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ABSTRACT: 

Homogeneous immunoassays represent an attractive alternative due to their simplicity, 

sensitivity and rapidity. On the basis of a previously identified epitope-mimicking peptide, or 

mimotope, for fumonisin B1 (FB1) mycotoxin, we have developed a homogeneous fluorescence 

quenching immunoassay based on (17.1 ± 2.0)-nm gold nanoparticles (AuNPs) and a 

recombinantly produced epitope-mimicking fusion protein. The fumonisin mimotope was cloned 

as a fusion protein with a yellow fluorescent protein which could be used directly as the tracer 

for FB1 detection without the need of labeling or a secondary antibody. Furthermore, owing to 

the fluorescence quenching ability of AuNPs, a homogeneous immunoassay could be performed 
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 2

in a single-step without the need of washing steps to separate the unbound tracer. The novel 

homogeneous assay showed negligible matrix effects in 5% wheat extract and high sensitivity 

for FB1 detection, with a dynamic range from 7.3 to 22.6 ng mL–1, a detection limit of 1.1 ng 

mL–1 and IC50 value of 12.9 ng mL–1 which was significantly lower than the IC50 value of the 

previously reported assay using the synthetic counterpart of the same mimotope in a microarray 

format. The homogeneous assay was demonstrated to be specific for fumonisins B1 and B2, as no 

significant cross-reactivity with other mycotoxins was observed, and acceptable recoveries (86% 

for FB1 2000 µg kg-1 and 103% for FB1 4000 µg kg-1 FB1), with RSD < 6.5%, were reported 

from spiked wheat samples proving that the method could provide a valuable tool for simple 

analysis of mycotoxin-contaminated food samples. 

KEYWORDS: fluorescent protein, mimotope, gold nanoparticle, quenching, homogeneous 

immunoassay, mycotoxin 

 

Owing to their exceptional optical properties, nanomaterials are often considered ideal for 

biosensor development and the remarkable progress in the field during the last decades has paved 

the way for developing ultrasensitive sensors.1-4 Especially gold nanoparticles (AuNPs) have 

received particular attention due to their unique optical and electronic properties and, considering 

their straightforward synthesis, high stability and biocompatibility, high electron density and 

strong absorption in the visible region, AuNPs continue to be one of the most used materials for 

different sensing schemes.5 The latter includes electrochemical,6 surface-enhanced Raman 

scattering (SERS),7 fluorescent8 and colorimetric assays, as well as other disciplines, such as 

material sciences, bioimaging and electronics.1, 9-10 Furthermore, AuNPs are exceptionally 
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 3

efficient fluorescence quenchers,11-12 a phenomenon that has been ascribed to various 

mechanisms, including Förster resonance energy transfer (FRET), nanometal surface energy 

transfer (NSET),13-14 and dipole-to-metal particle energy transfer (DMPET).15-16 Due to the 

extraordinarily high molar absorption coefficient of AuNPs, broad energy bandwidth, as well as 

their tunable absorbance according to the nanoparticle size and geometry,5 AuNPs have been 

applied as quenchers in fluorescent homogeneous assays12 based on organic dyes,17 polymers,18 

quantum dots,16, 19 as well as fluorescent proteins (FPs).20 

FPs, which are widely used as markers for gene expression analysis or protein tracking within 

cells or organelles, and have revolutionized molecular biology in the last decades, are able to 

emit strong stable fluorescence, and they can be expressed as fusion proteins in recombinant 

hosts.21-22 Several FPs with enhanced fluorescence or different spectral characteristics have 

proven not only their excellence for studying biomolecular interactions but have also further 

expanded the scope of applications of these proteins, for example for immunoassay 

development.23-25 Particularly, FRET-based FP probes have been established as an important tool 

for studying various intracellular molecules and events,23 demonstrating the tremendous potential 

of homogeneous sensing schemes for both in vivo and in vitro assays where the bound and free 

tracers can be distinguished without the need of a separation step. Such homogeneous assay 

formats can result in significant cost and time savings by enabling simpler and faster protocols 

while, at least theoretically, being more sensitive than the heterogeneous assays.12, 26 

The exceptional ability of epitope-mimicking peptides, or mimotopes, to imitate the epitope of 

an antigen and thus bind to same antibody paratope, has been witnessed in several fields 

including immunotherapy, epitope mapping, and allergy treatment.27-28 Furthermore, epitope-

mimicking peptides and antibodies are an intriguing option to overcome some of the limitations 
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 4

of competitive immunoassays.29-30 As they bind to the same antibody paratope as the antigen and 

elicit a similar antibody response, epitope mimics can be used as the competitor instead of the 

labeled antigen in applications were the conjugation of the target to a carrier molecule is 

challenging, or it can cause toxicity to the user. Several mimotopes have been selected from 

phage-displayed peptide libraries for the detection of low molecular weight targets such as 

pesticides,31 neurotoxins,32 cancer drugs,33 mycotoxins,34-36 and other chemicals.37 Phage-borne 

peptides have shown great potential for the development of small molecule immunoassays, but 

considering the large size and the biologically active nature of phages these methods are not 

always ideal for immunoassay development.38-39 As an alternative, the synthetic counterparts of 

the phage-borne mimotopes40-42 or recombinant peptide-protein fusions,43-45 have been suggested 

as phage-free options. Production of recombinant fusion proteins is an attractive alternative 

because of the low cost of producing recombinant proteins in bacteria and the variety of 

possibilities to design the protein tailored to the purpose, for example, including tags for 

purification or using an active enzyme as a fusion protein and later directly as the tracer.46 

