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Baicalin (BL) is a natural, potential therapeutic molecule with a wide range of biological activities. However,

poor aqueous solubility, low stability, and slow dissolution are the major limitations of BL. Co-amorphous

systems are new and emerging systems that are single-phase, multicomponent amorphous systems

consisting of one or more small co-former with a hydrophobic drug. The co-former helps in improving

the physicochemical properties of the hydrophobic drug without affecting its pharmacological properties.

The objective of this study was to prepare co-amorphous solid dispersions of baicalin (BSDs) using organic

acids and amino acids to enhance its solubility, stability and dissolution profiles. The BSDs were prepared in

a molar ratio of 1 : 1 of drug and co-former by the solvent evaporation method. The prepared BSDs were

characterized by powder XRD and DSC analysis for determining the physical solid-state of BL, and by FTIR

to determine possible intermolecular interactions between BL and co-formers. The BSD prepared with

histidine (BL–His) showed a perfect co-amorphous system with an approximately 60-fold increase in

solubility, complete loss of crystallinity, and complete dissolution of BL within 15 min in simulated intestinal

buffer. Further, BL–His showed physicochemical stability over a period of six months without any sign of

recrystallization and loss of drug. Therefore, instead of the native and crystalline BL, the use of BL–His could

be a better approach for pharmaceutical applications of BL.

1. Introduction

The discovery and development of a new drug molecule is a
time consuming and costly process. This process is further
hammered by the poor physicochemical properties of the
developed new chemical entity (NCE). The poor
physicochemical properties are mostly led by the low water
solubility of the NCE. As per an estimate, about 40% of new
oral drugs and about 70% of NCEs in the pharmaceutical
industry pipelines are practically insoluble (i.e., <0.1 mg
mL−1) in water. This aqueous insolubility of molecules is
responsible for their slow dissolution and low oral
bioavailability.1,2 Poorly water-soluble drugs dissolve slowly in
biological fluids and reach the systemic circulation at very
low concentrations.3,4 The poor solubility and low
bioavailability result in therapeutic failure, high-fallout rate

and increase in manufacturing costs.5,6 To achieve a
therapeutic concentration, these new oral drugs need to be
administered at a high dose which leads to severe side effects
and increases the cost of the formulations.7

The crystalline physical state of NCEs is one of the main
reasons for their low aqueous solubility. The crystalline state
is a thermodynamically stable, low energy state but is
generally less soluble in water than the amorphous state. In
contrast, the amorphous state shows high aqueous solubility
but is thermodynamically less stable due to high energy.
Therefore, the formulations developed with amorphous drugs
fail clinically due to recrystallization of drugs during the
processing and storage.8

To address the problems of poor aqueous solubility and slow
dissolution of therapeutic molecules due to their crystalline
state, various strategies like inclusion complexes, solid
dispersions, micro-emulsions, etc. are being used.9–12 The drug-
excipient-based co-amorphous solid dispersion strategy has
recently been getting more attraction than other techniques.13,14

It is a highly effective, simple, and low-cost technique to improve
the solubility and dissolution of poorly water-soluble, crystalline
drugs.15 Although the direct conversion of a crystalline drug
molecule into an amorphous drug improves its solubility, the
recrystallization of the drug over time remains an issue. So,
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during amorphization, a stabilizing agent, called co-former, is
used to prevent crystal growth.16 Thus, a co-amorphous
formulation contains the drug molecule in an amorphous state
which is maintained by one or more co-formers.

Generally, co-amorphous solid dispersions are prepared
using a polymer or a small molecule like sugar, organic acid,
amino acid, etc. Small molecule-based co-amorphous systems
(SMCS) are preferred over polymer-based co-amorphous systems
due to their several advantages. Polymer-based co-amorphous
systems have the disadvantages of limited miscibility of drug
with polymers, phase separation and hygroscopic nature of
polymers. On the other hand, SMCS have the advantages of
higher intermolecular interactions, conformational flexibility
and molecular level mixing which prevent phase separation and
recrystallization.17 In the past few years, several small molecules
like amino acids, sugars, organic acids, etc. have been
attempted as co-formers to develop co-amorphous
formulations. A tremendous increase in the solubility and
stability of hydrophobic drugs have been observed with their
co-amorphous formulations. For instance, arginine as a co-
forming agent increased the solubility of indomethacin 200
times in comparison to crystalline indomethacin.18

