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Abstract: Compared to natural enzymes, the development of efficient artificial simulated
enzymes, such as those based on bimetallic materials with high catalytic activity and good
stability, is an important way until now. Herein, we employed ZnCo,0O4 microspheres as
carriers to synthesize Pt-doped composites with different amounts using a one-pot method.
The morphology and structure of the synthesized materials were characterized using XRD,
SEM, BET, FT-IR, XPS, and Zeta potential techniques. It was found that PtY adhered well to
the surface of ZnCo,0O4 microspheres, with a 12.5% Pt doped ratio exhibiting abundant
oxygen vacancies, excellent substrate affinity, and high peroxidase-like activity. Using
fluorescent probes and electrochemical methods, the peroxidase-like catalytic mechanism
has been explored that Pt@ZnCo,0O,4 microspheres can accelerate the electron transfer
between H,O; and 3,3’ ,5,5'-tetramethylbenzidine (TMB). Based on the optimal loading
ratio of 12.5% of Pt@ZnCo,0y, a colorimetric sensor for visual detection of L-cysteine (L-
Cys) was constructed, exhibiting a wide linear range of 0.1~50 uM and a low detection limit
of 0.0163 uM. The sensor possesses good selectivity, reusability, and usage stability, which
can be well applied to the determination of L-Cys in health product capsules with recovery
rates of 96.9%~103.7% and RSD of 1.07%~6.50%. This work broadens the application
prospects of spinel materials such as ZnCo,0; in the field of biological analysis and also
provides inspiration for the development of new artificial simulated enzymes.

Keywords: artificial mimetic enzyme; Pt@ZnCo, O, microspheres; peroxidase-like enzymes;
L-cysteine; colorimetric detection

1. Introduction

ZnCoy04 belongs to an AB,Oy4-type spinel material, which has an isometric cubic
spinel structure. The functional properties of ZnCo,04 can be adjusted by varying the
oxygen content in the composition [1,2]. Due to its excellent optical, electrical, and mag-
netic properties, as well as outstanding chemical and structural stability, spinel ZnCo,O4
has attracted increased interest of researchers and has been extensively applied in fields
such as electrocatalysis [3], photocatalysis [4], energy storage [5], gas sensing [6,7], and
electrochemical sensors [8]. While the remarkable optoelectronic properties and strong
structural stability of spinel ZnCo,04 have garnered significant attention, there were rela-
tively few reports on its potential intrinsic enzymatic activity [9,10]. Moreover, the excellent
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chemical properties and designability of ZnCo,O4 may provide a promising platform
for the development of novel artificial mimetic enzymes whose catalytic activity can be
enhanced through various strategies [11]. Currently, introducing oxygen vacancies into
metal oxides is recognized as an effective method for improving catalytic activity [12]. The
approaches for introducing oxygen vacancies in metal oxides can be broadly categorized
into two main strategies: one involves pyrolysis of metal-organic frameworks (MOFs) to
prepare oxygen vacancy-rich metal oxides, while the other increases oxygen vacancies
through metal doping. In comparison, the metal doping method stands out due to its
simplicity and straightforward processing. This method not only enhances the oxygen
vacancies in metal materials to provide more active sites but also addresses the issue of
reduced catalytic activity resulting from the agglomeration of metal materials [13]. Further-
more, platinum, as a precious metal, exhibits good biocompatibility and readily provides
abundant oxygen vacancies, thereby enhancing the adsorption of substrate molecules
by mimetic enzymes and improving their catalytic activity [14]. Their combination and
synergistic effect will help improve the catalytic performance of the materials, being a sig-
nificant trend in the development of novel optoelectronic active materials for the detection
of biomarker molecules.

As a conditional and glucogenic amino acid in the human body, L-cysteine (L-Cys) is
involved in multiple essential physiological processes, such as protein folding, catalysis of
cysteine proteases, regulation of oxidative stress and metabolic levels, and participation
in physiological signal transduction [15]. Therefore, monitoring L-Cys levels is crucial
for clinical diagnosis and understanding necessary physiological and pathological pro-
cesses [16]. Currently, the main methods for detecting cysteine include high-performance
liquid chromatography (HPLC) [17], gas chromatography (GC) [18], fluorescence spec-
troscopy [19-21], capillary electrophoresis [22], resonance light scattering techniques [23],
and electrochemical detection [24-26]. However, most of those methods were limited
by the bulky and expensive instruments, with the complexity of the operation, which
cannot achieve rapid and convenient detection. In recent years, due to the advantages of
simplicity, low cost, and quick speed, colorimetric methods have provided a cheap and
efficient alternative for the detection of biomolecules such as amino acids [27-29]. One
principle of colorimetric detection of L-Cys involves enzyme-catalyzed decomposition of
hydrogen peroxide (H,0O,) into reactive oxygen species (ROS), which subsequently oxidize
an organic chromogenic agent to form a coupling product. This coupled product exhibits
light absorption at a specific wavelength, and the addition of L-Cys to the system inhibits
the coupling of the organic chromogenic agent, thereby reflecting the level of L-Cys through
a decrease in absorbance [30]. Compared to natural enzymes, artificial mimetic enzymes,
particularly those based on bimetallic materials, have attracted widespread attention due
to their advantages of simplicity in preparation, low cost, good stability, and high catalytic
efficiency [31]. Therefore, an efficient and convenient colorimetric detection platform for
L-Cys may be developed by utilizing the enhanced mimetic enzyme performance based on
metal-doped ZnCopO,4 materials.

In this study, the platinum-doped ZnCo,0O4 microspheres (Pt@ZnCo,0O4 MSs) were
synthesized with varying amounts of Pt added by using a one-pot method. Compared to
pure spinel structural ZnCo,O4 MSs, Pt@ZnCo,0O4 MSs exhibited significantly enhanced
peroxidase-like activity. The incorporation of Pt increases the oxygen vacancies in the
ZnCo,04 MSs, facilitating electron transfer between the material and substrate, thereby
greatly enhancing the catalytic activity of the ZnCo,O4 MSs. The optimal Pt loading levels
of 12.5% in Pt@ZnCo,0y (atomic ratio) were found to show the highest enzymatic activity,
and the catalytic mechanism of H,O, follows the classical Fenton reaction. Based on this, a
colorimetric sensor for detecting L-Cys was built (Scheme 1), achieving a detection limit of
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0.0163 uM (S/N = 3). Additionally, the sensor can be successfully applied to the detection
of L-Cys content in dietary supplement capsules, which is in agreement with that by using
HPLC, providing a novel approach for the development of artificial mimetic enzymes as
alternatives to natural enzymes.

H,C CH,
12 H,0, -OH 6 FH
H3CQ CHs 4 H3C CH, HNNH
HzNNHz—‘ HzNNH2==1/2 HaC CHs
HsC CH,
HsC CH; HC CH,
H2NNH2
HsC Hs
Colorless Blue

LY
.Pt@ZnC0204 {} T™B . oxTMB “fs L-Cys

Scheme 1. Schematic diagram for detection of L-Cys using a colorimetric sensor based on
Pt@ZnCoyO4 microspheres.

2. Results and Discussion
2.1. Characterization of Materials

Zn-Co carbonate precursors were prepared via a co-precipitation method, and
Pt@ZnCo,04 MSs with varying Pt loading concentrations were synthesized through an
in situ reduction in K,PtCly aqueous solution based on ZnCo,O4 MSs. The morphologies
and particle sizes of ZnCo,04 and Pt@ZnCo,0, microspheres with different Pt loading
concentrations were then investigated by using a scanning electron microscopy (SEM)
and laser particle size analyzer. As shown in Figure 1la, the Pt-free ZnCo,0;, exhibits
uniformly dispersed porous microspheres. The particle size distribution, shown in an inset
of Figure 1a, reveals that the microspheres have a diameter ranging from 700 to 1800 nm,
with a peak around 1400 nm. The corresponding high-magnification SEM image (Figure 1d)
clearly shows that the microsphere is composed of small aggregated particles with sizes
ranging from 50 to 80 nm (Figure S1), and its surface exhibits noticeable porosity. The N»
adsorption—desorption isotherm and pore size distribution indicate that ZnCo,O4 MSs
possess both mesoporous and macroporous structures, with the main pore size around
50 nm (Figure S2). Figure 1b,c,g—i show the SEM images of Pt@ZnCo,04 MSs with Pt
loading concentrations of 4.39%, 6.58%, 8.31%, 10.4%, and 12.5%, respectively. It can be
seen that the Pt loading has no effect on the overall morphology of the microspheres, which
remains uniformly spherical.
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Figure 1. SEM images and particle size distribution charts of Pt@ZnCo,O4 microspheres with
different Pt loading concentrations: (a) ZnCo,0y4, (b) 4.39% Pt@ZnCo,0y4, (c) 6.58% Pt@ZnCo,0y,
(g) 8.31% Pt@ZnCo,0y, (h) 10.4% Pt@ZnCo,0y, and (i) 12.5% Pt@ZnCo,04. Corresponding high-
magnification SEM images: (d) ZnCo,0y, (e) 4.39% Pt@ZnCo,0y, (f) 6.58% Pt@ZnCo,04, (j) 8.31%
Pt@ZnCo,0y, (k) 10.4% Pt@ZnCo,0y, and (1) 12.5% Pt@ZnCo,0y.

