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Abstract

In this study, two novel haptens of oxamichydrazide (OXZ), the metabolite of nifuraldezone, were designed and syn-
thesized by derivatization with ethyl-4-bromobutanoate and ethyl-2-bromoacetate for the first time. The rationality of
the haptens was enlightened by conformational alignment and electronic evaluations based on computional chem-
istry. The synthesized haptens were efficient in generating antibody response to OXZ. A monoclonal antibody (mAb)
named 2D9 with high affinity was obtained and used to establish an indirect competitive enzyme-linked immuno-
sorbent assay (icELISA) for the direct determination of OXZ in chicken samples without the need for derivatization
step. Under optimum conditions, the developed icELISA showed an ICs, value of 0.66 ng mL™", and limit of detection
of 0.11 ug kg™ in chicken. The average recoveries were found to be 80.4-91.3% with a coefficient of variation less
than 9.0%. In conclusion, we have successfully desigened haptens, prepared mAbs and developed an immunoassay
for the direct determination of OXZ in chicken samples without the need for a derivatization step for the first time.
This provides a potentially rapid, accurate, and sensitive screening tool for nifuraldezone residue in animal-derived
food.
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Introduction

Nitrofurans belong to a group of synthetic broad-spec-
trum antibacterial agents, all of which contain a 5-nitro-
furan ring [1]. Due to their high effectiveness, easy
accessibility, and relatively cheap production, nitrofurans
became popular all over the world as veterinary drugs and
were frequently used to treat gastrointestinal, and derma-
tological salmonellosis infections in poultry, cattle, swine,
and fish [2]. However, due to their carcinogenic and
mutagenic effects on human health, the European Union
restricted the use of nitrofurans in food-producing ani-
mals by Commission Regulation No 1442/95 [3]. Later,
another Commission Decision (2003/181/EC) was issued
with the minimum required performance limits (MRPLs)
for nitrofurans of 1.0 ug kg~! in aquaculture products
and poultry meat [4]. Recently, the Commission Decision
2019/1871 established Reference Point for Action (RPA)
for nitrofuran metabolites at 0.5 pg kg~! and applied
from 28 November 2022 [5]. This requires the develop-
ment of more sensitive analytical method for the detect-
ing of nitrofurans residues. It has been discovered that
parent nitrofurans have a short half-life in vivo and could
not be identified in tissue or blood following slaugh-
ter [6—8]. Further research confirmed that nitrofurans
metabolize quickly, but their metabolites bind to tissue
proteins stably, persisting in animal tissues following the
withdrawal of treatment [9, 10]. Therefore, the metabo-
lites of nitrofurans are generally utilized as markers for
nitrofurans residues in foods.

It was previously thought that direct detection of these
metabolites was impractical due to their small size, and
thus, derivatization of these metabolites with deriva-
tive reagents such as 2-nitrobenzaldehyde (2-NBA)
was compulsory to make larger nitrophenyl (NP) deriv-
atives earlier to the determination, enabling efficient
results in both antibody-based assays [11-13] such as
enzyme-linked immunosorbent assay (ELISA), lateral
flow immunoassay, and instrument-based methods [9,
14, 15] like high-performance liquid chromatography-
tandem mass spectrometry (HPLC-MS/MS) [16]. How-
ever, derivatization was often accompanied by time waste
and complex operations. Actually, direct detection of
the metabolite from food samples without derivatiza-
tion can be achieved if the high-affinity antibodies to
metabolites are obtained. To our best knowledge, few
reports have surfaced on the successful development of
specific antibodies and corresponding immunoassays for
directly detecting nitrofuran metabolites [17, 18].

Nifuraldezone (NAZ) is a member of nitrofuran drugs,
probably used to treat diseases or as a growth promoter
in poultry and aquaculture. Due to serious threats
to human health, most countries worldwide, includ-
ing the EU, China and the USA have banned the use of
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nitrofurans in all food-producing animals [3, 19, 20].
However, they are still illegally prepared and issued for
practice in many countries worldwide, particularly in
developing countries due to cost-effectiveness [21]. To
safeguard food safety and human health, it is essential
to establish easy, high-throughput screening methods
for the direct detection of NAZ metabolites, considering
time costs, oxamichydrazide (OXZ) [22, 23] in animal-
origin foods [16, 24]. To date, neither instrument-based
nor antibody-based analytical techniques have been
established to detect OXZ. Immunoassays are recom-
mended as the first-rate choice in the rapid screening of
drug residues in food samples due to advantages such as
user-friendly manipulation, high sensitivity and specific-
ity. For immunoassay development, the antibody plays a
critical role in the sensitivity and specificity of methods.
Hapten rational design has been regarded as the most
important factor in the generation of desired antibodies
in terms of affinity and specificity. To obtain one required
antibody to target analytes, the hapten should be ration-
ally designed to mimic the target to a great extent. In
this study, one new approach is brought forward in
designing and synthesizing two novel haptens of OXZ
with different derivative reagents as spacer arms to get
desired outcomes. The rationality of these novel haptens
was evaluated by computational chemistry. Followed by
antigen preparation and immunization, highly-affinity
monoclonal antibodies (mAbs) were achieved. These
mAbs were then used to develop icELISA to detect OXZ
directly in chicken tissues.

