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Abstract

This study presents the development of an AChE@ZIF-8 composite biosensor using a gold nanoparticle (AuNPs) probe as a
naked-eye signal readout platform for the sensitive detection of carbamate pesticides. As a biomarker for carbaryl monitoring,
we present the encapsulation of acetylcholinesterase within zeolitic imidazolate frameworks-8 (AChE@ZIF-8) to enhance
its stability without losing its intended functions. In this research, synthesis work of AChE@ZIF-8 was carried out using
a biomineralization approach and characterized by Powder X-ray Diffraction (PXRD), Fourier Transform Infrared (FTIR),
Thermogravimetric analysis (TGA), and Brunauer—Emmett—Teller (BET). Computational modelling using Gaussian 16 was
employed to provide qualitative electronic insight into the system. The encapsulation efficiency (EE%) of AChE within the
ZIF-8 matrix was found to be 97.60%, which indicates highly effective enzyme loading and confirms the suitability of ZIF-8
as a robust carrier for enzyme immobilization. Acetylcholine (ACh) is catalysed by acetylcholinesterase to produce choline,
which results in gold nanoparticles aggregating and a corresponding colour change. Under optimal conditions (temperature:
37 °C, buffer pH: 7.6, incubation time: 20 min, and ACh concentration: 4 mmol/L), the colour change can be employed
for the detection of carbamate pesticides at low concentrations, with rapid sensitivity for carbaryl detection at a detection
limit of 4.95 nM, and shows consistent performance in the analysis of spiked real water samples, achieving recoveries of
92.2-103.3%. AChE@ZIF-8 exhibits strong stability during biological storage, making it feasible for on-site carbaryl detec-
tion and showing great potential for wider applications in water pollutant monitoring.
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The application of pesticides has been a great contribution
to improve agricultural productivity and soil fertility by con-
trolling pest insects [1]. They have been widely used to con-
trol mosquitoes, ticks, cockroaches, rodents, fleas, and other
dangerous pests in agricultural areas and houses [2]. These
chemicals are commonly found in soil, air, groundwater, and
agricultural products [3]. However, the negative effects of
pesticides have led to public concern on health, the envi-
ronment, and food safety [4]. 1-Naphthyl methylcarbamate
(carbaryl) is a broad-spectrum N-carbamate-based insecti-
cide that has been extensively used around the globe [5].
Carbaryl is highly toxic because it could persistently block
the function of acetylcholinesterase (AChE) in central and
peripheral nervous systems, which prevents the transmission
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of neurotransmitter, finally leading to death [6]. Carbaryl has
been prohibited in most countries of the European Union [7].
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This phenomenon is because carbamate residues in meals act
as acetylcholinesterase inhibitors, which can cause long-term
harm to the brain, neurological system, liver, muscles, and
pancreas [8]. The extensive and often indiscriminate use of
pesticides in agricultural products has amplified the demand
for quick residue analysis methods [9].

Conventional approaches like gas chromatography, high-
performance liquid chromatography (HPLC) or coupled
ones like gas chromatography—mass spectrometry (GC-MS)
are currently used as standard methods to detect pesticide
residues in the agricultural sector. In previous work, simul-
taneous monitoring of exposure to two N-methylcarbamate
pesticides, carbaryl (CRB) and carbofuran (CF) pesticides
and their metabolites was performed using a gas chromato-
graphic—tandem mass spectrometric (GC-MS/MS) method,
highlighting the need for specific biological monitoring
methods to evaluate dermal and inhalation exposure to
these pesticides [10]. For the simultaneous detection of 102
pesticide residues in green tea, Huang et al. [11] developed
and verified a modified QUEChERS (quick, easy, cheap,
effective, robust, and safe) technique in conjunction with
high-performance liquid chromatography—tandem mass
spectrometry (HPLC-MS/MS). These techniques have low
limits of detection and excellent selectivity but require costly
chemicals, lengthy sample pre-treatment, or expert opera-
tors and sophisticated apparatus, limiting their use. These
methods have been standardized; none of them is appropri-
ate for on-site screening and rapid detection of pesticides
[12]. Alternative solutions are highly desirable to overcome
the limitations of the current techniques and to meet future
detection requirements.

A biosensor utilizing acetylcholinesterase (AChE) inhi-
bition was created in 1980 to identify carbamate pesticides
[13] due to its capacity for on-site screening with straight-
forward sample preparation, requiring minimal sample
quantities and enabling both quantitative and qualitative
assessments of pesticide compounds through specific
reactions and chosen signals [14]. Colorimetric sensing
strategies have been the subject of extensive research in
the field of analysis due to their many benefits, includ-
ing their ease of use, inexpensiveness, high sensitivity,
direct measurement, and ability to be detected with a sim-
ple UV-vis spectrometer or even just the naked eye [15].
Gradually, a colorimetric AChE assay utilizing nanopar-
ticles of gold and silver has been developed. For instance,
D. B. Liu et al. reported a novel gold nanoparticle-based
dual-readout analysis for organophosphorus and carba-
mate pesticides. Regrettably, the natural enzymes used are
extremely sensitive in hostile settings, resulting in a lack
of robustness in these enzyme-based biosensors in practi-
cal applications [16], and their storage issue has become
an important constraint to their potential to establish good
detection tools [17].
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To circumvent some of the limitations above, attention
has started to focus on designing a nanoreactor-like environ-
ment for the encapsulated enzyme. The MOF encapsulation
technique has contributed greatly to the enhancement of
enzyme lifespan and protection like heat stability, pH sta-
bility, organic solvent stability [18], storage stability, and
recyclability [19] when compared to conventional immo-
bilization strategies. It is also worth noting that the zeolitic
imidazolate framework-8 (ZIF-8), which is made up of Zn*t
nodes and 2-methylimidazole (2-MIM) connections, is a
well-developed and widely utilized MOF at the current time
[20], likely due to its amenability to biocompatible syn-
thesis [21]. For instance, ZIF-8 has the potential to inhibit
conformational changes in enzymes and create an optimal
microenvironment for enzyme accommodation. Lyu et al.
presented a cytochrome C/ZIF-8 composite demonstrating
a tenfold enhancement in bioactivity relative to the free
enzyme in reducing H,O, [22]. Kukkar et al. incorporated
AChE into ZIF-8 to form AChE@ZIF-8 for the detection
of organophosphate pesticides [23], whereas Cao et al.
packaged multi-enzymes (AChE, HRP, and CHO) into CF-
ZIF-8 for the detection of acephate in Chinese cabbage and
romaine in blood [24]. AChE@ZIF-8 composites have been
reported previously for organophosphate pesticide detec-
tion; their application for carbaryl (carbamate) sensing
remains limited. In addition, most reported systems rely
on conventional synthesis routes that often involve organic
solvents, which may affect enzyme activity and raise envi-
ronmental concerns. Therefore, there is a need to develop
a greener and biocompatible synthesis approach for AChE
immobilization while evaluating its performance for carba-
ryl detection. In this work, a water-based in situ synthesis of
AChE @ZIF-8 was developed and integrated with an AuNP-
based colorimetric sensing platform for carbaryl analysis.

