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ABSTRACT: Antibiotic therapeutics to combat intestinal pathogen infections
often exacerbate microbiota dysbiosis and impair mucosal barrier functions.
Probiotics are promising strategies, because they inhibit pathogen colonization and
improve intestinal microbiota imbalance. Nevertheless, their limited targeting
ability and susceptibility to oxidative stress have hindered their therapeutic
potential. To tackle these challenges, Ces3 is synthesized by in situ growth of CeO2
nanozymes with positive charges on probiotic spores, facilitating electrostatic
interactions with negatively charged pathogens and possessing a high reactive
oxygen species (ROS) scavenging activity. Importantly, Ces3 can resist the harsh
environment of the gastrointestinal tract. In mice with S. Typhimurium-infected
acute gastroenteritis, Ces3 shows potent anti-S. Typhimurium activity, thereby
alleviating the dissemination of S. Typhimurium into other organs. Additionally,
owing to its O2 deprivation capacity, Ces3 promotes the proliferation of anaerobic
probiotics, reshaping a healthy intestinal microbiota. This work demonstrates the promise of combining antibacterial, anti-
inflammatory, and O2 content regulation properties for acute gastroenteritis therapy.
KEYWORDS: nanozymes, probiotics, acute gastroenteritis therapy, microbiota, intestinal microenvironment

Acute gastroenteritis, a common inflammatory intestinal
disease, is usually caused by food-borne Salmonellae, such

as Salmonella enterica serovar Typhimurium (S. Typhimu-
rium).1,2 The intestinal microenvironment, which plays a key
role in maintaining healthy intestinal microbiota, is altered
during S. Typhimurium infection.3,4 Specifically, S. Typhimu-
rium uses type III secretion system-1 (T3SS-1) and T3SS-2 to
invade the intestinal epithelium and survive in the tissue of the
host, respectively. Both of these processes trigger the acute
intestinal inflammation by boosting reactive oxygen species
(ROS) levels and increasing oxygen (O2) content.

5,6 On the
one hand, elevated ROS can promote S. Typhimurium
expansion through nitrate respiration; on the other hand,
because nearly all beneficial bacteria are obligate anaerobes,
exposure to O2 can induce toxicity to them.

6,7 These changes
in the inflammatory intestinal microenvironment eventually
damage mucosal barrier functions and lead to intestinal
microbiota imbalance.8,9

The first-line antibiotics used in the treatment of
salmonellosis, such as fluoroquinolones, possess broad-
spectrum antibacterial properties. Prolonged usage of these
antibiotics leads to the enrichment of resistant strains,
potentially giving rise to superbugs, which can aggravate the
imbalance in intestinal microbiota and impair the mucosa.9−11

Moreover, antibiotics have a minimal effect on the elevated
level of the O2 level. In contrast, probiotics generate beneficial

and active metabolites, which inhibit the growth of pathogens
and facilitate the proliferation of other probiotics. This
mechanism helps maintain the delicate balance of intestinal
microbiota.12,13 Among probiotics, the dormant spores formed
by Bacillus subtilis (B. subtilis) have received increasing
attention because they can resist harsh gastrointestinal (GI)
environmental assaults. Furthermore, its germination to
probiotic B. subtilis, accompanied by O2 consumption, can
enhance the beneficial bacteria and consequently improve the
intestinal microenvironment.14−16 Nevertheless, the therapeu-
tic efficacy of spores on acute gastroenteritis is not satisfactory
due to a couple of limitations. First, spores exhibit negligible
ROS scavenging activity, which hinders mucosal repair.
Second, there is a lack of control over the location of spore
germination in the intestinal tract, resulting in insufficient
viable B. subtilis in the vicinity of S. Typhimurium.5,17,18

Therefore, we reason that improving the ROS-scavenging
activity and S. Typhimurium-targeting capacity of spores would
be a promising strategy to enhance their therapeutic efficacy.

