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ABSTRACT ARTICLE HISTORY
Dufulin (DFL) is a potent, new-generation agrochemical that Received 2 February 2017
protects crops, such as tobacco, from viruses. Herein, for the first Accepted 10 April 2017
time, we developed a sensitive and specific polyclonal antibody-

based indirect competitive enzyme-linked immunosorbent assay SEYW(.JRDS .
! . R ufulin; polyclonal antibody;
(ic-ELISA) to detect DFL residues in samples. The assay showed ic-ELISA: residue

high sensitivity and specificity to DFL, with a half maximal

inhibitory concentration (ICsp) of 485ngml™" and limit of

detection (IC5o) of 2.5 ng ml~'. The average recovery of DFL in

different spiked samples, such as tobacco, rice, tomato, cucumber,

soil and water, was in the range of 70.7-138.8%. A statistically

significant correlation was observed between our developed ELISA

and previously established methodology of high-performance

liquid chromatography with a diode array detector. These results

indicate our assay is a potentially useful analytical tool for rapid

detection of DFL residue in actual samples.

Introduction

Dufulin (DFL, O,0'-diethyl-2-(4-methylbenzothiazol)-amino-(2-florinephenyl)phospho-
nate, Figure 1) is a novel a-amino phosphonate antiviral agent developed and synthesized
by the Center for Research and Development of Fine Chemicals of Guizhou University.
With subsequent registration of potentially bioactive DFL granted by the Ministry of Agri-
culture of China (Song et al., 2005; Song, Yang, Jin, & Bhadury, 2009; Song, Zhang, Yang,
Hu, & Jin, 2006; Yang, Song, Hong, Jin, & Hu, 2005; Zhang et al., 2005). With growing
popularity and application of DFL, standardized protocols monitoring residual DFL in
agricultural products is of significant importance. So far, several analytical methods,
such as high-performance liquid chromatography (HPLC)-ultraviolet (HPLC-UV)
(Chen et al., 2008), ultraperformance liquid chromatography coupled with photodiode
array detection (Zhang et al., 2014) and liquid chromatography with tandem mass spec-
trometry (Li et al., 2015) have been used to detect DFL in environmental and agricultural
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Figure 1. Structures of dufulin and hapten for dufulin (DHS)

samples. Although these methods can qualitatively and quantitatively determine the DFL,
these methods require expensive instruments and skilled analysts and are time consuming.
For these reasons, the development of new and simple analytical methods to determine
peptides in environmental and agricultural samples with adequate sensitivity and at
lower cost is warranted (Hennion & Barcelo, 1998).

Toward this end, methods such as an enzyme-linked immunosorbent assay (ELISA) are
a low cost, portable and sensitive means of screening a large amount of samples (Gui, Jin,
Chen, Cheng, & Zhu, 2006; Pyo, Lee, & Choi, 2005; Watanabe et al., 2006; Zhu, Song, Liu,
Kuang, & Xu, 2016). Therefore, an ELISA is a practical tool for routine monitoring of
residual DFL in agricultural products. However, to the best of our knowledge, there has
not been development of a polyclonal antibody (pAb)-based indirect competitive (ic)-
ELISA method utilized to ascertain DFL levels. We describe, for the first time, the prep-
aration of a pAb that specifically recognizes DFL, and we developed a simple and sensitive
indirect ELISA (ic-ELISA) to allow for simultaneous detection of DFL in environmental
and agricultural samples and confirmed the results of our developed method via HPLC.

Materials and methods
Reagents and materials

The DFL standard was obtained from our centre. Phoxim, parathion, fenthion,
fenitrothion, chlorpyrifos, and 6-aminohexanoic acid were purchased from the National
Standards Co. (Beijing, China). Bovine serum albumin (BSA, molecular weight
[MW] =67,000), ovalbumin (OVA, MW =45,000), complete Freund’s adjuvant (CFA),
incomplete Freund’s adjuvant (IFA), goat anti-rabbit IgG-horseradish peroxidase
(HRP) conjugate, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride)
(EDC), gelatine and skim milk were purchased from Sigma-Aldrich (St. Louis, MO,
USA). O-phenylenediamine (OPD) polyethylene sorbitan monolaurate (Tween 20) was
procured from Shanghai Chemical Reagents Co. (Shanghai, China). Polystyrene 96-well
microtiter plates were obtained from Costar (Corning, MA, USA). All reagents were of
analytical grade unless otherwise specified.