The in situ encapsulation of AChE was performed in this
study using deionized water as a mild and environmentally
friendly synthesis medium, thereby avoiding toxic organic
solvents such as DMF and methanol. This method allows the
enzyme to keep its activity and to be effectively immobilized
within the framework. A supplementary computational study
using Gaussian 16 was conducted to support the experimen-
tal observations. The results provide qualitative insight into
enzyme—framework interactions and are consistent with the
improved stability observed experimentally.

The potential applicability of the ZIF-8-based system
for sensitive and selective carbamate pesticide biosens-
ing was evaluated using gold nanoparticles (AuNPs) as
a colorimetric sensor probe due to their strong localized
surface plasmon resonance (LSPR) properties. At neutral
pH, choline carries a positive charge, which facilitates elec-
trostatic-induced aggregation of AuNPs. By monitoring
the plasmonic resonance of nanoparticles, such aggregate
development may be simply monitored and identified using
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UV-Vis and naked eyes based on the colour change (red col-
our of AuNPs changes to blue). AChE activity is inhibited in
the presence of a pesticide such as carbaryl, and ACh cannot
be converted into choline. As a consequence, the AuNPs will
stay distributed in the solution as individual particles rather
than creating aggregates (the colour of AuNPs remains red)
(Fig. 1). For quantitative analysis, a reverse correlation
between AuNP aggregation and pesticide concentration can
be established.

Materials and methods
Chemicals and instruments

Zinc nitrate hexahydrate (Zn(NO»),.6H,0, 99% purity), Ace-
tylcholinesterase from Electrophorus electricus (electric eel;
Type VI-S, lyophilized powder, 200—-1000 units/mg protein),
2-methylimidazole (CH;C;H,N,H, HmIm, 99% purity), ace-
tylcholine chloride (ACh; molecular weight=181.66 g/mol).
Carbaryl (C,)H,OCONHCH;), Bradford’s reagent, and
Bovine Serum Albumin (BSA) were purchased from Sigma-
Aldrich (USA). Tris—HCI buffer solution (ultra-pure grade)
was purchased from Vivantis Biochemical. Colloidal Gold
from Kestrel BioSciences (Thailand) Co., Ltd. Deionized
water (18.2 MQ cm at 25 °C, Milli-Q) was used throughout

the experiments. All chemicals and reagents were commer-
cially available.

X-ray powder diffraction (PXRD, XRD-6000, Shimadzu,
Japan) was used for the phase identification of crystalline
material, utilizing a diffractometer equipped with a CuKa
source, a scan step of 0.05°, a counting time of 20 s per step,
and a scan range of 3° to 50°. For sufficient particle partici-
pation in the diffraction procedure, the analysed sample must
be precisely ground and homogenized. The surface area was
investigated by Brunauer—Emmett-Teller (BET, Micromerit-
ics Tristar II Plus, USA). The samples were degassed for 4
to 12 h at 50 °C and weighed. At 77 K and 0.1 mbar final
pressure, nitrogen gas was evacuated to plot the adsorption
and desorption isotherms, revealing the compound's adsorp-
tion capacity. Ultraviolet—visible (UV) spectrophotometer
(UV-Vis, Lambda 35 UV-Vis spectrometer, Perkin Elmer
USA) to record the absorbance peak of colorimetric detec-
tion in the range wavelength of 300 to 800 nm. To achieve a
transparent solution, the sample was diluted with a suitable
solvent and placed into cuvettes. The chemical functionali-
ties in synthesized substances and changed surfaces were
determined by Fourier transform infrared (FTIR, Nico-
let 6700, Thermo Nicolet Corp). To achieve a transparent
solution, the sample was diluted with a suitable solvent and
placed into cuvettes (Madison, WI, USA). The sample was
carefully dried beforehand to minimize the water content.
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Fig.1 Mechanism of carbaryl detection using an AuNPs biosensing
system. a In the absence of carbaryl, the hydrolysis of acetylcholine
(ACh) to choline, which induces AuNP aggregation. b In the pres-

ence of carbaryl, the inhibition of AChE activity prevents the produc-
tion of choline and maintains the dispersion of AuNPs
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On the sample, the equipment employed infrared radiation
ranging from 10,000 to 100 cm™!. The sample molecules
transform the absorbed radiation into vibrational or rota-
tional energy, and the resulting signal is shown as a 4000
to 500 cm™! spectrum. Thermogravimetric analysis (TGA;
Mettler Toledo model STARe SW, Switzerland) was used to
determine the weight loss of the synthesis compound. The
minimum sample weight of 5 to 20 mg was placed in an
alumina crucible and heated while its weight was monitored
on an analytical balance that was kept outside of the furnace.
The gas sorption was carried out in an oxygen environment
at 77 K with a heating rate of 5 °C/min from 50 to 800 °C.
Field emission scanning microscopy (FESEM, Nova Nano
SEM 230, USA) to capture the morphology of the materi-
als. The thin gold layer was deposited on each sample under
the high-vacuum conditions. Carbon tape was then used to
secure the sample to the substrate. To obtain pictures at a
bar of 500 nm, an accelerating voltage of 5 kV was used,
and magnification in the range of 10 kx to 100 kx was used.

