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Generally, unstable metal-organic frameworks (MOFs) have been less commonly employed in many
applications compared to stable MOFs. However, given the vast number of such unstable MOFs and the
diversity of their instability behaviors, exploring their effective utilization is both necessary and significant.
Unlike previous reports, this work mainly focused on the specific instability of Cu-BTC towards thiocho-
line, which was generated through the enzymatic hydrolysis of acetylthiocholine chloride (ATCL) by acetyl-
cholinesterase (AChE). In detail, Cu-BTC exhibited outstanding peroxidase-like activity, efficiently catalyz-
ing the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB) into its oxidized form, generating a strong UV—
vis absorption peak at 655 nm. Upon the addition of AChE and its substrate ATC|, the substrate was hydro-
lyzed by AChE to yield thiocholine (TCLl), which triggered the disintegration of Cu-BTC, thereby inhibiting
TMB oxidation. As expected, based on the thiocholine-induced disintegration of Cu-BTC, the sensor
enabled the selective and sensitive visual detection of the AChE inhibitor chlorpyrifos with a low detection
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limit of 8.95 pM. This method was successfully applied to pesticide analysis in spiked vegetable samples,
achieving recoveries ranging from 98.83% to 109.81% with relative standard deviations below 2.57%. The
proposed strategy not only provides a simple and visual approach for food safety monitoring but also
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1. Introduction

Organophosphorus pesticides (OPs) are highly effective insecti-
cides and are of great importance in agricultural
production.’™ However, the overuse of OPs poses substantial
risks to environmental and food safety, leading to pesticide
residues in crops and impairment of ecosystem functions.*”
The primary mechanism of OP toxicity is the irreversible inhi-
bition of acetylcholinesterase (AChE), which results in the sys-
temic accumulation of acetylcholine and sustained cholinergic
overstimulation, potentially causing diverse pathological con-
ditions such as cancer, neurological disorders, and reproduc-
tive system diseases.*” Critically, OPs exhibit bioaccumulative
potential across trophic levels, resulting in increased accumu-
lation in organisms along the food chain and causing persist-
ent ecologically significant harm.®® Consequently, there is an
urgent need for robust, broadly applicable, and operationally
efficient methods to detect AChE inhibitors with high sensi-
tivity and specificity. Various analytical methods have been
proposed for detecting AChE activity and its inhibitors, includ-
ing colorimetry, fluorescence, electrochemical methods; TLC-
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opens new possibilities for exploiting unstable MOFs as smart sensing platforms.

direct bioautography; and chemiluminescence.’® Among

these, colorimetric detection has garnered particular attention
due to its visual accessibility, high precision, and ease of oper-
ation, as it relies on the quantitative or comparative measure-
ment of the absorbance generated by colored reaction
products.'”'® Considering the significant impact of AChE on
human health, there is an urgent need to develop a simple,
nontoxic, economical, and label-free colorimetric system for
the real-time monitoring of AChE activity and the high-
throughput screening of its inhibitors.

Recently, metal-organic frameworks (MOFs), a type of crys-
talline porous materials composed of metal ions or clusters
and polytopic organic ligands, have garnered significant atten-
tion across various fields, including separation, gas adsorp-
tion, energy storage, catalysis, sensing, and drug delivery."*™>
Benefiting from their abundant conjugated systems and
binding sites, MOFs have emerged as promising platforms for
chemical sensing. In these studies, MOFs with excellent
chemical and structural stability were preferentially
selected.”*®° However, it cannot be ignored that a consider-
able proportion of reported MOFs possess intrinsic instability.
Notably, these materials can display distinct environmental
sensitivity, particularly toward small molecules and ions.**"*
For example, ZIF-90 has been shown to respond selectively to
ATP, exhibiting ATP-induced disintegration.*®*” Similarly, the
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crystals of ZIF-8 are susceptible to degradation in aqueous
solutions containing divalent and trivalent metal ions.*®
Undoubtedly, to fully exploit the distinctive features of MOFs,
systematically exploring the stimulus-responsive behavior of
unstable MOFs will be of great importance and necessity.
Although MOF instability is typically regarded as a drawback
and its use is avoided in many applications, this inherent
limitation may be transformed into an advantage in certain
applications.

