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A B S T R A C T

Due to increasing food safety standards, the analysis of mycotoxins has become essential in the food industry.
In this work, we have developed a competitive upconversion-linked immunosorbent assay (ULISA) for the analy-
sis of zearalenone (ZEA), one of the most frequently encountered mycotoxins in food worldwide. Instead of a
toxin-conjugate conventionally used in competitive immunoassays, we designed a ZEA mimicking peptide ex-
tended by a biotin-linker and confirmed its excellent suitability to mimic ZEA by nuclear magnetic resonance
(NMR) and surface plasmon resonance (SPR) analysis. Upconversion nanoparticles (UCNP, type NaYF4:Yb,Tm)
served as background-free optical label for the detection of the peptide mimetic in the competitive ULISA. Strep-
tavidin-conjugated UCNPs were prepared by click reaction using an alkyne-PEG-neridronate linker. The UCNP
conjugate clearly outperformed conventional labels such as enzymes or fluorescent dyes. With a limit of detection
of 20 pg mL−1 (63 pM), the competitive ULISA is well applicable to the detection of ZEA at the levels set by the
European legislation. Moreover, the ULISA is specific for ZEA and its metabolites (α- and β-zearalenol) without
significant cross-reactivity with other related mycotoxins. We detected ZEA in spiked and naturally contaminated
maize samples using liquid chromatography–tandem mass spectrometry (UPLC-MS/MS) as a reference method to
demonstrate food analysis in real samples.

1. Introduction

Zearalenone (ZEA) is a non-steroidal estrogenic mycotoxin that is
produced as a secondary metabolite by several fungi species in the Fusar-
ium genus (Bennett and Klich, 2003; Zinedine et al., 2007). Al-
though ZEA is acknowledged to exhibit relatively low acute toxicity,
it is chronically toxic and has been frequently implicated in reproduc-
tive disorders of farm animals, especially pigs (Kuiper-Goodman et
al., 1987; Zinedine et al., 2007). Estrogenic activity accounts for its
most critical mode of action, although ZEA has also been implicated
in anabolic, haematotoxic, and genotoxic effects (Kuiper-Goodman et
al., 1987; IARC, 1993; Maaroufi et al., 1996; European Commis

sion, 2000). Alongside with other mycotoxins, ZEA is a common cont-
aminant in many agricultural commodities, such as maize, barley, oats,
wheat, and rice (EFSA Panel, 2011). Maize and maize-based prod-
ucts are the most frequently contaminated food commodities. As much
as 79% of tested samples have been reported to be contaminated with
ZEA at detectable levels (Gareis et al., 2003). Due to their widespread
and extensive biological effects, current international and national reg-
ulations encompass ZEA and other major mycotoxins (van Egmond et
al., 2007). Current maximum limits for ZEA in Europe vary from 20
to 3000 μg kg−1 depending on the foodstuffs or animal feed in question
(European Commission, 2006a, 2006b). The legislation inevitably
calls for sensitive and accurate analytical methods to detect the toxins
and to ensure safe food for the consumer.
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High-performance liquid chromatography (HPLC) coupled with flu-
orescence (De Saeger et al., 2003; Drzymala et al., 2015) or mass
spectrometry (Romera et al., 2018; Hidalgo-Ruiz et al., 2019) de-
tectors are commonly used as reference methods for the detection of
ZEA. Besides these sensitive yet complex and costly chromatographic
techniques, immunochemical methods such as enzyme-linked im-
munosorbent assays (ELISAs) are fast and straightforward screening
techniques for on-site mycotoxin analysis (EFSA Panel, 2011; Nolan
et al., 2019; Caglayan et al., 2020). Small molecules such as ZEA
are conventionally detected in a competitive ELISA format, which, how-
ever, suffers from certain inherent limitations (Wild, 2013; Nolan et
al., 2019). The synthesis of competing mycotoxin-conjugates accounts
for one of the main challenges (Xiong et al., 2020). For instance, ZEA
has no suitable reactive groups available for coupling such that the con-
jugation to a carrier protein or a label requires large amounts of the pure
toxin, involves several reaction steps that may result in a heterogeneous
mixture of conjugates with different stoichiometries and a challenging
purification (Liu et al., 1985; Thouvenot and Morfin, 1983). Large
batch-to-batch variations and overuse of organic solvents in the conjuga-
tion account for additional limitations. There is also a potential toxicity
hazard for the manufacturer, user, and the environment (Chauhan et
al., 2016).