However, their particle size distributions (insets of Figure 1a—i) show that the average
diameters of the Pt@ZnCo,0O4 MSs are increased a little bigger than that of ZnCo,04
MSs with increased Pt concentration, with a peak around from 1400 nm to 1600 nm. In
comparison with ZnCo,0y, the 4.39% and 6.58% Pt@ZnCo,O4 MSs exhibit fewer particles
on their surfaces (Figure 1b,c) and less porosity. This may be due to Pt deposition on
the surface of the ZnCo,O4 MSs, filling the pores formed by the aggregation of the small
particles and making the surface smooth. With the Pt loading concentration increased,
the 8.31%, 10.4%, and 12.5% Pt@ZnCo,04 MSs show a gradual increase in particle size
(Figure 1g-i) and surface roughness (Figure 1j-1), indicating that the control by adjusting the
loading amount of Pt can modulate the specific surface area and active sites of Pt@ZnCo,0y,
providing a foundation for sensing and catalytic research.

In addition to the morphological comparison, the elemental analysis of Pt@ZnCo,04
MSs with different Pt loading concentrations was also performed. Figure 2 presents high-
resolution elemental distribution maps for different Pt concentrations (4.39%, 6.58%, 8.31%,
10.4%, and 12.5%) doped ZnCo,O,4 microspheres, indicating that the content of O, Co, and
Zn elements in the five materials remains almost unchanged, but the content of Pt element
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is gradually increased with the increasing ratio doped. It can be seen that K,PtCly has been
successfully reduced in situ on the surface of ZnCo,O4 MSs.

Figure 2. Elemental distribution maps of O, Co, Zn, and Pt for (a) 4.39% Pt@ZnCo,04, (b) 6.58%
Pt@ZnCo,0y, () 8.31% Pt@ZnCo0,0y, (d) 10.4% Pt@ZnCoy0y, and (e) 12.5% Pt@ZnCoyOy.

Figure 3a presents FT-IR spectra of ZnCo;O4 microspheres and Pt@ZnCo,;O4 micro-
spheres with varying Pt loading concentrations. These spectra provide key insights into the
impact of Pt loading on the structure and surface chemistry of the ZnCo,O4 material. First,
all samples exhibit distinct absorption peaks at 671 cm ™! and 577 cm~!, which correspond
to the characteristic vibrational modes of Zn-O and Co-O bonds, respectively, indicating
that the primary matrix structure of the material is ZnCo,0y, and the spinel structure
remains largely unchanged regardless of the Pt loading. This result suggests that Pt loading
does not disrupt the crystal structure of ZnCo,0O;,, and the material retains its original
oxide framework. Second, an absorption peak at 1627 cm~! is observed in the spectra, with
its intensity varied depending on the Pt loading concentration. The peak at 1627 cm ™!
is typically attributed to the stretching vibrations of C=0O or aromatic C=C bonds, but in
oxide and metal-loaded materials, it may indicate surface defects or lattice distortions
induced by Pt incorporation. Pt loading may alter the local electronic environment on the
surface of ZnCoyOy, particularly charge distribution at the oxide surface and interface,
leading to the appearance and intensity variation in this characteristic absorption peak
at 1627 cm 1. This change can suggest the formation of new active sites on the material
surface, potentially enhancing its catalytic performance. As the Pt loading increases from
0 to 12.5%, the fluctuation intensity of the 1627 cm ™! peak is gradually increased, which
may be attributed to the dispersion of Pt nanoparticles on the surface of ZnCo,0O4. Higher
Pt loading may create more active centers on the ZnCo,O4 surface, increasing interface
interactions that modulate the surface’s electronic properties. Furthermore, the introduction
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of Pt may facilitate electron migration on the ZnCo,0O4 surface, optimizing the composite’s
performance in catalytic applications. Therefore, the presence and intensity variation in the
absorption peak further confirm that Pt loading induces changes in the surface chemical
environment of ZnCoyOy. In summary, the infrared spectroscopy analysis of Pt@ZnCoyOy4
materials with varying Pt loading demonstrates that Pt incorporation does not disrupt the
underlying ZnCo, Oy structure, but it significantly affects the surface chemical environment.
By controlling the Pt loading, the surface structure and electronic properties of the material
can be well optimized, improving its performance in catalytic applications. These findings
provide experimental evidence for the design and optimization of Pt@ZnCo,04 composites
in catalytic and other functional applications.
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Figure 3. (a) FT-IR spectra and (b) XRD patterns of ZnCo,O4 microspheres with varying Pt loading
levels. Comparison of XRD diffraction peaks on different crystal facets with (c,d) ZnCo,O4-JCPDS
Card (N0:23-1390) and (e,f) Pt-JCPDS Card (No: 04-0802).

There is other evidence from X-ray diffraction (XRD) analysis on the composition
and crystal structure of ZnCo,04 and Pt@ZnCo,04 microspheres with varying Pt loading
concentrations. As shown in Figure 3b, the XRD patterns of ZnCo,0O4 and Pt@ZnCo,04
materials exhibit obvious diffraction peaks (20) at 18.965°, 31.254°, 36.827°, 38.527°, 44.786°,
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55.624°,59.323°, 65.197°, 68.588°, 74.076°, 77.294°, and 78.357°, which correspond to the
(111), (220), (311), (222), (400), (422), (511), (440), (531), (620), (533), and (622) crystal planes,
respectively, according to ZnCo,O4-JCPDS card (No. 23-1390). It can be clearly seen that
the composition and crystal structure of ZnCo,O4 MSs remain essentially unchanged
after Pt loading, which is shown in Figure 3c,d. In comparison with Pt-JCPDS Card (No:
04-0802), two characteristic peaks (20) at 42.307° and 67.868° for Pt are observed clearly,
corresponding to (111) and (220) crystal planes, respectively, as shown in Figure 3ef.
Regardless of the Pt loading amount increased, no changes are observed in the XRD
absorption peaks of the ZnCo,0;, substrate, further proving that Pt only exists on the
surface of the microsphere without inducing any chemical bond interactions with ZnCo,O4.
Combining with the elemental distribution data (Figure 2), it can be further concluded
that Pt is successfully loaded onto the surface of the ZnCo,O4 microspheres in a highly
dispersed or small particle size form without disrupting the spinel structure of the matrix.
The crystal integrity of the ZnCo, O substrate is maintained during the Pt loading process,
which makes it an effective support material for Pt. This structural stability ensures the
long-term and stable performance of Pt@ZnCo,0O, materials in catalytic, sensing, and
other applications.

