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Se-Containing MOF Coated Dual-Fe-Atom Nanozymes With 
Multi-Enzyme Cascade Activities Protect Against Cerebral 
Ischemic Reperfusion Injury

Ruizhen Tian, Hongyin Ma, Wei Ye, Yijia Li, Shiping Wang, Zherui Zhang, Shengda Liu, 
Mingsong Zang, Jinxing Hou, Jiayun Xu, Quan Luo, Hongcheng Sun,* Fuquan Bai,* 
Yi Yang,* and Junqiu Liu*

The atomically monodispersed dual-atom nanozyme not only possesses 
the advantages of homogeneous active centers and high atomic utilization 
efficiency but also exhibits amazing synergistic effect for higher catalytic 
activities than single-atom nanozyme. However, how to construct dual-atom 
nanozyme with multi-enzyme cascade capacity for protecting against brain 
tissue damage is a great challenge. Herein, for coping with the secondary 
damage to brain tissue caused by the explosive generation of reactive oxygen 
species(ROS) during cerebral ischemia-reperfusion, a multi-enzyme cascade 
antioxidant system is constructed by encapsulating dual-Fe-atom nanozyme 
(Fe2NC) in a selenium-containing MOF (Se-MOF) shell layer. The designed 
dual-Fe-atom nanozyme exhibits higher superoxide dismutase-like, catalase-
like, and even oxidase-like activities than single-atom Fe (Fe1NC) nanozyme, 
and moreover, the Se-MOF shell layer not only acts as a glutathione per-
oxidase mimic, but also improves the stability and biocompatibility of the 
Fe2NC nanozyme obviously. The synergistic effect of Fe2NC has been dem-
onstrated to be the main reason for the higher activity by density functional 
theory calculations. In vitro and in vivo results reveal that the multifunctional 
antioxidant Fe2NC@Se nanoparticles can counteract oxidative damage and 
inhibit neural apoptosis after cerebral ischemia-reperfusion injury by effec-
tively eliminating intracellular ROS and potentially inhibiting the ASK1/JNK 
apoptotic signaling pathway.
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1. Introduction

Stroke is the second leading cause of 
death and a significant cause of disability 
worldwide, which poses a severe global 
burden on public health and a substan-
tial financial expenditure to family and 
society.[1] Ischemic stroke, mainly due to 
the sudden blockage of blood supply to 
the brain, accounts for ≈87% of all stroke 
types.[2] Currently, efficient and prompt 
restoration of blood supply via intrave-
nous application of thrombolysis agent 
or intra-arterial thrombectomy is one 
of the most practical therapeutic regi-
mens for ischemic stroke worldwide.[3] 
Nevertheless, rigorous indications confine 
their wide application in clinical practice. 
Besides, even achieving timely recanaliza-
tion, an explosively increasing amount of 
reactive oxygen species (ROS), including 
superoxide anion (O2

•−), hydrogen per-
oxide (H2O2), and hydroxyl radical (·OH) 
are inevitably generated, posing sec-
ondary cerebral damage subsequent to 
the initial ischemic injury, namely cer-
ebral ischemic reperfusion injury (CIRI).[4] 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202204025.
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The overproduced intracellular ROS are recognized to play 
a pivotal role in the pathophysiological process of CIRI.[5] On 
the one hand, accumulating ROS has been implicated in oxi-
dative injury through directly mediating damage to cellular 
structures, including lipids, proteins, and DNA.[6] On the other 
hand, superfluous ROS also acts as an intracellular signaling 
molecule by participating in various pathological processes, 
such as apoptosis signaling pathways.[7] The above detrimental 
actions end with oxidative brain injury and irreversible neural 
death, consequently leading to a deterioration of neurological 
symptoms and even loss of neurological function clinically. 
Hence, antioxidant agents with potent bioactivity for multiple 
ROS scavenging with efficacious therapeutic performance are 
urgently needed for ischemic stroke treatment.

Nanozymes with intrinsic enzymatic activity are new can-
didates for treating oxidative stress-induced disorders due to 
their unique physicochemical properties, low cost, good sta-
bility, and ability to mimic cellular antioxidant enzymes.[8] 
In particular, single-atom nanozymes with well-defined elec-
tronic and geometric structures have attracted much atten-
tion in recent years because of their ability to maximize the 
use of atoms, exhibit excellent catalytic activity and selectivity, 
and enable us to perform structure-performance correlation 
studies at the atomic level.[9] Various single-atom nanozymes 
with different metal centers have been developed for consid-
erable fields, for instance, cancer therapy,[10] antimicrobial,[9c,11] 
biomonitoring,[12] and cytoprotecting.[13] Compared with 
single-atom nanozyme, diatomic catalysts not only have the 
advantages of uniform active centers and high atom utiliza-
tion efficiency but also the potential synergistic cooperation 
between two neighboring metal atoms would further improve 
the catalytic performance.[14] For example, the activity of bime-
tallic centers such as PtPt and FeFe was found to be greatly 
increased.[15] Therefore, bimetallic site catalysts are ideal can-
didates for antioxidant nanozymes. However, nanozymes 
generally exhibit the activity of only one or two antioxidant 
enzymes, such as CeO2 and single-atom Fe nanozyme for 
superoxide dismutase (SOD) and catalase (CAT) mimicking 
activities,[13b,16] and MIL-47(V) MOF and GO–Se nanozyme for 
glutathione peroxidase (GPx) mimicking activity.[17] Therefore, 
there is a limitation of nanozymes to mimic the natural anti-
oxidant system, which is an enzyme-based antioxidant defense 
system composed of multiple antioxidant enzymes, such as 
SOD, CAT, and GPx. Accordingly, developing a platform with 
multiple enzyme-mimicking activities to mimic the complex 
intracellular antioxidant enzyme-based defense system would 
be more practical to treat CIRI.

Herein, by mimicking the natural antioxidant system, we 
have successfully constructed Fe2NC@Selenium (Se) anti-
oxidant nanozymes containing multiple enzyme-mimicking 
activities, including SOD-like, CAT-like, and GPx-like activities, 
for the treatment of CIRI. The Fe2NC nanozyme was first pre-
pared by a “precursor-preselected” wet chemical strategy. Prese-
lected metal precursors ensure the formation of binuclear Fe2 
sites, which were stabilized by abundant anchor sites on the 
(ZIF-8)-derived nitrogen-doped carbon material. The prepared 
Fe2NC nanozyme exhibited higher SOD-like, CAT-like, and 
OXD-like activities than single-atom Fe (Fe1NC) nanozyme. 
DFT calculations revealed that the excellent catalytic activity of 

the Fe2 cluster was attributed to a synergistic effect, simplified 
rearrangement structures, and lower energy differences in key 
transition states. Subsequently, we applied Se-containing diim-
idazole as an organic ligand, where Se was the active center 
of the GPx mimic, and Zn2+ as a coordinating metal to form 
a MOF-based shell on the Fe2NC nanozyme. The MOF-based 
shell had no influence on substrate transport due to its porous 
structure, and it enhanced the stability and biocompatibility 
of the nanozyme. In in vitro experiments, the multifunctional 
antioxidant Fe2NC@Se nanozyme provided excellent protec-
tion by scavenging excessive ROS, ameliorating oxidative-stress 
induced injury, and suppressing cell apoptosis. A middle cer-
ebral artery occlusion (MCAO) model was further constructed 
in SD rats to investigate its therapeutic effects on CIRI and the 
underlying mechanisms. Fe2NC@Se nanozyme markedly pro-
tected MCAO rats with decreased infarct volume and improved 
neurological deficits by exerting antioxidant effects and sup-
pressing the oxidative stress-triggered neural apoptosis via 
possibly inhibiting ASK1/JNK signaling pathway. Altogether, 
our nanocomposites with multiple antioxidant enzyme-like 
activities could mimic the natural antioxidant system and be 
applied as an outstanding antioxidant agent in the treatment of 
ischemic stroke (Scheme 1).

2. Results and Discussion

2.1. Design and Preparation of Fe2NC@Se Nanozyme

The binuclear Fe2NC nanozyme was synthesized by using the 
“precursor-preselected” wet-chemistry carbonization strategy. 
The nonacarbonyldiiron (Fe2(CO)9) compounds were selected 
as the dual-atomic Fe precursor in which two Fe atoms were 
connected by carbonyl. Briefly, the precursors were encapsu-
lated into zeolitic imidazolate framework-8 (ZIF-8) to construct 
Fe2@ZIF-8 composites, followed by the pyrolysis at 800 °C for 
3 h under argon gas flow. The Fe2(CO)9 molecules separated 
in the ZIF-8 cavity were decomposed to obtain homogeneous 
Fe2 dimers stabilized by nitrogen species in the support. The 
Fe1NC nanozyme was fabricated using the same method, 
except iron acetylacetonate as precursors. Transmission elec-
tron microscopy (TEM) images showed that the Fe2NC and 
Fe1NC nanozymes maintained the characteristic rhombic 
dodecahedral morphology of ZIF-8 (Figure 1b,e). Furthermore, 
in the aberration corrected high-angle annular dark-field scan-
ning transmission electron microscopy (AC-HAADF-STEM) 
image, isolated groups of bright dual dots appeared in the 
regions marked by white circles, confirming the formation of 
the diatomic Fe2 sites (Figure 1f). Similarly, the isolated single 
Fe atoms dispersed on ZIF-8-derived porous carbon could be 
identified from the AC-HAADF-STEM image (Figure  1c). In 
previous work,[18] the analysis of the combination of extended 
X-ray absorption fine structure and X-ray absorption near 
edge structure has provided accurate geometric and electronic 
structure characterization. The oxidation state of Fe gradu-
ally decreases with the increase of the number of iron atoms 
in the cluster, because the electronegativity of N is higher than 
that of Fe. The Fe species in Fe2NC mainly exist in the form 
of FeN and FeFe, and each iron atom is combined with 
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three N atoms and one iron atom. Therefore, the diatomic site 
in Fe2NC is inferred to be the N3FeFeN3 structure. In 
Fe1NC, a single Fe atom is preferentially fixed on the carbon 
layer by forming four FeN bonds. Additionally, the Fe content 
in Fe2NC and Fe1NC nanozymes was measured by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) as 
0.38 and 0.35 wt%, respectively.