Epitope mimicking peptides, also known as mimotopes, have been
introduced as a valuable alternative to the traditional analyte-conjugates
in competitive immunoassays and biosensors. Such peptides mimic the
epitope of the analyte sufficiently to compete with the native analyte for
antibody binding. Therefore, the cumbersome conjugation step and the
aforementioned limitations can be avoided (Xiong et al., 2020; Pel-
tomaa et al., 2018a). It should also be noted that although high-affin-
ity antibodies are of crucial importance for high sensitivity in all im-
munoassays, a lower affinity of the peptide competitor compared to the
analyte shifts the equilibrium in favor of analyte binding (Peltomaa et
al., 2019; Xiong et al., 2020). As less analyte is required to achieve
the same response, the assay is more sensitive. Peptide mimetics for
many mycotoxins have been identified from peptide libraries by phage
display (Yuan et al., 1999; He et al., 2011, 2013; Liu et al., 2013;
Peltomaa et al., 2017). From such a phage-borne peptide mimetic for
ZEA, we have previously constructed a recombinant peptidomimetic fu-
sion protein with Gaussia luciferase. This bioluminescent tracer was di-
rectly used for the detection of ZEA without the need for secondary anti-
bodies or further labeling steps and achieved a limit of detection (LOD)
of 4.2 ng mL−1 (Peltomaa et al., 2020).

The progress in nanotechnology-based biosensors (Farka et al.,
2017) has also inspired the field of mycotoxin detection. Several
nanoparticles (NP) have been used as the detection label, for example,
lanthanide-doped inorganic NPs (Niazi et al., 2018), gold (Peltomaa
et al., 2018b; Liu et al., 2020) and silver NPs (Jiang et al., 2020),
quantum dots (Fang et al., 2014; Li et al., 2019), silica NPs (Tagh-
disi et al., 2016; Tan et al., 2019) as well as photon-upconversion
nanoparticles (UCNP) (Dai et al., 2017; Wu et al., 2018; Yang et
al., 2018; He et al., 2020). UCNPs are lanthanide-doped nanomate-
rials capable of converting near-infrared (NIR) excitation light to emis-
sion at shorter wavelengths, typically in the visible range. The upcon-
version—or anti-Stokes—emission can be detected without optical back-
ground interference or light scattering, and the autofluorescence is com-
pletely eliminated by spectral separation (Haase and Schäfer, 2011).
Owing to these unique optical properties, UCNPs have gained significant
attention and become an intriguing alternative for enzymatic or fluo-
rescent labels in immunoassays (Hlaváček et al., 2016; Farka et al.,
2020a), lateral flow assays (Sedlmeier et al., 2016; Zhang et al.,
2020) as well as biosensors (Farka et al., 2017; Zhang et al., 2019;
Kim et al., 2020).

To account for the growing need for the rapid analysis of ZEA,
we introduce a highly sensitive competitive upconversion-linked im

munosorbent assay (ULISA) for the detection of ZEA based on a syn-
thetic peptide mimetic and UCNPs as the label. As shown schematically
in Fig. 1, our approach relies on the use of the previously identified
ZEA mimicking peptide (Peltomaa et al., 2020), which was chemically
synthesized and modified with a biotin linker, and thoroughly charac-
terized. To the best of our knowledge, we have analyzed for the first
time both the interaction of peptide mimetic and antibody by nuclear
magnetic resonance (NMR) and its binding kinetics by surface plasmon
resonance (SPR). We functionalized UCNPs with a PEG-linker and strep-
tavidin (UCNP-PEG-SA) as a highly sensitive label for ZEA detection. Af-
ter confirming the specificity of the method in cross-reactivity studies,
spiked and naturally contaminated maize samples were analyzed.

