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Abstract:

 The main limitations of microplate-based enzyme immunoassays are the prolonged incubations necessary to facilitate heterogeneous interactions, the complex matrix and poorly soluble antigens, and the significant sample dilutions often required because of the presence of organic extractants. This study presents the use of antibody immobilization on the surface of magnetic particles to overcome these limitations in the detection of the mycotoxin, aflatoxin B1. Features of the proposed system are a high degree of nanoparticle dispersion and methodologically simple immobilization of the antibodies by adsorption. Reactions between the immobilized antibodies with native and labeled antigens are conducted in solution, thereby reducing the interaction period to 5 min without impairing the analytical outcome. Adsorption of immunoglobulins on the surface of magnetic nanoparticles increases their stability in aqueous-organic media, thus minimizing the degree of sample dilution required. Testing barley and maize extracts demonstrated a limit of aflatoxin B1 detection equal to 20 pg/mL and total assay duration of 20 min. Using this method, only the 3-fold dilution of the initial methanol/water (60/40) extraction mixture in the microplate wells is necessary. The proposed pseudo-homogeneous approach could be applied toward immunodetection of a wide range of compounds.
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1. Introduction

The enzyme-linked immunosorbent assay (ELISA) in microplate format technique is widely used for the detection of various compounds, and is the most common immunoassay technique with a large number of commercially produced kits available [1,2]. Its main advantages are high sensitivity, ease of use, small sample quantity requirements, and compatibility with simple methods of sample preparation [3,4]. However, traditional ELISA has several drawbacks.

Firstly, ELISA usually takes several hours because of the diffusion-dependent heterogeneous reactions required for the formation of detectable immune complexes [3]. The possibility of reducing the duration of ELISA in some cases by 50 min [5] up to 2 h [6] has been reported, but the optimal reaction time of these interactions have not been analysed in detail.

Secondly, problems arise when the detection compounds are characterized by low solubility in aqueous-saline environments, and therefore require extraction using organic solvents such as methanol, thus causing antibody denaturation [7]. Water-methanol mixtures with a methanol content of 60% or 70% are most often used for mycotoxin extraction. Some researchers have demonstrated the efficiency of 55% methanol and even its 50% (Aflatoxins B1 [AFB1] ELISA Test Kit, Krishgen Biosystems, Los Angeles, CA, USA) or 33% (Total Aflatoxin ELISA Kit, EuroClone SpA, Milan, Italy) content. Other recommended mixtures for the extraction, such as acetonitrile-water, acetonitrile-methanol, methanol-ether, are characterized by similar or higher organic solvent values [8–10]. However, high concentrations of the organic solvent reduce antibody stability for later immunoassay implementation. Thus, loss of antigen-binding properties was described for reaction media containing 20% and even 5% of methanol [11].

To overcome these problems, different approaches are used. An effective solution for reducing ELISA duration is to implement it in pseudo-homogeneous mode, where dispersed carriers coated with immobilized immunoreagents are used for immune interactions and then separated from the reaction mixture for the subsequent detection of carrier-bound enzyme-labelled compounds. Various carriers, such as oppositely charged polyelectrolytes, ultradispersed particles, can be used for this purpose [12,13]. However, manipulation with such carriers for efficient separation could be realized only by the use of additional complicated devices and/or assay stages.

The influence of organic solvents may be excluded by a substantial (twofold or more) dilution of the sample prior to analysis, but this approach causes proportional reduction of the assay sensitivity. Alternatively, more sensitive detection of enzyme labels may be used, for example chemiluminescent detection for peroxidase label instead of common colorimetric approaches [14,15]. These changes also are associated with significant complication of ELISA protocol and instrumentation.

In the given work we propose to use magnetic nanoparticles as solid phase in ELISA. A number of papers have described the application of magnetic nanoparticles in immunoassays of, for example, hormones [16], bacteria [17], allergens [18], proteins [6,19] and viruses [20]. The complexes between the nanoparticles and antibodies are commonly formed by covalent immobilization [21,22]. The dominating approach is to separate target compound by magnetic carriers and then to detect eluted molecules [23–25]. These studies also did not involve the detection of low-solubility antigens and therefore did not consider the question of antibody on particles stability in organic media.

Our proposition is to use the formed complexes of magnetic nanoparticles, immobilized antibodies and bound antigen molecules directly in the ELISA. Increased stability of immobilized antibodies to denaturation will be applied to test samples with relatively high content of methanol. The distinguishing feature of the method proposed here is the use of highly dispersed (average diameter of 10 nm) magnetic carriers and the simple adsorption of antibodies.

