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New solid forms of tetrahydrocurcumin with
improved solubility†

Fanyu Tian,ab Mengyuan Xia,bc Hao Wang,ab Bingrui Zhang,bc Zhenfeng Ding,bc

Xiaoyi Rong,b Bingqing Zhu*b and Xuefeng Mei *abc

Tetrahydrocurcumin (THC), one of the active metabolites of curcumin, possesses pharmacological

activities similar to those of curcumin, such as hypoglycemic, hypolipidemic and antioxidant effects.

However, poor water solubility of THC leads to unfavorable absorption, which limits its application. The

aim of this study was to improve the solubility of THC through cocrystallization. Five cocrystals of THC with

L-proline (THC–L-PRO), D-proline (THC–D-PRO), DL-proline (THC–DL-PRO), 4,4′-bipyridine (THC–BPY), and

betaine (THC–BTN) were discovered for the first time using liquid-assisted grinding. Single crystal structures

of all THC co-crystals were analyzed and comprehensive characterization was performed through PXRD,

thermal analysis, DVS and FT-IR. Dissolution studies were further conducted on two edible cocrystals

THC–L-PRO and THC–BTN, and THC–L-PRO exhibits the highest apparent solubility compared with THC–

BTN and the raw material. Moreover, THC-form II was found in THC–L-PRO dissolution experiments, and

subsequently, the melt crystallization method was used to obtain the pure form of THC-form II. THC-form

II was characterized for its physicochemical properties and the result of the dissolution experiment showed

that it has better solubility compared to THC-form I.

1. Introduction

Curcumin is a natural active ingredient extracted from the
rhizome of Curcuma longa, a plant of the family Zingiberaceae,
and is widely used as a yellow coloring agent and spice in food.
It has a variety of pharmacological activities such as anti-
inflammatory,1 antioxidant,2 antidiabetic,3 anti-bacterial,4 and
anti-viral5 effects, and its safety has been widely
demonstrated.6–8 However, curcumin's powerful colouring
ability also causes problems in practical use, such as the
appearance of the product turns yellow after adding curcumin
to cosmetics, and consumers' skin also turns yellow after
applying it. In addition, water insolubility,9 chemical instability
under physiological conditions10,11 and serious metabolism of
curcumin12 limit its absorption. In particular, in a buffer system
at 37 °C and pH 7.2, curcumin decomposed by about 90%

within 30 minutes.13 Tetrahydrocurcumin (THC) is an active
metabolite of curcumin and appears as a white crystalline
powder with excellent chemical stability; it was not decomposed
when incubated in 0.1 M phosphate buffer for 8 h regardless of
pH.14 It not only exhibits better pharmacological activities than
curcumin in anti-glycemic,3 anti-hyperlipidemic3 and
antioxidant aspects,15 but also solves the coloring problem of
curcumin skin care products. THC is now considered “generally
recognised as safe” (GRAS) and has been evaluated for safety by
the EFSA,16 and might be a promising substitute for curcumin.
However, poor water solubility17 and rapid metabolism18

challenge the absorption of THC. Self-nanoemulsifying drug
delivery systems (SNEDDSs),19 THC–hyaluronic acid (THC–HA)
conjugate20 and THC–diglutaric acid (TDG) prodrug,21 have
been reported to improve THC solubility, but no bioavailability
is available to validate these. It is still necessary to explore more
process-friendly methods that can effectively improve THC
solubility and its bioavailability.

