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Abstract

ing the widespread contaminations of food products with mycotoxins, it is important to

A

develop, robust, time- and cost-effective detection methods. We developed and optimized an immunoassay
using a continuous flow system for the detection of zearalenone (ZEN). The assay was performed in flow mode
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using an automated sequential injection system. Time for an assay cycle was 18 min. Under optimal conditions,
the limit for quantification for ZEN was 0.40 ug L™ with a linear dependency between concentration and signal
amplitude between 0.10 and 10 pg L™'. The assay proved to be robust and reliable with 13% relative standard
deviation (RSD) between measurements. By dissociating the antigen-antibody complex using a regeneration
solution, we showed 50 times reusability of the immobilized antibodies without affecting the antigen binding

properties.

Keywords: bioanalysis; flow-ELISA; immunoassay; mycotoxin; sequential injection; zearalenone

1. Introduction

Zearalenone (ZEN) [6-(hydroxyl-6-oxo-trans-1-undecenyl)-resorcyclic acid lactone] is an estrogenic
mycotoxin produced from several species of Fusarium, particularly F. graminearum, F. culmorum, F. equiseti
and F. verticillioides. Generally, Fusarium fungi grow and invade crops in moist and cool field conditions. ZEN
is biosynthesized via a polyketide pathway of a variety of Fusarium species [1]. Toxin production takes place
before harvesting but it may also occur post-harvest if the crops are stored under poor conditions. Contamination
of ZEN has been found in corn, barley, oats, wheat, sorghum, millet and rice. The toxin has also been detected
in cereal products, i.e., flour, malt, soybeans and beer. ZEN is a stable compound and it does not degrade during
cooking at high temperature [2]. In animals, this toxin causes embryonic death in a certain stage of gestation, a
decrease in fertility and an increase in fetal resorption. ZEN might affect the weight of endocrine glands and
also serum hormone levels [2-3]. Recent studies show that there is a potential of ZEN to stimulate the growth of
human breast cancer cells [4]. Contamination of foods and feeds by ZEN has been found in many countries in
Europe and other continents [5] causing economic losses and lost export opportunities in many countries [6].
Therefore, detection of ZEN in early stage is crucial to reject those toxin-contaminated agricultural products

before being used in production of food and feed products.

The maximum limit for ZEN greatly depends on the product type and the end consumer. For instance,
in Europe, in the maize intended for direct human consumption, the maximum limit is 200 pg kg, while in
bread (including small bakery wares) the limit was set to 50 pug kg™'. In the case of processed cereal-based foods
(excluding maize-based foods) and baby foods for infants and young children, the maximum limit is 20 pg kg™
[7]. Many methods have been developed to evaluate ZEN in agricultural products. The main analytical
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techniques for determination of ZEN include traditional enzyme-linked immunosorbent assay (ELISA) [8-9],
gas chromatography-mass spectrometry (GC/MS) [10-11], high-performance liquid chromatography (HPLC)
[12-13] and liquid chromatography tandem-mass spectrometry [14-16]. Traditional ELISA is a sensitive
method, but in most cases needs to be performed on microtiter plates by skilled personnel. The method is also
time-consuming because of extensive pipetting, washing and incubation steps. Chromatographic methods need a
large amount of organic solvents and have substantial instrumental operational cost. In addition, the need for
detecting ZEN at harvesting site or when the harvest is stored in a silo in order to be able to provide fast results
is not met by the above-mentioned methods. None of the above mentioned traditionally used techniques have
the potential to be truly portable, automated and at the same time cost efficient, enabling fast on-site detection.
Development of detection methods, that could overcome the drawbacks of conventional methods has become a
major interest [17-18]. Immunochemically based methods, such as immunoassay, used for first level screening,

proved to be suitable for adaptation for on-site detection [19].

