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Li Zhang,*a Guanhua Dub and Yang Lu*a

This study presents the synthesis and characterization of novel cocrystal structures of theophylline (THE)

with the amino acids gamma-aminobutyric acid (GABA) and L-arginine (ARG). Despite a large number of

reports about THE cocrystals, no crystallographic parameters of cocrystals formed by THE and amino

acids have been reported. THE is characterized by low solubility, while amino acids as cocrystal co-

formers (CCFs) are increasingly recognized for their high solubility and safety. Consequently, the

synthesis of cocrystals with amino acids has garnered considerable research interest. To optimize THE's

physicochemical properties, amino acids were chosen as CCFs, resulting in the synthesis of two novel

cocrystals: THE-GABA and THE-ARG-2H2O. Comprehensive characterization, such as X-ray diffraction

analysis, spectral analysis, thermal analysis, and dynamic vapor sorption were conducted for THE-GABA

and THE-ARG-2H2O, alongside stability and solubility assessments. To better explain the characterization

and evaluation results, the theoretical calculation methods were adopted, including the molecular

electrostatic potential (MESP), topological analysis, energy framework, Hirshfeld surface and crystal voids.

The study's findings reveal that the solubility and permeability of THE in both novel cocrystals, THE-

GABA and THE-ARG-2H2O, have increased, especially in the latter. Meanwhile, the hygroscopicity of

them was at a low level which was basically consistent with THE.
Introduction

Theophylline (THE), a medication commonly used for respira-
tory diseases1–3 like chronic obstructive pulmonary disease
(COPD) and asthma,1,2,4–7 functions by inhibiting phosphodi-
esterase (PDE) and thus preventing the breakdown of cAMP
within cells. At least four anhydrous forms (form I, form II, form
III, form IV) and a monohydrate of THE have been reported,
among which form II is used for experiments. As a marketed
form, form II is more stable than form I at room temperature.8

Form III is produced by dehydration of monohydrate under low
pressure or vacuum conditions.9 Form IV is the most thermo-
dynamically stable anhydrous polymorph.10

However, THE is associated with side effects like those of
caffeine, primarily affecting the gastrointestinal system, such as
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nausea, as well as the psychiatric and nervous systems,
including symptoms like anxiety and insomnia.11,12 Further-
more, THE's low water solubility restricts its pharmaceutical
development and efficacy. Enhancing solubility can reduce the
amount of active pharmaceutical ingredient (API) required for
equivalent therapeutic effects.13,14 Therefore, increasing the
water solubility of THE has been a signicant focus of research.

Cocrystals offer a promising method for enhancing the
physical and chemical attributes of API.15–17 Cocrystals are
unique single crystals formed in a specic stoichiometric ratio,
consisting of two or more distinct solid molecular compounds
bonded through supramolecular forces.17,18 In the context of
APIs, incorporating cocrystal co-formers (CCFs) signicantly
alters the charge density of the molecule.19,20 This development
of cocrystals is oen associated with modications in their
physicochemical properties.21–24 Studies have demonstrated
that cocrystals can alter various characteristics such as melting
point, dissolution rate, thermal stability, and permeability,
thereby impacting the drug's bioavailability without altering its
chemical structure.25

Based on the Cambridge Crystallographic Data Centre
(CCDC) and literature research, approximately 130 cocrystals of
THE have been reported. One part of CCFs is acidic with an
acidic group such as tartaric acid,26 ferulic acid,27 and
aspirin.28–30 The other part is nitrogen-containing alkaline, such
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 MESP (kcal mol−1) of THE, ARG, and GABA.
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View Article Online
as benzamide,31 lamotrigine,32 and niclosamide.33–35 However,
no crystals of THE with amino acids are reported on CCDC.

Amino acids, due to their low toxicity and natural occurrence,
are deemed ideal and promising CCF candidates.36 As zwitterions,
amino acids can exhibit both acidity and alkalinity.37 At the same
time, amino acids have been widely used as CCFs to improve the
stability and solubility of an API38,39 in cocrystal structures. The
solubility of ritonavir increased aer forming a cocrystal with D-
alanine.40 In addition, cocrystals with amino acids can also reduce
the side effects of the drug substance.41 Mesalamine was an anti-
inammatory drug in the small intestine with a bloating effect.
Mesalamine hydrochloride's cocrystal with glutamine had an
acid–base stabilization effect in the gastrointestinal uid, which
reduced bloating.42 There have been even cocrystals with amino
acids already on the market, such as Steglatro (co-crystal between
ertugliozin and L-pyroglutamic acid) and Suglat (co-crystal
between ipragliozin and L-proline).43 The commercially avail-
able product related to amino acids is sodium theophylline gly-
cinate salt,44 for which no crystallographic parameters have been
reported. The sodium theophylline salt has been found to sustain
high plasma concentrations of THE without posing a signicant
risk of severe adverse reactions.45 This potential advantage high-
lights the substantial research signicance of cocrystals formed
by THE and amino acids.

