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A B S T R A C T

Inflammatory bowel disease (IBD) is characterized by excessive generation of reactive oxygen species and 
reactive nitrogen species (RONS) within the pro-inflammatory microenvironment. Conventional treatments often 
have serious side effects, making IBD management challenging. Here, a new cerium cluster, Ce12, with a formula 
of [Ce12(μ3-O)8(μ3-OH)8(μ2-OH)6(ADA)18]•3H2O•3CH3CN (ADA− = 1-adamantanecarboxylate) was prepared 
and capped with β-cyclodextrin (β-CD) through self-assembly process involving the adamantane moiety of Ce12 
and β-CD, resulting in Ce12@CD nanoparticles (NPs). Ce12@CD NPs, with good stability and biocompatibility, 
exhibit excellent reactive RONS scavenging activities due to the presence of a fraction of Ce3+ ions, offering 
potential for treating inflammatory diseases. Treatment significantly alleviated body weight loss, colon length 
reduction, and pathological injury of colon in mice with dextran sodium sulfate (DSS)-elicited colitis, thereby 
repairing the intestinal mucosal barrier and reducing inflammation. RNA sequence analysis revealed that the 
therapeutic effects of Ce12@CD NPs are highly correlated with IL-17 and TNF signaling pathways, thereby 
reducing inflammatory factors such as IL-1β and TNF-α, and alleviating intestinal inflammation. Additionally, 
Ce12@CD NPs successfully modulated DSS-induced gut microbiota imbalances. This work highlights the unique 
catalytic activity of Ce12@CD NPs in removing RONS and mimicking biological enzymes, showcasing their 
potential therapeutic applications for inflammatory disorders.

1. Introduction

Inflammatory bowel disease (IBD) is a chronic, recurrent, complex 
and diverse gastrointestinal disease, which has become increasingly 
prevalent worldwide in the past decade [1]. IBD exhibits similar clinical 
symptoms involving abdominal discomfort, diarrhea and bloody stools 
[2]. In general, the intestinal mucosa of IBD is characterized by exten
sive infiltration of inflammatory cells [3], which triggers excessive im
mune activity and an elevation of pro-inflammatory cytokines, in turn, 
ultimately leads to a chronic, uncontrolled immune response [4–6], 
while regulatory immune cells and mediators are unable to maintain 

tissue homeostasis. Chronic active inflammation is directly related to the 
production and emission of reactive oxygen species (ROS), which are 
important signaling molecules that promote their immune function 
[7–9]. Despite their beneficial role in normal immune responses, the 
continuous release of ROS can lead to collateral damage, including 
malnutrition, increased intestinal permeability, and interference with 
intestinal motivity [10], which should be responsible for abnormal and 
overactive intestinal inflammation in IBD.

Current treatment of IBD aims to alleviate and mitigate complica
tions of the disease rather than reversing the complicated underlying 
pathogenic mechanisms [11]. Depending upon the degree of symptom 
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severity, medications like immunomodulators, corticosteroids, amino
salicylate, etc., are used to treat IBD patients [12–15]. However, these 
molecules have poor stability, low bioavailability, insufficient antioxi
dant activity [16], and long-term use of the aforementioned conven
tional drugs can lead to severe adverse effects, such as pancreatitis, 
allergic reactions, nausea, and increased liver enzyme levels [17,18]. It 
is clear that the excessive reactive oxygen and nitrogen species (RONS) 
in the inflamed areas of the colon has become one of the potential 
therapeutic targets [12,19]. Currently, a number of nanomaterials have 
been developed that can neutralize excess RONS and alleviate inflam
matory diseases, resulting in significant advances in the field of anti
oxidant therapy. For the treatment of colitis, the strategies of 
nanomaterials are primarily divided into anti-oxidation, anti-in
flammatory, and modulation of gut microbiota dysbiosis. Antioxidant 
nanomaterial strategies include natural enzymes, nanozymes, antioxi
dant compounds, and natural substances. Anti-inflammatory nano
medicines involve drug-loaded nanoparticles, natural substances, and 
metallic/non-metallic nanomaterials. [20]. Wang et al. [21] reported 
for the first time an intrinsic strain-mediated ultrathin ceria nano
antioxidant. it increases the superoxide dismutase (SOD)-mimetic ac
tivity by ~2.6-fold (1533 U/mg, close to natural SOD) and total 
antioxidant activity by ~2.5-fold. The 2D polylysine-modified poly
dopamine nanosheets (PDA@PLL NSs) [22], through the integration of 
dimension and surface charge engineering, scavenge multiple danger 
signals including RONS and cfDNA, could concurrently activate the 
Keap1-Nrf2 pathway and block TLR9 signaling pathway, thus achieving 
synergistic inflammation inhibition. These commonly utilize 
vary-valence to clear RONS or drug-carrying nanomaterials to treat 
colitis, but many exhibit large and heterogeneous nanosizes, require 
high frequency administration by oral administration, and can lead to 
off-target systemic side effects [23,24] due to the challenge of targeting 
from the intestinal environment to the inflamed colon region [14,25]. 
To overcome this, nanomaterials with intrinsic enzyme-like activity 
have become a hotpot and have been developed recently.

Clusters have nanoscale dimensions, well-defined structures, and 
precise compositions, which facilitate batch repeat synthesis. Nanoceria 
possesses the remarkable ability to switch between two oxidation states: 
Ce3+ and Ce4+, and thus may combat oxidation and inflammation sig
nals through its CAT and SOD-like activities [26]. Cerium oxide is 

considered one of the most effective and promising candidates for 
mimicking antioxidant enzymes. Therefore, we focused on cerium 
cluster with good biosafety and two stable valence states [27] and re
ported a novel 12-core cerium nanocluster (Ce12@CD NPs). The 
Ce3+/Ce4+ transformation in Ce12@CD NPs is used to simulate SOD and 
CAT enzyme activities, thereby clearing RONS (H2O2, ⋅OH, O2

− ., DPPH, 
ABTS) and relieving oxidative stress, thereby protecting cells from RONS 
induced damage. Ce12@CD NPs exhibit a faster onset of action 
compared to immunomodulators, without the risks of immunosuppres
sion or infection susceptibility. Their preparation is simple, 
cost-effective, and they possess a favorable safety profile. In contrast to 
aminosalicylic acid drugs, which have limited efficacy, Ce12@CD NPs 
show superior therapeutic outcomes. Importantly, Ce12@CD NPs 
significantly mitigates colon damage in DSS induced acute colitis by 
alleviating inflammatory cell infiltration and modulating the reduction 
of pro-inflammatory cytokines, rehabilitating the intestinal barrier and 
ultimately regulating intestinal flora, which has excellent effects in the 
treatment of IBD (Scheme 1). Ce12@CD NPs has good biocompatibility 
and is promising to combat RONS related inflammation.

2. Materials and methods

2.1. Materials

Ce(NH4)2(NO3)6, C2H5NO2, C11H16O2, C42H70O35, C2H6OS and 4′6- 
diamidino-2-phenylindole (DAPI) were purchased from Adamas. Lipo
polysaccharide (LPS) was purchase from Macklin. Superoxide Dismutase 
(SOD) Activity Detection Kit were purchased from ACMEC (Shanghai, 
China). Mouse IL-1β ELISA Kit, Mouse IL-6 ELISA Kit and Mouse TNF-α 
ELISA Kit were purchased from Multi Sciences (Lianke) Biotech Co., Ltd. 
Myeloperoxidase (MPO) Test Kit was from Nanjing Jiancheng Tech
nology Co., Ltd (Nanjing, China). Total Antioxidant Capacity Assay Kit 
with ABTS method was purchase from Beyotime Biotechnology 
(Shanghai, China).

2.2. Characterizations

Absorption spectra, the infrared spectrum, X-ray powder diffrac
tometer and X-ray photoelectron spectroscopy were performed on 

Scheme 1. Schematic illustration of Ce12@CD NPs with RONS scavenging for antioxidant, anti-inflammation and microbiota modulation.

D. Yang et al.                                                                                                                                                                                                                                    Materials Today Bio 32 (2025) 101705 

2 



Beckman Coulter DU 730 spectrometer, Nicolet A370 FT-IR spectrom
eter, Rigaku D/MAX 2000 diffractometer with Cu κα radiation and 
Perkin-Elmer PHI-5400 respectively. The hydrodynamic diameter was 
measured on Malvern Zetasizer Nano-ZS90. SEM images were per
formed on a scanning electron microscope (Hitachi S-4800). The con
centration of Ce was determined by ICP-MS (VISTAMPXICP VARIAN)

2.3. Material synthesis

2.3.1. Synthesis of Ce6 (Ce6 (μ3-O)8 (μ6-OH)4 (μ2-NH2CH2COO)10) 
precursor

Cerium ammonium nitrate (1.5 g, 2.7 mmol) dissolved in water (0.9 
mL, 50 mmol), glycine (0.3 g, 4 mmol) was added and stirred for 30 min. 
Then the solution was diluted with saturated NaCl solution, sealed and 
allowed to stand for 2 days, yielding yellow-orange crystals. Filtered, 
washed with water and were oven-dried at 60 ◦C overnight to obtained 
the precursor Ce6.