Green synthesis of encapsulation AChE@ZIF-8

The synthesis of AChE@ZIF-8 was prepared in a water solu-
tion at room temperature using the previous procedures with
slight modifications [17]. In brief, AChE (0.08 mg/mL, 750
uL) and Zn(NO;),.6H,0 solution (0.31 M, 250 uL) were
mixed with a 2-methylimidazole solution (HmIm; 2.5 M, 2.5
mL), and then aged for 30 min at room temperature. After
mixing, a milky solution was formed instantly. The product
was collected by centrifugation at 10,000 rpm for 15 min, then
washed three times in deionized water and redissolved in 5 mL
of deionized water. The pure ZIF-8 compound was synthe-
sized using the same method but without the addition of the
enzyme AChE to the HmIm solution. The obtained products
were dried using freeze-drying before being characterized.

Computational details

The crystal structure of ZIF-8 was based on the material
crystallographic information file from the Cambridge Crys-
tallography Data Centre (CCDC code: 864309). ZIF-8 crys-
tallizes in cubic space group 1-43 m with lattice parameters
a=b=c=16.8509 A, angles a=p=y=90° and a unit cell
volume of 4784.09 A. The acetylcholinesterase model was
also based on data from its crystal structure, which was
obtained from the RCSB Protein Data Bank (PDB code:
1EVE). It is noted the water molecules present in the crystal
structure of acetylcholinesterase were removed prior to car-
rying out the simulations.

All quantum-chemical calculations were performed using
Gaussian 16 [25], and the resulting structures were visual-
ized with GaussView 6.0 [26]. Geometry optimizations were
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carried out in the gas phase using unrestricted DFT with the
B3LYP hybrid functional. A mixed GEN scheme was adopted
in which the LANL2DZ effective core potential was used for
the Zn centre, while the 6-311G (d,p) basis set was applied to
all other atoms [27-29]. Frequency calculations were used to
confirm that the optimized geometries corresponded to true
minima, as indicated by the absence of imaginary frequencies.
Frontier molecular orbitals (HOMO-LUMO) and molecular
electrostatic potential (MEP) surfaces were subsequently eval-
uated at the same level of theory, with visualizations gener-
ated in GaussView 6.0. All calculations were conducted using
the High-Performance Computing (HPC) facilities provided
by the Center for Information and Communication Technol-
ogy (CICT), Universiti Teknologi Malaysia (UTM).

Encapsulation efficiency (EE%)

The encapsulation efficiency (EE%) of AChE@ZIF-8 was
assessed using the Bradford assay. The Bradford assay was
carried out by mixing Coomassie Brilliant Blue G-250 rea-
gent with the protein sample at a 1:10 (v/v) ratio. A shift in
the absorbance maximum from 465 to 595 nm was observed
as the acidic dye solution bound with the protein, resulting
in a colour range from reddish brown to blue. Bovine serum
albumin (BSA) was used as the standard protein for calibra-
tion. The concentration of acetylcholinesterase (AChE) and
supernatant AChE@ZIF-8 was determined spectrophoto-
metrically. The encapsulation efficiency (EE%) of acetyl-
cholinesterase (AChE) into ZIF-8 is calculated using the
formula:

B-C

EE% = x 100

where

B Initial protein content

C Unbound protein (supernatant)

Optimization conditions and enzymatic activity

The optimization of parameters influencing the enzymatic
activity of free enzyme (AChE) and AChE@ZIF-8 was per-
formed. These parameters include the pH of the working
buffer, the incubation time of enzymatic hydrolysis, and the
corresponding concentrations of ACh, involving the utiliza-
tion of the absorbance of AuNPs.

A slightly modified methodology from (Shah et al., 2021)
was used to determine the hydrolysis of ACh by the AChE@
ZIF-8 composite. 20 mM Tris—HCI buffer (pH 7.5) was used
in the preparation of stock solution (1 mg/mL) and working
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solution (0.08 mg/mL) of AChE@ZIF-8. The solution of
substrate ACh (4.0 mmol/L) was prepared with water. Fol-
lowing this, 150 pL of Tris—HCI buffer (100 mM, pH 7.6),
75 pL of AChE (0.08 mg/mL), and 4.0 mmol/L of 60 pL
ACh in a microcentrifuge tube and incubated for 20 min at
37 °C. After that, 60 pL of the AuNPs colloidal solution (20
nM) and 60 pL of the above solution were well mixed. The
UV-vis spectra of the resulting solutions were examined, as
well as the reduction in absorbance at 520 nm and the new
peak appearing at 650 nm depicted the enzymatic activity
occurring.

Sensitivity and selectivity studies

The sensitivity of AChE@ZIF-8 was evaluated by incubat-
ing AChE@ZIF-8 with different concentrations of carbaryl
ranging from 20 to 160 nM. The limit of detection (LOD)
was determined from the calibration curve of carbaryl con-
centration versus the A520/A650 absorbance ratio. For the
selectivity study, carbaryl in the 100 mM Tris—HCl buffer
solution (pH 7.6) was individually replaced with potential
interfering species (K*, Pb?*, ng*, Cu?*, As*, and atrazine)
at the same concentration, and their responses were evalu-
ated for activity determination.

