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a b s t r a c t

Novel Tanshinone II A (TA) ternary solid dispersion (tSD) pellets with the combination of polyvinylpyr-
rolidone and poloxamer 188 as dispersing carriers were prepared by a single-step technique. A formula-
tion screening study showed that the addition of poloxamer 188 to binary TA-PVP system could
remarkably promote the dissolution rate of TA from 60% to 100% after 60 min. Scanning electron micros-
copy study revealed a smooth surface and a tightly packed coating structure. Differential scanning calo-
rimetry analysis confirmed the formation of solid dispersions. In vivo test showed that TA tSD pellets
presented significantly larger AUC0–t, which was 0.76 times more than that of binary solid dispersion
(bSD) pellets, 2.87 times more than that of physical mixtures (PMs) and 5.40 times more than that of
TA. Cmax of TA tSD pellets also increased by 1.82–8.97-fold as that of bSD pellets, PMs and TA. TA tSD pel-
lets generated obviously shortened Tmax of (3.80 ± 0.398) h, compared to bSD pellets with
(4.15 ± 0.456) h, PMs with (4.65 ± 0.226) h and TA with (5.52 ± 0.738) h. In conclusion, the addition of
poloxamer 188 to pellets containing PVP-based solid dispersions could achieve complete dissolution,
accelerated absorption rate and superior oral bioavailability. The fluid-bed technique becomes an alter-
native approach to obtain solid dispersion-coated pellets.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Tanshinone IIA (TA), one of the liposoluble bioactive constitu-
ents extracted from the root of Salvia miltiorrhiza Bunge, exhibits
a variety of cardiovascular activities including vasorelaxation and a
cardio-protective effect [1–3].

However, TA has a low oral bioavailability [4] due to its negligi-
ble solubility in water (2.8 ng/mL) [5], insufficient dissolution rate
[6,7] and first pass metabolism [8]. Currently, numerous pharma-
ceutical strategies have been employed to overcome the poor
dissolution rate of TA, e.g., TA inclusion compound with HP-b-CD
[6], TA dried emulsions, TA solid dispersions [9] and so on. Never-
theless, the resultant intermediate products still needed to be for-
mulated into dosage forms before application.

Pellets, as a multiple unit dosage form, possess many advanta-
ges over conventional solid dosage forms, such as flexibility of drug
release adjustment by coating or unit combination, reducing intra-
subject and intersubject variability of plasma profiles and minimiz-
ing GI irritation without lowering drug bioavailability [10].
However, for poorly water-soluble drugs, e.g., TA, pellets cannot
satisfactorily solve the problems of absorption and bioavailability.
ll rights reserved.
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Solid dispersions (SDs) have been widely applied to enhance the
dissolution rate and oral bioavailability of poorly water-soluble
drugs [11–14], among them binary solid dispersions (bSDs) com-
posed of a hydrophilic carrier in which the drug is dispersed were
extensively described in literature. However, recent studies have
shown that, during the accelerated dissolution of bSDs, an
unavoidable supersaturation of drug and the consequent recrystal-
lization [15–18], especially when there is a large solubility differ-
ence between carrier and drug [17,19], may lead to decreased
solubility and dissolution rate. Surfactants were incorporated into
the binary drug-polymer systems to constitute the ternary solid
dispersion systems [18,20–22], which could avoid undesired drug
recrystallization and improve drug wettability, thus potentiate
the delayed dissolution.

Researchers have made numerous attempts to obtain solid
dispersions in a final pellet form. Jachowicz et al. [23], for example,
prepared ketoprofen solid dispersion pellets by a dissolution–
evaporation process and subsequent extrusion and spheronization.
However, there is the possibility that during extrusion–spheron-
ization process, the mechanical stress, moisture and other factors
may increase drug migration and promote drug crystallization in
solid dispersions [24], resulting in poor stability, decreased solubil-
ity and dissolution rate. In previous studies, a single-step tech-
nique of deposition of solid dispersion solutions onto the surface
of pellet was reported to form SDs-coated pellets [25,26]. This
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was a simplified manufacturing process, which would be more
suitable for continuous operation in large-scale production. There-
fore, the same technology was applied to minimize complexities
during the preparation of TA ternary solid dispersion pellets
(TA tSD pellets).

