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ABSTRACT: To improve the water solubility of phloretin, we synthesized the Phl—4B cocrystal using the solvent evaporation
method. Various analytical techniques including powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC), Fourier transform infrared (FTIR), 'HNMR, and single-crystal X-ray diffraction (SCXRD) were
employed to evaluate the crystal thermodynamics and structure. The results of PXRD and SCXRD showed that it was a new
cocrystal crystallized in the P-1 space group of the triclinic system. Thermal analysis confirmed the purity of the Phl—4B cocrystal.
The equilibrium solubility of the Phl—4B cocrystal in pH 1.2 was improved. In vitro simulated digestion experiments indicated that
the release of the Phl—4B cocrystal followed Fick diffusion. The stability activity of phloretin after pharmaceutical cocrystallization
was improved. The antioxidant of the Phl—4B cocrystal was better than that of pure Phl

B INTRODUCTION

0
Many of the drugs with good therapeutic effects are BCS II and - / \ -
BCS IV types, which limit their therapeutic effectiveness and OH N \ N
lot of research on improving the water solubility of drugs.l_3 O OH — /
HO

When the crystal structure of the drug is changed, its solubility,

dissolution, stability, and thermodynamic parameters will be

changed.” Pharmaceutical cocrystallization is a process in

which the pharmaceutical ingredient (API) and cocrystal (a) (b)

former (CCF) form a crystal in the same lattice through . _ ) L
noncovalent formation to change its crystal structure.S~” Figure 1. Chemical structure of phloretin (a) and 4,4'-bipyridine (b).
Therefore, pharmaceutical cocrystallization is one of the
methods that can be used to improve the water solubility of
drugs.”’

Phloretin is a flavonoid (Figure 1a) mainly found in apples
or pears, which has anticancer,'*"! antiobesity,12 anti-
inflammation,""”"® antioxidant,"* and antidiabetes'® effects. Received: February 4, 2024
The reason for its poor water solubility is the strong hydrogen Revised:  May 26, 2024
bonding between the molecules of phloretin, which also leads Accepted:  June 17, 2024
to its low bioavailability. Therefore, we consider using a Published: July 8, 2024
pharmaceutical cocrystal to improve the water solubility of
phloretin.

Our research group is committed to using this strategy to
improve the water solubility of natural compounds. In the
preliminary experiment,'® our research group found that
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phloretin could form a cocrystal with isoniazid (Figure 2).
After the cocrystal formation of phloretin and isoniazid, the

Qc
H

Figure 2. Crystal structure of the Phl—Inz cocrystal.

water solubility of phloretin improved. However, isoniazid was
inherently toxic; we continued screening more compounds as a
more suitable CCF. Surprisingly, we found that phloretin could
form a cocrystal with 4,4'-bipyridine (Figure 1b); thus, the
new cocrystal was the research objective. In this work, we
studied the thermodynamic parameters, structural character-
ization, and intermolecular forces of the Phl—4B cocrystal. In
addition, the water solubility, release rule, stability, and
antioxidant activity of the cocrystal were studied subsequently.
The Phl-4B cocrystal demonstrates that Phl can form a
cocrystal with substances sharing a similar structure to 4B,
thereby offering valuable insights into subsequent cocrystal

design.

B RESULTS AND DISCUSSION

PXRD Analysis. PXRD could be performed for the
formation of a new crystal phase to describe the characteristic
of a cocrystal.'” The PXRD patterns of Phl, 4B, and Phl—-4B
cocrystals are shown in Figure 3. The pattern of 4B had
characteristic diffraction peaks at 10.4°, 12.3°, 19.4°, 24.2° and
25.4°. The diffraction peaks of the cocrystal were 17.9°, 20.5°,
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Figure 3. PXRD patterns of each sample.
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22.1°,24.2°,25.4°,26.2° 26.9° and 29.1°, which were basically
with its simulated PXRD form single-crystal diffraction pattern.
Moreover, the pattern of Phl showed peaks of 9°, 9.4°, 13.8°,
16.4°, 17.7°, 27.0° and 27.9°. It could be seen that 17.9° and
20.5° of the Phl—4B cocrystal were the new characteristic
diffraction peaks different from those of Phl and 4B, which
showed that it was a new crystalline phase. In addition, the
pattern of the cocrystal was similar to the simulated pattern
calculated from SCXRD data, which confirmed the new
cocrystal.