Received: November 24, 2023
Revised: February 6, 2024
Accepted: February 7, 2024
Published: February 11, 2024

Letterpubs.acs.org/NanoLett

© 2024 American Chemical Society
2289

https://doi.org/10.1021/acs.nanolett.3c04548
Nano Lett. 2024, 24, 2289−2298

D
ow

nl
oa

de
d 

vi
a 

N
A

N
JI

N
G

 U
N

IV
 o

n 
M

ar
ch

 1
2,

 2
02

4 
at

 0
7:

15
:1

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gen+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanling+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yihong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zijun+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuting+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuaishuai+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tong+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hui+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c04548&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/24/7?ref=pdf
https://pubs.acs.org/toc/nalefd/24/7?ref=pdf
https://pubs.acs.org/toc/nalefd/24/7?ref=pdf
https://pubs.acs.org/toc/nalefd/24/7?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


Recently, ROS scavenging nanozymes have garnered signifi-
cant attention due to their advantages over natural enzymes
and conventional enzyme mimics.19−25 Among them, cerium
oxide (CeO2) nanozymes are particularly promising for
biomedical applications because of their stability in acidic
biofluids, positively charged characteristics, and potent ROS
scavenging activity.26−29 Accordingly, the use of CeO2
nanozymes would tackle the limitations of spores by imparting
them with ROS-scavenging activity and S. Typhimurium-
targeting capacity through electrostatic interactions.
Herein, CeO2 nanozyme decorated spores (CeO2/spores)

were fabricated by in situ growth of CeO2 nanozymes on
probiotic spores to effectively treat S. Typhimurium-induced
acute gastroenteritis. After oral administration, the optimized
CeO2/spores, Ces3 (Ces3 represents a 3:1 mass ratio of spores
to Ce(NO3)3·6H2O), could resist GI environmental assaults
and then targeted S. Typhimurium (negatively charged)
(Figure 1a,b). Subsequently, O2 facilitated the germination of
spores to form planktonic B. subtilis at the action site,
effectively killing S. Typhimurium and regulating the intestinal
microenvironment. Concurrently, CeO2 nanozymes could
reduce mucosal damage by scavenging ROS, which further
promoted the balance of the intestinal microbiota. Importantly,
in vivo therapeutic studies substantiate that Ces3 was much
friendlier than levofloxacin (a common oral antibiotics) to the
intestinal anaerobic probiotic microbes and epithelial barrier,

reshaping a healthier intestine (Figure 1c). This research
provides a representative paradigm of nanozymes for
pathogen-targeting acute gastroenteritis therapy by simulta-
neously regulating the intestinal microenvironment and
eradicating S. Typhimurium.
To minimize the effects of high temperature and prolonged

reaction times on probiotic spore germination,15,30 we selected
nanozymes that could be prepared in a short time at room
temperature through a one-step reduction. As shown in Figures
S1−S3, three nanozyme-decorated spores (X/spores) (X =
CeO2, Cu2O, and Rh) were successfully synthesized by using a
rapid and facile method with spores as templates.26,31,32

Furthermore, we examined the superoxide dismutase (SOD)-
like activity of X/spores. As shown in Figure S4a, both CeO2/
spores and Rh/spores had excellent SOD-like activities in
comparison to Cu2O/spores. While CeO2/spores demonstra-
ted good biocompatibility, Rh/spores exhibited cytotoxicity
(Figure S4b). Additionally, to effectively target pathogens via
electrostatic interactions, it was essential for X/spores to
possess positive charges. We measured the zeta potentials of
spores, pathogens, and X/spores. Figure S4c showed that only
CeO2/spores could reverse the negative charge of spores.
Combined with excellent SOD-like activity, biocompatibility,
and positive charges (Figure S4d), CeO2/spores were selected
for further investigation after our comprehensive evaluation.