As an emerging crystal engineering strategy, cocrystallization
provides a new way to improve the physicochemical properties
of active ingredients.22–26 Cocrystals are defined as “solids that
are crystalline single phase materials composed of two or more
different molecular and/or ionic compounds generally in a
stoichiometric ratio which are neither solvates nor simple
salts”.27 The active pharmaceutical ingredient (API) and
coformers are generally bonded together in a crystalline lattice
by noncovalent interactions such as hydrogen bonding, π–π

3232 | CrystEngComm, 2024, 26, 3232–3239 This journal is © The Royal Society of Chemistry 2024

a School of Chinese Materia Medica, Nanjing University of Chinese Medicine, 138

Xianlin Avenue, Nanjing 210023, China
b Pharmaceutical Analytical & Solid-State Chemistry Research Center, Shanghai

Institute of Materia Medica, Chinese Academy of Sciences, 555 Zuchongzhi Road,

Shanghai 201203, China. E-mail: xuefengmei@simm.ac.cn
c University of Chinese Academy of Sciences, No. 19A Yuquan Road, Beijing 100049,

China

† Electronic supplementary information (ESI) available: CCDC 2334117–2334121.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4ce00259h

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 9
:1

8:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4ce00259h&domain=pdf&date_stamp=2024-06-17
http://orcid.org/0000-0002-8945-5794
https://doi.org/10.1039/d4ce00259h
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ce00259h
https://pubs.rsc.org/en/journals/journal/CE
https://pubs.rsc.org/en/journals/journal/CE?issueid=CE026024


CrystEngComm, 2024, 26, 3232–3239 | 3233This journal is © The Royal Society of Chemistry 2024

interactions and halogen bonding. Hydrogen bonding is
currently the most widely studied in cocrystal design due to its
saturation and directivity.28,29 Dozens of literature studies have
reported the ability of cocrystallization to improve the solubility
and bioavailability of APIs.30–34 For compounds lacking
ionizable functional groups, cocrystallization provides valuable
opportunities to modulate physicochemical properties. More
than 20 cocrystals of curcumin have been reported (Table S1†),
but no reports on THC cocrystals are available so far. Cocrystal
design of THC was conducted in virtue of its competitive
hydrogen bonding sites such as phenolic hydroxyl groups and
carbonyl groups.

In the present study, based on the molecular structure of
THC, coformers containing carboxylic acid groups and nitrogen
heterocycles that may form intermolecular hydrogen bonds with
THC were selected for cocrystallization (Table S2†). Finally, five
cocrystals, i.e., THC–L-proline (THC–L-PRO), THC–D-proline
(THC–D-PRO), THC–DL-proline (THC–DL-PRO), THC–4,4′-
bipyridine (THC–BPY), and THC–betaine (THC–BTN) were
obtained. Single crystal structures and physicochemical
properties were thoroughly analyzed. Notably, THC–L-PRO
significantly enhanced the solubility of THC. And THC-form II
was found in the dissolution experiments of THC–L-PRO and its
physicochemical properties were also analyzed. Dissolution
study showed that it increased the solubility of THC (Scheme 1).

2. Experimental section
2.1. Materials

THC used in the present work was purchased from Shanghai
DEMO Medical Technology Co., Ltd. (Shanghai, China), with a
purity greater than 99%. Coformers were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). All analytical-grade solvents were purchased from
Sinopharm Chemical Reagent Company. HPLC-graded
methanol was purchased from Merck Company. All solvents
were used without further purification.

2.2. Synthesis of cocrystals via liquid-assisted grinding (LAG)

Bulk powders of the cocrystals (THC–L/D/DL-PRO, THC–BPY
and THC–BTN) were prepared by a liquid-assisted grinding
method using an XM-2017S oscillatory ball mill (Shanghai
Jingxin Industrial Development Co., Ltd., Shanghai, China)
with stainless steel grinding jars (25 mL). 372 mg of THC (1
mmol) and an equal molar amount of coformer were mixed
along with 100 μL of methanol in a 25 mL grinding jar with

stainless steel balls. Samples were ground in a ball mill for
30 min at a rate of 40 Hz. Products were dried overnight
under ambient conditions. The cocrystals were identified by
means of powder X-ray diffraction (PXRD) (Fig. S1†).