Thermal Analysis. Differential scanning calorimetry
(DSC) and thermogravimetric analysis (TGA) could be used
to examine the thermal behavior of a cocrystal.'®'” The purity
of the component could be judged by the melting point
measured by DSC, and TGA could be used to analyze whether
the substance was a solvent compound by the mass change of
the tested substance over a temperature range. Based on
previous experiments, Phl had a unique endothermic peak at
266.9 °C by DSC (Figure 4). It could be seen in the DSC
curve that 4B had a sharp endothermic peak appearing at
approximately 111.5 °C. After the formation of cocrystal Phl
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Figure 4. DSC and TGA curves.
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and 4B, DSC results of the Phl—4B cocrystal showed that it
had a new endothermic peak at 218.3 °C, which was different
from those of Phl and 4B. Moreover, the enthalpy values of
Phl, 4B, and Phl—4B cocrystal were 255.6 J/g, 93.25 ]J/g and
135.4 J/g, respectively. This meant that Phl-4B was a new
crystal. According to the TGA curve, there was no obvious
weight-loss platform in the Phl—4B curve, indicating that no
solvent molecules were precipitated so it was not solvated.
FTIR Analysis. When Phl and 4B formed a cocrystal
through a noncovalent bond such as hydrogen bond, the
vibration energy of related functional groups changed under
the influence of the noncovalent bond, resulting in a certain
degree of change in the Fourier transform infrared spectros-
copy.”’ In the infrared spectrum (Figure 5), Phl appeared with
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Figure S. FTIR of Phl, 4B, and Phl-4B.

characteristic peaks at 3210 and 1633 cm™, corresponding to
the O—H and C=O stretching vibrations of hydroxyl and
carbonyl groups. Moreover, 4B showed characteristic peaks at
3027 and 1406 cm ™! corresponding to C—H and C=N on the
pyridine ring. In the cocrystal, stretching vibrations of the ions
of O—H shifted to 3240 cm™' from 3210 cm™' and the
stretching vibration peak at 1409 cm™' was basically the same
as that of 4B, which were caused by the hydrogen bond
between O—H of Phl and the ions of 4B.

'HNMR Analysis. The ratio of each component could be
determined by the integral of the characteristic peak of each
component in 'HNMR.*' ">’ As shown in Figure 6, the
chemical shifts of characteristic peaks of Phl in the cocrystal
were as follows (red point): §12.24 (s, 2H), 10.35 (s, 1H),
9.14 (s, 1H), 7.02 (d, J = 8.4 Hz, 2H), 6.67 (d, | = 8.4 Hz,
2H), 5.82 (s, 2H), 3.22 (t, ] = 7.8 Hz, 2H), 2.77 (t, ] = 7.8 Hz,
2H). For 4B, the '"HNMR is as follows (blue point): §10.10 (s,
1H), 8.71 (d, J = 6.1 Hz, 2H), 7.73 (d, ] = 6.1 Hz, 2H), 4.63
(s, 2H). According to the integration results of Phl and 4B
characteristic peaks in the "HNMR, the ratio of Phl and 4B in
the cocrystal was 1:1, which was consistent with the calculated
material ratio. Solid-state NMR emerges as one of the most
suitable methods for characterizing cocrystals.”**> Due to the
limitation of our experimental conditions, solid-state NMR was
not utilized for cocrystal characterization. Subsequently, in
follow-up experiments, solid-state NMR will be employed to
supplement the pertinent data by characterizing the crystals.