Baicalin (BL, 5,6-dihydroxyflavone-7-O-D-glucuronic) is the
main bioactive flavone found in Scutellaria baicalensis and
widely used in China, Japan and Korea as herbal medicine
for the treatment of fever, inflammation and allergic
diseases. BL also possesses numerous pharmacological and
therapeutic activities such as antioxidant, antiviral,
antiarthritic, antifertility, antiplasmodic, antitumor, and anti-
inflammatory activities.19–22 However, the potential
therapeutic benefits of BL at preclinical and clinical stages
are limited due to its poor aqueous solubility and low oral
bioavailability (2.2%) in rats.23 Further, it interacts with co-
administered drugs and induces the activity of metabolizing
enzyme cytochrome P450. After the oral administration of
BL, five types of secondary metabolites have been identified
and these metabolites are rapidly hydrolysed by
β-glucuronidase/sulfatase enzymes.24

In the past few years, several BL formulations like solid-lipid
nanoparticles,25 nanocrystals,26 micelles,27 liposomes28 and
nanoemulsions29 have been developed to improve the solubility
and oral bioavailability of BL. However, these formulations still
have challenges of scale-up, long term stability and rapid
recrystallization. Therefore, in this study we have designed a
scalable co-amorphous solid dispersion formulation of BL to
enhance its solubility, stability and dissolution.

2. Materials and methods
2.1 Materials

Baicalin (BL) was obtained from TCI Chemicals (USA). Citric
acid (CA), fumaric acid (FA), oxalic acid (OA), glutamic acid
(Glu), asparagine (Asp), histidine (His) and methanol were
purchased from Loba Chemie (Mumbai, India). All other
chemicals and solvents were purchased from Rankem
(Mumbai, India).

2.2 Preparation of baicalin solid dispersions (BSDs)

The BL solid dispersions (BSDs) were prepared by the solvent
evaporation method. Crystalline BL and different co-formers
(organic acids or amino acids) were mixed in a 1 : 1 molar
ratio using a mortar and pestle for 2 min and then
transferred in a round bottom flask (RBF) containing 15 mL
of methanol. The resulting mixture was stirred magnetically
for 6 h at room temperature. After that, methanol was
evaporated using a rotary evaporator and a thin layer was
obtained in the RBF. The resulting thin layer of the mixture
was dissolved in 10 mL of Milli-Q water and sonicated for 5
min at a frequency of 25 Hz. Thereafter, the mixture was
lyophilized and was used for further analysis. The physical
mixtures (premix) of pure BL and co-formers (in a 1 : 1 molar
ratio) were prepared by direct mixing using a mortar and
pestle for 2 min.

2.3 Powder X-ray diffraction analysis

The PXRD patterns of BL and BSDs were obtained using an
X-ray diffractometer (D8 Advance, Bruker, Germany) equipped
with a Cu-Kα X-ray radiation source. The instrument was set at
40 kV and 30 mA and the diffraction patterns were measured
from 5° to 80°. The percentage crystallinity (%C) of BSDs was
estimated using the following equation.30

%C ¼ A1crystalline peaks × 100
A2crystalline and amorphous phases

� �

A1 = area contribution from crystalline peaks; A2 = area

contribution from the crystalline and amorphous phases.

2.4 Differential scanning calorimetry

The DSC analysis of BL and prepared BSDs was performed on
a DSC 4000 Perkin Elmer instrument under a nitrogen flow of
20 mL min−1. The samples (about 3.5 mg) were sealed in
aluminium pans and heated at a heating rate of 10 °C min−1.

2.5 Fourier transform infrared spectroscopy

The FTIR spectra of BL and BSDs were obtained using an
FTIR spectrophotometer (Perkin Elmer spectrum). For this,
the samples were mixed with anhydrous KBr, pelletized using
a hydraulic press and scanned for % transmittance in the
range of 4000 to 400 cm−1.

