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Abstract:



This paper reviews the early detection strategies that have been employed for the rapid monitoring of ochratoxin A (OTA) contamination of food. OTA, a mycotoxin mainly produced by some Aspergillus and Penicillium species, is found in cereals, coffee, wine, pork and grapes. To minimize the entry of this mycotoxin into the food chain, rapid diagnostic tools are required. To this end, the potential use of lateral flow devices has also been developed. In this study, we analyze the robustness of test strips using published methods for colorimetric detection. Different test formats are discussed, and challenges in the development of lateral flow devices for on-site determination of OTA, with requirements such as robustness, speed, and cost-effectiveness, are discussed.
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1. Introduction


Rapid diagnostic assays were originally developed in the medical and clinical sectors; the urine glucose and pregnancy test strips were the first to be commercialized. The success of these tests, due to their speed and ease of use, led to their implementation in other fields, such as in the animal health and foodstuff industries. Since then, many laboratories have developed rapid analysis systems for detecting pathogens, allergens, drug residues and mycotoxins.



Ochratoxin A (OTA) is one of the mycotoxins (a natural toxic secondary metabolite) produced by several species of the fungi Penicillium and Aspergillus. This toxin represents a risk for human and animal health when ingested through contaminated food. It is cytotoxic, carcinogenic, mutagenic and immunosuppressive [1,2]. Thus, regulations are strengthening for ochratoxin A in foodstuffs (EC 105/2010 amending regulation EC 1881/2006 and EC 2006/576/EC, European Commission Regulation [3,4]) and tests for mycotoxins are exhibiting increased success (Table 1).



Table 1. Maximum accepted levels of Ochratoxin A in various foods in Europe (EC 105/2010).







	
Products

	
Max. Accepted Level (µg/kg)






	
Crude cereals

	
5




	
Processed cereals

	
3




	
Dried raisin

	
10




	
Roasted coffee

	
5




	
Soluble instant coffee

	
10




	
Wine (red, white, rose) and raisin derived products

	
2




	
Raisin juice and derived products

	
2




	
Grape must

	
2




	
Baby foods and cereal based baby foods

	
0.5




	
Probiotics

	
0.5




	
Liquorice root

	
20




	
Liquorice extract

	
80




	
Spices

	
30 *








* Maximum accepted level is 30 from 1 July 2010–30 June 2012; then 15 as of 1 July 2012.










Validated standard methods for the detection of ochratoxin A are based on chromatographic techniques with fluorescence detection due to the fact that OTA possesses natural fluorescence [5,6]. However, these methods are expensive and time-consuming so there is a need for simplified procedures. Rapid screening tests such as biosensors [7,8,9] and enzyme-linked immunosorbent assays (ELISA)[10] are emerging. A further development is their simplification, such as colored immuno-tests, like rapid disposable membrane-based assay tests or clean-up tandem immune assay column. These tools tend to be portable, low cost, and easy to use, giving results that can be interpreted by non-specialists.



Rapid disposable membrane-based assays have been developed in multiple formats like dip sticks tests, strip tests and flow-though tests. Dip stick tests are simplified ELISA based tests, requiring 30 minutes to three hours. For strip tests and flow-though test systems, the total time required is 5–10 minutes [11].



This review will focus on membrane-based strip tests, flow-through tests and another system that combines solid phase clean-up and immunoassay in one device.




2. Biosensors


As mycotoxin contamination usually occurs in trace amounts ranging from nanograms to micrograms per gram of foodstuff, sensitive and accurate analytical methods for OTA determination are highly desirable. Other analytical methods, such as capillary electrophoresis [12], radioimmunoassay [13] and enzyme-linked immunosorbent assay [14], have been developed. More recently, several immunosensors have emerged for OTA detection including optical waveguide light mode spectroscopy (OWLS)[15], fluorescent biosensor arrays [16,17], and electrochemical immunosensors [9,18]. The development of OTA electrochemical immunosensors is based on different OTA immobilization procedures. OTA electrochemical immunosensors can be based on screen-printed gold electrodes modified with a layer of 4-nitrophenyl diazonium salt. This technique was recently reported and a detection limit of 12 ng/mL was achieved [19]. Another label-free electrochemical immunosensor that was developed on modified gold electrodes for sensitive detection of OTA was also recently published [20]. The direct electrochemical oxidation of OTA is also possible using voltammetry at a vitreous carbon electrode [21,22]. A surface plasmon resonance based sensor for the detection of OTA has also been described [7]. The use of molecular imprinted polymer (MIP) comprising cavities that can be considered as antibody mimics have been developed for the analysis of OTA from cereal extracts [23]. However, these methods are expensive, need specific instruments and cannot be used by a non-scientific technician.