2.3.2. Synthesis of Ce12 (Ce12(μ3-O)8(μ3-OH)8(μ2-OH)6(ADA)18]•
3H2O•3CH3CN) clusters

0.1 g of Ce6 precursor was completely dissolved in 2 mL deionized 
water, and then added dropwise to DMF containing 1-adamantanecar
boxylic acid (1 g, 10 mL) under sonication. The reaction mixture was 
magnetically stirred for 12 h at 85 ◦C. After the reaction, precipitate was 
filtrated, washed with methanol 3 times, and dried overnight.

2.3.3. Synthesis of Ce12@CD NPs
Ce12 (6.3 mg, 0.5 μM) was dissolved in 16 mL DMSO, and then 2 mL 

β-CD (10.12 mg, 8 μM) in DMSO was dropped slowly into Ce12 during 
vigorous stirring. Then the mixture was stirred for another 48 h to 
reacted sufficiently to obtain Ce12@CD NPs. Finally, the obtained 
Ce12@CD NPs were dialyzed (MWCO = 8000 Da) for 48 h to remove the 
free reagents and DMSO. Subsequently, a stability study of Ce12@CD 
NPs was conducted, which included measurements of their zeta poten
tial in water over 7 days, as well as changes in particle size over 7 days in 
various media: water, PBS, phosphate buffer solutions with different pH 
values (pH = 5.2, 6.5, and 7.4), and DMEM with 10 % serum.

2.4. Scavenging ROS and RNS

2.4.1. OH scavenging activity of Ce12@CD NPs
3,3′,5,5’ - tetramethylbenzidine (TMB) was used as the indicator to 

detect the presence of hydroxyl radical (⋅OH) generated by Fenton re
action between hydrogen peroxide (H2O2) and ferrous ion. TMB can be 
oxidized and exhibit a characteristic absorption at 652 nm. Specifically, 
the experimental solutions were prepared under dark conditions, 
comprising 1 mL of FeSO4 (1 mM), 1 mL of H2O2 (2 mM), 1 mL of TMB 
solution (1 mM), and varying concentrations of Ce12@CD NPs ranging 
from 50 to 250 μg mL− 1, all dissolved in an HAc/NaAc buffer solution 
maintained at pH 4.5. These solutions were then incubated for 5 min to 
allow for the reaction to proceed. Subsequently, the absorbance of the 
solution at 652 nm was measured by UV–VIS spectroscopy.

2.4.2. H2O2 scavenging activity of Ce12@CD NPs
The H2O2 scavenging capacity of Ce12@CD NPs was evaluated by 

the Hydrogen Peroxide Detection Kit (Nanjing Jiancheng Bioengi
neering Institute, Nanjing, China). H2O2 reacts with ammonium 
molybdate and displays an absorbance peak at 405 nm. To evaluate the 
NPs’ efficacy, various concentrations of Ce12@CD NPs (50, 100, 150, 
200 and 250 μg mL− 1) were individually incubated with H2O2 (2 mM) at 
37 ◦C for 5 min, respectively. After the reaction, the UV absorbance of 
each solution at 405 nm was measured, and the H2O2-eliminating ca
pacity was calculated. Each concentration was tested in three parallel 
groups.

2.4.3. O2
− . scavenging activity of Ce12@CD NPs

The superoxide anion (O2
− .) scavenging ability of Ce12@CD NPs was 

evaluated by the O2
− . assay kit (Nanjing Jiancheng Bioengineering 

Institute, Nanjing, China). Different concentrations of Ce12@CD NPs (2, 
4, 6, 8, and 10 μg mL− 1) were individually introduced into the working 
solution and mixed thoroughly. The mixtures were then incubated in a 
water bath at a constant temperature of 37 ◦C for 40 min. After the in
cubation, 2 mL of colorant was added, and the UV absorbance at 550 nm 
was subsequently determined, and the clearance rate was calculated 
according to the absorbance value.

2.4.4. ABTS radical scavenging activity of Ce12@CD NPs
Dispense 200 μL of ABTS+⋅ working solution into each well of a 96- 

well plate. Add 10 μL of distilled water to designated wells as controls. 
For the test samples, add 10 μL of Ce12@CD NPs at varying concen
trations (2, 4, 6, 8 and 10 μg mL− 1) to the remaining wells. Gently mix 
the solutions to ensure homogeneity, then incubate at room temperature 
for 6 min. After incubation, the absorbance at 414 nm was determined 
using microplate reader, and the total antioxidant capacity of the sam
ples was calculated from the absorbance values of the different groups 
(n = 3).

2.4.5. DPPH radical scavenging activity of Ce12@CD NPs
2,2-Diphenyl-1-picrylhydrazyl (DPPH⋅) is a free radical and its 

alcoholic solution is purple in color with strong absorption at 517 nm. 
Specifically, 20 μL of Ce12@CD NPs at varying concentrations (1, 5, 10, 
15 and 20 μg mL− 1) or water as a control were individually added to 200 
μL of the prepared 25 μM DPPH anhydrous ethanol solution, respec
tively. These mixtures were allowed to react at room temperature for 2 
h. Then the UV–Vis absorption spectra of the solutions were measured at 
517 nm to evaluate the scavenging activity of Ce12@CD NPs against 
DPPH radicals (n = 3).

2.4.6. Catalase-like (CAT-like) activity of Ce12@CD NPs
A dissolved oxygen analyzer was used to measure O2 levels in real 

time. 5 mL of Ce12@CD NPs (50, 100, 150 and 250 μg mL− 1) were 
poured into a 15 mL round-bottomed flask and seal it with sealing film, 
and 1 mL of 10 mM H2O2 was injected after the system reading stabi
lizes. The amount of dissolved O2 generated was monitored every 10 s 
interval (n = 3).

2.4.7. SOD-like activity of Ce12@CD NPs
The superoxide dismutase (SOD) activity of Ce12@CD NPs was 

evaluated using the SOD activity detection kit (ACMEC, Shanghai, 
China). Different concentrations of Ce12@CD NPs (1, 5, 10, 15 and 20 
μg mL− 1) were added to the working solution, respectively, and thor
oughly mixed. After a 30-min incubation at 37 ◦C, the absorbance of the 
solution at 560 nm was measured. During this process, a specific 
quantity of O2

− . was generated within the system, leading to a strong 
absorbance at 560 nm. Ce12@CD NPs reduced O2

− . levels, reflected by 
decreased UV absorbance. The clearance rate was calculated based on 
absorbance values (n = 3).

2.5. In vitro experiments

2.5.1. Cell culture
RAW264.7 and HUVEC cells were cultured in DMEM medium 

(containing 10 % (v/v) fetal bovine serum (FBS), 1 % (v/v) penicillin 
and streptomycin) at 37 ◦C in an incubator supplied with a humidified 
atmosphere of 5 % CO2.

2.5.2. Cytotoxicity
A standard MTT assay was adopted to evaluate the cytotoxicity of 

Ce12@CD NPs with different concentrations (0, 10, 30, 50, 75, 100, 150, 
200 μg/mL). HUVEC cells were incubated with Ce12@CD NPs with 
different concentrations for 12 and 24 h, respectively. After incubation, 
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the cell viability was determined by the standard MTT procedures. The 
cell viability survival rate was calculated based on the absorbance value 
of each well (n = 3).

2.5.3. Hemolysis assay
From a healthy 6-week-old male BALB/c mouse, 1 mL of fresh blood 

was swiftly obtained and transferred into an EDTA-coated anti
coagulation tube. Red blood cells (RBCs) were isolated via centrifugation 
(3000 rpm, 10 min) and washed four times with PBS solution until the 
upper layer was clear and transparent, and finally diluted it to 10 mL 
with PBS. 0.2 mL diluted red blood cell suspension was mixed with 0.8 
mL of deionized water (positive group, PG), PBS (negative group, NG) or 
PBS containing varying concentrations of Ce12@CD NPs at 10, 20, 50, 
100, 150, and 200 μg/mL (experimental groups, EG), respectively. The 
mixtures were incubated at 37 ◦C for 2 h, followed by centrifuged at 
3000 rpm for 5 min. After centrifugation, take photos for record and the 
supernatants were carefully collected for absorbance measurements at 
541 nm.