In this paper, we describe the realization of an express immunoassay using magnetic nanoparticles for the mycotoxin, aflatoxin B1 (AFB1). Because of multiple toxic effects, AFB1 is one of the priority contaminants for monitoring and control in agricultural products and foodstuffs [26,27]. Nowadays, several commercial ELISA kits for AFB1 are manufactured, e.g., Total Aflatoxin ELISA Kit, EuroClone SpA-LOD 4 ng/g, Milan, Italy; Aflatoxins B1 [AFB1] ELISA Test Kit-LOD 1 ng/g, Krishgen Biosystems, Los Angeles, CA, USA, Total Aflatoxin ELISA Test Kit (Bioo Scientific, Austin, TX, USA-LOD 0.5 ng/g). They allow to find exceeding maximal residue levels for main foodstuffs (official MRLs are from 2 to 12 ng/g), but not enough for special kinds of food, such as baby food with MRL = 0.1 ng/g (Commission Regulation [EU] No 165/2010). Low LODs for AFB1 ELISA may be found in some research papers, such as 10 pg/mL and 90 pg/mL in [14,15], respectively. However, such LODs are achieved through complicated chemiluminescent detection.

Therefore, highly sensitive determination of AFB1 is the demanded task. The results presented here therefore include preparation of magnetic nanoparticles and their non-covalent complexes with antibodies, use of these complexes for rapid determination of aflatoxin B1, and application of this assay for monitoring of plant extracts containing high contents of organic solvents.



2. Experimental Section


2.1. Materials, Reagents and Equipment

Aflatoxin B1 (Khromresurs, Moscow, Russia), aflatoxin B1-BSA, 3,3′,5,5′-tetramethylbenzidine (TMB), Triton X-100, iron(III) chloride, iron(II) chloride, (Sigma-Aldrich, St. Louis, MO, USA), and bovine serum albumin (BSA; MP Biomedicals, Santa Ana, CA, USA) were used. All other reagents were of analytical grade or higher.

Monoclonal antibodies against AFB1, and AFB1 conjugated with horseradish peroxidase (AFB1-HRP), were provided by IL-TEST Pushchino, Ltd (Pushchino, Moscow Region, Russia). Antibody specificities were confirmed previously [13].

A MagnetoPURE 96 (Chemicell, Berlin, Germany) was used for magnetic separations in 96-well plates and a neodymium magnet 30 × 30 × 30 mm (LLC MAGNET-MSCs, Moscow, Russia) was used for all other magnetic separations.

ELISA were performed with Costar 9018 (Corning, New York, NY, USA) and Medpolymer (St.-Petersburg, Russia) microplates. When conducting ELISA, absorbance of the reaction product was detected with a Zenyth 3100 microplate reader (Anthos Labtec Instruments, Salzburg, Austria).



2.2. Microplate ELISA for AFB1

Antibodies against AFB1 were incubated in a microplate for 2 h at 37 °C at a concentration of 1 μg/mL in 100 μL of 50 mM phosphate buffer, pH 7.4, containing 100 mM NaCl (PBS). After four washes with PBS containing 0.05% Triton X-100 (PBST), a solution of AFB1 (50 μL) at concentrations between 5 ng/mL and 0.25 pg/mL in PBST, methanol solution, or plant extract in PBST were added, mixed with 50 μL aflatoxin B1-HRP conjugate (100 ng/mL) and incubated for 5–30 min at 37 °C. The microplate wells were then washed four times with PBST. To determine the peroxidase activity, the substrate solution (0.42 mM TMB and 1.8 mM H2O2 in a 0.1 M sodium citrate buffer, pH 4.0; 100 μL per well) was injected. After incubation at room temperature for 15 min, the reaction was terminated by the addition of 100 μL of 1 M H2SO4. The absorbance of the reaction product was read at 450 nm. The plot of the absorbance (y) versus the antigen concentration in the sample (x) was drawn with Origin 7.5 software (Origin Lab, Northampton, MA, USA) using the four-parameter function y = (A – D)/(1 + (x/c)B) + D. The analytical characteristics of the system were determined based on the resulting function, as described in [28,29].



2.3. Synthesis of Magnetic Nanoparticles (MNPs)

This was conducted according to [30,31] with some modifications. An aqueous 0.5% solution of iron salts (II) and (III) in a molar ratio (III):(II) of 2:1 was prepared. A 30% ammonia hydrate solution was added dropwise to a concentration of 8%. After incubation for 15 min at room temperature with thorough mixing, the particles formed were collected with a magnet, and after removal of the supernatant were resuspended in bidistilled water and washed five times with excess distilled water. Literature data state dominating Fe2O3 in the product of this aerobic synthesis of iron oxide particles [32]. The resulting suspension of MNPs was stored at 4 °C. The obtained preparation did not precipitated for at least three months.

To determine the concentration of the obtained particles, they were washed five times with bi-distilled water and dried in Petri dishes overnight at 36 °C. The difference of the weight for the empty Petri dish and the dish with dried preparations indicates the mass of particles and their content in the initial solution. Characterization of the nanoparticles by transmission electron microscopy is presented in the Supplementary Materials, Section 1.



2.4. Immobilization of Antibodies on Magnetic Nanoparticles

MNPs (500 μL) in PBS at 3 mg/mL were mixed with a solution of anti-AFB1 antibodies (2 mg/mL) to obtain a final antibody concentration of 8–70 μg/mL. The mixture was incubated for 30 min with vigorous stirring. MNPs were collected with a magnet and washed three times with PBS. The resulting suspension was stored at 4 °C.



