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Abstract. The study was performed aiming to enhance the solubility and oral
bioavailability of poorly water-soluble drug osthole by formulating solid self-
microemulsifying drug delivery system (S-SMEDDS) via spherical crystallization technique.
Firstly, the liquid self-microemulsifying drug delivery system (L-SMEDDS) of osthole was
formulated with castor oil, Cremophor RH40, and 1,2-propylene glycol after screening
various lipids and emulsifiers. The type and amount of polymeric materials, good solvents,
bridging agents, and poor solvents in S-SMEDDS formulations were further determined by
single-factor study. The optimal formulation contained 1:2 of ethyl cellulose (EC) and
Eudragit S100, which served as matrix forming and enteric coating polymers respectively.
Anhydrous ethanol and dichloromethane with a ratio of 5:3 are required to perform as good
solvent and bridging agent, respectively, with the addition of 0.08% SDS aqueous solution as
poor solvent. The optimized osthole S-SMEDDS had a high yield (83.91 ± 3.31%) and
encapsulation efficiency (78.39 ± 2.25%). Secondly, osthole L-SMEDDS was solidified to
osthole S-SMEDDS with no significant changes in terms of morphology, particle size, and
zeta potential. In vitro release study demonstrated a sustained release of the drug from
osthole S-SMEDDS. Moreover, in vivo pharmacokinetic study showed that the Tmax and
mean residence time (MRT(0-t)) of osthole were significantly prolonged and further
confirmed that osthole S-SMEDDS exhibited sustained release effect in rabbits. Comparing
with osthole aqueous suspension and L-SMEDDS, osthole S-SMEDDS increased bioavail-
ability by 205 and 152%, respectively. The results suggested that S-SMEDDS was an effective
oral solid dosage form, which can improve the solubility and oral bioavailability of poorly
water-soluble drug osthole.
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INTRODUCTION

Osthole, a natural coumarin compound, is an extract
from the fruits of Cnidium monnieri (L.) Cusson. In recent
years, there has been a growing interest in osthole because of

the impacts it has on the cardiovascular system (1), central
nervous system (2), immune system (3), tumor (4), osteopo-
rosis (5,6), and other aspects (7). However, its poor water
solubility (~ 0.63 mg/L), pH sensitivity (8), and poor oral
absorption (9–12) significantly prevent osthole from achieving
useful clinical applications. Therefore, it is of great impor-
tance to develop an appropriate dosage form for osthole.

To date, a number of pharmaceutical methods (13–22),
which are especially liquid self-microemulsifying drug deliv-
ery system (L-SMEDDS), have been developed as viable
drug delivery approaches to address the abovementioned
problems.

L-SMEDDS promotes drug absorption through intesti-
nal lymph, avoiding the first pass effect of drugs. Moreover,
drug delivered by L-SMEDDS can spontaneously form
microemulsion with droplet size of dozens of nanometers in
the gastrointestinal tract after oral administration (23–26) and
hence improve the absorption and bioavailability of poorly
water-soluble drugs (27). Despite the above advantages, L-
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SMEDDS also has some major drawbacks such as long-term
stability issue, storage and transportation inconvenience, and
irreversible drug precipitation.

To overcome these problems, liquid formulations can be
transformed to solid dosage forms by suitable methods. A
variety of curing solidification methods have been explored,
extrusion roll method (28), spray drying method (29,30), solid
carrier adsorption method (31), and so on (32). Nevertheless,
these curing methods require harsh preparation conditions.
For example, extrusion roll method and spray drying method
involve high temperature which may be infeasible for heat-
sensitive drugs. Also, high temperature influences the drug
loadings due to the decrease of the volatile surfactant in L-
SMEDDS. On the other hand, solid carrier adsorption
requires a large amount of adsorbent, which may lead to
high viscosity and low drug loading capacity. Thus, a more
efficient method for curing L-SMEDDS is urgently
demanded.

