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ABSTRACT

Ulcerative colitis (UC) is characterized by chronic inflammatory processes of the intestinal tract of unknown
origin. Current treatments lack understanding on how to effectively alleviate oxidative stress, relieve inflam-
mation, as well as modulate gut microbiota for maintaining intestinal homeostasis synchronously. In this study, a
novel drug delivery system based on a metal polyphenol network (MPN) was constructed via metal coordination
between epigallocatechin gallate (EGCG) and Fe*'. Curcumin (Cur), an active polyphenolic compound, with
distinguished anti-inflammatory activity was assembled and encapsulated into MPN to generate Cur-MPN. The
obtained Cur-MPN could serve as a robust reactive oxygen species modulator by efficiently scavenging super-
oxide radical (0%) as well as hydroxyl radical (-OH). By hitchhiking yeast microcapsule (YM), Cur-MPN was then
encapsulated into YM to obtain CM@YM. Our findings demonstrated that CM@YM was able to protect Cur-MPN
to withstand the harsh gastrointestinal environment and enhance the targeting and retention abilities of the
inflamed colon. When administered orally, CM@YM could alleviate DSS-induced colitis with protective and
therapeutic effects by scavenging ROS, reducing pro-inflammatory cytokines, and regulating the polarization of
macrophages to M1, thus restoring barrier function and maintaining intestinal homeostasis. Importantly,
CM@YM also modulated the gut microbiome to a favorable state by improving bacterial diversity and trans-
forming the compositional structure to an anti-inflammatory phenotype as well as increasing the content of
short-chain fatty acids (SCFA) (such as acetic acid, propionic acid, and butyric acid). Collectively, with excellent
biocompatibility, our findings indicate that synergistically regulating intestinal microenvironment will be a
promising approach for UC.
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1. Introduction

Ulcerative colitis (UC), also known as inflammatory bowel disease
(IBD), is an idiopathic inflammatory disease affecting the ileum, rectum,
and colon. The global prevalence of IBD is increasing each year, with
common complications [1,2]. Clinical manifestations typically include
diarrhea, abdominal pain, vomiting, tenesmus, and bloody stools. In
severe cases, colorectal resection may be necessary, significantly
impacting patients’ quality of life [3]. IBD is characterized by complex
pathology, including excessive apoptosis of intestinal epithelial cells
(IEC), abnormal intestinal flora, disruption of the intestinal barrier, and
elevated levels of inflammation and reactive oxygen species (ROS)
[4-8]. Acute inflammation triggers the differentiation of infiltrating
monocytes into activated macrophages in the lamina propria, intensi-
fying the inflammatory response by continuously secreting high levels of
inflammatory cytokines, chemokines, and ROS. This exacerbates IEC
apoptosis, dysfunctional intestinal barrier, and ecological dysregulation
of the intestinal microbiome [9-11].

The current clinical drugs used to treat IBD face two major chal-
lenges: lack of IBD targeting, resulting in systemic adverse reactions and
life-threatening side effects, and providing only temporary relief with
anti-inflammatory medication while failing to address the underlying
imbalance of the intestinal flora, leading to recurrent disease [12,13].
Mild to moderate colitis is typically treated with oral 5-ASA drugs as
first-line therapy, while glucocorticoid therapy is employed for acutely
active disease or when 5-ASA fails to induce remission [13].
Moderate-to-severe colitis patients are treated with immunosuppres-
sants, biologics, or a combination of both [14]. However, these treat-
ments often have significant toxic side effects and do not rectify the
dysregulated gut microflora [15,16]. For example, glucocorticoids tend
to induce or exacerbate infections, and mercaptopurines increase the
risk of nonmelanoma skin cancers [17,18]. Therefore, the development
of innovative therapies that target colitis, remodel the immune ho-
meostasis of the intestinal mucosa by regulating the intestinal flora, and
efficiently scavenge ROS is crucial for effective IBD treatment.

Oral medications are preferred for IBD treatment due to their con-
venience, cost-effectiveness, and high patient compliance. However,
they face challenges such as gastric acid degradation, rapid metabolism,
elimination rates, and lack of drug targeting [19]. Yeast microcapsules
(YM), a natural carrier for oral microencapsulation, can protect drugs
from gastric acid degradation [20,21]. YM mainly consists of p-glucan,
which can be recognized by macrophages through various pattern
recognition receptors, including complement receptor 3 and dectin-1
receptor [22-24]. Moreover, the mannan in YM serves as a prebiotic
for beneficial bacteria in the intestinal tract, promoting beneficial bac-
teria proliferation, inhibiting harmful bacteria growth, and regulating
the intestinal flora of IBD patients [25-27]. Curcumin (Cur), a poly-
phenol extracted from turmeric rhizomes used as a food coloring agent,
exhibits antimicrobial, antioxidant, anti-apoptotic, anti-tumor, and
anti-metastatic activities, making it a promising biomedical agent
[28-31]. However, Cur suffers from poor solubility in water, photo-
degradation, chemical instability, and low bioavailability, limiting its
direct use for colitis treatment [32,33]. Epigallocatechin Gallate
(EGCG), a type of tea polyphenol and FDA-approved natural food
ingredient, forms a metal polyphenol network (MPN) through coordi-
nation with metal ions (e.g., Fe, Cu, and Zn) [34-36]. Based on this, the
present study constructed an MPN by coordinating EGCG with Fe3* and
loading Cur into it to synthesize Cur-MPN. Cur-MPN not only signifi-
cantly improves the bioavailability of Cur but also demonstrates stron-
ger anti-inflammatory and antioxidant activities when combined with
EGCG and Cur [37]. Subsequently, Cur-MPN was loaded into YM,
resulting in CM@YM, which exhibited excellent biocompatibility and
targeted delivery of the ROS scavenger Cur-MPN to the site of inflam-
mation. This approach enables the regulation of IBD through
anti-inflammation and the remodeling of the intestinal microecology.

In this work, we designed a colon-targeted oral drug delivery system
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with a high safety profile for IBD treatment. Cur was encapsulated in an
MPN formed by EGCG and Fe>" to produce anti-inflammatory nano-
particles with high biocompatibility. These nanoparticles were further
encapsulated in YM, allowing for protection from gastric degradation
and targeted delivery to the site of intestinal inflammation through
specific binding to the dectin-1 receptor on macrophages (Scheme 1).
This natural product-targeted oral delivery system provides a new
approach to the treatment of IBD through anti-inflammation, anti-
oxidation, and modulation of the intestinal flora.

2. Materials and methods
2.1. Materials

Active baker’s Yeast was purchased from Angel Yeast Co., Ltd.
(Yichang, China). Curcumin and EGCG were purchased from Macklin
(Shanghai, China). DSS was purchased from Yeasen (Shanghai, China).
Phosphate buffer saline (PBS) was purchased from Sevier (Wuhan,
China). 2,7-dichlorofluorescein diacetate (DCFH-DA) was purchased
from Beyotime Biotechnology Co., Ltd. Fluorescent lipophilic dyes (DiL
and DiR) were purchased from Promokine (Heidelberg, Germany). MTT,
myeloperoxidase (MPO) assay kit, lipopolysaccharides (LPS), and anti-
bodies (CD86, CD80, and CD206) were purchased from Meilun Bio
(Dalian, China).

2.2. Preparation of Cur-MPN

To prepare Cur-MPN, Cur was first dissolved in dimethyl sulfoxide
(DMSO) to obtain a stock solution. Then, 50 pL of the Cur stock solution
was added to 5 mL of tris buffer (10 mM, pH 7.4) and vigorously stirred
for 5 min. Subsequently, 50 pL of EGCG solution and 50 pL of FeCls
solution were added sequentially to the above dispersion under stirring.
The ratio of Cur: EGCG: Fe>" was 1:1:2. The mixture was then centri-
fuged at 10,000 rpm for 5 min, and the resulting precipitate was
collected. The collected precipitate was washed with water multiple
times to remove any unbound components. The resulting precipitate is
referred to as Cur-MPN.