3. Membrane-Based Test Strip


The test strip, also called a lateral flow device or immunochromatographic strip (ICS) test, is based on a membrane which contains immobilized antibodies. The test strip has been popular for diagnostic tests since its introduction in the late 1980s.



Lateral flow tests are used for the specific qualitative or semi-quantitative detection of many substances including antigens, antibodies, and even mycotoxins. The development of rapid test systems is critical for the control and the determination of contaminants such as mycotoxins in food prior to or during production. However, major restrictions arise from the matrix sample (one of the most difficult is red wine), which negatively affects both the selectivity and the sensitivity of the test [24]. One or several mycotoxins can be tested on the same strip simultaneously [25,26]. For OTA detection, the test strip is a competitive assay, as shown in Figure 1A. After 10 to 15 minutes, one or two lines become visible: one for a positive result and two for a negative result. One line, the control line, will therefore always be visible regardless of the presence of the targeted analyte, to confirm the correct development of the test. The test plate is composed of three parts, namely the sample pad, conjugate pad and reaction membrane, as shown in Figure 1A and B.


Figure 1. Competitive assay in test strip format (free-standing test strip). (A) The principle of the method, modified from [11]. The toxin recognition sites of the specific antibody conjugated to a detection system (usually colloidal gold) located in the conjugated pad will be blocked by the toxin present in the sample, thus preventing the antibody from being fixed on the test line. In the control line, an anti-antibody (usually goat anti-mouse antibody) will retain charged and uncharged conjugated antibodies, thus providing the positive control. The intensity of the test line will be inversely correlated to the toxin concentration in the sample. (B) Schematic diagram of simple and multiple detection strips. The two test lines contain different toxins conjugated to the membrane-bound protein. The conjugate pad contains specific antibodies to each of the corresponding toxins.
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Lateral-Flow: How Does It Work?


The test strip is a one step procedure. The liquid sample to be analyzed is placed onto the sample pad. The membrane pads are usually nitrocellulose based [25,26,27,28]. The reagent membrane contains the immobilized specific antibodies and the labeled antibodies. With the addition of the sample, the reacting molecules are solubilized. When solubilized, they combine with OTA in the sample. Then, capillary action draws the fluid mixture towards the reaction membrane. A variety of reagents can be used for visualizing the antigen/antibody interaction; colloidal gold is most often used in test strips developed for OTA [25,26].





These test strips are semi-quantitative with different visual limits of detection (LOD) in function of the nature of the sample. In the first developed test, the detection limit was 500 ng/mL OTA [28]; nowadays, the cut-off level has dropped to 1 ng/mL (Table 2). Indeed, these immunostrips provided a cut-off response for the OTA level adjusted to the most stringent limit that the European Community has fixed for foodstuffs (Table 1 and Table 2).



Table 2. Visual detection limit of different test strips developed for Ochratoxin A.







	
Visual Detection Limit (ng/mL)

	
Total Assay Time (min)

	
Sample

	
References






	
2.5

	
15

	
Maize

	
[26]




	
10

	
10

	
Cereal and soybean

	
[29]




	
1

	
10

	
Barley, wheat, maize, oat, rice

	
[27]




	
500

	
<10

	
Cereal

	
[28]












One of the most commonly used technologies so far is the immunochromatographic rapid assay strip test (GIPSA (http://gipsa.usda.gov/GIPSA)). Many tests have been developed for the detection of aflatoxin M1 in milk [30] fumonisins B1 and B2 in maize [31] and aflatoxin B1 in pig feed [32]. One strip-based test kit for OTA gives good performance for wheat and barley and is commercially available according to the GIPSA guidelines. This kit involves a quantitative lateral flow immunoassay with a range of sensitivity of 0 to 150 ppb and a limit of detection of 1 ppb that requires a specific reader: the ROSA® Ochratoxin Quantitative kit is sold with a ROSA-M reader (http://www.charm.com).





