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Background: Inflammatory bowel disease (IBD) is closely related to higher intracellular oxidative stress. Therefore, developing 
a novel method to scavenge the harmful reactive oxygen species (ROS) and alleviate colon inflammation to treat IBD is a promising 
strategy.
Methods: CeO2@PDA-PEG (CeO2@PP) were synthesized by modifying ceria (CeO2) nanorods with polydopamine (PDA) and 
polyethylene glycol (PEG). The ROS scavenging ability of CeO2@PP was detected by using flow cytometry and confocal laser 
scanning microscope (CLSM). The anti-inflammatory ability of CeO2@PP was determined in vitro by treating lipopolysaccharide 
(LPS)-stimulated RAW 264.7 macrophages. The biocompatibility of CeO2@PP was evaluated in vivo and in vitro. Moreover, the 
therapeutic effects of CeO2@PP in vivo were estimated in a dextran sulfate sodium salt (DSS)-induced colitis mouse model.
Results: Physicochemical property results demonstrated that PDA and PEG modification endowed CeO2 nanorods with excellent 
dispersibility and colloidal stability. CeO2@PP maintained superior enzyme-like activity, including superoxide dismutase (SOD) and 
catalase (CAT), indicating antioxidant ability. Moreover, in vitro results showed that CeO2@PP with PDA promotes LPS-induced 
RAW 264.7 macrophages into M2-type polarization. In addition, in vitro and in vivo results showed that CeO2@PP have great 
biocompatibility and biosafety. Animal experiments have shown that CeO2@PP have excellent anti-inflammatory effects against DSS- 
induced colitis and effectively alleviated intestinal mucosal injury.
Conclusion: The nanoplatform CeO2@PP possessed excellent antioxidant and anti-inflammatory properties for scavenging ROS and 
modulating macrophage polarization, which is beneficial for efficient colitis therapy.
Keywords: ceria, PDA, nanozyme, antioxidation, anti-inflammation, macrophage polarization, colitis

Introduction
Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s disease, is a group of diseases that can cause 
recurrent chronic inflammation of the gastrointestinal tract.1 The prevalence of IBD is increasing every year.2 More 
seriously, multiple scholars have found that IBD patients have a significantly increased risk of colorectal cancer due to 
recurrent lesions in the lining of the colon and rectum.3 It is widely believed that the excessive production of reactive 
oxygen species (ROS) in the colon is one of the key factors aggravating IBD.4 When excessive ROS cannot be removed 
in time, the oxidative stress of mucosal cells will significantly enhance the permeability of the intestinal membrane and 
initiate a cascade of destructive immune responses in the intestine, eventually causing intestinal mucosa damage.5 The 
damage and inflammatory response of the colon and rectum will break down its antioxidant defense mechanism, make 
the intestinal mucosa more susceptible to ROS stimulation, and further aggravate IBD.6

Currently, there is still no ideal treatment for IBD.7 The clinical treatment for patients with moderate IBD is to modify 
the diet structure to eliminate persistent irritants and to use antibiotics or immunosuppressants to relieve inflammation. 
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For patients with severe IBD, surgical removal of the damaged part of the intestine is needed to control the progression of 
IBD. However, these treatments are not only dissatisfactory but also produce significant side effects.8,9 Given the 
important role of oxidative stress in the pathological process of IBD, antioxidant therapy has been used in many 
experiments for the treatment of IBD and has made significant progress.10 These natural or synthetic antioxidants are 
well tolerated and have minimal side effects.11 Therefore, it may be a promising direction for future research. There are 
many kinds of ROS scavengers, and how to find suitable anti-ROS drugs for IBD treatment is the current focus.

Some naturally occurring enzymes such as superoxide dismutase (SOD) and catalase (CAT) can reduce intracellular 
ROS content.12,13 However, these natural enzymes are easily degraded and difficult to prepare and store, limiting their 
direct application in clinical work.14 In addition, many natural enzymes are catalytically active against only a single 
species of oxygen radical. To overcome these challenges, artificial nanozymes have been developed for scavenging ROS 
due to their many advantages.15 Nanozymes with ceria (CeO2) as the main component have received extensive attention 
in recent years due to their SOD and CAT activities, which can be used to scavenge ROS and thereby protect cells.16 The 
Ce ion in CeO2 crystal has both tetravalent (Ce4+) and trivalent (Ce3+) oxidation states, in which Ce4+ can oxidize H2O2 

through CAT activity, and Ce3+ is responsible for scavenging O2
•- by the SOD characteristics.17 The coexistence and 

transition between Ce4+ and Ce3+ impart a sustained catalytic effect of CeO2.18 Therefore, ceria-related nanozymes have 
been investigated as antioxidants for the treatment of ROS-associated diseases, such as atherosclerosis, rheumatoid 
arthritis and hepatitis.17 However, traditional CeO2-based nanomaterials are prone to aggregation and sedimentation in 
solution, which is not only unfavorable for external studies, but also leads to internal safety problems.19 A common 
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solution is to modify CeO2 with a biocompatible coating on the surface to improve its dispersion and stability in aqueous 
solution.18

Understanding the role of macrophages in the pathogenesis of IBD is also important. Intestinal macrophages can be 
categorized into two distinct subsets, including pro-inflammatory (M1) and anti-inflammatory (M2) macrophages.20 M1 
macrophages induce high levels of proinflammatory cytokines, combined with high levels of ROS, resulting in disruption 
of the intestinal epithelial barrier. Compared to M1 macrophages, M2 macrophages can stimulate angiogenesis and 
initiate repair and functional recovery of the intestinal epithelial barrier. Polydopamine (PDA) has satisfactory biode-
gradability and biocompatibility because of its similar structure to melanin.21 Previous studies have shown that PDA can 
greatly reduce the inflammatory response, scavenge ROS in inflammatory tissues and direct macrophage polarization 
toward the M2 phenotype.22 Moreover, the molecular structure of PDA contains many functional groups such as amine 
groups and catechols, which allows further chemical modification of this nanomaterial.23,24 For example, when poly-
ethylene glycol (PEG) is coupled to the PDA coating via the Michael addition reaction and Schiff base reaction,25 the 
nanomaterials will be more easily bound to the cell membrane and taken up by the cells.

