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Abstract: Antioxidant treatment strategy by scavenging reactive oxygen species (ROS) is a highly effective disease
treatment option. Nanozymes with multiple antioxidant activities can cope with the diverse ROS environment. However,
lack of design strategies and limitation of negative correlation for nanozymes with multiple antioxidant activities
hindered their development. To overcome these difficulties, here we used ZnMn2O4 as a model to explore the role of
Mn valency at the octahedral site via a valence-engineered strategy, and found that its multiple antioxidant activities are
positively correlated with the content of Mn4+. Therefore, through this strategy, a self-cascading antioxidant nanozyme
LiMn2O4 was constructed, and its efficacy was verified at the cellular level and in an inflammatory bowel disease model.
This work not only provides guidance for the design of multiple antioxidant nanozymes, but also broadens the
biomedical application potential of multiple antioxidant nanozymes.

Introduction

Reactive oxygen species (ROS) are involved in many
biological phenomena and play an important role in
regulating the various physiological functions of organisms.[1]

However, excessive production of ROS can cause oxidative
stress in the organisms and lead to the occurrence of
diseases.[2] The ROS produced in organisms can be scav-
enged by antioxidant enzymes, such as superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx).
Under pathological conditions, these enzymes are not
enough to scavenge overproduced ROS. Therefore, it is
necessary to develop more effective therapy strategies to
treat ROS-related diseases by exploring artificial enzymes
with the activities of antioxidant enzymes.[3]

As an emerging type of artificial enzymes, nanozymes
have broad research prospects because of their simple
preparation, high stability, designability, wide sources, and

potential for large-scale production.[4] Particularly, antiox-
idant nanozymes have been explored for various disease
therapies.[5] Unfortunately, a nanozyme with a single
enzyme-like activity is not enough to effectively scavenge
excessive ROS in the complex pathological environments.
While nanozymes with multiple enzyme-like activities have
been developed to tackle this issue, most of nanozymes do
not exhibit the best of these multi-activities simultaneously.
For example, the SOD- and the CAT-like activities of
cerium oxide are negatively correlated (i.e., a higher ratio of
Ce3+/Ce4+ leads to a better SOD-like activity while a higher
ratio of Ce4+/Ce3+ leads to a better CAT-like activity).[6]

Currently, the design and mechanistic exploration of nano-
zymes with simultaneous multiple antioxidant activities is
quite challenging. To address this challenge, herein, we
report a valence-engineered strategy to develop self-cascad-
ing nanozymes with simultaneous multiple antioxidant
activities.
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It is worth noting that when the multiple antioxidant
activities of a nanozyme are positively correlated, it easily
forms a cascade reaction. The cascade reaction greatly
improves the catalytic efficiency because of its high local
reactant concentration, reduced intermediate decomposition
and high mass transfer efficiency.[7] To this end, such a
nanozyme can achieve more significant therapeutic efficacy
in the treatment of diseases and may even reduce the
administration dosage. Because of the above-mentioned
limitations of available nanozymes with multiple antioxidant
activities, the current cascade nanozymes are mainly con-
structed by two or more materials,[8] which require delicate
material design and complicated material synthesis. These
requirements can be satisfied by developing self-cascading
antioxidant nanozymes with simultaneous multi-activities.[9]

In this work, we used spinel oxide ZnMn2O4 (where Zn
occupies tetrahedral sites and Mn occupies octahedral sites)
as a model material to explore the effect of Mn valency at
octahedral sites on its multiple antioxidant activities of

nanozyme (Figure 1).[10] The Zn element is selected here
because, on the one hand, Zn element is tetrahedral site-
preferred and the valence state is stable; on the other hand,
Zn is an important trace element in the human body. We
chose to modulate the octahedral sites because they are
dominant active sites, as demonstrated in previous studies.[11]

Our results showed that ZnMn2O4 (named as ZM) only had
a SOD-like activity (single antioxidant activity). As the
valency of Mn increases from +3 to +4 by gradual Li
doping, not only was the SOD-like activity of nanozyme
improved, but also nanozyme exhibited gradually increased
CAT-like and GPx-like activities. The finally optimized
nanozyme LiMn2O4 (named as LM) achieved the best SOD-
, CAT-, and GPx-like activities simultaneously, and had
hydroxyl radical scavenging ability. The obtained LM
exhibited good antioxidant and therapeutic effects at the
cellular level and in an inflammatory bowel disease (IBD)
model.[12] Notably, LM showed obvious dosage advantages
in animal experiments. These results have significant guiding

Figure 1. Valence-engineering of manganese spinel oxide to design self-cascading antioxidant nanozymes for enhanced IBD therapy.
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for the design and development of nanozymes with simulta-
neous multiple antioxidant activities.

