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Published: 13 February 2026 Cu;Mg; bimetallic alloy catalyst was developed for highly sensitive and rapid
detection of dopamine (DA). The Cu;Mg; alloy, synthesized via a facile method,
exhibited enhanced electrocatalytic activity due to synergistic effects between Cu and
Mg, optimizing electron transfer and surface reactivity. The sensor demonstrated a
wide linear range (0.01-100 uM) and excellent selectivity against common
interferents. Notably, it achieved rapid response and superior long-term stability.
Mechanistic studies revealed that Mg’s role in stabilizing Cu active sites and
enhancing the conductivity was pivotal for broad-range detection. This work
highlights the potential of Cu;Mg; alloys as efficient catalysts for real-time, reliable
neurotransmitter monitoring in biomedical applications, providing theoretical
guidance for understanding the structure—property relationship.
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1. Introduction

Depression stands as one of the most prevalent and debilitating mental health disorders worldwide, imposing a
substantial burden on individuals, families, and society at large [1,2]. According to the World Health Organization
(WHO), depression affects over 264 million people globally, leading to a significant decline in quality of life,
increased morbidity, and in severe cases, suicide [3,4]. Unraveling the underlying pathophysiological mechanisms of
depression and developing effective diagnostic and therapeutic strategies are of paramount importance in the field of
mental health research. To date, the diagnosis of depression is largely dependent on clinical interviews and
questionnaires [5,6]. The lack of a reliable biomarker for depression limits the confirmation of diagnosis, as well as
the assessment of treatment and prognosis [6]. A potential biomarker may also serve as a probe for elucidating the
pathogenesis of disease or a target for developing new therapeutic interventions [6—8]. Dopamine (DA) plays a pivotal
role in the pathophysiology of depression, primarily through its involvement in the brain’s reward circuitry [7,9]. A
growing body of evidence has firmly established a strong link between depression and dysregulation of the
dopaminergic system [10,11]. Dysregulation of dopaminergic signaling—characterized by reduced synthesis,
impaired receptor sensitivity, or disrupted neural connectivity—has been linked to core depressive symptoms,
including anhedonia (loss of pleasure), diminished motivation, and cognitive deficits [12—15]. The accurate
measurement of DA is of great significance for neurogenic diseases. Therefore, accurate and sensitive detection of
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dopamine levels in biological samples holds great promise for enhancing our understanding of depression
pathogenesis, enabling early diagnosis, and monitoring treatment efficacy [16,17].

Numerous analytical techniques have been developed for DA detection, such as high-performance liquid
chromatography assay [18-20], spectrophotometric assay [21], and enzyme-linked immunosorbent assay [22,23].
After many years of development of these approaches, the sensitivity and the accuracy both reach very high level.
However, the complicated operation, expensive instrumentations and expert technical limited the efficiency and
cost of sensitive detection. On the other hand, the electrochemical methods have attracted significant attention for
DA detection due to their inherent advantages, such as simplicity, cost-effectiveness, rapid response, and high
sensitivity. Particularly, the oxidation process of DA exhibits high specificity due to its unique redox potential and
structural features, allowing precise quantification even in complex biological samples. So, the quantitative
analysis based on the electrocatalytic oxidation signal of DA has emerged as a promising approach. When DA
undergoes electrocatalytic oxidation at the electrode surface, an electrical signal is generated that is directly
proportional to its concentration. However, conventional electrochemical sensors face challenges in achieving high
selectivity and anti-interference ability, especially in complex biological matrices where various co-existing
substances, such as ascorbic acid (AA) and uric acid (UA), have similar oxidation potentials to DA, leading to
signal overlap and inaccurate quantification.

