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Introduction: Excessive production of reactive oxygen species (ROS) to induce high 
oxidative stress is one of the main causes of colitis; thus, it has been regarded as 
a therapeutic target for colitis treatment. And the nanomaterial-based therapeutic strategies 
are effective against colitis. However, the previous elaborately designed materials exhibit 
limited application due to the uncertain biocompatibility and complicated manufacturing 
processes.
Methods: In this study, the highly monodisperse hollow CeO2 nanoparticles (H-CeO2) with 
uniform morphology were obtained by in situ growing CeO2 on solid silica nanoparticles and 
subsequently removing the silica core. The H-CeO2 was further modified with PEG, which 
owned excellent biological stability and biocompatibility. The experimental model of colitis 
induced by dextran sulfate sodium (DSS) was used to investigate the anti-inflammatory 
effect of H-CeO2-PEG.
Results: The H-CeO2-PEG showed good ROS scavenging efficacy and decreased the levels 
of proinflammatory cytokines (IL-6, IL-1β, IL-18, and TNF-α) in DSS-induced colitis mice. 
Furthermore, H-CeO2-PEG inhibited the activation of the MAPK signalling pathway to 
alleviate colitis.
Conclusion: This study reveals the therapeutic effects of CeO2-based nanomedicine toward 
colitis and elucidates the specific signalling pathway involved, which provides potential 
alternative therapeutic options for patients with inflammation tissue.
Keywords: hollow CeO2, ROS, inflammation, colitis, MAPK signalling pathway

Introduction
Inflammation, a critical defensive response to foreign pathogens that is regulated by 
the innate and adaptive immune systems,1 is related to abnormal biological processes, 
disorder-related diseases and different cancers,2,3 and divided into acute inflammation 
and chronic inflammation. Acute inflammation leads to serious exudative lesions, and 
chronic inflammation is known to promote and exacerbate malignancy.4 Colitis is an 
inflammatory condition of the colon caused by a variety of factors.5–7 The production 
of various reactive oxygen species (ROS), including hydrogen peroxide (H2O2), nitric 
oxide (NO), hydroxyl radicals (•OH) and superoxide anions (•OOH), is vital for the 
progression of colitis.8–10 ROS are necessary for the mediation of inflammation and 
signalling molecules to regulate the immune response, which are generated from 
different biomolecules via many cascade reactions and act as strong oxidants that 
induce damage to proteins, lipids, and DNA and other biomacromolecules or act as 
mediators to regulate the expression of downstream genes.11,12 Thus, the ROS have 
been proposed as an effective target for colitis treatment.13–15
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In recent years, with the development of nanomedicine, 
many nanomaterials have been explored and synthesised for 
various diseases’ treatment.16–18 Nanomaterials own reduc-
tive properties and the ability to regulate cellular home-
ostasis could be applied for improving the targeting 
capability and reducing side effects. Thus, the nanomater-
ials show huge potential in the treatment of colitis compared 
to traditional drugs.19,20 For instance, molecular hydrogen 
can specifically scavenge highly cytotoxic ROS, including 
•OH and ONOO−, and preserve other necessary ROS for 
normal signalling pathway to exert simultaneous antioxida-
tive and anti-inflammatory effects.21 In a study, Chen and 
colleagues constructed a Polyvinylpyrrolidone (PVP)- 
coated Prussian blue nanoparticles with a size of 50 nm by 
one-pot strategy, which exhibited good physiological stabi-
lity and biosafety, and showed to be multienzyme mimetics 
that scavenge ROS via multienzyme-like activity, including 
peroxidase (POD), catalase (CAT), and superoxide dismu-
tase (SOD)-like activity and inhibited the generation of 
proinflammatory cytokine significantly to reduce colitis 
effectively.22 Except for the novel nanoparticle mentioned 
above, many other familiar nanomaterials have also been 
applied to the treatment of colitis. Abdelmegid Amira 
M et al revealed that gold nanoparticles can induce an 
increase in the expression of IL-17 to have a therapeutic 
effect on dextran sulfate sodium (DSS)-induced UC in 
mice,23 and Wu’s group study revealed that PtNPs upregu-
late the heat-shock protein 25 and tight junction proteins, 
which enhances the gut-barrier function, and PtNPs attenu-
ate the colonic inflammation by decreasing the colonic and 
peripheral levels of interleukin-6 and tumor necrosis factor- 
α, and peripheral counts of white blood cells; and also 
suppressing the production of proinflammatory mediators, 
thus PtNPs exerted direct anti-inflammatory activities.24 In 
other studies, Ruiz Pedro A et al reported that titanium 
dioxide (TiO2) nanomaterials are capable to trigger the 
release of NLRP3-associated IL-1β and IL-18 inflamma-
somes, leading to decreased production of ROS and 
enhanced epithelial permeability of IEC monolayers to 
exacerbate DSS-induced colitis.25 Akihiro Nishiguchi and 
Tetsushi Taguchi construct an anti-inflammatory and bio-
compatible compound constitute polyamine and branched 
oligoethyleneimine (bOEI); moreover, the bOEI-300 
strongly suppresses the secretion of pro-inflammatory cyto-
kines from macrophages by scavenging reactive oxygen 
species and inhibit the nuclear translocation of the nuclear 
factor kappa-B, thus it enhances the therapeutic efficacy of 
inflammatory diseases.26 Thus, the application of 

nanoparticles that eliminate ROS at the site of inflammation 
is an attractive and urgently needed strategy for colitis 
therapy.