2.3. Preparation of single crystals

All single crystals of THC cocrystals were obtained through
slow evaporation. About 20 mg of pure cocrystal sample was
dissolved into 1 mL of methanol solutions. After slow
evaporation at room temperature, the single crystals (THC–L/
D/DL-PRO and THC–BPY) were obtained. The single crystal of
THC–BTN was obtained by slow evaporation of 1 mL ethanol
solutions containing about 20 mg of pure THC–BTN at 4 °C.

2.4. Synthesis of THC-form II via melt crystallization

The raw material (THC-form I) was heated at 120 °C to melt
and stirred continuously at room temperature until a solid
sample was completely generated, which was then pulverized
with a pestle and the form purity was confirmed by PXRD.

2.5. Powder X-ray diffraction (PXRD)

All PXRD measurements were performed at ambient
temperature using a Bruker D8 Advance X-ray diffractometer
with Cu Kα radiation. The voltage and current of the
generator were set to 40 kV and 40 mA, respectively. The
scanning interval was 3–40° 2θ with time (0.1 s) per step.
Data were imaged and integrated with RINT Rapid and peak-
analyzed with Jade 6.0 from Rigaku.

2.6. Single-crystal X-ray diffraction (SCXRD)

Single crystals suitable for X-ray crystallography studies were
selected by polarized light microscopy. Single crystal X-ray
diffraction data were collected on a Bruker Apex II CCD
diffractometer using Mo Kα radiation (λ = 0.71073 Å) at 100
K or 170 K. Integration and scaling of intensity data were
accomplished using the Bruker SAINT program, and
corrections of data for the effects of absorption were
performed using a multiscan method (SADABS). The crystal
structures were solved by direct methods and refined with
the full-matrix least-squares technique using the SHELX-
2017 program package in Olex 2 software. Non-hydrogen
atoms were refined with anisotropic displacement
parameters, and hydrogen atoms were placed in calculated
positions and refined with a riding model. Crystallographic
data in cif format have been deposited in the Cambridge
Crystallographic Data Center and the CCDC No. 2334117–
2334121 are for THC–L-PRO, THC–D-PRO, THC–DL-PRO,
THC–BPY, and THC–BTN, respectively. CCDC-Mercury and
POV-ray were used to create molecular graphics.
Crystallographic data and refinement details are
summarized in Table 1, and hydrogen bond parameters are
provided and listed in Table S3.†Scheme 1 Chemical structures of THC and coformers.

CrystEngComm Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
A

pr
il 

20
24

. D
ow

nl
oa

de
d 

on
 7

/1
4/

20
25

 9
:1

8:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ce00259h


3234 | CrystEngComm, 2024, 26, 3232–3239 This journal is © The Royal Society of Chemistry 2024

2.7. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) experiments were carried
out on TGA 55 equipment (TA Instruments, New Castle, DE,
USA). Samples weighing 5–10 mg were placed in open
aluminum oxide pans and heated from 25 °C to 410 °C at a
rate of 10 °C min−1. Nitrogen was used as the purge gas at 60
mL min−1.

2.8. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were
carried out on a DSC Q2000 instrument (PerkinElmer) under
a nitrogen gas flow of 50 mL min−1 purge. Accurately weighed
samples were sealed in nonhermetic aluminum pans and
heated at 10 °C min−1. Two-point calibration with indium
and tin was used to check the temperature axis and heat flow
of the instrument.

2.9. Dynamic vapor sorption (DVS)

The hygroscopicity behaviors were investigated on an
Intrinsic DVS instrument from Surface Measurement
Systems, Ltd. Samples were placed on the balance, and the
water sorption and desorption were measured from one cycle
over a range of 0–95–0% relative humidity (RH) at 25 °C. The
next RH step with an interval of 5% was performed if the
mass change was less than 0.02% within 10 min.

2.10. Fourier-transform infrared (FTIR) spectroscopy

Fourier-transform infrared (FT-IR) spectra of samples were
recorded using a ThermoFisher Nicolet iS50 FT-IR
spectrometer in the range from 4000 to 400 cm−1, with an
average of 32 scans and a resolution of 4 cm−1 under ambient
conditions.

