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The cocrystals of isorhamnetin and isoliquiritigenin
with 4,4'-bipyridine: system characterization,
stability, dissolution and anticancer activity
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As two natural products, isorhamnetin and isoliquiritigenin have been demonstrated to have significant
anticancer activity. However, various pharmaceutical defects, such as low solubility and poor
bioavailability, impede their anticancer efficacy. To optimize the anticancer efficacy of isorhamnetin and
isoliquiritigenin, a scientific cocrystal design was performed to obtain two newly prepared cocrystals in
this study. Leveraging multiple analytical techniques including single-crystal X-ray diffraction, powder X-
ray diffraction, transform infrared spectroscopy, differential scanning calorimetry and
thermogravimetric analysis, the isorhamnetin-4,4'-bipyridine (2:3) and isoliquiritigenin-4,4’-bipyridine

Fourier

(1:1) cocrystals were systematically characterized. The results of a series of evaluations on their
stabilities, dissolution and anticancer activities demonstrated that these two cocrystals could remain
stable under three different extreme environments, and the isorhamnetin-4,4’-bipyridine (2 : 3) cocrystal
achieved significant improvement in solubility, dissolution rate and anticancer efficacy compared to
isorhamnetin. For the isoliquiritigenin-4,4’-bipyridine (1:1) cocrystal, there was no increase in its

solubility and dissolution rate compared to isoliquiritigenin. Nevertheless, a slight increase in the
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Accepted 5th May 2026 anticancer activity of isoliquiritigenin was achieved by the formation of the cocrystal. This study was

a meaningful investigation, which not only laid an innovative material foundation for the development of
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Introduction

With the characteristics of complex mechanisms, high
mortality rates, poor cure rates, great risk of recurrence, lengthy
treatment cycles and expensive treatment costs, cancer is
a major disease threatening human life and health.' Cancer is
undoubtedly devastating the health and quality of life of
countless patients. Recently, the number of cancer patients has
been steadily increasing and showing a trend toward increased
prevalence in the youth population, mainly due to unhealthy
lifestyle habits and the impact of food and living environments;
given the acceleration of population aging, this trend is con-
cerning.>® Although there are different kinds of anticancer
drugs available, a lot of chemotherapeutic agents induce
significant toxic side effects and drug resistance during treat-
ment, severely hindering the therapeutic progress and efficacy
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isorhamnetin and isoliquiritigenin but also provided a new strategy to optimize the pharmaceutical

for cancer patients.*® Therefore, the development of highly
effective and low-toxicity anticancer drugs is extremely urgent.

To the best of our knowledge, natural products constitute
a vital treasure trove of pharmaceuticals and serve as a crucial
source for drug development. Due to mild and sustained
pharmacological effects, minimal adverse reactions as well as
the multi-targeted, multi-effect and multifunctional mecha-
nisms of action inherent in natural products, developing new
anticancer drugs from natural products holds significant
research value.”® As a kind of indispensable natural bioactive
compound, flavonoids are widely distributed in nature and
exhibit numerous pharmacological effects with well-established
therapeutic activity and low toxicity.® It is reported that flavo-
noids exhibit various significant pharmacological activities,
such as antioxidant, antibacterial, antiviral, anti-stress, anti-
tumor, analgesic, anti-inflammatory, immunomodulatory and
so on.'*** Isorhamnetin (IRN, Fig. 1a) and isoliquiritigenin (ISL,
Fig. 1b) are two typical flavonoid compounds, and they are
found to have significant anticancer activity. According to
previous studies, IRN exerts anticancer activity through inhib-
iting tumor cell proliferation, promoting tumor cell apoptosis,
suppressing tumor cell migration and invasion, inhibiting
oncogene expression and enhancing tumor suppressor gene
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Fig. 1 Chemical structures of isorhamnetin (IRN) (a), isoliquiritigenin (ISL) (b) and 4,4’-bipyridine (4,4'-BPY) (c).

expression.*>** Similar to IRN, ISL is reported to induce tumor
apoptosis, autophagy and angiogenesis through multiple
signaling pathways such as PI3K/Akt, VEGF/VEGF2 and so
on.”'® It is obvious that IRN and ISL possess significant
potential for application in cancer treatment. Unfortunately,
their low water solubility and poor bioavailability severely limit
their new drug development and clinical application.

To address the challenges and difficulties of poor water
solubility and low bioavailability of flavonoids and other natural
products, a series of approaches have been taken into consid-
eration, including solubilization, micronization, solid disper-
sions, nanotechnology and so on."”'® However, these
approaches still have some shortcomings and limitations. For
example, solubilization potentially has side effects on drug
absorption and stability while improving solubility; micro-
nization often suffers from poor flowability and susceptibility to
electrostatic adhesion; solid dispersions exhibit drawbacks
including high carrier material consumption, hygroscopicity
and poor drug-carrier compatibility; and nanotechnology may
face various challenges such as complex preparation processes,
high technical difficulty, elevated costs and so on.">
Compared with these technologies, cocrystal technology is
considered as a simple, green and efficient strategy to address
various dilemmas in the development of natural product-based
drugs.”” Without requiring further modification or carrier
participation, cocrystal engineering spontaneously fabricates
ordered supramolecular structures through non-covalent bonds
such as hydrogen bonds, electrostatic interactions and m-m
stacking;**?** cocrystal engineering offers the advantages of high
drug loading capacity, simple preparation and environmental
friendliness. Besides, cocrystal engineering can not only opti-
mize compressibility, mechanical properties, stability, solu-
bility, permeability and bioavailability but also reduce drug
toxicity, improve drug therapeutic effects, and exploit pharma-
ceutical synergistic effects of individual components.>*~>*