Instruments

Ultraviolet-visible (UV-VIS) spectra were recorded on a spectrophotometer (TU-1901,
Persee;sChina)swPlatepwashingswasyearried out in an ELx405 microplate washer (BioTek
Instruments; Winooski, VT, USA), and absorbance was measured with a 680-plate
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reader (Bio-Rad, Hercules, CA, USA). Regarding HPLC instrumentation, Agilent 1100
chromatographic equipment was fitted with a diode array detector (DAD) and a Kromasil
C18 column (5 pum particle size, 250 x 4.6 mm, Agilent, USA). Ultrapure water (18.2 MQ)
obtained from a Millipore Milli-Q ultrapure water system (Millipore, Bedford, MA, USA)

Buffers and solutions

Multiple buffers and solutions were used for ELISA. The coating buffer was a 50 mM car-
bonate buffer (pH 9.6); phosphate-buffered saline (PBS, pH 7.4) was composed of 138 mM
NaCl, 1.5 mM KH,PO,, 7 mM Na,HPO, and 2.7 mM KCI, and the washing solution
(PBST) consisted of PBS and 0.05% Tween 20 (v/v). The blocking buffer was 5% skim
milk in PBS (w/v), and the dilution buffer was identical to that of the blocking buffer.
The substrate diluent solution contained 24.3 ml of 100 mM citric acid and 25.7 ml of
200 mM Na,HPO, per 100 ml of water, pH 5.0. The substrate solution was prepared by
adding 0.4 g1~' OPD and 10 pl of 30% H,O, per 25 ml of above-mentioned substrate
diluent solution; 2 M H,SO, was used as a stop solution and used throughout our
study. Analyte stock solutions (1 mg ml™") were prepared in methanol.

Immunogens and coating antigen preparation

The haptens (6-[2-((methyllbenzothiazol-2-yl)-1-(2-ethoxy)-O,O-diethyl-a-aminopho-
sphonate) acetamido)] hexanoic acid, DHS) used for immunogen preparation to obtain
antibodies and the competitors in the immunoassay (coating antigens) are presented in
Figure 1. The DHS hapten was first synthesized as previously outlined (Lu, Yang, Hu,
Ding, & Shi, 2013).

Hapten-DHS was conjugated to an immunogenic carrier protein, BSA or OVA, via the
carbodiimide method (EDC) (Bai et al., 2013; Wu et al., 2011). The carboxylic acid on the
hapten was activated by EDC to produce an activated intermediate that could react
with the amine functionality of BSA or OVA to form an amide linkage. To execute this
experiment, 10 mg of Hapten (DHS) was dissolved in 2.5 ml of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, pH 7.2), and 20 mg of EDC, freshly prepared in
0.5 ml water was then added dropwise. The reaction took place at 25°C with gentle stirring
for 2 h. Then the mixture was very slowly added to the carrier protein solution (20 mg dis-
solved in 1.5 ml of PBS) and stirred slowly for 4 h at 4°C. The resulting conjugation
(hapten-DHS-BSA) and coating antigen (hapten-DHS-OVA) were dialysed against
three changes of PBS for 3 days to remove uncoupled, free hapten and EDC, and the con-
jugates were stored at —20°C until further use (Zhang et al., 2008). Scans of the hapten,
BSA (OVA) and the conjugates were obtained on a UV-VIS spectrophotometer to identify
conjugation.

PAb preparation

The pAb was generated as previously described (Sun & Zhuang, 2015; Wang et al., 2011;
Wang, Xu, Zhang, Wang, & Dong, 2011). Two female New Zealand white rabbits were
immunizedsbyssubcutaneoussinjectionsat multiple sites on their backs at 2-week intervals
over a period of 10 weeks. Initial immunization was performed by injecting 1 mg of
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DHS-BSA dissolved in 1 ml of 0.9% NaCl and emulsified with an equal volume of CFA.
The subsequent four immunizations were administered using IFA. Seven days after each
boost, a blood sample was collected from the ear vein. Antibody titre was determined by
indirect ELISA. When no further titre enhancement was observed, rabbits were euthanized
after being anaesthetized using aether. Whole blood samples were collected and left to
coagulate at 25°C for 1 h and then at 4°C overnight. This was followed by centrifugation
at 10,000 rpm for 10 min. The clear supernatant phase was carefully collected. pAb was
purified from antiserum via ammonium sulphate precipitation and divided into aliquots
and stored at —20°C until further use. Blood was drawn one week before immunization to
obtain control serum.

