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ABSTRACT

Baicalin-polyvinylpyrrolidone (PVP) coprecipitate was prepared by the solvent method of solid disper-
sion technology to improve the dissolution rate of baicalin. The coprecipitate was characterized using
differential scanning calorimetry (DSC), X-ray powder diffraction (XRD), infrared spectrometry (IR) and
dissolution testing. Furthermore, AFM-IPC-208B high-resolution atomic force microscopy (AFM) was uti-
lized to characterize the molecular morphology of baicalin within its carrier and the interaction between
baicalin and its carrier. The results of DSC and XRD indicated that baicalin resided in PVP polymers in
an amorphous or molecular phase, dissolution test results demonstrated that the dissolution rate of the
coprecipitate was 21.4 times that of the active pharmaceutical ingredient (API). The results of IR indi-
cated the possibility of the formation of intermolecular hydrogen bonds. The AFM-IPC-208B findings
revealed that baicalin was dispersed in PVP polymers with a molecular size of 2 nm and either wrapped
or surrounded by approximately 0.4 nm of a five-membered ring of PVP arranged along the carbon chain
sequentially. An intermolecular hydrogen bond was formed between the 4-OH of the glucuronide of
baicalin and the O of the carbonyl group from PVP in addition to the formation of intramolecular hydrogen

bonds within baicalin.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Baicalin, a single active ingredient extracted from the dried roots
of Scutellaria baicalensis of the Labiate family, is a flavonoid used
to treat acute icteric, acute non-icteric and chronic hepatitis. Cur-
rent studies have shown that baicalin is able to inhibit multiple
cancer cells from growing or multiplying (Ikemoto et al., 2000;
Shieh et al,, 2000; Chan et al., 2000) and protect the liver from
drug-induced injuries (Jang et al., 2003; Wan et al., 2008; Park
etal., 2008). Poor solubility of the currently marketed oral prepara-
tions including tablets and capsules has resulted in poor dissolution
and bioavailability. The absolute bioavailability of baicalin has been
found to be only 2.2 +0.2% in rats after oral administration (Xing
et al., 2005). Although a baicalin-phospholipid complex (Wu et al.,
1999) and a dispersible tablet of baicalin (Liu et al., 2009) have
been prepared with almost a twofold increase in bioavailability
and an over twofold improvement in dissolution, other formula-
tions using different technologies should be prepared for further
improvement.

* Corresponding author. Tel.: +86 23 68485007.
E-mail address: lishaolin@cqmu.edu.cn (S. Li).

0378-5173/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2011.01.055

Solid dispersion technology is a new technology used to improve
dissolution rates of insoluble drugs within solid dispersions into
carriers in microcrystallite, amorphous and molecular phases that
are called simple eutectic mixtures, coprecipitates (also called vit-
reous state solid solutions) and solid solutions, respectively. Drug
dispersity in a given carrier directly affects its dissolution rate
and places molecular, amorphous and microcrystalline phases in
a descending order of sequence in terms of dissolution rate (Chiou
and Riegelman, 1971). In addition, different carriers also have a
direct impact on drug dispersion morphology. The high molec-
ular weight compound polyvinylpyrrolidone (PVP) has a strong
hydrophilicity and is able to form hydrogen bonds or complex com-
pounds with drugs due to the large number of repetitive lactam
groups embedded in its chemical structure, shown in Fig. 1 (Leuner
and Dressman, 2000; Sharma and Joshi, 2007). It is extensively used
as a drug carrying substance because of the remarkable increase in
dissolution rate (Kanaze et al., 2006; Karavas et al., 2006; Patel and
Patel, 2007; Choudhary et al., 2009) and stability (Mooter et al.,
2001; Gupta and Bansal, 2005; Thybo et al., 2007) of drugs when
they are dispersed in an amorphous or molecular phase after the
formation of the coprecipitate. Polyvinylpyrrolidone is widely used
to prepare coprecipitates with drugs using the solvent method and
is especially suitable for drugs with high melting points or for drugs
that can be easy oxidization because of their high melting point and
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Fig. 1. Molecular structure of PVP.