Two novel cocrystals formed from THE and amino acids were
obtained: theophylline-gamma-aminobutyric acid (THE-GABA)
and theophylline-arginine-2H2O (THE-ARG-2H2O). The struc-
tures of API and CCFs are shown in Scheme 1. As illustrated in
Scheme 2, the MESP of these compounds are marked by red
areas indicating electron-rich regions and blue areas denoting
electron-decient regions. During the formation of zwitterionic
ions via intramolecular proton transfer, the electron density
tends to concentrate, which manifests itself in MESP as greater
local maxima and smaller local minima. In this context, the
electron-rich region of THE (carbonyl) has the potential to
establish hydrogen bonds with the electron-decient region
(quaternary ammonium salt) of GABA and ARG.

In addition to its ability to cross the blood–brain barrier as
a major inhibitory neurotransmitter in the mammalian central
nervous system (CNS), gamma-aminobutyric acid (GABA) plays
Scheme 1 Chemical structures of THE, ARG, and GABA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a crucial role in promoting neuronal development and relaxa-
tion, as well as in the prevention of insomnia and depres-
sion.46,47 Arginine (ARG), classied as a nonessential amino acid
in healthy adults,48 contributes to immune function by
increasing growth hormone secretion.49 Therefore, the cocrys-
tals of THE-GABA and THE-ARG-2H2O hold promising impli-
cations in both pharmaceutical and nutritional domains.

In this study, the novel de novo synthesized cocrystals were
characterized by single-crystal X-ray diffraction (SCXRD),
powder X-ray diffraction (PXRD), differential scanning calo-
rimetry (DSC), dynamic vapor sorption (DVS), and infrared
spectroscopy (IR). Additionally, their solubility was systemically
assessed in conditions simulating the in vivo environment and
in pure water. Subsequently, the results were analyzed and
interpreted through theoretical calculations.

Experiment
Materials

THE (Form II) raw material was purchased from Wuhan Yuan-
cheng Gongchuang Technology Co., Ltd (Hubei, China). Arginine
was acquired from Hubei Wande Chemical Industry Co., Ltd
(Hubei, China), and g-aminobutyric acid was obtained from Bei-
jing Chemical Reagent Co. (Beijing, China). All analytical grade
solvents were sourced from Sigma-Aldrich (St. Louis, MO, USA).

Synthesis and crystallization

Cocrystals of THE-GABA and THE-ARG-2H2O were synthesized
by solvent-assisted grinding with mortar and pestle. Equimolar
amounts of THE (180.1 mg, 1 mmol) and GABA (103.1 mg, 1
mmol) with 4 mL ethanol were ground for about 40 min and
equimolar amounts of THE (180.1 mg, 1 mmol) and ARG
(174.2 mg, 1 mmol) in 2 mL water were ground for about
40 min. The two cocrystals were both dissolved in methanol and
then le to stand under ambient conditions for approximately
5–10 days, resulting in the formation of colorless crystals.
RSC Adv., 2024, 14, 40006–40017 | 40007
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Unsaturated states of THE: to attain unsaturation, 2 mL
water solution was added, followed by approximately 10 mg of
THE. The solution was stirred at 37 °C for 48 hours aer the
rotor was added, and the residual powder was measured aer
the water solution evaporated.

Supersaturated states of THE: to attain supersaturation,
2 mL water solution was added, followed by approximately
50 mg of THE. The solution was stirred at 37 °C for 48 hours
aer the rotor was added, and the residual powder was
measured aer the water solution evaporated.

SCXRD analysis

The Rigaku XtaLAB Synergy four-circle diffractometer (Rigaku,
Americas) with Cu-Ka radiation (wl = 1.54178 Å) was used to
collect all the diffraction intensity data of single crystals. The
SCXRD measurement was conducted at 293 K. Crystal struc-
tures were generated through Olex2 (Version 1.5)50–53 and
SHELXL (2018.3)54 soware. The crystal structure was solved by
the direct method,55 using the least squares method to correct
the structural parameters. All the non-hydrogen atoms were
rened anisotropically and the hydrogen atoms were located
using Fourier analysis and geometric calculation.

