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Abstract

Mesenchymal stem cell-derived extracellular vesicles (MVs) holds great promise
for inflammatory bowel disease (IBD) therapy. However, oral delivery of MVs
therapeutic efficacy is severely compromised by the harsh gastrointestinal
environment and the hostile inflammatory milieu, characterized by excessive
oxidative stress and dysbiosis. To surmount these biological barriers, we engineered

Inu@MPN@MV, a multifunctional oral delivery platform that integrates MVs with a



caffeic acid-Fe*" metal-phenolic network (MPN) coating and an inulin-based hydrogel
matrix. In this synergistic system, the inulin hydrogel provides gastric protection and
enables colon-specific release, while simultaneously functioning as a prebiotic to
foster a beneficial microbial niche. Concurrently, the MPN coating endows the
vesicles with potent ROS-scavenging capabilities, shielding them from oxidative
damage and promoting their accumulation at inflamed sites. In a dextran sulfate
sodium (DSS)-induced colitis model, oral administration of Inu@MPN@MYV yielded
superior therapeutic outcomes compared to controls, effectively ameliorating clinical
symptoms, restoring epithelial barrier integrity, and mitigating oxidative injury.
Mechanistically, the formulation orchestrates a synergistic interplay between the
immunoregulatory cargo of MVs and the microenvironment-modulating properties of
the carrier. This combination reprograms macrophage polarization toward an
anti-inflammatory phenotype, remodels gut microbiota composition, and restores
metabolic homeostasis. Collectively, this study presents a rationally designed
bioactive oral system where carrier components actively potentiate the intrinsic

therapeutic effects of MVs, offering a robust strategy for IBD management.
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Introduction



Inflammatory bowel disease (IBD), mainly comprising ulcerative colitis and
Crohn’s disease, is a chronic and relapsing inflammatory disorder of the
gastrointestinal tract [1-3]. Although biologics, small-molecule inhibitors,
immunosuppressants, and other anti-inflammatory agents have expanded current
treatment options, many patients still fail to achieve durable remission or gradually
lose response during long-term therapy [1,2,4]. This limited therapeutic durability
reflects the multifactorial and self-reinforcing nature of IBD [3,5,6]. Intestinal
inflammation is maintained not by a single immune pathway, but by reciprocal
disruption of mucosal immune homeostasis, epithelial barrier integrity, redox balance,
and the gut microbial ecosystem [3,5,7,8]. In the inflamed colon, excessive cytokine
signaling activates mucosal immune cells and aggravates epithelial injury, while
reactive oxygen species (ROS) damage tight-junction structures, promote lipid
peroxidation, and increase mucosal permeability[4,5,9]. Meanwhile, dysbiosis and
altered microbial metabolites weaken epithelial repair, disturb mucosal immune
tolerance, and reduce intestinal ecological resilience [6—8,10]. These events establish
a vicious cycle of inflammation, oxidative injury, barrier dysfunction, and microbial
imbalance [3,5,7,8]. Therefore, effective local treatment should not only suppress
inflammatory signaling, but also provide conditions that permit sustained immune

regulation and epithelial recovery [4,5,10].

Mesenchymal stem cell (MSC)-based therapy has shown considerable potential
in IBD because MSCs can suppress inflammatory cytokine production, regulate

macrophage and T-cell responses, and promote epithelial regeneration [11,12].



Increasing evidence indicates, however, that many of these effects are mediated
predominantly by paracrine factors rather than by long-term engraftment of
transplanted cells [11,12]. Among the principal paracrine effectors, MSC-derived
extracellular vesicles (MVs), including exosomes and microvesicles, have attracted
particular attention [13—15]. These membrane-bound nanoparticles transport proteins,
lipids, and nucleic acids inherited from their parent cells and deliver bioactive cargos
to recipient cells, thereby reproducing many immunomodulatory and regenerative
functions of MSCs [13—-16]. Compared with living-cell products, MVs are easier to
store, standardize, and engineer, and may reduce concerns associated with poor cell
survival, ectopic differentiation, vascular embolism, and batch-to-batch variability
[11,15-17]. In experimental colitis, MVs alleviate intestinal inflammation by
regulating macrophage polarization, suppressing inflammatory cytokine production,
and accelerating epithelial repair [11,12,18]. These properties identify MVs as
attractive cell-free effectors for IBD therapy [11,12,16]. Their therapeutic value,
however, depends on reaching the diseased intestine in an intact and biologically

active state [16—19].

Most studies of MVs in colitis still rely on injection-based administration [11,12].
Although systemic delivery is useful for proof-of-concept studies, it is not ideally
matched to a chronic disease primarily located in the gastrointestinal tract [19,20].
Repeated injections reduce patient convenience and may expose MVs to broad
systemic distribution before sufficient amounts reach the inflamed colon [19,20]. Oral

administration is therefore attractive because it is non-invasive, patient-friendly, and



anatomically aligned with local intestinal treatment [21-23]. Nevertheless,
mammalian vesicles are vulnerable to the harsh gastrointestinal environment [23,24].
Gastric acid, digestive enzymes, bile salts, and mechanical stress can disrupt the
vesicular lipid membrane and damage bioactive cargos, making it difficult for
unprotected MVs to arrive at the colon in sufficient quantities [21-24]. This challenge
has prompted the development of protective oral MV formulations [21-23]. Gan et al.
encapsulated MSC-derived exosomes in oral microcapsules for acute colitis treatment,
demonstrating that a protective matrix can improve vesicle survival during
gastrointestinal transit and permit therapeutic activity after oral administration [21].
Deng et al. further developed layer-by-layer coated exosomes to enhance vesicle
stability and promote colonic delivery through the oral route [22]. These studies
established the feasibility of oral MV therapy [21-23]. However, existing strategies
have focused mainly on protection during transit and delivery efficiency, while paying
less attention to MV performance after release into an inflamed colon characterized
by excessive ROS, damaged epithelium, activated immune cells, and disrupted

microbial metabolism [9,10,25,26].

This post-release challenge is especially relevant for MV therapy [9,10,25,26].
MVs are intended to regulate inflammatory cells and promote tissue repair, but their
effects must occur within a pathological environment that can continuously reactivate
immune signaling and injure recipient cells [5,9,25,26]. Persistent ROS accumulation
impairs mitochondrial function, weakens endogenous antioxidant defenses, and

aggravates epithelial and macrophage dysfunction [9,25,26]. Microbial dysbiosis and



abnormal metabolites can also maintain mucosal immune activation after part of the
inflammatory signaling has been suppressed [6,7,10,27]. Thus, a rational oral MV
formulation should satisfy two sequential requirements: preserving MVs during
gastrointestinal transit and providing a more permissive local environment for
MV-mediated immunoregulation after colonic release [22,23,25,28]. Therefore,
Supporting materials should protect MV integrity, improve local retention, and reduce

environmental constraints on their biological performance [22,23,25,28].

Inulin provides a suitable matrix for this purpose [29-32]. As a prebiotic fructan,
inulin resists digestion in the upper gastrointestinal tract and can be fermented by
colonic microbiota, supporting its use in colon-oriented delivery and intestinal
ecological regulation [29,30]. When formulated as a hydrogel, inulin can physically
shield MV from gastric degradation, prolong gastrointestinal residence, and enable
distal intestinal release [31-33]. Its fermentability may also support beneficial
microbial populations and microbial metabolic functions during mucosal recovery
[27,29,30]. By improving gastric protection, colonic release, and local residence, the
hydrogel increases the likelihood that biologically active MVs will reach diseased
intestinal sites [31-33]. Its prebiotic property provides an additional supportive
context [29,30].To further support MV function after colonic release, metal-phenolic
network (MPN) surface engineering offers a complementary strategy [34,35]. MPNs
are formed through coordination between metal ions and phenolic ligands and can be
assembled under mild aqueous conditions, allowing biological nanoparticles to be

functionalized without harsh processing [34,35]. Here, caffeic acid and Fe** were used



to construct a thin MPN layer on MVs. The catechol groups of caffeic acid coordinate
with Fe* and provide redox-active phenolic motifs, thereby introducing
ROS-scavenging capacity around the MV surface [34,35]. This feature is relevant
because the inflamed colon is characterized by excessive ROS accumulation,
impaired antioxidant defense, mitochondrial dysfunction, and oxidative damage to
epithelial and immune cells [9,25,26]. Reducing the local oxidative burden may
preserve recipient-cell responsiveness and provide a more favorable context for
MV-mediated immune regulation [9,25]. In addition, phenolic hydroxyl- and
catechol-rich surfaces can participate in multivalent hydrogen-bonding and
coordination interactions with mucin- and protein-rich interfaces, while electrostatic
interactions with exposed inflammatory components may support retention at injured

sites [28,35].

