W) Check for updates

Advanced Materials A DVANCED
MATERIALS

www.advmat.de

| RESEARCH ARTICLE

Polysaccharide Engineered Nanozymes Target
Inflammation for Alleviating Colitis-Associated Mental
Disorders via Microbiome-Gut-Brain Axis

Gen Wei? | HuiZhang' | ShuangZhao' | JianJiang' | ChenLiu® | PengLi' | YayaNi' | HuaDai' | LeiFan* |
Hui Wei® | Juqun Xi'2

!School of Traditional Chinese Medicine, Faculty of Medicine, Yangzhou University, Yangzhou, Jiangsu, China | 2Key Laboratory of the Jiangsu Higher
Education Institutions for Integrated Traditional Chinese and Western Medicine in Senile Diseases Control (Yangzhou University), Yangzhou, Jiangsu, China |
3Northern Jiangsu People’s Hospital Affiliated to Yangzhou University, Yangzhou, Jiangsu, China | *School of Chemistry & Materials, Yangzhou University,
Yangzhou, Jiangsu, China | *Department of Biomedical Engineering, College of Engineering and Applied Sciences, Nanjing National Laboratory of
Microstructures, Jiangsu Key Laboratory of Artificial Functional Materials, Nanjing University, Nanjing, Jiangsu, China

Correspondence: Lei Fan (fanlei@yzu.edu.cn) | Hui Wei (weihui@nju.edu.cn) | Juqun Xi (xijgq@yzu.edu.cn)
Received: 5 November 2025 | Revised: 25 January 2026 | Accepted: 26 January 2026

Keywords: colitis-associated mental disorders | gut inflammation | gut microbiota-derived metabolism | microbiome-gut-brain axis | polysaccharide engineered
nanozymes

ABSTRACT

Molecular therapies for colitis-associated mental disorders show limited efficacy because they usually focus on a single pathway
and exhibit substantial off-target toxicity toward healthy tissues. To tackle this limitation, bioinformatic approaches are employed
to predict that inflammation and metabolism may be potential targets for Fucoidan. Guided by this prediction, we develop
oral polysaccharide engineered nanozymes, Fucoidan-cerium nanocomplexes (FucCeNCs), which are capable of targeting the
inflamed colon through electrostatic interactions, exerting anti-inflammatory effects, and concurrently regulating gut microbiota-
derived metabolism. In a murine model of ulcerative colitis-associated mental disorders, FucCeNCs show anti-inflammatory
and gut barrier-protective effects, thereby suppressing microglial/astrocytic overactivation and preserving neuronal integrity
through the transmission of anti-inflammatory cytokines via gut-brain axis. Importantly, FucCeNCs restore gut microbial
homeostasis through increasing the relative abundance of probiotics and reducing proportions of pathogens. This shift results
in a marked attenuation of abnormal amino acid biosynthesis and metabolism in fecal metabolites, which in turn leads to
elevated levels of bioactive metabolites such as homovanillic acid and y-aminobutyric acid. These metabolites ultimately attenuate
neuroinflammation via the microbiome-gut-brain axis, ameliorating depression- and anxiety-like behaviors. These results identify
microbiome-gut-brain axis as pivotal therapeutic target for colitis-associated mental disorders therapy, which can be addressed
by polysaccharide engineered nanozymes.

1 | Introduction imately 1.1 billion people (nearly 1 in every 7 people) around

the world. Anxiety and depression are the most prevalent types,
Mental disorders, characterized by clinically significant distur- and their increasing incidence among adolescents and young
bances in cognition, emotion, and behavior, occur in approx-  adults has become an important public health issue worldwide
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[1-3]. The etiology of mental disorders is multifactorial, involving
a complex interplay of genetic predisposition, neurochemical
and functional imbalances in the brain (e.g., neurotransmitters),
as well as adverse life experiences and environmental factors
such as abuse, trauma, significant stress, social isolation, and
traumatic brain injury. In addition, the presence of a chronic
or serious medical condition is a recognized risk factor for
developing mental disorders [4, 5]. A pertinent example is
inflammatory bowel disease (IBD), including Crohn’s disease and
ulcerative colitis (UC) [6-9], which is associated with a high
prevalence of neuropsychiatric comorbidities, affecting nearly
one-quarter of patients with depression and one-third with
anxiety [10, 11]. This clinical correlation is driven via microbiome-
gut-brain axis, where gut immune inflammation, microbial
dysbiosis, and impaired vagal signaling converge to create a
bidirectional pathophysiological link with mental disorders [10,
12-15]. Therefore, it is urgent to explore therapeutic strategies
for colitis-associated mental disorders via microbiome-gut-brain
axis.

Currently, the clinical drug intervention such as aminosalicylates,
corticosteroids, immunosuppressants, and antidepressants [16,
17] usually focus on a single therapeutic pathway, resulting in
unsatisfactory efficacy. Moreover, long-term use of these drugs
often comes with adverse reactions and significant non-targeted
toxicity to normal tissues. Consequently, these modalities demon-
strate poor effectiveness in addressing colitis-associated mental
disorders [17, 18]. Pathologically, the excessive production of
reactive nitrogen and oxygen species (RNOS) mediates oxida-
tive stress and drives inflammatory processes via gut-brain
axis. Concurrently, an imbalance in the gut microbiota also
reduces the production of beneficial microbial metabolites,
thereby contributing to neuroinflammation via microbiota-gut-
brain axis [7, 8, 19]. We reason that a targeting strategy capable
of localizing treatment to inflammatory sites while integrating
antioxidant and anti-inflammatory actions with the modulation
of gut microbial homeostasis would be a promising therapeutic
strategy.

Metal-based nanozymes, inspired by superoxide dismutase
(SOD), effectively scavenge RNOS to break the cycle of oxidative
stress and inflammation [20-27]. However, their inability to regu-
late gut microbial homeostasis limits their efficacy against colitis-
associated mental disorders. To address this, polysaccharides are
integrated as prebiotic components that modulate gut microbiota
[28, 29], while their abundant functional groups chelate metal
ions to form catalytic nanocomplexes [30-35]. Notably, Fucoidan,
a sulfated polysaccharide, exhibits a strong negative charge for
targeted binding to inflamed colonic sites and provides additional
metal-coordination sites [36]. Given the exceptional RNOS-
scavenging capacity of cerium-based nanozymes via Ce>*/Ce**
redox cycling [26, 37], we hypothesize that Fucoidan engineered
nanozymes, Fucoidan-cerium nanocomplexes (designated as
FucCeNCs) represent a synergistic strategy for treating colitis-
associated mental disorders. To validate our hypothesis, we
constructed FucCeNCs via a straightforward chelation strategy.
Upon oral delivery, FucCeNCs accumulate in the inflamed
colon and execute a dual-mode therapeutic action: the Ce ions
scavenge RNOS to drive macrophage polarization from a pro-

inflammatory M1 to an anti-inflammatory M2 phenotype, while
the Fucoidan component functions as a prebiotic to restore
gut microbial homeostasis. The resulting anti-inflammatory
cytokines and microbiota-derived metabolites then relay signals
via microbiome-gut-brain axis. This coordinated communica-
tion effectively suppresses neuroinflammation by concurrently
inhibiting cerebral glial activation and preserving neuronal
integrity (Figure 1). Our design paves the way for the devel-
opment of advanced polysaccharide engineered nanozymes to
treat colitis-associated mental disorders via microbiome-gut-
brain axis by simultaneously exerting anti-inflammatory effects
and regulating gut microbiota-derived metabolism, especially
bioactive metabolites.

