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ABSTRACT: Benefiting from the stimuli-responsive property and
powerful loading capacity, functionalized hydrogels are favorable for
the fabrication of sensing devices. Herein, we design aggregation-induced
emission (AIE)-active hydrogel discs by embedding gold nanoclusters@
zeolite-like imidazole framework (AuNCs@ZIF) composites in double-
network hydrogels to build a sensitive pesticide biosensor. The hydrogel
discs integrate an AIE effect of AuNCs, a stimuli-responsive property of
ZIF, and a porous network structure of the hydrogel, which enhances the
sensing sensitivity via boosting the stable fluorescent signal and
antifouling performance. In conjunction with a homemade device, the
fluorescence images of hydrogel discs could be transduced into data
information for accurate quantification of chlorpyrifos pesticide with a
detection limit of 0.2 ng/mL. The dynamic degradation of chlorpyrifos in
Chinese cabbage is demonstrated to confirm the practical application of hydrogel discs. Such AIE-active hydrogel discs could
be a plant health sensor for the on-site quantification of pesticide residues on crops, holding great promise for precision
agriculture.
KEYWORDS: Hydrogel discs, Aggregation-induced emission, Zeolite-like imidazole framework, Biosensor, Pesticide degradation

INTRODUCTION
Functionalized hydrogels with porous polymeric networks,
biomimetic activity, and excellent tailorability have aroused
increasing attention in a multifarious fascinating field, ranging
from biomedical engineering1−5 to electronics devices6−9 and
tailored biosensing.10−14 The introduction of different types of
fluorescent indicators (e.g., quantum dots,15 carbon dots,16 and
dye17) inspired by nature (sea pansies and jellyfish) endows
the hydrogels with stimuli-responsive properties. Fluorescent
hydrogels integrate light-emitting properties and gel character-
istics to facilitate the fabrication of actuators and point-of-care
(POC) devices for expanding their bioapplication.18−20 At
present, one main barrier to the application of fluorescent
hydrogels is the well-known aggregation-caused quenching
(ACQ) effect.21 Hydrogels with semisolid or condensed-state
characteristics can inevitably restrict in motion spacing of
fluorescent indicators during the gelation process, resulting in
the limit of photoluminescence. To circumvent this problem,
the concept of aggregation-induced emission (AIE) has been
demonstrated successfully, bringing a tremendous impact on
the traditional view.22−24 More specifically, chromophores that
hold the AIE effect emit weak fluorescence or are nonemissive
in the monodispersed state, while they are intensively

photoluminescent in the aggregated or intramolecular
restricted state. In particular, gold nanoclusters (AuNCs)
have been observed to perform the AIE effect via restraining
intramolecular movement, greatly enriching the AIE element
type.25−27 Such a feature of AIE luminescence makes hydrogels
have many distinct functions including gelation-induced
emission and multimodality luminescence, rendering it
possible to fabricate advanced smart materials. Actually, unlike
solids and suspensions, a hydrogel holds a special aggregate
state that causes AIE photoluminescent components (organic
compounds or AuNCs) to exhibit unusual luminescence
behaviors.21,28,29 The hydrogel may possess a weak restrictive
effect of chromophores for the formation of AIE due to its
huge porous networks. Furthermore, the stability of
chromophores is susceptible to the solution environment
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(organic solvents, pH, etc.). Given the above limitations, the
pursuit of fabricating an AIE-active hydrogel with excellent
photoluminescence and good stability has great significance in
designing stimuli-responsive sensors.