The present study was to prepare TA tSD pellets composed of a
hydrophilic polymer (PVP) and a surfactant (poloxamer 188) as
dispersing carries by a single-step fluid coating method. The effect
of incorporation of poloxamer 188 on TA dissolution was assessed
to screen the optimum formulation. DSC measurement was applied
to confirm the absence of crystallinity in tSD pellets. The morphol-
ogy of pellets was characterized by SEM analysis. Bioavailability of
TA tSD pellets in rabbits was investigated as compared to TA, its
PMs and bSD pellets.
Table 1
Composition (theoretical) of the binary/ternary solid dispersion pellets.

Formulations Composition Ratios

PMs TA/PVP 1/2
TA/PVP 1/6
TA/PVP/poloxamer 188 1/4/1
TA/PVP/poloxamer 188 1/6/1

bSD pellets TA/PVP 1/1
TA/PVP 1/2
TA/PVP 1/4
TA/PVP 1/6

tSD pellets TA/PVP/poloxamer 188 1/1/1
TA/PVP/poloxamer 188 1/2/1
TA/PVP/poloxamer 188 1/4/0.5
TA/PVP/poloxamer 188 1/4/1
TA/PVP/poloxamer 188 1/4/2
2. Materials and methods

2.1. Materials

TA (98.63%) was purchased from Xi0an honson biotechnology
Co., Ltd. TA standard was purchased from the National Institute
for the Control of Pharmaceutical and Biological Products (Beijing,
China). Sugar spheres (0.75–0.85 mm) were from JRS Pharma (Ger-
many). PVP-K30 was kindly donated by China Division, ISP Chem-
icals Co. (Shanghai, China). Poloxamer 188 (Pluronic�F68) was
obtained from BASF Aktiengesellschaft (Ludwigshafen, Germany).
Gelatin capsules (type 0) were obtained from Suzhou Capsugel
Ltd. All reagents were of analytical grade except methanol and
acetonitrile of chromatographic grade.

2.2. Animals

Healthy male New Zealand rabbits (body weight 2.0 ± 0.9 kg)
were purchased from Experimental Animal Center of China Phar-
maceutical University (Nanjing, China). Prior to the experiments,
the rabbits were housed in a temperature and humidity controlled
room (23 �C, 55% air humidity) with free access to water and stan-
dard rabbit chow. The rabbits were acclimated for at least 5 days
and fasted overnight but supplied with water ad libitum before
the experiments. All experiments were approved by the Institu-
tional Animal Care and Use Committee of China Pharmaceutical
University.

2.3. Preparation of TA tSD pellets

2.3.1. Preparation of sprayed solution
After several trials, it was found that ethyl acetate and anhy-

drous ethanol at a volume ratio of 5:1 were able to adequately dis-
solve TA, PVP and poloxamer 188. Two solutions were prepared. In
solution A, PVP and poloxamer 188 were dissolved in 40 mL of
anhydrous ethanol solution. In solution B, TA was dissolved in
ethyl acetate solution with a final concentration of 5 mg/mL. Solu-
tion A was added slowly into solution B with adequate stirring to
ensure complete mixing of the solutions. Followed by ultrasonica-
tion for 10 min using an ultrasound cleaner (DL-720A, Shanghai,
China) until a clear solution was obtained.

2.3.2. Deposition of TA tSD on sugar pellets
Deposition of TA/PVP/poloxamer 188 ternary solid dispersions

on sugar pellets was performed in a fluid-bed granulator and coat-
er (JHQ-100, Shenyang, China). Firstly, 5 g sugar pellets were fluid-
ized by opening the inlet air flap till the outlet temperature
reached 35 �C. The solution was then bottom-sprayed onto sugar
pellets from a nozzle (0.5 mm) attached to a peristaltic pump
(HL-2, Shanghai, China) under the condition of 100–150 mL min�1
air flow rate, 1.0 mL min�1 spray rate and 1.5–1.6 bar atomizing air
pressure. After drug/carriers layering, the pellets were dried for a
further 15 min at 30–35 �C in the coating chamber. All operations
were protected from light exposure. The morphology with the
naked eye, the coating weight and the recoveries of the resulting
pellets were assessed to determine the feasibility in pilot tests.
2.4. In vitro dissolution study

