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Abstract: Rapid detection and sensitive analysis of MMZ is of great importance for food safety.
Herein, a fluorescent molecularly imprinted sensor based on upconversion nanoparticles (UCNPs)
grafted onto covalent organic frameworks (COFs) was designed for the detection of MMZ. COFs
with a high specific surface area and excellent affinity serve as substrates for grafting of UCNPs,
which can inhibit the aggregation burst of UCNPs and improve the mass transfer rate of the sensor.
Through a series of characterizations, it was found that the proposed UCNP-grafted COFs@MIP-
based sensor had good optical stability, high adsorption efficiency, strong anti-interference ability,
and high sensitivity owing to the integration of the advantages of UCNPs, COFs and MIPs. Under the
optimal conditions, a good linear relationship was presented between the fluorescence intensity of
UCNP-grafted COFs@MIPs and the methimazole concentration in the range of 0.05-3 mg L™, and the
detection limit was 3 pg L™!. The as-prepared UCNP-grafted COFs@MIPs were successfully applied
for the detection of MMZ in actual samples, and the results were relevant with those determined
by high-performance liquid chromatography. The sensor has good sensitivity, reusability, and high
selectivity, which are highly valuable in the rapid analysis and detection of food safety.

Keywords: methimazole; upconversion nanoparticles; covalent organic frameworks; molecularly
imprinted polymers

1. Introduction

As a kind of imidazole clinical drug, methimazole (MMZ) has been applied in the rem-
edy of hyperthyroidism and other diseases by regulating animal endocrine [1]. Currently,
MMZ is illegally used as a feed additive that can improve protein metabolism and increase
lean meat rate [2]. The residue of MMZ in food accumulates in the human body and can
produce toxic or other side effects including nephritis, liver cirrhosis, or leukopenia in the
blood. Hence, it is exceptionally vital to establish a reliable, fast, and accurate method for
the detection of MMZ.

To date, some analytical methods [3] have been utilized for the quantificational deter-
mination of MMZ, such as chromatography [4,5], electrochemical analysis [2,6], surface-
enhanced Raman scattering (SERS) [7,8], and colorimetric detection [9]. Although these
methods can achieve accurate detection of MMZ, most of them usually require high instru-
mental costs, time-consuming operation procedures, and complicated sample pretreatment
procedures. In this respect, fluorescence analytical methods, with the obvious advantages
of fast response, easy operation, low analytical cost, high selectivity, and sensitivity, have
been widely regarded as relatively economical and rapid analytical methods [10,11].

Lanthanide-doped upconversion nanoparticles (UCNPs) have emerged as promising
candidates in the field of fluorescent detection owing to their intriguing characteristics [12].
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Compared to carbon dots and semiconductor quantum dots, UCNPs feature unique pho-
tophysical properties that can launch high energy, short wavelength visible light under
low-energy near-infrared (NIR) light excitation [13]. UCNPs exhibit unique merits such
as weak auto-fluorescence background, narrow emission spectrum, high photochemical
stability, high signal-to-noise ratio, high fluorescence quantum yield, no photobleaching
phenomenon, and high detection sensitivity, which make them more suitable for the de-
tection of analytes in complex matrices [14,15]. Moreover, UCNPs and other emerging
advanced materials are combined to construct the multifunctional composite fluorescent
sensors, which are of great utilitarian value for the development of exceedingly sensi-
tive sensors.

Covalent organic frameworks (COFs)are an emerging highly crystalline porous ma-
terials [16] with uniformly ordered pore channels and exact topological structure, which
are basically consist of C, H, N, O, S, B, and other light-weight elements through reversible
covalent bonds. COFs can be covalently synthesized by various organic building units to
form two-dimensional (2D) or three-dimensional (3D) spatial structure [17]. In addition,
COFs possess the excellent features of low density, high specific surface area, ordered pore
channel, high crystallinity, and easy surface modification, which enables it to demonstrate
great prospects in the application fields of gas storage and separation, catalysis, drug deliv-
ery, photoelectric materials, and sensors [18,19]. Moreover, compared with the previously
reported COFs that were synthesized via the solvothermal method, COFs synthesized
based on the room temperature method are relatively straightforward, easy to operate, and
do not require harsh experimental conditions [20,21]. To date, COFs have been grafted
onto diverse fluorescent materials and have been generally utilized [22]. Owing to the
large surface area of COFs, the obtained luminescent COFs (LCOFs) have the advantages of
strong adsorption capacity, great sensitivity, and excellent sensing performance. However,
LCOFs still have inadequacies such as poor selectivity.