In recent years, the improvement in electrochemical sensing performance has been largely attributed to the
precise control over the composition and microstructure of nanomaterials. Polymer nanocomposites combine the
flexibility of polymers with the high conductivity, large specific surface area, and other advantageous properties
of nanomaterials, making them widely applicable in biosensing [24]. Fluorescent molecularly imprinted polymers
possess high selectivity and tunable fluorescence characteristics, enabling the specific recognition and fluorescent
response of target molecules in complex matrices [25]. Graphene quantum dots and their functionalized derivatives
leverage quantum confinement and edge effects to exhibit significantly enhanced optoelectronic properties [26].
These advancements provide an important paradigm for the rational design of functional nanomaterials. However,
in the context of dopamine electrooxidation and its sensing applications, how to precisely regulate the electronic
and geometric structures of catalysts to deeply reveal their structure—activity relationships remains a critical
challenge [27-29].

Against this background, bimetallic alloy catalysts have attracted widespread attention due to their
demonstrated synergistic effects. Such synergistic effects can significantly enhance the catalytic activity,
selectivity, and stability of the system. By constructing alloy systems such as Ag—Cu and Cu—Zn, it is possible to
optimize oxygen activation, substrate adsorption, and resistance to deactivation, thereby enabling efficient
applications in environmental and industrial catalytic processes [30,31]. Among various bimetallic systems,
copper-magnesium (Cu-Mg) catalysts exhibit unique research value. As a transition metal, copper possesses
excellent intrinsic electrocatalytic activity and conductivity, providing abundant active sites for dopamine
oxidation reactions [32]. Magnesium, as an alkaline earth metal, exhibits limited catalytic activity on its own.
However, when combined with copper to form a bimetallic structure, it can generate significant synergistic effects
at the atomic scale [33-34]. This atomic-level interaction can effectively modulate the electronic structure of
copper and optimize the electron density distribution around its active centers, making it a promising system that
can be further regulated through nanostructure engineering. This holds potential for achieving higher reactivity
and improved selectivity in the electrocatalytic oxidation of DA.

Herein, CuMg, alloy catalyst was prepared by the high-temperature annealing method to realize the
detection of DA. Building on the superior performance of the Cu-Mg bimetallic catalyst, we successfully
constructed an electrochemical sensor for rapid and highly sensitive DA detection. The nanostructured Cu,Mgy
alloy not only increased the surface area of the electrode, providing more active sites for DA adsorption and
oxidation, but also facilitated efficient electron transfer, thereby enhancing the electrocatalytic efficiency. A series
of electrochemical experiments was carried out to characterize and evaluate the performance of the constructed
electrochemical sensor. The results demonstrated that the sensor exhibited an extremely high sensitivity for DA
detection, with a detection limit reaching the nanomolar level, which is well below the physiological
concentrations of DA in biological samples. Moreover, the sensor showed excellent selectivity, allowing for
accurate quantification of DA in the presence of various interfering substances commonly found in biological
fluids. The sensor also displayed a rapid response time and good long-term stability, making it suitable for real-
time and continuous monitoring of DA levels.
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2. Experimental Section
2.1. Reagents and Materials

The copper powder, magnesium powder, Nafion N-520, and Super P® Li carbon black were obtained from
Alfa Aesar China Co., Ltd. (Shanghai, China). Dopamine (DA), zinc chloride (ZnCl,), potassium chloride (KCI)
and sodium chloride (NaCl) were obtained from Shanghai Maclin Biochemical Technology Co., Ltd. (Shanghai,
China). Glucose, L(+)-Glutamic acid and L-Lysine were obtained from Aladdin Reagent (Shanghai) Co., Ltd.
(Shanghai, China) All solutions were prepared using ultrapure water with an electric resistance >18.25 MQ, which
was obtained through a Millipore Milli-Q water purifiation system (Billerica, MA, USA).