Figure 1. (a) Ces3-mediated protective effects against GI environmental assaults as an oral biotherapeutic. (b) Preparation of Ces3 by in situ growth
of CeO2 nanozymes (positively charged) on spores (negatively charged). (c) Left: Acute gastroenteritis microenvironment characterized by
elevated intestinal epithelial ROS levels and O2 content, damaged intestinal mucosal cells, and imbalance of intestinal microbiota
(hyperproliferating S. Typhimurium and extremely reduced anaerobic probiotics). Right: Ces3 promotes cures in acute gastroenteritis, through
targeting S. Typhimurium and persistent antioxidant activity as well as rapid O2 deprivation, eradicating S. Typhimurium and ameliorating the
intestinal microbiome.
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To further optimize the formulation, different concen-
trations of Ce(NO3)3·6H2O were used to synthesize CeO2/
spores. The corresponding products were denoted as Cesx
(where x = 1, 2, 2.5, 3, and 4, representing different ratios of
spores to Ce(NO3)3·6H2O) (Figure 2a). The XRD patterns
displayed that Ces1, Ces2, Ces2.5, Ces3, and Ces4 had similar
characteristic peaks indexed to the spores and CeO2 (Figure
2b). Then, their SOD-like activities were evaluated. The Cesx
samples, normalized to a CeO2 nanozyme content of 20 μg/
mL, showed a trend of Ces4 > Ces3 > Ces2.5 > Ces2 > Ces1
(Figure 2c). The trend of SOD-like behavior was attributed to
the improved dispersibility of CeO2 nanozymes on the spore
surface, as confirmed by SEM imaging (Figure S5). Notably, all
Cesx, except Ces4, exhibited positive zeta potentials (Figure
2d). The above results indicated that Ces3, possessing both
high SOD-like activity and positive charges, is promising for
subsequent studies. As visualized in Figure 2e and Figure S6,
the SEM elemental mapping images verified the presence of C,
N, O, P, S, and Ce elements in Ces3. Specifically, Ce and O
were uniformly distributed on the surface of spores.
Furthermore, Ces3 (the concentration of Ce on Ces3 by
inductively coupled plasma (ICP) was 16.28 μg/mL (Table
S1)) exhibited enhanced SOD-like activity compared with

CeO2 nanozymes or spores alone (Figure 2f). In general,
pristine CeO2 nanozymes aggregated seriously and their
average size was much higher than that of CeO2 on spores
(Figure S7a,b). While CeO2 on spores aggregated slightly (the
red circle) (Figure S7b), CeO2 could be well stabilized and
dispersed on spores, ensuring catalytic performance.
During the nanozyme synthesis process, we added different

concentrations of Ce3+, NH3·H2O (8%, w/v), and EG (50%,
w/v), respectively. The Ce3+ contents of Ces1, Ces2, Ces2.5,
Ces3, and Ces4 were 11.51 mM, 9.21 mM, 6.91 mM, 4.61 mM,
and 2.30 mM. As shown in Figure 3a and Figures S8−S11, the
viability of the spores was retained both before and after the
nanozyme preparation process, which is critical for spore
germination to B. subtilis and retaining antibacterial activity.
The rationale behind using B. subtilis cell-free supernatants to
test antibacterial activity is rooted in the secretion of
lipopeptides by planktonic B. subtilis. The lipopeptides include
surfactins, iturins, fengycins, etc., which are the key
components to elicit antibacterial activity. On the one hand,
these lipopeptides are amphiphilic that effectively dissolve in
LB medium;14,16,33 on the other hand, to minimize the
interference of B. subtilis on the OD value (600 nm), we used
B. subtilis cell-free supernatants from Ces3 germination at

Figure 2. Synthesis and characterization of Cesx. (a) Schematic representation of the preparation of Cesx. (b) XRD patterns of spores and Cesx.
The lines at the bottom mark the reference patterns of CeO2 (JCPDS Card No. 43-1002). a.u., arbitrary units. (c) SOD-like activity and (d) zeta
potentials of Cesx. (e) Element mapping (P, O, and Ce) of Ces3. Scale bar: 1 μm. (f) SOD-like activities of spores, CeO2, and Ces3. Data are
presented as means ± SD (n = 3).