2. Experimental section

2.1. Materials

Monoclonal anti-zearalenone (anti-ZEA) antibody was purchased
from Soft Flow Ltd (Pécs, Hungary). The biotinylated peptide mimetic
(GWWGPYGEIELLGGGSK(Bio)-NH2) was synthesized at Peptide Syn-
thetics (Fareham, UK). Mycotoxins zearalenone (ZEA), α-zearalenol, and
β-zearalenol were supplied by Sigma-Aldrich (St. Louis, MO, USA),
whereas fumonisin B1, deoxynivalenol, T-2 toxin, and ochratoxin A were
from Fermentek Ltd. (Jerusalem, Israel). Human serum albumin-conju-
gated ZEA (HSA-ZEA) was from BioTez (Berlin, Germany). SuperBlock
(TBS) Blocking Buffer was purchased from Thermo Fisher Scientific
(Waltham, MA, USA), bovine γ-globulin (BGG), bovine serum albumin
(BSA), and Tween-20 were purchased from Sigma-Aldrich. The 96-well
microtiter plates with a clear bottom (μClear, high binding) were ob-
tained from Greiner Bio-One (Kremsmünster, Austria). The preparation,
surface conjugation, and characterization of UCNPs are described in the
supporting information (SI).

2.2. Peptide characterization by NMR spectroscopy and SPR analysis

Saturation transfer difference (STD) experiments were performed us-
ing a Bruker AVANCE 600 MHz spectrometer equipped with a cryogenic
probe, with 4096 scans, at 298 K. The irradiation conditions were set
at −1.0 ppm for the on-resonance and 100 ppm for the off-resonance
spectra, respectively. Samples were dissolved in deuterated PBS buffer
to a final concentration of 0.4 mM for the peptide mimetic and 3 μM
for the anti-ZEA antibody. For the competitive binding experiment, ZEA
was added to the peptide/antibody sample to a final concentration of
0.2 mM (peptide–toxin ratio 2:1). The binding kinetics of the peptide
mimetic was studied on an MP-SPR Navi 210 A (BioNavis, Finland) SPR
system. Details of the affinity measurements can be found in the SI.

2.3. Competitive immunoassays

The ELISA and fluorescent immunoassay (FIA) are described in the
SI. For the ULISA, a 96-well microtiter plate was coated with 2 μg mL−1

of anti-ZEA monoclonal antibody in coating buffer (50 mM
NaHCO3/Na2CO3, pH 9.6, supplemented with 0.05% (w/v) NaN3;
100 μL per well) by overnight incubation at 4 °C. After washing the
wells four times with washing buffer (50 mM Tris, pH 7.5; 0.05% (w/
v) Tween 20, 0.05% (w/v) NaN3) using a plate washer (HydroFlex,
Tecan, Switzerland), they were blocked with 175 μL of blocking buffer
(50 mM Tris-HCl, pH 7.4; 10% (v/v) SuperBlock, 0.05% (w/v) NaN3;
150 mM NaCl) for 1 h at room temperature. After repeating the wash-
ing steps, standard dilutions of ZEA in the range of 0–100 ng mL−1

were added to the wells in triplicates together with the peptide mimetic
(2 μg mL−1) in a total volume of 100 μL per well in assay buffer (50 mM
Tris-HCl, pH 7.5; 150 mM NaCl, 0.05% (w/v) NaN3, 0.01%
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Fig. 1. Scheme of the competitive ULISA for the detection of zearalenone (ZEA). In the first step (I), a microtiter plate is coated with anti-ZEA antibody, and ZEA in the sample competes
with the peptide mimetic for a limited amount of antibody binding sites. The peptide of 12 amino acids was extended by a GGGSK-linker (red) on the C-terminus including biotin (blue)
for coupling. In the second step (II), the UCNP-PEG-SA-conjugates bind to the biotinylated peptide, and high upconversion luminescence signals are measured in the absence of ZEA.
Streptavidin is bound to the surface of UCNPs by using a PEG-neridronate linker (bottom left). (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

(w/v) Tween 20, 0.5% (w/v) BGG, 0.2% (w/v) BSA, 0.2% (v/w)
poly(vinyl alcohol) 6000, 1% (w/v) glucose, 5 mM ethylenediaminete-
traacetic acid). For the cross-reactivity study, ZEA was replaced by
other mycotoxins. The incubation was continued for another 1 h, and
after washing the wells four times, the UCNP-PEG-SA-conjugate
(12.5 μg mL−1 in assay buffer) was added to each well. After 1 h of
incubation and four washing steps, the plate was dried, and the up-
conversion luminescence was measured using a microtiter plate reader
(Chameleon, Hidex, Finland) (Sedlmeier et al., 2016). In each well,
64 points were raster-scanned using a step size of 1 mm and a signal in-
tegration time of 1 s.

