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Abstract

Abstact: Inflammatory bowel disease (IBD) is a chronic relapsing inflammatory disorder in which
sustained mucosal injury increases the risk of colorectal cancer. Despite advances in biologic therapies,
durable disease control remains limited, highlighting the need for mechanistically informed oral
interventions. Integrative transcriptomic analysis of clinical IBD samples highlighted concurrent
oxidative-stress and neutrophil-associated programs linked to tight-junction disruption and mucosal
barrier injury. Guided by this findings, we engineered manganese tetroxide nanoparticle-decorated
graphdiyne (Mn peroxide, and hydroxyl radicals. Following oral administration, Mn 3 O 4 /GDY remained
stable in the gastric environment, showed inflammation-associated intestinal retention, reduced
neutrophil infiltration and myeloperoxidase-associated oxidative stress, and restored epithelial barrier
integrity. In a murine colitis model, Mn 3 O 4 /GDY markedly alleviated disease severity, with greater
improvements across several assessed endpoints than those observed with pristine GDY and the clinical
drug 5-aminosalicylic acid. Mechanistically, the nanoplatform attenuated the ROS—neutrophil
inflammatory positive-feedback loop, thereby promoting mucosal healing and restoring intestinal
homeostasis. This work supports a redox-regulated oral nanomedicine strategy for IBD treatment.

Introduction

Inflammatory bowel disease (IBD), encompassing Crohn’s disease and ulcerative colitis, represents a
growing global health burden characterized by chronic, relapsing inflammation, and an increased risk of
colorectal cancer.! ? Despite advances in biologic therapies, a “therapeutic ceiling” persists: a
substantial proportion of patients fail to achieve or maintain durable disease control with current
treatments, including long-term administration of 5-aminosalicylic acid (5-ASA), corticosteroids,
immunosuppressants, and biologics, and long-term treatment can be limited by adverse effects.® #
Therefore, there is an urgent demand for developing orally applicable interventions that move beyond
symptomatic management to target the foundational pathogenic mechanisms driving mucosal collapse.

To better define the pathogenic processes underlying IBD, we performed an integrative transcriptomic
analysis of clinical datasets and identified a prominent disease feature characterized by excessive
oxidative stress accompanied by marked neutrophil enrichment. These transcriptomic features are
consistent with previous evidence showing that accumulated reactive oxygen species (ROS) can directly
damage epithelial cells, compromise tight junction integrity, and impair barrier function, thereby
facilitating further inflammatory cell infiltration. In parallel, infiltrating neutrophils have been recognized
as important amplifiers of tissue injury through the release of myeloperoxidase (MPO) and other oxidant-
generating mediators, which further aggravate oxidative damage and inflammatory signaling.® ’
Together, these findings support a feed-forward pathogenic framework in which oxidative stress and
neutrophil-associated inflammation reinforce mucosal injury in IBD. Importantly, this framework
highlights oxidative stress as a therapeutically accessible intervention point in IBD,2 suggesting that
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sustained ROS regulation may limit epithelial injuryand weaken the neutrophil-associated inflammatory
amplification that perpetuates mucosal damage.

To date, various small-molecule antioxidants, including melatonin,” N-acetylcysteine,'® propionyl-L-

1 resveratrol,'? curcumin,® quercetin,'* and catechins,’® have been explored for IBD treatment

carnitine,
because of their ROS-scavenging capabilities. However, he clinical use of many such compounds can be
constrained by rapid clearance and poor bioavailability.’® Metal oxide nanozymes, such as cerium
oxide,” manganese oxide,® nickel-cobalt oxide,'® and molybdenum oxide,?° offer a promising
alternative because of their potent ROS-scavenging capacity and physicochemical stability, and have
shown therapeutic potential in preclinical models of inflammatory disease. However, their application in
IBD can be limited by insufficient gastrointestinal retention and concerns regarding cumulative metal
exposure during long-term administration.?! These challenges highlight the need for nanozyme systems
that combine efficient ROS regulation with favorable gastrointestinal stability and local retention in

inflamed intestinal tissue, while maintaining therapeutic efficacy at relatively low metal loading.

Graphdiyne (GDY), a two-dimensional carbon allotrope composed of sp- and sp?-hybridized carbon

atoms, offers an attractive platform for meeting these demands.?? Owing to its highly conjugated and
porous framework, GDY provides abundant anchoring sites for metal oxide nanoparticles and can

modulate their interfacial electronic states to enhance catalytic activity.?? In addition, GDY itself exhibits
high chemical stability, broad-spectrum ROS-scavenging capability, and good biocompatibility.2* Notably,
GDY has shown stability in gastrointestinal environments and reported retention in injured intestinal

regions, supporting its suitability for orally delivered intestinal nanomedicine.?® These properties make
GDY a promising scaffold for constructing redox-active nanotherapeutics with improved lesion retention
and therapeutic efficacy in IBD.

