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Constructing relatively inexpensive nanomaterials to simulate the catalytic performance of laccase is of great
significance in recent years. Although research on improving laccase-like activity by regulating ligands of copper
(amino acids or small organic molecules, etc.) have achieved remarkable success. There are few reports on
improving laccase-like activity by adjusting the composition of metal Cu. Here, we used perovskite hydroxide AB
(OH)g as a model to evaluate the relationship between Cu based alloys and their laccase-like activity. We found
that when the Cu/Mn alloy ratio of the perovskite hydroxide A point is greater than 1, the laccase-like activity of
the binary alloy perovskite hydroxide is higher than that of the corresponding single Cu. Based on the mea-
surements of XPS and ICP-MS, we deduced that the improvements of laccase-like activity mainly attribute to the
ratio of Cu*/Cu®*and the content of Cu. Moreover, two types of substrates (toxic pollutants and catechol neu-
rotransmitters) were used to successfully demonstrated such nanozymes’ excellent environmental protecting
function and biosensing property. This work will provide a novel approach for the construction and application
of laccase-like nanozymes in the future.

structure and function of enzymes in nature is of great interest (Wulff
and Liu, 2012; Dong et al., 2012; Nath et al., 2016). With the explosive

1. Introduction

Laccase is one of the few natural enzymes that can be used in organic
solvent environments (Mogharabi and Faramarzi, 2014; Witayakran and
Ragauskas, 2009). They are often used to oxidize various phenolic
substrates and have attracted much attentions from environmental
protection and food industry (Minussi et al., 2002; Strong and Claus,
2011; Mayer and Staples, 2002; Couto and Herrera, 2006). However,
laccase mainly exists in plants, fungi and bacteria, and the production
cost of its extraction and purification is still high. While laccase can
remain active in organic solvents, its protein-based component still loses
activity in more stringent industrial reaction systems, such as high
temperatures or high ionic strength. To this end, it is necessary to
develop laccase alternatives that are low-cost, have excellent activity,
high stability, and have the potential for large-scale production.

Designing and constructing artificial enzymes that mimic the

development in the field of nanoscience, numerous nanomaterials have
been reported to have catalytic activities similar to those of natural
enzymes (called nanozymes) (Gao et al., 2007; Huang et al., 2019a,
2019b; Chen et al., 2012; Natalio et al., 2012; Liu et al., 2019; Wang
et al., 2021, 2024a; Yu et al., 2024; Hou et al., 2024; Han et al., 2022;
Zhang et al., 2023). Compared with natural enzymes, nanozymes have
the advantages of more stable activity, lower cost, and richer functions
(Zhang et al., 2021). They have shown excellent applications in the
fields such as biomedical engineering, analytical sensing, environmental
protection, and agriculture (Jiang et al., 2019; Li et al., 2019, 2021;
Meng et al., 2020; Cui et al., 2022; Wang et al., 2024b; Ma et al., 2024;
Fang et al., 2023). Therefore, constructing nanozymes with laccase-like
activity is a promising approach to establish laccase alternatives.

To date, nanomaterials with laccase-like catalytic activity mainly
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consist of copper-based nanozymes (Liang et al., 2017; Tran et al., 2021;
Song et al., 2023; Makam et al., 2022; Wang et al., 2019a, 2022a; Li
et al., 2022), platinum-based nanozymes (Wang et al., 2017; Liu et al.,
2015; Yang et al., 2023), gold-based nanozyme (Gugoasa et al., 2021),
cerium based nanozyme (Liang et al., 2022), and lithium-based nano-
zymes (Wang et al., 2022b). Among them, researchers pay more atten-
tions to Cu-based laccase mimetics than the others (Lei et al., 2022). We
reason that there are two main reasons for this phenomenon: Firstly,
natural laccase has a multi-copper center, thus using amino acids, nu-
cleotides or organic small molecules to coordinate with Cu to construct
biomimetic laccase-like nanozymes is more designed and rational than
the trial-and-error strategy. Secondly, the prices of metals Pt, Au, and Li
are much higher than Cu. However, for copper-based nanozymes, opti-
mization of catalytic performance mainly focuses on screening and
changing of ligands. There are few reports on improving activity by
adjusting the composition of metal Cu. Since alloy-based catalysts have
an easier-to-control electronic structure, better thermal stability and
lower cost than single metal catalysts in catalytic reactions (Greeley and
Mavrikakis, 2004; Tang et al., 2019; Fang et al., 2018). It is of great
significance to use copper-based alloys to regulate the laccase-like ac-
tivity of nanozymes.

