature was 290°C;
quality scan range was 40—660 amu.

In vitro cell viability assay

All the human cancer cell lines (SGC and Lo Vo) were cultured
in DMEM medium, supplemented with 10% fetal calf serum
in culture flasks at 37°C and in a 5% humidified CO, incuba-
tor. The cells at exponential growth phase were then digested
with trypsin which was followed by centrifugation at 1500 rpm
for 5 minutes. The cells were further subcultured in another
medium and its concentration adjusted to 2 x 10* mL. After
that 100 L of the cells were seeded into each well of a 96-well
plate and incubated for 24 hours. The cells were divided
into four groups: the untreated, vehicle, treated, and posi-
tive control groups. An aliquot (20 uL) each of 0.5% DMSO,
FVS(1.0,3.0,5.0,10.0, 15.0,20.0 pg- mL™"), and 5-fluoroura-
cil (1.0, 3.0, 5.0, 10.0, 15.0, 20.0 pg- mL™") were added to the
vehicle, treated, and positive control groups, respectively. The
FVS was dissolved in DMSO, and the final concentration of
the DMSO was kept below 0.1% (v/v) of the culture medium.
However, the 5-fluorouracil was dissolved in the DMEM. The
cells in each group were further divided into three subgroups
(A,B,and C). MTT (20 uL, 5 mg- mL™") was added to A, B, and
C at various time points (24, 48, and 72 hours, respectively) and
the cells incubated for a further 4 hours. DMSO (100 uL) was
later added into each well to solubilize the formazan crystals.
The absorbances were read at 570 nm using a microplate reader
(Spectra III, SLT Instruments, Kernenmunster, Austria). All
determinations were carried out in triplicate. The inhibitory

rate (/R) of the cell proliferation was calculated according to
the following equation:

IR(%) = [1 —%] x 100%

where A refers to the absorbance of treated group and A” refers
to the absorbance of untreated group. The concentration of
the samples that killed 50% of the cells (IC, ) was calculated
by Curve-Expert 1.3 (Daniel G Hyams, Hixson, TN).

Optimized preparation of FVSMs

Phase diagram preparation

The investigation of the ternary phase diagrams was as
described by other previous studies with some slight
modification.?!*> The phase diagram was used to assess
the influence of different factors on the formation of the
microemulsion and to determine the predominant micro-
emulsion domains. Software Origin 7.0 (OriginLab Corp,
Northampton, MA) was used to draw the ternary phase
diagrams. The surfactants (ie, Tween 80, Cremophor EL,
and Cremophor RH40) and cosurfactants (ie, PEG400 and
ethanol) were weighed at different ratios, mixed thoroughly
and then stirred to make the surfactant—cosurfactant mix-
ture (S . ). After that, the oil phase and S , were mixed
together, where the fraction of oil was fixed at 10% (w/w).
Double distilled water was added dropwise into every kind
of clear oil and § , mixture with gentle stirring to allow
equilibration. The different times taken for the various
solutions to change from clear to turbid appearance were
noted as the critical points. The respective mass fraction of
surfactant, cosurfactant, and double distilled water at these
critical points were then used to construct the phase dia-
grams for the determination of microemulsion domain.

Optimization of blank microemulsion prescription
The method employed for the optimization of blank
microemulsion prescription was as described in other
studies.? 2

Solubility study

The solubility of FVS in different vehicles was determined
by adding 40 mg of FVS into 1 mL of each vehicle in the
centrifugal tube, followed by mixing in a shaker incubator
at 37°C for 72 hours. The mixture was then centrifuged at
10,000 rpm for 10 minutes to remove the excess FVS. After
that, the concentration of FVS in the solubilized system was
measured by HPLC.
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Screening of cosurfactant

The effects of PEG400 and ethanol as cosurfactants on the for-
mation of the microemulsion domain were investigated with the
aid of the ternary phase diagram. The ratios of the surfactant and
cosurfactant were varied from 9:1 to 1:9 with the fraction of oil
being fixed at 10% (w/w) of the § . . Thus the different ratios of
S . (1 g)andoil (0.1 g) were put together for this study. Under
stirring at 37°C, double distilled water was added dropwise into
the oil and § ; mixture until a critical point was reached. The
outcome was then used to construct the ternary phase diagram
as described in the “phase diagram preparation” section and
analyzed appropriately to select a suitable cosurfactant.