In this study, guided by transcriptomic evidence highlighting oxidative stress and neutrophil-associated
inflammation as prominent disease-associated processes in IBD, we rationally engineered a manganese
tetroxide-decorated GDY nanoplatform (Mn30,/GDY) for oral redox intervention. Through interfacial
electronic coupling between Mn;0, and GDY, this nanoplatform exhibited enhanced catalytic scavenging
of multiple ROS species and functioned as an active redox modulator rather than a passive antioxidant
carrier. Following oral administration, Mn;0,/GDY exhibited favorable gastrointestinal stability and

inflammation-associated retention in colonic tissue. In a dextran sodium sulfate (DSS)-induced colitis
model, Mn;0,/GDY effectively alleviated intestinal inflammation and restored mucosal barrier integrity,

outperforming both pristine GDY and the clinical drug 5-ASA. Mechanistically, our results suggest that by
broadly reducing oxidative stress, Mn;0,/GDY alleviates epithelial injury and attenuates the neutrophil-
associated inflammatory amplification that sustains mucosal damage (Scheme 1). Together, these
findings establish Mn;0,/GDY as a mechanism-informed oral nanomedicine and highlight interfacial
redox engineering as a promising strategy for IBD treatment.
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Results and Discussion

Clinical Transcriptomic Analysis Reveals an Oxidative
Stress—Amplified Neutrophil Pathological Axis in IBD

Integrative analysis of the GSE193677 clinical transcriptomic dataset, comprising 2029 intestinal biopsy
samples from patients with IBD and 461 healthy controls, revealed extensive transcriptional differences
in inflamed mucosa (Fig. 1a). A total of 580 genes were significantly upregulated and 409 genes were
downregulated in IBD tissues relative to controls (Fig. 1b), indicating a broad disruption of mucosal
homeostasis rather than a limited inflammatory perturbation. Functional annotation showed that these
dysregulated genes were predominantly enriched in inflammatory and immune-related processes,
including inflammatory response, immune activation, neutrophil chemotaxis, and defense response to
Gram-negative bacteria (Fig. 1c). Pathway analysis further revealed enrichment of cytokine—cytokine
receptor interaction, IL-17, NF-kB, TNF, NOD-like receptor, and JAK-STAT signaling pathways (Fig. 1d),
consistent with sustained immune activation and cytokine dysregulation in the inflamed intestine.?% 2’
To further delineate coordinated disease-associated programs, we performed gene set enrichment
analysis (GSEA). IBD samples displayed marked enrichment of humoral immune response, acute
inflammatory response, and granulocyte chemotaxis (Fig. 1e,f, Figure S1a), together with enrichment of
JAK-STAT, cytokine—receptor interaction, and NOD-like receptor signaling (Fig. 1g, Figure S1b). At the
individual gene level, multiple pro-inflammatory cytokines including IL-6, IL-11, and IL-33, as well as
chemokines such as CCL2, CXCL1, and CXCL2, were markedly upregulated (Fig. Th), supporting a

transcriptional landscape characterized by persistent inflammatory recruitment and signaling.?”- 28

Beyond immune signaling, oxidative stress emerged as another defining feature of the IBD
transcriptome. Genes related to ROS generation, redox regulation, and oxidative injury were significantly
dysregulated (Fig. 1i), indicating that redox imbalance accompanies immune activation and may
contribute to epithelial barrier dysfunction. Consistent with this notion, immune cell deconvolution using
the xCell algorithm revealed increased enrichment scores for multiple immune-cell populations in IBD
lesions (Fig. 1j), among which neutrophils showed the largest increase in inferred enrichment score,
followed by M1 macrophages (Fig. 1k, Figure $2).2° Memory CD4* and CD8" T cell subsets were also
increased, consistent with broader immune remodeling. CIBERSORT analysis showed a similar
directional pattern (Figure S3), supporting the convergence of neutrophil-associated signals across the

two analytical methods.3°

Taken together with established neutrophil biology, these analyses support a disease-relevant framework
in which oxidative stress and neutrophil-associated inflammation can form a self-amplifying feed-
forward circuit in IBD. Excessive ROS disrupt epithelial redox homeostasis and barrier integrity, thereby
promoting chemokine release and neutrophil recruitment. Recruited neutrophils can, in turn, generate
secondary oxidants through MPO-dependent processes, further intensifying oxidative damage and

inflammatory signaling.3’ This oxidative stress—neutrophil amplification axis therefore represents both a
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disease-relevant amplification mechanism and therapeutic entry point in IBD, providing the rationale for
designing a redox-active nanoplatform aimed at coordinated ROS scavenging and attenuation of

neutrophil-associated inflammatory amplification.3?

Synthesis and Characterization of MnO/GDY

Guided by the transcriptomic evidence highlighting concurrent ROS-related and neutrophil-associated
programs in IBD, we rationally designed Mn30,/GDY as a redox-active nanoplatform for attenuating this

pathological amplification. Mn;0,/GDY was synthesized via a solvothermal reaction between GDY and
manganese acetate tetrahydrate [Mn(CH3C00),-4H,0], during which the conjugated alkyne moieties of
GDY provided nucleation and anchoring sites for in situ formation and immobilization of Mn species on

the GDY framework (Fig. 2a). This synthetic strategy was designed to generate intimate interfacial
contact between Mn3;0, and GDY, thereby favoring interfacial charge redistribution and redox coupling.