We synthesized an imidazole derivative containing Se (Com-
pound 4) as a GPx mimic. We then used a wet-chemistry 
method to grow a new layer outside Fe2NC to form Fe2NC@
Se nanoparticles. The details of the preparation process are pro-
vided in the Supporting Information. Compared with Fe2NC, 
the ζ-potential and size of Se@Fe2NC are both increased obvi-
ously (Figure S6, Supporting Information). TEM and scan-
ning electron microscopy (SEM) images revealed that these 
nanoparticles still maintain the characteristic structure of 
ZIF-8, and there is a uniform shell structure with a thickness 
of ≈20 nm on the periphery of Fe2NC (Figure  1h,i; Figure S7, 
Supporting Information). The elemental mapping images dem-
onstrated that Se was distributed in the outer shell layer, Fe 
was dispersed on the inner Fe2NC, while Zn, C, and N were 
scattered throughout the Fe2NC@Se regions (Figure  1j–o). All 
these results demonstrated that the GPx mimics were success-
fully anchored on Fe2NC. Interestingly, we found that Fe2NC 
nanoparticles aggregated and adhered to the centrifuge tube 
walls after three days in an aqueous solution and even sonica-
tion could not redisperse these aggregates (Figure S6b, Sup-
porting Information). In contrast, Fe2NC@Se nanoparticles 
(NPs) were still well dispersed (Figure S6b, Supporting Infor-
mation), indicating that the Se-MOF shell layer can effectively 
avoid the aggregation of Fe2NC nanoparticles. We dispersed 

Fe2NC@Se NPs in the cell culture medium and placed them in 
the cell incubator for three days. Fe2NC@Se NPs were still able 
to maintain their intact structure (Figure S8, Supporting Infor-
mation), indicating that Fe2NC@Se NPs have excellent stability 
under physiological conditions.

2.2. Evaluation of GPx-Like Activity

After the successful synthesis of Se-containing imidazole, the 
mimetic catalytic activity of GPx was investigated by meas-
uring the absorbance change of the coenzyme nicotinamide 
adenine dinucleotide phosphate (NADPH) at 340  nm. Under 
physiological conditions, selenium-containing components 
could effectively catalyze H2O2 reduction to H2O and the oxi-
dation of glutathione (GSH) to glutathione disulfide (GSSG). 
Glutathione reductase (GR) then used NADPH to catalyze the 
reduction of GSSG to produce GSH, resulting in a decrease 
in the characteristic absorption peak of NADPH. As shown in 
Figure S9a, Supporting Information, the Se-containing imida-
zole molecules exhibited a GPx-like activity, and the decrease in 
absorbance was gradually enhanced with increasing their con-
centration. With the increase of catalyst concentration, a linear 
increase in the catalytic reaction rate was observed, followed by 
a gradual slowdown, which was also consistent with the general 
characteristics of enzymology (Figure S9b, Supporting Informa-
tion). The GPx activity of (0.02 ± 0.004) µm·min–1·µm–1 per Se-
containing imidazole was found to be much higher than that of 
other GPx mimics (PhSeSePn: 2.391 × 10–5 µm·min–1·µm–1).[19] 
Increasing the concentration of the substrate GSH could also 
improve the catalytic reaction rate (Figure S9c, Supporting 

Scheme 1. Schematic illustration of the synthetic route of Fe2NC@Se with multi-enzyme mimicking activities and its therapeutic use for reperfusion 
injury in ischemic stroke.

Adv. Funct. Mater. 2022, 32, 2204025
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Information). Then, we calculated the apparent steady-state 
kinetic parameters of Se-containing imidazole employing 
the Michaelis–Menten model (Figure S9d, Supporting 
Information).

2.3. Evaluation of SOD-Like, CAT-Like, and OXD-Like Activities

SOD is an essential antioxidant enzyme in the body, capable 
of converting O2

•− into H2O2 and oxygen (O2). The SOD 
activity of the nanozyme was evaluated by a WST-8 assay 
system. WST-8 could react with O2

•− generated by the reac-
tion between xanthine and xanthine oxidase (XOD) to form 
water-soluble formazan dyes with an absorption wavelength 
of 450 nm (Figure 2a, blank line). In the presence of Fe2NC, 

the rate of formazan production was obviously inhibited 
(Figure  2a, blue line), demonstrating the capacity of Fe2NC 
to scavenge superoxide anions effectively. Moreover, the 
inhibitory effect is significantly better than the condition 
in the presence of Fe1NC (Figure  2a, red line). As displayed 
in Figure  2d, the rate of inhibition of formazan forma-
tion exhibited a dose-dependent behavior. Furthermore, the 
IC50 value of Fe2NC was measured to be 19  µg mL−1, much 
lower than that of Fe1NC (>100  µg mL−1). The above results 
showed that Fe2NC possessed higher SOD-like activity than 
Fe1NC. Besides, we found that the IC50 value of Fe2NC@Se 
was 2.5 µg mL−1 (Figure S10, Supporting Information), which 
was lower than that of Fe2NC. This might be attributed to the 
O2

•− scavenging activity of the Schiff base metal complexes 
contained in the Se-MOF shell.[20]

Figure 1. Characterization of Fe1NC, Fe2NC, and Fe2NC@Se. Schematic illustration of a) Fe1NC, d) Fe2NC, and g) Fe2NC@Se. TEM images of b) Fe1NC, 
e) Fe2NC, and h) Fe2NC@Se. Magnified HAADF–STEM images of c) Fe1NC and f) Fe2NC; single-atom Fe and diatomic Fe2 were marked by white 
circles. i) SEM image of Fe2NC@Se. j–o) HR-TEM and corresponding EDX elemental mappings of Fe2NC@Se; Se (red), Fe (green), Zn (yellow), C 
(cyan), and N (blue).

Adv. Funct. Mater. 2022, 32, 2204025
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Next, the CAT-like activity of Fe2NC was measured based on 
its ability to decompose H2O2 into water (H2O) and O2. The 
addition of Fe2NC to the H2O2 solution produced many bub-
bles (Figure S11, Supporting Information), and the level of 
oxygen content in the solution rose significantly as a function 
of time (Figure 2b). With the assistance of Fe2NC, the decom-
position rate of H2O2 was greatly increased compared to that of 
Fe1NC. Figure 2e shows that Fe2NC and Fe1NC catalyzed H2O2  
decomposition following Michaelis–Menten kinetics. The KM 
value of Fe2NC was about one-fourth of that of Fe1NC (Table S1,  
Supporting Information), which indicated that Fe2NC has a 
more substantial adsorption effect on H2O2. The Vmax value 
of Fe2NC was ≈2.7 times higher than that of Fe1NC, implying 
that Fe2NC could convert H2O2 to O2 more efficiently. The CAT-
like activity of Fe2NC was also measured by Catalase Assay Kit 
and electron paramagnetic resonance experiments (Figure S12, 
Supporting Information). Compared with Fe1NC, Fe2NC could 
eliminate more H2O2 and effectively suppress the formation of 
hydroxyl radicals (·OH) in Fenton reaction. The above results 
demonstrated that Fe2NC possessed a more heightened CAT-
like activity and a superior ability to scavenge H2O2 than Fe1NC.

Previous work has reported that iron-based nanomate-
rials exhibited optimal OXD-like activity under weakly acidic 
conditions.[12a,21] The oxidase-like activity of Fe2NC was 

investigated using 3,3″,5,5″-tetramethylbenzidine (TMB) as a 
molecular probe. TMB formed blue charge-transfer complexes 
with the oxidation products of TMB, exhibiting characteristic 
absorbance at 652 nm.[22] As shown in Figure 2c, Fe2NC cata-
lyzed the oxidation of TMB more rapidly than Fe1NC, as evi-
denced by the time-dependent increase of the characteristic 
absorbance. In addition, the OXD-like activity of Fe2NC had typ-
ical Michaelis–Menten kinetics for TMB substrates (Figure 2f). 
The comparison of the blue color change (Figure S13, Sup-
porting Information) and the KM and Vmax values (Table S2, 
Supporting Information) further indicated that Fe2NC pos-
sessed a higher OXD activity than Fe1NC.

2.4. Theoretical Studies on the Catalytic Processes  
of Fe2NC and Fe1NC

−O2
•  is a Brønsted base[23] that generally exists as HO2

• in 
water,[24] as the following equation shows:

+ = +− −O H O HO HO2
•

2 2
•  (1)

From the DFT calculation results (Figure 3; Figure S14, 
Supporting Information), it is clear that during the catalytic 

Figure 2. Comparison of Fe2NC and Fe1NC multienzyme mimetic activities. a) Time-dependent absorbance changes of formazan dyes at 450 nm (black 
line: blank; blue line: with 50 µg mL−1 Fe2NC; red line: with 50 µg mL−1 Fe1NC). b) O2 generation in the presence of 10 µg mL−1 Fe2NC (blue line) and 
Fe1NC (red line) as a function of time. Initial concentration of H2O2 was 0.1 m. c) Time-dependent absorbance changes of TMB at 652 nm. (black line: 
blank; blue line: with 10 µg mL−1 Fe2NC; red line: with 10 µg mL−1 Fe1NC). Initial concentration of TMB was 1 mm. d) Percentage of inhibition of WST-8 
oxidation by O2

− versus different concentrations of Fe2NC and Fe1NC. e) Steady-state kinetic assay of Fe2NC (blue line, 10 µg mL−1) and Fe1NC (red 
line, 10 µg mL−1) with H2O2. f) Steady-state kinetic assay of Fe2NC (blue line, 10 µg mL−1) and Fe1NC (red line, 10 µg mL−1) with TMB.

Adv. Funct. Mater. 2022, 32, 2204025
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process of Fe2NC nanozyme, two HO2
• or two H2O2 groups 

synergistically advanced the reaction, which dramatically 
accelerated the reaction rate. As shown in Figure S15, Sup-
porting Information, the local electrons of the core active site 
are all reduced, and the increase and decrease of surrounding 
electrons are arranged alternately, showing an oxidation state 
of Fe atoms and nearby enhanced reduction capabilities. Com-
pared with Fe1NC, the difference of oxidation state in Fe2NC 
is very small. It can be said that Fe2NC has stronger reaction 
activity and synergistic reaction ability. From the electron den-
sity diagrams (Figure S16, Supporting Information), the syn-
ergistic characteristics of this double radical adsorption struc-
ture in electron density are reflected, which is a very energy 
advantageous structure. Compared with the conventional 
reaction path of Fe1NC nanozyme, the collaborative effect 
embodied in the Fe2NC system reduced the reaction energy 
barriers of the intermediates releasing O2 or H2O, and the 
increase of reaction rate in each reaction rate determination 

step were the main reason for the improvement of reaction 
activity.

Moreover, in the Fe1NC system, the structural rearrangement 
and relaxation of the reactants before several key reaction steps 
occurred like the formation of (HO2

•)OH(HO2
•) bond and 

the disconnection and regeneration of (H2O2)OFe bonding. 
In contrast, in the Fe2NC system, these steps were simplified; 
all of them were more favorable for the mild reaction condi-
tions and molecular mechanism. In addition, the key transition 
state energy difference on the destruction of FeN bond and 
formation of NH connection in the Fe2NC system (0.54  eV) 
was lower than that in the Fe1NC system (0.63  eV), which is 
undoubtedly the key difference for the rate-determining step 
(RDS). Meanwhile, the calculated reaction rate constant of RDS 
in the Fe2NC system (6.05 × 102 s−1) was four orders of magni-
tude higher than that of the Fe1NC system (2.23 × 10–2 s–1). Com-
prehensively, these results indicated that the Fe2NC nanozyme 
possessed higher SOD-like and CAT-like activities than Fe1NC.