2 | Results and Discussion

2.1 | Landscape of Genes Co-Expressed in
Fucoidan, UC, and Depression

Studies have demonstrated that polysaccharides with negative
charges can target the positively charged inflamed colonic tissues
through electrostatic interactions [38]. Based on this rationale,
Fucoidan was selected for the synthesis of FucCeNCs after our
preliminary screening study. Compared with other bioactive
polysaccharides (i.e., Radix Paeoniae Alba polysaccharide (RP)
and Bletilla Striata polysaccharide (BP)), Fucoidan exhibited
the strongest negative charge, as determined by zeta potential
analysis (Figure 2a).

Importantly, Fucoidan is comprised of seven monosaccharides: L-
Fucose, a-Rhamnose, D-Arabinose, D-Xylose, D-Mannose,
D-Galactose, and D(+)-Glucose. Utilizing the Comparative
Toxicogenomics Database (CTD), we systematically screened
bioactive targets for each monosaccharide. Following the removal
of duplicate entries, a total of 3,013 potential bioactive targets were
identified (green circle). Subsequently, disease-related targets
were collected from GeneCards, yielding 525 and 950 targets
for depression (blue circle) and UC (pink circle), respectively
(Figure 2b). Notably, 66 overlapping shared differentially
expressed genes (DEGs) were identified, representing potential
key mediators of Fucoidan’s multiple therapeutic effects. Protein-
Protein Interaction (PPI) network analysis (STRING Database;
Homo sapiens; confidence > 0.4;) identified top 10 hub targets
by node degree: IL6, TNF, ADIPOQ, AKT1, ALB, CCL2, IGF1,
IL1B, IL10, and LEP (Figure 2c,d). These targets predominantly
regulated inflammatory responses (IL family), metabolic
homeostasis (ADIPOQ, LEP), and cell survival pathways (AKT1).
Gene Ontology (GO) enrichment analysis highlighted critical bio-
logical processes, including interleukin-1 receptor ligand activity,
antioxidant regulation, and interleukin-18 mediated signaling
pathway (Figure 2e). Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis revealed significant enrichment in
IL-17 signaling, adipocytokine signaling, and phosphoinositide
3-kinas-Protein kinase B (PI3K-Akt) pathways (Figure 2f), all of
which were closely involved in inflammation and metabolism.
Therefore, inflammation and metabolism may be potential
targets for Fucoidan in the treatment of colitis-associated mental
disorders.
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Schematic illustration of the oral FucCeNCs with anti-inflammatory effects and gut microbiota-derived metabolism regulation via

microbiota-gut-brain axis for the treatment of colitis-associated mental disorders. In the inflamed colon, the Ce ions performed the function as part of

FucCeNCs, rather than free ionic states.

2.2 | Preparation and Characterization of
FucCeNCs

On the basis of the above results, we used Fucoidan and Ce(NO;),
as precursors to synthesize FucCeNCs through chelation-driven
assembly (Figure S1). Dynamic light scattering (DLS) analysis
showed that FucCeNCs had a unimodal size distribution with an
average hydrodynamic diameter of 140 nm, significantly smaller
than that of pure Fucoidan (220 nm) (Figure S2). Transmission
electron microscopy (TEM) imaging confirmed the uniform size
of FucCeNCs (~30 nm) (Figure 3a; Figure S3). Additionally, a
distinct Tyndall effect was observed, further corroborating the
colloidal nature of FucCeNCs (Figure 3a). The hydrodynamic
diameter of FucCeNCs exhibited negligible change over 7 days
in Dulbecco’s Modified Eagle Medium (DMEM), deionized water,
and 0.9% NaCl, demonstrating excellent colloidal stability (Figure
S4). Then, we conducted powder X-ray diffraction (PXRD),
Fourier transform infrared (FTIR), ultraviolet-visible (UV-vis)
spectrophotometer, and X-ray spectroscopy (XPS) analyses to
assess the composition and structure of FucCeNCs. As shown in
Figure S5, both pure Fucoidan and FucCeNCs displayed a single
broad diffraction peak, with no discernible peaks corresponding
to crystalline Ce(NOs;);, indicating all Ce ions were chelated with
Fucoidan. FTIR analysis revealed characteristic absorption bands
at 3400 cm™! (O-H), 1035 cm™! (C-0-C), 1225 cm ™! (S = 0), and
845cm™! (C-0-S) [39, 40], confirming the retention of Fucoidan’s
main structural components in FucCeNCs (Figure 3b). Mean-
while, the UV-vis spectrum of FucCeNCs was studied. Figure 3c
shows that FucCeNCs had profile similar to free Fucoidan in

the 230-400 nm range, with an additional broad absorption peak
at 253 nm corresponding to Ce ions before ethylene diamine
tetraacetic acid (EDTA) treatment. In contrast, following EDTA
treatment, this characteristic peak vanished (Figure S6), further
demonstrating the chelation between Ce ions and Fucoidan. In
addition, we analyzed the surface chemical composition and
electronic state of FucCeNCs by XPS. The XPS survey spectrum
(Figure S7) showed typical peaks of C 1s, N 1s, O 1s, Ce 3d, and S
2p. The high-resolution C 1s XPS spectrum showed the presence
of C-Ce, C-C, and C-O at 283.0, 284.8, and 286.4 eV, respectively
(Figure S8a). The O 1s XPS spectrum could be deconvoluted into
three peaks at 530.1, 531.0, and 531.7 eV (Figure S8b), which
corresponded to Ce-0, O = C, and C-O-Ce. For Ce 3d, the Ce**
content was determined to be 56.18%, while that of the Ce** was
43.80% (Figure 3d). The trivalent-to-tetravalent ratio of cerium
atoms in FucCeNCs determined its enzyme-like activity. The
above results showed the successful synthesis of FucCeNCs.

For effective electrostatic targeting of the inflamed colon, the
negative charge of Fucoidan should be retained after chelation
with Ce ions. Therefore, we measured the zeta potentials of
Fucoidan and FucCeNCs. Figure 3e shows that Fucoidan had a
negative charge of —41.43 + 3.88 mV, while that of FucCeNCs
remained negatively charged (—43.87 + 2.76 mV). To evaluate
the retention of FucCeNCs after oral administration in inflamed
colonic tissues, fluorescence imaging was performed. The results
demonstrated that Rhodamine B (RB)-labeled FucCeNCs exhib-
ited a sustained fluorescence signal in the colon, with a detectable
signal still observed at 12 h (Figure 3f,g), indicating the efficient
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FIGURE 2 | Identification of targets associated with Fucoidan, UC, and depression from databases. (a) Zeta potentials of RP, BP, and Fucoidan. (b)
Gene overlap among Fucoidan, UC, and depression. (c,d) Functional gene clusters identified in PPI networks (c), including top 10 enriched proteins:
the two most highly enriched nodes, IL-6 and TNF, were given central prominence, while the remaining eight nodes were arranged alphabetically (d).
(e) GO enrichment analysis of DEGs showing the top ten significantly enriched biological processes. (f) KEGG pathway enrichment analysis of DEGs
(top 8 enriched pathways).
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Characterization of FucCeNCs. (a) TEM image of FucCeNCs. Inset: Tyndall scattering of FucCeNCs. Scale bar, 0.5 um. (b) FTIR

of FucCeNCs and Fucoidan. (c) UV-vis absorption spectra of FucCeNCs, Fucoidan, and Ce(NOs);, respectively. (d) High-resolution Ce 3d peaks of
FucCeNCs. (e) Zeta potentials of Fucoidan and FucCeNCs. (f,g) Fluorescent images (f) and the corresponding quantification (g) of fluorescence intensity
with RB labeled FucCeNCs in inflamed colonic tissues. (h) Comparison of SOD-like activity among Ce(NOs);, Fucoidan, and FucCeNCs. (i-k) SOD-
like activity (i), “OH scavenging ability (j), and DPPH" elimination capacity (k) of FucCeNCs at various concentrations. a.u., arbitrary units. Data are

presented as means = SD (n = 3).

targeting and accumulation of FucCeNCs in sites of colon
inflammation.