It has been reported that modification of CeO2 nanomaterials with PEG can improve their dispersibility and stability 
due to the steric hindrance effect of the polymer.26 In addition, there are many physical forms of CeO2, among which 
CeO2 nanorods (CeO2 NRs) have a larger surface area and looser packing than ordinary particles, and most importantly, 
they have higher catalytic performance.27 Herein, we synthesized CeO2@PDA-PEG (CeO2@PP) by modifying CeO2 

NRs with a PDA coating and PEG conjugation for colitis treatment. CeO2@PP exhibits excellent stability and 
biocompatibility and can serve as an artificial nanozyme with SOD and CAT activities to scavenge cellular ROS. 
Moreover, CeO2@PP can also regulate macrophage polarization from the M1 to M2 phenotype and resume immune 
homeostasis to relieve colitis. This work provides a novel strategy that applies CeO2@PP as a potential therapeutic agent 
for treating colitis by scavenging intracellular ROS and regulating macrophage polarization.

Materials and Methods
Materials in Synthesis
CeO2 NRs (XF135) were obtained from Jiangsu XFNano Materials Tech. Co. Ltd. Dopamine hydrochloride was 
purchased from Sigma (Sigma-Aldrich, USA) and Thiol-PEG2000-Amine (NH2-PEG2000-SH) was purchased from 
Solarbio (China). Tris and concentrated hydrochloric acid (HCl, 36–38 wt%) were purchased from Sinopharm 
Chemical Reagent Co. Ltd. (Shanghai, China). Ethyl-carbodiimide hydrochloride (EDC), N-hydroxy succinimide 
(NHS) and cyanine 5.5 (Cy5.5) amine dye were purchased from Yien Chemical Technology Co. Ltd. (Shanghai, 
China). Deionized water was obtained by a Milli-Q water purification system with a resistivity of 18 MΩ·cm 
(Millipore, USA).

Synthesis of CeO2@PP
The procedure of modifying the PDA membrane to the surface of CeO2 NRs was performed as previously reported.28 

Briefly, 10 mg of CeO2 NRs was mixed into 10 mL of Tris hydrochloride (Tris-HCl) buffer (pH 8.5, 10 mM), and the 
mixture was sonicated for 30 min to evenly disperse the nanorods. After that, 20 mg dopamine hydrochloride was mixed 
into the system with continuous stirring at room temperature, and the polymerization reaction fully occurred by ultrasonic 
shaking for 3 h. The supernatant after the reaction was removed by centrifugation at 12,000 rpm for 30 min and then we 
recovered the precipitate. The non-reactive dopamine oligomers and dopamine molecules were removed by washing with 
ultrapure water. Finally, PDA-coated CeO2 (CeO2@PDA) were collected. We next stabilized CeO2@PDA with an outer 
layer of NH2-PEG2000-SH on the PDA shell via Michael addition and Schiff base reactions.25 The specific synthesis 
process is simply mixing CeO2@PDA with NH2-PEG2000-SH at a mass ratio of 1: 4 under magnetic stirring at 4 °C for 
12 h. After washing three times with ultrapure water and centrifugation, the products of CeO2@PDA-PEG (CeO2@PP) 
were collected for further characterization and experiments.
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Physicochemical Properties of CeO2@PP
We observed the morphology and structure of CeO2 NRs and CeO2@PP using transmission electron microscope (TEM, Talos™ 
F200X G2 TEM). The element mapping images of CeO2@PP were taken by high resolution transmission electron microscope 
(HRTEM, FEI Talos F200S). By using dynamic light scattering (DLS, Malvern Zetasizer Nano ZS90), we examined the 
hydrodynamic size, size distribution range and the zeta potential of CeO2 NRs and CeO2@PP. Homogeneous CeO2 NRs and 
CeO2@PP solutions (1 mg/mL) were prepared in H2O, PBS and DMEM, and then colloidal stability was evaluated after standing 
for 24 h. X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) analysis was performed to determine the surface 
valence of Ce3+ and Ce4+. Fourier transform infrared spectroscopy (FT-IR, Thermo Scientific Nicolet iS20) was used to measure 
changes in the chemical structure of CeO2 following functionalization with PDA and PEG. The SOD-like activities of CeO2 NRs 
and CeO2@PP were measured by the Total SOD Assay Kit (Beyotime, China) according to the manufacturer’s instructions. The 
CAT-like activities of CeO2 NRs and CeO2@PP were measured by the Catalase Assay Kit (Beyotime, China) according to the 
manufacturer’s instructions. CeO2 NRs and CeO2@PP (20 µg/mL) were added to an aqueous solution containing the same 
concentration of H2O2 to further test the CAT-like activity, and the dissolved O2 was tested using a JPSJ-605F dissolved oxygen 
instrument (INESA Scientific Instrument, China).

Biocompatibility of CeO2@PP in vitro
RAW 264.7 macrophages were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). RAW 264.7 
cells were cultured using complete DMEM (Gibco, USA) containing 1% penicillin‒streptomycin (Gibco) and 10% fetal bovine 
serum (FBS, Gibco) in an incubator with an environment stabilized at 37 °C. To determine the biosafety of CeO2@PP, RAW 264.7 
cells were plated in 96-well plates (1×104 cells/well). After the cells adhered completely, gradient concentrations of CeO2@PP (0, 
20, 40, and 80 μg/mL) were added to the wells of plates for 24 h, and each concentration was detected in 3 duplicates. Cell viability 
was detected by the CCK-8 (Vazyme, China) method according to the manufacturer’s instructions.