Significant progress has been made in developing nano-
zyme-based sensors for the detection of AChE inhibitors, with
materials such as Fe-N-C single-atom catalysts and robust
COF-based composites being prime examples.***® These
systems typically rely on their stable, enzyme-like activities to
generate detectable signals upon the introduction of inhibitors.
Although effective, their design strategy primarily focuses on
maintaining structural integrity. In this work, we propose that
the controlled disintegration of an unstable MOF, triggered by a
specific enzymatic reaction product, can serve as the basis for a
highly sensitive biosensing platform. To test this hypothesis, we
selected Cu-BTC, a MOF with intrinsic peroxidase-like enzymatic
activity, as our model system. It is known that Cu-BTC is
unstable towards S-containing molecules such as thiocholine
(TCl), which is generated via the AChE-catalyzed hydrolysis of
acetylthiocholine chloride (ATCI).*"*

Building on this principle, we developed a colorimetric plat-
form for AChE inhibitor detection. In the absence of inhibi-
tors, AChE hydrolyzed ATCI to produce TCl, which triggered
Cu-BTC disintegration, preventing TMB oxidation. Conversely,
in the presence of OPs, AChE activity was inhibited, resulting
in a reduced generation of TCL Under these conditions, the
Cu-BTC framework remained structurally intact, enabling the
efficient oxidation of TMB to yield a pronounced blue color
with a characteristic absorption peak at 652 nm. The proposed
system could sensitively and selectively detect the AChE inhibi-
tor chlorpyrifos with a detection limit of 8.95 pM, which is
substantially lower than those of previously reported sensing
systems. This work highlights a unique conceptual contri-
bution, which resides in its use of MOF instability as an intrin-
sic signal transduction mechanism, despite this property
being commonly regarded as a fundamental limitation. More
broadly, this study not only provides an efficient strategy to
construct sensors for thiol-containing analytes but also offers
a facile approach to utilize the instability of MOFs.

2. Experimental section

2.1. Materials and instruments

Acetylcholinesterase (AChE, 500 U mg™"), acetylthiocholine
chloride (ATCl), 3,3',5,5-tetramethylbenzidine (TMB), benzene-
1,3,5-tricarboxylic acid (H;BTC), and Cu(NOj;), were obtained
from Shanghai Macklin Biochemical Technology (Shanghai,
China). Potassium chloride (KCl), N,N-dimethylformamide
(DMF), hydrogen peroxide (H,0,), acetic acid (HAc), sodium
acetate (NaAc), ethanol, chlorpyrifos, emamectin benzoate,
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triadimefon and deltamethrin were obtained from Aladdin
Industrial Co., Ltd (Shanghai, China). All chemical reagents
were of analytical grade and used as received without further
purification. 0.1 M sodium acetate buffer (NaAc-HAc, pH 4.5)
was used as the working buffer in all experiments. Doubly dis-
tilled water was employed throughout the study.

The morphology of the as-prepared sample was character-
ized using scanning electron microscopy (SEM, Carl Zeiss
Microscopy GmbH, Germany). Powder X-ray diffraction (PXRD)
patterns were collected on a German Bruker D8 Advance X-ray
powder diffractometer using Cu Ka radiation (1 = 1.5418 A).
Fourier transform infrared (FT-IR) spectra were recorded in the
range of 4000-500 cm ™' with KBr pellets on a Bruker Vertex 70
FI-IR spectrophotometer (Germany). Absorbance measure-
ments were performed using a UV-vis spectrophotometer (T6
New Century, Puxi, China).