The hemolysis rate is calculated using the formula below. AEG is the 
absorbance of the experimental group; ANG is the absorbance of negative 
group; APG is the absorbance of the positive group. 

Hemolysis rate (%) = (AEG-ANG)/ (APG-ANG) × 100 %                          

2.5.4. Antioxidant studies
ROS scavenging was detected with DCFH-DA probe along with the 

fluorescent change from fluorescent DCF to non-fluorescent DCFH.
HUVEC cells at a density of 1 × 105 were inoculated into confocal 

dishes and incubated for 12 h. Antioxidant capacity was assessed at the 
cellular level by incubating with 1 mM H2O2 to establish a nutrient stress 
environment in the cells.

Experimental components. 

1 Control group: HUVEC without treatment
2 H2O2 group: HUVEC treated with 1 mM H2O2 treatment
3 Treatment group: HUVEC co-treated with Ce12@CD NPs (50, 100 

μg/mL) and 1mM H2O2 treatment

After HUVEC were incubated with 1 mL DCFH-DA (10 μM in DMEM 
medium) for 20 min, then the cells of the H2O2 group were stimulated 
with 1 mM H2O2; the cells of treatment group were incubated with 1 mL 
Ce12@CD NPs (50, 100 μg/mL) and 1 mM H2O2 for 45 min. They were 
performed with laser confocal, selecting a 405 nm excitation source with 
a collection wavelength range of 440–465 nm.

2.5.5. Cellular anti-inflammatory studies
ROS Indicator (DCFH-DA) was used to monitor intracellular ROS 

changes in macrophages (RAW264.7 cells). 

① Experimental components:
② Control group: RAW264.7 without treatment
③ LPS group: RAW264.7 was treated with lipopolysaccharide (LPS, 

100 ng/mL) stimulation.
④ Treatment group: Ce12@CD NPs (10, 50, 100 μg/mL) pretreated 

RAW264.7 for 2 h, then stimulated with LPS for 4 h.

The RAW264.7 cells were cultured in confocal dishes for 12 h. The 
control group: the cells in were treated with fresh medium; In other 
groups, the cells were stimulated with LPS (100 ng/mL); the LPS group 
were stimulated with LPS; subsequently, the medium was replaced with 
1 mL of DCFH-DA (10 μM in DMEM medium) and incubated for 20 min. 
The treatment group were pretreated with the material for 2 h and then 
stimulated with LPS for 4 h; finally, the cells were washed with PBS for 3 
times and observed with CLSM. In addition, supernatants of RAW264.7 

cell cultures from each group were collected to measure the levels of pro- 
inflammatory factors IL-1β, IL-6 and TNF-α.

2.6. In vivo experiments

Animal Experiments: The animal experiments were approved and 
conducted in strict accordance with the requirements of the Ethics 
Committee of Shanghai Normal University (Shanghai, China). Male 
BALB/c mice were obtained from Shanghai Jiesjie Experimental Ani
mals (Shanghai, China).

2.6.1. IBD models in mice
Male BALB/c mice (6–8 weeks old, 16–20 g) were acclimatized for 

one week, and then the drinking water was changed to 4 % Dextran 
Sulfate Sodium Salt (DSS) solution for one week, and the growth con
dition of the mice was observed and recorded daily.

2.6.2. Biosafety
BALB/c mice (n = 3) were injected intravenously with Ce12@CD 

NPs (10 mg/kg, 0.1 mL) on days 1, 3, 5 and 7. Major organs and blood 
were collected on days 9 and 16 for hematoxylin and eosin (H&E) 
staining and blood index analysis, including blood biochemistry and 
blood routine.

2.6.3. In vivo distribution
Healthy BALB/c mice (n = 3) were intravenously injected with 

Ce12@CD NPs (10 mg/kg, 0.1 mL) to investigate the biodistribution of 
Ce12@CD NPs. Hearts, livers, spleens, lungs, kidneys, and colons were 
collected and weighed at different time points post-injection (2, 6, 12, 
and 24 h), followed by nitrification with aqua regia. ICP-MS was then 
performed to determine the content of cerium, and the biological dis
tribution was assessed by the percentage of injected cerium per gram of 
tissue (%ID/g).

2.6.4. Pharmacokinetics of Ce12@CD NPs
The pharmacokinetics were evaluated by intravenous injection of 

Ce12@CD NPs (10 mg/kg, 0.1 mL) in healthy BALB/c mice (n = 3). 
Blood was collected at different time points after injection (1, 2, 6, 12, 
and 24 h) and the urine and feces from mice were collected daily for 1 
week. The concentration of Ce was measured by ICP-MS.

2.6.5. Preventive effect against IBD model
For colitis prevention effect, healthy BALB/c mice were randomly 

assigned to four groups (n = 5 per group). 

1 Control group: H2O + PBS
2 DSS group: 4 % DSS + PBS
3 Treat 1 group: 4 % DSS + Ce12@CD NPs (5 mg/kg)
4 Treat 2 group: 4 % DSS + Ce12@CD NPs (10 mg/kg)

The mice in the DSS group, treat 1 group and treat 2 group drank 
water containing 4 % DSS (w/v, dextran sulfate sodium) for one 
consecutive week (i.e., from day 0 to day 7), and then replaced by water 
only from day 8 to day 16. During this period, the mice in each group 
were injected with the corresponding material intravenously in the tail 
vein on days 1, 3, 5 and 7. Control group and DSS group were injected 
with PBS in the tail vein; Treat 1 group and treat 2 group were injected 
with Ce12@CD NPs (5 mg/kg) and Ce12@CD NPs (10 mg/kg) in the tail 
vein, respectively. Body weight data was collected daily for each group 
of mice and the Disease Activity Index (DAI) was assessed according to 
the evaluation criteria in Table 1. Over a 9-day period, body weight 
changes were recorded daily, and stool consistency and fecal bleeding 
were observed and recorded daily. In addition, in order to avoid the 
influence of the environment on the inflamed colon during sampling on 
day 9, one randomly selected colon from each group with different 
treatments was immediately taken for immune-histological 
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characterization.

2.6.6. Therapeutic effect against IBD model
In terms of colitis treatment effect, BALB/c mice were randomly 

divided into four groups (n = 5 per group). 

1 Control group: H2O + PBS
2 DSS group: 4 % DSS + PBS
3 Treat 1 group: 4 % DSS + Ce12@CD NPs (5 mg/kg)
4 Treat 2 group: 4 % DSS + Ce12@CD NPs (10 mg/kg)

The model of colitis was established by the continuous administra
tion of 4 % DSS (w/v) on the 0~7th day, which was then replaced by 
drinking water on the following 8–16 days.

Mice in the DSS group, treat 1 group and treat 2 group were fed a 4 % 
DSS solution for 7 days to induce colitis and then switched to drinking 
water afterwards. On the 7th, 9th, 11th, and 13th days, the control 
group and DSS group were injected with PBS, while treat 1 group and 
treat 2 group received tail vein injections of Ce12@CD NPs at doses of 5 
mg/kg and 10 mg/kg, respectively. The mice were euthanized on the 
16th day. Body weight changes, fecal consistency and fecal bleeding of 
the mice were recorded daily over a 16-day period and the Disease 
Activity Index (DAI) was assessed according to the evaluation criteria in 
Table 1. In addition, in order to avoid environmental effects on the 
inflamed colon during sampling on day 16, one randomly selected colon 
from each group with different treatments was immediately taken for 
immunohistological characterization.

2.6.7. mRNA sequencing and analysis
After treatment the colitis of different groups mice, the colons were 

collected for transcriptomic analysis on day 16 after treatment. BALB/c 
mice were divided into four groups (n = 3). 

1 Control group: H2O + PBS
2 DSS group: 4 % DSS + PBS
3 Treat 1 group: 4 % DSS + Ce12@CD NPs (5 mg/kg)
4 Treat 2 group: 4 % DSS + Ce12@CD NPs (10 mg/kg)

Total RNA was extracted using the TRIzol reagent (Invitrogen, CA, 
USA) according to the manufacturer’s protocol. RNA purity and quan
tification were evaluated using the NanoDrop 2000 spectrophotometer 
(Thermo Scientific, USA). RNA integrity was assessed using the Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Then 
the libraries were constructed using VAHTS Universal V6 RNA-seq Li
brary Prep Kit according to the manufacturer’s instructions. The tran
scriptome sequencing and analysis were conducted by OE Biotech Co., 
Ltd. (Shanghai, China). The libraries were sequenced on a llumina 
Novaseq 6000 platform and 150 bp paired-end reads were generated. 
The clean reads were mapped to the reference genome using HISAT2. 
FPKM of each gene was calculated and the read counts of each gene were 
obtained by HTSeq-count. PCA analysis were performed using R (v 
3.2.0) to evaluate the biological duplication of samples. Differential 
expression analysis was performed using the DESeq2. Q value < 0.05 
and foldchange >2 or foldchange <0.5 was set as the threshold for 
significantly differential expression gene (DEGs). Based on the hyper
geometric distribution, GO, KEGG pathway enrichment analysis of DEGs 

were performed to screen the significant enriched term using R (v 3.2.0), 
respectively. We utilized the KEGG or GO database for Gene Set 
Enrichment Analysis (GSEA).

