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Abstract. The aim of this study was to evaluate the use of a novel porous silica carrier,
AEROPERL® 300 Pharma (AP), to improve the in vitro release and oral bioavailability of
puerarin (PUE) in solid dispersions (SDs). PUE-AP SD formulations with different ratios of
drug to silica (RDS) were prepared by the solvent method. The scanning electron microscopy
(SEM) results indicated that the dispersion of PUE improved as the concentration of AP was
increased. The differential scanning calorimetry (DSC) and X-ray diffraction (XRD) results
revealed that PUE mostly existed in an amorphous state in the SDs. The rate of drug
dissolution from the SDs was significantly higher than that from the PUE powder (p < 0.05).
The in vitro drug release percentage from the PUE-AP SDs increased as the RDS was
reduced. The oral bioavailability of PUE from the SDs improved when using AP, as indicated
by AUC(0–∞), which was 2.05 and 2.01 times greater than that of the PUE (API) and PVP
K30 SDs, respectively (p < 0.05). The drug content, in vitro release profiles, and the
amorphous state of PUE in the PUE-AP SDs showed no significant changes after being
stored at room temperature for 6 months or under accelerated conditions (40 ± 2°C, 75 ± 5%
relative humidity) for 3 months. AP has a high pore volume, large specific surface area,
excellent flowability, and hydrophilic properties, making it capable of improving the
dissolution and bioavailability of poorly water-soluble drugs.
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INTRODUCTION

Silica is an important excipient that is inert and generally
regarded as safe (GRAS) [1]. It is commonly used in
pharmaceutics as an adsorbent and a glidant, thickener, and
suspending agent, in addition to other applications [2]. To
expand its scope of use, silica has been variably modified to
impart novel physical properties [3], including the application
of porous silica (PS) to enhance the dissolution of poorly
water-soluble drugs. PS (Sylysia 350) has been previously
used to improve the dissolution rate of carvedilol [4] and
enhance the dissolution and oral bioavailability of the
cytokine K-832 (2-benzyl-5-(4-chlorophenyl)-6-[4-
(methylthio)phenyl] -2H-pyridazin-3-one) by adsorbing it

onto PS (Sylysia 350) using supercritical carbon dioxide [5].
Silica nanoparticles and ordered mesoporous silica containing
pores with diameters ranging between 2 and 50 nm are also
being explored as drug carriers to enhance the dissolution
and absorption characteristics of drugs with poor water
solubility [6–8].

AEROPERL® 300 Pharma (AP) is a highly purified
(99.8% w/w), amorphous, anhydrous, and colloidal silicon
dioxide with a high pore volume and large specific surface
area. It consists of spherical granules with particles of medium
diameter, ranging between 30 and 40 μm. Its spherical
structure allows for excellent flowability, resulting in im-
proved mixing and flow properties of the powder during
pelleting and tableting compared with those of conventional
PS [9]. Recent reports have demonstrated that AP exhibits an
excellent potential to act as a solubility modulator by forming
a solid dispersion (SD) [10]. When using AP as drug carriers,
the drug release rate of bicalutamide (BCL) was enhanced
approximately 15 times compared to that of neat BCL. This
improvement may be attributed to the high surface area,
improved wettability of AP, and decreased crystallinity of
active pharmaceutical ingredients (APIs) [2]. The pore
volume of AP is as high as 1.6 mL/g, and it can be loaded
with drug molecules. Additionally, it has a large specific
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surface area, up to 300 m2/g, which is conducive to the
formation of contacts with water and can thus improve the
dissolution rate [11]. In addition, the Si–OH groups on its
surface can form hydrogen bonds with drug molecules [12].
The drug is therefore expected to be molecularly dispersed
on the surface of AP, which in turn would enhance its
dissolution.

P u e r a r i n ( 7 , 4 ′ - d i h y d r o x y i s ofl a vone - 8 -β -D -
glucopyranoside, PUE, Fig. 1a) is an active isoflavone
extracted from the traditional Chinese herb Pueraria lobata
(Willd.) Ohwi. PUE has been shown to be effective for the
treatment of cardiovascular diseases, liver injury, platelet
aggregation disorders, and hyperglycemic disorders, among
others [13–15]. However, the water solubility of PUE is poor,
at 1.1 × 10−2 mol/L [16], which limits its release from
conventional oral preparations such as tablets and granules,
resulting in low oral bioavailability.

