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Background: Inflammatory bowel disease (IBD) is a chronic inflammatory bowel disease with no clinical cure. Excessive production
of reactive oxygen species (ROS) at the inflammatory sites leads to the onset and progression of IBD. And the current non-invasive
imaging methods are not ideal for the diagnosis and monitoring of IBD.

Methods: Herein, we developed inulin (IN)-coated cerium oxide nanoparticles (CeO,@IN NPs) for treatment and monitoring of IBD
guided by computed tomography (CT). The physicochemical properties, ROS scavenging ability and CT imaging capabilities of
CeO,@IN were investigated in vitro. Moreover, the therapeutic and targeted inflammation imaging effects of CeO,@IN were
validated in dextran sulfate sodium (DSS)-induced colitis model.

Results: CeO,@IN with catalase (CAT) and superoxide dismutase (SOD) capabilities effectively scavenged ROS, thus protecting the
cells against oxidative stress. In colitis model mice, orally administered CeO,@IN successfully traversed the gastrointestinal tract to
reach the colon under the protection of IN, and effectively reduced intestinal inflammation, thereby maintaining the intestinal epithelial
integrity. Notably, CeO,@IN performed better than conventional CT contrast agents for gastrointestinal tract imaging, particularly in
detecting the inflamed areas in the colon. In addition, CeO,@IN exhibited excellent biocompatibility in vitro and in vivo.
Conclusion: The study provided a novel integrated diagnostic and therapeutic tool for the treatment and monitoring of IBD,
presenting great potential as a clinical application for IBD.
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Introduction

One of the main characteristics of Inflammatory bowel disease (IBD) is persistent inflammation of the gastrointestinal
tract (GIT), and alternating recurrence and remission processes seriously affect patients’ daily life and pose a huge
economic burden.'® Current therapies for IBD have some drawbacks, such as limited therapeutic effects and adverse
side effects.* ® Therefore, new strategies are urgently needed for IBD treatment. Abnormal immune activation and
excessive reactive oxygen species (ROS) generation are concerned with the onset and advance of IBD.”* During the
progression of IBD, toxic ROS induce oxidative stress in colonic mucosal cells, significantly enhancing the intestinal
membrane permeability and triggering excessive immune responses, eventually damaging the intestinal mucosa.”'”
Impaired integrity of the intestinal mucosa enhances the penetration of inflammatory cells and stimulates the synthesis of
inflammatory cytokines and ROS. This toxic loop of ROS generation and inflammation contributes to IBD progression. "’
Considering the important role of oxidative stress in IBD pathogenesis, eliminating ROS from inflammatory sites is an
extremely effective strategy to treat IBD.'” Some natural enzymes could reduce the intracellular ROS levels.'>!?
However, the clinical applications of these enzymes are restricted by their low stability, efficiency, potential immuno-

genicity, and single catalytic activity.'* With the advent of nanotechnology, nanomedicine has found extensive
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application in the diagnosis and treatment of cancer.'>'® Concurrently, nanomedicines exhibiting enzymatic activity
demonstrate potential in modulating the redox balance of inflammatory diseases."®

Cerium oxide (CeO,) nanoparticles (NPs) have attracted interest as antioxidant nanozymes served for inflammatory
diseases.’®** CeO, NPs exhibit superoxide dismutase (SOD) and catalase (CAT) activities, thereby removing ROS,
including superoxide anions and hydrogen peroxide.*** Additionally, CeO, NPs are ideal computed tomography (CT)
contrast agents for GIT imaging due to their higher k-edge (40.4 keV) compared to that of iodine (33.2 keV).***> Unlike
traditional contrast agents, CeO, NPs exhibit enzymatic activities and effectively reduce free radicals generated via X-ray
irradiation during imaging, which can minimize the additional damage caused by exogenous stress.’*?’ However,
traditional CeO,-based nanomaterials tend to aggregate and precipitate in aqueous solutions, leading to safety issues
and reduced pharmacological efficacy, especially in the complex, acidic, and enzyme-rich gastrointestinal
environment.''*® Some studies have confirmed that applying a biocompatible coating on the surface of CeO, can
improve its dispersibility and stability in solution.””?°*° Note, these methods either fail to promote collaborative

therapeutic effect because of single protective coating®"

or may lead to limited clinical translational potential due to
the tedious synthetic process.'®