Transmission electron microscopy (TEM) imaging showed that Mn;0,/GDY possessed a two-
dimensional nanosheet-like morphology with an average lateral dimension of approximately 300 nm
(Fig. 2b). High-magnification TEM further revealed that the Mn;0, nanoparticles with an average
diameter of ~ 7 nm were uniformly distributed on the GDY surface (Fig. 2c), suggesting a high density of
exposed catalytic sites.33 Elemental mapping confirmed the homogeneous spatial distribution of C, Mn,
and O throughout the nanocomposite (Figure S4). High-resolution TEM identified lattice fringes
corresponding to the (101), (103), and (112) planes of tetragonal Mn30, (Fig. 2d), which was further
supported by X-ray diffraction (XRD) peaks indexed to Mn30, (Fig. 2e). These results support the
formation of crystalline Mn3;0,4 on the GDY scaffold. Inductively coupled plasma mass spectrometry
(ICP-MS) analysis showed a Mn loading of 5.94 wt%, while zeta potential measurement revealed a

surface potential of - 28.4 + 0.67 mV, indicating good aqueous dispersibility and colloidal stability.
(Figure S5).

To elucidate the interfacial interaction between Mn;0, and GDY, Raman and X-ray photoelectron
spectroscopy (XPS) were performed. The Raman spectrum of the Mn30,/GDY exhibited a characteristic

Mn-0 vibration at ~ 648 cm™',34 supporting the incorporation of Mn30, nanoparticles (Fig. 2f). More
importantly, XPS analysis supported interfacial charge redistribution. The C 1s spectrum contained a
distinct m—mt* satellite peak at 290.8 eV,2> 36 which is consistent with changes in the conjugated
framework (Fig. 2g). Meanwhile, the Mn 2p spectrum exhibited features assigned to high-valence Mn
species, implying that electron transfer from Mn to GDY partially stabilized oxidized Mn states at the
interface (Fig. 2h). Such electronic restructuring is expected to be highly relevant to catalytic redox

activity.

To further elucidate the atomic-scale origin of the Mn;0,—GDY interaction, first-principles density
functional theory (DFT) calculations were performed. The key Mn(ll) site in Mn30, involved in chemical
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bonding with the GDY framework was modeled using a MnMg30, cluster; detailed considerations for the
model construction are provided in the Supporting Information. Among all possible adsorption sites, the
Mn center preferentially bound to the C = C bond of GDY. In the optimized configuration, the adsorbed C
= C bond was elongated from 1.24 to 1.31 A, accompanied by the formation of two Mn—C bonds (2.02
and 2.13 A), indicating strong covalent coordination. Meanwhile, the net spin moment of Mn decreased
to 2.9, in comparasion to the original 4.7 of the unbound cluster, implying about two electrons of Mn was
oxided. Furthermore, localized orbital bonding analysis (LOBA) clearly identified the oxidation state of
the Mn from + 2 to + 4 after adsorption (Fig. 2i). These results indicate pronounced interfacial electron
coupling and robust Mn—C bonds, consistent with the XPS results revealing the transforming
mechanism of Mn(ll) to Mn(IV).

Taken together, these results indicate that Mn;0,/GDY is not a simple physical mixture of Mn;0, and

GDY, but rather an interfacially coupled nanocomposite with defined Mn—C coordination and charge
redistribution. This interfacial architecture provides an electronic environment compatible with
multivalent Mn-mediated redox activity, providing a mechanistic basis for evaluating its multispecies
ROS-scavenging activity in inflammatory microenvironments.

Multiple Antioxidative Properties of MnO/GDY

Since excessive ROS accumulation is a key driver of epithelial damage and inflammatory amplification in
IBD, especially in neutrophil-rich lesions, we next examined whether the interfacial electronic coupling of
Mn3;0,/GDY translates into functionally enhanced antioxidative activity. To distinguish interfacial effects
from simple component coexistence, pristine Mn30, nanoparticles, GDY, and their physical mixture

(Mn30, + GDY) were included as controls. We first assessed the scavenging of superoxide anion radicals

(0,°7), a primary ROS generated during neutrophil respiratory burst,3’

using the xanthine/xanthine
oxidase (Xan/X0D) system coupled with electron spin resonance (ESR) detection.® Mn30, alone
showed minimal suppression of O, signals (Fig. 2j), indicating limited intrinsic activity under the tested
conditions. In contrast, GDY and the physical mixture reduced ESR intensity to a comparable extent,
suggesting that GDY contributes substantially to O, " elimination, whereas simple coexistence of the two
components did not provide an additional advantage. Notably, Mn;0,/GDY exhibited the strongest
suppression of O, signals (Figure S6), demonstrating enhanced superoxide dismutase (SOD)-like

activity. This result is particularly important because it indicates that the improved ROS-scavenging
capability arises from interfacial coupling rather than mere material mixing. Mechanistically, the

enhanced O, scavenging can be attributed to the Mn—C coordination-mediated electron transfer
between Mn3;0, and GDY. As suggested by DFT and XPS analyses, interfacial charge redistribution

stabilizes high-valence Mn species, which are favorable for catalytic O, dismutation. Through proton-
coupled electron transfer and reversible Mn redox cycling, Mn30,/GDY efficiently converts O, into H,0,

and 0, (Figure S7), functionally resembling the catalytic behavior of natural SOD.*°
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Because H,0, is both a downstream ROS intermediate and a key substrate for neutrophil-derived MPO,°
we next evaluated its decomposition. Mn30,/GDY catalytically removed approximately 70% of H,0,
within 50 min (Fig. 2k), whereas Mn30,, GDY, and their physical mixture showed negligible activity under
the same conditions. Thus, Mn;0,/GDY not only intercepts upstream O,"~ but also effectively eliminates
H,0,, a central node in oxidative amplification.