Molecularly imprinted polymers (MIPs) are a variety of polymers with tailor-made
spatial structure that is completely matched with the template in shape, size, and functional
groups [23]. As the identification elements of sensors, MIPs have the characteristics of
structure predictability, recognition specificity, application versatility, easy preparation, and
low cost [24,25]. Considering the excellent selective adsorption capacity, MIPs have been
widely used in various analytical fields of purification and enrichment of target molecules,
and some remarkable progress has been made [26,27]. At present, molecular imprinting
recognition technology has been combined with LCOF sensors to realize the recognition
and detection of target molecules, obtaining highly selective and sensitive sensors. In this
case, a novel quantum dots (QDs) fluorescent sensor, QDs-doped COFs@MIPs [28], was
constructed and employed for the determination of nereistoxin-related insecticide.

Based on the abovementioned research, a novel fluorescence sensor for high selectivity
and sensitivity detection of MMZ was constructed via an efficient one-pot polymerization,
which combined the advantages of UCNPs, COFs and MIPs. Herein, UCNPs with strong
green luminescence were introduced and acted as a signal converter. Then, TFPB-PA COFs
with a high specific surface area were synthesized at room temperature and used to con-
struct COFs-based fluorescence sensors for the first time, which can improve the adsorption
capacity and binding affinity of the sensing system. Finally, MIPs were imprinted on
the surface of UCNP-grafted COFs through the Schiff base reaction between COFs and
functional monomers, which endowed the sensor with the specific adsorption recognition
sites of the target. The double recognition function based on imprinting layer and UCNPs
enabled the sensor to display satisfactory selective binding ability for target analytes. To
verify the feasibility of the sensor, the constructed UCNP-grafted COFs@MIPs were applied
to the detection of MMZ in milk and pork. Meanwhile, the properties of UCNP-grafted
COFs@MIPs and their application in MMZ-selective sensing were described in detail.
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2. Materials and Methods
2.1. Materials and Characterization

Y(CH3COO);3-4H,0, Yb(CH3COO)3-4H,0, Er(CH3COOQO)3-4H,0 were obtained from
Sigma-Aldrich (St.Louis, MO, USA). 1-octadecene (ODE), oleic acid (OA), tetraethyl or-
thosilicate (TEOS), 3-aminopropyl-triethoxysilane (APTES) were applied by J&K Scien-
tific Ltd. (Bejing, China). Ammonium fluoride (NH4F), methacrylic acid (MAA), acry-
lamide (AM), ethylene glycol dimethacrylate (EGDMA), azodiisobutyronitrile (AIBN),
sodium hydroxide (NaOH), dichloromethane (DCM) and acetic acid (Hac) were pur-
chased from TCI chemicals (Shanghai, China). Methimazole (MMZ), 2-mercaptoimidazole
(MZY), N-methylthiourea (Metu) and 2-Thiouracil (2-TU) were bought from Aladdin
Industrial Co., Ltd. (Shanghai, China). 1,3,5-Tri-(4-formylphenyl) benzene (TFPB), 1,4-
P-phenylenediamine (PA) were supplied by Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China).