Perovskite-based nanomaterials (oxides-ABO3 or hydroxides-AB
(OH)g) have shown valuable applications in many fields due to their
regular ReOjs structure, easily controllable metal components (points A
or B), and excellent catalytic properties (Pena and Fierro, 2001; Song
et al, 2016; Fang et al, 2022; Hwang et al., 2017). Recently,
perovskite-based nanozymes have also attracted much attentions, for
example, Wei group has constructed some perovskite-based nanozymes
via two strategies, one is designing the eg electron orbit of the A point of
perovskite oxide (Wang et al., 2019b), another is using perovskite oxide
as the base to grow noble metal nanoparticles (Jiang et al., 2021).
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Compared with perovskite oxides, perovskite hydroxides are another
type of compounds with ReOs related structures. Their synthesis method
(co-precipitation) is milder and simpler, and they are suitable as tem-
plates for multi-metal doping (Chen et al., 2018; Gao et al., 2018; Wu
et al., 2022). In particular, the A point of perovskite hydroxide can be
doped not only with various metals like Fe, Mn, Cu, Zn, and Ni but also
alloys with two or more components can be synthesized. This charac-
teristic permits the formation of diverse copper-containing alloys, which
is advantageous for regulating the laccase-like activity of
copper-containing alloys constructed from different combinations of
metals and copper. Encouraged by this, it is reasonable and feasible to
study the relationship between laccase-like activity and Cu-based alloys
through regulating the A-point metal-doping in perovskite hydroxides.

Herein, as shown in Scheme 1, we selected perovskite hydroxide AB
(OH)g as a model and successfully synthesized CuSn(OH)g nanozyme
with laccase-like activity. Subsequently, we screened the A-point of
CuSn(OH)g nanozyme via using Mn, a cheaper metal than copper, to
construct alloys with Cu. Five binary perovskite hydroxide nanozymes
(Cup.2Mng gSn(OH)g, Cuo.4Mng ¢Sn(OH)s, Cug sMng 5Sn(OH)s,
Cug.eMng 4Sn(OH)g, and Cug gMng 2Sn(OH)g) with different Cu/Mn ra-
tios were successfully synthesized. To our surprise, Cu/Mn alloy ratios of
0.5/0.5 and 0.8/0.2 can indeed enhance the laccase activity of CuSn
(OH)g. X-ray photoelectron spectroscopy (XPS) and inductively coupled
plasma mass spectrometry (ICP-MS) results indicate that this increase in
activity may be attributed to the Cu content and the Cut/Cu?* ratio.
Kinetic studies showed that this nanozyme has better catalytic efficiency
than natural laccase. Furthermore, these nanozymes maintain excellent
laccase-like activity at high temperatures and high ionic strengths.
Finally, two types of substrates, toxic pollutants and catechol neuro-
transmitters, were used to react with these nanozymes. The results
proved that these synthetic nanozymes have excellent environmental

Laccase

Raw signals

LDA

Catechol neurotransmitters

Scheme 1. Schematic illustration of the design of perovskite hydroxide-based laccase mimics for discriminating toxic pollutants and catechol neurotransmitters.
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protection functions and biological detection properties.
2. Experimental

2.1. Synthesis of MSn(OH)¢

Typically, perovskite hydroxide MSn(OH)g was synthesized by a co-
precipitation method according to previous literature with some modi-
fications (Gao et al., 2018). Solution A: CuSO4-5H-50 (2 mmol) and so-
dium citrate (2 mmol) were dissolved in 70 mL deionized water.
Solution B: 2 mmol SnCls-5H;0 was dissolved in 10 mL ethanol. Then,
solution B and solution A were mixed and stirred for 30 min. Subse-
quently, 10 mL of 2 M NaOH was added to the mixed solution in an 80 °C
water bath. After 1 h, the precipitate was collected by centrifugation,
washed several times with ethanol and deionized water, and dried at
60 °C. The synthesis of perovskite hydroxides for other metals (Co, Mg,
Fe, Mn) is the same as above.