Inulin (IN) is an inexpensive, safe, and biodegradable natural fructose polymer derived from plants that has been
certified as a natural food by the US Food and Drug Administration.®? IN exhibits resistance to gastric acid and
mammalian enzymes and is degraded only by inulinase within the colon, thereby preventing its absorption by the
upper GIT.>*® Serving as a classic prebiotic, IN metabolized the gut microbiota to promote the proliferation of
beneficial gut microbes by maintaining intestinal microecological balance and host health.*”*' Owing to its beneficial
characteristics and selective digestibility in the colon, IN is among the most popular colon-targeting carriers. Moreover,
stability, safety, and colon-targeting properties of IN make it a promising agent to overcome the challenges of using CeO,
NPs in the GIT, facilitating the development of an innovative theranostic strategies to monitor and alleviate intestinal
inflammation in IBD.

In this study, we developed and reported that inulin-coated CeO, NPs (CeO,@IN NPs) via a simple one-step alkaline
precipitation method, which can be used for CT-guided imaging and IBD treatment. The modification of CeO, with IN
polysaccharides improves its dispersibility and stability owing to the steric hindrance effect of the polymer.** As a natural
prebiotic, IN coating on CeO, surfaces further protects the NPs from absorption in the upper GIT, conferring targeted
specificity for the colon inflammation sites.*** Here, CeO,@IN NPs exhibit excellent ROS scavenging activity and
safeguard the cells from oxidative damage caused by H,0O,. Furthermore, in vivo studies using a dextran sulfate sodium
(DSS)-induced acute colitis mice model revealed that oral administration of CeO,@IN NPs could accumulate in the
inflamed colonic epithelium, downregulate the levels of pro-inflammatory cytokines and significantly reduce body weight
loss, colonic injury, and fatality. Notably, CeO,@IN NPs have shown not only high suitability as CT contrast agents for
non-invasive GIT imaging but also excellent biocompatibility both in vitro and in vivo. Therefore, CeO,@IN NPs exhibit
significant potential for the comprehensive diagnosis and therapy of IBD.

Materials and Methods

Materials

Cerium nitrate hexahydrate (Ce(NOj3);°6H,0), Inulin, sodium hydroxide (NaOH), 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA), and DSS (MW 40000) were purchased from Aladdin Reagent Co. Ltd. (Shanghai, China).
Dihydroethidium (DHE, HY-D0079) was purchased from MCE. Cell Counting Kit (CCK)—8 assay method (Dojindo
Laboratory, Japan) was used to detect cell viability. All chemicals were used directly without further purification.

Synthesis of CeO,@IN

CeO,@IN was synthesized using a previously described precipitation method.>* Briefly, IN aqueous solution was made by
adding 125 mg IN to 3.5 mL of deionized water. Subsequently, I mL Ce(NOj3);-6H,O solution (22.5 mg/mL) was added to IN
drop-by-drop and stirred for a while at room temperature until well-distributed, and then 80 mM NaOH was added to adjust
the pH to 12 and stirred at 37°C for 4 h. As the reaction progresses, the solution turned brown. The suspension was subjected
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to centrifugation at 10000 rpm for 10 min in order to eliminate the large aggregates. Finally, the supernatant was washed thrice
in ultrafiltration tubes (MWCO 100 kDa) with deionized water at 5000 rpm for 10 min. The ultimate solution was then stored
at 4°C until use.

Characterization

Morphology of the precipitated CeO,@IN was observed using a transmission electron microscope (HT7icr700).
Hydrodynamic diameter was determined by the Malvern laser particle size analyzer (Malvern Instruments, UK). UV-
vis-NIR spectrophotometer (Hitachi UV-3600 plus, Japan) was used to detect unique peaks of nanoparticles. FT-IR
spectra were recorded using the Nicolet iS10 FT-IR spectrometer (Thermo Fisher Scientific, USA). ICP-MS (Spectro
Genesis, Germany) was used for quantitative analysis. Confocal microscopy (FV1000; Olympus, Tokyo, Japan) was
employed to capture the ROS-sensitive fluorophore images.

