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ABSTRACT: Fenton-like radical processes are widely utilized to
explain catalytic mechanisms of peroxidase-like nanozymes, which
exhibit remarkable catalytic activity, cost-effectiveness, and stability.
However, there is still a need for a comprehensive understanding of
the formation, stabilization, and transformation of such radicals.
Herein, a copper formate-based nanozyme (Cuf-TMB) was fabricated
via a pre-catalytic strategy under ambient conditions. The as-prepared
nanozyme shows comparable catalytic activity (Km, 1.02 × 10−5

mM−1; Kcat, 3.09 × 10−2 s−1) and kinetics to those of natural
peroxidase toward H2O2 decomposition. This is attributed to the
feasible oxidation by *OH species via the *O intermediate, as
indicated by density functional theory calculations. The key ·OH
radicals were detected to be stable for over 52 days and can be released in a controlled manner during the catalytic process via in situ
electron spin-resonance spectroscopy measurements. Based on the understanding, an ultrasensitive biosensing platform was
constructed for the sensitive monitoring of biochemical indicators in clinic settings.
KEYWORDS: Cuf-TMB nanozymes, ·OH radicals, peroxidase-like activity, radical stability, biosensors

■ INTRODUCTION
Nanozymes, a class of nanomaterials exhibiting intrinsic
enzyme-like properties, have drawn increasing attention due
to their enhanced catalytic activity, cost-effectiveness, and
stability. These merits enable their diverse applications, ranging
from biological analysis to disease diagnosis and the develop-
ment of biomedicine.1−9 Typical nanozymes capable of
imitating the catalytic activity of peroxidase (POD) have
been discovered since Yan’s group unexpectedly showed the
intrinsic POD-like activity of magnetic Fe3O4 nanoparticles.

10

To date, POD nanozymes can be categorized into metal-based
nanozymes (Pd,11 Au,12 Ag,13 etc.), metal-oxide or sulfide-
based nanozymes (Fe3O4,

14 CeO2,
15 MoS2,

16 etc.), carbon-
based nanozymes (graphene oxide,17 g-C3N4 nanosheet,

18 etc.),
single-atom (FeN3P single-atom nanozymes19), or metal−
organic complex nanozymes (copper/carbon hybrid nano-
zyme).20 Metal−organic complex nanozymes, among other
types, possess well-defined structures that allow them to
imitate the highly evolved catalytic center of natural enzymes
at the atomic level and serve as favorable alternatives to
traditional enzymes.21−23 Despite their significant develop-
ment, nanozymes are frequently seen as fascinating and
enigmatic “black boxes” due to the limited understanding of
their catalytic reaction pathways.24−26 The Fenton-like
mechanism, which involves the reaction of Fe2+ with hydrogen
peroxide (H2O2) to generate hydroxyl radicals (·OH), is often
applied to describe the catalytic mechanism of nano-

zymes.27−29 In this reaction pathway, nanozymes typically
attach to and react with the initial substrate H2O2 to produce
intermediate ·OH radicals, which will subsequently oxidize
hydrogen donors such as 3,3′,5,5′-tetramethylbenzidine
(TMB).30,31

During the reaction process, the ·OH radicals produced
from H2O2 are considered one of the possible factors for the
high catalytic activity of nanozymes.32 Gao and other studies
have proved that the catalytic effect of Fe3O4 nanozyme arises
from the generation of the ·OH,33 indicating the key substance
of the generated ·OH for exerting POD-like activity. The
produced ·OH radicals can be stabilized on the nanozyme34,35

and have been monitored by electron spin-resonance spec-
troscopy (ESR) in the Fenton-like reaction. For instance, the ·
OH radicals in the CeO2 nanozyme system were monitored to
be stable for 30 min.36 The stabilized free radicals could
subsequently oxidize the substrates, for instance, TMB. More
importantly, the stronger the·OH radical intensity, the better
the nanozyme catalytic performance.33 Despite these studies
on the catalytic behavior and kinetics of nanozymes, the
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accurate mechanism instead of mimicking Fenton-like reaction
pathways underlying the POD-like activity of nanozymes is still
undisclosed.37 Moreover, the lack of clarity in the formation
and transformation processes of the ·OH or other radicals and
their influence on the catalytic activity and kinetics has greatly
limited researchers to design new structures of nanozymes with
enhanced catalytic activity.
Herein, we developed a pre-catalytic strategy to engineer

copper formate (Cuf)-amine-based nanozymes (Cuf-TMB
NPs), in which a substrate was introduced to the system
during the preparation of the nanozyme, to address the
challenge. The Cuf-TMB nanozyme showed equivalent POD-
like and kinetics to natural POD enzymes under ambient
conditions. Their outstanding POD-like activity was explained
via a proposed ·OH stabilization, transformation, and
controlled release route, validated by manipulating the
electronic and geometric structures of the Cuf active center
with different amine ligands. The key intermediate of ·OH was
monitored to be stable for up to 52 days. Additionally, an
ultrasensitive biosensing platform using the developed Cuf-
TMB nanozyme was constructed for cholesterol and alkaline
phosphatase (ALP) detection in serum (Scheme S1).