Moreover, the elemental valence state and surface property of ZnCop,O4 and 12.5%
Pt@ZnCo,04 microspheres were examined using X-ray photoelectron spectroscopy (XPS),
as shown in Figure 4, providing an in-depth understanding of the changes on the surface
chemical environment of ZnCo, O, upon Pt loading. First, the XPS full spectrum (Figure 4a)
clearly shows distinct Pt 4f orbital peaks at 71.37 eV and 74.68 eV in the Pt-doped sample,
indicating the successful loading of Pt onto the surface of ZnCopO4 microspheres. The O 1s
high-resolution spectrum in Figure 4b further reveals a significant enrichment in surface
oxygen species following Pt loading, particularly an increase in the content of adsorbed
oxygen ions (such as O~ and O, 7). The increase in adsorbed oxygen also suggests the
enrichment of oxygen vacancies on the material’s surface with high porosity. The presence
of these oxygen vacancies generally enhances the adsorption capacity and catalytic activity
toward substrate molecules, offering a potential advantage for Pt@ZnCo,0y in catalytic
applications. In the Co 2p high-resolution spectrum (Figure 4c), 12.5% Pt@ZnCo,Oy4
exhibits Co?" 2p orbital peaks at 781.55 eV and 796.64 eV, while peaks at 780.14 eV and
794.93 eV correspond to Co* 2p orbitals. Additionally, Co*" 2p orbital peaks are observed
at 783.32 eV and 798.21 eV, indicating a change in the oxidation states of Co for ZnCo,04
upon Pt loading. Further, satellite peaks at 786.74 eV, 789.74 eV, 805.07 eV, and 802.70 eV
also support this observation. Compared to ZnCo,0y, the introduction of Pt leads to
changes in the oxidation states of Co, which can be attributed to the electronic interactions
between Pt and ZnCoyO4. In contrast, the Zn 2p high-resolution spectrum (Figure 4d)
shows no significant changes in the Zn 2p orbital after Pt loading, suggesting that Pt
loading primarily affects the electronic states of the Co element. In the Pt 4f high-resolution
spectrum (Figure 4e), three distinct chemical states of Pt are observed, namely PtY, Pt**,
and Pt**. Notably, the majority of Pt exists in the monomorphic Pt state, implying that
Pt is mainly distributed as monatomic Pt on the surface of ZnCo,O4 microspheres. The
presence of monatomic Pt contributes to more catalytic active sites and greatly enlarges the
catalytic activity of the material while preserving the original structure of ZnCo,0j.

In summary, the XPS analysis indicates that the Pt loading not only increases the
surface concentration of adsorbed oxygen and oxygen vacancies but also significantly alters
the variation in Co valence. Therefore, it might be their collective effect that contributes to
the enhancement of the catalytic activity of Pt@ZnCo,O4 microspheres.
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Figure 4. XPS spectra of ZnCo,04 and 12.5% Pt@ZnCo,0y: (a) full spectrum, (b) O 1s, (¢) Co 2p,
(d) Zn 2p, (e) Pt 4f high-resolution spectra.

2.2. Investigation of Peroxidase-like Activity
2.2.1. Comparison of Peroxidase-like Activities of Pt@ZnCo,04 Microspheres with
Different Pt Loading Levels

The catalase-like activities of Pt@ZnCo,0O4 MSs for six different Pt loading levels
(0~12.5%) with the addition of H,O, and TMB in NaAc-HAc buffer solution (pH 3.5)
were examined. Figure 5a illustrates the peroxidase-like activities exhibited by different
Pt@ZnCo,04 MSs with varying Pt loading concentrations. It is worth noting that ZnCoyOy
microspheres demonstrate the lowest peroxidase-like activity under consistent experimen-
tal conditions. With the increase in Pt loading level, it is observed that the peroxidase-like
activity of Pt@ZnCo,0, gradually enhanced, particularly the 12.5% Pt@ZnCo,04 MSs
exhibits the highest activity, which is also evidenced by the above-mentioned FI-IR and
XRD data in Figure 3. To assess the substrate adsorption capability of the mimetic enzymes,
Zeta potential measurement of Pt@ZnCo,04 MSs with varying Pt loading levels (0~12.5%)
was also performed. As depicted in Figure 5b, the Zeta potentials of all Pt-doped ZnCo0,;,04
MSs are negatively charged, which are significantly lower than that of undoped ZnCo,Oy4
MSs. This reduction suggests that Pt loading induces changes in the charge distribution on
the material’s surface, which may, in turn, affect its dispersibility and surface reactivity. The
marked decrease in Zeta potential can also influence the material’s stability and adsorption
characteristics, potentially improving its performance in catalytic reactions. In general,
the materials with lower potentials are more likely to adsorb positively charged targets,
leading to enhanced catalytic performance. For materials with similar zeta potentials, the
amount of Pt loading becomes the primary factor affecting the enzyme-like activity.

As shown in Figure 5a,b, the peroxidase-like activity of Pt@ZnCo,0y increases with
the increased Pt contents, but after reaching 12.5%, it tends to approach equilibrium to a
certain degree. By evaluating the atomic percentages of Zn, Co, and Pt in Pt@ZnCo,04
synthesized with different concentrations of chloroplatinic acid solutions (Table S2), we
find that as the Pt concentration increases, the atomic percentages of Zn and Co gradually
decrease and stabilize while the Pt content reaches 10.4%, varying less until 12.5%, which
is shown in Figure S5. Therefore, to obtain the enhanced peroxidase-like activity, the Pt
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content of 12.5% was selected as the most stable equilibrium state for the optimal atomic
percentages of various component elements.
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Figure 5. Enzyme-like activities (a) and Zeta potentials (b) of Pt@ZnCo,O,4 microspheres with
different Pt loading amounts (0~12.5%) in NaAc-HAc buffer solution (25 mM, pH 3.5) with addition
of HyO, (3.6 mM) and TMB (0.8 mM) at incubation temperature of 25 °C for 5 min; inset of (a) displays
corresponding colorimetric images observed with the naked eyes.

2.2.2. Mechanism of Peroxidase-like Catalyzed by Pt@ZnCo,04 Microspheres

Under acidic conditions, peroxidase-like activity catalyzes the generation of eOH
from H,O,, which can further oxidize the colorless TMB to produce blue oxTMB. To in-
vestigate the catalytic mechanism of Pt@ZnCo,0O4 microspheres, isopropanol (IPA) was
first chosen as a hydroxyl radical scavenger. As shown in Figure 6a, upon adding IPA,
the absorbance at 652 nm decreased sharply compared to the blank group. Next, benzoic
acid (BA) was used as a ¢ OH-trapping probe. BA itself does not fluoresce, but upon
oxidation by eOH, it generates hydroxybenzoic acid (OHBA), which exhibits fluorescence.
The fluorescence spectra were measured with an excitation wavelength of 298 nm and an
emission wavelength of 405 nm, as shown in Figure 6b. When only Pt@ZnCo,04 micro-
spheres and H,O; are present, and there is no BA in the system (i.e., H,O; + Pt@ZnCo0,0;),
or when only Pt@ZnCo,0O4 microspheres and BA are present, and there is no H,O, in
the system (i.e., BA + Pt@ZnCo,0y), both no significant fluorescence signals can be mea-
sured. When Pt@ZnCo,04 MSs are not used, and only H,O, and BA are present in
the system (i.e., HyO, + BA), a weak fluorescence signal is produced. However, upon
the addition of Pt@ZnCo,0O4 MSs in the reaction system containing H,O, and BA (i.e.,
Hy0O; + BA + Pt@ZnCo0,0y), a distinct characteristic peak is observed. These experimental
results demonstrate that the Pt@ZnCo,04 microspheres generate hydroxyl radical interme-
diates during the entire peroxidase-like catalytic process.

We further verified the generation of hydroxyl radicals through electron paramag-
netic resonance (EPR), using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as a spin trapping
agent, which can capture short-lived hydroxyl radicals and then form relatively stable
DMPO/eOH spin adducts. As shown in Figure 6c, it can be clearly observed that when the
system contains Pt@ZnCo,Qy, a characteristic peak with a signal intensity of 1:2:2:1 appears
in the EPR spectrum of the system. In the absence of Pt@ZnCo,0Oy, no characteristic peak of
the DMPO/eOH spin adduct is observed. The above results demonstrate that Pt@ZnCopOy4
microspheres can catalyze the generation of ¢OH from H,O, during the peroxidase-like
catalytic process. Throughout the process, Pt@ZnCo,0y first catalyzes the decomposition
of HyO, into eOH, which further catalyzes the oxidation of TMB to oxTMB. Therefore,
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the peroxidase reaction catalyzed by Pt@ZnCo,O4 microspheres conforms to the classical
Fenton mechanism [32].
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Figure 6. In 25 mM NaAc-HAc buffer solution (pH = 3.5): (a) absorbance at 652 nm with and without
IPA of containing Pt@ZnCoyOy4 (12.5%) + HyO; (3.6 mM) + TMB (0.8 mM); (b) fluorescence spectra of
different reaction systems, [BA] = 2.8 mM, [H,O,] = 4.0 mM, [Pt@ZnCo,04 MSs] = 12.5%; (¢) DMPO
spin trapping EPR spectra with or without 12.5% Pt@ZnCo,04, [DMPO] = 30 mM, [H,O,] = 2.8 mM;
(d) cyclic voltammograms of different reaction systems with a saturated calomel electrode as the
reference electrode, [Pt@ZnCo,0O4 MSs] = 12.5%, [H,O,] = 4.0 mM, scan rate =25 mV/s.