Mimetic Enzyme Activity of CeO,@IN

The SOD-mimicking activity was conducted according to the instructions provided by the total superoxide dismutase
assay kit (Beyotime Biotechnology, China). Briefly, 20 uL of CeO,@IN with different concentration of Ce (25-1000 pg/
mL) were introduced into 96-well plates, then followed by the sequential addition of 200 pL. of WST-1 working solution
and 20 pL of enzyme working solution. After incubation at 37°C for 30 min, the absorbance at 450 nm of mixture was
detected by microplate reader.

The CAT-mimicking activity of CeO,@IN NPs was assessed by analyzing the amount of O, generated by the
catalytic decomposition of H,O, using a dissolved oxygen electrode. Briefly, H,O, was mixed with different concentra-
tions of CeO,@IN NPs to maintain a final concentration at 5 mM. The generation of dissolved oxygen was recorded
within 600 s for 30 times.

Cell Culture

Human Colon Epithelial-like Carcinoma (HT-29) cell line was obtained by ATCC. HT-29 was cultured in the Roswell
Park Memorial Institute-1640 medium (Gibco, China) containing 10% fetal bovine serum and 1% penicillin—streptomy-
cin antibiotics. The cells were cultured in 10-cm cell culture dishes in a 37°C and 5% CO, humidified incubator.

Cell Viability Assay

To determine the cytotoxicity of CeO,@IN NPs, CCK-8 viability assay kit was employed at this section to assess cell
viability. First, HT-29 cells were seeded into 96-well plates at a density of 5,000 cells until adhered to the wall. Then, the
fresh medium containing different concentrations of CeO,@IN NPs (0, 5, 10, 25, 50, 100, 200, 400, and 500 ug/mL) was
added. After incubated for 24 h at 37°C, the cells were washed thrice with PBS, and incubated with a fresh non-fetal
bovine serum medium containing the CCK-8 reagent (10:1) for approximately 2 h at 37°C. Finally, the absorbance at 450
nm of cell was measured by microplate reader.

Detection of ROS

ROS scavenging ability of CeO,@IN NPs was assayed using DCFH-DA. HT-29 cells were cultured on confocal glass
dishes with approximately 5 x 10° cells and left undisturbed for 24 h. Next, a fresh medium containing NPs (200 pug/mL)
was changed and cultured for 12 h. Then, the cells, except the control cells, were stimulated with 200 uM H,O, for
6 h. Upon 30 minutes of incubation with DCFH-DA (10 uM), the cells were washed with PBS to eliminate the free dye,
and intracellular fluorescence was quantified via confocal laser scanning microscopy.

Establishment of a DSS-Induced Colitis Model and Treatment With CeO,@IN

Acute ulcerative colitis model was established as previously described.** Before the in vivo study, C57BL/6 female mice
(6-week-old; 18-20 g) were acclimatized for 1 week and randomly divided into five groups (n = 3/group): healthy
control, DSS-induced colitis, 5-ASA-treated colitis, IN-treated colitis, and CeO,@IN-treated colitis groups. Particularly,
DSS-induced colitis models were provided 3% (w/v) DSS aqueous solution for 6 or 7 days, after which DSS was
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replaced with pure water. In contrast, healthy control mice only received water. After colitis induction, CeO,@IN-treated
group received an equivalent dosage of Ce (75 mg/kg) via oral gavage every 24 h and underwent CT imaging
12 h following oral administration. In addition, mice in IN-treated group were given 20 mg of inulin*® orally, and

mice in 5-ASA-treated group were given an oral dose of 30 mg/kg*”*®

per day. On day 10, all the mice were sacrificed
and the whole colon was gathered for further use. After measuring the length of the colons, one portion of the colonic
tissues was preserved for H&E and DHE staining, and another portion was processed into colonic tissue homogenates for
the detection of inflammatory factors. All animal experiments complied with the requirements of the Guidelines for the
Care and Use of Laboratory Animals of Tianjin University of Traditional Chinese Medicine (China) and received the

approval of its Animal Ethics Committee (TCM-LAEC2023041).