2.2. Apparatus

The morphology and chemical components were characterized with scanning electron microscopy (SEM,
Hitachi S-4800, Chiyoda City, Japan) and corresponding energy-dispersive spectroscopy (EDS). The crystal structure
information of samples was collected by X-ray diffraction (Rigaku Smart Lab, Japan) with Cu Ka (A = 1.541 A) at
the scan range of 20 from 10° to 80°. The chemical compositions and valence states on the electrode surface were
obtained by Xray photoelectron spectrometer (XPS) on an AXIS Supra spectrometer (Kratos Analytical Inc.)
equipped with AXIS-HS monochromatic Al Ko cathode sources. All the XPS spectra were based on Cls (284.8 eV).
Linear sweep voltammetry (LSV), Cyclic voltammetry (CV) measurements, electrochemical impedance
spectroscopy (EIS), and differential pulse voltammetry (DPV) measurements were carried out using a CHI 660D
electrochemical workstation (Shanghai CH Instruments, Shanghai, China). All experiments were performed using a
conventional three-electrode system consisting of a Ag/AgCl reference electrode, a platinum wire auxiliary electrode,
and a modified glassy carbon working electrode.

2.3. Preparation of Cu.Mg, Alloy

The CuMgy alloy catalyst is mainly prepared through two steps. Firstly, the Cu source and Mg source are
dispersed and mixed to form a precursor. The copper source is commercial copper powder (325 mesh), and the
magnesium source is magnesium powder (200 mesh). Then, the precursor is subjected to high-temperature annealing
to obtain the target product. The specific synthesis steps are as follows: Firstly, a certain amount of commercial copper
powder and magnesium powder, as well as Super P® Li carbon black, are added to 5 mL of acetone solution. Then,
the suspension is ultrasonically heated to 50 °C, and ultrasonic stirring is carried out to ensure uniformity. The acetone
solution is completely evaporated, and the solid mixture is fully ground. The solid mixture is then heated in a Hy/Ar
(v:v =5%:95%) atmosphere at 700 °C for 4 h at a heating rate of 10 °C/min. After the calcination is completed, the
CuxMg;, alloy catalyst can be obtained. CuMg, catalysts can be prepared by regulating different Cu/Mg ratios (1:0,
1:1, and 0:1), where x and y represent the molar quantities of Cu and Mg.

3. Results and Discussion
3.1. Characterization of Cu.Mg, Alloy

The CuxMgy alloy catalysts are mainly prepared by the calcination of the copper powder (325 mesh) and the
magnesium powder (200 mesh) (Figure 1a). The specific procedure can be found in the experimental synthesis
section. As a comparison, CuiMgy and CupMg; were also synthesized following a procedure similar to that of
Cu;Mg;. As shown in Figure 1b—d, it was found that the overall structure of all the Cu\Mg, catalysts was spherical
in shape. The Cu;Mgy catalyzes the formation of nanoparticles stacked at around 40-50 nm, while for the Cu;Mg;
catalyst, nanoparticles of 20—40 nm are stacked. To accurately investigate the specific changes in the particle size
of the catalysts, the particle size distribution analysis of the spherical structures of SEM for each catalyst was
conducted. As shown in Figure S1, the particle size of the Cu;Mg, catalyst mainly falls within the range 0f 42.3 +
0.8 nm, while the particle sizes of the CujMg; catalyst were concentrated at 31.8 + 0.8 nm. With the increase in
Mg content, the particle size of the catalyst particles shows a significant reduction trend. This change leads to an
increase in the active surface area of the catalyst, thereby exposing more active sites. From the dispersion state of
the nanoparticles, for the pure Cu catalyst, its spherical nanoparticles are relatively aggregated. After adding Mg
to form CuMg alloy, at this time, the spherical nanoparticles become more dispersed, which further indicates that
the addition of Mg makes Cu more dispersed, providing a larger specific surface area and more active sites for the
subsequent electrocatalytic oxidation of DA. Figure 1e shows the X-ray diffraction spectrum result of the Cu;Mg;
catalyst, its main peak was highly consistent with Cu,Mg (PDF#01-1226), and it only contained a trace amount of
CuMg, (PDF#13-0504) inclusions.
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Figure 1. (a) Schematic synthesis of CuxMgy alloy catalysts. The SEM images of CuiMgo (b), CuiMg: (c), and
CuoMgi (d). (e) The XRD image of CuiMg; catalyst. (f) The EDS mapping images of the CuiMg catalyst.