In this study, an AP-based SD was employed as a vehicle
for administering PUE. Various SD formulations with differ-
ent ratios of drug to silica (RDS) were prepared and
subsequently characterized using scanning electron micros-
copy (SEM), differential scanning calorimetry (DSC), and
powder X-ray diffraction (PXRD). The physical stability of
the SD formulations was also determined. The dissolution
and pharmacokinetic properties in rats of the SDs were also
compared with those of SDs prepared using precipitated silica
(silica EY-CD1) and PVP K30 as carriers.

MATERIALS AND METHODS

Materials

PUE (certified reference material) was supplied by the
National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). PUE (purity > 98%)
was obtained from the Dalian Meilun Biology Technology
Co. Ltd. (Dalian, China). AP was a kind gift from Evonik
Industries AG (Essen, Germany). PVP K30 was purchased
from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Silica EY-CD1 was procured from Anhui Shanhe
Pharmaceutical Excipients Co. Ltd., (Huainan, China). The
methanol used for high-performance liquid chromatography
(HPLC) analysis was obtained from Merck (Darmstadt,
Germany). All the other chemicals used in this study were
of analytical grade and were used without further purification.

Animals

Male Sprague–Dawley rats, weighing 180–220 g, were
obtained from the Laboratory Animal Center of the Shanghai
University of Traditional Chinese Medicine. All the animal
experiments were carried out in accordance with the guidelines
of theNationalAct on theUse ofExperimentalAnimals andwere
approved by the local ethics committee (SCXK:2013-0016).

High-Performance Liquid Chromatography Assay

The concentration of PUE in the samples used for the
in vitro and in vivo studies was determined by HPLC (Agilent
1260 Infinity, Agilent Technologies, Inc., Santa Clara, CA,
USA) using a reverse phase Athena-C18 column (250 ×
4.6 mm, 5 μm; CNW Technologies GmbH, Düsseldorf,
Germany). The mobile phase consisted of methanol and
0.5% (v/v) aqueous solution of acetic acid at a ratio of 27:73
(v/v), and the flow rate was set at 1.0 mL/min. The
wavelength of the ultraviolet detector was set at 250 nm,
and the elution temperature was 30°C.

Samples from in vitro studies were filtered through 0.45 μm
membrane filters before assay, and the retention time of PUEwas
found to be approximately 13.7 min (Fig. 2). The drug
concentration (C) versus the corresponding chromatographic
peak area (A) showed good linearity within the range of
0.0350–0.6304 mg/mL, and the linear equation was A =
44172C + 40.811 (r= 1.0000). The relative standard deviation
(RSD) of the intraday and interday precision results were less
than 3%, and the recovery was between 96.01 and 100.84%.

Vanillin (Fig. 1b) was used as an internal standard (IS)
for detection of the plasma samples. Plasma endogenous
substances in the samples to be tested did not interfere with
the detection (in Fig. 3). The calibration curve of plasma PUE
concentration in the range of 0.1213–1.8200 μg/mL was fitted
as A = 6.0135C − 0.1663 (r > 0.9991). The intraday and
interday precision was less than 4 and 8%, respectively. The
RSD of PUE concentration in the plasma samples measured
at room temperature for 12 h and after freeze–thawing for
3 days were less than 8 and 12%, respectively. The recovery
of PUE from plasma samples ranged between 90.20 and
106.49%. The limits of detection and quantification were 4.3
and 147.5 ng/mL, respectively. The method was thus con-
firmed to be suitable for assay plasma samples.

Preparation of PUE-AP SDs and the Compared
Formulations

Five PUE-AP SD formulations (Table I) with different
RDS were prepared using the solvent method [17, 18]. PUE
was weighed accurately and dissolved in methanol to obtain a
clear solution, after which AP was suspended in dichloro-
methane (1:20 w/v). The PUE–methanol solution was then
added to the AP suspension, and the mixture was sealed and
magnetically stirred at 300 rpm (Vortex Genius 3, IKAWorks
GmbH & Co., Staufen, Germany) for 1 h at room temper-
ature. The suspension was subsequently transferred to a
rotary evaporator (R206 SENCO [GG17], SENCO Technol-
ogy Co., Ltd., Shanghai, China) and vacuum dried at 45–
50°C. The obtained powder was stored in a desiccator for
subsequent experiments.Fig. 1. Chemical structure of puerarin (a) and vanillin (b)

