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Abstract: Combinations of sulfonamides (SAs) and antibacterial synergists (ASGs) are frequently
used for treating infectious diseases and promoting growth for animals, which cause potential haz-
ards to food safety and human health. To realize the simultaneous detection of SAs and ASGs in
food, a homogeneous and high-throughput screening dual-wavelength fluorescence polarization
immunoassay (DWFPIA) was developed. In this study, three SAs tracers and three ASGs tracers were
synthesized by fluoresceins with different linkers and paired with their corresponding monoclonal
antibodies (mAbs), respectively. To achieve a high sensitivity and broad specificity, the combination of
tracers SADMPM-HDF with the longest linker paring mAb 10E6 for SAs and tracer HaptenA-DSCA
paring mAb 9C9 for ASGs were chosen for the development of DWFPIA, achieving surprising IC50

values for 23 SAs below 100 µg L−1 and 5 ASGs below 50 µg L−1. The accuracy of DWFPIA was
applied in real milk samples by typical sulfamethazine (SMZ) and trimethoprim (TMP), with recov-
eries of 81.7–97.2% and 78.6–103.6%, and coefficient of variations (CVs) below 18.9%, which could
be completed within 15 min, including sample pretreatment. We firstly developed a simultaneous
screening DWFPIA, covering all of the SAs and ASGs used in clinic and providing a great application
potential in food safety analysis.

Keywords: sulfonamides; antibacterial synergists; dual-wavelength fluorescence polarization
immunoassay; homogeneous detection

1. Introduction

Sulfonamides (SAs) are a class of synthetic antibacterials and have been widely em-
ployed to treat infectious diseases in human beings and animals, and they are also used
as growth-promoting feed additives due to their advantages of having a high efficiency,
low cost, excellent stability, large yield, and adequate supply [1,2]. Antibacterial synergists
(ASGs), as the dihydrofolate-reductase inhibitor, are commonly utilized in combination
with sulfonamides for enhancing the antibacterial activity [3,4]. However, animal-derived
food may be contaminated by the residues of SAs and ASGs. In addition, the abuse, as
well as illegal and long-term sub-therapeutic level usage of SAs and ASGs may cause the
appearance of drug-resistant variants, which can cause a potential risk to human health
and the entire ecosystem [1,5–7]. Because of these potential risks, the European Union and
China enacted the maximum residue limits (MRLs) of SAs and ASGs in animal-derived
foods; the MRLs for SAs are set at 100 µg kg−1 in the muscle, liver, kidney, and fat of
food-producing animals, as well as in milk (except the MRLs for SMZ that is 25 µg kg−1

in the milk of in China) [8,9]. The MRLs for ASGs in the edible tissues of food-producing
animals were about 30–50 µg kg−1 in the European Union, China, and other regulatory
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agencies [8–10]. Therefore, it is imperative and desirable to establish a rapid, sensitive, and
selective method for the simultaneous monitoring of SAs and ASGs residues in food.

Numerous instrumental analytical methods have been utilized for the simultane-
ous detection of SAs and ASGs, such as gas chromatography and mass spectrometry,
high-performance liquid chromatography, and liquid chromatography–tandem mass spec-
trometry [11–15]. There is a high degree of accuracy and sensitivity in the instrumental
analysis methods; however, these methods require complex steps for sample preparation,
expensive instruments, and skilled technicians, which are not very appropriate for the rapid
detection of numerous samples in a short time. The potential applications of immunoas-
says, especially the enzyme-linked immunosorbent assay (ELISA), could be a solution to
these problems regarding the screening of contaminants in food due to their low cost, high
specificity, sensitivity, and without the need to rely on professional technicians. However,
most traditional solid-phase immunoassays are still time-consuming because they also need
to separate the free component from the antigen–antibody complex, and require multiple
washing and incubation steps. Simplifying the operation procedure and minimizing the
time are necessary for establishing rapid detection methods for high-throughput determi-
nation. Fluorescence polarization immunoassay (FPIA) is a homogeneous method without
multiple separations or washing steps, which allows for a high-throughput, rapid, and
quantitative analysis of the chemical contaminants within a few minutes. In the past few
years, FPIA has been developed for monitoring veterinary drugs [16,17], environmental
pollutants [18–20], pesticides [21–23], and toxins [24–26]. For more than a decade, our
group has reported many FPIA methods to detect hazardous compounds, such as aflatox-
ins, zearalenone, sulfamethazine, orbifloxacin, and amantadine. [17,25,27–29]. However, to
the best of our knowledge, no DWFPIA method has been reported for the simultaneous
detection of SAs and ASGs in foodstuffs.