Recently, Cerium (IV) oxides with the chemical formula 
CeO2 and belonging to lanthanide metal oxide, nanoparticles 
(CeO2) have gained increasing attention due to their anti- 
inflammatory and antioxidant properties, immune regulation 
ability, high cytocompatibility and low cytotoxicity and their 
application in inflammatory-associated diseases.18,27–31 

Studies have shown that CeO2 owns favourable therapeutic 
effects by effectively eliminating ROS, specifically •OH, 
H2O2, and •OOH, and its enzyme-like activities, including 
CAT, POD, and SOD-like activities, thus inducing altera-
tions in intracellular oxygen content and regulating the redox 
status.32–34 Hui Wei et al, build a CeO2@Montmorillonite 
nanozyme for orally administering inflammatory bowel dis-
ease therapy, where the CeO2 exhibits superoxide dismu-
tase- and catalase-like activities, and hydroxyl radical 
scavenging activity that could efficiently scavenge ROS, 
and the negatively charged montmorillonite can be specifi-
cally adsorbed onto positively charged inflamed colon tissue 
via electrostatic interactions for targeted delivery, which 
reduces inflammation obviously without any significant 
toxicity after systemic exposure in vivo.35 Thus, CeO2 pos-
sesses great potential to treat inflammation by targeting ROS 
scavenging.

Encouraging from previous studies, we synthesized uni-
form and monodisperse hollow CeO2 nanoparticles 
(H-CeO2) using a hard template strategy and modified 
them with NH2-PEG-NH2 for the treatment of colitis 
(Figure 1A). H-CeO2-PEG exhibits excellent stability and 
biocompatibility. H-CeO2-PEG can serve as an artificial 
nanozyme to scavenge ROS to alleviate DSS-induced colitis 
in mice and inhibit proinflammatory cytokine generation 
(Figure 1B). Exploration of the molecular mechanism 
revealed that H-CeO2-PEG can alleviate inflammation via 
the ERK1/2/JNK/P38/c-Jun signalling pathways. Moreover, 
the H-CeO2-PEG showed excellent biosafety after in vivo 
systematic exploration. This work provides direct evidence 
that CeO2 nanozymes are potential therapeutic nanomedi-
cines for colitis.

Methods
Materials
Tetraethyl orthosilicate (TEOS), poly (allylamine hydro-
chloride) (PAH), and polyacrylic acid (PAA) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Cerous nitrate 
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(Ce (NO3)3•6H2O), hexamethylenetetramine, hydrogen per-
oxide solution (H2O2, 30%) and sodium hydroxide (NaOH) 
were obtained from Sinopharm Chemical Reagent CO., Ltd. 
(China). NH2-PEG-NH2 and dextran sulfate sodium salt 
(DSS) were purchased from Aladdin Reagents (China).

Synthesis of H-CeO2-PEG
SiO2 nanoparticles were synthesized by the modified Stöber 
method as in previous studies.18 First, a mixture of 35 mL of 
ethanol, 5 mL of deionized water and 0.6 mL of aqueous 
ammonia was prepared. Then, 3 mL of TEOS was added to 
the solution under vigorous stirring. After 12 h, the products 
were collected by centrifugation and washed with water and 
ethanol. The as-made SiO2 nanoparticles were dried in 
vacuum at 45 °C for 12 h. For the synthesis of hollow 

CeO2, 100 mg silica nanoparticles, 0.2 g Ce 
(NO3)3•6H2O and 0.09 g hexamethylenetetramine were dis-
persed in 50 mL deionized water. The mixture was stirred 
for 3 h at 90 °C in an oil bath. The product was collected by 
centrifugation and washed with water and ethanol. The 
products were calcined at 600 °C for 2 h. The silica core 
was removed by using 0.5 M NaOH. Finally, H-CeO2 

nanoparticles were obtained after centrifugation and resus-
pended in aqueous solution. For surface modification of 
H-CeO2, 20 mg of H-CeO2 was dispersed in 40 mL of 
deionized water, into which 10 mg of PAH was added, and 
the mixture was stirred for 2 h. Then, H-CeO2-PAH was 
collected by centrifugation and washed with water. 
Similarly, as-made H-CeO2-PAH was dispersed in 30 mL 
of water containing 10 mg of PAA and reacted for 2 

Figure 1 (A) Graphical representation of the preparation procedure of H-CeO2-PEG composites. (B) Schematic illustration of the effect of H-CeO2-PEG on DSS-induced 
colitis in mice.
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h. H-CeO2-PAH/PAA was obtained by centrifugation and 
washed with ddH2O. It was further dispersed in 20 mL of 
water containing 5.6 mg EDC and 4.2 mg of NHS and 
stirred at room temperature (rt) for 3 h. Then, 10 mg NH2- 
PEG-NH2 was added to the solution under stirring. After 24 
h, the prepared H-CeO2-PEG was obtained by centrifuga-
tion and washed with water three times.