2.5. Preparation of Plant Extracts

Milled grains were mixed with an extraction solution (60% methanol, 40% water) at a ratio of 1:5, and incubated with gentle stirring at room temperature for 1 day (in accordance with [33], with modifications). After centrifugation, the supernatant was collected and stored at 4 °C. The extracts were analyzed by HPLC according to [34] and no aflatoxin B1 was detected.



2.6. ELISA for AFB1 Using MNP

AFB1 (50 μL) was added to the microplate wells at several dilutions between 5 ng/mL and 0.25 pg/mL in PBST containing 0.1% BSA and supplemented with varying concentrations of methanol (20%–70%). Alternatively, instead of pure AFB1, plant extracts were spiked with varying concentrations of AFB1 (0.2–5000 pg/mL in a final volume of 50 μL containing 60% methanol) were added. Then, 50 μL AFB1-HRP conjugate (600 ng/mL in PBST with 0.1% BSA) were added. The resulting solution was stirred for 10 s and 50 μL of the MNP-antibody conjugate at 90 μg/mL (based on the MNP concentration) in PBST with 0.1% BSA were added. The incubation was performed at room temperature with stirring, varying in duration between 5 and 30 min. The MNPs were then collected by magnet and washed four times with 100 μL of 50 mM phosphate buffer, pH 7.4, containing 100 mM NaCl and 0.05% Triton X-100 (PBST) with 0.1% BSA. The formed immune complexes were detected by peroxidase reaction. The substrate solution (0.42 mM TMB and 1.8 mM H2O2 in a 0.1 M sodium citrate buffer, pH 4.0; 100 μL per well) was injected. After incubation at room temperature for 15 min, the reaction was terminated by the addition of 100 μL of 1 M H2SO4. The absorbance of the reaction product was read at 450 nm.




3. Results and Discussion


3.1. Synthesis of Magnetic Nanoparticles and Their Conjugates with Anti-AFB1 Antibodies

The magnetic nanoparticles were obtained by a co-precipitation technique. Their size was determined by transmission electron microscopy (see Supplementary Materials, Section 1). The average particle diameter was 9.1 ± 3.2 nm, the shape is close to spherical (ratio of axes in the range 1.0–1.3) and single, non-aggregated particles prevailed in the preparation. Note that previously published studies on MNP-based ELISA all used substantially larger carriers with diameters of 0.3–3 μm [35–37]. The use of magnetic particles with a small size increases the total surface area for contacting with the analyte and also enhances the stability of the suspension.

Physical adsorption was used for the conjugation. This approach was first applied to prepare conjugates of magnetic particles with antibodies. However, it used widely to obtain preparations for immunoassay. For example, adsorption of antibodies on the surface of gold nanoparticles is a prevalent practice in immunochromatography [38]. The advantage of adsorption is its methodological simplicity and exclusions of additional influence on protein reagents.

The concentration of anti-AFB1 antibodies was chosen to reach saturation of the adsorption binding sites on the nanoparticles surface. For this purpose quantity of non-bound antibodies were controlled for different added concentrations as described in [39]. The selected protocol is the mixing of 500 μL of MNPs (3 mg/mL) and 16 μL of anti-AFB1 antibodies (2 mg/mL). Final concentration of the antibodies during the synthesis is 62 μg/mL. Its further growth did not cause increase in quantity of adsorbed antibodies.

Our preparations obtained by the physical adsorption were found to be stable and reproducible. The five conjugates did not demonstrate any reliable differences. Storage for at least three months did not cause reduction of antigen-binding activity.



3.2. Principle of the Assay

Using the MNPs as the solid phase allowed a significantly increased surface area for the immobilization of the reactants (see Section 2 of the Supplementary Material) and their uniform distribution throughout the whole volume of the reaction medium, thereby eliminating the diffusion limitations of traditional ELISA. The application of a magnetic field separated the reactants simply and rapidly, and facilitated the wash steps that are also required in traditional microplate-based ELISA. Using these advantages, the following MNP-based immunoassay scheme was developed and implemented in ELISA microplate wells (Figure 1).

Figure 1. Scheme of ELISA method using magnetic nanoparticles. 1—sample containing AFB1; 2—AFB1-peroxidase conjugate; 3—MNP conjugate with antibodies against AFB1; 4—magnet; and 5—peroxidase substrate. Steps a–e are described in the article.
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	Step a:

	Free AFB1 contained in the test sample competes with peroxidase-labeled AFB1 for binding sites on the antibodies adsorbed on the MNP surface.



	Step b:

	A magnet separated MNPs from unreacted components.



	Step c:

	MNPs are washed and, by removing the magnetic field, returned into solution.



	Step d:

	The peroxidase substrate is added to the MNP suspension.



	Step e:

	Absorbance of the peroxidase reaction product is recorded; this reflects by inverse proportion the AFB1 content in the sample.





It should be noted that for the small size of the obtained MNPs and temperature regime of the assay the obtained MNPs should be superparamagnetic ones [40]. This fact could be important for work with different matrixes. However, in our case these properties do not influence the assay characteristics, such as efficient separation and redissolving without any visible changes of the suspension.