2.2. Synthesis of Cu-BTC

Cu-BTC was synthesized via a hydrothermal route following a
modified literature procedure.’” Briefly, 1.0 g of 1,3,5-benzene-
tricarboxylic acid (H;BTC) was dissolved in a mixture of DMF
and ethanol (15 mL each), followed by the addition of an
aqueous solution of Cu(NOs), (0.57 mol L™", 15 mL) under vig-
orous stirring. The resulting mixture was transferred to a
Teflon-lined stainless steel autoclave and heated at 373 K for
10 h. After cooling to room temperature, the precipitate was
collected by centrifugation and subsequently washed three
times with DMF, deionized water, and ethanol to afford the
final Cu-BTC product.

2.3. Evaluation of the peroxidase-like activity

The peroxidase-like activity of Cu-BTC was confirmed through
the direct catalytic oxidation of TMB in the presence of H,O,.
A reaction mixture was prepared by combining 2 mL of NaAc-
HAc buffer (pH 4.5), 50 puL of Cu-BTC (1 mg mL™"), 10 pL of
H,0, (2.0 mM), and 50 pL of TMB (10.0 mM). Following incu-
bation at 37 °C for 25 min, the colorimetric change was visu-
ally observed, and the absorbance of the oxidized product
(oxTMB) was measured at 652 nm using a UV-vis spectro-
photometer to record the peroxidase activity.

2.4. Optimization of the detection conditions

The peroxidase-like activity of Cu-BTC was systematically opti-
mized by investigating the effects of Cu-BTC concentration,
PH, reaction time, and temperature. All experiments were per-
formed based on a typical chromogenic reaction, using TMB
as the substrate in the presence of H,0,. The catalytic reaction
conditions of the Cu-BTC were optimized via a single-factor
method. The effects of Cu-BTC concentration (0.2-1.4 mg
mL™"), buffer pH (3.0-5.5), reaction time (5-30 min) and reac-
tion temperature (4-50 °C) were investigated. The absorbance
at 652 nm was used to determine the optimal reaction para-
meters. All measurements were performed in triplicate, and
the optimized conditions were subsequently applied to the
chlorpyrifos detection assay.

This journal is © The Royal Society of Chemistry 2026
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2.5. Detection of the AChE inhibitor

For the colorimetric assay, 50 pL of AChE (0.5 U pL™") was
mixed with 20 pL of chlorpyrifos at various concentrations in
2.0 mL of 0.1 M NaAc-HAc buffer (pH 4.5), followed by incu-
bation at 37 °C for 10 min. Subsequently, 60 pL of ATCI solu-
tion (8 mM) was added, and the mixture was incubated at
room temperature for 20 min. After that, 0.5 mL of Cu-BTC
(1.0 mg mL™") was introduced and allowed to react for 30 min.
After centrifugation, the supernatant was collected, and 10 pL
of H,0, (2.0 mM), 50 pL TMB (10.0 mM) and 2 mL of NaAc-
HAc buffer (pH 4.5) were added. A color change was observed,
and the UV-vis absorption spectrum was recorded after
25 min at a wavelength of 652 nm. The inhibition rate of chlor-
pyrifos was calculated as follows:

Inhibition (%) = [(4; — A)/(4¢ — A)] x 100%,

where A and A; are the absorbance values of the biosensor
incubated without or with chlorpyrifos, respectively, and 4, is
the absorbance value in the absence of AChE.

2.6. Real sample analysis

To evaluate the practical applicability of the proposed strategy
for pesticide detection in real samples, apples purchased from
a local supermarket were selected as a representative fruit. The
edible parts of apples were chopped and then homogenized.
Subsequently, 30 mL of methanol was added to 3.0 g of the
samples, and the mixture was stirred for 8 h, followed by cen-
trifugation at 12 000 rpm for 30 min. The clear supernatant
was collected and spiked with chlorpyrifos at concentrations of
100, 500, 5000, 100 000 and 1 000 000 pM. Finally, the spiked
samples were analyzed using the proposed method, and each
measurement was performed in triplicate.

