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Patchouli oil (PAO), a traditional herbal remedy with notable anti-inflammatory properties, has demon-
strated significant therapeutic potential in gastrointestinal diseases. However, its instability in acidic envi-
ronments and low bioavailability hinder PAO’s clinical application. In this study, we developed a pharma-
ceutical solid-state form of PAO using a S-cyclodextrin (8CD)-based inclusion cocrystal technology, thus
obtaining PAO-SCD cocrystals. PAO-SCD cocrystals exhibited enhanced dissolution and stability. We fur-
ther encapsulated them in pH-sensitive Eudragit-coated pellets (PAO-SCD@pellet) to achieve site-specific
delivery of PAO to the inflamed colon. In vivo results from the dextran sulfate sodium salt (DSS)-induced
colitis mouse model showed that PAO-SCD@pellet significantly improved the colonic release of PAO, as
evidenced by fluorescence tracking and quantitative analysis of patchouli alcohol, the main active com-
pound of PAO. Furthermore, PAO-BCD@pellet demonstrated superior therapeutic efficacy, reducing disease
activity index, preventing intestinal barrier damage, and modulating the gut microbiome. Histological ex-
amination confirmed alleviating intestinal epithelial cell damage caused by oxidative stress and inflam-
mation. These findings suggest that PAO-SCD@pellet offers a promising targeted treatment strategy for
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inflammatory bowel disease (IBD) with enhanced stability, bioavailability, and therapeutic outcomes.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Inflammatory bowel disease (IBD) is a chronic, relapsing dis-
order of the bowel with an unclear etiology. Patients with IBD
suffer greatly from recurrent fever, weight loss, rectal bleeding,
diarrhea, and abdominal pain [1], significantly affecting life qual-
ity. Available treatments primarily focus on symptom alleviation
using 5-aminosalicylic acid (5-ASA), corticosteroids, immunomod-
ulators, and biologics [2-4], but providing short-term relief [5].
Their prolonged use against recurrent inflammation may lead
to resistance and significant adverse effects [6]. Small-molecule
drugs, such as Janus kinase (JAK) inhibitors, have shown promise,
but their long-term efficacy and safety remain to be monitored
[7-9]. Although biologics have become the first-line treatment for
moderate to severe IBD, approximately 30% of patients exhibit
primary non-response, and up to 50% may develop anti-drug an-
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tibodies, leading to secondary loss of response over time [10-12].
Thus, there is a pressing need for safe and effective options for
long-term treatment of IBD.

Traditional Chinese medicine (TCM) provides a promising ap-
proach to treating gastrointestinal diseases with a long appli-
cation history. Among these, Guang-Huo-Xiang, a patchouli herb
(the aerial fractions of Pogostemon cablin (Blanco) Benth) has been
widely used for its capability of alleviating symptoms of gastroin-
testinal diseases [13]. Patchouli oil (PAO) is the main active com-
pounds from this herb, encompassing volatile compounds such
as patchouli alcohol (PA), pogostone (PO), and patchoulene (PE),
which possess anti-inflammatory, immune-modulatory, and po-
tency for restoring colonic barrier and intestinal water absorption,
thus manifesting therapeutic promise in IBD [14-16]. Neverthe-
less, PAO is a water-immiscible oil with low physical (volatile) and
chemical (degrade under acidic conditions) stability, thereby com-
plicating its pharmaceutical preparation and in vivo delivery [17].

1001-8417/© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Given that the colon is the target site for IBD treatment, an ideal
delivery system should guarantee a sufficient dose of the therapeu-
tics without being metabolized in the stomach and small intestine
[18]. It potentially provides an effective strategy for PAO-based IBD
treatment.