Establishment of the ic-ELISA method

Polystyrene 96-well microplates were coated with 100 pl per well of hapten-DHS-OVA
conjugates in coating buffer at optimized concentrations overnight at 4°C. After
washing three times with PBST, the plates were treated with blocking buffer and sealed
and stored for 2 h at 37°C. The sensitized plates were washed with PBST and patted
dry onto paper towels; then, 50 pul per well of the optimal antibody dilution (1/320,000
in dilution buffer) and 50 pl per well of a series of DFL standard concentrations (0, 0.1,
1, 10, 50, 100, 500 and 1000 ng ml~") or sample extracts were added to the well (in tripli-
cate) and incubated for 1.5 h at 37°C. The plates were washed again, and horseradish
peroxidise-labelled goat anti-rabbit IgG (1/10,000 in DFL buffer, 100 ul per well) was
added for an additional 30 min at 37°C. The plates were washed again, 100 ul per well
of OPD substrate solution was added. Colorimetric development was monitored at 37°
C and stopped after 15 min with 2 M H,SO,, and the plate was read on an ELISA plate
reader at 490 nm with a reference wavelength at 650 nm to obtain the absorbance of
each well (Francesc, Antonio, & Josep, 2011). Sigmoidal curves were mathematically
fitted to a four-parameter logistic equation and were developed by plotting the concen-
tration (Log C) versus B/B, (mean absorbance for the DFL standard divided by the
mean absorbance for the zero standards), from which a half maximal inhibitory concen-
tration (ICso) values (concentration at which binding of the antibody to the coating
antigen is inhibited by 50%) were determined (Wang et al.,, 2010).

ic-ELISA optimization

In this assay, the chequerboard method, in which several serum dilutions are titrated
against various amounts of coating antigens (hapten-DHS conjugated to OVA), was
used to select the most suitable antiserum and to approximate appropriate antigen
coating and antibody concentrations for our competition assays. When the OD,q, value
was approximately 1.0, the corresponding dilution was considered suitable for the che-
querboard assays (Josep & Antonio, 2009). This procedure was the same as for the com-
petition assays except that the addition of the pesticide standard or sample was omitted at
the competition step. Moreover, a set of experimental parameters, including ionic
strength, pH, organic solvents and blocking agents, were sequentially studied to
improvesimmunoassayysensitivitys(liang, Jin, Gui, & Zhu, 2007; Kim, Kim, Lee, & Lee,
2007). The optimized buffer condition was used in the subsequent ELISA assay. Regarding
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ionic strength, the influence of Na* concentration, in skim milk-PBS, at 0.05, 0.15, 0.5 and
1.5 mol 17! was tested. The effect of pH was evaluated using different skim milk-PBS sol-
utions ranging from pH 5.2 to 9.0. The tolerance of our ELISA assay to methanol concen-
trations (0%, 5%, 10%, 20% and 30% in skim milk-PBS) was also studied. Moreover, the
effect of blocking reagents (0.05% PBST, 0.1% BSA, 0.1% OVA, 1% gelatine and 5% skim
milk powder) was investigated.

Specificity determination

Cross-reactivity (CR) was assessed to determine antibody specificity. Five structurally
related compounds (phoxim, parathion, fenthion, fenitrothion and chlorpyrifos;
Table 2) were selected and evaluated. Standard solutions of these compounds were ana-
lysed via our ELISA procedure described earlier. CR was calculated via the following
equation (Wortberg, Kreissig, Jones, Rocke, & Hammock, 1995):

CR = [ICs0(DFL)/ICs(compound)] x 100%.