Figure 3. Schematic diagrams of the cascade catalytic reaction pathways of SOD-like and CAT-like corresponding to a) Fe1NC and b) Fe2NC, respec-
tively. The numbers in the diagrams represent the reaction energy barriers, and the structure in the red frame is a transition state geometry.

Adv. Funct. Mater. 2022, 32, 2204025
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2.5. The In Vitro Anti-Oxidative and Anti-Apoptosis Efficacy  
of Fe2NC@Se NPs

The above investigation has already proved the antioxidant 
potential of nanocomposites with multi-enzyme-like activities. 
We then performed in vitro cellular experiments to verify the 
ability of Fe2NC@Se to scavenge ROS and inhibit apoptosis. 
The conventional CCK-8 assay was used to assess the cyto-
toxicity of Fe2NC@Se NPs. The neurogenic PC12 (rat adrenal 
pheochromocytoma cell line) has been widely used as an excel-
lent in vitro tool for investigating neural oxidative-stress related 
pathophysiology and pharmacology. After incubating different 
concentrations of Se-MOF and Fe2NC@Se NPs with PC12 cells 
for 24 h, no obvious inhibiting effect on cell proliferation was 
observed (Figure S18, Supporting Information). The groups co-
incubated with Se-MOF and Fe2NC@Se showed higher cell sur-
vival than the group co-incubated with Fe2NC, suggesting that 
the shell layer of Se-MOF could improve the biocompatibility 
of Fe2NC NPs to cells. The number of nanoparticles in the fol-
lowing in vivo and in vitro experiments refers to the amount 
of Fe2NC in the Fe2NC@Se and Fe2NC@Se@RhB composites.

To explore cellular uptake characteristics in PC12 cells, we 
also fabricated Fe2NC@Se@RhB NPs (Figure S19, Supporting 
Information). Laser confocal images suggested increased cel-
lular uptake in dose-dependent and time-dependent manners 
(Figures S20 and S21, Supporting Information). The results 
demonstrated that the system possessed good biocompat-
ibility and was practicable to be further applied. To investigate 
the intracellular scavenging capacity of nanocomposites 
for ROS, we next used DCFH-DA as a fluorescent probe to 
detect intracellular ROS levels. As shown in laser confocal 
fluorescence images (Figure S22, Supporting Information), 
Fe2NC@Se-pretreated cells exhibited negligible fluorescence 
signal and normal cell morphology, confirming the low cyto-
toxicity of our system. In contrast, when pre-incubated with 
Rosup (a ROS-positive inducer),[25] strong fluorescent signal 
and abnormal cell morphology were observed. The fluorescent 
intensity of Rosup-treated cells was significantly reduced in the 
presence of Fe2NC@Se NPs, and these cells maintained their 
normal morphology. Flowsight analysis further revealed that 
the more NPs were added, the more the fluorescence intensity 
decreased, suggesting a dose-dependent intracellular ROS scav-
enging ability of Fe2NC@Se NPs (Figure 4a). This phenom-
enon could be observed more visually from the fluorescence 
pictures of single cells (Figure  4b). Quantitative analysis sug-
gested that the ROS scavenging efficiency could reach ≈80% if 
adding 5 µg·mL−1 of Fe2NC@Se NPs (Figure 4c).

Excessive accumulation of ROS irreversibly damages cel-
lular components, leading to apoptosis or necrosis. Apoptosis 
of ROS-stimulated PC12 cells was detected by flow cytometry 
(Figure 4d). Apoptosis increased sharply after ROS stimulation, 
accounting for 70.6%. The number of apoptotic cells decreased 
sharply to 9.86% after Fe2NC@Se NPs treatment, and the inhi-
bition of apoptosis was dose-dependent. For further analysis, 
we performed a live/dead cell staining assay and analyzed the 
resulting fluorescent images (Figure S23, Supporting Informa-
tion). Fe2NC@Se NPs induced only negligible cell death with 
no apparent toxicity compared to the control group, whereas 
cell death was significantly increased in the Rosup alone treated 

group. With the assistance of Se@Fe2NC NPs, dead cells were 
obviously reduced, and the density of viable cells was signifi-
cantly increased in the Rosup-treated group. As the content of 
nanoparticles increased, the density of living cells also gradu-
ally rose, indicating a dose-dependent behavior of resistance to 
cell death (Figure S24, Supporting Information). These results 
demonstrated that our system could effectively scavenge excess 
ROS and protect cells from oxidative stress, thus significantly 
inhibiting cell apoptosis and death.

2.6. The In Vitro Anti-Oxidative and Anti-Apoptosis Efficacy  
of Fe2NC@Se NPs After OGD/R Injury

After preliminary confirming of the multi-enzyme activity of 
Fe2NC@Se NPs for ROS scavenging and the anti-apoptosis effi-
cacy, we further explored its protective effect within a cellular 
CIRI model. Oxygen and glucose deprivation/reoxygenation 
(OGD/R) procedure has been extensively applied as an in vitro 
model mimicking CIRI for stroke studies. As overproduction of 
ROS is explosively triggered at the time of recovery of oxygen 
and glucose, initiating the reperfusion cascade, and culminating 
in cellular injury and death, thus, the Fe2NC@Se NPs were 
designed to be administered at the beginning and throughout 
the whole reperfusion stage (Figure 5a). First, confocal laser 
scanning microscopy (CLSM) images suggested increased cel-
lular uptake in the cellular CIRI model still in dose-dependent 
and time-dependent manners (Figures S25 and S26, Supporting 
Information). The ROS scavenging ability of different concentra-
tions of Fe2NC@Se NPs was detected by DCFH-DA with CLSM. 
As illustrated in Figure 5b, the green fluorescence intensity indi-
cating intracellular ROS level was notably elevated in the OGD/R 
group compared with the control group. Excitingly, this elevation 
could be effectively suppressed by Fe2NC@Se NPs even at a con-
centration of 1 µg mL−1, and 2.5 or 5 µg mL−1 Fe2NC@Se NPs 
nearly quenched most intracellular ROS, suggesting potent anti-
oxidant capability. Moreover, quantitative analysis for assessing 
fluorescence intensity using flow cytometry also exhibited sim-
ilar results that Fe2NC@Se NPs significantly decreased intra-
cellular ROS level in a dose-dependent manner (Figure  5c,d). 
To further assess the protective potency of Fe2NC@Se NPs 
for alleviating oxidative stress injury, cell viability was detected 
by CCK-8. As shown in Figure S27a, Supporting Informa-
tion, OGD/R injury overwhelmingly inhibited the cell viability 
≈47.4% of control group, and 1, 2.5, and 5  µg mL−1 Fe2NC@Se 
NPs reversed the cell viability up to 62.9%, 70.4%, and 80.1% of 
control group, respectively. Lactate dehydrogenase (LDH) was a 
kind of stable cytoplasmic enzyme and tended to rapidly release 
into the culture medium when the integrity of the membrane 
was destroyed. Thus, LDH release was an objective indicator 
for cell injury. After being exposed to OGD/R, the level of LDH 
released into supernatant reached up to 254.3% of control group, 
and treatment with different concentrations of Fe2NC@Se NPs 
attenuated the LDH release accordingly in a dose-dependent 
manner (Figure S27b, Supporting Information). Based on the 
above results, Fe2NC@Se NPs efficiently scavenged ROS and 
consequently mitigated oxidative stress injury.

Besides the direct destruction of cellular macromole-
cules leading to cell injury, excessive ROS also implicates 
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programmed cell death, namely apoptosis in the pathogenesis 
of CIRI. Thus, we further investigated the effect of Fe2NC@Se 
NPs on neural apoptosis after OGD/R injury. As illustrated in 
Figure 6a, OGD/R dramatically induced 34.25% of cell apop-
tosis recognized by Annexin V–FITC/propidium iodide (PI) 
staining using flow cytometry, among which the early phase 
apoptosis was in the majority. Excitingly, 5 µg mL−1 Fe2NC@Se 
NPs potently reduced cell apoptosis rate down to 4.75%, and 

this protective effect was dose-dependent (Figure 6b). Moreover, 
the decline of the mitochondrial membrane potential (MMP, 
ΔΨm) was detected with the fluorescent probe JC-1 as a early 
stage apoptosis marker. According to the flow cytometry data 
illustrated in Figure S28, Supporting Information, the OGD/R 
group showed a large proportion of JC-1 monomers up to 
29.6%, suggesting the decrease of MMP after OGD/R injury. 
As expected, 1, 2.5, and 5  µg mL−1 Fe2NC@Se NPs treatment 

Figure 4. Scavenging effect of Fe2NC@Se on intracellular ROS and protection against Rosup-induced apoptosis in PC12 cells. a) FlowSight analysis 
used to monitor the distribution of the intracellular fluorescence intensity. b) FlowSight images of PC12 cells upon different treatments. c) Effect of 
the Fe2NC@Se on ROS scavenging in PC12 cells. d) FlowSight profiles of Annexin V-FITC/PI-stained apoptotic cells left untreated or treated with 
Fe2NC@Se after exposure to Rosup. (UT: control; NPs: Fe2NC@Se; R: Rosup; C1: 1 µg mL−1 Fe2NC@Se; C2: 2.5 µg mL−1 Fe2NC@Se; C3: 5 µg mL−1 
Fe2NC@Se)
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remarkably reduced the proportion of JC-1 monomers down to 
26.2%, 22.9%, and 18.2%, respectively, indicating the increase 
of MMP and the potent inhibition of apoptosis of Fe2NC@Se 
NPs. In addition, the roles of Fe2NC@Se NPs on apoptosis pro-
terin expression are worth deeply investigating. To this end, the 
expression of apoptosis-related proteins was further assessed 
by western blot analysis. As shown in Figure 6c,g, cleaved Cas-
pase-3 (an activated form of Caspase-3), serving as an essential 
protease for apoptosis, was increasingly expressed after OGD/R 
injury and various concentrations of Fe2NC@Se NPs treatment 
significantly inhibited the activation of Caspase-3 to different 
extents. Specifically, 5  µg mL−1 Fe2NC@Se NPs inhibited the 
expression of cleaved Caspase-3 after OGD/R to levels similar 
to those in control group. Besides, the BCL-2 family, including 

anti-apoptotic protein (Bcl-2) and pro-apoptotic protein (Bax), is 
a crucial mediator for cell survival and apoptosis. Western blot 
analysis confirmed OGD/R elicited the inhibition of Bcl-2 and 
the promotion of Bax expression. Fe2NC@Se NPs played a sig-
nificant role in suppressing apoptosis via upregulating the level 
of Bcl-2 and downregulating the level of Bax expression in a 
dose-dependent manner (Figure 6d,e,g).

