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Streamlined Synthesis of Ga-Cu Dual Single-Atom
Nanozymes for Advanced Electrochemical Sensing
Applications

Guangchun Song, Xiaochun Zheng, Zedong Zhang, Marie-Laure Fauconnier, Cheng Li,
Li Chen, and Dequan Zhang*

The real-time, rapid, and portable detection of food freshness is crucial for as-
sessing food quality and ensuring food safety. Volatile amines produced during
food spoilage have significant potential as markers for evaluating freshness. In
this study, an electrochemical sensing platform is developed for the detection
of volatile amines using gallium-copper dual single-atom nanozymes (with Ga
and Cu contents of 1.31and 4.07 wt.%, respectively) supported by a 2D layered
double hydroxide (LDH). The synergistic loading of the dual atoms facilitated
binding with volatile amines, which accelerated electron transfer at the GaCu-
LDH surface, inducing changes in the electrical signals and enabling detection.
The platform exhibited a rapid response time of ≈4 s, with a good linear rela-
tionship between the ammonia concentration and steady-state current within
the range of 0.05‒0.4 mm and a detection limit of 5.9 μm. This electrochemical
sensor platform enabled the rapid, portable, and intelligent detection and mon-
itoring of the freshness of meat from livestock and poultry (pork, beef, lamb,
and chicken) at room temperature and under refrigerated storage conditions,
providing a valuable method for the real-time monitoring of food freshness.

1. Introduction

Food freshness is essential to consumer health and safety. Ac-
cording to a report by the World Health Organization, ≈600
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million cases of illness worldwide are
caused by the consumption of spoiled food
products,[1–3] with over 200 diseases linked
to food spoilage.[4] With the faster pace of
modern lifestyles, there has been a surge
in the demand for meat, a primary source
of high-quality protein. Hence, ensuring
the quality and safety of meat products
has emerged as a key research focus.[5]

During processing, storage, and distribu-
tion, meat is prone to quality deteriora-
tion owing to lipid oxidation,[6,7] protein ox-
idation and degradation,[6,8] and microbial
spoilage.[9,10] In the European Union, ≈14
million tons are meat is wasted annually
owing to delays in spoilage detection,[11]

while resource losses in China are signifi-
cantly higher than the 1‒3% in developed
countries.[11,12] Therefore, the development
of rapid, portable, and intelligent technolo-
gies for the precise detection and monitor-
ing ofmeat freshness is crucial for reducing

economic losses, ensuring public health, and promoting efficient
resource use.
The total volatile basic nitrogen (TVB-N) is currently recog-

nized as the sole physicochemical indicator for evaluating meat
freshness. However, the detection process is cumbersome and
does not meet the demands for on-site, rapid, and portable
detection.[13–15] Therefore, the development of a fast and portable
technology for detecting meat freshness is imperative. Nitrogen-
containing organic compounds produced by the decarboxylation
and degradation of amino acids, peptides, and proteins under
microbial activity during meat spoilage are potential markers for
evaluating meat freshness.[16–18] Volatile amines are particularly
noteworthy as potential markers for the following reasons:[19–22]

1) changes in their concentration reflect the extent of protein ox-
idation in meat and are significantly correlated with the TVB-N
content; 2) the unpleasant odors of volatile amines provide a di-
rect sensory indication of meat spoilage; 3) volatile amines can
be detected using relatively simple chemical analysis methods.
Hence, volatile amines can serve as effective markers for the de-
velopment of rapid, portable, and intelligent technologies for de-
termining meat freshness.
Traditional large-scale detection methods, such as

chromatography-mass spectrometry[20,23] and spectroscopy,[24,25]

can detect volatile amines; however, their application in rapid,
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Scheme 1. Preparation and practical detection application of a GaCu-LDH electrochemical sensing chip.

portable, and intelligent sensing is limited owing to high costs
and the need for professional operation.[26–29] Materials are
often regarded as the “cornerstone of human civilization,” and
the development and application of novel high-performance
nanomaterials have been a major focus of interdisciplinary
research.[30] In this context, single-atom nanozymes (SAzymes)
have attracted significant attention because of their uniformly
distributed catalytically active centers, well-defined electronic
structures, and precisely designed geometric configurations.
SAzymes also possess other desirable properties such as
strong optical signals and ease of modification, making them
highly promising for rapid, portable, and intelligent sensing
applications.[31,32] Many studies have shown that the catalytic per-
formance of enzymes can be effectively regulated by adjusting
the type of carrier and number of catalytic metal centers.[33–36]