Because of the lack of a signal amplification process, the sensitivity of FPIA may be
lower than ELISA [30]. To enhance the sensitivity of FPIA as much as possible, fluorescein-
labeled derivatives (tracers) were carefully designed and synthesized. Li et al. synthesized
three tracers with different linkers (2-, 4-, and 6-carbon) that were applied to test the
influence on the tracer structures. The results showed that the fluoresceinthiocarbamyl
hexamethylenediamine-labeled conjugate with the longer linker (6-carbon) had the best
sensitivity in the FPIA for detection [22]. Chun et al. also reported three tracers contain-
ing different linkers (2-, 3-, and 6-carbon), and established a FPIA for the screening of
zearalenone. These results demonstrated that the tracer that contained a 6-carbon linker
obtained the most sensitive FPIA [31]. In this work, we synthesized dual-color tracers using
different fluorescence dyes with different linker lengths and paired with specific mono-
clonal antibodies (mAbs) to perform the DWFPIA. After careful optimization, comparison,
and analysis, a highly sensitive and specific DWFPIA was developed for the simultaneous
detection of SAs and ASGs in milk.

2. Materials and Methods
2.1. Materials

Sulfamethazine (SMZ), sulfisomidine (SIM), sulfadimethoxine (SDM), sulfadoxine
(SDM’), sulfamethoxydiazine (SMD), sulfamonomethoxine (SMM), sulfalene (SLE), sul-
famethoxypyridazine (SMP), sulfaethoxypyridazine (SEP), sulfamerazine (SMR), sulfadi-
azine (SD), sulfabromomethazine (SBM), sulfachlorpyrazine (SCY), sulfachloropyridazine
(SCP), sulfaquinoxaline (SQX), sulfapyridine (SPY), sulfabenzamide (SBA), sulfamoxole
(SXL), sulfisoxazole (SIZ), sulfamethoxazole (SMX), sulfathiazole (STZ), sulfamethizole
(SMT), and sulfaphenazole (SPA) were supplied by Millipore Sigma (St. Louis, MO, USA).
Trimethoprim (TMP), diaveridine (DVD), and ormetoprim (OMP) were supplied from Dr.
Ehrenstorfer GmbH (Ausburg, Germany). Brodimoprim (BOP) was supplied by J & K
Chemical Technology (Beijing, China). Baquiloprim (BQP) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Fluorescein derivatives, including fluoresceinthiocarbamyl
ethylenediamine (EDF), fluoresceinthiocarbamyl butanediamine (BDF), and fluoresceinthio-
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carbamyl hexamethylenediamine (HDF), were synthesized in our study [17]. Disulfo-Cy5
amine (DSCA) and disulfo-Cy5 hydrazide (DSCH) were acquired from Confluore Biolog-
ical Technology Co., Ltd. (Shanxi, China). Alexa Fluor 647 cadaverine was supplied by
Thermo Fisher Scientific Inc. (Waltham, MA, USA). Haptens SADMPM and HaptenA were
previously synthesized in our laboratory.

N,N-Dimethylformamide (DMF) was supplied by Aladdin (Shanghai, China). N-
hydroxysuccinimide (NHS) and N,N′-dicyclohexylcarbodiimide (DCC) were supplied by
Sigma-Aldrich (St. Louis, MO, USA). All of the other reagents were of analytical purity
and were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Silica gel
plates for thin layer chromatography (TLC) were supplied by Merck (Darmstadt, Germany).
Low-adsorption opaque 96-well microplates were supplied by Corning (Oneonta, NY,
USA). The anti-SAs mAbs 4C7 and 4D11 were previously reported by our group [32], and
the mAb 10E6 is described elsewhere. In addition, the anti-ASGs mAbs 5C4, 9C9, 3B6,
14G1, and 1F1 were previously reported [3].

