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ctive oxygen species based on the
metal-to-MOF charge transfer effect boost
electrochemiluminescence

Xuena Mei, Shuang Zhou,* Jing Zhang,* Mei Yan, Jinghua Yu and Yan Zhang *

Traditional luminol-based electrochemiluminescence (ECL) systems rely on hydrogen peroxide as a co-

reactant, but its limited solubility restricts luminescence efficiency and detection accuracy. Herein,

a core–shell spherical zinc-based metal–organic framework (Zn-MOF) leverages its metal-to-MOF

charge transfer (MMCT) properties to autonomously generate reactive oxygen species (ROS). The zinc

core serves as an electron reservoir, facilitating electron injection into the MOF shell via MMCT, enabling

ROS generation without exogenous oxidants. This mechanism enhances the ECL signal of luminol-

derived carbon dots (L-CDs) through ROS-mediated pathways. Integrating L-CDs with Zn-MOF creates

a unique reaction environment that shortens the distance between L-CDs and ROS and stabilizes the L-

CDs intermediate active species, thereby improving ECL signal strength and stability in a neutral

environment. The system also incorporates the specific binding of ochratoxin A to its aptamer, releasing

activated DNA to trigger CRISPR/Cas12a-mediated cleavage of single-stranded DNA (ssDNA) anchored

to magnetic beads and dopamine (DA). After magnetic separation, DA-ssDNA is modified on the

electrode surface to suppress the initial ECL response. This sensing platform offers a robust solution for

detecting mycotoxins in complex matrices, with applications in food safety and environmental monitoring.
Introduction

Electrochemiluminescence (ECL), recognized as a highly
sensitive analytical methodology, has garnered widespread
acknowledgment within the biosensing domain owing to its
minimal background signal and precisely controllable lumi-
nescence properties.1,2 Luminol is a cornerstone ECL lumino-
phore, and it generates light through reactive oxygen species
(ROS) produced via hydrogen peroxide (H2O2)-mediated oxida-
tion.3 To enhance the luminescence efficiency of luminol, an
innovative integration strategy is to combine luminol with
carbon dots, integrating the powerful molecular emission of
luminol with the superior electrochemical performance of
carbon dots.4,5 Compared with free luminol, luminol-derived
carbon dots (L-CDs) can exhibit higher quantum yield and
light stability, which is attributed to their nanoscale conne-
ment and enhanced electron transfer efficiency. The carbon
matrix can not only prevent luminol aggregation and suppress
non-radiative decay, but also provide active sites for catalytic
reactions, thereby amplifying ECL intensity.6,7 However, the
existing strategies mainly depend on exogenous oxidants
(H2O2

8 or persulfates9) to maintain ROS generation and
enhance the ECL intensity of luminol. This not only increases
ring, University of Jinan, Jinan 250022,

ngjingdadi@126.com; chm_zhangyan@

the Royal Society of Chemistry
the complexity of the system, but also limits its applicability in
biocompatible environments, due to the lower luminous effi-
ciency of luminol in neutral media than in alkaline environ-
ments. Therefore, exploring new strategies to enhance the ECL
emission of luminol in neutral aqueous solutions is of great
signicance for constructing a platform that can be directly
compatible with the detection of biological samples.

Currently, materials with tunable ROS-generating properties
are pivotal in various applications, such as environmental
remediation, tumor therapy, and sensing.10,11 These materials
primarily include photocatalytic materials (e.g., TiO2,12,13 g-
C3N4

14,15), metal-based nanozymes (e.g., Fe3O4,16,17 CeO2
18,19),

and porous framework materials (metal organic frameworks
(MOFs),20,21 covalent organic frameworks22,23). They respectively
mediate the generation of ROS through light irradiation,
simulated enzymatic catalysis, or chemical oxidation processes.
However, photocatalytic materials depend on a continuous
external light source,24,25 and metal-based nanozymes need
exogenous H2O2