2D layered double hydroxides (LDHs) composed of positively
charged metal hydroxide layers and negatively charged in-
terlayer anions have emerged as a novel class of functional
nanomaterials.[37–39] Owing to their unique 2D layered structure,
simple preparation, high surface area, and superior catalytic

activity, LDHs offer distinct advantages over carbon-based and
metal-organic framework materials when used as carriers for
SAzymes.[40–42] Increasing the number of metal atoms in coordi-
nation with single-atommetal catalysts is an effective strategy for
enhancing the catalytic activity and stability of SAzymes.[43–46]

The synergistic catalysis of LDHs and dual SAzymes allows
metal atoms to be loaded onto LDHs to form layered structures
not only with nonmetal atoms but also with surrounding metal
atoms. This creates a complex and flexible environment in which
the catalytic efficiency of SAzymes can be precisely regulated. The
incorporation of dual atoms overcomes the limitations of single-
atom catalysts, such as low catalytic activity, poor stability, limited
selectivity, and a narrow range of reactions. Hence, this study fo-
cuses on harnessing the superior properties of LDHs as a carrier
material. By incorporating two metal atoms in the synthesis of
novel dual SAzymes, enhanced catalytic performance, strong sta-
bility, and high selectivity are achieved, specifically in the detec-
tion of volatile amines (Scheme 1). Furthermore, a portable elec-
trochemical detection sensor is developed based on this material,
providing a new platform for the rapid, portable, and intelligent
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detection of meat freshness. This approach not only advances the
practical application of the materials but also offers effective so-
lutions for their use in real-life scenarios.

2. Results and Discussion

2.1. Synthesis and Characterization of GaCu-LDH, Ga-LDH,
Cu-LDH, and LDH

Based on the authors’ previous research,[47] Ga and Cu SAzymes
exhibit stronger enzyme-like catalytic performance than single-
atom nanocatalysts employing other metals (Mn and Zn). There-
fore, the further exploration of the unique enzyme-like catalytic
performance of dual-coordinated Ga and Cu is of significance.
Using LDHs as the carrier material, GaCu-LDH, Ga-LDH, Cu-
LDH, and LDH were synthesized via coprecipitation. The mor-
phologies and elemental compositions of the four LDH materi-
als were characterized using transmission electron microscopy
(TEM), energy-dispersive X-ray spectrometry (EDS), high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), selected-area electron diffraction (SAED), elec-
tron energy loss spectroscopy (EELS), X-ray photoelectron spec-
troscopy (XPS), and X-ray diffraction (XRD). GaCu-LDH, Ga-
LDH, Cu-LDH, and LDH exhibited irregular layered sheet mor-
phologies (Figure 1a,b; Figures S1a,b and S2a,b, and S3, Sup-
porting Information). Ga, Cu, and Al were detected in GaCu-
LDH (Figure 1c; Figures S1c–e, S2c–e, S4, Supporting Informa-
tion), whereas Ga, Cu, and Al were present in Ga-LDH (Figure
S1c–e, Supporting Information), and Cu and Al were detected
in Cu-LDH (Figure S2c–e, Supporting Information). HAADF-
STEM analysis revealed that the isolated single-atommetals were
evenly dispersed within the layered framework (Figure 1d). Fur-
ther SAED analysis showed a characteristic interlayer spacing
of ≈0.25 nm (Figure 1e). This observation is consistent with
the XRD analysis, confirming the (012) and (110) lattice planes
and demonstrating that lattice tuning and a balance with struc-
tural stability are achieved through dual doping (Figure 1f; Figure
S5, Supporting Information). Based on a comparison with the
JCPDS card, the peaks in the range of 25‒30° for Ga-LDH and
Cu-LDH originated from a secondary phase, for which the cor-
responding standard card number is 83–1506 (Figure S5, Sup-
porting Information). Complementary EELS elemental mapping
showed the co-localization of Ga, Cu, and Al in the layered
framework, with distinct energy-loss edges, providing firm evi-
dence of the coexistence of Ga and Cu single-atom metal centers
(Figure S6, Supporting Information). Notably, the detected sig-
nal of Al metal originated from the hydrotalcite support and did
not interfere with the verification of the GaCu dual single-atom
configuration.
Further, comprehensive XPS analysis indicated that Ga3+

