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Abstract
Purpose  To synthesize and characterize new cocrystals of berberine chloride (BCl) for potential pharmaceutical tablet 
formulation.
Methods  Solutions of BCl with each of three selected cocrystal formers, catechol (CAT), resorcinol (RES), and hydroquinone 
(HYQ) were slowly evaporated at room temperature to obtain crystals. Crystal structures were solved using single crystal 
X-ray diffraction. Bulk powders were characterized by powder X-ray diffraction, thermogravimetric-differential scanning 
calorimetry, FTIR, dynamic moisture sorption, and dissolution (both intrinsic and powder).
Results  Single crystal structures confirmed the formation of cocrystals with all three coformers, which revealed various inter-
molecular interactions that stabilized crystal lattices, including O–H···Cl− hydrogen bonds. All three cocrystals exhibited better 
stability against high humidity (up to 95% relative humidity) at 25 ℃ and higher intrinsic and powder dissolution rates than BCl.
Conclusion  The enhanced pharmaceutical properties of all three cocrystals, as compared to BCl, further contribute to the 
existing evidence that confirms the beneficial role of cocrystallization in facilitating drug development. These new cocrystals 
expand the structure landscape of BCl solid forms, which is important for future analysis to establish a reliable relationship 
between crystal structure and pharmaceutical properties.
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Introduction

Cocrystallization is an effective crystal engineering approach 
for improving the solid-state properties of active pharma-
ceutical ingredients (APIs), such as solubility, dissolution, 
bioavailability, and stability, without changing their phar-
macological activities [1–6]. Cocrystals can be synthesized 
under relatively mild conditions, such as at room tempera-
ture by grinding [7, 8]. However, It is not yet possible to 
reliably design cocrystals with desired product performance 

[9, 10]. Attaining such a goal requires a robust understand-
ing of the crystal structure and property relationship [11], 
which demands a large number of cocrystals with pertaining 
properties characterized.

Berberine (Fig. 1a) is a compound with anti-bacterial 
and anti-inflammatory activities [12, 13]. Berberine has 
the effects of dilating blood vessels and reducing blood 
pressure and thrombosis [14, 15]. Corresponding to these 
potential clinical benefits, berberine has been used to 
treat ventricular arrhythmia and supraventricular arrhyth-
mia [16]. Given its pharmaceutical importance, several 
cocrystals of its chloride salt, BCl, have been prepared to 
modify its properties [17–21], making it one of possible 
candidate systems for exploring an understanding of crys-
tal structure – property relationship. Among the pharma-
ceutical properties, we are mainly interested in solubility 
and dissolution because the ability to modulate solubility 
and dissolution is important for attaining adequate bio-
availability of poorly soluble APIs, such as berberine. The 
solubility of BCl·2H2O in water is 3.27 mg/mL at 37°C 
[22]. Despite a predicted pKa value of -4.4 was report in 

 *	 Shuyu Liu 
	 liushuyu1219@163.com

 *	 Changquan Calvin Sun 
	 sunx0053@umn.edu

1	 School of Chemistry and Chemical Engineering, Shanghai 
University of Engineering Science, Shanghai 201620, China

2	 Pharmaceutical Materials Science and Engineering 
Laboratory, Department of Pharmaceutics, University 
of Minnesota, Minneapolis, MN 55455, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-023-03533-w&domain=pdf
http://orcid.org/0000-0001-7284-5334


2792	 Pharmaceutical Research (2023) 40:2791–2800

1 3

the DrugBank, the concept of pKa is not applicable to ber-
berine because it is a quaternary ammonium compound 
with a permanent positive charge, where a proton is not 
involved in its ionic equilibrium. The log P value predicted 
by Chemaxon in the DrugBank is -1.3. Globally, the aque-
ous solubility of cocrystals positively correlates with that 
of coformer, if cocrystals do not undergo phase change 
during equilibrium with a saturated solution [23–28]. We 
previously found that the cocrystals of BCl with aliphatic 
dicarboxylic acids exhibited odd-even alternation in melt-
ing points and intrinsic dissolution rates with the carbon 
chain length [19]. In three BCl cocrystals prepared with 
aromatic carboxylic acids, namely, 4-aminobenzoic acid, 
4-hydroxybenzoic acid and 2,6-dihydroxybenzoic acid, an 
inverse relationship between melting point and dissolution 
rate was found [20].

