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Background: Abnormal immune homeostasis, which leads to the accumulation of reactive oxygen species (ROS) and an inflamma
tory response, plays a crucial role in accelerating the progression of inflammatory bowel disease (IBD). The lack of targeted 
therapeutic strategies significantly hampers the efficacy of clinical treatments for IBD. This study presents cerium oxide nanoparticle- 
loaded regulatory T cell-derived exosomes (exo@nCeO) as innovative anti-inflammatory and antioxidant agents specifically designed 
to address the effects of immune dysregulation.
Methods: In this work, the morphology and antioxidant properties of nano-cerium oxide were characterized using transmission 
electron microscopy, as well as hydroxyl radical and 1,1-diphenyl-2-picrylhydrazyl radical assays. Tumor necrosis factor-α and 
dextran sulfate sodium were employed to establish cellular and animal models of IBD. The impact of exo@nCeO on ROS scavenging 
and anti-inflammatory activity in intestinal epithelial cells was assessed using dihydroethidium and 2,7-dichlorodihydrofluorescein 
staining, Western blotting, and apoptosis flow cytometry analysis. Hematoxylin and eosin staining, along with immunohistochemistry 
and immunofluorescence staining, were utilized to evaluate intestinal epithelial inflammation and ROS levels in the IBD mouse model.
Results: The findings demonstrate that exo@nCeO possesses augmented anti-inflammatory properties and ROS scavenging abilities 
in intestinal epithelial cells. In murine models of IBD, exo@nCeO effectively maintained the integrity of the intestinal epithelial 
barrier and impeded the progression of IBD.
Conclusion: This study introduces a novel therapeutic approach for IBD and underscores a potential strategy for addressing diseases 
associated with inflammation and oxidative stress.
Keywords: inflammatory bowel disease, regulatory T cells, exosomes, cerium oxide

Introduction
Inflammatory bowel disease (IBD) is a chronic inflammatory disorder characterized by diarrhea, bloody stools, inflammation 
of the gastrointestinal tract, and an impaired immune system.1 A range of clinical treatments is available for IBD, including 
sulfasalazine, 5-aminosalicylic acid, biologics, and immunomodulators.2 However, existing treatments for IBD are associated 
with adverse effects when use long-term, including immunosuppression, hepatotoxicity and nephrotoxicity.3 Consequently, 
there is a serious need for the development of novel therapeutic agents for IBD.
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Regulatory T cells (Tregs), a subset of CD4+ T helper cells, have been demonstrated to play a crucial role in IBD by 
exerting anti-inflammatory effects within the intestinal.4 A reduced presence of Tregs has been observed in IBD mouse 
models, which correlates with exacerbated intestinal inflammatory responses.5 The induction of CD4+ T cell differentia
tion into Tregs in vivo has demonstrated promising outcomes in ameliorating clinical symptoms of IBD.6 Recently, 
exosomes, the nano-sized (30–150 nm) vesicles released from cells, have been shown to be the critical mediator in the 
regulation of immune homeostasis by Tregs.7 In our previous research, we established the therapeutic efficacy of Treg- 
derived exosomes in the context of IBD, prompting us to further explore the development of a Treg-exosome-based 
therapeutic strategy for this condition.8

Excessive reactive oxygen species (ROS) are regarded as central factors exacerbating IBD by increasing intestinal 
membrane permeability and triggering deleterious immune responses within the intestine.9 The ROS scavenging was 
inhibited in IBD patients, causing inflammatory response and damage to the intestinal mucosa.10 Agents with the ability 
to scavenge ROS have shown remarkable therapeutic effects in IBD. Cerium oxide nanoparticles (nCeO) are potent 
nanozymes exhibiting catalase and superoxide dismutase mimetic activities, enabling them to scavenge various ROS, 
including hydrogen peroxide and hydroxyl radicals.11 In comparison to other reducing agents, nCeO offers several 
distinct advantages, including high efficiency, versatility, stability, cost-effectiveness, and minimal immunogenicity. 
These properties have facilitated its widespread application in various ROS-related diseases.12 Nevertheless, the elevated 
scavenging rate and reduced internalization of small-sized nCeO present obstacles for their clinical application.13

