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ged Au nanozymes boost glucose
oxidase-like activity in acidic media

Xin Luo,†a Feilong Tan,†a Zhenglong Mao,a Yan Zhang,a Yinjun Tang,b

Canglong Wang, e Wenling Gu,b Cao Li,a Juewen Liu *c

and Chengzhou Zhu *bd

Although Au nanozymes hold great promise as glucose oxidase (GOx) mimics, their catalytic activity and pH

dependence remain significant challenges. Herein, we synthesize Fe single atom bridged Au nanozymes

(AuNPs/FeNC) with dual catalytic sites, achieving a 3.7-fold enhancement in GOx-like activity under acidic

media compared to AuNPs/NC. Experimental and theoretical analyses reveal that charge transfer from Au

to Fe single atom facilitates O2 adsorption at Fe sites, synergistically boosting glucose oxidation. Unlike

previously reported Au–H intermediates formed under alkaline conditions, in situ monitoring identifies

the formation of Au–Fe–OO intermediates in AuNPs/FeNC, which facilitate the dehydrogenation of

glucose and enhance the catalytic efficiency in acidic environments. Benefiting from optimal GOx- and

peroxidase-like activities at pH 4.0, an AuNPs/FeNC-based glucose cascade system is constructed with

exceptional properties. As a proof of concept, this system is integrated into a portable, gel-based sensor

for real-time and visual determination of organophosphorus pesticides. This study provides valuable

insights into the rational design of high-performance nanozymes featuring dual catalytic sites for

advanced sensing applications.
Introduction

Glucose oxidase (GOx), with its exceptional catalytic efficiency
and substrate specicity, plays a pivotal role in bioassays and
biomedicine.1–3 However, its practical applications are hindered
by intrinsic drawbacks such as poor stability, high production
costs, and short shelf life.4–6 Nanozymes, articial enzymes with
intrinsic enzyme-catalytic activities, have emerged as promising
alternatives owing to their structural stability, cost-
effectiveness, and adjustable activity.7–11 Among them, Au
nanoparticles (NPs) have emerged as particularly promising
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GOx mimics, catalyzing glucose oxidation to generate H2O2,
a critical molecule in biosensing and disease diagnosis.12–15

However, the GOx-like activity of currently reported Au nano-
zymes remains unsatisfactory owing to their insufficient
intrinsic activity.16,17 Moreover, their underlying mechanisms
are not yet fully elucidated.18,19 Therefore, the development of
novel Au nanozymes with enhanced catalytic performance is
highly desirable and remains a priority for advancing practical
applications.

Recently, extensive efforts have been devoted to optimizing
the catalytic performance of Au nanozymes.20,21 Carbon-based
materials, for instance, have been widely explored as catalyst
supports for Au NPs due to their ability to establish strong
metal–support interactions, facilitate mass/charge transfer, and
improve catalytic efficiency.22–24 Additionally, doping Au with
other metals has emerged as an effective strategy to tune its
electronic conguration and enhance GOx-like activity.25,26

Despite these advances, the GOx-like activity of Au nanozymes
remains predominantly restricted to alkaline media, with
limited catalytic efficiency and mechanistic understanding in
acidic or neutral conditions.27–29 In natural GOx, a histidine
(His) residue serves as a Brønsted base, initially abstracting the
C1 hydroxyl proton from glucose, thereby facilitating glucose
oxidation (Fig. 1a).30,31 Similarly, mechanistic investigations
suggest that traditional Au nanozymes follow a comparable
reaction pathway, with OH− ions acting as the Brønsted base
and O2 serving as the terminal electron acceptor (Fig. 1b).32–34
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Design principles of this work. (a) Schematic diagrams of the catalysis model of natural GOx. (b) Scheme of GOx-mimicking nanozymes
with single catalytic sites. (c) Scheme of GOx-mimicking nanozymes with dual catalytic sites.
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Consequently, the overall reaction rate is governed by the
dehydrogenation of glucose. However, the continuous genera-
tion of gluconic acid progressively depletes OH− ions, leading to
catalytic slowdown. To this end, the rational design of catalytic
centers to boost glucose oxidation while overcoming pH
constraints is of paramount importance.