Generally, embedding AuNCs into nano- or microporous
nanomaterials is proposed to achieve AIE luminescence by
spatial confinement effects. Zeolite-like imidazole framework
(ZIF) nanomaterials constructed by assembling metal ions
with organic ligands, featuring a desirable pore structure with a
rational design, are promising candidates for AuNC immobi-
lization.30−35 Such enclosed ZIF units offer physical protection
against external disturbance, further improving their stability,
fluorescence behaviors, or sensing performances.36−38 These
superior properties of ZIF-armored materials are intrinsically
attributed to well-defined cavities of ZIF that provide the
confined freedom and microenvironment for nanopar-
ticles.39,40 Thus, the introduction of AuNCs into the ZIF
templates to make AuNCs@ZIF can efficiently modulate the
AIE effect to improve fluorescence behaviors. Combining the
advantages of hydrogel with AuNCs@ZIF to fabricate a POC
device significantly improves the sensing performance. (i) ZIF
encapsulation can restrain intramolecular movement of AuNCs
to achieve AIE and protect AuNCs from an external
disturbance for the improvement of stability, allowing for
hydrogel to directly load AuNCs@ZIF nanocomposites. (ii)
The stimuli-responsive properties and semisolid characteristics
of AIE-active hydrogel are suitable to shape on a support to
facilitate the fabrication of a practical POC device.

Herein, we construct a stable and bright fluorescent AIE-
active hydrogel, performing tunable fluorescence behaviors and
stimuli-responsive properties (Scheme 1). The AIE-active

hydrogel integrates the AIE effect of AuNCs and the porous
structure of double-network hydrogels, resulting in a significant
boost of the optical response. Harnessing the nanoarchitec-
tures and characteristics, AIE-active hydrogel is cast into gel
discs as a fluorescence POC platform to enhance their
operational stability and antifouling performance. Combined
with high-affinity acetylcholinesterase (AChE), AIE-active
hydrogel improves the sensitivity in the assessment and
monitoring of chlorpyrifos pesticide. We demonstrate the
practicability of POC measurements by imaging gel discs with
a smartphone-based portable device to accurately quantitate

the degradation of pesticides, providing a promising tool for
the development of precision agriculture.

RESULTS AND DISCUSSION
Structural Characterization of AuNCs@ZIF. The

preparation of AuNCs@ZIF is schematically illustrated in
Figure 1a. Fluorescent AuNCs (as the raw nanomaterial) were
prepared using glutathione as the reductant and stabilizer
(Figures S1 and S2). Through the coordination action between
Zn(II) and the carboxyl group of glutathione or N atom of 2-
methylimidazole,41,42 AuNCs@ZIF composites were success-
fully obtained and possessed a typical rhombic dodecahedral
shape with average diameters of 230 ± 20 nm (Figure 1b).
Carefully observed from high-resolution transmission electron
microscopy (HRTEM), the AuNCs were predominantly
encapsulated in the subsurface region of the composites
(Figure 1c). This result was in accordance with the energy-
dispersive spectroscopy (EDS) mapping measurement in
Figures 1d and S3. Additional evidence of AuNC encapsulation
was garnered by confocal laser scanning micrographs of
AuNCs@ZIF composites (Figure 1e). The red-emission
fluorescence represented the distribution of AuNCs in the
resultant composite. Meanwhile, the X-ray diffraction (XRD)
measurements substantiated the formation of ZIF-8 in
composites, demonstrating that the loading of AuNCs did
not influence the crystal growth of ZIF-8 (Figure S4). The
Brunauer−Emmett−Teller (BET) analysis revealed a slight
decrease in the surface area of AuNCs@ZIF composites (855.3
m2/g) in comparison with pure ZIF-8 (988.2 m2/g), further
proving that AuNCs were encapsulated in ZIF-8 (Figure 1f).
Following the structural characterization of AuNCs@ZIF
composites, we set out to measure the brightness of the
fluorescent nanostructure. To our delight, the fluorescence
intensity of the AuNCs@ZIF composites was enhanced four
times in comparison with that of free AuNCs (Figure 1g). The
pure ZIF-8 showed no characteristic emission peak at 578 nm,
illustrating that the fluorescence characteristics of the
composite come from the AuNCs (Figure S5). On the basis
of the time-resolved measurement in Figure 1h, the
fluorescence lifetime of composites (16.8 μs) was higher
than that of free AuNCs (12.8 μs), indicating that the
restriction of free movement of the AuNCs suppressed the
nonradiative relaxation path and further improved the
fluorescence lifetime. X-ray photoelectron spectroscopy
(XPS) analysis revealed the presence of Au 4f5/2 (87.33 eV)
and Au 4f7/2 (83.58 eV) of AuNCs, indicating the enhance-
ment of fluorescence intensity was not induced by the change
of the charge state of Au (Figures 1i and S6). Thus, ZIF-8
provided the confined space for AuNCs to reduce the
intramolecular vibration and rotation of ligands without
changing the charge state of Au,43,44 efficiently improving the
AIE effect by largely suppressing nonradiative relaxation.
Furthermore, the chemical stability was investigated by
immersing AuNCs@ZIF composites in a high-concentration
salt solution and dimethylformamide for 1 h. As expected, the
fluorescence intensity of free AuNCs was influenced, while
AuNCs@ZIF composites showed negligible fluctuations
(Figures S7−S9). These findings suggest that ZIF-8 protects
AuNCs from an external disturbance for the improvement of
stability. Due to the spatial confinement effects of the ZIF-8,
the well-defined AuNCs@ZIF composites showed promising
fluorescence performance and chemical stability, making them