Borate buffer (BB, pH 8.0) was utilized as the diluent buffer for the DWFPIA exper-
iments. The stock standards of SMZ and TMP (10 mg mL−1) were prepared and kept
at −20 ◦C. The PerkinElmer microplate reader (EnVision2105, Waltham, MA, USA) was
employed to record the FP signal.

2.2. Synthesis and Characterization of Tracers

In this study, the hapten of SADMPM was conjugated with EDF, BDF, and HDF to
prepare the short-wavelength tracers (SAs group) for SAs detection (represented by SMZ);
the hapten of HaptenA was conjugated with DSCA, DSCH, and AF647 to prepare the
long-wavelength tracers (ASGs group) for ASGs detection (represented by TMP). All of the
tracers were synthesized with the active ester method by the condensation of the amino
group on fluorescein with the carboxyl group on SADMPM/HaptenA. Briefly, 3.5 mg of
SADMPM/HaptenA was dissolved in 300 µL of DMF and mixed with NHS (2.3 mg) and
DCC (3.3 mg), and then the mixtures were incubated for 3 h at room temperature with
stirring. After a short period of centrifugation, 2.0 mg of fluorescein was dissolved in
the supernatant and reacted overnight in the dark. To obtain the pure fluorescein tracer,
the reaction solutions were purified by TLC using a trichloromethane/methanol/acetic
acid mixture (6:1:0.07, v/v/v). The main band on TLC was collected and extracted with
methanol. All of the the target tracers were characterized by FPIA using a specific mAb.

2.3. Development and Optimization of DWFPIA
2.3.1. Protocol of the DWFPIA

For single format FPIA, 70 µL/well of a standard analyte solution, 70 µL/well of
tracer, and 70 µL/well mAb were added to the 96-well low-adsorption microplate. After
incubation for 2 min in the dark, FP values were measured at λex 480 nm and λem 535 nm
for the SAs tracers (SADMPM-EDF, SADMPM-BDF, and SADMPM-HDF) or at λex 620 nm
and λem 688 nm for the ASGs tracers (HaptenA-DSCA, HaptenA-DSCH, and HaptenA-
AF647). For DWFPIA detection, 70 µL/well standard cocktail solutions were mixed with
70 µL/well of tracer cocktail solutions in the working dilution and 70 µL/well of mAb
cocktail solutions in the working dilution. After incubation for 2 min in the dark, the
corresponding signals of the tracers were collected simultaneously.

2.3.2. Screening of Antibody-Tracer Pairs

In DWFPIA, we mainly focused on three analytical parameters to select the optimum
antibody–tracer pairs, including the half-maximal inhibitory concentration (IC50), the
detection window (δmP = mPmax −mPmin), and the titer of the mAbs. To screen the best
antibody–tracer pairs, δmP /IC50 was used as the primary parameter. The lower the IC50 of
an antibody–tracer pair, the higher the sensitivity of the DWFPIA that developed. The IC50
of DWFPIA based on the antibody–tracer pairs was assessed according to standard curves,
as described in Section 2.3.3. δmP was the difference between the observed maximum FP
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value of the tracer bound to a saturating amount of antibody (mPmax) and the observed
minimum FP value of the free tracer (mPmin). In this work, the tracer with a suitable δmP
(>80 mP) was employed for the following experiment. In addition, the binding abilities of
the tracers and mAbs were assessed. Briefly, three anti-SAs mAbs and five anti-ASGs mAbs
were performed with multiple dilutions using BB, separately, and reacted with two groups
of different wavelength tracers, as described in Section 2.3.1. According to the antibody
dilution curve, the titer of the mAbs utilized for each tracer that satisfied the δmP criterion
was calculated.

2.3.3. Competitive Standard Curves of DWFPIA

The procedure to develop the standard curves of DWFPIA for the simultaneous
detection of SMZ and TMP was follows: the standard cocktail solutions were prepared by
mixing an equal quantity of the standard of SMZ and TMP. Subsequently, the optimum
two tracers for each mAbs were added with equal volumes, and then mixed with the
two mAbs against SMZ and TMP. The other steps followed the above protocol for FPIA.
The standard curves were constructed by plotting the FP values against the concentration
of the corresponding standard SMZ and TMP; these data points were fitted with the
four-parameter logistic function using OriginPro 8.0 (OriginLab Corp., Northampton,
MA, USA).