Cell Uptake of CeO2@PP in vitro
Afterwards, Cy5.5 was covalently conjugated to CeO2@PP with the aid of EDC and NHS to test the cell uptake ability of CeO2 

@PP. One milligram of EDC, 1 mg of NHS and 500 µg of Cy5.5 were mixed in 5 mL of water and stirred for 3 h. Then 5 mg CeO2 

@PP was added to the mixture and stirred overnight. The products of CeO2@PP-Cy5.5 were collected after washing three times 
with ultrapure water and centrifugation. RAW 264.7 cells were plated in 12-well plates at a concentration of 1×105 cells/well and 
incubated for 12 h to allow cell adherence. CeO2@PP-Cy5.5 (20 μg/mL) was added to the plates and treated cells for 1 h, 3 h and 6 
h, and each timepoint was duplicated for 3 wells. After three washes with PBS, the cells were collected, and the mean fluorescence 
intensity (MFI) of Cy5.5 was detected by flow cytometry.

Protective Effect of CeO2@PP Against H2O2-Induced Cell Apoptosis in vitro
RAW 264.7 cells were seeded in 12-well culture plates at a concentration of 1×105 cells/well and incubated for 12 h to 
allow cell adherence. The cells were pretreated with CeO2@PP (20 μg/mL) dispersion for 12 h and then stimulated with 
H2O2 (200 µM) for 12 h. An Annexin V-FITC/PI apoptosis detection kit (Vazyme, China) was used to analyze cell 
apoptosis. Briefly, after the adherent cells were blown down slightly and washed thoroughly, all cells were stained with 5 
μL Annexin V-FITC and 5 μL propidium iodide (PI) at room temperature in the dark for 10 min. The proportion of 
apoptotic cells was detected by flow cytometry.

Detection of the Intracellular ROS Scavenging Ability of CeO2@PP in vitro
CellROX Green (Thermo Fisher Scientific) was used to measure the level of intracellular superoxide. After entering the 
cell, CellROX Green generates green fluorescence, which is used to reflect the level of ROS. For flow cytometry, RAW 
264.7 cells were grown in 24-well culture plates at 4×104 cells/well with CeO2@PP (20 µg/mL) for 12 h and then treated 
with LPS (200 ng/mL) for 12 h. After staining with CellROX Green in the dark for 30 min, the cells were collected by 
centrifugation and the fluorescence intensity was detected. For fluorescence image analysis, RAW 264.7 cells were grown 
in confocal dishes at 1×105 cells/mL with CeO2@PP (20 µg/mL) for 12 h, and then LPS (200 ng/mL) was added to 
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stimulate cells for 12 h except for the sham group. After staining with CellROX Green in the dark for 30 min, the cells 
were imaged by confocal laser scanning microscope (CLSM).

Anti-Inflammatory Activities of CeO2@PP in vitro
To investigate the anti-inflammatory polarization efficacy of CeO2@PP on macrophages, LPS (200 ng/mL)-stimulated 
RAW 264.7 cells were used as the inflammatory model to evaluate the anti-inflammatory activities of CeO2@PP (20 μg/ 
mL). We labeled M1 macrophages with anti-CD86 and labeled M2 macrophages with anti-CD206, and then analyzed 
macrophage phenotypic switching by flow cytometry. The medium of RAW 264.7 cells with different treatments was 
collected for the next assessment of IL-6 proinflammatory cytokines by a mouse IL-6 enzyme linked immunosorbent 
assay (ELISA) kit (Multisciences, China) according to the manufacturer’s instructions.

In addition, the expression of inflammatory mRNA in the RAW 264.7 inflammatory model was detected by RT-qPCR. Briefly, 
mRNA was extracted from RAW 246.7 cells using the SteadyPure Universal RNA Extraction Kit (Accurate Biology) and then 
converted to cDNA with RT Master Mix (Vazyme). The cDNA was analyzed by RealTime PCR using Taq Pro Universal SYBR 
qPCR Master Mix (Vazyme). The mRNA expression levels of M1 phenotype-related biomarkers, including inducible nitric oxide 
synthase (iNOS), interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), and interleukin 1 beta (IL-1β), and M2 phenotype- 
related biomarkers, including arginase 1 (Arg-1) and interleukin 10 (IL-10), were calculated. The mRNA expression levels were 
calculated using the 2−∆∆Ct method, and all the resulting data were normalized to the housekeeping gene glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH). Primer sequences for qPCR are shown in Table S1.

Hemolysis Assay of CeO2@PP
The erythrocytes were obtained by centrifuging the blood at 2000 rpm for 10 min. Erythrocytes were washed three times 
with PBS and finally diluted in 0.5 mL of PBS. For the hemolysis assay, 0.5 mL of different concentrations of CeO2@PP 
(5, 10, 20, 40 μg/mL) were added to the erythrocyte solution. The other two groups were treated with PBS (0.5 mL) as 
a negative control group and distilled water (0.5 mL) as a positive control group. After 3 h of incubation in a 37 °C water 
bath, the suspension was centrifuged at 1000 rpm for 5 min. The absorbance value (545 nm) of the supernatant was 
measured by a microplate reader. The hemolysis rate was calculated according to the following formula:29

Hemolysis rate (%) = (ODtest − ODnc) / (ODpc − ODnc) × 100%.
ODtest, OD value of the sample; ODpc, OD value of the positive control; ODnc, OD value of the negative control.

In vivo Toxicity Test of CeO2@PP
The toxicity of CeO2@PP to major organs was evaluated by histopathological observation. Specifically, healthy mice 
were intraperitoneally injected with PBS or CeO2@PP (20 μg) on days 2, 4, 6, and 8. At day 10, the heart, liver, spleen, 
lung, and kidney were collected for H&E staining and pathological observation. In addition, the following standard 
hematological markers in blood were assessed: white blood cells (WBC), red blood cell (RBC), hemoglobin (HGB), 
hematocrit (HCT), mean corpuscular volume (MCV), and mean corpuscular hemoglobin concentration (MCHC). The 
following blood biochemistry parameters were also examined: alanine transaminase (ALT), aspartate transaminase 
(AST), blood urea nitrogen (BUN), and creatinine (CRE).

Animal Colitis Model Establishment and Treatment with CeO2@PP
Male C57BL/6 mice (6~8 weeks) were purchased from Shanghai Laboratory Animal Research Center (Shanghai, China). 
The animal experiments involved in this study were approved by the Animal Ethics and Welfare Committee of Nanjing 
University and all experimental procedures were performed in accordance with National Institutes of Health guidelines.