4. Flow-Through Tests


Flow-through membrane based immunoassays are comparable with lateral-flow test strips in rapidity and ease of use. However, they are qualitative or semi-quantitative tests, and interpretation of results may be difficult when the sample concentration is close to the cut-off level [33]. These types of devices have been developed for competitive immunoassay detection of various mycotoxins. They are based on modified ELISA tests (Figure 2).


Figure 2. Principle of competitive immunoassay with conjugated toxin, modified from [24]. (A) The membrane is coated with the first antibody (usually a goat anti-mouse); (B) The second antibody (usually a monoclonal anti-toxin) is then fixed; (C) The membrane is then placed in contact with the sample. If the sample contains the specific toxin, the toxin links to the specific antibody; (D) A detection element conjugated with the toxin (usually HRP) is then added to the membrane. The amount of conjugated toxin that can be fixed is inversely correlated with the amounts of toxin present in the sample; (E) The non-fixed conjugated toxin is rinsed away before adding a developing product (F).
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Flow-Through: How Does It Work?


The test principle involves a flow of fluid containing the mycotoxin, through a filter paper (Figure 3). A second layer, or submembrane, inhibits the immediate backflow of fluids, which could corrupt the result. The mycotoxin is captured on the surface of the membrane by a primary antibody and then visualized by the addition of mycotoxin HRP (Horseradish Peroxidase) conjugate. On the membrane, the dot color intensity level is visually compared with a negative control. The most intense color is exhibited by the control because there is an inverse relationship between toxin concentration and color development.


Figure 3. The principle of the simultaneous immunoassay method for aflatoxin B1 (AFB1) and OTA in a flow-through assay. Two types of reagent spots are prepared, one containing the conjugates for AFB1, the other for OTA. The detection process is the same for both samples.
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An advantage of this type of device is that it is a very rapid procedure, with results available within 3–5 minutes. A flow-through membrane-based enzyme immunoassay for the rapid detection of OTA in wheat has been developed [35]. The possibility of using this device for the detection of one or multiple mycotoxins including OTA has been explored in samples as diverse as green coffee [36], wheat [35], chili [34], and wine [37]. With the elimination of matrix interferences, this non-instrumental spotting method is sensitive and can quickly estimate the level of contamination of various samples. As shown in Table 3, the LODs obtained are compatible with the regulatory limit established by the European Commission. The limit of this method seems to be the instability of the developed color [38]. In addition, as enzyme activity is temperature and pH dependent, sample preparation, sample volume and clean-up layer processing are crucial steps which can interfere with the quality of the color [24]. Moreover, this method may require densitometric analysis.



Table 3. Visual detection limit of different flow-through tests developed for ochratoxin A.







	
Visual Detection Limit (ng/mL)

	
Reaction Time (min) *

	
Sample

	
References






	
2

	
20

	
Wine

	
[24]




	
4

	
ND

	
Roasted coffee

	
[39]




	
10

	
ND

	
Chili

	
[34]




	
1

	
8

	
Wine, coffee

	
[37]




	
2

	
8

	
Coffee

	
[37]








* ND: not determined.












5. Clean-Up Tandem Immune Assay Column


There are two main types of clean-up columns, immunoaffinity columns (IAC) and solid phase extraction (SPE) columns.



IAC represent one of the major cleaning techniques for OTA analysis and that of other mycotoxins [39]. With IAC clean-up, the mycotoxin can be concentrated in the column, thereby increasing the fluorometric assay sensitivity and decreasing its limit of detection. In 2001, Pascale and Visconti used this method for the detection of OTA in urine with a limit of 0.05 ng/mL [33]. Other examples of the potency of this fluorimetric assay have been demonstrated for the detection of OTA in maize [40], in wheat, rice barley raisins, or red wine [41]. Nevertheless, some precaution should be taken. It has been demonstrated by some authors that underestimation could arise when OTA is first extracted in alkaline conditions [42,43,44].



As an alternative to IAC application, several variants of SPE have been developed. The use of SPE columns for purification is rapid and profitable. Sibanda et al. 2002 optimized this method for rapid detection of OTA in roasted coffee. A one-step SPE clean-up column has been developed for rapid clean-up of mycotoxin for use in a fluorometric method [45,46].