Y = (A − D)/[1 + (X/C) B] + D (1)

where Y represents the FP value for the corresponding different concentrations of the
standard (analyte); A and D represent the asymptotic maximum and minimum of the FP
values, respectively; and B is the slope of the curve at the inflection point. C is the IC50 value
that defines the standard concentration of SMZ or TMP (analyte) at 50% tracer binding, and
X is SMZ/TMP in various concentrations. Furthermore, IC20–IC80 was calculated as the
detectable range of the DWFPIA. According to the following equation, the cross reactivity
(CR) of the DWFPIA was acquired as follows:

CR= (IC50 of SMZ or TMP)/(IC50 of analyte compound) × 100% (2)

2.3.4. Optimization of the DWFPIA

To obtain a sensitive FPIA, the effects of some physicochemical conditions on DWFPIA
were evaluated by comparing the δmP/IC50 ratios under various conditions, including pH
and organic solvents. Based on the optimal antibody–tracer pairs, pH values of 6.0, 7.0, 8.0,
and 9.0 were tested and the other parameters of the assay remain unchanged. To clarify
the effects of organic solvents on the development of DWFPIA, various concentrations of
methanol and acetonitrile were tested, that is, 0%, 2.5%, 5%, 10%, 20%, and 30% (v/v) for
methanol and 0%, 2.5%, 5%, 10%, and 20% (v/v) for acetonitrile. SMZ and TMP were used
as the reference analyte in DWFPIA optimization to construct standard curves, seperately.

2.3.5. Preparation of Milk Sample

The sample preparation was based on previous reports with minor modifications [33].
An amount of 2.5 mL of milk was mixed with an equal volume of 1.5% trichloroacetic acid
(TCA) in 10 mL polypropylene centrifuge tubes, and vortexed for 1 min to precipitate the
proteins, then the mixture was centrifuged for 5 min at 10,000× g. The supernatant was
acquired and the pH was adjusted to 8.0 through the addition of 1.0 M NaOH solution.
Finally, the supernatant was diluted a total of 10 times using the BB buffer and was
analyzed using DWFPIA. The LOD of the DWFPIA was defined as the average value
of 20 independent blank controls plus three times their standard deviation [34]. For the
recovery experiments, blank milk was spiked with different amounts of the standard,
respectively. After pretreatment, the samples were diluted and detected by DWFPIA. All of
the recovery data were analyzed in triplicate (n = 3).
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3. Results and Discussions
3.1. Preparation and Characterization of Tracers

According to previous reports, the length of the linker between the hapten and fluo-
rescein would directly affect the sensitivity of FPIA [35–39]. Generally, the linker between
the fluorescein and hapten needs to separate the antibody binding site from the fluorescein
molecule, so that the antibody can recognize the hapten of tracers through its inherent
affinity, with as little steric hindrance as possible. In the meantime, the linker between
the fluorescein and hapten can also reduce the quenching of fluorescein [40]. Therefore,
various lengths of the linkers were designed. Three SAs tracers were conjugated by hapten
SADMPM with different lengths of linker fluoresceins, EDF, BDF, and HDF, which increased
in alkane linear length from 2 to 6 once by two carbon atoms, as shown in Figure 1. Three
ASGs tracers were conjugated by haptenA with different lengths of linker fluoresceins
(HaptenA-DSCA, HaptenA-DSCH, and HaptenA-AF647) (Figure 1). The fluorescein dye of
DSCA, DSCH, and AF647 were bright red long-wavelength dye with excitation at 620 nm
and emission at 688 nm. These are commonly combined with antibodies and proteins for
cellular imaging [41–43], and have hardly any application for the detection of SAs and ASGs.
In this work, the involvement of bright red long-wavelength dye in the DWFPIA was aimed
to separate two signals in a single well, and to then obtain the goal of the simultaneous de-
tection of SAs and ASGs. The tracers were separated by TLC, the main bands with Rf = 0.63
for SADMPM-EDF, Rf = 0.87 for SADMPM-BDF, Rf = 0.86 for SADMPM-HDF, Rf = 0.72
for HaptenA-DSCA, Rf = 0.63 for HaptenA-DSCH, and Rf = 0.44 for HaptenA-AF647 were
collected (Figure S1 and Tables S1 and S2 in Supporting Information).
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Figure 1. Tracers for SAs and ASGs with varied lengths of the linker are labelled in blue. The
structures of short-wavelength tracers for SAs (left column) and long-wavelength tracers for ASGs
(right column).