Samples pretreatment

To evaluate the accuracy and reproducibility of our developed ELISA, tobacco, tomato,
cucumber, rice, soil and water samples were selected, spiked with different concentrations
of DFL and analysed in a blinded fashion. For the spiked-and-recovery test, four solutions
(0,0.12, 1.2 and 12 pg ml™") of DFL in methanol were prepared. The tomato and cucum-
ber samples were cut into pieces and homogenized prior to test, the tomato samples were
chopped analysis, while the tobacco and rice samples were crushed into a powder. Sample
pretreatment procedures were performed as follows: 12 g of prepared sample was spiked
with 1 ml of standard solution, and then 29 ml of benzene/ethyl acetate (1:1, v/v) was
added as the extracting solvent. The resulting mixture was oscillated for 1 min with a
vortex mixer, and then 1 g of NaCl and 4 g MgSO, were added. The oscillation was con-
tinued for another 1 min. After centrifugation (10 min, 6000 rpm), 3 ml of supernatant
was transferred and evaporated at 35°C under a nitrogen stream. The dry residue was dis-
solved into 1 ml of skim milk-PBS (containing 5% methanol) and analysed via our opti-
mized ELISA protocol.

HPLC analysis

To validate the ELISA method, samples were further analysed by HPLC. The sample prep-
aration procedure involved homogenization (tomato and cucumber samples) and sonic
oscillation (soil, rice and tobacco samples) with acetone, then filtration and filtrate extrac-
tion using benzene/ethyl acetate (1:1, v/v). For the rice and tobacco samples, the organic
phase was purified by column chromatography. The spiked water samples were extracted
with methylene chloride. All mixtures were concentrated to near dryness in a vacuum
rotary evaporator at 40°C. The residues obtained were dissolved in 1 ml of methanol
and passed through a syringe philtre (0.22 um, 13 mm) for HPLC analysis.
TheyHPLCyoperationgconditionsywere as follows: analyses were performed on an
Agilent 1100 chromatography fitted with a DAD and a Kromasil C18 column, (5 pm
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particle size, 250 x 4.6 mm). The injection volume was 20 pl, the temperature of column
oven was 25°C. The chromatograph was run with a mobile phase of methanol-water
(80:20, v/v) at a flow rate of 1.0 ml min~'. DFL was determined at 270 nm.

Results and discussion
Hapten synthesis and conjugation

Hapten synthesis is a key step in the rapid development of immunoassays for ascertaining
pesticide residue levels. Generally, a suitable hapten for immunization should preserve the
structure of the target compound as much as possible. A spacer length of four to six C
atoms is considered the most suitable for this purpose (Jung, Meyer, & Hamm, 1989; Li
& Helm, 1995). DFL is a rare member of the pesticides containing P. It has a typical phos-
phonate (RO),P(=0)-group (R=ethyl), a benzo heterocyclic moiety and an o-fluorophenyl
group attached to the a-carbon (Figure 1). Based on the standard rules for hapten syn-
thesis, in the present investigation, we designed the DHS hapten bearing a reactive 6-C
atom carboxylic acid group (-OCH,CONH(CH,)sCOOH) by replacing the fluorine
atom attached to the benzene ring of DFL. This subtle change in the structure led to
high specificity in the DFL ELISA (Figure 2). Finally, the covalently coupled hapten
with the amino group in the carrier protein by the EDC forms an immunogen and
coating antigen conjugate, respectively.

Antibody production and antisera screening

The immunogen was inoculated into two New Zealand rabbits, and after each boost, the
antisera were screened against the DHS-OVA coating antigen by indirect ELISA. After the
fifth injection, the sensitivities of two antisera samples (named pAb 1 and pAb 2) were also
studied (Table 1). The final titre values of pAb 1 and pAb 2 were 1/160,000 and 1/240,000,
respectively, while the ICs, values were recorded as 133 and 128 ng ml ™", respectively. It is
apparent from Table 1 that although the titres were different, the sensitivity of the two
antisera was almost the same. In subsequent experiments, the pAb 2 antiserum was
used for ic-ELISA development to detect DFL residues.
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Figure 2. UV scanning spectrums of hapten=DHS (a), hapten—-DHS-BSA conjugate (b), BSA (c), OVA (d)
and hapten-DHS-OVA (e).
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Table 1. Summary of titres® of antisera and competitive inhibition of DFL.

