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Abstract Sandwich enzyme-linked immunosorbent assay
(ELISA) of sulfonamides based on double-competitive inter-
action between haptenized protein as a captured antigen and
analyte for binding to immobilized and enzyme-labeled anti-
bodies was developed. This experimental assay format was
examined in analytical properties and matrix effect resistance
in comparison with usual ones: indirect, direct antigen-coated
and antibody-coated ELISAs. All four assay formats were
designed on the basis of interactions between the previously
prepared monoclonal antibody and immunizing hapten,
4-(4-(4-aminophenylsulfonamido) phenyl)butanoic acid, pro-
viding the uniform output optical signal for correct compari-
son of each assay characteristic. The sensitivity (IC50) of the
developed competitive sandwich assay was rather below
100 ng/ml for 11 sulfonamides which was suitable for their
determination in milk, muscles and animal sera at established
maximum residue limit concentration. Comparative examina-
tion did not reveal changes in assay specificity, and advan-
tages in sensitivity, matrix effect resistance, and procedure

duration before commonly used assay formats. Moreover,
new design of assay was shown to be three-fold more con-
sumable in antibody reagents in comparison with direct assay
formats.

Keywords Sandwich competitive immunoassay . Direct and
indirect format . Sulfonamides . Matrix effect

Introduction

During the past several decades, the use of antibodies against
various low-molecular-weight compounds allowed to create
sensitive and specific methods which were suitable for pur-
poses of food safety control, veterinary and sanitary inspec-
tion, therapeutic drug and environmental monitoring, doping
control and forensics, as well as in research (Shankaran et al.
2007; Yang and Carlson 2004; Tsai and Lin 2005; Barroso
et al. 2012; Losoya-Leal et al. 2015).

Some attractive features of immunochemical methods are
that they offer an alternative to chromatography assays in cost-
effectiveness, possess high-throughput functionality and ad-
vantages in simple sample pretreatment.

Immunoassay of small molecules is most commonly based
on competitive interactions between analyte and analyte-like
reagent for antibody binding. The analyte-like reagent is the
key reagent that determines the type and assay format. It may
be immobilized on inert or sensory solid phase (Shankaran
et al. 2007), or may represent a tracer, analyte or analyte-like
compound labeled with reporter molecule: radioisotope (Yang
and Carlson 2004), enzyme (Tijssen 1985), fluorophore
(Smith and Eremin 2008) or nanoparticle (Huang et al. 2016).

Another type of test, conventional sandwich immunoassay
configuration, is based on two-antibody binding detection.
Two recognition sites on the target molecule spatially
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separated to avoid steric hindrance for two-antibody binding
are the key factors for test-system operation. So, the main
targets having multiple epitopes are large molecules
(> 5000 Da) and corpuscles such as bacteria and viruses
(Shankaran et al. 2007; Huang et al. 2016). Although, sand-
wich immunoassay is generally accepted as unsuitable for
measurement of low-molecular-weight analytes, several kinds
of sandwich assays for detection of haptens have been report-
ed (Shen et al. 2014).

Noncompetitive variants have been developed on the basis
of anti-metatype homologous, heterologous antibodies and
peptides selected against hapten–mAb immunocomplex using
classical immunization (Towbin et al. 1995), the autonomous-
ly diversifying library system (Omi et al. 2015), and phage
display random peptide libraries (Inaba et al. 2009), respec-
tively. An open-sandwich immunoassay (OS-IA) was created
by Ihara et al. (2009) for glucocorticoid analysis as a result of
immobilized VL and enzyme-labeled VH antibody fragments
binding together in the presence of analyte.

Competitive variant of sandwich immunoassay of small
analyte was realized using synthetic hapten-duplex structure.
Such synthetic bis-hapten analog could be captured by
immobilized and labeled antibodies, and this interaction could
be inhibited by free hapten in dose-dependent manner (Ali
et al. 1992). The mentioned works utilizing the sandwich
principle for small analytes declared the substantially im-
proved specificity of determination and higher sensitivity. To
realize the mentioned advantages, more than one high-specific
antibody or analyte-recognizing agents are required to con-
struct noncompetitive sandwich immunoassay. The additional
reagent should be generated individually and specially
selected. The design of competitive sandwich variant
described by Ali et al. (1992) is complicated with task to
synthesize and purify bis-hapten analog.

The present study is designed to compare new sandwich
double-competitive ELISAwith conventional direct and indi-
rect competitive formats developed using the same
immunoreagents to reveal advantages in analytical properties
and resistance to matrix interference. The numerous members
from sulfonamide (SA) family of antibacterials were taken as
models of low-molecular-weight analytes.

