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Abstract

The authors describe the preparation of Cu(I)-coated Fe;0,4) nanoparticles (NPs) that possess excellent peroxidase-like activity.
The NPs were formed by chelation between Cu(ll) ions and the oxygen functional groups of sodium ligninsulfonate. The
morphology and structure of the NPs were characterized by scanning electron microscopy, transmission electron microscopy,
X-ray powder diffraction, X-ray photoelectron spectroscopy, and Fourier transform infrared spectroscopy. The NPs have an
average diameter of 220 nm. They are shown to be viable peroxidase mimics that can catalyze the oxidation of 3,3',5,5'-
tetramethylbenzidine by hydrogen peroxide to produce a blue coloration. The findings were used to design a colorimetric assay
that has a linear response in the 2.5 to 100 uM H,0O, concentration range and a 0.2 uM detection limit. The assay excels by its
selectivity, high sensitivity, good selectivity, portability and cost efficiency.

Keywords Fe;0,4-Cu”* nanoparticles - Nanozyme - Biosensor - Hydrogen peroxide - Colorimetric method

Introduction

Hydrogen peroxide (H,0O,) is a reactive molecule that plays a
major role in many fields such as the biological, chemical,
pharmaceutical, food and environmental sciences [1, 2].
Thus, it is particularly important to establish sensitive and
selective methods for the determination of H,O,. For this
aim, colorimetric means have been used because of their
unique advantages, such as fast response, simple operation,
low cost and high sensitivity [3]. Thereinto, nanoparticle-
based enzyme mimics, named nanozymes, have attracted
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great attention as an ideal transducer of colorimetry for sens-
ing of H,O, with their advantages of cheap cost and good
stability [4]. It not only has unique physical and chemical
properties of nanomaterials, but also has the catalytic activity
of natural enzymes. In recent years, with the rapid develop-
ment of nanomaterials, nanozymes researches have been
growing at an exponential rate.

Yang et al. have found that magnetic iron oxide nanoparti-
cles (MNPs) exhibited an intrinsic enzyme mimetic property
[5]. It was recognized as one of the earliest to be discovered.
Compared to traditional natural enzymes, the MNPs
nanozymes have several excellent advantages. First, MNPs
has powerful magnetic properties that can satisfy magnetic
separation and enrichment. Secondly, compared to HRP, the
catalytic activity of MNPs is more stable therefore the reac-
tionary conditions can be controlled. Thirdly, the preparation
and purification of MNPs are affordable [6]. Over the past
decade, MNPs have been applied in several fields, such as
biological catalysis and separation, magnetic resonance imag-
ing, drug delivery, and so on [7-9] due to advantages that
include large surface area, a great amount of active sites, and
strong magnetic activity [10]. The enzymes or mental catalysts
were coated on the surface of magnetic nanoparticles to form
functional nanomaterials for improving their catalytic charac-
teristics [11-14]. However, due to the complicated preparation
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process and high cost, they have not been widely used. Thus,
it is crucial to develop a facile and cheap method for the
preparation of nanozymes with high catalytic activity and
strong magnetic properties.

Notably, copper ions are one of the earliest metals used by
mankind. They are commonly existing active sites in natural
enzymes. Despite this, few studies based on copper ion’s
nanozyme such as Cu**-modified carbon nitride, Cu**-modi-
fied carbon dots, Cu**-modified graphene oxide, and Cu?*-
modified metal-organic framework nanoparticles, copper(Il)-
poly-L-histidine functionalized multi-walled carbon nano-
tubes have been reported [15-22]. In this regard, the combi-
nation of magnetic nanoparticles with Cu(II) has considerable
application prospects for the study of nanozymes.

Inspired by the above requirements, we employed an ad-
sorption method for the synthesis of copper(I) coated Fe;0,4
nanocomposite (Fe3O4—Cu2+), as shown in Scheme 1. We also
demonstrated that Fe;04-Cu®* NPs possess excellent
peroxidase-like catalytic properties and strong magnetism.
The catalytic mechanism was also within the scope of our
research. Finally, as a proof-of-concept, F ¢;04-Cu>* NPs were
used to design a sensitive colorimetric method for detecting
H202.