2.7. Probable Molecular Mechanism of Fe2NC@Se  
NPs Suppressing Oxidative Stress-Induced Cellular Apoptosis

The above findings enlightened us to move forward to elucidate 
the underlying intracellular mechanisms behind the notable 

Figure 5. Anti-oxidative effect of Fe2NC@Se NPs subjected to OGD/R injury. a) Timeline of the in vitro experiment procedures. b) Representative images 
of the fluorescence of DCF of Control (1), Control+Fe2NC@Se NPs (2), OGD/R (3), OGD/R + 1 µg mL−1 Fe2NC@Se NPs (4), OGD/R + 2.5 µg mL−1 
Fe2NC@Se NPs (5) and OGD/R + 5 µg mL−1 Fe2NC@Se NPs (6) groups captured with CLSM. c) The mean fluorescence intensity of DCF was quantified 
with flow cytometry. d) The histogram of DCF fluorescence intensity for quantitative analysis (N = 3). (1-6 represent Control, Control+Fe2NC@Se NPs, 
OGD/R, OGD/R + 1 µg mL−1 Fe2NC@Se NPs, OGD/R + 2.5 µg mL−1 Fe2NC@Se NPs, and OGD/R + 5 µg mL−1 Fe2NC@Se NPs group respectively). 
Data were expressed as mean ± SD. # # # denotes P﹤0.001 compared with control group, *** denotes P﹤0.001 compared with OGD/R group.
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antioxidant and anti-apoptosis capability of Fe2NC@Se NPs. 
The activation of apoptosis signal-regulating kinase 1 (ASK1)/ 
c-Jun N-terminal kinases (JNK) signaling pathway is generally 
implicated in oxidative injury and the pathophysiology of CIRI 
induced neural apoptosis. ASK1 has been reported to be acti-
vated under the state of oxidative stress, activating the down-
stream pro-apoptosis protein kinase JNK by phosphorylation. 
Subsequently, phosphorylated JNK (p-JNK) triggered apoptosis  
in transcriptional and non-transcriptional dependent manner 
(Figure 6f). Thus, it is plausibly speculated that Fe2NC@Se NPs 
alleviates oxidative-stress–induced cellular apoptosis by inter-
fering with ASK1/JNK signaling pathway. Therefore, the expres-
sion of ASK1, JNK, and their activated forms (p-ASK1, p-JNK) 
was investigated by western blot analysis. Not surprisingly,  

as demonstrated by Figure  6h,i, the OGD/R significantly 
induced elevated levels of p-ASK1 and p-JNK compared with 
control group, whereas it had little impact on the expression of 
ASK1 and JNK within different treatment groups, indicating the 
probable activation of ASK1/JNK signaling pathway by OGD/R 
injury. Fe2NC@Se NPs treatment substantially downregulated 
the expression of p-ASK1 and p-JNK after OGD/R in a dose-
dependent manner, suggesting effective inhibiting of the activa-
tion of ASK1/JNK signaling pathway (Figure 6j,k). Furthermore, 
downstream p-JNK could directly inhibit Bcl-2, promote Bax, 
and subsequently facilitate caspase activation in a mitochondria-
dependent manner (Figure 6g), and changes mentioned above 
of Bcl-2, Bax, and cleaved-Caspase 3 were also accorded with this 
mechanism of JNK mediated apoptosis. As discussed above,  

Figure 6. Fe2NC@Se NPs alleviated OGD/R induced cell apoptosis and the potential molecular mechanism by inhibiting ASK1/JNK signaling pathway. 
a) Representative images of Annexin V–fluorescein isothiocyanate (FITC)/PI staining of Control (1), Fe2NC@Se NPs (2), OGD/R (3), OGD/R + 1 µg 
mL−1 Fe2NC@Se NPs (4), OGD/R + 2.5 µg mL−1 Fe2NC@Se NPs (5) and OGD/R + 5 µg mL−1 Fe2NC@Se NPs (6) groups with flow cytometry. b) Quan-
titative analysis of apoptosis rate of each treatment group (N = 3). Quantitative analyses of c) cleaved Caspase-3, d) Bcl-2, and e) Bax protein expression 
of each treatment group (N = 3). f) Schematic illustration of ASK1/JNK signaling pathway after CIRI and the potential neuroprotective mechanisms of 
Fe2NC@Se NPs by suppressing ROS and inhibiting ASK1/JNK pathway. Representative images of western blot analysis of g) cleaved Caspase-3, Bcl-2 
Bax, and GADPH. h) p-ASK1, ASK1, i) p-JNK, JNK protein expression of each treatment group. Quantitative analysis of j) p-ASK1 and k) p-JNK protein 
expression of each treatment group (N = 3). Data were expressed as mean ± SD. NS, non-significant, # # # denotesP﹤0.001 compared with Control 
group, * denotes P﹤0.05 compared with OGD/R group, *** denotes P﹤0.001 compared with OGD/R group.
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our present data rendered a potential molecular mechanism for 
Fe2NC@Se NPs suppressing oxidative-stress induced cellular 
apoptosis. Taken together, the above in vitro results demon-
strated that Fe2NC@Se NPs, as an outstanding nano-scavenger 
with multi-enzyme activity, played a pivotal role in neuroprotec-
tion after OGD/R through its superior capability of ROS elimi-
nation, the prominent effect of oxidative stress-induced damage 
suppression, and robust anti-apoptotic activity with negligible 
toxicity in a cellular CIRI model.

2.8. The In Vivo Therapeutic Effects of Fe2NC@Se NPs  
with Anti-Oxidative and Anti-Apoptosis Activity in MCAO Rats

The aforementioned in vitro results motivated us to explore 
the in vivo therapeutic performance further. To this end, the 

MCAO model was applied with transient ischemia for 1.5 h and 
reperfusion for 24 h to mimic ischemic stroke and the patho-
physiology of CIRI in SD rats. Fe2NC@Se NPs were adminis-
trated by intraventricular injection before MCAO surgery for 
the desired therapeutic efficacy. As a safe and more reliable 
route for local administration,[26] intraventricular injection 
directly circumvents the blood–brain barrier and the obstructed 
supplying artery after ischemic stroke, allowing drugs to diffuse 
within the brain microenvironment through the extracellular 
spaces promptly.[27] The timeline of the in vivo experiment pro-
cedures was elaborated in Figure 7a. As reflected by 2,3,5-tri-
phenyl tetrazolium chloride (TTC) staining, the healthy brain 
tissues displayed as the red area of the brain slices, whereas 
the damaged brain sections were pale. The MCAO rats with 
NaCl injection revealed a large infarction within the middle 
cerebral artery supplying zone while Fe2NC@Se NPs treatment 

Figure 7. In vivo therapeutic effects and antioxidant capability of Fe2NC@Se NPs in MCAO rats. a) Timeline of the animal experiment procedures. 
b) Representative of TTC staining images of brain slices of Sham+NaCl (1), Sham+NPs (2), MCAO+NaCl (3) and MCAO+NPs (4) groups. c) Infarct 
volume and d) brain edema within different groups (N = 5). e) Quantitative assessment of MDA content and f) total antioxidant capability of brain 
tissue in different groups (N = 4). g) Quantitative analysis of Neurological Score (N = 10). h) Representative images of H&E Staining of injured brain 
tissue in each group (Scale bar presents 50 µm). All data were expressed as mean ± SD. # # denotes P ﹤ 0.01 compared with Sham + NaCl group, # 
# # denotes P﹤0.001 compared with Sham + NaCl group, *** denotes P ﹤ 0.001 compared with MCAO+NaCl group.
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with the MCAO rats effectively minimized the infarct volume 
(Figure  7b). Further quantitative analysis of infarct volume 
showed that the MCAO + Fe2NC@Se NPs treatment signifi-
cantly decreased the infarct volume to 32.9% compared to the 
MCAO + NaCl group with an average infarct volume of 58.0% 
(Figure  7c). Besides, the greater extent of brain edema was 
detected in the MCAO+NaCl group, which could be substan-
tially mitigated by Fe2NC@Se NPs treatment according to the 
quantification of edema (Figure 7d). As illustrated by Figure 7g, 
administration of Fe2NC@Se NPs markedly improved the neu-
rological deficits of MCAO rats. Moreover, pathological changes 
of the brain tissue of each group were evaluated by hematoxylin 
and eosin (H&E) staining. As presented in Figure  7h, in the 
Sham+NaCl group, the brain tissue was compact and regularly 
arranged, and the neurons were stained with intact structure 
and clearly visible nucleus. Nevertheless, in the MCAO + NaCl 
group, the brain tissue was destructively damaged, accom-
panied by evident brain edema. Specifically, many neuron 
necroses were observed with swollen or shrunk morphological 
changes, together with solid or even disappeared nucleus struc-
ture. Owing to the Fe2NC@Se NPs treatment, the morpholog-
ical deterioration by MCAO was largely ameliorated with minor 
constructional damage and less brain tissue edema. The sur-
vival neurons were increased, and the structure of neurons was 
relatively preserved. Thereby, these detailed results provided 
potent histological evidence demonstrating the neuroprotec-
tive effects of Fe2NC@Se NPs for attenuating oxidative stress-
induced tissue injury in MCAO rats.

Having confirmed the remarkable therapeutic performance 
of Fe2NC@Se NPs, we continued to investigate whether 
this therapeutic efficacy was attributed to the antioxidant 
and anti-apoptosis effect as revealed by the in vitro results. 
Malondialdehyde (MDA), the main product of lipid peroxi-
dation of membranes, was measured to quantify the degree 
of peroxidation damage of the brain tissue, thus reflecting 
the antioxidant capacity of Fe2NC@Se NPs. As revealed by 
Figure 7e, the content of MDA of the brain tissue in the MCAO 
+ NaCl group was significantly higher than that in the Sham 
+ NaCl group, indicating severe lipid peroxidation damage in 
the ischemic brain. With the Fe2NC@Se NPs treatment, the 
content of MDA was dramatically decreased to the level com-
parable to the Sham + NaCl group, which directly indicated 
a powerful antioxidant activity of Fe2NC@Se NPs. Similarly, 
the total antioxidant capacity of brain tissue was assessed. As 
shown in Figure  7f, the MCAO + NaCl group possessed the 
lowest antioxidant capability among all the experiment groups 
and treating with Fe2NC@Se NPs in MCAO rats endowed the 
injured brain with improved antioxidant capability, which was 
comparable to the Sham + NaCl group. Moreover, compared 
with the Sham + NaCl group, Fe2NC@Se NPs also enables a 
slightly but nonsignificant elevation of antioxidant capability in 
Sham + Fe2NC@Se NPs groups, probably due to the existence 
of Fe2NC@Se NPs in brain tissue as well.