Afterward, we investigated whether FucCeNCs possess RNOS
scavenging activities. First, the SOD-like activity was monitored
by monitoring the O,"~ scavenging efficiency. As shown in
Figure 3h,i, FucCeNCs demonstrated markedly enhanced SOD-
like activity compared with Ce(NO;); or Fucoidan alone, and
exhibited a concentration-dependent SOD-like activity. Further-
more, the scavenging abilities of FucCeNCs against hydroxyl
radical ("OH) and 1,1-Diphenyl-2-picrylhydrazyl radical (DPPH")
(arepresentative RNS species) were examined. Consistently, com-
pared with Ce(NO,); or Fucoidan alone, FucCeNCs showed the
strongest scavenging capacity against both radicals (Figure S9a,b)
in a concentration-dependent manner (Figure 3j,k). Wherein, the
reduction in "OH signal intensity observed via electron paramag-
netic resonance (EPR) spectroscopy also verified the direct "“OH
scavenging ability of FucCeNCs (Figure S10). Notably, Ce(NO;),
and Fucoidan alone also showed moderate "OH scavenging

ability and DPPH" elimination capacity (Figure S9 and associated
discussion).

2.3 | InVitro Anti-Inflammatory Abilities of
FucCeNCs

Upon the onset of IBD, the RNOS increased within colonic
lesions is linked to a cascade of inflammatory responses, which
may, in turn, contribute to mental disorders through gut-brain
axis [7, 10]. Therefore, after evaluation of the RNOS scavenging
activities of FucCeNCs, we next explored their anti-inflammatory
abilities. We first investigated the cytocompatibility of the Fuc-
CeNCs. As depicted in Figure S11, FucCeNCs exhibited negligible
cytotoxicity toward RAW264.7 cells even up to 128 pg/mL. Fur-
thermore, hemolytic experiment was conducted using murine
erythrocytes. Blood samples were incubated with FucCeNCs at
various concentrations and the results demonstrated FucCeNCs
are non-hemolytic (Figure S12).
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Subsequently, we evaluated the cytoprotective effect of Fuc-
CeNCs in H,0,-treated RAW264.7 cells. The results showed that
cell viability exhibited a concentration-dependent decrease after
incubation with various concentrations of H,0,. For example,
at 400 uMm H,0,, cell viability remained approximately 40%
(Figure S13), while FucCeNCs alleviated oxidative stress-induced
cell death (Figure S14) in a concentration-dependent manner,
restoring cell viability to nearly 100%. Since H,0, treatment trig-
gered excessive ROS production, which disrupted mitochondrial
homeostasis and ultimately led to cell death, we examined the
intracellular ROS scavenging capacity of FucCeNCs using 2',7'-
dichlorofluorescein diacetate (DCFH-DA) as a fluorescent probe.
The observation of fluorescence microscope confirmed Fuc-
CeNCs treatment presented less DCFH-DA fluorescence intensity
in cells compared with other treatments (Figure 4a,b), indicating
their effective scavenging of excess ROS induced by H,0,. To
investigate the effect of FucCeNCs on mitochondrial function,
changes in mitochondrial membrane potential were assessed
using the fluorescent probe JC-1 (5,5,6,6'-tetrachloro-1,1’,3,3'-
tetraethylbenzimidazolylcarbocyanine iodide). As a key indicator
of mitochondrial integrity, mitochondrial membrane potential
plays a critical role in ATP synthesis, apoptosis regulation,
and antioxidant capacity [41]. Under physiological conditions,
JC-1 accumulated in the mitochondrial matrix and forms red
fluorescent aggregates. Nevertheless, upon the collapse of the
mitochondrial membrane potential, JC-1 dispersed into the cyto-
plasm as green fluorescent monomers. JC-1 staining analysis
revealed that FucCeNCs effectively preserved mitochondrial
membrane potential under H,0,-induced oxidative stress (Figure
S15). Additionally, the protective effect of FucCeNCs against
H,0,-induced cellular damage was detected using Calcein-AM
(green fluorescent dye for live cells) and propidium iodide (PI,
red fluorescent dye for dead cells). As shown in Figure S16, the
confocal fluorescence images showed that FucCeNCs effectively
attenuated H,0,-induced cell death in RAW264.7 macrophages,
demonstrating their potent cytoprotective effects under oxida-
tive stress conditions. Concurrently, cellular apoptosis was also
investigated using Annexin V-FITC/PI staining followed by flow
cytometry. The results indicated that H,0, treatment promoted
apoptosis, whereas FucCeNCs pretreatment markedly reduced
this effect, suggesting a protective role against oxidative damage-
induced apoptosis (Figure 4c,d). Given that oxidative damage
can exacerbate lipid peroxidation and attenuate the endogenous
antioxidant defense system [42], we next evaluated the effects
of FucCeNCs on the levels of malondialdehyde (MDA), SOD,
and glutathione (GSH). As shown in Figure 4e-g, FucCeNCs
treatment significantly decreased MDA content, while increased
the levels of SOD and GSH in H,0,-treated cells. Thus, the above
results indicated FucCeNCs efficiently protect RAW264.7 cells
from H,0,-induced oxidative stress.

To elucidate the anti-inflammatory mechanism of FucCeNCs
against oxidative stress, we examined their modulation of
macrophage polarization. Specifically, M1 macrophages are pro-
inflammatory, while M2 macrophages are associated with tis-
sue repair and resolution of inflammation. Moreover, M1 and
M2 macrophages are identified by CD86 and CD206 markers,
respectively [43]. Lipopolysaccharide (LPS) was used to polarize
RAW?264.7 macrophages to the M1 phenotype. Compared with
the LPS group, cells treated with FucCeNCs exhibited a sig-
nificant downregulation of the M1 marker CD86 (Figure 4h,i)

and an upregulation of the M2 marker CD206 (Figure 4j.k).
Accordingly, FucCeNCs treatment reduced the secretion of the
pro-inflammatory cytokines IL-13 and TNF-« (Figure 41,m), while
enhancing the production of the anti-inflammatory cytokine
IL-10 (Figure 4n). Taken together, the outstanding abilities of
FucCeNCs to scavenge RNOS, attenuate intracellular oxidative
stress, and modulate the inflammatory cytokine profile would
support their potential as a therapeutic agent for colitis-associated
mental disorders.