2.3. Preparation of CM@YM

Firstly, 20 g of yeast cells were suspended in 300 mL of 1 M sodium
hydroxide and the suspension was heated at 80 °C for 1 h. Subsequently
dispersed in an aqueous solution of pH 4 and incubated at 60 °C for 1 h.
After cooling to room temperature the lysates of yeast cells were
centrifuged at 3000 rpm for 10 min to obtain insoluble material con-
taining cell walls. The resulting sample was rinsed four times with 100
mL of isopropanol, rinsed again with acetone, and collected by centri-
fugation to obtain the yeast cell wall, which was vacuum-dried at room
temperature. Subsequently, 5 mg of YM was vortex-immersed into 1 mL
of Cur-MPN dispersion for 5 min. After further stirring at 37 °C for 2 h,
the sample was centrifuged at 10,000 rpm for 5 min, and the precipitate
was then dispersed in ultrapure water. The unencapsulated Cur-MPN
was removed by centrifugation at 3000 rpm for 5 min. After which
the collected CM@YM was resuspended in ultrapure water and lyophi-
lized under vacuum to obtain CM@YM powder.

2.4. Characterization of Cur-MPN and CM@YM

A dynamic light scattering (Anton Paar, Litesizer TM 500) was
applied to monitor the hydrodynamic diameter (Dh) and polydispersity
index (PDI) of Cur-MPN and CM@YM. The zeta potential of the Cur-
MPN and CM@YM was measured by Malvern Zetasizer Nano ZS90 at
room temperature. The UV-vis absorption spectra and the FTIR spectra
of Cur-MPN were recorded by an ultraviolet spectrophotometer
(Thermo-Scientific, Evolution 201) and Fourier transformation infrared
spectrophotometer ~ (Bruker, Germany). X-ray photoelectron
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Scheme 1. Schematic illustration of CM@YM preparation and potential therapeutic mechanisms. Curcumin was self-assembled into the MPN formed by the
coordination of EGCG and Fe®* to form the ROS scavenger Cur-MPN, which was then encapsulated in YM by chemical precipitation to obtain CM@YM. By oral
administration, CM@YM was able to efficiently deliver the drug to the colon site and retain there for a prolonged time through the hostile gastrointestinal envi-
ronment, and was specifically recognized by macrophages in the intestine. In addition, CM@YM could reduce the production of pro-inflammatory cytokines, inhibit
type 1 macrophage differentiation, and promote epithelial barrier repair. Importantly, CM@YM also restored the abundance and diversity of gut microbiota,
significantly increasing the abundance of probiotics, suppressing the abundance of harmful flora, and increasing the content of SCFA.

spectroscopy (XPS, Thermo Fisher ESCALAB Xi+) was used to charac-
terize the elemental content and valence states of Cur-MPN. The
morphology of Cur-MPN and CM@YM was characterized by trans-
mission electron microscopy (TEM, JEM-2100) at 200 keV accelerating
voltage. The surface structures of YM and CM@YM were characterized
by scanning electron microscopy (SEM, JSM-IT800, Japan) and energy
dispersive X-ray spectroscopy (EDS, OXFORD AZtecLive Utim Max65,
England). To further observe the encapsulation of Cur-MPN by YM, Cur-
MPN containing Dil was prepared using Dil (red) as a fluorescent
marker, and YM was selectively stained with calcium fluorescent white
dye (blue) and CLSM was used for observation.

2.5. Drug encapsulation efficiency (EE) of Cur-MPN and CM@YM

To calculate the EE of Cur in Cur-MPN and CM@YM, the following
approach was applied: a small amount of HCl was added to the Cur-MPN
and CM@YM collected by centrifugation, followed by the addition of
75% ethanol-water solution, and Cur was extracted by ultrasonication
for 30 min. Finally, the content of Cur was tested by recording the
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absorbance at 430 nm. The drug EE was calculated using the following
equation: EE (%) = Actual Cur/Theory Cur x 100%

2.6. SEM determination of YM in different environments

The obtained YM was incubated in simulated gastric fluid (SGF) at
37 °C for 2 h, and the YM was collected by centrifugation, and then a
portion of the incubated YM was placed in simulated intestinal fluid
(SIF) supplemented with 0.5 % f-glucanase for 4 h, and the final YM was
collected by centrifugation. All the YM samples were subjected to SEM
for the surface structural characterization.

2.7. Invitro drug release profile

The curcumin and EGCG release profiles from different formulations
were evaluated using the dialysis method. Briefly, 3 mL of Cur-MPN and
CM@YM were added to dialysis bags (molecular weight cutoff, 1000
Da), respectively. The bags containing Cur-MPN and CM@YM were
submerged in 30 mL of SGF or SIF to further release profile evaluation.
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Meanwhile, another bag, which contains CM@YM was evaluated in a 30
mL SIF medium with 5% p-glucanase. Four groups of samples were
shaken at 37 °C with a 100 rpm stir. At proper time points (0.5, 1, 2, 4, 6,
8, 10, 12, and 24 h), 1 mL of outer solution was collected for measure-
ment, and then, 1 mL of fresh release medium was added, the cumulative
release (%) was measured using UV-vis absorption spectra.

2.8. ROS scavenging ability and stability test

Cur-MPN was incubated in simulated intestinal fluid (SIF) or in-
flammatory simulated intestinal fluid (SICF) at 37 °C for 2 h. Cur-MPN
was then separated by centrifugation, and the obtained Cur-MPN was
used for the SOD enzyme activity assay, the ABTS+e free radical scav-
enging assay, and the TMB assay.

ESR assay: 100 mM DMPO, 25 pM DTPA, 0.5 mM HYP, 0.1 U/mL
XOD, and various concentrations of Cur-MPN were mixed in PBS (pH =
7.4) to produce O3 by the hypoxanthine/xanthine oxidase (HYP/XOD)
system, and the ESR spectra of BMPO/-OOH were recorded after 2 min.
The Fenton reaction was used to generate -OH by mixing 100 mM
DMPO, 1.0 mM FeSO4, 1.0 mM H»0-, and various concentrations of Cur-
MPN in ddH30 and the ESR spectra of DMPO/-OH were recorded after 2
min.

SOD enzyme activity assay: The SOD enzyme activity of Cur-MPN
was measured using a superoxide dismutase assay kit developed by
Dojindo Research Institute of Chemistry (Dojindo) at concentrations of
10, 20, 50, 100, and 150 pg/mL.

ABTS+e radical assay: initially, ABTS+e radicals were prepared by
mixing ABTS (7 mM) and potassium persulfate (K2S20g, 2.45 mM) at
4 °C overnight. Then, appropriate concentrations (0.5, 1, 2, 5, and 10
pg/mL) of Cur-MPN were incubated with ABTS+e for 10 min, and its
absorption at 734 nm was recorded.

TMB assay: since the hydroxyl radical (-OH) produced by the Fenton
reaction oxidizes TMB to oxTMB, the adsorption of oxTMB reflects the
ability of Cur-MPN to remove -OH. Fenton’s reagent (Fe?*: 10 pM; H2O2:
3 mM) was mixed and then incubated with Cur-MPN (2.5, 5, 10, 20, and
50 pg/mL). After 10 min of reaction, oxTMB was monitored by UV
spectrophotometer.

TA Indirect Method: Hydrogen peroxide can produce a large amount
of -OH under UV irradiation, and -OH will react with TA to form fluo-
rescent 2-dihydroxyterephthalic acid (excitation wavelength 320 nm,
emission wavelength 425 nm). A PBS solution (pH 7.4) containing 5 mM
H505 and TA (0.5 mM) was irradiated with UV for 15 min, then Cur-
MPN was added at different concentrations, and the fluorescence in-
tensity of the mixture was recorded.

2.9. Cell culture

Human colon epithelial cells (FHC) and mouse mononuclear mac-
rophages (RAW 264.7) were cultured in DMEM medium normally sup-
plemented with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 °C and 5% COs, respectively.

2.10. Cell targeting

Preparation of DiL-loaded Cur-MPN and CM@YM for cellular uptake
studies. RAW 264.7 cells and FHC cells were incubated in 35 mm
confocal dishes at a density of 1 x 10° cells/well for 24 h, respectively,
and then RAW 264.7 cells and FHC cells were co-cultured with Cur-MPN
and CM@YM, respectively, for 4 h. In the inhibitor group, cells were
pretreated with laminarin (1 mg/mL) for 3 h to achieve a specific
inhibitory effect on dectin-1. Cells were then fixed using 4% para-
formaldehyde and washed several times. The cells were stained with
DAPI and washed again several times. Cell uptake images were obtained
by CLSM.
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2.11. Mitochondria/lysosome localization

After RAW 264.7 cells were co-incubated with NPs for 4 h, Mito-
Tracker/Lyso-Tracker was added into the cell medium according to
different proportions and continued to incubate at 37 °C for 45 min. The
medium was removed and cells were washed twice with PBS before
taking out the glass climbing plate and sealing it with DAPL.