Results and discussions

Hapten design, synthesis and conjugates preparation

The objective of the current study was to prepare high-
affinity mAbs to OXZ, with the expectation of developing
an immunoassay without the need for derivatization. The
significance of hapten design for small molecules can-
not be undervalued, as it plays a vital role in the result-
ing antibody’s affinity and specificity. One of the optimal
criteria for hapten design is that it should mimic the tar-
get analyte as much as possible in relation to size, steric
conformation, electronic properties, and hydrophobic-
ity [25]. Due to their much smaller molecular size than
proteins, the OXZ epitope, containing the amino active
group, is easily shielded when coupled directly with the
carrier protein. This ultimately fails to stimulate an OXZ-
specific antibody response. Therefore, a derivative agent
should be introduced as a spacer arm to support the
epitope away from the protein at a proper distance and
maximize the exposure of OXZ to the immune system.
Generally, immunogenicity is positively correlated with
molecular size and structural complexity. In the case
of OXZ haptens, it is easily conceivable that the linear
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aliphatic chain-contained spacer arms have a limited
increase in antigenicity because of their small and sim-
ple structure; On the other hand, the spacer arms con-
taining a more complex and rigid benzene ring may be
beneficial in stimulating a strong immune response.
However, a complex spacer arm of a hapten may induce
a non-specific antibody response and result in a low-
affinity antibody to the target analyte. Considering that
2-NBA is frequently used in the pretreatment of OXZ
to form NPOXZ, two OXZ haptens were designed with
rigid benzene ring-contained spacer arms, as shown in
Scheme 1. The structures of these OXZ haptens in the
current study are expected to provoke a high-affinity
and specific antibody response. Specially, to obtain high-
affinity antibodies to OXZ, not just NPOXZ, the two
haptens were decorated with different lengths of fatty
chains and rigid benzene ending with a carboxyl group.
Previous research has shown that haptens containing
spacer arms of four to six carbon lengths were prone to
yielding high-performance antibodies due to their abil-
ity to appropriately sustain epitopes [26, 27]. As can be
seen in Scheme 1, Hapten B has a shorter carbon chain
than Hapten A, making insignificant non-OXZ structures
less exposed in Hapten B than in Hapten A under the
shielding action from proteins. Moreover, haptens with a
longer chain than Hapten A are possibly inclined to bend
[28], thus exposing non-OXZ structures more easily.
Since, both haptens provide a high possibility of inducing
an antibody response to OXZ, the rationality and feasi-
bility of the designed haptens were further evaluated in
conformational and electronic studies by computational
chemistry.

Based on the calculated lowest energy conformation,
OXZ, Hapten A, and B were aligned. The alignments in
Fig. 1A indicated that the OXZ moiety of haptens over-
lapped well with the target molecule OXZ, demonstrat-
ing that the insertion of spacer arms at the N29 position
barely influenced the conformational OXZ feature of
the haptens. In addition to steric conformation, the elec-
tronic property is another critical factor in the antigenic-
ity of a hapten. The Mulliken charges on each heavy atom
of OXZ and the haptens were calculated, extracted, and
compared in Fig. 1B. It is easy to observe that OXZ and
haptens had high similarity in atom charges at the N31/
C33/C35/036 position, with a difference less than 0.1
a.u. Although the introduced spacer arms resulted in the
variation of atomic charges distribution at N29/N30/034
position of OXZ moiety without exceeding 0.2 a.u,, it can
be suggested that the difference may have limited influ-
ence on the recognition of antibody and analyte. These
results showed the two designed haptens well mimicked
the target OXZ in conformational and electronic char-
acters, determining that the designed haptens of the

Page 3 of 12

current study could be synthesized and employed to pro-
duce antibodies to OXZ.