favorable solubility. It can be noted in the baicalin structure shown
in Fig. 2 that both flavones and glucuronide can form intramolecu-
lar hydrogen bonds that may be responsible for the poor solubility
and high melting points (223-225 °C of baicalin molecules. In addi-
tion, the 2-OH, 3-OH or 4-OH of glucuronide in baicalin molecules
may serve as proton donors to form hydrogen bonds with the O
of the carbonyl group from PVP. In light of the above structural
analysis of baicalin and PVP, the solvent method of solid disper-
sion technology was employed in this study to disperse baicalin
extensively into PVP and to obtain a baicalin-PVP coprecipitate; this
method was employed to increase the dissolution rate and stability
of baicalin in its carrier. Because the interaction of hydrogen bonds
can help drugs maintain stability within the carrier during storage
(Karavas et al., 2005; Papageorgiou et al., 2009), understanding the
molecular morphology and interaction of baicalin with the carrier
is important. However, no study has been reported on the molec-
ular morphology of baicalin. Therefore, the method used for phase
identification and characterization of drugs in a baicalin-PVP copre-
cipitate becomes critical in determining whether the coprecipitate
has been formed.

In the present study, baicalin-PVP coprecipitate was pre-
pared using the solvent method of solid dispersion technology.
The AFM.IPC-208B technique was used to characterize the
molecular morphology of baicalin in the coprecipitate and the
interaction between the drug and the carrier at the molecular
level.

2. Materials and methods
2.1. Materials

Baicalin was obtained from Dongfangyuan Biological Tech-
nology Co Ltd. (Mianyang, China). Polyvinylpyrrolidone K30 was
purchased from BASF (Germany). Unless otherwise stated, all other
materials were of analytical grade.

2.2. Methods

2.2.1. Preparation of baicalin-PVP coprecipitate

Baicalin-PVP coprecipitate was prepared by the solvent method
as follows. Baicalin, 700 mg, was dissolved in 100 mL absolute
ethanol by ultrasonication at 72 4+ 2 °C water and the appropriate
amount of PVP was added according to a 1:3 weight ratio of baicalin
to PVP. The resulting solution was mixed with gentle shaking for
30 min at room temperature and the solvent was evaporated under
reduced pressure at 65°C. The resulting residue was dried under
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Fig. 2. Molecular structure of baicalin.

vacuum in a desiccator for at least 24 h, then ground in a mortar
and sieved through a # 80 sieve.

2.2.2. Preparation of the baicalin-PVP physical mixture

The baicalin-PVP physical mixture was prepared in a 1:3 weight
ratio of baicalin: PVP by thoroughly blending baicalin and PVP in a
mortar until a homogeneous mixture was obtained. The resulting
mixture was sieved through a # 80 sieve.

2.2.3. Preparation of capsules containing the coprecipitate and
physical mixture

Abaicalin-PVP coprecipitate capsule and a physical mixture cap-
sule containing 0.125 g baicalin, half the weight of a baicalin in a
capsule sold on the market, were prepared. Baicalin-PVP coprecip-
itate, 0.500 g, and physical mixture were transferred into number 0
gastric capsules. A baicalin active pharmaceutical ingredient (API)
capsule with 0.250g API was prepared as mentioned above as a
control.

2.2.4. Differential scanning calorimetry (DSC) analysis

Thermal characteristics of the baicalin, PVP, physical mixture
and coprecipitate were determined using a STA449-C instrument
(NETZSCH, Germany) under a 10 mL/min stream of nitrogen purge.
Three to eight milligrams of the samples were heated from room
temperature to 300°C at rate of 10°C/min in an open aluminum
pan, and TA4 Analysis software was used for analysis.