Additionally, electrochemical methods were employed to investigate the effect of
electron transfer on the catalytic activity of Pt@ZnCo,0O,4 materials. The cyclic voltammetry
(CV) technique was primarily used to examine the reaction processes of ZnCo,0O4 and
Pt@ZnCo,04 microspheres with TMB in the absence of HyO,. This enabled the evaluation
of the electrocatalytic oxidation behaviors of TMB on glassy carbon electrodes (GCEs)
modified with ZnCo,O4 and Pt@ZnCo,04 microspheres. Figure 6d shows the CV curves
of the bare GCE, ZnCo,04-modified GCE, and Pt@ZnCo,0O4-modified GCE in a TMB
(0.4 mM) containing 25 mM sodium acetate—acetic acid buffer solution (pH 3.5). The
bare GCE shows no redox peaks in the buffer solution without TMB. In the presence of
0.4 M TMB, the bare GCE displays distinct reduction peaks at 0.56 V and 0.42 V, along
with noticeable oxidation peaks at 0.32 V and 0.46 V. These oxidation and reduction
peaks correspond to the characteristic redox behavior of TMB. Upon modification with
ZnCoy04 microspheres, the oxidation and reduction peak currents are slightly increased.
When the GCE has been modified with Pt@ZnCo,0O, microspheres, both oxidation and
reduction peak currents are significantly enhanced, with peak intensities much higher
than those observed with the ZnCo,0O4-modified electrode. Moreover, the active surface
areas of ZnCo,0,~ and Pt@ZnCo,04-modified GCEs are calculated as 1.310 x 1073 cm?
and 2.973 x 1073 cm?, respectively (as listed in Table S3 in the Supporting Information),
indicating that Pt@ZnCo,O4 possesses larger surface area than that of ZnCo,0Oy. It suggests
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that Pt@ZnCo,O4 microspheres facilitate electron transfer more efficiently than ZnCo,Oy4
microspheres, leading to higher catalytic activity.

2.3. Enzyme Kinetics Study

The steady-state kinetics behavior of ZnCo,04 and Pt@ZnCo,04 microspheres as
a peroxidase-like enzyme were investigated using TMB and H;O, as substrates. The
Michaelis—Menten curves and double reciprocal Lineweaver-Burk plots for ZnCo,O4
and 12.5% Pt@ZnCo,0O,4 microspheres with TMB and H,O; as substrates are obtained, as
shown in Figure 7. From these plots, the two main kinetic parameters, Ky, and Vmax, were
calculated, as listed in Table S1. The K, values for Pt@ZnCo,O4 microspheres with TMB
and H;O, are 0.112 mM and 1.32 mM, respectively, and the Vmax values for Pt@ZnCo,0O4
microspheres with TMB and H,O5 are 2.11 x 1077 Ms~! and 2.14 x 10~7 Ms ™!, respectively,
which are much superior to that of ZnCo,O4 microspheres. Moreover, the specific enzyme
activity of Pt@ZnCo,O4 was compared with reported horseradish peroxidase (HRP) and
different metal (like Pt, Co, Fe, etc.)-based peroxidase-like materials [33—48], as listed in
Table 1. It can be seen that Pt@ZnCo,O, microspheres exhibit much excellent substrate
affinity and higher catalytic activity than other nanozymes.
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Figure 7. Steady-state kinetic analysis of 12.5% Pt@ZnCo,04 microspheres: (a) Michaelis-Menten
curves with TMB (while [H,O;] = 4.8 mM) and (b) H,O, (while [TMB] = 1.0 mM) as the substrates;
corresponding double reciprocal fitting plots for (¢) TMB and (d) HyO, as the substrates. Each inset
is depicted for ZnCo,O,4 microspheres.
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Table 1. Comparison of Ky, and Vinax with HRP and different metal-based nanozyme materials.

Catal Km (mM) Vmax (108 Ms—1)
atalyst TMB H,0, TMB H,0, References
HRP 0.434 3.70 10.0 8.71 [33]
Fe;04/LNPs 0.510 5.30 1.03 0.96 [34]
Fe;04 QDs 0.030 31.1 137 8.89 [35]
MgFe,O4,MNPs 0.670 4.61 2.09 13.5 [36]
Co304 NDs 0.430 5.29 350 839 [37]
Co304-CeO, NSs 0.420 138 13.7 3.98 [38]
CePOy4-CeO, 0.230 4.76 8.78 29.8 [39]
CoTCPP-TiO, 0.011 1.49 9.56 4.73 [40]
CeO,/Co304 HNs 0.495 1.23 27.1 8.87 [41]
Cu-BDC@FeMog 1.81 0.69 10.5 7.12 [42]
Pd@P1tBi5 1.67 7.24 10.5 4.39 [43]
BiO-BDC-NH, 0.410 7.19 5.81 3.85 [44]
MOF-818 20.4 58.6 7.85 6.66 [45]
CuO/Pt NSs 0.413 2.89 14.6 8.85 [46]
Ag/Pt NCs 1.08 42.8 2.08 1.36 [47]
Pt/EMT zeolite 0.160 0.58 4.72 11.6 [48]
12.5% Pt@ZnCo,0y4 0.112 1.32 21.1 21.4 This work

Note: BDC—Benzene dicarboxylic acid; CoTCPP—cobalt (II) 5,10,15,20-Tetrakis (4-carboxylpheyl)porphyrin;
EMT—a kind of low-silica microporous aluminosilicate material; HNs—hollow nanocubes; HRP—horseradish
peroxidase; LNP—magnetic nanoparticles; NCs—nanoclusters; NDs—nanodisks; NSs—nanosheets; MNPs—
metal nanoparticles; MOF—metal-organic framework; QDs—quantum dots.

2.4. Colorimetric Detection of L-Cys
2.4.1. Principle of Detection

In this work, Pt@ZnCo,0O4 microspheres function as peroxidase-like enzymes, catalyz-
ing the decomposition of H,O, into reactive oxygen species (ROS), specifically hydroxyl
radicals (¢OH). These #OH radicals subsequently oxidize the organic colorimetric substrate,
TMB, leading to the formation of a coupling product. This coupled product exhibits an
absorption peak at a specific wavelength in the visible region, resulting in a blue coloration.
When L-Cys is introduced into the system, it inhibits the coupling reaction of the organic
chromophore, thereby reflecting the level of L-Cys in the system through a decrease in the
absorption value and a corresponding lightening of the color (Scheme 1).

2.4.2. Investigation on Chromogenic Substrate and Colorimetric Feasibility

With the best peroxidase-like activity, it is possible to employ the 12.5% Pt@ZnCo,04
microspheres to establish a colorimetric sensor for visual detection of L-Cys. The effect of
chromogenic substrates on the sensor’s signal output was investigated by comparing three
common chromogenic substrates such as OPD, ABTS, and TMB. Under the same conditions,
TMB exhibits the highest absorbance value as the chromogenic substrate (Figure 8a). When
the target analyte, L-Cys, was added, L-Cys showed the most significant inhibitory effect
on oxTMB, generating the strongest sensor signal. The possible reason for this is that, under
weakly acidic conditions, TMB is more favorable for binding with Pt@ZnCo,0O4 [49,50].
Therefore, TMB was selected as the optimal chromogenic substrate for further studies.