Sample preparation is a crucial step in the determination of OTA and should be kept as simple as possible. However, for heavily colored samples, like red wine and coffee, a simple extraction gives interfering fractions making the development of visual tests more difficult [24]. Moreover, all these techniques require sophisticated equipment and trained staff and cannot be used on-site.



Hence, there is a need for alternative methods using non-instrumental clean-up up tandem immunoassay columns for the visual detection of OTA. Several such procedures have been developed over the last decade.



Clean-up Tandem Immune Assay Column: How Does It Work?


All rapid systems for the clean-up tandem immunoassay combine sample clean-up and analyte detection based on the direct competitive immunoassay principle (Figure 4). For this, the analyte binds to the antibody immobilized on the gel or membrane in the flow-through column; the added enzyme labeled conjugate can only bind to specific antibodies if they are not occupied by the analyte. Consequently, the amount of bound conjugate and, therefore, the intensity of the developed color are inversely proportional to analyte concentration. When OTA is present, no color develops. There are several types of clean-up columns: the reactive device being in the top or bottom of the column, the filling being made of Bio-Sil NH2 or SAX clean-up layer (retaining impurities and color). However, all clean-up immunoassays use OTA-HRP conjugated for the colorimetric detection. For example, to optimize the detection of OTA in red wine, a SAX clean-up layer was used and the detection layer was washed with PBS to remove residual matrix color in order to be able to distinguish between a blank control and a sample spiked at 2 ng/mL [24]. The visual detection limits of different clean-up tandem immunoassay columns tests developed for OTA can vary from 2 to 10 ng/mL depending on food matrices (Table 4).


Figure 4. Set-up of the flow-through column connected with a clean-up column.
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Table 4. Visual detection limit of different clean-up tandem immunoassay columns tests developed for ochratoxin A.







	
Visual Detection Limit (ng/mL)

	
Reaction Time (min) *

	
Sample

	
References






	
2

	
20

	
Wine

	
[24]




	
6

	
ND

	
Roasted coffee

	
[37]




	
10

	
40

	
Chili red pepper, pili-pili, paprika, ginger

	
[47]




	
6

	
15

	
Roasted coffee

	
[48]




	
2

	
30

	
Cocoa powder

	
[49]




	
10

	
10

	
Highly colored herbs, spices

	
[47]




	
0.2

	
30

	
Beer

	
[50]








* ND: not determined.














6. Conclusions


Different requirements need to be fulfilled in order to obtain a usable colorimetric test for rapid mycotoxin screening. In this review, three rapid colorimetric devices have been compared: the lateral flow strip test, the flow-through test and the clean-up tandem immunoassay. Membranes offer several advantages: antibodies are covalently bound to the pad, and a simple solvent extraction is used for faintly colored matrices, followed by a filtration step. However, for intensely colored food matrices such as wine, coffee, cocoa, spices, this simple extraction is not sufficient. The clean-up tandem immunoassay, a new system that combines clean-up and detection in a single test device, offers the possibility to develop rapid tests for complex matrices. Despite a strong demand, very few rapid test kits are commercially available. GIPSA has validated only two rapid test kits for OTA detection in non-colored food matrices such as wheat and barley: ROSA® Ochratoxin Quantitative kit, a lateral flow strip (Charm Sciences Inc.) and the OchraTest®, a clean-up affinity column (Vicam). Other systems published in scientific journals have probably encountered problems of profitability, usability or reliability. All the preparation steps with antibodies, for example for the detection layer, are sensitive issues and can compromise the robustness of the test [38]. The ideal ochratoxin A test should be a very sensitive portable test, able to give an accurate and rapid answer, usable by a non-scientific technician, reliable, inexpensive, able to overcome the problem of complex/colored matrix, and one that gives a simple visual signal; but such a test has yet to be developed.







Acknowledgments


The authors would like to thank T. Williams for his critical lecture.