Scheme 1. Schematic Illustrations of AIE-Active Hydrogel
Discs for Pesticide Detection
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Figure 1. Synthesis and structural characterizations of AuNCs@ZIF. (a) Illustration of the preparation process of AuNCs@ZIF. (b) TEM
and (c) HRTEM image of AuNCs@ZIF. (d) Corresponding EDS mapping images of AuNCs@ZIF. (e) Confocal fluorescence microscopy
images of AuNCs@ZIF. (f) The BET of AuNCs@ZIF. (g) The fluorescence spectrum of AuNCs and AuNCs@ZIF. (h) The fluorescence
lifetime of AuNCs and AuNCs@ZIF. (i) Au 4f XPS spectra of AuNCs@ZIF.

Figure 2. (a) Formation of a double-network hydrogel by the self-sorting assembly of BSA and SA. (b) Image of the hydrogel disc. (c) SEM
image of the hydrogel discs. (d) Transmission spectra of the hydrogel disc. (e) Temperature stability of the hydrogel discs. (f) Storage
stability of the hydrogel discs. (g) Antifouling performances of the alginate-based hydrogel discs and double-network hydrogel discs.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.2c06544
ACS Nano XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.2c06544?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.2c06544?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


suitable for mass production, preservation, and practical
applications.
Performance Evaluation of AIE-Active Hydrogel. The

AIE-active hydrogel was fabricated by embedding the
AuNCs@ZIF composites into the hydrogel system through
the diffusion hybridization method (Figure 2a). In the
coassembly process of constructing stimuli-responsive hydro-
gel, a double-network structure was obtained from the self-
sorting association of glutaraldehyde-cross-linked bovine serum
albumin (BSA) and Ca (II)-mediated alginate (SA) junctions.
The self-sorting aggregation of the two gelators could enhance
intermolecular cooperative interactions, improving the cross-
linking strength (Figure S10). The photos of hydrogel discs
were in a wet state, and the thickness of the discs was
measured to be 0.35 ± 0.04 mm (Figure 2b). The
microstructures of the hydrogel were characterized in detail
by imaging studies. The scanning electron microscope (SEM)
observations indicated that the double-network hydrogels
consist of entangled fibers and bond binding to form a dense
3D network (Figure 2c). The transmission spectra of the
hydrogel indicated that the light blockage rate almost did not
change with the immobilizing AuNCs@ZIF (Figure 2d). The
operational stability of hydrogel discs was investigated at
different temperatures to evaluate the protective effects of the
hydrogel matrix. After the hydrogel discs were exposed to high
temperatures (55 and 75 °C), the red emission maintained
consistency (Figure 2e), attributed to the protection of AuNCs
in the ZIF-8 and hydrogel. The shelf life of AIE-active hydrogel