In this work, we present a simple and rapid immunoassay for fumonisin detection based on a 

recombinant fluorescent fusion protein and fluorescence quenching by AuNPs. Fumonisins are 

mycotoxins produced by Fusarium fungi as secondary metabolites47 which can be found as 

natural contaminants commonly in maize, but also in wheat, rice, sorghum, and beans.48 Owing 

to the hepatotoxic and carcinogenic effects of fumonisins,49 as well as the important economic 

consequences of mycotoxin contamination,50 detection of these toxins is of great importance. 

Several international authorities have set regulatory limits, such as the European Commission51-52 

and the United States Food and Drug Administration53 to ensure food safety. In a previous paper, 

we have reported the development of a microarray for the detection of fumonisin B1 (FB1), the 
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 5

most abundant and toxic of fumonisins, based on a synthetic mimotope.40 Here, the FB1-

mimotope is produced recombinantly as a fusion with a yellow fluorescent protein (YFP) which, 

at the same time, plays as the tracer in the immunoassay. Based on a competitive immunoassay, 

the YFP-tagged FB1-mimotope is used as the tracer in a heterogeneous reference assay with 

immobilized antibody and, furthermore, in a homogeneous quenching assay where the binding 

event is observed as fluorescence quenching by AuNPs.  

 

RESULTS AND DISCUSSION 

Detection of low molecular weight analytes, such as mycotoxins, poses challenges for 

researchers as direct detection of these molecules is difficult, and the conjugation or labeling 

needed for the competitive assay format is often challenging. Epitope mimics, which can replace 

the target conjugate and avoid the use of toxic compounds as assay components, have been 

described as an intriguing alternative.30 We have previously identified by phage display an 

epitope-mimicking peptide, or mimotope, for the fumonisin B1 (FB1) mycotoxin.40 The epitope-

mimicking nature of the phage-displayed mimotope was proved in a phage-based immunoassay 

and, furthermore, the synthetic counterpart of the peptide was used for FB1 detection in a 

microarray format. In this work, we further endeavor the possible use of mimotopes by creating a 

recombinant fusion protein of the same FB1-mimotope and a YFP. Construction of such 

fluorescently-tagged mimotope, which can be produced recombinantly in bacteria, allows 

developing simple immunoassays as neither labeling of the mimotope itself nor secondary 

antibodies are required. Furthermore, we report the application of the YFP-tagged mimotope to a 

homogeneous quenching immunoassay that employs AuNPs and enables detection and 

quantification of FB1 in a simple, fast, one-step assay. 
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 6

Construction of the YFP-tagged mimotope. The YFP-tagged FB1 mimopeptide was 

generated by cloning the FB1-mimotope VTPNDDTFDPFR (named A2)40 in fusion with 

Zoanthus sp. yellow fluorescent protein (YFP), ZsYellow,54-55 using standard molecular biology 

techniques. In the mimotope-YFP fusion construct (Figure 1), the yellow fluorescent protein and 

A2-mimotope were separated by a glycine-serine (GS)-linker to ensure sufficient space for the 

mimotope binding, and a polyhistidine tag (His-tag) downstream of YFP was used to purify the 

protein by affinity chromatography. To remove the His-tag after purification, a Tobacco Etch 

Virus (TEV) protease cleavage site was included between the YFP and the His-tag. Successful 

cleavage was confirmed because the fusion protein no longer binds to the Ni-NTA (nickel-

nitrilotriacetic acid) matrix after the TEV-catalyzed reaction. The fluorescent excitation and 

emission spectra of the purified fluorescent fusion protein is shown in Figure S1. 
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 7

 

Figure 1. Scheme of the fusion protein construct and main features of the expression vector used 

for protein production in E. coli. 

Heterogeneous fluorescence immunoassay. The epitope-mimicking nature of the novel YFP 

fusion protein and its functionality as a tracer was studied in a heterogeneous fluorescence 

immunoassay where an anti-FB1 antibody is immobilized in microtiter wells and competition 

between FB1 and the mimotope-YFP is shown as low fluorescence readings in the presence of 

high FB1 concentrations (Figure 2A). Based on the typical sigmoidal standard curve for a 

competitive heterogeneous assay (Figure 2B) the half maximal inhibitory concentration (IC50) 

was 6.8 ± 0.3 ng mL–1 and the lower limit of detection (LOD), determined as the average signal 

of the blank minus three times the standard deviation of the blank, turned out to be 3.5 ng mL–1. 