Determination of the best ratios of oil to S__

and surfactant to cosurfactant

The effect of K (the mass ratio of oil to S _ ) and K (the mass
ratio of surfactant to cosurfactant) were investigated. The ratio
of surfactant to cosurfactant was fixed at 9:1 and that of oil
to S . varied from 9:1 to 1:9 in order to choose the best ratio
of K. Nine blank microemulsions were also prepared with
the best K ratio to determine the best ratio of K in different
surfactant groups (K =5:5,7: 3, 9: 1 in the Cremophor EL
group, K =6:4,8:2,9: 1 in the Cremophor RH40 group, and
K =7:3,8:2,9:1in the Tween 80 group). The droplet sizes
of the nine blank microemulsions were measured and taken
through accelerated high temperatures at 40°C and 60°C for
10 days to observe the stability of the microemulsions. The best
ratios of K'and K were then selected for further studies.

Preliminary screening of surfactants

Based on the best ratios of K and K with the respective
surfactant, the blank microemulsions with acceptable droplet
sizes were chosen for further studies.

Selection of optimum FVSMs prescription
Based on the results of the optimized blank microemulsions
with the aid of the ternary phase diagrams, the two prescrip-
tions (A and B) of FVSMs were established. FVSMs were
prepared according to the methods described by other studies
with some slight modification.?® Briefly, the surfactant was
mixed with oil according to the different prescriptions estab-
lished. This was followed by the addition of the cosurfactant
and FVS to the mixture to obtain a clear solution. The double
distilled water was then added dropwise into the resulting
mixture and stirred vigorously using a magnetic stirrer until
the system was clear and transparent. The resulting FVSMs
were tightly sealed and stored at ambient temperature.
The stability of the microemulsion formulations was then

determined by observing periodically the occurrence of
phase separation. The optimum prescription was selected
from prescriptions A and B based on the stability assay of
accelerated high temperature and long-term studies.

Accelerated high temperature experiment

The prepared FVSMs prescription A and B were sealed in
centrifuge tubes at 25°C, 40°C, and 60°C. The stability of the
sterol-loaded microemulsion was analyzed by determining the
content of ergosterol and 22,23-dihydroergosterol using HPLC
after 6 and 12 days. Briefly, the supernatant (0.5 g) of FVSMs
(5 mL, 0.58 mg- mL") which was obtained from high-speed
centrifugation at 10,000 rpm for 10 minutes was put into a
10 mL volumetric flask and topped up with methanol to the
maximum mark. The resulting mixture was filtered and the fil-
trate used as samples. Ergosterol and 22,23-dihydroergosterol
were used as reference sterols. The chromatographic con-
dition was as follows: the column was Inertsil ODS-SP
(250 mm X 4.6 mm, 5 pum); mobile phase was 98% methanol;
the flow rate was 1.0 mL - min™'; the detection wavelength was
282 nm and the column temperature was 25°C.

Long-term experiment

An aliquot of 0.58 mg-mL~' FVSMs (each of prescriptions
A and B) was sealed in centrifuge tubes at 25°C for 30 days
and the stability of FVSMs was evaluated by observing the
occurrence of phase separation.

Characterization of FVSMs

Type of microemulsion

The type of microemulsion was identified by the staining
method. The water-soluble dye methylene blue and the oil-
soluble dye Sudan red were equally added onto the blank
microemulsion and FVSMs to evaluate the diffusion speed of
the two dyes. If the blue dye diffuses faster than the red dye, then
the type of microemulsion is o/w, and vice versa for the w/o.

Droplet size distribution and zeta potential

Three milliliters of 0.68 mg- mL™ optimized FVSM prescription
was used for the measurement of the mean droplet size and the
distribution using the high concentration mode of laser particle
size analyzer (BI-9000, Brookhaven, Upton, NY). Furthermore,
the zeta potential of the microemulsion was determined using a
ZetaPlus Zeta Potential Analyzer (Brookhaven).