In this work, we design Fe single atom (SA)-bridged Au
nanozymes (AuNPs/FeNC) with dual catalytic sites to overcome
the pH-dependence limitations of GOx-like activity (Fig. 1c),
which exhibit a 3.7-fold enhancement in acidic media in
comparison to AuNPs/NC. Fe SAs on the N-doped carbon serve as
anchoring sites for Au NPs, establishing strong interactions that
provide an Au–Fe charge transfer pathway and facilitate O2

adsorption. Notably, in situ experiments provide the rst direct
visualization of Au–Fe–OO intermediates, rather than conven-
tional Au–H intermediates, during glucose oxidation. Based on
these insights, a plausible mechanism for glucose oxidation is
proposed in which the reaction bypasses OH−-dependence
pathways, allowing for efficient catalysis in acidic media.
Leveraging the aligned optimal conditions at pH 4.0 for both
GOx- and peroxidase (POD)-like activity, AuNPs/FeNC enable an
efficient glucose cascade catalysis system, further applied in
a portable, gel-based biosensor for real-time, visual determi-
nation of organophosphorus pesticides (OPs) in the range of
10–1000 ng mL−1, with a low limit of detection (LOD) of
1.9 ng mL−1.
© 2025 The Author(s). Published by the Royal Society of Chemistry
Results and discussion

