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The specific crystalline form of a compound remarkably affects its physicochemical properties. Therefore,
a detailed analysis of the structural features and intermolecular interactions of a multi-component crystal
is feasible to understand the relationships among the structure, physicochemical properties and the for-
mation mechanism. In the present study, three novel cocrystal salt solvates of rhein and berberine were
reported for the first time. Various solid characterizations and theoretical computations based on density
functional theory (DFT) were carried out to demonstrate the intermolecular interactions. The theoretical
computation shows that the strongest interaction existed between berberine cation and rhein anion, and
the electrostatic interaction play a dominant role. However, no salt bond was observed between them.
Further intrinsic dissolution rate analysis in water shows that the monohydrate exhibits 17 times en-
hancement in comparison with rhein. The rhein and berberine combined in ionic state in cocrystal salt
is the main reason for the solubility improvement. This paper suggests that the interactions between
the different components can be visualized and qualitatively and quantitatively analyzed by theoreti-
cal computation, which is helpful to understand the relationship between stereochemical structure and
physicochemical properties of multi-component complex.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Rhein (RH) and berberine (BB) are both effective ingredients in
traditional Chinese medicinal materials and have various biolog-
ical activities. For example, rhein demonstrates medical activities
in the treatment of inflammation, osteoarthritis, diabetes and can-
cer [1-4], while berberine shows its advantage in the treatment of
atherosclerosis, diabetes, inflammation, and cancer [5-8]. However,
these two compounds have drawbacks, in which their bioavail-
ability is very low, limiting further clinical application. There are
different reasons for the poor bioavailability of rhein and berber-
ine. Rhein belongs to biopharmaceutics classification system (BCS)
class I compound because of its poor water solubility but better
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permeability [9]. While, berberine hydrochloride has a relatively
good solubility, its permeability is poor, and it belongs to BCS class
Il drug [10]. Therefore, the berberine’s permeability and rhein’s
solubility improvements are beneficial for their bioavailability en-
hancement. Many complementary biological activities are associ-
ated with rhein and berberine. In some classic Chinese medicine
prescriptions, traditional Chinese medicine containing rhein and
berberine as active ingredients are frequently used in the compat-
ibility, such as Sanhuang soup and Xiexin soup [11]. Therefore, a
complex containing rhein and berberine should be designed to de-
termine their complementary physicochemical properties and syn-
ergistic effect, and thus improve their bioavailability.

Based on the above consideration, we carried out studies on
the organic salts (only composed of ions) of rhein and berberine
(Scheme 1) [12] and accidentally obtained a series of cocrystal salt
solvates. Cocrystal is a complex which consists of two or more
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Scheme 1. Structure of (a) rhein, (b) rhein anion and (c) berberine cation.

solid state compounds linked together via non-covalent bonds [13-
15]. It has attracted more and more attentions from pharmaceuti-
cal industries because its advantages on the physicochemical prop-
erties improvement for poorly water-soluble drugs [16-19]. Ac-
cording to the multicomponent crystal classification [20], cocrystal
salt solvate belongs to a special class. Its components include both
the molecule and ion states of drugs or coformers and the molec-
ular states of water or solvents. Although the existence of the sol-
vents may increase the toxicity, the importance of solvates is still
reflected in their potential contributions of new crystalline forms.
Some solvates exist as approved drugs on the market. Among the
cocrystal salt solvates in this study, the ratio of rhein molecule:
rhein anion: berberine cation: solvent molecule is 1:1:1:1, and the
solvents used were water [21], methanol, ethanol and acetonitrile,
respectively.

To fully understand the crystallization form, we carried out ex-
perimental characterizations, such as single crystal X-ray diffrac-
tion (SXRD), powder X-ray diffraction (PXRD), differential scanning
calorimetry (DSC), and thermogravimetric (TG) analysis [22-26].
Starting from the structural characteristics of these complexes, dif-
ferent theoretical computations based on DFT were used to analyze
the charge distribution, weak interaction, and other characteristics
of their structures by using different programs [27-31], such as re-
strained electrostatic potential (RESP) charge distribution, atom in
molecule (AIM) topological analysis, molecular electrostatic poten-
tial surface (MEPS), and energy decomposition analysis (EDA) of in-
teraction energy. In addition, for the cocrystal salt monohydrate,
intrinsic dissolution rate (IDR) analysis was used for in vitro evalu-
ation [32,33].