2.11. Equilibrium solubility and powder dissolution

To avoid the particle size effect on dissolution results, two
edible cocrystals (THC–-PRO and THC–BTN) were sieved
through 100-mesh sieves. The equilibrium solubility of THC–
L-PRO and THC–BTN was measured in pH 2.0 (hydrochloric
acid–glycine), pH 4.5 (citric acid–disodium hydrogen
phosphate), and pH 6.8 (sodium dihydrogen phosphate–
disodium hydrogen phosphate) buffers. About 15 mg of
sample was added to 2 mL of buffers and slurried at a
stirring rate of 200 rpm for 24 h at ambient temperature. The
suspensions were centrifuged at 14 000 rpm for 5 min, and
the supernatants were subjected to HPLC analysis. Each test
was triplicated. After equilibrium solubility experiments, the
remaining solids were dried in a vacuum and analyzed using
PXRD to confirm the composition.

Powder dissolution experiments were conducted in pH
2.0, pH 4.5, and pH 6.8 buffers at 37 °C and 50 rpm. Excess
amounts of 30 mg of THC (or corresponding cocrystals and
THC-form II) were added to 15 mL of the buffer pre-
equilibrated at 37 °C. Without supplementing the fresh
medium, about 0.5 mL of solutions were withdrawn at 5, 10,
15, 30, 45, 60, 90 and 120 min and centrifuged at 14 000 rpm
for 5 min. Then the supernatant was diluted immediately
with pure methanol to avoid recrystallization prior to HPLC
analysis. Each test was triplicated. The precipitates after
centrifugation were dried in a vacuum for PXRD analysis to
confirm the composition.

2.12. High-performance liquid chromatography (HPLC)

The accurate concentration of THC was analyzed on an
Agilent 1260 series HPLC (Agilent Technologies Co., Ltd.,
Santa Clara, CA, USA) equipped with a quaternary pump
(G1311C), a diode-array detector (G1315D) and a 4.6 × 150
mm, 5 μm Agilent ZORBAX Extend C18 column. The injected

Table 1 Crystallographic data of THC–L/D/DL-PRO, THC–BPY and THC–BTN cocrystals

THC–L-PRO THC–D-PRO THC–DL-PRO THC–BPY THC–BTN

Formula C26H33NO8 C26H33NO8 C26H33NO8 C31H32N2O6 C26H35NO8

Crystal system Orthorhombic Orthorhombic Monoclinic Monoclinic Monoclinic
Space group P21212 P21212 P2/n C2 P21/c
Temperature (K) 170 100 170 170 170
a (Å) 18.4944(8) 18.370(4) 20.106(4) 13.421(5) 15.254(3)
b (Å) 23.2557(11) 23.190(8) 5.4996(10) 6.843(3) 7.9952(14)
c (Å) 5.4935(2) 5.4660(16) 23.399(5) 14.762(4) 20.500(3)
α (°) 90 90 90 90 90
β (°) 90 90 114.231(5) 101.980(12) 96.512(5)
γ (°) 90 90 90 90 90
V (Å3) 2362.76(17) 2328.5(12) 2359.4(8) 1326.2(8) 2484.0(7)
DCal (g cm−3) 1.371 1.391 1.373 1.324 1.309
Z 4 4 4 2 4
λ (Mo-Kα) 0.71073 0.71073 0.71073 0.71073 0.71073
Independent reflns. 4792 4722 4448 2378 5068
GooF 1.081 1.060 1.090 1.063 1.039
Rint 0.0692 0.0881 0 0.0545 0.0955
R1 0.0516 0.0657 0.0993 0.0719 0.0871
wR2 0.1215 0.1592 0.2087 0.1985 0.2048
CCDC 2334117 2334118 2334119 2334120 2334121
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volume was set to 20 μL, and the UV-vis wavelength was set
to 290 nm. The column temperature was 35 °C. The mobile
phase consisting of 0.05% ammonia liquor aqueous solution
(eluent A) and methanol (eluent B) was run at 1.0 mL min−1.
The gradient elution procedure started at 90% A, and then
linearly decreased to 10% A over 6 min and held for 2 min.
Finally, it returned to the initial mobile phase within 0.1 min
and held for 4 min.