Based on the multiple advantages of cocrystal technology,
addressing the low water solubility and poor bioavailability of
IRN and ISL with cocrystal engineering is brought to the fore-
front in this study. In order to prepare the cocrystals of IRN and
ISL successfully, the selection of suitable coformers plays
a significant role in the design and screening of cocrystals.
Considering the structural characteristics and acid-base prop-
erties of IRN and ISL, the principle of cocrystal formation, the
rule of ApK, as well as the successful examples of flavonoid
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cocrystals from the CSD (Cambridge database) and relevant
literature,***” 4,4'-bipyridine (4,4'-BPY, Fig. 1c) caught our
attention. The alkalinity and pyridine ring structure of 4,4’-BPY
lay the groundwork for the formation of hydrogen bonding and
-7 stacking in the cocrystals, which led us to believe that 4,4’
BPY is a fixed cocrystal coformer. Besides, 4,4'-BPY is an
important intermediate applied in organic syntheses and the
pharmaceutical industry.”**® Thus, 4,4’-BPY was chosen as the
coformer of IRN and ISL in the cocrystal design.

In this study, the two crystal structures of IRN-4,4’-BPY (2 : 3)
and ISL-4,4’-BPY (1:1) were first obtained and analyzed. Then,
the preparation, characterization, structural analysis, stability,
dissolution and anticancer activities of these two cocrystals
were investigated to determine the influences on the physico-
chemical properties and pharmacological activities of IRN and
ISL after their cocrystals are formed. During the course of the
investigation, the differences between IRN-4,4’-BPY (2:3) and
ISL-4,4"-BPY (1:1) in the aspects of structure and properties
were compared and analyzed. According to the evaluation of
these two cocrystals, it was found that the two obtained coc-
rystals exhibited satisfactory stabilities and significantly opti-
mized the anticancer activities of IRN and ISL. As expected, the
IRN-4, 4-BPY (2:3) cocrystal improved the solubility and
dissolution rate of IRN. Unexpectedly, the ISL-4,4’-BPY (1:1)
cocrystal did not enhance the solubility and dissolution rate of
ISL. Thus, with the help of cocrystal technology, two new coc-
rystals were prepared to improve the anticancer effects of IRN
and ISL, which not only overcame the druggability difficulties in
the development of IRN and ISL but also provided successful
cases for the cocrystal study of flavonoids.

Experimental section

Materials

IRN (purity > 98%, MW = 316.26) was purchased from Chengdu
Purui Technology Co., Ltd. (Sichuan, China), ISL (purity > 98%,
MW = 256.25) was purchased from Nanjing Bingcheng
Biotechnology Co., Ltd. (Jiangsu, China) and 4,4’-BPY (purity >
98%, MW = 156.18) was purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). All the solvents used for crystallization
were of analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). The cancer cell line
A549 was originally obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China), Dulbecco's modified
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Eagle's medium (DMEM) was purchased from Gibco Life
Technologies (Melbourne, Australia), fetal bovine serum (FBS)
and cell counting kit-8 (CCK-8) were purchased from Boster
Biological Technology Co., Ltd. (Wuhan, China), trypsin-0.02%
EDTA (0.25%) and dimethyl sulphoxide (DMSO) were
purchased from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China) and the mixture solution containing penicillin,
streptomycin, and amphotericin B was purchased from Hebei
Report Biotechnology Co., Ltd. (Hebei, China). All cell culture
plastics were from Shijiazhuang Bende Biotechnology Co., Ltd
(Hebei, China). Acetonitrile, methanol and acetic acid (HPLC
grade) were obtained from Fisher Scientific (Shanghai, China).

Preparation of the IRN-4,4"-BPY (2: 3) and ISL-4,4’-BPY (1:1)
cocrystals

At a molar ratio of 2:3, 0.4 mmol of IRN (126.50 mg) and
0.6 mmol of 4,4’-BPY (93.71 mg) were accurately weighed and
placed in a vial. Next, 12 mL of ethanol was added to the vial,
and the mixture was stirred at a 300 rpm speed for 72 h under
the condition of room temperature. Similarly, 0.5 mmol of ISL
(128.13 mg) and 0.5 mmol of 4,4’-BPY (78.09 mg) were accu-
rately weighed and placed in a vial at a molar ratio of 1: 1. Then,
12 mL of ethanol was added to the vial, and the mixture was
stirred at a 300 rpm speed for 72 h under the condition of room
temperature. Finally, their suspensions were dried at 40 °C
under reduced pressure for 72 h to get the powder samples of
the IRN-4,4’-BPY and ISL-4,4’-BPY cocrystals.