CT Scan Procedure

As CeQO, is the main component of CeO,@IN NPs that facilitates CT imaging, the Ce content in CeO,@IN NPs was
quantified via ICP-MS. Toversol, a commercial CT contrast agent, served as the control to study the CT imaging capacity
of CeO,@IN. CT scan images were mainly obtained using a clinical spectral CT scanner (Siemens SOMATOM
Definition Edge). First, the CT signals of ioversol and CeO,@IN solution at the concentrations from 0.5 to 10.0 mg/
mL were measured at different tube voltage in vitro. Next, a DSS-induced acute colitis mouse model was established to
explore the CT imaging ability of CeO,@IN NPs in vivo. Three groups including CeO,@IN-treated healthy mice,
CeO,@IN-treated colitis mice and ioversol-treated colitis mice were gavaged with ioversol or CeO,@IN NPs at a dose
of 75 mg/kg (Ce or I). CT images in vivo were acquired at regular intervals such as 5 min, 30 min, 1 h, 2 h,4 h, 6 h, 8 h,
10 h, 12 h, and 24 h. The concentration of Ce in colon tissue aggregates was determined using ICP-MS. The accuracy of
CT signals was ensured through three different slices from the colon region at 12 h after oral administration with
CeO,@IN.

Biosafety of CeO,@IN
A daily oral administration of saline or CeO,@IN NPs was given to healthy female C57BL/6 mice. On day 14, the mice

were euthanized, and all major organs and digestive organs were gathered for histological examination. The Ce content
of organ samples after 24h oral administration was measured using ICP-MS for analysis. Moreover, blood samples were
collected for routine blood tests as well as for assessments of liver and kidney function.

Histological Analysis

After being treated with a 10% paraformaldehyde solution, the obtained tissue samples were embedded in paraffin.
Tissue slices of 5 pm in thickness were prepared and then stained using hematoxylin and eosin. Microscopic methods
were employed to acquire histological pictures.

Statistical Analyses

Data are represented as the mean + standard deviation. Analytical procedures were conducted using the GraphPad Prism
9.0 software. The significant differences were tested by the Student’s #-test for two-group comparisons, one-way ANOVA
and two-way ANOVA followed by Tukey’s HSD multiple comparison post hoc test. Statistical significance p values were
indicated at *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, and ns (not significant).

Results

Synthesis and Characterization of CeO,@IN

The synthesis of CeO,@IN NPs was achieved by precipitating cerium salts in the presence of IN, followed by the
addition of sodium hydroxide (Figure 1A). Figure 1B showed that the synthetic CeO,@IN NPs were well suspended in
deionized water. The morphology of CeO,@IN NPs was observed via TEM, revealing a size of around 5 nm (Figure 1C).
Using dynamic light scattering, the hydrodynamic diameter of CeO,@IN NPs was determined to be 8.302 nm
(Figure 1D). The UV-visible spectra of CeO,@IN NPs showed a characteristic absorption peak at 290 nm, which was
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Figure | Structural characterization of inulin (IN)-coated cerium oxide nanoparticles (CeO,@IN NPs). (A) Schematic image of CeO,@IN. (B) Photograph of the
CeO,@IN suspension. (C) TEM image of CeO,@IN. (D) Particle size analysis of CeO,@IN via DLS. (E) Ultraviolet-visible absorption spectra of CeO,@IN. (F) FT-IR of IN
and CeO,@IN. (G) XRD pattern of CeO, and CeO,@IN.

consistent with that of CeO, (Figure 1E). FT-IR verified the successful formation of NPs following the surface coating of
IN with CeO, (Figure 1F). The characteristic peaks of free IN for O—H stretching of hydroxyl group, C—H bond

stretching, and C—O—C vibration were observed at approximately 3392, 2924, and 1153 cm !

, respectively, and matched
well with those of CeO,@IN NPs. The crystallographic properties of CeO,@IN NPs were analysed using X-ray
diffraction. Observations in Figure 1G revealed that characteristic peaks of CeO, were observed at 20 = 28.5°, 47.4°,
and 76.8°,%° indicating that IN does not affect the structure of CeO,. TGA analysis curve of CeO,@IN NPs within the
temperature range the range of 0—850°C in a nitrogen atmosphere revealed that the content of CeO, in NPs was

approximately 65 wt% (Supplementary Figure 1).

