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ABSTRACT
Exploiting atomic-precision metal nanoclusters as an electrochemical sensor for environmental detection is a significant
application in the field of cluster chemistry. However, the development of cluster-based sensors is still in its infancy. Herein,
we successfully fabricate a three-layer KBE-CS/Au25@MLG/GC electrode (KBE = kidney bean enzyme, CS = chitosan, MLG =
multilayer graphene, GC = glassy carbon), in which Au25@MLG and CS serve to adsorb and protect the plant esterase of KBE,
respectively. The optimized Au25-based sensor demonstrates an excellent linear relationship between the mass concentration of
profenofos (lgC) and the inhibition rate (Inh %) within the range of 1∼2000 μg/L with a detection limit of 0.137 μg/L. Furthermore,
this biosensor presents excellent reproducibility, anti-interference, and stability for the detection of profenofos in real samples.
This study paves an avenue to construct a cluster-based detection platform with high performance in electrochemical sensing,
facilitating the practical application of metal nanoclusters in pesticide detection.
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Introduction

s a new type of nanomaterial with a well-defined structure,
tomically precise metal nanoclusters have spurred an increasing
nterest in the realm of nanoscience and nanotechnology due
o unique physicochemical properties [1–6]. For instance, the
ltra-small size of metal nanoclusters (≤3 nm) close to the
emi wavelength gives rise to discrete energy levels and thus

eads to molecule-like optical absorption rather than surface
lasma resonance (SPR), which is frequently observed in metal
anoparticles with a size of ≥5 nm. Furthermore, the structural
djustability of metal nanoclusters by atomic-scale modification
llows them to serve as an ideal platform to establish the
uying Zhang and Jianfang Qin contributed equally to this work.
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relationship between molecule-like properties and the structure
[7–10]. Because of distinctive and excellent properties, metal
nanoclusters exhibit a huge potential in fields of optics, chirality,
biomedicine, and catalysis [11–22]. In addition to the fields
mentioned above, remarkable achievements have recently been
acquired in the sensing application of metal nanoclusters. A
series of nanocluster-based photochemical sensors have success-
fully been constructed on the basis of their photoluminescent
property, which are subsequently utilized to detect molecules
or ions [23–25]. For example, Anu George and his colleagues
constructed self-standing films using highly luminescent Au15
clusters to detect Cu2+ ions with a sensitivity of 1 ppm. Ding’s
group fabricated a fluorescent sensor with glutathione-protected
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SCHEME 1 Fabrication process of the NF/KBE-CS/Au25@MLG/GC electrode.
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g14 nanoclusters, which enabled the specific recognition of
ysozyme and the detection of Hg2+ with high sensitivity. Despite
tomically precise nanoclusters exhibiting a wide potential in
hotochemical sensing, the exploitation of metal nanoclus-
ers in electrochemical sensors has scarcely been reported to
ate.

n the other hand, gold nanoparticles (AuNPs) have been widely
tilized as the electrode material in electrochemical sensors,
rimarily owing to their advantages of low toxicity, high reactivity,
nd good biocompatibility [26–29]. Traditionally, these AuNPs
ensors are constructed through the method of electrochemical
eposition. In this depositional process, although electrochemical
arameters, such as potential, current density, time, electrolyte
omposition, and temperature, can be precisely adjusted, the
inetics of diffusion and reduction for metal ions and their subse-
uent nucleation are difficult to manipulate, which thus brings a
ignificant challenge to generate the deposited layers with perfect
niformity [30]. In fact, some inhomogeneous nanoparticles are
ften formed and randomly distributed on the electrode surface.
onsequently, such structural nonuniformity would compromise

he sensing performance, such as sensitivity and linear range
luctuations, noise increase, and poor reproducibility. Therefore,
t is necessary to develop new types of nanomaterials to construct
he uniformed electrochemical electrode with enhanced sensing
apability.

o address the above issues, we consider employing atomic-
recision gold nanoclusters as electrode materials, which enables
he precise control of the interface at the nanoscale and thereby
evelops high-performance electrochemical sensors. In this
ork, well-defined Au25 nanoclusters were utilized to fabricate
three-layer KBE-CS/Au25@MLG/GC electrode, where KBE,