Crystal Structure Determination. SCXRD could be used
to obtain information about the exact three-dimensional
structure and molecular arrangement of compounds.’*’
Cocrystal Phl—4B was crystallized in the P-1 space group
(Table 1) of the triclinic system, which contained one
molecule of Phl and one molecule of 4B in the asymmetric
unit (Figure 7a). The unit cell consisted of two asymmetric
units (Figure 7b), and more data of hydrogen-bonding
distances and angles for the cocrystal are shown in Table 2.
As shown in Figure 7c, each molecule of Phl was associated
with the adjacent 4B through the ligands of the enantiomer
through O1—-H1-- N2 and O4—H4--- N1 formed hydrogen
bonds extending in one dimer. These dimers contacted with
each other by O5—HS5A-- O1 hydrogen bonds of O1 forming
long two-dimensional planar structures (Figure 7d). Inter-
action of H---7 was found in the cocrystal, which was from
C25-H2S to Cgl at (—1+x, y, z), and the perpendicular
distance of H to the ring plan was 2.854 (Figure 8).
Meanwhile, there was 7---7 stacking in the structure, which
was from Cgl at (x, y, z) to Cg2 at (1+«, y, z). The interplanar
distances between the relevant centroids demonstrate a
slippage angle of 10.17 for Cgl--Cg2, which showed the J-
type m--x stacking structure (Figure 9). In addition, the
centroid—centroid distance was 3.814 and the shift distance
was 1.417. Finally, by the intermolecular force of 7—r stacking,
each two-dimensional planar structure was alternately stacked
into a three-dimensional structure.

Hirshfeld Surface Analysis. The Hirshfeld surface of the
cocrystal could be analyzed to observe the interaction between
the components in the cocrystal more clearly.””*” According to
the space occupied by molecules in the crystal, the surface of
Hirshfeld divides different molecular fragments according to
the electron density of the crystal and then analyzes the
intermolecular interaction force and visualizes the types and
regions of intermolecular contact in the crystal. The Hirshfeld
surface of the cocrystal and the corresponding two-dimensional
fingerprint were generated by CrystalExplorer 21.5. d; and d,
respectively represent the closest distance between the atoms
inside the surface and the closest distance between the atoms
outside the surface, while d,,,, measures the contact distance
between molecules in the corresponding region.”” The red and
blue colors of the Hirshfeld surface diagram represent the high
and low intensities of the intermolecular forces, respectively,
which visualize the strength of the d,., points and then
provide important information about the intermolecular
interactions.

The Hirshfeld surfaces of the cocrystal are shown in Figure
10a. The d, ,, map of the cocrystal with a red spot explained
the O---H contact, which was labeled 1, and another red spot
for the cocrystal was N---H contact, which was labeled 2. The
shape index of the cocrystal is shown in Figure 10b; the
curvedness is shown in Figure 10c. The intermolecular forces
of O---H contact and N---H contact accounted for 17.1% and
6.3%, respectively. Analysis of the two-dimensional fingerprint
plots showed that the most important interaction was H---H
(40.5%) because of the large hydrogen-atom content of the
cocrystal. In the pair of characteristic wings in the fingerprint
plot, it was the interaction of C---H/H--C that contributed
27.6% to the Hirshfeld surface, which was contact of C—H:- 7.
The interaction of C---C, which was 7---7 stacking, contributed
3.6% to the Hirshfeld surface. Therefore, the intermolecular
forces that keep the cocrystal stable were mainly exerted by
interaction of H---H and C---H/H---C.

https://doi.org/10.1021/acsomega.4c01136
ACS Omega 2024, 9, 31477-31487


https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

r10000

9000

8000

F7000

6000

5000

4000

~3000

2000

1000

1000

Figure 6. '"HNMR of the Phl—4B cocrystal.
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Table 1. Crystal Structure Parameters of the Phl—4B

Cocrystal

compound

chemical formula
formula weight
temperature (K)
2 (A)

crystal size (mm?)
space group
crystal system

a (&)

b (A)

c (&)

a(?)

