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In the pharmaceutical field, machine learning can play an important role in drug development, production
and treatment. Co-crystallization techniques have shown promising potential to enhance the properties
of active pharmaceutical ingredients (APIs) such as solubility, permeability, and bioavailability, all without
altering their chemical structure. This approach opens new avenues for developing natural products into
effective drugs, especially those previously challenging in formulation. Emodin, an anthraquinone-based

Keywords: natural product, is a notable example due to its diverse biological activities; however, its physicochemical
Co-crystallization limitations, such as poor solubility and easy sublimation, restricted its clinical application. While vari-
Properties ous methods have improved emodin’s physicochemical properties, research on its bioavailability remains

Bioavailability limited. In our study, we summarize cocrystals and salts produced through co-crystallization technology

Sepsis and identify piperazine as a favorable coformer. Conflicting conclusions from computational chemistry
ﬁg:ﬁi‘;e learning and molecular modeling method and machine learning method regarding the formation of an emodin-
piperazine cocrystal or salt led us to experimentally validate these possibilities. Ultimately, we success-
fully obtained the emodin-piperazine cocrystal, which were characterized and evaluated by several in
vitro methods and pharmacokinetic studies. In addition, experiments have shown that emodin has a cer-
tain therapeutic effect on sepsis, so we also evaluated emodin-piperazine biological activity in a sepsis
model. The results demonstrate that co-crystallization significantly enhances emodin’s solubility, perme-
ability, and bioavailability. Pharmacodynamic studies indicate that the emodin-piperazine cocrystal im-
proves sepsis symptoms and provides protective effects against liver and kidney damage associated with
sepsis. This study offers renewed hope for natural products with broad biological activities yet hindered
by physicochemical limitations by advancing co-crystallization as a viable development approach.
© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Machine learning is an advanced analytics technique that is
able to find useful value in large amounts of data and make accu-
rate predictions about it, and is a branch of artificial intelligence.
It has the advantage of fast computation and high accuracy. Due
to its advantages, it has been widely used in various fields such as
physics, legal science, medicine [1-3].

Co-crystallization technology allows for the formation of cocrys-
tals or salts without altering the chemical structure of active phar-
maceutical ingredients (APIs). This technique has effectively en-
hanced the physicochemical properties of APIs, significantly im-
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proving their druggability [4-6]. Such advantages bring new hope
for natural products with extensive biological activity that have yet
to reach clinical application due to inherent physical and chemical
limitations.

Emodin (EM) is an anthraquinone compound extracted and
isolated from the Chinese herb rhubarb (Rheum rhabarbarum L.),
known as an insoluble natural product [7]. The structural formula
of EM is shown in Scheme 1. Numerous studies have demon-
strated EM’s diverse pharmacological activities, including antibac-
terial [8,9], anti-inflammatory [10-12], antiviral [13,14], antidia-
betic [15-17], anticancer [18-21], and anti-Alzheimer’s effects [22-
25]. Recent research indicates that EM shows remarkable thera-
peutic or protective effects in animal models of sepsis. Its primary
mechanism involves reducing inflammation, thereby limiting tissue
and organ damage, such as injury to the lungs and jejunum, and
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Emodin (EM)

Piperazine (PIP)

Scheme 1. The molecular structure of EM and cocrystal former (CCF).

preventing further dysfunction [26-32]. This makes EM a promis-
ing candidate for sepsis treatment. However, EM’s limited solubility
[33-35] presents a challenge. Drug researchers have explored var-
ious strategies to improve its physicochemical properties, includ-
ing cocrystals, salts, inclusion complexes, and lipid complexes [36-
40]. While these approaches have yielded progress in enhancing its
physicochemical profile, further in vivo studies are needed to con-
firm EM’s bioavailability and its ameliorative effect on sepsis.

The key to successful co-crystallization lies in screening appro-
priate coformers to create stable cocrystals or salts. Building on
prior research and recently published screening studies [41-43],
we identified piperazine (PIP) as a highly suitable coformer. Fig. S1
(Supporting information) lists the ApK, distributions of the two-
component piperazine cocrystals and salts in Cambridge Structural
Database (CSD). PIP offers several advantages: (1) It has good solu-
bility and permeability, making it potentially effective at enhanc-
ing the solubility and permeability of host molecules; (2) it is
safe and has low toxicity; (3) its weak alkalinity makes it easily
co-crystallized with acidic compounds, including salts and cocrys-
tals. PIP enhances the solubility of anthraquinone compounds by
modifying the molecular stacking and local chemical environment.
Through statistical analysis of cocrystals and salts formed between
APIs and PIP, we observed that the inclusion of highly soluble PIP
in the crystal lattice can lead to solvent-mediated phase transi-
tions [44-49]. This effect likely results from the strong interaction
between PIP and the solvent, which causes substantial dissolution
in solution, thereby weakening the crystal structure and enhancing
the dissolution rate.