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c04548
Nano Lett. 2024, 24, 2289−2298

2291

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.3c04548/suppl_file/nl3c04548_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c04548?fig=fig2&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c04548?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


different times (designated as CeBCFS-0, 2, 4, 8, 12, and 24 h)
against both Gram-negative and Gram-positive bacteria. The
germination supernatants for spores at the same times (i.e.,
BCFS-0, 2, 4, 8, 12, and 24 h) and CeO2 nanozymes were used
for comparison. We showed that CeBCFS-24 h and BCFS-24 h
treatments consistently exhibited the lowest OD600nm values for
both Gram-negative and Gram-positive bacteria, whereas CeO2
nanozymes treatment exhibited very high OD600nm values.
These results implied that Ces3 had excellent antibacterial
ability similar to that of spores, while CeO2 nanozymes had
negligible antibacterial activity (Figure S12, Figure 3b, and
Figure S13a-c). Consequently, CeBCFS-24 h was selected, and
a treatment duration of 24 h was optimal for further analysis.
To assess the antibacterial mechanism of CeBCFS-24 h, we

next investigated the effects of pH changes on bacterial growth.
As shown in Figures S14 and S15, while CeBCFS-24 h
increased the pH of the LB medium from 6.8 to 8.0, this pH
change had negligible effects on bacterial proliferation. These
results verified that Ces3 germination-induced pH changes

were not responsible for the antibacterial effects. Afterward, we
analyzed the structural integrity and morphology of S.
Typhimurium treated with CeBCFS-24 h. The confocal
fluorescence images depicted that CeBCFS-24 h severely
damaged the membrane of S. Typhimurium, as evidenced by
the presence of membrane-impermeable propidium iodide
(PI) molecules (Figure S16).34 Further morphological
observation by SEM imaging verified large amounts of
ruptured bacterial cells (Figure S17). In addition, we evaluated
the effects of CeBCFS-24 h on genomic DNA and whole-cell
and membrane proteins of S. Typhimurium.33,35 As visualized
in Figure S18, compared with the control, the CeBCFS-24 h-
treated group induced partial DNA degradation, leading to
alterations in whole-cell proteins.
As designed, the CeO2-coated spores were positively

charged, therefore preferentially targeting negatively charged
S. Typhimurium through electrostatic interactions. Such a
design ensured sufficient viable spores in the vicinity of S.
Typhimurium exert antibacterial effects. To verify this

Figure 3. Antibacterial, anti-inflammatory, and O2 deprivation activities of Ces3 in vitro. (a) Effects of Ces3 on the viability of spores. (b) Anti-S.
Typhimurium activities of supernatants from Ces3 fermentation for different times (0, 2, 4, 8, 12, and 24 h). Samples were taken out for OD600nm
evaluation at indicated incubation time points. (c) Fluorescence microscopy images of ROS levels in RAW264.7 cells treated in the Ces3 group
followed by LPS. Scale bar, 20 μm. (d) Dissolved oxygen consumption tests of indicated groups in the liquid LB medium. (e) Effects of Ces3 on the
viability of Lactobacillus in a microaerobic environment. Lactobacillus samples were taken out for OD600nm evaluation at 24 h. (f) XRD patterns of
Ces3 treated with SGF or SIF. The lines at the bottom mark the reference patterns of CeO2 (JCPDS Card No. 43-1002). Zeta potentials (g), SOD-
like activities (h), and survivals (i) of spores in Ces3 followed by SGF or SIF treatment. The concentrations of CeO2, spores, Ces3, and levofloxacin
were 20, 380, 400, and 200 μg/mL, respectively. Data are presented as means ± SD (n = 3).
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hypothesis, we first analyzed the targeting properties of Ces3
onto S. Typhimurium-coated (negatively charged, mimicking
the infection site) polystyrene surfaces at 37 °C for 3 h in vitro.
As shown in Figure S19a, compared with the spore group, S.