In this work, we have prepared three new cocrystals of 
BCl with structurally similar benzendiol isomers (Fig. 1b–d), 
i.e., catechol (CAT), resorcinol (RES), and hydroquinone 
(HYQ), to further increase the chemical diversity of BCl 
cocrystals. Benzendiol coformers were previously shown to 
improve the physicochemical properties of some APIs [26, 
29–32]. They all have high aqueous solubility, which make 
them attractive candidates for synthesizing cocrystals with 
improved solubility.

Materials and Methods

Materials

Berberine chloride dihydrate (BCl·2H2O, 97% purity) 
were purchased from Shanghai Civi Chemical Co., Ltd. 
(Shanghai, China). Catechol (CAT, 99% purity), resorcinol 
(RES, 99% purity) and hydroquinone (HYQ, 99% purity) 

were purchased from Shanghai Titan Scientifical Co., Ltd. 
(Shanghai, China). All materials were used as received.

Methods

Preparation of BCl Cocrystals

Three cocrystals of BCl, i.e., BCl-CAT·H2O, BCl-RES and 
BCl-HYQ·CHCl3, were prepared by slow solvent evapora-
tion. BCl·2H2O (20 mg, 0.049 mmol) and CAT (5.4 mg, 
0.049 mmol) were dissolved in 2 mL methanol. The solution 
was allowed to evaporate slowly at room temperature. Yellow 
crystals were obtained after 3 days. Yellow crystals of BCl-
RES and BCl-HYQ·CHCl3 were obtained in a similar manner 
but using a chloroform-methanol mixture (v:v = 10:1) as a 
solvent. Several parallel reactions were set up under identi-
cal conditions to prepare multiple cocrystal samples, which 
were combined to obtain bulk powders for characterization.

Single Crystal X‑ray Diffraction (SCXRD)

Single crystal X-ray diffraction data were collected on a 
Bruker APEX-II CCD diffractometer (Karlsruhe, German). 
Crystal structures were solved by direct methods and opti-
mized with full-matrix least squares method on F2 using 
ShelXT program. All non-hydrogen atoms were refined ani-
sotropically. All hydrogen atoms were refined isotropically.

Powder X‑ray Diffraction (PXRD)

PXRD were carried out on a Bruker D8 Advance powder 
diffractometer with a Cu-Kα radiation at room temperature. 

Fig. 1   Chemical structures of (a) berberine chloride (BCl), (b) cat-
echol (CAT), (c) resorcinol (RES), (d) hydroquinone (HYQ).

Table I   Crystallographic Data of Berberine Chloride Cocrystals

BCl-CAT·H2O BCl-RES BCl-HYQ·CHCl3

Empirical for-
mula

C26H26ClNO7 C26H24ClNO6 C27H25Cl4NO6

Formula weight 499.93 481.91 601.28
Temperature/K 170 170 170
Crystal system monoclinic triclinic triclinic
Space group P21/n P-1 P-1
a/Å 17.4771(17) 9.962(2) 7.4595(19)
b/Å 7.2961(6) 10.527(2) 14.587(3)
c/Å 19.3333(18) 12.651(3) 25.793(6)
α/° 90 76.807(7) 100.988(9)
β/° 109.592(3) 69.278(7) 93.653(9)
γ/° 90 64.412(6) 95.301(9)
volume/Å3 2322.55(37) 1976.7(3) 2733.8(11)
Z 4 2 4
ρ(calc)/g ∙cm−3 1.430 1.436 1.461
CCDC 2236536 2236537 2236538
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The current and voltage were 40 mA and 40 kV, respectively. 
PXRD data was collected in the 2θ range of 5–45° with a 
scanning speed of 10°/min.

Thermal analyses

The thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) thermograms of BCl·2H2O and the 
three cocrystals were simultaneously determined by a STA-
8000 thermal analyzer (PerkinElmer, USA). Each sample 
(5 ~ 10 mg) was placed in an aluminum pan and heated from 
30 to 250℃ under nitrogen at a heating rate of 10℃/min.