To determine whether EM can form cocrystal with PIP, we first
make predictions using computational chemistry and molecular
modeling methods. We used molecular electrostatic potential sur-
face (MEPS) [50,51], molecular complementarity (MC) and mul-
ticomponent hydrogen-bond propensity (MCHBP) methods. Unex-
pectedly, all three predictions showed that the two could not form
a cocrystal or salt. After that we thought of the machine learning
model for cocrystal virtual screening that we established earlier -
eXtreme Gradient Boosting (XGBoost) model [52]. Surprisingly, this
prediction instead showed that EM and PIP can form cocrystal. In
recent years, we have continuously enriched our database and im-
proved the accuracy of cocrystal prediction. Therefore, we resolved
to verify it through experiments. Fortunately, we successfully syn-
thesized the EM-PIP cocrystal and conducted comprehensive char-
acterizations, including single crystal X-ray diffraction (SCXRD),
powder X-ray diffraction (PXRD), differential scanning calorime-
try (DSC), thermogravimetric analysis (TGA), Fourier transform in-
frared spectroscopy (FT-IR), and solid-state nuclear magnetic reso-
nance (SSNMR). Initial in vitro evaluations revealed that the EM-
PIP cocrystal exhibited enhanced solubility and permeability. Fur-
ther bioavailability assessments showed that cocrystal formation
improved EM absorption, enhancing its effectiveness in vivo. Fi-
nally, using a murine sepsis model, we evaluated EM-PIP’s efficacy
and found that it alleviated lipopolysaccharide-induced sepsis and
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provided substantial protection against liver and kidney damage
associated with sepsis.

First, given the potential of both cocrystals and salts to im-
prove the properties of EM, selecting an appropriate multicompo-
nent crystal former is crucial. Upon reviewing the available cocrys-
tals of EM in the literature, we found that the number is rela-
tively limited. In the CSD, EM has been reported to form cocrys-
tals with five compounds: berberine, nicotinamide, pyrimethamine,
4,4'-bipyridine, and carbamazepine [36,53-55]. Their scheme, ref-
codes and pK;, values are listed in Fig. S2 and Table S1 (Supporting
information). pK; values were predicted using DeepSynthesis (http:
/Ipka.luoszgroup.com/prediction) [56]. Notably, all of these coform-
ers are nitrogen-containing alkaline compounds, which supports
the rationale for selecting PIP as a coformer. The MEPS method
estimates the formation of a cocrystal based on the pairing en-
ergy difference between the cocrystal and two different interaction
sites of the pure component. The formula for MEPS is shown in Eq.
1. Previous studies have shown that there is a greater than 50%
chance of cocrystal formation when AE < —11 kJ/mol [57-59]. Our
calculation results indicate that when the ratio between EM and
PIP is 1:1, AE is —2.96k]J/mol, thus indicating that the probabil-
ity of cocrystal formation between EM and PIP is lower based on
the method. The MCHBP and MC prediction results also indicate
that they cannot form cocrystal, as shown in Figs. S3 and S4 (Sup-
porting information). However, our previous XGBoost-based ma-
chine learning approach indicated that a cocrystal could form. This
discrepancy in predictions motivated us to experimentally verify
the possibility. Ultimately, we successfully synthesized the EM-PIP
cocrystal.

AE = Ecc — nE; — mE, (1)

where Eq, E;, and E.. are the interaction site pairing energies of
the pure solids 1 and 2 and a cocrystal of stoichiometry 1,2, re-
spectively.

