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immunochromatographic strip for simultaneous
detection of various organophosphorus pesticides
based on indirect probe strategy
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The massive use of organophosphorus pesticides (OPs) poses a great threat to food safety, human health
and environmental protection. As there are many kinds of pesticides, their detection is facing a severe
challenge. The simultaneous detection of multiple organophosphorus pesticides in one test is a problem
to be solved at present. In this paper, a time-resolved fluorescent immunochromatographic (TRFIA) strip
is prepared by using broad-specificity antibodies (Abs) of OPs as the recognition element. Abs were
connected to europium oxide latex microspheres using sheep anti-mouse antibodies (SaMIgG) to form
an indirect probe. This strategy could effectively realize signal amplification, and could save the amount
and protect the activity of Abs. After the detection, the color change of the test line (T-line) was
observed to make qualitative judgment under UV-light (365 nm). Then, the images of the positive sample
were analyzed by using Imaged to complete the quantitative detection. Under optimal construction and
operating conditions, the limit of detection of the strip could reach 0.53 ng g~*. And the TRFIA strip
performed well in the additive test of vegetable samples. It is inexpensive to prepare, convenient to
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1 Introduction

Organophosphorus pesticides (OPs) are the most common
pesticides in agricultural production. They are widely used due
to their high efficiency and broad spectrum.” The use of OPs
plays a very important role in ensuring food supply and
improving the quality of agricultural products. OPs have nerve
toxicity, and after entering the body, they will be combined with
acetylcholinesterase hydroxyl and lead to phosphorylation.
After phosphorylation, the activity of acetylcholinesterase is
inhibited and acetylcholine cannot be effectively decom-
posed.** Eventually, excessive accumulation of acetylcholine in
the body leads to neurotoxicity, thus acting as an insecticide.
Because of the variety of OPs and the differences in residual
levels, the detection of OP residues is confronted with great
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of rapid field testing of a large number of samples.

challenges.>® At the same time, some producers use OPs in an
irregular way to increase the growth rate of crops, resulting in
excessive and residual problems that pose a serious threat to
food safety.” This not only affects the production quality and
safety of agricultural products, public health and sustainable
development of the environment, but also hinders the devel-
opment of the agricultural product export trade industry to
a certain extent.>® In China, the permissible limit (GB 2763-
2016) of organophosphorus pesticides in vegetables is 10-100
ngg "

Traditional detection methods include gas chromatography,
mass spectrometry, high performance liquid chromatography
and their combined methods. They are sensitive, specific,
accurate and reliable.” The application and popularization of
these methods are hindered by the complexity of sample
pretreatment, time-consuming testing process and the need for
professional operation.*® Some new detection technologies
(such as immune sensors, enzyme sensors, aptamer sensors,
etc.) have been widely considered by some researchers because
of their portability, rapidity, accuracy and efficiency, and due to
their good detection effect in practical application.”™ The
detection method of organophosphorus pesticides based on
enzyme inhibition is relatively mature, easy to operate, has
short detection time and low detection cost. However,
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carbamate pesticides also have similar enzyme inhibition,
which will interfere with the detection results to a certain
extent.” In addition, the pretreatment conditions of enzyme
inhibition sensing methods are mainly aqueous phase,* which
makes the extraction efficiency of pesticide residues low and
restricts the improvement of detection performance of this
method. Aptamers are easy to synthesize, with good repeat-
ability and low preparation cost.”® As emerging sensitive
recognition elements, aptamers are widely used in OP detec-
tion. However, the currently known aptamer sequences that can
identify organophosphorus pesticides with broad spectrum are
limited, which to some extent hinders the in-depth exploration
and promotion of aptamer sensors.’®"* Among them, the rapid
detection method established with broad-specificity antibodies
(Abs) as core recognition elements provides a new idea for the
preliminary detection of a large number of samples." Abs
achieve broad-specificity recognition by recognizing the
common structure of one or several kinds of substances, in
which the common structure is an antigen or a hapten.” Xu
et al.>” designed and synthesized four kinds of antigens with
different structures for O0,0-diethoxy OPs, and obtained Abs
against 0,0-diethoxy OPs through hybridoma technology.
Based on these studies, they established direct competitive
enzyme-linked immunoassay (dcELISA), direct competitive
chemiluminescence enzyme-linked immunoassay (dcCLEIA),
fluorescence polarization immunoassay (FPIA), direct compe-
tition time-resolved fluorescence immunoassay (dcTRFIA) and
other immunoassay methods. Since the corresponding epitope
is a common structure of various OPs, the Abs have the ability of
broad-specificity recognition. The rapid detection method using
Abs is still in the exploratory stage.