2.4.1. Determination of TA
Concentrations of TA in dissolution medium were quantified by

high pressure liquid chromatography (HPLC, Shimadzu LC-20A,
Kyoto, Japan) equipped with a diode array detection (DAD) set at
268 nm[27]. The separation was performed at 30 �C on a Synergi Hy-
dro-RP C18 column (5 lm, 250 mm � 4.6 mm, Phenomenex, USA)
protected by a C18 Securityguard column (5 lm, 10 mm � 4.6 mm,
Kromasil, Sweden). The mobile phase was methanol/water
(90:10, v:v) and delivered at a flow rate of 1.0 mL min�1. The injec-
tion volume was 20 lL. The linearity of the method was studied in
the concentration range of 0.5–5.0 lg mL�1 (r = 0.9997). The RSD
of the intraday and interday precision for TA were less than 2%.
The recovery rates for TA were in the range of 98–102%, and the
RSD were below 2%.
2.4.2. In vitro dissolution test
Dissolution experiments were performed in USP 27 XXIII Disso-

lution Apparatus I (rotating basket method) (ZRS-8G dissolution
apparatus, Tianjin, China). Samples containing 1.5 mg of TA were
sealed in hard gelatin capsules with a manual capsule filling ma-
chine (CapsulCN, Zhejiang, China), then put into the rotating basket
and immersed in the dissolution medium (900 mL of distilled
water contained 0.5% sodium dodecyl sulfate) thermostatically
maintained at 37 ± 0.5 �C at a rotation rate of 100 rpm. At predeter-
mined time intervals, 5 mL of the sample was withdrawn and the
same volume of fresh dissolution medium was supplemented after
each point to keep constant volume. The samples were filtered
through 0.22 lm filter and analyzed by HPLC for TA as described
above. The dissolution profiles of formulations with and without
poloxamer 188 were compared to confirm the prominent effect
of combined carriers. Different ratios of TA, PVP and poloxamer
188 were also investigated to screen the optimal formulation. Ta-
ble 1 shows the quantitative composition (theoretical) of the for-
mulations (binary/ternary solid dispersion pellets) used in this
study. Dissolution experiments were performed in triplicate and
the average dissolution profiles, and standard deviations were
calculated.



Fig. 1. The dissolution profiles of (A) TA, (B) TA/PVP (1/2, PMs), (C) TA/PVP (1/6,
PMs), and bSD pellets at different TA/PVP ratios of (D) TA/PVP (1/1), (E) TA/PVP (1/2),
(F) TA/PVP (1/4) and (G) TA/PVP (1/6). Each point represents the mean ± SD (n = 3).
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2.5. Characterization of TA tSD pellets

2.5.1. Scanning electron microscopy (SEM)
The shape, surface and cross-section morphology of the TA tSD

pellets were examined using a scanning electron microscope (S-
3000N, Hitachi, Japan). Prior to the examination, samples were
fixed on a brass specimen club by double-side adhesive tape and
made electrically conductive by coating in a vacuum (6 Pa) with
platinum (6 nm/min) using a Hitachi Iron Sputter (E-1030) for
300s at 15 mA.

2.5.2. Differential scanning calorimetry (DSC)
In this paper, sugar pellets were used as a substrate to load SDs

rather than an ingredient mixed within the composition of SDs.
Thus, the TA/PVP/poloxamer 188 solid dispersion samples were
prepared by spraying into the drying chamber without sugar pel-
lets under the same coating conditions, and then the solid disper-
sions were peeled off carefully and grounded to the fine powder for
DSC analysis.

Thermal analysis of the samples (TA ternary solid dispersions,
physical mixtures, TA, PVP and poloxamer 188) were carried out
with a DSC 204A/G Phoenix� instrument (Netzsch, Germany).
About 10 mg of sample was weighed into a non-hermetically
sealed aluminum pan. The samples were heated from 25 to
300 �C at a heating rate of 10 �C/min. An empty pan was used as
reference. All the DSC measurements were made in a nitrogen
atmosphere, and the flow rate was 100 mL min�1.