26,27 to sustain ROS release. It is inevitable that
the above two strategies increase system complexity. Addition-
ally, in dynamic aqueous environments, these materials oen
suffer from aggregation or passivation of active sites, resulting
in reduced activity. Furthermore, under physiological or neutral
aqueous conditions, their ROS production rates are signi-
cantly diminished, limiting their efficiency in biosensing
applications.28,29 In contrast, the unique structural features of
framework materials enable their post-modication and offer
Chem. Sci., 2026, 17, 5585–5594 | 5585
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Scheme 1 (A) A diagram of the ECL sensing platform fabrication
process. (B) A schematic diagram of the mechanism of self-releasing
ROS enhancing ECL based on the MMCT characteristics of Zn-MOF.
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a transformative approach for self-releasing ROS generation.
Through tailored structural design and compositional optimi-
zation, these frameworks enable in situ and sustained ROS
production, eliminating reliance on external stimuli or high-
concentration oxidants. Here, a core–shell spherical zinc-
based MOF (Zn-MOF) was synthesized and utilized as a self-
releasing ROS material to enhance the luminescence effi-
ciency of luminol. The intrinsic metal-to-MOF charge transfer
(MMCT) characteristics of Zn-MOF enabled it to efficiently
generate ROS without exogenous reagents and to remain stable
in a neutral aqueous environment. Its hierarchical porous
structure facilitated efficient diffusion of reactants and electron
transport, enabling it to maintain high catalytic activity even at
low concentrations. Additionally, integrating a luminophore
within the MOF could effectively leverage its inherent structural
advantages, including ordered porosity, high specic surface
area, and tunable cavity dimensions.30 Thus, by encapsulating
L-CDs in the nanoconned channels of Zn-MOF, molecular
aggregation was minimized, and non-radiative transitions were
suppressed due to the spatial connement, signicantly
enhancing the luminescence efficiency of L-CDs. Simulta-
neously, the luminophore was stabilized against environmental
perturbations by the rigid MOF, with both the radiative
quantum yield and long-term photostability being signicantly
enhanced. This collaborative combination provided a robust
platform for optimizing the luminescence performance in
neutral aqueous environments.

In order to achieve high-precision detection of biological
targets in complex sensing environments, it is crucial to select
appropriate interfacial driving forces to optimize the signal
transduction mechanisms of the sensing platform.31,32 For this
issue, the CRISPR/Cas12a system offers a powerful solution due
to its unique trans-cleavage activity.33 In the presence of target
DNA, Cas12a indiscriminately cleaved adjacent single-stranded
DNA (ssDNA), which was anchored at one end to dopamine
(DA). DA-ssDNA was transferred to the electrode surface
following magnetic separation, which subsequently enabled DA
alter charge transfer at the sensing interface and modulate the
ECL response. The core mechanism lies in DA's antioxidant
capacity, wherein its phenolic hydroxyl moieties undergo redox
reactions with ROS.34,35 This interaction effectively scavenges
ROS, thereby reducing their availability for reaction. Therefore,
its dual role as a signal transducer and amplier enhanced the
biosensing platform's sensitivity and specicity.

Herein, a core–shell spherical Zn-MOF with self-releasing
ROS properties was synthesized to improve the ECL response
of the L-CDs-H2O/O2 system via ROS-mediated pathways.
Within the Zn-MOF structure, the zinc core served as an elec-
tron reservoir and facilitated electron injection into the MOF
shell via the MMCT effect. This not only enabled efficient
endogenous ROS generation but also eliminated interference
from exogenous reagents. In addition, the irregular surface
microstructure of Zn-MOF was leveraged to encapsulate L-CDs
within its nanoconned channels, thus shortening the reac-
tion distance between L-CDs and ROS and stabilizing their
intermediate active species through spatial connement. This
synergistic Zn-MOF/L-CDs composite extended the lifetime of
5586 | Chem. Sci., 2026, 17, 5585–5594
ROS and signicantly enhanced both the intensity and stability
of the luminol ECL signal in aqueous environments. Building
on these advancements, a sophisticated analytical platform
served as a proof-of-concept model was developed for detecting
ochratoxin A (OTA) in complex food matrices. In the presence of
OTA, aptamers modied on the surface of Zn-MOF/L-CDs
bound to OTA, thereby triggering the release of prehybridized
active DNA (acDNA). This activated CRISPR–Cas12a0s trans-
cleavage activity, which cleaved ssDNA. Then, DA-ssDNA was
transferred to the electrode surface following magnetic sepa-
ration, thereby enabling DA to suppress the initial ECL response
(Scheme 1A). Consequently, the synergistic integration of
aptamer recognition with trans-cleavage activity of the CRISPR/
Cas12a system established a biosensing platform with excep-
tional sensitivity for trace OTA detection, offering signicant
potential for applications in food safety monitoring and envi-
ronmental analysis.
Results and discussion
Structure characterization

To obtain excellent ECL responses from L-CDs, Zn-MOF was
synthesized via a straightforward one-step solvothermal
approach (Fig. 1A) and subsequently used as an efficient co-
reaction accelerator. The morphological characteristics of Zn-
MOF were elucidated by scanning electron microscopy (SEM).
As shown in Fig. 1B, the dense polyhedron was uniformly
anchored to the zinc core, thereby forming a hierarchically
rough-layered surface that effectively increased surface area and
provided a favorable microenvironment for subsequent xation
of the luminescent clusters. Simultaneously, the energy-
dispersive spectroscopy (EDS) elemental mapping was utilized
to conrm the spatial distribution of constituent elements
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) The synthesis process for L-CDs, Zn-MOF, and Zn-MOF/L-
CDs. (B) SEM images and (C) SEM-EDS elemental mapping of Zn-MOF.
(D) A HRTEM image of L-CDs. (E) SEM images of Zn-MOF/L-CDs.