Inclusion cocrystals are a class of cocrystals characterized
by the host-guest interaction between cyclodextrins and drug
molecules. Unlike conventional cyclodextrin-based inclusion com-
plexes which are generally amorphous products with excess cy-
clodextrin, inclusion cocrystals are constituted by stoichiometri-
cally coordinated drug molecules and cyclodextrins that form or-
derly crystalline structures [19]. These structures confer different
physical properties (e.g., melting point, powder density, and flowa-
bility) [19]. Moreover, the inclusion cocrystals can release drugs in
the form of the inclusion complex, improving solubility, stability,
and mitigating the harsh conditions of the gastrointestinal tract
[19]. Herein, we proposed a novel strategy for enhancing the drug-
gability of volatile oils by developing inclusion cocrystals of volatile
oils and reported a formulation of PAO-fS-cyclodextrin (8CD) inclu-
sion cocrystals (PAO-BCD). Furthermore, to achieve colon-specific
delivery, we designed a pH-sensitive Eudragit layer-coating pellet
system for encapsulating PAO-BCD. It was expected that the pel-
lets would be able to release PAO in the colon, with increased drug
concentration and enhanced therapeutic efficacy of PAO on IBD.

We prepared PAO-BCD inclusion cocrystals via an anti-solvent
method (Fig. 1A), through which the liquid PAO was transformed
into crystalline solids (Fig. S1 in Supporting information). The
formulation and preparation process were optimized by single-
factor screening and orthogonal screening, respectively. The prepa-
ration conditions were optimized as follows: stirring speed of
200rpm, stirring time of 1min, temperature of 45°C, and a ra-
tio of PAO to cyclodextrin at 1:9 (Tables S1-S3 in Supporting in-
formation). The crystallization efficiency (CE, also known as pro-
duction yield) of PAO-8CD was calculated to be 85.3%. Scanning
electron microscopy (SEM) of the products showed a cubic mor-
phology (Fig. 1B) that different from SCD (Fig. S2 in Support-
ing information). The hydrodynamic size of PAO-SCD was around
2.7um (Fig. S3 in Supporting information). Fourier transform in-
frared spectroscopy (FTIR) showed that the characteristic peaks of
PAO almost disappeared in PAO-BCD (Fig. 1C), suggesting that the
functional groups of PAO components were encapsulated by hy-
drophobic cavities of BCD. Meanwhile, the FTIR spectrum of the
inclusion cocrystal was similar to SCD with minor shifts in C-
OH signals at 990 and 1022 cm™!, respectively [20], indicating in-
termolecular interactions (e.g., hydrogen binding and Vanderwal’s
force) within crystalline lattice (Fig. 1C) [19]. Powder X-ray diffrac-
tion (PXRD) further confirmed the crystal structure of the formed
cocrystals, with diffraction peaks (5.7°, 6.4°, 6.6°, 6.7°, 10.9°, 11.6°,
14.2°, 14.5°, 15.1°, 15.5°, 16.8°, 17.1°, 17.3°, 17.9°, 18.3°, 20.7°, 24.0°,
24.5°) distinct from BCD or inclusion complexes of PAO and SCD
(Fig. 1D). Differential scanning calorimetry (DSC) results showed
that the melting point of PAO-BCD (about 319°C) was higher than
BCD (307°C) (Fig. 1E). Thermogravimetric analysis (TGA) results
showed a water loss from PAO-BCD was 8.6 %, significantly lower
than BCD (12.5%) (Fig. 1F). This indicated encapsulated PAO re-
pelled the pre-existed water molecules in the cavities of cyclodex-
trins, in line with the FTIR results presuming PAO and BCD within
the crystals were in the form of inclusion complex, which was fa-
vorable for improving solubility and stability.