The fluorescence Intensity of UCNP-grafted COFs@MIPs to MMZ was recorded on
an F7100 fluorescence spectrophotometer (Hitachi Co., Ltd., Tokyo, Japan) coupled to
an external 980 nm diode laser. Ultraviolet—visible (UV-Vis) absorption spectra of MMZ
were measured using a UV-Cary100 spectrophotometer (Agilent, Santa Clara, CA, USA)
over the scan range of 200-800 nm. SEM (Hitachi, Ltd., Tokyo, Japan) and transmission
electron microscope (JEOL, Tokyo, Japan) were used to observe the surface morphologies
of UCNP-grafted COFs@MIPs, UCNP-grafted COFs@NIPs, TFPB-PA COFs and UCNPs.
Fourier transform infrared spectra (FT-IR) over the range 4000-500 cm~! was acquired
using KBr pellets in a FT-IR spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Thermo gravimetric analysis (TGA) between room temperature and 800 °C was performed
(TA, New castle, DE, USA) at a heating rate of 10 °C min~ ! in Ny. The crystal structure of
the synthesized materials was characterized using an X-ray power diffractometer (XRD;
Bruker, Karlsruhe, Germany).

2.2. Preparation of UCNPs

UCNP nanoparticles (NaYFy: Yb%*, Er3*) were prepared via the thermal decomposi-
tion method [29]. Yttrium hydrate (0.78 mmol), ytterbium acetate (0.20 mmol), and erbium
acetate (0.02 mmol) were first mixed with octadecene (17 mL) and oleic acid (6 mL) and
vigorously stirred. Additionally, the temperature was adjusted to 160 °C in an argon
atmosphere. Within 30 min, a yellowish solution was obtained. After cooling, 10 mL of
methanol consisting of NaOH (100 mg) and NH4F (148 mg) was dropped to the reaction
system and shaken for half an hour. Subsequently, methanol was removed by raising
the temperature. Then, the mixture was adjusted to 300 °C, and maintained for an hour.
UCNPs were collected by washing three times with ethanol, then dried at 60 °C for 12 h.

2.3. Preparation of UCNPs@NH,

Overall, 20 mg of UCNPs was completely scattered in 60 mL isopropanol, and 2.5 mL
ammonia water and 20 mL ultra-pure water were dripped into the system under stirring
conditions. Then, 20 mL isopropyl alcohol with 25 uL. TEOS was injected into the reaction.
After mixing vigorously for 4 h in the dark, 30 mL isopropanol with 200 uL. APTES was
dropped and stirred for 1 h. The precipitates were cleaned with absolute ethanol, and dried
at 50 °C for 12 h.

2.4. Preparation of TFPB-PA COFs

The TFPB-PA-COFs were prepared by a reported Schiff-base reactions [20,30]. In a
20 mL borosilicate glass, TFPB (10.5 mg) and PA (6.5 mg) were dissolved in 4 mL of a mixed
solution containing mesitylene/dioxane (v:v, 1:1). After that, 0.45 mL of 12M aqueous acetic
acid was added into the abovementioned solution. The system was allowed to react at room
temperature for 72 h. The precipitates were purified several times with tetrahydrofuran
(THF) and acetone, and dried at 60 °C overnight under vacuum.
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2.5. The Preparation of MIPs Based on UCNP-Grafted COFs

The MIPs based on UCNP-grafted COFs were fabricated by one-pot surface-imprinting
synthesis strategy [31,32]. UCNPs (20 mg) were dissolved in 20 mL ethanol by ultrasound,
blended with COFs (1 mg), and continuously stirred for 3 h at room temperature within the
dim. At that point, MMZ (0.1 mmol) blended with MAA (0.4 mmol) and AM (0.4 mmol)
were immersed in the reaction. After stirring for 30 min, AIBN (20 mg) and EGDMA
(0.8 mmol) were moreover introduced into the reaction. Subsequently, the reaction system
was submerged in a water bath at 60 °C for 18 h. The imprinted MMZ were extricated with
methanol-acetic acid (v:v, 9:1). MIPs with cavities were obtained by drying in a vacuum
stove at 50 °C for 4 h.

For comparison, NIPs were prepared utilizing the same strategy without the tem-
plate molecules.