THE-GABA (1 : 1) crystallized in the Ia space group of the
monoclinic system and the asymmetric unit of one contains one
THE molecule and one GABA molecule. THE-ARG-2H2O (1 : 1 :
2) crystallized in the P1 space group of the triclinic system and
the asymmetric unit of one contains one THE molecule, one
ARG molecule and two water molecules.

PXRD analysis

PXRD patterns of API, CCFs, and cocrystals were collected with
a Rigaku D/Max-2550 powder X-ray diffractometer (Rigaku,
Tokyo, Japan) under a Cu Ka radiation of l = 1.54178 Å, 2q
scanning range of 3–40°, and a scanning speed of 8° min−1.
Simultaneously, the theoretical powder patterns of the cocrys-
tals were calculated using the Mercury (Version 2023.3.0)56

soware.

DSC analysis

DSC curves of API, CCFs, and cocrystals were measured by
a DSC instrument (Mettler Toledo, Switzerland). Samples (3–5
mg) were placed in an aluminum crucible with a lid and heated
at 10 °C min−1. STARe evaluation soware (Version 16.30) was
used to process the atlas.

IR analysis

Each sample was measured by Spectrum 400 Fourier transform
IR with attenuated total reection accessory (PerkinElmer,
Waltham, MA, USA). The experimental conditions were over the
range of 4000–400 cm−1 with 16 scanning times having a reso-
lution of 4.000 cm−1.

DVS analysis

DVS is a well-established method for the measurements of
vapor sorption and desorption.57,58 Surface Measurement
40008 | RSC Adv., 2024, 14, 40006–40017
Systems (SMS) DVS apparatus (London, U.K.) was used to record
moisture sorption and desorption measurements of THE and
cocrystals. Approximately 30–50 mg of the sample was placed
onto a quartz DVS round-bottom pan. The sample was pre-
equilibrated with a continuous ow of dry nitrogen for 5 min.
Subsequently, the relative humidity (RH) was incrementally
increased from 0% to 90%, with each step consisting of a 10%
increase. Following this, the RH gradually decreased to 0% in
equal increments. Throughout the process, the equilibrium
criterion, dened as dm /dt (the rate of mass change over time),
was maintained at 0.02% min−1 for every step.

Solubility measurements

The solubility tests of THE and cocrystals were performed at 37 °
C in the dissolution media of water (pH 7.0), phosphate buffer
(pH 6.8), acetate buffer (pH 4.5), and hydrochloric aqueous
solution (pH 1.2). The buffer recipes were as follows: pH 7.0:
puried water; pH 6.8 : 6.8 g of potassium dihydrogen phos-
phate and 0.94 g sodium hydroxide were dissolved in 1 L water;
pH 4.5 : 18 g sodium acetate and 9.8 mL glacial acetic acid were
added to 1 L water; pH 1.2 : 9 mL hydrochloric acid was added to
1 L water.

Aer the addition of 2 mL buffer solution, about 50 mg
cocrystal samples were added to achieve a suspension state.
Subsequently, the mixture was stirred for 48 h at 37 °C, diluted
to the desired concentration, and analyzed using high-
performance liquid chromatography (HPLC). The concentra-
tions of THE were quantied on an Agilent HPLC system (Agi-
lent 1200 series, East Brunswick, NJ, USA) with a Welch
Materials XB-C18 column (4.6 mm × 250 mm, 5 mm), and the
detection wavelength was 271 nm. The mobile phase was
prepared with water: ACN (85 : 15); the ow rate was 1
mL min−1, and the column temperature was set at 30 °C. The
remaining powder was collected and dried for phase analysis by
PXRD.

IDR test

The intrinsic dissolution rate (IDR) of THE and its cocrystals
was measured by an RC12AD dissolution apparatus over
30 min. Accurately weighed solids equivalent to 120 mg of THE
were placed in the intrinsic attachment and compressed at
a pressure of 300 kg for 1min to create a at surface on one side.
The container holding the compressed sample was immersed in
900 mL of deionized water, maintained at a temperature of 37±
0.2 °C. Samples were collected at 2, 6, 10, 14, 18, 22, 26, 30 min
at 37 °C and 100 rpm rotating speed at the same depth. Aer
ltration through a 0.45 mm syringe tip lter, the samples were
detected on an HPLC system while the test condition remained
the same as mentioned in Solubility measurements.