Fourier Transformation Infrared Spectroscopy (FT‑IR)

FT-IR spectra of all samples were collected on a FTIR spec-
trophotometer (Nicolet iS20, Thermo Scientific) using KBr 
pellets at room temperature. Samples were scanned in the 
wavenumber range of 4000 to 400 cm−1 with the resolution 
of 4 cm−1, each spectrum is an average of 32 scans.

Dynamic Water Vapor Sorption Isotherm (DVS)

Moisture sorption properties of these samples were measured 
using a DVS instrument (Intrinsic, Surface Measurement 

Systems, London, UK) at 25 ± 0.1℃. The mass change of the 
samples was monitored over a humidity cycle of 0–95–0% 
RH in 10% RH steps up to 90% RH and then 5% step to 95% 
RH under a continuous flow of nitrogen with a desired RH 
at each step. An equilibration criterion of dm/dt  < 0.002% 
min−1 was applied for all steps. The Samples were assessed 
by PXRD before and after each DVS experiment to detect 
possible phase change.

High Performance Liquid Chromatography (HPLC) Analysis

The concentration of berberine were determined on an 
HPLC (LC-1260S, Agilent) equipped with a C18 column 
(4.6 mm × 150 nm, 5 μm). A mixture of methanol and 0.4% 
phosphoric acid (40/60, v/v) was used as the mobile phase 
with the flow rate of 1.0 mL/min at 30℃. The detection 
wavelength was 230 nm and the injection volume of sample 
was 10 µL.

Accurately weighed BCl·2H2O was dissolved in volu-
metric flasks to obtain standard solutions with approximate 
concentrations of 0.01, 0.02, 0.05, 0.10, 0.13, 0.17, 0.22, 
and 0.25 mg/mL. Linear regression of the peak area of ber-
berine (Y) vs. concentration (X, mg/mL) led to a standard 
curve of Y = 42680X (R2 = 0.9999), which conformed to 
the analysis requirement.

Fig. 2   The crystal structure of BCl-CAT·H2O, (a) ORTEP diagram with labelling scheme, (b) key intermolecular interactions (hydrogen bonds 
are teal colored), and molecular packing viewed along (c) a-axis, (d) b-axis, and (e) c-axis.
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Solubility

Aqueous solubility was determined by the shake-flask 
method. Approximately 100 mg of each sample was sus-
pended in 5 mL deionized water, and was magnetically 
stirred at 37℃ for 24 h. The suspension was then filtered 
through a 0.25 µm Nylon filter. After discarding the first two 
drops, the filtered solution collected with the concentration 
of BCl determined by HPLC. The solubility of each sample 
was tested in triplicate and remaining solids were analyzed 
by PXRD for phase identification.

Intrinsic Dissolution Rates (IDR)

IDR was measured by using a compressed disc (12 mm 
diameter, 250 mg) on an infrared tablet press (FW-5A, 
Tianjin Botian Shengda, China) at 15 MPa hydraulic pres-
sure for 3 min. The side and one face of the disc was coated 
with beeswax, so that only one flat surface was exposed to 
the dissolution medium. The disc was introduced into a dis-
solution vessel containing 900 mL distilled water. The tem-
perature of the water bath was 37℃ and the stirring rate was 
50 rpm. Concentration of BCl in the dissolution medium at 
1, 4, 7, 10, 15, 20, 25, 30, 40, 50, and 60 min was determined 
by HPLC. At each time point, 5 mL of the medium was 
withdrawn and the same volume of fresh dissolution medium 
was immediately added. Before HPLC analysis, the solution 
was filtered through a 0.22 μm Nylon filter. After discarding 

the first two drops, the filtered solution was collected and 
diluted as appropriate for concentration determination. The 
determination of IDR of each cocrystal was triplicated.

Powder Dissolution

BCl·2H2O, BCl-CAT·H2O, BCl-RES and BCl-HYQ·CHCl3 
powders were manually ground in a mortar and sieved with 
a 100-mesh sieve before the dissolution experiment. In 
each run, an accurately weighed sample corresponding to 
approximately 100 mg of BCl was placed in the dissolu-
tion vessel containing 900 mL distilled water. The tempera-
ture of the water bath was 37℃ and the stirring rate was 
50 rpm. Concentrations of BCl at 5, 10, 15, 20, 30, 45, 60, 
90, 120 min were determined the same way as that for IDR 
determination.