Morphological observation
The morphology of the microemulsion was examined by
transmission electron microscopy (TEM; JEM-2100; JEOL,
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Tokyo, Japan). The copper mesh (400) containing the drops
of diluted FVSMs solution was stained with 2% phospho-
tungstic acid (PTA) and dried at room temperature to form
a thin film for assessment.

Rheological study

The rheological property of FVSMs (0.68 mg - mL™") was studied
with the aid of a Brookfield LV viscometer, equipped with spin-
dle SC4-18 (Brookfield Engineering Laboratories, Sloughton,
MA). By using the viscometer, the viscosity, spindle speed,
shear stress, shear rate, and temperature were recorded. The
measurements were repeated nine times and the average of the
respective values used in calculating the apparent viscosity.

Content determination

FVSMs (2 mL, 0.68 mg-mL™") were diluted by double dis-
tilled water (4 mL) and filtered through a 0.22 um membrane.
The filtrate was put into a 10 mL volumetric flask and topped
up with an additionally pure chromatographic methanol to the
maximum volume. The content of ergosterol and 22,23-dihy-
droergosterol was detected by HPLC. The chromatographic
condition was as described in the “Selection of optimum
FVSMs prescription” section.

Encapsulation efficiency of FVS-loaded
microemulsion

The content of FVS encapsulated within the microemul-
sion was measured according to a slight modification of
the method described previously.??® The microemulsion
preparation (0.11 mg-mL™") was poured onto a 0.22 um
cellulose nitrate membrane to remove the nonencapsulated
FVS. The free FVS was retained in the membrane while the
filtrate containing the homogeneous suspension of FVSMs
was collected. The concentrations of free FVS, FVS-loaded
microemulsion, and external standards were diluted with
98% methanol mobile phase and mixed thoroughly for HPLC
injection. The HPLC was then used to measure the total
content of ergosterol in the different samples and based on
that measurement, the encapsulation efficiency (EE%) was
calculated as follows: EE% = C//C,-100%, where C, is the
mass of ergosterol in FVSMs after filtration, and C, is the
total mass of ergosterol in FVS.

Stability of FVSMs

Accelerated centrifugal test

The phase dispersion of FVSMs (0.68 mg-mL™") was
observed at an accelerated centrifugation of 10,000 rpm for
10 minutes at 4°C.

Dilution test

The FVSMs (0.68 mg-mL™") was diluted 100 times with
double distilled water at 25°C for 24 hours. The solution
was centrifuged at 10,000 rpm for 10 minutes to remove
the precipitated FVS, if any. The FVSMs were then
observed for their clear, transparent, and nonprecipitated
characteristics.

Low temperature test

The FVSMs (0.68 mg - mL™") were stored at 4°C for 21 days.
The stability was investigated by observing the occurrence
of the dispersed phase or crystals after centrifugation. This
was followed by the determination of the FVS content of the
formulated microemulsions using HPLC.

In vivo studies

Animals

Male Sprague-Dawley rats (220~250 g) were provided by
the Laboratory Animal Centre of Jiangsu University (Zhen-
jiang, China). All the animals were fasted for 12 hours
before used for the studies, but allowed free access to
water. At room temperature (22°C + 2°C), the rats were also
exposed daily to light at predetermined time intervals for
12 hours. The animal study procedures were approved by
the Jiangsu University Animal Ethics and Experimentation
Committee according to the requirements of the Preven-
tion of Cruelty to Animals Act 1986, under the guidelines
of the National Health and Medical Research Council for
the Care and Use of Animals for Experimental Purposes
in China.