S, MLG, and GC represent kidney bean enzyme, chitosan,
ultilayer graphene, and glassy carbon, respectively. The elec-

rochemical electrode fabrication is summarized in Scheme 1.
his fabricated cluster-based sensor was further optimized and
xhibited a wide linear range and a high sensitivity for profenofos
etection. In addition, the sensing mechanism, reproducibility,
nti-interference, and stability of this biosensor were systemati-
ally evaluated in sequence. Finally, we carried out the pesticide
of 8
detection of real samples to check out the practicality of the
cluster-based biosensor.

2 Results and Discussion

2.1 Fundamental Properties of Au25(PET)18
Nanoclusters

The geometric structure of Au25(PET)18 (PET = 2-
phenylethanethiol) nanocluster has been successfully resolved
using x-ray crystallography by Jin’s group [31]. Briefly,
Au25(PET)18 nanocluster contains a core-shell framework,
which consists of an Au@Au12 icosahedron (core) and six
dimeric Au2(SR)3 staples (shell), as depicted in Figure 1. The
UV–vis–NIR spectrum of as-synthesized nanoclusters shows
three prominent absorption peaks centered at 400, 455, and
680 nm (Figure S1), which agrees well with the fingerprint peaks
of reported Au25(PET)18 and thus verifies the purity of the sample.
Transmission electron microscopy (TEM) further reveals that
Au25(PET)18 nanoclusters exhibit a uniform and monodisperse
size of approximately 2 nm (Figure S2).

2.2 Fundamental Properties of Modified
Electrodes

The surface morphology of the fabricated NF/KBE-
CS/Au25@MLG/GC electrode was characterized using scanning
electron microscopy (SEM). As shown in Figure 2A, the electrode
surface exhibits a distinct multilayered graphene structure. The
loading of Au25 nanoclusters did not alter the surface morphology
of the electrode. Further, energy dispersive spectroscopy (EDS)
analysis revealed that Au and S elements were uniformly
distributed across the electrode surface (Figure 2B), confirming
the successful and uniform loading of Au25 nanoclusters onto the
multilayered graphene support.

Prior to evaluating the analytical performance of modified
electrodes in detection systems, the standard probe system
of K3[Fe(CN)6]/K4[Fe(CN)6] is typically employed for the
Chemistry – A European Journal, 2026



FIGURE 1 Structural anatomy of Au25(PET)18 cluster. Color labels: Yellow/Magenta = Au; Green = S; Grey = C. H atoms are omitted for clarity.

FIGURE 2 (A) SEM and (B) EDS images of NF/KBE-CS/Au25@MLG/GC electrode.
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ystematic characterization of electrode interfaces at
ifferent modification stages. This reversible redox couple
erves as a sensitive electrochemical probe that effectively
eveals the evolutionary patterns of the electrode interface

icroenvironment during sequential modification processes. By
nalyzing the differences in peak current and peak potential in
V curves, the conductive properties and interfacial mass transfer
ehavior of the modified materials can be elucidated, thereby
alidating the successful fabrication of the electrode interface.
he as-fabricated biosensors were further characterized by cyclic
oltammetry (CV) and electrochemical impedance spectroscopy
EIS). Specifically, every electrode shows a pair of reversible
edox peaks in the potential range from −0.2 to 0.8 V due to
he interconversion reaction of [Fe(CN)6]3−/[Fe(CN)6]4−. The
riginal GC electrode exhibits a relatively high redox peak
urrent, which obviously decreases after loading Au25@MLG
n the surface. Additionally, the redox peak potential and
urrent of Au25@MLG/GC are distinguished from those of
u25/GC and MLG/GC electrodes, indicating the dependence of
lectron transport efficiency on loaded materials with different
onductivities. The KBE-CS modification led to a further
ecrease in the redox current owing to the electron transfer
arrier within KBE and CS. As expected, the immobilization
f the NF layer results in the redox process being completely
nhibited, since the negative-charged NF membrane made the
lectrode inaccessible for Fe[(CN)6]3−/4− in solution due to the
lectrostatic repulsion (Figure 3A).

he above conclusions were supported by EIS, which can effec-
ively measure the characteristic resistance of the electron trans-
er process at the electrode interface by Nyquist complex plane
lots. As shown in Figure 3B, the charge transfer resistance (Rct)
f the as-fabricated electrodes follows the order of GC < Au25/GC
hemistry – A European Journal, 2026
< Au25@MLG/GC < MLG/GC < KBE-CS/Au25@MLG/GC <

NF/KBE-CS/Au25@MLG/GC, which further demonstrates the
inhibition of charge transfer by modified materials on the
electrode surface.