Characterization of H-CeO2-PEG
Transmission electron microscopy (TEM) was performed, 
and element mapping images were taken with a Tecnai G2 
F20 S-Twin TEM at an accelerating voltage of 300 kV. 
The size and surface potential were measured with photon 
correlation spectroscopy (Zetasizer Nano ZS, Malvern 
Instruments Ltd., U.K.), and X-ray diffraction (XRD) 
was performed with an X-ray diffractometer (Bruker, 
Germany, Voltage ≤40 kV, 10°≤2 Theta ≤80°). Fourier 
transform infrared spectroscopy (FTIR) was conducted 
on an MDTC-EQ-M13-01 instrument (Thermo Scientific, 
400 cm−1 ≤ wavelength ≤4000 cm−1). UV-vis-NIR absorp-
tion spectra were collected with a Hitachi U-3900 with 
QS-grade quartz cuvettes at rt.

Peroxidase (POD)-Like Activity Assay
The POD-like activity of H-CeO2-PEG was examined at rt 
using 3,5,3′,5′-tetramethylbenzidine (TMB) as the detec-
tion substrate in 0.2 M HAc-NaAc buffer solution with 
H2O2. The absorbance of the product at 650 nm was 
measured with a microplate reader (Multiskan Sky 
Microplate Spectrophotometer, Life). The reaction system 
contained 30% H2O2, 10 mg/mL TMB, 10 μg/mL 
H-CeO2-PEG solution, and buffer solution.

Measurement of the Effect of H-CeO2- 
PEG on H2O2 in vitro
First, 0.6 mL of H2O2 solution (0.6 M) in PBS (pH 7.4) 
and 0.2 mL H-CeO2-PEG solution (100 μg/mL) were 
mixed. The oxygen produced was measured with 
a specific oxygen electrode on a Multiparameter analyser 
(DZS708, Cany).

Assessment of the Effect of H-CeO2-PEG 
on Hydroxyl Radicals
Different concentrations of H-CeO2-PEG were added to 
a 0.1 mg/mL TiO2 (Aladdin Reagents, Shanghai, China) 
and 50 mM BMPO solution, which was then placed in 
quartz capillary tubes and exposed to UV light at 300 nm 

for 10 min. Electron spin resonance (ESR) spectra were 
recorded with a Bruker EMX spectrometer.

Assessment of the Effect of H-CeO2-PEG 
on Superoxide Anions
A xanthine/xanthine oxidase system was applied as the 
substrate for generating superoxide anions, and BMPO 
was applied as the superoxide anion detecting agent. 
Different concentrations of H-CeO2-PEG were added to 
the xanthine/xanthine oxidase system for a certain period 
of time, and ESR spectra were obtained.

In vitro Cell-Killing Experiment
To assess the cytotoxicity of H-CeO2-PEG, NCM-460, 
HCT116, and SW480 cells, purchased from ATCC 
(Manassas, VA, USA), were cultured in 96-well plates at 
an initial density of 5 × 103 cells/well for 12 h. Next, the 
different concentrations of H-CeO2-PEG (0, 5, 10, 25, 50, 
100, and 125 μg/mL) were added to the wells. After 
another 24 or 48 h, the cells were washed with PBS and 
subjected to standard CCK-8 assay. The absorbance of the 
solution in each well at 450 nm was measured.

Animal Experiments
BALB/c mice (8–10 weeks, SPF level, 22–25 g, male, n = 
30) were obtained from Jake Biotechnology Co., Ltd. 
(Shanghai, China) and raised in a specific, pathogen-free 
facility. The mouse experiments performed in this study 
were approved by the Experimental Animal Committee of 
Tongji Hospital Tongji University School of Medicine and 
conducted in accordance with the guidelines of the Tongji 
Hospital Tongji University School of Medicine. The mice 
were randomly divided into 3 groups: the control, DSS- 
induced colitis, and H-CeO2-PEG DSS-induced colitis 
groups. The DSS-induced colitis mouse model was con-
structed by giving mice a 3% (wt%) solution of DSS for 
drinking instead of water for 1 week. PBS and H-CeO2- 
PEG (20 mg/kg) were injected intravenously into DSS- 
induced colitis mice in the colitis and treatment groups, 
respectively, on days 1, 3, 5 and 7. During treatment, the 
body weight of each mouse was determined. On day 21, 
all mice were anaesthetized using isoflurane, and the dis-
ease activity index (DAI) was measured. Whole blood was 
collected from the eyeballs of mice for serum biochemistry 
analysis and routine blood index determination, and the 
main organs (heart, kidney, spleen, and liver) were col-
lected for histological analysis to evaluate biosafety. The 
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length of the colon was measured, and the colons were 
washed using saline solution.