(0]
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3. Results and discussion

3.1. Principle of the colorimetric detection system of AChE
inhibitors

A simple and reliable colorimetric platform for the quantitat-
ive detection of AChE inhibitors was developed by integrating
the peroxidase-like activity of Cu-BTC and its specific instabil-
ity towards thiocholine (Scheme 1). Cu-BTC exhibited out-
standing peroxidase-like activity by catalyzing the oxidation of
TMB into its blue-colored oxXTMB product via hydroxyl radical
('OH) generation, yielding a strong UV-vis absorption peak at
652 nm. Upon the addition of AChE and ATCI, ATCI was hydro-
lyzed by AChE to yield thiocholine (TCl), which triggered the
disintegration of Cu-BTC and consequently a loss of peroxi-
dase-like activity. However, in the presence of an AChE inhibi-
tor such as chlorpyrifos, AChE activity was suppressed, result-
ing in reduced TCl production and preservation of Cu-BTC
integrity, thereby increasing the absorbance signal at 652 nm.
Structural evidence supporting this mechanism is provided in
Fig. S1. After exposure to ATCI/AChE reaction products, the
characteristic peaks significantly diminished in intensity, with
several peaks disappearing completely (Fig. S1a). SEM images
further demonstrated morphological degradation, consistent
with the structural disintegration (Fig. S1b). These results
directly confirmed the TCl-induced collapse of Cu-BTC.
Accordingly, this assay is based on a signal-amplified “turn-
on” principle, enabling the sensitive and selective quantifi-
cation of AChE inhibitors.

3.2. Characterization of the synthesized Cu-BTC

Cu-BTC was synthesized via a solvothermal reaction between
Cu(NO3), and H3BTC dissolved in DMF. As shown by the XRD
analysis in Fig. 1a, all observed diffraction peaks matched well
with the simulated pattern of Cu-BTC, confirming the success-
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Scheme 1 Illustration of the colorimetric assay based on Cu-BTC with peroxidase-like activity for the AChE inhibitor.
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Fig. 1 (a) PXRD patterns, (b) FT-IR spectrum, (c) SEM image, and (d) EDS elemental mapping images of Cu-BTC.

ful formation of the expected framework structure. The chemi-
cal structure of the obtained MOF was further verified by FT-IR
spectroscopy. The spectrum exhibited the characteristic
vibrational bands associated with the Cu-BTC framework, con-
firming the presence of the organic linker and its coordination
to the metal centers (Fig. 1b). SEM was used to examine the
morphology of Cu-BTC, revealing a uniform and monodisperse
structure with an average diameter of approximately 2 pm
(Fig. 1c). Furthermore, energy-dispersive X-ray spectroscopy
(EDS) mapping (Fig. 1d) confirmed that the elements Cu, O,
and C were homogeneously distributed within the obtained
MOF, indicating a well-constructed and chemically homo-
geneous material. In summary, these complementary charac-
terizations provided robust evidence for the successful syn-
thesis of phase-pure Cu-BTC with a uniform morphology,
laying a solid foundation for subsequent sensing studies.

3.3. Peroxidase-like activity of Cu-BTC

To validate the peroxidase-like activity of Cu-BTC, TMB was
employed as a chromogenic substrate to establish a colori-
metric detection platform monitored by UV-vis spectroscopy.
As shown in Fig. 2a, only the Cu-BTC system containing both

H,0, and TMB exhibited a distinct dark blue color after
25 min, with an absorbance intensity of 1.1 in the ultraviolet-
visible absorption spectra. In contrast, negligible absorbance
was observed in the control systems lacking either H,0, or
TMB, confirming that catalytic oxidation proceeded exclusively
in the presence of both the oxidant and the substrate, thereby
establishing a low intrinsic background. In addition, as shown
in Fig. 2b, Cu-BTC retained 92.92% of its initial activity after
15 days, highlighting its excellent stability and potential for
prolonged catalytic applications. To identify the active inter-
mediates involved in the catalysis, electron paramagnetic reso-
nance (EPR) spectroscopy was performed using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin-trapping agent. In Fig. 2c,
the 1:2:2:1 four-fold characteristic EPR signals assigned to
the DMPO/'OH adduct were detected in the Cu-BTC + DMPO +
H,0, system. These results confirmed that the peroxidase-like
activity of Cu-BTC originated from a Fenton-like catalytic
mechanism driven by the redox cycling of copper species. The
coordinatively unsaturated metal sites within the Cu-BTC
framework served as active centers for H,O, activation. As
extensively documented in the literature,** the generally
accepted mechanism involves the reduction of the framework
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(a) UV-visible absorption spectra of different solutions. (b) Storage stability of the developed biosensor over a period of 15 days. (c) ESR
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Cu(u) to Cu(i) by H,0,, followed by the reaction of the gener-
ated Cu(1) with another H,0, molecule to produce highly oxi-
dative hydroxyl radicals ("OH). These "OH radicals were sub-
sequently responsible for the rapid oxidation of the chromo-
genic substrate TMB, thereby endowing the material with its
peroxidase-mimicking activity.