Methods

Reagents and Chemicals

Bovine serum albumin (BSA), N-hydroxysuccinimide
(NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC), and horseradish peroxidase (HRP) were from Sigma
(St. Louis, MO). Dimethylformamide (DMF) was from Serva
(Heidelberg, Germany). Gelatin (Gel) was purchased from

Bio-Rad (Hercules, CA, USA), and rabbit anti-mouse IgG-
HRP (anti-mIgG-HRP) was from Imtek (Moscow, Russia).

The substances of sulfonamides (SAs), sulfamethazine
(SMZ), sulfalene (SLE), sulfasalazine (SSZ), sulfadimethox-
ine (SDM), phtalylsulfathiazole (PST), sulfathiazole (STZ),
sulfisoxazole (SIZ), sulfaethidole (SET), sulfamethizole
(SMT), sulfamethoxazole (SMX), sulfachloropyridazine
(SCP), sulfadiazine (SDZ), sulfamonomethoxine (SMM), sul-
famerazine (SMR), sulfamethoxypyridazine (SMP),
sulfadoxine (SDX), sulfaquinoxaline (SQX), sulfapyridine
(SPY) and sulfanitran (SNT) were purchased from Chimmed
(Moscow, Russia). Stock solutions of SA substances (1 mg/
ml) were prepared using methanol and stored at − 20 °C. All
the standard solutions were diluted from stock solutions with
PBST (phosphate-buffered saline buffer containing 0.05%
Tween). The coating buffer was 0.05 M carbonate-
bicarbonate buffer (CBB, pH 9.6). TMB/H2O2-containing so-
lution was a product of Biotest Systems (Moscow, Russia) and
used as ready-to-use substrate mixture.

Bovine and porcine sera were from the following different
manufacturers: Biolot (St. Petersburg, Russia), Pan Eco
(Moscow, Russia), PAAThe Cell Culture Company (France)
and GE Healthcare Life Science (New Zealand). Skim milk
powder was from Fluka (Switzerland). Beef, pork and milk
samples were purchased from a private organic farming. All
other chemical reagents were of analytical grade.

Hapten Synthesis

Sulfonamide derivatives, BS (6-(4-aminobenzenesulfonyl
amino)butanoic acid), HS (6-(6-aminobenzenesulfonyl
amino)hexanoic acid), TS (2-(2-(4-aminophenylsulfonamido)
thiazol-5-yl)acetic acid), CS (4-(4-aminobenzenesulfonyl
amino)benzoic acid) and PB (4-(4-(4-aminophenylsulfon
amido) phenyl)butanoic acid), were synthesized and described
in detail previously (Zhang et al. 2006; Wang et al. 2013). The
derivative PB was designated as SA10 in previous work. The
structures of SA derivatives are presented in Fig. 1.

Preparation of Conjugated Antigens Based
on Sulfonamide Derivatives and Protein Carriers

Ten micromole quantity of SA derivatives, BS (2.6 mg), HS
(2.9 mg), TS (3.1 mg), CS (2.9 mg), PB (3.3 mg) and TS
(3.1 mg) were dissolved in DMF; each one was mixed with
EDC and NHS (12 μmol) in 1 ml of whole volume and vig-
orously agitated using a magnet stirrer for 3 h at room tem-
perature. Then, the activated haptens were added drop-wise to
protein carriers in CBB at рН 9.6 and incubated under stirring
overnight at 4 °С. The molar ratios between BSA and PB or
TS at conjugation were taken as 1/60 and were 1/100 for BS,
HS and CS. Gelatine-based conjugates were prepared using
10- and 30-fold molar excesses of haptens over protein.
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Preparation of Tracer Based on Haptens Conjugated
to Horseradish Peroxidase

The haptens PB and TS were activated with NHS/EDC as
described in previous texts and then mixed for conjugation
with HRP at the ratio from 5:1 to 15:1 mol/mol. The mixtures
were stirred for 3 h at room temperature.

The resultant conjugates were purified from unreacted sub-
stances by exhausting dialysis against three changes of 5 l of
water.

Preparation of Antibody-Peroxidase Conjugate

The conjugation was conducted accordingly to the procedure
of Nakane and Kawaoi (1974) but slightly modified. To horse-
radish peroxidase (10 mg, 0.25 μmol) in 1 ml of distilled
water, 0.3 ml of sodium periodate (5.35 mg, 25 μmol) was
added and stirred for 20 min. During oxidizing, the color of

solution changed from brown to green and returned to brown-
ish after addition of 0.5 ml of 0.1% ethylene glycol. Then, the
oxidized enzyme was purified by ultrafiltration using a 30-
kDa cut-off membrane (Ultracent-30 Toyosoda). The retentate
was four times filled up to that of the initial volume with water
and repeatedly centrifuged at 4000 rpm for 20 min.
Monoclonal antibody, McAb 4D11 (Wang et al. 2013), was
isolated from ascitic fluid using ammonium persulfate precip-
itation and reconstituted with CBB (pH 9.6). Bright brown
solution of HRP was drop-wise added to the solution of
McAb (8 to 1 mol/mol). After 2 h stirring, reaction mixture
was supplemented with 0.1 ml of sodium borohydride (2 mg/
ml) and 1 h later extensively dialyzed against PBS at pH 7.4.
Prepared conjugate was stabilized with BSA (up to 5 mg/ml)
and glycerol (up to 50%) and stored at − 20 °C.