■ MATERIALS AND METHODS
Reagents. Cuf, cholesterol oxidase (Chox), cholinesterase (Chex),

L-ascorbic acid phosphate trisodium (AA2P), copper pyrophosphate,
lysine, threonine, tryptophan, dopamine hydrochloride, aniline, 3,5-
dimethylpiperidine, 3,5-dimethylaniline, 2,3-dimethylaniline, 4,4-
dimethylaniline, 3,4-dimethylaniline, 2-trimethylaniline, 2,5-dimethy-
laniline, o-phenylenediamine (OPD), horseradish peroxidase (HRP),
and 2,4-dimethylaniline were purchased from Macklin Biochemical
Co., Ltd (Shanghai). Glucose oxidase (GOx) and ALP were
purchased from Sigma-Aldrich. Glucose, lactose, fructose, maltose,
sodium acetate, glacial acetic acid, copper sulfate, L-valine, and L-
ascorbic acid were purchased from Sinopharm Chemical Reagent.
TMB, copper perchlorate hydrate, and cholesterol were obtained from
J&K Scientific. Tris−HCl buffers at pH 6.8 and pH 7.6 were obtained
from Biosharp. Copper tartrate, hexadecylamine, dodecylamine,
copper acetate, copper oxalate, copper citrate, L-cysteine (Cys),
glycine, threonine, histidine, and lysine were purchased from Aladdin.
Di-azo-aminobenzene (DAB) was obtained from Beyotime Bio-
technology Co., Ltd. Fe3O4 nanoparticles, C nanoparticles, and CuO
nanoparticles were purchased from XFNANO. Cu2O was obtained
from Beijing Zhongke Keyou Technology Co., Ltd. 5,5-Dimethyl-1-
pyrroline-n-oxide (DMPO) was purchased from Dojindo Molecular
Technology Co., Ltd. All the chemicals were used as received without
further purification. The ultrapure water used in all experiments was
made by passing through an ultrapure purification system. Human
serum samples were collected from triglyceride patients at the general
hospital of the central theater command. The study was ethically
approved under the number [2022]034-01 on March 1, 2022.

Synthesis of Cuf-TMB NPs. The synthesis process of Cuf-TMB
NPs could be divided into three steps: first, 0.4 g of sodium acetate
was dissolved in 300 mL of DI water, and the pH of the solution was
modulated to neutral using acetic acid to produce a buffer solution.
Second, 100 mL of H2O2 (100 mM) was added into the buffer
solution, followed by the addition of 100 mL of the Cuf (5 mM)
solution under stirring. Third, 2 mM of TMB dissolved in 100 mL of
ethanol was added into the above mixture under stirring at room
temperature. The reaction lasted for 30 min before the Cuf-TMB NP
suspension was formed. Finally, the Cuf-TMB NP suspension was
dialyzed overnight to remove excess H2O2, Cuf, and other byproducts
before the following catalytic measurements. After the reaction, the
Cuf-TMB NP supernatant was dialyzed against 3 L of water and 0.6 L
of ethanol for 12 h to remove free ions and small molecules, and then
the purification products were centrifugated and washed three times.
Purified Cuf-TMB was obtained by freeze-drying.

Loading of Cuf-TMB NPs on Agarose Hydrogel. 1 g of agarose
was dissolved in 100 mL of water and heated to boiling until the
solution became fully transparent. After cooling the agarose solution
to 60 °C, it was mixed with the Cuf-TMB NPs (suspension in
different volume ratios and mixed uniformly before being put into 6-
well plates). The volume ratios of Cuf-TMB NPs to agarose were 1:9,
2:8, 4:6, 6:4, 8:2, and 9:1, corresponding to no. 1−6 samples,
respectively. After cooling the Cuf-TMB NPs/agarose mixture to
room temperature, the Cuf-TMB NP hydrogel was produced.

