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Abstract
To develop a new simple and simultaneous purification method for mycotoxins in feeds and grains, magnetic nanoparticles 
(MNPs) conjugated with monoclonal antibodies (mAbs) against mycotoxins were used to separate aflatoxin B1  (AFB1), 
zearalenone (ZEA) and deoxynivalenol (DON). For a single spike of each mycotoxin into the buffer solution (16% MeOH in 
PBS), mean recoveries were 93.1–95.0% for  AFB1 (5–20 ng/mL spiked), 87.2–96.0% for ZEA (125–500 ng/mL spiked) and 
75.2–96.9% for DON (250–1,000 ng/mL spiked) by HPLC and ELISA. Recoveries of  AFB1 (20 ng/mL) and ZEA (500 ng/
mL) simultaneously spiked into the buffer solution were 87.0 and 99.8%, respectively. Recovery rates of  AFB1/DON and 
DON/ZEA spiked simultaneously were 86.2%/76.6% and 92.0%/86.7%, respectively, at concentrations of 20 ng/mL  AFB1, 
500 ng/mL ZEA, and 1,000 ng/mL DON. Recoveries using the novel mAb–MNP conjugated system in a buffer solution 
simultaneously spiked with  AFB1, ZEA and DON were 82.5, 94.6 and 73.4%, respectively. Recoveries of DON in animal 
feed were 107.7–132.5% at concentrations of 250–1,000 ng/g spiked in feed. The immunoaffinity chromatography (IAC) 
clean-up method was compared with the purification method using novel mAb–MNP. After fortification of animal feed with 
 AFB1 (5, 10 and 20 ng/g feed) and ZEA (125, 250 and 500 ng/g feed),  AFB1 and ZEA were purified using both the methods. 
In the case of the novel mAb-MNP conjugated system, mean recoveries for  AFB1 were 89.4, 73.1 and 88.3% at concentra-
tions of 5, 10 and 20 ng/g feed, respectively. For ZEA, mean recoveries were 86.7, 85.9 and 79.1% at concentrations of 125, 
250 and 500 ng/g, respectively. For IAC purification, recoveries were 42.9–45.1% for  AFB1 and 96.8–103.2% for ZEA. In 
conclusion, the present purification method using monoclonal antibodies conjugated to MNPs can be used for simple and 
simultaneous purification of mycotoxins from feed and maize.
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Introduction

Mycotoxins produced by fungi in grains and animal feeds 
threaten animal and human health. Among these, aflatoxin 
 B1  (AFB1), zearalenone (ZEA) and deoxynivalenol (DON) 
are commonly found in animal feeds and grains. Detection 
of mycotoxins is therefore important for preventing animals 
and humans from consuming feed or food contaminated 
with these toxins. High-performance liquid chromatogra-
phy (HPLC) [1], and HPLC—tandem mass spectrometric 
methods [2] have been used to quantitatively determine toxin 
concentrations in grains and biological samples, However, 
these methods require expensive, time-consuming extraction 
steps, which require use of hazardous organic solvents. To 
replace these steps, immunoaffinity chromatography (IAC) 
combined with antibodies has become a popular method 
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for isolating mycotoxins from samples [3, 4]. However, 
IAC can also be expensive and time-consuming. Recently, 
magnetic microbeads and nanoparticles combined with 
antibodies have drawn attention as novel tools for the isola-
tion of chemicals from grains and biological samples [5, 6]. 
Magnetic separation has also been suggested as a novel tool 
for isolating bacteria from ground beef [7]. The combina-
tion of magnetic separation and real-time polymerase chain 
reaction (PCR) can achieve rapid and sensitive quantitative 
detection of microorganisms without the requirement of an 
enrichment culture step [8, 9]. Compared with microbead-
based immunomagnetic separation, magnetic nanoparticles 
(MNPs) enhance capture efficiency by removing the require-
ment of vigorous mechanical mixing during separation. In 
our previous study, MNP was successfully applied for iso-
lating DON from animal feed using its specific monoclonal 
antibody (mAb) [10]. Few studies have been conducted to 
simultaneously separate mycotoxins using MNP. The present 
study aimed to develop an advanced multi-purification tool 
for three mycotoxins in animal feed and grains using mAbs 
for each mycotoxin and MNPs to facilitate purification by 
magnetism.