2.2. Synthesis of MM’Sn(OH)g

The mixed metal perovskite hydroxides MM’Sn(OH)¢ were synthe-
sized by the same method according to MSn(OH)e. The difference is that
the single metal M is replaced by alloy MM’ with different proportions.
For example, the solution A of CuysMngsSn(OH)e is consist of
CuS04-5H,0 (1 mmol), (CH3COO)>,Mn-4H,0O (1 mmol) and sodium
citrate (2 mmol). The following steps are the same as for CuSn(OH)g
synthesis.

2.3. Measurement of the laccase-like activity

The laccase-like activity test of nanozymes was based on previous
reports (Makam et al., 2022). First, 4-AP (0.5 mM) and 2,4-DP (0.6 mM)
solutions were mixed with PBS buffer (pH 7.2). Next, nanozymes (0.1
mg/mL) was added. Then, the reaction system was incubated at 25 °C
for 1 h, and then the reaction solution was transferred to a 96-well plate,
and the absorbance value at 510 nm was measured using a microplate
reader.

2.4. Kinetics assays

Various concentrations of 2,4-DP (0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1, 2 and
5 mM) were reacted with 0.5 mM 4-AP and 0.1 mg/mL nanozyme,
respectively. Michaelis-Menten equation (Vo = Vinax [S1/(Kpy + [S]) was
applied to obtain the kinetic parameters Vi,ax and K. kegr = Viax/[E].
[E] is the enzyme or nanozyme concentration. The molar concentration
of the nanozyme was determined by a nanoparticle tracking analysis
(NTA) system. First, measure the number of particles per milliliter with
the NTA instrument, and then divide it by Avogadro’s constant to get
[E]. All measurements were replicated at least three times and averaged
for accuracy.

2.5. Detoxify of toxic pollutants

Toxic pollutant (0.6 mM) was reacted with 0.5 mM 4-AP in PBS
buffer (pH 7.2) containing 0.1 mg/mL nanozyme for 1 h at 25 °C. The
color changing is recorded at the corresponding absorbance of 510 nm.

2.6. Discrimination of toxic pollutants

Eight kinds of toxic phenolic pollutants were detected as follows. PBS
buffer (pH 7.2) containing nanozyme (100 pg/mL) and different con-
centration of analytes were incubated for 1 h at 25 °C. Then, 100 pL of
each sample was added to a 96-well plate to collect absorbance. The
eight toxic phenolic pollutants were tested against three nanozymes five
times to give an eight toxic phenolic pollutants x three arrays x five
replicates training data matrix. The raw data matrix was processed using
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Linear Discriminant Analysis (LDA).
2.7. Detection of epinephrine

Nanozyme (0.1 mg/mL) and epinephrine (0.5 mM) were mixed with
PBS buffer (pH 7.2) for 1 h at 25 °C. The absorbance at 485 nm was
collected. L-DOPA, dopamine, and norepinephrine were reacting
following a similar process to that for epinephrine. To evaluate the
detection limit of epinephrine, different concentrations of epinephrine
(10, 20, 30, 40, 50, 60, 80, 100, 150, 200, and 300 pM) were mixed with
0.1 mg/mL nanozyme in the PBS buffer for 1 h at 25 °C. The detection
limit was calculated by 3c/b, where ¢ is the standard deviation of the
blank signals, and b is the slope of the regression line.