The six synthesized tracers were characterized by antibody–tracer binding assays. The
FP signals of all of the tracers showed a significant increase before and after saturating, and
the amounts of corresponding antibodies were added with δmP ranging from 101 mP to
280 mP for the SAs tracers and δmP ranging from 105 mP to 176 mP for the ASGs tracers
(Figure 2). The results show that these tracers were synthesized and separated successfully.
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3.2. Optimization of Antibody-Tracer Pairs

Different antibody–tracer pairs may have a crucial impact on the sensitivity and
accuracy in the development of FPIA [29,35]. To obtain the best antibody–tracer pair, we
calculated the antibody titers of each mAb–tracer pair according to the antibody dilution
curves (Table 1 and Figure S2). In this work, the antibody titer is defined as the dilution
value when there is 50% fixed tracer binding. For all of the SAs tracers, the titers of
mAb 4C7 were too low (<1/1000), which indicated that mAb 4C7 and the SAs tracers
were unsuitable for the following study. We then evaluated other mAb–tracer pairs with
appropriate antibody titers (>1/1000; listed in Table 1) by separately constructing SMZ or
TMP standard curves. The titer, IC50, δmP, and δmP/IC50 of the standard curves for all of
the antibody–tracer pairs are summarized in Table 1. δmp/IC50 is the primary parameter
to evaluate the sensitivity of the DWFPIA for each mAb–tracer pair, and higher values of
δmp/IC50 mean a higher sensitivity for DWFPIA. As shown in Table 1, compared with
tracers SADMPM-EDF and SADMPM-BDF with a shorter linker, the longer linker tracer
SADMPM-HDF with mAb 10E6 produced the highest sensitivity, for which the IC50 and
δmp/IC50 were 5.6 ng/mL and 18.8, respectively. In addition, this trend was also observed
in ASGs tracers with mAbs, that is, the longer linker tracer HaptenA-DSCA with mAb 9C9
obtained the lowest IC50 of 1.0 ng/mL and the highest δmp/IC50 of 128.4. Thus, an increase
in the linker length of the tracer significantly improved the sensitivity of the developed
DWFPIA. Dong et al. employed a tracer containing the longest linker to minimize the
fluorescence quenching of the fluorescein molecules and to reduce the interference at the
antibody binding sites by the fluorescent tags paired with antibodies to develop the best
performing FPIA [36]. There are two studies on the simultaneous detection of analytes
using DWFPIA that have been reported [25,38]. However, the effect of linker length on
sensitivity was not mentioned or clearly discussed. Our results further indicate that the
longer linker between hapten and fluorescein was recommended to increase the sensitivity
of DWFPIA. Thus, SADMPM-HDF-mAb 10E6 and HaptenA-DSCA-mAb 9C9 were the
optimal antibody–tracer pairs and were selected to develop the DWFPIA for the detection
of SAs and ASGs. At the beginning of the work, the tracer concentration was empirically
used, which was nearly 10-fold higher than the background signal of BB. Thus, the working
concentrations of the tracers were evaluated at FIs of 5, 10, and 20-fold greater than the
FIs of the BB background, respectively. As shown in Figure S3A,B, the highest δmP/IC50
was selected when the concentrations of SADMPM-HDF and HaptenA-DSCA were 10-fold
BB. The δmP/IC50 of the DWFPIA varied over time until the competitive recognition of
the antibody, tracers, and analytes were at equilibrium. As shown in Figure S4A,B, the
δmP/IC50 of the DWFPIA reached a plateau when the incubation time was at 2 min, thus
this parameter was employed for the subsequent experiments.
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Table 1. Characteristics of each tracer–antibody pair in the BB buffer.

