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Abstract: The use of small (with a diameter of 7–12 nm) superparamagnetic Fe3O4 nanoparticles as 
carriers for antibodies in lateral flow immunoassay is considered. Increased total surface area for such 
suspension provides a concentration of analytes with an increase in their concentration up to 50 times. 
When the concentrated complexes were redissolved, aggregates with diameters of 100–500 nm were 
obtained, serving as colored markers in the assay. Further, magnetite–antibodies complexes are more 
tolerant to methanol (up to 30%) than native antibodies, thus providing minimal dilution of tested 
extracts. Lateral flow tests for mycotoxins zearalenone, T2-toxin, and aflatoxin B1 were developed 
and demonstrated applicability to control food products and raw materials. 
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1. Introduction 

Dispersions of magnetic substances are popular carriers for antibodies used for immunoanalytical 
purposes [1–4]. Their choice is based on two reasons. First, magnetic carriers can be manipulated 
easily. The dispersed micro- or nanoparticles can be evenly distributed in a solution. After immune 
interactions, the application of a magnetic field rapidly and completely separates the particles with 
bound molecules from the reaction mixture. Thus, homogeneous interactions are integrated with the 
creation of a heterogeneous liquid–sediment system for further measurements. Second, magnetic 
particles can be detected in minimal quantities by their physical properties. The application of 
magnetic particles makes it possible to reduce analysis time, reach lower detection limits, and facilitate 
testing of complex substances. 

Generally, comparatively large (about 100 nm or more in diameter) multidomain iron oxide 
(Fe3O4) particles with a surface coating that protects them from aggregation are used for analytical 
purposes and prevail in rapid immunoassays such as immunochromatographic (lateral flow) tests [4–
8]. However, their application limits the total contact surface for binding the analyte from the volume 
of the tested sample. Small single-domain magnetite particles are usually excluded from consideration 
as possible carriers because they lose their magnetization and form aggregates after application and 
removal of the magnetic field. 

The presented study has shown that the use of such aggregates as optical labels in 
immunochromatography makes it possible to take all benefits of immunomagnetic concentration and 
directly register the formed labeled complexes without elution of the bound analyte or other additional 
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manipulations. Mycotoxins zearalenone, T2-toxin, and aflatoxin B1 were chosen as target analytes due 
to importance of their control for food safety [9,10]. 

2. Materials and Methods 

For the synthesis of magnetic carriers, 30% ammonia hydrate was added dropwise, reaching a 
concentration of 2.4% to an aqueous solution containing 1.4 mg/ml FeCl2 and 3.6 mg/ml FeCl3. The 
mixture was incubated for 15 min at room temperature with vigorous stirring. The particles were 
separated by fivefold deposition in a magnetic field with resuspension in 50 mM phosphate buffer, pH 
7.4, with 0.1 M NaCl [11]. 

For adsorptive immobilization of antibodies, 500 μL of the resulting suspension of magnetite 
particles with a concentration of 3 mg/mL were mixed with a solution of antibodies having a final 
concentration of 60 μg/mL. The mixture was incubated for 30 min at room temperature with vigorous 
stirring. The modified particles were deposited in a magnetic field and washed three times with the 
phosphate buffer. We used monoclonal antibodies against T2-toxin and aflatoxin B1 manufactured by 
IL-Test Pushchino, Ltd. (Pushchino, Russia) and monoclonal antibodies against zearalenone from 
Eximio Biotec Co., Ltd. (Hangzhou, China) for this immobilization. When preparing 
immunochromatographic test strips, conjugates of bovine serum albumin with T2-toxin (BioTeZ 
Berlin-Buch GmbH, Berlin, Germany), aflatoxin B1 (IL-Test Pushchino, Ltd.), and zearalenone (Eximio 
Biotec Co., Ltd.) were immobilized in the analytical zone, and polyclonal goat antibodies against 
mouse immunoglobulins manufactured by Arista Biologicals (Allentown, PA, USA) were immobilized 
in the control zone [11,12]. 

3. Results and Discussion 

To obtain dispersed magnetite preparations with small nanoparticles, the synthesis conditions 
were optimized by varying the concentrations of the reducing agent, Fe(II) and Fe(III) salts, for the 
incubation’s duration and temperature regime. The size, shape, and heterogeneity of the obtained 
nanoparticles and their antibody conjugates were characterized by transmission electron microscopy 
(see Figure 1). The data obtained showed the nanoparticles’ preparation consists of small particles that 
form aggregates and chains. When isolating individual particles on micrographs, it was found that 
their average diameter is 9.1 ± 3.2 nm, and the ellipticity coefficient is 1.4 ± 0.2. The sizes of the 
aggregates vary significantly and can reach hundreds of nanometers in length. 