Antioxidant Enzymatic Activities of CeO,@IN in vitro

Different polymer-modified CeO, NPs exhibit enzyme-like activities and are used in various biomedical applications.”®
32 Excessive ROS production is concerned with the onset and advance of IBD.>* > Therefore, ROS-eliminating capacity
of CeO,@IN NPs, including their SOD- and CAT-mimetic activities, were investigated in this study. SOD-mimetic
catalytic activity was associated with the elimination of -O,., which was evaluated by the classic WST-1 method
(Figure 2A). CeO,@IN NPs eliminated -O,. in a dose-dependent manner, and the eliminating rate of -O,. exceeded
80% at a concentration of 1000 pg/mL. Similarly, CAT-mimetic catalytic activity was investigated by measuring the
production of O, as it decomposes H,O, generated via -O,_ disproportionation into H,O and O,. As shown in Figure 2B,
many bubbles were observed after the interaction between CeO,@IN NPs and H,O, for 30 min. Besides, CAT-
mimicking activity of CeO,@IN NPs was quantified based on the concentration of dissolved O, formed via H,O,
decomposition in a time-dependent manner (Figure 2C). Moreover, an in vitro inflammatory model was established by
stimulating cells with HO, to assess whether CeO,@IN NPs protect the cells from ROS-induced damage. In the
presence of H,O,, intracellular ROS levels were elevated, with green fluorescence emitted from ROS-sensitive probe.
However, CeO,@IN NPs significantly reduced the intracellular ROS levels in H,O,-treated cells (Figure 2D). These
results suggest that CeO,@IN NPs exhibit excellent nanozymes activities, showing significant potential for antioxidant
IBD treatment.
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Figure 2 Antioxidant enzymatic activities of CeO,@IN NPs in vitro. (A) SOD- mimicking activity of CeO,@IN. (B) Oxygen generation from H,O, (5 mM) catalyzed by the
CAT-mimicking activity of CeO,@IN. (C) Oxygen production via catalysis of H,O, with different concentrations of CeO,@IN (left: 1000 pg/mL; middle: 100 pg/mL; right:
water). (D) ROS scavenging activity in HyO,-stimulated HT-29 cells determined by evaluating the fluorescence of 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA).

CT Imaging Potential of CeO,@IN

To evaluate the CT imaging properties of CeO,@IN NPs, ioversol, a commercial CT contrast agent, was used as
a control. As shown in Figure 3A, CT signals of CeO,@IN NPs significantly increased with increasing concentration at
different voltages. Statistical analysis revealed a linear correlation between the CT signals and Ce concentration at each
tube voltage (Figure 3B). CT values of CeO,@IN NPs were higher than those of ioversol at the same concentration
(Figure 3C-D). This was due to the slightly higher K-edge value of Ce (40.4 keV) compared to that of iodine (33.2 keV),
which fits better with the X-ray beam energy in clinical practice.’” These results highlight the excellent CT imaging
performance of CeO,@IN NPs.

Next, we investigated the feasibility of using CeO,@IN NPs as CT contrast agent for non-invasive and real-time GIT
imaging in a DSS-induced colitis mice model. Colitis and healthy mice were orally administered CeO,@IN NPs or
ioversol. CT scans were recorded at scheduled time intervals. After oral administration of CeO,@IN NPs for 5 min in
healthy mice (Figure 3E), GIT imaging was performed for approximately 6 h, proving that CeO,@IN NPs exhibited
excellent imaging capacity in vivo. Notably, GIT of colitis mice treated with CeO,@IN NPs gradually became visible at
30 min after oral administration, and the remarkable CT contrast enhancement was retained in the large intestine for
12 h (Figure 3E). In contrast, ioversol was enriched in the GIT at 30 min after administration and was almost completely
metabolized from the GIT at 6 h in colitis mice. As shown in Figure 3F, a high CT signal at 12 h was only shown in the
colonic region of group treated with CeO,@IN NPs and DSS, which indicated that CeO,@IN NPs not only effectively
detected inflammation compare with healthy mice but also possessed higher sensitivity in inflammatory sites than
conventional contrast agents. H&E staining also confirmed the presence of inflammation in these colonic regions
(Supplementary Figure 2). Quantitative analysis of Ce via ICP-MS revealed the accumulation of NPs in the inflammatory
region (Figure 3G). Accumulation at the inflammatory sites for up to 12 h confirmed the potential of CeO,@IN NPs for
real-time colitis-targeted imaging in vivo.