2.4 | InVivo Anti-Inflammation Therapy and
Alleviation Effects on UC-Associated Mental
Disorders

On the basis of good targeting ability, cytocompatibility, RNOS
scavenging activities, and anti-inflammatory effects of Fuc-
CeNCs, in vivo therapeutic efficacy was then investigated for DSS-
induced UC. Excellent biocompatibility is essential for advancing
oral nanotherapeutics into animal studies. Before assessing the
therapeutic efficacy of FucCeNCs in treatment of UC, we system-
atically evaluated their biosafety, which was conducted in healthy
mice following oral administration of FucCeNCs (80 mg/kg) for
seven consecutive days. With treatment of FucCeNCs, complete
blood count analysis in C57BL/6 mice indicated that the levels of
red blood cells (RBC), platelets (PLT), monocytes (MON), white
blood cells (WBC), and mean corpuscular volume (MCV) were in
normal ranges (Figure S17). Meanwhile, no significant changes in
serum levels of creatinine (CREA), alanine transaminase (ALT),
blood urea nitrogen (BUN), aspartate transaminase (AST), and
alkaline phosphatase (ALP) were found after the injection of
FucCeNCs (Figure S18). Additionally, Hematoxylin and Eosin
(H&E)-stained histological analysis showed that the main organs
(heart, liver, spleen, lung, and kidney) were not affected in the
FucCeNCs group (Figure S19). These findings demonstrated the
excellent biosafety profile of FucCeNCs, suggesting considerable
potential for their development as UC-targeted therapeutics.

With a promising biosafety profile established, we therefore
assessed the anti-inflammation therapy of FucCeNCs in a murine
model of UC. Figure 5a illustrates the overall experimental
procedure. DSS-induced UC model was established in mice via ad
libitum administration of 3% (w/v) DSS solution for 7 consecutive
days. After that, FucCeNCs were administered by oral gavage
from the onset of DSS induction. First, we determined the optimal
therapeutic dose, DSS-challenged mice were administered with
FucCeNCs at 40, 80, and 160 mg/kg doses, respectively. As
shown in Figure S20, colon length, a key indicator of UC
progression, exhibited a dose-responsive recovery pattern, with
maximal restoration achieved at 40 mg/kg compared to DSS
group. This dose-dependent response established 40 mg/kg as the
optimum, providing the best compromise between efficacy and
biosafety (Figures S17-S19). Next, we systematically elucidated
the anti-inflammation efficacy of FucCeNCs to UC amelioration
through comparative analysis against individual constituents
(Ce(NOsy),; and Fucoidan). The therapeutic doses of Ce(NO;); and
Fucoidan were normalized to their constituent concentrations
in FucCeNCs to ensure compositional parity across experimen-
tal groups. As shown in Figure S2la and S22, control mice
without DSS exposure maintained normal behavioral parameters
and stable body weight, while DSS-induced UC mice displayed
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FIGURE 4 | Invitro anti-inflammatory abilities of FucCeNCs. (a,b) Fluorescence microscopy images (a) and quantitative analysis of the average

optical density (b) of ROS levels in RAW264.7 cells under H, O, induction. (c,d) Viability (c) and apoptosis (d) of RAW264.7 cells exposed to H,0, were
assessed by flow cytometry. (e-g) MDA, SOD, and GSH activities in supernatant after incubation of RAW264.7 cells, respectively. The concentration
of H,0, was 400 puM. (h,i) Immunofluorescence images (h) and the corresponding quantification of fluorescence intensity of CD86 (i) in the LPS-
induced polarization model of RAW264.7 cells after FucCeNCs treatment. (j,k) Immunofluorescence images (j) and the corresponding quantification
of fluorescence intensity of CD206 (k) in the LPS-induced polarization model of RAW264.7 cells after FucCeNCs treatment. (1-n) IL-13 (1), TNF-a (m),
and IL-10 (n) levels in LPS-induced RAW264.7 cells from indicated groups. The concentration of LPS was 1 pg/mL. Data are presented as means + SD

(n = 3). Scale bar, 50 um.

progressive weight loss (retaining 84.93% of baseline) with hall-
mark symptoms including liquid stool and hematochezia. In
contrast, FucCeNCs treatment attenuated disease progression,
improving body weight retention to 93.34% of baseline and
resolving diarrheal phenotypes. The disease activity index (DAI),
a validated clinical scoring system integrating stool consistency,
occult blood, and weight loss, objectively quantifies UC pro-
gression and therapeutic responses. As demonstrated in Figure
S21b, the day-7 DAI scores escalated from 0.17 (healthy group)

to 2.56 (DSS group), with partial reduction in Ce(NO;); (2.44)
and Fucoidan (1.73) groups. Remarkably, FucCeNCs treatment
yielded the lowest DAI (0.81), closely matching the positive con-
trol Mesalazine (a clinical reference drug, 0.97), with approaching
near-normal clinical parameters. This hierarchy (FucCeNCs <
Fucoidan < Ce(NO;);< DSS) highlighted the critical role of
component synergy in UC mitigation, with FucCeNCs exhibiting
superior efficacy compared to individual constituents. Colon
morphological analysis further confirmed therapeutic efficacy.
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FIGURE 5 | Alleviation effects of FucCeNCs on UC-associated mental disorders. (a) Schematic of experimental timeline in DSS-induced UC.
(b-e) Levels of H,0, (b), MDA (c), antioxidant enzymes (SOD and MPO) (d,e) in supernatant after homogenization of colon tissues in different groups
(n = 3). (f-h) IL-1B (f), TNF-a (g), and IL-10 (h) levels in colon samples following treatment of FucCeNCs (n = 3). Scale bar, 50 um. (i) Experimental
timeline of behavioral analysis in DSS-induced UC. (j) FST and histogram showing the immobility time of the mice after FucCeNCs treatment (n
= 6). (k) NOT and histogram showing the exploration time and discrimination index of the mice following treatment of FucCeNCs (n = 6). (1) OFT
(left panel), action roadmap results (top right panel), and histogram showing total distance and average speed (bottom right) of the mice treated with
FucCeNCs (n = 6). (m) Immunofluorescence staining results of microglia (IBA1, green) and astrocyte (GFAP, red) in the hippocampi of mice after
FucCeNCs treatment. (n) Immunofluorescence staining results of mature neurons (MAP2, red) in the hippocampi of the mice treated with FucCeNCs.
Scale bar, 100 um. Data are presented as means + SD.
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As shown in Figure S23a,b, FucCeNCs restored colon length
from 6.80 + 0.22 cm (DSS group) to 8.92 + 0.53 cm (DSS
+ FucCeNCs group), representing a 31.2% recovery. Impor-
tantly, FucCeNCs exhibited comparable therapeutic efficacy to
Mesalazine at equimolar doses (40 mg/kg), achieving statistically
equivalent colon length restoration (8.92 + 0.53 cm vs. 8.54
+ 1.37 cm). Furthermore, histopathological analyses confirmed
markedly enhanced efficacy of FucCeNCs against DSS-induced
pathologies, including colonic mucosal ulceration, crypt distor-
tion, and leukocyte infiltration, relative to Ce(NO;), or Fucoidan
treatment (Figure S24), corroborating functional synergy within
FucCeNCs in restoring gut homeostasis.