3. Results and discussion
3.1. Cocrystal design and PXRD analysis

On the basis of the hydrogen bonding possibilities of THC,
coformers containing carboxylic acid groups and nitrogen
heterocycles were selected for cocrystallization (Table S2†).
Various methods for screening the cocrystals of THC were
used, including evaporation, cooling, slurry, and grinding. As
a result, THC–L/D/DL-PRO, THC–BPY and THC–BTN cocrystals
with high crystallinity were successfully synthesized by
liquid-assisted grinding.

PXRD analysis was performed to verify the cocrystal
formation and identify the phase purity of the products. The
powder diffraction peaks of the resulting materials after
grinding are clearly different from those of THC and the
corresponding coformer, suggesting the generation of new
phases. Compared with the raw material, THC–BPY presents
unique characteristic peaks at 2θ = 14.4, 15.1, 16.2, 17.9, 20.0,
22.0 and 25.0°, and THC–BTN at 2θ = 13.3, 16.2, 18.2, 18.6,
21.2, 21.6 and 24.3°. Notably, PXRD patterns of THC–L-PRO,
THC–D-PRO and THC–DL-PRO are of high similarity, sharing
peaks at 2θ = 9.4, 15.9, 18.9, and 24.3°. And all the patterns
of powder samples experimentally obtained closely match
with the simulated patterns calculated from the single crystal
diffraction data, proving that the new phases are of high
purity (Fig. 1). PXRD patterns of the THC cocrystals and
corresponding coformers are provided in Fig. S1.†

3.2. Single crystal structure

3.2.1. THC molecule conformation. The conformations of
the THC molecule in the five cocrystals are all different from
that of the THC molecule in the raw material (Fig. 2). The
conformation can be described by two dihedral angles of the
C3–C4–C5 plane with the C1–C2–C3 plane (θ1) and the C5–

C6–C7 plane (θ2). In the THC raw material, θ1 and θ2 are
7.88° and 45.15°, respectively. THC molecules in THC–BTN
have a twisted conformation similar to that of THC molecules
in the raw material. The dihedral angles are 18.00° and
28.28°, respectively. The THC molecule conformation in the
three THC–PRO cocrystals are similar. The θ1 and θ2 of the
THC molecules in THC–L-PRO, for example, are 38.71° and
44.53°, respectively. The THC molecule in THC–BPY is in the
shape of a step, the benzene ring is located on the upper and
lower sides of the carbon chain, and the θ1 and θ2 are 21.59°
and 71.82°, respectively.

3.2.2. THC–PRO (THC–L/D/DL-PRO). The THC–L-PRO
cocrystal crystallizes in the orthorhombic P21212 space group
with one THC molecule and one L-PRO molecule in the
asymmetric unit (see Table 1). There is an intramolecular
hydrogen bond (O1–H1⋯O2, 2.508 Å) in the enol tautomer.
As illustrated in Fig. 3a, the THC molecule is connected to
the L-PRO molecule along the b-axis direction by O–H⋯O
hydrogen bonding to form a hydrogen-bonded infinite chain
(O4–H4⋯O7, 2.707 Å; O6–H6⋯O8, 2.687 Å). Two-
dimensional (2D) layers are composed through N–H⋯O
charge-assisted hydrogen bonding interactions between
L-PRO molecules in the direction of the c-axis (N1–H1C⋯O7,
3.017 Å, N1–H1C⋯O8, 3.022 Å, N1–H1D⋯O3, 3.086 Å). The
2D layers form a three-dimensional (3D) architecture through

Fig. 1 PXRD patterns of (a) THC–L-PRO, THC–D-PRO and THC–DL-PRO
cocrystals, and (b) THC–BPY and THC–BTN cocrystals.