2.2.5. X-ray powder diffraction (XRD) analysis

The physical state of the baicalin, PVP, physical mixture and
coprecipitate was evaluated by XRD with a D/MAX 2500-PC X-ray
powder diffractometer (Rigaku, Japan). A Cu-Ka source operation
(40kV, 150m A) was employed. The diffraction patterns were
recorded over a 26 angular range of 3-60° with a step size of 0.4°
in 26 and a 6 s count per step at room temperature.

2.2.6. Dissolution test

Dissolution testing of the coprecipitate, physical mixture and
baicalin API capsules was performed according to the Chinese Phar-
macopoeia (rotating basket). The samples were sequentially added
into two 500 mL solutions and one 1000 mL solution of 0.1 mol L~!
HCI and stirred at 100 rpm at 37 +£0.5°C. A 5 mL aliquot was with-
drawn from the dissolution medium at 10, 20, 30, 40, 50 and 60 min,
while equal amounts of fresh dissolution media was added. The
aliquots were filtered with a 0.45 wm hydrophilic filter disk, and
the filtrate was mixed with the same volume of methanol as the
final testing sample. The concentration of baicalin was determined
by measuringits absorbance at 278 nm with a UV-3105 spectropho-
tometer (SHIMADZU, Japan). The PVP and capsule shell used did not
interfere with the sample absorption at the wavelength used. Each
data was obtained in three independent experiments performed in
duplicate.

2.2.7. Infrared spectrometry (IR) analysis

The IR spectra of the baicalin, PVP, physical mixture and
coprecipitate were determined using a Spectrum One spectropho-
tometer (Perkin-Elmer, USA). Approximately 2 mg of the samples
were mixed with an equal weight of dried KBr, and the mixture was
compressed into a disc. The resulting disc was scanned 32 x from
4000-400cm™1,

2.2.8. AFM-IPC-208B analysis

The AFM.IPC-208B image of the baicalin-PVP coprecipitate
was collected by employing AFM-IPC-208B (Chongqing University,
China). Baicalin-PVP coprecipitate, 0.1 g, was dissolved in 10mL
ethanol. Approximately 0.05 mL solution was dropped on the gold
surface, dried, and tested. The AFM-IPC-208B measurement was
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Fig. 3. DSC Thermographs of baicalin, PVP, the baicalin-PVP physical mixture 1:3, and the baicalin-PVP coprecipitate 1:3.

performed under the following conditions: tungsten probes (force
constant 0.06 Nm), scan range of 10.5 nm x 10.5 nm, tapping mode
imaging, and scanning point by point at room temperature. G3DR
software was applied to process data.

3. Results and discussion
3.1. DSC analysis

Differential scanning calorimetry data are presented in Fig. 3.
The endothermic peak with PVP at 88.2 °C may result from moisture
evaporation in PVP, and 169.7°C was the glass transition tem-
perature of PVP, and the sharp endothermic peak with baicalin
at 223.8°C was its melting point peak. The presence of a broad
endothermic peak for the baicalin-PVP physical mixture at 223.8°C
suggests that the drug be melted gradually in the polymer matrix.
This is because PVP had a glass transition temperature at 169.7 °C,
leading to the drug to be melted in the liquid phase of PVP with
increasing the temperature. The absence of the drug’s endother-
mic peak for the baicalin-PVP coprecipitate indicates that baicalin
resided in PVP polymers in non-crystalline state. This was primarily
attributable to the destruction of the crystalline phase of baicalin
during the dispersion in the PVP polymer matrix.