Since traditional ELISA cannot be directly applied to a process control on field, the combination of
flow injection and traditional ELISA can offer fast, affordable, on-site detection, an approach which has been
established by Nilsson et al [20-21] and further developed by others [22-25]. The Versatile Continuous Flow
System (VersAFlo) based on sequential flow-injection created by Kumar et al (2012) [24] for bioanalytical
application was designed to be reproducible, robust and easy to integrate to an online monitoring system. The
automated VersAFlo-system was aimed to minimize errors from human handling, reduce the cost and analysis
time. In addition, the system has the potential to be miniaturized and used for on-site, field application. There
are several reports on the development of novel immunoassays for detection of ZEN in a static system [26-29]
and in a flow system [30-31], however this work is the first report on ZEN detection using a fully automated

immunoassay system.

In the VersAFlo-system, the sequential injection mode was operated in combination with sequential
competitive binding of free ZEN and ZEN labeled horseradish peroxidase (ZEN-HRP) to the immobilized ZEN
antibody in a packed affinity microcolumn. Spectrophotometric detection was performed when 2,2"-azino-bis(3-
ethyl benzothiazoline)-6-sulfonic acid-diammonium salt (ABTS) got oxidized by HRP and a green-blue product was

produced [32].
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2. Experimental
2.1 Reagents and chemicals

Zearalenone (ZEN) was purchased from Fermentek (Jerusalem, Israel). Mouse monoclonal antibodies
against ZEN (anti-ZEN) and ZEN conjugated with horseradish peroxidase (ZEN-HRP) were produced at Ghent
University (Ghent, Belgium) according to Burmistrova et al (2009) [33]. Goat anti-mouse immunoglobulin G
(IgG) was purchased from Jackson ImmunoResearch Laboratories Inc (Suffolk, UK). CNBr activated Sepharose
4B was purchased from GE Healthcare (Uppsala, Sweden). Super AquaBlue, the ABTS-based ELISA substrate,
a product of eBioscience was from AH diagnostics AB (Solna, Sweden). All chemicals were of analytical grade.
Carrier buffer (100 mM phosphate buffer containing 50 mM NaCl, pH 7.4) and regeneration buffer (200 mM
glycine-HCI, pH 2.4) were prepared in ultrapure water from the Milli-Q system from Millipore (Bredford, MA,
USA) and filtered using an analytical filter paper from Munktell (Grycksbo, Sweden). All aqueous solutions
were also prepared with the same ultrapure water. All the chemicals, if not otherwise specified, were purchased

from Sigma-Aldrich (St. Louis, MO, USA).
2.2 Anti-ZEN immobilization on CNBr-activated Sepharose beads

The potential benefit of the pre-coated IgG on the anti-ZEN immobilization process was evaluated as
described in the supplemental material. Prior to the flow-ELISA study, anti-ZEN was immobilized on CNBr
activated Sepharose 4B beads reconditioned by adding 0.5 g of dry weight into a sintered glass filter where the
beads were suspended and washed in 1.0 mM HCI (100 mL) for 15 min. The gel was washed with 50 mL of
coupling buffer (0.2 M NaHCO; containing 0.5 M NaCl, pH 8.3) before removing the supernatant and the gel
was kept at 4°C until use [24-25]. Anti-ZEN (5.0 mg L") in the coupling buffer and the gel were mixed in a
centrifuge tube at 1:1 (v/v) ratio. Final concentration of anti-ZEN was calculated to be 2.5 mg L. The
immobilization took place at 4°C for overnight on a rocking table. The unbound antibodies in the supernatant
were quantified by protein analysis in order to determine the immobilization yield. The gel was washed once
with coupling buffer and the wash-fraction was kept. The remaining active groups on the Sepharose were
blocked using 0.1 M Tris-HCI, pH 8.0 for 2h at room temperature. Finally, the gel was washed alternately with

0.1 M acetate buffer (pH 4.0) and 0.1 M Tris-HCI containing 0.5 M NaCl (pH 8.0) for 3 cycles. The Sepharose-
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anti-ZEN was kept in 0.1 M phosphate buffer with 50 mM NaCl and 0.02% (w/v) NaN;, pH 7.4 at 4 °C until

use.