Tracer-mAb Pairs
Parameters

Titers IC50 (ng mL−1) δmP δmP/IC50

SADMPM-EDF-10E6 1/2110 17.6 101.9 5.8
SADMPM-BDF-10E6 1/1620 15.2 98.7 6.5
SADMPM-HDF-10E6 1/2027 5.6 105.5 18.8
SADMPM-EDF-4C7 1/649 - a - a - a

SADMPM-BDF-4C7 1/384 - a - a - a

SADMPM-HDF-4C7 1/443 - a - a - a

SADMPM-EDF-4D11 1/4381 44.2 84.1 1.9
SADMPM-BDF-4D11 1/2764 38.4 72.2 1.9
SADMPM-HDF-4D11 1/6301 36.0 71.9 2.0
HaptenA-DSCA-5C4 1/3270 1.8 117.9 65.5
HaptenA-DSCH-5C4 1/5007 2.5 102.2 40.9
HaptenA-AF647-5C4 1/4751 2.3 129.2 56.2
HaptenA-DSCA-9C9 1/3485 1.0 128.4 128.4
HaptenA-DSCH-9C9 1/4929 1.4 99.7 71.2
HaptenA-AF647-9C9 1/6160 1.1 123.9 112.6
HaptenA-DSCA-3B6 1/3879 3.0 127.8 42.6
HaptenA-DSCH-3B6 1/6491 3.8 99.9 26.3
HaptenA-AF647-3B6 1/4223 2.2 100.1 45.5

HaptenA-DSCA-14G1 1/4591 1.8 156.1 86.7
HaptenA-DSCH-14G1 1/6037 2.2 133.5 60.7
HaptenA-AF647-14G1 1/5883 1.5 150.7 100.5
HaptenA-DSCA-1F1 1/8093 3.8 150.0 39.5
HaptenA-DSCH-1F1 1/8066 5.0 121.2 24.2
HaptenA-AF647-1F1 1/12,785 3.0 153.4 51.1

a Not calculated.

3.3. Development of DWFPIA for SAs and ASGs

The detection system of DWFPIA consists of two distinct fluorescence signals; more-
over, the interference between the short-wavelength fluorescein (EDF/BDF/HDF) and the
long-wavelength fluorescein (DSCA/DSCH/AF647) could be ignored, according to our
previous studies [26,38]. Furthermore, the nonspecific binding was analyzed by comparing
the FP changes of each tracer (or the tracer cocktail) upon the addition of the free, specific,
non-specific, and cocktail mAbs at working concentrations. As shown in Figure 3A, the FP
value of the free tracer SADMPM-HDF was 67.9 mP at 480 nm/535 nm, and the FP values
had no significant difference with the addition of the non-specific mAb 9C9. Moreover, the
FP values were significantly increased when the specific mAb 10E6 and cocktail mAbs of
10E6 and 9C9 were added with FP values of 178.6 mP and 178.8 mP. The results showed
that the increased FP values of SADMPM-HDF were mainly caused by the specific mAb
10E6 and were not affected by the non-specific mAb 9C9. At 620 nm/688 nm, the binding
of the tracer HaptenA-DSCA and its corresponding antibody mAb 9C9 was not affected by
the presence of non-specific mAb 10E6, as shown in Figure 3A. Similar results were also
observed in the cocktail tracers, as shown in Figure 3B. The results indicate that the mixture
of two tracers and two antibodies did not have non-specific binding with each other.
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In DWFPIA, the change in FP values at a given λex/λem should be primarily induced
by the corresponding target analyte. Therefore, the inhibition test of DWFPIA was detected
at different λex/λem by contrasting the decrease in FP values when the analyte was added
in a single or mixed format. As shown in Figure 3C, the SMZ primarily competed with the
corresponding tracer in the cocktail solution at 480 nm/535 nm, as the shapes of the SMZ
standard curves in the single and mixed formats were nearly identical and the IC50 values
were similar (4.55 ng mL−1 and 4.67 ng mL−1). In addition, at 620 nm/688 nm, TMP mainly
inhibited the binding of HaptenA-DSCA to the corresponding mAb 9C9, as the shapes of
the TMP standard curves in the single and mixed formats were almost coincidental and
the IC50 was 1.06 ng mL−1 and 1.12 ng mL−1 (Figure 3D). The comparative results of the
binding and inhibition studies revealed that the mixture of two tracers (SADMPM-HDF
and HaptenA-DSCA) and two mAbs (10E6 and 9C9) did not appear to have non-specific
binding with each other. Thus, the tracers and mAbs mixture could be utilized to develop
DWFPIA for simultaneously detecting the residue of SMZ and TMP in food.