Colorimetric detection of carbaryl using a gold
nanoparticle (AuNP) probe

The neurotoxin of carbaryl insecticide was tested as an
inhibitor of the AChE@ZIF-8 composite with the slight
modification methodology [30]; 150 pL of Tris—HCI buffer
(100 mM, pH 7.6), 25 uL. of AChE (0.08 mg/mL) and vari-
ous dilutions of the carbaryl (from 20 nM to 160 nM) were
combined and incubated at 37 °C for 10 min. Next, 20 pL.
of ACh (4 mmol/L) was added to each sample, and the rea-
gents were incubated for another 20 min followed by 60 uL.
of AuNPs and 60 pL of the above solution. The inhibitory
activity of AChE@ZIF-8 was determined by various con-
centrations of carbaryl pesticide (from 20 nM to 160 nM).

Carbaryl detection in water samples

The water samples were pre-treated by filtration through a
0.45 um membrane filter to remove particles that could clog
the HPLC system and interfere with the analysis. Subse-
quently, 30 mL of methylene chloride was added to a 250
mL separatory funnel containing 100 mL of the water sam-
ple, and the mixture was shaken vigorously for 2 min. The
organic solvent was transferred into a clean 100 mL volu-
metric flask when two layers were separated in separatory
funnel and diluted to the mark with methylene chloride. The
extract sample was filtered with 0.45 ym membrane filtration

and spiked with 10, 20 and 30 uM concentrations of standard
carbaryl.

An Agilent Technologies 1200 series high-performance
liquid chromatography (Germany) equipped with an Agilent
1200 quaternary pump, diode array detector, autosampler,
and Chemstation for LC software was used for the analysis.
The analytical column used in the experiment was a Ther-
moHypersil column (Sweden) C18 (250 mm X 4.6 mm).
The mobile phase was a 100% phosphate buffer solution (0.1
M, pH 7.4) that had been filtered and degassed. The flow rate
was set to 0.5 mL/min and the detector wavelength was set
at 292 nm with an injection volume of 10 pL.

Result and discussion
Characterization of AChE@ZIF-8

The crystallinity structure of ZIF-8 and AChE@ZIF-8 was
assessed by powder X-ray diffraction (PXRD) analysis.
Fig. Sla depicts the peak at 20 values of 7.3°, 10.4°, 12.7°,
14.8°, 16.5° corresponding to planes (011), (002), (012),
(022), respectively. These results match with simulated ZIF-8
[31], demonstrating the PXRD pattern did not change with
encapsulation of AChE within ZIF-8. This indicates that the
crystalline structure was maintained after encapsulation [17].
For the FTIR result (Fig. S1b), a band at 2931 cm™! can be
clearly seen in all samples, which can be assigned to the char-
acteristic C-H bond vibration. Apart from the C-H absorption
band, the bands at 1573 cm™! (C=N stretching vibration) and
1140 cm™! (C-N stretching vibration) were also observed for
bare ZIF-8 and AChE@ZIF-8. The amide I group, observed
at 1645 cm™, corresponds to the C=0 stretching vibration
of peptide linkages, while the band around 1500-1600 cm™"
is attributed to the amide II group, which consists of N-H
bending and C-N stretching vibration and provides informa-
tion on the secondary structure of the enzyme [32]. All these
characteristic bands of the bare ZIF-8 nanoparticles were also
present in the AChE@ZIF-8 nanoparticles. The similarities
in FTIR spectra (before and after encapsulation) confirm the
successful encapsulation of AChE within ZIF-8 without dis-
rupting the framework [33].

Both ZIF-8 and AChE@ZIF-8 were placed under-
neath TGA in order to measure their thermal stability.
As shown in Fig. Slc, the decomposition of ZIF-8 and
AChE@ZIF-8 started with a weight loss of 20-30% under
a nitrogen environment as the temperature was increased
to 200 °C. This weight loss percentage is attributed to
the removal of solvents such as H,O and excess residues
in the ZIF-8 structure after being heated overnight. After
the first decomposition, constant weight was observed
in the temperature range from 300 to 500 °C, indicating
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high thermal stability of the ZIF-8 structure. The second
decomposition of both ZIF-8 and AChE@ZIF-8 occurs
up to 600 °C, which is contributed to the decomposition
of organic linker, 2-Melm and ZIF-8, which leads to the
formation of zinc oxide (ZnO) as the final calcination
product of ZIF-8 crystals [2]. Furthermore, for AChE@
ZIF-8, a relatively lower initial decomposition tempera-
ture around 180 °C is observed. The resulting decompo-
sition occurs due to the thermal instability of the AChE
enzyme and the decreased concentration of Zn metal sites
upon encapsulation 23.

In addition, N, adsorption—desorption isotherms and a
pore size distribution curve were used to analyse the porous
nature of ZIF-8 and AChE@ZIF-8. ZIF-8 and AChE@ZIF-8
exhibited a type I isotherm [18], as shown in Fig. S1d. Due
to the micropores, the adsorption capacity at low relative
pressure (P/P,<0.1) was exceptionally high. The BET sur-
face area of ZIF-8 was 2486.62 m?/g, which significantly
decreased to 1419.74 m?/g after AChE encapsulation. This
reduction, approximately 43% strongly indicates that AChE
molecules have been successfully immobilized within the
porous framework of ZIF-8, effectively occupying internal
spaces and reducing accessible adsorption sites. Similarly,
the total pore volume of ZIF-8 decreased from 0.7449 cm®/g
to 0.4268 cm?®/g, further supporting the idea that enzyme
molecules have been confined within the pore channels, par-
tially blocking nitrogen adsorption. This substantial decrease
in pore volume confirms that AChE is not merely adsorbed
on the external surface but is effectively incorporated inside
the pores, altering the internal porosity of ZIF-8.