FeNC was synthesized via pyrolysis of a mixture of glucosamine
and FeCl3 in the presence of dual templates of SiO2 and ZnCl2.
Subsequently, HAuCl4 served as the Au source for the in situ
growth of Au to obtain AuNPs/FeNC. For comparison, AuNPs &
FeNC were obtained by physically mixing FeNC with AuNPs.
Fig. 2a reveals that distinct black particles are uniformly
distributed on the carbon support. Energy-dispersive spectros-
copy (EDS) mapping images further demonstrate that Au is
primarily localized within the particles, whereas Fe is randomly
dispersed across the carbon support (Fig. S1). High-resolution
TEM (HRTEM) image (Fig. 2b) shows a lattice spacing of
0.208 nm, corresponding to the (111) plane of Au. Furthermore,
the aberration-corrected high-angle annular dark-eld scan-
ning transmission electron microscopy (AC-HADDF-STEM)
image (Fig. 2c) reveals the abundant Fe SAs on the support of
AuNPs/FeNC. The crystalline phases of the samples analyzed
through X-ray diffraction (XRD) patterns reveal no characteristic
metal peaks for FeNC (Fig. S2), while AuNPs/FeNC displays
distinct peaks matching the standard peaks of Au (JCPDS-04-
0784). N2 adsorption–desorption isotherm analysis indicates
a surface area of 199 m2 g−1 and abundant mesopores in AuNPs/
FeNC (Fig. S3), which facilitate substrate and product diffusion
as well as efficient electron transport during catalytic reactions.
X-ray photoelectron spectroscopy (XPS) was utilized to
Chem. Sci., 2025, 16, 22160–22167 | 22161
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Fig. 2 (a) TEM, and (b) HRTEM images of AuNPs/FeNC. (c) AC-HAADF-STEM image in the region of the carbon substrate of AuNPs/FeNC. (d) XPS
spectra of Au 4f for AuNPs/NC and AuNPs/FeNC. (e) XANES spectra of AuNPs/FeNC, FeNC, Fe foil, Fe Pc, and Fe2O3. (f) The corresponding Fourier-
transformed Fe K-edge EXAFS spectra. (g) Wavelet transforms for the k3-weighted Fe K-edge EXAFS signals of Fe foil, Fe Pc, FeNC, and AuNPs/
FeNC. (h) The electric charge of Au sites in AuNPs/NC and AuNPs/FeNC.
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investigate chemical composition. The N 1s spectrum of AuNPs/
FeNC is deconvoluted into pyridinic N, Fe–N, pyrrolic N, and
graphite N components (Fig. S4).35 Notably, the Au 4f peak in
AuNPs/FeNC shis slightly toward higher binding energy
compared to AuNPs/NC (Fig. 2d), suggesting that the introduc-
tion of Fe SAs enables electron transfer from AuNPs to the
support. To further elucidate the electronic structure of AuNPs/
FeNC, X-ray absorption near-edge structure (XANES) and X-ray
absorption ne structure (EXAFS) analyses were employed. In
the Fe K-edge spectra, the absorption edges of Fe K-edge XANES
curves in AuNPs/FeNC and FeNC fall between those of iron
phthalocyanine (Fe Pc) and Fe2O3. Additionally, the absorption
edge of AuNPs/FeNC exhibits a negative shi relative to FeNC,
suggesting electron transfer from AuNPs to Fe sites (Fig. 2e).
Fourier transformed (FT) k3-weighted EXAFS spectra of AuNPs/
FeNC display a primary peak at 1.63 Å, attributed to the Fe–N
bond, without evidence of Fe–Fe bond at 2.18 Å (Fig. 2f). Addi-
tionally, a peak at around 2.7 Å is observed in AuNPs/FeNC but
not in FeNC, illustrating the formation of the Fe–Au bond in
22162 | Chem. Sci., 2025, 16, 22160–22167
AuNPs/FeNC. EXAFS tting results (Fig. S5 and Table S1) indicate
a Fe–N coordination number of 3.95 with a bond length of 2.01
Å, suggesting a Fe–N4 conguration in AuNPs/FeNC. In addition,
wavelet transform (WT) analysis further conrms the coordi-
nation of the Fe–N coordination structure of AuNPs/FeNC
(Fig. 2g). Additionally, the Au EXAFS curve of AuNPs/FeNC in
Fig. S6 exhibits the main peak at around 1.95 and 2.42 Å,
associated with the Au–Fe and Au–Au interactions, respec-
tively.36 To explore the electronic properties, density functional
theory (DFT) calculations were conducted. As shown in Fig. 2h,
the electric charge at Au sites in AuNPs/FeNC (−0.055e) is higher
than that in AuNPs/NC (−0.494e), indicating that the introduc-
tion of Fe SAs facilitates electron transfer from AuNPs to the
substrate, leading to a redistribution of electrons at the catalytic
centers, consistent with the experimental results. Ultraviolet
photoelectron spectroscopy (UPS) was employed to better
understand the band structure information of nanozymes
(Fig. S7). Notably, the cutoff energy of AuNPs/FeNC and AuNPs/NC
is 16.76 and 16.62 eV, respectively. The calculated work
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05430c


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/1
1/

20
26

 7
:2

3:
24

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
functions are 4.46 eV for AuNPs/FeNC and 4.60 eV for AuNPs/NC,
indicating that AuNPs/FeNC more readily donate electrons to
reaction intermediates.37

Fig. 3a presents a schematic illustration of the reaction
catalyzed by AuNPs/FeNC, where O2 adsorption and activation
realize the glucose cascade reaction. To explore the ability to
mimic GOx, the glucose-nanozyme supernatant was assessed
using a horseradish peroxidase (HRP)-based colorimetric
system with 3,3,5,5-tetramethyl-benzidine (TMB) as the chro-
mogenic substrate.38 As shown in Fig. 3b, the glucose-like
activity of AuNPs/FeNC is 3.7- and 2.9-fold higher than that of
AuNPs/NC and AuNPs & FeNC. To further explore the GOx-like
property, the production of glucose acid was evaluated by add-
ing hydroxylamine and Fe3+ to the reaction supernatant.39 As
displayed in Fig. 3c, the absorbance band in both AuNPs/FeNC
Fig. 3 (a) Schematic illustration of glucose cascade reaction on AuNPs/
catalyzed by the HRP-TMB system. (c) Absorbance spectra of gluconic a
Arrhenius plots of ln(k) versus 1000/T for AuNPs/FeNC, AuNPs/NC, and
different pH levels. (f) Absorbance spectra of glucose-TMB catalyzed by
responding Lineweaver–Burk plots with glucose as a substrate. (h) Th
detection (0.01, 0.05, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1, 1.5, 2 mM). (i) Selectivity
± SD (n = 3).