(3d5/2 = 18.9 eV, 3d3/2 = 21.2 eV) in the GaCu-LDHmaterial pre-
dominantly occupies the octahedral [GaO6] sites in the brucite-
like layers, bonded via strong covalent interactions. The binding-
energy shift (Δ = −0.3 eV) and XRD lattice contraction (Δc =
−1.8%) together confirm the enhanced rigidity of the brucite lay-
ers (Figure S7, Supporting Information). Trace amounts of Ga0

(3d5/2 = 16.5 eV, 9.8% relative abundance) were present in the
form of sub-nanometer clusters, where Ga may plausibly opti-
mize the electronic structure of the Cu2+ active centers via d-band

modulation (d-band center = −2.3 eV) (Figure 1g). The Cu 2p
spectrum shows typical Cu2+ splitting peaks at 934.6 eV (2p3/2)
and 954.3 eV (2p1/2), accompanied by a strong satellite peak at
943.1 eV (Sat.), ruling out the presence of Cu0 or Cu+ species.
The significant shift in the binding energy relative to that of the
CuO reference (+1.1 eV) confirms that Cu2+ was stabilized on
the LDH layers through strong coordination with the interlayer
anions. Combined with the Auger parameter (𝛼 = 1851.2 eV) and
HAADF-STEM data, the results confirm the single-atom disper-
sion of Cu2+ (Figure 1h). The Al 2p spectrum shows a main peak
at 74.8 eV, corresponding to the 2p orbital of Al3+, which is con-
sistent with the [AlO6] unit in the hydrotalcite structure; the sec-
ondary peak at 77.2 eV is attributed to the Cu2+ 3p3/2 signal. This
depth-sensitive signal confirms the 3D, uniform distribution of
the Cu species within the brucite layers (Figure 1i), which collab-
oratively maintain the stability of the layers. In the dual single-
atom structure, Ga3+ and Cu2+ achieve cooperative charge regu-
lation through bridging M-O-M (Ga-O-Cu) bonds, whereas Al3+

acts as a structural stabilizer, maintaining the integrity of the lay-
ered framework. The synergistic electronic states of the three el-
ements provide a critical structural foundation for enhancing the
redox activity of GaCu-LDH. Similar results were obtained for the
other three materials (Figures S8‒S10, Supporting Information).
The metal contents of the four materials were measured using

inductively-coupled plasma mass spectrometry (ICP-MS), which
revealed that GaCu-LDH contained 1.31 wt.% Ga and 4.07 wt.%
Cu (Table S1, Supporting Information). These values represent
the single-atom metal contents of Ga and Cu in GaCu-LDH. In
addition, Ga-LDH contained 2.41 wt.% Ga and Cu-LDH con-
tained 3.27 wt.% Cu. These findings indicate that the dual-atom
content is comparable to that of single-metal atoms, demonstrat-
ing the uniform distribution of metal atoms during synthesis
and further confirming the reliability of the synthesis method.
Additionally, the metal content of GaCu-LDH was relatively
higher than that of other dual SAzymes (Table S1, Supporting
Information).
The coordination environment and chemical valence state of

