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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 ug/L, cypermethrin was 0.015 ug/L, and fenvalerate was
0.011 ug/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@NaGdF,, and compared with NaYF,: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 NaYbF,;@NaYF,:Yb/Er, and the surface was coated with NaYbF,
shell doped with sensitizer Yb3*; compared with shell-free nanoparticles NaYF,: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 NaYF,:Yb%* /Tm3*@NaYbF,@/NaYF, multilayer
core—shell structure of active core/active shell/inert shell, which increased the fluorescence
brightness by 11 times compared with NaYbF,@/NaYF, [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)Kkit 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, YCl3-6H,0, YbCl;-6H,0O, ErCl3-6H,O 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 2695 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 YCl3-6H;0,
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
NaYF, core was collected.

In additional sample preparation, 2 mmol RECl3-6H,0O (RE:78% mol Y3+, 2% mol Er®*,
20% mol Yb%*), 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 NaYF, 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 NaYF,;@NaYF,:Yb,Er.

In addition, the same amount of YCl3-6H,O, 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 NaYF,;@NaYF,:Yb,Er
dissolved in cyclohexane dropwise and stirred slowly. After cyclohexane removal, nu-
cleation and growth, washing, drying and collection, the NaYF ;@NaYF,:Yb, Er@NaYF,
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@SiO,@NH; 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@SiO,@NH; 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



Foods 2022, 11, 990

4 of 14

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 pg, 40 ug, 60 ug, 80 ug, 100 ug 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 :% x100% (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 pg, 60 pg, 80 nug, 100 ug, 120 ug, 140 ug 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 um 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 um 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 um, 4.6 x 250 mm); Mobile phase: methanol-water (32:68); Flow rate: 1.0 mL/min;
Column temperature: 30 °C; Injection volume: 20 uL; 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 pum 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 I, 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
Iy and I was calculated as Al

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. NaYF, 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, Yb** had the widest absorption cross-section in the
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near-infrared region. The activator ion Er** 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 Yb®*. Due to the surface of rare earth upconversion nanocrystalline
NaYF,:Yb,Er@NaYF, 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, NaYF, could not only have better lattice
matching with the template seed crystal and better coating effect, but also because NaYF,
is an inert material, it inhibits the nonradiative relaxation of excited Er>*, making the
energy transfer between Er®* 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 NaYF;@NaYF;:Yb, Er@NaYF, 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 NaYF; with
a particle size of about 16 nm, Figure 1B showed the morphology of the inert core NaYFy
coated with the active shell, NaYF;:Yb, Er@NaYF, about 22 nm, Figure 1C showed the
morphology of NaYF;: Yb, Er@NaYF, coated with the inert shell, and NaYF,@NaYF,:Yb,
Er@NaYF, 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 NaYF;:Yb,Er@NaYF, 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.
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Figure 1. (A) TEM images of NaYF,; (B) TEM images of NaYF4:Yb,Er@NaYF,; (C) TEM images
of NaYF,;@NaYF,:Yb,Er@NaYFy; (D) TEM images of NaYF;@NaYF,:Yb,Er@NaYF,@SiO,@NH,;
(E) Flu-orescence spectra; (F) FTIR spectra of NaYF;@NaYF,:Yb,Er@NaYF,@Si0O,@NH,; and (G) XRD
pat-tern of NaYF;@NaYF,:Yb,Er@NaYF,.
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To increase the dispersion and biocompatibility of upconversion materials in the
aqueous system, they were modified with a layer of SiO, 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 ™!, 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 ™!, indicating that the surface of the material had been modified with the amino
group. The peak at 2900 cm ! 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 g, the coupling rate increases with the increase of
the additional amount. When the addition amount was 80 ug, the coupling rate between
antigen and amino magnetic microspheres reached the maximum. When the addition
amount was 80~100 pg, the coupling rate decreased gradually. So when 80 pg 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 g, the coupling rate increased gradually. When
the amount of antibody added was 80 ug, the coupling rate between antibody and upcon-
version material reached the maximum. When the addition amount was 80~100 pg, the
coupling rate decreased gradually. Therefore, 80 ug 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 ng, the fluorescence value of the capture probe signal probe complex gradually
increased. When the addition amount of the capture probe was 120 pg, the fluorescence
value of the reaction system reached the maximum. When the addition amount of capture
probe was 120~140 ug, 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 pg.

160,000 -

)
z
Z 140,000 -
=
2
g
51
2 120,000
5
9
2
@
3
£ 100,000 -
=
./I
80,000 - -/
T T T T T T
40 60 80 100 120 140

Volumes of antigen-MNPs(ng)
Figure 3. Optimization of capture probe addition.