2.6 Drug content determination studies

The BL content was determined by dissolving 10 mg of
lyophilized BSDs in methanol. The solutions were then
vortexed for 2 min and filtered using a membrane filter of
pore size 0.22 μm. After appropriate dilution, the BL
content was determined using a UV-visible
spectrophotometer at 277 nm.
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2.7 Solubility studies

The solubility of BL and different BSDs in water and different
buffer media, i.e. 0.1 N HCl (pH 1.2), sodium acetate buffer
(SAB, pH 5.0), phosphate buffered saline (PBS, pH 7.4) and
0.1 N Tris base buffer (TB, pH 9.0), was determined by the
shake flask method. An excess of BL or BSD powder (250 mg)
was added into amber-coloured glass vials containing 5 mL
of Milli-Q water or buffer solutions. The samples were placed
in an orbital shaker (Thermo Scientific, SHKE6000-8CE)
maintained at 37 °C for 12 h. These samples were centrifuged
at 6000 rpm for 10 min, filtered through 0.22 μm membrane
syringe filters and analysed for BL content using a UV-vis
spectrophotometer at 277 nm.

2.8 In vitro dissolution studies

The dissolution study was performed in dissolution tester
apparatus (DS 8000, LABINDIA). The pellets of crystalline BL
or BSDs (equivalent to 100 mg BL) were prepared by directly
compressing into a hydraulic press machine at 124.9 MPa for
60 s. The pellets were placed in 900 mL of 0.1 N HCl (pH 1.2)
or 0.01 M phosphate buffer (pH 6.8) as the dissolution
medium at a temperature of 37 ± 0.5 °C and stirred with a
paddle set at 100 rpm. At pre-set time points (0, 5, 10, 15, 20,
25, 30, 45, 60, 90 and 120 min), 2 mL aliquots were withdrawn
and replaced with an equal volume of fresh dissolution
medium. The samples of each time point were filtered
through a 0.22 μm membrane syringe filter and analysed for
%BL content using a UV-vis spectrophotometer at 277 nm.

2.9 Physical stability of BSDs

The BSDs were stored in a desiccator under dry conditions at
room temperature for 6 months. After that, the samples were
analysed by powder XRD to investigate the possible
recrystallization of BL and co-formers.

2.10 Chemical stability of BSDs

The chemical stability of the BSDs was determined by
measuring the %BL content after 6 months of storage. For
this, 2 mg of BSDs was dissolved in an appropriate amount
of water and determined for % drug content using a UV-vis
spectrophotometer at 277 nm.

2.11 Data analysis

The experiments were performed in triplicate and the results
are reported as mean ± standard deviation (n = 3).

3. Results and discussion

The development of a co-amorphous system of a lipophilic
and crystalline molecule has the advantages of higher
aqueous solubility and better dissolution in biological
systems than the native molecule. The solid-state properties
of native BL and BSDs were determined by PXRD, DSC and
FTIR analysis.

3.1 Powder X-ray diffraction analysis

PXRD is the most convincing technique for determining the
physical state of a molecule. The PXRD pattern of a
crystalline molecule shows sharp intense peaks. In our study,
the semi-crystalline state of BL was obtained in BSDs
prepared with organic acids and two (glutamic and
asparagine) amino acids (Fig. 1). However, the BSD with
histidine (His) showed the complete amorphous form of BL.
Fig. 2 shows the PXRD patterns of pure BL, co-formers, a
physical mixture of BL and co-former (premix), and prepared
BSDs. Pure BL showed characteristic peaks at 2θ angles of
8.5°, 10.3°, 12.2°, 14.4°, 16.8°, 20.5°, 23.6°, 25.2°, 27.8°, and
29.3°.31 These sharp and highly intense peaks of BL clearly
demonstrated the crystalline state of BL. On the other hand,
the used co-formers showed the crystalline state with intense
peaks in the 2θ range of 10–50°. The PXRD patterns of the
premix displayed the peaks of both crystalline BL and used
co-formers. The PXRD patterns of the prepared
BSDs, except BL–His BSD, show few intense peaks with slight
shifting. It shows the formation of co-crystals BSDs with CA,
FA, OA, Glu and Asp. The intense peaks were observed at
8.3°, 20.4° and 25.1° with BL–CA BSDs, at 8.3°, 14.6° and
25.3° with BL–FA BSDs, and at 8.3°, 12.4°, 14.5°, 16.9°, 20.5°,
22.3°, 23.6°, 25.2° and 27.9° with BL–OA BSDs. Similarly, the
amino acid BSD peaks were observed at 2θ angles of 8.3°,
10.3°, 12.4°, 14.4°, 20.5° and 27.9° with BL–Glu BSDs, and at
8.3°, 14.7°, 25.1°, 28.1° and 29.1° with BL–Asp BSDs. The