The morphology and particle size distribution of ZIF-8
and AChE@ZIF-8 were examined using FESEM, as shown
in Fig. S2. According to the findings, pure ZIF-8 and
AChE @ZIF-8 have the same shape, defined by a rhombic
dodecahedron structure. ZIF-8 had a lower particle size dis-
tribution (85-90 nm) than AChE @ZIF-8 (95-105 nm). The
rise in particle size is considered indicative of a successful
in-situ biomimetic process. According to Liang et al., the
biocomposite was formed primarily by protein binding with
metal ions or organic ligands to form nanosize aggregates,
which then induced the nucleation of ZIF crystals as outer
protective shells, increasing the robustness of the biomol-
ecules [34]. This shows that protein stabilization was facili-
tated by the coordination of Zn(II) ions with the protein's
amide bond, as well as weak interactions such as hydrogen
bonding and hydrophobicity of amino acids with the hydro-
phobic interior of the imidazole-containing building block
of ZIFs [35, 36].

Although surface adsorption of enzymes on the ZIF-8
surface cannot be completely excluded, the structural char-
acterization results obtained from PXRD, FTIR, and TGA
indicate that AChE was successfully encapsulated within the
ZIF-8 framework during the biomineralization process. The
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preservation of the crystalline structure further confirms that
the MOF framework was not disrupted.

Computational studies

Molecular electrostatic potential (MEP) and frontier molec-
ular orbital (HOMO-LUMO) analyses were performed
using Gaussian 16 to provide insight into the intrinsic
electronic properties of selected AChE catalytic residues
and the ZIF-8 framework. The MEP results illustrate the
charge distribution of the studied systems, indicating pos-
sible electrostatic complementarity at the molecular level
(Fig. S3). HOMO-LUMO gap analysis shows variations
in energy gaps among the residues, ZIF-8, and residue @
ZIF-8 model systems, reflecting differences in their rela-
tive electronic properties and chemical reactivity (Fig. S4).
These computational results are presented as qualitative
electronic descriptors and are not intended to directly repre-
sent enzyme—framework interactions, but they complement
the experimental observations of AChE@ZIF-8 performance
and stability.

Encapsulation efficiency (EE%) of AChE@ZIF-8

UV-Vis spectroscopy was employed to determine the encap-
sulation efficiency of AChE within the ZIF-8 framework. As
shown in Fig. 2, a standard calibration curve constructed
using bovine serum albumin (BSA) exhibited a strong lin-
ear correlation between protein concentration (mg/mL) and
absorbance (y=0.7094x +0.0759, R*= 0.9804), confirm-
ing the reliability and sensitivity of the method for protein
quantification. The inset image demonstrates a progressive
intensification of the blue colouration with increasing pro-
tein concentration, visually supporting the spectrophoto-
metric results. By comparing the absorbance of unencap-
sulated AChE in the supernatant with the calibration curve,
the concentration of free enzyme was determined, enabling
the calculation of the encapsulation efficiency. The obtained

0.2
] y = 0.7094x + 0.0759

E) 0.16 R?=0.9804 ]
gl g
§ R I .
g ! ................. _!
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0.04 - " | (
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Protein content (mg/mL)

Fig.2 Calibration curve for different protein concentrations (0.02—
0.10 mg/mL)
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EE% was 97.6%, indicating highly efficient enzyme load-
ing within the ZIF-8 matrix. This excellent encapsulation
efficiency highlights the potential of ZIF-8 as a robust car-
rier for enzyme immobilization, offering significant prom-
ise for applications in biosensing, catalysis, and therapeutic
delivery.

Enzymatic activity of AChE and AChE@ZIF-8

The enzymatic activity by AChE@ZIF-8 relative to native
AChE was evaluated by aggregation-induced spectral
changes of gold nanoparticles (AuNPs) in the terms of pH,
temperature, incubation time and ACh concentrations. All
experiments were performed in triplicate (n=3), and results
are presented as mean + standard deviation. The tempera-
ture effects on AChE@ZIF-8 and AChE activity were meas-
ured at various temperatures (25, 37, 50, 75, and 90 °C) as
shown in Fig. 3a. The temperature for both AChE@ZIF-8
and AChE increased as the temperature increased from
25 °C to 37 °C. The optimal temperature for both systems
was determined to be 37 °C. However, the peak activity of
ACHhE sharply declined beyond 50 °C, demonstrating the
thermal denaturation behaviour, while AChE @ZIF-8 main-
tained significantly higher activity at elevated temperatures
(60-75 °C), indicating increased thermal stability likely due
to spatial confinement and reduced conformational flexibil-
ity within the ZIF-8 pores. These results demonstrate the
significant protective ability of the MOF encapsulation; the
framework supports the enzyme at higher temperatures,
preventing the proteins from unfolding and denaturing
[37]. For parameters’ condition of pH buffer (Fig. 3b), the

enzyme activity was measured from the range pH (3.6, 5.6,
7.6, 9.6, and 11.6). Under acidic conditions, ZIF-8 is sus-
ceptible to deterioration due to the protonation of organic
ligands. 2-methylimidazole induces the cleavage of Zn-N
links, destabilizing the ZIF-8 framework and resulting in the
release of the enzyme [38]. The absorbance change reduced
owing to enzyme denaturation in an extremely alkaline envi-
ronment. Figure 3¢ shows the comparison in time of incuba-
tion between AChE@ZIF-8 and AChE. The effect of incuba-
tion time was investigated from 5 to 30 min, and 20 min was
selected as an optimal condition for good catalytic activity
with a relatively short duration. AChE@ZIF-8 exhibited a
higher absorbance within 20 min, whereas AChE required
approximately 30 min to achieve a similar response. The
best condition for interaction between enzyme and substrate
is a concentration 4 mmol/L (Fig. 3d). Beyond a concentra-
tion of 6 mmol/L, the graph begins to plateau due to the
enzyme reaching saturation. At this point, increasing in the
concentration of substrate does not significantly increase the
reaction rate.