In recent years, time-resolved fluorescence immunochro-
matographic (TRFIA) strip assay, as a field detection technology
with simple operation and low cost, has attracted extensive
attention from researchers.”® The Eu element can effectively
reduce the background interference of traditional labelling
materials (such as fluorescent dyes, enzymes, and gold nano-
particles).”" Europium oxide latex microspheres prepared
with the Eu element can emit orange-red fluorescence under
UV-light of 365 nm.*?> Most TRFIA strips often use europium
oxide latex microsphere as marking materials, and specific
biological materials (such as antibodies and aptamers) as core
recognition elements, which are coupled to form detection
probes.”*** Under the action of chromatography, a specific
binding immune reaction occurs with the corresponding target
substance intercepted and fixed on a nitrocellulose (NC)
membrane. As the number of probes is increased, the lines
show different intensities of colors or fluorescence signals.
Traditional TRFIA strips label the signal material directly on the
target antibodies, which is the direct probe strategy. In the
actual detection work, too much target antibody consumption
will increase the preparation cost, while too little target anti-
body will reduce the sensitivity and even result in a ‘false
negative’. In the case of certain detection ability and limited
number of target antibodies, the indirect probe strategy can
effectively amplify the fluorescence signal and improve the
detection sensitivity of the TRFIA strips.”® In this method, the
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target antibodies are indirectly coupled with europium oxide
latex microspheres through multiple secondary antibodies
[such as sheep anti-mouse antibodies (SaMIgG), rabbit anti-
sheep antibodies (RaSIgG), etc.], so that the fluorescence
signal of unit antibodies in the entire detection system is much
higher than that of the traditional method.***” Majdinasab
et al.*” have successfully established a rapid detection technique
for ochratoxin detection using the indirect probe strategy. The
limit of detection (LOD) of the indirect probe strategy was 0.4 pg
g~ ", which was 100 times higher than that of the direct probe
strategy. It should be noted that the application of the indirect
probe strategy to other chromogenic nanomaterials is also
significant. Urusov et al.>* proposed an indirect probe strategy
using gold nanoparticles as markers. The results showed that
the sensitivity of the indirect labeling method in mycotoxin
analysis was 20 times higher than that of traditional methods.
The reduction of detection limit ranges from 5 times to 3 orders
of magnitude. On the one hand, the indirect probe strategy can
reduce the consumption of target antibodies. On the other
hand, the secondary antibodies take the place of the target
antibodies to participate in the complicated coupling steps,
which can protect the biological activity and recognition ability
of the target antibodies.

In this study, with OPs as the target and Abs as the sensitive
recognition element, a TRFIA strip based on the indirect probe
strategy was constructed. First, SaMIgG was bonded to euro-
pium oxide latex microspheres to prepare time-resolved fluo-
rescent probes (Eu-SaMIgGs). Then, Abs were indirectly
connected to europium oxide latex microspheres by specific
recognition with SaMIgG, that is, the indirect time-resolved
fluorescent probe (Eu-SaMIgGs-Abs) was prepared. Then OPs-
BSA and RaSIgG were immobilized on a NC membrane
successively. Qualitative judgment was made by monitoring the
color change of the test line (T-line), and quantitative detection
was realized by analyzing the gray value of the T-line with
Image] software. In addition, we also optimized the construc-
tion and working conditions of the TRFIA strip to explore the
response relationship between the gray value of the T-line and
the concentration of OPs. And the detection effect of the strip in
different sample matrix solutions was explored.