As a part of our long-term interest in solving the oral
bioavailability of poorly soluble drug (27,33,34), we solidified
the L-SMEDDS into solid self-microemulsifying drug deliv-
ery system (S-SMEDDS) by applying spherical crystallization
technique, which was a one-step solidification method that
was executed in the liquid phase. Spherical crystallization
may occur via two mechanisms: spherical agglomeration (SA)
and emulsion solvent diffusion (ESD). And the agglomera-
tion process principally requires a three-solvent system, i.e., a
liquid bridge agent, a good solvent, and a poor solvent. In this
study, the agglomeration process could be carried out using
the emulsion-solvent-diffusion method. When the good
solvent solution of the drug was poured into the poor solvent
under agitation, due to the strong interaction between the
drug and the good solvent, the drug solution formed quasi-
emulsion droplets and dispersed in the poor solvent. By the
diffusion of the good solvent in the poor solvent, crystalliza-
tion occurred in the droplets. The liquid bridging agent
agglomerated the precipitated crystals (35–38). In particular,
this solidification method features simple operation, high drug
encapsulation efficiency, low cost, and elimination of high
temperature (39,40).

In this study, we developed the osthole S-SMEDDS from
osthole L-SMEDDS by applying spherical crystallization
technique. The micromeritic properties, particle size, and
morphology were assessed to optimize the formulation and
processing parameters. The in vitro release and stability
studies were also conducted. In addition, the pharmacokinet-
ics parameters including oral bioavailability of osthole S-
SMEDDS were determined in comparison with the drug
suspension and the L-SMEDDS.

MATERIALS AND METHODS

Materials

Osthole (98.5%) was purchased from Yuanye Biological
Technology Co., Ltd. (Shanghai, China). Cremophor RH40
was obtained from Haian Petrochemical Plant (Jiangsu,
China). Castor oil was purchased from Damao Chemical
Reagent Factory (Tianjin, China). Solutol HS15 was pur-
chased from Fenglijingqiu Trading Co., Ltd. (Beijing, China).
Tween80 was obtained from Guangfu Fine Chemical

Research Institute (Tianjin, China). 1,2-Propylene glycol was
purchased from Suyi Chemical Reagent Co., Ltd. (Shanghai,
China). Eudragit S100 was kindly provided by Evonik
Company (Essen, Germany). Hydroxypropyl methylcellulose
phthalate HP55 (HPMCP-HP55) was gifted from Shin-Etsu
Chemical Co., Ltd. (Tokyo, Japan). Cellulose acetate (CA)
and ethyl cellulose (EC) were supplied by Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Micro silica
was gifted from Sunhere Pharmaceutical Excipients Co., Ltd.
(Anhui, China). Sodium dodecyl sulfate (SDS) was bought
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). All other reagents were of analytical grade, and
deionized double-distilled water was used throughout the
study.

Solubility Studies

To select a suitable oil and emulsifier for L-SMEDDS,
the solubility of osthole in various oils and surfactants was
measured. Briefly, an excessive amount of osthole was added
to the oils (ethyl oleate, soybean oil, castor oil) and
emulsifiers (RH40, HS15, Tween80), respectively. The mix-
ture was stirred overnight and centrifuged at 3000g for
10 min. From each sample, 100-μL supernatant was collected
and diluted with acetonitrile to 100 mL. The solution was
filtered through a 0.45-μm membrane filter. The drug
concentration in the solution was analyzed by an HPLC
method on an Agilent 1260 HPLC system (Agilent, USA).
Forty microliters of sample was injected for each analysis by
HPLC method on an Agilent 1260 (Agilent, USA) HPLC
system. The solubility studies were carried out in triplicate.

Preparation of Osthole L-SMEDDS

The osthole L-SMEDDS containing castor oil,
Cremophor RH40, and 1,2-propylene glycol has been devel-
oped. Osthole (50 mg) was dissolved completely in pre-
heated 54.1% Cremophor RH40 at 37°C by ultrasonic
method, and 10.5% castor oil and 32.4% 1,2-propylene glycol
were then added. The prepared osthole L-SMEDDS was
diluted with pH 6.8 PBS to form microemulsion. Droplet size
and zeta potential of the microemulsion were measured by a
Malvern Nano ZS90 particle size analyzer (Malvern, UK).