2.4. Analysis of real samples

Maize samples were provided by an external laboratory in Madrid
(Spain), and the concentration of ZEA in the samples was determined
by ultra-performance liquid chromatography–tandem mass spectrome-
try (UPLC-MS/MS) (Romera et al., 2018). For validation purposes
and following current legislation (Magnusson and Örnemark, 2014),
blank maize samples (1 g) that did not contain ZEA at levels detectable
by UHPLC-MS/MS were spiked to 20–80 μg kg−1 of ZEA by adding a
standard ZEA solution in methanol. After allowing the spiked samples
to equilibrate overnight at room temperature, 5 mL of methanol:wa-
ter mixture (80:20, v/v) was added, and the suspensions were shaken
for 30 min at room temperature. Similarly, 5 mL of the solvent was
added to 1 g of naturally contaminated maize samples that were also
analyzed by UPLC-MS/MS according to a previously reported method
(Romera et al., 2018). The sample extracts were purified by centrifu-
gation (7000×g, 10 min). Finally, the extracts were diluted 10 or 20
times in the assay buffer for the ULISA analysis.

2.5. Data analysis

The truncated average of the 64 measurement points was calcu-
lated for each well after discarding the 16 highest and 16 lowest mea-
surements to account for irregularities in the luminescence readout of
the well surface. The average luminescence signals obtained for differ-
ent toxin concentrations were then analyzed with the data analysis and
graphing software Origin (OriginLab, USA) using a four-parameter logis-
tic regression model:

(1)

where Amax is the asymptotic maximum (i.e., the signal in the absence of
analyte), Amin is the asymptotic minimum, and b and IC50 are the slope
of the curve and the analyte concentration at the inflection point, re-
spectively.

The limit of detection (LOD) was determined as the toxin concentra-
tion at which the antibody binding to the peptide was inhibited by 10%,
and the dynamic range was evaluated as the toxin concentration corre-
sponding to 20–80% inhibition (Marco et al., 1995). Cross-reactivity
(CR) was calculated from the IC50 values using the equation:

(2)

The apparent recovery from each spiked sample was calculated as
the ratio of observed toxin concentration and the reference value.
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3. Results and discussion

3.1. Design of the peptide mimetic for the competition with ZEA

The rapid analysis of low-molecular weight analytes such as zear-
alenone (ZEA) using competitive immunoassays poses particular chal-
lenges. These intrinsic limitations can be partially avoided by epitope
mimicking peptides. A ZEA mimicking peptide (peptide mimetic) was
identified by phage display without prior knowledge of the interaction
between the antibody and ZEA. The selectivity of the peptide mimetic
was ensured during the phage display selections using a competitive
elution step with the target analyte in the panning process. Only those
phages that displayed peptides capable of competing with ZEA were se-
lected for the next round in the iterative panning process. A thorough
selectivity study with the identified peptide mimetic showed that it in-
teracted only with the anti-ZEA antibody and that it could be only dis-
placed by ZEA and not by other mycotoxins (Peltomaa et al., 2020). In
this work, we extended the C-terminus of the previously identified pep-
tide mimetic by a short GGGSK(biotin) sequence as shown in Fig. 1 to
(1) obtain a similar structure as the recombinant fusion and phage-dis-
played peptides, and (2) to introduce a biotin handle for the immobi-
lization of the peptide to a solid surface or to a label via streptavidin.
Moreover, in order to mimic the structure of the phage-displayed pep-
tide as closely as possible, the C-terminus of the synthetic peptide was

amidated to mask the negatively charged carboxylate group that was not
present in the phage during the panning selections.