Characterization. The crystal structure of the Cuf-TMB NP
samples was examined by X-ray diffraction (XRD, Rigaku Smart Lab).
The morphological characterization of the prepared samples was
obtained by scanning electron microscopy (SEM, HITACHI
SU8010), transmission electron microscopy (TEM, JEM-1400), and
high-resolution TEM (HRTEM, Thermo Scientific Talos F200X G2).
The molecular structure and bond information of the Cuf-TMB NPs
were obtained with Fourier transform infrared spectroscopy (FT-IR,
Nicolet 6700) and laser confocal micro-Raman spectroscopy (Xplora
PLUS). The composition and chemical state of the elements were
characterized using X-ray photoelectron spectroscopy (XPS, Thermo
Fisher Scientific K-Alpha). The concentration of metal content was
determined by inductively coupled plasma atomic emission spectros-
copy (Agilent 720ES). The electrochemistry behavior of the Cuf-
TMB NPs was investigated by a three-electrode system with an
electrochemical workstation (CHI-760E). The Cu K-edge X-ray
absorption fine structure spectrum was collected at the Beijing
Synchrotron Irradiation Facility (BSRF, 1W1B) using transmission
mode. Athena and Artemis software packages were employed to
process and fit the XAS data, respectively. The POD activity of Cuf-
TMB NPs was tested by a UV-1900i Visible-near-infrared
spectrophotometer (Shimadzu, Japan) and Microplate Reader
(Thermo Multiskan GO 1510).

POD-like Activity of Cuf-TMB NPs. 1.5 mL of NaAc-HAc buffer
solution (pH = 7), 500 μL of TMB solution (2 mM), 500 μL of H2O2
(10 mM), and 500 μL of Cuf-TMB NP suspension (0.068 mg/mL)
were well mixed and kept at 20 °C for 5 min under shaking. The
absorbance at 652 nm of the resulting solution was measured by using
a UV-1900i Visible-near-infrared spectrophotometer or microplate
reader. For the detection of H2O2, the concentration of TMB was
fixed at 2 mM, and various concentrations (0−10 mM) of H2O2
solution were added to the reaction mixture. The absorbance at 652
nm was then recorded over time. Color reactions were recorded in
time-scan mode by measuring the absorbance at 652 nm using a UV−
visible spectrometer (UV-1900i).

Density Functional Theory Calculations. Density functional
theory (DFT) calculations were carried out using the Vienna ab initio
simulation package.38,39 The electron−core interactions were
described using the projected augmented wave40 method, and
electron exchange−correlation was expressed at the general gradient
approximation level with the Perdew−Burke−Ernzerhof functional.41
The plane-wave basis set with a cutoff energy of 500 eV was adopted.
Spin polarization was used in all calculations. For structural
optimization, a convergence threshold of 0.03 eV Å−1 was set in
force, and the total energy converged to within 10−5 eV. Grimme’s
method (DFT-D3)42 was utilized to account for van der Waals
interaction during surface adsorption. The Gamma-point was
considered for sampling the Brillouin zone during the calculations.
The CuN3O and CuN2O2 models (total 97 atoms) were constructed
with a layer of 7 × 7 graphene supercell to enclose a Cu atom. Carbon
atoms directly coordinated with the Cu atom were replaced by
nitrogen and oxygen atoms. The models included a vacuum region of
15 Å in the z-direction. A 2 × 2 × 2 k-point mesh with horizontal
shifts was used for integration over the reciprocal space. The quasi-
Newton43−45 method was used to obtain stable and transition-state
structures. The VTST tool with the nudged elastic band46,47 method
and an approximate convergence of 0.05 eV A−1 was used to locate
the transition state. VESTA was used to visualize the molecular
structure.48

Identification of Radicals. The ESR was performed by a JEOL
JES-FA 200 spectrometer at room temperature. The frequency is set
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at 9.1 GHZ, the modulation amplitude is 0.1 mT, and the microwave
power is 5 mW. The raw materials were also characterized by ESR.
For the capture of radicals, DMPO was used as a trapping agent. Cuf-
TMB NP suspension was mixed with DMPO solution (1%), and the
reaction mixture was measured by ESR. During the synthesis process
of Cuf-TMB NPs, the DPMO was added, and the ESR spectra were
collected in situ spanning from 6 to 66 min. The intensity of ·OH and
·CHO radicals was analyzed and compared. Samples were taken from
Cuf-TMB NP reaction stock suspension at 1, 8, 18, 52, and 73 days
during the reaction at ambient conditions before ESR spectra were
collected. The stability of ·OH and ·CHO radicals was also evaluated
by monitoring the ESR signals.