Furthermore, the intricate environment of the gastrointestinal tract may impede the effective targeting of inflamma
tory regions by nCeO following oral administration, potentially resulting in suboptimal therapeutic outcomes. Synthetic 
drug carriers have garnered significant attention for their capacity to enhance the pharmacokinetics and pharmacody
namics of conventional drugs while mitigating toxicity and side effects. Among these carriers, lipid nanoparticles (LNPs) 
exhibit promise for drug delivery; however, they encounter challenges such as low bioavailability, difficulty in clearance 
from the bloodstream, and immune reactions,14 which necessitate further investigation to optimize their clinical 
applications.
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Exosomes, which are structurally similar to liposomes, possess certain advantages that render them an ideal vehicle 
for drug delivery.15 Their favorable interaction with cell membranes, rapid internalization, and excellent biocompatibility 
demonstrate significant potential for targeted therapy and bioengineering applications.16

In this study, we propose an innovative approach that combines nCeO with exosomes derived from regulatory T cells. This 
combination is designed to address IBD by reducing intracellular ROS levels and modulating the inflammatory response.

Materials and Methods
Synthesis and Characterization of Cerium Oxide Nanoparticles
Cerium nitrate hexahydrate (4 mmol, 10294–41-4, Aladdin, Shanghai, China) and oleylamine (12 mmol, 112–90-3, 
Aladdin, Shanghai, China) were dissolved in 20 g of 1-octadecene (112–88-9, Aladdin, Shanghai, China). The mixture 
was heated under a vacuum at 80  °C for 1 h and heated at 260 °C for 2 h in an argon atmosphere. The resulting solution 
was cooled to room temperature and washed several times with cyclohexane and anhydrous ethanol using centrifugation 
(15,000 rpm for 20 min). The resulting nCeO were redispersed in chloroform. For water dispersion and fluorescent 
labeling, nCeO was encapsulated with mPEG2k-DSPE or Cy5-PEG2k-DSPE. To achieve this, 30  mg of mPEG2k-DSPE 
(supplement with 5 mg Cy5-PEG2k-DSPE for fluorescent labeling) were dissolved in 5 mL of nCeO/chloroform (2 mg/ 
mL). The mixture was stirred at room temperature for 4 h and the chloroform was removed from the sample using 
a rotary evaporator. Next, 10 mL of ultrapure water was added to the sample and sonicated for 30 min. nCeO was 
purified by filtration, ultracentrifugation and dialysis. nCeO concentrations were assessed by Inductively Coupled 
Plasma-Atomic Emission Spectroscopy (ICP-OES, Agilent 5110, Agilent, US). Morphology and elemental distribution 
of nCeO were detected by the transmission electron microscopy (TEM, FEI Tecnai G2 spirit, Thermo) and the energy 
dispersive spectrometer (EDS).

Antioxidant Capacity Assay
Different concentrations of nCeO were added into 30% hydrogen peroxide (H112519, Aladdin, Shanghai, China) and 
catalase activity was evaluated by measuring the level of dissolved oxygen with a portable dissolved oxygen meter every 
10 min. The free radical scavenging ability was assessed by Hydroxyl Free Radical assay kit (A018-1-1, Nanjing 
jiancheng, Nanjing, China) and 2.2-Diphenyl-1-picrylhydrazyl (DPPH) Free Radical Scavenging Capacity Assay Kit 
(A153-1-1, Nanjing jiancheng, Nanjing, China) according to the manufacturer’s protocol.

Isolation and Identification of Treg Cells
CD4+CD25+ Tregs were isolated using the mini-MACS immunomagnetic separation system (130–091-041, Miltenyi 
Biotec, Germany) according to the manufacturer’s protocol. 1×106 Tregs were collected and stained with phycoerythrin 
(PE) monoclonal antibodies against mouse CD25 (E-AB-F1102D, Elabscience, China) and fluorescein isothiocyanate 
(FITC) conjugated monoclonal antibodies against mouse CD4 (E-AB-F1097C, Elabscience, China) for 30 min, followed 
by data collection on a flow cytometer (Beckman Coulter, USA). For cytotoxicity assay, Treg cells were cultured with 
different concentrations of nCeO and stained with trypan blue.