Fig. 2 (A) Zn-MOF, (B) C 1s, and (C) Zn 2p XPS spectra. (D) FT-IR
spectra of L-cysteine, luminol, and L-CDs. (E) XRD spectra of Zn-MOF,
L-CDs, and Zn-MOF/L-CDs. (F) UV-vis spectra of L-CDs and Zn-MOF/
L-CDs. (G) Fluorescence emission spectra of L-CDs and Zn-MOF/L-
CDs under an excitation wavelength of 364 nm. (H) TRPL spectra of L-
CDs and Zn-MOF/L-CDs. (I) Zeta potential of L-CDs, Zn-MOF, and Zn-
MOF/L-CDs.
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throughout the Zn-MOF architecture. It could be seen that the
Zn core region is predominantly enveloped by a homogeneous
shell composed of C, O, and N (Fig. 1C and S1), indicating the
successful construction of a Zn-centered coordination network
surrounded by organic ligand-derived components.
Morphology and lattice of the L-CDs were characterized through
high-resolution transmission electron microscopy (HRTEM). As
displayed in the blue circle and inset of Fig. 1D, L-CDs exhibited
a uniform size distribution and crystalline morphology, as well
as obvious lattice fringes, indicating a high degree of crystal-
linity. The measured lattice spacings of 0.19 and 0.32 nm were
assigned to the graphene (100) and graphite (001) planes,5

respectively. To minimize interference from exogenous
reagents, L-CDs were strategically integrated with Zn-MOF to
stabilize the luminophore's intermediate active species via the
framework's connement, thus signicantly enhancing the
durability of the ECL signal intensity. As revealed in Fig. 1E, the
Zn-MOF/L-CDs composite exhibited greatly reduced surface
roughness compared to pristine Zn-MOF. These changes
conrmed the successful incorporation of L-CDs, driven by
their effective loading and interfacial interactions with the Zn-
MOF.

The composition and valence state of elements in Zn-MOF
were further investigated by X-ray photoelectron spectroscopy
(XPS). Consistent with the EDS results, the XPS survey spectrum
revealed peaks for C 1s, N 1s, O 1s, and Zn 2p in Zn-MOF
(Fig. 2A), with the C 1s peak used to calibrate the measure-
ments of other elements. As presented in Fig. 2B, two peaks at
© 2026 The Author(s). Published by the Royal Society of Chemistry
284.80 and 287.11 eV were observed in the C 1s spectrum,
conrming the existence of C–O and C–N bonds, respectively.
The N 1s spectrum showed three chemical states at 398.93,
400.32, and 401.42 eV (Fig. S2A), and they were attributed to C–
N]C, N–C, and N–H bonds in 2-methylimidazole, respectively.
As depicted in Fig. S2B, the O 1s spectrum was deconvoluted
into two peaks at 531.72 (C]O) and 533.02 eV (C–O). The two
prominent peaks in the Zn 2p spectrum (Fig. 2C) could be
assigned to the Zn 2p3/2 at 1022.09 eV and the Zn 2p1/2 hybrid
orbitals at 1045.21 eV. Multiplet splitting of the Zn peaks
revealed different valence states of Zn0 and Zn2+ in the Zn-
MOF.36 Fourier transform Infrared spectroscopy (FT-IR) spectral
analysis of L-cysteine, luminol, and synthesized L-CDs (Fig. 2D)
conrmed the structural integrity of key functional groups. The
persistence of hydrazide groups (3045 cm−1) in L-CDs provided
the basis for ECL emission. Furthermore, peaks for N–H
(3416 cm−1), C]O (1649 cm−1), C–C (1475), N–N (1425 cm−1),
C–N (1265 cm−1), and C–S (1024 cm−1) in the L-CDs further
veried successful S and N heteroatom doping. The formation
probably originated from the amination-driven crosslinking
during L-CDs synthesis, which preserved the redox-active
hydrazide centers while forming graphitic domains with
enhanced p-conjugation.5 X-ray diffraction (XRD) was utilized
to examine the crystalline structures of L-CDs, Zn-MOF, and Zn-
MOF/L-CDs (Fig. 2E). Notably, in the XRD pattern of L-CDs,
there were two distinct peaks at 13° (corresponding to the
(002) diffraction peak of graphite) and 25° (attributed to an
interplanar structural arrangement identied as the (100) peak).
It revealed that Zn-MOF/L-CDs possessed a combination of the
lattice structures of Zn-MOF and L-CDs, laying the foundation
for the enhanced ECL response.
Chem. Sci., 2026, 17, 5585–5594 | 5587
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Moreover, the optical properties of Zn-MOF were analyzed
through UV-vis absorption (Fig. 2F) and uorescence spectros-
copy (Fig. 2G). The UV-vis absorption spectra of L-CDs showed
two distinct features, a sharp absorption band at 220 nm, likely
due to p–p* transitions in the graphitic carbon core, and
a characteristic peak at 326 nm, corresponding to n–p* transi-
tions of surface-bound hydrazide groups.37 With the formation
of Zn-MOF/L-CDs, the uorescence emission wavelength
remained unchanged, while the emission spectrum broadened.
This phenomenon was likely attributed to synergistic interac-
tions among the molecules within the Zn-MOF/L-CDs, which
lead to an extended excited-state lifetime.38,39 To further illus-
trate the substantial impact of the MMCT effect in Zn-MOF on
the excited-state lifetime of L-CDs, time-resolved photo-
luminescence (TRPL) spectroscopy was employed (Fig. 2H). The
average uorescence lifetime of Zn-MOF/L-CDs (1.25 ns) was
longer than that of L-CDs (1.10 ns). It clearly demonstrated that
the excited state of the L-CDs could be sustained for an
extended period under the connement effect of Zn-MOF,
thereby enhancing the longevity and stability of the ECL
signal. Furthermore, as shown in Fig. 2I, the zeta potential of L-
CDs was measured to be −24.67 mV, while that of Zn-MOF was
19.33 mV. Aer cross-linking L-CDs with Zn-MOF, the Zeta
potential of the resulting Zn-MOF/L-CDs composites decreased
signicantly to 0.98 mV. This reduction might be attributed to
Fig. 3 (A) ECL intensity of Zn-MOF, luminol, L-CDs, Zn-MOF + L-CDs, an
of blank, 1 mM histidine, 1 mM IPA, 0.4 mg mL−1 HRP, and 20 mM CO3