Reverse Transcription PCR (qPCR)
Total RNA was isolated from the colonic tissues of con-
trol, DSS-induced colitis, and H-CeO2-PEG-treated DSS- 
induced colitis mice with TRIzol (Sigma). A First-Strand 
cDNA Synthesis Kit (APExBIO, Houston, USA) was used 
to carry out reverse transcription. qPCR analysis was 
carried out using the QIAGEN OneStep RT-PCR kit 
(QIAGEN, Germany) on an Applied Biosystems 7500 
instrument (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). The experiments were performed at least 
three times. Relative gene expression was calculated by 
the 2−ΔΔCT method.

The Quantification of Cytokines
After the mice were treated at default time, the IBD tissues 
were collected and lysed with RIPA lysis buffer, and the 
supernatant was next centrifuged at 12,000 rpm for 20 min 
at 4 °C, the concentration of protein was measured with 
BCA Protein Assay Kit, and the content of cytokines 
(including TNF-α, IL-6, IL-18, and IL-1β) was quantified 
by commercial kit under the manual instruction.

Cellular Uptake Assay
CLSM were applied to determine cellular uptake effi-
ciency. In brief, 2 × 105 cells/mL HCT116 cells were 
cultured on 24-well plates with the addition of FITC- 
H-CeO2-PEG (5 μg/mL). After 15 min, 1 h or 2 
h incubation, the cells were further fixed with 4% paraf-
ormaldehyde for 30 min, then stained with DAPI and 
rinsed with PBS twice. The distribution of H-CeO2-PEG 
in the inner cell was examined by a confocal laser scan-
ning microscopy (Leica, Germany).

ROS Detected Assays
To detect the elimination effect of H-CeO2-PEG on the 
ROS generated, we used H2O2 to induce excessive ROS 
production in HCT116 cells. In brief, we plated 1 × 105 

cells/well in 6-well dishes and treated 100 μM H2O2. After 
2 h H2O2 treatment, 5 μg/mL H-CeO2-PEG was added for 
additional 2 h, and the living cells stained 10 μM DCFH- 
DA (Sigma-Aldrich) and incubated in 37 °C for 15 min. 
Stained cells were observed using a laser confocal micro-
scope (Leica, Wetzlar, Germany).

Western Blotting Analysis
Colonic tissues from control, DSS-induced colitis, and 
H-CeO2-PEG-treated DSS-induced colitis mice were 
lysed using RIPA buffer (Thermo Fisher Scientific), and 
the protein concentration was measured using the BCA 
protein assay kit (Sigma). One microgram of protein was 
loaded onto 10% SDS-PAGE gels and then transferred to 
PVDF membranes (Roche, Basel, Switzerland). After 
blocking in 5% skim milk at rt for 60 min, the membranes 
were incubated with primary antibodies against ERK 
(ab184699), pERK (ab201015), JNK (ab179461), pJNK 
(ab76572), p38 (ab170099), pp38 (ab195049), c-Jun 
(ab126591), pc-Jun (ab32385), Claudin-1 (ab180158), 
ZO1 (ab276131), Occu (ab167161), ZO2 (ab191133), 
and β-Actin (ab8226) overnight at 4 °C and then incubated 
with secondary antibody (goat anti-rabbit IgG H&L 
(HRP); ab205718) for 1 h. All antibodies were used at 
a 1:1000 dilution and were obtained from Abcam. The 
immunoblots were visualized with an ECL detection sys-
tem (GE Healthcare, Chicago, IL, USA), and lumines-
cence images were taken with a computer and analysed 
with ImageJ software (NIH, Bethesda, USA).

Statistical Analysis
All data are presented as the mean ± standard error. Two 
group comparisons were analysed by unpaired Student’s t- 
test. Comparison among multiple groups with one main 
factor was performed by one-way (ANOVA) followed by 
a new multiple range test. Statistical calculations were 
performed using SPSS 19.0 software (*p< 0.05, 
**p<0.01, ***p<0.001).

Results and Discussion
Synthesis and Characterization of 
H-CeO2-PEG
The synthetic procedure of the modified Stöber method18 

for the designed H-CeO2-PEG is shown in Figure 1A. In 
brief, CeO2 was in situ deposited onto solid SiO2 nano-
particles, which was then etched to obtain hollow struc-
tured CeO2 nanoparticles (NPs). TEM was employed to 
examine the morphology of nanoparticles. As shown in 
Figure 2A, the as-prepared solid SiO2 nanoparticles dis-
played uniform and monodispersed morphology. After the 
inner SiO2 was etched under alkaline condition, the hollow 
cavity of the obtained H-CeO2 maintained well without 
any collapse (Figure 2B). And the elemental mapping 
images displayed that Ce, O, and Si elements were 
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Figure 2 Characterization of H-CeO2-PEG. TEM images of (A) SiO2@CeO2 nanoparticles and (B) H-CeO2 nanoparticles. (C) Scanning transmission electron microscopy 
(STEM) image and corresponding element mapping of the H-CeO2 nanoparticles (D and E). (F) XRD pattern of CeO2 (ICSD Patterns card no. 43–1002). (G and H) The 
size of H-CeO2 and H-CeO2-PEG. (I) Zeta potential of H-CeO2 and H-CeO2-PEG in water. (J) FTIR spectrum of PEGylated H-CeO2.
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homogeneously distributed in the shell of H-CeO2 

