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Abstract. The aim of this work was to establish a method for preparing stable and controllable solid self-
microemulsifying drug delivery system (S-SMEDDS) by spherical crystallization technique, which was
explored for promoting the dissolution, oral bioavailability, and process efficiency. Solubility test, prepa-
ration of liquid self-microemulsifying drug delivery system (L-SMEDDS), and the obtained ternary phase
diagrams test have been performed to screen and optimize the composition of LSMEDDS. The optimized
formulation was used to prepare puerarin solid self-microemulsifying drug delivery system (Pue-
SSMEDDS) by spherical crystallization technique. Droplet size and morphological analysis of the optimal
Pue-SSMEDDS were determined to evaluate the final formulation. And the Pue-SSMEDDS was also
assessed by flowability study, angle of repose, Carr’s index, and flow velocity. Furthermore, the vitro
dissolution and pharmacokinetic profile in vivo were analyzed. The study in vitro showed the Pue-
SSMEDDS could disperse in the dispersion medium within 60 s and was spherical with the particle size
of 19.66 nm and zeta potential of −28.3 mV. It could keep stable at low temperature and seal condition for
3 months. In vivo pharmacokinetic experiments of rats, the mean plasma concentration of self-
microemulsion group was much higher than that of conventional tablets and could play a long-lasting
efficacy, while there was no significant difference between the LSMEDDS and S-SMEDDS. The results
suggested the potential of S-SMEDDS could improve the oral bioavailability of poorly water-soluble drug,
such as puerarin.
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Puerarin is a natural bioactive agent extracted from the dried
root of Pueraria lobata and Puerarin thomsonii (1–3) which
has a potential in the prevention of hypertension (4), arte-
riosclerosis (5), cancer (6), and other aspects (7). However,
oral bioavailability of puerarin is low mainly due to its poor
water solubility of which clinically available aspects are
limited nowadays, such as by the gastrointestinal tract. It is
necessary for intravenous administration to maintain the
blood concentration. The offset for its short half-life in vivo
would lead to poor patient compliance on account of

multiple doses. In addition, adverse effects may occur in
patients, for instance acute intravascular hemolysis, hyper-
sensitivity reaction, and the damage to the liver and kidney
(8). Therefore, a new preparation of administration is nec-
essary to overcome these problems.
Methods of improving drug solubility including solid dis-
persion, nanoemulsions, polymer micelles, liposomes, cy-
clodextrin (CD) inclusion, and self-emulsifying drug
delivery system are adopted to develop the oral drug deliv-
ery system (9–14). Self-microemulsifying drug delivery sys-
tem (SMEDDS), a valid pharmaceutical technology to
increase solubility and absorption of poorly water-soluble
drugs in vivo, has recently received increasing attention as a
kind of new drug delivery systems. It is thermodynamically
stable and an isotropic mixture made up of oil, surfactant,
co-surfactant, and drug. The system is able to form oil-in-
water microemulsion with peristaltic movement in contact
with aqueous fluids spontaneously like the movement of the
gastrointestinal tract (15–19). The SMEDDS not only im-
proves drug solubilization but also enhances the properties
of release and absorption, resulted from the dissolved form
of the drug in the formulation and the small droplet size
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finishing a large interfacial surface area between oil and
water. Compared with conventional tablets or capsules, the
drug in SMEDDS can be absorbed quickly since the
microemulsion may generate into fluids containing dis-
solved drug small emulsion droplets in contact with the
gastrointestinal. The increased surface area and small drop-
lets result in transporting the entrapped drug through the
unstirred water layer to the gastrointestinal membrane.
This would contribute to a greater increase in drug absorp-
tion (19,20). Moreover, the droplets can be rapidly dispersed
in the blood as well as lymph (21), and lymphatic transport
can avoid the hepatic first-pass effect (22).
Thus, it has been served as a vehicle to improve the absorp-
tion of drug and a potential strategy to enhance the oral
bioavailability of poorly water-soluble drugs (23).
However, SMEDDS is a liquid formulation and has several
limitations including low stability and portability during the
manufacturing process and interaction of filling the capsule
shell (24). To overcome these problems, lipid formulations
could show a solid state by using suitable adsorbents. Solid
SMEDDS (S-SMEDDS) has been investigated as a candi-
date, which can be prepared by incorporating the liquid
SMEDDS (L-SMEDDS) into the solid dosages, combining
the advantages of L-SMEDDS with those of solid dosage
forms. This will improve oral bioavailability, storage stabil-
ity, and patient compliance (25,26).
Recently, there have been some new methods of self-
microemulsion solidified, such as spray-drying method
(27), solid carriers adsorption (28,29), and so on (30).
However, L-SMEDDS consists of oil and surfactants, so
the viscosity and adhesion are inevitable. The poor
dispersibility and fluidity are not conducive to preparing
the following drug dosage forms after adding water,
resulting in the low yield of the spray-dried. The adsorption
of solid carriers has to add lots of carrier vehicles, which
make solid powders sticky and less drug loading into solid
powders. In order to improve dissolution and bioavailability
of poorly soluble drugs, low-density porous carriers with
marvellous surface area composed of porous silica as well as
magnesium aluminometasilicate has been used, such as ri-
tonavir (31) and carbamazepine (32) in recent years. Some
solid products also need granulation process, which is diffi-
cult because of the intrinsic viscosity of water sensitive drug
for post-processing. Therefore, a new method of solidifica-
tion is needed urgently.
The optimal puerarin liquid self-microemulsion had been
made, and the purpose of this work was to prepare puerarin
solid SMEDDS (Pue-SSMEDDS) by spherical crystalliza-
tion technique which was a new method. One-step solidifi-
cation was executed in the liquid phase by the spherical
crystallization technology. The method built a good-stabili-
ty, low-cost, and drug-loading S-SMEDDS in liquid phase
meeting a variety of demands of the self-microemulsion as
the main medicine component. In this paper, droplet size
analysis, morphological analysis, and powder properties