Preparation of single crystals

With the help of evaporation crystallization, the single crystals
of the IRN-4,4"-BPY (2 : 3) and ISL-4,4’-BPY (1: 1) cocrystals were
obtained. 0.1 mmol of IRN (31.63 mg) and 0.15 mmol of 4,4'-
BPY (23.43 mg) were accurately weighed into a vial at a molar
ratio of 2 : 3, 15 mL of ethanol was added and the mixture was
stirred at 300 rpm for 72 h under room temperature. Then,
0.5 mL of N,N-dimethylformamide was added to the obtained
suspension, and the mixture was heated at 60 °C in a water bath
for 10 min to make it fully dissolved. The clear and transparent
filtrates were obtained via filtering and evaporated at room
temperature. After three weeks, some colorless block crystals
were obtained. 0.2 mmol of ISL (51.25 mg) and 0.2 mmol of 4,4’-
BPY (31.24 mg) were accurately weighed into a vial at a molar
ratio of 1:1, 15 mL of ethanol was added and the mixture was
stirred at 300 rpm for 72 h under room temperature. The
solution was filtered to obtain clear and transparent filtrates,
and the filtrates were evaporated at room temperature. After two
weeks, some yellow block crystals were obtained.

Single-crystal X-ray diffraction (SCXRD)

At a temperature of 293 K, the SCXRD of IRN-4,4'-BPY (2 : 3) and
ISL-4,4'-BPY (1:1) was performed on a Bruker APEX-II charge-
coupled device (Bruker, Germany) with Cu-Ka radiation (wA =
1.54178 A). The structures of the qualified single-crystal
samples obtained in this study were resolved by the direct
method and refined using the full-matrix least squares tech-
nique. With an isotropic displacement parameter, the non-
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hydrogen atoms were refined. For hydrogen atoms, they were
placed at the calculated positions and refined with a riding
model. Relying on the OLEX2 program, the obtained SCXRD
data were processed and analyzed. Besides, molecular diagrams
and various forces were depicted with the Mercury software
(version 2025.3.1).

Powder X-ray diffraction (PXRD)

In this study, a series of PXRD experiments were performed on
a MiniFlex600 diffractometer (Rigaku, Japan) with a Cu-Ko
radiation source set at 40 kv and 15 mA. At a scan rate of
8° min~ ', the diffraction data were collected in the 26 range of
3-40°. All the PXRD data were analyzed and processed using the
Jade 6.0 software.

Infrared spectra (IR)

The infrared spectra of all experimental samples were recorded
on a Nicolet iS5 FTIR spectrophotometer (Thermo Fisher
Scientific, USA) with an attenuated total reflectance sampling
accessory. The wavenumber ranged from 4000 to 550 cm ™" with

16 scans at a resolution of 4 cm™".

Thermal analysis

In this study, thermal analysis was performed on a Mettler
Toledo DSC/DSC 1 equipment (Mettler Toledo, Switzerland)
under a nitrogen gas flow of 50 mL min . During the experi-
ment, the samples to be tested were accurately weighed and put
in hermetically sealed aluminum crucibles with a pinhole. At
a constant rate of 10 °C min ", the samples were heated from
30 °C to a specified temperature, and their thermodynamic
curves were recorded.

The TG analysis of the samples was performed on a Mettler
Toledo DSC/TGA2+ equipment (Mettler Toledo, Switzerland)
under a nitrogen gas flow of 50 mL min~". During the experi-
ment, the accurately weighed samples in aluminum oxide
crucibles were heated from 30 to 500 °C at a constant rate of 10 °
C min .

The obtained DSC and TG data were analyzed and processed
with the STAR software V16.30 (Mettler Toledo, Switzerland).

Stability study

Placed in open containers, the stabilities of IRN-4,4’-BPY (2: 3)
and ISL-4,4'-BPY (1:1) were evaluated under three different
conditions, including high temperature (60 + 2 °C), high
humidity (25 + 2 °C, 90% =+ 5%) and illumination (4500 £+ 500
Ix) for 5 days and 10 days. The phase changes were observed
with PXRD to figure out whether the IRN-4,4’-BPY (2 : 3) and ISL-
4,4'-BPY (1:1) cocrystals can remain stable under these three
extreme conditions.

Powder dissolution in vitro

In order to remove the impact of sample particle size on the
results of the experiments, all experimental samples were sieved
through a 100-mesh sieve in advance. Using an RC-806 (Tianjin
Tianda Tianfa Technology Co., Ltd, Tianjin, China), the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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dissolution investigation of IRN, IRN-4,4’-BPY (2:3), ISL and
ISL-4,4'-BPY (1:1) was performed. After each sampling, an
equal volume of the blank dissolution medium was injected
into the dissolution vessels to keep the total volume of the
medium constant. Accurately weighed IRN (60.0 mg), the IRN-
4,4'-BPY (2:3) cocrystal (104.4 mg, which is equivalent to
60.0 mg ACT), ISL (60.0 mg), and the ISL-4,4’-BPY (1 : 1) cocrystal
(96.6 mg, which is equivalent to 60.0 mg ISL) were added to
dissolution vessels containing 900 mL media, including 0.1 M
hydrochloric acid aqueous solution (pH = 1.2), acetate buffer
(pH = 4.5), phosphate buffer (pH = 6.8) and pure water (pH =
7.0). Samples were stirred at 100 rpm in different dissolution
vessels, which were bathed in 37 °C water. 1 mL of each sample
was collected at 0, 5, 15, 30, 60, 120, 240, 360 and 480 min. Then,
the concentration of IRN or ISL in these samples was deter-
mined by HPLC. The liquid-phase conditions were as follows:
Welch Ultimate XB-C18 (250 mm X 4.6 mm, 5 pm); mobile
phase, methanol-0.2% acetic acid water (75 :25, v/v) for IRN
and methanol-0.1% acetic acid water (80:20, v/v) for ISL;
detection wavelength, 370 nm for IRN and 365 nm for ISL; flow
rate, 1.0 mL min; column temperature, 30 °C; and injection
volume, 10 pL.