(Figure 2C–E). Furthermore, the structure of H-CeO2 

NPs was also characterized using XRD. Eight diffraction 
peaks were observed from the XRD pattern, including 
eight typical diffraction peaks indexed to the (111), 
(200), (220), (311), (222), (400), (331) and (420) facets, 
revealing the presence of CeO2 crystals (ICSD Patterns 
card no. 43–1002, Figure 2F). Thus, the above results 
demonstrated that the versatile CeO2 fabrication by our 
methods. The average size as-prepared CeO2 NPs using 
dynamic light scattering (DLS) assay was estimated to be 
181.8 nm (Figure 2G). And the zeta potential of as-pre-
pared CeO2 NPs was −27.7 mV (Figure 2I). Then, the 
polyelectrolyte poly (allylamine hydrochloride) (PAH) and 
poly (acrylic acid) (PAA) were subsequently coated onto 
a negative surface of H-CeO2 by the electrostatic assem-
bly. The carboxyl groups on PAA were utilized to conju-
gate amine-poly (ethylene glycol) (NH2-PEG-NH2). The 
results of FTIR showed in Figure 2J indicated that the 
successful PEGylation and PAH/PAA modification of 
H-CeO2. Meanwhile, the PEGylation also induced the 
size and zeta potential of H-CeO2. As shown in 
Figures 2H and I, the average size was estimated to be 
223 nm, which showed a slight increase of NPs size, and 
the zeta potential was altered from −27.7 mV to −39.1 mV, 
suggesting that the colloidal stability of CeO2 NPs was 
enhanced with PEGylation. Taking the properties of NH2- 
PEG-NH2 into consideration, the obtained H-CeO2-PEG in 
this study could be applied for more efficient drug 
delivery.

Stability and Cytotoxicity of H-CeO2- 
PEG
We first applied UV-Vis spectrum to examine the absorp-
tion across the UV to near-infrared region, interestingly, 
there was no absorption when H-CeO2-PEG dispersed in 
ddH2O (Figure 3A), which might be attributed to the 
H-CeO2-PEG dispersed in ddH2O was transparent. 
Importantly, the H-CeO2-PEG NPs showed excellent sta-
bility in various solutions, including ddH2O, PBS, ethanol 
and DMEM culture (Figures 3B and C). Moreover, the 
colloidal stability was also identified by DLS analysis, the 
results showed that the size of H-CeO2-PEG after dis-
persed in ddH2O for 7 days was estimated to be 219.6 
nm, it showed a negligible decrease of 3.4 nm in size 
(Figure 3D). Thus, these results showed that the 
H-CeO2-PEG possessed excellent stability.

Excellent biocompatibility and no obvious toxicity are 
crucial for any applications in nanomedicine. Therefore, 
the cytotoxicity of H-CeO2-PEG was studied in several 
types of cells. Firstly, FITC-labelled H-CeO2-PEG were 
incubated with HCT116 cancer cells and imaged at differ-
ent time points. As observed in Figure 3E, the FITC- 
labelled H-CeO2-PEG showed a rapid cellular uptake. 
Subsequently, the H-CeO2-PEG was incubated with 
NCM-460, HCT116 and SW480 cells at different concen-
trations (0, 5, 10, 25, 50, 100, and 125 μg/mL) for 24 h and 
48 h. Then, the cell counting kit-8 (CCK-8) assays were 
performed to monitor the relative cytotoxicity, as shown in 
Figures 3F and G, no significant decrease in cellular via-
bility was observed, indicating the ignorable cytotoxicity 
of H-CeO2-PEG NPs. Therefore, these results exhibited 
the excellent physiological stability and biocompatibility 
of H-CeO2-PEG and were capable of medical treatment 
application.

Effect of H-CeO2-PEG on ROS in vitro
Previous studies have suggested that ROS could mediate 
the switch that regulates pro- or anti-inflammatory pro-
cesses to determine the progression of various diseases.36– 