were performed to evaluate the optimal formulation S-
SMEDDS. In vitro performance of S-SMEDDS of puerarin
was studied in hydrochloric acid (0.01 mol L−1) imitating
gastric environment, then pharmacokinetics study in the rat
was against pueparin suspension composed of conventional
tablets and L-SMEDDS.

MATERIALS AND METHODS

The puerarin (99.4%) was purchased from Wanxi
Pharmaceutical Co., Ltd. (Hennan, China), and conventional
tablets were purchased from Tongrentang Pharmaceutical
Technology Development Co., Ltd. (Beijing, China).
Polyoxyethylene hydrogenated castor oil (Cremophor
RH40) was supplied as a gift sample by BASF, Germany.
1,2-Propanediol and ethanol were obtained from Fengjingqiu
commerce limited liability company (Beijing, China) and Pilot
Chemical Co., Ltd. (Shanghai, China), respectively. Castor oil
was bought from Damao Chemical Reagent (Tianjian, China).
Ethyl cellulose (EC 10cp) and silica powder were both kindly
given from Sunward Pharmaceutical Excipients Co., Ltd.
(Anhui, China), as a sample. Liquid paraffin was charged from
Sinopharm Chemical Reagent Co., Ltd. Other chemicals were
of high-performance liquid chromatography (HPLC) or ana-
lytical grade.

Solubility Test

To select a suitable oil and cosolvent for SMEDDS for-
mulation, the solubility studies of puerarin in different oils and
co-solvents were carried out. The samples have been handled
according to the preliminary study of our research group.
After a certain amount of supernatant was weighed, the con-
tent was dissolved and fixed to the scale of the flask by flow
phase dilution. Following verification of specificity, linearity,
precision, accuracy, and recovery, the method has been suc-
cessfully applied in solubility studies.

Preparation of Puerarin L-SMEDDS

The puerarin L-SMEDDS containing castor oil,
Cremophor RH40, and 1,2-propanediol has been obtained.
The final content of puerarin in the formulations was fixed
at 7% (w/w) (33). First, puerarin was dissolved in an appro-
priate amount of a mixture of 9% castor oil and 38% 1,2-
propanediol. Then, appropriate amount of surfactant was
used in the melted state before preheating at 37°C. The mix-
ture was vortexed until a clear solution to ensure
homogeneity.

Influence of Dilution Times, pH, and Ionic Strength on L-
SMEDDS Behavior

Before L-SMEDDS was solidified, the required amount
of drug was incorporated with L-SMEDDS basis. One millili-
ter of this mixture used in the optimized formulation was
added to a glass beaker containing different volumes (9, 49,
99, and 199 mL) of different solutions (0.9% normal saline
solution, hydrochloric acid(0.1 mol· L−1), and pH 6.8 phos-
phate buffer), and every mixture was stored at ambient
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temperature for 24 h (34,35). The dilution times were deter-
mined in accordance with the droplet size analysis that could
not be measured by the equipment at high amount of water,
e.g., 100–500-fold (22). The visual inspection of the resultant
microemulsion was done under a white background.

Preparation of Puerarin Solid Self-Microemulsion

The amount of poor solvent (liquid paraffin) was mea-
sured in a beaker around the water bath. The L-SMEDDS
and the silica powder were added to the 7 mL good solvent
and bridging agent containing 0.5 g ethylcellulose at room
temperature and uniformly dispersed. Then, add the above
solution to the poor solvent under fixed stirring condition
(400 r/min, paddle type agitator with four blades). The stirring
continued to obtain agglomerates (about 30 min), which were
filtered and dried overnight. The dried products were stored
in screw-crapped jars at room temperature before using.