Materials and methods

Chemicals and reagents

Standards of mycotoxins  (AFB1, ZEA and DON), carbon-
ate–bicarbonate buffer glutaraldehyde solution (Grade 
II, 25%), glycine, tris (hydroxymethyl) amino-methane 
(ACS reagent, 99.8 + %) and sodium chloride (ACS rea-
gent,  ≥ 99.0%) were purchased from Sigma–Aldrich (St. 
Louis, Missouri, USA). Skim milk (BD, Difco™ skim milk, 
Sparks, NV, USA), Tween 20 (molecular biology grade, 
Applichem, Darmstadt, Germany), SureBlue™ TMB Micro-
well peroxidase substrate (1-component) (KPL, Gaithers-
burg, MA, USA), sulfuric acid (Applichem, 95%–98% pure 
NF grade, Darmstadt, Germany), pyridine (Wako, Osaka, 
Japan), methanol (MeOH) (Merck, Darmstadt, Germany) 
and bovine serum albumin (BSA) (Fluka, St. Louis, USA) 
were purchased from the mentioned companies. The Micro 
BCA™ Protein Assay Kit (Thermo Scientific, Rockford, 
IL, USA) and commercial ELISA Kit for  AFB1, ZEA and 
DON 2/3 (8335) (NEOGEN, Lansing, MI, USA) were used 
for protein and mycotoxin determination. Immunoaffinity 
columns for  AFB1 (NEOGEN, Glasgow, UK) and ZEA 
(R-BIOPHARM RHÔNE LTD, Glasgow, Scotland) were 
used to purify mycotoxin from a liquid solution. HPLC-
grade acetonitrile (ACN), MeOH and water were purchased 
from J. T. Baker Inc. (Phillipsburg, NJ, USA). Phosphate-
buffered saline (PBS) buffer was purchased from Biosesang 
Inc. (Seongnam, Republic of Korea).

mAbs and MNPs

The following mAbs were produced in our laboratory: 
kj-AFB against  AFB1, kk-ZEA against ZEA [11] and 
NVRQS-DON against DON [10]. Amine-functionalised 
MNPs (SPM-NH2) used in the present study were produced 
at Nanobirck (Suwon, Republic of Korea). In a 1,000 mL 
three neck flask, 500 mL of MeOH and 250 mL of 3-ami-
nopropyltriethoxysilane (APTES) were mixed. Superpara-
magnetic nanoparticles (SPMs) were dispersed in distilled 
water (DW) by sonication and then these homogeneous 
SPMs were injected into the mixed solution. The solution 
was heated at 60 °C for 3 h with stirring and allowed it to 
be cooled to room temperature. These amine-functionalized 
MNPs were washed three times with ethanol (EtOH) and 
finally dispersed in DW.

Determination of mycotoxins

AFB1 and ZEA were quantified by HPLC. The Waters HPLC 
System (Waters, Milford, MA, USA) consisted of a 2695 
separation module, photodiode array detector 2996 and multi 
λ fluorescence detector 2475 and was controlled with Waters 
Empower software.  AFB1 was analyzed by fluorescence 
detector with the excitation and emission wavelengths set at 
365 and 435 nm, respectively. Also, ZEA was detected by 
fluorescence with excitation wavelength set at 274 nm and 
emission wavelength at 440 nm. Quantification of  AFB1 and 
ZEA was performed by measuring peak areas at their reten-
tion time (10–11 min for  AFB1 and 5–5.5 min for ZEA) and 
the peak area of the samples was compared with the peak 
area of standards of mycotoxins to calculate concentration. 
 AFB1 separations were performed using Waters  XTerra® 
RP18, with dimensions of 250 4.6 mm I.D and 5 μm particle 
size. The mobile phase was ACN/MeOH/water (1:1:3, v/v); 
the flow rate was 1.0 mL/min and the column temperature 
was kept at room temperature. The injection volume was 
10 μL. The chromatographic column used for ZEA was 
 Symmetry® C18 with dimensions of 150 3.9 mm I.D and 
5 μm particle size. The mobile phase was a 50% gradient of 
ACN in water eluted for 7 min. The injection volumes was 
10 μL and the mobile phase flow rate was 1.0 mL/min. DON 
was determined using enzyme-linked immunosorbent assay 
(ELISA) described in Lee et al. [10].