2.12. Intracellular antioxidant and anti-inflammatory experiments

RAW 264.7 cells were seeded in 96-well plates and then co-incubated
with Cur-MPN or CM@YM (20 pg/mL) and Hy02 (1 mM) for 10 h. The
RAW 264.7 cells after co-incubation with Cur-MPN or CM@YM and
H50, were stained with 2,7-dichlorofluorescein diacetate (DCFH-DA,
20 pM) and dihydroethidium (DHE, 1 pM) for 30 min to quantify the
intracellular ROS levels. In addition, these above-treated RAW 264.7
cells were also stained with Calcein AM (AM, green, live cell) and pro-
pidium iodide (PI, red, dead cell) for 15 min to determine the cell pro-
tection by Cur-MPN or CM@YM. Finally, all the images were acquired
by CLSM.

RAW 264.7 cells were inoculated in 96-well plates and then co-
incubated with Cur-MPN or CM@YM (10, 20, 40 pg/mL) and H20, (1
mM) for 10 h. Standard MTT assays were performed to test relative cell
viability.

RAW 264.7 cells after co-incubation with Cur-MPN and CM@YM
(20 pg/mL) and LPS (40 pg/mL) were stained with 2,7-dichlorofluores-
cein diacetate (DCFH-DA, 20 pM) for 1 h to quantify intracellular ROS
levels. Cell images were observed by CLSM and further quantified by
flow cytometry.

2.13. Macrophage polarization assay

Inoculated with RAW 264.7, the cells were incubated with 20 pg/mL
of YM, Cur-MPN, and CM@YM, respectively, for 24 h, and then incu-
bated with 40 pg/mL lipopolysaccharide (LPS) overnight. The degree of
macrophage polarization was assessed by staining the above RAW 264.7
with CD 80 markers, followed by flow cytometry assay.

2.14. Evaluation of intracellular biocompatibility

RAW 264.7 cells were incubated in 96-well plates at a density of 1 x
10* cells/well for 24 h. The wall-adherent cells were washed with PBS,
and then the cells were co-incubated with 5, 10, 20, 50, 100, and 200
pg/mL of Cur-MPN and CM@YM for 24 h and 48 h. The control cells
were cultured in DMEM, and the cell viability was determined by MTT
assay. Absorbance was measured at 490 nm using a 96-well enzyme
labeler. Data were expressed as mean + SD.

2.15. Animals

Female C57BL/6 mice were purchased from Xi’an Keao Biotech-
nology Co., Ltd. Female Kunming mice were obtained from the Experi-
mental Animal Center of Xi’an Jiaotong University. The animals were
kept under 22-25 °C, 65 + 5% humidity with a 12 h light-dark cycle,
and fed regular and free drinking water. All experiments complied with
the Institutional Animal Care and Use Committee at Xi’an Jiaotong
University.

2.16. In vivo biocompatibility evaluation

Healthy mice were randomly divided into three groups: the control
group, the Cur-MPN group, and the CM@YM group. The mice in the
control group were gavaged with water, and the other two groups were
gavaged with the corresponding drug (40 mg/kg/d). All mice were
gavaged for three consecutive days, and the mice were euthanized seven
days after the end of the gavage. Subsequently, major organs (heart,
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liver, spleen, lungs, kidneys, and colon) and blood were harvested. H&E
staining was performed to analyze the histological changes of the organs
and whole blood samples were used for routine and blood biochemical
assay analysis.

2.17. In vivo biodistribution

DiR-labeled nanosystems were firstly prepared (at a dose of 0.75 mg/
kg DiR), and secondly, healthy C57 mice were randomly divided into
three groups: the DiR group, the Cur-MPN group, and then healthy and
colitis C57 mice were each divided into three groups: the Free DiR
group, the Cur-MPN group, and the CM @YM group. Then the in vivo
distribution of nanomaterials was detected by NIR in vivo small animal
imager at 3h, 6 h, 12 h, and 24 h after gavage administration. Mice were
executed at the endpoint and the gastrointestinal tract tissue was
removed for ex vivo fluorescence imaging.
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2.18. In vivo therapeutic effect

The DSS-induced colitis mouse model was selected for in vivo ex-
periments. To verify the efficacy of Cur-MPN@YM in treating colitis,
firstly, female C57BL/6 mice were randomized and acclimatized for one
week. Subsequently, the experiments were conducted according to the
modeling protocol of treatment or delayed treatment as described
above. Body weight changes and DAI indices of the mice were measured
daily during the experiment and recorded according to a standard
scoring system. After the mice were executed, the colon and cecum were
separated, and the length of the colon was measured and photographed.
The colon was then separated from the cecum and washed thoroughly
with PBS several times until no feces or blood was present and drained
on filter paper. A section of the colon sample was cut for subsequent
histopathologic observation in H&E sections and immunofluorescence
sections. Meanwhile, approximately 100 mg of colon segment was cut
from each sample and the segment was accurately weighed. The sections
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were placed in EP tubes containing a certain amount of PBS and a 10 %
tissue homogenate was made by a high-speed dispersion homogenizer.
The mRNA expression and MPO activity in the colon were determined
according to the instructions of the RT-qPCR kit and MPO Kkit.

2.19. Statistical analysis

All the results were statistically analyzed by GraphPad Prism 8.0
software. Student t-test was used for comparison between the two
groups. The results were presented as mean + standard deviation (SD).
P < 0.05 indicated a statistically significant difference.

3. Results and discussion
3.1. Preparation and characterization of Cur-MPN and CM@YM

The etiology of IBD remains unclear but is generally considered a
multifactorial disorder. It involves genetic risk, lifestyle factors, envi-
ronmental factors, mucosal barrier dysfunction, immune dysregulation,
and microbial dysregulation [6,38]. We demonstrated significant dif-
ferences in the composition of gut flora between IBD patients and the
normal population through the GMrepo database [39]. Excluding fac-
tors such as age, body mass index (BMI), gender, and region, which may
influence gut microorganism composition, patients with IBD display
significant differences at the genus level compared to the normal pop-
ulation (Fig. 1A and Table S1). Genera of bacteria essential for nutrient
metabolism and intestinal homeostasis, such as Bacteroides and Eu-
bacterium, were found at lower levels than normal in IBD patients, while
other pathogenic or potentially pathogenic bacteria were increased.
These imbalanced microbiomes not only contribute to chronic inflam-
mation and increased toxicity but also disrupt host metabolism and
affect the production of short-chain fatty acids (SCFA) in the gut [40,
41]. Inspired by the complex pathogenic mechanism of IBD, we designed
a ROS modulator-loaded yeast microcapsule (CM@YM), which could
renovate the intestinal microenvironment by relieving inflammation,
alleviating oxidative stress, and modulating gut microbiota to effectively
ameliorate IBD.

Firstly, a metal polyphenol network (MPN) was prepared by metal
coordination between epigallocatechin gallate (EGCG) and Fe’* [34,
42]. Curcumin (Cur) was then encapsulated into MPN via self-assembly
to form a reticulated structure with a particle size of approximately
321.8 4+ 7.12 nm (Fig. 1B and K). The obtained Cur-MPN increased the
dispersity of curcumin in water observably (Fig. S1A). UV-vis spec-
troscopy demonstrated that Cur-MPN had a characteristic absorption
peak at 405 nm, confirming the successful encapsulation of curcumin by
MPN (Fig. 1C). FTIR spectra revealed characteristic bands associated
with curcumin, including C—=C and C=O stretching vibrations, C=0
and C-C vibrations, and allylic alcohol C-O stretching. The stretching
vibration peaks of the phenolic hydroxyl group of EGCG (3360 cm™})
shifted to 3430 cm ™!, indicating coordination between Fe*' and EGCG
through the partial breaking of hydrogen bonds in the hydroxyl group
(Fig. 1D) [43]. Preliminary characterization of the elements contained
in Cur-MPN was performed using energy dispersive spectroscopy (EDS)
(Fig. S1B), which confirmed the formation of a Fe-based metal poly-
phenol network. Additionally, X-ray photoelectron spectroscopy (XPS)
was conducted to determine the surface elemental content of Cur-MPN,
revealing the presence of Fe, C, N, and O (Fig. 1E). HR-XPS spectra
showed peak fitting for C 1s, N 1s, O 1s, and Fe 2p, providing detailed
information about the chemical bonds present in Cur-MPN (Fig. 1F-I).
The binding energy peaks in the HR-C 1s spectrum were assigned to C-C,
C-N, C-0, C=0, and O-C=O0 bonds, while the HR-N 1s spectrum
showed peaks corresponding to C-N and -NHx bonds. HR-O 1s spectra
indicated the presence of metal oxides, in addition to C-O and C=0
bonds, in Cur-MPN. The HR-Fe 2p spectra confirmed the presence of
both Fe?" and Fe*! in Cur-MPN.