Under the selected ELISA protocol the preparation of MNPs is relatively diluted. Its concentration in the microplate wells is 10 μg/mL during the competitive stage and 15 μg/mL during the enzymatic reaction. Thus, the magnetite particles with density near 5 g/mL takes only 0.2%–0.3% of the reaction mixture volume, and average distance between them is much more that their own diameters. These features of the analytical system exclude magnetic interactions (dipolar coupling) between the particles (the calculations of [41] state their significance for the systems with the ratio of the average distance and the diameter not more that 1.5).



3.3. Preparation and Characterization of Assay Reagents

Antibodies against AFB1 were first characterized by conventional microplate ELISA. For the selected ratio of the reagents found to be optimal for ELISA (see Experimental Section), the detection limit for AFB1 was determined at 15 pg/mL (Figure 2).

Figure 2. Calibration curve of conventional microplate ELISA for AFB1 detection. A limit of detection of 15 pg/mL was determined. The measurements were performed in triplicates.
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Physical adsorption was used for the preparation of MNP-antibody conjugates. This distinguishes the proposed methodology from traditional methods that use covalent immobilization [35–37]. The optimum MNP/antibody ratio was chosen based on preliminary experiments. Concentration dependence of antibody binding to the MNPs was observed, based on comparisons of the initial antibody concentrations applied and the concentrations of unbound antibody remaining in the supernatants following binding. An antibody concentration of 70 μg/mL was found to be sufficient for ensuring the saturation of sorption sites on the surface of the MNPs. This concentration was therefore chosen for all future conjugate synthesis.



3.4. Optimizing the Duration of the Immune Interactions and Development of MNP-Based ELISA

Preselection of the reagent concentrations for the immunoassay was performed under equilibrium conditions, using 1 h incubation at Step A. Varying the concentration of the MNP-antibody and AFB1-HRP conjugates, the assay regime was determined that achieved the minimum detection limit for AFB1 with sufficient signal intensity (the resulting optical density of the peroxidase reaction product was ∼1.0), where low binding of the label in the presence of excess competitor (free AFB1 in the sample) was clearly distinguishable (resulting OD < 0.1). These optimum concentrations were determined at 30 μg/mL for the MNP-antibody conjugate (based on MNP weight) and 600 ng/mL for the AFB1-HRP conjugate.

Note that for this assay protocol the total surface area of the MNPs combined was 6 cm2 (see Section 2 of the Supplementary Material), which considerably exceeds the binding area of an ELISA microplate well (0.32 cm2, according to Costar data). This difference, combined with the uniform distribution of the MNPs throughout the reaction volume, provides the potential for significant reductions in the time required for analytic immune interactions.

Next, ELISA assays with varying Step A duration from 5 to 30 min were compared. As the results in Figure 3 show, the signal intensities (levels achieved in the absence of the competitor) differed by less than 10% across the time intervals tested. Thus, even 5 min incubation was sufficient for near complete immune interaction. Additional reduction of Step A was impractical because a higher degree of error would have been introduced as a result of the inherent variability in the time required for dispensing the reagents into different wells of the microplate. The limit of detection achieved by our MNP-based ELISA was 10 pg/mL (Figure 4), comparable to that obtained using microplate-based ELISA. The working range of the quantitative detection of AFB1 using our method was 10–300 pg/mL.

Figure 3. Effect of incubation period on the signal intensity of MNP-based ELISA for AFB1 detection. The AFB1 concentration was 60 pg/mL. No significant effect was observed and 5-min incubation was sufficient for near complete interaction (A). Effect of AFB1 and MNP-antibody incubation period on the signal intensity of microplate ELISA for AFB1 detection. No signal plateau was observed over the tested range (B). The measurements were performed in triplicates.
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Figure 4. Calibration curve of MNP-based ELISA for AFB1 detection using 5-min incubation period for immune interaction. A limit of detection of 10 pg/mL was obtained. The measurements were performed in triplicates.
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Note that in the previously described applications of MNPs in ELISA, the duration of the immune interaction required was between 10 and 60 min [35–37,42–44]. For example, in the reaction time studies of the MNP-antibody conjugate interaction with blood cells performed by Waseem et al. [44], the authors found that the reaction only reached equilibrium after 20 min. The improved interaction rate observed for our system may be a consequence of the smaller sizes of the antigen and the magnetic nanoparticles facilitating faster diffusion rates.

For comparison, Figure 5 presents the reaction time study of the same immune interaction using conventional microplate ELISA. Increased signal was observed with increasing incubation periods, and no signal plateau was reached, even at the maximum incubation period tested (30 min). This illustrates the significant advantages of the proposed system over conventional ELISA for development of an express immunoassay.

Figure 5. Influence of methanol content on signal intensity (A) and limit of AFB1 detection for ELISA (B) for MNP-based ELISA (green bars) and microplate-based ELISA (red bars). For microplate ELISA, ≥30% methanol content produced insufficient label binding for reliable competitive detection of AFB1, whereas MNP-based ELISA was still reliable. The measurements were performed in triplicates.
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3.5. The Effect of Methanol on Immune Interactions in MNP- and Microplate-Based ELISA

Both ELISA formats (antibody immobilization on MNPs and on polystyrene microwells) were compared in terms of their stability in the presence of methanol. Figure 5 shows signal intensities and limits of AFB1 detection observed at various concentrations of methanol in the reaction.