References


	1. 
Paterson, R.R.M.; Lima, N. Toxicology of mycotoxins. EXS 2010, 100, 31–63. [Google Scholar]

	2. 
Pfohl-Leszkowicz, A.; Manderville, R.A. Review on Ochratoxin A: An overview on toxicity and carcinogenicity in animals and humans. Mol. Nutr. Food Res. 2007, 51, 61–99. [Google Scholar]

	3. 
Duarte, S.C.; Pena, A.; Lino, C.M. A review on ochratoxin A occurrence and effects of processing of cereal and cereal derived food products. Food Microbiol. 2010, 27, 187–198. [Google Scholar]

	4. 
European Commission. Commission Regulation (EU) No. 105/2010. Off. J. Eur. Union 2010, 35, 7–8. [Google Scholar]

	5. 
Tessini, C.; Marcones, C.; von Baer, D.; Vega, M.; Herlitz, E.; Saelzer, R.; Silva, J.; Torres, O. Alternatives for sample pre-treatment and HPLC determination of ochratoxin A in red wine using fluorescence detection. Anal. Chim. Acta 2010, 660, 119–126. [Google Scholar]

	6. 
Monbaliu, S.; van Poucke, C.; Detavernier, C.; Dumoulin, F.; van de Velde, M.; Schoeters, E.; van Dyck, S.; Averkieva, O.; van Peteghem, C.; de Saeger, S. Occurrence of mycotoxins in feed as analyzed by a multi-mycotoxin LC-MS/MS method. J. Agric. Food Chem. 2010, 58, 66–71. [Google Scholar]

	7. 
Yuan, J.; Deng, D.; Lauren, D.R.; Aguilar, M.; Wu, Y. Surface plasmon resonance biosensor for the detection of ochratoxin A in cereals and beverages. Anal. Chim. Acta 2009, 656, 63–71. [Google Scholar]

	8. 
Alonso-Lomillo, M.A.; Domínguez-Renedo, O.; Ferreira-Gonçalves, L.; Arcos-Martínez, M.J. Sensitive enzyme-biosensor based on screen-printed electrodes for ochratoxin A. Biosens. Bioelectron. 2010, 25, 1333–1337. [Google Scholar]

	9. 
Liu, X.-P.; Deng, Y.-J.; Jin, X.-Y.; Chen, L.-G.; Juang, J.-H.; Shen, G.-L.; Yu, R.-Q. Ultrasensitive electrochemical immunosensor for ochratoxin A using gold colloid-mediated hapten immobilization. Anal. Biochem. 2009, 389, 63–68. [Google Scholar]

	10. 
Klarić, M.S.; Cvetnić, Z.; Pepeljnjak, S.; Kosalec, I. Co-occurrence of aflatoxins, ochratoxin A, fumonisins, and zearalenone in cereals and feed, determined by competitive direct enzyme-linked immunosorbent assay and thin-layer chromatography. Arh. Hig. Rada. Toksikol. 2009, 60, 427–434. [Google Scholar]

	11. 
Krska, R.; Molinelli, A. Rapid test strips for analysis of mycotoxins in food and feed. Anal. Bioanal. Chem. 2009, 393, 67–71. [Google Scholar]

	12. 
González-Peñas, E.; Leache, C.; López de Cerain, A.; Lizarraga, E. Comparison between capillary electrophoresis and HPLC-FL for ochratoxin A quantification in wine. Food Chem. 2006, 97, 349–354. [Google Scholar]

	13. 
Fukal, L. A survey of cereals, cereal products, feedstuffs and porcine kidneys for ochratoxin A by radioimmunoassay. Food Addit. Contam. 1990, 2, 253–258. [Google Scholar]

	14. 
Prieto-Simón, B.; Campàs, M.; Marty, J.-L.; Noguer, T. Novel highly-performing immunosensor-based strategy for ochratoxin A detection in wine samples. Biosens. Bioelectron. 2008, 23, 995–1002. [Google Scholar]

	15. 
Adányi, N.; Levkovets, I.A.; Rodriguez-Gil, S.; Ronald, A.; Váradi, M.; Szendro, I. Development of immunosensor based on OWLS technique for determining aflatoxin B1 and ochratoxin A. Biosens. Bioelectron. 2007, 22, 797–802. [Google Scholar]

	16. 
Sapsford, K.E.; Ngundi, M.M.; Moore, M.H.; Lassman, M.E.; Shriver-Lake, L.C.; Taitt, C.R.; Ligler, F.S. Rapid detection of foodborne contaminants using an array biosensor. Sens. Actuators B Chem. 2006, 113, 599–607. [Google Scholar]

	17. 
Cruz-Aguado, J.A.; Penner, G. Fluorescence polarization based displacement assay for the determination of small molecules with aptamers. Anal. Chem. 2008, 80, 8853–8855. [Google Scholar]