Pharmacokinetic studies of FVSMs in rats

Ten rats were divided equally into two groups for the oral
pharmacokinetic studies of FVSMs. A dose of 100 mg - kg™
each of FVSMs (5 mg-mL™) and free FVS (5 mg-mL™)
were administered orally. The free FVS was suspended in
0.5% (w/v) CMC-Na solution. The blood samples (0.5 mL
each) were taken from the eye orbit veins after the oral
administration at different times (1, 2, 3, 4, 5, 6, 8, 10, 12,
14, 16, and 24 hours) and then put into heparinized tubes.
Throughout the study, the blood samples were expertly taken
from the same rats without being sacrificed until the 24th
hour. For the first six time points, the animals were anes-
thetized in ether gas before their blood samples were taken
for the studies. The plasma samples were obtained by cen-
trifugation of the whole blood at 4000 rpm for 10 minutes.
Samples were then treated and the sterol content determined
by HPLC.

International Journal of Nanomedicine 2012:7

submit your manuscript

5071

Dove


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

Yi et al

Dove

Treatment of plasma sample

The plasma sample (0.2 mL) and the internal standard
(0.1 mL) were mixed together thoroughly into a 10 mL cen-
trifuge tube. Pure methanol (1 mL) was immediately added
to the mixture to precipitate the proteins. This was followed
by vigorous vortexing with tight plug for 5 minutes. The
mixture was centrifuged at 3000 rpm for 10 minutes, after
which the supernatant was withdrawn and dried by nitrogen
at 40°C on a water bath. The residue was dissolved in mobile
phase (0.2 mL) and centrifuged at 10,000 rpm for another
10 minutes. The supernatant was again taken and used for
the FVS content determination by HPLC.

In vivo chromatographic conditions
An Inertsil ODS-SP (250 mm X 4.6 mm, 5 um) column was
used. The mobile phase for the blood samples was 96%
methanol solution. The flow rate was 1.0 mL-min™" and
the detection wavelength was 282 nm. Other conditions
include injection volume (20 pL), internal standard (ergine,
Figure 1C), and detection sensitivity (0.02 AUFS).

The plasma concentrations at different time points were
calculated using the standard curve and consequently, the
various pharmacokinetic parameters were obtained.

Results and discussion

Chemical composition and in vitro
anticancer activity

The antitumor effect of FVS was preliminarily found with
lipid-raft chromatography (data not published). The FVS extract
consisted of mainly ergosterol (54.78%, Figure 1A), 22,23-
dihydroergosterol (27.94%, Figure 1B), ergosta-5,8,22-triene-
3-o0l (11.27%) and ergost-8(14)-ene-3B3-ol (5.24%) according
to the GC-MS results. This outcome was generally consistent

/1/”“”

iy, o

O

c

Figure |1 Chemical structures of ergosterol (A), 22,23-dihydroergosterol (B), and
ergine (C).

with previous studies.** The MTT bioassay showed that
FVS strongly inhibited the growth of human tumor cells SGC
(Figure 2). The increasing time-dependent inhibition rate of
SGC was 30.45%, 39.91% and 68.15% at 24,48, and 72 hours,
respectively, which also followed the same trend as the standard
S-fluorouracil (47.88%, 56.21%, and 64.87%, respectively).
This result confirms the desirable antitumor activity of FVS.
Similarly, the IC, of the FVS (SGC IC, = 11.99 pug-mL™)
was less than 30 pg- mL™" as seen in the standard drug (SGC
IC,, = 0.88 pug-mL™"). According to the guidelines of the
American National Cancer Institute, an extract is considered
active and potential for anticancer development if it exerts an
IC,, value = 30 pg-mL™"* In contrast, the LoVo colon carci-
noma cells were not significantly susceptible to the FVS, with
IC,, > 40 pg-mL"" (data not published). This was also in sup-
port of other studies in which some sterols could significantly
inhibit the growth of only certain tumor cells.*! The mechanism
of the FVS antitumor effect needs to be studied further.

Optimized preparation of FVSMs
Optimization of blank microemulsion formulation
Solubility study

The results of the solubility test are presented in Table 1. The
FVS could dissolve in the oily core and/or on the interface of
these molecules,** therefore the selected oily vehicles includ-
ing IPM and MCT showed higher solubility values than the
other oil (soybean oil). Since the IPM is mainly used as a
matrix and wetting agent of cosmetics, while MCT is widely
used in medicines, food, health products, and cosmetics as
a semisynthetic, functional oil, the MCT was consequently
selected as the oil phase for further studies. Among the sur-
factants and cosurfactants, FVS showed better solubility in
Cremophor EL and ethanol, respectively, than in the other
related vehicles. However, all the surfactants and cosurfac-
tants were used for the ternary phase diagram study.

