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Abstract

Salmonella is one of the most common foodborne pathogens, which can cause severe enteritis and intestinal
microbiota imbalance. However, there are limited strategies currently available for preventing or treating
Salmonella-induced colitis. Herein, we developed the Cu/Mn-co-doped ZnO tandem nanozyme (ZnO-CM) with
pH-responsive multienzyme-mimicking activities via doping engineering for the treatment of Sa/monella-induced
colitis. Benefiting from the co-doping of Cu and Mn, ZnO-CM nanospheres exhibit remarkable peroxidase-like
activity in acidic condition and superoxide dismutase- and catalase-like activities in neutral environment. Animal
experiments show that ZnO-CM can efficiently inhibit bacterial growth, alleviate inflammation, and restore the
intestinal barrier, resulting in good antibacterial and anti-inflammatory effects on Salmonella-induced colitis.
Mechanistically, ZnO-CM functions through inhibiting the continuous accumulation of ROS, increasing the levels of
tight junction proteins occludin and claudin-1, and decreasing the expression of pro-inflammatory cytokines IL-13
and IL-6 in intestine. This work not only presents an effective paradigm for Salmonella-induced colitis therapy, but
also provides new sights into the prevention and treatment of other bacterial enteritis.

Keywords ZnO-CM nanozymes, pH-responsive, Salmonella, Oxidative stress, Bacterial enteritis

Introduction

Salmonella is a major foodborne pathogen that can cause
severe intestinal microbiota imbalance, enteritis, and
sepsis, leading to an estimated 108.1 million gastroen-
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treatment, especially for traditional antibiotics that can’t
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penetrate the cell effectively or have no selective effect on
endotoxins [12]. Therefore, the development of new ther-
apies for intracellular pathogens is crucial. ZnO has been
extensively studied as a cost-effective and widely uti-
lized antimicrobial agent. Additionally, it is classified as
a Generally Recognized As Safe (GRAS) material by the
U.S. Food and Drug Administration (21 CFR 182.8991)
[13]. However, its effectiveness against Salmonella often
necessitates high concentrations, making it challeng-
ing to achieve efficient sterilization both intracellularly
and extracellularly. Enhancing the bactericidal efficacy
of ZnO is critical for the control and treatment of Sal-
monella infections. Nanozymes are nanomaterials with
enzyme-like properties that exhibit exceptional stability
under harsh environmental conditions. They effectively
eliminate free radicals and prevent the oxidative stress,
showcasing significant antimicrobial activity [14, 15, 16].
In antioxidant defense, trace elements such as copper
(Cu), manganese (Mn), and zinc (Zn) act as cofactors
for various enzymes [17]. Cu and Mn ions help cata-
lyze the conversion of harmful superoxide radicals into
less active molecules, which is a key step in the cellular
defense mechanism [18]. Although Zn does not directly
participate in the neutralization of free radicals, it is
crucial for the structural stability and correct folding of
enzymes [19], thereby ensuring their catalytic activity.
In this study, we explore the doping trace amounts of
Cu and Mn into the antimicrobial material ZnO, which
itself does not possess antioxidant enzyme activity. This
modification not only enhances the original antibacterial
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effect of ZnO but also mimics the enzymatic axis activi-
ties of major antioxidant defenses, such as superoxide
dismutase (SOD), catalase (CAT) and peroxidase (POD).
This Cu/Mn-co-doped ZnO tandem nanozyme (ZnO-
CM) exhibits POD activity in the upper gastrointestinal
tract (acidic environment), inducing hydroxyl radicals
(OH) generation, thus killing Salmonella. Interestingly,
in the hindgut (neutral or alkaline environment), ZnO-
CM nanozyme exhibits SOD and CAT activity, reducing
the generation of reactive oxygen species (ROS) [20], and
reducing systemic inflammation induced by Salmonella
infection. These actions reshape the colitis environment,
alleviate intestinal damage caused by Salmonella infec-
tion, and ultimately improve intestinal homeostasis and
health [21, 22]. Therefore, this research not only provides
a safe and reliable strategy for preventing and treating
Salmonella-induced colitis but also offers new insights
into the prevention and control of other bacterial enteri-
tis and antibiotic-resistant bacterial infections. (Scheme
11)

Methods
Materials and instruments
Oleylamine (OAm) was sourced from Macklin, while
zinc chloride heptahydrate (ZnCl,, AR,99%), copper
chloride dihydrate (CuCl,-2H,0, AR,99%), and manga-
nese chloride tetrahydrate (MnCl,-4H,0O, AR,99%) were
acquired from KESHI.