For the MNP-based ELISA, the presence of methanol at concentrations up to 20% not only had no negative effect on assay sensitivity, but actually led to an increase in signal intensity. The observed effect may be explained by the fact that the immobilization of antibodies on the MNP surface leads to stabilization of their structure, which prevents denaturation [45,46]. AFB1 is also well dispersed in aqueous-organic mixtures, while in a purely aqueous medium it forms aggregates [47] because of poor solubility, thus reducing the effective concentration of the mycotoxin in the medium and deteriorating the sensitivity of the assay.

For the microplate ELISA, the negative effect of methanol [48] was apparent at much lower concentrations, and at a concentration of 30% methanol the quantity of the formed immune complexes was already insufficient for reliable quantitative detection of the competitive binding of AFB1 present in samples.

These results are consistent with the literature. Melnikova et al. showed decreased affinity of the antibody to ferritin already at 5% methanol content, whereas 20% methanol caused a 3.5-fold decrease in the binding constant [11,49]. Wang et al. prepared 20-fold dilutions of methanol extracts of corn prior to immunoassay to avoid the negative influence of methanol on the antibody stability [36]. Thus, their reactions were performed in a medium containing only 3.5% methanol, with a corresponding loss in sensitivity. High tolerance of immunoassays toward organics has also been described by He et al. [50]. They implemented ELISA detection of AFB1 in the presence of 40% methanol, with the use of recombinant mini-antibodies (nanobodies) from alpaca that are known to be significantly more stable compared with the full-length antibodies [51]. These antibodies are however difficult to source compared with traditional antibodies. Furthermore, their affinities are usually much lower than that of full-length antibodies. Thus, in the He et al. study, the detectable range for AFB1 varied between 0.117–5.676 ng/mL. These parameters are lower by one order in comparison with our analytical system.



3.6. Application of MNP-Based ELISA for Determining AFB1 in Plant Extracts

The developed analytical system was then tested for AFB1 detection in real plant extracts using the “added-found” method; i.e., spiking unclarified, crude extracts of maize and barley determined to be mycotoxin free based on previous HPLC analysis, with various known concentrations of AFB1. Adding the extract prepared in the standard way to the MNP-antibody and AFB1-HRP conjugates produced a final methanol content of 20% in the reaction medium, which, as noted above (see Figure 6), did not influence the immune interactions with the antibodies immobilized on the MNP surface. Figure 6 shows the concentration dependence of AFB1 detection using this system.

Figure 6. Concentration dependence of AFB1 detection when using MNP-based ELISA. A solution of methanol in buffer (1) and extracts of barley (2) and maize (3) were spiked with known concentrations of AFB1. The measurements were performed in triplicates.
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The working range for AFB1 detection was determined at 0.02–1 ng/mL (0.1–6.0 ng/g of product), and the degree of AFB1 recovery was 79%–82%. According to European Commission regulations (Commission Regulation [EU] No 165/2010), the maximum permissible level of AFB1 in different foodstuffs varies from 2 to 12 ng/g, and reaches 0.1 ng/g for baby foods.




4. Conclusions

The ELISA method developed here using magnetic carriers allowed the determination of the mycotoxin aflatoxin B1 in environments with a high content of organic extractant. The specific features of the method are application of small (∼10 nm) magnetic nanoparticles and stabilization of antibodies by adsorption immobilization. The formed complexes of nanoparticles, immobilized antibodies and bound antigen are used in ELISA directly, without elution stages. The separation of the formed immune complexes by applying a magnetic field provided a significant reduction in the incubation period required during the competitive interaction stage of the ELISA, to as little as 5 min. The immobilized antibodies were found to be more stable to methanol, thus allowing to minimize dilution of tested extracts in the course of ELISA. The developed method is characterized a very low LOD (20 pg/mL), which allows practical monitoring and control of aflatoxin B1 levels to below the maximum permissible level in various agricultural products. The universal nature of the proposed method allows its consideration as an effective means of express testing for various contaminants, especially those characterized by low solubility in water-saline media.



Supplementary Material

sensors-14-21843-s001.pdf





Acknowledgments

This work was supported by the Russian Science Foundation (Grant No. 14-14-01131).



Author Contributions

AEU conceived and designed the experiments, MVV prepared the reagents, AVP performed the experiments, and all authors contributed to writing the paper.



Conflicts of Interest

The authors declare no conflict of interest.



References


	1. 
Lequin, R.M. Enzyme Immunoassay (EIA)/Enzyme-Linked Immunosorbent Assay (ELISA). Clin. Chem. 2005, 51, 2415–2418. [Google Scholar]

	2. 
The World Market for Immunoassays; Kalorama Information Report; Kalorama Information: Rockville, MD, USA, 2013; p. 480.