Cholesterol Sensing. Cholesterol detection was carried out as
follows: (1) 100 μL of cholesterol oxidase solution (5 mg mL−1) and
50 μL of cholesterol stock solution (dissolved in 5% Triton X-100)
with different concentrations were added in a tube, which was kept at
37 °C for 30 min under shaking. (2) 200 μL of Cuf-TMB NP
hydrogel, 50 μL of the incubated solution, and 50 μL of TMB
solution (2 mM) were added into each well of a 96-well plate. (3)
The absorbance was detected as described above.
Detection of human serum was carried out as follows:49 (1) sodium

cholate (3 mM), 4-amino antipyrine (1.5 mM), cholesterol esterase
(200 U L−1), cholesterol oxidase (100 U L−1), peroxidase (1.5 × 10−4

mM), and phenol (30 mM) were prepared in a phosphate buffer
solution with pH 6.8. (2) 300 μL of enzyme reagent and 30 μL of
human serum were mixed uniformly and kept at 37 °C for 30 min. (3)
The absorbance of quinonimine at 500 nm was recorded by a
spectrophotometer.

Ascorbic Acid Detection. The determination of ascorbic acid
(AA) was operated as follows: (1) 200 μL of Cuf-TMB NP hydrogel,
50 μL of AA solution with different concentrations, 50 μL of H2O2
(10 mM), and 50 μL of TMB solution (2 mM) were added into the
96-well plate. (2) The absorbance was detected as described above.

Detection of Alkaline Phosphatase. The determination of ALP
was operated as follows: (1) 100 μL of sodium AA2P (100 mM), 100
μL of different concentrations of ALP, and 50 μL of Tris−HCl (pH
8.0, 50 mM) were mixed and incubated at 37 °C for 40 min under
shaking. (2) 200 μL of Cuf-TMB NP hydrogel, 50 μL of an incubated

solution, 50 μL of H2O2 (10 mM), and 50 μL of TMB (2 mM) were
added into a 96-well plate in turn. (3) The absorbance was detected
as described above. Detection of human serum was carried out as
follows:50 (1) reagent 1 consists of Tris−HCl buffer solution, 2-
amino-2-methyl-1-propane, and magnesium chloride. Reagent 2
consists of a Tris−HCl buffer solution and P-Nitrophenyl phosphate.
(2) 250 μL of reagent 1 and 5 μL of human serum were mixed
uniformly at 37 °C. (2) 300 s later, 50 μL of reagent 2 was added to
the mixed solution. (3) The absorbance of 405 nm was recorded over
time using a microplate reader. ALP activity can be calculated by
measuring the absorbance ascent rate of p-nitrophenol at 405 nm.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Cuf-TMB NPs. Cuf-

TMB NPs were prepared via a typical room-temperature
stirring method (Scheme S1a). During the synthesis, in situ
monitoring of pH and temperature showed a noticeable
increase in temperature accompanied by a decrease in pH
values upon the addition of TMB, indicating the synthesis was
driven by the coordination of TMB to Cuf (Figure S1).
Successful conjugation of Cuf and TMB was confirmed by
Raman and FT-IR spectra (Figures S7, S8, Tables S1, S2),
forming amorphous and spherical nanostructures with an
average diameter of ∼80 nm (Figures 1A,B, S2−S6). XPS
(Figure S9) revealed that Cuf-TMB NPs consist of Cu(II)
coordinated by formate and TMB. The +2 valence state of Cu
species was further proved by chemical shifts and edge slope
from X-ray absorption near-edge structure (XANES) and FT
extended X-ray absorption fine structure (EXAFS) (Figure
1C).51 From the EXAFS signal, the main peaks of the Cu
atoms in Cu-Nx are located at ∼1.48 Å, corresponding to the
Cu−N bond (Figure 1D). Elemental analysis showed a Cu
content of 8.59% and a Cu/N molar ratio of ∼3, indicating
that Cu(II) is coordinated by three TMB ligands and one
formate (Table S3). The in situ cyclic voltammetry measure-
ments of Cuf-TMB suspensions also confirmed the chemical

Figure 1. Characterization of Cuf-TMB NPs. (A) SEM image of Cuf-TMB NPs (scale bar, 100 nm). (B) High-angle annular dark field scanning
transmission electron microscopy image and the corresponding energy dispersive spectrometer mapping images of Cuf-TMB NPs (scale bar, 100
nm). (C) XANES spectra of Cu foil, Cu2O, CuO, and Cuf-TMB NPs, with reference to the copper L-edge. (D) FT magnitude of the Cu K-edge
EXAFS signal of Cuf-TMB NPs and CuO (left), and Cuf-TMB NPs before and after fitting (right).
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environment of Cu(II) species and the existence of ·OH
radicals in the suspension (Figure S10, Table S4).