The colitis induced by dextran sulfate sodium salt (DSS, Aladdin Reagents, China) was chosen to evaluate the anti- 
inflammation of CeO2@PP in vivo. Specifically, 18 male C57BL/6 mice were randomly divided into three groups (n = 6) 
after one week of acclimation: (1) water + PBS i.p., (2) 3% DSS + PBS i.p. and (3) 3% DSS + CeO2@PP i.p. The first 
group was given pure water to drink. The drinking water of group 2 and group 3 was replaced with an aqueous solution 
containing 3 wt% DSS and this day was designated as day 1. Mice group 3 were aseptically and intraperitoneally injected 
with CeO2@PP (20 µg) at day 2, 4, 6, and 8, while the mice in the first and second groups were injected with PBS at the 
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same time points. All mice were sacrificed on day 10. The entire colon of the mice was removed and the length of the 
colon was measured. Discarding 1 cm of the terminal colon tissue, 1 cm in length of the colon tissue was dissected for 
RNA extraction and the next 1 cm portion of the colon was placed in 4% paraformaldehyde (PFA) for subsequent 
histological testing. During the experimental period, we recorded each mouse’s body weight and stool characteristics 
every other day. The disease activity index (DAI) was calculated according to previously reported criteria, which 
included the weight loss index, stool trait index and bloody stool index (Table S2).30

In vivo Biodistribution of CeO2@PP
Male C57BL/6 mice (6 to 8 weeks) drank 3% DSS water for 7 days before the studies to generate the colitis model. Mice 
in the healthy group (n = 9) and DSS group (n = 9) were intraperitoneally injected with CeO2@PP-Cy5.5 (containing 100 
μg/mL CeO2, 100 μL) and were euthanized and fluorescently imaged at 1.3 or 12 h post-injection. The major organs 
(heart, liver, spleen, lung, and kidney) and colon were collected and fluorescently imaged with in vivo imaging system 
(IVIS Lumina K Series III, Perkin Elmer).

Pathological Evaluation
Colon tissue fixed in 4% paraformaldehyde was dehydrated, embedded in paraffin, and then cut into 5 μm thick histological 
sections. To visualize the morphology of colon tissue, sections were stained with hematoxylin and eosin (H&E) according 
to previously reported procedures.31 The pathological images of dried sections were scanned and magnified using a slice 
scanner (3DHISTECH). The criteria for pathological scoring of colon tissue are shown in Table S3.32 IL-6 immunohisto-
chemical staining was then performed on the colon tissue, and frozen sections of the colon were stained with DAPI and 
dihydroethidium (DHE, Sigma-Aldrich, USA) to test the ROS activity of colon tissues. Images were observed by confocal 
laser scanning microscope (CLSM).

Flow Cytometry Assay of Peritoneal Macrophages in vivo
The murine peritoneal macrophages of mice in different treatment groups were harvested immediately after sacrifice, by 
washing the abdominal cavity with cold PBS. Cell suspensions were washed twice with cold DMEM as mentioned 
above, and then the cells were seeded and incubated for 3 h. The nonadherent cells were washed off with PBS, and then 
the isolated peritoneal cells were cultured in a 24-well plate at a concentration of 2×105 cells/well for use. Macrophages 
were stained with anti-F4/80-Percp Cy5.5 and anti-CD86-PE antibodies for flow cytometry analysis.

Mouse Colon Tissue RT-qPCR Analysis
To further verify the relative mRNA expression levels of key biomarkers in the colon samples, RT-qPCR was performed using 
distal colon tissue. The colon tissue was crushed in lysate by ultrasound, and after centrifugation, the supernatant was obtained. 
The next mRNA extraction, reverse transcription, amplification, assay and calculation steps followed the previously described 
steps. The relative mRNA expression levels of M1 phenotype-related biomarkers (iNOS, IL-6, TNF-α and IL-1β) were tested.

Statistical Analysis
All analyses in the present study were performed with GraphPad Prism 8.0 software (CA, USA). The data are expressed 
as the mean ± standard deviation (S.D.). Unpaired two-tailed Student’s t tests were used to determine the significant 
differences between two groups. Multiple comparisons were performed using one-way or two-way ANOVA, as appro-
priate. Differences with P < 0.05 were considered statistically significant.

Results
Physicochemical Characterization of CeO2@PP
The synthesis procedure of CeO2@PP involved modifying CeO2 NRs with PDA coating and PEG conjugation (Figure 1A). The 
morphology of the nanorods was obtained by TEM. As shown in Figure 1B, characterization by TEM revealed CeO2 NRs had an 
average length and diameter of 18.49 ± 0.71 nm and 5.30 ± 0.22 nm, respectively, as statistically obtained using ImageJ software 
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(n = 16). TEM of CeO2@PP is shown in Figure 1C, and a thin layer (2.33 ± 0.27 nm) was observed after coating PDA and 
conjugating PEG on CeO2 NRs. The elemental mapping images on Figure 1D show that Ce, O, and N were homogeneously 
distributed in CeO2@PP, which further confirmed the successful coating of PDA and PEG on the surface of CeO2. The zeta 
potential of CeO2 NRs was −12.63 ± 0.21 mV, while it changed to −7.24 ± 0.41 mV after coating PDA and conjugating PEG on 
CeO2 NRs (Figure 1E). The hydrodynamic diameters were estimated using a DLS assay, and the diameters of CeO2 NRs (762.30 
± 89.67 nm) were approximately triple that of CeO2@PP (206.20 ± 3.67 nm), indicating that the modification of CeO2 NRs can 
prevent nanoparticle aggregation in H2O (Figure 1F). The stability of CeO2 and CeO2@PP in H2O, PBS and DMEM aqueous 
solutions was investigated after standing for 24 h. Noticeably, the pale yellow precipitates could be seen in the CeO2 solutions, 
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Figure 1 Physicochemical characterization of CeO2@PP. (A) Schematic illustration of the CeO2@PP synthesis procedure. Transmission electron microscopic (TEM) images 
of (B) CeO2 NRs and (C) CeO2@PP. (D) HRTEM and elemental mapping images of CeO2@PP. (E) Zeta potential of CeO2 NRs and CeO2@PP in H2O. (F) DLS size 
distribution of CeO2 NRs and CeO2@PP. (G) Representative images of CeO2 NRs and CeO2@PP in different solutions (H2O, PBS and DMEM culture medium). (H) Ce 3d 
XPS spectrum of CeO2@PP. (I) FT-IR spectra of CeO2, CeO2@PDA and CeO2@PP. (J) SOD activity of CeO2 NRs and CeO2@PP. (K) CAT activity of CeO2 NRs and CeO2 