GaCu-LDH were investigated using the X-ray absorption fine
structure (XAFS) technique. X-ray absorption near-edge struc-
ture (XANES) analysis indicated that the valence state of Ga is
3+ (Figure 2a), while that of Cu is close to 2+ (Figure 2b), con-
sistent with the XPS analysis. Extended X-ray absorption fine
structure (EXAFS) analysis revealed that Ga was primarily coor-
dinated with nonmetal atoms, compared to other metals in the
literature (Figure 2c). The FTIR spectra showed the presence of
Ga-O bonds at 453.40 cm−1; moreover, the absence of noticeable
signals of Ga oxide particles in the XRD patterns confirmed that
Ga was present in the form of single atoms (Figure S11, Sup-
porting Information). Similarly, Cu was also mainly coordinated
with nonmetal atoms (Figure 2d), with no visible CuO crystal-
lization, based on the XRD results. The FTIR spectra showed
signals of Cu─O bonds at 578.20 cm−1 (Figure S11, Supporting
Information), indicating a stable Cu single-atom structure. Ad-
ditional fitting revealed that Ga adopts a six-coordinate structure
with a Ga-O bond length of 1.93 Å (Figure 2e,g; Figures S12a, and
S13, and Table S2, Supporting Information), whereas Cu adopts
a three-coordinate structure with a Cu-O bond length of 1.96 Å
(Figure 2f,h; Figure S12b, and S14, and Table S3, Supporting
Information).
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Figure 1. Morphological characterization of GaCu-LDH. a) Bright-field images and b) dark-field images of GaCu-LDH with a particle size of 100 nm. c)
EDS elemental mapping images of GaCu-LDH. d) HAADF-STEM, e) TEM, and f) selected-area electron diffraction images of GaCu-LDH. High-resolution
g) Ga2p, h) Cu2p, and i) Al2p XPS profiles.

2.2. Enzyme-Like Properties of GaCu-LDH, Ga-LDH, Cu-LDH,
and LDH

The enzyme-like catalytic activities of the synthesized GaCu-
LDH, Ga-LDH, Cu-LDH, and LDH materials were evaluated,
revealing that all four materials exhibited significant peroxi-
dase (POD)-, oxidase (OXD)-, catalase (CAT)-, and glutathione
peroxidase (GPx)-like activities. GaCu-LDH exhibited the high-
est enzyme-like catalytic performance (Figure 3a‒d; Figure S15,
Supporting Information). Additionally, none of the materials
exhibited superoxide dismutase (SOD)-like or phenylalanine
ammonia-lyase (PPA)-like activity (Figures S16 and S17, Support-
ing Information). The conditions for the catalytic reaction using

the four materials, including the pH, temperature, and enzyme
concentration, were further optimized. The optimal pH, tem-
perature, and enzyme concentration for maximizing the POD-
like and OXD-like activities were pH 4.0, 35 °C, and 2.5 μm, re-
spectively (Figures S18 and S19, Supporting Information). For
the CAT-like and GPx-like activities, the optimal pH levels were
12.0 and 8.0, respectively (Figures S20a and S21a, Supporting In-
formation). Because of the use of the buffer solution detection
system and considering practical detection applications, the op-
timal detection pH was 12. The optimal temperatures were 45
and 35 °C, respectively (Figures S20b and S21b, Supporting In-
formation), and the optimal enzyme concentration was 1.5 μm
for both CAT-like and GPx-like activities (Figures S20c and S21c,
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Figure 2. Analysis of atomic structure of GaCu-LDH. a) Comparison of Ga L-edge XANES spectra. b) Comparison of Cu K-edge XANES spectra. c)
Comparison of Ga L-edge EXAFS data shown in the k2-weighted R-space. d) Comparison of Cu K-edge EXAFS data shown in the k2-weighted R-space.
e) Ga L-edge EXAFS (points) and fit (line) for the sample, shown in the k2-weighted R-space. f) Cu K-edge EXAFS (points) and fit (line) for the sample,
shown in the k2-weighted R-space. Wavelet transform of g) Ga and h) Cu.

Supporting Information). Under these optimal conditions, the
enzyme-like activity was measured, revealing that the POD-like
activity was significantly higher than the enzyme-mimicking ac-
tivity of thematerials for the other three enzymes. Notably, GaCu-
LDH exhibited a POD-like activity of 93.62 U/mg (Figure 3e),
which is substantially higher than that reported in previous
studies.[17,47] The kinetic parameters, including the Michaelis
constant (Km) and maximum reaction rate (vmax), indicated that
GaCu-LDH displayed stronger substrate affinity in the various

enzyme-like catalytic processes, resulting in enhanced enzyme-
like catalytic activity (Figures S22‒S25, Supporting Information).
To further elucidate the enzyme-like catalytic performance,

the generation and quantification of reactive oxygen species
(ROS) intermediates, such as hydroxyl radicals (•OH), singlet
oxygen (1O2), and superoxide anions (O2