3.2. Analysis of the peptide–antibody interaction by NMR

To identify the key amino acids in the peptide mimetic (Fig. 1; top
right inset) that contribute to the antibody binding, we studied the pep-
tide–antibody interaction by NMR. The interaction between the peptide
mimetic and anti-ZEA antibody was assessed using saturation transfer
difference (STD) experiments, which are based on the magnetization
transfer from a protein to the hydrogens of a bound ligand. When the
resonances of the protein, here the anti-ZEA antibody, are selectively
saturated, the signals of a specifically bound peptide show changes in
the resonance intensity, and these signals can be detected in the STD.
As the STD is the difference spectrum between the experiment with pro-
tein saturation and the reference spectrum without saturation, those sig-
nals that are not involved in the interaction are canceled in the STD
(Mayer and Meyer, 1999). Clear STD signals were detected from the
peptide mimetic in the presence of anti-ZEA, showing that the peptide
is recognized by the antibody (Fig. 2A, the 2D experiments acquired
for the aromatic signal assignment are given in Figs. S1–S2). In ad-
dition, STD intensities provided information about the binding epitope
since the peptide regions that are more strongly involved in the inter-
action display higher STD values. Here, high STD values were detected

Fig. 2. Analysis of peptide–antibody interaction by STD-NMR experiments. Expansion of the aromatic region of the 1H-NMR reference spectra (off-resonance) and STD spectra of the
peptide mimetic in the presence of the anti-ZEA antibody (A) before and (B) after the addition of ZEA. The new peaks appearing in (B) are marked with red circles. (C) Overlay of STD
spectra shown in panels (A) and (B). (D) Peptide regions that strongly interact with the antibody expressed as STD percentages of the differential spectrum normalized to H7 of tryptophan
3 (W3), which shows the highest STD value (100%). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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for the aromatic residues tryptophan 2 and 3, and tyrosine 6. Trypto-
phan 3 was the residue with the highest STD effect (Fig. 2D). These re-
sults indicate that the aromatic amino acids of the peptide mimetic are
the key interaction points with the antibody. This information can be
of help for redesigning the peptide mimetic, for example, to a shorter
format which could be more convenient and cost-effective for future
studies. As a control experiment, the STD spectrum of the peptide was
acquired in the absence of the antibody to check that no signals were
detectable under these conditions (Fig. S3). Additionally, competitive
binding experiments were performed by adding ZEA to the peptide/
antibody sample and acquiring a new STD spectrum. As expected, we
observed the signals of ZEA and a decrease of the peptide STD sig-
nals (Fig. 2B and C). This effect has been quantified by the measure-
ment of the STD intensities in presence of 0.5 equivalents of ZEA. Under
these conditions, the STD effect of the H7 signal from the tryptophan
3 (which is the most representative nucleus involved in the interaction)
shows a decrease of 43% upon toxin addition. Simultaneously, the sig-
nals corresponding to ZEA display the highest STD effects (with intensi

ties almost three times greater than the STD of the peptide signals). This
confirms that both molecules—the peptide and the toxin—are compet-
ing for the same antibody binding site, and the interaction is specific.

3.3. Analysis of the peptide-binding kinetics by SPR

The binding kinetics of both the peptide mimetic and ZEA with the
anti-ZEA antibody were evaluated and compared by SPR analysis (Fig.
3). For the investigation of the peptide mimetic (MW: 2031 g mol−1),
the antibody was immobilized on the chip, and the peptide mimetic was
present in solution (Fig. 3A). Both fitting this kinetic data (one-to-one
binding model) and a Langmuir equilibrium fit (Fig. S4) resulted in
similar equilibrium constants (KD) of 5.2 × 10−7 M or 2.2 × 10−7, re-
spectively. A similar KD of 1.7 × 10−7 M was also found for a fumonisin
mimetic peptide selected from the same phage-displayed peptide library
in a previous study (Peltomaa et al., 2019).

Fig. 3. Kinetic analyses by SPR using (A) the immobilized anti-ZEA antibody and free peptide mimetic, or (B) anti-ZEA antibody with immobilized HSA-ZEA. Binding curves with different
peptide or antibody concentrations in colors are shown together with the kinetic fits in black. The differential signals ΔR were calculated from the sample and reference channels. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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However, due to the small size of ZEA (MW: 318 g mol−1), it was not
possible to investigate the binding kinetics of ZEA in the same direct as-
say based on the immobilized antibody (data not shown). Therefore, an
HSA-ZEA conjugate was immobilized on the SPR chip to capture the an-
tibody in solution (Fig. 3B). In this case, KD for the interaction of anti-
body and ZEA was much higher compared to the antibody–peptide inter-
action. While the association rates (ka) are quite similar, the 10,000-fold
faster dissociation rate (kd) of the antibody-peptide complex account for
the overall low KD. Since each HSA molecule was conjugated on average
to 12 ZEA molecules according to the manufacturer, both binding sites
of the antibody may have been involved in binding to the HSA-ZEA con-
jugate, thus giving information on the stronger avidity rather than affin-
ity. Nevertheless, these results show that the peptide mimetic binds less
strongly to the antibody than ZEA, which renders the peptide a suitable
competitor for the development of immunoassays.