The quantification of the unbound protein that was free after the immobilization process was performed
based on Bradford assay. A standard curve was constructed using standard bovine serum albumin (BSA). Each
of BSA, anti-ZEN, supernatant and wash-fraction (80 pL) was separately mixed with 20 pL of dye reagent (Bio-
Rad, CA, USA) in a microtiter plate. After 5 min, the absorbance was read at 600 nm (Biotek Instrument, VT,
USA). The protein concentration determined in the supernatant and wash-fraction was calculated and referred to
the unbound anti-ZEN. Thereafter, the unbound anti-ZEN was subtracted from the initial concentration of anti-

ZEN and the immobilization yield was achieved.

2.3 Working principle of the VersAFlo-system

The operation of the VersAFlo-system was achieved by a LabVIEW (National Instruments Co., Austin,
TX, USA) based software. The continuous, automated detection was performed based on sequential injection of
ZEN, ZEN-HRP and the substrate for the marker-enzyme, using the control software. Fig. la shows the
architecture of the VersAFlo-system consisting of piston pumps (Pharmacia, Uppsala, Sweden), peristaltic
pumps (Watson Marlow, Falmouth, Cornwall, England & Minipuls 3, Gilson Inc, Middleton, WI, USA), 9-port
valves (Pharmacia, Uppsala, Sweden), an affinity microcolumn (15 pL) and a spectrophotometer (Lambda Max
Model 481, Waters Corporation, Milford, MA, USA). Piston pump-1 was responsible for introducing a carrier
buffer throughout the system while piston pump-2 was used for pumping a regeneration buffer. The peristaltic
pumps were used for sequential injection of ZEN, ZEN-HRP and substrate via the 9-port valves. The automated
sequence of injections, length of the incubation times, washing step were defined by the operator in the
LabVIEW software. The operation (time, type of action, flow rate) of each device (pump, valve) was defined as

a function of time in the program.

Prior to the assay, the affinity microcolumn was packed with the Sepharose-anti-ZEN and placed in the
VersAFlo-system. The carrier buffer (100 mM phosphate buffer containing 50 mM NacCl, pH 7.4) was pumped
throughout the system (1000 pL min™') for 1h to remove anti-ZEN weakly bound to the Sepharose. Each
measurement started with an equilibration step using the carrier buffer (1000 uL min~'/ 35s). Afterwards, the
sequence of operation, defined in the LabVIEW software, was performed as presented in Table 1. When the
measurement began, the piston pump-1 was started automatically to deliver the carrier buffer throughout the

system. At the same time, the loops (200 pL) were filled with ZEN, ZEN-HRP and Super AquaBlue by starting
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of peristaltic pump-1, 2 and 3, respectively. Thereafter, the valves switched to the injection mode and sequential
injection was performed with a defined flow rate. The reagents were delivered to the affinity microcolumn
where the affinity interaction took place as depicted in Fig. 1b. The first injection of Super AquaBlue was
performed to observe the background signal (B,) and the access reagent was rinsed using the carrier buffer
(1000 pL min'/ 40s). ZEN sample was injected and the immunoreaction with Sepharose-anti-ZEN in the
column took place for 240s. As a next step, ZEN-HRP was introduced in the column, where it interacted with
free binding sites on the Sepharose-anti-ZEN (240s). The unbound ZEN and ZEN-HRP were washed from the
column for 70s (1000 uL min') and Super AquaBlue was injected. A fraction of the substrate was oxidized
when passing the affinity microcolumn by HRP in ZEN-HRP. The catalysis resulted in a green-blue product
which was quantified by the absorbance at 405 nm. The absorbance was inversely proportional to the
concentration of free ZEN in the sample. The piston pump-1 was stopped before the piston pump-2 delivered
the regeneration buffer (200 mM glycine-HCI, pH 2.4) right to the affinity microcolumn for 520 seconds. The

piston pump-1 was started again to rinse the system and the affinity microcolumn was ready for the next assay.
2.4 System optimization