Results and Discussion

Crystal Structure Analysis

The key crystallographic data of the three cocrystals of BCl 
are listed in Table I. Both BCl-HYQ·CHCl3 and BCl-RES 
crystals belong to the triclinic P-1 space group, while BCl-
CAT·H2O belongs to the monoclinic P21/n space group.

The asymmetric unit of the BCl-CAT·H2O contains one 
BCl, one CAT, and one H2O (Fig. 2a). Berberine cations and 

Fig. 3   The crystal structure of BCl-RES, (a) ORTEP diagram with labelling scheme, (b) key intermolecular interactions (hydrogen bonds are 
teal colored), and molecular packing viewed along (c) a-axis, (d) b-axis, and (e) c-axis.
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CAT molecules pack to form a column running along the 
b-axis direction with chloride anions adjacent to berberine 
cations to maintain charge neutrality (Fig. 2b). Within each 
column, neighboring berberine molecules are related by an 
inversion center. Two berberine columns sandwich a column 
of CAT and H2O (Fig. 2b). Each chloride anion connects to 
one CAT molecule through an O-H‧‧‧Cl− hydrogen bond, 
two H2O molecules through two bifurcated O-H‧‧‧Cl− hydro-
gen bonds, and one berberine cation through two bifurcated 
C-H‧‧‧Cl− weak hydrogen bonds. Each H2O molecule con-
nects to an adjacent CAT molecule through an O-H‧‧‧O 
hydrogen bond, and each CAT molecule connects to a ber-
berine cation through a C-H‧‧‧O hydrogen bond (Fig. 2b). 
Crystal structure viewed along the three unit cell axes are 
shown in Fig. 2c-e. Hydrogen bonds in BCl-CAT·H2O are 
summarized in Table S1.

The asymmetric unit of BCl-RES contains one BCl 
and one RES (Fig. 3a). Berberine cations stack to form a 
column running along the a-axis direction with chloride 
anions in the neighborhood to maintain charge neutral-
ity (Fig. 3b). Within each berberine column, the adjacent 
berberine cations are related through an inversion center. 

The RES molecules take an orientation with its molecular 
plane running parallel to the berberine columns, i.e., the 
a-axis (Fig. 3c). Each chloride anion connects to two RES 
molecules through two O-H‧‧‧Cl− hydrogen bonds and with 
three surrounding berberine cations through C-H‧‧‧Cl− weak 
hydrogen bonds. Each RES molecule connects with one ber-
berine cation through a C-H‧‧‧O hydrogen bond (Fig. 3b). 
Structure views along different unit cell axes are shown in 
Fig. 3c–e. Hydrogen bonds in BCl-RES are summarized in 
Table S2.

The asymmetric unit of BCl-HYQ·CHCl3 contains two 
molecules of BCl, two molecules of CHCl3, one whole mol-
ecule of HYQ and two half molecules of HYQ (Fig. 4a). 
Key interactions are graphically shown in Fig. 4b. Like the 
two earlier cocrystals, berberine cations stacked to form a 
column running along the a-axis direction (Fig. 4c) and 
adjacent berberine cations within each column are related 
through an inversion center. The presence of chlorine anion 
near berberine cations maintains the charge neutrality of 
the cocrystal. HYQ molecules, with a planar orientation 
parallel to the berberine columns, fill the space between 
berberine columns (Fig. 4b). Each HYQ molecule connects 

Fig. 4   The crystal structure of BCl-HYQ·CHCl3, (a) ORTEP diagram with labelling scheme, (b) key intermolecular interactions (hydrogen 
bonds are teal colored), and molecular packing viewed along (c) a-axis, (d) b-axis, and (e) c-axis.
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to two chloride anions through two O-H‧‧‧Cl− hydrogen 
bonds and two berberine cations through two C-H‧‧‧O 
hydrogen bonds. Each chloride anion connects to a berber-
ine cation through a C-H‧‧‧Cl− weak hydrogen bond. Each 
CHCl3 molecule connects with one chloride anion through 
a C-H‧‧‧Cl− weak hydrogen bond and with two berberine 
cations through two bifurcated C-H‧‧‧Cl− weak hydrogen 
bonds (Fig. 4b). The structure of this crystal along different 
unit cell axes are shown in Fig. 4c–e. Hydrogen bonds in 
BCl-HYQ·CHCl3 are summarized in Table S3.