The dynamic range of the assay, calculated from the IC20 and IC80 values (Figure 2B), was from 
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 8

3.2 to 14.8 ng mL–1. Although the assay sensitivity was higher than those of the phage-based and 

synthetic peptide assays,40 and the assay protocol was simplified because no secondary antibody 

was needed, the heterogeneous assay still required a few washing steps to remove the unbound 

reagents and overnight incubation to immobilize the capture antibody. 

 

Figure 2. (A) Schematic representation of the heterogeneous fluorescence immunoassay using 

the mimotope-YFP construct and an immobilized anti-FB1 antibody. (B) Dose-response curve of 

the competitive heterogeneous assay. Fluorescence readings (excitation at 500 nm, emission at 
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 9

545 nm) are depicted as the average of the replicate samples ± the standard error of the mean (n 

= 3). A four-parameter logistic fit (OriginPro 9.0) was used to calculate the IC values. 

 

Homogeneous quenching immunoassay. The recognition principle of the homogeneous assay 

is based on fluorescence quenching of the mimotope-YFP construct. As shown in Figure 3, the 

assay uses protein G-coated AuNPs that quench the emission of light upon antibody binding to 

mimotope-YFP. In the presence of the target FB1, competition between the latter and the 

mimotope prevents the fusion protein binding to the antibody and fluorescence is recovered due 

to the larger distance from the AuNPs. Thus, the one-step assay allows distinguishing the 

antibody-bound tracer (mimotope-YFP) readily from the free tracer. In addition to the fast and 

straightforward protocol, the method benefits from the advantage of measuring a signal rise with 

increasing analyte concentrations in opposition to the heterogeneous reference assay. The low 

background signal in the absence of the target, due to the strongly quenched fluorescence, makes 

it easier to detect even small changes in the readout. 
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 10

Figure 3. Schematic representation of the homogeneous quenching immunoassay based on the 

mimotope-YFP and an anti-FB1 antibody immobilized on AuNP/protein G conjugates. Upon 

mimotope-YFP binding to the antibody, the AuNP efficiently quenches the intrinsic fluorescence 

of YFP. In the presence of FB1, the mimotope-YFP is not bound to the antibody, and its 

fluorescence is no longer turned off. 

 

Since the efficiency of fluorescence quenching by the AuNP depends not only on the distance 

from the fluorophore but also on the nanoparticle size,56 we tested the performance of different 

AuNPs in the homogeneous quenching immunoassay. Citrate-stabilized gold nanoparticles were 

prepared by a step-by-step growing procedure,57 and their average diameters were determined to 

be (17.1 ± 2.0) nm, (36.1 ± 3.3) nm, and (72.4 ± 7.1) nm by transmission electron microscopy 

(TEM) (Figure S2). The UV-Vis absorption spectra of the AuNPs showed the typical plasmon 

band peaking at 519 nm, 530 nm and 546 nm for the 17-nm, 36-nm, and 72-nm AuNPs, 

respectively (Figure 4). Furthermore, dynamic light scattering (DLS) was used to evaluate the 

average hydrodynamic diameter and polydispersity of the nanoparticles (Figure S3). 

His-tag-mediated conjugation of recombinant protein G to the citrate-capped AuNPs allowed 

simple, flexible preparation of the protein-decorated AuNPs. Firstly, a flocculation test was 

performed to determine the amount of protein required to stabilize the AuNPs. Aggregation of 

bare AuNPs was observed upon addition of 10% (w/v) NaCl, whereas the protein-decorated 

AuNPs retained their typical plasmon band under the same conditions, confirming a successful 

protein coating (Figure S4). Moreover, the presence of a protein overlayer was observed by 

TEM (Figure S5), and the amount of immobilized protein was determined by hydrolysis and 

HPLC-analysis (Figure S6 and Table S1). AuNPs might also have been directly coupled to 
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 11

antibodies by non-specific absorption;58,59 however, protein G-mediated linkage allows a more 

controlled coupling. Because the antibody is directly added to the assay reaction rather than to 

the coupling reaction, the exact amount of antibody in the final assay can be determined more 

precisely, and it is not subject to variations among the different batches prepared. Moreover, in 

this way, the antibodies would bind to the protein G-coated AuNPs in an oriented manner, 

ensuring that the antigen binding sites are available and not hindered, which might be (at least 

partially) the case for non-specifically bound antibodies. Since AuNP-based surface energy 

transfer (SET) quenching is known to overcome the established distance limits of FRET,56,60 the 

additional increase of the distance between AuNPs and the fluorescent protein produced by the 

protein G overlayer is not as critical as in energy transfer assays based on organic dye acceptors 

that quench the donors’ fluorescence. 

 

Figure 4. Normalized UV-Vis absorption spectra of the 17-nm (black), 36-nm (red), and 72-nm 

(blue) AuNPs prepared. 
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 12

 

The feasibility of the assay principle was evidenced by observing a strong fluorescence 

quenching upon the fusion protein binding to the antibody-conjugated AuNPs (Ab-AuNPs). 