AQ)

r (°)

volume (A%)

VA

pcalc (g-em™)

# (mm™)

20 range

F(000)

index ranges

reflections collected
independent reflections
data/restraints/parameters
GOF

final R indexes [I > 26 (I)]
final R indexes (all data)
largest diff. peak/hole (e A7)

Phl-4B
CysHyN,O5
430.44
150(10)
1.34138
0.11 X 0.05 X 0.04
P-1
triclinic
7.6519(5)
9.7761(7)
14.4657(9)
96.022(2)
104.617(2)
90.117(2)
1040.86(12)
2
1.373
0.509
5.526—1130.142
452
-10<h <10
-13<k<13
-19<1<19
86,084
5264 [R;y = 0.0449, Ry, = 0.0212]
5264/0/293
1.043
0.0410/0.1170
0.0431/0.1192
0.26/—0.23

Analysis of Solubility Experiments. For drugs with poor
solubility, how to improve the solubility and dissolution
behavior of drugs was an important research topic in the drug
development stage. The solubility and dissolution rate of solid
drugs were changed due to the formation of cocrystals, which
affected the release and absorption of drugs in vivo. The
solubility results of pure Phl were selected from the last
experimental data.'® According to the powder dissolution
curve of the Phl—4B cocrystal (Figure 11), the cocrystal
reached equilibrium solubility (49.93 + 9.69 ug-mL™', P >
0.05) in pH 1.2 buffer for 540—1440 min. The equilibrium
solubility in the cocrystal was significantly higher than that of
the Phl raw material (4.38 + 0.70 ug'mL™") and the mixture of
Phl and 4B (22.34 + 1.19 ugmL™', both P < 0.05),
respectively. The solubility of the Phl and 4B mixture was
five times that of the Phl raw material. In pH 6.8 buffer, there
was no statistical difference in solubility between the Phl—4B
cocrystal and the Phl raw material during 540 to 1440 min (P
> 0.0S), indicating that the Phl and 4B cocrystal did not
improve the solubility of Phl but the solubilities of both were
higher than the solubility of the Phl and 4B mixture (P < 0.0S).
The “spring—parachute” effect of the Phl—4B cocrystal
appeared in both buffers, and the Phl concentration in the
Phl—4B cocrystal reached its peak value (68.46 = 6.30 ug:
mL™") at 1S min in pH 1.2 buffer and began to decrease.
Furthermore, it began to decrease after the pH 6.8 buffer
reached its peak value (32.41 + 3.17 ug-mL™") at 75 min. This
occurred because the hydrogen bonds within the cocrystal
broke in solution, causing Phl to be released from the crystal
structure and to transition into an amorphous state.
Consequently, the concentration of Phl rose sharply at the
beginning, exhibiting the “spring” effect. The amorphous form
of Phl gradually precipitated from the solution, owing to its
limited water solubility. Subsequently, the Phl concentration
declined after reaching its peak, a phenomenon known as the
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Figure 7. The Phl—4B cocrystal had an asymmetric unit (a), cell (b), one-dimensional plane (c), and two-dimensional plane (d).

Table 2. Hydrogen Bond Information of Phl—4B Cocrystal

hydrogen bond H--A(A) D--A(A) D—H--A (°)
O1-HI..N2" 0.84 2.687(4) 156.0
04—H4..N1 0.84 2.665(4) 165.9
03—H3A--02 0.84 2.489(3) 147.6
05—HS5A--01° 0.84 2.742(4) 169.0

“Symmetry codes: 2+X,Y,—1+Z. bSymmetry codes: 2—X,—Y,—Z.

“parachute” effect. The alteration in the crystal structure
significantly influenced the solubility of Phl. The results
showed that the solubility of Phl in a pH 1.2 solution was
improved after the formation of cocrystal Phl—4B.