discs was measured during a two-week storage period. Results
in Figure 2f indicate that the hydrogel discs with brightness
fluorescence possess no degradation over a two-week storage
period, suggesting the excellent long-term storage stability of
hydrogel discs. Furthermore, the hydrogel discs were immersed
in water and stored at −4 °C for 28 days. The red emission
fluorescence was mainly distributed in hydrogel discs while no
fluorescence was found in the exudate, indicating no leak of the
AuNCs@ZIF from the hydrogel within 28 days (Figure S11).
Biological fouling is an undesirable effect that blocks the
specific signal and reduces assay specificity, causing serious
false positives and poor sensitivity.45 Protein adsorption tests
were carried out to assess the antifouling capability of hydrogel
discs through incubating with rhodamine B (RhB)-labeled BSA
(electric negativity), RhB-labeled myoglobin (electric neutral-
ity), and RhB-labeled cytochrome (electric positivity).
Notably, no red emission signal can be observed on the
double-network hydrogel discs that hold a relatively clean
surface after being incubated with RhB-labeled protein for 30
min, revealing the excellent resistance to the nonspecific
protein adsorption by the double-network hydrogels with BSA
and SA (Figure 2g). According to the water contact angle data
(72.45°), the hydrogel biointerface possessed good hydro-
philicity, generating a strongly bound hydration layer to
prevent interfacial fouling.46 Furthermore, BSA as a blocking
reagent is widely used to resist nonspecific protein adsorption
and passivate biosensor surfaces,47 largely due to its good inert
property and tight surface bonding. Collectively, the excellent

Figure 3. (a) Schematic diagram of the mechanism for the detection of OPs. (b) Fluorescence spectra of the hydrogel with the target. (c) 3D
structure design. (d) Illustration of smartphone-based portable fluorescence reading device. (e) True-color images are split into RGB
channels, and the B × R response is calculated from pixel arrays of the B and R channels. (f) Normalized intensity of the dependence of B
and R values. (g) The relationship of the B × R response with chlorpyrifos concentration.
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antifouling performance could be attributed to the surface
passivation of cross-linked BSA and hydrophilic biointerfaces
of the hydrogel.
Hydrogel Disc-Enhanced Sensing Platform. The

splendid nature of the AIE-active hydrogel discs is favorable
to fabricate an accurate and reliable enzyme-based biosensor
(Figure 3a). Specifically, the assembled AuNCs@ZIF collapsed
as the enzymatic product thiocholine (TCh), which was
obtained by acetylcholinesterase (AChE)-catalyzed hydrolysis
of acetylthiocholine (ATCh), was introduced. Compared to
the initial AuNCs@ZIF, the typical rhombic dodecahedral
shape started to decompose and the AuNCs began to fall off of
the framework (Figure S12). When chlorpyrifos was taken as a
representative analyte, AChE was irreversibly inactivated and
the decomposition of ZIF was blocked, accompanying a
distinguishable fluorescence color change (Figures 3b and
S13). Thus, chlorpyrifos indirectly regulates the AIE effect of
the AuNCs, which can be quantified on the basis of a dynamic
scanning optical system that limited its on-site application. In
order to simplify the system, we fabricated a portable device
with a size of 188 mm × 95 mm × 50 mm (length × width ×
height) that consists of a smartphone, a 3D-printed accessory,
and a light-emitting diode (Figure 3c,d). The relative position
of the light source−sample−camera was reasonably fixed in a
3D accessory to account for instability limits during image
acquisition. The commercial light-emitting diode (2.5 mW/
cm2) illuminated the hydrogel discs at an incidence angle of
15°, which reduced the background noise of excitation light
leakage. The portable device can directly record the
fluorescence color (signal) by the built-in complementary
metal-oxide semiconductor (CMOS) sensor of the smartphone
rather than measuring the fluorescence intensity, which
facilitated on-site application. It is worth noting that the
microlens of the smartphone not only achieves the image
recording of 1:1 but also senses weak light intensity, favoring
the acquisition of the high-quality image. The top panel of
Figure 3e showed the true-color images of hydrogel discs
captured by the portable device. The hydrogel discs had a
distinguishable fluorescence color change from blue to red as