© 2025 The Author(s). Published by the Royal Society of Chemistry
and GOx conrms the presence of gluconic acid, demonstrating
the GOx-like behavior of AuNPs/FeNC. Additionally, AuNPs/FeNC
exhibit 2.2-fold higher intensity than AuNPs/NC, suggesting that
the introduction of Fe SAs facilitates the generation of gluconic
acid. To further investigate the specicity mechanism, the
activation energy (Ea) of glucose catalysis was calculated
according to the Arrhenius equation. In a chemical reaction, Ea
represents the minimum energy required for reactants to reach
the activated state and is closely related to the reaction rate.40

The Ea value for AuNPs/FeNC is 1.15 kJ mol−1, lower than that of
AuNPs/NC (6.46 kJ mol−1) and AuNPs & FeNC (8.33 kJ mol−1),
indicating its superior glucose catalytic efficiency (Fig. 3d).
Similar to natural GOx, the GOx-like activity of AuNPs/FeNC is
pH-dependent. As revealed in Fig. 3e, its optimal GOx-like
activity is observed at pH 4.0, aligning with its optimal POD-
FeNC. (b) Absorbance spectra of the glucose-nanozyme supernatant
cid-specific colorimetric assay catalyzed by AuNPs/FeNC and GOx. (d)
AuNPs & FeNC. (e) The GOx- and POD-like activity of AuNPs/FeNC at
AuNPs/FeNC, AuNPs & FeNC, AuNPs/NC, FeNC, and AuNPs. (g) The cor-
e linear calibration plots of AuNPs/FeNC cascade system for glucose
evaluation for AuNPs/FeNC cascade system. Error bars represent mean