3.4. Optimization of the DWFPIA for SAs and ASGs

In the developed DWFPIA, fluoresceins were pH-sensitive materials, and the recog-
nition of the tracer and antibodies could be obviously changed by the pH value of the
detection system [39,44]. To obtain a high sensitivity of assays, the effect of pH on the DWF-
PIA was assessed. The analyte (SMZ/TMP), tracer, and mAb cocktails were mixed in a BB
solution with a pH of 6.0, 7.0, 8.0, and 9.0. δmP/IC50 was employed as the principal criteria
for screening of the suitable condition. As shown in Figure 4A, the highest δmP/IC50
was obtained at pH 8.0 for SMZ with δmP/IC50 of 31.3, while the highest δmP/IC50 was
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presented at pH 7.0 for TMP with δmP/IC50 of 141.9, with a slight difference in δmP/IC50
of pH 8.0 (Figure 4B). Thus, pH 8.0 was chosen as the optimal pH for the next studies.
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Organic solvents are commonly used in the pretreatment of food samples, and a
suitable concentration of organic solvents could increase the solubility of the standards
and tracers. On the other hand, excessive organic solvents may cause a denaturation of
antibodies and a lower sensitivity of assays [3,45,46]. Methanol and acetonitrile are the most
commonly used organic solvents for pretreatment, so we investigated the methanol and
acetonitrile tolerance by mixing the analyte cocktail, tracer, and mAb cocktails, diluted in
BB (pH 8.0, containing different concentration of methanol/acetonitrile). With the methanol
concentration being increased from 0 to 30%, the δmP/IC50 of the DWFPIA decreased for
the detection of SMZ and TMP (Figure 4C,D). δmP/IC50 decreased significantly at 20–30%
methanol and the IC50 rose dramatically, revealing that the final methanol concentration
of the assay system was no more than 10%. As seen in Figure 4E,F, acetonitrile had a
greater impact on the overall system, δmP/IC50 changed significantly with the acetonitrile
concentration having increased, and δmP < 80 mP for SMZ at a 10% final acetonitrile
concentration (Figure 4E). However, there was little affect with a final concentration of 10%
acetonitrile for the detection of TMP (Figure 4F), because the IC50 changed slightly from
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1.1 to 1.7 ng mL−1 and the δmPs were greater than 80 mP. The results revealed that the
sensitivity of the detection system had no significant changes when the final concentration
of acetonitrile was 5%.

3.5. Characteristics of DWFPIA and their Application in Milk

SAs and ASGs are commonly utilized in combination in the veterinary clinic, so it is
crucial that the developed DWFPIA can be used for simultaneous detection. Based on the
optimized conditions, the recognizable spectrum of DWFPIA was determined by CRs with
23 SAs and 5 ASGs. As shown in Figure 5A,B and Tables S3 and S4, the results showed
that the established DWFPIA had an excellent identification of SAs with CRs from 6.8%
to 328.6% and ASGs with CRs from 61.1% to 137.5%, demonstrating that DWFPIA could
detect at least 23 SAs and 5 ASGs as set by the European Union and China.
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The homogeneous immunoassay is susceptible to interference by the matrix effect
caused by different components present in the samples. Removing the matrix effect is
necessary to ensure the accuracy and precision of the immunoassay. Milk is a complex
system containing different fats, proteins, and sugars, which may hinder the specific
recognition between the antibody and antigen [47]. Generally, there are two methods to
eliminate the matrix effect, including solid-phase extraction (SPE) and dilution. The SPE is
time-consuming and expensive, and requires intensive labor, which makes it unsuitable for
the rapid screening method. In this study, the SMZ and TMP standard curve was prepared
in BB and compared with the standard curves prepared by the extracts after 4, 8, and 10
dilutions. The data were processed and normalized according to a previous study [48].
As shown in Figure 5C,D, the influence of the matrix on the detective performance of
the DWFPIA reduced as the dilution increased. The shape of the normalized calibration
curve in 10-times dilution of the extract was almost the same with standard curves in BB,
indicating that the matrix effects were almost eliminated by simple sample pretreatment (as
described in Section 2.3.5). The LOD for SMZ was 3.3 µg L−1, the detectable range for SMZ
was 10.7–221.9 µg L−1, while the LOD for TMP was 0.7 µg L−1 and the detectable range
for TMP was 2.2–37.7 µg L−1 (Table 2). There have been instrumental analytical methods
introduced in papers reporting on the simultaneous detection of SAs and ASGs. For
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comparison, their main results are summarized in Table S5 [11,12,49,50], in the Supporting
Information. The present DWFPIA was shown to be sensitive enough to detect these two
types of drug residues and had a much shorter assay time (2 min) than those methods,
which is a crucial characteristic for the rapid and simple detecting assay.