Results and Discussion

Design, Synthesis, and Characterization of Zn1� xLixMn2O4

(x=0, 0.2, 0.4, 0.6, 0.8, and 1) and LiMn2O4

The general form of spinel oxide is AB2O4, where A
occupies one tetrahedral site and B occupies two octahedral
sites. We chose ZnMn2O4 as the initial model material, and
adjusted the valence state of Mn by doping Li. Here, Zn and
Li, as elements with stable valence states, are not the key
factors affecting catalytic activity and are both essential
trace elements for the human body.
A series of Li-doped samples Zn1� xLixMn2O4 (x=0, 0.2,

0.4, 0.6, 0.8, and 1) were synthesized by a hydrothermal
method with nitrate metal salts as the precursors. The
obtained products were named as ZM, Li-2, Li-4, Li-6, Li-8,
and Li-10. Please refer to the experimental section for
synthesis details. The XRD results showed that ZM, Li-2,
Li-4, and Li-6 all maintained the phase of ZnMn2O4, and
there was no obvious impurity peak, which indicated the
successful incorporation of Li element and the formation of
solid solutions (Figure S1b). However, Li-8 and Li-10
showed both ZnMn2O4 and LiMn2O4 phases, which mean
that it is difficult to synthesize a pure LiMn2O4 phase with
nitrate as the precursor (Figure S2). As a comparison sample
for the most Li doping, we used potassium permanganate
(KMnO4) as the precursor to synthesize LiMn2O4 (named as
LM). The successful synthesis of LM was confirmed by
XRD (Figure S1a). The amount of Li doped in
Zn1� xLixMn2O4 was measured by an inductively coupled
plasma (ICP) instrument (Table S1). The actual Li content
was lower than the stoichiometric ratio. This revealed the
limited extent of Li doping in this method and also verified
the XRD results. TEM results indicated that these samples
(ZM, Li-2, Li-4, Li-6, and LM) were all irregular nano-
particles with similar sizes around 20 nm (Figure S1c), which
excluded the extra influence of special morphology on
enzyme-like activity. The Brunauer–Emmett–Teller (BET)
surface area measurements showed similar results (Fig-
ure S1d) and the specific data are listed in Table S2. All
these results confirmed the successful preparation of ZM,
Li-2, Li-4, Li-6, and LM.
The size and charge of the materials have been

characterized using DLS (Figure S3). The particle size of
these materials was around 100 nm (Figure S3a). The results
of zeta potential showed an interesting phenomenon. As the
Li doping amount increased, the charge shifted from positive
to negative (Figure S3b). Negatively charged nanoparticles
are favorable for binding to the lesion site (usually positively
charged).[13]

Multiple Antioxidant Activity Measurement of ZM, Li-2, Li-4,
Li-6, and LM

To investigate the simultaneous multiple antioxidant capa-
bilities of ZM, Li-2, Li-4, Li-6, and LM, various types of
enzyme-like activities were tested. Because of the strong
dependence of catalytic activities on the surface area of
nanozymes, it is necessary to exclude the influence of the
surface area. Here we used the normalized BET surface
area to calculate and compare specific activities. Please refer
to the experimental section for calculation details.
Scavenging of superoxide radicals is the initial step of

the antioxidant cascade. With the incorporation of Li, the
SOD-like activity of nanozymes gradually increased, and the
trend was ZM<Li-2<Li-4<Li-6<LM (Figure 2a and Fig-
ure S4). Compared with ZM, the SOD-like activity of LM
had been nearly doubled. The hydrogen peroxide decom-
position is the second step of the antioxidant cascade, and
both CAT-like and GPx-like activities can achieve this
effect. A similar activity trend was also obtained for the
CAT-like and GPx-like activities of nanozymes (Figure S5,
Figure S6, Figure 2b, and Figure 2c). It is worth noting that
the initial model material ZM and the low-doped sample Li-
2 hardly show CAT-like and GPx-like activities (their test
results are negative). When a sufficient amount of Li was
doped, the nanozyme (especially LM) exhibited obvious
CAT-like and GPx-like activities. These results indicated
that the Li doping strategy was an effective way to
simultaneously regulate the multiple activities of nano-
zymes.
Furthermore, we conducted electron paramagnetic reso-