The in vivo anti-apoptosis effects of Fe2NC@Se NPs were 
particularly investigated by TUNEL (terminal deoxynucleotidyl 
transferase-mediated deoxy uridine triphosphate nick end labe-
ling)–NeuN costaining. As illustrated in Figure S29a, Supporting 
Information, in the MCAO + NaCl group, a notably more con-
siderable amount of TUNEL positive cells accompanied with 

a relatively decreased expression of NeuN was captured than 
those of the Sham + NaCl group. Fe2NC@Se NPs effectively 
suppressed apoptosis with substantially reduced TUNEL posi-
tive cells. Moreover, Sham+Fe2NC@Se NPs group would not 
induce additional apoptosis compared with Sham + NaCl group 
emphasizing the biosafety of Fe2NC@Se NPs. Further quanti-
fication revealed that the elevated apoptosis index of MCAO + 
NaCl group could be effectively decresed by Fe2NC@Se NPs 
administration (Figure S29b, Supporting Information). Con-
sidering the pivotal role in the pathophysiology of neural apop-
tosis after CIRI, the apoptosis-related protein expression and 
the ASK1/JNK signaling pathway were also assessed by western 
blot in different groups. Expectedly, Fe2NC@Se NPs upregu-
lated the expression of Bcl-2 and downregulated the expression 
of Bax together with cleaved Caspase-3 level in MCAO rats, 
implicating the mighty anti-apoptosis effect of Fe2NC@Se NPs 
(Figures S29c and S30a–c, Supporting Information). Moreover, 
protein expression levels of the ASK1/JNK signaling pathway 
indicated that Fe2NC@Se NPs significantly downregulated the 
expression of p-ASK1 and p-JNK in MCAO rats, thus shedding 
light on inhibiting ASK1/JNK signaling pathway as a prob-
able molecular mechanism of Fe2NC@Se NPs for suppressing 
apoptosis after CIRI (Figures S29d,e and S30d,e, Supporting 
Information). The above findings confirmed Fe2NC@Se NPs 
improved neurological function, decreased the brain infarct 
volumes and edema, ameliorated oxidative-stress induced brain 
injury, and suppressed the neural apoptosis possibly via inhib-
iting the ASK1/JNK signaling pathway.

2.9. In Vivo Biosafety and Toxicity of Fe2NC@Se NPs

Biosafety and toxicity are essential elements of a novel nano-
material for further potential clinical application. Thereby, the 
biosafety of Fe2NC@Se NPs was evaluated explicitly in vivo. 
According to the above results, no harmful effect was revealed 
in neurological behaviors and brain histological changes of the 
Sham + Fe2NC@Se NPs group. Furthermore, no detectable cel-
lular injury, necrosis, and inflammatory cell infiltration were 
found from the histological analysis in the main organs (brain, 
heart, liver, spleen, lung, and kidney) after Fe2NC@Se NPs 
administration (Figures S31 and S32, Supporting Information).

3. Conclusion

In summary, we have reported a novel platform with mul-
tiple enzyme-mimetic activities to mimic natural antioxidant 
systems, designated Fe2NC@Se nanozymes, for ameliorating 
CIRI. Compared with single-atom Fe nanozyme, the atomi-
cally monodispersed dual-atom Fe nanozyme exhibited much 
better performance toward SOD-like, CAT-like, and OXD-like 
activities, due to a synergistic effect, simplified rearrangement 
structures, and lower energy differences in key transition states 
by DFT calculation. The experimental results showed that the 
Se-MOF shell was positively charged and could not only serve 
as a GPx mimic but enhance the stability and biocompatibility 
of the Fe2NC nanozyme, which was more favorable for biolog-
ical applications. Our current study unequivocally confirmed 
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the multifunctional antioxidant Fe2NC@Se NPs with excellent 
translational potential. It fought against oxidative brain damage 
and suppressed neural apoptosis after CIRI via potently elimi-
nating intracellular ROS and potentially inhibiting ASK/JNK 
apoptosis signaling pathway, which shed light on its molecular 
mechanism for neuroprotection. Combined, we anticipated that 
this work might assist in selecting and designing novel antioxi-
dants for the more effective treatment of ischemic stroke.

4. Experimental Section
Preparation of Fe2NC: Fe1NC and Fe2NC were provided by Dr. 

Ye, which was prepared based on the previous work.[18] In a typical 
procedure, 2-MeIM (1314  mg) was dissolved in the mixture of DMF 
(6  mL) and methanol (4  mL). Additionally, the Zn(NO3)2 · 6H2O 
(1190 mg) and Fe2(CO)9 (11 mg) were dissolved in the mixture of THF 
(10 mL) and methanol (20 mL) and sonicated at room temperature to 
form a transparent solution. Then, it was added to the solution with 
2-MeIM (1314  mg) and treated with ultrasound for another 10  min. 
The mixture was then maintained stationary for 1 h. Next, the obtained 
precipitates (Fe2(CO)9@ZIF-8) were collected with centrifugation. 
Finally, the prepared Fe2(CO)9@ZIF-8 was pyrolyzed at 800 °C for 3 h 
under argon gas flow at a heating rate of 5  °C min−1 to obtain Fe2NC 
nanozymes. Following the above-described procedure with Fe(acac)2 
instead of Fe2(CO)9, the Fe1NC nanozymes were synthesized.

Preparation of Fe2NC@Se NPs: Typically, proper ultrapure water was 
used to dissolve the compound 4, Zn(NO3)2·6H2O, and Fe2NC to form 
respective solutions. Then, the separated solution of Zn(NO3)2·6H2O 
and Fe2NC,was added quickly into the solution of the compound 4 under 
stirring. Subsequently, the mixed solution was stirred for 24 h and the 
precipitates were obtained by centrifuging and washing with methanol 
and ultrapure water several times by using ultrafiltration Spin Columns .

Preparation of Fe2NC@Se@RhB NPs: Typically, proper ultrapure 
water was used to dissolve the compound 4, Zn(NO3)2 · 6H2O, Fe2NC, 
and RhB to form respective solutions. Then, the separated solution of 
Zn(NO3)2 · 6H2O, Fe2NC and RhB was added quickly into the solution 
of the compound 4 under stirring,. Subsequently, the mixed solution 
was stirred for 24 h and the precipitates were obtained by centrifuging 
and washing with methanol and ultrapure water several times by using 
ultrafiltration Spin Columns

SOD-Like Activity of Fe2NC and Fe1NC Nanozymes: SOD activity 
was determined in a standard xanthine/XOD assay system which 
was developed by McCord and Fridovich.[28] WST-8 is a water-soluble 
tetrazolium salt that replaced nitrotetrazolium blue chloride for testing. 
The xanthine/XOD system generated O2

•− at pH 7.0 (phosphate-buffered 
saline [PBS], 25 °C). Moderate amounts of XOD (final concentration of 
0.025 U mL−1) were added to an aqueous solution containing 0.1  mm 
ethylenediaminetetraacetate (EDTA), 100 mm WST-8, 300 mm xanthine, 
and 50  mm PBS (final volume of 1  mL), and the oxidation of WST-8 
to orange–yellow methylhydrazone was monitored at 450  nm using a 
SHIMADZU UV-2450 UV/vis spectrophotometer. The SOD activity was 
evaluated at an enzyme concentration (IC50) that inhibited 50% of the 
oxidation rate of WST-8.

Catalase (CAT)-Like Activity of Fe2NC and Fe1NC Nanozymes: The 
CAT-like activity of nanozymes was measured by monitoring the 
increase in O2 concentration using a portable dissolved oxygen meter 
(JPB-607A, Leici China). All the reactions were performed in 0.1 m 
phosphate buffer (pH 7.4) at 25 °C. The CAT-like activity of nanozymes 
was also measured using Catalase Assay Kit. Catalase Assay Kit is a 
simple and easy-to-use kit for detecting catalase activity in samples by 
a colorimetric reaction. Catalase catalyzes the production of water and 
oxygen from hydrogen peroxide in the presence of relatively abundant 
hydrogen peroxide. Residual hydrogen peroxide catalyzed by peroxidase 
can oxidize the chromogenic substrate to produce a red product (N-(4-
antipyryl)-3-chloro-5-sulfonate-p-benzoquinonemonoimine) with a 

maximum absorption wavelength of 520  nm. a) Take an appropriate 
amount of enzyme mimics into a 1.5  mL plastic centrifuge tube, add 
catalase detection buffer to a volume of 40 µL, and mix well. Then, add 
10 µL of 250 mm H2O2 solution, mix quickly with a pipette and react at  
25  °C for 3 min. b) Add 450 µL of catalase reaction stop solution and 
mix with a vortex to stop the reaction. Complete the following steps 
(c,d) within 15 min of terminating the reaction. c) Add 40 µL of catalase 
detection buffer to a clean plastic centrifuge tube, followed by 10 µL of 
the terminated and well-mixed reaction system. d) Add 10 µL from the 
50 µL system in the previous step to one of the 96-well plates and add 
200 µL of color developing working fluid. e) The A520 was determined 
after incubation at 25  °C for 20 min.The reduction of •OH in Fenton 
reaction was measured by ESR to characterize CAT-like activity.

GPx-Like Activity of GPx Mimic: The GPx activity was measured by 
a coupled reductase method as described previously.[29] The reaction 
was carried out at 37  °C in 500  µL of solution containing 50 mm 
potassium phosphate buffer (pH 7.4, 1.0 mm EDTA), 1.0  U · mL−1 GR, 
1.0 mm GSH, and different concentrations of enzyme mimics. The 
enzyme mimics were dissolved in appropriate amount of DMSO. 
After the mixture was incubated at 37  °C for 3 min, a 0.25 mm 
NADPH solution was added to it, and the incubation continued for  
1 min. Finally, 0.5 mm H2O2 was added to start the reaction. The activity 
was determined by measuring the absorbance decrease of NADPH at 
340 nm (ε = 6220 m−1·cm−1, pH = 7.4) using a UV/vis spectrophotometer.

Oxidase-Like Activity of Fe2NC and Fe1NC Nanozymes: The reaction 
was carried out at 37  °C in 500  µL of the solution containing 50 mM 
NaOAc buffer (pH 5.5, 1.0 mm EDTA). FeNC nanozyme and Fe2NC 
nanozyme were first dispersed into 50  mM NaOAc buffer (pH = 5.5) 
to a final concentration of 0.5  mg mL–1 and sonicated for 60 s before 
use. To investigate the oxidase-mimicking activities of nanozymes, 
50  µL nanozyme solution was added into 0.4  mL acetate buffer and 
50  µL different concentrations of TMB were then added. Then, the 
absorbance at 652 nm for TMB was recorded immediately using a UV/
vis spectrophotometer.