We further examined hydroxyl radicals (*OH) scavenging using a Fenton reaction system. ESR results
revealed that Mn30, alone had little effect, while GDY-containing formulations attenuated *OH signals to
varying degrees (Fig. 2I, Figure S8). Again, Mn;0,/GDY displayed the highest scavenging efficiency,
further supporting its multispecies antioxidative activity.

These results support

Mn30,/GDY as an integrated redox-modulating platform that reduces multiple ROS species, including
0,", H,0,, and *OH. Importantly, this is not a passive radical-scavenging effect, but a structure-enabled

catalytic process arising from interfacial electronic coupling. Notably, such enhanced broad-spectrum
antioxidative activity was achieved at a relatively low Mn loading, further indicating that the improved
performance of Mn;0,/GDY arises from coupling-enhanced functional efficiency rather than simply

increasing the amount of active metal species. Compared with conventional antioxidants that typically
target single ROS species, Mn;0,/GDY is able to interrupt oxidative amplification at multiple stages

(Fig. 2m, Figure S9), which is relevant to IBD, where ROS species are continuously generated and
mutually converted within inflammatory niches.®

Mn ; O ,/GDY Protects Epithelial Cells and Suppresses Inflammatory Activation In Vitro

The potent cascade ROS-scavenging capacity of Mn;0,/GDY prompted us to investigate whether these
physicochemical properties could translate into cellular protection under inflammatory oxidative stress.
We therefore evaluated its cytocompatibility, intracellular antioxidative activity, anti-inflammatory effects,
and barrier-protective capacity in multiple in vitro models relevant to IBD. GDY and Mn30,/GDY displayed
good cytocompatibility in IEC-6 intestinal epithelial cells and RAW264.7 macrophages, with cell viability
remaining above 85% after 24 h exposure at concentrations up to 50 pg/mL (Figure S10), supporting
further evaluation in intestinal cell models. To assess intracellular ROS elimination, IEC-6 cells were
challenged with H,0, to induce oxidative stress. DCFH-DA staining showed marked intracellular ROS
accumulation after H,0, stimulation, whereas Mn30,/GDY treatment substantially reduced fluorescence
intensity (Fig. 3a,b). GDY alone also reduced ROS to some extent, but the effect was clearly weaker.
Consistent with this observation, Mn;0,/GDY significantly improved cell viability under oxidative stress

(Fig. 3c¢), indicating that its antioxidative effect is sufficient to confer meaningful cytoprotection.

Because oxidative stress and inflammatory signaling are tightly coupled in IBD,*! we next assessed anti-
inflammatory activity in LPS-stimulated RAW264.7 macrophages. LPS markedly increased the secretion
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of IL-1B and IL-6 while suppressing IL-10 production. Both GDY and Mn30,/GDY attenuated the
inflammatory response, but Mn;0,/GDY produced a more pronounced suppression of IL-1 and IL-6 and
a stronger restoration of IL-10 (Fig. 3d—f). These data indicate that the superior redox-regulatory
capability of Mn;0,/GDY translates into more effective control of inflammatory activation.

To further assess functional relevance at the epithelia-immune interface, we established a DSS-induced

intestinal epithelial barrier injury model using Caco-2 monolayers.*? DSS stimulation markedly increased
paracellular permeability, as shown by elevated FITC-inulin flux. Although GDY partially alleviated barrier
disruption, Mn30,/GDY produced a significantly greater reduction in permeability (Fig. 3g,h), indicating

effective preservation of epithelial barrier function.

Taken together, these in vitro results show that Mn;0,/GDY improves complementary pathological
readouts, including intracellular oxidative stress, inflammatory cytokine production in macrophages, and
epithelial barrier permeability.*> 44 Rather than acting on a single cellular event, Mn;0,/GDY appears to
modulate the epithelial-immune crosstalk that underlies chronic mucosal inflammation, thereby
providing a functional bridge between its physicochemical redox activity and its anticipated therapeutic
efficacy in vivo.