Based on these considerations, we developed Inu@MPN@MV as an oral
MV-centered delivery system for IBD therapy (Scheme 1). MVs serve as the principal
biological effectors responsible for immunomodulation and tissue repair. The caffeic
acid—Fe** MPN shell buffers excessive oxidative stress and supports local enrichment,
whereas the inulin hydrogel protects the formulation during gastrointestinal transit,
enables colon-oriented release, prolongs intestinal exposure, and provides a
supportive prebiotic matrix. Unlike previous oral MV systems that primarily address
gastrointestinal stability, this design seeks to preserve MV activity both before arrival
in the colon and after release into the diseased microenvironment. We evaluated the

formulation in a dextran sulfate sodium-induced colitis model and examined



macrophage activation, oxidative injury, epithelial barrier integrity, gut microbial
composition, fecal metabolism, and host transcriptional responses. Oral
Inu@MPN@MYV alleviated disease severity, restored barrier-associated structures,
reduced inflammatory and oxidative injury, promoted reparative macrophage
polarization, and shifted microbial, metabolic, and transcriptional profiles toward
intestinal homeostasis. These findings support a microenvironment-supportive oral

delivery strategy that enables MVs to function more effectively in the inflamed

intestine.
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Scheme 1. Schematic diagram illustrating the multi-functional synergistic regulatory
mechanism of Inu@MPN@MYV in the treatment of IBD. Inu@MPN@MYV is designed

to protect MV during gastrointestinal transit, enable colonic release and retention,



scavenge reactive oxygen species, modulate gut microbiota, regulate macrophage

polarization, and promote epithelial barrier repair in DSS-induced colitis.

Methods

Materials

Inulin from chicory, caffeic acid, and iron(Il) chloride hexahydrate
(FeCl3-6H20) were purchased from Aladdin (China). PKH26, DAPI, DCFH-DA,
JC-1, CCK-8, and biochemical assay kits for malondialdehyde (MDA),
myeloperoxidase (MPO), superoxide dismutase (SOD), catalase (CAT), glutathione
(GSH), and ATP were purchased from Beyotime (China). DSS (36,000-50,000 Da)
was purchased from MP Biomedicals. All other chemicals were acquired from
Sigma-Aldrich (St. Louis, MO, USA) and Shanghai Chemical Reagents Co. (China)

and used as received unless otherwise specified.

Isolation and culture of hUC-MSCs and collection of MSC-derived extracellular

vesicles

Human umbilical cord mesenchymal stem cells (hUC-MSCs) were cultured in
Dulbecco's modified Eagle's medium/F12 (DMEM/F12) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin in a humidified incubator at
37 °C with 5% COs.. Cells between passages 4 and 7 were used for all experiments.
When the cells reached approximately 80—90% confluence, they were washed twice

with phosphate-buffered saline (PBS) and cultured in serum-free DMEM/F12 for an



additional 48 h.The conditioned medium was collected and sequentially centrifuged at
800 x g for 10 min and 2,000 x g for 10 min at 4 °C to remove intact cells and cellular
debris. MVs were subsequently pelleted by centrifugation at 16,000 % g for 30 min at
4 °C. The collected MVs were washed three times with sterile PBS using the same
centrifugation conditions and resuspended in PBS. The suspension was passed
through a 0.22 pum syringe filter to remove residual impurities. The protein
concentration of purified MVs was determined using a bicinchoninic acid (BCA)
protein assay. Purified MVs were either used immediately or stored at —80 °C until

further use.

Preparation of MPN-coated MVs

MPN-coated MVs (MPN@MYV) were prepared through the coordination-driven
self-assembly of caffeic acid (CA) and Fe*" on the surface of MVs. Briefly, caffeic
acid was dissolved in ultrapure water and adjusted to pH 7.4, while FeCls-6H-0O was
freshly dissolved in ultrapure water immediately before use. The MV suspension was
mixed with CA and FeCls-6H-0 at a mass ratio of MV:CA:Fe** = 10:4:1. The mixture
was vortexed for 2 min at room temperature, and the vortexing process was repeated
three times to allow the coordination assembly of the metal-phenolic network on the
MYV surface. The suspension was centrifuged at 4,000 x g for 3 min at 4 °C to remove
unbound metal-phenolic precipitates, and the supernatant containing MPN@MV was

collected for subsequent experiments.

Preparation of Inu@MPN@MYV hydrogel



Inu@MPN@MV hydrogel was prepared by thermal gelation of inulin. Briefly,
0.4 g of inulin was dissolved in 1 mL of ultrapure water under magnetic stirring at
85 °C for 10 min until a homogeneous solution was obtained. The solution was then
allowed to cool naturally to room temperature, followed by the addition of the
MPN@MYV suspension to achieve a final MV protein concentration of 0.8 mg/mL.
The mixture was further stirred for 10 min at room temperature and subsequently
incubated at 4 °C overnight to allow complete gelation. Blank inulin hydrogel and
Inu@MYV hydrogel were prepared using the same procedure by replacing MPN@MV

with PBS and unmodified MVs, respectively.

Physicochemical characterization

The hydrodynamic diameter, polydispersity index (PDI), and zeta potential of
MVs and MPN@MV were measured by dynamic light scattering (DLS) using a
NanoBrook 90Plus Zeta analyzer (Brookhaven Instruments, USA).The morphology of
MVs, MPN@MV, and MVs released from Inu@MPN@MV was characterized by
transmission electron microscopy (TEM) after negative staining with 2%
phosphotungstic acid for 3 min. The successful formation of the metal-phenolic
coating was further evaluated by ultraviolet-visible (UV—vis) spectroscopy, X-ray
photoelectron spectroscopy (XPS), and elemental mapping.The microstructure of
freeze-dried inulin hydrogels was observed by scanning electron microscopy (SEM).
Briefly, hydrogel samples were frozen in liquid nitrogen, freeze-dried, fractured,

sputter-coated with gold, and then imaged by SEM. The rheological properties of the



hydrogels were evaluated using frequency sweep and time sweep measurements to

investigate their viscoelastic behavior and gelation properties.

In vitro antioxidant activity, stability, and release

The free radical-scavenging activity of MPN@MV was evaluated using
commercial ABTS and DPPH radical scavenging assay kits (Beyotime, China)
according to the manufacturer's instructions.To evaluate the degradation behavior of
the hydrogel, Inu@MPN@MYV hydrogel was incubated in phosphate-buffered saline
(PBS) at pH 1.5, 6.0, 7.4, or 8.0 at 37 °C with shaking at 200 rpm. At predetermined
time points, the residual hydrogel was collected, gently blotted with filter paper to
remove excess buffer, and weighed. The remaining hydrogel mass was calculated
relative to the initial weight.For the in vitro release study, Inu@MPN@MV hydrogel
was incubated in PBS (pH 8.0) at 37 °C with gentle shaking. At predetermined time
intervals, the supernatant was collected after centrifugation and replaced with an equal
volume of fresh PBS. The amount of released MVs was quantified using a
bicinchoninic acid (BCA) protein assay. The morphology and particle size of the
released MVs were further characterized by TEM and DLS, respectively, as described

above.

Cell culture



RAW264.7 macrophages were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%

penicillin-streptomycin at 37 °C in a humidified incubator containing 5% CO..

Cytocompatibility Assay

RAW264.7 macrophages were seeded into 96-well plates and allowed to adhere
overnight. Cells were then incubated with MVs or MPN@MYV at different MV
protein concentrations (12.5, 25, 50, and 100 pg/mL) for 24 h. Cell viability was
evaluated using a Cell Counting Kit-8 (CCK-8, Beyotime, China) according to the
manufacturer's instructions. The absorbance at 450 nm was measured using a

microplate reader, and cell viability was expressed relative to untreated cells.

Cellular uptake

MVs and MPN@MYV were labeled with PKH26 (Beyotime, China) according to
the manufacturer's instructions. RAW264.7 macrophages were seeded onto confocal
dishes and cultured overnight before incubation with PKH26-labeled MVs or
MPN@MYV for 3 h. The cells were subsequently washed three times with PBS, fixed
with 4% paraformaldehyde for 15 min, stained with DAPI, and observed using a

confocal laser scanning microscope (CLSM).

Macrophage polarization by immunofluorescence



RAW264.7 macrophages were seeded onto confocal dishes and cultured
overnight. Cells were simultaneously treated with lipopolysaccharide (LPS, 1 pg/mL)
and different formulations for 24 h. After treatment, the cells were washed with PBS,
fixed with 4% paraformaldehyde for 15 min, permeabilized with 0.2% Triton X-100,
and blocked with 5% bovine serum albumin (BSA). The cells were then incubated
with primary antibodies against CD86 or CD206 overnight at 4 °C, followed by
incubation with the corresponding fluorescent secondary antibodies for 1 h at room
temperature. Cell nuclei were counterstained with DAPI, and fluorescence images

were acquired using a confocal laser scanning microscope (CLSM).

Quantitative Real-Time PCR assay

RAW264.7 macrophages were simultaneously treated with LPS (1 pg/mL) and
different formulations for 24 h. Total RNA was extracted using a commercial RNA
extraction kit according to the manufacturer's instructions. Complementary DNA
(cDNA) was synthesized by reverse transcription, and quantitative real-time PCR
(qQRT-PCR) was performed using a SYBR Green Master Mix. Relative gene
expression levels were calculated using the 2"—~AACt method with GAPDH as the

internal reference gene.

Intracellular ROS detection

Intracellular reactive oxygen species (ROS) levels were determined using a

DCFH-DA fluorescent probe (Beyotime, China) according to the manufacturer's



instructions. RAW264.7 macrophages were simultaneously treated with
lipopolysaccharide (LPS, 1 pg/mL) and different formulations for 24 h. After
treatment, the cells were incubated with DCFH-DA in the dark, washed with PBS,
and immediately observed under a fluorescence microscope. Intracellular ROS levels

were further quantified by flow cytometry.