3.4. Optimization of the experimental conditions

Prior to chlorpyrifos detection, the peroxidase-like activity of
Cu-BTC was systematically optimized by varying several experi-
mental parameters, including Cu-BTC concentration, pH,
temperature, and reaction time. As illustrated in Fig. 3a, the
absorbance at 652 nm increased progressively with Cu-BTC
concentration and plateaued at 1.0 mg mL™'. As a result,
1.0 mg mL™" Cu-BTC was selected for the following experi-
ments. Additionally, given the pH-dependent nature of peroxi-
dase-like nanozymes, the pH of the NaAc-HAc buffer was also
optimized across the range of 3.5-6.0 (Fig. 3b). At pH 4.5, the
catalytic activity of Cu-BTC was the highest, suggesting that pH
4.5 is the optimal protonation environment for Cu-BTC-
mediated TMB oxidation. Fig. 3c showed that the absorbance
signal increased rapidly during the initial 20 minutes and
reached equilibrium after 25 minutes, therefore a 25-minute
reaction time was employed for all subsequent assays.
Temperature dependence was assessed over the range of
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25-45 °C, revealing a consistent increase in the peroxidase-
mimicking activity with rising temperature. Since sufficient
activity was achieved at 37 °C, subsequent experiments were
conducted under these conditions. Hence, for optimal per-
formance, chlorpyrifos detection experiments were conducted
under the conditions of 1.0 mg mL~" Cu-BTC at 37 °C, pH 4.5
and with a reaction time of 25 min.

3.5. Visual detection of the AChE inhibitor

Based on the remarkable peroxidase-like activity of Cu-BTC
and its documented instability toward thiocholine, we devel-
oped a colorimetric sensing platform for the detection of the
AChE inhibitor. The detection principle is schematically
depicted in Scheme 1. The sensitivity of the proposed platform
was evaluated by monitoring the absorbance response to
varying concentrations of chlorpyrifos under the previously
optimized conditions. As shown in Fig. 4a, the absorbance at
652 nm increased progressively with increasing chlorpyrifos
concentration. A linear relationship was established between
the absorbance intensity and the logarithm of the chlorpyrifos
concentration over the range of 107*-107"" M, yielding a linear
regression equation of y = 11.382x + 33.311 with a coefficient
of determination (R®) of 0.995 (Fig. 4b). The limit of detection
(LOD) was determined to be 8.95 pM based on a 10% inhi-
bition. Moreover, the concentrations of the inhibitor correlated
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Fig. 3 Effects of (a) Cu-BTC concentration, (b) pH, (c)reaction time, and (d) temperature on the peroxidase activity of Cu-BTC.
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Fig. 4 (a) UV-visible absorbance spectra of the sensing system after incubation with different concentrations of chlorpyrifos for 20 min. (b)
Corresponding calibration curve of the inhibition rate versus the logarithm of chlorpyrifos concentration.

directly with the observed color change. The color of oxTMB
increased progressively with chlorpyrifos concentration,
enabling reliable naked-eye discrimination across the quantifi-
able range. This detection limit was substantially lower than
those of the previously reported colorimetric sensors for orga-
nophosphorus pesticides (Table S1), including those based on
other nanozyme systems such as Fe-Mn dual-single-atom cata-
lysts, MnO, nanosheets, and Ag nanoparticles. The superior
sensitivity could be attributed to the signal amplification
inherent in the enzymatic TCI generation coupled with the
high catalytic efficiency of intact Cu-BTC, as well as the low
background signal achieved through effective MOF disinte-
gration in inhibitor-free samples. This strategy can be readily
extended to the detection of other AChE inhibitors, demon-
strating its broad applicability.