MnO/GDY Maintains Gastrointestinal Stability and Exhibits
Inflammation-Associated Intestinal Retention

For orally administered nanomaterials, therapeutic efficacy depends not only on intrinsic bioactivity but
also on their ability to remain structurally stable in the gastrointestinal tract and reside long enough at
diseased sites to exert local effects.?’ 4> We therefore evaluated the gastrointestinal stability and
intestinal retention behavior of Mn30,/GDY. After incubation in simulated gastric fluid (SGF) for 2 h,
Mn;0,/GDY largely retained its SOD-like activity (Figure S11), indicating that its redox function is
resistant to acidic gastric conditions. Consistently, TEM imaging showed that the nanosheet morphology
and nanoparticle distribution were well preserved after SGF incubation (Figure S12), supporting
structural stability under the tested conditions. This stability is likely associated with the robust -

conjugated framework of GDY and the strong interfacial anchoring of Mn;0, nanoparticles, which

together suppress aggregation and metal ion loss under harsh conditions.?3

We next assessed gastrointestinal retention in vivo. Because inflamed intestinal mucosa in IBD is
characterized by epithelial disruption and accumulation of positively charged inflammatory

components,*® the moderately negative surface charge of Mn;0,/GDY (-28.4 mV) may contribute to its
interaction with inflamed tissue. Ex vivo fluorescence imaging using Cy5.5-labeled Mn;0,/GDY showed
markedly higher signals in inflamed colonic tissue than in healthy controls (Fig. 4a,b). In vivo imaging
further revealed more prolonged intestinal signals in DSS-induced IBD mice (Fig. 4c,d). To independently
validate these observations, we additionally performed single-photon emission computed tomography
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(SPECT) imaging using radionuclide '”’Lu-labeled Mn;0,/GDY. Consistent with fluorescence imaging,
radiotracer imaging showed higher and more persistent signals in inflamed intestinal regions (Fig. 4e,f).
These findings indicate that Mn;0,/GDY combines two features critical for oral IBD therapy: high
gastrointestinal stability and inflammation-associated local retention (Fig. 4g). This combination may
increase local material exposure and provide a pharmacological basis for effective and relatively safe
treatment of intestinal inflammation.

Mn ; O ,/GDY Effectively Alleviates DSS-Induced Colitis In Vivo

We next investigated whether the favorable redox activity and intestinal retention of Mn30,/GDY
translate into therapeutic benefit in vivo. DSS-induced colitis mice were orally treated with Mn;0,/GDY,
GDY alone, or the clinically used drug 5-ASA (Fig. 5a). As expected, DSS administration induced typical
manifestations of colitis, including progressive body weight loss, elevated disease activity index (DAI),
and significant colon shortening (Fig. 5b—e), indicating severe intestinal inflammation and mucosal
injury. In contrast, oral treatment with Mn;0,/GDY markedly ameliorated these pathological changes.
Across body weight, colon length, and DAI, Mn;0,/GDY showed more pronounced improvement than
GDY or 5-ASA under the tested conditions. Histological examination further showed extensive epithelial
destruction and disorganization of mucosal architecture in DSS-treated mice, whereas Mn;0,/GDY

treatment better preserved epithelial structure and tissue integrity (Fig. 5f). In parallel, hematological
analysis revealed that Mn30,/GDY significantly reduced circulating white blood cells, neutrophils, and

platelets (Fig. 5g—i), consistent with attenuation of systemic inflammatory indices. Because oxidative
injury an important effector process associated with neutrophil-rich inflammation, we next examined
lipid peroxidation in colonic tissues. Immunohistochemical staining showed marked accumulation of 4-
hydroxynonenal (4-HNE) in the DSS group, indicating lipid peroxidation-associated tissue injury.%’ This
signal was substantially reduced by Mn30,/GDY treatment, with a greater effect than that observed for

GDY or 5-ASA (Fig. 5j). These data show that the macroscopic improvements after Mn;0,/GDY

treatment were accompanied by lower oxidative-damage and inflammatory indices.*8

Overall, the in vivo therapeutic results demonstrate that Mn;0,/GDY was associated with multi-level
protection against colitis, including attenuation of clinical symptoms, preservation of colonic structure,
and reduction of systemic and local inflammatory injury. These findings support ROS-directed
modulation as a therapeutic strategy for attenuating inflammatory amplification in IBD.

MnO/GDY Reprograms Inflammatory and Barrier-Associated
Transcriptional Landscapes in IBD

To further elucidate the molecular changes associated with the therapeutic effects of Mn;0,/GDY, we

performed bulk RNA sequencing on colonic tissues from healthy control mice, DSS-treated mice, and
Mn30,/GDY-treated mice (Fig. 6a). Hierarchical clustering showed clear separation among the three
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groups (Fig. 6b), indicating substantial differences in their transcriptomic profiles. Differential expression
analysis identified 679 upregulated and 312 downregulated genes in DSS-induced colitis relative to
healthy controls (Figure S13a). Remarkably, Mn;0,/GDY treatment reshaped this disease-associated
transcriptome, with 1495 genes upregulated and 432 genes downregulated relative to the DSS group
(Figure S13b).