2.8. Discrimination of catecholamine neurotransmitters

PBS buffer (pH 7.2) containing nanozyme (100 pg/mL) and different
concentration of substrate was incubated for 1 h at 25 °C. Then, 100 pL
of each sample was added to a 96-well plate to collect absorbance. The
four catecholamine neurotransmitters were tested against three nano-
zymes five times to give a four catecholamine neurotransmitters x three
arrays x five replicates training data matrix. The raw data matrix was
processed using Linear Discriminant Analysis (LDA).

2.9. Measurements of Cu and Mn contents

The amounts of Cu and Mn in CuSn(OH)g, Cug sMng sSn(OH)g and
Cup gMng 2Sn(OH)¢ were analyzed by ICP-MS (Agilent 7700, USA).
Before  measurements, CuSn(OH)s, CugsMngsSn(OH)gs  and
Cugp gMng 2Sn(OH)g were first digested at aqua regia overnight respec-
tively, and diluted with water.

3. Results and discussion
3.1. Exploring perovskite hydroxide MSn(OH)¢ with laccase-like activity

Perovskite hydroxides are compounds with a typical ReOs-related
structure (Fig. 1A) (Evans et al., 2020). Here, five perovskite hydroxides
with MSn(OH)g (M = Co, Mg, Fe, Mn, and Cu) structures were synthe-
sized using a simple co-precipitation method. Scanning electron mi-
croscopy (SEM) showed their cubic morphology with dimensions
ranging from 50 to 450 nm (Fig. 1B and Fig. S1). Meanwhile, the powder
X-ray diffraction (PXRD) spectra showed that these MSn(OH)¢ are
consistent with a previous report (Wu et al., 2022) (Fig. 1C).

As shown in Fig. 1D, the laccase-mimicking activity of these perov-
skite hydroxides was evaluated by the typical color changing reaction of
2,4-dichlorophenol (2,4-DP) with 4-aminoantipyrine (4-AP). We found
that 2,4-DP reacts with 4-AP only in the presence of CuSn(OH)g, pro-
ducing a wine-red product with a characteristic UV-visible absorption
peak at 510 nm, which indicates that CuSn(OH)¢ has excellent laccase-
like activity. Subsequently, we tested four other perovskite hydroxides
using the same method and compared their activity with CuSn(OH)g.
The results show that among these perovskite hydroxides, only when Cu
occupies A-site, it has excellent laccase-like catalytic activity, which is
consistent with the catalytic center of natural laccase being metal Cu
(Fig. 1E and Fig. S3).

3.2. Exploring perovskite hydroxide MM’Sn(OH)¢ with laccase-like
activity

In the AB(OH)g structure of perovskite hydroxide, the metal A-site
can be occupied by mixed metals. Very recently, perovskite hydroxides
with high-entropy alloys occupying the A-site were successfully syn-
thesized (Wu et al., 2022). Inspired by this, we selected metal Mn, which
also has the laccase-like activity when occupied A-site in the AB(OH)g
structure, to mix with Cu to synthesize binary alloy perovskites
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Fig. 1. (A) Schematic diagram of the perovskite hydroxide structure. (B) SEM image of CoSn(OH). (C) PXRD patterns of CoSn(OH)s, MgSn(OH)e, FeSn(OH)g, MnSn
(OH)e, and CuSn(OH)e. (D) Laccase-like activity measurement of CuSn(OH)e. Inset: Typical reaction for evaluating the laccase-like activities, photograph of the
corresponding samples. (E) Relative laccase-like activity of five perovskite hydroxides, the laccase-like activity of CuSn(OH)e was set as 100%. (F) SEM image of
Cup sMng 5Sn(OH)e. (G) PXRD patterns of CugsMngsSn(OH)s, Cug.oMng gSn(OH)s, CuggMng 2Sn(OH)g, Cug 4Mng ¢Sn(OH)g, and Cug ¢Mng 4Sn(OH)e. (H) Relative
laccase-like activity of binary alloy perovskite hydroxides, the laccase-like activity of CuSn(OH)¢ was set as 100%. (I) Relative activity of CuSn(OH), Cug sMng sSn
(OH)e, and Cug gMng >Sn(OH)e under different temperatures. Error bars in all figures mean standard deviations of 3 independent tests.