Permeability test

Permeability of THE and cocrystals was determined experi-
mentally by cellulose nitrate membrane (0.45 mm, Cytiva, Ger-
many) and a modied Franz diffusion cell apparatus. 5 mL
buffer medium (pH 6.8) was added to the device and bubbles
were expelled. The buffer medium was then kept at 37 ± 0.2 °C
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Hydrogen bonding interactions and hydrogen bond motifs
R4

3(18) of THE-GABA; (b) Hydrogen bonding interactions and
hydrogen bond motifs R2

2(9) and R4
4(28) of THE-ARG-2H2O.
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and rotated at 100 ± 5 rpm. Then 10 mg THE and the same
equivalent of cocrystals were placed on the membrane.
According to the set predetermined time, a 0.5 mL sample was
taken from the device at a time and supplemented with fresh
medium.

Theoretical calculation

The intermolecular interactions between API and CCFs were
explored by density functional theory, and topological analysis
was conducted by applying the quantum theory of atoms in
molecules (QTAIMs).59 The B3LYP-D3/6-31G* level was
employed for all the hydrogen atom geometry optimizations.
The B3LYP-D3/6-311G** level was used for single point energy
calculations using Gaussian 16 package.60 The Multiwfn 3.8
program was used for all wave function analyses.61 Crystal voids,
promolecule density, and energy frameworks were calculated
using CrystalExplorer 21.3 soware.62

Results and discussion
Crystal structure analysis

The two cocrystals obtained by the slow evaporation method
were characterized by SCXRD. The detailed crystallographic
information on all cocrystals is listed in Table 1. Hydrogen bond
interactions are the mainmotivations for the formation of these
cocrystals. The detailed formation of hydrogen bonds is listed
in Table S1.† The formation of hydrogen bonds is accompanied
by changes in electron density around atoms close to each
other. The electron density around different hydrogen bond
motifs is partially shown in Fig. 3. Besides, the cocrystal lattice
energies already reported for THE were summarized (Fig. S1†).
The two cocrystal lattice energies are in average positions. The
cocrystals of THE involved in Fig. S1 are listed in Table S2.†

In THE-GABA, the main hydrogen bond motifs are shown on
the le of (a) in Fig. 1. The hydrogen bonds of N4–H4/O1S (2.68
Å) and N1S–H1S/N3 (3.09 Å) link the THE and GABA molecules
together. The oxygen atoms of the carboxylate group of the
GABA molecule act as H-bond acceptors towards THE molecule
(O1S) and two GABA molecules (O2S, which works as bifurcated
Table 1 Crystal cell parameters and structure refinement of the
cocrystals

Cocrystal

Formula THE-GABA THE-ARG-2H2O
Space group Ia P1
a (Å) 7.2517(2) 5.8709(2)
b (Å) 21.6583(5) 7.7140(3)
c (Å) 8.7412(3) 11.1553(3)
a (deg.) 90 72.564(3)
b (deg.) 112.434(3) 81.718(3)
g (deg.) 90 72.804(3)
Volume (Å3) 1268.99(7) 459.59(3)
Z 4 1
Density (g cm−3) 1.483 1.411
R1 (I > 2s(I)) 0.0416 0.0430
wR2 (I > 3s(I)) 0.1127 0.1155
CCDC deposition no. 2307422 2307423

© 2024 The Author(s). Published by the Royal Society of Chemistry
acceptors), as shown in Fig. 1. These hydrogen bond interac-
tions assemble THE and GABA molecules. Besides, the two
planes where THE and GABA are located separately form 66° in
Fig. 2.

In THE-ARG-2H2O, the hydrogen bonds are -affected by the
presence of two water molecules. N3 of THE forms a hydrogen
bond with O1W–H1WB of one water molecule, which forms
a hydrogen bond with O2W of another water molecule at the
same time. And O2W forms a hydrogen bond with N1S of ARG.
The hydrogen bond interactions connect THE, ARG and two
water molecules. Water in organic molecules can be divided
into two categories: lattice water and channel water. Fig. S2†
illustrates the analysis of the locations of crystallization water
molecules, conducted using the water analyzer module of
Mercury. And the water in THE-ARG-2H2O belongs to channel
water. The probe radius is set to 1.2 Å, which is the approximate
molecular radius of one water molecule. The volume of the
water molecule is 53.80 Å3, which is 11.7% of unit cell volume.
Similar to THE-GABA, the hydrogen bond is formed by the
carboxyl group and the amino group of ARG molecules.
However, the connection of the amino group of ARG to THE is
Fig. 2 (a) The stepped-like structure of THE-GABA; (b) the ladder-like
structure of THE-ARG-2H2O.