We compared the PAO-BCD cocrystals with silica-adsorbed PAO
(PAO-HMSN) and PAO-cyclodextrin inclusion complexes (PAO/SCD)
(two common pharmaceutical strategies for solidifying volatile
oils). Storage stability experiments showed that free PAO was
markedly degraded at 60°C, with only 22.0 % remaining after 3-day
storage (Fig. 1G), while PAO-HMSN and PAO/BCD retained 73.7%
and 81.3% of PAO, respectively. Notably, PAO-SCD exhibited the
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Fig. 1. Preparation and characterization of PAO-SCD cocrystals. (A) Schematic il-
lustration of the preparation of PAO-BCD. (B) The SEM image of PAO-BCD cocrys-
tals. Scale bar: 2pm. (C) FTIR spectrum of free PAO, SCD, PAO/BCD, and PAO-SCD
cocrystals. (D) PXRD patterns of SCD, PAO/BCD, and PAO-BCD cocrystals. (E) DSC
profiles of BCD and PAO-SCD cocrystals. (F) TGA profiles of BCD and PAO-SCD
cocrystals. (G) Storage stability of free PAO, PAO-HMSN, PAO/BCD, and PAO-SCD
cocrystals at 60°C. (H) In vitro release profiles of free PAO, PAO-HMSN, PAO/SCD,
and PAO-BCD cocrystals. Data are presented as mean + standard deviation (SD)
(n=3).

highest stability, maintaining 94.7% of PAO after 3-day storage.
Extending the accelerated storage to 1 week still detected 82.7%
of PAO in the PAO-BCD, whereas PAO-HMSN and PAO/BCD re-
tained only 55.3% and 29.0% of PAO, respectively. This suggested
that the formation of cocrystals conferred superior thermostabil-
ity. In addition, given that the PAO components primarily resided
in the cyclodextrin cavity, PAO-SCD significantly improved the wa-
ter solubility of PAO. The determined solubility of PAO-SCD was
100.8 ug/mL, 11 times higher than free PAO (<10pug/mL) (Table S4
in Supporting information). As a result, the in vitro dissolution rate
of PAO from PAO-BCD was faster compared to PAO-HMSN (Fig. 1H).

IBD primarily affects the colon and rectum, and it is critical to
regulate the drug release to enhance drug exposure at the site of
inflammation [2]. Given the rapid-release nature of the PAO-SCD
cocrystals, direct oral administration could hardly reach effective
drug concentrations in the colon. To address this, we prepared the
PAO-SCD@pellet using an extrusion-spheronization method com-
bined with coating technology. The pellets preparation process
consisted of two steps: pellets were firstly prepared by extru-
sion and spheronization, followed by coating in a fluidized bed
(Fig. 2A). The optimal formulation for pelletization was obtained
through a single-factor analysis and orthogonal screening, with a
composition of 44.5% PAO-SCD, 22.2% microcrystalline cellulose
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Fig. 2. Preparation, characterization, gastrointestinal distribution of PAO-
BCD@pellet. (A) Scheme of preparing PAO-SCD@pellet. (B) PAO-BCD cocrystal
pellet cores dyed by sunset yellow (scale bar: 5cm). (C-E) SEM image (100-pm
scale, C), and cross-section SEMs at 100-um (D) and 2-pm scale (E), respectively,
of a single PAO-BCD cocrystal pellet core. (F) PAO-SCD@pellets dyed by brilliant
blue (scale bar: 5cm). (G-I) SEM images (100-um scale, G), and cross-section
SEMs at 100-pm (H) and 2-pm scale (I), respectively, of a single PAO-BCD@pellet.
(J) Stability of PAO-BCD and PAO-BCD@pellet in SGF/SIF/SCE. (K) In vitro release
profiles of PAO-BCD@pellet and PAO-SCD cocrystals. (L) Fluorescence images of
gastrointestinal tissues from the animals treated with PAO-SCD@pellet or PAO-SCD.
Gastrointestinal quantitative distribution of PA at 8h (M), and 12h (N), from free
PAO, PAO/BCD, PAO-SCD, and PAO-BCD@pellet by GC-FID. **P<0.01. Data are
presented as mean =+ SD) (n=3).