In Vitro Digestive Simulation Experiment and
Digestive Kinetics Analysis. In vitro simulated digestion
experiments of Phl and Phl—4B cocrystal were performed in
simulated gastric fluid (SGF) and simulated intestinal fluid
(SIF). The release rule of pure Phl was selected from the last
experimental data.'® According to Figure 12, the release rates
of Phl and Phl—4B cocrystal at 120 min were 10.78% and
15.18%, respectively, during the incubation stage of gastric
digestion, and the Phl—4B cocrystal release rate was
significantly higher than that of the Phl raw material at this

H
I
Qo

Figure 8. H---7 stacking in the Phl—4B cocrystal.

stage (P < 0.05). However, the release rate of the Phl raw
material was very low in the first 30 min and began to rise
rapidly to 10.78% after 30 min. During the whole incubation
period of small intestine digestion, the Phl raw material rapidly
increased to 21.70% in the first 30 min and then slowly
decreased to 17.59% in 360 min. The release rate of the Phl—
4B cocrystal in 360 min was 19.5%. There was no significant

https://doi.org/10.1021/acsomega.4c01136
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Figure 9. -7 stacking in the Phl—4B cocrystal.

difference in Phl release rate between the Phl—4B cocrystal and
the Phl raw material (P > 0.05). The Phl—4B cocrystal had a
higher Phl release rate in SGF compared to the Phl raw
material but lower than that of the Phl raw material in SIF. In
the solubility test, the Phl—4B cocrystal had a higher solubility
than the Phl raw material at pH 1.2 but had no statistical

difference with the Phl raw material at pH 6.8. The
experimental results could correspond to the solubility
experiment. In addition, the release rate of the Phl—4B
cocrystal decreased at the later stage of the experiment, which
may be due to the spring—parachute effect, in which the
concentration of supersaturated Phl molecules was precipitated
from the simulated digestive solution and the release rate
decreased.

The fitting equation of the release kinetics model in Table 3
was fitted according to the release curves of the Phl raw
material and the Phl—4B cocrystal.’’ The results showed that
the Phl raw material and the Phl—4B cocrystal had the highest
fit with the Ritger-Peppas model in these four kinetics models,
and parameter 7 in the formula Q = kt" of this model was the
drug release characteristic index: when n < 0.45, the drug
release mechanism was mainly Fick diffusion. When 0.45 < n <
0.89, the drug release was mainly caused by the combination of
drug diffusion and skeleton dissolution. When k > 0.89, the
drug release mechanism was skeleton dissolution. The fittin
equations of Phl and Phl—4B cocrystal were R = 1.4612¢4¢!
and R = 3.3255t*%% and their n values were 0.4561 and
0.2933, respectively, indicating that the release of Phl was
mainly a synergistic effect of diffusion and outer wall
dissolution. The release of Phl in the Phl—4B cocrystal was
mainly due to Fick diffusion.”> However, the correlation
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Figure 10. Picture of the Hirshfeld surfaces for the Phl—4B cocrystal (a). Hirshfeld mapped with shape index (b) and curvedness (c) and

fingerprint plots for the cocrystal.
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Figure 11. Solubility curves of Phl, 4B, and Phl—4B cocrystal in pH
1.2 (a) and 6.8 (b).
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Figure 12. Release rule of Phl and Phl—4B cocrystal in the in vitro
digestive simulation experiment.

Table 3. Phl and Phl-4B Cocrystal-Simulated Digestion
Fitting Equations

compound model fitting equation R?
Phl zero-order model R = 4.8466t + 0.05009 0.5760
first-order model failed
Higuchi model R = 1.1878t"* — 0.5096  0.7367
Ritger-Peppas model R = 1.4612£*4¢! 0.7390
Phl-4B zero-order model R = 0.03696t + 7.1285 0.6001
first-order model failed
Higuchi model R = 08801/ — 3.0315  0.8019
Ritger-Peppas model R = 3.3255£"%% 0.8662

coeflicient of each model was not high and, it may not be the
most optimal model for explaining the release curve.
Additionally, other models were employed to fit the release
curve in subsequent analyses. Phl’s release behavior may be
similar to that of the raw form because they both originate
from the same type of crystal. However, the presence of 4B
may affect the release behavior of Phl in a mixed model; we
will investigate the release of Phl in mixed models in the future.