UV absorption tests were performed to verify the feasibility of the Pt@ZnCo,O4
microsphere-based colorimetric sensor for L-Cys detection. As shown in Figure 8b, curve A,
with a very high absorption peak, represents the TMB and H,O; system with Pt@ZnCo,04
microspheres added, while curve B, with a much lower absorption peak, shows the TMB
and HyO; system without Pt@ZnCo,0Oj4. It can be obviously observed that Pt@ZnCo,04
microspheres exhibit high peroxidase-like activity. Curve C shows the addition of the target
analyte, L-Cys, with a total concentration of 40 uM, to the system in curve A, causing a
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very large decrease in absorption peak. It is evident that when L-Cys is present at a certain
concentration, the system turns colorless, and the characteristic absorption peak disappears.
Thus, L-Cys inhibits the formation of oxTMB, resulting in a colorless system. When the
added concentration of L-Cys is reduced to 4 uM (curve D), the system becomes light
blue, and the characteristic absorption peak decreases significantly compared to Curve
A but remains higher than that in the high-concentration L-Cys system (Curve C). This
indicates that the inhibitory effect of L-Cys on oxXTMB is related to its concentration. Curve
E represents the system A without H;O,, i.e., TMB and Pt@ZnCo,0O4. It can be seen
that when only Pt@ZnCo,04 material and TMB are present, system E shows a faint blue
and a weak characteristic absorption peak, indicating that the material possesses some
weak oxidase-like activity. However, its peroxidase-like activity is significantly larger than
the oxidase-like activity. Then, the subsequent experiments were focused mainly on the
peroxidase-like activity. Curve F shows the system with only Pt@ZnCo,04 and H,O,. In
the absence of the chromogenic substrate TMB, no signal is generated, confirming that
the chromogenic substrate is a key factor influencing the performance of this colorimetric
sensing system. Therefore, it is feasible to utilize Pt@ZnCo,0O, microsphere material for
colorimetric detection of L-Cys.
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Figure 8. (a) Effect of chromogenic substrates on L-Cys detection while [H,O,] = 2.8 mM. (b) UV
absorption spectra of different solution systems: (A) TMB + H,O, + Pt@ZnCo,0;; (B) TMB + H,O,;
(C) TMB + H,O; + Pt@ZnCo,04 + 40 uM L-Cys; (D) TMB + H,O; + Pt@ZnCo,04 + 4.0 uM L-Cys;
(E) TMB + Pt@ZnCo0,0y4; (F) HyO, + Pt@ZnCo,0y; insets of the colorimetric images observed with
the naked eyes are included. The mixture was incubated at 40 °C for 10 min in 25 mM NaAc-HAc
buffer solution (pH = 3.5), while [Pt@ZnCo,O4 MSs] = 12.5%, [TMB] = 0.8 mM, [H,O,] = 3.6 mM,
and [L-Cys] = 40 pM.

2.4.3. Optimization of Conditions

For a colorimetric detection system, the optimization of experimental parameters is of
the utmost importance. In this work, several factors, including reaction time, temperature,
pH, and concentrations of NaAc, TMB, and H,O,, were examined with two concentrations
(4 pM and 40 pM) of L-Cys added (Figures S3 and S4). Figure S3a indicates that the
absorbance difference (AA) of the detection system tends to stabilize at 20 min, and at the
same time, the output signal of the colorimetric system is maximum and stable. Similar
to the natural enzyme, the temperature has a great influence on enzyme activity, and the
catalytic effect will be inhibited by both too-high and too-low reaction temperatures. As
shown in Figure S3b, the Pt@ZnCo,0O4 microspheres have the best catalytic effect and the
largest sensing output signal at 50 °C. The simulated enzyme activity of Pt@ZnCo,O4
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microspheres is closely related to the pH of the buffer solution. To obtain high detection
sensitivity, the effect of buffer solutions with different pH on the sensing performance was
investigated. Within the pH range of 3.0-5.0, relatively large sensing signals are observed,
with a maximum at pH 3.5 (Figure S3c), indicating that the Pt@ZnCo,04 microspheres
have the optimal catalytic activity under acidic conditions. This is because peroxidase
activity is determined through the mechanism of a Fenton-like reaction. One of the main
factors influencing Fenton-like reagents is the pH value, which usually operates under
acidic conditions and cannot catalyze the oxidation of H,O, to produce hydroxyl radicals
in neutral and alkaline environments [51,52]. Therefore, significant deviations from this
pH value can affect the analysis of L-cysteine.

In addition, the detection performance was influenced by the concentration of the
NaAc buffer solution, as shown in Figure S3d. It can be seen that the sensor system’s
AA reaches its maximum at 652 nm when the NaAc concentration is 25 mM. It is worth
noting that when the concentration of NaAc increases to 30 m},, its response in absorbance
decreases so fast. Besides the inherent peroxidase-like activity, the buffer solution is an
important external factor that can significantly alter the activity of nanozymes because
buffering agents can interact with the particle surfaces [53]. Adding salts to buffer solutions
can cause electrostatic interaction that affects enzyme kinetics [54]. Usually, excessively high
salt concentrations in the buffer solution can affect the interaction between the nanozyme
surface and the TMB and H,O, substrates.

The concentration of the chromogenic substrate, TMB, plays an important role in the
system’s detection performance. Figure S4a shows the sensor performance at different TMB
concentrations. The best sensor signal is observed when the TMB concentration is 0.8 mM.
Further increases in TMB concentration result in little to no change in AA, and even a slight
decrease, because the catalytic sites on Pt@ZnCo,0O4 microspheres are almost occupied
by TMB molecules, and excessive substrate no longer reacts. The concentration of HyO,,
acting as the electron acceptor in the catalytic reaction, also affects the catalytic oxidation
rate of the chromogenic substrate. Figure 54b illustrates the sensor performance at different
H,O, concentrations. As the HyO; concentration increases, AA gradually increases. When
the HyO, concentration reaches 3.6 mM, no further increase is observed, indicating that
H,0O; has reached saturation and no longer participated in the reaction.

2.4.4. Detection Performance

To evaluate the sensitivity of the colorimetric system for detecting L-Cys, the sensor’s
responses to different concentrations of L-Cys were recorded under the optimal reaction
conditions. As seen from an inset of Figure 9a, the solution color gradually changes from
blue to colorless with the increased concentration of L-Cys in the system. When the L-Cys
concentration exceeds 4 uM, the AA value becomes greater than 0.5, making it visibly
distinguishable. When the L-Cys concentration exceeds 40 uM, the color and absorbance
response signal remain relatively unchanged, indicating that the L-Cys concentration has
reached saturation (Figure 9b). As shown in an inset of Figure 9b, the absorbance response
value shows a good linear relationship with the logarithm of the L-Cys concentration
(LogCL.cys) in the range of 0.1~50 pM (R? = 0.993). The limit of detection (LOD) for L-Cys
was calculated to be 0.0163 uM using the 30/slope formula.

Additionally, the performance of the established Pt@ZnCo,O4 microspheres-based col-
orimetric sensor was compared with those previous methods for L-Cys detection based on
metal-based mimetic enzyme nanomaterials reported elsewhere [55-67]. The summarized
data are listed in Table 2. It can be seen that this work presents a relatively wider linear
range and lower detection limit than others, indicating that the peroxidase-like colorimetric
sensor possesses excellent sensing performance with high catalytic activity.
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Figure 9. (a) UV-vis absorption spectra of the colorimetric system in 25 mM NaAc-HAc buffer
solution (pH = 3.5) varied with the increased L-Cys concentration, including insets of the colorimetric
images observed from blue to colorless with the naked eyes. (b) Response relation between AAgspnm
and L-Cys concentration, with an inset of the corresponding calibration curve. [Pt@ZnCo,O4 MSs] =
12.5%, [TMB] = 0.8 mM, [H,O,] = 3.6 mM.

Table 2. Comparison of L-Cys detection with different metal-based mimetic enzymes.