The two haptens were synthesized according to
Scheme 1. Hapten A used ethyl 4-bromobutanoate,
while Hapten B used ethyl-2-bromoacetate as spacer
arms. In addition, the derivative of NPOXZ was synthe-
sized using 2-NBA. Structural characterizations of hap-
tens and NPOXZ were carried out using mass spectrum
and NMR analysis, as shown in Figure S1 and S2 of the
Supporting Information. Activation of the haptens with
NHS and DCC was followed by successful conjugation
to carrier proteins, and the resulting conjugates to car-
rier proteins showed an apparent shift in the highest peak
position compared to the control protein, as shown in
Figure S3. The molar coupling ratios of haptens to BSA
were calculated to be 7.98:1 (Hapten A-BSA) and 7.05:1
(Hapten B-BSA), respectively.

Antiserum Analysis and mAb Generation

The two hapten—KLH conjugates were used to inoculate
a group of five mice individually three times at three-
week intervals. After the third immunization, antisera
were collected and their antibody titers and ICg, val-
ues for OXZ and NPOXZ were determined based on
both homologous and heterologous ELISA, respectively.
The lower ICy, values and higher antibody titers sug-
gest a stronger specific immune response to target ana-
lytes. The parameters of mice antisera were detailed in
Table 1, indicating that all mice receiving two immuno-
gens showed significant specific antibody response with
antibody titers all exceeding 10,000. Further validation
was provided that the Hapten B with a shorter spacer
arm enhanced antigenicity and thus showed slightly bet-
ter antibody titers on both homologous and heterologous
icELISA, respectively. In the field of immunoassay for
small molecules, the IC;, value is a more critical param-
eter that deserves our attention. The results in Table 1
revealed that all antisera showed obvious recognition
with OXZ and NPOXZ. Specifically, all antisera recog-
nized NPOXZ better with lower ICs, values than OXZ,
which was possibly due to the influence of the nitroben-
zene group in the haptens. It is worth noting that the
ICy, values from heterologous icELISA were all lower
than those from homologous icELISA, whether anti-
sera were from the Hapten A or Hapten B. Specifically,
the antisera obtained from Hapten A-KLH offered ICj,
values ranging from 88.1-211.4 ng mL™! for OXZ with
average values of 149.2 ng mL~! and 47.6-96.6 ng mL ™"
for NPOXZ with average values of 74.64 ng mL™" based
on heterologous antigen Hapten B-BSA. Likewise, anti-
sera from Hapten B-KLH exhibited IC;, values ranging
from 28.1-156.2 ng mL ™! for OXZ with average values of
93.22 ng mL~! and 12.4-68.3 ng mL™" for NPOXZ with
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Fig. 1 Computational chemistry results, (A) the alignment of Hapten A, Hapten B, OXZ, NPOXZ and NAZ. (B) calculated partial atomic charges of
Hapten A, Hapten B and OXZ. (C) ESP of Hapten A, Hapten B, NPOXZ, OXZ and NAZ. The positive ESP sections are specified in blue, and the negative

sections in red

average values of 44.78 ng mL~! based on heterologous
assays. As expected, the average values of antibody titers
and the IC;, from Hapten B-KLH were superior to those
from Hapten A-KLH under heterologous pairs, imply-
ing that the ethyl-2-bromoacetate used as a derivative
reagent was more suitable for OXZ hapten design owing
probably to the better stability and less spacer binding
effects of the shorter-chain haptens. Especially, the anti-
sera from Hapten B-2#, when paired with Hapten A-BSA
as the coating antigen, yielded the best IC;, values of 28.1
and 12.4 ng mL~"! for OXZ and NPOXZ, respectively.
The best mouse from each hapten was sacrificed
for mAbs preparation, i.e. mouse No. 2# from Hapten
B and No. 5# from Hapten A. Finally, a total of two

hybridomas, named 2D9 and 2B6, were obtained. These
mAbs were prepared as ascetic fluids without further
purification and characterized. After optimization of
concentrations using the checkerboard method, it can
be observed in Table 1 and S1 the optimum dilutions of
both mAbs were 1/81000 and improved by more than
3 times in comparison with the corresponding anti-
sera when furnishing OD_ . between 1.5 and 2.0 at the
identical coating antigen, while the IC;, of the ascites
improved by more than 40 times. Particularly, the out-
standingly low IC;, values offered by the 2D9 could
meet the high detectability levels required for OXZ
monitoring. Thus, mAb 2D9 and coating antigen Hap-
ten A-BSA were paired for subsequent experiments.
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Table 1 Characterization of mice antisera and mAbs with homologous and heterologous coating antigens