Experimental
Reagents

Iron(III) chloride hexahydrate and TMB were acquired from
Sangon Biotech Co., Ltd. (China, www.sangon.com). H,O,
(30%), hydrochloric acid and copper nitrate was produced by
Sinopharm Chemical Reagent Co., Ltd. (China, en.reagent.
com.cn). Furthermore, it was from Aladdin Industrial Co.,

Scheme 1 Schematic diagram of
the preparation technology for
Fe;04-Cu®* NPs and colorimetric
nanoprobe for H,O,

+*
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Ltd. (China, www.aladdin-e.com) that we purchased sodium
hydroxide, sodium acetate trihydrate and ethylene glycol.
Sodium ligninsulfonate (SL) was provided by the Tianjin
Guangfu Fine Chemical Research Institute (tjguangfu.bioon.
com.cn, CAS: 8061-51-6). In addition, a Millipore Milli-Q
system (18.2 MS2 cm) supplied the experimental water. The
HAc-NaAc buffer (0.1 M) with pH value range between 2 and
12 was obtained using variant proportions of 0.1 M HAc as
well as 0.1 M NaAc solution.

Instruments

Under conditions of an acceleration voltage of 200 kV, the
images of transmission electron microscopy (TEM) were gen-
erated by a Tecnai G2 F20 S-TWIN (FEI, America, www.fei.
com) electron microscope. It was a JSM-7500 field emission
scanning electron microscope with an EDX spectrometer that
we used to take images of field emission scanning electron
microscopy (FESEM). We use the method of dropping a dis-
persed solution onto an ITO slide and placing the ITO slides
on a copper disc and a copper film, respectively, and then
drying in air to prepare the SEM and TEM analysis samples.
The spectra of Fourier transform infrared (FTIR) was mea-
sured on the Nicolet Nexus FTIR model 670 Spectrometer
(Thermo, America, www.americanthermoform.com) in the
range of 400 to 4000 cm '. We use X-ray diffraction (XRD)
on a MinFlex600 X-ray diffractometer to test the nanomaterial
crystalline phase (www.rigaku.com). The measurement of X-
ray photoelectron spectroscopy (XPS) was on ESCALab250
(Thermo, America, www.americanthermoform.com). It was a
UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan, www.
shimadzu.com) or a Varioskan Flash spectrometer (Thermo
Fisher Scientific, America, www.thermofisher.com) that
used to conduct the spectra of UV-visible absorption.
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Synthesis of Fe;0,-Cu®>* nanoparticles

Fe;0,4-Cu”* nanoparticles were prepared via a two-step meth-
od. Firstly, Fe;04-SL was synthesized via a simple alcohol-
thermal process which was described previously [23, 24].
Detailed procedures are included in the Supporting
Information.

Hereafter, 0.02 g FesO4-SL was added into 50 mL 0.5 g-
L' Cu** solution under neutral conditions (pH =7) and
mixed thoroughly. Then, the solution was taken into a three-
necked flask at the mechanical stirring rate of 400 r/min at
25 °C for 3 h. The product needs to be processed in three
steps: the first step was centrifuged, the second part was
washed three times with ultrapure water, and the third step is
dried at 50 °C for 8 h, which can achieve the final product.

General procedure for assessing peroxidase-like
activity

Since the peroxidase mimetic activity of Fe;04-Cu”* NPs was
researched, the catalytic oxidation of the peroxidase substrate
TMB that had H,O, was measured. The catalytic experiment
was conducted as follows: a mixture consists of 50 pL Fe;O0y4-
Cu®* NPs (25 pg mL™"), 50 pL H,0, (25 mM), 1850 pL
HAc-NaAc (pH=3, 0.1 M) and 50 uL TMB (0.8 mM) was
incubated 30 min at 25 °C. Then, we recorded spectrum of
UV-Vis absorption at 652 nm. In addition, the effect of the
reaction temperature (15~75 °C), the pH of the buffer (2~12)
and concentration of Fe;0,-Cu®* NPs (2-18 ug mL ") on the
peroxidase mimetic activity of Fe;0,-Cu®* NPs were
researched to achieve the optimal condition for a Fe;Oy4-
Cu®* NPs detection system.

Steady-state kinetics analysis

To further find out the steady-state kinetics of Fe;04-Cu**
NPs, the two most important kinetic parameters were calcu-
lated through many experiments: K, and V,,. First of all,
keeping the concentration of TMB (0.4 and 0.8 mM) constant
and varying the H,O, concentration (0.6—10 mM), the mixture
solution consisted of a HAc-NaAc buffer (1850 pL, 0.1 M,
pH = 3) and Fe;04-Cu”* NPs (50 uL, 25 pg mL ™). TMB and
H,0, were prepared and reacted 35 min at 45 °C. At last, we
detailed the absorbance of the mixture of 652 nm. Similarly,
solutions used for kinetic analysis with H,O, as the substrate
was studied by maintaining the H,O, concentration and
changing the TMB concentration under the same conditions.