Boosting
Immunogeb Rabbits no. st 2nd 3rd 4th 5th ICs0 (ng ml~")
DHS-BSA 14 1:4000 1:10000 1:40,000 1:80,000 1:160,000 133
24 1:4000 1:20000 1:80,000 1:160,000 1:240,000 128

The titre of antiserum is defined as the antiserum dilution that gave 2.1 times absorbance of the control serum.
PDHS-OVA as coating antigen for antisera immunized by DHS-BSA, 2 ug ml™" for both coating antigens, 1/10,000 dilution
for goat anti-rabbit HRP-IgG.

ic-ELISA optimization

To establish a highly sensitive and specific ELISA method, optimal assay conditions were
determined via adjusting several parameters, such as the coating antigen concentration
and dilutions of antiserum and goat anti-rabbit IgG-HRP (Watanable et al., 2002).
According to the chequerboard titration assay results, the optimized concentration of
coating antigen, hapten-DHS-OVA, was 0.625 ugml~". The pAb 2 dilution was
1:320,000, and the suitable dilution of goat anti-rabbit IgG-HRP was 1:12,000.
Sensitivity was expressed as the ICsq value. A lower ICsq value is indicative of higher
assay sensitivity. To obtain a low ICs, value, the effects of different chemical conditions,
including ionic strength, pH, organic solvent content and blocking agents, were investi-
gated. In the pAb 2/ DHS-OVA system, a lower salt concentration (<0.15 M) resulted
in a lower IC5, value, whereas a higher salt concentration (>0.5 M) in a lower R? value
of its linear equation due to lower OD values. As for the effect of blocking reagents,
PBST, BSA, OVA, gelatine and skim milk were tested to eliminate nonspecific binding.
The ICs, values of these blocking solutions were as follows: PBST (365 ng ml™"), 0.1%
BSA (119 ng ml™), 0.1% OVA (176 ng ml™), 1% gelatine (97 ng ml™) and 5% skim
milk (90 ng ml™'). We selected 5% skim milk, which was the most cost effective and

Table 2. The antibody specificity and CR.
Competitors ICs0 (ng ml ) CR (%) Structure
Dufulin 48.5 100 CHy R
w0
S o=R

HyCH,CO OCH,CH3

4
Phoxim >10 / C,HsOL u @
CoHs0 "
>104 / C,H;O. n
H 2MN5Ys
Parathion oo’ Q
>10* /
Fenthion H3CO. u GSCH
HeCO™" 8
N >10* /
Fenitrothion HACO. ” :<
3co
>10* / s
Chlorpyrifos CHOL_ ¢ \ cl
CoHsO -
cl
6-aminohexanoic acid 48x10° 1.01 NH(CH,)sCOOH

Note: / means no inhibition (CR lower than 0.5%).
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Figure 3. Optimization of parameters of ic-ELISA: (a) the influence of different contents of methanol in
PBS buffer; (b) the influence of different pH value of assay buffer; (c) Effect of ionic strength in PBS
buffer and (d) ELISA standard curve for DFL by indirect competitive assay.

had the lowest ICsq value. Gleaning from data presented in Figure 3(a), with the increase in
methanol concentration, assay sensitivity decreased, confirming that organic solvents
affect antigen-antibody interaction and inhibits DFL from binding to the antibody. Conse-
quently, the lowest ICs, was observed at 5% methanol concentration. When analytes were
dissolved in buffer pH values ranging from 5.2 to 9.0, no significant effect on the ICs, value
was detected, but, interestingly, both a strong acid and alkali matrix resulted in lower sen-
sitivity, indicating that the enzymatic reaction and the appetency reaction of the antigen and
antibody were optimal at neutral conditions. Thus, a pH value of 7.4 was selected for the
assay (as shown in Figure 3(b)). Based on the data depicted in Figure 3(c), a salt concen-
tration of 0.05 M was selected in our ic-ELISA system because the corresponding R*
value was >0.99, and the ICs, value was the lowest while the A, was close to 1.0.
Figure 3(d) shows the standard curve of DFL under optimized conditions.

