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Editorial

Nanomaterial-Based Optical Detection of Food Contaminants

Mingfei Pan

State Key Laboratory of Food Nutrition and Safety, Tianjin University of Science and Technology,
Tianjin 300457, China; panmf2012@tust.edu.cn

1. Introduction

The presence of food contaminants remains a significant aspect contributing to global
food safety issues, drawing widespread attention from ordinary consumers, governments,
and researchers [1–3]. These contaminants encompass various harmful factors, including
residues of agricultural and veterinary drugs, biotoxins, heavy metals, allergenic pro-
teins, and particularly endogenous hazardous substances generated during processing,
representing a new focus in detection technology research [4,5].

Various nanomaterials with different structures and properties, such as metallic nano-
materials, up-conversion fluorescence nanomaterials, metal–organic framework porous
materials, quantum dot fluorescence materials, etc., not only serve as solid carriers for bio-
recognition elements (such as antibodies, aptamers, etc.) [6,7] and biomimetic recognition
elements (such as molecularly imprinted polymers) [8,9], but also provide signal sources for
visual, rapid, and convenient analysis [10–12]. Visible light, fluorescence, or electrochemi-
luminescence are quantitative signals commonly used in convenient food safety analysis
strategies. This significantly promotes the development of precise and rapid analysis
techniques for food contaminants, incorporating advanced methods such as nanomaterials,
biomimetics and biorecognition, and chemometrics. Therefore, strategies based on mul-
tifunctional nanomaterials and utilizing antibodies, aptamers, and biomimetic polymers
as recognition elements for the fluorescent or visual detection of contaminants in complex
food matrices are gradually assuming crucial roles in food safety testing strategies [13–15].

2. An Overview of Published Articles

In the study by Tianyu Ma et al. (Contribution 1), the authors designed and prepared
a zearalenone (ZEN) hapten against the mycotoxin ZEN, and the original coating ZEN-
ovalbumin (ZEN-OVA) by conjugation with OVA. Based on gold nanorods (AuNRs) of
uniform size and stable properties synthesized by the seed-mediated method, the indirect
competitive enzyme-linked immunosorbent assay (ic-ELISA) and the AuNR growth-based
multicolor ELISA for detecting ZEN toxin were further established. Under optimal exper-
imental conditions, the coating amounts of ZEN-OVA were 0.025 μg/well, the antibody
(Ab) dilution factor was 32,000 times, blocking solution was 0.5% skimmed milk powder,
enzyme-labeled secondary Ab diluted 10,000 times, and at pH 7.4 of the PBS buffer, the
sensitivity (IC50) of the established ic-ELISA for ZEN detection reached 0.85 ± 0.04 μg/L
and the limit of detection (LOD, IC15) reached 0.22 ± 0.08 μg/L. In the multicolor ELISA
based on the growth of AuNRs, as the content of ZEN increased, the mixed solution ex-
hibited a significant color change from brownish red to colorless. ZEN concentrations as
low as 0.1 μg/L could be detected with the naked eye (brown-red to dark gray). This study
presents an effective analysis strategy for the rapid screening and accurate monitoring of
ZEN contaminants in foods.

In the study by Lingyan Zhao et al. (Contribution 2), a novel rare earth upconversion
nanomaterial with a three-layer sandwich core–shell structure was synthesized by an im-
proved thermal decomposition method, and the morphology, fluorescence intensity, and
diffraction peak position of the new material were characterized by TEM (transmission
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electron microscopy), XRD (powder X-ray diffraction), and fluorescence spectrophotome-
try. The inert core/active shell/inert shell design improved the upconversion luminous
efficiency of the new material several-fold. FT-IR (Fourier transform infrared spectroscopy)
characterization showed that the surface of activated upconversion nanoparticles was
modified with the silicon shell and amino group. Combined with the characteristics that
aminoated polystyrene magnetic microspheres could be separated by the magnetic field,
an upconversion magnetic separation immunoassay method for the detection of pyrethroid
pesticide residues was established. The capture probe competed with the pyrethroid stan-
dard, combined the signal probe, and measured the fluorescence signal value formed by
the capture probe signal probe complex at 542 nm under 980 nm excitation light. The
LOD of fenpropathrin was 0.01 μg/L, cypermethrin was 0.015 μg/L, and fenvalerate was
0.011 μg/L. Through the actual detection of apple, cabbage, and other samples, the re-
covery rate of pyrethroids was between approximately 83.4% and 97.8%. Comparison
with the HPLC (high-performance liquid chromatography) detection results showed that
the established method had good accuracy and could realize the quantitative analysis of
pyrethroids in food.

In their research, Wenbo Zhu et al. (Contribution 3) coupled two upconversion
materials with anti-clothianidin and anti-imidacloprid monoclonal antibodies as signal
probes using the glutaraldehyde cross-linking method. Under the excitation of 980 nm
excitation light, the fluorescence signals of the synthesized core–shell NaYF4:Yb@NaYF4:Ho
and monolayer NaYF4:Yb,Tm upconversion nanoparticles (UCNPs) were simultaneously
detected at 656 and 696 nm, respectively. Imidacloprid (IMI) and clothianidin (CLO) could
compete with antigen-conjugated amino Fe3O4 magnetic nanomaterials for binding to
signaling probes, thus establishing a rapid and sensitive fluorescent immunoassay for the
simultaneous detection of IMI and CLO. Under optimal conditions, the LOD (IC10) and
sensitivity (IC50) of IMI and CLO were (0.032, 0.028) and (4.7, 2.1) ng/mL, respectively, and
the linear assay ranges were at 0.032–285.75 ng/mL and 0.028–200 ng/mL, respectively. The
immunoassay did not significantly cross-react with other analogs. In fruits and vegetables
such as apples, oranges, peaches, cucumbers, tomatoes, and peppers, the mean recoveries
of IMI and CLO ranged from 83.33% to 115.02% with relative standard deviations (RSDs) of
1.9% to 9.2% and 1.2% to 9.0%, respectively. Furthermore, the results of the immunoassay
correlate well with the high-performance liquid chromatography method used to detect
the actual samples.

In the work of Chang Liu et al. (Contribution 4), a Eu3+-MOF-253@Au electrochemilu-
minescence sensor was successfully constructed for the first time by encapsulating nanogold
in the metal–organic framework (MOF) backbone and pore channels, and assembling Eu3+

on the MOF backbone. Firstly, the introduction of nanogold overcame the weakness of
MOFs, which was difficult to achieve, and enhanced its catalytic performance, followed
by the modification of Eu3+ to confer the electrochemiluminescence performance and the
function of target detection on the sensor. Moreover, carbaryl was placed in an alkaline
working solution to enhance the intensity of electrochemiluminescence signals, as well
as to promote the hydrolysis of carbaryl into 1-naphthol, which caused the burst of the
Eu3+-MOF-253@Au electrochemiluminescence sensor, thereby achieving the sensitive de-
tection of carbaryl. On this basis, the electrochemiluminescence detection conditions were
optimized, the performance was analyzed, and finally, it was successfully used for the
detection of carbaryl with good linearity in the range of 0.2–200 μg L−1 and a low LOD
(0.14 μg L−1).

Food allergies have seriously affected some people’s quality of life, and even endan-
gered their lives. At present, there is still no effective cure for food allergies. Avoiding the
intake of allergenic food is still the most effective way to prevent allergic diseases. Therefore,
it is necessary to develop rapid, accurate, sensitive, and reliable analysis methods to detect
food allergens from different sources. Aptamers are oligonucleotide sequences that can
bind to a variety of targets with high specificity and selectivity, and they are often combined
with different transduction technologies, thereby constructing various types of aptamer
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sensors. In recent years, with the development of technology and the application of new
materials, the sensitivity, portability, and cost of fluorescence sensing technology have been
greatly improved. Therefore, aptamer-based fluorescence sensing technology has been
widely developed and applied in the specific recognition of food allergens. Liping Hong
et al. (Contribution 5) comprehensively reviewed the classification of major allergens and
their characteristics in animal and plant foods, and summarized the preparation principles
and practical applications of aptamer-based fluorescence biosensors. This article presents
some strategies for the rapid and sensitive detection of allergens in food matrices.

In their study, Ziwen Zhang et al. (Contribution 6) developed a rapid fluorescent and
colorimetric dual-mode detection strategy for Hg2+ in seafoods based on the cyclic binding
of the organic fluorescent dye rhodamine 6G hydrazide (R6GH) to Hg2+. The luminescence
properties of the fluorescent R6GH probe in different systems were investigated in detail.
Based on the UV and fluorescence spectra, it was determined that the R6GH has good
fluorescence intensity in acetonitrile and good selective recognition of Hg2+. Under optimal
conditions, the R6GH fluorescent probe showed a good linear response to Hg2+ (R2 = 0.9888)
in the range of 0–5 μM, with a low detection limit of 2.5 × 10−2 μM (S/N = 3). A paper-
based sensing strategy based on fluorescence and colorimetric analysis was developed for
the visualization and semiquantitative analysis of Hg2+ in seafoods. The LAB values of
the paper-based sensor impregnated with the R6GH probe solution showed good linearity
(R2 = 0.9875), with Hg2+ concentrations in the range of 0–50 μM, which means that the
sensing paper could be combined with smart devices to provide reliable and efficient
Hg2+ detection.

Additives and antibiotic abuse during food production and processing are among the
key factors affecting food safety. The efficient and rapid detection of hazardous substances
in food is of crucial relevance to ensure food safety. In the study by Shijie Li et al. (Con-
tribution 7), a water-soluble quantum dot with glutathione as a ligand was synthesized
as a fluorescent probe by the hydrothermal method to achieve the detection and analysis
of H2O2. The detection limits were 0.61 μM in water and 68 μM in milk. Moreover, it
was used as a fluorescent donor probe, and manganese dioxide nanosheets were used as
a fluorescent acceptor probe in combination with an immunoassay platform to achieve
the rapid detection and analysis of enrofloxacin (ENR) in a variety of foods with LODs of
0.05–0.25 ng/mL in foods. The proposed systems provide new ideas for the construction of
fluorescence sensors with high sensitivity.

The study from Qi Zhang et al. (Contribution 8) proposes a facile and versatile
layer-by-layer strategy without any special surface modifications for the preparation of
magnetic metal-organic frameworks (MMOFs) supporting molecularly imprinted poly-
mer nanoparticles (MMOFs@MIP), which are based on a magnetically susceptible core
conjugated with an imidazole-derived self-assembled layer and a silane-based imprinted
shell. Metal–organic frameworks (MOFs) with systematically tailored structures have been
suggested as promising precursors to the preparation of diverse functional materials. The
obtained MMOFs@MIPs, which integrated the advantages of Fe3O4, MOFs, and MIPs,
were characterized and exhibited good magnetic properties, a rapid mass transfer rate, and
excellent adsorption selectivity, as well as capacity for the targeted molecular—bisphenol A
(BPA). Moreover, the MMOFs@MIPs were employed as adsorbents in magnetic solid-phase
extraction (MSPE) to selectively bind and rapidly separate BPA from real samples, with
satisfactory recovery rates ranging from 88.3% to 92.3%. More importantly, the desirable
reusability of MMOFs@MIPs was also evaluated, and the recovery was maintained above
88.0% even after five re-use cycles. Furthermore, combined with high-performance liquid
chromatography (HPLC) analysis, a novel MSPE-HPLC method was developed, enabling
the highly selective and sensitive detection of BPA in a wide linear range of 0.5–5000 μg L−1,
with a low LOD of 0.1 μg L−1. This work contributes a promising method for constructing
various functional nanoparticle@MOFs@MIP hybrid materials for applications in many
different fields.

3



Foods 2024, 13, 557

Ying Guo et al. constructed a novel fluorescent molecularly imprinted nanosensor
(N, S-GQDs@ZIF-8@MIP) based on the nitrogen and sulfur co-doped graphene quantum
dots decorated zeolitic imidazolate framework-8 for the detection of octopamine (OA)
(Contribution 9). Herein, ZIF-8 with a large surface area was introduced as a supporter of
the sensing system, which effectively shortened the response time of the sensor. Meanwhile,
high green luminescent N, S-GQDs and a maximum emission wavelength of 520 nm
under 460 nm excitation and a 12.5% quantum yield, were modified on the surface of
ZIF-8 as a signal tag that could convert the interactions between the sensor and OA into
detectable fluorescent signals. Finally, N, S-GQDs@ZIF-8@MIP was acquired through the
surface molecular imprinting method. Due to the synergy of N, S-GQDs, ZIF-8, and MIP,
the obtained sensor not only demonstrated higher selectivity and sensitivity than N, S-
GQDs@ZIF-8@NIP, but also displayed faster fluorescence responses than N, S-GQDs@MIP.
Under optimal conditions, the developed sensor presented a favorable linear relationship
in the range of 0.1–10 mg L−1, with a detection limit of 0.062 mg L−1. Additionally, the
proposed N, S-GQDs@ZIF-8@MIP strategy was effectively applied to the detection of OA
in fermented samples.

Xiaohui Wang et al. constructed a fluorescent sensor (NH2-UIO-66(Zr)@MIP) based
on a molecularly imprinted polymer-coated amino-functionalized zirconium (IV) metal–
organic framework, and initially used it for the ultrasensitive determination of oxytetracy-
cline (Contribution 10). Developing sensitive and effective methods to monitor oxytetracy-
cline residues in food is of great significance for maintaining public health. NH2-UIO-66
(Zr), with a maximum emission wavelength of 455 nm under 350 nm excitation, was
prepared using a microwave-assisted heating method. The NH2-UIO-66(Zr)@MIP sen-
sor with specific recognition sites for oxytetracycline was then acquired by modifying a
molecularly imprinted polymer on the surface of NH2-UIO-66 (Zr). The introduction of
NH2-UIO-66 (Zr) as both a signal tag and supporter could strengthen the sensitivity of the
fluorescence sensor. Thanks to the combination of the unique characteristics of the molecu-
larly imprinted polymer and NH2-UIO-66 (Zr), the prepared sensor not only exhibited a
sensitive fluorescence response, specific identification capabilities, and a high selectivity
for oxytetracycline, but also showed good fluorescence stability, satisfactory precision, and
reproducibility. The fabricated sensor displayed fluorescent linear quenching in the OTC
concentration range of 0.05–40 μg mL−1, with a detection limit of 0.012 μg mL−1. More
importantly, the fluorescence sensor was finally applied for the detection of oxytetracycline
in milk, and the results were comparable with those obtained using the HPLC approach.
Hence, the NH2-UIO-66 (Zr)@MIP sensor possesses great application potential for the
accurate evaluation of trace oxytetracycline in dairy products.

Currently, detection technologies regarding food contaminants are still facing multiple
challenges, which include issues such as the effective removal of food matrices and the
monitoring and control of hazardous substances generated during food processing. It is
believed that the development of more efficient, accurate, and sensitive strategies for the
detection and control of food contaminants will be gradually promoted with the continuous
advancement of nanomaterials, food-related research, and chemometrics. The aim of this
Special Issue is to publish high-quality articles on the accurate and rapid detection of
various types of food contaminants in the areas of fluorescent nanomaterials, biometrics
and biomimetic recognition, and fluorescent molecules based on organic dyes and quantum
dots, in order to promote the further development of nanomaterial-based optical sensing
and detection methods.

Conflicts of Interest: The author declares no conflicts of interest.
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Abstract: In this study, a zearalenone (ZEN) hapten was designed and prepared against the mycotoxin
ZEN, and the original coating ZEN-ovalbumin (ZEN-OVA) was prepared by conjugation with OVA.
Based on the gold nanorods (AuNRs) of uniform size and stable properties synthesized by the seed-
mediated method, the indirect competitive enzyme-linked immunosorbent assay (ic-ELISA) and the
AuNRs growth-based multicolor ELISA for detecting ZEN toxin were further established. Under
the optimal experimental conditions, the coating amount of ZEN-OVA: 0.025 μg/well, antibody
(Ab) dilution factor: 32,000 times, blocking solution: 0.5% skimmed milk powder, enzyme-labeled
secondary Ab diluted 10,000 times, and a pH of the PBS buffer at 7.4, the sensitivity (IC50) of the
established ic-ELISA for ZEN detection reached 0.85 ± 0.04 μg/L, and the limit of detection (IC15)
reached 0.22 ± 0.08 μg/L. In the multicolor ELISA based on the growth of AuNRs, as the content
of ZEN increased, the mixed solution exhibited a significant color change from brownish red to
colorless. ZEN concentration as low as 0.1 μg/L can be detected by the naked eye (brown red to
dark gray). This study provided an effective analysis strategy for the rapid screening and accurate
monitoring of the ZEN contaminant in foods.

Keywords: zearalenone; gold nanorods; indirect competitive ELISA; visualized multicolor ELISA

1. Introduction

Zearalenone (ZEN) is a nonsterol estrogen mycotoxin mainly produced by Fusarium
genera, which is widely found in grain crops, such as corn, wheat, and barley [1,2]. The
degree of contamination of food crops by Fusarium mainly depends on the moisture and
temperature conditions; the optimal growth temperature for Fusarium is between 24 and
32 ◦C and the optimal humidity is 40% [3]. Therefore, in areas with sufficient rainfall and
high relative humidity, cereals are likely to be contaminated with Fusarium in all steps of
production, storage, and processing [4]. ZEN can cause excessive estrogen syndrome in
animals such as pig, poultry, and humans, as well as immunotoxicity, genotoxicity, and
suspected carcinogenicity [5,6]. It has been reported that the potential etiological mecha-
nism of breast cancer involves changes in the cytochrome P450 (CYP) enzyme, which is
related to ZEN [7]. Yu et al. have demonstrated that the ZEN on 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD)-induced CYP1A1 activity and gene expression involved the estrogen
receptor pathway [8]. In addition, due to its similar structure to endogenous estrogen,
ZEN can show estrogen activity in vivo and competitively bind with estrogen receptors,
thus affecting estrogen secretion in humans or animals, resulting in reproductive organ
abnormalities, infertility, abortion, and other diseases [9–11]. At present, many countries
and organizations have regulated the maximum residue levels (MRLs) of ZEN in foods,
although a consistent standard has not yet been obtained (European Union: 20–400 μg/kg

Foods 2021, 10, 2654. https://doi.org/10.3390/foods10112654 https://www.mdpi.com/journal/foods
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in different types of foods, Russia: 1000 μg/kg in hard wheat, flour and wheat germ; China:
60 μg/kg in cereals and its products) [12–14]. Therefore, the development of effective
strategies for ZEN detection in foods is of great significance for protecting the health of
humans and animals.

Currently, traditional instrumental methods based on liquid chromatography (LC),
gas chromatography (GC), and mass spectrometry (MS) have been widely applied in the
detection of ZEN contaminant in foods and animal feed samples [15–20]. However, these
techniques require sophisticated instruments, professional and experienced operators, and
long test time, which limits the practical application to a certain extent. Engvall and Perl-
mann achieved the quantitative detection of a solid phase enzyme immunoassay for the
first time, marking the successful construction of an enzyme linked immunosorbent assay
(ELISA) [21,22]. The ELISA has the characteristics of simple operation, high specificity,
and low cost, and has gradually become the mainstream technology in the field of rapid
detection [23,24]. Improving the sensitivity and lowering the detection limit of ELISA can
promote the further application of this effective technology [25,26]. Signal amplification has
been demonstrated by many researchers to improve the sensitivity of ELISA. In particular,
the introduction of various nanomaterials has further improved the performance of tradi-
tional ELISA. For example, Zhang et al. synthesized CdTe/CdS/ZnS quantum dots (QDs)
in the aqueous phase and developed a fluorescent immunoassay (FLISA) for detecting ZEN
in corn [27]. Xiong et al. reported an advanced enzyme-assisted etching method in which
gold nanorods (AuNRs) were applied as the signal carrier for aflatoxin B1 (AFB1) in corn
samples to amplify the ELISA signal [28]. Liu et al. constructed a horseradish peroxidase
(HRP)-mediated ratio fluorescence ELISA based on gold and silver bimetallic nanoclusters
(Au-AgNCs) to detect zearalenone, which significantly improved the detection limit [29].

In this study, we successfully prepared the ZEN hapten and ZEN coating antigen
(ZEN-ovalbumin (ZEN-OVA)) and developed an indirect competitive-ELISA (ic-ELISA)
strategy using monoclonal antibodies (anti-ZEN-Abs) with high sensitivity and specificity.
On this basis, a visual multicolor ELISA was developed based on alkaline phosphatase
(AP) converting ascorbic acid–phosphate (VcP) to ascorbic acid (Vc) to control the growth
of AuNRs. Compared with traditional ic-ELISA for ZEN, the visualized multicolor ELISA
based on AuNRs growth offered a more convenient and intuitive strategy for the detection
of ZEN contaminant (Scheme 1).

Scheme 1. Procedure of the visualized AuNRs growth-based multicolor ELISA for ZEN detection
compared with the traditional ic-ELISA.
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2. Materials and Methods

2.1. Material and Apparatus

Hexadecyl trimethyl ammonium bromide (CTAB, 99%) was purchased from Solarbio
(Beijing, China). Chloroauric acid (HAuCl4) for the synthesis of AuNRs was obtained
from Sigma-Aldrich (St. Louis, MO, USA). Silver nitrate (AgNO3), Vc, VcP, and sodium
borohydride (NaBH4) for the synthesis of AuNRs, 1-ethyl-3-[3-(dimethylamino) propyl]
carbodimide (EDC) and OVA for the synthesis of the conjugate of ZEN-OVA were obtained
from the Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Pyridine and car-
boxymethoxylamine (CMO) were purchased from TCI Development Co. Ltd. (Shanghai,
China). The anti-ZEN monoclonal antibody (anti-ZEN-Ab, 1.0 mg/mL) was purchased
from Shandong Lvdu Biotechnology Co. Ltd. (Shandong, China). 3,3,5,5-tetramethylbenzi-
dine (TMB), HRP goat anti-mouse IgG conjugated (1.0 mg/mL), AP goat anti-mouse
IgG conjugated (3.5 mg/mL), AFB1, ZEN and the structural analogues (α-zearalenol, α-
zearalanol, β-zearalenol, zearalanone, β-zearalanol) (1.0 mg/L) were also purchased from
Sigma-Aldrich (St. Louis, MO, USA). T-2 toxin, ochratoxin A (OTA), and fumonisin B2
(FB2) were purchased from Toronto Research Chemicals (Toronto, ON, Canada).

The microplate reader for reading the absorbance values was purchased from Thermo
Fisher Scientific (Waltham, MA, USA). The UV-visible spectrophotometer (Cary 50 Bio)
was obtained from Varian (Salt Lake, CA, USA). The 96-well polystyrene microplates, mul-
tichannel pipettes (100–300 μL), and single-channel pipettes (2.5–1000 μL) were obtained
from Thermo Fisher Scientific (Waltham, MA, USA). The transmission electron microscopy
(TEM) images were obtained from Talos G2 200X electronic microscope (Thermo Fisher
Scientific (Waltham, MA, USA). A vortex machine (HQ-60) was purchased from North
Tongzheng Biotechnology Development Company (Beijing, China). Milli-Q Ultrapure
Water System was purchased from Milli-Q Millipore, (Bedford, MA, USA).

2.2. Preparation of the Coating Antigen—The Conjugate of ZEN-OVA

The preparation method of ZEN-CMO was modified according to the previous liter-
ature [30]. Briefly, 10.0 mg of ZEN was dissolved in 200 μL of methanol and mixed well.
Then, 20.0 mg of CMO and 1.0 mL of anhydrous pyridine were sequentially added into
the above mixed solution. The mixture was stirred and reacted under nitrogen protection
for 24 h. After the reaction was completed, the mixture was placed in a vacuum oven at
80 ◦C to remove pyridine and store at 4 ◦C for later use. We mixed 9.78 mg of the above
conjugate ZEN-CMO and 14.0 mg of EDC, successively dissolved it in 1.0 mL of DMF, and
stirred and activated it overnight at 4 ◦C. In total, 10.0 mg of OVA was dissolved in 2.0 mL
of NaHCO3 (130 mmol/L) and precooled. The activated product was added dropwise
under ice bath conditions. Two hours later, the product was placed under 4 ◦C overnight
and dialyzed against PBS buffer solution for 72 h and stored at −20 ◦C.

2.3. Test Procedure of ic-ELISA

The antigen ZEN-OVA was dissolved in the coating solution and mixed evenly. The
mixture was added to a microplate (0.025, 0.05, 0.1 μg/well, 100 μL/well), and incubated
overnight at 4 ◦C. After washing the plate with PBST (0.01 mol/L PBS and 0.1% Tween-20)
3 times, the blocking solution (PBS containing 0.5% skimmed milk powder, 200 μL/well)
was added, and we incubated the mixture at 37 ◦C for 1 h. After washing, the mixture of
ZEN standards were diluted to different concentrations (50 μL) and anti-ZEN Ab (50 μL)
was added and reacted at 37 ◦C for 1 h. Then, 100 μL of HRP goat anti-mouse IgG was
added into each well and incubated for 0.5 h. After washing the plate with PBST 5 times,
100 μL of the TMB substrate solution was added into each well. After incubation for
15–30 min, the reaction was terminated with 50 μL of H2SO4 (1.25 mol/L). Then, the
absorbance was measured at 450 nm using a microplate reader.
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2.4. Specificity of ic-ELISA

The specificity of Abs is related to the structure of the antigenic determinant and
is expressed as the cross-reactivity rate. Ten mycotoxins including ZEN, five structural
analogs of ZEN (α-zearalenol, β-zearalenol, α-zearalanol, β-zearalanol, and zearalanone),
and four common mycotoxins (AFB1, OTA, T-2 toxin, and FB2) were used as competing
standards to determine the cross-reactivity rate to anti-ZEN-Ab by ic-ELISA. The mentioned
analytes were diluted with PBS to the following concentrations (1000, 333.3, 111.11, 37.03,
12.34, 4.11, 1.37, 0.45, 0.15, 0.05, and 0.016 μg/L). The following equation was used to
calculate the cross-reaction rate.

CR (%) = IC50 (50% inhibitory concentration (ZEN))/IC50 (50% inhibitory
concentration (competitor)) × 100%

(1)

2.5. AuNR Growth-Based Multicolor ELISA for ZEN

Preparation of AuNRs seed liquid. The AuNRs were synthesized by the seed-
mediated method in this study. A total of 1.0 mL of CTAB (0.2 mol/L) and 1.0 mL of
HAuCl4 (0.5 mmol/L) were added into a round-bottom flask and mixed thoroughly. Then,
120 μL of NaBH4 (0.01 mol/L) was added and stirred gently for 2 min. The obtained
mixture was used as the seed liquid for AuNR growth.

Effect of Vc dosage on AuNR growth. The mixed solution containing 125 μL of
CTAB (0.2 mol/L), 1.5 μL of AgNO3 (0.01 mol/L), and 12.5 μL of HAuCl4 (0.01 mol/L) was
added to each well of the enzyme-labeled plate. After mixing, the Vc (0.01 mol/L) solution
of different volumes (0–20 μL) was added to control the total volume of the solution to
240 μL. Next, 10 μL of the seed solution was added to mediate the production of AuNRs.
After mixing evenly, the mixture was incubated at room temperature for 1 h, and UV
absorption spectra of the grown AuNRs were recorded.

Procedure of visualized multicolor ELISA based on AuNR growth. The encapsula-
tion process of the ZEN-OVA conjugate and its competitive binding with anti-ZEN Abs
were the same as ic-ELISA. The difference was that 100 μL of AP-goat anti-mouse IgG
diluted 10,000 times with Tris-HCl buffer (1 mmol/L pH 7.4) was added to each well. After
incubation at 37 ◦C for 30 min and full washing, 80 μL of VcP (15 mmol/L) was added
into each well. After full mixing, the mixture was incubated at 37 ◦C for 1 h. Then, 50 μL
of the above reaction solution was mixed evenly with the solution containing 125 μL of
CTAB (0.2 mol/L), 1.5 μL of AgNO3 (0.01 mol/L), and 12.5 μL of HAuCl4 (0.01 mol/L)
and controlled to 240 μL with ultrapure water. After 10 μL of seed solution was added,
the mixture was incubated at room temperature for 1 h and tested by naked eye and UV
absorption spectroscopy.

3. Results and Discussion

3.1. Preparation and Characterization of ZEN-CMO and ZEN-OVA Conjugate

In this study, the prepared ZEN-CMO (Mr: 391.28) was analyzed by mass spectrom-
etry (Figure S1). In an anionic environment, the characteristic ion peaks of ZEN-CMO
[M-1]¯ at 390.40 and [2M-1]− at 781.80 were observed, proving the successful preparation
of the hapten ZEN-CMO with acceptable purity. The ZEN-CMO product was further
conjugated with OVA to obtain ZEN-OVA conjugate, the concentration of which was deter-
mined to be 3.85 mg/mL by a commercial BCA kit. Furthermore, the prepared ZEN-OVA
conjugate was tested for its conjugate ability to anti-ZEN Abs (Table S1). When the Abs was
diluted 16,000 times, the OD450 value reached 1.253, and the inhibition rate reached 98.92%,
indicating the successful coupling of ZEN-CMO and OVA, and the obtained ZEN-OVA
conjugate could be used for subsequent immunoassay experiments.

3.2. Conditions Optimization of Traditional ELISA

Dilution times of ZEN-OVA conjugate and anti-ZEN Abs. Different amounts of
ZEN-OVA conjugate were coated on a 96-well microtiter plate to optimize the dilution
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times through ic-ELISA. According to the results shown in Table S2, when the coating
amount of the ZEN-OVA conjugate was 0.1 μg/well and the Ab dilution factor was 64,000,
the OD450 value reached 0.858, and the IC50 was 2.68 μg/L. When the coating amount was
0.05 μg/well and 0.025 μg/well, the dilution factor was 32,000, the corresponding OD450
and IC50 values were 1.078 and 0.793, 1.06 μg/L and 0.85 μg/L, respectively. It can be
clearly seen that the IC50 increased with the increase in the coating amount of ZEN-OVA,
which was because the excessive amount of ZEN-OVA bound to the Ab led to the decrease
in detection sensitivity. When the coating amount was 0.025 μg/well and the Ab dilution
factor was 32,000, the color development was relatively stable and the IC50 reached the
lowest value, which was selected as the optimal condition for subsequent experiments.

Blocking Solution. The blocking solution was applied to block the excess binding
sites in the micropores. A higher concentration of the blocking solution may affect the
subsequent binding between the antigen and Ab, thereby reducing the sensitivity of the
method. In the study, the IC50 values of the ic-ELISA method using different concentrations
(0.5% and 1%) of skimmed milk powder as the blocking solution were compared (Table S3).
The 0.5% skimmed milk powder had an IC50 of 0.85 μg/L, less than using 1% skimmed
milk powder (2.41 μg/L), which was selected as the blocking solution.

pH value of PBS diluent. PBS buffers with different pH values (5.7, 7.4, and 8.5) were
used for Ab dilution and ic-ELISA tests were performed (Table S4). When PBS was used at
pH 7.4, the IC50 value was only 0.85 μg/L, which was significantly lower than that obtained
at pH 5.7 and 8.5 (2.95 μg/L and 1.86 μg/L). At this time, the corresponding absorbance
value (λ = 450 nm) was also significantly higher than the other two pH values, because
the acidic or alkaline environment affected the binding reaction between the antigen and
Ab as well as enzyme-labeled antibody, resulting in the reduction in detection sensitivity.
Therefore, a PBS buffer of pH 7.4 was chosen as a diluent for Ab and ZEN standards.

3.3. ic-ELISA Standard Curve

Under the optimal conditions: coating amount of ZEN-OVA 0.025 μg/well, Ab dilu-
tion 32,000 times, blocking solution 0.5% skim milk powder in PBS, PBS buffer (pH 7.4) as
diluent, the standard curve of ic-ELISA for ZEN is shown in Figure 1. The sensitivity (IC50)
and limit of detection (IC15) reached 0.85 ± 0.04 μg/L and 0.22 ± 0.08 μg/L, indicating
that this method can provide accurate and sensitive analysis for the ZEN toxin.

 
Figure 1. Standard curve of ZEN by ic-ELISA.

3.4. Specificity of Traditional ELISA

In order to evaluate the specificity of the established ic-ELISA method to ZEN, five
ZEN structural analogs (α-zearalanol, β-zearalanol, α-zearalenol, β-zearalenol, and zear-
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alenone) and four common mycotoxins (AFB1, OTA, FB2, and T-2 toxin) were selected
and analyzed (Table 1). The cross-reaction rate of four structural analogs α-zearalanol,
β-zearalanol, α-zearalenol, and β-zearalenol were 35.27%, 45.70%, 29.72% and 17.93%,
respectively; the cross-reaction rate of zearalenone was only 1.58%; and there was no
obvious cross-reaction with other mycotoxins. These results proved that the established
ic-ELISA method had high specificity.

Table 1. Cross-reacting of ZEN with other mycotoxins.

Determinand Structure IC50 (μg/L) Cross-Reaction Rate

Zearalenone 0.85 100

α-Zearalanol 2.41 35.27

β-Zearalanol 1.86 45.70

α-Zearalenol 2.86 29.72

β-Zearalenol 4.74 17.93

Zearalanone 53.79 1.58

AFB1 >1000 <0.01

OTA

 

>1000 <0.01

FB2

 

>1000 <0.01

T-2 toxin

 

>1000 <0.01
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3.5. Multicolor ELISA Based on AuNRs Growth

The AuNRs used in the study were prepared by a traditional seed-mediated method.
The amount of Vc had a very important effect on the morphology and properties of the
prepared AuNPs. Figure 2a shows the results of AuNRs obtained under different Vc
solution additions. When a small amount of Vc solution was added (No. 1–6), the mixed
solution appeared yellow, and the corresponding UV-visible absorption spectrum had a
significant absorption peak at 400 nm, which was the characteristic absorption of HAuCl4.
With the increase in Vc solution volume, the color of the solution gradually lightened.
When the added amount was 12.0 μL, the solution was colorless by naked eye observation.
Meanwhile, no significant absorption was observed in the wavelength range greater than
500 nm. This was because when the amount of Vc was low, only Au(III) was reduced to
colorless Au(I) (No. 7). When the amount of Vc further increased, a new and gradually
enhanced UV absorption peak was formed at 500–800 nm, indicating that AuNRs gradually
grew (No. 8–11), which also proved that the Vc supplemental level played a very important
role in regulating AuNRs growth.

 
 

(a) (b) 

Figure 2. (a) UV-visible absorption spectra of AuNRs grown with different volumes of Vc; (b) UV-vis spectra and visual
results of the AuNRs growth solution before and after adding excessive VcP (a: before; b: after).

AP can induce the conversion of VcP to Vc and then promote the growth of AuNRs.
Figure 2b shows the UV absorption spectra and visual results of the AuNR growth solution
before and after the addition of excessive VcP. It was clearly observed that the addition of
VcP changed the growth solution from yellow (curve a) to colorless (curve b). In addition,
when excessive VcP was added, there was no absorption peak in the wavelength range of
500–800 nm, indicating that VcP could also reduce Au (III) to Au (I) but could not promote
the growth of AuNRs. It was confirmed that the conversion of VcP to Vc by AP was
a necessary prerequisite for promoting AuNR growth. Furthermore, different amounts
of AP-labeled secondary Abs were mixed with a fixed amount of Vc sodium phosphate
and incubated at a certain temperature to generate different amounts of Vc, which then
produced AuNRs with different aspect ratios, colors, and UV absorption spectrum, which
can be used as the basis for visual detection. Figure 3 shows the effect of adding different
volumes of AP-goat anti-mouse IgG enzyme-labeled secondary Ab on the growth of
AuNRs. With the increase in the amount of enzyme-labeled secondary Ab, the color of
the mixed solution gradually became darker, from colorless to reddish brown. The UV
absorption spectra showed that the longitudinal absorption peak of the prepared AuNRs
had a significant red shift. There was a good linear relationship between the amount of AP
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goat anti-mouse IgG conjugated secondary Ab (40–80 μL) and the longitudinal absorption
peak of the AuNRs produced (R2 = 0.995) (Figure 3b).

  

(a) (b) 

Figure 3. (a) UV-visible absorption spectra of AuNRs grown with different volumes of AP-labeled secondary Ab; (b) the
standard curve of AP-labeled secondary Ab and longitudinal absorption peaks of AuNRs.

Transmission electron micrographs (TEM) of AuNRs prepared with the addition of 120
and 280 μL of enzyme-labeled secondary Abs are shown in Figure 4. The size of the AuNRs
prepared with 120 μL of enzyme-labeled secondary Ab were uniform and moderate, with
an average aspect ratio of 3.5 (Figure 4a,b). When 280 μL of enzyme-labeled secondary
Ab was used, the aspect ratio of AuNRs increased to 4.5 (Figure 4c,d). The results showed
that the addition of AP goat anti-mouse IgG enzyme-labeled secondary Ab had a direct
effect on the increase in the AuNRs aspect ratio. The color and UV-visible absorption
spectrum of the mixed solution showed a linear relationship with the content of AP goat
anti-mouse IgG enzyme-labeled secondary Ab, indicating the feasibility of developing a
visual multicolor ELISA.

3.6. Standard Curve of AuNPs Growth-Based Multicolor ELISA for ZEN Detection

The results of multicolor ELISA based on AuNR growth for ZEN at different concen-
trations (0–200 μg/L) are illustrated in Figure 5. The mixed solution without the addition
of ZEN standard had a distinct brownish red color. As the content of ZEN increased,
the color of the mixture became lighter, from dark gray to green to colorless. When the
ZEN concentration was 0.1 μg/L, the mixed solution showed a color change that can be
recognized by the naked eye (from brownish red to dark gray), which meant the limit
of detection (LOD) of the developed AuNRs growth-based multicolor ELISA for ZEN
was lower than 0.1 μg/L. The UV absorption spectra showed that the longitudinal ab-
sorption peak of AuNRs shifted to blue gradually with the increase in ZEN concentration.
(Figure 5a). As shown in Figure 5b, ZEN concentration had a good linear correspondence
with the longitudinal absorption wavelength of the corresponding AuNRs in the range
of 0.001–100 μg/L, which strongly demonstrated the potential applicability of the devel-
oped visual multicolor ELISA based on AuNRs growth for naked identification of low
concentrations of mycotoxins.
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(a) (b) 

 

(c) (d) 

Figure 4. TEM images and aspect ratio of particle size analysis of AuNRs prepared by adding 120 (a,b) and 280 μL (c,d) of
enzyme-labeled secondary Abs.

 

(a) (b) 

Figure 5. (a) UV absorption spectra and visual results of AuNR growth-based multicolor ELISA; (b) Standard curve of
different ZEN concentration and AuNR longitudinal absorption peak.
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4. Conclusions

This study developed two detection strategies for the ZEN toxin based on the specific
reaction of antigen–antibody. The established ic-ELISA method had high accuracy, sensitiv-
ity, and specificity, and can provide an effective semiquantitative analysis strategy for ZEN
contaminants in food. The visual analysis strategy based on the growth of AuNRs was
suitable for the rapid screening of a large number of contaminated samples ZEN and can
be extended to the monitoring and control of the content of other harmful substances in
foods. In Table 2, various reported ZEN detection strategies are illustrated to demonstrate
the merits of the developed two methods in this study.

Table 2. Comparison of the published traditional instrumental and immunoassays for ZEN detection.

Method Applied Materials Limit of Detection References

GC-MS - 5 ng/g [15]

LC-MS/MS - 0.02 ng/mL [18]

Lateral flow
immunochromatographic assays

Colloidal gold, quantum dots,
polystyrene microspheres 10, 1, 1 μg/L [22]

Fluorescence-linked
immunosorbent assay CdTe/CdS/ZnS quantum dots 0.012 ng/mL [27]

Multiplexed
immunochromatographic assay

Dual CdSe/ZnS quantum dot
nanobeads 10 ng/mL [31]

ic-ELISA - 0.22 ± 0.08 μg/L (IC15) This work

Visualized multicolor ELISA AuNRs 0.1 μg/L This work

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.339
0/foods10112654/s1, Figure S1: Mass spectrum of ZEN-CMO, Table S1: Results of ZEN-OVA binding
to Abs, Table S2: Optimization results of the coating-antigen and Ab, Table S3: Optimization results
of the blocking buffer, and Table S4: Optimization results of pH value of PBS buffer.
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Abstract: A novel rare earth upconversion nanomaterial with a three-layer sandwich core–shell
structure was synthesized by an improved thermal decomposition method, and the morphology,
fluorescence intensity and diffraction peak position of the new material were characterized by TEM
(transmission electron microscope), XRD (Powder X-ray diffraction)and fluorescence spectrophotome-
ter. The inert core/active shell/inert shell design improved the upconversion luminous efficiency
of the new material several times. FTIR (Fourier transform infrared spectroscopy)characterization
showed that the surface of activated upconversion nanoparticles was modified with silicon shell and
amino group. Combined with the characteristics that aminoated polystyrene magnetic microspheres
could be separated by the magnetic field, an upconversion magnetic separation immunoassay method
for the detection of pyrethroid pesticide residues was established. The capture probe competed with
the pyrethroid standard, combined the signal probe, and measured the fluorescence signal value
formed by the capture probe signal probe complex at 542 nm under 980 nm excitation light. The LOD
(limit of detection)of fenpropathrin was 0.01 μg/L, cypermethrin was 0.015 μg/L, and fenvalerate was
0.011 μg/L. Through the actual sample detection of apple, cabbage and other samples, the recovery
rate of pyrethroids was between 83.4~97.8%. The comparison with the HPLC (high performance
liquid chromatography)detection results showed that the established method had good accuracy, and
could realize the quantitative analysis of pyrethroids in food.

Keywords: pyrethroids; upconversion nanomaterials; fluorescence immunoassay

1. Introduction

Upconversion nanomaterials (UCNPs) follow the anti-stoke luminescence law, which
could convert long wave low-energy photons into short wave high-energy photons [1,2],
and have stable photochemical properties. Rare earth element doped upconversion ma-
terials could not only emit strong visible light under the excitation of near-infrared but
also have the advantages of small light damage, high penetration depth, low spontaneous
fluorescence interference of biological tissue and low biological toxicity [3–6]. Therefore,
they have attracted extensive attention in the fields of medical imaging, detection and
sensing. UCNPs could be combined with fiber chromatography materials to prepare test
strips to detect veterinary drug residues in aquatic products and livestock and poultry
meat. They could also be used to develop quantum dot biosensors to detect heavy metal
ions in food, which shows that UCNPs have broad application prospects in food safety
detection. However, the defects of low luminous efficiency and short fluorescence life
have limited the research and application of UCNPs. Therefore, researchers at home and
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abroad have prepared upconversion materials with core–shell structures to improve their
optical properties. For example, in 2020, Wu Haoyu prepared inert core–shell structure
NaYF4:Yb/Er@NaGdF4, and compared with NaYF4:Yb/Er without shell, its luminous effi-
ciency was increased by more than 20 times [7]. In the same year, Zhu Yuyan prepared the
active core–shell structure NaYbF4@NaYF4:Yb/Er, and the surface was coated with NaYbF4
shell doped with sensitizer Yb3+; compared with shell-free nanoparticles NaYF4:Yb/Er, the
fluorescence intensity was increased by 6 times [8]. In addition to the double-layer core–
shell structure, Qiu et al. prepared the NaYF4:Yb3+/Tm3+@NaYbF4@/NaYF4 multilayer
core–shell structure of active core/active shell/inert shell, which increased the fluorescence
brightness by 11 times compared with NaYbF4@/NaYF4 [9]. The research and development
of multi-layer core–shell structure had created space confinement, doped rare earth ions
in different shells, improved the upconversion efficiency and reduced the occurrence of
cross relaxation [10].