The Lineweaver-Burk plot derived from the Michaelis-
Menten equation was carried out to calculate the enzyme ki-

netic parameters: 3 = K, /Vmax(1/[s]+ 1/K,,). In this

formula, v represents the reaction rate; V.« represents the
maximum reaction rate; [s] represents the substrate concentra-
tion, and K, represents the Michaelis constant [25]. Herein,
the Ox-TMB concentration is quantitatively counted accord-
ing to Lambert-Beer Law (A = kbc), where, A is absorbance, b
represents the solution’s thickness, ¢ is the Ox-TMB concen-
tration, and k stands for the molar absorption coefficient
which was usually considered to be 39,000 cm ™' [26].

Colorimetric determination of H,0,

The process of H,O, detection was performed as follows: At
first, TMB (50 uL, 0.8 mM) and Fe;0,-Cu”* nanoparticles
(25 ug mL™", 50 uL) were placed successively into a mixed
buffer for sodium acetate (1900 uL, pH = 3) containing differ-
ent H,O, concentrations. Then, incubate the above solution
35 min at 45 °C, the adsorption spectroscopy was scanned
from 400 to 800 nm. Finally, we recorded the integrated ab-
sorbance at 652 nm and thus a linear equation of H,O, con-
centration was established.

Results and discussion
Choice of materials

It is well known that a lot of nanomaterials such as MNPs,
noble NPs, and carbon NPs have been reported to have intrin-
sic enzyme mimetic property [27-29]. Among them, MNPs
are the most widely used materials which combine magnetic
separation with enzymatic properties. However, they have
poor water solubility, easy agglomeration, and large particle
size, resulting in a great limitation on their catalytic activity.
Tonic liquid dopamine were used to modify MNPs to improve
solve this problem. SL is a natural high molecular polymer
with non-toxic, biodegradable properties and is rich in func-
tional groups, including methoxy, hydroxyl, sulfonic acid
groups and etc. Furthermore, copper ion is proved to be a good
mimetic property. And copper ions could modify on the sur-
face by SL. Therefore, Fe;0,4-Cu®* NPs were synthesized and
employed to fabricate colorimetric method for the determina-
tion of H,0,.

Characterization of Fe;0,-SL and Fe;0,-Cu®* NPs

As mentioned before, Fe;0,-Cu®* NPs were synthesized
through two steps. First, Fe304-SL NPs were synthesized by
the alcohol-thermal method using SL as surfactant. Then,
Fe;04-Cu®* NPs are formed by reacting the Fe;O4-SL parti-
cles with Cu?* ions. The SL containing various oxygen func-
tional groups are responsible for the formation of
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Fig. 1 SEM images of Fe;04-SL
NP (a), Fe;04-Cu>* NPs (b), and
XRD spectrum (¢) of Fe;04-Cu®*
NPs, FTIR pattern of Fe;04-SL
NPs and Fe;04-Cu®* NPs (d)
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nanoparticles with Cu?*. To verify the successful preparation
of Fe;0,4-Cu®* NPs, a series of measurements including SEM,
TEM, XRD, FTIR, EDS and XPS were carried out.

SEM and TEM were first used to characterize the morphol-
ogy of Fe;04-Cu®* NPs. Figure 1a shows that the monodis-
perse Fe;O4-SL NPs consist of spherical structures with aver-
age sizes of 125 nm in diameter. SL absorbed on the surface of
Fe304 is rich in RCOO™ groups. This makes Fe;O,4 nanopar-
ticles surrounded by negative charges. The particles have
good dispersibility due to electrostatic and steric effects.
After Cu®* was modified on the surface of Fe;0,-SLNPs,
Fe;0,4-Cu®* NPs generally maintain the spherical structure
and good dispersion of Fe;04-SL nanoparticles with the aver-
age size of 220 nm (Fig. 1b and S1a). Then, the crystal struc-
tures of Fe;04-SL and Fe;04-Cu®*" NPs were investigated by
XRD as shown in Fig. lc. All observed diffraction peaks
correspond to the reported Fe;O4 phase (JCPDS 75-1609).
The peaks of 20 at 30.07°,35.41°, 37.01°, 43.01°, 53.29°,
62.49°, 73.90° corresponding to Fe;0, crystal planes (220),
(311), (222), (400), (422), (511), (440), (533), respectively.
This result illustrates that synthesized materials possess a cu-
bic spinel structure.