the chlorpyrifos concentration increased (0.5 to 10 000 ng/
mL). To obtain more accurate information from the images,
the projected signals (fluorescence color) can be split into
three primary color codes (RGB: red, green, blue) by the
image-processing algorithm.48−50 The blue and red signals of
the hydrogel discs were enhanced with an increasing
chlorpyrifos concentration under optimal conditions (Figures
3f and S14−S16), obtaining a dual-signal fluorescence change.
Signals were standardized (B × R) by multiplying the blue
intensity values with the red channel to obtain pseudo colors
(bottom panel of Figure 3e), which enhanced the accuracy and
sensitivity of the corresponding color via amplifying the
response signal. This pseudo color shift was advantageous to
rapid testing because a chlorpyrifos concentration higher than
50 ng/mL with an apparent green color indicated the residues
exceed the maximum residue limits (GB 2763-2021). The
fitted curve between the B × R and chlorpyrifos concentration
(0.5−10 000 ng/mL) corresponded to a linear equation: y =
0.974 + 0.240 Log[chlorpyrifos] (Figure 3g). Notably, the
detection limit (LOD) of the B × R response was calculated to
be 0.2 ng/mL, which was 20-fold and 37.5-fold lower than
other signal response sensors (Figure S17), confirming the
superiority of the B × R response. When the fluorescence color
instead of the fluorescence intensity is directly identified, the
RGB-based image analysis can improve the accuracy of the test
results. In comparison to the different optical sensors for the
detection of organophosphorus pesticides (Table S1), the
fabricated hydrogel discs displayed promising performance in
the sensitivity, detection time, and portability, realizing the
quantitative alert for the presence of chlorpyrifos at a particular
moment.

The selectivity of hydrogel discs for chlorpyrifos recognition
was investigated by introducing several general pesticides, ions,
and biomolecules as negative controls. The fluorescence
images of hydrogel discs were collected using a homemade
portable device (Figure 4a). Even when a 5-fold higher
concentration (5.0 μg/mL) than that of chlorpyrifos was
introduced, the B × R response of the interferences was still
ignorable and the color was consistent with the blank control,

Figure 4. (a) Selectivity performance of hydrogel discs. B × R response of hydrogel discs with interfering substances. (b) Working stability
of hydrogel discs toward 1.0 μg/mL chlorpyrifos within 14 days. (c) Fluorescence image of hydrogel discs with spiked fruit juice.
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suggesting the high selectivity of hydrogel discs for
chlorpyrifos. Furthermore, coexisting substances and chlorpyr-
ifos were dripped into hydrogel discs to study the anti-
interference performance. As compared in Figure S18, the
fluorescent color of the hydrogel discs turned from blue to red,
indicating that the coexisting substances do not influence the
recognition of the sensor. As expected, this result was in
accordance with the obtained B × R response of the hydrogel
discs. Such a good performance might result from the
recognition specificity of AChE and the protection from
double-network hydrogels that imposed a restriction on the
size of the entering substance. The shelf life of the hydrogel
discs was further researched during a two-week storage period
at 4 °C and then tested using 25 μL of pesticide (1.0 μg/mL).
The as-prepared hydrogel discs exhibited outstanding stability
over this two-week storage period (Figure 4b), suggesting that
AIE-active hydrogel discs are suitable for storage and
transportation. To estimate the practical usability and
reliability of hydrogel discs, fruit juices (pear, apple, and
orange) containing different concentrations of chlorpyrifos
were analyzed three times using hydrogel discs. As depicted in
Figure 4c and Table S2, the recovery rates fell in a range from
89.70% to 114.69% with relative standard deviations lower
than 5.37%, which possess a good relevance to that of gas
chromatography (GC), implying an acceptable accuracy for
quantitative chlorpyrifos detection. The precision of the sensor
is confirmed by ten parallel experiments, which possess relative
standard deviations lower than 4.53% (Figure S19). Such
excellent performance for pesticide sensing can be ascribed to
these characteristics: (i) ZIF-8 provides the confined space for
AuNCs to reduce the intramolecular vibration and rotation of
ligands, triggering the AIE effect of the AuNCs and enhancing
the fluorescence signal to improve the signal-to-noise ratio. (ii)
The AuNCs@ZIF-based hydrogel discs with a double-network
structure possess high stability and antifouling performance via
surface passivation and hydrophilic biointerfaces of the