@PP. ****P< 0.0001; ns, not significant.
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while there was no obvious precipitate in the CeO2@PP solutions after 24 h of standing (Figure 1G). This suggests that PDA and 
PEG modification promote the colloidal stability of CeO2 NRs. The valence chemistry of CeO2@PP was measured with XPS. As 
shown in Figure 1H, the XPS spectra of CeO2@PP revealed that Ce existed in mixed valence states (Ce3+ and Ce4+). The six peaks 
at binding energies of 882.75 eV, 897.12 eV, 887.83 eV, 901.34 eV and 915.4 eV were identified as those of Ce4+, while the peaks 
at 881.14 eV, 884.59 eV, 899.67 eV and 904.9 eV were assigned to Ce3+.33 By calculating the integral area of each peak, the ratio of 
Ce3+: Ce4+ in CeO2@PP was found to be 55.54%: 44.46%. The coating of PDA and PEG on CeO2 nanorods was further 
confirmed by Fourier transform infrared spectroscopy (FT-IR). As shown in Figure 1I, the IR absorption band near 1616 cm−1 of 
CeO2@PDA can be assigned to the C=C stretching vibration and N-H bending vibration from PDA, suggesting the successful 
coating of PDA on the surface of CeO2 NRs.34 Furthermore, the IR absorption bands at 2926 cm−1 and 2855 cm−1 can be assigned 
to the C-H stretching vibrations from PEG, suggesting the successful coating of PEG on the surface of CeO2@PDA.35

The SOD-like activity of different nanoparticles to scavenge O2
•- is shown in Figure 1J. CeO2 NRs and CeO2@PP both 

showed SOD-like activity. The SOD activity of CeO2@PP was obviously increased compared to the same concentration of CeO2. 
Moreover, both CeO2 NRs and CeO2@PP had considerable CAT-like activity to scavenge H2O2 (Figure 1K). Although there was 
no significant difference in their CAT activities, the activity of CeO2@PP was still slightly higher than that of CeO2 NRs. The 
dissolved oxygen of CeO2 NRs and CeO2@PP under the same conditions was tested as shown in Figure S1. The dissolved oxygen 
of bare CeO2 NRs reached 17.8 mg/L, while that of CeO2@PP reached 23.5 mg/L. Dissolved oxygen is produced due to Ce4+ and 
Ce3+ which catalyze H2O2 to O2. The enhanced SOD and CAT activity of CeO2@PP may be due to the functional PDA 
modification and coated PEG improved dispersibility and stability in aqueous solution.

Excellent Anti-Oxidant Abilities of CeO2@PP in vitro
The cell viability test was first investigated on RAW 264.7 cells treated with CeO2 NRs and CeO2@PP at different 
concentrations (0, 20, 40 and 80 μg/mL). As shown in Figure 2A, the concentration range (0~80 μg/mL) of CeO2@PP 
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Figure 2 ROS scavenging ability and inflammation inhibition effect of CeO2@PP. (A) Cellular viability of RAW 264.7 macrophages incubated with different concentrations of CeO2 NRs 
and CeO2@PP for 24 h. Cellular protection effects of CeO2@PP against H2O2-induced apoptosis analyzed by (B) Annexin V-FITC/PI flow cytometry and (C) quantitative analysis. (D) 
Confocal laser scanning microscope images of intracellular ROS scavenging by CeO2@PP in LPS-stimulated RAW 264.7 cells. Scale bar: 10 μm, arrows indicate pseudopodia of 
macrophages. (E) Flow cytometry assay of intracellular ROS scavenging by CeO2@PP in RAW 264.7 cells. (F) The mean fluorescence intensity (MFI) of ROS staining. (G) Schematic 
illustration of CeO2@PP serving as a nanozyme with SOD and CAT activities to scavenge cellular ROS. **P < 0.01; ***P< 0.001; ****P< 0.0001.

https://doi.org/10.2147/IJN.S416049                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2023:18 4608

Zhang et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/get_supplementary_file.php?f=416049.docx
https://www.dovepress.com
https://www.dovepress.com


had limited toxicity for RAW 264.7 cells, with cell viability greater than 95%. However, 40 μg/mL and 80 μg/mL CeO2 

showed a moderate influence on the viability of RAW 264.7 cells, which were 82.4 ± 0.9% and 82.0 ± 2.1%, respectively. 
These results confirmed that reduced toxicity was observed after PDA and PEG administration on CeO2, indicating the 
excellent biocompatibility of CeO2@PP. The cellular uptake ability of CeO2@PP-Cy5.5 is shown in Figure S2. The MFI 
of Cy5.5 internalized in RAW 264.7 cells was measured to be 140.3 ± 14.3, 144.0 ± 5.6 and 136.3 ± 2.7 after treatment 
for 1 h, 3 h and 6 h, respectively, demonstrating that CeO2@PP can be rapidly and massively internalized by RAW 264.7 
cells in the early stage. Next, we used flow cytometry to investigate the protective effects of CeO2@PP against H2O2- 
induced cell apoptosis (Figure 2B). Quantitative analysis demonstrated that the apoptotic rate of RAW 264.7 cells in the 
H2O2 group was 19.8 ± 0.2%, which was significantly increased compared with that in the sham group (P < 0.0001). 
However, the apoptotic rate decreased to 7.9 ± 0.4% with CeO2@PP protection (Figure 2C). These data strongly 
indicated that CeO2@PP could alleviate H2O2-mediated damage and attenuate cell apoptosis.