Conjugation of monoclonal antibodies (mAbs) 
and MNPs

A total of 2 mg (3 mg for DON) of MNP suspension was 
washed three times using a magnet in a coupling buffer 
(0.01 M pyridine, pH 6.0). A 5% aqueous glutaraldehyde 
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solution (1 mL) was then added and reacted with MNPs 
at room temperature for 30 min in a shaking incubator 
(BioShaker M-BR-022UP, Taitec Corporation, Tokyo, 
Japan) (1,000 rpm). The particles were washed with cou-
pling buffer by magnetic separation. Coupling with mAbs 
was achieved by dissolving 50 or 100 μg (kj-AFB, kk-ZEA) 
and 300 μg (NVRQS-DON) of mAbs in 500 μL of coupling 
buffer and then mixing the coupled solution with activated 
magnetic particles on a shaking incubator at 1,000 rpm at 
room temperature for 16 to 24 h. Following this, the cou-
pling solution was quenched with 1 M glycine solution (pH 
8.0) at room temperature for 30 min in a shaking incubator. 
MNPs coupled with the antibodies were washed and stored 
in the wash buffer at 4 °C until use.

Purification of mycotoxins using mAb‑coupled MNPs 
(mAb–MNPs) from buffer solution, swine feed, white 
soybeans and maize

To determine recovery rate of  AFB1, ZEA, and/or DON, 
mAb–MNPs were mixed with 500 μL of buffer solution 
(16% MeOH in PBS)  (AFB1: 5, 10 and 20 ng/mL; ZEA: 
125, 250 and 500 ng/mL and DON: 250, 500 and 1,000 ng/
mL) for 5 min at room temperature in a shaking incubator 
(1,000 rpm). Upon completion of the reaction, mAb–MNPs 
bound to each mycotoxin were magnetically separated from 
the supernatant, and the supernatant was carefully discarded. 
Each mycotoxin was detached from the complexes of myco-
toxin and mAb–MNPs by the addition of 500 μL of 100% 
MeOH, with gentle shaking.

Swine feed, white soybeans, and maize were ground in 
a Waring blender (Model 51BL31) (Waring Products, Tor-
rington, CT, USA) for 5 min at a high speed. The ground 
sample (5 g) was spiked with each mycotoxin alone or simul-
taneously at different concentrations  (AFB1: 0, 5, 10 and 
20 ng/g; ZEA: 0, 125, 250 and 500 ng/g and DON: 0, 250, 
500 and 1,000 ng/g) and gently shaken by hand. The spiked 
samples were extracted by vigorous agitation with 25 mL of 
70% MeOH in PBS for  AFB1 and ZEA and 16% MeOH in 
PBS for DON. The extracts were filtered through Whatman 
No. 1 filter paper (110 mm diameter). The concentration of 
each mycotoxin in the extracted solution was determined 
using both ELISA and HPLC method after mAb–MNPs 
purification. In the case of purifying with mAb–MNPs, the 
extracted solution was diluted one-half with PBS because a 
high methanol concentration can damage the antibodies. The 
result was multiplied by the dilution factor. For the swine 
feed, white soybeans, and maize samples, mAb–MNPs were 
mixed with 500 μL of extracted sample containing 0, 5, 10 
and 20 ng  AFB1/g and/or 0, 125, 250 and 500 ng ZEA/g and/
or 0, 250, 500 and 1,000 ng DON/g for 30 min at room tem-
perature in a shaking incubator (1,000 rpm). Upon comple-
tion of the reaction, mAb–MNPs bound to each mycotoxin 

were magnetically separated from the supernatant, which 
was carefully discarded. Mycotoxins were dissociated from 
mAb–MNP complexes by the addition of 500 μL of 100% 
MeOH with gentle shaking. After dissociation, mAb–MNPs 
were magnetically separated perpendicular to gravity, and 
the supernatant was used to determine the quantity of each 
mycotoxin in the samples using the ELISA assay (DON) and 
HPLC method  (AFB1 and ZEA) developed in our laboratory 
[10].

Purification of AFB1 and ZEA from feed using 
an immunoaffinity column

For  AFB1, ground feed samples (10 g) spiked with a known 
volume (at final concentrations of 5,10 and 20 ng/g) of an 
 AFB1 stock solution were mixed with 20 mL of 80% MeOH/
H2O (v/v) and 1 g of sodium chloride and blended at a high 
speed for 3 min to obtain a homogeneous sample mix. The 
mixture was centrifuged for 15 min at 1,600 g. Following 
this, 10 mL of an aqueous methyl alcohol phase was mixed 
with 40 mL of PBS solution. This diluted solution was fil-
tered through a filter paper (Whatman No. 4, 55 mm diam-
eter) and 20 mL was passed through an immunoaffinity col-
umn (Neogen, Glasgow, UK) at a flow rate of 1.5–2.0 mL/
min. For further purification, 20 mL of 25% MeOH/H2O 
(v/v) was passed through the immunoaffinity column.  AFB1 
was then eluted from the column with 2 mL of HPLC-grade 
MeOH and then with 2 mL of HPLC-grade water using 
gravity to collect the eluate into a glass vial.