The ZnO-CM material underwent comprehen-
sive characterization, employing various techniques.
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Scheme 1 Schematic representation of the antibacterial and anti-inflammatory activities of ZnO-CM against Salmonella-induced colitis. (Created with

Biorender)
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Scanning electron microscopy (SEM, Hitachi SU-8010)
and transmission electron microscopy (TEM, JEOL-
2100 F) were utilized for imaging. Elemental analysis was
performed using energy-dispersive spectrometry (EDS,
Hitachi SU-8100) and inductively coupled plasma mass
spectrometry (ICP-MS-7700). The crystalline structure
of ZnO-CM was assessed through X-ray powder dif-
fraction (XRD, D8 Advance), while X-ray photoelectron
spectroscopy (XPS) measurements were carried out
using the EscaLab 250xi instrument. Zeta potential was
measured with the NANO ZS instrument, and the gen-
eration of oxygen vacancies and hydroxyl radicals under
acidic conditions was verified through electron paramag-
netic resonance (EPR, Bruker A300) analysis.

Synthesis of ZnO, ZnO-Cu, ZnO-Mn, and ZnO-CM

ZnO-CM nanospheres were synthesized using a simple
hydrothermal method. In brief, 1.6358 g of zinc chlo-
ride was added to 120 mL of anhydrous ethanol (100
mM) and refluxing at 80 °C for 30 min under magnetic
stirring. After 1 mL of oleylamine was added and stirred
for 1 h at normal temperature, 10% molar mass of cop-
per chloride and 5% molar mass of manganese chloride
were added and stirred for 30 min. After screening, this
ratio can achieve the best antibacterial effect with the
least doping amount. (Fig.S1) Subsequently, the mixture
was transferred into a polytetrafluoroethylene autoclave
and heated at 200 C for 3 h. The resulting products were
collected by centrifugation at 4200 rpm for 10 min, and
then washed three times with ethanol. Finally, the prod-
ucts were dried in a vacuum oven at 60 C for 24 h. The
synthesis of ZnO, ZnO-Cu, and ZnO-Mn closely fol-
lowed the procedure used for ZnO-CM, with the distinc-
tion that no copper or manganese was added in the case
of ZnO, and only a single element (either copper or man-
ganese) was included for the corresponding composites.

Enzyme activity assay

Colorless 3,3,5,5-tetramethylbenzidine (TMB), which
can be oxidized to blue product (oxTMB) exhibiting a
characteristic UV-visible absorption peak at 652 nm,
was employed as the indicator. A 0.1 M acetic acid buffer
(pH 3-8) was utilized to adjust the total volume of the
reaction system to 3 mL. In this mixed system, the absor-
bance of the oxidized TMB product increased over time.
The formation of the complex was monitored by UV-
visible spectroscopy, recording changes in absorbance at
652 nm, which indirectly indicated the peroxidase-like
activity of the ZnO-CM nanozyme.

The nitroblue tetrazolium (NBT) colorimetric method
was employed to assess the activity of superoxide dis-
mutase (SOD). In this method, superoxide anions (O,")
are generated through the reaction of xanthine and xan-
thine oxidase (XO), resulting in the reduction of NBT to
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formazan, a blue-violet compound that exhibits strong
absorption at 560 nm. SOD competes with this process
by eliminating superoxide anions, thereby inhibiting
formazan formation. Consequently, a more intense blue-
violet color in the reaction mixture indicates lower SOD
activity, while a lighter color suggests higher enzyme
activity. This relationship allows for quantitative assess-
ment of SOD activity through colorimetric analysis. The
activity of catalase (CAT) in decomposing H,O, can be
measured using the ammonium molybdate method. In
this approach, the reaction between CAT and H,0O, is
promptly halted by the addition of ammonium molyb-
date. Any remaining H,O, subsequently reacts with
ammonium molybdate to form a pale-yellow complex.
The change in concentration of this complex, measured
at 405 nm, provides a basis for calculating CAT activity.