AAPS PharmSciTech (2019) 20: 289289 Page 2 of 12



Silica EY-CD1 and PVP K30 were individually used to
prepare the two types of SDs for comparison. The same
preparation method used for PUE-AP SDs was used to
prepare PUE-loaded EY-CD1 SDs (PUE-YE-CD1 SDs) with
an RDS of 1:3. The PUE-PVP SDs with an RDS of 1:3 were
also prepared by the solvent method. Briefly, PUE was
weighed accurately and dissolved in ethanol (1:3 w/v) to
obtain a clear solution, PVP K30 was then added, and the
mixture was magnetically stirred at room temperature for 1 h.
The solution was then transferred to a rotary evaporator to
remove the majority of the solvent, refrigerated at 4°C, and
kept at room temperature to obtain an opaque paste. The
paste was subsequently vacuum dried at 40°C and ground
into a fine powder.

The physical mixture (PM) was prepared by mixing the
necessary amount of PUE and the excipients in a mortar until
a homogeneous mixture was obtained.

The prepared formulations were all ground into a fine
powder and sifted through a 60-mesh sieve.

Characteristics of SDs

SEM

Environmental scanning electron microscopy (Phillips
XL30 ESEM, FEI Co., Hillsboro, OR., USA) was conducted
to assess the morphology of the powder samples. All samples
were sputter coated with gold before examination. The
operating voltage was 20 kV. The samples were observed at
×1000 magnification.

DSC

The PUE-loaded formulations were subjected to thermal
investigation using a differential scanning calorimeter
(NETZSCH DSC204 F1, NETZSCH-Gerätebau GmbH,
Selb, Germany). The sample (2–6 mg) was placed in an
aluminum pan with a pierced lid and heated from 30 to 300 K
at a rate of 10 K/min. Nitrogen was used as the purge gas, and
the flow rate was 60 mL/min.

XRD

The XRD studies were carried out using an X-ray
diffractometer (Bruker D8 Advance, Bruker AXS GmbH,
Karlsruhe, Germany) with Cu Kα radiation at 40 mA and
40 kV. The diffraction angles were scanned from 3° to 45°
(2θ) with a step size of 0.02°, over a counting time of 23.7 s.

In Vitro Release

The in vitro release of PUE powder and PUE-AP SDs
was assessed in a dissolution apparatus (RC806 Dissolution
tester, Tianda Tianfa Technology Co., Ltd., Tianjin, China)
according to the operation instructions for the USP Dissolu-
tion Test Apparatus 2 (Paddle Apparatus). Samples contain-
ing 100 mg of PUE were added to 900 mL of distilled water to
meet the sink condition of 37 ± 0.5°C and subsequently stirred
at 50 rpm. The dissolution medium (5 mL) was removed and
immediately replaced with an equal volume of fresh medium
at 5, 10, 15, 30, and 60 min time intervals. The samples were
assayed by HPLC.

Drug Content

An appropriate amount of PUE-AP SDs was weighed
accurately and extracted with 50 mL of ethanol/water (30:70,
v/v) in an ultrasonic bath for 15 min at room temperature.
The solution was filtered through a 0.45-μm microporous
membrane prior to injection into the HPLC apparatus for
analysis.

Stability

The stability of PUE-AP SD formulations was evaluated
under accelerated conditions (40 ± 2°C, 75 ± 5% relative
humidity (RH)) for 3 months. At each of the predetermined
time points, 0, 1, 2, and 3 months, each sample was removed
and evaluated for appearance, drug content, and drug
dissolution rate. A long-term study was also performed,
wherein the PUE-AP SDs were stored at room temperature

Fig. 2. The chromatogram of PUE reference (a) and crude drug (b)

Fig. 3. The chromatogram of blank plasma (a), plasma with reference substance (b), and plasma sample
obtained from rats (c)
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for 6 months, and the appearance, drug content, and drug
dissolution rate of the samples were determined at 0 and
6 months. The similarity factor (f2) was calculated for
assessing and comparing the dissolution profiles. The results
were considered significant when the value of f2 was less than
50.

The SDs with RDS of 1:3 and 1:10 were simultaneously
characterized in DSC and XRD studies after they were stored
for 6 months at room temperature.