Metal-Based Analytical Linear Range ];“ 1mit .Of Ref
Mimetic Enzymes Method (uM) etection elerences
(M)
Fe304 nanofibers Colorimetric 2-10 0.0280 [55]
Van-Pt; /Pd; NPs Colorimetric 6-100 0.07 [56]
PtCo@MWCNTs Colorimetric 0.01-60.0 0.041 [57]
PBNCs Colorimetric 5-9 2.00 [58]
TAnc-Mny., Colorimetric 8.26-90.86 2.28 [59]
CoO/Co-Try-GQD Colorimetric 0.05-2 0.032 [60]
CeCuOy/C Colorimetric 50-900 3.24 [61]
Co-N/C Colorimetric 1-30 0.55 [62]
AgNPs Colorimetric 0.5-20 0.0904 [63]
U66-PV-Pep@AuNP  Colorimetric 2.5-40.0 0.33 [64]
Pt/MnO, /GO Colorimetric 0.5-32 0.12 [65]
GAP Colorimetric 0.01-20.0 0.094 [66]
MNB/PC Colorimetric 0-35 0.10 [67]
12.5% Pt@ZnCo,0y4 Colorimetric 0.1-50 0.0163 This work

Note: GAP—Guanosine-5'-triphosphate; GQD—graphene quantum dots; GO—Graphene oxide; MNB/PC—
MnO; nanobelts anchoring on porous carbon; MWCNTs—multi-walled carbon nanotubes; PBNCs—Prussian
blue nanocubes; TAnc—tannic acid enzyme mimics; U66-PV-Pep—UiO-66-NH,-poly (dimethylvinyloxazolinone)-
pepsin; Van—vancomycin.

2.4.5. Selectivity

Selectivity is a crucial parameter for sensors. To evaluate the selectivity of the
Pt@ZnCo,04 microspheres in colorimetric detection of L-Cys, twenty other common amino
acids were tested, including L-alanine (L-Ala), L-arginine (L-Arg), L-asparagine (L-Asn),
L-aspartic acid (L-Asp), L-cysteine (L-Cys), L-glutamic acid (L-Glu), L-glutamine (L-GIn),
L-glycine (L-Gly), L-histidine (L-His), L-isoleucine (L-Ile), L-leucine (L-Leu), L-lysine (L-
Lys), L-methionine (L-Met), L-phenylalanine (L-Phe), L-proline (L-Pro), L-serine (L-Ser),
L-threonine (L-Thr), L-tryptophan (L-Trp), L-tyrosine (L-Tyr), L-valine (L-Val), and L-
cystine (L-Cyn). As shown in Figure 10, even when the concentrations of these interfering
substances are ten times that of L-Cys, no significant effects from those amino acids on the
detection of L-Cys can be observed. The colorimetric images of the twenty amino acids
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appear blue, while the L-Cys remains colorless in the reaction system, which is clearly
observable with the naked eye, showing its good visual detection ability for L-Cys.
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Figure 10. Selectivity of Pt@ZnCo,O4 microspheres for different amino acids in 25 mM NaAc-HAc
buffer solution (pH = 3.5), including insets of the colorimetric images observed with the naked eye.
[Pt@ZnCoyO4 MSs] = 12.5%, [TMB] = 0.8 mM, [H,O;] = 3.6 mM.

This is because, although the common twenty-one amino acids have similar structures
and properties due to their amino and carboxyl groups, L-Cys differs significantly in
structure from the other twenty amino acids due to the presence of a thiol group, which
can form a relatively strong bonding interaction with the precious metal platinum. At
the same time, in acidic environments such as pH 3.5, L-Cys exhibits a strong positive
charge near its isoelectric point (pI = 5.07), indicating that its molecular ion carries a strong
positive charge. According to the zeta potential data of Pt@ZnCo,0y in Figure 5b, it
can be inferred that its microsphere surface carries a negative charge, leading to strong
electrostatic adsorption between L-Cys and the microsphere surface. Moreover, from the
XPS data in Figure 4b, it can be seen that the loading of Pt increases the oxygen vacancies
on the surface of Pt@ZnCo, O, microspheres compared with ZnCo,O4 microspheres, as the
oxygen vacancies increase the active sites on the surface of Pt@ZnCo,QO;, thereby enhancing
the electrostatic adsorption force between the negatively charged Pt@ZnCo,04 surface
and the positively charged cysteine molecule. Therefore, the Pt@ZnCo,0O,4 microspheres
possess high selectivity in colorimetric detection of L-Cys against twenty other common
amino acids.

In addition, the thiol compounds, such as methyl mercaptan, ethyl mercaptan, and
phenylthiol, with no amino and carboxyl groups, did not affect the detection results. If
the same concentration of cysteine is present in samples with different concentrations of
other reactive oxygen species (peroxides), the analysis results will not be affected because
the material in this work catalyzes the generation of hydroxyl radicals from hydrogen
peroxide, oxidizing colorless TMB to blue oXTMB. The key step in detection is the reduction
in oxTMB by L-cysteine, resulting in a difference in absorbance.
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2.4.6. Reusability and Usage Stability

The usage stability of the material and its reusability are key factors affecting the
performance of colorimetric sensors. As shown in Figure 11a, after four cycles of reuse, the
peroxidase-like activity of the Pt@ZnCo,0, microspheres still remains over 80%, demon-
strating excellent reusability. Furthermore, the peroxidase-like activity of the Pt@ZnCo,04
microspheres used for different periods was also evaluated. The results, shown in Fig-
ure 11b, indicate that after being dispersed in water for 28 d of usage, the activity of
the material still remains above 85% when measured every seven days, suggesting good
usage stability.
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Figure 11. (a) Reusability and (b) storage stability of Pt@ZnCo,O4 microspheres in 25 mM NaAc-HAc
buffer solution (pH = 3.5). [Pt@ZnCo,04 MSs] = 12.5%, [TMB] = 0.8 mM, [H,O;] = 3.6 mM.
2.5. Analytical Application
The fabricated Pt@ZnCo,O4 microspheres-based colorimetric sensor was further ap-
plied to the detection of L-Cys in real samples like the L-Cysteine capsule, one of the health
products of Pure Encapsulations. The result was compared with the content measured
by HPLC (Table 3). As indicated in Table 3, the L-Cys contents measured by using the
colorimetric method are in agreement with that of HPLC, that the recovery rates of L-Cys
in real samples range from 96.9% to 103.7%, with relative standard deviation (RSD) ranging
from 1.07% to 6.50%. Also, the recovery rates and RSD data both fall within a reasonable
range, confirming the reliability of this colorimetric method for L-Cys in actual samples.
Table 3. Determination of L-Cys content in health product capsule (1 = 3).
This Method Spiked Measured Recovery = RSD RD
Sampl HPLC (uM
ample Y (uM) (M) (%) (%) %)
L-Cvsteine 5.000 13.24 103.7 1.07
Cay sule 7.962 8.055 10.00 17.74 96.9 6.50 1.2
p 15.00 22.82 98.4 1.30

3. Materials and Methods

3.1. Reagents and Instruments

Glacial acetic acid (CH3COOH), hydrogen peroxide (H,O,, 30%), hydrochloric acid
(HCI), anhydrous ethanol (CH3CH,OH), N,N-dimethylformamide (DMF), zinc acetate di-
hydrate (CH3COOZn-2H,0), cobalt acetate tetrahydrate (CH3COOCo-4H,0), benzoic acid
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(C¢HsCOOH), ethylene glycol (CH,OH);, anhydrous sodium acetate (CH;COONa), and
isopropanol (IPA) were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). 3,3',5,5'-Tetramethylbenzidine (TMB), polyvinylpyrrolidone (PVP), 5,5-dimethyl-
1-pyrroline N-oxide (DMPO), and 2,2"-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS) were obtained from Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). o-Phenylenediamine (OPD) was sourced from Yien Chemical Tech-
nology Co., Ltd. (Shanghai, China). Potassium chloroplatinate (K,PtCly) was acquired
from McLean Biochemical Technology Co., Ltd. (Shanghai, China). Nitric acid (HNOj3)
was procured from Kelong Chemical Reagent Factory (Sichuan, China). Aluminum oxide
powder (Al,O3, 1.0, 0.1, and 0.05 um) was obtained from Xianren Instrument Co., Ltd.
(Shanghai, China). L-Cysteine capsule, one of Pure Encapsulations, was sourced from
Puritan’s Pride Health Food Co., Ltd. (New York, NY, USA). Distilled water (conductivity
> 18.2 MQ)-cm) from Watsons Food and Beverage Co., Ltd. (Guangzhou, China) was used
for sample preparation and testing in the experiments.