Table 2. Analytical characteristics of DWFPIA for the detection of SMZ and TMP, for the recoveries
and CVs of spiked blank samples (n = 3).

Analytes
Parameters (µg L−1)

LOD Detectable Range Spiked
Concentration Recovery (%) CV (%)

SMZ 3.3 10.7–221.9
20 81.7 18.9
50 97.2 12.6

100 84.5 8.0

TMP 0.7 2.2–37.7
5 78.6 13.4
20 103.6 17.1
35 90.5 7.8

Moreover, the accuracy and precision of the optimized DWFPIA were determined by
spiked milk samples, and the recoveries and coefficient of variation (CV) were evaluated.
Blank milk was spiked with a standard cocktail of SMZ (20, 50, 100 µg L−1) and TMP
(5, 20, 35 µg L−1) at three different concentrations. As shown in Table 2, the recoveries were
81.7–97.2% for SMZ and 78.6–103.6% for TMP, with the corresponding CV ranging from
8.0–18.9% and 7.8–17.1%, respectively, which demonstrated that the developed DWFPIA
had potential utility for detecting SAs and ASGs in milk samples.

4. Conclusions

In this study, we first applied the haptens of SAs and ASGs to synthesize the three SAs
tracers and three ASGs tracers with different linkers between the hapten and fluorescein,
and paired with their corresponding mAbs for the analysis of DWFPIA. The results showed
that the SADMPM-HDF and HaptenA-DSCA tracers containing the longer linker were
perfect when paired with corresponding mAb 10E6 and 9C9 for the development of the
DWFPIA, respectively. Moreover, we tested the potential nonspecific binding between the
optimal tracer–mAb pairs of SAs and ASGs. The results demonstrated that there was no
nonspecific binding between each other, which was the foundation for the development
of the DWFPIA. Subsequently, DWFPIA was developed for screening SAs and ASGs
simultaneously, and the LOD, dynamic range, and specificity were evaluated. Finally, the
accuracy and precision of the DWFPIA in the milk was tested by recovery assays.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12111053/s1. Figure S1: The TLC purification of the tracers. The
target band is enclosed in a red box. Figure S2: Antibody dilution curves of tracers (n = 3). (A) mAb
10E6 with SADMPM-EDF, SADMPM-BDF, and SADMPM-HDF. (B) mAb 4C7 with SADMPM-EDF,
SADMPM-BDF, and SADMPM-HDF. (C) mAb 4D11 with SADMPM-EDF, SADMPM-BDF, and
SADMPM-HDF. (D) mAb 5C4 with HaptenA-DSCA, HaptenA-DSCH, and HaptenA-AF647. (E) mAb
9C9 with HaptenA-DSCA, HaptenA-DSCH, and HaptenA-AF647. (F) mAb 3B6 with HaptenA-
DSCA, HaptenA-DSCH, and HaptenA-AF647. (G) mAb 14G1 with HaptenA-DSCA, HaptenA-DSCH,
and HaptenA-AF647. (H) mAb 1F1 with HaptenA-DSCA, HaptenA-DSCH, and HaptenA-AF647.
Table S1: Rf values of the short-wavelength tracers of SAs. Table S2: Rf values the long-wavelength
tracers of ASGs. Table S3: The IC50 values and CRs in DWFPIA of SAs. Table S4: The IC50 values and
CRs in DWFPIA of ASGs. Table S5: Comparisons with reported simultaneous analytical methods for
SAs and ASGs.

https://www.mdpi.com/article/10.3390/bios12111053/s1
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