Competitive ELISA Procedure

Competitive enzyme-linked immunosorbent assay was con-
ducted in four different formats according to the following
scheme:

Format 1 (indirect cELISA): immobilized protein-SA +
[SA + anti-SA] + anti-mIgG-HRP;
Format 2 (direct cELISA): immobilized protein-SA +
[SA + anti-SA-HRP];
Format 3 (direct cELISA): immobilized anti-SA + [SA +
SA-HRP].

Interaction between McAb 4D11 (anti-SA) and antigens
(protein-SA) and their optimal concentrations were firstly de-
termined in noncompetition (without free SA) checkerboard
titration procedure. Corresponding reagents that should be
immobilized on the polystyrene 96-well plates (Costar,
USA) were prepared in serial concentrations in CBB at
pH 9.6 and were incubated 100 μl/well for a night at 4 °C.
After thrice repeated washing with PBS containing 0.05%
Tween 20 (PBS-T), the wells were filled with 100 μl solution
of binding agent (1/antibody, 2/antibody-peroxidase conju-
gate (anti-SA-HRP) or 3/hapten-peroxidase conjugate (SA-
HRP)) diluted in 1%BSA-PBS-T in the range of concentra-
tions and 100 μl PBST. The immunoreaction was lasted for
1 h at room temperature, and then, unbound reagents were
washed out. The procedure of ELISA format 1 means regis-
tration of boundMcAb and included the additional incubation
step (1 h, 37 °C) with 100 μl of rabbit anti-mouse IgG conju-
gated with horseradish peroxidase. Then, TMB-H2O2-con-
taining ready-to-use substrate mixture was used for visualiza-
tion of immunological interaction. The color development re-
action was terminated after 30 min by addition of 100 μl of
1 M sulfuric acid, and absorbance was registered at 450 nm
using StatFax 2100 reader (Awareness Technologies, USA).

NH2 S
O

O
NH

N

S OH

O

TS [313.4]

PB (SA10) [334.4]

NH2 S
O

O
NH

OH

O

CS [292.3]

NH2 S

O

O

NH
O

OH

BS [258.3]

NH2 S

O

O

NH
O

OH

HS [286.3]

NH2
4

S
O

O
NH
1

OH
O

Fig. 1 Chemical structures of sulfonamide derivatives applied in this
study. For each derivative, the designation and molecular mass in
square brackets are indicated

Food Anal. Methods (2018) 11:663–674 665



Competitive Sandwich ELISA Procedure

One more type of assay that combined the steps of ELISA
formats 2 and 3 applied in the present study was developed.
The following scheme shows the principle of interactions in
this assay format:

Format 4. Sandwich cELISA: immobilized anti-SA +
[SA + protein-SA + anti-SA-HRP].

To construct sandwich assay, the parameters established for
assay format 2 and format 3 served as initial reference points
and then were optimized. Monoclonal antibody was coated on
the plates in the same concentration which was accepted as
optimal in ELISA format 3. Then, the optimal relationship
between concentrations of hapten conjugate and anti-SA-
HRP was determined in checkerboard titration. The solutions
of reagents (each in 50μl) were mixed in the wells with 100 μl
of PBST and incubated at room temperature for 2 h. The
following completion of the enzymatic reaction and data reg-
istration were analogic to the previously discussed
description.

Several assay variants with combinations of reagents
displaying the absorbance intensity of 0.8–1.2 were compared
in the corresponding competitive ELISA formats using PB
(immunizing hapten) or representative of SAs as competitors.
The combination that demonstrated the better sensitivity of
SA determination was selected for the following experiments.

Assay Performance

A number of SAs were analyzed in each assay format in the
range of concentrations (10,000–0.01 ng/ml). Concentration-
dependent inhibition of antibody binding (B/B0 × 100) was
presented in the form of sigmoid standard curves using
OriginPro 8.0 software. For assessment and comparison of
sensitivity of determination in developed assay formats, the
IC50 (half-inhibition concentrations) values were determined
for each analyte (Burkin and Galvidis 2009).