Kinetics studies of AChE and AChE@ZIF-8

Michaelis—Menten and Lineweaver—Burk plots are two
important qualities to consider when assessing the per-
formance of an enzyme (Fig. S5). The Michaelis—Menten
describes how the initial velocity (V) of an enzymatic reac-
tion depends on the substrate concentration ([S]), follow-
ing a hyperbolic curve that approaches a maximum velocity
(V,,ax) as a substrate saturates the enzyme. The Michaelis
constant (K, ) represents the substrate concentration at which

Fig.3 The optimization condi- a) 0.25 b) 0.25
tions of enzymatic activity ) ——AChE@ZIF-8 AChE A) ——AChE@ZIF-8 AChE
between AChE@ZIF-8; (a) S 0.2 - 3 0.2
temperature: 37 °C; (b) pH S 0.15 Py
of buffer: 7.6; (c) time of g~ 7 T Q 0.15 1
incubation: 20 min and (d) ACh S 01 - i S 01 -
. © . o] .
concentration: 4 mmol/L L = 5
© 0.05 - = ® 0.05 4 Z
@ = o
o] I
< 9 I . . . —= < / . . : =
25 37 50 75 920 36 56 76 96 11.6
Temperature (°C) pH of solution
c) 0.25 d
l ——AChE@ZIF-8 AChE )0.25 AChE@ZIF-8 AChE
s 02 50.20 - . .
~ © + = 1
8 0.15 | - 2 0.15
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the reaction velocity is half of V_,,, reflecting the enzyme’s
affinity for the substrate. To accurately determine K, and
V...« from the experimental data, the Lineweaver—Burk plot
linearizes the Michaelis—Menten equation by plotting the
reciprocal of velocity (1/V) against the reciprocal of sub-
strate concentration (1/[S]) [39]. This yields a straight line
where the slope equals K, /V,,,. and the y-intercept equals
1/V ¢, Table 1 demonstrates the summary of kinetic param-
eters of AChE and AChE@ZIF-8. The Michaelis constant
(K,,) values for free AChE (15.11 mmol/L) and AChE@
ZIF-8 (16.70 mmol/L) are comparable, suggesting that
encapsulation does not substantially affect the enzyme’s
binding affinity for acetylcholine. This close equivalence
suggests that the enzyme’s active site remains highly acces-
sible and functionally similar in both free and immobilized
states, consistent with substrate molecules effectively reach-
ing the active site without hindrance [23]. The V,, values
of AChE@ZIF-8 increased by 64.4% (1.71x 10~ AAbs/
min) compared to AChE (1.04 x 1073 AAbs/min), indicating
how much better the encapsulated enzyme performs at its
maximum catalytic capacity compared to the free enzyme.
This increase suggests that encapsulation in ZIF-8 enhances
the catalytic efficiency of the enzyme, likely by stabilizing
its active conformation and protecting it from denaturation.

Stability studies

To evaluate the protective effect of ZIF-8, the stability of
AChE@ZIF-8 compared to the free enzyme was investi-
gated under varying temperature, pH and storage duration.
The stability of the immobilized enzyme was measured by

Table 1 Summary of kinetic parameters (K, V.. for AChE and

max.

monitoring the changes in relative activity % of AChE@
ZIF-8 and free enzymes in temperature (25, 37, 50, 75, and
90 °C), pH of buffer (3.6, 5.6, 7.6, 9.6, and 11.6) and over a
30-day period. The samples were stored at 4 °C during the
30-day storage period. All experiments were performed in
triplicate (n=3), and results are presented as mean =+ stand-
ard deviation. Thermal stability is an important parameter
in enzyme immobilization as a strategy to prevent loss of
catalytic activity associated with conformational changes
at high temperatures [40]. The relative activity of AChE@
ZIF-8 and free AChE exhibited similar activity at the opti-
mal temperature of 37 °C (Fig. 4a). However, as the tem-
perature increased up to 90 °C, AChE@ZIF-8 showed sig-
nificantly higher stability than free AChE. At 90 °C, the
retained activity of free AChE was only 2.2%, whereas the
encapsulated enzyme retained 44.0% of its initial activity.
These results clearly indicate that encapsulation of enzymes
in MOFs can prevent conformational changes at high tem-
peratures, thereby enhancing thermal stability [41, 42]. Fur-
thermore, Fig. 4b shows higher relative activity at pH 7.6 for
both AChE@ZIF-8 and free AChE. Acidic conditions are
not suitable for ZIF-8, leading to framework disintegration,
while alkaline conditions are not favourable for the native
structure of AChE or biological molecules.

The relative activity of AChE@ZIF-8 remained at approxi-
mately 83% after 30 days of storage under the same condi-
tions, as shown in Fig. 6¢, whereas the activity of free AChE
decreased to approximately 5%. These findings suggest that
ZIF-8 enhances enzyme stability under harsh external conditions
and extends enzyme shelf life to 30 days. Overall, encapsula-
tion of AChE in ZIF-8 improves thermal stability, pH stability,
and storage stability by preventing conformational changes and
maintaining enzymatic activity under adverse conditions.