3.2. XRD analysis

To further elucidate the non-crystalline state of baicalin in
the coprecipitate obtained by DSC analysis, the phase state was
analyzed by XRD. The results observed are shown in Fig. 4. Sev-
eral diffraction peaks at the 26 angle position of 8.62°, 10.34°,
12.40°, 14.64°, 16.96°, 20.62°, 23.76°, 25.40°, 27.96° and 29.38°
indicated the presence of the crystal phase of baicalin; the carrier
PVP appeared to be non-crystal powder because no characteris-
tic diffraction peak was detected at 3-60° with PVP. However, the
clear crystal diffraction peak of the drug in the baicalin-PVP phys-
ical mixture was readily visible. The reduction of the peak value
intensity with lower drug contents suggested that the drug was
still present in the crystal phase, and physical blending did not alter
the crystal state of the drug; however, the disappearance of the
crystal diffraction peak of the drug in the coprecipitate indicated
that the baicalin was highly dispersed in the carrier substance in
the amorphous or molecular phase. The result further clarified the
non-crystalline state of baicalin in the coprecipitate observed by
DSC. A possible explanation was that the reticular structure of the
PVP molecules helped stabilize dispersion and inhibit aggregation
of the drug molecules.
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Fig. 4. XRD spectra of baicalin, PVP, the baicalin-PVP physical mixture 1:3, and the
baicalin-PVP coprecipitate 1:3.

3.3. Dissolution test

The baicalin dissolution test results are shown in Fig. 5. The
accumulative dissolution of the baicalin API capsule in 0.1 mol L~!
HCI solution was 1.25% at 30 min. The dissolution for the baicalin-
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Fig. 5. Dissolution profiles of baicalin from different preparations.
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Fig. 6. IR spectra of baicalin, PVP, the baicalin-PVP physical mixture 1:3, and the baicalin-PVP coprecipitate 1:3.

PVP physical mixture capsule was 2.84%, slightly higher than the
API capsule, which is possibly due to the solubilization effect of
PVP. The accumulative dissolution of baicalin in the baicalin-PVP
coprecipitate capsule was 26.73% or 21.4 times that of the API
capsule.

Baicalin is a weak acidic drug (pKa=5.047); therefore, the main
absorption site is the stomach due to it remaining in a mostly
molecular state through the gastrointestinal mucosa in acidic con-
ditions (Liu and Jiang, 2006). Therefore, in this study, a 0.1 mol L~!
HCI solution was selected as the dissolution medium. The aver-
age postprandial gastric retention (empty) T50% is 15-20 min. If
the dissolution rate is slower than the gastric emptying rate, the
drug dissolution process will become a rate limiting step of absorp-
tion. Therefore, it is crucial to maximize the dissolution of drugs
in the stomach within a limited time to improve absorption.The
Noyes-Whitney equation: dc/dt = KS(Cs — C), where dc/dt is the dis-
solution rate, K is the dissolution rate constant, S is the dissolving

boundary area, Cs is the drug solubility, and C is the concentration
of drug in solution, indicates that the dissolution rate of drugs from
solid dosage forms is proportional to K, S and Cs. Therefore, drug
dispersion in a carrier affects its dissolution rate directly. Higher
dispersion is related to a higher dissolution rate. Baicalin in the
amorphous or the molecular state dispersed to a high degree in a
polymer of PVP, which is shown in DSC and XRD results. This behav-
ior greatly increased the surface area of the drug particles, S. In
addition, a hydrophilic polymer PVP can increase wetting and diffu-
sion of the baicalin molecule. These conditions lay the groundwork
for the fact that the dissolution of the baicalin-PVP coprecipitate
capsules was 20.4x higher than that of the API capsule. The remark-
ably improved dissolution rate of baicalin created an opportunity
for gastric absorption within a limited time. Compared to baicalin
dispersible tablets (Liu et al., 2009), baicalin-PVP coprecipitate cap-
sules have shown improvement in dissolution capability, which
offers a greater potential for development.

Fig. 7. Colored graphic of baicalin-PVP coprecipitate in AFM.IPC-208B.