(MCC), and 33.3% water (as a wetting agent). PAO-8CD and MCC
were firstly mixed, wetted by a predetermined amount of water,
and subsequently placed in a spiral extruder equipped with a 0.9-
mm sieve. The pellet cores were collected after rounding and dry-
ing (Fig. 2B and Tables S5-S7 in Supporting information). They dis-
played a bulk density of 0.79 g/mL with a yield of 81% (Table S8 in
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Supporting information). For the coating step, the PAO-BCD pellet
cores were coated with a mixed Eudragit layer (L100/S100, 1:4 wt
ratio) via a fluidized-bed coating process. The overall weight in-
crease after Eudragit coating was determined to be 3.0%. SEM im-
ages of PAO-BCD displayed spherical morphology with a rough sur-
face (Figs. 2B-E), which became smooth after coating (Figs. 2F-I).
The Eudragit layer was observed with a thickness of about 30 pm
(Fig. 2H).

The PAO-SCD@pellet was stable in a simulated gastric fluid
(SGF, pH 1.2), but swelling in a simulated intestinal fluid (SIF, pH
6.8). Rapid dissolution occurred when the PAO-SCD@pellet were
put in simulated colonic fluid (SCF, pH 7.4), where the pellets
quickly swelled and eroded (Fig. 2]). In vitro release test (Fig. 2K)
manifested the PAO-SCD@pellet released PAO most notably in SCF,
suggesting the feasibility of site-specific release of encapsulated
PAO in the colon. In contrast, PAO-BCD cocrystals rapidly dissolved
and released PAO in the SGF. Considering the instability of PAO in
acidic conditions [15], the fast dissolution of PAO-SCD was unfa-
vorable for maintaining drug concentrations in the colon, which
was essential for effective IBD treatment.

Colon-specific release potential of PAO-BCD@pellet was as-
sessed by in vivo fluorescence imaging and quantitative gastroin-
testinal distribution of PAO after oral administration. Infrared-780
iodide (a lipophilic dye with maximum excitation wavelength at
780nm) was dissolved in PAO for tracing the release behavior in
the gastrointestinal tract [21]. All experimental protocols involv-
ing animals were meticulously conducted in compliance with in-
stitutional ethical standards and were approved by the Institu-
tional Animal Care and Use Committee (IACUC) at the Zhongshan
Institute for Drug Discovery. In line with the pH-dependent re-
lease in vitro, PAO-BCD cocrystals displayed fast dissolution, re-
lease, and excretion as evidenced by fast diminishing fluorescence
in the mice (Figs. S4 and S5 in Supporting information). In compar-
ison, the fluorescence of PAO-SCD@pellets remained stable for over
12 h. Ex vivo imaging of the excised gastrointestinal tracts demon-
strated markedly enhanced colonic fluorescence in the group of
PAO-BCD@pellets than the PAO-BCD group (Fig. 2L), indicating im-
proved colon delivery of PAO. We further determined the time-
dependent distribution of PAO in different regions of gastrointesti-
nal tracts in rats by gas chromatography with a flame ionization
detector (GC-FID). Quantitative results of PAO showed different dis-
tribution patterns of PAO-SCD@pellets compared to other groups.
Due to the fast dissolution, PAO-BCD cocrystals rapidly released
the encapsulated PAO after oral intake, similar to the distribu-
tion of PAO/BCD inclusion complex and free PAO. Consequently,
PAO was mainly detected in the stomach and intestines in these
three groups, with much less PAO detected in the colon at 4-
6h after administration (Fig. S6 in Supporting information). The
colon PAO of PAO-SCD@pellet could still be observed at 24 h post-
administration (Fig. 2L). In comparison, the PAO-BCD@pellet dis-
played a trace amount of PAO in gastro-intestines in the 4-6h
but accumulated in the colon at 8-12h with a determined PAO
of 18.7pg/g, which is more than twice of the drug concentration
of the other groups (Figs. 2M and N). This confirmed the colon-
targeted delivery potency of PAO-BCD@pellet.