Influence of pH, Dilution Times, and Rotation Rate on L-
SMEDDS Emulsification Time

pH of Media

One milliliter of osthole L-SMEDDS was diluted to
50 mL by double-distilled water, 0.9% sodium chloride
solution, hydrochloric acid (0.1 M), and pH 6.8 phosphate-
buffered saline (PBS), respectively. The mixture was stirred at
200 rpm. The end of emulsification was determined by visual
observation and the time was recorded.

Dilution Times

One milliliter of osthole L-SMEDDS was diluted with
pH 6.8 PBS to 10, 25, 50, 100, and 150 times, respectively. The
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mixture was stirred at 150 rpm. Time for emulsification was
recorded when the mixture became clear and transparent.

Stirring Speed

One milliliter of osthole L-SMEDDS was added into
50 mL of pH 6.8 PBS. The mixture was stirred at 50, 100, 150,
and 200 rpm, respectively. The time required for the complete
emulsification was determined in the same manner as above.

Preparation and Evaluation of Osthole S-SMEDDS

Four polymers, including Eudragit S100, EC, CA, and
HPMCP-HP55, were selected. Good solvents in this experi-
ment were ethanol, methanol, acetonitrile, tetrahydrofuran,
acetone, and acetic acid while dichloromethane, ethyl acetate,
petroleum ether, n-butanol, ether, and n-hexane were evalu-
ated as bridging agents. A certain amount of various
polymers was dissolved in various combinations of good
solvents and bridging agents. The selected osthole L-
SMEDDS and the polymer solution were then quickly added
into the poor solvent, respectively. The mixture was stirred
until complete separation of the microspheres (osthole S-
SMEDDS). Osthole S-SMEDDS was then collected and
filtered through a sieve (80 meshes). The product was air-
dried to a constant weight over several days before weighing.
The dried products were stored in a vacuum dryer at room
temperature before further use.

Spherical Formation and Yield

The osthole S-SMEDDS prepared via the spherical
crystallization technique was evaluated by optical observation
in an N-108M optical microscope (Ningbo, China) to
determine whether microspheres formed after drying. Yield
was calculated according to the following formula:

Yield %ð Þ ¼ M1 �M0 � 100%

where M1 represents the weight of the microspheres after
drying and M0 represents the total weight of the osthole L-
SMEDDS and the macromolecule polymeric materials.

Carr’s Index

Carr’s index (CI) is normally used to reflect the
compressibility of the powder. The compressibility index
and flowability of the crystal have a close relevancy (41,42).
The bulk and tapped densities of the osthole S-SMEDDS
were measured. The CI was computed by the following
equation:

CI ¼ 1−ρ0=ρ fð Þ � 100%

where ρo and ρf are tapped density and bulk density,
respectively.

Angle of Repose

The angle of repose was measured by the funnel method
(43). Briefly, a certain amount of S-SMEDDS particles was
flowed out uniformly from the funnel at a certain oscillation
frequency until the formed microsphere cone reached the
highest height. The angle between the cone and plane is the
angle of repose. The height of the cone (h) and the radius of
the basal plane (r) were measured, and the angle of repose
(α) was determined by the following equation:

α ¼ tan−1 h=r:ð Þ

Optimization of Formulation and Processing Parameters

The formulation and processing parameters of osthole S-
SMEDDS were optimized by a single-factor test. The single
factors tested were as follows: type of polymer material, type
of good solvents and bridging agents, type of poor solvents,
and stirring speed, temperature, and time.