3.4. Competitive ELISA and FIA

Conventional ELISA and fluorescence-linked immunoassay (FIA) are
commonly used bioanalytical methods for mycotoxin analysis. In or-
der to find the optimal label for the detection of ZEA using the syn-
thetic peptide mimetic, we performed the assay with streptavidin conju-
gated either to horseradish peroxidase (SA-HRP) or carboxyfluorescein
(SA-FAM). The functionality of both streptavidin labels was first con-
firmed by a binding study in a BSA-biotin assay. Relatively high BSA-bi-
otin coating concentrations (10 μg mL−1) were required for the reliable
detection of the labels (Fig. S5) and resulted in signal-to-background ra-
tios (S/B) of 69 for SA-HRP and 39 for SA-FAM.

In the competitive assay, using a capture antibody concentration of
2 μg mL−1, the signal decreased slightly in response to increasing ZEA
concentrations (Figs. S6A and S6B). Neither SA-HRP nor SA-FAM,
however, were suitable to determine ZEA concentrations reliably. The
insufficient label performance can be explained by the lower affinity of
the peptide mimetic to the antibody as compared to ZEA (Fig. 3). While
the lower affinity has the advantage that ZEA can compete more effi-
ciently with the peptide mimetic, the relatively high dissociation rate
of 1.1 × 10−2 s−1 may lead to a loss of the signal generating labels
during subsequent washing steps. Higher concentrations of the capture

antibody and peptide mimetic would possibly lead to higher signals in
ELISA and FIA. For practical reasons, however, this is not an option be-
cause higher antibody coating concentrations would drastically increase
the assay costs, and higher concentrations of the peptide mimetic would
decrease the sensitivity of the competitive immunoassay. Therefore, we
replaced SA-FAM and SA-HRP by a UCNP-PEG-SA label to develop a
robust method for the detection of ZEA in food samples. In addition
to the background-free optical detection, each UCNP label exposes sev-
eral streptavidin molecules on its surface connected via a highly flexible
PEG-linker structure. We expected that the UCNP label with its ability to
strongly bind to several peptides simultaneously via the biotin-strepta-
vidin interaction (multivalency) would partially compensate for the rel-
atively weak affinity of the peptide bound to the capture antibody.

3.5. Characterization of UCNP labels

Oleic acid-capped UCNPs (NaYF4:Yb3+,Tm3+) were modified with
alkyne-PEG-neridronate ligand and streptavidin-azide (Fig. 1; bottom
left inset) by a Cu-catalyzed click-reaction (Mickert et al., 2019; Farka
et al., 2020b). The as-synthesized UCNPs and the UCNP-PEG-SA-bio-
conjugates were thoroughly characterized before employing them as
a label in the competitive immunoassay. Transmission electron mi-
croscopy (TEM) revealed a uniform spherical shape (Fig. 4A) with an
average diameter of 37 nm (Fig. 4B). In the emission spectrum (Fig.
4C), the UCNPs displayed the strongest luminescence at 800 nm. More-
over, the hydrodynamic properties of particles before and after the con-
jugation were compared by dynamic light scattering (DLS). The increase
of the hydrodynamic diameter (Fig. 4D and E) indicated the success-
ful surface modification of UCNPs. As the distribution of the hydrody-
namic diameter did not broaden considerably, the conjugation proce-
dure did not lead to particle aggregation. Finally, the functional prop-
erties of the conjugate were tested in a BSA-biotin assay (Fig. 4F). The
UCNP-PEG-SA conjugate resulted in a S/B of 622 for 100 ng mL−1 of im-
mobilized BSA-biotin and 35 μg mL−1 of UCNP-PEG-SA. At this BSA-bi-
otin concentration, SA-HRP or SA-FAM achieved only a S/B of 4 or 7,
respectively, which shows the superior performance of UCNP labels.