PXRD Analysis

All of the three cocrystals exhibited characteristic diffrac-
tion peaks different from BCl·2H2O, and characteristic peaks 
of initial components disappeared in their PXRD patterns 
(Fig. 5), which indicated the formation of three new crystal-
line phases. In addition, the PXRD patterns of three powders 
are in good agreement with the PXRD patterns calculated 
from the solved crystal structures, suggesting they are the 
same phase as these single crystals.

Thermal Analysis

The DSC thermogram of BCl·2H2O exhibited two endother-
mic peaks at  ~ 87℃ and  ~ 191℃ (Fig. 6), which correspond 
to dehydration of BCl·2H2O and melting of the anhydrous 
BCl, respectively.

Three endothermic peaks of  ~ 110℃, 173℃ and 199℃ 
were observed in the DSC thermogram of BCl-CAT·H2O 
(Fig. 6a). TGA data suggests that BCl-CAT·H2O undergoes 
a weight loss of 3.69% when heated from room temperature 
to 120℃ (Fig. 6b), which is approximately that of the theo-
retical water content of 3.60%. Therefore, the broad endo-
therm peaked at 110℃ in the DSC thermogram corresponds 
to dehydration. Since the endothermic peak at 173℃ is not 
accompanied by any weight loss, it is attributed to the melt-
ing of anhydrous BCl-CAT. The sharp endothermic peak 
at 199℃, which corresponds to a significant weight loss, is 
attributed to thermal decomposition.

The DSC curve of BCl-RES showed a single melting 
endothermic peak at 207℃, which is accompanied by sig-
nificant weight loss (Fig. 6). Hence, we attribute this to 
melting with simultaneous evaporation or degradation of 
the melt.

For BCl-HYQ·CHCl3, the DSC thermogram exhib-
ited three endothermic peaks at  ~ 87℃, 151℃ and 224℃ 
(Fig. 6a). The first endotherm is interpreted as the loss 

Fig. 5   Experimental and calculated PXRD patterns of (a) BCl-
CAT·H2O, (b) BCl-RES and (c) BCl-HYQ·CHCl3 cocrystal powders 
compared with corresponding parent materials.
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of chloroform since it corresponds to a weight loss from 
room temperature to 100℃ (Fig. 6b). This weight loss 
(8.5%) is significantly lower than the theoretical chloro-
form content in the crystals (19.9%), indicating partial 
desolvation of the sample during storage. The endotherm 
at 151℃ is likely a polymorph phase change of the anhy-
drous BCl-HYQ  since no weight change around that 
temperature. The endotherm at 223.8℃ is interpreted as 
melting accompanied by the decomposition of anhydrous 

BCl-HYQ. Overlaid TGA and DSC thermograms of BCl-
2H2O, along with each cocrystal and corresponding cofor-
mer are shown in Fig. S1.

FT‑IR Spectroscopic Analysis

Figure 7 shows the FTIR spectra of BCl-CAT·H2O, BCl-
RES, BCl-HYQ·CHCl3 cocrystals. The wave number 
assignments of main functional groups are summarized in 

Fig. 6   TGA (a) and DSC (b) thermograms of BCl·2H2O, BCl-CAT·H2O, BCl-RES, and BCl-HYQ·CHCl3.

Fig. 7   FTIR spectra of (a) BCl-CAT·H2O, (b) BCl-RES, (c) BCl-HYQ·CHCl3 cocrystals.
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Table II. In the FT-IR spectrum of BCl-CAT·H2O, the strong 
absorption bands at 3440 cm−1 and 3318 cm−1 correspond 
to the O-H stretching vibrations, and the absorption band 
at 1619 cm−1 represents the stretching vibration of C = C 
of benzene ring of CAT. These absorption bands shifted 
to 3105 cm1, 3043 cm−1 and 1568 cm−1, respectively. The 
absorption band at 3426 cm−1 of BCl-CAT·H2O correspond 
to the O-H stretching vibrations of water in the crystal lat-
tice. In addition, the C = C stretching vibration at 1629 cm−1 
for BCl·2H2O is shifted to 1596 cm−1 in BCl-CAT·H2O.