Droplet Size of Self-Microemulsion

Ten microliters of the L-SMEDDS formulation was dilut-
ed with 10 mL water and gently mixed with a magnetic stirrer.
The droplet size of the microemulsions loaded with puerarin
was determined by photo correlation spectroscopy (Nano
ZS90, Malvern Instruments, UK). The solid SMEDDS
(400 mg) was dispersed in 20 mL water and gently vortex-
mixed. After mixing, an aliquot of the mixture was filtered
through a membrane filter (0.45 μm; nylon syringe filter). The
size of the droplet in the filtrate was also measured by photo
correlation spectroscopy (Nano ZS90, Malvern Instruments,
UK). The results were compared with previous liquid
SMEDDS droplet size analysis results. All studies were re-
peated three times and the average value was used.

Morphological Analysis

The outer macroscopic structure of the S-SMEDDS was
investigated using the Phoenix microscopic image processing
and analysis software (Phmias 2008 Cs ver 3.0 Demo) installed
on the computer. The system was attached to the XSZ-G
biological microscope (Mike Audi Industrial Group Co.,
Ltd.) containing the five million pixels electro camera eye-
piece (MC-D 500 U, Phoenix Optical Group).

Particle Size and Size Distribution

The particle size and distribution could be determined by
sieving analysis method using the standard sieve stipulated in
the Chinese Pharmacopoeia 5 min on the oscillator; the weight
of the substance on every sieve was obtained to calculate the
percentage of different ranges of size.

Flowability

In this study, the angle of repose, compressibility index,
and flow velocity were determined to evaluate the fluidity of
the Pue-SSMEDDS.

Angle of Repose

This is the most commonly used test for powder
flowability by means of angle of repose (36). The angle of
repose was measured by a fixed funnel method (37). The end
of a funnel was placed 2 cm above the flat base and the
powder was released from the funnel. From the height of the
cone (h) and the radius of the flat base (r), the angle of repose
(α) was determined by using the following equation:

α ¼ tan−1 h=rð Þ

Carr’s Index

Carr’s index reflects the compressibility of the powder.
There is a correlation between the compressibility index and
the flowability of the crystals (38). The bulk and tapped den-
sities were used to calculate Carr’s index (CI). The CI of the
samples could be computed from the bulk and tapped densi-
ties by the following equation:

CI %ð Þ ¼ ρt−ρbð Þ=ρt � 100

where ρt and ρb are tapped density and bulk density of
powder, respectively.

Flow Velocity

A certain amount of Pue-SSMEDDS was weighted and
made to outflow the funnel uniformly. Then, record the time
and the speed was calculated by the equation v=m/t. The
results presented were the mean value of six determinations.

In Vitro Dissolution

Dissolution profile of Pue-SSMEDDS was performed
in a dissolution tester according to the Chinese
Pharmacopoeia Appendix Method II (the big glass meth-
od). The dissolution tester was equipped with an outer
water-bath in order to maintain the constant temperature
and sink conditions for a while. The dissolution test was
performed at 37°C with 900 mL hydrochloric acid (0.01
mol· L−1) as the dissolution medium. An appropriate
amount of six self-made S-SMEDDSs was taken in disso-
lution cup, and samples were collected at predetermined
intervals of 0.083, 0.17, 0.33, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, 10,
12, 14, and 24 h. An equivalent volume (5 mL) of fresh
dissolution medium was added to compensate for any loss
due to sampling immediately. The collected samples were
filtrated through the membrane filter (0.45 μm; nylon
syringe filter). The concentration of puerarin in the
resulting solution (20 μL) was analyzed by HPLC and
converted into different time of the cumulative dissolution
percentage by calculating formula. A plot of percent cu-
mulative release of puerarin against time was constructed
to illustrate the drug release profile. The drug release
curve was fitted by zero-order model, first-order model,
and Higuchi model, respectively. The correlation coeffi-
cient (R) was close to 1, which indicated that the choice
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of the model was better than other fitted equations.
Cumulative dissolution percentage was calculated accord-
ing to the following equation:

Q %ð Þ ¼
V0 � Ct þ V �

Xt¼1

n¼1

Cn

W
� 100%

where Ct referred to the content of each sampling point,
V0 is the volume of dissolution medium, V is the sample
volume, and W is the total amount of the dissolution medium.

In order to compare the difference among each other, L-
SMEDDS was contrasted with S-SMEDDS in vitro dissolution
at the same coordinate. The value of every point of profiles
represented the mean±SD of six experiments.

Stability Study

Pue-SSMEDDSs were sealed in a bottle at storage con-
dition of different temperature (4, 25, and 60°C) at intervals of
1 and 3 months. The samples were protected from light to
evaluate for their physical stability, including the macroscopic
appearance of the samples and droplet size of the
microemulsion within 100 nm. The size of the droplet was
measured by photo correlation spectroscopy (Nano ZS90,
Malvern Instruments, UK).