The therapeutic efficacy of PAO-SCD@pellet was evaluated in
a DSS-induced acute colitis mouse model (Fig. 3A). Six groups
of mice were included: control, model, sulfasalazine (Azulfidine),
free PAO, PAO-BCD cocrystals, and PAO-SCD@pellet; all powder
samples were dispersed in 80% polyethylene glycol (PEG-400).
Daily intake of 3% DSS caused symptoms of intestinal inflam-
mation, including mild-to-severe diarrhea, fecal occult blood, and
body weight loss, contributing to increased disease activity index
(DAI). DAI of the model group began to increase sharply on day 3
(Figs. 3B and C), indicating the onset of acute colitis. Treatment of
free PAO resulted in a notable reduction in DAI and body weight
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Fig. 3. In vivo treatment of IBD. (A) Schematic diagram of induction and treat-
ment of colitis. (B) DAI and (C) body weight change during the treatment period.
(D) Images and (E) length of the colons of mice. (F) The serum level of the FITC-
dextran. (G) Organ coefficient of main organs. (H) Histopathological assessment of
distal colon tissue sections stained with hematoxylin-eosin staining (H&E), periodic
acid-Schiff staining (PAS), and alcian blue staining (AB). Scale bar: 50 um. Data are
presented as means & SD (n=6). *P <0.05, **P <0.01.

loss, supporting its potency as an active ingredient from patchouli
for IBD treatment.

Crystallizing PAO into inclusion cocrystals improved its thera-
peutic effect, with DAI reduction comparable to the first-line drug
SASP on day 9 (2.6 £ 1.1vs. 2.540.8). Given the in vivo dissolution
and release profile of PAO-BCD cocrystals, the enhanced efficacy
likely resulted from increased gastric stability of the released inclu-
sion complex [22]. PAO-SCD@pellet further improved therapeutic
outcomes, showing the least DAI (1.3 £0.5) and weight loss among
all treatment groups. PAO-BCD@pellet also demonstrated a signifi-
cant reduction in colon shortening (Figs. 3D and E) and prevented
intestinal absorption of fluorescein isothiocyanate (FITC)-labeled
dextran, with serum FITC-dextran levels comparable to the con-
trol group, suggesting that PAO-BCD@pellet effectively prevented
DSS-induced damage to the intestinal barrier, maintaining intesti-
nal permeability (Fig. 3F). Histological results revealed that PAO-
BCD@pellet reduced colonic epithelial cell necrosis, crypt damage,
and goblet cell loss (Fig. 3H), as compared with other groups.

A preliminary biosafety assessment was conducted by analyzing
organ coefficients of the heart, liver, spleen, lung, and kidneys. The
model group exhibited elevated spleen coefficient, indicative of
systemic inflammation (Figs. 3F and G). Further histological anal-
ysis of organs (heart, liver, spleen, lung, and kidneys) in normal
mice treated with 30 mg/kg of PAO, PAO-BCD, or PAO-BCD@pellet
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for 7 days showed no significant organ damage, confirming the
safety of both PAO and its formulations (Fig. S7 in Supporting
information). Reactive oxygen species (ROS) play a significant role
in the development and progression of IBD [23], as well as in
the onset and progression of DSS-induced colitis [24]. ROS can
induce epithelial damage through pyroptosis [15] and activate im-
mune responses, producing inflammatory cytokines and worsening
intestinal damage [25]. We assessed ROS levels by measuring su-
peroxide dismutase (SOD) activity, myeloperoxidase (MPO) activity,
and malondialdehyde (MDA) levels, which were closely related to
ROS production [26] and damage [27]. The model group exhibited
a notable decline in SOD activity, accompanied by increased MPO
activity and MDA levels. In contrast, PAO-SCD@pellet significantly
elevated SOD activity while reducing MPO activity and MDA levels,
indicating alleviation of oxidative stress in the colon (Figs. S8B-D
in Supporting information). Subsequent analysis utilizing real-time
quantitative polymerase chain reaction (RT-qPCR) demonstrated
that PAO-BCD@pellet significantly diminished the expression of
key inflammatory cytokines, specifically tumor necrosis factor-o
(TNF-), interleukin (IL)-18, and IL-6 within the colonic tissue
(Figs. S8E-G in Supporting information). Furthermore, these pellets
effectively restored the expression of tight junction-associated pro-
teins, including zonula occludens protein 1 (ZO-1), mucoprotein-2
(MUC-2), and claudin-4, supporting its potency in restoring the
intestinal barrier from inflammatory damage. Overall, the most
substantial effects were observed in the group of PAO-BCD@pellet
(Figs. S8H-] in Supporting information).