AChE@ZIF-8
Kinetic parameters AChE AchEeziF-s  Colorimetric detection of carbaryl by AChE@ZIF-8
. 3 —3
Vinax (AAbs/min) 1.04x10 L7110 Carbaryl is known to inhibit AChE via binding to the active
K;, (mmol/L) 15.11 16.70 site of the enzyme. As a result, the hydrolysis of ACh is
a) b) c)
100 DAChE@ZIF-8 100 { DAChE@ZIF-8 100 EASMEGTE
- MAChE = g BAChE
=80 EBO . BAChE 80
€60 E 60 - 560
3 ; -
% 40 :=!_ 40 4 240
=20 20 1 3
3 @ I:I 820
0 0- 0
25 37 50 75 90 36 56 76 96 116 > 7 1“4 30
Temperature °C pH Stability (Days)

Fig.4 Stability of AChE@ZIF-8 and AChE in (a) thermal stability, (b) pH buffer and (c) storage over 30 days
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inhibited, preventing the formation of choline. This reduced
choline minimizes the aggregation of AuNPs, resulting in a
simple yet sensitive technique for pesticide detection. AChE
catalyses acetylcholine hydrolysis, which yields choline. The
positively charged choline causes AuNP aggregation through
electrostatic interactions, resulting in a noticeable red-to-
blue colour shift. The addition of carbaryl inhibits enzymatic
activity, inhibiting choline production and preserving the
dispersed AuNP state (red colour).

To exclude the direct effect of ACh on AuNP aggregation,
a control experiment was performed by incubating AuNPs
with ACh in the absence of AChE. As shown in Fig. S6,
no observable colour change was detected, confirming that
ACh alone does not induce nanoparticle aggregation. This
supports the proposed mechanism (Fig. 1) in which choline
is responsible for triggering AuNP aggregation.

To validate the developed biosensors, different concen-
trations of carbaryl were added to AChE@ZIF-8, and the
solutions were combined with ACh and AuNPs. UV-Vis
measurements were taken to investigate the colour varia-
tions, absorbance spectra, calibration curve of different
concentrations of carbaryl, and % inhibition of carbaryl on
AChE@ZIF-8.

In the presence of carbaryl, AuNPs remain stably dis-
persed, maintaining their characteristic red colour. The
UV-Vis absorption spectrum exhibits a slightly decreased
intensity at 520 nm and no new peak appears around 650
nm. In contrast, absence of carbaryl leads to AuNP aggrega-
tion, resulting in a visible colour change from red to blue.
This aggregation manifests as a significant reduction in

absorbance at 520 nm and the appearance of a new peak
around 650 nm, attributed to plasmonic coupling between
aggregated nanoparticles. Figure 5a shows the colour of
AuNPs in the state of dispersion and aggregation mode and
Fig. 5b presents the UV-Vis absorption spectrum of differ-
ent concentrations of carbaryl in the wavelength range of
300 to 800 nm.

The linearity range and limit of detection (LOD) of the
AuNP-based colorimetric assay were examined under opti-
mized experimental circumstances to accurately measure the
quantity of carbaryl based on its capacity to block AChE
carbamylation. As demonstrated in Fig. 5c, the A520/A650
absorbance ratio increased linearly with increasing carbaryl
concentration over the range of 20-160 nM. After graph-
ing the absorbance data (y-axis) against the matching car-
baryl concentration (x-axis), a linear regression equation
of y=0.0090x 4+ 0.4179 with a coefficient of determination
(R?) of 0.9871 was found. The limit of detection (LOD) was
calculated using the equation LOD =30/s, where o is the
standard deviation of the blank signal and s is the slope of
the calibration curve. The LOD of carbaryl in this assay was
determined to be 4.95 nM. The analytical performance of the
developed AChE@ZIF-8 sensor was further evaluated by
comparison with AChE-based and non-enzymatic sensors,
which is presented in Table 2. Our AChE@ZIF-8 colorimet-
ric system exhibits a linear correlation ranging from 20 to
160 nM, with a detection limit of 4.95 nM. This performance
surpasses that of the AChE—-COF electrochemical sensor
[43] and the non-enzymatic Ag/ZnO NCs electrode [45].
Significantly, the AChE@ZIF-8 system offers a comparable

Fig.5 (a) The colour of a) b) — —
AuNPs in the state of disper- 0.5 S e R R 160 140
sion (AChE@ZIF-8) and —120 —100
aggregation (ZIF-8) mode in = 0.4 - 160 nM —80 —60
the presence of carbaryl, (b) ]
Colour change with increas- % 0.3 - T 40 20
ing concentrations of carbaryl g
(left to right), together with s 0.2 1
absorption spectra for carbaryl F
detection, (c¢) Calibration curve 3 0.1 4
of concentrations of carbaryl <
(20-160 nM), and (d) % inhibi- 0 T r T T |
tion of carbaryl in different 300 400 500 600 700 800
concentrations Wavelength (nm)
2.50 100
c) d)
2.00 3 80 -
2 wd] e v s
- 1. L = 60 A
g8 e 5
5100 o ¥ £ 40 |
5 LA ¥ =0.0090x +0.4179 <
é 0.50 {...-" & R?=0.9871 20
0.00 0
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Carbaryl (nM)
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Table 2 Comparison of