Figure 5 shows the variation of the mimotope-YFP fluorescence (0.5 µg mL-1) with the 

concentration of Au-NPs ranging from 0.001 to 4 nM for the 17-nm, 36-nm and 72-nm sizes of 

the latter. Control experiments in the absence of the nanoparticle-bound antibody (Figure 5) 

confirmed that the fluorescence quenching was predominantly due to the specific binding of the 

mimotope-YFP to the anti-FB1 Ab-AuNPs (1.5 µg mL-1 of Ab) and not due to the (trivial) 

phenomena of light scattering, absorption of the excitation light (at 500 nm) and of the 

fluorescence (at 545 nm) by the Au-NPs themselves. Furthermore, in the presence of 100 ng mL–

1 FB1, competition between FB1 and epitope-mimicking mimotope-YFP resulted in fluorescence 

signals that were similar to the background levels without the antibody on the nanoparticles. 

 

 

Figure 5. Fluorescence quenching produced by the 17-nm (A), 36-nm (B) and 72-nm (C) AuNPs 

in the presence of a constant mimotope-YFP concentration of 0.5 µg mL–1. The effect of the 

AuNP concentration (0.001 – 4 nM) on the fluorescence signal was measured for the antibody-

AuNP conjugates (1.5 µg mL-1 of Ab) both in the absence (red dots) and in the presence (green 
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stars) of 100 ng mL–1 of FB1, or without the antibody (black diamonds). The fluorescence signals 

(excitation at 500 nm, emission at 545 nm) are shown as the average values of replicate samples 

± the standard error of the mean (n = 3). 

 

The higher SET efficiency of the smallest Au-NPs of the three sizes tested has been 

rationalized previously in terms of quenching of the fluorophore occurring within the near field 

of the AuNP by formation of an image dipole of the former at the nanoparticle surface, once the 

size-dependent changes in the complex dielectric function and the absorptivity of the AuNPs are 

factored in.56 The light scattering effect prevails for nanoparticles larger than 20 nm diameter, 

effectively decreasing the specific fluorescence quenching by SET. The maximum quenching 

efficiency (86%), determined from Figure 5 data as [1 – (I/I0)] × 100, was obtained with 1 nM 

17-nm antibody-decorated particles when 0.5 µg mL–1 mimotope-YFP was used. Higher 

concentrations of AuNPs led to increased levels of quenching even in the absence of FB1, 

indicating non-specific binding of mimotope-YFP or rather the effect of the very strong 

absorption and scattering caused by the AuNPs, taking into account the minimal concentration of 

the fluorescent molecule. For the larger Au-NPs in particular, the non-specific quenching was 

observed already at relatively low nanoparticle concentrations (2 pM). 

To check the observed maximum efficiency of the nanoparticle SET on the 17-nm AuNPs 

against the predicted one,56 we have estimated the distance from the AuNP surface to the YFP 

chromophore. Taking into account the 3.2 nm protein G coating of the nanoparticle (from TEM, 

Figure S5) supporting the oriented antibody (9.5 nm from top to bottom),61 and the 4-nm YFP 

with the chromophore buried approximately in the middle of the protein,62,63 we can roughly 

estimate a fluorophore-surface distance of 15 nm. This value assumes that the mimotope has an 
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insignificant effect. Theory predicts an 86% emission quenching efficiency at 18 nm from the 

surface of a 16.5 nm (dia.) Au-NP,56 a value that is very close to the estimated distance 

considering the approximations involved in our calculation. Furthermore, the efficient SET 

process between the fluorophore and the AuNP has been shown to be of static nature: single-

photon timing fluorescence decay measurements are identical in the absence and in the presence 

of the antibody-decorated metal nanoparticles (a fluorescence lifetime of 3.60 ± 0.01 ns has been 

determined for the free and Au-NP-bound mimotope-YFP, Figure S7), yet the fluorescence 

intensity at the detector is ca. 6 times larger in the absence of the AuNPs.  

For the further assay development, AuNP concentrations with best signal-to-background ratios 

calculated from maximal and minimal fluorescence signals without or with FB1, respectively, 

were selected. To determine the optimum concentrations of mimotope-YFP and the antibody, a 

checkerboard-type titration was performed with different dilutions. Increasing the mimotope-

YFP concentrations obviously resulted in an increase in the fluorescence signals, but high 

concentrations exhibited also increased non-specific binding in the presence of FB1 (Figure S8). 

Therefore, 0.5 µg mL–1 and 1.5 µg mL–1 mimotope-YFP and antibody concentrations, 

respectively, were chosen for subsequent measurements.  

In the homogeneous format, the assay kinetics are usually extremely fast slow diffusion does 

not limit the rate of the binding reaction to a surface as in heterogeneous assays.26 In fact, already 

after 5 min incubation, the specific fluorescence quenching could be observed in our assay 

(Figure S9). Somewhat further increase of the quenching was obtained after 45 min incubation 

yielding an improved signal-to-background ratio (Figure S9A). However, after signal 

normalization, similar or better sensitivities (expressed as the IC50 values) were found with 

shorter incubation times (Figure S9B). Therefore, a 20 min incubation was selected for further 
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optimization as it provided the required sensitivity but better reproducibility than still shorter 

incubation times. Then, the specificity of the immunoassay was evaluated by determining the 

cross-reactivity with other mycotoxins. The assay did not distinguish the structurally related FB1 

and FB2 fumonisins, since the antibody is not specific to either of the isotopes. Nevertheless, 

negligible cross-reactivity towards other mycotoxins was observed (Figure S10). 