Cell culture and treatment and anticancer activity assessment
using CCK-8 assay

The A549 cells were cultured with DMEM supplemented with
10% FBS as well as 1% mixture solution containing penicillin,
streptomycin, and amphotericin B and maintained in exponen-
tial growth at 37 °C in a humidified atmosphere under 5% CO,.
Cells were sub-cultured every third day (1 : 3) using trypsinization
(0.25%, w/v, trypsin in D-Hanks sodium with 0.2% EDTA-2Na)
and used within 20 passages of the initial stock culture.
Log-phase cells with the density of 5 x 10 cells per mL were
randomly assigned into two parts, namely, part A and part B.
The cells in part A were randomly assigned into four groups (n =
6 per group) as described below. Blank control group: cells were
incubated with blank medium for 24 h and exposed to the
replaced blank medium containing 10 uL of 0.1% DMSO for
another 24 h. IRN group: cells were incubated with blank
medium for 24 h and exposed to the replaced blank medium
containing 10 pL of IRN (2.0 ug mL ") for another 24 h. IRN-4,4'-
BPY (2:3) cocrystal group: cells were incubated with blank
medium for 24 h and exposed to the replaced blank medium
containing 10 pL of the IRN-4,4’-BPY (2:3) cocrystal (3.48 pg
mL ™", which is equivalent to 2.0 pg mL ™" IRN) for another 24 h.
The physical mixture of IRN and 4,4’-BPY group: cells were
incubated with blank medium for 24 h and exposed to the
replaced blank medium containing 10 pL of the physical
mixture (3.48 pg mL ™', which is equivalent to 2.0 pg mL ™" IRN)
for another 24 h. The cells in part B were randomly assigned
into four groups (n = 6 per group) as described below. Blank
control group: cells were incubated with blank medium for 24 h
and exposed to the replaced blank medium containing 10 pL of
0.1% DMSO for another 24 h. ISL group: cells were incubated
with blank medium for 24 h and exposed to the replaced blank
medium containing 10 pL of ISL (10.0 ug mL ') for another
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24 h. ISL-4,4"-BPY (1:1) cocrystal group: cells were incubated
with blank medium for 24 h and exposed to the replaced blank
medium containing 10 pL of the ISL-4,4’-BPY (1:1) cocrystal
(16.09 ug mL ™', which is equivalent to 10.0 pg mL " ISL) for
another 24 h. The physical mixture of ISL and 4,4’-BPY group:
cells were incubated with blank medium for 24 h and exposed to
the replaced blank medium containing 10 uL of the physical
mixture (16.09 pg mL™", which is equivalent to 10.0 pg mL ™"
ISL) for another 24 h. IRN, IRN-4,4’-BPY (2 : 3) and the physical
mixture of IRN and 4,4-BPY at an equimolar ratio were di-
ssolved in 0.1% DMSO, and the same was done for ISL, ISL-4,4’-
BPY (1:1) and the physical mixture of ISL and 4,4’-BPY.

After 24 h of incubation, 10 pL of CCK-8 was added to each
well and incubated at 37 °C for 1 h. Then, the absorbance of
each well at 450 nm was detected with a microplate reader, and
every absorbance value was measured in triplicate. The % cell
inhibition was determined using the following formula.*®

% Cell inhibition = 100 x (1 _ absorbance of the sample)

absorbance of the control

Using SPSS 26.0, differences between different groups were
analyzed by the one-way analysis of variance (ANOVA) followed
by Tukey's tests. The processed data were expressed as mean £
standard deviation (SD). Besides, statistical significance was
considered at P < 0.05.

Results and discussion
SCXRD analysis

As humanity's eyes into the microscopic world, SCXRD tech-
nology can transform abstract atomic arrangements into visu-
alizable three-dimensional models.* With the advantages such
as high precision, comprehensive information -coverage,
authoritative results and non-destructive operation, this tech-
nology is considered an indispensable core analytical tool in
modern chemistry, materials science, structural biology, phar-
maceutical research and various related fields.** Based on the
results of the SCXRD analysis, a series of information on the two
cocrystals, including crystal data, structure refinement param-
eters and hydrogen bonds, were obtained and summarized in
Tables 1 and 2. At the same time, the crystal structure diagrams
of the two cocrystals, including the asymmetric units and two-
dimensional layered structures, are depicted in Fig. 2. As pre-
sented in Table 1, the crystal structure of IRN-4,4’-BPY (2:3)
belongs to the P1 space group of the triclinic crystal system with
Z =2, and ISL-4,4'-BPY (1 : 1) belongs to the P2,/c space group of
the monoclinic crystal system with Z = 4.