31483

Stability Experiment. The physical and chemical stability
of the compound in a cocrystal changes due to the changes in
the arrangement and accumulation mode of the molecules. In
this part, the phase and content changes of Phl and its cocrystal
in 3 months were investigated. The results are shown in Figure
13a. The PXRD patterns of Phl raw materials and cocrystal did
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Figure 13. PXRD patterns of samples (a) for 3 months and the
contents of samples changing in 3 months (b).

not change significantly within 3 months, indicating that the
crystal phase did not change, and the crystal stability of the
Phl—4B cocrystal and pPhl was good within 3 months at 40
°C, 75% RH.

While exploring the crystal stability, the concentration
changes of Phl in the raw material and cocrystals were
measured by HPLC (Figure 13b). Within 3 months, the
content of the Phl raw material decreased from 106.443 +
2.135% to 93.119 + 7.965%. And the Phl content in the Phl—
4B cocrystal decreased from 100.261 + 3.514% to 96.452 +
4.363%. The Phl content in the Phl—4B cocrystal was still
significantly higher than that of the Phl raw material after the
samples were placed at 40 °C, 75% RH, for 3 months (P <
0.05), indicating that the chemical stability of Phl after forming
a cocrystal with 4B was better than that of the Phl raw material.
The reason may be the change of crystal structure after the
formation of the cocrystal and the change of intermolecular
H---m stacking and hydrogen bond force, which makes the
crystal structure more stable.

Antioxidant Activity. As shown in Figure 14, compared
with the model group, the survival rate of H9C2 cells

https://doi.org/10.1021/acsomega.4c01136
ACS Omega 2024, 9, 31477-31487


https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c01136?fig=fig13&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c01136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
150 =
mm Control
, B Model
3 100+ mEm Phl
:..;‘ Hm Phl-4B
]
& 501
0_
10 20 40 80 160 320

pmoI-L'1

Figure 14. Antioxidant of Phl and the cocrystal in the test of HOC2
cells (*P < 0.05).

pretreated with Phl raw material showed no significant
difference with that of the model group at different
concentrations (P > 0.05). After treatment with Phl—4B, the
survival rate of H9C2 cells at 320 umol-L™" was significantly
improved compared with the model group (P < 0.05). This
preliminarily proved that the antioxidant capacity of Phl was
improved after forming a cocrystal with 4B. The better
solubility of the cocrystal allows for more drug release so that
the concentration of drugs is increased around the cell
Therefore, the antioxidant activity of the drug was improved
after cocrystallization.

B CONCLUSIONS

In this study, a solubilized cocrystal solution was innovatively
employed to improve the water solubility of phloretin. The
Phl—4B cocrystal was synthesized using the solvent evapo-
ration method. Characterization of the Phl—4B cocrystal was
conducted using PXRD, DSC, TGA, SCXRD, FTIR, 'HNMR,
and Hirshfeld surface analysis. The crystal structure,
stoichiometric ratio, and intermolecular force of the two
cocrystal materials were determined. Following the formation
of the Phl—4B cocrystal, the solubility of Phl in a pH 1.2
environment improved, enhancing its stability. The release of
Phl from the Phl—4B cocrystal was mainly due to Fick
diftusion in an in vitro digestive simulation experiment. In the
hypoxic reoxygenation model of H9C2 cells, it was observed
that the antioxidant capacity of Phl was enhanced upon
forming a cocrystal with 4B. The enhancement of antioxidant
activity indicated that the formation of the cocrystal could alter
the final pharmacological effect. Compared to the Phl—Inz
cocrystal, the Phl—4B cocrystal had a new intermolecular force
of m--m packing because the structure contained more six-
membered rings. Therefore, we could consider using 77
stacking instead of hydrogen bonding when designing cocrystal
synthesis strategies. Maintaining the structural integrity of Phl,
addition of a suitable CCF could alter the spatial structure of
Phl crystals, thereby enhancing the physicochemical properties
and pharmacodynamic effects. This study provides both
theoretical groundwork and practical insights for the future
design and synthesis of novel solid formulations of Phl. Despite
the toxicity of 4B, rendering it unsuitable for pharmaceutical
applications,” the formation of the Phl—4B cocrystal suggests
that Phl has the potential to form cocrystals with molecules
containing pyridine groups, guiding future research in
identifying suitable CCFs for cocrystal formation with PhlL