Next, the yeast microcapsule (YM) with a hollow structure was
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obtained following previous reports [44]. As shown in Fig. SIC, YM
appeared as an elliptical sphere with a diameter of approximately 3 pm.
Subsequently, Cur-MPN was further encapsulated into the hollow YM
through chemical precipitation with ammonium solution. The particle
sizes of YM and CM@YM, as determined by dynamic light scattering
(DLS), were 2834.3 + 189.1 nm and 3102.3 + 118.8 nm, respectively
(Fig. 1K). The particle size of CM@YM was slightly larger than that of
YM, indicating the loading of Cur-MPN into the core of YM. The stability
of Cur-MPN and CM@YM in an aqueous solution was evaluated for
seven days using DLS, and both showed negligible changes in particle
size (Figs. S1D and E). The zeta potentials of Cur-MPN and CM@YM
were —24.3 + 0.64 mV and —40.1 + 0.22 mV, respectively (Fig. S1F),
and remained stable within 7 days. This means that negatively charged
Cur-MPN and CM@YM are more likely to combine with positively
charged inflammatory bowel tissue. Transmission electron microscopy
(TEM) and energy-dispersive spectroscopy (EDS) measurements were
conducted to confirm the successful encapsulation of Cur-MPN in YM.
TEM images revealed high-contrast Cur-MPN nanoparticles in the inner
core of YM, indicating the successful encapsulation (Fig. 1J). EDS
analysis further confirmed the encapsulation of Cur-MPN in YM by
detecting visible iron ions derived from Cur-MPN (Fig. 1L). Fluorescent
staining was then used to visually confirm the formation of CM@YM.
Calcofluor White, a fluorescent blue dye, was employed to label the wall
of YM, while DiL was used as a fluorescent probe to label Cur-MPN.
Confocal laser scanning microscopy (CLSM) images showed the typical
cystic structure of YM (blue) and the dispersion of Cur-MPN (red) in the
nucleus of YM, confirming the successful loading of Cur-MPN into the
nucleus of YM (Fig. 1M). The encapsulation efficiency of Cur in
Cur-MPN and CM@YM was determined using a modified approach
based on previous reports [37]. Both Cur-MPN and CM@YM showed
high encapsulation rates, with Cur-MPN at 95.36 + 1.21% and CM@YM
at 67.52 + 0.73%, demonstrating the effective encapsulation of the drug
in the YM-based drug delivery system.

3.2. Stability and antioxidant capacity of CM@YM

The selection of YM as an oral drug carrier for colitis treatment is
crucial because it shields the loaded drug from degradation by gastric
fluids and facilitates successful release in the intestine. We conducted
incubation experiments using YM in simulated gastric fluid (SGF) and
simulated intestinal fluid (SIF), and Cur-MPN in SIF and simulated in-
flammatory colon fluid (SICF). The stability of the microcapsules was
assessed through centrifugal collection (Fig. 2A). The morphological
changes of YM in aqueous solution, simulated gastric fluid, and simu-
lated intestinal fluid were characterized using scanning electron mi-
croscopy (SEM), as presented in Fig. 2B-D. YM exhibited an intact
ellipsoidal structure, typical in size with a diameter of approximately 3
pm, both in aqueous solution and simulated gastric fluid, consistent with
the TEM results. However, after sequential incubation with simulated
gastric and intestinal fluids, the morphology of YM became rough, with
fragmented surface structure and exfoliated fragments, consistent with
the prior reports [20]. The stability of YM in gastric fluids and its sub-
sequent disintegration in intestinal fluids are instrumental in ensuring
the smooth passage of the loaded Cur-MPN through the stomach, facil-
itating its delivery to the intestinal tract for release.

To further explore the drug release properties of Cur-MPN and
CM@YM, the release profiles of Cur-MPN and CM@YM were evaluated
in SGF, SIF, and the presence of 0.5% p-glucanase enzymes in SIF. As
shown in Fig. S2, compared with CM@YM, Cur-MPN showed faster
release among SGF, and SIF solution with significant differences, which
indicated that YM showed a longer-lasting sustained-release effect to
curcumin and EGCG release both in gastric and intestinal environments.
Interestingly, under the condition of 0.5% p-glucanase, the release
behavior of curcumin and EGCG from CM@YM was faster than without
B-glucanase. Suggestively, CM@YM was sensitive to f-glucanase due to
the p-glucan involved on the YM surface. The aforementioned results
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Fig. 2. Stability and antioxidant capacity of CM@YM. (A) The schematic shows the stability of YM in SGF and the stable ROS scavenging ability of Cur-MPN.
(B-D) SEM characterization of YM incubated in the normal environment, SGF, and SIF (scale bar, 1 pm). (E) O3 scavenging ability of Cur-MPN detected by
BMPO. (F-H) Percentage of superoxide radical elimination catalyzed by SOD-like activity of Cur-MPN in the normal environment, SIF, and SICF. (I) -OH scavenging
ability of Cur-MPN detected by DMPO. (J-L) The quantitative analysis of oxTMB scavenging rate by Cur-MPN at different concentrations (2.5, 5, 10, 20, and 50 pg/
mL) in the normal environment, SIF, and SICF (insert, a photograph of the above-mentioned solutions after reaction). (M) UV-vis absorbance spectra of ABTS+e
radical after incubation with different concentrations Cur-MPN (0.25, 0.5, 1, 2, and 5 pg/mL). (N-P) The quantitative analysis of ABTS+e scavenging rate by Cur-
MPN at different concentrations (0.5, 1, 2, 5, and 10 pg/mL) in the normal environment, SIF, and SICF (insert, a photograph of the above-mentioned solutions after

reaction). Data are presented as means + SD (n = 3).

indicated that CM@YM may achieve targeted release under the influ-
ence of 0.5% f-glucanase produced by the intestinal flora [45], which is
a good oral delivery system for IBD.

In the progression of IBD, highly expressed ROS causes biomolecular
damages such as lipid peroxidation, DNA damage, and protein dena-
turation, leading to elevated oxidative stress and excessive inflamma-
tory responses [46-48]. Therefore, the elimination of excess ROS is
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crucial for IBD treatment. Moreover, the intestinal fluid is typically
weakly alkaline and contains various enzymes involved in food diges-
tion, which might impact the activity of nanoparticles upon reaching the
intestine. After CM@YM enters the intestine, the loaded Cur-MPN is
released and exhibits its therapeutic effects through YM disintegration in
the intestinal fluid. To validate the efficacy of Cur-MPN in scavenging
ROS in inflammatory bowel, we conducted comprehensive evaluations
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of Cur-MPN scavenging and total antioxidant capacity against three
representative ROS: superoxide radicals, hydroxyl radicals, and
hydrogen peroxide. These evaluations were performed in normal pH,
SIF, and SICF.

In this experiment, electron spin resonance (ESR) was utilized to assess
the ability of Cur-MPN to scavenge the O3 radical. To generate O3, the
hypoxanthine/xanthine oxidase (HYP/XOD) system was employed. 5-tert-
Butoxycarbonyl-5-methyl-1-pyrroline-N-oxide (BMPO) was then added as
a trapping agent to capture O3 and form a spin adduct called BMPO/
-OOH. The signal intensity of the ESR spectra was measured to analyze the
scavenging capability of Cur-MPN. When both BMPO and O3 were pre-
sent, a distinct signal peak appeared, indicating the successful capture of
03 by BMPO. However, as the concentration of Cur-MPN increased, the
intensity of the signal peak decreased significantly. This observation sug-
gests that Cur-MPN possesses excellent O3 scavenging ability (Fig. 2E).
Furthermore, the commercial kits were used to assess the superoxide
dismutase (SOD) enzyme activity and stability of Cur-MPN in different
environments (Fig. 2F-H). The results revealed that Cur-MPN exhibited a
robust SOD enzyme-like activity. Notably, this strong enzyme activity
remained stable in SIF and SICF. Overall, these findings demonstrate the
potent O3 scavenging ability of Cur-MPN and its stability under different
conditions, indicating its potential as a therapeutic agent for oxidative
stress-related disorders.