The powder of EM-PIP cocrystal was prepared by a suspension-
stirring method as follows: 2 mmol EM and 1 mmol PIP at a stoi-
chiometric ratio of 2:1, was stirred at room temperature (2045 °C)
for 24h at 400rpm with approximately 15mL of methanol. The
suspension was then filtered, and the solid substance was dried in
a vacuum oven at 40°C for approximately 12 h. The single crystals
of EM-PIP cocrystal were prepared via a solution-slow evaporation
method. A certain amount of obtained solid substance of EM-PIP
cocrystal was dissolved in isopropanol. The solution was filtered
to obtain a clear and transparent solution. The filtered solution
was placed in a stable plane for crystallization for approximately
2 weeks at room temperature to obtain dark red block single crys-
tals.

The instruments and methods used in this experiment are all
in Supporting information. SCXRD can provide three-dimensional
structure and basic information of cocrystal. Table S2 (Support-
ing information) lists the detailed crystallographic information of
EM-PIP cocrystal. Hydrogen bond information is shown in Table
S3 (Supporting information). The SCXRD results indicate that EM
and PIP form cocrystal in the P2;/c space group at a ratio of 2:1.
The 3-hydroxyl group and 10-carbonyl group of EM form O-H---N
and N-H---O hydrogen bonds with the nitrogen atom of PIP, re-
spectively, forming D}(Z) motif in Fig. S5a (Supporting informa-
tion). S}(G) motif is also present within the EM molecule. As shown
in Figs. S5b and c (Supporting information), the chain structures
formed under the action of these two hydrogen bonds are stacked
into a neat layered structure. PXRD is a robust solid-state analytical
technique commonly used to accurately identify and analyze the
phases of substances [60]. The calculated PXRD pattern was gener-
ated using Mercury software [60] from SCXRD data. By comparing
the experimental PXRD pattern with the calculated PXRD pattern
of the cocrystal, we can further confirm the formation of a new
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cocrystal. Fig. S5d (Supporting information) shows the PXRD pat-
terns for the EM-PIP cocrystal, EM, and PIP. The experimental PXRD
pattern of the EM-PIP cocrystal differed significantly from those
of the EM raw material and PIP, particularly in the number and
position of diffraction peaks. Additionally, the experimental PXRD
pattern aligned well with the calculated PXRD pattern, confirming
that a new EM cocrystal was indeed formed with relatively high
phase purity in the prepared samples.

DSC allows for the qualitative analysis of phase transitions via
endothermic and exothermic peaks. As shown in Fig. S5e (Sup-
porting information), the EM-PIP cocrystal exhibited two succes-
sive exothermic and endothermic peaks after 240 °C, distinct from
the DSC spectra of EM and PIP, indicating the formation of new
substances. Simultaneously analyzing the TG spectrum in Fig. S5f
(Supporting information), the weight loss of EM-PIP between 160-
280°C is 13.01%. Through calculation, we found that the theoret-
ical weight loss of PIP in EM-PIP is 13.75%, thus inferring that
the weight loss step and exothermic peak within this temperature
range are due to the decomposition weight loss of PIP. Meanwhile,
EM-PIP lost 1.44 % weight between 40°C and 150 °C, indicating the
presence of adsorption solvents or water.

EM exhibited a broad, weak absorption peak at 3382cm™ in
Fig. S5g (Supporting information), attributed to the presence of hy-
droxyl groups. PIP showed a moderate intensity characteristic ab-
sorption peak at 3217 cm™!, corresponding to the N-H stretching
vibration of the secondary amine. In the EM-PIP cocrystal, the hy-
droxyl stretching vibration peak shifted to 3276 cm™! with reduced
intensity, while the N-H vibration peak of PIP shifted to 3062 cm™!.
These spectral shifts indicated an interaction between EM and PIP.
Based on the single crystal structure of EM-PIP cocrystal, these
infrared spectrum changes were inferred to result from the for-
mation of O-H---N and N-H---O hydrogen bonding interactions be-
tween them.

Solid state '3C nuclear magnetic resonance spectra of newly
formed substances with different starting materials can indicate
the successful formation of cocrystal. The SSNMR of 13C is shown
in Fig. S5h (Supporting information). 3C NMR spectroscopy pro-
vides a direct and intuitive method to determine the formation of
new material forms. The displacement of 13C in EM-PIP mainly oc-
curs in the C3-0, and C,-N; parts of EM and PIP, with resonances
ranging from 166.01 ppm (pure EM) and 46.72 ppm (pure PIP) to
4414 ppm and 169.35 ppm (EM-PIP), respectively. Based on the re-
sults of SCXRD, it can be concluded that EM and PIP can form
0,-H;--N;p hydrogen bonds.