Mitochondrial membrane potential assay

The mitochondrial membrane potential was evaluated using a JC-1
mitochondrial membrane potential assay kit (Beyotime, China) according to the
manufacturer's instructions. RAW264.7 macrophages were simultaneously treated
with LPS (1 pg/mL) and different formulations for 24 h. Following treatment, the
cells were stained with JC-1 working solution, washed with JC-1 staining buffer, and
immediately imaged using a fluorescence microscope. The mitochondrial membrane
potential was assessed by calculating the fluorescence intensity ratio of JC-1

aggregates (red fluorescence) to JC-1 monomers (green fluorescence).

Animal experiments and DSS-induced colitis model

All in vivo protocols were strictly executed in compliance with the ethical
guidelines and received formal approval from the Medical and Animal Ethics
Committee of Northwestern Polytechnical University (Approval Protocol No.
202501087). Male C57BL/6 mice (6—8 weeks old) were housed under specific

pathogen-free (SPF) conditions with free access to food and water.



Acute colitis was induced by providing 2.5% (w/v) dextran sulfate sodium (DSS)
in the drinking water for 7 consecutive days. Mice were randomly divided into six
groups: Control, DSS, DSS + Inulin, DSS + MVs, DSS + MPN@MYV, and DSS +
Inu@MPN@MV,n = 5 mice per group. Mice in the Control group received normal
drinking water and oral gavage of 0.9% NaCl, whereas all DSS-treated groups
received 2.5% DSS solution as drinking water. Oral gavage was performed on days 1,
3, 5, and 7 with a total administration volume of 200 pul. per mouse. MVs and
MPN@MV were administered at an MV dose of 8 mg/kg. Inulin hydrogel was
administered at 8 ml/kg, while the Inu@MPN@MV group received

Inu@MPN@MYV hydrogel at 8 mL/kg containing an equivalent MV dose of 8 mg/kg.

Body weight, stool consistency, and fecal bleeding were recorded daily to
calculate the disease activity index (DAI). Mice were sacrificed on day 9, and the

colon and major organs were collected for subsequent analyses.

Fluorescence imaging in vivo

Dir-labeled MV was orally administered to control and Dss-induced colitis mice.
Fluorescence was monitored using an IVIS Spectrum system. At 24 h

post-administration, colon was excised for ex vivo imaging.

Histology assay

Colon tissues were harvested immediately after sacrifice, fixed in 4%

paraformaldehyde for 48 h, dehydrated through a graded ethanol series, cleared with



xylene, embedded in paraffin, and sectioned into 5 pum slices. Hematoxylin and eosin
(H&E) staining was performed to evaluate histopathological changes, while Alcian
blue-periodic acid-Schiff (AB-PAS) staining was used to assess goblet cell
distribution and mucus secretion. Histological images were acquired using a light
microscope. Histological injury was scored according to epithelial damage, crypt loss,
inflammatory infiltration, and lesion extent, as described in the scoring criteria
provided in the Supporting Information. DAI scoring and histological injury scoring

were performed by investigators blinded to the treatment groups.

Biochemical assay

Colon tissues were homogenized in ice-cold lysis buffer and centrifuged to
obtain the supernatant. The levels of adenosine triphosphate (ATP), malondialdehyde
(MDA), myeloperoxidase (MPO), glutathione (GSH), catalase (CAT), and superoxide
dismutase (SOD) were determined using commercial assay kits (Beyotime, China)

according to the manufacturer's instructions.

Quantitative Real-Time PCR assay of colon tissue

Total RNA was extracted from colon tissues using a commercial RNA extraction
kit according to the manufacturer's instructions. Complementary DNA (cDNA) was
synthesized by reverse transcription, and quantitative real-time PCR (qQRT-PCR) was
performed using a SYBR Green Master Mix. Relative gene expression levels were

calculated using the 2"—AACt method with GAPDH as the internal reference gene.



Gut microbiota assay

Fresh fecal samples were collected aseptically and immediately stored at —80 °C
until analysis. Microbial genomic DNA was extracted using a commercial DNA
extraction kit according to the manufacturer's instructions. The V3—V4 hypervariable
regions of the bacterial 16S rRNA gene were amplified and subjected to paired-end
sequencing on an Illumina platform. Sequencing data were processed using standard
bioinformatics pipelines to evaluate a-diversity, B-diversity, microbial community
composition, and differential taxonomic abundance. Alpha-diversity indices were
compared using Kruskal-Wallis tests followed by Dunn's multiple-comparisons test,
and beta-diversity differences were assessed by PERMANOVA. Differentially
abundant taxa were identified using rank-based tests with Benjamini—Hochberg
false-discovery rate (FDR) correction; taxa with FDR-adjusted p < 0.05 were
considered significant. All sequencing and bioinformatics analyses were performed by

Novogene Co., Ltd. (Beijing, China).

Untargeted metabolomics

Fecal samples were collected, immediately frozen in liquid nitrogen, and stored
at —80 °C before analysis. Metabolites were extracted using a methanol-based
extraction procedure and analyzed by liquid chromatography—mass spectrometry

(LC-MS). Raw data were subjected to peak detection, alignment, normalization,



metabolite annotation, and multivariate statistical analyses. Principal component
analysis (PCA) and partial least-squares discriminant analysis (PLS-DA) were used to
evaluate group separation. Differential metabolites were defined by variable
importance in projection (VIP) > 1 and FDR-adjusted p < 0.05 after Benjamini—
Hochberg correction. KEGG pathway enrichment was evaluated using FDR-adjusted
significance thresholds. Untargeted metabolomic analysis was performed by

Novogene Co., Ltd. (Beijing, China).

RNA sequencing and transcriptomic assay

Total RNA was extracted from colon tissues, and RNA integrity was evaluated
prior to library construction. Sequencing libraries were prepared according to the
manufacturer's protocols and sequenced on a high-throughput Illumina platform.
Differentially expressed genes (DEGs) were identified using DESeq2; genes with
llog2(fold change)| > 1 and adjusted p < 0.05 after Benjamini—Hochberg correction
were considered differentially expressed. Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed
using adjusted p < 0.05 as the significance threshold, and gene set enrichment analysis
(GSEA) was interpreted using FDR q values. RNA sequencing and downstream
bioinformatic analyses were performed by Shanghai Liebing Biotechnology Co., Ltd.

(Shanghai, China).

Biosafety evaluation



For the 30-day repeated oral administration safety study, mice received the
corresponding formulations according to the long-term dosing schedule. At the end of
the observation period, blood samples were collected for routine hematological
analysis and serum biochemical assays of hepatic and renal function. Major organs,
including the heart, liver, spleen, lung, and kidney, were collected, fixed in 4%
paraformaldehyde, embedded in paraffin, sectioned, and stained with hematoxylin and

eosin (H&E). Histopathological changes were examined under a light microscope.

Statistical assay

All quantitative data are presented as the mean + standard deviation (SD).
Statistical analyses were performed using GraphPad Prism 9.0 unless otherwise
specified. Comparisons between two groups were conducted using an unpaired
two-tailed Student's t-test, while comparisons among multiple groups were performed
using one-way analysis of variance (ANOVA) followed by Tukey's
multiple-comparisons test. Body weight and DAI, which were measured repeatedly
over time, were analyzed using two-way repeated-measures ANOVA with treatment
and time as factors followed by Sidak's multiple-comparisons test; when missing
values were present, a mixed-effects model was used. Omics datasets were analyzed
using the differential-analysis and multiple-testing correction methods described in
the microbiome, metabolomics, and transcriptomics methods sections. For non-omics
analyses, p < 0.05 was considered statistically significant; for omics analyses,

FDR-adjusted p values or q values were used as indicated.



Results

Construction and characterization of MPN-coated MVs

To engineer MVs with enhanced antioxidant activity while preserving their
intrinsic  biological properties, MVs were coated with a caffeic acid-Fe*"
metal-phenolic network (MPN). TEM images revealed that native MVs exhibited a
typical spherical morphology enclosed by an intact lipid membrane. MPN@MV
retained this vesicular structure and displayed a thin surface coating, indicating
successful deposition of the MPN layer without compromising membrane integrity
(Figure 1A). Nanoflow cytometry confirmed the presence of typical extracellular
vesicle (EV) markers, including CD9, CD63, and CDS81, on the surface of native MVs
[15,36] (Figure 1B,C). These membrane-associated markers remained detectable after
MPN assembly (Figure 1D,E), showing that the coating process largely preserved the
biological identity of the parental vesicles. Dynamic light scattering (DLS) analysis
revealed that the hydrodynamic diameter increased from 183.16 + 5.42 nm for MV to
209.57 + 4.82 nm after MPN coating, while a narrow particle size distribution was

maintained (Figure 1F,G). The surface zeta potential also shifted toward a more

negative value (Figure 1H), consistent with assembly of the phenolic coating.

The chemical composition of MPN@MV was then characterized by X-ray
photoelectron spectroscopy (XPS). Survey spectra showed characteristic C 1s, N s,
O 1s, and Fe 2p signals (Figure 1I). High-resolution spectra identified the expected

carbon-, nitrogen-, and oxygen-containing chemical environments (Figure 1J-L).