nance (EPR) experiments to monitor the free radical
scavenging ability of nanozymes. ZM and LM were chosen
as the initial model material and the optimized material for
comparison, respectively. In terms of superoxide radical
elimination performance (Figure 2d), LM showed signifi-
cantly higher activity and dosage advantages. The competi-
tion reaction of nanozyme and Fe2+ combined with H2O2
was adopted to investigate the effect of nanozyme on
decomposing H2O2. There was no change in the peak
intensity of hydroxyl radicals, indicating that ZM itself does
not have the ability to decompose H2O2. In contrast, the
H2O2 decomposing ability of LM showed a clear concen-
tration dependence (Figure 2e). In addition to ROS, the
reactive nitrogen species (RNS) and hydroxyl radical
scavenging capabilities of these nanozymes were examined.
Li-2, Li-4, and LM showed obvious hydroxyl radical
scavenging ability (LM also achieved the best activity), while
ZM and Li-6 had negligible scavenging ability (Figure S7a).
The results of EPR also verified the same conclusion
(Figure S7b). This trend was different from the above-
mentioned enzyme-like activities. DPPH* and ABTS+* as
typical RNS were used to study the nanozymes’ RNS
scavenging activity. It showed that ZM, Li-2, Li-4, Li-6, and
LM did not reflect the scavenging activity and concentration
dependence (Figure S8 and Figure S9). In short, based on
the above study of SOD-like, CAT-like, and GPx-like
activities, the optimized LM achieved self-cascading antiox-
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idant activity, while the original material ZM only had a
single antioxidant activity (Figure 2f).

Multiple Antioxidant Activities Regulated by
Valence-Engineered Strategy

The catalytic process is generally carried out on the surface
of the nanomaterials. Therefore, to reveal the key factor
underlying the multiple antioxidant activities of nanozymes,
we carried out the measurement of X-ray photoelectron
spectroscopy (XPS) to investigate the surface properties of
nanozymes. The full XPS spectra of ZM, Li-2, Li-4, Li-6,
and LM were shown in Figure S10a. Zn, Mn, and O
elements were clearly detected. Notably, the peak of Li 1s
was so weak that it was covered by the peak of Mn 3p. This
is attributed to the low content of Li element and the light
weight of Li atom (Figure S10b). The spectral deconvolution
was performed to O 1s and Zn 2p as shown in Figure S11.
For all samples, the peak positions of Zn 2p were nearly the
same, indicating that Zn is not a key factor affecting the
activity. The peak positions of O 1s were all around
530.0 eV, and the content of Oβ increased slightly during
doping and then decreased, which implied that a small
amount of metal ion vacancies were generated during the
doping process (Figure S11a). However, the change of Oβ

did not show an obvious correlation with the enzyme-like
catalytic activity, which means that the Oβ content is not a
key factor affecting the activity.

Interestingly, the peak positions of Mn 2p (2p1/2 and 2p3/
2) shifted to the high-energy region with the increase of Li
doping amount, which indicated a decrease in covalency
(Figure 3a). The results of fitting peaks showed that the
contents of Mn4+ (red line) and Mn3+ (blue line) have
changed significantly.[14] The molar ratio of Mn4+/Mn3+

increased from 0.56 for the initial ZM to 2.29 for the final
LM. Accordingly, the average valence of Mn increased from
3.36 for ZM to 3.70 for LM (Figure 3b). This revealed that
the Li doping strategy is essentially a valence-engineered
strategy. By plotting the multiple antioxidant activities as a
function of the Mn4+ content (that is, the valence state of
Mn), and a positive correlation was obtained. When we
increased the content of Mn4+, all the antioxidant activities
of the model material have been improved (Figure 3c). This
is probably the first example that the multiple antioxidant
activities of nanozymes are enhanced simultaneously.
Furthermore, we studied the CAT-like activity of in a

150 mL PBS buffer solution (pH 7.4, 0.01 M) containing
30 mg LM and 5 mM H2O2. Then collected LM after the
reaction for XRD and XPS analysis to investigate the
reaction stability of the material and the potential valence
state change after the reaction. The XRD result (Figure S12)
showed that the material collected after the reaction still
maintained good crystallinity. In addition, some new weak
peaks could be assigned to the buffer salt and the divalent
manganese compound formed after the partial degradation
of the material.[15] We also calculated the material recovery
rate, which was greater than 96%. The peak fitting results of
Mn 2p were similar to those before the reaction, and the