hydrogel, demonstrating a good protective effect against
complex environments. (iii) The proposed platform needs an
extremely small volume (as low as 25 μL) to quantitatively
analyze chlorpyrifos, which contributed to detecting trace
samples with low abundance. Because AChE is one of the most
expensive components in this sensing platform, the hydrogel
discs required less AChE than other AChE-based systems,51,52

implying significant cost savings. Furthermore, the current
hydrogel discs offer a distinct advantage over conventional
POC approaches (only show yes/no) as an accurate
quantitative answer using a smartphone-based portable
fluorescence reading device.
Monitoring of Pesticides Degradation. Understanding

the behavior of pesticide degradation is conducive to fine-
tuning the resource inputs, which is of great instructive
significance for enhancing pesticide utilization efficiency and
reducing pesticide exposures. The sensors are intended to
monitor plant health by profiling trait pesticides, which is
beneficial to enabling sustainable agricultural production.53−55

We evaluated the performance of the hydrogel discs by timely
monitoring the degradation of pesticides in Chinese cabbages
using the portable device (Figure 5a). To correctly investigate
pesticide degradation, the working equation was fitted in the
Chinese cabbage matrix (Figure 5b,c), which can be used to
quantify chlorpyrifos residues. Such good feasibility of a
portable device made it suitable to observe the pesticide
residues in Chinese cabbages during a 14-day growth stage. As
shown in Figure 5d, the chlorpyrifos residues in the leaves of
Chinese cabbages were monitored by the on-site recording of
the fluorescence color of the hydrogel discs. The results of the
portable device showed that large amounts of chlorpyrifos
residues (14.5 μg/mL) were found in the leaves after spraying.
With the time being prolonged, the B × R response of the
leaves increased with pseudo color variation from yellow to
blue, indicating that the residues had gradually degraded. The
degradation of chlorpyrifos in the leaves followed pseudo-first-

Figure 5. (a) Operation procedure of the hydrogel sensing platform for pesticide degradation. (b) B × R response of the hydrogel discs with
chlorpyrifos in the leaves matrix. (c) The working performance of the hydrogel discs in the leaves matrix. (d) B × R response of the hydrogel
discs with chlorpyrifos in the leaves. (e) Degradation of chlorpyrifos in the leaves within 10 days.
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order kinetics, y = 97.92e−0.945x (Figure 5e), which possessed a
half-life (T1/2) of 2.75 days. Good correlations were obtained
between the hydrogel discs and gas chromatography (R2 =
0.985, Figure S20). Thus, the hydrogel discs possessed
sensitive quantitative performance in a convenient and rapid
manner. Such hydrogel discs with favorable sensitivity,
accuracy, and stability were conducive to understanding the
pesticide degradation process and judging the credible picking
period for agricultural products, making the portable device a
promising candidate for pesticide-related food safety risk
assessment during the whole plant growth.