Electron paramagnetic resonance spectrometer (ESR)
measurements

The ZnO, ZnO-Cu, ZnO-Mn and ZnO-CM nanopar-
ticles were dispersed in an HAc-NaAc (0.1 mol/L, pH
3) solution for the hydroxyl radical tests. The trapping
agent utilized in this test was 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO). The trapping agent was pipetted into
the solution and mixed homogeneously for preparation,
and then, capillaries were introduced to load the samples.
Then, the capillaries were placed into an electron para-
magnetic resonance machine (Bruker, A300) to collect
information about the radicals.

Calculation of enzyme activity
All calculations were conducted using density functional
theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package (VASP). The exchange-correlation
potential was described using the generalized gradient
approximation of Perdew-Burke-Ernzerhof (GGA-PBE).
Interactions between ion cores and valence electrons
were treated using the projector augmented-wave (PAW)
method. The plane-wave cutoff energy was set to 400 eV.
Structural models were optimized until the Hellmann—
Feynman forces were less than —0.02 eV/A and the
change in energy was below 107° V. Long-range van der
Waals interactions were accounted for using the DFT-
D3 approach. The Gibbs free energy change is defined as
follows:

AG =AE+AZPE —-TAS

where AE represents the electronic energy calculated
using VASP, AZPE denotes the difference in zero-point
energy, and AS indicates the entropy change between
the products and reactants. The temperature (T) is set at
298.15 K.
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Antimicrobial performance assay in vitro

Take the Salmonella (Salmonella enterica serovar
Typhimurium, ST, ATCC14028) strain from the -80 °C
freezer and thaw it in water at 37 °C until it is reacti-
vated. Inoculate 10 uL of the bacterial solution into 10
mL of LB broth (inoculation volume 0.1%) and incubate
in a shaking incubator at 37 °C for 12 h. Then inoculate
1 mL of the activated bacteria into 9 mL of medium and
continue to incubate in a shaking incubator at 37 °C until
the OD (600 nm) reaches 0.5, after which dilute it by 10°
times. Add 100 pL of bacterial suspension (1 x 10° CFU /
mL) + 100 pL of PBS (blank control group), and 100 pL of
bacterial suspension+100 pL of materials (30—2000 pg/
ml ZnO-CM, ZnO, ZnO-Cu, ZnO-Mn experimental
groups, with samples diluted in a 2-fold gradient) into a
96-well plate and incubate for 2 h. Then, spread 100 pL of
the bacterial suspension onto LB agar plates and spread
evenly. After inverting and incubating at 37 °C in a con-
stant temperature incubator for 12 h. Finally, record the
CFU. A 10 mL bacterial suspension (ST) was added to
sterile conical flasks, followed by the addition of ZnO,
ZnO-Cu, ZnO-Mn, and ZnO-CM to achieve a final con-
centration of 60 pg/mL. The cultures were incubated at
37 °C in a rotary shaker set to 220 rpm. Optical density at
600 nm (OD600) was measured at intervals of 0, 2, 4, 6,
8,10, 12, 14, 16, 18, 20, and 24 h to construct the growth
curve. Additionally, ST was treated with a 30 pg/mL ZnO
solution, incubated for 2 h at 37 C and 200 rpm, then
centrifuged at 3000 rpm for 5 minutes. The supernatant
was removed, and 1 mL of 2.5% glutaraldehyde solution
was added for fixation. The microstructures of ST were
characterized using SEM and TEM.

Protein leakage test

ZnO, ZnO - Cu, ZnO - Mn, ZnO - CM (60 pg/ml) were
incubated separately with ST (10’ CFU/ml) at 37 °C for
a total of 4 h, followed by centrifugation at 5000 rpm for
5 min to precipitate the bacteria quickly. The supernatant
was collected, and protein concentration was measured
using the BCA protein assay kit (Beyotime, P0012). BCA
standard method was used to calculate the concentration
of protein in the supernatant overflow.

Cell viability

We utilized the CCK-8 assay kit (Beyotime, C0039) to
assess the cytotoxicity of ZnO and ZnO-CM in RAW
246.7 cells as well as in intestinal epithelial cells. Briefly,
5x10* cells were seeded into 96-well plates. After 24 h,
fresh medium containing varying concentrations of ZnO
and ZnO-CM was added, and the cells were incubated
for an additional 24 h. Subsequently, the medium was
replaced with fresh medium, and 10 pL of CCK-8 was
added and incubated for 1 h (Six complex holes were
set at each concentration). Absorbance was measured
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at a wavelength of 450 nm. Cell viability was calculated
according to the control group.