In addition to O3, hydroxyl radical (-OH) is another ROS that pos-
sesses potent oxidizing properties. Effective removal of -OH is crucial in
preventing cellular damage caused by ROS. To evaluate the scavenging
effect of Cur-MPN on -OH, we employed the Fenton reaction (Fe*'/
H»03) to generate -OH. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was
used to capture -OH and form spin adducts called DMPO/-OH. The
change in ESR signal intensity was employed to assess the scavenging
effect of -OH. In the absence of Cur-MPN, the ESR spectra exhibited
characteristic four-linear (1:2:2:1) peaks attributed to -OH (Fig. 2I).
However, upon the addition of Cur-MPN, the signal intensity of the
characteristic four-linear peaks decreased. At 40 pg/mlL, the signal
almost disappeared, indicating the high -OH removal ability of Cur-
MPN. These findings confirm the excellent -OH scavenging ability of
MPN. Furthermore, we utilized 3,3,5,5-tetramethylbenzidine (TMB),
which can be oxidized by -OH and turns blue, as an indicator to assess
the -OH scavenging ability of Cur-MPN in various environments. The
blue color of the reaction system faded when Cur-MPN incubated with
different environments, indicating that the -OH scavenging ability of
Cur-MPN remained stable in the intestinal environment (Fig. 2J-L).
Additionally, the absorption peak of oxidized TMB (0oxTMB) at 650 nm
decreased as the concentration of Cur-MPN increased, as measured by a
UV spectrophotometer (Fig. S3A). The use of a terephthalic acid (TA)
fluorescent probe, another -OH indicator, also confirmed the excellent
-OH scavenging performance of Cur-MPN (Fig. S3B). Overall, these re-
sults highlight the exceptional -OH scavenging ability of Cur-MPN,
indicating its potential as a therapeutic agent for protecting cells
against oxidative damage caused by ROS.

After incubation with different concentrations of H,O (0.6, 1.2, 2.5,
and 5 mM), the color of Cur-MPN gradually became lighter, indicating
its reactivity and scavenging ability towards H2O, (Fig. S3C). To further
assess the total antioxidant capacity of Cur-MPN, we used the 2,2-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) radical (ABTS+e) assay. In a
stable condition, ABTS+e appears as a blue-green color with a maximum
absorption peak at 734 nm. By employing the ABTS method, we
examined the total antioxidant capacity of Cur-MPN and its stability
(Fig. 2M — P). The results showed the excellent antioxidant capacity of
Cur-MPN. Collectively, these findings demonstrate that CM@YM is
capable of traversing the harsh environment of the stomach and sub-
sequently releasing the drug in the intestine. The released Cur-MPN
effectively scavenges the highly expressed ROS in IBD and remains
stable in the intestinal environment. This endows Cur-MPN a promising
therapeutic agent for the treatment of colitis.
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3.3. The uptake of CM@YM in living cells

Macrophages are known to play a crucial role in the development
and progression of IBD [49,50]. Targeted regulation of intestinal mac-
rophages is therefore an important approach to managing IBD. Consid-
ering the presence of f-glucan on the surface of YM, we hypothesized
that CM@YM could be specifically recognized by the dectin-1 receptor
on macrophages, thereby effectively targeting macrophages in the in-
testinal system. To investigate this hypothesis, we examined the uptake
ability of macrophages to Cur-MPN and CM@YM. To better observe the
binding effect of nanoparticles in RAW 264.7 cells, the sample of
Cur-MPN and CM@YM was labeled with DiL. As shown in Fig. 3A, after
4 h of incubation, the uptake of CM@YM was significantly higher in
RAW 264.7 cells compared to Cur-MPN. Conversely, after pretreatment
of RAW 264.7 cells with laminarin, a dectin-1 inhibitor, the CLSM image
of the CM@YM group showed no obvious red fluorescence, while the
Cur-MPN group showed almost no change, which was consistent with
the results of flow cytometry (Fig. 3B). Continued study of CM@YM
binding to the dectin-1 receptor using dectin-1 barely expressing FHC
cells as a control. As shown in Fig. 3A, the uptake efficiency of Cur-MPN
and CM@YM by FHC cells was completely different from that of RAW
264.7 cells. FHC cells showed a higher uptake efficiency for Cur-MPN,
probably because Cur-MPN is more advantageously sized to be taken
up by the cells. However, this remained unchanged in the case of early
incubation with dectin-1 receptor inhibitors, which was consistent with
the results of flow cytometry (Fig. 3C). These results suggest that
CM@YM can effectively target RAW 264.7 cells and that it is critical that
YM binds to the dectin-1 receptor on the surface of RAW 264.7 cells.

Mitochondria are the main organelles in the cells that produce ROS,
we tested if CM@YM is co-located with mitochondria to scavenge ROS
after being internalized by the cells. The fluorescence images showed
that CM@YM labeled by DiL was co-localized with the mitochondria
(Fig. 3D). Nevertheless, mitochondria were not the only accumulation
sites of the nanoparticles. CM@YM was also partially colocalized with
Lyso-tracker Green, supposing that CM@YM was partially trapped in
lysosomes (Fig. 3G). Both Pearson’s colocalization coefficient (PCC) and
Manders’ co-localization coefficients (MCC) were measured to deter-
mine the co-localization of DiL fluorescence signals with Mito-tracker
Green or Lyso-tracker Green. It was found that PCC was 0.95 for mito-
chondria and 0.96 for lysosome co-localization with CM@YM (Fig. 3E
and H), indicating CM@YM colocalized with both mitochondria and
lysosomes to some extent. MCC results were consistent with PCC.
Additionally, the plot profile analysis further supported the results of
PCC and MCC analyses. The red peaks indicating CM@YM and the green
peaks indicating Mito-tracker Green or Lyso-tracker Green presented a
certain correlation, suggesting partly co-localization (Fig. 3F and I). In
summary, CM@YM is not only co-localized with mitochondria but also
partially co-localized with lysosomes.

3.4. Anti-oxidant and anti-inflammatory effects of Cur-MPN and
CM@YM in living cells

Since oxidative stress induced by excess ROS production can lead to
lipid peroxidation, protein damage, and DNA breakage, the intracellular
ROS scavenging properties of Cur-MPN and CM@YM were investigated
by a 2,7-dichlorofluorescein diacetate (DCFH-DA) probe and dihy-
droethidium (DHE) probe. The results, shown in Fig. 3J and K, indicated
that the HyOy-induced group exhibited a strong green fluorescence of
DCF and red fluorescence of DHE compared to the blank group, indi-
cating successful induction of ROS production by H20,. However, the
fluorescence intensity of DCF and DHE significantly attenuated when
cells were pre-incubated with Cur-MPN or CM@YM, indicating that both
Cur-MPN and CM@YM effectively reduced the ROS content in Hy0o-
induced cells. Subsequently, the protection mechanism of Cur-MPN and
CM@YM for HyOz-induced RAW 264.7 apoptosis was evaluated. Calcein
AM/propidium iodide (AM/PI) staining of HyO,-treated RAW 264.7
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Fig. 3. The cellular internalization and anti-oxidant and anti-inflammatory effects of Cur-MPN and CM@YM. (A) Cellular uptake of Cur-MPN and CM@YM in
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expression levels of TNF-a (M), IL-1f (N), and IL-6 (O) in RAW 264.7 cells. (P) Flow cytometric examination of the M1-phenotype macrophages in different groups.

Data are presented as means + SD (n = 3; *P < 0.05, **P < 0.01).

showed a red signal indicative of dead cells. However, the red signal
significantly decreased upon treatment with Cur-MPN and CM@YM,
indicating that Cur-MPN and CM@YM could scavenge H;0, and block
H205-induced cell apoptosis (Fig. 3L). Furthermore, as revealed by the
MTT assay, HpO, treatment could amplify the intracellular oxidative
stress and eventually cause RAW 264.7 apoptosis (Fig. S4). In contrast,
pretreatment of Cur-MPN and CM@YM could significantly relieve
oxidative stress and abolish cell apoptosis, indicating that almost all of
H20, was scavenged by Cur-MPN and CM@YM.