Haptens/Mice# Coating antigen Hapten A-BSA? Coating antigen Hapten B-BSA
Antibody titers IC5o for OXZ (ng  IC5, for NPOXZ Antibody titers IC5, for OXZ (ng  IC;, for
mL™T) (ngmL™") mL™) NPOXZ (ng
mL™")
Hapten-A-1# 1/15000 3755 1332 1/10000 1212 89.3
Hapten-A-2# 1/15000 256.3 1435 1/12000 189.7 96.6
Hapten-A-3# 1/14000 461.5 122.7 1/14000 2114 712
Hapten-A-4# 1/13000 3539 126.1 1/10000 1352 685
Hapten-A-5#° 1/18000 519.1 189.3 1/16000 88.1 47.6
Average values® 1/15000 393.26 142.96 1/12400 149.12 74.64
mAb 2B6 1/81000 1.89 1.46 1/81000 142 0.95
Hapten-B-1# 1/20000 50.5 313 1/11000 2783 1489
Hapten-B-2# 1/27000 28.1 124 1/20000 1583 112.6
Hapten-B-3# 1/20000 98.2 68.3 1/19000 198.6 1258
Hapten-B-4# 1/20000 156.2 65.6 1/15000 176.5 1232
Hapten-B-5# 1/20000 1331 46.3 1/15000 146.4 126.1
Average values 1/21400 9322 44.78 1/16000 191.62 12732
mAb 2D9 1/81000 0.66 0.21 1/81000 098 0.61

2 The concentration of Hapten A-BSA and Hapten B-BSA for antisera evaluation was 0.74 and 0.62 mg L™, and the concentration for mAbs evaluation was 0.5 and
0.44 mg L™, respectively

b The mice with the highest affinity in each group were bold
© Average values of the antisera characterization parameters in each group

Establishment and Optimization of icELISA for OXZ better icELISA performances, including the incubation
Antigen—antibody reactions are susceptible to some procedure (4°C for 24 h, 25°C for 1 h, 37°C for 30 min)
physicochemical parameters, which in turn compro- in the competition step, pH values (5.5, 6.0, 7.0, 7.4,
mises the performance of icELISA [29]. Accordingly, and 8.0 of PBS), and ionic strength (0.0, 0.1, 0.5 and
some parameters were optimized in this study for 1.0 mol L™! of NaCl concentrations in PBS). In this
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Fig. 2 The influence of (A) Temperature (°C), (B) pH, and (C) ionic strength concentrations on the performance of icELISA for OXZ (n=3). (D) The
icELISA standard curves for OXZ and NPOXZ using the Hapten A-BSA as coating antigen based on mAb 2D9. (E) The icELISA calibration curves for
evaluation of the chicken extract matrix effect to OXZ determination (n=3)
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Table 2 Cross Reactivity (CR) of mAb 2D9-based icELISA against various nitrofuran drugs and metabolite derivatives

Compounds Structure CR (%) ICso (ng mL™)
Oy
OXZ HzNJﬁfN‘NHz 100 0.66
o)
NPOXZ HzNJﬁ( ‘N4\/© 314.28 0.21
° onN
TR
NAZ HZNHNNAE)),NOZ 9.55 6.91
o /
HN\(O o
CPAHD O:K/N\NAQALOH <0.06 1000
0
O\( ')
CPAOZ Q/N\NAQ)%H <0.06 >1000
0
Q Oj//o O+_OH
CPAMOZ f <0.06 >1000
NZ
Nitrovin <0.06 >1000
<0.06 >1000

HO
. . H
Nifuroxazide \©\WN\N ~_-0
\ / N02
0
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Table 3 Recovery and coefficient of variation (CV) of the icELISA for OXZ in chicken samples (n =5)?
Matrix spiked (ug kg™") found (ugkg™") recoveries (%) intra-assay CVP inter-assay CV LOD (ugkg™")
(%) (%)
Chicken 0.5 042 84.5 86 89 0.11
1.0 091 913 84 8.1
25 201 804 88 8.2

? The value represents the average of five replicates
b CVis defined as the ratio of standard deviation to average
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Scheme 1 OXZ haptens and NPOXZ synthetic routes

icELISA, the ability of mAb to react with coating anti-
gens (represented by A ) and the OXZ to compete
with antigens for mAb (represented by IC,;) were used
to accurately quantify these effects [30]. The highest
A, .« and lowest IC;, value, showed higher sensitiv-
ity of the icELISA. It can be observed in Fig. 24, the
A . varied with temperature and achieved the highest
value at 37°C, while, the A, ,, reached the maximum at
pH 7.4 with the lowest IC;, value as revealed in Fig. 2B.
Furthermore, the A, declined more slowly in acidic
than in alkaline conditions, suggesting that the mAb
2D9 was relatively more resistant to acids. In Fig. 2C,
the optimum concentration of NaCl was recognized
with 0.1 mol L~! Following the adoption of opti-
mum conditions, i.e., 37°C for 30 min and PBS buffer
at pH 7.4 with NaCl concentration of 0.1 mol L7}
the standard curve of the icELISA for OXZ/NPOXZ
was established as in Fig. 2D. The IC;, values of the
developed ELISA for OXZ and NPOXZ were 0.66 and
0.21 ng mL~}, respectively.