Salmonella infection in mice

C57BL/6 mice were obtained from Gempharmatech
Co.Ltd. All aspects of animal daily care and experimen-
tal procedures were performed in accordance with the
guidelines approved by the Animal Ethics Committee
of Sichuan Agricultural University. (Permit Number:
SICAU 2024-06-159). For the in vivo Salmonella infec-
tion experiment, 6-week-old C57BL/6 mice were used.
Before infection, all mice were orally pre-fed with strep-
tomycin (SM) at a dose of 25 mg/kg mouse for 48 h. Then,
the mice were gavaged with 1.25*10% CFU/100 pL of red
fluorescent protein expression of Salmonella (ST-RFP,
ATCC14028). Oral administration of ZnO-CM was con-
tinued for 4 days at doses of 25 mg/kg (Low) and 50 mg/
kg (High), while the mice were transferred to Sterilized
mouse culture cages to minimize re-colonization of the
intestines from the environment. The control group was
treated in parallel with 0.9% saline solution. The body
weight of the mice was recorded daily throughout the
entire testing period [23]. The intensity of the red fluores-
cent signal of Salmonella can be visually explored using
in Multifunctional imaging system(UVP iBox Scientia,
Analytik Jena, Germany). Additionally, colon length was
measured, and distal colon tissue samples were collected
for histology and western blot analysis. Details of the rel-
evant antibodies are provided in Table S2.

Antimicrobial performance assay in vivo

Animals were euthanized and the small intestine and
colon tissues were aseptically collected. Tissues of equal
weight (10 mg) were homogenized in pre-cooled 1%
sodium dodecyl sulfate (SDS) and serially diluted (10
to 10°). The dilutions were then plated onto LB agar
plates. After incubation at 37 °C for 18 h, colonies were
counted, and CFU values per milligram of tissue were
calculated. Paraffin-embedded sections of small intes-
tine/colon tissues fixed in 4% paraformaldehyde were
deparaffinized. The nuclei were stained with DAPI, and
the fluorescence intensity of ST-RFP was recorded using
immunofluorescence.

Preliminary safety assessment

Mice from the infection groups at 24 h, 48 h, 7 days, and
14 days, as well as from the blank group, were eutha-
nized. Blood was collected from the orbital venous plexus
to assess routine blood parameters, as well as aspartate
aminotransferase (AST) and alanine aminotransferase
(ALT) levels. The major organs including the liver, kidney,
spleen, lung, and heart were collected and placed in a 10
mL solution of 4% paraformaldehyde for fixation, fol-
lowed by paraffin embedding and Hematoxylin and Eosin
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(H&E) staining to observe morphological changes in the
organ tissues. Approximately 0.1 g of heart, liver, spleen,
lung, and kidney tissues were transferred into 10 mL of
concentrated nitric acid [24]. The samples were digested
in a microwave digestion system at 180 °C. After diges-
tion, the samples were cooled and then transferred to a
volumetric flask to make up the volume to 10 mL. Finally,
the samples were diluted 10 times with ultrapure water.
Quantitative analysis of Cu, Mn, and Zn was carried
out using Inductively Coupled Plasma Mass Spectrom-
etry (ICP-MS). The content of the metals is expressed in
nanograms of metal per gram of tissue material.

Statistical analysis

Each experimental group was subjected to at least three
independent replicates, and the data are presented as
mean + SD. The differences between multiple experimen-
tal groups were analyzed by one-way analysis of variance
(ANOVA), and the statistical comparison between two
groups employed the two-tailed, independent student-t
test. The tests were regarded as statistically significant at
*p<0.05 (significant), **p<0.01 (moderately significant),
and ***p <0.001 (highly significant).

Results and discussion

Preparation and characterization of ZnO-CM

ZnO-CM were synthesized using a hydrothermal one-
pot method [25, 26].As depicted in Fig. 1A, B, S2 and
S3, the electron micrographs reveal that the synthesized
ZnO-CM exhibits a spherical morphology, with particles
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uniformly distributed and a size of approximately 430 nm
(Fig. 1F). Notably, there is no significant difference in
morphology or particle size when compared to undoped
ZnO, suggesting that the incorporation of Cu and Mn
does not affect the structural characteristics of the nano-
spheres. TEM images display a characteristic ZnO lattice
fringe with a (100) crystal spacing of 0.28 nm, indicat-
ing that Cu and Mn doping does not alter the crystalline
structure (Fig. 1C, D). HAADF-STEM images and EDX
elemental mapping (Fig. 1E) demonstrate that Zn, O, Cu,
and Mn are uniformly distributed throughout the entire
crystal lattice of ZnO-CM, further confirming the suc-
cessful synthesis of the ZnO-CM nanospheres.