LPS stimulation can induce macrophages to produce large amounts of ROS. To determine the ROS scavenging ability 
of CeO2@PP in the LPS-triggered inflammatory process, RAW 264.7 macrophages were treated with LPS (200 ng/mL) 
for 12 h. The ROS in RAW 264.7 cells were measured by CLSM (Figure 2D).The LPS group showed an effective 
increase in green fluorescence intensity compared with the other groups, indicating that more ROS were produced. The 
lower fluorescence intensity of CeO2@PP-treated cells showed that it could reduce LPS-induced ROS in macrophages. 
LPS stimulation also caused an increase in macrophage size and the appearance of numerous pseudopodia, indicating that 
the macrophages were undergoing an immune response. The macrophages treated with CeO2@PP did not show these 
morphological changes. In addition, the mean fluorescence intensity (MFI) of ROS fluorescence in each group was 
calculated by flow cytometry and the results are shown in Figure 2E and F. The results showed that LPS significantly 
promoted the production of intracellular ROS, because the MFI of ROS in the LPS group was significantly higher than 
that in the control group. CeO2@PP treatment significantly decreased the ROS fluorescence intensity, which directly 
reflected the inhibition of LPS-triggered ROS production after CeO2@PP treatment. These data suggest that CeO2@PP 
can effectively reduce intracellular ROS levels and exert a potential therapeutic effect on ROS-related cellular inflam-
mation (Figure 2G).

Regulating Macrophage Polarization of CeO2@PP in vitro
We next used RAW 264.7 macrophages to investigate the anti-inflammatory effect of CeO2@PP at the cellular level 
(Figure 3A). As shown in Figure 3B, the proportion of CD86-positive macrophages was significantly increased by the 
addition of LPS, and CeO2@PP was able to reverse this change in a concentration dependent manner. In addition, CeO2 

@PP increased the proportion of CD206-positive macrophages, which roses the most at a concentration of 20 µg/mL 
(Figure 3C). These results indicated that CeO2@PP, especially at a concentration of 20 µg/mL, could effectively promote 
the conversion of pro-inflammatory M1-type macrophages to pro-repair M2-type macrophages. Therefore, we selected 
20 µg/mL as the subsequent treatment concentration.

We further investigated the effects of CeO2@PP on the levels of a number of pro-inflammatory and anti-inflammatory 
factors using RT-qPCR. M1-type macrophage-associated pro-inflammatory mRNA levels, such as IL-1β, TNF-α, IL-6, 
and iNOS, were increased after LPS stimulation. As expected, CeO2@PP treatment significantly reduced the levels of 
these factors (Figure 3D). Additionally, the treatment of LPS-stimulated RAW 264.7 cells with CeO2@PP resulted in 
a significant reduction in the level of the proinflammatory cytokine IL-6, as determined by ELISA (Figure S3). We also 
examined the mRNA levels associated with M2-type macrophages, such as Arg-1 and IL-10, which are involved in anti- 
inflammation and tissue repair (Figure 3E). The addition of CeO2@PP greatly promoted Arg-1 and IL-10 gene 
expression. Taken together, these results indicate that CeO2@PP inhibits the expression of proinflammatory biomarkers 
and promotes the release of anti-inflammatory mediators, exhibiting the potential of an excellent anti-inflammatory 
material.

Biodistribution and Biocompatibility Evaluation of CeO2@PP in vivo
To examine the accumulation of CeO2@PP in colon tissue, mice were either untreated in the healthy group or challenged 
with 3% DSS for 7 days in the DSS group and then intraperitoneally injected with CeO2@PP-Cy5.5 for fluorescence 
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assessment. As shown in Figure 4A, the radiant efficiency of Cy5.5 was higher in the DSS group than in the healthy 
group, and enhanced accumulation and retention of CeO2@PP-Cy5.5 could be observed in the abdominal cavity except 
at other positions. As shown in Figure 4B, the fluorescence intensity of the colon was much stronger than that of other 
organs, including the heart, liver, spleen, lung, and kidney, indicating the greatest colonic retention of CeO2@PP after 
intraperitoneal injection. Furthermore, the radiant efficiency in the inflamed colon at 12 h after intraperitoneal injection 
was obviously stronger than that in the healthy colon. CeO2@PP exhibited significantly greater accumulation in the 
inflamed colon of colitis mice than in the colon of healthy mice at 12 h, which was consistent with 1 h and 3 h, although 
without a statistical difference (Figure 4C).

At present, biocompatibility is an important factor affecting the wide application of biomaterials. We further 
systematically investigated the potential toxicity of CeO2@PP. In terms of hemolytic capacity, ISO 10993–4 stipulates 
that safe biomaterials need to have a hemolysis rate less than 5%. The hemolysis rate was less than 5% after treatment 
with CeO2@PP (5~40 µg/mL), indicating that the hemocompatibility of CeO2@PP was satisfactory (Figure 4D). To 
investigate whether CeO2@PP is also biocompatible in vivo, we intraperitoneally injected CeO2@PP into healthy mice 
and then detected changes in major organs and blood. H&E staining did not reveal residual nanoparticles in the liver, 
spleen, heart, kidney or lung (Figure 4E). Compared with the PBS-treated group, no observable tissue necrosis was 
observed in the CeO2@PP-treated group. In addition, as shown in Figure 4F, routine blood indexes such as WBC and 
RBC, and blood biochemical indexes, such as ALT and AST, showed no statistically significant differences between the 
two groups.