Computational Method and Details: All calculations were performed 
using the projector augmented wave method[30] as implemented in the 
Vienna Ab initio Simulation Package[31] with density functional theory 
used to describe the interaction between core electrons and valence 
electrons. The exchange and correlation potential were described 
with the Perdew–Burke–Ernzerhof[32] of the generalized gradient 
approximation.[33] The energy cutoff was set to be 500 eV and Fe atoms 
were anchored onto the N-doped carbon layer with vacuum region set 
to ≈14 Å. Strong coulomb interactions of 3d electron for Fe atom were 
described by the DFT+U method[34] (Uef = 4.0  eV) and in addition, 
Grimme-D2 dispersion correction term was chosen to account for the 
van der Waals interactions.[33b,35] The k-point sampling of the Brillouin 
zone was obtained using a 2 × 2 × 1 grid and, both lattice constants 
along the periodic direction and atomic positions were fully relaxed until 
the convergence criteria of energy and force was less than 10−5 eV and 
0.01 eV Å−1, respectively. The transition state searches were performed by  
employing the climbing image nudged elastic band method[36] and 
were conformed by only one imaginary frequency on the potential 
energy surface. The difference in electronic energy before and after 
hydrogenation extracted directly from first-principles calculations and 
ΔEZPE and ΔS are the zero-point energy correction and entropy change 
between the absorbed state and gas phase obtained from frequency 
calculations at 300 K, respectively. A Gaussian smearing of 0.05  eV to 
the orbital occupation was applied during the geometry optimization 
and for the total energy computations. The catalyst was modeled 
by embedding metal center into a graphene lattice, where the metal 
atom was coordinated with nitrogen atoms. Based on the test and 
adjustment of various lattice constants, including the same length and 
different lengths, and finally the model with lattice constant 16.02 Å was 
determined to present the authors’ calculation results.

The reaction rate constants at the temperature of 298.15K and the 
pressure of 1 atm in this work were evaluated according to conventional 
transition state theory (TST).[37] 1D Wigner tunneling (WT) effects[38] 
and an unsymmetrical Eckart potential energy barrier have also been 
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incorporated in the TST calculations. The authors’ results using the 
conventional TST with 1D WT effects to calculate the rate constant of the 
system, are reliable.

k T( ) T exp
k T
h

Q T
N Q T

V
k T

b
TS

A
R

b
κ σ( ) ( )

( )= −





≠
 (2)

where κ(T) is the transmission coefficient to account for the quantum 
tunneling effects, kb is the Boltzmann’s constant, T is the temperature 
in kelvin, h is Planck’s constant, R is the ideal gas constant, and QTS and 
QR represent the total partition functions of the transition state (at the 
saddle point on the PES) and the reactants in per unit volume. V≠ is the 
difference in zero-point excluded potential energy between the transition 
state and the corresponding reactant (zero-point energy contributions 
are included in the partition functions), σ is the symmetry factor which 
represents reaction path degeneracy, the number is correctly given by:[39]
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in which n≠ and nR are the number of chiral isomers at the reactants and 
transition state, and σ≠ and σR are the rotational symmetry numbers.

The two thermodynamic equivalent quantities h and r are employed 
and ΔE is the classical barrier height.
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Oxygen and Glucose Deprivation/Reperfusion (OGD/R) Mimicking 
Ischemia-Reperfusion In Vitro: To mimic the process of ischemia-
reperfusion in vitro, cells were subjected to OGD/R injury as previously 
described.[40] Briefly, PC 12 cells were seeded in culture plates or flasks 
at a suitable cell density and adhered for 24 h. Then, the cells were 
washed with PBS 3 times and incubated with glucose-free DMEM. 
Subsequently, the cells were put into a hypoxia chamber containing a 
mixture of nitrogen and carbon dioxide (95% N2, 5% CO2) to deprive 
of glucose and oxygen temporarily for 4 h in a temperature-controlled 
incubator. After OGD, cells were replaced with high glucose DMEM 
and returned to the normoxic incubator for another 24 h to mimic the 
reperfusion procedure. To investigate the protective effects of nanozyme 
in vitro, the cells were divided into the following 6 groups: 1) Control 
group: The cells were maintained in DMEM and incubated under normal 
conditions. 2) Control + NPs group: The cells were maintained in DMEM 
with nanozyme (2.5 µg mL−1). 3) OGD/R group: The cells underwent 
OGD/R injury. 4–6) OGD/R+NPs groups: After OGD injury, nanozyme 
in different concentrations (1, 2.5, and 5 µg mL−1) were added into the 
culture medium during the reperfusion procedure. The diagram of study 
design was illustrated in Figure 4a.

Measurement of Lactate Dehydrogenase (LDH) Release: Cell injury and 
the protective effects were also assessed with an LDH activity detection 
kit by measuring the level of LDH released from the injured cells into the 
culture medium. In brief, cells were seeded in 6 well plates at a density 
of 1×105 cells per well and adhered for 24 h. After according treatment 
procedure of each group, the supernatant was harvested to detect the 
level of LDH release with a microplate reader (Bio-Rad, CA, USA) at a 
wavelength of 450  nm following the manufacturer’s instruction. The 
LDH release was expressed as the percentages relative to control group.

Measurement of Intracellular ROS After OGD/R: The intracellular 
ROS was detected with a reactive oxygen species assay kit using 
2’-7’-dichlorofluorescein diacetate (DCFH-DA) as a molecular probe. 
DCFH-DA could freely cross the cell membranes and be cleaved by 
nonspecific esterases, forming nonfluorescent DCFH, which cannot 
cross the cell membranes. The intracellular ROS can oxidize the 
DCFH to fluorescent DCF. Thus, the level of intracellular ROS could be 
reflected by the fluorescence intensity of DCF. In brief, cells were seeded 

in the confocal dishes at a density of 1 × 105 per dish and adhered for 
24 h. After according treatment procedure of each group, cells were 
washed with PBS for 3 times and incubated with DMEM containing 
DCFH-DA (10 µm L−1) for 20 min at 37 °C in the dark. The fluorescence 
of DCF indicating ROS level was observed by CLSM at the excitation and 
emission wavelengths of 488 and 525 nm. Additionally, to quantify the 
ROS level, cells were seeded in 6 well plates at a density of 1×105 cells 
per well and adhered for 24 hs. Then, cells of each group were treated 
with 0.25% trypsin for digestion and collected for incubation with 
DCFH-DA (10 µm L−1) for 20 min at 37 °C in the dark. Afterward, cells 
were gently washed with PBS for 3 times and resuspended. ROS levels 
were quantitatively measured as the mean fluorescence intensity by a 
flow cytometry (BD Bioscience, CA, USA) at the excitation and emission 
wavelengths of 488 and 525 nm.

Cell Apoptosis by Flow Cytometry Analysis After OGD/R: Cell apoptosis 
assay was performed using an Annexin V-fluorescein isothiocyanate 
(FITC)/propidium iodide (PI) double staining apoptosis detection kit. 
Cells were seeded in 6 well plates at a density of 1×105 cells per well and 
adhered for 24 h. After according treatment of each group, cells were 
digested with 0.25% trypsin and washed with PBS twice. Subsequently, 
the cells were suspended in binding buffer, stained with 5  µL Annexin 
V-FITC and 5  µL PI for 15 min at room temperature in the dark. Cells 
were washed and resuspended in binding buffer. The apoptotic cells 
were identified by a flow cytometer (BD Bioscience, San Jose, CA, USA) 
and analyzed by the FlowJo software (Tree Star, San Carlos, CA, USA).

JC-1 Mitochondrial Membrane Potential (MMP) After OGD/R: The 
mitochondrial membrane potential (MMP, ΔΨm) was measured with 
an MMP assay kit using JC-1 as a fluorescent probe. In brief, cells were 
seeded in 6 well plates at a density of 1×105 cells per well and adhered 
for 24 h. After according treatment of each group, cells were harvested 
and suspended with 0.5  mL DMEM. Then, 0.5  mL of JC-1 working 
solution was added and incubated for 20 min at 37 °C in the dark. Cells 
were washed and resuspended with JC-1 buffer. The MMP of cells were 
identified by a flow cytometer (BD Bioscience, San Jose, CA, USA) and 
analyzed by the FlowJo software (Tree Star, San Carlos, CA, USA).

Western Blot Analysis: The total protein samples were extracted from 
PC12 cells and brain cortical tissue respectively and sonicated in RIPA 
lysis buffer containing protease inhibition. After centrifuging at 12 000 g 
at 4 °C for 20 min, the supernatant was collected. The quantification of 
proteins was analyzed using BCA protein assay kit according to the 
manufacturer’s instructions and equal concentrations of proteins 
were prepared. The protein was separated in sodium dodecyl sulfate-
polyacrykamide gel electrophoresis (SDS-PAGE) and then transferred 
to a polyvinylidene difluoride (PVDF) membranes. The membranes 
were blocked with 5% skimmed milk at room temperature for 2 h and 
incubated with indicated primary antibodies at 4 °C overnight. Primary 
antibodies included rabbit anti-Bax, mouse anti-Bcl-2, rabbit anti 
-cleaved Caspase-3(Asp175), rabbit anti-JNK, rabbit anti-p-JNK(Thr183/
Tyr185), rabbit anti-ASK1, rabbit anti-p-ASK1(Thr845), rabbit anti-
GAPDH. After washing 3 times, the membranes were incubated with 
horseradish peroxidase labeled IgG secondary antibody for 1 h at room 
temperature. After adding ECL reagent (Merck Millipore, MA, USA), the 
protein bands images were captured using an ECL chemiluminescence 
system (GE Healthcare, Piscataway, NJ, USA) and later quantified with 
ImageJ software.

Animals: Male Sprague-Dawley rats (weighing 230–250g)  were 
purchased from Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China). The animals were housed in standard cages 
in a temperature-controlled environment (23–25 °C) under a 12-h 
light/dark cycle and given free accessed to food and water. All animal 
procedures were performed following the protocol approved by the 
Animal Experimentation Ethics Committee of the First Hospital of Jilin 
University, Approval No: 20210858. The rats were randomly assigned 
into four groups: 1) Sham + NaCl group, 2) Sham + NPs group,  
3) MCAO + NaCl group, and 4) MCAO + NPs group, according to the 
study protocol illustrated in Figure 7a.

MCAO Model Mimicking Cerebral Ischemia-Reperfusion Injury In Vivo: 
Cerebral ischemia-reperfusion was induced by MCAO surgical procedure 
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as previously described.[41] Briefly, after a ventral cervical midline 
incision, the anatomical structure of the left common carotid artery, 
internal carotid artery, and external carotid artery were carefully exposed 
and separated from the surrounding tissues. After ligation of lateral 
branches, a customized silicon coated nylon monofilament thread was 
inserted from the external carotid artery to block the origin of the left 
middle cerebral artery. Reperfusion was induced by gently withdrawing 
the monofilament thread after 1.5 h of occlusion. Rats of Sham + NaCl 
and Sham + NPs groups received the operation identical to the MCAO 
procedure except that the monofilament thread was not inserted. Rectal 
temperature during and after the operation was controlled at ≈37 °C via 
a temperature-regulated heating pad (RWD Life Science Corporation, 
Shenzhen, China).

Evaluation of Neurological Deficits: Neurological deficits were 
evaluated at 24 h after MCAO operation by Longa’s scale as previously 
described.[41] In detail, 0, no apparent neurological defcits; 1: cannot 
extend the affected forelimb; 2: walking in circles; 3: not evenly balanced 
while walking; and 4: numb and cannot walk. The observational was 
blinded to the group assignment. The rats scoring 1–3 points after 
MCAO were indicated for successful modeling and eligible for the 
following study.