Fig. 2 Molecular overlay of THC in raw materials (red), THC–L-PRO
(yellow), THC–BPY (light green) and THC–BTN (deep green).

Fig. 3 Crystal structure of THC–L-PRO: (a) hydrogen bonding mapping
and 2D layer parallel to the bOc plane, and (b) 2D layers stacked via
van der Waals forces to give a 3D architecture.
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van der Waals forces, as shown in Fig. 3b. Layer A
(highlighted in green) rotates 180° around the b-axis to
obtain layer B (highlighted in orange). Layer B rotates 180°
around the c-axis to obtain layer C (highlighted in red). Layer
C rotates 180° around the b-axis to obtain layer D
(highlighted in violet). The THC–D-PRO cocrystal is iso-
structural to the THC–L-PRO cocrystal (Fig. S2†). The THC–DL-
PRO cocrystal crystallizes in the monoclinic P2/n space group
with one THC molecule, one half of the L-PRO molecule and
one half of D-PRO (see Table 1). As shown in Fig. S3,† THC–
DL-PRO has similar crystal stacking and hydrogen bonding
interactions with THC–D-PRO in the bOc plane. In the 3D
architecture, layer A is rotated 180° in the b-axis direction to
obtain layer B. Layer B is centrosymmetrically manipulated to
obtain layer C. Layer C is rotated 180° in the b-axis direction
to obtain layer D.

3.2.3. THC–BPY. The THC–BPY cocrystal crystallizes in the
monoclinic C2 space group with one THC molecule and one
BPY molecule in the asymmetric unit. There is an
intramolecular hydrogen bond (O1–H1⋯O2, 2.478 Å) in the
enol tautomer. THC molecules and BPY molecules form a
one-dimensional (1D) chain through O–H⋯N intermolecular
hydrogen bonding (O4–H4⋯N1, 2.810 Å; O6–H6⋯N1, 2.740
Å). 2D layers are formed by C–H⋯O weak interactions along
the b-axis (Fig. 4a), and the 2D layers form a 3D architecture
through van der Waals forces (Fig. 4b).

3.2.4. THC–BTN. The THC–BTN cocrystal crystallizes in
the monoclinic P21/c space group with one THC molecule
and one BTN molecule in the asymmetric unit (see Table 1),
and all crystal centers of symmetry present in the unit cell
are drawn as orange balls (Fig. 5b). There is an
intramolecular hydrogen bond (O1–H1⋯O2, 2.498 Å) in the
enol tautomer. As illustrated in Fig. 5a, THC molecules and
BTN molecules interact in the a-axis direction through O–
H⋯O hydrogen bonds to form V-shaped 1D wireless chains
(O4–H4⋯O7, 2.725 Å; O6–H6⋯O8, 2.612 Å). V-shaped chains

form 2D layers via C–H⋯O atypical hydrogen bonding
interactions. The 3D architecture is driven by van der Waals
forces (Fig. 5c).

3.3. Thermal analysis

DSC profiles of the THC cocrystals and corresponding
coformers are superimposed in Fig. S4.† Overlays of TGA and
DSC curves are shown in Fig. S5.† The TGA curves show that
the cocrystals have no significant mass loss before melting,
indicating that no water or organic solvents are contained in
their solid form. DSC profiles show that all the cocrystals
have a single sharp endothermic peak, indicating that there
is no phase transition prior to their melting and high purity
of the new phases.

The onset temperature of THC, the THC cocrystals and
the corresponding coformers is summarized in Table 2. The
melting enthalpy (ΔHm) of THC and its cocrystals is
summarized in Table S4.† All of the cocrystals substantially
increased the melting point of THC. The melting point of the
cocrystal correlates with the coformers.35,36 The melting point
of the THC cocrystals increase with that of coformers.