Cross-reactivity (CR) was expressed by the following
equation:

CR ¼ IC50 main analyte=IC50 analog � 100%:

Since the hapten used in conjugate synthesis was not an
analyte but an SA derivative, the Bmain analyte^ was taken as
the most active SA, the nearest structurally related to hapten.

Matrix Effect Estimation, Sample Pretreatment
and Recovery Experiments

The foodstuffs of animal origin are the potential test sub-
jects that may be contaminated with the residues of

sulfonamides as one of the most commonly used veteri-
nary antibacterials (Dmitrienko et al. 2014). So, such
complex matrixes as milk, muscle extracts and animal
sera were chosen for evaluation of their effect on
immunodetection of SAs. The extent of matrix interfer-
ences on optical signal in each assay format was estimated
using the dilution method and was expressed in relative
antibody binding (B/Bo). So, the examined blank samples
of matrix were gradually diluted with assay buffer (PBST)
and tested in each system. The corresponding factor of
matrix dilution which was enough to avoid the differences
in absorbance between control (PBST) and test (diluted
matrix) wells was chosen for sample preparation.

Biofluids were simply diluted with assay buffer, and for
preparation of beef and pork extracts, the tissue samples were
firstly homogenized using a blender. Then, 1 g portion was
thoroughly stirred with 4 ml of PBST and left for extraction
overnight at 4 °C. Tissue debris was pelleted by centrifugation
at 3000 rpm for 10 min, and supernatants were analyzed.

Blank samples of tissue homogenates and fluids were for-
tified with known quantity of SA. The samples were treated
and diluted appropriately and tested in ELISAs. A ratio be-
tween the measured and the fortified concentration was ac-
cepted as assay recovery.

Results and Discussion

Preparation of Hapten Conjugates

Five SA derivatives (Fig. 1), functionalized with carboxyl
groups, were designed for conjugation to carrier/enzyme to
expose common moiety of SA molecules (Fig. 2) for group-
specific immunoaffinity recognition. Each one was coupled
through carboxyl with amines of BSA and Gel using NHS/
EDC method. The ratios between proteins and haptens taken
in synthesis were different, i.e., from 1/60 or 1/100 mol/mol
for BSA-haptens to 1/10 and 1/30 for Gel-haptens. The chang-
es in protein spectra typical for haptens were registered in the
resultant BSA-antigens that were the evidence of successful
conjugate formation (Fig. 3).

The values of absorption increment in conjugate spectra in
the regions of 260–270 nm characteristic to hapten maxima
were used to calculate the hapten content in conjugates as a
ratio mole of hapten per mole of BSA (Table 1).

The similar changes in the Gel-based antigens were less
pronounced because of less hapten load; however, their bind-
ing with antibody confirmed the hapten attachment. The pre-
pared conjugates were examined as coating and captured an-
tigens. Tracers, the products of conjugation of peroxidase with
haptens, were also checked up directly in binding with
immobilized antibodies (format 3).
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sulfonamides used in the study
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Optimization of ELISA Formats

Different hapten loads in the resultant coating antigens, in SA-
HRP conjugates as well as in captured antigens influenced the
sensitivity of corresponding assay variants. Thus, the best
sensitivity of SA determination served as a criterion for choos-
ing a conjugate with optimal hapten load.

Format 1. A panel of protein-hapten conjugates varied in
hapten load was examined as coating antigens in cross-
titration with McAb 4D11. TS-based conjugates lacked bind-
ing activity. All the other four groups of coating antigens dem-
onstrated good activity, and the best sensitivity values of assay
were found for conjugates prepared with minimal hapten load,
namely 10-fold excess, and indicated as Gel-SA × 10
(Table S1).

Format 2. The hapten load and concentration of coating con-
jugate found for realization of the most sensitive version of
indirect ELISA format 1 were accepted as optimal parameters

for direct antigen-immobilized assay. The preparation of
McAb 4D11 labeled with horseradish peroxidase was diluted
(1:2000) to provide absorbance of reaction about 1.0. The
higher concentration of McAb-HRP resulted in higher optical
signal but worse sensitivity. More dilution makes the assay
system more sensitive but decreasing of the signal could give
inaccuracy of measurements.

Format 3. The interactions between immobilized McAb and
peroxidase conjugates with different hapten loads were exam-
ined to choose the preferable parameters of reagents. Different
molar ratio between HRP and PB at synthesis (1/5 and 1/15)
was found to make no difference for assay sensitivity, whereas
10-fold decreasing of coating McAb concentration (from 1/
1000 to 1/10,000) resulted in almost 10-fold improvement in
sensitivity of hapten determination (Fig. S1). Like the results
in the previous texts (format 1), TS-labeled peroxidase did not
bind by immobilized McAb. The fact of binding failure be-
tween TS and anti-PB McAb was additionally confirmed by
inhibitory inactivity of TS; so, these interactions were ignored
in the following experiments.