2.3 Electrochemical Response of the Modified
Electrodes

Square wave voltammetry (SWV) measurements were performed
to characterize the electrochemical response of the modified
electrodes in PBS solution containing 1-naphthyl acetate (1-NA).
It should be noted that 1-NA can be converted to 1-naphthol under
enzyme catalysis (KBE), which can be further electro-oxidized to
exhibit a corresponding oxidation peak by other heterogeneous
catalysts, that is, the Au25 cluster in this work. In the SWV spectra,
Au25-, MLG-, and Au25@MLG-modified electrodes demonstrate
similar oxidation peaks around the potential of 0.43 V, and their
peak currents are higher than that of the original GC electrode
(∼0.40 V), as shown in Figure 3C. These results preliminarily
indicate the synergistic catalysis between the enzyme and other
catalysts. Additionally, the highest peak current in NF/KBE-
CS/Au25@MLG/GC electrode implies the optimum synergy of
the enzyme with Au25@MLG due to the combination of the
excellent conductivity of MLG and the electrocatalytic activity of
Au25 nanocluster. Obviously, the higher oxidation peak current
presents the better synergy of the two catalysts.

Undoubtedly, the modification of KBE is essential to the
electrode due to its vital role in 1-NA transformation to 1-
naphthol (Figure 3D). Both NF/KBE-CS/Au25@MLG/GC and
NF/KBE/Au25@MLG/GC electrodes exhibit no obvious response
in the absence of 1-NA in PBS solution, indicating the necessity of
3 of 8



FIGURE 3 (A) CV and (B) EIS curves for the electrodes with different modifications; (C) SWV curves in 1-NA-containing PBS solution for the
modified electrodes; (D) CV curves of the modified electrodes in PBS solution in the presence/absence of 1-NA.
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-NA to the electrocatalysis system. By comparing the oxidation
eak current of the CV curve for NF/KBE-CS/Au25@MLG/GC
nd NF/KBE/Au25@MLG/GC electrodes, it is readily concluded
hat the presence of CS is also necessary, since its antibacte-
ial capability can protect the plant-esterase activity and thus
acilitate the current response. To sum up, the modified NF/KBE-
S/Au25@MLG/GC electrode is selected to optimize electrocat-
lytic behavior and thus serves as a biosensor for chemical
etection.

.4 Condition Optimization and Mechanism
nvestigation

t is generally acknowledged that the amount of Au25@MLG on
he modified electrode and incubation time in the profenofos
olution would significantly affect its behavior as a biosensor.
hese two factors are thus systematically evaluated to optimize

he conditions. As depicted in Figure 4A, the response current of
he NF/KBE-CS/Au25@MLG/GC electrode exhibited an obvious
ncrease with the amount of Au25@MLG from 3 to 5 μL, which
as followed by a decrease from 5 to 7 μL in 1-NA-containing
BS solution (pH = 7). On the other hand, the oxidation current

s gradually inhibited with the increase of incubation time
or the NF/KBE-CS/Au25@MLG/GC electrode (Figure 4B). This
nhibition effect reaches the maximum at the incubation time
f 15 min, since all active sites in the enzyme have been almost
ccupied by the pesticide. Therefore, the optimized amount of
u25@MLG and incubation time were respectively determined to
e 5 μL and 15 min.

he oxidation process of 1-NA is essential to the biosensor
f NF/KBE-CS/Au25@MLG/GC, which can be systematically
of 8
investigated by CV. As shown in Figure 5A, when the scanning
rates vary from 50 to 500 mV.s−1, the response current increases
apparently and the oxidation peak gradually shifts to the positive
potential. The linear equation between the scanning rate (v)
and the oxidation peak current (Ipa) is fitted to be Ipa = 8.347v–
1.331 with a correlation coefficient R2 = 0.998 (Figure 5B). The
linear proportionality of peak current to scan rate confirms
an adsorption-controlled, surface-confined electrode reaction
[32–34].