 
Figure 1. Micrograph of the magnetite nanoparticles conjugating with antibodies. 
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The obtained conjugates were first tested by the enzyme-linked immunosorbent assay (ELISA) 
technique, and the immobilized antibodies’ ability to bind target mycotoxins in different reaction 
media was characterized. It was found that the bound antibodies were tolerant to a higher content of 
organic solvents (up to 30% methanol) than native antibodies (significant inactivation occurred even 
in 15% methanol). The extraction of mycotoxins from the tested samples by water/organic mixtures is 
a common stage of sample preparation to further immunoassay. Moreover, the antibody tolerance to 
organic extractants is an essential parameter determining the necessary dilution of the extract before 
its contact with antibodies and its loss in the assay sensitivity caused by this dilution. The common 
practice of the work with soluble antibodies indicates the affinity of antibodies begins to decrease when 
the presence of methanol or ethanol in the reaction medium becomes higher than 10–15% (depending 
on the properties of the studied antibodies). For the most typical extraction medium, 70% (v/v) 
methanol and 30% (v/v) water, this means a fivefold dilution of samples before the testing [10]. The 
increased stability of antibodies in their complexes with magnetite nanoparticles allows this dilution 
to be reduced to twofold. 

Using the obtained conjugates, immunochromatographic tests for detecting mycotoxins 
zearalenone, T2-toxin, and aflatoxin B1 were developed. The applicability of superparamagnetic 
nanocarriers as tools to concentrate the target analytes was studied. It was demonstrated that the 
magnetic separation provides quantitative concentration of the analyte: From 5 mL of the initial sample 
to 0.1 mL of the resuspended magnetic nanoparticles, with its complete binding ensured in 10–15 min. 
In this case, the nanoparticle–antibody–antigen complexes can be applied directly to the test strip 
without elution of the antigen. The obtained aggregated nanoparticles with diameters of 100–500 nm 
can be detected as intense orange-colored markers. 

The immunochromatography conditions were determined by eliminating nonspecific binding of 
these aggregates to membranes. A specific decision on the design of the test strip involved the 
exclusion of the conjugate pad (because the conjugate is already in the reaction mixture with the 
sample) and the starting absorbent membrane (it hinders the movement of nanoparticle aggregates, 
whereas the need to bind the matrix components before they enter the working membrane is 
eliminated due to the magnetic separation of the matrix). The overall scheme of the proposed assay is 
presented in Figure 2. 

 

Figure 2. Scheme of immunochromatographic analysis with concentration of the conjugate of magnetic 
nanoparticles. 1—tested sample, 2—conjugate of magnetite nanoparticles with antibodies, 3—magnet 
used to separate the formed immune complexes, 4—sediment dissolved in a small volume, 5—test strip 
formed from the working membrane (with analytical and control binding zones) and final absorbent 
pad. 
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To account for the need to ensure efficient movement of large aggregates along the membrane, 
candidate detergents were screened as components of the working buffer. The considered variants 
included phosphate buffer with the following additives: 

• 1% Tween-20, 
• 1% BSA + 1% Tween, 
• 1% sucrose + 1% Tween-20, 
• 0.1% SDS, and 
• 1% Triton X-100. 

The completeness of the elution of the absorbed marker, the uniformity of its movement with the 
liquid front, and the highest degree of binding in the analytical zone with low nonspecific staining of 
the membrane was observed for 1% Tween-20, which was chosen as the optimal detergent. Additional 
testing of the effect of Tween-20 concentration showed the analysis parameters did not practically 
change at the level of detergent from 0.5% and higher, whereas lower levels of detergent led to 
slowdown of the fluid movement and uneven distribution of the marker along the membrane during 
immunochromatography. 

The selected conditions ensured a high reproducibility of binding with good visual and 
instrumental detection of colored areas. The average deviation of the color intensity did not exceed 
10% (see Figure 3). 

 
Figure 3. Reproducibility of the colored analytical zones after immunochromatographic assay of T-2 
toxin for three samples with concentration of 0.3 ng/mL. 

To characterize the proposed assays, we used unpurified extracts (70% methanol, 30% water) of 
corn, wheat, and oatmeal grains that did not contain mycotoxins according to preliminary 
chromatographic testing and were contaminated with known amounts of mycotoxins. The detection 
limits for mycotoxins reached 0.6–1.3 ng/mL for visual and 0.05–0.1 ng/mL for instrument detection. 
The analysis time was 15 min. These results indicated the effectiveness of the created tests as a means 
to detect mycotoxin contamination of food products and raw materials, in accordance with high 
standards for child nutrition. 

4. Conclusions 

The presented data confirm that ultrasmall superparamagnetic nanoparticles integrate 
stabilization of immobilized antibodies, efficient separation of target analyte molecules from complex 
matrices, and optical labeling for immunochromatographic assays. These advantages and the simple, 
low-cost means of acquisition determine such nanoparticles’ competitive potential as components of 
immunosensoric systems for a variety of practically significant analytes. 
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