Determination of Encapsulation Efficiency

An appropriate amount of the osthole S-SMEDDS was
washed with distilled water and sieved (80 meshes) to remove
the unencapsulated drug. And then, the microspheres were
dissolved completely in ethanol by ultrasound. The solution
was filtered and the total amount of encapsulated drug in the
microspheres was determined by HPLC. Drug encapsulation
efficiency (EE) was calculated as follows:

EE %ð Þ ¼ Wt=Wd � 100%

where Wt is the encapsulated amount and Wd is the total
amount of osthole added in the S-SMEDDS.

Morphological Analysis

Transmission electron microscopy (TEM) was conducted
by the negative staining method to evaluate the L-SMEDDS
and S-SMEDDS of osthole. The L-SMEDDS and S-
SMEDDS of osthole were diluted 50-fold with pH 6.8 PBS
to form the microemulsion before the TEM study. And then,
a drop of microemulsion was applied on a carbon-coated
copper grid (200–300 meshes) and stained with 1% phospho-
tungstic acid (PTA). After drying, the morphology of the
osthole L-SMEDDS and S-SMEDDS was visualized using
TEM (Hitachi H-7650, Japan) at 5000–50,000 magnification
with an accelerating voltage of 80 kV. Scanning electron
microscopy (SEM) was also utilized to evaluate the osthole S-
SMEDDS.

In Vitro Release

In most cases, the in vitro release tests of oral prepara-
tions are carried out in media simulating the gastrointestinal
fluids. Due to the instability of osthole in the acidic

2303Evaluation of S-SMEDDS of Osthole



environment, the enteric preparations were prepared and
their release tests were performed with accordance to the
basket method described in the 15th edition of the Chinese
Pharmacopoeia. The release media were 0.1 M hydrochloric
acid for the first 2 h and pH 6.8 PBS for the rest of the study.
Both the media contained 40% ethanol to facilitate the
release of the drug. During the experiment, the temperature
and the stirring speed were kept at 37 ± 0.5°C and 100 rpm,
respectively. An appropriate amount of the osthole S-
SMEDDS was placed in a dialysis bag (cut off MW 8000–
14,000, VISKASE® Companies Inc., USA) which was
submerged in 900 mL of the release media. Five milliliters
of sample was withdrawn at 0.17, 0.25, 0.33, 0.5, 1, 1.5, 2, 3, 4,
5, 6, 8, 10, and 12 h. The media was replenished with the
equivalent volume of fresh isothermal hydrochloric acid or
PBS, respectively, after each sampling. The samples were
then filtered through a 0.45-μm membrane filter before
analyzed by HPLC. The percentage cumulative release at
time t was calculated as follows:

Cumulative release percentage

¼ Ct � V0 þ∑t¼1
n¼1Cn � V

� �
=M0 � 100%

where Ct is the concentration at time t, V0 and V are the total
volume of release medium and sample volume, respectively,
and M0 is the total amount of the drug in the microspheres.

Preliminary Stability Study

Osthole has a lactone structure which is subject to slow
esterification in acidic aqueous condition. Thus, the stability
study was conducted to evaluate the decomposition of osthole
and its leakage from the S-SMEDSS. Briefly, the osthole S-
SMEDDS was tested under stressed temperatures (4 and
60°C), high relative humidity (92.5% RH), and strong light
exposure (4500 lx). Moreover, 6-month storage under accel-
erated conditions (40°C, 75% RH) was also conducted. The
stability of the S-SMEDDS was determined by the indicators
including droplet size of the microemulsion formed by the
diluted osthole S-SMEDDS, morphological appearance, and
encapsulation efficiency of osthole S-SMEDDS.