The performance of the flow-ELISA was affected by flow rate and volume of ZEN, ZEN-HRP and
Super AquaBlue, therefore, the effect of each parameter was evaluated, by varying one parameter at a time
while keeping the other parameters constant. The affinity microcolumn packed with Sepharose-anti-ZEN was
connected to the VersAFlo-system and the flow-ELISA was carried out following the flow scheme in Table 1.
The duration time was considered based on the dead volumes (the length of tubing from the loop to the
microcolumn) to ensure that the reagents were completely pushed to the end of the microcolumn. Initially, the
measurement was performed in the absence of free ZEN in order to determine the maximum signal (B,). The
flow rate of ZEN-HRP was evaluated between 17.5 and 300 pL min', using volumes between 50 and 300 pL.
Concentration of ZEN-HRP used in the study was 2.2 mg L. For Super AquaBlue, flow rates of 188, 375 and
750 pL min~' and volumes of 50, 100, 200 and 500 uL were assessed (Table 2). In this study, the volume and
flow rate of the sample (ZEN) and tracer were kept the same (200 pL, 75 uL min'). The efficiency of the
regeneration was investigated by varying the volume of regeneration buffer (200 mM glycine-HCI, pH 2.4). The
flow rate was kept at 1000 pL min~' while the volume of regeneration solution was increased by changing the
duration of regeneration up to 650 seconds. The optimal conditions were depicted based on a high response and

short analysis time.
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2.5 Precision

Between-column repeatability was studied by packing the Sepharose-anti-ZEN in 5 different affinity
microcolumns. The maximum signal (By) and background signal (B,) were determined following the flow
scheme in Table 1. Within-column repeatability studies were carried out by repeating 10 measurements of B,
and B,, using the same packed column, with a regeneration step after each measurement. B, was then subtracted

from By. The average response and relative standard deviation (RSD) were calculated.
3. Results and Discussion
3.1 Anti-ZEN immobilization on CNBr-activated Sepharose beads and binding capacity

In order to determine the immobilization yield, the initial concentration of anti-ZEN and unbound anti-
ZEN were quantified using the Bradford assay. An immobilization yield of 74% was calculated, with 2.78 x 107

mg anti-ZEN immobilized in the affinity microcolumn.

The immobilization method was validated by checking the binding capacity between ZEN and
Sepharose-anti-ZEN in the sequential injection mode. The preparation of immobilized antibodies was packed in
an affinity microcolumn and placed in the VersAFlo system as shown in Fig. 1. The system was operated
following the flow scheme in Table 1. Typical responses of the sequential injection flow-ELISA are shown in
Fig. 2. B, refers to the background signal when only substrate was injected. The observed small peak was the
absorbance of Super AquaBlue at 405 nm. Additionally, the affinity microcolumn was used after the
regeneration step. In the assay, the B,, was always recorded, and used to evaluate the regeneration efficiency.
After regeneration, a small amount of ZEN-HRP, from the previous assay, could still be present in the column
and reacted with the substrate, producing the light green product. Therefore, the obtained signal from each
concentration of toxin measurement was normalized according to Eq (1). B, indicated background signal when
only the substrate was injected. B, represented the maximum signal obtained when ZEN-HRP and the substrate
were injected without free ZEN. B was obtained when free ZEN, ZEN-HRP and the substrate were injected in

the system.