Distinct Fe 2p3» and Fe 2pi» peaks confirmed iron incorporation through caffeic
acid-Fe** coordination (Figure 1M). Elemental mapping revealed homogeneous C, N,
O, and Fe signals across individual nanoparticles (Figure 1N), supporting uniform
MPN shell formation rather than nonspecific iron aggregation. UV-visible
spectroscopy provided another readout of metal-phenolic coordination. Compared
with native MV, MPN@MYV exhibited absorption bands at approximately 376 and 586
nm, corresponding to ligand-to-metal charge transfer generated by caffeic acid-Fe**
coordination (Figure 10). Given that polyphenol-based coordination networks are
intrinsically redox active [35,37], the antioxidant capacity of MPN@MV was
examined using ABTS and DPPH radical scavenging assays. MPN@MYV eliminated
both radicals in a concentration-dependent manner (Figure 1P,Q). Accordingly,
surface engineering with MPN coating endowed MV's with potent antioxidant activity

while preserving their structural and biological characteristics.
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Figure 1. Construction and physicochemical characterization of MPN-coated MVs.
(A) TEM images of MV and MPN@MV. (B-E) Nanoflow cytometry analysis of

MV and MPN@MYV surface markers, including CD9, CD63, and CDS81. (F,G)



Hydrodynamic diameter and size distribution of MV and MPN@MV. (H) Zeta
potential changes after MPN coating. (I-M) XPS survey and high-resolution spectra.
(N) Elemental mapping of MPN@MV. (O) UV-visible absorption spectra showing
ligand-to-metal charge transfer bands. (P,Q) ABTS and DPPH radical-scavenging

activity of MPN@MV. Data are shown as mean + SD with n = 3.

MPN@MV modulated macrophage M2 polarization while reducing oxidative

injury in vitro

Because surface engineering may alter the behavior of MVs [38-40], the
cytocompatibility of MPN@MV was first evaluated in RAW264.7 macrophages.
CCK-8 assays showed that neither MV nor MPN@MV induced detectable
cytotoxicity across the tested concentration range (Figure S1). Live/Dead staining
gave the same result, with predominantly viable cells and only minimal dead-cell
signals after treatment (Figure S2). Therefore, MPN assembly did not compromise the
intrinsic biocompatibility of MVs [13,16,39]. Efficient cellular internalization is
required for vesicle-mediated biological activity[13,16]. PKH26-labeled MVs were
used to examine macrophage uptake. Confocal microscopy showed comparable
intracellular fluorescence in the MV and MPN@MV groups, indicating that MPN
coating did not impair the MVs internalization (Figure S3A,B). Notably, LPS
stimulation moderately enhanced MVs uptake compared with unstimulated

macrophages, consistent with the increased endocytic activity of activated



inflammatory macrophages [5,41]. Therefore, surface engineering preserved the

intrinsic cell-interacting properties of MVs.

Given that oxidative stress profoundly influences macrophage polarization and
that M2 polarization is directly linked to mucosal repair and immune restoration
[41,42], we subsequently evaluated the capacity of MPN@MV to promote M2
macrophage polarization, rather than examining other immune cell subsets.
Immunofluorescence staining showed that LPS stimulation strongly increased the
expression of the M1 marker CD86 while suppressing the expression of the M2
marker CD206 (Figure 2A-D). However, single MV treatment did not effectively
reverse this inflammatory polarization pattern, likely due to LPS-induced
accumulation of intracellular ROS that impaired the MV activity. In contrast,
MPN@MV produced a stronger reduction in CD86 expression and a more
pronounced increase in CD206, pointing to a more effective shift toward an
anti-inflammatory macrophage phenotype. Additionally, RT-qPCR analysis supported
above-mentioned results. Compared with the MV treatment, MPN@MV markedly
downregulated the pro-inflammatory cytokines TNF-a, IL-1P, and IL-6, while
increasing the anti-inflammatory cytokine IL-10 in LPS-stimulated macrophages
(Figure 2E-H). In addition, the M2-associated marker Arg-1 was also elevated after
MPN@MV treatment (Figure S4), further suggesting macrophage repolarization

toward a reparative phenotype.



Because excessive ROS is closely coupled with macrophage activation and
contributes to persistent inflammatory injury in IBD [41,43,44], we subsequently
evaluated whether MPN@MYV could alleviate the intracellular oxidative stress. Flow
cytometry showed that LPS stimulation sharply increased ROS production, whereas
MV treatment only partially reduced ROS accumulation (Figure 2I,J). However,
MPN@MV achieved stronger ROS elimination than native MV, attributed to the

antioxidant activity introduced by the metal-phenolic coating.

To test whether ROS clearance translated into broader recovery of cellular redox
homeostasis, oxidative stress-related biochemical indicators were further quantified.
LPS stimulation reduced the intracellular GSH and ATP levels, CAT and SOD
activities, while increasing the MDA level and MPO activity (Figure 2K-P), reflecting
impaired antioxidant defense, lipid peroxidation, and inflammatory oxidative injury
[41,44]. MPN@MV treatment recovered antioxidant capacity, as shown by increased
GSH, CAT, ATP, and SOD together with reduced MDA and MPO accumulation. In
addition, DCFH-DA fluorescence imaging produced the same trend, with much
weaker intracellular ROS signals in the MPN@MYV group than in the LPS and MV
group (Figure 2Q and Figure S5). JC-1 staining further showed that LPS-induced
mitochondrial depolarization was only partially alleviated by native MV, whereas
MPN@MV largely preserved mitochondrial membrane potential (Figure S6 A,B).
These results demonstrated that the immunomodulatory effect of redox-buffered MVs
on macrophages is associated with the restoration of intracellular redox balance and

mitochondrial homeostasis mediated by MPN coating.
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Figure 2. MPN@MYV attenuates LPS-induced macrophage activation and oxidative
stress in vitro. RAW264.7 macrophages were stimulated with LPS and treated with

MV or MPN@MV (MV and MPN@MV: 50 pg/mL). (A—D) Immunofluorescence



staining and quantification of CD86 and CD206. (E-H) qRT-PCR analysis of TNF-a,
IL-1B, IL-6 and IL-10. (I,J) Flow-cytometric detection and quantification of
intracellular ROS. (K—P) Intracellular oxidative stress and antioxidant indicators,
including GSH, CAT, ATP, SOD, MDA and MPO. (Q) Representative DCFH-DA

fluorescence images of intracellular ROS. Data are shown as mean + SD with n = 3.

Inulin hydrogel protected MPN@MYV during gastrointestinal transit and

enhanced intestinal retention after oral administration

To overcome gastrointestinal degradation and improve the oral delivery
efficiency of MPN@MYV, an inulin hydrogel was employed as a multifunctional
delivery matrix. Scanning electron microscopy revealed a highly interconnected
porous architecture that was well preserved after MPN@MYV encapsulation (Figure
S7). Likewise, the macroscopic appearance of the gel remained unchanged before and
after loading (Figure S8), indicating that incorporation of MPN@MYV did not interfere
with hydrogel formation. The resulting formulation could be smoothly extruded
through the gavage needle without visible structural disruption (Figure S9),
supporting its practical compatibility with oral gavage. Throughout the tested
frequency range, the storage modulus (G') remained higher than the loss modulus
(G"), indicating an elastic-dominant gel network (Figure 3A). During repeated high-

and low-strain cycles, both moduli underwent reversible decreases and recovery,



suggesting that the hydrogel possessed recoverable viscoelastic behavior after

deformation (Figure 3B).

The pH-dependent degradation behavior of the inulin hydrogel was subsequently
evaluated. Because orally administered formulations generally leave the stomach
within the first several hours [21,22], particular attention was paid to hydrogel
degradation during the initial 6 h. Within this period, the hydrogel exhibited
substantially greater mass loss at pH 8.0 than at pH 1.5, whereas a larger proportion of
the hydrogel remained intact under the strongly acidic condition during the initial 6 h
(Figure 3C). These results indicate that the hydrogel can maintain greater structural
integrity during the gastric residence stage while undergoing more rapid degradation
under alkaline conditions, thereby favoring subsequent release of the encapsulated
MPN@MV after gastrointestinal transit. Consistent with the pH-responsive
degradation profile, MPN@MYV was progressively released from the hydrogel at pH
8.0. The cumulative release increased rapidly during the early stage and subsequently
entered a slower release phase, reaching approximately 85% at 12 h and approaching
90% by the end of the observation period (Figure 3D). This release behavior suggests
that alkaline conditions facilitate hydrogel disassembly and the gradual liberation of
the encapsulated vesicles. The ability of the hydrogel to protect MPN@MYV against
gastric damage was further examined after exposure to simulated gastric fluid (SGF).
Free MPN@MYV exposed directly to SGF showed pronounced structural disruption
and irregular particulate morphology. In contrast, particles recovered from

SGF-treated Inu@MPN@MYV retained a more intact and well-defined vesicle-like



structure (Figure 3E). DLS analysis further showed that the released particles had a
hydrodynamic diameter of 213.12 + 2.69 nm (Figure 3F), which was comparable to
that of MPN@MYV before hydrogel encapsulation (Figure 1G). Together, these results
demonstrate that, although the hydrogel subsequently degrades and releases its cargo
under alkaline conditions, it provides effective structural protection for MPN@MV

during exposure to the acidic gastric environment.