Brain Infarct Volumes and Edema Evaluation: After 24 h of MCAO 
operation, the brain tissues were isolated and cut into 2-mm-thick slices. 
The slices were stained in 1% 2, 3, 5-triphenyltetrazolium chloride (TTC) 
at 37 °C for 30 min and fixed in 4% paraformaldehyde solution. The 
slices were imaged using a digital camera (Canon, Japan) and quantified 
with ImageJ software. Corrected infarct volumes were calculated as 
the following formula: Infarct volumes (%) = (volume of the non-
stroke hemisphere−volume of the noninfarcted tissue in the stroke 
hemisphere) / volume of the non-stroke hemisphere × 100%. The brain 
edema (%) was quantified as (volume of the stroke hemisphere−volume 
of the non-stroke hemisphere) / volume of the non-stroke hemisphere 
× 100%.

H&E Staining and TUNEL-NeuN Costaining: The rats were sacrificed 
24 h after operation and the brain tissue samples were embedded in 
tissue optimal cutting temperature compound (SAKURA, USA) and 
frozen at −20  °C. 10-µm-thick serial coronal sections were cut and 
mounted on slides. Sections were stained with hematoxylin and eosin 
for H&E staining to reveal morphological features of injured brain tissue 
and captured using a light microscope. Neural apoptosis was revealed 
by TUNEL-NeuN costaining with an in situ cell death detection kit. 
After fixation with paraformaldehyde and permeabilization with 0.3% 
TritonX-100, sections were incubated with a reaction mixture for 60 min 
at 37 °C. Then, slides were incubated with a mouse anti-NeuN primary 
antibody at 4 °C overnight and subsequently a fluorescent secondary 
antibody. Images of stained slides were observed with CLSM. The 
images were captured from the peri-infarct region and five randomly 
selected fields were used for calculation. The apoptosis index was 
quantified as the number of TUNEL-positive cells / the total number of 
cells per field × 100%.

Measurement of MDA and Total Antioxidant Capability of Brain 
Tissue: The brains were harvested 24 h after operation. The ipsilateral 
injured cortex tissue was homogenized in PBS with ultrasonic lysis. 
The brain homogenates were centrifuged 12  000 × g for 10 min at 
4 °C and the supernatant was collected for further measurement. The 
lipid peroxidation level of brain tissue was measured by MDA assay 
kit according to the manufacturer’s instructions (Nanjing Jiancheng 
Bioengineering Institute, Jiangsu, China). The optical density was 
determined with a microplate reader (Bio-Rad, CA, USA) at a wavelength 
of 532 nm. The antioxidant capability was measured by total antioxidant 
capability assay kit via 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulfonic 
acid) (ABTS) method according to the manufacturer’s instructions 
(Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). The 
optical density was determined with a microplate reader (Bio-Rad, CA, 
USA) at a wavelength of 405 nm.

Statistical Analysis: Data were analyzed using Statistical Program for 
Social Sciences version 21.0 (SPSS, IBM, West Grove, PA, United States). 
Data were expressed as mean ± SD. One-way ANOVA and subsequent 

post hoc analysis with LSD method were used to compare the data 
between groups. 2-tailed P values <0.05 were considered statistically 
significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
R.Z.T. and H.Y.M. contributed equally to this work. This work was 
supported by the National Key R&D Program of China (Grant 
No. 2020YFA0908500, No. 2018YFA0901600), the Natural Science 
Foundation of China (No. 2211101029, No. 22161142015, No. 22001054, 
No. 22075065), the Scientific Research Start-up Foundation of 
Hangzhou Normal University (No. 2019QDL026), the Science and 
Technology Department of Jilin Province (No. 20180623052TC), and the 
Jilin Provincial Key Laboratory (No. 20190901005JC).

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.

Keywords
antioxidant systems, cerebral ischemia-reperfusion injury, dual-atom 
nanozymes, multi-enzyme cascade activities, reactive oxygen species, 
Se-containing MOF

Received: April 10, 2022
Revised: May 9, 2022

Published online: May 31, 2022

[1] a) M. Zhou, H. Wang, X. Zeng, P. Yin, J. Zhu, W. Chen, X. Li, L. Wang, 
L. Wang, Y. Liu, J. Liu, M. Zhang, J. Qi, S. Yu, A. Afshin, E. Gakidou, 
S. Glenn, V. S. Krish, M. K. Miller-Petrie, W. C. Mountjoy-Venning,  
E. C. Mullany, S. B. Redford, H. Liu, M. Naghavi, S. I. Hay, L. Wang, 
C. J. L.  Murray, X.  Liang, Lancet 2019, 394, 1145; b) V. L.  Feigin, 
B. A. Stark, C. O.  Johnson, G. A. Roth, C. Bisignano, G. G. Abady, 
M.  Abbasifard, M.  Abbasi-Kangevari, F.  Abd-Allah, V.  Abedi, 
A.  Abualhasan, N. M.  Abu-Rmeileh, O. M.  Adebayo, G.  Agarwal, 
P. Agasthi, B. O. Ahinkorah, S. Ahmad, S. Ahmadi, Y. A. Salih, B. Aji, 
S. Akbarpour, R. O. Akinyemi, H. A. Hamad, F. Alahdab, S. M. Alif, 
V.  Alipour, S. M.  Alijunid, S.  Almustanvir, R. M.  Al-Raddadi,  
R.  Al-Shahi Salman, et  al., Lancet Neurol. 2021, 20, 795;  
c) G. Abraham, R. Malik, E. Yonova-Doing, A. Salim, M. Dichgans, 
Nat. Commun. 2019, 10, 5819.

[2] E. J.  Benjamin, S. S.  Virani, C. W.  Callaway, A. M.  Chamberlain, 
A. R.  Chang, S.  Cheng, S. E.  Chiuve, M.  Cushman, F. N.  Delling, 
R. Deo, S. D. de Ferranti, J. F. Ferguson, M. Fornage, C. Gillespie, 
C. R.  Isasi, M. C.  Jiménez, L. C.  Jordan, S. E.  Judd, D.  Lackland, 
J. H. Lichtman, L. Lisabeth, S. Liu, C. T. Longenecker, P. L. Lutsey, 

Adv. Funct. Mater. 2022, 32, 2204025

 16163028, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202204025 by H
angzhou N

orm
al U

niversity, W
iley O

nline L
ibrary on [09/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2204025 (16 of 17) © 2022 Wiley-VCH GmbH

J. S.  Mackey, D. B.  Matchar, K.  Matsushita, M. E.  Mussolino, 
K. Nasir, M. O’Flaherty, et al., Circulation 2018, 137, e67.

[3] a) W. J.  Powers, A. A.  Rabinstein, T.  Ackerson, O. M.  Adeoye, 
N. C. Bambakidis, K. Becker, J. Biller, M. Brown, B. M. Demaerschalk, 
B.  Hoh, E. C.  Jauch, C. S.  Kidwell, T. M.  Leslie-Mazwi,  
B.  Ovbiagele, P. A.  Scott, K. N.  Sheth, A. M.  Southerland, 
D. V. Summers, D. L. Tirschwell, Stroke 2018, 49, e46; b) W. J. Powers, 
A. A.  Rabinstein, T.  Ackerson, O. M.  Adeoye, N. C.  Bambakidis, 
K.  Becker, J.  Biller, M.  Brown, B. M.  Demaerschalk, B.  Hoh, 
E. C.  Jauch, C. S.  Kidwell, T. M.  Leslie-Mazwi,  
B.  Ovbiagele, P. A.  Scott, K. N.  Sheth, A. M.  Southerland, 
D. V. Summers, D. L. Tirschwell, Stroke 2019, 50, e344.

[4] a) E. A. Blackwood, K. Azizi, D. J. Thuerauf, R. J. Paxman, L. Plate, 
J. W.  Kelly, R. L.  Wiseman, C. C.  Glembotski, Nat. Commun. 
2019, 10, 187; b) M. S. Sun, H.  Jin, X. Sun, S. Huang, F. L. Zhang, 
Z. N.  Guo, Y.  Yang, Oxid. Med. Cell. Longevity 2018, 2018,  
3804979.

[5] a) C. L. Allen, U. Bayraktutan, Int. J. Stroke 2009, 4, 461; b) P. J. Crack, 
J. M. Taylor, Free Radical Biol. Med. 2005, 38, 1433; c) D. N. Granger, 
P. R. Kvietys, Redox Biol. 2015, 6, 524.

[6] R. Kohen, A. Nyska, Toxicol. Pathol. 2002, 30, 620.
[7] a) Y.  Son, S.  Kim, H. T.  Chung, H. O.  Pae, Methods Enzymol. 

2013, 528, 27; b) P. H. Chan, J. Cereb. Blood Flow Metab. 2001, 21,  
125; c) T. Sugawara, P. H. Chan, Antioxid. Redox Signaling 2003, 5, 
597.

[8] a) J. Yao, Y. Cheng, M. Zhou, S. Zhao, S. Lin, X. Wang, J. Wu, S. Li, 
H.  Wei, Chem. Sci. 2018, 9, 2927; b) M.  Ahamed, A.  Alshamsan, 
M.  Akhtar, A.  Javed, A.  Salman, J. Colloid Interface Sci. 2015, 457, 
370; c) X.  Liu, Z. Zhang, Y. Zhang, Y. Guan, Z.  Liu, J. Ren, X. Qu, 
Adv. Funct. Mater. 2016, 26, 7921; d) Y. Liu, K. Ai, X. Ji, D. Askhatova, 
J.  Shi, J. Am. Chem. Soc. 2016, 139, 856; e) M.  Soh, D. W.  Kang, 
H. G. Jeong, D. Kim, D. Y. Kim, W. Yang, C. Song, S. Baik, I. Y. Choi, 
S. K. Ki, Angew. Chem., Int. Ed. 2017, 129, 11557; f) T. Chen, H. Zou, 
X.  Wu, C.  Liu, B.  Situ, L.  Zheng, G.  Yang, ACS Appl. Mater. Inter-
faces 2018, 10, 12453; g) Z.  Jiulong, C.  Xiaojun, G.  Wei, Z.  Linlin, 
Z.  Duowu, ACS Appl. Mater. Interfaces 2018, 10, 26108; h) X.  Mu, 
H. He, J. Wang, W. Long, Q. Li, H. Liu, Y. Gao, L. Ouyang, Q. Ren, 
S.  Sun, Nano Lett. 2019, 19, 4527; i) J.  Wu, X.  Wang, Q.  Wang, 
Z. Lou, S. Li, Y. Zhu, L. Qin, H. Wei, Chem. Soc. Rev. 2019, 48, 1004; 
j) C. Hao, A. Qu, L. Xu, M. Sun, H. Zhang, C. Xu, H. Kuang, J. Am. 
Chem. Soc. 2018, 141, 1091.