2.6. Fluorescent Determination

The fluorescence response of MMZ was carried out employing a Hitachi FL-7100
fluorescence spectrophotometer by mixing UCNP-grafted COFs@MIPs (1 mg) and dif-
ferent concentrations of MMZ (2 mL). After mixing at room temperature for 60 min, the
fluorescence intensity was recorded at the emission wavelength of 544 nm and excitation
wavelength of 980 nm.

2.7. The Preparation of Samples

Taking fresh pork and milk purchased from supermarket as samples, these samples
were used to investigate the practical application of MIPs based on UCNP-grafted COFs
by recovery experiment. Pork should be homogenized before the spiking experiment.
The different concentrations of MMZ solution were added into 5 g samples to make the
spiked concentration to be 0.1, 0.2 and 0.5 mg kg !, respectively. After standing for 10 h in
the dark, 20 mL ethylacetate was added for extraction and shaken vigorously for 30 min.
The supernatant was obtained by centrifugation (4000 rpm, 5 min) at 4 °C. The residues
followed the abovementioned procedure again. Combining the two supernatants, 30 mL
acetonitrile-saturated hexane was added to remove fat, and the acetonitrile phase was
separated by oscillation for 3 min. The acetonitrile phase was consistently dissipated to
dry under the condition of 40 °C. The residues were dissolved with 10 mL 0.0025 mol L~?
phosphoric acid solution.

3. Results
3.1. Synthesis of MIPs Based on UCNP-Grafted COFs

In this study, a fluorescent molecularly imprinted sensor of MMZ was prepared based
on UCNPs and COFs. The preparation process was schematically shown in Scheme 1. First,
NaYF4:Yb%*, Er®* with good dispersibility and luminescence properties was prepared via
the thermal decomposition method. The amino-functionalized UCNPs were successfully
prepared using TEOS and APTES, which made UCNPs surface-rich in amino groups.
Meanwhile, TFPB-PA COFs was prepared by Schiff base reactions between the PA and
TFPB. Then, the amino-functionalized UCNPs and TFPB-PA COFs were added to the one-
pot synthesis process of MIPs. During the imprinting process, UCNPs were successfully
grafted onto COFs due to the Schiff base reaction between the amino groups of UCNPs
and the aldehyde groups of COFs. The synthesized UCNP-grafted COFs were used as the
supporting material and the fluorescent signal source, and the MAA and AM were used
as functional monomers with EGDMA as a cross-linking agent. Among them, MAA and
MMZ were connected through a hydrogen bond. AM was combined with COFs by Schiff
base reaction. Under the action of the initiator AIBN, the polymerization occurred through
carbon—carbon double bonds, and the specific recognition sites for MMZ were formed on
the surface of UCNP-grafted COFs@MIPs. Finally, methanol/acetic acid (v:v, 9:1) was used
to remove MMZ by disrupting the hydrogen bond, and MIPs with specific recognition sites
were obtained.
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Scheme 1. The preparation route of UCNP-grafted COFs@MIPs sensor.

The imprinting process dominated the sensing performance of the constructed nanosen-
sors. To obtain UCNP-grafted COFs@MIPs with specific binding ability and sensitive
fluorescence response to MMZ, the corresponding synthesis conditions were optimized in
Tables S1 and S2.

3.2. Characterization of MIPs Based on UCNP-Grafted COFs

The TEM image of UCNPs (Figure 1A) illustrated that UCNPs had a uniform hexag-
onal structure. The SEM image of COFs is exhibited in Figure 1B. The interlayer m—m
force of COFs caused layer accumulation to form a multilayer stacked structure, and the
morphology of COFs material was regular. The SEM image presented in Figure 1C clearly
reveals that the surface morphology of UCNP-grafted COFs@MIPs was highly uniform
spheres with a rough surface. In the process of the formation of MIPs, some molecular
cavities were left on the surface for specific identification of target molecules, so the surface
morphology was relatively rough. In addition, there was no significant difference in the
morphologies of MIPs and NIPs (Figure 1D). The abovementioned results displayed that
the polymers were formed.