The enterobacterial composition of all testing mice was ana-
lyzed by 16S rRNA gene sequencing. A flower plot (Fig. 4A) was
generated to display the number of common and endemic species
at the genus level, visualizing the overlap among samples. The
results showed that the gut microbiota of healthy mice was domi-
nated by Bacillota and Bacteroidota, while harmful Pseudomonadota
only accounted for 3.8% of the microbiota. DSS treatment sig-
nificantly reduced both the total microbial load and diversity, as
indicated by decreased Chao and Shannon index values in the
model group compared to the normal control (Figs. 4B and C).
Principal components analysis (PCA) and non-metric multidimen-
sional scaling (NMDS) analyses indicated a tendency for microbiota
aggregation, showing a clear distinction between the DSS-treated
mice and the healthy mice (Figs. 4D and E). Additionally, DSS
treatment notably altered the balance between harmful and
beneficial bacteria, with the proportion of endotoxin-producing
Pseudomonadota increasing to 79.5% (Fig. 4F). Treatment of free
PAO increased the abundance and diversity of the gut microbiota,
increased Chao and Shannon index values, and minimized the
distribution distances with the healthy control. Notably, a decrease
in the relative abundance of Enterobacteriaceae along with the
increased relative abundance of Lachnospiraceae, Muribaculaceae,
and Bacteroidaceae was observed after PAO treatment (Figs. 4G-]).
Due to the site-specific release of PAO from the pellets that en-
abled higher drug concentrations in the colon, PAO-SCD@pellet
demonstrated the most prominent effect in restoring the gut
microbiota. This might represent an additional mechanism by
which PAO alleviates DSS-induced IBD.

PAO exhibits broad pharmacological activities. PAO and its ac-
tive components (PA, PO, and PE) exert therapeutic effects on a
number of inflammatory intestinal targets via multiple pathways.
For example, PE protects against DSS-induced barrier disruption via
Rho-associated kinase 1/myosin light chain 2 (ROCK1/MLC2) path-
way [28] and exerts anti-inflammatory effects through the Toll like
receptors 4/myeloid differentiation primary response 88/nuclear
factor kappa-B (TLR4/MyD88/NF-«B) pathway [28]. Whereas PA al-
leviates 5-fluorouracil-induced intestinal mucositis by modulating
the intestinal flora and regulating the TLR2/MyD88/NF-xB path-
way [29]. Meanwhile, PA promotes macrophage repolarization from
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Fig. 4. Gut flora analysis of mice after different treatment. (A) Flower plot of iden-
tified bacterial strains. (B) Chao indexes. (C) Shannon indexes. (D) PCA score plots
of flora species. (E) NMDS score plots of flora species. (F) The relative abundance of
gut microbiomes at the phylum level. (G-]) are Muribaculaceae, Bacteroidaceae, En-
terobacteriaceae, and Lachnospiraceae, respectively. Data are presented as means +
SD (n=5). **P<0.01.