In Fig. 2a-1, there are two IRN and three 4,4-BPY in the
asymmetric unit, whose molar ratio (2:3) is different from the
majority of reported cocrystals composed of flavonoids and 4,4’
BPY.”*¢ Combining this with the information of hydrogen bonds
depicted in Table 2, it is found that two IRN interact with three
4,4-BPY to generate a five-element structure through the
hydrogen bonds of 0O5-H5---N1L (2.695 A) and O6-H6---N3L
(2.795 A) in the asymmetric unit. From the view of the “b” axis,
adjacent five-element structures are linked to form a chain

RSC Adv, 2026, 16, 27212-27222 | 27215
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Parameters IRN-4,4'-BPY (2:3) ISL-4,4’-BPY (1:1)
Empirical formula C31H,4N305 Cy5H,0N,04
Formula weight 550.53 412.43

Crystal size/mm 0.14 x 0.16 x 0.19 0.15 x 0.20 x 0.21
Description Block Block

Crystal system Triclinic Monoclinic

Space group P1 P2,/c

a (A) 9.415(1) 16.997(1)

b (A) 11.187(1) 9.484(1)

c(A) 13.236(1) 12.886(1)

a (0) 80.21(1) 90.00

8 () 89.11(1) 97.23(1)

v () 77.04(1) 90.00

Volume (A%) 1338.4(2) 2060.7(1)

zZ 2 4

Completeness 99.8% 98.8%

Density (g cm™?) 1.366 1.329

Reflections with I > 2¢ (I) 3240 2815

R Index (I > 201) R; = 0.059 WR, = 0.157 R; = 0.057 WR, = 0.156
Goodness-of-fit on F 1.022 1.033

CCDC deposition number 2526401 2526402

Table 2 Hydrogen bonds of the IRN-4,4'-BPY (2 : 3) and ISL-4,4"-BPY (1:1) cocrystals

Crystal name D-H---A d(D--A) (A) £ (DHA) (deg) Symmetry code
IRN-4,4’-BPY 02-H2---03 2.715 113.63 —
(2:3) 02-H2---03 2.688 146.21 [-x, =y, —z+1]
04-H4---03 2.641 145.99 —
O5-H5--"N1L 2.695 173.43 —
O6-H6---N3L 2.795 174.31 —
ISL-4,4'-BPY O1-H1---03 2.532 147.42 —
(1:1) 02-H2---N2L 2.700 163.34 [x+1, —y+3/2,z+3/2]
O4-H4---N1L 2.684 149.90 —

structure along the direction of “a”, which depends on the
hydrogen bond 05-H5---06 (2.835 A). Along the direction of “c”,
the adjacent chains are further connected to generate a neat
laminar structure through 02-H2---O3 (2.688 A) (Fig. 2a-2).
Different from the IRN-4,4’-BPY (2 : 3) cocrystal, there is one ISL
and one 4,4’-BPY in the asymmetric unit of the ISL-4,4’-BPY (1: 1)
cocrystal (Fig. 2b-1). As illustrated in Fig. 2b-2, ISL and 4, 4-BPY
are linked in a head-to-tail sequence to form a chain structure
through the hydrogen bonds including O4-H4---N1L (2.684 A)
and O2-H2---N2L (2.700 A). From the view of the “c” axis, this
chain structure is along the direction of “b”. Based on this chain
structure, the adjacent chains are further connected to generate
a neat laminar structure along the direction of “a”, which relies
on the dislocated parallel 7w— stacking between the two pyridine
rings of 4,4'-BPY and the A ring as well as the B ring of ISL. By
analyzing the crystal structures of IRN-4,4’-BPY (2 : 3) and ISL-4,4’-
BPY (1:1), significant differences are found among these two
cocrystals. These differences mainly exist in aspects such as the
type of space group and crystal system, lattice arrangement, and
the forces and hydrogen bonds involved in the formation of the
two cocrystals, which are closely related to the structural differ-
ences between IRN and ISL as well as the spatial site resistance
encountered in the lattice arrangement.