Screening of cosurfactants

The influence of cosurfactants on microemulsion domains
is shown in Figure 3. The domain of o/w microemulsion
formation was in the area represented by “ME” in the
diagram. The various diagrams of the microemulsion-
forming domains with ethanol were larger than that of
PEG400. This implies that the ability of ethanol to serve as
a good cosurfactant for the microemulsion formation was
much better than PEG400. It is interesting to note that the
solubility of FVS in ethanol was greater than that of PEG400
as provided by the solubility test. Consequently, the ethanol
was selected as the cosurfactant for further studies.
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Figure 2 The cell viability of SGC cells as determined by the MTT bioassay following treatment with the vehicle control (0.5% DMSO), positive control (5-fluorouracil)
and the test drug (FVS). The cell viability/inhibition is expressed as a percentage relative to the untreated group. Asterisks indicate significant differences (*P < 0.05 and
**P < 0.01) when compared to the untreated control. (A) Cell viability of 20 ug-mL™" FVS against SGC cells at various time points. (B) Cell growth inhibition at 72 hours
for the different concentrations of FVS.
Abbreviations: SGC, human gastric adenocarcinoma cell line; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide; DMSO, dimethylsulfoxide; FVS,

Flammulina velutipes sterol.

Screening of K_and K

When the ratio of surfactant to cosurfactant was fixed at 9:1
with respective varying ratios (from 9:1 to 1:9) of the oil to
S ., it was observed that only at the 1: 9 ratio of 0il to S

mix’

with the different surfactants (Tween 80, Cremophor EL, and
Cremophor RH40) could clearly assist in the formation of
transparent microemulsion. The accelerated high-temperature
results of the nine blank microemulsions at 40°C and 60°C
for 10 days showed that the formed microemulsions were
only clear, transparent, and homogeneous for the 9:1 and
8:2 K values. However, the other microemulsions were
associated with emulsion breaking and stratification, show-
ing a decline in stability (data not shown). For a better FVS
solubility in cosurfactant than in the surfactant, the value of

K (8:2) was selected and K (9:1) was discarded.

Preliminary screening of surfactant

Based on the blank microemulsions prepared for screening K
and K, the mean droplet size of microemulsion in Tween 80
group was greater than 100 nm, indicating that Tween 80
could not be a good choice as surfactant. As a result, K (1:9),
K (8:2), and the surfactant (Cremophor EL for prescription

Table | Solubility of FVS in various vehicles at 37°C for 72 hours

A and Cremophor RH40 for prescription B) were used as
potential optimum prescriptions for further investigations.

Selection of optimum FVSMs prescription

The prescriptions A and B of FVSMs were established
(Table 2). The solubility of FVS in water, (6.70 £0.93) x 10~
mg-mL™!, was extremely low compared to the prepared
FVSMs (0.58 mg-mL™"). The microemulsions clearly increase
the solubility of FVS and could be an ideal carrier for the
poorly water-soluble sterols. The improvement of the FVS
loading using o/w microemulsion depends on the solubility of
the sterol in the dispersed oil phase and the percentage of that
phase present.’> The results of the stability tests which were
used to select the optimum prescription were as shown in the
in the following sections “high temperature experiments” and
“long-term experiments.”

High temperature experiments

Compared with day 1 (0 day), the FVSMs of prescription
A and B at 25°C, 40°C, and 60°C for 6 days and 12 days
were still clear and transparent. There was no oil-water layer
separation and the droplet size was also maintained within

Vehicles Water phase Oil phase Surfactant Cosurfactant
Water IPM Soybean MCT Cremophor Cremophor Tween PEG400 Ethanol
oil RH40 EL 80
Ergosterol (6.70£0.93)x 1592+022 9.65+0.02 1443+0.02 826+0.02 868%0.17 732+025 821 +0.12 1449+045
(mg-mL™) 10
22,23- - 6.08+006 325+026 548+0.06 3.07+006 281 +0.06 287+003 350+0.09 4.90+0.44

dihydroergosterol
(mg-mL™)

Note: Mean £ SD, n=3.