Scanning electron microscopy (SEM, MIRA4) was utilized for morphological and
compositional analysis of the samples, with equipment sourced from Tescan (Brno, Czech
Republic). The Zeta potential was measured using a NanoBrook 90Puls Zeta potential
and laser particle size analyzer. Powder X-ray diffraction (PXRD) was performed using
a Smart Lab SE powder diffractometer from Rigaku Corporation (Akishima-shi, Japan).
X-ray photoelectron spectroscopy (XPS) analysis was conducted on a Thermo Scientific
K-Alpha instrument from Thermo Fisher Scientific (Waltham, MA, USA). Fourier transform
infrared spectroscopy (FT-IR) was performed using a Thermo Scientific Nicolet i520 spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). Free radicals were assessed using
a Bruker EMXplus-6/1 electron paramagnetic resonance (EPR) spectrometer from Bruker
Corporation (Bremen, Germany). High-temperature carbonization of the samples was
carried out in an HLG-X-12 graphite furnace from Hengli (Luoyang, China). Ultraviolet
(UV) spectroscopy measurements were conducted using a UV-1900i UV spectrophotometer
from Shimadzu Corporation (Kyoto, Japan). Fluorescence spectroscopy was performed
on an F-7000 fluorescence spectrophotometer from Hitachi (Tokyo, Japan). Electrochemi-
cal measurements were carried out using a CHI 660E electrochemical workstation from
Shanghai Chenhua Instrument (Shanghai, China).

3.2. Synthesis of ZnCo,O4 Microspheres

The Zn-Co carbonate precursor was synthesized using a co-precipitation method. A to-
tal of 0.6585 g of Zn(CH3COO),-2H,0 and 1.4946 g of Co(CH3COO),-4H,0 were weighed
and placed in a 250.0 mL round-bottom flask, followed by the addition of 150.0 mL of
ethylene glycol. The resulting mixture was vigorously stirred for 1 h, after which the
temperature was gradually increased to 50 °C while maintaining stirring for 30 min. Sub-
sequently, the mixture was transferred to an oil bath and heated to 170 °C at a stirring
speed of 100 rpm, allowing for condensation reflux for 2 h. Upon cooling to room tempera-
ture, the precipitate was collected by centrifugation. The resulting purple precipitate was
washed six times with ethanol and then centrifuged to collect the product. The collected
precipitate was dried at 60 °C for 12 h. The synthesized Zn-Co carbonate precursor was
then placed in an aluminum chloride crucible and subjected to annealing at 600 °C for 5 h,
with a heating rate of 5 °C/min in a tube furnace. After annealing, the solid is directly
obtained from the aluminum chloride ceramic crucible and thoroughly ground to obtain
the ZnCo,04 microspheres.
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3.3. Synthesis of Pt@ZnCoyO4 Microspheres

Fifty milligrams of ZnCop,O4 MSs and thirty milligrams of polyvinylpyrrolidone (PVP)
were dissolved in 50 mL of ethylene glycol. Subsequently, 0.6 mL of a 0.02 M K,PtCly
aqueous solution was added to the mixture. The solution was then heated to 110 °C and
maintained at this temperature for 2 h. After the reaction, the precipitate was collected by
centrifugation and washed several times with deionized water and ethanol. The product
was dried in an oven at 60 °C for 12 h. Additional K,PtCly aqueous solutions were
prepared with concentrations of 0.01 M, 0.04 M, 0.08 M, and 0.10 M to synthesize different
Pt@ZnCo,04 MSs with varying amounts of Pt doped (Table S2). Usually, the microspheres
were stored dry at 4 °C and dispersed in water during use.

3.4. Measurement of Catalase-like Activity

Five microliters of suspensions (5 mg/mL) of the above-synthesized Pt@ZnCo,04
MSs were added to 455 pL of a 25 mM sodium acetate—acetic acid buffer solution (pH 3.5).
Subsequently, 20 pL of a 70 mM hydrogen peroxide solution and 20 pL of a 20 mM 3,3’ ,5,5'-
tetramethylbenzidine (TMB) solution were added. The mixture was incubated in a constant
temperature metal bath at 25 °C for 5 min. The absorbance values at 652 nm and 480 nm
were measured using UV-vis spectroscopy, and the difference in absorbance (Ags5,—A4s0)
was obtained.

3.5. Measurement of Catalytic Mechanism

(1) Fluorescence measurement of hydroxyl radicals (-OH): Benzoic acid (BA), which
has no fluorescence properties, was selected as the probe to trace the hydroxyl radicals
(-OH) generated by the Pt@ZnCo,0O4 microspheres. In a 1.5 mL centrifuge tube, 10 uL of
1.0 mg/mL 12.5% Pt@ZnCo;0O4 MSs, 100 pL of 14 mM BA, and 20 uL of 100 mM hydrogen
peroxide were added. The solution was then diluted to a total volume of 500 puL with a
25 mM sodium acetate-acetic acid buffer (pH 3.5). The mixture was homogenized using a
vortex mixer and incubated in a constant temperature metal bath at 37 °C for 30 min. The
fluorescence intensity of the system was measured, with the excitation wavelength (Ex) set
at 298 nm and the emission wavelength (Em) at 405 nm.

(2) Isopropanol (IPA) for hydroxyl radical (-OH) capture: For the IPA group, 5 uL of
1.0 mg/mL 12.5% Pt@ZnCo,04 MSs, 20 L of 90 mM hydrogen peroxide (H,0O;), 100 pL
of isopropanol (IPA), and 20 puL of 20 mM TMB were added to a 1.5 mL centrifuge tube.
The total volume of the solution was then adjusted to 500 puL with a 25 mM sodium acetate—
acetic acid buffer (pH 3.5). For the control group without IPA, the same procedure was
followed, without adding IPA.

(3) Electrochemical testing: 1.0 mg of 12.5% Pt@ZnCo,04 MSs was dissolved in
1 mL of distilled water and sonicated for 30 min. Afterward, 5 puL of this dispersion was
dropped onto a glassy carbon electrode. The electrode was allowed to air dry before
being immersed in a mixed solution containing 25 mM sodium acetate—acetic acid buffer
(pH 3.5) and 0.4 mM TMB, maintaining a total volume of 5 mL for the reaction system. The
electrochemical test was conducted using cyclic voltammetry (CV) with a three-electrode
setup, scanning from —0.2 V to 1.0 V at a scan rate of 0.025 V/s.

(4) Electron paramagnetic resonance experiment: A reaction was carried out at room
temperature in the dark using a 25 mM sodium acetate-acetic acid buffer (pH 3.5) con-
taining 10 ng/mL of 12.5% Pt@ZnCo,;0O4 MSs, 2.8 mM H,0O,, and 30 mM DMPO. After a
reaction time of 5 min, the production of radicals in the system was detected using an EPR
spectrometer. According to the Randles-Sevcik equation [68], with a scan rate of 25 mV /s
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(n=1and D =7x107% cm?/s), the effective specific surface area of the series of ZnCo,Oy
and Pt@ZnCo,0,4 modified electrodes were calculated.

I, =2.69 x 10°n*2AD!/2Cv!/2 M

Here, Ip is the peak current, n is the number of electrons transferred, A is the effective
specific surface area of the electrode, and D is the diffusion coefficient.

3.6. Kinetics Measurement of Peroxidase-like Enzymes

Enzyme kinetics experiment: The experiment was conducted in a 25 mM sodium
acetate—acetic acid buffer (pH 3.5) containing 10 ug/mL of 12.5% Pt@ZnCo,O4 MSs. When
the concentration of H,O; in the fixed system was set at 4.8 mM, the concentration of TMB
varied between 0.1 mM and 1.4 mM. Conversely, when the concentration of TMB was fixed
at 1.0 mM, the concentration of H,O, varied from 0.4 mM to 4.4 mM. The absorbance at the
maximum wavelength (652 nm) was measured every 10 s for the first 150 s of the reaction.
Subsequently, a plot of 1/[V] versus 1/[S] was constructed to calculate the Michaelis
constant (K, ) and the maximum reaction velocity (Vmax) for the 12.5% Pt@ZnCo,O4 MSs.
All experiments were repeated three times. According to Lambert—Beer’s law, the substrate
concentration can be calculated using the following formula:

A = ¢bc (2)

where A represents the absorbance; ¢ denotes the molar absorptivity coefficient, with the
molar absorptivity of TMB in this system being 39,000 M~!ecm~!; b signifies the path length,
measured in centimeters, with a consistent value of 1 cm in this experiment; and c refers to
the substrate concentration, expressed in mol/L.
The relevant kinetic parameters were calculated using the Lineweaver—Burk plot along
with the Michaelis—-Menten equation, as follows:
1 1 Kn 1

i 4+ 3
\% [S] Vimax Vmax ( )

In this context, V represents the initial velocity, Vimax denotes the maximum re-
action velocity, [S] indicates the substrate concentration, and Ky, corresponds to the
Michaelis constant.