The distribution of extreme electrostatic potential values of EM
and PIP analyzed by MEPS analysis is shown in Fig. 1a. It can be
seen that the maximum electrostatic potential of EM occurs near
the 3-hydroxyl group, with a value of +62.18 kcal/mol, the mini-
mum value is —31.67 kcal/mol near the 10-carbonyl group [61,62].
The structure of PIP is centrosymmetric, with its maximum value
occurring near the hydrogen atom of the PIP nitrogen atom at
+23.96 kcal/mol, and its minimum value is —36.08 kcal/mol near
the nitrogen atom of PIP. From the distribution of electrostatic po-
tential values, we can infer the interaction site of cocrystal be-
tween the two compounds, that is, the hydrogen bond of O-H.--N
type between the nitrogen of PIP and the 3-hydroxyl group of EM,
and the hydrogen bond of N-H..-O type between the nitrogen of
PIP and the 10-carbonyl group of EM. We can further infer that
the hydrogen bond strength of the former is stronger than that of
the latter. We intercepted the clusters between PIP and surround-
ing EM in the single crystal structure, and studied the interaction
between them by independent gradient model based on Hirshfeld
partition (IGMH) analysis [63]. The results are shown in Fig. 1b. It
can be seen that the hydrogen bonding sites predicted by MEPS
have been confirmed in the single crystal structure, and the cen-
ter of the isovalue between hydrogen bonds formed by O,-H---N;p
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is blue, while the isovalue between hydrogen bonds formed by
N{p—H---O5 is only green, which confirms that the hydrogen bond-
ing intensity of the former is higher than that of the latter.

Hirshfeld surface binding molecular fingerprint maps [64-66]
can also be used to determine hydrogen bonds and their strengths.
Fig. 1c shows the results of Hirshfeld surface. The circular red do-
main indicated by Hirshfeld surface indicates the hydrogen bond
interaction site, and the darker the color, the stronger the interac-
tion. In the molecular fingerprint, the spikes labeled with red el-
lipse represent hydrogen bond donors above and hydrogen bond
receptors below. It can be seen that both compounds can be used
as hydrogen bond donors and receptors. Combined with MEPS,
it can be seen that the length (sharpness) of spikes representing
hydrogen bond donors and receptors is positively correlated with
strength.

Similar to IGMH, interaction region indicator (IRI) analysis [67]
is also a powerful tool for visualizing intermolecular interactions
and it shows more types of interactions. Fig. 1d gives the results of
IRI and its plane coloring map. Fig. 1d(1) shows that the nitrogen
of PIP forms an O-H---N hydrogen bond with the hydroxyl group
at position 3 of EM, and in Fig. 1d(2) the nitrogen of PIP forms
an N-H---O hydrogen bond with the carbonyl group at position 10
of EM, indicated by a circular red dashed line. It can be seen that
the interaction region of the former is blue indicating stronger in-
teraction intensity while the latter is green indicating weaker in-
teraction intensity. It can also be seen in the planar fill map that
the highlighted areas between atoms represent interaction and in-
crease with the orange and green areas in the highlighted areas.

Fig. 1e gives the results of -7 stacking in crystal structure. In
Fig. 1e(1), the - stacking between two EM molecules using IRI
is shown, and the orange spheres are shown as bond critical points
(BCP) in green plane, which also confirms the existence of interac-
tion from the perspective of atoms in molecules (AIM) theory. By
comparing the colors of IRI isovalue and scatter plot, we can find
the corresponding relationship between the peaks of scatter plot
and isovalue. As shown in the Fig. 1e(2), the cyan peak of —0.01 ~
—0.02 a.u. corresponds to hydrogen bonding interactions, the green
peak of about 0.005 a.u. corresponds to vdW interactions, and the
red peak of about 0.01~0.025 a.u. corresponds to steric hindrance
effects within the anthraquinone ring. In addition, the shape in-
dex attribute or curvedness attribute can be mapped to the Hirsh-
feld surface to visualize the -7 interaction. For example, in Fig.
1e(3) shape index is a way to judge the existence of m-m stack
by the existence of adjacent red and blue triangular regions, and
in Fig. 1e(4) curvedness is a way to judge the existence of w-m
stack by showing the wide and relatively flat region characteristics
of molecular plane stack. It can be seen that shape index surface
and curvature surface of EM have the character of w-m stacking.