2−

of (C) 1O2 trapped by TEMP and (D) O2c
− trapped by DMPO. (E) UV-vis a

Time-dependent UV-vis absorption spectra of (F) DPBF (2.0 mgmL−1), (G
(5.0mgmL−1) from 1 to 10min. (I) UV-vis DRS and the corresponding Tau
plots of Zn-MOF. (L) Band positions of Zn-MOF in relation to the format

5588 | Chem. Sci., 2026, 17, 5585–5594
the successful combination of L-CDs onto the Zn-MOF, which
effectively neutralized the Zn-MOF's original surface charge.
Collectively, the results conrmed the successful synthesis of
Zn-MOF/L-CDs composites and highlighted their enhanced
material properties compared to pristine Zn-MOF.

Mechanism of Zn-MOF/L-CDs in boosting the ECL
performance

To access Zn-MOF's role as an accelerator in the L-CDs-H2O/O2

ECL system, ECL intensities under various conditions were
recorded. Fig. 3A showed the ECL intensity–time curves for
glass carbon electrodes (GCEs) modied with Zn-MOF (blue
curve), luminol (yellow curve), L-CDs (green curve), Zn-MOF + L-
CDs (purple curve), and Zn-MOF/L-CDs (red curve). It could be
observed that Zn-MOF, luminol, and L-CDs exhibited very low
ECL intensities. Although the ECL response of Zn-MOF + L-CDs
had been improved, the simple mixing method failed to fully
exploit the connement effect of Zn-MOF. In contrast, the Zn-
MOF/L-CDs-modied GCE produced a signicantly enhanced
ECL signal, indicating that Zn-MOF played a critical role in
amplifying the ECL performance of L-CDs rather than serving as
a primary luminophore. Simultaneously, the ndings were
corroborated through electrochemical impedance spectroscopy
(EIS) testing (Fig. S3A). Notably, the Zn-MOF/L-CDs composite
exhibited a marked reduction in resistance, indicating
d Zn-MOF/L-CDs-modified electrodes in 0.1 M PBS (pH 7.4). (B) Effects
radical scavengers on the ECL intensity of Zn-MOF/L-CDs. ESR spectra
bsorption spectra of TMB solutions containing different compositions.
) NBT (20 mgmL−1), and (H) TMB (20 mM) upon the addition of Zn-MOF
c plot curve of Zn-MOF. (J) The VBXPS spectrum and (K) Mott–Schottky
ion potential of ROS.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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improved interfacial electron transfer efficiency. This
enhancement stemmed from the synergistic combination of Zn-
MOF's high porosity and L-CDs' superior conductivity, which
facilitated electron transfer, L-CDs oxidation, and ROS genera-
tion, aligning with the observed ECL improvement. The cyclic
voltammetry (CV) of luminol, L-CDs, and Zn-MOF/L-CDs-
modied GCEs all showed oxidation peaks at around 0.6 V
compared to Zn-MOF-modied GCE (Fig. S3B). It was demon-
strated that the oxidation was due to a reaction with luminol.
Specically, the oxidation peak of Zn-MOF/L-CDs shied to
a lower potential than that of L-CDs alone, indicating that there
was a synergistic effect between L-CDs and Zn-MOF, which can
signicantly accelerate the transport of electrons in the
composite system. This effect likely arose from electrons
transferred from the zinc core to theMOF shell,40 facilitating O2/
H2O reduction and generating abundant ROS to boost L-CDs
emission. To further clarify the structural integration of Zn-
MOF, N2 adsorption–desorption measurements were per-
formed (Fig. S4). The results reveal that the Zn-MOF exhibits
a Type IV isotherm, indicative of mesopores (5.8 nm), which are
sufficiently large to accommodate or surface-anchor L-CDs. The