Determination of Flow Property and Hygroscopic Rate

The flowability of the SD powders was determined using
Carr’s compressibility index (CI), expressed as a percentage,
and the angle of repose. A weighed quantity of the prepared
mixtures was poured into a 100-mL cylinder, after which the
poured bulk volume (Vb) and tapped volume (Vt) were
determined after a sufficient number of taps. The poured bulk
density (Pb) and tapped density (Pt) were calculated from the
obtained values of Vb and Vt. The CI of each of the powder
was calculated using Eq. (1). The angle of repose was
measured using a BT-1000 Powder Integrative Characteristics
Tester (BT, Dandong, China). The hygroscopicity rate of the
SDs was determined using the following steps: a weighing
bottle was placed in a desiccator which contained a supersat-
urated sodium chloride solution on the bottom and was kept
at 25 ± 2°C. After 24 h, this bottle was weighed (W1), and a 1-
mm-thick layer of the tested formulations was added to the
bottle, which was then weighed (W2). The bottle containing
the SDs was weighed after being stored for 72 h under the
constant temperature and humidity conditions mentioned
above (W3). The hygroscopicity rate of the SD powders was
calculated using Eq. (2).

CI% ¼ Pt−Pbð Þ=Pt½ � � 100 ð1Þ

Hygroscopic rate %ð Þ ¼ W3−W2ð Þ= W2−W1ð Þ½ � � 100 ð2Þ

Determination of Residual Organic Solvents

Organic reagents, including methanol, dichloromethane,
and ethanol, were used in the preparation of the solid
dispersion, so the residual organic solvents in the SDs were

detected by headspace gas chromatography with a flame
ionization detector (HS GC-FID). The chromatographic
system used was an HS GC-FID Agilent 7890B, equipped
with a flame ionization detector and coupled to an Agilent
7679A headspace injector capable of injecting 1 mL of
sample. An Agilent DB-624 capillary column (30 m ×
0.32 mm × 1.8 μm) was used. The oven temperature was held
at 80°C for 8 min, increased at 20°C/min to 200°C, and finally
held for 5 min at this temperature (total run time of 19 min).
The injector temperature was maintained at 200°C with a split
ratio of 10:1. The detectors were held at 250°C. The following
gas flow rates were used: 30.0 mL/min for hydrogen,
400.0 mL/min for air, and 25.0 mL/min for nitrogen. The
carrier gas was helium, and its rate was kept constant (2.7 mL/
min). An appropriate amount of SDs (about 1 g) was weighed
accurately and dispersed in 9 mL of N,N-dimethylformamide.
The obtained sample was injected into the headspace,
separated by gas chromatography, detected using the FID,
and quantified using the external standards method.

In Vivo Pharmacokinetic Study

The rats were divided into four groups, with six animals
in each group. The animals were fasted overnight and allowed
ad libitum access to water prior to treatment. The API (PUE,
sifted through a 60-mesh sieve) and SDs formulated with an
RDS of 1:3 were each mixed with the same volume of water
and immediately orally administered to the rats at a dose of
100 mg/kg. Blood samples were collected at predetermined
time points after dosing.

The plasma was obtained by centrifugation at 5000 rpm
for 10 min. Perchloric acid (160 μL, 6% [v/v]) was added to
200 μL of the plasma and vortex mixed (RCT basic, IKA
Works GmbH & Co., Staufen, Germany) for 5 min to
precipitate the protein. The sample was then centrifuged
(MiniSpin, Eppendorf AG, Hamburg, Germany) at
13,000 rpm for 10 min, and the supernatant was filtered
through 0.45 μm membrane filters for HPLC analysis.

Statistical Analysis

The results are presented as the mean ± standard
deviation. The comparisons were performed using ANOVA
with SPSS software (version 19.0; IBM, Armonk, NY, USA).
A p value < 0.05 was considered to indicate statistical
significance. The plasma concentration–time data were ana-
lyzed with DAS software, version 2.1.1 (Mathematical
Pharmacology Professional Committee of China, Shanghai,
PCR). The pharmacokinetic parameters were analyzed using
noncompartmental analyses.

RESULTS

Characteristics of the Prepared PUE-AP SDs

Figure 4 shows SEM images of the various formulations.
The PUE powders (a) have large crystalline particles with
cubic shape blocks. AP (b) has a smooth surface with a
porous structure and spherical shape. In the SEM image of
PM (c), several crystalline drug particles scattered around AP
can be seen, while more amorphous PUE was observed on

Table I. PUE-AP SD Formulations

Formulations PUE (g) AP (g)

SD 1:1 1.0 1.0
SD 1:2 1.0 2.0
SD 1:3 1.0 3.0
SD 1:5 1.0 5.0
SD 1:10 1.0 10.0

PUE, puerarin; AP, AEROPERL® 300 Pharma; SD, solid dispersion
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the surface of AP in the SDs. It is worth noting that most AP
remained spherical in shape after the SD was prepared. In
addition, PUE was better dispersed as AP was increased, as
shown in Fig. 4d–h.