On the basis of the optimized conditions, we applied the developed quenching assay to 

quantification of FB1 using the various sized AuNPs. Standard FB1 solutions of different 

concentrations were mixed with fixed antibody, mimotope-YFP and AuNP concentrations, and 

after 20 min incubation, the fluorescence of the solutions was measured. Figure 6A shows the 

dose-response plots of the measured signal-to-background fluorescence ratios as a function of the 

FB1 concentration. Typical sigmoidal calibration curves were obtained with all the Au-NPs, but 

the larger the nanoparticle size, the lower the signal-to-background ratio resulted in agreement 

with the overall effects discussed above. 

To investigate the effect of a real sample matrix, the analysis with 17-nm AuNPs was 

performed in either the assay buffer, i.e. 10 mM phosphate buffer (pH 8.0) containing 0.1% 

(w/v) BSA, or in wheat extracts diluted with the assay buffer. High concentrations of the sample 

extract interfered with the assay and resulted in lower maximum signals; however, 5% wheat 

extract in the final reaction volume showed negligible interference (Figure 6B). The calibration 

curve in this medium showed excellent reproducibility with an average intra-assay RSD (relative 

standard deviation) of 4.6% and an IC50 value of 12.9 ± 1.0 ng mL–1. The assay dynamic range 

(IC20 – IC80) was from 7.3 to 22.6 ng mL–1 and its limit of detection (LOD) was calculated to be 

1.1 ng mL–1, which was 10-fold better than previously reported with the synthetic peptide,40 and 

slightly lower than the heterogeneous reference assay. Others have reported similar and lower 
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LODs for FB1 detection (Table S2), but the homogeneous quenching assay benefits from 

significantly shorter assay time and, due to the simple one-step protocol, the method would be 

ideally suited to multiplexing and automation. 

Finally, two wheat samples spiked with FB1 were analyzed with the homogeneous assay. 

Sample extracts were diluted in assay buffer, and recoveries of 86% (RSD 6.2%) and 103% 

(RSD 3.2%) were obtained for samples spiked with 2000 or 4000 µg kg–1 FB1, respectively. 

Current European regulation on fumonisins covers only maize-based products, and the maximum 

residue limit for unprocessed maize products is 4000 µg kg–1. Therefore, the novel homogeneous 

quenching assay might be used as a reliable and accurate method even with real samples. 

 

 

Figure 6. (A) Calibration curves for FB1 obtained with AuNPs of different sizes: 17 nm (black 

squares), 36 nm (green triangles) and 72 nm (red dots). Signal-to-background ratios were 

calculated by dividing the fluorescence in the presence of FB1 by the signal obtained in the 

absence of FB1. (B) Comparison of the dose-response curves in assay buffer (black squares) and 

in 5% sample extract (blue dots) using 17-nm decorated AuNPs; fluorescence values were 
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normalized to the mean maximum and minimum absolute signals, and the results are shown as 

normalized means ± the standard error of the mean (n = 3). Four-parametric logistic fit 

(OriginPro 9.0) was used to calculate the IC50 values. 

 

CONCLUSIONS 

This work demonstrates the applicability of epitope mimics to sensitive immunoassays. A novel 

homogeneous quenching assay for the quantification of FB1 mycotoxin based on gold NPs 

demonstrated superior analytical features, including lower detection limit and a more 

straightforward assay protocol, than the heterogeneous reference assay. Notably, the 

homogeneous assay based on fluorescent mimotope-YFP fusion protein we have developed is 

more sensitive than the previously reported immunoassay based on the synthetic mimotope. 

Because the fluorescent fusion protein was directly used as the tracer, there was no the need for a 

further labeling reaction or secondary antibodies in contrast to other reported AuNP quenching 

immunoassays.17,58 Recombinantly produced fusion proteins guarantee a fixed stoichiometry 

between the fusion partners, and avoid issues related to batch-to-batch variations or 

heterogeneous conjugates that are often observed as the product of chemical conjugation 

reactions. The superb fluorescence quenching efficiency of AuNPs via nanoparticle surface 

energy transfer is an attractive feature for homogeneous assay development and using His-tag 

mediated AuNP-coating provides a flexible facile manner to create protein-conjugated AuNPs 

that can readily be used with different antibodies. Overall, the simplicity and unique capabilities 

of the quenching assay provides an elaborated yet powerful new tool for rapid analysis of 

mycotoxins in food samples. 
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EXPERIMENTAL SECTION 

Materials. pZsYellow vector was obtained from Clontech Laboratories (Mountain View, CA) 

while the expression vector pQE-T2-2 together with the Ni-NTA (nickel–nitrilotriacetic acid) 

magnetic agarose beads were from Qiagen (Hilden, Germany). Chemically competent 

Escherichia coli One Shot® BL21 Star™ (DE3) cells, Phusion HF DNA polymerase, restriction 

enzymes, and Pierce™ BCA protein assay kit were from Thermo Fisher Scientific (Waltham, 

MA). Oligonucleotides were obtained from Integrated DNA Technologies (San Diego, CA). 