The cocrystal salt solvates were prepared as follows: A mixture
of BB chloride (1 mmol) and NaOH (1 mmol) was added into 50
mL of water and stirred for 2 h at a speed of 350 rpm. After fil-
tration, approximately 1 mmol RH was added into the filtrate and
sequentially stirred overnight. Then, the solution was filtered and
left to stand at 2-8 °C for approximately 1 month. Dark red crystals
were obtained. The remaining crystals including different solvents
were prepared through the same process in the corresponding sol-
vent. The detailed crystallographic information is shown in Table
S1 (Supporting information). Except for BB-RH-H,0, the other sol-
vates were obtained for the first time. The single-crystal data were
deposited in the CCDC with the reference Nos. 2107884, 2107885
and 2107886.

The main hydrogen bond interactions in the cocrystal salt
solvates were similar (Fig. S1 in Supporting information). Rhein
molecule and anion formed hydrogen bond interaction in D} 2)
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crystal motif. Two rhein molecules formed cyclic hydrogen bond
interaction in R§(16)crysta1 motifs. Intramolecular hydrogen bond-
ing in S} (2) crystal motifs were found in rhein molecule and anion.
However, in BB-RH-H,0, BB-RH-MeOH, and BB-RH-EtOH, rhein an-
ion and solvent molecule also formed hydrogen bond interaction in
D} (2)crystal motifs. In addition, no classical hydrogen or salt bond
was found between rhein anion and berberine cation. w-m stack-
ing interaction were also found in these cocrystal salt solvates and
summarized in Table S2 (Supporting information).

Fig. S2 (Supporting information) shows that the experimental
PXRD patterns were in line with the calculated ones. The results
indicated that the prepared cocrystal salt solvates were in pure
phase and could be used in other characterization experiments.

The DSC curves were similar in that they all contained a solvent
endothermic peak and a complex endothermic peak, and they all
showed the characteristics of melting decomposition. The solvent
endothermic peak of the complexes appeared in the high temper-
ature range of 175-194 °C, suggesting that the solvent played an
important role in maintaining the crystal spatial structure and had
strong interaction with other components. The second endother-
mic peak appeared at 224-232 °C, which was significantly lower
than the endothermic peak of rhein (328 °C) and higher than that
of berberine (204-206 °C). The solvent ratios of all the 4 solvates
were obtained from TG analysis. The relevant TG curves are shown
in green color in Fig. S3 (Supporting information). The mass loss
of solvents were 1.65%, 3.23%, 4.57% and 4.29%. The number of sol-
vents molecules in each solvate was 0.9, 0.9, 0.8 and 1.0, basically
agreeing well with the SXRD results. In addition, a maximum dif-
ference of approximately 6 °C of the endothermic peak tempera-
ture was observed, which indicated significant differences existed
in the arrangement of the three-dimensional space of these cocrys-
tal salt solvates [34,35].

RESP atomic charge can effectively combine the actual situation
of atomic charge in molecules dominated by electrostatic interac-
tions [36]. Charge analysis can show the charge distribution of the
cocrystal salt solvates from a whole or the ion parts and can help
analyze the mechanism of the intermolecular interaction (Table S3
in Supporting information). In these cocrystal salt solvates, rhein
and solvent molecules only have a small negative charge (close
to zero). Rhein anion has a negative charge of —0.8 (close to —1).
Berberine cations have positive charge of 0.9 (close to +1). The N
atom on position 7 should have a positive charge of +1 with intu-
ition, but it actually had only very small positive charge (close to
zero). Generally, the salt bond should be formed between the pos-
itively charged N7 atom in berberine cation and carboxylate ion
in rhein anion. However, the result of charge analysis showed that
N7 atom had only slightly positive charge. Therefore, no salt bond
existence between rhein anion and berberine cation, and they in-
teracted with each other mainly through electrostatic interaction.

Bader’s AIM topological analysis can show the characteristics of
weak interaction of intra- or inter-molecules through the proper-
ties of the bond critical point (BCP) and the corresponding bond
path (BP) between interacting atoms [37,38]. The BCP (orange ball)
and the corresponding BP (orange line) of classical hydrogen bonds
are shown clearly in Fig. 1. The BCP and BP of the non-classical
hydrogen bonds such as C-H--O and C-H--C were also exhibited
clearly.