The specificity of the icELISA was assessed by sub-
stituting seven analogues, including nitrofurans (NAZ,
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nitrovin, and nifuroxazide), and metabolite derivatives
of nitrofurans (NPOXZ, CPAHD, CPAOZ, CPAMOZ).
As shown in Table 2, the high CR for NPOXZ was
expected, with a value of 314.28%, indicating the feasibil-
ity of simultaneous detection of OXZ and NPOXZ, while
the low CR for the NAZ parent drug was 9.55%. The CRs
for the other analogues were all below 0.06% due to their
totally different structures. The significant difference in
the ability of mAb 2D9 to recognize OXZ, NPOXZ, and
NAZ drew our attention. However, two-dimensional
structure analysis could not decipher the recognition
profiles of mAb. Therefore, we further investigated the
possible recognition mechanism of mAb from conforma-
tional and electronic aspects. As noted in Table 2, mAb
2D9 had the highest affinity to NPOXZ with an ICy; of
0.21 ng mL™L. This can be explained by the best overlay
resemblance of NPOXZ to Hapten B (Fig. 1A). When
Hapten B-KLH (composed of NPOXZ, acetic acid, and
protein) was used as the immunogen, it was speculated
that the NPOXZ moiety served as the epitope to elicit
antibodies, while the acetic acid served simply as the
linker between NPOXZ and proteins. Therefore, the
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resulting mAb 2D9 displayed the best recognition ability
towards NPOXZ with the lowest IC;, values. Further, a
comprehensive explanation of the CR difference was pro-
vided in the ESP analysis. The ESP displays the potential
energy of a proton placed near a molecule. Blue areas
represent repulsive potential energy, while red areas
represent attractive potential energy for a proton on the
molecule. The ESP of OXZ, NPOXZ, and NAZ were
calculated and visualized in Fig. 1C. Point A (N29 posi-
tion) of NPOXZ possessed reasonable electronegativity.
However, in the absence of the 1-methyl-2-nitrobenzene
moiety, the strong positive electricity displayed at Point
B (N29 position) of OXZ resulted in a threefold poorer
recognition ability of mAb 2D9-OXZ. Compared with
NPOXZ, NAZ contained the furan ring as an alternative
to the benzene ring, and it came with stronger electron-
egativity at the corresponding Point C of NAZ and dissat-
isfactory conformation matching due to the introduction
of an oxygen atom, resulting in a surprisingly 30-fold
decrease in the recognition ability of mAb 2D9-NAZ
than NPOXZ.

Matrix Effects and Recovery

The matrix effect of food samples may hinder the
accurate quantification of the targeted analyte. In
order to increase the enrichment of targets and reduce
the matrix effect, pretreatment and clean-up are com-
monly required. In this study, sample extracts was
collected following the pretreatment procedure of
solvent extraction with ethyl acetate and degreas-
ing. To evaluate the matrix effect, the standard curve
of icELISA in PBS for OXZ was compared with that
in the extract from chicken samples. Figure 2E shows
that the matrix effect of chicken after pretreatment
procedure had negligible interference with the perfor-
mance of the icELISA, indicating that the pretreatment
procedure was acceptable. The developed icELISA
for OXZ exhibited the LOD and detection range of
0.11 pg kg™ and 0.26-3.44 pg kg™ ' in chicken. It is
noteworthy that the developed icELISA with low LOD
of OXZ was sensitive enough to directly detect OXZ
in chicken without burdensome derivatization and
provided superior or comparable sensitivity compared
to reported immunoassays for the direct detection of
other nitrofuran metabolites [17, 18]. To assess the
accuracy of the developed icELISA, a recovery study
for OXZ from negative chicken at three spiked concen-
trations (0.5, 1.0, and 2.5 pg kg™!) was conducted. The
mean recovery values were in the range of 80.4-91.3%,
with the coefficient of variation (CV) values lower than
8.9% (Table 3). These findings indicated that the pro-
posed mAb 2D9-based icELISA, with high sensitivity,
specificity, accuracy, and precision, is ideally suited as
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a screening method for OXZ directly from chicken tis-
sues without the need for a derivatization step.

In summary, two new OXZ haptens were designed,
synthesized and validated using computational chemistry
and animal immunization. Results indicate that the mAbs
to OXZ were prepared for the first time with an ICj,
value of 0.66 ng mL~'. Furthermore, mAb 2D9-based
icELISA was established and proved to be highly sensi-
tive in detecting OXZ without extra derivatization, with
a LOD of 0.11 pg kg™! in chicken, meeting the residue
control requirement for OXZ.