The Therapeutic Effect of CeO2@PP on Colitis in vivo
As shown in Figure 5A, we investigated whether CeO2@PP had anti-inflammatory and therapeutic effects in mice with 
the acute colitis model, which was built by the DSS-induced method. The mice were randomly divided into 3 groups 
according to the administered treatment: (1) water + PBS i.p., (2) 3% DSS + PBS i.p. and (3) 3% DSS + CeO2@PP i.p. 
At the end of the experiment, the weight of mice in group 2 was only 73.6 ± 5.6% of the initial weight (Figure 5B), and 
they appeared severe diarrhea, bloody stool, drowsiness and other symptoms, which indicated that we had successfully 
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Figure 3 Anti-inflammatory effect of CeO2@PP. (A) Schematic illustration of CeO2@PP regulating macrophage polarization. Flow cytometry quantification of (B) CD86- 
positive and (C) CD206-positive cells with different concentrations of CeO2@PP. (D and E) In vitro mRNA expression of pro-inflammatory biomarkers (IL-1β, TNF-α, IL-6, 
and iNOS) and anti-inflammatory biomarkers (Arg-1 and IL-10) with CeO2@PP (20 µg/mL) treatment against the LPS stimulation. *P< 0.05; **P< 0.01; ***P< 0.001; ****P< 
0.0001; ns, not significant.
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Figure 4 Biocompatibility evaluation of CeO2@PP in vivo. (A) Radiant efficiency of Cy5.5 in healthy and DSS-challenged mice at different timepoints. (B) Ex vivo 
fluorescence images of Cy5.5 in major organs of healthy and DSS-challenged mice at 12 h after intraperitoneal injection of CeO2@PP-Cy5.5. (C) Radiant efficiency of Cy5.5 
in colons from healthy and DSS-challenged mice at different timepoints. (D) Hematological indicators; (E) H&E staining images of the heart, liver, spleen, lung and kidney 
tissue from the mice with different treatments; scale bar: 100 µm. (F) Blood standard hematological markers and biochemistry markers. **P< 0.01; ns, not significant. 
Abbreviations: NC, negative control; PC, positive control.
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established the colitis model. The mice in group 3 were much heavier than those in group 2, although weight loss 
occurred. The DAI score was used to assess the overall degree of colitis in mice, which was based on weight loss, bloody 
stools and stool consistency. As shown in Figure 5C, the DAI of CeO2@PP-treated mice was significantly lower than that 
of modeling mice, quantitatively demonstrating that CeO2@PP provided symptomatic relief of colitis symptoms. When 
acute colitis occurs, the intestinal mucosa is damaged and the lamina propria is significantly thickened, resulting in 
a sharp reduction in the length of the colon. Therefore, colon length can be used to reflect the severity of colitis. 
Compared with the modeling group, the CeO2@PP treatment group showed significant recovery of colon length and 
increased solid feces in the colon, indicating that CeO2@PP has a significant therapeutic effect on DSS-induced colitis 
(Figure 5D and E).
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Figure 5 The therapeutic effect of CeO2@PP on DSS-induced colitis in mice. (A) Schematic illustration of the murine colitis model and experimental protocol. C57BL/6 
mice were provided H2O or DSS aqueous solution (3 wt%) drinking for 7 days, and CeO2@PP (20 µg/day) or PBS was injected intraperitoneally. (B) The weight of the mice 
in the control, modeling and CeO2@PP treatment groups (n = 6/group). (C) DAI scores of the mice in different groups. (D) Images of the colons and (E) the corresponding 
colon lengths of different groups. (F) Representative H&E-stained distal colon sections from all groups. (G) Estimation of histological colon score, including (H) inflammation 
severity, (I) mucosal damage and (J) crypt loss. (K) Flow cytometry analysis of the specific M1 macrophage marker CD86 in mouse peritoneal macrophages and 
quantification. (L) RT-qPCR analysis of iNOS, IL-6, TNF-α and IL-1β mRNA expression in distal colitis tissue. **P< 0.01; ***P< 0.001; ****P< 0.0001.
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As shown in Figure 5F, the H&E results showed that the colonic mucosa structure of mice in group 1 was regular. 
There was no obvious leukocyte infiltration in the mucosa, and clear goblet cells were regularly arranged within the 
lining of each crypt. In group 2, the mucosal structure of the colon was severely damaged, goblet cells were lost, a large 
number of inflammatory cells appeared, and the intestinal wall was also thickened. Encouragingly, histological inflam-
mation in the colon was significantly reduced in group 3. Figure 5G shows the quantitative H&E histopathological 
evaluation of all groups, including the inflammation score, mucosal damage score and crypt loss score (Figure 5H–J). 
The scores of each item in group 3 decreased by more than half compared with group 2, which indicated the significant 
protective and restorative capacity of CeO2@PP for inflammatory tissues.

Immunohistochemistry of colon tissue showed that DSS treatment not only destroyed the colonic microstructure but 
also increased the level of IL-6 cytokine, while CeO2@PP treatment significantly decreased IL-6 production (Figure S4). 
Furthermore, ROS staining of colon tissue indicated that the colon tissue in group 2 showed high levels of ROS, while 
the colon tissue in group 3 showed low levels of ROS. Thus, these findings revealed that the intraperitoneal injection of 
CeO2@PP, which scavenged ROS, may be effective in the treatment of colitis (Figure S5).

Macrophages participate in the maintenance of intestinal mucosal homeostasis by differentiating into progeny with 
different functions. We further analyzed the mechanism of CeO2@PP treatment in colitis by measuring the polarization 
of macrophages in collected peritoneal lavage fluid (Figure 5K). The statistical analysis of CD86 positive cells in 
different groups revealed that treatment with CeO2@PP reduced the ratio of CD86+ cells in F4/80+ cells (M1 macro-
phages) from 82.5 ± 11.3% in the modeling group to 41.0 ± 5.2% in the treatment group.

Further investigation of the effects of CeO2@PP on inflammation-related biomarkers in colon tissue by RT-qPCR can 
provide a better understanding of the molecular mechanism of CeO2@PP in the treatment of IBD. As shown in 
Figure 5L, injection of CeO2@PP significantly reduced the levels of local pro-inflammatory mRNA, such as IL-6, 
TNF-α and IL-1β. In addition, the level of the typical proapoptotic factor iNOS, which is negatively correlated with anti- 
inflammatory effects, was markedly decreased after CeO2@PP treatment.

Discussion
Although the mortality of IBD is reported to be low, long-term pathological stimulation in the intestinal mucosa will 
greatly increase the incidence of colon cancer in patients.36 Therefore, it is of great clinical significance to develop a safe 
drug that can effectively treat IBD. In this study, we synthesized a nanoenzyme with CeO2 nanorods as the main 
structure, which is capable of scavenging intracellular ROS and inhibiting the inflammatory response of macrophages. 
These capabilities ensured the effective application of CeO2@PP to attenuate DSS-induced acute colitis in mice.

