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Analyzing the SOD-like activity of nanozymes in vitro is of great importance for identifying new nano-
zymes and predicting their potential biological effects in vivo. However, false negative or positive results
occasionally occur due to the mismatch between the detection methods and nanozymes. Here, five
typical SOD-like nanozymes, including CeO,, MnzQO,, Prussian blue (PB), PCN222-Mn, and Pt NPs, have
been used to evaluate the sensitivity and accuracy of several commonly used in vitro detection methods.
By systematically analyzing the detection results, several precautions have been taken. (1) The hydroethi-
dine (HE) probe could be disturbed by the nanozyme with oxidative ability. (2) The nitro blue tetrazolium
(NBT) probe has a moderate sensitivity due to the poor water solubility of its reduced product. (3) The
water-soluble tetrazolium salt (WST)-8 probe has a higher sensitivity than both NBT and iodonitrotetrazo-
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lium chloride (INT). (4) The detection system using the irradiation of riboflavin to produce ‘O, might be
interfered by the nanozyme with photosensibility. (5) Both the quality of DMPO and incubation time are
important factors for electron paramagnetic resonance (EPR) measurement. This study will be useful for
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Introduction

Reactive oxygen species (ROS), including superoxide anions
("0,7), hydroxyl radicals ("OH), singlet oxygen (*O,), and hydro-
gen peroxide (H,0,), are generated during the metabolism of
oxygen and play very important roles in diseases such as
cardiovascular disease,’ inflammatory bowel disease,” rheuma-
toid arthritis,’ and even cancer.” To protect tissues from dysre-
gulated ROS-induced damage (e.g., oxidative stress), living
organisms have the corresponding evolved enzymes to regulate
the abnormal levels of ROS.> Among them, superoxide dismu-
tase (SOD) is an important antioxidant enzyme for catalyzing
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choosing more suitable in vitro detection methods of SOD-like activity for nanozymes in the future.

the dismutation of O, into molecular oxygen and H,O,. In
addition, using SODs as therapeutic agents against ROS-
related diseases has been successfully established.® For
instance, SODs are found to be effective for the treatment of
myocardial ischemia-reperfusion injury,” multiple myeloma,®
and several kinds of inflammatory diseases.” Although SODs
have efficient ROS scavenging ability, high cost and low stabi-
lity have limited their applications. To date, lots of efforts have
been contributed to developing SOD mimics to overcome the
drawbacks of enzymatic counterparts.’®*> Among them, nano-
materials with SOD-like activity (called SOD-like nanozymes)
have received particular interest due to their low cost, high
stability, and efficient therapeutic effect in vivo.">

For SOD-like nanozymes, analyzing their in vitro activities is
not only beneficial for predicting potential therapeutic effects
in vivo, but also provides an effective screening method for
identifying on-demand nanozymes from the available nano-
materials. Due to the high activities of "O,~ for both oxidation
and reduction, different types of probes have been used as
indicators through the redox reactions with "0,."®"” However,
these redox reaction based detection methods have limited
specificity for evaluating the "O,~ scavenging abilities of nano-
zymes due to the possible competitive reactions between nano-
zymes/probes and ‘O, /probes. Such a mismatch between a
probe and a SOD-like nanozyme would generate a false positive
or negative result, seriously interfering with the measure-

This journal is © The Royal Society of Chemistry 2021
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ments. In this regard, it is urgent to ensure that the measure-
ment of SOD-like activity is suitable for the corresponding
nanozyme.

To tackle this challenge, herein, several probes have been
selected to detect the in vitro SOD-like activities of five typical
SOD-like nanozymes (CeO,,"® Mn;0,,"° Prussian blue (PB),>
PCN222-Mn,*' and Pt NPs*)). Two methods (one is the
xanthine (X)/xanthine oxidase (XO) method and the other is
the irradiation of riboflavin method) are used to produce "O,".
The selected probes are hydroethidine (HE),* nitro blue tetra-
zolium (NBT),>* iodonitrotetrazolium chloride (INT),*® water-
soluble tetrazolium salts (WST)-8,° cytochrome c,”” and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO).>® Through such a sys-
tematically comparative study, several useful precautions have
been taken, which will be useful for choosing more suitable
in vitro detection methods of SOD-like activity for nanozymes
in the future.