After confirming the ability of CM@YM to scavenge excessive
intracellular ROS and inhibit oxidative damage, it was further investi-
gated whether CM@YM could inhibit inflammation induced by LPS in
RAW 264.7 cells. The results, shown in Fig. S5A, indicated that the LPS-

induced group exhibited a strong green fluorescence of DCF compared to
the blank group, indicating successful induction of ROS production by
LPS. However, the green fluorescence intensity of DCF significantly
attenuated when cells were pre-incubated with Cur-MPN or CM@YM,
indicating that both Cur-MPN and CM@YM effectively reduced the ROS
content in LPS-induced cells. The fluorescence content of DCF in RAW
264.7 cells was quantified using flow cytometry (Fig. S5B). LPS treat-
ment led to the upregulation of pro-inflammatory cytokines TNF-a, IL-
1B, and IL-6. However, pre-treatment with CM@YM in RAW 264.7 cells
resulted in the reduction of these pro-inflammatory cytokine levels
(Fig. 3M — 0), indicating the significant anti-inflammatory capacity of
CM@YM.

In addition to the ability to alleviate inflammation by inhibiting ROS
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production, changes in macrophage phenotype were also closely asso-
ciated with the inflammatory disease process. Macrophages can be
categorized into two subpopulations, namely M1 and M2, with M1
macrophages being pro-inflammatory cells that are involved in host
defense against bacteria and viral infections [51]. The overexpression of
surface markers such as CD80, CD86, and CD16/32 can be used to
identify M1 macrophages. Since the phenotype of macrophages plays a
crucial role in inflammation, we proceeded to investigate whether
CM@YM could effectively modulate macrophage phenotype by exam-
ining the expression level of the M1 macrophage surface marker CD86.
LPS-induced M1 macrophages were incubated with a specific amount of
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YM, Cur-MPN, and CM@YM for 24 h. The expression of CD86 on RAW
264.7 cells was then assessed using flow cytometry. As shown in Fig. 3P,
the expression of CD86 increased significantly after LPS induction.
Interestingly, while YM treatment did not reduce the expression of
CD86, it led to a slight increase in CD86 expression. This may be
attributed to the biologically active components on the surface of YM,
such as polysaccharides, stimulating a stress response in macrophages.
In contrast, both the Cur-MPN and CM@YM groups exhibited successful
modulation of macrophage phenotype, resulting in a significant reduc-
tion in CD86 expression in macrophage cells. To better visualize the
reprogramming ability of Cur-MPN and CM@YM on macrophages, we
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Fig. 4. Biocompatibility evaluation of Cur-MPN and CM@YM. (A-B) Relative viabilities of RAW 264.7 cells after incubation with different concentrations of Cur-
MPN and CM@YM (5, 10, 20, 50, 100, and 200 pg/mL) for 24 h and 48 h. (C) Body weight changes of mice within 7 days after oral administration of Cur-MPN and
CM@YM. (D) H&E staining for vital organs was used to assess the systemic toxicity of Cur-MPN and CM@YM (scale bar, 100 pm). (E) Complete blood panel analysis
results and blood biochemistry analysis results for treated mice. Data are presented as means + SD (n = 3).
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recorded morphological changes on RAW 264.7 cells by microscopy. group showed dendritic, radial, or long spindle shapes, similar to the
Through the microscope recording, it could be seen that the cell morphology of M1 macrophages. On the contrary, the cell morphology
morphology of the control group showed circular growth, while the cell of the LPS + Cur-MPN group and LPS + CM@YM group was round,
morphology of the LPS group was varied, and the round cells were indicating that the cell polarization was inhibited (Fig. S5C). Based on
significantly reduced. Approximately 90% of the cells in the LPS-treated our findings, it can be concluded that CM@YM effectively inhibits the
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Fig. 5. The targeting and retention abilities of CM@YM to the inflamed colon. (A) In vivo fluorescence images of normal and colitis mice at different time points
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M1 polarization of macrophages when stimulated by LPS, thereby
achieving the desired anti-inflammatory effect, and this function is
attributed to the presence of Cur-MPN in CM@YM.

Overall, these findings demonstrate that Cur-MPN and CM@YM
effectively scavenge intracellular ROS, inhibit inflammation, and regu-
late the polarization of macrophagesprotect in RAW 264.7 cells. This
highlights the potential of CM@YM as a therapeutic agent for anti-
inflammatory and antioxidant interventions.

3.5. Biocompatibility evaluation of Cur-MPN and CM@YM

Biocompatibility was systematically assessed to ensure the safety of
CM@YM for oral administration. The biocompatibility of Cur-MPN and
CM@YM was initially investigated using the MTT assay. As shown in
Fig. 4A and B, the cell viability of RAW 264.7 cells did not exhibit any
significant decrease after 24 and 48 h of co-incubation with Cur-MPN or
CM@YM, with a decreasing trend observed only at the highest con-
centration of 200 pg/mL suggesting that both Cur-MPN and CM@YM
have excellent biocompatibility. In FHC cells, the biocompatibility of
Cur-MPN and CM@YM was equally excellent (Fig. S6). We further
evaluate the biocompatibility in vivo. The body weight changes of the
mice were recorded after oral administration of Cur-MPN or CM@YM
(40 mg/kg) for seven days. As shown in Fig. 4C, there was no significant
difference in body weight among the three groups of mice during the
entire experimental period. To assess the potential toxicity of CM@YM,
we performed histological evaluation of vital organs using H&E staining.
Fig. 4D showed that there were no observable histological changes or
cellular destruction in the vital organs of the mice treated with Cur-MPN
or CM@YM compared to the healthy mice. Moreover, we analyzed
routine blood indices and blood biochemical indices of the mice treated
with Cur-MPN or CM@YM and found no significant differences
compared to the healthy mice (Fig. 4E). All these results indicate that
CM@YM exhibits excellent biocompatibility and can be used for in vivo
experiments.

3.6. The targeting and retention abilities of CM@YM to the inflamed
colon

Targeting the inflamed site in the intestine through oral adminis-
tration is an effective and straightforward delivery strategy for treating
UC. However, for this strategy to be successful, it is crucial for the oral
delivery system to effectively target and retain at the site of inflamma-
tion for an extended period. YM, a natural microencapsulation carrier, is
particularly suitable for this purpose due to its enrichment with § 1,3-D-
glucan on its surface, which enables it to target macrophages and
inflammation. Additionally, the presence of polysaccharides and the
uneven structure on the surface of YM allow for longer retention in the
intestinal tract. To demonstrate the targeting and retention ability of
CM@YM microcapsules at the site of intestinal inflammation, we con-
ducted a series of experiments using a small animal in vivo imaging
system. DiR-labeled delivery systems were prepared (at a dose of 0.75
mg/kg DiR) and the distribution of the microcapsules in mice was
investigated by performing in vivo fluorescence imaging at 3, 6, 12 and
24 h after oral administration and ex vivo fluorescence imaging of the
gastrointestinal tract of mice at the endpoint. As shown in Fig. 5A and B,
under the same administration conditions, Free DiR and Cur-MPN had
the shortest residence time in the gastrointestinal tract and the fastest
disappearance of fluorescence. After 12 h of oral administration, the
fluorescent signals of Free DiR and Cur-MPN became extremely weak in
mice. However, CM@YM microcapsules retained their fluorescence at
the intestinal site even after 24 h (Fig. 5E). The fluorescence histogram
showed that there was no significant difference in the average fluores-
cence intensity of Free DiR, Cur-MPN, and CM@YM groups after 3 and 6
h of oral administration. After 12 h, the average fluorescence intensity of
CM@YM was stronger than that of the other three groups with a sig-
nificant difference (p < 0.01), which continued to the terminal point
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(Fig. 5C). We further investigated the retention effect of CM@YM in
colitis mice (Fig. 5A, B, and D). The results were similar to those of
normal mice, with CM@YM demonstrating a very superior retention
effect and retaining slightly more area in the inflamed colon than in the
normal colon. This initial evidence corroborates the targeting effect of
the microcapsules on the inflamed intestinal tract. Overall, these find-
ings demonstrate the ability of CM@YM microcapsules to effectively
target and retain at the site of intestinal inflammation, making them a
promising therapeutic approach for the treatment of UC.