Fig. 1 Molecular structures of pure baicalin and other co-formers
used in this study.
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results suggested that these systems formed co-crystals
instead of co-amorphous phases. Further, the observed PXRD
peaks were different from the original state of pure BL and
co-former agents. Interestingly, the BSD prepared with His
(BL–His) did not show any peak in the 2θ range of 10–80°,
rather a hump was observed in the 2θ range of 18–28°. This
indicates that BL was completely converted into an
amorphous phase with His.

To further evaluate the phase conversion of BL in different
BSD formulations, the decrease in crystallinity of BL was
determined. Table 1 shows the calculated % crystallinity
(%C) of the prepared BSDs using the collected PXRD data
(Fig. S1†). The total areas of crystalline and amorphous
phases underneath the diffractograms were calculated using
2θ values from 5° to 30°.30,32 In order to separate the
contribution from crystalline and amorphous peaks, the ratio
of the integrated area of crystalline peaks to the total
integrated area from the crystalline and amorphous XRD
peaks was obtained. The results indicated that the decrease

in the crystallinity was highest with BL–FA followed by BL–CA
and BL–OA. The %C of co-crystals prepared with CA, FA and
OA was observed to be 27.6, 16.9 and 71.8%, respectively. In
the case of BSDs prepared with amino acids, BL–His showed
a complete loss of crystallinity of BL during processing and
preparation of the formulation and thus presented a perfect
co-amorphous formation. BL–Glu and BL–Asp showed the
formation of co-crystals with %C of BL of about 46.5% and
38.2%, respectively.

3.2 Differential scanning calorimetry analysis

The thermal behaviour of pure BL and prepared BSD systems
was determined by DSC analysis which gives an insight into
the melting point and recrystallization behaviour of solid and
amorphous materials.25 Fig. 3 shows the DSC scan of pure
BL and prepared BSD formulations where the pure DSC scan
of BL was compared with those of the formed BSDs. Based
on the observed results, pure BL showed a sharp
endothermic peak at 145 °C and 210 °C. The peak at 145 °C
may be due to the dehydration of BL while the peak at 210
°C corresponds to its melting point.31 The absence or shifting
of these peaks of BL in the BSD formulations indicated the
phase transformation of BL. The glass transition
temperatures (Tg) of pure BL and prepared BSD formulations
were determined and are shown in Fig. S2.† The observed Tg
of BSDs showed a shift from the Tg of pure crystalline BL. BL
showed a Tg at 101 ± 0.5 °C which was shifted in all the
prepared BSDs to 97 ± 0.8 °C, 51 ± 0.9 °C, 55 ± 0.4 °C, 99 ±

Fig. 2 Powder XRD patterns of baicalin solid dispersions: (a) BL–citric
acid (BL–CA), (b) BL–fumaric acid (BL–FA), (c) BL–oxalic acid (BL–OA), (d)
BL–glutamic acid (BL–Glu), (e) BL–asparagine (BL–Asp) and (f) BL–
histidine (BL–His).