hydroxides with different ratios of Cu/Mn. As shown in Fig. 1F and
Fig. S2, SEM images indicated that binary CuMnSn(OH)e compounds
with Cu/Mn ratios of 0.2/0.8, 0.4/0.6, 0.5/0.5, 0.6/0.4, and 0.8/0.2 still
have cubic morphology. But compared to CuSn(OH)e, the size of the
binary material is significantly smaller, around 30-100 nm. PXRD
spectra exhibited that these binary alloy perovskite hydroxides also have
typical perovskites hydroxide structures (Fig. 1G). To further demon-
strate the success synthesis of Mn/Cu alloy, SEM element mapping tests
were conducted on CuSn(OH)g, Cug sMng 5Sn(OH)g, and Cug gMng 2Sn
(OH)e. The results also proved that the two Mn and Cu elements do exist
in such binary alloy perovskites hydroxides (Fig. S6-Fig. S11).

Then, we tested the laccase-like activity of these five binary alloy
perovskite hydroxides. As shown in Fig. 1H, using CuSn(OH) as refer-
ence, we found that the ratio of Cu and Mn has a significant impact on
the laccase-like activity of these perovskite hydroxides. Specifically, the
laccase-like activities of CugsMngsSn(OH)e, CuggMng 4Sn(OH)e and

Cup.gMng 2Sn(OH)¢ were higher than those of the reference, and
Cup gMng 2Sn(OH)g has the highest activity. At the same time, the
laccase-like activities of Cug4MnggSn(OH)g¢ and CugoMnggSn(OH)g
were lower than those of the reference, and Cugy ;Mng gSn(OH)g has the
lowest activity. These results show that: (1) When the Cu/Mn ratio is
greater than 1, the higher the ratio, the stronger the activity, which is
higher than the reference; (2) When the Cu/Mn ratio is 1, the activity is
slightly higher than the reference; (3) When the Cu/Mn ratio is less than
1, its activity is lower than the reference and the lower the ratio, the
lower the activity. Moreover, we have synthesized alloys containing
between three to seven elements (Fig. S22). However, in testing their
laccase-like activity, we found that except for the binary CuMn alloy,
other multi-component alloys could not provide outstanding catalytic
performance.
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3.3. Mechanism study

To explore the mechanism of the above-mentioned differences in
laccase-like activity, ICP-MS and XPS were used to evaluate CuSn(OH)g,
Cugp.sMng sSn(OH)g and CuggMng 2Sn(OH)e. First, at the same mass
concentration, the ICP-MS results showed that the Cu contents in CuSn
(OH)g, Cug.sMngsSn(OH)g and Cug gMng 2Sn(OH)g are 30%, 11% and
17%, and the Sn contents are 28%, 34% and 33%. Meanwhile, the Mn
contents in CugsMngsSn(OH)e and CuggMng oSn(OH)g are 10% and
6%. In addition, we have measured the Brunauer-Emmett-Teller (BET)
surface areas of CuSn(OH)g (36.01 ng'l), Cug 5Sng 5(0OH)e (65.86 ng'
1y and Cug gSng.2(OH)g (36.08 ng-l) (Fig. S20 and Table S3). Since Cu is
the active site of natural laccase and most laccase-like mimics, its con-
tent should theoretically be positively correlated with laccase-like ac-
tivity. However, we found that after incorporating Mn into CuSn(OH)g,
although the contents of Cu obviously decreased, the activities of the
Cu/Mn alloy perovskite hydroxides CugsMngsSn(OH)s and
Cugp gMng »Sn(OH)e were still higher than that of the single Cu activity. It
demonstrates that when the copper content is low, the specific surface
area plays an important role in enhancing its catalytic activity. We then
ran XPS tests on these materials. The survey spectra, O 1s, Sn 3d, and Mn
2p were shown in Fig. S12, Fig. S13, and Fig. S14. The spectra of Cu 2p
showed that the ratios of Cu’/Cu®" are different among CuSn(OH)s,
Cug sMng sSn(OH)e and Cugp gMng 2Sn(OH)g. As shown in Fig. 2, doping
Mn element can increase the ratio of Cu™/Cu®* from 13/87 to 26,/74.
We deduced that the increased proportion of Cut may also be respon-
sible for the increased activity.