2 Experimental

2.1 Reagent

OPs-BSA, Abs, SaMIgG and RaSIgG were obtained from Beijing
Biodragon Immunotechnologies Co., Ltd. (Beijing, China).
Bovine serum albumin (BSA) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC) were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). Methyl parathion,
parathion, coumaphos, quinalphos, isocarbophos, carbofuran,
and deltamethrin were obtained from Beijing Yihuatongbiao
Technology Co., Ltd. (Beijing, China). Europium oxide latex
microspheres and polyvinylpyrrolidone-K30 (PVP-K30) were
purchased from Sinopharm Group Chemical Reagent Co., Ltd.
(Beijing, China). The reagents were all analytically pure.
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2.2 Instrument

All the aqueous solutions used in the experiment were prepared
using an LS-MK2 Pall ultrapure water system (18.2 MQ cm, New
York, USA). The XYZ3050 point-membrane apparatus and the
CM4000 strip cutters used to make the TRFIA strips were man-
ufactured by Biodot (California, USA). The TRFIA strips were
dried in a DHG-9070A oven manufactured by Shanghai Yiheng
Technology Co., Ltd. (Shanghai, China). The CF16RX high-speed
refrigerated centrifuge used for the coupling process of Eu-
SaMIgGs was manufactured by Hitachi (Tokyo, Japan). The
ultrasonic machine for rapid dispersion and mixing of solution
was produced by Shanghai Kedao Ultrasonic Instrument Co.,
Ltd. (Shanghai, China). The microplate reader was produced by
Seymour Fisher Technology Co., Ltd. (Iowa, USA). The EOS 6D
digital SLR camera used in the experiment was purchased from
Canon (China) Co., Ltd. (Beijing, China). The ZF-1 UV-lamp (365
nm) was purchased from Haimen Kylin-Bell Lab Instruments
Co., Ltd. (Jiangsu, China). The NC membrane (HF135) and
absorbent pad (CFSP223000) were purchased from Millipore
Corporation (Massachusetts, USA). The glass cellulose film
(GFCP2030) and polyvinyl chloride plate (J-86) were produced by
Shanghai Jiening Biotechnology Co., Ltd. (Shanghai, China).

2.3 Preparation of Eu-SaMIgGs

The europium oxide latex microspheres were evenly dispersed
by adding 50 pL europium oxide latex microspheres to 200 pL
borate buffer solution (0.2 M, pH 8.18), and ultrasonicated at
10 °C for 10 min. The carboxyl groups on the europium oxide
latex microspheres were fully activated by adding 10 pL EDC
solution (1.5%, m/v) and eddy mixing for 15 min. The mixed
solution was centrifuged for 10 min (10 °C, 13 300 rpm), and
then the supernatant was discarded. Because the centrifugation
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product easily redissolves, the centrifuge tube should be
removed quickly and smoothly after centrifugation. Then 250
uL of fluorescence microsphere blocking solution (0.05% OVA,
m/v) was added and ultrasonicated for 10 min at 10 °C to
disperse the solution evenly. A certain dose of SaMIgG was
added, and the reaction was carried out on a shaking table for
12 h (20 °C, 250 rpm) after eddy mixing. In this process, the
amino group on SaMIgG was fully combined with the carboxyl
group on the surface of the europium oxide latex microspheres
to form an amide bond, and then Eu-SaMIgGs were prepared
(Fig. 1A). At this time, the solution might contain SaMIgG which
had not been coupled to the europium oxide latex micro-
spheres. In order to ensure the subsequent smooth preparation
of Eu-SaMIgGs-Abs, a re-suspension operation was needed to
remove the SaMIgG not coupled with europium oxide latex
microspheres in the solution. The mixed solution was centri-
fuged for 10 min (10 °C, 13 300 rpm), and the supernatant was
discarded. The above resuspension operation was repeated
twice to ensure full clearance. Then, 250 pL of fluorescence
microsphere sealing solution was added, and the mixture was
vortex mixed, and ultrasonication treatment was performed at
10 °C for 10 min. Finally, the prepared Eu-SaMIgGs were evenly
dispersed in the solution after 2 h shaking reaction (20 °C, 250
rpm), and sealed and stored at 4 °C in the dark.