Abbreviations: FVS, Flammulina velutipes sterol; IPM, isopropyl myristate; MCT, medium chain triglycerides; SD, standard deviation.
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Figure 3 Ternary phase diagrams for the effect of cosurfactants on the microemulsion domain being composed of: (A) Tween 80 and ethanol; (B) Tween 80 and PEG400;
(C) Cremophor EL and ethanol; (D) Cremphor EL and PEG400; (E) Cremophor RH40 and ethanol; and (F) Cremophor RH40 and PEG400 as surfactants and cosurfactants,

respectively, while 10% MCT was used as oil phase.
Abbreviation: ME, o/w microemulsion region.

Table 2 Prescription composition for different FVSMs

Prescription Cremophor RH40 (g) Cremophor EL (g) Ethanol (g) MCT Sterols Water
(g (mg) (8

A - 721 1.81 1.01 19.9 24.49

B 722 - 1.82 1.01 20.0 24.35

Abbreviations: FVSMs, Flammulina velutipes sterol liposomes; MCT, medium chain triglycerides.

Table 3 Effect of different temperatures on the stability of FVSMs

Prescription Time (days) Appearance Sterol content (mg-g™') Droplet size (nm)
Ergosterol 22,23-dihydroergosterol RT 40°C 60°C
RT 40°C 60°C RT 40°C 60°C
A 0 Uniform 0.287 0.287 0.287 0.106 0.106 0.106 30.0 30.0 30.0
6 Uniform 0.282 0.285 0.265 0.106 0.104 0.101 - - -
12 Uniform 0.272 0.251 0.045 0.104 0.096 0.013 27.8 374 24.8
B 0 Uniform 0.289 0.289 0.289 0.107 0.107 0.107 22.9 22.9 22.9
6 Uniform 0.272 0.227 0.092 0.102 0.085 0.033 - - -
12 Uniform 0.255 0.115 0.021 0.092 0.042 0.010 26.5 20.6 20.6

Notes: —, no droplet size measurement was taken. Ergosterol and 22,23-dihydroergosterol were used as FVS content assessment indicators.
Abbreviations: FVS, Flammulina velutipes sterol; FVSMs, Flammulina velutipes sterol liposomes; MCT, medium chain triglycerides.
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Table 4 Effect of 4°C on the stability of FVSMs

Time Dispersion  FVS (mg-mL')

(days) Ergosterol  22,23-dihydroergosterol
0 Uniform 0.344 0.121

7 Uniform 0.336 0.117

14 Uniform 0.338 0.118

21 Uniform 0.330 0.112

Sample ID EL (Combined)

Operator ID rx

Elapsed Time  00:02:00

Eff. Diam. 200nm

Mean Diam. 228nm

Polydispersity 0.310

GSD 1.681 Clamster (nm )
d(nm) G(d) ()] d(nm) G(e) C(elf d(nm) G(d) C(d)
85 26 S| 176 97 40 84 80 75 -
103 44 10| 188 93 45| 310 70 80 [fntensity k2|
M7 58 15| 200 100 50| 343 58 85 e
128 70 20| 214 93 55| 380 44 90 iz (3 OO
141 80 25| 228 97 60| 474 26 95
153 87 30| 245 93 65
164 93 35| 263 & 70

Figure 4 Droplet size of optimized FVSMs prescription at 0.68 mg-mL™".
Abbreviations: FVSMs, Flammulina velutipes sterol liposomes; FVS, Flammulina velutipes
sterol.