Supporting information

The supporting information, including the buffer solu-
tions, the structures and mass spectra and 'HNMR
spectra of haptens and NPOXZ, the figures of MALDI-
TOF-MS analysis of carrier protein and the conju-
gates, and the parameters of the two mAbs derived
from Hapten A and Hapten B pairing with Hapten
A-BSA, Hapten B-BSA, as coating antigen for sensitiv-
ity evaluation, can be found in Supporting information
section.

Materials and methods

Materials and reagents

NAZ was obtained from Witega laboratorien Berlin-
Adlershof GmbH (Berlin, Germany). Oxamichydrazide,
5-hydroxy-2-nitrobenzaldehyde (NP), ethyl 4-bro-
mobutanoate and ethyl 2-bromoacetate were obtained
from TCI (Shanghai, China). Bovine serum albumin
(BSA), Keyhole limpet hemocyanin (KLH), Freund’s
complete and incomplete adjuvant, hypoxanthine
aminopterin thymidine (HAT), hypoxanthine thymi-
dine (HT), poly ethylene glycol (PEG) 1500, and fetal
bovine serum (FBS) were acquired from Sigma-Aldrich
(St. Louis, MO, USA). N, N-dicyclohexylcarbodiim-
ide (DCC), 3,3,5,5-Tetramethylbenzidine (TMB) and
N-hydroxysuccinimide (NHS), were provided by Alad-
din Reagent (Shanghai, China). Horseradish peroxidase
(HRP) conjugated goat anti-mouse IgG antibody was
procured from Jackson Immuno Research Laboratories
(West Grove, PA, USA). Commonly used reagents, such
as sodium chloride (NaCl), and dimethylformamide
(DMF) were purchased from Sinopharm Chemical Rea-
gent (Beijing, China), all in analytical grade. Polystyrene
96-well and cell culture plates were provided by Corn-
ing Life Sciences (New York, USA). Eight to twelve-
week-old female BALB/c mice were provided by Vital
River Laboratory Animal Technology (Beijing, China).
All the animal experiments were performed in compli-
ance with the guidance of the Animal Ethics Commit-
tee of China Agricultural University (Aw32602202-2-2).
Buffer solutions used in this study, including coating
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buffer, washing buffer, blocking buffer, antibody dilu-
tion buffer, substrate solution and stop buffer solutions
are mentioned in the Supporting Information.

Haptens synthesis and characterization

Two haptens were designed, and the synthetic routes
are described in Scheme 1. Nitrophenyl derivatived
OXZ (NPOXZ) was also synthesized for specificity
characterization of antibodies. The chemical structures
of the obtained haptens and NPOXZ were confirmed
by mass spectrometry (Agilent Technologies, CA,
USA) and nuclear magnetic resonance (NMR) DRX
(Bruker, Rheinstetten, Germany), with the identified
data presented in Figure S1 and S2 of the Supporting
Information.

Hapten A was synthesized as follows: 5-hydroxy-2-ni-
trobenzaldehyde (compound 1) and ethyl 4-bromobu-
tanoate at 1.0 mmol each and potassium carbonate at
2.0 mmol were mixed and acetonitrile was employed as
the solvent. A small amount of potassium iodide was
added as the catalyst and the mixtures were refluxed for
reaction overnight at room temperature as shown in Step
1. Then the acetonitrile was removed by evaporation and
precipitates were treated with distilled water. The result-
ing mixtures were extracted with ethyl acetate three times
and combined, then washed, dried, and spin-dried to get
compound 2 as shown in Scheme 1 (yield, 60%). In Step
2, 1.0 mmol of the attained compound 2 in methanol was
reacted with 3.0 mmol sodium hydrate solution at 30°C
for 2 h. Hydrochloric acid (6 M) was added to adjust the
pH value into an acidic state where the mixture solution
was precipitated, and finally get yellow powder product
(compound 3, yield, 80%) by suction filtration and dry-
ing under vacuum conditions. Followed by, compound
3 and OXZ at 1.0 mmol each were dissolved in ethanol
to be refluxed under vigorous stirring for 3 h in Step 3.
The mixtures were cooled at room temperature, and then
obtained mixtures were cleaned and dried to acquire the
yellowish powder (Hapten A, yield, 90%). HRMS (m/z)
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in Step 1. HRMS (m/z) calc. for C;;H;,N,O,, 310.05,
found 311.11 [M+H]™; 'H NMR (400 MHz, DMSO-d6)
8 12.49 (s, 1H, NH), 9.02 (s, 1H, CHO), 8.29 (s, 1H, NH,),
8.10 (d, J=9.1 Hz, 1H, ArH), 7.96 (s, 1H, NH,), 7.37 (d,
J=2.6 Hz, 1H, ArH), 7.18 (d, ]=9.1, 2.6 Hz, 1H, ArH),
4.88 (s, 2H, CH,).