In vivo Therapeutic Efficacy of CeO,@IN Treatment
After determining their antioxidant effects in vitro, therapeutic effects of CeO,@IN NPs were investigated in DSS-
induced colitis mice, which are commonly used animal models for the study of human ulcerative colitis.”® IBD mice
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Figure 3 CT imaging potential of CeO,@IN NPs. In vitro CT scans (A) and the linear correlations (B) between the CT values and CeO,@IN concentrations at different
voltages. In vitro CT imaging (C) and corresponding CT values (D) of CeO,@IN or ioversol at different concentrations at 80 KeV. (E) Gastrointestinal tract imaging
following oral treatment of CeO,@IN or ioversol in DSS-induced colitis and healthy mice. (F) CT signal quantification of the large intestine of healthy mice treated with
CeO,@IN, colitis mice treated with CeO,@IN and colitis mice treated with ioversol after oral administration for 12 h. (G) Relative Ce contents in the colonic tissues of
healthy and colitis groups 12 h following oral CeO,@IN delivery. The data are presented as the mean + SD (n=3). ****P < 0.0001. These results were analyzed by T-test,
one-way and two-way ANOVA followed by Tukey’s HSD multiple comparison post hoc test.

models were established by continuous administration of 3% (w/v) dextran sodium sulfate (DSS) for 7 days and given
different treatments. Subsequently, we directly adopted 5-aminosalicylic acid (5-ASA),>*®° a clinically available first-line
agent, as a control group for comparison of the therapeutic effects of drugs and CeO,@IN NPs in order to enrich our
research.

As shown in Figure 4A-B, CeO,@IN NPs protected the mice from DSS-induced shortening of colon length,
a characteristic feature of colitis.®' Similarly, spleen index (the percentage of spleen-to-body weight) of CeO,@IN
NPs group was significantly lower compared with the groups treated by 5-ASA or IN (Figure 4C). To overall assess the
therapeutic efficacy of CeO,@IN NPs, MPO and classical pro-inflammatory cytokine levels were evaluated. MPO
activity in colon tissues is directly correlated to the severity of neutrophil infiltration and serves an oxidative stress
marker.%>% MPO activity was significantly elevated in the colitis group, but such effect was reversed by CeO,@IN NPs
(Figure 4D). Additionally, levels of classic pro-inflammatory cytokines in colon tissues, such as IL-6, and TNF-a, were
also increased in the colitis group but normalized by CeO,@IN NPs treatment (Figure 4E-F). In contrast, there was no

2125

International Journal of Nanomedicine 2025:20



Li et al

1v
B . . D E F

1.2 —_— * —_
_ _ —— 2 05 — 5 907 . g
g 2 09 . £ 04 — 2 ns 2
g 5 LR ] L 2 600 e g

® ° O 0.39 —y - —
2 £ 06 & > 400 2
- - o 0.2 ) =
< 8 2 & 1
s = 03 B 04 ¢ 200 i
o » 7} 4 z
'3 - =

Figure 4 Therapeutic efficacy of CeO,@IN NPs in DSS-induced colitis mice. Photograph of the representative colon tissues (A) and lengths (B) removed from healthy and
colitis mice 10 d after various treatments (i, control; i, colitis; iii, 5-ASA; iv, IN; v, CeO,@IN). (C) Spleen index from mice in different groups. Levels of MPO (D), IL-6 (E),
and TNF-a (F) in the colonic tissues of all groups 10-d after different treatments. (G) H&E staining images of colonic tissues. Scales bars, 100 um. (H) ROS fluorescent
imaging of colon tissues stained by DHE in different groups. Scales bars, 50 um. (I) Representative CT images of mice 12 h following oral CeO,@IN treatment. Data are
represented as the mean + SD (n=3). One-way ANOVA followed by Tukey’s HSD multiple comparison post hoc test was performed for statistical analysis. *P<0.05,
**P<0.01, ¥***P<0.0001, ns (not significant).

statistically significant difference in MPO and IL-6 levels between the colitis and 5-ASA or IN groups. And IN-treated
group only slightly reduced the content of TNF-a. These findings suggested that CeO,@IN NPs effectively alleviated
DSS-induced colitis symptom.