3.6. Stability, reproducibility, and interference study of the
assay

The operational stability of the proposed colorimetric sensing
system was evaluated over eight consecutive assay cycles. In
each cycle, the absorbance of oxXTMB was measured at 652 nm
in a 0.1 M NaAc-HAc buffer (pH 4.5) following treatment with
the chlorpyrifos solution (1.0 x 1077 M). As illustrated in
Fig. 5a, the UV-vis absorption at 652 nm remained stable

throughout the testing period, yielding a calculated relative
standard deviation (RSD) of 1.78%, indicating satisfactory
operational stability. The reproducibility of the colorimetric
sensor was examined by preparing six independent sensors
toward 1.0 x 10”7 M chlorpyrifos. As depicted in Fig. 5b, the
resulting absorbance values exhibited an RSD of 1.63%, con-
firming that the colorimetric sensing system possessed accep-
table reproducibility.

To evaluate the selectivity of the sensor, common interfer-
ents that usually coexist with chlorpyrifos were examined.
Potential interferents such as Fe**, Cu®", Mg>*, and other pesti-
cides were selected for the assessment. In all selectivity tests,
the concentration of each interfering substance was 100 times
that of chlorpyrifos. As depicted in Fig. 5c, significant signals
were obtained only in the presence of the target analyte chlor-
pyrifos and its mixture, even at interfering concentrations
100-fold higher than that of chlorpyrifos. These findings
demonstrated that the colorimetric method offered high
selectivity and robust anti-interference capability for practical
applications.

3.7. Determination of chlorpyrifos in real samples

To further validate the practical reliability of the biosensor, its
performance was evaluated in apple samples spiked with
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Fig. 5 (a) Stability test of the developed biosensor incubated with 10~7 M chlorpyrifos (n = 8). (b) Reproducibility of the biosensor incubated with
1077 M chlorpyrifos (n = 6). (c) Interference study of chlorpyrifos using a 100-fold concentration of possible interferents.
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chlorpyrifos at five concentration levels. The method yielded
excellent recovery values ranging from 98.83% to 109.81% with
an RSD of less than 2.57% (Table S2). These results indicate
that the established sensor exhibits high accuracy and is suit-
able for reliable chlorpyrifos detection in real samples.

4. Conclusions

In summary, this study successfully developed a “turn-on” col-
orimetric sensor based on the instability of Cu-BTC nano-
zymes exhibiting peroxidase-like enzymatic activity, enabling
the detection of AChE inhibitors. Cu-BTC has been proven to
be unstable in the presence of S-containing molecules such as
thiocholine. By leveraging this feature, the product of the
AChE-catalyzed hydrolytic reaction induces the breakdown of
Cu-BTC and further inhibits TMB oxidation. The proposed
sensor allows for the rapid and sensitive quantification of
chlorpyrifos in the concentration range of 107*-10""" M with a
visible color change at an LOD of 8.95 pM. This work not only
illustrates an efficient strategy to construct sensors for —SH-
containing molecules but also offers new insights into utiliz-
ing the instability of MOFs. Although Cu-BTC exhibits selective
decomposition toward enzymatically generated thiocholine,
potential interference from other biological thiols present in
complex food matrices cannot be completely excluded. Such
interferences might lead to false-positive signals in the ana-
lysis of real samples. Future work will focus on developing a
dual-channel sensing platform, which could involve the incor-
poration of a reference probe or an internal standard that
responds specifically to non-target thiols, enabling signal cor-
rection through ratiometric measurements.
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