NPOXZ. The o-nitrophenyl formaldehyde (compound
6) and OXZ at 1.0 mmol each were added in anhydrous
ethanol, after which the solution was allowed to react for
2 h and the mixture was cooled at room temperature. The
filtrates underwent vacuum drying and yellowish powder
(NPOXZ, yield, 90%) was obtained. HRMS (m/z) calc.
for C4HgN,O,, 236.05, found 237.06 [M +H]"; '"H NMR
(400 MHz, DMSO-d6): § 12.47 (s, 1H, NH), 8.95 (s, 1H,
CHO), 8.30 (s, 1H, NH,), 8.05 (d, J=8.2 Hz, 1H, ArH),
8.02 (d, J=7.9 Hz, 1H, ArH), 7.96 (s, 1H, NH,), 7.79 (t,
J=7.6 Hz, 1H, ArH), 7.67 (t, ] =7.8 Hz, 1H, ArH).

Synthesis of immunogens and coating antigens

Two haptens were conjugated to KLH and BSA using
the active ester method according to previous work with
some modifications [31]. In the first step, each hapten
(0.1 mmol), NHS (0.15 mmol) and DCC (0.1 mmol) were
mixed and dissolved in 0.5 mL DMF. The resulting mix-
ture was gently stirred at 4°C for 5 h to activate the car-
boxylic acid. The reacted solution was then separated into
two portions and added drop-wise to separate solutions
of BSA (20 mg BSA in 9.5 mL of PBS) and KLH (20 mg
KLH in 9.5 mL PBS), respectively. The resultant solutions
were left on a stirrer overnight, and the conjugate solu-
tions were collected after dialysis in PBS for 48 h at 4°C.
The BSA conjugates were evaluated using matrix-assisted
laser desorption ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS) (Bruker, Rheinstetten, Ger-
many) . The molar coupling ratios were calculated using
Eq. 1. The hapten-KLH conjugates were used as immu-
nogens and stored at -70°C, while hapten-BSA conjugates
were stored at -20°C before use as coating antigens.

Molar coupling ratio = (MW conjugate — MW psa)/MW hapten 1)

calc. for C,3H;,N,O-, 338.09, found 339.09 [M+H]*t5H
NMR (400 MHz, DMSO-d6) 6 12.49 (s, 1H, NH), 9.03
(s, 1H, CHO), 8.28 (s, 1H, NH,), 8.11 (d, J=9.1 Hz, 1H,
ArH), 7.96 (s, 1H, NH,), 7.36 (d, J]=2.5 Hz, 1H, ArH),
7.19 (d, J=9.1, 2.5 Hz, 1H, ArH), 4.14 (t, ]=6.3 Hz, 2H,
CH,), 2.38 (t, J=7.2 Hz, 2H, CH,), 2.03 — 1.87 (m, 2H,
CH,).

Hapten B. The synthesis process of Hapten B was simi-
lar to that of Hapten A as revealed in Scheme 1. In short,
Hapten B (yield, 90%) was synthesized by ethyl 2-bro-
moacetate instead of ethyl 4-bromobutanoate as shown

Conformational and electronic analysis of haptens

and analytes

To investigate the rationality of the hapten design, three-
dimensional structures of haptens, NPOXZ, OXZ and
NAZ were generated using GaussView 5.0 software
(Gaussian, Wallingford, CT, USA). The haptens and ana-
lytes were then optimized using calculations based on
MO06-2X density functional theory with the TZVP basis
set in the Gaussian 09 package (Gaussian, Wallingford,
CT, USA), and atom charges were extracted directly
from the Gaussian output files. Molecular electrostatic
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potential surfaces (ESP) were analyzed using the Gauss-
ian 09 and GaussView 5.0 packages. Molecule alignment
under the lowest-energy conformation was achieved
in Discovery Studio 2019 (Accelrys Software, Inc., San
Diego, CA, USA).