The topologies of BB-RH-H,0, BB-RH-MeOH, and BB-RH-EtOH
were very similar and differed from BB-RH-ACN. BCP and BP can
accurately show the intermolecular interactions as well as the in-
tramolecular interactions in cocrystal salt solvates. Fig. 1 indicates
the absence of BCP and BP between the rhein anion and berber-
ine cation, indicating that no salt bond was present. AIM topology
analysis can qualitatively show the existing interactions but can-
not directly quantify the strength of the interaction. Therefore, we
used MEPS and EDA to carry out additional analysis.
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Fig. 1. AIM topological analysis of cocrystal salt solvates. (a) BB-RH-H,0; (b) BB-RH-MeOH; (c) BB-RH-EtOH; (d) BB-RH-ACN.

Fig. 2. MEPS analysis of cocrystal salt solvate BB-RH-H;O.

Most of the interactions dominated by hydrogen bonds belong
to electrostatic interactions, which can be demonstrated and an-
alyzed using MEPS [39-43]. In the present paper, the color scale
of the MEPS of each component in the cocrystal salt solvates was
used BWR method. The blue region represents electron-rich re-
gions. The red region represents the electron-deficient region and
the white region was generally neutral. The cyan and orange ball
represent the local minimum and maximum on the MEPS, respec-
tively. Fig. 2 shows the MEPS of BB-RH-H,0 and the MEPS of the
other three are show in Fig. S4 (Supporting information). The in-
teraction sites in BB-RH-H,0, BB-RH-MeOH, and BB-RH-EtOH were
similar but quite different from BB-RH-ACN. The MEPS analysis
from a spatial perspective confirmed the AIM analysis results.

EDA can decompose the total interaction energy between frag-
ments into energy terms of physical significance to investigate the
nature of the interaction [44-46]. GSK-EDA decomposes the inter-
action energy into five parts, as shown in Eq. 1.

AEtotal — AEele+ AEeX-i-AErep-i-AEpOl +AEdi5p (-1)

where AE™®! is the total interaction energy of the complex, AEee
is the electrostatic energy, AE®* is the exchange energy, AE™P is
the repulsion energy, AEPY! is the polarization energy, and AEdisP
is the electron correlation.

As listed in Table 1 and showed in Fig. S5 (Supporting infor-
mation), the interaction of pair 1,2 (rhein anion and berberine
cation) was basically dominated by electrostatic energy, which was
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the strongest interaction in these cocrystal salt solvates. The in-
teraction of pair 1,3 (rhein anion and rhein molecule) was basi-
cally dominated by electrostatic, exchange, and polarization energy.
The interaction is the second strongest interaction, which reflected
the O-H--0 classical hydrogen bond interaction. The interactions of
pairs 1,4 (rhein anion and solvent) and 2,3 (rhein molecule and
berberine cation) were much weaker than pairs 1,2 and 1,3. The
interactions of pair 1,4 was basically dominated by electrostatic en-
ergy with polarization energy as secondary. The interactions of pair
2,3 were basically dominated by electrostatic energy with polariza-
tion and dispersion energy as secondary. Considering the long dis-
tance between the components of pairs 2,4 (berberine cation and
water) and 3,4 (rhein molecule and solvent), no intermolecular in-
teractions were observed between them.

EDA combined MEPS analysis can accurately explain the nature
of the intermolecular interactions. For instance, no hydrogen or salt
bond was found between rhein and berberine ion, but the EDA re-
vealed that the interaction between them was the strongest and
was even more than the hydrogen bond interaction between rhein
and rhein ion. This finding cannot be easily explained by AIM topo-
logical analysis. Although no global maximum site is present in the
MEPS of the methoxy group on position 10 of berberine cation, this
region has four local maximum sites, which interacts with the car-
bonyl group on position 10 of rhein anion. The addition of these
numbers will yield a value of approximately +50 kcal/mol. Hence,
the strength of the interaction can be clearly evaluated. This phe-
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Table 1