In equilibrium solubility experiment, EM and EM-PIP were un-
detected in pH 1.2 and pH 4.5 media, indicating they were not sol-
uble under these conditions. The equilibrium solubility of EM and
EM-PIP at pH 6.8 was 0.02 4 0.03 pg/mL and 0.40 4 0.07 pg/mL, re-
spectively. At pH 7.0, only EM-PIP was detected, with an equilib-
rium solubility of 273.09 4 26.67 ng/mL. They are shown in Table S4
(Supporting information). These results demonstrate that EM-PIP
has greater solubility in pure water than EM. Upon analyzing the
pH of the experimental media post-experiment, we found that only
at pH 7.0 did the pH values of EM and EM-PIP differ by approx-
imately 2, as shown in Table S5 (Supporting information). Addi-
tionally, observations of the substances after testing revealed that,
in media with pH 1.2, 4.5, and 6.8, the EM-PIP cocrystal ultimately
converted to EM, while in pH 7.0 medium, the EM-PIP cocrystal re-
mained stable, as shown in Fig. S6a (Supporting information). Thus,
under alkaline conditions, EM-PIP is more stable and can signifi-
cantly enhance the solubility of EM.
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and PIP, (d) IRI analysis of EM-PIP cocrystal, and (e) w-m stacking.

Throughout the powder dissolution in vitro experiment, no EM
was detected. And no EM-PIP was detected in the media of 1.2
and 4.5. As shown in Fig. 2a, EM-PIP was present throughout
the experiment at pH 7.0, and the cumulative dissolution reached
8.88 &+ 1.17 mg. Under the condition of pH 6.8, as shown in Fig. 2b,
it can only be detected from 60 min onwards, with cumulative dis-
solution reaching 2.24 +0.07 mg. At the same time, the cumulative
dissolution of EM-PIP under 7.0 is three times higher than that un-
der 6.8. Post-experiment, we conducted solid-phase characteriza-
tion of the remaining substances, revealing that they had all con-
verted to EM, as shown in Fig. S6b (Supporting information). Ad-
ditionally, pH measurements indicated that the remaining solution
had become slightly acidic (Table S5), similar to the pH measure-
ments of EM after the equilibrium solubility experiment, further
indicating that EM-PIP had converted to EM during the dissolution
experiment. In a pure water medium, there were notable differ-
ences in the residual substances and pH values of EM-PIP under
the two experimental conditions. Based on phase characterization
of the remaining materials, we hypothesize that EM-PIP may have
decomposed into EM in the 900 mL dissolution medium, lowering
the pH and resulting in a lower apparent dissolution of EM-PIP
than initially anticipated.

To evaluate whether the formation of cocrystal can enhance the
permeability of EM, we conducted experiment by Franz diffusion
cell method with buffer solution at pH 6.8 and 7.0. In this experi-
ment, we found that EM was not detected under both conditions,
and EM-PIP was not detected under pH 6.8. At pH 7.0, the cumu-
lative permeation of EM in EM-PIP can reach 119.134+9.67ug in
Fig. 2c. The apparent permeability coefficient (Papp) of EM-PIP can
reach 9.02 x 1078 cm/s by calculation and the Eq. 2 is shown be-
low. According to previous studies, it can be judged that EM-PIP is
a highly permeable substance [68]. It shows that the permeability
of EM can be improved by co-crystallization technology.

Pipp =dQ/(dt x A x C) (2)

where Papp is in cm/s, dQ/dt is the drug transport per unit time
(mol/s), A is the surface area of the membrane, and C is the initial
concentration (mol/L).

The experimental methods for pharmacokinetics and pharma-
codynamics can be found in the experimental section of sup-
porting information. All procedures for animal experiments were
strictly in accordance with the principles of the NIH Guide for the
Care and Use of Laboratory Animals, and the protocols were ap-
proved by the Animal Ethics Committee of the Institute of Ma-
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Fig. 2. In vivo and in vitro evaluation results of EM and EM-PIP: (a) Powder dissolution in vitro results of EM-PIP at pH 7.0, (b) powder dissolution in vitro results of EM-PIP
at pH 6.8, (c) penetration test in pH 7.0, (d) plasma concentration-time profiles, (e) secretion of TNF-« in lung tissue of sepsis mice, (f) secretion of IL-18 in lung tissue
of sepsis mice, (g) secretion of TNF-« in hippocampal tissue of sepsis mice, (h) secretion of IL-18 in hippocampal tissue of sepsis mice, (i) creatinine (CR) concentration
reflecting renal function, (j) blood urea nitrogen (BUN) concentration reflecting renal function, (k) alkaline phosphatase (ALP) concentration reflecting liver function, (1)

alanine aminotransferase (ALT) concentration reflecting liver function, (

m) aspartate aminotransferase (AST) concentration reflecting liver function, (n) lactate dehydrogenase