RSC Adv., 2024, 14, 40006–40017 | 40009
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assisted by two water molecules. Unlike THE-GABA, the
carbonyl groups in THE are involved in forming classical
hydrogen bonds.63,64 “Classical hydrogen bond” refers to
hydrogen bonds that donors do not include groups consisting
of C–H. THE is connected with one ARG by N4–H4/N2S and
N4S–H4S/O2 in the motif R2

2(9). Hydrogen bonds N3S–H3S/O1

and O1W–H1W/N3 are also involved in the connection of THE
and ARG. Furthermore, because THE, ARG, and the two water
molecules are almost on the same plane (178.59°), the hydrogen
bond interactions assemble them into a ladder-like structure, as
shown in the middle of (b) in Fig. 2. From the ladder structure,
the hydrogen bonds between the two water molecules signi-
cantly contribute to stabilizing THE's binding to the chain
structure formed by ARG.65,66

Topological analysis

Topological analysis based on atoms in molecules (AIM) theory
can be used to analyze hydrogen bond relationships, in which
bond critical point (BCP) and bond path are important param-
eters. For classical hydrogen bonds, hydrogen bond strength is
the focus in the study of intermolecular interactions to distin-
guish the strength of interactions. Sometimes, bond path
length is used to compare the strength of hydrogen bonds, but it
is an unreliable criterion for judgment. According to,67 the
electron density at BCP has an optimal correlation with the
strength of hydrogen bonds. This study uses this method to
analyze the strength of each hydrogen bond formed with THE in
each cocrystal while comparing it to the bond path length. The
results are shown in Fig. 3. For example, in cocrystal THE-ARG-
2H2O, imidazole in THE forms a hydrogen bond with the
guanidine group in ARG with a bond path length of 2.915 Å,
which is supposed to be a weak hydrogen bond as judged from
the bond path length. However, the results show that this
Fig. 3 Topological analysis of the electronic density of THE-GABA (a)
and THE-ARG-2H2O (b).

40010 | RSC Adv., 2024, 14, 40006–40017
hydrogen bond is the strongest in Fig. 3(b) because of the
highest electron density at BCP.
PXRD analysis

PXRD is mainly used for the solid-phase analysis of powder.68

The newly formed cocrystals oen have specic PXRD patterns
due to their unique crystal structure. Therefore, PXRD patterns
of the cocrystal are compared with patterns calculated from the
SCXRD structure (Fig. 4: le). To facilitate intuitive observation
of the variation of the diffraction peaks, the variation in the
characteristic diffraction peaks is labeled as “ ”. The pure
phase of API and CCFs PXRD patterns are included. It is evident
that the patterns calculated from the SCXRD structure (labeled
with the prex “THEO”) align closely with the experimental
patterns. Notably, the primary characteristic peaks of THE and
CCFs disappear, and new characteristic diffraction peaks are
generated, signifying the creation of new phases. Water mole-
cules are presented in THE-ARG-2H2O. The removal of water
molecules at elevated temperatures was conducted to deter-
mine the feasibility of obtaining anhydrous THE–ARG. Upon
equilibrating the powder of THE-ARG-2H2O at 130 °C for 30
minutes, the PXRD pattern of the powder exhibited peaks cor-
responding to THE and ARG. The anhydrous THE–ARG was
ultimately not acquired.
Thermal analysis

DSC is a common detection technique to identify thermody-
namic changes in cocrystal and crystalline forms.69 The DSC
curves of cocrystals are shown in Fig. 4 (right). THE-GABA
exhibited a melting endothermic peak at 232.25 °C, whereas
THE-ARG-2H2O showed a corresponding peak at 133.98 °C.
Among them, the endothermic peak of THE-ARG-2H2O at
133.98 °C indicates the release of water, and then melting
occurs aer 190 °C. The peaks of the cocrystal exhibit apparent
differences from API or CCFs, which implies the formation of
cocrystals. TG (Fig. S3:† right) analysis was applied to investi-
gate the crystalline solvent presented in the structures. There-
fore, based on the results of TG analysis, the cocrystal THE-
Fig. 4 PXRD patterns (left) and DSC (right) of API, CCFs, and the
corresponding cocrystals (characteristic peaks are marked as ).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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GABA does not contain solvent or water. For THE-ARG-2H2O,
the TG curve shows a weight loss step in the temperature range
of 80–140 °C, and the mass loss rate is 8.68%, consistent with
the theoretical mass loss rate of 9.23% of two water molecules.