	3. 
Pound, J. Immunochemical Protocols; Humana Press: New York, NY, USA, 1998. [Google Scholar]

	4. 
Weller, M. Immunoassay and Other Bioanalytical Techniques; Van Emon, J.M., Ed.; CRC Press: Boca Raton, FL, USA, 2007; pp. 1653–1654. [Google Scholar]

	5. 
Alefantis, T.; Grewal, P.; Ashton, J.; Kha, A.S.; Valdes, J.J.; del Vecchio, V.G. A rapid and sensitive magnetic bead-based immunoassay for the detection of staphylococcal enterotoxin B for high-through put screening. Mol. Cell. Probes 2004, 18, 379–382. [Google Scholar]

	6. 
Jia, C.-P.; Zhong, X.Q.; Hua, B.; Liu, M.Y.; Jing, F.X.; Lou, X.H.; Yao, S.H.; Xiang, J.Q.; Jin, Q.H.; Zhao, J.L. Nano-ELISA for highly sensitive protein detection. Biosens. Bioelectron. 2009, 24, 2836–2841. [Google Scholar]

	7. 
Russell, A.J.; Trudel, L.J.; Skipper, P.L.; Groopman, J.D.; Tannenbaum, S.R.; Klibanov, A.M. Antibody-antigen binding in organic solvents. Biochem. Biophys. Res. Commun. 1989, 158, 80–85. [Google Scholar]

	8. 
Chun, H.S.; Kim, H.J.; Ok, H.E.; Hwang, J.-B.; Chung, D.-H. Determination of aflatoxin levels in nuts and their products consumed in South Korea. Food Chem. 2007, 102, 385–391. [Google Scholar]

	9. 
Whitaker, T.B.; Dickens, J.W.; Giesbrecht, F.G. Effects of methanol concentration and solvent:peanut ratio on extraction of aflatoxin from raw peanuts. J. Assoc. Anal. Chem. 1984, 67, 35–36. [Google Scholar]

	10. 
Trucksess, M.W.; Pohland, A.E. Mycotoxin Protocols; Humana Press: New York, NY, USA, 2002; Volume 157. [Google Scholar]

	11. 
Melnikova, Y.I.; Odintsov, S.G.; Kravchuk, Z.I.; Martsev, S.P. Antigen-binding activity of monoclonal antibodies after incubation with organic solvents. Biochemistry 2000, 65, 1256–1265. [Google Scholar]

	12. 
Plekhanova, Y.V.; Reshetilov, A.N.; Yazynina, E.V.; Zherdev, A.V.; Dzantiev, B.B. A new assay format for electrochemical immunosensors: Polyelectrolyte-based separation on membrane carriers combined with detection of peroxidase activity by pH-sensitive field-effect transistor. Biosens. Bioelectron. 2003, 19, 109–114. [Google Scholar]

	13. 
Urusov, A.; Zherdev, A.; Dzantiev, B. Use of gold nanoparticle-labeled secondary antibodies to improve the sensitivity of an immunochromatographic assay for aflatoxin B1. Microchim. Acta 2014, 181, 1939–1946. [Google Scholar]

	14. 
Yu, F.-Y.; Vdovenko, M.M.; Wang, J.J.; Sakharov, I.Y. Comparison of Enzyme-Linked Immunosorbent Assays with Chemiluminescent and Colorimetric Detection for the Determination of Ochratoxin A in Food. J. Agric. Food Chem. 2011, 59, 809–813. [Google Scholar]

	15. 
Quan, Y.; Zhang, Y.; Wang, S.; Lee, N.; Kennedy, I.R. A rapid and sensitive chemiluminescence enzyme-linked immunosorbent assay for the determination of fumonisin B1 in food samples. Anal. Chim. Acta 2006, 580, 1–8. [Google Scholar]

	16. 
Xiao, Q.; Li, H.; Hu, G.; Wang, H.; Li, Z.; Lin, J.M. Development of a rapid and sensitive magnetic chemiluminescent enzyme immunoassay for detection of luteinizing hormone in human serum. Clin. Biochem. 2009, 42, 1461–1467. [Google Scholar]

	17. 
Pappert, G.; Rieger, M.; Niessner, R.; Seidel, M. Immunomagnetic nanoparticle-based sandwich chemiluminescence-ELISA for the enrichment and quantification of E. coli. Microchim. Acta 2010, 168, 1–8. [Google Scholar]

	18. 
Speroni, F.; Elviri, L.; Careri, M.; Mangia, A. Magnetic particles functionalized with PAMAM-dendrimers and antibodies: A new system for an ELISA method able to detect Ara h3/4 peanut allergen in foods. Anal. Bioanal. Chem. 2010, 397, 3035–3042. [Google Scholar]

	19. 
De Souza Castilho, M.; Laube, T.; Yamanaka, H.; Alegret, S.; Pividori, M.I. Magneto Immunoassays for Plasmodium falciparum Histidine-Rich Protein 2 Related to Malaria based on Magnetic Nanoparticles. Anal. Chem. 2011, 83, 5570–5577. [Google Scholar]