Experimental section
Reagents and materials

Commercially available reagents were of analytical grade and
were used without further purification. Manganese acetate
(Mn(OAc),) was purchased from Shanghai Meixing Chemical
Reagent Co., Ltd. Chloroplatinic acid (H,PtCls-6H,0), NBT, X,
X0, and diethylene triamine pentaacetic acid (DTPA) were
obtained from Sigma-Aldrich. DMPO was obtained from
Dojindo Co., Ltd. SOD assay kits (WST-8) and natural SODs
were purchased from Beyotime Chemical Reagent Co., Ltd.
Hydroethidine (HE), cerium nitrate hexahydrate, ethylene
glycol, riboflavin, and ammonia solution were obtained from
Aladdin Chemical Reagent Co., Ltd. ZrOCl,-8H,0O was pur-
chased from Energy Chemical Co. Ltd. INT was purchased
from J&K Scientific Ltd. Cytochrome ¢ was obtained from
Shanghai Yuanye Biotechnology Co., Ltd. All aqueous solu-
tions were prepared with deionized water (18.2 MQ cm,
Millipore).

Instrumentation

TEM imaging was performed on a Tecnai F20 microscope FEI
(Field Electron and Iron Company) at an acceleration voltage
of 200 kV. PXRD patterns were obtained with an ARL SCINTAC
X'TRA diffractometer using Cu Ka radiation (Thermo Fisher
Scientific). The spectra from both absorbance and fluorescence
analyses were recorded on a microplate reader (SpectraMax
M2e, Molecular Device Co. Ltd, Shanghai, China). A LED lamp
(27 W) was used for the irradiation of riboflavin.

Synthesis of nanozymes (CeO,, Mn;0,4, PB, PCN222-Mn, and
Pt NPs)

The nanozymes of CeO, and Mn;0, were synthesized accord-
ing to our previous work.>> CeO, used was not freshly
prepared.

The nanozyme of PB was synthesized as follows.*
K,[Fe(CN)¢] (0.01 mmol) and citric acid (5 mmol) were dis-

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

solved in 20 mL of H,O under stirring at 60 °C (solution A). Fe
(NO3)3-9H,0 (0.05 mmol) and citric acid (5 mmol) were dis-
solved in 20 mL of H,O (solution B). Solution B was added to
solution A over 10 min, and the mixture was kept to react at
60 °C for another 5 min. The mixed solution was then cooled
to room temperature and further stirred for 30 min. The
mixture was centrifuged at 9000 rpm for 10 min and then
washed three times with ethanol.

The nanozymes of PCN222-Mn and Pt NPs were synthesized
according to our previous work.>"

Measurements of SOD-like activities for nanozymes

Method of the HE probe

Production of "O,~ by using a mixture of X and XO. Typically, X
(1.5 mM), XO (0.05 U mL™"), and different concentrations of
nanozymes were mixed in Tris-HCI buffer (0.1 M, pH 7.6) at
37 °C. The mixture was incubated for 10 min. Then, HE
(0.1 mg mL™") was added to the solution for another 10 min
reaction. Fluorescence spectra were recorded at an excitation
wavelength of 470 nm.

Production of "0, by irradiating riboflavin. Typically, ribofla-
vin (1.2 mM), EDTA (0.1 M), different concentrations of nano-
zymes, and HE (0.1 mg mL™") were mixed in Tris-HC] buffer
(0.1 M, pH 7.6), and then irradiated under a LED lamp for
5 min. Fluorescence spectra were recorded at an excitation
wavelength of 470 nm.

Method of the NBT probe

Production of "O,~ by using a mixture of X and XO. Typically,
different concentrations of nanozymes were mixed with X
(1.2 mM) and XO (0.05 U mL™") in Tris-HCI buffer (0.1 M, pH
7.6) at 37 °C for 5 min. Then, NBT (0.1 mg mL ") was added to
the mixed solution for another 5 min, and the absorption
spectra of the mixed solution were then obtained using a
microplate reader.