2.6.8. Gut microbiota 16S sequencing assay
Analysis of the microbiome. After different treatments of DSS 

induced colitis mice, the feces were harvested, frozen in liquid nitrogen 
immediately, and sent to Shanghai OE Biotech Co., Ltd for intestinal 
microbiome analysis by 16S sequencing method.

In terms of colitis treatment effect, BALB/c mice were divided into 
four groups (n = 5). 

1 Control group: H2O + PBS
2 DSS group: 4 % DSS + PBS
3 Treat 1 group: 4 % DSS + Ce12@CD NPs (5 mg/kg)
4 Treat 2 group: 4 % DSS + Ce12@CD NPs (10 mg/kg)

Total genomic DNA was extracted using MagPure Soil DNA LQ Kit 
(Magan) following the Manufacturer’s instructions. DNA concentration 
and integrity were measured with NanoDrop 2000 (Thermo Fisher Sci
entific, USA) and agarose gel electrophoresis. The bacterial 16S rRNA 
(V3–V4 region) genes were amplified with PCR using primers 343F (5′- 
TACGGRAGGCAGCAG-3′) and 798R (5′-AGGGTATCTAATCCT-3′). The 
Amplicon quality was visualized using agarose gel electrophoresis. Raw 
sequencing data were in FASTQ format. Paired-end reads were then 
preprocessed using Cutadapt software to detect and cut off the adapter. 
After trimming, paired-end reads were filtering low quality sequences, 
denoised, merged and detect and cut off the chimera reads using DADA2 
with the default parameters of QIIME2. At last, the software output the 
representative reads and the ASV abundance table. Alpha diversity was 
measured based on the observed ASV number and presented with Chao, 
shannon and Simpson indices, based on the calculation of diversity 
index of different samples under the unified depth. Beta diversity was 
determined by principal coordinate analysis (PCoA) based on the dis
tance matrix. The linear discriminant analysis effect size (LEfSe) method 
was used to compare the taxonomy abundance spectrum.

2.7. Statistical analysis

All data are presented as mean ± SEM. Comparison between groups 
was performed by one-way ANOVA analysis. NS, no significance; *p <
0.05, **p < 0.01, ***p < 0.001 and ****P < 0.0001 were considered to 
be statistically significant.

2.8. Data availability

The RNA sequencing data and 16S rRNA sequencing data generated 
in this study are deposited in the NCBI Sequence Read Archive (SRA). 
Their SRA data under BioProject accession numbers PRJNA1172615 
and PRJNA1177412, and can be accessible with the links https://www. 
ncbi.nlm.nih.gov/sra/PRJNA1172615 and https://www.ncbi.nlm.nih. 
gov/sra/PRJNA1177412, respectively. The authors declare that all 
other data supporting the findings of this study are within the article or 
Supplementary Information file. Source data are provided with this 
paper.

3. Results and discussion

3.1. Preparation and characterization of Ce12@CD NPs

Ce6 (Ce6(μ3-O)8(μ3-OH)4(μ2-NH2CH2COO)10) was synthesized by a 
reaction between glycine and cerium (IV) nitrate in saturated sodium 
chloride solution at room temperature [28]. Using this Ce6 cluster as 
precursor to react with 1-adamantanecarboxylic acid (HADA) in N, 
N-Dimethylformamide at 85 ◦C, a new cerium cluster Ce12 with a for
mula of [Ce12(μ3-O)8(μ3-OH)8(μ2-OH)6(ADA)18]•3H2O•3CH3CN (Ce12) 

Table 1 
DAI scoring criteria.

Stoll consistency Bleeding Weight loss

Formed = 0 Normal color = 0 No weight loss = 0
Mild soft = 1 Brown color stool = 1 1 %-5 %weight loss = 1
Very soft = 2 Reddish color stool = 2 5 %-10 %weight loss = 2
Watery = 3 Bloody stool = 3 10 %–15 % weight loss = 3
​ >15 %weight loss = 4
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was obtained. As shown in Fig. 1a, Crystallographic structure analysis 
revealed that Ce12 crystallizes in the cubic space group P63/m and 
contains two Ce4+ ions, three deprotonated ADA− 1 ligands, 8/6 μ3-O, 
8/6 μ3-OH, one μ2-OH and one acetonitrile and one water molecules in 
its asymmetric unit. The whole skeleton of Ce12 is made up by a 
dumbbell-shaped {Ce12} metal-oxo core and 18 ADA− 1 ligands. This 
dumbbell-shaped {Ce12} metal-oxo core contains two equivalent 
octahedron-shaped {Ce6} metal-oxo core, which connect together by six 
μ2-OH bridges. Each Ce4+ ion in the {Ce12} metal-oxo core is coordi
nated with eight O atoms, forming a square-antiprismatic coordination 
geometry. Adjacent Ce4+ ions are connected together by the μ3-O, 
μ3-OH, and μ2-OH bridges. The outer coordination space of this {Ce12} 
metal-oxo core is surrounded by 18 deprotonated ADA− 1 ligands. 
Notably, these ADA− 1 ligands have large hydrophobic adamantine 
groups, thus this {Ce12} metal-oxo core center is located in a hydro
phobic coordination environment, which may make this compound 
have low solubility while high stability in aqueous solution.

To enhance water solubility for further biological applications, we 
employed a host-guest driven self-assembly process between the 

adamantane moiety of Ce12 and β-cyclodextrin (β-CD) [29,30]. This 
improvement was validated via successful synthesis of Ce12@CD NPs, as 
confirmed by FT-IR spectroscopy (Fig. 1b). The hydroxyl (O-H) 
stretching vibration peak of pure β-CD is located at 3397 cm− 1, which is 
at 3441 cm− 1 in the spectrum of Ce12 attributed to the crystal water 
[31]. The spectral characteristics of the physical mixture (Ce12+β-CD) 
resembles that of pure β-CD, featuring a broad band at 3395 cm− 1. In 
contrast, the spectrum of Ce12@CD NPs exhibits a shift to a higher 
frequency at 3422 cm− 1. When comparing Ce12@CD NPs with Ce12, the 
O-H stretching vibration peak shifts 19 cm− 1 lower, indicating the for
mation of intermolecular hydrogen bonds between β-CD and Ce12 [32]. 
In the FT-IR spectrum of β-CD, peaks at 2927 cm− 1, 1156 cm− 1 and 
1029 cm− 1 are attributed to the stretching vibrations of C-H, C-O-C, C-O 
respectively [33]. The Ce12 spectrum displays sharp peaks at 2903 cm− 1 

and 2848 cm− 1 corresponding to the C-H stretching vibrations, which 
become weaker in the Ce12@CD NPs. This change suggested an inter
action between adamantane and β-CD. The decreased intensity in ab
sorption across various stretching and bending vibration modes 
evidences the interaction between Ce12 and the hydroxyl group at the 

Fig. 1. Physical characterizations and RONS scavenging activity of Ce12@CD NPs. (a) Structure of Ce12 (X-ray single-crystal diffraction analysis image); (b) FT-IR 
spectra of β-cyclodextrin (β-CD), Ce12, their physical mix (Ce12 + β-CD) and Ce12@CD NPs; (c) SEM image of Ce12@CD NPs; (d) XPS analysis of Ce12@CD NPs; The 
antioxidant capacities of Ce12@CD NPs: (e) H2O2, (f) ⋅OH, (g) O2

− ., (h) ABTS+⋅ and (i) DPPH⋅ at various concentrations.
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edge of the β-CD cavity, forming an inclusion compound [34]. 
Furthermore, the spectra comparison of β-CD and Ce12, Ce12@CD NPs 
reveals that the latter more closely resembles the spectrum of β-CD than 
that of Ce12, suggesting Ce12’s encapsulation within the β-CD cavity 
[35]. Moreover, the SEM image reveals an octahedral Ce12 structure. 
Elemental mapping analysis further confirms the uniform distribution of 
C, O, and Ce elements within the Ce12 with typical signals (Fig. S1). XRD 
patterns of Ce12 and Ce12@CD NPs indicated that the crystalline 
structure of Ce12 remained stable during the process of self-assembly 
with β-CD (Fig. S2a).