To capture dynamic transcriptional trajectories, we performed Mfuzz soft clustering and identified eight
gene clusters (Fig. 6¢).*° Among them, clusters 1 and 8 were strongly induced during DSS colitis and
then suppressed after Mn;0,/GDY treatment, whereas clusters 2 and 7 showed the opposite trend, being
downregulated in disease but restored after treatment. Functional enrichment analysis revealed that
these reciprocally regulated clusters corresponded to two opposing biological patterns. Disease-
associated clusters were enriched in neutrophil migration, cytokine signaling, ROS response, and NADPH
oxidase-related pathways, whereas treatment-restored clusters were associated with mitochondrial
organization, TORC1 signaling, and metabolic homeostasis (Fig. 6d,e).%% °' Thus, Mn;0,/GDY treatment
was associated with a transcriptional shift from inflammatory and oxidative-stress programs toward
mitochondrial and metabolic-homeostasis programs. At the individual gene level, Mn;0,/GDY
suppressed a broad inflammatory module including 1l1b, 116, 11173, Ifng, Csf2, Csf3, Nos2, and multiple
matrix metalloproteinases (Fig. 6f).>? These factors are involved in neutrophil recruitment, oxidative-
stress amplification, and barrier disruption. Accordingly, the transcriptomic effect of Mn;0,/GDY is
consistent with coordinated attenuation of a neutrophil-associated inflammatory network rather than
isolated inhibition of individual genes.

GSEA further supported this interpretation. Pro-inflammatory and oxidative stress-related pathways,
including IL-17, TGF-B, PI3K—Akt, and neutrophil-associated inflammatory signaling, were reduced,
whereas pathways related to oxidative phosphorylation, ATP synthesis, and tricarboxylic acid cycle
activity were restored (Figure S14, Figure S15).%% °* These reciprocal shifts suggest that resolution of
inflammation and recovery of epithelial metabolic fitness are tightly coupled during Mn;0,/GDY therapy.

To assess the relevance to human disease, we integrated transcriptomic data from human IBD and DSS-
induced colitis. Cross-species comparison identified 191 genes consistently upregulated (quadrant 1,
Q1) and 23 genes consistently downregulated (Q3) in both human and mouse disease states (Fig. 6g),
with enrichment in neutrophil chemotaxis, extracellular matrix remodeling, and inflammatory signaling
(Figure S16a,b). This overlap supports the relevance of the DSS model to selected human IBD-
associated programs. Integration of human IBD DEGs with Mn30,/GDY-responsive genes identified 351
disease-elevated genes (Q4) reduced by treatment and 60 disease-suppressed genes (Q2) increased by
treatment (Fig. 6h). These genes were enriched in neutrophil chemotaxis, cytokine response,
inflammatory amplification, and IL-17, and JAK-STAT signaling (Fig. 6i, Figure S16c), indicating that the
transcriptional changes associated with Mn;0,/GDY overlap with human IBD-associated modules.
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These transcriptomic data are consistent with coordinated modulation of the disease-associated state,
characterized by attenuation of neutrophil- and ROS-related inflammatory programs and increased
expression of mitochondrial, metabolic, and barrier-associated programs. This systems-level pattern
provides transcriptomic context linking the material’s redox activity with its therapeutic effects.

Experimental Validation of Mn;0,/GDY—-Mediated Barrier
Restoration and Neutrophil Modulation

Based on the transcriptomic prediction that Mn30,/GDY regulates epithelial barrier integrity and

inflammatory activity, we next performed experimental validation. Immunofluorescence staining showed
that DSS exposure caused marked fragmentation and loss of the tight junction proteins zona occludens-
1 (Z0-1) and Claudin-1, indicating severe epithelial barrier disruption.®® In contrast, Mn;0,/GDY
treatment substantially restored both their expression levels and continuous junctional distribution,
which was further confirmed by Western blot analysis (Fig. 7a—c). These findings show that Mn;0,/GDY

repairs the structural basis of epithelial barrier function.

We then examined neutrophil infiltration and associated markers in colonic tissues. DSS-treated mice
exhibited pronounced accumulation of Ly6G* neutrophils,®® whereas Mn30,/GDY treatment significantly
reduced neutrophil infiltration and showed a more pronounced effect than 5-ASA (Fig. 7d). Consistently,
the expression of CXCR4 and MPO was markedly decreased after Mn;0,/GDY treatment (Fig. 7e,f),

indicating reduced levels of markers associated with neutrophil recruitment and oxidative effector
activity.%® These findings support the transcriptomic prediction that Mn;0,/GDY alleviates neutrophil-
associated inflammatory amplification in vivo. In line with this, Mn30,/GDY also altered the local

cytokine milieu. Levels of IL-1B and IL-6 were significantly decreased, whereas the anti-inflammatory
cytokine IL-10 was restored (Fig. 7g—i). This cytokine reprogramming was consistent with the reduced
neutrophil infiltration and improved barrier integrity, supporting coordinated anti-inflammatory and

mucosal protective effects of Mn;0,/GDY.%’

In addition, our transcriptomic analysis revealed partial restoration of mitochondrial-related pathways,
including mitochondrial organization and oxidative phosphorylation, after Mn;0,/GDY treatment.
Consistent with this trend, JC-1 staining in IEC-6 cells showed that Mn;0,/GDY preserved mitochondrial

membrane potential under oxidative stress (Figure S17). Although this evidence was obtained in vitro, it
supports the possibility that Mn;0,/GDY may help alleviate oxidative stress-associated mitochondrial

dysfunction.

In addition, histological examination of major organs, including the heart, liver, spleen, lung, and kidney,
showed no detectable tissue damage after oral administration of Mn;0,/GDY (Figure S18), supporting a

favorable biosafety profile. Taken together, these validation experiments show that Mn;0,/GDY restores
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epithelial barrier structure, reduces neutrophil-associated inflammatory responses, and improves the
local cytokine milieu in colitis, supporting its therapeutic benefit in IBD.