Pyrethroids have been mainly used for the control of vegetable and fruit pests in
agricultural planting and have become the second most common insecticide in agricultural
production, accounting for about 30% of the pesticide market [11–14]. The latest national
standard GB 2763-2021 stipulates that the maximum residue limit of fenpropathrin in
fruit is 5 mg/kg, that in cabbage iss 1 mg/kg and that in cucumber is 0.2 mg/kg. The
maximum residue limit of cypermethrin in apple, pear and cabbage is 2 mg/kg, and the
maximum residue limit of fenvalerate in apple, pear and cabbage is 1 mg/kg; EU standard
EU441/2012 stipulates that the maximum residue of bifenthrin in tomato is 0.3 mg/kg, and
the maximum residues of fenvalerate and beta cypermethrin in potato are 0.02 mg/kg and
0.01 mg/kg [15–17]. Even though there are limited requirements in the national standards,
the excessive residue of pyrethroid pesticides in edible agricultural products has been
banned repeatedly. According to the national sampling data, pyrethroid pesticides are
often used in leek, celery, green pepper, cowpea, pear and citrus, and the problem of
unqualified rate was more prominent [18–20].

In this experiment, three-layer sandwich structure rare earth UCNPs were synthesized
by the classical thermal decomposition method. The silicon shell and amino group were
modified on the surface of UCNPs by the Stober method to increase hydrophilicity and
biocompatibility. Based on the principle of upconversion magnetic separation immunofluo-
rescence, an immunoassay method for rapid detection of pyrethroid residues in food was
proposed. The additional amount of antigen and antibody in the detection system was op-
timized through bicinchonininc acid (BCA)kit to determine the optimal reaction conditions;
to realize the rapid determination of pyrethroids in apple, pear, cabbage and cucumber
samples, the accuracy of the method was verified by HPLC comparison experiment.

2. Materials and Methods

2.1. Materials and Instruments

Fenpropathrin, cypermethrin and fenvalerate were purchased from Adamas company
(Shanghai, China). Enzyme labeled secondary antibody (Sheep anti rabbit) was purchased
from Shanghai TITAN Technology Co., Ltd. (Beijing, China). Pyrethroid universal antigen,
pyrethroid universal antibody, YCl3·6H2O, YbCl3·6H2O, ErCl3·6H2O were purchased from
Bioengineering Shanghai Co., Ltd. (Shanghai, China). 1-octadecene, ammonium fluoride
and 3-aminopropyl triethoxysilane (APTES, 98%) were purchased from Tianjin Hengshan
Chemical Technology Co., Ltd. (Tianjin, China). Sodium hydroxide, methanol, absolute
ethanol, acetonitrile and sodium chloride were purchased from Tianjin Chemical Reagent
Supply and marketing company (Tianjin, China). Oleic acid, tetraethoxysilane (TEOS, 98%),
CO-520 and cyclohexane were purchased from Tianjin Baiaotai Technology Development
Co., Ltd. (Tianjin, China). Bovine serum albumin (BSA, 98%) was purchased from Merck,
Germany. Glutaraldehyde was purchased from Shanghai Meiruier Chemical Technology
Co., Ltd. (Shanghai, China). The ammonia and BCA protein concentration determination
kit was purchased from Tianjin Yuanli Chemical Co., Ltd. (Tianjin, China). Aminoated
polystyrene magnetic microspheres (MPM) were purchased from Beijing Beisile Color Co.,
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Ltd. (Tianjin, China). The nanoparticle morphology and size of UCNPs were determined
by FEI TECNAI G20 transmission electron microscope (TEM, FEI Company, Hillsboro, OR,
USA). Fourier transform infrared spectroscopy (FTIR) of UCNPs was determined by FTIR
spectrophotometer (Perkin Elmer, Waltham, MA, USA). Powder X-ray diffraction (XRD)
measurements of UCNPs were performed by the AXIS-ULTRA-DLD instrument (Millipore,
New York, NY, USA). All the above instruments were from the school of the chemistry of
Tianjin Normal University (Tianjin, China). The fluorescence intensity of upconversion
nanoparticles was detected by an f-2500 fluorescence spectrophotometer equipped with a
980 nm laser exciter. Waters e2695 HPLC was from Thermo Fisher Scientific, Waltham, MA,
USA. All chemicals used were analytical grade.

2.2. Preparation and Surface Modification of UCNPs

Based on the high-temperature thermal decomposition method, 2 mmol YCl3·6H2O,
30 mL1-octadecene and 12 mL oleic acid were put into a three-mouth bottle and heated to
170 ◦C under high-purity argon to form a yellow transparent solution. When the reactant
was cooled to room temperature, methanol solution dissolved with 5 mmol NaOH and 8
mmol NH4F was added drop by drop, stored at room temperature for 30 min, slowly raised
the temperature to 100 ◦C, and methanol and water was evaporated in the reaction system.
Following this, the temperature was raised again to 300 ◦C and kept for 1.5 h. After the
reaction system was cooled to room temperature, the sample was centrifuged at 8500 rpm,
washed several times alternately with ethanol and cyclohexane, dried in the oven and the
NaYF4 core was collected.

In additional sample preparation, 2 mmol RECl3·6H2O (RE:78% mol Y3+, 2% mol Er3+,
20% mol Yb3+), 12 mL oleic acid and 30 mL octadecene was placed into a three-mouth
bottle, raised the temperature to 170 ◦C under argon to form a yellow transparent solution,
and cooled to room temperature. Next was the addition of 2 mmol NaYF4 core dissolved
in cyclohexane dropwise and stirred continuously, and the addition of methanol solution
dissolved with NaOH and NH4F and stirred continuously at room temperature. The
reactant was heated to 100 ◦C and cyclohexane was evaporated. After the removal of
cyclohexane, the procedure was the same as above. After being cleaned several times, it
was dried in the oven and collected NaYF4@NaYF4:Yb,Er.

In addition, the same amount of YCl3·6H2O, octadecene and oleic acid was placed
into a three mouth bottle and heated to 170 ◦C to form a yellow transparent solution. This
was then cooled to room temperature, to which was added 2 mmol NaYF4@NaYF4:Yb,Er
dissolved in cyclohexane dropwise and stirred slowly. After cyclohexane removal, nu-
cleation and growth, washing, drying and collection, the NaYF4@NaYF4:Yb, Er@NaYF4
nanoparticles with the three-layer sandwich structure of inert core/active shell/inert core
were obtained.

Finally, 100 mg UCNPs was weighed out, dispersed in 50 mL ethanol by ultrasonica-
tion and stirred quickly. Following this, 4 mL ammonia and 30mL secondary water was
added and underwent vigorous stirring at 45◦C. Four microliter TEOS was added to the
mixture within 5 h. And one hundred microliter APTES solution was added dropwise
to the suspension and reacted for 5 h. The sample was washed twice with ethanol and
centrifuged to obtain white solid precipitation. This was then placed in the oven and dried
for 24 h, after which UCNPs@SiO2@NH2 was collected and stored in dark condition prior
to testing

2.3. Preparation of Capture Probe and Signal Probe

The signal probe was prepared by the glutaraldehyde crosslinking method. Here,
10 mg UCNPs@SiO2@NH2 was dissolved in 5 mL PBS (10 mmol/L), ultrasonicated for
20 min, 1.25 mL of 25% glutaraldehyde solution and 100 mg NaBH4 was added drop by
drop, shaken slowly for 1 h, centrifuged to remove the supernatant, washed with PBS
for three times, dispersed the precipitate in 5 mL PBS, ultrasonicated for 10 min, added
a certain amount of antibody, reacted for 6 h, and centrifuged to collect the supernatant
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and precipitate respectively. Then the precipitate was dissolved in 5 mL PBS (including
1% BSA), reacted for 6 h, and the precipitate was collected by centrifugation, dispersed in
5 mL PBS and stored at 4 ◦C to obtain the signal probe with the concentration of 2 mg/mL.
When preparing the capture probe, the same amount of amino magnetic microspheres was
dissolved in 5 mL PBS. The operation was the same as above. Following the addition of a
certain amount of antigen, and centrifugation, the capture probe with a concentration of
2 mg/mL was obtained and stored at 4 ◦C.

In the process of preparing the two probes, the addition amount of pyrethroid antigen
and antibody was optimized. Addition of 20 μg, 40 μg, 60 μg, 80 μg, 100 μg antigen and
antibody respectively was done in preparing capture probes and signal probes. Calculation
was done of the coupling amount through the BCA kit, and then the coupling rate was
calculated according to the following formula to determine the optimal addition amount of
antibody (antigen).

coupling rate =
Mc
Mt

×100% (1)

In the formula, Mc is the coupling amount of antibody (antigen), and Mt is the total
amount of antibody (antigen).

2.4. Optimization of Capture Probe Addition

To ensure that the capture probe and signal probe reacted fully, the addition amount of
capture probe was optimized in this study. When the addition amount of signal probe was
determined, addition of 40 μg, 60 μg, 80 μg, 100 μg, 120 μg, 140 μg capture probes respec-
tively, and the fluorescence value of the signal probe capture probe complex was measured.

2.5. Establishment of UpConversion Magnetic Separation Immunofluorescence Method

The pyrethroid standard competed with the capture probe to bind the signal probe.
The capture probe signal probe conjugate was separated by the external magnetic field,
and the upconversion magnetic separation immunofluorescence method was established.
The pyrethroid standard competed with the capture probe to bind the signal probe. The
capture probe signal probe conjugate was separated by the external magnetic field, and
the upconversion magnetic separation immunofluorescence method was established. The
standard solution was taken of fenpropathrin, cypermethrin and fenvalerate in different
concentrations and mixed with the capture probe, added the signal probe, reacted at 25 ◦C
for 1 h, separated the capture probe signal probe complex with the external magnetic field,
collected the precipitation, washed it with PBS for three times, dispersed the precipitation
in 2 mL PBS, and measured the fluorescence value with an external 980 nm excitation light
source fluorescence spectrophotometer. The upconversion immunofluorescence standard
curve at different concentrations was established.

2.6. Sample Pretreatment

Apple, pear, cabbage and cucumber were selected as experimental samples and
respectively smashed in a blender. Following this, 2 g apple and pear samples were
placed into a centrifuge tube, 10 mL acetone-n-hexane (1:1) mixed solvent was added,
and subjected to vortexed oscillation for 10 s and ultrasonic extraction for 30 min. Then,
sample was centrifuged at 4000 r/min for 5 min, and the supernatant was passed through
a 0.22 μm micro membrane and stored for the test.

Two grams of cabbage and cucumber samples were prepared and placed in a cen-
trifuge tube, to which 4 mL 0.1% acetic acid acetonitrile solution was added, and subjected
to vortexed oscillation for 5 min; following this, 1 g sodium chloride was added, and
subjected to vortexed oscillation for 2 min, centrifuged for 2 min at 4500 r/min, and 2 mL
of supernatant was extracted. Finally, the sample was spun steamed and dried, fixed to a
volume of 1 mL with methanol, passed through 0.22 μm microfilm, and stored for testing.
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2.7. HPLC Comparison Test
2.7.1. Chromatographic Conditions

Chromatographic conditions were as follows: Chromatographic column: Bridge C18
(5 μm, 4.6 × 250 mm); Mobile phase: methanol–water (32:68); Flow rate: 1.0 mL/min;
Column temperature: 30 ◦C; Injection volume: 20 μL; Detection wavelength: 205 nm.

2.7.2. Extraction and Purification

Samples were taken according to Appendix A of GB 2763-2021 [21]. Stems were
removed from apple, pear and cucumber, and the root was removed from cabbage as the
sample determination part. The samples were chopped and mixed into homogenate, sealed
and frozen at −20 ◦C. Samples were extracted with acetonitrile, salted out and centrifuged
with sodium chloride; the supernatant was purified by solid-phase extraction column,
eluted with acetonitrile toluene solution (3 + 1), spun in the water bath until it was nearly
dry, volume was fixed methanol, and it was filtered through 0.22 μm filter membrane, in
preparation for test [22].

2.8. Actual Sample Testing

Three samples of apple, pear, Chinese cabbage and cucumber were randomly selected
in the market, and the surface attachments were gently wiped with gauze. No pyrethroid
pesticides were detected in 12 samples by HPLC. Three standards of fenpropathrin, cyper-
methrin and fenvalerate were randomly added into 12 blank samples. After the sequence
was disrupted, they were renumbered 1–12#, tested simultaneously by this experimental
method and HPLC, and the data were recorded.

2.9. Method Specificity

Fenpropathrin, Cypermethrin, Fenvalerate and their structural analogs bifenthrin,
deltamethrin, homeopathic permethrin and four other pesticides commonly used in agri-
cultural production were selected for cross-reaction experiments. Ten pesticides were
configured with the same concentration as the standard and competed with the capture
probe for the signal probe. There were detected and recorded at a fluorescence value of
542 nm. The fluorescence intensity after the reaction of the capture probe and the signal
probe was recorded as I0, the fluorescence intensity after the reaction of different standards
with the capture probe and the signal probe was recorded as I, and the difference between
I0 and I was calculated as ΔI.

3. Results and Discussion

3.1. Characterization of Upconversion Materials

Rare earth doped upconversion nanomaterials have excellent physical and chemical
properties, so they have been widely used. However, the low luminous efficiency had be-
come the biggest resistance to the research and development of upconversion nanoparticles.
The design of core–shell structure could greatly make up for the defects of upconversion
materials. Rare earth upconversion materials are generally composed of matrix, sensitizer
and activator. The choice of matrix materials could be oxides, sulfides, halides, etc., but the
high phonon energy of oxides was not conducive to the occurrence of upconversion, and
the iodide and bromide in halides were easy to be decomposed by moisture, which was not
conducive to the preparation of materials. Therefore, fluoride was selected as the matrix
material. NaYF4 in fluoride had good stability and high emission efficiency and was the
first choice of matrix materials. The rare earth ions doped with upconversion nanomaterials
had low photon utilization in the near-infrared region. If the absorption efficiency was
increased by increasing the concentration of doped ions, the distance between activator
ions was too close, and cross-relaxation will occur, resulting in concentration quenching
and the luminous efficiency could not be improved. To improve the luminescence efficiency,
a higher proportion of sensitizer ions could be added to the upconversion nanocrystals.
Compared with other sensitizer ions, Yb3+ had the widest absorption cross-section in the
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near-infrared region. The activator ion Er3+ not only had a rich energy level structure but
also had a narrow luminescence band, which could have efficient energy transfer with
the sensitizer ion Yb3+. Due to the surface of rare earth upconversion nanocrystalline
NaYF4:Yb,Er@NaYF4 being in direct contact with solvent and environment, a large number
of ions were able to reach the exciting state transfer energy to the surface of upconver-
sion nanoparticles and return to the ground state in a nonradiative transition, resulting
in surface quenching, which greatly affects the luminescence efficiency of upconversion.
Therefore, to suppress the occurrence of surface quenching, a layer of inert material was
usually coated on the outside. As an inert shell, NaYF4 could not only have better lattice
matching with the template seed crystal and better coating effect, but also because NaYF4
is an inert material, it inhibits the nonradiative relaxation of excited Er3+, making the
energy transfer between Er3+ for a longer time, and increased the fluorescence lifetime of
the material. Therefore, inert core/active shell/inert core three-layer sandwich structure
upconversion nanoparticles NaYF4@NaYF4:Yb, Er@NaYF4 were designed.

The morphology and size of upconversion nanomaterials were measured by trans-
mission electron microscope. As shown in Figure 1, upconversion particles had good
dispersion, uniform size and hexagonal phase. Figure 1A showed the inert core NaYF4 with
a particle size of about 16 nm, Figure 1B showed the morphology of the inert core NaYF4
coated with the active shell, NaYF4:Yb, Er@NaYF4 about 22 nm, Figure 1C showed the
morphology of NaYF4: Yb, Er@NaYF4 coated with the inert shell, and NaYF4@NaYF4:Yb,
Er@NaYF4 about 26 nm. The coating of the core–shell structure could be proved to be suc-
cessful by increasing the particle size. The fluorescence spectrum of UCNPs was measured
by using a fluorescence spectrophotometer with an external 980 nm excitation light source.
It could be seen from Figure 1E that the nanoparticles had the largest characteristic emission
peak at 542 nm. The fluorescence efficiency of the nanomaterial was significantly enhanced
after coating the active shell, and the fluorescence intensity increased several times after
coating the inert shell. Compared with the core–shell structure NaYF4:Yb,Er@NaYF4 syn-
thesized by Nahid ghazyani [23], the fluorescence intensity increased nearly 100 times. The
coating of the inert shell greatly shortened the distance between the luminous center and
the energy receptor, shortened the path from the sensitizer to the activator, reduced the
energy loss, had high quantum efficiency, and realized high-strength emission.

   
(A) (B) (C) (D) 

(E) (F) (G)

Figure 1. (A) TEM images of NaYF4; (B) TEM images of NaYF4:Yb,Er@NaYF4; (C) TEM images
of NaYF4@NaYF4:Yb,Er@NaYF4; (D) TEM images of NaYF4@NaYF4:Yb,Er@NaYF4@SiO2@NH2;
(E) Flu-orescence spectra; (F) FTIR spectra of NaYF4@NaYF4:Yb,Er@NaYF4@SiO2@NH2; and (G) XRD
pat-tern of NaYF4@NaYF4:Yb,Er@NaYF4.
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To increase the dispersion and biocompatibility of upconversion materials in the
aqueous system, they were modified with a layer of SiO2 shell and amino group on
the surface by the classical Stober method. Figure 1D shows the transmission electron
microscope image of the modified upconversion material. It could be seen from the figure
that a thin layer of silicon shell appears on the surface of the modified UCNPs, and the
modified particle size was about 30 nm, which indicated that the silicon shell on the surface
of UCNPs was coated successfully. The functional groups on the surface of the modified
nanomaterial were characterized by Fourier infrared spectroscopy. As shown in Figure 1F,
the siloxy symmetric stretching and stretching vibration of the nanoparticle appeared in
the area of about 1100 cm−1, which again showed that the material had been coated with
a silicon shell. The stretching and bending vibration of the amino group appeared at
3401 cm−1, indicating that the surface of the material had been modified with the amino
group. The peak at 2900 cm−1 in the figure was methylene symmetrical stretching vibration,
which may be due to accidental contamination with substances containing methylene
during tablet pressing, which will not affect the experimental results. The results of X-ray
diffraction of the nanomaterial are shown in Figure 1G, and the diffraction peak was
consistent with the comparison result of hexagonal beta phase UCNPs standard spectrum
(JCPDS No. 28-1192), which further showed that the synthesized UCNPs was a hexagonal
phase. The phonon energy of the hexagonal phase was lower than that of the cubic phase,
which was helpful to improve the upconversion luminous efficiency of the material and
was more suitable to be used as an upconversion matrix material.

3.2. Optimization of Antigen and Antibody Addition

Based on the principle of immunology, the signal probe was made by connecting
pyrethroid universal antibody with modified upconversion particles by glutaraldehyde
cross-linking method, and the capture probe was made by connecting pyrethroid universal
antigen with amino magnetic microspheres.

Figure 2 shows the detection results of antigen–antibody concentration in the super-
natant after universal antigen and antibody were combined with magnetic particles and
upconversion materials respectively. As shown in Figure 2B, when the addition amount of
pyrethroid universal antigen was 20~80 μg, the coupling rate increases with the increase of
the additional amount. When the addition amount was 80 μg, the coupling rate between
antigen and amino magnetic microspheres reached the maximum. When the addition
amount was 80~100 μg, the coupling rate decreased gradually. So when 80 μg antigen
was added, the antigen combined with the amino magnetic microspheres performed best,
and the coupling rate was 97.01%. Figure 2C shows that when the addition amount of
pyrethroid universal antibody was 20~80 μg, the coupling rate increased gradually. When
the amount of antibody added was 80 μg, the coupling rate between antibody and upcon-
version material reached the maximum. When the addition amount was 80~100 μg, the
coupling rate decreased gradually. Therefore, 80 μg antibody was added when preparing
the signal probe, and the coupling rate was 95.06%.

3.3. Optimization of Capture Probe

In the upconversion magnetic separation detection system, the capture probe was used
as the antigen carrier and separation medium. If the addition amount was insufficient, it
will affect the full binding of antigen and antibody, and finally lead to the weak fluorescence
signal, so the fluorescence spectrophotometer could not detect the change of fluorescence
signal difference. If the addition was excessive, the color of the reaction system will
be darker, which may cause background interference, affect the fluorescence value and
lead to waste.
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Figure 2. (A) BCA kit standard curve; (B) Optimization of the added amount of pyrethroid universal
antigen conjugated with MPMs; and (C) Optimization of the added amount of pyrethroid universal
antibody conjugated with UCNPs.

On the premise of determining the additional amount of signal probe, the addition
amount of capture probe was optimized. The optimization results of the addition amount
of capture probe are shown in Figure 3. When the addition amount of capture probe was
40~120 μg, the fluorescence value of the capture probe signal probe complex gradually
increased. When the addition amount of the capture probe was 120 μg, the fluorescence
value of the reaction system reached the maximum. When the addition amount of capture
probe was 120~140 μg, the fluorescence value of the capture probe signal probe complex
decreased gradually. To achieve the best detection results without wasting materials, the
optimal addition amount of capture probe was 120 μg.

Figure 3. Optimization of capture probe addition.

3.4. Drawing of Standard Curve and Determination of Detection Limit

For this procedure, 50 μL standard solutions of fenpropathrin, cypermethrin and
fenvalerate of different concentrations and 120 μL capture probe were prepared, placed into
the centrifuge tubes, to which 200 μL signal probe was added, and subjected to competitive
reaction for 60 min. The signal probe capture probe conjugate was collected by the magnet
and washed 3 times with PBS. The precipitate was dispersed in 2 mL PBS again, and the
fluorescence intensity at 542 nm was measured by a fluorescence spectrophotometer with
an external 980 nm laser. The logarithm was taken of the concentrations of fenpropathrin,
cypermethrin and fenvalerate as the abscissa and the fluorescence intensity difference
(ΔI = I0 − I) of immune complexes in the detection system containing different concentra-
tions of standards as the ordinate, and the standard curve for the detection of fenpropathrin,
cypermethrin and fenvalerate was established. The fluorescence spectra at different con-
centrations of fenpropathrin, cypermethrin and fenvalerate are shown in Figure 4. With
the increase of standard concentration, the fluorescence intensity in the reaction system
decreased. According to the standard curve, it could be found that the LOD and sensitivity
of upconversion magnetic separation immunoassay for fenpropathrin were 0.01 μg/L
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and 1.6 μg/L, for cypermethrin were 0.015 μg/L and 1.3 μg/L, and for fenvalerate were
0.011 μg/L and 1.5 μg/L. Liu Mengli [24] constructed a label-free fluorescence analysis
method using NaYF4:Yb,Er. The LOD of fenpropathrin in traditional Chinese medicine was
0.24 ng/mL, the fluorescence intensity of NaYF4@NaYF4:Yb,Er@NaYF4 synthesized by this
method was higher, and the LOD of upconversion magnetic separation immunoassay for
pyrethroids was lower. This immunoassay method was more convenient, sensitive and
efficient than most traditional methods for the detection of pyrethroids. The research of
this method provides a powerful means for the detection of pyrethroids in food.

   
(A) (B) (C) 

   
(D) (E) (F) 

↓
↓ ↓

Figure 4. (A) Upconversion fluorescence spectrum of fenpropathrin at different concentrations;
(B) Upconversion fluorescence spectrum of cypermethrin at different concentrations; (C) Upcon-
version fluorescence spectrum of fenvalerate at different concentrations; (D) Standard curve of
fenpropathrin; (E) Standard curve of cypermethrin; and (F) Standard curve of fenvalerate.

3.5. Elimination of Matrix Effect

Proteins, sugars and pigments in the sample will interfere with the test results. The
influence of the matrix could be reduced by sample dilution. Apple, pear, cabbage and cu-
cumber samples were extracted with acetonitrile and diluted with PBS 5, 10 and 20 times re-
spectively. The standard inhibition curve was drawn with the concentration of pyrethroids
as the abscissa and the fluorescence intensity as the ordinate. The results are shown in
Figure 5. When cucumber and cabbage samples were diluted 10 times and apple and pear
were diluted 20 times, the standard inhibition curve was similar to the standard curve of
the established method. It showed that the matrix effect could be eliminated when the
cabbage and cucumber were diluted 10 times, and apple and pear were diluted 20 times.
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Figure 5. (A,E,I) Elimination results of matrix effect of cucumber; (B,F,J) cabbage; (C,G,K) apple; and
(D,H,L) pear.

3.6. Add Sample Recovery

All samples were detected by HPLC without pyrethroids before the addition and
recovery experiment. Pyrethroid standards with low, medium and high concentrations
were added to cucumber, cabbage, apple and pear respectively, and five parallel groups
were set for the determination of each concentration of each sample. The same amount of
standard with the same concentration was added to the same five samples, and the concen-
tration of standard was determined by the method established in this paper. After sample
pretreatment and PBS dilution, they were used for sample determination. Calculation of
the recovery and CV of spiked samples was made according to the formula. As shown
in Table 1, the average recovery of fenpropathrin was 88.6~97.8% and CV was 2.1~7.1%;
the average recovery of cypermethrin was 84.5~93.8% and CV was 2.1~7.4%; the average
recovery of fenvalerate was 83.4~94.2% and CV was 1.9~6.8%. The CV was not higher
than 7.4%, indicating that the method established in this paper had good precision. The
detection limit of apple and pear samples was 1 μg·kg−1, the detection limit of cabbage and
cucumber was 0.5 μg·kg−1; it was far lower than the national standard of MRL in fruits
and vegetables [21]. It showed that the method has good accuracy and could be used for
the detection of pyrethroids in daily life.

rate of recovery% =
Detection amount of spiked sample

Standard addition
×100% (2)

CV =
SD
MN

×100% (3)
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Table 1. Recovery rate of pyrethroids in added samples.

Sample
Additive

Concentration
(μg·kg−1)

Fenpropathrin Cypermethrin Fenvalerate

Mean ± SD
Average

Recovery
CV Mean ± SD

Average
Recovery

CV Mean ± SD
Average

Recovery
CV

(μg·kg−1) (%) (%) (μg·kg−1) (%) (%) (μg·kg−1) (%) (%)

Cucumber 0.5 0.44 ± 0.03 88.6 7.1 0.42 ± 0.03 84.5 7.4 0.42 ± 0.03 83.4 6.7
2 1.83 ± 0.08 91.5 4.6 1.72 ± 0.07 86.2 4.1 1.71 ± 0.06 85.4 3.6

10 9.31 ± 0.27 93.1 2.9 8.87 ± 0.19 88.7 2.1 8.79 ± 017 87.9 1.9
Cabbage 0.5 0.46 ± 0.03 92.7 6.1 0.45 ± 0.03 89.4 5.7 0.46 ± 0.03 92.6 5.8

2 1.93 ± 0.09 96.5 4.5 1.83 ± 0.08 91.5 4.1 1.87 ± 0.07 93.4 3.9
10 9.78 ± 0.36 97.8 3.7 9.33 ± 0.27 93.3 2.9 9.42 ± 0.23 94.2 2.4

Apple 0.5 0.44 ± 0.03 88.7 7.1 0.45 ± 0.03 89.6 6.9 0.45 ± 0.03 89.5 6.8
2 1.83 ± 0.08 91.6 4.6 1.84 ± 0.07 92.1 3.9 1.81 ± 0.07 90.7 3.6

10 9.51 ± 0.27 95.1 2.8 9.38 ± 0.27 93.8 2.9 9.29 ± 0.23 92.9 2.5
Pear 0.5 0.45 ± 0.03 89.7 5.9 0.44 ± 0.03 87.8 5.7 0.44 ± 0.03 88.7 5.8

2 1.84 ± 0.08 91.9 4.2 1.78 ± 0.07 89.2 3.9 1.80 ± 0.07 89.9 4.1
10 9.43 ± 0.20 94.3 2.1 9.18 ± 0.26 91.8 2.8 9.23 ± 0.22 92.3 2.4

In the formula, CV is the coefficient of variation, SD is the standard deviation, and
MN is the average value.

3.7. Comparison Experiment of High-Performance Liquid Chromatography

To verify the accuracy of upconversion magnetic separation immunoassay, the con-
centration of pyrethroids in blind samples was determined by HPLC. One sample was
divided into two parts, and the same amount of standard was added respectively. One
part was pretreated according to the description in part 2.6, and the method established in
this paper was used for detection; another part of the samples was pretreated as described
in Section 2.7 and detected by HPLC. Observation of the correlation between the results
of the two detection methods was made. The retention time of blank spiked samples was
16.5 min for fenpropathrin, 18.7 min for cypermethrin and 21.3 min for fenvalerate. The
correlation between the HPLC method and this research method is shown in Figure 6; the
R2 of the correlation equation was greater than 0.995, indicating that the two methods had
a good consistency. It showed that the method established in this paper is accurate and
reliable. The upconversion magnetic separation immunofluorescence assay was accurate,
and could be used for the detection of pyrethroids in real samples.

   
(A) (B) (C) 

Figure 6. Correlation between HPLC and this research method in the detection of (A) fenpropathrin;
(B) cypermethrin and (C) fenvalerate.

3.8. Actual Sample Test Results

The prepared blind samples were tested by this experimental method. The results are
shown in Table 2. Three positive samples were detected in three cucumber blind samples;
among the three blind samples of cabbage, two positive samples were detected, and the rest
were negative samples; two positive samples were detected in three blind apple samples,
and the rest were negative samples; three positive samples were detected in three blind
pear samples. The results obtained by HPLC and this experimental method were compared,
and the number of positive samples detected by the two methods was the same. The
accuracy and practical applicability of the method established in this paper were evaluated
by adding the recovery experiment and the actual sample detection experiment. The results
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showed that the upconversion magnetic separation immunofluorescence assay established
in this experiment had good accuracy and could be applied to the detection of pyrethroid
pesticide residues in vegetables.

Table 2. Detection of pyrethroids in actual samples.

This Experimental Method HPLC

Sample
Fenpropathrin

(mg·kg−1)
Cypermethrin

(mg·kg−1)
Fenvalerate
(mg·kg−1)

Fenpropathrn
(mg·kg−1)

Cypermethrin
(mg·kg−1)

Fenvalerate
(mg·kg−1)

1#cucumber - - 85.6 - - 86.4

2#cucumber - 65.8 - - 67.1 -

3#cucumber 57.3 - - 58.6 - -

4#cabbage - - - - - -

5#cabbage 78.2 - - 79.5 - -

6#cabbage - - 86.1 - - 87.3

7#apple - - 46.1 - - 47.6

8#apple - 85.6 - - 86.4 -

9#apple - - - - - -

10#pear - 45.7 - - 46.5 -

11#pear - - 66.5 - - 67.9

12#pear 85.4 - - 86.7 - -

"-" indicates negative sample.

3.9. Method Specificity Evaluation

As shown in Figure 7, when the added standard was fenpropathrin, cypermethrin and
fenvalerate, the change range of fluorescence intensity was large, indicating that the signal
probe was specifically combined with fenpropathrin, cypermethrin and fenvalerate. When
the added standard was its structural analogs bifenthrin, deltamethrin and cis-permethrin,
the change range of fluorescence intensity was relatively large, indicating that the signal
probe can also be combined with other pyrethroid standards, this method was suitable for
the detection of pyrethroids. When the standard was other pesticides, the change range of
fluorescence intensity was small, the signal probe had almost no specific binding with the
standard, and there was only some nonspecific adsorption.

Figure 7. Cross reaction.
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4. Conclusions

In this study, a new three-layer core-shell structure upconversion nanoparticle was
synthesized. The activated material was coupled with pyrethroid antibody to prepare
a signal probe, and the amino polystyrene magnetic microspheres were coupled with
pyrethroid antigen to prepare a capture probe. Based on the specific binding of antigen and
antibody and the characteristics that the magnetic microspheres could be separated by the
external magnetic field, an upconversion magnetic separation immunofluorescence method
for detecting pyrethroid residues was established. The upconversion magnetic separation
immunofluorescence method for the detection of pyrethroid residues established in this
paper had higher accuracy and lower detection limit than enzyme-linked immunosorbent
assay; compared with the large-scale instrument detection method, this method has the
advantages of being fast, convenient and low cost. The establishment of the upconversion
magnetic separation immunofluorescence method enriches the technical means of the rapid
detection market and provides theoretical support for the detection of pyrethroid residues.
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Abstract: Under the excitation of a 980 nm excitation light, the fluorescence signals of the synthesized
core-shell NaYF4:Yb@NaYF4:Ho and monolayer NaYF4:Yb,Tm upconversion nanoparticles (UCNPs)
were simultaneously detected at 656 and 696 nm, respectively. The two upconversion materials were
coupled with anti-clothianidin and anti-imidacloprid monoclonal antibodies by the glutaraldehyde
cross-linking method as signal probes. Imidacloprid (IMI) and clothianidin (CLO) could compete
with antigen-conjugated amino Fe3O4 magnetic nanomaterials for binding to signaling probes, thus
establishing a rapid and sensitive fluorescent immunoassay for the simultaneous detection of IMI
and CLO. Under optimal conditions, the limits of detection (LOD, IC10) and sensitivity (IC50) of
IMI and CLO were (0.032, 0.028) and (4.7, 2.1) ng/mL, respectively, and the linear assay ranges
were at 0.032–285.75 ng/mL and 0.028–200 ng/mL, respectively. Immunoassay did not cross-react
significantly with other analogs. In fruits and vegetables such as apples, oranges, peaches, cucumbers,
tomatoes and peppers, the mean recoveries of IMI and CLO ranged from 83.33% to 115.02% with
relative standard deviations (RSDs) of 1.9% to 9.2% and 1.2% to 9.0%, respectively. Furthermore, the
results of the immunoassay correlate well with the high-performance liquid chromatography method
used to detect the actual samples.

Keywords: upconversion nanomaterials; core-shell structure upconversion nanomaterials; imidacloprid;
clothianidin; food

1. Introduction

Neonicotinoids (NEOs) are the fourth largest class of pesticides after organophos-
phates, carbamates and pyrethroids. They have the characteristics of high compatibility
with the environment and no cross-resistance with other traditional pesticides [1]. As of
2012, more than 120 countries have registered the use of neonicotinoid pesticides. IMI
(36.9%) and CLO (14.3%) account for more than half of the total share of these pesticides [2].
However, such pesticides were constantly detected in food, soil and groundwater, which
brought great potential safety hazards to human health and the ecological environment [3,4]
and had a certain negative impact on pollinators such as bees [5,6]. They have also had
lethal effects on aquatic and terrestrial invertebrates [7,8]. In addition, IMI and CLO have
also had potential toxic risks such as hepatotoxicity, neurotoxicity and genotoxicity, which
have attracted wide attention from countries around the world [9,10].

In response to the problems of the above neonicotinoid pesticides, China’s GB 2763-
2021 “National Food Safety Standard Food Maximum Residue Limits for Pesticides” [11]
stipulated that the maximum residue limits (MRLs) of IMI and CLO in fruits and veg-
etables should be 0.05–5 mg/kg and 0.01–2 mg/kg. The EU stipulated that the MRLs of

Foods 2022, 11, 1485. https://doi.org/10.3390/foods11101485 https://www.mdpi.com/journal/foods
32



Foods 2022, 11, 1485

IMI [12] and CLO [13] should be 0.05–5 mg/kg and 0.01–1.5 mg/kg in fruits and vegetables,
respectively. In addition, the United States [14], Canada [15] and other countries have
also banned and restricted such pesticides. The current detection techniques for neonicoti-
noid pesticides include liquid chromatography [16], liquid chromatography-tandem mass
spectrometry [17], and enzyme-linked immunosorbent assay [18]. Li Dongpo et al. [19]
established a high-performance liquid chromatography-tandem mass spectrometry method
for the determination of IMI and emamectin-benzoate residue in honeysuckle, with quan-
titative limits of 2.5 and 10 μg/kg, respectively, which provides a theoretical basis for
the detection of such pesticides in traditional Chinese medicine. But its pretreatment is
relatively cumbersome and time-consuming. Watanabe et al. [18] used the enzyme-linked
immunosorbent assay (ELISA) to detect dinotefuran, IMI and CLO in leeks. The average
recovery of spiked samples was 85–113%, and the relative standard deviation was less than
15%. However, ELISA has the disadvantages of many operation steps and false-positive
results. Hua et al. [20] established a fluorescence immunoassay for the detection of IMI
by using the synthesized NaYF4/Yb,Er UCNPs. The IC50 and detection limit (IC10) of
IMI were 14.59 and 0.74, respectively. It can only detect a single target, which has certain
limitations. Instrumental method detection requires professional operation and consumes
a lot of solvents. The enzyme-linked immunosorbent assay requires multi-step incubation
and washing procedures, which are cumbersome and time-consuming, and cannot meet the
rapid monitoring of the market. Therefore, it is of great practical significance to establish a
sensitive, efficient and convenient method for the detection of new nicotine pesticides.

Upconversion nanoparticles (UCNPs) could emit strong visible fluorescence under the
excitation of a 980 nm light source and had the advantages of low toxicity, good chemical
stability, a narrow emission band gap, and low fluorescence background interference [21,22].
However, there was still the problem that the surface is prone to fluorescence quenching.
Core-shell structured upconversion nanomaterials formed by coating the core with one
or more layers of materials may solve the problem [23] since the shell deposition may
reduce the quenching effect caused by surface defects such as the suspension key and
vibration groups and thus, effectively improve the luminous efficiency [21]. In addition, by
rationally assigning the spatial position and relative concentration of the activator, precise
upconversion luminescence color adjustment could also be achieved [24,25].

At present, NaYF4:Yb,Er, NaYF4:Yb,Tm and other UCNPs based on NaYF4 are the
research focus in the field of nanomaterials. Excited by 980 nm light, NaYF4:Yb,Er and
NaYF4:Yb,Tm emit green light and blue light at 540 nm and 470 nm, respectively, but the
penetration depth of these two lights is small [26]. The light wavelength applied to deep-
seated imaging of biological tissues is usually more than 600 nm, and the corresponding
emitted light is red. At present, the UCNPs of Yb/Er and Yb/Tm co-doped systems are
the main research objects of red-emitting materials, and there is little research on Yb/Ho
system. Therefore, the study of Yb/ Ho co-doped UCNPs emitting red light can expand
the application of biomarkers and biological imaging, which has important scientific
significance and practical value. Research on core-shell structure upconversion materials
is still in its infancy, and although we found many research papers in this area, there
were few papers applying it to immunoassay detection. In this study, a new core-shell
nanomaterial NaYF4:Yb@NaYF4:Ho was introduced into immunoassay for the first time,
and a fluorescence immunoassay method based on magnetic separation and upconversion
nanoparticles was established. This method has high sensitivity and accuracy and can be
used for the simultaneous determination of IMI and CLO in food.

2. Materials and Methods

2.1. Materials and Reagents

IMI, CLO, acetamiprid (ACE), thiacloprid (THI), nitenpyram (NIT), dinotefuran (DIN),
thiamethoxam (THX), ytterbium chloride, yttrium chloride, thulium chloride, holmium chlo-
ride, ammonium fluoride, oleic acid, cyclohexane, 3-aminopropyltriethoxysilane (APTES,
98%), tetraethyl orthosilicate (TEOS, 98%) were purchased from Adamas (Shanghai, China).
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Argon was purchased from Air Liquide Co., Ltd. (Tianjin, China). Bovine serum albu-
min (BSA, 98.0%) was purchased from Merck, Darmstadt, Germany. IMI antigen, CLO
antigen, anti-IMI monoclonal antibody and anti-CLO monoclonal antibody were pur-
chased from Shandong Landu Biotech-nology Co., Ltd. (Shandong, China). Anti-IMI
monoclonal antibody and anti-CLO monoclonal antibody were purchased from Shandong
Landu Biotechnology Co., Ltd. (Shandong, China). BCA (bicinchonininc acid) protein
quantification kit was purchased from Solarbio (Beijing, China). Monodispersed Magnetite
Microspheres (MNPs) were purchased from Beijing Baseline Co., Ltd. (Tianjin, China). The
nanoparticle morphology and size of UCNPs were determined by FEI TECNAI G20 trans-
mission electron microscopy (TEM, FEI Company, Hillsboro, OR, USA). Fourier transform
infrared spectroscopy (FTIR) of UCNPs was determined by an FTIR spectrophotometer
(Perkin Elmer, Waltham, MA, USA). Powder X-ray diffraction (XRD) measurements of
UCNPs were performed by an AXIS-ULTRA-DLD instrument (Millipore, New York City,
NY, USA). The TEM, FTIR and XRD characterizations of UCNPs were determined by
the School of Chemistry, Tianjin Normal University. The fluorescence intensity of the
upconverting nanoparticles was detected by an F-2500 spectrofluorometer equipped with a
980 nm laser exciter (Shimadzu Corporation, Kyoto, Japan). The high-performance liquid
chromatograph (HPLC) was performed by Thermo Fisher Scientific, Waltham, MA, USA.
All chemicals used were analytical grade.

2.2. Preparation of Upconversion Nanomaterials
2.2.1. Preparation of NaYF4:Yb@NaYF4:Ho UCNPs

The NaYF4:Yb@NaYF4:Ho core-shell structure upconversion material was prepared
based on a high-temperature thermal decomposition method. The total mass of 2 mmol
ReCl3 (including 1 mmol YbCl3·6H2O and 1 mmol YCl3·6H2O), 14 mL of oleic acid and
30 mL of 1-octadecene were used as raw materials. Under the protection of high-purity
argon, the temperature was raised to 160 ◦C and kept at this temperature for 60 min.
After the reactant was cooled to room temperature, a methanol solution dissolved with
8 mmol NHF4 and 5 mmol NaOH was added dropwise. After stirring at room temperature
for 30 min, the reactant was heated to 100 ◦C and incubated for a period of time so that
the methanol solution in the reactant could be fully evaporated, then the reactant was
heated to 300 ◦C and kept at this temperature for 60 min, after the reactant cooled to room
temperature, it was washed with ethanol and cyclohexane several times and dried for use.
The prepared upconversion nanoparticles were used as the core. During the encapsulation
process, 0.5 mmol of ReCl3 (including YCl3·6H2O and HoCl3) was added to the prepared
core dissolved in 3 mL of cyclohexane after the reaction was completed at 160 ◦C for 60 min.
The mixture was stirred at room temperature for 20 min, then added to a methanol solution
dissolved in 2 mmol NHF4 and 1.25 mmol NaOH. After stirring at room temperature for
30 min, the reactant was heated to 100 ◦C and kept for a period of time, so that the methanol
solution in the reactant could be fully evaporated, and then the reactant was heated to
300 ◦C and kept at this temperature for 60 min. After the reactant was cooled to room
temperature, it was washed several times with ethanol and cyclohexane, and dried for
later use.

2.2.2. Preparation of NaYF4:Yb,Tm UCNPs

The preparation of NaYF4:Yb,Tm was similar to the nuclear layer structure of
NaYF4:Yb@NaYF4:Ho. In a total mass of 2 mmol ReCl3 (including 1.6 mmol YCl3·6H2O,
0.36 mmol YbCl3·6H2O and 0.04 mmol TmCl3·6H2O), 14 mL of oleic acid and 30 mL of
1-octadecenc were added. The 1-octadecene was used as the raw material, and the temper-
ature was raised to 160 ◦C under the protection of high-purity argon and kept for 60 min.
After the reactant was cooled to room temperature, a methanol solution dissolved with
8 mmol NHF4 and 5 mmol NaOH was added dropwise, and stirred at room temperature
for 30 min, the reactant was heated to 100 ◦C and kept at this temperature for a period
of time, so that the methanol solution in the reactant could be fully evaporated, then the
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reactant was heated to 300 ◦C and kept at this temperature for 60 min. After this, the
reactant was cooled to room temperature, and washed several times with ethanol and
cyclohexane before a secondary drying process was used to preserve it for later use.

2.2.3. Preparation of NaYF4:Yb,Ho UCNPs

The synthesis of NaYF4:Yb,Ho UCNPs is similar to the preparation process of
NaYF4:Yb,Tm UCNPs, changing the molar ratio of Y:Yb:Ho = 80:18:2.