3.4. Drawing of Standard Curve and Determination of Detection Limit

For this procedure, 50 uL standard solutions of fenpropathrin, cypermethrin and
fenvalerate of different concentrations and 120 uL capture probe were prepared, placed into
the centrifuge tubes, to which 200 pL 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
(Al =1y — 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 ug/L
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and 1.6 ug/L, for cypermethrin were 0.015 ug/L and 1.3 pg/L, and for fenvalerate were
0.011 pg/L and 1.5 ug/L. Liu Mengli [24] constructed a label-free fluorescence analysis
method using NaYF,:Yb,Er. The LOD of fenpropathrin in traditional Chinese medicine was
0.24 ng/mL, the fluorescence intensity of NaYF;@NaYF4:Yb,Er@NaYF, 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.
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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.
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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 pg-kg !, the detection limit of cabbage and
cucumber was 0.5 ug-kg~!; 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.

_ Detection amount of spiked sample
Standard addition

SD

" MN

x100%

@

rate of recovery%

Ccv % 100%

®)
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Table 1. Recovery rate of pyrethroids in added samples.

. Fenpropathrin Cypermethrin Fenvalerate
Additive

Sample ~ Concentration  Mean+SD AV v Mean+SD  AVeR38e vV  Mean+SD  AVeTA8e  cy

(ng-kg1) Recovery Recovery Recovery
(ug-kg™) (%) (%) (ug-kg™1) (%) (%) (ug-kg=1) (%) (%)
Cucumber 0.5 0.44 4 0.03 88.6 7.1 0.42 4+ 0.03 84.5 7.4 0.42 4+ 0.03 83.4 6.7
2 1.83 £ 0.08 91.5 4.6 1.72 £ 0.07 86.2 41 1.71 £ 0.06 85.4 3.6
10 9.31 £0.27 93.1 29 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 57 0.46 £+ 0.03 92.6 5.8
2 1.93 £ 0.09 96.5 45 1.83 £0.08 91.5 41 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 24
Apple 0.5 0.44 4 0.03 88.7 7.1 0.45 £+ 0.03 89.6 6.9 0.45 4 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 4+ 0.03 89.7 5.9 0.44 £+ 0.03 87.8 5.7 0.44 4 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 41
10 9.43 +0.20 94.3 21 9.18 £ 0.26 91.8 2.8 9.23 +0.22 92.3 24

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
R? 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.

1 Fenvalerate = 0.9977x + 0.3385
1 RZ=0.9989

Cypermethrin = 0.9982x +0.1777

Fenpropathrin = 1.0039x + 0.2691
R?=0.9994

R2=0.9991

HPLC (pg'kg")
HPLC (pg-kg")
HPLC (pg-kg™)

- - - - - - - T T T T T T T r T
0 10 20 30 40 50 6 70 0 10 20 30 40 S0 60 70 o 10 20 30 40 50 6 70
Immunoassay (pg-kg") Immunoassay (pg-kg™") Immunoassay (pg-kg™)

(A) (B) ©

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 Fe(npropailllrin Cypermeil‘irin Fenvalei;ilte Fenpropa}?rn Cypermetl;rin Fenvalet;alte
mg-kg~1) (mg-kg—1) (mg-kg—1) (mg-kg—1) (mg-kg—1) (mg-kg—1)
1#cucumber - - 85.6 - - 86.4
2#cucumber - 65.8 - - 67.1 -
3#cucumber 57.3 - - 58.6 - -
4#cabbage - - - - - -
S#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 - -

non

-" 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.

1400
1200 {pm
mii
1000
-
800
3
600 1
400
200 1
0 = = e =y
%, G % % % G Y U %%
D, P, e, O G, oy % = o,
%e‘é %G% /%f 6'}0 ’%6 Y O/%»- N
% % I

Figure 7. Cross reaction.



Foods 2022, 11, 990 13 of 14

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.

Author Contributions: Conceptualization, Y.S.; methodology, L.Z.; software, W.Z.; validation, W.Z,;
formal analysis, ].J.; investigation, L.Z.; resources, Y.S.; data curation, J.J.; writing—original draft
preparation, L.Z.; writing—review and editing, Y.S. and Y.Z.; visualization, ].J.; supervision, Y.S.;
project administration, L.Z.; funding acquisition, Y.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Open Project Program of State Key Laboratory of Food
Nutrition and Safety, Tianjin University of Science and Technology (No. SKLFNS-KF-391 202115) and
the Natural Science Foundation of Tianjin (18JCQNJC84400) and National Natural Science Foundation
(No. 31301487).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Thanks to Mingfei Pan for his help in this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Qin, YK, Li, S.; Hong, M.; Wang, Z.G.; Ji, G.G.; Chen, R.P; Zhao, X.D.; Wang, Y.; Ren, S.Y.,; Han, D.P; et al. Synthesis and
functionalization of upconversion nano materials and their application in food safety detection. Anal. Chem. 2021, 49, 1955-1969.