27216 | RSC Adv, 2026, 16, 27212-27222

PXRD analysis

It is well known to us that each material possesses its own
unique PXRD pattern, and PXRD technology serves as a finger-
print for precisely identifying the phase states of different
substances. As the most fundamental and widely applied field
of PXRD technology, phase identification using PXRD plays
significant role in various areas such as materials science,
chemical engineering and pharmaceuticals.*” In this study, the
phase transformations after generating cocrystals were identi-
fied and monitored with PXRD. As depicted in Fig. 3a, IRN
exhibits its unique characteristic crystalline peaks at 26 values
of 9.19°, 9.88°, 10.45°, 13.47°, 17.43°, 18.43°, 20.88°, 23.84°,
25.65°, 27.19°, 27.66° and 37.55°, and 4,4'-BPY exhibits its
unique characteristic crystalline peaks at 2¢ values of 12.48°,
13.24°, 17.69°, 19.55°, 23.03°, 25.79°, 27.82° and 30.45°.
Distinct from the PXRD patterns of IRN and 4,4’-BPY, a series of
new characteristic crystalline peaks emerged at 26 values of
6.66°, 9.59°, 11.07°, 13.94°, 16.75°, 20.84°, 24.24° and 28.58° in
the powder XRD pattern of IRN-4,4-BPY (2 : 3). Fig. 3b displays
that ISL exhibits its unique characteristic crystalline peaks at 26
values of 7.14°, 14.33°, 16.31°, 18.84°, 24.42°, 25.78°, 28.67° and
33.18°. Compared with the powder XRD patterns of ISL and 4,4’-
BPY, there were obvious differences in the powder XRD pattern

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Crystal structures of the IRN-4,4'-BPY (2: 3) and ISL-4,4'-BPY
(1:1) cocrystals: (a-1) ellipsoid plot of IRN-4,4'-BPY (2:3), (a-2) 2D
layer structure of IRN-4,4'-BPY (2:3) viewed from the b axis, (b-1)
ellipsoid plot of ISL-4,4'-BPY (1:1), and (b-2) 2D layer structure of ISL-
4,4'-BPY (1:1) viewed from the c axis.

of ISL-4,4’-BPY (1: 1), whose new characteristic crystalline peaks
appeared at 26 values of 12.32°, 13.84°, 15.39°, 18.33°, 22.19°,
23.75°, 24.82°, 27.30° and 32.58°. Based on the results of PXRD,
the fact that new crystalline phases were generated was proved
by the evidence that the characteristic peaks of IRN, ISL and
4,4'-BPY disappeared and the new peaks of these two cocrystals
emerged. The good match between the simulated powder
patterns calculated from the SXRD data of the two cocrystals
and their experimental PXRD patterns confirmed the formation
of these two cocrystals.
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IR analysis

As a powerful tool to characterize cocrystals, IR can contribute
to the identification of hydrogen bond types and confirmation
of cocrystal formation by detecting spectral shifts aroused by
intermolecular interactions. As illustrated in Fig. 4a, the free
O-H stretching absorption peak was observed at 3213 cm ™' and
the C-O stretching absorption peak was positioned at
1032 cm™" in the IR spectrum of IRN. As illustrated in Fig. 4b,
the free O-H stretching absorption peak was observed at
3378 cm ' and the C-O stretching absorption peak was posi-
tioned at 1031 cm ™' in the IR spectrum of ISL. Besides, the
C=N stretching absorption peak in the IR spectrum of 4,4’-BPY
was positioned at 1586 cm ™. In the IR spectrum of the IRN-4,4'-
BPY (2:3) cocrystal (Fig. 4a), the O-H stretching absorption
peak appeared at 3057 cm ™" and the C-O stretching absorption
peak was observed at 1030 cm ™', which were respectively
attributed to the red shift from the vy 5 at 3213 cm™ ' and v o
at 1032 cm ™' in the IR spectrum of IRN. The C=N stretching
absorption peak in the IR spectrum of the IRN-4,4’-BPY (2:3)
cocrystal emerged at 1558 cm ™", which might be due to the red
shift from the vo—y at 1586 cm ™ tin the 4,4'-BPY IR spectrum. In
the IR spectrum of the ISL-4,4"-BPY (1 : 1) cocrystal (Fig. 4b), the
O-H stretching absorption peak appeared at 3062 cm ™" and the
C-O stretching absorption peak was observed at 1028 cm ™,
which were respectively attributed to red shift from the v g at
3378 em ' and vc_o at 1031 cm ! in the IR spectrum of ISL. The
C=N stretching absorption peak in the IR spectrum of the IRN-
4,4'-BPY (2 : 3) cocrystal emerged at 1556 cm ™', which might be
due to the red shift from the vc—y at 1586 cm ™! in the 4,4'-BPY
IR spectrum. Based on the results of IR, hydrogen bonds were
further confirmed to participate in the formation of the IRN-
4,4'-BPY (2:3) and ISL-4,4’-BPY (1:1) cocrystals.

Thermal analysis

Just like a high-precision calorimetric microscope, DSC can
detect and quantify heat absorption and release events during
temperature changes, which can not only determine the purity
of the compound but also monitor its phase transition.*® It is
presented in Fig. 5a that the IRN-4,4-BPY (2:3) cocrystal
exhibits a sharp endothermic peak at 216.13 °C, which is
significantly distinct from the endothermic peaks of IRN
(321.17 °C) and 4,4-BPY (114.11 °C). Similarly, Fig. 5b shows
that the ISL-4,4’-BPY (1:1) cocrystal exhibits a sharp endo-
thermic peak at 207.44 °C, which is different from the endo-
thermic peaks of ISL (202.48 °C) and 4,4’-BPY (114.11 °C). The
results of DSC demonstrated that there were two new solid
phases generated, and these newly formed solid phases
exhibited high purity, which further confirmed the formation of
the IRN-4,4’-BPY (2: 3) and ISL-4,4’-BPY (1: 1) cocrystals.