relatively small specic surface area can be attributed to the
MOF's thin-layered structure. Besides, to prove the unique role
of the Zn-MOF structure in the connement effect, a pore-free
ZnO was successfully synthesized as a direct comparative
reference (Fig. S5A and B). Following that, ZnO/L-CDs (Fig. S5C)
were prepared using the samemass ratio (5 : 3) as that employed
for the optimal Zn-MOF/L-CDs. It can be observed that there is
hardly any signicant change on the surface of ZnO before and
aer the composite formation. This may be attributed to ZnO
being a non-porous material, and to the small-sized L-CDs
being merely adsorbed on its surface. Therefore, owing to the
limited interaction between ZnO and L-CDs, the integrated
ZnO/L-CDs yields a notably weak ECL signal (Fig. S5D). There-
fore, the hierarchical porous architecture of Zn-MOF enhanced
the immobilization of L-CDs within its framework while
spatially conning ROS diffusion, thereby creating a microen-
vironment that can effectively improve electron-transfer effi-
ciency and reaction kinetics.

Additionally, the mechanism by which Zn-MOF promotes
ECL response was systematically investigated, with a focus on
the role of ROS in the simplication pathway. To validate the
ROS types involved, targeted radical scavengers were introduced
into the ECL system. L-histidine (His),41 isopropanol (IPA),42

horseradish peroxidase (HRP), and carbonate (CO3
2−)43 were

used as radical scavengers for 1O2, OHc, H2O2, and O2c
−,

respectively. As demonstrated in Fig. 3B, the addition of His,
HPR, and CO3

2− signicantly quenched ECL intensity
compared to the control, whereas no obvious quenching in the
ECL intensity was detected aer the introduction of IPA. These
results indicated that 1O2, H2O2, and O2c

− were the primary
mediators of ECL amplication in the system. To further
conrm the role of ROS in enhancing ECL intensity, electron
spin resonance (ESR) spectroscopy was employed without
electrical stimulation using 2,2,6,6-tetramethyl-4-piperidine
(TEMP) and 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as trap-
ping agents for intermediate radicals. When TEMP was
© 2026 The Author(s). Published by the Royal Society of Chemistry
introduced, a characteristic 1 : 1 : 1 triplet signal was observed
(Fig. 3C), conrming the generation of 1O2.44 Similarly, DMPO
was used to detect OHc and O2c

−, which typically produce a 1 :
2 : 2 : 1 quartet signal and a strong 1 : 1 : 1 : 1 quartet signal,45

respectively. In the DMPO-trapped system (Fig. 3D), only the 1 :
1 : 1 : 1 quartet signal corresponding to the DMPO-O2c

− adduct
was observed, suggesting the exclusive formation of O2c

− rather
than OHc. It was consistent with the test results of IPA as
a scavenging agent (Fig. 3B). In addition, the existence of H2O2

was further validated using 3,30,5,50-tetramethylbenzidin (TMB)
as an indicator (Fig. 3E). In the presence of Zn-MOF, TMB was
oxidized to its oxidized form, exhibiting a characteristic
absorption peak at 652 nm.46 This oxidation was likely driven by
internal electron transfer within the Zn-MOF and its endoge-
nous generation of H2O2.47 Subsequently, the signicant
increase in absorbance under HRP participation further
conrmed the production of H2O2. Control experiments with
either TMB alone or TMB and HRP showed negligible absor-
bance, ruling out substrate auto-oxidation or impurity inter-
ference. Collectively, these ndings provided robust evidence
that 1O2, O2c