Format 4. Competitive sandwich assay of low-molecular-
weight analytes is an experimental format studied here which
may be considered as combination of formats 2 and 3. Thus,
the parameters optimized for formats 2 and 3, namely concen-
tration of immobilized McAb (1:10,000) and working titer of
McAb-HRP conjugate (1:2000), served as starting points and
then were corrected.

Protein carriers conjugated with haptens are commonly
used as coating antigens, and in such capacity, they were
assessed in format 1. Because these conjugates bear more than
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Fig. 3 UV-spectrograms of
conjugates based on BSA and SA
derivatives. BSA-haptens
(0.1 mg/ml) were prepared using
active ether method at molar ra-
tios 1/60 (for TS and PB) and 1/
100 (for BS, CS and HS). SA de-
rivatives were 0.01 mg/ml

Table 1 Molar ratio
between hapten and
carrier at synthesis and in
resultant conjugates

Conjugates At synthesis Calculated

BSA-BS

BSA-HS

100

100

6.9

24.1

BSA-TS

BSA-CS

BSA-PB

Gel-PB

Gel-PB

60

100

60

30

10

9.0

17.6

10.9

3.1

0.8
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one hapten determinant, except for Gel-PB × 10 (Table 1),
they could interact with several antibody molecules. In our
attempt to design sandwich assay using these model construc-
tions, we intended to reveal possible advantages because of
double-competitive interactions. For optimization parameters
of this complex system, cross-titration between captured anti-
gen and McAb-HRP was conducted in McAb-coated plates.
The known principle of competitive immunoassay, unlike
noncompetitive ones, is that the lower concentrations of bind-
ing reagents permit the higher sensitivity. Nevertheless, the
concentrations of reagents should be possibly low and permit
output signal high enough to avoid measuring inaccuracy.
Absorbance value equal to 1.0 was taken as satisfying to this
requirement and serves a common measurement rate in the
other formats as well.

Figure 4 demonstrates that optical signal value depends
on concentration of captured antigen, hapten load and
concentration of McAb-HRP. Because of single-step inter-
action between three reagents Bimmobilized anti-SA–

protein-SA–anti-SA-HRP,^ the titration curves of cap-
tured antigens are bell-shaped. For each system of inter-
action, the maximum absorbance (curve peaks) corre-
sponds to the optimal concentration of captured antigen
when the binding sites on the immobilized antibody are
completely occupied with protein-PB. Unsaturated bind-
ing sites on the immobilized antibody as well as superflu-
ous quantity of detecting McAb-HRP cause weak inhibi-
tory effectiveness of competitor and poor sensitivity. The
higher concentrations of protein-PB result in the forma-
tion of two types of immunocomplexes instead of a sand-
wich-complex. Thus, the optimal concentrations of re-
agents that provide adequate absorbance level (≈ 1.0)
were determined in standard checkerboard titration and
found to be 3 and 1 μg/ml for Gel-PB × 10 and Gel-
PB × 30, respectively (Fig. 4a, b). Surprisingly, that in
spite of hapten load < 1.0, the Gel-PB × 10 appeared to
be also suitable as captured antigen. The possible reason
of this phenomenon was dissimilar molecular mass of
gelatin or non-uniform hapten conjugation. The optimal
ratios between BSA-PB × 60 and McAb-HRP were also
obtained in cross-titration procedure (Fig. 4c), but they
were out of accepted absorbance level of 1.0. The exact
concentrations of reagents that permitted optical density
equal to 1.0 were obtained by the calculation using equa-
tions presented in plot (Fig. S2). Such the concentration
for BSA-PB × 60 was found to be 0.042 μg/ml, and the
titer of McAb-HRP was 1:720. Thus, three assay systems
being optimized and output signal-equalized were estimat-
ed in their sensitivity to reveal the role of hapten load in
captured antigen. As can be seen from comparative data
presented in Fig. 5, the higher index of hapten/carrier
ratio in captured conjugates was more preferable for sen-
sitive determination of SAs exemplified by SMX, SCP
and SMZ.

b

c

a

Fig. 4 The effect of reagent concentrations on measured optical signal in
sandwich ELISA at zero sulfonamide concentration. Coating antibody
dilution was 1/3000. PB-conjugates were Gel-PB × 10 (a), Gel-
PB × 30 (b) and BSA-PB × 60 (c). Open symbols indicate the selected
optimal parameters. (a, b)