Typhimurium-coated polystyrene surfaces treated with Ces3
had higher amounts of spores. The preferential targeting of
Ces3 to S. Typhimurium-coated plates was attributed to the
electrostatic interaction between them (Figure S19b).

Figure 4. Therapeutic efficacy of Ces3 on S. Typhimurium-induced acute gastroenteritis in vivo. (a) Experimental design and treatment protocols of
the S. Typhimurium-infected mouse model of acute gastroenteritis. (b) Daily body-weight development for 7 days. Black arrows indicate that one
mouse has died in the group. (c) S. Typhimurium counts in the gastrointestinal tracts. Spleen organ index (d) and corresponding CFU per gram
(CFU/g) of S. Typhimurium (e). (f) Quantification of colon length in the indicated groups. (g) Representative H&E-staining images of the liver,
spleen, intestine, and colon tissues in Healthy, Model, Ces3, and levofloxacin groups. Scale bar: 100 μm. Yellow arrows and red circles indicate the
location of tissue damage. The concentrations of CeO2, spores, Ces3, and levofloxacin were 1, 19, 20, and 13 mg/kg, respectively. Data are
presented as means ± SD (n = 5).
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Studies suggest that S. Typhimurium can trigger the acute
intestinal inflammation and boost ROS levels.5 The excess
ROS and sustained oxidative stress can initiate an inflamma-
tory cycle and amplify oxidative stress.36 To stimulate the
overproduction of intracellular ROS levels, lipopolysaccharide
(LPS), an endotoxin extracted from the outer membrane of
Gram-negative bacteria, was applied to treat the cells. The
intracellular ROS levels were detected using 2′,7′-dichlor-
odihydrofluorescein diacetate (DCFH-DA) as a fluorescence
probe. As displayed in Figure 3c and Figure S20a, the Ces3-
treated group showed the lowest fluorescence compared to
CeO2 and spores treatments, demonstrating the excellent ROS
scavenging ability of Ces3. These results were also confirmed
through quantitative analysis of intracellular ROS using flow
cytometry (Figure S20b).
In addition to elevated ROS levels, the abnormal intestinal

microenvironment caused by S. Typhimurium is characterized
by an increased epithelial O2 content. In consideration of the
obligate aerobic peculiarity of B. subtilis, the environmental
oxygen is expected to be massively consumed, which in turn
promotes proliferation of other probiotics.3,7,37 As shown in
Figure 3d, Ces3 sprouted and tremendously exhausted
dissolved O2 in liquid LB medium within 24 h, similar to the
effect observed with spores. In contrast, levofloxacin had a
negligible effect on the O2 content. To further demonstrate the
critical role of environmental oxygen in probiotic proliferation,
the probiotic Lactobacillus (yogurt source) was employed as an
example to grow in aerobic, microaerobic, and anaerobic
microenvironments (O2 concentrations were 20%, 8%, and 0%,
respectively). The results revealed that the anaerobic
conditions were most conducive to Lactobacillus growth
(Figure S21). Under the microaerobic microenvironment,
which mimicked the O2 levels of S. Typhimurium infection,3

Ces3 significantly promoted the proliferation of Lactobacillus
(Figure 3e). Collectively, Ces3 would be a promising candidate
for S. Typhimurium-infected acute gastroenteritis therapy due
to its antibacterial (by preferentially targeting S. Typhimu-
rium), anti-inflammatory, and intestinal microenvironment
amelioration behaviors.
Oral probiotics often encounter the challenge of GI