2.4 Fabrication of the strip

First, a NC membrane (25 mm x 300 mm) was assembled onto
a polyvinyl chloride plate (90 mm x 300 mm) in the position
shown in Fig. 1B for spraying OPs-BSA and RaSIgG. Methanol
and ultra-pure water were used to clean the capillary sample
channel on the point-membrane apparatus repeatedly and
adequately to prevent the channel from clogging. OPs-BSA and
RaSIgG were sprayed on the NC membrane, respectively, to
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Fig. 1 Diagram of preparation of Eu-SaMIgGs (A) and the structure of the TRFIA strip (B).
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form a T-line and a control line (C-line), and dried in an oven at
37 °C for 2 h. At the same time, the glass cellulose film (i.e.
sample pad, 20 mm x 300 mm) was placed in a clean and dry
test tube, and an appropriate amount of sample pad sealing
solution (0.3% NaH,PO,-2H,0, 0.5% OVA, 1.0% PVP-K30, 2.9%
Na,HPO,-12H,0, 1.0% Tween-20, and 0.25% EDTA, m/v) was
added to completely cover it. After soaking for 15 min, the film
was taken out and placed flat in an oven, and dried at 37 °C for
2 h. After drying completely, as shown in Fig. 1B, the absorbent
pad (45 mm x 300 mm) and the sample pad were assembled to
the front of the bottom plate. The adjacent parts should be
overlapped by 1-2 mm. They are placed at 4 °C for 15-20 min, to
be firmly bonded, using a cutting machine at a width of 3.8 mm
per strip, then the TRFIA strip product is stored and sealed at 4
°C.

2.5 OP detection on the TRFIA strip

Eu-SaMIgGs-Abs were prepared 30 min before the test. Eu-
SaMIgGs-Abs were prepared by fully mixing the sample
sustained-release solution (1.0% sucrose, 0.5% OVA, 0.5% PVP-
K30, and 2.5% Tween-20, m/v) with Eu-SaMIgGs in a certain
volume proportion, adding a certain volume of Abs, and incu-
bating at 37 °C for 30 s. The above steps need to be performed
now, and should not be too long apart from the detection steps,
in order to avoid the partial quenching of the fluorescence
signal of europium oxide latex microspheres which affects the
subsequent detection results.

20 uL Eu-SaMIgGs-Abs is added to each sample cell, and then
100 pL sample solution to be tested is added. After incubating at
37 °C for 3 min, Eu-SaMIgGs-Abs specifically bonded with OPs
to form the Eu-SaMIgGs-Abs-OPs complex. Eu-SaMIgGs-Abs,
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which were not combined with OPs, still maintained the orig-
inal structure. In a dark environment at 37 °C, the TRFIA strip
was inserted into the sample cell for 15 min.

In this process, the TRFIA strip should always remain vertical
to avoid the difference in tomographic velocity due to tilt.
During incubation, the solution in the sample cell was
expanded on the NC membrane due to chromatography. OPs-
BSA fixed at the T-line could compete with OPs for the same
specific binding site on Abs. The RaSIgG immobilized at the C-
line specifically recognized the SaMIgGs in Eu-SaMIgGs-Abs.
During the chromatographic process, Eu-SaMIgGs-Abs
without the binding target would be captured at the T-line
and C-line successively. As probes gathered, the bands began
to show color (Fig. 2). And probes with the binding target could
only be captured at the C-line, and the T-line couldn't show any
color. A blank control group was set up for each test.