[9] a) Z. Geng, Y. Liu, X. Kong, P. Li, K. Li, Z. Liu, J. Du, M. Shu, R. Si, 
J.  Zeng, Adv. Mater. 2018, 30, 1803498; b) X.  Li, X.  Huang, S.  Xi, 
S.  Miao, J.  Ding, W.  Cai, S.  Liu, X.  Yang, H.  Yang, J.  Gao, J. Am. 
Chem. Soc. 2018, 140, 12469; c) L. Huang, J. Chen, L. Gan, J. Wang, 
S. Dong, Sci. Adv. 2019, 5, eaav5490; d) Y. Chen, P. Wang, H. Hao, 
J. Hong, H. Li, S.  Ji, A.  Li, R. Gao, J. Dong, X. Han, J. Am. Chem. 
Soc. 2021, 143, 18643; e) S.  Ji, B.  Jiang, H.  Hao, Y.  Chen, J.  Dong, 
Y. Mao, Z. Zhang, R. Gao, W. Chen, R. Zhang, Nat. Catal. 2021, 4, 
407.

[10] a) R.  Yan, S.  Sun, J.  Yang, W.  Long, D.  Ming, ACS Nano 2019, 13, 
11552; b) M. Huo, L. Wang, Y. Wang, Y. Chen, J. Shi, Sci. Adv. 2019, 
13, 2643; c) D.  Wang, H.  Wu, S. Z. F.  Phua, G.  Yang, W. Q.  Lim, 
L.  Gu, C.  Qian, H.  Wang, Z.  Guo, H.  Chen, Nat. Commun. 2020, 
11, 357; d) Y. Zhu, W. Wang, J. Cheng, Y. Qu, Y. Dai, M. Liu, J. Yu, 
C.  Wang, H.  Wang, S.  Wang, Angew. Chem., Int. Ed. 2021, 133,  
9566; e) M.  Chang, Z.  Hou, M.  Wang, C.  Yang, R.  Wang, F.  Li, 
D.  Liu, T.  Peng, C.  Li, J.  Lin, Angew. Chem., Int. Ed. 2021, 133,  
13081.

[11] B.  Xu, H.  Wang, W.  Wang, L.  Gao, S.  Li, X.  Pan, H.  Wang,  
H.  Yang, X.  Meng, Q.  Wu, Angew. Chem., Int. Ed. 2019, 131,  
4965.

[12] a) Y. Wu, L.  Jiao, X.  Luo, W. Xu, X. Wei, H. Wang, H. Yan, W. Gu, 
B. Z.  Xu, D.  Du, Small 2019, 15, 1903108; b) M. S.  Kim, J.  Lee, 

H. S.  Kim, A.  Cho, K. H.  Shim, T. N.  Le, S. S. A.  An, J. W.  Han, 
M. I. Kim, J. Lee, Adv. Funct. Mater. 2020, 30, 1905410.

[13] a) W. Ma, J. Mao, X. Yang, C. Pan, W. Chen, M. Wang, P. Yu, L. Mao, 
Y.  Li, Chem. Commun. 2019, 55, 159; b) J.  Xi, R.  Zhang, L.  Wang, 
W.  Xu, Q.  Liang, J.  Li, J.  Jiang, Y.  Yang, X.  Yan, K.  Fan, Adv. Funct. 
Mater. 2021, 31, 2007130.

[14] a) H.  Yan, Y.  Lin, H.  Wu, W.  Zhang, Z.  Sun, H.  Cheng, W.  Liu, 
C. Wang, J. Li, X. Huang, Nat. Commun. 2017, 8, 1070; b) L. Zhang, 
R. Si, H. Liu, N. Chen, Q. Wang, K. Adair, Z. Wang, J. Chen, Z. Song, 
J. Li, M. N. Banis, R. Li, T-K. Sham, M. Gu, L.-M. Liu, G. A. Botton, 
X. Sun, Nat. Commun. 2019, 10, 1; c) T. Ding, X. Liu, Z. Tao, T. Liu, 
T. Chen, W. Zhang, X. Shen, D. Liu, S. Wang, B. Pang, J. Am. Chem. 
Soc. 2021, 143, 11317; d) S. Tian, B. Wang, W. Gong, Z. He, Q. Xu, 
W.  Chen, Q.  Zhang, Y.  Zhu, J.  Yang, Q.  Fu, Nat. Commun. 2021, 
12, 3181; e) N.  Zhang, X.  Zhang, Y.  Kang, C.  Ye, R.  Jin, H.  Yan, 
R.  Lin, J.  Yang, Q.  Xu, Y.  Wang, Angew. Chem., Int. Ed. 2021, 60,  
13388.

[15] a) C.  Chu, D.  Huang, S.  Gupta, S.  Weon, J.  Niu, E.  Stavitski, 
C. Muhich, J.-H. Kim, Nat. Commun. 2021, 12, 1; b) S. Tian, Q. Fu, 
W. Chen, Q. Feng, Z. Chen, J. Zhang, W.-C. Cheong, R. Yu, L. Gu, 
J.  Dong, J.  Luo, C.  Chen, Q.  Peng, C.  Draxl, D.  Wang, Y.  Li, Nat. 
Commun. 2018, 9, 2353.

[16] H. J. Kwon, D. Kim, K. Seo, Y. G. Kim, S. I. Han, T. Kang, M. Soh, 
T. Hyeon, Angew. Chem., Int. Ed. 2018, 57, 9408.

[17] a) J.  Wu, Y.  Yu, Y.  Cheng, C.  Cheng, Y.  Zhang, B.  Jiang, X.  Zhao, 
L. Miao, H. Wei, Angew. Chem., Int. Ed. 2021, 133, 1247; b) Y. Huang, 
C. Liu, F. Pu, Z. Liu, J. Ren, X. Qu, Chem. Commun. 2017, 53, 3082.

[18] W. Ye, S. Chen, Y. Lin, L. Yang, S. Chen, X. Zheng, Z. Qi, C. Wang, 
R. Long, M. Chen, Chem 2019, 5, 2865.

[19] X. Huang, Y. Yin, Y. Tang, X. Bai, Z. Zhang, J. Xu, J. Liu, J. Shen, Soft 
Matter 2009, 5, 1905.

[20] Q.-M.  Hasi, Y.  Fan, X.-X.  Feng, X.-Q.  Yao, J.-C.  Liu, Transition Met. 
Chem. 2016, 41, 685.

[21] L.  Jiao, W.  Ye, Y.  Kang, Y.  Zhang, W.  Xu, Y.  Wu, W.  Gu, W.  Song, 
Y. Xiong, C. Zhu, Nano Res. 2022, 15, 959.

[22] Z.  Wang, P. K.  Upputuri, X.  Zhen, R.  Zhang, Y.  Jiang, X.  Ai, 
Z. Zhang, M. Hu, Z. Meng, Y. Lu, Nano Res. 2019, 12, 49.

[23] B. H.  Bielski, D. E.  Cabelli, R. L.  Arudi, A. B.  Ross, J. Phys. Chem. 
Ref. Data 1985, 14, 1041.

[24] a) X. Shen, W. Liu, X. Gao, Z. Lu, X. Wu, X. Gao, J. Am. Chem. Soc. 
2015, 137, 15882; b) Z. Wang, X. Shen, X. Gao, Y. Zhao, Nanoscale 
2019, 11, 13289; c) Z.  Wang, J.  Wu, J.-J.  Zheng, X.  Shen, L.  Yan, 
H. Wei, X. Gao, Y. Zhao, Nat. Commun. 2021, 12, 6866.

[25] Z. G.  Leng, S. J.  Lin, Z. R.  Wu, Y. H.  Guo, L.  Cai, H. B.  Shang, 
H.  Tang, Y. J.  Xue, M. Q.  Lou, W.  Zhao, W.-D.  Le, W. G.  Zhao, 
X. Zhang, Z. B. Wu, Autophagy 2017, 13, 1404.

[26] a) Y. Liu, K. Ai, X. Ji, D. Askhatova, R. Du, L. Lu, J. Shi, J. Am. Chem. 
Soc. 2017, 139, 856; b) J. L. Cohen-Pfeffer, S. Gururangan, T. Lester, 
D. A.  Lim, A. J.  Shaywitz, M.  Westphal, I.  Slavc, Pediatr. Neurol. 
2017, 67, 23; c) K. Zhang, M. Tu, W. Gao, X. Cai, Nano Lett. 2019, 
19, 2812.

[27] D. J. Wolak, R. G. Thorne, Mol. Pharmaceutics 2013, 10, 1492.
[28] J. M. McCord, I. Fridovich, J. Biol. Chem. 1969, 244, 6049.
[29] H. Sun, L. Miao, J. Li, S. Fu, G. An, C. Si, Z. Dong, Q. Luo, S. Yu, 

J. Xu, ACS Nano 2015, 9, 5461.
[30] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.
[31] G. Kresse, J. Furthmüller, Comp. Mater. Sci. 1996, 6, 15.
[32] M. Ernzerhof, G. E. Scuseria, J. Chem. Phys. 1999, 110, 5029.
[33] a) J. P.  Perdew, K.  Burke, M.  Ernzerhof, Phys. Rev. Lett. 1996, 77, 

3865; b) S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 
2010, 132, 154104.

[34] a) K.  Yang, Y.  Dai, B.  Huang, Y. P.  Feng, Phys. Rev. B 2010, 81, 
033202; b) M. Arroyo-de Dompablo, A. Morales-García, M. Taravillo, 
J. Chem. Phys. 2011, 135, 054503.

Adv. Funct. Mater. 2022, 32, 2204025

 16163028, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202204025 by H
angzhou N

orm
al U

niversity, W
iley O

nline L
ibrary on [09/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.afm-journal.dewww.advancedsciencenews.com

2204025 (17 of 17) © 2022 Wiley-VCH GmbH

[35] S.  Grimme, S.  Ehrlich, L.  Goerigk, J. Comput. Chem. 2011, 32,  
1456.

[36] G.  Henkelman, B. P.  Uberuaga, H.  Jónsson, J. Chem. Phys. 2000, 
113, 9901.

[37] a) D. G.  Truhlar, B. C.  Garrett, S. J.  Klippenstein, J. Phys. Chem. 
1996, 100, 12771; b) B. C.  Garrett, D. G.  Truhlar, R. S.  Grev, 
A. W. Magnuson, J. Phys. Chem. 1980, 84, 1730.

[38] B. C. Garrett, D. G. Truhlar, J. Phys. Chem. 1979, 83, 200.
[39] S. Canneaux, F. Bohr, E. Henon, J. Comput. Chem. 2014, 35, 82.
[40] a) S. Chen, M. Sun, X. Zhao, Z. Yang, W. Liu, J. Cao, Y. Qiao, X. Luo, 

A. Wen, Mol. Med. Rep. 2019, 19, 3009; b) X. Meng, W. Xie, Mole-
cules 2018, 23, 2401.

[41] E. Z. Longa, P. R. Weinstein, S. Carlson, R. Cummins, Stroke 1989, 
20, 84.

Adv. Funct. Mater. 2022, 32, 2204025

 16163028, 2022, 36, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202204025 by H
angzhou N

orm
al U

niversity, W
iley O

nline L
ibrary on [09/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