2.3. Surface Modification of Upconversion Nanomaterials

Surface modification of oil-soluble upconversion materials was accomplished using
the classical Stober method. Using sonication, we dispersed 20 mg of oil-soluble UCNPs
in 60 mL of isopropanol, add 2.5 mL of ammonia water and 20 mL of water to the flask,
and kept the mixture at 35 ◦C under vigorous stirring. Then, 20 mL of isopropanol solution
containing 50 μL of TEOS was added dropwise to the mixture and the reaction was
maintained for another 3 h. Then, a solution containing 30 mL of isopropanol and 200 μL of
APTES was added dropwise to the suspension for 1 h. After the reaction, the product was
aged at room temperature for 2 h, the precipitate was separated by centrifugation, washed
three times with deionized water and ethanol, and dried in an oven at 60 ◦C for 12 h to
obtain amino-modified NaYF4:Yb@NaYF4:Ho and NaYF4:Yb,Tm UCNP.

2.4. Preparation of Capture Probes and Signal Probes

The signal probe was prepared using the classic glutaraldehyde cross-linking method.
10 mg of the upconversion material was dissolved in 5 mL of 10 mmol/L PBS (phosphate
buffer saline) solution for ultrasonic dispersion for 30 min, and 1.25 mL of 25% glutaralde-
hyde solution and 100 mg of sodium borohydride were added at room temperature. After
the reaction was completed, the precipitate was collected by centrifugation. The solid
powder was washed three times with PBS, resuspended in 5 mL of 10 mmol/L PBS for
ultrasonic dispersion, and a certain amount of antibody was added to be slowly shaken
at room temperature for 6 h. The supernatant was collected by centrifugation at the same
time, and the material was washed several times, mixed with 5 mL of 10 mmol/L PBS
containing 3% BSA, and slowly shaken for 6 h at room temperature. After separation and
washing, it was dispersed in 5 mL of PBS and stored at 4 ◦C.

Similarly, the capture probe was prepared by dissolving 10 mg Fe3O4 magnetic mi-
crospheres in 5 mL 10 mmol/L PBS solution. The operation method is similar to the
preparation of the above signal probe. A certain amount of antigen was added and finally
dispersed in 5 mL PBS buffer to obtain a capture probe with a concentration of 2 mg/mL.

2.5. Establishment of Fluorescence Immunoassay

In a typical experiment, 100 μL of IMI and CLO standards and 100 μL of capture
probes were mixed in a 1.5 mL centrifuge tube, then a 200 μL of (each) signal probe was
added to the mixture, and left to compete for 60 min. After the reaction, we collected
the signal probe-capture probe complex through the external magnetic field, washed it
with PBS three times, dispersed the precipitate in 500 μL PBS, and used the fluorescence
spectrophotometer with an external 980 nm exciter to measure the fluorescence intensity
values at 656 nm and 696 nm, respectively. After optimizing the pH value (5.0, 6.0, 7.4,
8.0, 9.0), Na+ concentration (10, 20, 30, 40, 50 mmol/L) and methanol concentration (0%,
2.5%, 5%, 10%) of PBS buffer solution in the competitive reaction system, the standard
curve was established by changing the competitive reaction time. Finally, the optimal pH
value, ion concentration, methanol content and competitive reaction time of the buffer
solution were determined by Fmax/IC50 value. (Fmax is the maximum value of fluorescence
intensity, and IC50 is the corresponding standard concentration when the inhibition rate is
50%, i.e., sensitivity.)
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2.6. Specificity

In order to investigate the specificity of the method, five other structural analogs to
IMI and CLO were selected, i.e., acetamiprid, thiacloprid, nitenpyram, dinotefuran, and
thiamethoxam. Acetamiprid, thiacloprid, nitenpyram, dinotefuran, thiamethoxam and IMI,
CLO all belong to neonicotinoid pesticides and are structural analogs, and their application
scope is also similar. Therefore, these pesticides were selected as specific research objects.
Their standards were formulated at a concentration of 10 μg/L to cross-react with the
capture probe signal probes. The fluorescence intensity values at emission wavelengths of
656 nm and 696 nm were recorded as I values. Only the fluorescence intensity values of the
capture probe and the signal probe were recorded as I0, and ΔI = I0 − I was calculated to
evaluate the specificity of the method.

2.7. Sample Handling

In order to further evaluate the detection accuracy and practical applicability of IMI
and CLO by fluorescence immunoassay, an additive recovery experiment was carried out.
The coefficient of variation (CV) was used as the basis for judging the precision of this
method and each concentration was repeated 5 times. In this study, six fruit and vegetable
samples were purchased from the market, including apples, oranges, peaches, cucumbers,
tomatoes, and peppers. The extracted fruit and vegetable samples were pre-treated, 2 g of
edible parts (accurate to 0.01 g) were weighed into a 50 mL centrifuge tube, 4 mL acetonitrile
was added, and a high-speed tissue masher was used. Then, we homogenized an extract at
15,000 rpm for 1 min, added 1 g of sodium chloride, then homogenized an extract for 1 min,
centrifuged at 3000 rpm for 5 min, took 2 mL of the supernatant into a 50 mL round-bottom
flask, and rotated at 38 ◦C to dryness added 1 mL of 25% acetonitrile, sonicate until fully
dissolved, and passed through a 0.22 μm filter.

2.8. Recovery Experiment

To perform the recovery experiment, we added 2, 20 and 200 ng/mL IMI and CLO
standard solutions to the blank samples of pepper and cucumber, respectively, and added
5, 50 and 500 ng/mL IMI and CLO standard solutions to the blank samples of tomato,
apple, orange and peach, respectively. After mixing, we treated them with the above
sample treatment methods. Finally, we diluted them with PBS appropriately, and used this
experimental method for detection.

2.9. HPLC Comparison Test

The chromatographic conditions of HPLC are as follows: chromatographic column:
Bridge C18 (5 μm, 4.6 × 150 mm); mobile phase: methanol-water (32:68); flow rate
1.0 mL/min; column temperature: 30 ◦C; detection wavelength: 270 nm; injection volume:
20 μL.

The edible part of the fruit and vegetable samples was divided into two parts, and
equal amounts of standard substances were added, respectively. One part was subjected to
sample pretreatment as described in Section 2.6 and tested by this experimental method;
the other part refers to GB/T 20769-2008 [27]. After the sample pretreatment, HPLC was
used for detection, that is, after the sample was extracted with acetonitrile, salted out,
centrifuged, and rotary evaporated, it was purified by a solid-phase extraction column
and eluted with acetonitrile and toluene (3+1). After rotary evaporation, it was dried
with nitrogen, and then acetonitrile decahydrate (3+2) solution was quickly added to mix,
well-filtered through a 0.22 μm filter membrane, and then detected by HPLC.

2.10. Actual Sample Detection

The samples were selected from the local market (Tianjin, China), three each of peppers,
cucumbers, tomatoes, oranges, peaches and apples, a total of 18 blank samples, numbered
1–18#, randomly added IMI and CLO standards to make blind samples, for the detection of
immunoassay and HPLC in this experiment.
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3. Results and Discussion

3.1. Characterization of the Prepared UCNPs

The morphologies of upconversion nanomaterials with oil-soluble and water-soluble
NaYF4:Yb@NaYF4:Ho core-shell structure and NaYF4:Yb, Tm monolayer structure were
characterized by transmission electron microscopy. The results are shown in the fig-
ure: TEM images show that the two synthesized oil-soluble upconversion materials are
hexagonal phases with smooth surfaces, uniform size and good dispersion, among which
the NaYF4:Yb@NaYF4:Ho (Figure 1B) core-shell structure particles. NaYF4:Yb UCNPs
(Figure 1A) are the core of oil-soluble core-shell NaYF4:Yb@NaYF4:Ho UCNPs. The particle
size of NaYF4:Yb UCNPs is about 75 nm and the crystal form is in a hexagonal phase,
but partially spherical. A shell containing the rare earth element Ho was coated on the
surface of NaYF4: Yb UCNPs to obtain NaYF4:Yb@NaYF4:Ho UCNPs. The particle size
of NaYF4:Yb@NaYF4:Ho UCNPs is about 80nm, and the crystal form is in a standard
β-hexagonal phase. It can be seen that this paper successfully coated a shell on the surface
of NaYF4:Yb UCNPs by thermal decomposition method to form NaYF4:Yb@NaYF4:Ho UC-
NPs. The particle size of NaYF4:Yb,Tm (Figure 1C) monolayer structure is about 60–70 nm.
The surface-modified upconversion materials (Figure 1D,E) are spherical particles with
uniform particle size, and the surface is coated with a layer of silicon shell with a thickness
of about 10 nm, which has good dispersibility in the water system. Oil-soluble nanopar-
ticles were transformed into water-soluble nanoparticles by coating silicon shells on the
surface of UCNPs, and their biocompatibility was improved by modifying amino groups
on their surface.

     
(A) (B) (C) (D) (E) 

Figure 1. Transmission electron microscopy imaging of (A) oil-soluble core NaYF4:Yb UCNPs; (B) oil-
soluble core-shell NaYF4:Yb@NaYF4:Ho UCNPs; (C) oil-soluble bare core NaYF4:Yb,Tm UCNPs;
(D) water-soluble core-shell NaYF4:Yb@NaYF4:Ho UCNPs; (E) water-soluble naked core structure
NaYF4:Yb,Tm UCNPs.

Under an 980 nm excitation light, NaYF4:Yb@NaYF4:Ho core-shell UCNPs produced
four emission peaks at 408, 476, 542 and 656 nm, respectively, and the largest characteristic
emission peak was at 656 nm (Figure 2A). NaYF4:Yb,Tm upconversion nanomaterials with
bare core structure produced three emission peaks at 476, 648 and 696 nm, respectively,
and 696 nm was the largest characteristic emission peak (Figure 2B). After mixing the
above two materials, the emission peaks at 656 nm and 696 nm are independent and do not
overlap, which can realize the simultaneous detection of two targets (Figure 2C). Through
horizontal comparison, it is not difficult to find that the fluorescence intensity of core-shell
structure is an order of magnitude higher than that of single-layer structure upconversion
materials. This shows that core-shell upconversion materials can effectively reduce the
quenching effect of surface defects such as hanging bonds and polymer vibrational groups
on the luminescence of nanomaterials. It can effectively improve the luminous efficiency
of the material, to further enhance the fluorescence. In this paper, Yb/Ho system was
studied, and the proportion of doped rare earth elements was optimized in the synthesis
of core-shell UCNPs. We adjusted the emission wavelength of NaYF4:Yb@NaYF4:Ho and
enhanced its emission light after 600 nm, and widenened the application of this material in
the fields of biological imaging, detection and multi-color upconversion.
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Figure 2. The fluorescence spectrum of (A) NaYF4:Yb@NaYF4:Ho; (B) NaYF4:Yb,Tm and (C) the
mixture of NaYF4:Yb@NaYF4:Ho and NaYF4:Yb,Tm UNCPs under 980 nm excitation.

Under 980 nm excitation, the core-shell structure UCNPs NaYF4:Yb@NaYF4:Ho and
monolayer UCNPs NaYF4:Yb, Ho have two peaks at 540 nm (green light) and 656 nm (red
light). The fluorescence intensity ratios of core-shell structure and monolayer structure
UCNPs at 540 nm:656 nm are about 1:3 and 13:1. Therefore, NaYF4:Yb@NaYF4:Ho core-
shell UCNPs mainly emit red light, while NaYF4:Yb,Ho single-layer structure UCNPs
mainly emit green light (Figure 3). Therefore, it can be shown that accurate upconversion
luminescence color regulation can be achieved by rationally distributing the spatial position
and relative concentration of activator ions. Separating Ho and Yb in NaYF4:Yb, Ho
nanoparticles and Yb:Ho = 50:1 can suppress the luminescence at 540 nm and enhance the
luminescence at 656 nm, making the Yb, Ho co-doped NaYF4 change from green to red.

×

Figure 3. The fluorescence spectrum of NaYF4:Yb@NaYF4:Ho UCNPs and NaYF4:Yb,Ho UCNPs.

The crystal structure and phase purity were determined by powder X-ray diffraction.
The NaYF4:Yb@NaYF4:Ho and NaYF4:Yb,Tm upconversion nanomaterials were identified
by X-ray diffraction as shown in Figure 4. The positions of all diffraction peaks and the
relative intensities match well with the diffraction patterns of standard hexagonal β-phase
UCNPs (JCPDS No. 16-0334). There are no diffraction peaks of other impurities indicating
that the as-prepared NaYF4:Yb@NaYF4:Ho and NaYF4:Yb,Tm upconversion nanoparticles
are well crystallized and exhibit good photoluminescence effectiveness.

For the NaYF4:Yb@NaYF4:Ho UCNPs (Figure 5A), the symmetric stretching vibration
of Si-O appeared in the region of about 1100 cm−1, which indicated that the surface of
UCNP is coated with a silicon shell. The stretching and bending vibrations of amino groups
appear at 3183 cm−1. The peak at 2933 cm−1 belongs to the asymmetric and symmetric
stretching vibrations of the methylene group. Similar results were also observed in the
infrared spectra of NaYF4:Yb,Tm (Figure 5B). For the NaYF4:Yb,Tm UCNPs, the symmetric
stretching vibration of Si-O appeared in the region of 1097 cm−1, which shows that the
material has been coated with a silicon shell. The stretching and bending vibration of the
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amino group appears at 3162 cm−1, indicating that the surface of the material has been
modified with the amino group. Fourier transform infrared spectroscopy results show that
both materials have been coated with silicon shells and modified with amino groups. The
modified UCNPs have good water solubility and are conducive to binding with antibodies
in immunoassay. The modified UCNPs have good dispersibility in the water system, no
significant change in morphology, uniform particle size, and a layer of silicon shell with a
thickness of about 5 nm is wrapped on the surface.

Figure 4. X-ray diffraction patterns of NaYF4:Yb@NaYF4:Ho UCNPs and NaYF4:Yb,Ho UCNPs.
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Figure 5. (A) Fourier transform infrared spectra of water-soluble NaYF4:Yb@NaYF4:Ho UCNPs;
(B) and NaYF4:Yb,Tm UCNPs.

3.2. Optimize Probe Preparation Conditions

The preparation conditions of signal probes and capture probes directly affect the
sensitivity and accuracy of fluorescent immunoassays. The BCA protein concentration
assay kit was used to detect the coupling amount of antibody and coated antigen on the
surface of UCNPs and MNPs. As shown in Figure 6A, when 5 mL of 2 mg/mL modified
water-soluble UCNPs were immobilized, when the amount of antibody added was less than
80 μg, the coupling amount increased with the increase of the amount of antibody added,
and the coupling rate decreased with the increase of the added amount. When the addition
amount is greater than 80 μg, the coupling amount remains unchanged, and the coupling
rate shows a significant downward trend, indicating that the amount of antibody coupled
on the surface of the material has reached the saturation state, and excessive addition will
cause waste. Therefore, 80 μg of CLO antibody was added to prepare a signal probe, and
the coupling rate was 86.4%. At the same time, 5 mL of 2 mg/mL activated MNPs were
fixed, and different amounts of the coating were added. According to Figure 6B, 80 μg
of CLO antigen was finally added to prepare a capture probe, and the coupling rate was
77.7%. Similarly, the optimal dosage of IMI antibody (Figure 6C) was determined to be

39



Foods 2022, 11, 1485

100 μg, and the coupling rate was 72.5%; the optimum dosage of IMI antigen (Figure 6D)
was 80 μg, and the coupling rate was 78.2%.
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Figure 6. Optimizing the loading of Ab and Ag on signal (pink) and capture (green) probes. Optimiz-
ing the loading of (A) CLO antibody; (B) CLO antigen; (C) IMI antibody; (D) IMI antigen.

By changing the ratio of the signal probe and capture probe, the addition amount
of the capture probe is optimized to obtain the best binding addition amount of antigen
and antibody. In this experiment, the addition amount of both signal probes is 200 μL.
The volumes of the two capture probes range from 40 to 140 μL. After the reaction, the
fluorescence value is measured by a fluorescence spectrophotometer. According to the
changing trend of fluorescence value (Figure 7), the fluorescence intensity of the reaction
system increases with the increase of the addition of IMI and CLO capture probes. When the
addition of both capture probes is 100 μL, the fluorescence intensity reaches the maximum.
Increasing the amount of capture probe will lead to the darker color of the reaction system,
cause background interference and reduce the fluorescence intensity. Therefore, the best
addition amount of IMI and CLO capture probe is 100 μL.

3.3. Optimization of Method Conditions

The IC50 of this experimental method is the sensitivity. In order to achieve the best
sensitivity, the parameters of the competition system were optimized: (1) pH value of buffer
solution (2) Na+ concentration of buffer solution (3) methanol content. Taking IC50 and
Fmax/IC50 as the evaluation criteria, the minimum value of IC50 and the maximum value
of Fmax/IC50 were taken as the optimal conditions.

Under the condition of immune reaction, the sensitivity of immune reaction will be
affected by over acid or over alkali environment. Adjust the pH value in the system to 5.0,
6.0, 7.4, 8.0 and 9.0. As shown in Figure 8A,D, IC50 first decreased and then increased with
the increase of pH value. When the pH value was 7.4, the IC50 value was the lowest, while
Fmax/IC50 reached the highest value. Therefore, pH 7.4 was selected as the optimal reaction
system. The ion concentration in the buffer, i.e., Na+ concentration, will also interfere
with the results. Set the Na+ concentration to five concentrations: 0.01, 0.02, 0.03, 0.04 and
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0.05 mol/L. With the increase of Na+ concentration in the buffer (Figure 8B,E), the IC50 of
IMI and CLO showed a trend from decreasing to increasing and then decreasing. When
the Na+ concentration was 0.02 mol/L, IC50 reached the lowest, while Fmax/IC50 was the
highest, and the Na+ concentration of the final selection buffer was 0.02 mol/L. In order to
improve the solubility of the target in the aqueous phase, a certain amount of methanol
was added to the system. Set the methanol content to 0%, 2.5%, 5%, 10%. The results are
shown in Figure 8C, F, where IC50 increased significantly with the increase of methanol
content, and Fmax/IC50 showed a downward trend. When the methanol content was 2.5%,
the IC50 value reached the lowest value, while the Fmax/IC50 value reached the highest
value. The methanol content of the final selection buffer was 2.5%.

Figure 7. Optimization of the amount of capture probe added.
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Figure 8. Optimization of pH, Na+ concentration, methanol content of (A–C) IMI and (D–F) CLO.

3.4. Determination of the Detection Limit of the Method

In this study, the characteristic absorption peak at 656 nm of NaYF4:Yb@NaYF4:Ho
UCNPs was used as the detection wavelength of CLO, and the characteristic absorption
peak at 696 nm of NaYF4:Yb,Tm UCNPs was used as the detection wavelength of IMI. An
upconversion magnetic separation fluorescence immunoassay method for the simultaneous
detection of IMI and CLO was established. Under the best competitive reaction conditions,
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the standard solutions of different concentrations of IMI and CLO were mixed with a
100 μL capture probe in a 1.5 mL centrifuge tube. Then, 200 μL signal probes were added
and reacted at room temperature for 1 h. After the reaction, it was separated by the
external magnetic field and washed with PBS 3 times. Under the optimal competitive
reaction conditions, the change in fluorescence intensity ΔI (ΔI = I0 − I; I0 and I represent
the fluorescence intensity in the absence and presence of analytes, respectively) and the
logarithm of the concentrations of IMI and CLO (Figure 9A). The limit of detection (LOD)
and sensitivity (IC50) of IMI was 0.032 ng/mL and 4.7 ng/mL, respectively, and the linear
range (IC10–IC90) was 0.032–285.75 ng/mL (Figure 9B). The LOD and the IC50 of CLO
were 0.028 ng/mL and 2.1 ng/mL, and the linear range was 0.028–200 ng/mL (Figure 9C).
Tao Zhexuan [28] established a multicolor upconversion immunoassay method for the
detection of IMI and thiacloprid by synthesizing NaYF4:Yb,Er UCNPs and NaYF4:Yb,Tm
UCNPs. The LOD of IMI was 0.32 ng/mL and IC50 was 5.8 ng/mL; LOD of thiacloprid was
0.61 ng/mL and IC50 was 6.45 ng/mL. Compared with Tao’s [28] experimental method,
he synthesized NaYF4:Yb,Er UCNPs and NaYF4:Yb,Tm UCNPs by hydrothermal method,
this experiment synthesized NaYF4:Yb,Tm UCNPs and NaYF4:Yb@NaYF4:Ho UCNPs
have higher fluorescence intensity by thermal decomposition method. Applying these two
UCNPs to the upconversion immunoassay method for the simultaneous detection of IMI
and CLO has the advantages of lower detection limit and higher sensitivity, which can
provide technical support for the detection of neonicotinoids pesticides.
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Figure 9. (A) Upconversion fluorescence spectra of UCNPs as a function of IMI or CLO concen-
trations; linear relationship between upconverted fluorescence intensity with (B) IMI and (C) CLO
concentration.

3.5. Specificity

In order to evaluate the specificity of the fluorescence immunoassay method, 10 μg/L
IMI, CLO and their structural analogs were added to the reaction system for detection,
and the corresponding fluorescence intensity difference was calculated according to the
blank fluorescence intensity (Figure 10). When IMI and CLO were added, the fluorescence
changed significantly, indicating that the UCNPs were bound with the antibody specifically
binding to IMI and CLO. When the ACE, THI, NIT, DIN, THX and other neonicotinoids
pesticide structural analogs were added, it only resulted in some nonspecific adsorption.
There was almost no specific reaction with the antibody on the UCNPs. Therefore, the
results show that this method has high specificity.
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Figure 10. Method specificity evaluation (The concentrations of all standards are 10 μg/L).

3.6. Elimination of Matrix Effects

The vegetable and fruit samples used in this experiment will cause certain interference
to the detection results due to the influence of sugars, pigments and other matrices. After
extracting the six vegetable and fruit samples of apple, orange, peach, cucumber, tomato
and pepper with acetonitrile, the method of buffer dilution was used to eliminate the
influence of the matrix. It can be seen from Figure 11 that the curves for cucumber and
pepper diluted with PBS 10 times and apple, orange, peach and tomato diluted with
PBS 20 times basically coincide with the standard curve, indicating that this method can
effectively eliminate matrix interference.
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Figure 11. Evaluation of matrix effect in fruit and vegetable acetonitrile extracts; (A,B) cucumber;
(C,D) pepper; (E,F) apple; (G,H) orange; (I,J) peach; (K,L) tomato.
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3.7. Spiked Recovery Experimental Results

IMI and CLO standards with low, medium and high concentrations were added to
apple, orange, peach, cucumber, tomato, and pepper, respectively, and five parallel groups
were set for the determination of each concentration of each sample. As shown in Table 1,
the recoveries of IMI and CLO were 83.33–115.02% and 84.49–106.64%, respectively, and
the coefficient of variation was less than 10% for both. In apple, orange, peach, cucumber,
tomato and pepper samples, the detection limit of this method was 5 ng/mL, 2 ng/mL,
5 ng/mL, 5 ng/mL, 5 ng/mL, and 5 ng/mL, respectively, which were much lower than
those in China Maximum Residue Limit Standards.

Table 1. Average recoveries of IMI and CLO spiked standards.

Sample Scalar (μg/kg)

IMI CLO

Mean ± SD
(μg/kg)

Recovery
Rate (%)

Coefficient of
Variation (%)

Mean ± SD
(μg/kg)

Recovery
Rate (%)

Coefficient of
Variation (%)

pepper
2 1.71 ± 0.15 85.34 8.6 1.99 ± 0.18 99.28 9.0
20 20.72 ± 1.43 103.58 6.9 21.33 ± 1.30 106.64 6.1

200 182.50 ± 7.85 91.25 4.3 168.98 ± 6.08 84.49 3.6

cucumber
2 1.90 ± 0.17 95.10 9.2 1.93 ± 0.17 96.27 8.9
20 17.98 ± 0.91 89.89 5.1 20.55 ± 0.97 102.75 4.7

200 180.47 ± 3.43 90.24 1.9 175.94 ± 4.57 87.97 2.6

tomato
5 4.29 ± 0.35 85.74 8.1 5.05 ± 0.35 100.93 6.9
50 47.11 ± 2.12 94.23 4.5 43.62 ± 1.57 87.24 3.6

500 480.43 ± 11.53 96.09 2.4 444.02 ± 7.99 88.80 1.8

orange
5 4.17 ± 0.30 83.33 7.2 4.65 ± 0.35 92.94 7.5
50 50.15 ± 2.81 100.31 5.6 50.38 ± 1.66 100.76 3.3

500 425.36 ± 13.19 85.07 3.1 476.60 ± 7.63 95.32 1.6

peach
5 4.31 ± 0.29 86.12 6.8 4.37 ± 0.27 87.48 6.2
50 47.96 ± 1.97 95.92 4.1 49.18 ± 1.67 98.36 3.4

500 570.60 ± 15.41 114.12 2.7 489.07 ± 9.78 97.81 2.0

apple
5 4.40 ± 0.33 87.97 7.5 4.37 ± 0.34 87.36 7.7
50 55.96 ± 2.80 111.91 5.0 49.69 ± 1.89 99.38 3.8

500 575.08 ± 19.55 115.02 3.4 522.91 ± 6.27 104.58 1.2

3.8. Correlation of Immunoassays with HPLC

The concentrations of IMI and CLO in cucumber were determined using this ex-
perimental immunoassay and HPLC. As shown in Figure 12, the correlation equations
for IMI and CLO are y = 0.97988x + 1.03381 (R2 = 0.9962) and y = 1.00135x − 0.06768
(R2 = 0.9986), respectively. The results show a good correlation between the two methods,
and the immunoassay in this experiment is accurate and reliable and can be used to detect
IMI and CLO in real samples. The retention times of IMI and CLO were 11.5 and 18 min,
respectively.

3.9. Test Results of Actual Samples

A total of 18 blank samples of 3 peppers, cucumbers, tomatoes, oranges, peaches and
apples, were numbered 1–18#. They were randomly added with IMI and CLO standards
to make blind samples for immunoassay and HPLC methods. The results are shown in
Table 2: Six IMI positive samples were finally detected, including one pepper, one cucumber,
one tomato, one orange, one peach and one apple. There were 6 CLO positive samples,
including 2 cucumbers, 1 orange, 1 peach and 2 apples. In order to further evaluate the
detection accuracy and practical applicability of the fluorescent immunoassay method in
this experiment, the detection of IMI and CLO in actual samples was carried out. The results
show that in Table 2, the detection results of the established fluorescence immunoassay
method are in good agreement with the HPLC detection results. This result can be used for
the determination of actual samples.
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Figure 12. Correlation between HPLC and the method of this study for the detection of (A) IMI and
(B) CLO.

Table 2. Detection of IMI and CLO in actual samples.

Sample Serial
Number

This Experimental Method HPLC
IMI (ng/mL) CLO (ng/mL) IMI (ng/mL) CLO (ng/mL)

1#pepper - - - -
2#pepper - - - -
3#pepper 22.7 - 23.2 -

4#cucumber - 82.4 - 85.2
5#cucumber - - - -
6#cucumber 61.8 103.4 63.7 101.1

7#tomato 92.1 - 94.8 -
8#tomato - - - -
9#tomato - - - -
10#orange - 19.2 - 20.3
11#orange 136.4 - 132.8 -
12#orange - - - -
13#peach 31.6 54.7 30.2 55.8
14#peach - - - -
15#peach - - - -
16#apple - 36.7 - 38.1
17#apple 48.7 - 47.9 -
18#apple - 112.3 - 114.1

-: means not detected.

4. Conclusions

In this paper, a novel core-shell structure material is applied to the analysis of immune
detection for the first time. Based on the different emission spectra of Yb/Ho and Yb/Tm
doped NaYF4 UCNPs excited by a 980 nm laser, a dual-signal probe is prepared. The
magnetic nanoparticle trapping probe can realize the principle of rapid separation of im-
mune complexes from the test system. An upconversion-magnetic separation fluorescence
immunoassay was successfully developed for simultaneous detection of IMI and CLO. This
method has the advantage of causing a rapid, simple, sensitive, innovative transformation
of the core-shell nanoparticles coupling antibody, compared to a traditional transformation
of materials with higher luminous efficiency and gain better detection results in fluores-
cence immunoassay detection, proving that the material in the field of food safety testing
particularly multicolor code has very strong potential applications. These results pro-
vide a new idea for the application of upconversion materials in immunofluorescence in
the future.
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Abstract: In this work, an Eu3+-MOF-253@Au electrochemiluminescence sensor was successfully
constructed for the first time by encapsulating nanogold in the metal–organic frameworks (MOFs)
backbone and pore channels, and assembling Eu3+ on the MOF backbone. Firstly, the introduction
of nanogold overcomes the weakness of MOFs, which was difficult to achieve, and enhances its
catalytic performance, followed by the modification of Eu3+ to confer the electrochemiluminescence
performance and the function of target detection on the sensor. Moreover, carbaryl was placed in an
alkaline working solution to enhance the intensity of electrochemiluminescence signal, as well as to
promote the hydrolysis of carbaryl into 1-naphthol, which caused the burst of Eu3+-MOF-253@Au
electrochemiluminescence sensor, thereby achieving the sensitive detection of carbaryl. On this basis,
the electrochemiluminescence detection conditions were optimized, the performance was analyzed,
and finally it was successfully used for the detection of carbaryl with good linearity in the range of
0.2–200 μg L−1 and a low detection limit (0.14 μg L−1).

Keywords: electrochemiluminescence; MOFs; detection; Eu3+; carbaryl

1. Introduction

As an emerging technology in recent decades, electrochemiluminescence (ECL) has
been rapidly applied in the analytical fields of environment [1], food [2], clinical [3], and
biology studies [4]. Due to the advantages of high sensitivity, high selectivity, fast response,
good temporal and spatial control, and simplified setup [5], it has quickly developed into
a powerful analysis tool after its discovery around one hundred years ago [6]. Since the
first detailed studies in the mid-1960s, the ECL emitter, which is vital in ECL analysis, has
been studied and reported on in detail, ranging from the very basic beginning tris(2,2′′-
bipyridine)ruthenium(II) chloride hexahydrate (Ru(bpy)3

2+) [7] and classic luminol [8],
to the booming quantum dots [9], nanocrystals [10], metal nanoclusters [11], and carbon
nitride nanosheets [12]. Admittedly, these electrode materials have their own advantages,
such as excellent luminescence signals and high sensitivity under certain conditions, but
they also have corresponding weaknesses, such as environmental or biological toxicity, as
well as poor stability [13]. Therefore, it is of great significance to explore novel electrode
materials with remarkably good performance.

A metal–organic framework (MOF) assembled with metal ions and organic ligands
under the action of coordination bonds is a crystalline porous material with an adjustable
pore structure, a large specific surface area, and open metal sites [14]. In view of its
miraculous performance, it has already been successfully applied in the fields of gas
adsorption and storage [15], drug transportation [16], and catalysis [17]. On this basis,
MOFs with fluorescence characteristics have gradually emerged in the area of detection [18].
However, the organic branches of MOFs are intricate and complicated, which hinders
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the transfer of electrons in their structure, and makes them poor in terms of electrical
conductivity, thereby limiting its application in the electrochemical sensor field. In order to
break this barrier, there are two trains of thought: introducing conductive components into
the structure of MOFs by inserting metal nanoparticles or carbon-based nanomaterials into
the skeleton, and coordinating the functional molecular composition on the skeleton [19].
Alternatively, according to the synthetic tunability and structural regularity of MOFs,
electroactive ligands, such as metalloporphyrin and ruthenium complexes, can be used
to construct electroactive MOFs [20]. This certainly broadens the application prospects of
MOFs significantly.

Carbaryl is a broad-spectrum insecticide with excellent performance, which was dis-
covered in 1956, and was immediately widely used after it was put on the market. At the
end of the 1970s, organo-chlorine pesticides were banned, and the usage of pyrethroids,
organophosphorus, and carbamate pesticides was increasing year by year. Among them,
carbaryl was also widely used as the first carbamate pesticide to be successfully developed.
However, a large amount of carbaryl can cause damage to the human body [21], since
excessive carbaryl in the environment will enter poultry, livestock, and even the human
body through the respiratory tract, skin mucous membrane, or digestive tract, causing dam-
age to the nervous system, muscles, liver, pancreas, and brain as an acetylcholinesterase
inhibitor [22]. This means that it is urgent and significant to establish analytical methods for
the detection of carbaryl pesticide residues. Therefore, there were also multiple methods
for the detection of carbaryl, such as high performance liquid chromatography(HPLC) [23],
mass spectrometry(MS) [24], electrochemical method [25], fluorescence method [26], Ra-
man spectroscopy [27], and colorimetry [28]. These detection methods have achieved
satisfactory detection results under certain conditions, but there are also some areas that
can be improved, such as improving detection efficiency, improving stability, and lowering
detection limits.

In this work, nano-gold with conductive and catalytic properties was introduced onto
the surface of the MOFs skeleton, which was loaded with luminescent substances, thus
establishing an ECL detection platform. Thereinto, europium, a lanthanide metal, has
shown luminescence sensitization and antenna effect in fluorescence detection due to its
special chemical properties [18]; it has also been found to produce weak emissions at the
cathode in ECL detection [29,30]. In addition, when K2S2O8 is used as a co-reactant, ECL
can be greatly enhanced [31]. Furthermore, Eu3+ was loaded onto the skeleton, and then
fixed onto the electrode, which prevented the luminous substance from being dispersed
in the working fluid, thereby effectively improving the luminous efficiency and intensity.
On the other hand, Eu3+ showed a special recognition phenomenon for 1-naphthol, the
hydrolysate of carbaryl, in fluorescence detection [32]. Furthermore, the incorporation
of nanogold with conductive and catalytic properties into the system can overcome the
disadvantage of poor conductivity of MOFs on the one hand, and promote the hydrolysis
of carbaryl on the other hand [17]. To go the extra mile, the working solution was adjusted
to alkaline to promote the hydrolysis of carbaryl even further, which can also facilitate the
occurrence of ECL [33]. These elements of this ECL system complemented each other, and
constituted a sensitive and specific electrochemical platform for carbaryl detection.

2. Materials and Methods

2.1. Reagents

Specific reagents and materials are recorded in the Supplementary Materials.

2.2. ECL Measurement

A three-electrode system with a glassy carbon electrode (GCE, 4 mm in diameter) as
a working electrode, a platinum disc electrode as a counter electrode, and an Ag/AgCl
electrode as a reference electrode was used for the ECL determinations by using an MPI-
E II ECL analyzer (Remax Instruments Co., Ltd., Xi’an, China). The electrodes were
manufactured by Gaoss Union, Wuhan, China. The ECL measurement was performed in
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5 mL of PBS buffer (0.1 M, pH 9) containing 0.05 M K2S2O8 with a scan potential range of
0 V to −1.8 V, a scan rate of 0.2 V s−1, and a photomultiplier voltage of 700 V. Furthermore,
the cyclic voltammetry (CV) and ECL were recorded simultaneously.

Other instruments and equipment used are recorded in the Supplementary Materials.

2.3. Preparation of Eu3+-Au@MOF-253 Modified Electrodes

The synthesis of MOF-253 was conducted as reported in previous reports, with some
modifications [34,35]: AlCl3·6H2O (151 mg), glacial acetic acid (859 μL), and 2,2′-bipyridine-
5,5′-dicarboxylic acid (153 mg) were added to 9 mL of DMF, and reacted in a reactor at
130 ◦C for 24 h. Then, the powder was washed three times with DMF, and dried under
vacuum conditions at 60 ◦C for 6 h. The resulting product was washed with methanol for
6 h by Soxhlet extraction, and dried at 60 ◦C for 6 h under vacuum conditions.

MOF-253@Au were synthesized according to the previous method, with some modifi-
cations [36]: MOF-253 (100 mg) was dispersed into 125 mL of anhydrous ethanol containing
3 mL of chloroauric acid solution (25 mmol L−1, containing 30 mg HAuCl4·3H2O). Then,
10 mL of aqueous NaBH4 (10 g L−1) was added dropwise, and stirred at room temperature
for 1 h. The purple product, MOF-253 encapsulated with nanogold, was thus obtained, and
washed three times with methanol, then vacuumed overnight.

The synthesized Eu3+-MOF-253@Au [37]: MOF-253@Au (100 mg) was dispersed into
EuCl3·6H2O (10 mL, 2 mmol) in anhydrous ethanol, and stirred at room temperature for
24 h. The resulting liquid was then separated by centrifugation, washed three times with
anhydrous ethanol to remove the excess Eu3+, and finally dried under vacuum conditions
at 80 ◦C for 6 h.

The preparation of Eu3+-MOF-253@Au modified electrodes: Eu3+-MOF-253@Au (8 mg)
was added to 250 μL of anhydrous ethanol and 50 μL of Nafion mixed solution, then was
sonicated, and dispersed for 30 min. A 5 μL of mixture was then applied dropwise to
the surface of the pretreated GCE and dried at room temperature to obtain the modified
Eu3+-MOF-253@Au/GCE.

2.4. Sample Preparation

Milk and soybean oil were purchased from the local market. Specific steps for sample
processing are described in the Supplementary Materials [38,39].

3. Results and Discussion

3.1. Preparation of Electrodes and Detection of Carbaryl

As exhibited in Scheme 1, after the synthesis of MOF-253, nanogold was encapsulated
on its backbone to enhance its electrical conductivity. Then, Eu3+ was immobilized on
the open chelation site of MOF-253 as the ECL emitter. In order to analyze whether the
strong reducing agent NaBH4 had any effect on the structure of MOF-253 when reducing
chloroauric acid, scanning electron microscopy (SEM), Fourier transform infrared (FT-IR),
and X-ray diffraction (XRD) analyses were performed on MOF-253 and MOF-253@Au,
respectively. The patterns are shown in Supplementary Materials.

Scheme 1. Schematic diagram of the synthesis of Eu3+-MOF-253@Au.
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The material was drop-cast onto the surface of GCE for ECL analysis, as shown in
Figure 1a. The bare electrode (black) only showed a weak ECL signal, while the MOF-253
modified electrode (red) showed a much weaker ECL, which was related to the fact that
the MOF-253 itself was non-conductive. The blue curve showed an enhanced ECL signal
for the MOF-253@Au/GCE, which should be attributed to the fact that the conductivity
of nanogold encapsulated in MOF-253 increased the electron transfer capability of the
electrode surface, thus enhancing the ECL signal. The Eu3+-MOF-253@Au/GCE (green
curve) showed a significant enhancement of the ECL signal, almost four times that of the
bare electrode, and twice that of the MOF-253@Au/GCE, which meant that the prepared
Eu3+-MOF-253@Au/GCE had a good ECL performance.

Figure 1. (a) ECL curves of different modified electrodes (pH 7); (b) CV curves of Eu3+-MOF-
253@Au/GCE in working solution (i), working solution with 100 μg L−1 carbaryl (ii), and 100 μg L−1

1-naphthol (iii); the insert was the corresponding ECL curves (pH 9).

The principle of ECL detection of carbaryl was speculated as follows, according
to previous literature reports: when the initial negative potential was applied to the
electrode surface, the Eu3+ fixed on the electrode surface was charged and reduced to
Eu2+. Meanwhile, the co-reactant S2O8

2− in the solution diffused to the electrode surface,
and was reduced to strong oxidizing anions SO4

−• and SO4
2−. Subsequently, the SO4

−•
reacted with Eu2+, and transferred energy to Eu2+ to generate an excited state (Eu3+)*;
then (Eu3+)* returned to the ground state to release photons. This process is illustrated
in Equations (1)–(4), where hv represents the photon released when the excited state
returns to the ground state. However, carbaryl was added to the working solution. and it
decomposed rapidly to 1-naphthol in alkaline solution due to the electric, as well as the
catalytic effect of nanogold [40,41]. The specific recognition of 1-naphthol by Eu3+-MOF-
253@Au was speculated to have several possibilities: first, the 1-naphthol obtained from
the hydrolysis of carbaryl was more active and more amenable to electrochemical reactions
due to the presence of the naphthalene ring [42]; second, an electron transfer between
Eu3+-MOF-253@Au and 1-naphthol [43]; third, an energy transfer from the excited state of
(Eu3+)* was transferred to 1-naphthol or the oxide it formed [44,45]; fourth, electrostatic
interactions between the free Lewis base site of the pyridine ring in Eu3+-MOF-253@Au and
the hydroxyl group of 1-naphthol [32,46]; and fifth, the possible formation of a complex
between 1-naphthol and Eu3+ that prevents the reduction of exposed Eu3+ in the material
to Eu2+. This leads to the bursting of the ECL. The above process can be represented by
Scheme 2. Meanwhile, this conjecture was verified using cyclic voltammetry, and the
result is presented in Figure 1b. Curves (i), (ii), and (iii) were the CV curves of the Eu3+-
MOF-253@Au/GCE in a working solution with 100 μg L−1 carbaryl, and with 100 μg L−1

1-naphthol, respectively. It can be seen that the original obvious redox peak became
significantly smaller after the addition of the target, probably because the hydroxyl group
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of naphthol complexed with Eu3+, which blocked the pathway of Eu3+ participation in the
ECL process.

Eu3++e−→Eu2+ (1)

S2O8
2−+e−→SO4

−•+SO4
2− (2)

Eu2++SO4
−•→(Eu3+)*+SO4

2− (3)

(Eu3+)* →Eu3++hv (4)

 

Scheme 2. Schematic diagram of the synthesis of Eu3+-MOF-253@Au/GCE and carbaryl detection.

3.2. Optimization of ECL Detection Platform

There were various factors affecting the detection results, but the detection principle
of this method was based on the rapid hydrolysis of carbaryl in solution; as such, the
selection of the pH value of the detection solution was crucial. Additionally, since pH
also affects the strength of the ECL signal, a high pH might favor the formation of the
(Eu3+)* [33]. Taking the above into consideration, the pH of the detection solution was
adjusted for detection from 7, gradually increasing in order to achieve the optimal level
of ECL signal for the constructed sensor, taking into account the practical operation, the
electrode working environment, and the stability of the synthesized material. The results
are shown in Figure 2a. The ECL signal gradually increased during the increase in pH
from 7 to 9, and the intensity of the ECL signal had reached an appreciable 17,825 a.u.
when the pH reached 9. The corresponding CV curves in Figure 2a show that the peak
current increased with increasing pH, which may be because the increase in pH contributed
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to the redox reaction in the system, which, in turn, increased the electron transfer and
generated more excited states (Eu3+)*, thereby increasing the ECL signal intensity. At
the same time, the ECL quenching values of carbaryl and 1-naphthol to the sensor were
compared and analyzed at different pH values. The results showed that when the pH value
reached 9, the quenching values of carbaryl were consistent with that of 1-naphthol at the
corresponding concentration Therefore, the pH of the working solution was adjusted to 9
in the subsequent measurements.

Figure 2. (a) Optimization of pH value of working solution, insert was CV curves at different pH
values; (b) ECL curves of electrodes modified with Nafion and chitosan, respectively.

In order to immobilize the synthesized material on the electrode surface without
affecting the detection of the electrode, both Nafion and chitosan solutions (1%), as common
electrode modifiers in electrochemical detection, were used to immobilize Eu3+-MOF-
253@Au onto the GCE surface to prepare the corresponding electrodes. As shown in
Figure 2b, the ECL signal of the chitosan-modified electrode was weaker, and gradually
decreased compared with that of the Nafion-fixed electrode, probably because the material
was shed during the detection process, indicating that chitosan was not suitable for the
fixation of the electrode modification material prepared in this study. On the contrary, the
ECL signal of the electrode modified by the Nafion solution was more stable and remained
above 17,000 a.u; therefore, the Nafion solution was used for the immobilization of the
electrode material in the subsequent experiments.