HisTrap FF and PD-10 columns were from GE Healthcare (Little Chalfont, UK). Bacterial cell 

lysis buffer and bovine serum albumin (BSA) were purchased from NZYTech (Lisbon, 

Portugal). Amicon Ultra Centrifugal filters were from Merck Millipore (Burlington, MA) and 

Packard HTRF 96-well black plates from Nunc (Roskilde, Denmark). Protease inhibitor cocktail 

and TEV protease, together with sodium citrate (+99%) and tetrachloroauric(III) acid trihydrate 

(HAuCl4∙3H2O, +99.9%) were purchased from Sigma-Aldrich (St. Louis, MO). Recombinant 

protein G with His-tag was obtained from Abcam (Cambridge, UK). 

Monoclonal anti-fumonisin antibody was purchased from BioTez (Berlin, Germany). 

Mycotoxins fumonisin B1 (FB1), fumonisin B2 (FB2), T-2 toxin, and HT-2 toxin were from 

Fermentek (Jerusalem, Israel); alternariol (AOH) was from Apollo Scientific (Bredbury, UK), 

while deoxynivalenol (DON) and zearalenone (ZEA) were from Sigma-Aldrich. The blank 

wheat quality control material was purchased from Romer laboratories (Getzersdorf, Austria). 

Construction of fluorescent fusion proteins. For the expression of YPF-tagged mimotope 

A2, plasmid pPA031 was constructed. The ZsYellow gene was PCR-amplified from vector 

pZsYellow by Phusion HF DNA polymerase with oligonucleotides RP08Fw and PA09Rv. The 

sense primer RP08Fw (5’–TTC GAG CTC ATG GTT ACT CCG AAT GAT GAT ACG TTT 
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GAT CCT TTT CGG GGT GGA GGT TCG GCT CAT TCA AAG CAC GGT CTA–3’) 

contained a 5’-overhang composed of the DNA sequence encoding for the mimotope A2 

(underlined) to generate the translational fusion A2-YFP. The antisense primer PA09Rv (5’–

GCT GGT ACC TGG CCC TGA AAA TAC AGG TTT TCG GCC AAG GCA GAA GGG 

AAT GC–3’), hybridizing to the 3’-end of the ZsYFP, was used to add a TEV cleavage site 

between the 10xHis-tag and the C-terminus of YFP. The PCR product was subcloned at the SacI 

and KpnI sites of pQE-T7-2 to generate pPA031. Successful cloning was confirmed by DNA 

sequence analysis. 

Fusion protein expression and purification. For the overexpression of the mimotope-YFP 

fusion protein, plasmid pPA031 was transformed into E. coli One Shot® BL21 Star™ (DE3) 

cells and selected on LB agar plates with 50 µg/mL kanamycin. A single colony harboring the 

plasmid was used to inoculate 15 mL preculture (LB medium supplemented with 50 µg/mL 

kanamycin), which was grown overnight at +30 °C. The cells growth was spectrophotometrically 

monitored, and, the following day, preculture in the exponential growth phase was used to 

inoculate a main culture of 250 mL (LB medium supplemented with 50 µg/mL kanamycin) to an 

optical density at 600 nm (OD600) of 0.05. The main culture was grown at 37 °C with shaking 

until an OD600 of 0.6 was reached, and IPTG (isopropyl β-D-1-thiogalactopyranoside) was added 

to a final concentration of 500 µM to induce fusion protein expression. The cultivation was then 

continued at 37 °C for 5 h. After that, the cells were collected by centrifugation (10 min at 5000g 

at +4 °C) and resuspended in 10 mL of lysis buffer supplemented with protease inhibitor 

cocktail. The cells were lysed by sonication on ice for 3 min, after which the resultant cell debris 

was removed by centrifugation for 20 min at 15,000g at +4 °C. Successful expression of the 
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fluorescent protein was confirmed by analyzing the fluorescence emission of the soluble and 

insoluble fractions as well as the culture media. 

The fluorescent fusion protein was purified from the cell lysate by HisTrap column according 

to manufacturer’s instructions. First, the clarified lysate was diluted (1:3 v/v) in binding buffer 

(20 mM phosphate buffer pH 7.2, 500 mM NaCl and 20 mM imidazole) to ensure optimal 

binding conditions for the purification. After loading the sample in the HisTrap column, the latter 

was washed with 30 mL of the binding buffer and, finally, the His-tagged proteins were eluted 

by elution buffer (20 mM phosphate buffer pH 7.2, 500 mM NaCl and 500 mM imidazole). 