Fig. 5 Comparative sensitivity estimation of sulfonamides in sandwich
competitive ELISA (format 4) based on protein-hapten conjugates with
different hapten load. Each IC50 value was determined from the standard
curves obtained from the average values (n = 3) for corresponding SA
analytes in ELISA format 4. The number in conjugate designation indi-
cates excess of hapten over carrier at synthesis
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Comparative Assay Format Performance

Four competitive ELISA formats were designed based on sin-
gle pair of interacting reagents, namely McAb 4D11 and im-
munizing hapten PB. Coating and captured antigens (protein-
PB) and reporter molecules (4D11-HRP and PB-HRP) neces-
sary for assay format construction were prepared using the
mentioned elements. Thus, only the assay design made a dif-
ference in comparative SA analysis and could be identified. A
number of SAs (Fig. 2) taken in a range of concentrations
(10,000–0.01 ng/ml) were tested in each assay format. Using
the standard curves plotted for each analyte, the corresponding
IC50 values were determined (Table 2).

Sulfonamides with five-member ring at N1 position (ex-
cept for SMX) were weak competitors (IC50 > 100 ng/ml) in
every assay format. The radicals in six-member ring nearest to
N1 position were a crucial hindrance for antibody binding
(SDX and SLE). The compared formats also failed to recog-
nize analytes with substituents at N4 position (PST and SSZ).
The exception was SNT that was found to be the most active
inhibitor among the tested SAs. Surprisingly, that acetyl sub-
stituent at N4 position of SNT was not an obstacle for 4D11

binding. Acetyl substitution at this site of molecule is specific
for SA biotransformation (Vree et al. 1985). Thus, suchMcAb
specificity may be useful for simultaneous metabolite detec-
tion, as confirmed by example of acetyl-SMZ (Wang et al.
2013). No nitrogen substituents in the second six-atom ring
of SNT make its structure the most related to that of immu-
nizing hapten PB (Figs. 1 and 2). For this reason, activity of
SNT was accepted as reference (100%) for cross-reactivity
examinations. The sensitivity (IC50) of SA determination in
each assay format was not different sufficiently; nevertheless,
it could be noted that antibody-coated direct ELISA demon-
strated the priority in sensitivity which gradually decreased in
the row of formats 3 > 2 > 4 > 1 (Table 2). This correlation
remained the same for each analyte. As a result, the number of
SAs which was detected with sensitivity 100 ng/ml and below
could be augmented using assay format design from 11 (for-
mats 1, 2 and 4) to 12 in format 3. High sensitivity determi-
nation (IC50 < 10 ng/ml) could be reached for 6, 8, 9 and 7
SAs depending on assay formats 1, 2, 3 and 4, respectively.

Comparison of assay formats was carried out and reported
before, but the results obtained from the different research
groups were contradictory. So, Wang et al. (2015) compared

Table 2 Comparative
assessment of sensitivity and
cross-reactivity profiles of sul-
fonamides in developed assay
formats

Sulfonamides Competitive ELISA formats

Indirect Direct Ag-coated Direct Ab-coated Sandwich
Format 1 Format 2 Format 3 Format 4 Formats 1–2–3–4
IC50 (ng/ml) Cross-reactivity (%)