Extraction and Identification of Treg Cells-Exosomes
The exosomes (exo) were isolated by using the Hieff® Quick exosome isolation kit Plus for Cell Culture Media 
(41201ES20, Yeason, Shanghai, China) according to the manufacturer’s instructions. For the cerium oxide nanoparticle- 
loaded regulatory T cell-derived exosomes (exo@nCeO), Tregs were pretreated with 50 μg/mL nCeO for 24 h. The 
morphology of exosomes was characterized using TEM, nanoparticle tracking analysis (NTA, NanoSight NS300, 
Malvern), and Western blot. For exosomes labeling, exosomes were stained with 1 μM Dio dye (G1704, Servicebio, 
Wuhan, China) for 30 minutes at 37 °C. Extracted exosomes were dissolved in phosphate buffered saline (PBS) and 
purified by an ultrafiltration tube (Millipore, MW=3KDa). The purified exo@nCeO was evaluated for Ce concentration 
by ICP-OES to calculate the encapsulation rate according to the following formula:
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Cellular Antioxidant Capacity Assay
NCM460 were purchased from the Guangzhou Cellcook Biotech Co.,Ltd (China) and seeded in six-well. After 
conglutination, the cells were intervened with TNF-α (50 ng/mL, RP02081, Abclonal, China), 1×108 particles/mL exo 
and exo@nCeO for 24 h. Next, the complete medium was removed and incubated with 10 μM 2′,7′- 
Dichlorodihydrofluorescein diacetate (DCFH-DA, S0033S, Beyotime, Shanghai, China) or 10 μM Dihydroethidium 
(DHE, 50102ES02, Yeason, Shanghai, China) dissolved in serum-free medium for 30 min. After washing with PBS, the 
mean fluorescence intensity was captured using an inverted fluorescence microscope and flow cytometer.

Western Blots
Total proteins of NCM460 were isolated using RIPA buffer (G2002, Servicebio, China) supplemented with 1 mm 
Phenylmethanesulfonyl fluoride (PMSF, G2008, Servicebio, China) and protease inhibitors cocktail (G2006, Servicebio, 
China). The protein was separated by 12% sodium dodecyl sulfate-polyacrylamide gel (G2044, Servicebio, China) 
electrophoresis and transferred to a polyvinylidene fluoride (PVDF, Baseniaobio) membrane. The PVDF membrane was 
incubated with the primary anti-Calnexin (1:1000, A4846, Abclonal, China), anti-Tsg101 (1:1000, A2216, Abclonal, 
China), anti-CD63 (1:2000, A19023, Abclonal, China), anti-GAPDH (1:3000, GB11002, Servicebio, China), anti-iNOS 
(1:1000, A14031, Abclonal, China), anti-COX2 (1:1000, A1253, Abclonal, China), anti-IL-1β (1:1000, A16288, 
Abclonal, China), anti-IL-6 (1:1000, A22222, Abclonal, China), anti-BAX (1:1000, A19684, Abclonal, China) and anti- 
BCL-2 (1:1000, A19693, Abclonal, China) overnight at 4°C. After washing three times with phosphate buffered saline 
tween 20 (PBST), the PVDF membrane was incubated with the secondary antibody (1:5000, GB23303, Servicebio, 
China) at room temperature for 2 h. Protein bands were visualized using ECL luminescent liquid (SQ101, Epizyme 
Biotech, USA) on ChemiDoc Touch (Bio-Rad, CA, USA). Semi-quantitative analysis of the images was performed using 
ImageJ software (Version: 1.8.0).

Real-Time Quantitative PCR (RT-qPCR)
NCM460 cells were inoculated at a density of 3×105 cells per well in a 6-well plate and incubate for 24 h. After 
stimulation with TNF-α (50 ng/mL, RP02081, Abclonal, China) for 2 h, the treatment group was supplemented with 
1×108 particles/mL exo@nCeO. Total RNA was extracted using animal RNA isolation kit (R0026, Beyotime, China), 
and reverse transcribe by SweScript RT II Enzyme Mix (G3330, Servicebio, China) according to the manufacturer’s 
protocol. Quantitative analysis was performed by LightCycler 480 Software (Roche, Switzerland) and Universal SYBR 
Green Fast qPCR Mix Kit (G3320, Servicebio, China). The primer sequences used in this study are as follows.

β-ACTIN: forward 5′-CACCCAGCACAATGAAGATCAAGAT-3′,
reverse 5′-CCAGTTTTTAAATCCTGAGTCAAGC-3′;
CXCL2: forward 5′-CTGCAGGGAATTCACCTCAA-3′,
reverse 5′-CAAGCTTTCTGCCCATTCTT-3′;
CXCL8: forward 5′-GAAGGTGCAGTTTTGCCAAG-3′,
reverse 5′-GGGTCCAGACAGAGCTCTCT-3′;
CXCL10: forward 5′-GCCATTCTGATTTGCTGCCT-3′,
reverse 5′-GACAAAATTGGCTTGCAGGA-3′;
CYP3A4: forward 5′-CCCACACCTCTGCCTTTTTT-3′,
reverse 5′-CCTCCGGTTTGTGAAGACAG-3′;
CYP3A5: forward 5′-ATCCCGACGTGATCAGAACA-3′,
reverse 5′-TTGGAGACAGCAATGACCGT-3′;
CYP2B6: forward 5′-ACCCATTCTTCCGGGGATAT-3′,
reverse 5′-TTGGATTTCCGAAGCTCCTC-3′.
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Apoptosis Flow Cytometry
Apoptotic cells were stained by Annexin V-FITC/PI Apoptosis Kit (E-CK-A211, Elabscience, China) according to the 
manufacturer’s protocol and analyzed by flow cytometry. Data were collected on a flow cytometer (CytoFlex, Beckman 
Coulter, USA).