2.6. In vivo study

2.6.1. Animal experiment
Twenty-four male New Zealand rabbits (body weight

2.0 ± 0.9 kg) divided randomly into four groups were fasted for
12 h, but allowed to take water freely. Four formulations (TA, its
bSD pellets with TA-to-PVP ratio of 1:4, its PMs and tSD pellets
with TA/PVP/poloxamer 188 ratio of 1:4:1) at a dose equivalent
to 30 mg/kg of TA were filled into size 0 hard gelatin capsules with
a manual capsule filling machine (CapsulCN, Zhejiang, China) and
orally administered to four groups of rabbits (n = 6), respectively.
Plasma samples (1.5 mL) were collected from auricular vein ini-
tially and at 0 (pretreatment), 0.5, 1, 2, 3, 4, 5, 6, 8, 10, 12 and
24 h after dosing. Plasma was separated by centrifugation at
3000 rpm for 10 min and stored at �20 �C until analysis.

2.6.2. Plasma sample processing and validity
Prior to extraction, frozen plasma samples were thawed at

ambient temperature. Sample preparation was carried out under
subdued light. A total of 200 lL of rabbit plasma was pipetted in
a 10 mL conical centrifuge tube. A single-step precipitation protein
procedure was adopted to extract TA from rabbit plasma. Firstly,
400 lL acetonitrile was added and vortex-mixed for 3 min to fully
precipitate protein. Secondly, the mixture was centrifuged at
3000 rpm for 10 min. Then, the supernate was transferred to a
clean centrifuge tube and dried under a stream of nitrogen at
40 �C water bath. The residue was resuspended in 200 lL methanol
and centrifuged at 12,000 rpm for 10 min. Aliquots (20 lL) of the
supernate were injected into the HPLC system for analysis, and
the chromatographic condition was consistent with Section 2.4.1.

2.6.3. Data presentation and analysis
Pharmacokinetic parameters, including AUC0–t, AUC0–1, Cmax

and Tmax, were calculated by compartmental analysis using the
software program PKSolver [28,29]. Data reported were arithmetic
mean values ± standard deviation (Mean ± SD). Using two-tailed
Student’s t-tests, p-values were calculated between the different
pairs of formulations.
3. Results and discussion

3.1. Preparation of TA tSD pellets

Observed by eye, the resultant pellets were intact spherical in
shape and had no obvious defects in the coating. At a coating
weight gain of about 100%, the diameter of the pellets just in-
creased from 0.75–0.85 mm to about 1 mm, which was beneficial
for formulation development. The recoveries of pellets were great-
er than 90%, indicating that the process is reproducible with an
acceptable recovery for pilot test. From a practical point of view,
the amount of pellets equivalent to 30 mg of TA, a common clinical
dose, could be easily encapsulated into a size 0 hard gelatin cap-
sule, which would facilitate the compliance of patients in medicine
taking.
3.2. Formulation investigations into TA tSD pellets

3.2.1. Effects of TA/PVP ratio on dissolution of TA
Solid dispersions are usually two-component systems consist-

ing of drug and a hydrophilic carrier [30]. PVP is a commonly used
water-soluble carrier due to its good solubility in water and several
organic solvents and its ability to inhibit recrystallization of
dispersed drug as well as a rapid solubilization rate [31–33]. The
dissolution behavior of TA from bSD pellets in comparison with
TA powders and TA/PVP physical mixtures (PMs) is shown in Fig. 1.

TA powders exhibited a poor dissolution rate with only 5% drug
dissolved after 120 min (Fig. 1A). These data could be related to its
crystalline patterns shown by DSC (Fig. 5A). TA/PVP PMs presented
a slight improvement in the dissolution properties in comparison
with the pure drug (Fig. 1B and C). These results suggested that
PVP itself might act as a weak solubilizer in PMs, contributing to
the limited increase in drug dissolution, as well as in preventing
drug aggregation [34]. Nevertheless, as shown from Fig. 1, it was
evident that bSD pellets exhibited faster dissolution rates than
TA powders and corresponding PMs. At the TA/PVP ratio of 1/4,
approximately 60% of TA was dissolved within 60 min, which
was about a 10-fold increase compared with TA powders (Fig. 1A
and F). Similar results have been reported by Bley et al. [33] and
Visser et al. studies [20]. The increase in dissolution of TA from
bSD pellets might be attributed to many factors such as a reduction
in the drug crystallinity and molecular dispersion of drug in PVP.
The dissolution rate of TA from bSD pellets varied depending on
the ratio of TA/PVP, along with the increasing ratios, the dissolu-
tion rate of TA correspondingly increased (Fig. 1D–F). The fact
was consistent with Thybo et al. [35] and Paradkar et al. studies
[36], which indicated that the increase in dissolution rate can be