For ZEA, ground feed samples (5 g) spiked with a known 
volume (at final concentrations of 125, 250 and 500 ng/g) 
of an ZEA stock solution were mixed with 25 mL of 75% 
HPLC-grade ACN/H2O (v/v) using a high-speed mixer for 
2 min. The mixture was centrifuged for 10 min at 1600×g. 
Following this, 20 mL of the aqueous ACN phase was mixed 
with 80 mL of PBS solution. After mixing, the diluted 
solution was filtered through a filter paper and 25 mL was 
transferred to an immunoaffinity column (R-BIOPHARM 
RHÔNE LTD, Glasgow, Scotland) at a flow rate of approxi-
mately 5 mL/min. For washing, 20 mL of PBS was passed 
through the immunoaffinity column. Bound ZEA was first 
eluted with 1.5 mL of HPLC-grade ACN and then with 
1.5 mL of HPLC-grade water into the same vial.

Results

MNPs were coupled with mAbs (kj-AFB, kk-ZEA and 
NVRQS-DON) against their specific mycotoxins:  AFB1, 
ZEA and DON. The binding percentages of each myco-
toxin antibody were high, ranging from 83.15 to 95.44% 
(Table 1). Purification of each of the three individual myco-
toxins  AFB1, ZEA and DON was performed using their 
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specific mAb–MNPs. The recovery of each mycotoxin 
from the spiked buffer solution was confirmed by HPLC 
and ELISA. As described in Table 2, mean recovery values 
of  AFB1 were 93.1–95.0% over concentrations ranging from 
5 to 20 ng/g, with less than 0.86% coefficient of variation 
(CV). Recoveries of ZEA and DON from samples spiked 
with 125–500 ng/g of ZEA and 250–1000 ng/g of DON were 
87.2–96.0% with less than 8.47% CV and 75.2–96.9% with 
less than 6.05% CV, respectively (Table 2).

The results of simultaneous purification of  AFB1/ZEA, 
 AFB1/DON and DON/ZEA using their specific mAb–MNPs 
are shown in Table 3. The analytical recoveries for 20 ng/g 
 AFB1 and 500 ng/g ZEA directly spiked into the buffer 
solution were 87.0 and 99.8%, respectively. Recovery rates 

of  AFB1/DON and DON/ZEA were 86.2%/76.6% and 
92.0%/86.7%, respectively, at a concentration of 20 ng/g 
for  AFB1, 500 ng/g for ZEA and 1000 ng/g for DON. We 
also attempted to simultaneously purify all three mycotoxins 
from spiked and mixed buffer solutions. Recoveries using 
the novel mAb–MNP conjugated system were 82.5, 94.6 
and 73.4% in a buffer solution spiked with  AFB1, ZEA and 
DON at concentrations of 20, 500 and 1000 ng/g, respec-
tively (Table 4).

The applicability of the novel mAb–MNP conjugated 
system for the purification of mycotoxins in cereals and 
swine feed samples was investigated in the present study. 
 AFB1 and DON were selected for pre-experimental trials. 
Recoveries of  AFB1 in animal feed were 81.8–110.1% at 

Table 1  Binding capability of 
MNP to onoclonal antibodies of 
 AFB1, ZEA and DON

Each value represents the mean of seven replicate experiments (n = 7)

Toxin type Amount of MNP 
(mg)

Added amount of 
mAb (μg/ml)

Coupling amount of mAb 
(mean ± SD, µg/ml)

Binding 
capacity 
(mean ± SD, %)

AFB1 2 50 44.89 ± 6.46 83.15 ± 3.24
ZEA 2 100 94.64 ± 0.81 91.39 ± 1.14
DON 3 300 281.28 ± 3.30 95.44 ± 0.51

Table 2  Recovery of individual 
mycotoxins using MNP and 
specific mAb from spiked buffer 
solution

Each value represents the mean of three replicate experiments (n = 3)

Toxin type Spiked 
amount (ng/
ml)

Measured 
(mean ± SD, ng/
ml)

Recovery 
(mean ± SD, 
%)

Binding capacity (ng/µg) CV (%)

AFB1 5 4.66 ± 0.04 93.1 ± 0.7 0.388 ± 0.003 0.86
10 9.32 ± 0.05 93.2 ± 0.5 0.776 ± 0.004 0.54
20 19.00 ± 0.13 95.0 ± 0.6 1.583 ± 0.010 0.68

ZEA 125 109.03 ± 9.24 87.2 ± 7.4 0.545 ± 0.046 8.47
250 218.33 ± 1.89 87.3 ± 0.8 1.091 ± 0.009 0.87
500 479.93 ± 15.08 96.0 ± 3.0 2.399 ± 0.075 3.14