environmental assaults.38 It is critical that Ces3 be stable in
the stomach and small intestine to ensure higher bioavail-
ability. We examined morphological changes in Ces3 by using
SEM imaging after exposure to simulated gastric fluid (SGF)
and simulated intestinal fluid (SIF). As shown in Figure
S22a,b, after incubation in SGF or SIF for 4 h, Ces3 retained its
original morphology, consistent with the morphology in Figure
2e and Figure S5e. Then, we studied the crystalline structures
of Ces3. The XRD patterns showed that Ces3 treated with SGF
or SIF retained its crystalline structure (Figure 3f), akin to that
of untreated Ces3 (Figure 2b). We also assessed the zeta
potentials, SOD-like activities, and viability of Ces3. As shown
in Figure 3g−i and Figures S23 and S24, after a 4 h exposure to
SGF or SIF, Ces3 retained the positive charges, high ROS
scavenging activity, and comparable spore viability to that of
spores alone. These results suggested that Ces3 as an oral
medication has great potential for treating acute gastroenteritis
caused by S. Typhimurium as it effectively resists the
environmental assaults encountered in the GI tract.
Before the therapeutic study, the cell viability of RAW264.7

cell lines treated by CeO2 nanozymes, spores, and Ces3 was
evaluated. The results revealed that CeO2, spores, and Ces3 at
20, 380, and 400 μg/mL exhibited no obvious cytotoxicity

(Figure S25). Importantly, both spores at 380 μg/mL and Ces3
at 400 μg/mL produced around 108 CFU/mL alive B. subtilis
(Figure S26), which meets the requirements for oral delivery of
probiotics.39 On the basis of the results of biocompatibility and
CFU measurement, CeO2, spores, and Ces3 at 20, 380, and
400 μg/mL were optimal for the subsequent animal experi-
ments. An overview of the experimental procedure is presented
in Figure 4a. C57BL/6 mice were injected (intragastric
administration) with S. Typhimurium solutions by gavage to
induce acute gastroenteritis. Subsequently, sterile phosphate
buffered saline (PBS; Model), CeO2 nanozymes, spores, Ces3,
and levofloxacin (a representative medication for acute
gastroenteritis therapy, was included for comparison) were
orally administered for seven consecutive days (day 0 to day
6), and the therapeutic efficacy was evaluated on day 7 after
euthanasia and dissection of mice.
Compared with other groups, Ces3 and levofloxacin

treatments prevented weight loss, death (indicated by the
black arrows), and fur scruffiness caused by S. Typhimurium
infection (Figure 4b and Figure S27). Additionally, S.
Typhimurium in the gastrointestinal tract was quantified
using the different colony morphologies of intestinal
commensal bacteria (very small), fungi (very large), spores
(very large), and S. Typhimurium (middle and transparent) on
Sabouraud Dextrose Agar (SDA) medium (Figures S11 and
S28). As shown in Figure 4c, because Ces3 treatment obviously
increased the number of spores in the gastrointestinal tracts
(Figure S29), Ces3 treatment obviously decreased the number
of S. Typhimurium, similar to the levofloxacin group.
Furthermore, given that the spleen and liver are susceptible
to damage during acute gastroenteritis, we next investigated
the changes in these two organs.40 As depicted in Figure 4d
and Figure S30, the organ index and size of the spleen in the
Ces3 and levofloxacin groups were significantly lower than
those in other groups. Importantly, no S. Typhimurium was
detected in the spleen and liver tissues (Figure 4e and Figure
S31), indicating that Ces3 had strong antibacterial activity,
comparable to that of levofloxacin, thereby alleviating S.
Typhimurium dissemination into the spleen and liver. In short,
these results confirmed that the CeO2 coating facilitated
electrostatic interactions with negatively charged S. Typhimu-
rium is used for improving delivery targeting of spores to exert
antibacterial effects.
Notably, the colon length of Ces3-treated mice was restored

to normal, which was much longer than that of the
levofloxacin-treated mice (Figure 4f and Figure S32). The
result was attributed to the superior antioxidant properties of
Ces3 compared with levofloxacin.26 In line with the above
observations, hematoxylin and eosin (H&E) staining showed
that the heart, lung, and kidney were not affected in all
treatment groups (Figure S33). In contrast, severe tissue
destruction and inflammatory infiltration were observed in the
spleen, liver, intestine, and colon sections from untreated S.
Typhimurium-infected mice. Note that the damage and
inflammation in the intestine and colon were greatly alleviated
after Ces3 treatment, which was superior to that of levofloxacin
(Figure 4g and Figure S34). In short, these findings suggested
that although levofloxacin has strong anti-S. Typhimurium
activity, Ces3 notably reduces the risk of epithelial mucosa
damage during acute gastroenteritis therapy.
The disturbance of the intestinal microbiome is closely