	20. 
Baniukevic, J.; Hakki Boyaci, I.; Goktug Bozkurt, A.; Tamer, U.; Ramanavicius, A.; Ramanaviciene, A. Magnetic gold nanoparticles in SERS-based sandwich immunoassay for antigen detection by well oriented antibodies. Biosens. Bioelectron. 2013, 43, 281–288. [Google Scholar]

	21. 
Takeda, K.; Maruki, M.; Yamagaito, T.; Muramatsu, M.; Sakai, Y.; Tobimatsu, H.; Kobayashi, H.; Mizuno, Y.; Hamaguchi, Y. Highly sensitive detection of hepatitis B virus surface antigen using a semi-automated immune complex transfer chemiluminescent enzyme immunoassay. J. Clin. Microbiol. 2013, 51, 2238–2244. [Google Scholar]

	22. 
Smith, J.E.; Sapsford, K.E.; Tan, W.; Ligler, F.S. Optimization of antibody-conjugated magnetic nanoparticles for target preconcentration and immunoassays. Anal. Biochem. 2011, 410, 124–132. [Google Scholar]

	23. 
Albretsen, C.; Kalland, K.H.; Haukanes, B.I.; Håvarstein, L.S.; Kleppe, K. Applications of magnetic beads with covalently attached oligonucleotides in hybridization: Isolation and detection of specific measles virus mRNA from a crude cell lysate. Anal. Biochem. 1990, 189, 40–50. [Google Scholar]

	24. 
Franzreb, M.; Siemann-Herzberg, M.; Hobley, T.J.; Thomas, O.R. Protein purification using magnetic adsorbent particles. Appl. Microbiol. Biotechnol. 2006, 70, 505–516. [Google Scholar]

	25. 
Safarik, I.; Safariková, M. Magnetically modified microbial cells: A new type of magnetic adsorbents. China Particuol. 2007, 5, 19–25. [Google Scholar]

	26. 
Heidtmann-Bemvenuti, R.; Mendes, G.L.; Scaglioni, P.T.; Badiale-Furlong, E.; Souza-Soares, L.A. Biochemistry and metabolism of mycotoxins: A review. Afr. J. Food Sci. 2011, 5, 861–869. [Google Scholar]

	27. 
Logrieco, A.F.; Moretti, A. Between emerging and historical problems: An overview of the main toxigenic fungi and mycotoxin concerns in Europe. In Mycotoxins: Detection Methods, Management, Public Health, and Agricultural Trade; Leslie, J.F., Bandyopadhyay, R., Visconti, A., Eds.; CABI: Berkshire, UK, 2008; pp. 139–154. [Google Scholar]

	28. 
Sittampalam, G.S.; Smith, W.C.; Miyakawa, T.W.; Smith, D.R.; McMorris, C. Application of experimental design techniques to optimize a competitive ELISA. J. Immunol. Methods 1996, 190, 151–161. [Google Scholar]

	29. 
Ederveen, J. A Practical Approach to Biological Assay Validation; Ministry of Housing, Spatial Planning and the Environment: The Netherland, 2010; pp. 35–37. [Google Scholar]

	30. 
Laurent, S.; Forge, D.; Port, M.; Roch, A.; Robic, C.; Vander Elst, L.; Muller, R.N. Magnetic iron oxide nanoparticles: Synthesis, stabilization, vectorization, physicochemical characterizations, and biological applications. Chem. Rev. 2008, 108, 2064–2110. [Google Scholar]

	31. 
Massart, R. Preparation of aqueous magnetic liquids in alkaline and acidic media. IEEE Trans. Magn. 1981, 17, 1247–1248. [Google Scholar]

	32. 
Jolivet, J.-P.; Chaneac, C.; Tronc, E. Iron oxide chemistry. From molecular clusters to extended solid networks. Chem. Commun. 2004, 5, 481–483. [Google Scholar]

	33. 
Asis, R.; Paola, R.D.D.; Aldao, M.A.J. Determination of Aflatoxin B 1 in Highly Contaminated Peanut Samples Using HPLC and ELISA. Food Agric. Immunol. 2002, 14, 201–208. [Google Scholar]

	34. 
Barbas, C.; Montepríncipe, U.; Dams, A.; Majors, R.E. Separation of Aflatoxins by HPLC. Available online: http://www.lopdf.net/preview/rakGR6Vha7PLje58lvAikhSrfzLiwWNA0Kwoz9eX4as,/Separation-of-Aflatoxins-by-HPLC-Agilent-Technologies.html?query=What-is-Aflatoxins (accessed on 13 November 2014).