Normalized response = [(B — B.,)/(By — B.,)] x 100 @)

Due to the principle of competitive ELISA, the obtained signal was inversely proportional to the

concentration of the analyte. In Fig. 2a, it is shown that the maximum signal (B,) had the highest response while
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the peak height decrease when 1.5 ug L' of ZEN was introduced to the system (Fig. 2b), proving that the
immobilized anti-ZEN was capable to bind ZEN. Based on the optimization and the results, this immobilization

was applied throughout the study.
3.2 System optimization

In this work, volume and flow rate of sample (ZEN) and tracer (ZEN-HRP) were operated under the
same conditions as defined in Table 2. Flow rate and volume of tracer (ZEN-HRP) and substrate (Super
AquaBlue) were then optimized. As expected, by increasing the flow rate of Super AquaBlue and ZEN-HRP,
the By decreased. However, the variation was very small. When the analysis time was considered, the flow rate

of Super AquaBlue and ZEN-HRP was chosen to be 188 and 75 pL min ', respectively (Table 2).

When the flow rate of Super AquaBlue and ZEN-HRP were maintained at the optimum values, the
volumes of ZEN-HRP and the substrate were optimized. The B increased by increasing the ZEN-HRP volume.
Beyond the volume of 200 pL the change of B, was slightly different (1.50 + 0.04 and 1.7 £ 0.2). Based on
these finding, the volume of ZEN-HRP was fixed at 200 pL. The same trend was observed when the volume of
substrate (Super AquaBlue) was varied between 50 and 500 pL. B increased with increased (50 to 200 pL)
substrate volume, and no effect of the signal could be seen beyond the volume of 200 pL (1.46 £ 0.04 and 1.4 +

0.1). The optimum volume of 200 pL was selected for the substrate (Table 2).

One of the main advantages of the developed flow-ELISA is the reusability of the affinity
microcolumn. When the regeneration step was applied to dissociate the affinity binding between the
immobilized antibody and its antigen, the column could be reused several times. To obtain the best performance
without damaging the immobilized antibody, the regeneration buffer volume was optimized by changing the
regeneration time, in which the buffer interacts with the antibody-antigen complex, between 130 and 650
seconds. B,, and B, were determined as shown in Fig. 3. The absorbance of B, was relatively stable when
changing the regeneration time because the binding capacity of the immobilized anti-ZEN reached the
maximum. When there was no regeneration step, B,, was 1.28 £ 0.02 and gradually decreased from 1.09 £ 0.05
to 0.47 + 0.01 with the increased regeneration time which indicated an increase in dissociation of the antibody-
antigen complex. Although B, at 520 seconds (0.58 £ 0.04) was slightly higher than at 650 seconds (0.47 *
0.01), the optimum regeneration time was selected to be 520 seconds in order to prolong the life time of the

column.
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The reusability of the microcolumn was evaluated by measuring the B of a fresh packed column for
four days, while the column was consecutively used for binding study and regenerated. The B, of the column
was measured before regeneration and after the column was used and regenerated for 13 times after day 1, 24
times after day 2, 39 times after day 3 and 53 times after day 4. The regeneration time was 520 seconds as
optimum value. The average By, absorbance at 405 nm, was found to be 1.18 + 0.1, with 9% relative standard
deviation. We also recorded that the By decreased with 25% after the 53™ cycles of regeneration considering
100% the By calculated for the 50 regeneration cycles. The B, value was the 100% value of binding by the
affinity microcolumn. The sample to be analyzed was always compared to the previous calibration value (By).
Therefore, the system compensated for the loss of binding capacity in the affinity microcolumn. From the
presented results, the affinity microcolumn can be reused up to 50 times. When the column was not in use, it

was kept in the presence of a carrier buffer at 4°C.

Fig. 4 shows the calibration curve created under the optimum conditions. It was plotted for ZEN
concentrations between 0.01 and 50 ug L™'. The linear dynamic range was shown between 0.10 and 10 ug L™
and the calibration equation was y =—19.011n(x) + 62.81 with an r of 0.998. The limit of quantification was 0.40
ug L', based on 20% of decrease relative to the maximum signal (100%) and the higher limit of detection was
9.5 ug L', based on 80% of decrease relative to the maximum signal. The amount of ZEN found in the sample
are usually expressed in pg kg”'. The conversion of LOQ (0.40 pg L) was performed by comparing the
extraction efficiency with the work of Li et al [34]. It can be estimated that the concentration of 0.40 pug L™ is
approximately 0.053 pg kg™ of ZEN. Since the lowest maximum limit for ZEN in food products is set at 20 pg
kg™ [7], the developed immunoassay could be suitable for ZEN detection in real sample where the dilution is