RNA-Seq
mRNA enrichment was conducted on total RNA utilizing oligo (dT)-attached magnetic beads. The mRNA enriched with 
poly (A) tails underwent fragmentation via a fragmentation buffer, followed by reverse transcription using random 
hexamer primers (N6) to synthesize double-stranded complementary DNA. Subsequently, the synthesized double- 
stranded DNA underwent end-repair and 5′-phosphorylation, with the addition of an “A” overhang at the 3′-end to 
create a blunt end. This was followed by the ligation of an adapter with a “T” overhang at the 3′-end. The ligation 
products were then subjected to amplification through PCR using specific primers. The constructed libraries were quality 
controlled and sequenced after passing the quality-control. Sequencing was performed on the DNBSEQ platform using 
PE150 (read length).

Bioinformatics Analysis
Genes differentially expressed between TNF-α and TNF-α+exo@nCeO were manually annotated for protein function 
using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The 
clusterProfiler package in R was used for functional annotation and visualization. Gene set enrichment analysis 
(GSEA) was also performed using the GSEA software. The Search Tool for the Retrieval of Interacting Genes 
(version 11.4) database was used to construct a PPI network and the cytoHubba plugin was utilized to screen for 
hub genes.

Animal Experimentation
The animal study protocol was conducted in compliance with the National Research Council’s Guide for the Care and 
Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Renmin Hospital of 
Wuhan University (Approval No: 20211106). Six-week-old male C57BL/6 mice were procured from SiPeiFu 
Biotechnology Co., Ltd. (Beijing, China) and maintained in a controlled barrier environment at 25 °C. To induce an 
acute colitis model, the mice were administered 3% dextran sulfate sodium (DSS) in their drinking water for a duration 
of eight consecutive days. During this treatment period, the mice were randomly allocated into five distinct groups: 
negative control group (sterile water), DSS group (3% DSS), DSS+nCeO treatment group (3% DSS+20 μg nCeO), DSS 
+exo treatment group (3% DSS+1×109 particles exo), DSS+exo@nCeO treatment group (3% DSS+1×109 particles 
exo@nCeO). Commencing one day post-DSS treatment, intravenous injections of the respective treatments were 
administered every two days. Throughout the eight-day period, the mice were meticulously monitored for weight loss, 
stool consistency (0: hard, 2: soft, 4: diarrhea), and rectal bleeding (0: negative, 2: positive, 4: macroscopic)17 employing 
a fecal occult blood test (60403ES60, Yeason, Shanghai, China). These observations facilitated the calculation of the 
disease activity index (DAI), thereby providing a comprehensive evaluation of the mice’s condition.

On the eighth day following DSS treatment, the mice were humanely euthanized, and isolated the colon for length 
measurement. Colon was fixed in 4% paraformaldehyde for 24 h and embedded in paraffin. The tissues were then cut into 
5 μm sections for histological staining or immunohistochemical analysis. The remaining colon was frozen in liquid 
nitrogen for the ROS assay.

For biosafety assessment, mice were divided into NC group and exo@nCeO group (n=6), and the latter was given the 
same frequency and concentration of exo@nCeO intervention. The heart, liver, lung and kidney was fixed in 4% 
paraformaldehyde for 24 h and embedded in paraffin for subsequent analysis. Furthermore, alkaline phosphatases 
(ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (CREA) and urea nitrogen 
(BUN) through automatic biochemical analyzer (Chemray 800, Shenzhen RADu Life Technology, China).
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Histological Experiments
The embedded tissue was cut into 5 μm sections for Hematoxylin-Eosin (HE) staining, immunohistochemistry, immuno
fluorescence and ROS staining. For immunohistochemistry staining, the sections were blocked with 3% BSA (A8010, 
Solarbio, China) at room temperature for 30 minutes. Then, sections were incubated with primary antibody anti-iNOS 
(1:200, A14031, Abclonal, China), anti-COX2 (1:200, A1253, Abclonal, China), anti-IL-6 (1:200, A22222, Abclonal, China) 
and anti-IL-1β (1:200, A16288, Abclonal, China),overnight at 4 °C. After washing with PBST, sections were covered with 
fluorescently labeled secondary antibody or HRP-conjugated secondary antibody at room temperature for 1 h. Finally, an 
upright optical microscope (BX53, OLYMPUS, Japan) was used to capture images for analysis of the protein expression at the 
intestinal mucosa. For ROS staining, frozen sections were stained by DHE according to the manufacturer’s protocol.