	18. 
Alarcon, S.H.; Palleschi, G.; Compagnone, D.; Pascale, M.; Visconti, A.; Barna-Vetró, I. Monoclonal antibody based electrochemical immunosensor for the determination of ochratoxin A in wheat. Talanta 2006, 69, 1031–1037. [Google Scholar]

	19. 
Radi, A.-E.; Muñoz-Berbel, X.; Lates, V.; Marty, J.-L. Label free impedimetric immunosensor for sensitive detection of ochratoxin A. Biosens. Bioelectron. 2008, 24, 1888–1892. [Google Scholar]

	20. 
Radi, A.-E.; Muñoz-Berbel, X.; Cortina-Puig, M.; Marty, J.-L. An electrochemical immunosensor for ochratoxin A based on immobilization of antibodies on diazonium-functionalized gold electrode. Electrochim. Acta 2009, 54, 2180–2184. [Google Scholar]

	21. 
Ramirez, E.A.; Zón, M.A.; Jara Ulloa, P.A.; Squella, J.A.; Nuñez Vergara, L.; Fernández, H. Adsorption of ochratoxin A (OTA) anodic oxidation product on glassy carbon electrodes in highly acidic reaction media: Its thermodynamic and kinetics characterization. Electrochim. Acta 2010, 55, 771–778. [Google Scholar]

	22. 
Oliveira, S.C.B.; Diculescu, V.C.; Palleschi, G.; Compagnone, D.; Oliveira-Brett, A.M. Electrochemical oxidation of ochratoxin A at a glassy carbon electrode and in situ evaluation of the interaction with deoxyribonucleic acid using an electrochemical deoxyribonucleic acid-biosensor. Anal. Chim. Acta 2007, 588, 283–291. [Google Scholar]

	23. 
Ali, W.H.; Derrien, D.; Alix, F.; Pérollier, C.; Lépine, O.; Bayoudh, S.; Chapuis-Hugon, F.; Pichon, V. Solid-phase extraction using molecularly imprinted polymers for selective extraction of a mycotoxin in cereals. J. Chromatogr. A 2010. [Google Scholar]

	24. 
Rusanova, T.Y.; Beloglazova, N.V.; Goryacheva, I.Y.; Lobeau, M.; van Peteghem, C.; de Saeger, S. Non-instrumental immunochemical tests for rapid ochratoxin A detection in red wine. Anal. Chim. Acta 2009, 653, 97–102. [Google Scholar]

	25. 
Kolosova, A.Y.; de Saeger, S.; Sibanda, L.; Verheijen, R.; van Peteghem, C. Development of a colloidal gold-based lateral-flow immunoassay for the rapid simultaneous detection of zearalenone and deoxynivalenol. Anal. Bioanal. Chem. 2007, 389, 2103–2107. [Google Scholar]

	26. 
Shim, W.; Dzantiev, B.B.; Eremin, S.A.; Chung, D. One-step simultaneous immunochromatographic strip test for multianalysis of ochratoxin A and zearalenone. J. Microbiol. Biotechnol. 2009, 19, 83–92. [Google Scholar]

	27. 
Wang, X.; Liu, T.; Xu, N.; Zhang, Y.; Wang, S. Enzyme-linked immunosorbent assay and colloidal gold immunoassay for ochratoxin A: investigation of analytical conditions and sample matrix on assay performance. Anal. Bioanal. Chem. 2007, 389, 903–911. [Google Scholar]

	28. 
Cho, Y.-J.; Lee, D.-H.; Kim, D.-O.; Min, W.-K.; Bong, K.-T.; Lee, G.-G.; Seo, J.-H. Production of a monoclonal antibody against ochratoxin A and its application to immunochromatographic assay. J. Agric. Food Chem. 2005, 53, 8447–8451. [Google Scholar]

	29. 
Lai, W.H.; Fung, D.Y.C.; Yang, X.; Liu, R.R.; Xiong, Y.H. Development of a colloidal gold strip for rapid detection of ochratoxin A with mimotope peptide. Food Control 2009, 20, 791–795. [Google Scholar]