related to acute gastroenteritis progression.5,9 Encouraged by
the promising therapeutic efficacy, we then evaluated whether
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Ces3 could better regulate the composition and abundance of
the intestinal microbiome. As indicated by α-diversity (i.e.,
ACE and Chao1 indices), Ces3 treatment improved bacterial
diversity in mice with S. Typhimurium-infected acute gastro-
enteritis, reaching levels comparable to those of healthy mice.
This improvement in diversity was superior to the results
observed in the levofloxacin group (Figure S35a,b). A possible
explanation is that levofloxacin, due to its broad-spectrum
antibacterial properties, leads to a sharp decrease of intestinal
probiotics.11 Further analysis at the phylum/genus level
uncovered that both Ces3 and levofloxacin treatments
obviously reduced the relative abundance of inflammatory
disease-related Proteobacteria and subordinate classic patho-
gens such as Salmonella and Escherichia-Shigella (Figure 5a,b,
Figure S36a, and Figure S37a). This suggested that Ces3 had
strong antipathogen behavior similar to levofloxacin, corrob-
orating the results presented in Figure 4c.41,42 Interestingly,
compared to levofloxacin treatment, Ces3 treatment increased
the relative abundance of Bacteroidetes, which play pivotal roles
in various metabolic activities beneficial to the host (Figure

S36b).43 In contrast, levofloxacin treatment increased the
relative abundance of Bilophila, an opportunistic pathogen that
thrives in inflamed samples (e.g., severe sepsis) (Figure
S37b).44,45 This shift altered the balance of the intestinal
microbiome.
Importantly, owing to the O2 deprivation activity of Ces3, we

further studied whether Ces3 could promote the growth of
anaerobic probiotics. As depicted in Figure 5c−f, compared to
levofloxacin treatment, Ces3 treatment increased the relative
abundance of Lactobacillus, Butyricicoccus, Bacteroides, and
Oscillibacter. These probiotics can promote the maintenance of
intestinal homeostasis and inhibit pathogen translocation.4,46,47

In summary, Ces3, possessing anti-S. Typhimurium, ROS-
scavenging, and O2 deprivation activities, was synthesized by in
situ growth of CeO2 nanozymes on spores. Ces3 holds promise
for targeted therapy in the treatment of acute gastroenteritis.
Importantly, as an oral biotherapeutic, Ces3 can resist GI
environmental assaults. In vivo experiments confirmed its
significant therapeutic efficacy. Ces3 improved the intestinal
microbiota, particularly by promoting the growth of anaerobic

Figure 5. Ces3, in comparison to levofloxacin, modulates intestinal microbiome homeostasis in the S. Typhimurium-induced mouse model of acute
gastroenteritis. (a) Heat map illustrating the relative abundance of intestinal microbiome at the phylum level for each mouse (columns) after
different treatments. Significant changes after Ces3 treatment in the relative abundance of Salmonella (b), Lactobacillus (c), Butyricicoccus (d),
Bacteroides (e), and Oscillibacter (f) at the genus level. The concentrations of Ces3 and levofloxacin were 20 and 13 mg/kg, respectively. Data are
presented as means ± SD (n = 5).
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probiotics, thus, reshaping a healthier intestinal microenviron-
ment. This work not only demonstrates the advantages of
nanozyme-enhanced probiotic spores over small molecular
antibacterial drugs for the treatment of S. Typhimurium-
infected acute gastroenteritis but also provides a promising
strategy to design nanozyme-based oral biotherapeutics with
simultaneous antibacterial, anti-inflammatory, and microenvir-
onmental regulation properties for biomedical applications.
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