Subsequently, FTIR spectra were executed for the investi-
gation of the structure and components of Fe;0,-Cu”* NPs.

@ Springer
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Figure 1d clearly shows the results. Before Cu?* doping, the
Fe;04-SL NPs show a broad and strong peak at 3440 cm ™'
and five strong peaks at 2960, 1640, 1380, 588, and 580,
which belongs to a benzene ring C-H stretching vibrations,
O-H stretching vibrations, telescopic vibration of a benzene
ring, S=0O vibration, and Fe-O. This indicates that SL has
successfully modified on the surface of Fe;0,4 nanoparticles.
As for curve Fe;04-Cu** NPs the absorption band of O-H and
Fe-O becomes narrower and weaker due to the chelation re-
action between Cu”* and -O-H, indicating successful prepara-
tion of Fe;04-Cu”* nanoparticles.

Moreover, the chemical component and state were studied
by EDS and XPS. As demonstrated in Fig. S1b, the elements
of Cu, Fe, O and S coexisted in the nanoparticles, verifying the
existence of Cu. The S peak comes from the modification of
SL, while Cu and Fe belong to the chelation of Cu®* and
Fe304. The O peak is attributed to Fe;04 and SL. The mea-
surements of XPS provided further proof of the Fe;04-Cu**
nanoparticles. The XPS result support the direct evidence of
Cu®* in the Fe;0,4-SL and the state of oxidation, degree of
adaptability and chemical constitution. As shown in Fig.
S2a, the peaks of Cls, Ols, S2p, Fe2p, Cu2p are clearly ob-
served in the full scan spectrum, further indicating C, O, S, Fe,
Cu atoms formed the Fe;0,4-Cu”** NPs. To investigate the
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oxidation state of copper in our prepared Fe;0,4-Cu®* nano-
particles, the spectra of Cu2p and CuLMM were analyzed. In
Fig. S2b, Cu2p3/2 and Cu2pl/2 electrons of Cu®*
corresponded two highest points at 933.5 and 953.4 eV, re-
spectively [21]. Moreover, another two peaks located at
941.95 and 962.05 eV belonging to the d9 configuration in
the ground state of Cu”* are observed, indicating the paramag-
netic chemical state of Cu®* [22]. The peak of Cu* located at
572.9 eV can be observed in Fig. S2c¢. It proves the presence
of Cu™ [20]. Therefore, part of Cu®* is changed to the original
Cu* during the formation of Fe;0,4-Cu®* NPs, and thus leads
to higher activity. All of these indicate that Cu>* was success-
fully doped in Fe;0,4 nanoparticles.

Peroxidase-like activity of the Fe;0,-Cu** NPs

It is known that, Fe;0, and Cu®* exhibit excellent peroxidase-
like activity. Thus, we predict that our designed NPs also have
good catalytic properties. Since the Fe;04-Cu’* NPs
peroxidase-like activity investigated, under the circumstance
of presence of H,O, we formed a critical opinion of the cat-
alytic oxidized chromogenic peroxidase substrate TMB.
Figure 2A shows that the NPs can catalytically oxidize color-
less TMB to blue colored oxidized TMBox which has an
absorption maximum at 652 nm. However, the absence of
H,0, or TMB generated ignorable color changes. Moreover,
a time curve of different reaction systems within 50 min was

Fig. 2 (A) Photographs and (B)
the absorbance changes within 0—
45 min at 652 nm of different re-
action systems: F e304—Cu2++
TMB + H,0, (a), Fe;0,4-Cu+
TMB (b) and Fe;0,-Cu**+H,0,
(c). (C) Photographs and (D) the
absorbance changes within 0—
45 min in the conditions of

652 nm of variant reaction hier-
archy: Cu”*+TMB + H,0, (a),
Fe;04+ TMB + H,0, (b) and
Fe;04-Cu**+TMB + H,0, (c).
Conditions for completion of the

A

m.