.−), were assessed us-
ing terephthalic acid (TA), tryptophan, and p-benzoquinone.
TA, which selectively recognizes •OH, exhibits fluorescence at
426 nmwhen excited at 315 nm. Among the tested materials, the
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Figure 3. Enzyme-like catalytic properties of GaCu-LDH, Ga-LDH, Cu-LDH, and LDH. a) Reaction-time curves for the POD-like reaction catalyzed by
0.015 g/L GaCu-LDH, Ga-LDH, Cu-LDH, and LDH with 2.0 mm TMB and 0.5 m H2O2, respectively. b) Reaction-time curves of the CAT-like reaction
catalyzed by 0.015 g/L GaCu-LDH, Ga-LDH, Cu-LDH, and LDH with 0.5 m H2O2. c) Reaction-time curves of the OXD-like reaction catalyzed by 0.015 g/L
GaCu-LDH, Ga-LDH, Cu- LDH, and LDH with 2.0 mm TMB. d) Reaction-time curves of the GPx-like reaction catalyzed by 0.015 g/L GaCu-LDH, Ga-LDH,
Cu-LDH, and LDH with 0.9 mm t-Bu-OOH. e) Comparison of POD-, OXD-, CAT-, and GPx-like catalytic activities. f) Detection of the ·OH intermediate
in the POD-like catalytic system.

GaCu-LDH catalytic system exhibited the highest fluorescence
intensity (Figure 3f). Tryptophan and p-benzoquinone, which
serve as 1O2 and O2

.− scavengers, were used to evaluate the ef-
fects of these species in the POD-like and OXD-like catalytic sys-
tems. As the concentrations of tryptophan and p-benzoquinone
increased, the absorbance at 652 nm gradually decreased in the
catalytic systems of all four materials, with the most significant
changes observed in theGaCu-LDH catalytic system (Figures S26
and S27, Supporting Information). These findings indicate that
the GaCu-LDH system generated a higher quantity of ROS in-
termediates, contributing to its enhanced enzyme-like catalytic
activity.

2.3. Mechanism of Volatile Amine Recognition by GaCu-LDH

To investigate the interactions of GaCu-LDH, Ga-LDH, Cu-LDH,
and LDH with volatile amines, ammonia was initially used as a

representative compound and in situ FTIR spectroscopy was em-
ployed to determine the adsorption reactions under various tem-
perature conditions. As the temperature increased, a distinct ab-
sorption peak appeared at 2425 cm−1 for all four systems (GaCu-
LDH,Ga-LDH, Cu-LDH, and LDH) at 225 °C, and the peak inten-
sity reached its maximum at 325 °C (Figure 4a). This characteris-
tic absorption peak is primarily due to the stretching vibration of
the Cu-N bond induced when the Cu in GaCu-LDH forms a com-
plex with NH3. The peak was significantly stronger for the GaCu-
LDH system than for the other threematerials (Figure 4b-d), indi-
cating that the adsorption and interaction between ammonia and
GaCu-LDH were more robust in the former. When the tempera-
ture was further increased to 375 °C, the peak at 2425 cm−1 for
all four systems began to decline, suggesting the onset of ammo-
nia desorption from the materials. These preliminary findings
indicate that ammonia is adsorbed on GaCu-LDH, Ga-LDH, Cu-
LDH, and LDH, with the strongest interactions observed in the
GaCu-LDH system.
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Figure 4. In situ FTIR spectra of a) GaCu-LDH, b) Ga-LDH, c) Cu-LDH, and d) LDH before and after saturation adsorption, and evolution of ammonia
desorption during heating from 25 to 375 °C.