Figure 2. Antioxidant activity of ZM, Li-2, Li-4, Li-6, and LM. a) SOD-like b) CAT-like and c) GPx-like specific activities of ZM, Li-2, Li-4, Li-6, and LM.
EPR for elimination of d) *O2

� and e) H2O2. 0.05 and 0.2 in parentheses refer to 0.05 mgmL� 1 and 0.2 mgmL� 1 nanozymes, respectively.
f) Comparison of antioxidant activity before and after valence engineering.
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tetravalent manganese still maintained the highest propor-
tion (Figure S13b). The average valence state was 3.74, and
there was no significant change (3.70 before the reaction).
The XPS full spectra contained the peak of P 2p (Fig-
ure S13a). In addition, the fitting result of Mn 2p showed
that it contained Mn2+ (satellite peaks) (Figure S13b), which
also indicated the presence of a small amount of buffer salts
and decomposed products, which corroborated the result of
XRD. Collectively, these results demonstrated that the
materials in this work exhibited more prominent catalytic
properties.

Cellular Evaluation of ZM and LM

In view of the success of the valence-engineering strategy in
regulating the multiple antioxidant activities of nanozymes,
it is meaningful to explore the advantages of the optimized
nanozyme (i.e., LM) in biomedical applications. In the
following experiments, ZM was used as a comparison. Using
CT26 cell line and Cell Counting Kit-8 (CCK-8) assay, the
cytotoxicity of ZM and LM was evaluated. The cytotoxicity
evaluation revealed that LM only exhibited toxicity when
the concentration was greater than 100 μgmL� 1, which
implied the good biocompatibility of LM (Figure 4a). ZM

showed slightly better biocompatibility than LM, which may
be benefited from the better water dispersibility of ZM
(Figure 4b). Moreover, we carried out a study on the
stability of the material. Specifically, LM (0.04 mgmL� 1) was
incubated with PBS buffer solution (pH 7.4, 0.01 M) for
4 days to simulate the stability of the material in a
physiological environment, and the leaching ratio of the
metal ion was detected by ICP (Table S3). The leaching
ratio of Li rapidly reached a plateau and was significantly
higher than that of Mn, indicating a rapid exchange process
with cations (such as Na) in solution (Figure S14a). The
leaching ratio of Mn was between 2% and 8% with a slow
upward trend over a period of 4 days, indicating the
satisfactory stability of the material (Figure S14b).
Furthermore, the RAW264.7 cells were treated with

H2O2 to simulate the overproduction of intracellular ROS
and DCFH-DA was used as the fluorescence probe to
monitor the cellular level of ROS. DCFH-DA can be
converted to DCF after reacting with ROS. The results of
flow cytometry showed that LM has excellent ROS scaveng-
ing ability, while the ability of ZM to eliminate intracellular
ROS was weaker and did not show obvious concentration
dependence (Figure 4c). The observation of laser scanning
confocal microscopy clearly confirmed that compared with
ZM, LM exhibited a better ability to eliminate intracellular

Figure 3. Antioxidant nanozyme optimized based on Mn valence. a) Mn 2p of ZM, Li-2, Li-4, Li-6, and LM. The red and blue lines represent the
peaks of Mn4+ and Mn3+, respectively. b) Mn4+/Mn3+ molar ratio and the average valence of Mn of ZM, Li-2, Li-4, Li-6, and LM obtained by XPS-
peak-deconvolution. c) Relationship between Mn4+ content and antioxidant activity (the gray line is shown for eye-guiding only).
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ROS, especially at a dose of 40 μgmL� 1 (Figure 4d). Also,
specific dyes have been used to investigate the regulation of
ROS levels by nanozymes in cells. Specifically, dihydroethi-
dium (DHE), ROSGreen and hydroxyphenyl fluorescein
(HPF) are probes that specific for superoxide radicals,
hydrogen peroxide and hydroxyl radicals, respectively. The
results showed that LM could significantly mediate the
levels of superoxide radicals, hydrogen peroxide and
hydroxyl radicals in cells in a concentration-dependent
manner (Figure S15). These results of cellular experiments
proved that nanozymes with simultaneous multiple antiox-
idant activities are more powerful to scavenge overproduced
ROS in organisms. To this end, LM with the best multiple

enzyme-like activities should have great promise in biomed-
ical applications.