38 Therefore, the effect of H-CeO2-PEG on ROS scaven-
ging in a hydroxyl radical-generating TiO2/UV system was 
explored in vitro. As shown in Figure 4A, the BMPO/•OH 
signal had the strongest intensity on the TiO2/UV system 
without H-CeO2-PEG (control group, 0 μm/mL) and the 
concentration of H-CeO2-PEG increased from 0 to 10 μm/ 
mL, the intensity of BMPO/•OH signal decreased sharply 
that decreasing to 42% of that in the control group. And 
the intensity of BMPO/•OH signal decreased slowly and 
gradually when the concentration of H-CeO2-PEG was 
further increased from 10 μg/mL to 50 μg/mL, when the 
H-CeO2-PEG concentration increased to 50 μg/mL, the 
intensity of signal was only 12.6% of that in the control 
group, which indicated that H-CeO2-PEG NPs possessed 
excellent ability to scavenge •OH. Furthermore, the POD- 
like activity of H-CeO2-PEG was investigated by using 
TMB, a natural POD substrate where the POD is an ROS 
scavenger. The absorbance of TMB at 650 nm increased 
rapidly and significantly from 0 to 0.9 within 12 min after 
being treated with H-CeO2-PEG NPs, indicating that 
H-CeO2-PEG possessed POD-like activity (Figure 4B). 
At the same time, excessive generation of ROS contributes 
to the formation of superoxide radicals (•OOH), which are 
poisonous to cells, and the effect of H-CeO2-PEG on 
•OOH was also evaluated in a xanthine/xanthine oxidase 
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Figure 3 Stability and cytotoxicity of H-CeO2-PEG. (A) Absorbance spectra of H-CeO2-PEG. (B) Representative images of H-CeO2-PEG in different solution, (1) ddH2O, 
(2) PBS, (3) Ethanol, (4) DMEM culture. (C) Representative images of H-CeO2-PEG dispersed in different solution for 7 days, (1) ddH2O, (2) PBS, (3) Ethanol, (4) DMEM 
culture. (D) The particle size of H-CeO2-PEG dispersed in ddH2O for 7 days was analyzed by DLS analysis. (E) Representative cell uptake images of FITC-labelled H-CeO2- 
PEG at different time. (F) Relative viability of various types of cells after incubation with different concentrations of H-CeO2-PEG for 24 h; (G) Relative viability of various 
types of cells after incubation with different concentrations of H-CeO2-PEG for 48 h.
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system. As shown in Figure 4C, the BMPO/•OOH signal 
intensity decreases dramatically in H-CeO2-PEG concen-
tration-dependent manner, suggesting that H-CeO2-PEG 
exerts SOD-like enzyme activity to scavenge •OOH. 
Finally, we examined the scavenging capability of ROS 
of H-CeO2-PEG in HCT116 cancer cells. The cancer cells 
were incubated with 100 μM H2O2 for generating exces-
sive ROS within cells. As shown in Figure 4D, the results 
of DCFH-DA probe staining revealed that H2O2 induced 
high generation efficacy of ROS, and H-CeO2-PEG NPs 
scavenged the ROS effectively. These results suggested 

that H-CeO2-PEG possessed good ROS scavenging 
capability.

Therapeutic Effect of H-CeO2-PEG in 
DSS-Induced Colitis Mice
Based on the excellent POD- and SOD-like activity of 
H-CeO2-PEG NPs, it was speculated that H-CeO2-PEG 
could scavenge ROS- in inflammation-related diseases. 
Moreover, nanoparticles can accumulate in the site of 
inflammation from the blood via endothelial pathways 
due to their recognized ability to enhance permeability 

Figure 4 Evaluation of ROS scavenging in vitro. (A) Effect of H-CeO2-PEG on •OH generated by a TiO2/UV system. The signal intensities of the second line in the BMPO/ 
•OH spectrum is presented. (B) POD-like activity of H-CeO2-PEG. (C) Effect of H-CeO2-PEG on •OOH produced by the xanthine/xanthine oxidase system. (D) CLSM 
images of ROS scavenging by H-CeO2-PEG in HCT116 cells via DCFH-DA probe.
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and retention effect (EPR) and absorption by infiltrating 
inflammatory cells (Figure 5B),39 EPR helps significantly 
improve targeting capability and therapeutic effects. 
Hence, we first investigated whether H-CeO2-PEG could 
accumulate in the inflamed colon and further observed its 
therapeutic effect on DSS-induced colitis mice 
(Figure 5A). A DSS-induced colitis model was constructed 
by providing a 3% (wt%) solution of DSS for drinking 
instead of water for one week. The mice (n = 3) were 
injected with H-CeO2-PEG NPs (20 mg/kg) intravenously, 
and the main organs (heart, liver, spleen, lung and kidney) 
and colon were collected in different time (12 h, 1 day and 
7 day,) and analysed the concentration of Ce using 
inductively coupled plasma atomic emission spectrometry 
(ICP-AES) to evaluate the colitis accumulation and bio-
distribution of NPs. As shown in Figure 5C, the concen-
tration of Ce was 13.26 μg/g at 12 h and 19.42 μg/g at 
1 day post-injection, suggesting colitis effectively accumu-
lation of the H-CeO2-PEG NPs. And the Ce concentrations 
were found not only in the colitis tissues, but also in other 
organs, such as the liver and spleen. Meantime, it was 
10.63 μg/g in colon at 7 days post-injection, which was 
lower than the concentration at 12 h and 1 day, implied 
that the Ce concentrations in colitis tissues reduced gradu-
ally, as observed for other organs; however, the reduction 
rate in colitis tissues was lower than that in other organs. 
Then, meantime, the mice fed with DSS to construct 
colitis were divided into two groups, where the healthy 
mice were set as control group. PBS and H-CeO2-PEG 
NPs (20 mg/kg) were injected intravenously at 1, 3, 5 and 
7 days, respectively, and the therapeutic effects was eval-
uated on days 9 to 21 days, including the change of body 
weight, disease activity index (DAI), colon length, and 
haematochezia rate. As shown in Figure 5D, the DSS- 
feeding to construct the colitis model of mice induced 
the loss of body weight, which showed the establishment 
of colitis. Then, we evaluated the DAI to access the situa-
tion of colitis, we found that when treated with H-CeO2- 
PEG NPs, it alleviated the dramatic weight loss, where the 
DAI in the DSS group was 3, and it was 0.3 and 1.7 in the 
control group and DSS + H-CeO2-PEG group, implying 
that the H-CeO2-PEG rescued the colitis induced by DSS 
(Figure 5E).40 Moreover, the results of colon length mea-
surement showed the severe inflammation in colons of 
colitis mice were shorter and severe bleeding, and treated 
with H-CeO2-PEG NPs, it showed longer length of colon, 
bleeding, or abnormal stools compared to the mice that 
without treatment (Figures 5F and G). Similar to the body 