In Vivo Pharmacokinetics Study

In pharmacokinetics study, specific pathogen-free grade
male Sprague–Dawley rats, purchased from the Medical
Animal Test Center of Anhui Medical University (Anhui.
China), were used for the experiment. The animal experiment
was approved by the institutional animal ethical committee
and in compliance with the requirements of the National Act
on the use of experimental animals (People’s Republic of
China).

The rats were housed under normal laboratory conditions
of temperature, relative humidity, and light. They were fasted
for 24 h with free access to water prior to the experiments.
Randomized design was applied to divide the rats into three
groups of six animals. Three formulations, puerarin suspen-
sion, Pue-L-SMEDDS, and Pue-S-SMEDDS, were orally ad-
ministered to the three groups at a dose of 35 mg/kg,
respectively. Puerarin suspension, referring to Yufengningxin
tablet as a conventional Chinese medicine preparation, is
composed of the chemical ingredient pueraria. The suspension
preparation was considered as a control group.

Blood samples (0.3 mL) were collected by retro-orbital
puncture at predetermined time points, which was 0.17, 0.33,
0.5, 1, 2, 4, 6, 8, 12, and 24 h after oral administration. Plasma
was collected by centrifuging at 3000 r· min−1 for 10 min, and
transferred to a clean tube to store at −20°C until analysis.
Then, 200 μL plasma sample was placed in a centrifugal tube
and 20 μL of 6% perchloric acid added earlier to vortex for
2 min. The mixture was centrifuged at 12000 r· min−1 for
10 min to separate the denatured protein precipitate. The
collected supernatants were used for HPLC (SIL-20AHT,
Shimadzu®, Japan) was equipped with a UV detector and
an automatic sampling system (SPD-10 M20A and SIL-20A,

Shimadzu, Japan). The mobile phase was composed of meth-
anol and water (25:75, volume ratio). The eluent was moni-
tored at wavelength 250 nm with a flow rate of 1.0 mL min−1,
which was accomplished on a reversed phase Kromosil C18

column (4.6 × 250 mm, 5 μm) at a flow rate of 1.0 mL min−1.
The column temperature was kept at 25°C.

The DAS 2.1.1 pharmacokinetics software (issued by the
State Food and Drug Administration of China for pharmaco-
kinetics study) was used for calculating pharmacokinetics pa-
rameters such as area under concentration versus time curve
(AUC0-t), clearance, and volume of distribution. The peak
plasma concentration of the drug (Cmax) and the time taken
to reach Cmax (Tmax) were obtained directly from the plasma
concentration versus time profiles. All results were expressed
as mean and standard deviation (mean± SD) of six consecu-
tive measurements for each sample. The pharmacokinetics
parameters from different formulations were compared for
statistical significance by one-way ANOVA.

RESULTS AND DISCUSSION

Solubility Test

SMEDDS consists of oil, surfactant, and co-surfactant, so
the vehicles should have a high solubilizing capacity for the
drug. The solubility of puerarin in different vehicles is shown
in Fig. 1. Puerarin’s solubility was little in different oil phases
and the sequence was by castor oil >EO>oleic acid >GTCC.
The sequence of the solubility of puerarin in different emulsi-
fiers was by Tween 80 >RH40>HS15>EL. In many cases,
the solubility of different co-emulsifiers was distinct signifi-
cantly, which the solubility of 1,2-propanediol was significantly
higher than that of the others. So this study defined the
maximum solubility of 1,2-propylene glycol as co-emulsifier
and it is to ensure adequate drug loading. However, the con-
stitution of castor oil and Tween 80 exterior presents with light
yellow and cream in water, respectively. When the amount of
RH40 was too high, the system would form a gel after dilution
with water and thus affecting the efficiency of self-emulsifying.
Therefore, the co-emulsifier was added to the emulsifier to
enhance emulsifying capacity and reduce the amount of emul-
sifier in this study. Moreover, according to ternary phase
diagram test and formulation optimization of L-SMEDDS by
central composite design-response surface methodology, cas-
tor oil, Cremophor RH40, and 1,2-propylene glycol have been
chosen to prepare the best formation self-microemulsion op-
timization for the further research (33).

Properties of Puerarin Liquid Self-Microemulsion

The appearance of puerarin liquid self-microemulsion
was observed by visual method under a white background.
The visual method was based on the observation that a coarse
emulsion phase was formed easily on addition of small
amounts of water (39). The addition of about 1 g L-
SMEDDS at stirring speed 50 r min−1 in a beaker of distilled
water 100 mL at temperature 37°C, which was clear, transpar-
ent, and slightly opalescent. The time of self-emulsification
was recorded by turbidity that became unchanged when self-
emulsification reached equilibrium (40). The time for uniform
dispersion of the microemulsion was less than 60 s and
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transparent clarification with opalescence. The particle size
and the potential were 20.37 nm and −23.5 mV, respectively.