Moreover, H&E staining was performed to evaluate the pathological damage of colon tissue to prove the therapeutic
effect of CeO,@IN NPs in vivo. In the colitis group, H&E staining of colon tissue revealed severe histological damage,
including high inflammatory cell infiltration, crypt disappearance and decreased proportions of goblet cell. However,
treatment with CeO,@IN NPs significantly alleviated this pathological damage. In contrast, partial recovery of colon
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shortening and colonic tissue damage were observed in IN-treated colitis mice group, possibly due to the prebiotic
property of IN.*® And the degree of colonic histological damage in the 5-ASA-treated colitis mice group demonstrated
the same trend as that in the IN-treated group (Figure 4G). Subsequently, we assessed the presence of -O,_ in the colonic
area of mice by DHE fluorescence staining (Figure 4H). The control and CeO,@IN NPs groups displayed minimal red
fluorescence, but the other group, including DSS group, 5-ASA group and IN group, existed notable red fluorescence.
These results highlight the ROS-eliminating capacity of CeO,@IN NPs in vivo.

In addition to their potent anti-inflammatory effects, CeO,@IN NPs showed excellent capacity for CT imaging. We
further assessed the potential of CeO,@IN for CT imaging-based therapy of IBD. The 3D-reconstruction CT images of
changes at the GIT inflammation site during treatment are shown in Figure 41 and Supplementary Figure 3. At the

beginning of treatment, the large intestine of mice with colitis exhibited pronounced CT signals. As the treatment
progressed, CT signals in the abdomen of mice narrowed, and no significant CT signals were detected in the same region
of the mice after nine days. This decrease in CT signals within the large intestine was attributed to the accelerated
metabolism of CeO,@IN NPs, which decreased the intestinal inflammation and restored the inflammation-related
indicators. Taken together, these findings suggest that CeO,@IN NPs exert potent anti-inflammatory effects and facilitate
the real-time non-invasive monitoring of treatment response in IBD.

Biocompatibility of CeO,@IN

Good biocompatibility is essential as it directly affects the clinical application of nanomedicines. Therefore, potential
toxicity of CeO,@IN NPs was systematically evaluated in this study. First, cytotoxicity was evaluated in HT-29 cells
using the cell counting kit (CCK)-8 assay. Even at high concentrations of 500 pg/mL for 24 h, the viability of HT-29 cells
exposed to CeO,@IN remained in excess of 90% (Figure 5A). Oral administration of CeO,@IN was studied in healthy
C57BL/6 mice for either 1 or 14 days. Vital organs and blood were extracted for further detection and histological
analyses. As displayed in Figure 5B and Supplementary Figure 4, no obvious histological changes were observed in the

H&E-stained images of the digestive and other major organs (heart, liver, spleen, lungs, and kidneys) in the control and
1- or 14-d treatment groups. Similarly, the blood routine and biochemical indicators for both the control group and the
groups CeO,@IN NPs treated for 1- or 14-days were within the normal range (Figure 5C-D).

Then, metabolic clearance of CeO,@IN NPs in vivo was evaluated by detecting the Ce levels in the vital organs and
feces of healthy mice 24 h after post-administration of CeO,@IN NPs, and PBS was used as the control. ICP-MS
analysis showed that the Ce content in major organs was at a low level after oral administration of CeO,@IN NPs in
mice at 24 h, which was the same as that in the control group (Supplementary Figure 5A). However, the content of Ce in

feces accounted for 62% of the total intake, which was significantly higher than that in the control group (Supplementary
Figure 5B). According to the above results, CeO,@IN NPs were almost entirely excreted from the body through the
gastrointestinal tract within 24 hours. These results indicated that CeO,@IN NPs did not exert significant adverse effects,
suggesting their potential for clinical application.

Discussion

IBD is a chronic inflammatory bowel disease, with limited therapeutic effects of conventional treatment and severe
systemic side effects.* Excessive production of reactive oxygen species (ROS) at the inflammatory sites leads to the onset
and progression of IBD.** And the current non-invasive imaging methods are not ideal for the diagnosis and monitoring
of IBD. There is a need to develop novel theranostics strategy. In this study, we synthesized inulin (IN)-coated cerium
oxide nanoparticles (CeO,@IN NPs), which possess excellent antioxidant properties and CT imaging capabilities,
enabling effective treatment and real-time monitoring of DSS-induced colitis in mice.