weight and DAI results, the haematochezia rate in the 
colitis group was greater than 80% compared to the con-
trol group, and the haematochezia rate after H-CeO2-PEG 
treatment was significantly reduced to approximately 40% 
(Figure 5H), which also indicated the colitis occurrence 
induced by DSS and H-CeO2-PEG decreased the haema-
tochezia rate to about 50%, suggesting H-CeO2-PEG alle-
viated the colitis. Meanwhile, the colons were also 
collected and applied histological analysis to observe the 
change of structure after different treatment. We observed 
that mice with colitis show severe destruction of mucosal 
areas, massive infiltration and severe colonic epithelial 
damage, and relief of damage after treated with H-CeO2- 
PEG displayed minor damage and infiltration in the 
mucosa or muscle, and showed a negligible damage in 
the control group (Figures 5I and J). Furthermore, the 
colons were collected after different treatment and stained 
with ROS probe to evaluate the ROS scavenging capabil-
ity of H-CeO2-PEG in vivo. As shown in Figure 5K, the 
mice treated with H-CeO2-PEG leaded to an obvious 
reduction of ROS compared to the DSS treated mice, 
suggesting the excellent therapeutic effect in colitis via 
scavenging ROS effectively. All these evidences demon-
strate the excellent therapeutic effect of H-CeO2-PEG on 
DSS-induced colitis.

Then, we further confirmed the therapeutic effects of 
H-CeO2-PEG on DSS-induced colitis by western blotting 
analysis, which was performed to detect expression 
changes in colitis-related proteins (claudin-1, ZO1, 
Occu, and ZO2). As shown in Figures 6A and B, the 
protein expression of claudin-1, ZO1, Occu and ZO2 
was significantly upregulated in the colonic tissues of 
DSS-induced colitis mice compared with those of control 
mice, whereas H-CeO2-PEG treatment regulated the 
expression of these proteins inhibited compared to the 
expression in healthy mice. On the other hand, the levels 
of proinflammatory cytokines, including IL-6, TNF-α, IL- 
1β, and IL-18, in the colitic colon were further determined 
using qPCR analysis and quantification with commercial 
ELISA kits to examine the damage of colitis further. 
Compared to the mice in control group, the levels of IL- 
6, TNF-α, IL-1β, and IL-18 fed with DSS were signifi-
cantly increased, whereas treated with H-CeO2-PEG NPs 
decreased the expression of IL-6, TNF-α, IL-1β, and IL- 
18 in mRNA and protein level that induced with DSS 
(Figures 6C and D). These results demonstrate that 
H-CeO2-PEG possessed an excellent ability to alleviate 
colitis.
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Figure 5 Evaluation of therapeutic effects of H-CeO2-PEG in vivo. (A) Overall experimental procedure. Mice were provided normal water or water containing 3% DSS for 7 
days. On days 1, 3, 5, and 7, the mice were treated with H-CeO2-PEG or normal saline. (B) H-CeO2-PEG was intravenously administered to DSS-induced colitis model mice 
to target the inflamed colon from the endothelium via a mechanism mediated by size. (C) Ce concentrations at different time intervals of 12 h,1 day and 7 days after 
intravenously injection. (D) The weight of the mice treated with H-CeO2-PEG or normal saline. (E) DAI scores of the mice treated with H-CeO2-PEG or normal saline. 
(F and G) Colon lengths and corresponding images of colons from each group. (H) Haematochezia rate of the mice treated with H-CeO2-PEG or normal saline. DAI, 
disease activity index. (I) H&E-stained colon sections from each group. (J) Histological scores from (I). (K) Representative images of the ROS staining (red: ROS, blue: DAPI). 
*P< 0.05; **P< 0.01. A P value less than 0.05 was defined as statistically significance.
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Molecular Mechanism of H-CeO2-PEG in 
the Treatment of Colitis
Previous research has shown that DSS-induced colitis is 
regulated by different signalling pathways.41–45 On the 
other hand, many studies have reported that CeO2 can 
activate the MAPK signalling pathway to control the 
growth of new blood and the degranulation process and 
induce cytotoxicity.46–48 For instance, Bao and colleagues’ 
reported that baicalein stabilized CeO2 NPs hindered the 
pro-inflammatory cytokine release and blocked the MAPK 
signalling pathway in rotenone-stimulated PD rat models.49 