Ce12@CD NPs had a diameter of around 51 nm (Fig. S2b) and a zeta 
potential of approximately − 13.5 mV (Fig. S2c), as determined by dy
namic light scattering (DLS). The Scanning Electron Microscope (SEM) 
revealed that the Ce12@CD NPs were uniform in shape, appearing as 
spherical particles (Fig. 1c). Spherical Ce12@CD NPs exhibit a relatively 
large specific surface area, which provides abundant surface-active sites 
for antioxidant reactions. This promotes the conversion of Ce3+/Ce4+

oxidation-reduction pairs, thereby enhancing their antioxidant perfor
mance. Spherical Ce12@CD NPs, with their high density of surface de
fects and oxygen vacancies, promote oxygen adsorption, activation, and 
release, boosting catalytic performance. Their nanoscale size contributes 
to high surface energy, which renders the surface atoms relatively un
stable and enhances their reactivity. Concurrently, the diameter of 
Ce12@CD NPs was monitored over an seven-day period in water, PBS, 
phosphate buffer solutions (pH = 5.2, 6.5, and 7.4), and DMEM sup
plemented with 10 % serum using DLS. (Fig. S2d). The particle size 
remained largely unchanged, indicating the robust stability of 
Ce12@CD NPs. X-ray photoelectron spectroscopy (XPS) investigations 
of Ce12 and Ce12@CD NPs has confirmed the valence states of cerium. 
Fig. 1d indicated mixed valence +4 and + 3 in Ce12@CD NPs, whereas 
Ce12 revealed solely the +4 oxidation state (Fig. S2e). Ce12@CD NPs 
existed in both +3 and + 4 valence states, attributed to the higher 
surface-to-volume ratio that promotes Ce3+ binding and facilitates the 
oxidation of solubilized oxygen in aqueous media [36]. The peaks 
around 901.23 eV and 885.36 eV for Ce 3d3/2 and Ce 3d5/2, respectively, 
are associated with Ce3+ ions. Meanwhile, the characteristic XPS (3d3/2) 
peak at 916.0 eV represents the transition of Ce4+ ions from the initial 
state 3d104f0 to 3d94f0 [37,38]. The Ce3+ and Ce4+ co-exist on the sur
face of Ce12@CD NPs with 11.58 % Ce3+ determined by XPS analysis, 
providing the chemical basis for the catalytic activities to eliminate 
RONS [39,40].

3.2. RONS scavenging activity of Ce12@CD NPs

Given the presence of both Ce3+ and Ce4+ in Ce12@CD NPs, we 
investigated their scavenging activity against RONS using various 
colorimetric assays. Initially, three representative ROSs, namely, 
Hydrogen peroxide (H2O2), superoxide anions (O2

− .), and hydroxyl 
radicals (⋅OH) were selected to evaluate the ROS scavenging capabilities 
of Ce12@CD NPs using corresponding assay kits respectively. Approxi
mately 54 % of the total H2O2 and 83 % of ⋅OH were removed by 250 μg/ 
mL of Ce12@CD NPs (Fig. 1e and f). Additionally, around half of the O2

− . 

was decomposed when treated with 10 μg/mL of Ce12@CD NPs 
(Fig. 1g). Furthermore, we investigated the antioxidative properties of 
Ce12@CD NPs by examining their ability to scavenge reactive nitrogen 
species (RNS) using two distinct assays: 2,2′-azino-bis (3-ethyl
benzothiazoline 6-sulfonate) (ABTS) and 2,2-di-(4-tert-octylphenyl)− 1- 
picrylhydrazyl (DPPH), as determined by the reduction in solution 
absorbance at wavelengths of 414 nm and 517 nm, respectively. 
Notably, at relatively low concentrations (10 and 20 μg/mL), Ce12@CD 
NPs exhibited more than 80 % clearance of ABTS+⋅ and DPPH⋅, 
demonstrating their effectively scavenging of free radicals and total 
RNS, respectively (Fig. 1h and i). Importantly, the scavenging of RONS 
by Ce12@CD NPs was dose-dependent, highlighting their broad- 
spectrum free radical scavenging capability to eliminate RONS.

To pinpoint the detailed performances of Ce12@CD NPs, we examine 

their CAT- and SOD-like activity. The generation of oxygen in a 
concentration-dependent manner when H2O2 solution was exposed to 
Ce12@CD NPs indicated their CAT-like enzymatic activity (Fig. S2f). 
Additionally, the SOD-like enzyme activity of Ce12@CD NPs was 
confirmed by the decrease in absorbance at 560 nm with increasing 
Ce12@CD NPs concentration (0–20 μg/mL), as assessed using the SOD 
enzyme assay kit (Fig. S2g).

Since the CAT-mimetic activity of Ce12@CD NPs, which could 
catalyze the conversion of H2O2 into H2O and O2, and RNS scavenging 
activity have been known to be related to the Ce4+ fraction on the sur
face. And the Ce3+ sites are responsible for eliminating ⋅OH and O2

− . via 
redox reactions or SOD-mimetic activity [41,42]. The facile electron 
shuttling and regeneratable changes between Ce3+ and Ce4+ on 
Ce12@CD NPs promote the scavenging reactions for RONS, as well as 
antioxidant and catalytic properties.

3.3. ROS scavenge and cell protection of Ce12@CD NPs in vitro

Due to the excellent RONS clearance activity of Ce12@CD NPs, we 
further evaluated the cellular ROS clearance and protection effects on 
lipopolysaccharide (LPS)-/H2O2-induced HUVEC or RAW264.7 macro
phages. Initially, we assessed the biosafety of different concentrations of 
Ce12@CD NPs on HUVEC and RAW264.7 macrophages using the MTT 
assay. Even after being exposed to a concentration of 200 μg/mL for 24 
h, the cell viability of HUVEC and RAW264.7 cells was as high as 90.42 
± 3.10 % and 86.12 ± 4.84 %, respectively (Fig. S3a). These results 
indicate minimal cytotoxicity and no significant adverse effects on the 
cells. Hemolysis tests also demonstrated excellent blood compatibility, 
with a hemolysis rate dispersion of less than 3 % for all concentrations of 
Ce12@CD NPs (Fig. S3b). Since oxidative stress injury is associated with 
elevated levels of H2O2 [43], we established a nutrient stress environ
ment in the cells by incubating them with 1 mM H2O2. To assess the in 
vitro antioxidant activity of Ce12@CD NPs, we used 2′,7′-Dichlorodihy
drofluorescein diacetate (DCFH-DA) as the oxidant-sensing probe to 
detect ROS generation and clearance using confocal laser scanning mi
croscope (CLSM). In the presence of ROS, DCFH-DA is oxidized to green 
fluorescent 2′, 7′-dichlorofluorescein (DCF). As shown in Fig. 2a, the 
fluorescent intensity of DCF in cells treated with combination of 
Ce12@CD NPs and H2O2 was lower compared to the H2O2 group, sug
gesting that Ce12@CD NPs possessed dose-dependent antioxidant 
property in HUVEC cells. Notably, HUVEC cells treated with 100 μg/mL 
Ce12@CD NPs showed no significant difference compared to control 
cells. Due to their potent ROS scavenging activity, Ce12@CD NPs 
effectively protect cells from ROS-mediated cytotoxicity.