In addition to providing antioxidant protection, the catechol-rich MPN coating
was expected to facilitate inflammation-associated accumulation of MPN@MV
through multivalent interactions with the damaged, protein- and mucus-rich mucosal
surface of colonic lesions [28,35]. The gastrointestinal retention of orally
administered formulations was subsequently evaluated by longitudinal fluorescence
imaging at 4, 8, 12, and 24 h after gavage. The analysis included healthy mice
receiving Inu@MPN@MYV, DSS-treated mice receiving free MVs, and DSS-treated
mice receiving Inu@MPN@MV (Figure 3G). Fluorescence signals gradually
decreased over time in all three groups, consistent with the progressive
gastrointestinal transit and clearance of the administered formulations. In DSS-treated
mice receiving free MVs, the fluorescence signal declined more rapidly and only
weak residual fluorescence remained at 24 h. By contrast, Inn@MPN@MYV produced
more persistent signals, which remained readily detectable at both 12 and 24 h.
Moreover, the stronger retention observed in DSS-treated mice may be associated
with the damaged and protein- or mucus-rich mucosal surface of the inflamed

intestine, which could provide additional interaction sites for the phenolic coating



[28,35]. Quantification of the longitudinal imaging results confirmed that the DSS +
Inu@MPN@MYV group maintained the highest fluorescence intensity throughout the
observation period, whereas the DSS + MV group showed the most rapid signal loss
(Figure 3I). To further determine the gastrointestinal distribution at the terminal time
point, mice were sacrificed at 24 h after administration, and the gastrointestinal tracts
were collected for ex vivo imaging (Figure 3H). The DSS + Inu@MPN@MV group
exhibited the strongest residual fluorescence signal, which was significantly higher
than that observed in the DSS + MV group (Figure 3J). Moreover, DSS-treated mice
receiving Inu@MPN@MYV showed stronger intestinal fluorescence than healthy mice
receiving the same formulation, suggesting preferential retention of the hydrogel
formulation within the inflamed gastrointestinal tract. Ex vivo imaging of the major
organs, including the heart, liver, spleen, lung, and kidney, showed no detectable
fluorescence signal at 24 h after administration (Figure S10). This distribution pattern
suggests that the fluorescently labeled formulation was predominantly retained within
the gastrointestinal tract, with no appreciable accumulation in the examined major

organs within the detection limit of the imaging system.

Collectively, the inulin hydrogel maintained greater structural integrity during
the early acidic exposure stage, promoted MPN@MV release under alkaline
conditions, protected the vesicles against SGF-induced structural damage, and
prolonged their gastrointestinal retention after oral administration. The absence of

detectable fluorescence in the major organs further indicated that the formulation



remained predominantly confined to the gastrointestinal tract during the observation

period.
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Figure 3. Inulin hydrogel protects MPN@MYV and enhances gastrointestinal retention.
(A) Frequency-sweep rheological analysis of the inulin hydrogel. (B) Alternating
strain test showing self-recovery of the inulin hydrogel network. (C) pH-dependent
degradation of Inu@MPN@MV hydrogel under simulated gastrointestinal conditions.

(D) Sustained release of MPN@MV under simulated colonic conditions. (E,F) TEM



and DLS characterization of vesicles released after simulated gastric-fluid exposure,
supporting preservation of vesicle-like morphology and size distribution after SGF
exposure. (G-J) In vivo and ex vivo fluorescence imaging showing enhanced
gastrointestinal distribution and prolonged colonic retention after oral administration

of Inu@MPN@MYV compared with free MPN@MYV (n = 4).

Oral Inu@MPN@MYV alleviated DSS-induced colitis and restored intestinal

barrier structure

Having established that the inulin hydrogel protects MPN@MV during
gastrointestinal transit and enhances colonic delivery, we next evaluated therapeutic
efficacy in a dextran sulfate sodium (DSS)-induced acute colitis model (Figure 4A).
DSS-treated mice developed progressive weight loss accompanied by severe clinical
symptoms. DSS exposure induced progressive body-weight loss, increased DAI
scores, and pronounced colon shortening, reflecting the development of acute colitis
(Figure 4B-D). Oral administration of free MVs only partially alleviated these clinical
manifestations, consistent with the limited stability and intestinal retention of
unprotected MVs after oral delivery [21-23]. MPN@MV produced a greater
improvement than free MVs, suggesting that the MPN coating partially preserved MV
function and contributed additional protection against the inflammatory and oxidative
colonic environment [9,25,35]. Inulin alone also attenuated body-weight loss and

reduced DAI scores, indicating that the hydrogel was not merely an inert carrier but



contributed to intestinal protection. Among the treatment groups, Inu@MPN@MV
showed the most consistent improvement in body-weight maintenance and DAI
progression (Figure 4B,C). Colon length measurements further showed that
Inu@MPN@MYV significantly alleviated DSS-induced colon shortening compared
with the untreated DSS and MV groups. (Figure 4D,G) Among all treatment groups,
Inu@MPN@MYV produced the greatest improvement in these macroscopic disease
indicators, indicating that the delivery framework enhanced the therapeutic
performance of orally administered MVs. Histological examination further
corroborated the therapeutic benefits of Inu@MPN@MV. H&E staining revealed
severe epithelial disruption, crypt destruction, inflammatory cell infiltration, and
extensive mucosal damage in DSS-treated mice (Figure 4E). These pathological
alterations were substantially alleviated following Inu@MPN@MYV treatment, with
preservation of epithelial architecture and restoration of crypt structure. In addition,
AB-PAS staining further demonstrated that DSS-induced depletion of
mucus-producing goblet cells was effectively reversed, indicating recovery of the
intestinal mucus barrier (Figure 4F). Histopathological scoring revealed significantly
higher colonic damage in the DSS group compared to controls. Following therapeutic
intervention, all treatment groups exhibited reduced histologic scores, with the
Inu@MPN@MV group showing the most pronounced attenuation, underscoring its
superior efficacy over MV, MPN@MV and Inulin alone (Figure 4H). Masson's
trichrome staining further showed that DSS exposure disrupted the normal

distribution and organization of colonic collagen fibers, consistent with damage to the



mucosal and submucosal extracellular matrix. Inu@MPN@MYV treatment restored a
more continuous and regularly organized collagen architecture resembling that of
healthy colon tissue (Figure S11), suggesting preservation of extracellular-matrix

integrity during mucosal repair.

Because epithelial barrier disruption is a central feature of DSS-induced colitis
[1,3,45,46], the distribution of the tight-junction proteins occludin and ZO-1 was
subsequently examined. In healthy colonic tissue, both proteins showed relatively
strong and continuous staining along the epithelial layer. DSS exposure markedly
reduced their fluorescence intensity and disrupted their continuous epithelial
distribution (Figure 4I). Free MVs produced only limited recovery, whereas
MPN@MV and Inulin partially restored the expression and organization of both
tight-junction proteins. The stronger recovery observed after MPN@MYV than after
free MV treatment may reflect the additional antioxidant and lesion-retention
properties introduced by the MPN coating, while the effect of Inulin is consistent with
its independent contribution to mucosal protection [29-31]. Inu@MPN@MV
produced the most pronounced recovery, restoring a more continuous epithelial
distribution of both occludin and ZO-1. Quantitative analysis showed that the positive
areas of occludin and ZO-1 were significantly greater in the Inu@MPN@MV group
than in the DSS, MV, MPN@MV, and Inulin groups, while no significant difference
remained relative to the Control group (Figure 4J,K). These findings indicate that the

complete formulation more effectively preserved tight-junction-associated structures



than its individual components.
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Figure 4. Oral Inu@MPN@MYV alleviates DSS-induced colitis and restores epithelial

barrier structure. (A) Experimental timeline for DSS-induced acute colitis and oral



treatment. (B,C) Body-weight change and disease activity index. (D) Digital photos of
the colons of each group of mice on day 9. (E,F) Representative H&E and AB-PAS
staining of colon tissues showing epithelial injury, crypt damage and mucus barrier
recovery. (G,H) Quantification of colon length and histological injury scores. (I-K)
Immunofluorescence staining and quantification of ZO-1 and occludin. Data are

shown as mean £ SD withn = 5.

Inu@MPN@MYV reduced inflammatory macrophage activation and oxidative

damage in colon tissue

To clarify the in vivo mechanisms underlying therapeutic efficacy, macrophage
polarization was first examined in inflamed colon tissue. Macrophages are central
regulators of intestinal inflammation, facilitating the coordination of immune
responses and tissue repair [5]. Immunofluorescence staining of colonic tissues
showed that DSS exposure markedly increased the proportion of CD86-positive cells
among F4/80-positive macrophages while reducing CD206-positive macrophages,
indicating a shift toward a predominantly pro-inflammatory macrophage state (Figure
S5A-C). Free MV administration produced only a limited reduction in CD86 and a
modest increase in CD206, which may reflect the insufficient protection and retention
of orally delivered MVs [21-23]. MPN@MYV more clearly reduced the CD86-positive
macrophage population and increased CD206 expression, supporting the contribution

of the MPN coating to maintaining a more permissive local environment for



MV-mediated immunoregulation [9,25,35]. Inulin alone also moderately altered
macrophage-associated staining, although its effect was less pronounced than that of
MPN@MV. Inu@MPN@MV produced the greatest increase in CD206-positive
macrophages, with the CD206-positive proportion significantly exceeding those of all
other groups, including the healthy Control group (Figure 5B). This result therefore
reflects a treatment-associated reparative macrophage response rather than simple
normalization to the healthy baseline. In contrast, the CD86-positive proportion in the
Inu@MPN@MYV group was restored to a level comparable to that of the Control
group (Figure 5C). The phenotypic transition of macrophages was corroborated by
q-PCR analysis of inflammatory mediators. DSS treatment elevated the
pro-inflammatory cytokines TNF-o, IL-1B, and IL-6 while suppressing the
anti-inflammatory cytokine IL-10 (Figure 5D-G). Inu@MPN@MV downregulated all
three pro-inflammatory cytokines and recovered IL-10 expression to levels
approaching those of healthy controls. Expression of the M2-associated marker Arg-1
was also increased after Inu@MPN@MYV treatment (Figure S12), further suggesting

polarization toward a reparative macrophage phenotype.