At the progress of preparing the L-SMEDDS, the ternary
phase diagram has been constructed (33). The particle size first
decreased and grew with the increase ofKm (the ratio of surfac-
tant and cosurfactant), when the weight percent of oil was lower
than 25%. In the prescription with the increase of surfactant
concentration, viscosity and emulsifying ability increased in the
system. The emulsifying ability dominated when the system of
viscosity was lower and the particle size decreased. However,
when the weight percent of oil increased to a higher level
(<25%), certain obstacles to the emulsifying ability and the
particle size increased again. When the weight percent of oil
was higher than 25%, particle size decreased with the increase of
the proportion of medium oil phase orKm. It concluded that the
inherent viscosity of oil reached the maximum extent and the
viscosity of the whole system could not significantly influence
the effect of the emulsion. Then, the particle size decreased with
the increasingly emulsifying ability. The emulsification time in-
creased with the increase of the ratio of oil phase or Km (The
relative decrease of emulsifying ability is the fact that the per-
cent of surfactant is lower compared with oil) (13).

Influence of Dilution Times, pH, and Ionic Strength on L-
SMEDDS Behavior

The results showed that there was no precipitation or phase
separation that occurred in different dispersionmediums. It may
be deduced that dilution times, pH, and ionic strength did not
influence L-SMEDDS’s behavior from the test. There was little
effect on the system after L-SMEDDS was diluted infinitely
following by diluting 100-fold, but the zeta potential of the
system is too small to maintain stability. So the droplet size
was determined by diluting 100-fold in subsequent experiments.
The results indicated the L-SMEDDS preparation was stable to
a certain extent and of their robustness to dilution (41).

Preparation of Puerarin Solid Self-microemulsion

Ethanol was used as the good solvent system (the good
solvent and the bridging agent) and liquid paraffin as the non-

solvent. The addition of the bridging agent promoted the
transfer of the drug to the emulsified phase in which crystal
agglomerates were condensed and grew spherically (41).
When the drug solution was added to the poor solvent, the
affinity of the drug with good solvent and bridging agent was
strong. There was not enough time for the good solvent
spreading to the poor solvent and emulsion droplets forming
in a moment by the shear force of stirring. Then, the emulsion
droplet in the good solvent gradually diffused to the poor
solvent; emulsion droplets of the drug continue to crystallize
forming spherical particles under the help of bridging agent.
In this study, four solvents (CH2Cl2, CHCl3, acetone, and
absolute ethanol) were used to choose from. The micro-
spheres were prepared with the individually or mixed good
solvent. The appearance, CI, and angle of repose were studied
and used for selection of the best solvent. The results were
shown in Table I. From the results, we could suggest that a
good solvent system, such as absolute ethanol, acetone, or the
mixture of them, and the mixture of CH2Cl2 and ethanol, was
conducive to the formation of the spherical particles. Given
acetone and CH2Cl2 were more toxic than ethanol, then the
flowability and compressibility of the product were poor; thus,
the ethanol was selected as the good solvent.

In this work, we investigated the effect of the water
medium (water solution containing 0.08% SDS) and non-
aqueous medium (liquid paraffin) on the results. We found
that the water solvent as the poor solvent was not able to
make self-microemulsion cured successfully, but the liquid
paraffin was able to make it, which might be insoluble for
ingredients in the liquid paraffin, especially for the self-
microemulsion composition. Finally, 125 mL of liquid paraffin
as the poor solvent and 7 mL of ethanol as the good solvent
were chosen as the composition of microspheres.

Droplet Size of Solid Self-Microemulsion

To evaluate the reconstitution property of the S-
SMEDDS formulation, the droplet size of the reconstituted
microemulsion was measured compared with the L-SMEDDS
formulation (Fig. 2). The mean droplet size of the L-
SMEDDS formulation was 20.37 nm, and that of the S-

Fig. 1. Solubility data of puerarin
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SMEDDS formulation had a peak appearing at the range
from 10 to 100 nm. There was the second peak of size between
100 and 1000 nm, and the phenomenon was probably due to
the fact that ethyl cellulose (10cp) was used as the carrier in
the experiment and ethyl cellulose (10cp) had stickiness. So
some of the emulsion droplets were gathered in the process of
solidification. Interfacial tension effects and capillary action

showed that the bridging agent (wetting agent) plays a role in
blocking drug crystallization (42). Since bridging agent and
poor solvent are immiscible with preferential wetting solution
crystallization, so crystalline deposit precipitates immediately
under agitation. What is more, the zeta potential of the S-
SMEDDS had no significant difference compared with the L-
SMEDDS. From these achievements, the solidified method