3.3. Performance of ECL Detection Platform

The electrode was modified and assayed according to the conditions obtained from
the above optimization experiments to evaluate its recognition, as well as the detection
ability for the targets. Figure 3a shows that the ECL signal intensity of the prepared
electrode gradually decreased with increasing carbaryl concentration in the range of
0.2–200 μg L−1, and the logarithm of the carbaryl concentration (mg L−1) showed a good
linear relationship with the relative change value of ECL signal intensity (F0 − F)/F0 of the
Eu3+-MOF-253@Au/GCE. Where F0 represents the initial fluorescence intensity of the Eu3+-
MOF-253@Au/GCE in the working solution, and F represents the fluorescence intensity
obtained by the Eu3+-MOF-253@Au/GCE detecting a certain concentration of the target so-
lution. The linear regression equation was as follows: (F0 − F)/F0 = 0.21956lgC + 0.84778
(R2 = 0.9988), and the detection limit was calculated as 0.14 μg L−1.
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Figure 3. (a) ECL curves of a series concentration of carbaryl (0.2, 0.5, 1.0, 2.0, 5.0, 10.0, 50.0, 100.0,
and 200.0 μg L−1) detected by Eu3+-MOF-253@Au sensor, and the calibration curve for carbaryl
detection; (b) ECL curves of a series concentration of 1-naphthol (0.14, 0.35, 0.7, 1.4, 3.5, 7.0, 35.0,
70.0, and 140.0 μg L−1) detected by Eu3+-MOF-253@Au sensor, and the calibration curve for 1-
naphthol detection.

In order to verify whether the ECL signal variation was due to 1-naphthol obtained by
the hydrolysis of carbaryl, 1-naphthol solutions with corresponding concentrations were
prepared and measured under the same conditions (based on the molar mass calculation,
hydrolysis of 1 mg carbaryl yields around 0.7165 mg of 1-naphthol; therefore, the solutions
of 0.07, 0.14, 0.35, 0.7, 1.4, 3.5, 7.0, 35.0, and 70.0 μg L−1 of 1-naphthol were configured).
The curves in Figure 3b show the variation of the ECL signal intensity when the electrode
measured 0.14–140 μg L−1 of 1-naphthol solution, as well as the calibration curve plotted
from the signal variation calculation. The regression curve equation for 1-naphthol was
calculated as follows: (F0 − F)/F0 = 0.21996lgC + 0.87963 (R2 = 0.9983). The change of the
ECL curve in Figure 3b essentially matches the trend of the change of the ECL curve in
Figure 3a, and the regression equation of the fitted curve in Figure 3b also almost agrees
with the slope of the equation obtained from the detection of carbaryl, which means that
it can essentially be concluded that 1-naphthol can lead to the change of the ECL signal
intensity of the Eu3+-MOF-253@Au/GCE.

3.4. Selectivity, Precision and Stability

The ability to recognize the target is one of the important properties of the sensor,
so several carbamate pesticides (metolcarb, propoxur, isoprocarb, fenobucarb, methomyl)
were selected as interferents to evaluate the selectivity of the prepared electrodes. The inter-
ferents’ chemical structure formulae are shown in Figure 4a. Figure 4b shows that the ECL
quenching value (F0 − F) of the prepared Eu3+-MOF-253@Au/GCE for carbaryl (1 μg L−1)
was several times higher than that for other analytes of the same concentration. The ECL
quenching values (F0 − F) of the sensor increased more in the presence of interferents than
in the absence of interferents, which may be due to the effect of the similar structure of
the interferents. The quenched values (F0 − F) with and without the interferents were
analyzed by analysis of variance (ANOVA), and the F-test showed no significant difference
in the values of ECL signal changes in the presence and absence of the interferents. It was
probably because they and their hydrolysis products were not able to complex with Eu3+

chelated on MOF-253, indicating the good selectivity and anti-interference performance of
the prepared sensor.

54



Foods 2022, 11, 1487

Figure 4. (a) The chemical structure of carbaryl and its structural analogs; (b) the selectivity of the
Eu3+-MOF-253@Au/GCE towards carbaryl and interferents.

To evaluate the precision of the constructed sensors, six electrodes were prepared
using the same modification method for parallel experiments. The initial signal intensity
F0, the ECL signal intensity F for 1 μg L−1 carbaryl, and the difference (F0 − F) were
determined and analyzed separately. It can be seen from Figure 5a that the prepared
Eu3+-MOF-253@Au sensor has a stable ECL signal. The ANOVA performed on the (F0 − F)
values revealed that there was no significant difference in the detection of carbaryl by the
six electrodes, and that the prepared sensor has reliable reproducibility (The F-test results
were: F = 0.4932 < 3.106 = F(6–1, 18–6)), α = 0.05.

Figure 5. (a) The precision of the Eu3+-Au@MOF-253 sensor; (b) the ECL curve for 10 consecutive
detections carried out by Eu3+-MOF-253@Au/GCE.

Stability is also an important index of electrochemical sensors, so the same electrode
was measured 10 times continuously, and its signal change was analyzed to assess the
stability of the Eu3+-MOF-253@Au sensor. In addition, the prepared sensor, after mea-
suring its ECL signal, was stored at 4 ◦C, and its signal intensity was measured every
6 days to evaluate the stability after long-term storage in three groups operated in parallel.
The results are shown in Figure 5b and Figure S3, respectively. The Eu3+-MOF-253@Au
sensor displayed excellent stability for 10 consecutive measurements (Relative Standard
Deviation, RSD = 0.65%) and long-term storage (RSD = 1.32%). The low RSD indicated a
good reproducibility and high precision of the sensor. Moreover, a T-test was performed on
the same Eu3+-MOF-253@Au/GCE for inter-day and intra-day measurements of carbaryl
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at 1 μg L−1. The results showed no significant difference between the two datasets. This
result again demonstrates the accuracy of the established assay.

3.5. Real Sample Analysis

According to the regulations, the EU’s maximum residue levels (MRL) of carbaryl
residue in milk is 0.05 mg kg−1 [47], which is the same as China’s, while the EU’s car-
baryl residue in soybeans and China’s carbaryl residue in soybean oil is 0.05 mg kg−1

and 1 mg kg−1, respectively [48]. Milk and soybean oil were used as actual samples for
spike recovery experiments, and the ECL determination results were verified by HPLC
simultaneously. The results of the analysis and calculation are presented in Table 1, and
the recoveries were calculated to be 76.5–95.4% for three different concentration levels
spiked on two actual samples. A paired sample T-test between spiked and detected con-
centrations showed p = 0.07174 > 0.05, indicating that there was no significant difference
between the spiked and detected concentrations. This result proved that the constructed
Eu3+-Au@MOF-253 sensor can be applied to the analysis of real samples.

Table 1. Determination of carbaryl in food samples by the proposed ECL and HPLC.

Sample
Added

(μg kg−1

/μg L−1)

HPLC ECL

Found
(μg kg−1

/μg L−1)

Recovery
(Mean ± SD, n = 3)

Found
(μg kg−1

/μg L−1)

Recovery
(Mean ± SD, n = 3)

Milk

0 not detected — not detected —
1 0.87 87.1 ± 1.5 0.82 82.4 ± 2.4
50 47.42 94.8 ± 3.4 47.57 95.1 ± 3.6

100 97.73 97.7 ± 1.9 95.42 95.4 ± 2.2

Soybean
oil

0 not detected — not detected —
1 0.83 82.7 ± 2.6 0.77 76.5 ± 2.5
50 44.12 89.1 ± 2.6 41.53 83.1 ± 3.1

100 93.51 93.5 ± 1.8 86.33 86.3 ± 1.7

n: the number of measurements.

3.6. Comparison of Different Detection Methods

The performance of the trace carbaryl detection strategy based on the constructed
Eu3+-MOF-253@Au sensor was compared with previously reported carbaryl detection
methods, the result of which is presented in Table 2. It is clear that the established ECL
method can balance high detection efficiency, large detection range, and low detection
limit with excellent performance. It also showed lower limit of detection (LOD), as well
as good recoveries and low RSDs in food samples compared to other ECL methods that
selected water as the actual sample. This was attributed to the following aspects: (1) the
excellent thermal and chemical stability of the MOFs material laid the structural foundation
for the construction, modification, and long-term storage of the sensor; (2) the excellent
chemical and fluorescence properties of Eu3+ facilitated the recognition of 1-naphthol by
Eu3+-MOF-253, thereby avoiding the superposition of multiple recognition elements and
providing good selectivity; (3) the nanogold dispersed on the backbone of the MOFs had
good electrical conductivity, which improved the electrode surface electron transfer rate,
and effectively amplified the ECL response; (4) placing the target carbaryl in the detection
solution adjusted to alkaline was beneficial for the rapid completion of its decomposition re-
action and uniform contact with the electrode, which also improved the detection efficiency.
On the other hand, it was presumed that the alkaline detection solution was conducive to
the formation of the excited state of the luminol, effectively enhancing the ECL intensity.
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4. Conclusions

In this study, based on the selectivity of Eu3+-MOF-253 for 1-naphthol, nanogold was
introduced into the MOF framework to enhance the catalytic properties and conductivity
of Eu3+-MOF-253 to construct an ECL sensor for the sensitive detection of carbaryl. After
a series of optimization and evaluation, it was found that the established assay showed
admirable detection efficiency, sensitivity, low detection limit (LOD = 0.14 μg L−1), and high
stability, as well as demonstrating satisfactory recoveries in actual samples (76.5–95.4%),
which implies good application prospects. This work not only proposes a rapid and
sensitive method for the detection of carbaryl residues in foods, but also enriched the
method for the determination of hazard factors in food, and expanded the application of
MOFs in the field of electrochemistry.
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Figure S2: (A) The FT-IR patterns of MOF-253 and MOF-253@Au. (B) The XRD patterns of MOF-253
and MOF-253@Au. (C) The X-ray photoelectron spectra of MOF-253, MOF-253@Au, and Eu-MOF-
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Abstract: Food allergies have seriously affected the life quality of some people and even endangered
their lives. At present, there is still no effective cure for food allergies. Avoiding the intake of
allergenic food is still the most effective way to prevent allergic diseases. Therefore, it is necessary
to develop rapid, accurate, sensitive, and reliable analysis methods to detect food allergens from
different sources. Aptamers are oligonucleotide sequences that can bind to a variety of targets with
high specificity and selectivity, and they are often combined with different transduction technologies,
thereby constructing various types of aptamer sensors. In recent years, with the development of
technology and the application of new materials, the sensitivity, portability, and cost of fluorescence
sensing technology have been greatly improved. Therefore, aptamer-based fluorescence sensing
technology has been widely developed and applied in the specific recognition of food allergens. In
this paper, the classification of major allergens and their characteristics in animal and plant foods were
comprehensively reviewed, and the preparation principles and practical applications of aptamer-
based fluorescence biosensors are summarized. In addition, we hope that this article can provide
some strategies for the rapid and sensitive detection of allergens in food matrices.

Keywords: allergen; detection; aptamer; fluorescence; food safety

1. Introduction

Food allergies, an adverse reaction to antigenic substances in food mediated by the
immune system, have been recognized as a global health issue with increasing prevalence
in the field of food safety [1,2]. Most food allergies are immunoglobulin (Ig) E-mediated
type I (immediate type) hypersensitivity reactions [3]. An epidemiological survey by the
institute of infectious diseases shows that about 6–9.3% of children and 3.4–5.0% of adults
have food allergies, which means the incidence of food allergies in infants and children is
generally higher than that of adults [4–6]. However, there is still no standard cure for food
allergies except avoiding eating foods that contain allergens. Therefore, the development
of rapid and effective detection methods for allergens in food matrices is a topic of concern
in the whole society.

In the past few decades, many mature techniques have been widely used in the
detection of food allergens, such as the enzyme-linked immunosorbent assay (ELISA),
liquid chromatography-mass spectrometry (LC-MS), and polymerase chain reaction
(PCR) [7–9]. The ELISA method has been widely used in the detection of food allergens
due to its high specificity and sensitivity. Nevertheless, due to the influence of various
external conditions such as food processing methods, there would be false positive and
false negative results [10,11]. Moreover, PCR method is usually used for monitoring allergic
components in food processing due to its high specificity and high automation. However,
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PCR technology is not suitable for identifying allergen proteins with unascertained genes,
which limits its scope of application [12,13]. Furthermore, HPLC and LC-MS are standard
strategies for the quantitative analysis of allergens in various food matrices. Because of
the precision requirements of the instruments, these methods usually require strict sample
pre-treatment processes, a larger sample volume, and a longer analysis time, resulting in a
higher detection cost [14]. Currently, biosensors with high sensitivity and specificity, such
as surface-enhanced Raman spectroscopy (SERS), electrochemical biosensors, and quartz
crystal microbalance (QCM) biosensors, can rapidly analyze and screen food allergens
and allow on-site analysis, which are considered effective detection technology [15–17].
However, these biosensors usually require expensive instruments, proficient operators, and
higher requirements for the surrounding environment. Therefore, there is an urgent need
to develop rapid, accurate, sensitive, and easy-to-operate detection methods to quantify
allergens in food matrices.

Nucleic acid aptamer is a nucleic acid sequence that can specifically recognize the
target, screened by systematic evolution of ligands by exponential enrichment (SELEX)
in vitro [18]. The combination of aptamer and target is achieved through single-stranded
oligonucleotide deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) folded into a
specific three-dimensional structure (stem-loop, hairpin and G-quadruplex and other
spatial conformations) [19–21]. Regardless of the technical requirements for the preparation
of aptamers, the convenience and timeliness far exceed those of antibodies. Moreover, the
screened aptamers can be artificially synthesized, which is easy to achieve standardization.
In recent years, aptamers have received extensive attention due to their veracity, high
specificity, and affinity, and they have been used in disease diagnosis and treatment, drug
delivery, food safety testing, and environmental monitoring [22–24]. In terms of food safety,
the application of aptamers to the detection of allergens in food matrices is expected to
achieve the goal of accurate, rapid, and low-cost detection of allergens.

Fluorescence detection technology, due to its low cost, high sensitivity, simple per-
formance, has attracted wide attention [25–27]. Combining fluorescence detection tech-
nology with aptamers, the development of biosensors with high sensitivity and simple
detection procedures provides a feasible strategy for the detection of food allergens [28].
Aptamer-based fluorescence sensing detection is a relatively common analysis method.
The fluorophore is combined with the aptamer in a labeled or non-labeled manner, and the
analyte concentration and other information are reflected by the interaction of the excitation
light and the identification element [29,30]. Furthermore, fluorescence intensity, decay
rate, spectral properties, and fluorescence anisotropy can be used alone or in combination
as signal detection means. Therefore, the method has the advantages of rapid, accurate,
multi-targets, high sensitivity, simple instrumentation, and in-situ detection [31,32]. This
review introduces the allergens in different food matrices in detail, explains the preparation
principle of aptamer fluorescence sensing technology and its application in the detection of
allergens in food matrices, and looks forward to the future development of food allergen
detection methods.

2. Classification of Food Allergens

A great variety of food allergens exist widely in nature. According to the source of
food allergens, they can be classified into animal allergens, plant allergens, and fungal
allergens. Since the occurrence of fungal allergens is not very common, only animal and
plant allergens are discussed in this review. Table 1 lists the classification of major food
allergens, allergy symptoms, and other information. Specific information about food
allergies is also discussed in the following sections.
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Table 1. The major allergens in food matrices and their allergenic properties.

Food
Major

Allergens
Molecular Mass

(kDa)
Types of Proteins The Structure of Proteins

Allergy
Symptoms

Reference

Fish Pan h 1 10–13 Calbindin

Contains 3 EF-hand regions
(a motif composed of a
12-residue loop with a

12-residue-α-helix domain
on each side), 2 of which

can bind calcium.

Blushing, hives,
nausea, stomach

pain, and
intestinal
bleeding.

[33]

Shellfish

Cra c 1 33–39 Protein bound to
actin

Adopting an α-helix
structure, two molecules are
entangled with each other
to form a parallel dimeric

α-helix structure. Nausea,
diarrhea,

abdominal pain,
and muscle
paralysis.

[34]

Cra c 2 38–45 Phosphoglycoprotein

Arginine kinase consists of
an N-terminal domain

(1–111) and a C-terminal
domain (112–357). The

N-terminal domain is all
α-helices, and the

C-terminal domain is an
8-strand anti-parallel
β-sheet structure

surrounded by 7 α-helices.

[35]

Milk

Bos d 8 57–37.5 Phosphate calcium
binding protein

Consists of 4 independent
proteins: αs1-casein,

αs2-casein, β-casein, and
κ-casein.

Skin rash,
urticaria,
eczema,

vomiting,
diarrhea,

abdominal
cramps, etc.

[36]

Bos d 4 14.4
Combine with metal
ions and participate
in lactose synthesis

With a two-piece structure
containing α-single loop

and 310 helix larger
subdomain.

[37]

Bos d 5 18 Lipid transporter

Consists of two subunits
connected by non-covalent
bonds, mainly in the form

of dimers.

[38]

Egg

Gal d1 28 Phosphoglycoprotein

Contains 3 independent
homologous structural
energy domains, and 3
functional domains are
arranged consecutively

in space.

Eczema,
dermatitis,
urticaria,
vomiting,

diarrhea, gas-
troesophageal

reflux, etc.

[39]

Gal d2 45 Phosphoglycoprotein

Containing 4 free sulfhydryl
groups, composed of

385 amino acid residues,
these amino acid residues
are twisted and folded to
form a spherical structure

with high secondary
structure, most of which are

α-helix and β-sheet.

[40]

Gal d3 77 Iron-binding
glycoprotein

Consisting of 686 amino
acids, including 12 disulfide
bonds, the N-terminal and
C-terminal 2 domains each

contain a binding site
for Fe3+.

[41]

Gal d4 14.3 Basic globulin

A single peptide chain
composed of 18 kinds of
129 amino acid residues,
with 4 pairs of disulfide
bonds to maintain the

enzyme configuration, with
lysine at the N-terminus

and leucine at the
C-terminus.

[42]
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Table 1. Cont.

Food
Major

Allergens
Molecular Mass

(kDa)
Types of Proteins The Structure of Proteins

Allergy
Symptoms

Reference

Peanut

Ara h 1 63.5 7S Globulin

The secondary structure
contains β-turns, and the
quaternary structure is a

trimeric complex formed by
3 monomers.

Angioedema,
hypotension,

asthma,
anaphylactic

shock, etc.

[43]

Ara h 2 17–20 2S Albumin A monomeric protein. [44]

Ara h 3 57 11S Globulin

The N-terminal and
C-terminal domains of the
monomer form contain 2

ciupin folds (composed of
two sets of parallel β-turns,

random coils and 3
α-helices).

[45]

Wheat Tri a 36 40 Gluten -

Wheat exercise
stimulates
allergies,
urticaria,

dermatitis,
bread asthma,
nausea, and

diarrhea.

[46]

Soybean
Gly m 5 150–200 7S Globulin

Trimer composed of
α’-subunit, α-subunit and

β subunit.

Red and itchy
skin, asthma
and allergic

rhinitis,
abdominal pain,

diarrhea, etc.

[47]

Gly m 6 320–360 11S Globulin
A hexamer composed of the

interaction of G1, G2, G3,
G4, and G5 subunits.

[48]

Nuts

Ana o 1 50
7S legumin

Exist as a trimer in
natural state.

Metallic taste in
the mouth,

edema of the
tongue or throat,

difficulty
breathing and
swallowing,

urticaria all over
the body,

flushing of the
skin, cramping

abdominal pain,
nausea.

[49]

Jug r 2 44 Consists of 593 amino
acid residues. [50]

Cor a 11 48

Consists of 401 amino acid
residues, with two potential

N-glycosylation sites
(Asn38 and Asn254) and a

leader peptide of
46 amino acids.

[51]

Ana o 3 14 2S albumin

Composed of 5 helical
structures, containing 2
subunits, connected by

cysteine disulfide bonds.

[52]

Jug r 1 15–16 Consists of 142 amino
acid residues. [53]

Jug r 4 58.1
11S globulin

Except for the first 23 amino
acid residues which are

predicted as signal peptides,
the remaining part has a

total of 507 amino
acid residues.

[54]

Cor a 9 40

Composed of 515 amino
acid residues, the sequence
homology with Ara h 3 is

about 45%.

[55]

Pru du 6 350

Exist in the form of
hexamers, each monomer

subunit is composed of one
acid chain of 40 to 42 kDa
and one alkaline chain of

20 kDa.

[56]

2.1. Common Allergens in Animal Food
2.1.1. Seafood

Seafood refers to several different groups of edible aquatic animals, including fish,
crustaceans, and molluscs [57,58]. For culinary reasons, the two invertebrate groups of
crustaceans and mollusks are usually combined into shellfish [59,60]. Seafood are one
of the “eight major allergens” identified by the Food and Agriculture Organization of
the United Nations (FAO) in 1995 [61]. Seafood allergy is a serious global public health
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problem with increasing prevalence, which affects 2.5% of the global population due to the
rapid increase in consumption [62,63]. The exposure pathways of seafood allergy include
ingestion, contact, and even inhalation [64]. However, the main method of sensitization is
through ingestion after cooking or processing [65].

Among fish allergenic proteins, parvalbumin (PV, Pan h 1) belongs to one of the Ca2+

binding proteins and can maintain allergenicity under severe destructive conditions (such
as heat, chemical denaturation, and proteolytic enzymes). α-Lineage and β-lineage are two
homologous lineages of PV, in which β-lineage is the major allergen and is present in almost
all teleost fishes [66,67]. Furthermore, different types of PV in fish have highly conserved
structures and cross-reactivity. Indeed, a study has shown that 95% of fish allergy sufferers
are allergic to PV [68]. Except for PV, aldolase (40 kDa), enolase (47–50 kDa), vitellogenin,
collagen, and tropomyosin (TM, Cra c 1) are minor allergens of fish [69]. In recent years,
with the deepening of studies on fish allergic diseases, many new fish allergens have been
reported. In fish muscle, six proteins with molecular weights between 25 and 57 kDa, such
as triose phosphate isomerase (28 kDa) and pyruvate kinase (57 kDa), have been confirmed
to have Ig E binding activity, but the sensitization of these new allergens needs further
study [70,71].

At present, there are many allergens in shellfish products have been identified. TM,
the first major allergen found in shellfish food, which protein spatial structure is a highly
stable α-helical dimer. Ig E specific binding experiments showed that 72–98% of patients
are allergic to TM [72,73]. Arginine kinase (AK, Cra c 2) is also identified as the major
allergen in crustacean aquatic product muscle. There were 10–51% of shrimp allergic
patients exhibit positive IgE binding to purified AK. Studies have shown that although the
spatial structure of AK is more complex than that of TM, damage to the spatial structure
(treated by heat and pH) can reduce its sensitization [74–76]. In addition to the two
major allergens mentioned above, the allergen sarcoplasmic calcium binding protein in
the muscles of crustacean aquatic products has an EF hand structure similar to that of PV,
which can induce 29–50% of shrimp allergic patients to be positive for Ig E binding [77]. In
recent years, some new allergens, such as myosin light chain, troponin, triose phosphate
isomerase, and paramyosin, which can cause mild allergic reactions, have also been isolated
and identified [78,79]. However, the sensitizing properties of these proteins remain unclear
and further studies are needed.

2.1.2. Milk

Milk allergy seriously affects the life of people allergic to milk and has a relatively
high incidence worldwide [80]. Relevant studies have shown that about 2–7% of infants
and children suffer from milk allergies due to the ingestion of milk and milk products [81].
We need to clarify the structure and sensitization mechanism of milk allergens, thereby
establishing accurate and sensitive detection and analysis methods to help people pre-
vent the occurrence of allergic diseases. The main allergens in milk are casein (Bos d 8),
β-lactoglobulin (Bos d 5) and α-lactalbumin (Bos d 4) [82,83].

Casein accounts for about 80% of milk protein and exists in milk in the form of
micelle, which belongs to a large class of calcium-binding phosphoproteins [84]. It is
coded by different genes located on the same chromosome and is divided into four types:
αs1-casein, αs2-casein, β-casein, and κ-casein, which account for 32%, 10%, 28%, and 10%,
respectively [85]. The difference in structure and content of casein in human milk and
cow’s milk is the main cause of casein sensitization. A study has shown that about 65% of
sufferers are allergic to casein [86]. Whey protein accounts for 20% of milk protein, and
the main allergenic components are α-lactalbumin and β-lactoglobulin [87]. Compared
with casein, whey protein has a higher secondary and tertiary structure due to the fact
that they are not phosphorylated and contain intramolecular disulfide bonds, which will
make them resistant to acids or enzymes, so they can pass the intestinal mucosa smoothly,
be recognized by the immune cells in the human body, and trigger an immune response.
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Studies have shown that about 27.6–62.8% of allergic people are caused by α-lactalbumin,
and about 82% are caused by β-lactoglobulin [88–90].

2.1.3. Egg

Eggs are the second leading cause of food allergies, accounting for 35% of infants and
young children and 12% of adults [91–93]. However, the symptoms of egg allergy may
gradually disappear with age [94]. At present, there are four major allergens found in
egg whites, including ovomucoid (OVM, Gal d1, 11%), ovalbumin (OVA, Gal d2, 54%),
ovotransferrin (OVT, Gal d3, 12%), and lysozyme (Lys, Gal d4, 3.5%), which account for
nearly 80% of the total egg white protein. α-Livetin (Gal d5) and yolkglycoprotein42
(Gal d6) are the major allergens in the yolk [95,96]. Most egg allergies are caused by
allergens in egg white [97].

OVM is composed of 186 amino acid residues and contains three functional domains
with independent homologous structures. It is reported that the third functional domain of
OVM has the strongest allergenicity [98]. The 20–25% glycosyl component contained in
the structure makes OVM very stable to the thermal processing and enzymatic hydrolysis
of trypsin [99]. OVA is a monomeric water-soluble protein composed of 385 amino acid
residues and is the most abundant protein in egg whites [100]. At present, OVA has
been widely used as a model protein to study protein structure, functional properties and
food allergy animal models [101]. There are reports in the literature that OVA is a stronger
allergen than other egg allergens [102]. OVT, a glycoprotein, is a monoglycated polypeptide
composed of 686 amino acid residues. OVT possess many biological activities due to the
N-terminal and C-terminal two domains each contain a Fe3+ binding site, respectively [103].
In addition, OVT is very similar to serum transferrin, which easy to form stable complexes
with metal ions [104]. Lys, a weak allergen, is an alkaline globulin that consists of 129 amino
acid residues in a single polypeptide [105]. At present, studies on Lys mainly focus on its
antibacterial properties. Although OVM and OVA are more common allergens than Lys,
the high usage rate of Lys in food and drug production makes it one of the important egg
white allergens in allergy research [106].

2.2. Common Allergens in Plant Food
2.2.1. Peanut

Peanuts are one of the more common food allergens, which often cause severe allergic
reactions. Peanut allergens have high thermal stability, acid and enzymatic resistance,
and the general production method cannot remove the allergenicity [107,108]. In the
actual production process, food processing often requires complex production processes,
which will cause cross-contamination between foods. Therefore, it is difficult to accurately
determine whether some foods contain peanut allergens [109,110]. Among the 13 allergens
identified in peanuts, Ara h 1, Ara h 2, and Ara h 3 are the major allergens in peanut [111].
Ara h 1, a soluble protein, accounts for approximately 12–16% of the total peanut protein,
which belongs to the pea globule protein and can cause more than 90% of allergic reactions.
In the natural state, Ara h 1 has two kinds of monomers and trimers, which exist in the
form of soluble proteins. For the trimeric form of Ara h 1, it is a homotrimeric glycoprotein
formed by connecting three monomers by hydrophobic interaction. Most epitopes are more
or less hidden in the natural Lys trimer complex, which can protect the monomer from
degradation, and will lead to increased allergies. Guillon et al. determined the stability
of the Ara h 1 trimer structure and described its spatial structure in detail [112]. Ara h
2 belongs to blue bean protein and is also the main peanut allergen, with the content
of 5.9–9.3% of the total peanut protein, which can also cause more than 90% of allergic
reactions. As there are many disulfide bonds in Ara h 2, the structure is very stable [113].
In addition, Ara h 2 contains two genetic variants, Ara h 2.01 (16.7 kDa) and Ara h 2.02
(18 kDa). Ara h 3 is 62–72% similar to glycinin and also has two allogeneic proteins, Ara
h 3.01 (60 kDa) and Ara h 3.02 (37 kDa), in which the serum of more than 44% of peanut
allergy patients can recognize Ara h 3.01 [114,115].
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2.2.2. Wheat

As one of the three major grains and the staple foods of mankind, wheat is widely
cultivated all over the world [116,117]. However, wheat is also a major plant allergen,
and some people have severe allergic reactions to wheat [118–121]. Although most wheat
allergies can cause mild reactions, in some cases, it can be life-threatening. The protein in
wheat can be divided into water-soluble albumin, salt-soluble globulin, and gluten soluble
in ethanol or acid according to solubility, and the allergens in wheat mostly come from
glutelin [122,123]. At present, most of the wheat allergens that have been identified belong
to the α-amylase/trypsin inhibitor family, and there are 18 species: Tri a 12, Tri a 14, Tri a
17–21, Tri a 25–28, Tri a 36–37, and Tri a 41–45. Among them, Tri a 14, Tri a 19, and Tri a 36
are the major allergens [124–126].

2.2.3. Soybean

Soybean, a major plant protein source, which is extensively used in the food processing
industry. Simultaneously, soybean is also one of the “eight major allergens” that identified
by the FAO [127]. Studies have shown that with the increase in the use of soybean and
soybean products, about 1–6% of infants and children are allergic to soybean and the
incidence of soybean allergies in adults is also increasing [128,129]. There are 11 kinds
of allergenic proteins found in soybeans, namely: β-conglycinin (Gly m 5), hydrophobic
protein, defensive protein, inhibitory protein, SAM22, 7S globulin, glycinin (Gly m 6), 2S
albumin, lectin, lipoxidase, and trypsin inhibitor [130–132]. Among them, Gly m Bd 28K
and Gly m Bd 30K of the 7S globulin and the α-subunit Gly m Bd 60K of β-conglycinin are
the main allergens in soybeans.

Gly m Bd 30K (34 kDa) is a water-insoluble monomolecular glycoprotein consisting of
257 amino acid residues, which can be combined with subunits of β-conglycinin through
disulfide bonds to participate in the folding of soy protein [133]. Gly m Bd 28K (26 kDa)
is a broad bean globulin-like protein belonging to the Cupin superfamily and contains
220 amino acid residues [134]. β-conglycinin contains three subunits, namely α- subunit
(68 Ku), α’-subunit (71 Ku), and β-subunit (50 Ku), and they exist in the form of homologous
or heterologous trimers. Among them, Gly m Bd 60K is very stable, which is formed by
the combination of polysaccharide and aspartic acid at the N-terminus of protein [135].

2.2.4. Nuts

Nuts mainly include almonds, cashews, walnuts, hazelnuts, pistachios, Brazil nuts,
etc., which can cause allergic reactions [136]. Generally used as seeds or fruits, most
nut proteins belong to three conservative seed storage proteins, including 2S albumin,
7S legumin and 11S legumin. 2S albumin belongs to the group of prolamins, which
have the characteristics of low molecular weight and multiple cysteine residues in their
sequence. Furthermore, most allergens in the prolamin group are highly resistant to heat,
pH, and gastrointestinal enzymes due to their small and compact structure [137,138]. The
7S legumin is usually a trimeric protein, which has weak stability due to lack of disulfide
bonds. The 11S legumin is a mature trimeric protein, and both subunits are connected
by disulfide bonds. Moreover, both 7S legumin and 11S legumin belong to the Cupin
family [139].

3. Application of Aptamer-Based Fluorescence Biosensors in the Detection of
Different Food Allergens

3.1. Nucleic Acid Aptamer Screening Procedure

Aptamers are obtained through in vitro screening from random DNA or RNA libraries.
The screening procedure of aptamers mainly includes the steps of library establishment,
incubation, isolation, amplification, single-strand preparation, and purification [140,141].
After several rounds of repeated screening, aptamers with high affinity and high specificity
can be obtained. The specific procedure is shown in Figure 1 [142]. (1) To construct a
chemically synthesized oligonucleotide library, each oligonucleotide molecule usually
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contains about 80 nucleotides, including random sequences and constant primers. (2) The
constructed library is incubated with the target, and part of the target is bound to the
oligonucleotide. (3) Elution and separation of unbound or weakly bound oligonucleotides
determines the screening efficiency of SELEX. (4) PCR or real-time PCR is used to amplify
the combined sequence. (5) The amplified sequence obtained from the reaction is used to
prepare the next round of secondary library.

 
Figure 1. Schematic overview of the SELEX procedure. Reproduced with permission from [142].
Copyright Biotechnology and Applied Biochemistry, 2021.

3.2. Aptamer-Target Interaction Mechanisms

The interaction between an aptamer and its target is the core of the SELEX process
and practical application. The nature of this interaction depends on the type and size
of the target [143]. When the target is a small molecule, the aptamer can integrate the
target into its structure through stacking (with flat, aromatic ligands and ions), electrostatic
complementation (with oligosaccharides and charged amino acids), and/or hydrogen
bonding interactions [144]. This interaction with small molecules gives the aptamer higher
specificity that can distinguish two molecules that differ by only one methyl group, which
may be due to steric hindrance. When the target is a protein macromolecule, contrary to the
above situation, the aptamer will be integrated into the structure of its target or attached
to the surface. Since proteins often exhibit a high degree of structural complexity, the
interaction mechanism between aptamers and proteins is more diverse than that of small
molecules [145,146]. In addition to hydrogen bond interactions, polar interactions and
structural complementarity are also included [147]. Among them, RNA- or DNA-binding
motifs that exhibit this structural complementarity are often found in nature, including
helical motifs, leucine zippers, homologous domains, and beta-sheet motifs.

In addition, the nature of the interaction depends not only on the type and size of
the target, but also on the structural complexity of the aptamer itself. According to the
difference of sequence, aptamers may assume a polymeric state through the formation
of G-tetrachromes or i-motifs, both of which can lead to interactions between multiple
oligonucleotides [148]. Interestingly, according to the principle of “induced fit”, the for-
mation of aptam-target complex may involve conformational changes of the target, the
aptamer, or both [149]. This principle leads to better shape complementarity, which in turn
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promotes stronger hydrogen bonding and van der Waals forces. Furthermore, the charge
on the surface of the target also affect the interaction between the aptamer and its target.
The negative charges will weaken or even prevent the binding with the aptamer, because
they will adversely interact with the negatively charged phosphate groups contained in
DNA and RNA. On the other hand, a positive charge can enhance the strength of the
interaction, but it may also aggravate the occurrence of non-specific binding [150–152].

3.3. Detection of Animal Food Allergens

Seafood allergy is not only an important public health issue, but a serious food safety
issue that affects the quality of life and may even be life threatening [64]. For people
with seafood allergies, avoiding foods containing seafood allergens is still the best option.
Therefore, the monitoring of allergens is a process that requires strict supervision [153]. In
order to evaluate seafood allergens, new detection methods with high sensitivity and high
efficiency are required.

As we all know, magnetic separation is easy to operate and can effectively reduce or
eliminate the interference from complex matrices in food. Therefore, based on function-
alized magnetic nanoparticles (MNPs) as a separation carrier, Zhang et al. developed a
simple and versatile label-free aptamer-based fluorescent sensor for the sensitive detection
of TM (Figure 2a) [154]. In the study, OliGreen dye was selected as a fluorescent signal
probe. The aptamer hybridizes with the capture probe bound to the surface of the MNPs
to form an aptamer-MNPs complex as detection probe. When interacting with the target,
the conformation of the complex changes, resulting in the release of the aptamer from the
surface of the MNPs. So, the released aptamer in the supernatant produced a significant
fluorescence enhancement signal, which is because the combination of OliGreen dye and
ssDNA will produce ultrasensitive and specific fluorescence enhancement phenomenon. It
is worth noting that when the commercially available OliGreen dye is in the free state, the
fluorescence is weak or no fluorescence, but the fluorescence will increase by more than
1000 times once combined with the aptamer ssDNA. Under the optimal conditions, the
linear range was 0.4–5 μg mL−1 (R2 = 0.996), with a limit of detection LOD of 77 ng mL−1.
In addition, the highly selective aptamer-based fluorescent sensor was successfully applied
to the detection of TM in food matrix. Wu et al. also developed a similar sensor with a LOD
of 4.2 nM and the concentration linear from 0.5–50 μg mL−1 [155]. Recently, Chinappan
et al. developed an aptamer-based fluorescent-labeled sensor for the detection of TM.
(Figure 2b) [156]. Graphene oxide (GO) is used as a platform for screening the minimum
length of aptamer sequences that can bind to the target with high affinity. A fluorescein
dye labeled GO quenches the truncated aptamer by π-stacking and hydrophobic inter-
actions. After the addition of TM, the fluorescence was restored due to the competitive
binding of the aptamer to GO. More importantly, the aptamer selected in this study is a
truncated ligand fragment, which has four times higher affinity than the full-sequence
aptamer, with a LOD of 2.5 nM. The developed aptamer-based fluorescence sensor can
complete the detection within 30 min. The performance of the sensor was confirmed in the
addition experiment of chicken broth, and a high percentage recovery rate (~97 ± 10%)
was achieved. Compared with the above studies, the sensitivity and specificity of this work
have been greatly improved.
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(a)                                               (b) 

Figure 2. (a) Schematic of preparation of magnetic-assisted fluorescent aptamer for tropomyosin detection. Reproduced
with permission from [154]. Copyright Sensors and Actuators B-Chemical, 2018. (b) Schematic of graphene oxide-based
fluorescent aptamer biosensor for TM detection A: Changes in the fluorescence intensity of the aptamer released from
the GO surface; B: The linear correlation of the fluorescence intensity of TMT2 (at 515 nm) with the concentration of TM.
Reproduced with permission from [156]. Copyright Food Chemistry, 2020.

Fluorescence resonance energy transfer (FRET) is a mechanism widely used in the
preparation of biosensors, which is an energy transfer phenomenon between two fluores-
cent molecules that are very close [157]. Zhou et al. designed an aptamer-based “on-off-on”
fluorescent biosensor based on FRET and used developed carboxyl functionalized carbon
quantum dots (cCQDs) and GO for the detection of shellfish allergen arginine kinase
(AK) (Figure 3A) [158]. The cCQDs-aptamer probe and GO self-assemble for the first
time through a specific π-π interaction, so that the fluorescence of cCQDs is effectively
quenched. After the addition of AK, cCQDs-aptamer is released from the GO surface and
then forms the cCQDs-aptamers-AK complex, which restores the fluorescence of cCQDs.
The aptamer-based FRET sensor can perform sensitive detection in the AK concentration
range of 0.001–10 μg mL−1, with a LOD of 0.14 ng mL−1 (S/N = 3) and a limit of quan-
tification (LOQ) of 0.27 ng mL−1 (S/N = 10). Furthermore, in a control experiment with
a blank sample, it was found that the sensor has high specificity. This reliable, precise,
highly specific, and easy-to-operate aptamer sensor may provide a new perspective for the
application of fluorescence sensing technology in the field of food safety.

In recent years, biosensors based on dual signals or functions have received widespread
attention due to the diversity of detection. Dual-mode nanosensors usually use colorimetric
and fluorescent reporters to achieve convenient visual inspection and highly sensitive fluo-
rescent detection [160,161]. Wang et al. developed a dual-mode aptamer-based fluorescent
sensor for the detection of PV, the major allergen of fish (Figure 3B) [159]. In Figure 3C(a),
aptamer towards PV was obtained by in vitro screening of random ssDNA library contain-
ing a 40-mer randomized region using the triple-mode GO-SELEX. The aptamer-modified
gold nanoparticle (AuNP-APT), complementary short-strand modified gold nanoparticles
(AuNP-CS1), and fluorescent dye-labeled complementary short-strands (FAM-CS2) were
assembled by DNA hybridization. After the addition of PV, the competitive interaction
with aptamer leads to the decomposition of the aptamer sensor, resulting in the color shift
of the AuNPs solution and the recovery of the FAM-CS2 fluorescence signal. The results
showed that the aptamer sensor showed a good colorimetric response (2.5–20 μg mL−1)
and linear fluorescence correlation (2.38–40 μg mL−1) in the PV concentration range. In
addition, the affinity and specificity of the aptamer sensor were also investigated, as shown
in Figure 3C(b,c). Therefore, aptamer 5 with good affinity (KD = 7.66 × 10−7 M) and
specificity is the best aptamer for aptasensor construction. They also studied the feasibility
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of aptamer sensor in real fish samples, revealing the potential in field of monitoring and
quantitative detection of food allergens.

(A)   (B) 

 
(C) 

Figure 3. (A) Schematic of a “on-off-on” fluorescence aptasensor for AK detection. Reproduced with permission from [158].
Copyright Microchemical Journal, 2020. (B) Schematic of a dual-mode fluorescence sensor for PV detection based on
AuNP color changes and FAM-CS2 fluorescence changes. (C) a: Schematic of the aptamer selection procedure by capturing
GO-SELEX; b: Affinity of Apt5 towards PV; c: Specificity of Apt5 towards PV. Reproduced with permission from [159].
Copyright Microchemical Journal, 2020.

Recently, as an alternative to antibodies, the use of peptide aptamers as biosensors
has attracted more attention. Peptide aptamers usually contain 10–20 amino acids, which
the high selective recognition ability is equivalent to that of antibodies. Phadke et al. used
ribosome display technology to select two fluorescent peptide aptamers Cas1 and Cas2.
for the detection of α-casein [162]. Among them, 7-nitrobenzofurazan (NBD)-modified
aminophenylalanine is coupled to the translated peptides to prepare fluorescent peptide ap-
tamers. This is because the peptide can quench the fluorescence of NBD. Once the peptide
recognizes the target α-casein, the NBD-modified phenylalanine is released, and its fluores-
cence will instantly increase. It is worth noting that although the fluorescence of the two
aptamers increased slightly in the presence of the control protein β-lactoglobulin, the mod-
ification of Cas1 with polyethylene glycol (PEG-Cas1) inhibited this phenomenon, which
is because PEG-Cas1 may inhibit the interaction between aptamer and β-lactoglobulin.
The aptamer sensor with a LOD of 0.04 mM, is equivalent to that of the kit. Moreover, the
system can detect α-casein in short time (20–25 s) when compared with the 15 min required
by immunochromatography kits. In addition, it is found that when using PEG-Cas1 to
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detect casein, the instant increase in fluorescence can be observed even with the naked eye.
This study has contributed to improving the specificity of aptamers.

In order to reduce the incidence of milk allergy, hypoallergenic formula (HF) has
been commercialized as a substitute for milk [163]. Nevertheless, in some cases, infants
who consume these formula milk powder still have allergic reactions because of residual
β-lactoglobulin in HF [164]. Therefore, it is necessary to establish a method that can detect
the lower concentration of β-lactoglobulin. Shi et al. used carbon dots (CDs) as a fluo-
rescent signal and Fe3O4 NPs as a magnetic separator to establish a fluorescent-labeled
assay for the detection of β-lactoglobulin [165]. The assay is based on the hybridization
between aptamers immobilized on Fe3O4 NPs and CDs-labeled complementary oligonu-
cleotides (cDNA). In the presence of β-lactoglobulin, the aptamer preferentially binds
to β-lactoglobulin, and part of the CDs-cDNA is released into the solution. After mag-
netic separation, the fluorescence signal of the supernatant increased with the increase of
β-lactoglobulin concentration. Based on this, the aptamer assay with the range of
0.25–50 ng mL−1 and a LOD of 37 pg mL−1 has been successfully applied to the de-
tection of trace β-lactoglobulin in HF. In the study of Qi et al., the binding mechanism of
aptamer and β-lactoglobulin and the detection principle of fluorescent surface-enhanced
Raman scattering (fluorescent-SERS) dual-mode aptamer sensor were thoroughly studied,
which provides a theory basis and application potential for the development of aptamer
sensors [166]. In Figure 4a, the circular dichroism of Lg-18, thermodynamic parameters anal-
ysis, secondary structure of Lg-18, and the result of molecular docking between aptamer
Lg-18 and β-lactoglobulin were performed to illustrate the successful selection of aptamer.
The specific response principle of the dual-mode aptamer sensor is shown in Figure 4b. The
fluorescent-SERS aptamer sensor shows a wider linear range (10–5000 ng mL−1), and the
LOD is 0.05 ng mL−1. Furthermore, under the interference of other proteins, the aptamer
sensor showed excellent specificity.