In order to further confirm the imprinting process, FI-IR was used to identify the
corresponding functional groups of the materials obtained in different steps. Figure 2A (a)
demonstrates obvious characteristic peaks at 2844 cm ™! and 2935 cm ™!, which were caused
by the stretching vibration of methylene and vinyl groups, and the characteristic bands
at 1420 cm~! and 1563 cm~! were attributed to the carboxyl groups of oleic acid, which
displayed that UCNPs were successfully synthesized [33]. The FI-IR spectrum of COFs in
Figure 2A (b) displays a vibrational band at about 1617 cm ™!, proving the existence of the
C=N bond. Several absorption bands are presented in Figure 2A (c) containing 2992 cm !
(C=H), 1262 cm~! and 1166 cm~! (O-C-O) and 1720 cm~! (C=0), which corresponded to
the successful reaction between MAA, AM, and EGDMA during the imprinting process.
Apparently, the results also indicated the effective synthesis of MIPs [34].
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Figure 1. (A) TEM image of UCNPs. (B) SEM images of the COFs. (C) UCNP-grafted COFs@MIPs.
(D) UCNP-grafted COFs@NIPs.

TGA analysis of UCNPs, COFs (Figure S1), and UCNP-grafted COFs@MIPs (Figure 2B)
was carried out in nitrogen stream. From room temperature to 800 °C, there was an obvious
two-stage decomposition. The primary stage of the decomposition of the components
occurred at around 300 °C on account of the expulsion of residual solvents and the de-
composition of the imprinted layer and UCNPs, and the weight loss was 83.24% for the
UCNP-grafted COFs@MIPs. The decomposition of the moment stage occurred at about
450 °C. Due to the decomposition of the COFs, the weight loss was 10%. This indicated
that the MIP layer and COFs were successfully combined on the UCNP surface.

In order to explore the sensing mechanism, we studied the UV-Vis absorption spectrum
of MMZ and fluorescence emission spectrum of UCNP-grafted COFs@MIPs (Figure 2C).
The UV-Vis absorption spectrum of MMZ was 254 nm, and the fluorescence emission
wavelength of MIPs was 544 nm. The possibility of energy transfer and internal filtering
effect was ruled out because there was no spectral overlap [35]. Thus, it was inferred that
the mechanism of fluorescence quenching was presumably the photo-induced electron
transfer. As displayed in Figure S2, when MMZ was adsorbed and combined with MIPs
through hydrogen bonding, the lone pair of electrons located on MIPs (the electron donor)
were transferred to the acceptor MMZ, causing fluorescence quenching. This result was
also consistent with the previously reported studies [36].

The XRD patterns of UCNPs, COFs, and UCNP-grafted COFs@MIPs are displayed
in Figure S3. The characteristic diffraction peaks of UCNPs were observed with a cubic
structure, which was consistent with the literature [37]. There was a weak diffraction peak
in the COFs spectrum, and the characteristic diffraction peaks of UCNPs and COFs were
presented in UCNP-grafted COFs@MIPs. These results indicated the successful synthesis
of UCNP-grafted COFs@MIPs.
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Figure 2. (A) FT-IR spectra of UCNPs (a), TFPB-PA COFs (b) and UCNPs grafted COFs@MIPs (c).
(B) TGA curve of UCNP-grafted COFs@MIPs. (C) The UV absorption spectrum of MMZ (a) and
fluorescence emission spectrum of UCNP-grafted COFs@MIPs (b). (D) Fluorescent spectra of UCNP-
grafted COFs@MIPs (a), UCNPs@MIPs (b), UCNPs@MIPs with MMZ (c), UCNP-grafted COFs@MIPs
with MMZ (d).