As a thermal analysis technology to measure the mass
change of a sample with temperature, TG analysis is usually
adopted to monitor and quantify the mass changes of
substances caused by volatilization, decomposition and other
by-reactions during heating.** During heating from 30 to 500 °C,
there were two weight loss steps in the TG curve of IRN-4,4’-BPY
(2:3) cocrystal (Fig. 6a). The first weight loss was 25.9% from
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Fig. 3 PXRD patterns of IRN-4,4'-BPY (2: 3) (a) and ISL-4,4'-BPY (1:1) (b).
135 to 215 °C, and the second weight loss was 59.7% from 215 to
500 °C. Different from the IRN-4,4’-BPY (2 : 3) cocrystal, the ISL- N
4,4'-BPY (1:1) cocrystal showed only one weight loss step in its
4,4'-BPY

TG curve, and its weight loss was 61.1% from 170 to 500 °C
(Fig. 6b). Based on the TG analysis, there were no solvent or
water weight loss steps to be found, which indicated that these
two new cocrystals did not contain any solvents or water.

Stability study

Stability is an essential determinant of pharmaceutical drugg-
ability; it determines the shelf life of pharmaceuticals and
influences their storage and transportation.*>*¢ For oral solid
drugs, stability issues occur along with changes in their physical
phase state. Such changes will result in different alterations in
peak positions, intensities, shapes, and topological peak shapes
in the PXRD pattern. With the help of PXRD analysis, the
stability of the IRN-4,4’-BPY (2:3) and ISL-4,4’-BPY (1:1) coc-
rystals was evaluated under high temperature, high humidity
and illuminated environments in this study. The PXRD patterns
of these two cocrystals at 0, 5 and 10 days were compared to
observe whether their PXRD patterns changed in the aspects of
peak positions, intensities, shapes and topological peak
configurations. Under the three conditions, on the 5th and 10th
day, there were almost no significant changes in their PXRD
patterns (Fig. 7), which suggested that the IRN-4,4’-BPY (2:3)

—
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Fig. 5 DSC plots of IRN-4,4'-BPY (2: 3) (a) and ISL-4,4’-BPY (1:1) (b).

and ISL-4,4"-BPY (1:1) cocrystals could remain stable in the
same crystal form under high temperature, high humidity and
illuminated conditions.
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Fig. 6 TG plots of IRN-4,4'-BPY (2:3) (a) and ISL-4,4'-BPY (1:1) (b).

Powder dissolution in vitro

For poorly soluble compounds, the elevation in solubility and
dissolution rate is crucial for their bioavailability. In the case of
pure IRN, the maximum concentrations after 8 h were 0.208 +
0.033, 0.115 £ 0.015, 0.109 £ 0.018 and 0.105 £ 0.009 pg mL ' in
four different mediums (pH 1.2, pH 4.5, pH 6.8 and pH 7.0), and
the dissolution rates after 1 h were 0.103 £ 0.006, 0.039 4 0.004,
0.042 =+ 0.005 and 0.035 =+ 0.004 ug mL~' h™", respectively, in
these mediums. Correspondingly, the maximum concentrations
of IRN released from the IRN-4,4"-BPY (2:3) cocrystal after 8 h
were 1.521 + 0.027, 0.846 + 0.068, 0.432 £ 0.026 and 0.599 £
0.114 pg mL " in the four different mediums, and the dissolution
rates after 1 h were 1.159 + 0.098, 0.255 + 0.019, 0.323 + 0.023
and 0.327 + 0.014 pg mL ™" h™", respectively, in these mediums
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(Fig. 8a). Compared with the parent drug, the maximum
concentrations of IRN released from the cocrystal after 8 h were
7.3-, 7.4-, 4.0- and 5.3-fold that of IRN in the four different
mediums, and the dissolution rates of IRN released from the
cocrystal after 1 h were 11.3-, 6.5-, 7.7- and 9.3-fold that of IRN in
these mediums, respectively. According to the results listed
above, it could be confirmed that the formation of the IRN-4,4’-
BPY (2:3) cocrystal achieved a significant boost in both the
dissolution amount and rate of IRN, which might be beneficial to
optimize the bioavailability and anticancer efficacy of IRN.

In the case of pure ISL, the maximum concentrations after
8 h were 25.68 + 0.88, 28.68 + 1.49, 31.98 + 1.15 and 26.96 +
2.37 ug mL ™" in the four different mediums (pH 1.2, pH 4.5, pH
6.8 and pH 7.0), and the dissolution rates after 1 h were
respectively 21.33 £ 0.36, 21.55 £ 6.18, 25.05 &+ 6.42 and 21.54 +
3.75 pg mL™" h™" in these mediums. Correspondingly, the
maximum concentrations of ISL released from the ISL-4,4’-BPY
(1:1) cocrystal after 8 h were 21.50 £ 0.23, 25.30 £ 0.59, 17.57 +
0.76 and 17.08 + 2.54 pg mL™ " in these mediums, and the
dissolution rates after 1 h were respectively 13.29 + 0.57, 20.44
+ 0.30, 14.12 + 3.15 and 15.28 4+ 0.31 ug mL ™" h™" in these
mediums (Fig. 8b). Disappointingly, the formation of ISL-4,4'-
BPY (1:1) cocrystal did not achieve satisfactory solubility or
dissolution rate, which suggested that not all cocrystals could
improve the solubility of poorly soluble drugs.