To investigate the retention of CM@YM in the inflamed intestines of
colitis mice at a microscopic level, we collected colonic segments from
colitis mice after 6 h of CM@YM gavage administration and performed
immunofluorescence staining of TNF-a. As shown in Fig. 5F, the green
fluorescence representing TNF-o was prominently expressed in the
colonic site, indicating the presence of inflammation. Additionally, the
red fluorescence representing CM@YM was found to be concentrated in
the interstitial space of the intestinal villi and primarily localized in the
mucus layer. This observation confirms that the YM encapsulation en-
ables CM@YM to specifically target the inflamed intestine and remain
there for an extended period. This microscopic analysis provides further
evidence that CM@YM can effectively target and retain at the site of
inflammation in the intestines, enhancing its therapeutic potential for
the treatment of ulcerative colitis.

3.7. Protective effect of CM@YM against DSS-induced colitis

To assess the protective effect of CM@YM against DSS-induced acute
colitis, we conducted a comprehensive evaluation using various pa-
rameters. All C57 mice were randomly divided into five groups: blank
control, DSS model, YM, Cur-MPN, and CM@YM groups. Except for the
control group, each group received 2.5% DSS in their drinking water to
induce colitis. The corresponding treatments (YM, Cur-MPN, or
CM@YM) were administered by gavage every other day for a total of six
times. At the end of the experiment, the colon was collected after
euthanization (Fig. 6A). The protective effect was assessed through
several measures, including changes in body weight of the mice, disease
activity index (DAI), colon length differences, myeloperoxidase (MPO)
content, analysis of cytokine levels and molecular markers of oxidative
stress, and histological examination of inflammation. By monitoring
changes in body weight, DAI, and colon length, we can gauge the overall
impact of the treatments on the mice. MPO content, which is an indi-
cator of inflammation, was measured in the colonic tissue samples.
Furthermore, we analyzed the levels of cytokines to determine the in-
flammatory response, as well as the molecular markers of oxidative
stress to assess the antioxidant effects. Finally, histological examinations
were performed to evaluate the extent of inflammation. These
comprehensive evaluations will provide valuable insights into the
therapeutic efficacy of CM@YM in alleviating DSS-induced acute colitis
in mice.

In Fig. 6B and C, it was observed that the control group of mice
experienced continuous weight gain and showed no changes in the DAI
score, indicating their normal state of growth. Conversely, mice in the
model group exhibited significant and continuous weight loss starting
from day 5, and the DAI index also steadily increased. However, in the
other three treatment groups (YM, Cur-MPN, and CM@YM), the weight
loss and rise in the DAI index were inhibited to varying degrees. Notably,
the CM@YM group demonstrated the most effective inhibition, indi-
cating its superior protective effect. To further assess the progression of
colitis, we analyzed the colon length, spleen index, endoscopic changes,
and histological alterations in the mice (Fig. 6D-H). The colon length in
the model group was significantly shortened from 8.53 + 0.41 cm to
4.10 + 0.082 cm, indicating successful colitis induction. However, the
CM@YM group exhibited a protective effect superior to both the YM and
Cur-MPN groups, with the colon length restored to 6.40 £+ 0.22 cm. In
addition, the spleen was the site of immune cell settlement, and changes
in the spleen were also evident after the execution of the mice. The
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Fig. 6. Protective effect of CM@YM against DSS-induced colitis. (A) Schematic showing the experimental procedure for the treatment of DSS-induced colitis
mice. (B) Daily body weight over 13 days. (C) DAI score of colitis model mice during the experiment. (D) Photographs of the excised colons from the colitis models on
day 13 after treatment. (E) Measurements of colon lengths after different treatments. (F) Measurements of spleen index after different treatments. (G) Representative
photos of the intestinal endoscope of mice treated with the indicated materials on day 13. (H) H&E staining of colonic pathological sections of mice treated with the
indicated materials on day 13 (scale bar, 200 pm). Immunofluorescence image of ZO-1 (I), occludin (J), and claudin-1 (K) in the colons (scale bar, 200 pm). G1:
control group, G2: DSS group, G3: DSS + YM group, G4: DSS + Cur-MPN group, G5: DSS + CM@YM group. Data are presented as means + SD (n = 5; *P < 0.05, **P

< 0.01, ***P < 0.001).

spleen was significantly restored after CM@YM treatment compared to
the no-drug groups (Fig. S7). In terms of endoscopic findings, the model
group showed structural rigidity of the intestinal lumen with prominent
ulcerative lesions. The YM group showed poorer efficacy, with multiple
ulcerative lesions in the colon. In contrast, both the Cur-MPN and
CM@YM groups exhibited superior efficacy, with red and moist intes-
tinal mucosa and preserved structural integrity, with fewer or no ulcers
present. The histological evaluation through H&E staining revealed that
the colon sections of normal mice showed no significant inflammatory
areas. However, the colon sections of mice in the model group exhibited
distinct inflammatory features, including colonic epithelial thickening,
inflammatory cell aggregation and infiltration, structural incomplete-
ness, and cryptgland rupture. Comparing the YM and Cur-MPN groups
with the model group, we observed a slight reduction in the severity of
colitis. Notably, the colon sections from CM@YM-treated mice displayed
a significant restoration of the mucosal layer structure. The abundance
of cup cells in the crypts resembled that of the normal control group,
indicating a substantial recovery of the colonic epithelium and a sig-
nificant reduction in inflammation. In summary, these results strongly
support the excellent protective effect of CM@YM in DSS-induced acute
colitis.

To assess the integrity of the colonic mucosal barrier, we examined
the expression levels of tight junction-associated proteins, including ZO-
1, Occludin, and Claudin-1, in colonic tissues. Immunofluorescence
staining revealed that the colonic tissues of CM@YM-treated mice
exhibited significant enrichment of ZO-1, Occludin, and Claudin-1
(Fig. 61-K). These findings indicate that CM@YM treatment effectively
restored the integrity of the intestinal mucosal barrier in colitis mice.
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3.8. Anti-oxidant and anti-inflammatory effects of CM@YM
microcapsule in vivo

To visualize the inflammation level in the intestines, immunofluo-
rescence analysis was performed on the retained colon tissues. DCFH-DA
and DHE were used to label ROS in the colon tissues. As shown in Fig. 7A
and B, the model and YM groups exhibited intense red fluorescence,
indicating high inflammation, while the Cur-MPN and CM@YM groups
showed minimal expression of red fluorescence, suggesting reduced
inflammation. Furthermore, to gain further insights into the regulatory
effect of CM@YM on macrophage phenotype in the mouse colon, we
conducted an analysis of macrophage phenotype in the colon by labeling
CD86 and CD206 markers (Fig. 7C and D). Comparing the Cur-MPN
group with the CM@YM group, it was observed that the model and
YM groups exhibited a significant increase in CD86 signal and a signif-
icant decrease in CD206 signal. These findings suggest that the ability of
CM@YM to scavenge ROS and regulate macrophage polarization phe-
notypes is mainly derived from Cur-MPN. While both YM and Cur-MPN
showed indistinctive protective effects on DSS-induced colitis, the core-
shell structure of CM@YM significantly enhanced the protective effects.
This enhancement can be attributed to the adhesion and inflammatory
targeting of YM to the mucus layer, which improved the retention time
of Cur-MPN in the inflamed intestine. The anti-inflammatory effect of
CM@YM was further demonstrated by measuring the expression of pro-
inflammatory cytokines (TNF-a, IL-6, IL-1f) in colon homogenates using
gRT-PCR. As depicted in Fig. 7E-G, the expression levels of TNF-a, IL-6,
and IL-1p were significantly reduced after the application of CM@YM,
indicating its anti-inflammatory properties. This effect was also
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Fig. 7. Anti-oxidant and anti-inflammatory effects of CM@YM. Immunofluorescence image of DCFH-DA (A), DHE (B), CD86 (C), and CD206 (D) in the colons
(scale bar, 200 pm). The levels of mRNA expression of TNF-« (E), IL-1p (F), and IL-6 (G) in colon tissues. (H) MPO activity in colon tissues. G1: control group, G2: DSS

group, G3: DSS + YM group, G4: DSS + Cur-MPN group, G5: DSS + CM@YM group. Data are presented as means + SD (n =

supported by the lower levels of MPO content in colon homogenates in
CM@YM-treated mice, compared to the model group (Fig. 7H).