The DSC results are shown in Fig. 5. PUE exhibited
two endothermic peaks at 121.4 and 213.0°C, which are
characteristic of water and PUE, respectively. The DSC
analysis of the PM (1:1) revealed that the endothermic
peak characteristic of PUE was present at its expected
position, indicating that PUE existed in a crystalline form.
However, the endothermic peaks of PUE were significantly
altered in all tested SD formulations. The endothermic
peak at 213.0°C disappeared as the concentration of AP
increased, which suggested that the crystallinity of PUE
decreased in the SD vehicles because of its transformation
to the amorphous state.

XRD studies were performed to investigate the crystal
morphology of the drug. The XRD patterns shown in Fig. 6
indicate the presence of several distinct diffraction peaks for
PUE, illustrating its crystalline nature. Various diffraction
peaks were also observed for the PUE crystals in the spectra
of the PM, which disappeared in the XRD patterns of the
SDs. These data also suggest that PUE existed in an
amorphous state in the SDs.

The amounts of residual organic reagents in the PUE-AP
SDs (RDS 1:3) are listed in Table II, which showed lower
than the common limits for residual solvents in the Chinese
Pharmacopoeia [19].

In Vitro Release

The in vitro release of PUEand the SDswas compared, and
the results are shown in Fig. 7. Approximately 35% of the drug
was released from the PUE powders within 5 min, and the
in vitro release percentage reached only 65% at the end of
sampling (60 min). However, the release of the drug from the
SDs was faster than those from the PUE powder groups. The
percentage of drug release increased as the RDS decreased.
Specifically, the SDs with an RDS of 1:2 and 1:3 showed 69 and
89% dissolution, respectively, in the first 5 min, whereas an
almost complete release occurred from the SD formulations
with an RDS of 1:5 and 1:10 at the final time point. However, the
drug release percentage did not significantly increase for the
SDs with an RDS ranging from 1:5 to 1:10.

Stability Test

The appearance of the stored samples was similar to that
of the initial freshly prepared sample. As shown in Tables III
and IV, the content of PUE after storage was measured, and

Fig. 4. Scanning electron microscopy photomicrographs of a PUE; b
AEROPERL® 300 Pharma (AP); c PUE-AP PM with the ratio of
drug to silica (RDS) as 1:1; d PUE-AP SD, RDS 1:1; e PUE-AP SD,
RDS 1:2; f PUE-AP SD, RDS 1:3; g PUE-AP SD, RDS 1:5; and h
PUE-AP SD, RDS 1:10. Magnification ×1000

Fig. 5. Differential scanning calorimetry (DSC) curves of PUE, AP,
PUE-AP PM, and PUE-AP SDs
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the values of the RSD were less than 3%, indicating that the
stability of the drug stability was good.

The dissolution profiles of the PUE-AP SDs after
storage are shown in Figs. 8 and 9. Drug dissolution from
the SDs with RDS of 1:3, 1:5, and 1:10 was more than 85%
within 15 min, indicating that there were no significant
changes in the drug dissolution profile. The similarity factor
(f2) was calculated and used to identify the dissimilarities
between the dissolution profiles of the stored and freshly
prepared PUE-AP SD formulations. The dissolution profiles
of the SDs with RDS of 1:2 from the 3-month accelerated
aged samples and the 6-month long-term aged samples were
comparable to those of the fresh tablets, as the f2 values were

greater than 50, indicating that the stability of the SDs was
good.

Additionally, the results of the DSC (Fig. 10) and XRD
(Fig. 11) studies demonstrated that PUE remained in an
amorphous state in the PUE-AP SDs, thus proving that the
presence of AP in the formulations can improve the physical
stability of PUE.

Comparison of SDs Prepared by Different Carrier Materials

Preparation Process

As indicated in Table V, the strategy used to prepare the
three SD formulations was simple, and it can be carried out
using conventional equipment. The preparation process using
AP was simpler and the rate of drug dissolution was higher
than those of the commonly used carrier material, PVP.