Near-Infrared Fluorescence (NIRF) Imaging
According to the experimental design above, same concentration of nCeO and exo@nCeO labelled with Cy5 were 
administered into the mice treated with DSS. After sacrifice, organs, including the heart, liver, spleen, kidney, and colon 
tissues, were collected for ex vivo imaging by using IVIS Spectrum (PERKINELMER, USA).

Statistical Analysis
In this study, all data are presented as mean ± standard deviation and were analyzed using one-way analysis of variance 
(ANOVA) followed by Dunnett’ test (compare multiple experimental groups with one control group) or Tukey’s test 
(compare the different groups with each other) were administrated with Prism software (Version: 8.0). A p-value of less 
than 0.05 was considered indicative of statistical significance.

Results
Fabrication and Characterization of Treg-exo@nCeO
Firstly, the nCeO was synthesized by the thermal decomposition method. TEM and EDS analyses confirmed a uniform 
size and a cerium-to-oxygen atomic ratio of 1:2 (Figure 1A and B). Furthermore, the nCeO were stable in an aqueous 
solution at room temperature for one week (Figure 1C). To assess the catalytic activity of the nCeO, a series of enzyme 
mimicking activities were conducted. Specifically, hydrogen peroxide, hydroxyl radical, and DPPH scavenging assays 
were employed to evaluate the overall antioxidant capacity of nCeO. The finding indicated that nCeO exhibited 
significant antioxidant capacity with a dose-dependent manner (Figure 1D–F).

Additionally, an immunomagnetic separation system was utilized to isolate Tregs from the spleens of mice. Flow 
cytometric analysis demonstrated a purity of 88.17% for CD4+CD25+ Tregs (Figure 1G). To investigate the impact of 
nCeO on the cytotoxicity of Tregs, we performed trypan blue staining to quantify the proportion of viable cells. As 
shown in Figure 1H and I, nCeO was internalized by Tregs and demonstrated safety at concentrations below 50 μg/mL, 
which was the concentration employed in subsequent experiments.

The extracted exosomes were characterized by TEM analysis, Western blot and NTA, revealing cup-shaped micro
particles with an average diameter of approximately 100 nm, expressing positive markers for Tsg101 and CD63. Notably, 
nCeO was detected within the exosomes, and its presence did not alter the exosome size (Figure 1J–L, p > 0.05). Among 
them, the encapsulation rate of cerium oxide nanoparticles in exosomes was 34.85±3.77% and drug loading was 6.67 ± 
0.85μg/108 particals. The exo@nCeO was then labelled with Dio and co-cultured with NCM460 cells. The results 
showed co-localization of red and green fluorescence within the NCM460 cells, indicating the successful preparation of 
exo@nCeO and its uptake by these cells (Figure 1M). Moreover, trypan blue staining showed that both exo and 
exo@nCeO had no effect on the activity of NCM460 cells (Figure S1).