Since oxidative stress is another major pathological driver of intestinal
inflammation [41,44], we next examined local redox homeostasis. DSS administration
caused a pronounced reduction in the endogenous antioxidant indicators SOD and
GSH, accompanied by elevated MDA and MPO levels (Figure SH-K). This pattern
reflects severe oxidative injury, lipid peroxidation, and impaired antioxidant defense

[41,44]. Inu@MPN@MV restored antioxidant capacity by increasing SOD and GSH



while reducing MDA and MPO accumulation. CAT activity, which was markedly
impaired after DSS administration, also recovered after Inu@MPN@MYV treatment
(Figure S13). These biochemical changes are consistent with partial recovery of

endogenous antioxidant defenses within inflamed colonic tissues.

The regulation of macrophage polarization and oxidative stress observed in vivo
closely mirrored the cellular responses identified in RAW264.7 macrophages. This
agreement supports that the antioxidant contribution of the MPN shell and the
immunomodulatory activity of MVs were at least partly preserved after oral delivery.
Inu@MPN@MV  partially normalized the inflamed colonic immune
microenvironment and redox status, providing a plausible mechanistic basis for the
improved epithelial barrier integrity and disease indices observed in DSS-induced
colitis. These local effects also raised an important question: whether treatment was

accompanied by broader remodeling of the gut microbial ecosystem.
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Figure 5. Inu@MPN@MV reduces inflammatory macrophage activation and
oxidative injury in colon tissue. (A—C) Immunofluorescence staining and
quantification of CD86 and CD206 in colonic sections from Control, DSS and

treatment groups. (D—G) qRT-PCR analysis of TNF-a, IL-1p, IL-6 and IL-10 in colon



tissues. (H-K) Biochemical analysis of SOD, GSH, MDA and MPO levels in colonic

tissue homogenates. Data are shown as mean = SD with n = 3.

Inu@MPN@MYV is associated with partial restoration of gut microbial

composition in DSS-induced colitis.

Because regulation of the intestinal microbial ecosystem is important for
intestinal homeostasis and recovery in experimental colitis [45,46], 16S rRNA
sequencing was performed to determine whether the local immunomodulatory and
antioxidant effects of Inu@MPN@MV were accompanied by broader microbiota
remodeling. Venn analysis revealed both shared and group-specific OTUs among the
Control, DSS, and Inu@MPN@MV groups (Figure 6A), indicating
treatment-associated restructuring of the microbial community. Beta-diversity
analyses captured the global impact of different treatments on microbial community
structure. Principal coordinate analysis (PCoA), principal component analysis (PCA),
and non-metric multidimensional scaling (NMDS) all showed clear separation
between the Control and DSS groups, reflecting profound DSS-induced dysbiosis
(Figure 6B). Samples from the Inu@MPN@MV group clustered closer to healthy
controls than to untreated DSS mice, indicating that oral treatment redirected the

intestinal microbiota toward a more normal ecological state.



Changes in microbial diversity were evaluated using a-diversity analyses. DSS
administration reduced microbial richness and diversity, as reflected by lower Chaol,
Shannon, Simpson, and Pielou’s evenness indices (Figure 6C-F). Inu@MPN@MV
restored all four diversity indices, indicating recovery of both bacterial richness and
community evenness. The phylum-level phylogenetic tree further illustrated broad
taxonomic diversity after treatment (Figure S14). Hierarchical clustering heatmaps at
the phylum and family levels showed that the microbial composition of
Inu@MPN@MV-treated mice more closely resembled healthy controls than untreated
DSS mice (Figure S15). Thus, Inu@MPN@MV broadly regulated microbial diversity

rather than enriching only a few bacterial taxa.

Taxonomic analysis revealed characteristic shifts in microbial composition. At
the phylum level, DSS disrupted the relative abundance of the dominant bacterial
phyla, whereas Inu@MPN@MV largely recovered their distribution toward that
observed in healthy mice (Figure 6G). Similar recovery appeared at the family level
(Figure 6H), indicating remodeling of the intestinal microbial community across
multiple taxonomic levels. Differential taxa were then examined at the phylum, family,
and genus levels (Figure 6I-N). At the phylum level, DSS increased the relative
abundance of Bacteroidota, whereas Inu@MPN@MV reduced it to a level
comparable to that of healthy controls (Figure 6I), suggesting correction of a
DSS-associated compositional imbalance. Conversely, Actinomycetota was depleted
after DSS exposure but markedly enriched following treatment (Figure 6J). This

increase was accompanied by a pronounced enrichment of Bifidobacterium (Figure



6N), which is consistent with the fermentation of the inulin matrix and the
establishment of a carbohydrate-fermenting microbial environment [29,30,47]. At the
family level, Erysipelotrichaceae decreased after DSS exposure and showed recovery
following treatment (Figure 6K). Lachnospiraceae exhibited a DSS-associated
increase that was reversed by Inu@MPN@MV (Figure 6L). Given the functional
heterogeneity of this family [6,7,46], this change is more appropriately interpreted as
correction of the DSS-disrupted community structure rather than depletion of
beneficial bacteria. Lactobacillaceae, which was markedly reduced by DSS, recovered
to a level comparable to that of the Control group after treatment (Figure 6M). The
recovery of Lactobacillaceae, together with the enrichment of Bifidobacterium,
suggests enhanced fermentative and barrier-supporting potential within the intestinal
microbial community [47-50]. Meanwhile, the Verrucomicrobiota also showed a
downward trend (Figure S16), further indicating that the treatment with
Inu@MPN@MYV restored the intestinal homeostasis and was close to that of healthy

mice.

Collectively, Inu@MPN@MV corrected several DSS-associated taxonomic
alterations while selectively enriching inulin-responsive bacterial populations,
supporting a prebiotic-driven remodeling of the intestinal microbiota [29,30,47] rather

than uniform restoration of all taxa.



A Control B NMDS Plot ) PCoA Plot PCA Plot

Lactobacillaceae
Erysipelotrichaceae
@ Lachnospiraceae

i RELE s = Il Control
% - g &. &
S T i B @® oss
. o & I MPN@MV
:. 5. . g1 4 A ang
g . &
. 4
3 e o o o2e = 0 0 e
Inu@MPN@MV DSS NMDS1 PC1(34.61%) PC1(16.38%)
c - E - F n
x 400 g 6 : 310 . 0.8 S
g ;: 2
< = S OB
=, 300 2 z 0.6
i 24 506 3
T 200 2 2 S 04
[&) o 0 o4 2
& § 2 g *
o 100 c ) 0.2
@ = a Y-
5, i E
7] w 0.0 0.0
oy Q : N
IO S & I
&P @ & 0 @ & O @
&) QT\ < QV\ C Q\:\
N N\ S
\)@ \)© \)©
N S Ry
| . J : x4
a 06 = W —
Q [
g 5 § 05 -
m @ s ©
100 o B type 52 04 25 i EX
= o c 06 .
Others = 2 g3
] oo 29
) © Campylobacterota o< E< 044
g @ Deferribacterota © ¢ 02 2o T
o C bacteriota T = i il
cw ®Cyanol g BE 024 (.
3 @ Pseudomonadota — <C 2] 5 2
2 ¢ g Ca
< Palescibacteria o 0.0 X 0.0 T T T
@ @ @ Thermodesulfobacteriota . » 5
2 Verrucomicrobiota & 0% @“\
) Actinomycetota P N
© 2 N3
x @Bactercidota @}"\
&
o K L N
N N
= S
oo‘\\ 0% \‘\@\\!\ ) @
\J\? @ 2 o ©
@) o S @ €
\(\\) s 8 ©
@ T -
£ c @ c
o = = 3
E o o
type o g 2 E
Others 22 £z
H # Marinifilaceas gﬁ Sm
® Clostridiaceae [0} - a
- @ Tannerellaceae wee e
@© @ Ruminococcaceae
g @ Enterobacteriaceae
_g a Peptostreptococcaceae
=] @ Prevotellaceae
a w0 Oscillospiraceae N
< Mycoplasmataceae M
9 @ Eggerthellaceae
L @ Erysipelatoclostridiaceae Q ©
5 ® Rikenellaceae o e € B
i'd i @ Saccharimonadaceae @ g S .g
@ Bacteroidaceae S c 5 c
@ Desulfovibrionaceae % 3 B 3
v Bifidobacteriaceae @ < 8«
Akk i 82 S e
@ Akkermansiaceae o2 £
= = 5
© B
83 @ g
14 x

Figure 6. Inu@MPN@MV is associated with partial restoration of gut microbial
composition in DSS-induced colitis. (A) Venn analysis of shared and unique OTUs

among Control, DSS and Inu@MPN@MV groups. (B) Beta-diversity analysis by



PCoA, PCA and NMDS. (C-F) Alpha-diversity indices, including Chaol, Shannon,
Simpson and Pielou's evenness. (G,H) Relative bacterial composition at phylum and
family levels. (I-N) Differential taxa and representative genera/families associated
with treatment response, including enrichment of beneficial bacteria and reduction of
inflammation-associated taxa. Data indicate treatment-associated partial restoration of
microbial diversity and community composition after Inu@MPN@MV

treatment.Data are shown as mean + SD with n = 4.