The absorption bands at 3255 cm−1 and 1609 cm−1 of RES 
are attributed to the stretching vibrations of O-H and C=C, 
respectively. They shift to 3109 (O-H) and 1568 cm−1 (C=C) 
in BCl-RES. The C=C stretching vibration of BCl·2H2O 
(1629  cm−1) shift to 1596  cm−1 in BCl-RES. In BCl-
HYQ·CHCl3, stretching vibrations of O-H (3228 cm−1) and 
C=C (1514 cm−1) of HYQ shift to 3057 cm−1 and 1566 cm−1, 
respectively. In addition, the C=C stretching vibration for 
BCl·2H2O at 1629 cm−1 shifted to 1599 cm−1 in the cocrystal. 
The shifts of stretching vibrations of various functional groups 
observed in cocrystals indicate the presence of intermolecular 
interactions between the BCl and coformers.

Hygroscopicity

Similar to a previous study [18], BCl absorbs 8.1% water at 
10% RH to form a dihydrate (Fig. 8), which has a theoretical 
water content of 8.8%. Little weight change was observed in 
the RH range of 10%-70%, indicating physical stability of the 
dihydrate in this RH range. However, the weight increased 
sharply with RH above 80% and reached a water content of 
17.2% at 95% RH, corresponding to a tetrahydrate (16.3% the-
oretical water content). The tetrahydrate remained stable when 
the RH decreased to 20%, but partial weight loss occurred at 
10% RH and complete weight loss occurred at 0% RH.

All three cocrystals exhibited much lower hygroscopic-
ity than BCl, with no more than 5% weight gained at 95% 
RH (Fig. 8). The dried BCl-CAT·H2O attained 2.3% weight 
at 10% RH, roughly corresponding to one H2O molecule 
(theoretical water content is 3.6%), indicating facile hydrate 
formation. The total weight gain eventually reached 3.1% at 
95% RH. Since the overall weight gain was lower than that 
expected for a monohydrate, the initial drying step likely 
did not completely remove water from the crystal lattice of 
BCl-CAT·H2O. However, the desorption curve superimposes 
the sorption curve with no observed hysteresis, suggesting 
excellent reversibility of the hydration and dehydration reac-
tions and the isotherm corresponds to true thermodynamic 
equilibrium.

At 95% RH, the maximum amount of moisture gained 
was 4.7% by BCl-RES and 3.2% by BCl-HYQ·CHCl3. Since 
their desorption curves were close to their sorption curve 
and no step changes in the isotherms, the weight gain is 
attributed to surface water adsorption. All three cocrystals 
fall in the “hygroscopic” class according to the classification 
in the European Pharmacopoeia (2–15% moisture uptake).

The PXRD patterns of the three cocrystals before and 
after the moisture sorption experiments suggest no phase 
change (Figure S2).

Solubility

BCl-CAT·H2O and BCl-RES exhibited slightly higher aque-
ous solubility than BCl·2H2O (Table III). However, the solu-
bility of BCl-HYQ·CHCl3 was slightly lower than BCl·2H2O, 
i.e., 0.327 mg/mL at 37℃, which was measured after 3 days 

Table II   Assignments of Key FTIR Peaks of BCl·2H2O, Cocrystals, 
and Coformers

Sample νO-H νC = C

BCl·2H2O 3420 1629
CAT​ 3440/3318 1619
RES 3255 1609
HYQ 3228 1514
BCl-CAT·H2O 3426/3105/3043 1600/1568
BCl-RES 3109 1596/1568
BCl-HYQ·CHCl3 3057 1599/1566

Fig. 8   DVS isotherms of BCl and three cocrystals at 25℃.