Fig. 4 Crystal structure of THC–BPY: (a) hydrogen bonding mapping
and 2D layer parallel to the aOb plane and (b) 2D layers stacked via van
der Waals forces to give a 3D architecture. BPY is marked in blue, and
THC is marked in light green. Hydrogen atoms have been omitted for
clarity.

Fig. 5 Crystal structure of THC–BTN: (a) hydrogen bonding profiles
and 2D layer along the b-axis direction, (b) crystal centers of symmetry
in the unit cell, indicated by orange balls (c) 2D layers stacked via van
der Waals forces to give a 3D architecture. Hydrogen atoms have been
omitted from the (b) and (c) diagrams for clarity. Each molecule is
coloured according to the symmetry relationship it has with the
asymmetric unit.

Table 2 The onset temperature of THC, the THC cocrystals and the
corresponding coformers

Form

Tonset (°C)

THC Cocrystal Coformer

THC–L-PRO 96.5 ± 0.0 138.3 ± 0.7 229
THC–D-PRO 138.6 ± 0.2 229
THC–DL-PRO 140.1 ± 0.2 210
THC–BPY 114.6 ± 0.7 110
THC–BTN 156.3 ± 0.3 305
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Notably, the three proline related cocrystals exhibit a similar
onset temperature, probably due to the similarity of the
coformers and the spatial arrangement.

3.4. FT-IR analysis

FT-IR can recognize shifts in functional group eigenfrequencies
of a compound, providing support for the identification of
cocrystals. FT-IR spectra of THC, coformers, and THC cocrystals
are shown in Fig. S6.† THC has two phenolic hydroxyl groups,
whose characteristic stretching frequency is at 3401 cm−1 (O–H
stretch). In the THC cocrystals, the signal corresponding to the
O–H stretching vibration in THC is red-shifted to 3291 and
3177 cm−1 for THC–L-PRO, 3286 and 3175 cm−1 for THC–D-PRO,
3304 and 3176 cm−1 for THC–DL-PRO, 3255 cm−1 for THC–BTN
and 3046 cm−1 for THC–BPY, suggesting that the hydroxy
groups of THC engaged in the hydrogen bonding interactions
in these cocrystals. Typical CO stretching vibration appears at
1614 cm−1 for L-PRO, 1613 cm−1 for D-PRO, 1596 cm−1 for
DL-PRO, and 1614 cm−1 for BTN. In the THC cocrystals, the
carbonyl stretching band is blue-shifted to 1626 cm−1 for THC–
L-PRO, 1625 cm−1 for THC–D-PRO, 1629 cm−1 for THC–DL-PRO,
and 1640 cm−1 for THC–BTN since it acts as a hydrogen bond
acceptor. The signal corresponding to the CN stretching
vibration in BPY (1587 cm−1) is blue-shifted to 1595 cm−1 in
THC–BPY.

3.5. Hygroscopicity

Fig. S7† illustrates the moisture sorption and desorption
curves of THC and the five cocrystals, whereby mass
absorption was monitored as a function of relative humidity
(RH) at room temperature. Among the five cocrystals, THC–
BPY has the lowest hygroscopicity and almost no moisture
increase. The remaining cocrystals absorb no more than
1.5% moisture at 95% RH. All cocrystals provide excellent
physical stability in that no significant changes were
observed in the PXRD patterns of the samples after DVS
experiments (Fig. S8†).

3.6. Dissolution studies (equilibrium solubility and powder
dissolution)

Solid drugs need to be dissolved in order to be absorbed by
the body, and the low solubility of drugs often limits their
bioavailability. Cocrystal technology can be used to improve
the solubility of drugs. THC–L-PRO and THC–BTN were
selected for dissolution studies with regard to safety and
edibility of L-PRO and BTN. The equilibrium solubility and
powder dissolution experiments for pure THC, THC–L-PRO
and THC–BTN were performed in three different pH buffers
(pH 2.0, pH 4.5 and pH 6.8 buffers).