Fig. 4. Characterization of UCNPs. (A) TEM image of oleic-acid capped UCNPs. (B) Size distribution of UCNPs determined from TEM. (C) Emission spectrum of UCNPs measured
under 980-nm excitation. DLS measurements (D: intensity; E: number distribution) of oleic acid-capped UCNPs in cyclohexane and UCNP-PEG-SA-conjugates in TBS. (F) Binding of
UCNP-PEG-SA-conjugates (concentrations of 1.4–35 μg mL−1) to immobilized BSA-biotin. The error bars show the standard error of the mean in replicate wells (n = 3).
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3.6. Competitive upconversion-linked immunosorbent assay (ULISA)

The anti-ZEA capture antibody was immobilized onto a well of a mi-
crotiter plate, and the competition between ZEA and the biotinylated
peptide mimetic was detected using the UCNP-PEG-SA label as shown
in Fig. 1. The competitive ULISA was optimized in terms of the anti-
body and peptide concentrations, assay and blocking buffer, as well as
the UCNP label concentration (Fig. S7). High concentrations of the cap-
ture antibody and peptide mimetic resulted in higher absolute signals
in the absence of free ZEA (Fig. S7A). Lowering these concentrations
improved the sensitivity towards ZEA detection. The optimal concentra-
tions were high enough to provide reliable signals but also resulted in
good sensitivity for the detection of ZEA. The effect of the assay buffer
composition was also studied, but the tested buffers exerted only mi-
nor effects on the assay sensitivity (Fig. S7B). The assay buffer con-
taining BGG and BSA-based blocking buffer was selected as it provided
slightly better sensitivity to ZEA, albeit lower absolute signals compared
to the SuperBlock-based buffer (Fig. S7B). The more complex BGG-con-
taining assay buffer led to lower background signals, thus strongly im-
proving the S/B to 45 compared to the SuperBlock-based buffer (S/B:
17). The same assay buffer composition was used previously in a highly
sensitive ULISA for the detection of prostate-specific antigen (PSA) in
serum (Mickert et al., 2019), and it is considered to be particularly
suitable for complex samples and difficult matrices. Similarly, the as-
say performance was only marginally influenced by using either BSA
or SuperBlock as the blocking buffer. However, the use of BSA resulted
in a better S/B of 45 compared to SuperBlock (S/B 31), and it was
selected for subsequent experiments. Higher UCNP concentrations pro-
vided higher absolute signals but did affect the sensitivity, and similar
IC50 values of 0.19 (±0.03) ng mL−1 and 0.18 (±0.09) ng mL−1 were
observed with 12.5 and 30 μg mL−1 UCNPs, respectively (Fig. S7C).

Fig. 5A shows the excellent performance of the optimized ULISA
with an IC50 value of 0.16 ± 0.08 ng mL−1 and a dynamic range
(IC20–IC80) from 50 pg mL−1 to 0.5 ng mL−1. The LOD of 20 pg mL−1

was more than 200 times lower than our earlier bioluminescent im-
munoassay based on the same antibody and the same peptide mimetic
sequence in the form of a fusion protein (Peltomaa et al., 2020). Also,
the dynamic range was improved by a factor of 3 compared to the bio

luminescent method. Overall, the LOD of the ULISA is comparable or
lower than most of the previously reported methods (Table S1) and
commercially available assays (Table S2). Although few lower LODs
have been reported in the literature, the ULISA benefits from a simple
and straightforward assay protocol and measurement scheme.

3.7. Cross-reactivity

The specificity of the ULISA was evaluated by determining the
cross-reactivity with related mycotoxins. Metabolites of ZEA, such as the
stereoisomers α-zearalenol and β-zearalenol, showed strong cross-reac-
tivities of 320% and 133%, respectively (Fig. 5B) because they share
a high structural similarity with ZEA (Fig. S8). Furthermore, the mon-
oclonal anti-ZEA antibody was raised against an ovalbumin-ZEA conju-
gate, which consisted of ZEA attached to ovalbumin in the very posi-
tion that is varied among these metabolites (Fig. S8). Thus, the anti-
body cannot differentiate between these metabolites in line with pre-
vious reports on antibodies raised against ZEA-oxime-coupled conju-
gates (Thouvenot and Morfin, 1983; Liu et al., 1985). In any case,
cross-reactivity with these metabolites can be considered useful as both
of them are in vivo metabolites of ZEA and have been shown to occur
naturally (De Ruyck et al., 2020). Notably, no cross-reactivity was ob-
served with other mycotoxins produced by the same Fusarium species
(deoxynivalenol, ochratoxin A, fumonisin B1, T-2 toxin).