−, and H2O2 were critical ROS intermediates in the
Zn-MOF/L-CDs-H2O/O2 system, driving the observed ampli-
cation of ECL intensity. To further verify the ability of Zn-MOF
to produce ROS in the absence of electrical stimulation, time-
dependent UV-vis spectroscopy analyses were performed to
quantify the self-release of 1O2, O2c

−, and H2O2 by the MMCT
effect of Zn-MOF. The concentrations of these species were
measured using 1,3-diphenylisobenzofuran (DPBF), 4-nitro
blue tetrazolium chloride (NBT), and TMB, respectively. As
illustrated in Fig. 3F and G, the oxidation ring-opening reaction
between 1O2 and DPBF led to a decrease in absorbance at
420 nm,48 while the continuous generation of O2c

− resulted in
a decrease in absorbance at 259 nm due to its interaction with
NBT.49 This conrmed that Zn-MOF can effectively facilitate the
release of 1O2 and O2c

−. In contrast, the absorbance of oxidized
TMB gradually increased at 652 nm (Fig. 3H), indicating that
Zn-MOF continuously promoted the generation of H2O2.

To validate Zn-MOF's ability to generate ROS via the MMCT
effect, the absorption properties and band structures of Zn-MOF
were investigated using UV-visible diffuse reectance spectros-
copy (UV-vis DRS), valence band X-ray photoelectron spectros-
copy (VBXPS), and Mott–Schottky measurements. As described
in Fig. 3I, the UV-vis DRS revealed strong light absorption by Zn-
MOF. The band gap energy derived from Tauc plots (Fig. 3F,
inset) was 3.24 eV. VBXPS analysis determined the valence band
maximum at 2.69 V relative to the Fermi energy (Fig. 3J). Briey,
the valence band maximum versus normal hydrogen electrode
(NHE) was estimated to be 2.45 V using the formula ENHE/V = E
+ F − 4.44 (E: electrode potential measured by VBXPS; F of
4.20 eV: the electron work function of the analyzer).50 Accord-
ingly, the conduction band (CB) of Zn-MOF was determined as
−0.79 V (vs. NHE). Simultaneously, the average at-band posi-
tions of Zn-MOF obtained from the Mott–Schottky analyses
were−0.99 V (vs. Ag/AgCl,−0.79 V vs. NHE). Since the bottom of
the CB in n-type semiconductors is usually close to the at band
potential,51 the CB of Zn-MOF was estimated to be −0.79 eV,
corroborating the above results (Fig. 3K). Based on these
Chem. Sci., 2026, 17, 5585–5594 | 5589
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ndings, the band structure of Zn-MOF was constructed
(Fig. 3L), providing a theoretical foundation for the generation
of 1O2, O2c

−, and H2O2. Building on the above results, the
possible ECL emission mechanism in the Zn-MOF/L-CDs-H2O/
O2 system, driven by self-releasing ROS, can be described as
follows. The clear change in the valence state distribution aer
reaction could be discerned in Zn 2p XPS spectra (Fig. S7).
According to the tting results, the peak area ratio of Zn0 to Zn2+

decreased from approximately 37% to 28%. Specically, the XPS
peak area for Zn0 signicantly decreased post-reaction, while
the peak area for Zn2+ correspondingly increased, indicating
partial oxidation of Zn0 to Zn2+ occurred during the reaction.
The electron–transfer processes outlined in eqn (1) and (2)
facilitated the reduction of H2O and dissolved O2 into ROS,
specically O2c

−, 1O2, and H2O2, as described in eqn (3)–(5).
Concurrently, L-CDs were electrochemically oxidized to form
the radical cation L-CDs$+ (eqn (6)). This species reacted with
ROS to produce the excited-state L-CDs* (eqn (7)), which
subsequently relaxed to its ground state, emitting light as
shown in eqn (8) and depicted in Scheme 1B.

Self-releasing ROS:

Zn − e− / Zn+ (1)

Zn+ − e− / Zn2+ (2)

O2 + e− / O2c
− (3)

2O2c
− + 2H+ / 1O2 + H2O2 (4)

O2 + 2H+ + 2e− / H2O2 (5)

ECL emission:

L-CDs − e− / L-CDs+ (6)
Fig. 4 (A) The optimized structural configuration of Zn-MOF. Charge
charge accumulation; cyan: charge depletion. DFT-derived free energy
potential H2O2 decomposition pathways.