Fig. 5. DSC curves of TA (A), poloxamer 188 (B), PVP (C), TA/PVP/ poloxamer 1/4/1
PMs (D) and tSDs at TA/PVP/poloxamer 188 ratio of 1/4/1 (E).
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achieved by increasing the amount of PVP in SDs. With increasing
to 1/6 (Fig. 1G), the dissolution rate of TA reversely declined com-
pared to bSD pellets with TA/PVP ratio of 1/4. The result was sim-
ilar to that found by Akbuga et al. [37], Ford et al. [38] and Pandit
et al. [39] studies. It was suggested that the decrease in dissolution
rate of SDs containing higher PVP proportions might be caused by
the leaching out of the carrier during dissolution, which could form
a concentrated layer of PVP solution around the drug particles and
thus slow down the migration of the dissolved drug particles to the
bulk of the dissolution medium.
3.2.2. Effects of poloxamer 188 on dissolution of TA
In order to promote further dissolution behavior of TA, a novel

ternary solid dispersion systems consisting of TA, PVP and polox-
amer 188 were investigated.

As shown in Fig. 2, when comparing tSD pellets and bSD pellets,
a faster dissolution rate of TA was observed after the incorporation
of poloxamer 188. Pellets containing TA/PVP/poloxamer 188 (1/4/
1) provided a 1.67-fold increase in dissolution relative to the bin-
ary TA/PVP (1/4) systems without poloxamer 188 incorporated
after 60 min. The results can be inferred that, during dissolution
Fig. 2. The dissolution profiles of bSD pellets at different TA/PVP ratios of (A) TA/
PVP (1/1), (B) TA/PVP (1/2), (C) TA/PVP (1/4) and tSD pellets at different TA/PVP/
poloxamer 188 ratios of (D) TA/PVP/poloxamer 188 (1/1/1), (E) TA/PVP/poloxamer
188 (1/2/1) and (F) TA/PVP/poloxamer 188 (1/4/1). Each point represents the
mean ± SD (n = 3).
of bSD pellets, an inevitable high drug concentration formed in
the near vicinity of the dissolving pellets especially when PVP dis-
solved at a much faster rate, resulting in uncontrollable recrystal-
lization and formation of large crystals which obviously dissolve
slowly, and similar results were reported by van Drooge et al.
[18]. Hence, as a countermeasure, in the ternary solid dispersion
systems, the incorporation of poloxamer 188 may generate a high
surfactant concentration, which just could enhance the solubility
of dissolved drug, prevent agglomeration of drug into large glob-
ules or particles in the aqueous environment and thus effectively
inhibit crystallization during dissolution [22,40–45]. On the other
hand, poloxamer 188 present on surface could decrease the surface
tension dissolution between media and drug particle and hence
bringing about additional wettability and solubilizing effect [41].
Moreover, drug could be dispersed into mostly submicron size par-
ticles [46] under the action of poloxamer 188, which could further
facilitate the dissolution.

3.2.3. Effects of incorporated poloxamer 188 content on dissolution of
TA

Effect of the content of poloxamer 188 in ternary systems on TA
dissolution was investigated by comparing three different ratios of
TA/PVP/poloxamer 188 in Fig. 3.

Judging from the dissolution results in Fig. 3, the dissolution
rate of TA in ternary systems was directly proportional to the con-
tent of poloxamer 188. However, the dissolution rate of TA rever-
sely decreased at higher level (after 1/4/2 ratio) (Fig. 3B), which
was also observed by Ghebremeskel et al. [47] and Chambliss
et al. studies [48]. Poloxamer 188 always existed in an amphiphilic
structure, which has the properties to self-assemble into micelles
in aqueous solution when the concentration was above the critical
micellar concentration (CMC). TA might be entraped by micelles
formed by poloxamer 188, which may become an obstacle to the
further dissolution.