Metabolomics reveals treatment-associated changes in lipid, tryptophan,

bile-acid, and redox-related metabolism.

Because gut microbial changes often act through metabolic remodeling
[10,46,51,52], untargeted metabolomics was performed to determine whether
Inu@MPN@MYV altered the fecal metabolic profile of DSS-induced colitis mice. The
Venn diagram showed the shared and comparison-specific differential metabolites
identified in the Control versus DSS, DSS versus Inu@MPN@MV, and Control
versus Inu@MPN@MV comparisons (Figure 7A). DSS challenge markedly disturbed
intestinal metabolism, whereas Inu@MPN@MYV generated a metabolic profile that
partially overlapped with healthy controls while retaining treatment-specific
metabolites. These findings indicate that the treatment produced a metabolic profile
distinct from DSS and partially closer to the Control group. Multivariate analysis

suggested the presence of metabolic remodeling. PCA showed clear separation



between the Control and DSS groups, reflecting broad metabolic disruption after
colitis induction (Figure 7B). The Inu@MPN@MYV group shifted away from the DSS
cluster and toward the Control group, indicating partial normalization of the fecal
metabolome. PLS-DA analysis showed even clearer discrimination among groups,
supporting the presence of treatment-responsive metabolic features. These results
reveal substantial reprogramming of the metabolic landscape associated with

intestinal inflammation.

Differential-metabolite analysis identified 629 increased and 336 decreased
metabolites in DSS-treated mice relative to healthy controls. Compared with the DSS
group, [nu@MPN@MYV treatment increased 229 metabolites and decreased 501
metabolites (Figure 7C), indicating broad metabolic remodeling dominated by
treatment-associated decreases. Correlation-network analysis further showed
extensive positive and negative associations among differential metabolites from
several chemical classes (Figure 7D). The metabolic response to Inu@MPN@MV
involved multiple interconnected pathways. KEGG pathway enrichment analysis
provided a pathway-level view of these changes (Figure 7E). The enriched pathways
were mainly associated with lipid metabolism, ferroptosis, glutathione metabolism,
primary bile acid biosynthesis, and bile secretion. These pathways are closely linked
to intestinal inflammation, oxidative stress, epithelial barrier function, and
host-microbiota communication [9,10,46]. Arachidonic acid metabolism is relevant
because it generates prostaglandins and other eicosanoids that regulate inflammatory

signaling [53]. Linoleic acid metabolism is connected with lipid peroxidation and



oxidized lipid mediator production under inflammatory conditions [44,53].
Tryptophan metabolism provides a bridge between gut microbiota and mucosal
immunity, as microbial tryptophan derivatives can regulate epithelial repair and
immune tolerance [51,54,55]. Bile acid metabolism is tightly coupled to microbial
composition and intestinal barrier homeostasis [52,56]. These pathway shifts indicate
that Inu@MPN@MYV was associated with changes in both bacterial composition and

downstream metabolic signals related to mucosal inflammation.

Among the differential metabolites, arachidonic acid was increased after DSS
treatment and reduced following Inu@MPN@MV administration (Figure 7F).
Because arachidonic acid is the precursor for multiple pro-inflammatory eicosanoids
[53], its reduction is consistent with suppression of lipid mediator-driven
inflammation. Linoleic acid was also dysregulated in DSS-induced colitis and
partially normalized after treatment (Figure 7G). Disturbed polyunsaturated fatty acid
metabolism can promote lipid oxidation and inflammatory signaling [44,53],
Therefore, the recovery of linoleic acid metabolism agrees with the reduced oxidative
injury observed in colon tissues. Amino acid-related metabolites also showed
treatment-responsive changes. L-Tryptophan was restored by Inu@MPN@MV
treatment (Figure 7H), suggesting recovery of microbial-host tryptophan metabolism.
This is relevant because tryptophan-derived indole metabolites participate in epithelial
barrier maintenance and immune regulation [51,54,55]. Consistently, indole-3-butyric
acid, a microbial tryptophan-derived metabolite [55], increased after Inu@MPN@MV

administration (Figure 7J), supporting recovery of beneficial microbial metabolic



activity. These changes align with the 16S rRNA sequencing results showing
enrichment of beneficial bacteria after treatment. Inflammation-associated lipid
mediators were also modulated. PGF2a, a prostaglandin derived from arachidonic
acid metabolism [53], was decreased in DSS-treated mice but elevated after
Inu@MPN@MV treatment (Figure 7I). This result suggests rebalancing of
arachidonic-acid-derived lipid mediators rather than wuniform suppression of
prostaglandin production. Imidazolepropionic acid displayed a similar pattern: its
abundance decreased in the DSS group but increased markedly after Inu@MPN@MV
treatment and was not significantly different from the Control level (Figure 7K).
Therefore, this change should be interpreted as treatment-associated remodeling of
microbial histidine-derived metabolism [57] rather than a reduction in a harmful
microbial metabolite. Additional metabolites further supported recovery of intestinal
metabolic homeostasis. Allocholic acid, a bile acid-related metabolite, was altered by
Inu@MPN@MV treatment (Figure S17), suggesting that the formulation influenced
bile acid metabolism, likely through microbiota remodeling. Because bile acids can
regulate epithelial barrier function and immune responses through host receptors
[52,56], this change agrees with the observed barrier repair and reduced inflammation.
L-Phenylalanine was also modulated after treatment (Figure S18), indicating that
aromatic amino acid metabolism was affected by DSS injury and partially corrected

by Inu@MPN@MYV.

The metabolomic results are consistent with a functional metabolic response

accompanying the treatment-associated microbial changes. Inu@MPN@MV



regulated inflammatory lipid mediators, microbial tryptophan-derived metabolites,
bile acid-related metabolism, and aromatic amino acid metabolism. These changes
suggest an association between microbial community shifts, metabolic normalization,
and the improved inflammatory and barrier phenotypes observed in vivo. Together,
these data support a working model in which microbial and metabolic recovery
accompanied MV-centered immunoregulation within an  MPN-buffered,

inulin-supported intestinal environment.
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Figure 7. Metabolomics reveals treatment-associated changes in lipid, tryptophan,
bile-acid and redox-related metabolism. (A) Venn analysis of fecal metabolites among

Control, DSS and Inu@MPN@MV groups. (B) PCA and PLS-DA showing



treatment-associated shifts in the fecal metabolome. (C) Volcano plots of differential
metabolites. (D) Metabolite interaction network highlighting hub metabolites
involved in inflammatory and microbial metabolic pathways. (E) KEGG enrichment
analysis of treatment-responsive metabolic pathways. (F-K) Representative
metabolites, including arachidonic acid, linoleic acid, L-tryptophan, PGF2q,
indole-3-butyric acid and imidazole propionic acid. Data support treatment-associated

metabolic normalization. Data are shown as mean + SD with n = 5.

Transcriptomics suggested suppression of inflammatory signaling and recovery

of metabolic programs

To define the host response underlying Inu@MPN@MYV therapy, transcriptomic
sequencing was performed using colonic tissues from the Control, DSS, and
Inu@MPN@MV groups. Hierarchical clustering analysis showed distinct global
transcriptional profiles among the three groups (Figure 8A). Compared with healthy
controls, DSS administration induced extensive transcriptional reprogramming.
Inu@MPN@MV shifted the overall gene-expression profile toward that of the
Control group, indicating broad recovery of host transcriptional homeostasis. Venn
analysis illustrated both the overlap and specificity of differentially expressed genes
among the experimental groups (Figure 8B). Compared with the Control group, DSS
exposure resulted in 1,102 upregulated and 716 downregulated genes (Figure 8C). In

contrast, only 133 genes were upregulated and 265 were downregulated in the



Inu@MPN@MV group relative to the Control group (Figure 8D), supporting a
reduced overall transcriptional deviation from the healthy state. Compared with
DSS-treated mice, Inu@MPN@MV administration upregulated 643 genes and
downregulated 1,310 genes (Figure 8E), demonstrating broad treatment-associated

transcriptional remodeling with a predominance of downregulated genes.

Gene Ontology (GO) enrichment analysis was performed to characterize the
biological functions associated with these transcriptional changes (Figure 8F). The
most enriched biological processes included inflammatory response, response to
lipopolysaccharide, immune response, innate immune response, neutrophil
chemotaxis, and response to bacterium. These signatures are consistent with broad
suppression of the excessive immune activation induced by DSS. In parallel,
biological processes associated with extracellular matrix organization, cell adhesion,
wound healing, collagen fibril organization, and angiogenesis were enriched, in
agreement with activation of tissue remodeling and mucosal repair programs [58].
These transcriptional alterations closely match the histological recovery, tight junction
restoration, and reduced inflammatory infiltration observed in Figure 4. KEGG
pathway analysis revealed regulation of multiple inflammation- and barrier-related
signaling pathways (Figure 8G). Among the enriched pathways, cytokine-cytokine
receptor interaction, IL-17 signaling [59], complement and coagulation cascades,
ECM-receptor interaction, cell adhesion molecules, phagosome, and bile secretion
were particularly prominent. Meanwhile, enrichment of ECM-receptor interaction and

cell adhesion molecule pathways is consistent with restoration of epithelial barrier



integrity, as shown by histology and tight junction protein expression. Regulation of
the bile secretion pathway aligns with the metabolomic recovery of bile acid-related
metabolism (Figure 7), highlighting host-microbiota interactions during intestinal

repair [46].