Presence of the fluorescent protein in the elution fractions was followed spectrophotometrically 

and the fluorescent fractions were pooled. The buffer was exchanged to 50 mM Tris buffer (pH 

7.75) containing 150 mM NaCl with PD-10 according to manufacturer’s instructions and 

concentrated using Amicon Ultra 3K Centrifugal Filter Units. The concentration of the stock was 

determined by BCA kit, and to remove the C-terminal His-tag, 4 µg of TEV protease was added 

to 100 µg of the fusion protein (in 100 µL of 50 mM Tris buffer pH 7.75 containing 150 mM 

NaCl). After an overnight incubation at +4 °C, the cleaved His-tag and the His-tagged TEV 

protease were removed by adding 50 µL of Ni-NTA magnetic agarose beads to the reaction. The 

beads were captured with a Nd magnet after 15 min and the supernatant was collected. 

Successful His-tag cleavage was confirmed by observing the fluorescence emission in the 

fraction which did not bind to Ni-NTA beads. Finally, protein concentration of the purified 

mimotope-YFP without His-tag was determined with a BCA assay kit and its purity was verified 

by SDS-PAGE. The fluorescent excitation and emission spectra of the purified fluorescent fusion 

protein is shown in Figure S1. 
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Heterogeneous fluorescence immunoassay. The heterogeneous fluorescence immunoassay 

with mimotope-YFP (Figure 2A) was performed in 96-well black plates by coating the wells 

with capture antibody (100 ng in 60 µL of 0.2 M sodium carbonate/bicarbonate, pH 9.4) by 

overnight incubation at +4 °C. The wells were then blocked with blocking buffer (PBS pH 7.2; 

3% (w/v) BSA) for 3 h at room temperature and washed twice with PBS-T (PBS pH 7.2; 0.05% 

(v/v) Tween-20). Toxin standards in the range of 0 to 250 ng mL–1 (in three replicates) were 

added to the coated wells together with the 1 µg mL–1 mimotope-YFP in assay buffer (PBS, pH 

7.2; 0.05% (v/v) Tween-20; 0.1% (w/v) BSA) in a total reaction volume of 60 µL. After 

incubation of 1.5 h at slow shaking, the wells were washed four times with PBS-T. Finally, 60 

µL of PBS was added to each well and fluorescence signals (excitation at 500 nm; detection at 

545 nm) were measured using a BMG Labtech (Ortenberg, Germany) CLARIOstar microplate 

reader. 

Gold nanoparticle (AuNP) synthesis and characterization. The effect of the gold 

nanoparticles size on the fluorescence quenching was evaluated by preparing the metal colloids 

following a step-by-step growing procedure described elsewhere,57 with minor modifications. 

Firstly, 97 mg (0.33 mmol) of trisodium citrate dihydrate was dissolved in 150 mL Milli-Q water 

(used immediately after collection from the system, 18.2 MΩcm at 25 °C, pH 7.33) in a 250 mL 

two-necked round-bottom flask attached to a condenser. A 25 mM HAuCl4 stock solution was 

prepared by dissolving 246 mg of gold(III) chloride trihydrate in 25 mL of Milli-Q water. Once 

the solution containing sodium citrate boiled (110 °C), 1 mL of the gold solution was rapidly 

injected under vigorous stirring, obtaining in this way citrate-capped AuNPs after ca. 10 min. 

The reaction mixture was cooled to +90 ºC and two consecutive injections of 1 mL HAuCl4 

solution were performed every 30 min. Then, 30 min after the second addition, 55 mL of the 
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suspension was extracted, centrifuged (at 12857 g for 2 h) and re-suspended into the same 

amount of Milli-Q water to yield the ‘generation 0’ (Gen0) suspension. Then, 53 mL of Milli-Q 

water was added to the remaining mixture in the round-bottom flask and kept under stirring for 

15 min until the temperature reached +90 °C. Separately, a 60 mM sodium citrate stock solution 

was prepared (441 mg in 25 mL of Milli-Q water), and 2 mL of this stock solution was added to 

the reaction mixture to yield the seed solution for the following generation. In this case, three 

consecutive injections of 1 mL HAuCl4 solution were incorporated at 30 min intervals. After 30 

min of the third addition, 55 mL of the suspension was extracted and treated as described 

previously to obtain ‘generation 1’ (Gen1). The procedure was repeated in an iteratively fashion 

until ‘generation 6’ (Gen6) was reached. For the assay optimization, samples of Gen0, Gen3, and 

Gen6, corresponding to 17-nm, 36-nm and 72-nm nanoparticles, respectively, were used.  

TEM images were acquired using a JEOL JEM-1400PLUS instrument operating at 120 kV, 

with a LaB6 electron source and a GATAN US1000 CCD camera (2k × 2k). The diameter of at 

least 150 particles was determined from these TEM images using ImageJ software (National 

Institutes of Health, US) to characterize the size distribution of the nanoparticles. The absorption 

spectra of the AuNPs were measured on a Varian Cary 3-Bio UV-Vis spectrophotometer. Their 

concentration was determined from the UV-Vis spectra using the reported absorption 

coefficients at 450 nm (ε450) for AuNPs of different sizes,64 namely  3.24 × 108 M-1 cm-1, 3.52 × 

109 M-1 cm-1, and 2.93 × 1010 M-1 cm-1 for 17-nm, 36-nm, and 72-nm AuNPs, respectively. 

Hydrodynamic diameter and zeta potential measurements were conducted on a CGS-8 (ALV, 

Hessen, Germany) instrument equipped with an Ar-ion laser (Coherent I300, 514.5 nm). 