	30. 
Sibanda, L.; de Saeger, S.; van Peteghem, C. Development of a portable field immunoassay for the detection of aflatoxin M1 in milk. Int. J. Food Microbiol. 1999, 48, 203–209. [Google Scholar]

	31. 
Paepens, C.; de Saeger, S.; Sibanda, L.; Barna-Vetró, I.; Anselme, M.; Larondelle, Y.; van Peteghem, C. Evaluation of fumonisin contamination in cornflakes on the Belgian market by "flow-through" assay screening and LC-MS/MS analyses. J. Agric. Food Chem. 2005, 53, 7337–7343. [Google Scholar]

	32. 
Delmulle, B.S.; de Saeger, S.; Sibanda, L.; Barna-Vetro, I.; van Peteghem, C.H. Development of an immunoassay-based lateral flow dipstick for the rapid detection of aflatoxin B1 in pig feed. J. Agric. Food Chem. 2005, 53, 3364–3368. [Google Scholar]

	33. 
Zheng, M.; Richard, J.; Binder, J. A Review of rapid methods for the analysis of mycotoxins. Mycopathologia 2006, 161, 261–273. [Google Scholar]

	34. 
Saha, D.; Acharya, D.; Roy, D.; Shrestha, D.; Dhar, T.K. Simultaneous enzyme immunoassay for the screening of aflatoxin B1 and ochratoxin A in chili samples. Anal. Chim. Acta 2007, 584, 343–349. [Google Scholar]

	35. 
de Saeger, S.; van Peteghem, C. Flow-through membrane-based enzyme immunoassay for rapid detection of ochratoxin A in wheat. J. Food Prot. 1999, 62, 65–69. [Google Scholar]

	36. 
Sibanda, L.; de Saeger, S.; Bauters, T.G.; Nelis, H.J.; van Peteghem, C. Development of a flow-through enzyme immunoassay and application in screening green coffee samples for ochratoxin A with confirmation by high-performance liquid chromatography. J. Food Prot. 2001, 64, 1597–1602. [Google Scholar]

	37. 
Saha, D.; Acharya, D.; Dhar, T.K. Method for homogeneous spotting of antibodies on membranes: application to the sensitive detection of ochratoxin A. Anal. Bioanal. Chem. 2006, 385, 847–854. [Google Scholar]

	38. 
de Saeger, S.; Sibanda, L.; Paepens, C.; Lobeau, M.; Delmulle, B.; Barna-Vetro, I.; van Peteghem, C. Novel developments in rapid mycotoxin detection. Mycotoxin Res. 2006, 22, 100–104. [Google Scholar]

	39. 
Sibanda, L.; de Saeger, S.; Barna-Vetro, I.; van Peteghem, C. Development of a solid-phase cleanup and portable rapid flow-through enzyme immunoassay for the detection of ochratoxin a in roasted coffee. J. Agric. Food Chem. 2002, 50, 6964–6967. [Google Scholar]

	40. 
Pascale, M.; Visconti, A. Rapid method for the determination of ochratoxin A in urine by immunoaffinity column clean-up and high-performance liquid chromatography. Mycopathologia 2001, 152, 91–95. [Google Scholar]

	41. 
Chan, D.; MacDonald, S.J.; Boughtflower, V.; Brereton, P. Simultaneous determination of aflatoxins and ochratoxin A in food using a fully automated immunoaffinity column clean-up and liquid chromatography-fluorescence detection. J. Chromatogr. A 2004, 1059, 13–16. [Google Scholar]

	42. 
Pfohl-Leszkowicz, A.; Molinié, A.; Castegnaro, M. Presence of ochratoxin a, citrinin and fumonisin B1 in breakfast cereals collected in french market. Comparison of OTA analysis using or not immunoaffinity clean-up before HPLC. Revista Mexicana de Micologia 2004, 19, 7–15. [Google Scholar]

	43. 
Molinié, A.; Faucet, V.; Castegnaro, M.; Pfohl-Leszkowicz, A. Analysis of some breakfast cereals collected on the French market for their content in ochratoxin A, citrinin and fumonisin B1: development of a new method for simultaneous extraction of ochratoxin A and citrinin. Food Chem. 2005, 92, 391–400. [Google Scholar]

	44. 
Castegnaro, M.; Tozlovanu, M.; Wild, C.; Molinié, A.; Sylla, A.; Pfohl-Leszkowicz, A. Advantages and drawbacks of immunoaffinity columns in analysis of mycotoxins in food. Mol. Nutr. Food Res. 2006, 50, 480–481. [Google Scholar]