inflammatory M1 type via the threonine kinase (Akt)/mitogen-
activated protein kinase (MAPK)/NF-«B pathway [30]. Diarrhea is
another typical symptom of IBD caused by impaired intestinal wa-
ter absorption, which can be mitigated by PA via the vasoactive
intestinal peptide-cyclic adenosine monophosphate-protein kinase
A (VIP-cAMP-PKA) pathway [31]. Additionally, PAO inhibits ROS-
induced pyroptosis and reduces inflammation-induced damage to
epithelial cells [15]. However, the therapeutic activity of PA is dose-
dependent, with effective concentrations generally ranging from 10
umol/L to 40 umol/L in vitro [32]. To increase the concentration
of PAO at inflammatory sites, previous studies utilized intravenous
injection, leveraging the EPR effect (Enhanced permeability and re-
tention effect) of inflamed tissues [33]. Liposomes modified with
lactoferrin were used as carriers to enhance drug accumulation at
inflammation sites, thus improving IBD treatment outcomes [34].
Compared to intravenous injection, oral administration offers bet-
ter patient compliance and allows the drug to directly reach the
inflamed colon [2]. However, PAQO’s instability in gastric acid re-
duces its effective dose, and oral absorption followed by first-pass
metabolism in the liver further decreases the drug’s concentration
in the inflammatory colon [2]. Therefore, the development of a
colon-targeted drug delivery system is crucial for improving PAO
concentrations in the colon and ensuring effective IBD treatment.
Mesoporous silica adsorption and cyclodextrin inclusion are
common pharmaceutical strategies for stabilizing volatile oils [35].
Silica adsorption utilizes hydrogen bonding, mesoporosity, and hy-
drophobic interactions to encapsulate the drug, enhancing the dis-
persion of poorly soluble drugs in water and providing sustained
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release [15]. However, physical adsorption does not significantly
improve the stability of volatile oils, and the presence of both sur-
face and mesopore adsorption may lead to incomplete drug re-
lease [36]. Cyclodextrin inclusion, on the other hand, utilizes the
hydrophobic cavity of cyclodextrin to encapsulate poorly soluble
drugs, significantly improving stability and solubility while protect-
ing against environmental factors like high temperature and ultra-
violet (UV) exposure [37]. However, inclusion complexes are gen-
erally amorphous and require excessive cyclodextrin to achieve ef-
fective encapsulation, which increases the cost [38]. In comparison,
inclusion cocrystals offer a distinct advantage, combining the ben-
efits of both cocrystals and inclusion complexes [19]. As cocrystals,
PAO and cyclodextrin form an ordered structure with a fixed sto-
ichiometric ratio, exhibiting defined melting points, crystal struc-
tures, and higher stability. At the same time, inclusion cocrystals
rapidly release the PA-cyclodextrin complex, offering good solubil-
ity and stability under acidic, alkaline, and UV conditions [39]. Im-
portantly, inclusion cocrystals are patentable solid forms, which is
crucial in new drug development.

While PAO-BCD cocrystals significantly improve PAO stability
and solubility, their rapid dissolution upon oral administration re-
sults in fast drug release in the stomach, reducing the concentra-
tion of PAO at the inflamed colon site. To address this, we pre-
pared PAO-BCD cocrystals into pellets, which were then coated by
a pH-sensitive material (e.g., Eudragit®) to form PAO-BCD@pellet.
The results demonstrated that the PAO-BCD@pellet exhibited re-
markable pH responsiveness, releasing PAO rapidly at the colonic
site, thus enhancing drug exposure at the site of inflammation.
Consequently, the treatment effectively suppressed inflammation,
strengthened colonic barrier function, restored water absorption,
and contributed to immune modulation and gut microbiota remod-
eling, collectively supporting its therapeutic potential.

In conclusion, the development of PAO-SCD@pellet represents
a significant advancement in the oral delivery of PAO for the treat-
ment of IBD. By leveraging the merits of SCD inclusion cocrystals
and pH-sensitive coating, this formulation ensures the targeted re-
lease of PAO at the inflamed colon, thereby overcoming challenges
related to the drug’s instability in the acidic stomach and mini-
mizing off-target intestinal adsorption. Our results from both in
vitro and in vivo studies demonstrated the enhanced therapeutic
efficacy of PAO-SCD@pellet, evidenced by improved disease out-
comes, reduced intestinal inflammation, and protection of the in-
testinal barrier in the DSS-induced colitis model. Additionally, the
formulation showed promising benefits in modulating the gut mi-
crobiome, suggesting a dual mechanism of action in IBD treatment.
This study highlights the potential of PAO-BCD@pellet as a novel
and effective treatment option for IBD, providing a promising ap-
proach for the clinical application of traditional herbal medicines
in gastrointestinal disorders.
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