Chem. Sci., 2025, 16, 22160–22167 | 22163
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like activity. Consequently, the AuNPs/FeNC cascade system
shows superior catalytic activity under the same acidic condi-
tions (Fig. S8a). Additionally, the GOx-like activity of AuNPs
increased with increasing pH, implying that the introduction of
Fe SAs regulates the catalytic centers (Fig. S8b). Regarding POD-
like activity, AuNPs/FeNC, AuNPs & FeNC, and FeNC display
signicantly higher POD-like activity than AuNPs/NC (Fig. S9a),
highlighting Fe SAs as the primary active sites for H2O2 activa-
tion. Notably, the introduction of AuNPs slightly enhances the
POD-like activity of AuNPs/FeNC, which is 8.7 times greater than
its oxidase-like activity (Fig. S9b), indicating a remarkable
preference for POD-like activity. To validate the cascade cata-
lytic activity, a colorimetric assay was conducted (Fig. 3f). The
absorbance at 652 nm for the AuNPs/FeNC cascade system is 3.8-
fold higher than that of AuNPs/NC, indicating that the intro-
duction of Fe SAs signicantly enhances the catalytic efficiency.
Interestingly, the cascade catalytic activity of AuNPs/FeNC is 3.3-
fold higher than that of AuNPs & FeNC, whereas its POD-like
activity is slightly higher than that of AuNPs & FeNC. This
result suggests that Fe SA-bridged Au NPs signicantly optimize
the activation efficiency of the glucose cascade system. When
glucose is the only substrate, the GOx–HRP system produces
oxTMB (Fig. S10), whereas neither the GOx nor HRP system
alone does, suggesting that AuNPs/FeNC possess both GOx- and
HRP-like catalytic activities. To quantitatively evaluate the
catalytic performance of the biomimetic cascade system,
a typical Michaelis–Menten kinetic analysis was conducted. As
shown in Fig. 3g and Table S2, the maximum reaction velocity
(Vmax) of AuNPs/FeNC for the glucose cascade system is calcu-
lated to be 75.6 × 10−8 M s−1, which is 2.9-fold and 6.9-fold
higher than that of AuNPs/NC and AuNPs & FeNC. Moreover,
AuNPs/FeNC possess the smallest Michaelis–Menten constants
(Km) of 0.28 mM, indicating their superior affinity for glucose.
Beneting from the highly compatible pH conditions of AuNPs/
FeNC with both GOx- and POD-like activities, the engineered
AuNPs/FeNC-based cascade catalysis system was applied for the
sensitive and selective colorimetric detection of glucose. As
shown in Fig. 3h, the absorbance of oxTMB at 652 nm increases
progressively with glucose concentration, exhibiting a good
linear correlation in the range of 0.01–2 mM with a LOD of 2.9
mM. Furthermore, AuNPs/FeNC show outstanding recyclability
(Fig. S11), maintaining nearly constant glucose oxidation
activity aer ve catalytic cycles. In addition, the biomimetic
AuNPs/FeNC system displays satisfactory selectivity for glucose
over common interfering substances, including sucrose, fruc-
tose, L-cysteine, galactose, lactose, dopamine, ascorbic acid,
maltose, and uric acid (Fig. 3i).

To investigate the catalytic mechanism of glucose oxidation,
DFT calculations were performed to study glucose adsorption
on the nanozymes. Fig. S12a reveals that the adsorption energy
of glucose on the AuNPs/FeNC model (−2.06 eV) is lower than
that on the AuNPs/NC model (−1.90 eV), indicating that the
introduction of Fe SAs is favorable for glucose adsorption. In the
AuNPs/FeNC model, the adsorption energy of O2 at the Fe sites
(−0.94 eV) is lower than that at the Au sites (−0.39 eV), sug-
gesting that Fe sites are more favorable for O2 adsorption
(Fig. 4a). The projected state density (PDOS) analysis for AuNPs/
22164 | Chem. Sci., 2025, 16, 22160–22167
FeNC and AuNPs/NC (Fig. 4b) reveals enhanced orbital hybrid-
izations between Fe and C in AuNPs/FeNC, consistent with its
stronger glucose adsorption capacity. Mulliken charge analysis
(Fig. S12b) indicates that the charge transfer from glucose to
AuNPs/FeNC is 0.123e, higher than that to AuNPs/NC (0.104e),
verifying that the introduction of Fe SAs optimizes the interfa-
cial charge transfer process. To elucidate reaction pathways and
identify intermediates, in situ attenuated total reection-FTIR
(ATR-FTIR) experiments were conducted for AuNPs/NC and
AuNPs/FeNC under reaction conditions (Fig. 4c and d). Upon
glucose introduction, a distinct signal peak at 1573 cm−1, cor-
responding to O–C–O bending, conrms the formation of
gluconate.41 The intensity of this peak is signicantly higher
than for AuNPs/NC, suggesting enhanced glucose oxidation. A
peak at 1639 cm−1 corresponds to the H–O–H bending, while
the peak at 1279 cm−1 is attributed to the O–O stretching mode
of adsorbed OOH (*OOH).42,43 In addition, the band at
1410 cm−1 is assigned to adsorbed O2, observed exclusively in
AuNPs/FeNC, indicating that the introduction of Fe SAs facili-
tates O2 absorption on the surface of AuNPs/FeNC.44 Notably, Fe–
O and *OOH species, represented by peaks at 653 and 930 cm−1,
are unique to AuNPs/FeNC. Furthermore, the *OO species
absorption band at 1018 cm−1 shis to a lower frequency in
AuNPs/FeNC compared to AuNPs/NC, indicating a stronger Fe–O
interaction that enhances O–O bond polarization.45 To monitor
real-time catalytic processes, in situ electron paramagnetic
resonance (EPR) measurement was conducted. As displayed in
Fig. 4e, in AuNPs, an initial cH signal at 20 s transitions into
a cOOH signal at 100 s, with increasing intensity facilitating
H2O2 formation. In contrast, AuNPs/FeNC follow a distinct
radical pathway, transitioning from O2c