3.7. Procedure for Colorimetric Detection of L-Cysteine

(1) Selection of different chromogenic substrates: A total of 5 uL of 1.0 mg/mL 12.5%
Pt@ZnCo,04 MSs, 20 uL of 70 mM H,0,, and 20 uL of 20 mM TMB were mixed into
455 pL of 25 mM NaAc-HAc buffer (pH 3.5) and reacted at 40 °C for 10 min. In the
experimental group, 20 uL of 1 mM L-Cys was added while keeping the other compo-
nents unchanged, maintaining a final volume of 500 pL. The chromogenic substrates were
then varied to OPD and ABTS. The absorbance differences between the blank and exper-
imental groups for different chromogenic substrates were measured and calculated as
AA" = AAgjank (Ags2 — Aggo) — AALCys (Ags2 — Aggo)-

(2) Feasibility analysis: A total of 5 puL of 1.0 mg/mL 12.5% Pt@ZnCo,04 MSs, 20 uL
of 90 mM H,0,, and 20 uL of 20 mM TMB were mixed into 455 pL of 25 mM NaAc-HAc
buffer (pH 3.5) and incubated at 40 °C for 20 min. The absorption spectrum was then
measured in the range of 450 nm to 800 nm. In the sample group, 5 puL of 1.0 mg/mL 12.5%
Pt@ZnCo,04 MSs, 20 uL of 1.0 mM L-Cys, 20 puL of 90 mM H;0,, and 20 pL of 20 mM
TMB were mixed into 435 pL of 25 mM NaAC-HAc buffer (pH 3.5).
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(3) Optimization of testing conditions: Multiple parameters affecting the colorimetric
detection of L-Cys were investigated, including reaction time, buffer pH, buffer concentra-
tion, reaction temperature, TMB concentration, and H,O, concentration. Each experimental
system had a total volume of 500 pL, with 5 uL of 1 mg/mL 12.5% Pt@ZnCo,0O4 MSs and
20 uL of 1.0 mM L-Cys. The volumes of TMB and H,O, added were both 20 pL, with their
final concentrations indicated accordingly. The components were added in the following
order: buffer, 12.5% Pt@ZnCo,,04, L-Cys, HO,, and TMB.

(4) Colorimetric detection of L-Cys: The total volume of the system was main-
tained at 500 puL. Under optimal conditions, the blank group was set without the tar-
get substance L-Cys, while the experimental groups contained a series of different
concentrations of L-Cys. The absorbances at 652 nm and 480 nm were measured for
both blank group and each experimental group, with the calculation of AA as follows:
AA = AAgjank (Ags2 — Asg0) — AAL-cys (Agsa — Adgo)-

3.8. Selectivity Measurement

Selecting other amino acids as interferents: Other amino acids were added as inter-
ferents to the colorimetric detection system. The absorbances at 652 nm and 480 nm were
measured, and the differences in absorbance were compared under the presence of different
amino acids using the equation: AA = AAgjank (Ags2 — A480) — AAamino acid (Ae52 — Adsp)-

3.9. Procedure for Detection of L-Cysteine in Actual Samples

Sample pretreatment: Dissolving 10 mg of L-Cysteine capsule powder in 10 mL of
NaAC-HAc buffer (pH = 3.0) and then filtering the solution through a membrane to remove
insoluble substances after centrifugation, the filtrate was collected and diluted 100 times.

Actual sample detection: Taking 5 uL of 1 mg/mL 12.5% Pt@ZnCo,0y, 20 pL of
90 mM H,0O», 20 uL of 20 mM TMB, and 20 pL of L-Cysteine sample solution added into
435 pL of 25 mM NaAc-HAc buffer (pH = 3.5) and mixed thoroughly, after reacting at
50 °C for 20 min, the absorbances at 652 nm and 480 nm were measured.

Examination of reusability and storage stability of Pt@ZnCo,O4 microspheres: First,
5 uL of 1 mg/mL 12.5% Pt@ZnCo,0O4, 20 uL of 90 mM H;0O;, and 20 pL of 20 mM TMB were
added into 455 uL of 25 mM NaAC-HAc buffer (pH = 3.5) and mixed thoroughly. After
reacting at 50 °C for 10 min, the mixture was centrifuged at 12,000 rpm for 5 min. Then,
the absorbances of the supernatant were measured to obtain AA (Agsy — Aggp). Finally, the
remaining material was washed with distilled water three times and reused; then, 1 mL
of 1.0 mg/mL 12.5% Pt@ZnCo,0, was prepared, its absorbance AA (Agsy — Aggg) was
measured in the above catalytic system every seven days, and the relative activity was
calculated referring to the highest absorbance as 100% activity for comparison.

4. Conclusions

In this work, a one-pot method was employed to synthesize Pt@ZnCo,O4 micro-
spheres with the same morphology but varying Pt-loading levels. The peroxidase-like
activities of these materials were systematically investigated. Compared to the spinel-
structured ZnCo,O4 microspheres, the Pt@ZnCo,04 microspheres exhibited slightly larger
particle sizes, while their structural integrity remained largely unchanged. The incorpo-
ration of Pt’ increased the oxygen vacancies in the ZnCo,O4 microspheres, enhancing
their substrate affinity and catalytic activity. The interaction between Pt@ZnCo,04 mi-
crospheres and TMB through electrostatic adsorption accelerated the electron transfer
throughout the catalytic process, with the peroxidase-like catalysis operating via a Fenton
mechanism. Kinetic studies demonstrated that the Km values for both substrates (TMB
and HyO,) with Pt@ZnCo,04 microspheres were lower than the reported Km value of
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horseradish peroxidase, indicating superior catalytic activity. The L-cysteine colorimetric
sensor based on Pt@ZnCo,04 microspheres displayed high sensitivity, with a detection
limit of 0.0163 uM. Furthermore, this material demonstrated good reusability and usage
stability. The established sensing method offers the advantages of good accuracy and sim-
plicity, successfully detecting L-cysteine in health supplements with a recovery rate of 96.9%
to 103.7%. This work not only expands the horizons for the application of ZnCoyO4 spinel
materials in bioanalytical chemistry but also offers valuable insights into the design and
development of novel noble metal-loading artificial mimetic enzymes, showing significant
practical potential.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules30010187/s1, Figure S1. Particle size distribution of
ZnCo,04 microspheres formed by aggregation. Figure S2. N adsorption—-desorption isotherm and
pore size distribution diagram of ZnCo,Oy. Figure S3. Effect of reaction time (a), temperature (b), pH
(c), and NaAc concentration (d) on the colorimetric sensor for detecting L-Cys. Figure S4. Effect of
TMB (a) and H,O; concentrations on the detection of L-Cys using the colorimetric sensor. Figure S5.
Atomic percentages of Co, Zn, and Pt in 4.39% Pt@ZnCo,0y4, 6.58% Pt@ZnCoy0y, 8.31% Pt@ZnCo,0y,
10.4% Pt@ZnCo,0y4, and 12.5% Pt@ZnCo,0O4 with corresponding concentrations of chloroplatinic
acid solutions added (0.01 M, 0.02 M, 0.04 M, 0.08 M, and 0.10 M). Table S1. Comparison of Ky,
and Vmax values between ZnCo,O,4 microspheres and 12.5% Pt@ZnCo,O4 microspheres. Table S2.
Contents of metal elements in Pt@ZnCo,O4 microspheres at varying levels of Pt loaded. Table S3.
Active surface area of different modified electrodes.
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