N

experiment: operation was carried C
out in acetate buffer of (pH = 3) at
25°C
a -
-
7 — >

carried out by determining the absorbance changes in the con-
ditions of 652 nm. In Fig. 2B, the relative activity of the
Fe;04-Cu”*-TMB and Fe;0,4-Cu”*-H,0, systems are signifi-
cantly lower than that of the F ¢;04-Cu?*-TMB-H,0, system.
This shows that Fe;0,-Cu®* can catalyze the oxidation of
H,0, to generate ‘OH radicals, allowing-OH species to cata-
lyze TMB oxidizing to generate a distinct color change [30].
There is excellent peroxidase-like catalytic activity in the NPs.
There are enough active sites which are provided by the spher-
ical structure for the catalytic oxidation TMB. Furthermore,
the catalytic activity of Fe;0,4, Cu”* and Fe;04-Cu®* NPs was
compared. From Fig. 2C, we can find that under the same
conditions, the color change of Fe;0,4 or Cu®* reaction system
is weaker than that of Fe;0,4-Cu®* NPs reaction system with
obvious color change. The maximum reaction relative activity
shown in Fig. 2D is approximately three times and two times
larger than Fe;0, and Cu®* respectively, demonstrating a
higher peroxidase-like activity of the Fe;O4-Cu?*
nanomaterial derived from the synergetic coupling effect be-
tween Fe;0, and Cu**.

Optimization of method

The following parameters were optimized: (a) sample pH val-
ue; (b) reaction temperature; (c) Feg,O4—Cu2+ NP concentra-
tion; (d) reaction time. Respective data and Figures are given
in the Electronic Supporting Materials. The following
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Fig. 3 Steady-state dynamic a b 40
analysis of Fe;0,4-Cu®* NPs: o5[ ’
Michaelis-Menten model with the
H>0, concentration of 0.4 mM
and variation TMB concentration — ' . 35¢
(a) and 0.25 mM TMB concen- T 20T . T
tration and variation H>O, con- a; ,;
centration (b). (¢ and d) This is a < < 3ol
double reciprocal plot of the ac- S 15l " SO
tivity of a variable concentration
of Fe;0,4-Cu”* nanoparticles with
the substrate (H,O, or TMB) 10 . . . . 25¢ . . . . . .
fixed concentration and another ) 0.2 0.4 06 08 0 4 8 12 16 20
substrate TMB(mM) H,0,(mM)
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experimental conditional were found to give best results: (a)
Best Sample pH value: 3.0; (b) Optimal reaction temperature:
45 °C; (c¢c) Optimal Fez;04-Cu?* NP
concentration:10 pg mL™"; (d) Optimal reaction time: 35 min.

Kinetics analysis

The Michaelis-Menten constant (K,,,) and maximum initial
velocity (V,,,) are the main kinetic parameters in regard to the
catalytic rate and the binding affinity of the enzyme and
zymolyte. Therefore, for the affinity between the enzyme
and the substrate, we usually use the K, value to represent.
The binding affinity of the enzyme to the substrate becomes
stronger as the value becomes smaller. In order to further
research the catalytic mechanism of Fe;04-Cu”* NPs, enzyme
kinetic theory was employed. First, the absorbance at 652 nm
was recorded through changing the H,O, or TMB concentra-
tion while maintaining the other concentration. Typical
Michaelis-Menten plots in line with the Michaelis-Menten
equation are achieved as shown in Fig. 3a and b. By means
of Lineweaver-Burk port, in Table 1, we can determine and
record K,,, and V,,,. The K,,, data of the nanoparticles which
had TMB as the substrate is 0.220 mM which is two times less
than HRP, showing a higher binding affinity toward TMB
peroxidase-like activity. In addition, the corresponding K,
value based on H,O, is 0.228 mM which 16 and 675 times

@ Springer

lower than the HRP and single Fe;0,4, demonstrating a stron-
ger binding affinity toward H,O,. These results clearly prove
that the Fe;04-Cu®* NPs have super peroxidase-like activ-
ity. The reason may be ascribed to the synergistic effects
from the nanoparticles structure, Fe;O4, and Cu** which
can provide more active sites. Furthermore, we calculated
the original speeds in the HO, or TMB range and drew a
double reciprocal plot of the original speed versus another
concentration of substrate. We can get parallel lines as
reported in Fig. 3c and d. It suggests that the catalytic process

Table 1 Comparison of the K;,, and V,,,,x parameters of Fe304-Cu2+
nanoparticles with other reported nanozymes and HRP

Catalyst Substance K [MM]  Viax [10° Ms.”']  Ref.