  
(a)                                             (b) 

Figure 4. (a) Schematic of Lg-18 and β-lactoglobulin binding. A: Circular dichroism analysis of Lg-18 before and after
binding. B: Analysis of thermodynamic parameters in the combined process. C: Secondary structure of Lg-18 predicted
by Mfold online software. D: Analysis of molecular docking results of aptamer Lg-18 and β-lactoglobulin (b) Schematic
of aptamer-based fluorescent Raman dual-mode biosensor for detection of β-lactoglobulin. Reproduced with permission
from [166]. Copyright Sensors and Actuators B-Chemical, 2021.

Lys, as an allergen in egg and a biomarker of many diseases, its detection and quan-
tification are of great significance in clinical diagnosis [167]. Sapkota et al. developed
an aptamer sensor based on single-molecule FRET (smFRET) for the detection of Lys
(Figure 5a) [168]. One of the arms has a blocking chain (B1), which is extended by 15 nu-
cleotides to partially hybridize to the aptamer. The aptamer sensor remains open and
almost no FRET efficiency occurs when Lys is not detected. After the addition of Lys, the
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aptamer binds to Lys and is displaced from the sensor, resulting in a foothold-mediated
replacement of B1 by another chain, H1. At this time, the binding of Lys triggers the
conformational transition state from low FRET to high FRET. Using this strategy, they
demonstrated that the aptamer sensor can detect Lys at concentration as low as 30 nM,
with a dynamic range extends to ~2 μM, and is almost free of interference from similar
biomolecules. In addition, the smFRET method requires only a small number of aptamers,
which offers the advantage of cost-effectiveness. In fluorescence detection, the presence of
background fluorescence induced by ultraviolet-visible light in biological samples can lead
to inaccurate detection results [169]. However, Ou et al. developed an X-ray nanocrystal
scintillator aptamer sensor for sensitive detection of Lys based on the characteristics of
weak scattering and almost no absorption of biological chromophores under X-ray irradi-
ation (Figure 5b) [170]. In this study, aptamer-labeled lanthanide-doped nanocrystalline
scintillators are designed to detect Lys quickly and sensitively through FRET. The use of
low-dose X-rays as the excitation source and nanocrystals containing heavy atoms can
achieve efficient luminescence, which endows the aptamer fluorescence sensor with high
sensitivity (LOD: 0.94 nM), specificity, and sample recovery. In addition, this technol-
ogy can provide a new generation of high-efficiency strategy without autofluorescence
interference for the sensing and detection of biomarkers in biomedical applications.

  
                           (a)                                        (b) 

 
(c) 

Figure 5. (a) Schematic of aptamer-based fluorescent biosensor for Lys detection. Reproduced with permission from [168].
Copyright sensors, 2020. (b) Schematic of aptamer sensor based on nanocrystal scintillator for detecting Lys without
autofluorescence. Reproduced with permission from [170]. Copyright Analytical Chemistry, 2019. (c) A: Schematic of
the Qdots-aptamer-GO quenching sensing principle; B: Schematic of the designed microfluidic chip. Reproduced with
permission from [171]. Copyright Biosensors & Bioelectronics, 2016.
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3.4. Detection of Plant Food Allergens

Lupin, a legume plant, is widely cultivated around the world. α-Conglutin and
β-conglutin are the main allergens of lupin, accounting for 33% and 45%, respectively [172,173].
FRET signals based on ligand-induced conformational changes of the aptamer, Mairal et al.
developed a dimer-based dual fluorescent carrier-labeled biosensor using 11 mer truncated
aptamers for the sensitive detection of β-conglutin [174]. According to reports, the 11-mer
truncated aptamer can form a dimer structure in its natural state [175]. Based on this, the
FRET probe was prepared by ligating two fluorophores with 11 mer truncated aptamers.
The fluorophore Alexa Fluor 488 is excited at 492 nm and emits at 519 nm, and Alexa Fluor
555 is excited at 533 nm and emits at 568 nm. After the addition of β-conglutin, specific
interactions can cause changes in the structure of the double aptamer, resulting in increased
fluorescence at 568 nm. This method not only has the advantages of strong specificity,
rapid detection, and high sensitivity (LOD: 150 pM), but can also be used for the direct
detection of β-conglutin in food matrices at room temperature.

FRET based fluorescence detection methods are receiving increasing attention due
to their high sensitivity. Weng et al. also used this mechanism to develop a quantum
dot (Qdots) aptamer functionalized GO nano-biosensor integrated microfluidic system
for the detection of peanut allergen Ara h 1 (Figure 5c) [171]. The nano-biosensor uses
the Qdots-aptamer-GO complex as a probe, which will undergo conformational changes
when interacting with Ara h 1. This is because the correlation constant between Qdots-
aptamer and Ara h1 is greater than that between Qdots-aptamer and GO, which causes
Qdots-aptamer to be released from GO, thereby restoring fluorescence. This one-step “turn
on” detection with a LOD of 56 ng mL−1 in the ready-to-use microfluidic chip only needs
10 min to achieve the sensitive detection of Ara h 1. In addition, the use of small optical
detectors to measure fluorescent signals improves the portability of the entire system and
provides a promising method for the rapid, accurate, and economical on-site detection of
other food allergens.

4. Conclusions and Prospective

In the field of food safety, food allergy is a worldwide problem. Therefore, the
development of effective allergen quantitative detection technology is a problem that the
food industry has been exploring. Benefiting from the development of aptamer technology,
different types of aptamer sensors can be established by using the highly specific binding of
aptamers and targets. In addition, the detection technology based on fluorescent signal has
the advantages of no radioactivity, simple operation, high throughput, high sensitivity, and
small sample size, which have attracted more and more attention. Therefore, fluorescent
biosensors using aptamers as biorecognition ligands have made great progress in the
sensitive, rapid, specific, and simple analysis of food allergens. Furthermore, fluorescent
biosensors can be integrated with inexpensive and portable equipment, which provides
a theoretical basis and practical application experience for the portable detection of food
allergens. For food manufacturers, portable devices with appropriate sensitivity and
specificity are the best choice for allergen testing during food processing. It is worth
noting that the fluorescent biosensor allows to capture different allergens in food samples
by changing different aptamer, which provides a strategy for the wide application of
aptamer-based fluorescent sensors.

In recent years, aptamer-based fluorescent sensors have been successfully applied
in the detection of allergens and other small molecules. Although aptamers have strong
specificity to the target, when other analogs coexist or the concentration of the target is
low, the influence of this weak non-specific signal cannot be ignored. Therefore, improving
the level of specific aptamer screening technology is one of the future study directions
of aptamer technology specificity. With the continuous efforts of scientific researchers,
we believe that we will be able to gradually overcome the technical difficulties of ap-
tamer fluorescence sensors in practical applications and make them more widely used in
environmental detection, health, and medical fields.
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Abstract: In this study, a rapid fluorescent and colorimetric dual-mode detection strategy for Hg2+ in
seafoods was developed based on the cyclic binding of the organic fluorescent dye rhodamine 6G
hydrazide (R6GH) to Hg2+. The luminescence properties of the fluorescent R6GH probe in different
systems were investigated in detail. Based on the UV and fluorescence spectra, it was determined
that the R6GH has good fluorescence intensity in acetonitrile and good selective recognition of
Hg2+. Under optimal conditions, the R6GH fluorescent probe showed a good linear response to
Hg2+ (R2 = 0.9888) in the range of 0–5 μM with a low detection limit of 2.5 × 10−2 μM (S/N = 3). A
paper-based sensing strategy based on fluorescence and colorimetric analysis was developed for the
visualization and semiquantitative analysis of Hg2+ in seafoods. The LAB values of the paper-based
sensor impregnated with the R6GH probe solution showed good linearity (R2 = 0.9875) with Hg2+

concentration in the range of 0–50 μM, which means that the sensing paper can be combined with
smart devices to provide reliable and efficient Hg2+ detection.

Keywords: Hg2+; R6GH; dual mode; fluorescence; visualization

1. Introduction

In recent years, the rapid development of industry has brought serious pollution to
the natural and food production environment. Unlike other types of pollution, heavy metal
pollution can circulate within the environment and have the characteristic of being non-
degradable, thus causing more serious harm and impact on human beings [1]. Heavy metal
ions are capable of denaturing proteins in the living organisms. When these harmful heavy
metals accumulate and concentrate in the human body, they can produce an accumulation
of toxicity and cause very serious diseases [2,3]. Heavy metal contamination in food has
been an important factor affecting food safety. Mercury (Hg) is one of the common heavy
metals that can easily cause environmental pollution [4]. Usually, microorganisms in the
soil can methylate the Hg element, making it easy to easily be absorbed by microorganisms
and thus enter the food chain. By accumulating in the human body for a long time, high
concentrations of Hg can produce very serious hazards [5]. Therefore, it is necessary and
significant to monitor and detect Hg levels in the environment and food samples.

Currently, analytical strategies such as mass spectrometry and spectroscopy based on large-
scale instruments, such as inductively coupled plasma mass spectrometry (ICP-MS) [6–8], atomic
absorption spectrometry (AAS) [9,10], and atomic fluorescence spectrometry (AFS) [11,12], are
still the main means for accurate detection of heavy metals (including Hg) in various
samples, and such methods have unparalleled advantages in terms of detection accuracy
and sensitivity. However, such advanced instruments are usually expensive and large,
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and require relatively complex sample pretreatment processes, which are inadequate for
low-cost screening, in situ detection, and large-scale penetration. To avoid these problems,
there is an urgent need to establish a fast, sensitive, and portable detection method for
heavy metal targets [13,14]. The paper-based sensing strategy based on fluorescent and
colorimetric dual mode can achieve naked-eye visualization of the target and portable,
low-cost semiquantitative detection [15,16]; on the other hand, this dual-mode spectral
signal output can largely guarantee the reliability of the detection results.

Due to the long emission wavelength, low biotoxicity, and pronounced color change,
rhodamine-based compounds are commonly used as fluorescent and colorimetric labeling
reagents in visualization assays [17–19]. These compounds can specifically complex or
bind metal ions or organic small molecules while processing certain recognition abilities. In
particular, rhodamine derivatives with spiro ring structure have different optical properties
in open and closed loops, making them ideal materials for the construction of optical
sensors. It is worth noting that rhodamine 6G hydrazide (R6GH) is one of the most
important intermediates of rhodamine compounds, which attracted extensive attention
in heavy metal detection studies [20,21]. The amide spiral ring structure with rhodamine
as the parent nucleus has an “On–Off” feature. When specific metal ions are added, the
amide ring will be opened, resulting in the rupture of the organic dye and enhanced
fluorescence [22]. In our previous work [23], the R6GH dye with a spiral ring structure was
found to be opened by Pb2+, causing a significant fluorescence signal (Ex: 552 nm). Based
on this, a dual-mode fluorescence and colorimetric detection strategy was further designed
and constructed for the rapid and efficient detection of Pb2+ in water and food samples.

Since heavy metal Hg2+ can also trigger the fluorescence switch of the R6GH probe,
this study continued to explore the fluorescence response performance of the R6GH probe
to the heavy metal Hg2+ under different solution systems and thus developed an effective
fluorescence analysis strategy for Hg2+ (Figure 1). The study further developed portable
detection test strips that not only allowed for the naked-eye colorimetric semiquantitative
analysis of the Hg2+ content but also can be combined with a portable color reader for
the rapid screening of target Hg2+ in a large number of samples. This study is of great
interest for the development of effective strategies for the on-site detection and large-scale
screening of trace hazardous substances in food.

 

Figure 1. Schematic of R6GH synthesis and fluorescent and colorimetric dual-mode detection of Hg2+

for smartphone-integrated sensing system.

2. Materials and Methods

2.1. Reagents and Materials

The reagents and solvent nitrates of target Hg2+ and other ions Cu2+, V2+, Cd2+, Mn2+,
Zn2+, Cr3+, Co2+, Ag+, and K+; hydrazine hydrate (85%); rhodamine 6G (R6G, 99.5%); and
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ethylenediaminetetraacetic acid (EDTA) were purchased from Shanghai Aladdin Biochem-
ical Technology Co., Ltd. (Shanghai, China). Organic reagents such as tetrahydrofuran
(THF), methanol (MeOH), ethanol (EtOH), and acetonitrile (ACN) were purchased from
Sinopharm Chemical Reagent Company. All the reagents used for R6GH probe synthesis
and analysis were of analytical grade or higher and were not further purified.

2.2. Instruments

A Shimadzu UV-vis spectrophotometer (Tokyo, Japan, UV-2600) was used to record
UV absorbance data, and a Thermo fluorescence spectrometer (Boston, MA, USA, Lumina)
was applied for fluorescence analysis. An electric blast dryer (WG II-45BE, Tianjin, China)
and a Teflon digestion tank were used for sample pretreatment. An Agilent inductively
coupled plasma mass spectrometer (ICP-MS) (Santa Clara, CA, USA, 7700x) was used to
compare and validate the data from the Hg2+ analysis strategy established in this study. An
ordinary quantitative filter paper was used in the visual analysis, and a portable colorimeter
from FRU Weifu Optoelectronics (WR-10, Wuxi, China) was used for LAB analysis in the
paper-based assays.

2.3. Preparation of R6GH Probe

The R6GH fluorescent probe was prepared according to the method reported [23] and
is briefly described as follows: accurately weighed R6G (0.5 g) was fully dissolved in EtOH
(30.0 mL) in a 100 mL round-bottom glass flask, and a solution of hydrazine hydrate (85%,
2.0 mL) was added for thorough mixing. The mixture was cooled to room temperature
and magnetically stirred for 10 h until the color of the mixed solution disappeared. After
filtering under reduced pressure and washing with EtOH three times, the white solid
product was collected as the R6GH fluorescent probe.

2.4. Optimization of Dual-Mode Detection System

The prepared R6GH fluorescent probes were dispersed in THF/H2O (v/v, 1:1), ACN,
and MeOH/H2O (v/v, 3:1), respectively. The concentration of R6GH was controlled at
1.0 mM as a stock solution and diluted to the desired concentration for testing. Subse-
quently, equal volumes of R6GH solutions at 20 μM concentration in the three systems were
mixed with different concentrations (0–60 μM) of Hg2+ to obtain the resulting mixtures
with Hg2+ concentrations ranging from 0 to 30 μM. The mixture was reacted at room tem-
perature for 10 min and then analyzed by UV and fluorescence spectroscopy. By comparing
the results, the optimal system for the detection of Hg2+ was finally determined and used
in the subsequent experiments.

2.5. Detection Procedure for Hg2+

Different concentration gradients (0–10 μM) of Hg2+ were added to the ACN system of
the R6GH probe (20 μM), thoroughly mixed, and left at room temperature for fluorescence
intensity detection. The common metal ions Cu2+, V2+, Cd2+, Mn2+, Zn2+, Cr3+, Co2+, Ag+,
and K+ (10 μM) in food were added to the R6GH probe solution in the ACN system in the
same way, and after sufficient reaction, the fluorescence intensity was compared to assess
the interference of different metal ions with Hg2+.

The reproducibility and reversible mechanism of the R6GH probe for the detection of
Hg2+ were also investigated using ethylenediaminetetraacetic acid (EDTA) to assess the
reversibility of R6GH for the detection of Hg2+.

2.6. Preparation of Test Strips for Visual Detection of Heavy Metal Ions

Test strips (1 cm × 1 cm) were infiltrated in the solution of the R6GH probe (20 μM)
in the THF/H2O (v/v, 1:1) solution and left for 10 min at room temperature. The solvent
was removed from the test strips and allowed to dry. The paper with the R6GH probe
immobilized was cut into strips and fixed, infiltrated in Hg2+ standard solutions with
different concentration gradients (0–100 μM), and naturally dried to obtain color-developed
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immobilized paper-based sensors that can be used for naked-eye or fluorescence (365 nm
UV) analysis and comparison of Hg2+.

2.7. Actual Sample Pretreatment

Seafood samples of oysters, yellow croaker, and prawn were purchased from a local
market in Tianjin and stored in a refrigerator at 4 ◦C. The samples were first nitrated by
adding 0.5 g of the actual sample and 10.0 mL of HNO3 together at room temperature into
a Teflon beaker for an overnight treatment, then boiled until all dissolved, and the cooled
solution was centrifuged at 8000 r/min to obtain the supernatant, which was adjusted to
pH 6.0 using the NaOH solution (1 mol/L) and diluted to 50 mL with ultrapure water to
prepare different concentration gradients of Hg2+.

3. Results and Discussion

3.1. Optimization of Hg2+ Assay System

The prepared R6GH probe can react with the target Hg2+, which can open the ring
structure it possesses, leading to the enhanced fluorescence. The fluorescence response of
the R6GH probe to the target Hg2+ in three solutions of THF/H2O (v/v, 1:1), ACN, and
MeOH/H2O (v/v, 3:1) was investigated, and the sensitivity and accuracy for the dual-mode
detection of Hg2+ in different systems were compared based on the Hg2+-induced changes
in color and fluorescence intensity of the R6GH probe observed under natural and UV light.

Figure 2 has shown the color change of the R6GH probe in the three detection systems
under natural light and UV after Hg2+ induced the colorimetric and fluorescence switching
of the R6GH probe in the “On” state. When Hg2+ was added into the solution of the
R6GH probe, the solution color changed from colorless to pink under natural light, and the
fluorescence in the solution changed from no fluorescence to bright yellow fluorescence
under the excitation of 365 nm UV light. Meanwhile, with the increase in Hg2+ concentra-
tion (0–30 μM), the solution color of the R6GH probe gradually deepened and stabilized.
From these results, the color change of R6GH in the THF/H2O (v/v, 1:1) system was more
obvious, with higher chromogen and brighter fluorescence produced, which was easier to
observe. Therefore, the THF/H2O (v/v, 1:1) solution was considered more suitable for the
visualization and fluorescent colorimetric analysis of Hg2+ by the R6GH probe and used
for the detection process of Hg2+ colorimetric test strips.

To further explore the Hg2+ recognition performance of the R6GH probe in fluorescence
and colorimetric detection, the UV absorbance and fluorescence intensity of the R6GH
probe were investigated in three systems under the colorimetric and fluorescence “On”
states induced by Hg2+, and it was found that the UV absorption and fluorescence intensity
significantly increased with the addition of Hg2+. As illustrated in Figure 3, the R6GH probe
has no UV absorption and fluorescence emission ability but appeared a UV absorption
band near 530 nm and a clear fluorescence emission peak near 556 nm. By comparing the
UV absorption and fluorescence spectra in the three detection systems, the ACN system
obtained the highest absorbance and fluorescence intensity. This was because the ACN was
one nonprotonic solvent that did not provide nor spontaneously transfer protons in the
reaction, thus having good solubility for metal cations. Meanwhile, considering the good
solubility of ACN for the R6GH probe, it allowed Hg2+ to form ion-dipole bonds with the
solvent system, thus increasing the contact area of the complexation reaction between the
R6GH fluorescent probe and Hg2+, which made the reaction faster and more adequate.
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Figure 2. Color changes of Hg2+ induced R6GH probes in the three different solutions under natural
light ((A): THF/H2O (v/v, 1:1); (B): ACN; (C): MeOH/H2O (v/v, 3:1)) and under 365 nm UV light
((D): THF/H2O (v/v, 1:1); (E): ACN; (F): MeOH/H2O (v/v, 3:1)).

Figure 3. UV absorption spectra ((A) THF/H2O (v/v, 1:1); (B) ACN; (C) MeOH/H2O (v/v, 3:1)) and
fluorescence spectra ((D) THF/H2O (v/v, 1:1); (E) ACN; (F) MeOH/H2O (v/v, 3:1)) of the R6GH
probe (10 μM) in three tested solutions complexing with different concentrations of Hg2+ (0–30 μM).
Inset: Relationship between R6GH absorbance or fluorescence intensity (Em: 556 nm) and Hg2+

concentrations.

3.2. Establishment of R6GH-Based Fluorescence Strategy for Hg2+ Detection

Hg2+ can ligand-complex with the O atom of -COOH and the N atom of -NH2 in the
R6GH probe [24], which induces the conversion of the rhodamine-based amide spiro ring
structure from “Off” to “On” state, resulting in the color change or fluorescence enhance-
ment of the originally colorless and nonfluorescent R6GH probe. The fluorescence intensity
of the R6GH probe in ACN gradually increased with the increase in Hg2+ concentration,
having a good linear relationship with Hg2+ concentration in the range of 0–5 μM with R2
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of 0.9888 (Figure 4A). The limit of detection (LOD, S/N = 3) of Hg2+ reached 2.5 × 10−2 μM,
indicating that the prepared R6GH fluorescent probe can sensitively respond to Hg2+.

The selectivity of the R6GH fluorescent probe for Hg2+ in the ACN system was further
evaluated for common metal ions (Cd2+, Mn2+, V2+, Cu2+, Zn2+, Cr3+, Co2+, Ag+, and K+) in
the study. It was found that these metal ions did not significantly enhance the fluorescence
intensity of R6GH. When Hg2+ (10 μM) induced the fluorescence conversion of the R6GH
probe to “open loop”, its fluorescence intensity was as high as 9435.1, which indicated
that Hg2+ had a relatively obvious fluorescence enhancement effect on the R6GH probe.
Except for the selected Cd2+, Mn2+, V2+, and Cu2+, which had weak enhancement on the
fluorescence of R6GH [23] (approximately 20–50% of the fluorescence intensity of the same
concentration of Hg2+), the other tested ions could not produce fluorescence enhancement
on the R6GH probe. Furthermore, the interference factor K (Fothers/FHg

2+) was used to
compare and assess the interference of other metal ions on the fluorescence response of
target Hg2+. Based on the fluorescence intensity of tested metal ions at 5.0 μM, the calcu-
lated K values 0.47 (Cd2+), 0.29 (Mn2+), 0.27 (V2+), 0.24 (Cu2+), 0.002 (Ag+), 0.0014 (Zn2+),
0.0012 (K+), 0.00094 (Co2+), and 0.0008 (Cr3+) were all less than 1.0, further demonstrat-
ing that the prepared R6GH probe has good selectivity for Hg2+, which provides a great
feasibility and theoretical basis for its future practical application.

Figure 4. (A) Correlation between Hg2+ concentrations and R6GH fluorescence intensity. (B) Fluores-
cence reversibility of R6GH under alternate addition of Hg2+ and EDTA.

EDTA can coordinate with a variety of metal ions to form complexes and was used
to examine the fluorescence reversibility of the R6GH probe [25]. The results showed
that the fluorescence intensity of the R6GH–Hg2+ system to ACN sharply decreased after
the addition of EDTA and even almost restored to the original state of the R6GH probe
(Figure 4B). This indicated that EDTA could release Hg2+ from the R6GH–Hg2+ complex
and turn off the fluorescence switch of the R6GH probe. When Hg2+ was added again,
the fluorescence intensity of the solution recovered to be close to that of the R6GH probe
solution when only Hg2+ was present, indicating that EDTA can cause the demetallization of
the R6GH probe and regeneration of the spirolactam ring. After five cycles, the fluorescence
of the R6GH probe solution did not significantly increase or decrease, indicating that the
R6GH probe can release Hg2+ through competition with EDTA for reversible cycling of
Hg2+ detection.

3.3. Detection of Hg2+ in Seafoods Using R6GH-Based Fluorescent Probes

To verify the application capability of the prepared R6GH-based fluorescent probe,
seafoods including oysters, yellow croaker, and prawn were selected and spiked Hg2+

with different concentrations (0.5, 2.0, and 4.0 μM) to perform the recovery experiments.
The spiked samples were simply pretreated and used for the constructed R6GH-based
fluorescent probes and widely accepted ICP-MS methods for detection. As shown in Table 1,
the proposed R6GH-based fluorescent probe obtained acceptable recoveries (88.0–108.3%)
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of Hg2+ in each selected seafood with RSDs all below 5% (n = 3). Compared with the
results obtained from the conventional ICP-MS method, good correlation was achieved
with r2 > 0.99 (Figure 5). These results indicated that the proposed R6GH probe-based
fluorescence strategy was an ideal tool for providing accurate and reliable detection of Hg2+

in food matrices. Table 2 has compared the merits of different strategies for Hg2+ detection,
signifying that the proposed R6GH-based probe can offer a rapid, sensitive, and effective
strategy for Hg2+.

Table 1. Results of Hg2+ detection in seafood samples using R6GH probe.

Seafood
Spiked

Level (μM)

R6GH-Based Fluorescence Strategy ICP-MS Method

Found (μM) Recovery (%)
RSD

(%, n = 3)
Found (μM) Recovery (%)

RSD
(%, n = 3)

Oysters
0.5 0.45 89.2 4.7 0.46 92.0 3.6
2.0 1.76 88.0 3.5 1.88 94.0 3.2
4.0 3.65 91.3 3.2 3.83 95.8 2.3

Yellow
croaker

0.5 0.49 97.2 4.4 0.47 94.0 4.1
2.0 1.89 94.7 2.8 1.94 97.0 3.1
4.0 4.33 108.3 3.3 4.10 102.5 2.5

Prawn
0.5 0.52 103.6 4.0 0.50 100.0 3.7
2.0 1.88 94.0 3.8 1.96 98.0 2.2
4.0 3.75 93.8 2.4 3.82 95.5 1.9

Figure 5. Correlation of Hg2+ detection results in real samples by R6GH-based fluorescence strategy
and ICP-MS method.
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Table 2. Comparison of merits of different Hg2+ detection methods.

Methods Materials Linear Range LOD Required Time Ref.

Multicapillary GC-ICP-MS - 0.002–10 pg mL−1 0.08 pg - [6]
ICP-MS/MS - 1.7–325.6 ng g−1 0.85 ng L−1 - [7]
Fluorescent Carbon nanodots 0–3 μM 4.2 nM ~10 min [26]

Ultraviolet spectrophotometry Gold Nanorods 285 nM–8.00 μM 112 nM - [27]
Ratiometric fluorescent paper Dual-colored carbon dots 0–320 nM 0.14 nM ~3 min [28]

Electrochemical biosensor Poly-T oligonucleotides 1 nM–1.0 mM 100 pM ~30 min [29]
Fluorimetry and visualization assay R6GH 0–5 μM 0.025 μM <10 min This work

3.4. Development of Visualization Paper-Based Sensor for Hg2+ Detection

Fluorescence sensing analysis suffers from the shortcoming that single signal readings
are susceptible to environmental and human factors; thus, there is an urgent need to develop
new sensing platforms capable of rapid, on-site, and reliable heavy metal ion detection
and analysis. Based on the constructed fluorescence sensing system of R6GH–Hg2+, an
intelligent, low-cost, and portable paper-based sensing platform was developed to realize
fluorescent and colorimetric dual-mode signal output for more accurate, reliable, and
convenient detection of heavy metal Hg2+. As shown in Figure 6A, the paper-based sensor
constructed with a filter paper infiltrated with the R6GH–Hg2+ solution as a substrate (the
paper used in the experiment has blue background fluorescence) showed a colorless to
light pink change (natural light) and a blue to yellow-green change (UV light, 365 nm) with
increasing Hg2+ concentration from 0 to 100 μM.

Figure 6. (A) Colors of immobilized paper-based sensors containing R6GH immersed in different
concentrations of Hg2+ under natural and UV light. (B) Calibration curve of LAB ΔE value to Hg2+

concentration.

For visualization of the results, colorimetric signals can be recorded and analyzed
using a colorimeter to provide the LAB values of the test strips. The LAB color model
consists of three elements, luminance L and the associated colors A and B [30,31]. The
LAB color space defining the color change can be further linked to digital cameras and
smartphones, thus facilitating remote monitoring and online analysis. Thus, the chromatic
aberration parameter ΔE can be used as a reference for the visual detection of Hg2+ by
paper-based sensors. The chromaticity difference at different concentrations of Hg2+ can be
calculated according to the equation (ΔE =

√
ΔL2 + ΔA2 + ΔB2) [32]. The results showed

a good linear relationship (y = 0.439x + 6.472, R2 = 0.9875) between the chromatic aberration
parameter ΔE and Hg2+ concentration for the paper-based sensor infiltrated using the
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R6GH–acetonitrile probe solution in the Hg2+ concentration range of 2.5–50 μM (Figure 6B).
Therefore, the paper-based array sensor constructed based on fluorescence and colorimetric
detection strategies combined with a smart device can achieve visualized semiquantitative
detection of target Hg2+. This dual-mode sensing method based on R6GH enabled more
convenient, reliable, and accurate analysis of target Hg2+.

4. Conclusions

In summary, this study successfully synthesized the R6GH probe that generates fluo-
rescence and color signals with Hg2+ and developed a fluorescence-colorimetric dual-mode
sensing platform that can be used for rapid, accurate, and sensitive detection of Hg2+ in
seafood. This R6GH probe was used not only to construct a fluorescence analysis platform
with good linearity, accuracy, and sensitivity for Hg2+ but also to develop a paper-based
visual semiquantitative analysis strategy that can work in conjunction with a small and
portable color reader, providing an ideal tool for rapid, low-cost, and convenient analysis
of Hg2+. The R6GH fluorescent probe-based strategy and research method proposed in
this study can be extended to the detection of other targets in other fields, providing a
new direction for the research of high-performance and intelligent analytical strategies and
detection devices.
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Abstract: Additives and antibiotic abuse during food production and processing are among the key
factors affecting food safety. The efficient and rapid detection of hazardous substances in food is of
crucial relevance to ensure food safety. In this study, a water-soluble quantum dot with glutathione
as a ligand was synthesized as a fluorescent probe by hydrothermal method to achieve the detection
and analysis of H2O2. The detection limits were 0.61 μM in water and 68 μM in milk. Meanwhile, it
was used as a fluorescent donor probe and manganese dioxide nanosheets were used as a fluorescent
acceptor probe in combination with an immunoassay platform to achieve the rapid detection and
analysis of enrofloxacin (ENR) in a variety of foods with detection limits of 0.05–0.25 ng/mL in foods.
The proposed systems provided new ideas for the construction of fluorescence sensors with high
sensitivity.

Keywords: manganese dioxide nanosheet; water-soluble quantum dots with glutathione as ligand;
fluorescence quenching immunosensors; antibiotic detection

1. Introduction

Food safety is directly related to people’s livelihoods, and it is also necessary to
promote economic development and social harmony [1]. However, the globalization
process of food trade has increased the risk of spreading contaminated food [2]. Food safety,
as a global issue, has attracted increasing attention from governments, food industries and
consumers. Food safety detection technologies play crucial roles in ensuring the health
and safety of food for the population [3]. However, since most contaminants often exist
in trace amounts, and complex food matrics seriously interfere with the detection results,
the development of detection and analysis methods with higher sensitivity and accuracy
has been the pursuit of food safety analysis [4]. For example, veterinary antibiotics such
as enrofloxacin (ENR) are not completely biodegradable by animals, and their unfounded
use can endanger human health in the form of prototypes or metabolites through the
food chain [5–7]. In addition, H2O2 is fraudulently used to block microbial activity in
milk that is near its sell-by date or unfit for consumption. As well, most countries have
established maximum residue limits for veterinary drugs and hydrogen peroxide in food
due to their toxic effects [8,9]. Therefore, it is essential to develop rapid and sensitive
detection strategies for veterinary antibiotics and H2O2.

In the continuous innovation process of nanomaterials science, the detection technol-
ogy based on fluorescent nanomaterials has gradually replaced the traditional detection
and analysis methods based on large instruments due to the advantages of small instru-
ment dependence, high signal sensitivity and short detection time, and has become a new
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direction for the development of food safety detection technology. The introduction of
semiconductor quantum dots (QDs), up-conversion nanoparticles (UCNPs), atomic clus-
ters (NCs), carbon dots (CDs) and other new fluorescent nanomaterials have promoted
the development of fluorescent labeling technology, broadened the application range of
fluorescent detection sensors [10–13]. QDs stand out among many fluorescent materi-
als [14,15]. According to the different constituent elements and particle size, QDs achieve
full coverage of the emission spectrum from the visible spectrum to the mid-infrared re-
gion [16,17]. Especially water-soluble QDs with biomolecules as ligands, due to their good
biocompatibility, high quantum yield, and stable optical properties, have become a better
choice for fluorescently labeled probes, and have a wide range of applications in fields of
biochemistry, immunosensing, cell biology researches and so on [18,19]. Water-soluble QDs
with GSH as a ligand (GSH-QDs) have a high degree of biocompatibility, mono-dispersity
and stabilities [20–22]. The environmentally friendly GSH-QDs are easy to synthesize
and easy to realize industrial production, which has promising commercial application
prospects. In addition to its strong coordination ability, GSH also has a strong reducing
ability, which can reduce MnO2 to Mn2+, and the -SH is oxidized to -S-S- to form GSSG [23].
Based on this, the redox reaction system between GSH and MnO2 is widely used in the
field of biological monitoring, however, most reports still focused on the application of
MnO2-based glutathione detection, and its contribution in the field of other target sensing
analysis remains to be developed [24–26].

Nanosheets are a novel class of nanomaterials, which have been widely used in the
fields of nanotechnology and nanomaterials [27]. Layered manganese dioxide nanosheets
(MnO2 NSs) with high degrees of freedom are an important 2D layered functional material,
which has attracted much attention due to its excellent optical properties and adsorption
properties while retaining oxidative properties [28]. Based on the unique characteristics of
GSH, water-soluble CdTe QDs with GSH as the ligand (GSH-CdTe QDs) were synthesized
by hydrothermal method as the fluorescence signal probe. Firstly, an H2O2 detection
method based on GSH-CdTe QDs was established for the highly sensitive detection of
H2O2 in milk. In addition, a novel MnO2 NSs/GSH-CDTE QDs fluorescence quenching
sensing system was constructed by coupling the detection antibody to the surface of MnO2
NSs as a sensing probe. Combined with the immunochromatographic analysis platform, a
novel fluorescence quench immunosensor (FQISs) with strong anti-interference ability and
high sensing sensitivity were constructed for the detection of ENR, and it is expected to be
used for the detection and analysis of more trace hazards in food.

2. Materials and Methods

2.1. Chemicals and Materials

GSH, cadmium chloride hydrate (CdCl2), tellurium powder, sodium borohydride
(NaBH4), NaOH, Bovine serum albumin (BSA), and ovalbumin (OVA), 1-(3-Dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC), HEPES, NC membrane (Millipore HF90s)
were purchased from Merck KGaA, (Darmstadt, Germany). MnO2 NSs were purchased
from Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China). PVC sheet, sample pad,
conjugate pad and absorption pad were purchased from Shanghai Kinbio Tech.Co.,ltd
(Shanghai, China), Enrofloxacin, flumequine, danofloxacin, sparfloxacin, gatifloxacin,
fleroxacin, lomefloxacin, difloxacin, sarafloxacin, ciprofloxacin, and norfloxacin were pur-
chased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). A commercial ENR ELISA
test kit was purchased from Reagen LLC (Moorestown, NJ, USA). Anti-ENR polyclonal
antibody (Ab) was produced in our laboratory.

2.2. Synthesis of GSH-CdTe QDs

GSH-CdTe QDs with a final molar ratio of Cd2+/Te2−/GSH = 1:0.5:2.5 was synthesized
by following a previous method with a minor modification [29]. A total of 0.25 mmol of
Te powder and 1.32 mmol of NaBH4 were added into 3 mL of ultrapure water and stirred
for 4 h under a nitrogen atmosphere in an ice bath to form the NaHTe precursor. At the
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same time, 0.5 mmol of CdCl2·5H2O and 1.25 mmol of GSH were dissolved into 120 mL of
ultrapure water and adjusting the mixture to pH 10 with 1.0 M NaOH to form the cadmium
precursor and kept stirred under bubbling nitrogen for 30 min. Then, the freshly NaHTe
was added into the cadmium precursor immediately under a nitrogen atmosphere to form
the CdTe QDs precursor. After refluxing for 2 h, the CdTe QDs with the maximum emission
wavelength of 610 nm were prepared. Finally, the product was purified by centrifugation
to remove free GSH and dispersed in ultrapure water and stored at 4 ◦C for use (Scheme 1).

 

Scheme 1. Schematic of FQISs. Preparation method of the GSH-CdTe QDs-OVA fluorescence probe
(a) and MnO2-Ab fluorescence sensing probe (b), Detection procedures of FQISs (c) and schematic of
fluorescence results under a UV lamp (d).

2.3. Fluorescence Responses to H2O2 in Milk

1 mL of milk is dissolved in 9 mL of water, and without centrifugation and other
pretreatments, 10 μL of the solution was mixed with 10 μL of GSH-CdTe QDs, diluted with
water to 100 μL, and the fluorescence intensity of the solution was measured after standing
for 10 min.

2.4. Fluorescence Responses to MnO2 NSs

100 μL of MnO2 NSs with different concentrations and 100 μL of 200 μg/mL CdTe
QDs were added to each microwell in order, and the fluorescence value was immediately
measured with a multifunctional fluorescent microplate reader and the fluorescent quench-
ing rate (FQR) was calculated. FQR = (F0 − Fx)/F0 ∗ 100%, where F0 is the fluorescence
value of QDs without adding MnO2 NSs, and Fx is the fluorescence value of QDs with
MnO2 NSs added. In order to verify the cause of the fluorescence quenching phenomenon,
the above CdTe QDs were replaced with ZnCdSe/ZnS QDs, CDs and RhB and the above
experiment were repeated.
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2.5. Preparation of Fluorescent Signal Probe (QDs-OVA)

OVA was coupled to the surface of GSH-CdTe QDs by chemical bonding to prepare
a fluorescent signal probe. The detailed procedure was as follows: 10 μL of EDC (5 mg)
and 10 μL of OVA (10 mg/mL) were added to 200 μL of GSH-CdTe QDs (200 μg/mL)
with shaking incubation for 3 h at room temperature, then 10 μL of BSA (200 mg/mL) was
added into the mixture and shaken for 10 min. The product was centrifuged to remove
agglomerates, and the unconjugated protein was removed by 30 KDa ultrafiltration tubes,
the conjugate was re-dissolved in 200 μL PBS and stored at 4 ◦C.

2.6. Preparation of Fluorescent Quenching Probe (MnO2 NSs-Ab)

The detection antibody of ENR (ENR-Ab) was coupled to MnO2 NSs by physical
adsorption to prepare a sensor probe. A total of 1 mL of MnO2 NSs (50 μg/mL) was mixed
with 2 μL of K2CO3 (0.2 mol/L) solution and 3 μL of ENR-Ab (0.65 mg/mL), and incubated
for 1 h at room temperature. After that, 20 μL of 20% BSA solution and 10 μL of 10%
PEG20,000 was added into the mixture and incubated for 30 min at room temperature, then
the mixture was centrifuged at 12,000 rpm for 15 min and the precipitation was resolved
into 200 μL of working solution.

2.7. Preparation of Enrofloxacin Coating Antigen (ENR-OVA)

ENR-OVA with a molar ratio of OVA to ENR of 1:25 was synthetized according to the
mixed acid anhydride method [30] with slight modification; full details can be found in
Supplementary Information (SI).

2.8. Detection Procedure

The details of the preparation of FQISs are provided in the Supplementary Information
(SI). After preparing, 100 μL of standard or sample solution and 10 μL of the MnO2-Ab
fluorescent quenching probe were mixed and dropped onto the sample pad with visual
results being obtained within 10 min under a UV lamp. The detection principle is also
provided in Supplementary Information (SI).

3. Results and Discussion

3.1. Characterization of GSH-CdTe QDs

The synthesis procedure of GSH-CdTe QDs was shown in Scheme 1a, and transmis-
sion electron microscopy (TEM), high-resolution TEM (HR-TEM), UV-Vis absorption and
fluorescence spectroscopy were used for the characterization of GSH-CdTe QDs. GSH-CdTe
QDs with an average diameter of 3.2 nm (Figure S1) had a good dispersive crystal structure,
and it was found that the lattice fringe (d = 0.23 nm) corresponded to the (200) crystal plane
of CdTe blende (Figure 1a,b), which was consistent with the description in the previous
report [31]. In addition, the optical properties of CdTe QDs were verified by fluorescence
spectroscopy (Figure 1c,d). GSH-CdTe QDs had a concentration-dependent fluorescence
emission peak at 615 nm under excitation at 365 nm, and its fluorescence intensity showed
a steady linear decrease trend as the concentration of QDs decreased. The above results
demonstrated the successful synthesis of QDs and their feasibility as signal components.
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Figure 1. Characterization of GSH-CdTe QDs. TEM images (a) and HR-TEM image (Insert: Fourier
diffractogram image) (b) of GSH-CdTe QDs. Fluorescence spectroscopy (c) and the linear relationship
between emission fluorescence intensity at 615 nm (d) versus 12.5–400 μg/mL of GSH-CdTe QDs.

3.2. H2O2 Detection in Milk Powder

The fluorescence of GSH-CdTe QDs was quenched in H2O2 (Figure S2), which was
speculated to be caused by the oxidation of the QDs by the strongly oxidizing H2O2
leading to the generation of new defects on their surface, thus increasing the non-radiative
transition, which in turn reduced the generation of fluorescence in the excitonic state,
leading to fluorescence quenching [8]. It can be seen from Figure 2a that the fluorescence
intensity gradually decreased with the increase of H2O2 concentration in a logarithmic
trend rather than a linear trend, indicating that the quenching of the fluorescence of QDs
was achieved through complex multivariate interactions. For the detection of H2O2 in
water, the linear range was 1.23–300 μM of H2O2 with an LOD of 0.61 μM (S/N = 3).
H2O2 is often used as a bactericide and other food processing aids in the production of
milk and dairy products. However, milk has obvious fluorescence in the visible light
range due to its complex composition. To verify the feasibility of GSH-CdTe QDs to detect
H2O2 in milk, the interference of milk samples on QDs fluorescence was first evaluated
(Figure 2b). The fluorescence intensity of milk decreased gradually in the range of 450–650
nm and was negligible at 615 nm, the maximum emission wavelength of GSH-CdTe QDs.
Therefore, milk hardly interferes with the GSH-CdTe QDs fluorescence signal. In addition,
the selectivity of the GSH-CdTe QDs was evaluated to exclude possible interferences in
milk samples (Figure S3). The fluorescence values of GSH-CdTe QDs were reduced when
the content of κ-casein and BSA was at 1%, but considering the large dilution factor of
milk and milk powder in the assay, proteins such as κ-casein can not cause significant
effects. Other than that, other interferents did not cause a decrease in the fluorescence of
GSH-CdTe QDs. Therefore, the probe was considered suitable for the detection of H2O2
in milk. Furthermore, the checkerboard assay was used to evaluate the optimal operating
conditions of GSH-CdTe QDs for the detection of H2O2 in milk (n = 3) (Figure 2c). The
results showed that 1% milk solution containing 0.8 μg/mL GSH-CdTe QDs had the best
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detection efficiency and sensitivity. Under the above working conditions, the detection
method of H2O2 in milk was constructed (Figure 2d), and the linear range was 1.23–300 μM
of H2O2 with the LOD of 0.68 μM (S/N = 3).

Figure 2. Detection of H2O2 by GSH-CdTe QDs in milk. Calibration curve for detection H2O2 in
water (a); Fluorescence spectra of milk and GSH-CdTe QDs (b); Optimization results of milk and
GSH-CdTe QDs concentration (c); And linear standard curve for H2O2 detection in Milk (Insert:
Fluorescence spectra of GSH-CdTe QDs at each H2O2 concentration) (d).