B MATERIALS AND METHODS

Materials. Phl (purity >98%) and 4B (purity = 98%) were
purchased from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Phloretin (HPLC >98%) was purchased
from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai,
China). Methanol was obtained from Guangzhou Reagent Co.,
Ltd. (Guangzhou, China). Simulated gastric fluid and
simulated intestinal fluid were purchased from Guangzhou
Testing Technology Co. LTD.(Guangzhou, China). The
HOC2 cell was purchased from the Institute of Biochemistry
and Cell Biology Sciences, Chinese Academy of Sciences
(Shanghai, China). Penicillin—streptomycin, fetal bovine
serum, phosphate-buffered saline, and DMEM high-glucose
culture medium were from Gibco (Grand Island, New York).
MTT (2-(4,5-dimethyl-2-thiazolyl)-3,5-diphenyl-2H-tetrazol-
3-ium bromide) were purchased from Sigma-Aldrich (St
Louis, Missouri).

Preparation of the Cocrystal. Phl and 4B were dissolved
in 15 mL of methanol at a stoichiometric ratio of 1:1, followed
by ultrasound until all solids were completely dissolved, and
mixed in a parallel synthesizer (Carousel 6 Plus, UK) at a
speed of 350 rpm for 12 h. After being mixed, the solution was
transferred to the beaker and volatilized at room temperature
for 3 to 5 days. When numbers of pink and needle crystals
were precipitated from the liquid and attached to the wall and
bottom of the beaker, the crystals were collected and
transferred to a vacuum drying oven to dry at 45 °C for 8 h.
Finally, the crystals were sealed in a refrigerator at 4 °C.

Powder X-ray Diffraction (PXRD). The powder X-ray
diffraction test was performed on an X'Pert multifunctional
powder X-ray diffractometer (PANalytical, Netherlands). The
test was under the condition at 30 mA and 40 kV with Cu K,
radiation (4 = 1.540598 A). The scanning range and
wavelength were 3—40° and 0.131/step, respectively. Before
the test, the powder of each sample was ground and crushed
through a 100 mesh screen to ensure a uniform particle size.

Thermal Test. The thermal test of samples was tested by a
DSC/DTA-TG STA 449 FS Jupiter (NETZCH, Germany)
instrument. The samples were tested in aluminum pans,
respectively. The temperature rose from 30 to 500 °C with the
rate of 10 °C/min. The protect gas and purge gas were N,.

Fourier Transform Infrared Spectroscopy. The samples
were dried at 45 °C for 6 h in a vacuum-drying oven before
testing and then placed in a dryer overnight (desiccant is
P,0;). The dried sample of 1—2 mg was weighed and scanned
by a Fourier infrared spectrometer (PerkinElmer, United
States). The scanning range was set to 4000—400 cm™, and
the test ambient temperature was 25 °C.

'"HNMR. A 1 mg sample was weighed and thoroughly
dissolved in 1 mL of DMSO-ds with TMS as an internal
standard. Then, the samples were tested by a nuclear magnetic
resonance spectrometer (Bruker, Germany) at 600 MHz at
room temperature.

Single-Crystal X-ray Diffraction (SCXRD). The crystal
structure of the Phl—4B cocrystal was determined by single-
crystal X-ray diffraction. Data of the structure was collected by
an Agilent SuperNova diffractometer with Ga Ka radiation (1=
1.34138 A) at 150 K. The data reduction and correction were
performed by CrysAlis™©. The calculation of the crystal’s
structure was refined by Olex2 ShelXT* and ShelXL.*™ The
pictures of the structure were drawn by Olex2.
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Hirshfeld Surface Analysis of the Cocrystal. The
molecular interaction of cocrystal asymmetric units was
analyzed by CrystalExplorer 21.5.°° The cocrystal Hirshfeld
surface and corresponding fingerprints were generated from
the structural data. The normalized contact distance (d,qm)
surface of the fingerprint was mapped to a specified range of
—0.6753—1.2005A.