CONCLUSIONS
In summary, we have successfully developed AIE-active
hydrogel discs for the acquisition of pesticide residue
information in a sensitive manner. During gelation, AuNCs@
ZIF composites are embedded into the double-network
structure of glutaraldehyde-cross-linked BSA and Ca(II)-
mediated alginate self-sorting junctions, possessing distinctive
AIE behavior and operational stability. Notably, the cross-
linked BSA empowered the double-network hydrogel with an
excellent antifouling ability of the recognition interface, which
was a practical and important property. On the basis of the
high-affinity of AChE, hydrogel discs exhibit a good linear
relationship range from 0.5 to 10 000 ng/mL chlorpyrifos
pesticide. Using a homemade portable device composed of a
3D-printed accessory and smartphone, the fluorescence images
of hydrogel discs were converted into data information, which
reflected the accurate quantitation of chlorpyrifos pesticide
with a LOD of 0.2 ng/mL. Along with the improved
bioanalytical parameters (particularly in terms of detection
sensitivity, antifouling performance, and stability), hydrogel
discs also shorten the overall assay time, reduce reagent
consumption, and simplify the readout instrumentation for on-
site testing. More importantly, the portable device was utilized
to examine the dynamic degradation of chlorpyrifos in Chinese
cabbages. Together, this work provides a plant health sensor
for on-site quantification of pesticide residue, satisfying the
long-time monitoring during the whole growth period for
enhancing pesticide utilization efficiency and reducing
pesticide exposures. We envision that, coupling with a
homemade device, the AIE-active hydrogel discs will promote
the development of precision agriculture.

EXPERIMENTAL SECTION
Preparation of AuNCs@ZIF. AuNCs@ZIF were synthesized by

adding zinc acetate (38 mg) and 2-methyl-imidazole (380 mg) into
4.0 mL of ultrapure water with 1.0 mL of a AuNC solution under
stirring (400 rpm/min) conditions for 30 min at room temperature.
The light-yellow precipitate was collected by centrifugation at 6000
rpm for 5 min and washed three times with ultrawater. Finally, the
recovered precipitate was dissolved in 1.0 mL of ultrawater and stored
at 4 °C. Pure ZIF-8 was also prepared by a similar procedure in the
absence of AuNCs.
Preparation of Hydrogel Discs for Chlorpyrifos Detection.

To make the hydrogel discs, we made a master mold for casting the
gel discs using a quartz slide. The master mold holds two rows of wells
7 mm in diameter and 0.9 mm in depth to create gel discs. A double
cross-linking reaction including 4.5% bovine serum albumin (BSA),
1% sodium alginate, and 0.5% glutaraldehyde in deionized water (pH
= 7) was performed. The hydrogels and AuNCs@ZIF mixture were
loaded into a well using a pipet followed by immersing into a CaCl2
(0.01 M) solution for 3 min. The hydrogel discs were released from
the master mold manually using forceps and stored with ultrawater.

These hydrogel discs were then assembled onto a glass slide (76.2
mm × 25.4 mm), at which point they became ready for testing
(Figure S21). Various concentrations of the chlorpyrifos standard (25
μL) and 1.0 U/mL AChE (10 μL) were mixed for incubating for 20
min. Then, 50 mmol/L ATCh (10 μL) dissolved in 10 mmol/L
HEPES buffer (5.0 μL, pH = 8) was added and incubated for 20 min
at 37 °C. 40 μL of the reaction solution was dispensed onto the gel
discs. The liquid was allowed to cover, spread, and diffuse throughout
the entire gel discs by capillary action. After that, the discs were placed
into a portable device. The image was collected and then analyzed
using the commercial software ImageJ to analyze the data information
on the gel discs.
Preparation of RhB-Labeled Protein. RhB was attached to the

protein in sodium bicarbonate buffer (10 mmol L−1, pH = 9.0) with
stirring conditions in the dark for 12 h. The concentration of modified
protein was 5.0 mg mL−1, and the mixture was labeled with a RhB
solution in 10% dimethyl sulfoxide (DMSO, 0.5 mg mL−1). Then,
dialysis was used to remove the unreacted RhB.
Real Sample Detection. Fruit juice was processed by a juicer;

then, the samples were spiked with 0.01, 0.1, and 1 μg mL−1

chlorpyrifos. The spiked samples were mixed with 10 mL of
acetonitrile, ultrasonically extracted for 5 min, shaken for 30 min,
and centrifuged for 10 min at 4000 rpm. The organic phase was
diluted with PBS buffer (10.0 mmol L−1, pH = 8.0) and detected
using the current strategy and gas chromatography.
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