Many colorimetric, fluorescent and electrochemical detection methods were developed
for the detection of H2O2 based on peroxidase (or nanozyme) or using the strong oxidation
of H2O2. Some representative approaches are summarized in Table 1. Hani et al. [32]. pre-
pared Ce-MOF nanozyme, and constructed a fluorescence detection method for detecting
H2O2 by the reaction of H2O2 with the Ce node of Ce-MOF. The detection range of H2O2
by this method was 200–1500 μM with an LOD of 10 μM. Wang et al. synthesized CeO
QDs, and the introduction of QDs improved the charge transfer efficiency, thus enabling
the electrochemical detection of H2O2. The method can detect and analyze H2O2 from
294 μM to 1.47 mM with an LOD of 26.5 μM [33]. These detection sensors achieve the
quantitative detection of H2O2, but the process of probe preparation is complex, with harsh
conditions and long preparation cycles. Zhang et al. established an H2O2 electrochemical
detection platform based on Cat-HMFs/GCE, which achieved H2O2 detection from 100
μM to 3 mM with the LOD of 50 μM [34]. Biological enzymes have good catalytic activity,
but the susceptibility of biological enzymes to deactivation limits their application. Thus,
K.V. et al. cleverly designed an H2O2 detection paper chip by using the peroxidase prop-
erty of chitosan. The linearity of the chitosan-based assay was found to be in the range
of 10 μM to 10 mM with an LOD of 1.55 μM [35]. Compared with biological enzymes,
chitosan has higher stability, easier storage and transportation, and a wider application
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range. In this work, a water-soluble detection probe was prepared by a relatively simple
preparation method, and a more sensitive and rapid quantitative analysis of H2O2 was
achieved without the introduction of other reagents. It has incomparable advantages in
terms of detection sensitivity and ease of detection.

Table 1. Review of methods for detection of H2O2.

Materials
Synthetic

Conditions
Methods Wavelength LOD Detection Range

Linear/Logarithmic
Relationship

Ref.

Ce-MOF Solvothermal,
85 ◦C for 16 h Fluorescence λex at 356 nm,

λem at 540 nm 10 μM 200–1500 μM Linear [32]

CeO-QDs

Calcined at 900 ◦C
for 3 h, stirring for
24 h in water and
reacted at 120 ◦C
for a further 6 h.

GCE — — 26.5 μM 294 μM–1.47 mM Linear [33]

Cat-HMFs ultrasonication at
25 ◦C for 30 min GCE — — 50 μM 100 μM–3 mM Linear [34]

Chitosan Waterthermal,
60 ◦C for 30 min Colorimetric λAb = 652 nm 1.55 μM 10 μM–10 mM Logarithmic [35]

QDs Waterthermal,
refluxing for 2 h Fluorescence λex at 365 nm,

λem at 610 nm 0.61 μM 1.23–300 μM Logarithmic This work

3.3. Characterization of MnO2 NSs

The redox reaction between GSH and MnO2 (MnO2 + 2GSH + 2H+→Mn2+ + GSSG +
2H2O) is often used in biological applications. Inspired by this, MnO2 is intended to react
with GSH, the ligand of GSH-CdTe QDs, to quench its fluorescence. Among the various
forms of MnO2, MnO2 NSs have been considered as probe elements due to their good
adsorption properties. Before verifying the fluorescence quenching ability of MnO2 NSs to
GSH-CdTe QDs, the feasibility of MNO2 nanosheets as probe elements was first evaluated
(Figure 3). The few-layered MnO2 nano-sheets with wrinkles and curling structures were
observed by TEM image (Figure 3a,b), and it was found that the lattice fringe (d = 0.245 nm)
corresponded to the (111) crystal plane of MnO2 [36]. In addition, the optical properties of
MnO2 NSs were verified by UV-Vis absorption spectroscopy and fluorescence spectroscopy,
respectively (Figure 3c,d), MnO2 NSs has an obvious concentration-dependent charac-
teristic absorption peak at 350 nm, which was attributed to the result of d-d electronic
transitions of manganese ions in the [MnO6] of layered MnO2 NSs. As well, its absorbance
value decreased linearly with the decrease in MnO2 NSs concentration, which proved
that the MnO2 NSs were homogenous and stable. The above optical data supplemented
the characterization of MnO2 and also verified the feasibility of it as an optical signal
component.
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Figure 3. Characterization of MnO2 NSs. TEM images (a) and HR-TEM image (Insert: Fourier
diffractogram image) (b) of MnO2 NSs; UV-Vis spectroscopy (c) and the linear relationship between
Absorbance at 365 nm (d) versus 1.56–50 μg/mL of MnO2 NSs.

3.4. Feasibility Analysis of MnO2/GSH-CdTe QDs Fluorescent Sensing System

Fortunately, the phenomenon of fluorescence quenching of GSH-CdTe QDs by MnO2
NSs was observed under UV light (Figure S2), and then the quenching performance was
evaluated by fluorescence spectroscopy (Figure 4a). Similar to the quenching result of
GSH-CdTe QDs by H2O2, the fluorescence value of GSH-CdTe QDs showed a logarithmic
decrease trend rather than a linear trend with the increase of MnO2 NSs. This result
tentatively demonstrated that MnO2 NSs and GSH-CdTe quantum dots can establish a
fluorescence quenching system, and also proved that the system was not simply contributed
by the fluorescence internal filtration effect (IFE). To verify this conclusion, two non-thiol
ligand QDs were selected as fluorescent donor elements, and the results were shown in
Figure 4b. The fluorescence of these two non-thiol ligands QDs both quenched as linear
decrease trends with the increase of MnO2 NSs, which was attributed to the IFE. In addition,
the quenching efficiency of MnO2 NSs for non-thiol capped QDs was much lower than
that for GSH-CdTe QDs, when 10 μg/mL of MnO2 NSs were added to GSH-CdTe QDs
and non-thiol capped QDs with the same fluorescence intensity, the quenching rate of
GSH-CdTe QDs (27.08%) was 2.2-fold higher than that of non-thiol capped QDs (8.4%). It
was guessed that in addition to the IFE, the destruction of GSH ligands by MnO2 NSs led to
the disintegration of QDs, thereby increasing the quenching rate. The classic redox reaction
between MnO2 and GSH provided support for the construction of a highly sensitive MnO2
NSs/GSH-CdTe QDs fluorescence quenching system.
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Figure 4. Verification of MnO2 NSs/GSH-QDs quenching system. Fluorescence intensity and
quenching rate of GSH-CdTe QDs after reaction with different concentrations of MnO2 NSs (a);
Comparison of the quenching ability of MnO2 NSs to deferent QDs (b); TEM images and HR-TEM
images (Insert) of MnO2 NSs/GSH-QDs system (c); and XPS of GSH-CdTe QDs (S 2p) before and
after reacted with MnO2 NSs (d).

In order to further verify the above conclusions, MnO2 NSs and GSH-CdTe QDs were
mixed in water and their structures were characterized and evaluated by TEM and X-ray
photoelectron spectroscopy (XPS). The TEM image of the mixture showed that the structures
of MnO2 NSs and QDs were significantly disintegrated, and the original morphology could
no longer be observed (Figure 4c). At the same time, the results of H2O2 interacting with
GSH-CdTe QDs showed that under the action of H2O2, the fluorescence of QDs decreased
significantly (Figure 4a and Figure S4), and a logarithmic proportional relationship was
obtained between the fluorescence intensity and the concentration of H2O2, which was
consistent to the quenching trend of MnO2/GSH-QDs quenching system. It further proved
that the oxidation of sulfide (−2) was an important cause of fluorescence quenching of
GSH-CdTe QDs [37]. The XPS results of GSH−CdTe QDs before and after reaction with
MnO2 NSs also showed clear changes in the binding energies of S2p. Before oxidation
by MnO2, the binding energies of S 2p (Figure 4d) at 161.2, 162.8 and 164.2 eV were
ascribed to the sulfur in CdS, CdTexS1−x and sulfide (−2), and after oxidation by MnO2,
the binding energies of S 2p at 163.6 eV was appeared instead of 161.2, 162.8 and 164.2 eV,
which ascribed to S2

2− [31]. These results indicated that oxidation of the sulfide(−2) in
the shell of CdS or CdTexS1−x by MnO2 NSs, leads to the passivation layer being broken
and effectively quenching the fluorescence [38]. In general, MnO2 NSs and GSH-CdTe
QDs have the ability to establish a fluorescence quenching system, and compared to most
fluorescence quenching signals based solely on optical changes, this fluorescence quenching
system had higher fluorescence quenching efficiency and specificity.
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3.5. Establishment of Fluorescence Quenching Immunosensors (FQIS)

In addition to the above-mentioned optical properties, the surface adsorption proper-
ties of the sheet structure of MnO2 NSs and the chemical covalent binding properties of the
GSH-CdTe QDs provided the basis for the construction of immuno-probes (Scheme 1a,b).
Before establishing the method, the specificity of the selected ENR-Ab was analyzed by indi-
rect competition ELISA (Table S1). ENR-Ab did not recognize other quinolone antibiotics at
all, except for a 1.8% cross-reactivity to ciprofloxacin, demonstrating the good specificity of
ENR-Ab. As well, it is in agreement with previous reports from our group [39–41]. Through
physical adsorption, the ENR detection antibody was coupled with MnO2 NSs in a suitable
pH environment to prepare the fluorescent receptor immuno-probe (MnO2-Ab). OVA was
coupled with the carboxyl/am group on the surface of the GSH-CdTe QDs by chemical
bonding to prepare fluorescent donor probes (QDs-OVA). It was worth mentioning that the
type of buffer during the preparation of QDs-OVA greatly affected the performance of the
probe (Figure S5), QDs-OVA coupled in H2O and PBS showed strong fluorescence, but the
fluorescence intensity decreased significantly in HEPES and MES buffers, especially in MES
buffers, the fluorescence of QDs was almost completely quenched (Figure S5A). In addition,
the QDs-OVA conjugated in water and HEPES solution aggregated as a line on the NC
membrane, while the conjugate prepared in ionic buffer (PBS) could not aggregate on the
NC membrane, and only the conjugate prepared in H2O was not washed out by the buffer
during the chromatography. The above results demonstrate that the QDs-OVA coupling
was successful in H2O and could be successfully immobilized on the NC membrane. The
fluorescence quenching immunosensors (FQISs) (Scheme 1c) were constructed based on the
immunochromatography platform with QDs-OVA immobilizing on the surface of the NC
membrane as the Control line (C line), and the mixture of QDs-OVA and ENR-antigen fixing
under C line as Test line (T line). The details of the preparation and detection principle of
FQISs were listed in Supplementary Information (SI).

During the working process of FQISs, the type of buffer was found to have significant
impacts on the chromatography of MnO2 NSs (Figure S6). The MnO2-Ab probe aggregated
in ionic buffers (PBS, PBST, NaCO3-NaHCO3 buffer) and could not be chromatographed
on the NC membrane. However, it smoothly passed through the NC membrane and bound
with the antigen at the T line in non-ionic buffers (MES, HEPES). It was guessed that
the ionic solution destroyed the surface electronic environment of MnO2 NSs, leading to
the aggregation of MnO2 NSs during the chromatography. The HEPES buffer (20 mM,
Figure S7) was used for the establishment of FQISs, which was found to be more suitable
for probe chromatography and antigen-antibody binding. Totals of 0, 0.05, 0.15, 0.45,
and 1.35 ng/mL of ENR standards solution were mixed with 10 μL of MnO2-Ab probe
and added to the sample pad, after 5 min of chromatography, the detection results were
observed (Figure 5). Under a UV lamp (Figure 4a), the MnO2-Ab probe was enough for
quenching the fluorescence of the T line when detecting ENR free solution. However,
when detecting 0.05 ng/mL of ENR, some of the MnO2-Ab probes were bound by ENR,
and the remaining probes were not enough to quench all the fluorescence at the T line, so
the fluorescence appeared. Thus, the LOD of these FQISs was 0.05 ng/mL of ENR in the
HEPES buffer. However, the brown strip on the T line disappeared under the sunlight until
the concentration of ERN reached 1.35 ng/mL (Figure 4b).

101



Foods 2023, 12, 62

Figure 5. Detection of ENR using MnO2 NSs-based fluorescent quenching immunosensors (FQISs).
A series of concentrations of ENR (0, 0.05, 0.15, 0.45 and 1.35 ng/mL) was prepared in pH 7.4 HEPES
(20 mM) and detected under (a) UV lamp and (b) natural light.

Tap water, milk and crucian carp from different regions or brands (n = 3) were used
for detecting to verify the practicability of FQISs (The details of sample preparation were
shown in Supplementary Information (SI), and each sample was detected three times),
and they were verified as ENR free samples by liquid chromatography-mass spectrometry.
Totals of 0, 0.05, 0.1 and 0.5 ng/mL of ENR were added into the tap water, 0, 0.1, 0.2 and
0.5 ng/mL of ENR were added into milk samples and 0, 0.25, 0.5, and 1 ng/g of ENR
were added to the crucian carp samples respectively, after mixing and standing overnight
at 4 ◦C, the targets were extracted and detected by FQISs, and the detection results were
shown in Table 2. There was no false positive detection result when detecting tap water
and milk, but only one weak fluorescent strip (weaker than the LOD of FQIS) appeared
when detecting one of the crucian carp samples in three consecutive tests. The ELISA kits
also did not detect the presence of ENR in this sample, even after adding 0.25 ng/g of ENR.
Indicating that the ENR in this crucian carp sample was less than 0.25 ng/g and the above
results proved that the proper sample preparation process greatly reduced the influence
of the matrix and avoided false positive results. The fluorescence appeared clearly at the
T line when detecting water samples with 0.05 ng/mL ENR addition, milk samples with
0.1 ng/mL ENR addition and crucian carp samples with 0.25 ng/g ENR addition, thus
the LOD of ENR by FQISs was 0.05 ng/mL in water, 0.1 ng/mL in milk and 0.25 ng/g in
crucian carp. In addition, the above detection results were also confirmed by commercial
ELISA kits to verify the accuracy of FQISs. The results showed that the detection results of
FQISs agree with ELISA kits, and FQISs achieved faster detection with 2 to 10-fold higher
sensitivity for food samples detection, respectively (Table S2).
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Table 2. Comparison of the developed FISs and the commercial ELISA kit for the detection of ENR in
tap water and crucian carp samples.

Sample
Conc.

(ng/g(mL))
Detection

Results (n = 3)
Observed

Results

ELISA Kits
(n = 3)

(ng/g(mL))

Tap water

0 −; −; − a ND b

0.05 +; + c; ± d ND
0.1 +; +; + ND
0.5 +; +; + 0.47 ± 0.04

Milk

0 −; −; − ND
0.1 +; +; ± ND
0.2 +; +; + ND
0.5 +; +; + 0.42 ± 0.07

Crucian carp

0 −; −; ± ND
0.25 +; +; + ND
0.5 +; +; + 0.39 ± 0.08
1 +; +; + 0.86 ± 0.11

a ND: indicates no ENR detection or negative test result. b −: indicates a negative test result. c+: indicates a
positive test result d ±: indicates a weakly positive test result.

Benefiting from the specific recognition performance of antigen-antibody, immunosen-
sors are considered to be one kind of the most effective rapid detection and analysis tools.
However, limited by the affinity of the antibody itself, the lower detection sensitivity of
traditional immunoassays has not been improved. More and more functional materials
are introduced into immunoassays as signal elements to improve sensitivity and other
detection performance. Among them, the fluorescence signal has higher signal resolu-
tion efficiency than the colorimetric signal, and further, the fluorescence quenching signal
performs better. In addition, differences in antibody loading rates and signal generation
mechanisms of signal elements also have significant impacts on detection sensitivity. Re-
viewing the different immunochromatographic sensing systems established with the same
detection antibody by our group, the above conclusions have been verified (Table 3).

Table 3. An overview of immunosensors with the same antibody for determination of ENR.

Signal Type Signal Element Detection Limit (ng/mL) Ref.

Colorimetric
AuNPs 5 [39]
Black phosphorus-Au nanocomposite 0.5 [41]

Fluorescence
Dyed polymer microsphere 1 [39]
PEG-QDs 1 [39]

Fluorescence quenching AuNPs/PEG-QDs 0.25 [40]
AgNPs/carbon dots(CDs) 0.1 [40]

Chemical degradation +
fluorescence quenching MnO2 NSs/GSH-QDs 0.05 This work

The fluorescence system has made a contribution to improving sensitivity due to its
stronger ability to resist background and matrix interference, thus the detection limit is
decreased by 5-fold than the AuNPs system [40]. However, limited by lower antibody
coupling efficiency and the “turn off” signal output mode, the sensitivity of fluorescence
analysis needs to be further improved. Compared with the above two signal systems, the
fluorescence quenching systems with “turn on” signal output mode for detecting small
molecule targets take the appearance of fluorescence signal as the criterion of detection limit,
so it has the highest detection sensitivity [40]. In the process of constructing fluorescence
quenching systems, the matching of fluorescence donor and acceptor probes is the most
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important factor. Compared with AuNPs/PEG-QDs fluorescence quenching system, the
higher fluorescence quenching efficiency of Ag nanoparticles (AgNPs) to CDs determines
that the AgNPs/CDs quenching system has the ability to increase detection sensitivity.
However, the blue fluorescence of CDs is similar to that of most biological samples or
background light, so that the application of AgNPs/CDs quenching system in the detection
of complex samples is limited.

It is worth mentioning that, compared with 0D nanomaterials, 2D nanomaterials show
unique advantages in immunosensing analysis. For example, in the colorimetric system, 2D
black phosphorus nanosheets (BPNSs) have better optical absorption and adsorption capac-
ity than 0D gold nanoparticles (AuNPs). Therefore, the detection limit of immunosensors
based on BP-Au nanocomposites is 10-fold lower than that of AuNPs-based immunosen-
sors, and even lower than that of fluorescence detection systems [41]. In view of this, the
organic combination of two-dimensional nanomaterials and fluorescence quenching signal
system is bound to further improve the signal sensitivity. Two-dimensional MnO2 NSs
were cleverly selected as fluorescent acceptor probes, and in addition to their excellent
optical properties and adsorption properties, their chemical stability was stronger than that
of BPNSs. More surprisingly, MnO2 NSs possessed unique and incomparable redox proper-
ties. Based on this, water-soluble GSH-CdTe QDs were selected as fluorescent donor probes,
and a fluorescence quenching system of MnO2 NSs/GSH-CdTe QDs was constructed. In
addition to fluorescence internal filtration, the irreversible disintegration of QDs due to
the redox reaction between MnO2 and GSH further enhances the fluorescence quenching
efficiency and specificity of this quenching system. Reassuringly, the novel fluorescence
quenching system based on 2D MnO2 NSs brings amazing sensitivity for immunosensing
assays. Compared with the AuNPs-based colorimetric detection results, the FQISs are
100-fold more sensitive when used for ENR detection, and approached the detection limit
of photothermal quantitative detection. The construction of The FQISs lays the foundation
for the in-depth study of the new fluorescence quenching system and its application in
immunosensing, and is expected to promote the application of immunosensing analysis
in the highly sensitive detection of trace pollutants. However, the work at this stage is
still in the detection of antibiotic residues in primarily processed foods, and the current
pre-treatment method is not yet able to achieve the extraction of antibiotics in deeply
processed foods, and further exploration of the pre-treatment method for deeply processed
food samples is the direction of subsequent research. In addition, the follow-up work will
also actively advance this FQIS to a quantitative detection sensor to make it more accurate.

4. Conclusions

Water-soluble GSH-CdTe QDs with an average particle size of 3.2 nm and a maximum
emission wavelength of 615 nm were successfully prepared by a solvothermal method.
their H2O2 responsiveness was surprisingly found, and a highly sensitive and rapid label-
free H2O2 fluorescence detection method was constructed based on it. When used for the
detection of H2O2 in milk, the red fluorescence of GSH-CdTe QDs showed the advantage
of being unaffected by the fluorescence of the milk matrix, which increased the detection
accuracy and improved the detection sensitivity at the same time. The LOD was 0.61 μM of
H2O2 in water and 68 μM of H2O2 in milk. In addition, the MnO2 NSs/GSH-CdTe QDs
fluorescence quenching system was constructed. At 10 μg/mL of MnO2 NSs, the quenching
rate of GSH-CdTe QDs was 2.2-fold higher than that of other ligand-capped QDs due to the
oxidation of sulfide (−2) in the CdS or CdTexS1−x shells by MnO2 NSs. Based on the MnO2
NSs/GSH-CdTe QDs fluorescence quenching system, we developed a highly sensitive
fluorescence quenching immunosensor (FQIS). Targeting enrofloxacin, the FQISs achieved
high sensitivity detection with a detection limit of 0.05 ng/mL in HEPES buffer, without the
need for expensive detection equipment. For the detection of environmental water samples
and food samples of animal origin, the results were consistent with commercially available
ELISA kits. Benefiting from the MnO2 NSs/GSH-CdTe QDs fluorescence quenching system,
the FQISs presented in this work have higher sensitivity than other quenching systems.
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Using water-soluble GSH-CdTe QDs as fluorescent probes, rapid and highly sensitive
detection and analysis of contaminant residues such as additives and antibiotics in the
environment and food was achieved. These promising strategies are expected to be used
for the detection of other high-sensitivity biomolecules.
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www.mdpi.com/article/10.3390/foods12010062/s1, Methods: 1. Preparation of enrofloxacin coating
antigen (ENR-OVA); 2. Preparation of FQISs; 3. Detection principle; 4. Sample preparation. Figures:
Figure S1: Particle size distribution of GSH-CdTe QDs; Figure S2: Figure S2 Visualized results of GSH-
CdTe QDs with or without MnO2 NSs under (A) Sun light and (B) UV light; Figure S3 The selectivity
of GSH-CdTe QDs; Figure S4: Plots of fluorescence values versus H2O2 concentrations; Figure S5:
Optimization of coupling conditions for fluorescent sensing probes; Figure S6: Chromatography
results of fluorescent quenching probes in different buffers. From left to right: 20 mM of PBS, 30 mM
of MES, NaCO3-NaHCO3 buffer, PBST, 20 mM of HEPES; Figure S7: Chromatography results of
fluorescent quenching probes in different concentration of HEPES. From left to right: 10 mM, 20 mM,
50 mM and 100 mM of HEPES. Tables: Table S1 Specificity analysis of ENR-Ab, Table S2 Comparison
of the analytical performance of the FQISs with the commercial ELISA test kit to detect enrofloxacin
in animal origin food samples.
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Abstract: Metal-organic frameworks (MOFs) with systematically tailored structures have been sug-
gested as promising precursors to the preparation of diverse functional materials. Herein, a facile and
versatile layer-by-layer strategy without any special surface modifications has been proposed for the
preparation of magnetic metal-organic frameworks (MMOFs) supported molecularly imprinted poly-
mer nanoparticles (MMOFs@MIP), which are based on a magnetically susceptible core conjugated
with an imidazole-derived self-assembled layer and a silane-based imprinted shell. The obtained
MMOFs@MIPs, which integrated the advantages of Fe3O4, MOFs, and MIPs, were characterized and
exhibited good magnetic properties, a rapid mass transfer rate, and an excellent adsorption selectivity
as well as capacity for the targeted molecular - bisphenol A (BPA). Moreover, the MMOFs@MIPs were
employed as adsorbents in magnetic solid phase extraction (MSPE) to selectively bind and rapidly
separate BPA from real samples with satisfactory recoveries ranging from 88.3% to 92.3%. More
importantly, the desirable reusability of MMOFs@MIP was also evaluated, and the recoveries still
maintained above 88.0% even after five re-use cycles. Furthermore, combined with high-performance
liquid chromatography (HPLC) analysis, a novel MSPE-HPLC method was developed, enabling
the highly selective and sensitive detection of BPA in a wide linear range of 0.5–5000 μg L−1 with
a low limit of detection (LOD) of 0.1 μg L−1. This work contributes a promising method for con-
structing various functional nanoparticles @MOFs@MIP hybrid materials for applications in many
different fields.

Keywords: magnetic solid phase extraction; metal-organic framework; molecularly imprinted poly-
mer; bisphenol A

1. Introduction

Bisphenol A is an important industrial monomer that is commonly used as a surfactant
and a plasticizer in the manufacturing of polycarbonate plastics and epoxy resins and is
applied to the coating of metal surfaces in contact with food and thermal paper [1]. The
incomplete polymerization or polymer degradation of BPA allow it to easily migrate and be
widely distributed in environmental matrices and food samples. BPA has been proved to
be a representative endocrine disruptor that can cause serious damage to the reproductive,
nervous, and immune systems and is closely related to many malignant tumors even
with a low exposure dose [2,3]. Due to its health risks for humans and other organisms,
BPA pollution has received tremendous attention worldwide. While limited to a low
concentration, developing low-cost and efficient adsorption materials for monitoring BPA
in the environment and food samples is of great significance.

Metal-organic frameworks (MOFs) with systematically tailored structures have been
suggested as promising precursors to the preparation of diverse functional materials.

Foods 2022, 11, 1408. https://doi.org/10.3390/foods11101408 https://www.mdpi.com/journal/foods
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Magnetic metal-organic frameworks (MMOFs), which inherit the advantages of magnetic
materials and MOFs, have attracted enormous attention in analytical chemistry due to
their easy access, super-paramagnetism, rapid adsorption/separation, and reusability.
To date, numerous MMOFs have been synthesized using various approaches including
embedding, encapsulation, mixing, or layer-by-layer assembly [4], and their intriguing
properties facilitated their application as effective adsorbents in sample collection and pre-
enrichment, solid-phase extraction, and solid-phase microextraction in recent years. For
instance, Yan and co-workers synthesized magnetic MIL-101 microcrystals by physically
mixing MIL-101 and silica-coated Fe3O4 microparticles under ultrasonication and then
used the resulting particles for magnetic solid-phase extraction of trace polycyclic aromatic
hydrocarbons in water samples [5]. Subsequently, Li’s team reported an embedding
method for the fabrication of hybrid MMOF-5s via chemical covalent bonding between
amino functionalized Fe3O4 nanoparticles and the surface of an MOF-5 for magnetic
separation and the enrichment of polycyclic aromatic hydrocarbons and gibberellic acid
from environmental, food, and plant samples [6]. An encapsulation strategy was adopted
for the synthesis of a core–shell structured MMOF nanocomposite (Fe3O4@ZIF-8) for the
elimination of U(VI) and Eu(III) from the environment [7]. The particles were synthesized
by nucleation through PSS-modified Fe3O4 with a negative charge to attract Zn2+ cations
to from a ZIF-8 layer. Fe3O4@AMCA-MIL53(Al) for the removal of U(VI) and Th(IV) metal
ions from aqueous environments was also obtained through this strategy by using alkaline
co-precipitation of FeCl2 and FeCl3 in the presence of AMCA-MIL53(Al) [8]. Recently, the
layer-by-layer assembly approach has received considerable attention and has been widely
employed to obtain well-defined core–shell-structured MMOFs. For example, Chen et al.
synthesized Fe3O4@MIL-100 (Fe) for the elective capture of phosphopeptides by adding a
MOF shell onto Fe3O4 nanoparticles [9]. Zhang et al. prepared a magnetic bimetallic metal-
organic framework with Zr−O and Ti−O clusters for global phosphopeptide enrichment
via the coordination of metal ions with carboxyl groups [10].

Despite the fact that a considerable quantity of MMOFs have been developed and
exhibit unparalleled advantages as sorbents for the concentration and separation of trace
analytes, their intractable or insufficient selectivity is still a great challenge. In order to
solve this problem, numerous attempts have been made to chemical post-modification of
the as-prepared MMOFs. For example, Ke et al. designed thiol-functionalized Fe3O4@MOF
for the selective removal of Hg2+ and Pb2+ from wastewater [11], while Xu et al. employed
a beta-cyclodextrin-functionalized MMOF to selectively extract prochloraz and triazole
fungicides from vegetable samples [12].

However, the selectivity for a specific target that only depends on functional group
modification is not highly developed, especially in a complex sample matrix. Thus, devel-
oping a simple and generally applicable methodology to improve the selectivity of MMOFs
is of great importance. Fortunately, this possibility was enabled by molecular imprinting
technology, which has been proven as an efficient and straightforward approach to produc-
ing artificial antibody-like materials with specific molecular-recognition sites [13–17]. The
resulting molecularly imprinted polymers have been employed in MOF-based adsorption
materials to improve their selectivity [18–20].

Inspired by these, we demonstrated a facile and versatile strategy for the synthesis
of magnetic metal-organic frameworks with molecularly imprinted nanoparticles via an
efficient sol–gel molecular imprinting process in the presence of MMOFs. The fabricated
magnetic metal-organic frameworks @molecularly imprinted nanoparticles (MMOFs@MIP
and Fe3O4@ZIF-8@MIP) presented a well-bedded core–shell structure, excellent magnetism,
good reusability, fast adsorption, and high selectivity for the target molecule. It was success-
fully used as an adsorbent to extract and concentrate BPA, which is an endocrine disrupter
that can be frequently found in environmental media or packaged foods. Furthermore,
combined with HPLC analysis, the Fe3O4@ZIF-8@MIPs were employed as an absorbent
in magnetic solid phase extraction (MSPE) for the highly selective and sensitive detection
of BPA in food samples. The developed MSPE-HPLC method has a wide linear range of
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0.5–5000 μg L−1 and a low LOD of 0.1 μg L−1 (S/N = 3). At three concentration levels of 0.5,
1.0, and 10 μg L−1, the satisfactory recoveries ranging from 88.3% to 92.3% were obtained
in uncontaminated lemon juice, canned hawthorn, and mineral water samples, indicating
the excellent ability of the prepared Fe3O4@ZIF-8@MIP to recognize BPA in food samples
and its potential for application in BPA detection.

2. Materials and Methods

2.1. Chemicals

3-aminopropyltriethoxysilane (APTES, 98%) and tetraethoxysilane (TEOS, 99%) were
purchased from Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Bisphenol
A (BPA, 99%), bisphenol B (BPB, 99.5%), bisphenol F (BPF, 99%), bisphenol S (BPS, 99%),
bisphenol AF (BPAF, 98%), resorcinol (HQ, 99%), and phenol (P, 99.5%) were obtained from
Aladdin Industrial Corporation (Shanghai, China). Unless noted otherwise, all chemicals
were used as received.

2.2. Preparation of Core–Shell MMOF@MIP (Fe3O4@ZIF-8@MIP)

An Fe3O4@ZIF-8 was first synthesized using a gentle one-pot self-assembly strategy
from a previous report [21,22]. An Fe3O4@ZIF-8@MIP was fabricated as illustrated in
Scheme 1. The pre-assembly solution was prepared by mixing the template BPA (1 mmol)
and the functional monomer APTES (4 mmol) in ethanol (30 mL) under gentle stirring for
1 h. Next, Fe3O4@ZIF-8 (150 mg) as a support was dispersed into the preassembly solution
and stirred for 0.5 h. Subsequently, the cross-linker TEOS (12 mmol) and catalyzer HCl
(1 mL, 1 mol L−1) were successively added dropwise. The pre-polymerization mixture was
placed at room temperature for 1 h and then incubated in a water bath at 60 ◦C for 10 h.
The resulting material was washed via Soxhlet extraction in acetic acid and methanol (1:9,
v/v) until no template BPA was detectable by HPLC. Finally, the product was washed with
methanol and dried under a vacuum to obtain Fe3O4@ZIF-8@MIP.

Scheme 1. Schematic illustration of the fabrication and application of Fe3O4@ZIF-8@MIP for extrac-
tion and enrichment of bisphenol A.

As a control, a non-imprinted Fe3O4@ZIF-8 (Fe3O4@ZIF-8@NIP) and a molecularly
imprinted polymer coated magnetic Fe3O4 (Fe3O4@MIP) were also prepared following
the same procedure but in the absence of the template BPA and using Fe3O4 as a support
instead of Fe3O4@ZIF-8.
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2.3. Extraction and Detection of BPA in Real Samples
2.3.1. Sample Pretreatment

The lemon juice, canned hawthorn, and mineral water samples were purchased from
a local supermarket (Tai’an, China). A reasonable quantity of the aqueous phase in contact
with canned foods was filtered through 0.45 μm glass fiber membrane syringe filters; the
pH was adjusted to 7 by the dropwise addition of NaOH (1 M) and then stored at 4 ◦C for
further use.

2.3.2. MSPE of BPA from Samples Using MMOF@MIP

The as-synthesized Fe3O4@ZIF-8@MIP was used as an absorbent for the magnetic
solid phase extraction of BPA. Briefly, Fe3O4@ZIF-8@MIP P (0.5 mg) was added into a
volumetric flask and rinsed in sequence with methanol and water. Then, the MMIPMs
were separated under an external magnetic field and the supernatant was discarded.
Subsequently, 50 mL of the sample extract solution was added into the volumetric flask and
mixed via mechanically shaking for 30 min at room temperature, followed by separation
with a magnet, and then eluted with a mixture of methanol and acetic acid (3 mL, v/v = 9:1)
under ultrasonic treatment for 30 s. The collected eluent was evaporated to near dryness at
a reduced pressure at 50 ◦C and re-dissolved with methanol to 1 mL for HPLC analysis.

2.3.3. HPLC Analysis

The detection of BPA was conducted via a Shimadzu LC-20AT HPLC system, which
consisted of an LC-20AT pump, an RF-10AXL fluorescence detector set to an excitation
wavelength of 227 nm and emission wavelength of 313 nm, an SIL-20A automatic sampler
with a 20 μL injection loop, an LC workstation for data collection, a CTO-20A column
oven set at 35 ◦C, and a C18 reversed-phase column (250 mm × 4.6 mm, 5 μm, Agilent
Technologies, Palo Alto, California, USA) for component separation. The mobile phase was
composed of methanol/water (70:30, v/v) at a flow rate of 1.0 mL min−1.

3. Results and Discussion

3.1. Construction of Core–Shell Fe3O4@ZIF-8@MIP

The strategy for fabricating MMOFs@MIPs (Fe3O4@ZIF-8@MIP) is schematically de-
picted in Figure 1. As a prototypical imidazole-based MOF with outstanding chemical and
thermal stability as well as a high porosity and an easy preparation, ZIF-8 was selected as
an ideal matrix to develop MMOFs. Carboxylate Fe3O4 particles were first prepared as a
magnetic unit module through a simple solvothermal reaction using trisodium citrate as
a stabilizer to obtain a negatively charged Fe3O4 surface, which favors the attachment of
Zn2+ cations based on electrostatic interactions to initiate nucleation and growth to produce
a ZIF-8 nanocrystal layer. As a result, magnetic Fe3O4@ZIF-8 was obtained and further
employed as a support to fabricate Fe3O4@ZIF-8@MIP through a molecularly imprinted
surface sol–gel process.

3.2. Characterization of Fe3O4@ZIF-8@MIP
3.2.1. SEM and TEM Characterization

The morphologies of the Fe3O4, Fe3O4@ZIF-8, and Fe3O4@ZIF-8@MIP particles were
observed by SEM and TEM (Figure 1). As shown in Figure 1A–C, Fe3O4 (A), Fe3O4@ZIF-8
(B), and Fe3O4@ZIF-8@MIP (C) all exhibited nearly spherical shapes with narrow size
distributions. In contrast to Fe3O4, Fe3O4@ZIF-8 had a rougher surface and a larger par-
ticle size. The TEM image (Figure 1D) revealed that the Fe3O4 nanoparticles were highly
monodisperse with an average diameter of 200 nm. Moreover, many closely spaced cubic
ZIF-8 crystals were visible on the surface of the Fe3O4 (Figure 1E), providing a large spe-
cific surface area for loading with the MIP layer, and the final product Fe3O4@ZIF-8@MIP
(Figure 1F) had the same core–shell structure as Fe3O4@ZIF-8. To further confirm the suc-
cessful synthesis of the Fe3O4@ZIF-8@MIP, the elemental distribution was also investigated
(Figure S1). The image captured from several adhesive Fe3O4@ZIF-8@MIP particles exhib-
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ited a beautiful butterfly shape, indicating that Fe3O4@ZIF-8@MIP is composed of Fe, N, O,
C, Si, and Zn, whereby Fe is mainly concentrated on the inside, in contrast to Si and Zn.
The detected Zn, N, and Si signals also demonstrated the presence of ZIF-8 and MIP that
was deposited on the entire surface of Fe3O4@ZIF-8.

Figure 1. SEM images of Fe3O4 (A), Fe3O4@ZIF-8 (B), and Fe3O4@ZIF-8@MIP (C); TEM images of
Fe3O4 (D), Fe3O4@ZIF-8 (E), and Fe3O4@ZIF-8@MIP (F).

3.2.2. FT−IR Measurements

As shown in Figure 2A, the functional groups of Fe3O4 (a), Fe3O4@ZIF-8 (b), Fe3O4@ZIF-
8@MIP (c), and Fe3O4@ZIF-8@NIP (d) were analyzed by FT-IR spectra. The strong ab-
sorption band at 546 cm−1 originated from the Fe−O stretching vibration, and the peaks
centered at 3353, 1593, and 1325 cm−1 correspond to the characteristic absorption of the
−COOH group of trisodium citrate (Figure 2(Aa)), which indicates the successful syn-
thesis of carboxylate Fe3O4. In Figure 2(Ab), in addition to the characteristic peaks of
carboxylate Fe3O4, the new peaks appearing at around 1442 cm−1 and 900–1310 cm−1 are
attributed to the tensile vibrations and in-plane bending of imidazole rings [23,24], and the
absorption peak at 420 cm−1 is ascribed to Zn−N stretching vibration, which demonstrates
the formation of ZIF-8 on the surface of Fe3O4. In addition, the characteristic peaks of
Fe3O4@ZIF-8@MIP (Figure 2(Ac)) and Fe3O4@ZIF-8@NIP (Figure 2(Ad)) were almost the
same. For example, the broad and intense absorption peak at 1033 cm−1 belongs to the
Si−OH stretching vibration, and the peaks nearby at 1558 cm−1 and 1417 cm−1 are assigned
to the stretching and the flexural vibrations of the N-H and −CH3 groups [25], indicating
the presence of aminopropyl groups. These spectra all confirm the successful encapsulation
of Fe3O4@ZIF-8 by the MIPS via the siloxane copolymerization of APTES and TEOS. At
the same time, the similarity of the peaks between Fe3O4@ZIF-8@MIP (Figure 2(Ac)) and
Fe3O4@ZIF-8@NIP (Figure 2(Ad)) indicates the effective removal of the template-BPA,
leaving abundant cavities and accessible sites for BPA adsorption.
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Figure 2. (A) FT−IR spectra of Fe3O4 (a), Fe3O4@ZIF-8 (b), Fe3O4@ZIF-8@MIP (c), and Fe3O4@ZIF-
8@NIP (d); (B) magnetization curves of Fe3O4 (a), Fe3O4@ZIF-8 (b), and Fe3O4@ZIF-8@MIP (c);
insert is a photograph of Fe3O4@ZIF-8@MIP suspended in solution before and after applying a
magnetic field; (C) XRD patterns of Fe3O4@ZIF-8 (a), Fe3O4@ZIF-8@MIP (b); (D) TGA curves of
Fe3O4@ZIF-8@MIP (a) and Fe3O4@ZIF-8 (b) in air.

3.2.3. VSM Analysis

The field-dependent magnetization curves with no hysteresis loop in Figure 2B show
the supermagnetic features of Fe3O4 (a), Fe3O4@ZIF-8 (b), and Fe3O4@ZIF-8@MIP (c)
with the determined saturation magnetization values of 69.02, 50.73, and 21.36 emu g−1,
respectively. The significant decrease in the saturation magnetization values was obviously
caused by the layer of ZIF-8 and ZIF-8@MIPs, indicating the successful combination of ZIF-8
or ZIF-8@MIPs and magnetic naparticles. The resulting Fe3O4@ZIF-8@MIPs still possessed
enough magnetic capacity for satisfactory separation. As evident in the insert image, the
magnetic Fe3O4@ZIF-8@MIP can easily form a stable dispersion in ethanol solution without
visible sedimentation; can be rapidly separated from the dispersion within a few seconds
when a magnetic field is applied; and in turn can be redistributed in solution by simple
shaking after the magnetic field is removed, which provides an accessible route for use as
an absorbent in target separation or pollutant removal.

3.2.4. XRD Analysis

The crystal structures of synthesized Fe3O4@ZIF-8 (a) and Fe3O4@ZIF-8@MIP (b) were
confirmed by powder XRD analysis (Figure 2C). The diffraction peaks of Fe3O4@ZIF-8
displayed at 2θ = 7.38◦, 10.44◦, 12.8◦, and 18.16◦ are attributed to the (011), (002), (112),
and (222) planes, which agrees well with the pure phase of ZIF-8, and the reflection peaks
located at 2θ = 30.12◦, 35.6◦, 43.3◦, and 30.12◦ correspond to the (220), (311), (400), (511),
and (440) planes, in tune with the Fe3O4 lattice, which attests that the growth of ZIF-8 on
Fe3O4 does not impact their respective crystalline integrities. Compared to Fe3O4@ZIF-8
(a), the characteristic diffraction peaks belonging to ZIF-8 were not observed and a new
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broad peak at 19.04–26.56◦ appeared in the pattern of the Fe3O4@ZIF-8@MIPs, which can
be ascribed to the coverage effect of MIPs on Fe3O4@ZIF-8.

3.2.5. TG Analysis

TG analysis was performed to assess the thermal behavior of Fe3O4@ZIF-8@MIP (a)
and Fe3O4@ZIF-8 (b), as shown in Figure 2D. When heated at temperatures of 25–500 ◦C,
Fe3O4@ZIF-8 exhibited a gradual weight loss of 18%, resulting from the evaporation of
the residual solvent and the pyrolysis of the carboxyl and silicon hydroxyl groups on
the surface of ZIF-8 and Fe3O4, which was much higher than that of Fe3O4@ZIF-8 (10%)
because the MIPs introduced more oxygen-containing groups. When further increasing
the temperature to 700 ◦C, a sharp weight loss (27%) caused by the decomposition of the
ZIF-8 framework occurred in Fe3O4@ZIF-8, whereas only a slight weight loss of 5.4% was
observed in Fe3O4@ZIF-8@MIP, which can be ascribed to the protective effect of MIPs for
the ZIF-8 framework. The high decomposition temperature reflects the excellent thermal
stability of the Fe3O4@ZIF-8@ composite.

3.2.6. BET Measurements

The specific surface area and pore characteristics of Fe3O4@ZIF-8 and Fe3O4@ZIF-
8@MIP have been estimated by N2 adsorption and desorption experiments. As shown
in Figure S2, a typical IV isotherm with a distinct hysteresis loop was observed for both
the Fe3O4@ZIF-8 and Fe3O4@ZIF-8@MIPs, indicating their porous nature. Compared
with Fe3O4@ZIF-8 (677.42 m2/g), the BET surface area of the Fe3O4@ZIF-8@ significantly
decreased to 4.21 m2/g because of the encapsulation of Fe3O4@ZIF-8 by the MIPs. Using
the BJH method, the total pore volume and average pore size was calculated to be 0.047 cm3

g−1 and 35.98 nm for the Fe3O4@ZIF-8, as well as 0.036 cm3 g−1 and 19.48 nm for the
Fe3O4@ZIF-8@MIP.

3.3. Adsorption Behaviors of MMOFs@MIP for BPA
3.3.1. Adsorption Kinetic Experiment

The adsorption kinetics of Fe3O4@ZIF-8@MIPs, Fe3O4@ZIF-8@NIPs, Fe3O4@MIPs,
and Fe3O4@NIPs for BPA with an initial concentration of 50 mg L−1 were also measured.
As shown in Figure 3A,B, benefiting from the presence of imprinted cavities and recognition
sites, Fe3O4@ZIF-8@MIPs not only exhibited a higher adsorption capacity for BPA com-
pared to Fe3O4@ZIF-8@NIPs (Figure 3A) but also, more importantly, showed a remarkably
increased mass transfer rate and faster binding kinetics with a threefold shorter adsorption
equilibrium time than Fe3O4@MIPs (30 vs. 90 min, Figure 3B). This can be ascribed to the
pores and specific surface area provided by the MOF.