(LDH) concentration reflecting the degree of myocardial injury, and (o) creatine kinase (CK) concentration reflecting the degree of myocardial injury.
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terials Medical, CAMS, and PUMC (Permit No. 00008390). High-
performance liquid chromatography-mass spectrometry was used
to determine the plasma concentration of EM, and the resulting
plasma concentration-time curves for the EM-PIP cocrystal and
pure EM after oral administration were shown in Fig. 2d. The
calculated pharmacokinetic parameters were summarized in Ta-
ble S6 (Supporting information). The pharmacokinetic data indi-
cate that cocrystal formation altered the pharmacokinetic behavior
of EM. The Cpax of EM-PIP reached 357.08 4+ 71.80 ug/L, compared
to 273.58 +£159.62ng/L for pure EM, showing that the cocrystal
increased EM’s Cpax. The bioavailability of EM-PIP, calculated by
AUC(g.o0), Was 215% of that of EM alone. Additionally, the signifi-
cant decrease in CLz suggests that the cocrystal reduced the in vivo
elimination rate of EM compared to pure EM. This study demon-
strates that EM cocrystal formation enhances EM absorption and
slows its elimination, which may facilitate EM’s therapeutic effec-
tiveness in vivo.

The pharmacological and behavioral scores of EM and EM-PIP
on lipopolysaccharides (LPS) induced sepsis are shown in Table
S7 (Supporting information). Compared to the control group, mice
in the model group exhibited significant sepsis-related behavioral
changes at various time points, which worsened over time. In con-
trast, the behavioral scores of mice in both the EM and EM-PIP
groups were reduced at 24 h, with the EM-PIP group showing a
more pronounced effect, suggesting that EM-PIP has a beneficial
impact on LPS-induced sepsis.

Inflammatory factors and blood biochemical indicators were
measured to assess the extent of organ damage caused by sep-
sis. The results of inflammatory factor detection are in Figs. 2e-
h. Compared to the control group, levels of TNF-a and IL-1f8
in the hippocampus and lung tissues were significantly elevated
in the model group mice. Treatment with EM and EM-PIP sig-
nificantly reduced these levels, with the EM-PIP group demon-
strating stronger therapeutic effects, indicating that EM-PIP effec-
tively mitigates sepsis-associated encephalopathy (SAE) and lung
injury.

Blood biochemical indicator analysis in Figs. 2i-o revealed that,
compared to the model group, the EM-PIP group displayed vary-
ing degrees of reduction in all indicators, except for an increase in
CK levels. This suggests that EM-PIP provided a protective effect
against liver and kidney damage induced by sepsis.

In summary, emodin can be used in the treatment of sepsis,
but defects in its solubility limit its clinical application. Piper-
azine is a co-crystalline former with high solubility and perme-
ability. Our objective was to enhance the solubility of poorly sol-
uble emodin through co-crystallization technology without alter-
ing the therapeutic effect. Prior to experimentation, we employed
various computational chemistry and molecular modeling meth-
ods to assess whether emodin and piperazine could form a cocrys-
tal or salt; however, the predictions were inconsistent, prompting
experimental verification. Ultimately, we successfully synthesized
the emodin-piperazine cocrystal. This finding underscores the ro-
bustness of machine learning models as demonstrated in prior re-
search. This indicates that the accuracy of machine learning predic-
tions based on high-quality data surpasses that of computational
chemistry and molecular modeling methods. We characterized and
evaluated the cocrystal through multiple methods and assessed
its biological activity using a sepsis model. The experimental re-
sults demonstrated that the cocrystal improved emodin’s solubil-
ity, permeability, and bioavailability. Additionally, biological eval-
uations indicated that the emodin-piperazine cocrystal alleviated
lipopolysaccharide-induced sepsis, while blood biochemical indica-
tors revealed a protective effect on liver and kidney function. These
findings offer a reference method for natural products with broad
biological activity, and limited clinical application due to physico-
chemical limitations.
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