3.8. Real sample analysis

We confirmed the functionality of the ULISA in a real sample ma-
trix by spiking blank maize samples that were confirmed to be free of
ZEA by UPLC-MS/MS analysis with 20–80 μg kg−1 of ZEA. Sample ex-
tracts in methanol were diluted in assay buffer and analyzed by the
ULISA. Recoveries between 77% and 105% (Table 1) indicated an ac-
ceptable accuracy of the method for the quantitative detection of ZEA
in real samples. The relative standard deviation (RSD) of three replicate
measurements varied between 3 and 9%, thus also fulfilling the perfor-
mance criteria for ZEA detection set in the European Commission reg-
ulations No 1881/2006 and 401/2006, which established a maximum
residue limit of 350 μg kg−1 for unprocessed maize products and the
acceptable recoveries and RSDs, respectively (European Commission,
2006a, 2014). The analysis of naturally contaminated maize samples

Fig. 5. (A) Calibration curve of the optimized ULISA for the detection of ZEA in buffer. (B) Cross-reactivities (CR) of zearalenone (ZEA, IC50: 0.16 ± 0.08 ng ml−1, CR: 100%); α-zearalenol
(α-ZOL, IC50: 0.05 ± 0.01 ng ml−1, CR: 320%) and β-zearalenol (β- ZOL, IC50: 0.12 ± 0.05 ng ml−1, CR: 133%). No cross-reactivities (IC50 not determinable) are found for the toxins
deoxynivalenol (DON), fumonisin B1 (FB1), ochratoxin A (OTA), and T-2 toxin (T-2). The molecular structures of the toxins are shown in Fig. S6. The error bars the standard error of the
mean in replicate wells (n = 3).
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Table 1
ULISA analysis of spiked samples (top) and naturally contaminated samples (bottom).

Spiked ZEA (μg
kg −1)

Measured ZEA (μg
kg −1) RSD a Recovery

0 < LOD 6% n.d.
20 18.3 4% 91%
40 41.8 3% 105%
60 61.2 4% 102%
80 61.3 9% 77%
Measured ZEA (μg
kg −1) by UPLC-MS/
MS

Measured ZEA
(μg kg −1) by
ULISA

RSD a of
ULISA

Measured ZEA (μg
kg −1) by UPLC-MS/
MS

70 88 6% 70
114 108 12% 114
124 151 6% 124
250 184 4% 250
350 334 17% 350

a RSD, relative standard deviation (n = 3).

by both the competitive ULISA and UPLC-MS/MS yielded in general con-
sistent results (Table 1). Depending on the type of sample, however,
significant variations were observable between these methods that can
be explained by matrix effects affecting the UPLC-MS/MS and ULISA
measurement to a different degree. The stronger matrix effect in nat-
urally contaminated samples is also evident from larger RSD values of
the ULISA compared to the spiked samples. Despite these variations, the
ULISA readily enables detection of ZEA concentration above maximum
residue limits in naturally contaminated cereal samples.

4. Conclusions

We have demonstrated the advantages of using peptide mimetics in
a competitive ULISA for the sensitive detection of the mycotoxin ZEA.
The design of the competitive ULISA rests on two interdependent pillars:
(1) A biotinylated peptide mimetic serves as a substitute for the conven-
tional ZEA-protein conjugate that competes efficiently with the analyte
ZEA as shown by NMR and SPR analyses of the peptide–antibody in-
teraction. (2) A UCNP-PEG-SA conjugate serves as a substitute for the
conventional enzyme label that attaches the label more strongly and can
be detected without optical background interference. With an LOD of
20 pg mL−1 (63 pM), is about 1000 × more sensitive than commercial
assays for ZEA detection. Furthermore, no complex sample pre-treat-
ment is required as for common reference methods such as HPLC-MS.
The method also showed good analytical performance not only in buffer
but also in spiked and naturally contaminated maize samples. Therefore,
our competitive ULISA is a valuable tool for the simple analysis of my-
cotoxin-contaminated food samples with a sensitivity that meets the re-
quirements set by the European legislation.
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