CeO2 nanoparticles exhibit antioxidant activities such as SOD and CAT properties due to the coexistence and 
interconversion of two oxidative states of cerium ions (Ce3+ and Ce4+) on their surface.17 Our results showed that 
CeO2 can scavenge O2

•- and H2O2 to some extent in vitro. Unfortunately, CeO2 suffered from poor colloidal stability and 
was extremely prone to aggregation, which can be observed by DLS assay and in 24 h standing photos. It has been 
reported that the potential cytotoxicity of nanoparticles arises from agglomeration.37 As expected, RAW 264.7 cells 
exhibited impaired cell viability after treatment with high concentrations of CeO2. It is well known that nanoparticles 
have a high tendency for adhesion and aggregation, while cerium oxide nanoparticles irreversibly aggregate after 
interaction with the cell culture medium.38 The thinner coating modification can improve the stability of CeO2 

nanoparticles while maintaining their catalytic activity.39 Zhang et al modified CeO2 nanozymes with ultra-small citric 
acid and used it as an antioxidant to remove excessive ROS. This approach was successfully used to alleviate acute 
kidney injury caused by rhabdomyolysis.40 He et al successfully enhanced the catalytic and antioxidant activities of CeO2 

by using in situ coating with a bioactive zeolitic imidazolate framework-8 and ultimately achieved satisfactory anti-stroke 
treatment efficacy.41 PDA is often used as an adhesive for biomaterials due to its excellent bonding and adhesion 
properties.42 In addition, studies have found that PDA could be enriched in inflammatory intestinal tissue and play an 
immunomodulatory role in reducing the inflammatory response.43,44 Inspired by these researchers, we adopted a simple 
method to homogeneously add biocompatible coatings of PDA and PEG on the CeO2 nanorod surface to overcome the 
above-mentioned disadvantages. The excellent adhesive property of PDA helps it adhere to CeO2, while the amine 
groups in the molecular structure of PDA enable further modification with hydrophilic PEG. Elemental mapping images 
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and FT-IR of CeO2@PP confirmed the successful coating of PDA and PEG. Because of the steric hindrance effect of 
polymers, their modification was able to improve the dispersion and stability of metal oxides, such as CeO2.45 To our 
satisfaction, CeO2@PP exhibited better SOD and CAT-like catalytic activity as well as superior biocompatibility and 
biosafety to RAW 264.7 cells than bare CeO2.

To evaluate whether the modification of CeO2 with PDA and PEG will affect the anti-oxidant ability, we assessed the 
intracellular ROS scavenging ability of CeO2@PP. As shown by MFI quantitative detection and CLSM observation, CeO2@PP 
effectively protected RAW 264.7 cells against the ROS damage induced by LPS in vitro. On the one hand, RAW 264.7 cells may 
internalize CeO2@PP through endocytic pathways. CeO2 could play the role of antioxidant in multiple cell compartments, such as 
mitochondria, lysosomes, and endoplasmic reticulum.46 On the other hand, PDA itself can be applied as an efficient scavenger for 
ROS. Therefore, CeO2@PP can act as an intracellular ROS scavenger in macrophages.

LPS-induced increases in endogenous ROS levels can lead to inflammatory responses in macrophages and changes in 
the expression of biomarkers. Both CeO2 and PDA consisting of CeO2@PP were reported to effectively attenuate LPS- 
induced inflammatory responses.47 The flow cytometry results showed that CeO2@PP treatment promoted the polariza-
tion of M2 macrophages and inhibited the polarization of M1 macrophages. In addition, CeO2@PP nanorods signifi-
cantly suppressed the expression of pro-inflammatory mediators such as iNOS and IL-1β, and promoted the expression of 
anti-inflammatory biomarkers such as Arg-1 in macrophages. Most importantly, iNOS, as an M1-specific marker, is the 
key proinflammatory cytokine of the NF-κB signaling cascade.48 Therefore, the anti-inflammatory ability of CeO2@PP 
was presumably related to the pathway regulating macrophage M2 polarization.

To further explore the clinical potential of multifunctional CeO2@PP, we detected its protective effect against ROS 
damage using a DSS-induced mouse colitis model. DSS disrupts the intestinal epithelium and then produces excessive 
ROS, which induce endogenous inflammation.49 In this study, CeO2@PP was intraperitoneally injected to treat colitis 
because of the destruction of epithelial cells and extracellular matrix as well as the molder of the tight epithelial barrier in 
colitis.50 In addition, the inflamed colonic epithelium has many positively charged proteins that promote the accumula-
tion of negatively charged nanoparticles on its surface through electrostatic interactions.51 Therefore, negatively charged 
CeO2@PP can enter the colon through the damaged epithelium and accumulate on the inflamed epithelial surface to play 
a therapeutic role. CeO2@PP treatment was found to have a significant remission effect on the lesions in mouse colons, 
including lower DAI scores, less weight loss, milder symptoms and more slight pathological changes. In DSS-induced 
colitis, the proportion of M1 type peritoneal macrophages and the expression of inflammatory biomarkers increased in 
colon tissue.52 Our results showed that CeO2@PP not only importantly reduced the proportion of M1 type peritoneal 
macrophages, but also greatly reduced the levels of pro-inflammatory factors in colon tissue. All these results indicate 
that CeO2@PP is able to exhibit powerful protective effects on tissues destroyed by inflammation.

Conclusion
In conclusion, by coating PDA onto CeO2 nanorods and attaching PEG, we have successfully prepared a novel nanozyme that can 
improve the colloidal stability of CeO2 while retaining its high SOD and CAT activity. CeO2@PP had excellent biocompatibility, 
superior scavenging effects on intracellular ROS and anti-inflammatory properties on cells in vitro. Correspondingly, injection of 
CeO2@PP into mice was able to alleviate colonic inflammation without significant side effects. These results illustrated that CeO2 

@PP can be used as an excellent anti-inflammatory nanoplatform for IBD-like diseases.
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