SIZ 2800 1130 790 1670 < 0.1

SMX 11.8 4.2 2.7 8.9 5.1–7.1–7.4–5.6

ETZ 1280 454 275 950 < 0.1

SMT > 10,000 > 10,000 > 10,000 > 10,000 < 0.1

STZ 1280 454 176 615 < 0.1–< 0.1–0.1–< 0.1

PST > 10,000 > 10,000 7260 > 10,000 < 0.1

SSZ 8016 3536 3604 5042 < 0.1

SNT 0.6 0.3 0.2 0.5 100

SPY 5.5 2.0 1.9 3.0 10.9–15–10.5–16.7

SCP 42.6 16.4 8.4 24.8 1.4–1.8–2.4–2.0

SMP 4.4 1.2 0.9 3.7 13.6–25–22.2–13.5

SDZ 70.2 25.3 17.8 41.2 0.9–1.2–1.1–1.2

SMR 38.1 17.8 13.3 25.4 1.6–1.7–1.5–2.0

SMZ 15.2 6.9 4.4 10.1 4.0–4.3–4.5–4.9

SDM 1.0 0.4 0.3 0.9 60.0–75–66.7–55.6

SMM 6.8 3.4 2.4 5.4 8.8–8.8–8.3–9.3

SDX 1090 390 275 640 < 0.1

SLE 944 454 316 573 < 0.1

SQX 6.5 2.1 2.1 4.3 9.2–14.3–9.5–11.6

Incubation

2.5 1.5 1.5 2.5 Hours

3 2 2 2 Steps
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direct (streptavidin immobilized) and indirect (tetracycline-
BSA immobilized) competitive formats of biotinylated
aptamer-based enzyme-linked assay (ELAA) for tetracycline
determination and found 10-fold higher sensitivity in indirect
format owing to signal amplification mediated by biotin/
streptavidin-HRP interaction (Wang et al. 2015) Analogical
comparison of direct and indirect formats of ELAA and
ELISA of ochratoxin A revealed the opposite tendency.
Both direct assays demonstrated 10-fold advantage in sensi-
tivity in comparison with the indirect ones (Barthelmebs et al.
2011). Indirect immunoassay formats were found to be pref-
erable for citrinin (Abramson 1996), sulfathiazole (Pastor-
Navarro et al. 2004) and bisphenol A (Lu et al. 2012).
ELISA for triazophos (Jin et al. 2008) and data of the present
study are evidence in the favor of direct assay. Thus, the prop-
erties of reporter system for amplification of resultant signal in
each particular case determine the sensitivity advantages.
Furthermore, the coating properties, universal usage or

availability of reagents and being time-consuming may deter-
mine the preference when choosing of assay format.

The developed one-step sandwich ELISA based on double-
competitive interaction between analyte and haptenized protein
antigen for binding with pair of antibodies, immobilized and
enzyme-labeled, did not perform advantages in sensitivity be-
fore commonly used assay formats. Double-competitive analyte
interaction with capture and second antibody in related sand-
wichwas reported to be rather effective because of the capability
to inhibit simultaneous binding of both antibodies that resulted
in sensitivity improvement (Ali et al. 1992). However, another
opinion is that increasing of interacting reagent concentration
should weaken the inhibition activity of analyte. The sandwich
assay in the present case deals with double quantity of reagents
(at least two PB-haptens in the conjugate and two 4D11 anti-
bodies) that diminishes the possible positive effect.

Cross-reactivity profile of analytes was not expected to be
modified with assay design because the main reactants
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Fig. 6 Matrix dilution-dependent influence on optical signal in compet-
itive ELISA formats 1–4. Each symbol indicates an individual blank
sample of pork (a) and beef (b) extracts, milk (c) and bovine/porcine sera

(d) matrix. Empty symbol represents the skimmilk powder. The horizon-
tal bar refers to the average (n = 5), while the box shows ±the standard
deviation
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remained the same. The obtained data confirmed that format-
dependent fluctuations of CR were not significant (Table 2).

Matrix Effect Estimation and Sample Pretreatment

Easy sample pretreatment is one of the advantageous features
of immunoassays. Nevertheless, matrix influence on antigen-
antibody binding may result in false analyte detection. A sim-
ple dilution of test samples may be often effective to diminish
and overcome matrix effect problem. The degree of influence
displayed by milk, sera and tissue extract matrixes on SA
immunodetection was examined to find more resistance to
matrix effect assay format.

As can be noticed from comparative data (Fig. 6), the
ELISA format 2 displayed the most homogenous results for
every type of matrix, while the assay format 3 demonstrated
the opposite tendency, great variability of results for the same
tested samples. This may indicate that adsorbed form of anti-
gen and soluble form of antibody (format 2 design) are more
resistant to matrix influence. The comparison between indirect
and direct ELISAs 1 and 2 which were equal in immobilized
antigen and soluble form of antibody let us think that variabil-
ity was introduced by additional step reaction with anti-mIgG-
HRP. On the other hand, the variability in both compared
antibody-coated formats dominated in 3 over 4. This suggests
that observed effect was due to PB-HRP that influenced the
matrix. Rather intensive effect was registered in format 3 for
sera samples (Fig. 6d). High sensitivity of format 3, the most
sensitive for target molecule and, consequently, the most in-
fluenced by different interference factors, may only partially
explain this effect. Low-molecular-weight bioactive sub-
stances like vitamins, hormones and peptides were removed
from sera samples by dialysis; however, this did not change
the degree of serum matrix effect. An inactivation of serum
thermolabile components such as complement was achieved
by incubation at 56 °C for 40 min but also gave no result (data
not shown). Thus, the observed interference was the feature of
sera samples, effect of which was due to macromolecular ma-
trix inhibiting interaction between immobilized antibody and
haptenized enzyme.

It should also be noted that the degree of matrix effect
manifestation of milk samples was more pronounced in all
assay formats. This influence was not completely eliminated
under dilution, only slightly diminished (Fig. 6c). The similar
case was described for immunoassay of SAs in milk previous-
ly (Jiang et al. 2013), when the only procedure of milk protein
removal reduced the matrix effects sufficiently.