Production of O, by irradiating riboflavin. Typically, ribofla-
vin (1.2 mM), EDTA (0.1 M), different concentrations of nano-
zymes, and NBT (0.1 mg mL™") were mixed in Tris-HCI buffer
(0.1 M, pH 7.6), and then irradiated with a LED lamp for
5 min. The absorption spectra of the mixed solution were then
obtained using a microplate reader.

Method of the INT probe. Typically, different concentrations
of nanozymes were mixed with X (3 mM) and XO (0.05 U
mL™") in Tris-HCI buffer (0.1 M, pH 7.6) at 37 °C for 5 min.
Then, INT (0.05 mg mL™") was added to the mixed solution for
another 5 min, and the absorption spectra of the mixed solu-
tion were then obtained using a microplate reader.

Method of the WST-8 probe (SOD assay kits). According to
the protocol of SOD assay kits, the nanozyme (20 pL) was
mixed with 160 pL of the WST-8/enzyme solution in a micro-
plate well. Then, 20 pL of the starting solution was added.
After incubation at 37 °C for 30 min, the absorbance at
450 nm was measured using a microplate reader.

Method of the cytochrome ¢ probe. Typically, different con-
centrations of nanozymes were mixed with X (1.2 mM), XO
(0.05 U mL™"), cytochrome ¢ (0.3 mg mL™"), and catalase
(1 mg mL™", 1 mg > 3000 U) in Tris-HCI buffer (0.1 M, pH 7.6)

Analyst, 2021, 146, 1872-1879 | 1873


https://doi.org/10.1039/d0an02164d

Published on 06 janGar 2021. Downloaded on 24.3.2021 05:18:36.

Paper

at 37 °C for 10 min. Then, the absorption spectra were
measured using a microplate reader.

Method of EPR

Method in Fig. 6. EPR spectra were recorded on a Bruker
A300 spectrometer (X-band) at room temperature with a fre-
quency of 9.256 GHz. The samples had the final concen-
trations of X (0.5 mM), XO (0.005 U), and DMPO (22.5 mg
mL™") and different concentrations of nanozymes in PBS
(0.1 M, pH 7.5) that contained DTPA (25 pM).

Method in Fig. S71. EPR spectra were recorded on a Bruker
EMX-10/12 spectrometer (X-band) at room temperature with a
frequency of 9.772 GHz. The samples had a final concentration
of X (0.5 mM), XO (0.05 U), and DMPO (22.5 mg mL"") in Tris-
HCI buffer (0.1 M, pH 7.6) that contained DTPA (25 uM). The
mixing times of the samples were 10 s, 30 s, 60 s, and 120 s,
respectively.

Results and discussion
Synthesis and characterization of SOD-like nanozymes

Nanozymes with SOD-like activity have been developed as
efficient therapeutic reagents for the treatment of ROS-related
diseases. In this study, we synthesized five typical SOD-like
nanozymes for evaluating the differences among several com-
monly used in vitro SOD activity detection methods. As shown
in Fig. 1 and S1,t both TEM images and powder X-ray diffrac-
tion (PXRD) patterns of CeO,, Mn;0,, PB, PCN222-Mn, and Pt
NPs were consistent with previous reports.>***° The XRD pat-
terns of CeO,, Mn;0,, PB, and Pt NPs matched well with the
standard patterns of ceria (JCPDS card no. 43-1002), MnzO,
(JCPDS card no. 24-0734), PB (JCPDS card no. 73-0687), and Pt
NPs (JCPDS card no. 87-0642), demonstrating the successful
synthesis of these nanozymes. Moreover, to minimize the
potential interference of nanozymes, the absorption spectra of
nanozymes themselves with different concentrations have
been obtained (Fig. S2t). As the HE-based fluorescence detec-
tion system needs to be excited at 470 nm, the corresponding
fluorescence spectra of nanozymes themselves were obtained
as well (Fig. S37).