5590 | Chem. Sci., 2026, 17, 5585–5594
L-CDs+ + O2c
−/1O2/H2O2 / L-CDs* + products (7)

L-CDs* / L-CDs + hv (8)

Furthermore, density functional theory (DFT) calculations
were employed to elucidate the mechanism underlying the self-
release of ROS via the MMCT effect of the Zn-MOF, thereby
enhancing the ECL response of L-CDs. The optimized structural
conguration of Zn-MOF (Fig. 4A) was simulated by DFT in
conjunction with the crystal structure of the zeolitic imidazolate
frameworks model. In this structure, the Zn core is coordinated
to nitrogen atoms in the MOF shell, facilitating continuous
electron injection into the MOF shell via MMCT. The charge
density difference plot at the Zn core-MOF shell interface
(Fig. 4B) provided clear insight into the charge distribution,
conrming a strong interaction and signicant charge transfer
from Zn core to MOF shell. Similarly, the charge density
difference plot for O2–Zn-MOF (Fig. 4C) revealed pronounced
charge accumulation in the region occupied by O2, offering
compelling evidence for the transformation of oxygen mole-
cules into O2c

−. In addition, the types of ROS released sponta-
neously from Zn-MOF were explored to assess potential reaction
pathways and identify rate-determining steps (RDSs). In the
presence of H2O and O2, the ROS formation pathway followed
OO*/ OOH*/H2O2 +

1O2, with a negative free energy for the
RDS (OO* / OOH*), indicating a spontaneous reaction
(Fig. 4D). Therefore, self-releasing ROS, including O2c

−, H2O2,
and 1O2, can be realized based on the MMCT effect of Zn-MOF
under neutral conditions. Given the high propensity of H2O2 to
decompose, two potential decomposition pathways were simu-
lated to assess the likelihood of OHc formation (Fig. 4E and F).
Both pathways exhibited positive free energies for their
respective RDSs (2OH* / OOH* and O* / OOH*), suggesting
that OHc generation was thermodynamically unfavorable. The
density difference plots of (B) Zn-MOF and (C) O2–Zn-MOF. Yellow:
diagrams for (D) potential reaction pathways of ROS and (E, F) two

© 2026 The Author(s). Published by the Royal Society of Chemistry
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above results clearly showed that the self-release of O2c
−, H2O2,

and 1O2 can be achieved by the MMCT effect of Zn-MOF. This
theoretical derivation was highly consistent with the experi-
mental observations, providing a reasonable explanation for the
phenomena and further validating the charge transfer mecha-
nism and the product-formation characteristics of Zn-MOF in
the related reaction process.
Feasibility and analytical performance of the ECL sensing
platform

To validate the efficient trans-cleavage activity of the CRISPR/
Cas12a system, a 20% polyacrylamide gel electrophoresis
(PAGE) assay was performed. As illustrated in Fig. 5A, lane 3
(aptamer + acDNA) exhibited a distinct electrophoretic mobility
shi compared to lanes 1 (aptamer) and 2 (acDNA), conrming
the formation of a double-stranded DNA (dsDNA) hybridized
structure. Notably, lane 4 demonstrated the selective displace-
ment of acDNA from the dsDNA hybrid upon introduction of
OTA, as evidenced by the reappearance of acDNA bands at
positions corresponding to their monomeric forms. This
observation conrmed the high-affinity binding of OTA to the
aptamer, triggering a conformational change to release acDNA.
Lanes 5 (crRNA) and 6 (ssDNA) as critical controls conrmed the
absence of non-specic interactions in the absence of active
Cas12a. Critically, the acDNA liberated from the OTA-triggered
dissociation was subsequently employed as a catalytic trigger
to activate the crRNA/Cas12a ribonucleoprotein complex. The
trans-cleavage activity of the activated Cas12a was unequivocally
validated in lanes 7–9, where the slightly dimmer of the ssDNA
substrate band (lane 9) than that in lane 6 strictly depended on
the simultaneous presence of Cas12a, crRNA, and acDNA,
conrming the functional integrity in the biosensing platform.
Fig. 5 (A) PAGE analysis verified the high efficiency trans-cleavage ab
concentrations of OTA (a–j: 0, 0.00001, 0.0001, 0.001, 0.01, 0.1, 1, 10, 1
Cycling stability and (E) selectivity of the sensing platform with 0.1 ng mL
deviations in triplicate experiments.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the characteristics of the sensing interface were
meticulously scrutinized using EIS during the assembly
process. As exhibited in Fig. S8, compared with GCE, the
resistance value of Zn-MOF/L-CDs was signicantly increased.
The observed phenomenon could be ascribed to the poor
conductivity of the Zn-MOF, which enhanced the interfacial
resistance. The subsequent addition of DA-ssDNA further
increased resistance, reecting reduced conductivity at the
electrode interface.