2. Shi, F; Wang, X,; Liu, M. B-NaYF_ 4: Preparation and luminescent properties of Yb, X% ho materials. Guangdong Chem. Ind. 2021,
48,28-29+37.

3. Hong, AR.;Kim, Y.; Lee, T.S.; Kim, S; Lee, K.; Kim, G.; Jang, H.S. Intense Red-Emitting Upconversion Nanophosphors (800 nm-
Driven) with a Core/Double-Shell Structure for Dual-Modal Upconversion Luminescence and Magnetic Resonance in Vivo
Imaging Applications. Acs Appl. Mater. Interfaces 2018, 10, 12331-12340. [CrossRef] [PubMed]

4. Li, X.X,; Liu, L,; Fu, Y.; Chen, H.D. Peptide-enhanced tumor accumulation of upconversion nanoparticles for sensitive upconver-
sion luminescence/magnetic resonance dual-mode bioimaging of colorectal tumors. Acta Biomater. 2020, 104, 167-175. [CrossRef]
[PubMed]

5. Zhang, WN,; Li, J.; Lei, H.X;; Li, B.J. Temperature-dependent Forster resonance energy transfer from upconversion nanoparticles
to quantum dots. Opt. Express 2020, 28, 12450-12459. [CrossRef]

6. Feng, A.L,; Xu, R,; Wang, Y.N.; Zhang, Y.N.; Lin, S.B. Core shell rare earth upconversion nano materials and their biomedical
applications. Mater. Guide 2019, 33, 2252-2259.

7. Wu, HY. Yb ~ (3+)/Er ~ (3+) Co Doped NaYF_ 4 Nanocrystalline Core-Shell Structure and Its Fluorescence Characteristics.
Master’s Thesis, Harbin Institute of Technology, Harbin, China, 2020.

8. Boyer, ].C.; Veggel, F.V. Absolute quantum yield measurements of colloidal NaYF4: Er3+, Yb3+ upconverting nanoparticles.
Nanoscale 2010, 2, 1417-1419. [CrossRef]

9.  Zhu, Y.Y. Preparation and Fluorescence Properties of NaYbF_4@NaYF_4: Yb/Er. Master’s Thesis, Harbin Institute of Technology,
Harbin, China, 2020.

10. Qiu, HL; Yang, C.H.; Shao, W.; Damasco, J.; Wang, X.L.; Agren, H.; Prasad, PN.; Chen, G.Y. Enhanced Upconversion Lumines-

cence in Yb3*/Tm?3*-Codoped Fluoride Active Core/Active Shell/Inert Shell Nanoparticles through Directed Energy Migration.
Nanomaterials 2014, 4, 55-68. [CrossRef] [PubMed]


http://doi.org/10.1021/acsami.7b18078
http://www.ncbi.nlm.nih.gov/pubmed/29546978
http://doi.org/10.1016/j.actbio.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/31923719
http://doi.org/10.1364/OE.386601
http://doi.org/10.1039/c0nr00253d
http://doi.org/10.3390/nano4010055
http://www.ncbi.nlm.nih.gov/pubmed/28348285

Foods 2022, 11, 990 14 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Ji, X.XY,; Ye, T.; Yuan, M.; Cao, H.; Xu, W.; Yu, ].S.; Ren, H.; Ye, Y.Y,; Li, ].Y.; Wang, Y.X. Preparation and application of molecularly
imprinted fluorescent sensor for pyrethroid pesticide metabolites. J. Anal. Test. 2019, 38, 1487-1492.

Peng, Y.Q.; Li, Z.H.; Liu, Z.I.; Yuan, Q. Biomedical applications of core-shell rare earth upconversion nano materials. Chin. Sci.
Chem. 2015, 45, 1159-1177.

Richardson, ].R.; Fitsanakis, V.; Westerink, R.H.S.; Kanthasamy, A.G. Neurotoxicity of pesticides. Acta Neuropathol. 2019, 138,
343-362. [CrossRef] [PubMed]

Al-Ghanim, K.A.; Mahboob, S.; Vijayaraghavan, P.; Al-Misned, FA.; Kim, Y.O.; Kim, H.]. Sub-lethal effect of synthetic pyrethroid
pesticide on metabolic enzymes and protein profile of non-target Zebra fish, Danio rerio. Saudi J. Biol. Sci. 2020, 27, 441-447.
[CrossRef] [PubMed]