Additionally, the kinetic data were further analyzed using pseudo-first-order and
pseudo-second-order kinetic models. The results shown in Figure S3 illustrate that the
dynamic BPA-adsorption behavior of Fe3O4@ZIF-8@MIPs and Fe3O4@ZIF-8@NIPs better
fit a pseudo-second-order rate equation (R2 = 0.9963, 0.9844) rather than a pseudo-first-
order equation (R2 = 0.9552, 0.9707), indicating that the adsorption process is controlled
by the joint action of the solid MOF@polymer/liquid BPA solution interface rather than
simple diffusion.

3.3.2. Equilibrium Binding Experiment

The static adsorption behavior of Fe3O4@ZIF-8@MIP and Fe3O4@ZIF-8@NIP was
studied at room temperature with different initial concentrations of BPA (25–200 mg L−1),
as shown in Figure 3C. As a control, Fe3O4@MIP and Fe3O4@NIP were also employed
(Figure S4). The adsorption capacity of Fe3O4@ZIF-8@MIP and Fe3O4@MIP was found to
display an obvious concentration dependence. When incubated with 200 mg L−1 of BPA,
the maximum Qe of 10.1 mg g−1 was reached for Fe3O4@ZIF-8@MIP, which is higher than
the 3.3 mg g−1 for Fe3O4@ZIF-8@NIP based on nonspecific adsorption (Figure 3D). At the
same time, due to the absence of MOFs as carriers, the adsorption capacity of traditional
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magnetic polymer-Fe3O4@MIP (Figure S4) was far lower than that of the Fe3O4@ZIF-8@MIP
but slightly higher than that of the Fe3O4@ZIF-8@NIP, suggesting that there are synergetic
effects of MOFs and MIPs that improve the adsorption capacity. The desirable adsorption
characteristics make Fe3O4@ZIF-8@MIP an ideal candidate for the development of highly
sensitive and selective adsorption and separation materials.

Figure 3. (A) Adsorption of BPA (50 mg L−1) by Fe3O4@ZIF-8@MIP and Fe3O4@ ZIF-8@NIP at
different incubation times (1, 3, 5, 10, 20, 25, 30, 40, and 60 min); (B) adsorption of BPA (50 mg L−1)
by Fe3O4@MIP and Fe3O4@NIP at different incubation times (1, 5, 10, 20, 30, 60, 90, and 120 min);
(C) adsorption of BPA by Fe3O4@ZIF-8@MIP and Fe3O4@ZIF-8@NIP at different initial BPA concen-
trations (25, 50, 75, 100, 150, and 200 mg L−1); (D) absorption of 50 mg L−1 initial BPA, as well as its
structural analogues BPB, BPF, HQ, and P by Fe3O4@ZIF-8@MIP and Fe3O4@ZIF-8@NIP.

3.3.3. The Selectivity Evaluation for BPA

The selectivity of BPA adsorption by Fe3O4@ZIF-8@MIP and Fe3O4@ZIF-8@NIP was
investigated. Phenol-containing compounds including BPB, BPF, HQ, and P with the same
initial concentration of 50 mg L−1 were selected to test the target binding of Fe3O4@ZIF-
8@MIP toward BPA (see Figure S5 for the corresponding chemical structures). Among
them, BPA, BPB, and BPF have similar sizes and arrangements of phenol moieties but
increasing hydrophobicity due to substitution at the bridging carbon atom; P, BP, and BPA
possess varying numbers and arrangements of phenol groups and aromatic rings. The
results are shown in Figure 3D, where the most favorable binding kinetics were observed
for imprint molecule-BPA, with a much higher imprinted factor of 2.72 compared to its
structural analogues, with values of 1.0 for BPB, 1.18 for BP, 1.05 for HQ, and 1.23 for P.
This selectivity can be attributed to the imprinting process that left more specific cavities
and recognition sites for the BPA template. In addition, Fe3O4@ZIF-8@NIP favored the
adsorption of BPA, BPB, and BPF rather than the smaller analytes HQ and P, suggesting
that silica alone does have some affinity for bisphenol species and that the adsorption
process was controlled by the comprehensive effect of the ZIF-8 and MIP layers.
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3.4. MSPE of BPA Using Fe3O4@ZIF-8@MIP

The Fe3O4@ZIF-8@MIP was employed as a separation tool for the enrichment of trace
BPA via a magnetic solid phase extraction, and its application feasibility was studied. As an
important parameter, the enrichment efficiency of Fe3O4@ZIF-8@MIP in different volumes
(50, 100, 150, 200, and 250 mL) of solution containing 10 nmol BPA was investigated as
shown in Figure 4A. High recovery rates of 88.1–96.5% were obtained, which implies that
Fe3O4@ZIF-8@MIP has good enrichment capabilities for BPA at trace levels. In addition, the
enrichment efficiencies of Fe3O4@ZIF-8@MIP and Fe3O4@ZIF-8@NIP were also evaluated
using 0.5 mg L−1 BPA. As shown in Figure 5, the peak intensity after enrichment by
Fe3O4@ZIF-8@MIP (a) was obviously greater than that of Fe3O4@ZIF-8@NIP (b), indicating
the excellent enrichment selectivity of Fe3O4@ZIF-8@MIP for BPA.

Figure 4. (A) Recovery rates of BPA in different sample volumes; (B) reusability of the Fe3O4@ZIF-
8@MIP for BPA adsorption.

Figure 5. HPLC chromatograms of BPA after enrichment by Fe3O4@ZIF-8@MIP (a), Fe3O4@ZIF-
8@NIP (b), and its presence in tap water (c) and bottled drinking water (d).

Reusability is another highly desired feature for commercial applications, so the
reusability of Fe3O4@ZIF-8@MIP for 50 μg L−1 BPA was evaluated in five consecutive
adsorption–desorption cycles, using methanol and acetic acid (3 mL, v/v = 1:9) as the
regeneration agent. As depicted in Figure 4B, after five reuse cycles, the absolute recovery
descended to 88% but remained above 90% for the first use, demonstrating its potential
recyclability.

3.5. MSPE-HPLC for BPA Analysis in Real Samples

Using Fe3O4@ZIF-8@MIP as an absorbent in MSPE combined with widely accessible
HPLC analysis, a highly sensitive and selective MSPE-HPLC detection method for BPA has
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been proposed with a wide linear range of 0.5–5000 μg L−1 and a low LOD of 0.1 μg L−1

(S/N = 3).
In order to evaluate its reliability and practicability, the developed MSPE-HPLC

method based on the Fe3O4@ZIF-8@MIP was used to extract and determine BPA in real
samples including tap water, mineral water, bottled drinking water, lemon juice, and canned
hawthorn, among which tap water (Figure 5c) and bottled drinking water (Figure 5d) had
detectable BPA levels of 7.5 ± 0.04 μg L−1 and 1.2 ± 0.02 μg L−1, respectively. Compared
to the glass packaging sample (canned hawthorn), BPA in the plastic packaging samples
has an increased probability of being detected. It is worth noting that tap water was also
contaminated by BPA at a higher concentration than in bottled drinking water, and the
extent of this pollution requires more detailed research to be revealed.

To further verify the feasibility of this method, a recovery experiment was carried out
by adding a standard solution of BPA at three concentration levels of 0.5, 1.0, and 10 μg L−1

into blank lemon juice, canned hawthorn, and mineral water samples. As shown in Table 1,
the satisfactory recoveries ranging from 88.3% to 92.3% with an RSD of less than 3.6% were
obtained, indicating the acceptable reliability and usability of this method.

Table 1. Recovery rates of BPA obtained from spiked real samples using the developed MSPE-HPLC
method.

Sample
Spiked

(μg L−1, n = 3)
Recovery
(%, n = 3)

RSD
(%)

Lemon juice beverage
0.5 88.5 3.0
1.0 89.3 2.3
10.0 89.8 2.1

Canned Hawthorn
0.5 89.3 2.9
1.0 88.3 3.3
10.0 89.5 1.9

Mineral water
0.5 91.3 2.9
1.0 92.3 3.6
10.0 91.9 2.2

As shown in Table S1, compared with the previously developed HPLC methods [26–28]
for BPA detection, our proposed method based on Fe3O4@ZIF-8@MIP exhibited higher
sensitivity (lower LOD), broader applications including the applicability for simple water
matrices as well as a complex fruit juice or canned fruit matrices (which is attributed to the
composite effects and high selectivity of MIPs), accessible pores and a good accumulation of
MOFs, and the efficient separation of magnetic Fe3O4.

4. Conclusions

We reported a simple and efficient layer-by-layer strategy for the synthesis of core–
shell-structured Fe3O4@ZIF-8@MIPs without any special requirements for surface modifica-
tion. The synthesized Fe3O4@ZIF-8@MIP integrates the desirable features of Fe3O4, MOFs,
and MIPs and thus exhibits a strong magnetic responsiveness, an outstanding porosity,
and a satisfactory adsorption selectivity for its target. Combined with HPLC analysis,
Fe3O4@ZIF-8@MIPs can be successfully employed for the extraction and determination
of BPA in a wide concentration range (0.5–5000 μg L−1) with a low LOD (0.1 μg L−1). We
proposed a feasible strategy for the construction of multifunctional adsorption materials
and illustrate the potential for the tailored application of MOFs in more fields.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/foods11101408/s1, Figure S1: Elemental distribution maps in
Fe3O4@ZIF-8@MIP; Figure S2: N2 adsorption –desorption isotherms of Fe3O4@ZIF-8 (A) andFe3O4
@ZIF-8@MIP (B); Figure S3: Pseudo-first-order (A) and pseudo-second-order (B) absorption kinetic
linear fitting curves of Fe3O4@ZIF-8@MIP and Fe3O4@ZIF-8@NIP; Figure S4: Adsorption capacity of
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Fe3O4@MIP and Fe3O4@NIP towards BPA in different initial concentrations (25, 50, 100, 150, and
200 mg L−1); Figure S5: Chemical structures of bisphenol A and its analogues used in this study; Table
S1: Comparison of the proposed MSPE-HPLC method based on Fe3O4@ZIF-8@MIP with previously
reported methods [29–31].
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Abstract: In this study, a novel fluorescent molecularly imprinted nanosensor (N, S-GQDs@ZIF-
8@MIP) based on the nitrogen and sulfur co-doped graphene quantum dots decorated zeolitic
imidazolate framework-8 was constructed for the detection of octopamine (OA). Herein, ZIF-8 with a
large surface area was introduced as a supporter of the sensing system, which effectively shortened
the response time of the sensor. Meanwhile, high green luminescent N, S-GQDs and a maximum
emission wavelength of 520 nm under 460 nm excitation and a 12.5% quantum yield were modified
on the surface of ZIF-8 as a signal tag that can convert the interactions between the sensor and OA
into detectable fluorescent signals. Finally, N, S-GQDs@ZIF-8@MIP was acquired through the surface
molecular imprinting method. Due to the synergy of N, S-GQDs, ZIF-8, and MIP, the obtained
sensor not only demonstrated higher selectivity and sensitivity than N, S-GQDs@ZIF-8@NIP, but
also displayed faster fluorescence response than N, S-GQDs@MIP. Under optimal conditions, the
developed sensor presented a favorable linear relationship in the range of 0.1–10 mg L−1 with a
detection limit of 0.062 mg L−1. Additionally, the proposed N, S-GQDs@ZIF-8@MIP strategy was
effectively applied to the detection of OA in fermented samples, and the obtained results had a
satisfactory correlation with those of HPLC.

Keywords: N/S co-doped graphene quantum dots; zeolitic imidazolate framework-8; molecularly
imprinted polymer; octopamine; fluorescent sensor

1. Introduction

Biogenic amines (BAs) are a type of biologically active containing nitrogen organic
compound related to the physiological functions of humans [1]. Octopamine (OA) is a
typical organic matter of BAs, named after its initial discovery in octopus saliva and has
been known as a natural β3-adrenergic receptor agonist in the nervous system [2]. The
intaking of excessive OA can cause toxic effects [3], such as headaches, vomiting, abnormal
blood pressure, skin allergies, and other symptoms, and has led to brain hemorrhages
in severe cases. In 2004, OA was banned in all sports competition since its stimulating
properties may reduce the immunity of the organism and damage the sensory organs [4].
Therefore, as OA poses a potential public health threat, the detection of OA has become
an important indicator of food safety. To date, various traditional analytical methods
for the quantitative determination of OA have been developed, including electrochemical
sensor detection [5], pseudo-ELISA [6], fast-scan cyclic voltammetry (FSCV) [7], LC-MS/MS
method [8], and high-performance liquid chromatography (HPLC) [8]. Although these
methods have made large progress for the detection of OA, when confronted with the
detection of OA in fermented foods, these methods are limited by the need for laborious
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pretreatment, high costs, and interference by environment [9]. Therefore, it is particularly
important to develop inexpensive and highly sensitive approaches for the detection of OA.

Graphene quantum dots (GQDs) have attracted widespread attention as a novel kind
of nanomaterial due to their unique properties, such as distinctive electron transfer, strong
chemical inertness, and low toxicity [10]. Recently, many studies have proved that the
photoelectric characteristics of GQDs can be efficiently adjusted via doping heteroatoms [11].
Additionally, it was demonstrated that doped GQDs have excellent optical properties
compared to non-doped GQDs [10,12]. The introduction of the N atom in the GQD structure
helps to improve the quantum yield. Previous works have indicated that nitrogen-doped
GQDs exhibit a higher quantum yield than non-doped GQDs [13]. S, as a heteroatom, is
also widely used for GQD synthesis because it can effectively change the electron structure
of the GQDs to produce multiple emission peaks by introducing S-related energy levels
between the π and π* of C [14]. Li et al. have implied that S-GQDs had a sensitive
reaction to Fe3+ because the introduction of a S atom improved the electronic properties
and surface chemical reactivities [15]. After doping these GQDs, the N, S-GQDs exhibited
excellent optical performance, including multiple emission peaks and high fluorescent
quantum yield. For example, Qu et al. developed N, S-GQDs with three absorption
bands independent of the excitation wavelength [16]. Thus, N, S-GQDs can be considered
fluorescent materials with good application prospects.

Metal–organic frameworks (MOFs) composed of central metal ions and organic lig-
ands are also known as porous coordination polymers (PCPs) [17]. Over the past few
years, MOFs have drawn increasing attention in the research areas of gas adsorption and
separation [18], drug delivery [19], electrochemical energy storage [20], and sensing [21]
due to their special large surface areas, tunable porosity, and versatile architectures [22].
However, to date, their sensing functions of MOFs have lacked signal transduction capacity,
which has severely restricted their development. Encapsulating luminescent molecules or
nanoparticles into the non-luminescent MOFs could solve this problem [23]. Our previous
research has revealed that embedding CDs as the fluorescence signal into the zeolitic imida-
zolate framework (ZIF-8) can acquire sensitizing materials [24]. Therefore, this strategy can
not only obtain composite material with fluorescence-sensing properties but also improve
the dispersion of luminescent molecules. Although the as-prepared composite material has
good sensitivity, it still faces interference from other substances in the detection system due
to the non-specificity of the fluorescent sensor.

In recent years, the use of molecular imprinting technology to modify MOFs has grad-
ually aroused the interest of researchers. Molecular imprinting technology is a biomimetic
technique based on the specific reaction between the antigen and antibody, which has
been applied to prepare the polymers with specific structures [25]. The formed polymers
are named molecularly imprinted polymers (MIPs) and not only exhibit selectivity for a
target molecule or a group of structurally related analogies, but also have higher stability
and longer service lives as well as tolerance to different environments [26]. Based on
these excellent properties, MIPs are widely used to build sensing, separation, and catalytic
platforms [27]. In the past few years, there have been a few studies on octopamine (OA)
determination based on molecularly imprinted fluorescent nanoparticles [28]. Although
the aforementioned studies determined that molecular imprinting technology can be used
as a facile, reliable, and rapid strategy for OA detection via the formation of specific recog-
nition sites, such methods frequently have low sensitivity and selectivity, limiting their
applications in the field of optical sensing. Hence, it is of great significance to develop a
fluorescent sensor with exceptional sensitivity and selectivity.

Inspired by this previous research, we designed and developed a novel fluorescent
nanosensor N, S-GQDs@ZIF-8@MIP based on the N, S-GQDs-embedded zeolitic imidazo-
late framework-8 @ molecularly imprinted polymer. In this work, as the supporter, ZIF-8
with a large surface area was first prepared via the self-assembly method. Subsequently,
N, S-GQDs-functionalized ZIF-8 (N, S-GQDs@ZIF-8) was synthesized by encapsulating
N, S-GQDs using extremely bright-green light within ZIF-8 under convenient room tem-
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perature stirring. Finally, N, S-GQDs@ZIF-8@MIP with high selectivity and recognition
ability for target molecules was fabricated through the sol–gel approach in a mixed solution
containing N, S-GQDs (fluorophore), ZIF-8 (supporter), OA (template), 3-aminopropyl
triethoxysilane (functional monomer), and tetraethyl orthosilicate (cross-linker). The in-
corporated bright-green luminescent N, S-GQDs, as signal bands, converts the chemical
reaction with OA into detectable fluorescence signals, thereby realizing a highly sensitive
response to OA. ZIF-8 with a high specific surface area, as a supporter, can improve the
dispersion of N, S-GQDs and increase the mass transfer rate. Additionally, the imprinted
layer decorated on the surface of the N, S-GQDs@ZIF-8 provided the specific recognition
site for the target molecule. The uniform morphology, superior photostability, highly selec-
tive recognition performance, and ultra-sensitive fluorescence response of the as-obtained
N, S-GQDs@ZIF-8@MIP were highly confirmed by the characterizations. The practicality
of the proposed sensor was verified through realizing sensitive detection of OA in real
samples. The preparation and characterization of the obtained N, S-GQDs@ZIF-8@MIP
were discussed in detail.

2. Materials and Methods

2.1. Materials and Instruments

All the reagents were analytically pure and used as received. 2-Methylimidazole (2-MI,
99%) and N,N-Dimethylformamide (DMF) were acquired from TCI (Shanghai, China).
3-aminopropyl triethoxysilane (APTES, 98%), citric acid (CA, 99%), tetraethylorthosilicate
(TEOS, 99%), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 99%), thiourea, glucose and su-
crose were obtained from Aladdin Chemistry (Shanghai, China). KCl, MgCl2, NaCl, FeCl3,
L-Arginine (L-Arg), D-Tryptophan (D-Try), L-Methionine (L-Met), L-Cysteine (L-Cys), L-
Histidine (L-His), L-Tryptophan (L-Try), L-Tyrosine (L-Tyr), Dopamine (DA) and OA were
supplied by Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Na2HPO4·12H2O
was purchased from Sinopharm Chemical Reagent Co., Ltd. (Tianjin, China). Information
on the instruments was provided in the supporting information.

Fluorescence spectra were performed on an F-7100 fluorescence spectrophotometer
(Thermo, Waltham, MA, USA) at the excitation wavelength of 460 nm. Fourier-transform
infrared (FT-IR) was performed to analyze the obtained materials on a Tensor-37 FTIR
spectrophotometer (Bruker, Bremen, Germany). Scanning electron microscope (SEM)
and transmission electron microscope (TEM) images were used to show the surface and
structure of the obtained materials (Waltham, MA, USA). Ultraviolet-visible (UV-Vis)
absorption spectra were obtained on UV-Cary100 spectrophotometer (Shimadzu, Kyoto,
Japan). Thermogravimetric analysis (TGA) was carried out with a PTC-10 A thermal
gravimetric analyzer (Rigaku Corp., Tokyo, Japan) from room temperature to 900 ◦C. X-ray
diffraction (XRD) data were measured at the angular range of 5–60 degrees (2θ) with Cu
Kα radiation.

2.2. Synthesis of ZIF-8, N, S-GQDs and the N, S-GQDs@ZIF-8@MIP Composite

ZIF-8 was prepared as described in the previous literature via the one-pot synthesis
method at room temperature [29]. In brief, 125 mg of Zn(NO3)2·6H2O and 275.9 mg of
2-MI were dispersed in 10 mL of methanol with sonicating for 30 min. Subsequently, the
solutions were transferred to a 100 mL flask and mixed well under a magnetic stirrer. This
reaction was maintained for about 50 min. The resulting products were centrifuged at
10,000 rpm for 5 min and dried at 50 ◦C under a vacuum for 8 h.

N, S-GQDs were synthesized via the solvothermal route based on the method reported
previously [16]. Briefly, 1 mmol citric acid and 3 mmol thiourea were added into 3 mL
N,N-Dimethylformamide with magnetic stirring for 30 min. The mixture was then moved
to an autoclave and maintained at 180 ◦C for 8 h under N2 gas. The N, S-GQDs were
collected from the suspension, centrifuged at 10,000 rpm for 10 min, and washed with
ethanol. The precipitate was then dispersed into ethanol for subsequent use.
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The surface-imprinted sol–gel technique was used to synthesize N, S-GQDs@ZIF-
8@MIP. The product synthesis was achieved as follows. The as-prepared ZIF-8 and 200 μL N,
S-GQDs were added into ethanol and stirred continuously until completely dispersed. Then,
1 mmol OA and 4 mmol APTES were dispersed into the solution with magnetic stirring
for 30 min. Under continuous stirring, 6 mmol TEOS and ammonia water were added
stepwise. After being pre-assembled, the mixed solution was sealed with a sealing film and
stirred under a N2 atmosphere for 10 h. The final material was obtained through washing
with ethanol until no template molecules of OA could be detected. N, S-GQDs@ZIF-8@NIP
was acquired using an identical procedure, but no OA was added during preparation. N,
S-GQDs@MIP was synthesized in the same manner while avoiding the addition of ZIF-8.

2.3. Fluorescence Measurement

Fluorescence (FL) measurements were accomplished under an excitation wavelength
of 460 nm using a Hitachi FL-7000 fluorescence spectrophotometer (Tokyo, Japan). In
total, 1.0 mg N, S-GQDs@ZIF-8@MIP, N, S-GQDs@ZIF-8@NIP, or N, S-GQDs@MIP was
dispersed in different 2 mL OA concentration solutions at 20 ± 5 ◦C, under laboratory
relative humidity of 50–70%. After about 40 min of incubation, a quantitative analysis
was performed. The fluorescence intensity of the sensing system at 520 nm was tested
under excitation of 460 nm. Selectivity was evaluated by adding OA or other potentially
coexisting substances under the above experimental conditions.

2.4. Pretreatment of Samples

In order to evaluate the accuracy of the developed N, S-GQDs@ZIF-8@MIP sensor in
detecting OA in samples, wine and white vinegar were taken as representative fermented
samples. Additionally, we studied three spiked concentration (1, 5, 9 mg L−1) levels via
spike recovery experiments. The samples were vortexed evenly and placed overnight. The
procedure used to prepare the samples was as follows. In short, 4 mL of 5% trichloroacetic
acid was mixed with 1 mL of the sample for 2 min. After centrifugation was performed
at 3600 rpm for 10 min to collect the supernatant, 4 mL of n-hexane was added to the
supernatant to remove the fat. Next, the extract’s pH was adjusted to 7.0 with an NaOH
solution, and the extract was evaporated to dryness. Finally, the residue was redissolved
with 1 mL of ultrapure water and filtered with a microporous membrane for FL detection.
Then, for FL analysis, 1.0 mg N, S-GQDs@ZIF-8@MIP was placed in a 1 mL sample solution
and incubated for 40 min. This method was verified via HPLC. The pretreatment method
for wine and white vinegar was provided in the supporting information.

For HPLC detection, the samples that were extracted and defatted as abovementioned
were derivatized with dansyl chloride and then analyzed according to the National Stan-
dards of the People’s Republic of China (GB 5009.208-2016). The analyses were performed
using an HPLC system equipped with an ultraviolet detector. The HPLC operating pa-
rameters were as follows: The separation was carried out with a reversed phase column
(C18, 250 × 4.6 mm, 5 μm particle size) with a flow rate of 0.8 mL min−1 and a column
temperature of 35 ◦C. The injection volume was 20 μL, and the detection wavelength was
254 nm.

3. Results and Discussion

3.1. Preparation of N, S-GQDs, ZIF-8 and N, S-GQDs@ZIF-8@MIP

As displayed in Scheme 1, a novel synthetic strategy was proposed to prepare a
fluorescent sensor constructed from MIP, N, S-GQDs, and ZIF-8 for the sensitive detection
of OA. N, S-GQDs were synthesized through the solvothermal route based on citric acid
as a carbon source and thiourea as nitrogen and sulfur sources (Scheme 1a). Compared
to other GQDs, the obtained N, S-GQDs were excitation-dependent and showed different
types of emission light under multiple excitation conditions [30]. It is worth noting that
N, S-GQDs not only displayed extremely bright green light but also had a quantum yield
(QY) as high as 12.5% [16]. The above phenomenon can be explained as follows. On the
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one hand, the high QY may be attributed to the doping of nitrogen atoms that changing
the optical and electronic structure of the graphene quantum dots [31]. On the other hand,
the green-fluorescent N, S-GQDs could benefit from the conjugation of the C=N, C=S, and
C=O groups with the graphene core [32]. As presented in Scheme 1b, the high surface area
ZIF-8 was prepared via the one-pot synthesis method. The introduction of ZIF-8 with a
high specific surface area not only improved the dispersibility of GQDs, but also increased
the mass transfer rate efficiently.

 

Scheme 1. Preparation process of N, S-GQDs (a), ZIF-8 (b), and N, S-GQDs@ZIF-8@MIP sensor (c).

As illustrated in Scheme 1c, N, S-GQDs@ZIF-8@MIP was constructed using the surface-
imprinted sol–gel technique. The condensation reaction was conducted under the presence
of OA, APTES, TEOS, and aqueous ammonia solution. During the polymerization process,
the ultra-small size N, S-GQDs were first embedded in ZIF-8 to form N, S-GQDs@ZIF-8,
and then the imprinted layer was decorated on the N, S-GQDs@ZIF-8 according to the
physical deposition. After, the template molecule of OA was removed via ethanol, leaving
behind 3D cavities in the imprinting layer, and obtaining a N, S-GQDs@ZIF-8@MIP sensor
with selective binding sites fitting the shape of OA.

In the preparation processing of MIPs, the molar ratios of APTES and TEOS, the
added quantity of supporter ZIF-8, and the amount of the fluorescent indicator N, S-
GQDs had a certain impact on the imprinting factor (IF), which can directly reflect the
polymer performance. Hence, to obtain materials with superior fluorescence and adsorption

124



Foods 2022, 11, 1348

properties, we optimized the above aggregation conditions one by one, as presented in the
supporting information file (Tables S1–S3).

3.2. Characterization of Materials

SEM and TEM were used to observe the morphology of the obtained ZIF-8, N, S-
GQDs@ZIF-8@MIP (MIP), and N, S-GQDs@ZIF-8@NIP (NIP). Figure 1a shows that the
as-prepared ZIF-8 conformed to its well-known dodecahedron shape. As displayed in
Figure 1d, the unmodified ZIF-8 had a smooth surface and uniform particle size. After
grafting, the surface morphology of MIP (Figure 1b) and NIP (Figure 1c) presented an
obvious change, and an apparent porous structure could be observed. This phenomenon
indicated that the polymers were formed. TEM images of N, S-GQDS@ZIF-8 are provided
in the supporting information file (Figure S1).

Figure 1. SEM images of ZIF-8 (a), N, S-GQDs@ZIF-8@MIP (b) and N, S-GQDs@ZIF-8@NIP (c); TEM
images of ZIF-8 (d), N, S-GQDs@ZIF-8@MIP (e) and N, S-GQDs@ZIF-8@NIP (f).

The characteristics of functional groups of MIP (a), NIP (b), and ZIF-8 (c) were con-
firmed via FT-IR (Figure 2a). For curves a and b, characteristic peaks at 1185 cm−1 (C-S)
and 782 cm−1 (C=S) can be seen in spectra a and b (Figure 2a), which indicated the success-
ful introduction of N, S-GQDs into the composite materials [32,33]. The ZIF-8 presented
characteristic absorption peaks at 1587 cm−1 (C=N), 1145 cm−1 (C-N) and 424 cm−1 (Zn-N
bonds), as shown in Figure 2a(c). However, in curves a and b, it can be seen that the
absorption peaks of ZIF-8 at 424 cm−1 and 1587 cm−1 were weakened, illustrating that
the molecularly imprinted layer was successfully modified on the surface of ZIF-8. The
two peaks at 1089 cm−1 (Si-O-Si) and 485 cm−1 (Si-O) indicate the existence of APTES and
TEOS, respectively. The characteristic peaks in the range of 500–4000 cm−1 for MIP and NIP
were almost identical, revealing that the template OA was removed from the imprinted
polymers. The above findings indicate that MIP and NIP were successfully prepared.
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Figure 2. (a) FT-IR spectra of N, S-GQDs@ZIF-8@MIP-a, N, S-GQDs@ZIF-8@NIP-b, and ZIF-8-c.
(b) TGA curves of N, S-GQDs@ZIF-8@MIP and N, S-GQDs@ZIF-8@NIP. XRD curves of ZIF-8 (c) and
N, S-GQDs@ZIF-8@MIP (d).

TGA of MIP and NIP were performed under a stream of nitrogen. The results of
weight as a function of temperature were depicted in Figure 2b. Obviously, there were
three main stages of weight loss for MIP and NIP. The first stage of weight loss of MIP
starting from 25 ◦C to 100 ◦C was approximately 8.50% due to the volatilization of moisture
on the surface of the material and decomposition of the target that was not completely
eluted. However, for NIP, weight loss was only due to volatilization of moisture on the
surface of the material. Immediately afterwards, at 100–480 ◦C, the weight of the composite
materials (MIP and NIP) was lost due to decomposition of the imprinting layer. The
thermal gravimetric curves of MIP and NIP were almost the same due to the decomposition
of the framework and organic polymer with the weight loss of 12.82%. The downward
trends for the weight loss of MIP and NIP were similar to those of pure ZIF-8 crystals [34],
demonstrating that the polymer was wrapped on the ZIF-8.

The crystal structure of synthesized ZIF-8 and MIP were analyzed using XRD. The
pattern of ZIF-8 shown in Figure 2c matched well with the simulated results for the reported
single-crystal data in the literature [35], revealing the successful synthesis of ZIF-8. The
synthesized MIP showed the XRD pattern illustrated in Figure 2d. After polymerization,
the diffraction peaks of ZIF-8 almost disappeared, which indicated the successful coating of
MIP. Meanwhile, a new broad characteristic vibration peak located at 2θ = 23.5◦ appeared
in MIP (Figure 2d), which stemmed from the introduction of MIPs and N, S-GQDs to the
(002) graphite planes.

3.3. Photoluminescence Properties and Kinetic Absorption of N, S-GQDs@ZIF-8@MIP

The optical properties of N, S-GQDS@ZIF-8@MIP were also investigated. As illus-
trated in Figure 3a, N, S-GQDS@ZIF-8@MIP exhibited symmetrical fluorescence emis-
sions at 520 nm under excitation at 460 nm. The FL intensity of N, S-GQDS@ZIF-8@MIP
was effectively enhanced when OA molecules were included in the imprinted cavities
(Figure 3b). The FL intensity of N, S-GQDS@ZIF-8@MIP was recovered to 109.5% of
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that of N, S-GQDS@ZIF-8@NIP when removing the target molecules with ethanol as
the elution solution.

Figure 3. (a) Fluorescence spectra N, S-GQDs@ZIF-8 and N, S-GQDs@ZIF-8@MIP under 460 nm
excitation. The concentrations of N, S-GQDs@ZIF-8 and N, S-GQDs@ZIF-8@MIP were 1 mg mL−1.
(b) Fluorescence emission spectra of N, S-GQDs@ZIF-8@MIP, N, S-GQDs@ZIF-8@NIP and N, S-
GQDs@ZIF-8@MIP with OA. (c) UV-Vis absorption spectra of OA-a, N, S-GQDs@ZIF-8@MIP before-c
and after-b interactions with OA; fluorescence excitation-d, and emission-e spectra of the N, S-
GQDs@ZIF-8@MIP. (d) Fluorescence response of N, S-GQDs@ZIF-8@MIP (a), N, S-GQDs@MIP (b)
and N, S-GQDs@ZIF-8@NIP (c) under different contact times.

Under the presence of octopamine, N, S-GQDs@ZIF-8@MIP revealed fluorescence
enhancement. For this phenomenon, a fluorescence enhancement mechanism was pro-
posed to explain the interaction between octopamine and N, S-GQDs@ZIF-8@MIP. First, as
displayed in Figure 3c, the UV absorption spectrum of octopamine (a) did not overlap with
the emission peak for N, S-GQDs@ZIF-8@MIP(e) of the fluorophore, which eliminated the
possibility of fluorescence resonance energy transfer (FRET). Octopamine is a well-known
aromatic compound with a large π bond benzene ring that can easily generate photoelec-
trons. Meanwhile, octopamine also has common electron-donating groups with amino
and hydroxyl groups that can help the electron transfer from octopamine to fluorescent
substances. Thus, the mechanism of fluorescence enhancement was speculated as a process
that mostly relies on the electron transfer from octopamine to N, S-GQDs@ZIF-8@MIP.
To further confirm this structure, the fluorescence lifetime of the materials was measured
using time-resolved spectroscopy, which was used to monitor the emission of the 520 nm
fluorophore in the absence and presence of the analyte. The results are provided in the
supporting information file (Figure S2). According to the above analysis, the main mecha-
nism for the fluorescence enhancement of N, S-GQDs@ZIF-8@MIP may be photo-induced
electron transfer (PET).

To investigate the absorption ability of N, S-GQDs@ZIF-8@MIP to OA, experiments
were designed using N, S-GQDs@ZIF-8@NIP and N, S-GQDs@MIP as comparisons.

As illustrated in Figure 3d, the absorption kinetics of N, S-GQDs@ZIF-8@MIP (a),
N, S-GQDs@ZIF-8@NIP (b), and N, S-GQDs@MIP (c) were investigated by determining
the variation in the fluorescence response (F/F0) from 0 to 70 min. With a change in the
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adsorption time, the F/F0 showed a remarkable increase. The adsorption of OA by N,
S-GQDs@ZIF-8@MIP occurred in the first 30 min, and then slowly increased between 30
min and 40 min. After 40 min, there was no noticeable alteration. Similar absorption trends
were observed for N, S-GQDs@ZIF-8@NIP. However, N, S-GQDs@ZIF-8@MIP displayed a
higher F/F0 value than N, S-GQDs@ZIF-8@NIP under the same conditions, which may be
ascribed to the specific binding between OA and the -OH/-NH2 groups of the imprinting
recognition sites on the N, S-GQDs@ZIF-8@MIP. Meanwhile, the absorption performance of
N, S-GQDs@ZIF-8@MIP was better than that of N, S-GQDs@MIP. Additionally, compared
to N, S-GQDs@MIP, the adsorption equilibrium time of N, S-GQDs@ZIF-8@MIP was greatly
shortened from 50 min to 40 min. These results indicated that the introduction of high
surface area ZIF-8 can provide a platform for the MIP membrane, which can allow more
imprinted sites on the surface and enhance the adsorption capacity of materials. The
excellent OA adsorption by N, S-GQDs@ZIF-8@MIP illustrated that the introduction of
high-surface-area ZIF-8 indeed improved the adsorption competence of the sensor.

3.4. Establishment of Fluorescence Sensing Detection for OA

To evaluate the dose–response curves of the prepared fluorescent materials for OA, N,
S-GQDs@ZIF-8@MIP and N, S-GQDs@ZIF-8@NIP were dispersed in OA ethanol solution
with various concentrations from 0.1 to 10 mg L−1. The fluorescence intensity of the
polymers gradually increased with an increase in the concentration of OA, and the results
are shown in Figure 4. Compared to N, S-GQDs@ZIF-8@NIP, N, S-GQDs@ZIF-8@MIP
produced a greater enhancement effect at the same OA concentration. The relationship
between the fluorescence response of the sensor and the concentration of the OA conformed
to the following equation [36]:

F/F0= 1 + KSV COA

where F0 and F are the fluorescence intensity in the absence and presence of OA, respec-
tively; KSV represents the constant; and COA is the concentration of OA. Herein, the imprint-
ing factor IF (KSV, N, S-GQDS@ZIF-8@MIP/KSV, N, S-GQDS@ZIF-8@NIP) was used as an important
indicator for evaluating the binding ability of the N, S-GQDs@ZIF-8@MIP sensor.

Figure 4. Fluorescence emission spectra of N, S-GQDs@ZIF-8@MIP (a) and N, S-GQDs@ZIF-8@NIP
(b) under the different OA concentrations, the linear section of N, S-GQDs@ZIF-8@MIP (c) and N,
S-GQDs@ZIF-8@NIP (d).
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As expected, the fluorescence response sharply increased along with an increase in
OA concentration (0.1–10 mg L−1), which can be seen in Figure 4a. The corresponding
equation with a good linear relationship of F/F0 = 0.039 COA + 0.9984 was obtained for N,
S-GQDs@ZIF-8@MIP with correlation coefficients of 0.9933. The limit of detection (LOD)
was determined to be 0.062 mg L−1, and was calculated following the standard 3σ criteria
(3σ/S) [37]. As shown in Figure 4b, the corresponding standard linear equation of N, S-
GQDs@ZIF-8@NIP was F/F0 = 0.02 COA + 1.013 with correlation coefficients of 0.983. As
displayed in Figure 4, under identical conditions, the N, S-GQDs@ZIF-8@MIP exhibited
greater fluorescence enhancement than N, S-GQDs@ZIF-8@NIP due to the absence of OA-
imprinted cavities in N, S-GQDs@ZIF-8@NIP. Under optimal conditions, the calculated IF
was 1.95, which indicated that the constructed N, S-GQDs@ZIF-8@MIP had an excellent
affinity for OA.

3.5. Selectivity of N, S-GQDs@ZIF-8@MIP

To investigate the selectivity of N, S-GQDs@ZIF-8@MIP(MIP) towards OA, a series of
experiments was carried out using L-Try, L-Tyr, L-His, and DA as the structural analogues
of OA. The structures of the analogues and OA are provided in Figure 5a. Additionally, the
fluorescence responses (F/F0) of MIP and N, S-GQDs@ZIF-8@NIP(NIP) to OA, L-Try, L-Tyr,
and L-His are presented in Figure 5b. MIP clearly had higher adsorption capabilities for
OA in the selectivity experiments and displayed little sensitivity to non-template molecules
(L-Try, L-Tyr, L-His, and DA). The fluorescence response of NIP to OA was as weak as that
of other structural analogues (L-Try, L-Tyr, L-His, and DA) because of the lack of specific
imprinting sites.

Figure 5. (a) The structure of OA, L-Try, L-Tyr, L-His, and DA. (b) Changes in the fluorescence
intensity of N, S-GQDs@ZIF-8@MIP and N, S-GQDs@ZIF-8@NIP in response to OA and responses to
the other analogs. (c) The effect of analogues on the binding of OA to the N, S-GQDs@ZIF-8@MIP
and N, S-GQDs@ZIF-8@NIP. Influence of common coexisting ions (d) and other molecules (e) on the
increasing fluorescence efficiency of N, S-GQDs@ZIF-8@MIP in the presence of OA.
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Competitive adsorption experiments were also conducted by adding different struc-
tural analogues (L-Try, L-Tyr, L-His, and DA) into the solution containing OA. The fluo-
rescence responses (F/F0) of MIP and NIP were enhanced with almost the same efficiency
(Figure 5c). The above results confirmed that MIP had excellent selectivity towards OA. On
the basis of these observations, we can draw the following conclusion: MIP with imprinted
cavities has a stronger affinity for OA.

Furthermore, some substances introduced by the sample pretreatments, including
common metal ions (Na+, K+, Mg2+, Fe3+, and Zn2+), amino acids (D-Try, L-Arg, L-Met,
and L-Cys), and sugars (glucose and sucrose), may have affected the accuracy of the
experimental results. Based on the presence of these interfering substances, an experiment
was designed to confirm the specificity of the synthesized sensor in complex environments.
We determined that even at concentrations up to 1 g L−1 (250-fold that of OA), these
substances caused only a slight fluorescence change of MIP (Figure 5d,e).

These experiments confirmed that the obtained sensor has high sensitivity and ex-
cellent anti-interference capability for the recognition of OA. Thus, we conclude that
the constructed MIP was a well-fluorescent material that can effectively detect OA in
fermented samples.

3.6. OA Detection in Real Samples

To further evaluate the accuracy and applicability of the constructed N, S-GQDs@ZIF-
8@MIP, a comparison between the constructed fluorescence-sensing method and classical
detection method (HPLC-UV) was carried out. In this work, the actual samples were
white vinegar and spirits. Since OA was not found in the two blank samples using the
FL and HPLC methods, the recovery experiments were performed by spiking different
concentrations of OA (1, 5, and 9 mg L−1), and three parallel groups were set for the
determination of each concentration of each sample. As outlined in Table 1, the relative
recovery ratio and the relative standard deviation (RSD) of the sample solutions were
determined under the condition that the same concentration was repeated three times,
which was calculated from the following equation: relative recovery (%) = (CF − CS/CA)
× 100, where CF is the total OA found in a spiked sample, CS is the OA in the original
sample and CA is the standard OA spiked in sample. In real sample detection, the FL
method recoveries of OA were between 80.24% and 98.11%, and the RSD was in the
range of 2.7–5.2. In addition, the HPLC method was used to verify the reliability of the
developed FL test results, and the recoveries ranged from 80.38% to 87.17%, while RSD
was in the range of 1.22–4.93. The results displayed that there was no significant difference
(p value = 0.96 > 0.05) between this method and HPLC. By comparing the detection results
under FL with those of HPLC, we determined that the N, S-GQDs@ZIF-8@MIP-based
sensor can supply a well-pleasing platform for determination of OA in samples.

Table 1. The determination of OA-containing samples via the proposed N, S-GQDs@ZIF-8@MIP and
HPLC-UV.

Samples
Added

(mg L−1)

N, S-GQDs@ZIF-8@MIP HPLC-UV

Found
(mg L−1)

(n = 3)

Recovery%
(Mean ± SD)

(n = 3)

RSD%
(n = 3)

Found
(mg L−1)

(n = 3)

Recovery %
(Mean ± SD)

(n = 3)

RSD%
(n = 3)

white vinegar

0.00 ND a - - ND a - -
1.00 0.87 86.86 ± 2.31 2.66 0.80 80.38 ± 3.96 4.93
5.00 4.68 93.58 ± 1.64 1.75 4.30 85.90 ± 1.04 1.22
9.00 8.00 88.92 ± 2.46 2.77 7.27 80.75 ± 2.60 3.23

wine

0.00 ND a - - ND a - -
1.00 0.91 91.08 ± 1.68 1.84 0.84 84.48 ± 2.24 2.65
5.00 4.54 90.90 ± 4.13 4.54 4.36 87.17 ± 1.81 2.09
9.00 8.29 92.07 ± 2.66 2.89 7.41 82.31 ± 2.36 2.87

a Not Detectable.
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3.7. Method Performance Comparison

The performance of N, S-GQDs@ZIF-8@MIP-based fluorescence-sensing method was
compared with the previous reported approaches for OA detection in Table 2. Apparently,
the FL method constructed in this work displayed a lower detection limit, good precision
(RSD) and linear range. The excellent performance of N, S-GQDs@ZIF-8@MIP-based
sensing system benefited from the following aspects. Firstly, N, S-GQDs@ZIF-8 with
extremely bright green light and large surface area was introduced as supporter, which can
not only evidently improve the sensitivity of the sensor, but also reduced the aggregation
quenching of N, S-GQDs. Secondly, the modification of the imprinting layer further
enhanced the accuracy of the sensor in identifying target molecules, which was beneficial
to avoiding tedious sample pre-processing and shortening analysis time. In summary,
apart from the distinct advantages of specific recognition sites, the presented method
was also simple in operation, rapid in response and cost-effective. Thence, the developed
fluorescence imprinting sensor was more suitable and promising for the specific recognition
and quantitative detection of trace OA in the fermented environment.

Table 2. Comparison of the proposed method with other methods reported in the literature.