Conclusion

In conclusion, guided by clinical transcriptomic findings, we developed an orally administrable
nanotherapeutic platform, Mn;0,/GDY, for the treatment of IBD. This strategy addresses a disease-

amplifying process in which oxidative stress and neutrophil-associated inflammation reinforce mucosal
injury and disruption of intestinal homeostasis. By integrating Mn;0, nanoparticles with a GDY scaffold,

Mn30,/GDY forms an interfacially coupled redox system in which GDY-associated interfacial charge
redistribution enhances multispecies ROS-scavenging activity, thereby attenuating oxidative
amplification in the inflamed intestine. Benefiting from its high gastric stability and inflammation-
associated retention in inflamed colonic tissue, Mn;0,/GDY enables effective local intervention
following oral administration. In a DSS-induced colitis model, Mn;0,/GDY markedly reduced disease

severity, and outperformed both pristine GDY and the clinical drug 5-ASA, accompanied by attenuation of
oxidative stress, restoration of epithelial barrier integrity, and alleviation of neutrophil-associated
inflammatory responses. Collectively, these findings support Mn;0,/GDY as a promising oral

nanomedicine for IBD and highlight the therapeutic potential of redox modulation for controlling
intestinal inflammation and mucosal damage.
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Figure 1

Transcriptomic alterations and immune microenvironment remodeling in intestinal tissues of IBD
patients based on the GSE193677 dataset. (a) Schematic illustrating the overall workflow. (b) Volcano
plot showing differentially expressed genes between intestinal tissues from IBD patients and healthy
controls. (c) Lollipop plots display the functional enrichment results of these genes in biological
processes and (d) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways. GSEA plots indicate
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significant enrichment of differentially expressed genes in humoral immune response (e), granulocyte
chemotaxis (f), and the JAK-STAT signaling pathway (g). (h) Scatter plots show differential expression
patterns of cytokine-encoding genes and (i) ROS-related genes in IBD tissues. (j) Scatter plot showing
immune cell infiltration scores in IBD intestinal tissues estimated using the xCELL algorithm. (k) Violin
plots illustrate the differences in xCELL-derived infiltration scores of Neutrophils between control and IBD
groups.
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Synthesis and characterization of Mn3;0,/GDY. (a) Schematic illustration of the synthesis procedure for
Mn;0,/GDY. (b,c) TEM images of Mn30,/GDY under different magnifications. (d) TEM images taken
from the island-like nanoparticles on a Mn;0,/GDY. (e) XRD patterns of GDY and Mn30,/GDY. (f) Raman
spectra of GDY and Mn30,/GDY. (g,h) XPS spectra of Mn30,/GDY. (i) Optimized structures and electronic
configurations of MnMg30, (left top), GDY (left bottom), and Mn?*/GDY (right) obtained from DFT
calculations. Mn in MnMg;0, shows Spin = 4.7 and LOBA = +2. Pristine GDY exhibits C=C and C-C bond
lengths of 1.24 A and 1.35 A, respectively. After Mn?* anchoring, bond lengths change to 1.26-1.34 A,
and Mn shows Spin = 2.9 and LOBA = +4, indicating oxidation and Mn—C coordination. (j) ESR spectra of
the O, scavenging performances of various samples. (k) H,0, degradation activity of various samples.

(I) ESR spectra of the *OH scavenging performances of various samples. (m) Schematic diagram of ROS
scavenging by Mn;0,/GDY.
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Figure 3

Antioxidant and anti-inflammatory effects of Mn;0,/GDY in vitro. (a) Representative fluorescence
images and (b) quantitative fluorescence intensity of ROS levels in IEC-6 cells following treatment with
H,0, in the absence or presence of GDY (20 pg/mL) or Mn30,/GDY (20 ug/mL). Scale bar = 10 ym. ***p

< 0.001 compared to the control group. #*##p < 0.001 compared to the H,0, group. (c) Viability of IEC-6
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cells after various treatments. ***p < 0.001 compared to the control group. #*p < 0.01, ##p < 0.001
compared to the H,0, group. Levels of IL-18 (d), IL-6 (e), and IL-10 (f) in LPS-activated RAW264.7 cells

treated with GDY (20 pg/mL) or Mn30,/GDY (20 pg/mL). ***p < 0.001 compared to the control group.

###p < 0.001 compared to the LPS group. (g) Schematic diagram of the Caco-2 permeability assay. (h)
Changes in fluorescence intensity in the Caco-2 permeability assay following various treatments. **p <
0.01, ***p < 0.001. All results were presented as means = SD (n = 3).
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Figure 4

Mn;0,/GDY shows inflammation-associated retention in colonic tissue. (a) Representative fluorescence

image of colons from mice with DSS-induced IBD and healthy controls following ex vivo incubation with
Mn;0,/GDY for 30 min. (b) Quantification of average radiance of (a). (c) In vivo evaluation of Mn30,/GDY
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retention after oral administration. (d) Quantitative analysis of fluorescence intensities of (c). (e)
Representative SPECT/CT images of healthy and IBD mice following oral administration of Mn30,/GDY.
(f) Radioactive intensities of panel (e). (g) Schematic illustration of healthy and inflamed colonic
mucosa. All results were presented as means = SD (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001 compared
to the healthy control group.