20~40 nm. At 25°C, 40°C, and 60°C for 12 days, the contents
of ergosterol and 22,23-dihydroergosterol in prescription
A were respectively 95% and 98%, 87% and 91%, 16% and
12%, compared with 100% at 0 day. Similarly, the contents
in prescription B were respectively 88% and 86%, 40% and
39%, 7% and 9%, compared with 0 day (Table 3). The results
showed that the degradation rate of the FVS content was faster
at very high temperatures, indicating that the FVSMs need
to be stored at lower temperatures, which was in agreement
with other related studies.** Comparatively, the degradation
rate of FVS in prescription B was greater than A, which
may be explained by the better stability of Cremophor EL
in prescription A than Cremophor RH40 in prescription B at
high temperatures.

Long-term experiments

The FVSMs for prescription A were still clear and transparent
with no oil-water layer separation for the 30-day period of
study at 25°C. However, the FVSMs for prescription B had

Figure 5 Transmission electron microscope image of optimized FVSMs
prescription.
Abbreviation: FVSMs, Flammulina velutipes sterol liposomes.

Note: Ergosterol and 22,23-dihydroergosterol were used as FVS content assessment
indicators.

Abbreviations: FVSMs, Flammulina velutipes sterol liposomes; FVS, Flammulina
velutipes sterol.

demulsification and oil-water layer separation, indicating that
prescription A was more stable than prescription B when it
comes to long-term storage.

Based on the stability test results, the FVSMs pre-
scription A was selected for further studies with a ratio of
Cremophor EL to ethanol to MCT to water being 7.2: 1.8:
1.0: 24.4, respectively. The microemulsions used in this
study were all prepared according to prescription A and
30 mL of FVSMs with drug loading of up to 0.680 mg- mL"™"
was used. The content of FVS in microemulsions decreased
faster at 60°C, but other indicators (appearance and droplet
size) had slight or no changes on FVSMs (Table 3). The
stability of FVSMs in vivo needs to be further studied
because of the differences in conditions between in vivo
and in vitro environments.

Characterization of FVSMs
FVSMs were a clear colorless and transparent liquid with
very good fluidity (low viscosity). The water-soluble dye

2r —e— Ergosterol (microemulsion)
18 —=— 22,23-dihydroergosterol (microemulsion)
516t —a— Ergosterol (raw drug)
% 14 | —i- 22,23-dihydroergosterol (raw drug)
212t
f=
g i
Sos|
g0
806 |
S
304
0.2
0
0 5 10 15 20 25

Time (hours)

Figure 6 Plasma concentration-time profiles of FVS (ergosterol and 22,23-
dihydroergosterol) after oral administration of free FVS suspension and FVS-loaded
microemulsion (FVSMs) at 100 mg- kg™ dose to rats.

Notes: Each value represents the mean + SD of five rats. Ergosterol and 22,23-
dihydroergosterol were used as FVS content assessment indicators. Mean (+SD)
plasma concentration-time profile of ergosterol and 22,23-dihydroergosterol in
the loaded-microemulsions and free ergosterol and 22,23-dihydroergosterol in
the plasma which were orally administered to healthy rats (n = 5) at a dose of
100 mg- kg™ of 5 mg-mL~".

Abbreviations: FVSMs, Flammulina velutipes sterol liposomes; FVS, Flammulina
velutipes sterol; SD, standard deviation.
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Table 5 Pharmacokinetic parameters of oral administration of FVSMs in rats

Parameters FVSMs Free FVS

Ergosterol 22,23-dihydroergosterol Ergosterol 22,23-dihydroergosterol
C... (ug-mL™) 1.457 £ 0.573 0.712+£0.153 0.525 £ 0.091 0.138 £ 0.068
T.J/h 7+2 610 8+0 7.333+1.155
t,/h 5.802 £ 0.843 4.245 +0.520 4.753 £0.708 9.123 + 4810
AUC,,,/ug-h-mL" 16.497 + 4.44 6.093 + 1.262 6.432+0.812 1.354 £ 0.349

Notes: Each value is the mean + SD of five rats. Ergosterol and 22,23-dihydroergosterol were used as FVS content assessment indicators.
Abbreviations: FVSMs, Flammulina velutipes sterol liposomes; FVS, Flammulina velutipes sterol; SD, standard deviation; AUC, area under the (plasma concentration time)

curve.