Treg-exo@nCeO Inhibited Intestinal Epithelial Cell Inflammation and Apoptosis
Given the ROS scavenging function of nCeO, we investigated the effect of exo@nCeO against oxidative damage in 
NCM460 cells. In comparison to TNF-α-induced ROS accumulation, intracellular ROS levels were significantly 
diminished in both the nCeO and exo@nCeO groups, especially in the latter (Figure 2A–F, p < 0.05). Next, the impact 
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Figure 1 Synthesis and characterization of Treg-exo@nCeO. (A) TEM images of nCeO, scale bars: 10 nm. (B) EDS spectrum of nCeO. (C) Appearance images of nCeO. 
(D–F) hydrogen peroxide and free radical scavenging assay, n=3; *p < 0.05 vs 0 μg/mL, **p < 0.01 vs 0 μg/mL, ns, no significance vs 0 μg/mL. (G) Flow chart of the isolation of 
CD4+CD25+ T cells. (H) Relative proportion of living cells, n=3; **p < 0.01 vs 0 μg/mL, ns, no significance vs 0 μg/mL. (I) Uptaken Cy5-labeled nCeO and fluorescence 
imaging, scale bars: 2 μm. (J) NTA of exo and exo@nCeO. (K) Western blot assay of the expression of Calnexin, Tsg101 and CD63 in Tregs and exo. (L) TEM images and 
average size of exo and exo@nCeO, n=3, scale bars: 100 nm. (M) Uptaken Dio-exo@Cy5-nCeO and fluorescence imaging, scale bars: 5 μm.
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Figure 2 exo@nCeO inhibited intestinal epithelial cell inflammation and apoptosis. (A and D) Representative fluorescence images of DCFH and DHE probes, scale bars: 
10 μm. (B, C, E and F) Flow chart of the DCFH and DHE probes, and mean fluorescence intensity. (G, H, K and L) Western blot assay and semi-quantitative analysis of the 
expression of iNOS, COX2, IL-1β, IL-6, BAX and BCL-2 in different group. (I and J) Flow chart of the apoptotic cells and apoptotic cells rates. n=3, **p < 0.01 vs NC, #p < 
0.05 vs TNF-α, ##p < 0.01 vs TNF-α, no significance vs TNF-α.
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of exo@nCeO on TNF-α-induced inflammatory response was assessed. Western blot analyses confirmed that exo, nCeO 
and exo@nCeO reduced the expression of iNOS, COX2, IL-1β and IL-6, with exo@nCeO demonstrating the most 
substantial effects (Figure 2G and H, p < 0.05).

The increased apoptosis of epithelial cells in IBD compromises the integrity of the mucosal epithelial barrier and 
accelerates disease progression.18 Thus, we evaluated the role of exo@nCeO in TNF-α-induced apoptosis. Flow cytometry 
experiments showed that the proportion of apoptotic NCM460 was decreased by exo@nCeO compared to the TNF-α group 
(Figure 2I and J, p < 0.05). Correspondingly, the expression of the pro-apoptotic factor BAX was downregulated and that of 
the anti-apoptotic factor BCL2 was increased in exo@nCeO-treated NCM460 cells (Figure 2K and L, p < 0.05).

Collectively, these findings indicate that exo@nCeO confers protection to cells against inflammation and apoptosis.

Transcriptomic Characterization of Treg-exo@nCeO Treatment
To systematically evaluate the role of exo@nCeO in the pathogenesis of IBD at the transcriptomic level, we performed 
RNA-seq analysis on NCM460 cells subjected to exo@nCeO treatment (Table S1). The transcriptomic analysis revealed 
352 differentially expressed genes (DEGs) (fold change > 2, p.adj < 0.05) in the TNF-α+exo@nCeO group when 
comparing the TNF-α group (106 upregulated and 246 downregulated) (Figure 3A and B, Table S2). Functional 
annotation results showed that up-regulated and down-regulated DEGs were enriched in xenobiotic metabolism and 
inflammatory pathways, respectively (Figure 3C–E) Next, GSEA was employed to further investigate the impact of 
exo@nCeO on TNF-α-associated inflammatory processes. The analysis revealed significant differences (FDR < 0.05, 
nominal p < 0.05) in the enrichment of pathways related to the inflammatory response and TNF signaling via the NF-κB 
pathway (Figure 3F and G). Finally, we constructed the PPI network and screened hub genes within the up-regulated and 
down-regulated DEGs. The results indicated that the hub down-regulated DEGs were predominantly associated with 
inflammatory cytokines such as TNF, IL1B, IL1A and IL6. Meanwhile, the hub up-regulated DEGs were primarily linked 
to drug-metabolizing enzymes including CYP3A4, CYP3A5, CYP2B6 and CYP26A1 (Figure 3H and I). The top three up- 
regulated hub-gene and three down-regulated hub-gene were validated by RT-qPCR. The results confirmed that 
exo@nCeO down-regulated the expression of CXCL10, CXCL8 and CXCL2, while up-regulated the expression of 
CYP3A5, CYP3A4, and CYP2B6, which is consisted with the RNA-sequencing results (Figure S2). Overall, these results 
suggest that exo@nCeO has the potential to attenuate the inflammatory response triggered by TNF-α while simulta
neously enhancing the drug metabolism process.