HPLC Measurement. The Phl's concentration was
examined by HPLC (Agilent 1200, USA) using an Agilent
G1311A pump and an Agilent G1315D DAD. The chromato-
graphic separation was performed on a Diamonsil C18 column
(column 250 X 4.6 mm, 1.8 ym) at a flow rate of 1 mL-min
solution A (water) and solution C (acetonitrile), which were
chosen as mobile phases. The gradient elution was set as
follows: 40 - 60% C (0—12 min) and 60—40% C (12—15 min).
The injection volume was 15 mL, and the detection
wavelength was 273 nm.

Solubility Test. A shake-flask method was used to measure
the solubility samples. The cocrystal and its mixture were
tested in pH 1.2 + 0.2 hydrochloric acid buffer and pH 6.8 +
0.2 phosphate buffer solutions, respectively, which were placed
in a penicillin bottle containing 10 mL of solution. The bottles
were rotated at 37 & 0.5 °C at 100 rpm for 24 h. 0.4 mL of
liquid was extracted with a pipet, and 0.4 mL of buffer was
replaced at §, 10, 18, 20, 30, 45, 60, 75, 90, 120, 150, 180, 240,
300, 360, 420, 540, 720, and 1440 min. The concentration at
each time point was detected by HPLC (n = 3).

In Vitro Digestive Simulation Experiment and
Digestive Kinetics Study. Approximately 6 mg of samples
was weighted, added with 4 mL of simulated gastric fluid, and
stirred at 37 °C at 100 rpm'min~". After 2 h, the pH of the
remaining digestive fluid was adjusted to 6.8 with NaOH and
mixed with simulated intestinal fluid at a 1:1 (v/v) ratio. The
release medium was stirred at 37 °C for 4 h and taken every 30
min. The concentration of Phl was detected by HPLC (n = 3).
In order to further understand the release mechanism of
phloretin in cocrystal digestive fluid in simulated gastroenteric
fluid, the zero-order model, first-order model, Higuchi model,
and Ritger—Peppas model were used to study the digestive
kinetics,”” which were calculated according to the following
equations:

zero — order model: R = kt

first — order model: In(1 — R) = kt
Higuchi model: R = kt'/?

Ritger — Peppas model: R = kt"

R is the cumulative release rate of phloretin, k is the release
coefficient, and n is the diffusion coeflicient.

Stability Evaluation of Free Phl and the Cocrystal. In
order to test the stability of Phl and the cocrystal, 30 mg of
each sample (Phl, 4B, and cocrystal) was placed in the bottom
of breakers and were stored for 90 days (40 °C, RH 75%). The
purity of Phl was determined by HPLC, and the diffraction
pattern was tested by PXRD.

Antioxidant Assay. H9C2 cells were cultured in DMEM
high-glucose culture medium containing 10% fetal bovine
serum and 1% double antibody at 37 °C and 5% CO,. When
H9C2 cells were cultured to the logarithmic growth stage, the
cells were seeded and inoculated into 96-well plates with 2.0 X
10* cells per well for 24 h. The cells were divided into control

group, model group, and drug group. Complete DMEM was
used in the control group, and DMEM (without glucose) was
used in the model group and drug group. The cells in the
model group were placed in an anoxic box with 99% nitrogen
content for 4 h. After 4 h, the culture medium was changed to
DMEM and the cells were placed in an incubator at 37 °C and
5% CO, for 3h. The drug group was further divided into Phl
group and cocrystal group, which were treated with various
concentrations of Phl and cocrystal. After 7 days of continuous
culture, 20 uL of MTT test solution (S mg-mL™") was added
to each well for 4 h, and 150 uL of DMSO solution was added
to each well to shake well, and OD values were determined at
490 nm using a multifunctional enzyme labeler.

Statistical Analysis. Statistical analysis was performed with
SPSS 25 and GraphPad 9.0.0 software. For measurement data,
Shapiro—Wilk was used to test the normal distribution. If
measurement data conform to normal distribution, mean =+
standard deviation (X + s) was used to describe the
measurement data. The univariate ANOVA method was used
for comparison between groups. The method of multiple
comparison was Bonferroni correction.
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