Table I. The Selection of Types on Good Solvents

Types Formation Carr’s index/% Angle of repose/°

CH2Cl2 CHCl3 Acetone Absolute ethanol

+ − − − 0 / /
+ + − − 0 / /
+ − + − 0 / /
+ − − + 1 10.31 35.5
− + − − 0 / /
− + + − 0 / /
− + − + 0 / /
− − + − 1 16.22 37.6
− − + + 0 / /
− − − + 1 24.14 31.8

Notes: B+^means the solvent was added, B−^means the solvent was not added, B1^ means the particle was spherical shape, and B0^ means the
particle was not spherical shape. B/^represents no numerical

Fig. 2. The particle size distribution and the zeta potential of a the puerarin liquid self-microemulsion and b the puerarin solid self-
microemulsion
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did not seem to have a remarkable effect on the droplet size
and the zeta potential, which almost indicated that the Pue-
SSMEDDS was made successfully by spherical crystallization
technique.

Morphological Analysis

Morphological characterization of the optimal solid self-
microemulsion was presented in Fig. 3. According to the
microscopic image (Fig. 3), the particles of solid self-
microemulsion were well separated. The particles showed a
satisfactory regular spherical shape with shine and shallow
dents. The micro porous in the matrix and on the surface
might form channels for water to infiltrate, which would be
conducive to the formation and dispersion of microemulsion.
The results of the self-microemulsion above illustrated that
the particle size and potential of the solid self-microemulsion
were close to the liquid self-microemulsion. Judged by this
phenomenon, the solid self-microemulsion was successfully
solidified.

Particle Size and Size Distribution

From the particle size distribution of the agglomerated
product, it was noticed that the smaller solid particles still
existed. But the particles size distributed mainly between 450
and 600 μm, which was very concentrated (Fig. 4). To sum up,
in vitro reconstitution study and characterization ensured that
the S-SMEDDS had good quality.

Flowability Study

Table II showed the flowability and compressibility of the
microparticles that were represented in terms of the angle of
repose, outflow speed, and Carr’s index. Materials with CI
value below 15% indicated good fluidity and value above 25%
indicated poor fluidity (43). The angle of repose was below 30°

proving a very good fluidity. All microparticles generally
showed fluidity and compressibility and might be attributable
to the spherical shape, since they are of contacts in the
spherical-shaped microparticles. They were smaller than those
in other shaped conventional crystals. The results indicated
that they might be directly compressible.

In Vitro Dissolution

In this paper, the determination method on puerarin
dissolut ion of the material and hydrochloric acid
(0.01 mol L−1) was not interfered with each other. The specific
properties of in vitro dissolution method were good, and the
standard curve was y= 97231x+ 46839 (R= 0.9999) with the
linear range 2–140 μg· mL−1. The RSD of the low
(5 μg· mL−1), middle (20 μg· mL−1), and high (100 μg· mL−1)
concentration of puerarin solutions was 1.33, 1.79, and 1.67%,
respectively (n= 5). The RSD of stability and percent recovery
were 2.07 and 2.43% (n = 5) indicating that puerarin was
stable in 24 h and the method was reasonable.

An excessive amount of puerarin was added to different
dissolution mediums of 37°C hydrochloric acid (0.1 moL· L−1),
distilled water, and pH 6.8 phosphate buffer. The solubility of
puerarin in different mediums by means of the determination
of the peak area was calculated according to the standard
curve. The results of hydrochloric acid (0.1 moL· L−1), dis-
tilled water, and pH 6.8 phosphate buffer were 2.7, 3.6, and
5.6 mg· mL−1, respectively, all of which could reach the drain
condition. In general, the vivo environment of oral prepara-
tions is simulated on the basis of gastric environment. So
hydrochloric acid (0.1 moL·L−1) was chosen as the dissolution
medium.

The sequence of in vitro release fitted model was by
Higuchi model > first-order model > zero-order model by cal-
culating (Table III). Therefore, the best prescription and prep-
aration technique of the aggregates accorded with the Higuchi
model. The release of puerarin from S-SMEDDS was

Fig. 3. Optical microphotographs of puerarin solid self-microemulsion at a ×4 magnification
and b ×10 magnification
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substantially complete 100% within 24 h. The ability of Pue-S-
SMEDDS had the tendency to emulsify very lowly compared
to Pue-L-SMEDDS and was reflected by the rate of dissolu-
tion. The dissolution curve of liquid self-microemulsion and
solid self-microemulsion were also compared in the experi-
ment. The drug release curve was found to be very fast that
the 10 min was close to 80% and was completely released as to
liquid self-microemulsion while 10% released within 30 min as
to solid self-microemulsion (Fig. 5). Faster dissolution may be
due to the formation of nano-size droplets of resultant
microemulsion. However, Pue-S-SMEDDS needed to be dis-
solved to form a microemulsion in vitro, and it would be the
rate of limiting step for puerarin release in vitro. So it had a
better effect on the release of the drug than liquid self-
microemulsion Fig. 6.