In Vivo Pharmacokinetics Study

Male New Zealand rabbits (2.5 ± 0.2 kg) were purchased
from the Laboratory Animal Center of Anhui Medical
University (Hefei, China). The animal experiments were
approved and supervised by the Animal Experimental
Ethical Committee of Anhui Medical University (Hefei,
China). These rabbits were fed with standard diet and had
free access to distilled water. They were fasted overnight
prior to the experimental and were randomly divided into
three groups (three animals per group). A single dose (50 mg/
kg) of osthole aqueous suspension, or osthole L-SMEDDS
and osthole S-SMEDDS was administrated orally to each
animal of different groups (L-SMEDDS and S-SMEDDS
were mixed homogeneously with 10 mL distilled water before
dosing). Blood samples (0.5 mL each) were collected through
the peripheral ear vein into heparinized tubes at 0.25, 0.5, 1,

2, 3, 4, 5, 6, 8, 12, and 24 h after dosing. Then, the blood
samples were centrifuged at 3000g for 10 min. The superna-
tant plasma was stored at − 20°C for further analysis.

To analyze the drug concentration in the plasma samples,
200 μL of each of the samples was placed in a centrifugal tube
and 100 μL acetonitrile was added into it. After being
vortexed for 2 min and centrifuged at 5000g for 15 min,
40 μL of the supernatant was analyzed by HPLC on an
Agilent 1260 HPLC system (Agilent, USA) with a XB-C18

column (4.6 × 250 mm, 5 μm) at 25°C. The mobile phase was
composed of acetonitrile and water (60:40, v/v). The eluent
was monitored at 322 nm with a flow rate of 1.0 mL/min.

Statistical Analysis

The DAS 2.0 pharmacokinetics software was used to
calculate the pharmacokinetic parameters. All data in this
study were expressed as mean ± standard deviation. The
acquired data were analyzed by one-way analysis of variance
(ANOVA).

RESULTS AND DISCUSSIONS

Solubility Studies

Various oils and surfactants were screened for their
solubilizing capacity for osthole. Among the ingredients
tested (Fig. 1), osthole showed higher solubility in castor oil
(19.88 ± 1.17 mg/mL) than in soybean oil (15.32 ± 2.98 mg/
mL) or ethyl oleate (14.60 ± 1.02 mg/mL). The drug solubility
in selected emulsifiers followed the order of Cremophor
RH40 (25.15 ± 1.37 mg/mL), Tween 80 (22.15 ± 1.58 mg/mL),
and Solutol HS15 (19.12 ± 1.11 mg/mL), from highest to
lowest. The solubility of osthole in castor oil was statistically
different with the solubility of osthole in soybean oil or ethyl
oleate (p < 0.05). The solubility of osthole in Cremophor
RH40 was statistically different with Tween 80 (p < 0.05) and
Solutol HS15 (p < 0.01). Co-emulsifiers were also studied
(results not shown), and 1,2-propylene glycol (57.96 ±

Fig. 1. Solubility of osthole in various vehicles (mean ± SD, n = 3)
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1.70 mg/mL) was selected due to its high solubilizing capacity
for osthole without impacting the emulsification process.

Preparation and Evaluation of Osthole L-SMEDDS

Droplet Size and Zeta Potential of Osthole L-SMEDDS

The microemulsion by the diluted osthole L-SMEDDS
was clear and transparent with slightly blue opalescent under
light. No turbidity or phase separation was observed during
the storage at room temperature. The average droplet size
and the zeta potential were 22.76 nm and − 2.77 mV,
respectively (Fig. 2).

Influence of pH, Dilution Time, and Stirring Rate on Osthole
L-SMEDDS Emulsification Time

It was demonstrated that the tested media had no
influence on the emulsification rate of the L-SMEDDS.
However, the self-emulsifying time was shorted and the
greater the stirring rate, the shorter the self-emulsifying time.
Besides, there had no impact of dilution on droplet size if the
dilution time reached 50 or above. When the dilution time
was insufficient, the L-SMEDDS could not fully self-emulsify,
resulting in aggregation. On the other hand, when the dilution
time was overly large, the zeta potential of the microemulsion
by the osthole L-SMEDDS would go infinitely close to zero.
The results suggest that the osthole L-SNEDDS was stable in
the dilution range of 10–150 times.