Therapeutic Effect of Treg-exo@nCeO in a DSS-Induced IBD Mouse Model
To evaluate the effect of exo@nCeO on colitis, mice were treated with DSS to establish the IBD model (Figure 4A). We 
found that exo@nCeO significantly increased the colon length compared to the DSS group (Figure 4B, p < 0.05). 
Meanwhile, body weight and Disease Activity Index (DAI) scores were also improved in the DSS+exo@nCeO group 
(Figure 4C and D, p < 0.05). The results of HE staining and histological score in colon tissue also suggested a protective 
effect of exo@nCeO against colitis (Figure 4E and F, p < 0.05). Furthermore, both the DSS+nCeO and DSS+exo groups 
exhibited comparatively milder therapeutic effects than the DSS+exo@nCeO group.

Next, we conducted an analysis of the inflammatory response levels in colon tissue using immunohistochemical 
staining. The pro-inflammatory factors iNOS, COX2, IL-1β and IL-6 were increased in the colon of DSS-induced colitis 
(Figure 4G). However, various treatment groups demonstrated the potential to modulate the expression of these pro- 
inflammatory factors, with exo@nCeO significantly inhibiting the expression of iNOS, COX2, IL-1β, and IL-6. Damage 
to the intestinal barriers constitutes a significant characteristic of DSS-induced colitis.19 Accordingly, DHE and 
immunofluorescence staining were used to measure the concentration of ROS and the integrity of the intestinal epithelial 
barrier, respectively. The results revealed that DSS exposure led to elevated ROS levels and a reduction in the expression 
of intestinal barrier related protein ZO-1 and Occludin. Conversely, treatment with exo@nCeO markedly decreased ROS 
concentrations and enhanced the expression of ZO-1 and Occludin (Figure 4H–K, p < 0.05).

In terms of distribution, we found that nCeO and exo@nCeO remained enriched in the colon at 48h post-injection, 
while the fluorescence intensity of the latter was slightly higher than that of the former, suggesting that exosome 
encapsulation of nCeO may have a facilitating effect on recruitment to inflammatory regions (Figure S3A and B). Some 
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fluorescence signals were also observed in the kidney and liver, suggesting that the drug might be metabolised through 
the liver and kidney.

To evaluate the biosafety of exo@nCeO in vivo, we performed the haemolysis assay to evaluate the hemocompat
ibility of exo@nCeO. After treatment with exo@nCeO (102–109 particles/mL), haemolysis rates were less than 5% at all 
concentrations, indicating that exo@nCeO is haemocompatible (Figure S3C). Next, we injected healthy mice with 
exo@nCeO in the tail vein at the same concentration and frequency, and then examined the changes in major organs 
and blood in vivo. HE results showed that no significant tissue necrosis was observed in the heart, liver, lungs and 
kidneys (Figure S3D). Furthermore, as shown in Figure S3E, blood biochemicals such as ALT, AST, and BUN were not 

Figure 3 Transcriptomic characterization of Treg-exo@nCeO treatment. (A and B) Volcano plots and heatmap of DEGs. (C and D) Bubble graphs of GO and KEGG 
pathway enrich in downregulated and upregulated DEGs. (E) Chord graph of functional annotation analysis. (F and G) GSEA analysis of DEGs. (H and I) PPI networks of 
downregulated and upregulated DEGs.
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statistically different between NC and exo@nCeO. Together, these data support the biosafety of exo@nCeO in potential 
biomedical applications.

The aforementioned findings suggest that exo@nCeO mitigated the progression of colitis by suppressing oxidative 
stress and inflammatory responses, as well as enhancing the intestinal permeability compromised by colitis.

Figure 4 Therapeutic effect of Treg-exo@nCeO in a DSS-induced IBD mouse model. (A) Flowchart of animal experiments. (B) Representative photographs and quantitative 
analysis of mice colons in different treatment groups. (C) The body weight of mice. (D) DAI in each group. (E and F) HE stained images and histological score after different 
treatments, scale bars: 100 μm. (G) Representative images of IHC staining of iNOS, COX2, IL-1β and IL-6, scale bars: 100 μm. (H and J) DHE staining and mean fluorescence 
intensity in each group, scale bars: 100 μm. (I and K) Immunofluorescence staining and mean fluorescence intensity of ZO-1 and Occludin, scale bars: 100 μm. n=6, **p < 0.01 vs 
NC, #p < 0.05 vs DSS, ##p < 0.01 vs DSS, ns, no significance vs DSS.
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Discussion
Intestinal immune homeostasis is crucial in the pathogenesis of IBD.20 Disruption of immune homeostasis leads to aberrant 
inflammatory responses and the accumulation of ROS, which are believed to contribute to tissue damage.21 Therefore, targeting 
immune regulation and ROS clearance is essential in the management of IBD. In this work, we devised an innovative approach by 
integrating exosomes derived from Tregs with nCeO to simultaneously address immune dysregulation and oxidative stress. 
Initially, we successfully synthesized exo@nCeO and demonstrated its anti-inflammatory and antioxidant properties through both 
in vitro and in vivo experiments. Additionally, our RNA sequencing analysis indicated that exo@nCeO effectively attenuates the 
progression of IBD by inhibiting the NF-κB signaling pathway. This study not only proposes a promising novel strategy for IBD 
treatment but also highlights the substantial potential of integrating nCeO with exosomes for therapeutic applications.