Under optimized experimental conditions (Fig. S9A–C), the
ECL sensing platform's sensitivity and quantitative detection
range were rigorously evaluated by incubating it with OTA at
varying concentrations. As illustrated in Fig. 5B, upon incuba-
tion with OTA across a broad concentration range from 10−5 to
103 ng mL−1, a progressive attenuation of the ECL signal was
observed. Fig. 5C displayed that the change in ECL intensity
(DIECL) was logarithmically proportional to OTA concentration,
with a linear regression equation of DIECL = 11 079 + 1570lgc
and a correlation coefficient of R2 = 0.9934. Remarkably, the
detection limit achieved in this study was as low as 0.13 fg mL−1

(S/N = 3), offering a signicantly lower detection limit and
a wider linear range than in previous studies, as summarized in
Table S1. The enhanced performance stems from the synergistic
interplay between the MMCT mechanism and the connement
effect in Zn-MOF, which boosts the efficiency of ROS generation
and stabilizes the luminol-derived intermediate active species.
Besides, the high affinity between the aptamer and OTA ensures
precise target recognition and efficient signal transduction.

Additionally, the stability of the ECL sensing platform was
evaluated as a key indicator of its practical utility. As shown in
Fig. 5D, there was no signicant uctuation in the ECL intensity
during a 500 s potentiometric scan, with a relative standard
deviation (RSD) of 1.18%, demonstrating excellent operational
ility of CRISPR/Cas12a toward ssDNA. (B) ECL curves with different
00, and 1000 ng mL−1) and (C) the corresponding calibration plot. (D)
−1 OTA in 0.1 M PBS (pH 7.4). Error bars in all graphs represent standard

Chem. Sci., 2026, 17, 5585–5594 | 5591
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reliability. The signicant stability is attributed to the MMCT
effect of the Zn-MOF, which allows Zn0 to be continuously
oxidized to Zn2+ over multiple cycles, providing a stable source
of ROS. At the same time, the MMCT effect of Zn-MOF effec-
tively prevents electrode contamination and maintains consis-
tent electron-transfer kinetics at the interface under repeated
electrochemical stimulation. What's more, the proposed ECL
biosensor demonstrated robust long-term stability aer 30 days
of storage at 4 °C (Fig. S10), conrming its suitability for real-
time, deployable analytical applications. To evaluate the speci-
city of the ECL sensing platform under environmentally rele-
vant conditions, interference studies were conducted using 0.1
ng mL−1 OTA alongside 10-fold higher concentrations of co-
occurring mycotoxins, including aatoxin B1 (AFB1), T-2 toxin
(T-2), deoxynivalenol (DON), and zearalenone (ZEN). As evi-
denced by the ECL response proles in Fig. 5E, the quenching
effects induced by interfering species were statistically negli-
gible, whereas signicant signal suppression was exclusively
observed for OTA and its mixtures. The remarkable selectivity is
attributed to the aptamer's strong affinity for OTA, demon-
strating the platform's distinctive specicity. To evaluate prac-
tical applicability in complex environmental matrices, OTA
recovery experiments were performed in corn and peanut
samples using the standard addition method (pretreatment
details in SI Materials). The platform exhibited exceptional
accuracy and reproducibility, achieving recoveries of 98.72–
101.6% across triplicate measurements with RSD below 2.29%,
as detailed in Table S2, conrming its robustness for real-
sample analysis.

Conclusions

In summary, a highly sensitive and selective biosensing plat-
form was developed by leveraging the synergistic enhancement
of the MMCT effect and the Zn-MOF connement effect,
enabling the robust detection of OTA in complex matrices. The
MMCT effect in Zn-MOF facilitated continuous endogenous
ROS release in the Zn-MOF/L-CDs-H2O/O2 system, eliminating
reliance on traditional exogenous oxidants and simplifying the
sensing system design. By integrating L-CDs with Zn-MOF, the
intensity and stability of ECL signals in the neutral environment
were signicantly improved. Connement effect-mediated Zn-
MOF shortens the reaction distance between L-CDs with ROS
and stabilizes the luminescent intermediates. The high affinity
between OTA and its aptamers facilitated the release of acDNA.
Then, in turn, the CRISPR–Cas12a system was activated to
cleave ssDNA, enabling precise regulation of the interfacial
electron-transfer process. This synergy between the MMCT and
connement effects establishes a novel approach for con-
structing ECL biosensors, offering signicant potential for the
sensitive and accurate detection of mycotoxins in food and
environmental samples.
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