IR analysis

The formation of the hydrogen bonding interaction between API
and CCFs led to changes in the IR spectra of the cocrystals
compared with the IR spectra of API and CCFs.70 SCXRD data
show that the sites forming hydrogen bonds of THE mainly are
on the secondary amine and imine group of the imidazole ring
and carbonyl of the pyrimidine ring. The intermolecular
hydrogen bonding interaction led to alterations in the IR spectra
of the cocrystals, specically in the wavenumber bands of 3500–
3100 cm−1 (nN–H), 3400–3300 cm−1 (nC]N) and 1690–1640 cm−1

(nC]O). Compared with THE, the cocrystals of vibration frequency
generally moved to lower frequencies. The main vibrational data
of the cocrystals and their preliminary attribution are shown in
Table S3, and the IR spectra are shown in Fig. S3 (le).†

DVS analysis

Hygroscopicity can be dened as “a phenomenon that occurs
when a certain amount of water vapor exposed to a solid at
Fig. 5 Crystal voids occupied in the unit cell and promolecule density
surface of THE (a), cocrystal THE-GABA (b), and THE-ARG-2H2O (c) at
a 0.002 a.u. isosurface.

Table 2 The information of the void surface and promolecule density (i

Compounds Voids (Å3) Voids (%) Promolecule d

THE 79.80 10.0 174.24
THE-GABA 76.98 6.1 291.79
THE-ARG-2H2O 44.82 9.8 412.43

© 2024 The Author(s). Published by the Royal Society of Chemistry
a given temperature and relative humidity is taken up and
retained utilizing noncovalent interactions, particularly
hydrogen bonding, with some effect on the surface and/or bulk
properties of the solid”.71,72 Hygroscopicity may be attributed to
the forming of hydrogen bonds between functional groups
exposed to air on a solid surface and water molecules and voids
in the crystal structure.73 ARG and GABA as zwitterions
(Schemes 1 and 2) can cause strong ion–water interaction, so
the hygroscopic properties of API, amino acid, and cocrystals
were examined.

Sorption and desorption of THE, GABA, ARG, and their
cocrystals are illustrated in Fig. S4.† The results from the
DVS indicate that the anhydrous forms of THE (BAPLOT01)
and ARG (ARGIND11) exhibit negligible hygroscopicity, with
values of 0.075% and 0.786%, respectively. In contrast, GABA
(GAMBUT01) displays signicant hygroscopic characteristics,
with a much higher value of 63.33%. Notably, the formed coc-
rystals reduce the hygroscopicity of GABA and ARG to varying
degrees.

The hygroscopicity of THE-GABA, measured at 0.064%, falls
below the standard threshold of 0.2% for hygroscopicity, cate-
gorizing it as having negligible or virtually no hygroscopic
properties. Although the moisture weight gains of the THE-
ARG-2H2O (0.426%) are higher than that of THE, it only belongs
to the substance with slight hygroscopicity. The crystal voids
were examined (Fig. 5 and Table 2) about the potential presence
of voids following the development of the co-crystals, which
could let the ingress of water molecules, ultimately compro-
mising the structure.
Crystal voids analysis

The void space refers to the unoccupied areas within a crystal
structure where solvent molecules can attach or be incorporated
during dissolution or solvation processes. In a novel cocrystal
complex of THE and malonic acid,14 the hygroscopicity of THE
and its cocrystals were linked to the voids and promolecule
density74 of the respective crystals. The relevant calculation
results are listed in Table 2 and shown in Fig. 5. Generally,
smaller voids or a higher promolecule density in the crystal
correlate with reduced hygroscopicity. This correlation has been
conrmed in the case of the THE-GABA cocrystal. However, the
dihydrate cocrystal, THE-ARG-2H2O, deviates from this pattern,
likely due to the inherent water content of the hydrate itself.
Solubility and IDR

High solubility and fast dissolution are essential for optimal
pharmacokinetics and improved therapeutic efficacy.75
sovalue 0.002 e au−3)

ensity (Å3) Promolecule density (%) Moisture weight (%)

87.0 0.0749
92.1 0.0660
89.7 0.428
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Fig. 6 IDR results of THE and cocrystals.