Oxidative stress is a central pathological driver in UC, primarily
through RNOS-mediated cellular damage [7]. As demonstrated
in Figure 5b, DSS-induced UC triggered a 3.5-fold increase
in colonic H,0, levels compared to control group. Treatment
with FucCeNCs significantly attenuated this oxidative burst,
reducing H,0, production by 63%. Furthermore, FucCeNCs
administration decreased MDA, from 7.3 + 0.9 pmol/mg prot
(DSS group) to 4.3 + 1.3 umol/mg prot, indicating mitigation
of oxidative membrane damage (Figure 5c). Concurrently, the
compromised activities of key antioxidant enzymes, SOD and
myeloperoxidase (MPO), were restored after FucCeNCs treat-
ment (Figure 5d,e). The colonic epithelial barrier, key guardian
of gut homeostasis, suffers oxidative disruption from pathologi-
cally amplified RNOS fluxes in UC, where excessive O, ~/H,0,
directly compromise tight junction integrity through lipid peroxi-
dation and Occludin/ZO-1 oxidation [44]. Immunofluorescence
imaging demonstrated that Occludin and ZO-1 displayed uni-
form distribution in control group, consistent with intact tight
junction architecture. However, DSS-induced injury triggered
pronounced redistribution of both proteins, characterized by
fragmented signal patterns and diminished intensity, indicative
of paracellular barrier compromise. FucCeNCs administration
reversed DSS-induced Occludin/ZO-1 dislocation, mechanisti-
cally underpinning barrier protection via RNOS neutralization
and tight junction restitution (Figures S25 and S26); orthog-
onal validation through fluorescence intensity quantification
in Figure S27a,b corroborated this functional rescue. In addi-
tion, FucCeNCs enhanced mucopolysaccharide production and
maintained mucus barrier function, as evidenced by Periodic
Acid-Schiff (PAS) staining of goblet cells (Figure S28). Thus,
FucCeNCs scavenged lumenal RNOS to safeguard tight junction
plasticity.

Afterward, we evaluated the effects of FucCeNCs on inflamma-
tory responses in DSS-induced UC. As quantified in Figure 5f,g,
DSS exposure provoked a robust systemic inflammatory response,
elevating colonic IL-18 concentrations from 66.3 + 10.1 pg/mg
prot (control) to 96.4 + 9.7 pg/mg prot (DSS group), and
TNF-a levels from 188.8 + 36.4 pg/mg prot (control) to 348.8
+ 33.9 pg/mg prot (DSS group). Notably, FucCeNCs supple-
mentation effectively suppressed this upregulation, attenuating
DSS-driven inflammatory cascade. Conversely, DSS treatment
reduced the expression of anti-inflammatory cytokine IL-10,
while FucCeNCs administration restored IL-10 levels to near-
normal values (Figure 5h). Moreover, DSS challenge triggered
pronounced splenomegaly, a hallmark of systemic inflammation,

which was significantly attenuated with FucCeNCs treatment
through reduction of splenic hypertrophy (Figure S29a). Consis-
tent with macroscopic observations, quantitative analysis of the
spleen organ index (spleen weight/body weight) revealed that
DSS administration elevated this parameter from 3.8 + 0.7 mg/g
in controls to 9.1 + 1.2 mg/g (DSS group), while FucCeNCs
intervention restored the index to 5.8 + 1.1 mg/g, demonstrating
therapeutic efficacy in reversing pathological splenic remodeling
(Figure S29b). Collectively, these findings demonstrated that
FucCeNCs ameliorated experimental UC through mitigation
of oxidative stress and suppression of inflammatory cascades,
leading to restoration of colonic mucosal integrity and mitigation
of systemic inflammation.

Emerging evidence implicates pro-inflammatory cytokines and
gut barrier impairment in transmitting inflammatory signals to
the central nervous system through vagus nerve or systemic circu-
lation via gut-brain axis, thereby driving depression-/anxiety-like
behavior [15, 45, 46]. Given the anti-inflammatory and gut barrier-
protective effects of FucCeNCs in DSS-induced UC mice, we
further evaluated its capacity to alleviate UC-associated neu-
ropsychiatric comorbidities. Behavioral assays (forced swimming
test (FST), novel object test (NOT), and open field test (OFT))
were performed in DSS-induced UC mice (Figure 5i). In the
FST (Figure 5j), mice in DSS-induced group exhibited prolonged
immobility (15.5 + 4.8 s vs. control 2.5 + 1.5 s), reversed by
FucCeNCs (3.5 + 2.1 s). NOT showed that mice reduced novel
object exploration time (DSS 32.6 + 5.7 s vs. control 0.1 + 0.2 s)
and discrimination index (DSS 0.18 + 0.05 vs. control 0.52 + 0.07)
in DSS-induced group, both rescued after FucCeNCs treatment
(exploration: 59 + 5%; discrimination: 0.43 + 0.06) (Figure 5k;
Figure S30). OFT analyses revealed that DSS-induced mice
exhibited wall-hugging behavior with minimal central explo-
ration, whereas FucCeNCs treatment restored central exploration
and increased total movement distance, indicating amelioration
of psychomotor retardation and cognitive decline (Figure 51).
Notably, while some mitigation of weight loss (Figure S2la)
and DAI (Figure S21b) was observed after FucCeNCs treatment,
these physical parameters remained notably distinct from healthy
controls. These results indicated that the antidepressant effect of
FucCeNCs was not solely dependent on general physical recovery.

Immunofluorescence staining of brain tissues further validated
these findings. Ionized calcium-binding adapter molecule 1
(IBAl)/glial fibrillary acidic protein (GFAP) staining revealed
microglial/astrocyte hyperactivation (enhanced fluorescence) in
DSS-induced UC mice, normalized by FucCeNCs (Figure 5m;
Figure S31a,b). Microtubule-associated protein 2 (MAP2) stain-
ing showed reduced fluorescence intensity in the hippocampus
of DSS-induced colitis mice (decreased fluorescence intensity),
which was restored following FucCeNCs treatment (Figure 5n;
Figure S31c). Combined with behavioral data, these results
demonstrated FucCeNCs’ dual neuroprotective mechanisms: (1)
suppressing microglial/astrocyte overactivation to attenuate neu-
roinflammation, and (2) preserving MAP2 expression to restore
neuronal structural integrity. This synergistic action provided
critical evidence that gut inflammation was key target for
Fucoidan in the treatment of colitis-associated mental disorders
via gut-brain axis in Figure 2.
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2.5 | Modulation of the Gut Microbiota and Its
Derived Bioactive Metabolites of FucCeNCs

In addition to inflammation, UC is also associated with gut
microbiota dysbiosis, which in turn can influence brain function
and behavior via the bidirectional signaling of microbiota-
gut-brain axis [9, 14]. Importantly, polysaccharides serve as
prebiotics to regulate the composition of gut microbiota and
stimulate the production of beneficial microbial metabolites
to attenuate neuroinflammation via the microbiota-gut-brain
axis [29]. Building upon this, we further investigated the
therapeutic potential of FucCeNCs in restoring gut microbiota
homeostasis by 16S ribosomal RNA gene sequencing. a-diversity
analysis was performed using the Chao (species richness),
Shannon (community diversity), and Simpson (dominance
structure) indices. As demonstrated in Figure 6a-c, DSS-induced
colitis mice displayed marked microbial community collapse
relative to controls, evidenced by significant reductions in
Chao and Shannon indices, with a concomitant increase in
Simpson index. These alterations cumulatively delineated a
characteristic depletion of gut microbial species richness and a-
diversity indices in DSS-induced UC murine models. Conversely,
treatment with FucCeNCs resulted in a significant restoration of
gut microbial diversity, as indicated by an increase in the Chao
and Shannon indices and a decrease in the Simpson index to
levels comparable to healthy controls. This confirmed the efficacy
of FucCeNCs in modulating core a-diversity parameters under
pathological conditions. Then, multivariate §-diversity analysis
via Bray-Curtis-based Principal Coordinates Analysis (PCoA)
revealed significant intergroup segregation along principal
coordinates (PCl: 40.73%; PC2: 22.57%), and FucCeNCs group
showed a significant difference compared to that of the DSS
group and closer to that of the healthy controls (Figure 6d).
These results demonstrated FucCeNCs-driven amelioration
of UC-associated dysbiotic configuration through ecological
restructuring diverging from disease-associated community
archetypes.