Production of mAbs

Ten female BALB/c mice (8 weeks old) were divided
into two separate groups and subcutaneously immu-
nized with either Hapten A-KLH or Hapten B-KLH.
For the first immunization, 100 pg of the immunogens
in 0.9% NaCl were emulsified with Freund’s complete
adjuvant (FCA) in equal volume, to form water-in-oil.
Booster immunizations were executed with Freund’s
incomplete adjuvant instead of FCA [32], and each
injection was administered at three week intervals [33].
After the third immunization, which was given seven
days before collection, the antisera were obtained from
the eye socket vein and the antibody titer and affinity
(represented by IC;, of icELISA) were assessed using
icELISA. The optical density (OD) was measured
using a multimode plate reader (Waltham MA, USA).
Finally, the mice selected as spleen donors for hybri-
doma production received a booster dose of intraperi-
toneal injection with 300 pg immunogen mixed with
0.9% NaCl. Three days later, the spleen cells of mice
were fused with pre-resuscitated SP2/0 myeloma cells
[34]. Fused cells were screened using culture in hypox-
anthine aminopterin thymidine (HAT) for approxi-
mately seven days. The cell culture supernatants were
then assayed for titer and inhibition ratios by icELISA.
Positive hybridomas with high affinity were cloned
by limiting dilution to obtain a single cell. Some of
the hybridomas were cryopreserved in liquid nitro-
gen, while others were cultured, and then injected
intraperitoneally into adult female BALB/c mice to gen-
erate a large volume of ascites. The ascites were stored
at -20°C for later use [35].

Establishment and Optimization of icELISA

Polystyrene plates were coated with (100 pL well ') coat-
ing antigen Hapten A-BSA or Hapten B-BSA in coating
buffer (pH 9.6) and incubated at 37°C for 2 h. After incu-
bation, the plates were washed three times with washing
buffer (see Supporting Information), and the unoccupied
sites were blocked by adding blocking buffer (150 pL
well™1). The plates were then incubated at 37°C for 1 h
[36, 37]. Subsequently, 50 uL. of OXZ (or other competi-
tors) standard solutions and the same quantity of anti-
body solution, were added to the polystyrene plates in
sequence and incubated for 30 min at 37°C followed by
washing three times. HRP labeled goat anti-mouse IgG
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at a 5000-fold dilution (100 pL well™) was then added,
and the plates were incubated for 30 min at 37°C. Subse-
quently, the plates were washed four times, and a mixed
substrate solution (100 uL well™!) was added to give
color, the plates were then incubated at 37°C for 15min.
In the final step, 50 pL well ™! of stop buffer (H,SO,) was
added, and the values of OD at 450 nm were read imme-
diately. The standard curve was generated using a four-
parameter logistic regression model, which is described
in the following Eq. 2.

Y =(A-B)/[1+ (X/C)*1+B (2)

Where X is the concentration of the analytes. A is
the response at the up asymptote of the curve, B is the
response at the down asymptote, C is the concentra-
tion of the analytes corresponding to 50% inhibition
(ICs), and D is the gradient factor at the increasing area
of the sigmoid.

To characterize the specificity of antibodies, cross-
reactivity (CR) was assessed with a series of analogues,
including other nitrofurans and metabolite derivatives.
CR was analyzed based on the following Eq. 3:

CR = ICs5p of OXZ/(IC5p of analogues) x 100%

3)

To improve the sensitivity of the icELISA, the effects

of physicochemical parameters, such as temperature,

pH, and ionic strength, were further studied. The conse-

quences of these factors, i.e,, A_,, (the absorbance value

of analyte concentration at zero) and IC;, values were
used as quantitative criteria.

Matrix effect and recovery analysis

After homogenization, 1.0 g of chicken sample was
placed in a centrifuge tube, and fortified with OXZ stand-
ard solutions at the final levels of 0.5, 1.0 and 2.5 pg kg™
separately. The extraction procedure of OXZ from sam-
ples was based on a previous report [17]. Briefly, samples
were dunked into the mixed solution of 0.5 mL hydro-
chloric acid (1.0 mM) and 4.0 mL deionized water before
ultra-sonication for 20 min and kept in the water bath
at 60°C for 30 min to release the bound OXZ from the
tissue proteins. Next, 5.0 mL of di-potassium phosphate
at a concentration of 0.1 mM was added, followed by
0.4 mL of sodium hydrate (1.0 mM) to adjust pH value
to 7.0. Subsequently, 6.0 mL of ethyl acetate, was added,
and the mixture was vortexed for 10 min before being
allowed to centrifuge at 5000 g for 10 min. Finally, 3.0 mL
of the upper organic phase was separated and dehydrated
under a nitrogen flow at 55°C, afterwards a re-diluent
of dried residues sample in n-hexane and PBS at 1.0 mL
each was centrifuged for 5 min at 5000 g, then lower
phase of the solution was collected for icELISA detection.
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The limit of detection (LOD) was defined as the concen-
tration corresponding to the average absorbance value of
20 blank samples plus three times the standard deviation.
A total of 15 spiked chicken samples were pretreated as
above for recovery studies, in order to evaluate accuracy
and precision of the developed icELISA. And recovery
was analyzed according to Eq. 4 as described below:

Recovery (%) = (assessed values (ug kg'l)/ spiked values (ug l<g‘1)) X 100%

(4)
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