Zeta potentials for ZnO and ZnO-CM were measured
to be -19 mV and -4.63 mV, respectively. The significant
increase in the zeta potential of ZnO-CM, compared to
the single doping of Cu or Mn (Fig. 2A), suggesting that
elemental co-doping influences the zeta potential. ICP-
MS analysis (Table S1) determined that the contents of
Cu and Mn in the ZnO-CM nanospheres are 4.7 wt %
and 7.6 wt %, respectively. To analyze the crystal struc-
ture and surface chemical environments of ZnO-CM
nanospheres, XRD and XPS were performed. As shown
in Fig. 2B and Fig. S4, the ZnO samples before and after
Cu/Mn doping had a typical wurtzite-type phase (PDF
No. 79-2205) [27]. No other characteristic peaks assigned
to metallic Cu, Mn or oxide phases appeared in ZnO-
CM, illustrating that Cu and Mn were doped into the
ZnO lattice without changing the ZnO phase structure
[28]. The XPS results show that, compared to undoped
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Fig. 1 Characterization of ZnO-CM. (A) SEM, (B, C) TEM and (D) lattice constant of of ZnO-CM. (E) Elemental mapping of ZnO-CM. (F) size distribution of

the ZnO-CM nanosphere. (G) EPR spectra of ZnO and ZnO-CM nanospheres
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ZnO, ZnO-CM exhibits signal of Cu and Mn in addi-
tion to Zn and O elements, further confirming the suc-
cessful doping of Cu and Mn (Fig. 2C). For the ZnO,
the XPS spectrum of Zn 2p exhibits two peaks located
at 1021.68 and 1044.88 eV, belonging to the 2p1/2 and
2p3/2 of Zn*', respectively [29]. After doping with Cu
and Mn, the peaks intensities decrease and shift slightly
to higher binding energy, suggesting that the electron
density of Zn decreases owing to the doping of Cu and
Mn [30] (Fig. 2D). The high-resolution XPS spectrum
of Mn 2p exhibits two separated peaks at 653.28 and
641.99 eV, which can be assigned to Mn 2p3/2 and Mn
2p1/2 of Mn** (Fig. 2E), respectively. The Cu 2p spec-
trum contains four dominant peaks, with the peaks at
932.79 and 952.69 eV corresponding to Cu 2p3/2 and Cu
2p1/2, respectively. Other peaks at 962.38 and 944.08 eV
are assigned to satellites (labeled as “Sat”). Notably, the
peaks converge at 933.12, 952.66, 934.40, and 954.40 eV,
signifying the binding energies of Cu(I) and Cu(Il) and
indicating the coexistence of both Cu(I) and Cu(II) spe-
cies on the surface of ZnO-CM (Fig. 2F) [31]. The Ols
spectrum are deconvoluted into three peaks (Fig. 2G),
which are fitted by constituents corresponding to the lat-
tice oxygen (Oy), vacant oxygen (Oy), and surface oxy-
gen (Og). The intensity of vacant oxygen significantly
increased, revealing that Cu and Mn doping induced the
generation of a great number of oxygen vacancies. In
addition, this increase in oxygen vacancy concentration
was further verified by electron paramagnetic resonance

(EPR) analysis. As shown in Fig. 1G, ZnO-CM displays
an intense signal at g=2.037, corresponding to the elec-
trons trapped on the oxygen vacancy, as compared with
the EPR signal detected for undoped ZnO [17].