Tregs, a subset of CD4+ T cells, are characterized by their immunosuppressive functions.22 Notably, a marked decrease in 
the Treg population has been documented in the peripheral blood of mice with experimentally induced colitis.23 The 
promotion of differentiation of naive CD4+ T cells into Tregs by metabolites can alleviate IBD in mice, indicating the critical 
role of Tregs in the progression of IBD.24 Recent studies have shown that Tregs can mediate immunomodulatory effects 
through exosomes, an approach noted for its minimal immune response, safety, and high efficacy. This has prompted further 
investigation into their potential role in IBD. Our findings corroborate the essential role of Treg-derived exosomes in 
modulating the inflammatory response and preserving the functional homeostasis of the intestinal epithelium, aligning with 
our prior research.8 Nonetheless, our investigation revealed that Treg exosomes do not seem to directly eliminate ROS 
accumulated in intestinal epithelial cells and tissues, suggesting a promising avenue for enhancing their therapeutic efficacy. 
The overproduction of ROS plays a pivotal role in the pathogenesis of IBD, intensifying tissue damage and contributing to 
chronic inflammation. Consequently, the development of effective strategies for ROS scavenging and inflammation mitigation 
is crucial for advancing IBD treatment. While broad-spectrum antioxidants such as vitamin C and N-acetylcysteine (NAC) 
have been explored for their potential to decrease ROS levels,25 their clinical utility is often limited by issues of bioavailability 
and stability, highlighting the necessity for alternative approaches.26

In recent years, artificial nanoenzymes have garnered significant attention due to their adjustable catalytic activities, 
diverse enzymatic functions and enhanced stability. Nanomedicine-based antioxidant therapies have been extensively 
explored for the treatment of various diseases associated with oxidative damage.11 nCeO exhibits a high density of oxygen 
vacancy defects, facilitating rapid valence transitions.27 This characteristic enables nCeO to effectively scavenge ROS by 
mimicking the activities of superoxide dismutase and catalase, positioning nCeO as a promising candidate for the amelioration 
of IBD. In this work, nCeO with remarkably antioxidant properties was synthesized and administrated into IBD models. 
Despite observing mild therapeutic effects, these did not appear to align with the compound’s capacity to scavenge ROS, 
particularly in in vivo experiments. This discrepancy may be attributed to the size-dependent transport characteristics of the 
nanoparticles. The small size of nCeO confers a higher surface area-to-volume ratio, enhancing its antioxidant properties. 
However, it also influences its clearance and internalization efficiency in the bloodstream.28,29 For nCeO, with a size of less 
than 6 nm, are more readily filtered by the kidneys and excreted in the urine.30 Additionally, their small size facilitates 
transcellular trafficking rather than cellular internalization.13 In our strategy, nCeO and Treg exosomes synergistically enhance 
each other’s functionalities. The nCeO endows Treg exosomes the ability to scavenge ROS, while the exosomes carrier 
enhances the anti-inflammatory efficacy and stability of nCeO in vivo. The data in this paper further corroborate the 
advantages of exo@nCeO in terms of anti-inflammatory, antioxidant and therapeutic effects in IBD.

However, it is important to acknowledge several limitations inherent in this study. Firstly, due to technical constraints, we 
were unable to monitor the in vivo transport and clearance efficiency of nCeO under varying conditions. Furthermore, ethical 
considerations precluded the collection of a sufficient quantity of human-derived Treg cells, thereby limiting the precision of our 
conclusions.

Conclusion
The present study provides novel evidence that nCeO-loaded Treg exosomes have the ability to counteract intestinal 
epithelial damage and reduce inflammatory responses in IBD by scavenging ROS and inhibiting the NF-κB pathway. 
These encouraging results provide new insights into the clinical management of IBD patients.
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