Recombinant protein G with HisTag was conjugated to citrate-stabilized AuNPs as previously 

described with minor modifications.65 Initially, the protein concentration required to stabilize 
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AuNPs was tested by flocculation tests with NaCl.59 Briefly, 150 µL AuNPs (2.5 nM) and 

different concentrations (0–7.8 µg mL-1) of protein G in 10 mM phosphate buffer (pH 8.0) were 

mixed in a AuNP/protein mole ratio ranging from 1:0 to 1:120). After 15 min incubation at room 

temperature, 50 µL of 10% NaCl solution was added to the above mixture and the stability of the 

gold was monitored by its color and by the absorbance of the mixture. Based on the flocculation 

test, for the self-assembly of the AuNP-protein G conjugates, 6.5 µg mL-1 (250 nM) protein G 

was added to an Eppendorf tube containing a AuNP suspension (2.5 nM of 17-nm AuNPs, 0.4 

nM of 26-nm AuNPs, or 0.04 nM of 72-nm AuNPs) in 10 mM phosphate buffer (pH 8.0). After 

incubation for 45 min at +4 °C, the suspension was washed twice by centrifugation at 12000g for 

20 min and, finally, the AuNP-protein G conjugates were resuspended in 10 mM phosphate 

buffer (pH 8.0) with 0.1% (w/v) BSA, using 1/10 of the original reaction volume to achieve 

stocks of a higher concentration. Quantification of the protein G coverage was performed by 

hydrolysis of the protein immobilized onto the AuNPs and classical amino acid HPLC analysis 

of the hydrolysates, following the strategy described by Liu et al. (2017) 66 (see supporting 

information for method details). 

Homogeneous quenching immunoassay. The homogeneous quenching immunoassay with 

mimotope-YFP plus protein G-coupled AuNPs (Figure 4) was performed in 96-well black plates 

in one step by mixing the assay components in 10 mM phosphate buffer (pH 8.0) containing 

0.1% (w/v) BSA in a total reaction volume of 60 µL. After a checkerboard-type titration of the 

antibody and mimotope-YFP to determine their optimal concentrations, 1.5 µg mL–1 anti-FB1 

antibody and 0.5 µg mL–1 mimotope-YFP were used and mixed with the toxin standards in the 0-

250 ng mL–1 range (in three replicates). For the optimization of AuNP-protein G conjugates, 

concentrations ranging from 0.001 to 4 nM were studied but, for the calibration curves, 1 nM 
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(17-nm AuNP), 0.6 nM (36-nm AuNPs), or 0.06 nM (72-nm AuNPs) concentrations were used. 

After 10–45 min incubation at room temperature, fluorescence (excitation at 500 nm; detection at 

545 nm) was measured using the CLARIOstar microplate reader. 

Sample preparation and analysis of spiked samples. A blank wheat reference material was 

used to confirm the functionality of the homogeneous assay with a real sample matrix. 

According to a previously described protocol for FB1 extraction,43 5 g of the blank wheat sample 

was suspended in 25 mL of PBS or, for the spiked samples, 2 or 4 µg of FB1 was added to 1 g of 

wheat suspended in 5 mL of PBS (2000 or 4000 µg kg–1 of FB1). Suspensions were 

ultrasonically extracted for 15 min and centrifuged at 15000 g for 15 min. The supernatant was 

filtered with a 0.22 µm nylon filter to remove any insoluble material and diluted in the assay 

buffer. 

Data analysis. For the toxin dose-response plots, the fluorescence signals were analyzed with 

OriginPro 9.0 software (OriginLab Corp., Northampton, MA) using a four-parameter logistic 

regression (4-PL) function (eq 1), 

� = ���� +	 	
��
�	
����
��	� 


�����
�  (1) 

where Amax is the asymptotic maximum, b and IC50 are the slope of the curve and the analyte 

concentration, respectively, at the inflection point, and Amin is the asymptotic minimum. The 

limit of detection (LOD) was determined using the average blank signal ± 3× the standard 

deviation of the blank, while the dynamic range of the assay was defined as that corresponding to 

the 20% to 80% inhibition (IC20 – IC80). 
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Supporting information is available free of charge on the ACS Publications website, and it 

includes excitation and emission spectra of the purified fluorescent fusion protein, 

characterization of the gold nanoparticles (AuNPs) by transmission electron microscopy (TEM) 

and dynamic light scattering (DLS), as well as characterization of the protein G-coated AuNPs 

and optimization of the homogeneous quenching immunoassay plus cross-reactivity studies. 

Supplementary Table 2 includes comparison of the reported method with other known assays for 

FB1 detection. 
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