Preparation and Evaluation of Osthole S-SMEDDS

Screening of Polymeric Materials. The polymeric mate-
rials play an important role in the formation of microspheres
and drug release. Taking the pH sensitivity of osthole in
gastric juice into account, application of enteric coating
played a key role in solving the problem (44–47). In the
current study, four polymers, including Eudragit S100, EC,
CA, and HPMCP-HP55, were evaluated based on sphere
formation and product yield. The results show that CA could
not help to form microspheres. These microspheres formed
by HPMCP-HP55 had rough surfaces and various sizes. EC
and Eudragit S100 produced microspheres with high yield

(87.5 and 77.2%, respectively). Therefore, EC was selected to
be combined with Eudragit S100, which served as the enteric
coating material. Further study revealed that with the
increase in the ratio of EC: Eudragit S100, the surface of
the microspheres became rougher, and the drug release was
faster possibly due to the more porous shell. Contrarily, the
yield of microspheres was lower with the increase in
proportion of Eudragit S100. Considering the balance be-
tween the yield and release profile, the optimal ratio of EC,
Eudragit S100 was found to be 1:2.

Se l e c t i n g o f Good So l v en t s and Br i d g i n g
Agents. Whether the good solvents and the bridging agents
are miscible with each other and able to dissolve the polymer
directly affects the formation of S-SMEDDS. Pre-
experimental results in our lab suggest that the combination
of ethanol and n-butanol could not dissolve the polymer.
Methanol and petroleum ether were not miscible, neither
were the combination of acetonitrile, petroleum ether, nor n-
hexane. The results are summarized in Table I. The combi-
nation using ethanol and dichloromethane, acetonitrile and
dichloromethane, and tetrahydrofuran and petroleum ether
resulted in high yield, i.e., 85.2, 83.4, and 82.5%, respectively.
However, the shells of the microspheres prepared by
acetonitrile and methylene chloride, or tetrahydrofuran and
petroleum ether as respective good solvents and bridging
agents had too many pore. Therefore, the optimized system
utilized anhydrous ethanol and dichloromethane. It was also
found that a 5:3 ratio of ethanol versus dichloromethane
resulted in the maximum yield (Table II).

Influence of Poor Solvents. The poor solvents were
critical in the formation of spheres (48,49). It was found that
liquid paraffin and 0.08% sodium dodecyl sulfate (SDS)
aqueous solution could turn the polymer into a solid ball in
the prior experiment without having significant impacts on
yield, Carr’s index, and angle of repose. In consideration of
the cost, 0.08% SDS aqueous solution was finally selected as
the poor solvent. It was demonstrated that the volume of
0.08% SDS aqueous solution had profound effect on forming
microspheres. When the volume of 0.08% SDS aqueous
solution used is too small or too large, the polymer cannot be
incorporated into the microspheres. The reason may be that

Fig. 2. Particle size and zeta potential of osthole L-SMEDDS and osthole S-SMEDDS

2305Evaluation of S-SMEDDS of Osthole



when the volume used was too small, the organic solvent
would spread so slowly that emulsion droplets aggregated and
were too big to be a microsphere, and when the volume was
too large, the organic solvent spread too fast to make the
polymer form valid emulsion droplets. From the yield and
other evaluation indicators, the volume of 0.08% SDS
aqueous solution was 120 mL.

In summary, the optimized formulation was composed of
EC and Eudragit S100 (1:2). Anhydrous ethanol and
dichloromethane (5:3) were used as the good solvent and
bridging agent, respectively. One hundred twenty milliliters of
0.08% SDS solution served as the poor solvent. The
preparation condition was set up as 400-rpm stirring for
35 min at 25°C. The osthole S-SMEDDS prepared according
to the optimized formulation and preparation parameters had
a yield of 83.91 ± 3.31% and encapsulation efficiency of 78.39
± 2.25% with good reproducibility.

Particle Size and Zeta Potential

The results showed that the mean particle size and zeta
potential of the microemulsion released from the osthole S-
SMEDDS were 23.35 nm and − 1.80 mV, respectively (Fig. 2).
This was consistent with the data acquired from the osthole
L-SMEDDS where the particle size was 22.76 nm, and the
zeta potential was − 2.77 mV, indicating that the osthole L-
SMEDDS had not been destroyed during the curing process.