Based on the aforementioned findings, the adsorption inter-
actions between GaCu-LDH and eight volatile amines produced
during meat spoilage were further investigated. The correspond-
ing structural formulas are shown in Figures S28 and S29 (Sup-
porting Information). The adsorption–binding model presented
here represents the optimal binding conformation, where the
interaction between the two is the most stable. First, the ad-
sorption energies of GaCu-LDH and the eight volatile amines
were calculated. The adsorption energies were ranked as follows:
Try (−1.2928 eV) > Phe (−1.2040 eV) > Cad (−1.0616 eV) >
Amm (−0.9572 eV) > Put (−0.9515 eV) > His (−0.9040 eV) >
Tri (−0.8165 eV) > Dim (−0.7905 eV) (Figure S30 and Table S4,
Supporting Information), with lower adsorption energies indi-
cating stronger adsorption capabilities. Preliminary analysis re-
vealed a positive correlation between the adsorption energy and
level of unsaturation in the structures of the volatile amines.
Based on these results, five volatile amines with strong adsorp-
tion capacities were selected for investigating the changes in the
bond length, charge distribution, and electron transfer direction
following their adsorption on GaCu-LDH. The primary bonding
mechanism after adsorption was the formation of Cu-N bonds.
The bond lengths were ranked as follows: Try (Cu-N= 1.97918 Å)
< Phe (Cu-N= 1.97928 Å)<Amm (Cu-N= 1.98374 Å)< Put (Cu-
N = 2.00310 Å) < Cad (Cu-N = 2.01689 Å). Shorter bond lengths
indicate stronger binding (Table S5, Supporting Information);
moreover, the bond-length trends are consistent with the adsorp-
tion energy data, suggesting that stronger adsorption is corre-

lated with shorter Cu-N bond lengths. Electron density difference
(EDD) analysis of the charge distribution after adsorption showed
that GaCu-LDH experienced significant electron loss, whereas
the volatile amines gained electrons (Figure 5a‒f). The amount of
charge and transfer direction of each atom after adsorption and
binding were determined using Bader charge calculations.When
ammonia interacts with GaCu-LDH, it loses 0.9235 e, which is
transferred to the N-H bond that touches GaCu-LDH. The Cu
atom on the GaCu-LDH surface loses 0.6987 e, which is also
transferred to the N─H bond. Subsequently, the N-H bond loses
0.7548 e, which is transferred to the Ga atom on the GaCu-LDH
surface. Finally, the Ga atom loses 0.8174 e, which is transferred
to the O atom on the GaCu-LDH surface; this in turn is in contact
with both the Ga and Cu atoms. Through this continuous charge-
transfer process, the Cu and Ga atoms on the surface of GaCu-
LDH ultimately lost 0.6987 and 0.0626 e, respectively, while the
N─H bond gained 0.8674 e (Figure 5g). The amount of charge
transferred following the adsorption and binding of Cad (Figure
S31, Supporting Information), Put (Figure S32, Supporting In-
formation), Try (Figure S33, Supporting Information), and Phe
(Figure S34, Supporting Information) to GaCu-LDHwas also cal-
culated. The results indicate that synergistic catalysis by the Ga
and Cu dual atoms promotes electron transfer in the adsorption
and binding of ammonia to GaCu-LDH.
Simultaneously, scanning Kelvin probe microscopy (KPFM)

was employed to observe the changes in the morphology, po-
tential, and work function of the GaCu-LDH electrochemical
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Figure 5. Mechanism by which GaCu-LDH recognizes volatile amines. a) Molecular formula of ammonia. Electron density differences (Δ𝜌) for: b) Am,
c) Trp, d) Phe, e) Cad, and f) Put-adsorbed GaCu-LDH. g) Schematic of electron transfer in the Am-adsorbed GaCu-LDH system. [Am], o-GaCu-LDH, and
N41-H40 refer to the atomic electrons in ammonia after removal of the N─H bond, GaCu-LDHmetal-peripheral oxygen atom electrons, and GaCu-LDH
bonded electrons with ammonia adsorption, respectively.Δ𝜌 is defined asΔ𝜌 = 𝜌 − 𝜌(Ad) − 𝜌(GaCu-LDH), where 𝜌, 𝜌(Ad), and 𝜌(GaCu-LDH) represent
the electron densities in the adsorbed GaCu-LDH configuration, adsorbed species, and GaCu-LDH, respectively. The isovalue of the electron density is
set to 0.01 e Å−3. The yellow and cyan regions indicate electron accumulation and depletion, respectively. Cu and Ga eventually lose electrons (0.6987
and 0.0626 e, respectively,) and N41-H40 gains electrons (0.8674 e).