− to cOOH. To further
verify these ndings, 2,2,6,6-tetramethylpiperidinooxy (TEMPO)
was employed as a hydrogen-extracting reagent.46 The catalytic
activity of AuNPs decreases by 89% in the presence of TEMPO,
whereas AuNPs/FeNC exhibits no signicant decrease (Fig. S13),
demonstrating that the crucial role of surface Au–H species in
glucose oxidation by AuNPs and suggesting an alternative cata-
lytic pathway in AuNPs/FeNC. Based on these ndings, a plau-
sible reaction mechanism is proposed (Fig. 4f). In AuNPs, OH

−

acts as a Brønsted base, initially abstracting H+ from the C1
hydroxyl group of glucose. Subsequently, certain Au atoms
extract H from the glucose C–H bond, forming Au–H interme-
diates. Then, O2 accepts electrons, becoming activated and
integrating into Au–H to form Au–OOH species, which ulti-
mately dissociate to generate H2O2. In contrast, under a proton-
rich acidic environment, glucose rst adsorbs onto the Au sites
of AuNPs/FeNC. Subsequently, the electron-rich Fe sites adsorb
O2 to form *OO intermediates. The Au–Fe–OO intermediates
then combine with H+ derived from glucose, forming Au–Fe–
OOH species. The *OOH at the Fe sites further extracts H from
the C–H bond of glucose to generate *H2O2, thereby completing
the catalytic cycle and enabling efficient glucose oxidation in
acidic conditions.

Leveraging the exceptional glucose cascade system of AuNPs/
FeNC, a colorimetric assay is developed as a proof-of-concept
application for AChE and OP detection. AChE catalyzes the
hydrolysis of acetylthiocholine (ATCh) into thiocholine (TCh),
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Adsorption energies of the O2 molecule adsorption on Au and Fe sites in AuNPs/FeNC model. (b) PDOS profiles of AuNPs/FeNC and
AuNPs/NC structures. In situ ATR-FTIR spectra of the glucose oxidation reaction on (c) AuNPs/NC and (d) AuNPs/FeNC. (e) In situ EPR spectra of
AuNPs (under alkaline conditions) and AuNPs/FeNC (under acid conditions) during catalytic glucose oxidation. (f) Mechanism of glucose catalyzed
by AuNPs (under alkaline conditions) and AuNPs/FeNC (under acid conditions).
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which is essential for regulating the neurotransmitter acetyl-
choline levels.47 TCh, a sulydryl molecule, binds the active
sites of AuNPs/FeNC, thereby inhibiting the biomimetic cascade
reaction. Au anchors mercapto molecules via the Au–S bond. To
conrm this inhibitory effect, cysteine (Cys) and glutathione
(GSH) were introduced into the FeNC–H2O2 system, resulting in
a noticeable decrease in absorbance (Fig. S14), suggesting that
the active sites of FeNC were effectively blocked by the mercapto
molecules.48 Leveraging the enzyme-like inhibitory mechanism
of active sites, an AuNPs/FeNC-based biosensor was constructed
to further evaluate its sensitivity to AChE activity. As shown in
Fig. S15a, the catalytic activity of AuNPs/FeNC gradually
decreases with increasing AChE concentrations in the presence
of ATCh (5 mM). The AuNPs/FeNC-based biosensor displays
a good linear relationship between the absorbance of oxTMB
and AChE concentrations in the range of 0.5 to 50 mU mL−1

with an LOD of 0.16 mU mL−1 (Fig. S15b). Notably, the AuNPs/
FeNC-based biosensor displays a broader detection range
compared to the AuNPs/NC-based biosensor, suggesting that the
© 2025 The Author(s). Published by the Royal Society of Chemistry
introduction of Fe SAs enhances the sensitivity and detection
performance of biosensors.