B. Li et al. / International Journal of Pharmaceutics 408 (2011) 91-96 95

3.4. IR analysis

To further characterize possible interactions between the drug
and the polymeric carrier in the solid state, infrared spectra of
all samples were recorded and are shown in Fig. 6. The presence
and absence of characteristic peaks associated with specific struc-
tural characteristics of the molecule was noted. From 3600 cm~! to
3200cm~!, the absorption peaks for baicalin APl were observed
at 3552cm~! for free hydroxyl group peak, and 3488 cm~! and
3393cm-! for the binding peaks derived from intermolecular
hydroxyl group. The spectrum of PVP showed, among others,
important bands at 2952 cm~! (C-H) and 1661 cm~! (C=0). A very
broad band was also visible at 3464 cm~!, which was attributed
to the presence of water, confirming the broad endothermic peak
detected in the DSC experiments. The corresponding absorp-
tion peaks for the baicalin-PVP physical mixture at 3553 cm™!,
3486 cm~! and 3388 cm~! were specific for its API and suggested
that physical blending would not generate hydrogen bonding.
There were 2 absorption peaks with baicalin-PVP coprecipitate
observed at 3468 cm~! and 3344 cm~! with increased absorption
intensity and a broadened spectral band for the bound hydroxyl
group. However, the absorption peak of the bound hydroxyl group
might result from intermolecular hydrogen bonds between drug
and carrier, or between the drug and drug. Even the trace amount
of moisture contained in API and PVP may also generate a similar
absorption peak. It is difficult to judge clearly from these results.
Furthermore, in the baicalin-PVP coprecipitate, the characteristic
peak at 1640 cm~! was observed. It may be considered that C=0
stretching vibrations of PVP change in coprecipitate. So the inter-
molecular hydrogen bonds between the carbonyl group of PVP and
hydroxyl groups of baicalin may be formed.

Intermolecular hydrogen bonds of simple molecules could be
judged directly by infrared spectra through the stretching vibration
of hydroxyl groups. However, as far as molecules containing one or
more hydroxyl groups, it is difficult to accurately determine which
one or more hydroxyl groups participate in forming the intermolec-
ular hydrogen bonds using infrared spectra alone (Papageorgiou
et al., 2009). In this study, the 2-OH, 3-OH or 4-OH of glucuronide
in the baicalin molecule maybe acting as a proton donor to form
hydrogen bonds with the O from the carbonyl group of PVP. Even if
the presence of hydrogen bonding interactions between baicalin
and PVP was confirmed by combining FT-IR, Raman, and solid-
state NMR spectroscopy (Tobyn et al., 2009), the binding-OH of the
interaction might not be able to be distinguished. Therefore, other
methods will be needed to further confirm the formation of hydro-
gen bonds between the drug and carrier in addition to the binding
site of -OH.

3.5. AFM-IPC-208B of the baicalin-PVP coprecipitate

Various techniques, including SEM, TEM and AFM, have been
used to observe the microstructure of solid dispersion by many
researchers (Karavas et al., 2007; Dong et al., 2008; Zhu et al.,
2010); however, there has been no report on molecular morphol-
ogy because of the maximum resolution of these instruments, for
which the maximal resolution is 10 nm, 1 nm and 1-2 nm, respec-
tively. It is difficult to observe the benzene ring (about 0.5 nm) in
the baicalin molecule using these general commercial devices. For-
tunately, AFM-IPC-208B high-resolution atomic force microscopy
(AFM) was independently developed by Chongging University,
which integrated the techniques of scanning tunnel microscopy
(STM) and AFM, the STM is used to detect the up and down motion
of the micro-cantilever and can offer maximal precision to 0.1 nm
horizontally and 0.01 nm longitudinally (Yang et al., 2004). The
AFM IPC-208B technique was employed to characterize antisense
oligonucleotide binding with the dextran polymer from the spa-

Fig. 8. Magnified image of white frame in the color graph of baicalin-PVP coprecip-
itate C-atom ({0 ), N-atom ([d ), 0-atom (4 ), H-atom (@ ).