In other studies, many reports revealed that the ROS is 
tightly associated with the MAPK signalling pathway. For 
instance, Akira Murakami et al revealed that DSS induces 
the activation of p38 MAPK via ROS generation, and 

combined the activation of ERK1/2 to enhance the release 
of IL-1β.50 In another study, Ho Kim and colleagues’ study 
showed that the activation of p38 MAPK signalling path-
way with Toxin A in neuronal cells is dependent on ROS 
production.51 Hence, we further investigated whether 
H-CeO2-PEG alleviate colitis via inhibiting the activation 
of MAPK signalling pathway. The results of western blot-
ting analysis showed that the levels of p-ERK1/2 (phos-
phorylated ERK1/2), p-JNK (phosphorylated JNK), p-p38 
(phosphorylated p38) and p-c-Jun (phosphorylated c-Jun) 
were markedly increased with DSS induction (Figures 7A 
and B), and as we expected, the levels of p-ERK1/2, p-JNK, 
p-p38 and p-c-Jun in colonic tissue were decreased signifi-
cantly after treated with H-CeO2-PEG in colitis and com-
pared with the control group (Figures 7A and B), suggesting 
that H-CeO2-PEG administration could repair the DSS- 

Figure 6 Evaluation of therapeutic effects of H-CeO2-PEG. (A and B) Western blotting analysis and quantification of claudin-1, ZO1, Occu and ZO2 protein expression in 
colitis tissue from each group. (C) qPCR analysis of IL-6, TNF-α, IL-1β, and IL-18 mRNA expression in colitis tissue from each group. (D) Elisa quantification of IL-6, TNF-α, 
IL-1β, and IL-18 mRNA expression in colitis tissue from each group. *P< 0.05; **P< 0.01; **P< 0.001. A P value less than 0.05 was defined as statistically significance.
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induced damage via inhibiting the MAPK signalling path-
way (Figure 7C).

In vivo Toxicity of H-CeO2-PEG
Biosafety is a crucial index for nanomaterial-based ther-
apy. The potential toxicity of H-CeO2-PEG was investi-
gated systematically in vivo. To explore the potential 
toxicity of H-CeO2-PEG in vivo, blood and organs 

(heart, liver, spleen, lung kidney and colon) of healthy 
mice without DSS-treatment were administered with 
H-CeO2-PEG and biosafety evaluation were latterly stu-
died. The following standard hematological markers were 
assessed, including white blood cells (WBC), red blood 
cell (RBC), mean corpuscular volume (MCV), mean cor-
puscular hemoglobin (MCH), and mean corpuscular 
hemoglobin concentration (MCHC) (Figure 8A). There 

Figure 7 Molecular mechanism underlying the colitis relief cell death after treatment with H-CeO2-PEG. (A and B) Western blotting and quantification analysis of ERK, 
JNK, p38 and c-Jun protein expression and phosphorylated ERK, JNK, p38 and c-Jun protein expression levels in colitis tissue from the control group, DSS-induced colitis 
group, and H-CeO2-PEG-treated DSS-induced colitis group. (C) Schematic illustration of the involved molecular pathway.
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were no significant differences were observed in these 
parameters, suggesting that the H-CeO2-PEG did not 
cause any distinct effects in treated mice. And the follow-
ing blood biochemistry parameters were also examined, 
including alanine transaminase (ALT), aspartate transami-
nase (AST), albumin (ALB), alkaline phosphatase (ALP), 
blood urea nitrogen (BUN), creatinine (CREA). Again, 
there was no significant difference among these values in 
treated mice (Figure 8B). Furthermore, histopathology 
analysis of the main organs (heart, liver, spleen, kidney 
and colon) demonstrated no observable impairments 
occurred with H-CeO2-PEG treatment (Figure 8C). 
Furthermore, we also examined the possible toxicity of 
H-CeO2-PEG to the main organs (heart, liver, spleen and 
kidney) in the colitis model mice using H&E staining, no 
obvious damages were observed (Figure 8D). These 
results confirmed that negligible toxicity was observed 
after H-CeO2-PEG administration, demonstrating the 
excellent biocompatibility and biosafety of H-CeO2-PEG.

Discussion and Conclusions
In summary, we successfully prepared highly monodis-
persed hollow CeO2 with good stability and it was 
capable of being used as a nanozyme for colitis treat-
ment. It was proved that the H-CeO2-PEG was an 

effective ROS scavenger that converted harmful ROS, 
including •OH, H2O2, and •OOH, to H2O and O2 

through its nanozyme activity, alleviating oxidative 
stress and showing a certain therapeutic effect on colitis. 
The result of the molecular mechanism experiment 
demonstrated that H-CeO2-PEG inhibited the activation 
of ERK1/2/JNK/p38/c-Jun to decrease inflammation in 
DSS-induced colitis. This work provides a new point 
that H-CeO2-PEG could be regarded as a potential alter-
native agent for the treatment of colitis.
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