Establishment of ic-ELISA for DFL residue determination

With the optimized parameters in hand, the calibration curve for DFL using ic-ELISA was
then established (Figure 3(d)). Seven concentrations of DFL (10,000, 5000, 1000, 500, 100,
10, 1, 0.1 and 0 ng ml™") were used, and the linear regression equation was B/By=-23.2
LogC +89.11, with a correlation (R?) value of 0.9952. The ICs, value of was
48.5ng ml=5-the-limit-of-detection=(IC,,) was 2.5 ng ml™', and the workable range
(IC50-ICgo) Was 2.5-952.6 ng ml ' (Hennion & Barcelo, 1998).
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Specificity

To determine the specificity of the optimized ic-ELISA, several compounds of similar
structure and raw hapten material were tested for CR. Table 2 displays the CR results.
The interference observed from the competitors was almost negligible. The highest inter-
ference was recorded for 6-aminohexanoic acid, which showed a CR of 1.01%. The low
cross-reactivity of the antibody for the spacer arm raw material indicated that the 6-C
spacer arm kept most of the characteristic structural features and preserved the antigenic
determinants of DFL. Therefore, our immunoassay for DFL was highly specific, with
minimal chances of false positives.

Analysis of spiked samples

The spiked recoveries were used to represent the accuracy of our ic-ELISA. Particularly,
DFL residues in rice, tobacco, soil, tomato, cucumber and water samples were detected
using our optimized assay and pretreatment scheme as outlined above. As indicated in
Table 3, the mean recoveries were 98.2% (89.5-105.1%), 92.1% (87.7-99.0%), 114.5%
(98.8-138.8%), 84.1% (70.7-95.1%), 99.7% (93.7-103.3%) and 85.0% (79.0-93.4%) for
the rice, soil, tobacco, tomato, cucumber and water samples, respectively. These data
could ideally meet the requirement of an analytical method for residue determination.
However, overestimated recovery data (>120%) were also found, which reduced the
reliability of the developed ELISA.

Table 3. Recoveries of spiked real samples determined by ELISA and HPLC (n = 3)°.

IC-ELISA HPLC
Sample Spiked level (ug 971) Recovery (%) RSD (%) Recovery (%) RSD (%)
Water 1.0 85.5 53 88.3 3.8
0.1 81.8 6.9 96.5 4.5
0.05 93.4 29 84.5 3.0
0.01 79.1 55 78.2 49
Soil 1.0 923 9.5 83.5 7.2
0.1 87.7 5.6 87.6 35
0.05 89.5 6.9 92.1 3.2
0.01 99.0 121 70.2 10.8
Rice 1.0 98.8 10.7 70.6 5.5
0.1 105.1 52 82.2 3.8
0.05 99.2 9.7 721 6.1
0.01 89.5 84 NDP /
Tobacco 1.0 98.8 15.8 98.5 9.7
0.1 101.3 18.6 1120 13.2
0.05 119.2 9.5 101.8 10.1
0.01 138.8 14.2 ND /
Tomato 1.0 70.7 9.6 773 10.5
0.1 81.5 54 68.5 48
0.05 89.2 8.2 723 5.9
0.01 95.1 10.0 ND /
Cucumber 1.0 102.0 1.1 75.9 83
0.1 93.5 7.2 70.1 55
0.05 103.3 13.9 77.7 9.9
0.01 99.8 94 ND /

Note: / means no value of relative standard deviation (RSD).
“Data obtained from three determinations.
PND: not detected.
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Comparison of ic-ELISA with HPLC

To confirm the accuracy of ic-ELISA, the spiked samples were also analysed by HPLC,
which was developed in our laboratory. Results are provided in Table 3. The average
recoveries of DFL by HPLC from all samples ranged from 68.5% to 112.0%, with a relative
standard deviation range of 3.0-13.2%. With regard to accuracy and precision, the recov-
ery values determined by ic-ELISA were better compared with those obtained from HPLC.
Nevertheless, selecting either ic-ELISA or HPLC would depend on the prioritized needs
and requirements for rapidness and accuracy.

Conclusions

To our knowledge, this is the first report of a highly sensitive and effective ic-ELISA that
rapidly detects DFL in agricultural and environmental samples on the basis of a specific
pAD for DFL. The sample preparation was simple, and CR with analogous compounds
and structures was negligible, indicating exceptional specificity. Our experimental ic-
ELISA data were in good agreement with data obtained via confirmatory HPLC. There-
fore, our developed method is a novel, safe, efficient and sensitive analytical tool for
routine monitoring of DFL residues in environmental and agricultural samples.
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