Table 1 Crystallinity (%C) of the prepared different baicalin solid
dispersion (BSD) formulations

System %C

BL–CA 27.67
BL–FA 16.97
BL–OA 71.85
BL–Glu 46.56
BL–Asp 38.27
BL–His 0.00

Fig. 3 Differential scanning calorimetry analysis of baicalin (BL) and
different baicalin solid dispersions: (a) with citric acid (BL–CA), fumaric
acid (BL–FA) and oxalic acid (BL–OA), and (b) with glutamic acid (BL–
Glu), asparagine (BL–Asp) and histidine (BL–His).
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0.9 °C, 52 ± 0.7 °C and 38 ± 0.6 °C with CA, FA, OA, Glu, Asp
and His, respectively. Hence, compared to pure BL, the DSC
scans of BSD formulations showed significant shifts and
suggested the changes in the crystalline state of BL to
another state like a polymorphous or amorphous state.33–36

3.3 Fourier transformation infrared spectroscopy analysis

FTIR analysis of solid dispersions provides important
information about the change in the molecular arrangement
of components of the system.37 It also helps in determining
the possible interactions like hydrogen bonding and π–π

interaction between the drug and co-forming agent.38 As BL
and the used co-formers have functional groups like hydroxyl,
carboxylic and amine groups, there are more chances of
interaction via hydrogen bonding.39,40 BL has five hydroxyl
groups and one carboxylic group while organic acids have
carboxylic groups, and amino acids have both amine and
carboxylic groups available for possible interactions.41 Fig.

S3† shows the FTIR spectra of pure BL, co-formers, premix
and BSDs where the –OH and >CO peaks were mainly
observed (Fig. 4 and 5). Pure crystalline BL showed
characteristic peaks at 3557 and 3493 cm−1 for –OH
stretching, 1726 cm−1 and 1660 cm−1 for carbonyl (>CO),
1609, 1572 and 1495 cm−1 for CC of phenyl, and 1064 cm−1

for C–O–C in the ether and hydroxyl groups.
There was no change in the peaks of BL in the FTIR

spectra of premixes. However, the FTIR spectra of BSDs
showed a significant shift in characteristic peaks of BL which
may be due to the interaction between BL and co-formers
through hydrogen bonding (Table S1†). A significant shift in
the >CO stretching frequencies was observed in BSDs.
Fig. 4 shows a closer look in the >CO region of the FTIR
spectra. The peaks were shifted and found to be broader as
compared to those of pure BL. The peaks for >CO
frequencies were observed at 1731 cm−1 with CA, at 1758 and
1729 cm−1 with FA, at 1729 cm−1 with OA, at 1728 and 1659
cm−1 with Glu, at 1727 and 1659 cm−1 with Asp and at 1667

Fig. 4 FTIR spectra of the >CO stretching region in the baicalin
solid dispersions (BSDs) prepared with different co-formers: (a) BL–
citric acid (BL–CA), (b) BL–fumaric acid (BL–FA), (c) BL–oxalic acid (BL–
OA), (d) BL–glutamic acid (BL–Glu), (e) BL–asparagine (BL–Asp) and (f)
BL–histidine (BL–His).

Fig. 5 FTIR spectra of the –OH stretching region in the baicalin solid
dispersions (BSDs) prepared with different co-formers: (a) BL–citric
acid (BL–CA), (b) BL–fumaric acid (BL–FA), (c) BL–oxalic acid (BL–OA), (d)
BL–glutamic acid (BL–Glu), (e) BL–asparagine (BL–Asp) and (f) BL–
histidine (BL–His).
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and 1614 cm−1 with His (Fig. 4). These significant changes in
peak positions suggested the involvement of the >CO
moiety of co-formers in their interaction with BL. Further, a
significant difference in the –OH stretching in BSD
formulations was observed in comparison to pure BL. The
–OH stretching peak of BL was transformed into shoulder
peaks along with a shift in the peak position (Fig. 5). Thus,
these shifted peaks confirmed the formation of hydrogen
bonding between BL and co-formers, resulting in the
formation of BSDs.41–43

3.4 Determination of BL content in BSDs

The amount of BL present in various BSD formulations was
determined and is presented in Fig. 6. About 428.3 ± 8.9,
582.7 ± 6.7, 648.4 ± 9.1, 447.8 ± 8.8, 640.9 ± 9.8 and 542.2 ±
6.3 μg of BL was found to be present in per mg of BL–CA,
BL–FA, BL–OA, BL–Glu, BL–Asp, and BL–His, respectively.