	45. 
Buttinger, G.; Fuchs, E.; Knapp, H.; Berthiller, F.; Schuhmacher, R.; Binder, E.-M.; Krska, R. Performance of new clean-up column for the determination of ochratoxin A in cereals and foodstuffs by HPLC-FLD. Food Addit. Contam. 2004, 21, 1107–1114. [Google Scholar]

	46. 
Malone, B.R.; Humphrey, C.W.; Romer, T.R.; Richard, J.L. One-step solid-phase extraction cleanup and fluorometric analysis of deoxynivalenol in grains. J. AOAC Int. 1998, 81, 448–452. [Google Scholar]

	47. 
Goryacheva, I.Y.; de Saeger, S.; Nesterenko, I.S.; Eremin, S.A.; van Peteghem, C. Rapid all-in-one three-step immunoassay for non-instrumental detection of ochratoxin A in high-coloured herbs and spices. Talanta 2007, 72, 1230–1234. [Google Scholar]

	48. 
Lobeau, M.; de Saeger, S.; Sibanda, L.; Barna-Vetró, I.; van Peteghem, C. Application and validation of a clean-up tandem assay column for screening ochratoxin A in cocoa powder. Food Addit. Contam. 2007, 24, 398–405. [Google Scholar]

	49. 
Lobeau, M.; de Saeger, S.; Sibanda, L.; Barna-Vetró, I.; van Peteghem, C. Development of a new clean-up tandem assay column for the detection of ochratoxin A in roasted coffee. Anal. Chim. Acta 2005, 538, 57–61. [Google Scholar]

	50. 
Goryacheva, I.Y.; Basova, E.Y.; van Peteghem, C.; Eremin, S.A.; Pussemier, L.; Motte, J.-C.; de Saeger, S. Novel gel-based rapid test for non-instrumental detection of ochratoxin A in beer. Anal. Bioanal. Chem. 2008, 390, 723–727. [Google Scholar]





© 2010 by the authors; licensee MDPI, Basel, Switzerland This article is an open-access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file4.png
(Goat) anti-mouse antibody
Mouse anti-OTA antibody
OTA

Other compounds (interferances)

OTA-enzyme conjugate

Developper (substrate)






nav.xhtml


  toxins-02-02230


  
    		
      toxins-02-02230
    


  




  





media/file1.png
[ é}\'\“ ({60 0 Toxin
ow \8 « @ g lil Protein-conjugated toxin
A

|:> 3 %19%1‘ o

T|J Specific anti-antibody

AC] O—C Antibody coated colloidal gold
0 A Other compounds

samplepad  Conjugatepad  Membrane pad Absorbent pad

B Testline Controlline

N e

BT 0T

e

Sample Nitrocellulose.
Flow pad membrane
Conjugate(s) Absorbent
pad pad

f_%J_Y—"—\(_A—V

Testline 1 Controlline
Testline 2





media/file2.png
[ é}\'\“ ({60 0 Toxin
ow \8 « @ g lil Protein-conjugated toxin
A

|:> 3 %19%1‘ o

T|J Specific anti-antibody

AC] O—C Antibody coated colloidal gold
0 A Other compounds

samplepad  Conjugatepad  Membrane pad Absorbent pad

B Testline Controlline

N e

BT 0T

e

Sample Nitrocellulose.
Flow pad membrane
Conjugate(s) Absorbent
pad pad

f_%J_Y—"—\(_A—V

Testline 1 Controlline
Testline 2





media/file7.png
Clean-up Detection
Mixed sample matrix membrane

orgel





media/file5.png
Multiple spot membrane

OTA detection AFB-1 detection

J OTA-enzyme conjugate

& AFB-1-enzyme conjugate





media/file3.png
(Goat) anti-mouse antibody
Mouse anti-OTA antibody
OTA

Other compounds (interferances)

OTA-enzyme conjugate

Developper(substrate)





media/file0.png





media/file8.png
Clean-up Detection
Mixed sample matrix membrane

orgel





media/file6.png
Multiple spot membrane

OTA detection AFB-1 detection

? OTA-enzyme conjugate

&y AFB-1-enzyme conjugate