Evaluation of enzyme-like activity

We systematically compared the enzymatic activity in
various doped ZnO (Fig. 3A), specifically assessing the
peroxidase-like (POD-like) activity of ZnO-CM with
3,3)5,5’-tetramethylbenzidine (TMB) as an indicator.
TMB undergoes a color change from colorless to blue
oxTMB, demonstrating a UV-vis absorption peak at
652 nm. ZnO-CM and single-doped ZnO, namely ZnO-
Cu and ZnO-Mn, both oxidize TMB, confirming their
POD-like activity, and the catalytic activity of ZnO-CM is
significantly higher than that of the single-doped variants
(Fig. 3B). Electron spin resonance (ESR) measurements
were performed to prove the generation of OH under
acidic conditions (Fig. 3C). It is obvious that the quartet
characteristic DMPO-OH signal with an intensity ratio
of 1:2:2:1 appears in both single- and co- doped ZnO.
The signal intensity for ZnO-CM is significantly higher
than that of ZnO doped only with Cu or Mn, indicating
that more OH species were produced for ZnO-CM. The
pH exploration results showed that the blue oxTMB can
only be observed at pH=3-6.5, whereas no color change
is observed at pH=7 and 8, revealing that the POD-
like activity of ZnO-CM only occurred in acidic condi-
tions (Fig. 3D). Thus, ZnO-CM can generate OH for
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Fig. 3 Detection of enzyme-like activityof ZnO-CM. (A) Simulation diagram illustrating the enzyme activity reaction of ZnO-CM. (B) Test results for CAT
enzyme activity. (C) ESR spin resonance spectrum with a pH of 3. (D) Oxidase enzyme activity under varying pH conditions. (E) Comparison of SOD
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antibacterial action in the acidic foregut while preserv-
ing antioxidant functions in the physiological hindgut
(pH 7-7.8). It is well known that SOD is the initial line of
resistance against ROS in organisms due to its ability to
decompose O,°~ [19]. We also evaluated the reactive oxy-
gen species (ROS) scavenging activity of ZnO-CM under
neutral conditions using nitrotetrazolium blue chloride
(NBT) [32]. ZnO-Mn and ZnO-CM exhibit elimina-
tion ratios of approximately 60% and 86.8%, respectively.
ZnO-CM demonstrate concentration-dependent super-
oxide dismutase (SOD)-like activity, reaching about 87%
elimination at 100 ug mL™". Additionally, ZnO-CM shows
excellent catalase (CAT)-like activity, being 1.55-fold and
2.56-fold higher than ZnO-Cu and ZnO-Mn, respec-
tively, achieving approximately 81.43% H,O, removal rate
at the same concentration (Fig. 3E-H).

Theoretical calculations were conducted to elucidate
the reaction mechanisms of SOD- and CAT-like activi-
ties in Cu/Mn single- or co-doped ZnO. The SOD-like
pathway for ZnO-CM (Fig. 4A) and ZnO-Mn (Fig. S5)
involves two key reactions: reduction and oxidation.
In the reduction phase, OOH (a form of O,¢— in water)
[33] is absorbed to form *OOH, which captures a pro-
ton from H,0O, yielding *OH-H,0, and releasing H,0O,.
In the oxidation phase, the remaining *OH oxidizes
an additional OOH free radical to form *H,0O-O,, fol-
lowed by the release of O,. This SOD-like cycle consists
of seven states, including two transition states (TS1/
TS2); ZnO-CM exhibits significantly lower free energy

barriers (0.15 €V and 0.87 eV) than ZnO-Mn (0.75 eV and
1.65 eV) (Fig. 4B), indicating the preferred reactivity of
ZnO-CM. For the CAT-like pathway, H,O, is absorbed
and decomposes into H,O and the *O intermediate,
which then combines with a second H,0O,, producing *O,
and releasing more water and O, (Fig. 4C). This catalytic
cycle has five states, including two transition states, with
ZnO-CM showing lower free energy barriers (0.96 eV
and 0.72 eV) compared to ZnO-Cu (1.53 eV and 1.10 V)
(Fig. 4D). Collectively, these findings confirm that Cu/Mn
co-doping effectively enhances the antioxidant capacity
of ZnO, thereby enabling ZnO-CM to exhibit superior
SOD-like and CAT-like activity.