Furthermore, macrophages play a crucial role in the development of 
oxidative stress and inflammatory diseases. To investigate the potential 
anti-inflammatory activity of Ce12@CD NPs, we examined their pro
tective effect against LPS-induced injury in RAW264.7 macrophages and 
measured the levels of several key pro-inflammatory cytokines such as 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6) and interleukin-1β 
(IL-1β). After inducing RAW264.7 macrophages with LPS, IL-1β 
increased by 4 times (Fig. 2b), TNF-α increased by 2 times (Fig. 2c) and 
IL-6 increased by about 0.6 times (Fig. 2d). Treatment with Ce12@CD 
NPs alleviated the oxidative stress of RAW264.7 macrophages, as indi
cated by DCFH-DA (Fig. S3c), and down-regulated the expression of 
proinflammatory cytokines IL-1β, TNF-α and IL-6 (Fig. 2b–d), showing a 
significant concentration dependent effect. Specially, at a concentration 
of 100 μg/mL Ce12@CD NPs, there are significant down-regulation rates 
observed for IL-1β (58.37 %), TNF-α (51.50 %), and IL-6 (35.22 %), 
respectively. These results suggested that Ce12@CD NPs can effectively 
eliminate toxic ROS to reduce the level of pro-inflammatory cytokines in 
RAW264.7, and have a beneficial effect on inflammation resolution. The 
ROS-scavenging capability of Ce12@CD NPs, coupled with their multi- 
enzyme activity, protects cells from oxidative stress-induced damage, 
indicating their potential in therapy for IBD.
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3.4. Therapeutic and prophylactic effects of Ce12@CD NPs on DSS- 
induced inflammatory bowel disease

The excessive formation of RONS at the colonic site is a prominent 
feature of IBD. Based on the ex vivo antioxidant and anti-inflammatory 
effects, the therapeutic and prophylactic efficacy of Ce12@CD NPs 
against colitis in vivo was evaluated. Prior to this, we assessed their 
biocompatibility, distribution and pharmacokinetics profile in healthy 
mice (Fig. S4a). The results of blood routine examination, blood 
biochemical analysis, and HE staining showed almost no significant 
difference from those of healthy mice (Fig. S4b-4d), indicating that 
treatment with 10 mg/kg Ce12@CD NPs did not compromise major 
organs health or functionality, indicating good biocompatibility in vivo. 
Large amounts of Ce12@CD NPs were distributed to major organs via 
the circulation, with the highest accumulation in the liver by 22.09 ±
1.63 % ID/g at 6 h, decreasing to about 2.9 ± 1.0 % ID/g at 24 h 
(Fig. S4e). This suggests elimination of Ce12@CD NPs via hepatobiliary 
metabolism, allowing for rapid clearance into the circulation without 
causing obvious adverse effects. The blood pharmacokinetics of 
Ce12@CD NPs followed a typical one-compartment model, with a blood 
clearance half-life of 2.20 h, indicating moderate blood elimination in 
vivo (Fig. S4f). We also collected a portion of feces and urine daily, and 
after one week, the accumulated Ce contents were 28.76 and 19.26 μg 
and the Ce contents in feces and urine decreased by 78.79 ± 0.91 % and 
73.80 ± 0.85 %, respectively, suggesting that Ce12@CD NPs could be 

excreted via the kidney and hepatointestinal systems (Fig. S4g). Effective 
metabolism of Ce12@CD NPs resulted in their elimination from the body 
within one week without long-term toxicity, ensuring the safety of 
Ce12@CD NPs for IBD treatment.

To investigate the therapeutic efficacy Ce12@CD NPs of against 
IBDs, we constructed DSS-induced colitis model by giving 4 % DSS (w/v) 
to mice over a 7-day period before administering Ce12@CD NPs intra
venously every 2 days for 7 days (Fig. 3a). The control groups included 
mice without DSS treatment and those treated with PBS (The healthy 
control group), as well as mice with DSS treatment and those treated 
with PBS (The colitis control group). The colitis mice exhibited signifi
cant weight loss and an increase in the disease activity index (DAI) 
scores, accompanied by severe diarrhea, bloody stool, and other symp
toms, these findings indicate the successful establishment of the colitis 
mouse model. The feces of the Control group mice were characterized by 
firm, dark brown, regularly shaped oval pellets. In contrast, the feces of 
the DSS group mice were unformed, with visible bright red blood and 
increased adhesion, often adhering to the upper part of the EP tube. 
Following treatment with Ce12@CD NPs, the hardness and texture of 
the feces were restored to levels comparable to those of the Control 
group, particularly in the high-dose Treat 2 group (Fig. S5).

The body mass of mice in the colitis control group dropped sharply to 
78.88 ± 4.34 % of the initial weight by day 16 (Fig. 3b), and their DAI 
score reached 8.6 ± 0.89 (Fig. 3c). In contrast, in the groups treated with 
5 mg/kg and 10 mg/kg Ce12@CD NPs, the mice’s body weight initially 

Fig. 2. Protective effects of Ce12@CD NPs cells in vitro. (a) CLSM images (Left) and statistical analysis (Right) probed by DCFH-DA in HUVEC cells untreated, treated 
with H2O2, or with H2O2+Ce12@CD NPs at varying concentrations (scale bar: 20 μm); (b–d) The levels of proinflammatory factors in RAW264.7 macrophages after 
different treatments, including (b) IL-1β, (c) TNF-α, and (d) IL-6.
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decreased and then increased from day 8–16, finally reaching 94.58 ±
4.33 % and 98.84 ± 1.97 % of the initial weight, respectively, while the 
DAI score reduced to 4.2 ± 1.48 and 2.0 ± 0.71, respectively. The 
detrimental inflammatory reactions triggered by colitis can also causes a 
shortening of colon length due to intestinal mucosa damage. Therefore, 
the colons of mice were isolated, imaged and measured when the mice 
were sacrificed at Day 16 (Fig. 3d). In contrast to the colon length of 
healthy control mice (10.05 ± 0.71 cm), colitis control mice had a 
significantly shorter colon length of only 5.55 ± 0.59 cm. However, the 
colon length of mice treated with 10 mg/kg Ce12@CD NPs significantly 
increased to 8.48 ± 0.52 cm (Fig. 3f). These quantitative data demon
strate that Ce12@CD NPs provided symptomatic relief of colitis symp
toms, indicating the restoration of the mice’s health after treatment. 
H&E staining of colon tissues showed significant destruction of colon 
microstructure, the loss of crypts, destruction of goblet cells and immune 
cells infiltration were observed in colitis mice, while no significant tissue 
damage was observed in healthy mice and 10 mg/kg Ce12@CD NPs 
treated mice (Fig. 3e). This suggests that Ce12@CD NPs can significantly 
alleviate the typical symptoms of colitis, and the therapeutic efficacy is 
enhanced at a dose of 10 mg/kg. Subsequently, we measured 

proinflammatory mediators in the colon tissue, including myeloperox
idase (MPO), SOD enzyme, TNF-α, IL-6, and IL-1β, which are known 
markers of IBD and contribute to its development. The activity of MPO 
enzyme can reflect the infiltration level of neutrophils, and the infil
tration of a large number of recruited inflammatory cells caused by 
colitis leads to an increase in MPO enzyme activity. SOD enzyme is an 
antioxidant metalloenzyme present in organisms and scavenges free 
radicals. In colon tissues of colitis control group, the MPO enzyme ac
tivity increase to 1.43 ± 0.29 (U/mg tissue) and SOD enzyme activity 
was significantly reduced to 0.24 ± 0.36 (U/mg tissue), consistent with 
a previous report [44]. After 10 mg/kg Ce12@CD NPs treatment, the 
activities of MPO and SOD were significantly restored to normal levels of 
0.11 ± 0.02 (U/mg tissue) and 1.25 ± 0.06 (U/mg tissue), respectively 
(Fig. S6a and Fig. S6b). Levels of the proinflammatory cytokines (TNF-α, 
IL-1β, and IL-6) in colon tissue homogenates were measured using 
enzyme-linked immunosorbent assay (ELISA) and immunofluorescence 
staining. As a result, the levels of TNF-α, IL-1β, and IL-6 significantly 
increased following DSS induction, which were normalized after 10 
mg/kg Ce12@CD NPs treatment by 69 %, 95 % and 54 % reduction 
respectively. (Fig. 3g-I, Fig. S6c). In addition, the analysis of blood 

Fig. 3. Therapeutic effect of Ce12@CD NPs administered intravenously on DSS-induced colitis. (a) Experimental schematic for DSS-induced colitis and therapeutic 
administration of Ce12@CD NPs; (b) The daily changes in body weight and (c) DAI assessment of the mice during a 16-day treatment course. (d) Digital photographs 
showcasing the colon, along with (e) H&E staining of colon tissue sections (Scale bar: 200 μm), and (f) corresponding measurements of colon lengths for each group. 
(g–i) quantitative analysis of pro-inflammatory factors (IL-1β, TNF-α, and IL-6) in the colon tissue. *p < 0.05, **p < 0.01.
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routine parameters showed that they remained within the normal range 
after treatment (Fig. S6d). H&E staining revealed that Ce12@CD NPs 
induced no evident organ injuries or inflammatory lesions in vital organs 
such as heart, liver, spleen, lungs and kidneys (Fig. S6e). These results 
suggest that Ce12@CD NPs exerted excellent therapeutic potential in the 
colitis model without causing significant side effects.