To systematically evaluate FucCeNCs treatment on gut microbial
community structure, we conducted a multi-level taxonomic
analysis by constructing relative abundance distribution
bar plots at phylum, family, and genus levels. As shown in
Figure 6e, the phylum-level profiling revealed that the control
(healthy) group’s microbiota was predominantly composed of
Bacillota, Bacteroidota, Campylobacterota, Pseudomonadota,
and Verrucomicrobiota, with the top three dominant phyla
(Bacillota, Bacteroidota, and Campylobacterota) accounting for
95% cumulative relative abundance. Compared to controls, the
DSS-induced model group exhibited significantly decreased
Bacillota abundance alongside significant enrichment of
Campylobacterota and Pseudomonadota, a pattern consistent
with prior UC model studies [9]. FucCeNCs intervention
restored Bacillota abundance to control-equivalent levels while
reducing Campylobacterota and Pseudomonadota proportions
relative to the DSS-induced group. At the family taxonomic
level, significant compositional disparities were observed among
the three experimental groups (Figure 6f). Specifically, the
DSS-induced model group exhibited significant proliferation of
Helicobacteraceae and Enterobacteriaceae (Figure 6g,h), while
demonstrating reduced relative abundance of Lactobacillaceae

and Muribaculaceae (Figure 6ij). Following FucCeNCs
treatment, the relative abundance of Lactobacillaceae and
Muribaculaceae was significantly restored, with concurrent
suppression of Helicobacteraceae and Enterobacteriaceae
proportions. Additionally, Genus-level taxonomic analysis
revealed significant intergroup divergence in gut microbiota
composition (Figure S32). Compared to the control group,
the DSS-induced UC model exhibited statistically significant
reductions in symbiotic genera Clostridium and Muribaculum,
concurrently demonstrating marked enrichment of conditionally
pathogenic genera Helicobacter and Escherichia. After
FucCeNCs treatment, DSS-triggered dysbiosis showed
notable amelioration, characterized by restorative trends
in Clostridium and Muribaculum relative abundance [47].
Subsequently, linear discriminant analysis (LDA) Effect
Size (LEfSe) was also carried out to identify the specialized
microbial communities between FucCeNCs treatment and
the DSS-induced group. We identified 18 differentially
abundant taxa. As shown in Figure 6k,l, the DSS group was
enriched with Gammaproteobacteria, Enterobacteriaceae, and
Escherichia (conditional pathogens), while the FucCeNCs
group showed increased abundance of anti-inflammatory
commensals such as Clostridia and Muribaculaceae [48].
These findings suggested that FucCeNCs critically regulated
gut ecosystem homeostasis by targeting keystone bacterial
equilibria.

Previous research has demonstrated that bioactive metabolites
derived from the gut microbiota enter the systemic circulation,
where they could traverse or modulate the blood-brain barrier
(BBB), thereby regulating brain function to reduce neuroin-
flammation [13, 14, 49]. Following the demonstrated efficacy of
FucCeNCs treatment in gut microbiome amelioration, we next
investigated another possible action mechanism of alleviation
effects on UC-associated depressive and anxious behaviors via
untargeted metabolomic analysis of fecal metabolites. First,
principal component analysis (PCA) demonstrated a distinct
separation among the healthy (termed as Control), DSS-treated,
and DSS + FucCeNCs-treated mice (Figures S33a and S34a).
Volcano plot analysis identified 1229 DEGs between the Con-
trol and DSS groups, of which 914 were up-regulated and 315
were down-regulated. Following FucCeNCs treatment, 117 genes
were significantly altered compared to the DSS group alone,
comprising 95 up-regulated and 22 down-regulated genes. These
results indicated FucCeNCs markedly modulated the expression
of genes associated with fecal metabolite profiles in DSS-induced
UC (Figures S33b and S34b). To explore the biological functions of
these genes, we then conducted a KEGG functional enrichment
analysis. The results demonstrated that, in comparison with
the DSS group, FucCeNCs treatment significantly modulated a
variety of metabolic pathways, encompassing amino acid biosyn-
thesis/metabolism, lipid metabolism, carbohydrate metabolism,
and the metabolism of cofactors and vitamins (Figure 7a; Figure
S35a). Importantly, the abnormal biosynthesis and metabolism of
amino acids were markedly attenuated (Figure 7b; Figure S35b).
Moreover, these alterations were associated with the biosynthetic
pathways of valine, leucine (and isoleucine), phenylalanine,
tyrosine, and tryptophan (Figure 7c; Figure S35c). Of particular
significance was the pronounced reduction in the levels of valine,
leucine/isoleucine, phenylalanine, and tryptophan (Figure 7d-g),
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Gut microbiome amelioration in mice with DSS-induced UC after FucCeNCs treatment. (a-c) Chao (a), Shannon, (b) and Simpson

(c) indices of gut microbiome from healthy group (Control), DSS-treated group (DSS), and DSS + FucCeNCs-treated group. (d) PCoA analysis of
transcriptome profiles. (e,f) Relative abundance histogram of gut microbiota at phylum (e) and family (f) levels. (g-j) Relative abundance of family-
level taxa for Helicobacteriaceae (g), Enterobacteriaceae (h), Lactobacillaceae (i), and Muribaculaceae (j), respectively. (k) Cladogram of LEfSe analysis
illustrating the community composition of gut microbiota of the mice treated with or without FucCeNCs. Green and red circles represent the enriched
taxa in the DSS and FucCeNCs-treated groups, respectively; Yellow circles represent the detected but not enriched taxa. (1) LDA showing the significantly
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which are conducive to regulate gut homeostasis and the immune
system, alleviating inflammation [50, 51].

Furthermore, the final metabolite of phenylalanine, homovanillic
acid (HVA), significantly increased after treatment with Fuc-
CeNCs (Figure 7h). Mechanistically, HVA mediates neuroprotec-
tion through suppression of excessive autophagy in hippocampal
neurons and upregulation of the presynaptic protein synapsin 1

(SYN1), thereby preserving neuronal integrity and synaptic ultra-
structure [52]. To determine whether HVA inhibits autophagy
and protects synapses, we performed Western blot analysis
in glucose-deprived HT22 mouse neuronal cells. As shown in
Figure S36, glucose deprivation (a stimulus mimicking nutrient
starvation) activated autophagy, evidenced by increased LC3I to
LC3II conversion and a higher LC3-II/LC3-I ratio. HVA treatment
reversed this increase, indicating potent autophagy inhibition.
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FIGURE 7 | Gut microbiota-derived bioactive metabolites in alleviating UC-related depression and anxiety after FucCeNCs treatment. (a)
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Furthermore, HVA rescued the expression of SYN1, which was
downregulated under glucose deprivation and linked to synap-
tic impairment, thereby exhibiting a synaptic protective effect.
Additionally, FucCeNCs treatment markedly reduced the relative
abundance of y-aminobutyric acid (GABA), a neurotransmitter
that can cross the BBB or signal via vagus nerve, attenuating
neuroinflammation and mitigating mental disorders (Figure 7i)
[44, 53].