Antibacterial study in vitro

Given the enzymatic properties of ZnO-CM, we exam-
ined its antibacterial activity in vitro. The antibacte-
rial effect of ZnO-CM was further determined by plate
counting method, as shown in Fig. 5A. It indicates that
ZnO-CM exhibits the strongest bactericidal effect, sig-
nificantly reducing bacterial viability at lower concen-
trations compared to ZnO, ZnO-Cu, and ZnO-Mn, and
the inhibition rate increases with the concentration of
ZnO-CM. Additionally, a significant reduction in colony
count is observed, but there is still noticeable bacterial
growth in the 30 pg/mL treatment group. However, the
colony count is extremely low, indicating a strong bacte-
ricidal effect in the 60 pug/mL treatment group (Fig. 5A).
The minimum bactericidal concentration (MBC) was
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ZnO-CM reactions

determined to be 125 pg/mL for ZnO-CM. At a concen-
tration of 1000 pg/mL, the antibacterial effect of ZnO-Cu
is significantly enhanced, with almost complete elimina-
tion of bacteria, which may be due to the bactericidal
effect of Cu ions. ZnO doped with Mn only demonstrates
a slight bactericidal effect, and its bactericidal efficacy
does not significantly increase with the concentration.
However, ZnO doped with both Cu and Mn exhibits the
best bactericidal effect at low concentrations, achiev-
ing a bactericidal efficiency of 98% at a concentration of
60 pg/mL (Fig. 5A). Cu further enhances the bacterio-
static effect [34, 35]. Under the influence of nanomateri-
als, bacterial membranes may experience damage or pore
formation, after co-incubation with Salmonella for 18 h,
ZnO-CM treatment significantly caused membrane dam-
age and structural alterations in the bacteria (Fig. 5D).
When membrane damage reaches a certain threshold,
it causes substantial loss of cellular contents, ultimately
resulting in bacterial death. Among these cellular con-
tents, proteins can serve as indicators [36]. Therefore, by
utilizing the BCA method, we can directly observe the
quantity of protein leaked into the external environment
under different treatments (Control, ZnO, ZnO-Cu,
ZnO-Mn, ZnO-CM) at the same dosage, where the pro-
tein leakage measured in the ZnO-CM treatment group
is 0.44 mg/L, which outperform the blank and ZnO-
only groups (Fig. 5B). Additionally, the bacterial growth
curve reveals that at 60 pg/mL, the bacterial growth in

the ZnO-CM treatment group ceases over time (Fig. 5C).
As a broad-spectrum antibacterial agent [37], ZnO dis-
rupts bacterial membranes and leads to protein leakage
[38, 39], while the peroxidase activity of ZnO-CM may
produce hydroxyl radicals under certain conditions (pH
3-6.5) to achieve synergistic bactericidal effect [39].

Preliminary safety assessment

To ensure the practical applicability of ZnO-CM, it
is essential to thoroughly assess its biological toxic-
ity. Initially, the cytotoxicity of ZnO-CM was evaluated
in both RAW 264.7 and MECE cells. The results from
the CCK-8 assay indicated that there was minimal cell
death in MECE cells at a ZnO concentration of 20 pg/
mL. At a concentration of 40 pg/mL, cell viability was
80.79%, while ZnO-CM exhibited a viability of 82.33%.
However, when the concentration increased to 80 pg/
mL, cell viability dropped to 46.43%, and the viabil-
ity for ZnO-CM fell to 62.85%. These findings suggest
that ZnO-CM exhibits lower cytotoxicity compared
to ZnO at concentrations of up to 80 pg/mL (Fig. 6A).
Similar results are observed in RAW 264.7 cells treated
with ZnO-CM (Fig. 6B). Subsequently, the in vivo bio-
compatibility of ZnO-CM was thoroughly evaluated in
8-week-old BALB/c mice. After 14 days of continuous
ZnO-CM administration, the body weight of the mice
continues to increase, with no significant differences
observed between the groups (Fig. 6C). Pathological
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examination reveals no necrosis, congestion, or hemor-
rhage in the heart, liver, spleen, lung, or kidney in any of
the groups (Fig. 6D). Whole blood analysis results (RBC,
HGB, HCT, MCV, MCH, WBC and PLT) show no differ-
ences between the ZnO-CM treated group and the con-
trol group (Fig. 6E-L). Furthermore, serum biochemical
analysis indicates that the liver function parameters (AST
and ALT) in the ZnO-CM treatment group are similar to
those in the control group (Fig. 6M, N), demonstrating its
good biocompatibility with the liver.

Given the concerns regarding elemental accumula-
tion in visceral tissues, a common issue associated with
metal-based nanocatalysts, we performed ICP-MS test-
ing on the hearts, livers, spleens, lungs, and kidneys of
mice at different time points to investigate the accumula-
tion of metal elements. The results reveal no significant
differences in the levels of Cu and Mn across the various
metabolic organs as dosing duration increased (Fig. 60-
S). However, Zn exhibited slight accumulation in the
spleen after administration for a duration of 48 h to 14
days compared to the control group. Interestingly, instead
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of a continuous increase in accumulated Zn over time, a
decreasing trend was observed. No significant changes
were noted in other organs, suggesting that ZnO-CM is
cleared relatively quickly in vivo with low potential for
long-term toxicity.