The results of the equilibrium solubility experiments
showed that both THC–L-PRO and THC–BTN were converted
to THC, with solubility similar to that of the THC raw
material (Fig. 6 and S9†). In the dissolution experiment,
THC–BTN exhibited a dissolution profile similar to that of
THC due to its rapid conversion to THC. Notably, THC–L-PRO

significantly increased the dissolution rate and apparent
solubility of THC (Fig. 6). The solution concentrations of
THC–L-PRO at 30 min were 2.9, 2.0 and 1.8 times higher than
those of THC at pH 2.0, 4.5 and 6.8, respectively (Table S5†).
The supersaturation advantage of THC–L-PRO could be
sustained for a long period of time of at least 2 hours, which
might be favorable for in vivo absorption.18

PXPD characterization showed that the precipitates of
THC–L-PRO from the dissolution experiments exhibited a
mixture of THC and a new phase (Fig. S10†). The new phase
was observed in the precipitates under all three pH
conditions. The DSC curve of the mixture shows the presence
of an endothermic peak at 68 °C before the melting of THC,
suggesting that a new crystal form of THC (form II) appeared
during the dissolution process (Fig. S10†). The pure phase of
THC-form II was further obtained by melting crystallization
(Fig. S12†). The PXPD, DSC, TGA, DVS and FT-IR patterns of
THC form II are shown in Fig. S10 and S11.† The onset
temperature of THC-form II is 68.1 ± 0.8 °C, and the melting
enthalpy is 23.4 ± 1.6 kJ mol−1.

PXRD patterns of the mixtures of the two crystal forms
illustrate that a high degree of supersaturation prompted the
recrystallization of THC into the metastable crystal form II,
which still has high solubility. And afterwards, form II was
continuously transformed into the stable crystal form I.37 So
the higher apparent solubility can be maintained for more
than 2 h.

As shown in Fig. 7, powder dissolution experiments were
further carried out for THC-form II in three different pH
buffers (pH 2.0, pH 4.5 and pH 6.8 buffers). At pH 2.0, 4.5,
and 6.8, the solution concentration of THC-form II was 2.3,
2.1, and 1.6 times the concentration of THC at 30 min, but at
120 min the solution concentration of THC-form II was 1.2,

Fig. 6 Powder dissolution profiles and equilibrium solubility of THC
and its two cocrystals: powder dissolution profiles at 37 °C in (a) pH
2.0, (b) pH 4.5, and (c) pH 6.8 buffers. (d) Equilibrium solubility after 24
h at ambient temperature; data are expressed as mean ± SD (n = 3).
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1.1, and 1.3 times the concentration of THC, respectively
(Table S6†). The residue powder after the dissolution
experiments showed that the undissolved solid of THC-form
II exhibited a mixture of two crystal forms dominated by
THC-form I (Fig. S13†). The PXRD patterns showed that the
metastable THC-form II slowly recrystallized to the stable
THC-form I after it was dissolved, leading to a decrease in
solubility.37 So the dissolution advantage cannot be
maintained for 2 hours.

4. Conclusions

THC, which has similar biological activity to curcumin and
better physicochemical properties than curcumin, faces low
solubility and bioavailability issues in its application. Five
THC cocrystals were synthesized for the first time by
choosing appropriate coformers. The crystal structures of all
the cocrystals were analyzed. The physicochemical properties
of the cocrystals were comprehensively evaluated, among
which the THC–L-PRO cocrystal presented higher solubility
compared with THC. And a new polymorph of THC was
found during the dissolution of THC–L-PRO. The
physicochemical properties of THC-form II were
characterised and dissolution experiments showed an
increase in solubility compared to THC-form I. The
availability of new solid forms that enhance the solubility of
THC provides more options for the application of THC.
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