POD-like Activity of Cuf-TMB NPs. The synthesized Cuf-
TMB NPs exhibit activity in oxidizing TMB and other POD
substrates, such as DAB and OPD, with distinct color changes
(Figure S11). Control experiments recorded using an ultra-
violet−visible spectroscopy (UV−vis) spectrometer showed
that only a combination of Cuf-TMB and H2O2 has obvious
absorption at ∼652 nm, corresponding to ·OH radicals. This
observation indicates the necessity of both Cuf-TMB and
H2O2 for the POD-like activity of Cuf-TMB NPs (Figure S12).
Atomic absorption spectroscopy of Cuf-TMB supernatant
revealed an extremely low concentration of copper only 0.0039

mg L−1, compared to the initial amount of injected copper (78
mg L−1). The low concentration indicates that the impact of
the supernatant copper is negligible. The POD-like activity of
Cuf-TMB NPs was optimized under the conditions of ∼ pH 7,
20 °C, and 5 mM of Cuf concentrations (Figure S13). Under
these optimal reaction conditions, Cuf, which will be suitable
for biosensing applications under physiological conditions, was
replaced by other Cu(II) salts to investigate the effect of
different copper-based precursors on the POD-like activity. It
was demonstrated that Cuf-TMB NPs showed much higher
POD-like activity than other Cu(II) salt-derived NPs. The
difference in activity is likely due to the smallest particle size
distribution of Cuf-TMB NPs (Figures S14, S15).

Figure 2. POD-like activity and kinetics of Cuf-TMB NPs. (A) Reaction-time curves of TMB colorimetric reactions for Cuf-TMB NPs, CuO NPs,
Cu2O NPs, Au, C, Fe3O4 nanozymes, and HRP at pH 7. (B) Comparison of the specific activities of Cuf-TMB, CuO, Cu2O, Au, C, Fe3O4
nanozymes, and HRP at pH 7. Inset: The magnified absorbance at 652 nm of the nanozymes. (C) Double-reciprocal plots of activity of Cuf-TMB
NPs at a fixed concentration of one substrate versus a varying concentration of the second substrate for TMB (left) and H2O2 (right).

Figure 3. Energy panel of the reaction pathway on the CuN3O model. The energy graphic displays the most favorable chemical pathway of H2O2
dissociation into surface *O species that occurs under neutral circumstances.
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Figure 4. Formation and transformation processes of radicals. (A) ESR spectra of Cuf-TMB NPs and other controls through DMPO trapping. (B)
In situ ESR probing of the synthesis process of Cuf-TMB NPs from 6−66 min. The intensity change of ·CHO and ·OH species was derived based
on three independent measurements. (An average and a standard deviation of all intensity was reported) (C) ESR spectra of Cuf-TMB NP
suspension during different aging times under ambient conditions. ESR intensity change of ·CHO and ·OH species. (D) In situ ESR spectra of Cuf-
TMB NP suspension upon the addition of H2O2, indicating the transformation of ·CHO into ·OH upon H2O2 addition. The intensity changes of
the ESR signal for Cuf-TMB NP suspensions upon the addition of H2O2 (10 mM) using DMPO trapping are shown (Red: The intensity of ·OH;
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The catalytic performance of Cuf-TMB NPs was further
evaluated by comparison with other traditional nanozymes
such as Fe3O4, C, CuO, Cu2O, and Au (Figure S16). The
evaluation was conducted at pH 7 and 20 °C, with the
concentration of the central metal atom as the basis (79 μg
mL−1). The results showed that the Cuf-TMB NPs exhibited
the best catalytic performance, which was 245, 318.5, 52.21,
66.35, and 8.47 times that of Fe3O4, C, CuO, Cu2O, and Au,
respectively. The absorbance at 652 nm of the ·OH radical
intermediate produced by Cuf-TMB, Fe3O4, C, CuO, Cu2O,
and Au was 3.815, 0.013, 0.01, 0.0061, 0.048, and 0.376,
respectively (Figure 2A,B). To further assess the catalytic
oxidation of TMB, kinetic studies of Cuf-TMB NPs were
conducted by varying the concentration of one substrate while
maintaining the other at a saturated concentration. The
obtained data were fitted by the Michaelis−Menten equation,
obtaining a typical double-inverse Lineweaver−Burk plot. The
plot revealed that Cuf-TMB NPs exhibited a good binding
affinity for H2O2 and TMB, confirming their outstanding
catalytic properties (Figure 2C). It should be noted that as-
prepared Cuf-TMB NPs showed a high turnover number
(TON) of 8.91 and turnover frequency (TOF) of 1069.72 h−1,
comparable to that of the natural HRP enzyme (Figure S17).
In comparison to traditional nanozymes, Cuf-TMB NPs
showed a lower Km (1.02 × 10−5 mM) (Tables S5−S7) but
higher TON and TOF (Table S8), highlighting their superb
catalytic efficiency.