sensing chip before and after interaction with the ammonia so-
lution. This technique was used to further elucidate the sensing
mechanisms,[48] and the results are shown in Figure 6a,d. The
corresponding KPFM images reveal significant morphological
changes on the surface of the GaCu-LDH electrochemical sens-
ing chip following the interaction with ammonia (Figure 6b,e).
The surface potential shifts from an initial value of 0.198 eV
to −0.331 eV (Figure 6c,f), and the work function increases by
0.529 eV (Figure 6g,h). These changes indicate that upon the ad-
sorption of ammonia, the GaCu-LDH electrochemical sensing
chip absorbs more electrons from ammonia, resulting in a de-
crease in its oxidative ability and enhancement of its reductive
capacity. This outcome is consistent with that of our previous
study.[47]

2.4. Properties of GaCu-LDH Electrochemical Sensor

Owing to its excellent POD-like activity, GaCu-LDH generates
electrical signals through redox reactions. When volatile amines
were added to the system, the pH of the system increased, which
inhibited the redox catalytic action of GaCu-LDH and caused the
current signal to change. With an increase in the concentration
of volatile amines, the POD-like redox catalytic process of GaCu-
LDH was inhibited more significantly, and the current signal
decreased considerably. Thus, based on the change in the cur-
rent signal, the highly sensitive detection of volatile amines was
realized. A GaCu-LDH electrochemical sensing chip was devel-
oped using screen-printing technology (Figure 7a) and was inte-
grated with a portable electrochemical workstation to construct a

Adv. Funct. Mater. 2025, 10909 © 2025 Wiley-VCH GmbH10909 (8 of 12)
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Figure 6. Mechanism of ammonia recognition by the GaCu-LDH electrochemical sensing chip. a) Experimental setup, b) surface, and c) KPFMmapping
of the GaCu-LDH electrochemical sensing chip before reaction with ammonia. d) Experimental setup, e) surface, and f) KPFM mapping of the GaCu-
LDH electrochemical sensing chip after reaction with ammonia. Work function of the GaCu-LDH electrochemical sensing chip g) before and h) after
interaction with the ammonia analyte.
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Figure 7. Electrocatalytic response of the GaCu-LDH electrochemical sensing chip toward ammonia. a) Physical schematic of the electrochemical sens-
ing chip. b) I‒t curves for ammonia on the GaCu-LDH electrochemical sensing chip. c) Selectivity of the GaCu-LDH electrochemical sensing chip toward
ammonia. d) Change in current versus ammonia concentration. e) Linear curves for ammonia detection (LOD = 3𝜎/k, where 𝜎 denotes the standard
error of the results of 20 blank sample determinations and k is the slope of the linear fit equation).

complete electrochemical detection platform (Figures S35‒S37,
Supporting Information). First, the performance of the GaCu-
LDH electrochemical sensing chip was optimized. Upon expo-
sure to a 0.2 mm ammonia solution, both the I‒t and cyclic
voltammetry (CV) curves of theGaCu-LDHelectrochemical sens-
ing chip exhibited significant changes compared with those of
the control group (Figure 7b; Figure S38a, Supporting Informa-
tion), indicating a strong signal response to ammonia. The re-
sponse time was ≈4 s (Figure S38b, Supporting Information),
and the signal intensity increased proportionally with the ammo-
nia concentration (Figure S38c, Supporting Information). Based
on these results, the detection conditions, including the pH,
potential, and scan rate, were further optimized. The optimal
response of the GaCu-LDH electrochemical sensing chip was
achieved at a pH of 4.0 (Figure S38d, Supporting Information),
potential of 600 mV (Figure S38e, Supporting Information), and
scan rate of 200 mV/s (Figure S38f, Supporting Information).
Under the optimal detection conditions, the response of

the GaCu-LDH electrochemical sensing chip to various volatile
amineswas further tested. Although the response of the sensor to
different volatile amines differed inmagnitude, individual amine
compounds were not specifically detected (Figure 7c). Neverthe-
less, the sensor demonstrated strong anti-interference capabili-
ties against potentially interfering substances (Figure S39, Sup-
porting Information). Based on these results, ammonia was se-
lected as the representative compound for sensitivity testing. In
the linear range of 0.05‒1 mm, the I‒t curve displayed a grad-
ual decline in the current, which stabilized after 20 s (Figure 7d;
Figure S40a, Supporting Information). The relationship between

the ammonia concentration and steady-state currencce week of
storage at room temperature, the activity remained above 60%
(Figure S40d, Supporting Information).
Therefore, from the perspectives of detection cost and product

utilization, the sensor platform developed in this study demon-
strates excellent reproducibility, selectivity, and stability.