Gene Set Enrichment Analysis (GSEA) was used to determine the directionality
of pathway regulation (Figure 8H). NF-«B signaling was strongly activated in
DSS-treated mice but markedly suppressed after Inu@MPN@MV administration.
Because NF-kB is a master regulator of inflammatory gene transcription [60,61],
inhibition of this pathway explains the reduced TNF-a, IL-1p, and IL-6 expression
observed both in vitro and in vivo. The TNF signaling pathway, which amplifies
inflammatory responses through multiple downstream cascades [4,61,62], showed the
same enrichment pattern. JAK-STAT signaling was also inhibited after treatment,
further supporting the observed transition of macrophages from a pro-inflammatory to
a reparative phenotype [41,62]. GSEA also revealed enrichment of the primary bile
acid biosynthesis pathway after [nn@MPN@MYV treatment. Bile acids have emerged
as important signaling molecules linking gut microbiota to host immunity and
epithelial barrier function [52,57]. Recovery of this pathway is consistent with both
the 16S rRNA sequencing results demonstrating regulation of the intestinal microbial
ecosystem and the metabolomic data indicating normalization of bile acid-related
metabolites. These data suggest that inulin-associated microbial changes may be
accompanied by partial recovery of microbiota-dependent metabolic communication

with the host. Additional GSEA analyses showed regulation of several



metabolism-related pathways (Figure S19). Suppression of the AGE-RAGE signaling
pathway is consistent with attenuation of oxidative stress-associated inflammatory
injury [41,44], in line with the recovery of redox homeostasis observed in cultured
macrophages and inflamed colonic tissues. Enrichment of fatty acid metabolism, the
tricarboxylic acid (TCA) cycle, and energy metabolism points to recovery of cellular
bioenergetics required for epithelial regeneration, tissue repair, and resolution of

inflammation [46,58].

Transcriptomic sequencing further placed the host response within the same
treatment-associated framework. Inu@MPN@MYV shifted colonic transcriptional
profiles, with reduced enrichment of inflammatory signaling pathways and increased
representation of repair- and metabolism-related programs. Alongside the microbiome
and metabolomic analyses, these data are consistent with a linked
microbiota-metabolite-host response in which inulin-associated microbial remodeling
is accompanied by metabolic reprogramming and changes in host inflammatory and

repair-associated signaling pathways.
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Figure 8. Transcriptomic analysis shows treatment-associated suppression of
inflammatory signaling and partial recovery of repair-associated host programs after

Inu@MPN@MYV treatment. (A) Hierarchical clustering of colon transcriptomic



profiles. (B) Venn analysis of differentially expressed genes. (C—E) Volcano plots and
differential gene-expression analyses comparing Control, DSS and Inu@MPN@MV
groups. (F) GO enrichment analysis. (G) KEGG enrichment analysis. (H) GSEA
showing inhibition of NF-kB, TNF and JAK-STAT signaling and recovery of

metabolism-related pathways. Data are shown as mean + SD withn = 5.

Biosafety after repeated oral administration

Given the intended application of Inu@MPN@MV as an orally administered
therapeutic, we further evaluated its preliminary 30-day in vivo safety after repeated
oral administration. Histological examination of the heart, liver, spleen, lung, and
kidney revealed normal tissue architecture without detectable inflammatory
infiltration, hemorrhage, necrosis, or other pathological abnormalities in any treatment
group (Figure S20), indicating that repeated administration did not induce apparent
organ toxicity within the tested observation window. Systemic safety was further
assessed by routine hematological and serum biochemical analyses. All hematological
parameters remained within the normal physiological range after treatment, with no
significant differences compared with healthy controls (Figures S21 and S22).
Likewise, serum biochemical markers associated with hepatic and renal function
showed no evidence of treatment-related abnormalities. Collectively, these findings
indicate that repeated oral administration of Inu@MPN@MYV for 30 days was well

tolerated in vivo and showed no obvious organ toxicity in the tested window,



supporting further evaluation of this platform for chronic oral treatment of

inflammatory bowel disease.

Discussion

Oral MV delivery is attractive for IBD because it can deliver therapeutics
directly to diseased intestinal tissues while avoiding the burden and systemic exposure
associated with repeated injections [21-23]. Most reported oral MV systems, however,
are designed primarily to improve gastrointestinal stability and delivery efficiency
[21-23]. They protect MVs during transit, but the delivery materials themselves often
contribute little after the MVs reach the colon [39]. This limitation significantly
compromises the therapeutic efficacy of MV in the treatment of IBD, where intestinal
inflammation is sustained not only by immune activation, but also by oxidative stress,
epithelial barrier disruption, and gut microbiota dysbiosis [63]. Improving delivery
alone is unlikely to fully exploit oral MV therapy [39]. Therefore, our research
demonstrates that Inu@MPN@MYV exhibits stronger effects than natural MV on
intracellular ROS, mitochondrial membrane potential, macrophage polarization, and
inflammatory cytokines, making it suitable for oral delivery of MVs for IBD

treatment.

A key feature of this strategy is the integration of multiple therapeutic
mechanisms into one oral platform. The inulin hydrogel protects MVs from gastric
degradation, enables colon-responsive release, and functions as a prebiotic matrix.

Previous studies have shown that inulin promotes beneficial microorganisms,



particularly Bifidobacterium and Lactobacillus, and thereby improves intestinal
barrier function and immune homeostasis [47,48]. Our 16S rRNA sequencing data
showed that Bifidobacterium was nearly undetectable in both healthy and DSS-treated
mice but became readily detectable after Inu@MPN@MV administration. This
observation suggests that the hydrogel remained biologically active after oral
administration and continued to regulate the microbiota after completing its delivery
role. At the same time, the caffeic acid-Fe** MPN shell not only allowed for the
targeting enrichment of MVs to the inflamed lesions, but also endowed MV with
antioxidant activity without altering MV morphology, membrane protein expression,
or cellular uptake. It effectively mitigated the oxidative damage to MVs caused by the
pathological microenvironment. The MPN shell and MV core acted cooperatively to
suppress macrophage activation, reduce inflammatory cytokine production, preserve

mitochondrial function, and recover intracellular redox homeostasis.

The multi-omics analyses place these material functions into a broader biological
context. Gut microbiota sequencing showed that orally-administered Inu@MPN@MV
could regulate the microbial diversity and community composition. Metabolomics
revealed changes in lipid metabolism, tryptophan metabolism, and bile acid-related
pathways, whereas transcriptomics showed reduced enrichment of NF-kB, TNF, and
JAK-STAT signaling together with increased representation of repair- and
metabolism-related programs. These datasets should not be interpreted as independent
proof of a causal microbiota—metabolite-host axis. Rather, they support a coordinated

treatment-associated response in which inulin-associated microbial changes,



metabolic normalization, and host inflammatory signaling changes occur in parallel

with barrier repair and disease alleviation.

Several limitations should be noted. First, the therapeutic efficacy of
Inu@MPN@MV was evaluated mainly in an acute DSS-induced colitis model, which
does not fully represent chronic or relapsing IBD. Second, although 16S rRNA
sequencing, untargeted metabolomics, and transcriptomics showed coordinated
treatment-associated changes, these datasets establish associations rather than direct
causality among microbiota remodeling, metabolic normalization, and host
inflammatory signaling. Future studies using fecal microbiota transplantation,
antibiotic-depletion models, or gnotobiotic animals will be needed to define the causal
contribution of gut microbiota. Finally, although the 30-day repeated-dose study
showed no obvious systemic toxicity, longer-term safety, immunogenicity, and
iron-related metabolic effects of the caffeic acid-Fe** MPN shell require further

evaluation.

This study shows that rational integration of an active prebiotic hydrogel, an
antioxidant metal-phenolic coating, and immunoregulatory MVs enables oral MV
therapy to move beyond conventional delivery. By allowing the carrier to participate
directly in disease modulation and better protect the MV, thereby enabling it to exert
its function more effectively, Inu@MPN@MV offers a design principle for
next-generation oral MV therapeutics and a promising strategy for treating

inflammatory bowel disease.



Conclusion

In summary, we developed Inu@MPN@MV as an MV-centered oral
formulation for IBD therapy. MVs served as the principal immunoregulatory effector,
while the caffeic acid-Fe** MPN shell and inulin hydrogel protected MV delivery and
reduced environmental constraints on MV activity. The formulation preserved MV
identity and uptake, improved gastrointestinal stability and colonic retention, buffered
oxidative stress, promoted reparative macrophage polarization, and restored epithelial
and mucus barriers in DSS-induced colitis. Integrated microbiome, metabolome, and
transcriptome analyses were consistent with a connected microbiota-metabolite-host
response involving beneficial and fermentative taxa, normalization of inflammatory
lipid, tryptophan, and bile-acid-related metabolism, suppression of major
inflammatory pathways, and recovery of barrier-repair and energy-metabolism
programs. these findings support material engineering as a means to maintain MV
bioavailability and create an intestinal microenvironment favorable for MV-mediated

therapy.
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