Mechanism of Catalytic Stabilization of Cuf-TMB NPs.
The reasons behind the high POD-like activity of Cuf-TMB
NPs were illuminated by DFT calculations. Calculations
primarily focused on the formation of ·OH or ·O species
from H2O2 reduction and the oxidation of POD substrates by
the Cuf-TMB NPs, as the presence of ·OH radicals affects the
activity observed from experiments. According to experimental
characterizations, a structural model (CuN3O) of Cu
coordinated with three nitrogen and one oxygen atom was
constructed and optimized (Figure S18). As shown in Figure 3,
the adsorption of H2O2 on the CuN3O is favorable with an
adsorption energy of −0.25 eV. The following dissociation of
the *H2O2 into two *OH has a downhill energy of −1.44 eV
and a low barrier of 0.06 eV, indicating the stable *OH species
is highly feasible to form. Subsequently, the H transfer between
the two *OH species leads to the formation of an *O species
and an *H2O molecule with a barrier of 0.79 eV. The
desorption of the produced H2O molecule is endothermic by
0.44 eV, and the oxidation of POD substrates by surface *O
species requires −0.23 eV [TMB + *O→ oxTMB + H2O (g)]
(Figure S19). Therefore, the overall uphill energy for the
oxidation by the *OH species via the *O intermediate is 0.77
eV. This oxidation level is significantly lower than the direct
oxidation by surface *OH species [TMB + 2*OH→ oxTMB +
2H2O (g)], which necessitates 1.30 eV. Thereby, the formation
of *O intermediate species from *OH species emerges as the
key, lowering the energy barrier of the oxidation by *OH and
leading to the high performance of POD-like activity exhibited
by Cuf-TMB NPs.
To characterize key intermediates of radicals formed during

the reaction, we recorded the ESR spectra of raw materials and

products after adding DMPO, a spin-trapping agent of radicals,
into the initial reaction mixture (Figures 4A and S20). The
ESR spectra of H2O2 and TMB alone did not present obvious
signals upon DMPO trapping. While in the Cuf-TMB NPs,
distinct ESR signals in a 1:2:2:1 quartet pattern with a splitting
of 1.5 mT were observed. These ESR signals were attributed
not only to ·OH but also to ·CHO species,52 raising the need
to clarify the generation of ·CHO species as the Fenton-like
reaction typically produces ·OH. Therefore, ESR spectra were
in situ collected during the reaction process of the mixture of
TMB, H2O2, and Cuf until the equilibrium was reached. Figure
4B demonstrates that the signal corresponding to ·OH (a
1:2:2:1 quartet pattern) rapidly increased and reached a stable
level within the first 30 min of the reaction. However, it
gradually decreased thereafter. In contrast, the signal attributed
to ·CHO (a 1:1:1:1:1:1 sextet pattern) appeared at 18 min and
continued to increase until reaching equilibrium after 50 min.
The results confirmed our hypothesis that a portion of the
active ·OH can be transformed into relatively stable ·CHO
species during the synthesis process (Scheme S2).
Interestingly, ·CHO and ·OH radicals have been detected as

super stable in Cuf-TMB NPs from the ESR signal intensity
versus time. Even after 52 days in ambient conditions, strong
ESR signals of ·OH at 327 mT and ·CHO radicals at 323 mT
(Figure 4C) were still detected. Only a ∼28.56% decrease in
the intensity of the ·OH signal, while ∼9.84% increase in the
intensity of the ·CHO signal after 18 days, suggesting a
conversion of a portion of ·OH radicals to ·CHO. Although we
could not completely rule out the possibility of ·OH species
attenuation, it is likely minimal since the ·OH and ·CHO
radicals were detectable for over 52 days. In contrast, ESR
signals of these two radicals in purchased Fe3O4, CuO, Cu2O,
and carbon NPs are much weaker compared to those observed
in Cuf-TMB NPs (Figure S21). The superb stability of these
radicals in Cuf-TMB NPs could be attributed to the steric
hindrance effect of the TMB ligand and the stabilizing effect of
the formate ligand, which will be thoroughly discussed in the
following sections.53 The radical transformation was also
detected upon the introduction of extra H2O2, which is a key
step in the verification of POD-like activity. The signal of ·
CHO was present at 6 min but disappeared by 18 min, while
the signal of the ·OH radical was enhanced (Figure 4D). These
results indicated that a controlled release of radicals can be
achieved in the catalytic process.
The impact of TMB on the POD-like activity was certified