Morphological Analysis

Morphological characterization of the osthole L-
SMEDDS and S-SMEDDS is shown in Fig. 3. The TEM
pictures reveal that the osthole L-SMEDDS (Fig. 3a) and
osthole S-SMEDDS (Fig. 3b) were similar in appearance and
size. The results further indicate that the curing process by
spherical crystallization technique had no significant impact
on the droplet size. The SEM picture (Fig. 3c) shows the
osthole S-SMEDDS displaying spherical shape with a rela-
tively smooth surface and uniform size at different
magnifications.

In Vitro Release

As it is shown in Fig. 4, the osthole S-SMEDDS released
about 15% of the drug in the first 2 h and a complete release
was achieved in 8 h. The release profile indicates a sustained
release effect. When fitted to various models including first-
order, Higuchi, and zero-order kinetics, the release profile
fitted the first-order best (Table III). The release curves of the
L-SMEDDS and S-SMEDDS in acidic pH were compared
(Fig. 5). There was 95% drug release from osthole L-
SMEDDS within 2 h while only about 15% release from the
S-SMEDDS. It may be due to that the L-SMEDDS can
quickly enter into the simulated gastric juice and form
nanosize emulsion droplets (16). However, osthole S-
SMEDDS was firstly dissolved into osthole L-SMEDDS,
and then the existence of the enteric polymer also prevented
the release of osthole in simulated gastric juice (50). In this

Table I. Effects of Types of Good Solvents and Bridging Agents on the Microspheres (Mean ± SD, n = 3)

Good solvents Bridging agents Angle of repose (°) Carr’s index (%) Yield (%)

Methanol Dichloromethane 26.3 ± 1.2 18.3 ± 0.6 78.4 ± 2.1
Ethanol Dichloromethane 24.3 ± 1.1 18.2 ± 1.5 85.2 ± 1.4
Acetonitrile Dichloromethane 31.5 ± 0.6 19.4 ± 0.8 83.4 ± 1.8

Ethyl acetate 25.8 ± 0.5 20.3 ± 1.1 69.6 ± 1.2
Tetrahydrofuran Dichloromethane 24.2 ± 0.7 17.3 ± 0.5 70.5 ± 3.4

Ethyl acetate 23.8 ± 1.7 19.6 ± 1.4 70.6 ± 2.5
Petroleum ether 21.6 ± 0.9 21.6 ± 1.0 82.3 ± 3.9
n-butanol 19.3 ± 0.5 23.4 ± 2.2 76.4 ± 1.7

Acetone Dichloromethane 24.7 ± 1.0 21.2 ± 1.4 63.5 ± 0.9
Ethyl acetate 19.2 ± 0.3 16.6 ± 0.8 67.7 ± 3.5

Acetic acid Dichloromethane 25.3 ± 2.1 17.3 ± 1.0 55.4 ± 2.3

Table II. Effects of Amount of Good Solvents and Bridging Agents on the Microspheres (Mean ± SD, n = 3)

Ethanol:dichloromethane Morphological appearance Angle of repose (°) Carr’s index (%) Yield (%)

2:6 0 N/A N/A N/A
3:5 0 N/A N/A N/A
4:4 1 19.2 ± 1.5 23.5 ± 0.7 47.8 ± 2.1
4:3 1 22.4 ± 1.1 21.6 ± 2.4 56.8 ± 3.5
5:3 1 26.7 ± 0.9 20.1 ± 1.6 81.2 ± 2.5
6:2 0 N/A N/A N/A
5:1 0 N/A N/A N/A

B1^ means the particle was spherical shape, and B0^ means the particle was not spherical shape. BN/A^ represents not applicable
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case, due to the pH sensibility of osthole, osthole S-SMEDDS
had a better in vitro release than osthole L-SMEDDS.