In this study, COFs as matrix-supporting material were grafted onto the fluorescent
nanosensor to progress the sensitivity and adsorption capacity of the sensor. As shown
in Figure 2D, the fluorescence intensity of UCNP-grafted COFs@MIPs was essentially
higher than that of UCNPs@MIPs, which was attributed to the fact that the grafting of
COFs on UCNPs changed the surface characteristics of UCNDPs, thereby enhancing the
fluorescence intensity. In addition, there were a lot of m-mt-conjugated structures of COFs,
and the formation of the C=N double bond further enhanced the conjugated system and
increased the fluorescence intensity [17,38]. As can be seen from Figure 2D, the fluorescence
quenching degree of UCNP-grafted COFs@MIPs was about three higher times than that of
UCNPs@MIPs when UCNPs@MIPs and UCNP-grafted COFs@MIPs adsorbed the same
concentration of MMZ, demonstrating that the introduction of COFs was beneficial to
improving the sensitivity of the sensor.

3.3. Optimization of Adsorption Parameters

The dynamic adsorption experiment was investigated by changing the adsorption time
of UCNP-grafted COFs@MIPs with a high concentration of MMZ (3 mg L~'). As shown in
Figure 3A, fluorescence quenching effect (Fy/F) of both UCNP-grafted COFs@MIPs and
UCNP-grafted COFs@NIPs gradually increased with extending contact time. The Fy/F
value remained unchanged over time, which indicated that the combination of the template
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Figure 3. (A) Effect of adsorption time (0-90 min) on the fluorescence response of UCNP-grafted
COFs@MIPs and UCNP-grafted COFs@NIPs. (B) Effect of adsorption solvent (methanol, ethanol, ace-
tonitrile) on the fluorescence response of UCNP-grafted COFs@MIPs and UCNP-grafted COFs@NIPs.

Adsorption solvent was a pivotal factor in the assessment of adsorption performance,
so ethanol, methanol and acetonitrile were chosen for optimization. As shown in Figure 3B
and Table S3, when IF was used as a reference index, the ethanol solution had the highest
IF, meaning that in ethanol, the prepared sensor MIPs had more significant signal changes
relative to NIPs. Therefore, ethanol was chosen as the solution matrix for the sensors in the
following experiments.

3.4. Establishment of Sensing Methods

The fluorescence spectra were displayed (Figure 4A,C) by recording the fluorescence
intensity of UCNP-grafted COFs@MIPs and UCNP-grafted COFs@NIPs in different MMZ
concentrations (0.05-3 mg L’l). For both MIPs and NIPs, the fluorescence intensities were
quenched linearly. In addition, under identical MMZ concentrations, the fluorescence
reduction degree of MIPs was larger than that of NIPs, which was attributed to the forma-
tion of recognition sites corresponding to MMZ on the surface of MIPs. The fluorescence
quenching degree (Fy/F) of MIPs and NIPs and the concentration of MMZ conformed to
the Stern—Volmer equation:

FO/F:KSU [Q]+1

where Fj indicates the fluorescence intensity of sensor before adsorbing MMZ, F represents
the fluorescence intensity of sensor after binding to MMZ, Kj, is the Stern—Volmer constant,
and [Q] is the concentration of MMZ. The proportion of the Ky, values of MIPs and NIPs
(Ksv,mips/ Kso N1ps) Was characterized as the imprinting factor (IF) to determine the selectivity
of the sensor.

IF = (Fomip/ Fpp — 1)/ (Fonip/ Fnip — 1)

Typically, IF is used as a measure for the selection of synthesized materials, with a
larger IF representing a greater degree of fluorescence burst for MIPs compared to NIPs,
demonstrating better adsorption capacity and selectivity of the synthesized material.

Within the extent of 0.05-3 mg L™}, the linear equation of MIPs (Figure 4B) was
Fo/F =0.2986 [Q] + 1.0124 and R? was 0.9952. The linear equation of NIPs (Figure 4D) was
Fo/F =0.2098 [Q] + 1.0183, and R? was 0.9917. The imprinting factor (IF) of the sensing
system was 3.37, which revealed that MIPs had better specificity than NIPs. In addition,
when MIPs were taken as a sensor for detection, the LOD for MMZ was evaluated to be
3ugLL
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Figure 4. (A) Fluorescence responses of the UCNP-grafted COFs@MIPs toward different concen-
trations of MMZ. (B) The linear relationship of the UCNP-grafted COFs@MIPs toward different
concentrations of MMZ. (C) Fluorescence responses of the UCNP-grafted COFs@NIPs toward differ-
ent concentrations of MMZ. (D) The linear relationship of the UCNP-grafted COFs@NIPs toward
different concentrations of MMZ. (MMZ concentrations: 0.05, 0.1, 0.3,0.5,1, 1.5, 2,2.5,3 mg LY.