Antibacterial and anti-inflammation evaluation in vivo

We then investigated the antibacterial and anti-enteritis
effects of ZnO-CM in mice infected with Salmonella
(Fig. 7A). The Model group exhibits a 45% mortality rate
within two days post-infection, while the ZnO group
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shows a reduced mortality rate of 10%. Importantly, mice
treated with either dose of ZnO-CM experiences no addi-
tional deaths over four days (Fig. 7B). Salmonella infec-
tion results in a 30% reduction in body weight, which is
partially alleviated by ZnO (20% reduction) and signifi-
cantly improved by ZnO-CM (5% reduction) (Fig. 7C).
Furthermore, Salmonella infection leads to significant
colon shortening, indicative of colitis, which is notably
alleviated by ZnO-CM treatment (Fig. 7D and E). To
evaluate Salmonella distribution and the bactericidal effi-
cacy of ZnO-CM, we infected mice with ST-RFP. In vivo
imaging reveals Salmonella accumulation in the cecum
and colon (Fig. 7F). ZnO treatment reduces Salmonella
numbers by 98% in the small intestine and 96% in the
colon, whereas ZnO-CM achieves over a 99% reduction,
with the ZnO-CM-H group demonstrating nearly com-
plete eradication (Fig. 7G and H). Immunofluorescence
confirmed ZnO-CM’s in vivo effectiveness in killing
Salmonella, paralleling in vitro results (Fig. 7I). Hema-
toxylin and eosin (HE) staining demonstrates that both
ZnO and ZnO-CM reduce Salmonella-induced colon
damage, with ZnO-CM exhibiting a stronger protective
effect (Fig. 7]). A similar protective effect is observed in
the small intestine (Fig. 7]). Salmonella infection caused
inflammation and cell death, compromising the intes-
tinal barrier function, as evidenced by decreased levels
of tight junction proteins occludin and claudin-1, which
were restored by ZnO-CM treatment (Fig. S6). Infection
activated NF-kB phosphorylation, increasing expres-
sion of pro-inflammatory cytokines IL-1p and IL-6, but
ZnO-CM significantly reduced these cytokines (Fig. 7K
and L). Salmonella infection also upregulated iNOS
expression [40], while ZnO-CM reduced it, indicating
its role in inhibiting M1 macrophage polarization and
thereby relieving Salmonella-induced colitis (Fig. 6F-I)
[41]. Therefore, ZnO-CM effectively reduces Salmonella-
induced colon damage, weight loss, and mortality in mice
(Fig. 7B-E).

Conclusion

In summary, we successfully synthesized a Cu/Mn
co-doped ZnO tandem nanozyme (ZnO-CM) with
exceptional POD, SOD, and CAT-like activities using a
straightforward doping engineering approach and sys-
tematically investigated its effects on the progression of
Salmonella infection and the induced colitis. ZnO-CM
demonstrated a dual-action mechanism: under acidic
conditions, its POD-like activity disrupted bacterial bio-
films and generated hydroxyl radicals (+«OH), exhibiting
potent antibacterial effects that inhibited Salmonella
proliferation and reduced intestinal damage. In neutral
environments, its SOD and CAT-like activities effectively
scavenged excess ROS, enhancing antioxidant capac-
ity and mitigating oxidative stress, thereby alleviating
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Salmonella-induced colitis. This dual functionality not
only offers a novel therapeutic approach for Salmonella
infections but also presents a promising alternative to
traditional antibiotics. Moreover, the facile production of
this multifunctional nanozyme provides valuable insights
for nanozyme design and optimization, with potential
applications in treating other bacterial infections and
inflammatory diseases. Future research should focus on
evaluating the strategy’s efficacy, safety, and potential
side effects across various pathogens and disease mod-
els, as well as assessing its clinical applicability through
dose optimization, administration routes, and synergistic
effects with existing therapies. Multidisciplinary collabo-
ration and long-term studies are essential to fully real-
ize the potential of this strategy in addressing antibiotic
resistance and bacterial infections.
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