Preliminary Stability Study

Slight oil leakage and reduced entrapment efficiency
were observed at high temperature (60°C), high relative
humidity (92.5%), and strong light exposure (4500 lx). The
accelerated test showed that after 3 months, the particle size
and the entrapment efficiency were 25.94 ± 0.27 nm and
45.12%± 0.45%, respectively. There was no obvious change
with the appearance in 3 months under accelerated conditions
(40°C, 75% RH). It indicated that osthole S-SMEDDS was
uniform and stable. And for the last 3 months, the micro-
spheres gradually gathered into cluster; particle size and
entrapment efficiency could not be measured easily. These
results show that the osthole S-SMEDDS was sensitive to
temperature and moisture. When stored at low temperature
(4°C) for 10 days, the osthole S-SMEDDS showed no change
in size or encapsulation efficiency. These results suggest that
the preparation should be stored sealed at low temperature
and protected from light.

In Vivo Pharmacokinetics Study

Pharmacokinetic studies were carried out in rabbits
(28,51), the mean plasma concentration vs. time profiles are
illustrated in Fig. 6, and the pharmacokinetics parameters are
presented in Table IV. A significant increase in AUC(0-t)

could be found when S-SMEDDS was compared with either
suspension (2.05 times increase) or L-SMEDDS (1.52 times

Fig. 3. TEM of osthole L-SMEDDS (a) and osthole S-SMEDDS (b),
SEM of osthole S-SMEDDS (c)

Fig. 4. Cumulative percentage release of osthole S-SMEDDS (mean
± SD, n = 6)

Table III. Model Fitting for In Vitro Release Profile of Osthole S-
SMEDDS

Model Fitted equation R

Zero-order model Q = 15.889t ‐ 7.8517 0.9741
First-order model Q = ‐ 0.5727t1/2 + 1.209 0.9908
Higuchi model In(1 ‐Q) = 0.2404t + 0.0846 0.9885

Fig. 5. Release of osthole L-SMEDDS and S-SMEDDS in 0.1 M
hydrochloric acid (mean ± SD, n = 6)
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increase). The enhancement of bioavailability may be ex-
plained by the increasing solubility of osthole, as well as the
prolonged mean residence time (MRT) due to the sustained
release property of S-SMEDDS. The MRT of the S-
SMEDDS increased by 3.01 times and 2.04 times compared
with suspension and the L-SMEDDS, respectively, which
improved the half-life (t1/2) and the absorption time of the
drug in rabbits. Therefore, the S-SMEDDS of osthole showed
a clear advantage over suspension and L-SMEDDS in
improving the oral bioavailability of the drug.

CONCLUSIONS

In this study, a new osthole S-SMEDDS which contained
castor oil, Cremophor RH40, and 1,2-propylene glycol was
successfully obtained by spherical crystallization technique
and evaluated. The morphology, particle size, zeta potential,
and self-emulsification time indicated that the prepared S-
SMEDDS was stable and reproducible. The optimal formu-
lation consisted of EC and Eudragit S100 in ratio of 1:2 as
polymers. Anhydrous ethanol to dichloromethane in the ratio
of 5:3 was required as good solvent and bridging agent
respectively. Besides, the optimal volume of 0.08% SDS
aqueous solution used as poor solvent was found to be
120 mL. The formulation was stirred at a screw speed of

400 rpm for 35 min under 25°C. Prepared osthole S-
SMEDDS presented high yield and encapsulation efficiency.
The in vitro release study of the osthole S-SMEDDS revealed
a sustained release effect best described by first-order
kinetics. Stability test suggested the preparation was stable
at low temperature in dark and sealed environment. Impor-
tantly, in vivo pharmacokinetics study showed that the
osthole S-SMEDDS significantly increased the oral bioavail-
ability compared with drug suspension or L-SMEDDS in
rabbits. Based on these facts, osthole S-SMEDDS successfully
addressed the low solubility and oral bioavailability of the
drug, which could potentially expand the drug applications in
clinical settings.
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