2.5. Freshness Detection in Pork, Beef, Lamb, and Chicken

Leveraging the excellent performance of the GaCu-LDH electro-
chemical sensing chip, the content of volatile amines in pork,
beef, lamb, and chicken stored at 25 °C and 4 °C was evalu-
ated for various times to assess the freshness of the meat. In
this process, supernatants from the meat samples were used to
ensure optimal detection results. As the storage time increased,
the steady-state current of the GaCu-LDH electrochemical sens-
ing chip decreased (Figure 8a,d), whereas the TVB-N content in-
creased (Figure 8b,e). According to the GB5009.228-2016 stan-
dard, fresh meat is considered spoiled when its TVB-N content
exceeds 15 mg/100 g. At a storage temperature of 25 °C, the
spoilage times for pork, beef, lamb, and chicken were 18, 24,
36, and 12 h, respectively (Figure 8b). At 4 °C, the spoilage times
for these meats were 5, 7, 7, and 3 d, respectively (Figure 8e). To
enable rapid, portable, and intelligent detection, the relationship
between the steady-state current and TVB-N content was estab-
lished. Under storage at 25 °C, the steady-state current exhibited
a strong linear correlation with the TVB-N content across differ-
ent times for pork, beef, lamb, and chicken (R2 = 0.8521 and R

Adv. Funct. Mater. 2025, 10909 © 2025 Wiley-VCH GmbH10909 (10 of 12)
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Figure 8. Practical detection of sample freshness. Relationship between current and storage time for pork, beef, lamb, and chicken at a) 25 °C and b)
4 °C. Relationship between TVB-N content and storage time for pork, beef, lamb, and chicken at (b) 25 °C and (e) 4 °C. Relationship between current
and TVB-N content in pork, beef, lamb, and chicken at (e) 25 °C and (f) 4 °C.

= 0.9231) (Figure 8c). Similarly, under storage at 4 °C, there was
a strong linear relationship between the steady-state current and
TVB-N content (R2 = 0.9144 and R = 0.9562 (Figure 8f). Com-
pared to previous methods, this method demonstrates consid-
erable reliability (Table S6, Supporting Information). These re-
sults suggest that the GaCu-LDH electrochemical sensing chip
enables the reliable monitoring of the freshness of meat stored
at room temperature (25 °C) and under refrigeration (4 °C).

3. Conclusion

A dual GaCu-LDH SAzyme (Ga: 1.31 wt.%, Cu: 4.07 wt.%) was
synthesized via coprecipitation using a 2D LDH carrier. The
nanozyme demonstrated multiple enzyme-mimicking activities,
including POD-like, OXD-like, CAT-like, and GPx-like activity.
The incorporation of both Ga and Cu metal atoms overcame the
limitations of SAzymes (low catalytic activity, poor stability, and
restricted applications) while endowing the LDH structure with
superior enzyme-like catalytic properties, thereby enhancing the
overall functional performance of the material. The synergistic
interaction between Ga and Cu facilitated faster electron trans-
fer on the surface of the material, strengthening its interaction
with volatile amines primarily through Cu─N bond formation
for recognition and sensing. Based on these results, a rapid and
portable electrochemical sensing platform for volatile amine de-
tection was developed using GaCu-LDH, with a linear detection
range of 0.05‒0.4 mm, detection limit of 5.9 μm, and response
time of 4 s. Additionally, the sensor demonstrated reusability for
at least four cycles andmaintained efficacy for up to 1 week when
stored at room temperature. In practical applications, the GaCu-

LDH electrochemical sensing platform enabled the rapid and
portable detection of freshness for pork, beef, lamb, and chicken
stored at 25 and 4 °C, with results comparable to those of stan-
dard methods, indicating its reliability and accuracy. Hence, this
detection method has significant potential for widespread appli-
cation in real-world production monitoring and offers promising
practical prospects.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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