Methods Detector
LOD

(mg L−1)
Linear Range

(mg L−1)
Recovery

(%)
RSD (%) Advantages Limitations Reference

Electrochemical octopamine
tyramine 0.153 0.041 0.0153–6.12

0.013–0.034
98.5–104.7

102.2–103.1 5.9–6.1 5.6–6.4 fast sensitive The scope of use
is limited [5]

ELISA octopamine 0.59 2.259–15.3 96.2–106.4 - high
reproducibility

Low sensitivity
and specificity [6]

FSCV octopamine 0.336 - - - sensitive Low accuracy,
easily disturbed [7]

HPLC synephrine
octopamine 0.033 0.092 0.2–1.2 0.2–1.2 98.2–101.5 1.5–2.5 wide range of

applications
Costly, complex
preprocessing [8]

Fluorescence
(UCNPs@ZIF-

8@MIP)
octopamine 0.081 0.1–10 81.75–90.63 2.56–5.13 simple

preprocessing

UCNP synthesis
conditions were

complex
[28]

Fluorescence
(N,S-GQDs@ZIF-

8@MIP)
octopamine 0.062 0.1–10 86.86–93.58 1.75–4.54

fast, sensitive,
high detection

limits
This work

4. Conclusions

In this paper, an efficient one-pot strategy was proposed to construct a novel N, S-
GQDs@ZIF-8@MIP sensor that can achieve OA detection through photo-induced electron
transfer. Through the introduction of N, S-GQDs with unique fluorescence properties,
the obtained N, S-GQDs@ZIF-8@MIP presented a more significant fluorescence response
to trace OA. The modification of molecular imprinting with the special recognition sites
gave the sensor good selectivity. Meanwhile, the use of ZIF-8 with a high specific surface
area improved the mass transfer rate of the N, S-GQDs@ZIF-8@MIP. The synthesized N,
S-GQDs@ZIF-8@MIP sensor has the merits of favorable selectivity and higher sensitivity.
More importantly, N, S-GQDs@ZIF-8@MIP was successfully applied to the detection of
OA in real samples. Therefore, N, S-GQDs@ZIF-8@MIP has a promising prospect for OA
detection in fermented foods.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/foods11091348/s1, Figure S1: The high-angle annular dark-field (HAADF) image of N, S-
GQDs@ZIF-8, and corresponding element mappings of C (B), N (C), O (D), S (E), and Zn (F); Figure S2:
Fluorescence emission decay curves of N, S-GQDs@ZIF-8@MIP alone and N, S-GQDs@ZIF-8@MIP
with 40 mg mL−1 concentrations of OA under excitation at 460 nm. The concentration of the N,
S-GQDs@ZIF-8@MIP was 2 mg mL−1, Figure S3: The stability of N, S-GQDs@ZIF-8@MIP from 0 to
720 min at room temperature; Table S1: Optimization of addition ratio; Table S2: Optimization of
ZIF-8; Table S3: Optimization of N, S-GQDs dosage.
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Abstract: Developing sensitive and effective methods to monitor oxytetracycline residues in food
is of great significance for maintaining public health. Herein, a fluorescent sensor (NH2-UIO-66
(Zr)@MIP) based on a molecularly imprinted polymer-coated amino-functionalized zirconium (IV)
metal–organic framework was successfully constructed and first used for the ultrasensitive determi-
nation of oxytetracycline. NH2-UIO-66 (Zr), with a maximum emission wavelength of 455 nm under
350 nm excitation, was prepared using a microwave-assisted heating method. The NH2-UIO-66
(Zr)@MIP sensor with specific recognition sites for oxytetracycline was then acquired by modifying
a molecularly imprinted polymer on the surface of NH2-UIO-66 (Zr). The introduction of NH2-
UIO-66 (Zr) as both a signal tag and supporter can strengthen the sensitivity of the fluorescence
sensor. Thanks to the combination of the unique characteristics of the molecularly imprinted polymer
and NH2-UIO-66 (Zr), the prepared sensor not only exhibited a sensitive fluorescence response,
specific identification capabilities and a high selectivity for oxytetracycline, but also showed good
fluorescence stability, satisfactory precision and reproducibility. The fabricated sensor displayed a
fluorescent linear quenching in the OTC concentration range of 0.05–40 μg mL−1, with a detection
limit of 0.012 μg mL−1. More importantly, the fluorescence sensor was finally applied for the detec-
tion of oxytetracycline in milk, and the results were comparable to those obtained using the HPLC
approach. Hence, the NH2-UIO-66 (Zr)@MIP sensor possesses great application potential for the
accurate evaluation of trace oxytetracycline in dairy products.

Keywords: turn-off fluorescent biomimetic sensor; amino-functionalized zirconium (IV) metal–organic
framework; molecularly imprinted polymer; oxytetracycline

1. Introduction

Luminescent metal organic frameworks (LMOFs), as rapidly developing novel-type
organic–inorganic porous crystal materials, have displayed wide application potential in
sensing fields owing to their high specific surface area and porosity, intrinsic luminescence
properties, as well as structure multiplicity [1,2]. Among them, NH2-UIO-66 (Zr) is a kind
of stable zirconium-based metal–organic framework (Zr-MOF), and has been developed to
construct fluorescent sensors in recent years on account of its excellent fluorescence (FL)
characteristics, chemical stability and large surface area [3–6]. For instance, Zhu et al. fabri-
cated a NH2-UIO-66 (Zr)-based sensor for the sensitive FL detection of the fluoride anion
in water medium [6]. NH2-UIO-66 (Zr) was successfully utilized as a fluorescent probe
for sensitively detecting the phosphate anion in aqueous media via the FL enhancement
effect [7]. Wang et al. designed a novel ratio FL probe based on fluorescent Zr-MOF for the
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highly sensitive determination of dopamine and reduced glutathione [5]. Wang et al. stated
clearly that the NH2-UIO-66 fluorescent sensor was triumphantly prepared and applied for
the FL sensing of tetracyclines in milk [8]. Although these NH2-UIO-66 (Zr)-based optical
sensors showed gratifying FL sensing performances, there were still some limitations, such
as a relatively low selectivity for target analytes and a weak anti-interference capability
in elaborate actual samples. As a result, the establishment of LMOF-based sensors with
specific recognition abilities and high selectivity is a vital method by which to achieve the
accurate evaluation of target analytes in real samples.

Molecular imprinting technology (MIT) is a promising molecular simulation recog-
nition technique that mimics the specific antigen–antibody or enzyme–substrate binding
processes, and has attracted great attention in the past few decades. The formed molecu-
larly imprinted polymer (MIP) not only possesses the ability to specifically recognize the
detected molecules, but also has a high adsorption efficiency and strong stability, which
makes it widely used in various fields (such as catalysis, separation, drug delivery, gas
sensing, chemical and biological sensing) [9–12]. In addition, MIP has been applied in
optical sensors to enhance the selectivity of sensors. To date, some research has been
conducting regarding the combination of NH2-UIO-66 (Zr) with MIP in order to design
fluorescent sensors, in which the introduction of MIP can promote the generation of cus-
tomized binding sites complementary to the target analytes in terms of size, shape and
functional group, thus improving the selectivity of the obtained sensor. For example, a
MOF@MIP FL sensor (NH2-UIO-66@MIP), synthetized by encapsulating NH2-UIO-66 into
the MIP, was successfully exploited for the ultrasensitive and highly selective detection
of melatonin in juice [13]. A LMOF-based sensor (NH2-UIO-66/MIP) was constructed to
selectively and effectively detect trace levels of 4-nitrophenol in drinkable water, as well
as in environmental water [14]. A turn-on FL sensor (MIP/NH2-UIO-66) was made via
decorating MIP on Zr-LMOF and was employed for the FL sensing of chloramphenicol
in animal-derived food [15]. Therefore, the integration of LMOFs and MIP in order to
construct novel fluorescent sensors can supply an efficacious means by which to perform
food safety supervision, such as monitoring the residual trace antibiotics.

For many decades, the abuse of antibiotics has been regarded as a global concern
because antibiotic residues may constitute a threat to human health [16,17]. Oxytetracycline
(OTC), a tetracycline antibiotic, has been extensively utilized in the remedy of infectious
diseases induced by pathogenic microorganisms due to its broad-spectrum antimicrobial
activity, effectiveness and low cost [18]. Nevertheless, the overuse of OTC will lead to its
accumulation in the environment and foodstuffs, thus causing a series of potential haz-
ards, such as anaphylactic reactions, kidney and liver damage, decreased human immune
function, as well as the emergence of antibiotic-resistant bacteria [19–21]. To guarantee con-
sumer safety, the European Union (EU) and China have dictated the maximum OTC residue
limits (MRL) in milk products, which are 225 nM and 100 μg kg−1, respectively [22–24].
At present, plentiful analytical techniques, including capillary electrophoresis (CE) [25],
liquid chromatography–tandem mass spectrometry (LC–MS/MS) [26], enzyme-linked
immunosorbent assay (ELISA) [27], high-performance liquid chromatography (HPLC) [28],
fluorometric assay [29] and so on, have been employed to quantitatively determine OTC.
In these methods, FL sensing approaches have shown considerable superiorities over tra-
ditional analysis methods, such as a convenience of operation, an inexpensive cost, high
sensibility and a rapid response, which are more appropriate for the FL sensing detection
of OTC [30–32]. Hence, taking account of the current status of OTC, it is still indispensable
to construct a new, reliable and efficient FL sensing method with which to monitor OTC
in food. In view of the above research and analysis, the FL sensing strategy based on the
incorporation of LMOFs and MIP has potential regarding its ability to offer a sensitive and
efficacious technique with which to determine OTC.

Although some FL sensors that integrate the merits of LMOFs and MIP have been
designed [13–15,33–35], hitherto, there has been no report on a fluorescent sensor based on
MIP-coated NH2-UIO-66 (Zr) for the selective and ultrasensitive FL monitoring of OTC.
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Consequently, in this work, a turn-off FL sensor (expressed as NH2-UIO-66 (Zr)@MIP) that
combines a large surface area and the unique fluorescence properties of NH2-UIO-66 (Zr),
as well as the high specificity of the imprinted layer, was developed for an assay of OTC
using the inner filter effect (IFE). Herein, the NH2-UIO-66 (Zr) with an intense blue FL
emission, as a signal tag and substrate material, was prepared via a simple microwave-
assisted heating process and then covered with a molecularly imprinted layer. After
removing the OTC template molecule, the NH2-UIO-66 (Zr)@MIP sensor with custom-
made binding sites for the OTC was obtained. The modification of the MIP granted the
sensor high selectivity, adsorption affinity and binding efficiency to OTC. Meanwhile,
NH2-UIO-66 (Zr), as a luminous center and a carrier, endowed the proposed sensor with
a desirable FL signal output and response sensitivity. Furthermore, its relatively uniform
morphology, good optical properties, superior FL sensitivity, outstanding adsorption and
binding performance, as well as its excellent specificity, were demonstrated via different
characterizations. The established sensor was successfully used in the highly sensitive and
selective determination of OTC in milk samples, confirming its practical applicability.

2. Materials and Methods

2.1. Materials and Apparatuses

2-aminoterephthalic acid (ATA, 98%), tetracycline (TET, ≥98%), doxycycline (DOX,
≥98%), oxytetracycline (OTC, ≥98%), chlortetracycline (CTC, ≥98%), chloramphenicol
(CAP, 98%), tyrosine (Tyr), histidine (His), serine (Ser), phenylalanine (Phe), arginine (Arg)
and cysteine (Cys) were provided by Shanghai Macklin Biochemical Co., Ltd. (Shanghai,
China). Zirconium chloride (ZrCl4, 99%) was purchased from Beijing Yinuokai Technology
Co., Ltd. (Beijing, China). Methacrylic acid (MAA, 99%), 2,2-azobisisobutyronitrile (AIBN,
99%) and ethylene glycol dimethacrylate (EGDMA, 98%) were obtained from TCI Devel-
opment Co., Ltd. (Shanghai, China). N, N-dimethylformamide (DMF), ethanol, glucose,
sucrose, MnCl2·4H2O, MgCl2·6H2O, Zn(NO3)2·6H2O, CaCl2, NaCl and KCl were supplied
by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All reagents and chemicals
used in this work were of at least analytical grade. The apparatuses utilized in this study
are described in detail in the supporting information.

2.2. The Synthesis of NH2-UIO-66 (Zr)

The preparation process of NH2-UIO-66 (Zr) refers to the microwave-assisted heating
assay employed in a previous study with minor changes [6]. Briefly, 669 mg of ZrCl4 and
500 mg of ATA were firstly dissolved in 60 mL of DMF, followed by ultrasonic treatment
for 1 h. Next, the aforementioned reaction precursor solution was placed in a stainless steel
Teflon-lined autoclave and heated to 120 ◦C for 24 h. After natural cooling, the deposition
was attained via centrifugation, distributed in ethanol (30 mL), and heated at 100 ◦C for
30 min in a microwave synthesis reaction device. Subsequently, after dropping to ambient
temperature, the obtained solid was centrifuged, and then the above microwave heating
activation process was carried out again. Ultimately, the yellow product was acquired via
vacuum drying (60 ◦C for 6 h) for later tests.

2.3. The Fabrication of NH2-UIO-66 (Zr) Imprinted Polymers

NH2-UIO-66 (Zr)@MIP was fabricated according to a previous study, with slight
modifications [15]. In the typical procedure, NH2-UIO-66 (Zr) (fluorescent probe, 50 mg)
and OTC (template, 0.2 mmol) were completely dispersed in 30 mL of ethanol using
ultrasonic treatment. Then, after the addition of MAA (monomer, 1.2 mmol), the mixture
was pre-polymerized for 50 min under continuous stirring. Subsequently, EGDMA (cross-
linking agent, 2 mmol) and AIBN (initiator, 20 mg) were successively introduced into the
above synthesis system and stirred for 15 h in a water bath at 65 ◦C. Finally, the acquired
polymer was centrifuged, eluted repeatedly via water/ethanol (v/v, 1/9) to expunge OTC
and dried under vacuum at 50 ◦C for 7 h. Meanwhile, the non-imprinting polymer (NH2-
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UIO-66 (Zr)@NIP), as a contrast material, was prepared according to the above steps in
addition to not adding OTC.

2.4. FL Sensing Procedure

In brief, 1 mg of NH2-UIO-66 (Zr)@MIP or NH2-UIO-66 (Zr)@NIP was scattered in
4 mL of PBS buffer solution (pH = 7) with various concentrations of OTC. After incubation
for 30 min, the FL determination was performed under an excitation wavelength of 350 nm
and the FL intensity of the sensing system at 455 nm was obtained. The specific recognition
performance was appraised by adding other antibiotics with a similar structure or possible
coexisting interfering substances instead of OTC under identical experimental conditions.
The measurements of each experiment were carried out in triplicate.

2.5. Real Samples Analysis

Fresh pure milk bought from a local supermarket (labeled as Milk 1, Milk 2, and
Milk 3, according to brand difference) was used to assess the practicability of the proposed
FL method based on NH2-UIO-66 (Zr)@MIP, by spiking the proper concentration of OTC.
Three parallel experiments were conducted on the milk samples of each concentration.

The spiked milk samples containing specific OTC concentrations were first prepared
and placed overnight. Afterwards, the preprocessing of the samples was executed according
to a previous study [36]. In brief, 1 mL milk samples with various OTC concentrations
(0 μg mL−1, 1 μg mL−1, 15 μg mL−1 and 25 μg mL−1) were vortically mingled with 4 mL
of acetonitrile for 5 min. Subsequently, the mixture was centrifuged and the resulting
supernatant was filtrated using a 0.22 μm microfilter to expunge protein precipitates.
Finally, the above samples were dried using nitrogen and re-dispersed in 1 mL of PBS
buffer solution (pH = 7) for FL determination.

2.6. HPLC Analysis

With regard to HPLC determination, the extraction, purification and analysis proce-
dures of milk samples were carried out according to Chinese National Standards (GB/T
22990-2008) [37], which were provided in the supporting information.

3. Results and Discussion

3.1. Synthesis of NH2-UIO-66 (Zr) and NH2-UIO-66 (Zr)@MIP

As portrayed in Scheme 1, NH2-UIO-66 (Zr) with a bright blue fluorescence and
large surface area was first fabricated via a self-assembly strategy using Zr4+ and ATA as
precursors. Subsequently, a new biomimetic FL sensor based on MIP-coated NH2-UIO-66
(Zr) was prepared using the one-step aggregation method. The polymerization reaction
was thermally initiated and completed in a water bath in the presence of OTC (template),
NH2-UIO-66 (Zr) (fluorophore and supporter), MAA (functional monomer), EGDMA
(cross-linker) and AIBN (initiator). During this process, OTC molecules and functional
monomers were combined by hydrogen bonds. After eliminating the imprinted template
OTC by using a suitable eluent, the NH2-UIO-66 (Zr)@MIP sensor with specific recognition
cavities fitting the shape and functional group of OTC was finally achieved in order to
selectively monitor the OTC. The existence of NH2-UIO-66 (Zr) as both a signal transducer
and carrier granted the proposed sensor outstanding FL characteristics and good response
sensitivity. The introduction of a molecularly imprinted layer not only preserved the
sensitive FL signal of NH2-UIO-66 (Zr), but also endowed the obtained sensor with the
ability to specifically recognize OTC. Consequently, the constructed NH2-UIO-66 (Zr)@MIP
sensor integrated these superiorities of LMOFs and MIP. Moreover, in order to obtain NH2-
UIO-66 (Zr)@MIP with an excellent fluorescent response and the ability to bind well to the
OTC, the synthesis conditions, including the additive level of fluorophore, the molar ratio
of OTC, MAA and EGDMA, and the polymerization time, were optimized (Tables S1–S3).
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Scheme 1. Schematic diagram of the preparation of NH2-UIO-66 (Zr) and NH2-UIO-66 (Zr)@MIP.

3.2. Characterization

The surface morphologies and structures of the fabricated NH2-UIO-66 (Zr), NH2-
UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP were observed via SEM and TEM. SEM
(Figure 1a), TEM (Figure 1d) and diameter distribution images (Figure S1) revealed that
NH2-UIO-66 (Zr) presented a uniform and smooth octahedron-like appearance, with a
mean size of nearly 50 nm [38,39]. The elemental composition of NH2-UIO-66 (Zr) was also
explored via the energy-dispersive spectrometer (EDS) spectrum (Figure S2), confirming
the coexistence of C, N, O and Zr elements in NH2-UIO-66 (Zr). These results demonstrated
the successful synthesis of NH2-UIO-66 (Zr). As displayed in Figure 1b,c, the obtained
polymers (NH2-UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP) appeared nearly spherical,
with a particle size of approximately 250 nm (Figure S3), and their surface was rougher
than that of NH2-UIO-66 (Zr) due to the introduction of the molecular imprinting layer.
The TEM images (Figure 1e,f) showed that the polymers basically maintained the frame
of NH2-UIO-66 (Zr) and possessed an archetypal core-shell structure, which evidenced
that the polymers were successfully formed. In addition, the element mapping image of
NH2-UIO-66 (Zr)@MIP (Figure S4) showed the homogeneous distribution of the main
characteristic elements in the polymer, preliminarily verifying the triumphant construction
of the NH2-UIO-66 (Zr)@MIP sensor.

The FT–IR spectra were recorded in order to analyze the surface chemistry of the
synthetic materials. As presented in Figure 1g, in the spectrum of NH2-UIO-66 (Zr),
the characteristic peaks at 3492 and 3373 cm−1 can be attributed to the antisymmetric
and symmetric stretching modes of -NH2, respectively [8,40]. The absorption bands in
the range of 1400–1500 cm−1 originated from a C=C stretching vibration in the benzene
ring of the ATA ligand [14,15]. The stretching absorption peaks of O–Zr–O (760 and
663 cm−1), Zr–O (483 cm−1) and -OCO (1430 and 1384 cm−1) were also observed, indicating
that the dehydroxylation phase in NH2-UIO-66 (Zr) was favorably formed thanks to
the coordination of Zr4+ with ATA [6,41]. For NH2-UIO-66 (Zr)@NIP, the absorption
peaks at 3544 cm−1 (-OH), 2988 and 2953 cm−1 (C=H), 1731 cm−1 (C=O), 1455 cm−1

(C=C), and 1260 and 1159 cm−1 (C–O–C) symbolized the presence of MAA (functional
monomer) and EGDMA (cross-linker). Meanwhile, the Zr–O vibration peaks (760, 663
and 483 cm−1) corresponding to the NH2-UIO-66 (Zr) appeared in NH2-UIO-66 (Zr)@NIP,
which demonstrated the successful preparation of the non-imprinted polymer doped with
NH2-UIO-66 (Zr) [13,14,42]. Additionally, the position and intensity of the characteristic
peaks in the NH2-UIO-66 (Zr)@MIP spectrum were very similar to those in the NH2-UIO-66
(Zr)@NIP spectrum, implying that NH2-UIO-66 (Zr)@MIP was triumphantly developed.
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Figure 1. SEM images of (a) NH2-UIO-66 (Zr), (b) NH2-UIO-66 (Zr)@MIP and (c) NH2-UIO-66
(Zr)@NIP. TEM images of (d) NH2-UIO-66 (Zr), (e) NH2-UIO-66 (Zr)@MIP and (f) NH2-UIO-66
(Zr)@NIP. (g) FT–IR spectra and (h) XRD patterns of NH2-UIO-66 (Zr), NH2-UIO-66 (Zr)@MIP
and NH2-UIO-66 (Zr)@NIP. (i) Nitrogen adsorption and desorption curves of NH2-UIO-66 (Zr).
(j) Nitrogen adsorption and desorption curves of NH2-UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP.

To analyze the crystallographic structure of the synthesized materials, XRD data were
collected and are depicted in Figure 1h. The characteristic diffraction peaks (2θ = 7.37◦,
8.6◦, 12.05◦, 17.06◦, 22.17◦ and 25.72◦) of NH2-UIO-66 (Zr) highly coincided with those
reported in the literature, which showed that NH2-UIO-66 (Zr) with good crystallinity was
triumphantly fabricated [13,14,43]. Notably, in the XRD patterns of NH2-UIO-66 (Zr)@MIP
and NH2-UIO-66 (Zr)@NIP, the characteristic absorption peaks associated with NH2-UIO-
66 (Zr) became unapparent, owing to the decoration of the surface molecularly imprinted
shell, which helped to prove the successful preparation of the polymers [43,44].

In order to further investigate the surface characteristics of the resulting materials,
the N2 adsorption/desorption isotherms of NH2-UIO-66 (Zr) and its imprinted polymer
were evaluated, as shown in Figure 1i,j. The corresponding specific surface areas of
NH2-UIO-66 (Zr), NH2-UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP, obtained via the
Brunauer–Emmett–Teller (BET) analysis method, were 219 m2 g−1, 37 m2 g−1 and 28 m2 g−1,
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respectively. Compared to NH2-UIO-66 (Zr), the surface areas of NH2-UIO-66 (Zr)@MIP
and NH2-UIO-66 (Zr)@NIP were clearly reduced after coating the imprinted layer [14,35,45].
Meanwhile, there was a slight increase in the surface area of NH2-UIO-66 (Zr)@MIP in
comparison to that of NH2-UIO-66 (Zr)@NIP, probably due to the existence of imprinted
cavities after eliminating the template [46].

The above-mentioned data signified that the FL sensor (NH2-UIO-66 (Zr)@MIP) was
triumphantly fabricated via combining the molecularly imprinted polymer with NH2-UIO-
66 (Zr).

3.3. Optical and Adsorption Properties of NH2-UIO-66 (Zr)@MIP

The luminescence performance of the developed sensor was firstly studied through
FL spectra. As displayed in Figure 2a, NH2-UIO-66 (Zr)@MIP showed slightly lower
FL intensity than NH2-UIO-66 (Zr) on account of decorating the MIP layer. However,
NH2-UIO-66 (Zr)@MIP exhibited an intense symmetric FL emission peak corresponding to
NH2-UIO-66 (Zr) at 455 nm under 350 nm excitation, which implied that the modification
of the surface imprinting layer had no remarkable impact on the FL performance of NH2-
UIO-66 (Zr). As a consequence, the synthesized sensor maintained the unique luminous
property of NH2-UIO-66 (Zr).

Figure 2. (a) FL emission spectra of NH2-UIO-66 (Zr), NH2-UIO-66 (Zr)@MIP, NH2-UIO-66
(Zr)@MIP+OTC, NH2-UIO-66 (Zr)@NIP and NH2-UIO-66 (Zr)@NIP+OTC. (b) FL response of NH2-
UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP towards OTC at different incubation times. (c) Effects
of pH values (5–9) on the FL intensity of NH2-UIO-66 (Zr)@MIP, as well as the FL response between
NH2-UIO-66 (Zr)@MIP and OTC. The influence of (d) irradiation time at 350 nm and (e) storage
period on the FL intensity of NH2-UIO-66 (Zr)@MIP.

FL experiments measuring the response of the polymers (NH2-UIO-66 (Zr)@MIP and
NH2-UIO-66 (Zr)@NIP) to OTC were then conducted to explore the practicability of the
established sensor (Figure 2a). Clearly, when OTC existed in the detection system, the FL
intensity of the polymers at 455 nm was effectively decreased; meanwhile, NH2-UIO-66
(Zr)@MIP presented a more conspicuous FL change than NH2-UIO-66 (Zr)@NIP, owing
to its better binding capacity and specificity towards OTC. After eliminating OTC, the
fluorescence of the polymers was restored and the FL spectrum of NH2-UIO-66 (Zr)@MIP
was basically consistent with that of NH2-UIO-66 (Zr)@NIP, which indicated that the
fabricated NH2-UIO-66 (Zr)@MIP sensor was viable for the determination of OTC.

Adsorptive kinetics tests of the as-prepared polymers were performed to investigate
the adsorption performance of the sensor. As shown in Figure 2b, the FL response (F0/F)
of NH2-UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP towards the target OTC at different
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incubation times was recorded. Under the continuously increasing reaction time, the F0/F
value of NH2-UIO-66 (Zr)@MIP increased quickly at first, reached the maximum at 30 min,
and then tended to remain unchanged, which demonstrated that the detection system
achieved adsorption equilibrium within 30 min. Therefore, 30 min was considered to
be the optimal reacting time in consequent trials. The variation in the trend observed
with regard to the FL response of NH2-UIO-66 (Zr)@NIP was analogous to NH2-UIO-
66 (Zr)@MIP. Nevertheless, NH2-UIO-66 (Zr)@MIP possessed a higher FL response and
adsorption efficiency than NH2-UIO-66 (Zr)@NIP at the identical reaction time, indicating
that the generation of specific identification imprinted sites enhanced the binding affinity
of NH2-UIO-66 (Zr)@MIP towards OTC.

Next, the influences of the pH (5–9) on the fluorescence intensity of NH2-UIO-66
(Zr)@MIP and the FL response of NH2-UIO-66 (Zr)@MIP towards OTC were studied in
the case of not adding and adding OTC, respectively. As illustrated in Figure 2c, with the
pH changing from 5 to 9, the FL intensity of NH2-UIO-66 (Zr)@MIP first increased, then
remained basically stable, and the highest FL intensity was apparently observed at pH = 7.
In addition, the maximum FL response value (F0/F) was concurrently obtained at pH = 7,
proving that NH2-UIO-66 (Zr)@MIP possessed the strongest adsorption binding efficiency
to OTC. Thus, pH = 7 was chosen as the best pH for the sensing system in subsequent FL
detection experiments.

Finally, the fluorescent stability of the obtained sensor was estimated by measuring
the FL intensity at 455 nm of NH2-UIO-66 (Zr)@MIP under diverse ultraviolet (UV) light
radiation times and storing times. As shown in Figure 2d, NH2-UIO-66 (Zr)@MIP exhibited
an unapparent FL change after UV irradiation at 350 nm for 60 min, signifying the excep-
tional photo-bleaching resistance of the proposed NH2-UIO-66 (Zr)@MIP-based sensor. At
the same time, the FL intensity of NH2-UIO-66 (Zr)@MIP remained steady within 60 days
(Figure 2e), which indicated the superior storage stability of the resulting sensor.

The above experimental results confirm that the NH2-UIO-66 (Zr)@MIP-based sensor
had good optical properties and a good adsorption performance.

3.4. Construction of FL Detection System for OTC

Under the above optimum sensing conditions, the concentration responses of the
as-synthesized FL polymers for OTC were assessed by collecting and analyzing the FL
spectra of NH2-UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP after the addition of different
levels of OTC. As portrayed in Figure 3a, by increasing the OTC concentration from 0.05
to 40 μg mL−1, the FL intensity of NH2-UIO-66 (Zr)@MIP was progressively quenched.
Clearly, NH2-UIO-66 (Zr)@NIP showed an analogous FL change trend towards NH2-UIO-
66 (Zr)@MIP. Nevertheless, compared with NH2-UIO-66 (Zr)@NIP, NH2-UIO-66 (Zr)@MIP
presented a more noticeable FL quenching response when the same concentration of OTC
was added (Figure 3b), which was the result of the presence of molecularly imprinted
sites matching OTC in NH2-UIO-66 (Zr)@MIP. Furthermore, the relationship between
the FL quenching signal (F0/F) and the concentration of OTC can be described via the
Stern–Volmer equation [14,47]:

F0/F = 1 + KSVCOTC

where COTC and KSV are the concentration of OTC and the FL quenching constant, re-
spectively. F0 and F represent the FL intensity of the sensing system before and after
adding OTC. The imprinting factor (IF), set as the specific value of KSV, NH2-UIO-66 (Zr)@MIP
to KSV, NH2-UIO-66 (Zr)@NIP, was used as a key index to estimate the adsorption binding
capacity of the NH2-UIO-66 (Zr)@MIP sensor towards OTC.

Figure 3c shows that there was a linear dependence between the FL quenching signal
of NH2-UIO-66 (Zr)@MIP and the OTC concentration (0.05–40 μg mL−1). The limit of
detection (LOD) of 0.012 μg mL−1 was achieved on the basis of the standard 3Sb/slope
(Sb = 1.63 × 10−4, was the standard deviation of blank measurements, n = 9) [22,48]. Plainly,
NH2-UIO-66 (Zr)@MIP had a more notable FL response change than NH2-UIO-66 (Zr)@NIP
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at an identical OTC dose, which emphasized the outstanding selectivity and adsorptive
efficiency of NH2-UIO-66 (Zr)@MIP towards OTC. Simultaneously, the good specific recog-
nition capacity of NH2-UIO-66 (Zr)@MIP was also authenticated by comparing the slopes of
the corresponding standard linear equations of NH2-UIO-66 (Zr)@MIP (F0/F = 0.0399COTC
+ 1.0296, R2 = 0.998) and NH2-UIO-66 (Zr)@NIP (F0/F = 0.0098COTC + 1.0275, R2 = 0.994)
(Figure 3c,d). Moreover, the maximum IF value was calculated as 3.95, further revealing
that the NH2-UIO-66 (Zr)@MIP sensor had a superior selective identification capacity and
superior adsorption affinity for OTC.

Figure 3. FL spectra of (a) NH2-UIO-66 (Zr)@MIP and (b) NH2-UIO-66 (Zr)@NIP under different
concentrations of OTC (excited at 350 nm). The Stern–Volmer plots for NH2-UIO-66 (Zr)@MIP (c) and
NH2-UIO-66 (Zr)@NIP (d). (e) The UV absorption spectrum of OTC and the FL spectra of NH2-UIO-
66 (Zr)@MIP (Ex, FL excitation spectrum; Em, FL emission spectrum). (f) FL emission decay curves of
NH2-UIO-66 (Zr)@MIP alone and NH2-UIO-66 (Zr)@MIP with 40 μg mL−1 concentrations of OTC.

The potential FL sensing mechanism of the NH2-UIO-66 (Zr)@MIP sensor towards
the OTC molecule was investigated and discussed. The FL spectrum of NH2-UIO-66
(Zr)@MIP and the UV absorption spectrum of OTC are illustrated in Figure 3e. Evidently,
the FL emission spectrum of NH2-UIO-66 (Zr)@MIP almost did not overlap with the
UV absorption spectrum of OTC, but there was a partial and effective overlap between
the excitation spectrum of NH2-UIO-66 (Zr)@MIP and the UV absorption band of OTC.
Therefore, the possible mechanism was initially determined as the inner filter effect (IFE),
rather than FL resonance energy transfer (FRET) [37,49]. To be specific, the FL lifetime of
the fluorescent material decreases in the FRET process, while it remains invariant if IFE
occurs [50,51]. Accordingly, to further elucidate the FL quenching phenomenon, the FL
lifetime of NH2-UIO-66 (Zr)@MIP before and after OTC adsorption was analyzed. The
FL emission decay curves are presented in Figure 3f. It is noteworthy that the FL lifetime
of NH2-UIO-66 (Zr)@MIP showed a slight variation from 3.61 ns to 3.48 ns after OTC
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treatment, further demonstrating that the OTC-initiated FL quenching behavior was mainly
caused by IFE.

3.5. Selectivity and Specificity Analysis

The selectivity of the constructed FL sensing system was assessed by recording and
contrasting the FL changes in the polymers to OTC and its structural analogues (TET,
DOX, CTC and CAP). The chemical structures of these mentioned antibiotics, which are
first portrayed in Figure 4a, enable the specific recognition behavior of the NH2-UIO-66
(Zr)@MIP-based sensor towards the OTC molecule to be better understood. As presented
in Figure 4b, the influence of OTC on the FL quenching degree of NH2-UIO-66 (Zr)@MIP
was notably greater than that of other antibiotics with a similar structure, which was mainly
owing to the formation of the special recognition cavities in NH2-UIO-66 (Zr)@MIP that
utterly conformed the size, shape and functional group of OTC during the molecular
imprinting process. Because there were no specific recognition sites corresponding to TET,
DOX, CTC and CAP in NH2-UIO-66 (Zr)@MIP, the NH2-UIO-66 (Zr)@MIP sensor had a
comparatively small FL response value (F0/F) to these analogs (Figure 4b). Therefore, it was
difficult for NH2-UIO-66 (Zr)@MIP to selectively capture and effectively bind with these
analogues in the detection process. Furthermore, compared with NH2-UIO-66 (Zr)@MIP,
NH2-UIO-66 (Zr)@NIP, without specific recognition sites, generated a relatively low FL
response to OTC and other analogues, which was attributed to the nonspecific adsorption
between NH2-UIO-66 (Zr)@NIP and these analytes. The above results suggest that the
introduction of highly selective imprinted sites endowed the NH2-UIO-66 (Zr)@MIP sensor
with the ability to specifically identify OTC.

Figure 4. (a) The chemical structural formulas of OTC, TET, DOX, CTC and CAP. (b) The FL response
(F0/F) of NH2-UIO-66 (Zr)@MIP and NH2-UIO-66 (Zr)@NIP to 40 μg mL−1 of OTC, TET, DOX, CTC
and CAP. (c) The influence of TET, DOX, CTC and CAP (80 μg mL−1) on the combination of OTC
(40 μg mL−1) and NH2-UIO-66 (Zr)@MIP. (d) The influence of coexisting substances (200 μg mL−1)
on the FL change of NH2-UIO-66 (Zr)@MIP in the absence or presence of OTC (40 μg mL−1).
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The FL response changes (F0/F) of NH2-UIO-66 (Zr)@MIP to different concentrations
of structural analogues were also studied to investigate the selectivity of the established sen-
sor. As shown in Figure S5, in the absence of OTC, the FL detection system exhibited slight
differences in FL changes for different analogues, but the FL changes (F0/F) apparently
increased after introducing OTC. In addition, there was no significant linear relationship
between the concentration of the analogue and FL change (F0/F), which indicated that the
constructed FL detection system had good selectivity for the target OTC.

In order to further assess the ability of NH2-UIO-66 (Zr)@MIP to specifically recognize
OTC, a competitive adsorption test was conducted by adding the possible coexisting
structural analogs (TET, DOX, CTC and CAP) into the mixed system containing NH2-
UIO-66 (Zr)@MIP and OTC. As revealed in Figure 4c, NH2-UIO-66 (Zr)@MIP displayed
tiny FL variation even though the concentration of each analogue was twice that of OTC,
demonstrating that the interference caused by the presence of the coexisting analogues
in the sensing system was inconspicuous. The good specificity of NH2-UIO-66 (Zr)@MIP
towards OTC was probably due to the existence of OTC-imprinted sites generated via
hydrogen bond interaction, which improved the combination efficiency of the sensor to
OTC, and inhibited the nonspecific adsorption of the coexisting analogs. Thus, the obtained
sensor possessed gratifying selectivity and specificity for the target OTC.

Due to the matrix complexity of the practical samples, the potential coexisting inter-
fering substances in the real detection process, such as sugars (glucose and sucrose), ions
(Cl−, NO3

−, K+, Na+, Ca2+, Zn2+, Mg2+, and Mn2+) and common amino acids (Arg, Cys,
Phe, Tyr, His and Ser), will directly influence the accuracy of the test results. Therefore,
the ability of the NH2-UIO-66 (Zr)@MIP sensor to avoid interference was explored by
introducing the above interfering analytes into the constructed FL sensing system in the
presence and absence of OTC. As shown in Figure 4d, the concentration of the added
interfering species was up to 200 μg mL−1 (5 times of OTC concentration), but the influence
of these interfering substances on the FL intensity of NH2-UIO-66 (Zr)@MIP was minor,
which was in accordance with the blank experimental group. After adding OTC, the FL of
the sensing system was significantly quenched, indicating that these interfering species
had a negligible effect on the FL detection of OTC. The above results indicated that the
developed FL sensor exhibited excellent selectivity and specificity towards OTC, as well as
superior anti-interference characteristics in a complicated environment, thus providing a
feasible tool for the FL detection of OTC.

3.6. Real Sample Analysis

The commercial milk bought from the local supermarket was taken as a practical
sample in order to analyze and authenticate the applicability of the FL sensing approach
created in this study. No OTC was found in the blank milk samples when using the NH2-
UIO-66 (Zr)@MIP method and HPLC means. Consequently, the spiking and recovery tests
were performed by introducing different levels of OTC standards (0, 1, 15 and 25 μg mL−1)
into the milk samples, and the relevant analysis results are presented in Table 1. The
recovery rates of the milk samples obtained by using the established optical sensing
system were between 93.56% and 98.21%, and the relative standard deviation (RSD) was
<2.59%, which was comparable to the results of the HPLC method. These satisfactory data
confirmed that the fabricated sensor was practicable for quantitatively detecting OTC in
milk samples.

3.7. Accuracy Assessment of the Established Fluorescence Method

The intra-day and inter-day precisions of the established NH2-UIO-66 (Zr)@MIP
sensing method were also appraised by detecting the spiked samples using different
concentrations of OTC standards (1, 15 and 25 μg mL−1). As shown in Table S4, the
corresponding RSD values were lower than 3.05% and 4.07% (n = 6), respectively, indicating
that the sensor had sterling reproducibility as well as good accuracy, and was suitable for
the determination of OTC in real products.

144



Foods 2023, 12, 2255

Table 1. Detection of OTC in milk samples using the NH2-UIO-66 (Zr)@MIP sensor and HPLC.

Sample
Spiked

(μg mL−1)

NH2-UIO-66 (Zr)@MIP HPLC

Found
(μg mL−1)

Recovery
(%)

RSD
(%, n = 3)

Found
(μg mL−1)

Recovery
(%)

RSD
(%, n = 3)

Milk 1

0.00 0.00 - - 0.00 - -
1.00 0.95 ± 0.02 95.38 ± 2.47 2.59 0.96 ± 0.02 96.16 ± 2.50 2.60

15.00 14.50 ± 0.29 96.65 ± 1.96 2.03 14.73 ± 0.10 98.23 ± 0.66 0.67
25.00 24.45 ± 0.16 97.79 ± 0.65 0.67 24.54 ± 0.13 98.14 ± 0.51 0.52

Milk 2

0.00 0.00 - - 0.00 - -
1.00 0.94 ± 0.02 93.56 ± 1.86 1.98 0.97 ± 0.02 96.68 ± 1.88 1.94

15.00 14.67 ± 0.14 97.78 ± 0.91 0.93 14.78 ± 0.04 98.51 ± 0.26 0.27
25.00 24.33 ± 0.11 97.32 ± 0.43 0.44 24.52 ± 0.12 98.10 ± 0.47 0.48

Milk 3
0.00 0.00 - - 0.00 - -
1.00 0.94 ± 0.01 93.67 ± 1.00 1.07 0.96 ± 0.01 95.59 ± 1.10 1.15

15.00 14.73 ± 0.17 98.21 ± 1.10 1.12 14.64 ± 0.01 97.62 ± 0.04 0.04
25.00 24.41 ± 0.16 97.65 ± 0.64 0.65 24.61 ± 0.09 98.45 ± 0.35 0.35

3.8. Approach Performance Comparison

The performance of the designed sensing assay was compared to some subsistent
FL-based methods for OTC detection, the results of which are shown in Table S5. Visibly,
the fluorescent sensing approach established in this study exhibited a relatively wide
linear range (0.05–40 μg mL−1), a lower LOD (0.012 μg mL−1), a comparable recovery
rate (93.56–98.21%) and an acceptable accuracy (RSD < 2.59%). The good performance of
the NH2-UIO-66 (Zr)@MIP-based sensor came from the following aspects. On one hand,
introducing NH2-UIO-66 (Zr), which has sterling FL characteristics and a large surface
area, as the support improved the sensitivity of the proposed FL sensor. On the other
hand, the integration of the surface-imprinted layer endowed the sensor with the ability to
specifically identify and accurately absorb the target from the complicated matrix, which
helped to avoid the tedious sample pretreatment process and to reduce the analysis time.
Taken together, the constructed NH2-UIO-66 (Zr)@MIP-based sensor can be appropriately
applied in order to quantitatively monitor trace OTC in a sophisticated system.

4. Conclusions

In summary, a novel turn-off fluorescent biomimetic sensor (NH2-UIO-66 (Zr)@MIP)
was successfully designed based on an amino-functionalized zirconium (IV) metal–organic
framework embedded in a molecularly imprinted polymer in order to selectively recognize
and sensitively detect trace OTC. Because of the combination of MIP, with an excellent
specific recognition ability, and NH2-UIO-66 (Zr), with unique fluorescent characteristics,
the fabricated NH2-UIO-66 (Zr)MIP sensor showed exceptional sensitivity, excellent se-
lectivity, desirable anti-interference capacity, as well as good precision during the process
of detecting OTC. Additionally, the constructed FL sensing system was triumphantly em-
ployed in order to determine OTC in milk with satisfying results, displaying good practical
application prospects. Therefore, it is expected that the proposed NH2-UIO-66 (Zr)@MIP-
based sensor will provide a significant detection platform for OTC residue analysis in food
safety evaluation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12112255/s1, Refs. [52–56], Instruments, The detection
conditions and sample analysis procedures for HPLC method, Optimization of synthesis conditions
for NH2-UIO-66 (Zr)@MIP, Figure S1: Diameter distribution of NH2-UIO-66 (Zr); Figure S2: EDS
image of NH2-UIO-66 (Zr); Figure S3: Diameter distribution of NH2-UIO-66 (Zr)@MIP (a) and
NH2-UIO-66 (Zr)@NIP (b); Figure S4: The high-angle annular dark-field (HAADF) image of NH2-
UIO-66 (Zr)@MIP, and the corresponding element mappings of C, N, O and Zr; Figure S5: The FL
response (F0/F) of NH2-UIO-66 (Zr)@MIP to different concentrations (2.5–40 μg mL−1) of OTC, TET,
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DOX, CTC and CAP, as well as to 40 μg mL−1 OTC + 40 μg mL−1 TET/DOX/CTC/CAP; Table S1:
Optimization of the molar ratio of OTC, MAA and EGDMA; Table S2: Optimization of NH2-UIO-66
(Zr) addition; Table S3: Optimization of polymerization time; Table S4: The intra- and inter-day
precisions of the designed FL assay (n = 6); Table S5: Comparison of the constructed NH2-UIO-66
(Zr)@MIP-based sensing approach with other reported FL methods for OTC detection in milk.
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