2.6 Data analysis

After the reaction was complete, the TRFIA strips (including the
blank control group) were taken out and placed under a UV-
light source (wavelength: 365 nm). A digital SLR camera was
used to take photos (exposure time: 4 s) of the TRFIA strips in
a black box. Image] software was used to select the detection
strip area, and the gray value of the detection area in the ob-
tained photos was analyzed.

In order to reduce background interference, the change rate
of gray value (G) of each sample to be tested was obtained using
formula (1):*®
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Fig. 2 Schematic diagram of the operation and detection principle of TRFIA strips.
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where G is the change rate of the gray value of the sample to be
tested, G, is the gray value of the T-line of the sample solution to
be tested, and G, is the gray value of the T-line of the blank
sample solution.

By exploring the response relationship between the concen-
tration (C) of OPs and the G value of the T-line, the qualitative
and quantitative detection of OPs was realized.

2.7 Sample pretreatment

Baby cabbage and rape samples were bought from the local
market, and completely pulverized to a homogenate. 25 g of
sample homogenate was weighed and 80 mL methanol-PBS
(70%, v/v) was added. After the mixed solution was ultra-
sonicated for 2 min, a uniform filtrate was obtained after
filtration through filter paper. The filtrate was centrifuged
(10 000 rpm, 5 min), and the supernatant extracted was the
sample solution. And it was mixed with PBS buffer solution
(0.01 M, pH 7.4) at 1: 6 (v/v) to obtain the matrix sample solu-
tion, which was stored at 4 °C and protected from light for the
subsequent test.

3 Results and discussion
3.1 Characterization of Eu-SaMIgGs

UV-vis absorption was performed on both blank europium
oxide latex microspheres and Eu-SaMIgGs to demonstrate the
successful coupling of europium oxide latex microspheres with
SaMIgG (Fig. 3A). No peaks were found in the UV-vis absorption
of blank europium oxide latex microspheres, while significant
peaks were found in the UV-vis absorption of Eu-SaMIgGs at
220 nm and 260 nm. These results indicate that the europium
oxide latex microspheres were successfully coupled with
SaMIgG to form Eu-SaMIgGs. In addition, we also scanned the
fluorescence spectrum of the europium oxide latex micro-
spheres before and after the coupling with SaMIgG (Fig. 3B). We
found that the maximum emission peak was at 614 nm, which
indicated that they were europium oxide latex microspheres.
However, the wave peak value of europium oxide latex micro-
spheres coupled with SaMIgG decreased slightly compared with
that before coupling, as shown in Fig. 3B. The reason was that
the europium oxide latex microspheres form a complex after
coupling with SaMIgG, which resulted in partial fluorescence
signal quenching, that is, fluorescence signal weakening. In the
illustration in Fig. 3, the fluorescence signal difference of
europium oxide latex microspheres before (Fig. 3B-a) and after
(Fig. 3B-b) coupling with SaMIgG is visually shown.

3.2 Optimization of the TRFIA strip

SaMIgG was an important bridge connecting the Abs and
europium oxide latex microspheres. When the amount of
SaMIgG was too small, all europium oxide latex microspheres
cannot be effectively coupled, resulting in waste of labeling
materials. However, the addition of too much SaMIgG led to the
aggregation of too many protein substances on the surface of
europium oxide latex microspheres, resulting in the decrease of
fluorescence signal. We tried to add different doses of SaMIgG

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Uv-vis absorption spectra of europium oxide latex micro-
spheres before and after SaMIgG conjugation. (B) Fluorescence
spectra of europium oxide latex microspheres before and after
conjugation to SaMIgG; the illustration is a fluorescence picture of the
europium oxide latex microspheres before (a) and after (b) the
conjugation to SaMIgG.