DON 250 187.94 ± 8.27 75.2 ± 3.3 0.313 ± 0.013 4.40
500 484.37 ± 29.31 96.9 ± 5.9 0.807 ± 0.048 6.05
1000 880.88 ± 51.47 88.1 ± 5.2 1.468 ± 0.085 5.84

Table 3  Recovery of 
mycotoxins using MNP and 
specific mAb from buffer 
solution simultaneously spiked 
with two mycotoxins

Each value represents the mean of three replicate experiments (n = 3)

Toxin type Spiked 
amount (ng/
ml)

Measured 
(mean ± SD, ng/
ml)

Recovery 
(mean ± SD, 
%)

Binding capacity (ng/µg) CV (%)

AFB1 + ZEA 20 17.40 ± 0.19 87.0 ± 0.9 1.449 ± 0.015 1.09
500 498.86 ± 15.25 99.8 ± 3.1 2.494 ± 0.076 3.06

ZEA + DON 500 433.68 ± 41.14 86.7 ± 8.2 2.168 ± 0.205 9.49
1000 920.39 ± 189.18 92.0 ± 18.9 1.534 ± 0.315 20.55

AFB1 + DON 20 17.25 ± 0.14 86.2 ± 0.7 1.437 ± 0.011 0.81
1000 766.11 ± 36.88 76.6 ± 3.7 1.276 ± 0.061 4.81
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concentrations of 5–20 ng/g spiked in feed and those of DON 
were 107.7–132.5% at concentrations of 250–1000 ng/g. For 
maize, recoveries of  AFB1and DON were 65.6–83.0% for 
 AFB1 and 82.4–103.4% for DON. Low recoveries of  AFB1 
and DON were achieved for white soybean (Supplemen-
tary Table 1, 2). The IAC clean-up method was selected 
for comparison with the novel purification method using 
mAb–MNPs. After fortification of animal feed with  AFB1 
(5, 10 and 20 ng/g feed) and ZEA (125, 250 and 500 ng/g 
feed),  AFB1 and ZEA were purified using both the methods. 
Mean recoveries for  AFB1 were 89.4, 73.1 and 88.3%, at 
concentrations of 5, 10 and 20 ng/g, respectively. For ZEA, 
mean recoveries were 86.7, 85.9 and 79.1% at concentrations 
of 125, 250 and 500 ng/g, respectively. For IAC purification, 
recoveries were 42.9–45.1% for  AFB1 and 96.8–103.2% for 
ZEA (Table 5).

Discussion

Regulatory concentrations of  AFB1, ZEA and DON have 
been established to reduce human health risk [12–14]. 
The extraction efficacy of any analytical method for myco-
toxin testing is important for improving method accuracy. 
Although IAC is most commonly used to isolate mycotox-
ins from samples [3, 4], magnetic microbeads and nano-
particles have been suggested as alternative tools for the 
separation of chemicals in grains and biological samples [5, 
6, 15]. Compared with microbead-based immunomagnetic 

separation, MNPs have the following advantages: good cap-
ture efficiency, no need for mechanical mixing, and minimal 
sample preparation. The poor solubility and extensive aggre-
gation properties of MNPs are obstacles to their application 
to the separation of organic chemicals from samples. Quality 
and size control are important factors in recovery of myco-
toxin from samples. Microsized beads have a low dispersion 
capacity in solution and can make the separation procedure 
laborious and the application of nanoparticles to the separa-
tion of chemicals from a biological sample requires a stable 
colloidal nanoparticle suspension because nanoparticles 
tend to agglomerate in a liquid solution. Comparatively, the 
MNPs used in the present study showed good dispersion. 
They were 100–150 nm in size and could be produced with 
a high yield and reproducibility between batches with a very 
homogenous particle size (data not shown). Their individual 
particle morphology is nearly spherical.

Although a broad surface area affords a greater oppor-
tunity for the binding of mAb, it is important that the Fab 
region be exposed because when the antibody binds to MNP 
because the Fab region is the site for antigen molecular rec-
ognition and binding. In this experiment, we first determined 
the ideal binding ratio of mAb to MNP and found that anti-
body coupled to MNPs exhibited a high binding capacity. 
We did not determine the type of binding of mAb to MNP, 
thus further modification may be required to increase the 
efficiency of binding between mAb and MNP [16].