Furthermore, we investigated the prophylactic efficacy of Ce12@CD 
NPs in protecting mice from colitis development. Mice were injected 
with PBS or Ce12@CD NPs (5 or 10 mg/kg) once every 2 days while 
simultaneously given DSS for the initial 7 days to induce colitis until 
they were euthanized on day 9. As shown in Fig. S7 and Fig. S8, 
Ce12@CD NPs dose-dependently displayed superior preventive efficacy 
against colitis, with regained lost weight, increased colon length, 
minimized colon injury, and decreased the levels of proinflammatory 
factors levels. Moreover, histological examination of primary organs and 
blood routine examination (Figs. S8a–8b) consistently indicated almost 
no apparent blood toxicity and no structure or pathological changes in 
mice treated with 10 mg/kg Ce12@CD NPs.

Together, Ce12@CD NPs exhibited robust therapeutic effects in both 
preventing and treating colitis, offering a promising drug for IBD.

3.5. RNA sequencing analysis of Ce12@CD NPs -treated mice colon

To elucidate the mechanisms underlying the anti-inflammatory ef
fects of Ce12@CD NPs, colonic tissues from DSS-induced colitis mice 
treated with Ce12@CD NPs were subjected to RNA sequencing analysis. 
Mice were randomly allocated into 4 groups (n = 3): the control group 
representing healthy mice (Control), the DSS-induced colitis group 

(DSS), 5 mg/kg Ce12@CD NPs-treated group (Treat1), and 10 mg/kg 
Ce12@CD NPs-treated group (Treat2). Hierarchical clustering analysis 
(Figs. S9a and S9b) indicated that the gene expression profiles in 10 mg/ 
kg Ce12@CD NPs-treated colitis mice showed trends towards those of 
healthy mice, however, they exhibited significant differences compared 
to DSS-induced colitis mice. A comparative analysis revealed 1450 
differentially expressed genes (DEGs) between the DSS-treated and 
control groups, with 1156 and 268 DEGs identified at low and high 
concentrations of Ce12@CD NPs treatments, respectively (Fig. S10a). 
Additionally, a comparative gene expression analysis indicated that in 
the colons of DSS-induced colitis mice, 805 genes were upregulated and 
645 genes downregulated when compared with the healthy controls. 
Post-treatment with Ce12@CD NPs (10 mg/kg), these figures were 
modified to 611 upregulated and 258 downregulated genes (Figs. S10a 
and S10b). As shown in Fig. 4a, in the comparison of up-regulated and 
down-regulated genes, there was an overlap of 489 genes and 207 genes 
between the two sets, respectively, which indicates Ce12@CD NPs 
treatment appears to mitigate some of the DSS-induced gene expression 
changes. Moreover, there were several genes, including Reg3a, Reg 3d, 
IL6 and csf3 that overlapped between the top 10 up-regulated and down- 
regulated genes in both the DSS group compared to the control group 
and in the DSS group versus the 10 mg/kg Ce12@CD NPs-treated group. 
This overlap could be attributed to inflammation (Figs. S9a and S9b).

The identified differentially expressed genes were subjected to 
clustering and enrichment analysis in order to elucidate the underlying 
therapeutic mechanism. Gene Ontology (GO) enrichment analysis 
revealed that Ce12@CD NPs (10 mg/kg) treatment intersected with 
various biological processes, including inflammatory response, 

Fig. 4. Mechanism study of Ce12@CD NPs for IBD treatment by Transcriptomic profiles analysis. (a) Venn diagram of RNA-seq analysis showing significantly up- 
regulated (top) or down-regulated (bottom) genes in the DSS group compared to the control group and in the DSS group (DSS) versus the 10 mg/kg Ce12@CD NPs 
treated group (Treat2). (b) GO biological process clustering analysis in 10 mg/kg Ce12@CD NPs treated group versus the DSS group. KEGG pathways enriched the (c) 
up-regulated genes in the DSS group versus the control group and the (d) down-regulated genes in the 10 mg/kg Ce12@CD NPs treated group compared to DSS 
group. GSEA showed "genes expression difference of " (e) Inflammatory bowel disease and (f) IL-17 signaling pathway between 10 mg/kg Ce12@CD NPs group and 
DSS-induced colitis group (Fold Change ≥2 and P < 0.05).
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neutrophil chemotaxis, immune response, response to cytokine, 
response to bacterium, defense response to bacterium, epidermis 
development, response to oxidative stress, regulation of reactive oxygen 
species metabolic process, and more (Fig. 4b). Expression differences 
including inflammatory response, neutrophil chemotaxis, immune 
response, innate immune response, response to bacterium, epidermis 
development, response to oxidative stress, superoxide metabolic process 
and more were observed between the DSS-induced colitis group and the 
healthy control group (Fig. S11). These results lend support to the hy
pothesis that Ce12@CD NPs may have roles in modulating the inflam
matory responses, potentially involving anti-inflammatory and 
immunomodulatory pathways, as well as ROS metabolism. Additionally, 
we can draw the hypothesis that Ce12@CD NPs has the potential to 
regulate gut bacteria, which also contribute to the treatment of colitis.

The protective action exerted by Ce12@CD NPs on the intestinal 
mucosal barrier and its inhibition of inflammatory responses could 
represent a critical biological pathway for the amelioration of colitis 
symptoms. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analysis suggests downregulation of the IL-17 signaling, 
inflammatory bowel disease and TNF, PI3K/AKT NF-κB, JAK-STAT 
signaling pathways are highly associated with the therapeutic 

mechanisms of the Ce12@CD NPs (Fig. 4c and d). In DSS-treated mice, 
these pathways were abnormally activated, but their activity was 
significantly depressed following the intervention with Ce12@CD NPs. 
The KEGG enrichment analysis revealed that the IL-17 signaling 
pathway showed significant enrichment, suggesting it may be involved 
in the therapeutic effects of Ce12@CD NPs. IL-17 is considered one of 
the major pathogenic factors in IBD. Upon activation of the IL-17 
signaling pathway, more pro-inflammatory cytokines such as TNF-α 
and IL-6 are released, thereby amplifying the inflammatory process.

Regarding the other enriched pathways, the TNF and NF-κB pathway 
are recognized as pivotal inflammatory pathway. PI3K-AKT and HIF-1 
signaling pathway activation could trigger macrophage polarization 
toward the anti-inflammatory M2 phenotype [45]. Additionally, JAK/
STAT signaling pathway was report to be involved in both innate and 
adaptive immune response in IBD [46]. This analysis illuminates the 
substantial normalization of key gene expressions related to these 
signaling pathways in the colons of colitis mice following Ce12@CD NPs 
treatment.

Gene Set Enrichment Analysis (GSEA) further corroborated the 
downregulation of gene signatures associated with Inflammatory bowel 
disease (Fig. 4e), IL-17 signaling pathways (Fig. 4f) and TNF, NF-κB, 

Fig. 5. Mechanism study of Ce12@CD NPs for IBD treatment by Transcriptomic profiles analysis. (a) Heatmap of significantly upregulated and downregulated gene 
expression involved in the “Inflammatory bowel disease”(Fold Change ≥2 and P < 0.05), along with (b) a schematic diagram showing differentially expressed genes 
in KEGG database between the Treat2 group and the DSS group. (c) Heatmap of significantly upregulated and downregulated gene expression involved in the “IL-17 
signaling pathway”(Fold Change ≥2 and P < 0.05), along with (d) a schematic diagram showing differentially expressed genes in KEGG database between the Treat2 
group and the DSS group. Up-regulated genes are marked with pink, down-regulated genes are marked with blue, white indicates both up-regulated and down- 
regulated genes. (e) Normalized heatmap displaying the response to ROS-related genes in the groups (Fold Change ≥2 and P < 0.05).
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MAPK, JAK-STAT, HIF-1 signaling pathways in the Ce12@CD NPs- 
treated groups (Fig. S12). The MAPK pathway, recognized as a classic 
pro-inflammatory cascade, plays a critical role in governing lymphocyte 
influx into the gut in IBD patients [47]. Heatmaps (Fig. 5a) and sche
matic diagram (Fig. 5b) shown that inflammatory bowel disease related 
genes were significantly upregulated in the DSS group and down
regulated in the Ce12@CD NPs-treated group, especially the higher 
concentrations of Ce12@CD NPs (10 mg/kg), respectively. As is shown 
in Fig. 5c and d, in both treatment concentrations of Ce12@CD NPs, the 
IL-17 signaling pathway was notably downregulated. The suppression of 
the IL-17 pathway leads to decreased AP-1 expression, which is crucial 
in regulating inflammation through the stimulation of key inflammatory 

mediators, specifically CXCL2, CXCL5, and IL-6. Of particular interest, 
the IL-17 signaling pathways showed more downregulation in the higher 
concentration group. We also applied GSEA methods based on GO 
enrichment analysis, which further confirming the significant correla
tion of various biological processes including inflammatory response, 
immune response, chemokine activity, cytokine activity, oxidoreductase 
activity, acting on paired donors, and cytochrome-c oxidase activity 
with Ce12@CD NPs treatment (Fig. S13). The up-regulation of oxido
reductase activity and acting on paired donors, and cytochrome-c oxi
dase activity may be related to the promotion of REDOX enzyme 
reaction by the antioxidant capacity of Ce12@CD NPs.