(10, 15, 20, 25, 30, 35, 40, and 45 pg) when coupling Eu-
SaMIgGs, and compared the color development of different C-
line positions. As can be seen from Fig. 4A, when the SaMIgG
dose was 35 pg, the color development degree of the C-line
reached the maximum, and the color development degree
remained unchanged even after increasing the dose. Therefore,
‘35 pug’ was chosen as the optimal SaMIgG additive quantity.

Abs were the core recognition element of the TRFIA strip. On
the premise of ensuring the detection effect, the main goal of
this part was to reduce the consumption of Abs as much as
possible. In this work, different doses (1, 2, 4, 6, 8, 10, and 12 pug)
of Abs were added to observe the color development of different
T-line positions. As shown in Fig. 4B, when the Ab dosage was 6
ug, the color development of the T-line reached the maximum
and remained stable. Therefore, ‘6 ug’ was chosen as the best
additive value for Abs.

We set up different groups according to the dilution multi-
ples (sample sustained release solution : Eu-SaMIgGs-Abs, v/v)
of 10, 20, 40, 80, 30, 640, 1280 and 2560. Fig. 4C shows the
effect of the dilution multiples of Eu-SaMIgGs-Abs on the
performance of the TRFIA strip. The results show that when Eu-
SaMIgGs-Abs was diluted 10 and 20 times, the color of the C-line
and T-line was too bright, and a large amount of Eu-SaMIgGs-
Abs was stuck on the absorbent pad and NC membrane.
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Fig. 4 Optimization of the experimental conditions: (A) the dose of
SaMIgG; (B) the amount of Abs added; (C) dilutability; (D) methanol
content.

Particularly in the case of ‘10 times’ dilution, the background
color of strips had serious interference, which was not benefi-
cial to the extraction of strip data. In the range of 40-640 times
dilution, the color of the C-line gradually decreased, indicating
that with the increase of dilution, the number of probes that
could be combined gradually decreased. At the same time, the
color of the T-line remained unchanged, which meant that the
OPs-BSA binding ability of the T-line was in a completely satu-
rated state. At 1280 and 2560 times dilution, the color devel-
opment degree of the C-line was too low to be used as a quality
control indication; the color of the T-line also decreased
significantly, and OPs-BSA on the T-line was in an unsaturated
binding state, resulting in some idle binding sites. Based on the
above analysis, when the dilution factor of Eu-SaMIgGs-Abs was
set to 640, the binding sites in each band could be fully used to
ensure the detection and quality control effect. And it could also
save the dosage of Eu-SaMIgGs-Abs.

Methanol was an effective organic solvent for extracting OPs
during sample processing. If the concentration of methanol was
too low, the pesticide in the sample couldn't be effectively
extracted. However, high concentration of methanol would
affect antibody biological activity and reduce its recognition
ability. Therefore, by studying the tolerance band of Eu-
SaMIgGs-Abs to methanol and the effective extraction of OPs
in methanol, the appropriate range of methanol concentration
was explored. As shown in Fig. 4D, it was found that when the
concentration of methanol was between 0 and 30%, the color of
the C-line and T-line was normal, that is, the TRFIA strip could
work normally. And from 40%, the color of the T-line decreased,
or even no color was seen. This indicated that the activity of Eu-
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SaMIgGs-Abs was inhibited and could not effectively identify
OPs-BSA and RaSIgG. In addition, it was found that when the
methanol concentration was in the range of 70-100%, a large
number of probes adhered to the inner wall of the sample cell
due to the volatilization of methanol before the chromatog-
raphy began. The above results indicated that when the
concentration of methanol in the sample solution was in the
range of ‘0-30%/’, the effective extraction of the sample and the
optimal activity of the antibodies could be considered at the
same time, and the activity of the antibodies could be reduced
or even lost if the concentration of methanol was beyond this
range.