The flowability of all the SD formulations the using
compressibility index and the ratio of bulk density to tap
density were determined. The results demonstrated that the
CI % values of the PUE-AP SDs were the lowest among the
three SD formulations (less than 20). Similarly, the angle of
repose of the PUE-AP SDs was the smallest, while that of the
PUE-EY-CD1 SDs was the largest. Compared with the SDs
with the conventional hydrophilic silica carrier EY-CD1, the
SDs with AP as the carrier material had a higher density and
better fluidity. In addition, the hygroscopic rates of PUE-AP
SDs and PUE-PVP SDs were the lowest and highest,
respectively, among the tested formulations. Moreover, the
agglomeration phenomenon occurred in PUE-PVP SDs,
indicating that the AP-based SDs had a lower hygroscopicity
than the EY-CD1- and PVP-based SDs.

Fig. 6. X-ray diffractograms of PUE, AP, PUE-AP PM, and PUE-AP
SDs

Table II. The Residual Organic Solvents in PUE-Loaded SDs

Sample Methanol (%) Ethanol (%) Dichloromethane (%)

PUE-AP SDs 0.01 0.05 ND (< 0.01%)
PUE-PVP SDs 0.01 3.50 ND (< 0.01%)
PUE-EY-CD1 SDs ND (< 0.01%) 0.03 ND (< 0.01%)

PUE, puerarin; AP, AEROPERL® 300 Pharma; SDs, solid dispersions; ND, less than detection limit or report limit

Fig. 7. In vitro release profiles of PUE-AP SDs with various RDS.
Each point represents the mean ± standard deviation (n = 3)
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Headspace gas chromatography–mass spectrometry was
used to test the residual organic reagents for the three SD
samples. As shown in Table II, the amounts of residual
organic reagents in PUE-AP SDs and PUE-EY-CD1 SDs
were lower than the common limits for residual solvents in
the Chinese Pharmacopoeia [19], but the content of ethanol
in PUE-PVP SDs exceeded the standard limitation, likely
because it was difficult to completely evaporate the ethanol
from the finished PUE-PVP SDs because of they were film-
like material with a dense structure. However, both PUE-AP
SDs and PUE-PVP SDs, which had loose structures, were
easily volatilized because of their large pores.

The DSC results are shown in Fig. 12. The physical mixture
of the two carrier materials and the PUE both exhibited a
characteristic endothermic peak at its expected position, indicat-
ing that PUE existed in a crystalline form. When the solid
dispersion was formed, the characteristic endothermic peak of
PUE disappeared, indicating that PUE existed in the amorphous
state in SD vehicles. The XRD results (Fig. 13) were consistent
with those of the DSC analysis.

In Vitro Release of PUE from SDs Formed by Different
Carrier

The in vitro drug release percentage from the PUE-AP
and PUE-EY-CD1 SDs was significantly higher than that
from the PUE-PVP K30 SDs. Unlike the SDs prepared with
porous, water-wettable AP and EY-CD1 media, the PVP-
based SDs tended to form a polymer membrane with a dense
surface and small intermolecular porosity in the aqueous
dissolution medium, which can potentially reduce the rate of
drug release during the experimental period (Fig. 14).

In Vivo Pharmacokinetics

The results of the in vivo pharmacokinetics study
were consistent with those of the in vitro drug release
analysis. The plasma concentration–time curves for PUE
in rats (n = 6) after the oral administration of PUE
powder and PUE-loaded SDs (100 mg/kg of PUE) are
shown in Fig. 15, and the pharmacokinetic parameters are
listed in Table VI. Among all the tested formulations, the
groups that were administered PUE-AP SDs exhibited the
shortest time of maximum concentration (Tmax), highest
maximum plasma concentration (Cmax), and the largest
area under the concentration–time curve (AUC). The
drug plasma concentration of the AP-based SD groups
was significantly higher than those of the PUE and PUE-
PVP groups. The AUC(0–∞) of the AP-based groups was
2.05 and 2.01 times higher than that of API (PUE) and
PVP K30-formed SDs, respectively. However, there was
no significant difference between the AUC(0–∞)values of
the PUE-AP SD groups and those of the PUE-EY-CD1
SD groups.