Energy decomposition in cocrystal salt solvates (kcal/mol).
Pair AE¢le AE* AE™P AEP! AEdisp AE
BB-RH-H,0
Pair 1,2 -39.07 -4.24 7.10 -3.19 -1.36 -40.76
Pair 1,3 -42.13 -53.87 100.60 -37.10 -4.33 -36.83
Pair 1,4 -12.52 -11.38 19.14 -4.88 -1.05 -10.69
Pair 2,3 -11.03 -14.59 24.48 -5.07 -5.19 -11.40
Pair 2,4 0.09 -0.00 0.00 -0.00 -0.01 0.08
Pair 3,4 0.56 -0.00 0.00 0.04 -0.07 0.53
Pairwise sum -104.1 -84.08 151.32 -50.2 -12.01 -99.07
Total interaction -103.66 -83.61 150.60 -50.34 -11.97 -98.98
Many-body effects 0.44 0.47 -0.72 -0.14 0.04 0.09
BB-RH-MeOH
Pair 1,2 -39.04 -4.18 7.00 -3.21 -1.31 -40.74
Pair 1,3 -42.53 -55.80 104.35 -37.97 -4.38 -36.33
Pair 1,4 -16.57 -19.62 33.76 -7.64 -2.40 -12.47
Pair 2,3 -11.23 -14.99 25.18 -5.17 -5.27 -11.47
Pair 2,4 0.78 -0.00 0.00 0.06 -0.08 0.75
Pair 3,4 0.55 -0.00 0.00 0.04 -0.08 0.51
Pairwise sum -108.04 -94.59 170.29 -53.89 -13.52 -99.75
Total interaction -107.59 -94.05 169.44 -53.65 -13.38 -99.23
Many-body effects 0.45 0.54 -0.85 0.24 0.14 0.52
BB-RH-EtOH
Pair 1,2 -38.45 -3.71 6.20 -3.13 -1.13 -40.22
Pair 1,3 -39.58 -50.43 93.72 -33.65 -4.33 -34.27
Pair 1,4 -11.77 -16.62 28.01 -5.52 -5.68 -11.58
Pair 2,3 -18.57 -24.40 42.04 -9.26 -3.27 -13.46
Pair 2,4 0.70 -0.00 0.00 0.04 -0.08 0.66
Pair 3,4 0.54 -0.00 0.01 0.04 -0.11 0.47
Pairwise sum -107.13 -95.16 169.98 -51.48 -14.6 -98.40
Total interaction -106.68 -94.65 169.11 -50.84 -14.40 -97.45
Many-body effects 0.45 0.51 -0.87 0.64 0.20 0.95
BB-RH-ACN
Pair 1,2 -36.04 -4.48 7.52 -3.10 -0.95 -37.04
Pair 1,3 -35.83 -42.56 78.74 -27.87 -3.59 -31.11
Pair 1,4 -10.48 -12.38 20.87 -5.34 -1.64 -8.97
Pair 2,3 -10.35 -14.53 24.20 -4.59 -5.68 -10.94
Pair 2,4 1.20 -0.00 0.00 0.08 -0.12 1.17
Pair 3,4 0.63 -0.01 0.01 0.04 -0.12 0.55
Pairwise sum -90.87 -73.96 131.34 -40.78 -12.1 -86.34
Total interaction -90.64 -73.59 130.86 -40.78 -12.23 -86.39
Many-body effects 0.23 0.37 -0.48 0.00 -0.13 -0.05

nomenon can also be analyzed qualitatively based on the MEPS di-
agram. The larger the penetration distance between rhein molecule
and rhein anion, the larger the repulsion energy.The smaller the
penetration distance between rhein molecule and berberine cation,
the smaller the repulsion energy. Although the electrostatic attrac-
tion of the former was larger, after deducting the effect of repul-
sion energy, the interaction of the latter was stronger.

In terms of druggability of the cocrystal salt solvates, BB-RH-
H,0 was selected to investigate the dissolution rate of rhein and
berberine in water. According to the IDR experiment, the disso-
lution rate of berberine was reduced by approximately 6 times
and the dissolution amount in 60 min reduced by approximately
4 times, however the dissolution rate of rhein was increased by
approximately 17 times, and the dissolution amount in 60 min in-
creased by approximately 14 times (Fig. 3).

In this paper, four cocrystal salt solvates of rhein and berber-
ine were prepared and characterized. To understand the structural
features, we used a series of theoretical calculation methods (qual-
itative and quantitative) based on DFT theory to explore the in-
teraction among these multi-component substances. This method
of combining experimental characterization with theoretical calcu-
lation is significant for understanding their formation mechanism
and can be used as reference the structure and physicochemical
properties of other substances. RESP charge analysis can show the
charge distribution of molecules and ions, and this information
is helpful to evaluate salt formation. AIM topological analysis can
qualitatively reveal the existence of interaction through the exis- Fig. 3. IDR test for BB-RH-H,O0, rhein (a) and berberine (b) in water.
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tence of BCP and BP. MEPS analysis and EDA can carry out semi-
quantitative or quantitative analysis of the interaction to a certain
extent. Especially, EDA can also decompose the interaction in mul-
tiple components to different components to provide a clear un-
derstanding of the nature of the interaction.
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