methylene blue diffused faster than the oil-soluble dye
Sudan red in both blank microemulsions and FVSMs,
indicating that the two kinds of microemulsions were
o/w microemulsions. The mean droplet size of FVSMs
was 22.9 nm with a polydispersity index value of 0.31
(Figure 4), and the range of droplet size distribution was
relatively narrow (8.5-47.1 nm). The mean droplet size
was smaller than those found in other related studies.!%3234
The zeta potential of FVSMs was zero according to the
result of the zeta potential analysis (data not shown), which
indicated that there was no electrostatic action among the
microemulsion drops. The morphology of microemul-
sions observed by TEM was spherical (Figure 5), and the
result of droplet size was consistent with that determined
by the particle detector. The average viscosity of FVSMs
which was measured by the Brookfield viscometer was
122.8 mPa (50 rpm of spinning, 8.11 Pa of shear stress,
66 s7!' of shear rate, and 28.12°C temperature). The con-
tent of ergosterol and 22,23-dihydroergosterol in FVSMs
was 0.344 mg-mL™! and 0.121 mg-mL"!, respectively
with the encapsulation efficiency being 81.1% * 1.2%.
This indicates that most of the FVS was entrapped in the
microemulsion. The results were in line with other cur-
rent studies.'”* The standard features of FVSMs after
the accelerated centrifugal experiment, dilution test, and
low-temperature test were still unchanged with clear and
transparent appearances. There were also no oil-water layer
separation, nonprecipitation of FVS, and the content of
ergosterol and 22,23-dihydroergosterol changed slightly
in the low-temperature test (Table 4). This indicates that
FVSMs were physicochemically stable as reported by pre-
vious studies.*? Microemulsions could be diluted by water
in the gastrointestinal tract upon oral administration, which
could lead to drug precipitation. Therefore, the nonprecipi-
tation of the FVSMs after several dilutions is also a good
step in the right direction. The solubility of FVS, a poorly
water-soluble drug, was promoted to 0.680 mg-mL™" by
an optimum microemulsion formulation composed of

3.0% MCT (oil), 21.0% Cremophor EL (surfactant), 5.0%
ethanol (cosurfactant), and 71.0% water.

In vivo studies

Pharmacokinetics of FVSMs in rats

The plasma concentration profiles of FVS are shown
in Figure 6. The pharmacokinetic parameters are also
summarized in Table 5. The area under the curve of ergosterol
and 22,23-dihydroergosterol in the FVSMs group increased
to about 2.56-fold and 4.50-fold, respectively, as compared to
the free FVS group. This also confirms the results of improved
oral bioavailability for the FVSMs, which was supported
by other studies on microemulsion.*® Similar trend was also
seen in the maximum concentration of ergosterol and 22,23-
dihydroergosterol, which increased to about 2.78-fold and
5.16-fold, respectively, with FVSMs oral administration as
against the free FVS. The improved oral bioavailability could
be due to the predominant improved solubility of sterols in
microemulsions which kept the drug in the soluble form
during the gastrointestinal dilution and permeation process
and the synergistic effect of oil and surfactants as absorption
enhancers.”’ The time to maximum concentration of ergosterol
and 22,23-dihydroergosterol was relatively shortened for 1
and 1.33 hours in the FVSMs group compared with the free
FVS group. This supports the finding that the FVSMs could
dissolve rapidly in the gastrointestinal tract. Furthermore,
the rapid increase in the delivery of the sterol could achieve
high drug concentrations in the tract leading to good oral
absorption.

Conclusion

The free FVS was able to inhibit the growth of human SGC
tumor cells in the in vitro studies. This indicates that FVS
could play an important role in the studies of many differ-
ent human cancer cells in the near future. The optimum o/w
microemulsion formulation consisted of 3.0% MCT (oil),
21.0% Cremophor EL (surfactant), 5.0% ethanol (cosur-
factant), and 71.0% water, which enhanced the solubility
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of FVS up to 0.680 mg-mL™ compared with the free FVS
([6.70+0.93] x 10 mg-mL""). In addition, the pharmacoki-
netic study in rats revealed an improved oral bioavailability
of FVSMs.
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