3.3 Detection of OPs

Under the optimal construction and operating conditions, the
response relationship between the logarithm of OP concentra-
tion (lg C) and the corresponding G value of the T-line was
studied. In this work, methyl parathion, parathion, coumaphos,
and quintiofos were mixed in equal amounts to get mixed
standard solutions, and the initial concentration was 3 x 10° ng
¢!, and then diluted 3 times successively to get 7 concentra-
tions. A series of concentrations of mixed standard solutions
and negative sample solutions were used to investigate the
working standard curve of TRFIA strips. The G value of each
TRFIA strip was obtained in accordance with formula (1), and
the competitive suppression curve suitable for the strip was
obtained after analysis, as shown in Fig. 5A. The equation of the
curve was G = 0.99789-1.04464/[1 + (Ig C/3.41689)]°7*%7 R> was
0.99853, and the sensitivity was 3.42 ng g~ . With the increase
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Fig. 5 (A) Competitive inhibition curve and (B) standard curve of the
OPs.
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Table 1 Comparison with other types of strips
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Signal molecule Strategy Targets LOD (ngg ) Sample types Ref.
Fe;0, Indirect probe 17B-estradiol 0.2 4 26
Up-conversion luminescent particles Direct probe OPs 3.44 3 29
Europium oxide latex microspheres Indirect probe Deoxynivalenol 0.12 2 19
Europium oxide latex microspheres Direct probe AFM1 0.20 3 24
Europium oxide latex microspheres Indirect probe OPs 0.53 4 This work

of target concentration, the number of Eu-SaMIgGs-Abs to OPs-
BSA at the T-line that could compete decreased. So, the color
rendering degree of the T-line decreased, and led to the increase
of the G value. Since ‘false positives’ or ‘false negatives’ were
easy to occur at both ends of the competitive inhibition curve,
we explored the linear relationship between C and G values in
the linear range (Fig. 5B), and obtained the linear equation G =
—0.18079 + 0.3637lg C, R* was 0.99487. According to S/N = 3,
the LOD of the TRFIA strip was 0.53 ng g~ .

In Table 1, the TRFIA strip is compared with other types of
strips. The results show that the LOD of the TRFIA strip using
the indirect probe strategy is significantly lower than that using
the direct probe strategy. In addition, the TRFIA strip in this
study had a wide target recognition range, low LOD, and a wide
variety of sample substrates.

3.4 Performance test of the TRFIA strip

Specificity and anti-interference ability are important indexes to
evaluate whether a TRFIA strip could be effectively applied to
detection. Under the condition of the same concentration of
spiked substances, the TRFIA strip was used to detect the target
substances of different OPs or the interfering substances of other
pesticides. By analyzing the gray value of the T-lines, the speci-
ficity and anti-interference ability of the strip were explored. The
blank group (Fig. 6-a) was established as the control. Fig. 6-
b shows parathion standard solution. Fig. 6-c is the isocarbophos
standard solution, which is an OP but wasn't included in the
mixed standard solution. Fig. 6-d is the mixed standard solution
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Grey value
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4000
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a b [ d e f g

Fig. 6 Performance evaluation of the TRFIA strips (a, blank; b, para-
thion; ¢, isocarbophos; d, parathion, coumaphos, quintiofos, methyl
parathion; e, parathion, coumaphos, quintiofos, methyl parathion,
carbofuran, deltamethrin; f, carbofuran; g, deltamethrin).