by substituting TMB with TMB analogues with different steric
hindrances during the synthesis (Figure S22). Compared with
other Cuf-amine NPs, Cuf-TMB NPs showed much higher
POD-like activity, irrespective of whether TMB or OPD was
used as the substrate (Table S9). These results indicate the
steric hindrance caused by the −CH3 group on the benzene
ring can impede the access of oxidized species to reactive sites
and thus stabilize the radicals.54 The influence of formate in
stabilizing radicals of the Cuf-TMB system was studied by
comparing the ESR spectra of Cuf-TMB with CuCl2-TMB and
other traditional nanozymes (Figure S23). It was demonstrated
that no ·CHO species can be captured in CuCl2-TMB,
indicating the contribution of formate in transforming and

Figure 4. continued

Blue: The intensity of ·CHO). The increased intensity of ·OH with decreased intensity of ·CHO indicates the transformation of ·CHO into ·OH
upon H2O2 addition.
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stabilizing radicals. The above results suggest that the
appropriate anion structure and steric hindrance effect can
effectively promote the controlled release of free radicals. In
addition, the influence of Cuf on the POD-like performances
was investigated by designing Cu NPs coordinated with other
ligands (amino acids, nucleotides, etc.) and comparing their
performance with Cuf-TMB NPs. The as-prepared Cuf-TMB
NPs showed the best POD-like performance (Figures S24−
S26, Tables S10−S11) among the Cu-amine complexes. DFT
calculations with a structure of Cu coordinated with two
nitrogen and two oxygen atoms (CuN2O2) as a model for
other Cu-amine complexes (Figure S27) revealed an uphill
reaction energy (up to 0.86 eV) for the H transfer process
between the two *OH species. This reaction energy was higher
than the overall energy barrier in CuN3O, indicating the
superior POD-like activity of Cuf-TMB NPs. Meanwhile, the
zeta potential of Cuf-TMB NPs under pH 7 was measured to
be 4.98 mV, which was favorable for the stability of radicals
(Figure S28). These findings highlight that the Cuf-TMB NPs
fabricated from TMB, H2O2, and Cuf can form a stable
structure for ·CHO and ·OH radicals, thereby improving the
catalytic activity.

Application of Cuf-TMB NPs for Biosensing. Based on
the excellent properties of Cuf-TMB NPs, a sensitive
biosensing platform was developed as follows: The platform
involved using agarose hydrogels as a visual assay platform to
incorporate Cuf-TMB NPs, creating a visual detection test kit.
The volume ratio of Cuf-TMB NP suspension to agarose

hydrogel was optimized to be 8:2, as it showed the best
catalytic properties (Figure S29). SEM and EDS mapping
images indicated the successful loading of Cuf-TMB NPs into
agarose hydrogels (Figures S30, S31). The designed test kit
was utilized for the colorimetric detection of H2O2 by taking
advantage of its efficient catalytic activity. The absorbance
caused by the oxidized TMB increased proportionally with the
concentration of H2O2. The concentration−response curve
spanned from 0 to 10 mM, with a linear relationship in the
range of 0−1 mM (R2 = 0.9963), and limited detection was as
low as 0.1 μM (Figure S32).
Moreover, the designed biosensor was used for the detection

of biomolecules such as cholesterol, as H2O2 is an oxidation
product of biomolecules such as glucose, cholesterol, etc. The
detection of cholesterol was achieved in a one-step process by
coupling the oxidation of cholesterol with the oxidation of
H2O2, facilitated by Cuf-TMB NPs acting as nanozymes. Thus,
the amount of cholesterol can be indirectly determined by
monitoring the in situ production of H2O2 as a byproduct of
the cholesterol oxidation reaction with the aid of ChoX. From
the cholesterol response curve obtained at 652 nm, the
absorbance of cholesterol exhibited a linear correlation with its
concentrations from 0.1 to 100 μM (R2 = 0.9989), 1 to 4 mM
(R2 = 0.9965), and 3 to 7 mM (R2 = 0.9927) (Figures 5A,B,
S33). It should be noted that the detection limit of cholesterol
was as low as 5 nM, which surpasses the sensitivity of other
colorimetric biosensors and is even comparable to fluorometric
or electrochemical methods (Table S12). To assess the