Fig. 7 Solubility results of THE and cocrystals.
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The IDR parameter is a good indicator to predict bioavail-
ability performance. The IDR results of THE cocrystals are
presented in Fig. 6. At pH 7.0, 6.8, 4.5, and 1.2, THE-ARG-2H2O
and THE-GABA signicantly increase the dissolution rate of
THE in the order THE-ARG-2H2O > THE-GABA.
Table 3 Solubility of THE and cocrystals (mean ± SD mg mL−1, n = 3)

Compound THE

pH 1.2 Saturation concentration 7.8 � 0.09
Post-experimental pH 1.84
Final solid powder Monohydrate of

pH 4.5 Saturation concentration 6.67 � 0.17
Post-experimental pH 4.80
Final solid powder Monohydrate of

pH 6.8 Saturation concentration 6.68 � 0.12
Post-experimental pH 6.90
Final solid powder Monohydrate of

pH 7.0 Saturation concentration 6.66 � 0.31
Post-experimental pH 6.27
Final solid powder Monohydrate of

40012 | RSC Adv., 2024, 14, 40006–40017
Fig. 7 and Table 3 show the solubility, nal solid powder and
post-experimental pH results of THE (THE form II, CSD ref-code
BAPLOT) at pH= 1.2, pH= 4.5, pH= 6.8, and pH= 7.0 buffered
solutions. Solubility experiments were carried out by the
suspension stirring method at 37 °C for 48 h. The solubilities of
THE-ARG-2H2O are higher than that of THE at pH= 6.8 and pH
= 7.0 buffered solutions, around ve times and 3.2 times,
respectively. Aer the buffered solutions were absorbed, the
nal powder in the vial was subjected to PXRD testing. Inter-
estingly, it was observed that only at pH levels of 7.0 and 6.8 did
the PXRD patterns of the nal powder closely match those of
THE-ARG-2H2O. In contrast, whether it is THE-ARG-2H2O at pH
1.2 and pH 4.5, or THE-GABA and THE in the four buffered
solutions, the nal powder predominantly transforms into
a monohydrate of THE. Concurrently, it is also noted that these
powder patterns largely correspond with THE in supersaturated
water. The pH was measured aer the experiments. The PH
values of THE-GABA and THE are close to each other in the four
media solutions. In contrast, in THE-ARG-2H2O, the data of pH
in four media solutions are greater than THE, with 6.8 being
close to 7.0. This may be because the pKa value of ARG is greater
than those of GABA and THE. The pH values in Table 3 suggest
that the buffer capacity was overwhelmed in some cases. This is
all the more reason to list the suspension composition in the
Experiment section.

The process of solubility occurs when the cocrystals enter the
aqueous solution, the crystal surface is surrounded by water
molecules, which also enter the void space thereby structurally
disintegrating. Since the molecules generally tend to exist in
a more stable state, the more water-soluble CCF leaves the
lattice rst into the aqueous medium.76 The results of IDR and
solubility experiments show that the dissolution rate of THE-
GABA is signicantly improved compared to that of THE, but no
change is notable in solubility. This may be because the pres-
ence of GABA could not limit the transformation of THE poly-
morph II to THE monohydrate during standing at equilibrium
solubility. In THE-ARG-2H2O, the guanidine group of ARG
exhibits sensitivity to hydrogen ion concentration, indicating
that pH (H+ concentration) inuences the state of the cocrystals,
which exist in a cocrystal state at pH 6.8 and 7.0.

Furthermore, the conversion of THE polymorph II with water
to THE monohydrate necessitated supersaturation conditions
THE-GABA THE-ARG-2H2O

6.81 � 0.06 8.05 � 0.18
2.04 3.21

THE Monohydrate of THE Monohydrate of THE
6.42 � 0.58 6.95 � 0.059
4.82 5.53

THE Monohydrate of THE Monohydrate of THE
6.49 � 0.04 34.83 � 1.00
6.88 8.92

THE Monohydrate of THE Cocrystal
6.42 � 0.26 21.55 � 2.09
6.28 8.93

THE Monohydrate of THE Cocrystal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 PXRD and DSC patterns of THE.

Fig. 10 Hirshfeld surface (mapped with dnorm) of THE (a), THE-GABA
(b) and THE-ARG-2H O (c) and percentage contributions to the
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that were discovered serendipitously. The supersaturated and
unsaturated states of THE in water were compared. As observed
in Fig. 8, it is found that under identical conditions in water,
only the supersaturated state of THE (polymorph II) primarily
converted into THE monohydrate. The PXRD pattern observed
in the unsaturated state remains consistent with the API form of
THE.
2