	35. 
Tudorache, M.; Bala, C. Sensitive Aflatoxin B1 Determination Using a Magnetic Particles-Based Enzyme-Linked Immunosorbent Assay. Sensors 2008, 8, 7571–7580. [Google Scholar]

	36. 
Wang, Y.-K.; Wang, Y.C.; Wang, H.A.; Ji, W.H.; Sun, J.H.; Yan, Y.X. An immunomagnetic-bead-based enzyme-linked immunosorbent assay for sensitive quantification of fumonisin B1. Food Control 2014, 40, 41–45. [Google Scholar]

	37. 
Radoi, A.; Targa, M.; Prieto-Simon, B.; Marty, J.L. Enzyme-Linked Immunosorbent Assay (ELISA) based on superparamagnetic nanoparticles for aflatoxin M1 detection. Talanta 2008, 77, 138–143. [Google Scholar]

	38. 
Bailes, J.; Mayoss, S.; Teale, P.; Soloviev, M. Gold Nanoparticle Antibody Conjugates for Use in Competitive Lateral Flow Assays. In Nanoparticles in Biology and Medicine; Soloviev, M., Ed.; Humana Press: New York, NY, USA, 2012; pp. 45–55. [Google Scholar]

	39. 
Urusov, A.; Kostenko, S.N.; Sveshnikov, P.G.; Zherdev, A.V.; Dzantiev, B.B. Immunochromatographic assay for the detection of ochratoxin A. J. Anal. Chem. 2011, 66, 770–776. [Google Scholar]

	40. 
Gubin, S.P.; Koksharov, Y.A.; Khomutov, G.B.; Yurkov, G.Y. Magnetic nanoparticles: Preparation, structure and properties. Russ. Chem. Rev. 2005, 74, 489–520. [Google Scholar]

	41. 
Dormann, J.L.; D'Orazio, F.; Lucari, F.; Tronc, E.; Prené, P.; Jolivet, J.P.; Fiorani, D.; Cherkaoui, R.; Noguès, M. Thermal variation of the relaxation time of the magnetic moment of γ-Fe2O3 nanoparticles with interparticle interactions of various strengths. Phys. Rev. B 1996, 53, 14291–14297. [Google Scholar]

	42. 
Wang, X.; Zhang, Q.Y.; Li, Z.J.; Ying, X.T.; Lin, J.M. Development of high-performance magnetic chemiluminescence enzyme immunoassay for α-fetoprotein (AFP) in human serum. Clin. Chim. Acta 2008, 393, 90–94. [Google Scholar]

	43. 
Song, F.; Zhou, Y.; Li, Y.S.; Meng, X.M.; Meng, X.Y.; Liu, J.Q.; Lu, S.Y.; Ren, H.L.; Hu, P.; Liu, Z.S.; et al. A rapid immunomagnetic beads-based immunoassay for the detection of β-casein in bovine milk. Food Chem. 2014, 158, 445–448. [Google Scholar]

	44. 
Waseem, S.; Allen, M.A.; Schreier, S.; Udomsangpetch, R.; Bhakdi, S.C. Antibody-Conjugated Paramagnetic Nanobeads: Kinetics of Bead-Cell Binding. Int. J. Mol. Sci. 2014, 15, 8821–8834. [Google Scholar]

	45. 
Hong, J.; Gong, P.; Xu, D.; Dong, L.; Yao, S. Stabilization of α-chymotrypsin by covalent immobilization on amine-functionalized superparamagnetic nanogel. J. Biotechnol. 2007, 128, 597–605. [Google Scholar]

	46. 
Liao, M.-H.; Chen, D.-H. Immobilization of yeast alcohol dehydrogenase on magnetic nanoparticles for improving its stability. Biotechnol. Lett. 2001, 23, 1723–1727. [Google Scholar]

	47. 
Nabok, A.; Tsargorodskaya, A.; Holloway, A.; Starodub, N.F.; Demchenko, A. Specific Binding of Large Aggregates of Amphiphilic Molecules to the Respective Antibodies. Langmuir 2007, 23, 8485–8490. [Google Scholar]

	48. 
Li, Z.; Wang, S.; Alice Lee, N.; Allan, R.D.; Kennedy, I.R. Development of a solid-phase extraction—Enzyme-linked immunosorbent assay method for the determination of estrone in water. Anal. Chim. Acta 2004, 503, 171–177. [Google Scholar]

	49. 
Rehan, M.; Younus, H. Effect of organic solvents on the conformation and interaction of catalase and anticatalase antibodies. Int. J. Biol. Macromol. 2006, 38, 289–295. [Google Scholar]

	50. 
He, T.; Wang, Y.; Li, P.; Zhang, Q.; Lei, J.; Zhang, Z.; Ding, X.; Zhou, H.; Zhang, W. Nanobody-based enzyme immunoassay for aflatoxin in agro-products with high tolerance to co-solvent methanol. Anal. Chem. 2014, 86, 8873–8880. [Google Scholar]

	51. 
Muyldermans, S. Nanobodies: Natural Single-Domain Antibodies. Ann. Rev. Biochem. 2013, 82, 775–797. [Google Scholar]



















© 2014 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
04

oD, %
I
©

4
1Y

[ conventional ELISA

0 10 20 30 35
Methanol concentration, %

(A)

Detection limit, ng/mL
o o

=4
o
N

°
@

2

0

5 10 15 20 25 30
Methanol concentration, %

(B)

w
a





nav.xhtml


  sensors-14-21843


  
    		
      sensors-14-21843
    


  




  





media/file5.png





media/file3.png
Aflatoxin B1, ng/mL





media/file0.png
microplate well

colored oxmatlon





media/file1.png
0.1

N\

0.01

1E-3

ng/mk

Aflatoxin B1






media/file2.png