Stability Study

There were no obvious changes with the appearance and
the content in different storage conditions. In this study, the
evaluation of temperature stability of solid self-microemulsion,
suggesting that the optimal formulation has no remarkable
changes under all conditions except the temperature of 60°C
on account of oil spill on their macroscopic appearance at the
end of the experiment, which was due to both the temperature-
induced denaturation of the Cremophor RH 40 and the gradual
increase of particle size of the microemulsion (data not shown).

Oral Bioavailability Study

In order to evaluate the bioavailability of the Pue-
SSMEDDS formulation, in vivo pharmacokinetic study was
performed in rats. Figure 5 showed the time course of puerarin
blood concentration after the oral administration, and the

pharmacokinetics parameters were presented in Table IV.
Relative bioavailability of microemulsion was dramatically im-
proved in comparisonwith puerarin suspension. Compared with
the suspension, the AUC and Cmax from L-SMEDDS and S-
SMEDDS were both significantly higher (P<0.001). From L-
SMEDDS and S-SMEDDS, there was approximately 20–30-
fold and 1.9–2.5-fold increase in AUC and Cmax, respectively.
The phenomenon that was observed might be due to the fact
that the SMEDDS could have facilitated its absorption through
the lymphatic pathway. It has been already reported that lym-
phatic pathway might play an important role in improving bio-
availability by lipid-based delivery system for drugs with low
bioavailability (44). Puerarin could be absorbed fast but not
completely after oral absorption, which made it low bioavail-
ability. In the human body, its wide distribution, fast metabolism,
and accumulate easily, and absorption half-life, elimination half-
life, and mean residence time of 10.3 min, 74.0 min, and 1.28 h,
respectively (45). Pharmacokinetics study for Yufengningxin
tablets in rabbits (46), the absolute bioavailability of puerarin
of only 5.45%, indicated its absorption and low bioavailability
compared with injection. But it can maintain a long time in the
target organ heart-brain and low drug concentration of meta-
bolic organs (47). The administration of puerarin by oral route is
still relatively a good choice. So future research would be fo-
cused on improving its extent of absorption. It could be ob-
served that the mean value of Tmax from L-SMEDDS had no
statistical difference with suspension (P>0.05), but the mean
value of Tmax from S-SMEDDS was statistically different with
suspension, which was 4-fold of that of pueparin suspension
(P<0.001). The delayed Tmax from S-SMEDDS might be due
to the sustained release of puerarin from solid self-
microemulsion system. What is more, no significant difference
was observed between the L-SMEDDS and S-SMEDDS for

Fig. 4. Particle size distribution of puerarin solid self-microemulsion

Table II. Results of the Powder Properties of Puerarin Solid Self-
Microemulsion (Mean ± SD, n = 6)

Item Results

Angle of repose/° 31.7 ± 1.5
Carr’s index/% 23.07 ± 0.97
Outflow speed/g s−1 7.02 ± 0.28

Table III. Model Fitted Equations In Vitro Release

Model Fitted equation R

Zero-order Q = 0.0417t + 0.1286 0.9257
First-order ln(1-Q) = −0.0939t − 0.0893 0.9886
Higuchi Q = 0.2090t1/2 − 0.0310 0.9905

Fig. 5. The cumulative drug released of puerarin solid self-
microemulsion in hydrochloric acid (0.01 mol L−1) (mean ± SD, n = 6)
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AUC(0-t), which showed that existing puerarin in the form of S-
SMEDDS kept the absorption enhanced as high as with L-
SMEDDS. It have been explained that SMEDDS, a lipid-
based formulation, is thought to be partially absorbed via the
lymphatic route. That might reduce the chance for pre-systemic
drug metabolism and hepatic first pass metabolism, therefore
raising the bioavailability of drugs (48). Constantinides (49) also
revealed that the drug compound in o/w microemulsions
reached the capillaries incorporated within the oil droplets,
which can protect the drug from chemicals as well as enzymatic
degradation, increase the residence time, and improve the bio-
availability in vivo. The T1/2 of L-SMEDDS and S-SMEDDS
were 2.4-fold and 4.7-fold of that of suspension, respectively.
From the results of the experiment, it could be inferred that the
solid self-microemulsifying components had significant effects
on lengthening the time of maximum plasma concentrations,
decreasing the rate of elimination of pueparin and enhancing
the bioavailability of poor water soluble drug Fig. 7. In conclu-
sion, the increase of bioavalability offered by SMEDDS was
maybe owing to the absorption and the degradation process in
vivo, and S-SMEDDS has a significant impact.