Hirshfeld surface area (d).
Permeability

Oral drug bioavailability is mainly affected by the permeability
of drugs through the gastrointestinal membrane and the
solubility/dissolution of drugs in the gastrointestinal environ-
ment.1 Therefore, intestinal pH 6.8 was simulated to conduct
permeability studies on THE and cocrystals. The results are
shown in Fig. 9. Taking into account the importance of the
apparent permeability coefficient (Papp) values for the overall
evaluation of the permeability of drug-like compounds. The Papp
of THE is 142.40 × 10−6 cm s−1, the Papp of THE-GABA is 85.59
× 10−6 cm s−1, and the Papp of THE-ARG-2H2O is 31.32 ×

10−6 cm s−1. In Fig. 9, THE-ARG-2H2O has basically reached
saturation penetration at 60 min, THE-GABA has basically
reached saturation at 180 min, and THE has not reached satu-
ration aer 250 min. Therefore, both cocrystals improve the
permeability of THE, especially THE-ARG-2H2O.
Hirshfeld surface and 3D energy frameworks

The nature and individual contributions of each intermolecular
interaction within a crystal lattice can be illustrated by the
Hirshfeld surface. The ngerprint on the right and percentage
Fig. 9 Permeability results of THE and cocrystals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
contributions to the Hirshfeld surface revealed that H/H
contacts have maximum contributions in both cocrystals. In
Fig. 10, the deep red spots indicate sites where hydrogen bonds
were formed, and the shade of color corresponds to the strength
of the interaction. In THE-GABA, O/H (16.2%), H/O (13.2%),
and N/H (6.8%) interactions have high contributions to the
Hirshfeld surface. In THE-ARG-2H2O, O/H (13.4%), N/H
(11.1%), and H/O (5.9%) interactions have notable contribu-
tions to the Hirshfeld surface. The H–O/O–H and N–H/H–N
contributions of THE, THE-GABA and THE-ARG-2H2O were
40.3%, 35.9%, and 38.7%, respectively.

The 3D energy framework can be utilized to analyze the
energy interaction between molecules. This total interaction
energy is calculated per unit cell. The energy framework calcu-
lations are based on molecular wave functions, generating
electron densities using the CE-B3LYP/6-31G (d, p) method. The
energy frameworks for the molecule, encompassing coulomb,
dispersion, and total energies, are depicted using cylinders of
different colors. These cylinders were scaled (tube size) by
a factor of 100 and have a cut-off energy of −5 kJ mol−1. The
cylinder's diameter varies according to the strength of the
interaction. As illustrated in Fig. S5,† the calculation results
reveal that Coulomb energy predominates in THE and THE-
ARG-2H2O. However, dispersion energy is also signicant in
THE and THE-ARG-2H2O. The relationship between Coulomb
and dispersion energies is reversed in the THE-GABA cocrystal,
with dispersion energy playing the leading role.

Conclusions

In this study, two novel cocrystals with amino acids were
synthesized successfully, THE-GABA and THE-ARG-2H2O, using
solvent-assisted grinding and slow evaporation methods. To
identify the predominant cocrystal form, a range of character-
izations were conducted, including SCXRD, PXRD, DSC, TGA,
and IR, as well as solubility, IDR, permeability and
RSC Adv., 2024, 14, 40006–40017 | 40013
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hygroscopicity evaluations. Topological analysis, Hirshfeld
surface and 3D energy frameworks were used to analyze inter-
molecular interaction forces and Crystal voids analysis was used
to analyze hygroscopicity. Although THE-GABA demonstrates
an enhancement in dissolution rate and permeability, THE-
ARG-2H2O displays a more pronounced rise. This may result
from variations in the solubility of CCFs. In the Hirshfeld
surface results, a smaller percentage of O–H/H–O and N–H/H–

N, suggesting weaker intermolecular hydrogen bonding, may
explain the higher solubility of THE-ARG-2H2O. The solubility
experiments indicated that the solubility of THE-ARG-2H2O
enhanced solely at pH levels 6.8 and 7.0. The guanidinium
group of ARG is sensitive to hydrogen ion concentration,
leading to minimal enhancement in solubility at pH 4.5 and 1.2.
Consequently, APIs or CCFs with guanidine groups must
consider the inuence of pH during polymorphic or cocrystal
activity. In addition, it was unexpectedly found that the
conversion of THE polymorph II to THE monohydrate requires
supersaturation conditions (water solution). Therefore, the
saturation state of THE must be considered during pharmaco-
logical operations involving water solution related to THE. Our
study provides experience and examples for exploring the
structure–property relationships in pharmaceutical cocrystals.
THE-ARG-2H2O, as a superior cocrystal form, signicantly
enhances the solubility of THE while remaining stable, offering
valuable material for further in vivo studies.
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