Based on the SEM-EDS imaging images in Figure 1f, it can be found that the elements of C, Cu, and Mg are
uniformly distributed in the Cu;Mg; material, indicating that no other impurities have been introduced during the
synthesis of the catalyst.

The valence states and inter-electronic interactions of surface elements in CuxMgy catalysts were investigated
by X-ray photoelectron spectroscopy (XPS) technology. As shown in Figure 2a, a full-spectrum scan was conducted
on the CuMg, catalyst system. The spectral analysis revealed characteristic peaks of Cu, Mg, and C, and no
characteristic signals of other elements were observed within the detection limit, confirming that no impurity atoms
were introduced in the prepared catalyst. By analyzing the spectra of the Cu 2p and Mg ls orbitals, characteristic
peaks were observed at binding energies of 932.6 eV, 952.4 eV, and 1303 eV. As shown in Figure 2b,c, further peak
fitting of Cu 2p indicates that Cu 2p corresponds to the metallic copper (Cu®) state at 932.6 eV and 952.4 eV, while
the peak fitting of Mg 1s shows that Mg 1s at 1303 eV corresponds to the metallic magnesium (Mg°) state. The
valence state of the elements determined by XPS is consistent with the results of XRD analysis. By comparing the
binding energies of the Cu 2p orbitals of the Cu;Mg; and Cu;Mgy samples, it was found that their binding energies
shifted towards lower binding energies. And for the Mg 1s binding energy, compared with CugMg;, shows a shift
towards a higher binding energy. This indicates that Mg transfers electrons to Cu, and Mg enhances the electron cloud
density distribution of Cu through electron transfer, forming a strongly coupled bimetallic cooperative system. In the
CuMg bimetallic system, the introduction of metal Mg effectively enhances the electron interaction between the
CuMg bimetallic components.
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Figure 2. (a) XPS survey spectra of CuiMgo, CuoMgi and CuiMgi, (b) Mg 1s spectra of CuoMg: and CuiMgi, (¢) Cu
2p spectra of CuiMgo and CuiMg.

3.2. Electrochemical Responses of DA Oxidation

The DA molecule is chosen as the model to explore the biomolecular oxidation performance. Before the
evaluation of the electrochemical responses of CuMg, for DA oxidation, a comparative analysis of the charge
transfer properties is initially conducted. Using [Fe(CN)s]* " as a redox probe, the redox current response of
CuiMg; is the highest among the three prepared catalysts, indicating the most outstanding electrocatalytic
performance (Figure S2). As displayed by the cyclic voltammetry (CV) responses in Figure 3a, well-resolved
redox peaks appeared upon adding DA (100 uM) into the electrolyte. In detail, the peak intensity for the Cu;Mgy
catalyst is the lowest, and the peak intensity for the CupMg; is obviously higher than that of the Cu;Mg catalyst.
While the Cu;Mg; catalyst showed the strongest peak intensity, which is in agreement with the result shown in
Figure S2. The electrochemical impedance spectroscopy (EIS) is used to characterize the resistance of charge
transfer. As shown in Figure 3b, the glassy carbon electrode (GCE) has the largest radius, indicating that the
resistance of charge transfer is the greatest. The important thing is that the impedance radius gradually decreases
with the modification of the catalyst on the surface of the GCE. Among them, the Cu;Mg, catalyst exhibited the
smallest radius, demonstrating its outstanding charge transport capability. The wide potential window, according