Based on the above dissolution test, the optimum formulation
was ascertained to be TA, PVP and poloxamer 188 at the ratio of
1/4/1, and the inclusion of surfactant and drug/carrier proportion
were the prerequisites to the enhancement of dissolution.

3.3. Characterization of TA tSD pellets

3.3.1. Visualization by SEM
Observed under SEM, the TA tSD pellets prepared by the

optimum formulation were spherical (Fig. 4A). Concave pores were
uniformly distributed on the surface under larger magnifications
(Fig. 4B and C), which probably be produced during the process
of spray solution volatilization from the surface of solid dispersion
pellets. The cross-section view indicated multilayers of compact
coating of solid dispersion around the sugar pellets core
(Fig. 4D). Pellets surface can be increased with these concave holes
Fig. 3. The dissolution profiles of tSD pellets at different TA/PVP/poloxamer 188
ratios of (A) TA/PVP/poloxamer 188 (1/4/0.5), (B) TA/PVP/poloxamer 188 (1/4/2)
and (C) TA/PVP/poloxamer 188 (1/4/1). Each point represents the mean ± SD (n = 3).



Fig. 4. Scanning electron micrographs of the surface (A: 40�; B: 120�; C: 400�)
and cross-section (D: 180�) of the TA solid dispersion pellets prepared with TA/
PVP/poloxamer 188 ratio of 1/4/1.

Fig. 6. Typical HPLC chromatograms of Tanshinone II A in rabbit plasma: (A) blank
plasma and (B) plasma sample after oral administration of TA tSD pellets at a dose
30 mg kg�1 of TA. Retention time of TA was approximately 9.140 min.

Fig. 7. Mean plasma concentration–time curve of TA in rabbits after oral admin-
istration of TA tSD pellets, TA bSD pellets, PMs and TA equivalent to 30 mg kg�1 of
TA (n = 6), respectively. Values are mean ± SD (n = 6/group/time point).
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which would facilitate the inward water penetration and dissolu-
tion of the incorporated drug.

3.3.2. DSC
The DSC thermograms of TA tSD pellets, physical mixtures,

combined carriers and TA are presented in Fig. 5. The DSC curve
of TA (Fig. 5A) exhibited a sharp endothermic peak at 218.6 �C
corresponding to its melting point, indicating its crystalline nature,
followed by an exothermic peak at 228.6 �C, which may be
ascribed to the decomposition of TA. The endothermic peak of pol-
oxamer 188 appeared at 52.6 �C (Fig. 5B). During scanning of PVP, a
broad endotherm ranging from 70 to 130 �C (Fig. 5C) was observed
indicating the loss of water due to the extremely hygroscopic nat-
ure of PVP polymers. Concerning the physical mixture of TA/PVP/
poloxamer 188 (1/4/1), the drug endothermic peak was found at
218.2 �C. The PVP dehydration peaks and the poloxamer 188 endo-
thermic peak were also present, as if the thermogram was the sum
of those of the components analyzed separately. This thermogram
indicated that the absence of interaction between TA and the car-
riers in PMs and a solid dispersion could not be obtained by simple
blending of the drug and carriers (Fig. 5D). As can be seen in Fig. 5A
and E, the complete disappearance of the endothermic peak corre-
sponding to TA was observed in TA/PVP/ poloxamer 188 (1/4/1) so-
lid dispersions (Fig. 5E), suggesting that the drug may be present as
microcrystalline, nanocrystalline or amorphous state [49]. Interest-
ingly, the decomposition exothermic peak also disappeared, which
may suggest stabilization effect of TA by PVP/poloxamer 188 solid
dispersion (Fig. 5E). It is concluded that the formation of solid dis-
persions by solvent evaporation in the fluidized-bed system is
feasible.