DISCUSSION

The results of the in vitro drug release test and the
in vivo pharmacokinetic study demonstrated that as a
carrier material, AP can effectively improve the dissolution
rate and bioavailability of PUE. Moreover, the in vitro
dissolution rate of PUE increased as the concentration of
AP was increased for the three following reasons. First,
according to the Noyes–Whitney equation, dC/dt =DA(Cs

−Ct)/h [20], where dC/dt is the dissolution rate, D is the
diffusion coefficient, h is the thickness of the diffusion
layer, A is the surface area available for dissolution, Cs is
the solubility of the drug in the dissolution medium, and Ct

is the drug concentration at a certain time, the saturation
solubility and dissolution rate of a drug can be improved
by increasing its surface area. The particles of AP are
micron-sized and have a large specific surface area, and
they can therefore increase the surface area of PUE by
dispersing it, thus improving the dissolution rate. Second,
the surface of AP particles contains silica hydroxyl [21],
which is hydrophilic in nature. AP also contains interlinked
pore channels, which can improve the wettability of
insoluble drugs, reduce the contact angle, and increase
the dissolution rate of the drug. Third, the enhanced
solubility is a result of the disordered structure of the
amorphous solid that offers a lower thermodynamic barrier

Table III. The Content of Puerarin in SDs Before and After the Accelerated Test (n = 3)

PUE:AP The content of PUE in SDs (%) RSD (%)

0 month 1 months 2 months 3 months

1:10 6.93 ± 0.21 6.98 ± 0.13 6.87 ± 0.13 6.95 ± 0.21 1.41
1:5 11.23 ± 0.46 11.02 ± 0.24 11.24 ± 0.14 10.90 ± 0.20 2.25
1:2 20.17 ± 0.11 20.3 ± 0.21 20.37 ± 0.12 19.90 ± 0.15 1.05
1:1 35.68 ± 1.30 35.44 ± 0.23 35.05 ± 0.11 35.57 ± 0.28 1.70

PUE, puerarin; AP, AEROPERL® 300 Pharma; SDs, solid dispersions; RSD, relative standard deviation

Table IV. The Content of Puerarin in SDs Before and After 6 Months
(n = 3)

PUE:AP The content of PUE in SD (%) RSD (%)

0 month 6 months

1:10 6.93 ± 0.21 7.02 ± 0.34 2.27
1:5 11.23 ± 0.46 11.33 ± 0.13 2.96
1:3 16.07 ± 0.44 16.43 ± 0.47 0.45
1:2 20.17 ± 0.11 20.44 ± 0.27 0.85
1:1 35.68 ± 1.30 35.96 ± 0.28 2.62

PUE, puerarin; AP, AEROPERL® 300 Pharma; SD, solid dispersion;
RSD, relative standard deviation
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to dissolution and formation of a dispersion by adsorbing
the drug into the pores of the porous silica carrier. An
amorphous formulation system dissolves at a faster rate
because of its higher internal energy and superior molec-
ular motion. Amorphous drugs can have as much as 10–
1600-fold higher solubility than their crystalline forms [22].

The results of the DSC and XRD studies showed that the
amorphous PUE in the SD formulations exhibited better
dissolvability than the crystalline poorly water-soluble
drugs.

Aging is a common issue for SD formulations. Drugs
are usually thermodynamically unstable in the amorphous

Fig. 8. In vitro release profiles of puerarin in SD before and after accelerated test. Each
point represents the mean ± standard deviation (n = 3)

Fig. 9. In vitro release profiles of PUE in SD after being stored at room temperature for 0
and 6 months. Each point represents the mean ± standard deviation (n = 3)
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state and tend to transform into the stable crystalline
state. After a period of time, the drug molecules or
crystallites are likely to migrate and aggregate, which can
reduce drug dispersion and dissolution from the SDs. The
PUE-AP SDs were prepared in this study using the
solvent method, wherein the solvent was evaporated and
PUE was adsorbed into the pore channels of AP, leaving
insufficient space in the tiny pores for nucleation and
crystal growth. The spatial constraint effect may prevent
the recrystallization of drug molecules during its shelf life
[23]. Additionally, the large internal surface area of
mesoporous silica exists in an unstable state because of
the high surface free energy. The silanol groups distrib-
uted on the internal surface of mesoporous silica can

interact with the drug molecules via H-bonds, thus
allowing the system to progress to a lower free energy
state as a whole [24]. Previous reports have demonstrated
that the formation of hydrogen bonds between the drug
molecules and mesoporous silica can effectively inhibit the
recrystallization of the drug, improve the physical stability
[25], and increase the dissolution rate of the drug [26]. In
this study, PUE may have been adsorbed on the internal
surface of AP in its amorphous state. Furthermore, the
PUE molecules may have combined with the silanol
groups of AP in the form of hydrogen bonds, resulting
in a high free energy system prone to assuming a stable
state. As expected, the characteristics of the stored
samples were similar to those of the freshly prepared
formulation.