To further optimize the catalytic activity, we selected CuSn(OH)g,
CugsMng sSn(OH)e and CuggMng 2Sn(OH)e with higher laccase-like
activity to test their activities under different temperatures and ionic
strengths. As shown in Fig. 1I-as the temperature increases, these three
nanozymes all showed enhanced activity, and their optimal reaction
temperatures are all 80 °C. We then used NaCl to change the ionic
strength of the solution. As the concentration of NaCl increased,
Cugp gMng 2Sn(OH)g still had the optimal activity among all three mate-
rials (Fig. S4). Besides, we investigated how pH impacts the laccase-like
activity of perovskite hydroxide nanozymes. As shown in Fig. S19A, the
optimal pH value for the laccase-like activity of CuSn(OH)e,
Cug.5sMng 5Sn(OH)e, and Cug gMng 2Sn(OH)g is 7. At the same time, the
optimal pH value of Cugp gMng 2Sn(OH)e for eight different substrates is
also 7 (Fig. S19B). Furthermore, the stability and recyclability of these
nanozymes were evaluated with good results showing their effective
performances (Figs. S21 and S24).

3.4. Kinetic study

In addition, the typical Michaelis—Menten curves were obtained and

A B
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kinetic parameters were calculated based on the equation: V = Vpx [S1/
(K + [SD), where V is the initial velocity, [S] is the concentration of
substrate, Vp,x is the maximum reaction velocity, and K, is the
Michaelis constant. As shown in Fig. S5 and Table S1, the catalytic ef-
ficiency (keq/Km = 3.37 x 10° mM~! s71) and the maximum reaction
velocity (Vipax = 3.25x 10°mM s of Cug sMng 5Sn(OH)e are much
higher than that of CuSn(OH)g and CuggMng2Sn(OH)e. It is worth
mentioning that the k.q/Ky, values of our synthesized laccase-like mi-
metics are much higher than that of natural laccase (Makam et al., 2022)
(Fig. S18 and Table S1).

3.5. Discrimination and detoxify of environmental toxic pollutants

Distinguishing and degrading different environmental pollutants can
not only improve the efficiency of environmental protection, but also
help analyze the composition of polluted water, trace the source of
pollution, and solve environmental problems further upstream.
Although laccase and its mimetics exhibited excellent degradation of
toxic phenolic pollutants, there are still relatively few studies dis-
tinguishing the pollutants. Here, three nanozymes (CuSn(OH)g,
Cugp s5Mng sSn(OH)g and Cug gMng 2Sn(OH)e) with laccase-like activity
were used to construct a sensor array for distinguishing eight toxic
pollutants (Fig. 3A and B). Fig. 3C ~ Fig. 3E and Fig. S15 showed that
these three nanozymes can catalyze the oxidation of all eight pollutants
and make them show different colors. Linear discriminant analysis
(LDA) is a supervised learning technique that aims to maximize the
separation between classes by finding projection vectors. It does so by
separating samples from different categories while clustering together
samples from the same category to enable classification. In areas like
analysis and detection, LDA is commonly utilized to reduce the dimen-
sionality of intricate high-dimensional data and isolate its key charac-
teristics. Thus, analyzing these signals by LDA could convert the training
matrix into three canonical scores, and the first two most important
discriminating factors could generate 2D canonical score plots. To
optimize the sensor array, we first fixed the concentration of the sub-
strate to screen the optimal concentration of the nanozyme. Fig. S16
showed that when the concentration of these nanozymes is 0.05 mg/mL,
the sensor array has the best discrimination effect for all pollutants.
Subsequently, we applied this sensor array to distinguish eight con-
taminants at concentrations ranging from 0.4 to 1.0 mM. Fig. 3F ~
Fig. 3H showed the substrate discrimination effect of this sensor array,
that is, when the substrate concentration is 0.4 and 0.6 mM, these eight
substrates can be effectively distinguished; when the substrate concen-
tration is increased to 1.0 mM, all contaminants cannot be completely
distinguished.
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Fig. 2. The Cu 2p XPS spectra of (A) CuSn(OH)e, (B) CugsMng sSn(OH)g, and (C) CuggMng 2Sn(OH)g.
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3.6. Colorimetric detection and identification of catecholamine
neurotransmitters