3.5 Effect of the formation of BSDs on the solubility of BL

The solubility of BL in water was found to be 0.043 mg mL−1

at room temperature. In co-crystal BSDs, prepared with
organic acids, the solubility of BL was 0.269, 0.141 and 0.295
mg mL−1 with CA, FA and OA, respectively (Fig. 7). The
aqueous solubility of BL was enhanced significantly, 6.2
times with CA, 3.4 times with OA and 6.8 times with FA co-
crystals in water. This can be explained by the molecular
interactions like hydrogen bonding with the carboxylic group
of organic acids and the hydroxyl group of carboxylic groups
of BL. The highest solubility of BL was observed with FA
which could be attributed to the presence of free functional
groups (two carboxylic groups and one hydroxyl group) for
hydrogen bonding.44

In the case of BSDs prepared with amino acids, the
highest solubility of BL was observed with His (2.652 mg
mL−1) followed by Asp (0.284 mg mL−1) and Glu (0.112 mg
mL−1) in water. The water solubility enhanced by Asp and Glu
is comparable to that observed with organic acids and can be
explained by the hydrogen bonding between amino acids and
BL molecules. However, the BSD prepared with His showed a
60-fold increase in the aqueous solubility of BL. The reason

for this remarkable increase in solubility of BL is the
formation of ionisable zwitterionic SDs and BL–His salt.37,45

Further, His contains an electron-rich aromatic (imidazole)
ring in addition to the other sites for hydrogen bonding.
Therefore, it could interact with BL through both hydrogen
bonding and π–π interactions. The higher aqueous solubility
of BL–His could also be attributed to the complete
conversion of crystalline BL into amorphous BL.

The %crystallinity of the co-crystals prepared with
different organic acid co-formers was found to be BL–OA
(71.8%) > BL–CA (27.6%) > BL–FA (16.9%). With amino acid
co-formers, the observed %crystallinity was in the order of
BL–Glu (46.5%) > BL–Asp (38.2%) > BL–His (0%) (Table 1).
The solubility of BSD formulations in water was observed in
the following order: BL–FA > BL–CA > BL–OA (with organic
acids) and BL–His > BL–Asp > BL–Glu (with amino acids).
From the observed results, it has been concluded that the
solubility of BSD formulations in water increased with
decreasing %C value.

The solubility of the prepared BSDs was also determined
in different pH media, i.e. 0.1 N HCl (pH 1.2), SAB, PBS, and
TB. Pure BL showed a pH-dependent change in its solubility.
The solubility of BL was increased with an increase in the pH
of media. The observed solubility of BL was 0.025, 0.08, 0.14
and 0.56 at pH 1.2, pH 5.0, pH 7.4 and pH 9.0, respectively.
The higher solubility of BL at basic pH could be attributed to
its ionization.46 The carboxylic acid group of BL is ionized or
deprotonated at basic pH and responsible for the increase in
solubility of BL. A similar trend was observed with the
different BSD formulations. BL–His showed an approximately
82-fold increase in the solubility of BL in TB. Importantly,
the solubility of BL–His was increased 180 times in PBS
which represents the blood pH and is the one of the most
commonly used solvents for pharmaceutical formulations.
These data clearly show the advantage of the designed
formulation of BL over the native BL.

Fig. 6 Quantitative analysis of different baicalin solid dispersions
(BSDs): (a) baicalin–citric acid (BL–CA), baicalin–fumaric acid (BL–FA),
and baicalin–oxalic acid (BL–OA); (b) baicalin–glutamic acid (BL–Glu),
baicalin–asparagine (BL–Asp), and baicalin–histidine (BL–His).

Fig. 7 Solubility (mg mL−1) of baicalin (BL) and different BL solid
dispersions (BSDs) in different media (SAB: sodium acetate buffer
(pH 5.0), PBS: phosphate buffered saline (pH 7.4) and TB: Tris base
buffer (pH 9.0)).
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3.6 Dissolution study