Adaptive feeding 3% DSS in drinking water MnTéef’é’B?(”é;"C'hhd% Euthanize and texting
g 34
& —’g - = N

95 QG Gi) (v) (v
£ < 120
5 6] = =)
[
é’s o 5 100
5 ]
: 3
4 80
x : :
M G Gy (v v 0 2 4 6

Time (d)

212 * _ 2000
2 g3 *x 5
2 9 2 % 1500
8 # 2, <
g6 5 # £ 1000
£ g ®
2 3 § & 500
=
=

[0} 0

(i) (i) (i) (iv) ) i iy (i) (v) (i) @) (i) (iv)

N =

Page 24/29



Therapeutic efficacy of Mn;0,/GDY in DSS-induced IBD. (a) Schematic illustration of the experimental
design for DSS-induced colitis. Mice received 3% DSS followed by daily oral administration of
Mn;0,/GDY for 7 days. (b) Representative images of colons harvested on day 8 from each treatment
group. (c) Quantification of colon length in DSS-induced mice after the indicated treatments. (d,e)
Changes in body weight (d) and DAI (e) during the treatment period. (f) Representative H&E staining
images of colonic sections (scale bar = 100 pm). (g—i) Peripheral blood analysis of white blood cells (g),
neutrophils (h), and platelets (i) after 7 days of treatment. (j) Representative immunohistochemical
staining images of 4-HNE in colonic tissue sections (scale bar = 200 um). All results were presented as
means * SD (n = 5). *p < 0.05, ***p < 0.001 compared to the control group, *p < 0.05, **#p < 0.001
compared to the DSS group.
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Figure 6

Transcriptomic profiling identifies key gene signatures and functional pathways associated with
Mn;0,/GDY-mediated protection in IBD. (a) Overview of the transcriptomic analysis workflow based on
RNA sequencing. (b) Heatmap showing differential gene expression in colon tissues from control, DSS,
and DSS + Mn30,/GDY groups. (c) Line plot showing gene expression pattern clustering of all transcripts
from the three mouse groups using the Mfuzz algorithm. (d,e) Lollipop plots illustrating the enriched
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Biological Process terms for clusters 1/8 (d) and clusters 2/7 (e). (f) Heatmap displaying differential
expression of cytokine-related genes across the three groups. (g) Scatter plot showing integrative cross-
species analysis of DEGs between human IBD colon samples versus healthy controls and DSS-induced
IBD mice versus control mice, highlighting concordantly regulated genes. (h) Scatter plot showing
integrative analysis of DEGs between human IBD samples versus controls and Mn30,/GDY-treated mice
versus IBD mice, illustrating genes whose expression changes in human IBD are reversed or attenuated
by Mn30,/GDY treatment. (i) Lollipop plot presenting KEGG pathway enrichment analysis of genes
located in quadrants 2 and 4 identified from the cross-species comparison, representing shared
pathological pathways in IBD and pathways effectively modulated by Mn;0,/GDY intervention.

Page 27/29



(i

b (i) (ii) (iii) (iv)
-

oo 1 B

GAPDH P — a—

ﬂ . e s 4

C 1.2

Q

DAPI

0.8-

04.

Relative expression

0.0+

il il v i i il v
Z0-1 Claudin1

e i i) (i)

*
S =
IS Ig
3

CXCR4 [, i i

GAPDH g m

f 25

(i

Q.

- N
n o

-
o

tive expression

o
)
g
7]

=

il v
CXCR4 MPO

«Q
B
o
[=]
-
D
o
o

600 { il
300 dedek 6__) *kk .
=) s £ 400 =3
£ 2 £ 400
2 200 = o~ o 1 B8
g2 Ee - = e
— © —_
& 1, 200 =
100 - = . 200
_=-l i el E *kk
| 0
0 0.
(i) (ii) (i) v (i) (i) (i) v (i) (i) (iii) (iv)
Figure 7

Mn30,/GDY attenuates neutrophil infiltration, restores epithelial barrier integrity, and alleviates

inflammation in DSS-induced IBD. (a) Representative immunofluorescence staining of the tight junction

markers Z0-1 (green) and Claudin1 (red) in colon tissues from the five experimental groups: (i) Control,

(ii) DSS, (iii) DSS + GDY, (iv) DSS + Mn3;0,/GDY, and (v) DSS + 5-ASA. (b, c) Western blot analysis (b) and

quantification (c) of Z0-1 and Claudin1 expression. (d) Representative immunofluorescence staining of
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Ly6G* neutrophils. (e, f) Western blot analysis (e) and quantification (f) of CXCR4 and MPO levels in
colon tissues. (g-i) ELISA quantification of the inflammatory cytokines IL-1B (g), IL-6 (h), and IL-10 (i) in
colon tissues. All results were presented as means + SD (n = 3). ***p < 0.001 compared to the control

group, ###p < 0.001 compared to the DSS group.
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