Table III   Solubility Values of BCl·2H2O and Three Cocrystals at 37℃ 
(n = 3)

Crystal form Solubility (mg/mL)

BCl·2H2O 3.10 ± 0.03
BCl-CAT·H2O 3.70 ± 0.08
BCl-RES 3.93 ± 0.13
BCl-HYQ·CHCl3 2.89 ± 0.03
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of equilibration in water [22]. The solubility values of 
cocrystals followed the descending order of BCl-RES > BCl-
CAT·H2O > BCl-HYQ·CHCl3, which is the same as that of 
coformers, i.e., RES (1100 mg/mL) [26]  > CAT (430 mg/
mL) [26]  > HYQ (70 mg/mL) [33].

PXRD analyses of solids at the end of the solubil-
ity experiments suggested complete transformation into 
BCl·2H2O by BCl-RES and BCl-HYQ·CHCl3 and partial 
transformation into BCl·2H2O by BCl-CAT·H2O (Fig. 9). 
Thus, the solubility values in Table III are merely remi-
niscent of the thermodynamic solubility of cocrystals, 
which should have been much more different from that of 
BCl·2H2O had phase conversion not occurred. To mitigate 
the phase conversion issue during solubility measurements, 
we determined intrinsic dissolution rates of these crystals.

Dissolution Properties

All three cocrystals exhibited higher intrinsic dissolu-
tion rates (IDR) than that of BCl·2H2O in water at 37℃ 
(Fig.  10a). The IDRs of the three cocrystals are 1.64, 

5.42, 1.54 times higher than BCl·2H2O, following the 
descending order of BCl-RES (1.217 ± 0.007  mg/cm2/
min) > BCl-CAT·H2O (0.367 ± 0.003 mg/cm2/min) > BCl-
HYQ·CHCl3·(0.346 ± 0.005  mg/cm2/min) > BCl·2H2O 
(0.224 ± 0.002 mg/cm2/min). The powder dissolution pro-
files are qualitatively consistent with the significantly dif-
ferent IDRs, where the time to complete dissolution follows 
the ascending order of BCl-RES (5 min) < BCl-CAT·H2O 
(10  min) < BCl-HYQ·CHCl3 (60  min) < BCl·2H2O 
(120 min). Although BCl-CAT·H2O and BCl-HYQ·CHCl3 
had similar IDR (Fig. 10a), BCl-HYQ·CHCl3 did not dis-
perse as easily as BCl-CAT·H2O and formed lumps during 
powder dissolution. Thus, the effective surface area of BCl-
HYQ·CHCl3 is smaller, leading to slower powder dissolu-
tion (Fig. 10b). The significantly faster dissolution of all 
three cocrystals than BCl·2H2O indicated their potential in 
improving the bioavailability of berberine. Of course, BCl-
HYQ·CHCl3 would not be suitable for use in commercial 
tablets due to the toxicity of CHCl3.

Our results suggest that cocrystallization could be an 
effective approach for simultaneously modulating multi-
ple pharmaceutical problems of berberine. Overall, BCl-
RES is the best among the three cocrystals for use in 
tablet formulation because of its thermal stability, physi-
cal stability against RH variations, higher aqueous solu-
bility, and faster dissolution. Also importantly, these new 
cocrystals expand the structure landscape of BCl solid 
forms, which is important for future analysis to attain a 
reliable relationship between crystal structure and phar-
maceutical properties.

Conclusion

Three cocrystals of BCl with CAT, RES and HYQ were 
successfully prepared by the solvent evaporation method. 
Compared to BCl·2H2O, all three cocrystals exhibited bet-
ter physical stability against high humidity and faster dis-
solution. These findings add to the existing evidence that 

Fig. 9   PXRD patterns of BCl·2H2O and three cocrystals after solubil-
ity experiment.

Fig. 10   Dissolution curves of 
BCl·2H2O, BCl-CAT·H2O, 
BCl-RES, and BCl-HYQ·CHCl3 
in water at 37℃. (a) intrinsic 
dissolution rate, and (b) powder 
dissolution.
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confirms the beneficial role of cocrystallization in facilitat-
ing drug development by improving multiple pharmaceuti-
cal properties. Among the three novel cocrystals, BCl-RES 
exhibits overall superior properties that make it a suitable 
solid form for developing a berberine oral tablet product.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s11095-​023-​03533-w.
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