Having established that gut microbiota could produce HVA and
GABA (Figure 7h,i), we next evaluated whether these metabolites
could access the brain via the microbiota-gut-brain axis. The
results revealed that FucCeNCs treatment markedly elevated the
brain levels of both HVA (Figure S37a) and GABA (Figure S37b).
Together, the above results indicated that FucCeNCs alleviate
UC-associated depression- and anxiety-like behaviors by restor-
ing gut microbial homeostasis, thereby facilitating the production
of bioactive amino acid metabolites, which enhanced neuronal
repair and attenuate neuroinflammation (Figure 7j). Thus, incon-
sistent with the metabolic pathways predicted in Figure 2, gut
microbiota-derived amino acid metabolism, especially bioactive
metabolites, was identified as another pivotal therapeutic target
for colitis-associated mental disorders via microbiome-gut-brain
axis.

Maintaining the gastrointestinal stability of orally administered
FucCeNCs is crucial for therapeutic efficacy. To evaluate this,
we assessed the structural integrity of FucCeNCs by mea-
suring Ce release in simulated gastric fluid (SGF, pH = 2)
and simulated intestinal fluid (SIF, pH = 6.8). As shown in
Figure S38, 50% Ce retention in SGF and 80% in SIF, indi-
cating about ~50 % of FucCeNCs resisted gastric degradation
to reach the colon. To overcome this limitation, we employed
enteric-coated capsules for the oral administration of FucCeNCs
(designated as Capsules). Comparison of colon lengths in UC
mice demonstrated the considerable therapeutic efficacy of the
treatment of Capsules (Figure S39). This pharmaceutically viable
strategy enabled site-specific release into the colon, thereby
improving therapeutic precision and offering a scalable plat-
form for future clinical application in UC-associated mental
disorders.

3 | Conclusion

In summary, guided by bioinformatic prediction of Fucoidan’s
potential targets, oral polysaccharide engineered nanozymes,
FucCeNCs with anti-inflammatory and gut microbiota-derived
metabolism regulating activities were developed to treat UC-
associated mental disorders. The designed FucCeNCs were fab-
ricated by chelation-driven assembly of Ce ions with Fucoidan.
After oral delivery, FucCeNCs (negative charges) could directly
target positively charged inflamed colon through electrostatic
interactions. Compared with Ce*" or Fucoidan alone, Fuc-
CeNCs exhibited higher RNOS-scavenging capacity, attributable
to the reversible Ce**/Ce** valence transition. This activity
further facilitated the polarization of macrophages from the pro-
inflammatory M1 to the anti-inflammatory M2 phenotype, lead-
ing to the upregulation of anti-inflammatory cytokines. Through
the mitigation of oxidative stress and inflammatory cascades,
FucCeNCs restored colonic mucosal integrity and reduced sys-

temic inflammation, thereby suppressing microglial/astrocytic
overactivation and preserving neuronal integrity through the
transmission of anti-inflammatory cytokines via gut-brain axis.
Specially, FucCeNCs enriched gut microbiota diversity, favoring
beneficial species and suppressing pathogens. This reconfigured
microbiome promoted probiotics to produce bioactive amino
acid metabolites, such as HVA and GABA. These metabo-
lites, in turn, suppressed excessive autophagy in hippocampal
neurons, promoted neurotransmitter release, attenuated neu-
roinflammation, and ultimately ameliorated depression- and
anxiety-like behaviors via microbiome-gut-brain axis. This work
not only establishes a strategy for bioinformatics-guided polysac-
charide engineered nanozyme design that transcends small-
molecule drugs in treating colitis-associated mental disorders,
but also highlights gut inflammation and gut microbiota-derived
metabolism, especially bioactive metabolites as key targets via
microbiota-gut-brain axis, offering a promising strategy for IBD
treatment and its comorbidities.

4 | Experimental Methods
4.1 | Synthesis and Purification of FucCeNCs

FucCeNCs were synthesized and purified as follows. First,
Fucoidan (100 mg) and Ce(NO;);-6H,0 (2 M) were dissolved in
ultrapure water under constant stirring. The pH of the reaction
mixture was adjusted to 8-9 with 2 M NaOH and maintained at
70°C for 60 min. Then, the crude product was initially purified
by centrifugation at 8000 rpm for 5 min. A three-fold volume of
anhydrous ethanol was added to the supernatant, and the mixture
was centrifuged again (8000 rpm, 5 min). Subsequently, the pellet
was resuspended in 3 mL of ultrapure water, and the resulting
suspension was dialyzed (MWCO: 3500 Da) against ultrapure
water for 24 h to remove free ions. Final purification was achieved
through reprecipitation with anhydrous ethanol, centrifugation
(8000 rpm, 5 min), and lyophilization, yielding FucCeNCs as a
loose powder.

4.2 | Measurement of SOD-Like Activity

The SOD-like activity was investigated by using a SOD assay
kit. Initially, 20 yL of FucCeNCs at various concentrations
(7.8, 15.6, 31.2, 62.5, and 125.0 pg/mL) was mixed with 200 uL
of a 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H
tetrazolium sodium salt working solution. Then, 20 uL of the
enzyme working solution was added, and the mixture was incu-
bated at 37°C for 20 min. The absorbance was finally measured at
450 nm using a microplate reader.

4.3 | Measurement of ‘OH Scavenging Activity

"OH scavenging activity of FucCeNCs was detected in a Fenton
reaction system. The generated "OH was trapped in aqueous
solution using the spin trap agent DMPO and detected by
EPR spectroscopy. In a typical experiment, a glass capillary
tube containing FucCeNCs (40 pg/mL), H,0, (1.0 mm), FeSO,
(1.0 mM), DMPO (10 mMm), and PBS buffer (0.01 M, pH 7.2) was
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inserted into the EPR cavity to record "OH signals after 5 min of
reaction.

4.4 | Measurement of DPPH’ Scavenging Activity

The scavenging activity of FucCeNCs against DPPH' was assessed
by measuring the decrease in absorbance at 517 nm. A stock
solution of DPPH (125 uM) was prepared in anhydrous ethanol
and stored in the dark. Equal volumes of above DPPH solution
and FucCeNCs at various concentrations (0.02, 0.1, 0.5, 2.0, 4.0,
and 8.0 ug/mL) were mixed and incubated at 37°C for 15 min in the
dark. The absorbance was then measured by using a microplate
reader.

4.5 | InVitro Cytotoxicity Experiments

RAW264.7 cells were seeded in 96-well plates at a density of 1
x 10* cells per well and cultured for 12 h. The cells were then
pretreated for 1 h with (I) PBS (negative control), (II) Ce(NO;),
(0.184 pg/mL), (III) Fucoidan (1.04 pg/mL), or (IV) FucCeNCs
(4 ug/mL). Subsequently, oxidative stress was induced by adding
H,0, (400 um) for 24 h. Then, the cell viability was measured
using MTT assay. Briefly, 10 uL of MTT solution (5 mg/mL) was
added to each well and incubated at 37°C for 4 h in the dark. After
removing the culture medium, 100 uL of DMSO was added to
dissolve the formazan crystals. The absorbance was determined
at 570 nm, and the cell viability was expressed as a percentage of
the control.