Specifically, under adsorption control, the increased scanning
rate promotes more reactant molecules to reach the elec-
trode interface effectively and participate in electrochemical
reactions, leading to a higher current. In addition, a CV dia-
gram was obtained using NF/KBE-CS/Au25@MLG/GC electrode
at a scanning rate of 0.45 mV.s−1 in 0.1 mol/L PBS solu-
tion (pH = 7.0). According to the formula as follows, the
electron transfer number (n ≈ 1) was calculated [35], indi-
cating that the redox reaction involves one electron transfer
(Figure S3).

𝐸p − 𝐸h = 47.4

𝑛𝛼S

where Ep represents the peak potential, Eh is the
half-wave potential, denotes the electron transfer
coefficient, and n stands for the number of electrons
transferred.

Subsequently, CV curves of the electrodes were collected in 1-
NA solutions at different pH values. Exposure to both acid and
alkali substances may lead to enzyme inactivation. Therefore, the
relationship between the peak potential of oxidation peak (Epa)
Chemistry – A European Journal, 2026
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nd the pH of the solution ranging from 5.0 to 7.5 was investigated,
s shown in Figure 5C. It is found that there is a good linear
elationship between Epa and pH, and the linear equation is as
ollows: Epa = 0.8503 − 0.0581 pH with a slope of 58.1 mV/pH,
hich is close to 59 mV/pH (Figure 5D). The results show that

he ratio between protons involved in the oxidation of 1-naphthol
nd transferred electrons is 1:1, so the oxidation process of the
lectrode is irreversible, and the transfer of electrons and protons
s considerable [35].

.5 Performance Analysis of Sensors

he concentration of profenofos was detected by the sensor under
ptimal experimental conditions to analyze and evaluate the
erformance of the sensor. The SWV diagrams of the optimum
iosensor before and after incubating in the profenofos were
IGURE 4 SWV curves of NF/KBE-CS/Au25@MLG/GC electrode with
rofenofos solution.

IGURE 5 (A) CV curves of NF/KBE-CS/Au25@MLG/GC electrode at
urrent and scan rate for NF/KBE-CS/Au25@MLG/GC electrode. (C) CV cu
olution with the varied pH from 5 to 7.5; (D) Linear relationship between E
ncubated in PBS solution with the profenofos concentration range of 0∼2000 μ

nd inhibition rate.

hemistry – A European Journal, 2026
revealed in Figure 5E. It can be observed that the Icat of the sensor
decreased after incubation with profenofos, and the current
decreased gradually with the increase of the concentration of
profenofos. This phenomenon is mainly caused by the pesticide
inhibiting the activity of plant enzymes, resulting in changes
in the response current. In addition, there is a good linear
relationship between the mass concentration of profenofos (lgC)
and the inhibition rate (Inh %), ranging from 1 to 2000 μg/L, and
the linear equation was as follows: Inh % = 15.76 lgc + 9.63, with
the correlation coefficient R2 of 0.98 (Figure 5F). The sensitivity of
the sensor was 15.76/lgc, and the detection limit was identified to
be 0.137 μg/L calculating by seven detections in blank solution.
Owing to the rational design of the Au25@MLG composite
material, the NF/KBE-CS/Au25@MLG/GC sensor constructed in
this work exhibits a broader linear range and a lower limit for
profenofos detection compared with other sensors reported in the
literature [36–40].
(A) various amounts of Au25@MLG, (B) various inhibition times in the

the scan rate range of 50∼500 mV.s−1. (B) Linear relationship between
rves of NF/KBE-CS/Au25@MLG/GC electrode in 1-NA-containing PBS

pa and pH; (E) SWV curves of NF/KBE-CS/Au25@MLG/GC electrode
g/L for 15 min; (F) Linear relationship between profenofos concentration