Fig. 10. DSC curves of PUE-AP SDs after being stored at room
temperature for 0 and 6 months

Fig. 11. X-ray diffractograms of PUE-AP SDs after being stored at
room temperature for 0 and 6 months

Table V. Comparison of Different Carriers for Preparing SDs

AP PVP K30 EY-CD1

Preparation time (h) 3–4 6–7 3–4
Cumulative drug

release (%) of 10 min
90 40 94

CI (%) 15.00 ± 0.01 19.31 ± 0.03 30.67 ± 0.02
Angle of repose (°) 31.91 ± 0.64 38.28 ± 0.93 48.30 ± 0.76
Hygroscopic rate (%) 0.16 ± 0.01 1.01 ± 0.14 0.28 ± 0.05

CI, Carr’s compressibility index

Fig. 12. DSC of PVP, EY-CD1, physical mixture with PUE (PM), and
PUE-PVP SDs, PUE-EY-CD1 SDs
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Different SD preparation strategies, including spray
drying [27, 28], mechanical milling [29], freeze drying [30],
hot melt extrusion [31], and supercritical fluid precipita-
tion [32], have been developed to enhance the dissolution
rate of poorly soluble drugs. However, most of these
technologies have drawbacks, including scale-up issues and
economic challenges. In this study, the PUE SDs were
prepared with various adsorbents using the solvent
method. The preparation strategy employed herein was a
simple and high-drug–loading procedure and would be
easy to industrialize.

In this study, SDs of three different carrier materials,
PVP, silica EY-CD1, and AP, were compared with one
another in terms of the in vitro dissolution rate and
in vivo bioavailability during preparation. PVP K30 is the
most frequently used carrier material for preparing SDs.
Although PUE-PVP SDs formulated with an RDS of 1:3
increased the dissolution rate of PUE, there was no
significant difference in the bioavailability of PUE in this

case. The preparation of the PUE-PVP SDs involved
refrigeration, decompression drying, pulverization, and
grinding, which were time-consuming steps. Studies have
demonstrated that SDs prepared with PVP are viscous in
nature and sensitive to humidity during storage [33, 34].
Generally, the larger the amount of PVP, the higher is the
absorption of moisture, which in turn can result in the
precipitation and crystallization of the drug. In this study,
we observed that the PUE-PVP SDs easily absorbed
moisture and agglomerated, which could affect the phys-
ical stability of PUE.

Although the SDs prepared with the EY-CD1 carrier
exhibited improved dissolution rates and PUE bioavail-
ability, the experimental results demonstrated that the SDs
prepared with AP had the smallest angle of repose and
Carr’s compressibility index value, and these were signif-
icantly better than those of the EY-CD1 powder. The
angle of repose reflects the dynamic fluidity of the
powder, which is primarily related to particle morphology,
particle size distribution, and water content of the powder.
A powder is regarded as having poor flowability when the
angle of repose is greater than 45°. The Carr’s compress-
ibility index reflects the stacking property and filling
performance of the material, and a small Carr’s compress-
ibility index value is indicative of a strong filling property.
According to the evaluation standards of the US Pharma-
copoeia [35], flowability and filling ability are improved
when Carr’s compressibility index is less than 25% and
can be used for production. As shown in Table IV, the
angle of repose for PUE-EY-CD1 SD powders was
greater than 45°, and Carr’s compressibility index was
more than 30%. EY-CD1 possesses an irregular block
structure [36] and exhibits a poorer fluidity and lower
filling ability after drug loading than the PUE-AP SD
powders, making it disadvantageous for preparing oral
SDs. AP has a smooth surface with a spherical shape and
retains good fluidity and filling property after drug
loading. The drug-loading process employed in this study
was simple and fast.

Fig. 13. X-ray diffractograms of PVP, EY-CD1, physical mixture with
PUE (PM), and PUE-PVP SDs, PUE-EY-CD1 SDs

Fig. 14. In vitro release profiles of PUE-loaded SDs formed by
different matrix. Each point represents the mean ± standard deviation
(n = 3)

Fig. 15. Mean plasma concentration–time curves for puerarin (PUE)
in rats after oral administration of the PUE powder (PUE) and PUE-
loaded solid dispersions (SDs), equivalent to 100 mg/kg of PUE (n =
6). Values are the mean ± standard deviation (n = 6 per group per
time point)
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CONCLUSION

The use of AP-based SDs as the carrier of PUE
effectively improved its drug dissolution. Additionally, an
improved bioavailability of PUE was successfully achieved in
this study. It can therefore be concluded that AP is a
promising matrix for the preparation of SDs for drugs with
poor water solubility.
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