GO-Fe;0, TMB 0.43 13.08 [30]
H,0, 0.71 531

RhNPs TMB 0.198 6.78 31]
H,0, 0.38 0.241

Fe;0, TMB 0.098 34 [32]
H,0, 154 9.8

HRP TMB 0.43 10 [32]
H,0, 3.7 8.71

FesO,4- Cu®*  TMB 0.220 3.124 This work
H,0, 0.228 3.166
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Fig. 4 a Spectra of UV-visible a b
absorption of ox-TMB at variant 1.4
H,0, concentrations using 12l
Fe;0,4-Cu® NPs being artificial
S E . o o
enzymes. b This is a linear cali- S o 10}
bration plot that is consistent with g §
H,0, (the absorbance value at =) ..E 0.8F
652 nm was used) = =
=]
»n »n 06}
= =
< < 04}
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of Fe;04-Cu®* NPs was in the light of the ping-pong mecha-
nism, and the ping-pong was the mechanism of the multi-
substrate enzyme reaction, the substrate and product are alter-
nately bound to the enzyme or released from the enzyme and
the process of HRP was also the same. This means combine
and then they react with the first substrate, which release the
reaction product and then react with the second substrate.

Detection of H,0,

To further verify the practical application of Fe;0,4-Cu”* NPs,
a colorimetric means was used to detect the concentration of
H,0,. Spectra of UV-visible absorption of ox-TMB at variants
H,0, concentrations using Fe;04-Cu®* NPs as artificial en-
zymes were recorded in Fig. 4. The absorbance in the condi-
tion of 652 nm is linearly rose with H,O, concentration from
2.5 to 100 uM. The equation of linear regression is A =
0.01461C +0.12198 (uM). What’s more, the correlation co-
efficient is 0.99545 (n=3). And the detection limit is
0.212 uM (35/S). The property of Fe;0,4-Cu®* NPs based
H,0, nanoprobe is compared to other materials which were
reported previously (Table 2). It shows that the Fe;0,4-Cu®*
NPs-based method possesses higher sensibility and better
range of linearity that can enable it to detect H,O, at uM
levels. And in the actual detection process, the shortcomings
of high reaction temperature limit their practical use.

Table 2 Comparison of linear range and detection limit obtained by
different H,O, method

Catalyst Linear range Detection limit Ref.
GO-Fe304 1-50 uM 0.32 uM [30]
Fe;0,@Au-PB 5.0 uM-5.0 mM 1.27 yM [27]
Au/Pt NRs 1-250 uM 0.04 M [28]
CuNCs 10-1000 pM 10 uM [33]
FePt-Au 20-700 uM 12.33 uM [34]
Fe;04-Cu®* 2.5-100 uM 0212 uM This work

H,0,(IM)

Selectivity of the method

This nanoprobe was tested for selectivity by conducting control
experiments with some nonspecific species, including ascorbic
acid (AA), citric acid (CA), dopamine (DA), K*, Ca**, and Na*.
In. Figure 5, the absorbance of these systems at 652 nm and
relative color change were reported. Maximum absorbance in-
tensity and a deep blue color were obtained in the presence of
H,0, while the value was tiny for others. The results proved
that the nanoprobe system exhibited good selectivity to H,Os.

Conclusion

A two-stage process is presented to prepare copper(Il)-coated
Fe;0,4 magnetic nanoparticles. Taking TMB as an example,
the Fe;04-Cu”* NPs possessed super peroxidase-like mimic
properties in terms of catalytic active centers and substrate
binding sites. The catalytic property of the NPs is related with
pH, temperature, material concentration, and reaction time.
The catalytic activity conformed to the Michaelis-Menten
model, and the enzyme catalytic reaction was in line with
the ping-pong mechanism. Compared to HRP, the NPs had
excellent durability and thermal stability. Moreover, the

100 F !!!!!!!!'
E‘ |l 7- L i.:,rxl

Relative activity(%)

HO, AA DA CA K Ca" Na' Glu

Fig. 5 Relative activity of the Fe;0,4-Cu®* NPs system with H,O,, AA,
DA, CA, K*, Ca®*, Na™, and glucose. Inset: color changes associated with
variant hierarchy
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property of NPs is much higher than HRP and some reported
nanozymes. On these bases, an ingenious colorimetric H,O,
nanoprobe was successfully devised by using the intrinsic
HRP-like activity of the NPs. So, we have achieved a satis-
factory archive of linear range and lower detection limit. Thus,
we anticipate that the magnetic Fe;04-Cu®* NPs have poten-
tial application in terms of food security, ecological protection,
and biomedical diagnosis.
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