Catecholamines are hormones produced by the brain, nervous tissue,
and adrenal glands, including dopamine (DA), epinephrine (EP), Levo-
dopa (LD), and norepinephrine (NE). They are substances released by
the body in response to emotions or physiology pressure. Abnormal
catecholamine levels may indicate a serious underlying disease. There-
fore, highly sensitive detection and differentiation of multiple cate-
cholamines is needed. Since catecholamine neurotransmitters are
another phenolic substrate, nanozymes with laccase-like activity can
react with them to produce colored products. Thus, we applied CuSn
(OH)g, CugsMngsSn(OH)e and CuggMng,Sn(OH)e as functional

colorimetric probes to detect catecholamines.

Epinephrine, a typical catecholamine neurotransmitter, was selected
for detection. As depicted in Fig. 4A-B, Fig. 4D-E, Fig. 4G, and Fig. 4H,
the characteristic UV-vis absorbances of oxidized EP gradually increased
with enhancing the EP concentrations from 10 to 300 pM, indicating the
excellent detectability of CuSn(OH)e, CupsMngsSn(OH)s and
Cup gMng 2Sn(OH)¢ toward EP. In addition, Fig. 4C-F, Fig. 4l, and
Table S2 showed linear relationships between the absorbances at 485
nm and EP concentrations in the ranges from 50 to 150 uM (CuSn(OH)s),
20-200 }lM (CUO45M1’10.5SH(0H)5), and 10-150 }lM (CUOlle’lo.gsn(OH)ﬁ),
respectively. The detection limits of CuSn(OH)g, Cug sMng sSn(OH)e and
Cup.gMng 2Sn(OH)¢ were 14.6, 9.3, and 3.5 pM respectively, indicating
that the CuggMng 2Sn(OH)e probe has the highest sensitivity for EP
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biosensing.

Then, three nanozymes (CuSn(OH)g, CugpsMngsSn(OH)e and
Cug.gMng 2Sn(OH)e) with laccase mimicking activities were applied to
construct a sensor array for discrimination of EP, NE, DA, and LD
(Fig. 5A). As shown in Fig. 5B ~ Fig. 5D, these four neurotransmitters
showed different signals on the sensor array. We found that sensor ar-
rays with nanozymes at concentrations of 0.05, 0.10, 0.20, and 0.50 mg/
mL could completely distinguish these four neurotransmitters (Fig. S17).
We then used the sensor array constructed with the lowest concentration
of nanozyme (0.05 mg/mL) to distinguish different concentrations of
neurotransmitters. Fig. 5E and F showed that this sensor array can
completely distinguish neurotransmitters at concentrations of 0.2 and
0.8 mM.

4. Conclusions

In summary, we have developed the perovskite hydroxides-based
nanozymes with excellent laccase-like activity. We found that intro-
ducing alloys with different “Cu/Mn” ratios into the A-site of the
perovskite hydroxide structure can modulate its laccase-like activity.

Through XPS and ICP-MS measurements, we infer that the regulation of
laccase activity of these nanozymes is mainly attributed to the ratio of
Cut/Cu?" and Cu content. Moreover, we found that these laccase-like
nanozymes could not only efficiently detoxify toxic pollutants but also
had highly sensitive detection capabilities for neurotransmitter.
Benefiting from such functions, a sensor array using three nanozymes of
CuSn(OH)g, Cug sMng 5sSn(OH)e and Cug gMng 2Sn(OH)g was established
and successfully applied to distinguish eight different pollutants and
four different neurotransmitters, respectively. We hope that this work
will encourage more researchers to develop laccase-like nanozymes with
low price and superior activity, and further apply them in a wider range
of environmental and biomedical fields.
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