5 of 8
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.6 Reproducibility, Stability, Anti-interference,
nd Applicability of the Sensor

o evaluate the reproducibility of the fabricated sensor, seven
odified electrodes were evaluated under the same condi-

ions. As depicted in Figure S4, the difference in response
urrent for these seven electrodes is within 5%, indicating
hat the electrochemical enzyme sensor has good reproducibil-
ty. The detection stability was further evaluated by repeat-
ng the profenofos detection seven times under an NF/KBE-
S/Au25@MLG/GC sensor. The results showed no obvious
ecrease in the response current, demonstrating the excellent
tability for the NF/KBE-CS/Au25@MLG/GC sensor (Figure S5).
he storage stability of the biosensor was also verified (Figure
6). Additionally, a variety of potential interfering substances,
uch as Na+/Cu2+/Zn2+/Fe3+/Pb2+ ions, sucrose, and oxalic
cid, were added to the solutions together with profenofos.
he experimental results demonstrated the outstanding anti-

nterference ability for the electrochemical electrode of NF/KBE-
S/Au25@MLG/GC. For example, under the interference of

norganic ions (Na+, Cu2+, Zn2+, and Fe3+), the response signals
ould maintain above 95%, as shown in Figure S7. The above
eproducibility, stability, and anti-interference for the fabricated
lectrode lay the foundation for the application in real condi-
ions. Indeed, tap water and salt-lake water (Yuncheng City)
erved as the real sample to test the practicality of NF/KBE-
S/Au25@MLG/GC electrode. As shown in Table S1, all the

ecovery rates all fell within the range of 100 ± 5%, with RSD
elow 4.8%, indicating that the sensor can detect the profenofos
ccurately. These results demonstrate the promising potential of
his biosensor for pesticide detection in water samples.

Conclusion

o summarize, we have exploited atomically precise nanoclus-
ers as the electrode material to construct a high-performance
lectrochemical biosensor for the first time. In this electrode,
ultilayer graphene was employed to load Au25 nanoclusters,
hich significantly facilitated electron transfer and provided

n ideal matrix to immobilize the plant enzyme. The fabri-
ated NF/KBE-CS/Au25@MLG/GC biosensor was optimized and
emonstrated exceptional performance for profenofos detection
ith a wide linear range (1∼2000 μg/L) and a low detection

imit (0.137 μg/L). In addition, the outstanding reproducibil-
ty, stability, and anti-interference capability were sequentially
alidated, which thereby assures the practical applicability of
his biosensor in real environmental water samples. Overall,
he fabrication of cluster-based biosensors not only extends the
pplication of the sensing field for well-defined nanoclusters
ut also provides a novel strategy for the development of next-
eneration, high-performance sensing devices in environmental
onitoring.

Experimental Section

.1 Preparation of Au25(PET)18 Nanoclusters

u25(PET)18 (PET = 2-phenylethanethiol) nanoclusters were
ynthesized according to the reported method [31]. Specifically,
of 8
tetra-n-octylammonium bromide (TOAB, 675 mg) was dissolved
in 30 mL of tetrahydrofuran (THF) under vigorous stirring
(1000 rpm), which was followed by the addition of HAuCl4
(496 mg dissolved in 5 mL of THF). This mixture was contin-
uously stirred for 30 min. The stirring rate was decreased to
100 rpm. And 1020 μL of PET ligand was then dropped into the
flask under an ice bath. The reaction solution turns colorless
after 3 h, and the stirring rate was increased to 1000 rpm.
Subsequently, a freshly prepared NaBH4 solution (536 mg in 8 mL
of cold water) was added to the solution at once. The reaction
was carried out overnight (12∼16 h). The resultant solution was
concentrated into 5 mL by vacuum rotary evaporation, which
was washed with methanol five times to remove impurities. The
obtained precipitates were redissolved in the mixture solution
(toluene/methanol = 1/4). The needle-like crystals of Au25(PET)18
were cultivated by liquid phase diffusion after 24 h.