Simultaneous purification of mycotoxins using 
mAb–MNP conjugates is attractive because it saves time 

Table 4  Recovery of mycotoxins using MNP and specific mAb from buffer solution simultaneously spiked with three mycotoxins

Each value represents the mean of three replicate experiments (n = 3)

Toxin type Spiked amount (ng/
ml)

Measured 
(mean ± SD, ng/ml)

Recovery 
(mean ± SD, %)

Binding capacity (ng/µg) CV (%)

AFB1 + ZEA +DON 20 16.50 ± 0.40 82.5 ± 2.0 1.374 ± 0.033 2.42
500 472.97 ± 23.02 94.6 ± 4.6 2.364 ± 0.115 4.87
1000 734.33 ± 43.42 73.4 ± 4.3 1.223 ± 0.072 5.91

Table 5  Recoveries of  AFB1 
and ZEA spiked in animal feed 
after MNP purification and IAC

Each value represents the mean of three replicate experiments (n = 3)

Spiked amount(ng/g) mAb–MNP purification Immunoaffinity columns

Measured 
(mean ± SD, ng/g)

Recovery 
(mean ± SD, %)

Measured 
(mean ± SD, ng/g)

Recovery 
(mean ± SD, 
%)

AFB1 5 4.47 ± 1.30 89.4 ± 26.0 2.17 ± 0.43 43.3 ± 8.7
10 7.31 ± 0.57 73.1 ± 5.7 4.29 ± 0.30 42.9 ± 3.0
20 17.66 ± 2.01 88.3 ± 10.1 9.01 ± 1.09 45.1 ± 5.5
ZEA 125 108.39 ± 5.67 86.7 ± 4.5 121.05 ± 10.15 96.8 ± 8.1
250 214.68 ± 13.20 85.9 ± 5.3 257.97 ± 50.47 103.2 ± 20.2
500 395.32 ± 35.27 79.1 ± 7.1 497.47 ± 30.23 99.5 ± 6.1
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and resources. In this experiment, recoveries of  AFB1/
ZEA,  AFB1/DON and DON/ZEA spiked in the buffer solu-
tion were 87.0%/99.8%, 86.2%/76.6% and 92.0%/86.7%, 
respectively. Recoveries of  AFB1, ZEA and DON spiked 
simultaneously were 82.5%, 94.6% and 73.4%, respectively. 
According to the Codex Alimentarius guidelines (CAC/GL 
71-2009) for quantitative analytical methods, acceptable 
recovery ranges are 60%–120% with CV 30%, 70–120% 
with CV 20% and 70–110% with CV 15% for samples con-
taining 1–10, 10–100 and 100–1000 ng/g of analyte, respec-
tively. Recoveries from the buffer solution using mAb–MNP 
conjugates in the present study satisfied the Codex Alimen-
tarius guidelines for the three types of mycotoxins. For the 
feed sample fortified with  AFB1 and ZEA, mean recover-
ies for  AFB1 and ZEA were 73.1–89.4% and 79.1–86.7%, 
respectively, both of which satisfied the standard. The pre-
sent data indicate that our simultaneous purification experi-
ments achieved high recovery of each mycotoxin, similar to 
the recovery rates obtained using the individual separation 
method.

We also applied this novel tool to cereals and medicinal 
herbal plants. The results showed that this novel tool could 
be used for the purification of DON and  AFB1 in swine feed 
and maize, but low recovery rates were found in the case 
of white soybeans (supplementary Table 1, 2). Mycotox-
ins extracted from white soybeans were also determined by 
ELISA, which also showed a low recovery. In medicinal 
herbal plants, a dried root of Glycyrrhiza glabra (Liquorice, 
also Licorice) and seeds of Cassia tora, recoveries of DON 
were low (data not shown). The matrix is an important factor 
in the extraction of chemicals from vegetables and seafood 
[17]. We speculate that white soybeans and the plants used 
in herbal medicine contain some inhibitory component that 
reduces the binding of mAb–MNP conjugates to free myco-
toxin in sample solutions. The present data indicate that the 
extraction efficiency depends on the matrix type and that 
a more advanced extraction method is required for myco-
toxin isolation from white soybeans and some plants used 
in herbal medicine.

To determine the applicability of the novel system in feed 
or grain matrices, we compared our purification method 
using the novel mAb–MNP conjugated system with an IAC 
clean-up method.  AFB1 and ZEA were extracted and puri-
fied from swine feed samples spiked with  AFB1 and ZEA 
using both the methods. The mAb–MNP conjugated sys-
tem showed a good recovery of both mycotoxins, whereas 
IAC showed a low recovery of  AFB1. In contrast to IAC, 
the novel system can be simultaneously applied to separate 
several mycotoxins from feed or food. The present results 
showed that the mAb–MNP conjugated system could replace 
the IAC kit for the isolation of mycotoxins from some food 
matrices.