Bravo, N.; Grimalt, J.O.; Bocca, B.; Pino, A.; Bin, M.; Brumatti, L.V.; Rosolen, V.; Barbone, E.; Ronfani, L.; Alimonti, A.; et al.
Urinary metabolites of organophosphate and pyrethroid pesticides in children from an Italian cohort. Environ. Res. 2019, 32,
108-117. [CrossRef] [PubMed]

Curl, C.L.; Porter, J.; Penwell, I; Phinney, R.; Ospina, M.; Calafat, A.M. Effect of a 24-week randomized trial of an organic produce
intervention on pyrethroid and organophosphate pesticide exposure among pregnant women. Environ. Int. 2019, 115, 104-113.
[CrossRef] [PubMed]

Pasupuleti, R.R.; Tsai, P.C.; Ponnusamy, V.K. A fast and sensitive analytical procedure for monitoring of synthetic pyrethroid
pesticides” metabolites in environmental water samples. Microchem. J. 2019, 148, 355-363. [CrossRef]

Lu, Q.; Li, H.D.; Ding, RY,; Guo, C.Y.; Fang, L.P; Zhang, W.J.; Mao, ].S.; Chen, Z.L. Determination of pyrethroid residues in Pear
by quers-gc. Pesticides 2019, 58, 356-358.

Zhao, H.M,; Bian, H.Z ; Fang, L. Determination of bifenthrin and deltamethrin pesticide residues in vegetables and fruits by
quechers-gc-ms/MS. Anhui Agron. Bull. 2019, 25, 94-97.

Chrustek, A.; Holynska-Iwan, I.; Dziembowska, I.; Bogusiewicz, J.; Wroblewski, M.; Cwynar, A.; Olszewska-Slonina, D. Current
Research on the Safety of Pyrethroids Used as Insecticides. Med.-Lith. 2018, 54, 61. [CrossRef] [PubMed]

GB 2763-2021; National Food Safety Standard—Maximum Residue Limits for Pesticides in Food. Available online: http:
/ /down.foodmate.net/wap/index.php?itemid=97819&moduleid=23(accessed on 9 March 2022).

GB 23200.8-2016; Method for Determination of 500 Pesticides and Related Chemicals Residues in Fruits and Vegetables-GC-MS
Method. Available online: https://www.doc88.com /p-0874842560376.html(accessed on 9 March 2022).

Ghazyani, N.; Ara, M.H.M.; Raoufi, M. Nonlinear photoresponse of NaYF4:Yb,Er@NaYF4 nanocrystals under green CW excitation:
A comprehensive study. RSC Adv. 2020, 10, 25696-25702. [CrossRef]

Liu, M.L. Study on Fluorescence up Conversion Nano Materials for the Detection of Pesticide Residues in Traditional Chinese
Medicine and Their Analytical Application. Master’s Thesis, Southwest University, Chongqing, China, 2019.


http://doi.org/10.1007/s00401-019-02033-9
http://www.ncbi.nlm.nih.gov/pubmed/31197504
http://doi.org/10.1016/j.sjbs.2019.11.005
http://www.ncbi.nlm.nih.gov/pubmed/31889868
http://doi.org/10.1016/j.envres.2019.05.039
http://www.ncbi.nlm.nih.gov/pubmed/31200128
http://doi.org/10.1016/j.envint.2019.104957
http://www.ncbi.nlm.nih.gov/pubmed/31324402
http://doi.org/10.1016/j.microc.2019.05.030
http://doi.org/10.3390/medicina54040061
http://www.ncbi.nlm.nih.gov/pubmed/30344292
http://down.foodmate.net/wap/index.php?itemid=97819&moduleid=23
http://down.foodmate.net/wap/index.php?itemid=97819&moduleid=23
https://www.doc88.com/p-0874842560376.html
http://doi.org/10.1039/D0RA01380C

	Introduction 
	Materials and Methods 
	Materials and Instruments 
	Preparation and Surface Modification of UCNPs 
	Preparation of Capture Probe and Signal Probe 
	Optimization of Capture Probe Addition 
	Establishment of UpConversion Magnetic Separation Immunofluorescence Method 
	Sample Pretreatment 
	HPLC Comparison Test 
	Chromatographic Conditions 
	Extraction and Purification 

	Actual Sample Testing 
	Method Specificity 

	Results and Discussion 
	Characterization of Upconversion Materials 
	Optimization of Antigen and Antibody Addition 
	Optimization of Capture Probe 
	Drawing of Standard Curve and Determination of Detection Limit 
	Elimination of Matrix Effect 
	Add Sample Recovery 
	Comparison Experiment of High-Performance Liquid Chromatography 
	Actual Sample Test Results 
	Method Specificity Evaluation 

	Conclusions 
	References