3.4. In vivo performance

TA in plasma could be completely separated under analytical
conditions, and no significant matrix effect was observed for the
analytes in the plasma samples (Fig. 6). The standard curve was
found to be linear, y = 175264x + 324.5 (n = 3, r = 0.9976, where x
is the concentration of TA, and y is the corresponding peak area
in the 0.005–0.5 lg mL�1 range). The limit of quantification was
10 ng mL�1. Intraday and interday variabilities were below 10%.
The results attained from the relative recoveries of high, middle
and low concentrations were 107.31 ± 22.56%, 104.63 ± 10.74%
and 98.29 ± 5.35%, respectively. All of the absolute recoveries were
above 80%, with all RSD less than 10%, which were within the
acceptable limits to meet the guidelines for bioanalytical methods.

The pharmacokinetic data of four formulations (e.g., TA, its PMs,
tSD and bSD pellets) were processed following an open one-
compartment model. The plasma concentrations of TA versus time
obtained after oral administration were shown in Fig. 7. The main
pharmacokinetic parameters were listed in Table 2.

Compared with TA, TA tSD pellets, TA bSD pellets and PMs al-
ways presented remarkably larger Cmax and AUC0–t (p < 0.01) in
the order of TA tSD pellets > TA bSD pellets > PMs and earlier Tmax

(p < 0.01) in the order of TA tSD pellets < TA bSD pellets < PMs.
Regardless of coexisting with carrier by physical mixing or highly
dispersing, TA in PMs, bSD and tSD systems entirely exhibited fas-
ter absorption rate and higher bioavailability under the action of
molecular dispersion of drug in PVP and/or the solubilization and
wetting effect of poloxamer 188. Although TA tSD pellets and its
PMs contained the same ingredients, in the ternary solid disper-
sions systems, drug incorporated in the hydrophilic carrier may
be molecularly dispersed or may present as nanocrystals or



Table 2
The main pharmacokinetic parameters of TA after oral administration of TA tSD pellets, TA bSD pellets, PMs or TA in rabbits (n = 6) in a dose of 30 mg/kg.

Parameters Tmax (h) Cmax (ng mL�1) AUC0–t (ng h mL�1) AUC0–1 (ng h mL�1) Relative bioavailability (%)

TA 5.52 ± 0.738a 9.16 ± 0.172a 140.43 ± 38.928a 150.52 ± 45.404a –
PMs 4.65 ± 0.226d 19.03 ± 2.386d 232.03 ± 56.234d 240.78 ± 39.456d 165
bSDpellets 4.15 ± 0.456c 45.08 ± 6.954b 509.84 ± 106.248b 525.16 ± 123.813b 363
tSD pellets 3.80 ± 0.398 82.13 ± 17.046 899.02 ± 142.386 929.30 ± 150.527 640

Data are expressed as mean ± SD (n = 6).
a P < 0.01 are statistical significances with TA versus TA tSD pellets, TA bSD pellets or PMs.
b P < 0.01 are statistical significances with TA tSD pellets versus TA bSD pellets.
c P < 0.05 are statistical significances with TA tSD pellets versus TA bSD pellets.
d P < 0.01 are statistical significances with TA tSD pellets versus PMs.
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amorphous nanoparticles [49], which could be further strength-
ened with the participation of surfactant [22,50]. Therefore, the
combined carriers could enormously expand the contact area with
the gastrointestinal tract, resulting in an accelerated absorption
rate and improved bioavailability [49,51]. In addition, the inclusion
of surfactant in ternary solid dispersions can further increase the
wettability and porosity properties of drugs [47,52], which can
be another strong contribution to the enhancement of drug relative
bioavailability. Compared with TA bSD pellets, TA tSD pellets pre-
sented obviously larger AUC0–t, Cmax (p < 0.01) and earlier Tmax

(p < 0.05), which can be attributed to the rapid absorption rate
and improved bioavailability resulted from the incorporation of
poloxamer 188 by avoiding drug recrystallization, enhancing addi-
tional wettability and solubilizing effect and potentiating their
dissolution.
4. Conclusion

In this study, it was found that the addition of poloxamer 188 to
pellets containing PVP-based solid dispersions was an alternative
strategy to improve the dissolution behavior of TA. As compared
to the use of PVP alone, the combination of PVP and poloxamer
188 in the prepared tSD pellets significantly improved the absorp-
tion rate and oral bioavailability of TA. Moreover, the fluid-bed
coating technique can be used to deposit solid dispersions on sugar
pellets and may find application in the manufacturing and scaling-
up of solid dispersion formulations in the future.
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