Fig. 9. Spatial structure of the baicalin-PVP coprecipitate in AFM-IPC-208B.

tial arrangement of atoms (Wen et al., 2008). The study not only
gave a novel idea for the characterization of the spatial structure of
baicalin-PVP coprecipitate using AFM-IPC-208B, but also provided a
new method to confirm intermolecular hydrogen bonding between
baicalin and PVP, including the binding site of -OH.

A colored graphic of the analytical results of baicalin-PVP copre-
cipitate using AFM.IPC-208B is shown in Fig. 7, in which the
locations of various elements are marked by different pixels. The
magnified domains of marked elements were cropped and shown
in Fig. 8, where white square pixels represent C-atoms, white
square pixels with black dots represent N-atoms, black crosses
represent O-atoms, and relatively smaller white dots represent H-
atoms. Fig. 9 shows the spatial structure of the coprecipitate that
was obtained by connecting every atom in Fig. 8. Fig. 10 shows a
schematic diagram of the spatial structures of PVP and the baicalin
molecules that was plotted using Chemdraw software for chem-
ical molecular structures based on data given in Fig. 9. It was
observed that baicalin was dispersed in PVP polymers at a molec-
ular size of 2nm and wrapped or surrounded by about 0.4nm
of a five-membered ring of PVP arranged along the carbon chain
sequentially. It can be seen that both the 4-OH of glucuronide in the
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Fig. 10. Spatial structure diagrams of baicalin and PVP.
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drug molecule and the O-atom of the lactam in the carrier molecule
are in a straight line and able to form intermolecular hydrogen
bonds. The interaction present between the baicalin drug molecule
and the PVP carrier favored an extensive and stable dispersion of
drug molecules in the carrier substance. Meanwhile, the C6 car-
boxyl group’s H of glucuronide was able to form an intramolecular
hydrogen bond with the intra-ring O-atom; the carbonyl O-atom in
the flavone molecule was able to also form intramolecular hydro-
gen bonds with the 2-OH and 3-OH in the adjacent benzene ring to
further constitute a relatively stable 5- or 6-membered ring whose
stability will in turn increase the stability of these intramolecular
hydrogen bonds. These results indicated that baicalin was highly
dispersed in the carrier substance and surrounded or encapsulated
by PVP. It is noted from the atomic spatial arrangement that hydro-
gen bonds can be formed within drug molecules and between the
drug and carrier.

It has been reported that hydrogen bonds between the drug and
carrier could stabilize the phase state of the drug and prevent the
crystal transformation of the drug during storage (Karavas et al.,
2005; Papageorgiou et al., 2009). The hydrogen bonds between the
drug and carrier confirmed by AFM.IPC-208B provide the foun-
dation for stability of baicalin-PVP coprecipitate. Studies on the
stability and bioavailability of the baicalin-PVP coprecipitate will
be the subject of our next study.

4. Conclusions

An improved dissolution rate for baicalin was obtained using
a coprecipitate prepared with PVP by the solvent method.
Baicalin was present in an amorphous or molecular state in
the coprecipitate at a drug-to-polymer composition ratio of
1:3 (W/W) according to the results of DSC and XRD. The
dissolution rate of baicalin from the coprecipitate was 20.4x
faster than of APIL Solid dispersion technology enables baicalin
to highly disperse in the carrier, which greatly increases the
drug surface area and leads to a significant increase in the
dissolution rate of the baicalin-PVP coprecipitate. This lays a basis
for the potential commercial development of baicalin-PVP copre-
cipitate. The AFM.IPC-208B technique was able to characterize the
spatial conformation and interaction between the drug and carrier
intuitively at the molecular level and confirmed the possible for-
mation of hydrogen bonds between the drug and carrier speculated
by IR; it can even distinguish the binding-OH of the interaction,
overcoming many of the disadvantages of traditional methods.
Therefore, AFM-IPC-208B can be used as a new characterization
technique for coprecipitates in the future.
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