3.9. Modulating gut microbiota by CM@YM

The gut microbiota plays an important role in the regulation of host
metabolism, immunity, and intestinal barrier function. We collected
feces from mice and performed 16S rRNA gene sequencing to analyze
the overall structure of the intestinal microbiota. Species accumulation
curves indicate that the sample size is sufficient to reflect the species
composition of the community (Fig. S8A). Alpha-diversity analysis, as
determined by Chaol and Shannon’s Diversity Index, showed that the
bacterial diversity in the DSS group was significantly lower compared to
the control group. However, the bacterial diversity in the CM@YM
group was not significantly different from the control group (Fig. 8A and
B). Principal coordinate analysis (PCoA) was conducted to assess beta
diversity and revealed that mice in the DSS group had a distinct gut
microbial profile compared to the control group. In contrast, the gut
microbiota of the CM@YM group was more similar to that of the control
group (Fig. 8C). The composition of the gut microbiota at the phylum
level, as shown in Fig. 8D, demonstrated that DSS treatment signifi-
cantly reduced the content of Firmicutes and increased the content of
Proteobacteria when compared to the control group. However, the
CM@YM group exhibited a gut microbiota composition at the phylum
level that was closer to the control group. Similar results were observed
at the class level (Fig. S8B). Visualizing the species composition of the
samples at each taxonomic level, taxonomic branching plots of LEfSe
were generated (Fig. 8E). The heat map depicted the relative abundance
of gut microbiota at the genus level for the different groups (Fig. 8F). In
the DSS group, the relative abundance of pathogenic or conditionally
pathogenic bacteria, such as Pseudomonas, Bilophila, Enterococcus, and
Shigella, increased. In contrast, the CM@YM group exhibited an
increased relative abundance of probiotic bacteria, including Akker-
mansia, Faecalibacterium, and Coprococcus. In the normal group of mice,
the three most abundant bacteria at the genus level were Akkermansia,
Allobaculum, and Turicibacter. However, the administration of DSS
caused a significant change in the composition of the gut microbiota,
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5; *P < 0.05, **P < 0.01, ***P < 0.001).

which was effectively restored by the treatment of CM@YM (Fig. 8G-I).
These results indicate that CM@YM treatment can restore the micro-
biota composition at the genus level, as opposed to the DSS group which
displayed an imbalance favoring pathogenic or conditionally pathogenic
bacteria. Overall, these findings suggest that the modulation of gut
microbiota may play a crucial role in the regulatory effects of CM@YM
on colitis.

Short-chain fatty acids (SCFA) are fatty acids with less than 6 carbon
atoms and are primarily produced in the colon. They are derived from
various sources such as food or the fermentation of carbohydrates,
proteins, and amino acids by the intestinal flora. SCFA not only serves as
nutrient for the body but also plays important biological roles in the
organism [52]. A disrupted microbiome can lead to inflammation,
disturbance of host metabolism, and alteration in SCFA production in
the gut, which can in turn affect the development of diseases [53]. The
modulation of probiotic activity by prebiotics is believed to promote the
production of SCFA in the colon, which has been shown to inhibit the
development of IBD through various mechanisms [54-56]. To evaluate
the effect of CM@YM on SCFA production, the content of SCFA was
measured using gas chromatography-mass spectrometry (GC-MS). The
differences in the content of seven SCFA between the three groups are
presented in Fig. 8J as a heat map. The feces of CM@YM-treated mice
showed increased levels of acetic acid, propionic acid, and butyric acid
compared to the DSS group (Fig. 8K-M). Notably, butyric acid has been
extensively studied and demonstrated to play important roles in the
regulation of intestinal immune and inflammatory responses. It acts as a
natural histone deacetylase (HDAC) inhibitor and serves as a natural
ligand for various receptors [57,58].

3.10. Therapeutic effects of CM@YM against DSS-induced colitis

To further establish the superiority of CM@YM, we created a ther-
apeutic model by administering 2.5% DSS in drinking water for one
week, followed by oral treatment with various preparations for 5 days to
evaluate the therapeutic effect of CM@YM on DSS-induced colitis and to
compare it with the clinically used drug 5-aminosalicylic acid (5-ASA)
(Fig. 9A). After the cessation of DSS administration, mice with colitis
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Fig. 8. 16S ribosomal RNA (rRNA) sequencing analysis of gut microbiota regulated by CM@YM. Chaol (A) and Shannon (B) index of observed OUT displays
the a-diversity of the microbial community. (C) PCoA shows the p-diversity of the gut microbiome, each point represents one mouse. (D) Taxonomic bacterial
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means £ SD (n = 5; *P < 0.05, **P < 0.01, ***P < 0.001).

were orally treated with saline, 5-ASA, Curcumin, Cur-MPN, and
CM@YM for 5 consecutive days. Mice that were not treated with DSS
served as the normal group. At 7 days after DSS administration, all mice
exhibited weight loss, an increased Disease Activity Index (DAI), and
bloody diarrhea, indicating a successful establishment of the DSS-
induced colitis model. However, after 5 days of treatment with Curcu-
min, 5-ASA, Cur-MPN, and CM@YM, the mice in the 5-ASA and
CM@YM groups showed the most significant recovery (Fig. 9B and C).
The therapeutic effect of CM@YM was also illustrated by changes in
spleen and colon length in mice (Fig. 9D-F). Endoscopy results in the
CM@YM group also showed healing of ulcerative lesions, which was
comparable to that seen in the 5-ASA group (Fig. 9G). H&E staining and
endoscopic examination further highlighted the differences between the
groups. As depicted in Fig. 9H, the CM@YM group not only restored the
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disordered arrangement of epithelial cells but also reduced inflamma-
tory cell aggregation and infiltration, leading to tissue restoration to a
normal state compared to the model group.

To further validate the efficacy of the CM@YM microcapsules, we
measured the expression levels of MPO and pro-inflammatory cytokines
(TNF-a, IL-6, IL-1B) in colon homogenates (Fig. 91-L). The expressions of
TNF-a, IL-6, and IL-1p were all significantly reduced after the adminis-
tration of CM@YM. Furthermore, the application of CM@YM signifi-
cantly decreased the content of MPO in the colon, bringing it closer to
the levels found in normal tissues. These results provide strong evidence
for the effectiveness of CM@YM in the delayed treatment of colitis in
mice.
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Fig. 9. Therapeutic efficacy of CM@YM against DSS-induced colitis. (A) Schematic showing the experimental procedure for the treatment of DSS-induced colitis
mice. (B) Daily body weight over 13 days. (C) DAI score of colitis model mice during the experiment. (D) Photographs of the excised colons from the colitis models on
day 13 after treatment. (E) Measurements of colon lengths after different treatments. (F) Measurements of Spleen index after different treatments. (G) Representative
photos of the intestinal endoscope of mice treated with the indicated materials on day 13. (H) H&E staining of colonic pathological sections of mice treated with the
indicated materials on day 13 (scale bar, 200 um). The levels of mRNA expression of TNF-a (I), IL-1p (J), and IL-6 (K) in colon tissues. (L) MPO activity in colon
tissues was evaluated by the colorimetric method. G1: control group, G2: DSS group, G3: DSS + Cur group, G4: DSS + Cur-MPN group, G5: DSS + 5-ASA group, G6:
DSS + CM@YM group. Data are presented as means + SD (n = 5; *P < 0.05, **P < 0.01, ***P < 0.001).

4. Conclusion

In summary, our study demonstrated that the oral microcapsule
CM@YM can effectively treat ulcerative colitis through its anti-oxidant,
anti-inflammatory, and intestinal microecological remodeling proper-
ties. CM@YM specifically targets the inflamed colon, delivering anti-
inflammatory drugs and promoting microecological balance. The
CM@YM microcapsule exhibits excellent ROS scavenging ability, sta-
bility in the intestinal environment, and biocompatibility with cells and
mice. Moreover, CM@YM efficiently targets inflammatory colonic
macrophages. In a mouse model of ulcerative colitis, CM@YM treatment
effectively alleviated symptoms such as weight loss, colon shortening,
and ulceration, while reducing inflammatory cytokines. Furthermore,
CM@YM was capable of remodeling the intestinal microbiota and
increasing SCFA levels by suppressing harmful bacteria and increasing
beneficial bacteria. Although CM@YM demonstrated promising thera-
peutic effects in the treatment of ulcerative colitis in mice, further in-
vestigations are needed to elucidate its mechanisms of action in detail.
Additionally, the efficacy of CM@YM in treating chronic enteritis should
be explored. In our future work, we will strive to enhance the thera-
peutic effects of anti-inflammatory systems to treat a wider range of
symptoms.

Ethics approval and consent to participate
All animal experiments were performed following the Principles of

Laboratory Animal Care and Guidelines of the Laboratory Animal Care
Committee of Xi’an Jiaotong University (No: 2021-213).
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