OPs can rapidly inhibit the AChE activity, leading to nervous
system dysfunction. In this study, fenthion was selected as
a model OP due to its inhibition effect on AChE activity,
consistent with observations of the AuNPs/FeNC system
(Fig. S16). Compared with AuNPs/NC-based biosensor, AuNPs/
FeNC-based biosensor exhibits a wider detection range for OP
detection (Fig. S17), indicating the main role of Fe single atoms.
To realize visual, rapid, and real-time detection, a portable,
smartphone-integrated gel biosensor was developed for the
quantitative OP analysis. As illustrated in Fig. 5a, agarose
hydrogels were formed on the snap caps of EP tubes by
immersing them in a solution containing AuNPs/FeNC and TMB.
When OPs were introduced into the EP tube lumen along with
AChE for 5 min, the tubes were inverted, causing a color shi
from colorless to blue. The color intensity was captured using
the smartphone app ColorDesk, which quantied the results
obtained by converting images into RGB values. As shown in
Fig. 5b, the biosensor exhibits a progressive blue shi with
Chem. Sci., 2025, 16, 22160–22167 | 22165
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Fig. 5 (a) Schematic illustration of the smartphone-assisted sensing of OPs using a gel-based biosensor. (b) The calibration curves of the RGB
value toward the different concentrations of OPs. (c) The selectivity test and (d) the long-term storage stability of gel-based biosensors. Error bars
represent mean ± SD (n = 3).
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increasing OP concentrations, detectable by the naked eye.
Linear regression reveals a strong correlation between the RGB
values and OP concentrations within the range of 10 to 1000 ng
mL−1, with a calculated LOD of 1.9 ng mL−1. Compared to other
OP sensing platforms, the AuNPs/FeNC-based gel biosensor kit
exhibits competitive sensitivity (Table S3). To conrm the
potential for practical application, the anti-interference capa-
bilities of the biosensor were tested. As shown in Fig. 5c, several
biomolecules show no signicant impact on the performance of
the biosensor, validating its reliability for OP detection.
Remarkably, its stability is conrmed with RGB values showing
minimal decline aer 15 days (Fig. 5d). Furthermore, the
applicability of the biosensor for OP detection in real samples
was evaluated. As shown in Table S4, the recovery rates of OPs
range from 102.0% to 107.6%, demonstrating the high potential
of this sensing platform for real-world OP detection.
Conclusions

In summary, this work achieves highly efficient glucose oxida-
tion in acidic media by constructing a dual-site nanozyme
composed of Fe single atom-bridged Au NPs, which serve as the
binding sites for O2 and glucose. The formation of metallic-
bonded Fe–Au pairs enhances electron transfer and optimizes
the electronic structure of active sites. Notably, in situ experi-
ments and theoretical calculations reveal the presence of Au–
Fe–OO intermediates during the reaction, which modies the
catalytic pathway, eliminates OH− dependence, and enables
efficient glucose activation under acid conditions. Beneting
from the aligned optimal conditions for both GOx- and POD-
22166 | Chem. Sci., 2025, 16, 22160–22167
like activities at pH 4.0, an AuNPs/FeNC-based glucose cascade
system is successfully constructed. As a proof-of-concept,
a portable biosensor kit based on this system is developed for
real-time, ultrasensitive determination of OPs. This work
advances the design of highly efficient nanozymes to meet the
growing demands of practical applications.
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