Figure 5. Application of Cuf-TMB NPs for biosensing. (A) Response curve of the cholesterol concentration from 0−10 mM. Inset: Photographs of
oxidation products in the presence of cholesterol with different concentrations. (B) Calibration plot shows the linear relationship in the range of 3−
7 mM. (C) Concentration of cholesterol in clinical serum samples was determined by proposed colorimetric methods and clinical CHOD-POD
methods. Residual standard deviations (RSD) of NO.1−10 were 2.8, 5.1, 1.7, 2.5, 5.0, 0.3, 1.7, 3.6, 5.4, and 0.4% in order. (D) Response curve of
the ALP concentration from 0−20 U mL−1. Inset: Photographs in the presence of ALP with different concentrations. (E) Linear range for ALP
detection: 0.1−10 U mL−1; (F) Concentration of ALP in clinical serum samples determined by proposed colorimetric methods and clinical rate
methods. RSD of no. 1−8 was 2.5, 1.9, 0.7, 2.4, 7.4, 1.4, and 0.9%. The blue cylinders indicated the clinical assay and the red cylinders reflected the
colorimetric method used in this work; the yellow area represents the amount of cholesterol and ALP in healthy controls.
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practicability of this biosensor, the proposed method was
applied to detect cholesterol in human serum samples by using
the cholesterol oxidase-POD (CHOD-POD) method (see
details in the experimental in the Supporting Information). As
shown in Table S13, the recovery coefficient of all the samples
was more than ∼95%. Cholesterol levels in patients with
triglycerides were further measured with errors of less than 5%
compared to standard values (Figure 5C).
Furthermore, ALP can hydrolyze AA2P to AA, which is a

type of radical-breaker antioxidant and inhibits the oxidized
reaction of TMB in agarose hydrogels containing Cuf-TMB
NPs (Figures S34, S35). The detection of ALP was also
achieved in a one-step process by coupling the hydrolysis
reaction of AA2P with the oxidation of H2O2 by Cuf-TMB
NPs as nanozymes (Figure 5D,E). The linearity range for ALP
was 10−6 to 10 mU mL−1 (R2 = 0.9965), 50−125 mU mL−1

(R2 = 0.9972), and 0.2−20 mU mL−1 (R2 = 0.9983, Figure
S35). Notably, the lower limit of detection was as low as 10−5

mU mL−1. The sensitivity of the Cuf-TMB NP-based
colorimetric method surpassed that of other reports (Table
S14). Furthermore, the practical application of the biosensor
was demonstrated by analyzing the ALP level in serum
samples. As shown in Table S15, the ALP amount was
successfully detected with ∼95% accuracy, and RSD was less
than 10% compared to the clinical rate method (Figure 5F).
Additionally, the Cuf-TMB-based biosensor showed its ability
to sensitively detect other biomolecules, such as Cys and
glucose, etc. (Figures S36, S37, Table S16). These results
indicate that the Cuf-TMB NP-based biosensor can be applied
to determine ALP and cholesterol in real samples, offering
promising applications in biological and biomedical clinics
(Table S17).

■ CONCLUSIONS
In summary, Cu-amine nanozymes with different coordination
structures (e.g., Cuf-TMB) were unexpectedly prepared by the
pre-catalytic strategy and displayed excellent performance. The
as-prepared Cuf-TMB nanozymes show comparable catalytic
activity (Km, 1.02 × 10−5 mM−1; Kcat, 3.09 × 10−2 s−1) and
kinetics to the natural enzyme POD toward H2O2 decom-
position. The superb catalytic activity is attributed to the low
energy of the oxidation process of POD substrates by *O
intermediate species generated from *OH species from DFT
calculations. More importantly, the reversibility and trans-
formability of ·CHO and ·OH species were captured in the
Cuf-TMB nanozyme system by in situ ESR measurements. The
controlled release of radicals can be achieved by introducing
amine ligands or H2O2 as an agent. These radicals exhibited
remarkable stability for up to 52 days, owing to the steric
hindrance effect of the TMB ligand and the stabilizing effect of
the formate ligand. Cuf-TMB nanozymes enabled the sensitive
detection of various analytes such as cholesterol, ALP, glucose,
AA, and Cys. This discovery could inspire new ideas for
understanding the radical-related mechanism of nanozymes
and hold potential in catalysis, biological applications, and
environmental monitoring and protection.
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