4.2 Preparation of Au25@MLG Suspension

MLG (10 mg), purchased from Aladdin, was ultrasonically dis-
persed in 10 mL of N, N-dimethylformamide. 4 mL of MLG
suspension was then mixed with a freshly prepared Au25(PET)18
solution (1 mg in 1 mL of N, N-dimethylformamide) to prepare
Au25@MLG suspension.

4.3 Preparation of KBE-CS Solution

KBE was extracted by the method of water extraction. Briefly,
quantitative white kidney beans were fully crushed and
mixed with ultra-pure water in a certain proportion. The
above solution was stirred vigorously and then stored in the
refrigerator overnight, which was followed by centrifugation.
The obtained supernatant contained the KBE. KBE-CS
solution was obtained by mixing 1 mg of CS with 5 mL of
KBE.

4.4 Preparation of 1-NA Solution

1-NA (0.0745 g) was dissolved in 5 mL of ethanol. Subse-
quently, 5 mL of PBS buffer solution (pH = 7.0) was mixed
with 50 μL of the above solution to obtain 1-NA solution
(0.8 mmol/L).

4.5 Preparation of Nafion Solution

The Nafion solution (NF, 0.5%) was prepared by mixing 10 μL of
NF (5%) solution with 90 μL of anhydrous ethanol.

4.6 Fabrication of NF/KBE-CS/Au25@MLG/GC
Biosensor

The surface of GC electrode was polished by using alumina pow-
der with dimensions of 0.3 and 0.05 μm, respectively, which was
followed by water washing and drying. The clean GC electrode
was then coated with quantitative Au25@MLG suspension and
Chemistry – A European Journal, 2026
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ried by standing. The volume of Au25@MLG suspension varied
rom 3 to 7 μL to optimize the conditions. After that, 10 μL of KBE-
S and 4 μL NF (0.5%) solutions were successively dropped onto

he electrode surface to construct NF/KBE-CS/Au25@MLG/GC.
otably, the electrode surface should be dried after the addi-

ion of each solution. The comparative electrodes of NF/KBE-
S/Au25/GC, NF/KBE-CS/MLG/GC, and NF/KBE-CS/GC were

eparately prepared by a similar approach.

.7 Characterizations

V–vis–NIR spectroscopy of gold nanoclusters was performed
n a Cary5000 spectrophotometer (Agilent) with a range of
50∼800 nm. SEM (Hitachi, S-4800) was employed to charac-
erize the morphology of the as-fabricated GC electrode. TEM
JEOL, JEM-F200) was used to characterize the morphology and
ize of the cluster.

ll electrochemical measurements were carried out on a CHI760e
lectrochemical workstation (Shanghai Chenhua Instrument)
ith a three-electrode system, in which the as-fabricated GC, Pt
ire, and Ag/AgCl serve as working electrode, counter electrode,

nd reference electrode, respectively. CV and EIS were tested in
lectrolyte (5 mM [Fe(CN)6]3−/4− and 0.1 M KCl) to verify the
odified electrode with the scanning range from −0.2 to 0.8 V.

WV was preformed to explore the electrocatalytic activities of the
s-fabricated electrode in the mixture of 0.1 M PBS and 0.8 mM
-NA solutions, with the scanning range from 0.2 to 0.7 V and the
mplitude of 0.025 V. The sensing performance was evaluated by
he inhibition ratio (Inh %) of profenofos to the enzyme-modified
lectrode, which was calculated by the following equation:

Inh % =
(𝐼0 − 𝐼)

𝐼0

× 100

here I0 and I refer to the SWV peak current before and after
ncubation in profenofos-containing solution, respectively.

he biosensor applicability was evaluated by detecting the con-
ent of profenofos in real water samples, including tap water
rom Yuncheng City and lake water from the Yuncheng Salt
ake. A series of concentrations (5 × 10−6, 100 × 10−6, and 1000
10−6

μg/L) of profenofos were introduced into the real water
amples to simulate contamination. SWV detection was carried
ut under the experimental conditions optimized previously after
15 min incubation of the biosensor in the as-prepared sample.
he concentration of profenofos in each sample was determined
ased on the established calibration curve. The recovery rate was
hen calculated using the following formula to assess the accuracy
f the method.

Recovery (%) = Measured concentration

Spiked concentration
× 100%
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