Therefore, by analyzing the detailed ROS-related gene expression, 

Fig. 6. Ce12@CD NPs treatment altered the gut microbiota diversity and composition. Alpha diversity estimated by the (a) Chao, and (b) Simpson indices of ASV 
level. (c) Principal coordinate analysis (PCoA) using Weighted Unifrac distances of beta diversity. (d) Heatmap illustration of gut microbial distribution at the Family 
level. Relative abundance of (e) Enterobacteriaceae and (f) Muribaculaceae. (g) Cladogram based on LEfSe analysis indicating the community composition of the gut 
flora. Each circle at different taxonomic levels represents a taxon at that level, and its diameter is proportional to the relative abundance n = 5 for each group. 
Statistical analysis was evaluated with one-way ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).
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we found that the genes were active in DSS-treated group, However, 
after treatment with Ce12@CD NPs, there was a predominant decrease 
in the gene signature associated with response to ROS in colitis mice. 
(Fig. 5e). ROS could promote the elevation of pro-inflammatory cyto
kines like IL-1β, IL-6, and TNF-α [48]. TNF-α could trigger a strong 
cascade inflammatory response via the TNF-α/NF-κB signaling path
ways, resulting in an uncontrolled inflammation response in colitis mice 
[49]. Consistently, the above findings demonstrate that the Ce12@CD 
NPs effectively mitigate colitis in mice through inhibiting the NF-κB and 
TNF signaling pathways through a reduction in ROS level.

What’s more, differing concentrations of Ce12@CD NPs significantly 
dampened the inflammatory and immune responses with the higher 
concentration exhibiting a superior therapeutic effect, more effectively 
abating inflammation and mitigating immune responses (Fig. S14).

These findings suggest Ce12@CD NPs likely alleviates colitis in part 
by inhibiting inflammation-related signaling pathways, diminishing 
proinflammatory cytokines’ levels and decreasing the ROS level.

3.6. Modulatory effect of Ce12@CD NPs on the gut microbiome

The excessive production of ROS in colitis will damage the intestinal 
mucosal barrier, leading to the invasion of intestinal bacteria and ulti
mately leading to dysbiosis of IBD. Similarly, the disruption in the gut 
microbiota membership and their metabolites has a significant influence 
on the initiation and progression of IBD [50]. To investigate whether 
Ce12@CD NPs can modulate the composition of commensal microbiota 
to maintain a balanced gut environment, we conducted microbial 
sequencing using 16S ribosomal RNA (rRNA) gene sequencing targeting 
the V3-V4 regions, this allowed us to assess diversity and identify the 
specific makeup of gut microbes. We can roughly see the degree of 
samples dispersion within the group and the differences in index values 
between different groups. As depicted in Fig. 6a, the Chao 1 alpha di
versity analysis indicates that the gut microbiota composition of the 
groups treated with two concentrations of Ce12@CD NPs (Treat1 and 
Treat2) remained largely unchanged, exhibiting no significant deviation 
from that of the healthy control group. Notably, Ce12@CD NPs treat
ment was associated with changes in microbial diversity and community 
richness, indicating a potential positive impact as shown by analysis of 
α-diversity (Simpson (Fig. 6b) and Shannon (Fig. S15a). Meanwhile, we 
assessed the differences in microbiome composition among different 
treatment groups using β-diversity. The principal coordinate analysis 
(PCoA) plots (Fig. 6c) and hierarchical clustering heat map (Fig. S15b) 
showed overall structure shift of gut microbiota in the DSS induced 
colitis mice group (DSS) compared with that of the healthy mice. In 
contrast, the Ce12@CD NPs-treated group and healthy control group 
clustered closely, the results suggest a relatively close similarity in the 
microbiota between these two groups. In terms of bacterial composition 
at the phylum level (Fig. S16a), the DSS-induced colitis mice were 
obvious with microbial signatures of dysbiosis. A substantial imbalance 
observed across four major gut bacterial phyla including Firmicutes, 
Bacteroidetes, Proteobacteria and Actinobacteria, which also is consis
tent with previous observations in the IBD patients [51].

However, treatment with Ce12@CD NPs was found to effectively 
reverse the alterations in gut microbiota, leading to a significant in
crease in the relative abundance of Bacteroidota and a decrease in the 
relative abundance of detrimental Proteobacteria in DSS-colitis mice 
(Fig. S16a, S17a and S17b). At the order level (Fig. S16b), which showed 
that Ce12@CD NPs treatment significantly enhanced the relative 
abundance of Bacteroidales and Lactobacillus, which are known to 
confer beneficial effects in animal models of IBD.

The bacterial community composition was further analyzed in detail 
at the family level (Fig. 6d). During active inflammation, excessive ROS 
can promote the proliferation of facultative anaerobic bacteria, such as 
Enterobacteriaceae, leading to dyregulation of the gut microbiota in 
IBD. Therefore, these abnormally enhanced Escherichia coli strains 
associated with IBD possess the capability to invade epithelial cells, 

trigger apoptosis in dendritic cells, and induce the release of proin
flammatory cytokines like TNF-α and IL-6 [52,53]. As described, there 
was a significant increase in the relative abundance of Enterobacteri
aceae following DSS induction.

Surprisingly, Ce12@CD NPs treatment was linked to a reduction in 
the abundance of Enterobacteriaceae, suggesting a possible modulation 
effect (Fig. 6d and e) and Escherichia coli (Fig. S17c), restoring their 
levels to those observed in the healthy control group. Furthermore, there 
was a notable increase in the relative abundance of Muribaculaceae 
(known for its anti-inflammatory effects) after treatment with Ce12@CD 
NPs (Fig. 6f). To identify important biomarkers and dominant bacterial 
communities responsible for the impact on DSS-induced colitis mice 
within each group, we utilized linear discriminant analysis effect size 
(LEFSe) analysis (Fig. 6g, Fig. S18). As shown in Fig. 6g, the dysbiosis of 
gut microbiota in the DSS group was primarily attributed to bacteria 
belonging to the Bacteroides genus (from the family Bacteroidaceae) 
and the Lachnospiraceae family (from the order Lachnospirales). The 
population of Enterobacteriaceae and Escherichia shigella pathogens 
exhibited a significant increase in colitis mice (LDA (log10) > 3.0), while 
the aforementioned probiotics, such as Muribaculum and Rumino
coccaceae were enriched in Ce12@CD NPs treatment group. These 
probiotics may influence the gut by potentially inhibiting harmful mi
crobes and affecting mucosal immune homeostasis [45].

Taken together, Ce12@CD NPs treatment significantly enhanced 
microbial biodiversity and altered the gut microbiota composition. The 
introduction of Ce12@CD NPs is beneficial in modulating the intestinal 
flora to treat colitis, which could be attributed to promoting probiotics’ 
growth, and suppressing pathogenic bacteria involved in the onset of 
IBD.

4. Conclusion

In summary, we developed a drug-free Ce12@CD NPs with multiple 
RONS scavenging activities with an average size of 50 nm for the effi
cient treatment of IBD. The obtained Ce12@CD NPs possessed SOD, 
CAT-like enzyme activities and showed effective scavenging ability for 
multiple RONS including H2O2, O2

− ., ⋅OH, DPPH and ABTS. Ce12@CD 
NPs shows good biosafety in vitro and effectively reduces the levels of 
ROS generated by oxidative stress as well as various pro-inflammatory 
factors, thus protecting cells from ROS attack and maintaining normal 
cell metabolism. In the prevention/treatment of colitis, Ce12@CD NPs 
effectively alleviated inflammation, including repairing the intestinal 
mucosal barrier and restoring the length of the colon, by eliminating 
elevated RONS and down-regulating the inflammation-associated IL-17 
TNF, NF-κB, MAPK, JAK-STAT signaling pathways and ROS related 
genes expression. 16S rRNA sequencing showed that Ce12@CD NPs 
could remodel gut microbiota composition by inhibiting detrimental 
bacterial communities and augmenting beneficial bacterial abundance. 
Taken together, the designed Ce12@CD NPs incorporated both immune 
modulation and intestinal microecological adjustment to markedly 
bolster the therapeutic effect against colitis in mice. What’s more, 
Ce12@CD NPs can be effectively excreted through the kidney, liver and 
intestinal system, ensuring its safety for IBD treatment. Thus, we 
developed a promising Ce12@CD NPs for the treatment of IBD.
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