The dissolution profiles of native BL and the prepared BSDs
systems were determined in 0.1 N HCl (pH 1.2) and phosphate
buffer (pH 6.8) and are shown in Fig. 8. As compared to pure
BL, BSDs exhibited faster dissolution behaviour in both pH 1.2
and pH 6.8 buffer solutions. BL–His and BL–OA showed higher
dissolution than the other corresponding BSDs. In 0.1 N HCl
(pH 1.2) medium, the %BL dissolved was in the order of BL–
His (28.8%) > BL–Asp (9.3%) > BL–Glu (6.4%) (with amino
acids) and BL–FA (15.4%) > BL–OA (6.5%) > BL–CA (6.4%)
(with organic acids) after 2 h. Thus, the higher dissolution of
BL–His and BL–OA BSDs in 0.1 N HCl buffer solution could be
attributed to the decrease in crystallinity and higher solubility
than the other BSDs. In PB (pH 6.8), pure BL was dissolved by
about 63.4% in the first 30 min while the solid dispersion
formulations showed complete dissolution in the same time.
About 96.1, 92 and 98.4% of BL was dissolved from organic
acid-based BSDs, i.e. BL–OA, BL–CA, and BL–FA, respectively.
Similarly, with amino acid BSD systems, about 97.7, 90.3 and
98.5% of BL was dissolved from BL–Asp, BL–Glu, and BL–His,
respectively. These results revealed the pH-dependent
dissolution of BL in BSDs and it could be directly correlated
with the pH-dependent solubility of BL. The solubility of BL
increases with an increase in the pH of the media due to its
ionization at basic pH.47 Further, the difference in the
dissolution behaviour of the different BSDs can also be
explained by the difference in different crystalline contents of
BL in BSDs.22 As the crystallinity of BSDs decreased (Table 1),
both the solubility and dissolution of BSD formulations were
increased.

3.7 Physical stability

The effect of storage conditions on the physical stability of
BL in different BSD formulations was ensured by PXRD
studies. The physical stability of BSDs was evaluated in terms
of the observed re-crystallization before and after 6 months
of storage. As shown in Fig. 9, the crystallinity of BL was
observed in BSDs prepared with CA, FA, OA, Glu and Asp.
The PXRD patterns of BL–CA, BL–FA, BL–OA, BL–Glu and BL–
Asp BSDs show a slightly increase in crystallinity (Fig. 9a–e)
and sharp peaks, observed after 6 months of storage. The
BL–His formulation, which was completely converted into an
amorphous phase, did not show any sign of recrystallization
of BL (Fig. 9f). Compared to all the BSDs, BL–His showed the
highest physical stability which could be attributed to the
strong hydrogen bonding and π–π interactions between BL
and His. It has also been reported previously that the stability
of a drug molecule in solid dispersions depends on its ability
to electrostatically interact with the co-former.13,48

Fig. 8 Dissolution profiles of crystalline BL and baicalin solid
dispersions: (a) BL–organic acids in 0.1 N HCl at pH 1.2, (b) BL–amino
acids at pH 1.2, (c) BL–organic acid at pH 6.8, and (d) BL–amino acids in
phosphate buffer at pH 6.8 (mean ± standard deviation, n = 3).

Fig. 9 Powder X-ray diffraction patterns of baicalin (BL) and BL solid
dispersions (BSDs) after 6 months of storage at room temperature.
BSDs were prepared with (a) citric acid (BL–CA), (b) fumaric acid (BL–
FA), (c) oxalic acid (BL–OA), (d) glutamic acid (BL–Glu), (e) asparagine
(BL–Asp) and (f) histidine (BL–His).
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3.8 Chemical stability

Fig. 10 shows the chemical stability of BL in different BSDs.
More than 95% of BL content was found in all the BSDs after
six months of storage. This suggested that the BSD
formulations were stable for a long time and BL was
chemically stable in the matrices of the formulations.

4. Conclusion

In the present study, different organic and amino acids were
used as co-formers to prepare solid dispersions to enhance
the aqueous solubility, dissolution, and stability of BL. These
changes in the physicochemical properties of BL, after its
conversion into a co-amorphous system, could be attributed
to the non-covalent interactions between BL and co-formers.
Among the prepared formulations, the highest solubility and
the fastest dissolution rate were observed with His which
could be explained by the complete amorphization of BL with
His as observed by PXRD analysis. Importantly, the results of
the stability studies clearly revealed the stabilization of BL in
an amorphous phase over a period of six months. Therefore,
the developed BL–His system could be used in designing
pharmaceutical dosage forms of BL with improved aqueous
solubility, dissolution and physicochemical stability.
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