PCN222-Mn

Fig. 1 TEM images of (A) CeO,, (B) MnzQO4, (C) PB, (D) PCN222-Mn, and
(E) Pt NPs.
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In vitro detection methods of SOD-like activity

Generally, the detection of SOD-like activity can be divided
into two steps. First, ‘O, is produced by using an appropriate
method. Second, the amount of "O,” eliminated by a nano-
zyme is measured. To generate ‘O,~, using a mixture of X and
XO is a typically and widely used method due to the mild reac-
tion conditions and the stable generating process. Besides, the
irradiation of riboflavin as well as a solution containing pot-
assium superoxide (KO,) can also produce ‘O, . Due to the
insolubility of KO, in water, the enzyme method and the
irradiation of riboflavin were chosen in our work for the pro-
duction of "O,~ in aqueous solutions.

To measure the amount of "O,~, three kinds of probes
including fluorescent, colorimetric, and electron spin reso-
nance were used. As shown in Fig. 2, HE could be oxidized by
‘0O,” to produce fluorescence, while NBT, INT, WST-8, and
cytochrome ¢ could be reduced by ‘O, to generate their corres-
ponding colored products. Unlike the 'O,” mediated redox
reactions, DMPO is a spin trap to catch ‘O, and forms a more
stable adduct for EPR measurement.

The five SOD-like nanozymes were tested using these
probes and the two "O,~ generation methods for analyzing the
precautions and application scope of each detection method.

HE

First, we evaluated the SOD-like activities of CeO,, Mn;O,, PB,
PCN222-Mn, and Pt NPs using HE and two "O,” producing
methods. As a sensitive "O,~ indicator, HE could be oxidized
by ‘O,” to produce a wide fluorescence spectrum range from
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Fig. 2 Probes for the in vitro detection of SOD-like activity.
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Fig. 3 Fluorescence spectra of the mixture of X, XO, and HE in the absence and presence of different concentrations of (A) CeO,, (B) MnzOy,, (C)
PB, (D) PCN222-Mn, and (E) Pt NPs. Fluorescence spectra of the mixture of HE and riboflavin under illumination for 5 min in the absence and pres-
ence of different concentrations of (F) CeO,, (G) MnsOyg4, (H) PB, (I) PCN222-Mn, and (J) Pt NPs. (K) Dependence between the elimination efficiency
of ‘O,~ and the concentrations of nanozymes, data analyzed from panels A-E. (L) Dependence between the elimination efficiency of "O,~ and the
concentrations of nanozymes, data analyzed from panels F-J. The data are shown as means + SD (n = 3).

550 nm to 650 nm (typically centred at 600 nm). According to
Fig. 3A-E and K, all nanozymes decreased the amount of "0,
that was generated from the mixture of X and XO, showing
their 'O,~ scavenging abilities. Also, Fig. S5A and S5Ff show
that this detection system had an excellent sensitivity for
natural SODs. However, unlike other nanozymes, PB and Pt
NPs didn’t show positive correlations between SOD-like activi-
ties and concentrations. High concentrations of PB and Pt NPs
didn’t enhance their activities, showing false negative results
in this detection system. As we know, apart from ‘O, , HE
could be oxidized by other oxidants to produce non-specific
fluorescence, which would disturb the tests of "O,”. At the
same time, both PB and Pt NPs have been demonstrated with
oxidase-like activities.>"*> We reasoned that HE could be oxi-
dized by high concentrations of PB and Pt NPs, and then the
competitive reactions between nanozymes/HE and HE/'O,”
would affect the detection accuracy and generate inaccurate
results. Therefore, it is necessary to take the oxidative ability of
the nanozyme into consideration for the HE-based SOD detec-
tion system.

Apart from this, the irradiation of riboflavin, another "O,~
producing method, was also used to study the performance of
the HE probe for detecting the SOD-like activities of these
nanozymes. As shown in Fig. 3F-] and L, only Mn;O, and
PCN222-Mn showed SOD-like activities, indicating that the
detection system has scope of application.
Furthermore, the fluorescence of oxidized HE was seriously

limited

This journal is © The Royal Society of Chemistry 2021

affected by the fluorescence of riboflavin. Moreover, the fluo-
rescence of HE was decreased by irradiation, which means that
HE is unstable under irradiation. Fig. S6A and S6Ct show that
this method is not suitable for the detection of natural SODs
either. To this end, the enzyme method for "O,~ production is
more suitable for the HE probe than the irradiation method.