In our study, Bskim milk powder^ reagent reproduced ad-
equately the matrix effect of liquid milk samples, especially in
formats 1 and 2. This was the reason for using this reagent as a
diluent for standards to mimic milk matrix as before (Galvidis
and Burkin 2010).
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Fig. 7 Standard curves for determination of sulfamethazine (a),
sulfaquinoxaline (b) and sulfamethoxazole (c) in four competitive assay
formats. Standard concentrations of SQX, SMX in PBST and SMZ in
PBSTcontaining 1% skim milk powder were analyzed in indirect ELISA
(format 1), direct antigen-coated ELISA (format 2), direct antibody-
coated ELISA (format 3) and sandwich ELISA (format 4). Each value
represents the average from three replicates, and error bars are the stan-
dard deviations
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The studied experimental competitive sandwich assay (for-
mat 4) represented a hybrid variant combining formats 2 and
3. That is why the variability of data in format 4 was assessed
as intermediate, not so pronounced as in format 3, at the same
time less homogeneous than in format 2. However, the degree
of matrix effect was more similar to that of format 2 and
differed from that of format 3 owing to the absence of PB-
HRP. The latter was identified to be a crucial factor susceptible
to undesired matrix influence.

Recovery Experiments

The developed ELISA formats were compared in recovery
experiments for SA determination in food matrixes pre-
pared accordingly the dilution procedure avoiding the in-
fluence on antibody-hapten binding characteristics.
Several blank matrix samples were fortified with SAs of
different structures to compare the suitability of different
assay systems for determination of broad spectrum of
analytes (Fig. 7). Milk samples were analyzed at two for-
tification levels of SMZ, 100 and 25 μg kg−1, which cor-
respond to the maximum residue limits (MRLs) for SAs
in milk established in the EU and in the Russian
Federation and China (EU Council Regulation 2010;
Sanitary Regulation in Russian Federation 2010;
Regulation in People’s Republic of China 2002). Using
the skim milk reagent for milk matrix mimicry, it was
enough to dilute milk samples 10-fold and recover SMZ
at both MRL levels (Table 3). Recovery of SAs from meat
was exemplified by swine muscles spiked with SQX and
measurement in extracts after 10-fold dilution. Because of
marked matrix effect discovered for sera samples, to avoid
it, the samples should be diluted 50-fold. The experiments
showed the satisfactory recovery rate for widely used
SAs. A higher variation of data observed in format 4

may be a result of more complex interactions in this type
of assay.

Conclusion

The present study aimed to develop a new sandwich double-
competitive ELISA for determination of sulfonamide analytes
and investigate its possible advantageous analytical properties
in comparison with usual formats of competitive immunoas-
say. The principle of experimental format was one-step sand-
wich ELISA involving competition between target analyte
and haptenized protein (dendrimer, particle, virus or bacteria)
for simultaneous binding with immobilized and enzyme-
labeled antibodies. The reference methods were competitive
indirect, direct antigen-coated and antibody-coated ELISA
formats. For comparison, all four assay formats were designed
on the base of interactions between the same monoclonal an-
tibody and immunizing hapten PB. The uniform reaction level
(OD ≈ 1.0) was taken for correct comparison of characteristics
of each assay. The duration of experimental assay format was
2.5 h, equal to that of indirect ELISA. This format showed to
be three times more consumable for immobilized antibody
(1/3000 vs. 1/10,000) and for McAb-HRP (1/720 vs.
1/2000) in comparison with direct assay formats.
Prospective positive effect from double-competitive interac-
tion was not confirmed in present study. Comparative exam-
ination did not reveal advantages in sensitivity, specificity and
matrix effect resistance before commonly used assay formats.
However, improvement of analytical characteristics may be
expected in the following experiments when using heterolo-
gous haptens or pair of different antibodies.
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Table 3 Comparative recovery of sulfonamides from the fortified matrixes in ELISA formats

Analyte Matrix Dilution Spiked (ppb)a Recovery in ELISA formats

Format 1 Format 2 Format 3 Format 4

RC (%) RSD (%) RC (%) RSD (%) RC (%) RSD (%) RC (%) RSD (%)

SMZ Milk 1:10 100 96.0 6.2 97.8 10.3 119.2 8.3 73.3 15.2

25 95.2 7.6 87.0 8.4 93.2 9.0 54.3 22.2

SQX Pork 1:50b 100 83.9 6.8 89.0 12.4 99.5 7.1 94 12.7

50 88.4 16.1 96.7 11.5 74.6 23.0 78.7 29.2

SMX Bovine serum 1:50 100 100.6 9.0 101.9 10.6 95.5 29.7 99.4 18.2

RC the average recovery from replicate samples (n = 4); RSD relative standard deviation
a ppb: μg/l (milk and serum) and μg/kg (pork)
b Factor of meat matrix dilution composed of factor of extraction (1:5) and extract dilution (1:10)
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