. Method Material/system Technique Linear range LOD Ref
reported carbaryl detection
methods based on different AChE@ZIF-8 Enzyme-MOF  Colorimetric ~ 20-160 nM 4.95 M This work
:ng;ri‘:}l;yswms and analytical ) oy coR Enzyme-COF  Electrochemical 2.2-60 uM 0.22 uM [43]
MOF-Ag/Au MOF hybrid SERS 0.01-20 pg/mL  5.72x 1073 pg/mL  [44]
Ag/ZnO NCs Non-enzymatic  Electrochemical 0.25-100 pM 0.27 pM [45]
Ag/tGO/CS/AChE Nanocomposite Electrochemical 1x107*~1 pg/mL 1.0x107° ug/mL  [46]
AuNPs@NO, Non-enzymatic  Colorimetric Not reported 1 pM (UV-Vis) [47]
2 pM (naked eye)
LOD to the MOF-Ag/Au SERS method [44], offering the 2
practical advantage of colorimetric readout. Detection with 90 1
the naked eye is only possible with the AuNPs@NO, probe 75
[47], though it has a much higher LOD of 2 uM. =
Figure 5d depicts a sigmoidal (S-shaped) dose-response % S
curve illustrating the percentage inhibition of carbaryl 245
towards AChE@ZIF-8. At 0 nM, no inhibition was observed. % 30
As the carbaryl concentration increased, the percentage - .
inhibition increased gradually at lower concentrations, L r'_l I—'—I
indicating partial inhibition of enzyme activity. Between 0 I_I_l
approximately 40 and 80 nM, the curve steepened, reflecting Hg® K'  Cu™ As™ Pb™ AtrazineCarbaryl

a concentration-dependent inhibition effect. At concentra-
tions above 120 nM, the inhibition continued to increase,
suggesting that further increases in carbaryl concentration
produced only a minimal additional inhibitory effect. The
half-maximal inhibitory concentration (ICs,), determined
from the sigmoidal dose-response curve, was 36 nM, indi-
cating the carbaryl concentration required to inhibit 50% of
the enzyme activity.

The selectivity of AChE@ZIF-8 for carbaryl detection
was evaluated against potentially interfering compounds
commonly found in physiological fluids, including K™,
Pb**, Hg**, Cu?*, Ar’* and atrazine. The selectivity study
was performed by individually replacing carbaryl with each
potential interfering species at the same concentration in 100
mM Tris—HCI buffer (pH 7.6). As shown in Fig. 6, all inter-
fering species induced only negligible inhibition (<20%),
indicating the high specificity of the proposed sensing plat-
form towards carbaryl [48].

Analysis of real samples and recovery percentage

The validation of carbaryl determination in pond and tap
water using the AChE@ZIF-8 biosensor and the reference
HPLC method was performed in triplicate (n=3) to evalu-
ate analytical accuracy and precision. The recovery values
obtained with the biosensor ranged from 92.2 to 103.3%,
demonstrating satisfactory analytical accuracy for carba-
ryl detection in both water matrices. Comparable recover-
ies were obtained using HPLC (94.5-100.6%), indicating
good agreement between the two analytical approaches. The
slightly higher recoveries observed in tap water compared

@ Springer

Interfering compounds

Fig.6 Inhibition percentage of interfering compounds by AChE@
ZIF-8

with pond water can be attributed to reduced matrix interfer-
ences, highlighting the influence of sample composition on
analytical performance.

The relative standard deviation (RSD) values for both
the biosensor and HPLC methods were below 2.0%,
confirming good precision and repeatability across trip-
licate measurements. Such low RSD values are gener-
ally considered acceptable for recovery studies involving
environmental samples. The consistency of the results
across replicates demonstrates the reproducibility of the
AChE @ZIF-8 biosensor. As expected, HPLC exhibited
lower RSD values owing to its higher instrumental preci-
sion. However, the comparable RSD values obtained with
the biosensor indicate stable and reliable performance in
different water matrices.

A statistical comparison between the biosensor and HPLC
results was conducted using a z-test at the 95% confidence
level. In all cases, the calculated ¢-values were lower than
the corresponding critical value, indicating no statistically
significant difference between the two methods for carbaryl
determination. This statistical agreement further confirms
the reliability of the AChE@ZIF-8 biosensor and validates
its analytical performance relative to the established HPLC
method.

Overall, the results obtained from triplicate analyses
demonstrate consistent analytical behaviour rather than
random variation. The AChE@ZIF-8 biosensor exhibits
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Table 3 Data validation of carbaryl in water samples using AChE@ZIF-8 in comparison with the HPLC conventional instrument

Water sample Added (uM) Biosensor Recovery (%) RSD (%) HPLC found Recovery (%) RSD (%) t-test
found (UM) (LUM)
Pond water 10 9.22 922 1.9 9.45 94.5 0.26 1.17
15 14.11 94.1 1.4 14.58 97.2 0.71 1.36
20 19.38 96.9 1.6 19.71 98.6 0.62 1.28
Tap water 10 10.33 103.3 1.7 10.06 100.6 0.75 1.41
15 15.19 101.3 1.3 14.97 99.8 0.68 1.33
20 19.61 98.1 1.1 20.04 100.2 0.54 1.52

excellent accuracy, precision, and reproducibility for car-
baryl detection in water samples. Owing to its simplicity,
repeatability, and strong agreement with HPLC results,
the developed biosensor shows promise as a cost-effective,
rapid, and field-deployable alternative for pesticide moni-
toring. Table 3 summarizes the comparative performance
of the AChE@ZIF-8 biosensor and HPLC for carbaryl
detection in pond and tap water samples. All real water
samples used in Table 3 were pre-filtered (0.45 pm) prior
to analysis.

Conclusion

A simple and green biomimetic mineralization strategy was
developed to synthesize an AChE@ZIF-8 enzyme system
for rapid and selective colorimetric detection of carbaryl.
The proposed platform achieved a low detection limit of 4.95
nM and demonstrated good stability, long-term storage capa-
bility, and convenient visual readout using AuNPs without
the need for sophisticated instrumentation. The selectivity
evaluation was limited to a small number of representa-
tive interferents within the scope of this study, and further
evaluation using a broader range of pesticide compounds
is recommended to fully assess the practical applicability
of the sensor. Overall, this work presents a sustainable and
efficient biosensing platform with potential applications in
environmental and food safety monitoring.
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