This journal is © The Royal Society of Chemistry 2022

(parathion, coumaphos, quintiofos, and methyl parathion).
Fig. 6-e shows the mixture of OPs (methyl parathion, parathion,
coumaphos, and quintiofos) and non-OPs (carbofuran and del-
tamethrin). In addition, a carbamate pesticide - carbofuran
(Fig. 6-f) - and a pyrethroid pesticide - deltamethrin (Fig. 6-g) -
were used as interfering pesticides. The total concentration of
OPs in experimental groups b, ¢, d, and e was 10 ng g *. And in
experimental groups f and g, the concentrations of carbofuran
and deltamethrin were both 10 ng g~ *. As could be seen from
Fig. 6, in the absence of specific targets, the color development of
the T-line was close to that of the blank group, indicating that it
was difficult for the antibodies to bind to these interfering
pesticide molecules. The gray values in Fig. 6-b—e are all low, and
the results are close to each other. It indicated that the strip had
good specificity and anti-interference ability.

3.5 Detection of OPs in samples

We bought baby cabbage and rape from the market as repre-
sentatives of vegetable samples. Matrix sample solutions were
prepared in accordance with Section 2.7 for sample tests, so as to
evaluate the application effect of the TRFIA strip constructed in
this study. We adopted the standard addition method to add
different volumes of mixed standard solutions to the non-matrix
sample solution (ie. 10% methanol-PBS) and two different
matrix sample solutions, so that the series concentration
gradient of each group of sample solutions was consistent. The
TRFIA strip was used to explore the competitive inhibition curve
of the sample solution. The experimental results are shown in

1.2

1.0 = 10% Methanol-PBS
e Baby cabbage
4 Rape

0.8

0.6+

0.2 1

o il al il T il il T
1E-4 1E-3 0.01 0.1 1 10 100 1000
C(ng/g)

Fig. 7 Competitive inhibition curves for the determination of OPs in
samples.
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Fig. 7. The sensitivity values of all the matrix solutions were
slightly higher than those of the sample solutions without the
matrix because the matrix components were complex and varied,
which might block the capillary channels in different degrees
during the process of chromatography. In the detection experi-
ment for vegetable samples, the competitive inhibition curve of
‘baby cabbage’ and ‘rape’ was basically consistent with that of the
non-matrix sample solution. However, due to the presence of the
green pigment in the substrate solution of rapeseed, there was
some background interference during data extraction, resulting
in the detection range of rape being slightly narrower than that of
‘baby cabbage’. In the process of sample detection using the
strip, a material that could adsorb the pigment should be added
in the pretreatment to further reduce the interference.

4 Conclusions

Based on the indirect probe strategy, we developed a broad-
specificity TRFIA strip for detection of OPs. Europium oxide
latex microspheres were used as fluorescent labeling materials
to reduce background color interference. Eu-SaMIgGs-Abs was
formed by linking europium oxide latex microspheres with Abs
using SaMIgG as an intermediate. This strategy could save the
amount of target antibodies, effectively realize the amplification
of fluorescence signal, and finally improve the sensitivity. More
importantly, the secondary antibodies replaced Abs to partici-
pate in the complicated coupling steps, which avoided the
decline of the biological activity and specific recognition ability
of Abs. Under the optimal conditions, the lg C value had a good
linear relationship with the G value, and the LOD could reach
0.53 ng g~ ". At the same time, the detection effect of the TRFIA
strip in different sample matrix solutions was explored to
compare and analyze the suitable samples of the sensor. The
TRFIA strip established in this work could realize qualitative
and quantitative detection. When the strip was applied to
a large number of samples, the negative samples could be
directly judged with the help of UV-light. And the positive
samples could be quickly screened out for quantitative detec-
tion, which significantly improved the detection efficiency. The
TRFIA strip had the advantages of low cost, short detection
time, simple operation, and low professional requirements, and
could better meet the needs of rapid preliminary screening of
mass samples. Admittedly, due to the limitation of professional
background knowledge, the research of this work was only
limited to the research of detection technology. Follow-up
research could focus on the development of a matching rapid
detection instrument and mobile APP, which would be able to
present the test results to users more quickly and clearly. This is
also conducive to the promotion and application of this work.
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