In conclusion, MNP–antibody conjugates used in the 
present study have the advantage that toxins and unbound 
materials can be separated by magnetism and that the wash-
ing process is simple and requires little extraction buffer. 
The purification method using mAb–MNPs can be used for 
simple and simultaneous purification of mycotoxins from 
feed and some grains.

Acknowledgements This study was conducted as an international 
collaborative research endeavour between the National Veterinary 
Research and Quarantine Service (NVRQS) in the Republic of Korea 
and the Department of Population Medicine and Diagnostic Sciences 
of Cornell University in the U.S. and funded by the NVRQS (I-AD-
2008-11-01). This study was also support by the research fund from 
Semyung University.

Compliance with ethical standards 

Conflicts of interest The authors have no conflict of interest to dis-
close.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Orti DL, Hill RH, Liddle JA, Needham LL, Vickers L (1986) High 
performance liquid chromatography of mycotoxin metabolites in 
human urine. J Anal Toxiol 10:41–45. https ://doi.org/10.1093/
jat/10.2.41

 2. Brezina U, Valenta H, Rempe I, Kersten S, Hans- Humpf HU, 
Dänicke S (2014) Development of a liquid chromatography tan-
dem mass spectrometry method for the simultaneous determina-
tion of zearalenone, deoxynivalenol and their metabolites in pig 
serum. Mycotoxin Res 30:171–186. https ://doi.org/10.1007/s1255 
0-014-0200-8

 3. Scott PM, Trucksess MW (1997) Application of immunoaffinity 
columns to mycotoxin analysis. J AOAC Int 80:941–949. https ://
doi.org/10.1093/jaoac /80.5.941

 4. Takino M, Tanaka H, Tanaka T (2011) Multi mycotoxin analysis 
in food products using immunoaffinity extraction. Methods Mol 
Biol 747:259–266. https ://doi.org/10.1007/978-1-61779 -136-9_11

 5. Napolitano R, Soesbe TC, De Leon-Rodriguez LM, Sherry AD, 
Udugamasooriya DG (2011) On-bead combinatorial synthe-
sis and imaging of chemical exchange saturation transfer mag-
netic resonance imaging agents to identify factors that influence 
water exchange. J Am Chem Soc 133:13023–13030. https ://doi.
org/10.1021/ja201 123f

 6. Nash MA, Yager P, Hoffman AS, Stayton PS (2010) Mixed stim-
uli-responsive magnetic and gold nanoparticle system for rapid 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/jat/10.2.41
https://doi.org/10.1093/jat/10.2.41
https://doi.org/10.1007/s12550-014-0200-8
https://doi.org/10.1007/s12550-014-0200-8
https://doi.org/10.1093/jaoac/80.5.941
https://doi.org/10.1093/jaoac/80.5.941
https://doi.org/10.1007/978-1-61779-136-9_11
https://doi.org/10.1021/ja201123f
https://doi.org/10.1021/ja201123f


427Toxicol Res. (2021) 37:421–427 

1 3

purification, enrichment, and detection of biomarkers. Bioconju-
gate Chem 21:2197–2204. https ://doi.org/10.1021/bc100 180q

 7. Varshney M, Yang L, Su XL, Li Y (2005) Magnetic nanopar-
ticle-antibody conjugates for the separation of Escherichia coli 
O157:H7 in ground beef. J Food Protect 68:1804–1811. https ://
doi.org/10.4315/0362-028X-68.9.1804

 8. Wang L, Li Y, Mustaphai A (2007) Rapid and simultaneous 
quantitation of Escherichia coli 0157:H7, Salmonella, and Shi-
gella in ground beef by multiplex real-time PCR and immuno-
magnetic separation. J Food Protect 70:1366–1372. https ://doi.
org/10.4315/0362-028X-70.6.1366

 9. Yoshitomi KJ, Jinneman KC, Zapata R, Weagant SD, Fedio WM 
(2012) Detection and isolation of low levels of E. coli O157:H7 
in cilantro by real-time PCR, immunomagnetic separation, and 
cultural methods with and without an acid treatment. J Food Sci 
77:M481–M489. https ://doi.org/10.1111/j.1750-3841.2012.02813 
.x

 10. Lee HM, Song SO, Cha SH, Wee SB, Bischoff K, Park SW, Son 
SW, Kang HG, Cho MH (2013) Development of a monoclonal 
antibody against deoxynivalenol for magnetic nanoparticle-based 
extraction and an enzyme-linked immunosorbent assay. J Vet Sci 
14:143–150. https ://doi.org/10.4142/jvs.2013.14.2.143