Recently, nanozymes with potent antioxidant effects have attracted considerable attention and have been widely used
in the treatment for inflammatory diseases, such as cerium oxide (CeO,) nanoparticles.®>°® The coexistence and
interconversion of Ce® and Ce*" sites on the surface of CeO, nanoparticles engenders nanozymes activity, enabling
them to catalyze the removal of various ROS.®” It is well known that CeO, NPs tend to aggregate and precipitate in
aqueous solutions, which greatly reduces their scope of application.®® A biocompatible coating can improve the stability
of CeO, NPs and retain catalytic capacity. Inulin (IN) exhibits acid resistance and possesses prebiotic properties, making
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Figure 5 Biocompatibility of CeO,@IN NPs. (A) Cell viability of CeO,@IN. Blood indices (B), liver/kidney functions (C), and H&E staining of the digestive organs (D) in
C57BL/6 mice |- or 14-d post-administration of CeO,@IN. Scales bars, 200 pm.

it a commonly utilized carrier for gastrointestinal pharmaceuticals.®*””" For example, one of the main constituents of
salazosulfapyridine (SASP), a clinical first-line agent for IBD, is IN.”? In addition, IN, as a natural fructose polymer,
contributes to increase the bio-adhesion and prolong colon retention, thereby enhancing the drug concentration in the
colon.”*’* Inspired by these studies, we adopted a simple method to modify the IN on the surface of CeO, NPs to
overcome the above shortcomings. The results showed that the CeO,@IN NPs demonstrated excellent SOD and CAT
mimicking enzyme capabilities as well as good biosafety. Furthermore, CeO,@IN NPs performed better than conven-
tional CT contrast agents in gastrointestinal imaging due to the high K-edge value of Ce (40.4 keV) compared to that of
iodine (33.2 keV), which represented an additional factor contributing to clinical conversion.

To further explore the clinical potential of CeO,@IN NPs, therapeutic effects of CeO,@IN NPs were investigated in
DSS-induced colitis mice. CeO,@IN NPs treatment was confirmed to result in significant remission of colonic lesions in
mice, including lower spleen index, milder colon shortening, milder pathological changes, and marked reduction of pro-
inflammatory factors. Continuous CT imaging monitoring also showed improvement in the colonic lesions, which was
consistent with the above biomarkers. The superior therapeutic and imaging outcomes indicated that CeO,@IN NPs hold
significant potential as a novel theranostic agent for CT-guided IBD treatment.

There are also some limitations in our study. We only used the DSS-induced colitis model to verify the effect of
CeO,@IN NPs in alleviating colonic inflammation. However, the therapeutic effect of CeO,@IN NPs on intestinal injury
induced by other chemicals, such as TNBS, has not been investigated. Besides, recurrent inflammation often leads to the
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occurrence of chronic colitis, and more seriously, colitis-related colon cancer (CRC) and other complications. Whether
the CeO,@IN NPs treatment can prevent progressive disease and occurrence of complications remains unclear.

Conclusion

In conclusion, our study focused on developing an effective strategy for IBD diagnosis and therapy. We successfully
designed and constructed inulin-modified nanozymes, CeO,@IN NPs. CeO,@IN NPs exhibited excellent gastrointestinal
stability and colitis-targeting, ROS scavenging, and CT imaging capacities. In vivo and in vitro studies revealed that
CeO,@IN NPs exhibited potent SOD- and CAT-mimetic enzyme activities and accumulated in the colitis tissues. In
DSS-induced colitis mice, CeO,@IN NPs not only alleviated inflammation by reducing inflammatory cell infiltration and
pro-cytokine production but also facilitated real-time monitoring of treatment efficacy via CT imaging. Furthermore, the
developed CeO,@IN NPs were easily excreted and cleared from the body, exhibited good biosafety and simple synthesis
process, suggesting their potential for clinical translation. In summary, our findings suggest CeO,@IN NPs hold
significant potential as promising novel theranostic agents for CT-guided IBD therapy.
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