Bimodal Phenomena of Drug-Time Curve

Irrigating the stomach of puerarin solid self-microemulsion
and liquid self-microemulsion, blood drug concentration peaks
appeared at 30 min after administration. The blood drug con-
centration increased again. The second peak appeared and was
lower than the first peak after 8 h of intragastric administration,

indicating the hepatoenteral circulation of pueparin. This phe-
nomenon was similar to the reported results of AJS (50). The
second peak concentration might be associated with the intesti-
nal lymphatic transport because drug of high oleophilicity has
been reported as a substrate for lymphatic transport (51). We
guessed the possibilities of bimodal phenomena below:

1. Gastrointestinal circulation: The drug was absorbed
across membrane transport by the stomach. The con-
centration was relatively high to the presence of ionic
form in the stomach. Entering the small intestine, it
would be absorbed to form biabsorption once again.

2. Double site absorption: The drug in the gastrointesti-
nal tract of different parts with two absorption points,
of which intestinal mucosal permeabilities for the drug
were not same, making different parts of the absorp-
tion time and rate not consistent. Then, the absorption
of the drug could be superimposed on the concentra-
tion of blood that was bimodal phenomenon.

3. Drug distribution: The drug was distributed around
the tissue rapidly after drug absorption and blood
concentration decreased. After that, the organization
of the drug was again distributed into the blood.

4. Effects of metabolites of the drug: The drug would be
the formation of glucuronic acid conjugates in the liver.
The conjugates turned into prototype drugs after glucu-
ronic acid hydrolases with the excretion of bile into the
intestine to reabsorb. The protein competition could also
become double peaks as the protein binding of metabo-
lites was higher than drug protein binding. Of course, all
suppositions should need proving by experiments.

CONCLUSIONS

S-SMEDDS drug delivery system containing puerarin
was prepared successfully. The quality and bioavailability of
the optimal formulation were assessed and executed in vitro
and in vivo. It was explored to find a suitable medium with a
good solubilizing capacity through the solubility of pueparin in
different oils, emulsifiers, and co-emulsifiers. According to the

Fig. 6. Comparison of the dissolution curves of liquid self-
microemulsion and solid self-microemulsion (mean ± SD, n = 6)

Table IV. Pharmacokinetics Parameters of Puerarin in Rats After
Oral Administration of Suspension or SMEDDS (Mean ± SD, n = 6)

Parameters Unit Suspension L-SMEDDS S-SMEDDS

AUC(0-t) mg· L−1 h 1.65 ± 0.40 38.34 ± 3.01b 44.60 ± 2.99b

Tmax h 0.50 ± 0.12 0.50 ± 0.07 2.00 ± 0.20b,d

Cmax mg· L−1 1.14 ± 0.11 3.43 ± 0.19b 2.74 ± 0.29b,c

T1/2 h 3.835 9.383 17.938

a P < 0.05, compared with suspension
b P < 0.001, compared with suspension
c P < 0.05, compared with L-SMEDDS
d P < 0.001, compared with L-SMEDDS

Fig. 7. Blood concentration-time profile of puerarin in rats after oral
administration of puerarin in the formulation as (black circle) suspen-
sion, (black square) L-SMEDDS, and (black triangle) S-SMEDDS.
Every point represents the mean ± SD of six experiments
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construction of the ternary phase diagram and formulation
optimization of SMEDDS by the central composite design-
response surface methodology, the final formulation has been
obtained (33). To improve the stability and overcome the
drawbacks of the liquid formulation, the S-SMEDDS was
prepared by the spherical crystallization technique. Liquid
paraffin for 125 mL as the poor solvent and ethanol for
7 mL as the good solvent were chosen as the composition of
microspheres by optimizing. Furthermore, droplet size, mor-
phological analysis, and powder properties of the optimal Pue-
SSMEDDS were determined at the same time. Both the par-
ticle size and zeta potential measurements suggested that
puerarin in the solid SMEDDS was the similar to puerarin in
the liquid SMEDDS. Dissolution and stability were conducted
for further evaluation in vitro. The solid SMEDDS could
better control the release of the drug compared with the liquid
SMEDDS. As mentioned in this paper, dissolution of the solid
SMEDDS was the main limiting factor of the drug release. So
the solid SMEDDS could reduce the loss of drug in vivo and
further improved the bioavailability of the drug. The plasma
concentration of pueparin in rats was determined by HPLC,
and the pharmacokinetics behavior of microemulsion was
compared with the suspension. The AUC of L-SMEDDS
and S-SMEDDS after oral administration increased 23.23-fold
and 27.03-fold, respectively. In vivo studies demonstrated that
the solid SMEDDS might be a useful tool for enhancing the
absorption of puerarin. Thus, this study would contribute to
the application of the S-SMEDDS by the spherical crystalliza-
tion technique and providing a useful solid dosage form for
oral poorly water-soluble drug like pueparin in the moderni-
zation research of Chinese medicine.

In intragastric administration of puerarin-mixed suspension
of rats, the drug curve did not appear bimodal phenomena that
may be related to the preparation. It is necessary to study on
whether there are one or two absorptions for microemulsion.
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