 11. Kim HJ, Kim SH, Lee JK, Choi CU, Lee HS, Kang HG, Cha 
SH (2012) A novel mycotoxin purification system using mag-
netic nanoparticles for the recovery of aflatoxin B1 and zearale-
none from feed. J Vet Sci 13:363–369. https ://doi.org/10.4142/
jvs.2012.13.4.363

 12. Alexa E, Dehelean CA, Poiana MA, Radulov I, Cimpean AM, 
Bordean DM, Tulcan C, Pop G (2013) The occurrence of 

mycotoxins in wheat from western Romania and histopathologi-
cal impact as effect of feed intake. Chem Cent J 7:99. https ://doi.
org/10.1186/1752-153x-7-99

 13. Duarte SC, Lino CM, Pena A (2010) Mycotoxin food and feed 
regulation and the specific case of ochratoxin A: a review of the 
worldwide status. Food Addit Contam 27:1440–1450. https ://doi.
org/10.1080/19440 049.2010.49716 6

 14. Zmudzki J, Wisniewska-Dmytrow H (2004) Limits and regula-
tions for mycotoxins in food and feed. Polish J Vet Sci 7:211–216. 
https ://pubme d.ncbi.nlm.nih.gov/15478 869/

 15. Aqai P, Peters J, Gerssen A, Haasnoot W, Nielen MW (2011) 
Immunomagnetic microbeads for screening with flow cytometry 
and identification with nano-liquid chromatography mass spec-
trometry of ochratoxins in wheat and cereal. Anal Bioanal Chem 
400:3085–3096. https ://doi.org/10.1007/s0021 6-011-4974-7

 16. Puertas S, Batalla P, Moros M, Polo E, Del Pino P, Guisan JM, 
Grazu V, de la Fuente JM (2011) Taking advantage of unspe-
cific interactions to produce highly active magnetic nanoparti-
cle-antibody conjugates. ACS Nano 5:4521–4528. https ://doi.
org/10.1021/nn200 019s

 17. Ciminiello P, Dell’Aversano C, Lacovo ED, Fattorusso E, Forino 
M, Tartaglione L (2011) LC-MS of palytoxin and its analogues: 
state of the art and future perspectives. Toxicon 57:376–389. https 
://doi.org/10.1016/j.toxic on.2010.11.002

 18. Luigi Lucini L, Molinari GP (2011) Performance and matrix effect 
observed in QuEChERS extraction and tandem mass spectrometry 
analyses of pesticide residues in different target crops. J Chroma-
togr Sci 49:709–714. https ://doi.org/10.1093/chrsc i/49.9.709

https://doi.org/10.1021/bc100180q
https://doi.org/10.4315/0362-028X-68.9.1804
https://doi.org/10.4315/0362-028X-68.9.1804
https://doi.org/10.4315/0362-028X-70.6.1366
https://doi.org/10.4315/0362-028X-70.6.1366
https://doi.org/10.1111/j.1750-3841.2012.02813.x
https://doi.org/10.1111/j.1750-3841.2012.02813.x
https://doi.org/10.4142/jvs.2013.14.2.143
https://doi.org/10.4142/jvs.2012.13.4.363
https://doi.org/10.4142/jvs.2012.13.4.363
https://doi.org/10.1186/1752-153x-7-99
https://doi.org/10.1186/1752-153x-7-99
https://doi.org/10.1080/19440049.2010.497166
https://doi.org/10.1080/19440049.2010.497166
https://pubmed.ncbi.nlm.nih.gov/15478869/
https://doi.org/10.1007/s00216-011-4974-7
https://doi.org/10.1021/nn200019s
https://doi.org/10.1021/nn200019s
https://doi.org/10.1016/j.toxicon.2010.11.002
https://doi.org/10.1016/j.toxicon.2010.11.002
https://doi.org/10.1093/chrsci/49.9.709

	Rapid and simultaneous purification of aflatoxin B1, zearalenone and deoxynivalenol using their monoclonal antibodies and magnetic nanoparticles
	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	mAbs and MNPs
	Determination of mycotoxins
	Conjugation of monoclonal antibodies (mAbs) and MNPs
	Purification of mycotoxins using mAb-coupled MNPs (mAb–MNPs) from buffer solution, swine feed, white soybeans and maize
	Purification of AFB1 and ZEA from feed using an immunoaffinity column

	Results
	Discussion
	Acknowledgements 
	References