3.5. Selectivity Analysis

Aiming at assessing the specific recognition capability of UCNP-grafted COFs@MIPs
for MMZ, the control experiments were carried out via using 2-mercaptoimidazole (MZY),
N-methylthiourea (Metu), 2-thiouracil (2-TU). Figure S4 demonstrates the structures of
MMZ and its structural analogs. Figure 5A exhibits that the fluorescence quenching degree
of UCNP-grafted COFs@MIPs with MMZ was significantly higher than other structural
analogs, while MMZ and structural analogs had the similar effects on the fluorescence
intensity of UCNP-grafted COFs@NIPs. Additionally, the fluorescence response of UCNP-
grafted COFs@MIPs to the MMZ was the most sensitive, and the extent of fluorescence
diminishing was additionally the most noteworthy among the analytes. The main reason
was that during the imprinting process, MMZ-related sites were shaped on the surface of
the MIPs. The MMZ can be bound to the MIPs via hydrogen bond, causing fluorescence
to weaken as a result of the photoinduced electron transfer. The fluorescence response
of UCNP-grafted COFs@NIPs was insensitive to MMZ and other structural analogues
because of the pure physical adsorption among them.
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Figure 5. (A) The changes in fluorescence intensity of UCNP-grafted COFs@MIPs and UCNP-grafted
COFs@NIPs by 3 mg L-1 MMZ and its analogs. (B) The effect of interferents on the fluorescence
response of MMZ. (C) Effect of temperature on the fluorescence intensity of the UCNP-grafted
COFs@MIPs. (D) Effect of irradiation time at 544 nm on the fluorescence intensity of the UCNP-
grafted COFs@MIPs.

In order to study the anti-interference ability of MIPs to MMZ in complex environments,
MMZ was added to other structural analogs in equal quantities. As shown in Figure 5B, the
addition of structural analogs had no effect on the recognition of MMZ by MIPs, indicating
that UCNP-grafted COFs@MIPs had superior selective recognition performance.

3.6. Stability and Reusability Performance

Stability, an imperative figure for the nanosensor performance, was explored by
observing the fluorescence intensity of UCNP-grafted COFs@MIPs every 10 °C and every
2 h. As shown in Figure 5C, the fluorescence intensity remained almost constant with
temperature varying from 30 °C to 90 °C, which further revealed that the thermal stability
of UCNP-grafted COFs@MIPs was sufficient. In addition, Figure 5D indicates that the
fluorescence intensity of UCNP-grafted COFs@MIPs demonstrated only little changes over
12 h, indicating that the sensor possessed a stable emission.

The reusability of the fluorescent sensor was appraised through five adsorption—
desorption cycles, and the results are recorded in Figure S5. Briefly, 25 mg MIP nanoparticles
were added into 50 mL MMZ solution (3 mg L), and the corresponding fluorescence inten-
sity was measured. After equilibrium adsorption, the fluorescence intensity was monitored
once more. Imprinted MMZ was removed from the mixed solution by methanol/acetic
acid (v:v, 9:1), and the MIPs were collected by centrifugation. In addition, after five tests,
the fluorescence intensity was still 96.37% of the initial fluorescence intensity, indicating
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a great reusability. The abovementioned findings further revealed that the constructed
fluorescence sensor can adsorb MMZ at least five times without significant difference.