NBT

NBT, a widely used probe for the detection of SOD-like activity,
could be specifically reduced by "O,™ to produce a wide absorp-
tion spectrum from 450 nm to 700 nm (typically centred at
550 nm). Natural SODs and the nanozymes of CeO,, MnzOy,,
PB, PCN222-Mn, and Pt NPs were then investigated using NBT
as an indicator. A mixture of X and XO was used to generate
'0,". As shown in Fig. 4A-E and K, by analysing the changes of
absorbance at 550 nm, the SOD-like activities of Mn;O,,
PCN222-Mn, and Pt NPs were demonstrated. However, CeO,
and PB didn’t show SOD-like activities, indicating false nega-
tive results and the limited detection sensitivity of this detec-
tion method. In this detection, because the reduced product of
the NBT probe has poor water solubility, it is recommended
that the absorbance at 550 nm in the control group does not
exceed 0.8. Besides, this detection system also exhibited mod-
erate sensitivity for natural SODs (Fig. S5B and S5F}). We
reasoned that the limited changes of absorbance decreased
the sensitivity of the NBT probe. Therefore, taking into con-
sideration the balance between the water solubility of the

Analyst, 2021, 146, 1872-1879 | 1875
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Fig. 4 Absorption spectra of the mixture of NBT with X and XO in the absence and presence of different concentrations of (A) CeO,, (B) Mn3Oy4, (C)
PB, (D) PCN222-Mn, and (E) Pt NPs. Absorption spectra of the mixture of NBT and riboflavin under illumination for 5 min in the absence and pres-
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shown as means + SD (n = 3).

reduced product and the detection sensitivity is necessary for
the NBT probe.

On the other hand, by replacing the mixture of X and XO
with the irradiation of riboflavin in the NBT based detection
system, the SOD-like activities of these nanozymes as well as
natural SODs were further investigated. As shown in Fig. 4F-]
and L, all nanozymes showed SOD-like activities, meaning that
this method has excellent detection sensitivity. Meanwhile,
natural SODs showed a good positive correlation between con-
centrations and "O,~ eliminating activities (Fig. S6B and S6CT).
However, compared with the results of the former enzyme
based NBT probe (X, XO, and NBT), CeO, showed excellent
SOD-like activity in this irradiation based NBT probe. This
inconsistent result probably originates from the light-induced
electron transfer between the excited riboflavin and CeO,.
Specifically, as a photosensitizer, riboflavin could transfer an
electron to O, under irradiation, and thus produce ‘O, .
Meanwhile, CeO, is also known as an electron sponge which
could accept an electron from the excited photosensitizer.>”
Therefore, CeO, could decrease the amount of "O,~ by seizing
an electron from the excited photosensitizer. In this regard,
taking into consideration the nanozymes’ electron receiving
capability in this detection system is necessary. As the detec-
tion system using the irradiation of riboflavin is more complex
than the corresponding enzyme method, a mixture of X and
XO was used in the subsequent experiments to produce ‘O, .

1876 | Analyst, 2021, 146, 1872-1879

INT, WST-8 and cytochrome ¢

As shown in Fig. 2, INT and WST-8 are the analogues of NBT,
indicating that they could be reduced by O, and produce col-
orimetric products. The differences among them are the water
solubility and color of their reduced products. The reduced
products of INT and WST-8 have better water solubility than
that of NBT. Notably, WST-8 is also known as a commercial
SOD assay kit. As shown in Fig. 5A-L, by comparing these ana-
logues of NBT, the WST-8 probe showed excellent positive cor-
relations between concentrations and SOD-like activities for
these nanozymes, except for PB, meaning that the WST-8
probe has better detection sensitivity than others. Further
detection for natural SODs demonstrated that the WST-8 probe
indeed had a higher detection sensitivity than both the INT
and NBT probes (Fig. S5C, S5D, and S5Ff). However, the PB
nanozyme didn’t show SOD-like activity in these two probes,
indicating the mismatched detection methods for PB nano-
zymes. Besides, the cytochrome ¢ probe was further applied for
evaluating the SOD-like activity of these nanozymes in the
presence of X, XO and catalase (CAT). The detection method of
cytochrome ¢ involves the measurement of the absorbance
changes at 550 nm, representing the newly generated Fe*"
which is formed from the reductive reaction between Fe*" and
‘0, Because the as-formed Fe*" is easily oxidized back to Fe**
by H,0,, which is generated from ‘O, , CAT is needed to