always made because of extraction and matrix interferences.
3.3 Precision

It is a crucial to achieve a good repeatability because the final goal of the developed, optimized and
fully characterized assay is to be used in the field without extensive optimization and calibration steps.
Therefore, between-column repeatability was evaluated. When 15 pL of the Sepharose-anti-ZEN was packed in
an affinity microcolumn, the average difference between B, and B, of 1.4 £ 0.2 with 12% RSD was measured.
Within-column repeatability of 10 regeneration cycles was studied. The average of B, after subtraction from B,
was 1.2 £ 0.2 with 13% RSD. The results showed good between and within-column repeatability. As discussed

earlier in reusability, the calibration with B, improves the reliability of the repeated analyses [35].
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4. Conclusions

The continuous flow-ELISA (VersAFlo) based on the sequential injection mode was developed for the
detection of ZEN. One assay takes 18 min excluding the regeneration step. It is a rather short analysis time
compared to traditional ELISA, which took approximately Sh with an overnight step. The flow-ELISA showed a
linear range between the observed signal and concentration of ZEN in the sample in the range of 0.10 and 10 pg
L™ with the limit of quantification of 0.40 ug L™, approximately 0.053 pg kg™. This could be efficient for
detection of ZEN in food and feed products. Using complete automation, errors from manual handling can be
minimized. Labor-intensive procedures can be eliminated. The system also shows the potential to be

miniaturized for a field application.
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Figure caption

Fig. 1 (a) The VersAFlo-system consisted of two piston pumps, three peristaltic pumps, 9-port valve, an affinity
microcolumn and a spectrophotometer. (b) Detection principle of the flow-ELISA taking place in the affinity
microcolumn packed with the Sepharose-anti-ZEN. Free ZEN and ZEN-HRP were sequentially injected to the
column and bind to the immobilized anti-ZEN. The substrate was introduced and the fraction of the substrate

was converted by the HRP resulted in a green-blue product.
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Fig. 2 Typical responses of the flow-ELISA when (a) maximum signal (B,) and (b) 1.5 pg L™ of ZEN (B) was

determined.
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g. 4 Calibration curve created under optimum conditions for ZEN concentrations between 0.01 and 50 pg L.
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Highlights

Detection of zearalenone (ZEN) was designed based on an automated flow-injection enzyme-linked
immunosorbent assay (ELISA). The immunoreaction of ZEN and ZEN-HRP toward the immobilized
anti-ZEN took place in the affinity microcolumn. One assay cycle required only 18 min with the limit
of quantification down to 0.40 pg L™'. After treatment with a pulse of 200 mM glycine-HCI buffer,

pH 2.40, the microcolumn can be reused up to 50 times.
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Table 1 Sequence of reagent injection, flow rate and duration time for ZEN detection using the VersAFlo-

system.

Assay phase Carrier flow rate/ L min "' Duration time/ s
Equilibration 1000 35
Substrate injection * 188 240
Rinse 1000 40
Sample injection (free ZEN) 75 240
Tracer injection (ZEN-HRP) 75 240
Rinse 1000 70
Substrate injection ° 188 240
Regeneration 1000 520
Rinse 1000 300

Accepted Article

a. First substrate injection for background determination

b. Second substrate injection to observe the absorbance caused by the enzymatic reaction
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Table 2 Optimization parameters affecting the performance of the VersAFlo-system.

Parameter Studied value Optimum value
Flow rate ZEN-HRP /uL min "' 17.5, 35,75, 150, 300 75

Flow rate Super AquaBlue /uL min ' 188, 375, 750 188

Volume ZEN-HRP /uL 50, 100, 200, 300 200

Volume Super AquaBlue /uL 50, 100, 200, 500 200
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