to the linear sweep voltammetry (LSV) curve, ensures that there are no interfering reactions during the DA
oxidation in Figure 3c.
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Figure 3. (a) CV curves of CuxMgy catalysts modified electrodes with 100 uM DA, (b) EIS in [Fe(CN)6]* /* of
pure GCE and CuxMgy catalysts modified electrodes, (¢) LSC curves of pure GCE and CuxMgy catalysts modified
electrodes, (d) DPV responses with 100 uM DA in PBS (0.1 M, pH = 7.4), (e) CV curves of CuiMg; with different

scan rates (10-250 mV/s) in 100 uM of DA. (f) Standard curve of the CV peak redox potential and the logarithm
of the scan rate for CuiMgj.
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Differential pulse voltammetry (DPV) was carried out to explore the electrochemical responses of CuMgy
catalysts for DA oxidation. In Figure 3d, there is an obvious electrochemical signal at 0.20 V in 0.1 M PBS (pH = 7.4)
containing 100 uM DA, which belongs to the electrochemical oxidation signal of DA. It can be seen that electrodes
modified with CuMgy catalysts exhibit better sensitivity for the electrochemical oxidation of DA than the GCE. The
Cu;Mg; catalyst has the highest oxidation current density under the same DA concentration (100 uM), indicating the
highest sensitivity for the electrochemical oxidation of DA. CV tests were performed on Cu;Mg; catalyst at different
scanning rates to further study the electron transfer kinetics of DA oxidation (Figure 3e). The peak currents of the
oxidation peak and reduction peak of CuiMg; catalyst increase gradually with increasing scanning rate. As shown in
Figure 3f by fitting the linear relationship between their oxidation peak current and the square root of the scanning rate,
the DA oxidation process is controlled by the diffusion process.

3.3. Electrochemical DA Detection

Based on the above mentioned investigation, a sensitive DA electrochemical sensor was established. Figure 4a
depicts typical DPV responses of the biosensor to DA of varying concentrations. We observed dynamically increased
DPV peaks in response to DA of increasing concentrations within the range from 1 x 1072 to 100 uM. The relationship
between concentration and peak current value is shown in Figure 4b, and a linear model I = 0.54¢ + 1.42, where [
(107 A) is the peak current intensity and C (uM) is the concentration of DA. The R? is 0.998 for the standard equation,
indicating that the sensing strategy could be used for quantitative analysis of DA.
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Figure 4. (a) DPV responses for various concentrations of DA of CuiMgi modified electrodes. (b) Calibration
curve of DA detection.

3.4. The Selectivity, Reproducibility, and Stability of the Biosensor

As for practical sensing applications, the anti-interference ability, selectivity, stability, and repeatability are
also investigated. Amino acids, glucose, and metal ions are selected as interfering substances. The electrochemical
responses in Figures 5a,b reveal that the proposed electrochemical sensor has excellent selectivity. In addition,
after one month, the electrochemical sensor can maintain 94.64% of its initial responses, which indicates that the
electrochemical sensor exhibits satisfactory stability (Figure 5¢). As shown in Figure 5d, after recurrent usage for
5 times, 93.50% of the electrochemical responses for the electrochemical sensor are still retained, indicating its
excellent repeatability.
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Figure 5. (a) Anti-interference ability of CuiMg: towards DA detection. (b) Selectivity of CuiMg; towards DA
detection. (c) Stability of CuiMg: towards DA detection. (d) Reusability measurements of CuiMgi towards 100 uM

DA upon recurrent usage for 5 times.

4. Conclusions

In summary, this study addresses the critical need for highly sensitive and selective detection of DA in the
context of depression research. By comparing different metal catalysts, we identified the Cu-Mg bimetallic catalyst
as an optimal choice for enhancing the electrocatalytic performance of DA oxidation. The construction of an

electrochemical sensor based on this bimetallic catalyst provides a reliable and efficient tool for rapid and highly
sensitive dopamine detection, which has the potential to significantly advance our understanding of depression

pathophysiology and improve clinical diagnosis and treatment strategies.
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