4.6 | Determination of Intracellular ROS

RAW264.7 cells were seeded in 6-well plates at a density of
1 x 10° cells per well and treated with (I)—(IV), followed by
H,0, exposure. After treatment, the cells were washed twice
with sterile PBS. Then, they were stained with 10 um DCFH-DA
for 30 min in the dark at room temperature. The intracellular
ROS levels were measured using a confocal laser microscope
with excitation and emission wavelengths at 488 and 525 nm,
respectively.

4.7 | Live/Dead Cell Viability and Mitochondrial
Membrane Potential Assay

The RAW264.7 cells treated by (I)—(IV) were stained with
Calcein-AM (2.5 uM) and PI (5 pg/mL) for 45 min and washed
three times with sterile PBS for visualization via a confocal
fluorescence microscope. For the measurement of mitochondrial
membrane potential, JC-1 staining was performed following the
same experimental procedure.

4.8 | In Vivo Biosafety Assessment

All animal experiments were approved by the Committee for
Experimental Animals Welfare and Ethics of Yangzhou Univer-
sity (Institutional Animal Care and Use Committee, 202402032).
Male C57BL/6 mice (6-8 weeks old) were randomly assigned

to two groups (five mice per group): a control group by i. g.-
delivered PBS and an experimental group by i. g. treatment with
FucCeNCs. The experimental group received oral administration
of FucCeNCs at a daily dose of 80 mg/kg for 7 consecutive days,
while the control group was given an equal volume of PBS. After
24 h, blood samples were collected via retro-orbital puncture,
and serum was separated for assessment of key biochemical
parameters using an automated biochemistry analyzer. At the
end of the experiment, all mice were euthanized, and major
organs/tissues (heart, liver, spleen, lungs, kidneys, and colons)
were systematically harvested. The organs/tissues were fixed in
4% paraformaldehyde, routinely embedded in paraffin, sectioned,
and stained with H&E for histopathological analysis to evaluate
the potential toxicity of FucCeNCs.

4.9 | Treatment of UC in DSS-Induced Mice

Male C57BL/6 mice (18 to 20 g) were acclimatized for 7 days
and randomly divided into various groups with five mice per
group. On the eighth day, except for the control group, mice were
administered 3% (w/v) DSS solution, which was filter-sterilized
through a 0.22 um membrane, in their drinking water ad libitum
for 7 consecutive days to establish a DSS-induced UC model. Note
that this day was designated as day 0. DSS-induced UC mice were
administered FucCeNCs (40 mg/kg) or Mesalazine (40 mg/kg)
on days 1, 3, 5, and 7 by i. g. injection. Body weight and DAI
were recorded for 8 consecutive days. On day 8, all mice were
euthanized, and spleen samples were collected and weighed;
colon length was measured. Additionally, colon tissues were
subjected to further analyses, including H,0,, MDA, antioxidant
enzyme activities, inflammatory cytokine levels, as well as H&E
staining and immunofluorescence assays.

410 | Forced Swimming Test

Following administration of FucCeNCs, FST was conducted in
a transparent polycarbonate cylinder (20 cm diameter x 30 cm
height) filled with purified water to a depth of 15 cm, maintained
at 22-24°C. Each mouse was individually placed into the water
and allowed to swim for 6 min. The immobility time during
the final 4 min was analyzed using a video tracking system
(Supermaze V2.0, Shanghai Xinruan Information Technology
Co., Ltd.). Immobility was defined as the absence of active escape-
related behaviors, with only minimal movements necessary to
maintain the head above the water surface.

4.11 | Novel Object Test

After FucCeNCs treatment, NOT was performed using a stan-
dardized two-phase protocol:

1. Habituation phase: Mice were individually placed in an open-
field arena containing two identical azure cubes (5 X 5 x 5 cm)
and permitted to explore freely for 10 min.

2. Test phase (24 h post-habituation): One familiar object was
replaced with a novel pink cone (base diameter: 5 cm;
height: 7 cm). Exploratory behavior was video-recorded for
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10 min, and the time spent investigating the novel object was
quantified. Investigation was defined as the mouse orienting
its snout toward the object within < 2 cm, with clear attention
and nose-pointing orientation.

4.12 | Open Field Test

Following treatment with FucCeNCs, OFT was conducted in a
custom-built, enclosed, light-attenuated open-field chamber. The
floor of the arena was divided into a 4 x 4 grid, with the central
zone defined as the eight innermost squares. Before each test
session, the apparatus was meticulously cleaned with 75% ethanol
to remove residual olfactory cues. Individual mice were placed in
the center of the arena and allowed to explore freely for 5 min
while being recorded by a video tracking system (Supermaze
V2.0, Shanghai Xinruan Information Technology Co., Ltd.). The
following behavioral parameters were quantified: time spent in
the central zone (s), number of entries into the central zone, and
total distance traveled within the central zone (mm).

4.13 | Measurement of GABA and HVA in Brain
Tissues

The concentration of GABA in mouse brain tissue was ana-
lyzed using a GABA assay kit. Brain tissues from the healthy
control, DSS-treated, and DSS + FucCeNCs-treated groups were
processed as follows: brain tissue was homogenized in ice-
cold physiological saline (0.9% NaCl) at a 1:9 (w/v) ratio. The
homogenate was centrifuged at 10 000 x g for 10 min at 4°C,
and the supernatant was collected. Then, the supernatant was
ultrafiltered using a 3 kDa molecular weight cutoff device by
centrifugation at 12,000 x g for 15 min at 4°C. The resulting
filtrate was kept on ice for subsequent analysis. Afterward,
20 uL of sample was dispensed into the appropriate microplate
wells, followed by 200 pL of working solution. After agitation
for 3 s, the plate was incubated at 37°C for 30 min in the
dark. Fluorescence was measured using a microplate reader with
excitation/emission wavelengths of 535 and 587 nm, respectively.
GABA concentrations were final calculated according to the
manufacturer’s protocol. Similarly, HVA was quantified following
the above-described procedure.

4.14 | Western Blotting Assay

HT22 mouse neuronal cells were lysed in ice-cold radioim-
munoprecipitation assay (RIPA) buffer containing a protease
inhibitor cocktail (phenylmethanesulfonyl fluoride, PMSF), and
protein concentrations were determined using a BCA assay kit.
Equal amounts of protein lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and electro-transferred onto polyvinylidene fluoride (PVDF)
membranes. After blocking with 5% non-fat milk, the mem-
branes were incubated overnight at 4°C with primary antibodies
against LC3B, SYN1, and f-actin. Following washes, membranes
were incubated with appropriate horseradish peroxidase (HRP)-
conjugated secondary antibodies at room temperature for 1 h.
Finally, protein bands were visualized and densitometric analysis
was performed with ImageJ v1.54f.

4.15 | Resistance Assay of FucCeNCs In Vitro

FucCeNCs enclosed in dialysis tubing were incubated in SGF/SIF
at 37°C for 4 h. Ce content in the release medium collected was
quantified by ICP-OES to assess FucCeNCs’ stability.

4.16 | Statistical Analysis

Statistical analysis was performed using Student’s t test for two-
group differences and one-way two-sided analysis of variance
(ANOVA) for multiple comparisons by GraphPad Prism 8. *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. The statistical
graphs were all presented as mean =+ standard deviation (SD). The
sample size n was indicated in the figure captions.
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