Anticancer activity evaluation on the A549 cell line

The anticancer activity of the IRN-4,4’-BPY (2:3) and ISL-4,4'-
BPY (1:1) cocrystals was evaluated on a human lung cancer cell
line (A549) using CCK-8 assays. As illustrated in Fig. 9, the A549
cell inhibition rates when treated with IRN, the IRN-4,4’-BPY
(2:3) cocrystal and the physical mixture of IRN and 4,4’-BPY
were 14.1% =+ 5.4%, 40.7% + 6.7% and 25.5% =+ 3.5%, respec-
tively. Compared with those of the pure IRN and physical
mixture, the A549 cell inhibition rate of the IRN-4,4’-BPY (2: 3)
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Fig. 7 Stability evaluations of IRN-4,4'-BPY (2: 3) (a) and ISL-4,4’-BPY (1:1) (b) by PXRD analysis. (1: under illuminated environments, 2: under

high temperature and 3: under high humidity).
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Fig. 8 Powder dissolution curves of pure IRN and the IRN-4,4’-BPY (2 : 3) cocrystal (a) as well as pure ISL and the ISL-4,4’-BPY (1: 1) cocrystal (b)
in four different media including pH 1.2, pH 4.5, pH 6.8 and pH 7.0 (There were n = 3 samples per group).
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Fig. 9 Inhibition rates of two APIs (IRN and ISL), two cocrystals (the
IRN-4,4"-BPY (2:3) and ISL-4,4’-BPY (1:1) cocrystals) and their
physical mixtures (PMs) on the A549 lung cancer cells. (For the
differences in the cell inhibition rate (%) of cocrystals vs. APIs and
cocrystals vs. the physical mixtures, “*" represents "P < 0.01") (There
were n = 6 cell samples per group).

cocrystal achieved a remarkable improvement (P < 0.01), which
demonstrated that the formation of the IRN-4,4-BPY (2:3)
cocrystal significantly optimized the anticancer efficacy of IRN.
For the other cocrystal, the A549 cell inhibition rates incubated
with ISL, the ISL-4,4-BPY (1:1) cocrystal and the physical
mixture of ISL and 4,4’-BPY were 30.4% + 3.5%, 38.7% =+ 4.7%
and 25.4% =+ 4.4%, respectively. Compared with those of the
pure ISL and physical mixture, the A549 cell inhibition rate of
the ISL-4,4’-BPY (1:1) cocrystal realized a slight increase with
a statistically significant difference (P < 0.01). In terms of the
degree of enhancement in anticancer activity against A549 cells,
the IRN-4,4’-BPY (2:3) cocrystal exhibited distinct advantages
compared to the ISL-4,4’-BPY (1 : 1) cocrystal, which might have
a tight correlation with the great potential of the IRN-4,4’-BPY
(2:3) cocrystal in improving the solubility and dissolution rate
of IRN. Although the ISL-4,4’-BPY (1:1) cocrystal did not reach
the goal of enhancing the solubility of ISL, its anticancer activity
was slightly increased, which explained that the ISL-4,4’-BPY
(1:1) cocrystal might improve the permeability of ISL.

Conclusion

Different from conventional formulation approaches, such as
liposomes, inclusion complexes, solid dispersions, micelles,
nanoparticles and so on, a new and efficient method based on
crystal engineering and supramolecular chemistry was adopted
to optimize the solubilities and anticancer activities of IRN and
ISL through a scientific cocrystal design, which not only avoided
the involvement of carriers and excipients but also achieved
a high drug loading capacity. In this study, two crystal struc-
tures consisting of the IRN-4,4’-BPY (2 : 3) and ISL-4,4’-BPY (1:
1) cocrystals were obtained with evaporation crystallization,
which were subjected to authoritative characterization and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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subsequent structural analysis. Combining various analytical
technologies, including PXRD, IR, DSC and TG, the two newly
prepared cocrystals were characterised and confirmed. From
the structural analysis results, there were significant differences
in the space group and crystal system, lattice arrangement and
the forces and hydrogen bonds involved in the IRN-4,4’-BPY (2 :
3) and ISL-4,4’-BPY (1 : 1) cocrystals. At the same time, the phase
transitions and thermodynamic properties of these two coc-
rystals were investigated with the help of PXRD, DSC and TG. A
series of evaluations on the stability, dissolution and anticancer
activity demonstrated that the IRN-4,4’-BPY (2:3) and ISL-4,4'-
BPY (1:1) cocrystals could remain stable under three extreme
conditions and realized significant elevation in their anticancer
activities. To address the limitations of IRN and ISL in drug
development and realize their improved anticancer activities,
a rigorous and innovative attempt was launched. Without
altering the original structure of IRN and ISL, this attempt not
only merely validated the huge potential for the optimization of
the pharmaceutical properties of IRN and ISL but also pio-
neered a new track to promote the development of highly
effective, low-toxicity anticancer drugs.
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