3.7. Method Performance Comparison

Compared with the existing fluorescence sensor detection technology (Table S4), the
detection range and detection limit of the constructed fluorescence sensor detection tech-
nology were significantly higher than those of some detection methods, and the proposed
sensor did not need complex extraction process in actual application. The developed sensor
had a wider linear range and lower detection limit for MMZ detection. The introduction
of COFs with large surface area and excellent structural performance granted the sensing
system high sensitivity and superior adsorption capacity. Moreover, as a luminescent
material, UCNPs had advantages of narrow emission bands, weak self-fluorescence back-
ground, and remarkable photochemical stability compared with traditional quantum dots.
Finally, the silica-based imprinted layer was introduced as the recognition unit of the sensor,
which not only maintains the sensitive signal of the fluorescent element, but also further
improves the anti-interference ability of the sensor. In conclusion, due to the introduction
of UCNPs, COFs and MIPs, the constructed UCNP-grafted COFs@MIPs sensor exhibited
high selectivity, remarkable sensitivity, outstanding stability, and excellent repeatability.

3.8. Sample Analysis

The constructed UCNP-grafted COFs@MIPs fluorescent sensor was utilized to study
the measurement of MMZ in pork and milk. MMZ was not identified in the clear tests;
thus, the tests implemented the spiked and recovered experiments. Each spiked sample
underwent three repeated tests to assess the precision of the method (Table 1). The recovery
rate of the proposed method was between 88.24% and 91.89%, and the relative standard
deviation was between 2.43% and 3.78%. Compared with the classical HPLC method,
the results of HPLC were consistent with that of the fluorescence method with a higher
sensitivity. Therefore, UCNP-grafted COFs@MIPs can accurately measure MMZ in food
samples, indicating that UCNP-grafted COFs@MIPs can be used to analyze real samples.

Table 1. The recovery of MMZ-containing samples by fluorescence analysis and HPLC detection.

Fluorescence Detection HPLC Detection
Added Recovery % Recovery %
Samples (ug kg1 Found1 (Mean :I:rySD) RSD% Found1 (Mean :I:rySD) RSD%
(ug kg1 (n=3) (n=3) (ngkg™) (n=3) (n=3)
0 ND?@ - - ND?2 - -
100 88.54 88.24 +2.4 2.75 79.55 79.53 + 2.5 3.14
Pork 200 179.72 89.56 £ 3.8 421 166.95 83.45 + 3.0 3.61
500 455.15 91.03 &+ 3.0 3.27 429.34 85.89 + 3.0 3.53
0 ND?4 - - ND?@ - -
. 100 90.37 90.34 + 3.8 418 87.59 87.50 £ 2.5 2.86
Milk 200 183.25 91.54 + 2.6 2.79 170.49 85.03 + 2.0 2.35
500 460.13 91.89 + 3.5 3.78 420.56 84.01 4.0 4.76

2 Not Detectable.

4. Conclusions

In this study, UCNP-grafted COFs@MIPs were synthesized successfully using one-pot
polymerization and applied to the rapid determination of MMZ. The sensor exhibited
a superior stability, outstanding selectivity, excellent accuracy, and high sensitivity. The
photosensor had the merits of shortening the experimental analysis time, obtaining better
recovery rate and repeatability. The actual samples measurement results showed that
the fluorescence method based on UCNP-grafted COFs@MIPs had a favorable practical
application prospect in food detection.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr12030626/s1, Figure S1: TGA curves of UCNPs, COFs; Figure S2:
The energy transfer principle; Figure S3: XRD curves of UCNPs (a), COFs (b), UCNPs-grafted
COFs@MIPs (c); Figure S4: The chemical structures of methimazole (MMZ), 2-mercaptoimidazole
(MZY), N-methylthiourea (Metu) and 2-thiouracil (2-TU); Figure S5: Reusability of UCNPs-grafted
COFs@MIPs for the determination of MMZ; Table S1: Optimization of addition amount of COFs;
Table S2: Optimization of the molar ratio of MMZ to AM to MAA to EGDMAs; Table S3: Optimization
of the matrix of tests; Table S4: The comparison of the analytical methods with other reported methods.
See Refs. [1,10,39-43].
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