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Absorption spectra of the mixture of INT with X and XO in the absence and presence of different concentrations of (A) CeO,, (B) MnzOy,4, (C)
PB, (D) PCN222-Mn, and (E) Pt NPs. Absorption spectra of the mixture of X, XO, and WST-8 in the absence and presence of different concentrations
of (F) CeO,, (G) Mn30y4, (H) PB, () PCN222-Mn, and (J) Pt NPs. (K) Dependence between the elimination efficiency of ‘O,~ and the concentrations of
nanozymes, data analyzed from panels A-E. (L) Dependence between the elimination efficiency of *O,™ and the concentrations of nanozymes, data

analyzed from panels F-J. Ao, the absorbance at 0 s; A, the absorbance at the corresponding time. The data are shown as means + SD (n = 3).
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ensure the decomposition of H,0,. However, in our detection
experiments, none of the nanozymes as well as natural
SODs showed SOD-like activities in the cytochrome ¢ based
measurements (Fig. S4A-S4F and S5Eft). These false negative
results remind us that it is necessary to use more than one
detection method for analyzing the SOD-like activities of
nanozymes.

DMPO

Unlike the abovementioned probes, DMPO is a spin trapping
reagent, which could form a covalent adduct with "O,", and
DMPO-'0O,", which rapidly converts to an adduct of
DMPO-OOH in aqueous solution, thus making ‘O,~ detectable
in the EPR spectrum. Due to the extremely short half-life of
‘O, in aqueous solution, the quality of DMPO as well as the
incubation time are important factors for measuring "O,~ by
EPR spectroscopy. As shown in Fig. S7,f the intensities of the
hyperfine signals of DMPO-OOH decreased along with the
increase of the incubation time from 10 s to 120 s, indicating
that a short incubation time is beneficial for capturing the
EPR signals. By using a 10 s incubation time, the SOD-like
activities of nanozymes with different concentrations were
then investigated (Fig. 6A). As shown in Fig. 6B, all nanozymes
exhibited concentration-dependent ‘O, scavenging abilities,
of which PCN222-Mn exhibited the highest SOD-like activity.
Compared with other probes, EPR measurement is a more sen-
sitive and accurate method for ‘O, detection, because it
doesn’t rely on the redox reactions with ‘O, ™, thus avoiding the
potential interference from the redox reactions between nano-
zymes and probes.

Conclusions

In this work, we have selected two ‘O,” producing methods
and six probes for evaluating the in vitro SOD-like activities of
nanozymes. Five typical SOD-like nanozymes have been
studied to compare the differences among these detection
methods. According to the results, we found that the HE probe
could be oxidized by nanozymes with oxidative abilities.
Furthermore, the NBT probe has limited detection sensitivity
owing to the poor water solubility of its reduced product. The
WST-8 probe is an analogue of NBT but shows better detection
sensitivity for nanozymes due to the good water solubility of
its reduced product. Moreover, while using the irradiation of
riboflavin to produce "O,", the electron receiving capability of
nanozymes needs to be considered. Lastly, EPR measurement
is a more accurate method for the detection of SOD-like
activity than others, whereas the quality of DMPO and the
incubation time are important factors for producing EPR
signals in aqueous solution. Based on the properties of nano-
zymes, using more than one method to detect their SOD-like
activity would avoid the false positive or negative result. We
hope this work would be useful to select a suitable and accu-
rate in vitro detection method for evaluating the SOD-like
activity of nanozymes in the future.
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