In Vivo Anti-Inflammation Therapy

Based on the excellent multiple antioxidant activity and
good biocompatibility of LM, its ability to treat diseases
such as inflammation was investigated in a mouse model of
dextran sulfate sodium (DSS)-induced inflammatory bowel
disease (IBD). IBD is an inflammatory disease accompanied
by excessive production of ROS. ZM and 5-aminosalicylic

Figure 4. Cellular evaluation of ZM and LM. The cytotoxicity of a) LM and b) ZM by using CT26 cell line as a model. The ROS level of RAW264.7
cells monitored by c) a flow cytometer and d) a laser scanning confocal microscopy in the presence or absence of nanozymes. Scale bar in DCF
and brightfield was 100 μm, and scale bar in enlargement was 50 μm.
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Figure 5. IBD therapy, tissue section and cytokine analysis. a) Overall process of animal experiment (DSS-induced colitis). b) Daily weight
development in 11 days. c) The images of the colons and e) the statistics of the corresponding colon lengths in indicated groups. d) Changes in
body weight of mice before (day 7) and after (day 10) treatments. Notably, one mouse died in the 5-ASA (0.5) group. The data are shown as
mean�SD (n=6). *P<0.05, **P<0.01 and ***P<0.005; ns, not significant; t test. The expression levels of f) TNF-α and g) IL-10 in colon
homogenate of each group. The data are shown as mean�SD (n=4).
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acid (5-ASA), a medical drug for the treatment of IBD,
were included as comparisons.
Figure 5a summarized the entire experimental proce-

dure. After adaptive feeding, 2 wt% DSS was used to induce
IBD in mice for ten consecutive days (day 0 to day 10). The
weight loss on day 7 of all DSS-induced groups indicated the
successful onset of IBD. Then, each mouse was intra-
peritoneally injected with different doses of LM, ZM and 5-
ASA for four consecutive days (days 7, 8, 9, and 10)
(Figure 5b). For simplification, the dosage such as
0.2 mgkg� 1 ZM was abbreviated as ZM (0.2), and other
dosages were written in the same way. After that, the colon
was photographed after the mice were sacrificed on day 11
(Figure 5c). The statistical results of colon length revealed
the following information: first, LM, ZM, and 5-ASA all
exhibited the therapeutic effects; second, the therapeutic
efficacies of ZM and 5-ASA were close and did not show an
obvious concentration dependence; and third, LM exhibited
the most superior therapeutic efficacy and had a dose
advantage, especially at a dose of 0.1 mgkg� 1. This was
attributed to its excellent multiple antioxidant properties.
The decrease in the therapeutic efficacy at a dose of
0.5 mgkg� 1 may be caused by its potential toxicity (Fig-
ure 5e). The weight change data of mice also showed a
similar trend (Figure 5d), i.e., the doses of 0.2 mgkg� 1 and
0.1 mgkg� 1 LM significantly alleviated the symptoms of
IBD.
Through histological staining of colon sections, we once

again observed similar treatment effects and differences
between groups with colon length and weight change data
(Figure S16). Furthermore, the cytokine level was detected
oin the homogenate of colon tissue. Nanozymes effectively
down-regulated the pro-inflammatory factor TNF-α and up-
regulated the anti-inflammatory factor IL-10, and the overall
regulation is consistent with their therapeutic effects (Fig-
ure 5f and Figure 5g). Consistent with the trends of multiple
antioxidant activities, the animal inflammation model clari-
fied the application advantages of self-cascading antioxidant
nanozyme (LM) against the diverse ROS environment from
many aspects. The in vivo toxicity of nanozymes to the main
organs (heart, liver, spleen, lung, and kidney) was also
evaluated through pathological observation, and none of the
experimental groups showed obvious toxicity (Figure S17).

Conclusion

Through the valence-engineered strategy, we demonstrated
a case of regulating the multiple antioxidant activities of
nanozymes. For the model material ZM, we found that with
the incorporation of Li, the SOD-like, CAT-like and GPx-
like activities of nanozymes were improved simultaneously.
This is the first example of a positive correlation between
multiple enzyme-like catalytic activities. In addition, the key
factor that affects the enzymes-like activities has been
elucidated, showing that valence of Mn significantly affected
the activity of nanozymes. LM, as the finally optimized
nanozyme, showed excellent performance in SOD-like,
CAT-like and GPx-like activities, and had the ability to

scavenge hydroxyl radicals. Its multiple antioxidant activity
was verified in both cell and treatment of IBD. Especially in
the treatment of IBD, there was a clear advantage in the
therapeutic dose. This work not only has guiding significance
for the development of nanozymes with multiple antioxidant
activities, but also proves that the increase in activity and
self-cascading construction can reduce the doses of ther-
apeutic nanozymes, which will broaden the potential of
nanozymes in biomedical applications.
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